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The efFects of doping Si clathrate structures with alkali metals have been investigated theoreti-
cally. We discuss (s) the electronic structure of Na and other alkali-metal-doped Si clathrstes, and
(b) the possibility of a Jahn-Teller effect. We also discuss band-gsp engineering for Si materials,
as well as Mott s conjecture for the electrical and magnetic properties of Na Sig36 clathrate com-
pounds. We use the self-consistent plane-wave technique to study the electronic structure, and an
ab initio tight-binding-like molecular dynamics is performed to determine geometries, energetics,
and Jahn- Teller efFects.

I. INTRODUCTION

Clathrate, or inclusion structures have been known for
many years as hydrates of species such as chlorine and
nobel gases. They were mentioned by Davy, and shortly
afterwards by Faraday in the early nineteenth century. '

A salient feature of such structures is a four-connected
hydrogen-bonded network with large polyhedral cavities
that accomodate the templating guest species. The same
structures, now with Si-0-Si bonds replacing the 0-H-0
hydrogen-bonded network, have also been characterized
as polyphorms of Si02 known as clathrasils, such as in
the naturally-occuring melanophlogite. More recently,
the same frameworks have been found for compositions
Na Si(z ( 1) prepared by careful decomposition of NaSi,
etc. Now Na atoms are in polyhedral cavities of a four-
connected Si framework.

The two most important clathrate frameworks are cu-
bic, and in the context of hydrates are known as type I
and type II. In an earlier paper, we have described these
structures. The present paper is concerned with type
II structure, both pure and with alkali-metal atoms in-
corporated in the structure. The pure Si structures I
and II can be described as being composed of face shar-
ing polyhedra, with Si atoms in the vertices. Each Si
atom has four neighbors, just as it has in the diamond
phase. To form a closed polyhedron one must satisfy
the 12 pentagon rule, just as for fullerenes. Thus, the
smallest possible polyhedron is a 20 atom pentagonal
dodecahedron, shown in Fig. 1(a). Keeping the num-
ber of pentagonal faces fixed, we add hexagonal rings
to form a tetrakaidecahedron (two hexagons) and a hex-
aksidecahedron (four hexagons) as shown in Figs. 1(b)
and 1(c), respectively. These three polyhedra are the
building blocks of the clathrate structures. An infinite
periodic lattice may be formed by arranging the polyhe-
dra in the following ways. The tetrakaidecahedra are first
stacked by sharing hexagons to form infinite rods. These
rods are then packed to form a simple cubic structure

where internal voids turn out to be penatgonal dodec-
ahedra. The resulting type I structure is simple cubic
with 46 Si atoms per unit cell. We referred to that struc-
ture as Si(46) in the earlier paper. Alternatively, a face-
centered-cubic (fcc) type II structure can be formed if
one uses hexakaidecahedra and dodecahedra as building
blocks. This structure has 136 atoms in the cubic cell or
34 atoms in the primitive cell. We referred to that struc-
ture as Si(34). Our present work is concerned with that
structure. When alkali-metal atoms are present, we will
use the formula M„Siqss to indicate that the cubic unit
cell contains n M atoms (where M = Na, K, etc.) and
136 Si atoms. For example, Na4Sigss means that there
are four Na atoms in the cubic 136 atom cell.

Recently, the group IV elemental semiconductors Si
and C in the clathrate structure have been studied both
experimentally and theoretically by several groups, in-
cluding ours. The Si clathrate solids were examined
experimentally by Roy et al. ,

4 who being encouraged
by the recent discoveries of superconductivity in carbon
fullerene compounds, began searching for superconduc-
tivity in Si-Na systems. No high transition temperature
was found. Our group has recently examined the en-
ergetics and band structures of the elemental semicon-
ductor Si (without alkali metals) in two different four-
coordinated clathrate structures. In that work, ab ini-
tio tight-binding-like molecular dynamics calculations,
and fully self-consistent plane-wave calculations were per-
formed. It was predicted that the energies of these struc-
tures were only slightly above that of the ground state
diamond structure (by = 0.07 eV/atom), and that they
had an indirect band gap of about 1.9 eV, i.e., about 0.7
eV larger than that of Si in the diamond structure. In ad-
dition, Nesper et al. have performed similar calculations
on pure carbon in clathrate (and other zeolite) struc-
tures. Their local density approximation calculations
show these carbon structures are also very low in energy—
substantially lower in energy than the fullerene Inolecule
C60, and lower in energy than polybenzene, a low energy,

0163-1829/94/50(23)/17001(8)/$06. 00 50 17 001 1994 The American Physical Society



17 002 DEMKOV, SANKEY, SCHMIDT, ADAMS, AND O'KEEFFE

kg
ra+'

ill

three-coordinated, 8p -bonded, three-dimensional hypo-
thetical carbon network.

There are striking similarities between the Si-Na
clathrates and the alkali-metal-doped C60 fullerene
solids. In both structures, the building blocks are rather
large polyhedra —-- the 60 atom icosahedron in the case of
carbon; and the 20 atom dodecahedron and the 28 atom
hexakaidecahedron in the case of Si(34) clathrate. Both
systems undergo an insulator-to-metal transition upon
doping with alkali metals. ' However, there is a signif-
icant difFerence between the two groups of materials in
their bonding. Within the fullerene solid, the crystal
is held together via weak van der Waals type interac-
tions and the carbon polyhedra retain strong molecular
features. The silicon clathrates are bona fide covalent
solids. As far as doping with alkali metals is concerned,
in fullerenes the dopant atoms are interstitial outside the
polyhedra, whereas in clathrates they occupy interstitials
within the polyhedra. Experimentally, the magnetic sus-
ceptibility disappears in Na Siq36 when x reaches approx-
imately 8, probably due to a transition from an insulator
to a metal. This composition is interpreted to be the
composition in which every hexakaidecahedron is fully
occupied. At lower Na concentrations the EPR measure-
ments indicate the presence of well-separated Na atoms,
and allow tracking of electron delocalization with increas-
ing Na concentration. The fn'st qualitative description
of the insulator-to-metal transition in Si clathrates was
given by Mott, in his interpretation of earlier experi-
ments by Cros et al.

In this paper, we take Si(34) clathrate solid as the
model Si clathrate system, and address the following
points: (a) the effects on the electronic structure due to
Na and other alkali-metal doping, and (b) the Jahn- Teller
(3T) efFect. Finally, Mott's conjecture concerning the in-
sulator to metal transition for the electrical and magnetic
properties of Na Si~36 compounds is reevaluated.

II. ALKALI METALS IN CLATHRATES-
Na4Sixse AND NaeS&use

FIG. 1. The building blocks of the silicon clathrate struc-
tures: (a) pentagonal dodecahedron, (h) tetrakaidecahedron,
and (c) hexakaidecahedron.

The band structure of Si(34) predicted by a self-
consistent plane-wave calculation within the local den-
sity approximation (LDA) was reported in Ref. 5 [see
Fig. 4(b) of that reference]. The band gap is indirect,
but is widened by more than 0.7 eV compared to a sim-
ilar calculations of Si in the diamond structure. This
is the limiting case (x=Q) in the family of compounds
of the type Na Siq36. We now investigate the efFect of
Na doping on the band structure. To investigate this we
must erst specify how the alkali-metal atoms are incor-
porated into the clathrate structure. A description of the
clathrate phase geometry is given in (Ref. 5), and for the
purpose of the current discussion, it is only important to
recall that there are eight large hexakaidecahedra and l6
smaO dodecahedra per unit cell. The metal atoms may
occupy interstitial sites within some or all polyhedra de-

pending on concentration. It is known experimentally
that in these compounds Na atoms occupy the largest
polyhedra erst. No study of Na atoms ordering in the
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structure has yet been reported. Two special cases are
the compound NasSiqss with all of the hexakaidecahedra
occupied by Na, and all of the dodecahedra empty, and
the Na4SiqM compound with only half of the interstitial
sites occupied.

First, we consider the case when x = 4. We assume
that every other hexakaidecahedron in the unit cell is
occupied (perfect order). This means that the sodium
atoms are on an fcc crystal lattice and the symmetry is
E43m. A Na atom is in a site of 43m=Tg symmetry as
shown in Fig. 2. We perform a self-consistent band struc-
ture calculation using a plane-wave expansion within
the local density approximation and the pseudopoten-
tial approximation. Soft pseudopotentials of the Kerker-
Martins-Troullier type ' ~ are used and the plane-wave
energy cutoff is chosen to be 200 eV. The integration over
the Brilluoin zone, to obtain the charge density and the
total energy, is done using two special k points in the
irreducible wedge. The resulting band structure in the
near-band-gap region is shown in Fig. 3. The most strik-
ing feature of the band structure is the absence of any
new states in the gap. The highest occupied band, near
1.2 eV, is approximately half occupied by a single elec-
tron (&om Na), and has very little dispersion (= 0.2 eV).
It is triply degenerate at the I' (k = 000) point. Note that
the degeneracy at the (110) and (100) k points has been
lifted, compared to that of pure Si. Also note that at the
I' point, the higher energy singly degenerate conduction
band state at about 0.3 eV above the conduction band
minimum was nearly 1.0 eV above the conduction band
minimum in pure Si. Thus, the effect of Na is to Batten
the lowest conduction band (which is triply degenerate at
the I' point), and to substantially lower the higher energy
state which is singly degenerate at I'.

In order to gain some insight into the physics of these
states, we have perfomed model calculations using a mod-
i6cation of the local-orbital density functional method of
Sankey and Niklewski. This local-orbital picture has
the advantage of being easier to interpret.
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FIG. 3. The band structure in the near-band-gap region of
Na4Si$36 computed using plane waves.

We mimic the effect of alkali-metal doping using a
"pseudoatom" technique by inserting an extra Si atom
in the center of every other hexakaidecahedron (ordered
Na4Sigss) just as we introduced the Na atom in the plane
wave calculation. The distance from this "interstitial" to
the Grst neighbor is near the second nearest neighbor
distance in diamond phase Si = 3.8 A. . Because of this
large distance, we introduce little error in setting to zero
the overlap (which gives a second order correction) be-
tween the simulated atom in the center of the cage and
the remainder of the system. This was checked by in-
dependet calculations which included the overlap with
the result being very close quantitatively. The diagonal
s and p matrix elements on the "pseudoatom" are now
shifted upward in unison to simulate an electropositive
element like Na; when the shift is large the atom is elec-
tronically removed and the system reverts back to the
ideal Si clathrate band structure. For smaller shifts (less
than +10 eV) the interstitial is more alkali-metal like.
For example, Hartree-Fock calculations yield the energy
difference between the 3s state of silicon and 3s state of
sodium to be 9.7 eV, while the LDA gives 8.1 eV for
this difference.

First, we study the behavior of the eigenstates in the
near-gap region at the 1 point as a function of the on-site
energy shift of the interstitial atom &om Si. Results are
shown in Fig. 4. An Aq state (a like) is pulled down
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FIG. 2. A Na atom in the center of the Si hexakaidecahe-
dron. This site has a perfect T& symmetry.

FIG. 4. The eigenstates in the near-gap region at the I'
point as a function of the on-site energy shift AV „-„t,, of the
interstitial atom from Si.
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from the conduction band as the on-site shift is reduced,
while the triply degenerate T2 states at the bottom of the
conduction band are unaffected. The largest slope of the
A& energy curve is 0.9, suggesting a very high degree of
localization of the wave function on the interstitial. From
a comparison with the energy splitting between the T2
and the Aq conduction band states in the self-consistent
plane-wave calculation (Figs. 3), we conclude that an
on-site shift in the range &om 7.5 to 8.0 eV adequately
represents sodium, in accord with Hartree-Pock and LDA
atomic calculations. An on-site shift of 7.5 eV gives the
Aq-T2 splitting at the I' point closest to that of the plane-
wave calculation, while the shape and width of the lowest
conduction bands are reproduced better with the 8.0 eV
shift.

This technique gives us a powerful tool to investigate
effects of alkali-metal doping on the electronic structure

of silicon clathrates, since by changing the on-site en-

ergy shift we can approximately "scan" through the pe-
riodic table. The evolution of the band structure with
the on-site shift is shown in Fig. 5. As one can see, the
main changes take place in the lower conduction band.
The atomic states associated with the interstitial atom
lie higher in the conduction band. For on-site shifts big-
ger than 10 eV the lowest conduction band still retains
the features of pure Si(34) [Fig. 5(a)]. For a shift of 10.0
eV (this shift may be interpreted as a "pseudo-K"), the
lowest conduction band begins to change and the degen-
eracy at (110) and (100) k points is noticeably broken
[Fig. 5(b)]. At a shift of 8.0 eV [Fig. 5(c)], the low-

est conduction band becomes relatively flat (dispersion
is about 0.2 eV), and at 7.5 eV [Fig. 5(d)] we have an
almost Hat band that is triply degenerate at the I' point.
As discussed above, this shift may be interpreted as a
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FIG. 5. The evolution of the band structure with the electropositivity (the on-site energy shift) of the doping atom. (a)
EVo -,;~,——20 eV, the lowest conduction band retains the general features of the pure Si(34). (b) bV„-„.~, ——10 eV, this shift

may be interpreted as a "pseudo-K. " (c) and (d) b,V„„„=8eV and AV„„&,——7.5 eV, these shifts may be interpreted as
a "pseudo-Na. " (f) bV~„-»&,——7 eV, this shift may be interpreted as a "pseudo-Li. " (f) b,V„-„.q, ——6 eV, this shift may be
interpreted as a "pseudo-H. "
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FIG. 6. The band structure in the near-band-gap region of
NasSig36 computed using the "pseudoatom" method.

"pseudo-Na. " Lowering the on-site energy shift further
to 7.0 eV ("pseudo-Li"), we see the picture changes to
one where the lowest conduction band state moves down
into the "gap" [Fig. 5(e)]. Now it has definite Ai sym-
metry at the I' point. Finally, for the shift of 6.0 eV (an
LDA "pseudo-H"), we get a flat nondegenerate band in
the middle of the "gap" [Fig. 5(f)].

Now we discuss the Na8Sig36 clathrate. We occupy ev-

ery hexakaidecahedron and using the "pseudoatom" tech-
nique described above obtain the band structure shown
in Fig. 6. The main effects are the small dispersion of a
fully occupied lowest conduction band, and the appear-
ance of a new band in the lower conduction band region
at about 2.6 eV at I'. This "new" state pushes the A

type state brought down by the 6rst sodium even further
down in energy the effect is less pronounced in the region
Rom (110) to I' to (100) of the Brillouin zone.

To get a better understanding of the interaction be-
tween the two interstitials, and the effect the second
sodium atom has on the band structure, we performed
another calculation in the spitrit of that presented in Fig.
4. We keep the on-site potential of one interstitial fixed
at 7.5 eV (appropriate to Na), change the on-site shift of
the second interstitial atom in the adjacent hexakaidec-
ahedron, and monitor the energy eigenvalues at the I'
point. Results of this calculation are shown in Fig. 7.
We see that the upper A type state comes down in en-

ergy as we reduce the on-site shift toward that of Na (7.5
eV). The lower state is unaffected until the shifts at both
sites are equal, where the repulsion between the two A
levels causes the lowest one to bend down. A similar ef-
fect has been predicted for chalcogen pairs in silicon.
A peculiar implication of this result is that in the case of
combined doping with two alkali metals, the least elec-
tropositive element has the dominant effect on the band
structure.

Though our present modi6c ation of the Snakey-
Niklewski method is done in the spirit of the empirical
tight-binding method, we emphasize the importance of
using a genuine 6rst-principles scheme for calculations
in this particular system. Being a low density phase of
Si (the volume per atom in the clathrate phase is about
17% larger than that in the diamond phase), clathrate
structures provide yet another example of the well known
transferability problem in empirical tight binding. We il-
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lustrate this point in Fig. 8, where we show the energy
per atom in eV as a function of the relative volume per
atom for 6ve different structures of silicon. This calcu-
lation was done using the tight-binding model of Good-
win et al. The most important feature of this figure
is that while giving good results for the higher density
phases of silicon (P tin, simple cubic, and fcc) which the
model was speci6cally designed to do, the model predicts
the clathrate phase to be the ground state. An identical
problem exists in the Xu et al. empirical tight-binding
model for carbon clathrates. Our previous calculations
show that the Sankey-Niklewski technique does not have
this difhculty, which gives us confidence in the interpre-
tation of the results of the model calculations above.

To summarize this section, we find that the electronic
properties of the Si clathrates may be altered in a con-
trollable fashion by doping with alkali metals. The effect
of doping on the band structure is stronger for less elec-
tropositive metals. Speci6cally, we 6nd that doping with
Na introduces a narrow band, which comes Rom the low-

est conduction band in the pure Si material and retains
the degeneracy at the I' point [Fig. 5(c), 5(d)]. This band
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FIG. 8. Energy per atom in eV as a function of the relative
volume per atom for five difFerent structures of silicon (dia-
mond, P-tin, sc, fcc, and clathrate). The calculation is done
using the tight-binding model of Goodwin et aL (Ref. 16).
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FIG. 7. The eigenstates in the near-gap region at the I'

point as a function of the on-site energy shift AV„„.&, of the
second interstitial atom in the adjacent hexakaidecahedron,
when the on-site potential of the first interstitial is fixed at
7.5 eV, appropriate to Na.
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is half occupied at low sodium concentrations (Na4Siiss),
and fully occupied at higher concentrations (NasSiiss).
For K doping, we predict that the effect should be less
pronounced, and the lowest conduction bands will have
structure similar to that of the pure Si material [Fig.
5(b)]. The degeneracy at the I' point suggests a Jahn-
Teller instability of the clathrate phase of Si doped with
Na and K. This effect is discussed in the next section,

III. JAHN-TELLER EFFECT IN SQLID Si($4)
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To study the Jahn-Teller effect in the M4Siiss (M
stands for the alkali-metal atom) system, we use the fol-
lowing method. First, to describe the doping effect, we
introduce the interstitial "pseudo-alkali-metal atom" in
the center of the hexakaidecahedron as described in the
previous section. The choice of the on-site shift for the in-
terstitial depends on which atom we wish to simulate. We
then perform a quantum molecular dynamics (QMD) re-
laxation of the structure [Si(34) plus the interstitial with
the proper number of electrons], the details of the QMD
technique are described in Ref. 13. During the QMD
run, the atoms are free to move in the direction of the
forces (in the presence of a fictitious damping), until the
zero-force (relaxed) configuration is achieved. In these
simulations, we use 216 special k points for the integra-
tion over the Brillouin zone since the material will gen-
erally be metallic and have no symmetry. If done at zero
temperature, the first few QMD steps tend to produce a
totally symmetric distortion. Several room temperature
vibrations are used to break the symmetry and the en-
ergy is reduced further as the system is quenched to the
zero-force configuration. This zero-force configuration is
lower in energy than the initial unrelaxed solid with the
interstitial, and we refer to the difference in these two
energies as the JT distortion energy, EgT [thus the en-

ergy of the totally symmetric (A-type) relaxation is also
included].

First we examine the 3ahn-Teller effect for the case of
Na doping (Na4Siiss). Based on the discussion in the
previous section, to reproduce the effect of Na on the
band structure, we choose the on-site shift of 7.5 eV for
the interstitial atom. It must be stated, that our 3T
energies are only estimates, because of the use of the
"pseudo-Na" atom approximation for the QMD.

By symlnetry there are multiple equivalent Jahn- Teller
distortions. The QMD relaxation finds repeatedly a small
atomic displacement. In any of the multiple minima, the
JT distortion energy is EgT=99 6meV/cell; th. is is small
if compared with that in the hypothetical fullerene solid
C2o, where the JT energy is 1.759 eV/ball. As for the
atomic geometry, the main effect is that the "pseudo-Na"
atom moves away &om the center of the 28 atom cage by
0.17 A. Displacements of the other atoms in the unit cell
are significantly smaller. The analysis of these atomic
displacements shows that as a result of the jT distortion,
the site symmetry was reduced from T~ to C3 .

The band strucure calculated for the final configura-
tion is shown in the Fig. 9. The relaxation lifts the de-
generacy at the I' point, and the lowest conduction band

PIG. 9. The band strucure calculated for the 6nal JT
relaxed configuration of Na4Si$36 using the "pseudoatom"
method. The relaxation lifts the degeneracy at the I' point,
and the lowest conduction band edge is moved further down
into the "gap." The JT gap (at A: = I') AiT=0.065 eV.

edge is moved further down into the "gap." The JT gap
(at k = I') is AqT =0.065 eV. However, because of the lim-
itations imposed by a single particle theory (I DA) that
we are using, we cannot address the undoubtedly impor-
tant electronic correlation effects in this narrow metallic
band at the level which they deserve in this paper.

We now discuss the Jahn-Teller effect for K doped
Si(34). The band structure for this material without
JT distortion is shown in Fig. 5(b). The highest oc-
cupied band of the doped unrelaxed solid retains most of
the free-electron character of the conduction band of the
pure Si material. We estimate the effective mass in this
metallic band in the (100) direction to be 0.58m, .

Because the band structure of the unrelaxed material
doped with potassium is similar to that of the pure Si ma-
terial, it is reasonable to conclude that the main effect of
the potassium atom on the electronic structure is to do-
nate an electron to the conduction band, similar to the ef-
fect alkali-metal doping has in carbon fullerene solids. To
exploit this similarity, we first did the calculation using
the method introduced in (Ref. 18) for fullerene molecules
and solids which become JT unstable when negatively
charged. The effect of doping is simulated in this tech-
nique by adding n electrons to the relaxed Si(34) solid
configuration, or "charging" the solid negatively. First,
we perform a QMD simulation to obtain the relaxed con-
figuration of the neutral undoped Si(34) solid. The final
relaxed configuration of this run becomes the initial con-
figuration for the QMD simulation of the "doped" solid,
which contains the dopant electron. Because the conduc-
tion band of Si(34) is triply degenerate at the I' point, the
negatively "charged" structure is JT unstable. We now
subject the resulting Si(34) " to a final QMD relaxation.
Again several initial room temperature vibrations are re-
quired to break the symmetry, and the rest of the calcu-
lation is exactly as the one described above. For n = 1
(simulating K4Si]3s), we obtain E&T=52 meV/cell, and
the JT gap (at k = I') DENT

——0.145 eV. The corresponding
band structure is shown in Fig. 10, and demonstrates the
splitting of the conduction band edge at the I point and
the almost uniform downshift of the lowest conduction
band as a result of the 3T distortion. The charge den-
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FIG. 10. The band strucure calculated for the final JT re-
laxed configuration of K4Si]36 using the "doping electron"
method (Ref. 18). As a result of a Jahn-Teller distortion the
degeneracy at the I' point has been lifted and the entire low-
est conduction band moved down in energy with the JT gap
(at k = I') being EqT=0. 145 eV.

sity of the added electron (n=l) is found to be equally
distributed among all the atoms in the unit cell, and is
predominantly p type. We have also repeated the calcu-
lation putting in "pseudo-K, " and find nearly identical
results to those just described. Ordering may change the
symmetry and result in a small splitting of the levels,
but we believe that this effect will be smaller than the
Jahn- Teller effect.

We conclude that in the alkali-metal-doped silicon
clathrates the JT distortion lifts the degeneracy of the
lowest conduction band and produces a flat band sepa-
rated &om delocalized states by a gap of 0.065 eV.
Specifically, we find Na4Si]36 to be a metal with a very
narrow conduction band, and a full understanding of its
properties can only be addressed by methods beyond
those of single particle theory.

IV. DISCUSSION

We now briefly discuss the insulator-to-metal transi-
tion in Na doped Si clathrates. An early qualitative de-
scussion of such a transition in Na Si$36 was given by
Mott. We review the main points of his description first.
Following Cros et al. , Mott assumed that the electrons
move in a "sodium band" which is similar to the impurity
band one may observe in Si:P when the phosphorus con-
centration is high. He assumed that the band should lie
well below the conduction band edge because the electron
coming &om the sodium atom is underscreened according
to the efFective mass theory, and, therefore, the conduc-
tion band states can be excluded from the picture. As
the sodium concentration is decreased, the electron gas
in the "sodium band" undergoes three phase transitions
&om the highly-correlated nonmagnetic metal to the an-
tiferromagnetic metal, and finally via Mott transition to
the antiferromagnetic insulator.

Our calculations do not cover the whole concentration
range discussed by Mott, but suggest a somewhat difFer-
ent picture. We have shown, that at the lower sodium
concentrations, when just one sodium atom is introduced

into the unit cell, there are no electronic states present in
the gap. The highest occupied band shows very little dis-
persion and is triply degenerate at the F point. This leads
to a Jahn- Teller distortion which results in a split-ofF nar-
row nondegenerate half-filled band in the "gap." The na-
ture of this band is quite difFerent &om the impurity band
proposed by Mott. The charge density is not localazied
on the Na atom, but rather destributed over the Si atoms
forming the hexakaidecahedral cage surrounding the in-
terstitial. In the ideal Si(34) structure, these Si atoms
give rise to a bundle of the nearly degenerate states in the
conduction band at about 3 eV. Even though the energy
difFerence between the Na state and the Si states is large

( 5 eV), the wave function overlap is significant (the
radius of the cage is about 4.0 A, and the 3s wave func-
tion of Na at this radius is about 28% of its' peak value).
This overlap introduces an additional weak interaction
between the states in the bundle via hopping on and ofF
the interstitial. This interaction results in the splitting
ofF of a symmetric state &om the bundle, and this mecha-
nism is identical to a special eigenstate problem discussed
by Kittel. The highest occupied band flattens out and
remains triply degenerate at the j. point. This leads to a
Jahn-Teller distortion which results in a split-off narrow
nondegenerate half filled band in the "gap."

We may obtain a rough estimate of the electron-
3 2

electron electrostatic repulsion U, by using U =
4

(Coulomb self-interaction of a uniformly charged sphere
of radius A), where A is a measure of the electron local-
ization. Using A=5.0 A. (the extent of the Na 3s wave
function), we obtain U =1.73 eV. The width of the metal-
lic band W is of the order of 0.1 eV. Then, for the Mott
parameter W/U, we obtain = 0.06, which supports a
concept of nonmetalic Mott-Hubbard state for Na4Sig36
clathrate. The estimate though should be taken cau-
tiously, because when the material dielectric constant is
used the result may change up to an order of magni-
tude. Using similar arguments, we may suggest that it
may be possible that in Na8Si$36 the strong electrostatic
repulsion excites an electron over the JT gap into the
next conduction band making this system a correlation
induced metal.

We now discuss the possible ways of band-gap engi-
neering in Si based materials. A significant increase of
the optical band gap has been recently reported in a va-
riety of silicon based materials and nanostructures. Fre-
quently, the explanation of this effect is based on quan-
tum confinement effects. Furukawa and Miyasato re-
ported a wide optical band gap of 2.4 eV in a micro-
crystalline Si:H fabricated by planar magnetron rf sput-
tering in hydrogen gas onto a Si substrate. They ex-
plained the widening of the gap by a three-dimensional
quantum-well effect. Canham found strong visible photo-
luminescence (1.76 eV) in anodically etched ("porous")
silicon, and attributed it to the quantum confinement
effect. Kanemitsu, Ogawa, Shiraishi, and Takeda re-
ported strong visible photoluminescence (1.65 eV) in the
Si nanometer-sized spheres produced by laser breakdown
of silane gas. They explained this effect by the exci-
ton confinement on a nanometer-sized spherical shell.
This list is far from complete. A number of theoret-
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ical calculations for H-terminated Si wires have been
performed. The wire diameter necessary to repro-
duce the luminescence peak ranges from 15 A to 30
jt in these calculations. However, these diameters ap-
pear to be about an order of magnitude smaller than
the typical size suggested by electron microscopy. Mod-
els alternative to the quantum confinement theory have
also been proposed. Brandt, Fuchs, Stutzmann, Weber,
and Cardona have proposed that the luminescence in
porous silicon was &om siloxene derivatives present in
this material. In their interpretation, specific chemical
rea, ctions between silicon, oxygen, and hydrogen define
the luminescence properties of the material.

What silicon clathrates have in common with these
systems is a wide (1.9 eV) indirect optical band gap.
However, the opening of the gap in the clathrates has
nothing to do with the confinement effect, but rather
is caused by the slight bending and stretching of silicon
bonds compared to the diamond phase. Thus, silicon
clathrate structures suggest an alternative way of gap
engineering, which does not require either quantum con-
finement effect or the presence of oxygen in the material.

V. CONCLUSIONS

In conclusion, we have studied theoretically the effects
of alkali-metal doping in clathrate Si solids. We find that
different metals have different efFects on the lowest con-
duction band states. At low concentratons, the resulting
compounds are metallic in a one electron picture. How-

ever, for Na doping, we find a Hat band and Jahn-Teller
distorted band, which may produce an insulating struc-
ture when many electron effects are included. Formation
of the insulating state is probably due to a combination
of the Jahn-Teller and Mott transitions.
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