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ABSTRACT

In this paper, we present a theoretical investigation on the
electronic structures of bulk ternary mixed chalcogenide BizTe2S
and its corresponding Bi2Te2S (111) surface thin films based on
the first principle within the density-functional theory. The spin-
orbit coupling (SOC) included self-consistency. We have found
that the effect of SOC significantly changes the electronic
properties of bulk Bi2Te2S. For the Bi2Te2S (111) surface thin
films, we have adopted the method proposed by Park K. et al
(2010). Our result shows the presence of robustness states on
the electronic structure of BiaTe2S (111) thin films with the
presence of a Dirac Point (DP) below the Fermi level Er that is
completely covered in the bulk bands. This result is in agreement
with the Topological Insulator (TI) nature in the binary Bi2Tes,

Keywords: Ternary mixed chalcogenide, Surface State, Density
functional theory Structural and electronic properties, and Robust
Topological Nature of Material

INTRODUCTION

Binary mixed chalcogenide compounds with the formula X2Tes
(X= Bi, Sb) are the most widely studied members of the mixed
chalcogenide family that have traditionally been proven to be an
exceptional thermoelectric material (Kanatzidis, 1998). They have
been observed as materials that can directly convert waste heat
into electricity without any moving measures (Ismail and Ahmed,
2009). For more than half century, these materials have been
revealed to have large thermoelectric power (Seebeck
coefficients) and recently, have been widely used in
thermoelectric refrigeration (Rowe, 1995; Goldsmid and Douglas,
1954). These compounds as well as similar compounds of the
same family constitute an interesting class of condensed matter
called topological insulators (TI) (Zhang et al, 2009). The
topological insulators are renowned for the existence of metallic
spin-helical surface states, which are robust against the presence
of nonmagnetic impurities or disorder (Moore, 2010; Steinberg et
al, 2010). These surface states have potential technological and
industrial applications, such as in spintronics (Vobornik et al,
2011; Alam and Ramakrishna 2013), quantum computation (Qi
and Zhang, 2010; Yazyev et al, 2010; Fleurial et al, 1988) and
thermoelectric energy conversion (Cava et al, 2013). Importantly,
these applications require a better fundamental understanding of
the atomic and electronic structure of the compounds when
interfaced with other materials.

Just recently, researchers have extended the search for a
material that possesses this Tl nature; not only to binary
combinations of these family compounds but also to ternary and
even quatnary combinations (Chang et al, 2011) In this era,
ternary Bi2Te2Se has been theoretically observed (Neupane et al,

2012) as well successfully synthesized as a 3D TI material (Chis
et al, 2012) by means of different experimental techniques. Both
theoretical and experimental results have indicated Bi2Te2Se as a
good compound in the massive Dirac Fermions investigation.
These results have brought more attention to the other ternary
combinations of the family; for example, Sb2Te2Se has been
theoretically predicted and its properties within a DFT have been
investigated. It was found to be a good material for surface
quantum transport explanation (Wang and Johnson 2011).
Bi2Te2S, SbaTe2S and Bi2SezTe also have been observed and
investigated as T| materials by using DFT calculations. But with
the recent comparison of the theoretical results that have been
published so far, it has clearly been indicated that there are a
large percentage of inconsistencies in their electronic properties
as well as the Tl nature of these ternary compounds. For
example, the values of the calculated bulk band gap reported for
BizTe2S and Bi2Te2Se are in the range of 0.18-1.55 eV (Rusinov,
Nechaev and Chulkov, 2013; Schnadt et al, 2006). To the best of
our knowledge, only a few literatures have reported the
investigation on the Tl nature of termary Bi.Te2S (Wang and
Johnson 2011; Jain et al, 2013). Despite their effort, some of the
properties, such as robust topological states in the electronic
band structure have still not explained in details.

Within this framework, there is a need for details investigations for
the electronic properties as well as the Tl nature by applying
different approaches both theoretically and experimentally. In line
with this need, the objective of the present work is to perform a
comprehensive theoretical study of the electronic structures of
bulk Bi2Te2S based on the density-functional theory (DFT), and
also to investigate the topological nature of ternary BizTe2S using
a method that completely depended on the DFT results.

MATERIALS AND METHOD

Crystal Structure

Mixed chalcogenide compounds are formed between the group V
and VI elements of the periodic table. They are normally observed
in a layered structure, with the elements of group VI are usually
occupying the outmost and central (third) layer. And, the group V
elements occupy the second layer in the primitive rhombohedral

cell with the space group of R3m (No. 166). For example, the
structure of the binary Bi2Tes has a layer stack as Te!-Bi-Te2-Bi-
Te'. The positions of the two group VI elements in the stack are
not equal; normally, the interlayer distances are different (Wang
and Johnson, 2011). The compounds can also be formed as a
hexagonal lattice with a number of atomic layers, which also
provides the foundation in the slab model for the surface
investigation.

First Principle Investigation of Robustness Surface States on Ternary Mixed
Chalcogenide gizre2s

2
=
)=
<<
=
O
S
©
@
n
()
o
=
=S
o
=
)
—
=
e



http://www.scienceworldjournal.org/
mailto:alhazikara@gmail.com

Science World Journal Vol 14 (No 1) 2019
www.scienceworldjournal.org

ISSN 1597-6343

Published by Faculty of Science, Kaduna State University

The ternary combinations of these families are commonly formed
from the substitution of the central-layer element of the binary
ones. For example, the ternary Bi2Te2S, and Bi:Te:Se are
obtained from substituting Te in the central layer of Bi2Tes with S
and Se respectively (Wang and Johnson, 2011; Rusinov et al,
2013), which normally leads to the establishment of slightly
smaller lattice constants. Both the bulk and corresponding (111)
surface of the ternary Bi2Te2S have been observed before (Wang
and Johnson, 2011; Schnadt et al, 2006) but still, to avoid
reputation of the results, we have used the primitive
rhombohedral cell of five atoms for the bulk B2Te2S, using the
atomic parameter reported in (Ong et al, 2013; Alhassan et al,
2015). For the surface state and Tl nature investigation, a six
quintuple-layered slab of (2 X 2) super cells in a hexagonal
lattice along the (111) direction with a vacuum of 22 A was
constructed by means of GDIS software (Fleming and Rohl 2005)
The primitive rhombohedral cell, the Hexagonal and
corresponding BZ structures are reported in our published article
(Alhassan et al, 2015).

Computational Methods

For an excellent experimental synthesis of materials, details
comprehensive theoretical investigations will make excellent
contributions for clear understanding of the Tl nature of the
ternary BizTe2S.Therefore, we have carried out our investigation
for the electronic properties of the bulk Bi2Te2S on rhombohedral
unit cells with five atoms on 8 X8 X8 k-point mesh, using a
plane wave basis set, within a DFT with generalized gradient
approximation (GGA) parameterized by Perdew-Burkew-Enzerhof
(PBE) exchange correlation function (Adllan and Dal Corso 2011)
as implemented in the Quantum ESPRESSO package (QE)
(Giannozzi et al, 2009). In our calculation, a norm-conserving
scalar relativistic and fully relativistic pseudo potentials have been
used. From the two sets of the pseudo potentials, the valence and
semi core d state electrons of 3s2 3pSand 3s2 3p* 3d, respectively,
were included in the case of the S atom; whilst, for atoms Te and
Bi, both for the scalar and fully relativistic pseudo potentials, a
valance and a semi core d state of 5s? 5p* 4d'° and 6s? 6p3 5410
respectively, were used. All pseudo potentials were generated
from the PSLIBRARY of the plane-wave self-consistent field
(PWSCF) pseudo potentials online references (Adllan and Dal
Corso 2011). A SOC was considered in all the cases and the
kinetic energy cut-off of 60 Ry for expanding the plane wave
functions has been used. For the surface Bi2Te2S (111) band gap
a 12 x 12 X1 k-point mesh on the six quintuple-layered slab of
the (2 X 2) super cells stacked on the hexagonal lattice show in
Fig. 6 (a) were used. In each layer, relaxed parameters, by
applying Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm
(Battiti and Masulli 1990), where the forces and energy
minimization process are considered during the relaxation, have
been used. And a broad convergence test has been performed for
all parameters and considered to be achieved with the minimum
consecutive iterative steps with an energy difference less than 1
meV/A (Battiti and Masulli 1990).

RESULTS AND DISCUSSION

Our results, discussion will begin with the band structures of bulk
Bi2Te2S crystals. The calculated band structures without and with
SOC effect for BizTe2S along the symmetry points in BZ are
shown in Fig 1. From the figure, we have observed that when
SOC was not taken into consideration Fig. 1 (a), the band

structure looks similar as the direct bandgap semiconductor with
the approximate bandgap value of 0.260 eV at the Gamma-point.
But when SOC was present Fig. 1 (b), it led to significant energy
changes for both the conduction and valence bands, making a
clear change for the compound (say from, the direct gap to
indirect gap material). One can clearly see that the minimum
conduction band and the maximum valence band both occurred
within the X-L direction shown in Fig. 1 (a). One significant point
to mention is the reduction of the bulk indirect bandgap value to
0.229 eV that occurred due to the presence of SOC shown in Fig.
1 (b). This implies a clear signal of a strong topological insulator
property that was similar to the bulk Bi2Te2Se (Wang and
Johnson, 2011; Alhassan et al, 2015).Our results, discussion will
begin with the band structures of bulk Bi2TezS crystals. The
calculated band structures without and with SOC effect for
Bi2Te2S along the symmetry points in BZ are shown in Fig 1.
From the figure, we have observed that when SOC was not taken
into consideration Fig. 1 (a), the band structure looks similar as
the direct bandgap semiconductor with the approximate bandgap
value of 0.260 eV at the Gamma-point. But when SOC was
present Fig. 1 (b), it led to significant energy changes for both the
conduction and valence bands, making a clear change for the
compound (say from, the direct gap to indirect gap material). One
can clearly see that the minimum conduction band and the
maximum valence band both occurred within the X-L direction
shown in Fig. 1 (a). One significant point to mention is the
reduction of the bulk indirect bandgap value to 0.229 eV that
occurred due to the presence of SOC shown in Fig. 1 (b). This
implies a clear signal of a strong topological insulator property
that was similar to the bulk Bi2Te2Se (Wang and Johnson, 2011;
Alhassan et al, 2015).
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Fig. 1: The calculated Band structure of bulk BizTe2S without (a)
and with (b) spin-orbit coupling, with the dashed line showing the
Fermi level

We have also obtained the total and projected densities of the
states of bulk Bi2Te2S crystals shown in Fig. 2 and Fig. 3,
respectively. From the result, we have observed that the minimum
valence bands were dominated by S 3s, Te 4s and Bi 5s States,
which occurred between -9 and 8 eV see Fig. 1 above, while the
valence bands were dominated by Bi 6s and Te 5s states, which
occurred between about -9 and -6 eV. The Maximum occupied
valence bands were fundamentally dominated by S 3p, Te 5p and
Bi 6s states; the 6p states of the Bi atoms were also contributing
to the valence bands, but the values of the densities of these
states were so negligible when compared with that of the S 3p
and S 5p states. The minimum unoccupied conduction bands just
above the Er were dominated by Bi 6p. This result indicates the
possibility of increases in the hybridization due to the binding of
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the central layer site to two Bi sites which has to be considered
during the preparation of ternary Bi2Te2S from binary BizTes
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Fig. 2 The calculated Bulk density of states (DOS) bulk ternary
Bi2Te2S. Note that the DOS was calculated without consideration
of SOC.
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Fig. 3 Projected density of states (PDOS) for both p-like and s-like
orbitals of the elements within the bulk ternary Bi2Te2S

For the electronic properties of thin films’ investigated, the surface
energy, ¥ ..rrace » Was calculated using the expression (Perkins

and DePristo, 1993).

L ( total n Etotal )‘ (1)

Vsutee = slab ~ ! 'suface =bulk
Asuface
total total .
where Eslab ,Ebulk represent the total energies of the slab

and bulk system, respectively. N is the number of the

surface
atom in the slab, and Ay, IS the total surface area of the

slab. In each case, we have found 1-6QLs to be stable. The STM
calculation was based on the Tersoff-Hamann-approximation
(Tersoff and Hamann, 1985) as implemented in the XCrySDen
package (Kokalj, 1999). Normally, the calculation is based on the

tunneling current | (I’)which is given by the expression (Tersoff
and Hamann, 1985).

E,<Er 2

|(I’)OC Z ‘l//(l’, Em} = m(r ’Vbias)’ (2)
En>Er —Vhiase
where EF ,Em are the Fermi energy and energy of state

74 (I’) respectively, and V
specific position I'.

pias 1S the applied voltage at a

Then, we obtained the electronic band structures of the BizTe2S
thin films along the three time reversal symmetry points shows in
Fig. 4 (b) by varying the slab thickness from the first QL to six
QLs. We have adopted the method reported in (Park et al, 2010;
Dai et al, 2011). The method is only relies on the DFT calculation
result quite than using a model Hamiltonian approach, in to
precisely classify the topological surface states from the slab
band structure of materials with QL structures. In Fig. 5, the pure
surface states or bands are indicated with dark red circle, and the
corresponding, either bulk-like or surface resonant; states are
represented with uncolored lines.
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Fig. 4 Schematic diagrams of (a) BizTe2S thin film structures
obtained by stacking 4QLs along the z-direction. (b) Two-
dimensional Brillouin zone of the (111) surface within a three
time-reversal invariant points

The details of the algorithm can be found in (Park et al, 2010),
which described that those exact topological surface states from
the slab band structure of materials with QL structures can be
recognized within a DFT calculation alone. Since normally the
obtained surface band structures of the slab model of the
surfaces are covered by a bulky band projection partially, it is
essential to differentiate between the surface bands from the
calculated results. Therefore, for the purpose of comparison, we
adopted similar criteria of the critical percentages as described in
(Dai et al, 2011), the criteria have been established in such a way
that the critical percentage of the wave function was projected
either on the top or the bottom of the two atomic layers in a given
energy band. Thus, for the first QL and second QL, we have used
the specified critical percentages of 40% and 35%, respectively;
whilst for third, fourth, fifth and sixth QLs, we have used 55%,
60%, 40% and 40%, respectively.

Then, based on the thickness dependence described above, we
observed the following. In the first QL (Fig. 5 (i)) of the BizTe2S
film, a closely parabolic band exceeding the Er has occurred,

showing an approximate surface indirect gap ( E; i e ) 0f @bout
0.2881eV at the gamma point, and a larger surface gap with an

approximate value of 0.4113 at I - reversal symmetry point.
Here, there was no surface state that crossed the Er between
the time-reversal-invariant momenta of the QL. For the second QL
(Fig. 5 (ii)), a shift in the topmost of the V-shaped band going
close to the Er was observed; while the U-shaped band appeared
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below the Er, leading to the disappearance of the indirect band
gap. Also, at the bottom of the V-shaped band, the surface states
disappeared, which came from the U-shaped band intersecting

the Er at a point along r-M only. This result was not similar
to the case of both the binary Bi2Tes reported in (Park et al, 2010),
and the ternary BizTe2Se reported in (Dai et al, 2011).Where in

all thin films. Also, in Table 2, we have listed the values of the
wave function projections onto each QL slab at different specific
k-points.

Table 2. Wavefuctions projections on each QL of the 5 QL slabs
at the several specific kk-points of the V-shaped (U-shaped) band

both cases, the U-shaped band intersected the Er at two different , Grm UFDD [;';E 0‘215 0‘?34 DEG;
points crossing the surface state within the second QL film to be k {_2{5;,,} ' : ’
topologically insignificant (Park et al, 2010; Dai et al, 2011). Uppermost 0554 0489 0511 0512 032 023
. » Upper-1 0.051 0.048 0.062 0,085 0.011 0.002
1 0 1 (i) Middle 0.015 0.008 0.008 0.004 0.006 0113
o ’ J 10L . 1—" Bottornmost+t 0.0t 0023 0.000 0031 0086 0215
<09 | 05 i 04 Batiom-1 0087 0002 0007 0213 0211 0411
g ¢ A ?«0,, Bottommost 0019 003 0.000 0.000 0.001 0013
g o . Presence of S5 YES YES YES YES NO YES
s /M0< ,2.-0.5 Evﬂ.s
0 & 0 0 . .
e T o e : To observe the surface state more precisely, we have explained
. (i) " 1 the decay length of the surface state in 5QLs, as an example. We
5 T U | o S0 £ s have plotted the percentage of the wave function projected onto
{ 05} = - in Fi
S L 0 J the top QL of the 5 QL slab shown in Fig.6 (a).
8 o olmaem 800 §i 00
L R ] g _
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Fig. 5 The calculated Band structures of Bi2Te2S (111) thin films g o
with the thickness range from 1 QL to 6 QLs along the “E’,, o fE' 05
0
w ™ N g @
K —T"— M direction. The insets in (i), (iii) and (iv) indicate = g
-50] 0.04————-

the zoom-in of the 2 QL, 3 QL and 5 QL band structures near the
Fermi level, respectively

In the third QL film, as indicated in Fig. 6 (iii), it is clearly shown
that there were opposite states in the case of both the first and
second QL films; in this case, the Er by the V-shaped band shifted
down within the third QL film by about 0.016 eV and crossed the

Er along one direction only (say r-mMm directions). Moreover,

the U-shaped band along the I" — K direction occurred under
the Er, with the gap value of less than that of the second QL film.
This was similar to the case of BizTezSe (Dai et al, 2011). For the
4QLs, 5QLs and 6QLs, we have observed a similar surface band
very close to the Dirac-like dispersion obtained from the semi-
finite film measurement (Dai et al, 2011).

Finally, in Table 1, we have shown how the gaps within the whole
QLs of the BizTe2S thin films decreased with increases in
thickness. We may have insisted that the indirect gap will
disappear when the film becomes thick enough which is in
agreement with the results in (Park ef al, 2010; Dai et al, 2011).

Table 1. The energy gap E__ (e V) atT, the number of

gap

crossings, N ,of the surface states across the Fermi level,

EF , and the indirect energy gap, Eindirect (e V), as a function

of the slab thickness (nm), respectively.

100

2|

K T 1
(a) (b)

Fig. 6 (a) shows the plot of the percentage of the wavefuctions

projected onto the top QL of the 5 QL slab, the V-shaped band is

represented with a red line whilst the U-shaped band has the

black line. Both the curves indicate a smooth drop in percentages

for the higher k,, point. 6 (b) shows the values of the

wavefuctions projections onto each QL of the 5 QL slab for both
V-shaped and U-shaped bands at different precise k-points

The V-shaped band is represented with a red line while the U-
shaped band is represented by the red line. Both the curves

indicate a smooth drop in percentages for the higher Kk , point. In

this case, we have observed the presence of two surface bands;
one was close to the Fermi level and the other closer to the

I" — point. The behavior of the surface states which intersected
the Fermi level had a V-shaped band nature and crossed only in

the direction of I" — M, while for the bulk state at the Fermi
level, we may say that it was from the U-shaped band. We have
listed the values of the wave function projections onto each QL of
the 5 QL slab for both V-shaped and U-shaped bands at different
precise k-points in Table 2 (plotted in Fig. 6 (b)). We have
observed a rapid decay of the wave function projection at the
second QL, which indicates that the dispersion length of the wave

Noof Qs Thickness . N, E,..  function of the surface states was of the order of about 1.8 nm.
: e PO * \ogr This was 0.2 less than the observed value obtained in the case of
3 32113 00351 1 No gap Bi2Tez2Se (Park et al, 2010). From the result, the surface state was
4 43132 0.0065 1 No gap

We have also observed that, when SOC was taken into
consideration, there is no surface band crossing the Er in case of

observed to be predominantly localized in the topmost QL, while
almost completely restrained in the second QL, which obeys the
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projected distribution that is shown in Table 2. Also, these types
of states were mostly formed by the pz orbital of the Bi, Te and S
atoms, which reveals the bonding types inside the QL of the bulk
BizTe2S.

Conclusion

In summary, we have presented a comprehensive investigation of
the electronic structures of the bulk Bi2Te2S and its corresponding
BizTe2S (111) thin films of one to six quintuple layers using first-
principle calculations, within DFT as implemented in QE; the
effect of SOC was included in our calculations. The topological
nature of the surface states in the Bi2Te2S (111) thin film has also
been investigated by means of a method introduced by Park et al.
Our result shows that the bulk BizTezS is a topological insulator
with similar properties of both the Bi2Tes and BizTezSe. Also for
the surface investigations, we have emphasized that this method,
which is specially based on DFT, gives a precise IT nature of
such materials. Also, by observing a surface state on a
compound, one can estimate the dispersion depth of the surface
states by using the projection on the wave function of each QL of
the slab. Our results have also indicated the clear effect of SOC in
determining the electronic properties of the bulk Bi2Te2S and the
presence of a finite gap for the Bi2Te2S (111) thin films because of
the interaction between the top and bottom surface states. For the
Bi2Te2S (111) thin films, a significant robust nature of the
electronic structure has been observed from the third or more QLs
which led to the intersection of Fermi energy once on the Dirac-

like surface band at a point (say I — M direction). This
result has made us emphasize that the Bi2Te2S is a Tl with a
significant topological nature that should lead to a large bulk
resistivity required to obtain a feasible electronic device, which is
still expected to have experimental proof.
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