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By reducing the~4;2!-connected regular three-dimensional nets of zeolites to 4-connected nets, we introduce
a variety of new expanded structures of elemental Si. Anab initio molecular dynamics method is used to
determine the optimized geometries, energetics, and electronic properties of the proposed structures. It is found
that Si structures derived from those of group-6~5-ring! zeolites are particularly low in energy (;0.1 eV/atom
above the ground state! and semiconducting~with band gaps varying60.7 eV about the 1.17 eV gap of
diamond Si!. @S0163-1829~96!02318-1#

Silicon, whose ground state equilibrium phase is the dia-
mond structure, is at the heart of the semiconductor industry;
as such, it is one of the most thoroughly studied materials. Of
high scientific interest have always been possible new phases
of this widely used semiconductor, as such new phases may
have applications in electronics if they were to have desir-
able or novel electronic properties. This has led, e.g., to high-
pressure research on Si, where new phases such asb-tin
have been discovered. These new phases have been found
not to be semiconducting, however, but rather are metallic or
semimetallic.

A common approach to search—theoretically—for new
materials is to start with a simple structure and hypothesize
more complex materials by analogy.1 For example, starting
with carbon in the ‘‘simple’’ diamond phase, one might hope
to synthesize isoelectronic symmetrical analogs such as BN,
BeO, and LiF in a structure similar to diamond. Even more
complex compounds can be derived by forming asymmetri-
cal analogs such as B2O, BeN2, or LiN 3 .

Of course, an alternate approach consisting of inverting
this idea can also be chosen: The knowledge of complex
compound structures might be exploited to predict possible
new phases for simpler or even elemental materials. Re-
cently, this idea was used to search for new phases of carbon
by two different groups.2,3 Unfortunately, no experimental
evidence for the existence of such materials has yet been
reported. We follow this approach here using known com-
plex silicate phases to predict new structures for elemental
silicon, where such evidencedoesexist.

Framework alumino-silicates, which form a dazzling ar-
ray of complex structures, are~4;2!-connected nets with
4-coordinated Si or Al atoms and 2-coordinated oxygens.
Perhaps the most beautiful group of them is the class of
structures known as zeolites, which are often composed of
polyhedral cages interconnected by channels. Because of
their ability to transport atoms or molecules through the
channels and to house guest molecules within the cages, zeo-

lites have been exploited for several industrial applications
as, e.g., petroleum cracking, drug delivery, as ion exchang-
ers, or as gas separators.

The idea is now that the~4;2!-connected nets of alumino-
silicate structures can be reduced to the 4-connected ones of
common semiconductor materials such as Si, C, Ge, and III-
V’s by stripping off the oxygen atoms.

In this work we present such a ‘‘stripping’’ as a system-
atic procedure to generate 4-coordinated low-energy and
large-volume elemental silicon structures which are analo-
gous to zeolites. Thus our new silicon structures amount to
zeolites without oxygen—only the framework ofT atoms re-
mains. TheseT sites can be occupied not only by Si as is
studied in the present work, but in principle also by, e.g.,
carbon,2,3 germanium, or in suitable structures by alternating
heteropolar species likely to form 4-connected nets such as
Ga and As.

To test the stability and to determine the cohesive ener-
gies of these new structures and their ground state properties,
we have performedab initio electronic structure local den-
sity approximation~LDA ! calculations within the framework
of the local orbital approach.5,6 We found that these new
silicon materials are insulators with varying band gaps and,
most importantly, that the formation energies of these mate-
rials with respect to the ground state diamond structure are
comparable to those of true~oxygen-containing! zeolites
above the SiO2 ground statea-quartz. This curious and im-
portant observation introduces a connection between two dis-
tinct groups of silicon-based materials: silicates, which are
important in mineralogy and in many technological applica-
tions, and elemental silicon, which is used in most semicon-
ductor electronic devices.

The1991 Atlas of Zeolite Structure Types7 lists 85 differ-
ent zeolite structures, and this number has been increasing
rapidly in recent years. The impressive variety of zeolite
structures is mostly due to the large number of possible ways
to link TO4 (T5Al,Si! tetrahedra in a~4;2!-connected
alumino-silicate framework or, alternatively speaking, to the
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relative flexibility of the angle about the bridging oxygen
which varies in framework silicates from 130° to 180°. On
the other hand, theTO4 tetrahedra are known to stay fairly
regular with the O-T-O angle close to the ideal tetrahedral
angle of 109° as this angle is ensured by thesp3 nature of
theT-atom bonding.

After stripping off the bridging oxygens, the~4;2! net
reduces to a 4-connected net ofT atoms. The new net, of
course, has lost its flexibility as it has directT-T bonds in-
stead ofT-O-T connections. Therefore, because of their an-
gular distribution which contains many angles far from the
ideal tetrahedral one, the majority of 4-connected nets de-
rived from the~4;2!-connected ones are unsuitable for our
purposes. Looking for ‘‘good candidates,’’ structures con-
sisting mainly of planar pentagons resulting in a bond angle
of 108° which is very close to the tetrahedral angle could be
a good choice. Unfortunately, there are no 4-connected nets
consisting of just planar pentagons. However, nets exist that
are built of 5-rings and a structural unit known as 5-1@a
5-ring with a ‘‘leg’’; see, e.g., the basis of bikitaite shown in
Fig. 2~a!#: First, there are clathrate structures such as mel-
anophlogite ~MEP!, dodecasil 3C~MTN!, dodecasil 1H
~DOH!, deca-dodecasil 3R~DDR!, and nonasil~NON!. All
clathrate structures involve a combination of 5-rings and 5-1
units ~with the exception of nonasil containing 5-rings and
6-rings!. Second, there are group-6 zeolites,8 for which 5-1 is
the only secondary building unit. Group 6 combines a variety
of different structures such as zigzag structures~BIK, CAS,
MTT, TON, ZSM-12, NAPO-36!, pentasils~MFI, MEL!,
and sawtooth nets~MOR, DAK, FER, MFS!; we have cho-
sen several structures from these families as examples in the
present work.

Besides group-6 zeolites there exist many common zeo-
lites based on different linkages of the sodaliteb-cage. This
cage, which is also known as Kelvin’s polyhedron, contains
six squares and eight hexagons. Different stacking of these
polyhedra leads to different structures like, e.g., sodalite
~SOD!, linde A ~LTA !, or faujasite~FAU!. The squares have
bond angles of 90°, which, for Si, is energetically undesir-
able since Si prefers the tetrahedral angle due to its
sp3-bonding. However, if the number of such 90° angles
remains small, the Si structure may still have a relatively low
energy overall. We have chosen SOD, LTA, and FAU struc-
tures as examples of this class in this work.

We have performed electronic structure molecular dy-
namics simulations5,6 on several example structures from the
families mentioned above. The method employs the local
orbital basis using the periodicity of the lattice~Bloch
states!. A large set of specialk points was used for all struc-
tures and checked for convergence of the Brillouin zone in-
tegration. Both internal and external coordinates~cell shape
and size! were fully relaxed using constant zero-pressure
damped molecular dynamics techniques. From these calcula-
tions we obtain the total energy of the structure, the elec-
tronic band structure and band gaps, the optimized geometry
including bond lengths and bond angles, and its vibrational
phonon modes. In addition to zeolite-derived phases, we
have examined the all-silicon equivalents of quartz, tridym-
ite, and cristobalite in order to explore the lower-volume
region of the phase diagram also.

The results of our calculations are summarized in Fig. 1,

where we display the energy per atom for each of the pure
silicon structures vs the volume per atom relative to the
ground state Si diamond phase. For comparative purposes,
we define the energy of the Si-diamond structure to be zero.
In the regions of volume less than that of diamond, we have
plotted values from the literature9 for the compressed phases
of Si b-tin, simple cubic~sc!, face-centered-cubic~fcc!, and
BC8 ~the BC8 phase is a metastable phase that is quenched
in upon release of pressure from theb-tin phase!.10 It can
clearly be seen how the energy of the compressed structures
increases rapidly with decreasing volume.

Looking for new phases derived from silicates on the
high-pressure side, we examined the common SiO2 poly-
morphs quartz, cristobalite, and tridymite.11 We find the Si-
quartz structure to be a possible high-pressure phase. The
structure of Si-cristobalite simply reduces to that of the dia-
mond phase of Si, while the Si-tridymite structure is that of
lonsdaleite~wurtzitelike! and is virtually degenerate in en-
ergy with that of diamond~thus is not displayed in the fig-
ure!.

The most important feature of Fig. 1, however, is the
appearance of a number of new zeolitelike phases of Si
which are expanded in volume in comparison to diamond.
We find the very surprising result that all the structures de-
rived from group-6 zeolites and clathrates with rings of five
or more atoms~BIK, CAS, FER, MTT, TON, MEP, and
MTN! are relatively low in energy. They cluster around a
15% volume expansion, and have an energy cost of around
0.1 eV/atom or even less. Therefore, these structures are all
far lower in energy than the first stable high-pressure struc-
tureb-tin.

The examined structures with 4-rings~SOD, LTA, and
FAU! have larger volumes, and have energies which seem to
grow in proportion to their volume. It is notable that SOD,
with one-third~1/3! of its rings being 4-rings and 2/3 being
6-rings, has an energy even lower than FER which has no
rings smaller than 5-rings. Therefore, the energy appears to
correlate best to the volume and the overall distribution of
bond angles.

FIG. 1. Binding energy per atom with respect to diamond for
elemental silicon structures as a function of relative volume per
atom. The zeolite-~and quartz-! derived structures of silicon are
indicated by the solid diamonds, while open symbols represent
high-density phases from Refs. 9 and 10.
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All the expanded structures are found to have a distribu-
tion of bond lengths located near the diamond phase bond
length, but with a skew towards slightly longer bond lengths.
The ‘‘dip’’ in energy for MEP and MTN may be attributed to
the fact that unlike the other examined structures, both of
them have planar pentagons, and therefore bond angle distri-
butions concentrating on a narrow region around the tetrahe-
dral angle. A very similar behavior was previously found for
the carbon analogs of these structures.2,3

By way of example, we show the structure of the all-Si
bikitaite ~BIK ! phase in Fig. 2 whose energy was also found
to be particularly low. The lattice is monoclinic with six Si
atoms per unit cell. Figures 2~a! and~b! show two orthogonal
views of the structure: The view down they axis @Fig. 2~a!#
shows zigzag chains of linked 5-rings separated by rows of
8-rings. This view is typical for group-6 zeolites. Notice that
neither the 5- nor the 8-rings are planar, nor are they in the
plane of the projection. The projection along thez axis @Fig.
2~b!# reveals quite a different situation consisting of a hon-
eycomb structure similar to that found in diamond.

Our ab initio band structure calculations predict that the
expanded Si structures studied are insulators. Their band
gaps vary from about 0.7 eV below the Si diamond band gap

~expt. 1.17 eV! to about 0.7 eV above it. In addition, the
highest-frequency optic vibrational modes at zone center
vary from approximately 25 cm21 below the Si diamond
frequency~expt. 521 cm21) to about 130 cm21 above it.12

Furthermore, there is an interesting similarity between the
energetics of the expanded volume silicon phases and that of
the corresponding oxygen-containing SiO2 zeolite structures.
This can be seen by comparing Fig. 1 with Fig. 3 of Ref. 13
where the experimental excess enthalpy of several silica
~SiO2! zeolites as a function of volume is shown. The com-
parison shows that the energy scale for both expanded mate-
rials is; 0.10 eV per molecule or atom~0.1 eV5 10 kJ/
mol!. Furthermore, both materials have energies which rise
rapidly for their compressed structures. An important differ-
ence, however, appears for the very large-volume structures:
SiO2 materials appear to saturate in energy, while elemental
Si structures appear to rise continually.

Both Si and SiO2 materials have been extensively stud-
ied, and a connection between these two opens several new
avenues to explore as, e.g., the possibility of band-gap engi-
neering not by means of changing the composition of
diamond–zinc-blende-structure materials like Ga12xAl xAs
or Si12xGex but rather by changing the structure ofelemen-
tal silicon towards the desired band gap. Furthermore, this
new way of band-gap engineering by tailoring the structure
and not the composition could make the band-gap region
abovethe Si gap more accessible. Up to now, it is technically
very demanding to increase the band gap in Si by straight-
forward alloying. For example, addition of small amounts of
the large-band gap material carbon to Si does not increase
but rather decrease the gap,14 whereas larger amounts of car-
bon cannot be added because of the small solubility of C in
Si. In addition, the new structures proposed here may have
very interesting electron or even ion or atom transport phe-
nomena due to the channel-and-cage structure of these ma-
terials.

Perhaps the reason that this ‘‘obvious’’ analogy between
Si and SiO2 materials seems to have been missed in the past
may in part be due to two reasons:~i! Reliable electronic-
structure-based calculations of such complex systems have
become possible only within the last few years. Therefore,
speculations in this direction could not be checked theoreti-
cally. ~ii ! The structures described here~just as zeolites! have
a volume per atom larger than their absolute ground state
structure. Experimentally there is no simple way to apply
negative pressure. This problem is circumvented in natural
zeolites by the use of guest impurities. These impurities act
as templates around which the polyhedron cage can nucleate.
The expanded Si structures or ‘‘silisils’’~as they may be
called in analogy with silacious zeolites referred to as ze-
osils! could be made in a similar way. In fact, this has been
done in the case of the two ‘‘best’’ expanded structures from
Fig. 1, MEP and MTN. These structures can be synthesized
in the presence of ‘‘templating atoms’’ like, e.g., alkali~or
other! metals.4,15 The size of the metal atom is important in
determining which of these structures form. Furthermore,
metal doping can lead to interesting effects and recently has
been shown to produce the first tetrahedral Si-based
superconductors.16

Many years ago Kamb17 noticed a similarity between
structures of water~ice! and silicas. This similarity was

FIG. 2. TheT-atom framework of the bikitaite~BIK ! structure
viewed along the~a! y axis ~the black circles denote the basis at-
oms, the arrows the two in-plane lattice vectors! and ~b! z axis.
Note that~b! is undistinguishable from the~111! perspective of the
diamond structure.
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based on the observation that both materials have a tendency
to form tetrahedrally linked framework structures. Silica
polymorphs are constructed out of near-rigid SiO4 tetrahe-
dra, and structures of water form in which an oxygen atom is
surrounded by four hydrogen atoms. We can now take this
analogy one step further: There may exist low-energy near-
tetrahedral structures of elemental silicon which mimic the
structures found in both H2O and SiO2 .

The main result of our work is therefore that by using
analogies from complex SiO2 structures, we are able to show
that there exists a number of possible new low-energy ex-
panded structures of pure silicon, and possibly for other ma-
terials also. The energetics of these systems is surprisingly
favorable, and in fact several have energies far less than that
of any high-pressure phases obtained in the laboratory. A
characteristic energy scale of 0.1 eV/atom~or ;10 kJ/mol!
is found for our ‘‘silisils,’’ which is quite comparable to the

energies of the zeosils13 of SiO2 . Furthermore, we believe
that these materials could offer new applications like, e.g.,
band-gap engineeringvia structure tailoring, and should pos-
sess very unusual physical properties. Clearly, the challenge
now goes to the experimentalist to invent novel synthesis
routes and experiments to probe this unique volume region
of such an important material.
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