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Electronic Structure of Small Titanium Clusters: Emergence and Evolution of the3d Band
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The electronic structure of titanium cluste(Si,, n = 3—65) is probed by size-selected anion
photoelectron spectroscopy. It is observed that ttid&d emerges at the eight-atom cluster beyond
which thed band broadens and evolves toward that of the bulk. The electronic structure of the titanium
clusters is found to become bulklike at relatively small cluster sizes. This is discussed in terms of the
delocalization of the titaniumdorbitals and the implications for the cluster structures.

PACS numbers: 36.40.Cg, 79.60.Ht

It remains a significant goal in cluster physics to3d occupations affect the cluster electronic structure and
understand the evolution of cluster electronic structureheir evolution towards the bulk.
from that of the atoms to the bulk [1]. A central In this Letter, we report the first PES study on small
question lies at when and how electrons forming bondsitanium clusters, Ti (n = 3-65). Besides the diatomics
in small clusters are transformed to bands in solids[20], the only previous study on the titanium clusters is a
Over the past few years, photoelectron spectroscopgollision-induced dissociation experiment on the positive
(PES) of size-selected anions has emerged as a powerftlusters, Tj" (n = 2-22), by Lian, Su, and Armentrout
experimental technique to probe the electronic structur§2l]. With only two d electrons, it is expected that the
of metal and semiconductor clusters [2—7]. In suchelectronic structure of the small titanium clusters would
PES experiments, occupied energy levels or density dbe simpler than that of the iron clusters, and much more
states (DOS) of neutral clusters are obtained directysharp spectral features should be resolved for a wide
from electron detachment of the corresponding negativelgluster size. Much to our surprise, sharp spectral features
charged clusters. A large number of these experimentare only observed to about = 8, beyond which the
have been focused on simple metal systems [8—12kpectral features appear to congest to a broad feature near
whose electronic structures can be well described by ththe Fermi level and its width increases with cluster size.
shell model [13]. Relatively few PES experiments [14—This is interpreted as the emergence of tdéa8nd. Thus
16] have been directed at the transition metals (TM’s) dughe electronic structure of the titanium clusters appears to
to their enormous complexity even though the TM clusterdehave bulklike at rather small sizes.
are more technologically important and the chemical and The experiments are performed with an apparatus
magnetic properties of several late TM cluster systemshat couples a laser vaporization cluster source and
have been extensively investigated. a magnetic bottle time-of-flight (MTOF) photoelectron

Studies of the electronic structures of TM clustersspectrometer [5,22]. The details of this apparatus have
have thus far been focused on the dimer systems obeen described elsewhere [16]. Briefly, a titanium disk
the promise that the understanding of the diatomics wilkarget is vaporized into an intense helium carrier gas
help understand the larger systems [4,17—20]. Howevepulse, producing the desired clusters. Care is taken
even the dimers still pose tremendous challengeabto to minimize oxide contamination [16]. The cluster-
initio calculations and are still not completely understoodgas mixture undergoes a supersonic expansion, forming
[18]. The expectation for the larger clusters is that theira cold and collimated cluster beam by a skimmer.
complexity may prevent any discrete electronic energylhe negatively charged clusters present in the cluster
level information to be obtained from a PES experimentbeam are extracted perpendicularly into a TOF mass
However, our recent PES study on iron clusters revealanalyzer. The clusters of interest are selected by a
sharp spectral features for the smaller clusters and wellass gate and decelerated before interacting with a
resolved features for cluster size up to 23 atoms [16]detachment laser beam from the third (355 nm, 3.49 eV)
The experiments provide important information aboutor fourth (266 nm, 4.66 eV) harmonic of a Nd:YAG
the electronic structure of the clusters and reveal daser. Photoelectron TOF spectra are measured for the
clear correlation between the electronic structure and thselected clusters, typically averaging between 10000 and
chemical reactivity. The iron clusters are considered tB0 000 laser shots at 10 Hz repetition rate. At 266 nm
be more complicated since the atom has mamjectrons detachment wavelength, there is substantial low-energy
and the clusters all exhibit ferromagnetic coupling. Weelectron background due to scattered photons interacting
study the earlier TM clusters to probe how the differentwith the surfaces near the detachment zone. Therefore
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the 266 nm spectra are all taken at 20 Hz with the clustefeature becomes quite narrow forsJiand broadens again
beam on and off at alternating laser shots for backgrounébr the higher clusters. The spikes at the high binding
subtraction. The electron TOF spectra are convertednergy side are due to statistical noises, part of which is
to electron kinetic energy distributions, calibrated withcaused by the imperfect background subtraction.

the known spectrum of the Cuanion and smoothed We also obtained PES spectra for; Tito Tiys at
with a 10 meV square window function. The kinetic 3.49 eV photon energy with slightly better resolution.
energy spectra are subtracted from the photon energy ®©xcept that the first peak of Ji is resolved into three
obtain the binding energy spectra presented. Our MTOlpartially overlapped features, all the other spectra are
spectrometer has an energy resolution of about 30 meYualitatively the same and no more discrete features are
at 1 eV electron kinetic energy as measured from thebserved than that shown in Fig. 1.

spectrum of Cu with full deceleration on the Cuanion The spectra (Fig. 1) represent transitions from the
[16]. The resolutio{AE) of the TOF analyzer is best for ground state of the negative clusters to the ground state
low energy electrons and is proportional i¢3/2, where  and excited states of the neutral clusters. In a single par-

Ekis the electron kinetic energy. ticle approximation, they can also be viewed as the den-
Our major results are summarized in Fig. 1, whichsity of states of the clusters. The detachment threshold
shows collectively all the PES spectra from Tto Tigs ,  Yyields the electron affinity (EA) of the corresponding neu-

taken at 4.66 eV photon energy. Discrete spectral featurdsal cluster. When a sharp threshold feature is observed,
are observed for Tig . The spectra in this size range vary the EA can be determined within 0.05 eV. Our estimates
from one cluster to the other, reflecting their molecularof the EAs for the Tj (n = 3-65) clusters are plotted
nature. Starting from i, one prominent feature appearsin Fig. 2. The uncertainty of the EA values is within
near the detachment threshold and the spectra begin @08 eV for the broad features, but the relative changes
show similarities. No sharp features are observed beyonfir the different cluster sizes are seen clearly in Figs. 1
Tig and the discrete features resolved for the smalleand 2. Ty has a particularly low EA. The EAs for {i
clusters seem to congest into the broad feature, whosend above show roughly a monotonic increase and should
width increases with cluster size. Interestingly, this broadapproach the bulk work function (4.33 eV) at the infini-
tive size limit. For metallic clusters, the threshold level
will evolve into the Fermi level of the bulk crystal, and

AR A N Y the PES spectra should eventually resemble the bulk va-
lence photoemission spectrum of titanium.
3 20 Our most striking observation is the spectral change
. 21 from Ti; to Tig and the appearance that afteg Tall the
2 spectral features seem to be congested into a broad band.
5 i This broad feature is already quite similar to the bulk
Py titanium valence photoemission spectrum, which shows
6 26 a single broad feature near the Fermi level with a width
J\'\]\JV\\)M 2 (FWHM) of about 2 eV due to thed3band [23]. The
W ;’j cluster spectral feature broadens as a function of the
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FIG. 1. Photoelectron spectra of size-selected,” Ta =

3-65) clusters at 4.66 eV detachment energy. Note the changEIG. 2. The electron affinity of the Ticlusters as a function
from n = 7 to 8 and the spectral similarity thereafter. of cluster size.
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cluster size and attains a width of about 1 eV in the rangef Ti (1.32 A) timesn!/3. It is seen the EAs increase
between Tj, and Tky. Tiss exhibits a particularly narrow  monotonically toward the bulk work function starting
band, and it broadens again at larger cluster sizes. It isom Tig, and the EAs of the larger clusters are described
anticipated that this feature will broaden and evolve intdby the spherical drop model quite well. The deviation
the bulk valence photoemission feature as the cluster siZeom this model at smaller cluster size is expected due
is continuously increased. Therefore we conclude thato quantum mechanical effects, as discussed in detail
the bulk 3 band already emerges neag End evolves recently [26]. This suggests that indeed the titanium
towards bulk as the cluster size increases. clusters are becoming metallic at relatively small sizes and
The titanium clusters seem to behave quite differentan be approximated by metallic spheres. Comparatively,
compared to the later TM clusters. For example, shargimple metal clusters such as the alkalis and the coinage
spectral features are observed for cluster sizes largenetals are known to be described well by the spherical
than 20 atoms for chromium [24] and iron clusters [16].drop model modified by the shell effects [8].
We expected that more sharp spectral features would be Further insight into the electronic structure of the
observed for the titanium cluster systems because of thitanium clusters may be obtained by considering the
reduced number ofBelectrons. However, the opposite differences between titanium and the late transition metals
is true and the spectra become broad and bulklike at quitend the variation of the &8 orbitals across the first
a small size. This suggests that the electronic structure dfansition series. The major difference is that thed 3
the titanium clusters is either relatively insensitive to theorbitals of titanium are more delocalized. The size of
cluster size or the clusters already assume certain structutiee 31 orbitals in the first TM series decreases from the
reminiscent of the bulk lattice. left to the right as a result of the increased nuclear charge.
The spherical drop model has been used extensively tbhe 3 orbitals of titanium are completely valence orbitals
assess the evolution of metallic cluster properties towarthat participate in chemical bonding in all the titanium
that of the bulk [25,26]. This model predictsldR (R  chemical compounds. The orbitals of titanium are
is the cluster radius) dependence of cluster propertiesxpected to be substantially delocalized and overlap with
(ionization potential, EA, and cohesive energy) whenneighboring atoms in the clusters. Since there are fewer
the clusters become metallic and can be approximated electrons in titanium, there will be no antibonding
by a spherical drop of radiuR. Previous dissociation d orbitals filled, facilitating a more close-packed and
experiments on the positive titanium clusters indicatamore tightly bound clusters. Indeed, the dissociation
that the cluster cohesive energies change approximatenergies of the small Ti clusters are among the highest
linearly with n='/3 (proportional tol /R) aftern = 6 and  in the first row TM clusters, and highly close-packed
extrapolate to a value very close to the bulk cohesivécosahedral structures have been suggested for certain
energy at infinitiven [21]. The EA values are plotted titanium clusters [21]. Our observation of a narrower PES
similarly againstz~!/3 in Fig. 3. The straight line is feature (Fig. 1) for Tis is also consistent with a highly
a prediction from the classical spherical drop model,symmetric icosahedral structure for this cluster. Therefore
EA = WF — B(¢?/R), where WF is the bulk work we attribute the rapid convergence of the titanium cluster
function (4.33 eV) andg is taken as5/8 [26]. The electronic structure toward that of the bulk to the strong
cluster radiusR is approximated by the covalent radius delocalization of the @ orbitals and the anticipated close-
packed cluster structures.
Number of Atoms In conclusion, we observed that the photoelectron spec-
® 3?0 6|5 2| 14 § ? ? tra of the small titanium clusters converge to a bulklike
feature rapidly as a function of cluster size. Thelb#&nd
is found to appear at Jiand evolves toward the bulk with
increasing cluster size. This behavior of the electronic
structure of the titanium clusters is interpreted as due to
1 the 3 orbital delocalization forming probably rather close-
§ packed structures. Very recently, it has been possible to
] simulate PES spectra of small silicon and copper clusters
. and to obtain cluster structures definitively by comparing
1 the simulations to the experimental PES spectra [27]. The
0l ——— R present work can be used similarly and therefore provides
0.0 0.2 0.4 06 0.8 an important base to understand not only the electronic but
n-s also the geometric structures of the small titanium clusters.
FIG. 3. The electron affinity of the Ticlusters versua /3. LS. W, thanks Dr. Hansong Cheng_ for Invalue_lble
The straight line is the prediction from the classical sphericafi's,cuss'ons' S“P_F’O”_ for this research by the National
drop model (see text). The big dot indicates the bulk workScience Foundation is gratefully acknowledged. The
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