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Electronic structure and ground states of transition metals encapsulated
in a Si;, hexagonal prism cage
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We report on a computational study of the electronic structure of recently discovered clusters with an
encapsulated transition metdM) atom in a Sj, hexagonal prism cage. The cage geometry is remarkably
stable regardless of the type of doping TM atom frooh &d, and 5 series. We predict and quantify the
stability for several other TM dopings besides the experimentally observed ones. The multiplicity of the ground
states can be “tuned” between singlets and triplets by varying the type of TM @wem number of electrojis
while they are doublets for odd number of electrons. We also explore the possibility of forming solids with
hexagonal structure from selected clusters.
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In nature, the most prevalent building blocks of materialstheir filling with an increasing number af electrons. Our
are either atoms or molecules. Clusters, which are metastab®lculations show that the structural frame of the hexagonal
assemblies of~10-1000 atoms, provide an alternate build-Prism caggFig. 1(a)] is remarkably stable regardless of the
ing block with the fullerene &, solid and its superconduct- YPe of the central transition metal atom. An analysis of the
ing derivatives as prime example€lusters are particularly ©n€-€lectron states indicates a varying degreg-dfhybrid-

interesting because the property of the materials can be ¢&2tion with corresponding changes in the stability and char-
. . L . —acter of ground and lowest excited states. For example, the
signed by exploring the enormous variability in the size,

- . ) ’energy differences between singlet and triplet states depend
shape, and composition of the constituent clusters. Since silj5, the type of the TM atom and, in fact, for Ti, the triplet is

con is the most widely used material in the microelectronicihe |owest energy state. Finally, we attempt to construct a
industry, Si clusters have attracted extensive theoretical anghree-dimensional periodic solid using the clusters as build-
experimental attentiofi.” Unlike carbon, however, silicon ing blocks in a hexagonal structure which is different from
does not spontaneously form stable fullerene structureshe one investigated in a previous studly.

sincesp? hybridization is highly unfavorable in Si as op- We have carried out electronic structure calculations of
posed to & This has motivated a search for other ways to TM@Si, with TM=Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zr,
stabilize Si cage clusters such as doping, in particular, b0, W, Re, Os, Pt, and Au. Although our main focus was on

transition metal(TM) atoms. Beck was able to produce s_yigemsdvlvilthn=h12, ‘I’:"e also (;n;/{estiga_\ted CISSterS \(’j‘”tE
TM@Si, clusters that were more stable towards photofrag-_, - &9 -1 Such as ~e@gand Re@3j, to understand the

) . - : . changes in stability with different numbers of Si cage atoms.
mentation than bare Si clusters of similar size, using a las

o . . ; ®the atomic structures were determined by geometry optimi-
vaporization supersonic expansion technigvery recently, . zation for each spin state separately using density functional
Ohara et a]. produced Ti, Hf, Mo, a}nd W embedded Si theory (DFT) approach. Mostly B3LYP and PW91 function-
clusters’ Hiura et al. produced TM@SH, (TM=Hf, Ta, W, 45 were used along with effective core potentials on T™M

Re, Ir, Nb, Mo, Co, Ni clusters in an external quadrupole 4ioms and a basis set which is qualitatively similar to the
static attraction ion trap The maximum value of depends

on the particular transition metal atom, for which completely
dehydrogenated clusters were found. A simple electron
counting shows that the most stable clusters observed appear
to fulfill the “18-electron rule” originating in a simplified
model of the cluster as a sphere with TM being at the center
(“Ar-like atom” ). They also found that for W@$gi, a regu-

lar hexagonal prism $j cage with a W atom at the center
has the lowest energy. In a related development, a recent
calculatiort® shows that embedded AK (X=Si, Ge, Sn,

Pb) stabilizes Sj, cage clusters.

The six-fold symmetry prism structure was quite unex-
pected since Si clusters usually show very different structural s \
patterns in this range of siz&4.The goal of this paper is to (b)
understand the electronic and structural properties of Si clus-

ters doped with a variety of TM atoms including ones not  giG. 1. (Color online () The hexagonal prism cage structure
tested in experiment, to investigate the nature of the groungds 12 Si atoms withDg, symmetry with a TM atom at the center.
states and possibilities of various spin multiplicities, and to(h) The singly occupied state in the majority spin channel for
elucidate the character of the highest occugld@MO) and  v@Si,, localized on the TM atom(c) The LUMO level for the
lowest unoccupied molecular orbitdLUMO) levels and  same cluster.
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6-311G* basis in all-electron calculations. For some clusters
the electronic structure was further analyzed by Hartree-Fock
and quantum Monte Carl@MC) approaches. For calcula-
tions of solids, we used the local density approximation
(LDA) and plane waves. Geometry optimizations have led to
small bond adjustments and relaxations for various doping
TMs. However, the distortions from the perfdag, symme-

try were rather small. In a few cases the distortions were
found to be more pronounced with the deviations of the or-
der of ~0.15 A.

Qualitatively, one expects the TM states to hybridize
with the p states of the Si atoms and the resulting spins to be
smaller than those of highly spin-polarized TM atoms in the
middle of thed series. This was indeed the case for TM
atoms with an odd number of electrons. We found that ; <
ground states are doublets for all such elements we studied, (b) ()
namely Sc, V, Mn, Co, Cu, Re and Au. One of the interesting
features is the character of the singly occupied electronic
state in the majority spin channel. We found that this level is .
invariably and predominantlyl like, localized on the TM l\\

atom, and almost completely enclosed in the dé&gg. 1(b)]. j
In case of Co@$%} and Re@Sj, this state is the HOMO 17 N
level. In rest of the doublet systems, this state is slightly ©
lower in energy than the HOMO, which happens to be a =

FIG. 2. (Color onling Isosurface plots of a few representative

bonding state of the Si cage consisting ofSstates. It is

interesting that the LUMO has eigenvalues relatively high iny,qjecylar orbitals for Ti@S; (triplet) and Hf@S, (singled clus-
energy, leading to pronounced effective HOMO-LUMO iers showing the different amounts of hybridization betweendd
gaps. This can be understood from the large on-site Coulom§ates in the two system&) Ti@Si;, LUMO. (b) and(c) The two
interaction typical ofd states. In the case of Mn@giand  singly occupied MOs for Ti@$; triplet. (d) LUMO for Hf@Siy,.
V@Si;,, we also tested the spin quartet states which turnege) HOMO for Hf@Si,. (f) The MO below the HOMO in
out to be higher than the doublets by significant amount$f@Si,,. A simple electron counting and symmetry implies tfiat
(more than 1.5 e\ corresponds tdd), while (c) corresponds tde), respectively. The
For transition metal atoms with an even number of elec-more pronounceg-d hybridization in both HOMO and LUMO
trons, the picture which emerged was more varying and comlevels of Hf@Sj, contrasts with atomic character of the singly
plex than one would expect. For Mo, Os, and W the occupied HOMO levels and $i character of the LUMO level in
singlet states have lower energy with a singlet-triplet split-Ti@Si,.
ting of about 1 eV or more. For TMCr, Fe, Ni, Zr, and Hf
the singlet is lower in energy; however, the energy differencesystem with more accurate QMC methods. The QMC
between the two spin states is less than 1 eV. PigiBis- method captures the electron correlation accurately using
ters have singlet and triplet spin states which are within 0.0€orrelated wave functions and stochastic solution of the
eV in energy. Remarkably, for Ti, the triplet is lower and in Schralinger equation within the fixed-node approximation as
fact, it appears that Tdl states do not form strong covalent described in detail elsewheté? Our QMC calculations
bonds with the Si cage. Isosurface plots of the singly occushow the triplet being lower by 0(Z) eV and thus confirm
pied states of the Ti@gi triplet [Figs. 2b) and 2c)] show the result obtained by the DFT approaches. We therefore
that they essentially derive from the Ti atom/ighlevels  conclude that triplet is indeed the ground state of Ti@Si
which couple into triplet. The Fi. ion is known to be small An analysis of clusters with other TM atoms having an
in size, which leads to a weakerd hybridization. Since even number of electrons shows that the HOMO level can be
Ti@Si;, was the only system with a triplet energy signifi- either ofp character extended over the cage Si atoms, or of
cantly lower than the singlet, we carried out more systematicharacter localized on the TM depending on the numbet of
and accurate investigations of the singlet-triplet energy dif€electrons. While Cr, Mo, and W singlets hapdike HOMO
ference. An all-electron calculation using HF led to a tripletlevels® Fe and Os have-like ones. The LUMO levels in all
state lower in energy by 0.65 eV. Similar calculation usingthese cases are dflike character. Obviously, one can expect
B3LYP gave a triplet state lower by 0.49 eV compared to thethat the type of the actual HOMO state is important since it
singlet. Since HF and B3LYP can bias towards high spinwill likely affect the behavior of these clusters in forming
states, we repeated the calculation with the PW91 gradierarger aggregates, surface depositions, or solids.
corrected exchange-correlation functional. This also gave a The character of states and hybridization changes depend-
triplet state that is lower in energy than the singlet by 0.49ng on TM atoms, in particular, going down the groupd(3
eV. Given the approximate way in which these methods treat-4d—5d), brings about a stronger covalent bonding that
the exchange and correlation effects, we decided to study tHeads to a more effective quenching of the spin on the TM

155404-2



ELECTRONIC STRUCTURE AND GROUND STATESP. . . PHYSICAL REVIEW B 68, 155404 (2003

TABLE |. Formation energie$FE) and HOMO-LUMO gapgin eV) of T@Si, (n=10, 11, or 12 clusters in a hexagon@bentagonal
prism structure as obtained with the B3LYP functiondl!), (1), (1), and (117) indicate a spin singlet, doublet, triplet, and quartet,
respectively. The triplet ground state of Ti@Sivas also confirmed by QMC calculations.

ScSi, TiSi, TiSi;, VSip, VSip, CrSi, CrSi, MnSi,, MnSi, FeSi, FeSi, CoSi, NiSi, NiSi;, CuSk, ZrSi,
spin (1) (1)) (D m am abh o o am o oabh o an oo ab an M  ab

FE 149 343 392 446 252 299 245 268 099 342 255 260 390 332 062 430
Gap 0.83 0.88 274 3.06 117 3.04 3.05 297 193 279 105 107 103 057 044 124

ZrSi;, MoSi;, MoSi, HfSi;, HfSi;, WSi;, WS, ReSi, OsSi, OsSi, PtSi, PtSi, AuSi, ReSi; FeSi, FeSi,
spin (11) () an ab an ab an - m ab o an oab oan M m ab an

FE 4.04 6.10 489 470 451 844 693 7.44 813 718 507 513 068 634 107 0.14
Gap 243 240 214 122 257 278 170 2.83 2.25 1.07 099 137 133 188 093 0.79

atom. This is supported by the observation that the singletrelated to the bettep-d hybridization and larger atom size
triplet energy difference increases from Cr to Mo to W andwith an increased filling of thel shells, as explained above.
from Fe to Os. A comparison of the molecular orbitd#0s)  This also shows that the center of the Series is a “sweet
of Ti@Si, and Hf@S{, more clearly brings out this point. spot” with corresponding TM atoms leading to the highest
By examining a few MOs around the HOMO level we have stapility. Out of these, W@$i has the largest FE. This ex-
found that the amount of overlap between BMind Sipis  plains why W@S$j, clusters were readily observed in the
much stronger in HI@$} than in Ti@S], (see Fig. 2 This  experiments. It is interesting that in thel 3ow we predict

leads to Ti@S, having a triplet ground state and HI@Si e highest stability for V@$j which has the largest FE and
having a singlet ground state. The enhanced bonding with Ao a remarkably large HOMO-LUMO gap
increasing number of filled shells is not difficult to under- In order to test the “18-electron rule” fur.ther we calcu-

stand. First, the size of the atoms is increasing and the larger . : i
size fits the hexagonal cavity better. Second, the atomic Ie\(/?—ated electronic structures of Fe@snd Re@S, clusters,

els are more shallow and energetically closer toghevels which also sat|§fy the rule. In Fg@@ a ke aFom 'S placgd

of silicon, resulting in a better hybridization as we havebe'[\"’ee_n two Si pentagons, while in Re@S3i Re atom is

observed. sandwiched between a Si pentagon and a hexagon. Clearly,
A measure of the relative stabilities of various clusters isF€@Sio clusters, particularly the triplet, are only marginally

the energy gain in forming TM@Sstarting with the lowest bound(Table ). The Re@Sj, cluster is also less stable than

known Sj, cluster isomer and an isolated TM atom. This @ Re@Sj, cluster showing a less favorable character of the
formation energy(FE) is given by binding. Nevertheless, both of them have reasonably large

formation energies. That the “18-electron rule” is not quite
FE=E(Sih iowestisomett E(T)—E(T@SH) (1) general is also clear from the fact that Begiroduced
TM@Si;s and TM@SJ, clusters with TM=Mo and W while
whereE denotes the calculated groun_d stgte total energy o_f Bharaet al° produced TM@Sj for TM=Ti, Mo, Hf, and W
given system. A summary of our estimations of FEs wr[hmOf which n=15 and 16 were found to be the most stable
B3LYP are shown in Table I. For the lowest isomer of,Si . . o .
Since the ultimate aim is to use these clusters as building

\?Jgshtesréztrrhcéu;aelgmv;g %g?arﬁ‘r;tdfrg;n }g;)earl]g ﬁﬁizﬂa\llv;tge blocks for condensed phases of matter, we studied the
further optimized within the DFT methods we used. For, Si cluster-cluster binding properties. We calculated the binding

and Sj, clusters, we used the lowest energy structures ob€Nerdy(BE) of a dimer of Nb@S, clusters in a geometry
tained previously.Perhaps the most surprising fact is taiit ~ SUch that one Si-Si bond in the upper hexagon of the first
TM atoms we have studied form stable TM@Stlusters. cluster is parallel to a Si-Si bond in the lower hexagon of the
However, the amount of formation energy varies considersécond cluster, since this was suggested as the lowest energy
ably. While the TM atoms at the beginning or end of a seriesstructure’* With a B3LYP functional, the binding between
(Sc, Cu, Ay lead to a marginal stability, those towards thethe clusters is small, albeit nonzero. The maximum binding
middle are clearly more stable. occurs at a Nb-Nb distance ef7.25 A and the BE is 0.37

In the 3d series, Cr@$h does not have the highest FE, eV. The calculation with the LDA functiond!leads to larger
showing that electron shell fillingf18-electron rule”) is just  binding (1.53 eV}, and the Nb-Nb distance decreases to 6.75
one of the aspects which determine the cluster stability. AnA. This is not surprising since the LDA is known to produce
other feature that becomes obvious is that the FE increases agerbinding for the cases of van der Waals or weak covalent
one goes down a group. Hf@g$ihas a higher FE than bonds. On the other hand, B3LYP tends to underestimate the
Zr@Si,, which has a higher FE than Ti@$i Things are  binding in such cases and therefore we conjecture that the
similar for W@Si,, Mo@Si,, and Cr@Sj,. This is again  actual binding is bracketed by these two estimators.
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Similar to the study of Pacheaet al,!* we explored the In conclusion, our results can be summarized as follows:
possibility of forming periodic solids from these clusters. We (i) essentially all 8, 4d and & transition metal atoms can
chose Nb@S$}h and Ti@$Sj, as our test clusters for the pur- act as nucleation centers to form TM@sShexagonal prism
pose, in particular to study the possibilities of magneticallycage clustergii) the character of the states at the Fermi level
ordered phases of the solid. For these calculations we usfbpends on the type of atom, its size, and its numbedt of
the LDA functionat* and thevasp code® with ultrasoft  electrons which results in a varying and “tunable” difference
pseudopot_entia%ganqaplane-\_/vave basis se_t. We _calcm_JIatedoet\,\,(:)en close spin stategii) the formation energy of
the cohesive energies of solids of Nb@Sand Ti@S[;  T\v@siy, increases as one goes frord ® 4d to 5d groups
clusters in hexagonal close packedcp structures. The 504 e predict thémetastability of several other systems
choice of th. was motwatgd by maX|m|Z|ng_the clus.,ter_s beyond the experimentally observed onés;) the “18-
edge-edge neighboring, which leads to the highest blndlr‘%Iectron rule” has a limited applicability since we found that

for pairs. The minimum energy for such a solid of Nbo@Si -

is found for an in-plane lattice constant at6.75 A. The stak?|l|ty depends on other fac_tors as V\@Ee OlflTM atom,
) D . eto); (v) we tested the suggestion of Martiesal.~ for form-

c/a ratio for the hcp structures is fixed at 1.6. In this struc—i extended solids of clusters. and propose a particular crvs-

ture, the cohesive energy is calculated to be 4.96 eV pe 9 ' prop P y

Nb@Si, cluster. For a solid of Ti@$j clusters, the in-plane talline _structure_vyhlch may be stabl_e._ Ol.” study shows the
lattice constant for the minimum energy structure is alsgExceptional flexibility of thed-p hybridization which leads

found to bea~6.75 A. The cohesive energy for this system to structural robustness of the hexagonal prism cage structure
is 1.08 eV per cluster. These numbers suggest that th%”d_ to a tunable character of glectronic states b_y a proper
Nb@Si, solid probably has a combination of covalent andchoice of the TM atom. We believe that information about
van der Waals bindings, whereas, in the case of Ti@Si the relaxed structures would be valuable for the research
is only a weak van der Waals binding. An interesting point tocommunity and therefore can be found at http://
note is that both solids appear to have paramagnetic grourditair.physics.ncsu.edu/data/structures/clusters/.

states. Our conclusions, of course, apply only to zero tem-

perature and to the hcp type of structure. We do not rule out The support by ONR-N00014- 01-1-0408, DARPA/ONR-
possibilities of other types of structures, in particular, with N00014-01-1-1062, and NSF DMR-0121361 grants is grate-
lower symmetries. Similarly, finite temperature effetts, fully acknowledged. We would like to thank J. L. Martins, J.
which are beyond the scope of the present study, would béV. Pacheco, and G. K. Gueorguiev for communications and
come relevant once all promising crystalline structures areliscussions. Part of the calculations have been done at
identified. NCSA, University of lllinois.
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