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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. Al4X4 , (X5Li, 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 systems Al4Be4 and Al4Mg4

exhibit a large highest-occupied–lowest-unoccupied~HOMO-LUMO! gap due to shell closing effect. In clus-
ters containing alkali-metal atom, Al4 behaves as a superatom that is ionically bonded to them. The Al-Al bond
in both Al4Si4 and Al4B4 clusters is found to be covalent.

DOI: 10.1103/PhysRevB.64.155409 PACS number~s!: 61.46.1w, 31.15.Ar, 36.40.2c
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I. INTRODUCTION

During the last few years much attention has been pai
the study of atomic clusters from both theoretical a
experimental1–4 sides. The areas of interest include groun
state geometries, electronic structure, optical properties, f
mentation, and thermodynamic properties like melting. T
theoretical calculations are usually carried out by employ
density-functional molecular dynamics in conjunction w
simulated annealing. Extensive investigations on the ge
etries and the electronic structure of homo-atomic clus
~with '20 atoms! of Li, Na, K, Mg, B, Al, Ga, Si, etc., have
been carried out.5–14Similar investigations on heterogeneo
clusters are relatively few. Mixed clusters are of considera
interest due to diverse effects like bonding,15,16 segregation,
selective clustering, etc. It is instructive to contrast the pr
erties of these tiny alloys with their bulk counterparts. A
other interesting aspect concerns the validity of spherical
lium model17 ~SJM! for mixed clusters. It is known that th
eigenvalue spectrum of alkali-atom clusters generally c
forms to the SJM with minor modifications. This has al
been observed in the case of single impurity doped meta
clusters of the typeAnB,18–23where depending upon the na
ture of impurity, it either gets trapped or prefers to be on
surface or distorts the host structure significantly. Impurit
with smaller ionic radii and strong binding with the host a
seen to get trapped in the cluster. Many investigations
mixing and segregation effects in various mixed alkali-at
clusters, viz. Na-K~Refs. 24 and 25! and Na-Li ~Ref. 26!,
have been reported. The ground-state geometries of se
A4B4 clusters involving simple metal atoms like Li, Na, K
Rb, Cs, Mg, Al, Sb, and other elements like Ga, Sr, Si ha
been studied by Majumdaret al.27 The lowest energy struc
ture of all these clusters were found to be tetracapped te
hedron ~TCP!. In an ab initio orbital based investigation
Raghavachariet al.28 suggested a similar structure for bo
Al4P4 and Mg4S4 clusters. A recentab initio density-
functional calculation29 demonstrated the high stability o
A4Pb4 (A5Li, Na, K, Rb, Cs! clusters, where Pb4 forms a
tetrahedron capped by alkali atoms.

It is well established that so far as alkali-metal atoms
concerned the SJM has been quite successful in descr
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the gross electronic structure and the stability. Howev
clusters of Al presents an interesting contrast. Although b
Al is known to be a free electron metal, several experimen
and theoretical studies indicate that small Al clusters do
display the well known magic behavior. This and other su
issues concerning the nature of the electronic states in
Al clusters have been critically examined by Rao and Jen30

In an elaborate density-functional calculations for charg
and neutral Al clusters, they found that Al7

1 with 20 valence
electrons is magic. Further, the electronic structure of cl
ters containing less than 7 atoms does not resemble tha
the jellium model. They have also presented some evide
for an effective monovalent nature in pure small Al cluste
However, their investigation on Al5Xm ~Ref. 31! (X5Li, K !
failed to provide any evidence of suggested monovalent
ture of Al. The onset ofsp hybridization in pure Al clusters
and the relation of their electronic structure to the jelliu
model has also been studied by Duque and Mananes32. Re-
cent investigations on Al5Nan ~Ref. 33! (n51 –6), clearly
indicate that Al5Na5, a 20 valence electron system, to b
very stable. The spectrum of Al5Na5 conforms to SJM.
Moreover, alkalization of these Al clusters31 makes their
electronic structure jelliumlike. It also lowers the ionizatio
potential of the base Aln clusters.34 Apart from these pecu-
liarities of Al clusters, early work on Al-Li clusters18,35 indi-
cates an ionic bond between Al and Li. It may be recal
that in bulk phase, aluminum forms stable alloys with va
ous elements like Li, Be, Mg, Si, etc., while Na and K~Refs.
36 and 37! are completely immiscible in it. It also forms
strongly bonded boride AlB2, whose stability mainly depend
on the strong B-B and Al-B bond. Thus it is of considerab
interest to study aluminum based mixed clusters.

In the present work, we investigate the structural and
electronic properties of several aluminum based binary c
ters, viz. Al4X4 clusters using Born–Oppenheimer molecu
dynamics ~BOMD! ~Ref. 38! within the framework of
density-functional theory, whereX ranges from simple
monovalent alkali metals~Li, Na, K! to divalent metals~Be,
Mg! and finally to semiconductors B and Si. We also pres
a systematic analysis of the bonding properties and disc
the validity of SJM.
©2001 The American Physical Society09-1
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FIG. 1. The lowest energy state and the low
lying geometries of Al4X4 (X5Li, Na, K! clus-
ters. Black circle represents Al atoms and shad
one represent X atoms. Figures captioned as~i!
represent the lowest energy structure.
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II. COMPUTATIONAL DETAILS

We have used BOMD based on Kohn–Sham formulat
of density-functional theory using the dampe
Joannopoulos39 method to obtain the low-energy structur
of Al4X4. This has permitted us to use a fairly moderate ti
step'80 a.u. The geometries of the clusters have been
tained by starting with different configurations like cubi
capped tetrahedron, bicapped trigonal prism, etc. The c
ters were heated to 600–800 K and in certain cases u
1800 K, followed by slow cooling. In all the cases, the s
bility of lowest energy configuration has been tested by
heating the cluster with a different geometry. Some ad
tional structures were obtained by steepest-descent me
starting from a suitable configuration during the simula
annealing run. Many of the low-energy structures have b
verified by interchanging the positions of Al andX atoms and
repeating the calculations. In general, we find that there
many isomeric structures nearly degenerate to the lowes
ergy state, quite a few of which were obtained by intercha
ing Al and X atoms or by rearranging the capping positio
of one type of atoms. We have used the norm-conserv
pseudopotential of Bachelet40 et al. in Kleinman and
Bylander41 form with s part treated as nonlocal. Th
15540
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exchange-correlation potential was calculated using
local-density approximation~LDA ! due to Barth and
Hedin.42 A cubic supercell of length 40 a.u. with an energ
cutoff of '11 Ry was found to provide sufficient conve
gence of the total energy. During the dynamics, the norm
each of the states defined asuhc i2e ic i u2 (e i being an ei-
genvalue corresponding to eigenstatec i of the Hamiltonian
h) was maintained at 1024–1026 a.u. The structures wer
considered to be converged when the forces on all ato
were less than 1024 a.u.

III. RESULTS AND DISCUSSION

In this section we discuss the low-energy structures,
energetics, and the bonding trend in Al4X4 clusters. First we
discuss the evolution of their geometries. The geometrie
the alkali-based clusters and those of the remaining clus
are shown in Figs. 1 and 2, respectively. The lowest ene
structure of Al4Li 4 @Fig. 1~a!~i!# is a capped octahedron wit
four Al atoms forming a rhombus, while the low-energy g
ometry@Fig. 1~a!~ii !# differs from it in the capping positions
of Li. In another structure@Fig. 1~a!~iii !# Al is seen to form a
quinted roof. Upon substitution of Li by Na, the planar stru
9-2
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FIG. 2. The lowest energy state and the low
lying geometries of Al4X4 (X5Be, Mg, B, Si!
clusters. Black circle represents Al atoms a
shaded one representX atoms. Figures captioned
as ~i! represent the lowest energy structure.
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ture of Al4 gets distorted to form a quinted roof@Fig. 1~b!~i!#
which is nearly degenerate to the structure shown in F
1~b!~ii !. A capped octahedron@Fig. 1~b!~iii !# is one of its
low-lying state. Substitution of Na by K having a larger ion
radius ~1.33 Å! than Na~0.97 Å! ~Ref. 43! further buckles
the quinted roof of Al forming a pentagonal ring of three
and two K leading to a capped pentagonal bipyramid@Fig.
1~c!~i!#. The capped quinted rooflike structure shown in F
1~c!~ii !, is seen to be the low-energy state. Thus it can
seen that the alkali-metal elements progressively distort
Al4 structure upon formation of Al4X4 system. It may be
recalled that the ground-state structure of Al4 is
rhombus.12,30 The lowest energy structure of both Al4Be4
and Al4Mg4 are similar in the sense that they can be d
scribed as a capped quinted roof, whereas their low-ly
structures@Figs. 2~a!~ii ! and 2~b!~ii !# are formed by inter-
changing one Al with Be and Mg, respectively. Al4Be4 also
exhibits an Archimedian antiprism as one of its excited st
structure@Fig. 2~a!~iii !#. Figure 2~b!~i! can also be viewed a
15540
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an Archimedian antiprism formed by a pair Al and Mg.
Al4B4, the quinted roof structure seen in Al4Mg4 is main-
tained with the inner core of aluminum replaced by bor
@Fig. 2~c!~i!#. The low-lying structure@Fig. 2~c!~ii !# can be
obtained by rearranging the capping positions of Al. T
geometries of Al4Si4 are quite different from the ones abov
They can be viewed as capped heptamers of Al8 ~Refs. 12
and 30! with four sites of Al substituted by Si@Fig. 2~d!~i!#.
We have repeated the geometry optimization for Al4Na4 and
Al4Si4 clusters using generalized gradient approximat
~GGA!.44 It was found that there is a reversal of the ord
with respect to the LDA geometries. However, the ene
differences after reordering were less than 0.02 eV. He
the binding-energy trend in Al4X4 clusters is not affected by
GGA. Such reversal in geometries of mixed Al-Na cluste
having an energy difference of the order of 0.1 eV have b
observed by Dhavaleet al.33

Now we discuss the trend in binding energies in the
clusters. The binding energy per atom of Al4X4 clusters, de-
9-3
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STRUCTURAL AND ELECTRONIC PROPERTIES OF . . . PHYSICAL REVIEW B64 155409
fined as Eb@Al4X4#52 1
8 (E@Al4X4#24E@Al #24E@X#),

and that of corresponding diatomic molecules AlX is plotted
in Fig. 3. The trend in binding energies of diatomic mo
ecules AlX and that of the corresponding Al4X4 clusters is
similar with the exception of Al4Be4. A substantial rise in the
binding energy in Al-Be system is seen in going from d
atomic molecule to Al4X4 cluster. This rise in binding energ
is due to the strongly bonded beryllium and is consist
with the observations by Kawaiet al.45 They showed that the
behavior of Be clusters approaches the bulk very quickly
the function of cluster size. The binding energies of t
alkali-metal-based Al4X4 clusters are nearly the same. Th
high binding energy of Al4B4 and Al4Si4 clusters is mainly
due to the strong localized bond between B-B and Si
respectively.

The nature of bonding in some Al-Li clusters, viz. Al13Li,
Al12Li 4 , Al11Li 7, and Al10Li8, has been discussed b
Kumar.35 These clusters are found to have ionic bond
tween Li atoms and the strongly electronegative Al sup
atom. A similar charge transfer in Al-Li clusters has al
been observed by Landmanet al.18 In order to examine the
validity of such behavior of Al4 in Al4X4 clusters (X5Li,
Na, K!, we show, in Fig. 4, the difference charge densityDr,
defined asDr5rscf2rsuperimpose, where rscf is the self-
consistent total charge density andrsuperimposeis the over-
lapped atomic charge densities of the constituent atoms.
left-hand panel shows the charge depletion region and
right-hand panel shows the excess charge region. Q
clearly there is a charge transfer from the alkali-metal ato
to the Al4 cluster, the bonding between them being ionic
may be mentioned that Al4 cluster is known to have a highe
electron affinity of 2.20 eV~Ref. 31! than that of the alkali-
metal atoms~Li: 0.62 eV; Na: 0.55 eV; K: 0.45 eV!.46 Thus,
in these clusters, the four Al behaves as single entity or
peratom and follows the electronic shell-filling-like atoms.
is interesting to compare the eigenvalue spectrum of th
clusters and that of the free Al4 having the same geometry a
in Al4X4 cluster. Figure 5 shows such an eigenvalue p
The spectrum of Al4X4 clusters has been lowered so that
lowest eigenvalue coincides with that of the Al4. Evidently,

FIG. 3. The binding energy per atom of the diatomic molecu
AlX ~dotted lines! and the Al4X4 clusters~continuous line!.
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the first four eigenvalues of Al4 do not change upon forma
tion of Al4X4 cluster clearly indicating its superatom beha
ior. This may be taken as an indication of monovalent nat
of Al in small clusters. Further, the examination of the ch

s

FIG. 4. Difference charge-density (Dr) surfaces for~a! Al4Li4,
~b! Al4Na4, and ~c! Al4K4. The left-hand panel is the charge d
pleted region and the right-hand panel is the charge excess re
The orientation of the cluster is shown in the inset. The values
the charge densities are 0.000 63, 0.000 81, 0.0060 electrons3

for the left-hand panel and 0.0012, 0.001 04, 0.0023 electrons/a3

for the right-hand panel, respectively.

FIG. 5. The eigenvalue spectrum of Al4X4 (X5Li, Na, K! clus-
ters and Al4 having the same geometry as in Al4X4. Continuous
lines represent occupied eigenstates and dotted ones represe
occupied eigenstates. Whenever the levels are degenerate or c
spaced, the total number of levels in that bunch is indicated by
number at right. The numbers on the left indicate the total num
of electrons occupied by that bunch.
9-4
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acter of the eigenstates of these clusters indicate that the
consistent with the jellium description.

The eigenvalue spectrum of the remaining clusters, sho
in Fig. 6, indicates a jellium behavior for the 20 valen
electron systems Al4Be4 and Al4Mg4. Further, both spectra
show a large HOMO-LUMO gap of 2.07 and 1.47 eV, r
spectively, as compared to that of the alkali counterpart 0
1.05, and 0.66 eV, respectively, which is expected due to
shell closing effect. Here Al displays a trivalent charact
There is no signature of superatom in these clusters in
sense that it is not possible to identify the core levels belo
ing to any one type of atom. In addition, the total char
density~not shown! was found to be completely delocalize
throughout the cluster.

The eigenvalue spectrum for Al4B4 and Al4Si4 clusters
are nonjellium, i.e., their character cannot be classified
pures, p, d, . . . type. The bonding in these clusters can
explained by examining the isodensity plots of the to
charge density shown in Fig. 7. A localized charge distrib
tion along B-B and Si-Si is clearly evident. Interestingly, t
behavior of the Al-Al bond is similar to that of Si-Si, i.e
localized. A depletion of charge around Al is also seen. T
is consistent with the fact that Al has three-valence elect
and is tetrahedrally bonded with other Al and Si atoms. T
behavior of Al and Si in this cluster can be contrasted w
that of a single Si in Aln clusters where the behavior of Si
free-electron-like.47 In case of Al4B4 clusters, a similar lo-
calized charge distribution can be seen along the sho
Al-Al bond which is also closer to the boron atoms.13

Finally, we compare the behavior of Na and K in Al4X4
cluster in the light of the fact that these two elements
completely immiscible with Al in bulk phase.36 Their solu-
bility is very low in liquid phase. In order to discuss th
behavior we have plotted, in Fig. 8, the minimum inte
atomic separations Al-Al, Al-X, andX-X for all the clusters.
The ionic radii of Na and K are larger than Al. It can be se
immediately that Al-K and K-K bonds are much larger th
the Al-Al. On the other hand, in Al4Na4 cluster, though
Na-Na bond is rather large, the Al-Al and Al-Na bond di
tances are of the same order. Also, the nearest-neighbor

FIG. 6. The eigenvalue spectrum of Al4X4 (X5Be, Mg, B, Si!
clusters. The continuous lines represents occupied eigenstate
the dotted one represents LUMO eigenstates. Whenever the l
are degenerate or closely spaced, the total number of levels is
cated by the number at right.
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tances for the remaining clusters are of the same order. T
even in small clusters the tendency for K not to mix with
shows up whereas for Na it is not seen. Evidently, this can
attributed to rather large differences between the ionic ra
of Al and K.

IV. CONCLUSION

In the present work, we have reported the geometries
the systematics of bonding in a series of Al4X4 (X5Li, Na,

and
els
di-

FIG. 7. Constant charge-density surfaces of the total charge
sity for ~a! Al4B4 and ~b! Al4Si4. The orientation of the cluster is
shown in the inset. The charge densities have been given for 0.
0.035 electrons/a.u.3, respectively.

FIG. 8. The minimum interatomic separations Al-Al~continuous
line!, Al-X ~dashed line!, andX-X ~dotted line! in Al4X4 clusters.
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K, Be, Mg, B, and Si! clusters using BOMD method within
the framework of density-functional theory. All the cluste
with metallic elements were found to conform the SJM. T
20 valence electron systems Al4Be4 and Al4Mg4 shows a
significant HOMO-LUMO gap. In clusters containing alkal
metal atoms, Al4 behaves as a superatom and is ionica
bonded to them. The Al-Al bond in Al4Si4 and Al4B4 clus-
ters is found to be covalent indicating that Al with valen
three behaves like Si in these systems. Even in small clus
the immiscibility of K shows up.
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