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The electronic properties (Fermi surface, band structure, and density of states (DOS)) of Al-based alloys AlM3
(M = Zr and Cu) and AlCu;yZr are investigated using the first-principles pseudopotential plane wave method within the
generalized gradient approximation (GGA). The structural parameters and elastic constants are evaluated and compared
with other available data. Also, the pressure dependences of mechanical properties of the compounds are studied. The
temperature dependence of adiabatic bulk modulus, Debye temperature, specific heat, thermal expansion coefficient, en-
tropy, and internal energy are all obtained for the first time through quasi-harmonic Debye model with phononic effects for
T =0 K-100 K. The parameters of optical properties (dielectric functions, refractive index, extinction coefficient, absorp-
tion spectrum, conductivity, energy-loss spectrum, and reflectivity) of the compounds are calculated and discussed for the
first time. The reflectivities of the materials are quite high in the IR—visible-UV region up to ~ 15 eV, showing that they
promise to be good coating materials to avoid solar heating. Some of the properties are also compared with those of the
Al-based Ni3z Al compound.
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1. Introduction

Aluminum-based alloys have received much attention in
recent years because of their important roles in many tech-
nological applications. They have vast applications in the
aerospace, microelectronic, motorized vehicles, and domes-
tic industry. As the alloys are important in the engineering
and research areas, mechanical behavior has become a focus
of various investigations. A large quantity of alloy elements
can be used to form the Al-based intermetallic compounds. It
is observed that the bonding behaviors and electronic natures
are changed of such a type of alloys which show excellent
mechanical, physical, and chemical properties.!!! The com-
pounds involving aluminum and transition metals are known
to have high resistance to oxidation and corrosion, elevated-
temperature strength, relatively low density, and high melt-
ing points, which make them desirable candidates for high-
temperature structural applications.!?! Zirconium can effec-
tively enhance the mechanical strengths of the alloys when
copper and zinc elements exist in aluminum and Al-based
alloys.[?! Many investigations have focused on the constituent
binary systems, such as Al-Cu, Al-Zr, and Cu—Zr.1*! Some
theoretical investigations have been performed on Al-based al-
loys such as structural, elastic and electronic properties./1%-11]

To the best of our knowledge, electronic band struc-
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tures, Fermi surfaces, thermal and optical properties of AlZrs,
AlCus, and AlCu,Zr compounds have not yet been discussed
theoretically and experimentally. The thermodynamic proper-
ties include a variety of properties and phenomena such as bulk
modulus, specific heat, thermal expansion coefficient, Debye
temperature, etc. The specific heat of a material is one of the
most important thermodynamic properties indicating its heat
retention or loss ability. We have also briefly discussed our
calculated structural and elastic properties for AlZr3, AlCus,
and AlCu,Zr intermetallic alloys.

On the other hand, the optical properties of solids pro-
vide an important tool for studying energy band structures,
impurity levels, localized defects, lattice vibrations, and cer-
tain magnetic excitations. The optical conductivity or the di-
electric function indicates a response of a system of electrons
to an applied field. Thus there is a need to deal with all these
issues which have been covered for the first time in the present
paper. A detailed discussion and analysis are made, some of
which are in comparison with the results of available Al-based

alloys.[10-12]

2. Computational details

The density functional theory (DFT) based on the
CASTEP code has been used in the present investi-
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gation.['3-1%1 The interactions between valence electrons
and ions are considered using the ultrasoft pseudo-
potential formalism of Vanderbilt.'”l To find out the
minimum potential energy of the compound, a quasi-
Newton (variable-metric) minimization method, the Broyden—
Fletcher—Goldfarb—Shanno (BFGS) update scheme, '8! is uti-
lized, which provides a very efficient and fast way to explore
the optimizing crystal structure. The electron wave function is
expanded in plane waves up to an energy cutoff of 400 eV
for AlZr; and 500 eV for AlCuz as well as AlCuyZr for
the sampling of the Brillouin zone,!'”1 a 15 x 15 x 15, 21 x
21 x 21,9 x 9 x 9 Monkhorst—Pack mesh are employed?"! for
AlZrz, AlCusz, and AlCu,Zr, respectively. Generalized gradi-
ent approximation (GGA) of the Perdew—Burke—Ernzerhof for
solids (PBEsol) formalism,!'® which is dependent on both the
electron density and its gradient at each space point is used
to evaluate the exchange-correlation energy. Optimization is
performed using a convergence threshold of 10> eV/atom
for the total energy and 1073 A for maximum displacement.
Maximum force and stress are 0.03 eV/A and 0.05 GPa, re-
spectively for all the calculations. Norm conserving pseudo-
potential is used only for calculating the optical properties,
keeping the other setup unchanged. The resulting stress can
be calculated with respect to the optimized crystal structure!?!]
using a set of homogeneous deformations with a finite value.

The thermodynamic properties are studied within the
quasi-harmonic Debye model implemented in the Gibbs
program,*?! a detailed description of which can be found in
Refs. [23]-[25]. We use the DFT calculated E ~ V (energy
~ volume) data at T = 0 K, P = 0 GPa, and the third-order
Birch-Murnaghan EOS.?®! Using this, the thermodynamic
properties such as the bulk modulus, thermal expansion co-
efficient, specific heats, and Debye temperature at non-zero
temperature and pressure are calculated.

3. Results and discussion
3.1. Structural properties

Aluminum-based intermetallic AIM3 (M =Zr and Cu) bi-
nary alloys crystallize into the cubic CuzAu structure!?’-?8]
with space group Pm-3m (No. 221) consisting of Al atoms at
the corners and M atoms at the face centers of the cube. The
atomic positions are Al: 1a (0,0,0), and M: 3¢ (0,1/2,1/2).
The ternary AlCu,Zr alloy is a partially ordered CupMnAl-
type fcc (space group No. 225: Fm-3m) structure,>”! where
Al atoms occupy the 4a Wyckoff site (0,0,0), Cu atoms oc-
cupy the 8¢ site (1/4,1/4,1/4) and Zr atoms occupy the 4b
site (1/2,1/2,1/2). In order to investigate the ground-state
properties of AlM3 (M =Zr and Cu) and AlCu,Zr alloys, the
geometry optimizations are performed first with the full relax-
ation of the cell shape and atomic positions. The equilibrium
crystal structures of these compounds are shown in Fig. 1. The

results of first-principles calculations of the structural prop-
erties of these compounds are presented in Table 1, together
with the available experimental values>’~>°! and other theo-
retical results.['”) The comparison shows that our results are
in reasonable agreement with both theoretical and experimen-
tal values.

Fig. 1. (color online) Crystal structures of AIM3 (M =Zr and Cu) and
AlCuyZr.

Table 1. Values of calculated and experimental lattice constant a (in unit
A), equilibrium volume V; (in units A3), bulk modulus By (in unit GPa) of
AlZr3z, AlCus, and AlCu,Zr alloys.

Compounds a Vo By Ref.
4.3799 84.02 99.2 this paper
AlZr3 4.381 84.11 100.8 [10]
4.392 84.70 - [27]
3.6909 50.28 129.0 this paper
AlCuj 3.693 50.36 131.0 [10]
3.607 - - [28]
6.2525 244.43 129.4 this paper
AlCuyZr 6.256 244.81 128.6 [10]
6.216 240.21 - [29]

3.2. Mechanical properties

Generally, elastic constants of a solid permit us to obtain
the mechanical properties and they can be used to describe the
resistance of a crystal to an externally applied stress. They also
provide important information about bonding characteristics
near the equilibrium state. Thus, it is essential to investigate
the elastic constants to understand the mechanical behavior of
AlM3 (M =Zr and Cu) and AlCu;Zr compounds at equilib-
rium and under pressure. For a material with cubic symmetry,
there are only three independent elastic constants, i.e., Cj,
C12, and Cy4. In this paper, the calculated single crystal elas-
tic constants of these compounds are listed in Table 2. It can
be seen that the obtained elastic constants of the alloys agree
well with the theoretical results in Ref. [10], which indicates
that the DFT method we used in this study is reasonable. Fur-
thermore, the corresponding requirements of mechanical sta-
bility in a cubic crystal lead to the following restriction on the
elastic constants:[*% Cj; +2Cj2 > 0, Caa > 0, C;; — Cp2 > 0.
As shown in Table 2, all of the elastic constants for the com-
pounds satisfy these criteria mentioned above, indicating that
these compounds are mechanically stable.

083101-2



Chin. Phys. B  Vol. 25, No. 8 (2016) 083101

Table 2. Values of calculated elastic constants C;; (in unit GPa), bulk modulus B (in unit GPa), shear modulus G (in unit
GPa), Young’s modulus E (in unit GPa), Poisson’s ratio v, elastic anisotropic factor A for AlZr3, AlCu3, and AlCu,Zr
alloys at equilibrium.

Compound C;;/GPa  C2/GPa  Css/GPa  B/GPa G/GPa E/GPa B/G \% A Ref.
147.4 75.2 74.2 99.2 55.6 140.5 1.78 0.264 1.52  this paper
AlZrs 1487 79.4 70.8 1025 534 1365 192 0278 149 [10]
163.8 79.3 86.5 107.7 - - - - - [5]
152.4 117.3 85.4 129.0 459 1231 2.81 0341 1.89  this paper
AlCus 150.7 120.6 81.9 130.6 43.6 117.7 3.00 0350 1.89 [10]
176.0 117.4 924 136.9 49.6 132.8 - 0.340 - [4]
AICu,Zr 180.6 103.8 65.7 129.4 53.0 139.9 244 0320 1.30  this paper
157.5 1153 62.7 129.4 41.2 111.8 3.14 0356 1.53 [10]
The pressure dependences of the calculated elastic con- 400 r : . .
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Fig. 2. (color online) Pressure dependences of elastic constants of (a) AlZrs, 2
(b) AlCu3, and (c) AlCuyZr. 0.24 L
0 10 20 30 40 50
The polycrystalline elastic properties, such as bulk mod- Pressure P/GPa

ulus B, shear modulus G, Young’s modulus E, and Poisson’s Fig. 3. (color online) Pressure effects on (a) bulk modulus (B), shear modu-
lus (G), and Young’s modulus (E); (b) the values of ratio of bulk modulus to

ratio v are estimated from the calculated single crystal elastic shear modulus (B G) and Poisson's ratio (v) of AlZrs, AICus, and AICu>Zr

constants, and are presented in Table 2. The calculated results
show that G for AlZrj3 is the largest, while for AlCu,Zr it is The pressure effects on the calculated bulk modulus,
less than that for AICu3, which agrees well with the available shear modulus, and Young’s modulus of AlZr;, AlCus, and

10]

theoretical calculation.! AlCuyZr are shown in Fig. 3(a). The rate of increase of G
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with pressure is smaller than those of B and E. The shear
modulus G is mainly due to the elastic constant C44, because
a large Cy4 implies a stronger resistance to shear in the (100)
plane. Young’s moduli of AlZr3 and AlCu,Zr are nearly equal
at P = 0 GPa but when pressure increases the Young’s modu-
lus for AlCu,Zr increases more rapidly than those for the other
two phases, which indicates that AlCu,Zr phase is much stiffer
than the other two phases at high pressure.

Figure 3(b) shows the pressure dependences of Poisson’s
ratio and B/G of AlZr3, AlCuz, and AlCu,Zr. Poisson’s ratio
can reflect the bonding properties of material. For the different
bonding materials, Poisson’s ratios are different.[*!l As for a
covalent material, the value of v is small (typically ~ 0.1); for
an ionic material, the typical value of v is 0.25; for a metal-
lic material, v is typically 0.33.13!] In this case, Poisson’s ra-
tio ranges from 0.264 to 0.341, which indicates that the AlM3
(M =Zr and Cu) and AlCu,Zr compounds show metallic be-
haviors. Poisson’s ratio increases with pressure increasing, the
larger Poisson’s ratio signifies better plasticity. Hence it can be
said that AlCus possesses better plasticity than the other two
phases. Additionally, in order to evaluate the ductility of mate-
rial, a parameter B/G has been proposed by Pugh.!3?! The crit-
ical value separating ductility from brittleness is about 1.75.
In the present work, the calculated values of B/G (Table 2)
for these three compounds are all higher than 1.75, implying
that AIM3 (M =Zr and Cu) and AlCu,Zr alloys behave in a
ductile manner. Figure 3(b) shows that B/G increases with
pressure growing for all the compounds under study. It indi-
cates that AlZr3, AlCus, and AlCu,Zr are ductile compounds
at up to 50 GPa. Anisotropy is used to describe situations

Energy E/eV

where properties vary systematically, dependent on the direc-
tion. A =2C44/(Cy1 — C)2) is called a shear anisotropy factor,
often used to represent the elastic anisotropy of crystals. 3]
The A values of 1.52, 1.89, and 1.30 for AIM3 (M =Zr and Cu)
and AlCu,Zr alloys, respectively quantify elastic anisotropies.
It is noted that AICu3 phase is much more anisotropic than the

other two phases.

3.3. Electronic band structure and Fermi surface

The investigated electronic band structures along high
symmetry directions in the Brillouin zones together with the
total densities of states (DOSs) of AlZr3, AlCusz, and AlCu,Zr
are depicted in Fig. 4. The band structures reveal metallic
characters with dispersion bands crossing the Fermi level (Ef)
for all structures. For AlZr; and AlCu,Zr alloys, Zr 4d or-
bitals are mainly responsible for the metallic characters. But
for AlCuj, at the Fermi level, the main contribution comes
from the Cu 3d orbitals.

It is observed from Fig. 4(a) that for AlZr3 alloy, the hy-
bridization between Al 3p orbital and Zr 4d orbital is strong
both below and above the Fermi level. For this reason the en-
tire DOS can be divided into bonding and anti-bonding regions
and therefore a pseudogap resides in between. The character-
istic pseudogap around the Fermi level indicates the presence
of the directional covalent bonding. The Fermi level located
at a valley in the bonding region implies that the system has a
pronounced stability.!!'! There is a general consideration that
the formation of covalent bonding would enhance the strength
of material in comparison with the pure metallic bonding.**
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Fig. 4. Band structures and total DOSs of (a) AlZrs, (b) AlCu3, and (c) AlCu;Zr.
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According to the covalent approach, the guiding principle
is to maximize bonding. Hence the stability increases with in-
creasing occupancy in the bonding region, for a series of com-
pounds having the same structure.?> Therefore it can be said
that AlZr3 is structurally more stable than AICu3. On the other
hand, for AlCu;,Zr, the main bonding peaks from Fermi level
to 3 eV predominantly derive from the Zr 4d orbitals. The
phase stability of intermetallic compound depends on the lo-
cation of the Fermi level and the value of the DOS at Ep.[3637]
The lower value of DOS at Er corresponds to a more stable
structure. The values of the total DOS at the Fermi level in
states are 3.2 eV and 9.3 eV for AlZr; and AlCu,;Zr alloys,
respectively. Therefore, it can be said that AlZr3 has a more
stable structure than the other two alloys of Al under consider-
ation, which agrees very well with the observation in Ref. [10].

The shape of the Fermi surface is derived from the pe-
riodicity and symmetry of the crystalline lattice and from the
occupation of electronic energy bands. It separates unfilled or-
bitals from the filled orbitals. The Fermi surface topologies of
AlZr3, AlCusz, and AlCu,Zr are shown in Fig. 5. The shapes
of the Fermi surfaces are quite different for the three Al-based
intermetallic compounds. In the cases of AlZr; and AlCus,
two energy bands cross the Fermi level. They form two Fermi
sheets. AlZr3 has a hole-like Fermi surface around R point as
well as around X point. The topology of the Fermi surface
of AlZrs is nearly similar to that of YPbs.[38! Again, AlCuj
has two hole-like Fermi sheets around X point. On the other
hand, AlCu,Zr alloy has four Fermi sheets because four en-
ergy bands cross the Fermi level. The topology of this Fermi
surface is complicated; it has hole-like sheets around R point
and electron-like sheets around I" point.

Fig. 5.
AICu,Zr.

(color online) Fermi surfaces of (a) AlZrs, (b) AlCus, and (c)

Charge transport is mainly limited by carrier—carrier and
carrier—phonon scattering. Besides, there is always impurity
scattering in most real systems. The carrier—carrier scattering
is intimately related to the electronic band structure and den-
sity of states at the Fermi level. The topology of the Fermi
surface also plays a role. For example, the highly dispersive
nature of energy dispersion curve for AlZr; (Fig. 4(a)) around
the Fermi energy, implies high carrier mobility. This is sup-
ported by the large low energy optical conductivity seen in
Fig. 11(h) for the same compound (AlZr3).

3.4. Thermal properties

The thermodynamic properties such as the bulk moduli,
specific heats, Debye temperatures, and volume thermal ex-

pansion coefficients at different temperatures and pressures are
evaluated for the first time for these compounds. We calculate
all the thermodynamic properties in a temperature range from
0 K to 1000 K and a pressure range from 0 GPa to 50 GPa,
where the quasi-harmonic Debye model remains valid.

In the quasi-harmonic model, the nonequilibrium Gibbs

function G * (V; P, T) can be written as!??]

Gx(V;PT)=E(V)+PV+Auw(Op(V);T),

where E(V) is the total energy per unit cell, PV corre-
sponds to the constant hydrostatic pressure condition, and
Ayib(Op(V); T) is the vibrational Helmholtz free energy which
is given by

Ayib (Op (V);T) = nkT

x {98@; +3In [1exp(@D/T)D(®TD>”,

where 7 is the number of atoms per formula unit, k is the Boltz-
mann constant, D(@p /T) is the Debye integral and Op repre-
sents the Debye temperature. The thermal equation of state
V(P,T) and the chemical potential G(P,T) can be obtained by
minimizing the nonequilibrium Gibbs function with respect to
volume V. Other macroscopic properties as a function of pres-
sure P and temperature Tcan also be derived from standard

thermodynamic relations. [>?!
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Fig. 6. (color online) Temperature dependences of (a) adiabatic bulk modu-
lus and (b) Debye temperature of AlZr3;, AlCus, and AlCu,Zr.

The temperature dependences of adiabatic bulk modulus,
B of AlZr;, AlCujz, and AlCu,Zr alloys at P = 0 GPa are
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shown in Fig. 6(a). Our calculations exhibit that B value for
AlCuyZr is nearly flat whereas for AlZr3 compound, it de-
creases with temperature increasing up to 1000 K. We also
note that in a temperature range of 0 K-600 K, B fluctuates for
AlCus, it then decreases smoothly with temperature increas-
ing until 1000 K. For AlZr3, AlCus, and AlCu;,Zr alloys, the
values of B are found respectively to be 99 GPa, 126 GPa, and
129 GPa at P = 0 GPa and T = 0 K, which are in good agree-
ment with the values computed using elastic constant data (Ta-
ble 2).

Debye temperature is basically a measure of the vibra-
tional response of the material. Debye temperature is not a
strictly determined parameter; various estimates may be ob-
tained through well-established empirical or semi-empirical
formula, relating @p to various macroscopic properties.*]
Figure 6(b) depicts the temperature dependences of Debye
temperature, @p of AlZrz, AlCus, and AlCuyZr compounds
at zero pressure. Our calculated values of @p using the quasi-
harmonic Debye model are 367 K, 377 K, and 476 K, respec-
tively for AlZr3, AlCus, and AlCu,Zr alloys at zero pressure
and zero temperature, which are in reasonable agreement with
the values of 385 K, 381 K, and 397 K estimated using elastic
constants data. These may be compared with the calculated
value of @p for NizAl is 466 K.[12]

It is observed from Fig. 6(b) that @p is the highest for
AlCuyZr and the lowest for AlZr; at zero temperature and
pressure. The Debye temperatures decrease slowly with in-
creasing temperature for AlCu,Zr and AlZr3. But for AlCus,
the Debye temperature decreases faster than those of the other
two compounds. The temperature variations of all the phases
reveal that there is a strong bonding in both the AICu;Zr and
AlZr; compounds where a weak bonding occurs in AlCus,
which coincides with the DOS and elastic properties. This
is due to the fact that the Debye temperature is related to the
volume, V and adiabatic bulk modulus, B. The adiabatic bulk
modulus B decreases and increases with increasing tempera-
ture and pressure, respectively but the volume, V, behaves in
an opposite manner. It is found in Ref. [22] that B makes more
contribution to the Debye temperature than, V. On the other
hand, Debye temperature increases with increasing pressure
(not shown).

The specific heat of the material is usually approximated
by the contribution of the lattice specific heat. Figure 7
presents the estimated results on the temperature dependences
of constant-pressure and constant-volume specific heat capac-
ities Cp, Cy of AlZr3, AlCusz, and AlCu,Zr alloys. Due to
the increase of temperature, phonon thermal softening occurs
and hence heat capacities increase. The differences between
Cp and Cy for AlZr3, AlCusz, and AlCu,Zr alloys are due to
the thermal expansion caused by anharmonicity effects.*" In
the low temperature limit, the specific heat exhibits the De-

bye T3 power-law behavior; at high temperature (7' > 300 K),
the anharmonic effect on heat capacity is suppressed, and
Cy approaches the classical asymptotic limit Cy = 3nNkg =
99.7 J/mol-K. These results exhibit the fact that the interac-
tions between ions in AlZrz, AlCu3, and AlCu,Zr alloys have
large effects on heat capacities especially at low temperatures.
The calculations of Fatmi et al.!'?! for a similar type of com-
pound coincide with our results. To evaluate the electronic
contribution to specific heat through the Sommerfeld constant,
y within the free electron model: y= (1/3)n?k3N(EF), we can
use N(Ep) from the investigated DOS for the three alloys. This
scheme gives the values 7.55, 2.95, and 21.93 mJ-mol~!. K2
for AlZr3, AlCus, and AlCu,Zr alloys, respectively.
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Fig. 7. (color online) Specific heats at constant (a) pressure and (b) volume
versus temperature of AlZrz, AlCusz, and AlCu,Zr.

Finally, the computed results on the variations of the vol-
ume thermal expansion coefficient, o, with temperature and
pressure for AlZr3, AlCus, and AlCu,Zr alloys are displayed
in Fig. 8. The volume thermal expansion coefficient, a, re-
flects the temperature dependence of volume at constant pres-
sure: oo = (1/V)(dV/dT)p. Figure 8(a) depicts the tempera-
ture dependence of «, at P = 0 GPa. The coefficient, o, in-
creases rapidly as the temperature increases up to ~ 300 K
and then gradually approaches towards a linear increase with
temperature rising and the propensity of increment becomes
moderate, which means that the temperature dependence of
a, is very small at high temperature. For a given temperature,
the coefficient decreases drastically with the increase of pres-
sure. The pressure dependence of ¢, at 300 K is presented
in Fig. 8(b). At high temperatures and high pressures, the
thermal expansion would converge to a constant value. With
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temperature rising, the average amplitude of atomic vibrations
increases. For an anharmonic potential, it corresponds to the
increase in the average value of inter-atomic separation, i.e.,
thermal expansion. The stronger the inter-atomic bonding, the
smaller the thermal expansion is. The values of ¢, are found
tobe7.5x 1070 K1,3.1x 10 K~!, and 5.3 x 1075 K~! for
AlCujyZr, AlZrz, and AlCuj alloys, respectively at P = 0 GPa
and T = 300 K. The higher value of AlCu3 indicates that it is
softer than the other two compounds. For a given temperature,
the coefficient o, sharply decreases with the increase of pres-
sure but for AlCu,Zr, it is almost constant (see Fig. 8(b)). To
date, there have been no experimental results nor other theoret-
ical investigations for the thermal properties of AlZr3;, AlCus,
and AlCu,Zr alloys; our investigations may serve as a guide
for future research.
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Fig. 8. (color online) Variations of a, with (a) temperature and (b) pressure
of AlZr3, AlCus, and AlCu,Zr.

The variations of entropy, S of AlZr;, AlCusz, and
AlCu,Zr alloys each as a function of temperature and pres-
sure are shown in Fig. 9. It is observed from Fig. 9(a) that
at P = 0 GPa, S increases with increasing temperature. The
rates of increase of entropy with temperature are almost the
same for the compounds under study. This type of diagram is
used in thermodynamics because it helps to visualize the heat
transfer in the process. Entropy is a measure of how much the
energies of atoms and molecules become more spread out in a
process. Figure 9(b) shows that the entropy decreases with in-
creasing pressure. This is due to the fact that when the pressure
on the system increases, the volume decreases. The energies

of the particles are in a smaller space, so they are less spread
out. Hence the entropy decreases. It is observed from Fig. 9(b)
that the rate of decrease of S is the largest for AlCujz and the
smallest for AICu,Zr. Therefore the volume of AlCu3 is more
compressible than those of the other two Al-based alloys under
the same pressure.
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Fig. 9. (color online) Variations of Swith (a) temperature and (b) pressure
for AlZr3, AlCus, and AlCu,Zr.
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Fig. 10. (color online) (a) Temperature and (b) pressure dependences of U
for AlZr3, AlCus, and AlCu,Zr.
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The temperature and pressure variations of the calculated
internal energies for AlZr;, AlCus, and AlCu,Zr alloys are
shown in Fig. 10. The internal energy is the energy associated
with the random, disordered motions of molecules. It is ob-
served from Figs. 10(a) and 10(b) that the internal energies in-
crease with temperature and pressure increasing. At P =0 GPa
the rates of increase of U with temperature increasing are the
same for all the compounds under study. On the other hand, at
room temperature (7' = 300 K), the internal energies increase
5.62%, 6.68%, and 4.72% for AlZr3, AlCus, and AlCu,Zr al-
loys respectively, when the pressure changes from 0 GPa to
50 GPa.

3.5. Optical properties

The optical properties of AlZr3, AlCus, and AlCu,Zr al-
loys may be derived from the knowledge of the complex di-
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electric function, €(®). Generally, there are two contributions
for €(®), namely from intraband and interband transitions.
The contribution from the latter is vital only for metals.*!]
The complex dielectric function can be expressed as €(®) =
€(w)+i&(w). The imaginary part & (@) is obtained from
the momentum matrix elements between the occupied and un-
occupied wave functions within the selection rules, whereas
the real part & (@) of dielectric function can be derived from
the imaginary part using the Kramers—Kronig relation. The
knowledge of both € (®) and & (®) allows the calculation of
important optical constants such as the refractive index n(o),
extinction coefficient k(®), conductivity, optical reflectivity
R(w), absorption coefficient ¢¢(®), and energy-loss spectrum
L(®) using the expressions given in Ref. [42]. The calcula-
tional approaches are well established and widely available in
the literature(*>** and hence will not be repeated here.
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Fig. 11. (color online) (a) Real and (b) imaginary parts of dielectric function, (c) real and (d) imaginary parts of refractive index, (e) absorption, (f)
loss function, (g) reflectivity, and (h) real part of conductivity of AlZr3, AlCu3, and AlCu,Zr.

The estimated optical properties of AlZr3, AlCus, and
AlCu,Zr alloys at ground state are presented in Fig. 11, for
the photon energy ranging from 0 eV up to 20 eV for polariza-
tion vector [100]. The available theoretical data for NizAl!!2!
are also shown in the plots for comparison. Dielectric func-
tion is the most general property of a solid, which modifies
the incident electromagnetic wave of light. Figures 11(a) and
11(b) show the real and imaginary parts of the dielectric func-
tion for AlZr3, AlCu3, and AlCu,Zr alloys along with the

calculated values of NizAl. Our results are similar to those

for Ni3AL[!"?l The electronic band structure analysis shows
that AlZr3, AlCus, and AlCu,Zr alloys are metallic. There-
fore, Drude term correction is required to include the effect of
metallicity. [43-46)

The plasma frequencies of 10 eV, 4 eV, 6 eV, and damp-
ing values of 0.07 eV, 0.05 eV, 0.02 eV are used for AlZr3,
AlCus, and AlCu,Zr alloys, respectively. For all calculations,
we use a 0.5-eV Gaussian smearing. The real part £ goes
through zero from below about 14.52 eV, 21.66 eV, 12.47 eV

and the imaginary part & approaches zero damping values
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of 14.98 eV, 22.80 eV, and 12.98 eV for AlZr3, AlCus, and
AlCu,Zr alloys, respectively. Metallic reflectance characteris-
tics are exhibited in the range £ < 0.

The velocity of propagation of an electromagnetic wave
through a solid is given by the frequency dependent complex
refractive index N = n+ ik, where the real part n is related to
the velocity and the imaginary part , the extinction coefficient
is related to the decay or damping of the oscillation amplitude
of the incident electric field. The refractive indexes and ex-
tinction coefficients are illustrated in Figs. 11(c) and 11(d).
The static refractive index n(0) is found to have the values
11.8 (AlCu3), 19.3 (AlZr3), and 12.4 (AlCu,Zr), which agrees
well with that of another Al-based intermetallic compound
Ni3Al (14.56).1'21 The values of extinction coefficients, k each
show a maximum value at 0.0 eV, then they decrease rapidly
and turn to zero at about 15.0 eV, 22.96 eV, and 12.43 eV for
AlZr3, AlCus, and AlCu,Zr alloys, respectively.

Figure 11(e) shows the absorption coefficient spectra of
the AlZr3;, AlCusz, and AICu,Zr alloys, which begin at zero
photon energy due to their metallic nature. In Fig. 11(e), we
show the absorption coefficient spectrum with one peak be-
tween 0.78 eV and 5.73 eV for AlZr3 which rises and then de-
creases rapidly in the high-energy region. Nearly the same fea-
tures can be seen for AlCuz and AlCu,Zr but with two promi-
nent peaks for AlCus. The highest peaks appear at 7.55 eV,
6.26 eV, and 5.80 eV for AlZr3, AlCu3, and AlCu,Zr alloys,
respectively. The absorption coefficient spectrum of NizAl is
also shown in Fig. 11(e) for comparison, for which the high-
est peak occurs at 14.93 eV.l'?! It is observed from the figure
that at higher photon energies, Ni3 Al and AlCu3 have roughly
similar absorption coefficient spectra.

Loss function is intimately related to absorption and re-
flection. Loss function refers to the fast electron traversing in
a material. It is clear from the study of the figure that maxi-
mum reflectivity occurs where the minimum absorption takes
place. So the study of loss function is the most important in
material study. The electron energy loss function L(w) is de-
picted in Fig. 11(f). The peaks in L(®) spectra represent the
characteristics associated with the plasma resonance and the
corresponding frequency is the so-called plasma frequency,
wp,*"1 which occurs at & < 1 and & = 0.14643] The peaks of
L(w) located at 14.5 eV, 21.7 eV, and 12.4 eV correspond to
plasma frequencies of AlZr3;, AlCus, and AlCu,Zr alloys, re-
spectively. Further, these peaks correspond to irregular edges
in the reflectivity spectra (Fig. 11(g)), and hence an abrupt re-
duction occurs at each of these peak values in the reflectivity
spectra. If the incident light has frequency greater than the
plasma frequencies of the alloys under study, these alloys will
be transparent and will change from metallic to dielectric re-
sponse.

The variations of calculated optical reflectivity R(®) with

incident photon energy are displayed in Fig. 11(g). It is ob-
served from the figure that AlZr; and AlCu,Zr have their max-
imum reflectivity values (~100%) in the infra-red region as
well as in the ultra-violet region. On the other hand, AlCu3
has maximum reflectivity only in the infra-red region. Again
in the visible light region (energy range ~ 1.8 eV-3.1 eV), it
is observed from Fig. 11(g) that AlCu;3 has larger reflectivity
than those of the AlZr3z and AlCu,Zr alloys, but all of them
have reflectivities more than 44%. This indicates that the ca-
pability of AlCuj3 to reflect visible light is stronger than those
of the other two alloys. On the other hand, AlZr3 and AlCu,Zr
alloys are better reflectors than that of the AlCus alloy in the
ultra-violet region. According to Li et al.,[*) a MAX-phase
compound will be capable of reducing solar heating if it has
a reflectivity of ~ 44% in the visible light region. Hence, we
may conclude that all the compounds under study are also can-
didate materials for coating to reduce solar heating.

For the three alloys, their photoconductivities start with
zero photon energy (Fig. 11(h)). This indicates that the ma-
terials have no band gap that is evident from band structure
calculations (Fig. 2). Moreover, the photoconductivities and
hence electrical conductivities of these materials increase as a
result of absorbing photons. From Fig. 11(h), we observe that
the maximum optical conductivities occur at energy 2.72 eV
for AlZr3, 5.40 eV for AlCu3, and 3.21 eV for AlCu,Zr within
the energy range of 2 eV to 6.84 eV, respectively. This implies
that AlCuz will be more highly electrically conductive than
the other two alloys when the incident radiation has an energy
within this range. The photoconductivities reach zero at about
10 eV for both the compounds AlZr; and AlCu,Zr; AlCus
also reaches zero but at 22.5 eV (not shown). There is a pho-
toconductivity for none of the phases when the photon energy
is higher than 22.5 eV. We are not aware of any other theoreti-
cal calculations or experimental data for the optical properties
of AlZr3, AlCus, and AICu,Zr alloys. Thus, our results would
provide a useful reference for further investigations.

4. Conclusions

First-principles calculations based on DFT and the quasi-
harmonic Debye model are used to investigate different prop-
erties of AlZr3, AlCus, and AlCu,Zr alloys. Based on the
calculated results, we find that AlZr3 phase has the highest
stiffness among the three phases. On the other hand, the Pois-
son’s ratio changes from 0.264 to 0.341, which indicates that
AIM3 (M =Zr and Cu) and AlCuyZr compounds show metal-
lic behaviors. In view of Pugh’s criterion for these three alloys
it is observed that these three compounds show ductility be-
havior. Under the effect of pressure, the value of Cy; increases
rapidly with pressure compared to Cj, and Cyq for all com-
pounds, which indicates that the longitudinal strain produces
a significant change in volume. The larger Poisson’s ratio of
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AlCu3 compared to those of the other two phases indicates
better plasticity.

It is also observed from the DOS value that AlZr; has a
more stable structure than the other two alloys. The pseudo-
gap around the Fermi level indicates the presence of the direc-
tional covalent bonding. The AlCuz and AlZr3 show hole-like
Fermi surface whereas AlCu,Zr shows both electron-like and
hole-like Fermi surface. The stronger the inter-atomic bond-
ing, the smaller the thermal expansion is. The smaller value of
AlCu,Zr indicates stronger atomic bonding whereas the higher
value of AlCuj indicates that it is softer than the other two
compounds. The reflectivities of these compounds are high
(~100%) in the IR as well as in the UV region. In the visible
region, all the compounds under study may be considered as
potential coating materials to avoid solar heating.
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