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Density-functional study of structural and electronic properties
of NanLi and Li nNa „1ÏnÏ12… clusters
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Equilibrium geometries and electronic-structure properties of NanLi and LinNa (n51 – 12) clusters are
obtained usingab initio molecular-dynamics method with the generalized gradient approximation for the
exchange-correlation potential. The resulting geometries show that Li atoms become trapped inside the Na
cage, while Na prefers to be on the periphery of Li clusters. The comparison of total binding energies indicates
a high degree of stability for clusters with eight atoms. We also report polarizabilities for both series of NanLi
and LinNa clusters. Polarizabilities are calculated by a finite field method. Our calculations demonstrate that Li
impurity reduces polarizabilities of Nan clusters while the doping of Na in Lin clusters increases the polariz-
abilities.
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I. INTRODUCTION

The physics and chemistry of alkali-metal clusters h
been the subject of intensive research, especially during
last decade. Perhaps the most well-studied systems ar
clusters of simple metals such as Na, Li, Al, and Mg. Most
the reported work has been carried out on homogene
clusters@1–8#. Different quantum computational models, i
cluding density-functional formalism, have been employ
to probe their electronic structure, the later ones usually
conjunction with molecular dynamics. One of the interest
questions pertains to the properties of impurity-induced
fects. The structures and electronic properties of clus
doped with a single impurity have been the subject of sev
recent theoretical studies. These studies include den
functional calculations on the equilibrium geometries, en
getics, and stability of LinBe @9#, LinMg @9#, LinAl @10#,
NanLi @11#, NanMg @12–14#, NanAl @15#, AlnLi @16#, and
AlnNa @17,18#. The calculations reveal that impurities wit
smaller ionic radii and a strong binding with the host beco
trapped in the cluster. Impurities often lead to an early
pearance of three-dimensional~3D! geometries as compare
to the host clusters. It has also been observed that diva
impurities, such as Be and Mg could induce different geo
etries and growth paths in a monovalent Li host@9#.

In the present work, we carry out a systematic investi
tion of NanLi and LinNa (n51 – 12) clusters. In both cases,
monovalent impurity is doped in a monovalent host. O
calculations are performed by standardab initio molecular
dynamics within the framework of density-functional theo
~DFT! using the simulated annealing strategy.

In addition, we calculate the static polarizability for bo
series of NanLi and LinNa clusters. The static polarizabilit
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is one of the essential electronic properties of clusters
can be directly measured in experiments. It is known to
sensitive to the charge density distribution and the degre
delocalization of the valence electrons. Despite a large n
ber of works devoted to alkali-metal clusters, the experim
tal measurements of polarizabilities are available only for
Na, and K clusters@19–24#. The experimental polarizabil
ities for the dimer, trimer, and tetramers of NaLi cluste
have been reported by Antoineet al. @25#. We focus on the
evolution of static polarizabilities for both series of NanLi
and LinNa clusters as a function of cluster size and comp
the results with the available experimental data.

II. COMPUTATIONAL DETAILS

All our simulations were carried out usingab initio Born-
Oppenheimer molecular-dynamics. Towards this end,
have used an efficient scheme based on damped second-
equation of motion and the integration scheme proposed
Payneet al. @26# This has permitted us to use a fairly mo
erate time step'100 a.u. Cluster geometries were obtain
by starting with unbiased configuration which then w
heated up to 600–800 K and slowly cooled down to ze
temperature. We used norm conserving nonlocal pseudo
tential of Bachelet, Hamann, and Schluter@27# with the p
component taken as local and the von Barth-Hedin appr
mation for the exchange-correlation potential@28#. All calcu-
lations were carried out within a periodic cell with a side
40 a.u. The energy cutoff in our calculations was set at
rydberg. In all cases, the stability of the ground-state c
figuration was tested by reheating the cluster and allowin
to span in the configuration space, and then cooling it to
the lowest-energy configuration. The final structures w
obtained by the steepest-descent method starting from
able configuration during the simulated annealing run. Ma
of the low-energy structures were verified by interchang
the positions of Li and Na atoms and repeating the annea
procedure. The structures obtained from the above proce
©2002 The American Physical Society02-1
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FIG. 1. Ground-state geometries of Nan11 clusters~column 1!. The structures on the right side show the lowest-energy struct
~columns 2! and some of the low-energy isomers~columns 3! for NanLi clusters. Lithium atoms are represented by the dark circles.
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were further refined by using a real-space technique@29#.
The real-space calculations were performed using a hig
order finite difference method@30#. In our calculations, we
used a grid spacing ofh50.4 a.u. The grid was set up insid
a spherical boundary with a radius of 15 a.u. The exchan
correlation potential in these calculations was computed w
the generalized gradient approximation~GGA! of Perdew
et al. @31#.

Polarizabilities were calculated using a finite-field a
proach @23,29#. To do so, the Kohn-Sham equations we
solved with and without a small electric field applied to t
cluster of interest. The polarizability is defined by

a i j 5
]m i~F !

]F j
52

]2E~F !

]Fi]F j
, ~1!

wherei , j 5$x, y, z% and the dipole moment is given by

m~F !5E r~r !r dr . ~2!
03320
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In Eq. ~1!, E(F) is the total energy andFi is the electric field
applied along thei th axis. The average polarizability is ca
culated as the trace of the polarizability tensor,a i j ,

^a&5
axx1ayy1azz

3
. ~3!

The diagonal elements of the polarizability tensor can
obtained either from the dipole momentm(F) or from the
total energyE(F) calculated atF50 andF51dFi using
the standard finite difference expressions for the first a
second derivatives. Polarizability is known to be sensitive
the outer part of the electron density of a cluster. To ens
the proper convergence of the calculated polarizabilities,
increased the radius of the boundary sphere up to 22 a.u.
used a grid spacing ofh50.6 a.u. The value of the applie
electric field dF was chosen to be 1023 a.u. In all cases,
polarizabilities calculated from the total energy and from t
dipole moment coincided within 1%.
2-2
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FIG. 2. Ground-state geometries of Lin11 clusters~column 1!. The structures on the right side show the lowest-energy struct
~columns 2! and some of the low-energy isomers~column 3! for Lin21Na clusters. Sodium atoms are represented by the dark circles.
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III. RESULTS AND DISCUSSION

The equilibrium structures of NanLi and LinNa (n
51 – 12) along with the geometries of the original ho
Nan11 and Lin11 clusters are shown in Figs. 1~a!, 1~b! and
Figs. 2~a!, 2~b!. In both cases, the impurity atoms are sho
as black spheres. We did not include the geometries of c
ters withn<3 in Figs. 1 and 2 because they are very simi
to the geometries of Nan11 @1# and Lin11 @2#. Our calcula-
tions indicate that doping the planar Na5 host with Li
changes it into a three-dimensional Na4Li structure. The ad-
dition of a single Na atom to Na4Li generates a pentagona
Na ring with the Li atom taking position slightly above th
plane of this pentagon and making this structure to be sim
to that of Na6 . Another possible low-energy structure of th
Na5Li cluster is an octahedron with the Li atom at one of t
vertices. The pentagonal ring remains intact after the a
tion of a Na atom to Na5Li, leading to a pentagonal bipyra
mid structure where the Li impurity substitutes a Na atom
the apex position. The ground-state structure of the Na8 clus-
ter is an archimedian antiprism. The substitution of a
atom with Li distorts the original structure of Na8 signifi-
03320
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cantly and the impurity becomes trapped almost near
center of the cluster. A similar trapping of the Li atom ne
the center also occurs in all larger clusters. This trapping
accompanied by considerable distortion of the host struct
The effect of distortion diminishes towards the end of t
series.

As in the case of NanLi clusters, LinNa structures show
an early appearance of 3D geometries starting atn54
(Li4Na). The lowest-energy structure for Li5Na is the octa-
hedron with the Na atom at one of the vertices. This struct
is also similar to that of the Li6 cluster. Another possible
low-energy structure has a planar geometry in which Li
oms form a pentagonal ring with the Na atom at the cente
is interesting to compare geometries of Li6Na and Na6Li.
Both structures are pentagonal bipyramid, but in the cas
Na6Li, the minimum of the total energy is reached when t
Na atom is substituted from the apex position, which ma
mizes the number of Na-Li bonds. In the case of Li6Na, the
impurity Na atom becomes a part of the pentagonal ri
Structures of all larger clusters are similar to those for p
Lin with one of the surface Li atoms replaced by Na.
2-3
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should be noted that the energy of the Li-Li bond~0.79 eV!
is slightly stronger than that of the Na-Li bond~0.76 eV!,
which in its turn is slightly stronger than the energy of t
Na-Na bond~0.71 eV!. The tendency of Na to remain on th
surface could, therefore, be attributed to the weaker bind
energy as well as to the larger ionic radius of Na~1.80 a.u.!
as compared to that of Li~1.13 a.u.!.

It is convenient to discuss the stability of NanLi and
LinNa in terms of their binding energies per atom. Figure
shows the binding energies per atom for NanLi and LinNa
plotted against the total number of atoms in cluster.

The binding energy per atom is defined as

Eb@NanLi #5~2E@NanLi #1nE@Na#1E@Li # !/~n21!,
~4!

As expected, the binding energies of LinNa are higher
than that for NanLi. Our plot indicates a high stability for
clusters with eight-atoms. These features are common
both NanLi and LinNa clusters and have been observed
other alkali clusters@9,13,15#.

We did not observe any significant differences betwe
the local-density approximation~LDA ! and GGA optimized
geometries for any cluster except for Li2Na, where the order
of the isomer is reversed~in this case, LDA predicts a linea
structure, while GGA gives a scalene triangle as the equ
rium geometry!. While the switch from LDA to GGA does
not seem to affect the overall shapes, GGA calculations
dict larger bond lengths than LDA bond lengths. For t
diatomic molecule Na-Li, LDA calculations predict the bon
length of 5.21 a.u., compared to the GGA bond length
5.45 a.u. The latter value is much closer to the experime
bond length of 5.54 a.u. This result agrees with a comm
observation that GGA corrects the overbinding tendency
LDA @13#.

Figure 4 shows the average static polarizability~per atom!
for NanLi, Li nNa clusters. It should be noted that the atom
polarizabilities are nearly the same for Li~23.6 Å3! and Na
~24.6 Å3!. In all cases, the polarizabilities of the lithium-ric
clusters are lower than that of the sodium-rich clust

FIG. 3. Binding energy per atom for LinNa ~solid line! and
NanLi ~dotted line! clusters with (n51 – 12) vs the total number o
atoms.
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~;27%!. This trend agrees with other reported calculatio
@23,22# and experiments@20,22# which indicate that polariz-
abilities for Nan are significantly higher than that for Lin .
For example, experimental measurements@22# find the polar-
izability 16.8 Å3 for the Na8 cluster as compared to 10.4 Å3

for Li8 . This difference could be explained on the basis o
stronger bonding between Li-Li as compared to Li-Na a
Na-Na bond in the cluster. The calculated polarizabilities
both NanLi and LinNa clusters sharply decrease with increa
ing the total number of atoms up ton58. After that, the
decline slows down considerably and shows the oscillat
behavior with the noticeable dips atn510, 12, which reflect
upon the stable nature of the systems.

It is interesting to compare the polarizabilities of the
clusters with that of host clusters having the same numbe
atoms. Figure 5 shows the evolution of polarizabilities f
Nan11 @23# along with calculated polarizabilities for NanLi.
It is observed that doping by Li reduces polarizabilities
Nan clusters by approximately 5–18 %. The polarizabiliti
of pure Na clusters show strong oscillations betweenn
52 – 6. These oscillations are smoothen down upon dop

FIG. 4. Polarizabilities of LinNa ~solid line! and NanLi ~dotted
line! clusters with (n51 – 12) shown vs the total number of atom

FIG. 5. Polarizabilities of NanLi ~solid line! and Nan11 @23#
~dotted line! clusters with (n51 – 12) shown vs the total number o
atoms.
2-4
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DENSITY FUNCTIONAL STUDY OF STRUCTURAL AND . . . PHYSICAL REVIEW A65 033202
by Li atom. This smoothening is due to significant reducti
of polarizability ~;18%! at n55 which is caused by a 2D to
3D structural change upon introduction of the impurity. Aft
n58, the drop in the polarizability from Nan11 to NanLi is
smaller~;3%!, indicating that for large-size clusters, the e
fect of impurity is less prominent and they behave similar
the spherical jellium systems.

In Table I, we present the calculated polarizabilities alo
with the available experimental results and the earlier th
retical results@25#. The present calculations are in goo
agreement with the DFT/PW91 calculations. Our calcu
tions reproduce the experimental trend for sodium-rich cl
ters with the error bar of approximately 10%. Our calcula
polarizability for Li3Na agrees within 4% with the exper
mental result. However, for Li2Na, the calculated value ove
estimate experiment by as much as 45%. Since the calcu
polarizability of the linear structure of Li2Na is even higher
than that of the triangular ground-state structure, this disc
ancy cannot be attributed to the wrong identification of
ground state. In order to understand a possible cause of
discrepancy, we have run molecular-dynamics simulati
for the Li2Na cluster atT5400 K ~temperature quoted in th
experimental work! and calculated polarizabilities of sever
intermediate structures. We found that the polarizability
Li 2Na strongly depended on the cluster geometry and L
and Li-Na bond lengths. For structures where the Li-Li bo
length was reduced by approximately 15% and one of
Li-Na distances increased by 10%, the calculated polariza

TABLE I. Average static polarizabilities per atom of dimer
timers, and tetramers of mixed Li-Na clusters in~Å3!. By finite field
calculation, by DFT/PW91 method, and experimental results.

System
By finite-field
method~Å3!

DFT/PW91
~Å3!

Expt. Results
~Å3!

Li-Na 16.65 17.7 19.5
Li2Na 17.21 17.7 11.8
Li3Na 14.37 15.4 13.7
Na2Li 18.09 19.5 20.4
Na3Li 16.99 17.8 18.9
y

.
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ity was lower by almost 25% compared to the origin
ground-state structure. As such, it is possible that the disc
ancy between theory and experiment for Li2Na may be as-
sociated with the unstable structure of this cluster coup
with the effect of finite experimental temperature.

IV. CONCLUSIONS

In this paper, we have calculated the equilibrium geo
etries and polarizabilities of NanLi and LinNa (n51 – 12)
clusters. Our calculations were performed usingab initio
molecular dynamics with the generalized gradient appro
mation for the exchange correlation potential. The result
geometries of NanLi show that the Li atom becomes trappe
in the Na cage for all clusters containing more than ei
atoms. At the same time, our results for LinNa indicate that
the Na atom prefers to be on the periphery and does
become trapped. We associate this effect with a larger io
radius of Na compared to that of Li. Static polarizabilities
NanLi and LinNa were calculated using a finite-field tec
nique. For both NanLi and LinNa clusters, the polarizabilities
decrease with increasing the total number of atoms. Up
n58 close shell system, the decrease is sharper, after w
the decrease in polarizabilities slows down considerably
shows oscillatory behavior. Thus, it is seen that the effec
impurity on polarizability is significant on small cluster
only. We find the polarizabilities of LinNa clusters to be
lower than that for NanLi clusters, which could be explaine
by a stronger bonding in LinNa clusters as compared t
NanLi.
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