PHYSICAL REVIEW MATERIALS 6, 034204 (2022)

Bulk and surface electronic structure of Bi;Te; from GW calculations
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We present a combined theoretical and experimental study of the electronic structure of stoichiometric
Bi,Tes, a natural superlattice of alternating Bi, Te; quintuple layers and Bi bilayers. In contrast to the related
semiconducting compounds Bi, Te; and Bi; Te;, density functional theory predicts Bi;Te; is a semimetal. In this
work, we compute the quasiparticle electronic structure of BisTes in the framework of the GW approximation
within many-body perturbation theory. The quasiparticle corrections are found to modify the dispersion of the
valence and conduction bands in the vicinity of the Fermi energy, leading to the opening of a small indirect
band gap. Based on the analysis of the eigenstates, BisTe; is classified as a dual topological insulator with
bulk topological invariants Z, (1;111) and magnetic mirror Chern number ny = 1. The bulk GW results are
used to build a Wannier-function-based tight-binding Hamiltonian that is further applied to study the electronic
properties of the (111) surface. The comparison with our angle-resolved photoemission measurements shows
excellent agreement between the computed and measured surface states and indicates the dual topological nature

of BisTes.
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I. INTRODUCTION

The field of topological matter, both as a fundamental con-
cept and as a search for materials for practical applications,
is a very rapidly developing field [1-3]. Being based on the
physics of spin-orbit coupling (SOC), topological insulators
(TIs) show electronic properties fundamentally distinct from
conventional insulators. Their surfaces are characterized by
the existence of metallic surface states which are protected by
time-reversal and spatial symmetries [4—7]. Moreover, elec-
trons in such states are spin polarized, and their spin angular
moment orientation and propagation momentum are locked
to each other. This property opens promising possibilities for
the generation and control of dissipationless spin currents that
might be exploited in practical applications in spintronics,
quantum computation, and thermoelectronics.

Bi-Te alloys present a wide group of materials with
intriguing and technologically important properties. These
compounds have been known and intensively studied for a
long time due to their thermoelectric properties. In addition,
recently, growing interest in these alloys has arisen after the
discovery of nontrivial topological insulating properties that
make them very promising candidates for future generation of
electronic devices for spintronics and quantum computation

[1].
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BiyTe; is the first theoretically predicted and experi-
mentally confirmed [1,8,9] prototype TI with surface states
forming a single nondegenerate Dirac cone. It has been shown
to be a strong TI (STI) with a Z, invariant (1;000) whose
surface states are protected by time-reversal symmetry on all
surfaces. It has been further shown that Bi,Te; belongs to
the family of topological crystalline insulators (TCIs) with
ny = —1, where the presence of mirror symmetry leads to
the protection of the metallic surface states lying in the planes
perpendicular to the mirror planes. Thus, Bi,Te; was charac-
terized as the first material predicted to be both a STI and a
TCI. Since it exhibits this double topological nature, it was
termed a dual TI [10]. With such a combination, one can
potentially exploit the fact that controlled symmetry break-
ing would destroy certain surface states while keeping others
intact.

In the quest for materials with targeted topological prop-
erties, an interesting direction of investigation is to combine
layers of known topological compounds to form heterostruc-
tures [11]. For instance, an interface built by a bilayer (BL)
of Bi(111) on a Bi,Te; substrate has been studied as a
prototype system that indeed combines properties of the two-
dimensional (2D) and three-dimensional (3D) TIs such that
topologically protected one-dimensional edge and 2D surface
states coexist at the surface [12].

In this context, it becomes interesting to study compounds
that would combine the Bi bilayers (Bi;) and Bi,Tes; quin-
tuple layers to create new stoichiometric bulk Bi-Te alloys.
Bi;Te;, one such combination, was recently synthesized,
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FIG. 1. Left: Crystal structure of BisTes, consisting of three
quintuple Bi,Te; layers intercalated with three Bi, layers, presented
in hexagonal (conventional) and rhombohedral (primitive) unit cells.
Right: The Brillouin zones of the bulk crystal and the (111) surface.
Time-reversal-invariant special k points are shown with red (plus)
and blue (minus) dots reflecting the valence-state parity used to
compute the topological invariant Z,.

characterized, and shown to be a dual 3D TI in which a weak
TI phase and TCI phase appear simultaneously [13].

BiyTe; is another well-known natural superlattice of Bi,
and Bi,Te; (see Fig. 1) whose topological properties are not
yet thoroughly understood. In contrast to Bi,Te; and Bi; Teq,
this compound is considered to be a topological semimetal
according to the Topological Materials Database [14]. BisTes
has been seen to undergo a number of pressure-induced struc-
tural transformations to metallic phases that lead to distinct
superconducting states [15]. Saito et al. [16] described the
BiyTe; bulk crystal taking SOC into account as a zero band
gap semimetal with a Dirac cone at the I" point. In all men-
tioned works, the theoretical analysis of the band structure
was performed using density functional theory (DFT). By
contrast, we go beyond DFT in this study and provide an
analysis of the bulk and surface electronic structure of BiyTes
by employing the state-of-the-art quasiparticle GW approach
based on many-body perturbation theory (MBPT). This tech-
nique was applied earlier to study the electronic properties of
other topological materials, and the importance of quasipar-
ticle effects has been established for these materials [17-26].
The results for the constituents of BisTes (i.e., BiyTes [24]
and Bi [27]) also proved that the GW method significantly im-
proves the results provided by DFT. In particular, in Ref. [27],
we showed with the example of Bi the difficulties in accu-
rately describing the electronic structure of semimetals or
very narrow band gap semiconductors, and we highlighted the
importance of using methods beyond DFT to study these kinds
of materials accurately. Since BisTes contains layers of Bi, it
is not surprising that one needs to resort to the GW method
to predict the fine details of its electronic structure. In our ap-
proach, we perform GW calculations for the bulk, and in order
to compute the surface electronic band structure, we further
parametrize a tight-binding (TB) Hamiltonian with the help
of Wannier functions [28]. The TB Hamiltonian is obtained

by following the method described in Ref. [26], and thus, it
is calculated fully ab initio without the need for adjustable
parameters. The calculation of bulk and surface states as well
as surface resonances with this method allows us to pro-
vide a direct comparison between the computed spectra and
results from the angle-resolved photoemission spectroscopy
(ARPES) studies.

The structure of this work is as follows. We start with
the description of the crystal structure of BisTe; in Sec. II.
Then we provide details of the theoretical (Sec. III) and ex-
perimental (Sec. IV) setups. In Sec. V A, we characterize the
bulk electronic structure and compare it with previous works.
Then, in Sec. V B, we present the surface band structure and
analyze the dual topological nature of BisTes, including its
Z, topological index. In Sec. VI, we perform a comparative
analysis of the theoretical and experimental results. Finally,
we conclude in Sec. VIIL.

II. CRYSTAL STRUCTURE

The lattice structure of bulk BisTes is built as a stack of
quintuple layers (QLs) of Bi,Tes intercalated with Bi bilay-
ers with a periodic crystal structure that can be expressed
as [(Biy)(BiyTes)];. Both conventional and primitive unit
cells are shown in Fig. 1. The primitive cell reflects the
rhombohedral crystal symmetry (space group R-3m) and con-
sists of seven atoms (with two Te and two Bi nonequivalent
atoms). We employ the experimental lattice parameters of
[29]. The primitive cell is determined by a;y, = 14.197 A and
o = 18.0374°, or, using the conversion to the conventional
(hexagonal) cell, apex = amo/2 (1 — cos @) = 4.451 A and
Chex = drho/3 (1 +2 cos o) = 41.888 A. Optimization of the
crystal structure (for details, see the Supplemental Material
[30]) has revealed the lattice constants are very close to
the experimental ones: ap, = 14.091 A and a® = 18.1385°.
The optimized structure has a slightly (0.1 A) smaller inter-
layer distance, which, keeping in mind the van der Waals
type of bonding, has only a little influence on the electronic
band structure (see Fig. 1 in the Supplemental Material [30]).
Hence, in the following, the results are obtained with the
experimental lattice parameters given above.

III. COMPUTATIONAL DETAILS

The electronic quasiparticle band structure is computed
using the GoW, approximation of the MBPT. The calcula-
tions are performed employing the code SPEX [31], which
implements the GW technique in the full-potential linearized
augmented plane-wave (FLAPW) framework. The starting
point for the GW calculations is provided through an interface
with the FLAPW DFT code FLEUR [32]. The generalized gra-
dient approximation in the Perdew-Burke-Ernzerhof (PBE)
parametrization [33] is chosen for the exchange-correlation
potential. The core electrons are treated fully relativistically
by solving the Dirac equation with the spherically averaged
effective potential around each nucleus. For the valence elec-
trons, space is partitioned into muffin-tin (MT) spheres and an
interstitial region; in the former we use an angular momentum
cutoff of /,,x = 10, and in the latter we us a plane-wave cutoff
of 3.6 bohr~!. The MT radii are set to 2.8 bohrs for all atoms.
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An 8 x 8 x 8 k-point grid was used to sample the Brillouin
zone.

The quasiparticle corrections are computed with the inclu-
sion of SOC, which is known to have an important impact
on the electronic properties of topological materials such as
BiyTe; [22]. SOC is already included in the ground state
Kohn-Sham (KS) calculations; the KS eigenfunctions are thus
single-particle spinor wave functions. We employ the second-
variation technique [34], in which the SOC Hamiltonian is
set up and diagonalized in the basis of KS states that have
been precomputed without SOC. Specifically for this basis,
we use the 400 KS states with the lowest energy, which, in
combination with other computational parameters, results in
KS eigenenergies being converged within 2 meV.

SPEX makes use of the auxiliary mixed product basis
for representing matrix elements of the nonlocal operators.
Based on our earlier experience [20] as well as performed
convergence tests, we use the following parameters for the
GW calculation. The mixed product basis is constructed by
setting the maximal angular momentum for the muffin-tin
spheres to L =5 and Gy = 3.0 bohr~! for the interstitial
part. For an accurate representation of the unoccupied states
in the FLAPW method, additional basis functions (so-called
local orbitals) are included, two functions in each angular
momentum channel with [ < 3. A total of about 1000 states
(giving rise to about 880 empty states) corresponding to a
maximal cutoff energy of ~86 eV are included for com-
puting the screened Coulomb potential and the correlation
self-energy. The Brillouin zone (BZ) integration is performed
on an 8 x 8 x 8 Monkhorst-Pack k-point mesh. The contour
deformation technique is used for the frequency convolution
integration with 29 nonequidistant frequency points up to an
(imaginary) energy of 272 eV along the imaginary axis. The
self-energy is evaluated on a uniform grid with an increment
of 0.54 eV along the real axis. Between the grid points, we
employ spline interpolation. In this way, the self-energy is
given as a continuous function along the real frequency axis,
which allows us to solve the quasiparticle equation, which is
nonlinear in frequency, without resorting to a linearization
of the self-energy. The GW computational setup has been
checked to provide the quasiparticle energies converged to
within 15 meV. It should be mentioned that a 6 x 6 x 6 k-
point grid would be sufficient to reach reasonable energy
convergence. However, such a grid turned out to be too coarse
for an accurate Wannier interpolated band structure.

The Wannier-function-based TB Hamiltonian is used fur-
ther as an input to compute the surface projected electronic
band structure employing the WANNIERTOOLS [35] program
package. In this work, we are interested in a narrow region
of bands lying close to the Fermi level. These bands have
a predominant p character, which motivates us to set p-type
“initial-guess” Wannier functions for each inequivalent atom
and to perform the maximal localization procedure via an
interface with the WANNIER9OQ library [36].

IV. EXPERIMENTAL DETAILS

The samples were fabricated by the following procedure.
First, a clean Si(111)-7 x 7 surface was prepared on an n-type
substrate by a cycle of resistive heat treatments. Then, Bi was

(a) BisTe; RHEED pattern

FIG. 2. (a) RHEED pattern and (b) TEM image of the
BiyTe;(111) film with the QL termination.

deposited on the 7 x 7 structure at 250°C under Te-rich con-
ditions. Such a procedure is reported to result in high-quality
Bi,Tes;(111) film formation [37]. Then, the grown films were
annealed at 310°C for 2 h in ultrahigh vacuum. During this
process, Te was desorbed from the sample, and thus, the
sample became a BisTe;(111) film with the QL termination,
as confirmed by transmission electron microscopy (TEM) ob-
servations. Figure 2 shows the reflection high-energy electron
diffraction (RHEED) pattern and the TEM image of a typical
sample. The in-plane lattice constant was determined to be
4.45 4 0.05 A, and the films were determined to be two unit
cells thick with an additional QL at the interface between
the film and the substrate (or the wetting layer). Details of
the sample preparation and structure characterization will be
published elsewhere [38]. The ARPES measurements were
performed in situ after the sample preparation with a com-
mercial hemispherical photoelectron spectrometer equipped
with angle and energy multidetections (MBS A1) at UVSOR
BL-7U of UVSOR-II with hv = 20 eV photons [39]. The
sample was cooled down to 16 K for the measurements.

V. RESULTS
A. Bulk band structure

The electronic band structure of BisTe; is presented in
Fig. 3. The PBE band structure indicates that BisTe; is a
semimetal with a wide electron pocket along the Z-F k-point
path and a small hole pocket around the Z point. The valence
(VB) and conduction (CB) bands closely approach each other
at I', where a band inversion takes place [see Fig. 3(b)].
In contrast to our results, the band structure presented in
the Topological Materials Database [14] seems to exhibit a
crossing of the VB and CB along the I'-Z in the vicinity of
the Fermi level. On the other hand, our DFT band structure
is in good agreement with that of Ref. [16]. Our calculation
yields an energy gap of 10 meV between the VB and CB
at the I" point, and the CB minimum at this point is located
slightly below the Fermi energy. The value of the gap turns
out to be quite sensitive to the computational parameters. As
shown in the Supplemental Material [30], the magnitude of the
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FIG. 3. (a) Electronic band structure of Bi,Te; in the vicinity of
the Fermi energy as computed with different methods: “diag” refers
to the standard GoW,; computational approach, and “full” refers to
the results obtained by including the off-diagonal matrix elements
of the self-energy. The band structures are calculated explicitly on
a fine mesh along the k path, not with Wannier interpolation. The
bands are aligned with respect to the Fermi energy. The inset shows
the behavior of the valence and conduction states in the vicinity of I'.
(b) and (c) The band inversion between the valence and conduction
states at the I" point calculated with PBE and G, W;-full, respectively.
The color of the lines represents the contribution of Bi and Te atoms.
(d) GoWy-full valence and conduction bands projected onto the BL
(blue) and QL (red).

gap depends on the choice of the local orbital basis functions
employed in the FLAPW method.

Adding the quasiparticle corrections following the standard
GoWy approach by taking into account only the diagonal
matrix elements of the self-energy (blue lines, labeled “diag”
in Fig. 3) modifies the described behavior of the KS bands
significantly. The quasiparticle band structure is computed on
a fine k mesh along the BZ path explicitly. (For comparison,
we present the band structure obtained with the Wannier
interpolation [36] in Fig. 4.) The gap between the VB and
CB at I" strongly increases and reaches a value of ~0.2 eV.
Overall, the CB is shifted up in energy in the entire BZ except
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FIG. 4. Comparison of the explicit and Wannier-interpolated
electronic band structures of BigTe; in the vicinity of the Fermi level.

in a tiny area around the middle of the Z-F line where a
narrow electron pocket remains. In contrast, the VB does not
show a uniform energy shift. It is shifted below the Fermi
level along I'-Z. In this way, the hole pocket predicted by
PBE disappears. At the same time, the VB is shifted up closer
to the Fermi level around the middle of the Z-F path, where
it almost touches the CB.

Looking closer at the behavior of the VB and CB at T’
[inset of Fig. 3(a)], one notices a characteristic anomaly: both
bands show sharp narrow spikes in the energy dispersion. This
unphysical anomaly was observed earlier in the GoW, band
structure of the closely related topological material Bi,Tes
[20]. The anomaly is caused by the neglect of off-diagonal
elements of the self-energy matrix, which play an important
role in these materials due to strong hybridization effects
caused by the SOC operator. The relativistic mass enhance-
ment and the SOC are responsible for the band inversion
of the VB and CB in the vicinity of I'. The band inversion
manifests itself in a mixture of electronic states of different
orbital natures, as can be seen from the atom-projected band
structure shown in Figs. 3(b) and 3(c). In the vicinity of the
BZ center, the VB is predominantly formed by the p states
of Te (light pink), whereas the CB consists of p states of
Bi (dark blue). But in a small region around I', the VB and
CB orbital characters are reversed. Due to the different band
dispersions in GoW, around I', the reversal of orbital character
takes place in a different region of reciprocal space, much
smaller in PBE [Fig. 3(b)] than in GoW, [Fig. 3(c)]. Thus,
for a proper description, the off-diagonal self-energy matrix
elements need to be taken into account because only then
can the quasiparticle wave functions be different from the KS
eigenfunctions. Neglecting this state mixing in GoW, by treat-
ing only diagonal elements of the self-energy (GoWy-diag)
leads to the unphysical behavior of the quasiparticle bands
around I' shown by the blue lines in Fig. 3(a). As is evidenced
by the red lines instead (labeled “full”), the inclusion of the
off-diagonal matrix elements of the self-energy immediately
recovers a physically meaningful dispersion of the bands close
to I'. Another important modification that is induced by the
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treatment of the off-diagonal components is along the Z-F
path. Instead of an effective attraction like in the case of GoWj-
diag, the VB and CB repel each other such that the electron
pocket (and thus the semimetallic character) disappears, and
a fundamental indirect band gap of 10 meV opens between
the valence band maximum at Z and conduction band mini-
mum along Z-F. A comparison of the red and blue curves in
Fig. 3(a) thus highlights the importance of taking into account
the hybridization caused by many-body self-energy effects
to describe the electronic properties of topological materials
reliably.

Since BiyTes consists of alternating BLs and QLs, it is also
interesting to look at the corresponding state projections. In
the GoWy-full approach [20], the quasiparticle states are repre-
sented as linear combinations of KS states, which allows us to
analyze the orbital character of the quasiparticle states beyond
DFT [as done in Fig. 3(c) to visualize the band inversion]. As
one can see in Fig. 3(d), the absolute VB maximum and the
local maximum at I' are formed by QL states, whereas the
rest of the VB is mostly formed by BL states. The CB in the
vicinity of I' is also formed predominantly by QL states, but
there is a noticeable contribution of BL states directly at I".

Before we proceed with the analysis of the surface band
structure based on the TB Hamiltonian, we comment on the
performance of the Wannier interpolation. For this purpose,
the PBE and GyW-full interpolated band structures are com-
pared in Fig. 4 with corresponding results obtained from
explicit calculations on a fine mesh along a high-symmetry
k path. In both cases, the interpolated curves are very close to
the explicit ones. However, in the GoW-full case, there is a
small deviation along Z-F, where the interpolated CB forms
a tiny electron pocket, whereas the explicitly calculated CB
does not. We note that the Fermi energy is calculated with
the 8 x 8 x 8 k-point set. Any band dispersion feature that
falls between the k points, like the electron pocket in the
Wannier-interpolated band structure, is not taken into account
in the determination of the Fermi energy.

B. Surface band structure

Due to relatively weak coupling between the QLs and BLs,
the (111) plane in the rhombohedral lattice [the (001) plane in
the hexagonal definition] is the surface with the lowest surface
energy. The (111) cleavage plane induces either a QL or a
BL surface termination. The TB parametrization of the GoWj-
full band structure with the help of the Wannier functions
has been shown to be a very powerful tool to study surface
states of topological materials [26]. Following this technique,
in Figs. 5(a) and 5(b) we present electronic band structures
for a semi-infinite film obtained with the iterative Green’s
function method [40] as implemented in WANNIERTOOLS [35].
The color code reflects the localization rate of the states at the
topmost surface layer such that the bright narrow bands are
the emerging surface states in each termination. Results are
shown along the surface BZ path shown in Fig. 1 for both QL
and BL terminations. Figures 5(c) and 5(d) present instead
the GW-TB electronic surface structure for a finite slab [18
(QL+BL) layers]. As one can see from a comparison of the
semi-infinite and finite spectra, the 18-double-layer slab is
sufficient to reproduce all details of the semi-infinite surface

/

IR
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FIG. 5. GW-TB electronic structure of the semi-infinite BisTe;
(111) surface terminated either (a) on the QL or (b) on the BL.
The color map corresponds to the density of states projected on the
topmost layer in each termination. Emerging surface states are repre-
sented as narrow bands arising in different parts of the spectra outside
of the wide bulk states. (c) and (d) GW-TB electronic structure of the
18 (QL+BL) layer slab. The surface states with localization on either
the topmost (c) QL or (d) BL levels are highlighted with colored
circles. The size and color of the circles correspond to the magnitude
and sign (red for positive and blue for negative) of the in-plane
component of the spin polarization perpendicular to the momentum.

structure. This is in agreement with the conclusion of Ref. [41]
that only a few layers are necessary to converge to the bulk
behavior. The surface states with predominant localization on
the lowest QL [Fig. 5(c)] and the topmost BL [Fig. 5(d)] in
the slab are highlighted with circles whose size and color
correspond to the magnitude and in-plane orientation (red
for positive and blue for negative) of the spin polarization
perpendicular to the surface momentum.

The surface state dispersion patterns are remarkably dis-
tinct in both terminations. In the QL case, the surface states
are dispersing upward in energy when moving away from
the BZ center, whereas in the BL terminations the surface
states have a downward dispersion. This behavior closely
resembles the behavior in analogous studies on Bi;Te; [13].
The surface states cross the Fermi level in both terminations,
which already suggests a nontrivial topological nature of the
material. Indeed, there is a single surface state crossing the
Fermi level along the T-K path in both terminations. It is
different along T-M, where both states are located below the
Fermi level in the QL termination and cross the Fermi level in
the BL termination. It is important to point out that only one
surface state in the pair connects the VB and CB bulk bands
and thus can be considered topologically nontrivial. More-
over, the topologically nontrivial band in the QL termination
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FIG. 6. PBE electronic structure of the 18 (QL+BL) layer slab
in the vicinity of the surface state crossing point along I'-M for the
symmetric (left) and deformed (right) BisTe;. Only the QL surface
states are treated. The color code of the circles is as in Fig. 5.

approaches the Fermi level at its maximum along T-M very
closely. Disregarding the fact that the bulk material still has
a small density of states at the Fermi energy, BisTes reveals
topological features that are distinctive for a strong topolog-
ical material. Since the material crystal symmetry contains
an inversion center, the Z, topological invariants are readily
calculated from the valence-state parities at the time-reversal-
invariant momenta (TRIMs) [4]. The parity invariants for each
bulk TRIM K; are shown in Fig. 1, where the colors of the red
(blue) dots correspond to the signs of the valence-state parity
eigenvalue products §(K,) = + (—1). Based on the parity in-
variants, we obtain Z, = (1; 111), which characterizes Bi;Te;
as a strong topological material similar to Sb or Bi;_,Sb,
[42]. According to its Z,, one expects an odd number of
surface states crossing the Fermi level and the presence of an
electron pocket surrounding I', which is perfectly supported
by our simulations. Our electronic band structure differs from
the one presented in the Topological Materials Database [14].
As a consequence and in contrast to our findings, one would
deduce Z, = (0; 111) from the data of Ref. [14], which would
characterize BiyTes as a weak topological material. Therefore,
experimental studies are required to back up either of the
theoretical predictions.
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In addition to the mentioned behavior of the surface states,
there are three important features that are revealed in Fig. 5.
First, there is a crossing between a pair of surface states in
the QL termination along T'-M. The crossing is located at an
energy of about —0.1 eV in the close vicinity of the bulk state
continuum. This feature has motivated us to study another
topological invariant that characterizes the behavior of the
surface states in the presence of mirror symmetry, the mag-
netic mirror Chern number ny, [5,10,42]. The result ny; = 1
confirms the existence of a single surface state which connects
the valence and conduction bands and can potentially lead
to a crossing of the two surface bands. The physical picture
is similar to the analogous situation in Bi;_,Sb, [42], where
the same value of ny; = 1 was shown to be a marker of the
band crossing. The mirror Chern number can have a nonzero
value only if the crystal possesses a mirror plane. Therefore,
as a check, we have slightly strained the crystal along the by,
hexagonal axis and thus destroyed the mirror plane. In Fig. 6
we compare the behavior of the surface states in the vicinity of
the discussed crossing point in the symmetric and deformed
BiyTe; crystals. For demonstration purposes, we have com-
puted the PBE surface band structures for an 18 (QL+BL)
layer slab. As seen from the left panel of Fig. 6, the crossing
takes place at k; ~ 0.18 A~! in the crystal with the mirror
plane. In the deformed crystal (right panel), the states are
shifted with respect to each other such that no crossing occurs.
An equivalent crossing has been observed in the surface states
of Bi; Te; along the same path and at approximately the same
momentum [13].

The second feature to be discussed is a Dirac-cone-like
crossing located in the BL termination at I' at an energy of
about 0.1 eV above the Fermi energy, slightly below the bulk
conduction band minimum. The existence of this Dirac point
for the BL termination can also be understood by looking at
the system of one bilayer of Bi deposited on Bi,Tes [12]. As
in Bi/Bi,;Tes, there seems to be a charge transfer from the BL
to the QL. This shifts the Dirac cone above the Fermi level.
There is one important consequence now in terms of the band
crossing along T'-M: Since the mirror Chern number is pos-
itive, the lowest of the two spin-split surface states connects
the valence band to the conduction band [42]. When the Dirac

(c)

A

\ Ll
-0.4 -0.2

0.0 02 04
_fa
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FIG. 7. (a) and (b) ARPES spectra of the BisTe; QL terminated (111) surface. (a) shows the raw data, and (b) shows the second derivative
with respect to energy to enhance spectral features. (c) The same plot as in Fig. 5(c) (GW -TB) shifted up 50 meV. (d) Comparison between the
experimental and (shifted) theoretical electronic surface structures. Yellow dots represent computed bulk states. As a guide to the eye, solid

lines highlight the dispersion of the most intensive ARPES peaks.
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FIG. 8. k). versus k., (a) experimental and (b) computed (GW -
TB) Fermi surface maps. Red dashed lines show constant k;; , scans
presented in Fig. 9.

point is below the Fermi level [QL case in Fig. 5(c)], there is
a band crossing of the two surface states. When, instead, the
Dirac cone is above the Fermi level [BL case in Fig. 5(d)], no
crossing appears.

A third Dirac-cone feature comes from the Dirac cone of
Bi,Tes. This can be seen as a Dirac-cone crossing at I" below
the Fermi level (= —0.55 eV) for the QL termination. The
Dirac cone seems to be resonant with the bulk continuum
[Fig. 5(a)] and reveals itself better in Fig. 5(c) for the finite
slab as a strongly spin-polarized feature.

VI. SURFACE ELECTRONIC STRUCTURE
MEASURED BY ARPES

Figures 7(a) and 7(b) present the experimental spectrum
of the QL terminated (111) surface of a thin film of BisTes
as measured by ARPES for two directions. For compari-

son with the experiment, theoretical bands have been shifted
50 meV upward in Fig. 7(c). An overlay of the two electronic
structures in Fig. 7(d) shows good agreement between the
experimental and theoretical spectra. The comparison makes
it possible to distinguish the features from the bulklike states
(yellow dots) and from the surface states (red and blue cir-
cles). Thus, the experimental bands marked with green lines
in Fig. 7(d) correspond to bulk states. The sharp parabolic
shaped line (turquoise) is the surface state equivalent to the
one that can be observed in Bi, Tes [12] and Bi;Te; [13]. Note
that although this band disperses sharply all the way up to the
Fermi level for the T-M direction, its intensity is weak along
the T-K direction at 0.1-0.2 eV due to the strong hybridiza-
tion with the bulk states. The experimental spectrum also
reveals an additional band along T-M with a binding energy
of ~30 meV. As indicated in the theoretical spectrum, this is
the second surface state that crosses the paraboliclike surface
state, as discussed in Sec. V B. This crossing is an important
marker of the topological crystalline nature of BisTe;. To
confirm that the crossing does take place, the ARPES spectra
were recorded along the nonsymmetry lines along k, (parallel
to I'-K) for different values of k,, as is sketched in Fig. 8 with
red dashed lines. These spectra are shown and compared to the
corresponding theoretical band structures in Fig. 9. Following
from Figs. 9(c)-9(e), the Dirac-cone crossing likely occurs
around k, = 0.18 A=, The Fermi surface of the thin-film
BisTe; shown in Fig. 8 has a hexagonal shape surrounding
the I point with straight branches going outward at each
corner. A similar shape is obtained in the GW -TB simulations.
Sharp lines correspond to the crossing of the isoenergy surface
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FIG. 9. Electronic structure of BisTe; along the nonsymmetry lines shown in Fig. 8. Experimental (50 meV shifted theoretical) spectra for
@k =0A"1, (B)k, =0.1A",(c) ky =0.14 A", (d) ky = 0.18 A", and (e) k, = 0.26 A~" are shown in the top (bottom) row. The color
coding in the theoretical GW-TB spectra is the same as in Fig. 5(c). Dashed lines indicate the experimental surface band dispersion in the

vicinity of the crossing point.
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with the surface states. The form of the Fermi surface is as
expected from the Z, classification (see, e.g., Fig. 6(a) of
Ref. [42]).

VII. SUMMARY

We have performed a combined theoretical and experi-
mental study of the electronic structure of BiyTes. Like its
closely related compounds Bi,Te; and Bi;Te;, BisTe; is a
dual topological material: a strong topological insulator with
a Z, invariant equal to (1;111) and a topological crystalline
insulator with mirror Chern number ny; = 1. The semimetallic
ground state predicted in DFT changes into a small indirect
band gap semiconductor upon inclusion of the quasiparticle
corrections in the framework of the GoW, approximation of
many-body perturbation theory.

We discussed how inclusion of off-diagonal matrix ele-
ments of the electronic self-energy is important for capturing
the fine details of the hybridization of states due to the strong
spin-orbit coupling. This hybridization between many-body
states is responsible for the gap opening in BisTes.

Theoretical analysis of BisTes; films revealed topologi-
cally nontrivial surface states. The presence and dispersion
of these states are consistent with ARPES measurements of a
QL terminated BisTe; thin film. Both theory and experiment
evidence a Dirac crossing between the surface states in the
valence region. This crossing is attributed to the presence of
mirror symmetry and a corresponding nontrivial value of the
mirror Chern number.

Note added. Recently, we became aware of a similar
work reporting the electronic structure in bulk BisTe; crystals
[43].
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