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Ground-state geometries and stability of impurity doped clusters: LjBe and Li,Mg (n=1-12)
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We have investigated the ground-state geometries Bd.and LyMg (n=1-12) clusters usingb initio
molecular dynamics. These divalent impurities Be and Mg induce different geometries and follow a different
growth path fom>5. Li,Mg clusters are significantly different from the host geometries whilB&iclusters
can be approximately viewed as Be occupying an interstitial site in the host. Our results indicate that Be gets
trapped inside the Li cage, while Mg remains on the surface of the cluster. Mg-induced geometries become
three-dimensional earlier at=4 as compared to the Be system. In spite of a distinct arrangement of atoms in
both cases the character of the wave functions indthenifold is remarkably similar. In both cases an eight
valence electron system has been found to be the most stable, in conformity with the spherical jellium model.

PACS numbes): 36.40.Qv, 36.40.Mr, 61.46.w, 31.15.Ar

I. INTRODUCTION investigated the electronic structure and stability of, ais-
ters with Al and Mg as impurities. They showed that Al gets
The ground-state geometries, energetics, stability, anttapped ah=6 while Mg gets trapped at=11. There is an
other such properties of clusters are the subject of intensivearly appearance of a three-dimensional structure as com-
investigation[1]. Apart from serving as a prototype for un- pared to the host system. In all the above cases there is a
derstanding the nanosized and cluster-assembled materiateversal of the level order as compared to SJM, viz., the
clusters exhibit many interesting properties that are neithepattern evolves assllp,2s,1d. Some electronic structure
atomiclike nor extended solidlike. One of the interesting ascalculations have also been reported onMg [8], and
pects of the study is the size dependence of geometries, eNg,Mg [9,10] clusters. These few reports already indicate
ergetics, and stability. Such studies have already revealeghat impurity-induced geometries are dependent on ionic ra-
novel properties like magic clusters. Although the gross feadii, valency of the impurity, and the nature of the impurity-
tures related to their stability can be understood from thehost bonding. Therefore, we have carried out a systematic
spherical jellium mode{SJM) [2,3], more sophisticated the- investigation of the ground-state geometries and energetics
oretical methods are required to understand the details of thef divalent impurities Be and Mg in the monovalent host Li
geometry which are essential to understanding properties liketn=1-12). Calculations have been carried out by using
polarizability, photoelectron spectra, vibrational frequency.standardab initio molecular dynamics with simulated an-
and melting phenomenon, etc. After the advent of the Carnealing strategy. It may be noted that there have been earlier
Parrinello (CP) and related methodsab initio density- reports on these clusters by Fantuatial. [11,17 and
functional molecular dynamid®FMD) [4] is used as a stan- pewestorf etal. [13] using the self-consistent-field—
dard tool for such investigations. configuration-interaction metho6SCF-Q but without the
Although a number of investigations have been carrietsimulated annealing method. Our ground-state geometries,
out on small homogeneous clusters, relatively few reports argspecially for the Mg systems, are found to be very different
available on heterogeneous systems. Much insight can b@an reported in their work.
gained by examining the effect of a single impurity on the  |n Sec. II, we describe in brief the computational method

geometries of pure clusters. Here, we are reporting on thand some numerical details. In Sec. Ill we present and dis-
ground state and some low-lying geometries, energetics, angliss our results.

stability of Li,Be and LjMg(n=1-12) clusters where a
divalent impurity is doped in a monovalent host. There have
been a few reports on such impurity induced clusters. Hai-
Pinget al.[5] investigated the electronic structure of a triva-  Most of the simulations have been carried out using the
lent impurity Alin Li, clusters. They have found that smaller Car-Parrinello molecular-dynamid€CPMD) method. In a
clusters show covalent bonding and charge density becomésw cases, especially for larger systems showing metallic
delocalized with the size of the system. Dhaveteal. [6,7] behavior, i.e., having a number of near-degenerate states, it
was found convenient to use Born-Oppenheimer molecular
dynamics. We have used the damped Joannopoulos method

Il. COMPUTATIONAL DETAILS
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FIG. 1. The ground state and some low-lying geometries gBe&icluster§a) n=1-6, (b) n=7-12. The dark circle represents the Be
atom and the white circle the Li atorfi) and (ii) indicate ground-state and low-lying structures of the cluster.

cage, the procedure was repeated with a different geometigonsidered to be converged when the forces on all atoms

having an impurity atom on the surface of the cluster. Inwere less than 10f a.u. The convergence of total energies

all cases, the stability of the ground state and excitedand bond lengths was checked by varying the energy cutoff

state configurations has been tested by reheating the clustend the cell volume. The above parameters were found

and allowing it to span the configuration space, and thersuitable.

cooling it to get the lowest-energy configuration. We

have used a norm-conserving nonlocal pseudopotential of Il RESULTS

Bachelet, Hamann, and Schluter with @ component ’

taken as local and the Barth-Hedin exchange-correlation In this section we present the results for the ground-state

potential. All the calculations are carried out on a periodicand some low-lying geometries, energetics, and stability for

cell of length 40 a.u. with the energy cutoff at approximatelythe series LjBe and LjMg clusters i=1-12) The ground-

11 Ry. state and some of the low-lying geometries for both the se-
During the Born-Oppenheimer dynamics, the norm ofries are shown in Figs.(4 and Xb) and Za), and Zb),

each of the states defined #Hsy;,— €;|? is maintained respectively, where the impurity atom Be/Mg is represented

at 10 7 (where¢; is an eigenvalue corresponding to stateby a black sphere. While discussing the cluster geometries in

¢; of Hamiltonian h). The ground-state geometries were the text, the symmetry of the geometry is mentioned in the
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FIG. 1. (Continued.

PHYSICAL REVIEW A 62 063202

atom at the corner of the base and not at the most symmetric
apex position. The addition of one more Li atom generates a
regular square pyramiddy,) with a Be atom at its vertex.
This is the first three-dimensional ground state in this series.
It may be noted that in the case of,l.ia three-dimensional
structure occurs at="7. This is expected from SIJM where
the appearance of a three-dimensional structure is related to
the occupancy of the, orbital. LigBe (number of electrons
Ne=8) is found to be the most stable system with the
ground-state geometry as a regular octahed@y) (A pen-
tagonal bipyramid Cs,) with an impurity atom at one of
the apex is one of the low-lying structures. From this
cluster onwards the impurity is seen to be trapped in a Li
cage. LiBe is a pentagonal bipyramidg), derived from

the low-lying structure of LjBe. The addition of one Li
atom does not retain the pentagonal ring. We obtain two
structures for LiBe. The first one is an archimedian anti-
prism (D,4q), Which is the lowest-energy structure where the
impurity atom is slightly shifted from the center of mass, and
the second one is the centered cubiz,). LigBe can be
viewed as a capped archimedian antipriddy{) accompa-
nied by distortion. This trend of capping and distortion
continues up ton=12. In addition, the tendency for the for-
mation of a pentagonal ring is also evident. The structure of
Li;,Be reorganizes to regain partial spherical symmetry
over LijpBe and Li;Be and can be viewed as a distorted
icosahedron.

Now we present the geometries of,Mg and contrast
their growth patterns with that of LBe clusters. The
ground-state geometries of both the impurity systems are
similar for n=5 except forn=4 where Mg-induced struc-
tures are reversed as compared tgBd. In this case the
ground state is tetrahedrorC4y). Interestingly the first
three-dimensional structure appears for a six-electron system
instead of a seven-electron system. This indicates that the
highest occupied molecular orb{HOMO) state, i.e., the
third state, has significant, charactersee the discussion at
the end of this sectionThe growth patterns of Mg struc-
tures fromn=6 is significantally different than |,Be. These
structures evolve by successive capping of Li on one of the
faces of the octahadra of dMg. It is also observed that
from n=8 to n=10 fourfold-coordinated ring distorts to-
wards a pentagonal ring. Further, evemat12, Mg is not
trapped inside the cage but is a part of a pentagonal ring. In
each case the geometry with trapped impurity is at a higher

parentheses. First, we will discuss the general features olenergy.

served for LjBe and compare them with host systemg Li
[15,16].

The ground state of the three-atoms systemBe) turns
out to be linear even though 4.is a triangle. The isosceles
triangle (C,y) is one of the low-lying structures at slightly
higher energy. The ground state ofBe is a planar kite like
(C,y) geometry and can be viewed as a distorteddtiuc-

Thus, it can be seen that the Be atom gets trapped in the
Li cage forn>5 while the Mg atom remains on the surface
of the cluster. The trapping of an impurity atom can be un-
derstood on the basis of atomic radius of constituent atoms
and the relative strength of the bond between them. The ionic
radius of Mg(1.36 A) is larger than Li(1.25 A) while Be
(0.89 A) is substantially smaller than Li. Further, the-LtBe

ture where Be impurity substitutes one Li atom. One of thebond (0.391 eV is stronger than the Li-Mg bond (0.263
low-lying structures is a three-dimensional tetrahedroreV). This makes it harder for Mg to go inside. In other

(Csy). The lowest-energy state of \Be is a planar square

words, the cluster minimizes energy by maximizing-tLi

(Dyp), with a Be atom at the center of the square. The low-bonds(0.807 eVj.
lying structure is a three-dimensional tetrahedron with a Be A comparison of ground-state geometries with the re-
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FIG. 2. The ground state and some low-lying geometries gfigi clusters(a) n=1-8,(b) n=9-12. The dark circle represents the Mg
atom and the white circle the Li atorfi) and (ii) indicate ground-state and low-lying structures of the cluster.

ported results of Fantuceit al. [11,12 and Pewestorét al.

state. In the case of Mg our ground-state geometries are

[13] brings out some noteworthy differe_nces. We first notetotally different than reported by thepd1-13 for n>3. In
that they have used the SCF-CI technique but without theheir case Mg is seen to be trapped in g tluster which is
simulated annealing method which amounts to obtaining @ontradictory to our results. In their case both the impurity-

local minimum only. Our results for |,Be geometries are
similar to their geometries except fo=5 and 8. Fom=5
we get a three-dimensional structure while tHéit—13 ge-
ometry is planar. In our case for a8 centered cube is at
higher energy by0.01 eV} while it is their lowest-energy

induced structures are very similar. These differences are
clearly due to simulated annealing strategy used in the
present work.

The stability of these clusters can be discussed on the
basis of binding energies per atonE.), dissociation

063202-4



GROUND-STATE GEOMETRIES AND STABILITY @& . .. PHYSICAL REVIEW A 62 063202

LioMg(i)

LzmMg(u)

LillMy(i) LzuMg(u) Lileg
(b)
FIG. 2. (Continued.

energies AE), and second differences in energies’E), The binding energies per atofin eV) for Li,Be and
where Li,Mg clusters are plotted against the total number of atoms

) _ ) ) / in Fig. 3(@). The plot indicates that |,Mg is comparatively a

Eo[LisBe]=(—E[LinBe]+nE[Li]+E[Be])/(n+1), weakly bound system. The highest binding is observed at
. _ . . . N.=8. This stability is brought out by the behavior of sec-
A%E[Li,Be]= —2E[Li,Be] + E[ L Be]+E[Li,_ 1B e - . o
[LinBe] [LinBe]+EfLin, Bel+E[Lin-,Be], ond differences and dissociation curves. We show the second

AE[Li,Be]=E[Li,Be]— (E[Li,_,Be]+E[Li]), difference in energy and the dissociation energy foBeiin
Fig. 3(b) and for Li,Mg in Fig. 3(c). Both the curves show

whereE is the total energy of the system. the even-odd pattern. This also indicates that apart from
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FIG. 4. Isodensity surface corresponding to the highest occupied
state(a) for the Li,Mg cluster,(b) for the Li,Be cluster.

the rest. Aftem=3, this level shows a delocalized character
1 with a weak p hybridization. The examination of the
HOMO-LUMO (lowest unoccupied molecular orbitagjap
shows that it is maximum for an eight valence electron
1 system.
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FIG. 3. (8 The binding energy per atom for the ,Be (solid
line) and the LiMg (dotted ling clusters (=1-12) shown as a
function of the total number of atoms. The arrow indicates the most
stable system with eight valence electro(t®. The second differ-
ence in energysolid line) and the dissociation energgiotted ling
with respect to the single Li dissociation shown as a function of the
total number of atoms for the |Be clusters. The arrow indicates
the most stable system with eight valence electrérjsThe second
difference in energysolid line) and the dissociation energgotted
line) with respect to the single Li dissociation shown as a function
of the total number of atoms for the Mg clusters. The arrow
indicates the most stable system with eight valence electrons. All
energies are in eV.

eight electron system 10- and 12-electron systems are also
stable.

The energy-level diagraméot shown of both series FIG. 5. Isodensity surface corresponding to the highest
show very similar features. The lowest-energy eigenvalueccupied state(a) for the Li,Be cluster, (b) for the Li;,Mg
originating from the impurity ¢ level) is well separated from cluster.
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Finally we discuss some features of the charge density as IV. CONCLUSION

seen by an eight-examining isodensities of particular states.
We recall that Mg-induced clusters become three- In the present work, we have reported the ground-state

) . _ r ._geometries of LjBe and LyMg (n=1-12) clusters using
dimensional an=4 as compared to Be-induced ones. Th|sthe Car-Parrinello molecular-dynamic€PMD) method.

(Li;Mg) cluster has six electrons and according to S‘]MOur eometries obtained by simulated annealing strategy are
should be two-dimensional. The isodensity surfaces for the 9 y g gy

. ) . ; . Quite different than those obtained by Fantuetal.[11,12]
Eligzezta)o c;cnu dplf(g) s';aetse ggtﬂ? a?ﬁeLll‘ilBL?reaﬁezﬂovglcl)cvs and Pewestorgt al. [13]. Further, it is observed that even
thg .artici ation o'fp oF;bitaI in%olved V\?ith one ofythe Li though both the impurities are divalent, the ground-state ge-

particip z o ometries and the growth pattern for both series are different
atoms in the plane, as indicated by the nodal plane close tP

the Mg atom. This can be contrasted with the planar groun omn=>3. In the case of Mg, owing to a larger ionic radius

X . . . an Li weakly interacting Mg does not get trapped in the Li
state of LiBe where the highest OCCUp'.Ed state s dOUnycage. For both series isodensities corresponding to the lowest
degenerate and involves onby, andp, orbitals as expected

for the planar structure. Evidently, in the case of Mg, thestate show a delocalized character which is dominastly

system lowers the symmetry by lifting the Mg atom abovetype centered around the impurity.
the plane which breaks the doubly degenerate state and
brings in thep, orbital. Another remarkable feature is the
very similar character of thd complex for larger clusters.
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