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Ab initio electronic structure of thallium-based topological insulators
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We analyze the crystal and electronic structures of Tl-based strong topological insulators TlSbTe2, TlSbSe2,
TlBiTe2, and TlBiSe2 by using first-principles calculation results. The topological nature of these materials is
characterized by a single Dirac cone at the � point. Aside from the latter robust surface state (SS), we find trivial
SSs at (around) the Fermi level for large momenta as well as deep trivial SSs at (around) �. The calculated energy
cuts show an isotropic shape of the Dirac cone and a simple spin structure of the cone. The strong dependence
of electronic structure on both optimization of the chalcogenide atom position in bulk and surface relaxations, as
well as the slow convergence of the Dirac cone with respect to the film thickness, are discussed. The situation
in the thallides is contrasted with results for isostructural indium compounds InBiTe2 and InSbTe2, the latter not
being topological insulators.
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I. INTRODUCTION

Three-dimensional topological insulators are narrow-gap
semiconductors that are characterized by an inverted energy
gap at some symmetry points of the bulk Brillouin zone
(BZ) due to strong spin-orbit interaction.1–3 An important
consequence of the topological nature of these semiconductors
is a surface state (SS) that makes the semiconductor surface
conducting.1–4 This surface state shows linear dispersion,
forming a Dirac cone with a crossing (Dirac) point at (around)
the Fermi level (EF ).1–4 In contrast to the Dirac cone in
graphene, this topological SS, being spin-orbit split, carries
only a single electron per momentum with a spin that changes
its direction consistently with a change of momentum. The
topological origin of the SS protects the Dirac cone from sur-
face perturbations,1 and even under such a strong perturbation
as removing of the surface Te (Se) atomic layer of tellurium
(selenium) chalcogenides, this surface state survives.5 The
unique surface properties of topological insulators make
these materials important for many potential applications, in
particular, in spintronics and quantum computing.

Recently, it was shown both experimentally6–9 and
theoretically4,5,10–12 that binary layered semiconductor com-
pounds Bi2Te3, Bi2Se3, and Sb2Te3 are three-dimensional (3D)
strong topological insulators with the topological SS mostly
located in the first five-layer block (quintuple layer) adjacent
to the vacuum side.5,12 Very recently, it was also shown that
some layered ternary compounds with tetradymitelike crystal
structure such as PbBi4Te7,13,14 PbBi2Te4,15,16 SnSb2Te4,14,15

and others should be topological insulators. Another family of
narrow-gap semiconductors, thallium-based chalcogenides of
Bi and Sb, with nontetradymitelike crystal structure, have been
theoretically predicted to be a new family of 3D topological
insulators with a single Dirac cone at the � point.17–19

Photoemission measurements confirmed that indeed TlBiSe2

(Refs. 20–23) and TlBiTe2 (Ref. 22) are topological insulators
showing a clear Dirac-type dispersion of the SS at EF .

In this paper, we present detailed ab initio calculation results
for this family of topological insulators, namely, narrow-gap
Tl-based ternary compounds TlBiTe2, TlBiSe2, TlSbTe2, and
TlSbSe2. In contrast to the aforementioned A2B3 compounds,
where A is one of Bi or Sb and B can be a chalcogenide such
as Te or Se, the TlAB2 compounds are not characterized by
a layerlike structure and the three-dimensional bonding leads
to distinctly different properties of the surface states arising
in these materials. While the surface electronic structure
of the layered A2B3 semiconductors is quite insensitive to
surface structural modifications (relaxations),5 the surface
electronic states of the Tl-based compounds show a remarkable
sensitivity to surface relaxations, different terminations, etc.
We find that deeply penetrating surface states and the depth
of penetration varies with the energy position of these states
in the bulk-projected band gap. In the A2B3 compounds, the
preferred cleavage plane is in-between two weakly (van der
Waals) bonded quintuple layers, while in the TlAB2 family,
the surface formation leads to breaking of chemical bonds.
Consequently, the formation of additional surface states can
be expected that complicate the simple “single Dirac-cone
picture” found in the systems with van der Waals–bonded
layers. Other properties, such as superconductivity,24 arise
in this family of compounds, which makes them potentially
interesting to study the interplay with the properties introduced
by the topological nontriviality. Recent angle-resolved pho-
toemission studies20–23 allow a comparison of the calculated
surface band structure with experimental results.

To illustrate the complex character of the Tl-based semi-
conductor surfaces, we also present ab initio calculation
results for indium-based compounds InBiTe2 and InSbTe2,
which crystallize in the TlBiTe2-like crystal structure. In
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contrast to the thallides, the In-based compounds are not
topological insulators. For example, InBiTe2 shows similar
surface electronic states except for the Dirac-cone feature,
demonstrating that InBiTe2 is a topologically trivial material.

II. CALCULATION METHODS

The structural optimization and electronic structure calcula-
tions were performed within the density-functional formalism
implemented in VASP.25,26 In this plane-wave approach, the
interaction between the ion cores and valence electrons was
described by the projector augmented-wave method.27,28 To
describe the exchange-correlation energy, we used the gener-
alized gradient approximation (GGA).29 The Hamiltonian con-
tained the scalar relativistic corrections and the spin-orbit cou-
pling was taken into account by the second variation method.30

We checked the effect of including d electrons of Tl and Bi(Sb)
in valence electrons in bulk calculations and found it negligible
in the vicinity of the gap. So, in the presented calculation
results, the d electrons were considered as core electrons.

Complementary calculations were performed using the full-
potential linearized augmented plane-wave method in thin-film
geometry31,32 as implemented in the FLEUR code.33 Spin-orbit
coupling was included in the self-consistent calculations as
described in Ref. 34. The semicore d states of Tl and In were
included as local orbitals in the valence window in this case.
We compared the results of the structural relaxation for some
bulk cases with those obtained from the VASP calculations
and found very good agreement between the two sets of data.
Therefore, we show all the results obtained with relaxations
provided by the latter technique.

The film calculations presented in this work were performed
using symmetric setups, so the upper and lower surfaces are
identical. In these cases, deviations from the ideal stoichiom-
etry occur, so the position of the Fermi level depends on the
termination and film thickness. Therefore, we adjusted the
bands of the film calculations to the projected bulk band
structure and obtained the Fermi level from the latter to
simulate a surface of a semi-infinite crystal.

III. RESULTS AND DISCUSSION

A. Bulk properties

The crystal structure of the thallides, TlAB2, can be viewed
as a sequence of hexagonally close-packed layers where the
elements follow the order Tl-B-A-B-Tl-B-A-B-. . . (see Fig. 1).
The hexagonal unit cell characterized by lattice parameters a

and c consists of 12 atomic layers that would be separated
by equal distances c/12 if the internal parameter u of the B
atom is equal to 1/4. In the case u < 1/4, the ideal layer
spacing of c/12 between the A and B planes is reduced
by c(0.25 − u) and enlarged by the same amount between
Tl and B. The total-energy-optimized lattice and internal
parameters are given in Table I. Our lattice parameters are,
on average, 0.9% larger than those given by Hoang and
Mahanti,35 which are close to the experimental values. The
internal parameters are not given in Ref. 35. However, we
can compare u with experimental data36 for the tellurides and
find a systematically smaller theoretical u by 1.4%. Also,
in a recent calculation,19 a value of zTe = 0.21 Å, which
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FIG. 1. (Color online) Atomic structure of TlBiSe2 in rhombo-
hedral and hexagonal bases (left), and charge-density distribution in
(112̄0) plane of the hexagonal cell (right). The Brillouin zone for the
rhombohedral cell is shown in the lower left corner.

corresponds to u = 0.241, was found for TlSbTe2, that is,
slightly smaller than the experimental value of u = 0.243.
In this publication and a recent work,21 the importance of
optimization of the u parameter for the bulk band structure
and topological properties was realized.

As it can be seen from the charge density in Fig. 1 (right),
the short A-B interlayer distance results from strong covalent
bonding between these planes. Although the Tl-B bond is
weaker, it is still in the characteristic range of chemical
bonding and can not be compared to the van der Waals–bonded
quintuple layers of the Bi2Te3-type compounds. Nevertheless,
it is reasonable to assume a . . .-Tl-B3-A-B1, i.e., B1 termi-
nation of the hexagonal (0001) surface.18 We will use this
termination for our calculations, for TlBiSe2; however, we
will also compare the calculated surface electronic structure
to that for other types of terminations.

The primitive unit cell, which contains only one formula
unit, is a rhombohedral one and is characterized by a lattice
parameter arh and an angle α:

arh = 1

3

√
3a2 + c2, cos(α) = 1 − 9

6 + 2(c/a)2
. (1)

The band structures shown in Fig. 2 are drawn in the reciprocal
space of this unit cell. The line � − Z corresponds to the
hexagonal axis and projects electronic bands onto the center

TABLE I. Optimized lattice (a and c) and internal (u) parameters
of the selected thallides in hexagonal setup. The distances between the
Tl-B and A-B layers can be evaluated as c(1/3 − u) and c(u − 1/6),
respectively.

a (Å) c (Å) u

TlSbTe2 4.503 23.624 0.2396
TlSbSe2 4.229 22.598 0.2378
TlBiTe2 4.587 23.665 0.2425
TlBiSe2 4.324 22.537 0.2406
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FIG. 2. (Color online) Bulk band structure containing all TRIMs
in the Brillouin zone calculated by the VASP (lines) and the
FLEUR code (circles). A sketch of the Brillouin zone can be found
in Fig. 1. All calculations were performed including spin-orbit
coupling.

of the Brillouin zone (�̄ point) of a hexagonal (0001) [rhom-
bohedral (111)] surface. The time-reversal invariant momenta
(TRIMs) in this Brillouin zone are the �, Z (sometimes called
T ) points and triply degenerate F and L points. As can be
seen from Fig. 2, small direct energy gaps exist at the �

and F points for all the compounds of interest; therefore, the
band inversion due to spin-orbit interaction can be expected at
these points only. We checked the parity of the wave functions
at all TRIMs to determine the topological character of these
bulk materials.1 In agreement with previous calculations,17,18

where, specifically, the band inversion at � was investi-
gated, we confirm that all four compounds are topological
insulators.

Comparing the two computational methods, VASP and
FLEUR, we find good agreement, especially in the case of the
tellurides. The slightly larger deviation of the results for the
selenides might be caused by the chosen Se pseudopotential.
Comparison to other calculations17,35 shows good agreement,
e.g., the smaller band gaps of the tellurides and the indirect
gap of TlBiTe2 are confirmed by our calculations. However,
the bulk projection disagrees with that in Ref. 19 in some
important detail, which is due to differences in the bulk crystal
structure (especially to ideal u = 1/4 used in Ref. 19). Again,
we notice the strong sensitivity of the electronic structure on
structural details in these compounds.

B. Surface properties

1. Surface relaxation

As will be shown below, the surface relaxation is very
important for a correct description of the surface band structure
in these compounds. From Table II, it can be seen that the
surface relaxation has an oscillatory character, starting with
a contraction of the first interlayer spacing. This is a typical
effect resulting from the lower coordination of the surface layer
and known from many metallic and semimetallic systems such
as Bi.37 In contrast to metals, in the TlAB2 compounds, the
relaxation displacements decay slowly into the bulk, which is
closely related to deep penetration of the charge density of the
Dirac surface state. In our calculations, the relaxation for the
12 outermost atomic layers is taken into account. The deeper
layers were fixed at their bulk positions.

2. TlSbTe2

Figures 3(a) and 3(b) show the electronic structure of the
Te-terminated 39-layer TlSbTe2(0001) slab as calculated by
both FLEUR (a) and VASP (b). As one can see, at the �̄ point, both
methods give surface states at the conduction-band minimum
(CBM) and valence-band maximum (VBM), which resemble
a Dirac-type crossing at �̄, but a quite big band splitting (≈50–
60 meV) is obtained. In addition to this split Dirac state, other
spin-split surface states arise, which propagate in the projected
bulk gap around the Fermi level and in the symmetry gap at
about −0.7 eV at �̄. In the latter case, these states are more
localized in vacuum as compared to the states that cross the
Fermi level in the vicinity of the zone center.

The splitting of the Dirac state is caused by the interaction
between opposite surfaces of the slab due to the finite slab
thickness. As one can see in Fig. 3(c), this state penetrates
deeply into the bulk and does not completely decay at the center
of the 39-ML slab, in contrast to the trivial surface states, which
are localized in a few outer atomic layers only. The splitting of
the Dirac state can be suppressed by H termination on one of
the sides [inset in Fig. 3(a)] as well as by increasing the slab
thickness [Fig. 3(d)].

As was mentioned above, the surface relaxation is important
to the surface band structure in these materials. As can be

TABLE II. Changes of the interlayer spacings of the (0001)
surfaces of TlAB2 compounds with B termination. All values are
given in Å with respect to the ideal, bulk values.

�ij TlSbTe2 TlSbSe2 TlBiTe2 TlBiSe2

Se(Te)1-Sb(Bi)2 −0.132 −0.107 −0.156 −0.147
Sb(Bi)2-Se(Te)3 0.147 0.157 0.211 0.202
Se(Te)3-Tl4 −0.272 −0.230 −0.295 −0.278
Tl4-Se(Te)5 0.106 0.167 0.181 0.168
Se(Te)5-Sb(Bi)6 −0.044 −0.047 −0.056 −0.062
Sb(Bi)6-Se(Te)7 0.063 0.077 0.087 0.085
Se(Te)7-Tl8 −0.131 −0.128 −0.134 −0.142
Tl8-Se(Te)9 0.088 0.081 0.090 0.083
Se(Te)9-Sb(Bi)10 −0.018 −0.023 −0.024 −0.029
Sb(Bi)10-Se(Te)11 0.040 0.038 0.036 0.035
Se(Te)11-Tl12 −0.075 −0.063 −0.059 −0.069
Tl12-Se(Te)13 0.037 0.035 0.033 0.025
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(a)(a)

(b) (c) (d)

(e)

FIG. 3. (Color) (a) Band structure of a symmetric 39-layer
TlSbTe2 slab with a Te-terminated (0001) surface (black lines) and
the projected bulk band structure (gray) in the background (FLEUR

result). The area of the bulk-projected band gap around the �̄ point
is indicated with the yellow background. The size of the symbols
reflects the weight of the states in the vacuum and the color indicates
the spin direction, i.e., parallel or antiparallel to n × k, if n is the
surface normal and k is the wave vector of the state. Inset: Slab with
H termination on one of the sides; dotted lines show the state that
connects the valence and conduction bands, full lines show a normal,
Rashba split surface state. (b) Surface band structure in the vicinity of
�̄ for a 39-layer TlSbTe2(0001) (VASP calculation). Gray areas mark
the region of projected bulk states. (c) xy-integrated charge-density
distribution for Dirac state (green line) and for trivial surface state
(violet line); horizontal lines indicate the atomic-layer positions.
(d) Surface band spectrum for a 63-layer TlSbTe2(0001) slab.
(e) Results for an unrelaxed 39-layer film.

realized from the comparison of Figs. 3(d),3(d), and 3(e),
which shows the band structure of the unrelaxed surface, in the
relaxed case, the upper trivial surface state disperses downward
into the bulk valence bands as it approaches the �̄ point. In
addition, a Dirac-type state appears from the bulk continuum
and disperses upward as it approaches the zone center. These
two states are different in localization as can be seen from
the size of the symbols in Fig. 3(a) and from charge-density
distribution along the z direction shown in Fig. 3(c). In the

unrelaxed case, the Dirac state does not split off the bulk edge
but appears as a continuation of the trivial state propagating in
the bulk gap. The picture similar to our unrelaxed case was also
obtained by Lin et al. (Fig. 3 in Ref. 19). It should be noted
that, for TlSbTe2 as well as for other Tl-based compounds
calculated in Refs. 18 and 19 (where the bulk lattice parameters
given by Hoang and Mahanti35) were used, an almost unsplit
Dirac cone was obtained even for slabs of 23-layer thickness.
This shows the strong sensitivity of the surface state on the
details of the underlying bulk band structure, which is, in
the gap region, sensitively dependent on the chosen lattice
parameters.

3. TlSbSe2

It is interesting to compare the behavior of the topologically
trivial (normal) surface states and the nontrivial Dirac-type
state, which connects the valence and conduction bands,
in TlSbTe2 with the related TlSbSe2 compound. The bulk
band structure (Fig. 2) indicates that the gap around �̄ at
the Fermi level is larger in the Se compound, therefore,
a more pronounced Dirac-type behavior (smaller splitting,
linear dispersion) can be expected. Indeed, we see in Fig. 4
a well-developed surface state in the zone center that shows
a smaller splitting than in the TlSbTe2 case. Since the bulk
projection in the Se compound is concave at the valence-band
maximum and convex at the conduction-band minimum (in the
Te compound this is the other way round), a rather wide gap
region forms near the �̄ point. The charge density as shown
on the right of Fig. 4 decays slightly faster toward the center
of the film and the splitting of the states at the zone center is
substantially reduced (21 meV for a 39-layer film).

At energies of about −0.9 eV, we see a Rashba-type spin-
split surface state in the bulk-projected bulk band gap around
�̄ that is strongly localized in the surface region. Entering
the region of projected bulk bands, this state quickly loses
its surface character. At larger k values, significant surface
character appears in the states that cross the band gap as trivial
surface states. A significant spin splitting induced by spin-
orbit interaction can be observed also in these surface states.
In terms of their dispersion and spin splitting, these states

FIG. 4. (Color) Band structure of a symmetric 39-layer TlSbSe2

film with an Se-terminated (0001) surface. The color coding follows
the one in Fig. 3. The right panel shows the spatial distribution of the
�̄ Dirac-state charge density in the (112̄0) plane in the upper half of
the film and integrated over the (x,y) plane (right).
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show similarities to the surface states of semi-infinite Bi(111)
and Bi(001) films.38–40 In the Bi case, this state is only half-
occupied, while here we observe full occupation throughout
the Brillouin zone. This is not surprising since the surface
atom (Se or Te in case of TlSbTe2) has one electron more
than Sb that is isoelectronic to Bi. Indeed, we will see below
that, in Tl-terminated surfaces, this band is almost unoccupied
(Tl has a p1 configuration, while Sb and Se are p3 and p4,
respectively).

4. TlBiTe2

Recently, surfaces of TlBiTe2 and TlBiSe2 have been
studied experimentally with angle-resolved photoemission
spectroscopy (ARPES) by Chen et al.22 In this work, for
TlBiTe2, a Dirac-type dispersion was observed at the �̄ point,
with a crossing point about −0.3 eV below the Fermi level.
One has to note here that EF depends on the doping of the
samples and thus can be varied in some range. The Dirac
cone is surrounded by features originating from projected bulk
states, which form maxima at −0.2 and −0.3 Å−1 in the �̄M̄

and �̄K̄ directions, respectively. Furthermore, we notice that,
in the ARPES experiments, no signs of other surface states can
be found.22

Comparing these findings with our calculation results for
the Te-terminated surface [Figs. 5(a) and 5(c)], we observe that
the features around the �̄ point are nicely reproduced, except
for a small residual splitting of the Dirac state due to the finite
film thickness and the fact that, in our calculation, additional
surface states are visible in the gap around EF . From the
ARPES data, an intense, V -shaped feature with its minimum
in the zone center at −0.7 eV is visible, and it loses intensity
at −0.4 eV. In our calculation, this would correspond to the
Rashba split surface state in the projected gap at approximately
−0.7 eV, which loses surface character when it enters the
region of the bulk states.

There are several possible explanations for the absence
of the surface states near EF in the ARPES measurements.
For example, depending on the energy or polarization of the
light, the photoemission intensity for states with a particular
symmetry can be reduced or even suppressed. However, since
experimentally no additional surface state is observed either
in the �̄M̄ and the �̄K̄ directions, at least a full suppression
due to symmetry is unlikely. On the other hand, the surface
states could be shifted in energy or completely absent due
to the presence of adsorbates or a surface reconstruction.
More experimental data would be necessary to check these
possibilities. We also note that a different surface termination
(with Tl or Bi) could be found experimentally. We will come
back to that point in the next section.

In Fig. 5(b), we show the �̄ Dirac-state charge-density
distribution in the (112̄0) plane as well as its charge density
as a function of the z coordinate (integrated over the x,y

coordinates). One can clearly see that this state decays in
the bulk significantly faster compared to that on the TlSbSe2

surface (Fig. 4) and much faster than on TlSbTe2 [Fig. 3(c)].
This closely correlates with the smaller splitting of the Dirac
state at �̄.

In Fig. 5(d), constant-energy cuts (momentum distribu-
tions) of the upper Dirac cone are displayed for some selected

(a) (b)

(c) (d)

FIG. 5. (Color) (a) FLEUR-calculated band structure of a symmet-
ric 39-layer TlBiTe2 film with the Te-terminated (0001) surface. The
color coding follows the one in Fig. 3. (b) The right panel shows the
spatial distribution of the �̄ Dirac-state charge density in the (112̄0)
plane and integrated over the (x,y) plane. (c) VASP-calculated surface
electronic structure of TlBiTe2 at (around) the �̄ point with indicated
cut energies shown in Fig. 5. (d) Constant energy cuts of the Dirac
cone with energies indicated in (c) and given with respect to the Dirac
point (DP).

energies given with respect to the Dirac point. As follows from
the figure, the Dirac surface state is isotropic in the (x,y) plane.
However, its shape becomes hexagonal for energies around
250 meV where it overlaps with the conduction bulk bands.
This agrees well with Ref. 22, where the first deviation from
the circular shape is found at 260 meV above the Dirac point.

5. TlBiSe2

More experimental data have been recently obtained for the
(0001) surface of TlBiSe2.20–23 A Dirac-type band crossing at
�̄ is observed 0.4 eV below the Fermi level20,21,23 or 0.3 eV
depending on the experiment.22 About 200 meV above and
below the crossing point, the conduction and valence bands
can be seen. In the �̄M̄ direction at 0.2 Å−1, a maximum
of the projected bulk bands is visible, which form the top of
the valence band.21 This maximum is slightly higher than the
valence-band maximum at �̄. In contrast, in the �̄K̄ direction,
only a shoulder can be seen near the zone center. Only at higher
momenta is a smaller maximum observed in this direction.22

Xu and co-workers additionally analyzed the spin character of
the states forming the Dirac cone, confirming the topological
character of these states. Most notably, even when the spectra
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(a) (b)

(c) (d)

FIG. 6. (Color) Band structure of symmetric 39-layer TlBiSe2

(0001) films with different surface terminations: (a) . . .-Tl-Se-Bi-Se,
(b) . . .-Se-Tl-Se-Bi, (c) . . .-Se-Bi-Se-Tl, and (d) . . .-Se-Bi-Tl-Se. Red
lines indicate the band structure of the films and gray areas are the
projected bulk bands.

were taken in the whole momentum range between �̄ and K̄

or M̄ , no evidence for additional surface states was found.21,22

Comparison of the experimental data with our calculations
(Fig. 6) shows that the bulk bands are nicely reproduced. The
maxima and minima of the projected bulk regions around the
M̄ point show a gap of 300 meV, in good agreement with
the experiment.21 Also, the features of the projected bulk
bands in the �̄K̄ direction are well reproduced. Comparison
to calculations with different relaxations of the bulk structure
show once more the importance of the structural details for
the electronic structure in this family of compounds.22 At the
same time, the DP position with respect to the valence band
for the Se-terminated surface [Fig. 6(a)] disagrees with the
photoemission experiments. In ARPES measurements,20–23 it
lies in the middle of the gap, while in our calculation, band
crossing occurs closer to the valence band, similar to the
TlBiTe2 case.

In Fig. 7, we show constant-energy cuts through the
Dirac cone at energies between 0.09 and 0.19 eV above
the Dirac point. We can analyze the spin polarization of
these states for a direct comparison to the experimentally
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FIG. 7. (Color online) Spin polarization of the Dirac-cone states
of a TlBiSe2 (0001) surface with Se termination. Shown are constant
energy cuts at 90, 140, and 190 meV above the Dirac point, where
the spin precesses clockwise around the �̄ point.

obtained data.23 From these measurements, it can be seen
that, above the Dirac point, the spin direction is in plane
and precesses clockwise around the �̄ point, while below
that point, a counterclockwise precession is found. This is
clearly confirmed by our calculations (Fig. 7). Moreover,
we notice a small polarization component in the z direction,
which results from the in-plane potential gradients arising from
the threefold symmetry of the structure.41 This polarization
is energy dependent and is manisfested in the spin-vector
deviation from the xy plane: the angle between the spin
direction and the plane is equal to 21◦, 39◦, and 32◦ for the
energy cuts of 90, 140, and 190 meV, respectively.

While the experimentally visible features are well repro-
duced, as a qualitative difference to our calculation, we notice
again the presence of surface states in our band structures.
Since we always considered the B-terminated surface of TlAB2

compounds, all spectra show qualitatively similar surface
states. Also, other calculations with B termination find a fully
occupied trivial surface state coexisting with the Dirac-type
states.18,19

Other surface terminations lead to different surface states,
as is illustrated in Figs. 6(b)–6(d). Most notably, Bi- [Fig. 6(b)]
and Tl- [Fig. 6(c)] terminated surfaces show partially occupied
surface states that cross the Fermi level at different positions:
in the Tl-terminated case, very close to the �̄ point, and in
the Bi-terminated case, they form a spin-split Fermi-surface
contour encircling the K̄ point. Thus, the occupation of the
surface state follows the nominal valency of the atom at the
surface. The Dirac cone at �̄ as well as the DP are slightly
affected by the surface termination.

The discrepancy between the experimental and calculated
spectra can be qualitatively explained within the Tl-Se swap
model [Fig. 6(d)] in which the Tl and Se atomic layers on
the Tl-terminated surface are interchanged, i.e., the . . .-Se-
Bi-Tl-Se surface is constructed. On this surface, most of the
trivial surface states lie above EF , close to the conduction
band, while the occupied surface states lie well below the
Fermi level and the DP is situated 160 meV above the valence
band at �̄ in agreement with experiment.20–23 However, this
surface is 56 meV/Å2 less energetically favorable than the
original Tl-terminated surface. Thus, in addition, this situation
can not straightforwardly explain the experimentally observed
absence of a trivial surface state in the spectrum. More
experimental and theoretical work is necessary to resolve
the problem of surface termination and structure in these
compounds.
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FIG. 8. (Color online) Bulk band structure of InBiTe2 and
InSbTe2 calculated by the VASP (lines) and the FLEUR codes (circles)
with spin-orbit coupling included.

6. InBiTe2 and InSbTe2

In analogy to the thallium-based compounds, we study now
the crystals where indium replaces the Tl to form the InAB2

compound. Experimentally, these compounds are not known
and it seems that, in contrast to the (formally) monovalent
Tl, the In rather acts as trivalent element: compounds such as
In2Te3 are known to crystallize in rhombohedral forms, with
one modification very similar to Bi2Te3.42 In the InATe2 (A =
Bi, Sb) form, the optimized lattice parameters are a = 4.565 Å
and c = 22.388 Å for the Bi compound, while for InSbTe2 we
get a = 4.438 Å and c = 23.371 Å. The internal parameter u

is 0.250 and 0.244 for the Bi and Sb compounds, respectively.
From the bulk band structures (Fig. 8), we see that only

InBiTe2 is in the insulating state, while in InSbTe2, small hole
and electron pockets form along the line LZ and around the F

point, respectively. In contrast to the Tl compounds, which are
topological insulators, we find from an analysis of the parity of
the states at the TRIMs that InBiTe2 is an ordinary insulator.
Comparing the band structure of InBiTe2 and InSbTe2, one
realizes, however, that the bands at the F point are inverted
with respect to each other. If InSbTe2 could be deformed in a
way such that a band gap opens without changing the ordering
of the bands, it would get into a topologically nontrivial
state.

To contrast the surface band structures of the thallides with
those of the indium-based compounds, we also calculated a
Te-terminated 39-layer InBiTe2 film. Again, strong oscillatory
interlayer relaxation of the order of 0.2 Å was found (compare
Table II), but decaying more rapidly into the bulk. An
inspection of the surface band structure in Fig. 9 shows a
prominent surface state in the gap. This state is not connected to
the valence bands along the high-symmetry lines, thus showing
its topologically trivial character. A strong Rashba-type spin
splitting is seen at the �̄ point; according to symmetry, these
two spin-split bands have to cross once more at the M̄ point,
where a small residual splitting indicates the interaction of the
surface states at the upper and the lower surface of the film. At
the center of the Brillouin zone, the surface state decays quite
rapidly into the bulk; the (x,y) integrated charge density can
be found at the right of Fig. 9.

FIG. 9. (Color) Band structure of a symmetric 39-layer InBiTe2

film with Te-terminated (0001) surface. The color coding follows
that in Fig. 6. The right panel shows the spatial distribution of the
surface-state charge density at the �̄ point (circle) in the (112̄0) plane
and integrated over the (x,y) plane.

IV. SUMMARY AND CONCLUSIONS

We investigated the electronic structure of the Tl-based
topological insulators TlAB2 (A = Sb, Bi and B = Se, Te)
by density-functional-theory calculations of the bulk and the
hexagonally close-packed (0001) surfaces. We have shown
that a careful treatment of the structural properties is necessary
since the details of the electronic structure (and, sometimes,
even its topological properties) depend sensitively on the
structure of these compounds. In the surface calculations, in
all cases a Dirac cone was found centered at the �̄ point. The
deep penetration of this state into the bulk made it necessary
to employ rather thick films to decouple these states on the
upper and lower surface. An incomplete decoupling results
in a splitting of the cone, which can mask this hallmark of
topological insulators in thin films.

In addition to the Dirac-cone state, other surface states that
show a large Rashba-type spin splitting were found on these
surfaces. Depending on the surface termination, these surface
states are fully or partially occupied. While the position of
the bulk states and the Dirac cone compare favorably with
recent experiments on TlBiTe2 (Ref. 22) and TlSbTe2,20–23

no evidence for other occupied surface states has been found
experimentally. Despite this discrepancy, a good agreement
between the experimentally observed spin polarization of the
Dirac-type state and our calculations was found.

Finally, we contrasted these materials to isostructural
InATe2 compounds (A = Sb, Bi), which do not belong to
the class of topological insulators. In the case of InBiTe2, just
the trivial surface states were found. We hope that this work
inspires further research on this interesting material class, both
on the theoretical and on the experimental sides, where, e.g.,
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a better characterization of the surfaces and their terminations
could help to resolve the last inconsistencies between our
calculations and the existing ARPES measurements.
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