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replacing Se by Te on electronic
structure and optical properties of Tl4PbX3 (X ¼ Se
or Te): experimental and theoretical investigations

A. H. Reshak,*ab Z. A. Alahmed,c I. E. Barchij,d M. Yu. Sabov,d K. J. Plucinski,e I. V. Kitykf

and A. O. Fedorchukg

The energy band structure, electronic charge density and optical features of Tl4PbSe3 and Tl4PbTe3 single

crystals were studied within a framework of the recently modified Becke–Johnson potential (mBJ). The

earlier experimentally defined atomic positions were additionally optimized by minimizing the forces

acting on the atoms using a generalized gradient approximation (PBE–GGA) approach. The performed

band structure calculations have shown that the conduction band minimum (CBM) and the valence band

maximum (VBM) are located at the G point of the first Brillouin zone, resulting in a direct energy band gap

equal to about 0.21 eV (PBE–GGA) and 0.32 eV (mBJ) for Tl4PbSe3 in comparison to the experimental

value (0.34 eV), while for Tl4PbTe3, the band gap is equal to 0.10 eV (PBE–GGA) and 0.18 eV (mBJ)

compared with the experimental value (0.19 eV). We have established that the mBJ approach succeeds by

a large amount in bringing the calculated energy gaps into close agreement with the measured one. The

angular momentum projected density of states explores the existence of weak hybridization between the

states, defining the degree of covalent bonding. The calculated valence band electronic charge density

space distribution confirms the prevailing covalent origin of the chemical bond. The calculated optical

dispersion for the principal optical constants shows that these materials exhibit negative uniaxial

anisotropy. We have measured the dispersion of the imaginary part of the dielectric susceptibility 32 (u)

and evaluated the experimental optical band gaps. The measured 32 (u) dispersion confirms our

theoretical evaluations that the substitution of Se by Te causes a band gap reduction.
1. Introduction

The titled chalcogenide crystals Tl4PbX3 (X ¼ Se or Te) are
considered to be potential candidates for manufacturing opto-
acousto- and thermo-electronic devices.1–3 Recently, consider-
able attention also has been devoted to themanufacturing of new
thermoelectric materials, in particular thallium chalcogenides.4,5

Therefore, several thallium containing chalcogenide ternary
single crystals have been explored. Among them are the Tl–Sn–
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S,6–8 Tl–Sn–Se9–11 and Tl–Sn–Te11–14 systems. Thallium and tin in
their low oxidation state possess a free doublet of electrons,
which could have a stereochemical action and dene thematerial
transport properties. In the low oxidation state, Tl4SnX3 (X ¼ S,
Se, Te) type single crystalline ternaries are formed in the relevant
systems. All the ternaries are crystallized in the tetragonal 4/mmm
crystallographic point group. But the symmetry of Tl4SnS3(Se3) is
lower (space group P4/nmm)15,16 compared to Tl4SnTe3 (space
group I4/mcm).17 The thallium compounds possess some specic
features18 due to the high polarizability of the Tl ions.

However, their further applications are restrained by the
absence of reliable electronic parameters which may be obtained
from density functional theory (DFT) calculations. Therefore, this
fact motivated us to devote more attention to a comprehensive
theoretical calculation using the all-electron full potential linear
augmented plane wave plus local orbitals (FP � LAPW + lo)
method19 within different exchange correlation potentials (XC),
including the recently modied Becke–Johnson potential (mBJ).21

The latter potential optimizes the corresponding potential for
electronic band structure calculations. The modied Becke–John-
son potential allows calculationwith accuracy that is similar to very
expensive GW calculations.20 It is a local approximation to an
atomic “exact-exchange” potential and a screening term. We have
RSC Adv., 2015, 5, 102173–102181 | 102173
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calculated the electronic band structure dispersion, space elec-
tronic charge distribution, the total and angular momentum
resolved projected density of states and the optical properties for
Tl4PbX3 (X ¼ Se or Te) single crystals. The investigation of the
optical properties claries the origin of the electronic band struc-
ture. Therefore, we are interested in calculating the optical prop-
erties of the investigated compound. The FP � LAPW + lo method
has proven to be one of the accurate methods for the computation
of the electronic structure of solids within DFT.21–25

The dielectric susceptibility dispersion was measured by an
ellipsometry method. The surfaces of the samples were polished
with roughness values of up to 12.0mm in the spectral range up to
6.0 eV with a spectral resolution of 0.2 eV.

In ref. 26, we performed initial experimental X-ray diffraction
studies of the titled compounds. In order to verify these data, we
have performed DFT self-consistent simulations to verify the
deviations of the particular atoms from their XRD positions.
2. Experimental part

The ternaries were synthesized from elements of high purity
(Tl–99.99 wt%, Sn–99.998 wt%, S–99.999 wt%, Se–99.999 wt%,
Te–99.99 wt%). The thallium was covered by a surface oxide,
which was removed before use. All syntheses were carried out
in previously cleaned and dried quartz tubes with narrow ends.
Then, they were vacuum-sealed (0.13 Pa). According to Tl2X–
SnX (X–S, Se, Te) phase diagrams, Tl4SnSe3(Te3) melts
congruently, but Tl4SnS3 melts incongruently. Given this fact,
the Tl4SnSe3(Te3) compounds were synthesized from stoichio-
metric amounts of components and Tl4SnS3 was synthesized
from non-stoichiometric contents, which were richer in SnS
from the region of primary crystallization of the ternary
compound. The samples were heated to the liquid state (673 K
for Tl4SnS3, 763 for Tl4SnSe3 and 873 K for Tl4SnTe3) and
maintained for 24 hours at maximal temperature. Then, the
samples were subjected to cooling until the annealing
temperature was reached (453 K for Tl4SnS3, 523 for Tl4SnSe3
and 583 K for Tl4SnTe3) and maintained for 3 days. Then the
samples were placed into vertical two zone furnaces. Crystals
were grown by the Bridgman method. The temperatures of the
zones were stabilized with �0.5 K accuracy. The solidication
rate was 0.1–0.3 mm h�1, and the temperature gradient at the
solid–liquid interface was equal to about 2–4 K mm�1. The
temperatures of the solidication zone were equal to the
annealing temperature. The atomic coordinates for Tl4PbSe3
(SG P4/ncc (130); a ¼ 8.5346 (2), c ¼ 12.6871 (7) �A)26 and for
Tl4PbTe3 (SG I4/mcm (140); a ¼ 8.841, c ¼ 13.056 �A)27 are listed
in Tables 1 and 2, in comparison with the optimized coordi-
nates obtained from DFT calculations within the generalized
gradient approximation (PBE–GGA).28
3. Theoretical part-calculation
methodology

It has been reported that Tl4PbSe3 and Tl4PbTe3 crystallize in
a tetragonal structure with the space group P4/ncc (no. 130) and
102174 | RSC Adv., 2015, 5, 102173–102181
I4/mcm (no. 140). The crystalline structures of Tl4PbSe3 and
Tl4PbTe3 are shown in Fig. 1. To investigate the electronic
structure of the two compounds, the X-ray diffraction data ob-
tained by our group were used as input data for comprehensive
theoretical calculations. The experimental crystal structures
were optimized by minimizing the forces acting on each atom,
using the all-electron full potential linear augmented plane
wave plus local orbitals (FP � LAPW + lo) method, as imple-
mented in the WIEN2k code19 within the PBE–GGA approach.
Generally, the optimized crystal structures are in good agree-
ment with the experimental crystallographic data as listed in
Tables 1 and 2. The relaxed geometry was used to calculate the
electronic band structure, the angular momentum projected
density of states, the electronic charge density distribution and
the chemical bonding features using the recently modied
Becke–Johnson potential. This potential allows us to perform
calculations with accuracy similar to that of very expensive GW
calculations.20 It is a local approximation to an atomic “exact-
exchange” potential and a screening term.

A spherical harmonic expansion was used inside non-
overlapping spheres of muffin–tin radius (RMT) and the plane
wave basis set was chosen in the interstitial region (IR) of the
unit cell. The RMT values for Tl, Pb, Se and Te atoms were chosen
in such a way that the spheres did not overlap, therefore 2.5 a.u
is the best RMT value for the titled crystals. To achieve total
energy convergence, the basis functions in the IR were
expanded up to RMT � Kmax ¼ 7.0 and inside the atomic spheres
for the basis wave function. The maximum value of l was taken
as lmax ¼ 10, while the charge density was Fourier expanded up
to Gmax ¼ 12.0 (a.u)�1. Self-consistency was obtained using 300
k
.

points in the irreducible Brillouin zone (IBZ). The self-
consistent calculations converged since the total energy of the
system is stable within 0.00001 Ry. The electronic band struc-
ture calculations were performed within 800 k

.
points in the

IBZ, and the optical properties calculations were performed
within 1500 k

.
points in the IBZ.

4. Results and discussion
4.1. Electronic band structure, density of states and valence
electronic charge density

In order to explore and exploit the inuence of the substitution
of Se by Te, the electronic band structures of the two titled
compounds were calculated and are illustrated in Fig. 2(a) and
(b). It was found that both compounds exhibit direct band gaps
of about 0.32 eV and 0.18 eV, which are in good agreement with
the measured values of 0.34 eV and 0.19 eV obtained from UV-
VIS diffuse reectance spectroscopy. This fact allows us to
neglect spin–orbit interactions for further calculation. It is clear
that there is a band gap reduction when we move from Se to Te,
which conrms the fact that the mBJ gives good agreement with
the experimentally evaluated energy band gap.29–31 The
conduction band minimum (CBM) and the valence band
maximum (VBM) of Tl4PbSe3 and Tl4PbTe3 are located at the G

point of the rst BZ. We set the zero-point of energy (Fermi
level) at the VBM. To carefully investigate the electronic struc-
ture and the role of the orbitals of each atom in both
This journal is © The Royal Society of Chemistry 2015



Table 1 Atomic coordinates for Tl4PbSe3 (SG P4/ncc (130); a¼ 8.5346 (2), c¼ 12.6871 (7)�A)26 along with the optimized coordinates obtained by
using PBE–GGA

Atom Wyckoff x/a x/a (opt.) y/b y/b (opt.) z/c z/b (opt.)

Tl 16g 0.12639 (9) 0.13210 0.57852 (9) 0.56987 0.09574 (5) 0.08998
Pb 4c 1/4 1/4 1/4 1/4 0.28456 (11) 0.27997
Se1 4c 1/4 1/4 1/4 1/4 0.0223 (3) 0.02312
Se2 8f 0.4149 (2) 0.40236 0.5851 (2) 0.5987 1/4 1/4
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compounds, the angular momentum projected density of states
was investigated. Fig. 3(a) illustrates the density of states of
Tl4PbSe3 and Tl4PbTe3, which conrms the occurrence of the
increase in magnitude of the band gap.

The angular momentum character of the various structures
for Tl4PbSe3 and Tl4PbTe3 single crystals can be obtained from
calculating the angular momentum projected density of states
(PDOS) as shown in Fig. 3(b)–(i). The sharp structure between
�13.0 and �10.0 eV is mainly formed by the Tl-d, Se1, 2-s and
Te1, 2-s states. The structure around 9.0 eV originates from the
Pb-s state. The conned structure between �8.0 and �4.0 eV is
caused by the Tl-s state. The spectral structure from �4.0 eV up
to the Fermi level is formed by the Tl-s/p, Pb-p, Se1, 2-p and Te1,
2-p states. The structure from the CBM and above present an
admixture of the Tl-s/p/f, Pb-p/d/f, Se1, 2-p and Te1, 2-p states.
We have used the calculated angular momentum decomposi-
tion of the atoms projected electronic density of states to
elucidate the character of chemical bonding. In the energy
region extended between �9.0 eV and the Fermi level (EF) we
obtained a total number of electrons/eV (e/eV) for the orbitals in
each atom of the Tl4PbSe3 (Tl4PbTe3) compounds as follows: Pb-
s state 1.9 (1.6) e/eV, Se2-p state 1.8 e/eV, Se1-p state 1.8 e/eV,
Te2-p state 1.2 e/eV, Te1-p state 1.3 e/eV, Tl-s state 0.7 (0.6) e/
eV, Pb-p state 0.3 (0.3) e/eV, Tl-p state 0.1 (0.1) e/eV and Pb-
d state 0.03 (0.03) e/eV. From the contributions of these
orbitals to the valence bands, one can see that there are some
electrons from Pb, Se, Te and Tl atoms which are transferred
into valence bands and contribute in covalent interactions
between the atoms. The strength/weakness of the covalent bond
arises due to the degree of the hybridization and electronega-
tivity differences between the atoms. It is clear that there is
a weak interaction of charges between the atoms due to the
existence of weak hybridization, conrming that a weak cova-
lent bonding exists between these atoms. Thus, the angular
momentum decomposition of the atoms projected electronic
density of states allows us to analyze the nature of the bonds
following classical chemical concepts. This concept is very
Table 2 Atomic coordinates for Tl4PbTe3 (SG I4/mcm (140); a ¼ 8.841, c
PBE–GGA

Atom Wyckoff x/a x/a (opt.)

Tl 16l 0.1461 0.1501
Pb 4c 0 0
Te1 4a 0 0
Te2 8h 0.6623 0.6543

This journal is © The Royal Society of Chemistry 2015
useful to classify compounds into different categories with
respect to their different chemical and physical properties.

In order to gain further understanding of the bonding
features, we have calculated the charge density distributions in
two crystallographic planes, as shown in Fig. 4(a)–(c). This can
give a clear image of the electronic charge surrounding the
atoms and the principal charge transfer which can help to
identify the bonding features. The crystallographic plane in the
(100) direction conrms that all atoms are surrounded by
a uniform spherical charge forming strong ionic bonding and
weak covalent bonds. In addition, we have calculated the
crystallographic plane in the direction (101) which conrms
our previous observation that the characters of the bonds are
strongly ionic and very weakly covalent. We have calculated the
bond lengths, as shown in Fig. 1(h)–(j) for Tl4PbTe3 and in
Table 3 for Tl4PbSe3, and in comparison with the measured
values, a good agreement was found. The good agreement with
the experimental data reveals the accuracy of the method used
here.
4.2. Optical response

The calculations of the dielectric functions involve the energy
eigenvalues and electron wave functions. These are natural
outputs of the band structure calculations. We have performed
calculations of the imaginary part of the inter-band frequency
dependent dielectric function using the expression32

32
ijðuÞ ¼8p2ħ2e2

m2V

X
k

X
cv

ðfc � fvÞ pcv
iðkÞpvc jðkÞ
Evc

2

d½EcðkÞ � EvðkÞ � ħu�
(1)

where m, e and ħ are the electron mass, charge and Planck’s
constant, respectively. fc and fv represent the carrier Fermi
distributions for the conduction and valence bands, respec-
tively. The term pcv

i (k) denotes the momentum matrix element
transition from the energy level c of the conduction band to the
level v of the valence band at a certain k-point in the BZ, and V is
¼ 13.056�A)27 along with the optimized coordinates obtained by using

y/b y/b (opt.) z/c z/b (opt.)

0.6461 0.6598 0.1594 0.1610
0 0 0 0
0 0 1/4 1/4
0.1623 0.1601 0 0

RSC Adv., 2015, 5, 102173–102181 | 102175



Fig. 1 The crystalline structures; (a–c) Tl4PbSe3 (space group P4/ncc (130); lattice constants a ¼ 8.5346 (2), c ¼ 12.6871 (7)�A)26; (d–i) Tl4PbTe3
(space group I4/mcm (140); a ¼ 8.841, c ¼ 13.056 Å)27; (g–i) show the bond lengths of Tl4PbTe3.
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the unit cell volume. The linear optical properties were calcu-
lated using the optical code implemented in the WIEN2k
package,19 for more details please see the user guide33 and ref.
32.

The real parts 3II1 (u) and 3t1 (u) can be obtained using the
Kramers–Kronig relations.32
Fig. 2 Calculated electronic band structure using mBJ for; (a) Tl4PbSe3
agreement with themeasured value of 0.34 eV obtained fromUV-VIS diff
gap of about 0.18 eV, which is in good agreement with the measured va

102176 | RSC Adv., 2015, 5, 102173–102181
31ðuÞ ¼ 1þ 2

p
P

ðN
0

u032
�
u0
�

u02 � u2
du0 (2)

where P implies the principal value of the integral.
We should emphasize that the optical properties can provide

detailed information about the electronic structure of the
, which exhibits a direct band gap of about 0.32 eV, which is in good
use reflectance spectroscopy; (b) Tl4PbTe3, which exhibits a direct band
lue of 0.19 eV obtained from UV-VIS diffuse reflectance spectroscopy.

This journal is © The Royal Society of Chemistry 2015



Fig. 3 Calculated density of states (states/eV unit cell) using mBJ; (a)
density of states for Tl4PbSe3 and Tl4PbTe3; (b) calculated Se1, 2-s/p
and Pb-s partial density of states for Tl4PbSe3; (c) calculated Te1, 2-s/p
and Pb-s partial density of states for Tl4PbTe3; (d) calculated Tl-
d partial density of states for Tl4PbSe3; (e) calculated Tl-d partial
density of states for Tl4PbTe3; (f) calculated Tl-s/p, Pb-p and Se1, 2-
d partial density of states for Tl4PbSe3; (g) calculated Tl-s/p, Pb-p and
Te1, 2-d partial density of states for Tl4PbTe3; (h) calculated Tl-f and
Pb-d/f partial density of states for Tl4PbSe3; (i) calculated Tl-f and Pb-
d/f partial density of states for Tl4PbTe3.

Paper RSC Advances
materials. Therefore, we have calculated the imaginary and real
part dispersions using the above mentioned expressions. The
principal optical components are determined by inter-band
transitions from the valence into the conduction bands.
According to the dipolar selection rule, only transitions
This journal is © The Royal Society of Chemistry 2015
changing the angular momentum quantum number l by unity
(D ¼ �1) are allowed.

In Fig. 5(a) and (b), we illustrate the dispersions of the
imaginary part of the optical components 3t2 (u) and 3II2 (u),
along with the real parts 3t1 (u) and 3II1 (u) for the Tl4PbSe3 and
Tl4PbTe3 compounds, calculated using the mBJ approach.

It is clear that the substitution of Se by Te causes the whole
spectral structure to shi towards lower energies with an
increase in the magnitude of the spectral structures. The
conrmation of the reduction in the energy gap when we move
from Se to Te is in good agreement with our observation from
the electronic band structure and the density of states. The rst
critical points (absorption edges) are located at 0.32 eV and 0.18
eV for Tl4PbSe3 and Tl4PbTe3. It has been noticed that both
compounds exhibit one main spectral peak, which is situated at
around 3.0 eV for Tl4PbSe3 while it is located at around 2.0 eV
for Tl4PbTe3. Beyond the main peak, a prompt reduction occurs
when we increase the photon energy. The strength of the main
peaks could be explained by the fact that 32 (u) scales as 1/u

2.
The observed structures in 32 (u) are caused by optical

transitions from the valence bands to the conduction bands,
which can be analyzed using the calculated electronic band
structure. The absorption edges and the main peak occurs due
to the optical transitions between Se1/Se2-p, (Te1/Te2-p), Pb-s/
p/d, Tl-s/p and Se1/Se2-p, (Te1/Te2-p), Te1/Te2-d, Pb-p/d, Se1/
Se2-d, (Te1/Te2-d) according to the optical selection rules.

To support the theoretical calculations, we have measured
the dispersions of the imaginary part of the dielectric suscep-
tibility 32 (u) for Tl4PbSe3 and Tl4PbTe3 single crystals, as shown
in Fig. 5(c). From the measured 32 (u), we have evaluated the
experimental optical band gaps which are equal to 0.34 eV
(Tl4PbSe3) and 0.19 eV (Tl4PbTe3). This conrms our observa-
tion from the theoretical calculations that the substitution of Se
by Te causes a band gap reduction, resulting in a shi of the
optical spectra towards lower energies, which is as predicted by
calculations. Therefore, our calculated 32 (u) succeeds in
bringing the above features into close agreement with the
measured ones, which conrms the accuracy of the theoretical
calculations.

From the calculated real parts (Fig. 5(a) and (b)), we have
obtained the vanishing frequency value of the dielectric func-
tion, which denes the static electronic dielectric constant
3t1 (0) and 3II1 (0). It is clear that the two optical components
exhibit isotropic behavior, which is conrmed by the calculated
values of the uniaxial anisotropy d3 ¼ [(3II0 � 3t0 )/3tot0 ]. These
values, along with 3t1 (0), 3II1 (0) and 3tot1 (0), are listed in Table 4.
Following Table 4 we can see that these materials exhibit
negative uniaxial anisotropy. Using the calculated values of
3t1 (0), 3II1 (0), ut

p (u) and uII
p (u) we can estimate the energy gap

value based on the Penn model.34 Penn proposed a relation
between 3 (0) and Eg, 3 (0)z 1 + (ħup/Eg)

2, where Eg is some kind
of averaged energy gap, which could be related to the real energy
gap. Thus, the larger 31 (0) value corresponds to the small energy
gap. This is further evidence that moving from Se to Te causes
a reduction in band gap. We would like to mention that ut

p (u)
and uII

p (u) are very important features in the optical spectrum.
These are the plasmon oscillations which occur at energies
RSC Adv., 2015, 5, 102173–102181 | 102177



Fig. 4 Calculated electronic charge density distribution for two crystallographic planes using mBJ; (a) the (100) crystallographic plane of Tl4-
PbSe3; (b) the (101) crystallographic plane of Tl4PbSe3; (c) the (100) crystallographic plane of Tl4PbTe3; (d) the (101) crystallographic plane of
Tl4PbTe3.

102178 | RSC Adv., 2015, 5, 102173–102181 This journal is © The Royal Society of Chemistry 2015
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Fig. 5 (a) Calculated 3t2 (u) dispersion (black solid curve), 3II2 (u) (red dashed curve) alongwith calculated 3t1 (u) (green dotted dashed curve), 3II1 (u)
(blue light dotted curve) for the Tl4PbSe3 compound usingmBJ; (b) calculated 3t2 (u) dispersion (black solid curve), 3II1 (u) (red dashed curve) along
with calculated 3t2 (u) (green dotted dashed curve), 3II1 (u) (blue dotted curve) for the Tl4PbTe3 compound using mBJ; (c) the measured imaginary
part of the dielectric susceptibility for Tl4PbSe3 and Tl4PbSe3; (d) calculated Rt (u) (black solid curve), RII (u) (red dashed curve) for the Tl4PbSe3
compound usingmBJ; (e) calculated Rt (u) (black solid curve), RII (u) (red dashed curve) for the Tl4PbTe3 compound usingmBJ. (f) Calculated It

(u) (black solid curve), III (u) (red dashed curve) for the Tl4PbSe3 compound using mBJ; (g) calculated It (u) (black solid curve), III (u) (red dashed
curve) for the Tl4PbTe3 compound using mBJ.

This journal is © The Royal Society of Chemistry 2015 RSC Adv., 2015, 5, 102173–102181 | 102179
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Table 3 Calculated bond lengths of Tl4PbSe3 in comparison with the experimental data26

Bond
Bond lengths
(�A) exp.

Bond lengths
(Å) this work Bond

Bond lengths
(Å) exp.

Bond lengths
(Å) this work

Tl1–Se4 3.0064 3.1005 Se3–Pb2 3.0162 3.0001
Tl1–Se3 3.1372 3.1011 Se3–Tl1 3.1372 3.1299
Tl1–Se4 3.1459 3.1321 Se3–Tl1 3.1372 3.1299
Tl1–Se4 3.4923 3.5011 Se3–Tl1 3.1372 3.1299
Tl1–Tl1 3.5146 3.4901 Se3–Tl1 3.1372 3.1299
Tl1–Tl1 3.5230 3.5012 Se3–Pb2 3.3273 3.3199
Tl1–Tl1 3.5230 3.5099 Se4–Tl1 3.0064 3.0001
Tl1–Tl1 3.6082 3.5999 Se4–Tl1 3.0064 3.0001
Pb2–Se3 3.0162 3.0290 Se4–Tl1 3.1459 3.1501
Pb2–Se4 3.2175 3.2011 Se4–Tl1 3.1459 3.1501
Pb2–Se4 3.2175 3.2011 Se4–Pb2 3.2175 3.2099
Pb2–Se4 3.2175 3.2011 Se4–Pb2 3.2175 3.2099
Pb2–Se4 3.2175 3.2011 Se4–Tl1 3.4923 3.5000
Pb2–Se3 3.3273 3.3199 Se4–Tl1 3.4923 3.5000

Table 4 The calculated energy band gaps in comparison with
experimental values, 3t1 (0), 3II1 (0), d3, u

t
p (u) anduII

p (u) for Tl4PbSe3 and
Tl4PbTe3 using PBE–GGA and mBJ

Tl4PbSe3 Tl4PbTe3

PBE–GGA mBJ PBE–GGA mBJ

Eg (eV) 0.21 0.32 0.10 0.18
3t1 (0) 14.23 13.16 25.11 24.07
3II1 (0) 13.87 12.99 24.32 23.93
d3 �0.012 �0.012 �0.015 �0.002
ut
p (u) 3.11 3.38 2.10 2.46

uII
p (u) 3.01 3.33 2.02 2.35

RSC Advances Paper
where 31 (u) crosses zero, and they are associated with the
existence of plasma oscillations (plasmons).

For more details, we also calculated other optical properties,
such as the reectivity spectra and the absorption coefficients.
Fig. 5(d) and (e) show the calculated Rt (u) and RII (u) of the
Tl4PbSe3 and Tl4PbTe3 compounds. It has been found that in
the low energy region (below 1.0 eV), Tl4PbSe3 exhibits lower
reectivity than the Tl4PbTe3 compound. Increasing the photon
energy leads to an increase in the reectivity up to 55% (Tl4-
PbSe3) and 65% (Tl4PbTe3). The rst reectivity maxima occur
at around 3.48 and 3.33 for Rt (u) and RII (u) of Tl4PbSe3,
whereas they occur at 2.46 and 2.35 for Rt (u) and RII (u) of
Tl4PbTe3. These are the values of ut

p (u) and uII
p (u) which

conrm the occurrences of the plasmon resonance. The rst
reectivity minima occurs at around 9.0 eV (Tl4PbSe3) and 12.0
eV (Tl4PbTe3). The absorption coefficient features of the Tl4-
PbSe3 and Tl4PbTe3 compounds are illustrated in Fig. 5(f) and
(g). The gures show the fundamental optical absorption edges
situated at 0.32 eV (Tl4PbSe3) and 0.18 eV (Tl4PbTe3), matching
the experimental values of the absorption edges (0.34 eV and
0.19 eV). Rapid increases occur aer the absorption edges to
reach the maximum absorption at around 5.0 eV (Tl4PbSe3) and
4.0 eV (Tl4PbTe3). It is clear that the Tl4PbSe3 and Tl4PbTe3
compounds possess a relatively wide optical transparency
region, up to 0.32 eV (l¼ 38 750�A) for Tl4PbSe3 and 0.18 eV (l¼
102180 | RSC Adv., 2015, 5, 102173–102181
68 888 �A) for Tl4PbTe3, which is in good agreement with the
experimental data (0.34 and 0.19 eV).

5. Conclusions

We have reported comprehensive theoretical calculations for
Tl4PbSe3 and Tl4PbTe3 single crystals using the full potential
method within PBE–GGA and mBJ approaches. The experi-
mental crystal structures were optimized by minimizing the
forces acting on the atoms using the PBE–GGA approach. The
calculated electronic band structure reveals that these
compounds possess direct energy band gaps of about 0.21 eV
(PBE–GGA) and 0.32 eV (mBJ) for Tl4PbSe3 in comparison with
the experimental values (0.34 eV), while for Tl4PbTe3, the band
gap values are 0.10 eV (PBE–GGA) and 0.18 eV (mBJ) compared
to the experimental one (0.19 eV). We have found that mBJ
succeeds by large amount in bringing the calculated gap into
close agreement with the measured one. The calculated angular
momentum projected density of states showed that strong/weak
hybridization exists between the states, revealing the existence
of covalent bonding. The calculated bond lengths show good
agreement with the measured values. The optical properties
gave deep insight into the electronic structures and show that
these materials exhibit negative uniaxial anisotropy. We have
measured the dispersions of the imaginary part of the dielectric
susceptibilty 32 (u) for the Tl4PbSe3 and Tl4PbTe3 compounds,
which helps to evaluate the experimental optical band gaps and
conrms our observation from the theoretical calculations that
substituting Se by Te causes a band gap reduction, as predicted
by calculations. Therefore, our calculated 32 (u) succeeds by
a large amount in bringing the above features into close
agreement with the measured ones, revealing the accuracy of
the theoretical calculations.
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17 S. Bradtmöller and P. Böttcher, Z. Anorg. Allg. Chem., 1993,
619, 1155–1160.

18 M. I. Kolinko, I. V. Kityk and A. S. Krochuk, J. Phys. Chem.
Solids, 1992, 53, 1315–1320.

19 P. Blaha, K. Schwarz, G. K. H. Madsen, D. Kvasnicka and
J. Luitz, WIEN2k, An augmented plane wave plus local
orbitals program for calculating crystal properties, Vienna
University of Technology, Austria, 2001.

20 F. Tran and P. Blaha, Phys. Rev. Lett., 2009, 102, 226401.
21 A. H. Reshak and S. Azam, Opt. Mater., 2014, 37, 97–103.
22 A. H. Reshak and S. Auluck, Opt. Mater., 2014, 38, 80–86.
23 A. H. Reshak, S. A. Khan and Z. A. Alahmed, Opt. Mater.,

2014, 37, 322–326.
24 A. H. Reshak, Opt. Mater., 2015, 46, 216–222, DOI: 10.1016/

j.optmat.2015.04.022.
25 H. S. Saini, M. Singh, A. H. Reshak and M. K. Kashyap, J.

Magn. Magn. Mater., 2013, 331, 1–6.
26 T. O. Malakhovska, M. Yu. Sabov, E. Yu. Peresh, V. Pavlyuk

and B. Marciniak, Chemistry of Metals and Alloys, 2009, 2,
15–17.
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