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Ab initio study on structural and electronic properties of Ba 2O, clusters
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Density-functional calculation within local density approximation, shows that the electronic
property of a barium oxide cluster is strongly correlated with its equilibrium structure. The
ground-state structures of Ba,, (4<n=<9,m=n) clusters can be classified into four categorias:
compact,b) dangling state(c) F—center and(d) stoichiometric. The compact cluster is metallic,
almost no energy gap exists between the highest occupied and the lowest unoccupied molecular
orbitals. The energy gap for the dangling state cluster is larger than that fértlventercluster,

while the stoichiometric cluster has the largest energy gap2084 American Institute of Physics.

[DOI: 10.1063/1.1691785

I. INTRODUCTION metallic to ionic transition. Studies on stoichiometric clus-
o o ters, such as (MgQ)°!? (CaO),,’® and (BaO),**®
The study on oxidation phenomenon is important o theghgyed the ionic cubiclike structures to be ground states, as
application of metal material. Either for bulk or for surface, governed by ionic bonds between metal atoms and oxygen

there remains much to be understood about the mechamsggoms, although other structures were also possible to be

of metal oxidation. Clusters bridge the gap between 'nd"energy favorable in small clustes;* By contrast, less is

%nown about metal-rich clusters. With mass spectra of
Studies on the oxidation of metal clusters, especially on the P

: ) o5 alkaline—earth oxide clusters, Martét al'® found that, the
evolution of structural and electronic property with increas- . .
magic numbers for the icosahedral Balusters do not

ing oxygen content can provide us with valuable insights into
goxyg b 9 ange upon the uptake of a small number of O atost),

the oxidation processes. In the past few years, a number of . 2~ ~" )
studies on alkali oxide clusters have been reportédn which indicates that the structure of the icosahedral Ba

which segregation and shell closing effect were observed-oU!d émbed a few O atoms. Based on results obtained by
The atomic structure could be viewed ag(M,0),,, where one-photon ionization technique along with mass spectrom-

M stands for alkali atom. In other words, the excess alkal®try; Boutouet al. predicted a structural transition upon fur-
atoms aggregate among themselves to form a cluster M ther uptake of oxygen atont$:®
which is capped by a stoichiometric (K@), cluster. In the In order to understand in details the effect of oxygen on
stoichiometric part, the alkali valence electrons are localizedn€ barium clusters and to explain the experimental observa-
in the bonds interacting with oxygen atoms. In the metaftions, we have performed first-principles studies on barium
cluster part, the alkali valence electrons are delocalized an@xide clusters. For stoichiometric barium oxide clusters, the
responsible for a magic size when these electrons fill up thelectronic effect is important, with three modes of growth:
bonding shells. cubiclike, ringlike, and anti-tetragonal prism based. Although
An alkaline—earth metal atom differs from an alkali the cubiclike structure is the most stable, the total energy
atom in that it has a closed shell of?nand the electronic difference between the cubiclike structure and other isomeric
properties of alkaline—earth clusters are distinct from theirstructures is smaff Starting from bare Baclusters, the
alkali cousins. Dimers;® such as Mg and Ba are weakly  structural evolution of BO,, with increasing oxygen con-
bonded by the van der Waals interaction, even though theent was also studief.A transition from compact to cubic-
alkaline—earth elements in solid state are well-known metalgike structure was observed, which disrupted the frame of
Theoretical calculations show that a transition from van debare Bg cluster, in agreement with experimental results.
Waals to metallic interaction takes place soon after the clussych structural changes of the clusters will undoubtedly lead
ter size increased above®2? Alkaline—earth oxides are of o a corresponding change in electronic properties, which is
particular interest since, by varying the content of metal atjmportant however has not been fully understood yet. As a
oms and oxygen atoms in clusters, one could observe thgyther efforts to understand such transition, we have calcu-
lated the evolution of electronic property of cluster,Bg,
dElectronic mail: xggong@fudan.edu.cn and its relationship with geometrical structure, during the
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uptake of oxygen atoms by barium clusters, based on ai  BaQ Ba,0O Ba,0,
extensive study of B#@,, using the plane-wave/

pseupotential based density-functional thed@¥T) method. —o A’ D
The optimized structures fall into four categories, with dis-

tinct electronic properties, underlying the gradual transition

from metallic to ionic bonding during the oxidation process. Ba;O Ba;0, Ba,0;

Il. DETAILS OF CALCULATIONS % < 2
The density functional theory with local density approxi-

mation I_S a well e_StabIIShed t_OOI 2'[? StUdy the StrUCturE_ll an¢IG. 1. Equilibrium structures of B®,, (m=n=<3) clusters. Dark circle
electronic properties of materid$?! In the present studies, for Ba atom and gray circle for O atom.

we adopt a powerfulb initio molecular-dynamics method

with plane-wave basi€ The total free energy is variational

quantity. The fully nonlocal optimized ultrasoft pseudopoten-

tial established by Vandertiftis used to describe the inter- @ngle and a rhombus configuration are found to be ground
action between the core and valence electrons. Thétates of BgO and BaO,, respectively. As studied
exchange-correlation energy of valence electrons is dgRreviously? Bag forms an equilateral triangle. The doped O
scribed by the local density functional approximation devel-2tom of BaO is found localized at the center of the equilat-
oped by Mermir?* The clusters with size<5 are placed in eral triangle. The three-dimensional structure begins at
a simple cubic cell with edge length 16 A, while a bigger cell B&O2 With C5, symmetry. The stoichiometric cluster 2,
with edge length 18 A is used in calculations of clusters with"as & low symmetry structure, as presented in Fig. 1.
size 6=n<9. The size of the cell is large enough that the _The bare Bacluster could accommodate a few O atoms
interaction between a cluster and its periodic images is neg¥hile keep9 its compact structure unchanged, as discussed
ligible. Only theT point is considered fok—pointsampling previously!® With the oxygen content increasing, a structural
to represent the Brillouin zone in such large cell. The cut-offfransition from compact structure to cubiclike structure oc-
energy is set at 270.0 eV in the plane-wave expansion of theUrs atn—m=4. According to the structural characters of
wave functions, which is large enough to obtain a good conthe optimized clusters, we could generally classify the clus-
vergence. ters into four categories{a) Compact structure cluster
For lack ofa priori information about its shapes of the (CSO, which reserves the bare Batructure frame with

clusters, we performed an extensive sampling of the potentigXy9en atoms at the interstitial positions, as shown in Fig.
energy surface by generating a large set of random configl?—(a); (b), dangling state_clu:;tdl_DSC), which keeps a com-
rations for each B, cluster fn<n<9). From each initial plete Cub0|d_core fracU_on in its structure, Wlt[h excess Ba
configuration, the structures is optimized by the conjugate@toms dangling upon it, as illustrated in Fig(bg (c),
gradient iterative minimization methddwith a force con- F—centercluster(FC), with one oxygen atom missing from
vergence up to 0.02 eV/A. Then the lowest total energy igh€ corner of a cuboid core, as presented in Fig), 2nd(d),
adopted as the ground state. Based on these obtained str&0ichiometric cluste(SC), which has a cubiclike structure
tures, we have studied their electronic properties in details.Without any excess Ba atoms while the stoichiometric con-
dition is kept.

Among above four categories, the structures of CSC and
SC clusters are very much different, CSC is for the barium-

In order to test the accuracy of our methods, we haveiched cluster, while SC is for the stoichiometric cluster.
optimized interatomic distances of the BaBaO, G, re- However, both DSC and FC clusters appear in the region 1
spectively. The obtained interatomic distances are 4.96, 2.2 n—m=4. Since the formation of the first cuboid needs
and 1.30 A, respectively, which are in agreement with othefour oxygen atoms, while the additional cuboid needs only
theoretical result3}”?>2%We have also calculated the lattice two oxygen atoms, all the dangling state clusters have even
constants obcc Ba crystal and NaCl-like BaO crystal. The number of oxygen atoms. For the cluster with an odd number
calculated lattice constants are 4.88 and 5.54 A, respectivelpf oxygen atoms, there is no way to form cuboid, there must
which are in good agreement with the experimental resultshe a oxygen atom missing at the corner, i.e., resulting in
5.02 A for Ba crystal and 5.54 A for BaO crystd® F—center However, we find two FC clusters, Bas and

Figure 1 shows the optimized equilibrium structures ofBaygOg, which have even number of oxygen atoms. For
Ba,0,, clusters with sizen<3. Since there are just a few Ba BagOg cluster, we can see two missing oxygen atoms, i.e.,
atoms and O atoms, the quantum effect plays an importarttvo F—centersare included. In fact, the DSC structure of
role. Present theoretical study shows that plane structures &agOg has almost the same energy as Fre-centerstruc-
clusters BgO, Bg0,, and BaO are energetically favorable. ture. The BgOg cluster should also be a DSC structure if the
The optimized equilibrium interatomic distance and cohesiveeighth oxygen atom takes tHe—centerposition in BaO;
energy for BaO molecule are 2.22 and 7.41 eV, respectivelycluster, however, the cluster shape transition, from24< 2
Using molecular dynamics, we found that the vibration fre-to 3X3X 2, takes place, as the eighth oxygen atom is at-
quencyw, of BaO molecule is 709 cit, which is 6% larger tached to BgO-, thus oneF—centeris still left there.
than the experimental resift.Meanwhile an isosceles tri- All four kinds of structures have their own characteris-

IIl. RESULTS AND DISCUSSIONS
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Ba40 Ba402 Baso Basoz Ba403 Ba503 Ba603 Ba605
BaO Bay0, Ba,0 Ba;0, B§a703 Ba;0; Bay0;s Ba;0
i Ba905

BasO Bast Ba303 Ba90

(¢). F-—center clusters

Ba904 Ba404 Ba 50 5 Ba506
K7

(a). Compact structure clusters

BasO, Bas0, Ba;0, - 5
. E (d). Stoichiometric clusters
Ba706 Ba804

(b). Dangling state clusters

FIG. 2. Equilibrium structures of B®,, (m=n,4<n<9) clusters. Dark circle for Ba atom and gray circle for O atgar.Compact structure cluster&)
dangling state clusters¢) F—centerclusters; andd) stoichiometric clusters.

tics of the electronic structures. Figure 3 shows the charge 3 p 3 53
density of the highest occupied molecular orbitdlOMO) Dh=15(37) 7™ (3.3
of CSC, DSC, FC, and SC. In CSC Ra, the electrons in

HOMO are mainly distributed on the surface of the tetrahe—whered)i is the Kohn—Sham orbital, andis the local den-

dron frame, which shows that the metallic binding propertysity Most of ELF data surrounding B@ are around 0.55

of Ba}4 clluster is kept unchanged. We havg also explored th%‘md no datum is larger than 0.80, which confirms the metallic
localization of electrons of B® cluster, using the electron

localization function(ELF) analysis’®>*° which was intro- bonding property. Therefore, the compact structure of bare
. . .Ba, cluster is preserved in low oxygen content CSC,Ba
duced in quantum chemistry to measure the parallel spi

correlation by defining conditional probability of finding an 'I]-'|gure 3 also shows the HOMO charge distribution of DSC

electron in the neighborhood of another electron with theBaﬁo“.‘ The HOMO charge is mostly_ distributed around the
same spin. ELF is defined as dangling barium atoms. B®s cluster is aF—centercluster,
' the HOMO electrons are mainly localized at the vacancy

where an oxygen atom missed, which is analogy to the

ELF= —————, (3.1 F—centerin bulk material. In the stoichiometric cluster of
1+[D/Dp] BagOg, the binding is completely ionic, the HOMO is essen-
5 tially the 2p orbits of oxygen atoms, it is not surprising to
D= EE IV i|2— l Vol (3.2 find that all charge of HOMO is localized on O atoms, as
29 "8 p shown in the figure.
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Ba40

FIG. 3. Partial band decomposed charge density of HOMO, 0.000G2 A
spacing for BgO and BgO,, 0.000 04 A3 spacing for BgOs and BaOs.
The excess HOMO charge is distributed on the surface of compact structurt
cluster BgO, mainly located in the vacancy &f—centercluster BgOs,

and is distributed around the dangling barium cations of dangling state clus-
ter BgO,. For stoichiometric cluster B®g, the HOMO charge is bonded

at O atoms.

The energy gap between HOMO and the lowest unoccu-
pied molecular orbitalLUMO) is shown in Table I, it can be
seen that the energy gap can be correlated with the structur:
characteristics. From the structures of,Rdusters reported
previously? we also calculated the energy gaps of, Baus-
ters, which are around 0.3 eV. In CSC, besides a small part or
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TABLE I. The calculated energy gapV) and the vertical ionization poten-

tial (IP,) (eV). Only those structures plotted in Fig. 2 are presented.

Category Cluster Gap IP Category Cluster Gap IP

Ba,? Ba, 0.41 3.18 DSC B, 0.90 2.82

Bas 0.30 284 BaOg 1.05 2.99

Ba;, 0.09 274 BgO, 0.80 2.83

Ba, 042 278 BgO; 0.80 2.60

Bas 0.27 2.67 FC BfD; 101 2.79

Ba,O, 0.61 2.58 BaO; 0.61 258

CSC BaO 0.50 2.80 BgO; 0.39 2.66

Ba,O, 0.44 2.68 BgOs 0.67 2.64

BasO 0.38 2.82 BsO; 043 273

BaO, 0.12 248 BaO, 061 2.58

BaO 0.10 2.64 BgO; 054 259

BaO, 0.25 2.75 BgO; 059 2.38

Ba,O 023 264 BgO; 0.75 252

Ba,0O, 0.10 2.48 BgO; 044 252

Ba;O 0.08 2.48 BgO; 0.71 2.46

BaO, 0.03 241 BgO; 0.72 2.38

BaO; 0.22 258 scC B#O, 2.86 5.11

Ba,O 0.31 259 BaOs 2.22 4.63

Ba,O, 0.14 254 BgOs 224 4.48

BaO; 0.15 243 BaO, 2.05 431

Ba,O, 0.14 239 BgO; 2.38 4.33

DSC BaO, 127 3.04 BgO; 2.01 4.00
BasO, 0.97 2.83

FIG. 4. Density of states of B®,, (m=n,4<n<29) clusters. The~ermi
energy is shifted to zero and marked by dotted line.

the valence electrons of the clusters are localized by the oxy-
gen atoms, the number of the other valence electrons is big
to keep the metallic binding property unchanged, thus the
energy gap of CSC is very small. When uptaking more O
atoms, the Bastructure frame will change and then the cu-
biclike structure growth mode begins. In DSC, FC, and SC,
O atoms can attract enough valence electrons from Ba atoms,
resulting in a significant energy gap. However, it is interest-
ing to note that DSC has electrons on dangling barium
atoms, but no bonds exist between these well-separated
barium atoms. In FC, some valence electrons are localized at
F—center Thus the DSC and FC show a significant energy
gaps in the range of 0.7-1.2 eV. Finally, in SC cluster, the
bonding is fully ionic, with the largest energy gap 2.3
eV. Although, generally the different structure category has
its own typical value of energy gap, we can also find excep-
tions, for instance someE—centerclusters have band gaps
typical of compact clusters.

In order to give a more detailed description of the elec-
tronic properties, we have calculated the density of states
(DOSY) as shown in Fig. 4. It is obvious that almost no energy

*The energy gap and JRare calculated based on the structures presented ifJaP appears for the bare Beluster. When an O atom doped,

Ref. 6.

some electronic bands could be observed with energies
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~4 eV belowFermienergy, which relates to the dands.  role of the missing & anion, and the energy gap is smaller
At the first oxidation stage of Becluster, the uptaking of O  than that of DSC. We also find that the calculategl #°FC
atoms does not alter the energy gap significantly, this igluster is lowest and that of the SC cluster is largest among
strongly correlated with its metallic binding property. The all the four kinds of clusters. The obtained relationship be-
energies of O P bands do not change much. Along with the tween the calculated JPand the structure is in very good
uptaking of O atoms, the compact structure frame breaks, agreement with the theoretical study on sodium fluoride
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