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The results of calculations using local density approximation and generalized gradient approxima-
tion: the total energy depending on the volume of the unit cell, the distribution of the total density
of states and the partial contributions of electronic orbitals in the band structure of Tl,Cdls and
T1,Hgl, crystals are shown in this paper. The spectra of the real part of the dielectric permittivity,
the spectra of the imaginary part of permittivity, the reflection spectra and the absorption coefficient
of both crystals are obtained using the Kramers—Kronig method. A comparative analysis of theo-
retical calculations with experimental data is carried out. Substantial influence of electron—phonon
broadening is shown.
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1. Introduction

The actual task of microelectronics is the problem of finding new materials to create
temperature sensors on their basis. Usually the basic requirements for these materials
are: optimal size, maximum transformation ratio of signal, available temperature range
operation, recurrent use of the material in service. Promising in this regard may be crys-
tals that exhibit structural phase transitions of the anomalous behavior of the thermal
expansion coefficient. Among the existing compounds, a considerable attention at-
tracted A4BX; crystals. Thus, T1,Cdl, and Tl,Hgl, represent a relatively new class of
superionics that can exhibit high-temperature phase transitions. Moreover, these new
materials with controlled physical parameters are promising compounds for optoelec-
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tronics and nonlinear optics. Earlier studies [1—4] described methods of synthesizing
these compounds, methods of growth, as well as some results of their physical prop-
erties. In this paper we presented the results of calculations of the energy band spectrum
and optical constants of T1,Cdly and TI;Hgl, crystals. Until now we have not found
in literature any work either experimental or theoretical on the optical functions or
first principles electronic structure of single-crystalline ternary halides like T1,Cdl,
and TI,Hgl.

2. Calculation technique

The calculations of the total electron energy of crystals were carried out self-consistently
in the density functional theory framework. The electron energies and densities were
determined by solving the Kohn—Sham equations [5]. The method of generalized gra-
dient approximation (GGA) was used to describe the exchange-correlation potential.
In this work, we used the Perdew—Burke—Ernzerhof (PBE) representation [6] for this
potential. Vanderbilt ultrasoft pseudopotentials [7] were used for the description of
ionic potentials. The inequality AE < 2x107% eV for the electron energy difference be-
tween consequent iterations was selected as a criterion of self-consistent procedure
convergence.

The relaxation procedure was considered to converge when the magnitudes of
forces acting upon the atoms became less than 0.05 eV/A and the bulk stress was less
than 0.1 GPa. The equilibrium volume ¥}, (the unit cell volume, at which the total en-
ergy is minimal), the bulk modulus of compression B, and its derivative were obtained
from the equation of state of the third order [8, 9], which was fitted to the total energy
dependence on the unit cell volume using the least square method.

3. Results and discussion
3.1. Total energy and structural properties of T1,Cdl

In order to check how the experimental lattice parameters differ from the equilibrium
one, the geometry optimization of a model structure was carried out.

The experimental and theoretical values for equilibrium lattice parameters and ion
positions in the crystal unit cell, as well as the ground state parameters E, V), By,
and B', are tabulated. The calculated values of crystal lattice parameters differ from
experimental ones within 5.15%, whereas the ion positions differ from the correspond-
ing experimental data by no more than 1.5%.

On the basis of equilibrium structural lattice parameters we obtained the band-energy
spectrum of T1,Cdl, crystals (Fig. 1).

The analysis of band diagrams showed that those bands which form a forbidden
gap demonstrate a rather weak dispersion. There should be noted the greater dispersion
in the valence band diagram for the case of equilibrium lattice parameters, and small
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Fig. 1. Fragments of the band-energy diagram for the experimental T1,Cdl, crystal lattice constants
(dashed line) and theoretical equilibrium structural parameters (solid lines).

decrease in the band gap (0.2 eV). Distribution of states remains unchanged, the width
of valence zones complex increases.

3.2. Band structure of T1,CdI,

First principle calculations of electronic band dispersion of Tl,Cdl single crystals are
carried out using the Vanderbilt ultrasoft pseudopotential to describe the electron—ion
interaction and various approximations of the electrons exchange-correlation interac-
tion, namely: the local density approximation (LDA), generalized gradient approxi-
mation (GGA) [6] and hybrid functional B3LYP [10-12].

The calculations were performed with the basis of plane waves (the cut-off kinetic
energy E =290 eV).

Figure 2 shows fragments of band-energy diagram TI,Cdl, crystal, calculated
using the exchange-correlation potentials LDA and GGA. Results of examination show
that the zones which form the forbidden gap exhibit rather weak dispersion except
towards the center of the Brillouin zone. The smallest band gap energy is located in
the center of the Brillouin zone (point /7). The band gap in the case of calculations
using the LDA approximation is £, = 1.88 eV (previous calculations show the value
1.78 eV [11]), whereas in the case of GGA — E, =2.04 eV.

The analysis of the partial contributions of individual orbitals to the total density
of states function and the partial contributions of zones in electron density allowed us
to determine the origin of the valence bands of T1,Cdl, crystals. The lowest zones are
located near —12 eV, showing the localization of the charge on the anion ions (iodine).
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Fig. 2. Fragments of the band-energy diagram for the T1,CdI, crystal calculated using the exchange-cor-

relation potential LDA (solid lines) and GGA (dashed lines).
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Fig. 3. The distribution of total density of states and the partial contributions of electron orbitals in the band

structure of the T1,Cdl¢ crystal.
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Fig. 4. The real part of dielectric permittivity & obtained on the basis of band calculations.

The review of contributions of band states by changing the k-points involved in
the creation of these zones shows only unbound S5s-electrons of halogen, as evidenced
by the core nature of these zones dispersion. Following Fig. 2, one can emphasize that
main mobile holes are near the 7~ Brillouin zone point. However, more interesting is
a fact that along the /=M direction there is a coexistence of high and low mobility car-
riers which may be a confirmation of the coexistence of different bands (see Figs. 3
and 4).

The next valence bands placed around —10 eV are formed by thallium 5d-states,
whereas Cd 4d-states form zones around —8 eV energy mark. Formation of energy
bands in the vicinity of labels from —5.5 to —3.5 eV is derived from the contributions
of all ions. The nature of these zones is due to intramolecular binding interaction. In
all k-space these zones are associated with s-electron states of thallium and cadmium
which overlap with p-electron states of iodine.

The next zones in the range from —2.8 to —0.2 eV are associated with the p-orbitals
of'iodine. The top of valence complex is practically anionic with admixture of s-states
of thallium. States of the bottom of the conduction band are mainly composed of
s-orbitals of cadmium mixing with thallium p-orbitals. Comparing the theoretical re-
sults with experimental data we need to remember the underestimation of the value of
the band gap in the GGA calculations.

3.3. Optical constants dispersion of T1,Cdl,

Among the optical constants, a particular importance has the real £ and imaginary &,
parts of the dielectric constant. This is due to the fact that their spectra, as well as re-
flectivity spectra can be obtained in a wider energy range compared to other optical
functions such as the refractive index n and absorption coefficient &
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However, the experimental reflectivity curve and the set of optical constants, cal-
culated on their basis, give the integral curve as the sum of contributions of all transi-
tions throughout the volume of the Brillouin zone.

Spectra of the imaginary part of the dielectric function can be obtained from
the results of band calculations of wave functions and energy eigenvalues of valence
and virtual states. In the imaginary part two types of electronic excitations have con-
tributions: intra- and inter-band ones.

3.4. Band structure of T1,HgI,

The first principle calculations of electronic band dispersion of T1,Hgl single crystals
are carried out using the Vanderbilt ultrasoft pseudopotential to describe the electron
—ion interaction and various approximations to describe the exchange—correlation in-
teraction of electrons [6] and hybrid functional B3LYP [10, 11, 13].

The calculations were performed with the basis of plane waves (the cut-off kinetic
energy E.,=350¢V). The smallest band gap energy is located in the center of
the Brillouin zone (point /7). The band gap in the case of calculations using the LDA
approximation is £, = 1.15 eV (previous calculations show the value 1.27 eV [11]),
whereas in the case of GGA — E, = 1.265 ¢V. Similar calculations using the hybrid po-
tential BALYP give the value £, = 2.795 V. Thus, the Tl Hgl, crystals have a direct
energy gap.

The analysis of the partial contributions of individual orbitals to the total density
of states function (Fig. 3) and the partial contributions of zones in electron density al-
lowed us to determine the genesis of the valence bands of TI,Hgl, crystals. The lowest
zones located near —12.5 eV show the localization of the charge on the anion ions (io-
dine). The review of contributions of band states by changing the k-points involved in
the creation of these zones shows only unbound 5s-electrons of halogen, as evidenced
by the core nature of these zones dispersion.

3.5. Optical constants of TI,Hgl¢

To investigate the optical properties of T1,Hgl crystals, the imaginary part of dielectric
permittivity (Fig. 6) has been calculated. On its basis, using the Kramers—Kronig re-
lations [14], the spectral dependences of the reflectance (Fig. 7) and absorption (Fig. 8)
have been calculated.

The spectral dependences of & and &,, calculated on the basis of the energy band
results, show anisotropy, which is confirmed by comparing the experimental data for
two polarizations of light: £ || @ and E || c.

The dependences of optical constants of Tl,Hgl crystals can be divided into three
main groups of peaks localized in spectral regions: 2-3.5 eV, 3.5-7 eV, and 8-13 eV.

The energy difference between the two curves for different polarizations of light
matches the energy distances between the structures that form the bottom of the con-
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Fig. 5. Fragments of the band-energy diagram for the Tl,Hgl, crystal calculated using the exchange—cor-
relation potential LDA (solid lines) and GGA (dashed lines).
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Fig. 6. The total density of states and the partial contributions of electronic orbitals in the band structure
of the TI,Hgl, crystal.
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Fig. 7. The real part of dielectric permittivity £ obtained on the basis of band calculations.

0 2 4 6 8 10 12 14 16
Energy [eV]

Fig. 8. The imaginary part of dielectric permittivity &, obtained on the basis of band calculations.

duction band of Tl,Hgl, crystals (compare Figs. 5-8). This is also consistent with ex-
perimental data band gap difference for different polarizations obtained from the mea-
sured absorption spectra [3].

The performed results show that electron—phonon interaction gives principal
contribution to the optical spectra which may define principal features of different
materials [14-21].

From the performed calculations of optical functions we have defined the degree
of electron—phonon interaction for the principal bands following the technique of
Green function calculations [22]. All the spectrum on that basis could be divided into
three principal parts. The first one within the 4.1-6.2 eV shows contribution of
about 21%, the second one within 6.2-7 eV shows contribution of about 8% and
the last one above 7.2 eV — the contribution of 3%.
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The obtained results may be useful for further studies of the transparent windows
in the IR spectra range. Additionally, they will give information about the mobility of
principal carriers, which is crucial for IR optoelectronics.

4. Conclusions

For the first time, the band structure calculations using local density approximation
and generalized gradient approximation of band-energy diagram, the total energy dis-
persion depending on the volume of the unit cell were performed. The dispersion of
optical functions indicates the substantial contribution of the phonon subsystem. All
the spectrum can be divided into three principal parts (4.1-6.2 eV, 6.2-7 ¢V and
above 7.2 eV). The distribution of the total density of states and the partial contribu-
tions of electronic orbitals in the band structure of Tl,Cdly and Tl Hgl, crystals are
explored. The spectra of the real part of the dielectric permittivity, the spectra of
the imaginary part of permittivity, the reflection spectra and the absorption coefficient
of both crystals are obtained using the Kramers—Kronig method.
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