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ABSTRACT

We report on ab initio calculations of the optical properties of TIBr and TICI binary semiconductor compounds using
the self-consistent scalar relativistic full potential linear augmented plane wave band method (FP-LAPW) within the
local density approximation (LDA) including the generalized gradient approximation (GGA). The accurate calculations
of linear optical function (refractive index, reflectance, coefficient of absorption, and both imaginary and real dielectric
function) is performed in the photon energy range up to 20 eV. The predicted optical constants agree well with the

available experimental data.
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1. Introduction

Thallium halides (TICI and TIBr) are technologically
very important materials having many applications as ra-
diation detectors and as new optical fibre crystals. Thal-
lium chloride and thallium bromide both, crystallize in
the cubic CsCl structure. This structure, with a coordina-
tion number of eight, represents the most stable dense
configuration for ionic crystals [1-3].

Most of the heavy-metal halides crystallize into ani-
sotropic or layered structures. On the other hand the
crystal structure of TIC1 and T1Br is simple; the space
lattice is simple cubic (CsCI type). The simple lattice
structure would reduce the complexity of electronic stru-
cture usually encountered in anisotropic materials and
allow us a simple analysis of the optical spectra. Optical
properties of TIC1 and T1Br have been studied by many
workers in the absorption edge [4] and in the VUV re-
gion [5,6]. A remarkable property of thallium halide
crystals is their high dielectric permittivity. The static
values are 30 and 32 for the cubic TIBr and TICI [7-9].

Thallium halogenides TIX (X—CIl, Br, I) are also
widely used in optical engineering due to their high
transparence in a wide range of wavelengths and high
radiation resistance. They are promising for fabricating
fiber-optical waveguides [10]. However, the electronic
structures of these materials are poorly understood. For
TICI, the transmission spectra of films in the range 3 - 6
eV [11], the characteristic electron loss spectra [12], and
theoretical dispersions of four valence and four conduc-
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tion bands are known [13,14]. In addition, the energies of
interband transitions are determined for TICI in a narrow
energy range (3 - 6 eV) only for X and R points and a
middle point of the I'M direction [14].

In this study, we have investigated the optical proper-
ties by means of first-principles density-functional to-
tal-energy calculation using the all-electron full potential
linear augmented plane-wave method (FPLAPW).

2. Calculations

Scalar relativistic calculations have been performed us-
ing the wien2k code [15,16]. For the exchange correla-
tion potential, we have used the local density approxima-
tion (LDA) with a parameterization of Ceperly-Adler
data [17]. The new Full Potential Augmented Plane
Wave method of the density functional theory is applied
[18,19]. Several improvements to solve the energy de-
pendence of the basis set were tried but the first really
successful one was the linearization scheme introduced
by Andersen [20] leading to the linearized augmented
plane wave (LAPW) method. In LAPW, the energy de-
pendence of each radial wave function inside the atomic
sphere is linearized by taking a linear combination of a
solution u at a fixed linearization energy and its energy
derivative u computed at the same energy.

aul (r)+ bl (r) [V, (7)) (R,
o) [PLEF IR
Q7”2 exp(i(k-i—K)r) rel
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where r'=r—r, is the position inside sphere a with po-
lar coordinates ' and r, k is a wave vector in the irre-
ducible Brillouin zone, K is a reciprocal lattice vector and
u;' is the numerical solution to the radial Schrodinger
equation at the energy ¢. The coefficients a;* are cho-
sen such that the atomic functions for all L components
match (in value) the PW with K at the Muffin tin sphere
boundary. The KS orbitals are expressed as a linear com-
binations of APWs @, (r) In 1991 Singh [21] intro-
duced the concept of local orbitals (LOs) which allow an
efficient treatment of the semi-core states. An LO is con-
structed by the LAPW radial functions u and # at one
energy ¢; in the valence band region and a third radial
function at &, (see Equation 2).

Recently, an alternative approach was proposed by
Sjostedt et al [22], namely the APLW+ /o (local orbital)
method. Here the augmentation is similar to the original
APW scheme but each radial wavefunction is computed
at fixed linearization energy to avoid the non-linear ei-
genvalue problem. The missing variational freedom of
the radial wavefunctions can be recovered by adding
another type of local orbitals (termed in lower case to
distinguish them from LO) containing u and # term:

re

It was demonstrated that this new scheme converges
faster than LAPW. The APW + /o scheme has been im-
plemented in the wien2k code version [23].

However, in the calculations reported here, we chose
the muffin tin radii for T1, Br and Cl to be 2.5 a.u. The
expansion of the spherical region is developed up to 7,
= 10 for both compounds, while in the interstitial region
we have used 372 plane waves for TIBr and 331 for TICI.
Furthermore, we have used the energy cut-off of
RyrK,q: = 8 and the maximal reciprocal vector equal to
10 for both compounds.

The integrals over the Brillouin zone are performed
using the Monkorst-pack special k-points approach [24].
Since calculations of the optical properties require a
denser k-matrix, we have used 1000 k-points in the irre-
ducible Brillouin zone for integration in reciprocal space.

Optical properties of a solid are usually described in
terms of the complex dielectric function a(w) =g (w)
+ ig, () The dielectric function is determined mainly
by the transition between the valence and conduction

bands according to perturbation theory; the imaginary
part of the dielectric function in the long wavelength
limit has been obtained directly from the electronic
structure calculation, using the joint density of states
(DOS) and the optical matrix elements. It is expressed as
Equation 4, where m is the mass and e the electrical
charge of the electron, Zl means the summation be-
tween all the conduction bands (/) and valence bands (n);
and P,; expresses the momentum matrix element between
l and n. It is given by

P, =%<nk|VkH,(k)|lk>

where H(k) is the Hamiltonian, and (nk|,|lk> are the
k-space wavefunctions. Using the FP-LAPW parameters,
we can directly calculate P,,.

The real part of the dielectric function can be derived
from the imaginary part by the Kramers-Kronig rela-
tionship. The knowledge of both the real and the imagi-
nary parts of the dielectric allows the calculation of im-
portant optical functions. In this paper, we also present
and analyze the refractive index n(w) given by

(o) = & (za)) N & (a))2+ & (o) )

At low frequency (@ = 0), we get the following relation:
1

n(0)=¢*(0)

To correct the LDA error in the band gaps a constant
potential was applied to the conduction band states (us-
ing the scissors operator which rigidly shifts the conduc-
tion band states) in order to match the calculated band
gaps with the experimental data.

3. Results
3.1. Total Energy Minimization

The structural optimization of the cubic phase was per-
formed by calculating the total energy as function of the
volume. The minimization of the total energy versus
volume requires that each of the self-consistent calcula-
tions is converged, so the iteration process was repeated
until the calculated total energy of the crystal converged
to less than 1 mRyd. A total of seven iterations was nec-
essary to achieve self-consistency for TIBr and nine it-
eration in the case of TICl. The equilibrium lattice con-
stants and bulk modulus are calculated by fitting the total

0 (r) = {[az (1) b () i ()1 (F) R, @
0 rel
4
(@) g ,ZI 2[R, -0 B, (k) E, (k) ho @)
n BZ
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energy versus volume according to Murnaghan’s equa-
tion of state [25]. The variation of total energy as a func-
tion of volume is shown in Figures 1(a) and (b) for T1Br
and TICI respectively.

The results are also shown along with other theoretical
values in Table 1. It is found that the generalized gradi-
ent approximation (GGA) gives quite nice values com-
paring to those obtained by other authors.

3.2. Optical Properties

The study of the optical constants and their variation
with frequency is very interesting for the uses of films in
optical applications. These applications require accurate

knowledge of the optical constants over a wide wave-
length range.

The reflectivity (R) of materials of refractive index ()
and extinction coefficient (k) is given by:

(n - 1)2 +k
(n+1)" —k
The spectra of all optical functions were calculated in
the spectrum range 0 - 20 eV .
The dielectric functions of TIBr and TICI in the cubic
structure are resolved into one component &,(w), the

average of the spectra for the polarization along the x and
y-directions is given in Table 2.

R= 8)

-45791.175 -
A
| Emm: -45791.19 eV
-45791.180 — 8 B=23.46 GPa
s .
- B=4.08
; V,=432.64 a.u’
-45791.185 | 4 a=7.5633 a.u.
S s
) A
3
S -45791.190 "
[ =
w 3
a
-45791.195 5
. o
o & A A vy & e
B
-45791.200
-45791.205 ; ; ; ; ; ; ; ;
340 360 380 400 420 440 460 480
Volume (a.u.’)
(a)
TICI
-41500.905 A
E =-41500.92
min
. B=30.22 GPa
-41500.910 - i .
2 B=3.71
_ 3
V,=(381.86 a.u.%)
— “a a=7.255 a.u.
> .41500.915 -
o)
>
2
[ &
Q .
W 41500.920 -
s
=
-41500.925 - R
B
N L
Heea &
-41500.930 : : T T . T . T r T
300 320 340 360 380 400

Volume (a.u.”)

(b

Figure 1. () Energy (eV) versus volume (A%) for TIBr; (b) energy (eV) versus volume (A% for TICI.
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Table 1. Static equilibrium constant a (A) for TIBr and TICI. comparison of present results with previous calculations.

Compounds TIBr Ticl
P Present work (GGA96)  Other calculations  Exp. Present work (GGA96) Other calculations Exp.
Lattice parameter a (A) 4.0 3.96° 3.98° 3.84 3.84° 3.83°
“reference [26]; breference [27]; ‘reference [28]
Table 2. The calculated dielectric constants for TIBr and TICI.
Compounds TIBr TICI
P Present work (GGA96) Other calculations Exp. Present work (GGA96)  Other calculations Exp.
Dielectric function &(0) 304 30.6° 30° 324 32.7° 32°
“reference [29]; "reference [30]; ‘reference [7].
Figure 2 shows the variation of the dispersive part of
the dielectric function, &;. The calculated spectra have 104 TIBr

been obtained by Kramers-Kronig transformation of the
shifted &, spectra. The main features for both compounds
are a shoulder at lower energies, a rather steep decrease
between 4.5 and 6.5 eV for TIBr and 6 to 7.5 eV for TICI,
after which & becomes negative, a minimum and a
slow increase toward zero at higher energies. The calcu-
lated dielectric constants compared with the experimen-
tal data and some other works are shown in Table 2.

Next, we consider the imaginary part of the electronic
dielectric function for TIBr and TICI respectively (see
Figure 3), for radiation up to 20 ¢V. The calculated re-
sults are rigidly shifted upwards by 0.81 eV and 1.14 eV
for TIBr and TICI respectively. The main feature is a
broad peak with a maximum around 6 eV for TIBr and
6.5 eV for TICI, the maximum amplitude is at 13 for
TIBr and 12 for TICl, a shoulder is also visible at around
9 eV for TIBr and 10 eV for TICIL. The peak as well as
the shoulders are excellently reproduced in the calcula-
tions, as are the general form of some experimental spec-
tra [14]. There are also two other groups of peaks, in (9.3
- 12.2 eV) for TIBr and (8.2 - 12 eV) for TICI photon
energy range, they are mainly due to transitions in the
vicinity of X and R.

Figure 4 shows the reflectivity spectra of T1Br and
TICI in the energy region below 20 eV. The spectra are
consistent with the previous measurements [5,6]. The
peaks at 5.1 eV and 6.4 eV for TIBr and TICI respec-
tively, are due to the lowest direct exciton transition at X
point in the Brillouin zone, namely the excitonic transi-
tions from the T1 + 5d core level to the 6p level. The
structures below 13 eV are due to the transitions from the
valence band composed of T1 + 6s states and halogen p
states to the conduction band of mainly T1 + 6p states.

The absorption spectra of TIBr and TICI are displayed
in Figure 5, they are very similar to the spectrum a(FE)
calculated using the experimental data [10].

The similarity of the coefficients of the absorption
edge and exciton peaks in the TIBr and TICI is evidence
that the absorption edge in these salts is the tail of the
first direct exciton peak.

Copyright © 2011 SciRes.
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Figure 4. Reflectivity (R) versus energy (eV) for TIBr and
TICI.
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Figure 5. Absorption coefficient (&) versus energy (eV) for
TIBr and TICI.

The absorption and luminescence spectra of thallium
halides reveal, at the fundamental edges, clearly pro-
nounced exciton effects, namely, series of narrow exci-
ton lines, which imply the existence of bound exciton—
phonon states [31].

We now shortly discuss the spectra obtainable from
the dielectric function, namely the refractive index.

As seen in Figure 6, the refractive indices for both
TIBr and TICl were computed using both real and
imaginary parts of the dielectric function. It shows that
the refractive index exhibits a significant dispersion in
the short wavelength region were absorption is strong. It
increases with the increase of the energy of the incident

Copyright © 2011 SciRes.
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Figure 6. Refractive index (n) versus energy (eV) for TIBr
and TICI.

light, becoming nearly flat in the higher region. It is ob-
served also that n reached a peak value at 2.39 eV for
TIBr and 2.19 eV for TICI, consistent with previous ex-
perimental measurements, and these peaks occurred
more or less at the same energy in the real part of the
dielectric constant energy dependence curves.

4. Conclusions

The optical properties of cubic TIBr and TICI have been
investigated using the wien2k package, full-potential
linearized augmented plane wave (FP-LAPW) approach
within the density functional theory (DFT) in the local
spin density approximation (LSDA) including the gener-
alized gradient approximation (GGA) was used. The use
of GGA for the exchange-correlation potential permitted
us to obtain good structural parameters. The real and
imaginary parts of the dielectric functions were calcu-
lated for polarization in the x-y plane, the optical proper-
ties are excellently reproduced using the density func-
tional theory, if we allow for a rigid shift of the band
structure, the so-called scissors operator.

Thus, in this paper, all the optical spectra, and local-
ization of transitions in the volume of the Brillouin zone
are successfully calculated using the theoretical FLAPW
method.
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