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Infinite family of bc8-like metastable phases in silicon
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We show that new silicon crystalline phases, observed in the experiment with the laser-induced microexplo-
sions in silicon crystals [Rapp et al., Nat. Commun. 6, 7555 (2015)], are all superstructures of a disordered
high-symmetry phase with /a3d cubic space group, as well as known for many years phases bc8 (Si-1II) and 8
(Si-XII). The physics of this phenomenon is rather nontrivial: The bc8-like superstructures appear as regularly
ordered patterns of switchable atomic strings, preserving everywhere the energetically favorable tetrahedral
coordination of silicon atoms. The variety of superstructures arises because each string can be switched between
two states independently of the others. An infinite family of different phases can be obtained this way and a
number of them are considered here in detail. In addition to the known bc8, bt8, and r8 crystals, 128 tetrahedral
structures with 16 (6 phases), 24 (22 phases), and 32 (100 phases) atoms per primitive cell are generated and
studied; most of them are new ones. For the coarse-grain description of the structures with two possible states
of switchable strings, the black/white (switched/nonswitched) Shubnikov symmetry groups have been used.
An ab initio relaxation of the atomic positions and lattice parameters shows that all the considered phases are
metastable and have higher density and energy relative to the bc8 phase at the ambient pressure. A possible

scenario for appearance of those phases from the high-temperature amorphous phase is discussed.
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I. INTRODUCTION

Despite the fact that our contemporary civilization is now
based on one type of silicon crystals with the diamond struc-
ture, the diversity of crystal forms of this chemical element is
not much inferior to that of carbon. There are numerous exotic
structures with tetrahedral [1,2] and more complicated atomic
arrangements, including a big family of high-pressure silicon
phases with higher coordinations [3-5]. The silicon phases are
interesting first of all owing to their electronic properties, and
the latter are determined by details of the atomic structures
and impurities. Another promising application is related to
microelectromechanical systems (MEMS) [6] where the elas-
tic properties of silicon are used. For all these purposes, one
needs to look for new silicon-based crystals with the hope to
find new unusual properties and applications.

One of the exotic tetrahedral structures, the bc8 phase,
was discovered in 1963 [7,8]; its name means body-centered
cubic with eight atoms per primitive cell (that is 16 atoms per
the body-centered cubic (bcc) unit cell, the lattice parameter
a = 6.64 A, and the space group is /a3). It is also called Si-III
because it has been found after Si-I (diamond-like) and Si-II
(B-Sn-like) silicon phases [3,4]. All the atoms in bc8 are crys-
tallographically equivalent; they are located at the threefold
axes, 16¢ positions (x, x, x) of group Ia3 (x ~ 0.1), and have
nonideal tetrahedral coordination with one interatomic bond
directed along a threefold cubic axis (A bond) and three longer
bonds (B bonds) in nonsymmetric directions. Structurally, the

*dmitrien @crys.ras.ru
fchizhikov @crys.ras.ru

2469-9950/2020/101(24)/245203(8)

245203-1

bc8 phase can be considered as the cubic arrangement of
atomic strings directed along four (111) axes (this point is
discussed in detail below). This phase was first obtained from
the high-pressure S-Sn-like phase after pressure release [7,8]
and was found to be metastable at the ambient conditions. Its
structural, thermodynamical, and electronic properties have
been studied in detail for many years [9-16]. In the bc8
phase, like in diamond, there are only even-membered rings
of interatomic bonds and the shortest rings are six-membered.

The first be8-like structure, 8 or Si-XII, was discovered in
1994 [17]; r8 means thombohedral with eight atoms per unit
cell, its space group is R3, a subgroup of /a3. The structure
of r8 appears from bc8 during a first-order pressure-induced
structural transition as a result of breaking and rebonding of
all the A bonds directed along cubic direction [111]. Indeed,
according to [17], the rebonding can be understood as motion
of the atom at (x, x, x) along direction [111] of the bc8 unit
cell until the A bond to the atom at (x, X, X) is broken and a
new A bond to the atom at (% — X, % — X, % — x) is formed
(Fig. 1). As a result of the rebonding, all the [111] atomic
strings are switched into another sequence of bonds preserv-
ing nevertheless the energetically favorable tetrahedral atomic
arrangement. The phase transition is of the first order because
the rebonding is accompanied by small but finite atomic
displacements changing the topology of rings; in particular,
five-membered rings appear in the 78 phase.

Both phases bc8 and r8 can also appear as a result of me-
chanical microindentation and their thermal relaxation back
to the diamond silicon has been studied in numerous research
works [18-21]. The electronic and optical properties of bc8
and r8 may have interesting practical applications (see [22,23]
and references therein).
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FIG. 1. Comparison of the crystalline silicon structures bc8, r8,
and br8. An atomic layer is chosen to be parallel to plane (100) of
bc8. In the phases r8 and bt8, the bonds coinciding with those of
bc8 are shown in blue, and the new switched bonds along the (111)
directions are yellow. The most dissimilar phases bc8 and b8 differ
by switching one eighth of the total number of bonds.

In 1999, it was shown [24,25] that the rebonding mech-
anism found by Crain et al. [17] is rather universal: In the
bc8 structure, any set of the atomic strings can be indepen-
dently switched without violation of tetrahedral coordination.
In particular, a new tetragonal silicon phase (bt8) was pre-
dicted, where all the strings of bc8 parallel to two cubic diag-
onals (say [111] and [111]) were switched and those parallel
to [111] and [111] were not (Fig. 1). The space symmetry of
Dbt8 is I41/a and it is not a subgroup of /a3: There are new
symmetry elements, fourfold screw axes, relating switched
and nonswitched strings. The b#8 structure demonstrates the
maximum density of five-membered bond rings [25], and
its electronic properties are expected to be rather different
from those of bc8, 78, and diamond phases. Energetics and
structural relaxation of b¢8 have been studied ab initio both
for silicon [25] and carbon [26]. It has been shown that at

the ambient pressure b¢8 is more dense than bc8 and r8 and
it becomes energetically more favorable than bc8 and r8 at
pressures above 13 GPa where the B-tin silicon structure is, in
fact, more favorable than all the bc8-like phases. Later on, in
2013, the bt 8 phase was independently reinvented and studied
ab initio for silicon and germanium [27] and for carbon as
well [28] (in the latter case the symmetry was claimed to be
14, whereas the calculated atomic coordinates corresponded
in fact to the more symmetric /4, /a space group). The bc8-
like structures were also studied by algebraic geometry [29]
and by the high-dimensional projection methods used for
quasicrystals and their approximants [30].

The real breakthrough happened in 2015 when Rapp et al.
[31] found evidence for several metastable silicon phases after
ultrashort laser-induced confined microexplosions [32] at the
interface between a transparent amorphous silicon dioxide
layer (SiO;) and an opaque single-crystal Si substrate. They
determined the lattice parameters and possible atomic struc-
tures of the following phases: b8, st12 (analog of s#12 in
germanium), two tetragonal phases with 32 atoms per unit
cells, and some others. For description of the structures they
used an ab initio random structure search [33]. It should
be noted that one of the 32-atoms tetragonal phases was
found independently [34] using the ideas of metadynamics
and evolutionary algorithms. The exotic silicon phases like
bc8, r8, and those new discovered by Rapp ef al. [31] have
provided a novel insight into the local structure and properties
of the amorphous phase of silicon [9,10,24,35].

In the present paper we suggest a unified description of
all new silicon crystalline phases (except st12) observed by
Rapp et al. [31] and numerous similar phases. Those com-
plicated phases are shown to be the bc8-like structures with
periodically switched strings, like in the simple case of r8. As
a result, the lattice vectors of those phases are some periods
of be8. In addition to known bc8, 8, and bt8, we generate a
complete set of be8-like phases with 16, 24, and 32 atoms per
primitive cells and relax their structures ab initio.

II. 5¢8 STRUCTURE AND STRING SWITCHING

As mentioned in the introduction, the atomic structure of
the bc8 phase can be considered as a set of atomic strings
parallel to the threefold axes of the cubic space group /a3, no.
206. Here the string structure is described in detail (Fig. 2).
All atoms are located in the position of 16¢ (x,x,x), x =
Xy & 0.1, with threefold point symmetry, and each string pos-
sesses two nonequivalent inversion centers in the positions of
8a (0,0, 0) and 8b (}1, %, %). In bc8 all strings are equivalent
to each other. Let us consider one of them, say, that is parallel
to axis [111] and passing through the origin (0,0,0). Then its
atoms have coordinates (5, 5, 5) £ (Xy, X, X ), where nis an
arbitrary integer. The A bonds between neighboring atoms of
the string are (2x,,, 2x,,, 2x,,) and they alternate with next-
neighbor distances A’ (% — 2Xy, % — 2Xxy, % — 2xy). There-
fore the string of atoms looks like a sequence of alternating
A bonds centered at inversion centers (g, g, g) and approx-
imately 1.5 times longer stretches A’ centered at inversion
centers (3 + %, 7 + 4. 1 + %) [Fig. 2(b)]. The string of this
type will be called white, hence the subindex w.
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FIG. 2. An atomic string in the structure of bc8-like silicon. Each
atom has one A bond along the string and three B bonds with atoms
of other strings. The string can be switched from the mean position
(a), corresponding to the structure with space group /a3d, to one of
two extreme states, white (b) and black (c). Switching from white to
black permutes the A bonds with A’ distances, preserving tetrahedral
atomic arrangement. In addition, the string can be split into white
and black parts, separated by defects (d). The switching process may
consist of moving such a defect along the string [36].

However, there is another value of x, x = x, = % — X,
which gives an identical bc8 structure rotated relative to
the former by 7 around a twofold axis (the subindex
b means black). The black and white bc8 structures can also
be transformed one to another by small local shifts of atoms
along threefold directions resulting in breaking/switching of
A bonds, as suggested by Crain ef al. [17] for the r8 phase
and described above in the introduction. In the string picture,
the rebonding means simply that A’ and A bonds are locally
permuted (switched) [Fig. 2(c)]. Thus, for the black bc8, in
the considered above string [111] the A bonds are centered at
(% + 3, 41T + 3, }1 + 5), whereas A" at (5, 5, 5).

An important observation is that any set of strings can
be independently switched between black and white states
without violation of energetically favorable tetrahedral coor-
dination [24,25]. The tetrahedral coordination means that each
atom has four neighbors, the lengths of bonds are not very
different, and all interbond angles exceed 7. An example of
bond length and angle statistics can be found below in Sec. V.
The switching of a single isolated string in the perfect bc8
structure has been simulated ab initio [25] and it has been
found that it costs less then 0.02 eV per atom.

Since every string is allowed to be switched independently
of the others, there exist 2V different combinations of switch-
ing, where the total number of strings N is proportional to
the surface area of a crystal. This huge number of possible
structures arises from the purely combinatorial consideration,
without taking into account their physical properties. Note that
all members of the infinite family of bc8-like crystals have
a similar topological structure. Indeed, the string switching
affects only the bonds lying along the four axes of type (111).
Any bc8-like phase can be obtained from bc8 by switching at
most one half of A bonds, i.e., one eighth of the total number
of bonds (Fig. 1).

As mentioned above, the rotation of bc8 by 7 changes
the color of all atomic strings. This means that different
combinations of switching can define the same structure. For
example, the two cases when all atomic strings have the
same color, (w, w, w, w) or (b, b, b, b), correspond to a single
structure, namely bc8. Further, if the strings parallel to any
two threefold axes are white, and those parallel to remaining
two axes are black [the cases (w, w, b, b), (w, b, w, b), etc.],
then the crystal symmetry becomes tetragonal, and identical
bt8 phases with different orientations of the tetragonal axis
are obtained. Finally, if the sign of the strings parallel to any
threefold axis is opposite to the sign of other strings [the cases
(w, w, w, b), (w, b, b, b), etc.] then identical r8 phases arise
with different orientations of the rhombohedral axis. The three
phases, bc8, bt 8, and r8, exhaust the list of bc8-like structures
with the minimal primitive cell containing eight atoms. Their
common feature is that parallel strings have the same color.

In spite of the obvious connection of the phases bc8 and
bt8, there is no group-subgroup relation between them. We
can assume the existence of a supersymmetric phase with
space group Ia3d, which is a supergroup for both Ia3 and
I4,/a. An evident way to construct the superphase is to
turn all the strings into the half-switched state. In this case,
all atoms are located in the position of 16b of group Ia3d
with three-coordinated graphenelike environment [Fig. 2(a)].
Howeyver, this environment is not favorable for the silicon
atoms. Another, more physical way to obtain a supersymmet-
ric phase is to switch every string randomly to one of two
possible states, white or black [Figs. 2(b) and 2(c)]. In this
case, the Ia3d symmetry is a result of disorder [24], and
the phase transition to bc8, r8, bt8, or a more complicated
structure is of disorder-order type.

III. bc8-LIKE SUPERSTRUCTURES WITH
ENLARGED PRIMITIVE CELLS

A more complicated bc8-like phase with lager primitive
cell can occur if the structure contains parallel atomic strings
of different colors. The primitive cell of the phase is a multiple
in volume and number of atoms to the primitive cell of bc8,
and its Bravais lattice is a subset of the bcc Bravais lattice of
bc8. In addition, each Bravais lattice corresponds to several
different phases due to multiple ways to color the strings
passing through its primitive cell. In order to enumerate and
classify the structures with the same Bravais lattice, we need
to calculate the number of independent, i.e., not connected by
periodicity, strings in each of the four directions (111). This
number is proportional to the volume of the primitive cell
and inversely proportional to the smallest lattice period along
the direction. For example, the number Nj;; of independent
strings parallel to axis [111] is equal to the greatest common
divisor of three triple products

n,=(1,1,1)-[b x c],
n, =(1,1,1) - [c x a],
n.=(1,1,1)-[a x b], (D)

where a, b, and ¢ are the primitive cell edges, expressed in the
parameters of the initial bcc lattice.
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TABLE I. The known bc8-like phases of silicon.

Phase Fedorov group Shubnikov group Unit cell ideal edges
be8 143 (206) 1a3d' (230.148) 1(100), 010y, (01)
b8 14, /a (88) 14y /ac'd’ (142.567) T

8 R3 (148) R3¢’ (167.107) A1), di, 41
m32 (m32-8) P2,/c (14) P2,/c (14.75) (1D 011, 1Y
m32* (sm16-2) c2(5 €222 (21.41) (100), (011), (011)
132 (132-1) PA2ic (114) Pc32,c (114.281) _

132* (132-3) P432,2 (96) Pc432,2 (96.149) }110), (110), 01

The numbers Nji;, Ni;j, and Nj; can be calculated in
the same way. Further, the combinatorial number of possible
two-colorings of strings is equal to 2Mu+Nin+Nui+Niii | how-
ever, the actual number of different phases is significantly
less. For example, in the case of the smallest primitive cell
(N111 = Nij; = Nq;1 = N1 = 1), sixteen possible combina-
tions of switching define only three different phases, bc8, bt 8,
and r8. This significant reduction in the number of different
structures is due to two reasons. First, some structures can
be connected by the elements of group /a3d not included
in the own space group of the structures. Second, some
combinations of switching can define structures with smaller
primitive cells.

Table 1 shows the currently known bc8-like phases of
silicon. Recently, several new structures were experimentally
observed, with primitive cells two and four times larger than
that of bc8 [31]. They are listed in the bottom part of the
table, with the names being written according to Ref. [31]
as well as in our own notation (in parentheses). Along with
conventional space groups of the crystals, we also indicate the
black and white (Shubnikov) groups, the meaning of which
will be explained later in Sec. IV. The last column shows
the unit cell periods expressed in the parameters of the initial
bec lattice. The phases listed in Table I, unlike some others
(diamond, st12, etc.), belong to the same family and can be
described in the language of string switching, Figs. 3-5.

The list from Table I is far from being exhaustive. As a
first goal, we would like to find all the similar structures with
double, triple, and quadruple cells, containing 16, 24, and 32
silicon atoms, respectively. First we find all the Bravais lat-
tices with the specified cell volumes, which are subsets of the
initial bec lattice. Then, all possible structures are obtained by
the enumeration of two-colorings of the independent strings.

In order to avoid double counting, we discard the structures
with smaller primitive cells. For example, all the structures
with basis vectors (100), (010), and (001) (lattice 16-2 in
Table II) actually have a two times smaller primitive cell,
and therefore they coincide with the phases bc8, br8, and r8.
Thus, it turns out that some lattices generate no new phases.
It is also possible that different combinations of switching
define the structures connected to each other by symmetry
transformations. Such identical structures are also discarded.
The statistical results of the search are summarized in Table II.
Seven lattices (one with double, two with triple, and four with
quadruple primitive cells) give rise to 128 structures (or 177 if
we consider chiral enantiomorphs as different phases), four of
which are listed in Table I. The supplemental material contains

the list of all the new phases and crystallographic information
files (CIFs) with atomic coordinates [37].

IV. THE MAGNETIC ANALOGY

Let us define the operation of conjugation as the simul-
taneous switching of all strings. As mentioned above, for
the phases bc8, bt8, and r8 the conjugation is equivalent
to a rotation of the crystal as a whole and it does not lead
to appearance of a new phase. The question arises whether
this is a common property of the bc8-like structures? The
answer is no, and already among the crystals with a double
primitive cell we find two different triclinic structures, a16-3
and a16-4, conjugated to each another. Note that this operation
does not affect the elements of spatial symmetry and therefore
both phases are of the same space group. Nevertheless, their
physical properties (energy, atomic density, cell parameters,
etc.), generally speaking, should differ.

In order to prove that conjugated structures have the
same space group, an analogy with magnetic crystals can
be suggested. Let us assign to each atom the shift vector
from a symmetric graphenelike position of group Ia3d to
its real position with tetrahedral coordination. This vector is

[121]

000
000000
00000
00O

[121] [011]

000
000000
00000
000

FIG. 3. Atomic strings in phase m32 (m32-8) in projections
onto the planes {111} perpendicular to them. For each projection
its 2D generating cell is shown. White and black circles indicate
the switching of strings. For projections (111) and (111) the string
switching alternates along the perpendicular directions [011] and
[211], correspondingly.
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TABLE II. The supercells multiple to the primitive cell of bc8 and the number of possible bc8-like structures.

Cell Basis vectors Multiplicity Number of structures Known
name (periods of bcc lattice) without/with enantiomorphs structures
8-1 G 3 DGEDGLD 1 3/3 bes, r8, br8
16-1 G. 3. 5.3, 3.5).0,0,1) 2 6/8 m32*
16-2 1, 00) (0,1,0), (0,0,1) 2

24-1 G333 %,;),(2,5 3 3 18/23

24-2 (2 % %) 0,1,1),(1,0,1) 3 4/4

24-3 (1,0,0), (0,1,0), (3. 3. g 3

32-1 ¢! 00) (0,1,1), (0,1, 1) 4 6/8 132,132*
32-2 (2 7 2) (2,5 5) (2,0,2) 4 46/68

32-3 (4. 2,2) (1,0,1),(3,3. D 4 22/26 m32
324 L0 E DALY 4 26/40

32-5 (1,0,0), (0,1,0), (0,0,2) 4

32-6 (1,0,1), (0,1,1), (0, T, 1) 4

32-7 (1,0,1), (1,1,0), (0,1,1) 4

32-8 (1,0, 1), (0,1,0), (2,2,— 4

Total: 131/180

always parallel to the threefold axis (string) passing through
the atom, whereas its direction alternates along the string.
The situation resembles the ordering of magnetic moments
arranged in the nodes of the original Ia3d phase, provided
that they are involved in two strong magnetic interactions:
(i) a spin-orbit interaction, forcing the moments to align along
the easy magnetization axes coinciding with strings; (ii) an an-
tiferromagnetic exchange between neighboring atoms on the
strings. It is obvious that in this analogy the conjugation
plays the role of the time reversal operation, which in turn
is independent of spatial symmetry. Therefore, it does not
change the space group of the structure.

Note that the analogy is not complete, because, in contrast
to a magnetic moment, the atomic position shift changes sign
upon inversion and remains the same upon time reversal. As

FIG. 4. Atomic strings in phase m32* (sm16-2). For projections
(111) and (111) the string switching alternates along the same
direction [011].

for the strings, it is easy to see that they change their color
upon rotations of 90° and keep it unchanged for all other
rotations of point group m3m, as well as for inversion. For
example, the xyz component of a magnetic octupole moment
behaves in a similar way. Using the magnetic analogy we
can extend the space group of a bc8-like phase by adding
symmetry elements conjugating its structure. Then, the sym-
metry of the phase will be described by a Shubnikov magnetic
group [38—40]. Thus, the magnetic groups of the phases bc§,
bt8, and r8 are Ia3d’, I4,/ac'd’, and R3¢, correspondingly
(Table I). In the Supplemental Material all bc8-like crystals
are classified both by space and magnetic groups [37].

[121]

[ XeX
ERNNCY YoX XX Wil

unv'}m]

o) Jo) = 00000 ®O0
000000 """l 00000 211]
ceceo~ =~ 0eoeo-
[110] YoX Yo R
FIG. 5. Atomic strings in phases 32 (#32-1) and #32* (¢32-3).
Both phases are characterized by alternation of the string switching
along the perpendicular directions [110] and [110]. Phase #32* differs
from 732 by the inverse switching of all the strings parallel to
axis [111].

245203-5



DMITRIENKO AND CHIZHIKOV

PHYSICAL REVIEW B 101, 245203 (2020)

90 100 110 120 130

FIG. 6. The angles between interatomic bonds in the bc8-like
structures depending on switching of adjacent strings. The directions
of switching are shown by the white/black arrows. The angles « are
between bonds A and B, and the angles $ are between B bonds. In the
plot, the Gaussians approximate statistical data on the real bc8-like
crystals from Ref. [31]. The vertical lines correspond to the ideal
structure with the length of A bonds equal to +/2/4 ~ 0.35 lattice
parameters of bc8. The dashed line indicates the angle between bonds
in diamond structure, arccos(—1/3) ~ 109.5°.

V. MICROSCOPIC STRUCTURE
AND PHYSICAL PROPERTIES

Let us now consider some structural features of the bc8-like
phases and their correlation with physical properties such as
energy and atomic density. As mentioned above, each atom
has one A bond along the string passing through it, and three
B bonds with atoms on other strings. Therefore, two kinds of
angles between the bonds can be distinguished, the o angle
between bonds A and B and the 8 angle between two B bonds.
In the real structures, all the bonds tend to be of the same
size. It is achieved when the A and B bonds have lengths
of about +/2/4 ~ 0.35 lattice parameters of bc8, and the A’
distances are about (24/3 — +/2)/4 & 0.51 parameters of bc8.
In such ideal structure, the values of « and g are determined
by the colors of the neighboring strings. Thus, depending
on switching, the angles o are subdivided into o’ ~ 98.5°
and «” ~ 94.3°, and the angles 8 into B; ~ 107.0°, B, ~
117.9°, B; ~ 119.5°, and B3 =~ 130.6° (Fig. 6). The statistical
variation of the angles calculated from the structural data from
Ref. [31] is shown using Gaussian distributions. It is seen that
the angles «, B, B2, and B3 are well distinguished. Apparently,
the angles «, which are close to 90°, have an excess energy,
and the structure should undergo an additional distortion in
order to increase them.

An important characteristic of tetrahedral structures is the
statistics of atomic rings. All the considered bc8-like phases
have a girth (i.e., the length of a shortest ring) equal to
five, except for bc8 itself, which is made up exclusively of

0.010 bt8)}
n
— ’4. - =
= 0.008- +*2 ;:,3 "1
S "k m I *
= ] s " "
~ 0.006 ) ¢ IV ]
[ ] | |
n | | *
~~ 0.004 )
- .
&3 *x
<1 0.0024 8
0.000y¢ be8 . . T
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— u A '3
S " 2
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= ] -
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FIG. 7. The energy and volume per atom for bc8-like struc-
tures depending on the frequency of five-membered rings calculated
ab initio; the stars indicate experimentally observed structures, green
for our results and dark cyan for the data from Ref. [31]: /—m32
(m32-8), 2—m32* (sm16-2), 3—t32 (t32-1), 4—32* (¢32-3); the
squares correspond to some new structures described in the present
paper [37]. The energy is measured from that of bc8.

six-membered rings. For the first approximation, we can in-
vestigate the dependence of physical properties on the amount
of five-membered rings per atom, which varies from vs = 0
for be8 to vs = 1 for bt 8. Figure 7 shows dependencies of the
energy and volume per atom on the value of vs for several
bc8-like phases, calculated during ab initio simulations of the
structural relaxation of the phases, performed with QUANTUM
ESPRESSO package [41,42] (see details of the DFT modeling
in the Supplemental Material [37]). It is seen that when the
frequency of five-membered rings grows, both the energy and
atomic density increase. The positive correlation between vs
and energy per atom seems to be explained by the relation
between five-membered rings and the “bad” angles «”. In-
deed, from geometrical considerations we can express the
frequencies of different interbond angles through vs: v, =
3 —2vs, vgr = 205, v, = Vg, = Vg, = Vs, Vg, = 3 — 3vs.

All bc8-like phases are close to each other but differ from
other silicon phases. For example, the belonging of a given
structure to the family can easily be determined by comparing
its periods to those of the bcc lattice, and by the number of
atoms in the unit cell multiple of eight. Furthermore, all these
phases have similar energy and atomic density. It was recently
found that the Raman spectra of some unidentified silicon
phases obtained in the experiment with the laser-induced
microexplosions resemble the spectra of the phases bc8, r8,
and br8, although the correspondence is not exact [43]. Here,
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the existence of an infinite series of intermediate phases may
be one of the possible explanations for the discrepancy.

VI. DISCUSSION AND CONCLUSIONS

In summary, we described in detail the physical mecha-
nism behind the complicated silicon structures observed by
Rapp et al. after ultrashort laser microexplosions [31]. Those
silicon phases (except st12) can be obtained from the phase
bc8 by switching the (111) atomic strings in different regular
(periodic) ways. The stochastic switching of the strings gives
a disordered phase with /a3d cubic symmetry, and the space
groups of the bc8-like phases are subgroups of Ia3d. All the
possible phase transitions between different bc8-like phases
should be of the first order (not continuous) because atoms of
the switched strings jump over finite distances.

We have found possible rich polymorphism of bc8-
like phases, and to distinguish between them it would be
very important to study carefully any small differences in
diffraction patterns and in other physical properties (e.g., in
the Raman spectra). In addition, the considered family of
bc8-like phases provides a good opportunity for studying the
ability of existing empirical potentials to capture the structure
and energetics of these phases and other complicated silicon
materials (thanks to the referee who attracted our attention to
this option).

It would also be very interesting to use the technique of
Rapp et al. [31] for the bc8 crystals instead of diamond silicon

because in this case new bc8-like phases will grow on the
parent bc8 matrix. Reasonably large (several mm size) phase-
pure bc8 polycrystals have been grown recently by different
methods [44,45].

Finally, we can propose a possible explanation for the
observed polymorphism of bc8-like phases based on the ideas
described above. It was shown in Ref. [25], that the reduced
intensity functions (the structure-dependent parts of the x-ray
scattering pattern), are very similar for amorphous silicon
and for disordered polycrystalline /a3d phase. Thus, we can
suppose that the high-temperature/high-pressure amorphous
phase first transforms into disordered /a3d phase and then,
depending on local temperature, pressure, and shear, into
different bc8-like phases for which Ia3d is the parent phase.
Therefore, quite probably, the bc8-like phases should also ap-
pear after the laser-induced microexplosions on the interface
between SiO, and amorphous silicon.
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