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We report the density functional theory structure optimization and electronic structure calculations of TIGaSe,, TIGaS,, and
TlinS, compounds. We find that there is a weak bonding between Tl and the chalcogen while Ga and In make covalent bonds
with the chalcogen. The s orbitals of the chalcogen hybridize with the d orbitals of Tl, bringing additional directionality to the
Tl-chalcogen interaction. There is no direct TI-TI bond. Although these three compounds are extremely similar, the band struc-
tures exhibit quantitative and qualitative differences. The optimized TIGaSe, and TlInS, crystals have direct band gaps while
TIGa$S, has an indirect gap. The lowest unoccupied states have a bonding character between the p orbitals of the adjacent
Tl atoms. These states form conduction channels along the Tl chains. The valence band maximum originates from Tl-s orbit-
als and its position in the Brillouin zone is robust. Almost degenerate Tl-p related bands are affected differently by the inter-
layer interaction. Therefore, minute changes in the structure may shuffle their energy levels, resulting in qualitatively and quan-
titatively different band gaps in these extremely similar compounds. External pressure and defects may initiate the same type
of electronic structure changes resulting in contradicting results in experiments. A small down-shifting of the unoccupied para-
bolic bands lead to several valleys in the conduction band of TIGaSe,.
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Introduction

The ternary semiconductors TIGaSe,, TIGaS,, and TlInS,
are in the family of monoclinic A;B4C,° chalcogenide crys-
tals'2. They are layered structures with anisotropic proper-
ties3. These compounds show several phase transitions at
low temperatures® or under high pressure®2. Along with
the phase transitions, the electronic and optical properties
are modified® 1911, indicating a delicate relationship between
the structure and the electronic structure!2. Small changes
in the structure are linked to the optical and electronic prop-
erties'314. These materials have a potential to find new ap-
plications'®-17 that could take advantage of their layered
structure.

Understanding the physical phenomena in these Tl-based
ternary systems requires a detailed investigation of the elec-
tronic structure and the bonding, which was the subject of
illuminating early works'8.12. The positions of Tl atoms were
suggested to be the source of the observed phase transi-
tions'® on the basis of tight-binding calculations on suitable
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models. Density functional theory calculations for the elec-
tronic structure using linear muffin-tin orbital (LMTO)
method??, linearized augmented plane wave (LAPW)
method?!, and local-density approximation (LDA) were re-
ported?223 These related works cannot agree on the char-
acter of the band gaps and the position of the conduction
band minimum. In a recent study2*, the experiments indi-
cate a direct gap for TIGaSe, while the computational part of
the same work shows an indirect band gap. These Tl-based
ternary semiconductors are far from being perfect?42°. We
believe the diverse results in the literature® are somehow
related to the delicate relationship between the structure and
the electronic structure.

In this work, we aim to find the causes of the close rela-
tionship between the structure and the electronic structure.
We did through structure optimizations and compared the
electronic band structures. The three compounds are ex-
tremely similar but show different physical phenomena. The
causes of the differences in their electronic structures are
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discussed in the following while demonstrating their striking
similarities.

Computational

We carried out structure optimization and electronic struc-
ture calculations in the density functional theory (DFT)26 within
generalized gradient approximation (GGA). The exchange-
correlation interaction was described by Perdew-Burke-
Ernzerhof (PBE) functional?’. We obtained lattice vectors
along with the relaxed atom coordinates. Initial atom coordi-
nates and lattice vectors were taken from crystallographic
data’-2. The electronic structures were calculated before and
after the structure optimizations. This was to pinpoint the
causes of varying reports in the literature. We used norm-
conserving Troullier-Martins pseudo-potentials2® with non-
linear core corrections?® to handle the interaction between
the valence electrons and the core. The pseudo-potentials
of Tl, In and Ga included d electrons in the valence. For com-
parison, calculations with ultrasoft pseudo-potentials® were
also performed and consistent results were obtained. The
wavefunctions were expanded into a plane-wave basis that
correspond to the cutoff energy of 50 Ry. The Brillouin zone
was sampled by 3x3x2 k-point sampling during structure
optimizations. The band structures were calculated at 441 k-
points along a path going through the high symmetry k-points
of the Brillouin zone. The band plots shown in this paper are
composed of only the points, and no estimation is involved
in how the band lines continue.

Results and discussion

TIGaSe,, TIGaS, and TlInS, chalcogenides are ternary
layered compounds. They crystallize in the base-centered
monoclinic systemwith C2/c space group and share the same
basic structure shown in Fig. 1, where a tetrahedron model
and a ball-and-stick model are depicted. Each tetrahedron
consists of an MX, unit, where M= Ga or Inand X = S or Se.
In the unit cell, 4 tetrahedra are linked by the corner chalco-
genatoms and form alarger tetrahedron of M4X;,. The MyX
units in successive layers are rotated by 90° with respect to
each other. The interstitial voids are filled by weakly bonding
TI*" ions. There are Tl-chains along both a and b axes.

The primitive unit cell contains 16 atoms while the con-
ventional cell has 32 atoms. A ball-and-stick model of the
conventional unit cell is shown in Fig. 1(b), where only strong
covalent bonds between M (Ga, In) and the chalcogen (S,
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Fig.1. The common structure of TiGaSe,, TIGaS, and TIInS, chal-
cogenides as (a) tetrahedron and (b) ball-and-stick models.

Se) atoms are depicted. Close inspection of the charge den-
sity reveals that each Tl atom makes 6 bonds with the near-
est chalcogen atoms. Four nearest chalcogen atoms are in
the same layer, and two others are in the adjacent layer.
Therefore, the interlayer interaction is due to the Tl-chalco-
gen bonds, which are much weaker than interlayer M-X
bonds. However, this interlayer bonding should not be con-
fused with dispersion forces. These compounds are regarded
as layered materials since the bonding is anisotropic.

The positions of TI*" ions are determined by their bond-
ing to the nearest chalcogen X atoms. The TI-X bonds mainly
originate from Tl-s and chalcogen p orbitals. However, the
mixing between Tl-s and Tl-p orbitals makes the TI-X bond
directional. In our pseudo-potential calculations, we observed
that it is crucial to include TI-d orbitals in the valence. Al-
though not as important, the inclusion of Ga-d and In-d orbit-
als improves the calculated results. We believe the d-orbit-
als are decisive in providing directionality to the Tl-chalco-
gen bonds, which stabilize these crystals. Although the TI
atoms form chains, the charge density indicates that there
are no direct TI-TI bonds. There is only an indirect interaction
between adjacent Tl atoms through the linking chalcogen
atoms.

Since there are several notations for the high-symmetry
k-points, the Brillouin zone and the high symmetry k-points
are depicted in Fig. 2. In the literature, there are several
choices for the path along which the band structure is calcu-
lated. Following the full path, shown in Fig. 2, we go through
all the special k-points because these systems have mul-
tiple valleys in the conduction band. The same k-point labels
and path are used for the three compounds investigated here.
Note that the V-T", Y-E, and L-A lines are along the c-axis.
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Fig. 2. The Brillouin zone of monaclinic ternary Tl-chalcogenide crys-
tals. The high-symmetry k-points are " (0, 0, 0),A(-0.5, 0, 0),
Z(0,-0.5, 0.5), M (-0.5, -0.5, 0.5), L (-0.5, 0, 0.5), V (O, O,
0.5), Y (-0.5,0.5, 0) and E (-0.5, 0.5, 0.5).

TIGaSe,:

Starting from the available crystallographic data, we have
optimized the lattice constants and the atom positions of
TIGaSe, chalcogenide crystal. The calculated lattice param-
eters of the conventional cell a=10.899 A, b=10.894 A, ¢ =
15.967 A, and B = 99.651° are very close to the reported
experimental values2. In the optimized structure, the TI-TI
distance is =3.9 A, and the TI-TI-TI angle is =158°. The TI
atoms do not stay in a straight line but form a slight zigzag in
the optimized structure. The Ga-Se bond length is ~2.45 A,
and the TI-Se distance is =3.23 A on the average.

The electronic band structure of the optimized structure
in Fig. 3 shows a direct band gap of 1.5 eV although the
conduction band has multiple valleys that have very similar
minimum values. Our calculated band gap value is smaller
than the experimental values of EgQ| ~21eV, Egi ~1.8eV31.32
as GGA underestimates the band gaps. The occurrence of a
direct gap is in agreement with recent experiments'®24. A
close-up view of the band structure in Fig. 5(a) illustrates the
proximity of the minimums in the conduction band.

To understand the character of the bands, we have cal-
culated the projected electronic density of states, presented
in Fig. 4. As displayed in Fig. 4(a), the unoccupied bands
above Eg and the occupied levels down to Ex - 8 eV origi-
nate from s and p orbitals. The Se-p orbitals participate into
both the bonding and the anti-bonding bands down to E¢ -8
eV. The Ga-s and Tl-s orbitals are involved in bonding states
between Er - 8 eV and Eg - 5 eV. The anti-bonding states
between Er -5 eV and E involve the hybridization between
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Fig. 3. Electronic band structure of TiGaSe,. The energy levels are
with respect to the Fermi level E.

Tl-s and Tl-p orbitals. The Ga-p orbitals are also present in
this energy range. However, a closer look indicates that the
valence band maximum (VBM) is an anti-bonding state be-
tween Tl-s and Se-p orbitals. Therefore, the highest occu-
pied band has a considerable dispersion along the direction
perpendicular to layers because the inter-layer interaction is
due to TI-Se bonds. The VBM should be sensitive to the strain
along c. Since the V-T" line is perpendicular to layers, the
states of Ga-Se covalent bonds form flat bands along the V-
I" line in the band structure, displayed in Fig. 3. The bands
that have a contribution from Tl orbitals acquire dispersion
along the V-T" line.

The localized Ga-d, Tl-d and Se-s states produce peaks
in the projected density of states (PDOS) in Fig. 4. The shoul-
ders near the peaks in Fig. 4 indicate that the Ga-d, Se-s
and TI-d states mix. The Se-s levels are between Ga-d and
Tl-d states. Although the d-electrons are often not consid-
ered in the discussion of the bonding in these systems, the
Se-s lone pair interacts with the d-electrons of the adjacent
atoms. Since both Tl-d and Se-s PDOS values are high
around -9 eV in Fig. 4, the Tl-d electrons interact with Se-s
electrons strongly. The PDOS of Ga in the same energy indi-
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Fig. 4. (a) Electronic density of states (DOS) of TIGaSe, and projected DOS on (b) Tl, (c) Ga and (d) Se. The energy is with respect to the

valence band maximum (VBM).

cates that hybridized Ga-s and Ga-p states interact with Se-
s electrons while the TI-s and TI-p orbitals are not involved.
Therefore, it was crucial to include TI-d electrons in the va-
lence during the calculations. We believe that the involve-
ment of Tl-d, in addition to Tl-p, brings additional directional-
ity to the TI-Se bonds, crucial in stabilizing the crystal struc-
ture.

The unoccupied bands have a large contribution from Tl-
p orbitals. The s and p orbitals of Ga and Se atoms are also
involved with the unoccupied bands shown in Figs. 3 and
5(a). The bands that have low dispersion along the V-T" line
are in-layer states. The states that have larger dispersions
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along the V-T" line include the Tl-pz orbitals that are related
to the inter-layer interaction. The shape of the lowest unoc-
cupied bands and thus the band gap heavily depends on the
Tl positions because these bands are Tl-related. Therefore,
the bandgap and whether it is direct or indirect correlate with
minute changes in the structure, especially the position of Tl
atoms. The unoptimized structure that has the TI-TI-Tl angle
of =176° has an indirect band gap of 1.45 eV while the opti-
mized structure has a direct band gap.

TiGaS,:

The structure and lattice parameters of TIGaS, were op-
timized starting from the crystallographic data33. The opti-
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Fig. 5. Comparison of the electronic band structures of (a) TIGaSe,
and (b) TIGaS,.

mum lattice parameters of the conventional cell are a = 10.406
A, b=10.406 A, c=15.308 A, and B = 99.953°. Our calcu-
lated TI-Tl distance is =3.7 A, and the TI-TI-Tl angle is =<177°.
Compared to TIGaSe,, the Tl chains are straighter in TIGaS,
with no significant deviation from the experimental values.
The lattice constant of TIGaS, is smaller than TIGaSe,, al-
lowing less free play for the Tl atoms. In TIGaSe,, Tl atoms
get closer to some of the chalcogen neighbors while increas-
ing the bond length to the others. Such an asymmetric bond-
ing configuration still decreases the total energy of TIGaSe,
since the occupied states contain both bonding and anti-bond-
ing states. However, the locations of Tl in TIGaS, are tight.
We find that the Ga-S bond length is =2.31 A, and the TI-S
distance is =3.27 A on the average.

The electronic band structure of optimized TIGaS, has
the valence band maximum (CBM) at I" point and the va-
lence band minimum (VBM) on the I'-Y line as shown in Fig.
6. It has an indirect band gap of 1.815 eV while the direct
band gap at I" is 1.953 eV. The unoptimized band structure
had an indirect band gap of 1.768 eV even though the modi-
fications by the structure optimization are not significant. A
closer view of the band structure is displayed in Fig. 5(b),
where the lowest unoccupied bands around I" are colored.

The projected density of states (PDOS) for TIGaS,, pre-
sented in Fig. 7, is strikingly similar to that of TIGaSe, in Fig.
4. The bonding character and the origin of bands are the
same. The highest occupied bands are related Tl-s orbitals,
and the lowest unoccupied bands originate from Tl-p orbit-
als.

The band dispersions of TIGaS, in Fig. 6 are reminiscent
of TIGaSe,. But, the band gap of TIGaS, is indirect, unlike
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Fig. 6. Electronic band structure of TIGaS,. The energy levels are
with respect to the Fermi level E.

TiGaSe,. To understand these differences, the electronic
structures of TIGaS, and TIGaSe, are compared in Fig. 5,
where a closer look at the levels near E is provided. TIGaSe,
has an additional local minimum on the V-M line, which is
not part of the path shown in Fig. 2. The bands that have low
dispersion along the V-T" line are in-layer states. The others
have the contribution from the inter-layer Tl-chalcogen inter-
action. The VBM has a common character for both com-
pounds and, it is closely related to the Tl-chalcogen inter-
layer interaction. The states involved in CBM are related to
Tl-p for both TIGaS, and TIGaSe,. The bands are slightly
mixed for TIGaSe, while the first unoccupied bands of TIGaS,
in Fig. 5(b) clearly demonstrate the three bands taking part
in the CBMs. In Fig. 5(b), Tl-pz orbitals produce a parabolic
band, colored red. This red band has Ga-s and S-p anti-
bonding but it has bonding character between the Tl-pz or-
bitals of adjacent atoms. Therefore, it forms a conduction
channel along the Tl chain. These channels are connected
along c-axis since the p orbitals of the chalcogens in the
adjacent layer appear in the same band. Thus, the red col-
ored band has dispersion along both the V-I" and the I"-Y
lines. The other two p-orbitals of Tl appear in the blue col-
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ored bands, which are flat along the c-axis. Thus, these two
bands are related to intra-layer interactions including the TI-
Tl interaction. The red colored band depends on the inter-
layer TI-chalcogen bonds, and the blue colored bands de-
pend on the intra-layer TI-chalcogen bonds. These three
bands produce a single valley in the conduction band of
TIGaS,. However, the red colored band shifts down more as
a result of the structure relaxation in TIGaSe,. They some-
what mix although the shape of bands is still apparent in Fig.
5(a). As shown in Fig. 5(a), the unequal downshifting results
in several valleys in the conduction band of TIGaSe, with
the CBM occurring at T
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The CBM is modified by minute changes in the structure
even if the inversion symmetry is preserved, explaining the
cause of diverse results in the literature1%24:31:3234 There
are several valleys in the conduction band of TIGaSe, with
very close minimums. Such valleys are expected to lead to
valleytronics®®. However, the valleys are shallow in TIGaSe?.

TlinS »:

Calculated lattice parameters of TlInS, in the conven-
tional cell are a=11.192 A, b=11.197 A, ¢ = 15.225 A, and
B = 100.59°. The lattice constants are bigger by 2% com-
pared to the crystallographic data36. The optimized TI-Tl dis-
tance is =3.97 A, and the TI-TI-Tl angle is ~178°, indicating
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Fig. 7. (a) Electronic density of states (DOS) of TIGaS, and projected DOS on (b) Tl, (c) Ga and (d) S. The energy is with respect to the valence

band maximum (VBM).
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almost straight TI chains. The In-S bond length is ~2.51 A,
and the TI-S distance is ~3.21 A on the average. The lattice
constants a and b are bigger than TIGaSe, and TIGaS, since
In has a larger radius than Ga. But, the ¢ value is smaller,
indicating a stronger inter-layer interaction. Therefore, the Tl
atoms are on a straighter line.

Both the CBM and VBM of TlInS, is at I point in the
band structure of TlInS, presented in Fig. 8. The highest oc-
cupied band has the same band shape of TIGaS,, but the
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Fig. 8. Electronic band structure of TlinS,. The energy levels are with

respect to the Fermi level E.

unoccupied parabolic band, colored red in Fig. 5(b), shifts
down considerably. This band has a contribution from Tl-pz
orbitals, and is affected greatly by the inter-layer interaction.
The down-shifting is significantin the band structure of TlinS,
because the inter-layer interaction is stronger. We find the
direct band gap to be =1.5 eV for the optimized structure.
The Tl-s orbitals contribute to the highest occupied bands
and the Tl-p orbitals contribute to the lowest unoccupied
bands. The band characters of TlinS, are the same as that
of TIGaS,. The PDOS plots for TlInS, are not shown here
because they are extremely similar to the results for TIGaS,
shown in Fig. 7. Also in TlInS,, Tl-d orbitals hybridize with

the s orbitals of the chalcogen, and thus TI-S bonds acquire
additional directionality. The main source of the directional-
ity in Tl-chalcogen interaction is, of course, the hybridization
between the s and p orbitals of Tl. TIGaSe,, TIGaS,, and
TlinS, share the same bonding character but the electronic
structures are quantitatively different. Especially, TIGaSe,
has important qualitative distinctions. The VBM is robust in
these compounds but the CBM depends heavily on the struc-

tural changes, which may be induced by defects or pres-
sure8.1025,

Summary and Conclusions

In summary, we have calculated the electronic structures
of isostructural TIGaSe,, TIGaS,, and TlInS, compounds.
The lattice parameter and structure optimizations were per-
formed before the band structure calculations. The calcu-
lated lattice constants are within 2% of the experimental val-
ues. There are covalent bonds between Ga-S, Ga-Se, and
In-S while the Tl atoms weakly bind to the chalcogen. The
occupied bands include both bonding and anti-bonding TI-
chalcogen states. The s orbitals of the chalcogen hybridize
with the d orbitals of Tl, bringing some directionality to the Tl-
chalcogen interaction. The main effect on the directionality
is of course due to the hybridization between the s and p
orbitals of Tl, interacting with the p orbitals of the chalcogen.
There is no direct TI-Tl bond. The interaction between adja-
cent Tl atoms is through the Tl-chalcogen bonds. Although
the bonding character and the origin of the bands are the
same in these three compounds, they exhibit quantitative
and qualitative differences. The optimized TiGaSe, and TlInS,
crystals have direct band gaps while TIGaS, has an indirect
gap. The parabolic unoccupied bands related to TI-p orbitals
play an important role in determining the value and the char-
acter of the band gap. The lowest unoccupied states have a
bonding character between the p orbitals of the adjacent Tl
atoms. These states form conduction channels along the Tl
chains. The valence band maximum originates from Tl-s or-
bitals and its position in the Brillouin zone is robust. The al-
most degenerate TI-p related bands are affected differently
by the inter-layer interaction. Therefore, minute changes in
the structure may shuffle the energy levels, resulting in quali-
tatively and quantitatively different band gaps in these ex-
tremely similar compounds. The band gap of TIGaSe,
changes from indirect to direct after the structure optimiza-
tion although the changes in the atom positions are not sig-
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nificant and the inversion symmetry is preserved. External
pressure and defects may initiate the same type of electronic
structure changes resulting in unexpected results in experi-
ments. The small amount of down-shifting of the parabolic
unoccupied bands leads to several valleys in the band struc-
ture of TIGaSe,. Such valleys are essential ingredients of
valleytronic. However, the valleys in TIGaSe, are shallow.
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