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Small clusters of 1I-VI materials: Zn;0;, i=1-9
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Improvements in the characterization of II-VI compound-based solar cells, and the recent experimental
characterization of small clusters and nanoparticles, make the study of small II-VI clusters very interesting. In
this work, the ground states of small;Zn clusters are studied, where1-9. Ringlike structures have been
found to be the global minima for clusters as largé-ag, and three-dimensional spheroid structures for larger
ones, wheré=8 and 9. This is due to the stability of obtuse O-Zn-O angles in the first case, and to the stability
gained from higher coordination in the second case. Three-dimensional structures may be envisioned as being
built from Zn,O, and ZrRO; rings, as was the case for ZnS three-dimensional global minima and other ZnO
calculations. Calculated natural orbital charges become larger as the cluster size increases, showing a tendency
toward bulk charges.

PACS numbd(s): 36.40—c

. INTRODUCTION ters, ZnO,, i=1-9. Previous molecular-dynamic calcula-
tions predicted that spheroid ZnO clusters are stablei for
During the last decade interest in II-VI compounds has=11, which may be related to fullerene-type structus.
increased notably due to their paramount technological pofhese spheroid structures are built from hexagons and
tential. Applications such as photovoltaic solar c¢lls- 10, rombi—in other words, rings of Z®, rombi, or ZnOg
optical sensitizer$11], photocatalyst$12,13, or quantum hexagons. In a previous work on zinc sulfide clusters we
devices[14] have led to extensive investigations. To under-found similar building blocks used in order to form related
stand these phenomena it is essential to study the structug@heroid structureg33].
and electronic properties of these compounds, thereby pro-
viding more information for the optimization of these mate- Il. METHOD

rials in order to enhance their applicability. Many theoretical _ All geometries were fully optimized using the hybfia]

3ecke 3 Lee-Yang-PerdeB3LYP) approximate gradient-

L . , vijbrational frequencies were determined by analytical differ-
work it is possible to reproduce the band energies and bang«iotion of gradients.

gaps, along with the lattice constants, of the studied system. The relativistic compact effective core potentials and
In order to do this, an approach based on self—interactionshared_exponem basis 4@8] of Stevens, Krauss, Basch,
corrected pseudopotentials was developed by Pollmann anghq jasien'SKBJ) was used as the basic basis set in this
co-workers[15-20, which is a valuble tool for studying stydy.d electrons of Zn were included in the valence, and an
quantitatively well-ordered, clean semiconductor surfaces. gyirad function was added on both ZmE0.3264) and O
Nevertheless, there are some properties related to thegg — 0 g5) atoms, due to their importance in the formation of
compounds that have been seen to be local phenomena—th@f,4s. Note that pure angular momentum functions were

is, when they occur, they occur at a certain point on thg,seq throughout this study. We denote the final basis set used
surface. One property of this type is adsorption. Thus it isyg SKBJ().

important to study small clusters of these compounds, whose gecayse there are so many possible structures for these
electronic and structural properties could give insight intog| sters. several starting points for these complete
understanding these local properties. In addition, the fact thaéSLYP-SKBJ(d) optimizations were generated using a
cluster and nanoparticle characterization is becoming technQimjated annealing approach at the Stewart semiempirical
logically possible is remarkable. This makes cluster sciencg,qqel parameterizatiofPM3) [39] level of theory. Of

more interesting, since in addition to the capability of under-q,rse “additional starting points were derived from simple
standing some surface-related properties, the improvement @femical intuition.

applications through the use of nanotechnology could be A the geometry optimizations and frequency calcula-
possible. Therefore, the literature in the field is growing rap+ions were carried out with theAUSSIAN9S [40] package.

idly. Many experimental 212§ and theoretical27-31 o the PM3 simulated annealing technique HY@ERCHEM
studies have been reported concerning clusters of varioyg q program was used.

compositions, which have important and interesting applica-
tions.

Due to the interest in both II-VI compounds and clusters,
it occurred to us that it would be interesting to perform a In Sec. Il it was mentioned that the basis set used during
theoretical study of II-VI compound clusters, in this way these calculations was SKRI)( Although a larger basis set
fusing both fields. In this work we focus on zinc oxide clus- is not expected to change the geometry of the obtained struc-

A. Basis set selection
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TABLE |. Relative energiegkJ/mo) between two minima of  responding td =2 was calculated with this TZ2P basis set.
the same cluster size, calculated with the three described basis sefgevertheless we performed CCGD calculations fori =2
and 3, with a smaller basis set, i.e., SK8)J(The obtained
results for the relative energy of the first local minimum with

SKBJM)  SKBJexp  TZ2P

AE (Egm@-ELm®) 24515 254.73 208.83 respect to the ground state are shown in Table Il. Note that

AE (Egm@-ELu®) 13.54 19.55 2.18 for i=2, the CCSDT)-TZ2P and CCSDI)-SKBJ() rela-

AE (EGM(g)'ELM(ls)) 46.70 26.64 92.19 tive energies are very similar: 188.06 and 183.04 kJ/mol,
2

respectively. Note that part of the difference should be as-
cribed to relativistic effects that, although they are known
tures significantly, the relative energies between them mafs5] to be smaller for the first-row transition metals, are
be affected. In order to check the reliability of our SKBY( heaviest for Zn. This reinforces our statement of Sec. Il A on
basis set, single-point energy calculations using larger basige reliability of the SKBJ) basis set and validates the use
sets were performed on several structures which will be desf CCSD(T)-SKBJ(d) relative energies as reference values
tailed below. Two other basis sets were examined. The firghstead of the computationally more demanding CCBB(
was a simple expansion of the previously described SHBJ( TZ2P energies for further checks.
basis. Both CCSD{') and B3LYP predict the same sequence of
Two sandp functions(with a=1.335122 and 1.120129  global and local minima. The relative energies are found to
one d function («=2.561376, and onef function (@ e larger at the CCSD()-SKBJ(d) level of theory. Fori
=3.115413 were added in the Zn basis. The SKBJpasis =2 the difference between both methods is 62.87 kJ/mol,
was expanded for O as well with the two nevandp func-  put it is lowered to 39.87 for=3. These results illustrates
tions having exponents=1.206642 and 0.561051, and the ' the agreement between both methods and therefore B3LYP

function an exponent ofr=1.666029. will be used hereatter.
All of these added functions were energy optimized at the
MP2 level of theory using theamESS[42] package. As the IIl. RESULTS AND DISCUSSION

SKBJ(d) basis set only has oné function on O, it was

decided that upon the addition of another function, the expo- A. Structure of the calculated minima of Zn;O; clusters.

nents of both should be energy optimized. The exponents i=1-9

for the two d functions in this expanded basis were |n this section the calculated minima are presented. Al-

2.179302 and 0.628849. This expanded basis set will bhough our interest is mainly centered on global minima,

referred to as SKB&xp). The second examined basis setstryctures and properties of higher-lying local minima are

was an all electron tripl¢- double polarization(TZ2P)  presented as well.

basis (1411p6d2f/10s8p3d2f) for Zn [43-4F and The shown structures are labeled according to the follow-

(11s5p2d1f/4s3p2d1f) for O [46,47. The relative ener- ing system: GM(global minimum and LM (local mini-

gies between two minima of each cluster size chosen ignum). The superscripts denote the number of ZnO units, and

shown in Table I. the subscripts the sequential positioning of the local mini-
All basis sets predict both the same global minima and theyym.

sequential positioning of the local minima. Nevertheless, for |n order to make the presentation of the results easier to

ZngOg the relative energies are quite small, and therefore wene reader, we have divided this section into small parts

have decided to perform single-point calculations with bothwhere structures of the same size are presented, starting from

SKBJexp and TZ2P for cases where the relative energieghe smallest and moving on to the largest ones. In Table Il

are smaller than 100 kJ/mol. In this way the Valldlty of the geometrica] values such as bond|engths and bond ang]eS,

SKBJ(d) relative energies is checked, point groups and electronic energies of all the calculated
structures are given. These energies have been calculated
B. Reliability of B3LYP results with the SKBJ(@) basis set. It can be seen that for larger

In order to check the feasibility of the B3LYP calcula- CIUSters, i.e., Zi©;, i=6, the re)lative energies are smaller
tions, coupled cluster calculation@8,49 with single and than 100 kJ/mol, except for LEY . Hence single-point cal-
double[50—53 substitutions and a correction term for the culations for these structures have been performed using the
triple [54] substitution[ CCSD(T)], were carried out for Previously described SKB3xp and TZ2P basis sets. The
Zn0,, i=2 and 3. For the smallest cluster, the TZ2P basis°Ptained results are shown in Table IV. SK&d raises all
set was chosen, but the computational effort increased draglative energies except i ve-E w®. TZ2P has exactly
matically fromi=2 to 3. Thus, only the relative energy cor- the opposite effect, and the effect is significantly larger. Note

TABLE Il. CCSD(T) relative energieskJ/mo) for Zn;O;, i=2 and 3.

CCSD(T)-TZ2P CCSD(T)-SKBJX{) B3LYP-SKBJ()
AE (Egu@-E @) 188.06 183.04 120.17
AE (Egm@r-ELme) - 368.06 328.19
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TABLE Ill. Zn-O bond lengths, O-Zn-O angles, symmetry
groups and electronic energies of the calculated structures. For the

local minima, energies relative to the corresponding global mini-
mum in kJ/mol.

R(Zn-0) A a(0-Zn-O° Point group Elec. E(hartree
GM®) 1.713 - C.., —241.987746
GM® 1.892 103.7 D> —484.121011
LM 1.976 106.2 Co, +120.17
GM®) 1.826 146.3 Dap —726.327972
LM® 1.817-2.097 136.15 C. +328.19
GM®) 1.794 165.5 Dan —968.505017
LM® 1.996 97 Ty +245.15
GM®) 1.780 174.9 C. —1210.660351
LM®) 1.853-2.135 98.4-148.2 C, +236.28
GM® 1.772 179.8 Dgn —1452.805204
LM{® 1.907-2.102  134.0 Dag +95.90
LM® 1.793-2.156 143.7-157.8 C, +99.90
GM(™ 1.767 176.6 Do, —1694.944520
LM{" 1.766-1.882 143.6-172.6 C, +43.91
LM{?) 1.783-2.180 92.93-165.2 C, +74.86
GM® 1.86-2.185 92.6-152.5 D,y —1937.097872
LM{® 1.879-2.063 92.7-131.6 4S +13.54
LM® 1.766 175.91 D g +46.70
GM® 1.89-1.99 93.1-130.7 Cg, —2179.264012
LM{® 1.918-2.037 92.2-136.0 Dgq +29.79
LM® 1766  175.1-177.7 C, +127.91

that all cases in which the TZ2P basis makes a large differ-
ence, comparison is being made between three-dimensional
(3D) and ring structures. The TZ2P basis set stabilizes the
3D structures in every case. All basis sets predict both the
same global minima and the sequential positioning of the FIG. 1. Global minimum GNP and local minimum LM? of
local minima, except the case of it and LM, where  Zn,0,.
SKBJ(d) and TZ2P predict the same sequential positioning,
but SKBJexp) does not. Nevertheless the difference is very
small, and all basis sets predict clearly the same global mini-
mum. These results suggest that the SKBXnergies given Of course, a linear structure 6f,, symmetry is found for
in Table Il describe correctly the sequential positioning of znQ, |t is interesting to note the shortness of the bond length
the global and local minima, and that the calculated relativg,ompared to the other larger structures, as can be appreciated
energies are correct. Ther_efore, throughout this paper resulfs Tapje 111. This length is lengthened to 1.893 A in the
from Table Il will be considered. triplet state, which is 22.22 kJ/mol more stable than the sin-
glet reported in the table.

1. Zn,04

TABLE IV. Relative energiegkJ/mol) of the calculated struc-
tures of ZnQ; , i=6-9, using the SKB&(), SKBJexp), and TZ2P

basis sets. 2. 2,0,

SKBI(d) SKBYexp  TZ2P GM®), which belongs to th®,;, point group, and LNP,

of C,, symmetry, are depicted in Fig. 1. Both structures are

AE (Egme-ELme) 95.90 110.50 51.07  planar, and LNP) lies 120 kJ/mol above the global mini-
AE (EGM(G)'ELM(ZG)) 99.90 102.51 88.27 mum. The Zn-O bond length in both cases is longer than that
AE (Egu-Eu) 43.91 47.97 3451  of Zn,Oy, but in the case of LNP) these bonds are remark-
AE (Eom-ELu() 74.86 88.04 41.74  ably long, 1.976 A compared to 1.892 A of G
AE (EgmerEm®) 13.54 19.55 2.18 Zn,S, structures are similar to these. In this case,@Dhg
AE (Egme-ELw®) 46.70 26.64 92.19  structure is the global minimum as well, and the relative
AE (EGM(Q)-ELM%,) 29.79 32.24 25.54 energy between the minima is very similar: 117.10 kJ/mol

for zinc sulfide and 120.17 for zinc oxide.
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FIG. 3. Global minimum GN" and local minimum LMY of

Zn,0,.
FIG. 2. Global minimum GNP and local minimum LM® of
Zn;0;. 4.Zn,0,4
In Fig. 3, GM®*), of Dy, symmetry and LNP, of T,
3. Zn303 symmetry, are given. It may be observed that the global

minimum is a planar ring, like Zy©, and ZrO3, but the

In Fig. 2, GM® and LM® are depicted. The global mini- characterized local minimum is the first three-dimensional
mum belongs to th®3;, point group, and the local minimum  structure. It is constructed from six Z@, units, forming a
has onlyC4 symmetry. Both structures are planar, as was theort of deformed cube. It lies 245.15 kJ/mol higher in energy
case for ZgO,, but the energy difference between them isthan the global minimum. The planar global minimum has
much larger: 328.19 kJ/mol compared to 120.17 kJ/mol oZn-O bonds that are shorter than those found in‘&Mnd,
the smaller one. The Zn-O bond length in &Ms 1.826 A,  again, O-Zn-O angles which are larger. The Zn-O bond
shorter than that in GM by 0.07 A. The O-Zn-O angles are lengths in LM#), on the other hand, are almost 0.2 A larger
larger here, of course, due to geometrical reasongSZn than those in GNf). This, of course, is a result of both the
structures are similar to these, but it must be mentioned thdtigher coordination number and the strained O-Zn-O bond
the energy difference between the global and local minima isngles(97°). In addition to this, O-Zn-O angles tend to lin-
much larger in the case of zinc oxid828.19 kJ/molthan  earity in the ring structures, and in Gt are already
that for zinc sulfideg(233.75 kJ/mol 165.59.

053201-4



SMALL CLUSTERS OF II-VI MATERIALS: ZnO;, i=1-9 PHYSICAL REVIEW A 62 053201
FIG. 4. Global minimum GNP’ and local minimum LM® of

Zng0s.
Characterized 8, structures are similar to these. How-

ever, again the energy difference between global and local
minima is much larger in the case of A: 245.15 kJ/mol
compared to 117.27 kJ/mol for £8,.

5. ZngOs

The calculated GM) of D5, symmetry and LNP) of C;
symmetry are shown in Fig. 4. As was the case fof@n a
planar ring structure is found to be the global minimum, and
a three-dimensional structure to be the local minimum. This
LM®) has two different building blocks: four 20, units
and two ZnOj5 units. The relative energy between these two
structures is less than that found between the twe(Zn FIG. 5. Global minimum GNP’ and two local minima LNf)
structures by only 9 kJ/mol, being 236.28 kJ/mol. In theand LMY of ZngO.
planar ring the Zn-O bond lengths are 1.780 A, similar to
those of ZpO,, and the O-Zn-O bond angles are very close 6. ZneOs
to linearity: 174.9°.

Similar structures, with a smaller energy difference, were The calculated structures GRL, LM{¥, and LMY are
found for ZnSs. The ring structure of ZyS; broke planarity — represented in Fig. 5. Gfit belongs to theD;, point group,
somewhat, and was only 68.19 kJ/mol more stable than theM{®) to the D54 point group, and LNf to the C, point
three-dimensional local minimum. group. LM?® is built of two “parallel” Zn;O; units joined
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together by six ZpO, units. The same building blocks are
found in the two other cases. L is a planar structure with
two ZngOs; rings linked together by a 2@, ring. As in
smaller cases of planar rings, in &Mone may appreciate
the tendency to form linear O-Zn-O bond angles and short
bond lengths. Thus we find angles of 179.8° and bonds of
1.772 A, similar to the previous cases. In the three-
dimensional structure we find larger bond lengths, in a wide
range from 1.907 to 2.102 A, and bond angles of 134.0°. It
should be pointed out that the relative energy betweer®GM
and LM(16) is drastically reduced compared to those seen for
the isomers of ZyO, and ZryOs. For ZnyOg, the relative
energy between planar and three-dimensional structures is
95.90 kJ/mol. We see that there is a tendency to form more
stable three-dimensional structures as the cluster size in-
creases.

Related clusters were characterized fog3n(though no

analog of LM® was found. For smaller clusters we have
seen that the planar ringlike structures were more stable for
zinc oxide. Here that trend continues, and while this ring is
the global minimum for the zinc-oxide cluster it is not so for
zinc sulfide, where th® 34 structure is the global minimum.
This stability of planar zinc-oxide structures may explain the
relative stability of LM®, while a related structure was not
observed for ZgS.

7. Zn;0;

The global minimum ofD4, symmetry GM”) and the
calculated local minima are depicted in Fig. 6. {Mand
LM belong to theC, point group. It is interesting to point
out that two planar structures are again found to be the most
stable ones. GW is a one-ring structure and L{l a three-
ring structure. LM") lies 43.91 kJ/mol above the global
minimum. In both cases the bond lengths are very similar,
but the bond angles differ considerably for geometrical rea-
sons. Ll\/f) is the lowest-lying three-dimensional structure,
and can be seen as a structure of two joined ring structures: a
Zn305 ring and a bent ZyO, ring. Half of the ZnO, ring is
linked to the ZROj3 ring, in this way forming new ZyO,
rings as in GM®), and a second bent Z@, ring. This struc-
ture lies 74.86 kJ/mol above the global minimum. This dif-
ference is less than in smaller clusters, and therefore one
would expect that in larger clusters the three-dimensional
structures will become the global minima. A structure related
to LMY was found to be the global minimum for Z8y, the
ring structure lying 107.52 kJ/mol higher in energy.

8. ZngOg

As mentioned above, the main difference f';\t. firsfc sight £ 6. Global minimum GNP and two local minima LN
between GNP) and the previously seen global minima is that ;g LM of Zn,0
GM®) is nonplanar. There has been a transition from a situ- ~r
ation in which planar ring structures were favored, to a situ- ) ) ) ) )
ation where three-dimensional structures are favored. Exanis Still large. Fori=6, the three-dimensional structure is
ining the trend in relative energies between the ring andloser to the ring, 95.9 kJ/mol higher in energy, and this
three-dimensional structures for-4—8, we find that the difference is reduced to 43.91 kJ/mol for 7. Finally, the
ring structure was more stable for4 by 245.15 kJ/mol. three-dimensional GW is more stable than the ring by 46.7
That difference was reduced to 236.28 kd/molifer5, butit ~ kJ/mol, and GNP more stable by 127.91 kJ/mol. It is clear
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FIG. 7. Global minimum GNP and two local minima LNf
and LM®) of ZngOs.

that as the size of the cluster increases, the 3D structures

become more stable than the rings.
In Fig. 7 the calculated structures are shown. &N\has
D 4q Symmetry, LM® has § symmetry, and LNf hasD 44

PHYSICAL REVIEW A 62 053201

built of two “parallel” zn,O, rings linked together by
Zn,0, rings. LM is also a three-dimensional structure
built of Zn,O, and ZryO; rings. It may be viewed as a four-
faced polyhedron, where each face is built of a@nand
Zn305 ring, which are rotated in order to build the next face.
This structure has Zi©, rings at the top and bottom. In
total, six rombi and four hexagons are found in this structure.
GM® and LI\/I(ls) are energetically very close, they are sepa-
rated by only 13.54 kJ/mol. The bond lengths and bond
angles are similar to other three-dimensional structures, as
may be observed in Table Ill. No completely planar ring is
found; LM% has all zincs in the same plane, but the oxygen
atoms alternate up and down along the ring. In this way the
bond angles are close to linearity, 175.9 in this case. In a
completely planar ring these angles could not be so obtuse
and yet have a structure that maintains favorable angles
about the oxygen atoms, which would make the molecule
less stable. Nevertheless, this ring structure is only 43.70
kJ/mol above the global minimum in energy. Forg3gp
similar structures were found, but ti& structure was the
global minimum, and was 166.33 kJ/mol more stable than
the ring structure.

9. ZngOy

In Fig. 8 the calculated structures ¢V LM{®, and
LM$ are depicted. GM is a three-dimensional spheroid
structure composed of 20, and ZrO; rings. These Z§04
blocks may be envisioned as caps of a polyhedron joined by
a ring formed of ZpO, and ZrO5 units. The ring is formed
by alternating one ZyO5 unit and two joined ZpO, units.
There are six rombi and five hexagons in this structure,
which hasCg, symmetry. LM® is formed of three stacked
Znz05 rings, linked together by Zi©, units. It may be con-
structed by adding an extra 405 ring to LM(lﬁ). This struc-
ture lies 29.79 kJ/mol above the global minimum. As in the
previous case, the ring structure is no longer planar, with the
oxygen atoms above and below the plane formed the Zn
atoms. This structure is labeled XM, and belongs to th€,
point group. This structure is predicted to be 127.91 kJ/mol
less stable than GfW.

B. Natural orbital charges

At this point we analyze the natural orbital charges, ob-
tained by natural bonding analysig56] at the
B3LYP-SKBJ{) level of theory, which are given in Table
V. The cationic nature of zinc and the anionic nature of
oxygen can be observed in all the structures. The atomic
charges are larger as the cluster size increases, and a trend
toward charge separation of the bulk @1e|) is clearly ob-
served.

C. Cohesive energy

The cohesive energy per zinc oxide unit is calculated as
Ef:(iEZn+iEO_EZniOi)/i , Wwherei is the number of ZnO

symmetry as well. Therefore, these three calculated struainits. The cohesive energy may be plotted versus the inverse
tures are very symmetric. GR1 may be viewed as being of the cubic root ofi, and then a line can be fit to the ob-
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FIG. 8. Global minimum GNP’ and two local minima LN

and LM of ZngO,.

PHYSICAL REVIEW A 62 053201

TABLE V. Natural orbital chargeqde) of the shown global
minima.

n (@]
GMM 0.973 -0.973
GM® 1.335 —1.335
GM®) 1.412 —1.412
GM® 1.432 —1.432
GM®) 1.451 —1.451
GM(®) 1.465 —1.465
GM™ 1.477 —1.477
GM®) 1.532 —1.532
GM® 1.559 —1.559

points belong to three-dimensional structures: those corre-
sponding to GMP) and GM®). Therefore, in order to obtain
a meaningful extrapolation the cohesive energy of larger
three-dimensional clusters should be taken into account, and
for this purpose further calculations must be made.

The cohesive energies of the calculated global minima are
given in Table VI.

IV. CONCLUSIONS

It has been seen that planar ring structures are the global
minima for ZnGQ;, i=1-7, and three-dimensional struc-
tures are the global minima far=8 and 9. These three-
dimensional global minima, along with the other calculated
three-dimensional local minima, may be viewed as being
built of Zn,O, rombi and ZgO; hexagons(and an occa-
sional ZnO, unit), as they were for zinc sulfide. However,
for zinc sulfide ring structures are the global minima for
=1-5, and three-dimensional structures are the global
minima fori=6-9. This different behavior is mainly attrib-
utable to two factors. The rigidity of angles about the oxygen
atom (as opposed to sulfur’s more flexible bondimdays a
part, but the major difference is that sulfur atoms benefit
much more from additional valence than do oxygen atoms.
Clusters containing oxygen atoms are not highly stabilized
by the additional bonds found in the three-dimensional struc-
tures, making ring structures the global minima for clusters
with i <8.

TABLE VI. Cohesive energy; (kJ/mo) of characterized glo-
bal minima.

tained points. Extrapolating this to =0, that is, toi
=oo, or the bulk, a theoretical value which can be compared
to the experimental one may be obtained.

In Ref. [33] the same approach was used forZn The
representative points were seen to be those corresponding to

E; (kJ/mo)
GMM 84.06
GM® 275.09
GM®) 403.26
GM® 447.72
GM®) 462.92
GM® 468.55
GM™M 470.47
GM®) 476.52
GM® 484.95

three-dimensional structures. In the case of(Zronly two
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In Ref. [33] the authors predicted stable spheroid struc-the cluster allows for both obtuse O-Zn-O bond angles and
tures for ZnO;, i>11. We have seen, however, that thesehigher coordination in the three-dimensional spheroid struc-
spheroid structures are stable for smaller cases, sudh astures, making these the most stable. These three-dimensional
=8 and 9. Therefore, the onset of the stability for spheroicclusters can be envisioned as being built of smaller building

structures is =8, according to our calculations. blocks, basically ZgO, and ZnO; rings.
In summary, there are two main factors determining

whether a ring or three-dimensional structure will be the glo-

bal minimum for the small zinc-oxide clusters: th_e. stabillity ACKNOWLEDGMENTS
of very obtuse O-Zn-O bond angles, and the stability gained
from higher coordination. For Z@;, i=1-7, the first term This research was funded by Euskal Herriko Unibertsi-

outweighs the second, and ring structures are predicted to kiatea Grant UPV 203.215-G50/98. J.E.F. would like to thank
the global minima. For=8 and greater, however, the size of Eusko Jaurlaritzéthe Basque Governmerfor funding.
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