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Abstract

The electronic topology of BisTes, composed of alternating Bi. and Bi,Tes layers, is investigated by
density functional theory and angle-resolved photoemission spectroscopy. We discover remarkably there are
three adjacent strong topological gaps with associated protected surface states within a 2-eV range of the Fermi
level. The existence of 3 consecutive Dirac cones in k space gives promise for new phenomena and applications,
e.g., production of single photons with different energies (in infrared and visible) for multi-channel transport of
guantum information as well as multiple degrees of freedom in electron pumping for lasers. Additionally, a
surface-state Fermi surface with strong hexagonal warping is observed.


about:blank
about:blank
about:blank

Main Text

Topological insulators are known for their protected topological surface states (TSSs), which in three
dimensions (3D) commonly manifest as Dirac cones in the fundamental band gap at time-reversal invariant
momentum (TRIM) points in the two-dimensional (2D) Brillouin zone (BZ). However, it is rare to find a system
with multiple strong topological gaps near the Fermi level [1-3].

The topology of a gap in the bulk electronic structure of 3D topological insulators is characterized by a
set of four Z, topological invariants, each taking value of 0 or 1, which dictates the existence of its surface states
via bulk-boundary correspondence [4, 5]. If the first of these invariants (known as the global invariant) takes on
the value of 1, the gap/system is called a strong topological gap/insulator. In this case, there exists a Dirac cone
in the corresponding gap of its surface band structure [4]. We show that BisTes is such a remarkable material
that has remarkably three strong topological gaps, with each gap hosting a surface-state Dirac cone.

Angle-resolved photoemission spectroscopy is a primary tool involved in many seminal discoveries of
topological insulators [6]. Bi,Tes[7] and Bi,Ses [8] were among the many topological insulators discovered over
the past decade. A Dirac cone of topological surface states exist at the BZ center for both systems: Bi,Tes has
a well-studied snowflake-shaped Fermi surface for the TSS [7], while Bi,Ses has a more isotropic Fermi surface
[8]. On the other hand, Bi is a topological crystalline insulator whose surface states are protected by spatial and
inversion symmetries [9].

Upon alternately stacking Bi. bilayers and Bi,Tes or Bi>Ses quintuple-layers along the (111) direction,
new crystals BisTes or BisSes are formed, respectively [10-13]. These two materials are semi-metallic. BisSes
has been identified as another topological system [11, 12] with a snowflake-shaped TSS Fermi surface, more
warped than that of Bi,;Tes and Bi,Ses. One strong topological gap was identified in BisSes [11]. In contrast,
BisTes is a very under-explored system, with no studies of its topological properties and only a few studies of
its superconducting and vibrational properties [14, 15]. Recently, Chagas et al. [13] synthesized and investigated
the structural and electronic properties of BisTes using X-ray diffraction and scanning tunneling microscopy
and spectroscopy.

In this work, we investigate the electronic structure of BisTes through density functional theory (DFT)
calculations [16-19] and angle-resolved photoemission spectroscopy (ARPES) experiments. We identify
surprisingly three strong topological gaps that are adjacent to each other and below the Fermi level of our
samples. We investigate both theoretically and experimentally the surface electronic structure of these gaps,
identifying three TSS Dirac cones. Additionally, we observe a snowflake-shaped 2D Fermi surface (i.e.,
constant energy contour of the TSS as a function of wavevector k,, parallel to the surface) at the experimentally

observed Fermi energy. In contrast to Bi;Tes and BisSes, it shows a more elongated structure in the I' — M
direction, indicating a strong hexagonal warping effect.

DFT calculations were carried out using Quantum Espresso [16] to analyze the topological properties
of BisTes (see Supplemental Material [20]). In Fig. 1a, the Kohn-Sham DFT band structure of the bulk crystal
is plotted. Here, three band gaps, labeled 1 through 3 (with different colors), can be identified. The bulk and
surface BZs are given in the Supplementary Material [20]. We compute the topological invariants of the three
gaps via the parity eigenvalues at the TRIM [4]. The energy gaps, together with their energy ranges (referenced
to the Fermi level of a neutral system), at I" in the surface BZ as well as their Z, topological invariants and
classification, are listed in Table 1. All three gaps are strong topological ones [4, 5], and thus a surface-state
Dirac cone is expected at the I" point in all three gaps at the surface.

BisTes; can have two types of surface terminations, i.e., a Bi, or Bi;Tes layer [13]. The theoretical band
structures of these two surface terminations, calculated via DFT, are presented in Figs. 1b and 1c, respectively.
Figure 1d provides a close-up view of the theoretical TSS bands of the Bi,Tes-terminated surface found in all
three strong topological gaps. For Bi.Ses, on the other hand, only one topological gap has been identified [11],
and different topological surface states are present for the two terminations, i.e., the Bi- or Se-rich surfaces [11,
10].



The BisTe; samples investigated experimentally here were synthesized using the Bridgman method as
described in [13] (see Supplemental Material [20]). The left panel of Fig. 1le presents our system’s measured
band dispersions (raw data) along the K- I'- M direction in the first surface BZ. Our measured ARPES data was
further analyzed using the curvature method [21], which allows for better visualization of the bands (right panel
of Fig. 1e). One observes from the measurement bulk conduction bands around the I" point just below the Fermi
level, as well as three sets of Dirac TSS ranging from -2.0 eV up to the Fermi level. In particular, the topmost
V-shaped band deviates from a linear dispersion along the '~ M direction near the Fermi level. This gives rise
to a measured snowflake-shaped TSS Fermi surface with branches pointing along the I'- M direction, as
presented in Fig. 2 and further discussed later [22-24]. Strong anisotropic warping effects presented in BisTes
significantly reshape the Dirac cone to V-shaped bands in gap 1.

The measured Dirac point of the first cone is located at -0.55 eV, in close agreement with the theoretical
results of -0.6 eV (the theoretical Fermi level is shifted by +0.11 eV to align with the experimental value of our
n-doped sample, matching the observed Fermi surface geometry). In addition, the curvature analysis [21] of the
ARPES data shows bands with linear dispersion in the second topological gap, which meet at I" near -1.30 eV
(the corresponding theoretical value is at -1.1 eV). The dashed lines are guides to the eyes. Finally, another set
of two linearly dispersing bands in the third topological gap that meet at I" near -1.78 eV (theoretical value is at
-1.3 eV) is also seen. Thus, the surface states in the topological gaps 1 through 3, theoretically predicted for this
system with Bi.Tes-termination, are well identified experimentally. Moreover, the experimental and theoretical
energies of the Dirac points are also in good agreement. These results show that there are three strong topological
gaps in BisTez and the sample investigated is mostly Bi,Tes-terminated. For a comparison of the theoretical and
experimental constant energy contours (CECSs), see the Supplementary Material [20].

To investigate the different physical characteristics of the multiple Dirac cones, we compute the
projection of the states of the three Dirac cones to all angular momentum components for p orbitals as a function
of distance into the bulk in the presence of spin-orbit coupling (SOC). We observe very distinct wavefunction
characters for the three Dirac cones, in terms of surface localization and angular momentum components. Such
differences in the character of the cones can enable, for example, a precise excitation of each of them using
different light polarization (see Supplementary Material [20]).

To confirm experimentally the surface-state nature of the linear bands located around the I" point, the
surface electronic structure of BisTe; was investigated using different photon energies. The data analysis shows
no energy dispersion of the states in the topological gaps by changing photon energy, demonstrating that the
observed states are indeed surface states (see Supplementary Material [20]).

In Fig. 2a the measured band dispersions of the multiple Dirac cones are depicted after treatment for
better visualization [21]. In Fig. 2b the raw data of the 2D Fermi surface is shown (left panel) as well as after
treatment (right panel). The surface-state Fermi surface depicted in Fig. 2b shows a snowflake shape for the
Dirac cone in gap 1 which, as discussed in the Supplementary Material [20], does not disperse with photon
energy variation. The inner-band inside this structure is a conduction bulk band that has a three-fold symmetry
for incident photon energy of 21.2 eV. One also observes that the warped 2D Fermi surface of BisTes has
structures resembling branches which extend over to the BZ border along the I' - M direction, different from
what are found in Bi;Tes [7].

In Fig. 2c the constant energy contour (data taken at 1.12 eV below the Fermi level — see the red dashed
line in Fig. 2a) of Dirac cone 2 is shown before and after treatment in the left and right panels, respectively.
Here, in contrast to the previous case shown in Fig. 2b, the CEC presents a circular shape similar to BiSes [25].
Finally, the band dispersion of Dirac cone 3 and its CEC measured at 1.81 eV below the Fermi level are seen in
Figs. 2a and 2d, respectively.

Additional ARPES measurements were performed to further investigate the structure observed in the
hexagonal CECs that seem to cross the BZ boundary at the Fermi level along the '-M direction. In particular,
the use of higher photon energies allowed us to probe higher-order BZs to better understand the physical
phenomena taking place at the edges of the BZ. The 2D Fermi surface in the extended BZ of BisTes is shown



in Fig. 3a via the ARPES spectra measured using synchrotron radiation with an energy of 103.5 eV. In Fig. 3b
the TSS in K-I'-K direction is presented both before and after the treatment in the upper and bottom panels,
respectively. Figure 3c depicts the raw (upper panel) and treated (bottom panel) band dispersion of the TSS
between the first and second BZs crossing the M point, along the I'-M-T" direction. CECs collected at 0.30 eV
below the Fermi level between the boundaries of the first and second BZs (see the white dashed line separating
them) and close to the M point are shown in Fig. 3d for the raw and treated data in the upper and bottom panels,
respectively. This figure clearly highlights a Fermi surface structure crossing the first and the second BZ. Due
to the experimental resolution of 50 meV, this structure that crosses the M point may be at the Fermi level or a
few meVs below.

The hexagonal CECs observed in Figs. 2 and 3 are similar to those found for Bi,Te; TSS Fermi surface
[7]. The Fermi surface warping effect has been theoretically modeled in Ref. [26], and here we use its variant
to quantify the hexagonal warping in our TSS Fermi surface at fixed Fermi energy. We fit the data to the
following function:

1= AJK? + 22k cos2(36), (1)

where A is a measure of the Fermi surface’s size, k is the electron crystalline momentum, 4 is a hexagonal

warping parameter, and 6 is the azimuth angle of & with respect to the I' — K direction. Using this equation,
we have investigated the CECs of BisTes, by fitting the two parameters A and A.

In Fig. 4a, the measured TSS Fermi surface of BisTes is presented. The red line superimposed on the
figure is the fit for our system using Eq. (1), with A = 27.77 A2 and A = 2.668 A. In Fig. 4b, the theoretical
Fermi surface obtained from DFT (at E{*") is shown, and the magenta line represents the fit to Eq. (1) with

1 =41.02A%and A = 2.110 A. The considerably large values of A manifest the strongly warped Fermi
surface, in contrast to the isotropic case with no warping, i.e., A = 0, such as in Bi.Ses.

In conclusion, we have studied the bulk and surface electronic structure of BisTes employing a
combination of theoretical and experimental techniques. DFT was used to study the bulk electronic structure of
our system, in particular its band topology, as well as its surface properties with Bi,Te;and Bi, surface
terminations. This revealed the existence of three strong topological gaps near the Fermi level, leading to
multiple TSS Dirac cones at the center of the 2D BZ. The electronic properties were investigated experimentally
utilizing ARPES measurements that confirmed the presence of these multiple TSSs. A direct comparison
between the theoretical and experimental results strongly supports that BisTes; has three adjacent strong
topological gaps near its Fermi level, and that the Bi,Tes-terminated surface is the main surface termination for
our cleaved samples. Considering the remarkable existence of three consecutive Dirac cones near Er, one can
foresee a number of new phenomena and applications. Since the Dirac cones are at the same k-point, the
production of single photons with different energies (in the infrared and visible range) allows for multi-channel
transport of information and its storage. These states below Er can also be used as a multi-bit configuration for
guantum information. Finally, highly anisotropic CECs near the Fermi level are observed, with the warping
being more significant than in Bi,Tes Our joint experiment-theory study here paves the way for exciting further
studies of a clearer and deeper understanding of BisTes and other multiple strong topological gap materials.
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Table 1: Energy gap range at I" and topological indices of gaps 1 through 3 (see Fig. 1a). The energy gap range
is determined along the I' — Z path in the bulk BZ, which is folded to the I point of the surface BZ that hosts
the surface Dirac points. The theoretical Fermi level is set to 0 eV in this table.

Gap Energy Range along I' — Z Z, Index Classification
1 -0.11 - -0.66 eV (1;000) Strong
2 -0.88 —-1.07 eV (1;112) Strong
3 -1.08 - -1.30 eV (1;111) Strong
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Figure 1: (a) Band structure of bulk BisTes, showing the three strong topological gaps of interest. (b, ¢) 2D
band structure of (b) the Bi.-terminated slab and (c) the Bi.Tes-terminated slab. (d) Close-up view of (c),
highlighting the three Dirac cones. For ease of comparison with the experimental results (n-doped) shown in
(e), the theoretical Fermi level EP*™ is shifted by AE;=+0.11 eV from (c). In (b)-(d), the thin grey lines
(shading) denote the bulk bands projected onto the surface BZ, and the color scale for the slab states (the curves)
denotes surface projection of the wavefunction P,,;, (see Supplemental Material [20]): deeper red (blue) means
closer to the surface (bulk). (¢) ARPES measurements (at hv=21.2 eV) of the band dispersions of BisTes, (left
panel) raw data and (right panel) after treatment using the curvature method [21]. The dashed lines highlight
the three set of Dirac TSS.
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Figure 2: (a) ARPES measurements of the band dispersions of BisTes along the K- I'- K direction in the surface
BZ after treatment using the curvature method [21]. The white dashed lines highlight the three sets of Dirac
TSS, while the red dashed lines mark the positions in which the CECs, shown in (c) and (d), were measured.
(b) The 2D Fermi surface and (c) CEC measured at -1.12 eV and (d) -1.81 eV (left panels present raw data,
while the right ones treated data. ARPES measurements were taken using photon energies of (a) 26 eV, (b) 18
eV, (c) 18 eV and (d) 18 eV.
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Figure 3: ARPES spectra of BisTes using synchrotron radiation hv=103.5 eV. (a) Extended BZ scheme of a
CEC taken at 0.30 eV below the Fermi level, showing elongated structures of the TSS which extend across the
BZ edges along I' — M. (b) TSS along K-I'- K direction. (c) Band dispersion between the first and second
surface BZ crossing the M point. (d) CECs collected at 0.30 eV below the Fermi level highlighting the states
which extend along the I' — M direction. Raw and treated data are depicted in the upper and bottom panels,
respectively of (b), (c) and (d).

10



-0.4

0.4 -0.4 0.4

0.0 0.0
ke (A7) ke (A1)

Figure 4: Fit results with Eqg. (1) to the TSS Fermi surface of BisTes with Bi,Tes termination (a) to the
experimental data with hv=21.2 eV (1 =27.77 A% and A = 2.668 A) and (b) to the DFT data (at the
experimental Er, 1 = 41.02 A% and 4 = 2.110A).
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