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First-principles calculations of the structural, optical, and thermal properties of Cr2AlB2 are performed
using the pseudopotential plane-wave method within the generalized gradient approximation (GGA).
Calculation of the elastic constant and phonon dispersion indicates that Cr2AlB2 is mechanically and
thermodynamically stable. Analysis of the band structure and density of states indicates that Cr2AlB2

is metallic. The thermal properties under increasing temperature and pressure are investigated using
the quasi-harmonic Debye model. The results show that anharmonic effects on Cr2AlB2 are important
at low temperature and high pressure. The calculated equilibrium primitive cell volume is 95.91 Å3

at T = 300 K, P = 0 GPa. The ability of Cr2AlB2 to resist volume changes becomes weaker with
increasing temperature and stronger with increasing pressure. Analysis of optical properties of Cr2AlB2

shows that the static dielectric function of Cr2AlB2 is 53.1, and the refractive index n0 is 7.3. If the
incident light has a frequency exceeding 16.09 eV, which is the plasma frequency of Cr2AlB2, Cr2AlB2

changes from metallic to dielectric material.

Keywords electronic structure, optical properties, first-principles calculations, Cr2AlB2, thermal
properties

PACS numbers 65.80.-g, 65.40.Ba, 61.50.Ah

1 Introduction

The MAX phases are a group of hexagonal-structure
compounds with the common formula Mn+1AXn (where
M is an early transition metal, A stands for an A group
element, X represents C and/or N, and n = 1–3). MAX
phases crystallize in the P63/mmc space group, and
stacks of near-close-packed M6X octahedral layers are in-
terleaved with a single layer of pure element A [1]. This
nanolaminated structure produces a unique combination
of the advantages of metals and ceramics, because the
layered structure consists of a hard carbide or nitride
part (MX)n with variable thickness and a ductile inter-
metallic part MA [1, 2]. MAX phases exhibit the de-
sirable properties of metals (good thermal and electrical
conduction, machinability, and thermal shock resistance)
and ceramics (good resistance to chemical attack, oxida-
tion, and creep); therefore, they have potential applica-
tions in industries such as energy generation, chemical

processing, and medicine [2].
Jeitschko [3, 4] discovered the M2AlB2-type (space

group Cmmm) and MAlB-type (space group Cmcm)
ternary transition metal borides; their structures are
analogous to the MAX phases with one or two Al lay-
ers interleaving the transition metal boride sublattice.
Early transition metal borides are among the hardest
and highest-melting compounds, and binary borides such
as ReB2 were found to have higher hardness because
of strong covalent bonding between boron atoms and
strong repulsion between the core electrons of the early
transition metal [5]. Rogl [6] showed that the structures
of borides are based on trigonal prisms. The structure
of CrB was determined to be parallel and congruent
[7], and combinations of polygons beyond hexagons ap-
pears, for example, in YCrB4 [8]. Then Kuz’ma et al. [9]
determined the crystal structure of the ternary boride
Cr2AlB2. A single crystal of Cr2AlB2 was investigated
in 2015 [10]. To the best of our knowledge, little experi-
mental and theoretical information about the electronic,
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optical, and thermal properties of Cr2AlB2 is available.
Thus, it is necessary to investigate these properties the-
oretically to best exploit them for further industrial ap-
plications.

The projector augmented wave (PAW) method is
an efficient method to investigate periodic systems.
In this work, the PAW method is used to calculate
the structural, electronic, optical, and thermal prop-
erties of Cr2AlB2, which are then compared with the
available experimental values. Density functional the-
ory (DFT) within the quasi-harmonic approximation was
used to provide a reasonable description of the ther-
mal properties below the melting point of bulk materials
[11, 12]. The thermal expansion, heat capacity, isother-
mal bulk modulus, etc. are investigated. Some optical
properties such as the dielectric properties, refractivity,
and conductivity are also calculated using the B3LYP
(Becke, three-parameter, Lee–Yang–Parr) hybrid func-
tional. These calculations can provide useful reference
data for experimentalists, and our work will be a good
starting point for further theoretical and experimental
work on this compound.

2 Computational details

Cr2AlB2 has an orthorhombic crystal structure under
standard pressure (1 bar) and crystallizes in the Cmmm
space group [10]. Energy and electronic structure calcu-
lations have been conducted under the generalized gra-
dient approximation (GGA) of DFT in the framework
of the PAW method and a plane-wave basis set [13] as
implemented in the Vienna ab-initio simulation pack-
age (VASP) [14]. The B3LYP [15] hybrid functional was
used. Geometric optimization of the unit cell and atomic
positions were performed using the conjugate gradient al-
gorithm with a plane-wave cutoff energy of 700 eV. In the
optimization process, the k-point sampling in the Bril-
louin zone was 9×9×9 and was based on the Monkhorst–
Pack method to ensure energy convergence with energy
differences of less than 1 meV per atom.

The band structure and electronic density of states
(DOS) were also calculated. To obtain the electronic
DOS, the tetrahedron method with Bloch corrections
was used for Brillouin zone integration, and a dense sam-
pling grid of 15× 15× 15 k points was used.

The optical properties are among the most important
properties of a material and can be determined using the
dielectric function, ε(ω) = ε1(ω) + iε2(ω), in the linear
response range. A dense sampling grid of 15× 15× 15 k
points was used to calculate the optical properties. The
real part ε1(ω) and imaginary part ε2(ω) can be obtained
by calculating the wave function matrix. On the basis of
the dielectric function, other optical properties such as

the refractive index n(ω), extinction coefficient k(ω), op-
tical reflectivity R(ω), absorption coefficient α(ω), and
energy-loss spectrum L(ω) can be obtained [16]. The the-
oretical formulas for these optical properties are as fol-
lows [17, 18]:

ε2(ω) =
π
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ε2(ω)

ε1(ω)2 + ε2(ω)2
, (7)

where C and V represent the conduction band and va-
lence band, respectively. BZ is the first Brillouin zone,
K is the reciprocal lattice, and EC(K) and EV (K) are
the intrinsic energy levels of the conduction band and
valence band, respectively. |a ·MCV (K)|2 is the matrix
element of the momentum transition, ε0 is the vacuum
permittivity, a is the unit direction vector, and ω is the
angular frequency.

The thermodynamic function was fitted to the integral
form of the Vinet equation of state (EOS) at zero pres-
sure [19]. The Helmholtz free energy and Gibbs free en-
ergy were obtained from the minimum values of the ther-
modynamic functions at finite temperatures, whereupon
the equilibrium volume and bulk moduli were obtained
through the EOS. The heat capacity Cp was determined
by a numerical differentiation ∂V

∂T and by polynomial fit-
ting of both Cv and S.

The supercell approach and force-constant method
were used to calculate the phonon dispersion. The real
space force constants of the supercells were calculated by
density functional perturbation theory, and the phonon
modes were calculated from the force constants using the
PHONOPY package [20]. A 3×1×3 supercell including
90 atoms with a 13× 7× 13 k mesh was used to ensure
convergence.
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3 Results and discussion

3.1 Structural properties

The Cr2AlB2 crystal is an orthogonal system with space
group Cmmm. Its unit cell contains two unit formulas.
Figure 1 shows its crystal structure, and the total en-
ergy versus the volume is plotted in Fig. 2. By fitting
the data of the total energy and the volume to Mur-
naghan’s equation of state [21], the equilibrium lattice
volume, bulk modulus B0, and pressure derivative of the
bulk modulus B′

0 can be obtained. Table 1 lists the lat-
tice constants and structural parameters of Cr2AlB2; the
available experimental values are also given.

The calculated lattice constants in Table 1 agree well
with the experimental values of 2.9373, 11.0513, and
2.9675 Å for a, b, and c, respectively, although the calcu-
lated values are slightly underestimated. The differences
between the calculated and experimental values of the
lattice constants are 0.39%, 0.08%, and 1.04% for a, b,
and c, respectively. The B1–B4 bond length is 1.7610 Å,
which is close to the experimental value of 1.7616 Å [10].
These B1–B4 bonds form a zigzag chain with a B–B–B
bond angle of 112.6◦, which is close to the experimental
value of 113.0◦. In addition, the B1–B4 bond is longer
than the B–B bonds of Cr3AlB4 (1.739 Å) and Cr4AlB6

(1.738 Å) [10]. This indicates that the B–B bond length

Fig. 1 Crystal structure and molecular numbering of
Cmmm Cr2AlB2.

Fig. 2 Graph of total energy versus volume.

Table 1 Experimental and calculated lattice constants,
atomic positions, bond lengths, and angles of Cmmm Cr2AlB2

crystal at standard pressure.

Atom (x, y, z)calculated (x, y, z)expt∗

Cr (0.5000, 0.6478, 0.0000) (0.5000, 0.6478, 0.0000)

Al (0.0000, 0.5000, 0.5000) (0.0000, 0.5000, 0.5000)

B (0.0000, 0.2942, 0.5000) (0.0000, 0.2942, 0.50000)

Bond length (Å) Bond angle (◦)

B1–B4 1.7610 (1.7616) B1–B3–B1 112.6 (113.0)∗

Cr1–B3 2.1985 (2.2014) Cr1–B3–Cr4 76.3

Cr1–B2 2.1853 (2.1876) Cr2–Al1–Cr1 76.4

Cr1–Al1 2.6382 (2.6443) Al1–Cr1–Al1 67.3

Cr1–Cr2 3.2647 (3.2460) B2–Cr1–B3 103.7

Al1–B1 2.2727 (2.2765) Al1–Cr1–B2 55.4

Lattice constants

a = 2.9256 Å (2.9373 Å)∗, b = 11.0422 Å (11.0513 Å)
c = 2.9365 Å (2.9675 Å), V = 69.95 Å3 (96.33 Å3)

Note: ∗The values in parentheses are experimental values taken
from Ref. [10].

increases with increasing boron content. Similarly, the
lengths of the other bonds, such as Cr1–B3, Cr1–B2, Cr1–
Cr2, and Al1–B1, are all close to the corresponding ex-
perimental values [10].

To understand the structural stability, we further in-
vestigated the elastic constants of Cr2AlB2 using the
CASTEP program [22]. Table 2 lists the calculated elas-
tic constants Cij (GPa), bulk modulus B (GPa), shear
modulus G (GPa), Young’s modulus E (GPa), G/B ra-
tio, Poisson’s ratio v, and Vicker’s hardness Hv (GPa)
at ambient pressure. The available experimental values
are also given.
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Table 2 Calculated elastic constants Cij (GPa), bulk mod-
ulus B (GPa), shear modulus G (GPa), Young’s modulus
E (GPa), G/B ratio, Poisson’s ratio ν, and Vicker’s hard-
ness Hν (GPa) at ambient pressure, compared with available
experimental and theoretical results.

C11 C22 C33 C44 C55 C66 C12 C13 C23

457 397 414 156 199 164 89 89 100

B G E G/B ν HEqu(9)
ν HB4C

ν Hc-BN
ν HDiamond

ν

202 169 397 0.83 0.17 29.6 31.7a 65.2a (66)a 95.7a (96)a

Note: The values in parentheses are experimental values, and the
values outside of parentheses are computational values.
aThe values are taken from Ref. [23].

The elastic constants of orthorhombic systems have
nine independent components, and the necessary condi-
tions for mechanical stability are given by [24]

C11 + C22 + C33 + 2C12 + 2C13 + 2C23 > 0,

C22 + C33 − 2C23 > 0,

Cii > 0 (i = 1−6). (8)

From Table 2, the entire set of elastic constants Cij

satisfies the mechanical stability criteria [24], which
shows that the studied structure is mechanically stable
at ambient pressure. The bulk modulus is attributed
mainly to the valence-electron density of transition met-
als [25]. For Cr2AlB2, the calculated bulk modulus is 202
GPa, which is close to the fitted value (209 GPa) from the
Birch–Murnaghan EOS. The shear modulus and Pois-
son’s ratio [26] (K = G/B) are two important elastic
properties that are thought to be related to the hard-
ness on the basis of the empirical formulation of Chen et
al. [27]. For polycrystalline materials, the hardness can
be written as

Hν = 2(K2G)0.585 − 3. (9)

Using Eq. (9), the hardness of Cr2AlB2 is estimated
to be 29.6 GPa. For comparison, the hardness values of
B4C, c-BN, and diamond are also listed in Table 2; all are
larger than that of Cr2AlB2. The hardness of Cr2AlB2 is
intermediate between those of other materials with sim-
ilar structures such as W–Ru–B (Hv: ∼ 17 GB) [28] and
W45.6Re30.4B24 (Hv: 23.5 GPa) [29]. The boron content
is not necessarily the factor that determines whether a
material is hard or superhard [30]. The low hardness
of Cr2AlB2 may be attributed to its low shear strength
[25]. Note that the calculated C11 value is larger than
the calculated C22 and C33 values, which indicates that
the resistance to deformation along the a direction is
stronger than that along the c and b directions. One
possible explanation for the large value of C11 may be
related to the deformation of more B–B units along the
a-axis direction than along the b- and c-axis directions.

3.2 Electronic properties

To confirm the dynamical stability of Cr2AlB2, the
phonon dispersion curve is calculated at standard pres-
sure and presented in Fig. 3. A dynamically stable crys-
tal structure requires that all phonon frequencies be posi-
tive; otherwise, the structure will be dynamically unsta-
ble [31]. The absence of imaginary frequencies in the
entire Brillouin zone confirms the dynamical stability of
Cr2AlB2 at standard pressure.

The DOS and partial density of states (PDOS) of
Cr2AlB2 are shown in Fig. 4. Cr2AlB2 has a large fi-
nite DOS of 5.70 states/eV at the Fermi energy level,
which confirms its metallic nature. The DOS near the
Fermi level consists mainly of Cr 3d orbital electrons,
with some B 2p orbital electrons and negligible contri-
butions from Al 2p states. Few electrons are available
from the s orbital near the Fermi energy level. Figure 5
shows the calculated band structures of Cr2AlB2 along
the high-symmetry directions of the Brillouin zone. The
overlap between the conduction and valence bands again
confirms its metallic nature. This suggests that Cr2AlB2,
like other MAX phases, would exhibit metallic conduc-
tivity.

From Fig. 5, the Fermi energy (EF ) is crossed by five
different bands, one along the Γ–Z direction and the
other four along the Γ–X direction, indicating metal-
lic behavior along the directions parallel to the a and
c axes. Further, buckling along the b axis opens band
gaps of 0.72 and 0.28 eV along the X–S and Y–Γ direc-
tions, respectively. Thus, Cr2AlB2 behaves as a metal
with strong anisotropy. Further, the electrical conduc-
tivity is confined along the a and c directions.

3.3 Thermal properties

The thermal properties of materials can provide informa-
tion about the phase stability, melting point, strength,
types of bonds, etc. In this paper, the thermodynamic
properties of Cr2AlB2 at different temperatures are fur-
ther investigated using the quasi-harmonic Debye model.

Fig. 3 Phonon dispersion curves of Cmmm Cr2AlB2.
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Fig. 4 Total electronic DOS and PDOS of Cr2AlB2.

Fig. 5 Electronic band structures of Cr2AlB2.

The calculated data for the total energy versus primi-
tive cell volume (E–V ) are first obtained in the static
approximation and then fitted with a numerical EOS
to determine the structural parameters at P = 0 and
T = 0. Then the macroscopic properties as functions
of temperature and pressure are obtained from the stan-
dard thermodynamic relations. The thermal properties
are studied at pressures ranging from 0 to 100 GPa and
temperatures up to 2000 K. Figure 6 shows the effect of
the temperature and pressure on the primitive cell vol-
ume.

Note that the volume increases linearly with increas-
ing temperature. The rate of increase is nearly zero from

0 to 150 K and becomes very moderate for T > 150 K.
In addition, the volume decreases with increasing pres-
sure for a given temperature. At T = 300 K and P = 0
GPa, the calculated equilibrium primitive cell volume V
is 95.91 Å3. Figure 7 shows the relationship between the
bulk modulus B and the temperature at different pres-
sures. The bulk modulus is nearly constant for T < 150
K and then decreases linearly with increasing tempera-
ture. In addition, the bulk modulus increases with in-
creasing pressure at a given temperature. This indicates
that the ability of Cr2AlB2 to resist volume changes be-

Fig. 6 Variation of primitive cell volume as a function of
temperature.
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comes weaker with increasing temperature and stronger
with increasing pressure. At T = 300 K and P = 0 GPa,
the bulk modulus is 240.7 GPa.

The heat capacity is an important parameter in con-
densed matter physics and can provide essential insight
into a material’s vibrational properties. Figure 8 shows
the variation of the heat capacity Cv versus temperature.
Note that Cv increases sharply and is proportional to T 3

at very low temperature [32]. At higher temperature, Cv

follows the Debye model and tends to the Dulong–Petit
limit [33], which is approximately given by the classic
equipartition law Cv = 3NkB , where N is the number
of atoms of the considered system, and kB is the Boltz-
mann constant. In addition, Cv decreases gradually with
increasing pressure for a given temperature. Further, the
effect of temperature on Cv is more significant than that
of pressure. To the best of our knowledge, no exper-
imental data have been reported for the heat capacity
Cv. The Cv value of Cr2AlB2 at zero pressure and 300
K is 213.2.

The anharmonicity is restricted to the thermal expan-
sion within the quasi-harmonic approximation. As the
thermal expansion coefficient exhibits anharmonic be-
havior, one cannot expect linear variations with temper-

Fig. 7 Temperature-dependence of bulk modulus B of
Cr2AlB2 at different pressures.

Fig. 8 Calculated temperature-dependence of heat capacity
of Cr2AlB2 at constant volume.

Fig. 9 Variation of the thermal expansion coefficient as a
function of temperature and pressure.

ature and pressure. Figure 9 shows the effect of tempera-
ture and pressure on the thermal expansion coefficient α.
Note that α first increases quickly with increasing tem-
perature up to 500 K. Then α tends to increase linearly
at temperatures above 500 K. This shows that anhar-
monic effects are important at low temperature and high
pressure for Cr2AlB2, and the effect of the temperature
on α is very small at high temperature. With increasing
pressure, α decreases sharply for a given temperature.
Further, the thermal expansion decreases more rapidly
as the temperature increases. At T = 300 K and P = 0
GPa, α is 2.13× 10−5 K−1.

3.4 Optical properties

The dielectric function describes the effect of an elec-
tric field such as an oscillating light wave on a material
[34]. ε1(ω) provides information on the electronic polar-
izability of the material [30]. The peak of the imaginary
part ε2(ω) is related to the electron excitation. Figure
10(a) shows the dielectric function of Cr2AlB2 as a func-
tion of photon energy. Note that ε1(ω) decreases sharply
with increasing photon energy when the photon energy
is small, reaching a minimum at a photon energy of 3.03
eV. When the photon energy is larger than 3.03 eV, ε1(ω)
first increases and then decreases to the minimum at a
photon energy of 8.33 eV. At higher photon energies,
ε1(ω) shows steady behavior at the high-energy limit.
Thus, Cr2AlB2 is transparent to high-energy radiation.

When the photon energy ranges from 2.66 to 3.54 eV
and 4.8 to 16.08 eV, ε1(ω) < 0, and Cr2AlB2 exhibits
metallic characteristics. From the vector wave equation,
ω2ε = c2(K · K), the vector wave K is an imaginary
number when ε1(ω) < 0. This shows that light cannot
propagate in this frequency range. The static dielec-
tric constant ε1(0) is approximately 53.1, which is much
larger than those of BaTiO3 (5.12), BiInO3 (6.75), and
Ti3N4 (18.31) [35–38]. This shows that Cr2AlB2 is a
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promising dielectric material and useful in the manufac-
ture of high-value capacitors [39]. From Fig. 10(a), ε2(ω)
first increases and then decreases with increasing photon
energy. The photon energy for the first dielectric peak of
ε2(ω), which is generated by charge transfer between the
Cr 3d and B 2p states, is 1.88 eV. ε2(ω) reaches a second
peak value at 4.79 eV, which corresponds to the tran-
sition derived from charge transfer between the Cr 3d
and B 2p states. When a material is transparent, ε2(ω)
is zero, but it becomes nonzero when absorption begins.
The ε2(ω) value of Cr2AlB2 is zero at approximately 16
eV, which indicates that Cr2AlB2 becomes transparent
above 16 eV.

Figure 10(b) shows the refractive index n and extinc-
tion coefficient k of Cr2AlB2. Note that n and k show
trends that are similar to those of the real and imagi-
nary parts of the dielectric function, respectively. The
refractive index n0 is maximum for the entire photon
energy range and is 7.3, which is found to satisfy the
condition n0 =

√
ε1(0). As the value of n is greater

than 1, photons entering the material are slowed by in-
teractions with electrons in the material. The extinc-
tion coefficient k reaches a peak at a photon energy of
2.4 eV and decreases to zero when the photon energy is
approximately 16.2 eV. This indicates that the intrinsic
oscillation frequency of Cr2AlB2 is approximately 16.2
eV, and Cr2AlB2 is transparent in the ultraviolet. At
photon energies of 2.66 to 3.54 eV and 4.82 to 16.09 eV,
the extinction coefficient k is larger than the refractive

Fig. 10 Dielectric function (a) and refractive index and
extinction coefficient (b) of Cr2AlB2.

index n, indicating that light cannot propagate in these
ranges, and Cr2AlB2 exhibits the reflective behavior of
a metal.

Figure 11 shows the energy loss function, reflectivity,
optical conductivity, and absorption of Cr2AlB2. From
Fig. 11(a), the reflectivity reaches a maximum of 0.96512
at 15.3 eV, followed by a sharp decline with increasing
photon energy. In the range of 9.08–16.13 eV, where the
reflectivity of Cr2AlB2 exceeds 70% and the refractive
index n of Cr2AlB2 is smaller, Cr2AlB2 exhibits the re-
flective behavior of a metal with high reflectivity. The

Fig. 11 Reflectivity (a), energy loss function (b), absorption coefficient (c), and optical conductivity (d) of Cr2AlB2.
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lower reflectivity of Cr2AlB2 at photon energies of 18–22
eV reveals that Cr2AlB2 is optically transparent in this
photon energy range. Figure 11(b) shows the electronic
energy loss function of Cr2AlB2. The energy loss func-
tion reaches a maximum at a photon energy of 16.09 eV,
which corresponds to the bulk plasma frequency ωp of
Cr2AlB2 and is related to plasma oscillation. Note that
the ωp value of Cr2AlB2 is nearly equal to its intrinsic os-
cillation frequency. If the incident light has a frequency
greater than the plasma frequency of Cr2AlB2, the ma-
terial will be transparent, and its response will change
from metallic to dielectric.

Figure 11(c) shows the absorption coefficient of
Cr2AlB2, which reaches the first peak of 1.33287 × 105

cm−1 at a photon energy of 3.0079 eV and reaches a max-
imum of 2.93524×105 cm−1 at a photon energy of 8.6225
eV. This indicates that the frequency range of 3.095–
15.095 eV is the strongest absorption zone for Cr2AlB2.
From Fig. 11(d), the optical conductivity of Cr2AlB2 in
the photon energy range of 18–22 eV is zero. The optical
conductivity reaches a maximum at a photon energy of
approximately 2.3 eV, which is close to the peak of the
extinction coefficient. At zero photon energy, the optical
conductivity is zero because of the zero band gap of the
material.

4 Conclusion

On the basis of DFT within the GGA, the structural,
optical, and thermal properties of Cr2AlB2 were investi-
gated. Analysis of the elastic constant and phonon dis-
persion indicated that Cr2AlB2 is mechanically and ther-
modynamically stable. Similar to other MAX phases,
Cr2AlB2 exhibits metallic conductivity, according to
analysis of the band structure and DOS. The thermal
properties at different temperatures and pressures were
calculated. The bulk modulus decreases linearly with in-
creasing temperature for T > 150 K and increases with
increasing pressure at a given temperature. With in-
creasing pressure, the thermal expansion coefficient α de-
creases sharply for a given temperature. Analysis of the
optical properties revealed a large static dielectric con-
stant, indicating that Cr2AlB2 is a promising dielectric
material and is useful in the manufacture of high-value
capacitors. At photon energies of 2.66–3.54 eV and 4.82–
16.09 eV, light cannot propagate, and Cr2AlB2 exhibits
the reflective behavior of a metal. The strongest absorp-
tion of Cr2AlB2 appears at 3.095–15.095 eV.
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