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We report the results of a theoretical study ofM, GaN,, and InN, (with n = 4, 5, 6) clusters, focusing

on their structural properties, stability, and electronic structure. FgdAdlusters, the metal-nitrogen bond

is found to dominate the lowest energy configurations, with a transition from planar to bulklike
three-dimensional structures, as the cluster size increases frgda #l AlgNs. However, for GaN, and

InnN,, clusters, the lowest energy configurations are mostly planar, and they are dominated eitherdoy N

N2 subunits. It strongly suggests that N-segregation may occur during quantum dot or thin film deposition
processes, due to the low atomic coordination and abundance of dangling bonds.

I. Introduction of Density Functional Theory. Our resufisshow a strong
preference for N-N multiple bonds in the most stable isomers

the micro-electronic and optical industrand have been the of triatomic and dimer configurations. The strength of the metal-

focus of several experimental and theoretical studies in the past?ﬁtéov%(:g'? (r):gt;erﬁgglsiso:? dgicr)1 'Q%Lrggﬁlstostcr;:na?ﬁ ;Pér\;vrzr(:gs,
decade. Although the nitride materials have been studied 9

- . . Ga and In. In the case of trimers, the most stable isomer of
extensively in bulk and ordered surface forms, research in theAI N~ was found 1o be an alternate-bond hexagonal fina. but a
cluster phase is still lacking. The knowledge of the physical dif?erSent trend was observed in @& and IrgNgl“' Isomg’rs
and chemical properties of these materials at the molecular level - . s .
can be vital in improving the device preparation processes, Suchcontamlng N subunits were found to have lower energies than

as the sputtering process by which the surface layers of the':ahxe :(I:)t((-ar(;]tehrg?tehrerllg\?véz?:anneerrm S&g?folf&g;i\]l;maﬁ] lilhglrllsters
electronic devices are generally constructéthe absence of P 9y

periodicity in the clusters may help uncover the existence of with greater coordination numbers should have a dominance

. of the metal-nitrogen bond over the nitrogemitrogen bonds.
localized surface features due to the unsaturated valences, absent . ) . i

; P ; As a continuation to the above-mentioned work, in the present
in periodic calculations. ; . -

article, we report the geometric structures, stabilities, and

electronic properties of MN,, (n = 4—6, M = Al, Ga, and In)

Group Il nitrides are well-known for their applications in

Aluminum and gallium nitride clusters have been the focus
of a few experimental and theoretical studies, but in a limited X .
way. In a recent experimental study, gas-phase AIN clusters CIUSt_erS' Ig Is to be. n_oted here_ tha_t Na was studied
were observed, during Chemical Vapor Deposition (CVD) of prewously_, but in a limited way, ignoring several probable
AIN thin films from AICI; and NH3 For GaN clusters, structural isomers. No theoretical study has been devoted to
experimental studies were conducted on the organometallicGa“N” (n =5, 6) and AN, (n = 4, 5, 6), to the b¢5t of our
precursors for chemical vapor deposition process (CVD) of GaN Knowledge. Moreover, the use of same computational method

heterostructure5.On the theoretical front, the reported work fc_>r Al, Ga, and Ir_' ”_'t“‘?"? cl_usters will allow us to assess the
on AIN and GaN clusters is limited to a multireference differences and similarities in the structural properties of these

configuration interaction (MRCI) study performed on the AIN clusters together with their variations with the size of the cluster.
monome# calculations of AIN, AlsN, and AbN, using the The rest of the paper is organized as follows. In section II,
second-order MollerPlesset (MP2) perturbation thedhya we give a brief description of the computational method used
study based on Density Functional Theory (DFT) calculations I this work. In section II, the results and discussion foiNy
on (AIN), and (GaN) (n = 2—4)"8 and another DFT study on (0 = 4-6, M = Al, Ga, and In) clusters, starting with a
(AIN), (n=1, 2, 4, 6, 12) cluster3A time dependent Hartree description of the different isomers considered and the lowest
Fock study on polarizabilities on GaN clusters in tetrahedral €Nergy configurations. Then, we will discuss the stability of
geometry (GgNsH1» and GaNsH1g) reported their nonlinear the clusters with respect to fragmentation, and their electronic
optical properties suggesting that GaN cluster-based materialsProperties. We will also discuss the role of relativistic effects
can be considered for efficient photonic systéfh&inally, N Predicting the lowest energy isomers of f8a and InN,
experimental as well as theoretical (DFT) results for the clusters. Finally, our conclusions will be given in section IV.
vibration spectra of small clusters, both stoichiometric (AIN, _
GaN, and AIN,) and nonstoichiometric, of AIN, GaN, and InN  Il. Computational Method
have been recently publishét!?

Aiming to understand the emergence of bulklike properties,
starting from nano scale, our research group has initiated a
theoretical study of Group-Ill nitride clusters in the framework

All electron calculations were performed onN} (n = 4—6,
M = Al, Ga, and In) clusters, in the framework of DFT, using
the DMol Prograni® The gradient corrected Becke exchatfge
and PerdewWang correlatio® functionals were employed
*To whom correspondence should be addressed. E-mail: mblanco@ here. Double numeric basis sets, supplemented dyitblariza-

mtu.edu. Permanent address: Departamento deiQaFsica y Analtica, tion functions (DNP), were used for all atoms (Al, Ga, In, and
Facultad de Qumica, Universidad de Oviedo, 33006-Oviedo, Spain. N) in the cluster. The reliability of the DNP basis sets has been
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confirmed by previous studies of oxifé® and GaAg’2!
clusters, the excellent agreement with the experiment in the AIN
monomert3 the direct comparison with the results of the good
quality 6-31G* basis set®,and the consistency of our predic-
tions along a series of increasingly larger group Il nitride
clusterst®14 All of the calculations were performed in spin-

unrestricted conditions, allowing the electron configuration to
change and select the lowest energy spin state according to th
aufbau principle. However, all of the lowest energy configura- O
tions were found to be singlet spin states.

In the SCF calculations, the density tolerance was setté 10

e/boht. The geometric parameters were fully optimized under O

the given symmetry, with a convergence criterion for gradient
component set to 1@ hartree/bohr and energy tolerance set to
1075 hartree. In previous studies on small nitride clustéds,

a further re-optimization with tighter SCF convergence criteria

has helped to eliminate spurious minima with imaginary

frequencies. Hence, in the present study, we have conducted
such a re-optimization for the three lowest-energy configurations /m
of each compound, using a SCF density convergence criterion

fixed at 1076 e/bohB. This re-optimization will also facilitate
the comparison of this study with our previous studies. To test
the importance of relativistic effects, scalar mass-velocity and
Darwin correction terms were included in a re-optimization of
the lowest-energy isomers of @& and InN, clusters. The
stability of the clusters against fragmentation into smaller
clusters and molecules, and electronic properties were studiedrigure 1. Some of the isomers of M, (M = Al, Ga, In) considered
for the predicted lowest energy isomers of these clusters. in this study. Nitrogen and metal atoms are represented by small filled
and large empty circles, respectively.
Ill. Results and Discussion . s -
isomer 3a, whereas no such coordination is seen in isomers 3b

A. M4N4 Clusters. On the basis of our previous results for and 3c. The preference of six G& bonds (in the isomer 3a)
M3N3,# several planar and nonplanar configurations were over four Ga-N and two Ga Ga bonds (in the isomer 3c) in
considered for the geometry optimization inyNj. We have stabilizing the Gal\4 is also seen here. Also, the calculated
also considered various structural configurations, similar to those results show that the isomer 3c, a planar ring structure with
of the stable isomers of AP,23 and GaAs,2021-24clusters as strong N-N bonds, is stabilized by about 1.84 eV when
initial configurations for calculations. Some of the lowest-energy compared to the octogonal planar ring configuration shown in
isomers considered in this study are given in Figure A. Figure 2a. Hence, it is concluded that ins8a the N—N bonds
complete list of the isomers, optimized geometries, and energiesstill play a crucial role in stabilizing the cluster, and the metal-
computed in this work can be obtained from the authors nitrogen bond is still not strong enough to replace theNN

(mblanco@mtu.edu). bond in the lowest-energy isomers.
Among the three lowest-lying AN, isomers, presented in Our calculated results are not in agreement with the previously
Figure 2, the planar eight-member ring configuration Vit reported resulfsfor GaN, clusters. This contradiction can be

symmetry is found to be the lowest energy isomer with metal- explained by the fact that, in ref 8, few structural isomers were
nitrogen distance at 1.75 A (isomer 2a). This octogonal ring is considered for the geometry optimization, overlooking the
closely followed by a three-dimensional cubic configuration stability of Ns subunits in the nitride clusters. However, ref 7
(isomer 2b) which is 0.8 eV higher in energy than the planar provides the ring structure as the lowest energy one faNAl
ring configuration. This trend is similar to the one found in in agreement with the present results.
trimers and different to those in GaN and InN, as also shown In InsNg4, the configuration having two Nsubunits anda,
for trimers. symmetry is the lowest energy structure (isomer 4a). It is closely
The three lowest energy isomers of 8aand InkN, are given followed by the isomer 4b, having azNsubunit. The planar
in Figures 3 and 4, respectively. Here, the isomers containing alternate-bond ring structure is 5.8 eV higher in energy, when
either Ny or N subunits are found to be the lowest energy compared to the isomer 4a. Hence, iaNg the metal-nitrogen
isomers. For Gi\,, the most stable isomer 3a is not an alternate- bond is not strong enough to replace the-Nl bond in the
bond ring, but a configuration containing a Mubunit. The lowest-energy isomers. The isomers, which were predicted to
N—N distance in the Blsubunit of the isomer 3a is 1.18 A,  be the lowest energy structures forfas and A4P,, are much
about the same as in thesNion (1.20 A). Moreover, the  higher in energy than the 4a isomer ofsM1. Hence, the
Mulliken charge analysis of the isomer 3a reveals a charge of structural differences between the most stable isomers of AIN
—1.12e on its N; subunit. Hence, this isomer can be viewed as and those of GaN and InN are observed for tetramers, as they
a Ns~ ion bonded to a GAI* ion with tetrahedral configuration. ~ were for trimers'*
The alternate-bond ring isomer, the lowest-energy configuration  B. MsNs Clusters. For MsNs, we considered several structural
in Al4Ny, is 2.67 eV higher in energy. The isomer 3a is closely configurations (Figure 5) based on our results faiNM(n =
followed by the isomer 3b, having two Nsubunits andDa;, 3—4) and those for G#ss.2021.24
symmetry, and a ring structure 3c witl, symmetry. A bulklike In AlsNs, the planar alternate-bond ring (isomer 6a) is found
(tetrahedral) coordination for the nitrogen atom is seen in the to be the lowest energy isomer (Figure 6). Here, the-Ml
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Figure 2. Structure, symmetry, and total energy (in hartree) for the three lowest-energy isomess . ofMdrogen and metal atoms are represented

by small filled and large empty circles, respectively.
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Figure 3. Structure, symmetry, and total energy (in hartree) for the three lowest-energy isomeudaf imogen and metal atoms are represented

by small filled and large empty circles, respectively.

separation is the same as that inM, 1.75 A. Hence, the AtN
bond strength remains almost the same in botiNA&nd AENs.
The Mulliken charge analysis also shows a charge @/59%
on the N atom in both AN4 and AkNs, indicating a close
similarity in the nature of the AtN bond in both cases. The

The planar ring structure with agubunit is again favored as
the lowest energy configuration (isomer 7a). TheMldistance

in the Ns subunit is 1.19 A, very close to that in the;Nion.

As in GaN4, the Mulliken charge analysis shows a charge
transfer of—1.11e onto the N subunit from the G\, unit.

isomer 6a is closely followed by a three-dimensional cubic Here, the alternate-bond ring configuration is 2.7 eV higher in
configuration, with an A+N cap on one of the cube edges energy. It is to be noted here that strong-N bonds are

(isomer 6b), and a planar fused-ring configuration (isomer 6c). observed in all of the three lowest energy configurations of
The energy difference between the decagonal ring and theGaNs. Moreover, these isomers are energetically almost

capped cube in ANs (0.39 eV) is half the energy difference

between the ring and the cubic configuration inyM{ (0.85

degenerate, with a very small energy difference of about 0.1
eV. The average NN distance in all these isomers is ap-

eV). This decrease in the energy difference between the planarproximately 1.13 A, almost that of the;Nnolecule (1.12 A).
ring and cubic configurations can be viewed as an attempt by In fact, isomers 7a and 7c can be viewed assza Bubunit
AIN clusters to move away from the planar configurations to weakly bonded to a GB" unit with 3-fold coordinated
prefer three-dimensional bulklike structures with the increase nitrogens, whereas the isomer 7b can be regarded as a N

in the cluster size.

molecule loosely bonded to @ds. The central N-N bond of

For GaNs, the three lowest energy configurations are mostly the latter isomer has a somewhat larger distance (1.31 A), due

planar structures (see Figure 7), containing strorg\\bonds.

to the coordination with four metal atoms. Overall, the lowest-
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Figure 4. Structure, symmetry, and total energy (in hartree) for the three lowest-energy isomeid,oNitrogen and metal atoms are represented

by small filled and large empty circles, respectively.

Figure 5. Some of the isomers of Mis (M = Al, Ga, In) considered
in this study. Nitrogen and metal atoms are represented by small filled
and large empty circles, respectively.

energy isomers of Ghls prefer N-N bonds over GaN bonds,
and the N~ subunit plays a significant role in stabilizing these
clusters.

The lowest-energy configurations (Figure 8) ogNg are
similar to those of G&lNs, with planar configurations andNr
N3 subunits, but the order of the two lowest-lying isomers is
interchanged. The isomer 8a, containing tweuits, is here
the most stable, followed by two planar ring structures with N
subunits (isomers 8b and 8c). The alternate-bond ring config-
uration is about 6.25 eV higher in energy than the isomer 8a.
The isomers 8b and 8c are energetically very similar, with an
energy difference of 0.036 eV, and they are 0.42 eV above the
lowest-lying 8a. The N-N distance in all the three isomers is
approximately 1.18 A, similar to that observed ins8aand in
the Ns~ ion. The elongation (its NN distance is 1.28 A) of
the central N unit is due to the higher metal coordination in
the isomer 8a.

Hence, in AiNs, the metal-nitrogen bond is the dominant
bond, with the alternate-bond ring structure forming the lowest
energy configuration. Moreover, it shows a tendency to move
away from the planar configurations toward three-dimensional
configurations as the cluster size increases. However, iN§a
and InNs, isomers having NN bonds are still found to be the
preferred lowest energy configurations. Ins8g as in GaNj,
the lowest energy isomer contains @ Bubunit, whereas in
InsNs, as in InNg4, the lowest energy configuration displays two
N2 subunits. In these clusters, the-N bond is still dominant
and plays a crucial role in stabilizing the cluster.

C. MgNg Clusters. The various structural configurations of
MeNe (Figure 9) clusters considered here are based on our results
for MsNs clusters.

The three lowest energy configurations ofsid are given
in Figure 10. Here, the lowest energy isomer is a hexagonal
prism with D3y symmetry (isomer 10a): two alternate-bond
hexagonal rings with bond distances of 1.84 A, separated by a
distance of 1.94 A by A+N bonds, also. Hence, two different
(nonequivalent) metal-nitrogen bonds are seen here. The first
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Figure 6. Structure, symmetry, and total energy (in hartree) for the three lowest-energy isomegofMdrogen and metal atoms are represented
by small filled and large empty circles, respectively.
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Figure 7. Structure, symmetry, and total energy (in hartree) for the three lowest-energy isomeedlef izogen and metal atoms are represented
by small filled and large empty circles, respectively.

kind of bond is between Al and N atoms in the same hexagonal cube (isomer 10b) and a two-dimensional ring configuration

ring, whereas the second kind is between the metal and nitrogen(isomer 10c). The competition between the planar ring con-

of two different hexagonal rings, with the latter being a longer, figurations and the three-dimensional structures, dominated by
and thus weaker, bond. The isomer 10a is followed by a double the former in AlN4 and AENs, is reversed in AlNg. The three-
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Figure 8. Structure, symmetry, and total energy (in hartree) for the three lowest-energy isomefdsoNitrogen and metal atoms are represented

by small filled and large empty circles, respectively.

Figure 9. Some of the isomers of fs (M = Al, Ga, In) considered
in this study. Nitrogen and metal atoms are represented by small filled
and large empty circles, respectively.

dimensional configuration (isomer 10a) clearly overtakes the
planar configuration (isomer 10c), with the latter being 3.5 eV
higher in energy than the former. However, the bulk configu-

the lower layer, the other three atoms (i.e., the three upper Al)
are over the center of the lower layer hexagon, forming bonds
with the next layer above them instead. Our results faNAl
are in good agreement with previously reported DFT calcula-
tions?

In GasNg and IrsNg, the trend is different from that observed
in AlgNg. The planar configurations, either withsNor N,
subunits, are found again to be the lowest energy isomers (Figure
11 for GaNs, Figure 12 for IgNg). The isomer 11a, the lowest
energy isomer of Gi\g, is a planar configuration with a N
subunit of 1.19 A N-N bond length. This configuration can be
viewed as two GaN units bonded to each of the metal atoms
in GaN4 unit. The hexagonal prism isomer, the lowest-energy
configuration in AkNs, is 3.53 eV higher in energy in the case
of GaNe. The planar ring and the double cube structures are
also higher in energy. The isomer 11a is followed by two almost
degenerate configurations, isomers 11b and 1c. The isomer 1b
appears to be an extension of the lowest energy configuration
of GaNs (isomer 7a).

The three lowest-energy configurations o§Nig are similar
to those of in GglNg. The isomer 12a, the lowest-energy isomer,
is a planar structure with ag\and a N subunits. Although
there exists a tetrahedral coordination for two of the N atoms,
one of them is involved in a strong-\N bond. The remaining
two lowest energy isomers also show the presence of N
subunits. The hexagonal prism structure with alternate bonds
is 5.58 eV higher in energy here. This large energy difference
again emphasizes the fact that there exists a distinct structural
difference between the AIN clusters, on one hand, and the GaN
and InN clusters, on the other hand. Again, it isaddminated

ration displays six-member rings as in the 10a isomer, thesestructure the one having the lowest energy for the GaN cluster,

rings adopt a chairlike configuration in the solid, with tetrahedral

and the lowest energy configuration of the InN cluster contains

coordination. The hexagons of two consecutive layers are a N, unit. However, the latter one also has aWit, showing
displaced so that, although three of the atoms (i.e., the threehow it seems necessary to have a 4-fold coordination to have

upper N) sit on top of three opposite atoms (i.e., three Al) of

N atoms bonded to In atoms instead of forming strongN\N
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Figure 10. Structure, symmetry, and total energy (in hartree) for the three lowest-energy isomesdpoMNMrogen and metal atoms are represented
by small filled and large empty circles, respectively.
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Figure 11. Structure, symmetry, and total energy (in hartree) for the three lowest-energy isomegbdlgfiBaogen and metal atoms are represented
by small filled and large empty circles, respectively.

bonds, whereas 3-fold coordination seems sufficient enough for divided by the number of atoms) and also the dissociation energy
GaN clusters, and 2-fold for AIN clusters. of the clusters with respect to various possible products. The
D. Stability. The stability of the lowest isomers of the,M, calculated results for these energies are given in Table 1.
clusters was investigated by studying the binding energy per The binding energy per atom is very similar for,Nk and
atom (energy required to separate the molecule into atoms,AlsNs, and it shows a large increase ingNk. In the first two,
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Figure 12. Structure, symmetry, and total energy (in hartree) for the three lowest-energy isomefscoNitrogen and metal atoms are represented

by small filled and large empty circles, respectively.

TABLE 1: Binding Energy Per Atom (in eV) and TABLE 2: Energy Separation (in eV) of the Highest
Dissociation Energies (in eV) into Different Products for Occupied Molecular Orbital (HOMO) and the Lowest
AlN,, GaNp, and InyN,, with (n = 4 — 6) Unoccupied Molecular Orbital (LUMO) for the
Al G | Lowest-energy Isomers of the MN, Clusters with n = 4, 5,
a n 6 Wand M = Al, Ga, In
MsN4 - - B. E. per atom 3.63 3.16 3.09
MaNz — 2 MoN; 4.47 2.21 2.93 M Al Ga In
M4Ng— 2 M2N + N2 3.31 2.01 3.84 MsNs 2.25 2.31 0.64
M4Ns— 2 MN; + M2 6.88 3.66 3.49 MgNg 1.55 2.60 0.42
MJNs— MoN + MN; + MN 8.11 6.05 7.11 MN bulk (DFT-LDA) (ref 26) 4.2 1.7
MsNs - - B. E. per atom 3.73 3.21 3.06 MN crystal (ref 25) 6.28 3.44 2.05
MsNs — M4N4 + MN 5.47 4.32 4.04 L .
MzNs — M3Nz + M,N, 5.33 3.05 3.08 The DFT band gap for thBIN crystals is included for comparison.
MsNs — M2Nz + 3 MN 16.74 13.16 13.61 . . .
MsNs — 2 MuN + No + MN 8.78 6.33 7.88 or atoms with the same overall stoichiometry have a higher
MsNs — 2 MN, + MN + M, 12.35 7.98 7.54 energy than the lowest energy configuration of tetramers,
MsNs =2 MoN + MN, + N 11.10 851 9.85 pentamers, and hexamers. FosM and GaNg, metal-excess
MeNs - - B. E. per atom 4.05 3.25 3.09 . . .
MeNe — MaNa + MoN, 797 216 110 triatomic clusters and nitrogen molecules are the most preferred
MgNg — 2 M3N3 9.30 4.03 2.90 dissociation products. However, forMy, dissociation into two
MeNg — 2 MoN + M2 + 2 N, 11.34 4.36 4.68 dimer (M:Ny) clusters, with a strong NN bond each, is
mﬁmﬁzg M?\IN il\’XIZI{I\IZIMNZ %g'?g g'éi’ i'gg energetically favored. Hence, dissociation leading to either N
MNe— 3 MoN, 1174 437 402 molecules (in AIN; and GaNy) or small clusters with a strong
MeNs — MsNs + MN 8.60 4.47 3.70 N—N bonding (InN4 dissociation) is preferred for N,

clusters. The domination of the-\N bond in the preferred
there is one bond for each atom, on average because they shardissociation products of nitride clusters was also observed in
a common alternate bond ring structure with 2-fold coordination, M>N, and MN3 clusterst314In MsNs and MsNeg, dissociation
being the bond angles the only difference between them. Oninto stoichiometric units, with YN, clusters containing strong
the other hand, ANe prefers a three-dimensional structure, with  N—N bonds as one of the products, is the one requiring the
3-fold coordination and a larger number of bonds per atom (1.5 least energy.
on average) that provides it with its increased stability. However, E. Electronic Structure. Regarding the electronic structure
the binding energy per atom for @4, and InN, clusters of these clusters, we have focused on the HOMOMO
remains almost constant fargoing from 4 to 6, and is clearly ~ energy separation, which can be very valuable for the interpreta-
lower than that in AIN, clusters. This is what we expected tion of photoelectron spectroscopy experiments. In Table 2, we

because the lowest energy structures inNgaand InN, are present the HOMGLUMO gap for the lowest-energy isomers
all of them of a similar nature, dominated by strongN bonds of the MiN, (n =4, 5, 6, M= Al, Ga, In) clusters, including
on one part of the cluster, and having weak M bonds linking the values of the band gaps of the wurtzite solid nitriélésr
that part to the rest. the sake of comparison.

All of the MyNp (n = 4, 5, 6) clusters of Al, Ga, and In are The HOMO-LUMO gaps for Al and Ga nitride clusters are
stable with respect to dissociation into smaller molecules or larger than those for In clusters. This may be explained by the
atoms. That is, all of the smaller size combinations of molecules dominance of alternate bonds in the case of Al. The distinction
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TABLE 3: Energy Separation (in eV) with Respect to the coordination four, that a non-NN bonded N atom appears in
Corresponding Lowest-energy Isomer (isomer a) of Ga, the lowest energy isomer of the InN clusters studied here. The
‘\"‘/g?ugnsn'x?ecgif}gf'ir‘]’vt'}]he ”B;CA'I(’e?’ 6, the Scalar Relativistic structural difference between the stable configurations of AIN
and those of GaN and InN clusters can be attributed to the
M=Ga M=In relative strengths of the metal-nitrogen bonds. It appears that,
isomer Ep — Ea E.— Ea Ep,— Ea E.— Ea to have a N bonded only to metal atoms, its coordination needs
M.N,  0.33(0.25)  0.83(0.87) 0.08(0.23)  1.31(1.57) (o be atleast four for InN clusters, three for GaN clusters, and
MsNs 0.14(0.15)  0.24(0.31)  0.42(0.35)  0.45(0.10) only two for AIN clusters. The presence of the stablg” N
MeNs  1.40(0.82)  1.44(1.20)  0.52(1.04)  1.16(1.50)  subunit in GaN, and InN, (n = 3, 4, 5, 6) suggests that the
number and strength of the metal-nitrogen bonds is not yet large
between Ga and In is of a different nature: theNlbonds in enough to replace the AN bonds in these clusters. The
Ga clusters are always contained in the highly ionic azide-like segregation of N atoms within stoichiometric clusters indicates
N3~ units, in which the charge-transfer fills a bonding orbital, that the formation of MWand N defects should play a major
whereas in the case of In clusters there is always at least onerole during the thin film deposition processes, due to the low
N unit, in which the charge transfer will populate antibonding coordination exhibited in these materials. However, we have
orbitals of higher energy. When comparing the respective band been unable to find any reference to this effect, and so further
gaps in solids, we find that these clusters are still quite far from experiments can be devised to test our prediction.
the bulk behavior and could be adscribed to the incomplete  The nitride clusters are stable against the various dissociation
coordination of atoms in these clusters. This is also responsibleproducts considered here. In4M, dissociation leading to a
for the apparently incorrect increasing trend of the gap in Ga nitrogen molecule and M, clusters is the one requiring the
clusters, which should decrease with increasing size were theleast energy. In MNs and MsNg clusters, dissociation into
trend extended to much larger clusters. symmetric units with MN» as one of the products is favored.
We have also computed the Mayer bond order for the lowest ] .
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the case of the GBl, clusters, the NN bonds show a bond
order close to 2, very similar to that in the azide ion. Finally,
the bond order of the NN bonds in the IgN, clusters is also (1) Nakamura, S. IProceedings of International Symposium on Blue

. . . ) . Laser and Light Emitting Diode& oshikawa, A., Kishino, K., Kobayashi,
close to 2, both in azide-like and.Nke configurations. — y"Vag,da, T., Eds.; Chiba University Press: 1996; page 119.
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