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Energy-overlap of the Dirac surface state with bulk bands in SnBi, Te,
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Topological insulators in which the Fermi level is in the bulk gap and intersects only a topological surface state
(the Dirac cone) are of special interest in the current research. In the last decades, a fine-tuning of the chemical
composition of topological insulators has been carefully explored in order to control the Fermi level position with
respect to the Dirac surface state. Taking the SnBi, Te, crystal as a case study, we provide a characterization of
its electronic structure by means of angle-resolved photoemission spectroscopy and first-principles calculations.
We show that, going away from the Brillouin zone center, bulk band states energetically overlap with the Dirac
cone at the Fermi level, thus providing an unwanted as well as hidden contribution to the transport properties of
the material. In addition, the comparison between experimental results of the band structure with state-of-the-art
simulations, implemented taking into account the number of defects, leads to useful insights on the existing

limits in the description of this material.

DOLI: 10.1103/PhysRevMaterials.7.014203

I. INTRODUCTION

Spintronic devices based on topological insulators (TIs)
are known to provide very efficient spin-to-charge conver-
sion [1-6], owing to the presence of topologically protected
surface states (TSSs), which exhibit a Dirac-like dispersion
behavior coupled to a spin-momentum locking. The energy of
the Dirac point, where the branches of the TSS cross, and its
overlap with the bulk bands at the Fermi level (Er) determine
the topological or trivial transport behavior of the material.
In order to fully exploit the transport properties of TSSs in
spintronic devices, contributions from the bulk conduction
band (BCB) in proximity of Er need to be removed. Starting
from pioneering works [7-9], the engineering of the bulk
stoichiometry through hole and electron doping was shown as
a successful route to modify the electronic and spin properties
of bismuth-based binary chalcogenides. Among several ap-
proaches, recent studies [10,11] confirmed that by tuning the
Bi/Sn ratio in favor of the Sn content it is possible to shift the
TSS into the bulk band gap. For example, such a design of TIs
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was demonstrated to maximize the spin-to-charge conversion
involving TSSs and to allow for THz emission when the TI
film is combined to ferromagnetic materials [10]. More specif-
ically, in Ref. [11] the coexistence of the BCB and the TSS at
Er was carefully explored and related to the amount of Sn for
different films of TIs grown on InAs(111)/Si(111) substrates
(Bi,Tes, SnBisTe7, SnBi,Tey, and Sn;_,Bi, Te). These results
showed that, for selected film thicknesses, the contribution of
the BCB at the center of the surface Brillouin zone (SBZ) is
minimum for SnBi,;Te4. On the other hand, on nanoplates of
SnBi,Tey, a previous study [12] reported longitudinal mag-
netotransport measurements showing a weak antilocalization
effect at low temperature, which was attributed to a residual
bulk contribution across Er. The existing literature on the
experimental band structure of bismuth-based ternary chalco-
genides, such as GeBi,Te4 [13], PbBi, Te4 [14], and SnBi, Tey
[11], mainly reports on the overlap of TSSs with the BCB at
the BZ center, where indeed TSSs are detected, although other
overlapping regions along the [-M direction of the SBZ were
reported [15-17].

In this paper, we investigate the potential of substituting
Sn atoms in bismuth-based binary chalcogenides [10,11] us-
ing SnBi,Tes as a case study. By means of angle-resolved

©2023 American Physical Society
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photoemission spectroscopy (ARPES) and first-principles cal-
culations we identify the energy-momentum space location
of bulk continuum states that energetically overlap with the
TSS in the proximity of Ef, thus affecting the topological
transport behavior of the material. In addition, the in-plane lat-
tice parameter of SnBi,Te, is very close to that in MnBi, Tey
(4.33 A), the intensively investigated antiferromagnetic TI
(AFM-TI) [18]. Therefore, SnBi,Te4 is highly attractive for
designing lattice-matched van der Waals (vdW) heterostruc-
tures composed of nonmagnetic and magnetic structural
blocks. We show that in SnBi,Tey4, besides a residual BCB at
the T point, a contribution of the BCB crossing E. is present
in the energy-momentum space along the I'-M direction of the
SBZ, along which also the bulk valence band (BVB) energet-
ically overlaps with the TSS. Furthermore, we show density
functional theory (DFT) simulations obtained by including the
Bi/Sn antisite defects, which are known to significantly influ-
ence the overall electrical properties of TIs [19,20]. We find
a partial agreement with the experimental results and discuss
existing limits in state-of-the-art simulations to describe the
electronic structure of TIs.

The present case study system provides useful insights on
the band structure of TIs with the focus on the hidden energy
overlap of TSSs with bulk states.

II. METHODS

Single-crystalline ingots of SnBi,Te; were grown from
nonstoichiometric composition by the vertical Bridgman-
Stockbarger method [21]. The synthesis was performed in two
steps. First, the polycrystalline composition was synthesized
from high-purity (5N) elements in an evacuated quartz ampule
at about 1000 K for 8 h mixing incessantly, followed by air
cooling. Afterward, the polycrystalline sample was placed in
a conical-bottom quartz ampule, which was sealed under a
vacuum better than 10~* Pa. At the beginning of the growing
process, the ampule was held in the “hot” zone (*920 K) of
a two-zone tube furnace for 24 h for a complete melting of
the composition. The charged ampule moves from the “hot”
zone to the “cold” zone with the required rate 1.0 mm/h. In
this way, the bulk ingot with average dimensions of ~4 cm
in length and 0.8 cm in diameter was obtained. The single-
crystal structure of the as-grown SnBi, Te, ingot was verified
by accurate x-ray diffraction measurements (see Fig. S1 of the
Supplemental Material [22]).

The photoemission measurements were performed on sur-
faces obtained by cleavage at room temperature (RT) in
ultrahigh-vacuum (UHV) conditions. The cleaved surfaces
were stable for several days in UHV. The high-quality single-
crystalline (0001) surface was verified by the sharp features
in the low energy electron diffraction (LEED) pattern (see
inset of Fig. S2(a) of the Supplemental Material [22]). The
chemical compositions of TI samples have been checked by
core level measurements, reported in Fig. S2 of the Sup-
plemental Material [22], where the sharpness of selected
photoemission peaks and the absence of contaminants, like
oxygen, demonstrate the high quality of samples. Low-energy
ARPES measurements (16 eV and 20 eV beam energy) were
carried out at the BaDEIPh beamline [23] of the Elettra
synchrotron light laboratory at 80 K, with energy resolution

of about 20 meV, and momentum resolution of ~0.02 AL
Higher-energy ARPES measurements were carried out at the
VUV-Photoemission beamline of Elettra at 9 K, with energy
resolution of about 20 meV and angular resolution better
than 0.3°.

Scanning tunneling microscopy (STM) measurements
were performed at Unical in UHV conditions with an Aarhus
SPM 150 equipped with KolibriSensor from SPECS, operated
via Nanonis control system. STM images were acquired at
RT in constant-current mode with a W tip cleaned in UHV
by repeated cycles of Art sputtering. Tunneling current and
voltage are labeled with I, and V,, respectively. All STM
images were processed using the WSxM software [24].

The electronic structure calculations were carried out
using the projector augmented wave method (PAW) [25]
implemented in the VASP package [26-28]. The exchange-
correlation effects were taken into account using Perdew-
Burke-Ernzerhof generalized gradient approximation (GGA-
PBE) [29]. Spin-orbit coupling was treated using the second
variation method [30]. The DFT-D3 method [31] was used
to accurately describe the van der Waals interaction. In ad-
dition to GGA-PBE used in earlier calculations we adopted
the semilocal modified Becke-Johnson (mBJ) exchange po-
tential [32,33] for SnBi,Te4 bulk. For surface band structure
calculations we use the slab model and apply the Slater-
type DFT-1/2 self-energy correction method [34,35] with a
partially (quaternary) ionized tellurium potential as an al-
ternative to the mBJ approach which diverges for surface
calculations. Before using the DFT-1/2 method for sur-
face calculation we compared its results for the bulk with
mBJ spectra. To treat the Sn-Bi intermixing we employed
a virtual crystal approximation (VCA) as implemented in
the ABINIT code [36], where the averaged potential of a
virtual atom occupying a site in the Sn/Bi sublattice is de-
fined as a mixture Vyca = xVs, + (1 — x)Vp; of Sn (Vs,) and
Bi (V;) pseudopotentials. In ABINIT calculations we used
GGA-PBE Hartwigsen-Goedecker-Hutter (HGH) relativistic
norm-conserving pseudopotentials which include the spin-
orbit interaction [37]. All slab calculations were carried out
within the repeating slabs of six septuple layers thickness with
vacuum layer thickness of ~10 A.

III. RESULTS AND DISCUSSION

The SnBi,Tes TI crystallizes in a trigonal structure with
hexagonal unit cell, where septuple-layer (SL) blocks [Te-
Bi-Te-Sn-Te-Bi-Te] are stacked along the ¢ axis, as shown
in Fig. S1 of the Supplemental Material [22]. The bonds in-
side the SL have mainly ionic-covalent character, whereas the
blocks are held together by weak van der Waals forces [38].
The structural properties of TI samples have been investigated
by LEED [22] and STM. In Fig. 1(a) we show, on a large scale,
the cleaved surface of SnBi,Tey, which exhibits atomically
flat terraces several hundreds of nm in size, with a step height
of 13.9(2) A, as extracted from line profiles shown repre-
sentatively in Fig. 1(b). This value is in agreement with the
thickness of a single SnBi, Te4 SL, which is equal to one-third
of the vertical bulk parameter [c = 41.490(7) A], as found
from x-ray diffraction (Fig. S1 of the Supplemental Material
[22]). Figure 1(c) shows an atomically resolved STM image
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FIG. 1. (a) Constant-current STM image on fresh cleaved
SnBi,Tes (V, =2 V; I, = 100 pA; T = 300 K). (b) Apparent height
profile along the blue line in (a) revealing the presence of terraces
with similar step height, corresponding to the SL atomic block.
(c) Atomically resolved STM image of the surface (V, = 310 mV;
I, =400 pA; T = 300 K). The upper inset shows the Fourier trans-
forms of panel (c). The lower inset shows a zoom of 4 nm?.

of SnBi, Te4 exhibiting hexagonal periodicity, also seen by the
Fourier analysis reported in the upper inset. Atomic-resolved
STM images provide a planar lattice constant of 4.3(2) A,
shown in the lower inset of Fig. 1(c), in agreement with x-ray
diffraction data (Fig. S1 of the Supplemental Material [22]). A
deeper inspection revealed dark triangular-like defects [high-
lighted by a white triangle in Fig. 1(c)] with an average density
of about 6% at the surface, i.e., in the upper atomic layers of
the SL block. These defects are the result of a different local
density of states (LDOS) at the surface, as found in several
other TIs [19,20,39]. They have been ascribed to substitution

of the Bi atoms in the subsurface layer of the SL block by the
Sn atoms of the central layer.

In Fig. 2 we report ARPES data measured along I'-M of the
surface Brillouin zone (SBZ) [Fig. 2(a)], in the following &,
using different photon energies. Photoemission measurements
taken at 70 eV [Fig. 2(b)] allow us to investigate the first
and second SBZ of the energy-momentum space. These data
provide clear evidence of a TSS in the energy region between
0.40 eV and FEy, i.e., Dirac cone branches intersecting at the
SBZ center. We also observe M-shaped BVB with an energy
maximum slightly above the Dirac point, at about 0.30 eV
binding energy, and k, = £0.15 A~! at the selected photon
energy. These data are in a good agreement with previous ob-
servations [10,11], besides an energy shift. Other bulk valence
bands approaching Er cannot be seen under these experimen-
tal conditions.

In Figs. 2(c) and 2(d) we show ARPES data taken at 20 eV
and 16 eV photon energy, respectively. First, we notice in
Fig. 2(c), beside the TSS centered at the I point, a strong
intensity near Er due to the BCB and the Rashba states,
which have been observed in other TIs with vdW-layered
atomic structure [15,40-45]. These states have been ascribed
to an expansion of van der Waals gaps during the growth
process, induced by imperfections/defects trapped between
neighboring blocks [41,46,47]. From Fig. 2(c), we estimated
the Dirac point position to be at 0.36 eV binding energy, and
carefully checked its stability after 1 minute of beam exposure
up to several hours. However, we cannot rule out that, within
the first seconds of beam exposure required to perform an
ARPES measurement, the Dirac point shifts downward by
tens of meV due to band bending, as estimated in a dedicated
study on a broad family of TIs [48]. The group velocity of
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FIG. 2. (a) Sketch of the bulk BZ and SBZ of SnBi,Tey. (b) Energy-momentum dispersion of SnBi,Te, along I'-M of the second SBZ,
taken at 70 eV photon energy. (c) Energy-momentum dispersion along ['-M of the first SBZ, taken at 20 eV photon energy. The right panel
shows energy distribution curves extracted at k, = 0.47 A~' (red line) and k, = 0.55 A~! (gray line). A linear extrapolation of the BCB edge is
superimposed. (d) Energy-momentum dispersion along [-M of the first SBZ, taken at 16 eV photon energy. The right panel shows the energy

distribution curve extracted at k, = 0.24 A~ (green line).
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FIG. 3. (a), (b) Photon energy dependence of extracted conduction band minimum at k, = —1.10 A~!, and valance band maximum at

k. = —1.15 A~!, respectively. (c) Energy-momentum dispersion along I'-M of the second SBZ, taken at 55 eV photon energy. The upper scale
is scaled to the first BZ. (d), (¢) 2D momentum maps taken at 0.03 eV and 0.20 eV binding energy, respectively. The corresponding binding

energies of the maps are indicated in (c) by horizontal dashed lines.

Dirac fermions in SnBi,Tes was evaluated to approximately
3.5x10% m/s (see Fig. S3 of the Supplemental Material [22]),
in line with those in SnBisTe; [49] and in PbBi,Te4 [17]. The
group velocity has been estimated by a linear extrapolation
of the data, sufficiently away from the kinks appearing in the
vicinity of the bulk bands, where, due to the crystal field,
the dispersion usually deviates from the linear behavior and
follows the bulk band edge [17]. Going away from the T" point
along T'-M, in Fig. 2(c) we notice two maxima of the BVB
centered at k, ~ 0.15 A" and k, ~ 0.47 A~!, and a minimum
of the BCB, centered at k, ~ 0.55 A~1. All of them overlap
energetically with the Dirac TSS (see red and gray energy
distribution curves referred to the last two peaks). In Fig. 2(d),
taken at 16 eV photon energy, we observe a single maximum
of the BVB, energetically overlapping with the Dirac TSS
(see corresponding green energy distribution curve) and lo-
cated at k, ~ 0.24 A~!. Bulk states, other than the M-shaped
BVB bands, approaching Er along I'-M have not been re-
ported for films of SnBi,Tes [11], while observed in bulk
PbBi,Tes [17].

In order to determine the minimum and maximum position
of the BCB and BVB we performed photon-energy-dependent
measurements [Figs. 3(a) and 3(b)]. From Fig. 3(a) we extract
a minimum of the BCB, taken at k, = 1.10 A~ measured
along T-M-I" line (that corresponds to k, = 0.55 A~' as
measured along T-M), at about 0.13 eV binding energy and
61 eV photon energy, in agreement with the value extracted
by linear extrapolation from Fig. 2(c). Slightly closer to the
[ point, at k, = 1.15 A=" (0.50 A~"), see Fig. 3(b), we find
a maximum of the BVB at about 0.18 eV binding energy and
55 eV photon energy. We notice that, due to a small inverse
bulk parameter (of ~0.15 A1), the final-state momentum
broadening hides the expected dispersion of the occupied
initial states [50]. The observed peaks, appearing with little
dispersion in Figs. 3(a) and 3(b), are the result of the total
DOS averaged along all k, for the selected k. In Fig. 3(c), we
show ARPES measurements and selected constant energy cuts
[Figs. 3(d) and 3(e)] taken at 55 eV photon energy along the

[-M-T" direction. These measurements show the BVB close
to its edge in energy, and the BCB emerging at Er while not
reaching its maximum depth for this photon energy.

The DFT electronic structure calculations for SnBi,Tey
were done earlier using the GGA-PBE XC potential [9,38].
These calculations predicted a narrow indirect bulk gap of
~20 meV, with a maximum of the valence band lying at k, =
0.25 A~! along the I'-M in the surface-projected spectrum,
and a minimum of the conduction band at T'.

Here, we first reexamine the bulk spectrum of SnBi,Tey
by using the modified Becke-Johnson (mBJ) exchange poten-
tial [32,33], which has been shown to be the most accurate
semilocal potential for calculations of semiconductor band
structure. As can be seen in Fig. 4(a), in mBJ spectrum, like
in PBE band structure, the minimum of the conduction band
lies in the I'-Z direction while the valence band is character-
ized by a pronounced tip in the L-Z direction of the BZ of
the primitive orthorhombic cell. Note that the valence band
maximum is outside the high-symmetry directions of the BZ
and it lies at k;, = —0.3 (27 /c) in the BZ of the hexagonal
cell. In particular, the mBJ calculations result in a narrower
(by ~50 meV) gap at the Z point [see Fig. 4(b)], the time-
reversal-invariant momentum (TRIM) point where the parity
changes sign due to the spin orbit coupling (SOC) induced
band inversion [Fig. 4(a)].

In the DFT-1/2 method implementation for normal in-
sulators the cutoff radius r.y in the spherical step function
multiplier for the atomic self-energy potential Vs is de-
termined variationally by maximizing the band gap at the
Brillouin zone center [34]. In contrast, for band-inverted
topological insulators fitting the r.,, parameter requires min-
imizing the gap [51]. In our calculation we have minimized
the gap at the Z point where the band inversion occurs. The
calculated DFT-1/2 bulk spectrum is in fine agreement with
our mBJ calculation results [Figs. 4(a) and 4(b)], especially in
the vicinity of the I and Z points (which are projected onto
the center of the 2D BZ) that makes this method applicable to
surface band structure calculations with accuracy of mBJ.
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FIG. 4. (a) Bulk band structure of SnBi,Te4 calculated with different approaches: GGA-PBE, mBJ, and DFT-1/2. Signs of § = [[ .. § =
+1 (¢ is the parity of occupied bands) at the TRIM are also shown for calculations with/without SOC taken into account. (b) Magnified
view of the bulk spectra in the vicinity of the Z point. (c) Surface band structure calculated within DFT-1/2 method. Shaded area marks
continuum of the bulk states projected onto (111) surface. (d) Surface-projected upper valence band at the I"-M direction parsed into different

k. contributions.

The surface band structure of SnBi,Te, calculated using
the DFT-1/2 method is shown in Fig. 4(c). First, the projected
bulk spectrum (shaded area) demonstrates the indirect gap of
63 meV that is much larger than the earlier PBE prediction
(=20 meV [9,38]). In turn, the experimental band gap value
of ~50 meV calculated within the maximum of the BVB
and the minimum of the BCB at T' [Figs. 2(c) and 2(d)]
and at k, = 0.55 A1 [Fig. 3(a)] is closer to DFT-1/2 re-
sults. However, both PBE and DFT-1/2 methods give the VB
maximum position at k, = 0.25 A~! along ['-M. The Dirac
point of the topological surface state lies by ~80 meV deeper
than the VB maximum. This is in contrast to the PBE result
where the Dirac point resides by ~170 meV below the VB
maximum [38].

Figure 4(d) shows the surface-projected upper valence
band at the I'-M direction parsed into different k, contri-
butions. As can be seen, for each k, the upper band has
two maxima. In particular, for —0.5 < k; < O they are at
k. ~ 0.25 and k, ~ 0.50 A1, The second maximum can be
attributed to the bright BVB feature visible in the ARPES
experiments at k, 2 0.50 A~! and photon energy of 20 eV and
55 eV, whereas the first one, which contributes to the absolute
VB maximum in the calculations, is visible at a photon energy
of 16 eV. At the same time, both 0.25 and 0.50 A~! maximain
ARPES data lie at binding energy of about 200 meV. At first
glance, there is not much agreement between calculated and
experimental band structure. The reason can be both in the fact
that the grown crystal has intermixing on Sn and Bi sublattices
and in the fact that ARPES does not fix the top of the valence
band at k, ~ 0.25 A~ where the measured intensity is much
lower than that for k, ~ 0.50 A1, Since the second maximum
in the calculated VB spectrum at k, ~ 0.50 A~! found at k, =
—0.4 [not shown in Fig. 4(d)] lies at —100 meV and taking
into account the n doping in the sample of about 100 meV, one
can conclude the position of the VB maximum at k, ~ 0.50
Al agrees well with ARPES. In addition, the calculations

of Fig. 4(c) show a local minimum in the BCB in proximity
of k, ~ 0.55 A~!, in agreement with the experimental results
reported in Fig. 3(a).

Next we examine the effect of the Sn-Bi intermixing
observed in the grown sample on the SnBi,Te, electronic
structure. To this end we employ the VCA approximation to
describe the presence of Bi atoms on the Sn sublattice and vice
versa. As established by our STM measurements the 10%—
12% Sn-Bi intermixing takes place in the sample. To simulate
this intermixing we constructed Sng ggBig 12 and Big.94Sng g6
VCA pseudopotentials, which provide an average intermixing
ratio of 12% in the SnBi, Te4 bulk lattice [Fig. 5(a)].

The surface band structure of SnBi,Tes with 12% Sn-Bi
intermixing is shown in Fig. 5(b). As can be seen, the inter-
mixing results in shifting the topological surface state down to
the valence band so that the Dirac point is located at the edge
of the bulk continuum, in agreement with the experimental
results. Besides, the dispersion of the topological surface state
changes from linear, in the vicinity of the Dirac point (for
the ideal atomic structure), to nonlinear and differs from the
experimental dispersion. Similar dispersion of the Dirac state
was observed earlier in TIs with more complicated atomic
structure [49,52]. This change in the Dirac state dispersion
is mostly related to the structural relaxations within the SL
block due to Sn-Bi intermixing that are —0.7%, +0.9%, and
—3% for SnolggBiO.lg-Te, Te-Bio_94Sn0,06, and Bio_94Sn0,06—Te
interlayer spacings, respectively, with respect to the corre-
sponding Sn-Te, Te-Bi, and Bi-Te interlayer distances in the
ideal crystal structure. If these relaxations are neglected, i.e.,
in the calculation of SnBi;Tes with 12% Sn-Bi intermixing
with the ideal atomic structure, the surface spectrum shows
almost linear Dirac dispersion [Fig. 5(c)]. Although we can-
not compare PBE-based bulk spectrum of the structure with
Sn-Bi intermixing quantitatively with the spectrum of the
ideal SnBi,Te, calculated within the DFT-1/2 approach, the
valence band along I'-M in the case of Sn-Bi intermixing also
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FIG. 5. (a) Atomic structure of SnBi,Te, with 12% Sn-Bi intermixing. Surface band structure with (b) and without (c) structural relaxation

taken into account.

shows a maximum at k, ~ 0.25 A~! and the second highest
tip (local maximum) at k, = 0.50 A1, regardless of whether
structural relaxation has been taken into account or not.

Overall, the comparison between the theoretical calcu-
lations and experimental results leads to a pretty good
agreement in k space of relative maxima and minima of BVB
and BCB, respectively, that is along ['-M direction of the
SBZ, but remains unsatisfactory for the absolute values that
give rise to the band gap. Taking into account the Sn-Bi inter-
mixing without structural relaxation [Fig. 5(c)], a shift of the
topological surface state within the BVB is well reproduced
by the calculations, while leaving a partial agreement on the
shape of the projected BVB and BCB.

IV. CONCLUSIONS

In contrast to the direct gap Bi,Ses; [53,54], the BiyTes
[53,55] and related ternary compounds A™VBi,Te, are char-
acterized (according to earlier theoretical calculations [9])
by indirect gap, with a maximum of the BVB lying along
the ['-M direction of the SBZ (at ~1/4-1/3 I'-M) and sec-
ond highest maximum at larger k. However, not much is
reported in the literature about a precise experimental in-
vestigation of the bulk electronic structure for this class of
TIs far from the SBZ center [15,17]. In the PbBi,Tes [17]
compound the BVB maximum was found, with photon energy
of hv =10 eV, at large k; ~ 0.4 A=, According to earlier
PBE-based calculations [9,38], SnBi,Te4 having small indi-
rect gap is characterized by the I' Dirac state in the surface
spectrum heavily overlapping with BVB states. In the present
work we revised the DFT band structure applying advanced
exchange-correlation functionals and accounted the presence
of Sn-Bi intermixing in the grown crystals, the degree of
which was found by means of STM measurements to be
quite significant, of 10%—-12%. As well we have performed
comprehensive ARPES measurements within a wide range of
the photon energies. Despite the alterations of the bulk and
surface spectra due to different XC functionals and Sn-Bi

intermixing, the main features of the theoretical spectra re-
main unchanged demonstrating a Dirac state overlapping with
[-M BVB states which possess two maxima, absolute and the
second highest at relatively small (k, =~ 0.25 A~1) and large
(ke ~ 0.50 A1) ky vectors, respectively, although accounting
of the Sn-Bi intermixing leads to a better matching with the
experimental results.

ARPES results on SnBi,Te4 crystals revealed a consid-
erable energy overlap of the Dirac state with the BVB and
BCB along the I'-M direction. This overlap places limits in
the use of the spin-polarized Dirac state of this compound,
unless the Fermi level is further moved into the indirect bulk
band gap. This step forward may be achieved, for instance, by
chemical doping of the SnBi, Te, stoichiometry. The band gap
was experimentally found to be 250 meV, with the minimum
of the BCB at I and at k, ~ 0.55 A~!, and the maximum of
the BVB at k, ~ 0.50 A~!, both along the I"-M direction. The
provided characterization of the band structure may explain
the origin of the residual three-dimensional bulk contribution
across Ep reflected in magnetotransport measurements of the
SnBi, Tes compound [12].
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