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Abstract— In the present study, first-principles Density Functional Theory (DFT) with Generalized Gradient Approximation (GGA) is exploited to investi-
gate different properties of AlB2 by using ultra-soft Pseudopotential technique. The study involves the calculations of the structural, mechanical, electron-
ic, optical and thermodynamical properties of AlB 2. All these properties are studied at ambient condition and at various temperatures and pressures. It is 
found that the volume decreases with increasing pressure. Our calculated elastic constants agree with the previous theoretical data expect for C 12. and 
AlB2 is found to be brittle. Calculated electronic band structures are doubly degenerate along Γ-A direction. The total DOS curves of this compound shares 
similar free-electron-like metallic features. The B 2p states dominate the conductivity of AlB2. The reflectivity spectrum shows that the material is a good reflec-
tor within the energy range, 8.15-20.65 eV and the materials should have no band gap. The static refractive index of AlB 2 is found to have the values ~ 
6.76. Debye temperature increase with pressure. The temperature dependence of α is very weak at higher temperatures and higher pressures. 
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1 INTRODUCTION                                                                     

The recent discovery of superconductivity in MgB2 at 39 K 

has reinforced the scientific importance of AlB2-type borides 
[1].  Despite the great interest in the understanding of the 
origin of all these characteristics and the potential use of bo-
rides for high-performance applications, many of their physi-
cal properties have been little studied. Among these, their me-
chanical properties, mainly its higher hardness and the related 
behavior under different pressures are subjects which deserve 
more intensive investigation. A number of theoretical and ex-
perimental [2, 3] studies exist in literature that deal with struc-
tural, elastic and electronic properties of AlB2 compound. Spe-
cifically, Shein and Ivanovskii [4] have reported the structural 
and elastic properties using the full-potential linearized aug-
mented plane-wave (FP-LAPW) method with the generalized 
gradient approximation (GGA) for AlB2. The structural prop-
erties have been studied for this compound by Oguchi [5]. The 
phonon properties have been investigated by Bohmen et al.  
[6]. 
In this study, we have investigated the phonon dispersion 
relations and thermodynamical properties of this compound 
in detail and interpret the salient results. To our knowledge, 
phonon projected density of states and thermodynamical 
properties, which are the important bulk properties for solids, 
have neither been obtained theoretically, nor experimentally 
for AlB2 compound. We are interested because of the strongly 
varying data of simple phase AlB2 theoretically and experi-
mentally, including lattice dynamics properties [7, 8, 9, 10, 11, 
12, 13, 14] electronic and optical properties [15, 16] high tem-

perature and high pressure properties [17, 18]. In this work, 
the structural and the thermodynamic properties of AlB2 have 
been investigated by using a first-principles plane wave meth-
od with a relativistic analytic pseudopotential of Hartwigsen, 
Goedecker and Hutter (HGH) scheme [19] within density 
functional theory (DFT) [20, 21]. Therefore, we have aimed to 
provide some additional information to the existing data on 
the physical properties of this compound using the ab initio 
total energy calculations.  

2    METHOD OF CALCULATION 
In the present paper, all calculations have been carried out 
using ab initio method implemented in CASTEP code [22] 
using norm-conserving pseudopotentials [23] and a plane-
wave expasion of the wave functions. The generalized gra-
dient approximation (GGA) of Perdew, Burke and Ernzerhof 
(PBE) has been incorporated for the simulation.  
The Kohn-Sham   energy function was rst-Pack scheme K-
point sampling was used for integration over the first Bril-
louin zone.  Directly minimized via the Conjugate - gradient 
method. The convergence criteria for structure optimization 
and energy calculation were set for this compound, to ul-
trafine quality with a kinetic energy cutoff of 650 eV and the 
k-point meshes of 13×13×10. 
 
3   RESULTS AND DISCUSSION 
3.1 STRUCTURAL PROPERTIES 
We first perform the geometry optimization as a function of 
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normal stress by minimizing the total energy. The procedure 
leads to a successful geometry optimization of the struc-
tures. After geometry optimization, the lattice parameters of 
the AlB2 under study are obtained at different pressures. 
From fig. 1 we observed that, the volume decreases with 
increasing pressure. The variation of volume within the 
range 0 to 50 GPa is 17.60%. Also observed that, the normal-
ized volume has been reduced by 17.95%. 
 

 
 

 
 

Fig. 1. Pressure dependence of unit cell volume and 
normalized volume for AlB2 

 

Fig. 2 Calculated values of energy E, as a function of 
volume for AlB2. 

3.2 ELASTIC PROPERTIES 
The elastic constants of solids provide link between mechani-
cal and dynamical behavior of crystals and give important 
information concerning the nature of the forces operating in 
solids. The elastic constants, bulk modulus B, shear modulus 
G, Young’s modulus E, and poisson’s ratio v, have been calcu-
lated in our present research work. Though the strains are im-
posing on the lattice, the elastic constants can be obtained at 
zero pressure. A hexagonal crystal has six elastic stiffness con-
stants, C11, C12, C13, C33, C44, and C66 [24], five of them are in-
dependent since C66 = (C11 - C12)/2. For AlB2, our calculated 
elastic constants C11, C13, C33 and C44 are in agreement with 
available theoretical data [24]. But in this case, there is some 
dissimilarity in the value of C12 with available theoretical data 
[24]. The elastic constants C11 or C13 measure the a or c direc-
tion resistance to linear compression, respectively. The present 
C11 is higher than C13. The mechanically stable phases or mac-
roscopic stability are dependent on the positive definiteness of 
stiffness matrix [25]. For hexagonal lattices, calculation must 
be carry out for the conditions known as the Born criteria: C11> 
0, C11-C12 > 0, C44 > 0, (C11 +C12) C33- 2C213 > 0. Our elastic con-
stants calculations, shown in Table 1, completely satisfy the 
above conditions, indicating that the hexagonal AlB2 is me-
chanically stable. 
 
According to Hill’s observation, the value of bulk modulus (in 
GPa) B=BH= (BV+BR)/2 (Hill’s bulk modulus), where BV and BR 
is the Voigt’s and the Reuss’s bulk modulus respectively. The 
value of shear modulus (in GPa) G = GH = (GV+GR)/2 (Hill’s 
shear modulus), where GV and GR is the Voigt’s and the 
Reuss’s shear modulus respectively. Using Voigt and Reuss 
formulas: Y = 9BG/(3B+G) and  v = (3B-Y)/6B [14], the polycrys-
talline Young’s modulus Y (GPa) and the Poisson’s ratio  v are 
then obtained. 
The elastic anisotropy of crystals is calculated in different 
ways and defined by the ratio A = 2C44 / (C11-C12) [26]. The fac-
tor A = 1 represents complete isotropy, while values smaller or 
greater than this measure the degree of anisotropy. Therefore, 
AlB2 show anisotropic behavior (Table 2). The parameter Kc/Ka 

= (C11+C12-2C13)/ (C33-C13) which expresses the ratio between 
linear compressibility coefficients of hexagonal crystals [27]. 
The value of Kc/Ka is 2.64 for AlB2, represents that the com-
pressibility for the given compound along c- axis is greater 
than along a- axis (Table 2). According to Pugh’s criteria [28], a 
material behaves in a ductile manner, if G/B <0.5, otherwise it 
should be brittle. For AlB2, G/B = 0.57. Therefore, we conclude 
that AlB2 show brittle behavior. 
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Table 1: Calculated elastic constants, Cij  (in GPa) for AlB2 at 
zero pressure. 
 

 
Table 2: Bulk modulus (B, in GPa), Shear modulus (G, in 
GPa), Young’s modulus (Y, in GPa), Poisson’s ratio v, Aniso-
tropic factor (A), Linear compressibility ratio kc/ka and ratio 
G/B for AlB2, at zero pressure. 
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AlB2 

 
192.00 

 
110.11 

 
277.32 

 
0.26 
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AlB2 

 
0.05 

 
0.57 

 
2.64 

 
[This] 

 
 

3.3 ELECTRONIC PROPERTIES 

3.3.1 ELECTRONIC BAND STRUCTURE AND 
DENSITY OF STATES (DOS) 

The calculations of the electronic band structure help one to 
understand the shape of the Fermi surface. The material prop-
erties can be understood if one can identify the character of 
dominant bands near the Fermi level, their energy etc. In this 
way knowledge of the electronic band structure provides pre-
dictive insight and understanding of certain very important 
properties of solids. The energy band structure of AlB2 at zero 
pressure is illustrated in Fig.3. From these figures at least two 
electronic bands cross the Fermi level, indicating that the 
compound exhibits metallic properties. The calculated elec-
tronic band structures are doubly degenerate along Γ-A direc-
tion. In the present case, nearly flat bands are observed just 
below EF in the Γ-A direction. 
The density of states (DOS) of a system describes the number of 
states per interval of energy at each energy level that are available 
to be occupied. A DOS of zero means that no states can be occu-
pied at that energy level. The total and partial electronic density 
of states (DOS) of AlB2 is presented in Fig.4 at zero pressure. It 
can be seen from this figure that the major contributions around 
the Fermi energy are mainly from the B 2p states and also suggest 
that the B 2p states dominate the conductivity of AlB2. Al atom 
has a small contribution to the total DOS. The total DOS curves of 
this compound share similar free-electron-like metallic features. 
The features of the DOS curves of AlB2 look similar as expected 
due to their isoelectronic and isostructural nature. We find that 
for AlB2, N (EF) = 0.41. On the other hand, according to McMillan 
formula for Tc [29], J. Kortus and other workers showed that the 
most probable MgB2 based medium Tc superconductor is a con-
sequence of a high density of states, N (EF) at the Ferrmi level. 
 
 

 
 
 

Compound 

 
 

Elastic constants, Cij (GPa) 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
Ref. 

 

 
 

C11 
 
 
 

 
 

C12 
 
 
 

 
 

C13 
 
 
 

 
 

C33 
 
 
 

 
 

C44 
 
 
 

 
 

AlB2 

 
 
 
 
 
 

 
 

526.
55 

 
 
 

 
 

112
.01 

 
 
 

 
 

49.35 
 
 
 

 
 

253.53 
 
 
 

 
 

11.01 
 
 
 

 
 
[This] 
 
 

 

 
530.
00 

 

 
82.
40 

 

 
67.90 

 
272.30 

 

 
32.70 

 

 
[2] 

 IJSER

http://www.ijser.org/


International Journal of Scientific & Engineering Research, Volume 6, Issue 12, December-2015                                                                                                 342 
ISSN 2229-5518  

IJSER © 2015 
http://www.ijser.org  

 
Fig. 3 Electronic band structure of AlB2 

 

 

Fig.4. Total and partial DOS at p =0 GPa 

 

3.4 OPTICAL PROPERTIES 
Optical properties are important in solid state Physics because 
the study of the optical functions of solids provides a better 
understanding of the electronic structure. Fig. 5 show the opti-
cal functions of AlB2, calculated for photon energies up to 40 
eV for the polarization vector in [100] direction. We have used 
a 0.5 eV Gaussian smearing for all calculations. The reflectivity 
spectrum shows that the material is a good reflector within the 
energy range, 8.15-20.65 eV. This compound has absorption 
bands in the low energy range due to its metallic nature. In the 
energy-loss spectrums, the first peaks are found at 𝜔10TRp = 
21.02eV, corresponding to the abrupt reduction of reflectivity, 

R (𝜔10T). This indicates to a rapid reduction in the reflectance. 
we see that the photoconductivity starts with zero photon en-
ergy, which indicates that the materials should have no band 
gap. It is seen that the real part 𝜀10TR1(𝜔10T) of the dielectric func-
tion vanishes at about 21.03 eV. This is the energy at which the 
reflectivity exhibits a sharp drop and the loss function, shows 
a first peak for AlB2 is 21.02 eV. The static refractive index 
of AlB2 is found to have the values ~ 6.76 
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Fig. 5 (a) Reflectivity spectra, (b) Absorption coeffi-
cient, (c) Loss function, (d) Conductivity, (e) Dielectric 
function, (f) Refractive index of AlB2. 

 

 

3.5 THERMODYNAMIC PROPERTIES 
To investigate the thermodynamic properties of AlB2, we em-
ploy the quasi-harmonic Debye model. We computed the 
thermodynamic parameters including the normalized volume, 
bulk modulus, thermal expansion coefficient, specific heats, 
and Debye temperature etc. at several temperatures and pres-
sures. The detailed description of quasi-harmonic Debye mod-
el can be found in the literatures [30, 31]. The bulk modulus 
increases linearly with increasing pressure and it drops by 
40.44% from 0 to 50 GPa. In the low-temperature limit, the 
specific heat exhibits the Debye T3 power-law behavior and 
both approach the classical asymptotic limit of CV = 3nNkB = 
74.81 J /mol-K for this compound. We know that the Debye 
temperature is related to the maximum thermal vibration fre-
quency of a solid. Due to this relationship, the variation of 
Debye temperature with pressure and temperature also re-
veals the changeable vibration frequency of the particles in 
AlB2. In the present work, the Debye temperature ΘD, increas-
es by 28.34% when the pressure is increased. It is also ob-
served that as the pressure increases, the increase of α with 
temperature becomes smaller, especially at higher tempera-
tures. At a given temperature, α decreases strongly with in-
creasing pressure, the thermal expansion coefficient α at 1200 
K is just a little larger than at 1000 K, which means that the 
temperature dependence of α is very weak at higher tempera-
tures and higher pressures. 
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Fig. 6 (a) Pressure dependence of Bulk modulus, (b) Tem-
perature dependence of Bulk modulus at zero pressure, (c) 
Temperature dependence of specific heat at constant vol-
ume at p = 0 GPa, (d) Temperature dependence of specific 
heat at constant pressure at p = 0 GPa, (e) Pressure depend-

Pressure, P (GPa)

0 5 10 15 20 25 30

B
ul

k 
M

od
ul

us
, B

 (G
Pa

)

160

200

240

280

320

Temperature, T (K)

0 200 400 600 800 1000 1200

B
ul

k 
m

od
ul

us
, B

 (G
Pa

)

120

130

140

150

160

170

180

190

Pressure, P (GPa)

0 10 20 30 40 50

D
eb

ye
 te

m
pe

ra
tu

re
, 

D
 (K

)

550

600

650

700

750

800

850

Temperature, T (K)

0 200 400 600 800 1000 1200Sp
ec

ifi
c 

H
ea

t a
t C

on
st

an
t P

re
ss

ur
e,

 C
P 

(J
/m

ol
-K

)

0

20

40

60

80

100

Temperature,T (K)

0 200 400 600 800 1000 1200Sp
ec

ifi
c 

H
ea

t a
t C

on
st

an
t V

ol
um

e,
 C

V
 (J

/m
ol

-K
)

0

20

40

60

80

Temperature, T (K)

0 200 400 600 800 1000 1200

D
eb

ye
 T

em
pe

ra
tu

re
, 

D
 (K

)

520

530

540

550

560

570

580

590

600

Temperature, T (K)

0 200 400 600 800 1000 1200

Ex
pa

nt
io

n 
co

-e
ffi

ci
en

t, 

(1

0-
5 K

-1
)

0

2

4

6

8

Pressure, P (GPa)

0 5 10 15 20 25 30

E
xp

an
si

on
 c

o-
ef

fic
ie

nt
, 

(1
0-5

 K
-1

)

2.0

2.5

3.0

3.5

4.0

4.5

IJSER

http://www.ijser.org/


International Journal of Scientific & Engineering Research, Volume 6, Issue 12, December-2015                                                                                                 345 
ISSN 2229-5518  

IJSER © 2015 
http://www.ijser.org  

ence of Debye temperature at T = 300 K, (f) Temperature 
dependence of Debye temperature at P = 0 GPa, (g) Pres-
sure dependence of expansion co-efficient, (h) Tempera-
ture dependence of expansion coefficient at p = 0 GPa of 
AlB2. 

 

4 CONCLUSIONS 
The results we present on several ground states, the structural, 
elastic, electronic, optical and thermodynamic properties for 
AlB2 are obtained using the first-principles calculations im-
plemented in CASTEP code within the GGA approximation.  
 
Our results are mostly in agreement with the available exper-
imental and theoretical findings. Thermodynamical results at 
various temperatures and pressures were not considered in 
previous experiments and comprise the original contributions 
of this study. It is observed that the lattice parameters and 
normalized lattice parameters decrease smoothly with increas-
ing pressure. The calculated elastic constants allow us to ob-
tain the macroscopic mechanical parameters of AlB2, namely 
bulk modulus and shear modulus. The elastic anisotropy of 
crystals is calculated in different ways and defined by the ratio 
A = 2C44 / (C11-C12). The factor A = 1 represents complete isot-
ropy, while values smaller or greater than this measure the 
degree of anisotropy. Since, here A = 0.05, therefore, AlB2 
show anisotropic behavior. The parameter Kc/Ka = (C11+C12-
2C13) / (C33-C13) which expresses the ratio between linear com-
pressibility coefficients of hexagonal crystals. The value of 
Kc/Ka is 2.64 for AlB2, represents that the compressibility for 
the given compound along c- axis is greater than along a- axis. 
We conclude that the band structures of AlB2 are mainly dom-
inated by B 2p states. The calculated electronic band structures 
of AlB2 are doubly degenerate along Γ-A direction. When the 
pressure is increased from 0 to 50 GPa, it is seen that the flat 
band along Γ-A direction become more flat. It is observed that 
the major contributions around the Fermi energy are mainly from 
the B 2p states and also suggest that the B 2p states dominate the 
conductivity of AlB2. In the Conduction bands, the peaks of Al 3s 
are slightly broadening and the intensities are slightly decreased. 
It is also observed that for this compound the total DOS decreases 
with increasing pressure.   
The negative values of 𝜀1 (𝜔) indicate that the compound has a 
Drude-like behavior. We therefore choose to add a conven-
tional Drude contribution to the calculated results. In the low-
temperature limit, the specific heat exhibits the Debye T3 pow-
er-law behavior and both approach the classical asymptotic 
limit of CV = 3nNkB = 74.81 J /mol-K.  The variation of Debye 
temperature with pressure and temperature also reveals the 
changeable vibration frequency of the particles in AlB2. In the 
present work, the Debye temperature ΘD, increases by 28.34% 
when the pressure is increased from 0 to 50 GPa. It is noted 

that at zero pressure α increases exponentially with tempera-
ture at low temperatures and gradually turns to a linear in-
crease at high temperatures. At a given temperature, α de-
creases strongly with increasing pressure, the thermal expan-
sion coefficient α at 1200 K is just a little larger than at 1000 K, 
which means that the temperature dependence of α is very 
weak at higher temperatures and higher pressures. 
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