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Structural transition in Ba nOm clusters
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We have studied the atomic structures of small BanOm (m<n<9) clusters, using the density functional
theory with the generalized gradient approximation. A structural transition was found during the uptaking of
oxygen atoms into Ban clusters. Initially, the frame of a Ban cluster is kept unchanged, while oxygen atoms
occupy the tetrahedral positions. As the number of oxygen atoms exceeds a certain limit, a transition from the
compact to cubiclike structure takes place, with an increasing highest occupied molecular orbital–lowest
unoccupied molecular orbital gap. In contrast to other ionic clusters, segregation of Ba atoms was not observed
in our calculations, in agreement with reported experiments.
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I. INTRODUCTION

One of the important issues in the study of cluster phys
is the evolution of binding and structural properties fro
atomiclike to bulklike. Most metallic clusters with tens o
atoms show a compact structure with icosahedronlike s
metry. Although bulklike structure can be developed in sm
clusters, the complete transformation to bulklike struct
usually happens only in very large clusters. On the ot
hand, the binding properties approach the bulk much fas
A typical example is the alkaline-earth element cluster. T
alkaline-earth element has a closedns2 shell. Clusters with
two alkaline-earth atoms,1–4 such as Mg2 and Ba2, are bound
by the Van de Walls interaction, even though the alkalin
earth solids are metals. Theoretical calculations found
the transition from Van de Walls to metallic interactio
among such clusters took place for quite small clusters.2–5

Both structure and bonding transitions can happen
alkaline-earth oxide clusters with increasing size. For
small (BaO)n clusters, we observed three growth modes
n<9, among which the cubiclike growth mode is favor
for large clusters.6 However, compared to metallic cluster
much less is known about the structural properties of n
stoichiometric oxide clusters. For alkali oxide clusters, su
as LinOm , it was shown that the atomic structure could
viewed as Lin22m(Li 2O)m . In other words, the excess alka
atoms aggregate among themselves to form a cluster, w
is capped by a stoichiometric oxide cluster.7,8 In the mass
spectra of alkaline-earth oxide clusters, Martin a
Bergmann9 found that, the magic numbers for the icosah
dral Ban clusters did not change upon uptake of up to fi
oxygen atoms, which implied that the structure of the ico
hedral Ban could embed a few oxygen atoms. In terms
binding properties, the Ba clusters with a very small num
0163-1829/2003/67~20!/205415~6!/$20.00 67 2054
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oxygen atoms remain metallic. But as more oxygen ato
are added, there is a sudden change in the ionization po
tial ~IP!, which indicates a binding or structural transitio
Very recently, IP measurements on barium oxide clust
BanOm ~Refs. 10 and 11! show two such transitions. Fo
small m, the IP remains roughly constant, which indicat
that the energy required to ionize one electron is not sens
to the number of oxygen atoms. For largerm with n2m
<4, the IP could decrease by 0.5 eV. However, going fr
BanOn21 to BanOn , a large increase of IP (,1.0 eV! sug-
gests a complete transition to purely ionic binding in BanOn
cluster, although the exact nature of the structural chang
not clear.

In this paper, we report an extensive study on the str
tures and properties of BanOm to understand the structura
changes in Ban clusters upon oxidization, using theab initio
molecular-dynamics method based on the discrete Fou
transform~DFT! theory. The change in cluster structures
followed carefully as oxygen atoms are added into Ban one
by one. We find that at the initial stage of oxidization, t
oxygen atom occupies the interstitial positions in Ba clust
without changing its structure. As more oxygen atoms
added into a Ba cluster, there is a transition to cubic str
ture. Such a change gives a good account for previou
reported IP measurement.

II. DETAILS OF CALCULATIONS

Our calculations are based on density function
theory.12–15The structures of clusters are optimized by theab
initio molecular-dynamics method.13,15 The clusters are
placed in a simple cubic cell with a lattice constant of 18
We chose a large size cell to make the interaction betwee
cluster and its periodic images negligible. The ultras
©2003 The American Physical Society15-1
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pseudopotential16 is used to describe the interaction betwe
the core and valence electrons. The wave functions are
panded in a plane wave base with an energy cutoff of 270
The exchange and correlation energy is calculated within
generalized gradient approximation~GGA!.17 Only the G
point is used in the summation of the Brillouin zone of t
simulation cell.

Since we have noa priori knowledge about the structure
of these clusters, the structures of bare Ban clusters2 are first
optimized, and afterwards oxygen atoms are added one
one. For each BanOm cluster, we have performed an exte
sive sampling of the potential surface by generating a la
set of random structures as initial configurations. From e
initial configuration, the structure is optimized by the con
gate gradient method, with a force convergence up t
meV/Å, i.e., the optimization stops when the largest force
all the atoms is smaller than 2 meV/Å. The structure with
lowest total energy is taken to be the ground-state struct

To test the accuracy of the pseudopotentials, we have
timized interatomic distances of the Ba2, BaO, and O2 mol-
ecules. The interatomic distances obtained are 4.72 Å,
Å, and 1.28 Å, in comparison with experimental results
4.6 Å, 1.94 Å, and 1.21 Å respectively.1,10,18,19The calcu-
lated lattice constants for Ba and BaO solids are 4.88 Å
5.54 Å, respectively, which are in close with the experime
tal data 5.02 Å and 5.52 Å.20,21

III. RESULTS AND DISCUSSION

A. Structure of oxygen-poor BanOm cluster

By adding oxygen atoms into the ground state structure
Ban clusters followed by further optimization, we obtain th
structures of the BanOm clusters, which are shown in Fig. 1

For Ba6, which is an octahedron,2 one oxygen atom can
be embedded without much distortion. Putting the oxyg
atom inside the octahedron is energetically more favora
than leaving it outside. The oxygen atom could either be
the center of the octohedron or located asymmetrically
one side to bind with four Ba atoms in a tetrahedral unit
illustrated in Fig. 1~a!. In terms of energy, the latter is mor
stable by just 0.03 eV, as the tetrahedral coordination of
atoms around O is favored, and the ionic interation betw
O and Ba atoms is stronger in the tetrahedral unit. If
oxygen atom is at the center of the octahedron, the unrela
Ba-O distance is 2.93 Å, which is too long for favorab
ionic bonding. The optimized Ba-O distance, as shown
Fig. 1~a!, is about 2.53 Å, 10% shorter than Ba-O distance
solid. Our calculation on Ba4O shows that its ground stat
structure is tetrahedral, in agreement with previous theor
cal results.10,11,22It has also been noted before that the str
ture of Ba5O with the oxygen atom sitting at the tetrahed
position is about 0.25 eV more stable than the structure w
the oxygen atom capped on a surface of the Ba5 ground-state
structure, which could be viewed as two tetrahedrons joi
together sharing a surface.2

The octahedral Ba6 is not optimal for taking up two oxy-
gen atoms, since it is too small to enclose both oxygen
oms. As a result, one oxygen atom has to be capped on
surface of the octahedron, and such a structure is not
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most stable one. Instead, an isomer of Ba6 with three adja-
cent tetrahedrons and a lowerC2v symmetry2 is more fa-
vored, as it has enough tetrahedral positions to embed
oxygen atoms. As shown in Fig. 1~a!, in such a structure
both oxygen atoms are at the tetrahedral positions. For
bare Ba6, the energy difference between the structure w
C2v symmetry and the most stable octahedral structure
very small ~0.03 eV!, which is easily compensated by th
energy gain in maximizing the number of O-Ba interacti
upon embedding two oxygen atoms.

Figure 1~b! shows the structure of Ba7Om (m<2) cluster.
The ground-state structure of bare Ba7 is pentagon bipyra-
mid, which can embed up to two oxygen atoms in tetrahed
positions. However, it cannot accommodate three oxygen
oms in tetrahedral positions with sufficient O-O separatio

The structure of Ba8 cluster can be considered as two B
atoms capped on the adjacent faces of an octahedron,
there are three nonadjacent tetrahedral positions for oxy
atoms. As shown in Fig. 1~c!, the first two positions are

FIG. 1. The structure of BanOm cluster with low concentration
of O atoms. Dark circle for Ba atom and gray circle for oxyg
atom. ~a! Ba6Om cluster,~b! Ba7Om cluster,~c! Ba8Om cluster,~d!
Ba9Om cluster.
5-2
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nearly ideal tetrahedron, but the third position is sligh
distorted.

The structure of Ba9 was found to be aC2v geometry with
two Ba atoms capped on adjacent faces of Ba7 pentagon
bipyramid structure. It can be also viewed as eight tetra
drons joined together. However, the neighboring tetrahe
positions are too close, and Ba9 can only accommodate fou
oxygen atoms as shown in Fig. 1~d!.

B. BanOm cluster with cubiclike structures

BaO solid is a pure ionic solid, with cubic structure. W
find that, as more oxygen atoms are added to Ban cluster and
the number of ionic bonds increases, the Ban-like structure of
BanOm clusters is suddenly changed to a cubiclike structu
which essentially consists of a cubiclike stoichiomet
barium oxide cluster capped with a few Ba atoms, as sho
in Fig. 2.

Although Ba6O3 is far from being stoichiometric, its
structure becomes cubiclike and is totally different from t
structure of pure Ba6 cluster. As shown in Fig. 2~a!, it can be
considered as two Ba atoms capped on a Ba-O cube
Ba4O3, which is almost a cubic, albeit with one missin
oxygen atom. For Ba6O4, a perfect cube of Ba4O4 has been
formed and the two extra Ba atoms are again capped on
faces of the cube. It is interesting to note that the two ex
Ba atoms are closely bonded to oxygen atoms. With
more oxygen atom in Ba6O5, the structure becomes mor
cubiclike and more compact. For Ba6O6, the structure is a
perfect cuboid.

The structure of Ba7O3 is also cubiclike, bearing little
resemblance to the structure of a bare Ba7 cluster. Generally,
the structures of Ba7Om (m53,4,5,6) clusters can be viewe
as a Ba atom capped on a corresponding Ba6Om cluster, as
shown in Fig. 2~b!. However, Ba7O7 cluster is an exception
to this rule. The cubiclike structure with a BaO molecu
capped on a Ba6O6 cuboid is an isomer, with a total energ
about 0.5 eV higher than the ground-state structure. As
cussed before,6 the structure of Ba7O7 is based on an antitet
ragonal prism, because it cannot form a perfect cube. In s
a compact structure, there are more O-Ba ionic bonds, w
increases the binding energy and makes the structure m
stable than the cubiclike structure.

When oxygen atoms are added into Ba8 cluster, a cubic-
like structure takes shape beginning at Ba8O4, with four Ba
atoms capped on the faces of a Ba4O4 cube, as shown in Fig
2~c!. As more oxygen atoms added, the structure of Ba8Om
can be viewed as an oxygen atom capped on the structu
Ba8Om21. It is also interesting to note that for Ba8O6, the
sixth O does not take the position to form a cubic Ba6O6
subunit within the cluster, but caps on the opposite side
cubic Ba4O4 unit to form a low symmetry structure@see Fig.
2~c!#. Nonetheless, these two structures are very close
binding energy with a difference of only 0.08 eV, as found
our calculations.

The equilibrium structures of Ba9Om (5<m<9) are pre-
sented in Fig. 2~d!. As discussed in the previous section, t
structure of Ba9 cluster contains eight interstitial tetrahedr
sites and can thus accommodate four oxygen atoms in
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the cluster without distorting its basic structure framewo
Beginning at Ba9O5, the structure of Ba9Om shows cubiclike
features. Finally, the structure of Ba9O9 is a 33332 cuboid,
as shown in Fig. 2~d!.

C. Structural Transition of Ba nOm clusters

Based on the results in the two previous sections, we
see that there are two distinct series of structures for BanOm

FIG. 2. The structure of BanOm cluster with cubiclike structure.
Dark circle for Ba atom and gray circle for oxygen atom.~a! Ba6Om

cluster,~b! Ba7Om cluster,~c! Ba8Om cluster,~d! Ba9Om cluster.
5-3
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clusters. The first one is based on the structure of puren
cluster, in which all the oxygen atoms are at the intersti
tetrahedron positions. The other one is the cubiclike str
ture, such as a fragment of Ba-O bulk solid, with some
cessive Ba atoms capped on. A structural transition from
former to the latter takes place when there are not eno
interstitial positions to embed oxygen atoms. When the nu
ber of oxygen atoms is small, the structural frame of a b
Ban cluster can provide enough interstitial positions for t
oxygen atoms. Such accommodation is nonetheless lim
by the fact that the interaction between Ba and oxygen at
is ionic, and the interatomic distance between oxygen ato
should be as large as possible. In some cases, when e
tetrahedron is filled with an oxygen atom, the distance
tween two neighboring oxygen atoms could become
close, with a value smaller than 2 Å. For instance, in Ba7 the
distance between two neighboring tetrahedral position
only 1.8 Å. At such a distance, the ionic repulsion will be
strong as to make the structure unstable. As a result,
every interstitial position can embed one O atom. When
oxygen atom cannot find a proper interstitial position, t
open structure with BaO bulklike geometry becomes m
favorable.

Such a structural transition opens a small electronic
ergy gap in the BanOm cluster. Bare Ban cluster is metallic.
After adding a small number of oxygen atoms to the
cluster, the gap between highest occupied molecular orb
~HOMO! and lowest unoccupied molecular orbital~LUMO!
does not change much, as seen from Fig. 3. However, w
the value ofn2m becomes smaller than 3;4, an energy
gap around 0.8 eV is observed, which suggests a chang
the binding character from metallic to partially ionic. As th

FIG. 3. The HOMO-LUMO energy gap of BanOm cluster. The
sudden increase in the energy gap nearn2m54 indicates a transi-
tion of structure and binding behavior. The jump betweenn2m
51 andn2m50 suggests that the binding becomes purely ion
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substoichiometric BanOn21 approaches stoichiometri
BanOn cluster, all bonds become ionic, and the energy g
increases another;1 eV. The valence charge density, d
fined as the sum of charge density from the first three w
functions below the Fermi level, qualitatively shows th
changes of binding behavior from metallic to partially ioni
and finally ionic ~see Fig. 4!. In Ba6, the valence charge
density is homogeneously distributed in the whole clus
which is a typical metallic binding. In Ba6O2, the valence
charge density is also distributed in the whole cluster. Ho
ever, in Ba6O4 where a HOMO-LUMO gap of;0.9 eV ap-
peared, the valence charge density is localized around
dangled Ba atoms. In the stoichiometric Ba6O6 cluster, the
binding is purely ionic and the HOMO is the 2p orbitals of
oxygen atom, which can be clearly observed in Fig. 4.

The changes in cluster volume confirm the transition fro
the structure of a bare Ba cluster to a cubiclike structure
shown in Fig. 5. We define the cluster volume as the volu
of a polyhedron enclosed by the surface atom~nuclei!. After
the addition of a few oxygen atoms, these oxygen atoms
at the interstitial positions, and the volume of the clus
remains essentially the same. At the structure transition, w
n2m53;4, the cluster volume suddenly decreases
about 10.0 Å.3 Afterwards, the cluster volume increase
again with an increasing number of oxygen atoms. Suc
difference before and after the transition suggests differe
in the growth modes, as shown in Figs. 1 and 2. It is int
esting to note that before the transition, the volume is sligh
decreased with the increasing oxygen atoms. The reaso
simply that the ionic bonding between O and Ba ato
makes Ba-Ba distance 0.5 Å, shorter than in a baren
cluster.

D. Discussions

It was generally believed that the ground-state structure
stoichiometric alkaline-earth oxide cluster is cubiclike, esp

.

FIG. 4. Isodensity surface of the highest occupied sta
~HOMO! for Ba6 , Ba6O2 and Ba6O4 cluster. The delocalized, par
tially delocalized and localized charge density can be clearly
served in the Ba6 , Ba6O2, and Ba6O4 clusters, respectively.
5-4
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cially for large clusters. We have shown previously that
small stoichiometric Ba-O clusters, there are three gro
modes—cubiclike, ringlike, and tetragonal prism based.
though the cubiclike structure is prevailing, in terms of e
ergy, its advantage over the other two growth modes
small.6 On the other hand, much less is known about
structure of nonstoichiometric alkaline-earth oxide cluster
the alkali-halide clusters.23–25and alkali-hydride clusters,26,27

one can assume a simple segregation with a stoichiom
cluster and a pure metal cluster. Our calculations indic
that such a simple segregation scheme does not apply to
BanOm cluster. Even for a cluster doped with just a few ox
gen atoms, we do not observe any segregation to prod
Ban2m(BaO)m , with Ban2m capped on (BaO)m . Instead, the
structural frame of the Ban cluster is kept, while the O atom
occupy the tetrahedral positions. This is quite different fro
the observation on the alkali-halide cluster. However,
results are in agreement with previous experimen
observation.9 which showed the conservation of magic num
ber sequence for low O concentration in the icosahedra
clusters.

According to the IP measurement, Boutouet al.10,11 sug-
gested that a core of Ba3O3 or Ba4O4 was formed in
BanOm (n<8), although their speculation about the seg
gation of such a subunit from the other Ba atoms was
directly verified. We indeed find the formation of such cu
iclike subunit as a core in the clusters, which indicates
transition from the compact structure of bare Ban to a cub-
iclike structure. However, no segregation among the res
the Ba atoms is observed in our results. Our calculat
clearly shows that in Ba9Om clusters, a core with cubiclike
structure appeared at Ba9O5, in close agreement with exper
mental observation. However, we do not see much differe
in the transition for small (n<8) and large (n.8) clusters.

The reason for the structural transition at different oxyg
content can be attributed to the size effect. At the initial sta

FIG. 5. The volume of BanOm cluster as a function of O conten
The dip nearn2m54 is an indication of structural transition.
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of oxygenation, the oxygen atoms occupy the interstitial p
sitions of Ban cluster, and keep as far away from each oth
as possible due to strong repulsion of ions. In the small Bn
clusters, the number of interstitial positions is limited. Th
as the number of oxygen atoms increases up to three or
the transition to the cubiclike structure must take place.
the size of Ban cluster increases, more interstitial positio
could be provided for oxygen atoms, and more oxygen ato
could be embedded. In agreement with experiment, our
culation suggests that the structure transition happens
proximately atn2m54.

Another indication of the phase transition is the ener
gain when one oxygen atom is added to the cluster, we ca
successive oxidization energy, defined here asE0
5Eb(BanOm)2Eb(BanOm21). As shown in Fig. 6, whenn
2m is larger than 4, i.e., in the first stage of oxygenation,
the oxygen atoms are embedded in the interstitial positio
and the energy gain by adding one O is almost the sa
around 11 eV, while, asn2m<4, the energy gain when
adding one oxygen atom decreases linearly. The sud
change in the behavior of binding energy strongly sugges
phase transition nearn2m54.

IV. CONCLUSIONS

We have performed an extensive theoretical study on
structural evolution in the oxidization of barium cluster
with the atomic structure of BanOm (m<n<9) clusters op-
timized by conjugate gradient method. The results show
in the initial stage of oxygenation, the O atoms favor tet
hedral positions. Due to the strong ionicity of the oxyg

FIG. 6. The stepwise oxidization energy@E05Eb(BanOm)
2Eb(BanOm21)# as a function ofn2m. For the n2m<4, the
binding energy increases with decreasing number of oxygen ato
While for n2m>4, E0 does not change significantly with the con
tent of oxygen atom, the change nearn2m54 suggests a phas
transition.
5-5
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atom, not all the interstitial positions can be occupied
close contact between oxygen atoms must be avoided. T
a Ban cluster can only embed a small number of oxyg
atoms. When more oxygen atoms are added, the structu
the Ba cluster becomes unstable. Instead, a cubiclike
can be formed, while the excessive Ba atoms are cappe
the core. We do not observe any segregation, in contras
the structure of alkali-halide clusters. We also find that, alo
with the structural transition, there is a noticeable change
the successive oxidation energy.

In summary, we have shown that oxidization can induc
structural transition atn2m54, with an energy gap up to
n

, H
.

J.

.

n
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;0.8 eV appeared. These results will shed light on und
standing the microprocess of oxidization on the solid surfa
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