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Electronic structures and mechanical
properties of boron and boron-rich crystals
(Part 1)

Boron and boron-rich crystals are hard materials, which have unique
properties compared with other hard materials, such as diamond. Various ways of the
arrangement of icosahedra yield many complicated crystal polymorphs and their
derivatives. Although the crystals are basically hard, these are internally flexible for
the mechanical and chemical properties. This flexibility is a consequence of conspiracy
between the soft part and the hard part of the structure. The soft part is conveyed by
the icosahedral unit, and the hard part is by the bonds connecting icosahedra. This
article attempts to provide a consistent description for the unique characters of boron
and boron-rich solids from the electronic-structure calculations. Recent developments
of the first-principles calculation provide significant contributions to our
understanding of the unusual properties of this class of materials. In particular, a
combination of high-pressure experiment is successful in providing convincing
evidence for our understanding, while it gives rise to unforeseen developments, such as
discovery of superconductivity. Throughout analyses of many properties of boron
solids, care is repeated for the effects of special arrangement of atoms and atom
relaxation for those of complicated structures, which otherwise would mislead our
intuitive interpretations. Special emphasize is placed on the phase stability and phase
transitions at high pressure, because of recent successive discoveries of novel hard
materials, such as y-orthorhombic boron and diamond-like BCs compound. The first
part of this review describes the ground state of boron and boron-rich crystals. The
energy gap, native defects, and phonon properties are discussed.

Key words: rhombohedral boron, boron-rich crystals, first-principles
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INTRODUCTION

Boron crystals occupy a unique position in the research of superhard materials.
Boron is the second-ranked hard elemental crystals after diamond. Combinations
with other light elements provide a variety of hard materials, such as BN, boron
carbides, BcO, BC,N, etc. The list of such compounds has not yet been exhausted.
Today, we have witnessed successive discoveries of hard materials around boron.
Synthesis of diamond-like BCs is our big surprise [1]. This is the hardest material
ever reported, except diamond. Even in pure boron, a new polymorph of the
highest density, y-orthorhombic boron, has been discovered [2, 3] and later
confirmed [4]. Related to superhard materials, an epoch making event in this field
is the discovery of superconductivity in boron at high pressure in 2001, although
pure boron is a semiconductor [5]. Since then, the superconductivity has been
discovered in heavily doped diamond, which was first synthesized at high pressure
[6]. This opens a new stream of superconducting research in heavily doped
semiconductors [7—9].

In this context of the development of material research, it is legitimate to further
search for hard materials around boron and its compounds, especially with high
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pressure techniques. For the diamond case, the structure is relatively simple and is
well studied as the class of tetrahedrally-coordinated semiconductors. The
mechanical and chemical properties are well described on the basis of the
electronic structures. On the other hand, for the boron case, the study has not been
well developed. There are many polymorphic modifications, whose structures are
complicated, possessing icosahedra, B, as the common building block. There are
a variety of ways for the arrangement of icosahedra, together with additional
structural elements. Notwithstanding, most of them belong to semiconductors or
insulators. The structural flexibility of boron and boron-rich compounds largely
depends on this unique structure of icosahedron. For the development of superhard
material research, deep understanding for the special roles of icosahedron is
indispensable. This is especially needed, considering that new applications have
been explored in superconductivity [10] and thermoelectric research [11-14].

The primary purpose of this paper is to provide recent theoretical achievements
in the electronic structures of rather complicated boron and boron-rich crystals.
Their versatile electronic properties are described as consistently as possible. The
central tool for studying the electronic structures is density-functional theory
(DFT). There is no need for experimental data for predictions in the material
research. Density-functional theory is a theory of ground states of materials, which
is for today the most successful theory for numeric calculations. Most of the
readers of this journal may be interested in the hardness. Although the macroscopic
quantity hardness is a measurable quantity, it is not well founded from the quantum
mechanical stand point. Elastic properties are well accommodated in DFT [15], as
well as the cohesive energy and other useful energies. Elastic constant seems to be
akin to the hardness, but these two quantities are not always correlated. This
suggests that the hardness is not at all determined by the elastic constant solely.
Qualification of the hardness by DFT is barely to begin recently [16—20].
Accordingly, the mechanical properties descried in this paper are limited to a level
of elastic properties and phonon properties. On the other hand, our arguments
include finite-temperature properties, which are formally regarded as being out of
DFT treatment. As far as phonon properties are concerned, finite-temperature
properties can be treated within DFT, which provide rich of physical interpretation.

Special care is taken in preparing this review. First, emphasis is placed on the
interpretation of calculations in a coherent way, rather than merely juxtaposing
numerical data. This way of description is specifically important for understanding
such complicated materials. One risk of doing so is a prejudice against author’s
own opinion. Since the nature is so complicated, what we have learned from many
DFT calculations is that most of properties of materials are determined by a subtle
balance between many competitive factors. While interpreting a specific property,
one usually emphasizes only one cause of the property, ignoring the others. This
paper is of course not the exception. To avoid this risk, the readers are
recommended to refer to original papers and other reviews. As the source of huge
data on boron solids, comprehensive handbooks by Werheit [21, 22]. are available.
Chemical properties are well documented in a series of handbooks [23]. For the
material preparation, a volume written by Mueterties is invaluable [24]. A Japanese
handbook is the most update source for the research development [25]. Everyone
who is enthusiastic for the history of boron, can enjoy an article by Oganov and
Solozhenko entitled “Boron: a Hunt for Superhard Polymorphs” [26]. Second,
usefulness of high pressure research is emphasized. The roles of high pressure
research are double. The one is a powerful tool to synthesize those novel materials,
which are otherwise difficult to produce. The other is also a powerful tool to
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examine the physical and chemical properties. Throughout this paper, the reader
will see how many things about the present status of the understandings of boron
properties are owed to high-pressure studies. Third, an attempt is made to compare
to other classes of crystals, as far as I can do. This makes the discussion more
general and in effect would help the readers to acquire useful insights into
superhard-material research.

Lastly, I like to stress that, although DFT is a powerful tool to study the
microscopic properties of solids, the result of calculation alone does not
automatically guarantee correctness of the interpretation. Many disagreements and
debates concerning a specific interpretation are found in the literature. The reader
may be surprised to see that entirely opposite interpretations, for example, soft and
stiff, emerged for a particular bond. I should stress again that, in an experiment,
one usually sees only one side of the whole story. The same is true for calculations
too, if one inspects only one property. There is little doubt for regarding a balloon
as a soft matter. However, one can find it difficult to compress it uniformly by
holding with his hands. Sound usage of models for analyzing results is
indispensable.

CRYSTAL STRUCTURE
| cosahedron-based structure

Elemental boron has many polymorphic modifications. The most commonly
observed polymorph is B-rhombohedral boron, which is conventionally referred to
as Bios but actually the structure is more complicated. A recent study shows that
the unit cell contains 106.5 atoms [27]. The structural determination was made
relatively lately [28] during the long history of boron research. Complicated
defects have been successively discovered in the course of studies [29—32]. The
icosahedron-based structure was first identified for boron carbide, which is
formally referred to as B,C; or more shortly as B4C [33, 34]. The true structures
became more complicated as the study progressed [35—41]. The composition
varies in some range, typically from B{,C; to B13C,, but more C-poor compounds
exist [42]. It is believed that the most C-rich compound obtained so far is close to
the composition Bj;C; but is slightly less than that, which is sometime referred to
as awkward name B43;C [43, 44]. The simplest polymorph is a-rhombohedral
boron, which was isolated in 1959 [45]. These three phases have rhombohedral
lattices. Meanwhile, several tetragonal phases were found. The discovery of 7y-
orthorhombic boron is a recent topic of this field.

In this paper, we are mainly concerned with three polymorphs, o-rhombohedral
boron, B-rhombohedral, and boron carbide, because of their basic importance.
Figure 1 illustrates the structures of these polymorphs. The simplest structure of a-
rhombohedral boron is described by a rhombohedral network of icosahedra with
crystal symmetry R3m . If the apex angle o, of the rhombohedral lattice is just
60°, the rhombohedral lattice is turned to a FCC lattice, and the icosahedron would
have twelve nearest neighboring icosahedra. Actually, the apex angle ou, is slightly
deviated from 60°: slightly negative for o-rhombohedral boron, and positive for
both boron carbide and B-rhombohedral boron. Although the deviation is only
slight, it has non-trivial consequences on the elastic response of this crystal, as
shown later. The deviation of the apex angle oy lifts the twelve intericosahedral
bonds into two classes. The shorter one is the two-center intericosahedral bond, 7,
which is characterized as a usual covalent bond connecting two polar cites of an
adjacent icosahedra. The other and longer one is the so-called three-center
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intericosahedral bond, 73, connecting three equatorial cites as shown in Figs. 1 and
2. In this paper, the intericosahedral and the three-center center are referred to as
the two-center intericosahedral bond and the three-centre intericosahedral bond,
respectively.

Fig. 1. Crystal structures of o-rhombohedral boron, boron carbide, and B-rhombohedral boron.
For the latter two, the icosahedron By, is represented by spheres. In o-rhombohedral boron, the
stronger two-center intericosahedral bond is denoted by 2c, whereas the weaker three-center
intericosahedral bond is denoted by 3c. In an icosahedron, there are two distinct sites: polar site
(p) and equatorial site (e).

Fig. 2. Arrangement of icosahedra of o-rhombohedral boron in the ab plane.

For an icosahedron of a-rhombohedral boron, there are six intericosahedral
bonds, which are directed along with the cell vectors, but with a slight deflection. It
is known that the length of the intericosahedral bond 7, (1.71 A) is shorter than that
of the intraicosahedral bond (1.73—1.79 A). This fact gives definite evidence for
the traditional understanding of strong intericosahedral bond. For this reason, the
boron crystal is called inverted molecular crystal, contrasting to molecular crystals
such as fullerides [12].

The six three-center bonds for an icosahedron lie on the ab plane, as shown in
Fig. 2, along with six nearest neighbour icosahedra. The three-centre bond is the
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bond with the longest bond length (3 = 2.03 A) among various B—B bonds in this
system. Therefore, the three-center bond is weak, and is chemically active: it is the
first place to enter when additional elements of structure are incorporated. In boron
carbide, the weak three-center bonds are replaced with strong covalent bonds, on
inserting C atoms (the middle of Fig. 1). For B-rhombohedral boron, the situation is
more complicated, although a rough sketch of the structure looks like similar to
boron carbide (the right of Fig. 1). Another way of describing B-rhombohedral
structure is shown in Fig. 3. In this view, the basic building block becomes double-
walled icosahedron Bg4, that is, an endohedral Bgy with a Bi, inside it. When
viewed from Bg, units, one sees multiple intericosahedral bonds (the middle of
Fig. 3). However, if viewed from B, units, these intericosahedral bonds are turned
out to be intraicosahedral bonds. In this way, in B-rhombohedral boron, the
distinction between intericosahedral and intraicosahedral bonds is somewhat
obscure. It is noted that, when viewed from Bj, units, an icosahedron has
approximately twelve nearest neighboring icosahedra. From this point of view,
intericosahedral bonds are again shorter than any intraicosahedral bonds. This is
seen from Table 3 of Ref. [46].

Fig. 3. Structure of B-rhombohedral boron. Two Bg, units contact each other. At the contact face,
another B, unit is formed.

This trend that intericosahedral bond is shorter than intraicosahedral bond holds
even for the recently discovered phase y-boron [3, 47]. Therefore, it is a common
property for boron solids.

The physical properties of o~ and B-rhombohedral boron are compared in
Table 1. In many respects, o- and B-rhombohedral phases show clear contrasts:
many others fall in intermediate states between these two. Clearly, the o phase is
the denser one, while the B phase is the diluted one. As a result, the o phase is
stiffer than the B phase. Although this is a simple fact, the importance of the phase
stability had not been recognized seriously until recently. Even the fact that the o
phase is stiffer than the B phase was not so obvious, when the author submitted the
paper [46]. In fact, one of the referees criticized this point. The importance of the
density becomes evident when stabilities of phases are investigated. As compared
in Table 2, the lower density the crystal possesses, the higher temperature is
required for the preparation. The mechanism of stability is similar to that of
diamond and graphite. The dense phase diamond is stiff and stable at low
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temperatures and high pressures, while the dilute phase graphite is soft and stable
at high temperatures and low pressures. This is a general trend, which is one of the
consequences of thermodynamic stability [54].

Table 1. Structural parameters of - and B-rhombohedral boron

in experiment. Lattice parameters a; and o, number of atoms N, atom
density p, coordination number N., Debye temperature Op, and bulk
modulus By. The bond length is presented as the minimum d

and average d,4 for all the bonds

| a- rhombohedral | - rhombohedral
ag (A) 5.057¢ 10.145°%
o (%) 58.06 ° 65.17°
Ny 124 105°
p (/A% 0.1373 ¢ 0.1278
N, 5.50¢ 6.40°
din (A) 1.71¢ 1.62°
duye (R) 1.77¢ 1.80°
Op (K) 1430 1200—1300 ¢
By (GPa) 213—224°¢ 185—2107

Note: “[45]; °[29, 30]; “[48]; “[48—50]; “[51];7 [51—53].

Table 2. The preparation temperature of various polymorphs of boron.
The data are taken from Ref. [23]. For y-orthorhombic boron, the data
are taken from Ref. [3]

Polymorph | Tpen.C | N | Nat |V, A3
a-rhombohedral ~ 1000 55 12 7.2823
B-rhombohedral > 1100 6.4 105 7.8533
o-tetragonal (I) ~1150—1300 50 7.7481
tetragonal (I1I) ~ 1280—1500 ~192 7.5424
tetragonal (II) ~78 7.6552
y-orthorhombic 28 7.0884

Defects

The significance of defects in boron-rich solids may be different from the
situation of typical semiconductors. The defect of boron-rich solids should be
viewed as a part of the host structures. For a long time o-tetragonal structure, Bsy,
was believed to be a polymorph of boron [55], but actually the crystal was proven
to be BsgN, or BsgC, [56—59]. The crystal is stabilized only by inclusion of
impurities. Therefore, it is now almost accepted that pure o-tetragonal form cannot
exist. However, there is a possibility that pure o-tetragonal boron exists in
nanocrystals; see [60] and the references therein. A compound AIB; can be also
regarded as a crystal whose structure is stabilized by impurity [61—63]. For boron
carbides, the crystals are from beginning disordered systems. In Table 3, the defect
concentrations of boron-rich solids are compared. Why the crystal has defects of
such a high concentration is one of the main issues for which theory has to give the
answer.
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Table 3. The point defect concentrations in boron crystals [41].
For the original sources of the numeric values the cited paper [41]
is referred to

Idealized crystal structure Real crystal structure
valence valence electron electronic electronic intrinsic
states (per |electrons (per| deficiency character character |point defects
cell) cell) (per cell) theoretical experimental (per cell)

a-rhombohedral boron
36 36 0 semiconductor  semiconductor 0
B-rhombohedral boron
320 315 5 metal semiconductor 4.92
boron carbide
B3C,, idealized structure formula: B;,(CBC)

48 47 1 metal semiconductor 0.97
B43C, idealized structure formula: B;;C(CBC)
48 47.83 0.17 metal semiconductor 0.19
hypothetical B4C, idealized structure formula: B;;C(CBC)
48 48 0 semiconductor — —

Standard band calculations predict that B;,Cs is a semiconductor, while Bj3C; is
a metal. Experimentally, at normal conditions, boron carbides show up as if
degenerate semiconductors over all the composition range [22, 64].

ELECTRONIC STRUCTURE

Density-functional theory treats the ground states of materials. In this section,
what DFT calculations tell us about the ground states of boron is described. In most
of this section, a-rhombohedral boron is investigated, because the structure is
simply enough for theoretical analysis and yet complicated to see the roles of the
icosahedral structure. Analysis of a-rhombohedral boron is relatively simple, but
experimentally it has not been well studied, because of the difficulty of sample
preparation. Thus, it is not surprising that the first experiment of superconductivity
was examined on -rhombohedral boron [5]. Recently, the superconductivity of o-
rhombohedral boron has been discovered at about 160 GPa, similar to B-
rhombohedral boron [65, 66]. From the theoretical side, this finding is of a
significant importance, for the difficulties of structural study on B-rhombohedral
boron can be avoided. A structural study at high pressures up to 200 GPa has been
carried out, demonstrating that the structure of a-rhombohedral boron is stable up
to this pressure, and that a gap closure occurs without any phase transition [67, 68].
An electronic structural study reveals details of the metallization process and the
nature of bonding of boron [69]. With this new development in mind, the electronic
structure of o--rhombohedral boron is reviewed in the following.

Preliminary: molecular orbital theory

To understand the bonding nature of boron solids, a chemist’s approach of the
counting rule, i.e., how the valence electrons satisfy the bonding requirement, is
useful. The chemical bonds of boranes are characterized as electron deficient
systems [70]. The element is of column III, and therefore one electron is deficient
for forming a covalent bond. In boranes, such as B,Hg, a fewer number of valence
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electrons have a propensity for being shared by many atoms. The concept of three-
center bond was conceived to describe this nature of the chemical bonds [71]. A
natural extension of the molecular orbital theory to solid boron was made by
Longuet-Higgins, who investigated the molecular orbitals of the By, unit [72]. A
B, molecule has 13 intraicosahedral bonding orbitals, which are fully occupied by
26 electrons. The remaining 10 electrons are distributed among 12 outward-
oriented orbitals. Accordingly, two electrons are deficient for fulfilling the bonding
requirement of the By,. This is a key issue for understanding of the bonding nature
of By, unit: although By, is a favourable unit for satisfying the bonding requirement
of boron atoms, B, by se is not so stable.

To supply the two deficient electrons, boron atoms tend to gather each other by
forming triangles or polyhedra. This is an economical way for a small number of
electrons to meet the bonding requirement. This gives a reasonable account for the
fact that there are many stable (or metastable) polymorphs that have complex
structures, e.g., B-rhombohedral, tetragonal- I, -I1, and -IIT [23].

After Longuet-Higgins’ work, a number of more accurate calculations were
carried out for the electronic structure of a-rhombohedral boron [73, 74], including
modern density functional calculations [75, 76]. Even performing DFT
calculations, the qualitative aspects given by Longuet-Higgins are still valid.
However, in DFT calculations, the attribution of a definite number of electrons to
specific bonds loses its strict meaning, because the charge density is distributed
continuously everywhere [75, 76].

Replacing the weak three-center bonds by strong covalent bonds is a way,
which is commonly observed in B-rich compounds, such as Bj,P,, Bj,As;, and
maybe B,C;. All the foreign atoms form a linear chain along the main diagonal of
the rhombohedral unit cell. In boron carbide, the role of insertion C chain seems
qualitatively different from the others. An analysis of the phonon spectrum
indicates that the presence of the C chain enhances the chain bond itself, while
weakens the intraicosahedral bonds [77]. The structure of -rhombohedral boron
seems to indicate another way of eliminating the three-center bond of o-
rhombohedral boron. However, the stability of a- and B-rhombohedral boron turns
out to be different, as seen in the following.

Density functional theory

A great merit of DFT calculations is the capability of calculating the total
energy of crystals, whichever method is used. From the total energy, crystal
structures can be optimized and can be compared between different structures,
resulting in the high accuracy for electronic-structure calculations.

Electronic structure of orrhombohedral boron. Although the qualitative
understanding of Longuet-Higgins still survives, the picture of molecular orbitals is
obscure in solids. Comparison of the electronic structure of oi-rhombohedral boron
to that of B, molecule shows that strong intermixing of the valence bands occurs,
so that it is difficult to say which band corresponds to which molecular orbital of
B, except the lowest-lying bands [78, 79]. This fact itself evidences the strong
intericosahedral bonding.

In all of major calculations of o-rhombohedral boron, the calculated lattice
parameters show good agreement with experiment: within 1 to 2 % in LDA and
0.2 % in GGA [68, 75, 80, 81]. In this respect, GGA is better than LDA. Most of
published studies were performed by pseudopotential method, where the core
electrons are treated as rigid cores. In the investigation on a peculiar bond as
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described shortly later, the effect of core electrons has been examined. In our
experience, the nonlinear core correction has no discernible effect on the physical
properties of boron [82].

The covalent-bond character, i.e., highly oriented bond, of the intericosahedral
bond is evident by looking at the charge distribution, as shown in Fig. 4. All the
DFT calculations thus far published show that the maximum of charge distribution
occurs at the center of the intericosahedral bond suggesting the strongest bond [68,
75, 81, 83]. The character of the intericosahedral bonding as the strongest bond
does not change at high pressures, surprisingly even after the metallic transition
[69, 81]. This is seen in Fig. 4. Related to this bond, experimentalists derived a
peculiar charge distribution by the maximum entropy method for powder X-ray
diffraction [84, 85]. In all the DFT calculations, such a strange distribution is not
obtained. This interesting discrepancy is being in consideration. The charge
distribution of the three-center bond is shown in Fig. 5. The charge is distributed
over the triangle formed by the neighboring three atoms. As pressure increases,
more charge is accumulated at the center of the triangle. Other aspects of the
charge density are described in [83] and [75].

0 GPa 50 GPa 200 GPa

P, el/Bohr3

Fig. 4. Charge distribution of o-rhombohedral boron as a function of pressure. The cut plane is
shown in the bottom right of the figure [68].

The band structure of o-rhombohedral boron is shown in Fig. 6. Similar
diagrams are found in the literature, but the present diagram has a merit of
providing a full classification of symmetry. The basic electronic structure of o.-
rhombohedral boron is characterized as an indirect semiconductor: the top of the
valence band is at the Z point, while the bottom of the conduction band is at the I'
point [75]. In Fig. 6, the energy gap E is seen to be 1.62 eV.

In the literature, E, is reported as 1.43 eV by Lee et al. [75] and 1.2 eV by Zhao
and Lu [81] in the LDA, and as 1.72 eV by Zhao and Lu [81] in the GGA; the
values of E, are scattered in this extent.

In the literature, it is sometimes stated that GGA is better than LDA [81].
However, for the gap problem, GGA cannot be regarded as the next-order
approximation to LDA [86, 87]. In our calculation, when LDA is replaced with
GGA by fixing other conditions, the gap changes only by 0.01 eV. If GGA
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calculation improves the band gap, this must be ascribed to the fact that GGA
improves the structural parameters.

p, el/Bohr3

Fig. 5. Charge distribution of the three-center bond in a-rhombohedral boron as a function of
pressure. The cut plane is shown in the right-hand figure [68].
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Fig. 6. Band structure of a-rhombohedral boron. The names of symmetry points and lines in the
Brillouin zone are indicated on the right-hand side [69].

The experimental value of the gap is 2.0 eV from resistivity measurements,
whereas it has been shown to be 1.9 to 1.96 eV from optical measurements [88—
91] and 2.4 eV from electron energy loss experiments [92]. Hence, all the DFT
calculations show smaller values than the experimental values, which is a situation
common in DFT calculations. For boron solids, the electronic conduction
mechanism is very complicated. For B-rhombohedral boron and boron carbides,
there are many models and discussions to account for their unusual behaviours [11,
14, 27, 41, 64]. That the electronic transport is conveyed by the hopping of a
carrier between defect sites is the only point on which most of researchers can
agree. There are many debates as to the nature of the electronic defects. Only for a-
rhombohedral boron, the conduction characteristics accord to the standard
mechanism of band conduction, which has been recently shown by the pressure
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dependence of the resistivity [69]. The hole character of the conduction is due to
the flatness of the conduction bottom, which means a heavy mass of electrons.
Because of this flatness, the conduction band has a bowing at high pressure, as
discussed in the next subsection.

Pressure dependence. Pressure dependence of the electronic structure provides
many fruitful insights in our understanding of the bonding nature of boron. A
continuous gap closure of o-rhombohedral boron was theoretically predicted by
Zhao and Lu [81]. The pressure of gap closure is 160 GPa. Now, we know that at
this pressure a superconducting transition occurs without any phase transition [67].
The crystal structure of a-rhombohedral boron is stable up to 200 GPa. The
intericosahedral bond enhances its covalent character as the pressure increases.
Despite, it is surprising to see that the metallic transition takes place. The
mechanism for this metallization has been given by Zhao and Lu [81]. Although
the intericosahedral two-center bond is still the strongest, the most significant
change occurs in the intericosahedral three-center bond. At low pressures, the
three-center bond is so weak that an icosahedron has only six-fold coordination,
which is a typical situation for semiconductors. At high pressures, the bond length
of the three-center bond is rapidly shrunk, so that the coordination number of the
icosahedron increases close to 12, which is a typical situation for metals.

In a general sense, this interpretation based on the coordination number may be
sufficient for a qualitative account for the metallization mechanism. However,
caution is needed for boron crystals [68]. For P-rhombohedral boron, the
coordination number of icosahedron is 12 even at ambient pressure, yet the crystal
behaves as semiconductor. The coordination number alone is not sufficient to
decide as to whether the crystal is a metal or insulator. A band-structure calculation
shows that the conduction bottom (C.B.) band is characterized as the bonding state
of the three-center bond. After the gap closing, electrons of V.T. band are
transformed to the C.B. band. In the real space, this can be interpreted as electrons
are transformed from the intraicosahedral bonds to the three-center bonds, leaving
the Fermi surface in the V.T. band.

Plotting of wave functions is useful to see the change of bonding nature. The
wave function of C.B. is shown in Fig. 7. In the figure, one can see that the C.B.
band has a bonding character for the intericosahedral bonding and for the three-
center bonding, and an antibonding character for the part of the intraicosahedral
bond. The bonding characters of V.T. and C.B. bands obtained in this way are
summarized in Table 4 [69].

These bonding characters of wave functions are evident when doping of
impurity is applied to o-rhombohedral boron. On electron doping in o-boron, the
icosahedra are nearly always deformed as elongation along the crystal c-axis [93].
This is a consequence of the antibonding character for the intraicosahedral B(p)—
B(e) bond part in the C.B. band. A more remarkable effect is seen in hydrogen
doping. Most impurity atoms enter to o-boron at the center of the lattice (O site)
[94]. Differently from other impurities, hydrogen atoms enter near the center of the
three-center bond (7 site) [95]. Consequently, the three-center bond is strongly
enhanced, so that the level of the C.B. band significantly decreases to completely
fill the energy gap.

When applied high pressure or doping, the effect of the three-center bond
comes to play a role, and eventually yields metallization. It is interesting to see a
marked difference in the pressure dependence of the gap between boron and
diamond. For diamond, it is argued that a large difference in the radius of atomic
orbitals between the valence and excited d states prevents the diamond structure
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from transforming to metallic phases such as FCC [96]. For boron, the geometric
effect of icosahedra has a more important role in metallization: it brings more
flexibility in structural deformation.

Table 4. Bonding characters of the valence top (V.T.) and conduction
bottom (C.B.) bands: (B) bonding, (AB) antibonding, and (N) nonbonding.
The intraicosahedral bonding is further decomposed into three types

of bonds [69]

V.T. C.B.
symmetry 41,(2) Ay, (D)
inter- AB B
p—p N B
intra- p—e B AB
e—e B N
three- N (center) B
center AB (edge)

Fig. 7. Wavefunction of the bottom of conduction band, 4,4(I'), of a.-rhombohedral boron [69].

As described above, the metal phase of o-rhombohedral boron at high pressure
actually has a mixed character of metal and semiconductor. The covalent character
still remains in the six strongest intericosahedral bonds. The enhancement of the
three-center bonds leads to a charge transfer from the intraicosahedral bond to the
three-center bond, which brings a metallic character to a-rhombohedral boron. At
this point, a sharp contrast in the qualitative distinction between metallic and
covalent bonds, i.e. a highly oriented bond (or undirectional bond) in the real space
implies a semiconducting (metallic) band in the reciprocal space, is lost in boron
case. Such a mixed character is, however, not specific to boron. Metals possessing
such a mixed character are known, for example, in WC [97, 98] and in o-Ga [99].

When does the metallization process begin? The fact that all the variations in
the structural parameters are continuous with respect to pressure, does not
necessarily infer that there is no characteristic pressure, at which something
changes. Rather, our studies on o-rhombohedral boron resolve a clear
characteristic pressure around 50 GPa, at which the metallization process begins
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[68, 69]. Here, what is meant by saying “the metallization process begins” is the
situation, in which the three-center bond begins to have appreciable influence on
the electronic structure, but not the gap closing. There are three pieces of the
evidence for this. The first is a change in the pressure dependence of the apex angle
Oa,,/Op of the thombohedral lattice. Initially, do,,/Op of o-rhombohedral boron is
negative. Around p = 50 GPa, this decrease ceases and then doy,/Op turns to be
positive. This change is brought about by the change in the balance of the
intericosahedral two-center bond and three-center bond. The three-center bond acts
as a restoring force for further reducing o, The second is the step structure in the
pressure dependence of resistivity [65]. Such step structures are commonly
observed in boron solids [5, 65]. These step structures used to be interpreted as a
sign of phase transition [100]. However, our careful band calculations resolve that
this step structure is brought about by a bowing of the conduction band minimum
[69]. Even continuous change in the band structure can show a discontinuity in the
electrical resistivity. The third is the softening of the librational mode around this
pressure. This phonon has an interesting property of a little pressure dependence of
the frequency. The mechanism will be described later in subsection Pressure
dependence of the librational mode. At very high pressures more than 50 GPa, this
mode exhibits a slight softening [67, 101, 102]. This infers an enhancement of the
metallic character of bonding, i.e. weak angle forces.

Gap problem. A big problem of the electronic structure of boron solids is the
energy gap. For a-rhombohedral boron, there is a disagreement in the energy gap,
as described in the precedent section. The discrepancy of this kind is typical for
DFT calculation: DFT calculations are prone to underestimate the energy gap.
Nevertheless, the semiconducting character is well reproduced by the band theory.
However, for the cases of B-rhombohedral boron and boron carbides, a different
class of problems arises. Even for the qualitative aspect of the energy gap, there is
a serious disagreement between the theory and experiment. Standard band
calculations lead to a conclusion that stoichiometric Bos and Bj3C, are metallic, as
indicated in Table 3. This is a direct consequence of the band theory stating that the
crystal with an odd number of valence electrons must be metal, the conclusion of
which is independent of the calculation method.

The energy gap is also a problem for the experimental side. For -rhombohedral
boron, the energy gap is estimated at 1.56 eV, but a considerable density of gap
states covers a wide range of the gaps [103]. For boron carbides, an indirect gap
was once identified as 0.48 eV by optical measurements [104]. Since then, the
presence of high-density of gap states and strong excitons has been recognized
[103]. According to recent experiments [103], the band gap has been modified as
2.09 eV. On the other hand, all band calculations so far published show gaps as
large as 3 eV [74, 105—110]. Let us look in more detail at the calculated energy
gap of boron carbide. DFT band structures of boron carbides are seen in a series of
papers by Kleinman’s group: [106] for B;;C(CBC) and [107] for B;2(CBC). LDA
band calculations have shown large energy gaps for boron carbides; 2.78 eV
(indirect F—L in the present notations) for B;;C(CBC) [106] and 2.92 eV for
B12(CBC) [107]. Note that the value for B;5(CBC) is obtained by ignoring the fact
that the valence top band is partially occupied. In our calculation, the gap is
2.68 eV for Bj5(CBC). The fact that the calculated gaps are large itself is unusual
in that LDA gap has a tendency to underestimate energy gap.

The gap problem was once discussed in terms of Jahn-Teller effects [111]. But,
in the author opinion, the Jahn-Teller effect itself is too general to account for
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special features of boron solids. From a good correlation between the disagreement
of the energy gap and the concentration of defects, Schmechel and Werheit have
put forth an idea that the insulating properties of 3-rhombohedral boron and boron
carbides are due to the localization of the relevant bands by the intrinsic defects
[27, 41]. Though discussion of this issue based on DFT calculations is deferred to
in subsection Cause of defects, this is the most reasonable account for the
discrepancy about the gap structure. A qualitative explanation of the localization is
not easy even in the present status of DFT calculations [112]. An influence of
defects on the gap states for B-rhombohedral boron was examined under very
restricted conditions [10]. A question as to whether the gap problem is solved by
using large supercells, is a challenge of the next step in theoretical study.

Deformation potential. The pressure dependence of the energy gap A, = dE,/dp
is a measure for the stiffness of the energy gap, which is an important parameter
determining the type of the phase transition. The pressure coefficient 4, is related
to the deformation potential a, by (1) where B is bulk modulus. Usually, 4, is
negative and its absolute value is greater in insulators than in semiconductors
[113—115]. As a consequence, for insulators, the band closure occurs at relatively
low pressures.

A, =—L="F (1)

For a-rhombohedral boron, a, = 3.4 eV [69]. This is comparable to that of other
IV group semiconductors [113, 114]. The pressure coefficient of o-rhombohedral
boron, 4, = —17 meV/GPa, is similar to those of various semiconductors, for
example, —19 meV/GPa for Si and —16 meV/GPa for Ge [116, 117]. From these
slopes A,, the gap closure would be expected to occur at about p = 100 GPa for
typical semiconductors. In reality, most tetrahedrally coordinated semiconductors
are transformed to other metallic structures, such as the B-Sn structure, before the
gap closure occurs [118, 119]. Crystals with a low coordination number become
unstable at high pressures, unless their bonds are very strong. Diamond is an
exception. Indeed, the pressure coefficient 4, of diamond is positive [116, 117].
This positive sign remains even at 2000 GPa. The metallization of diamond is still
an active field of research [120, 121].

The small deformation potential a along with a large B makes the band closure
of o-rhombohedral boron occur at a very high pressure of about 160 GPa. The
pressure coefficient 4, for B-rhombohedral boron is 70 meV/GPa [122], which is
larger than the value of o-rhombohedral boron. This is reasonable, because [3-
rhombohedral boron is softer than o-rhombohedral boron.

The significance of the deformation potential for the phase transition will be
discussed in Part II of the paper. The deformation potential could also have a role
in the hardness. Argument from this point of view is scarce.

Boron carbides. A difficulty in theoretical study on boron carbides is the
disorders in the atom arrangement and chemical composition. In the real materials,
there is no stoichiometric compound, and a variety of atom arrangements, such as
(B11C)(CBC), (B1;C)(BBC), are statistically distributed. Presently, we do not have
a good model treating such complicated structure of defects. Nonetheless, the
structural parameters of Bj;C; and B3C, are rather well described by DFT
calculations ignoring the details of disorder [106, 107, 123, 124]. Systematic
changes in the lattice parameter and BC bond length as a function of C content,
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which are found in experiment, are reproduced by simple models of the structure
[125]. Bulk modulus is not sensitive to the details of the structure of boron
carbides.

However, there are cases for which the property is sensitive to the defect. By
using this sensitivity, a variety of defect configurations are identified by Raman
spectroscopy [123] and NMR spectroscopy [108]. With the latter method, the
presence of even such a structure (B;oC,)(BBC), which is otherwise difficult to
identify, is suggested. A review as to what properties DFT calculations clarify
about boron carbides is given by Vast et al. [126], placing emphasis on a variety of
the chain configurations including vacancy. Interested readers should refer to this
review. The remaining of this subsection treats the gap closure of boron carbide,
which is not covered in [126].

Saying gap closure, the gap even at ambient pressure is a problem for boron
carbide, as described in subsection Gap problem. There are a couple of arguments
concerning this problem [11, 27, 41, 106—108, 123, 127, 128]. Band calculations
based on simple structural models, such as (B;;C)(CBC) and B;,(CBC), are not
sufficient to determine the energy gap. In spite of this, it seems that such
calculations can provide the upper bound of the gap closure. With this utility, the
pressure dependence of the gap for Bj»(CCC) and B;3(CBC) has been examined
[124].

The results are shown in Fig. 8. In both crystals, the gap closure is as large as
600 GPa. Therefore, the gap-closing pressure would be the highest among known
crystals, except diamond. This pressure is higher than the range presently
accessible to experiment. This conclusion does not exclude the possibility of the
occurrence of phase transition before the gap closure. So far, most of experimental
results show that boron carbides undergo a transition to amorphous phase at far
lower pressure than the above. Gogotsi’s group reports a phase transition of boron
carbide to disordered or undefined phases by static indentation technique, and the
estimated pressure is about 44—49 GPa [129, 130]. Also, in their paper they cite a
transition pressure of about 20 GPa measured by Manghnani. Pressure-induced
amorphization is reported by Yan el al. [131]. In addition, dynamic indentation has
been applied to see amorphization [132]. A computer simulation shows that the
amorphization occurs at 6 GPa by shock conditions [133]. Very recently, however,
a new result of high-pressure experiment on boron carbide has demonstrated that
the crystal structure of boron carbide is stable up to 100 GPa under the static
conditions [134]. Further study is in progress by using good-quality samples. The
pressure dependence of gap, 4, is very small, =2 meV/GPa, by averaging over all
the pressure range [124]. This is particularly interesting, by considering that the
value is much smaller than that of a-rhombohedral boron (—17 meV/GPa), despite
that the structure is different only in the presence of the C chain otherwise the
same. A recently discovered high-pressure phase of boron, y-orthorhombic boron,
also has a very small value 4, = —1 meV/GPa [3]. When we look at a low pressure
region (< 10 GPa), the slope |4,| is less than 1 meV/GPa, and it seems even
positive for the initial slope. This fact might have significance in the transport
property of boron carbides. Under high pressures, an unusual property of boron
carbides is found that the electrical resistivity is increased with increasing pressure
[128]. This property was once explained in terms of the small bi-polaron
mechanism [11]. However, this mechanism was subjected to criticism [27]. Further
study is required.
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Fig. 8. Pressure dependence of the energy gap of boron carbide, B;,(CCC) [124] and B,(CBC).

Ionicity. The term “ionicity” might be another important concept for
understanding the physical and chemical properties of boron solids [135].
Recently, this concept attracts much attention in connection with successive
discoveries of boron solids, such as y-boron [3]. I apologize to readers for not
providing deep insights into the role of ionicity in the material research, besides
saying a plain thought that the ionicity is only a consequence of the structure but
not the cause. I just introduce this concept through answering to a question by
which innocent beginners would be embarrassed. I hope that somebody is able to
develop this concept.

The issue is what the ionicity for pure boron is. Boron crystals, whatever the
crystal structure is, are composed of only one species. Why does the crystal have
ionicity? This question seems natural, considering the term of “homopolar
semiconductors”, such as Si, where there is no dipole moment. The reason is that
atoms are not simple point charge. Even the same chemical element can have
different charge distributions. Only those atoms, which are equivalent by the
crystal symmetry, have exactly the same charge distribution. In fact, elemental
crystals can have IR-active modes (polar modes) in their phonon spectra [136,
137]. The existence of dipole moment for those elemental crystals can be described
formally by a shell model [138]. Unfortunately, for numeric calculation, shell
model is not too suitable to calculate IR and Raman spectra: unrealistic parameters
must be used for obtaining the observed intensity [139, 140]. Adiabatic bond
charge model is a more realistic model for optical spectra of semiconductors [141].
A pictorial illustration by an adiabatic bond charge model naturally leads a
mechanism for why a polar mode conveys a sizable dipole moment with their
motions as observed [142]. Even though now such a dynamic dipole moment can
be handled by DFT calculations, usefulness of a model description is not lost.

Phonon properties

Phonon spectra of o-rhombohedral boron. In thermodynamics, calculation of
phonons is of importance for a bridge between the ground-state theory and finite-
temperature theory through free energies, the feature of which is fully used in
Part II of the paper. On the other hand, in the history of the boron study, phonon
properties have sometimes decisive roles in our understanding of bonding nature of
boron solids. For experimental data, the most updated reference is a review by
Werheit [143].

The phonons of o-rhombohedral boron have been well studied. In the early
stage, phonon spectra were calculated by force-constant models. Those models
include a Keating model [144], valence-force model [145], and shell model [137].
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The most important conclusion derived from those model calculations is that
the intericosahedral force constant (f;) is stronger than the intraicosahedral force
constant (f;,) [137, 144—146],

S2= 3fin. 2

This fact is evident from a comparison of the frequencies of the highest two
Raman peaks, 4, and £, modes. This is consistent with the structural investigation
that the intericosahedral bond is shorter than the intraicosahedral bond as described
in subsection Icosahedron-based structure.

As far as the phonon frequencies are
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Fig. 9. Raman spectra of o-thombohedral constant of the angle bending. Does the fact

boron and the pressure dependence of of the high frequency 527 cm” for the
phonon frequencies [80]. librational mode mean a large angle

bending force? The answer is no. A
subsequent study shows that the angle force constant is not so large but is quite
normal for semiconductors [146]. The ratio of the angle force constant to the
stretching force constant can be regarded as a measure of the covalency; the ratio
increases as going from Ge (a few %) to diamond (10%). The ratio of boron is
fallen in this range, that is, a few %. The genuine reason of the high frequency is
that the number of angles involved in the librational mode is too many. In the
previous model calculations used only selected angles among those angles of the
same order of magnitude. Therefore, if all those angles are counted correctly, even
force-constant models can describe the librational mode well.

Significance of angle bending forces. Let me mention the importance of the
angle forces for the mechanical stability of o-rhombohedral boron. The author had
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previously discussed the difference between the o and P phases using the
constraint theory [150]. The idea of the constraint theory is that the stiffness of
crystals can be expressed by the number of the nearest neighbor bonds, which is
successful for the classification of the stiffness among chalcogenides and
amorphous semiconductors [151]. In the o-rhombohedral boron, Bj, units are
connected to each other by a point contact, that is, a single bond, while in the -
rhombohedral boron, Bgs units are connected to each other by a face contact, that
is, multiple bonds (see Fig. 3). As a result, the structure of the o phase would be
unstable for shear strains.

One shortcoming of this argument is, however, overlooking the role of angle
forces. After the study by Vast et al. [80], the role of angle bending had been
refocussed. Even though the angle force constants are not too large, we see that the
angle forces play an essential role for C44 component of the elastic constant [146].
This concerning is described in the second part of the paper. Therefore, the stability
and stiff property of a-rhombohedral boron largely depend on the highly oriented
character of intericosahedral bonds. The stability of oi-rhombohedral boron is just
because it is a semiconductor. The structure of a-rhombohedral boron is the
structure for which the bonding requirements are most satisfactory fulfilled among
boron polymorphs. Any attempt to dope to o-rhombohedral boron results in
softening in phonon and elastic properties [93], which infers that the bonding
strength is maximized for pure a-rhombohedral structure.

Pressure dependence of the librational mode. In identification of the librational
mode, the high pressure experiment played a role of central importance. In study
by Vast, et al [80], not only one-point agreement but the whole agreement over all
the range of pressure gave a strong impression, which convinced us of this
identification. This is an outstanding example for illustrating the usefulness of
high-pressure research. In the pressure dependence of phonon frequency, another
interesting issue is that only for the librational mode the frequency is almost
independent of pressure (see Fig. 9). Again, we find an extraordinary property for
this mode. Usually, pressure dependence on phonon frequency comes from
anharmonicity. The linewidth of phonon spectra is also originated from the
anharmonicity. From this observation, we are vulnerable to interpreting that the
narrow linewidth of the librational mode is due to a small anharmonicity of this
mode. Interestingly, this is not true [146]. Actually, the little pressure dependence
of the librational mode, which is usually lowest-lying mode, is rather a common
property among those crystals having rigid units [152—154].

Under hydrostatic pressure, the crystal is deformed almost homogeneously.
This means that the cell volume » and the bond length » decrease proportionally
but the angle 6 does not change, i.e., 06/0V = 0. Ignoring the numerical factor, we
can decompose the pressure dependence of wy as

o0, [, 00 o, orJov
dp 009V or oV |op’

)

Compared with 0f,/00, the nondiagonal term 0f,/Or has a secondary effect, i.e.
one order of magnitude smaller than the former [146]. Thus, the first term in the
bracket in Eq. (3) would be the dominant term, if the other conditions were the
same. However, for hydrostatic deformation, by the fact that 60/0V = 0, the
pressure dependence of the librational mode is eliminated, irrespective of the
magnitude of the anharmonic term 0f,/00. Sometimes this geometrical effect,
00/0V = 0, is overlooked in the literature [155].
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The ingenious mechanism of the narrow linewidth is rather complicated. In
shortly, we can say that the decay channel of the librational mode is dominated by
the difference part of two-phonon DOS, and its thermal population vanishes at
temperatures less than the librational frequency. For further details of the
mechanism, refer to [146], and for the implications to other crystals refer to [156].

Cause of defects

As stressed in occasion until this part, defects play crucial roles for the physical
properties of boron-rich solids. For P-rhombohedral boron, because of
computational difficulties, defect states used to be studied only by molecular
orbital calculations [157, 158]. The first full calculation of the crystal for defects
was done by Masago et al. [46]. It is experimentally known that a specific site of
boron, B(13), has a partial occupancy [29]. Their calculation shows that this occurs
not accidentally, but occurs necessarily as the energetic reason. They resolved
slight changes in the bond lengths caused by defects, which is in good agreement
with experiment. It is interesting to know that even a few percent of deviations in
the bond length from experiment have the meaning for identifying defect
configurations.

As a matter of fact, the presence of defects was recognized for 3-rhombohedral
boron, even when the phase was first identified [29]. Then, further complicated
types of defects were identified [30—32, 48]. Effects of such complicated defects
have been studied by Widom and Mihalkovi¢ [159]. Further studies followed [160,
161]. Now, we have confirmed that the presence of defects is essential for the
boron crystal stability. Ogitsu et al. have set forth an idea that the electronic
structure of B-rhombohedral boron can be characterized as a frustrate system [161].
A similar idea was once aroused by Golikova in terms of “amorphous concept”
[162, 163]. However, in the author’s opinion, the present proposal of frustrate
system is essentially different from the old idea of amorphous concept. The favour
of boron-rich solids for defects is neither due to the nonequilibrium nature of the
preparation process nor to the effect of entropy at finite temperatures. It is due to
the ground-state property: it has the origin in the own bonding nature.

For boron carbide, the effect of defects is already discussed in subsection Gap
problem, in connection to the energy gap. Why does boron carbide refuse
possessing such a simple (and beautiful) structure as Bj,(CCC) all about? Our
calculation shows that the structure B,,(CCC) gives rise to a gap state. The gap
state is the degenerate m state at the center of the chain, which has a non-bonding
character (see Fig. 2 of Ref. [124]). Replacement of the central C atom with a B
atom in an icosahedron B;, enhances the valence states of intraicosahedral states,
eliminating the degenerate gap state.

For B;C, and less C compounds, Balakrishnarajan et al. show that the valence
top band has an antibonding character for the bond between the CBC chain and an
equatorial B site, and thereby it is a little unstable [110]. This causes releasing of
an electron from the chain bond, resulting in replacement of the CBC chain with
CBB chain. This is why boron carbides incorporate so easily disorders. In this case
also, characterization as frustrate system is appropriate.

There is a long-debated issue as to whether the chain bond is stiff or not. In
terms of the bond length and phonon properties, it is indisputable that the chain
bond is the strongest among the bonds of this crystal [77]. Despite, there are many
observations indicating the occurrence of defects in the chain [40, 164], which led
some researchers to interpret it as soft bond [127, 165]. This contradiction has not
been completely resolved. However, I like to stress that even the strongest bond
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could have a soft aspect. In the linear chain, whereas the force constant for the
bond stretching is by far the strongest, the restoring force against the displacement
perpendicular to the bond axis is very weak, i.e. less than 10 % of the bond
stretching [125]. The barrier height of the B atom to move in the perpendicular
direction is only about 100 meV, so that it is easy for the B atom to displace from
the central position. Such a dual character of stiff and soft bond is found in H
impurity in crystal Si, where H impurity forms Si—H—Si chain bond [166]. While
the bond stretching of the Si—H bond has the largest force constant in this system,
a molecular dynamics simulation shows that the H atom easily migrates among
interstitial sites even at room temperature. In the defects in semiconductors, it is
known a rather surprising feature that an impurity atom can be displaced in the
direction of the strongest bond in some circumstances [167].

Examining defects in a-rhombohedral boron is interesting, because the o phase
is so far considered as a perfect occupancy system, but it has a critical importance
for the phase stability compared to B phase, as discussed in the second part. The
first study for this subject is made by Dekura et al. [168], with a tentative
conclusion that defects do not occur in a-rhombohedral boron at such a level of
concentration that thermodynamical stability is significantly influenced. Further
study is in progress.

Up to this point, it is clear that a-rhombohedral boron is exceptionally perfect
among the boron polymorphs, indicating that the bonding requirement is most
satisfactorily fulfilled in o-rhombohedral boron. An old thought that the
elimination of the unstable three-center bond in a-rhombohedral boron is a driving
force to form a variety of complicated polymorphs of boron, is incorrect. The
disorders of the boron polymorphs other than the o phase are originated from their
own bonding requirement.

All the precedent arguments are based on the energetics of the ground states.
For finite temperatures, the effect of defects becomes more important through the
entropic contribution to free energies. Naturally, boron crystals exhibit a defect-
rich property. For B-rhombohedral boron, many interstitial sites are found for
dopant impurities [32]. This says that incorporation of impurities to [-
rhombohedral boron is easy, compared with o-rhombohedral boron. But, this
easiness has another effect to cause further defects, which results in the poor
controllability of the valence electrons of B-rhombohedral boron [169—171].

Fbop i kpucmanu 3 eucoxum emicmom 60opy € meepoumu mamepianamu, qui
VHIKANIbHI 61ACTMUBOCTNI NOPIBHANHI 3 GIACTIUBOCMAMU THIUUX MBEPOUX Mamepianie, MmaxKux AK
anmas. Pisui cnocobu posmauiysanns ikocaedpie Oarome 6a2amo CKIAOHUX KPUCTATTUHUX
Moougbixayiti ma ix noxionux. Xoua Kpucmanu, 8 OCHOBHOMY, meepoi, iX MexaHiuHi i XiMiumi
eracmugocmi GHYmMpiwHb0 nodamausi. Ll niooamaugicmv € HACIIOKOM 3200U MIdC M AKOK |
meepooio wacmunamu cmpykmypu. M’saxka wacmuna nepeoaemucs iKOCaeOpUdHUM 8Y310M, d
meepoa HacmuHa — 36 S3KAMU, Wo 3 '€OHyIomb ikocaedpu. [lana cmamms € cnpoboio oamu
Hecynepeunugull Onuc YHIKAIbHUX enacmusocmeii Oopy U Oazamux 00pom meepoux min,
BUX00AYU 3 PO3PAXYHKIG enekmponnoi cmpykmypu. Heoasni pospobxu pospaxyukieé 3 nepuiux
NPUHYUNI@ 3poOUNU  BAJICIUBUL GHECOK Y Haule PO3YMIHHA He36UYAUHUX G1acCmuUocmel
Mamepianie yvoeo Kiacy. 30kpema, KOMOIHAYIA eKCnepumenmié nNpu GUCOKUX TMUCKAX €
VCRIWHOK 8 NPUBEOCHH] NEPeKOHAUBUX CI0UeHb O HAWO020 PO3VYMIHHA U Npusooums 00
HenepeoOayeHux NoOIlU, MAKux AK GIOKpumms Haonpogionocmi. Amuanizu  Oazamvox
enacmusocmeil meepoo2o 6opy 2060pams npo HeoOXIOHICMb 06ePeICHOCMI Y BU3HAYUEHHT 6NAUBY
0C00UB020 PO3MAULYBAHH AMOMI6 ma iX peraxcayii O mux CKIaOHUX CmMpyKmyp, AKi inaKuie
Moenu 6 cmeopumu Henpasuiibhe VaeleHHs npo Hawi inmyimueni inmepnpemayii. Ocobaugy
yeazy npudineHo cmabinbhocmi (az i hazoeum nepexooam npu SUCOKUX MUCKAX HYepe3 HeOa8HI
nOCAi006HI  GIOKpUMMS HOBUX MBEPOUX MAamepianie, makux 5K Fopmopomobiunui 6Oop i
anmaszonodiona cnonyka BCs. ¥V nepwiti yacmuni yb020 02140y onucano ocHosHuti cmau 6opy i
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30azavenux 6opom xpucmanie. Qbeosopeno wupuny 3a00poHeHoi 30Hu, 61ACHI Oepexmu U
61acmMu8oCcmi (hOHOHIB.

Knrwwuosi crosa: pomboedpuunuii 60p, Kpucmanu 3 GUCOKUM eMicmom 6opy,
PO3DAXYHKU 3 Nepuiux NpUHYUnie, CMpyKmypa, wo 6azyemucs Ha ikocaeopax, éiachi oegexmu,
e/leKMPOHHA CMPYKMYypa.

bop u xpucmanivl ¢ 8vicokum codepiicanuem 60pa AGIAOMCL MEePObIMU
Mamepuanamu, 4ol YHUKATbHbIE CEOUCMBA CPABHUMbL CO CBOUCMBAMU OpYeUX MEepobix
Mamepuanos, makux Kax aimas. Pasnuunvie cnocobuvl pacnonodicenus ukocasopog 0arom MHO20
CTIOJICHBIX KPUCATIUYECKUX MOOUPUKAYUL U UX NPOU3BOOHbIX. XOms KpUCMAATbl, 8 OCHOGHOM,
meepoble, UX Mexauuyeckue U XuMmuueckue CBOUCMEA BHYMpeHHe NOO0amaugsl. Oma
nOOAMAUBOCHb  ABNAEMCS  CIeOCMBUEM CO2NACUS  MeXHCOY MASKOU U MEepooll HaACMAMU
cmpykmypul. Mazkas uacme nepeoaemcs uKOCas0paIbHbIM Y3I0M, A MEePOds YaCmb CEA3AMU,
COCOUHAIOWUMU UKOCAIOPbI. JJaHHAA CMAMbs AGIAEMCS NONBIMKOU 0amb HENpOMUEopeyUsoe
onucanue YHUKAIbHbIX C80lCmE 6opa u bocamvix 60pOM MEepobiX Mmei, UCX00 U3 PACcHemos
9NEeKMpPOHHOU cmpykmypol. HedasHue paspabomxu pacuemos u3 nepevix NPUHYunog 6Heciu
BADICHBINL BKIAO 6 Haule NOHUMAHUE HEOObIYHbIX CE0UCME MAMepudnos 3mo2o Kidacca. B
YACMHOCIU, KOMOUHAYUSL DKCNEPUMEHNO8 NPU BbICOKUX OABNICHUSAX ABNAEMCs YCHEWHOU 6
npueedeHuu  yoeoumenvbHblx  Cceudemenbcme Ol  HAule20 NOHUMAHUSL U NPUeooum K
HenpeosUOeHHbIM CODLIMUAM, MAKUM KAK OMKpblmMue C8epxnposooumocmu. AHanuzbl MHOUX
ceoticme meepoozo 6opa 2080psam 0 HeOOXOOUMOCIU OCIOPOICHOCIU 8 ONpedeneHUU GIUAHUS
000020 PACNONONHCEHUA AMOMO8 U UX peraKcayuu O Mmex CIOHCHBIX CIMPYKMyp, KOmopbwle
uHaue moenu 6bl CO30amb NOHCHOE NPEOCMABNEHUE O HAWUX UHMYUMUEHIX UHMEPNPEmayusx.
Ocoboe eHumanue yoeneno cmabuirbHocmu a3z u ¢azosvim nepexo0am npu bICOKUX 0ABIeHUAX
U3-30 HEOUBHUX NOCIe008AMENbHIX OMKPLIMUL HOBbIX MEEPObIX MAMEPUANO8, MAKUX KAK ¥
opmopombuueckuti 6op u aimazonodobnoe coedurenue BCs. B nepeoil uacmu 3mozo 0b630pa
ONUCHIBACMCSl OCHOBHOE COCMOsHUE 60pa U 0b02auerHbIX 60pom kpucmanios. Obcyscdaromes
WUPUHA 3aNPewéHHOTL 30Hbl, COOCMBEHHbIE 0eeKmbl, U C80UCMEA POHOHOS.

Knwuesvie cnosa: pombosopuueckuii  60p, KpUCmauibl ¢  GblCOKUM
cooeporcanuem 60pa, paciemvl U3 NEPELIX NPUHYUNOS, CIPYKMYPA, OCHOBAHHAS HA UKOCAIOPAX;
cobcmeenHbie 0eghekmul, JNIEKMPOHHASL CIMPYKMYPA.
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