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Abstract

The structural, electronic and optical properties of LaBr; have been investigated using the density functional theory within generalized gradient
approximation. The calculated structural parameters are in good agreement with the experimental data. The energy band structure, the density of
states and atomic charges are obtained, which indicate that the covalent feature of LaBr; involves the Sp-orbital on La and the 4s-orbital on Br, and
that LaBr; is an insulator with the indirect band gap. Moreover, the optical properties including the dielectric function, absorption spectrum,
refractive index, extinction coefficient, reflectivity and energy-loss spectrum are all obtained and analyzed in details within the energy range up to
40 eV. And the results are compared with the available experimental data.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

The rare-earth trihalides have been widely used in various
fields such as nuclear industry, energy production and
environments. The lanthanide bromide (LaBrs3), as a typical
material of the rare-earth trihalides, is an important component
of high-pressure discharge lamps and plays an essential role in
the design of protection systems for cases of nuclear reactor
accidents. Also LaBr; has the characteristic of intense and high-
efficiency luminescence when Ce or Pr atom is doped. Due to
the floppy structure of LaBr;, the number of accurate
experimental studies is quite limited. Sato [1] measured the
optical absorption and X-ray photoemission spectra of evapo-
rated thin films of LaBr;. Kovacs et al. [2] studied the molecular
structure of LaBr; by high-temperature infrared spectra. Mean-
while, Zakharov et al. [3] reinvestigated the molecular
structures of LaBr; by gas-phase electron diffraction. With
regard to theoretical study, it is mainly focused on the molecular

* Corresponding author. School of Physics and Engineering, and Sun Yat-sen
University, Guangzhou, China. Tel./fax: +86 20 84115692.
E-mail address: lichenliang1980@yahoo.com.cn (B. Wang).

0040-6090/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/).ts£.2008.03.020

properties of LaBrs, including the geometric structure, vibra-
tional frequencies, and thermochemical [4—10]. The theoretical
researches referring to its electronic structure have been quite
few. Adamo et al. [9,10] calculated the charges of LaBr;
molecular system through the natural population analysis
procedure in the framework of the natural bond orbital
approach. At present, there is no theoretical report about
electronic and optical properties of the bulk LaBr; using the
first-principles method. However, exploring the electronic and
optical properties of LaBr; should have important signification
to improve the range of practical applications and elucidate the
physical origin of its interesting properties.

In this work, we report a series of first-principles density
function theory calculations on the structural, electronic and
optical properties of LaBr;. We present the optical properties,
including the dielectric function, absorption spectrum, refractive
index, extinction coefficient, reflectivity and energy-loss spectrum.

2. Computational method

The calculations are performed using the Full-potential
Linearized Augmented Plane Wave (FP-LAPW) method based
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on density functional theory (DFT). We used the program
package WIEN2k code, and relativistic effects are taken into
account within the scalar-relativistic approximation. The
Perdew—Burke—Ernzerhof generalized gradient approximation
(GGA) [11] was used for the exchange and correlation
correction. This is due to the fact that a number of studies
show that the DFT methods based on the GGA scheme can
compute accurately the properties of transition metals [12—16].
The structural optimizations are conducted using the Broyden—
Fletcher—Goldfarb—Shanno minimization, modified to take into
account the total energy as well as the gradients. Atomic charges
were calculated according to the formalism described by Segall
et al. [17]. The optical properties are then calculated based on
the linear response theory.

We use a parameter RytKvax =38 to control the size of basis
set for the wave functions. The muffin-tin radii Ryt we chose
are 2.5 and 2.3 for La and Br, respectively. For optical properties
calculations, it is important to use a sufficient number of &
points. Therefore, the changes of the optical properties with the
number of k points in the optical matrix elements calculation are
tested. For the sampling of the Brillouin zone, the electronic
structures and optical properties used a 8§x8x10 and
12x12x12 k-point grid generated according to the Mon-
khorst—Pack scheme [18], respectively.

The optical properties of LaBrs is determined by the
frequency-dependent dielectric function &(w)=¢(w)+iex(w)
that is mainly connected with the electronic structures. The
imaginary part &,(w) of the dielectric function &(w) is calculated
from the momentum matrix elements between the occupied and
unoccupied within selection rules. The real part &;(w) of the
dielectric function ¢(w) can be derived from the imaginary part
&>(w) using the Kramers—Kronig dispersion equation. And all
other optical constants, such as the absorption spectrum,
refractive index and reflectivity can be derived from &;(w)
and &>(w) [19].

3. Structure determination

LaBr; is hexagonal (the space group is P6;/m) with a
bimolecular unit cell. Lanthanide and bromide occupy 2a in (1/3,
2/3, 1/4) and 6h in (0.385, 0.299, 1/4) sites, respectively [20].
The crystal structure is optimized by force and energy
minimization. In the process of optimization, all atoms are
moved towards their equilibrium positions. The experimental
and calculated lattice parameters are summarized in Table 1. The
a and c lattice constants are overestimated by 1.6% and 2.3%
comparing with the experiment results, respectively. These
deviations are within the admitted range of the errors of the first-

Table 1
Crystal structures of LaBr;
a=b (A) ¢ (A) v (A%)
LaBr; Experiment® 7.951 4.501 246.424
Calculation® 8.082 4.605 258.797
* Ref. [20].
® This work.

10 —
# —
/
5
0 - —_— - -
>
L
2
§°T
=
m
10
e
15 ke
-20
G A H K G M L H

Fig. 1. Calculated energy band structure of LaBr; crystal.

principles methods. Thus, our structure is in reasonable
agreement with the experiment.

4. Electronic properties

In the following, we calculated the electronic structures of
LaBr; at the equilibrium structure. The energy band structure and
density of states (DOS) are shown in Figs. 1 and 2, respectively.
The energy band structure is calculated along the way that
contains the highest number of high-symmetry points of the
Brillouin zone, namely G-A—H—>K—>G—>M—L—-H.
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Fig. 2. Calculated density of states of LaBr; crystal.
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The zero energy is arbitrarily taken at the Fermi level (dashed
line).

The top of valence band (VB) and the bottom of conduction
band (CB) is at the point M (0, 0.5, 0) and G (0, 0, 0),
respectively. Thus, LaBr; has an indirect band gap of 3.75 eV.
Unfortunately, no experimental and theoretical information
about the value of the band gap is available for LaBr; at present
stage. The band gaps predicted by DFT are smaller than the
experimental data, which means that our result underestimates
the real band gap of LaBrs;. In our calculation, the scissors
operator on both the electronic structure and the optical
properties were not considered. The lowest bands around
—32.8 eV (not shown in Fig. 2) consist of 5s state of La. The La
5p state is located at around —16.2 eV. The bands around
—13.2 eV are derived from the 4s state of Br. The highest
occupied valence band consists of 4p states of Br that decide the
top of the valence band. The lowest unoccupied conduction
band consists of 5d states of La that decide the bottom of the
conduction band. By analyzing partial density of states, there is
a well known hybridization between Br 4s and La 5p orbitals.
Therefore, we can conclude that LaBr; has also some covalent
features in spite of its main ionic character. This result is
consistent with other theoretical computations [8,9].

We also calculated the atomic charges for LaBr; because it is
a good method to understand bonding behavior. The atomic
charges results are given in Table 2. The charge transfer from La
to Br is about 0.6 electrons. Therefore, we concluded that the
bonding behavior of LaBr; is a combination of covalent and
ionic nature. The result is consistent with our DOS calculation.

5. Optical properties

Based on the electronic structure, the dielectric functions of
LaBrj3 are calculated. And the &,(w) and ¢;(w) as a function of
the photon energy are shown in Fig. 3. The imaginary part &,(w)
of the dielectric function is directly connected with the energy
band structure. The threshold peak of the imaginary part appears
at about 3.82 eV that is related to the direct transition from the
top of valence band to the bottom of conduction band at the M
point. Peak A at about 9.87 eV corresponds to the transition
from Br 4p VB to La 54 CB, and peaks B (15.08 ¢V) and C
(24.34 eV) are ascribed to the transition of inner electron
excitation from La 5p and Br 4s VB to CB. For the real part ¢,
(w), it presents four main peaks at 7.32 eV, 8.56 eV, 13.22 eV
and 23.46 eV, respectively. And it reduces to a minimum at
26.28 eV.

Fig. 4(a)—(e) shows the calculated results on the absorption
spectrum, refractive index, extinction coefficient, reflectivity

Table 2
Atomic charges of LaBrs

Species s P d Total Charge (electron)
La 2.40 6.61 1.39 10.40 0.60
Br (1) 1.84 5.36 0 7.20 -0.20
Br (2) 1.84 5.36 0 7.20 -0.20
Br (3) 1.84 5.36 0 7.20 -0.20
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Fig. 3. Calculated imaginary part &,(w) and real part &;(w) of the dielectric
function &(w) for LaBr; crystal.

and energy-loss spectrum, respectively. It can be seen that the
calculated absorption spectrum is in good agreement with the
experimental data [1]. But the intensity obtained in the
experiment and our calculation is somewhat different. For
example, the peak at 25.04 ¢V is stronger than the experimental
value. For the discrepancy, one could arise from the use of
evaporated thin film of LaBr; in the experiment. The other
could be the broadening of the experimental and theoretical
curves. The degree of such broadening can influence the
intensity of the peak [21], but it is not given in the experiment.
In our calculation, we used Gaussian smearing which is 0.4 eV.
The absorption spectrum starts at 4.06 e¢V. In the range from 0 to
4.06 eV, the reflectivity is lower than 15%, which indicates that
LaBr; material is transmitting for frequencies less than 4.06 eV.
Moreover, when the frequency is higher than 30.77 eV, the
material becomes transparent. The energy-loss spectrum
describes the energy loss of a fast electron traveling the
material, and its sharp peak is usually associated with the
plasma energy [22]. The energy-loss spectrum of LaBrs
presents four prominent peaks which are consistent to the
roots of &;(w). At present, there are not yet any experimental
results on these optical constants except absorption spectrum.
Therefore, we hope that our calculated results could serve as a
reference for future experimental study.

6. Conclusions

In summary, we calculate the crystal structure, the band
structure, density of states, atomic charges and optical proper-
ties for LaBr; by means of the density functional theory within
the GGA. Our structural parameters are in good agreement with
the experimental data. LaBr; is an insulator with an indirect
band gap that is 3.75 eV. And the top of the valence band is
decided by 4p states of Br and the bottom of the conduction
band is decided by 5d states of La. Further, LaBr; has covalent
characters. In the end, based on the electronic band structure,
the dielectric function, absorption spectrum, refractive index,
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Fig. 4. Calculated optical constants of LaBr; crystal: (a) Absorption spectrum, (b) refractive index, (c) extinction coefficient, (d) reflectivity, and (e) energy-loss

spectrum.

extinction coefficient, reflectivity and energy-loss spectrum are
obtained. The relations of the optical properties to the interband
transitions are also discussed in detail.
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