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Electronic structures and stability of Se„(n =3,4,5,6,7,8) clusters have been studied by using the
discrete variational method in the framework of the local-density approximation. Binding energy, ion-
ization potential, aiTinity energy, and other electronic properties using the structure models of Hohl
et al. [Chem. Phys. Lett. 139, 540 (1987)] are presented and compared with the available experiments.
In addition, a rectangular lattice arrangement of selenium clusters has been fabricated on highly oriented
pyrolytic graphite, and examined by the scanning tunnel microscope image which was found to consist
of a 0.72X0.85 nm lattice spacing with individual molecules of 0.53 0.05 nm in diameter. Theoretical
calculations reproduce well the experimental observations.

The use of selenium in the xerographic process stimu-
lated experimental as well as theoretical research on the
structural, optical, and electrophotographic properties of
the solid phase of selenium. ' Selenium clusters occur in
the vapor phase, in crystalline modifications, and as ma-
jor constituents of the liquids. ' In the vapor state, the
main constituents of selenium gas at about 800 K are Se~,
Se6, and Se8 rings, with only a minute amount of smaller
molecules. Therefore, it is very important to study the
properties of selenium clusters.

Mesoscopic systems composed of metallic or nonmetal-
lic clusters, as well as artificially created low-dimensional
materials, have attracted much attention due to their
properties and application perspectives. It is expected
that the ring-type selenium clusters may create two-
dimensional ordered arrays at the early stage of deposi-
tion onto some substrates, though the lattice-matching
condition has been a strong limitation in creating the
artificially stacked layered structures. However, this
difhculty can be overcome if the interface bonding be-
tween the constituent materials has a van der Waals na-
ture.

Experimental work on the structure and electronic
properties of selenium clusters has been reported. ' The
ionization potentials have been determined by the UV
photoelectronic spectra with relevance to their geometri-
cal structures. Hohl et al. have calculated the struc-
tures of the Se„(n =3—8) clusters by the local spin-
density approximation method combined with molecular
dynamics and simulated annealing. However, the elec-
tronic states of the selenium clusters have not been re-
ported to our knowledge, which are very important for
understanding and analyzing the experimental observa-
tions.

In this paper, we present studies on the electronic
structure and stability of small selenium clusters by first-
principles calculations. The calculated electronic proper-
ties are compared with the available experimental results
and the theoretical studies are correlated with our scan-

ning tunneling microscopy (STM) observations of seleni-
um clusters fabricated onto the graphite crystals.

The calculations are based on the density-functional
theory within the local-density approximation, and the
linear combination of atomic orbitals. This method,
which has been discussed in detail elsewhere, ' '" has
been used successfully in physics and chemistry of con-
densed matter and molecules. ' The basis set is chosen to
be the numerical form of the orbital solutions of the self-
consistent-field Kohn-Sham equation for the selenium
atom.

The main point is to solve the secular equation
(H —ES)C=0 (l)

self-consistently to obtain the energy levels E; and the
coefficient C;, where H is the Hamiltonian matrix and S
is the matrix of overlap integrals.

According to the standard local-density approxima-
tion, the total energy is evaluated by'

+g Jp(r)[E„,(r) —v„,(r)]dr

1 ZZv
e rdr+-

p v pv

where e;, n, are the eigenvalue and occupation number of
the ith molecular orbital, respectively. c„ is the
exchange-correlation energy density, R„ the distance be-
tween p and v atoms. e(r) is an energy density. The von
Barth —Hedin exchange-correlation function is used in
the calculations. ' The binding energy of the cluster is
then defined with respect to a reference system, say the
dissociated atoms, as

(3)
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In this method, the numerical error of Eb is minimized
with the point-by-point error-cancellation technique. In
this technique, the reference system energy is computed
with the same sampling grid as in the self-consistent field
and the cluster energy procedures by freezing the atoms
at their respective lattice sites and they are now assumed
to be noninteracting, so that the numerical error of Eb
can be partly canceled out via point-by-point substrac-
tion.

We chose 4s, 4p, and 4d as the valent basis set for
the calculations, while keeping the inner oribitals frozen.
To satisfy us with the choice of the basis set and other in-
put parameters, we calculated the selenium dimer as a
test. The binding energy and interatomic distance we get
are 3.7S eV and 2.2 A, respectively, in good agreement
with the experimental results of 3.410 eV and 2.17 A. '

The stable structures of Se„(n =3—8) have been re-
ported by Hohl et al. using the ab initio molecular-
dynamics studies. For the Se3 cluster, they get C2„, see
Fig. 1, as the most stable structure. We have also
checked our result for Se3 and found the C2„structure
has a little larger binding energy (5.28 eV) than the D3h
structure (5.14 eV). For the C2„structure, the bond
length and bond angle are 4.25 A and 119, respectively,
which are consistent with the results of Hohl et al. The
bond length is 4.20 A in the D3& structure. We use the
models of Hohl et al. for other larger clusters.

The calculated binding energies, ionization potentials,
aftinity energies, and the energy gap between the highest
occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) are tabulated in
Table I. The ionization potential (IP) and affinity energy
(AE) are calculated by employing the transition-state
method developed by Slater' assuming that ionization
does not change the structure of clusters. Ionization po-
tentials obtained from photoelectron spectra are also
listed in the table for comparison.

It is noted from Table I that the calculated IP's are in
good agreement with the experimental results. However,
the IP's and AE's do not show obvious relation with the
cluster size. It is well known that the IP of the cluster
represents the energy needed to ionize one electron in the
HOMO orbital and the AE is the energy for LUMO to
accept one electron. Therefore, they should be related to
the characters of the HOMO and LUMO orbitals, re-
spectively. Table II gives the composition of the HOMO
and LUMO for the selenium clusters obtained by Mulli-
ken population' analysis. We find that clusters with
more 4s components in the HOMO orbital have higher

Se3 Se4

Se~ Se6

Se7 Se8

FIG. 1. Assumed structures of selenium clusters from Ref. 8.

IP's and clusters with more 4s components in the LUMO
orbital have higher AE's. The reason is that the 4S atom-
ic orbital has lower energy than that of the 4p. There-
fore, the IP's and AE's are associated with the hybridiza-
tion of the 4s and 4p orbitals. A similar conclusion is also
found for the small sulfur clusters. '

The binding energy increases as the cluster size in-
creases on the whole and Se6 and Se8 clusters have larger
binding energies compared with adjacent molecules. The
stability of the clusters can be understood in terms of the
second derivative of the binding energy. In Fig. 2, we
reproduce the results from the calculated binding ener-
gies,

5E~ =E@+(+E~ )
—2E~, (4)

as a function of N for selenium clusters. Note the prom-
inent peaks for Se3, Se6, and probably Se8 clusters (which
is not included in the figure because we lack the value of
Se9), which indicate the increased stability of the clusters.
From the point of view of the electronic structure, Se6
and Se8 clusters have a quite large energy gap between
HOMO and LUMO and their HOMO's are fully occu-
pied single a, states which are composed of the 4p elec-
tronic state of selenium; these are required for the high
electronic stability.

The density of states (DOS) of Se~ and Se6 molecules,
which are obtained by Lorentz broadening (0.2 eV in this
study) of the discrete energy levels, is given in Figs. 3 and
4. From these figures, we can see that s states are far
below the Fermi level while d states are above, and p
states are near the Fermi level.

Becker, Rademann, and Hensel, reported the 10.0-eV
photoelectron spectra of Se„(n=2, 5, 6, 7, 8 ) clusters.
The prominent feature is that while the spectra obtained
for Se6 and Se8 show one single band, two or three peaks

TABLE I. Binding energy (Eb ) per atom, ionization potential (IP), affinity energy (AE), Fermi ener-

gy (FE), and energy gap between HOMO and LUMO (E~ ) of selenium clusters, units in eV.

E
IP
AE
FE
Eg
IP (expt. )

Se3

2.64
10.02
3.05
6.75
2.26
9.2

Se4

2.72
9.48
3.13
6.12
0.82
9.1

Se5

2.95
8.84
1.84
5.17
2.17
8.3

Se6

3.12
8.67
4.64
5.09
2.86
8.4

Se7

3.07
8.87
2.34
5.65
2.16
8.2

Se8

3.34
8.86
2.85
5.79
2.32
8.4
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TABLE II. Compositions of the highest occupied molecular
~ ~

orbitals (HOMO) an
' a s ) and the lowest unoccupied molecular orbitals

(LUMO), units in percentage.

Se3
Se4
Se5
Se6
Se,
Ses

HOMO

15% 4s+82% 4p
12% 4s+86% 4p
95%%uo 4p
6% 4s+93% 4p
95% 4p
5% 4s+94% 4p

LUMO

7% 4s+90% 4p
9% 4s+89% 4p
100% 4p
10% 4s+82% 4p
95% 4p
7% 4s+88% 4p

c

CO

(0
O

Ch

O

with different intensities are observed for Se5 and Se7
clusters. For the explanation of the spectra, it is ascribed
to their different symmetric groups of thee geometries. Se6
and Ses clusters are highly symmetric rings (D3d and

D4d . In contrast, Se, and Se7 show a lower symmetry
(C, i, ) and the spectra show split bands.

Compared with our theoretical calculations, the energy
o the ionizing light is so small that on1y the lone pair

analyzing the composition of the molecular orbitals near
the HOMO level, we find the first peak below the Fermi

Thi
evel in Figs. 3 and 4 is composed of th 4 - b'

is means that only these electrons have been excited in
the experiments. It is noted that the DOS of Se6 has one
s arp peak for the 4p-m orbitals while that of Se7 really
shows splitting of the band due to the lower symmetmme ry.

rom above theoretical studies, we conclude that Se6
and Se8 clusters have closed-shell electronic structures
and their binding energies are larger than the adjacent
species and we expect that the interactions between these
clusters should be van der Waals —like. These clusters
may be used as building blocks to assemble new materials

ue to t eir exceptional stable electronic structure.

of Se
We have fabricated a rectangular lattice arrangem t

„clusters on the C plane of a graphite crystal and
en

examined by STM images. Details of the experiment
have been reported elsewhere' onl thn y e main points of
the observations are discussed below.

Figures 5(a) and 5(b) show the geometrical model of
selenium six- and eight-membered molecule arrays on
graphite, as deduced from our STM data. The molecule's

-30 -25 -20 -15 -10 -5 0
Energy (eV)

5 10 15

FIG. 3. Total density of states of Se& cluster.

average diameter is 0.53+0.05 nm and the height is
about 0.28+0.04 nm. The diameter of individual objects
( .53 nm) is comparable to 0.526 nm found for Se8 rings
in a monoclinic crystal. The lattice constants (0.72 and
0.85 nrn) coincide with three times the binary and bisec-
tric distances of the hexagon in graphite. We do not ex-
pect that the arrays consist of comp t 1pac se enium c usters,
because the only known form of S
chain in a

o e is a ring molecule or
c ain in a11 states of aggregation as gas, liquid, and solid.
It is rather unlikely that the structure changes to other
forms on graphite that is chemically inactive, and Se6 and
Se8 molecules are electronically very stable.

No steps were observed at the grain boundaries or in-
side the grains. We therefore identified these structures
as eing due to two-dimensional arrays of clu t . I
s or, we have observed one monolayer of sele

'

type molecules on the C plane of gra hite. Th
oun by weak van der Waals forces. With the STM

data error, 0.05 nm, it is impossible to decide which type
o ring as been observed on the basis of th

'
1e geometncal

ata. However, the six- and eight-membered rings
should be dominant because of their stable electronic
structures.

Thhe stability of these structures is studied by changing
the bias voltage from +0.7 to —0.7 eV. Diff
of modifica

'
o mo i cations of the molecular arrangements were ob-
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FIG. 2. Secoond energy derivatives of selenium clusters. FIG. 4. Total and partial density of states of Se6 cluster.
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FIG. 5. Geometrical model of the configuration for (a) the
six-membered and (b) the eight-membered Se rings on graphite
surface. (Se molecules are crown type. )

served. At about —0.7 V (minus on the sample relative
to the probe), the regular arrangement suddenly collapses
to a random distribution of larger clusters due to the
break of the ring-type clusters and the process of the
phase change in the lattice system is not reversible with
respect to the bias voltage.

From the present theoretical calculations, we can un-
derstand better the reason for the structural transforma-

tion as the bias voltage changes. There are six valence
electrons per Se atom, and these electrons are highly lo-
calized, as indicated by the partial DOS. The amount of
the energy increase AE in the electric field of VT=0.7 V
is 4.2 eV; it is larger than the binding energy of 3.13 and
3.34 for Se6 and Se8 molecules, which are the dominant
species in the two-dimensional molecular crystal. There-
fore, Se clusters are broken and the two-dimensional
molecular crystal disappears under the voltage of 0.7 eV.
In fact, if the Se6 molecule gets 3.12 eV energy, it should
be broken. The critical voltage for the transformation
might be 3/12/6=0. 502 V, instead of 0.7 V. However,
since there exists the tunnel current and the nonlocalized
electrons in the two-dimensional lattice, the number of
localized electrons per atom should be less than six.
From this point of view, the localized electron number
per atom of Se6 molecule should be 3.12/0. 7=4.5.

In summary, the electronic structures Se„
( n =3,4, 5, 6, 7, 8 } clusters have been studied by first-
principles local-density-functional calculations. The IP's
and AE's of the clusters are found associated with the hy-
bridization of the 4s and 4p wave functions in their
HOMO and LUMO. From the calculated binding ener-
gies, the second energy derivative, and other electronic
properties we 6nd that the Se6 and Se8 clusters are elec-
tronically more stable than their adjacent molecules, and
those clusters could be used as building blocks to assem-
ble various new materials as shown by our fabrication of
selenium clusters onto the C plane of the graphite crystal.
Because of the large value of the HOMO-LUMO gap,
both cluster-cluster and cluster-substrate interactions are
van der Waals interactions, which are important for
forming monomolecular nanocluster lattice systems.

The nanometer-scale modification on those structures
may be realized by changing both internal structures of
cluster and their arrangement on the substrate by apply-
ing appropriate voltages of the STM probe.
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