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First principle calculation was performed for the electronic structure, electronic charge density, Fermi
surface, optical and thermoelectric properties of Ba,Tl,CuOg compound. From the electronic band
structure the two overlapping bands and the density of state at Fermi level (29.2 states/Ryd-cell)
confirms the superconducting behavior. Colors of the Fermi surface elucidate speed of electrons and
strength of the superconductivity as well. The bonding nature was investigated using the calculated
charge density contour plot, it shows mixed ionic-covalent nature of Cu-O and TI-O while Ba-O shows
dominant ionic nature with small covalency. The optical properties were calculated and discussed in
details. The calculated uniaxial anisotropy value (0.7913) clarifies a considerable anisotropy between two
dominant tensor components of dielectric function. Moreover the evaluation of Seebeck coefficient and

thermal conductivity conform that the compound is much suitable for thermoelectric applications.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

In recent years a number of interesting studies has been
performed on superconductivity because of its momentous appli-
cations. The superconductor's digital electronics (SDE) give a
distinctive arrangement of ultra-low-power and fast switching
consumption [1-3]. Glindogmus et al. [4] calculated the mechan-
ical, physical and magnetic properties of the Yb-doped Bi,Sr;
Ca;Cu,0, textured superconductor and discussed the variation in
superconductivity with different doping concentration of Yb. A
distinct variety of superconductors were discovered by substitut-
ing rare earth in Ba-Cu-O system for example Y-Ba-Cu-O or
La-Ba—-Cu-0 [5,6]. The concept of substitution were used generally in
X111=Y11-Cu-0 scheme where X;;; =rare earth element and Y;;=Ca,
Sr, Pb which led to the discovery of a new class of superconductors.
Claughton and Lambert [7] built up a general frame to illustrate the
thermoelectric effects in phase-coherent superconducting structures.
Superconductors exhibit admirable electrical conductivity and poor
thermal conductivity which make it suitable for thermoelectric
properties [8]. For thermoelectricity, the principal role is played by
electron-phonon anharmonicities [9].

Hamann et al. [10] calculated the electronic structure of
Ba,Tl,CuOg by local density approximation with the use of the
relativistic version of linear augmented plane wave method which
is not accurate as the full potential method. They discussed the
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electronic band structure, density of state and electronic charge
density of Ba;Tl,CuOg compound, but still there are some defi-
ciencies. In the present work we deal with the electronic band
structure, density of state, electronic charge density, optical
properties and thermoelectric properties of the investigated com-
pound in a more fascinating way which provides complete
information about the nature of the material by using the full
potential linear augmented plane wave (FPLAPW) method which
has been proven to be one of the most accurate methods for the
computation of electronic, thermoelectric and optical properties of
solid within density functional theory (DFT) [11,12].

2. Crystal structure and method of calculation

The crystal structure of Ba,TI,CuOg is stable in tetragonal phase
having space group (I4/mm). The crystallographic data of the
reported compound is taken from Ref. [10]. The all electron full
potential linear augmented plane wave (FPLAPW) method within the
frame work of WIEN2K code [13] was used for calculating the
electronic structure, density of state, Fermi surface, optical properties
and thermoelectric properties. The exchange correlation energy is
solved by Ceperley-Alder (CA) local density approximation (CA-LDA)
[14], Perdew-Burke-Ernzerhof generalized gradient approximation
(PBE-GGA) [15], and Engle Vasko generalized gradient approximation
(EV-GGA) [16] schemes. For convergence of energy eigenvalues the
wave function in the interstitial regions were expended in plane
waves with cutoff Ry7Kmaex = 7.0. Where Ry stands for muffin-tin
(MT) sphere radius and Ky,qc represents the magnitude of largest K
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vector in plane wave expansion. A mish of 9x9x 9 k points in
Brillouin zone (BZ) were used. The muffin-tin (MT) sphere radii (Ry)
were selected as 1.92 a.u. for Cu atom, 2.5 a.u. for Ba, 1.85 a.u. for Tl
and 1.7 a.u. for O atom. Inside atomic sphere the wave function was
expended up to Iy =10 where as the Fourier expansion of the
charge density was up to Gne = 12(a.u.)~!. We have optimized the
structure by minimization of forces acting on the atoms. The
convergence of the self-consistent calculations were achieved when
the difference in total energy of the crystal did not exceed 10> Ryd
for successive steps. The self-consistencies were obtained by 75 k
points in irreducible Brillouin zone (IBZ), initiated from 500 k points
in the BZ. Fig. 1

3. Results and discussion
3.1. Band structure and density of state

The importance of electronic band structure cannot be ignored
because of direct influence over the physical properties of many
compounds [17,18]. The high symmetry points were selected to
calculate electronic band structure of Ba,TlI,CuO3 by three schemes
LDA-CA, GGA-PBE and EV-GGA as shown in Fig. 2. The calculated
band structures elucidate that band # 67 and 68 cuts the Fermi
level resulting in a metallic nature of the investigated compound.
The three schemes show almost same results around Fermi level
except that EV-GGA shift the upper conduction bands towards

Fig. 1. Optimize unit cell of Ba,TI,CuOg superconductor.

higher energy as compared to LDA-CA and GGA-PBE. One can also
see this effect in total density of state (TDOS) as illustrated in
Fig. 3a. This is mainly due to the fact that EV-GGA is sufficiently
flexible and able to reproduce the exchange-correlation energy
and its charge derivative accurately. Our previous experience [19]
also support EV-GGA for close agreement with experimental data
therefore this scheme was preferred for further details. Fig. 3a-g
represents the calculated total and partial density of states.

The PDOS shown in Fig. 3b-g visualizes that in energy range
from —15.0eV to —18.0 eV, the O-s, Cu-p/d, Ba-s/p and TI-p/f
states contribute to form the core bands. The O-s state is foremost
(2.2 states/eV) while the contribution of the other states is small.
In the energy range between —11.5 eV and —12.7 eV the bands are
formed mainly from TI-d (18.0 states/eV) and Ba-p (8.0 states/eV)
states with negligible contribution of Cu-p, Ba-s, O-s/p and TI-s
states. The Cu-d and O-p states are dominant in energy range
between —7.5 eV and — 1.0 eV while the other states (Cu-s/p, Ba-s/
p/d and Tl-s/p) contribute negligibly. The bands around the Fermi
level (from —1.0 to 1.0 eV) are fashioned by Cu-s/p/d, Ba-p, O-p
and TI-s states. Cu-d state is more responsible to form bands in
this region. From 4.5 to 12.0 eV the Ba-d state shows dominancy
while Cu-s/p, Ba-s and Tl-s/p/f states take part in band formation
with small values.

3.2. Fermi surface

The density of state at Fermi level N(Ef) for Ba,Tl,CuOg can be
obtained from the overlapping of band # 66 and band # 67. These
bands mainly originated from Cu-d and O-p states with small
contribution of Cu-s/p, Ba-s/p/d and TI-s/p/f states, which are
responsible for the superconducting state of the material. The
electronic specific heat (y) which is the function of density of state
can be determined by using the expression given in Ref. [20]:

y =17°N(Epk; 1)

where kg is Boltzman constant. The calculated value of N(Ef) and y
are 29.2 states/Ryd-cell and 5.06 mJ/mol K2. Fig. 4a-c shows the
shape of Fermi surface formed by band # 66 and 67 individually
and the final shape of Fermi surface. We should emphasize that
white regions in Fig. 4 represent the hole concentration while the
color sheet shows the presence of electrons. The colors of Fermi
surface (red, yellow, cerulean and blue) represent the variation in
the electron velocities which is directly related to the super-
conductivity of the material.

3.3. Electronic charge density

The accurate bond nature of the material can be explained on
the basis of electronic charge density contour plot [21,22]. We
have calculated the distribution of charge density in the (01 0)
crystallographic plane in order to visualize the chemical bonding
nature of the constituent in Ba;Tl,CuOs3 single crystal as shown in
Fig. 5. As it is clear from the scale the red color shows zero charge
density regions while blue one exposes maximum charge inten-
sity. The Cu atoms share its valence electrons with O atoms
forming mixed ionic-covalent bond. The blue region around O
atoms shows maximum charge density region and this is due to
highest electro-negativity value (3.44) as compared to Cu atom
(1.90) and same is the case for TI-O. Moreover the O atom shares
its charge with four Ba atoms on each face of the unit cell in the
same manner forming dominant ionic bond having less part of
covalency. This is due to the small electro-negativity value of Ba
(0.890) in comparison to the O atom.
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Fig. 2. Calculated band structure of Ba,Tl,CuOg semiconductor by (a) LDA, (b) GGA-PBE, and (c) EVGGA.
3.4. Optical and thermoelectric properties plasma frequency given as [28]:
We have used our calculated band structure to obtain the a)plz :8?”%1:1/&25(5,{“) (5)

imaginary part of the frequency dependent dielectric function. The
dispersion of dielectric function includes intra- and inter-band
transitions. The intra-band transitions belong to the same band
and show significant effect in case of metals while the inter-band
(band to band) transitions are further divided into direct and
indirect band transitions. The correct energy eigenvalues and
electron wave functions are required for calculating the dispersion
dielectric function &(w) [23-25]. The single crystal of Ba,Tl,CuO3
has tetragonal symmetry which permit only two principal diag-
onal non-zero second order dielectric tensor components
%(w)=e'(w) and £%(w) = €''(w) along a and c crystallographic
axes. These dielectric tensor components are sufficient for the full
explanation of linear optical susceptibilities. One can obtain the
required components by using the expression given in Ref. [26]:

ij 47'[262
2T Vm2w?
X Z <’<Tl0|P,'\kﬂ’Gan/lej\kﬂJ) X fkn(1 _fkn’)(s(Ekn’ —Epn —hw)
nn'c

@)

where e and m symbolize both charge and mass of electron, @ and
V stands for electromagnetic radiation striking the crystal and unit
cell volume, the bracket notation |kns) stands for crystal wave
function with crystal momentum k, and ¢ spin symbolizes the
eigenvalueEy, corresponding to the momentum operator p;. The
Fermi distribution function (f;,) makes sure the counting of
transition from occupied to unoccupied and O(Ey, —Ey, —hw)
shows the form for total energy conservation. The allowed
electric-dipole transitions between occupied and unoccupied states
can be seen in the spectral peaks of absorptive part &;(w) which can
be identified from the magnitude of the optical matrix elements. As
Ba,Tl,CuO3 compound is metallic, we have to include the Drude
term following the expression given in Ref. [27]:

€2L ()= EZantra (w)+ EZJ?nter(w) 3)
where

i i
Edingra(®) = o+ a2 (4)

in the expression 7 is the relaxation time and w,- is anisotropic

v, represents velocity of electron in the Bessel plane and &, shows
the difference between E, (k) and Er. In the same way one can write
the expressions of the parallel components of the dielectric tensors.

Fig. 6a and b, represents the calculated &5 (w) and €(w) spectra
with and without Drude terms, respectively. The effect of the Drude
term is foremost on low energy level (less than 1.0 eV) [29]. The
structures of &,(w) at the energies greater than 1.0 eV are due to
inter-band transitions as shown in Fig. 6b. The first peak (greater
than 1.0 eV) shows transition of electrons from Cu-d and O-p state to
Tl-s/d and Cu-p state. The next peak shows electron transition from
Cu-s/p/d and O-p state to Cu-s, Tl-p and Ba-d state. The peaks around
8.3 eV and 9.1 eV are due the probability of electron transition from
Cu-s/p/d and O-p states to Cu-s, Ba-s and Tl-p states. Similarly the
next peak around 10.7 eV is initiated from electron transition from
Cu-s/d, Ba-s, O-p states to Cu-s/p, Ba-s/d, Tl-p states. The tail of the
spectra in the energy range from 11 eV to 14 eV is fashioned by
electron transition probably from Cu-s/d, Tl-s and O-p states to Cu-s,
Ba-s and Tl-p/f states. There exists a considerable anisotropy between
&5 (w) and €l(w) for the whole range.

Using the imaginary part of the dielectric function we have
obtained the real part of the dielectric function using the Kramers—
Kronig relation [30]:

_ 2 “wew), |
sl(w)_1+;P/0 mda)

where P stands for the principal value of integral. Fig. 6¢ shows
&f (w) and €!(w) including the Drude term while Fig. 6d shows the
dispersion of real part without Drude term. The uniaxial aniso-
tropy was calculated to be 0.7913, using expression &&=
[(el —eg)/elt] taken from Ref. [31], which elucidated that there
is a considerable anisotropy between the dielectric tensor compo-
nents of the real part.

The calculated tensor components of the refractive indices n+ (w)
and n(w) confirm the anisotropic behavior. We should emphasize
that n'!(w) falls below unity at around 6.4 eV which changes the
behavior of the material from linear to nonlinear. The extension
coefficient plays a very important role in metals. It shows absorption
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Fig. 3. Calculated total and partial densities of states (states/eV unit cell).

of energy on the skin (layer of charge on metal surface) of the material. maximum skin absorption by k() is shown around 6.2 eV. The
k! (w) is dominant from 0.0 to 3.7 eV and from 4.3 to 9.0 eV whereas spectra of absorption coefficient show that I (@) has maximum value
the rest of the range shows dominancy in k™ (w) components. The around 6.2 eV while I+ (w) gave maximum peak around 11.0 eV.
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Fig. 5. Electronic charge density contour of Ba,Tl,CuOg in (010) plane.

The reflectivity is more suitable observable for metal-
superconductors. It is commonly used in determining conductivity
at near optical frequencies [32]. The reflectivity spectra of Ba,
Tl,CuO; show that R'(w) plays leading role towards higher
reflectivity value while the R* (w) component shows less reflec-
tivity as compared to the R¥(w). The reflectivity spectra of R'(w)
elucidate the maximum value (60% and 65%) around 6.2 eV and
13.4 eV. The calculated imaginary and real parts of optical con-
ductivity assign the response of the material to electromagnetic
waves. The optical conductivity o(w) is correlated to the dielectric
function e(w) = 1+4ric(w)/w [33]. The Re ¢'/(w) spectra of Ba,Tl,-
CuOs3 reach the maximum photocurrent at around 6.0 eV.

The Seebeck coefficient and thermal conductivity were calcu-
lated by BoltzTraP program based semi-classical transport theory
[34]. The sign and magnitude of the Seebeck coefficient are related
to an asymmetry of the electron distribution around the Fermi
level [35]. Stand S'represent the perpendicular and parallel
dielectric tensor components of the Seebeck coefficient which
shows considerable anisotropy between the two components. S'is
more responsible for thermoelectric properties. Its first peak
around 150 K shows the concentration of the hole. Further
increasing the temperature results decrease in S"and shows
minimum value (—160 pV/K) at high temperature while S*
assigns the electron concentration with insignificant value of the
Seebeck coefficient (—20 pV/K) as compared to S”. Thermal con-
ductivity is also very important for calculation of thermoelectric
properties leading to a significant increase of thermoelectric
figure-of-merit (ZT) by expression ZT:SZTa/(kE,+kph) [36]. Both

k* /z and k"/r show considerable anisotropy. k"/z starts from
zero, increases linearly with small increment, and gives a value of
0.1 x 10> W/mKs around 2000 K while the k* /z shows 0.45 x
10" W/mKs at 100 K and increases linearly for higher value of
temperature and assigns a maximum value of 6.75 x 10'> W/mKs
around 2000 K.

4. Conclusions

We have calculated the electronic band structure, density of
state, electronic charge density, Fermi surface, optical and thermo-
electric properties of Ba,;Tl,CuOg compound. The investigation of
electronic band structure exposed that there exist two bands
overlapped around Fermi level. The calculated density of state
around Fermi level is about 29.2 states/Ryd-cell and electronic
specific heat is found to be 5.06 m]/mol K?, visualize the super-
conducting behavior of the compound. The observed colors of the
Fermi surface elucidate the speed of electrons and also strength of
the superconductivity. The calculated charge density contour plot
was evaluated in terms of electro-negativity difference which
shows prevailing ionic nature of the bonds with small fraction of
covalency for Ba-0O while both Cu-0 and TI-O shows mixed ionic-
covalent nature. Further the complex part of dielectric tensor
components was calculated with and without Drude term. The
Drude term represents the intra-band transition of electron below
1.0 eV while the spectral peaks in higher energy range (above
1.0 eV) show electron transition from the occupied bands (below



A.H. Reshak, S.A. Khan / Journal of Magnetism and Magnetic Materials 354 (2014) 216-221 221

i "
EVGGA
. EVGGA 1 :I
he "
i i
10 i 104 "
b LA
~ 3 W = & H Il
3 i 3 n [
3 i b A [
& H RIS [N [
i I Y n
N H ag SN/ i &
Y A WA
i\ ¥ AN
2 241V
/
i 2
; Y
0 T T T T T T 0 T T T T T T
0 2 4 6 8 10 12 0 2 4 6 8 10 12 14
Energy (eV) Energy (eV)
12 12
EVGGA -
wl Evech
) [y
84 1 LE R T I
| Vo .
o ° e
v
3 o '
< =, L i
W2 « ’ H
[
0 ° E s
2 i
* ) i
41 i
5 H
65 T T T T T T
o 0 2 4 6 8 10 12 14
Energy (eV) Energy (eV)
35 32
A EVGGA I EVGGA
Y 1A 28 9l
' A "
24 i
"
"
2.0 I
i~ ~ ol
. Y
g R IR
S = N PV A
12 oA H N TR
[ ¥
R
osd o ! S
Al
ny
044 1\
/
;
00 T T T 00 T T T T T T
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 1
Energy (eV) Energy (eV)
200 o7
EVGGA
] [Eveca],
'ﬁ‘ n 0.6
160 | iR
" Aoy
% 140 1" e
i ‘.
LS 120 RPN
= DA
X 00 woN
B Y
= 80 H
~ [
60 4 F
N /
40 AL
AN
A0
w1
T T T T T T 0. T T T T T v
0 2 4 6 8 0 12 1 ] 2 4 6 8 10 12 14
Energy (eV) Energy (eV)
10
. . EVGGA
it Rec
8 "
- - i
™ : H
$ g7 i
“ L i
kS B A
3 S '
= = s i Rec
N s . I
£ S o ,
e
5 = e R A
2 AV pe
SN e
1 J v
A
5 ——————— o
0 2 4 6 8 10 12 1 0 2 4 6 8 10 12 1
Energy (eV) Energy (eV)
2 70
oy EVGGA
w L [ree
§ 60+
%
N Y ~
a0 \ i 5.0
p 17
~ \ N T
Qo \ & a0
N \, “
P N ~
3 \ 2 304
3 10 . <
120 . * 20
. 1
140 4 e S
________ 104 N
w4 T e Kie ]
180 L i i e e e e
200 400 600 800 1000 1200 1400 1600 1800 2000 200 400 600 800 1000 1200 1400 1600 1800 2000
Temprature (K) Temprature (K)

Fig. 6. (a) Calculated ex(w) including Drude term, (b) calculated ex(w) without
Drude term, (c) calculated &1(w) including Drude term, (d) calculated &;(w) without
Drude term, (e) calculated n(w), (f) calculated k(w), (g) calculated I(w), (h) calculated
R(w), (i) calculated Imo(w), (j) calculated Res(w), (k) calculated S(w), and
(1) calculated k/z.

Fermi level) to highest unoccupied bands. The calculated uniaxial
anisotropy confirms the considerable anisotropy between two
principal tensor components of dielectric function. The other
optical constants like refractive index n(w), extension coefficient
k(w), absorption coefficient I(w) and reflectivity R(w) were calcu-
lated and discussed in detail. In additional we have calculated and
discussed the Seebeck coefficient and thermal conductivity of
Ba,Tl,CuOg compounds.
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