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Photoelectron spectroscopy of small chromium clusters: Observation of even-odd alternations
and theoretical interpretation
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We report an extensive photoelectron-spectroscopy study of size-selegtednGr2—70 clusters. Even-
odd alternations are observed for the sma)| @usters and their electron affinities. The spectra of clusters with
an even number of atoms show less density of states near the threshold, while those with odd clusters show
more complex features. A dimer growth path found in a previous theoretical study is used to interpret the data
and accounts well for the even-odd effects. The work provides a key contribution to the understanding of the
complicated electronic structure of the Cr clust¢80163-18207)05919-3

The opend shells of transition metaléTM’s) have pre- we recently carried out a series of electronic structure calcu-
sented considerable challenges in the study of TM clusterdations for Cf, (n=2-15) clusters based on the local-spin-
Limited progress has been made in our understanding of théensity approximation by fully optimizing the possible clus-
structure and bonding of the TM clusters, while significantter structures. We found an interesting dimer growth route
progress has been made with regard to simple clusters irfier the small clusters and a structural transition from the
volving alkali and coinage metals and semiconductors. dimer growth to bulklike structure'S. The purpose of the
The opend shells give rise to strong electron correlation current work is to present our extensive and systematic PES
effects, and the number of electrons in the TM clusters instudies on size-selected Cr anion clusté€s,”, n=2-70
creases rapidly with cluster size. Thus it has been very difand to provide a detailed interpretation on the PES spectra
ficult to calculate the electronic structure of the TM based on the theoretical results, thus providing a systematic
clusters’® The lack of theoretical interpretations and the understanding of the electronic and atomic structures of a
enormous complexity of TM clusters have also limited ex-complicated TM cluster series.
perimental effort:® In this paper, we report an extensive ~ The magnetic-bottle PES apparatus used in this work has
and systematic photoelectron spectroscopic study of sizéseen described previousi{!” Briefly, laser vaporization is
selected Cr clusters (¢f, n=2-70 to probe their elec- employed to generate the desired cluster anions with a time-
tronic structure. We observe a surprising even-odd alternasf-flight (TOF) mass spectrometer to separate the cluster
tion in the electronic structure of small chromium clusters,sizes. In the current study, PES spectra of size-selected
and show that this can be well explained by a previou<Lr,” anions are obtained at three photon energies: 3.49,
density-functional-theoryDFT) study. 4.66, and 6.42 eV. Lower photon energies give better spec-

Chromium clusters have attracted broad interest. In partral resolution due to the dependence of resolution on photo-
ticular, the Cy dimer has drawn considerable attention as aelectronic kinetic energies while higher photon energies al-
prototype system to understardtd bonding*”°~'! The low more valence states to be probed. The mass intensities
magnetic properties of Cr clusters are also importa®ev-  for the smallest clusters are quite weak. In particulas, Cr
eral calculations have been performed on selected Cr clusteasmid Cy,~ show unusually low abundance. The PES spectra
by assuming the bulk body-centered-culfizc) lattice to  for the low abundance clusters are taken at slightly lower
gain insight into the structure-properties relationships and theesolution with poorer counting statistics. The resolution of
cluster-bulk analogie¥ Additionally, a few experimental the spectrometer is typically better than 30 meV at 1-eV
studies have focused on small chromium clusters. These irelectron kinetic energy. All the raw photoelectron TOF spec-
clude dissociation studies on the,Cr(n=2-21) clusters to tra are calibrated with the known spectra of CTd’he ob-
probe their structure and bonding, and a Stern-Gerlach exained kinetic-energy spectra are smoothedh&it meV(for
periment on the magnetic properties of, ,Cin=9-31) the 3.49-eV spectjaor 10 meV (for the 4.66- and 6.42-eV
clusters'>*However, there has been a lack of studies whichspectra window function and then subtracted from the re-
systematically address the electronic structure and bondingpective photon energies to obtain the presented binding-
in the small Cr clusters, despite the extensive research doremergy(BE) spectra.
on the Cp dimer*”9-n conjunction with our experimental ~ Figures 1 and 2 display the PES spectra of, Cr
photoelectron spectroscogiPES study on the Cr clusters, (n=2-25) at 3.49 eV. Extensive discrete spectral features
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FIG. 3. Electron affinity of Gy (n=1-55 clusters vs cluster
size n. Note the even-odd alternations betwaenl-11 and the

local maximum ain=6.
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threshold feature is observed. This sharp feature evolves to-

FIG. 1. Photoelectron spectra of Crfrom n=2 to 11 at ward high BE, and overlaps with higher BE features as clus-
3.49-eV photon energy. Note the difference between the even arkér size increase. The even-odd alternation is seen more
odd clusters. The structure of each cluster from Ref. 15 is includedtlearly in the electron affinityEA) of the clusters, as shown
schematically. in Fig. 31% except for Cg, all the even clusters from=2 to

10 have lower EA’s than their neighboring odd ones.

are observed for the smaller clusters. The spectra become The observation of such even-odd alternations is quite
more congested as cluster size increaésterestingly, the  unusual among transition-metal clusters, and must be indica-
spectra of the smaller clusters seem to exhibit an even-odilve of the unique electronic structure of the Cr clusters. The
alternation: the even ondm=2-10, Fig. 1, left column uniqueness of the Cr clusters among the transition metals
give simpler spectra with fewer features near the thresholdriginates from the special atomic ground-state configuration
and a distinct gap; the odd onés=3-11, Fig. 1, right of Cr, 3d°4s’. This half-filled configuration is ready to form
column show more complicated spectra with congested feabonds without the need of as4»3d promotion as required
tures near the threshold, particularly foe=5,7, and 11. for other TM elements. This results in a very high bond order
Although the spectra of GF is well resolved with five sharp of six in Cr, dimer in which all the electrons are paired
peaks, it exhibits an apparent similarity to the spectra of thogs® w34 93¢’ 0as’0s , 'S4) and an extremely short
other odd clusters. This even-odd alternation in the PE®ondlength(1.68 A).°~'! The unusual bonding in Grhas
spectra disappears above £r (Fig. 2), where a sharp been the subject of extensive research, and is now well
understood:” " However, one key question that remains
unanswered is how larger clusters evolve from the dimer to
the bulk where the Cr-Cr distance is much longer. Through
an extensive DFT theoretical study, we have recently shown
that the dimer maintains its identity in the larger clusters up
to Cr1.1° These clusters essentially follow a dimer growth
route, in which the even clusters are composed of dimers and
the odd clusters are formed by attaching a single atom to the

JM , preceding even clusters. Above grthe clusters begin to
assume more bulk-like bcc structures. These structures are
A shown schematically in Figs. 1 and 2 along with the PES
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spectra. The dimer growth in the small Cr clusters is essen-
2 tially the cause of the even-odd alternation observed in the
PES spectr@Fig. 1) and the EA’s(Fig. 2). The details of the

23 DFT calculations and the cluster structures were discussed
previously®® We will show in the following that the PES
# spectra and the even-odd alternations can be well understood

based on the electronic structure information obtained from
e P ey the DFT calculations.

0 1 0 1 2 3
Binding Energy (¢V) Binding Energy (eV)

The closed-shell electronic configuration of,@esults in
a large energy gap between the highest occupied molecular
FIG. 2. Photoelectron spectra of Cr from n=12 to 25 at orbital (H?MO) Tas, and the lowest unoccupied MO
3.49-eV photon energy. The structures of £r;s from Ref. 15 (LUMO) o7, as indicated by the gap between tkeand
are included schematically. A states of the G (...o4°0%, 234) spectrum in Fig. 1.
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A vibrationally resolved PES spectrum of Crhas been atom. As expected, the energy levels of the odd atom are all
obtained previously for th&X and A states. The current congested near the HOMO and in between the HOMO-
spectrum taken at 3.49 eV allows the observation ofBhe LUMO gap of the corresponding even cluster, similar to the
state, which is produced by removing a spin-up electrorituation in Cg. These lead to the complicated features in the
from the o, orbital, similar to theA state formed by remov- PES spectra and higher EA’s for the odd clusters compared
ing a spin-downo, electron. to their even neighborgexcept Cg), since the extra electron
The Cg, trimer is basically composed of a dimer plus agnters |.nto the open-shell HOMO in the odd clusters. The
loosely bonded atom with an overall,, symmetry. The interactions t_)etween the odd atom and_ the_ corresponding
electronic configuration of Grobtained from the DFT €VEN cluster increase from 4o Cro, resulting in a system-
calculations can be approximately described a tic shift of some 8 levels of the odd atom to higher BE.

(0ag2 g 8ag 04.2) 3d54se, with the third atom maintaining his is evident in the well-resolved spectrum ofCrwhere

o . . . the 3d level shifts lead to less density of states near the
all its six unpaired electrons. The orbitals in the parentheseﬁOMO’ compared to Grand Cr.

are from the dimer. Of course, all the orbital degeneracy will Cr,o and Ci, deviate slightly from the expected dimer
. . . 10 l
be lifted under theC,, symmetry and, in particular, thed3 rowth structure$® each with only four dimers instead of

orbitals of the odd atom are split into five nondegenerat ive. In Cr, the four dimers form a cubic framework with

orbitals. The energy gaps between the adjacent electrom&v0 capping atoms, giving an overdll,, symmetry. Cf,

s’Fates are small, reflecting thg vyeak interactions petween t%m is similar to C,, except that the eleventh atom sits in

dimer and the odd atom. This is clearly shown in the PEShe center of the cube, forming a structure resembling a bee
spectrum of Gy in Fig. 1. The 4 orbital of the odd atom  fragment. The interpretations of their PES spectra are less
has some mixing with the, orbital of the dimer, and be-  gyraightforward compared to the smaller ones. Nevertheless,

comes the HOMO of Gr The extra electron in the anion they each seem to resemble the smaller ones, fitting nicely in
resides in the 4 orbital of the odd atom. The first feature of the even-odd pattern both in their EA(§|g 3) and their

the Cg~ PES spectrum at 1.4 eV is mainly due to the re-pgg spectral patterr(&ig. 1).
moval of a 4 electron from the odd atom. The sharp peak  From Cr,to Crs, the DFT results suggest that a signifi-
near 2.9 eV is actually due to the removal ofrg electron,  cant structural change takes place and the cluster structures
and is of the same orbital origin as thestate in the dimer begin to resemble the bulk bce structufég. 2). Thus the
spectrum. This state is shifted slightly to a higher BE valuedimer growth pattern disappears. Experimentally, we ob-
in Cr; due to the interaction between thgs orbital on the  serve that the even-odd alternations in the PES spectra and
dimer and the 4 orbital on the third atom. All the features in the EA’s also disappear abruptly at the same size, in excel-
between the first peak and the 2.9-eV peak are due to thent agreement with the theoretical predictions. The PES
3d electrons of the odd roonit is important to point out that  spectra of the larger clusters begin to exhibit similarities, all
all the states arising from the odd atom in Care in fact  with a sharp feature near the threshold. This feature slowly
falling in between the HOMO-LUMO gap of the £dimer.  merges with the higher BE features from;Cto Cr;s, as
This is essential in understanding the larger odd clustersseen in Fig. 2. The well-resolved features at the higher BE’s
where similar electronic characters arise, leading to the morgs observed in G and Cj; become hard to resolve in the
complicated features in their PES spectra. larger clusters due to increasing electronic density of states.
The PES spectra of ¢r and Cg~ suggest that the neu- Discrete spectral features still can be resolved up tg, Cr
trals are closed shell, each with a HOMO-LUMO gap of beyond which only one broad band is observed near the
about 0.48 and 0.41 eV, respectively. The spectrum ofhreshold at the 3.49- and 4.66-eV photon enerfiéEhe
Crs~ is unusual with an intense threshold peak and an abspectra in this size range resemble the first bulk feature to a
normally high EA(Figs. 1 and 2 These can all be accounted significant degree where a sharp feature near the Fermi level
for by the DFT calculations, which show that both,Cr is followed by a broad surface featiffeAt 6.42 eV, a sec-
(Dy4p) and Cg (Dy4p) are indeed closed shell. However,sCr ond band is further revealed at a much higher B5 eV)
(D3p) is found to be open shell with two electrons in a dou-and the overall spectral features begin to resemble the full
bly degenerate HOMO. The electrons in Cy are all paired  bulk valence photoemission spectrén.
in the three dimers, and the sixs 4rbitals combine to form Finally, it is noteworthy that even-odd alternations have
four MOs: two nondegenerate orbitals with lower energiesheen observed for alkali- and coinage-metal clusters, where
and two doublet degenerate orbitals with higher energieshey are explained by the ellipsoidal jellium model due to the
The two nondegenerate MOs are filled with two electronstinerary nature of the valenceelectrons of these elemertts.
each. The remaining two electrons fill one of the degeneratelowever, we show that the even-odd alternation found in Cr
MOs, resulting in the open-shell configuration for@rith a  clusters is completely different in nature. Here it is due to the
triplet ground state. The extra electron in the anion enterspecial dimer growth of the small Cr clusters and the even-
into the partially filled HOMO, in contrast to €F and odd alternations disappear as the cluster structure changes
Crg™, where the extra electron occupies the empty LUMO offrom dimer growth to bulklike bcc structures.
the neutral cluster® This results in a very high EA for In conclusion, even-odd alternations in photoelectron
Crs, compared to Grand Cg, in excellent agreement with spectroscopy and electron affinity are observed for clusters
the experimental observation. of a TM element. These reflect the even-odd nature of the
For the odd clusters from €to Crg, their electronic con- underlying electronic structures of the Cr clusters and are
figuration can be described as due to the coupling betweesatisfactorily interpreted based on a dimer growth route
the electronic structure of the even cluster and that of the odtbund in a previous density-functional theory study. The cur-
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