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Density-functional study of structural and electronic properties
of Na,Li and Li ,Na (1=n=12) clusters
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Equilibrium geometries and electronic-structure properties gfLNand Li,Na (hn=1-12) 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 seriegLof Na
and Li,Na clusters. Polarizabilities are calculated by a finite field method. Our calculations demonstrate that Li
impurity reduces polarizabilities of Nalusters while the doping of Na in l.iclusters increases the polariz-
abilities.
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[. INTRODUCTION is one of the essential electronic properties of clusters that
can be directly measured in experiments. It is known to be
The physics and chemistry of alkali-metal clusters hassensitive to the charge density distribution and the degree of
been the subject of intensive research, especially during th@elocalization of the valence electrons. Despite a large num-
last decade. Perhaps the most well-studied systems are ther of works devoted to alkali-metal clusters, the experimen-
clusters of simple metals such as Na, Li, Al, and Mg. Most oftal measurements of polarizabilities are available on!y fo_r Li,
the reported work has been carried out on homogeneodya: and K cluster§19—24. The experimental polarizabil-
clusterg 1—8]. Different quantum computational models, in- ities for the dimer, trimer, and tetramers of NaLi clusters
cluding density-functional formalism, have been employed’@ve been reported by Antoiret al. [25]. We focus on the
to probe their electronic structure, the later ones usually iffvolution of static polarizabilities for both series of Ma
conjunction with molecular dynamics. One of the interestingand LhNa cIu_sters as a_functlon of pluster size and compare
guestions pertains to the properties of impurity-induced deJEhe results with the available experimental data.
fects. The structures and electronic properties of clusters
doped with a single impurity have been the subject of several Il. COMPUTATIONAL DETAILS
recent theoretical studies. These studies include density- A our simulations were carried out usir initio Born-

functional calculations on the equilibrium geometries, enerpppenheimer molecular-dynamics. Towards this end, we
getics, and stability of lBe [9], Li,Mg [9], LisAl [10],  have used an efficient scheme based on damped second-order
NajLi [11], Ng;Mg [12-14, Na,Al [15], AlLi [16], and  equation of motion and the integration scheme proposed by
Al Na[17,18. The calculations reveal that impurities with Payneet al. [26] This has permitted us to use a fairly mod-
smaller ionic radii and a strong binding with the host becomeerate time step=100 a.u. Cluster geometries were obtained
trapped in the cluster. Impurities often lead to an early apby starting with unbiased configuration which then was
pearance of three-dimensior{@D) geometries as compared heated up to 600—800 K and slowly cooled down to zero
to the host clusters. It has also been observed that divaletémperature. We used norm conserving nonlocal pseudopo-
impurities, such as Be and Mg could induce different geom+ential of Bachelet, Hamann, and Schluf@7] with the p
etries and growth paths in a monovalent Li ht component taken as local and the von Barth-Hedin approxi-
In the present work, we carry out a systematic investigamation for the exchange-correlation potenf28]. All calcu-
tion of Na,Li and Li,Na (n=1-12) clusters. In both cases, a lations were carried out within a periodic cell with a side of
monovalent impurity is doped in a monovalent host. Our40 a.u. The energy cutoff in our calculations was set at 11
calculations are performed by standad initio molecular  rydberg. In all cases, the stability of the ground-state con-
dynamics within the framework of density-functional theory figuration was tested by reheating the cluster and allowing it
(DFT) using the simulated annealing strategy. to span in the configuration space, and then cooling it to get
In addition, we calculate the static polarizability for both the lowest-energy configuration. The final structures were
series of NgLi and Li,Na clusters. The static polarizability obtained by the steepest-descent method starting from suit-
able configuration during the simulated annealing run. Many
of the low-energy structures were verified by interchanging
*Email address: mdd,kanhere@physics.unipune.ernet.in the positions of Li and Na atoms and repeating the annealing
"Email address: vasiliev,rmartin@uiuc.edu procedure. The structures obtained from the above procedure
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Nay41 clusters Na,Li clusters (4<n<8) Napy1 clusters Na,Li clusters 9<n<12)

FIG. 1. Ground-state geometries of Na clusters(column 1. The structures on the right side show the lowest-energy structures
(columns 2 and some of the low-energy isomdlumns 3 for Na,Li clusters. Lithium atoms are represented by the dark circles.

were further refined by using a real-space technifR@. In Eq. (1), E(F) is the total energy anf; is the electric field
The real-space calculations were performed using a higheapplied along théth axis. The average polarizability is cal-
order finite difference methofB0]. In our calculations, we culated as the trace of the polarizability tensa,,

used a grid spacing d¢f=0.4 a.u. The grid was set up inside

a spherical boundary with a radius of 15 a.u. The exchange-

correlation potential in these calculations was computed with ayx T ayyt ay,
the generalized gradient approximati68GA) of Perdew (a)= 3 : ©)
et al. [31].

Polarizabilities were calculated using a finite-field ap-

proach[23,29. To do so, the Kohn-Sham equations werépe giagonal elements of the polarizability tensor can be
solved with and without a small electric field applied to theobtained either from the dipole momen{(F) or from the

cluster of interest. The polarizability is defined by total energyE(F) calculated aF =0 andF=+ &F; using

the standard finite difference expressions for the first and
_dm(F)  9*E(F) second derivatives. Polarizability is known to be sensitive to
- T IFiIF; " @ the outer part of the electron density of a cluster. To ensure
the proper convergence of the calculated polarizabilities, we
increased the radius of the boundary sphere up to 22 a.u. and
used a grid spacing di=0.6 a.u. The value of the applied
electric field SF was chosen to be IGa.u. In all cases,
polarizabilities calculated from the total energy and from the
dipole moment coincided within 1%.

&ij }
j

wherei,j={x,y, z} and the dipole moment is given by

M(F):f p(r)rdr. )
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Linyq clusters Li,Na clusters (4<n<8) Liy,; clusters Liy,Na clusters 9<n<12)

@ (b) () (d)

FIG. 2. Ground-state geometries of,Li clusters(column 1. The structures on the right side show the lowest-energy structures
(columns 2 and some of the low-energy isomédlumn 3 for Li,_;Na clusters. Sodium atoms are represented by the dark circles.

Ill. RESULTS AND DISCUSSION cantly and the impurity becomes trapped almost near the
center of the cluster. A similar trapping of the Li atom near

the center also occurs in all larger clusters. This trapping is
accompanied by considerable distortion of the host structure.

Na,.; and Li,,; clusters are shown in Figs(d), 1(b) and . . T
Figs. 2a), 2(b). In both cases, the impurity atoms are ShownTgr?ezﬁect of distortion diminishes towards the end of the

as black spheres. We did not include the geometries of clus® _ . :

ters withn=3 in Figs. 1 and 2 because they are very similar S In the case of Nai clusters, LjNa structures show

to the geometries of Na, [1] and Li,,; [2]. Our calcula- " early appearance of 3D geometries startingnat4
(Liy,Na). The lowest-energy structure forsNa is the octa-

tions indicate that doping the planar Néost with Li ) : _
changes it into a three-dimensional Nastructure. The ad- hedron with the Na atom at one of the vertices. This structure

dition of a single Na atom to N&i generates a pentagonal is also similar to that of the kicluster. Another possible
Na ring with the Li atom taking position slightly above the low-energy structure has a planar geometry in which Li at-
plane of this pentagon and making this structure to be simila@ms form a pentagonal ring with the Na atom at the center. It
to that of Ng. Another possible low-energy structure of the is interesting to compare geometries ogMa and NaLi.
NasLi cluster is an octahedron with the Li atom at one of theBoth structures are pentagonal bipyramid, but in the case of
vertices. The pentagonal ring remains intact after the addiNagLi, the minimum of the total energy is reached when the
tion of a Na atom to NzlLi, leading to a pentagonal bipyra- Na atom is substituted from the apex position, which maxi-
mid structure where the Li impurity substitutes a Na atom aimizes the number of Na-Li bonds. In the case gfNa, the

the apex position. The ground-state structure of thgdilas-  impurity Na atom becomes a part of the pentagonal ring.
ter is an archimedian antiprism. The substitution of a NaStructures of all larger clusters are similar to those for pure
atom with Li distorts the original structure of Naignifi-  Li,, with one of the surface Li atoms replaced by Na. It

The equilibrium structures of Nai and Li,Na(n
=1-12) along with the geometries of the original host
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FIG. 3. Binding energy per atom for \Na (solid line) and FIG. 4. Polarizabilities of LiNa (solid line) and NaLi (dotted

Na,Li (dotted ling clusters with (=1—12) vs the total number of line) clusters with (=1-12) shown vs the total number of atoms.
atoms.
(~27%). This trend agrees with other reported calculations

should be noted that the energy of the Li-Li bo{@d79 eVj [23,22 and experimentf20,22 which indicate that polariz-
is slightly stronger than that of the Na-Li bori@.76 e\),  abilities for Ng, are significantly higher than that for Li
which in its turn is slightly stronger than the energy of the For example, experimental measurem¢gg find the polar-
Na-Na bond(0.71 e\j. The tendency of Na to remain on the izability 16.8 A for the Ng cluster as compared to 10.4 A
surface could, therefore, be attributed to the weaker bindindpr Lig. This difference could be explained on the basis of a
energy as well as to the larger ionic radius of (4880 a.u).  stronger bonding between Li-Li as compared to Li-Na and
as compared to that of Lil.13 a.u). Na-Na bond in the cluster. The calculated polarizabilities for

It is convenient to discuss the stability of Na& and  both NaLi and Li,Na clusters sharply decrease with increas-
Li,Na in terms of their binding energies per atom. Figure 3ing the total number of atoms up to=_8. After that, the
shows the binding energies per atom for,Naand Li,Na decline slows down considerably and shows the oscillatory

plotted against the total number of atoms in cluster. behavior with the noticeable dips mt= 10, 12, which reflect
The binding energy per atom is defined as upon the stable nature of the systems.
It is interesting to compare the polarizabilities of these
Ep[NayLi]=(—E[Na,Li]+nE[Na]+E[Li])/(n—1), clusters with that of host clusters having the same number of

(4)  atoms. Figure 5 shows the evolution of polarizabilities for

Na, .1 [23] along with calculated polarizabilities for Nal.

It is observed that doping by Li reduces polarizabilities of
. ; Na, clusters b imately 5-18%. Th larizabiliti

clusters with eight-atoms. These features are common f Gn CIUSTETS by approximarely 0 © polarizabiifies

O illati
) . . pure Na clusters show strong oscillations betweaen
both NaLi and Li,Na clusters and have been observed iN_5_6 Th o .

. =2-6. These oscillations are smoothen down upon dopin
other alkali cluster$9,13,19. b bing

As expected, the binding energies of,Na are higher
than that for NgLi. Our plot indicates a high stability for

We did not observe any significant differences between ,,
the local-density approximatioftDA) and GGA optimized \
geometries for any cluster except for,Nia, where the order i
of the isomer is reverse@n this case, LDA predicts a linear 4
structure, while GGA gives a scalene triangle as the equilib- ol x
rium geometry. While the switch from LDA to GGA does A
not seem to affect the overall shapes, GGA calculations pre
dict larger bond lengths than LDA bond lengths. For the
diatomic molecule Na-Li, LDA calculations predict the bond
length of 5.21 a.u., compared to the GGA bond length of§ 6
5.45 a.u. The latter value is much closer to the experimenta
bond length of 5.54 a.u. This result agrees with a common 4
observation that GGA corrects the overbinding tendency of

ARIZABILITY
=

LDA [13]. " . . . . . .

Figure 4 shows the average static polarizabiliigr aton 0 2 4 6 8 10 12 1
for Na,Li, Li ;Na clusters. It should be noted that the atomic Totl No. of Atoms
polarizabilities are nearly the same for (43.6 A°) and Na FIG. 5. Polarizabilities of NeLi (solid line) and Na. ; [23]

(24.6 3. In all cases, the polarizabilities of the lithium-rich (dotted ling clusters with t=1-12) shown vs the total number of
clusters are lower than that of the sodium-rich clustersatoms.
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TABLE I. Average static polarizabilities per atom of dimers, ity was lower by almost 25% compared to the original
timers, and tetramers of mixed Li-Na clustergA?). By finite field  ground-state structure. As such, it is possible that the discrep-

calculation, by DFT/PW91 method, and experimental results. ancy between theory and experiment fOEI‘{Lﬁ may be as-
sociated with the unstable structure of this cluster coupled

By finite-field  DFT/PWOL  Bxpt. Results  with the effect of finite experimental temperature.
System method(A3) (A3 (A3
Li-Na 16.65 17.7 19.5 IV. CONCLUSIONS
Li;Na 17.21 177 11.8 In this paper, we have calculated the equilibrium geom-
LisNa 14.37 154 137 etries and polarizabilities of Nai and Li,Na (n=1-12)
NapLi 18.09 19.5 20.4 clusters. Our calculations were performed usity initio
NagLi 16.99 17.8 18.9 molecular dynamics with the generalized gradient approxi-

mation for the exchange correlation potential. The resulting
geometries of N&Li show that the Li atom becomes trapped
in the Na cage for all clusters containing more than eight
atoms. At the same time, our results for,Na indicate that
X A - the Na atom prefers to be on the periphery and does not
n=8, the drop in the polarizability from Na, to NaLiis  pecome trapped. We associate this effect with a larger ionic
smaller(~3%), indicating that for large-size clusters, the ef- ., qjs of Na compared to that of Li. Static polarizabilities of
fect of impurit_y is_ less prominent and they behave similar tONaﬂLi and Li,Na were calculated using a finite-field tech-
the spherical jellium systems. N nique. For both NaLi and Li,Na clusters, the polarizabilities

In Table I, we present the calculated polarizabilities alongdecrease with increasing the total number of atoms. Up to
with the available experimental results and the earlier theo; _ g |ose shell system, the decrease is sharper, after which

retical result§[25]. The present calculati.ons are in good the decrease in polarizabilities slows down considerably and
agreement with the DFT/PW91 calculations. Our calcula-

. q h . | oy i ioh ol shows oscillatory behavior. Thus, it is seen that the effect of
tions reproduce the experimental trend or sodium-ric Cuilimpurity on polarizability is significant on small clusters
ters with the error bar of approximately 10%. Our calculate

o . s : ~-only. We find the polarizabilities of LNa clusters to be
polarizability for Li;Na agrees within 4% with the experi- |,ver than that for NgLi clusters, which could be explained

mental result. However, for LNa, the calculated value over- by a stronger bonding in Na clusters as compared to
estimate experiment by as much as 45%. Since the calculat -

polarizability of the linear structure of LiNa is even higher
than that of the triangular ground-state structure, this discrep-
ancy cannot be attributed to the wrong identification of the
ground state. In order to understand a possible cause of this We gratefully acknowledge the Indo-French Center for
discrepancy, we have run molecular-dynamics simulationshe Promotion of Advanced Resear@iiew Delh) Centre

for the Li,Na cluster aff =400 K (temperature quoted in the Franco-Indian Pour la Promotion de la Recherche Avancee.
experimental workand calculated polarizabilities of several 1.V. and R.M.M. acknowledge support for this work by the
intermediate structures. We found that the polarizability ofNational Science Foundation under Grant No. DMR 99-
Li,Na strongly depended on the cluster geometry and Li-Li76550 for the Materials Computation Center at the Univer-
and Li-Na bond lengths. For structures where the Li-Li bondsity of lllinois and Grant No. DMR 98-02373. M.D. ac-
length was reduced by approximately 15% and one of thé&nowledges the University Grants Commission, India, for

by Li atom. This smoothening is due to significant reduction
of polarizability (~18%) atn=5 which is caused by a 2D to
3D structural change upon introduction of the impurity. After
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