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The densification mechanism of amorphous boron under pressure is investigated using a constant pressure ab
initio technique and found to be associated with two consecutive amorphous-to-amorphous phase transforma-
tions. Amorphous boron gradually transforms into a high density amorphous phase, followed by a first order
phase transformation into another high density amorphous state. The high density amorphous phases of boron

are not quenchable to ambient pressure. Most quasimolecular B, icosahedra in the model are found to be stable
at the highest the theoretical pressure of 280 GPa reached in the present work and thus the phase transforma-
tions are principally due to the re-structural arrangements in the parts of the model connecting B, icosahedra.

1. Introduction

Boron is an important element because of its superior physical
properties and numerous technological applications. Even though it
was discovered > 200 years ago, it still stays as the most puzzling
element [1,2]. Due to its complex structure, its ground state is still not
well established yet. Initially (-rhombohedral (B;os) was assigned as
the ground state structure because it was frequently perceived in ex-
periments [3-7]. Recent investigations proposed two different phases as
a candidate for its ground state structure. The first one is the well-
known form of boron, a-rhombohedral (B;2) [2]. The second one is a
new crystal structure called as t-B (an orthorhombic structure with the
space group of Cmcm) having 210 atoms in the unitcell [8]. The
quantum mechanical simulations suggest that the t-B phase is more
stable than B-rhombohedral by 13.8 meV/atom and more stable than a-
rhombohedral by 9.5 meV/atom [8]. Yet this new crystalline structure
has been questioned in later studies [9,10].

Researchers have made considerable efforts to uncover the pressure-
temperature phase diagram of boron [11-17]. According to the ex-
perimental phase diagram, a-rhombohedral (B;,), B-rhombohedral, y-
orthorhombic (Bag), 8-tetragonal (Bsg, T-50 or T52), e-rhombohedral
(B;s, isostructural to boron carbide B;3C,) can form at ambient and
high pressure and temperature conditions. An a-Ga type structure was
considered as a candidate for boron above 90 GPa [17]. In addition to
these crystalline phases, a pressure-induced amorphization of 3-rhom-
bohedral at a high pressure of 100 GPa was reported in an experiment
[18]. This amorphous phase was quenchable to ambient pressure.

Amorphous boron (a-B) also exists and can be synthesized using
different experimental procedures [19-28]. Although the micro-
structure of a-B is assumed to be comparable with that of the crystalline
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phases, its local structure still remains controversy as well. The f-
rhombohedral-like structure [25-27], a-tetrahedral-like configuration
[28] and a transition state between a- and B-rhombohedral [24] were
suggested for a-B. In a recent ab initio simulation, a structure compar-
able to the a-rhombohedral-like phase was projected for a-B [29].

An experiment work focused on the high-pressure behavior of a-B
[11] and a-B — a-rhombohedral, a-B — 3-rhombohedral and a-B — §-
tetragonal phase transformations were observed depending on the
temperature (1400-1500 K) and pressure (11-15 GPa) conditions ap-
plied. To our knowledge, no other research has been performed to
better understand its response to high pressure so far. Limited in-
formation regarding a-B under pressure inspires us to execute this si-
mulation. Here using a constant pressure ab initio method, we compress
an a-B model and find two amorphous to amorphous phase transfor-
mations: Amorphous boron transforms progressively to a high-density
amorphous (HDA) phase up to 230 GPa at which point it presents a first
order phase transformation into another high-density amorphous phase
having a mean coordination number of 7.35.

2. Methodology

A density functional theory (DFT) code, SIESTA [30], was used in
the present work to investigate the high-pressure behavior of a-B. We
used the Troullier and Martins scheme to contract pseudopotentials
[31] and a generalized gradient approximation (GGA) [32,33] to
evaluate the exchange correlation energy. The double zeta basis set was
used. The Brillouin zone integration was done at I' point. The iso-
enthalpic-isobaric ensemble using the Parrinello-Rahman method [34]
and power quenching technique was selected to perform the present
simulations. At high-pressures, the model was relaxed using the force
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Fig. 1. (a) Uncompressed model (b) VHDA model at 230 GPa (c) Decompressed model.
For clarity and to see how the B, icosahedra change under pressure, the atoms of some
ideal B icosahedra in the uncompressed model are represented by a different color.

criteria of 0.01 eV/A. Some of structural analyses were carried out
using the ISAACS [35] and VESTA [36] programs. The amorphous
network having 224 atoms was created using the same DFT code and
the same simulation parameters in our previous investigation [29] in
which the melt and quench method and the isothermal-isobaric en-
semble were used.The model mainly consisted of B;, icosahedra as
shown in Fig. 1 In contrast to the earlier predictions [24-28], however,
it was found to be structurally close to the a-rhombohedral boron (see
Ref. 29 for more information). The origin of the contradictory ob-
servations between the present and previous investigations was attrib-
uted to impurities. Namely our model was 100% pure whist the samples
used in experiments were not. Note that boron is very sensitive to
contaminations and hence it is not easy to have boron samples with
negligible amount of impurities in experiments. Consequently we be-
lieve that our model represents the local structure of pure a-B. Yet
careful investigations on the influences of impurities on the local
structure of a-B will be necessary to clarify this issue.
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Fig. 2. Variation of volume under pressure.

3. Results

Fig. 2 illustrates the modification of the normalized volume with the
application of pressure. The change in the volume is mostly smooth at
pressures of up to 230 GPa at which point it shows a small dis-
continuity. The volume collapse at this pressure is about 5% and might
imply a first order-like phase transformation in a-B. On pressure release
from 280 GPa, a hysteretic behavior is observed but a structure slightly
denser than the original one is attained at zero-pressure, demonstrating
that a pressure-induced permanent densification in a-B is trivially small.

In order to uncover the pressure-induced restructurings in the
model, we next probe real space pair correlation functions (PCFs), one
of the most commonly used techniques to resolve the structural features
of materials at ambient and high pressure and temperature conditions,
and present them in Fig. 3. The PCFs exhibit an obvious short-range
order and the absence of a long-range order during the entire com-
pression process. This finding reflects the fact that a-B still retains its
disorder nature at the highest-pressure explored at the present work
and experiences amorphous-to-amorphous phase transformation(s).

From the PCFs analysis, we also perceive that the first neighbor
separation gradually decreases with increasing pressure and accom-
panied by the volume collapse at 230 GPa it sharply increases to a
larger value as shown in Fig. 4. A sudden enlargement in the mean bond
distance is related to the substantial structural rearrangements in the
model. Upon decompression, the first neighbor distance continuously
increases and reaches the value of the initial model, indicating that the
recovered amorphous arrangement is structurally close to the
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Fig. 3. Pair correlation function (PCF).
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Fig. 5. (a) Mean coordination number and (b) coordination distribution under pressure.

uncompressed network.

Fig. 5 shows the pressure-dependence of the mean coordination
number (CN) that is estimated from the first minimum of the PCFs. The
cutoffs are determined in the ranges of 2.03-2.36 A depending on the
pressure applied. It should be noted that the CN is very sensitive to the
cutoff used and hence we might expect some uncertainty in the pro-
jected CN at each applied pressure. At ambient pressure, the average
coordination is about 6.1, comparable with the experimental result of
6.3 [37]. With the application of pressure, it gradually increases to
~6.9 at 220 GPa and jumps to a value of 7.35 at 230 GPa. The co-
ordination rise at this pressure is about 6.5%. During the decompression
process, the CN decreases continuously and has a value of 6.17 at at-
mospheric pressure.

In order to gain additional information concerning the local struc-
ture of the system, the coordination distribution is investigated at each
applied pressure and provided in Fig. 5. At ambient condition, the
model principally involves sixfold (65%), sevenfold (15%) and fivefold
(13%) coordinated motifs. As the applied pressure is increased, the
number of the fivefold coordination decreases and becomes negligible
small at around 55 GPa. On the other hand, the fraction of the sixfold
configurations remains almost unchanged up to 80 GPa and then
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drastically decreases but they still persist at 230 GPa with a frequency
of 12%. The fraction of the sevenfold-coordinated motifs rises inter-
ruptedly and they become the major building units beyond 160 GPa.
The amount of the eightfold coordination, on the other hand, increases
with some fluctuations up to 230 GPa at which point it rapidly rises to a
larger value. The ninefold coordinated clusters with a frequency of 7%
also form in the system at 230 GPa. Consequently, the sevenfold
(~40%) and eightfold (~36%) motifs are the most privilege clusters
above 220 GPa, suggesting that the local structure of the dense amor-
phous phases beyond 220 GPa predicted in the present study is rela-
tively different than that of known boron crystals because the crystals
are mainly structured by the sixfold and/or sevenfold coordinated
motifs.

The decompressed amorphous structure essentially entails sixfold
(% 59.5), sevenfold (25%) and fivefold (10%) coordinated configura-
tions, revealing striking similarities between decompressed and un-
compressed arrangements.

To shed further light onto the structural changes at the atomistic
level, we carefully probe the system at each applied pressure using the
Voronoi polyhedra approach [38] in which the indices <ns, ny, ns, ng,
...> are used to symbolize a Voronoi polyhedron, where n; and Zn;
donate the number of i-edge faces of polyhedron and the CN, corre-
spondingly. At ambient pressure, the a-B model shows fourteen dif-
ferent polyhedrons. The most dominated ones and the most affected
ones under pressure are given in Fig. 6. All these polyhedra except one
having <2, 3, 0, 0> index have one thing in common: they consist of an
ideal pentagonal pyramid. Yet their major difference is the CN of the
center atom and/or the location/position of the neighboring atom(s) at
the top of the central atom. It should be noted that the <2, 3, 0, 0>
arrangement correspond to incomplete pentagonal pyramids and the
<1, 3, 3, 1> ones involve both the pentagonal and hexagonal pyramids.
At ambient condition, the configurations with the <2, 2, 2, 0> and <2, 3,
0, 0> indices are the most popular ones with ~65% and ~12.5% fre-
quencies, respectively. As shown in Fig. 7, their fraction decreases
under pressure. At 55 GPa, the ratio of the defective pentagonal pyr-
amids becomes negligible small. The <2, 2, 2, 0> type clusters still
preserve and have a frequency of about 12% at 230 GPa. The sevenfold-
coordinated configurations are represented by three different Voronoi
polyhedrons: <1, 3, 3, 0>, <5, 2, 0, 0> and <2, 2, 2, 1> whose portion is
~3.1%, 4.0% and 5.0% at ambient pressure, correspondingly. Under
pressure, the percentage of all these polyhedra increases but the for-
mation of <2, 2, 2, 1> type clusters is more favorable than the others. At
230 GPa, the fraction of <1, 3, 3, 0>, <5, 2, 0, 0>, and <2, 2, 2, 1> is
~11%, 8.5% and 14%, respectively. The eightfold coordinated motifs
are characterized by two different polyhedra having the indices of <4, 4,
0, 0> and <1, 3, 3, 1>. Both have a tendency to increase gradually up to
230 GPa at which point they exhibit a sudden increase to a larger value
(11% and 12%). The Voronoi analysis suggests that the pentagonal
pyramids survive in the system at high pressures. Since B;, molecules
consists of the pentagonal pyramids, one can argue that the B, mole-
cules might persist at high pressure as well. In order to verify this
suggestion, we carefully check the B,» molecules in the system and find
that they are mostly stable with some small deformations and/or de-
fects (see Fig. 1). Thus, we propose that the pressure-induced major
structural modifications occur in the parts of model connecting B,
molecules. Yet we need to note here that the defective B;, molecules
formed at high pressures do not fully transform back to the perfect By,
molecules upon pressure release (see Fig. 1).

According to the Voronio polyhedra analysis, the decompressed
model predominantly consists of the pentagonal pyramids with a fre-
quency of ~53%. Relative to the original amorphous configuration, we
find about 11% reductions in the number of the pentagonal pyramids in
the decompressed model. The fraction of the incomplete pentagonal
pyramids (<2, 3, 0, 0>) is about 10%. This value is ~2.5% less than that
of the initial model. The percentage of the <5, 2, 0, 0> clusters is almost
the same in the uncompressed and decompressed networks. On the
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Fig. 6. The most common Voronoi polyhedrons formed in a-B at ambient and high
pressures.

other hand, we see about 7.5% and 3% increases in the number of the
polyhedrons with <2, 2, 2, 1> and <1, 3, 3, 0> indices, respectively in the
decompressed configuration. So one can see that some amounts of high-
pressure clusters are persevered in the network during the pressure
release. Nevertheless, on the basis of the coordination distribution and
Voronio polyhedral investigations, we can safely claim that the un-
compressed and decompressed models are structurally close to each
other.

We lastly analyze the electronic structure of a-B under pressure. a-B
is known as a semiconductor. The experimental band gap energy was
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Fig. 7. The change in the Voronoi clusters under pressure.

reported to be in the range from 0.51 eV to 1.0 eV [39-42]. At zero
pressure, the HOMO-LUMO band gap is estimated to be 0.27 eV in the
present DFT-GGA study. As anticipated, it is less than the experimental
values due to the insufficiency of DFT-GGA approach. Because of the
small band gap energy, the electron density of states exhibits a semi-
metallic-like character as illustrated in Fig. 8. Since DFT-GGA or DFT-
LDA simulations generally yield the variation of band gaps under
pressure comparable with experiments in spite of their underestimation
of the gap energy [43], we also investigate the pressure dependence of
the HOMO-LUMO gap width and provide it in Fig. 8 as well. The band
gap shows a complex behavior but beyond 80 GPa, the gap has a value
larger than that of the ambient pressure model. Subsequently we reach
a conclusion that both HDA and VHDA phases carry the characteristic
of a semiconductor.

4. Discussion

The structural analyses disclose two possible amorphous-to-amor-
phous phase transformations in a-B. As understood form the pressure
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Fig. 8. (a) Electronic density of states and (b) the HOMO-LUMO band gap energy under
pressure.
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induced modification of volume and CN, the first phase transformation
proceeds continuously from a low density amorphous (LDA) state to a
HDA up to 230 GPa while the second one seems to be a first order phase
change from the HDA phase to very high density amorphous (VHDA)
phase. Note that compared to some tetrahedrally coordinated materials,
the amorphous-to-amorphous phase transformations in boron do not
involve a drastic coordination modification. Indeed the pressure-in-
duced phase transformations in the crystalline boron are not associated
with a severe coordination change as well. The CN of the densest
crystalline phase of boron (a-Ga) is 7, which is slightly larger than the
CNs 6.5-6.6 of the low-pressure phases of boron. Therefore it is quite
reasonable to call the phases obtained under pressure as a HDA phase
and a VHDA phase.

Note that none of the crystalline phases of boron involves eightfold
and ninefold coordinated clusters, and hence the short-range of the
VHDA phase is partially different from their local structure. Also among
boron phases ever proposed so far, the VHDA phase has the second
highest CN after the compressed liquid state having a CN of 8.3 in
dynamic shock-compression experiments at a pressure of 100 GPa [44].

One can ask if the mechanism of phase transformations and the
topology of the resulting HDA and VHDA phases depend on the initial
structure. The answer is yes because our results are based on an
amorphous model close to the a-rhombohedral structure but there ex-
ists a-B, locally parallel to the other crystalline forms of boron, such as
B-rhombohedral [25-27], a-tetrahedral [28] or a transition state be-
tween these two crystals [24]. They are topologically different than a-
rhombohedral and hence at high pressures, each might follow distinct
transformation mechanisms and attain amorphous structures different
than the HDA and VHDA phases obtained in the present study or
transform to a crystalline phase.

Based on the variation of volume, CN, B-B separation, the co-
ordination distribution and Voronio polyhedra investigations on com-
pression and decompression process, we conclude that the phase
transformations are reversible in a-B. Yet during the decompression
process, some high-pressure clusters are persisted in the network,
yielding a slightly different amorphous structure compared to the ori-
ginal one. Small distinctions between the uncompressed and decom-
pressed models might be associated with the use of faster rate during
the decompression process.

5. Conclusions

The high-pressure behavior of an a-B model, structurally similar to
the a-rhombohedral boron, is investigated using ab initio constant
pressure simulations. The incidence of two sequential amorphous-to-
amorphous phase transformations is showed through the simulations.
The LDA-to-HDA phase transformation proceeds gradually while the
HDA-to-VHDA phase change occurs in first order nature. These phase
transformations are found to be reversible. Most B;, icosahedra persist
in both high-density amorphous states and the phase transformations
are associated with the structural rearrangements in the areas of the
model linking icosahedra.
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