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Structure and stability of Al-doped small Na clusters: NanAl „n51,10…

Ajeeta Dhavale,* Vaishali Shah,† D. G. Kanhere†
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We have investigated the ground-state geometries of aluminum-doped sodium clusters NanAl ( n51,10)
using anab initio molecular-dynamics method. It is seen that a single Al impurity atom affects significantly the
geometries of small Nan (n<6) clusters, whereas the effect is less pronounced for large clusters. Our results
show an early appearance of nonplanar ground-state geometries and it is observed that forn>6 the Al atom
gets trapped inside the Na cage. The stability of these clusters has been examined from the systematic analysis
of energetics. This indicates Na5Al and Na7Al having 8 and 10 valence electrons to be the stable clusters.
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PACS number~s!: 36.40.Qv, 36.40.Mr, 61.46.1w, 31.15.Ar
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I. INTRODUCTION

The ground-state geometries, energetics, stability,
such other properties of clusters is currently the subjec
intensive experimental and theoretical investigation@1,2#.
The interest in the physics and chemistry of clusters ar
due to a number of reasons such as the availability of
cluster sources, their distinct shapes, and characteristic
tronic properties, which are different from bulk and the po
sibility of using them as building blocks for novel nanostru
tured materials, etc. The field of clusters has witnes
considerable growth in both experimental and theoretical
derstanding. A number of theoretical investigations using
powerful technique of density functional theory along w
Car-Parrinello molecular dynamics@3# ~CPMD! have been
carried out. Such investigations have yielded valuable in
mation about their structural, electronic, magnetic and o
cal properties.

By and large homoatomic clusters of Na@4#, Mg @5#, Al
@6#, P @7#, Se@8#, etc. of sizes ranging from 3 to 20 have be
investigated for their ground-state and low-lying geometri
structural stability, bonding characteristics, and in so
cases vibrational properties. A way to get insight into t
physics of clusters is to dope them with an impurity. A fe
investigations of an impurity in metal-atom clusters using
ab initio molecular-dynamics method have been reported
NanMg @9#, LinAl @10,11# ~where a monovalent host i
doped with a divalent and a trivalent impurity, respectivel!.
Also the clusters with trivalent host Al and monovalent im
purities such as Li and Na have been studied@12,13#. The
results are also available on heteroatomic clusters suc
alkali-metal-atom–antimony (AnSb4) clusters@14#, NanFn
@15#, NanKm @16#, etc. These early investigations have r
vealed that~1! the addition of the impurity atom changes th
geometries of small pure clusters,~2! there is an early ap
pearance of nonplanar structures,~3! in some cases the im
purity prefers to get trapped inside the cage formed by
host atoms.

In the present work, we study the NanAl ( n51,10) clus-
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ters, which have a trivalent impurity in a monovalent ho
We compare and contrast these results with that of~1! LinAl
@10# clusters where the same trivalent impurity is added i
different monovalent host Li and~2! NanMg @9# where a
divalent impurity Mg is added in the same monovalent h
Na. In the earlier calculations it had been reported that
small LinAl clusters, the impurity atom prefers to ge
trapped inside the cage formed by Li atoms whereas
NanMg although the Mg atom gets trapped inside the ca
formed by Na atoms, it is not at the center of the cluster

Our calculations are based on the CPMD techniq
which has emerged as one of the most powerful tools forab
initio investigations of clusters. However, the convention
CPMD technique using Kohn-Sham orbitals can be com
tationally very expensive especially for large systems. R
cently, we developed and applied a density-based molec
dynamics~DBMD! method that uses approximate kinetic e
ergy functionals based on charge density only. Our inve
gations show that the DBMD method yields the corre
ground state geometries~except for Jahn-Teller distortion!
and bond lengths to within 10% of CPMD. This has be
verified for many clustersviz. small dimers and trimers@11#,
LinAl ( n51,8) @11#, Nan (n51,8) @17#, Lin (n51,8) @17#,
and Aln (n51,8) @17#. Thus a combination of DBMD and
CPMD offers an attractive strategy for obtaining the groun
state geometries of clusters with much less computatio
effort. In the present work we have followed the same str
egy.

Thus we first obtain the ground-state geometries of NanAl
(n51,10) clusters by employing the full simulated anneali
strategy with DBMD and then these structures are furt
quenched with CPMD using nonlocal pseudopotentials. T
the final results presented here are obtained with CPMD
this work CPMD will always mean a Kohn-Sham-orbital
based method and DBMD will mean an approxima
density-based method.

In the next section we briefly describe the salient featu
of DBMD and CPMD along with the relevant numerical d
tails.

II. METHOD AND NUMERICAL DETAILS

Our approach is slightly different in the sense that t
DBMD method is used first to scan the configuration spa
4522 © 1998 The American Physical Society
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57 4523STRUCTURE AND STABILITY OF Al-DOPED SMALL . . .
extensively and the geometry thus obtained is used as i
for CPMD. The CPMD method used has been well do
mented and our implementation is the standard one. Hen
brief account of only DBMD is given here.

The total energy of a system consisting ofNa atoms and
Ne interacting electrons, under the influence of an exter
field due to the nuclear charges at coordinatesRn can be
written as a functional of the total electronic charge dens
r(r ) as

E@r,$Rn%#5T@r#1Exc@r#1Ec@r# ~1!

1Eext@r,$Rn%#1Eii ~$Rn%!,
~2!

where Exc is the exchange correlation energy,Ec is the
electron-electron Coulomb interaction energy,Eext is the
electron-ion interaction energy andEii is the ion-ion interac-
tion energy. The first term representing the kinetic ene
functionalT@r# is approximated as

T@r#5F~Ne!TTF@r#1TW@r#, ~3!

where TTF is the Thomas-Fermi term,TW is the gradient
correction given by Weizsacker, and the factorF(Ne) is

F~Ne!5S 12
2

Ne
D S 12

A1

Ne
1/3

1
A2

Ne
2/3D ~4!

with optimized parameter valuesA151.314 and A2
50.0021. This kinetic energy functional is known to d
scribe the response properties of the electron gas well
has yielded very good polarizabilities for various atomic s
tems. It also provides an excellent representation of the
netic energy of atoms. The total electronic energy for a fix
geometry of atoms is minimized using the conjugate grad
technique@18# and the geometry minimization has been p
formed using Car-Parrinello simulated annealing strate
All the DBMD calculations were performed using only
local part of Bachelet, Hamann, and Schlu¨ter pseudopoten
tials @19# and the exchange correlation potential of Ceperl
Alder as interpolated by Perdew and Zunger@20#. A periodi-
cally repeated unit cell of length 30 a.u. with a 54354354
mesh and time stepDt;20 a.u. was used. We have chosen
use the plane-wave expansion on the entire Four
transform mesh without any truncation yielding the ene
cutoff of 95 Ry.

During the dynamical simulated annealing, the clust
were heated to 600 K and then cooled very slowly to get
ground-state and low-lying energy configurations. In so
cases the geometries of the clusters have been confirme
starting with different initial configurations and then pe
forming a simulated annealing for a few thousand time ste
The geometry thus obtained was taken to be the star
geometry for CPMD and quenched further to get the fi
ground-state geometry.

In case of CPMD the full nonlocal pseudopotential
Bachelet, Hamann, and Schlu¨ter up top nonlocality has been
used with energy cutoff of 12 Ry. Apart from changes
bond length, symmetries obtained~except for Jahn-Teller
distorted systems! are the same as that obtained by DBM
In addition we have also performed the full simulated a
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nealing study using the CPMD method for Na6Al and Na8Al
and verified that the ground-state geometries obtained
both methods~DBMD and CPMD! are identical.

III. RESULTS

The ground-state equilibrium geometries for NanAl ( n
52,10) clusters are shown in Figs. 1~a! and 1~b! where a
dark sphere represents the Al impurity. For proper comp
son we have also shown the ground-state geometries ofn
(n52,10) clusters@4#. First, we discuss the general featur
observed in these clusters and compare the results with
moatomic Nan clusters wherever appropriate. We will als
compare and contrast them with the reported CPMD res
for LinAl ( n51,8) @10# and NanMg (n56,9 and 18! @9#
clusters.

Figures 1~a! and 1~b! clearly show that for small Nan
(n,6) clusters the ground-state geometries change sig
cantly on addition of an Al impurity while for larger cluster
the effect of impurity is less pronounced. It is seen that
homoatomic Nan clusters the ground-state geometries a
nonplanar forn.5 onwards whereas on addition of an A
impurity, an early appearance of nonplanar ground-state

FIG. 1. ~a! The ground-state geometries of NanAl clusters along
with Nan (n52,6) clusters.~The dark circle represents an Al atom
and the white circle a Na atom.! ~b! The ground-state geometries o
Nan Al clusters along with Nan (n57,10) clusters.~The dark circle
represents an Al atom and the white circle a Na atom.!
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FIG. 2. ~a! The binding energy~eV! per atom for the NanAl ( n51,10) clusters shown as a function of the total number of ato
~Arrows indicate the stable clusters.! ~b! The dissociation energy~eV! for the NanAl ( n51,10) clusters as a function of the total number
atoms. The dotted curve represents dissociation with respect to a single Na atom and the continuous curve shows dissociation w
to the Na dimer.~Arrows indicate the stable clusters.! ~c! The second difference in energy~eV! for the NanAl ( n51,10) clusters shown as
a function of the total number of atoms.~Arrows indicate the stable clusters.! ~d! The HOMO-LUMO gap~eV! for the NanAl ( n51,10)
clusters shown as a function of the total number of atoms.~Arrows indicate the stable clusters.!
te
s
-

d

e
e

g

e
on

t
h

nds

t-

f an

re

a
s-

Na
this
his
dral
e

ometries (n53 onwards! is observed. According to the
spherical jellium model, the nonplanar structure is expec
when thepz orbital gets occupied. Note here that both clu
ters Na6 and Na3Al for which a planar to nonplanar transi
tion occurs are 6-electron systems. In the case of Na6 @4# the
highest occupied level is triply degenerate while for Na3Al
this level splits into singlet havingpz character which is
completely filled and two degenerate states havingpx andpy
characters. This level structure makes Na3Al nonplanar.
Thus early appearance of nonplanar structures is relate
the pz orbital of an Al 3p electron~hybridized with a Na 3s
electron! getting occupied in tetrahedral coordination.

Another feature to be noticed is that forn.5 the Al atom
gets trapped inside the Na cage and is almost at the cent
mass of the cluster. This behavior is similar to that observ
in LinAl @10,11# clusters. However, in the case of NanMg
@9# it has been observed that the Mg atom does not
trapped forn<9 @9,21#. The trapping of an impurity atom
can be understood on the basis of ionic radii of constitu
atoms and the strength of the bond between them. The i
radius of Na~1.57 Å! is largest among Mg~1.36 Å!, Al ~1.25
Å!, and Li ~1.25 Å!. From the radii values it is also clear tha
Al is more easily trapped than Mg inside the Na cage. T
d
-
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trapping is also influenced by the strength of relative bo
involved. It is seen that the Na-Mg bond~0.23 eV! @22# is
weaker than the Na-Al bond~0.82 eV! @22# due to the close
shell configuration of Mg, which makes it weakly interac
ing.

In the ground-state NaAl cluster hasC`v symmetry with
bond length between Na-Al as 5.55 a.u. As expected Na2 Al
goes into an isosceles triangle, however, the presence o
Al atom makes the Na3 Al cluster tetrahedral. Na4 Al is the
first cluster whose geometry differs significantly from a pu
Na4 cluster. Na4 forms a rhombus~planar geometry!,
whereas Na4Al is a pyramid ~nonplanar geometry!. Again
note the difference between Na5 and Na5Al clusters. Na5 is
planar withC2v symmetry and Na5Al is formed by capping
the pyramid of Na atoms by Al on the other side of N4
plane. Trapping of an Al impurity atom at the center of clu
ter is first seen for Na6Al. The Na6 cluster is the first non-
planar cluster in the case of pure Na clusters where five
atoms form a pentagon and the remaining Na atom caps
pentagon. Addition of an Al atom to this cluster changes t
structure significantly into an octahedron but this octahe
geometry in the case of Na6 has been demonstrated to b
unstable. The ground-state geometry of Na6Al shown in Fig.
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57 4525STRUCTURE AND STABILITY OF Al-DOPED SMALL . . .
1~a!~i! is similar to Li6Al. However, this geometry is differ-
ent from that of Na6Mg. We have also obtained the tw
low-lying almost degenerate structures of Na6Al shown in
Figs. 1~a!~ii ! and 1~a!~iii ! with an energy difference of 0.1 eV
compared to the ground state. One of these viz., the pent
nal bipyramidal structure shown in Fig. 1~a!~ii ! happens to
be the ground-state energy structure of Na6Mg. In Na7Al, the
Al atom prefers to occupy the central position in a penta
nal bipyramid, which is the ground-state geometry of N7.
In this case Al can be considered as an interstitial impurity
Na7. The ground state of Na8 is the dodecahedron. But in th
case of Na8Al, Al gets trapped in the archimedian antiprism
which is one of the low-lying energy structures of Na8. Thus
it seems that the Al impurity stabilizes one of the low-lyin
energy structures of Na8. The Na9Al cluster is very differ-
ent from Na9 and is seen to be obtained by capping t
Na8Al structure. Na10Al can also be considered as a case
interstitial impurity since the Al atom gets trapped at t
center of ground-state structure of Na10, which is the bi-
capped antiprism. Finally, we remark that, Li and Na be
isoelectronic, NanAl and LinAl ( n51,10) clusters have
similar ground-state geometries except forn57, which
arises due to the different geometries of Na7 and Li7.

The stability of the NanAl ( n51,10) clusters is
discussed on the basis of their energetics. We define
binding energies per atomEb@NanAl #5(2E@NanAl #
1nE@Na#1E@Al #)/(n11) and the second difference i
energy as D2E@NanAl #522E@NanAl #1E@Nan11Al #
1E@Nan21Al #. The dissociation energy with respect
single Na dissociation is given byDE@NanAl #5E@NanAl #
2(E@Nan21Al #1E@Na#) and with respect to Na dime
dissociation by DE@NanAl #5E@NanAl #2(E@Nan22Al #
1E@Na2#).

In Fig. 2~a! the binding energy per atom~in eV! is plotted
against the total number of atoms in the system. The bind
energy shows a monotonic increase with two slight peaks
Na5Al and Na7Al, which are 8 and 10 valence electro

FIG. 3. Eigenvalue spectrum for Na, Al, and NanAl ( n
51,10). ~Energies are in eV.! Unoccupied states are shown wi
dotted lines. For the highest occupied state and the lower occu
degenerate states the number on the right of a state denotes d
eracy while the number on the left denotes total occupancy.
other occupied states have occupancy 2.
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systems, respectively. It can be noted that with the Na
bond being stronger than the Na-Na bond the addition of
Al impurity is favored over the addition of a Na atom. This
also confirmed from the comparison of binding energies
clusters having the same number of total atoms, e
NaAl ~0.82 eV!— Na2 ~0.71 eV!, Na6Al ~1.56 eV!— Na7
~1.147 eV!, and Na7Al ~1.556 eV!— Na8 ~1.216 eV!.

In Fig. 2~b! the dissociation energy~in eV! has been plot-
ted against the total number of atoms in the cluster. T
dissociation energy has been calculated with respect to
dissociation channels viz., dissociation of a single Na at
~shown by a dotted line in the figure! and dissociation of a
Na dimer from the cluster~shown by a continuous line!.
Note the absence of a clear odd-even pattern as was also
in case of LinAl @10# clusters. A single Na atom dissociatio
channel shows the minima for Na5Al and Na7Al. The com-

ed
en-
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FIG. 4. ~a! Isodensity surface corresponding to the highest
cupied state for the Na5Al cluster. ~b! Isodensity surface corre
sponding to the highest occupied state for the Na7Al cluster. ~c!
Isodensity surface corresponding to the lowest unoccupied stat
the Na7Al cluster.
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TABLE I. The total number of electrons in the system (Ne), the symmetry, the minimum bond lengths~in
a.u.! obtained using CPMD as well as DBMD between Na-Al and Na-Na along with eccentricity param
~obtained using CPMD! for NanAl ( n51,10) clusters.

System Ne Symmetry Bond length~a.u.! h

CPMD DBMD

Na-Al Na-Na Na-Al Na-Na

NaAl 4 C`v 5.55 4.85 1.0000
Na2Al 5 C2v 235.57 5.87 234.81 6.51 0.2830
Na3Al a 6 C3v 235.44 6.00 334.84 6.31

5.46
Na4Al a 7 C3v 235.41 5.77 434.89 6.20 0.3430

235.22
Na5Al 8 C4v 435.13 5.97 434.88 6.11 0.1445

5.54 4.97
Na6Al 9 Oh 635.00 7.02 634.84 6.80 0.0324
Na7Al 10 D5h 235.02 6.12 234.85 5.87 0.0480

535.22 535.00
Na8Al 11 D4d 835.29 6.14 835.05 6.05 0.0815
Na9Al a 12 C3v 635.35 6.18 635.12 5.86 0.0120

235.49 335.23
5.52

Na10Al a 13 D4d 835.43 5.99 835.23 5.64 0.1010
6.05, 6.10 235.45

aJahn-Teller distorted systems.~For these systems symmetries of corresponding undistorted symmetric
tures are given.!
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parison of the dissociation energies corresponding to th
two channels clearly shows that Na6Al and Na8Al prefer
dissociation of Na since this dissociation leads to Na5Al and
Na7Al clusters, respectively, which are more stable. But
the case of Na9Al, rather than Na dissociation which resul
in the formation of Na8Al, the dissociation of Na2 is fa-
vored since it produces one of the stable clusters viz., Na7Al.

In Fig. 2~c! the second difference in energy~in eV! is
plotted against the total number of atoms in the cluster. T
figure shows peaks at Na5Al and Na7Al clusters confirming
their stability. In Fig. 2~d! the difference in the highest oc
cupied and the lowest unoccupied molecular orbital ener
~HOMO-LUMO gap in eV! are plotted against the total num
ber of atoms in the system. Note that the gap is highest
Na5Al ~8e2 system! indicating it to be the most stable an
for Na7Al although the gap is reduced it is still significa
and is of the order of 0.74 eV. The figure also shows
sudden jump at Na3Al due to the transition from planar to
nonplanar structure.

Now we will discuss the stability of 8 and 10 electro
systems on the basis of the energy level diagram show
Fig. 3 and spherical jellium model@23#. In the Fig. 3 we have
shown the energy levels for all the clusters studied alo
with Na and Al atoms. It is clear from the figure that th
lowest eigenvalue~originating from Al 3s level! is well
separated from higher-lying ones. Figure 3 clearly shows
electronic cluster shell filling for 8 electrons with a sizab
HOMO-LUMO gap. Further the isodensity surface corr
sponding to the highest occupied level@see Fig. 4~a! where
hollow spheres represent the atoms# for Na5Al shows a
marked localized character. These characteristics are sim
se

e

s

or

a

in

g

e

-

lar

to Li5Al @10#. Therefore we believe that the stability of th
cluster is influenced by the localized atomic levels and th
this 8-electron system is stable mainly because of closing
Al 3 p manifold. Further noting the eigenspectrum beyo
Na5Al, which is similar to LinAl @10# system, it may be
possible to describe the stability of clusters forn.5 using
the description of a spherical jellium model. In this mode
is assumed that the clusters are spherical and the ionic ch
is distributed homogeneously. The calculated electronic s
structure orders as 1s2, 1p6, 1d10, 2s2, 2p6, 1f 14, etc. So
when the number of valence electrons in the cluster is
enough to complete one of the electronic shells, the co
sponding cluster exhibits enhanced stability. In the case
alkali-metal clusters@24# the first-principle calculation has
confirmed this picture. However, for systems with trivale
atoms like Al this is not necessarily so. In the present cas
appears that the 1d and 2s levels are reversed (2s has lower
energy than 1d). This feature is also confirmed from th
eigenspectrum~see Fig. 3! and the isodensity surface corre
sponding to the highest occupied level shown in Fig. 4~b!
~where hollow spheres represent the atoms! and the lowest
unoccupied level shown in Fig. 4~c! ~where hollow spheres
represent the atoms! for a Na7Al cluster. The charge density
in Fig. 4~b! shows a dominant s character while Fig. 4~c!
shows a dominantd(x22y2) character. It is also seen tha
there is no significant degree of 2s-1d mixing. This may be
contrasted with a Li7Al @10# cluster, which is not stable du
to the significant hybridization betweens andd states. Thus
the closing of a 2s shell makes the Na7Al ~10e2) cluster
stable.



d

pa

,
te
in
b
le

ta

an
the

l
s it
es.

on

om
ol-
l

our
ns.

57 4527STRUCTURE AND STABILITY OF Al-DOPED SMALL . . .
Different parameters viz. total number of electrons (Ne),
symmetry, distances between Al and Na atoms, shortest
tance between Na-Na~for CPMD as well as DBMD!, and
eccentricity are summarized in Table I. The eccentricity
rameterh is defined ash512I min /Iav, where I min is the
minimum value of the moment of inertia andI av is the aver-
age value of the moment of inertia. Ifh is small, it indicates
the cluster to be spherically symmetric. In general,h de-
creases as the number of atoms in the cluster increase
scribing the isotropic distribution of atoms around the cen
It is gratifying to note that DBMD bond lengths are with
10% of CPMD. The comparison of Na-Al bond lengths o
tained using CPMD and DBMD clearly shows Jahn-Tel
distortion for Na3Al, Na4Al, Na9Al, and Na10Al clusters.

IV. CONCLUSIONS

In the present work, we have obtained the ground-s
geometries of NanAl ( n51,10) clusters usingab initio mo-
lecular dynamics method and compared them with LinAl
t
ao
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k,

.

ys
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-
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te

and NanMg clusters wherever possible. Our results show
early appearance of three-dimensional structures and
trapping of Al impurity inside the cage of Na atoms forn
>6 similar to the trend observed in case of LinAl clusters
but different from NanMg clusters. In some cases the A
atom acts as an interstitial impurity and in some case
stabilizes one of the corresponding low-lying geometri
The stability analysis predicts Na5Al and Na7Al to be the
stable clusters. The HOMO-LUMO gap and dissociati
channels corresponding to dissociation of Na and Na2 dis-
sociation confirm the stability of these clusters.
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