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Topological study of charge densities of impurity doped small Li clusters
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A topological analysis of charge densities in,Mig and Li,Be clusters fom=1—-6 is presented. |,Be
clusters show a stronger bonding of the Li atoms with Be, as comparegNyldlusters. The topology of the
density shows that direct bonds between Li and impurity atoms have some closed-shell nature. Li-Li bonds are
observed for clusters<4 in Li,Mg series, while fom=5, the Li atoms form bonds only with the impurity
atom. The bonds in some of the clusters seem to be strained. In contrast to Mg, the direct bonding of Be atom
with the host indicates the tendency of Be to become trapped.
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[. INTRODUCTION present work investigates the bonding characteristics of
small Li, clusters forn=1-6, doped with Mg and Be on
The field of cluster physics has gained immense importhe basis of charge-density topology. Such a topological
tance over the last decade due to the potential of designingtudy of pure Li clusters was performed by several groups
nanomaterials with predecided characterisficg]. Clusters [8—10]. These studies showed that in, ldlusters the density
often show properties which are much different from the@ccumulates between the nuclei, and this piled up density
bulk. The evolution of the properties with size as the clusteica@n be termed as a topological pseudoatom which acts as
grows has been the focus of attention. Apart from homoglue binding the Li atoms. The presence of such maxima was
atomic clusters, impurity-doped or mixed clusters have als@s0 noted in the case of other metals — in Na clusters,
been studied extensively in recent years. The impurity dopthetallic Be, etc[9,11]. It was speculated whether the pres-
ing changes the nature of the bonds in the host clufgds €nce (_)f such pseudoatoms S|gn|f|e_s a trend toward forming a
and hence their properties. It was observed that doping witA?€tallic bond. Although such maxima are known to be sen-
an impurity may even result in new magic numbers. ThereSitive to thg choice of bas!§ set and electron-electron corre-
fore, it is important to investigate how an impurity affects thelation[10], in the case of Li it was found that such pseudoa-
bonding between the host atoms. toms p_ersist even With,the inclusion of electron-electron
In th|s paper we present a Systematic Study Of the t0p0|corr-e|at|0n. Re-cently Pendat a|[12] showed that the for- )
ogy of charge density in small Li clusters doped with diva-mation of maxima can be explained by promolecular densi-
lent impurity atoms — Mg and Be. The ground-state geom-ies. The present work analyzes the bonding of impurity-
etries and electronic structure properties of these systenfiped Lj clusters on the basis of critical points of charge
were studied by several group$,5]. Bulk LiMg, with dif-  density and their properties.
ferent concentrations of the components, has been exten- [N Sec. Il, we give a brief description of a few concepts
Sive|y studied due to its techn0|ogica| importarﬁé& Itis a involved in the “atoms in molecules” studies which are uti-
lightweight material widely used in the aircraft industry. lized in the present work. Results and a discussion are pre-
However, such an extensive study of this material in clustepented in Sec. IIl.
form has not been performed so far. Earlier studies of
ground-state geometries and the stability of Mg- and Be- II. THEORY AND COMPUTATIONAL DETAILS
doped Li clusters showed that these two isoelectronic impu- . . o
rities affect the host systems differently, resulting in different A topological analysis of the charge density involves
geometries for the same host cluster. Conventional analysddentifying the critical points where the gradient of density
of such clusters were carried out on the basis of energeticd,p(r) vanished7]. The critical points can be of different
the energy gap between the highest occupied molecular otypes depending on the eigenvalues,f=1 and 3 of the
bital and lowest unoccupied molecular orbital, and chargeHessian at these points. The points of interasim) are
density contours. those withn=3 andm= -3, —1, 1, and 3, whera is the
It has been established that the topology of the chargeank of the Hessiafnumber of nonzero eigenvalyesndm
density and its Laplacian can vyield clear insight into theis the index defined as the sum of the signs of the eigenval-
bonding mechanism in moleculds]. First proposed by ues. The point3,—3) identifies a maximum in the charge
Bader, this method has been widely used in quantumeensity which occurs naturally at nuclear sites. The maxima
chemical studies of molecules, and to some limited extent invhich occur at positions other than the nuclear sites are
clusters. The method gives information about the charge deriermed nonnuclear maxima. Bond critical poifBCP’s) re-
sity in the valence region where bonding takes place. Théer to the points(3,—1) which occur between two bonding
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FIG. 1. Ground-state and low-
lying geometries of LjMg clus-
LisMg (P) ters. (P) denotes the planar struc-
tures.

nuclei. The ring critical poin{RCP, denoted by(3,1), oc-

curs at the center of the ring formed by BCP’s. At the cage 2 (—1)™=1,

critical point all the eigenvalues are positive, and these P

points occur between two rings. In a molecule or cluster, the

number of critical points must satisfy the Poincatepf re-  where the sum is over the critical poirgandm is its index.
lationship A useful method for the visualization of the topology of

Be
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FIG. 2. Ground-state and low-
lying geometries of LiBe clus-
ters. (P) denotes the planar struc-
tures.

LisBe LigBe
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TABLE I. Table showing the values @f, V?p, and|\|/\3, and
the ellipticity of density at the BCP’s. All values are in a.u.

TABLE II. Table showing the values g, V2p, and |\ |/\3,
and the ellipticity at the BCP’s in LA (A=Mg and Bg. All
values are in a.u.

System Pb V2py IN1|/Ng Ellipticity
5 o
LiMg 0.0091  0.0076  0.2564 0.0001 System  BCP Po Voo Palihs  Ellipticity
LiBe 0.0155 0.0327 0.2054 0.0001 Li, Li-NNM  0.0113 0.0061 0.2788 0.0
Li,Mg Li-NNM  0.0129 0.0029 0.3993 0.1193
Mg-NNM  0.0074 —0.0003 0.6300 0.3658
the density is via its gradient vector maps. Each nucleus isLi,Be Li-NNM  0.0130 0.0036 0.4238  0.5345
surrounded by a set of gradient vectors which terminate on Be-NNM 0.0129 —0.0054 1.5944  0.2215

the attractor or the maxima at the nuclei positions. This set of
gradient vectors constitutes what is known as an atomic ba-
sin. Each nuclei has a corresponding basin, and each basin is
separated by an interatomic surface. This is a zero-flux sur-

face, since no trajectories of gradient vectors cross t.his SUIi_'inBe clusters are presented in Figs. 1 and 2 for the sake of
,f(élie' ”The mlaxm|1a tggttevtvher, tW'thb thz'.r basn:, _dtiﬂng ancompleteness. The planar low-lying structures of a few se-
‘.";O.m Itn molecules. Ie een two I.o'?(. mgtrr]]uc ell"h' € JeN"acted clusters which are studied are also shown. The ener-
sity 'S” ada rrgaX|(rjnumtaBoF?g 1e_lhcurvg Itn Ing fem.b Ids Cu:\r/]egetics of the ground-state and low-lying geometries of these
is called a bond patiBP). The existence of a bond pa clusters, obtained bgb initio molecular dynamics employ-

between two nuclei is a criteria to identify a bond between, g a simulated annealing technique, are described in Ref.

. . . n
thethm, €., tvvtc_> nut(ﬂel for_rF;]a g%nlg only wherp] there |bs a(;aon%él]_ A comparison of the geometries with those reported in
path connecting them. The occurs where a bond patg o [4] shows that the order of the isomers of,Miyg,

intersects the interatomic surface separating the two atomsl._i2Be Li;Mg, Li,Be, and LiBe are reversed within the
H e H - ) l 4 )
b Tc:\e \:jaluigof gﬁnsny lat bond <I:r|t|cal po:jrybt{)tweldstthe GGA. In the figures the Li atoms are numbered to facilitate a
onb orde£ ]t.h us a a;rg?r va ute_tqu I'rc]j 'C? es ati rotn- direct relation between the atoms shown in figures and de-
ger bond. Another Important guantity In 1den |f2y|ng € YP€ scribed in the tables. The various properties of density at the
of bond is the value of the Laplacian of densifypy) atthe  gcp:g of clusters of both series from= 1 to 6 are presented

BCP. It can be shown that, locally, in Tables I-VI, respectively. In the tables, bonds in a given
cluster with similar characteristics are grouped together. The
gradient vectors and contours of density in,Mg, for n
=1-5, are shown in Figs. 3, 5, 7, 9, and 11, respectively.
whereG(F) is the kinetic-energy density an‘d(F) is the The _contours of the Laplacian of the_density of LiBe and_the
potential energy14]. A negative value of the Laplacian sig- dradient vector paths in 4Be and LiBe are presented in
nifies a dominant contribution of the potential energy, and195- 4, 8, and 10, respectively. In the gradient vector maps
hence identifies the interaction to be of a shared nature. A& bond paths, and Interatomic surfaces are shown by dark
positive value, on the other hand, shows the interaction to b7€s- The BCP’s and RCP’s are shown as dark squares and
of the opposite kind—typical of ionic, van der Waal, or hy- tnangle_s, respectively. For nonplanar clusters, the plots are
drogen bond§15]. The eigenvaluea; of the Hessian show Shown in selected planes.

the local curvatures of the density, and they are ordered as | € critical points of density and their properties in LiMg
N1<\,<\s. The value of |\,|/\s<1 is indicative of and LiBe are summarized in Table |. Since both systems

closed-shell interactions. show a similar density gradient vector map, we present only
The present calculations use the ground-state geometridd€ oneé for LiMg in Fig. 3. The figure shows one bond criti-

IIl. RESULTS AND DISCUSSION

The lowest-energy state geometries of thgMg and

V2p(r)=2G(r)+V(r),

of the Li,Mg and LiBe clusters obtained by thab initio cal point on the interatomic surface separating the two at-

molecular-dynamics method, together with the simulated a
nealing technique, as the initial geometrjd$ These struc-
tures were further relaxed using tleussiAN9g package
[16] within the density-functional realm. An all-electron
6-31G* basis set was used, and the calculations were carri
out within the three-parameter hybrid generalized gradien

n_

€

oms. From Table |, it is clear that the LiBe bond is stronger

than the LiMg bond. In both systems, the valuegof|/\;

TABLE IlI. Table showing the values g, VZp, and|\|/\3,
and the ellipticity of the density at the bond critical points in Li
? d LiBe. All values are in a.u.

approximation(GGA) due to Beckeet al. (B3LYP) [17].

2 o
This approach is based on the adiabatic connection methors*,yStem BCPAB) Po Vi Palfhs  Ellipticity

and is currently the most powerful density-functional scheme.isMg  Li; -NNM 0.0111  0.0067 0.3375  0.4994
that provides results close to those obtained by most refined Li;-NNM  0.0130  0.0032 0.4540  0.8308
post Hartree-Fock method48]. The use of the GGA per- Mg-NNM  0.0089 —0.0007 0.8385  1.3006
mits us to incorporate the nonlocal effects of the gradient Mg-Li;, 0.0094  0.0136 0.2424  0.9056
correction to the exchange-correlation potential into the electi,Be LipyBe  0.0186  0.0372 0.2003  0.0363
tronic density, and hence its topology. The resulting elec- Li,-Be 0.0124 0.0358 0.1528 1.9538

tronic density was analyzed using thierPHY [19] package.
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TABLE IV. Table showing the values gf, V?p, and|\|/\3, and the ellipticity of the density at the bond

critical points in LyMg and Li,Be. The same for planar structures denotedPyare also presented. All
values are in a.u.

System BCP A-B) Po V2py, [Nq|/Ng Ellipticity
Li ;Mg NNM-NNM, 0.0115 —0.0023 1.3934 1.0087
Li;-NNM , 0.0117 0.0082 0.2653 0.8952
Li,-NNM; 0.0127 0.0053 0.3383 0.6754
Lis-NNM, 0.0127 0.0053 0.3383 0.6732
Li,-NNM, , 0.0117 0.0082 0.2639 0.8643

Mg-NNM, , 0.0129 —0.0041 2.0424 0.4448
Li,Mg(P) Li;_4-Mg 0.0157 0.0182 0.2780 0.7804
Li,Be Li; »Be 0.0177 0.0335 0.2211 0.3459
Lis-Be 0.0145 0.0398 0.1307 1.1841
Li,-Be 0.0121 0.0111 0.2014 5.0320
Li ,Be(P) Li, ~Be 0.0227 0.0501 0.2175 0.3503
Lis-Be 0.0193 0.0597 0.1328 0.9954
Li,-Be 0.0188 0.0433 0.1915 1.3915

and V2p,, show the bond to have a closed-shell nature. Theating the Li atoms from the maximum at the middle. The
integration of the charge density in each atomic basin ilNNM, along with its basin, constitutes a pseudoatom. How-
LiMg yields electronic charges of 2.6908 for Li and 12.3092ever, it may be mentioned here that the appearance of the
for Mg. Similarly, in LiBe, the Li basin has an electronic pseudoatom in Li is attributed to the rather large bond length
charge 2.4892, while Be has 4.5098. The eletronegativity obf Li,; decreasing the separation between the Li atoms re-
the Be atom is 1.5, while that of Mg is 1.2. This fact is sults in the disappearance of the pseudoat®mThe bond
reflected in the values of the electronic charge in the Be andritical points of L, Li,Mg, and Li,Be, along with their
the Mg basins. The closed-shell nature of the interaction iproperties, are presented in Table Il. The binding of the im-
clearly visible from the contours of the Laplacian of density purity atom with the pseudoatom can be interpreted as a
in LiBe (Fig. 4), with the contours bunching around each weak binding with the host cluster. From Table Il it can be
atom. seen that Be has a higher bond order and a lower bond length
The next clusters in the series,Mg and Li,Be, are tri-  than Mg. This can again be attributed to the higher electrone-
angular in their ground states. These structures are similar tgativity of the Be atom.
the low-lying structures found in the earlier wof#] with The structures of the lowest-energy state ofMg and
the local density approximatioii.DA). Both clusters show a Li;Be are planar, with tetragonal shag€gys. 7 and 8 The
non-nuclear maximurtNNM) of density between the two Li  structure of LiMg, reported in Ref[4], is slightly elongated
atoms(Fig. 5. The bond paths show the three nuclei to bein the present calculations. In 4,ian NNM occurs at the
connected to these NNM's rather than to each otheiBé&i center of the triangle formed by the three Li atoms. The pure
also shows a similar map, with the maxima slightly pulledLi clusters also show a similar kind of bonding, where the Li
toward the Be atontnot presented The appearance of the atoms favor a triangular formation with one maxima at the
NNM'’s in these clusters can be understood from the bondingenter. The Mg atom in this cluster is bound to the nearest
in Li,, where the charge density shows a maximum betweetwo Li atoms, as well as to the pseudoatom. The character-
the two atoms and the atoms are connected via this maxistics of the BCP’s are presented in Table Ill. The Mg-Li
mum [8]. For reference, we present the gradient vector maplirect bonds are weak, and have a closed-shell nature. The
of Li, in Fig. 6, which shows two interatomic surfaces sepa-high ellipticities of these bonds indicate a directional charge
buildup in the plane perpendicular to the BP. On the other
TABLE V. Table showing the values gf, V2p, and|X\|/\3,
and the ellipticity of the density at the bond critical points igMg TABLE VI. Table showing the values qf, V2p, and|\|/\3,
and LiBe. The superscript denotes the number of bond paths ocand the ellipticity of the density at the bond critical points igNMg
curring between the same pair of atoms. All values are in a.u.  and LiBe. The superscript denotes the number of bond paths oc-
curring between the same pair of atoms. All values are in a.u.

System BCPA-B)  pp V2p,  INq|/N3 Ellipticity

System  BCP A-B) Pb V2p,  |\q|/Ns  Ellipticity

LisMg Li;-Mg®  0.0106 0.0062 0.2376  0.4006
Li,_s-Mg 0.0116 0.0067 0.2921  5.4786 LigMg Lij,sMg® 0.0109 0.0105 0.1614  0.2398
LisMg(P)  Li;_s-Mg 0.0155 0.0185 0.2504  1.1170 Li,s¢Mg 0.0136 0.0105 0.2626  0.9633
LisBe Li;-Be  0.0156 0.0462 0.0757 1.6452 LigBe Li;-Be 0.0124 0.0305 0.0590  0.0045
Li,sBe  0.0190 0.0430 0.1862  0.2865 Li,_¢-Be  0.0171 0.0345 0.1812  0.4135
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FIG. 3. Gradient vector paths in LiMg. FIG. 4. Contours of Laplacian of density in LiBe. The negative-
valued contours are shown as solid lines, and the positive-valued

. L . . ones as dashed lines.
hand, LgBe shows a significantly different bonding. The

NNM'’s seen in L are absent here, and all three Li atoms
form direct bonds with B&Fig. 8). There is no bond formed
between the Li atoms — either direct or via NNM. The value

f the Laplacian of density at all the thr nd critical ;
of the Laplacian o _de_ sty at all the three bond critica more tightly bound to the host atoms than the Mg atom. In
points are positive, indicating some ionic character of the[his case all the Li atoms are bound to the Be atom. As seen

Li-Be bonds. We expect that the direct bond formation of Be, " . Li.Be clusters, the LiBe bond has some ionic char-

would favor a trapping of the Be in the host cluster as theacter, as is evident from the values of the Laplacian at the

cluster size grows. Indeed, this is borne out by earlier studieécp,S (Table IV). One of the Li-Be bonds shows a high
[4] of these clusters, where Mg occupies a surface position i e of ellipticity (~5), which indicates that this bond is
the cluster while Be is trapped. _ _ somewhat straine€Fig. 10. To check the stabilities of these
The trend seen fon=3 continues in clusters with=4.  ¢|ysters, we have also repeated calculations for the planar
These clusters form three-dimensional structures in thgtryctures for both LiMg and Li,Be. The planar structure of
ground state, while planar structures are higher in energy.j,Mg was reported to be a low-lying structure in thb
The order of isomers of LBe seen within the LDA4] is
reversed within the GGA. The properties of the BCP’s for
both systems are presented in Table IV. The trend of Li
atoms to form triangles is also seen here, with the four Li
atoms forming a quintet roof structure in both,Mg and
Li,Be. Both the triangles in LMg have one NNM at the
center. It may be mentioned here that purg favors a pla-
nar tetragonal structure, with two NNM'’s at the centers of
the two triangleg8]. The gradient vector map shown in Fig.
9 and the value oW?p, (Table IV) show that the NNM’s
form weak shared bond between them. This feature is also
seen in the pure Licluster[8]. Two RCP’s occur on both
sides of the BCP between NNM at distances 0.57 a.u. This
feature suggests an unstable structure, since it takes a small
amount of energy for them to coalesce, and then the structure
may collapse. The Mg atom is connected to both the non-
nuclear maxima. One more ring critical point occurs in this
structure between the Mg atom and the NNFg. 9), caus-
ing the outward bend of the bond paths. Although the Mg-
NNM bond shows a closed-shell character in ajjNig clus-
ters studied so far, we do not attach much significance to a
bond between a real atom and a pseudoatom. FIG. 5. Gradient vector paths in JMg.

In Li,Be, the NNM’s are absent, and the formation of
Li-Li bonds is also missing. The Li-Be distance is signifi-
cantly smaller in this cluster, implying that the Be atom is

063202-5



TUNNA BARUAH, D. G. KANHERE, AND RAJENDRA R. ZOPE PHYSICAL REVIEW £63 063202

=% SSSNNRY
SR
SR,

FIG. 6. Gradient vector paths in Li FIG. 8. Gradient vector paths in {Be.

initio molecular-dynamics calculation with a simulated an- stems the Li atoms form a ovramid. while the impurit
nealing technique, while the lowest-energy structure ofY Py ' purity

Li,Be was found to be the planar of#. Since these struc- atom is capped to the base. The Be atom lies nearer to this

tures are significantly different from the present Iowest-base than Mg. The Li atoms bind only to the Be atom similar
9 y b to the LiyBe cluster. The bonds with the nearest Li atoms are

energy structures, we decided to contrast the bondings b%ironger than those with an apical off@ble V). The bonds

tween them. The characteristics of the BCP's of the plana ith the four base atoms show similar characteristics. No

structures are also included in Tab!e IV.' Itis apparent_tha{jNM is formed in this cluster either. The Laplacian at all
planar structures are more stable with direct bonds of hlghefrive BCP’s is positive, indicating closed-shell-type bonds.

order in both systems. Another point to be noted is that bot S . i
impurities form bonds with some ionic character. The NNMIITE b(())::q[heelIftt%c;tryhljn?jlsimsgmsﬂl(’);ggaggghqgcgniisb(:ﬁfg:fuc

are missing in the planar structures. However, the ellipticity t type of topology than the other Mg clusters. The non
n . -

values show that bonds are also somewhat strained in thegg . .
structures nuclear maxima are not observed, and all the Li atoms are

directly connected only to the Mg atom. However, the BCP’s

Clusters withn=5 in both series show some similarity in between Mg and base Li atoms do show a high value of
the lowest-energy state structures of the Li cage. In both

FIG. 7. Gradient vector paths in JMg. FIG. 9. Gradient vector paths in JMg.
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FIG. 10. Gradient vector paths in Be. FIG. 11. Gradient vector paths indMg in the plane of Mg and
the apical Li atom.

ellipticity ~5, suggesting a large strain on the bdfidble for n<4, the Li atoms tend to form a triangular face, with

V). The two long curvaceous bond paths connecting the api- | ;
. . . . - tth ter, the Mg f
cal Li atom with the Mg atom are shown in Fig. 11. The one non-nuclear maximum at the center, and the Mg forms a

BP’ f the ri itical point at th N fWeak bond with the cluster. The nature of binding in the host
S curve away from the fing critical poin a, € Center ol o ster is only slightly affected by the presence of Mg. While

the cluster. The Laplacians of density at BCP’s suggest SOM@ . i atoms do form a bond with the NNM's. there is no

ionic character to all the Li-Mg bonds. We contrast the bonda—iirect Li-Li bond present. In case of |Be, the Ni\IM’s shift

Isr;?ucotLrg]ait%rﬁ?gnhdersfrgzrg)llus',lzﬁirs \:)VII;TIa? sﬁ):ﬁgg;rep\?vr;??:unn oward the Be due to its high eI_ectronega_tlwty. In_ thg_Bﬂ
to be a low-lying structure in an earlier calculation with a I_usters, except fon=2, there 'S No Li-Li bqnd n e|ther_

X : . . .. .direct or via non-nuclear maxima. Interestingly, there is
simulated annealing technique. In this case, the Mg sits e similarity between Mg and Li,Be forn=5 and 6, in
the middle, and all the Li atoms are connected to it. The '

bond orders are higher than in the other structure, the bonc{hat both Mg and Be forms direct bonds with Li atoms, and

showing some ionic character. All the bonds have almos Re interaction is of closed-shell nature. There is no NNM

howing o ‘ Lo resent in these clusters. Another point to be noted is that
similar characteristics. However, the ellipticities of the bonds’,. . . S
- . direct bonds in both series show some ionic character.
indicate that they are strained.

The ground-state structures of Mg and LiBe show It emerges from this analysis that the direct bonds seen

more stable bonding than the others. It may be mentioneB.etWeen Li and Be are much stronger than the indirect ones

here that a reversal of order of the isomers is observed i?w“a NNM observed in certain | Mg clusters. In larger clus-

LigBe with the GGA. The properties of the BCP’s in these ; , , , , , , ,
two structures are presented in Table VI. While all the Li B o
atoms are connected only to the impurity atom in both cases T * ]
the bonds in LiMg connecting Mg with the nearest Li atoms 08
show more curvature. Two bond paths connect each of thes ,|
atoms to Mg. These bond paths deviate around a ring critica. .
point. The bonds in this case can be classified into twos *°[ .
groups, as presented in Table VI. The structural symmetry is§ osf
also reflected in the two groups of bonds. The bonds ing
LigBe are stronger than those ingMg. Also in this case, the
bonds with the atoms at the base of the pentagon are identi
cal. The interaction is seen to be of closed-shell nature in oz}
both systems. NNM are absent in these clusters.

In conclusion, the bonding mechanism in smal},Ng
and Li,Be are different, although the structures of these 9, . 2 s 7 s P 7
small clusters are somewhat similar. While both impurities No.of atoms
are divalent, Be has a higher eletronegativity than Mg, and FIG. 12. Binding energies per atom of ;Mg and Li,Be
therefore the Li-Be bond has some ionic character. Mg, clusters.

ing energy (ev,
+

04

Bi
+X

0.3 |

01 f R
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