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I. Introduction

A perfectly ordered crystalline state of solid-phase systems at

T>0 K is unattainable. Non-stoichiometry, as a consequence

of violation of a regular crystal structure due to the presence of

point defects, is characteristic of all compounds in the con-

densed state. A general indication of non-stoichiometry is

inconsistence between the chemical composition and the num-

ber of sites in the crystal sublattices that can be observed

experimentally. In other words, classification of all compounds

into stoichiometric and non-stoichiometric ones is based on the

possibility of experimental observation of phenomena that are

due to the presence of lattice defects.

Lattice vacancies are one of the most abundant types of

point defects in crystals. The presence of lattice vacancies

causes significant changes in the properties of non-stoichio-

metric compounds in their homogeneity regions. For instance,

non-stoichiometric phases with very broad homogeneity

regions (to 30 at.%± 55 at.%) with respect to the non-metal

sublattice are available;1 these are cubic (B1 type) Group

III ±V d-metal carbides, nitrides and oxides.1 The properties

of these compounds can change fundamentally depending on

the number of carbon, nitrogen or oxygen vacancies. Con-

trolled introduction of specified concentrations of lattice

vacancies (and related effects of atomic vacancy ordering) are

considered as a method of design of materials with preset

characteristics.1, 2

In contrast to the systems mentioned above, many metal

borides have very narrow homogeneity regions under equili-

brium conditions.3 ± 13 Studies on the properties of metal

borides have long been carried out ignoring the non-stoichi-

ometry effects due to the presence of structural vacancies .

The discovery in 2001 of superconductivity in magnesium

diboride 14 with the critical transition temperature Tc& 39 K

can be considered as the starting point of modern intensive

research of metal diborides (MB2) and related materials.15 ± 24

In particular, it was found that, along with the presence of

impurities (carbon or other elements) or linear defects and

microstress in crystals, non-stoichiometry in the magnesium

sublattice also negatively influences the Tc values of MgB2

samples.22

To date, cationic non-stoichiometry in a number of s-, p-

and d-metal diborides can be considered proved. For instance,

vacancies in the Mg sublattice can be present in Mg17xB2

(x& 0.04 ± 0.05) samples;25, 26 they can also appear in the Mg

sublattice upon doping the boron sublattice with carbon

[compositions Mg17x(B17yCy)2 , where x4 0.1] 27 or in the

presence of oxygen.28Much higher concentrations of vacancies

in the metal sublattice were observed for aluminium diboride

(Al17xB2 , x& 0.1 ± 0.11) 29, 30 and especially for niobium and

tantalum diborides (Nb17xB2 and Ta17xB2 , x=0.01 ± 0.5).31

The presence of lattice vacancies is responsible for signifi-

cant changes in the structural, electrophysical and some other

physicochemical properties of metal borides. The influence of

vacancies on particular properties of various borides can be

opposite in character. For instance, the superconductivity in
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MgB2 is due to strong electron ± phonon coupling involving

anharmonic phonon modes Eg and quasi-planar near-Fermi

s-electron bands of planar boron sheets (see reviews 19 ± 21);

therefore, any violation of the crystal structure (including those

caused by the presence of vacancies) will negatively influence

the Tc value. Indeed, the critical temperature Tc of magnesium

diboride decreases by about 2 ± 3 K in the presence of 5%Mg

vacancies.22 Contrary to this, `perfect stoichiometric' niobium

diboride NbB2.0 shows no superconductivity (up to

T<2.5 K),32 ± 34 whereas cation-deficient samples Nb17xB2

have Tc* 9 K.31, 35 ± 38

In addition to diborides, cationic non-stoichiometry was

found for other boride phases [e.g., hexaborides M17xB6

(Ref. 39) or pentaborides M27xB5 (Refs 40 ± 48)]. Yet another

type of lattice defects in crystalline borides, namely, vacancies

in the boron sublattice, is less characteristic of metal diborides.

This can easily be explained taking account of specific features

of chemical bonds in the MB2 phases (covalent bonds in

hexagonal boron sheets are the strongest).12 ± 19, 49 ± 59

In this review, we summarised the available information on

the synthesis of cation-deficient s-, p- and d-metal diborides

reported since 2001 and analysed the results of experimental

and theoretical studies of the effect of cationic vacancies on the

properties of AlB2-type diborides.

II. Synthesis and properties of non-stoichiometric
s-, p- and d-metal diborides

To date, the most reliable experimental data on cationic non-

stoichiometry were obtained for MgB2 , AlB2 , NbB2 , TaB2

and MoB2 . Methods of synthesis and the properties of

stoichiometric diborides are well documented (see handbooks

and reviews 3 ± 11, 60 ± 62).

Recall that stoichiometric AlB2-type metal diborides have

a hexagonal structure (space group D1
6h7P6/mm) and one

formula unit in the unit cell (Z=1).3 ± 11 Boron atoms occupy

the centres of trigonal prisms formed by metal atoms (M).

Prisms' faces contact one another and form a three-dimen-

sional packing. The coordination number and coordination

polyhedron for the M atoms are 20 and [MB12M8], respec-

tively. The respective parameters for boron atoms are 9 and

[BM6B3]. The atomic positions in the unit cell are as follows:

1M(a): 0, 0, 0; 2B(d ): 1/3, 2/3, 1/2 and 2/3, 1/3, 1/2.

The interatomic distances are B7B= a/
���
3
p

; B7M=

(
����������
a2=3

p
�

���������
c2=4

p
), M7M= a (in-plane), where a and c are

the lattice constants. Structurally, the MB2 systems comprise

of planar hexagonal metal nets and graphite-like boron sheets

alternating in the order .../M/B2/M/B2/... (Fig. 1).

1. The Mg ±B system. Magnesium diboride MgB2

Studies of phase equilibria (Fig. 2) in the Mg7B system

revealed three main phases, namely, MgB2 , MgB4 and

MgB7 . Higher magnesium borides MgB12 (Ref. 63) and

MgB20 (Ref. 64) were also reported.

Polycrystalline samples of superconductingMgB2 are most

often prepared by solid-phase synthesis from elemental B and

Mg.16, 18, 20, 22 The available procedures differ in compositions

of raw materials, atmosphere and regimes of pressure and heat

treatment. The methods of preparation of polycrystalline

MgB2 include mechanochemical synthesis, crystallisation

from solutions, self-propagating synthesis and treatment of

crystalline or amorphous boron with magnesium

vapour.16, 18, 20, 22, 63 ± 73 Methods of growth of single-crystal-

line MgB2 (Refs 74 ± 78) and magnesium diboride films were

also proposed. In the latter case, one can use an ex situ or an

in situ procedure. The ex situ processes involve coating of

substrate with boron films in the first stage and subsequent

saturation of the films with magnesium. In the in situ proc-

esses, MgB2 films are prepared during one experiment.79 ± 93

Nanocrystalline MgB2 samples were also synthesised.94 ± 96

The properties of MgB2 (including the superconductivity

parameters) are affected by not only dislocations, packing

defects,97 mesoscopic inhomogeneity regions,98 inter- and

intra-grain boundaries,99 various radiation-induced defects 100

or substitutional impurities,101 etc., but also structural defects,

namely, vacancies in the magnesium sublattice.25, 26, 102 ± 107 In

particular, a percolation theory of superconductivity in

Mg17xB2 was proposed, which assumes coexistence of stoi-

chiometric Mg1.0B2 and a diboride phase formed upon cluster-

ing of magnesium vacancies and enriched with cationic

defects.103, 104

Cationic vacancies in the MgB2 lattice can appear:

Ð during the synthesis of magnesium diboride sam-

ples 25, 26, 102 ± 107 depending on the kinetic and thermodynamic

conditions;

Ð on doping Mg17xB2 with impurities (e.g., carbon or

oxygen);27, 28

Ð in the case of targeted creation of vacancies in theMgB2

samples by, e.g., irradiation.97, 108 ± 117
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Figure 1. Crystal structure of AlB2-type metal diborides.
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Studies 105, 118 of the dependence of the structure and

properties of magnesium diboride samples prepared by solid-

phase synthesis on the composition of starting raw material

Mg17xB2 (04 x4 0.5) revealed the formation of two-phase

samples (MgB2+MgB4) containing small amounts of MgO

and other impurity phases (Fig. 3) under magnesium defi-

ciency conditions.

According to X-ray diffraction data, an increase in x

(B :Mg ratio) in the composition of the raw material causes

different-type changes the MgB2 lattice constants, namely, the

interplanar distance between boron sheets (parameter c)

increases, whereas the parameter a decreases (see Fig. 3).

These changes were attributed 101 to the presence of vacancies

in the magnesium sublattice (and, probably, to a small amount

of interstitial boron atoms). It is noteworthy that the lattice

constants of the second phase (MgB4) remain unchanged

within the limits of measuring error.105, 118

Studies 25, 26, 101 ± 107, 119 ± 121 of single-phase Mg17xB2 sam-

ples showed that the homogeneity region of hexagonal magne-

sium diboride is rather narrow (04 x4 0.1) and that the

samples with the composition Mg0.9B2 (Ref. 102) are multi-

phase and have inhomogeneousmicrostructure, irregular grain

sizes and high porosity (Fig. 4). In the homogeneity region of

theMg17xB2 system, the critical temperature decreases by 1 ± 3

degrees with an increase in the concentration of cationic

vacancies.22, 119 ± 121

Radiation-induced defect formation in MgB2 under irradi-

ation with protons, neutrons, g-quanta, electrons and heavy

ions was studied experimentally.108 ± 117 In most cases, rather

heavy irradiation doses were applied (from 561017 to

561019 cm72), at which radiation-induced point defects

recombine with the formation of extended defects.

A systematic study of the formation of point defects

(vacancies) in MgB2 samples under electron irradiation (aver-

age irradiation energy E* 10 MeV) was carried out.117 The

lattice constants, intensities and width of X-ray diffraction

lines were determined at different irradiation doses (from 0 to
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Figure 3. X-Ray diffraction spectra (a) and lattice parameters (b) of

magnesium diboride samples plotted vs. composition of the starting batch

Mg17xB2 (04 x4 0.5).104

The spectrum ofMg0.7B2 sample: indicated are the peaks corresponding to

MgB4 (1), MgO (2) and other impurity phases (3).
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Figure 4. Morphology of Mg0.9B2 (a) and Mg1.1B2 (b) samples.105

Non-stoichiometric s-, p- and d-metal diborides: synthesis, properties and simulation 469



561016 cm72). Based on analysis of changes in these param-

eters, it was concluded 114 that in the initial stage of irradiation

of MgB2 with high-energy electrons most vacancies appear in

the magnesium sublattice and then in the boron sublattice; at

an irradiation dose of 5 561016 cm72, vacancies appear in

both sublattices. Antisite defects (Mg$B positional

exchange) are unlikely (mainly, due to considerable difference

between the ionic radii of magnesium and boron).

The results of experimental studies showed that hexagonal

MgB2 can contain a rather low concentration of cationic

vacancies (up to 5%±9%) and that the presence of vacancies

in the sample causes insignificant changes in the lattice

constants and deteriorates the superconductivity character-

istics of MgB2 . The assumptions of possible clustering of Mg

vacancies (e.g., at grain boundaries with the formation of a

specific `defective phase' 106, 107) and of the presence of other

types of point defects (vacancies in the boron sublattice or

interstitial boron and magnesium atoms) in MgB2 have not

been experimentally substantiated so far and seem to be

debatable.

2. The Al ±B system. Aluminium diboride AlB2

Hexagonal AlB2 seems to be the first diboride phase for which

cationic non-stoichiometry was assumed 122 based on the

deviation of the measured density of the sample from the

theoretical value and the composition Al0.9B2 proposed.

The structure and certain properties of Al17xB2 were

studied in detail 29 using single-crystalline samples synthesised

by two different methods from Al7B melts. In both cases,

hexagonal crystals (space groupP6/mmm) with the same lattice

constants a=0.30050(1) nm and c=0.32537(8) nm and the

density rexp=2.9(1) g cm73 were obtained. The experimental

density is in agreement with the theoretical value

rtheor=2.98(2) g cm73 calculated for the composition

Al0.894B2 and with other published data on the density of

aluminiumdiboride samples (2.84 and 2.955 g cm73,Ref. 29).

Since the aluminium diboride samples were synthesised 29

fromAl-enriched melts, it was postulated that the composition

Al0.894B2 (*Al0.9B2) corresponds to the maximum possible

content of aluminium in the single-phase diboride. The com-

positions of polycrystalline aluminium diboride samples estab-

lished from the X-ray emission spectroscopy and X-ray

absorption spectroscopy data (Al0.93B2 , Ref. 115) and from

diffraction data obtained in synchrotron experiments

(Al0.89B2 , Refs 30 and 123) are in good agreement with this

conclusion. Additional arguments in favour of the presence of

Al vacancies and non-equivalent environment of boron atoms

in Al17xB2 were provided by 11B NMR spectroscopy 29 and by

the results of comparison of the theoretical and experimentally

measured phonon modes E2g .30

3. The Nb ±B system. Niobium diboride NbB2

In contrast to the s- and p-metal diborides M17xB2

(04 x4 0.1, see above) with narrow homogeneity regions,

the corresponding phases of d-metal diborides can contain

much higher concentrations of cationic vacan-

cies.31, 35 ± 38, 124 ± 127 Among the d-metal diborides, the dibor-

ides Nb17xB2 are best studied.35 ± 38, 125 ± 133

Nb17xB2 are usually synthesised from elemental B andNb.

For instance, polycrystalline NbB2+y (y=0, 0.03, 0.1) sam-

ples were prepared 126 from the corresponding mixtures of

niobium powders and crystalline boron pressed into pellets

that were placed in quartz tubes and annealed at 1000 8C and

at pressures P<3.06105 Torr for 30 h. Mixtures of niobium

and amorphous boronwere also placed 31, 125 in a boron nitride

tube that was heated to 800 ± 12008C and then kept at this

temperature for 0.5 ± 2 h at a pressure P& 1 ± 6 GPa.

Another method of synthesis of boron-enriched samples

NbB2+y (B :Nb=2.0 ± 2.6) assumes 36 the use of commer-

cially available niobium diboride (precursor) mixed with

elemental boron. The corresponding pellets were placed in a

steel tube and kept at 1000 8C in an inert atmosphere (Ar) for

3 h.

Structural studies showed 31, 36, 38, 134 ± 136 that, as in the case

of magnesium diboride, the lattice constants of NbB2 change

oppositely with an increase in the B :Nb ratio. Namely, the

parameter a decreases, whereas the parameter c increases

(Fig. 5) and the unit cell volume decreases. Boron-rich phases

Nb17xB2 were analysed 38 using three structural models

including (1) defect-free boron sublattice and the presence of

vacancies in the Nb sublattice; (2) insertion of extra boron

atoms into interstices and (3) occupation of vacant sites in the

niobium sublattice by the extra boron atoms. Comparison 38 of

the results of calculations of diffraction spectra carried out

using these models with experimental data revealed preferable-

ness of model 1, i.e., the presence of cationic vacancies in

Nb17xB2 . Ordering of vacancies was also simulated;38 how-

ever, a comparison with experimental diffraction lines revealed

no superstructure, which indicates a disordered vacancy dis-

tribution in the Nb sublattice.

Not only the structural parameters, but also the super-

conductivity parameters and magnetic properties of Nb17xB2

depend on the B :Nb ratio (Fig. 6).31, 36, 38, 134 ± 137
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4. The Ta ±B system. Tantalum diboride TaB2

The syntheses of both stoichiometric and non-stoichiometric

tantalum diboride were reported.31, 138 ± 141 Polycrystalline

samples of cation-deficient Ta17xB2 (04 x4 0.24) were pre-

pared 31 under high pressure and temperature (P=5 GPa,

T=1200 8C) from mixtures of tantalum and amorphous

boron powders placed in a boron nitride tube. The lattice

constants a and c changed almost linearly 31, 141 with the

change in the B : Ta ratio (Fig. 7). The lattice constants of

Ta17xB2 (x>0.24) remained unchanged upon an increase in

the degree of tantalum deficiency, which indicated attainment

of the boundary of the homogeneity region for this phase.

Magnetic susceptibility measurements showed that

Tc (Ta17xB2) is at most 2 K.21

5. The Mo ±B system. Molybdenum diboride (MoB2) and
molybdenum pentaboride (Mo2B5)
Among theAlB2-type d-metal diborides, compounds ofGroup

IV metals (Ti, Zr and Hf) are the most stable, whereas the

stability of these hexagonal phases formed by Group V and

(especially) Group VI d-metals abruptly decreases.3 ± 11 This

can be explained by the changes in the (i) filling of energy

bands;50, 51, 142 (ii) densities of states at the Fermi level 140 and

(iii) interatomic bonds 49 or cohesive energies of the sys-

tems.19, 51, 52, 54, 143 ± 145

Being one of the thermodynamically most unstable AlB2-

type phases, which is near the boundary of the stability region

of hexagonal 4d-metal diborides, molybdenum diboride is not

unworthy of notice for researchers. The available information

on phase equilibria in theMo7B system 40 ± 48, 146, 147 is contra-

dictory. For instance, twomain phases ofmolybdenumborides

have formal compositions Mo : B& 0.4 ± 0.5 (hexagonal

MoB2) and rhombohedral Mo2B5 (their structural parameters

are listed in Table 1); a number of intermediate molybdenum-
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Table 1. Structural parameters and atomic coordinates for two main phases of molybdenum boride (hexagonal MoB2 and rhombohedral Mo2B5).

Phase Symmetry group Lattice parameters Ref.a Atomic positions

a /�A c /�A c/a type x y z b

MoB2 P6/mmm 3.012 3.330 1.106 148 Mo (1a) 0 0 0

3.099 3.055 1.005 8 B (2d) 1/3 2/3 1/2

3.050 3.113 1.010 7

Mo2B5 R3m 3.010 20.926 6.953 148 Mo (6c) 0 0 0.076 (0.076)

3.011 20.930 6.950 7 B(1) (6c) 0 0 0.332 (0.332)

3.010 20.927 6.953 46 B(2) (6c) 0 0 0.185 (0.182)

B(3) (3b) 0 0 1/2

a Experimental data 7, 8, 46 and results of calculations.148 bData from Ref. 46 are given in parentheses.
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deficient (Mo17xB2 , Mo27xB5) or boron-deficient (MoB27x ,

Mo2B57x) phases were also reported. The formation of each

phase depends on the method of synthesis and reaction

conditions.40 ± 48, 146 ± 149 For instance, the results of mechano-

chemical synthesis,48 i.e., the compositions of various products

(MoB2 , Mo2B5 or MoB2+Mo2B5), first of all depend on the

composition of the starting raw material (B :Mo ratio).

An attempt to synthesise cation-deficient phases Mo17xB2

under high pressure was reported.31 This technique was

successfully used for preparation of non-stoichiometric dibor-

ides Nb17xB2 and Ta17xB2 (see above). Samples of composi-

tions Mo1.0B2 , Mo0.84B2 were prepared at P=5 GPa and

T=1100 ± 1200 8C; however, X-ray diffraction experiments

revealed the Mo2B5 structural type. Transition to the super-

conducting state was not detected.

At the same time, non-stoichiometric hexagonal AlB2-type

molybdenum diboride can be stabilised by doping with

zirconium [compositions (Mo0.96Zr0.04)xB2 , where

1< x<0.85].147 The possibility of vacancy ordering was

suggested,145 but the intensities of the superstructural peaks

in the neutron diffraction experiments were too low for

identification of the superstructure. As the concentration of

metal vacancies increased, the superconducting transition

temperature increased from 5.9 to 8.2 K. Samples of non-

stoichiometric Mo17xB2 stabilised by titanium and hafnium

were also synthesised.145

6. The Ag ±B system. Silver diboride AgB2

The formation of boron-rich phases (B :M>1) is not a

characteristic feature of noble metal ± boron systems.3 ± 11

Nevertheless, it was reported 150, 151 that, owing to specific

energy band structure (increased concentration of near-Fermi

s-like B2p-states 53), the hypothetic AlB2-type silver and gold

diborides can have electron ± phonon coupling constants

higher than those of MgB2 and their critical temperatures Tc

can be as high as 50 ± 70 K. However, according to another

model 152 with inclusion of spin fluctuations, the critical

temperature of AgB2 should be much lower (Tc<10 K).

Information on the synthesis of hexagonal AgB2 is contra-

dictory. The synthesis of silver diboride (space groupP6/mmm,

lattice constants a=3.00 and c=3.24 �A) was first reported

more than four decades ago.153 More recent attempts 154, 155 to

synthesise this phase in the form of polycrystals or thin films by

codeposition of Ag and B have failed and it was concluded that

AgB2 is unstable. However, a very recent study 156 revealed the

possibility of preparation of high-quality AgB2 samples by

simple solid-phase synthesis involving sintering of pellets

pressed from a mixture of silver and boron powders taken in

a stoichiometric ratio at T=750 8C in high vacuum over a

period of 3 h. We believe that more reliable results were

obtained by the authors of study 157 who used laser deposition

for the synthesis and subsequent annealing of thin-film Ag/B

composite (Fig. 8). The `silver diboride' samples thus obtained

exhibited superconducting properties at *6.7 ± 7.4 K. At the

same time, the samples had an inhomogeneous structure with

inclusions.157 The impossibility of preparation of single-phase

`AgB2' films by magnetron sputtering was also reported.158

However, since the compositions of the `AgB2' samples syn-

thesised 157, 158 varied over a wide range, the possibility of

formation of Ag17xB2 phases with non-stoichiometry in the

metal sublattice cannot be excluded a priori.

III. Simulation of non-stoichiometric phases
M17xB2

To date, the electronic structure and the nature of interatomic

interactions have been studied in detail for many stoichiomet-

ric metal diborides including MgB2 (Refs 16 ± 19, 21, 52 ± 56,

144, 159 ± 169), AlB2 (Refs 12, 13, 19, 54 ± 56, 144, 169 ± 173),

NbB2 (Refs 12, 13, 19, 51, 55, 144, 173 ± 175), TaB2 (Refs 13,

19, 51, 173, 175 ± 178), MoB2 (Refs 12, 13, 19, 51, 55, 59, 144,

148, 173, 179) and AgB2 (Refs 53, 150 ± 152, 180).

Their common features are as follows. The valence spec-

trum of MgB2 is determined by the B2p states that form four

s(2px,y) and two p(2pz) bands. The energy dispersion curves

for these states are significantly different (Fig. 9). For the

B2px,y bands, the energy dispersion is maximum along the

MgO substrate MgO substrate

Ag/B

AgB

B

MgB2

Figure 8. Structure of composite films used as precursors in the synthesis

of silver diboride films.157
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G7K direction. These bands characterise the distribution of

boron states within the graphite-like sheets; they are of quasi-

two-dimensional (2D) character and have flat sections along

theG7Adirection. TwoB2px, y bands intersect the Fermi level

(EF) and contribute largely to the total density of states at the

Fermi level [N(EF)& 30%], being responsible for the metal-

like properties of the diboride. One of the key features of the

electronic spectrum of MgB2 is energy position of B2px,y
bands; namely, at the G point in the Brillouin zone they are

higher than EF and form cylindrical fragments of the hole-type

Fermi surface (Fig. 10).

The B2pz states are oriented normal to the boron sheets;

they are responsible for weak interlayer p-bonds. Both p bands

intersect the Fermi level and have amaximum dispersion along

the G7A direction. The magnesium s and p states, as well as

the boron s states are admixed to the system of the B2p bands

near the edge of the valence band and in the conduction band.

Hexagonal borides of other s-, p- and d-metals have similar

electronic spectra.19 Studies on the electronic structure of the

MB2 phases were focused on the near-Fermi states and on their

influence on the superconducting characteristics of these

systems. For instance, the fact that BeB2 exhibits no super-

G

G

G

G

A

M

M

L

K

K

H

Figure 10. Fermi surface of magnesium diboride.159
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Figure 11. Total-density-of-states spectra

of hexagonal diborides MB2 .144

The bands coresponding to the bonding

and antibonding states are shown in dark

and light grey, respectively.
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conductivity is attributed to the low-energy shift of the

s-bands and to the absence of hole states at the G point (see

Fig. 9). This causes changes in the topology of the Fermi

surface, namely, cylinders (along the G7A direction) are

transformed to cones. Filling of the s-bands in AlB2 owing to

an increase in the concentration of valence electrons is respon-

sible for the absence of superconductivity in this compound.

For ScB2 andYB2, the pxy-bands at the A point of the Brillouin

zone are aboveEF ; however, the hole concentration is low. The

Fermi levels of three diborides (TiB2 , ZrB2 andHfB2) are in the

pseudogaps (Fig. 11). As the electron count in the Group V

and VI d-metal diborides increases, the d-band is filled and

N(EF) increases, which can lead to an increase in Tc . It is

important that, contrary to MgB2 transition-metal diborides

are characterised by a large contribution of the metal d-states

to N(EF).

Note that the stability of the diboride phases depends on

the valence of the metal atom (degree of filling of valence

bands), being maximum for titanium, zirconium and hafnium

diborides. For these compounds, an `optimum' condition for

band filling is met, namely, all bonding states are filled while all

antibonding states are vacant (see Fig. 11). An increase or

decrease in the concentration of valence electrons for the

Group III and V±VII metal diborides leads to filling of

antibonding or depopulation of the bonding bands, respec-

tively. This is the reason for the lower stability of these phases.

Quantum chemical calculations (Refs 12, 13, 16 ± 19,

51 ± 56, 59, 144, 159 ± 180) revealed specific features of atom-

atom interactions in diborides. It was established that the

chemical bonding in these layered phases is of mixed cova-

lent-ionic-metallic nature, being essentially anisotropic

(Fig. 12). The ionic component is due to polarisation of the

charge density along theM?B direction, the metallic compo-

nent is due to delocalised near-Fermi electrons and the

covalent component is due to the overlap of the B7B, M7M

and B7M valence states within the planar boron sheets and
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metal sheets between them. The strongest covalent bonds in the

MB2 crystals are formed within planar honeycomb boron

sheets (Fig. 13). Estimates (Tables 2 and 3) showed that the

main contribution to these bonds comes from hybridisation of

the B2p ±B2p orbitals.

In addition to analysis of parameters of the electronic

structure and atom± atom interactions in diborides, the results

of quantum chemical calculations (Refs 12, 13, 16 ± 19, 51 ± 56,

59, 144, 159 ± 180) were used to study the physicochemical

properties. For instance, conditions for the onset of magnetism

in MB2 phases were studied, as well as the low-temperature

electronic heat capacity coefficients (g), lattice constants,

thermodynamic and mechanical (in particular, moduli of

elasticity and their derivatives) characteristics were calculated;

key results are presented in Table 4.181, 182 By and large the

available results of simulation of the electronic structure and

properties of defect-freeMB2 phases serve a quite reliable basis

for prediction of changes in their properties in the presence of

lattice vacancies.

1. Models of cation-deficient phases M17xB2

Detailed information on the atomic structure (in particular,

type of vacancy distribution in the metal sublattice) of the vast

majority of cation-deficient phasesM17xB2 synthesised to date

is unavailable. Theoretical simulation of such materials is

carried out using two general approaches.

One of them uses the supercell model, which is well known

in the energy band theory of crystals. For instance, calculations

of a series of cation-deficient diboridesM17xB2 (M=Nb,Mo,

Ag) were carried out 59, 177 using supercells {M8B16} containing

twenty-four atoms (enlargement by a factor of 8 compared to

the triatomic unit cell of defect-free AlB2-type diborides). The

appearance of a cationic vacancy VM was simulated by remov-

ing a metal atom M. Such a `unit cell' {M7VMB16} corre-

sponded to cation-deficient diborides with formal composition

M0.875B2 . It should be emphasised that the supercell model

assumes an ordered vacancy distribution over the bulk of the

Ecoh /meV

7100

750

0

50

100

150

7800

7600

7400

7200

0

200

Ecoh /meV Ecoh /meV

780

760

740

720

0

20

40

a b c

Ecoh /meV

716 712 78 74 0 E /eV

7100

750

0

50

100

150

7800

7600

7400

7200

0

200

Ecoh /meV

716 712 78 74 0 E /eV 716 712 78 74 0 E /eV

Ecoh /meV

780

760

740

720

0

20

40

d e f

s ± s

s ± s
s ± s

s ± s

s ± s

s ± s

p ± p

p ± p

p ± p p ± p

p ± p p ± p

B±B

B±B B±Al Al ±Al

B ±Mg Mg±Mg

EF EF EF

EF EF EF

Figure 13. Partial cohesive energies of certain in-plane (a, c, d, f ) and interlayer (b, e) atom-atom interactions for hexagonal MgB2 (a ± c) and AlB2

(d ± f ).169

Table 2. Energies of pair covalent bonds for MgB2 and AlB2 (in meV).169

Energy MgB2 AlB2

7E(B ±B) in-plane 2633 2453

7E(B ±B) interlayer 18 50

7E(M±M) in-plane 512 567

7E(M±M) interlayer 37 139

7E(B ±M) 1003 1182

7E(total) 4124 4325

Table 3. Contributions of particular orbitals to energies of pair covalent
bonds for MgB2 and AlB2 (in meV).169

Energy MgB2 AlB2

7E(B ±B)

p ± p 1155 992

p ± s 582 937

s ± s 196 193

7E(B ±M)

p ± p 339 419

p ± d 180 240

p ± s 174 192

s ± s 49 23

7E(M±M)

p ± p 136 167
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crystal, which is specified by regular translation of the super-

cell.

An obvious advantage of this model is the possibility of

performing a comparative analysis of various configurations of

defects in the crystal. For instance, Fig. 14 presents the

Ag6V
Ag
2 B16 supercells in non-stoichiometric silver diboride

with formal composition Ag0.750B2 with various types of

cationic vacancy distribution. Two VAg vacancies can either

occupy the neighbouring positions in the silver sublattice or be

located at the maximum distance from one another (within the

cell). The atomic structures comprising such supercells will be

significantly different. Indeed, both inclusion of layers of metal

atoms with the same number of VAg in each layer and

alternation of stoichiometric and defect silver layers is possible.

The second approach,183 which is based on the coherent

potential approximation (CPA),184 ± 186 is usually realised in

the framework of the Green function method. Here, the Green

function of a binary alloy AcB17c is defined as follows:187

G= cGA, n+(17c)GB, n,

where GA, n and GB, n are the Green functions of the alloy

components A and B, respectively. As applied to non-stoichio-

metric phases, this model corresponds to the case of random

vacancy distribution over the corresponding sublattice in the

crystal.188 ± 191

A structural model of M17xB2 phases 192, 193 assumes that

diboride samples can be `enriched' with boron owing to

formation of vacancies in the M-sublattice and subsequent

filling of this sublattice with an `extra' boron atom, a B2 dimer

(Fig. 15) or B3 trimer. An increase31 in the unit cell volume of

Nb17xB2 with an increase in the B :Nb ratio is considered as

substantiation of the model.

Below we will consider the results of calculations of the

electronic structure and certain chemical properties ofM17xB2

phases, which were obtained using these models.

Table 4. Moduli of elasticity (B0 /Mbar) and their first derivatives with respect to pressure (B 00), heats of formation (DH /kJ mol71), cohesive energies
(Ecoh /Rydb atom71), occupied-to-valence band width ratio (V0/Vv), melting points (Tm /K), densities of states at the Fermi level [N(EF), Rydb71] and
low-temperature susceptibility coefficients (g /mJ mol71 K72) for 3d ± 5d metal diborides (results of calculations 173 and experimental data 178, 179).

Phase B0 B0 B 00 7DH 7DH Ecoh V0/Vv Tm N(EF) g
(calc.) (exp.) (calc.) (calc.) (exp.) (calc.) (calc.) (exp.) (calc.) (calc.)

ScB2 1.91 7 1.85 231.52 307 1.17 0.87 2523 11.99 2.08

TiB2 2.13 2.02 2.1 308.38 323 1.32 1.01 3253 ± 3498 4.27 0.74

VB2 1.75 7 1.67 208.14 206 1.01 1.10 2673 ± 3020 15.86 2.48

CrB2 1.56 7 1.68 181.93 133 0.98 1.11 2473 34.88 6.05

MnB2 2.1 7 1.65 140.04 120 0.88 1.09 2261 108.94 18.89

FeB2 2.3 7 1.69 113.71 94.14 0.79 1.10 7 37.28 6.46

YB2 1.41 7 2.05 101.68 105 0.88 0.86 2373 11.68 2.03

ZrB2 1.95 2.15 1.94 296.81 322.59 1.25 1.05 3313 ± 3518 3.84 0.67

NbB2 1.01 7 1.67 192.73 197 0.94 1.17 3173 ± 3309 13.95 2.42

MoB2 1.6 7 1.71 131.61 7 0.83 1.23 2373 ± 2648 20.01 3.47

HfB2 2.16 2.1 1.35 244.20 335.98 1.21 1.05 3373 ± 3653 3.688 0.64

TaB2 1.81 7 1.78 179.15 209.20 0.98 1.12 3310 ± 3473 12.92 2.24

B Ag VAg

a b

Figure 14. Ag6V
Ag
2 B16 supercells simulating possible configurations of

cationic vacancy distribution (VAg) in non-stoichiometric silver diboride

Ag0.75B2 .182

Alternation of defect and stoichiometric silver layers (a) and uniform

distribution VAg in silver layers (b).

a

b

B B

Nb

Nb

VM

B

B

Figure 15. Models of the crystal structure of Nb17xB2 .192

Crystal with cationic vacancy (VM) (a) and occupation of cationic vacancy

by B2 dimer (b).192
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2. Electronic structure and chemical bond in cation-deficient
phases M17xB2

The influence of M-vacancies (VM) on the energy band spectra

of diboridesM0.75B2 (M=Nb,Zr, Y)was carried out using the

supercell model.58 It was found that, depending on nature of

themetal sublattice, the influence ofM-vacancies on the energy

band structure of diborides can be fundamentally different

(Fig. 16). In partucular, the presence of Nb-vacancies leads to

the appearance of a new peak of the density of states in the

energy band spectrum of NbB2 and to redistribution of the

contributions of the Nb4d- and B2p-states near EF . The

vacancy states are below EF on the energy scale and do not

influenceN(EF). Figure 17 presents the densities of states in the

niobium vacancy sphere for Nb0.99B2 . The `vacancy states' are

well known from studies of non-stoichiometric metal carbides,

nitrides and oxides.188 ± 191, 194 Similar `vacancy states' appear

in the spectra of other d-metal diborides.

Taking non-stoichiometric Mo0.875B2 (see Fig. 12) as an

example, one can see that `cleavage' of a number ofMo7Band

Mo7Mo bonds in the formation of a Mo-vacancy leads to

strengthening of B7B bonds within the boron sheet (this is the

reason for the observed decrease in the parameter a for defect

diborides, see Section II) and to partial delocalisation of the

boron states in the defect region that are involved in the

formation of the `vacancy states' mentioned above.59

Non-stoichiometry is most pronounced in the spectrum of

ZrB2 ; the lattice defects induce the appearance of an intense

peak of the density of states in the pseudogap region.58 Zr0.75B2

is characterised by an abrupt increase in both the N(EF) value

and the contribution of the B2p-states (by an order of

magnitude). The influence of the M-vacancies on the energy

band structure of YB2 is fundamentally different, namely, the

bonding states are `depopulated' in the presence of such

vacancies; for Y0.75B2 the Fermi level is in a local minimum of

the density of states, N(EF) and the contributions of the Y4d-

and B2p-states abruptly decrease.

Thus, introduction of cationic vacancies into the metal

sublattices of diborides can lead to opposite changes in the

parameters of electronic spectra ofMB2 depending on the type

of themetal sublattice; namely, in the presence of VM theN(EF)

value can increase (ZrB2), vary only slightly (NbB2) or consid-

erably decrease (YB2). Changes in the electron states of

diborides depending on the vacancy concentration taking

Nb17xB2 (04 x4 0.3) as an example are illustrated in

Fig. 18. As can be seen, the most significant changes in the

spectrum with an increase in x are due to the total decrease in

the concentration of valence electrons in the system, to the

corresponding shift of the Fermi level (change in the degree of

filling of the bonding and antibonding bands) and to broad-

ening of the energy bands (this is particularly pronounced at

the A point of the Brillouin zone) owing to reduction of the

symmetry of the system upon introduction of point defects.

3. Estimation of formation energies of cationic vacancies
in M17xB2 phases
Energy characteristics of non-stoichiometric systems, namely,

cohesive energies (Ecoh), energies of formation (Ef) of these

phases and vacancy formation energies (Evf) are important

parameters that allow the effects of formation of lattice defects

in metal borides to be interpreted and predicted.

The cohesive energy characterises the energy effect of

`formation' of borides from isolated atoms. The Ecoh values

are often correlated with the energy of chemical bonding in

crystals. The cohesive energies of stoichiometric (MB2) and

non-stoichiometric (M17xB2) diboride phases are given by

Ecoh(MB2)=Etot(MB2)7[Etot(Mat)+2 Etot(Bat)],

Ecoh(M17xB2)=Etot(M17xB2)7[(17x)Etot(Mat)+2Etot(Bat)],

where Etot(MB2) and Etot(M17xB2) are the total energies of

stoichiometric and cation-deficient diborides, respectively; and
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Etot(Mat) and Etot(Bat) are the total energies of free (isolated)

metal and boron atoms, respectively.

The formation energies (Ef) characterise the energy effect

of phase formation from the starting compounds in the

condensed state. Assuming that these phases are formed in

the following formal reactions

2B+M MB2 ,

2B+ (17x)M M17xB2 ,

in our case the energies Ef of the stoichiometric and non-

stoichiometric diboride phases can be calculated from the

equations

Ef(MB2)=Etot(MB2)7[Etot(Mcond)+2Etot(Bcond)],

Ef(M17xB2)=Etot(M17xB2)7

7[(17x)Etot(Mcond)+2Etot(Bcond)],

where Etot(Mcond) and Etot(Bcond) are respectively the total

energies of the starting `reactants' (crystalline metals and

boron). For boron, the most stable allotrope, a-B12 is conven-

tionally used.

The phase stability of compounds is governed by the Gibbs

free energy

G=E+PV7TS.

Since quantum chemical calculations are usually carried out

forP=0 andT=0, theEf values can be interpreted as criteria

for stability of the boride phases with respect to mechanical

mixtures of the starting compounds in the condensed phase.

The vacancy formation energies (Evf) of non-stoichiometric

metal diborides can be estimated by considering the formal

reaction of formation

MB2 M17xB2+ xM,

from the equation

Evf=Etot(MB2)7[Etot(M17xB2)+ xEtot(M)].

In this case, positiveEvf values indicate that the appearance

of cationic vacancies in the MB2 phases under equilibrium

conditions is unfavourable. The Ecoh , Ef and Evf values

calculated usingmodern computational quantum theorymeth-

ods provide a quite reliable basis for the description of the

energy of chemical bonding in crystals, for theoretical analysis

of the stability of crystals, phase equilibria, etc. These param-

eters were widely used to solve these problems for many metal

borides.12, 13, 19, 49 ± 59, 144, 145 As an example, the calculated and

experimentally determined Ef values for stoichiometric hexag-

onal metal diborides are shown in Fig. 19. Negative Ef values

correspond to stable phases, whereas for some metal com-

pounds (mainly, formed by Group II and Group VI ±VIII

metals) the energies Ef take positive values, which indicates

instability of the corresponding compounds. This was con-

firmed by experimental data on phase relations in the M7B

systems.3 ± 11
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Estimates for a series of non-stoichiometric phases

M17xB2 are available.58, 59, 180, 192, 193, 195 The results are

shown in Tables 5 ± 8.

The MB2 phases are characterised by negative Ecoh values.

This points to stability of these systems relative to the system of

noninteracting atoms (see Table 7). The maximum (in magni-

tude) Ecoh values were obtained for Group IV and V d-metal

diborides while the minimum cohesive energy was obtained for

MgB2 . This regularity can be explained by the changes in the

system of atom± atom bonds in the MB2 phases depending on

the nature of the metal atom.195 In the general case the

appearance of cationic vacancies is accompanied by cleavage

of certain M7B and M7M bonds, which naturally leads to a

decrease, in magnitude, of the cohesive energies of theM17xB2

phases relative to the Ecoh values of stoichiometric diborides

(see Table 8).

Among stoichiometric diborides, the most stable phases

are TiB2 and ZrB2 , while AlB2 and MgB2 are the least stable

(see Table 7). This agrees with the available data on changes in

the thermodynamic and thermomechanical properties of the

MB2 phases.3 ± 11

The following should be emphasised. For the MB2 phases

formed by the s-, p- and d-metal borides, both cohesive energy

and formation energy calculations lead to the same conclusions

about the phase stability (MgB2<AlB2<d-metal diborides).

Contrary to this, the conclusions drawn for a number of

d-metal borides of similar chemical nature are opposite.144, 195

For instance, if the energy Ecoh decreases in magnitude in the

order NbB2>TaB2>VB2>ZrB2>TiB2 , the formation

energies of these phases change in the reverse order:

TiB2>ZrB2>VB2>NbB2>TaB2 . This can be explained

with ease195 taking into account the fact that the minimum

formation energies (forNbB2 , TaB2) correspond to the borides

based on the metals characterised by the maximum (in magni-

tude) cohesive energies.

Thus, the cohesive energies also characterise the stability of

condensed phases. They can be used for, e.g., analysis of

stability of various allotropes. Correct analysis of the stability

of binary crystalline phases requires calculations of the corre-

sponding formation energies relative to the condensed forms of

elements (starting reactants in the synthesis). The estimates for

multicomponent phases are even more complicated and
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Figure 19. Calculated and experimentally determined formation energies

of stoichiometric AlB2-type metal diborides.144

Calculations: Be (1), Na7Al (2), Ca7Cr (4), Sr7Ag (6) and Hf7W, Au

(8). Experimental data: Mg (3), Sc7Cr (5), Y7Nb (7) and Hf7Ta (9).

Table 5. Calculated vacancy formation energies in metal diborides.195

Boride Evf /eV Boride Evf /eV Boride Evf /eV

Mg0.75B2 0.79 Ti0.75B2 1.57 Zr0.75B2 1.68

Al0.75B2 0.56 V0.75B2 0.97 Nb0.75B2 1.10

Sc0.75B2 1.46 Y0.75B2 1.42 Ta0.75B2 0.51

Table 6. Cohesive energies of stoichiometric and non-stoichiometric
magnesium, zirconium and niobium diborides (in eV per formula unit).193

Phase a 7Ecoh Phase a 7Ecoh

MgB2 15.312 Zr0.875B2.125 22.458

Mg0.875B2 14.806 Zr0.875B2.25 23.594

Mg0.875B2.125 12.727 Zr0.875B2.375 24.213

Mg0.875B2.25 13.827 NbB2 24.956

Mg0.875B2.375 14.702 Nb0.875B2 23.556

ZrB2 23.628 Nb0.875B2.125 23.748

Zr0.875B2 22.008 Nb0.875B2.25 24.810

Nb0.875B2.375 25.367

aModels of defects (compositions): vacancy in M-sublattice

(M0.875B2); one, two and three `super-stoichiometric' boron atoms

occupying a vacancy in the M-sublattice: chemical compositions

M0.875B2.125 , M0.875B2.25 and M0.875B2.375 , respectively.

Table 7. Cohesive energies and energies of formation of stoichiometric
and cation-deficient metal diborides (in eV per formula unit).195

Boride 7Ecoh 7IÃf Boride 7Ecoh 7Ef

MgB2 15.10 2.21 Mg0.75B2 13.69 1.42

AlB2 17.05 3.13 Al0.75B2 15.88 2.57

ScB2 20.12 4.24 S0.75B2 17.56 2.78

TiB2 22.98 4.89 Ti0.75B2 19.75 3.32

VB2 23.67 3.84 V0.75B2 20.60 2.87

YB2 19.98 3.53 Y0.75B2 16.70 2.11

ZrB2 23.36 4.70 Zr0.75B2 19.87 3.02

NbB2 24.84 3.73 Nb0.75B2 21.33 2.64

TaB2 24.66 3.51 Ta0.75B2 21.73 2.99

Table 8. Lattice constants, cohesive energies, energies of formation and
vacancy formation energies for stoichiometric and non-stoichiometric
AlB2-type silver diborides (in eV per formula unit).182

Boride a a /�A c /�A c/a Ecoh Ef Evf

AgB2 3.024 4.085 1.3414 14.06 70.98 7
Ag0.875B2 3.008 4.020 1.3364 13.71 70.64 0.34

Ag0.750B2(I) 2.942 3.960 1.3460 13.32 70.26 0.72 b

Ag0.750B2(II) 2.915 3.950 1.3551 13.33 70.27 0.71 b

aModels I and II: Ag0.750B2 with different types of VAg ordering.
b Per two silver vacancies.
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require calculations of the respective formation energies rela-

tive to those of the starting components (not only elements, but

also stable binary phases that can form in these systems). For

instance, a systematic analysis of the phase stability of thorium

boron carbide ThB2C should include estimates of DE for this

phase calculated relative to (i) mechanical mixture of Th,

graphite and a-B12 and (ii) possible binary phases formed in

the Th7C7B system (ThC, ThB6 , B13C, B4C, BC3 and BC6).

The formation energy calculations for non-stoichiometric

borides showed that the Ef values of M0.75B2 are much smaller

in magnitude than those of the stoichiometric diborides (see

Table 7). In other words, the presence of cationic vacancies

significantly destabilises layered diborides.

Numerical estimates of the effect of destabilisation of MB2

phases in the presence of M-vacancies can be made using

calculations 195 of vacancy formation energies. According to

the results listed in Table 5, diborides are characterised by

positiveEvf values , i.e., the appearance of cationic vacancies in

these phases under equilibrium conditions is energetically

unfavourable. The minimum Evf values were obtained for the

Mg, Al, Ta, Nb and V borides. As mentioned above, cation-

deficient phases were synthesised forMg, Al, Ta, Nb diborides.

Calculations190 showed that metal-deficient vanadium dibor-

ide phases can also be prepared. The formation energies of

cationic vacancies for Ti, Zr, Y and Sc diborides are high, i.e.,

the synthesis of these diborides with defects in the metal

sublattice is a highly complicated task.

Energy estimates were used 182 for analysis of possible types

of vacancy ordering in Ag17xB2 using the models shown in

Fig. 14. Analysis of the data listed in Table 8 revealed the

following. First, the energy of vacancy formation inmetastable

silver diboride (Evf=0.34 eV) is much lower than the corre-

sponding energies determined for other stable MB2 phases

(Evf& 0.51 ± 1.68 eV, see Table 5) in which such defects were

detected experimentally. Therefore, the presence of cationic

vacancies in silver diboride seems to be quite probable. Second,

the vacancy distribution over all silver layers is about 0.01 eV

more energetically favourable than `clustering' of vacancies in

every second layer.

Calculations of energy parameters were also used 192, 193 to

analyse the possibility of filling of cationic vacancies by `super-

stoichiometric' boron (see the model in Fig. 15). It was found

(see Table 6) that for non-stoichiometric magnesium diboride

the maximum, in magnitude cohesive energies (i.e., the most

stable state of the system) correspond to the model of the

crystal with cationic vacancies, whereas in the case of zirco-

nium and niobium diborides the occupation of these vacancies

by boron dimers (B2) and trimers (B3) favours a decrease in

Ecoh (relative to Ecoh for a crystal with unoccupied M-sites),

thus being energetically favourable.

4. Physicochemical properties of cation-deficient phases
M17xB2

The results of energy band structure calculations of M17xB2

phases were used to determine their structural properties

(equilibrium lattice constants and type of vacancy distribu-

tion),58, 59, 125, 180, 183, 192, 193, 195 estimates of superconducting

transition temperatures,125, 183 certain parameters of electro-

physical properties (e.g., low-temperature heat capacity coef-

ficients) 59 and some mechanical characteristics.

The `elastic' parameters (bulk compression modulus, shear

modulus, the Young modulus, etc.) belong to the most

important characteristics of the mechanical properties of

condensed phases and allow the behaviour of these phases

under the action of various external factors to be assessed. This

is of great importance for determining prospects for their use as

functional materials.

Modern methods of computer materials science permit

calculations of the elastic parameters of inorganic phases for

not only single-crystalline, but also polycrystalline state. This

makes it possible to analyse their changes depending on the

phase composition and to predict the mechanical properties of

polycrystalline ceramics (most metal diborides in question

were prepared in this form).

Theoretical estimation of elastic parameters of non-stoi-

chiometric metal diborides in the polycrystalline state was first

reported taking NbB2+y as an example.196 NbB2+y phases

with 04 y4 0.34 were analysed; changes in the B :Nb ratio

were simulated taking into account the changes in the exper-

imentally determined lattice constant values.36

The first stage included calculations of the elastic constants

Cij . AlB2-Type hexagonal crystals are characterised 197 by five

independent constants C11 , C12 , C13 , C33 , C44 and C66 , for

which one has

C66=
C11 ÿ C12

2
.

Using these constants, the moduli of elasticity, namely, the

bulk compression modulus (B) and the shear modulus (G),

were determined for single-crystalline NbB2+y phases accord-

ing to the Voigt (V) (Ref. 198) and the Reuss (R) (Ref. 199)

basic schemes:

BR=
C33�C11 � C12� ÿ 2C 2

13

C11 � C12 � C33 ÿ 4C13

,

BV=
1

9

�
2(C11+C12)+C33+4C13

�
,

GR=
5

2

��C11 � C12�C33 ÿ 2C 2
13�C55C66

3BRC55C66 � ��C11 � C12�C33 ÿ 2C 2
12

,

GV=
1

30
(C11+C12+2C3374C13+12C44 +12C66).

Estimation of elastic parameters of polycrystalline NbB2+y

phases existing as aggregated mixtures of randomly oriented

polycrystals requires averaging of the numerical values

obtained from the calculations according to Voigt and Reuss.

This was done using the Voigt ±Reuss ±Hill approximation

(VRH) 200, 201 and the averaged bulk compression modulus

BVRH=
1

2
(BV+BR),

shear modulus

GVRH=
1

2
(GV+GR),

and the Young modulus (YVRH) and the Poisson ratio (n)

YVRH �
9BVRHGVRH

3BVRH � GVRH

,

v � 3BVRH ÿ 2GVRH

2�3BVRH � GVRH�
.
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Elastic anisotropy of polycrystalline ceramics was also

estimated. The corresponding coefficients were calculated

(in %) 202

AB=
BV ÿ BR

BV � BR

,

AG=
GV ÿ GR

GV � GR

.

The coefficients can change from 0 (for isotropic systems) to

100%.

The results of calculations 191 are listed in Table 9 and

shown in Fig. 20. The large and small values (C13 :C12 and

C33 :C11, respectively) indicate a strong anisotropy of chemical

bonding in niobium diboride, namely, the in-plane atom± a-

tom interactions (bonds along the a axis) are much stronger

than the interlayer interactions (bonds along the c axis). This

conclusion 196 agrees with other results of analysis of chemical

bonds in layered metal diborides (see above).

The bulk compression and shear moduli of non-stoichio-

metric polycrystalline NbB2+y samples (04 y4 0.34) mono-

tonically decrease as the B :Nb ratio increases (see Fig. 19).

The B :G ratio for NbB2+y polycrystals is 1.37 ± 1.38. At

B :G<1.75, the materials are brittle.203 Therefore, niobium

diboride belongs to brittle materials. The elastic anisotropy

parameters (AB and AG) of ceramics considerably increase as

the B :Nb ratio increases (see Table 9).

Note that the calculated elastic parameters are suitable for

evaluation of other important properties of borides, such as the

Debye temperature(yD)

yD �
h

k

�
3n

4p

�
NAr
M

��1=3
um ,

where n is the number of atoms in the `molecule' of the

compound, M is the molecular mass, NA is the Avogadro

constant, r is the density, and um is the average sound velocity

in the crystal, which is determined using the longitudinal (ul)
and transverse (ut) sound velocities

um �
�
1

3

�
2

u3t
� 1

u3l

��ÿ1=3
.

In turn, the ul and ut values are related to the elasticity

moduli 204

ul=

�������������������
3B� 4G

3 r

s
,

ut=
������
G
r

r
.

In addition, using the calculated yD values and experimentally

determined critical superconducting transition temperatures,

one can estimate the electron ± phonon coupling constant l
using McMillan's relation 205

Tc �
yD
1:45

exp

�
ÿ 1:04�1� l�
lÿ m��1� 0:72 l�

�
,

where m* is the Coulomb pseudopotential (*0.13). Calcula-

tions for NbB2+y showed that the l value is about

* 0.50 ± 0.57.196 This is in reasonable agreement with the

estimates obtained from other calculations [*0.43 (Ref. 183),

*0.67 (Ref. 206)], which allows niobium diboride to be treated

as a BKS superconductor with weak electron ± phonon cou-

pling. However, we believe that simulation 197 of changes in the

chemical composition of non-stoichiometric NbB2+y by

changing the lattice constants alone makes it possible to

consider the results only as preliminary qualitative estimates.

5. Vacancies in the boron sublattice
In conclusion, mention may be made of yet another type of

lattice defects, which can be present in the phases that are

formed in themetal ± boron systems. These are vacancies in the

boron sublattice. As mentioned above, this type of point

defects is atypical of stable hexagonal MB2 phases

At the same time, the presence of boron vacancies in

metastable molybdenum diboride and molybdenum pentabor-

ide was reported.49 The rhombohedral phase (Mo2B5) includes

three types of molybdenum atomic layers (A, B and C; see

Fig. 21), which are arranged along the c axis in the order

...AABBCCAABBCC ... . These layers are separated by two

types of boron sheets, H and K. The H-type sheets are planar

(graphite-like), while the K-type sheets are `buckled' and

contain more closely packed boron atoms [an extra B(3)-type

boron atom is located at the centre of each B6 hexagon].

It was reported 49 that the B(3)-type atoms can be removed

from Mo2B5 to give the Mo2B57x phases with non-stoichiom-

etry in the boron sublattice. Having all B(3)-type boron atoms

Table 9. Independent elastic constants (Cij), the Young moduli, the
Poisson ratios and anisotropy coefficients for non-stoichiometric niobium
borides NbB2+y (04 y4 0.34).196

B :Nb C11 C12 C13 C33 C44 Y /GPa n AB (%) AG (%)

2.00 590 110 190 474 225 512 0.21 0.06 1.69

2.10 584 108 185 465 221 506 0.21 0.08 1.67

2.20 580 107 181 455 218 500 0.21 0.12 1.68

2.30 574 103 178 427 212 487 0.21 0.25 2.13

2.32 574 102 178 423 211 486 0.21 0.28 2.23

2.34 574 102 178 423 211 486 0.21 0.28 2.23
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Figure 20. Bulk compression modulus (1), shear modulus (2) and the unit

cell volume (3) plotted vs. B :Nb ratio in non-stoichiometric niobium

borides NbB2+y .196

Calculated using the Voigt ±Reuss ±Hill approximation.
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removed, the rhombohedral phase has the composition

Mo2B4:MoBr
2 .

The electronic structure of this phase was analysed 59 (its

spectrum is shown in Fig. 22). Formation energy calculations

for B(3)-type vacancies using the expression

Evf=Etot(Mo2B5)7[Etot(Mo2B4)+Etot(B)]

showed that removal of these atoms from the `buckled' boron

sheets is energetically favourable (Evf=7 0.11 eV per for-

mula unit) and the `boron-deficient' phase Mo2B4:MoBr
2 is

more stable than Mo2B5 and hexagonal MoB2 .

Qualitatively, the result of stabilisation of rhombohedral

Mo2B5 in the presence of boron vacancies can be illustrated

using the distribution maps of the charge density (r) within the

boron sheets for Mo2B5 and Mo2B4:MoBr
2 (Fig. 23). As can

be seen, the r distribution for Mo2B5 is delocalised in charac-

ter, whereas the (r) distribution obtained after removal of the

B(3) type atoms points to formation of strongly delocalised

covalent bonds B7B. In the general case, the sixfold coordi-

nation is atypical of boron atoms (with allowance for the

structure of its valence shell); while the planar structure of

graphite-like boron sheets (as in hexagonal MoB2) is energeti-

cally less favourable than the `buckled' structure.207 The higher

stability of the newly formed Mo2B4:MoBr
2 phase compared

to Mo2B5 and hexagonal MoB2 is due to formation of boron

vacancies in the K-sheet (change in the coordination numbers

of the `remaining' boron atoms from 6 to 3) provided retention

of the `buckled' structure.59

Yet another group of borides includes alkaline-earth metal

hexaborides MB6 (M=Ca, Sr, Ba). Both stoichiometric

(B :M=6) and non-stoichiometric ceramics and films of

these borides as well as solid solutions with isovalent substitu-

tion (Ca17xBaxB6) exhibit weak ferromagnetism.208 ± 214

Unusual effect, that is, magnetisation of non-magnetic phases

(see review 215) was attributed 216, 217 to the presence of struc-

tural vacancies in the boron sublattice. According to calcula-

tions, removal of a neutral B6 group from the CaB6 lattice

causes the formation of a magnetic moment of about 2.36 mB
(per 36363 supercell), which is localised on six B6 octahedra

that coordinate the defect in the cubic structure of CaB67x .

Ferromagnetic ordering can be a consequence of `double

exchange' (Ref. 218) between magnetic clusters that form the

defect in the crystal lattice and the nearest ions, Ca2+ and B2ÿ
6 .

However, the formation of defects by removal of B6 clusters

from the lattice seems to be thermodynamically unlikely. In

addition, cationic vacancies can be present in a number of

alkali metal hexaborides.219 However, detailed analysis of

lattice defects in these phases goes beyond the scope of this

review.
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Figure 21. Structure of rhombohedral molybdenum pentaboride

(Mo2B5).
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IV. Conclusion

The non-stoichiometry of metal borides is a new field of

research on this class of compounds. In fact, researchers have

paid attention to this effect only in the 21st century in

connection with rapid progress in studies of metal diborides,

which followed the discovery in 2001 of superconductivity in

MgB2 with a critical transition temperature of about 39 K. It is

not surprising that in most studies carried out to date the non-

stoichiometry ofMB2 phases is first of all considered as a factor

affecting the superconducting characteristics of the boron-

containing materials.

Nevertheless, we believe that the presence of vacancies in

the boride sublattices can be of general interest in connection

with the fundamental problem of research on non-stoichiom-

etry in solid-phase metal compounds and its influence of the

properties of corresponding materials.

To date, many issues that have been well studied for

`classical' non-stoichiometric phases (metal carbides, nitrides

and oxides) 1, 2 remain unaddressed for borides. This first of all

concerns elaboration of methods of synthesis of non-stoichio-

metric (and, possibly, non-superconducting) metal borides,

preparation of single-crystalline non-stoichiometric borides,

high-precision structural studies of possible vacancy ordering

effects and setting systematic theoretical and experimental

studies of the role of lattice defects in the changes in the

physicochemical properties of borides.

At present, non-stoichiometry of thin films and nanosized

borides remains very poorly studied. It should be noted that the

reasons for the appearance of `non-stoichiometry' in such

samples can be fundamentally different from the case of

crystalline MB2 samples with structural vacancies (see above).

For instance, a study of `non-stoichiometric' nanostructured

TiB2.4 films showed 220, 221 that this product consists of TiB2

nanorods surrounded by a boron shell. In other words, in this

case the term `non-stoichiometry' was in fact used for the

B/TiB2 composite.

We believe that research on the role of non-stoichiometry

of borides as components ofmodernmulticomponent ceramics

and polyfunctional composites seems to be quite promising for

the design of these materials.
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