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Model simulations of zeolite supralattices: Semiconductor Si clusters in sodalite
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Periodic three-dimensional arrays of uniform nanosize clusters can be synthesized in the cages and channels
of open framework materials. The aluminosilicate frameworks of zeolites have wide electronic band gaps. In
addition, they are optically transparent, which opens up the possibility of forming new guest electronic states
within the gap, similar to the rare-earth doping of garnets and other insulating matrices. Here we investigate
theoretically the atomic geometries, energetics and electronic properties of small semiconducting Si clusters
encapsulated in the all-silica sodaliizecages. TheB cage of sodalite is a building block common to the
structure of many zeolites. We find that introducing “native” semiconductor clusters within the cages of the
host materials gives rise to extremely flat molecular electronic bands in the band gap of the host. The band gaps
of the cluster can be altered by the silica potential, geometrical alteration of the cluster, and by quantum
confinement[S0163-182807)07740-Q

[. INTRODUCTION have been synthesized. The first work originated in the
former Soviet Union when Bogomoloet al® incorporated
Many modern electro-optical semiconductor devices relySe in zeolite X and Z. They find that Se chains self-assemble
on spatial and quantum confinement of the electrons or holda the channels, and the optical-absorption threshold shifts
for their operation. The best known example of this is theupward into the blue region compared to chainlike bulk
semiconductor superlatti¢ewhich consists of artificially trigonal Se. This exciting observation suggested that “quan-
grown thin layers of one semiconductor material alternatingum confinement” produces major changes of the electron
on top of another. By design of layer thickness and choice o$tates in this system. This effect is similar to the quantum
materials, electrons localize within these quasi-two-confinement that occurs in layered semiconductor superlat-
dimensional “quantum wells.” The electronic structure of a tices, but is an order of magnitude larger.
guantum-well device is controlled by the band structure of Many subsequent experiments have incorporated clusters
the bulk materials, but is modified from that by quantuminto the framework, and the optical-absorption threshold
confinement effects. generally shows the “quantum confinement” blueshift. As
Nanosize clusters offer a very different mechanism ofspecific examples we mention CdRef. 4 clusters in zeo-
confinement. The attractive feature of clusters is that one calites, GaP in zeolite Y¥,Se in mordenit&;’ Se in zeolites A,
change their electronic properties not just incrementddiyy X, Y, AIPO-5, and mordenité® Na clusters in sodalit¥,
applying magnetic and electric fields, high pressure) btt ~ PbSH Pt2 Na-Cs alloys:* and K clusters in zeolite A and
drastically, by changing the constituents or structure of theX.* This is only a partial list, and further examples can be
cluster. Also, electronic changes in clusters are rapid, thukound in review articles by Stucky and MacDougaind
offering fast switching. One method to exploit the propertiesOzin, Kuperman, and Stefi. Work in this area has been
of small clusters is to put them in an “inert” supporting partially motivated by potential applications to nonlinear op-
environmenta matrix or a host For example, if the optical tical devices and solar elements, since the_A5i,O, alu-
transition of a particular cluster is of practical importance, aminosilicate matrix has a wide band gépansparent
porous glasstransparent in the spectral region of the transi- For the successful design of a supralattice the crucial
tion) may be used as such an environmentowever, question is whether the desirable properties of guest clusters
glasses offer little control over the cluster sizes and theiwill be preserved after the encapsulation, or will they be
interactions. Zeolite framework&nd molecular sieves in altered by the guest-guest or guest-host interactions. The
genera), on the other hand, offer a unique method for creat-guest-host interactions appear to be more important because,
ing new three-dimensional “supralatticeqartificial peri- in a typical zeolite, guest clusters are separated by roughly
odic arrays of “quantum dotg’using clusters of semicon- ten or more angstroms, and therefore are not expected to
ducting (or othey materials whose dimensionality and interact strongly.
electronic properties can be partially controlled. The large In terms of the encapsulation of the guest species by the
zeolite cages, from a few to several tens of angstroms acroskpst, the supralattices may be divided into three broad
offer lodging sites to self-assemble and stabilize clusterslasses. The simplest class is when the guest species does not
within the zeolite framework. These regularly spaced nanoform strong covalent bonds with the host atoms of the cavity
size clusters may have the geometry of either a free cluster,walls. The host crystal acts merely as a “mechanical” sup-
bulk fragment, or completely new structures stabilized by theport for the guest species, and properties of materials of that
encapsulation in the zeolite framework. type should be the easiest to predict. We shall call this a
There has been considerable experimental effort in thisupralattice withphysiencapsulatiorn analogy with phys-
area, and several new zeolite-based supralattice materiaorption. Examples of the physiencapsulation would be Se
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clusters in Linde A zeolites or Se and Te chains in mordenite )
and cancrinité:"**-¥On the other hand, CdS clusters in Silicon
zeolite Y form covalent bonds with the host atofrend we Oxygen @
shall call this type of the encapsulatichemiencapsulatign
its characteristic feature is a strong covalent guest-host inter-
action. The third class of supralattices, also with a strong
guest-host interaction, we catlharge-transfer encapsula-
tion. In this case there is a charge transfer between the host
and the guest, and ionic bonds are formed; examples of this
type of encapsulation are black-sodalite, and other alkali-
metal doped zeolite®:1>14

The rest of this paper is organized as follows. First we
briefly discuss then method, then the structural and electronic
properties of silica-sodalite, and finally we discuss the elec-
tronic properties and energetics of small “native” Si clusters
encapsulated in the cages of this structure.

Il. THEORETICAL METHODOLOGY

In this paper we examine theoretically electronic proper-

Fles of supralattices by means of quan_tum moIeCL!Iar dynamc'upy the vertices of a truncated cubo-octahedron and are connected
ics (QMD). We study the case gfhysiencapsulatignand by 36 “bridging” oxygen atoms(darker balls.

choose as a prototype system silica-sodalite with Si clusters

residing in theg cages. To determine the equilibrium struc- ment, permitting ion exchange and reversible dehydration.
ture and the total energy of the silica-sodalite, we use thejowever, synthetic zeolites include numerous examples that
QMD method known as Fireball-96. The method uses go not meet one or more of these criteria. An invaluable
density-functional theory within the local-density approxi- soyrce of structural information on zeolites is found in Ref.
mation (LDA), and the pseudopotential approximation. Theo7.

Ceperley-Alder form of the exchange-correlation potential as  gynthetic zeolites play a major role in petrochemical ca-
parameterized by Perdew and Zurfés used. For silicon taysis, and also are widely used in radioactive waste storage,
and oxygen, we use the “hard” norm-conserving pseudopoyater treatment, gas separation and purification, and animal
tentials of the Hamann-Sctier-Chiang' type. A simplified  feed supplements. These uses are a consequence of the zeo-
seli-consistent energy functiodlgeneralized from that due jite's exceptional ion exchange and sorpfibproperties. In

to Harris®**is employed in a combination of the minimal aqgition, there is a growing interest in nontraditional appli-
basis of local “fireball” orbitals?* Forces acting on each cations of zeolites. These include the use of zeolites for rec-
atom are computed25L15|ng a generalization of the Hellmanggnition and organization of atoms, molecules, and atomic
Feynman theorerfi**The full geometrical relaxation of the  ¢jysters. Polymers and semiconductor clusters, confined and
internal parameters of the cubic unit c€l6 atoms for SO-  self.assembled in zeolite pores and cages, open a new way of
dalite, plus up to 7 silicon guest atomis performed via preparing nanoelectronic materidls.

molecular dynamics using a fictitious damping to obtain @ The naturally occurring mineral sodalite has a unit cell
zero force geometry. We have chosen the confinement “firezomposition NgAl ¢SigO,,Cl,, in which theT atoms alternate
ball” radii for the O and Si orbitals to be.=3.6 and 5.0  petween Si and Al. The structure was unraveled by Pauling
Bohr, respectively. Eight specid points over the entire jn 1930%° Pauling suggested for sodalite a framework struc-
Brillouin zone are used fdk-space intergrations, which pro- tyre of composition A{SiO,, made by periodically arrang-
vides convergence of the total energy to about 0.1 meVfng Kelvin's polyhedraalso called3 cages in a simple cu-

FIG. 1. ThepB cage of sodalite. 24 Si atongghter ballg oc-

atom. bic lattice. Kelvin's polyhedroif is a truncated octahedron
familiar among solid-state physicists, since geometrically it
1. SILICA SODALITE is the first Brillouin zone of the bcc reciprocal latti¢ic
direct latticg. This structure was confirmed by the later ex-
A. Background periments of Las and Schulz?

Zeolites are open framework structures that contain large Silica sodalite is the all-silicon (Sip version of the zeo-
polyhedral cages of atoms connected to each other by chalite sodalite. The unit-cell composition is ;8D,,, and all
nels. The tetrahedral ato(i atom is usually Si and is sur- tetrahedral atomgT atomg are Si. Figure 1 shows thg
rounded by four oxygen atoms. Commonly the element Al iscage of silica sodalite $iO,,. The framework is constructed
substituted for some of the Si atoms. In these aluminosiliof corner-sharing tetrahedra (S)Owith “rooms and pas-
cates, an additional catigie.g., Na is incorporated intersti- sages” that can be occupied by guest molecules. In 1985
tially within the lattice which counterbalances the charge onBibby and Dale reported the nonaqueous synthesis of a novel
the Al. Smittf® defines a zeolite as a crystalline aluminosili- pure-silica form of sodalitd? The unit cell dimension was
cate with a four-connected tetrahedral framework structureletermined from the x-ray powder diffraction pattern to be
enclosing cavities occupied by large ions and water mol8.836 A. They pointed out that unlike the rest of low-density
ecules, both of which have considerable freedom of movepure silica polymorphs, silica sodalite contains only six- and
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ture. However, we find the significant result that silica so-
dalite is just 0.12 eV/Si® higher in total energy than
a-quartz:® This finding is in qualitative agreement with the
recent thermochemical study of Petrowtal,*® who find
that silica structures of large volume are typically
0.10-0.14 eV/SiQ above a-quartz, although there are no
data to our knowledge specifically for silica sodalite.

The fairly low energy of silica sodalite with respect to
a-quartz may be understood in terms of a simple model,
previously suggested for the energetics of silica
cristobalite!® The model is based on the intricate connection
between Si-O bond length and Si-O-Si bond angle. The ef-
fect of bond-angle/bond-length correlations on the energetics
of silica polymorphs is obtained generalizing the following
expression obtained froré-cristobalite,

1
>+ HK4¢4-
(U]

FIG. 2. The structure of the simple cubic sodalite lattice. OnIyHer_e E(d,¢) is gnergy as a function of two _mdependent
theT atoms(Si) are shown. Each cage consists of a truncated cubo\-/a”ablesft_he Si-O bond I(_angth an_d the rotation angle
octahedron of 24 atoms of eight hexagons and six squares. between rigid tetrahedgr%l[thls angle |s.related to the- O',T
angle® as co®=(1—4 cog ¢)/3]. Typically the angled is
about 150°, but wide angle@ =180° corresponding to
=0°) are not uncommon in zeolites. However, small
ngles(the limit being®=109° or ¢=45°) are rare. The
parametersk,, k, d, and d* have been determined for
B-cristobalite, and are in Table Il of Ref. 19. Thus the ex-
pansion in Eq(1) is performed around the wide-angle linear
Si-O-Si system ¢=0) where the minimum-energy Si-O
bond lengthds;.o is defined to be the valud,. The zero

1 , 1
E(d,gb):Eo‘l'Ek(d—db) +§KO 1_d_*

four-membered rings. Richardsenal >3 in a later paper re-
ported a refined structure. The space group for silica sodalit
is Im3m. Silicon atoms are at sites d2 and framework
oxygen atoms are at sitest24The structure of silica sodalite
is shown in Fig. 2. The lattice is simple cubic obtained by
stacking truncated cubooctahedfacage$ to fill all space.
There are 1 atoms/cell and 24 oxygen bridging atofm®t

shown in Fig. 2 connecting the vertices. Each unit cell con-

tains two such cages, but each atom is shared between fogrée/?:ju:re&é?lan(;)rr:luom:reﬁee:/ggnizthriL:]cgtuc:gEI/s& éﬂzgg sbt)c/) 'mposing
cages. '

There have been several theoretical studies of silica so- _ * 2
dalite reported. Vibrational properties have been studied both Amin= o+ (<0/207K) i @
by the lattice dynamics methdt® and by molecular Equation(2) gives asingle closedform relation between
dynamics® Teteret al®” have recently performedb initio  bond length and Si-O-Si bond angle. The relation shows that
calculations of several silica polymorphs to determine theirsystems with a larger Si-O-Si bond anglee., more linear
cohesive energies including Al-free sodalite, and their resultsi-O-Si bond with smaller tilt anglep,,) have a shorter
are in reasonable agreement with experiniant. bond length, and vice versa. We use the parameigrs, d,
andd* from Ref. 19 here, and relate the changes of bond
length to changes of angle using E@) with the result

B. Results
Using the quantum molecular-dynamics method here, we o0 od
find an equilibrium cubic lattice constant of 8.6 @&xpt. _:9-9d_ﬁc- ©)

~8.84 A), and the equilibrium Si-O distancels;. to be in
the range from 1.545 to 1.547 @xperiments~1.59 A), the  In this equation we use the angR,. and the bond length
tetrahedral-like OF-O angle to be 109.14°-110.12°, and dg of S-cristobalite as a “standard,” and E(B) then pre-

the T-O-T angle 6 to be 158.48°—-159.349experiment dicts a change in bond angle in any other material,
~159.79. The Lavdin charges are-0.6286, and+ 1.2572, 60=0—-0,4., versus the change in bond length,
for oxygen and silicon, respectively. Our method consis-6d=d—dg, of that material.

tently underestimates the bond lengths of silica by about We now apply this to silica sodalite. First we notice how
2.7%?° This discrepancy between the calculations and themall changes in bond length become “magnified” by
experiment may be attributed first to the usual overbinding ofearly a factor of 10 to produce changes in bond angle—e.g.,
the LDA. More importantly, the discrepancy may be due toa 1% change in bond length produces a 9.9% change in
the particular approximations we use in our technigue, suclsi-O-Si bond angle. The average Si-O bond length in silica
as the representation of the electron density, linearization c$odalite @=1.55A) is calculated to be about 1% shorter
the exchange-correlation potential, and the use of locathan that ing-cristobalite (1.56 A). For the energy of the
orbitals?3°In addition, our calculations neglect temperaturesodalite structure to be low with this reduced bond length,
effects, while experiments are usually done at room temperahe T-O-T angle must “open up.” This is indeed very close
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FIG. 3. The electronic band structure of pure silica sodalite F!G. 4. The band structure of the simplest supralattice: Si en-

(Siy,0,4). The valence-band maximum is nea eV and the con-  c@psulated in every othgs cage of silica sodalite (@Sh;04).
duction band minimum is neat 7 eV. The state near-2.0 eV is a triply degenerate level of Si.

to what we find for the bond angle from the QMD simula- sjlica sodalite represent the simplest choice for both the clus-
tion. In sodalite the electronic structure model givester and the zeolite system. In addition, feage of sodalite
0 =159°, while ing-cristobalite we find® =147°. There is s a structural element common to many zeolites. We have
an almost 8% increase in thle O-T angle in sodalite com-  studied clusters from one to seven Si atoms ingleage, but
pared to that ofg-cristobalite, which is very close to the discuss in detail in the first subsection the electronic struc-
9.9% predicted by the analytical model. Experimentally, thetures only of the smallest (Siand largest ($) clusters that
Si-O bond length and the Si-O-Si angle ficristobalite are  one might expect to fit inside the sodalite cages. In the final
1.6 A and 147.8°, respectively, while in silica sodalite theysubsection, we describe the energetics of simple silicon clus-

are 1.59 A and 159.7°. ters inside the cages, and their energy landscape.
The electronic band structure of silica sodalite is shown in

Fig. 3. Overall, the basic features are similar to that of other
silicas!® There are oxyges state derived bands in the range
—28¢eV to —25 eV. The next highest set of bands are the We now investigate the electronic properties of Si clusters
oxygen-silicon bonding orbital bands centered at aroundn the sodalite cage. We begin by considering a single Si
—16 to —12 eV. The next highest set of occupied bandsatom in the center of one of the two cages in the unit cell.
around—12 to —8 eV is dominated by the nonbondimg,  These interstitial centers are of high, symmetry. The ge-
states of oxygen. These states form the top of the occupieametry of the host crystal was held fixed. The caged Si at-
valence band. The bottom of the unoccupied conductioms are 8.6 A apart, that is, they are separated by the lattice
band at~+7.0 eV and is singly degenerate. The band gapconstant. The resulting electronic band structure is shown in
between the top of the valence band and the conduction barfdg. 4. The most noticable effect of the interstitial Si atom on
is direct (I'-to-T") and is 14 eV. This bandgap is too large the band structure is the appearance of a triply degenerate
compared to experiment, although LDA typically predicts (p-like) level very near the middle of the band gé&at
gaps below those of experiment. However, the use of a mini==—2.0 e\). This triply degenerate ban@ccupied with the
mal basis set of local orbitaighe main effect hepetends to  two electrong retains the character of the atonpcstate of
increas&’ the band gap above experiment. When comparedgilicon, and shows almost no dispersion with wave vector.
to an identical calculation om-quartZ® the sodalite band This system then, according to single electron theory, is me-
gap is about 2 eV smaller. tallic. However, since the width of the band is less thdnat
Concluding this section, we have investigated the energetoom temperature, correlation effects will dominate and the
ics, atomic structure, and the band structure of silica sodalitenaterial is likely a Mott insulator. An additionalstate of Si
We find the cubic lattice constant to be 8.6 A or 2.7%is also incorporated into the band structure near9.2 eV,
smaller than experiment. The relaxed structure reproducdsut it is resonant with the crystal states of the host and can-
the expected trend in the bond-length/bond-angle correlationot be easily seen in the figure. Generally, apart from these
predicted by a simple analytical mod&.The material is atomiclike Si states, the band structure the composite mate-

A. Electronic properties

found to be a wide-band-gap insulator. rial is quite similar to pristine silica sodalite of Fig. 3.
This calculation shows there is very little interaction be-
IV. SI CLUSTERS IN SILICA SODALITE tween a single guest Si atom and the host. This can be un-

derstood in the following way. When a Si atom is introduced
In this section, we investigate the electronic properties ofn the middle of thed cage there are no close neighbors. The
a model supralattice with the physiencapsulation of semicorfirst nearest neighbors are the oxygen atoms of the cage
ducting clusteré! To explore the possibility of creating new which are at a distance of 3 A (compared with thelg; o
structures and materials we study the simpliest “model”distance of a 1.6 A in the siligaand the second nearest
system—"native” Si clusters in silica sodalite. The choice neighbors are silicon atoms about 4.0 A distant. The first
of system is based on the fact that both silicon clusters anteighbors in diamond Si are at 2.35 A. Therefore, the hop-
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capsulated in every othe® cage of silica sodalite. On the right of
the figure are the molecular orbitals of a freg 8uster with the

FIG. 5. The lowest-energy geometry of & 8luster inside the same geometry as in the sodalite host. The diamond and square
zeolite found by the QMD simulation. The structure is a trigonal indicate the HOMO and LUMO, respectively.
bipyramid, consisting of the equilateral triangle with one atom
above the triangle and one atom below. In the figure litoms ~ Coulomb effects of the silicésee below. There are no un-
are in the basal plane of the triangle and apeatoms are out of the occupied states of the cluster under the valence-band edge of
plane. the host, and there is negligible charge transfer between so-

dalite and the cluster. The highest occupied molecular orbital
ping from the caged Si atom to the surrounding host “cage”(HOMO) of the encapsulated cluster is-aB.64 eV, and the
states is very small. Since thelevel of the caged silicon |owest occupied molecular orbitdl UMO) is at —2.09 eV,
atom is “out of resonance” with the silica states, and thewhich gives a gap of 1.55 eV. The HOMO is doubly degen-
hopping integral is small, the state retains its atomic characerate, and the LUMO in nondegenerate. The HOMO-LUMO
ter. gap of the § cluster in free space, calculated for compari-

We now consider a §icluster inside theg cage. Again  son, is found to be 2.07 eV. This system then shows the
only one cage of the two within the unit cell is occupied. Thegpposite effect of a simple quantum confinement model. To
lowest-energy geometry of a cStluster inside the zeolite investigate the origin of this band-gap reduction we calculate
found by the QMD simulation is shown in Fig. 5. This ge- the electronic states of a free cluster, but with the com-
ometry is surprisingly similar to that calculated for & Si pressed geometry found for the cluster inside the sodalite
cluster in free spac® The structure is a trigonal bipyramid, cage(see Fig. 5 We find that the HOMO does not change
consisting of an equilateral triang(e atoms of Fig. $with  upon compression, while the nondegenerate LUMO state
one atom above the triangle and one atom bel@atoms.  moves down in energy by 0.33 eV. Thus an important reduc-
We findR,,=3.04 A,R,,=2.89 A, andR,,=2.42 A, which  tion of the HOMO-LUMO gap is produced by the change in
should be compared with 2.98 A, 3.0 A, and 2.29 A, respecthe geometry of the clustéa “pressure” effect. In addition
tively, found using the current technique for a free clusiter  to this effect, the states of the cluster are influenced by the
good agreement with previously published reddit¥ for  sodalite potential. When the cluster is put inside the cage, it
the free cluster The encapsulated cluster, is overall, neutral.“feels” the nonuniform potential due to the silica, even
However, thea atoms are slightly positive€0.03), while  though there is little bonding interaction with the atoms of
the b atoms are slightly negative«0.02). The volume of the host. It is because of this nonuniformity of the potential
the bipyramid corresponding to a free cluster is 4.86 A that states with different spacial character are affected differ-
while that of the cluster inside the zeolite cage is 4.7 A ently. The HOMO is shifted up by 1.3 eV, while the LUMO
which is a 2% volume reduction. If we compare the totalis shifted up by only 1.1 eV, which results in an additional
energies calculated for the two geometiiese of that of the closure of the gap. We emphasize that the effect of the so-
free cluster geometry and of that of the constrained clusterdalite potential is comparable in magnitude with the pressure
there is the energy increase of 0.042 eV/cluster upon comeffect. In this particular example, both effects cause the en-
pression. This can be loosely interpreted as 67 GPa pressugegy gap to close, but it is not inconceivable that in other
(—AE/AV) excerted on the cluster by the zeolite. An inter- clusters the two effects partially cancel each other. There-
esting consequence of such an effect would be the change fdre, any simplified picture predicting the electronic proper-
the melting temperature of the guest material, as likely seeties of a supralattice should be considered with a great deal
with Se clusters in zeolite V. of caution.

The band structure of the supralattice of Slusters en- We illustrate the results for Sin Fig. 7; (@) shows the
capsulated inside thg cages of sodalite is shown in Fig. 6. HOMO and LUMO of the unconstraingéully geometrically
Even for this large cluster, the electronic states of the guestlaxed Sis cluster in free spaceb) shows the pressure
cluster appear in the gap region of sodalite, and are vergffect (the cluster in free space in the geometry constrained
similar to those of the free cluster. There is, however, arto that forced by the encapsulatjpmnd(c) shows the com-
upward shift in energy due to the potential from long-rangebined(a geometrical constraint plus the nonuniform potential
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FIG. 7. (@) Schematic energy-level diagram for; ®luster;(a) ) ) .
shows the HOMO and LUMO of the unconstrainaly geometri- FIG. 8. The potential-energy profile along tfl1) direction
cally relaxed Sis cluster in free space(b) shows the pressure for a single Si atom encapsulated in every otfecage of silica

effect—the cluster in free space in the geometry constrained to tha°dalite- The solid line is the result of the dynamic calculation and
forced by the encapsulation, ari@ shows the total effect of the the dashed line is the result of the static calculatieee text. The

encapsulation. The overall reduction of the HOMO-LUMO splitting initial distortion away from the origin is due to a Jahn-Teller effect.
in (c) is due to a combination of both the pressaegeometrical

constraint and “electrostatic”(the nonuniform potential inside the direction and at each fi.X(-Bd position the hO_St system is al-
cage effects. lowed to relax to the minimum-energy configuration. From

Fig. 8 it is clear that the guest Si atom prefers to move away

inside the cageeffect of the encapsulation. Our technique, rom the center of thes cage (approximately 1.75 A off

as it has been mentioned, tends to overestimate band gag@ntel. Also, we find that the 6 ringlocated about 3.7 A
for bulk Si we calculate the band gap of 1.86 édxpt. away from the center of the cage in tffel1) direction] acts

1.1-1.2 eV. Therefore, the new composite material k€ @ trap for the impurity atom. Both phenomena are well
(Sis@Si0y,) is expected to have a band gap only slightly known for cation metals in zeoh}e structures. The rglgxatlon
smaller than that of bulk diamond phase silicon, but withOf the framework is found to be important in determining the
almost no dispersion of the band edges. preferred equilibrium site of the guest atom. This is illus-
For these native clusters, we find that the electronic structrated by a static calculation shown in Fig(dashed lingin
ture of Si guest clusters is somewhat altered by the clusteivhich the guest atom is moved discretely, but the ;SiO
host interaction. But the origin of the states in the energy gaffamework is not allowed to relax towards its equilibrium
region of the host matrix can be easily traced to the states dionfiguration. Note, that even though both methdstatic
the cluster. This is in contrast to the case of alkali metand dynami produce two local minima at nearly the same
atoms in sodalite where the electronic states of the clustéfoordinate of the guest, the absolute minima for the two
inside the zeolite are perhaps better described as “cavitj?€thods are different. Framework relaxation is often ne-
states” and are controlled by the zeofffe This suggests dlected in guest-host systeffsand our results show that
that one perhaps can form a new material with the electroni€ven for this particularly simple system it is important.
gap reminiscent of that of the cluster—e.g., silica sodalite W€ have studied the structure and energetics of the clus-
“doped” with Sis is a direct-band-gap material with a band €rS S, Sis, Sk, Sis, S, and St. Full geometrical optimi-
gap slightly below that of bulk silicon; however, the details Zation of the clusters and the framework was performed. The
of the band structure are difficult to control. structure of the Si clusters inside the cages of silica sodalite
in general closely resembles that of the clusters in free space.
For the dimer we find two configurations, a metastable
“short dimer” with Si-Si bond length of 2.03 A, and a “long
We now discuss the energetics of Si clusters inside theimer” with Si-Si bond length of 2.28 A, similar to the
silica-sodalite cages. We first consider a single Si atom reresults of Sanket al** for clusters in free space. ForSi
siding in the middle of the sodalite cage. The fact that thewe find the ground-state configuration to be an isosceles tri-
highest occupied states are partially occupied and triply deangle with two shorter Si-Si bonds of 2.17 A at a 74.52°
generate suggests a Jahn-Teller instability. This is indeed thengle and the apex atom slightly overchargedO(06e).
case. In Fig. 8 we show the “dynamic” energy profielid  These bond lengths and angle are slightly smaller than those
line) experienced by a single Si atom when moved in thefound for a “free” trimer; 2.19 A and 76.25°, respectively.
(111) direction along the line connecting the centers of theFurthermore, for Siwe find the tetrahedron, and not the
two adjacent cages. Such a line would pass through the cenhombus, to be the ground state. This may be an example of
ter of the hexagonal faces of thecages. The dynamic cal- a more general phenomenon—the cluster inside a zeolite
culation of the energy is done in the following way—the cage adopts a more compact geometry when it is big enough
guest atom is assigned an infinitely large mass, so it cannat feel the pressure of the walls of the cavitys &d S§ both
move during the molecular-dynamics relaxation. The posiform biprisms that are about 6% smaller along the highest-
tion of the guest atom is changed discretely along(ftiel)  order symmetry axis than their “free space” analogs, which

B. Energetics of Si clusters
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applications, it is of principal importance to address both the
geometry and the electronic spectrum simultaniously. We
find that sufficiently small Si clusters exhibit very little in-
o teraction with the host and form a “molecular crystal”-like
arrangement with the periodicity dictated by the host. How-
ever, one should not neglect the structural relaxation of the
host crystalline matrix in response to the presense of the
guest cluster.
. We have investigated silica sodalite. We find the cubic
ST ] lattice constant to be 8.6 A or 3% smaller than the experi-
St . mental one. The relaxed structure reproduces the general
trend in the bond-length/bond-angle correlation well de-

o
~

o
no

S
()

©

Encapsulation energy (eV)
o
o

-0.4 e scribed by a simple analytical mod€lThe material is found
1 2 3 45 6 7 8 to be a wide-band-gap insulator with the band gap about 2
cluster size (n) eV smaller than that of--quartz. We find silica sodalite to

have a cohesive energy of about 0.12 eV/S{@®2 kJ/mo)

FIG. 9. The energy of encapsulation for Si clusters in silicaabovea-quartz, in a good agreement with the recent thermo-
sodalite. For the Siand Sj clusters, energies for two different chemical trend® where it is found that structures of ex-
configurations are shown. SRand Si2L stand for the short and panded volume are typically 0.10-14 kJ/mole above
long dimers, respectively; SiRH and Si4TH stand for the rhom-  ,-quartz.
bus and tetrahedron. Negative energies mean that a cluster has e have studied the structure, electronic properties, and
lower energy inside a silica sodalite cage than in free space. energetics of the native clusters,SBis, Sis, Sis, Sig, and Si

in silica sodalite. The geometrical structure of sufficiently
tr§_ma|l clusters(Si, clusters withn<5) is similar to that of
SFlusters in free space. There are some differences, such as the
Si; and a single Si atom trapped in the vicinity of the 4 ringfa_Ct _tha_t Sj prefers a more dense tetrahedral structure when
of the sodalite cage. it is inside the soQalltqs cage, rather than the r_hombohe_drgl

When we look into energetics of encapsulation of thesdorm found for this cluster in free space. This result is in
clusters we find that only the Sclusters withn<5 have agreement with the notion that inside zeolite cages semicon-
negative energies of encapsu|ation_ The energy of encapsguctor clusters find geometries reminiscent of high-preSSUre
lation Eg, is defined in the following way: Phases rather than the ground-state bulk materials, as has
NEqn= E(Si,+ sodalite)}- E(Si,) — E(sodalite), and mea- been observed experimentally for CdS in zeolitd Y.
sures the cost of cluster encapsulation per Si atom inside Electronically, the doping results in the formation of the
sodalite. HereE(Si,) is the energy of a free space cluster of molecular electronic states in the band-gap region of the
Si,. The energy of encapsulation is shown in Fig. 9. Ener-host. A strong guest-host interaction is expected only when
gies for two different configurations of the,Sind Sj clus-  the electronic states of the guest are in “resonance” with the
ters are shown, Si&and Si2L stand for the short and long band states of the host as in the case of e.g.,, Zn and S in
dimers, respectively; SiRH and Si4TH stand for the SiO,, or for the alkali-metal doping. We find that the elec-
rhombus and tetrahedron. The transition from negative teronic structure of Si clusters is altered by the cluster-host
positive energy may be understood using the following arguinteraction, but the electronic states responsible for the opti-
ment. The volume of thes cage is approximately 113 ¢4l properties of the nanocomposite supralattice retain their
(assuming it is a sphere with the “effective” radius of 3,A cluster character. These states are affected via two different
while tghe volume per atom in the diamond phase of Si isymechanisms. Both the change in the geometry of the cluster
20.2 A°. Hence a Si cluster is “squeezed” when; 8f Sk is  ¢caysed by encapsulatigpressurelike effegtand the electric

is compensated by a 2% increase in the Si-Si bond leng
Si; is found to be unstable towards the decomposition int

put inside the cage. potential inside the cages of the h@stlectrostatic” effech
cause the shifts of the cluster states. This suggests that one
V. CONCLUSIONS can form a new material with the electronic gap stemming

We have investigated loading of zeolite cages with smalffom that of the cluster—e.g., silica sodalite “doped” with
semiconductor clusters. Nanocomposites of this type are's IS @ direct-band-gap material with a band gap slightly
known as supralattices, and offer a unique way to exploit thémaller than that' of bulk S!llCOh. prever,_ eaf:h cluster h.as
electronic properties of small clusters in designing advancedifférent electronic properties and in practice it may be dif-
electronic materials. As a “model” system we have studiegficult to achieve precise control of the energy gap magnitude.
small “native” Si clusters in silica sodalite. We use QMD,
which enables us to perform the structural optimization of
the system and to investigate its electronic properties within ACKNOWLEDGMENTS
a unified theoretical framework. Modeling electronic materi-
als with clusters encapsulated in zeolites opens up a new We thank the NSKGrant No. DMR-95-26274for sup-
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