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The chemical bonding and electronic properties of metal borides
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Abstract. The results of theoretical and experimental studies on
the electronic structure, and nature of interatomic interactions,
and the properties of binary metal borides, termary boron-
containing compounds and alloys, and also amorphous binary
and multicomponent borides are examined. The prospects for
employing the methods of solid-state quantum-chemistry in the
description of the fundamental electronic properties of metal
borides are discussed. The bibliography includes 255 references.

1. Introduction

Metal borides belong to one of the most interesting classes of solid
compounds and possess a set of important physicochemical
properties (thermomechanical, magnetic, electrophysical, and
others), which permits their wide scale employment as com-
ponents of refractory alloys, in the development of special purpose
ceramics and metalloceramics, as protective coatings for high-
temperature alloys, as a base for composite materials, as solid
solders, and as corrosion-resistant and abrasive materials.! 4
In terms of their thermal properties, strength, plastic prop-
erties, and electrical and thermal insulating characteristics,
borides compete with other classes of high-temperature
compounds —carbides and nitrides.'%1% The borides possess
a series of specific properties determined, in particular, by the
nature of the chemical bonding and the electronic structure.
Boron is known to form predominantly covalent compounds
with metals, an important role being assumed in this process not
only by M—B and M -M bonds (M = metal) but also by direct
B -Binteractions. The latter are evidently responsible for the great
diversity of the structural types of borides,>7-9:11.12 in which
boron atoms can be both surrounded by metallic centres and can
form linear, planar, or three-dimensional structures (Fig. 1).
The ability of many metals to form, in their interaction with
boron, a large set of phases with a considerable variation of the
M/B ratio — ranging from hemiborides (M2B) to dodecaborides
(MB,;)—as well as amorphous alloys, is well known.!-14
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Figure 1. The possible configurations of boron atoms in the structures of
the metal borides MB (a), MB (), M3B4 (c), MB; (d), MBs~MBs (¢), and
MB12 (f).

Relations of the composition—property type are therefore of
extreme interest for metal—boron systems.

In the early stages of the relevant investigations, several
alternative phenomenological models were proposed for the
description of the nature of the interatomic bonds and charge
states in borides. Thus the formation of borides containing planar
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networks made up of boron atoms has been attributed '7-'2 to the
formation of sp? configurations of the boron atoms, while the
appearance in the higher borides of three-dimensional groups of
boron atoms (octahedra, cubooctahedra, etc.) has been attributed
to the formation of the electronic sp? configuration. The existence
of graphite-like motifs of boron atoms in a type AlB, lattice has
been explained !° by the presence of metal atoms as electron donor
and of boron atoms as electron acceptors. Conversely, in the
‘interstitial alloy’ model,2® the transfer of additional electron
density to metal atoms is postulated.

The correlation of the properties with the specific features of
the chemical bonding in borides has been interpreted from the
standpoint of the dominant character of the B—B bonds in the
overall system of interactions in the crystals,'®-2! whereas in other
studies 2223 preference has been given to covalent metal—boron
bonds. Dempsey 2° believed that M —M bonds play a decisive role
in bonding (especially for the lower borides). It is noteworthy that,
although each of the models examined has had some success in the
treatment of the characteristic features of the variation of a
specific set of properties of individual groups of borides, they are
nevertheless far from being universal.

The aim of the present review is to attempt a consideration of
the current state of the theory of the electronic structure, the
chemical bonding, and the most important physicochemical prop-
erties of the main groups of s, p, and d metal borides on the basis of

the study of their fundamental electronic properties within the

framework of computational solid state quantum-chemical
methods and the most correct experimental methods for the
investigation of the electronic structure of crystals—X-ray
emission, electronic, and optical spectroscopy and a series of other
methods.

The borides have been segregated into individual groups in
conformity with the classification adopted and are considered in
the following sections: 42425 Group I and II binary metal borides
in Section II, d metal borides in Section ITI, ternary metal—non-
metal boron systems in Section IV, metal —metal —boron systems
in Section V, and amorphous metal borides (metallic glasses) in
Section VI.

I1. Group I and II metal and aluminium borides

1. Sodium and potassinm borides

The study of the phase diagrams for the alkali metal—boron
systems indicates'~1! the greatest probability of the formation
and stability of the borides MBg . The band structure of the hypo-
thetical sodium hexaboride (CsCl type lattice with interatomic
distances corresponding to those found for CaBg)’ has been
calculated?® by the tight binding method. The valence band
contains 10 partly occupied subbands, the dispersion of which is
significantly smaller than in the isostructural calcium hexaboride
(see below), the highest occupied states including also the 2s states
of boron. The 3s states of sodium are located predominantly in the
conduction band.

There is no forbidden gap in NaBs. The concentration of
valence electrons per unit cell is 19 e, so that some of the highest
bonding bands (forming a planar section in the vicinity of the
Fermi level) remain unoccupied, which may be the reason for the
instability of the phase. The lowest virtual NaBs bands are
separated from the system of valence states, which makes it likely
that the type of conductivity of NaBg is intermediate between that
of semicon-ductor systems based on Group II metals and that of
the quasi-metallic lanthanum hexaborides.

The electronic spectrum of KBg has been calculated?® by
the tight binding method. A considerable similarity between the
topologies of the NaBg and KBg bands has been noted. The intro-
duction of the d states of potassium into the basis set in the
calculation diminishes the width of the forbidden gap at the point
X. The Fermi level (—8.1 eV) is located near the lower edge of the
forbidden gap in the region of a high concentration of electronic
states, It is pastulated that the stability of the KBg lattice is caused
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Figure 2. Distribution of the density of B 2p states for KBg .26

primarily by the transfer of some of the ‘metallic’ electrons (the
effective charges on the component atoms are +0.74 ¢ for K and
—0.74 e for B) to the bonding states between the boron atoms in
the Bg octahedra and the bonds between the given groups, which
are manifested by two intense maxima in the distribution of the
density of 2p states of boron (Fig. 2). We may note that this
treatment conflicts with the Longuet-Higgins and Roberts
model,2” which postulates the existence of the doubly charged
anions B2~ in the structure of stable hexaborides. The insignifi-
cant concentration of holes in the valence band may indicate that
the boride is a semiconductor.

2. Beryllium borides

According to the literature,2 710 there are at least six individual
compounds in the Be—B system (ranging from BesB to BeBs),
which differ sharply in their crystal structures and physico-
chemical properties. However, the increase with increasing boron
content of the melting point and of the enthalpy of atomisation of
the phase, as well as the change in the type of conductivity (from
metallic to semiconducting), etc. still cannot be explained from the
standpoint of electronic properties.

The treatment of the electronic processes accompanying the
diffusion of boron and beryllium was initially based on the
ideas of the configuration theory,:'7 in which the primary
single-electron transition s — p with formation of the Be 2s'2p!
configuration and subsequent ‘trapping’ of the boron electrons
with the formation of stable sp?> or sp? configurations is
postulated.

In the single calculation?® known to us, the cubic Be,B phase
(structure of the anti-CaF, type) was considered. Calculations
were performed by the self-consistent method of the linearised
muffin-tin orbitals (LMTO) and the chemical bonding was ana-
lysed within the framework of the self-consistent field X, - discrete
variation (SCF X,-DV) method.

The calculated data 28 show that the valence band of the boride
contains two segregated subbands separated by a minimum in the
density of states (DOS) and comprising mainly the s and p states of
the components. The Fermi level is located in the region of the
(B, Be) 2p-like band. Both the s and p states of the component
atoms overlap significantly, which indicates the formation of
covalent bonds of the mixed s—s, s—p, and p—p types.
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Comparative analysis of the involvement of individual atomic
orbitals in such covalent mixing permits the calculation of the
Mulliken bond populations.?® It follows from these that the
greatest contribution to the B—B and Be—Be bonding in Be;B
comes from the overlap of the 2p functions; the overlap
populations of the s—s orbitals are also of comparable magnitude.
The involve-ment of all (s, p) valence states is observed in the
Be-— B interaction, the outer 2p orbitals overlapping to the greatest
extent under these conditions.

It is seen from the calculations of the electronic configurations
and the effective atomic charges of the [BBesBg] cluster that the
unoccupied (in the atomic states) 2p orbitals of beryllium are
appreciably populated (~ 1 ¢) with formation of configurations
close to Be 2s'2p!. Estimation of the effective atomic charges
indicates the partial transfer of charge density to the boron atoms,
which indicates the presence of an ionic bond component.

Thus the calculations2?® make it possible to claim that a
covalent-ionic type of chemical bonding is characteristic of Be2B.
The covalent component arises due to the overlap of the outer 2s
and 2p functions of the component atoms involved in the Be - Be,
Be-B, and B—B interactions. The contribution of the ionic com-
ponent is due to the polarisation of electron density in the crystals
with partial charge transfer in the direction Be — B.

The ideas about the principal effects of orbital hybridisation
yield contour maps of the wave functions of the cluster [BBe4Bg]
for which the calculation has been made (Fig. 3). Evidently the
lowest valence molecular orbitals 7a; and 3b, are non-bonding
and are largely made up of the B 2s states with addition of Be 2s
orbitals. The contours of the molecular orbitals with 9a; symmetry
embrace Be—Be pairs of atoms, illustrating the formation of
directed covalent o Be~Be-bonds, in which the 2s and 2p states of
beryllium participate, while the boron states hardly contribute to
this molecular orbital. The wave functions of the 2a; molecular
orbital (consisting to the extent of 85% of Be s states) have a
typical nonbonding character: the contours of the atomic orbitals
of the individual centres are separated by lines with a zero value of
the wave function. The Be 2s, Be 2p, and B 2p atomic orbitals
contribute to the 11a; molecular orbital, the configuration of the
wave function contours indicating the occurrence in the given
energy range of combined (Be— B, B—B) interactions. Finally the
wave function contours of the highest occupied 12a; molecular
orbital (of the B 2p type) are distorted in the direction of the ‘outer’
(in the cluster) boron atoms, which can be treated as indicating the
presence of B—B bonds.

Summarising the foregoing, one may claim that ‘covalent
interactions occur in Be2B both between the individual compo-
nents (Be—Be, B—B) and in the Be—B bond.

There is no doubt that further systematic studies are essential
in order to gain a complete idea about the electronic properties of
beryllium borides.

3. Calcium, strontium, and barium borides

Calcium, strontium, and barium borides have the composition
MBg¢ (cubic lattice of the NaCl type). It was in fact because of
the simplicity of their crystal structure that calcium hexaboride
became one of the first boron-containing compounds the energy
structure of which was considered within the framework of
theoretical approaches.?”.29-31

The calculation for CaBg was performed by the linear com-
bination of atomic orbitals (LCAO) method with a basis set
incorporating the 25 and 2p orbitals of boron without taking into
account the Ca—B interactions.?’” Thus in essence only the
structure of the bands formed by the states of the boron sublattice
was examined,?’ while the presence of the metal was taken into
account in the filling of the energy levels in terms of the rigid band
approximation.

Solutions of the secular equation for the crystal made it
possible to devise a qualitative scheme for the structure of the
energy bands of CaBg,2” which showed that a forbidden gap
(~4.4 eV) appears between the bonding and antibonding orbitals.
Since CaBg is a conducting substance,! ~* the authors?’ explained
these contradictions both by the possibility of the population of
the lowest unoccupied states by the metal electrons and by the
probable transfer of valence electrons to the conduction band on
irradiation of the crystal.

In describing the energy bands of CaBs, Yamazaki?® took
into account the Ca 4s states in addition to the B s and B p states.
It was shown that the bonding bands of the hexaboride are
fully occupied while the antibonding ones are unoccupied. This
explains the stability of this structural type of borides (in
conformity with phenomenological ideas,?? the hexaborides can
be regarded as the complexes M?*Bg2— containing doubly
charged metal cations). According to Yamazaki,?? the width of the
forbidden gap is ~1.5¢eV.

In Flodmark’s calculations,3%- 3! the CaBg band structure was
considered as a function of the choice of the exponent z/3 for the
dorbitals (z = 1-5). It was noted that the inclusion of the M shells
in the basis set has a very appreciable effect on the energies of the
valence bands, leading, in particular, to a further decrease in the
width of the forbidden gap.

The conclusions reached 2-2° about the structure of the
CaBg valence band are consistent with the results of the cal-
culation performed by the LCAO method taking into account
only the boron functions3? and also by the semiempirical
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Figure 3. Contour maps for the wave functions of the valence orbitals of the BBe4Bs cluster according to the X,-DV calculation.?®
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LCAO method in terms of the Gaussian orbitals basis set
(GO-LCAO),?* using a basis set comprising the sp functions of
boron and calcium.

The LCAO method in terms of the tight binding approx-
imation has been used 35 in calculations for CaBs, where account
was taken of the B 25, B 2p, and Ca 3s states. At the same time, in
order to discover the role of calcium in the organisation of
the electronic centre of the hexaboride, a band calculation was
performed 3’ for a hypothetical ‘boride’ with the parameters of
the CaBg lattice in which the metal sublattice sites remained
unoccupied.

As the energy bands of this ‘boride’ are filled on the hypothesis
that the number of valence electrons of the system (per formula
unit) corresponds to that for MBg (20 e), itis found that the lowest
ten bands are fully occupied. In this case, the minimum ‘straight’
forbidden gap corresponds to the splitting of the states at the
point X and its width is 2.11 eV, which exceeds somewhat the
values obtained by Johnson and Daane.3 This discrepancy may
be eliminated by including the highest states of the metal (p and d)
in the basis set.3’

Comparison of the ‘B¢’ and CaBg bands indicates an appre-
ciable role of the metallic states in bonding, which is manifested by
an increase in dispersion for a series of bands (along the A, X, and
A directions) and also by the initiation of the appearance of new
levels in the conduction band.

Calculations have shown 33 that the Ca — Bg charge transfer
does not exceed 0.9-1.0 e, although according to Longuet-
Higgins and Roberts?’ the transfer of two electrons is required
to stabilise the CaBg structure — for the complete filling of the
bonding states band. This electron deficiency leads mainly to a
weakening of the pops and prpx bonds between the Bs groups
without having a significant influence on the ‘intracluster’
interaction, i.e. without leading to a critical destabilisation of the
structure as a whole. This situation is analogous to that for alkali
metal hexaborides, where the M — B¢ charge transfer does not
exceed 1 e.3°

The CaBg band structure, calculated by the augmented plane
wave (APW) method with a Slater exchange-correlation con-
tribution (2 = 2/3),%” differs significantly from that presented in
other communications.2”-29-31.35 The absence of a forbidden gap

between the valence and conduction bands and also the
appreciable concentration of pre-Fermi states (at the point I'),
which conflicts with X-ray electron spectroscopic data, are
noteworthy. These discrepancies have been explained 37 by the
absence of self-consistency in the calculation for the boride.

A self-consistent study of the influence of metallic 4 states on
the electron spectrum of CaBg has been carried out by Hasegawa
and Yanase,3® who carried out the calculation by the self-
consistent symmetrised APW method. The relativistic effects were
described in terms of the scheme presented by Koelling and
Harman.?® The calculations were performed in terms of both the
standard muffin tin (MT) approximation and with a correction for
the nonsphericity of the potential.

Both calculations yield fairly similar structures of the
CaBs valence band (Fig. 4), containing a low-energy (lower by
~1.05 Ryd than Er; Ryd = Rydberg number) B 2s band and a
system of occupied bands (which are filled by 18 electrons per unit
cell) in the range Er—0.70 Ryd. The lowest virtual band is
characterised by an appreciable dispersion due to the effect of the
p—d hybridisation typical for the hexaborides with a very
significant contribution by the Ca 3d function at the point X. The
resolution of the states in the MT spheres into individual
components also indicates the involvement of the Ca 3dorbitalsin
the pre-Fermi level X;.

The most remarkable difference in the results of the calcu-
lation taking into account the nonsphericity of the potential is the
increase in the energy of the X3 state with appearance of a
forbidden gap [AE(X3 — X3) = 0.02 Ryd (Fig. 4)]. The observed
changes in the fine structure of the density of states are caused, in
particular, by the increase in the amplitude of the Ca d states with
decrease in the potential, whereupon the given functions assume
the form of plane waves.

According to the MT calculation,?® the surface of the CaBg
Fermi level consists of electron and hole layers (Fig.5). The
number of carriers is ~2x 10? electrons and the same number
of holes are present in the unit cell. The role of the spin—orbital
interactions in the establishment of the pre-Fermi bands has
been analysed.® It was noted that, when the spin-orbital
interactions are taken into account for a slight (~0.01 Ryd)
overlap of the valence and conduction bands (according to

E/Ryd

1.0

0.5

i

X 4T 4 R 0© 4 30
DOS/Ryd

Figure 4. The band structure and the total density of states in CaBs. SCF-APW calculation with a correction for the nonsphericity of the potential.
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Figure 5. Energy bands near the bottom of the conduction band (a) and
the upper edge of the valence band (b) and schematic representation of the
hole (¢) and electrons (d) layers on the Fermi surface in the vicinity of the
symmetry point X for CaB, .38

calculations with the MT approximation), a forbidden gap
should appear with an indirect transition energy of ~0.001 R,
which makes it possible to assign CaBg to the class of
semiconductors.

The following borides have been investigated by X-ray emis-
sion, absorption, and electron spectroscopy: CaBs,3-40 BaBg,*!
ScB: ,44' 46,78 Tle ,42'46 VB; ,46_ 53 Cl‘zB, Cr1B, CrB2 ,44"46’ 49,
51,54,56,79 MnyB, Mn,B, MnB, Mn3;B4, MnB,, MnB, 46 54,5758
FCzB, FeB’43—45, 55,58 -68 CosB, COzB, COB,M' 54, 60, 65, 67,69,70
Ni3B, NizB, Ni4B3, NiB,M’ 45,54, 58,59,67,71,78,80-82 YB6 ,40
ZI‘B2,37'51'74"76 szB, Nb3B2, Nb3B4, NbB, NbB2,51'72’ 73
MoB,”” HfB,,5! and TaB,.51:74

The conducting properties of calcium hexaboride have been
treated ! ~14 as being either of the semimetallic or semiconducting
type. The dependence of the forbidden gap on the method of
synthesis of the specimens®? and on the presence of a wide variety
of impurity centres or crystal defects,?? in particular vacancies in
the metal sublattice, is evident. The possibility of the formation of
the latter for CaBg has been noted, for example, in the study of the
fusion of CaB¢, whereupon dissociation takes place with the
preferential evaporation of calcium 885 This finding can be
readily accounted for by the specific features of the energy
structure of CaBg, because the bonds between the atoms of the
nonmetal sublattice of the boride play a dominant role in the
organisation of the inter-species interaction,

Calculations for strontium and barium hexaborides within the
framework of the LCAO formal treatment3® indicate that the
structures of their electronic spectra are similar to that for CaBg
(Fig. 4). Therefore, without going into their details, we shall only
note that the form of the valence DOS is determined primarily by
the type of the distribution of states in the Bs groups (Fig. 6) and is
characterised by five principal maxima 4 — E. Comparison with
the data obtained by X-ray emission BK, spectra of BaBg shows
(when account is taken of the simplifications used in the calcula-
tion)#! a fairly reasonable agreement between the energies of the
principal B 2p maxima with the exception of the intense peak 4
manifested on the spectral line in the form of a weak high-energy
buige.

715
N(E)T f
AI
B
1
D
2
E
1 1 1 A
~25 ~20 -15 —10  Ejev

Figure 6. Thetotal (curve 1) and local (curve 2) densities of B 2p states in
BaBs .35

4. Aluminium borides

The phase diagrams for the Al-B system indicate36-°5 the
existence of at least two stable binary phases—aluminium
diboride AlB; and aluminium dodecaboride AlBj>. Two possible
modifications have been identified for the latter compound —
monoclinic and tetragonal.!® The existence of the AlByo
phase,2-92.95 found by Kuz’ma,!' was not unambiguously
confirmed.

In terms of the aspect under discussion, the most interesting
compound is the diboride AIB,—a phase the structural type of
which (or one related to it) is characteristic of a large number of
binary and more complex 4 metal borides (see below). Aluminium
diboride has one of the simplest structures and contains two
alternating networks of atoms —the metal and boron (Fig. 1).

Generalideas about the nature of the metal — metal bond in the
diborides AIB; have been discussed within the framework of the
Hiickel model %6-12! It is claimed that the system of chemical
bonds in such crystals is based on the M —B and B - B interactions,
whereas the M —M interactions (in the direction perpendicular to
the network of B atoms) are antibonding.

The band structure of AIB; (calculation by the LCAO
method) ¥’ is determined by the presence of filled boron bands (the
structure of which is found to be similar to that for graphite) split
into states with o are & symmetries. Part of the charge density is
transferred to the latter from the metal atom, whereupon the
metal atoms acquire the effective charges +1.884 e (Al) and
—0.942 e (B). The B—B bonds have a stabilised = component; the
Alp,,, functions are mixed with the band comprising these states,
giving rise to the B— Al bond. We may note, however, that in the
calculations®? the basis set did not include the Al 3d states,
allowance for which (see above) may significantly amend the fine
structure of the band in the energy spectrum of the crystals.

Overall, the calculations®” are in satisfactory agreement with
X-ray emission spectroscopic data®® and have been used to
interpret the anisotropy of the electrical properties of A1B; (on the
basis of the analysis of the topology of the Fermi surface and
estimates of the differences between the effective masses of the
carriers for different directions in k space).

The molecular orbital scheme for the fragment modelling
AlBy3, for which semiconducting properties have been predicted,
has been calculated® by the LCAO method in terms of the
Gaussian orbital basis set (GO LCAO).
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I11. Transition d metal borides

Transition d metal borides constitute one of the most numerous
and thoroughly investigated groups of binary boride phases, and
numerous monographs and reviews have been devoted to their
crystal chemistry and physicochemical properties.!~14

The analysis of the possible approaches to the description of
the electronic structure and properties of compounds of this type
will be begun with the Ti—B system.

1. Titanium borides

Numerous studies have been devoted to phase formation in the
Ti—B system.!-3.57.9,11-14 Tt j5 suggested that not less than five
individual phases exist in the Ti—B system.

Most of the investigations of the electronic properties of the
boride phases of titanium refer to titanium mono- and di-borides.
However, before turning to the consideration of the results, we
shall mention the calculations of the perturbations in the
electronic states of titanium when boron atoms are introduced
into its interstices (the corresponding region in the binary system
with a low content of the nonmetal is designated as the o-phase on
the phase diagrams).'®

The LMTO Green function method (LMTO-GF) has been
used 190 in the calculation for the Ti—B system, in which the
nonmetal atom was placed at the centre of an octahedral interstice
of the face-centred cubic structure of titanium. It follows from the
analysis of the distribution of the local density of states (LDOS) of
boron that the quasi-core B 2s functions form a discrete impurity
peak near the lower edge of the valence band of the matrix, while
the B 2p function overlaps the lower part of the valence band of
titanium, promoting the formation of Ti—B bonds.

The perturbing effect of the impurity on the electronic states
of the matrix (AN) has also been considered. It was established
that in the region of energies corresponding to the localisation of
the impurity states, two positive AN(E) peaks are observed. The
first and second peaks correspond respectively to the states of
titanium mixing with the 2s and 2p orbitals of the interstitial
atom respectively.!®® In the pre-Fermi region, a characteristic
oscillating AN(E) structure is observed, reflecting the
redistribution of the high-energy states of the metal atoms
in the vicinity of the interstitial element. Negative values of
AN(E) correspond to spectral ranges with a lower electron
density N(E) than for pure titanium and conversely. We then
have AN(Er) >0, ie. the doping of titanium with small
amounts of added boron leads to some increase in N(EF) for the
alloy primarily owing to the disturbance of the bond system in
the ideal crystal. Nonequivalent Ti~B and Ti-Ti bonds are
formed in this case in the vicinity of the impurity p centre.
Concentration of electron density in the region of energies of the
B 25 and B 2p functions corresponds to bonds of the first type,
whilst positive pre-Fermi AN(E) maxima correspond to bonds
of the second type.

The next step was to investigate the effect of the interstitial
elements on the electronic states of titanium atoms in the face-
centred cubic structure constituting the first and second
coordination spheres of the impurity atoms.!® The y-FesN
structure was used as a model.

The total and local DOS of the hypothetical TisB are
presented in Fig. 7. In contrast to the isolated impurity, the B 2s
and B 2p states now form bands of finite width. It is especially
interesting to emphasise that the LDOS for titanium atoms at
nonequivalent (relative to the centre of insertion) sites are
markedly different. Thus, whereas the titanium atoms in the
closest sphere make appreciable contributions to the subbands
of the nonmetallic 2p states, the extent of such mixing is smaller
for the Ti atoms in the next sphere, which indicates the local
character of the Ti—B bond. This is also reflected in the charge
and energy states of the crystallographically nonequivalent
metal atoms.
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Figure 7. The band structure of TisB (y-Fe4N structural type) according
to LMTO calculations:!% (g) total density of states; (b) and (¢) LDOS for
titanium atoms in the second and first (relative to the nonmetal) spheres;
(d) densities of B 2s (dashed curve) and B 2p (continuous curve) states.

Analysis of the valence subbands showed that the maxi-
mum contribution to the hybrid Ti4B band comes from the
d states of the nearest atoms, i.e. the Ti—B bonds are organised
in conformity with the p—d hybridisation mechanism typical
for refractory phases.!®9-1%4 QOne cannot also neglect the
involvement of the s and p functions of titanium in these
interactions. Thus it is mainly the Ti 4s functions of the titanium
atoms constituting the second metal sphere which enter into the
interaction with the nonmetals. In other words, both the
energies and the nature of the bonds between the interstitial
elements and the titanium atoms in the first and second spheres
are different.

These differences in the nature of the Ti— B bonds are reflected
in the distribution of the states of the metal band, i.e. lead to the
anisotropy of the Ti—Ti bonds.
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‘We may note that the calculated data % have been used for a
qualitative treatment (in relation to the Ti—-B and Ni—B systems)
of the phase relations observed on the phase diagrams for
metal —boron systems. For this purpose, use was made of the
changes in the total energy (AE) of the face-centred cubic titanium
matrix when a nonmetal atom is introduced into an interstice.
These changes were obtained by solving the single-impurity
problem by the method proposed by Anisimov et al. %% It was
found that AE < O for the systems considered, i.e. the introduction
of nickel and boron atoms, involved in covalent interactions with
the matrix, into the interstices of the face-centred cubic titanium
and nickel structures is energetically favourable. However,

|AE Ti=B (~0.767 Ryd)| > |AEN—B (—0.673 Ryd)| .

In other words, the boron in the octahedral positions in titanium is
more strongly bound than in the nicke] matrix. This agrees with
the known fact that compounds up to the diborides are formed in
the Ti—B system, whereas the maximum content of boron in
the nickel compound does not exceed Ni/B ~ 1. Naturally, in
analysing the results1%° one cannot fail to take into account the
direct B— B interactions arising in the boride phases, which should
introduce significant corrections to the overall energy relations of
the systerns under discussion. However, the above data 1% make it
possible to gain a general idea about the role of the metal~non-
metal interactions in the boride phases considered.

With increase in boron content, the compound TizB (ortho-
rhombic structure of the Al,Cu type) was detected on the Ti—B
phase diagram. In its structure, all the boron atoms are sur-
rounded by metal atoms.>!! The increase in the B/M ratio is
accompanied by a further transformation of the electron energy
spectra (EES) of the matrix [calculation by the method of
augmented spherical waves (ASW)].1% The B 2p states are then
mixed in throughout the width of the occupied part of the valence
band, which is predominantly of the Ti 34, s type. In addition, the
valence band contains near its lower edge two subbands of the B 2
type separated by a narrow energy gap. The bonds are formed asa
result of two types of interactions: Ti-Ti and Ti—B; direct B—B
bonds were not detected. The Fermi level is located on the high-
energy slope of the intense Ti d type DOS peak.

The further genesis of the band structure of titanium boride as
the boron content increases will be considered by comparing the
EES of the higher borides—TiB and TiB,.

Titanium monoboride crystallises with a structure of the FeB
type.!! There are also data concerning monoborides crystallising
with structures of the NaCl and ZnS types.” 10 It has likewise
been suggested!! that the cubic monoboride (NaCl structural
type) can be obtained either in the form of a high-temperature
phase or in the form of a phase stabilised by added carbon.

Calculations for the orthorhombic TiB have been carried
out. 197-109 The dispersion of the bands and the total density of
states (TDOS) in TiB have been investigated 197 by the nonself-
consistent LCAO method in the tight binding approxima-
tion.3%'10 A broadening of the dispersion in the k, direction
(I'—-2Z,T-Y, R—S, U—X) compared with k. and k, was noted.
This should indicate the predominance of the bonding effects
along the ¢ axis of the crystal, along which the chains of boron
atoms are oriented, i.e. a pronounced cohesion anisotropy. The
TDOS in TiB comprises (in order of decreasing binding energy)
the B 2s, B 2p, and Ti d, s states (Fig. 8). The Fermi level is located
at the DOS minimum in the vicinity of the intense virtual d type
resonance. Calculations of the populations of the atomic orbitals
made it possible to estimate the charge states of titanium (—1.31 e)
and boron (+1.31¢).

The bond indices of various atoms, forming layers in the TiB
crystals, have been calculated '%7 in the cluster approximation by
the method proposed by Bell and Perkins.!!! The calculation was
carried out taking into account all the interacting neighbours in
accordance with the Born—Carman principle.

The results show that the B—B covalent bonds are most highly
populated.!97 In the calculations of the bond indices in other similar
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Figure 8. The total () and local (b) densities of states in TiB (FeB
structural type). Calculation by the LMTO method.'%?

TiB clusters, where the lowest unoccupied levels lying 0.01 and
0.1 eVabove Er(thissimulated the thermal excitation of the boride)
were filled, the bond indices of the B—B and Ti— B types remained
virtually unchanged, but the index of the Ti—Ti type diminished
significantly. Consequently, heating of the specimens affects
primarily the bond system in the metal sublattice of the boride.
Calculations for TiB using the more accurate self-consistent
augmented spherical waves method 1'% 113 have been performed. 108
Here a study was made of the structural stability of 3d metal
monoborides for five possible crystallographic modifications
(structures of the FeB, CrB, NaCl, CsCl, and CuAu types). For
this purpose, the total crystal lattice energies were calculated for
the six cell volumes differing by + 15% from the equilibrium value
in the case of all the structures listed above (Fig. 9). Evidently, in
conformity with experiment, the orthorhombic modification is
energetically most favourable for the boride under discussion,
while the CsCl and CuAu structural types are least likely; an
intermediate value was obtained for the NaCl type. The equilib-
rium volume of the TiB unit cell was reasonably well produced and
the volume modulus of elasticity was calculated (Table 1).

Table 1. Theoretical (I) % and experimental (II) 114-!16 unit cell volumes
v, atomic magnetic moments g, and volume moduli » of titanium
monoboride.

Compound v/ A3 u/us b/kbar
I II I II
ScB 25.6 — 0 — 3100
TiB 22.6 21.3 0 0 2400
VB 19.5 18.8 0 0 2800
CiB 18.0 17.1 0 0 3400
MnB 17.3 17.2 2.00 1.83 2600
FeB 16.8 16.4 1.25 1.12 2500
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Figure 9. Variation of the total one-electron energy of 3d metal borides as
a function of the crystal structure of the phase and the volume of the unit
cell (calculation by the ASW method).1% Type of structure: (/) CuAu;
(2) NaCl; (3) FeB; (4) CsCl; (5) CrB.

A somewhat different approach to the discussion of the
relative stabilities of the structural modifications of TiB, based on
the calculations of the band spectrum of the crystals, has been used
in a study '%° where the calculation for TiB with structures of the
NaCl and FeB types was carried out by the LMTO method in the
atomic spheres approximation in terros of the formal treatment of
Sabiryanov et al.l”

A multipeak TDOS structure was obtained for the ortho-
rhombic monoboride TiB (FeB structural type) (Fig. 8). Taking
into account the decomposition of the TDOS into atomic
components, one can segregate arbitrarily two low-energy bands,
predominantly of the B s and B p types, separated by a narrow
forbidden gap from the band with an energy lower by
approximately —3.14 to —0.1 Ryd than Er and having a mixed
p—dcharacter. The intense resonance of the Ti d and Ti s states in
the vicinity of the Fermi level is also noteworthy. A significant
difference between the results of the calculation by the self-
consistent LMTO method!% and the data of Armstrong and
Perkins 197 concerns the position of the lowest unoccupied d band,
which is separated from Er by a deep DOS minimum according to
Sabiryanov and Ivanovskii!®® (Fig. 8).

The DOS of the cubic monoboride (NaCl structural
type) 117-119 differs significantly from that examined above for the
orthorhombic TiB (FeB type). It has a two-band form101-104
characteristic of NaCl-like phases (carbides, nitrides, etc.) with a
distinct separation of the bands of the B 25 and B 2p states.
Adjustment for self-consistency !!° then leads to the appearance of
a forbidden gap between the bands, whereas in the absence of such
adjustment their overlap is observed.!!®

We shall now analyse the energy relations of the paired bonds
(Ev) in TiB (with structures of the FeB and NaCl type) using the
method described by Sabiryanov et al.!'7 The energies E, for the
orthorhombic borides are listed in Table 2. Evidently the inter-
actions between boron atoms located in the closest layers of the
crystal make the greatest contribution to the energy of the covalent
bonds. This result differs fundamentally from the conclusions
reached by Armstrong and Perkins,!” who postulate that the
interaction between boron atoms located in one layer pre-
dominates. Evidently, the analysis of the cohesive properties of
crystals, based solely on the calculations of the parameters of the
overlap of wave functions,’®” may not be always correct.

Table 2. Pair energies of the covalent bond in titanium borides. 02

Pair Energy of Pair Energy of
covalent covalent
bond/mRyd bond/mRyd

TiB (NaCl) TiB (FeB)

Ti(1)-Ti(1)* —56.16 Ti(3)-Ti(2) -33.18

Ti(1)-B(2) —674.04 Ti(3)-Ti(3)* —15.06

B(2)-B(2)* 8.12 Ti(3)-Ti(3)® —98.92

Ti(3)-Ti(1) —210.14

TiB, B(7)-Ti(1) —341.74

Ti(1)-B(2) —350.40 B(7)-Ti(2) —246.22

Ti(1)- Ti(1)* —21.14 B(7)-Ti(4)? —48.70

Ti(1)-Ti(1)® —95.02 B(7)-Ti(3) —212.00

B(2)-B(3) —975.42 B(7)-B(8) —705.40

2 Atom from the cell displaced by unit translation vector along the a axis.
5 Atom from the cell displaced by unit translation vector along the ¢ axis.

In conclusion, we may note that the total covalent interaction
energy is 1887.9 mRyd for the cubic boride and 1907.1 mRyd for
the orthorhombic boride,!%® which indicates unambiguously the
greater stability of the orthorhombic phase and is fully consistent
with the conclusions reached by Mohn and Pettifor.108

Proceeding now to the consideration of the energy spectra of
the higher titanium boride TiB; (AlB; structural type), we may
note the calculation for the diboride 12 carried out by the LCAO
cluster method in the tight binding approximation !® as one of the
first approximate calculations. The calculations were performed
for a lattice fragment (with D3, symmetry) taking into account
the fourth- and fifth-order neighbours in terms of a basis set
comprising the B s, p and Ti s, p, d orbitals. The resolution of the
resulting molecular orbitals into atomic contributions makes
it possible to estimate the width of the TiB; valence band
(~13.56 V), the lower edge of which is made up mainly of the
sand p states of boron with progressively increasing contributions
by the Ti s orbital as the energy of the molecular level decreases.
Analysis of the parameters of the electronic structure of TiB,,
calculated by Samsonov et al.,!?® indicates the Ti — B charge
transfer as additional p, states of boron are filled. The latter form
B-B bonds both within planes (n-bonds) and between layers
(o-bonds), the maximum filling of the p, states (in the TiB>-
VB,-CrB; series) being responsible, according to Samsonov
et al.,’2° for the extrema in the melting point, the coefficient of
thermal expansion, the microhardness, and the phonon compo-
nent of the thermal conductivity.

Band calculations for TiB, have been carried out by the LCAO
method 26 in terms of Hiickel’s formal scheme,'?! the augmented
spherical wave method,?” and the LMTO method.!%%: 122 The elec-
tron energy spectrum of the diborides has been investigated by
spectroscopic methods.*2-46 The E (k) dispersion relations for
TiB; have a number of characteristic features compared with the
monoborides (Fig. 10). There is no forbidden gap between B 2s
and the hybrid B 2s, B 2p, and Ti d, s bands and there are random
degeneracy points in the vicinity of Ef in the I'— K, K—M, and
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Figure 10. The band structure of TiB,.!%®

I' — 4 directions. Three principal subbands, made up of the B 2s
state, the B 2s,2p and Ti d, s states, and the Ti d, s states respec-
tively, can be differentiated in the TiB; valence band. The Fermi
levelislocated in 2 deep DOS minimum separating the valence and
conduction bands, which agrees well with the results of X-ray
emission analysis.*!

Analysis of the energy relations of the paired bonds (Table 2)
shows that the interaction between the boron atoms located in
one plane (network) is most significant whereas bonds between
networks were not detected. The next in magnitude is a type Ti— B
interaction, the Ti—Ti bond energy being an order of magnitude
smaller. The results of calculations of the partial energies of the
pair interactions proved somewhat unexpected.!®® According to
these calculations, the Ti 4p—B 2p (72 mRyd) and Ti 4p—B 3s
(66 mRyd) bond energies are comparable to the Ti 3d—B 2p
(92 mRyd) bond energy.

Estimates of the charge polarisation, 120-122 indicating a dis-
placement of the electron density to the nonmetal atoms, are
consistent with experimental X-ray diffraction data.l23

The possibility of the appearance of high-temperature super-
conductivity in layered titanium borides has been examined 124
on the basis of the generalised Hubbard ~ Emery mode] 125126
(taking into account the integrals of the jumps between nearest
neighbours). The presence in such borides of separated d., .
states, tunnelling through boron ions in the degenerate p, , states,
has been postulated. Calculations of the amplitude of the
kinematic interaction (by Dyson’s method) taking into account
the possible filling of the bands for the hexagonal TiB, phases
showed that superconductivity can occur in the composition range
TiB2e/17—TiB2 (Fig. 11). The conclusions reached by Zaitsev 124
agree qualitatively with the results of other studies,27- 128 in which
the possibility of superconductivity in the TiB; s_; ¢ phases and its
absence in the TiB, and Ti;B4 phases was indicated.

The quantitative microscopic description of the parameters of
the superconducting state of the borides undoubtedly requires
special consideration.

ip

Figure 11. Phase diagram for the compound TiB. . The regions of possible
superconductivity are shown cross-hatched.

2. 3d Metal borides

Proceeding now to the discussion of the electronic properties of the
borides of other 3d metals, we may note that the boride
phases formed by specific 3d metals have been investigated to
significantly different extents. Systematic calculations have been
performed only for the hemiborides 1% and monoborides.!%8 It
follows from them that the dispersion relations and the energy
distributions for these phases are similar to those for Ti,B and TiB
(see above), provided that account has been taken of the increase
in the filling of the d bands as a function of the concentration of
the valence electrons (CVE) and of the consistent low-energy shift
of the metallic subbands with increase in the atomic number of the
transition metal along the Period.

Most studies carried out hitherto have been devoted to the
description of the characteristic features of the electronic
structures of iron and nickel borides. We shall consider in greater
detail their principal results.

The hemiboride Fe;B and the monoboride FeB have been
differentiated in the Fe—B system as equilibrium phases.!-2.% 1!

The hemiboride has a body-centred tetragonal structure of the
Al,Cutype(a=b=4249A,¢c=5.1104, space group I4/mcm),
where the boron atoms are located between layers of iron atoms.!!
Iron monoboride crystallises with formation of an orthorhombic
structure in which there are four molecules in the unit cell.!

The spectroscopic properties of iron borides have been
investigated. 43—45 54 The results of numerical quantum-chemical
calculations for Fe;B and FeB have been published. 106, 108.129-131,

One of the most complete calculations of the electron energy
spectra of Fe;B has been carried out 3! by the linearised APW-
(LAPW) method, in which the energies of the core electrons were
calculated in accordance with the full relativistic Dirac—Slater
scheme. A semirelativistic approach, taking into account the con-
tributions to the Dirac equation of the Darvin and mass — velocity
terms, was used to calculate the energy of the valence electrons.
In the solution, account was taken of plane waves (~270)
with energies of up to 6.15 Ryd and angular momenta / < 8.
Adjustment for self-consistency (with respect to energies) was
carried out until the attainment of the condition AE < 4mRyd.

Analysis of the dispersion curves and of the total and partial
densities of states in Fe,B shows that the bands due to the B 2sand
B 2p states lie below the partially filled Fe 2s states. Two lowest
bands are made up of 2s states of two boron atoms in a unit cell.
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Figure 12. Fe 3d electron spectra (curves 1) and densities of Fe 3d states
(curves 2) in Fe, Fe,B, and FeB.

The degenerate B p states are located in the range —0.6t0 0.2 Ryd.
An appreciable superposition of the iron and boron states occurs
higher along the energy scale. Finally, the highest energy peak
reflects the concentration of the bonding Fe 3d orbitals, while a
further two resonances, corresponding to the nonbonding Fe 34
states, are observed in the immediate vicinity of Ef.
Comparison of the DOS and the photoelectron spectra of
Fe,B (Fig. 12) shows that they are acceptably consistent with one
another.!3! Evidently the Fermi level coincides with the local
Fe 3d resonance band, where the DOS (calculated per iron atom)
reaches ~1 Ryd—1. If account is taken of the fact that the Stoner
parameter I (for pure iron) is ~0.92, it becomes evident '3 that,
since IN(Eg) >> 1, the manifestation of ferromagnetic properties
is to be expected for Fe,B. Unfortunately the calculations 3! were

Table 4. The energies (Ryd) of the core levels of Fe;B and FeB.

Table 3. Distribution of valence electrons among the MT spheres of Fe,B
and FeB (calculated by the LAPW method).!3!

Compound Type of Number of electrons
sphere
s P d
Fe;B Fe 0.3205 0.3907  6.0726
B 0.3654 0.6329  0.0161
FeB Fe 0.2973 0.4027  6.1631
B 0.3667 0.6785  0.0171

performed solely in the spin-limited variant, which made it
impossible for the authors to estimate the atomic magnetic
moments.

Analysis of the interatomic bonds in Fe;B, based on the
calculation of the distribution of states in the MT spheres (Table 3)
and charge density maps [in the (120) plane] for the boride leads t¢
the conclusion that there is significant B 2p— Fe 3d hybridisation
between the boron atoms and the eight nearest iron atoms. Thus
the charge density contours indicate the concentration of charge
density along the B—~Fe line and also between the nonmetallic
centres, which is evidence for the existence of direct B—B bonds.

We may also note that charge transfer between the iron atoms
in the hemiboride was not observed.!*! The formation of direct
covalent Fe—B and B—B bonds enhances the cohesive properties
of Fe;B compared with Fe.!3!

Direct calculations of the FeB core orbital energies (Table 4)
and of electron densities on the iron nuclei, which have been
used to calculate the isomeric shifts (measured by Mossbauer
spectroscopy), are of interest.

The spin-labelled LAPW calculation for FeB has been
performed by the method described above. The boron 2sstates are
concentrated in the vicinity of the bottom of the valence band. The
higher-energy 4 and B maxima correspond to the hybridised
Fe 3d—B 2s states, whereas in the vicinity of the Fermi level
predominantly the Fe 3d functions make the main contribution
to the DOS (Fig. 13). Comparison of the results of the calculation
with emission spectroscopic data'-63 shows that they are in
agreement.

The formation of covalent bonds (as a result of sp—sp
hybridisation) between boron atoms constituting the linear chains
is characteristic of iron monoboride as well as Fe,B. Charge
transfer between the iron and boron atoms in FeB has not been
observed (Table 3). It is seen from the data presented in Table 4
that the calculation in the study of Joyner et al. 3! correctly
reproduced the sequence of the energies of the core levels of FeB,
which are somewhat displaced in the direction towards Er relative
to the experimental results.52-5> We may note that, following the
transition Fe,B — FeB, the energy relations for these levels
remains virtually unchanged (within the limits of +0.1 eV), which
is also conmsistent with experiment. The Fe;B and FeB valence
band schemes are presented in Fig. 14.

Compound Fe 252 Fe 2p1p2 Fe 2psp Fe 3s Fe 3p12 Fe 3pip Bls
Calculated data 3!

Fe;B —59.588 —51.385 —50.471 —6.348 —3.951 —3.837 —12.432
FeB —59.584 —51.384 —50.469 —6.338 —3.960 —3.846 —12.352
Experimental data 663,66

Fe —62.14 —52.94 —51.98 —6.71 —3.90 — -13.833
Fe;B —62.11 —52.96 ~-51.99 —6.74 -390 —_ —13.82
FeB —62.14 —52.96 —52.00 —6.74 —3.92 — —13.82
B — — _ — — — —

@ The energies are quoted relative to the Fermi level.
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Figure 13. The local densities of B 25 (curve /) and B 2p (curve 2) states in FeB.'3!
The energy structure of nickel monoboride (type CrB DOS/Ryd—!
structure) ! has been calculated 1% by the ASW method (Fig. 15). a
The relative positions of the total and local DOS make it possible
to differentiate the sections of the electronic state spectrum
corresponding to the p—p bonds in the chains of metalloid atoms 60 [
(peak A), to the Ni —B interactions (peaks B and B'), and to
nonbonding d—d states (peak C). The calculated value of the
volume modulus [of elasticity] and of the unit cell volume are 40+
presented in Table?2.
The value of N(Eg) for crystalline NiB is not quoted in
Mohn’s study,!%6 although it is seen from Fig. 15 that it is 20 [
insignificant and is much smaller than for manganese and iron
monoborides. Measurements of magnetic susceptibility made it
possible to assign NiB to the class of weak paramagnetic materials L = 4 L
and to estimate N (Er) =~ 0.18 state eV—!atom—!,132.133 jn which
the contributions of the s and p states predominate. b
The parametrised LCAO method with the Slater—Coster
(SC) tight binding approximation has been used!** in calcula-
tions for the lowest nickel boride NisB (Fe;C structural type). 15 F
A
DOS a 10~
Er
Fe 3d T
Fe 4s
[4
EjevV c
60
A
b
Er 40F
Fe 3d
BbBb gl
B2s “ZP 1% Fe 45
PAnEN A X
1 w1 /VI ] \I 1 1] \ L L
6 12 8 4 0 0 0.4 038 E/Ryd

EjeV

Figure 14. Schematicillustrations of the structures of the valence bands of
FeB (a) and Fe;B (b).

Figure 15. The total (a) and partial densities of B 2p (b) and Ni 3d (¢
states in NiB.




722

G P Shveikin, A L Ivanovskii

The B 25, B 2p, and Ni 34 functions were included in the basis set
and account was taken of the interaction of only the nearest neigh-
bours. The SC parameters for the Ni—Ni bond were taken from
calculations performed for metallic nickel,'3%13 while the
parameters of the B—B bond were obtained by extrapolating the
SC parameters for carbon.!34

The energy spectrum of the valence electrons of Ni3B is typical
of binary borides and contains two lowest bands (E = 0.0315and
0.0607 Ryd) made up of B 2s states. The following twelve bands
(0.433-0.569 Ryd) reflect the hybrid Ni 3d—B 2p states, the
upper band having predominantly the d character. The higher
energy freebands (E > 1.135 Ryd) also haveamixed B 2p—Ni d, s
character.

The band structure in the vicinity of Er makes it possible to
assign NisB to the class of paramagnetic materials, which is
consistent with the available experimental data,!38 139

3. 4d Metal borides

Proceeding now to the discussion of 4d metal borides, we may
note that the energy structure of these compounds has been
investigated in much less detail than that of the 34 analogues.
Zirconium diboride, which has a series of valuable physico-
chemical properties, namely a high melting point, high electrical
and thermal conductivities, and a high hardness, has attracted
most attention hitherto.!~%8-11 This makes it possible to employ
it as a cathodic material, as an abrasive, and as a component of
heat-resistant alloys, composite materials, etc.

Nonself-consistent calculation for ZrB; by the APW method
using the exchange potentials specified by Slater and Kohn-
Shem '%¢ showed that the density of states in ZrB, is defined by
three characteristic maxima, The first is linked genetically to the
bands of the B 2s states, while the next two correspond to the 2p
states of the nonmetal.

The ZrB; band structure has been investigated 141 by the self-
consistent Korringa — Kohn—Rostoker (KKR) method in terms
of the MT spheres approximation. The initial potential was
determined by the Mattheiss method 142 with the initial atomic
configurations Zr 44255515 and B 2522p!. The exchange-cor-
relation parameters o were taken from Schwarz,!43 whilst the
remaining parameters were taken from Ham and Segal !4 and
Segal.’*5 Adjustment for self-consistency proved most critical in
relation to the energies of a series of virtual DOS peaks and the
distribution of the Zr d electrons. Their number in the MT sphere
of the metal (compared with the nonself-consistent calculation)
increased by ~0.667 e.

The dispersion E(k) proved extremely complex, which
hindered a clear interpretation of the nature of the interatomic
bonding. In describing the structure of the energy bands, Johnson
et al.1%! confine themselves to only several preliminary remarks.
In particular, it is noted that the lowest bands (T, Ta, Z1, Zy)
resemble the sp? o-bonding states in graphite 46 and can be made
up of the bonding states of boron (s, px, py). Nevertheless, one
cannot fail to take into account the admixture of metal functions
in this region.

By analogy with ‘two-dimensional’ graphite, it is suggested
that the band intersecting the Fermi level (71) is associated with
the & band of boron, while the lowest unoccupied Z3 and all the s4
bands are made up of the antibonding B & states significantly
hybridised with the Zr d orbitals. A detailed analysis of the
remaining states has been carried out by Johnson et al.,'*! who
examined also the principal differences between the energy
structure of ZrB; and the intercalated layered phases of the KCq
and LiCjg types.!4”- 148 They also analysed the composition of the
orbitals forming the pre-Fermi region— the predominance of the
Zr d states was noted.

The results of the calculation'#! were also used for the
theoretical interpretation of the optical properties of zirconium
diboride. Fig. 16 presents the imaginary part of the relative
permittivity of the ZrB, film'% and the calculated curve
(calculated on the hypothesis of constant matrix elements).

e2(E)

0 1 [l 1 —L A
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Figure 16. The energy dependence of the dielectric function for ZrB, : 14!
(1) experiment; (2) calculation.

Evidently, within the framework of the approximations adopted,
the most reasonable description of the relative permittivity is
attained in the range 6—7 eV. Its variation in the given energy
range may be correlated with the transitions between sets of
one-electron band states located directly above and below the
Fermi level.

The melting point of ZrB, has been estimated*! (from the
Lindemann equation).!0 It was noted that the high melting point
Tm = 3000 °C is due primarily to the significant covalent Zr—-B
interactions.

A fairly good agreement has also been observed between the
quantity N(Er) = 0.20, calculated using the low-temperature
heat capacity y data, and the values obtained in calculations: 14!
0.31 eV (nonself-consistent calculation) and 0.26 eV (self-con-
sistent calculation) per unit cell. In conclusion, we may note that
the results of the above study!4! have also been used for the
qualitative interpretation of the X-ray electron spectra, the Hall
effect, the conductivity, and the ''B NMR spectra of the diboride.
As regards the problem of charge transfer in ZrB;, the data
obtained permit the claim that there is partial charge polarisation
in the crystal in the B — Zr direction.

The remaining 44 metal borides have been investigated to
a much lesser extent or not at all. Among the available
results, we may note the LMTO calculations for the hypo-thetical
cubic ZrB,!18:119 in relation to which the problem of the effect of
point defects—zirconium and boron vacan-cies—on the
spectrum of the monoboride (calculations by the LMTO-GF
method) was considered. The marked s-type resonance in the
region of the minimum in the DOS for the matrix between the p, d
and d-like bands of two additional low-energy peaks (in the region
of the s and p — d bands of the boride) was established on the LDOS
distribution curve of the B defect.!5! Their appearance may be
accounted for (by analogy with the similar effects in non-
stoichiometric carbides and nitrides) !9 by the increase in the
energy of a series of Zr 4d states (on dissociation of some of the
Zr—B bonds) with appearance of ‘lateral’ Zr—Zr interactions,
which is manifested in the ZrB, spectrum by the ‘vacancy’
resonances already mentioned.

The behaviour of AN(E ) (the change in the electronic states of
the matrix under the influence of vacancies) (Fig. 17) reflects the
electronic processes accompanying the removal of a boron atom:
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Figure 17. Variation of the density of states in ZrB following the introduction of B (@) and Zr (b) vacancies.'S!

negative values of AN(E) predominate in the region of the p—d
band of the valence band. In other words, the overall DOS of the
nonmetallic band of the nonmetal-deficient phase decreases both
as a result of the subtraction of the p states of the boron atoms
removed and as a result of the transition of some of the d states of
the metal to a higher-energy state. This is indicated by the positive
AN(E) resonances in the pre-Fermi region (the region of the
Zr—Zr bonds).

The nature of the states of the vacancies in the metal sublattice
proved to be generally similar.!s! The ‘vacancy peaks’ are in this
case caused by the subtraction of some of the B s,p states
(‘ruptured B—Zr bonds’ ), by the increase in their energy, and by a
transition to a nonbonding state. The concentration of additional
electron density is observed in this range (near Ef).

Estimates of the change in the one-electron energy of the
system AE in the presence of boron of zirconium vacancies (by
the method developed in the study of Ivanovskii et al.l%3)
showed that AE (Zr) = 0.459 Ryd and AE(B) = 0.508 Ryd, "3 i.e.
AE(Zr) < AE(B), which reflects the specific features of the
bonding in borides. Indeed, the formation of Zr vacancies
requires the rupture of only six nearest Zr—B bonds, whereas
the formation of boron vacancies presupposes the dissociation
of a further twelve B—B bonds. This is the reason why the
formation of metallic defects is relatively favoured on energy
grounds and in the general case ensures the possibility of the
existence in the system of boron-rich phases (up to dodeca-
borides).!!

With increase in the atomic number of the 4d metal, the ratio
x = B/M diminishes sharply and does not exceed x = 1/3 in the
case of palladium for example. This fact can be qualitatively
attributed to the destabilisation of the structures of the higher

Table 5. The Mulliken populations (in %) of the occupied TcB levels.!52

borides of the metals at the end of the 4d series, while the increase
in the CVE leads to a progressive filling of the band of the
antibonding s and d functions of the metal. This can be clearly
traced by comparing the ZrB, (see above) and TcB; band
structures.!32

The energy structure of the hexagonal TcB, (space group
P4/mnc, a = 2.892 A and ¢ = 7.453 A)!53.154 has been calcu-
lated 132 in terms of the approximate Hoffmann scheme !5 and
a basis set comprising Bloch functions including the B 2s,2p
and Tc 44, 5s, 5p orbitals. The number of unit cells for which
account was taken of the interaction with the ‘central’ cell was
2024.

In the analysis of this dispersion of the TcB, bands along
certain symmetrical directions of the Brillouin band, the compact
group of bands, made up of Tc 4d states, in the range —5to 10eV
is striking. According to Armstrong,'52 this determines the
conducting properties of the phase. At the same time the k, ,
components of the wave vectors form fairly broad (in terms of
energy) '—M, '—-K, A—H, and A—L bands.

The Fermi level has an energy of about —7.5 eV and is located
in the region of 4 resonance. The most distinct pre-Fermi valence
band maxima with energies of —8.0, —8.6, and —10.3 eV are also
generated by the d functions of the metal. Charge transfer takes
place in the Tc — B direction and reaches 0.87 e per boron atom,

tlllgo electronic configuration of boron assuming the form
30161 0.96
§ 7 Ps Pro-

The nature of the Tc—B bonds may be inferred from the
composition of the occupied levels, the decomposition of which
into orbital contributions has been examined for the point k
with the coordinates 1/3, 3/9, and 1/4 (Table 5). Thus, whereas
the four lowest levels mainly include the boron functions and

Level E/eV Bs B ps B pr Tcs Tcp Tc ds Tc d,
1 —18.68 54 39 3 1 0 1 2
2 —18.58 57 34 0 4 0 2 2
3 —14.20 26 62 0 2 0 8 2
4 —13.84 21 62 2 1 0 2 12
5 —12.16 18 7 40 8 0 23 4
6 —11.70 5 60 3 0 0 14 19
7 —11.50 2 65 10 3 0 17 14
8 —10.65 0 15 40 1 0 43 2
9 —10.32 1 10 35 2 0 8 44

10 —-9.385 0 8 26 0 0 10 56

11 —8.63 0 5 4 0 1 38 51

12 —8.30 1 3 6 2 5 80 2

13 —7.61 0 14 2 2 1 49 32




724

G P Shveikin, A L Ivanovskii

the three highest the technetium functions, the middle (5-10)
are of a mixed type and indicate the hybridisation of the
corresponding states.

Finally a qualitative conclusion about the energy of the Tc—B
bonds can be reached by comparing the total energies of the boride
and of the initial components.!52 Judging from the data presented,
the stabilising role in the formation of technetium diborides can be
attributed precisely to the bonds noted above.

4. 5d Metal borides

The available information about the electronic structure of binary
5dmetal borides is extremely limited. A LMTO calculation for the
hypothetical cubic HfB (NaCl structural type) has been carried
out;1'? the charges on the MT spheres were analysed for a
qualitative description of the nature of the interatomic bonds.

The bands of the hexagonal ReB; (a = 2.900 A, c = 7.478 &)
have been calculated!52 by Hoffman’s method. iss The E(k)
relation is on the whole a repetition of that for the isostructural
and isoelectronic TcB; . Fundamental differences are not observed
also for the TDOS. One may note only a closer disposition in terms
of energy of the principal Re 5d-like maxima (—9.0, —9.8, and
—10.3 eV), a smaller charge transfer from Re to B (0.44 ¢), and
some dlfferences between the atomic configurations of boron
(B 51 2%6p1 38,07

For the analysis of the role of individual components (B and
Re) in the formation of the overall band structure, calculations
were performed for the hypothetical ‘Re’ and ‘B’ crystals with the
ReB, structure.!52 A system of bands, concentrated in a narrow
energy range, was obtained for ‘Re’. On the other hand, the
dispersion of the bands of ‘Re’ and ‘B,’ with the energy structure
of the real boride indicates a greater dispersion of the states of the
latter, which is associated with the ‘inclusion’ of the direct Re—B
interaction.

The analysis of the composition of the occupied Re,B levels,
carried out'5? by analogy with that described previously, and
calculation of the total energy of the boride make it possible to
postulate that the Re—B interactions are important in the
stabilisation of the ReB, lattice.

The data on the electronic structure of osmium and iridium
borides are limited at the present time to those of the study of
Novikov et al.,'%6 in which the Os3;B14 fragment was used within
the framework of the nonself-consistent X, -DV method in the
calculation for the OsB; ; phase (hexagonal system, WC structural
type). A calculation was performed for a cluster of a similar
composition in the case of the hypothetical hexagonal iridium
boride. It was established that, in contrast to the isostructural
molybdenum and tungsten borides in which the M—-C bond
predominates, the (Os, Ir) - B interaction is antibonding and the
interatomic interactions are based on the B—B bonds, the
populations of which are smaller for ‘IrB’ (~9.04) than for ‘OsB’
(~11.63). The stability of the structures of the borides has been
attributed 156 to this fact: in contrast to osmium boride, iridium
boride with the WC structure has been obtained only in the form
of the high-temperature modification.®

IV. Metal — nonmetal — boron ternary systems

Together with binary systems, ternary and more complex
compounds and solid solutions constitute an extensive group of
boron-containing phases. The crystallographic and certain
physicochemical properties of these systems have been inves-
tigated in fair detail.l»25-11 However, the general microscopic
models of the conditions governing their formation, stability, the
nature of chemical bonding, and properties, based on the results of
quantum-chemical calculations, are lacking at the present time.
The principal results of the studies of the electronic properties of
ternary borides will be examined below within the framework of
theoretical and experimental approaches.

1. The M —B— C systems

Studies on the interactions of metal borides with carbon
demonstrated that continuous solid solutions (SS) are as a rule
not formed in the M—B-—C systems (where M is a metal).157-166
The reasons for this are the significant differences between the
atomic radii of boron and carbon and also between their energy
characteristics.!57- 18 Thus the products of the reactions of Group
IV and V metals with boron and carbon are as a rule mixtures of
boride, carbide, and borocarbide phases. Their structures,
compositions, and proportions are determined by many factors
(the annealing temperature, the duration of annealing, the
pressing conditions, etc.),162-166

In the search for materials to be used in the manufacture of
instruments and in construction, a study has been made of the
Ti—C—B system.!57-166 An appreciable solubility of the diboride
in TiC, an increased microhardness of the TiC,-based phase, and
some increase in the lattice parameter of the carbide have been
noted for the TiB,-TiC, section.!57-158

The conclusion reached initially!'5® that the TiB and TiC,
components are infinitely miscible was not confirmed subse-
quently in the study of the section of the Ti—C—B phase diagram
bounded by the TiB and TiC, straight lines (x = 0.48—-1.00).
Three phases were identified in the specimens obtained: TiB,,
TiC;B4, and TiB (FeB structural type).

The phase formation process in the TiB-TiCopgs3
pseudobinary systems in the temperature range 1670-2070K
can be divided into two components according to X-ray
diffractometric and scanning electron microscope data. Such
subdivision is due to the different nature of the TiC, interactions
with the cubic and orthorhombic modifications of the mono-
boride.16% 166 The dominant involvement of the orthorhombic TiB
in reactions leading to the formation of the higher borides TisB,
and TiB; has been postulated.

The quantum-chemical description of the heterophase systems
is an extremely complex problem, which has not so far been solved.
Only a few attempts 16719 a1 calculations of the energy states of
one of the components of the given polycrystalline materials—a
borocarbide phase (a solid solution of the MCxBI _x type)—are
known to have been made.

The local perturbation of the electron density of the
hypothetical TiB following the introduction of a single carbon
atom into the boron sublattice has been examined.!6’ This
simulated the initial stage in the formation of the TiB; _, C, solid
solution. The calculations were performed by the LMTO-GF
method. The results indicate that the valence s and p functions of
the carbon admixture are located in the region of the B 25 and
Ti d,s— B 2p bands of the boride and the occurrence of the hybrid
C-Ti-B interaction in the alloy cannot therefore be ruled out.
Estimation of the perturbation of the LDOS of the titanium atoms
{by the method described by Anisimov et al.}%%) shows, however,
that the most marked effect, occurring when a boron atom is
replaced by carbon, is the appearance of localised o(Ti~ C) bonds
in the CTig octahedron, as happensin refractory monocarbides.1%?

The converse problem, involving a single boron impurity atom
at a C site of TiCi o, has been solved.!s® It is noted that the
impurity states form two subbands. The lower subband has a
markedly pseudoatomic form and corresponds to the localisation
of the B 2s functions in the energy range between the C 2s and
C 2p—Ti 3d bands. On the other hand, the B 2p states form a
broad subband which overlaps almost fully the p—d hybrid band
to TiC, indicating the formation of bonds of the Ti— B type in the
TiC-B system.

A similar problem for the VC —B system has been solved by
the LMTO-GF method.!$° Taking into account the uncertainty
in the data concerning the processes involving the formation of
the intergrain boundaries in the V- C—B system, the calcu-
lation was made for the case where boron substitutes both
carbon and metal centres in VC; 0. Whereas for the first type of
substitution the LDOS of the impurity is similar to that for
TiC-B, in the replacement of V by B (the formation of type




The chemical bonding and electronic properties of metal borides

725

BC;s ‘microclusters’ ) the valence states of boron shift significantly
into the region of lower bond energies, being partly superimposed
on the C 2s states. Estimates of the change in the overall single-
electron energy of the system show that AE in the latter is positive
(~0.09 Ryd). This can be evidently attributed to the incomplete
energy compensation for the ‘rupture’ of the strong V—C bonds
due to the formation of new, weaker B—C bonds. Consequently,
according to Sabiryanov,!%? in the solid-phase interaction of VC,
and boron (borides) the formation of borocarbides is less likely
than that of vanadium borides.

A cluster analysis of the nature of the bonding in the Ti—~C-B
system has been carried out,'® adopting titanium monocarbide as
a basis. Its carbon sublattice was doped with boron atoms (the
TiCsTiu, TiCsBTi]z, TiC4B2Ti12, and TiC3B3Ti12 fragmcnts).
The calculations were peformed in terms of the extended Hiickel
method (EHM). It was established that, when a carbon atom is
replaced by a boron atom, the system of Ti— X (X = C, B) paired
bonds is significantly transformed. Thus, if it is assumed that
62,(Ti—C) and 7,,(Ti—C) participate in the Ti—C interaction,
then the Ti—B interaction includes the 62(Ti—B), 02,(Ti—B),
and =,,(Ti—B) bonds, the populations of which (estimated in
accordance with Mulliken’s scheme) are comparable. In addition,
the occurrence of a significant B—B interaction was established.

Hence, when account is taken of the known criteria of the
formation of homogeneous solid solutions,'®-17 one may
conclude that the absence of a continuous series of borocarbide
solid solutions is associated with the specific features of the
chemical bonds formed in the M — B —C systems apart from the
dimensional factors.

Together with the variable-composition M—C—B solid
solutions, fairly numerous crystalline p and d metal borocarbides
have now been synthesised and their structures and some of their
properties have been determined.® ! However, there have been no
systematic studies of their microscopic properties and the avail-
able literature data refer solely to individual representatives of
these compounds.

Table 6. The electron populations of bonds (¢) in yttrium borocarbides.

Bond YCz YBC YBzCz YBzC YB4
Y-Y 0.351 0.165 0.235 0.302 0.121
Y-C 0.254 0.582 0.011 0.053 —
Y-B — 0.196 0.372 0.400 0.827
Cc-C 1.785 0.012 1.236 0.012 —
C-B — 1.339 0.976 1.321 —
B-B — 1.457 1.245 2.132 2.736

A series of yttrium borocarbide phases, formed in the
Y —B —C system and including the compounds YBC, YB,C;,and
YB,C, have been investigated '° within the framework of the
extended Hiickel method. It was noted that there is a significant
superposition of the (B, C) s,p and Y s,p,d states, the form of the
LDOS of the individual centres depending critically on the type
of their coordination in the crystal. This situation leads to the
appearance of a complex system of interatomic bonds differing
greatly in their nature and populations. The results presented in
Table 6 show that, whereas the C — Cinteractions between pairs of
nearest carbon atoms predominate in YC,, in YBC there is
competition between the B—B and C—B bonds, the role of the
B-B bonds increasing with increase in the B/C ratio, which results
in the formation of ordered structural motifs made up of the given
atoms. It has been noted 16 that the B—B and B~C bonds arise as
a consequence of the hybridisation of the B 2s,2p—C 2p orbitals,
while the involvement of the metal atoms is secondary.

The Sc,BC; alloy is yet another representative of boro-
carbides the electronic structure of which has been calculated
within the framework of the extended Hiickel and tight binding
methods.'” This phase (space group /4/mmm, lattice parameters
a=3.300A and ¢ = 10.691 A)!"! differs from most of the known
lanthanide borocarbides, which have a layered structure,'”2 by the
fact that it contains in the bulk phase BC, groups similar to those
present in the boron carbide B;3C,.!73

Efev

—11
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DOS

Figure 18. Densities of states in Sc,BC;: 17 (a) the total density of states of scandium (dashed curve) and the density of Sc 3d states (continuous curve);

(5)—(e) partial contributions of the scandium d states.
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EHM calculations for the BC, ‘molecule’ indicate an
appreciable separation of the nonbonding 7,- and antibonding
levels. The molecular charge has been estimated as approximately
—5'e, i.e. this borocarbide can be regarded as a crystal containing
the BC3~ anions. Allowance for the contribution by the atomic
orbitals of the metal leads to a somewhat smaller overall charge
(—2.48 ¢). The splitting of the electronic levels of the metal atom in
the ligand field has been considered in relation to calculations for
the [ScBsCio)*2—, [ScaBsCi2J*°—, and [Sc2BsCi¢PP*~ fragments
with different configurations of the BC, groups.

The energy spectrum of Sc,BC;, obtained with the aid of the
tight binding method, is presented in Fig. 18 (see previous page).
Evidently, the low-energy bands are made up largely of the
(B, ©) 2p functions with an admixture of the Sc 3d orbitals and are
separated from the nonbonding partly occupied bands by an
energy gap. The Fermi level (Er & —9.5 €V) is located in the
region of the peak corresponding to the Sc 3d states, which is the
reason for the metallic type of conductivity of the borocarbide.!”!

The energy dispersion of the bands in the pre-Fermi region
suggests the anisotropy of the conductivity of Sc;BC, when the
Fermi level is intersected by the bands along the Z(M — I') and
A(I" — X) lines, which corresponds to the [010], [100], and [110]
directions in the crystal. These bands are made up to the extent
of 80%—100% of the Sc dx;,y ., states. Thus conduction is
predominantly effected by Sc atoms separated by 3.144 A
distances in the (110) plane.

2. The M — B —N systems

As for the borocarbides, the available information about the phase
relations in the M—B—N systems has remained extremely scat-
tered and refers mainly to systems with participation of
Group IVA and VA 3d and 4d metals. The efforts of investigators
have been concentrated mainly on two aspects: on the creation of
boronitride compositions of the TiB,~TiN, ZrB,—ZrN, and
similar types!80-182 in order to improve the parameters of the
initial phases and on the study of the formation of the boundary of
the region of homogeneity in variable-composition boronitride
phases.183-187

From the standpoint of the electronic theory, the description
of the boronitride systems repeats that of borocarbide phases
examined above and the difficulties arising are caused by the lack
of correct methods permitting theoretical calculations for hetero-
phase systems. The calculations of the energy states in the
M-N-B systems carried out hitherto either involve the con-
sideration of the problem of the single boron impurity in the
nitride 17-168 or they resort to fragmentary approaches for the
description of the transformation of the electronic states at
the grain boundaries in composite boronitrides.'s”. 188

In the first group of calculations, performed by LMTO-GF
method for the TiN : B, ZrN : B, VN : B, and NbN : B impurity (as
regards boron) systems, the form of the LDOS in boron was
considered as a function of the EES of the matrix.!¢7- 168 As in the
case of the boron impurity in the carbides, the LDOS in the boron
impurity in the nitrides has a two-peak structure comprising the
B 2s5 and B 2p states, the degree of localisation of which (taking
into account their position relative to the TiC and TiN valence
bands) is found to be significantly more marked.

The rearrangement of the charge states and the system of
orbital functions arising when a boron atom is incorporated in the
cubic titanium nitride have been considered within the frame-
work of the Mulliken — Wolfsberg — Helmholtz (MWH) 186.187 and
X,-DV 168 methods.

We may note that, according to the data of Zainulin et al.!35
the region of the existence of the homogeneous boronitride
TiN.B, is extremely narrow: z+y = 0.62-0.94, y <0.03. It
follows from other data '3¢: 187 that the electron energy spectrum of
TiN,B, is markedly different from that of TiN. The lower group of
orbitals, corresponding to the band of the quasi-core N 2s states,
becomes narrower. The form of the rearrangement of the principal
valence-bonding band is especially interesting. Whereas in TiN

this band is made up predominantly of the N 2p states, which are
significantly hybridised with metallic e, -like orbitals, in TiN,B, an
appreciable admixture of the B 2s states and a small admixture of
B 2p states appears in TiN,B, in the region of the same energies.
In the region of energies close to the edge of the filled part of the
spectrum, there is an appreciable admixture of the 2p states of
boron together with the Ti 3d type-f, atomic orbital.

Consequently, together with the Ti d—N 2p interaction, the
Ti d—B 25 and Ti d—B 2p interactions play a significant role in
TiN.B,. This becomes evident from an analysis of the bond
populations and electronic configurations of the fragments for
which calculations have been made. 86 187 The charge on the metal
atom diminishes when boron atoms are introduced into its closest
sphere. This finding is correlated with the results of a study!®®
where the chemical shifts of the internal levels of the component
atoms of a series of homogeneous TiN,B; -, solid solutions were
investigated by electron microscopy.

Calculations have been made for simple octahedral clusters!86
in the Ti— N —B system for an increasing B/N ratio (the TiN4B; —
TiN,B4 fragments). These groups can arise at the intergrain
boundaries in polycrystalline boronitrides. It has been noted 186
that a steady increase in the number of states of the B s,p type
entails a sharp alteration in the mechanism of interatomic bonding
where Ti—B bonds of 72, and o, types predominate. Conversely,
the Ti—N paired bonds are negligibly weak, which may affect the
mutual diffusional mobility of the nitrogen and boron atoms and
thus determine the processes involving the mutual dissolution of
the boride and nitride phases.

3. The M —B— O system

A series of studies167-16%.187 have been devoted to the possi-
bility of the partial substitution of oxygen atoms by boron
atoms (in the TiO, VO, and ZrO structures) and to the
formation of ternary solid solutions of the type MB,O;_,.
Calculations for the VO : B system by the LCAO method have
indicated, in particular, the appearance of a sharp anisotropy of
the V-O and V-B bonds and also of significant B—B
interactions, which may lead to the ‘clustering’ of the boron
impurities in the bulk of the oxide.

Calculations by the LMTO method have been used'® to
predict the compositions of the possible stable cubic phases in the
Ti—O-B system. The estimated energy of the substitution of
B atoms by O atoms as well as the dependence of the total pressure
and of the bonding and antibonding pressures on the number of
valence electrons (in the range 6.5-9 ¢) indicate the probable
existence of the stable phase TiBg7500.25.

A series of phases of the M —~B—O systems with individual
structural types have been examined.!%1%1 The electronic
spectrum of Li;B4O;—a promising material for acousto-
electronics —has been calculated.!®® Taking into account the
characteristic features of the crystal structure of Li;B407 °2 and
on the basis of phonon spectra,!®? a series of structural fragments
(BOs;, BO4, LiO4, LiOg) were identified in the crystal and for
each of them a secular equation was set up. The effect of
environment was taken into account within the framework of the
perturbation theory. The interband intervals were corrected on
the basis of the maxima in the imaginary component of the relative
permittivity.

The band structure of Li;B4O7 thus obtained represents in
essence a superposition of the electronic states of the structure-
forming elements of the phase, included in the consideration and
arranged in an energy sequence.'% It was noted that the covalent
bonds in the boron—oxygen groups are the most significant
(degree of covalence ~0.94, Harrison’s data!%4), but the maxi-
mum mount of ionic character (~0.17) was found in the LiO4_s
fragment.

Problems concerning the chemical bonding in LiBO,, which is
formed in the Li— B— O system, have been examined 19! with the
aid of the X-ray diffraction method and dynamic deformation
electron density (DED) maps.'95-197 The crystal structure of
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LiBO; can be represented as an assembly of BO; ‘triangles’
making up the chain and oriented in the (105) plane, the lithium
atoms being located in their vicinity.!9® There are different B—O
distances in the BO3 groups, varying in the range from 1.324 to
1.409 A. The differences in the distance from the lithium atom to
the oxygen atoms constituting its closest sphere (1.955-2.473 A)
are extremely significant.

The published '°! DED maps indicate the formation of B—O
covalent bonds in the BO; groups. The estimated amount of ionic
character of the bonding indicates the B — O charge transfer. The
charges are (assuming + 1 for Li) 2.6+ for B, 1.8— for O!, and
1.9— for O2. The DED maps for planes incorporating lithium
demonstrate only a slight overlap of the cationic and oxygen
states. The interaction of lithium with its environment in the
metaboride is therefore largely electrostatic.

4. The M — B—P systems
The preparation of the crystalline borophosphide Fes(PxB1--x)
has been reported.!®® The initial interpretation of its properties
was based on a simplified model postulating charge transfer from
nonmetal atoms to the iron atom,200-20

The ternary Fe;BooPo,1 alloy (FesB structural type) has been
investigated 202 by photoelectron X-ray spectroscopy (AlK, radia-
tion, ~0.2 eV resolution) with the aid of the method described by
Wertheim and coworkers.??3:204 The binding energies for the
Fe 3s,3p, P 2p, and B ls core levels were determined and were
found to be similar to those for the pure elements (within the limits
of experimental error), which precludes the hypothesis of an ionic
model for the given alloy. The X-ray photoelectron spectra of Fe,
FesP, and Fe3Bg 9Py.1 demonstrate a fairly complex profile of the
spectral lines.202 Taking into account the degrees of photo-
ionisation of states of different symmetry, one may claim that the
most intense pre-Fermi maxima correspond to emission from the
band of d states. The lower energy maxima correspond to states
similar to B s,p. The widths of the valence bands, which are
~17¢eV for FesP and ~ 14 eV for Fe;Bg 9Py 1, differ appreciably.

On the basis of calculations,?®! the high-energy maxima were
assigned to the s states of iron and nonmetals, while the lower-
energy peaks reflect the splitting of the & functions of the iron
atoms in structurally nonequivalent positions and their mixing
with the p-type subbands of phosphorus and boron. Finally, the
greater width of the spectrum at the half maximum level in the
case of Fe3Bo gPo.1 (5.1 V) compared with Fe;P (4.5 eV) is treated
as a consequence of the shorter Fe—B distances and greater
hybridisation of their valence orbitals. Hence it follows that the
observed change in the magnetic moments and parameters of the
hyperfine fields on formation of the ternary iron alloys is
associated with the reordering of the orbitals of the iron atoms as a
result of interactions with the atoms in the immediate environment
and not with electron transfer effects.!9®

V. Metal —metal —boron ternary systems

All the ternary compounds formed in metal—metal-boron
systems can be arbitrarily divided into two groups.!! The first
comprises ternary boride phases having individual crystal
structures, while the second consists of solid solutions with limited
or infinite miscibility on formation of which the substitution of
part of the metal atoms of the binary phase by metal atoms of a
different kind takes place statistically.

Most of the studies on the electron energy spectra of ternary
ordered phases by quantum-chemical methods have been devoted
to compounds containing f elements. Their consideration is
outside the scope of the present review. We shall only mention
studies 205-207 in which band calculations were performed for the
borides Y>Fei4B and Y2Co14B. By virtue of their magnetic
characteristics, the latter have attracted attention as promising
materials for the construction of permanent magnets,208.209

Calculations by the LCAO method 25 and in terms of the tight
binding model,2%6.207 carried out for the above borides, lead to
similar electron energy spectra of these compounds: the valence
band is made up predominantly of a complex superposition of
Fe(Co) states which are significantly different for structurally
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Figure 19. The local densities of states of 34 impurities in TiB, . Spin-polarised calculation by the LMTO-GF method.
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nonequivalent centres (six positions) with an admixture of yttrium
and boron states. Most attention has been devoted in the above
investigations 205-207 to calculations of the magnetic parameters of
the phases. It was established that, depending on the type of the
immediate environment, the local magnetic moments (LMM) on
the iron atoms in Y,Fe;4B can vary appreciably (from 2.11 to
2.74 ug); the local magnetism for Y,Coj4B is appreciably
weaker — the LMM on the cobalt atoms vary in the range 1.28 to
1.48 HUB.

The energy states of the 3d metal impurities in TiB, (these
systems can be treated as the starting materials in the formation
of M,Ti,B; solid solutions) have been investigated?!® by the
LMTO-GF method. The local densities of states of the impurity
elements make it possible to trace the rules governing their
formation throughout the series of 3d metals (Fig. 19).

Evidently, the similarity of the orbital energies of the dopand
metal atoms at the beginning of the d series (Sc, V) to the energies
of the states of the titanium atom promotes the establishment of a
LDOS similar to that for titanium. The LDOS for the d metals at
the end of the series assume a significantly different form. With
increase in the valence of the impurity (on passing from Cr to Cu),
there is a progressive low-energy shift of the occupied states of the
dopand atoms with generation of additional (nonbonding) DOS
lines in the region of a local minimum in the spectrum of the matrix
(between the s- and p-like bands) and also in the vicinity of the
lower edge of the valence band of the diboride. This effect can be
traced most distinctly for the LDOS in copper.

The increase in the concentration of the impurity states in the
region of the principal bonding bands of TiB; indicates an increase
in the covalent component of the bonding in the ternary systems.
The estimated changes in the total one-electron energy of the
matrix following the introduction of the dopands (AE) are
presented in Fig. 20. Although in terms of the single-site
approximation these quantities can reflect only the qualitative
behaviour in the series of such systems, we may note that the
substitution of Ti atoms by Sc and V atoms leads (as for the d
metals at the end of the series) to the destabilisation of the system
of interatomic bonds in the crystal. Conversely, it follows from the
data obtained that doping of the diborides with admixtures of Cr,
Mn, Fe, and Co tends to decrease the one-electron energy. This
can indicate stronger binding of the additives in the bulk of TiB,
compared with the centre being substituted.

The transformation of the high-energy d band of the impurity
(which is unoccupied for Sc and V) is of interest. With increase in
the atomic number of the impurity element, the energy of the
d band falls sharply and, for example, in the case of chromium, is
located in the immediate vicinity of Er, being subsequently partly

(Mn, Fe) or completely (Co, Cu) filled. Such behaviour of the
LDOS leads to the appearance of spin polarisation with splitting
of the bands corresponding to the opposite spin orientation and
hence the formation of appreciable LMM on centres comprising
d metals in the middle of the series (Fig. 20). This finding can be
accounted for on the basis of Stoner’s criteria, according to which
one of the conditions for the formation of the LMM in the crystal
is a high DOS in the vicinity of Er, which is in fact observed for
chromium, manganese, and iron. For cobalt, nickel, and copper,
these states are fully occupied and there are therefore no magnetic
moments on the given atoms.

In conclusion, we may note that the results agree with those
obtained for the series of 3d and 44 metal carbides and nitrides.
This suggests that the characteristics of the band structure of the
matrix, in the first place the presence of a deep DOS minimum in
the vicinity of the Fermi level, are decisive in the generation of
local magnetic moments on dimpurities in binary phases. One may
expect that a similar situation occurs also in the ZrB>: M and
HfB>:M systems (M = 3d metal), while the 44 impurities in
diborides are nonmagnetic in the vast majority of cases.

V1. Amorphous metal borides

We shall consider yet another class of boron-containing
systems—amorphous metal borides [metallic glasses (MG)],
which exhibit interesting mechanical properties, a high corrosion
resistance, and a series of unusual magnetic characteristics.?1%211
There are several phenomenological theories which explain
the stability of the amorphous state of the glasses near the
composition MgoX3o. In the model proposed by Nagel and
Tauc,?!2 the metallic glasses are described as systems with almost
free electrons. Their stability is explained by the position of the
Fermi level in a deep DOS minimum, which is attained by intro-
ducing nonmetal atoms into the alloy. The role of such atoms
reduces to the regulation of the electron concentration in the
system. In the statistical theory taking into account the degree of
packing of ‘hard spheres’ (metal atoms), the involvement of
p elements is accounted for by the need to fill the cavities in
the polyhedra of the ‘matrix’. This is manifested most effectively
for the ratio M/X ~ 4.2!3 The possible role of chemical metal -
nonmetal bonding in the transition of the system to the
amorphous state has been pointed out by Shen and Park.2!4
The role of chemical bonding has been analysed within the
framework of fragment models.2'>216 A calculation has been
carried out 2! for the [Ni;Fe,B] group in the NisoFesoB2o structure
by the spin-polarised multiple scattering method (Fig.21). The
structure is represented with the aid of Bernal polyhedra, the
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Figure 20. The changes in the total one-electron energy of TiB; on introduction of d metal impurities (a) and in the local magnetic moment on the 34

centres in TiB; ().




The chemical bonding and electronic properties of metal borides

729

EfeV
T l gbl, 6b2
a1
—40 | e — / 4ay
: T_ - = / 56,
302, 4b1
661 Fe— = = Z Tay
h—==—x= =—==7_-5b
8(11 — ggl
— 1
—5.0 | 4b2, by, 3a2 = P4
Sh,a” _____Ni _Sam
6a,” - %Z:
Ni § %Z;
Y 4 chm— 3 2
—6.0 | x — —— a
BZp, 5a]1 - lb1B2
o 101D2Px
=" 2mB2p,
= ~~ 15,B2p,
-70}
4y
3b \ ——T
—-80 | 20 =X
: 2b1,laz/ ©
b2,3a1 _—_=‘L
2ﬂ1 /
15
—-90 }

Figure 21. Molecular orbital diagram for the Ni;Fe,;B cluster. Spin-
polarised calculation by the scattered wave method.

smallest cluster (a tetrahedron) simulating the alloy being
employed. A significant hybridisation of the boron p states witha
series of low-energy molecular orbitals containing an appreciable
contribution due to Ni d orbitals has been established. The
boron —iron states exhibit a much smaller overlap. Thelocal nature
of these bonds and their anisotropy have been emphasised.?'> In
this case, the charge density is concentrated mainly in the BNi,
plane, which indicates the preferential bonding of boron to one of
the metals, namely nickel. This results in the formation of
microclusters of the type BNi, in the metallic glass region.?!”

A similar approach has been used in calculations for the
[CosB2], [CosFesBs), [CogBa], and [FegBy4] clusters taking into
account the possible formation of direct B—B bonds.2!¢ The
greater stability of the [CogB,] system, compared with {Cog], has
been interpreted 2'7 as a consequence of the decrease in the energy
of a series of molecular orbitals (by ~1 eV) genetically related to
the Co 3dstates. This is due to their mixing with the B 2p functions
accompanied by a weakening of the Co—Co bonds. The intro-
duction of the iron impurity into the alloy hardly affects the energy
states of cobalt, i.e. the decisive role of the Co—B bonds is
retained, which leads to the appearance of local Co,B ordering in
the bulk of the metallic glass. It has been concluded 2!7 that cluster
type boride metallic glasses (Co3B, FesB) are more stable than the
corresponding crystal structures.

An attempt has been made to apply to the description of the
amorphous FegoBao alloy the spin polarised LMTO method
developed for calculations relating to invariant crystals.?!® A
structure of the Fe4N type, in which the coordination numbers of
the Fe and N atoms are closest to those in the amorphous alloy,
was selected as a model.219-221 It was established that the con-
ductivity band of the ‘Fe,B’ metallic glass is determined by the
states of the iron atom while the Fe 3d—B 2p hybridised states are
concentrated near the bottom of the conductivity band (Fig. 22).

A fairly extensive series of studies have been carried out in
recent years on the modification of the band approaches to
calculations on amorphous systems.??2-23! Thus the problem of
the relation between atomic structure and electron distributions
in the Feigo—xBx amorphous alloys has been considered.??? The
structure of the metallic glass was described in terms of an
assembly of particles (several hundreds) interacting in accordance
with the Morse function. The densities of states were calculated by
the recursion method for a tight binding Hamiltonian with
Harrison’s parametrisation. A satisfactory agreement was
obtained between the calculated data and experimental atomic
radial distribution functions. The agreement between theoretical
electronic and photoemission data is satisfactory.

The magnetic properties of Feigo—xBx valence bonds
amorphous alloys have been calculated.?3® Using the spin-
polarised LMTO tight binding method and the recursion
technique, the hyperfine fields on the iron nuclei as well as the
isomeric shifts were calculated. The results agree quite well with
Mossbauer spectroscopic data. A correlation was established
between the directions of the shifts and the local environment of
the 57Fe nuclei (the number of boron atoms in the first
coordination sphere of iron).
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Figure 22. Partial densities of states in FeqB. The designations Fell and Fel correspond to iron atoms in the first and second coordination spheres

of boron.
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The structures of the FegsBys and FeysBys valence bands
(Fig.23) have been calculated by the LMTO method in terms
of the atomic spheres approximation (LMTO ASA) and the
recur-sion method.??® The valence band of the alloy is made up
of hybridised Fe 3d—B 2p states, the contributions of which to
the occupied part of the spectrum vary in accordance with the
composition of the boride. With increase in the boron
content, the local magnetic moment diminishes from 1.795 up
for FegsBys to 1.705 ug for Fe;sBas. The relation between the
electronic parameters and the atomic -configurations of
the metallic glass has also been discussed in other
investigations,224-226

The LMTO ASA method combined with the recursion
technique has been used in calculations for a metallic glass of
the Co1g0—xBx (x = 17, 23, and 32) type.23! As in the case of
Feioo—xBx, the valence band of cobalt boride is of the
Co 3d-B 2p hybrid type and the bonds between unlike atoms
are determined by the Co—B covalent interactions. The charge
transfer from Co to B is insignificant (~0.68 e) and is stable
for the concentrations considered. The local magnetic moment
diminishes sharply as the alloy becomes enriched in
boron (for example, from 1.32pg for Cos3Bi7 to 0.94pus
for C068B32).

Whereas the range of metallic glasses for which theoretical
calculations have been made is fairly limited, the class of such
glasses whose electronic structure has been investigated
experimentally is much more extensive:

Alloy Ref.
FesoBzo 234, 243, 247
Fe Bioo—x (x = 88, 87, 86, 80, 75) 239,255
Fei_ B, (x < 0.2) 246
FexBioo—x (x = 86, 82, 28, 24, 20) 248
CogoB2o 232
Feg2B1g; Nig1.5B1s.s 253
Cosi1.sB1s.s 248
C076F64B20; CO70F€10B20 233
Cogo—xFexBao (x = 6, 10, 20) 232
Cogs—xFe,Bis (x = 65, 73) 235
FegoM;3B17 (M = Fe, Co, W, Pt) 235
FemNimBzo 234, 243
Fe758i10Bys; NizsSijoBis 253
FemSiuB]z; F€765i18B12 248
FeSiioB12; FeqsNiasPg.sBi s 244
Fe4oNi40P|4Bs; Fe32Ni36Cr14P12B6 252
Fengls _xBCx 254
NigoFeqoP14Bg 251

F e7oNisSi1oB12 250
C073P14B3 249
Fe4oNisP16Bs 234,242, 245
FeG7CO|gB|4Si|2 236
Fe4oNi3gM04Bls; Ni7GSi12B12 237
FC32Ni32Cr14P12B6 238
Ni36Fe32Cr14P12B6 240, 241

The main problem discussed in the above investigations
involves the consideration of the energy structure of the
amorphous alloys, the establishment of the differences between
the electron energy spectra of the amorphous and crystalline
states, and also the determination of relations of the com-
position —property type for a fairly representative set of systems.

The BX,-XES presented as an example in Fig. 24 for a series
of metallic classes and crystalline phases based on iron and nickel
and their joint representation in terms of a single energy scale with
Kjp and L, lines 233 illustrate the main results obtained within the
framework of the approaches mentioned above. Thus the follow-
ing points have been noted: 253 (1) the valence band of the metallic
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Figure 24. The BK, X-ray emission spectra of amorphous iron
and nickel borides and the spectrum of crystalline boron. (a):
(1) a-FegBis; (2) B (crystalline); (3) a-FersSigBis; (4) FexB; (5)FeB;
(b): (1) a-Nig1sBigs; (2) B (crystalline); (3) a-NizsSiioB1s; (4) NigB;
(5) NiB.
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glass is made up of overlapping subbands of the B 2p—(Fe, Ni) 3d
states; (2) the maximum in the BK, spectrum (peak b) is located
near the bottom of the valence band and the substructure a [the
intensity of which diminishes with increase in the (Fe, Ni)/B ratio],
can be clearly traced on the short-wavelength slope of the line;
(3) apart from the main maximum (located in the pre-Fermi
region, which indicates the predominance of states with 34 sym-
metry near Er), bulges, which have the same energies astheaand b
maxima of the BK, line, can be clearly seen in the L, spectra,
indicating an appreciable hybridisation of the B 2p—(Fe, Ni) 34
states; (4) the peaks in the BK, spectra of nickel-based metallic
glasses, corresponding to the bonding states of NiB, are the most
intense and are displaced into the long-wavelength part of the
spectrum relative to the Fe-containing metallic glasses (this is
probably the reason why Ni— B interactions are preferred in more
complex systems containing simultaneously the Fe and Ni
components); (5) comparison of the characteristics of the XES of
the metallic glasses [similar to those noted in (4)] with those of
binary crystals may indicate the probable cause of the transition to
the amorphous state and its stability.

The XES, ES, and ESCA methods have also been used to
investigate the chemical shifts of the inner levels (charge states) in
metallic glasses,233.235.238,239,252 for the description of the effects
of the doping of the metallic and nonmetallic ‘sublattices’ of the
glasses, 232,235,238, 240-242,244, 245,250,255 and for the oxidation of
surfaces of amorphous materials.23% 250 The optical properties of
boride metallic glasses have been considered, for example, by
Lustig et al.24¢

In conclusion, we may note a series of studies234.236.241 in
which transitions from the crystalline to the amorphous state in
a series of binary iron, cobalt, and nickel alloys and the
compositions of the surfaces of the latter were investigated by
Auger electron spectroscopy. In particular, the concentration
profiles constructed for the distribution of the elements in the
‘bulk’ of FegoB2o and FesoNisP16B4 specimens?3* indicate the
enrichment of their surface layers in the nonmetals during
crystallisation.

This review has been written with the financial support of the
Russian Fundamental Research Fund (Project No. 94-03-09524).
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