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a b s t r a c t

We present first-principles study of the electronic and the optical properties for the intermetallic

trialuminides ScAl3 compound using the full-potential linear augmented plane wave method within

density-functional theory. We have employed the generalized gradient approximation (GGA), which is

based on exchange-correlation energy optimization to calculate the total energy. Also we have used the

Engel–Vosko GGA formalism, which optimizes the corresponding potential for calculating the electronic

band structure and optical properties. The electronic specific heat coefficient (g), which is a function of

density of states, can be calculated from the density of states at Fermi energy N(EF). The N(EF) of the

phase L12 is found to be lower than that of D022 structure which confirms the stability of L12 structure.

We found that the dispersion of the band structure of D022 is denser than L12 phase. The linear optical

properties were calculated. The evaluations are based on calculations of the energy band structure.

& 2010 Elsevier Inc. All rights reserved.
1. Introduction

The intermetallic trialuminides XAl3 (X¼Zr, Yb and Lu)
compounds show a variety of interesting physical properties
ranging from magnetism [1–3], de Haas-van Alphen [4,5], thermal
[6], transport [7] and electronic properties [8–11]. Among these
compounds ScAl3 plays very important role in providing super-
plastic ductilities to Al based alloys [12–16]. Superplasticity refers
to the ability of a material to pull out to a high tensile elongation
without the development of necking within the gauge length [17].
In general, superplasticity is observed in materials having very
fine grain sizes, typically less than 10 um, when testing at
elevated temperatures where diffusion is reasonably rapid
[17,18]. ScAl3, an aluminum rich compound, has received growing
attention as high-specific-strength material [19]. Sc is known to
give rise to the highest increase in strength, per atomic percent, of
any alloying addition in aluminum [20] and it is only slightly
denser than aluminum itself [19]. The structural stability and
electronic structure of ScAl3 were studied using an all-electron,
total energy, and local density approach as implemented in the
semirelativistic linear muffin-tin orbital (LMTO) method. The
calculated results show that ScAl3 in the L12 phase is energetically
favored compared with the D022 phase by about 0.42 eV per
ll rights reserved.
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formula unit [8]. And it is found that ScAl3 appears ideal for study
as a dispersed phase in aluminum alloys [8]. In addition the
optical conductivity of single crystal of ScAl3 was measured by
spectroscopic ellipsometry in the range of 1.5–5.5 eV [1]. The
conductivity spectra of ScAl3 show peaks between 1.5 and 4.2 eV.
To understand the origin of these peaks in the measured optical
conducting spectra of ScAl3, Lee et al. [1] employed the FP-LAPW
method based on local density approximation (LDA) to calculate
density of states and optical conductivity.

Measuring and calculating the optical properties have long
been a powerful tool in studying the electronic structure of
solids. Today, knowledge of the refractive indices and absorption
coefficients of solids is especially important in the design and
analysis of new devices. The dielectric function e(o)¼e1(o)+ie2(o)
fully describes the optical properties of any homogeneous medium
at all photon energies.

To our knowledge no comprehensive work neither experi-
mental data nor theoretical calculation on the fundamental
optical functions of ScAl3 has appeared in the literature. In this
paper, we report the calculation of electronic band structure,
density of states and for the first time the optical properties such
as the dielectric function, reflectivity spectra, refractive index and
the loss function. To accomplish that we used the full potential
linear augmented plane wave (FP-LAPW) method, which has
proven to be one of the most accurate methods [21,22] for the
computation of the electronic structure of solids within a
framework of density functional theory (DFT). A detailed depic-
tion of the electronic and spectral features of the optical
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properties of ScAl3 using full potential method is very essential
and would bring us important insights in understanding the
origin of the electronic band structure and densities of states.

In Section 2 we present the theoretical aspects of the
calculation methods. The calculated band structure and density
of states are given in the Section 3.1. Section 3.2 is devoted to the
optical properties.
Fig. 1. Crystal structure of L12 (a) and D022 (b) phases of ScAl3 compound.

Fig. 2. Variation of total energies as a function of volume for L12 and D022 phases

of ScAl3 compound calculated using the GGA approximation.
2. Theoretical calculation

The intermetallic trialuminides ScAl3 belongs to a I4/mmm for
D022 Phase and Pm3 m for L12 space group, the unit cell
parameters are given in Table 1. The structure of L12 and D022

phases are shown in Fig. 1. It was reported in an early study that
ScAl3 had the cubic L12 phase at room temperature [23,24,8]. We
use a full-potential linear augmented plane wave method within
density-functional theory (DFT) [25], as implemented in the
package WIEN2k code [26]. For the exchange and correlation
potential we used the generalized gradient approximation (GGA)
in the form proposed by Perdew et al. [27] which is based on
exchange-correlation energy optimization to calculate the total
energy for structural properties. In addition the Engel–Vosko
generalized gradient approximation (EV-GGA) [28], which
optimizes the corresponding potential, is used for band
structure and optical properties calculations. It is well known
that the DFT self-consistent band structure calculations using
either LDA or GGA functional, usually underestimate the energy
gap of semiconductors [29]. This is mainly due to the fact that
they have simple forms that are not sufficiently flexible to
accurately reproduce both exchange-correlation energy and its
charge derivative. Engel and Vosko considered this shortcoming
and constructed a new functional form of GGA, which is able to
better reproduce the exchange potential at the expense of less
agreement in the exchange energy. This approach called EV-GGA,
yields better band splitting and some other properties which
mainly depend on the accuracy of exchange correlation potential.
We take the full relativistic effects for core states and use the
scalar relativistic approximation for the valence states. The RMT

are assumed to be 2.0 atomic units (a.u.) for Sc and 1.9 a.u. for Al.
We used the parameters Kmax¼9/RMT and lmax¼10. The self-
consistency was achieved by using 84 k-points for L12 and 99 k-
points for D022 in the irreducible Brillouin zone (IBZ). The density
of states and the optical properties are calculated using 286 and
726 k-points for L12 and D022, respectively. The self-consistent
interactions were performed until the convergence in the energy
reaches about 10�4 Ry. Five to seven values of c/a are typically
used for a fixed volume and a polynomial is then fitted to the
calculated energies to determine the best c/a ratio. The final
outcome of this process is a set of values of the equilibrium cell
energy versus the cell volume: E(V)¼minc/a E(V,c/a). We have
calculated the total energy at several volumes around the
equilibrium for the investigated compound as illustrated in
Fig. 2. It is clearly seen that the L12 phase is energetically
Table 1
Calculated lattice parameters, bulk modulus, its derivative and DOS at EF, in compari

compounds in two phases.

ScAl3 a (Å) c/a

Structure Calc. Exp. Calc.

L12 4.104n, 4.055[8] 4.10 [23]

D022 4.29n, 3.966[8] 2.22n, 2.21

n This work.
favored compared to the D022 phase in the entire region shown.
This is in good agreement with the results obtained by Xu and
Freeman [8].
3. Results and discussion

3.1. Band structure and density of states

The electronic band structures along the symmetry lines of the
Brillouin zone using EV-GGA approximation are shown in Fig. 3.
The total density of states along with the Sc-s/p/d and Al-s/p
partial densities of states were calculated and illustrated in Fig. 4.
We note that moving from L12 to D022 all the structures in the
son with the available previous calculations and the experimental data for ScAl3

B (GPa) B0 N(EF) (states/eV)

Exp.

86.48n, 93 [8] 4.39n 1.28, 1.165 [8]

[8] 81.285n, 90 [8] 3.912n 2.37, 1.805 [8]
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Fig. 3. Calculated band structures using EV-GGA for the two phases (a) L12 and (b) D022 of ScAl3 compound.
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DOS and the electronic band structure shift towards higher
energies resulting in pushing more bands towards EF and more
bands cut EF indicating that the compound becomes more
metallic with density of states at Fermi energy (EF) of about
17.37 and 32.18 (states/Ry-cell) for L12 and D022, respectively. We
note that the cubic ScAl3 phase has a low N(EF) value which
confirms the stability of this phase [30,31]. It is clear that the
dispersion of the band structure of D022 is denser than that of L12.
The DOS at Fermi energy (EF) is determined by the overlap
between the valence and conduction bands. This overlap is strong
enough indicating metallic origin with different values of DOS at
EF, N(EF). The electronic specific heat coefficient (g), which is a
function of density of states, can be calculated using the
expression, g¼ 1

3p
2NðEF Þk

2
B, here N(EF), is the density of states at

Fermi energy, and kB is the Boltzmann constant. The calculated
density of state at Fermi energy N(EF), enables us to calculate the
bare electronic specific heat coefficient, the obtained value is
about 3.0132 and 5.5824 (mJ/mol. K2) for L12 and D022,
respectively. It is clear that when we move from L12 phase to
the D022 phase the overlapping around EF is increased. From the
PDOS one can see that all the Sc-d states concentrated at the
conduction bands with very small contribution around Fermi
energy. Moving from L12 to D022 we notice that: (1) more Sc-d
bands overlapping around Fermi energy with increasing the
magnitude of Sc-d in the conduction band. (2) Sc-s hybridizes
strongly with Sc-p, whereas the hybridization reduces between
Al-p and Al-s around 2.0 eV in the D022 phase in comparison with
L12 phase, which is attributed to the increasing of the Al-p
magnitude and reducing the magnitude of Al-s when we move
from L12 to D022 phase.
3.2. Optical properties

The I4/mmm space group of ScAl3 with two formula units per
unit cell, has two dominant components of the dielectric tensor.
These frequency-dependent dielectric functions are eJ2ðoÞ and
e?2 ðoÞ corresponding to the electric field direction parallel and
perpendicular to the crystallographic c axis. We have performed
calculations of the imaginary part of the interband frequency
dependent dielectric function using the expressions in Ref. [32].

eJ2ðoÞ ¼
12

mo2

Z
BZ

X
n,n0

jPZ
nn0 ðkÞj

2dSk

ronn0 ðkÞ

e?2 ðoÞ ¼
6

mo2

Z
BZ

X
n,n0

½jPX
nn0 ðkÞj

2þjPY
nn0 ðkÞj

2�dSk

ronn0 ðkÞ

The above expressions are written in atomic units with e2
¼

1/m¼2 and _¼1, where o is the photon energy. PX
nn0 ðkÞ and PZ

nn0 ðkÞ

are the X and Z component of the dipolar matrix elements
between initial jnkS and final jn

0

kS states with their eigenvalues
En(k) and En0 ðkÞ, respectively.

on0 ðkÞ is the energy difference onn0 ðkÞ ¼ EnðkÞ�En0 ðkÞ and Sk is a
constant energy surface Sk ¼ fk, onn0 ðkÞ ¼og. The integral is over
the first Brillouin zone.

Whereas the space group Pm3m has only one component of
the dielectric tensor. For this space group we have calculated the
imaginary part of the frequency-dependent dielectric functions
using the expression in Ref. [33].

e2ðoÞ ¼
8

3po2

X
nn0

Z
BZ
jPnn0 ðkÞj

2 dSk

ronn0 ðkÞ

where Pnn0 ðkÞ is the dipolar matrix elements between initial jnkS
and final jn0kS states with their eigenvalues En(k) and E0n(k),
respectively.

The calculation of these frequency dependent dielectric functions
requires the precise values of energy eigenvalues and electron
wavefunctions. These are natural outputs of a band structure
calculation. Generally there are two contributions to frequency-
dependent dielectric functions, namely intra-band and inter-band
transitions. The contribution due to intra-band transitions is crucial
only for metals. The inter-band transitions of these frequency-
dependent dielectric functions can be split into direct and indirect
transitions. We neglect the indirect inter-band transitions involving
scattering of phonons assuming that they give a small contribution to
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Fig. 4. The total and partial density of states (states/eV unit cell) L12 and D022 phases.
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the frequency-dependent dielectric functions. To calculate the direct
inter-band contributions to the imaginary part of the frequency-
dependent dielectric function, it is necessary to perform summation
over the BZ structure for all possible transitions from the occupied to
the unoccupied states taking the appropriate transition dipole matrix
elements into account.

Fig. 5a and b, depicts the variation of the imaginary part of the
frequency dependent dielectric function. The spectral broadening
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is taken to be 0.1 eV. We have included the Drude term, its effect
is significant for energies less than 1 eV. The sharp rise at low
energies is due to the Drude term. Following e2(o) spectra one can
conclude that the L12 phase shows one principal peak situated
around 2.0 eV, whereas the D022 phase shows two principal peaks
situated around 0.5 and 2.0 eV for e?2 ðoÞ and eJ2ðoÞ, respectively.
We should emphasize that there is a considerable anisotropy
between these two components eJ2ðoÞ and e?2 ðoÞ of D022. The
peaks in the optical response are caused by the allowed electric–
dipole transitions between the valence and conduction bands. To
identify these structures we should consider the magnitude of the
optical dipole matrix elements. The observed structures would
correspond to those transitions which have larger optical matrix
dipole transition elements. It would be worthwhile to attempt to
identify the inter-band transitions that are responsible for the
spectral features in e2(o) and eJ2ðoÞ and e?2 ðoÞ using our calculated
band structure and density of states. The optical transitions occur
between the occupied states Sc-s/p/d and Al-s/p and the
unoccupied states Sc-s/p/d and Al-s/p. Also we have calculated
the real parts of the dielectric functions. The real parts of the
frequency dependent dielectric function eJ2ðoÞ and e?1 ðoÞcan be
derived from the imaginary part using the Kramers–Kronig
relations [34] (see Fig. 5 c and d).

For more details about the spectral features of the optical
properties of the investigated crystal we have calculated the
reflectivity spectra R(o), refractive indices n(o) and loss function
L(o). Fig. 6a and b, shows the calculated reflectivity spectra. We
notice that a reflectivity maximum between 5.0 to 11.0 eV for
D022 and 8.0 to 11.0 for L12 arises from inter-band transitions. We
noticed that there is an abrupt reduction in the reflectivity
spectrum at 12.66 and 13.09 eV for RJðwÞ and R?ðoÞ of D022 phase,
respectively, and at 13.09 eV of L12 phase which confirms the
occurrence of a collective plasma resonance. The depth of the
plasma minimum is determined by the imaginary part of the
dielectric function at the plasma resonance and is representative
of the degree of overlap between the inter-band absorption
regions. The calculated refractive indices n(o) are shown in Fig. 6c
and d. We note that at low energy range both of L12 and D022

shows high refractive indices then goes to lower values at the
high energies. There is a considerable anisotropy between the two
components of D022 phase. Electron energy loss spectroscopy
(EELS) is a valuable tool for investigating various aspects of
materials [35]. It has the advantage of covering the complete
energy range including non-scattered and elastically scattered
electrons (zero loss). At intermediate energies (typically 1–50 eV),
the energy losses are primarily due to a complicated mixture of
single electron excitations and collective excitations (plasmons).
The positions of the single electron excitation peaks are related to
the joint density of states between the conduction and valence
bands, whereas the energy required for the excitation of bulk
plasmons depends mainly on the electron density in the solid. At
higher energies, typically a few hundred eV, edges can be seen in
the spectrum, indicating the onset of excitations from the various
inner atomic shells to the conduction band. In this case, the fast
electrons excite the inner shell electrons (core loss) or induce core
level excitation of near edge structure (ELNES) and X-ray
absorption near edge structure (XANES). The edges are
characteristic of particular elements and their energy and height
can be used for elemental analysis. Plasmon losses correspond to
a collective oscillation of the valence electrons and their energy is
related to the density of valence electrons. In the case of inter-
band transitions, which consist mostly of plasmon excitations, the
scattering probability for volume losses is directly connected to
the energy loss function. In Fig. 6e and f, the energy loss function
is plotted in basal-plane and in direction of c-axis. There are other
features in this spectrum, in addition to the plasmon peak,
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associated with interband transitions. The plasmon peak is
usually the most intense feature in the spectrum and this is at
energy where e1(o) goes to zero. For our compound, the energy of
the maximum peak of (�e1(o))�1 at �12.66 eV for LJ(o) and
13.09 eV for L?ðoÞ of D022 and around 13.06 eV for L12 which are
assigned to the energy of volume plasmon op. As there are no
experimental or theoretical results for the spectral features of the
optical properties available for these compounds, we hope that
our work will stimulate more works.
4. Summary and conclusions

We have performed first principles calculations of the electro-
nic properties such as the electronic band structure, density of
states, linear optical properties within a framework of FP-LAPW
method. The evaluations are based on calculations of the energy
band structure. The imaginary and real parts of the frequency
dependent dielectric function, reflectivity and loss function were
calculated and analyzed based on our calculated band structure
and density of states. The linear optical properties of D022 show a
considerable anisotropy. The density of states at Fermi energy (EF)
increases when we move from L12 to D022 and the dispersion of
the band structure of D022 is denser than that of L12.

The DOS at Fermi energy (EF) and the electronic specific heat
coefficient (g) were determined. It is clear that the overlapping
around EF is increased when we move from L12 phase to the D022

phase. All the Sc-d concentrated at the conduction bands with
very small contribution around Fermi energy. Moving from L12 to
D022 we notice that: (1) more Sc-d bands overlapping around
Fermi energy with increasing the magnitude of Sc-d in the
conduction band. (2) Sc-s hybridizes strongly with Sc-p, whereas
the hybridization reduces between Al-p and Al-s around 2.0 eV
that is attributed to the increasing of the Al-p magnitude and
reducing the magnitude of Al-s.

The optical properties of the investigated crystal e2(o), eJ2ðoÞ,
e?2 ðoÞ, R(o), n(o) and loss function L(o) were calculated and
analyzed using our calculated density of states and the electronic
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band structure. We should emphasize that in the L12 phase e2(o)
shows one principal peak situated around 2.0 eV, whereas in the
D022 phase it shows two principal peaks situated around 0.5 and
2.0 eV for e?2 ðoÞ and eJ2ðoÞ, respectively. In addition it is noticed
that there is an abrupt reduction in the reflectivity spectrum at
12.66 and 13.09 eV for RJ(o) and R?ðoÞ of D022 phase, respec-
tively, and at 13.09 eV of L12 phase which confirms the occurrence
of a collective plasma resonance. The calculated refractive indices
n(o) reveal that at low energy range both of L12 and D022 show
high refractive indices then go to lower values at the high
energies.
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