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Stability of a Sn, tetrahedral cluster in an alkali atom environment
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The stability of a Sptetrahedral cluster in an alkali atom environment is studied by calculations on a series
of A,Sn, (A=Li, Na, and K clusters, in which, starting at=4, alkali atoms are added one by one until
=10. The results show that the Stetrahedron is unstable in |Sn, clusters, opening into a gibutterfly at
n=5, and completely broken at=10. For K,Sn, clusters, however, the gtetrahedron remains robust for all
values ofn, while Na,Sny, clusters are an intermediate case in which thgt8tmahedron opens into a butterfly
atn=8. The size of the alkali atoms and the strength of the bonding between them determine whethgr the Sn
tetrahedron breaks up or not, and the uhit is found to be responsible for cutting the Sn-Sn bonds of the Sn
tetrahedron in L{Sn, clusters. The results are discussed in relation to the corresponding alkali-tin bulk alloys.
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[. INTRODUCTION ment andM represents a group-IV element. Calculations
have shown that freéd,M and A;M, clusters are particu-
There is an increasing interest in the relationship betweetarly stable!?!3 The structure of thé\,M, clusters consists
the stability of some bulk materials and the properties ofof an inner tetrahedron d¥l atoms surrounded b atoms
small gas-phase clusters that could form building blocks oforming an opposed tetrahedron. Sudh tetrahedra exist in
those bulk materials Studies of such a relationship will pro- the solid compounds of 50% Rbr Si, Ge, Shwith Na and
vide useful clues for developing cluster-assembled materialkeavier alkalis, which crystallize in a body-centered-
with expected properties. The prototypical case is a solidetragonal structuré!*In this structure, all 32 Ptor Si, Ge,
fullerite composed of g molecules: and computer simula- S atoms in the unit cell are arranged in the form of,Pb
tions that explored the synthesis of materials by the selftetrahedra, while the Na atoms occupy the space between the
assembling of doped aluminum clustérShere are, how- tetrahedra. The corresponding solids\bfwith Li, however,
ever, some binary compounds which may be viewed aslo not follow this pattern. Although calculations indicate that
naturally occurring cluster-assembled matertéis example  free Li;M, clusters are rather stable and form the sahe
of such intermetallic compounds, which was studied extentetrahedrad?'3these are not present in the equiatomi®ILi
sively in recent year$;® is the family of alkali-group IV  solid, which instead crystallizes in a CsCl structure in which
alloys, whose structures and properties also appear to be reachM atom has eight Li atoms as nearest neighbors.
lated to small gas-phase clusters. A simple model proposed by Zintl and co-workErsc-
The phase diagrams of solid alkali-tin alldYsndicate  counts for the appearance of tetrahedral units in alloys of
that, for a Li-Sn system, stable compounds concentrat&0% M with alkalis other than Li. According to this model,
around the octet composition 4/Sn, while for a Na-Sn sys- the stability ofM, tetrahedra is owed to the transfer of one
tem a number of stable compounds are found at both Na-ricblectron from each alkali atom to &hatom. TheM ~ anions
(near the octet compositiprand Sn-rich compositions. For are isoelectronic to P atoms, and so tend to form tetrahedral
the K-Sn system, the equiatomic compound is very stablarrangements like those of typical tetrahedrain®olecules.
with a melting temperature of 830 °@ompared with melt- The structural trend in the solid alloys from Li to the heavy
ing temperatures of 578 °C for the equiatomic NaSn comalkalis was explained by Geertsma and co-workttsss a
pound and 486 °C for the equiatomic LiSn compoyrehd  combined effect of the Zintl concept and the increasing size
there is only one K-rich compound ¢&n) and there are two of the alkali cations, whose role is mainly to separate the
Sn-rich compounds. A related trend was observed in soméM,)*~ anions. For equiatomic liquid alkali-tin and lead al-
properties of liquid alloy$.For example, the electrical resis- loys, the first sharp diffraction peaks in neutron-diffraction
tivity of a liquid Li-Sn alloys exhibits a high peak around experiments were interpreted as an indication of the exis-
20% Sn. For liquid K-Sn alloys the peak is shifted to 50%tence ofM, (M =Sn, Pb tetrahedra in the alloy5* How-
Sn, while liquid Na-Sn alloys comprise an intermediate casever,ab initio molecular-dynamics simulations fouim, tet-
with peaks at both 20% Sn and 50% SiThose peaks again rahedra only in liquid alloys wittK while in LiM and Nav
highlight the octet and equiatomic compositions. It is there-alloys a connected network of isolatdd atoms forms
fore tempting to speculate that features at these stoichiomnstead®®° Nevertheless, it should be noted that the conclu-
etries are related to the stability of some particular gas-phassions fromab initio molecular-dynamics simulations are re-
clusters. Plausible candidate clustersaz® corresponding stricted by the system size and simulation times. On the other
to the octet composition, and,M, corresponding to the hand, the structural features of alkali-tin and alkali-lead solid
equiatomic composition, wherA stands for an alkali ele- alloys agree with the explanations in Refs. 4 and 16, which is
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confirmed byab initio molecular-dynamics simulatiofissor ~ was applied, using the Perdew-Zunger parametriz&tioh
alkali-lead solid alloys, the stability of the Ptetrahedra was the electron gas results of Ceperley and AffeNorm-
also studied byab initio simulations of the assembling of conserving, spin-averaged scalar relativistic
these intermetallic compounds from the correspondingpseudopotentiatd with the Kleinman-Bylander separable
A,Phy, clusters® The results are also consistent with the ex-form?? were generated for Sn, Li, Na, and K. For alkalis, a
planations of Refs. 4 and 16. As the clusters are broughtonlinear core correctiGh was incorporated into the
together to form a solid, the inner Phinits proved to be exchange-correlation potential. The pseudopotentials were
remarkably robust and insensitive to the change in the alkalirst tested on the corresponding dimers and bulk metals. The
environment for the cases of Na and heavier alkalis. Thdéond lengths of the dimers and the lattice constants of the
alkali atoms merely serve as cheap sources of electrons to Imeetals were predicted within 5% of the experimental values.
transferred to the Blunits, and for separating the tetrahedra.The calculations for alkali-tin clusters were performed in a
In the case of LiPb alloys, the Li ions are too small to prop-simple cubic supercell of lattice constant 34 a.u., and a single
erly separate the Rlietrahedra, and so the CsCl structure isk point (I') was used for the sampling of the Brillouin zone.
more stable than a clustered structure. The relation betwednnergies well converged to 0.001 Hartree were obtained with
the atomic size effect and the stability of the tetrahedral coma plane-wave energy cutoff of 8 Ry. Although spin-
plexes in solid and liquid alkali-lead alloys was also ad-polarization effects were not included, calculations for
dressed in our early work Na,Sn (h=3-8) clusters show that spin-polarization does
If the sizes of the alkali atoms, or in other words, thenot significantly alter the trends in the structures, binding
separation of the tetrahedra by the alkali atoms, were thenergies, and bond lengths of these clustérs.
only factor determining the stability of the clustered struc-  Starting from the highly symmetrical,Sry cluster, alkali
ture; thus we would expect to find tetrahedra in alkali-richatoms were added one by one until the number of alkali
solid alloys because the tetrahedra would be even furtheatoms in the cluster was ten. Since the stability of thg Sn
separated. However, there seems to be no evidence of sutdtrahedron is of interest, the geometry optimizations were
features. We might also expect to find group-IV tetrahedra irstarted with initial configurations in which the alkali atoms
alkali-rich liquid alloys for the same reason, but none hasare capping faces or edges of the, Setrahedron. For the
been detected. Obviously there are other effects which couldlusters with less than ten alkali atoms, there are a number of
affect the stability of the tetrahedra in alkali-rich alloys. Herelikely locations for the added alkali atom, and all of them
we report an investigation of these effects. were used as initial configurations. In the cases with ten al-
Rather than studying the stability of the tetrahedra by perkali atoms, the prescription gives only one possibility for
forming molecular-dynamics simulations directly on alkali- alkali atoms around the $rietrahedron, with all four faces
rich AM alloys, which would be very time consuming, we and six edges of the tetrahedron capped by an alkali atom,
have performed simulations on small clusters, which, we berespectively. Since in such an atomic arrangement the Sn
lieve, can provide some important physical insight from atetrahedron may not break up just because of the high sym-
different point of view. Sn is the group-1V element we shall metry of the structure, we also considered some initial con-
focus on, but clusters of alkalis with Ge and particularly Pbfigurations other than Sntetrahedral symmetry foA;,Sn,
should be very similar to systems involving Sn. We haveclusters. All the initial structures considered were relaxed to
started from anmA,Sn, cluster, which is particularly stable, the energy minimum using damped Newtonian dynarhics,
and added? atoms to the cluster one by one. The purpose ofwvhich started with small damping and used increasing damp-
this work is to see whether the Stetrahedron breaks up as ing as the equilibrium was approached.
more alkali atoms are addedb initio plane-wave pseudo-
potential method< have been used to relax the atomic ar-
rangement and find the equilibrium structure. The calcula-
tions give the equilibrium arrangement of the four Sn atoms In Figs. 1 and 2, we show the lowest-energy structure we
as they are clad with increasing amounts of the alkali. Thdound from the initial configurations described above for
results forA=Li, Na, and K reveal a trend in the stability of each ofA,Sn, (n=5-10) clusters. Thé,Sn, clusters have
the Sn tetrahedron with the choice of alkali, which is con- the same lowest-energy structure fAr=Li, Na, and K,
sistent with Refs. 4 and 16 and the experimental trends diswhich consists of a Sntetrahedron sitting inside an opposed
played in the phase diagrams and by electrical resistivitys, tetrahedron. This symmetric structure is very stable. The
measurements. Sn-Sn bond length is about 3.03 A and the dihedral angle of
The calculational method is described briefly in Sec. Il.the Sn tetrahedron is about 70°. Starting from=5, the
The presentation of the results and the discussion of thelbwest energy structure of th&,Sn, cluster shows differ-
significance then follow, and Sec. IV gives concluding re-ences betweeA=Li and A=Na, K. For LgSry,, one bond
marks. of the Sn tetrahedron breaks, and the tetrahedron opens into
a butterfly with a dihedral angle of 97° between the two
wings and a distance of 3.84 A between the two Sn atoms
with a broken bond. In contrast, the Setrahedron remains
The calculations were performed using the computer codstable in NgSn, and K;Sny, although it is slightly distorted
developed by Scheffler and co-work€r3he local density for NagSn,. For Na;Sny,, an isomer with a structure similar to
approximation to the exchange and correlation enelies the lowest-energy structure ofsBn, (four alkali atoms cap-

Ill. RESULTS AND DISCUSSION

II. COMPUTATIONAL DETAILS
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FIG. 1. From the left to right
panels: the lowest-energy struc-
tures of LjSn,, Na,Sn, and
KnSn, (n=5-7) clusters. Afilled
sphere is an alkali atom, and an
empty sphere is a Sn atom. Atoms
are assigned numbers for identifi-
cation.

ping the faces and one atom capping an edge of the tetrahfig. 2]. The Sn tetrahedron finally opens up into a butterfly
dron) was found to be a local minimum with energy just 0.04 for NagSn,, while KgSn, has an atomic arrangement rather
eV above the ground state. Thus for 5 there is no signifi-  similar to that of NgSn, but with all the Sn-Sn bonds intact.
cant difference between Na and K clusters. 1g9t,, the |n LigSn,, three Sn atoms, $h), Sn2), and Sii3), which

Sny butterfly opens further with the dihedral angle increasedyere initially on one face of the tetrahedron, are dispersed
to 104°, and the corresponding broken-bond length irjcre_asqgith the Sn-Sn distances all above 4.1 A. In,Sa,, the Sn

to 4.18 A. On the other hand, the Stetrahedron remains in - tterfly opens further with a dihedral angle of 105° between
NagSny, and KsSny, which have similar lowest-energy struc- {he two wings and a distance of 4.38 A between the two Sn

tures.
. L atoms of the broken bond. However, the, $gtrahedron per-
. At n=7, the Sp butterfly no longer exists in Lbn,, sists in KySn, without appreciable distortion.
since two Sn-Sn bonds have been broken. The lowest-energy N , . .
In the case oh=10, we first considered an initial con-

structures of NSy and K;Sm, are now substantially differ- Jiguration containing the Sntetrahedron with all the four

ent, although both result from the relaxation of the sam]c d six ed d by alkali FoiSti thi
initial configuration. Moreover, for N&ny, there is a local faces and six ecges capped by akall atoms. FeiSl, this
initial configuration evolves into a distorted cube formed by

minimum with almost the same energy as the ground stat : ) R
(only 0.02 eV higher, where the Sptetrahedron breaks up four Sn atoms and four Li atoms, with the other six Li atoms

into a butterfly with a dihedral angle of 101° between theCaPPINg the six faces of the cube. At this stage the B

two wings and a distance of 4.12 A between the two spahedron is completely broken apart with the Sn-Sn inter-
atoms of the broken bond. It seems that7 is a transitional ~ atomic distances of 3.72 A. For N@n, and K;Sn,, the Sp
stage for NaSn, clusters, at which a substantial distortion of tétrahedron remains in a relaxed structure, which has the
the Sn tetrahedron develops. However, for®hy, no local ~same atomic arrangement as the initial configuration with
minimum has been found in which the Setrahedron opens Ssmall changes in bond lengths. This occurs presumably be-
into a butterfly. cause of the high symmetry of the starting configuration. To

In the lowest-energy structure ofdSn,, the Sn tetrahe-  see if the Sp tetrahedron is really stable with ten Na or K

dron has broken to such a degree that two Sn-Sn interatomifoms, we considered another initial configuration with four
distances have increased above 4.04%8 A for the Sfil)-  Sn atoms arranged in the form of two Sn dimers surrounded
Sn(2) distance and 4.20 A for the 8B-Sn(3) distance; cf. by alkali atoms. This alternative arrangement was motivated
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FIG. 2. From the left to right
panels: the lowest-energy struc-
tures of LjSn,, Na,Sn, and
K,Sn, (n=8-10) clusters. A
filled sphere is an alkali atom, and
an empty sphere is a Sn atom. At-
oms are assigned numbers for
identification.

by ab initio molecular-dynamics simulations on the liquid played in Figs. 1 and 2, show that the breakup of a Sn-Sn
alloy of 20% Sn with Na, which shows the existence of onlybond is accompanied by the formation of Li-Li bonds. For
isolated Sn atoms and Sn dimér$he relaxed structure still example, forn=5-9, bonding between (5) and Li(6) at-
contains two Sn dimers in a similar atomic arrangement. Fobms breaks the bond between(8nand Sii2). In addition,
Li;oSny, it is about 0.75 eV lower in energy than the otherin Li,Sn, the Li(7)-Li(9) and Li(9)-Li(6) bonds break the
isomer containing a distorted cube, and itis 1.1 eV lower inSn(1)-Sn(4) bond; in LS, and in LiySny, the Li(5)-Li(11)
energy than the other isomer for N&n,, while for K;oSry it and Li(11)-Li(7) bonds break the $h)-Sn(3) bond; and in
is about 0.1 eV higher in energy. For,¢Sn, the four Sn  LigSn,, the Li(5)-Li(12) and Li(12)-Li(8) bonds break the
atoms group together in a square with an edge of 3.02 A&n(2)-Sn(3) bond. The Li-Li bond lengths in the newly
while in NayoSn, and Li;;Sny, the distances between the two formed bonds are close to and, in some cases, up to 4%
Sn dimers are 3.77 and 4.03 A, respectively. In Fig. 2, wesmaller than the bond lengtt2.71 A) of a free Li dimer
only show the lowest-energy isomers, i.e., the isomer conebtained in a supercell calculation with the same energy cut-
taining two Sn dimers for LpSn, and NgeSny, and the iso-  off and lattice parameter. As Li atoms are added to the
mer with the Sp tetrahedron for K,Sn,. We also studied the Li,Sn,, the Li-Sn bond lengths decrease on the average,
addition of 14 Na atoms around a Setrahedron, and found which suggests that the interaction between Li and Sn atoms
that the Sp tetrahedron breaks up directly into two Sn becomes stronger. Also, for N&n, clusters withn=7-9,
dimers. Thus for Ng5n, clusters the Sntetrahedron appears the Na-Sn bond lengths decrease on the average. However,
to break up into two Sn dimers at=10. For KSn,, we  for Na,Sny clusters withn up to 7 and for all KSny, clusters,
relaxed another initial configuration similar to the first iso- the Na-Sn and K-Sn bond lengths increase as the number of
mer of Li;oSry cluster, i.e., a distorted cube formed by four Na or K atoms increases.
Sn atoms and four K atoms with the cube faces capped by In recent work on the clustering behavior in bimetallic
the other six K atoms. Upon relaxation, the four Sn atomslusters ofsp elements, Majumdeet al?® found that differ-
group together in the form of a tetrahedron with the Sn-Srences in elemental parameters such as the atomic radius,
interatomic distances of 2.99 A, while the K atoms cap allnumber of valence electrons, and the binding energies of
the faces and edges, which is the same structure shown d@imers are factors affecting the clustering behavior. Com-
Fig. 2 for K;oSny. Clearly the Sp tetrahedron is still very pared with Na and K, Li shows significant differences in
stable in the K,Sn, cluster. those elemental properties, which are summarized in Table I.
The lowest-energy structures of the,&hy, clusters, dis- We have also listed the corresponding properties of Sn. A Li
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TABLE I. Summary of the properties of Li, Na, K. and Sn. For 2.5 T T T T T T
alkalis, the solid refers to a bcc metal, and for Sn, to the diamond
structure. Dimers were calculated by the supercell method, with the
same parameters used #;Sn, clusters. The calculations for sol-
ids employed 64 points and an energy cutoff of 16 Ry.

Li Na K Sn 3 20k |
lonic radius(A)? 0.68 0.97 1.33 0.71 g
Dimer bond length(A) =
Calculated 268 3.04 379 271 E
Experimental 2.67 3.08 3.90 275 =
Bond length in solidA) g
Calculated 290 351 437 280 g Ll5¢ =
Experiment 3.02 366 452 281
Dimer hinding energyeV) 1.0 0.72 0.5 1.9 g
Cohesive energy of soliteV/atom? 1.63 1.11 0.93 3.14 %
%Reference 26. %
PReference 27. g Lok _
‘Reference 28. a5}

dreference 29.

ion is smaller than Na and K ions, and the Li atoms are
more“sticky,” having larger bonding energies. From Table |
we see that, among the three alkalis, only Li can compete
with Sn in both size and bonding strength. That Li atoms are 05— S 7 3 9 10
more sticky is also reflected in the evaporation energy of an
alkali-tin cluster, which is defined as the energy required for
removing one alkali atom from the cluster. In Fig. 3, we plot  FIG. 3. Evaporation energies for removing one alkali atom from
the evaporation energies Af,Sn, (n=5-10) clusters whose AsSh (A=Li, Na, and K, anch=5-10) clusters whose structures
structures are shown in Figs. 1 and 2. The evaporation ene®® shown in Figs. 1 and 2.
gies of Li,Sn, clusters are substantially largéay a factor of
2) than those of corresponding N&n, and K,Sn, clusters, a large and the bonding between them is so weak that they
result consistent with the earlier calculations AfPb and never have a chance to distort a,3etrahedron or, needless
A,Ph, (n=1-5) clusterg?!3 to say, to break a Sn-Sn bond. As more K atoms are added,
From the discussion in the above paragraphs, we concludéey tend to stay further away from the Setrahedron, as
that the small size of the Li atoms and the relatively strongndicated by the increase of the average K-Sn distances, in
Li-Li bond are the main factors leading to the breakup of theorder to make room for more K atoms in the surrounding
Sn, tetrahedron in LiSn, clusters. Because Li atoms are shell. The four extra electrons required for the establishment
small, a bonded Li-Li pair can squeeze into a, $etrahe-  of the (Sn,) *~ polyanion are contributed by the whole K
dron, breaking a Sn-Sn bond. As more Li atoms are addedhell around the tetrahedron. In the case of,& cluster,
more Li dimers squeeze into a Stetrahedron and break each of the four K atoms contributes one electron to the
more Sn-Sn bonds. Na atoms are larger and the Na-Na bor{&n,) *~ polyanion, and so the electrostatic interaction be-
is weaker, so a Na-Na pair cannot squeeze so easily into theveen K and Sn atoms is stronger and the K atoms are drawn
Sn, tetrahedron in a Ng@ny cluster. In fact, the effect of the closer to the Sptetrahedron.
Na dimer breaking a Sn-Sn bond in §&x, and NaSny is To further our understanding on the stability of the, Sn
less drastic than the corresponding effect of the Li dimers irtetrahedron, we plot diagrams of Kohn-ShalsS) energy
LigSn, and LikSn,. In NagSny, the dihedral angle between levels in Figs. 4—6 for the clusters shown in Figs. 1 and 2.
the plane defined by the 8, Na(5), and N46) atoms and The highest occupied molecular orbitdHOMO) of each
the plane defined by the &), Na(5), and N#&6) atoms is  cluster is marked by a right-pointing arrow, and level degen-
110°, while the corresponding dihedral angle i, is  eracies are indicated explicitly. We also plot the KS levels for
144°. In LigSny, the Li(5), Li(6), Li(11), and Li(12) atoms a pure Sp tetrahedral isomer and for single alkali and Sn
have invaded the Srtetrahedron and broken up the triangle atoms, all of which were calculated using the same method
formed by the S(l), Sn2), and Sii3) atoms, while in and parameters as féx,Sn, clusters.
NagSn,, the Na pair leading to the breakup of the Sn-Sn  The outer electronic structure of the Sn atom &5%p2.
bond is still above the Snbutterfly. Since the Na dimer The energy levels of thé\,Sn, clusters in Figs. 4—6 are
cannot squeeze into the Sretrahedron, two Sn atoms clearly separated into two groups. The deeply bound states in
cannot be separated to a distance comparable to that in titlee range from—12.5 to —7.5 eV are molecular orbitals
Li-Sn clusters. As for KSn, clusters, the K atoms are so originating predominantly from Snsblevels. Above these,
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FIG. 4. The KS energy levels of a Srietrahedron and the FIG. 5. The KS energy levels of a Srtetrahedron and the
Li,Sry (n=4-10) clusters whose structures are shown in Figs. INa,Sn, (n=4-10) clusters whose structures are shown in Figs. 1
and 2. The HOMO's are marked by right-pointing arrows, and theand 2. The HOMO's are marked by right-pointing arrows, and the
number beside an energy level represents the degeneracy. The KBmber beside an energy level represents the degeneracy. The KS
energy levels of single Li and Sn atoms are indicated on the left sidenergy levels of single Na and Sn atoms are indicated on the left
of the figure. The Fermi enerdy; and the conduction bandwidth of side of the figure. The Fermi energy; and the conduction
a Li bcc metal are shown on the right side of the figure. bandwidth of a Na bcc metal are shown on the right side of the

figure.
and separated from them by a gap larger than 3.0 eV, there isg

a band of molecular orbitals formed by Sp brbitals mixed

with the alkalis orbitals, which will be discussed in detail With a Sn, rhombus is just 0.07 eV, to be contrasted with 1.2
later. The ground-state structure of,Swith 16 valence elec- €V for the pure Spcluster. The lowest-energy structure of
trons, is a planar rhomb(8 but this cluster has a low-lying Na,Sn, clearly indicates a somewhat distorted, Setrahe-
tetrahedral isomer. As shown in Figs. 4—6, the energy leveldron with Na atoms capping two of the faces. This structure
of this tetrahedral isomer display a pattern of degeneracieis now about 0.6 eV lower in energy than the other isomer of
1:3:1:3:2 with the doubly degenerate lowest unoccupied moNa,Sn, which contains a Sprhombus with a Na atom sitting
lecular orbital(LUMO) and a large gap of 2.9 eV between on each side. The effect of adding alkali atoms is similar to
the LUMO and the next unoccupied level. Filling of this that of adding extra electrons to a neutra), Shuster:® how-
doubly degenerate LUMO, which requires four extra elec-ever, in the former case the charge transfer is facilitated by
trons, will make the tetrahedral cluster a very stable closedalkali atoms and completed for a closed shell when four al-
shell species with a substantial HOMO-LUMO gspln kali atoms are added to the well-separated sites above the
Li,Sn, this gap amounts to 2.5 eV. When alkali atoms arefour faces of the Sptetrahedron.

added to the Spunit, the key to the stability of a tetrahedral ~ When a Li atom is added to }$n, to form LisSny, this Li
structure is the complete electron transfer from the alkalatom has to sit close to one of the other Li atoms. Evidently,
atoms to Sp. Adding one alkali atom to Snobviously will  the argument given up to this point applies also to the clus-
not stabilize the Sptetrahedron. Our previous calculatidhs ters with Na or K. But now a key ingredient enters the pic-
showed that, for NaSn the lowest-energy structure is a ture, which differentiates clusters with Li from those with Na
slightly distorted Sp rhombus with the Na atom sitting or K: the binding energy of a Li dimer is substantially larger
above it. But NaSpnhas another isomer which can be viewedthan that of Na or K dimers, and its bond length shorter, as
as a distorted Sntetrahedron with one face capped by a Nashown in Table I. Thus in I5Sn, two Li atoms bind together.
atom. The energy difference between this isomer and the onEhere is, nevertheless, substantial mixing between the mo-
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Sn4 I(ASn4 K,Sn, K65n4 K7Sn4 KsSn4 K95n4 Kan4
0.0 5
o e— T ;3;3=4_
s—— —— = —
s _____ E;
20F g —]
KT' 2 _ 4
T =
supl — T = =
20t — =
l—— -
—>s3
S -60F .
e I
? FIG. 7. Electron-density contour plot on the plane composed of
& L 3— 1 atoms S(B8), Li(5), and Li6) of the LizSny cluster whose structure
8ok = —_ 4 is shown in Fig. 1.
I
pure Sns character is separated into two groups because of
I ] the two Sn dimers contained in the structure.
100B—— i The evolution of the electronic structure in the Na clus-
Sns b ] ters, shown in Fig. 5, is different. The HOMO-LUMO gap of
— - ] Na,Sn, is 2.0 eV. After adding one or two Na atoms to form
I - — ] NagSn, or NgSny, the newly occupied level lies in the re-
120k ] gion of the HOMO-LUMO gap of NgSny, as for the corre-
L sponding Li clusters. However, the interaction between this
I ] level and the manifold of states of (A~ is repulsive, and
— the closed-shell structure of the ($fi~ polyanion turns out

to be further stabilized by the presence of the fifth and sixth
FIG. 6. The KS energy levels of a Sretrahedron and the N atoms: the binding energies of the states inptheanifold
K,Sn, (n=4-10) clusters whose structures are shown in Figs. Jincrease and the gap between prranifold and the HOMO
and 2. The HOMO's are marked by right-pointing arrows, and the %f Na C,haractér is still substantial(1.3 eV). The energy-

number beside an energy level represents the degeneracy. The . ST : .
energy levels of single K and Sn atoms are indicated on the left sideeveI diagram indicates that ian, is the last cluster with a

- 47 - e . _ .
of the figure. The Fermi enerdy; and the conduction bandwidth of well-defined (Sw) . “r?'t' The Stab.lllzatlon of thep “.ke
a K bce metal are shown on the right side of the figure. states of the polyanion increases a little, but a level with pure

Na character begins to interact strongly with thpsevels,

and this interaction is a precursor of the destabilization of the
lecular orbitals contributing to this alkali bond and the outerp manifold, which occurs for Ng&n,. The structures in Fig.
orbitals of the (Sg)*~ polyanion. Due to this hybridization 2 show that the breakup of a Sn-Sn bond begins precisely in
and the reduced cluster symmetry, the manifold of orbitaNg,Sn,.
states associated with the polyanion splits and broadens, as The case of the K clusters is striking. The HOMO-LUMO
shown in Fig. 4. The separation between the singly occupiedap in K,Sn, is 1.4 eV, which is smaller than those in,Biny
HOMO of LisSn,, which lies in the middle of the HOMO- and NaSn,. Nevertheless, the electronic structure of
LUMO gap of Li,;Sn,, and the next occupied state is 1.0 eV, (Sn,)*~ becomes stabilized by the addition of K atoms. The
and this reduced separation indicates thaShi cannot be manifold of polyanion levels stays well separated from the
interpreted as a closed-shell,Bin, cluster with a Li atom upper levels with K character, and smoothly drops toward
attached. Instead, the formation of a Li-Li bond observed inthe corresponding levels of a pure ,Stetrahedron. Evi-
Fig. 1, which acts as a blade cutting a Sn-Sn bond, is a bettefently, these levels cannot align with those of the purg Sn
description(also note that the Li-Li and Sn-Sn bond lengths because the tetrahedron is charged in the K environment. The
are similaj. A complementary view of the process is that thereduced interaction between Sn atoms as Sn-Sn bonds are
charge transfer from the Li atoms to Sis reduced by the broken apart in the LBn, and NaSny, clusters is reflected in
formation of the Li-Li bond and, as a consequence, the tetthe evolution of the deepest energy levels in Figs. 4 and 5,
rahedron opens up into a butterfly. These effects become emhich approach the binding energy of the IBvel of a single
hanced as more Li atoms are added to forgB, Li;Sn;,  Sn atom. In contrast, the J6n, clusters do not show this
etc. Figure 7 presents a contour plot of the electron density ibehavior because the Soluster does not break up.
a plane of L§Sn, through the newly formed Li-Li bond. The Also shown in Figs. 4—6 are the Fermi levdis of the
accumulation of charge in the region between two Li atomshcc alkali metals determined from the measured work
is evident. From LgSry to Li;Sny, a broad band of hybrid- functions®? and the widths of the occupied conduction bands
ized energy levels forms, and injgBny,, the lower band with  obtained from our calculations using &4points and an en-
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ergy cutoff of 16 Ry. These energies are relevant for thepart of these K atoms is able to transfer the outer electron to
behavior of the clusters for largewhen the system amounts the Sn clusters. But a crystalline compound phase does exist
to an impurity Sp immersed in a piece of alkali metal. Un- in which all the K atoms are able to transfer the valence
der these circumstances the set of allkalevels will have electron to the Snclusters, that is, the well-known equi-
broadened into the metallic conduction band occupied up tatomic compound. In other words, a hypothetical K-rich al-
the Fermi level. In addition, the energy spectrum will containloy containing Sp tetrahedral clusters would decompose into
levels associated with gnsome of which may be degenerate a more stable mixture of crystallites of the equiatomic com-
with, and hybridize with, the alkali conduction band, and pound and the pure K metal. The analysis of Figs. 1, 2, and
consequently will be broadened. The stability of a particulad—6 indicates that the stability of the Stetrahedron will be
arrangement of the gnn the metallic environment will de- enhanced in an environment of Rb and Cs. With the argu-
pend on the relative occupancy of the bonding and antibondnents given above, it will be most unlikely that the solid
ing molecular orbitals. This in turn depends on the positioncompounds rich in Rb or Cs could form. These expectations
of the Fermi level with respect to the molecular levels, andare supported by the phase diagrams of Sn with Rb and Cs:
the degree of broadening of these levels which would resulalkali-rich compounds are not found in these two syst&s.
in some bonding levels being promoted ab&ye and some
antibonding levels being occupied. Another lesser factor in IV. CONCLUSIONS
the stability would be the effects of screening the interactions
between the Sn atoms by the metallic electrons. However, a We have investigated the stability of a Stietrahedron in
glance at Figs. 5 and 6 shows that evenrfer10, when the alkali atom environments through calculations/AyfSn, (A
first coordination shell of alkali atoms around the,Snust ~ =Li, Na, and K) clusters, starting ai=4, and adding alkali
be nearly full, the clusters are far from the alkali-metal limit. atoms one by one to the cluster umit=10. We found that
The Na and particularly the K levels lie within a small rangethe Sn tetrahedron is unstable in |Sn, clusters, opening
of energies, and are not yet spread over the conduction banii#o a Sn butterfly atn=5, and completely pulled apart at
width. Furthermore, all the alkali atoms are on the surface®=10. For K,Sn, clusters, however, the $netrahedron re-
of the clusters. Nevertheless, the stability of thg &trahe-  mains robust for all values of studied, while NaSn, clus-
dron whenn is large enough to approach the metallic limit is ters are an intermediate case, in which thg &&trahedron
worthy of study. opens into a butterfly at=8 and appears to break up into
From the results of the calculations one can make théwo Sn dimers fon=10. The active species responsible for
following inference concerning the stability of the Setra-  cutting the Sn-Sn bonds of the Stetrahedron in LiSny
hedral clusters in the solid and liquid alloys. The reasons foclusters was found to be theLinit, which, owed to the
the stability of Sp clusters in the equiatomic solid com- small size and relatively strong bonding between the Li at-
pounds of Sn with Na, K, Rb and Cs, and their absence in thems, acts as a razor blade by slicing into the ®&trahedron.
compound with Li, are the same as for the stability of, Pb Compared with Sn, the K atoms are too large and the bond-
clusters in the corresponding Pb alloys; these reasons weneg between them is far less competitive, and so they cannot
already discussed in detail elsewh&!éThe equiatomic lig- even distort the Sntetrahedron substantially.
uid alloys show some interesting characteristics. According Combining with earlier work,®*3 we now have a more
to ab initio molecular-dynamics simulations, the Stlusters ~ complete picture about the stability of S&intl complexes
survive, after melting, in the liquid equiatomic KSn alloy but in solid and liquid alkali-tin alloys. The absence of,3et-
not in the liquid NaSn alloy. In our opinion this can be rahedra in LiSn alloys is the result of the combination of the
explained by the breaking of Sn-Sn bonds seen iRSda  following two effects. On the one hand, Li ions are not large
clusters withn=7 or larger. When the solid NaSn compound enough to properly separate Sietrahedra and so the occu-
melts, the thermal fluctuations in the liquid will cause somepied molecular orbitals from different $tetrahedra overlap,
Na dimers to be in contact with the Snlusters, leading to making the tetrahedra unstable. On the other hand, Li ions
the breakup of many tetrahedra. In contrast, Figs. 1 and are small enough, and the bonding between them is strong
show that the Spclusters remain as a compact structuralenough, that they can squeeze into the tetrahedra and break
unit in a K environment. We next focus on alkali-rich alloys. the Sn-Sn bonds. In the case of KSn alloys, because K ions
The high stability of the Sptetrahedron in KSn, clusters  are large and the bonding between them is weak, the key role
suggests that Snclusters could spontaneously form in they play, besides transferring electrons to Sn atoms, is to
K-rich liquid alloys. Neither experiments nor theoretical separate Sytetrahedra, which keeps the tetrahedra intact and
simulations have been performed, to our knowledge, thatobust in the alloys. Our results suggest thaj &trahedra
could test this prediction. Besides the very stable equiatomimight survive in K-rich alloysand also in Rb-rich and Cs-
compound, the phase diagram of the K-Sn system showsch alloys, and offer an explanation of why there is a pau-
only one K-rich compound and two Sn-rich compounds. Wecity of alkali-rich compounds.
think that the high stability of the Sntetrahedral cluster
itself could be the cause of the paucity of compounds with
other than equiatomic composition. The strong tendency of
Sn atoms to form Sytetrahedral clustersia K environment The work was supported jointly by the Natural Sciences
means that a KSn solid alloy rich in K would consist of,Sn and Engineering Research Council of Canada, D@&ant
clusters surrounded by an excess of K atoms, where only Bo. PB98-034%5 and NATO(Grant No. CRG 961128
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