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This study explores the bulk and surface electronic band structure of the SnSbBiTe, van der Waals (vdW)
compound composed of septuple layer (SL) vdW blocks in which pnictogen atoms (Sb,Bi) share the same
sublattice in a 50/50 ratio. We provide a characterization of the electronic structure of SnSbBiTe, by means
of core-level photoemission spectroscopy and angle-resolved photoemission spectroscopy, complementing

experimental studies with density functional theory calculations.

1. Introduction

Spintronic devices using topological insulators (TIs) are highly effec-
tive for spin-to-charge conversion, due to the presence of topologically
protected surface states (TSSs) [1-3]. These states exhibit both Dirac-
like dispersion and spin-momentum locking. The position of the Dirac
point-where TSS branches intersect-and its interaction with bulk bands
at the Fermi level (Ep) are key factors that influence whether the
material exhibits topological or trivial transport behavior. Over recent
decades, precise adjustments of the chemical composition of these
materials have been extensively studied to control the Ep position
relative to the Dirac surface state [4-6].

We focus on the SnSbBiTe, compound as a case study, to investi-
gate the effects of a mixed SbBi (50/50) composition in comparison
with SnBi,Te, [7] and SnSb,Te, [8], which are »n- and p-doped TIs,
respectively. The SnSbBiTe, compound has the same crystal structure
as several layered van der Waals (vdW) TIs: GeSb,Te,, GeBi,Te, [9,
101, SnSb,Te, [8,9,111], SnBi,Te, [7,91, PbBi,Se, [9], PbBi,Te, [9,12],
PbSb,Te, [9,11], PbBi,Te,Se, [13], as well as their magnetic Mn-
based counterparts MnBi,Te, and MnSb,Te, [14-17]. All of these
compounds are composed of septuple layer blocks, each layer being
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element-specific, while, ideally, the pnictogen sublattice in SnSbBiTe,
is uniformly occupied by Sb and Bi atoms (see Fig. 1a).

Topological insulators offer a versatile platform for studying quan-
tum coherence and topological protection in low-dimensional sys-
tems [18-20]. The present study addresses an active area of interest
in Bi-Sb-based TIs, driven by their robust surface states and the
emergence of distinct quantum phenomena such as Aharonov-Bohm
(AB) oscillations. In Bi-Sb-based TIs, by tuning the Bi/Sb ratio it is
possible to engineer a bulk-insulating regime while preserving gapless,
spin-momentum-locked surface states that are resilient to non-magnetic
disorder. This makes Bi-Sb-based compounds promising candidates for
applications in quantum information, spintronics, and low-dissipation
electronics, and ideal systems for probing Berry-phase-related effects
and quantum interference phenomena [21-23]. Interestingly, it was
recently shown [22,24] that mixing Bi and Sb leads to higher mag-
netoresistance compared to the pure A, B; (A = Sb or Bi; B = Se or Te)
family of TIs. An open question that remains to be addressed concerns
the effect of mixing of pnictogen atoms on the electronic structure of
TIs and how such modifications influence the quantum properties of
the material.
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Fig. 1. (a) Crystal structure of SnSbBiTe, compound visualized with vesta [29].

rz

(b) Bulk band structure calculated within DFT-1/2 approach along high-symmetry

directions of the bulk Brillouin zone of the primitive rhombohedral cell. (c) Surface spectrum of SnSbBiTe,(111). Red/blue dots mark the positive/negative sign
of the in-plane spin projections for spin-polarized surface states. Shaded areas correspond to projection of the bulk states onto the (111) plane.

In the present paper we provide a characterization of the SnSbBiTe,
electronic structure using core-level photoemission spectroscopy (PES)
and angle-resolved photoemission spectroscopy (ARPES). In analogy
with the pure SnSb,Te, compound [8], the experimental results re-
ported here demonstrate a p-type doping of this TI, as opposed to
the expected at Bi-Sb intermixing, bulk-insulating TI, similar to (Bi-
Sb),Te; [25-28]. In addition, comparing the experimental band struc-
ture with the state-of-the-art simulations offers crucial insights into
the intricate relationship between the position of Ey and the elemen-
tal composition. This complexity apparently arises from the defect
compensation effect, which mitigates the p(n) doping in the original
Sb(Bi)-based systems, becoming even more complicated when a IV
group element is present in the compound.

2. Experimental methods

Single crystalline ingots of SnSbBiTe, were grown from nonstoichio-
metric composition by the vertical Bridgman-Stockbarger method [30].
The synthesis was performed in two steps. First, the polycrystalline
composition was synthesized from high-purity (5N) elements in evacu-
ated 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~® mbar. 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, bulk ingot with average dimensions of ~4 cm
in length and 0.8 cm in diameter was obtained.

The powder X-ray diffraction pattern (PXRD) for the SnSbBiTe,
compound is given in Fig. S1 of the Supplementary file. As can be
seen, it has a qualitatively identical diffraction pattern to that of parent
SnSb,Te, (a) and SnBi,Te, (c) compounds. The negligible shifting in
the peak positions from SnBi,Te, to SnSb,Te, towards high angles
confirms the ternary solubility of bismuth and antimony in the septuple
units of both parent compounds. The lack of diffraction lines of the
elemental Sb and Bi in the PXRD pattern of the SnSbBiTe, alloy further
confirms the starting 50:50 ratio of Sb and Bi in the grown single
crystal.

The photoemission measurements were performed on surfaces ob-
tained by cleavage at room-temperature 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. 2a). The chemical composition of TIs samples has
been checked by core-level measurements, carried out at the VUV-
Photoemission beamline of the Elettra synchrotron light laboratory.
Low energy ARPES measurements were carried out at the BaDEIPh
beamline [31] of Elettra at 80 K, with energy resolution of about 20
meV and momentum resolution of ~0.02 A~1. Rubidium was subli-
mated in UHV (in the 10710 mbar range) by using commercial SAES
getter dispensers, after overnight degassing at currents slightly below
the sublimation onset. The deposition of alkali metal on the pristine TI
was repeated until the saturation in electron doping was achieved.

3. Computational details

The electronic structure calculations were carried out within the
framework of density functional theory (DFT) using the VASP code [32,
33]. The projected augmented wave (PAW) method was used in the
calculation scheme [34,35]. The generalized gradient approximation
(GGA) as formulated by Perdew-Burke-Ernzerhof (PBE) [36] was used
for the exchange-correlation potential. Relativistic effects were taken
into account, including the spin—orbit interaction (SOI).

The accurate cell parameters and atomic positions of SnSb,Te,
and SnBi,Te, bulk cells were obtained using VASP’s built-in conju-
gate gradient algorithm. The first Brillouin zone (BZ) of the primitive
rhombohedral cells of SnSb,Te, and SnBi,Te, was sampled by the
8 x 8 x 8 I'-centered Monkhorst-Pack grid and the occupations of
electronic states were smeared according to Gaussian function of width
of 10 meV. The vdW corrections were taken into account using the
DFT-D3 functional with Becke-Johnson dumping scheme [37]. The ge-
ometry optimization was performed until the residual forces on atoms
became smaller than 1 meV/A. The combination of GGA and vDW
functionals usually gives reliable results for the equilibrium structure
of Bi,Tes-type layered materials, see for example Ref. [38].

The Bi-Sb site intermixing in SnSbBiTe, was simulated by means
of the virtual crystal approximation (VCA) [39]. Lattice constants and
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Fig. 2. (a) Photoemission measurements of SnSbBiTe, measured with 70 eV photon energy. In the inset, a LEED image showing the hexagonal symmetry at
surface is reported. (b) Energy-momentum dispersion along I-M of the first SBZ of SnSbBiTe,, taken at 17 eV photon energy. (c) Same as (b), after Rb deposition.
On the right, energy distribution curve extracted at I, showing the position of the TSS with respect to the Rashba spin-split surface band. (d) Crossing of the TSS

in Rb-doped sample.

interlayer distances in this case were calculated from equilibrium struc-
tures of SnSb,Te, and SnBi,Te, in accordance with the Vegard’s law.
The surface was not relaxed, which is reasonable when both parent
phases in the equilibrium state are topological insulators, in contrast
to instances where the topological phase develops only under strain, as
is the case with the As,Te; compound [40].

For accurate band structure calculations we apply the Slater-type
DFT-1/2 self-energy correction method [41,42] which only requires
the addition of a self-energy correction potential, calculated from a
partially ionized free atom, to the standard DFT potential. In this
case, the ionization level (—1/2e¢ by default) can be an additional
variable parameter for fitting the band structure. This semiempirical
quasiparticle scheme yields accurate band structures for many semicon-
ductors and TIs [43] and owing to its low computational cost DFT-1/2
can be considered as a good alternative to expensive and time con-
suming computational approaches like GW. For SnSbBiTe, compound
the quaternary ionization (—0.25 e) of tellurium and pnictogen atoms
potentials was applied.

The SnSbBiTe,(111) surface was simulated within a model of re-
peating slabs separated by a vacuum gap of 11 A with the slab
thickness of six septuple layers (SLs). The 2D BZ was sampled with the
10 x 10 x 1 k-mesh.

4. Results

The SnSbBiTe, topological insulator crystallizes in a trigonal struc-
ture with hexagonal unit cell, where septuple-layer blocks [Te-Sb/
Bi-Te-Sn-Te-Sb/Bi-Te] are stacked along the vertical axis, as shown

in Fig. 1a. The bonds inside the septuple layer have mainly an ionic—
covalent character, whereas the blocks are held together by weak vdW
forces [44].

The bulk band spectrum calculated along high-symmetry directions
of the Brillouin zone of primitive rhombohedral cell is demonstrated
in Fig. 1b. To calculate the band structure we firstly adjusted the
potentials within DFT-1/2 method [41,42] by searching an extremum
of the Z point gap (the point in which the SOI-induced band inversion
occurs) by variation of the cutoff radius r,,, in spherical step function
multiplier for atomic self-energy potential. Earlier it was shown for
XSb,Te, compounds (X = Ge, Sn, Pb) [45] that it is sufficient to
construct the potentials for pnictogen and halogen atoms to describe
the band structure accurately while the potential of carbon group X
element does not affect the bands near Ey. For SnSbBiTe, we also left
the original Sn potential, and variation of r,, for Bi and Sb potentials
was carried out simultaneously within the framework of the VCA. The
resulting r,,, were found to be 3.78 and 3.90 a.u. (2.00 and 2.06 A) for
Te and Sb/Bi potentials, respectively. Within this approach the bulk
gap was found to be of 205 meV. This gap is indirect with conduction
band minimum (CBM) in the middle of the I'-Z and valence band
maximum (VBM) laying along L-Z direction. According to calculations
the products of wave functions parities [46] at I', Z and F,,; points
they are equal to —1, while those at L;,; points are +1 and hence
the Z2 topological invariant (vg; v;v,v3) in SnSbBiTe, is (1;000). On the
projection of the bulk states onto the (111) cleavage surface the CBM
extremum appears at the ' point of the 2D Brillouin zone, while the
VBM occurs at ~1/4 of [-M direction (Fig. 1c).

The surface spectrum of SnSbBiTe, possesses a spin-helical TSS
with the Dirac dispersion within the gap which deviates from linear
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behavior only approaching the conduction band and its crossing point
lies approximately in the middle of the gap, far from both VBM and
CBM. In addition to the Dirac state, the surface spectrum also contains
a prominent Rashba spin-split surface band in the local band gap of
the valence band at ¥ —0.5 eV at the I point that is typical for all
vdW-structured TIs and first shown for Sb,Te; [47].

From an experimental point of view, we characterize the chemical
composition of SnSbBiTe, by means of core-level photoemission, with
representative spectra shown in Fig. 2a, taken at a photon energy of
70 eV. The core-level peaks expected in this energy range are detected
and listed in the graph. The quantitative analysis of all peaks is complex
due to the septuple-layer structure composed of element-specific single
layers, the signal attenuation caused by the inelastic mean free path of
photoelectrons, and the diffraction effects seen at the photon energy
used. In Fig. S2 of the Supplementary file, we show a comparison with
core-level spectra of SnSb,Te, and SnBi,Te,, measured under the same
experimental conditions. The variation in peaks intensity is consistent
with the different chemical composition, and a total shift of about 200
meV towards lower binding energy is observed for the Te 4d peaks
when going from SnSb,Te, to SnBi,Te,, with SnSbBiTe, lying between.

In Fig. 2b-c, we show ARPES data acquired at a photon energy
of 17 eV along the ' -M direction of the first Surface Brillouin Zone
(SBZ), measured on pristine and Rb-doped TIs, respectively. In both
photoemission images we can observe sharp surface states and broad
bulk bands. Electron doping moves all bands that lie close to E, of
(130 = 20) meV. The Dirac surface state clearly emerges after Rb
doping (Fig. 2c), with a Dirac point at ~ —0.5 eV from the prominent
Rashba spin-split surface band, in good agreement with Fig. 1c. This is
also seen in the energy distribution curve extracted at I" and reported on
the right side of Fig. 2c. In Fig. 2d, we identify the crossing of the TSS
and estimate the Dirac point at about 50 meV from Ej for the selected
Rb-doping.

By comparing the photoemission images of pristine and Rb-doped
TIs, taking into account a rigid band shift of about 130 meV (Fig. 2b-
¢), we estimate a Dirac point in pristine SnSbBiTe, at about 80 meV.
This also corresponds to the energy offset observed between theoretical
calculations and experimental results. Notably, the Dirac point was
reported at 300 meV above E in SnSb,Te, [8], whereas in SnBi,Te, it
is shifted to 360 meV below E, within the occupied states [7].

The offset of about 80 meV between the predicted and experimental
Dirac point position of the TSS can be attributed to several factors.
On the one hand, it may result from possible stoichiometric inhomo-
geneities of Sb-Bi across the sample volume, which are expected in
crystals grown by the Bridgman method. However, multiple cleaves of
different ingots systematically showed p-type doping, suggesting that
such inhomogeneities might be an intrinsic feature rather than a local
fluctuation. On the other hand, the defect compensation mechanism
may not be effective in this case.

To explain why in the SnSbBiTe, compound when Bi and Sb are
mixed, the p-type and n-type defects do not compensate each other, we
need to turn to the physics of defects in quintuple-layered binary V, VI,
compounds where they were studied in detail [48-53]. As was shown,
the p—n crossover and carrier concentration in this kind of materials can
be governed by alloying on either V (Bi-Sb) or VI (Te-Se) sublattices.
It was pointed that there is a correlation between the conduction
type and the carrier concentration of intrinsic point defects and the
electronegativity and covalent radius of cations and anions [52].

In particular, in Bi,Se; the selenium vacancies are the dominant
donor defects, which are responsible for unintentional n-type conduc-
tivity in this material [50]. In contrast, in Bi,Te; the anti-sites are
dominant defects. Under Bi-poor conditions the Tep; anti-site donor
defect has the lowest formation energy that yields n-type conductivity
while under Bi-rich conditions the acceptor Bi anti-site defect, Bir,,
becomes preferred promoting a tendency for p-type conductivity [50].
Since the concentration of different types of defects depends not only
on the growth conditions but also has a tendency to vary with different
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positions in the crystal boule [52], this allows to realize the p — n
transition in the single Bi,Te; crystal [51]. It was demonstrated that
alloying Bi,Se; and Bi,Te; with formation Bi,Te,Se and Bi,Te, 5Se; 5
compounds results in the p-type and n-type defects compensation and
formation of the intrinsic TI phases where only the TSS intersects
E; [50]. However, such compensations does not occur in septuple-
layered PbBi,Te,_.Se, compounds [13] which remain n-type TIs at
different alloying (x = 2,2.6).

Natural Sb,Te; exhibits a strong p-type conductivity, which is re-
lated to negatively charged Sb vacancies and Sby, anti-sites [49,52,54,
55]. The possibility of achieving the intrinsic TI state with isovalent
Sb-Bi substitution with formation of Bi, Sb,_, Te; compounds at Bi:Sb
ratio close to 1:1 has been repeatedly demonstrated by ARPES and
transport measurements [27,28,56,57]. However, in SnBiSbTe, such
compensation of p-type and n-type defects does not occur. Thus, in
the IV,V,VI, compound SnBiSbTe,, like in PbBi,Te, ,Se, [13], the
donor- and acceptor-type defects balance must take into account the
presence of charged defects on the IV group sublattice, both vacancies
and anti-sites, while compensation of p-type and n-type defects on the
pnictogen and chalcogen sublattices is not sufficient to change the type
of conductivity in these materials.

5. Conclusions

The SnSbBiTe, compound is confirmed to be a p-type TI exhibiting
well-defined TSS, as demonstrated by ARPES measurements and sup-
ported by advanced DFT calculations. Despite the equal mixing of Sb
and Bi atoms on the pnictogen sublattice, no compensation between
donor- and acceptor-type defects is observed, resulting in a persistent
p-type character. The Dirac point resides within the bulk energy gap,
consistent with a robust TSS. The agreement between experimental data
and DFT-1/2 simulations highlights the effectiveness of this computa-
tional approach for modeling the electronic structure of complex vdW
layered systems. These findings not only deepen our understanding of
defect-driven doping mechanisms in layered TIs but also suggest that
the design of multi-component IV-V-VI compounds offers a promising
strategy for engineering topological materials.
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