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Structural and electronic properties of aluminum-based binary clusters
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We investigate the low-energy geometries and the electronic structure of several aluminum based clusters,
viz. Al,X,, (X=Li, Na, K, Be, Mg, B, and Si by first principle Born-Oppenheimer molecular dynamics
within the framework of density-functional theory. We present a systematic analysis of the bonding properties
and discuss the validity of spherical jellium model. We find that the structure of eigenstates for clusters with
metallic elements conform to the spherical jellium model. The 20 valence electron systgdes @&hd AL,Mg,
exhibit a large highest-occupied—lowest-unoccugld®MO-LUMO) gap due to shell closing effect. In clus-
ters containing alkali-metal atom, Abehaves as a superatom that is ionically bonded to them. The Al-Al bond
in both Al,Si, and Al,B, clusters is found to be covalent.
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[. INTRODUCTION the gross electronic structure and the stability. However,
clusters of Al presents an interesting contrast. Although bulk
During the last few years much attention has been paid té\l is known to be a free electron metal, several experimental
the study of atomic clusters from both theoretical andand theoretical studies indicate that small Al clusters do not
experimentd* sides. The areas of interest include ground-display the well known magic behavior. This and other such
state geometries, electronic structure, optical properties, fragssues concerning the nature of the electronic states in pure
mentation, and thermodynamic properties like melting. Thea| clusters have been critically examined by Rao and J8na.
theoretical calculations are usually carried out by employindn an elaborate density-functional calculations for charged
density-functional molecular dynamics in conjunction with gnd neutral Al clusters, they found thatAwith 20 valence

(with =20 atoms$ of Li, Na, K, Mg, B, Al, Ga, Si, etc., have
been carried ot 4 Similar investigations on heterogeneous

clusters are relatively few. Mixed clusters are of considerablg_mwever their investigation on &X,, (Ref. 31) (X=Li, K)
1 m " - 1

interest due to diverse effects like bondiig® segregation, failed t i i : rod ont
selective clustering, etc. It is instructive to contrast the prop-aI ed 1o provide any evidence of suggested monovalent ha-

erties of these tiny alloys with their bulk counterparts. An-turé of Al. The onset obp hybridization in pure Al clusters
other interesting aspect concerns the validity of spherical je|and the relation of their e_Iectronlc structure to the jellium
lium model” (SIM) for mixed clusters. It is known that the Model has also been studied by Duque and MarfanBe-
eigenvalue spectrum of alkali-atom clusters generally concent investigations on ANa, (Ref. 33 (n=1-6), clearly
forms to the SIJM with minor modifications. This has alsoindicate that A{Nas, a 20 valence electron system, to be
been observed in the case of single impurity doped metalli¥ery stable. The spectrum of Mas conforms to SIM.
clusters of the typé\,B,'®~?3where depending upon the na- Moreover, alkalization of these Al clustétsmakes their
ture of impurity, it either gets trapped or prefers to be on theelectronic structure jelliumlike. It also lowers the ionization
surface or distorts the host structure significantly. Impuritiegpotential of the base Alclusters®* Apart from these pecu-
with smaller ionic radii and strong binding with the host are liarities of Al clusters, early work on Al-Li clustet$* indi-
seen to get trapped in the cluster. Many investigations owrates an ionic bond between Al and Li. It may be recalled
mixing and segregation effects in various mixed alkali-atomthat in bulk phase, aluminum forms stable alloys with vari-
clusters, viz. Na-K(Refs. 24 and 2band Na-Li(Ref. 26, ous elements like Li, Be, Mg, Si, etc., while Na andRefs.
have been reported. The ground-state geometries of sevet@ and 37 are completely immiscible in it. It also forms a
A,B, clusters involving simple metal atoms like Li, Na, K, strongly bonded boride Al whose stability mainly depend
Rb, Cs, Mg, Al, Sb, and other elements like Ga, Sr, Si haven the strong B-B and Al-B bond. Thus it is of considerable
been studied by Majumdaat al?’ The lowest energy struc- interest to study aluminum based mixed clusters.
ture of all these clusters were found to be tetracapped tetra- In the present work, we investigate the structural and the
hedron (TCP). In an ab initio orbital based investigation, electronic properties of several aluminum based binary clus-
Raghavacharet al?® suggested a similar structure for both ters, viz. A,X, clusters using Born—Oppenheimer molecular
Al,P, and M@S, clusters. A recentab initio density- dynamics (BOMD) (Ref. 38 within the framework of
functional calculatiof® demonstrated the high stability of density-functional theory, where&X ranges from simple
A,Ph, (A=Li, Na, K, Rb, Cg clusters, where Rbforms a  monovalent alkali metaldi, Na, K) to divalent metal§Be,
tetrahedron capped by alkali atoms. Mg) and finally to semiconductors B and Si. We also present
It is well established that so far as alkali-metal atoms area systematic analysis of the bonding properties and discuss
concerned the SIJM has been quite successful in describirtge validity of SIM.

the jellium model. They have also presented some evidence
for an effective monovalent nature in pure small Al clusters.
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FIG. 1. The lowest energy state and the low-
lying geometries of AIX, (X=Li, Na, K) clus-
ters. Black circle represents Al atoms and shaded
one represent X atoms. Figures captionedias
represent the lowest energy structure.

(i) (if)
() ALK,

Il. COMPUTATIONAL DETAILS exchange-correlation potential was calculated using the
local-density approximation(LDA) due to Barth and
"Hedin*2 A cubic supercell of length 40 a.u. with an energy

of density-functional theory using the damped . -
. cutoff of ~11 Ry was found to provide sufficient conver-
JoannopouloS method to obtain the low-energy structures . .
gence of the total energy. During the dynamics, the norm of

of Al4X,. This has permltted_ us to use a fairly moderate tlmeealch of the states defined Hej; — e |2 (e; being an ei-
step~80 a.u. The geometries of the clusters have been ob- ; . A
) . ) ; . : . .~ genvalue corresponding to eigenstateof the Hamiltonian
tained by starting with different configurations like cubic, o 6
: . . h) was maintained at 10'~10° a.u. The structures were
capped tetrahedron, bicapped trigonal prism, etc. The clus-” .
. . considered to be converged when the forces on all atoms
ters were heated to 600—800 K and in certain cases up tv?/ere less than 10 a.u
1800 K, followed by slow cooling. In all the cases, the sta- e
bility of lowest energy configuration has been tested by re-
heating the cluster with a .different geometry. Some addi- IIl. RESULTS AND DISCUSSION
tional structures were obtained by steepest-descent method
starting from a suitable configuration during the simulated In this section we discuss the low-energy structures, the
annealing run. Many of the low-energy structures have beegnergetics, and the bonding trend iny X}, clusters. First we
verified by interchanging the positions of Al aXcatoms and ~ discuss the evolution of their geometries. The geometries of
repeating the calculations. In general, we find that there arthe alkali-based clusters and those of the remaining clusters
many isomeric structures nearly degenerate to the lowest e@re shown in Figs. 1 and 2, respectively. The lowest energy
ergy state, quite a few of which were obtained by interchangstructure of AlLi, [Fig. 1(a)(i)] is a capped octahedron with
ing Al and X atoms or by rearranging the capping positionsfour Al atoms forming a rhombus, while the low-energy ge-
of one type of atoms. We have used the norm-conservingmetry[Fig. 1(a)(ii)] differs from it in the capping positions
pseudopotential of Bachefft etal. in Kleinman and of Li. In another structur@Fig. 1(a)(iii )] Al is seen to form a
Bylandef! form with s part treated as nonlocal. The quinted roof. Upon substitution of Li by Na, the planar struc-

We have used BOMD based on Kohn—Sham formulatio
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FIG. 2. The lowest energy state and the low-
lying geometries of AJX, (X=Be, Mg, B, S)
clusters. Black circle represents Al atoms and
shaded one represeXtatoms. Figures captioned
as (i) represent the lowest energy structure.

0) (i) ()
(d) AlSis

ture of Al, gets distorted to form a quinted rofdfig. 1(b)(i)]  an Archimedian antiprism formed by a pair Al and Mg. In
which is nearly degenerate to the structure shown in FigAl4B,, the quinted roof structure seen in,Mg, is main-
1(b)(ii). A capped octahedrofFig. 1(b)(iii)] is one of its tained with the inner core of aluminum replaced by boron
low-lying state. Substitution of Na by K having a larger ionic [Fig. 2(c)(i)]. The low-lying structurgFig. 2(c)(ii)] can be
radius (1.33 A) than Na(0.97 A) (Ref. 43 further buckles obtained by rearranging the capping positions of Al. The
the quinted roof of Al forming a pentagonal ring of three Al geometries of AlSi, are quite different from the ones above.
and two K leading to a capped pentagonal bipyraffid.  They can be viewed as capped heptamers gf (Rlefs. 12
1(c)(i)]. The capped quinted rooflike structure shown in Fig.and 30 with four sites of Al substituted by $Fig. 2(d)(i)].
1(c)(ii), is seen to be the low-energy state. Thus it can b&Ve have repeated the geometry optimization fojN§, and
seen that the alkali-metal elements progressively distort thal,Si, clusters using generalized gradient approximation
Al, structure upon formation of AK, system. It may be (GGA).** It was found that there is a reversal of the order
recalled that the ground-state structure of , Alis  with respect to the LDA geometries. However, the energy
rhombus'?3° The lowest energy structure of both ,8e, differences after reordering were less than 0.02 eV. Hence
and Al,Mg, are similar in the sense that they can be de-the binding-energy trend in AX, clusters is not affected by
scribed as a capped quinted roof, whereas their low-lyingsGA. Such reversal in geometries of mixed Al-Na clusters
structures[Figs. 2a)(ii) and 2Zb)(ii)] are formed by inter- having an energy difference of the order of 0.1 eV have been
changing one Al with Be and Mg, respectively.,Be, also  observed by Dhavalet al

exhibits an Archimedian antiprism as one of its excited state Now we discuss the trend in binding energies in these
structure[Fig. 2(a)(iii)]. Figure Zb)(i) can also be viewed as clusters. The binding energy per atom of, &}, clusters, de-
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FIG. 3. The binding energy per atom of the diatomic molecules
AlIX (dotted line$ and the A}LX, clusters(continuous ling

fined as E[Al,X,]=—3(E[Al,X,]—4E[AlI]-4E[X]),
and that of corresponding diatomic moleculeXAs$ plotted

in Fig. 3. The trend in binding energies of diatomic mol-
ecules AX and that of the corresponding A, clusters is
similar with the exception of ABe,. A substantial rise in the
binding energy in Al-Be system is seen in going from di-
atomic molecule to AlX, cluster. This rise in binding energy
iS_ due to the str_ongly bonded b%y"ium and is consistent FIG. 4. Difference charge-densit\p) surfaces fora) Al ,Li,,

with th_e observations by Kawat al.™ They showed tha_t the (b) Al,Na,, and (c) Al,K,. The left-hand panel is the charge de-
behavior of Be clusters approaches the bulk very quickly agjeted region and the right-hand panel is the charge excess region.
the function of cluster size. The binding energies of therhe orientation of the cluster is shown in the inset. The values of
alkali-metal-based AKX, clusters are nearly the same. The the charge densities are 0.000 63, 0.000 81, 0.0060 electros/a.u.
high binding energy of AB, and Al,Si, clusters is mainly  for the left-hand panel and 0.0012, 0.001 04, 0.0023 electroris/a.u.
due to the strong localized bond between B-B and Si-Sifor the right-hand panel, respectively.

respectively.

The nature of bonding in some Al-Li clusters, viz,4lli,  the first four eigenvalues of Aldo not change upon forma-
Aliglia, Alyliz, and Ahlig, has been discussed by tion of Al,X, cluster clearly indicating its superatom behav-
Kumar™ These clusters are found to have ionic bond beior, This may be taken as an indication of monovalent nature

tween Li atoms and the strongly electronegative Al superpf Al in small clusters. Further, the examination of the char-
atom. A similar charge transfer in Al-Li clusters has also

been observed by Landmam al® In order to examine the -
validity of such behavior of Al in Al,X, clusters K=Li, | .. .
Na, K), we show, in Fig. 4, the difference charge dendify, B 1

defined asAp=ps— Psuperimpose Where ps; is the self-

consistent total charge density apdperimposelS the over-

lapped atomic charge densities of the constituent atoms. The
left-hand panel shows the charge depletion region and the
right-hand panel shows the excess charge region. Quite
clearly there is a charge transfer from the alkali-metal atoms 10y 1
to the Al, cluster, the bonding between them being ionic. It —_— — —_— —
may be mentioned that Akluster is known to have a higher I —— 3 g P
electron affinity of 2.20 eRef. 31 than that of the alkali- < < Z, < %
metal atomgLi: 0.62 eV; Na: 0.55 eV; K: 0.45 e\*® Thus, < < <
in these clusters, the four Al behaves as single entity or su- ; i 3
peratom and follows the electronic shell-filling-like atoms. It terSF I;dsghheas;gsntnzlu:a?: C;:(I)n;]gﬁ%aé)i(n;t.Ngérﬁ?ncdzzs

is interesting to compare the eigenvalue spectrum of thesghes represent occupied eigenstates and dotted ones represent un-
clusters and that of the free Ahaving the same geometry as occupied eigenstates. Whenever the levels are degenerate or closely
in Al4X, cluster. Figure 5 shows such an eigenvalue plotspaced, the total number of levels in that bunch is indicated by the
The spectrum of AlX, clusters has been lowered so that its number at right. The numbers on the left indicate the total number
lowest eigenvalue coincides with that of the,AEvidently,  of electrons occupied by that bunch.

6t — —

Eigenvalues (eV)
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FIG. 6. The eigenvalue spectrum of X, (X=Be, Mg, B, S) -
clusters. The continuous lines represents occupied eigenstates and (b) /
the dotted one represents LUMO eigenstates. Whenever the levels K\%
are degenerate or closely spaced, the total number of levels is indi- ! /?yiﬂ
cated by the number at right. \ />é

acter of the eigenstates of these clusters indicate that they are
consistent with the jellium description.

The eigenvalue spectrum of the remaining clusters, shown
in Fig. 6, indicates a jellium behavior for the 20 valence 17
electron systems ABe, and Al;Mg,. Further, both spectra o gl |
show a large HOMO-LUMO gap of 2.07 and 1.47 eV, re-
spectively, as compared to that of the alkali counterpart 0.52,
1.05, and 0.66 eV, respectively, which is expected due to the
shell closing effect. Here Al displays a trivalent character.

There is no signature of superatom in these clusters in thgty for (a) Al,B, and (b) Al,Si,. The orientation of the cluster is

,Sense that it is not possible to identify _the core levels belongéhown in the inset. The charge densities have been given for 0.032,
ing to any one type of atom. In addition, the total chargej 35 electrons/a . respectively.

density(not shown was found to be completely delocalized

throughout the cluster. tances for the remaining clusters are of the same order. Thus
The eigenvalue spectrum for B, and AlSi, clusters even in small clusters the tendency for K not to mix with Al

are nonjellium, i.e., their character cannot be classified ashows up whereas for Na it is not seen. Evidently, this can be

pures, p, d, ... type. The bonding in these clusters can beattributed to rather large differences between the ionic radii

explained by examining the isodensity plots of the totalof Al and K.

charge density shown in Fig. 7. A localized charge distribu-

tion along B-B and Si-Si is clearly evident. Interestingly, the IV. CONCLUSION

behavior of the Al-Al bond is similar to that of Si-Si, i.e., In the present work, we have reported the geometries and

localized. A depletion of charge around Al is also seen. Thigpe systematics of bonding in a series 0f4] (X=Li, Na
is consistent with the fact that Al has three-valence electron Y

and is tetrahedrally bonded with other Al and Si atoms. The’s - \ - -
behavior of Al and Si in this cluster can be contrasted with < 8 | A ’X{_";é ______ —
that of a single Si in A| clusters where the behavior of Si is G XX
free-electron-liké”’ In case of A}B, clusters, a similar lo-
calized charge distribution can be seen along the shorte
Al-Al bond which is also closer to the boron atoffs.

Finally, we compare the behavior of Na and K in,X},
cluster in the light of the fact that these two elements are
completely immiscible with Al in bulk phas&. Their solu-
bility is very low in liquid phase. In order to discuss this
behavior we have plotted, in Fig. 8, the minimum inter- -
atomic separations Al-Al, AKX, andX-X for all the clusters.
The ionic radii of Na and K are larger than Al. It can be seen
immediately that Al-K and K-K bonds are much larger than pr,
the Al-Al. On the other hand, in ANa, cluster, though
Na-Na bond is rather large, the Al-Al and Al-Na bond dis-  FIG. 8. The minimum interatomic separations Al{&bntinuous
tances are of the same order. Also, the nearest-neighbor ditine), Al-X (dashed ling andX-X (dotted ling in Al X, clusters.

FIG. 7. Constant charge-density surfaces of the total charge den-

Minimum Interatomic Distances
W

4Liy
Al,Na, |
ALK, |
AlyBey
AlMg, -
ALB, | «
ALSi,
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K, Be, Mg, B, and Si clusters using BOMD method within

the framework of density-functional theory. All the clusters
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