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Abstract: We analyze in this article the evolution of the chemical bonding in group Il nitrides (MN, M = Al,
Ga, In), from the N—N bond dominated small clusters to the M—N bond dominated crystals, with the aim
of explaining how the strong multiple bond of N is destabilized with the increase in coordination. The
picture that emerges is that of a partially ionic bond in the solid state, which is also present in all the
clusters. The covalent N—N bond, however, shows a gradual decrease of its strength due to the charge
transfer from the metal atoms. Overall, Al clusters are more ionic than Ga and In clusters, and thus the
N—N bond is weakest in them. The nitrogen atom charge is seen to be proportional to the metal coordination,
being thus a bond-related property, and dependent on the M—N distance. This explains the behavior
observed in previous investigations, and can be used as a guide in predicting the structures and defects
on semiconductor quantum dot or thin film devices of these compounds.

1. Introduction picture emerging from these studies is clearly dominated by
the existence of strong NN bonds of multiple character, in
the form of either N units or N; azide-like units. This is very
different from the bonding in the solid state, with 4-fold

Group lll (Al, Ga, and In) nitrides are gathering much
attention from both the theoretical and experimental fields. The

main reason behind this is their growing importance in the di q | dni q - |
preparation of electronic devicésThus, the structural and ~ ¢0°" Inated metals and nitrogens, and noNor metat-meta

electronic properties of the pure crystals of these compoundsbonds' In the case of the clusters;AN bonded structures start

have been widely studied (see ref 2 and references therein).to dominate at the trimer size, with a 2-fold cc.)o.rdmatlon on
However, it is thin films, and not bulk crystals, that are used in POth types of atoms. In the case of Ga and In nitride, however,
electronic devices, and in these arrangements there is substantidiréliminary resuits for (MN) clusters withn = 4, 5, and 62
disorder, with low coordination structures due to unsaturated indicate that N atoms without NN bonding require at least
bonds on the surface. To better understand these type ofthree of the weaker GaN or In—N bonds. This requires a
structures, finite clusters may be of hélp. corresponding concentration of N atoms (either aoiNas N;

In contrast to the wealth of results for the solid-state nitrides, Units) in another part of the cluster when we consider stoichio-
studies on group Ill nitride clusters are scafcOur group ~ Metric clusters, suggesting that N segregation may occur during
has conducted a series of DFT structural studies on thesequantum dot or thin film deposition processes.
clusters’~12including some preliminary bonding resultsThe In this article, our aim is to explain how (or whether) the
N—N bond weakens upon increasing the coordination of metals

* Corresponding  author. E-mail:mblanco@mtu.edu. Temporary ad- around the nitrogen. To accomplish this, we will study different
dress: Department of Physics, Michigan Technological University. Hough-

ton, Ml 49931. series of clusters and compare them with the crystalline form
#Temporary address: Department of Physics, Michigan Technological to seek the emergence of bulklike bonding properties as the
U”{fﬁ:}é;{éﬂfgf'&v’i\gﬁ'ga“ 49931L. metal-nitrogen coordination increases. Particularly, we will
§ Michigan Technological University. address the bonding in three different ways: first, we will look
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and bonding properties from the quantum mechanical calcula-
tions, by analyzing the topology of the electron density. .<i>‘
d

Il. Computational Details

This article contains results from three types of systems, each one
treated in a different but comparable way. First, in group Il nitride
clusters, the main subject of this report, we have used a procedure
similar to the one outlined in ref 10, and we have also included results
already presented in refs 9 and 10 (MN;M4, and MN,-2 clusters)
to aid in determining the trends. Second, we have done calculations
on N, and the NH, and NH4 hydrides, to serve as a pattern of well-
behaved triple, double, and single-Nl covalent bonds. And third,
we have also studied the crystals of the group IlI nitrides, as the infinite-
limit of the cluster-growing process. We will describe each of these
types of calculations in turn.

For the nitride clusters, the procedure begins with a Dflol
optimization of the desired structure. This is a Density Functional
Theory (DFT) computational scheme, in which doubledmerical basis
sets supplemented with polarization functions (DNP basis set) are used
in a Linear Combination of Atomic Orbitals-Self-Consistent Field
(LCAO-SCF) Kohr-Sham calculation. We have employed the Gen-
eralized Gradient Approximation (GGA) functionals of Betkand
of Perdew and Wari§to describe the exchange and correlation effects,
respectively (BPW91). Numerical details of the SCF and symmetry-
constrained optimization have been given elsewhere. M;N, Cy MN, C,,

To obtain analytical densities to perform Atoms in Molecules (AIM) Figure 1. Schematic representation of the structures gN¥I(M = Al,

e . .
calculations,” we have performed single-point DFT-BPWO1 calcula- G5 ) clusters. Large black circles represent metal atoms, small open circles

tions using 6-31G* basis sets within the Gaussiatf @8ogram (see are N atoms. Thick bonds come up from the plane, thick dashed bonds go
ref 10 for a justification of the equivalence of the DMol and Gaussian below the plane. Thin dotted lines represent bonds that are present only for

basis sets). To make the comparison with the hydrides and crystalssome compounds (see Subsection 3.4).
consistent, we have taken the Gaussian single-point and atomic energies
to compute binding energies. As the final step in cluster calculations, CRYSTAL9%® BPW91 LCAO calculations for the three crystals at
we have used the AIMPAC95package to integrate AIM properties  this experimental-like configuration, using the same basis set as in the
using the PROMEGA algorithm. molecular calculations to facilitate the comparigén.

In the second type of systems, ldnd NHy, hydrides, we have

optimized the geometries directly with Gaussian, obtaining the bond IIl. Results
properties with AIMPACO95. The structures used were the pl&har In this section, we will present the results of our calculations
structure for NH; and the trans, alsGz, structure for NH,. Both of in three series of clusters, each one designed to test how the

them are the most stable structures at the level of theory employed, \j_pN bond behaves when its coordination increases in a

BPW91/6-31G™. different way. The first series, MN>-2 series ih = 2, 4, 6),

Although the experimental structure of the three group IlI nitrides adds terminal metal atoms to,Nincreasing the coordination
considered is the hexagonal B4 structure, we have used the cubic B3 02 9

structure F43m, with atoms in Wyckoff positions @and 4), which while malntalnlng a N-N bond. Slncg the solid-state environ-

is attainable as a metastable phase by epitaxial deposition. The B3Ment is tetrahedral, we have devised two further series of
structure is more symmetric, with a single kind oW bonds, being clusters: the edge-sharing tetrahedraNd series (= 2, 4,

thus better suited as a crystalline reference example. Both structures8), with two bridge atoms, and the face-sharing tetrahegyaiM
consist of vertex-sharing NMtetrahedra, with different interplanar ~ series fn = 3, 5), with three bridge atoms. Vertex-sharing
packings which affect only the third-nearest and further neighbor tetrahedra configurations, although the most similar to the solid
distances when comparing the ideal B4 structure, bearing the samestate, were ignored due to the extremely low symmetries they

relationship as the hcp and fcc structures in elemental solids. In the |eqd to. The structures used for these clusters are shown in
case of the MN B4 phases, the tetrahedra are almost regular, with Figure 1

nearest-neighbor distances of 1.86/1.90 (AIN), 1.94/1.946 (GaN), and Despite the fact that the clusters are arranged in three series,

2.13/2.16 A (InN)!® We have selected a B3 configuration equivalent il t th Its i VWi | .
to the experimental one by putting the volume per formula unit of the we wil present th€ resulls in a property-wiseé manner, leaving

B3 phase equal to that of the B4, which gives nearest-neighbor distancedN® discussion of the general trends in each series to the
of 1.888, 1.944, and 2.154 A for Al, Ga, and In nitrides in the B3 Conclusions section. In the next subsections, we will first assess
phase, very close to the average B4 distance. We have performedgeometrical properties, followed by the study of the relative
stabilities, then we will present the atomic charges, and we will

(13) Dmol user guideversion 2.3.6. Molecular Simulations, Inc., 1995. conclude with the AIM bond properties.

(14) Becke, A. D.Phys. Re. A 1988 38, 3098. prop . .

(15) Perdew, J. P.; Wang, Yhys. Re. B 1992 45, 13244. A. Geometry. Table 1 presents the nearest-neighbor distances
(16) Bader, R. F. WAtoms in MoleculesOxford University Press: Oxford, - and binding energies per atom for all the clusters studied here.

(17) Gaussian 98 Gaussian, Inc.: Pittsburgh, PA, 1998.
(18) Keith, T. A.; Laidig, K. E.; Krug, P.; Cheeseman, J. R.; Bone, R. G. A.; (20) Saunders, V. R.; Dovesi, R.; Roetti, C.; Caubh; Harrison, N. M.;

Biegler-Kanig, F. W.; Duke, J. A.; Tang, T.; Bader, R. F. W. Taienpac95 Orlando, R.; Zicovich-Wilson, C. M.; TorincCrystal95 user's manual
programs, 1995. 1995.

(19) Wyckoff, R. W. G.Crystal Structuresinterscience Publishers Inc.: New (21) The most diffuse exponents were reoptimized to avoid linear dependence,
York, 1960; Vol. II. as is usual with CRYSTAL95 calculations.
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Table 1. Interatomic Distances (A) of the Various Nitride Clusters Table 3. B3 Phase Crystal Properties?
under Study?
crystal AN GaN InN
Cluster th & G dz Bt a 4.360 4.489 4.974
AlN2-2 1.226 1.921 —2.885 d 1.888 1.944 2.154
AlgN2-2 1.571 1.871 —2.853 Epind/N —5.559 —3.155 —3.762
AlgN2-2 1.299 1.875 2.364 —2.361 Qn —2.387 —1.615 —1.492
Al;N; 1.296 2.100 —3.083 fn 0.788 0.571 0.478
AlN; 2.764 1.865 1.872 —3.222 o 0.075 0.102 0.084
AleN3 2.989 1.914 2.173 —2.852 V2o 0.458 0.382 0.303
Al3N2 1.859 1.894 2.022 —2.842 rN 1.114 1.027 1.060
AlsN; 2.550 1.867 1.904 2.118 —3.011 ™ 0.774 0.916 1.094
GaNy-2 1.212 2.027 —2.840
GayN2-2 1.509 1.963 —2.786 a | attice parameterd), nearest-neighbor distanad),(and nitrogen radius
GasN2-2 1.341 2.039 2.041 —-2.635 along the bond directior) in A, nitrogen atomic chargeQ) in electrons,
GaN2 1.274 2.201 —2.989 and bond point electronic density)(and LaplacianY?p) in atomic units.
GaN, 2.828 1.935 1.931 —2.952 Egind/N is the binding energy per atom (in eMy is the volume fraction
GasN2 3.194 1.957 2.292 —2.803 occupied by the N atom.
GaN; 1.448 2.273 2162 —2.634 ) ) )
GaN; 2.342 1.884 2.122 2122 -2.821 Before comparing the MN distances of the different clusters
:”2“2‘2 i-ig; g-igg *g-gii studied, we should present the two end-limits of M bonding.
NaNo- . . —2. . . .
INgNa-2 1347 2295 2308 —2.070 On one hand, as presented in refs 9 and 10, MN diatomic
InoN; 1.253 2.436 —2.750 molecules have distances of 1.82, 2.06, and 2.28 A fo=M
IngN; 3.101 2.134 2.144 —2.300 Al, Ga, and In, respectively, with AIM charges of 0.9 e for Al
:ﬂemz i"ﬁg 2.166 222‘71: 2374 :g'ggg and around 0.5 for Ga and In, resulting in a partially ionic
NN 2475 2117 2356 2356 —2.960 bonding. On the other extreme, the MN B3 experimental-like
(see Section Il) crystals show a tetrahedral environment for both
_ aSymg_Ols af& defined indFigure 1o, iT “;fhebhorélogud%qrd nitr&gj\lﬂ M and N. The geometric, energetic, and bonding properties of
nitrogen distanceg; corresponds to terminal ondsdy, to bridge H
bonds, andi, (when present) to the second kind of termioabridge M—N these crystals are prgsgnteq in Table 3. A_‘S (,:an be s,een’ the AIM
bonds. The last column gives the binding energy per atom (in eV). charges are larger, giving rise to a more ionic bonding, whereas

the distances are smaller than those in the diatomics except for

) B ) ) .
Table 2. Evolution of the N—N Bond in the Hydride Series AIN. This can be understood comparing the atomic radius in

molecule dy Eoina/N Pn Ven the bond directionrN andrM in Table 3,dy andd — dy in
N> 1.116 —5.019 0.644 —2.076 Table 3 of ref 10): both the N and the M radii decrease in
NoH; 1.257 —3.288 0.461 —1.056 i i i i
NAL 1503 31 0.263 0386 forming the GaN and InN sqllds, Wher(?as the.AI radius remains
constant and the N radius increases in forming the AIN solid.
aHomonuclear N-N distance @, in A), binding energy per atonEgind This may be due to the high negative charge of the N atom in

N, in EV), and electron densityof, in electrons/Bol#) and its Laplacian the solid, tending to increase its radius.
(Von, in electrons/Bot at the homonuclear bond point. To discuss the MN distances in Table 1, it is best to sort
We will start focusing on thel, (homonuclear N-N) distances, them into two categories: terminal N bonds, listed in
which will be compared with the corresponding distances for columnd;, andd, for the second MN,-2 distance, and bridge
N2 and NHy, hydrides included in Table 2. Looking at these M—N bonds, listed in columul, and the remaining entries of
distances, they can clearly be classified into different categories.columnd,. Let us start with terminal MN bonds. These bond
First of all, N, gets a category by itself, with the shortestN lengths cluster around the MN B3 solid and diatomic distances,
distance of all. Then, BN>-2, NoH,, and MbN», with distances with AlxN,, distances being the shortest, followed by {8a
in the range 1.21.3 A. MgN,-2 have an intermediate distance, and with In,N, having the longest terminal MN bonds. The
1.30-1.35 A. MgN5, NoH4, and MyN,-2 share the range 1.45 only exceptions to this ordering are &, with a somewhat
1.55 A, with the exception of AN, which has a longer distance  shorter Ga-N bond than the other compounds, and the second
of 1.86 A. All of the MuN2, MsN,, and MsN2 display much kind of AlI—N distances in AN2-2, much larger than the other.
larger distances>2.3 A). MsN, terminal bonds are in fact among the shortest for each
These categories can then béuedy labeled as having triple,  metallic element, together with the AM,, while both M;N,-2
double, single, and no NN bonding, with the MN2-2 having M—N bonds are the longest. However, whereas both types of
a very special place. However, it should not be implied that M—N bonds have almost the same length iRk&a2 and BN~
these clusters conform to the s and p covalent bonding scheme2, they are very different in ANx-2.

of, i.e., organic compounds or thel, hydrides used here as The unexpected behavior of gM,-2 clusters, with N-N
a pattern. To begin with, no Lewis configuration of shared distances between those of;Nb-2 and MyN2-2 clusters and
electron pairs can be found to justify single bonds igNY| longer M—N distances, deserves some further attention. As

nor double bonds in MN», and MsN2-2 nitrogens will have a previously stated, N atoms usually form only three covalent
quite strange pairing scheme. To understand the bonding onbonds, except when they act as a Lewis base and share its
these clusters, we cannot interpret™ bonds as electron-pair  remaining lone electron pair. This is not the case for these
covalent bonds, as we shall see later:-MIbonds can neverthe-  clusters, since the N atoms carry a significant negative charge
less be attributed an essentially covalent nature, owing to theiras we shall see in the next subsection. In addition, the\NN
nonmetal homonuclear character, whenever they exist. As tobond has a distance shorter than those corresponding to single
the existence of these bonds in edge- and face-sharing clustershonds, indicating a considerable double bond character. Par-
we will delay the discussion to Subsection III.D. ticularly for GaNz-2 and InNz-2, these clusters can be
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B. Stability. The last column of Table 1 contains the binding
energy Enindg) per atom of all M\N, clusters. The binding energy,
being defined as the total energy of the cluster minus that of
the separate atoms, is obviously larger for clusters of bigger

177°

\\ sizes. To ease the comparison of the relative stabilities of the
TN316A differently sized clusters, the binding energy per atom is
AlgN, -2 GagN, -2 commonly used. However, this magnitude cannot be used in

thermodynamic relations, and should not be considered as an
indication of bond strength but of overall stability. As was

considered as aNnolecule accepting charge transfers from a expected, the largedins per atom values correspond to the
set of metal atoms, and thus increasing itsNdistance, but N2 molecule, NHm hydrides (see Table 2), and the B3 MN
forming very weak bonds with them, explaining the longer crystals (see Table 3). In the first two cases, the stability is
M—N distances. In fact, the Ga and In atoms show an almost Probably coming from the strong covalent bonding, whereas
regular octahedral structure, with the Nolecule inside (see  the B3 crystals, with a bonding quite similar to that of theN
Figure 2). The distances between metal atoms are, however clusters, as we shall see, has nevertheless all tetrahedral valences
too large to be considered as bonded: 3:389 and 3.6% of N and M atoms saturated, bringing a tighter binding for each.
3.80 A for the Ga and In clusters, respectively, whereas the It is important to remember that the diatomic MN molecules
distances for the Mcluster/M metallic solid are 2.80/2.44 and ~ (With binding energies per atom 6f1.307,—1.196, and-1.001
3.17/3.25 A for M= Ga and In, respectively. Thus, the metal €V for M = Al, Ga, and In) are by far the clusters with lower
atoms can be regarded as having a nondirectional bond withoverall stability, corresponding to minimal coordination. Among
N, and packing around it in the least interaction geometry, an the clusters, Al ones are usually more stable, followed by Ga
octahedron. In the case of f\,-2, however, the Nmolecule and then In. A{N,-2 has an exceptionally low binding energy,
is too large to fit inside an octahedron of noninteracting Al, @nd GaN2-2 and IRN2-2 are also among the less stable clusters,
and thus the preferred structure (see Figure 2) resembles thatndicating the very weak overall bonding of the six metal atoms
of a AlN,-2 cluster, almost linear and with similar distances, 0 the inner N molecule.

with two long-distance M-N bonds on each N atom that leave An interesting concept arises if we focus on the number of
an almost equilateral (the unique angle is 81 Al triangle at bonds in each structure. If, instead of dividiiginq by the
each end of the molecule. The ¢Ajeometry is that of an  number of atoms in the cluster, we calculate the binding energy
octahedron enlarged along one of $saxes, with the nitrogen  per bond, counting as such those in the conventional skeleton
molecule oriented along one of the form@y axes and further ~ of the molecule depicted in Figure 1, we will get a better

Figure 2. Optimized geometry of AN»,-2 and GaNy-2.

displacing both triangles. The existence of a linear N-N— measure of the average strength of the bonds of each cluster.
Al unit indicates that this is not just a steric effect, but that also This completely changes the picture. There is still an overall
electronic structure preferences play some role here. ordering Al/Ga/ln, and Bland NH,, with strong covalent bonds,

With respect to the bridge MN bond distances, the main ~ are the ones with a larger stabilization per bond. However, the
trend is again to sort themselves by the metallic atom involved, B3 phase crystals, with four bonds per unit formula, show in
with the Al-N distances being generally smaller than those of fact the weaker bonds in GaN and InN, and only an intermediate
Ga—N, and these in turn smaller than those of M. However, ~ Strength bond in AIN. This may be explained as a consequence
there are several exceptions to this trend, the most importantof the larger ionic character of the crystals when compared with
being that of the MN; clusters, with a much shorter bridge the clusters, with the AtN bond being stronger because of
bond length than all other metallic bridge atoms, on the order the larger charge transfer (see the next subsection): the
of magnitude of terminal bonds. All the other bridge distances Coulomb binding energy is proportional to the square of the
tend to be larger than terminal distances, and they have a mucHonic charge, and inversely proportional to the nearest-neighbor
wider range of values. Thus, although bridge atoms should be distance.
the metallic atoms closer to the solid-state behavior, the tendency A clearer order is also established among the clusters:
to form N—N bonds puts a lot of stress into these bonds. The M2N2-2 and MiN»-2, in this order, are the clusters with larger
N—M—N bond angles are around 3@or M,;N, and MN; binding energies per bond, corresponding to shortNN

(except AN, around 58), corresponding to a short AN distances accompanied by shortM distances. Then come
distance. They are around Bf®r MsN, (again except ANy, the MgN»-2 clusters, with short NN bonds and intermediate
around 84), corresponding to long-range NN bonding. M—N ones, except for AN2-2, which has a very long MN

Finally, the angles are close to9far MgN, (<90°) and MyN, distance and a lower binding energy per bondNand MsN2
(>90°), making an almost perfect square. It should be kept in come next, with short MN distances and noNN interaction.
mind that, were the environment around the N atoms a perfect Finally, M2aN2, MN, MsN2, and MsN2 show the lowest binding
tetrahedron, the MN—M angle would be around 7@or edge- energies per bond of the ), clusters. MN> clusters have a
sharing and around 39or face-sharing tetrahedra. The actual very strong and short NN bond, but also four very long, weak
values are either much smaller or much larger than these, excepM—N bonds, which lower the average binding energy. MN
for GaN, and InN,, indicating a clear departure from the diatomics still show a weak bond when compared with the
tetrahedral environment in all but these two compounds. In fact, previous clusters, to which no clear explanation has been found.
even in these two compounds the similarity is fortuitous, since Finally, MsN, and MsN2 show very strained NN and M—N
there is a quite clear covalentNN bond, as we shall show in interactions due to their crowded coordinations, showing also
Subsection III.D. quite long M—N bonds.

J. AM. CHEM. SOC. = VOL. 124, NO. 15, 2002 4119
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Table 4. AIM Atomic Charges (in electrons)?@

and so the MN>-2 N charge is in agreement with a coordination

cluster Qn Qu Qu Qu number of 2, despite the 3-fold coordination of the N atom.
t b 2 p
AlN2-2 —0.644 0.641 With respect to the charge on the metallic atoms, a clear
ﬁmrg —igié 8-;23 0.602 distinction should be made between terminal and bridge atoms.
AIENE' _0.794 ‘ 0.794 60 In the first case, with coordination 1, the charge transfers are
AN —2.220 0.787 1.434 moderate compared to both B3 and MN diatomics, specially in
ﬁ:emz —i.ggg 0.796 10-28%3 0.040 the case of Al. Again, charge transfers are larger for Al than
3IN2 —4. . . H H H H H H™
AliNo 5348 0.821 1317 0.869 for Ga and_ln, bqt the difference is not so high as in the limiting
GaN,-2 —0.456 0.457 cases of diatomics and crystalsgN4 terminal atoms have the
GaNp-2 —1.068 0.536 largest charges for a given M atom, and there is a trend to
gg‘;“?‘z Ry 0.337 0526 0.409 decrease with the MN distance in Ga and In, which has several
G&Nz —1.471 0.577 0.895 exceptions in the case of Al. Overall, the charges on the terminal
GasN» —1.612 0.536 0.541 atoms of M\N»>-2 and MbN»-2 are the lowest, due to the small
GasN2 —0.837 0.589 0.541 charge acceptance of their strongly bondeduits.
GaN, —1.446 0.692 0.508 0.502 _ i o
INoNo-2 —0.376 0.378 Focusing now in the charges of bridging metal atoms, we
INsN2-2 —0.939 0.470 again see a clear separation of the charge transfers by which
:R‘ﬂﬂ _8'3;2 0313 - 0.332 Al atoms get larger charges than Ga and In, in this order. Within
2IN2 —u. . . .
INaN3 —1.374 0.545 0.830 a series of clusters sharing a common metal atom, charges are
IngN> —1.512 0.516 0.485 fairly constant (0.79 to 0.94 in Al, 0.50 to 0.58 in Ga, and 0.47
InsN2 —0.772 0.546 0.499 to 0.54 in In compounds). The main exceptions ar
InsN —1.343 0.615 0.472 0.495 i b ) P G

clusters, and the highly distorted third bridge atom ofMl

aThe symbolst, b, and 2 stand for metal atoms which connect to N and AkN>, which have much larger charges and also a
through the corresponding bond (see Figure 1 and Table 1). correspondingly lower distance.

The charge transfers in these clusters show a very polar type

C. Atomic Charges and lonicity. For the discussion of of bonding, with an important ionic component. Overall, it seems
ionicity we have selected AIM atomic charges. Other schemes that €ach M-N bond has a charge transfer that depends mainly
(e.g., Mulliken) produce different values for the charge, although ©n the metal atom involved (around 0.8 electrons in Al, and
the trends, our main focus in this paper, are very similar. around 0.5 electrons for Ga and In, as the diatomic molecules
Moreover, Mulliken charges are very sensitive to the details of S€€M {0 suggest), but which is also modulated by distances,
the calculation, whereas AIM charges, derived from the b_e!n_g larger for the lower distance bonds. Given the usual
electronic density, are molecular-orbital independent and con- "gidity of both bond distances and angles in covalent tetra-
sistent across series of compounds. The AIM charges for all Nedrally bonded compounds (with angles of 108.5our
the clusters studied are gathered in Table 4. As a reference,attribution of a low covalent character to the-Wl bond is also
charges for the B3 crystal atoms are also included in Table 3, SUpported by the bond angles about the N atoms® 66
and the atomic charges computed for the MN diatomic AlgN2-2 and around 150for M4N»-2 in terminal bonds, around
molecules in ref 10 were 0.919, 0.542, and 0.528 for the Al, 90° for edge-sharing bridging in M, and MsN2 and also in
Ga, and In atoms, respectively. Looking at the charges of the face-sharing bridging in N, whereas it is split between 100
N atoms in the diatomics, clusters, and solid, it is easy to and 123in the two different angles of BN, compounds. ¥N,
conclude that they depend mainly on the coordination number, M—N—M angles are=150". The only clusters having a
Roughly speaking, the more M atoms surrouigdanN atom, seemingly tetrahedral coordination for N ares8a2 and IRN2-
the more charge that is transferred to it, in an amount that seems?: With angles ranging from 108&nd 112, but as we have
to be very similar for each new M atom in the N coordination S€€n previously this fact is to be attributed to the almost
sphere. Thus, M, clusters show the highest N charges for M octahedral arrangement of the M atoms weakly bonded to a
= Al, Ga, and In, with values almost equal to those of the B3 Strong and small Nunit. Also, the wide range of distances for
phase, as the tetrahedral coordination of N would suggest. Thesé€ach type of bond is additonal evidence against covalent
charges are very high, indicating a very ionic bonding, especially Ponding.
in the case of AIN and AN,. After these, the N atoms in ¥, An interesting fact arises when comparing the bond charge
follow, having a similar charge to the 3-fold coordinatedNd, transfers: the bridging atoms in A, show a charge almost
probably because of the strain in the face-sharing environment.double that of the terminal atoms, supporting the idea of fixed
This also lowers the charge of thesNb clusters, with a 3-fold charge transfers per bond, but this does not happenghi;M
coordination but a face-sharing environmengNyland MyN2-2 MsNz, and MsN2. This seems to be related to a saturation of
have the smallest charges, in agreement with their M atomscharge in the N atoms: the bridge atoms igNd cannot donate
loosely bound to a tightly bonded,Ninit. The charge transfer  more charge to the N atoms, beca@@¢has already reached
also grows with coordination in the NN,-2 series, but the  the value of the bond-saturated B3 structure. Furthermore, this
increase is very small in going from the strong-M bonds of maximum acceptable charge depends on the nature of the M
them = 4 case to the weak MN and strong N-N bond ofm atom, and is thus linked to the electronegativity difference. This
= 6. It should be noticed that, although the-N bond counts saturation effect also appears in theNM clusters. The MN»
toward the coordination number value, it does not involve any case is more complicated, since all bridging atoms get a charge
charge transfer (both nitrogens are equivalent by symmetry), larger than the average terminal atom, but not as large as in
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Table 5. AIM Bond Properties?

cluster on V2o, w N I
Al;Ny-2 0.475 —1.050 1.119
Al4N2-2 0.212 —0.109 1.102
AlgNz-2 0.401 —0.752 1.086 1.422
AloN3 0.422 —0.792 1.247
Al4N; 0.044 +0.059 1.096 1.097
AleN, (0.024) 0.043)  1.126  1.293
Al3N2 0.119 +0.152 1.111 1.197
AlsN2 1.099 1.121 1.261
GaNy-2 0.492 —1.109 1.055
GayN2-2 0.249 —0.228 1.036
GasN2-2 0.379 —0.703 1.070 1.071
GaN2 0.446 —0.910 1.149
GaNy (0.040) (0.103)  1.018 1011
GaNs (0.018) 0036)  1.026  1.191
GaN3 0.299 —0.367 1171 1.131
GaN2 0.044 +0.178 0.979 1.112 1.112
INoN2-2 0.513 —1.216 1.109
INaN2-2 0.289 —0.359 1.062
INgN2-2 0.359 —0.588 1.120 1.140
In2N2 0.467 —1.012 1.188
InaN> (0.029) (0.082)  1.045  1.045
IneN; (0016)  (0036) 1057  1.182
In3N2 0.325 —0.462 1.197 1.162
INsN2 0.034 +0.120 1.024 1.154 1.154

aElectron density d», in electrons/Bot) and its Laplacian ?pp, in
electrons/Bol) at the N-N middle points, and distances from nitrogen to
the heteronuclear bond pointg(in A). t, b, and 2 subscripts stand for
terminal, bridge, and a second kind of terminal or bridge-W bond,
respectively. Numbers in parentheses correspond to ring critical points, not
bonds.

M4N; bridge atoms. This may be related to the strained geometry
of these clusters.

D. AIM Bond Properties. To analyze the bond properties
in all the systems studied here, we will now focus on the
topological features of their electron density in light of the AIM
theory!® Assuming that chemical bonds are identified with
gradient paths connecting bond points with two adjacent nuclei,

all other n 4 and 6 clusters. Finally, in face-sharing
configurations, GgN, and InsN, have strong covalent NN
bonds, with densities intermediate to those of doublgHgN
and single (MH4) ordinary N-N bonds. However, ANa,
GaN,, and InN, only show a residual (long distance, low
density, and positive Laplacians)-NN bond, and AdN, does
not display it. Overall, it seems that at least 3-fold metal
coordination around N is needed for the N atoms to be separated,
and that AFN bonds are the ones with a better chance of
achieving this separation (the A, bond point, a symmetry-
forced critical point, has the longest distance for-aNNbonding
interaction, and is probably spurious). This is confirmed in our
calculations of MN3 clusters, reported elsewhére.

Regarding the M-N bonds, we find that all of them show
small electron densities (lower than 0.1 e/fptand positive
Laplacians, on the same order of magnitude as the B3 phase
ones. This supports the picture of a very ionic type of bonding,
rather than a shared-electron covalent one, reinforcing what we
already found in the previous subsection. Both densities and
Laplacians can be seen to depend mainly on the distance from
the bond point to the nucleus of either atathandrM, decaying
exponentially as we showed in ref 10.

Other important points regardingare that, for terminal MN
bonds, the larger densities correspond to Ga compounds, then
to In, and finally to Al, except for the MN (see ref 10) and
M2N»-2 molecules, where the AIN bond has a larger density
than the Ir-N bond. This trend is also displayed by the B3
solid results (Table 3), and can be explained in terms of
Pauling’s electronegativities: Ga has the larger one, and thus
should have the most covalent-NN bond in the series, with
the largespy, followed by In, and finally Al, with a large charge
transfer to help deplete electron density from the bond region,
will be the one with the lowest:.

The deformation of the N atom is seen to be most similar to

the chemical graphs of the clusters studied here are showingthe B3 phase in the M\, clusters. Looking at the distances

the structure depicted in Figure 1. Atom-connecting lines in that
figure correspond to AIM bonds, with the only exception being
N—N bonds plotted with a thin dotted line M,, M3N,, and
MsNy). From these NN connections, the only ones corre-
sponding to AIM N-N bonds are those of All,, all M3No,

and all MsN, except for AEN». Of these, only GéN, and Ir5N2
correspond to short distance-N bonds, with the rest of them
being critical points due to symmetry or special geometric
arrangements, and corresponding to strained situations.

to the M—N bond points of MN,, MgN>, and MsN, the only
clusters with a more or lessosedenvironment surrounding

N, MuN> is the only one in which nitrogen extends the same
distance in both terminal and bridging bonds, and it is the closest
to the B3 radius for them. It is also on thesaN clusters that

the M atoms behave in the same way with respect to eachNM
bond, with the bridge atoms getting a double share of charge
because of the two MN bonds, and thus each bond has both
a similar charge transfer and a simit&rvalue when comparing

Table 5 presents the electronic density and its Laplacian, andbridge and terminal bonds, and these properties are also similar

the distance to the N nucleus, of the different bond points of
the clusters studied here. The strained character of th&l N
bonds in AlN,, AlsN,, GasNo, and InN; is supported by their
low densities and positive Laplacians, uncommon for the usually
strong and covalent NN bonds.

The evolution of the N-N bond in the three different series
of compounds can be addressed now. First, ilMR§,-2 series
the bond is strong (high density) and clearly covalent (large,
negative laplacian) for the = 2 clusters, weaker and far less
covalent (smaller densities and laplacians)rfer 4, and again
stronger and covalent for= 6, in agreement with our previous
distance-based discussion. SecondMRi, edge-sharing series
shows a strong NN bond in then = 2 cluster, but for the =
4 clusters this is gone, except for the very weak bond iNA|
whereas the symmetry-forced critical point is a ring point in

to those in the B3 solids. This is not the case in the other two
clusters: in MN,, bridge atoms get more or less the same charge
as terminal atoms, and thus almost half of the charge-transfer
per bond and a differemt' value. The same happens in alkNb
clusters except for ANy, in which one of the bridging atoms
seems to get a double share of charge, and"Her this atom

is correspondingly similar to that of the terminal bond and to
that of the B3 phase. A behavior similar to that of theNyl
clusters is observed in the M3 clusters.

The similarity between the MN bonds of MiN; and the MN
B3 phase can be further confirmed in Figure 3. There, the
laplacian of AkN, and of the three B3 crystals is plotted, along
with the bond lines (thick) and the atomic basin limits (dotted
thick). The basin limits, definingN and controlling the charge,
are very similar in shape to those of the B3 phase near thBIM
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IV. Summary and Conclusions

The evolution of the chemical bond in group Il nitride
clusters has been studied in comparison to thatzimydrides
and MN crystals by means of DFT-GGA calculations and AIM
analysis. In particular, we have shown how the-Wl bond is
gradually weakened in tHd,N,-2 series in a way very similar
to that in the hydrides, with the exception of thgN4-2 clusters.
These clusters have a smaller binding energy, with a N
molecule weakly bonded to the six M atoms. In the case of the
edge-sharing series, 3-fold coordination proved to be enough
to sustain a configuration without the-NN bond, whereas in
the face-sharing series the-Nl bond, when it exists, is in a
strained configuration. Regarding the energy per bond, it shows
that although the MN crystals have a greater overall stability
than the clusters, it is only due to the higher coordination: the
M—N bond is even weaker than the-Nl bonds which can be
labeled as single. The only reason behind the stabilization of
structures without NN bonds is the increase in coordina-
tion.

While the N=N bond is always of a covalent type, the-Wl
bonds show a considerable ionic character in all of the clusters,
with the crystal structures having the higher ionicity. The overall
charge transfer is larger for Al compounds than for Ga and In
compounds. The charge on the N atoms is proportional to the
metal coordination about them, but once it achieves the
crystalline value it seems to saturate. In all cases, the charge
transfer is related to the bonds, and is larger for shorter distances.
Thus, the shorter and stronger-Ml bonds are also those
displaying larger bond charge transfers.

The atomic basins and the Laplacian of the electron density
near the atoms are also deformed proportionally to the charge
transfer. The MN clusters, with similar charge transfers in the
bond point, the most important accumulation of charge in the three bonds of each nitrogen and total nitrogen charge very
valence region. The polarization of the charge accumulation Similar to the crystal one, show the nitrogen more like the solid-
regions of N (dotted lines, negative Laplacian values) toward State atom. The largest atomic deformations appear in th&Al
the three Al atoms resembles the tetrahedral distortion in the bonds, much larger than in G& and In-N bonds, and this is
solid. The main difference lies in the large charge accumulation related to the relative volumes. Finally, Al retains part of its
regions behind the four Al atoms, opposite to the-Albonds: ~ valence shell, as displayed by the Laplacian of the electron
the Al atoms, with On|y one or two N atoms on their density, both coordinations one and two, but it loses that shell
coordination spheres, still conserve part of their valence shell, in the solid, with coordination four, the system with the largest
with the nitrogens accepting only part of it. This happens in all Al charge in this study.

Al clusters, but not for Ga and In, whose more diffuse outer  Overall, it is seen that, while the-\N bond leads to a larger
valence shells do not have charge accumulation regions in theirstabilization of the system, increasing the coordination of the
Laplacians. In contrast with this unsaturated Al behavior, the N atom by having a larger number of weakerM bonds can

Al (and also the Ga and In) atoms in the B3 structure have stabilize the system in configurations lacking-N bonds. This
completely lost their valence shell, appearing as almost sphericalexplains the behavior previously observed, for which the smaller
ions in the crystal. clusters, with a low coordination, display structures dominated

When comparing AIN, GaN, and InN crystal Laplacians, an by the N=N bond. Stoichiometric clusters of larger sizes still
interesting feature can be seen: Al, the smallest cation in the show this kind of structure in GaN and InN clusters, whereas
series, is the least distorted from a sphere, followed by Ga, andin AIN clusters the A-N bond overcomes the NN bond for
then In. In contrast, N is most deformed in AIN, less so in GaN, a rather small size (trimers): this agrees with our present results,
with InN having the least distorted N atom. This correlates very for which the AN bond is seen to be much stronger than

Figure 3. Laplacian of the electron density (thin lines), bond lines (solid
thick lines), and atomic surfaces (dotted thick lines) fafMdland the AIN,
GaN, and InN crystals. The plots of Al and AIN use the same distance
scale, whereas the scales for GaN and InN differ.

well with the relative volumes of the two species in each
crystal: N is far larger than Al in AIN, comprising almost 80%
of the volume, and thus has a larger deformability; N is still
larger than Ga in GaN, with 67%, and just smaller than In in
InN, with 48% of the volume. In this last crystal, the deforma-

Ga—N and In—N bonds. Our finding that a high coordination
is necessary to avoid NN bonds allows us to predict the
existence of structures with higher local concentration of metal
atoms, bonded to a single N atom, coexisting with regions of
correspondingly higher local nitrogen concentration dominated

tions of the In and the N laplacians seem almost of equal extentby N—N bonds, as those displayed by our preliminary results

at first sight.
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for larger stoichiometric GaN and InN clusters. Since the
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