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Two pairs of topological Shockley surface bands in the ternary compound SnSb,Te,
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The electronic states in ternary compound SnSb,Tes; wwere studied by first-principles and tight-binding
calculations, and two pairs of topological Shockley surface bands below its Fermi energy were revealed
theoretically. One shows the Rashba-type structure and the other shows a more complicated w-shaped bending
structure. Combined with spin- and angle-resolved photoemission spectroscopy measurements, the existence of
the predicted topological surface states was confirmed. Our theoretical and experimental investigations reveal
the complex topological structures in ternary topological insulators, providing a new platform for studying novel

topological properties in materials.
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I. INTRODUCTION

Since the discovery of the 3D topological insulators (TIs),
the spin-polarized Dirac surface states existing in their bulk
band gaps have inspired enormous interest [1-12]. These spe-
cial topologically protected surface states are caused by the
inversion of topologically nonequivalent bulk bands. In the
prototype TIs, such as the Bi,Se; family and derived ternary
ones, people have focused on the band inversions induced by
the participation of spin-orbit coupling (SOC) and the topo-
logical Dirac surface states existing in the band gap between
the conduction and the valence bands [3,7,10-12]. However,
recent studies have shown that even in the absence of SOC,
the bulk band inversions may still occur due to the crystal
field in several materials, and special surface states known
as Shockley states will lie in the inverted band gaps [13,14].
After including SOC, the band crossings will be gapped and
topological Shockley surface states arise. In previous angle-
resolved photoemission spectroscopy (ARPES) studies of the
Bi,Se; family, the Dirac topological surface states near the
Fermi energy were thoroughly investigated. Although the ex-
istence of Rashba-type surface states below the Fermi energy
was reported [15,16], their origin and topological properties
were not studied. Besides, whether such Rashba-type surface
states exist in the ternary ones of the Bi,Se; family has not yet
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been investigated. Here we report the discovery of two differ-
ent types of topological Shockley surface states in SnSb,Te,.

In previous studies [17], SnSb,Tes was predicted to be a
TI with a Dirac cone in the gap between valence and con-
duction bulk bands. Our calculated bulk band structure was
consistent with previous ones. However, we will focus on
the newly found topological Shockley surface states rather
than the widely researched Dirac cone in this paper. Us-
ing tight-binding calculations, two pairs of Shockley surface
bands were predicted, and the origin of their bulk band in-
versions was discussed with the results of density functional
theory (DFT) calculations, revealing the nontrivial topologi-
cal essence of the predicted Shockley surface states. One of
these surface bands exhibited complicated w-shaped bend-
ing, which is related to the inversions between three bulk
bands. Combining with high-resolution ARPES (HRARPES)
and spin-resolved ARPES (SARPES) measurements, the ex-
istence of the topological Shockley surface states below the
Fermi energy was confirmed. Our results show the unique
advantage and irreplaceability of SARPES to distinguish spin-
split bands with tiny splitting. Furthermore, our study reveals
the complex band structure of Shockley surface states in
ternary TIs and provides a new avenue for studying the novel
topological properties in materials.

II. EXPERIMENTS AND METHODS

Electronic band-structure calculations were performed in
the framework of DFT using the Vienna ab initio simulation

©2022 American Physical Society
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FIG. 1. Crystal structure and electronic band structure of SnSb,Tey4. (a) The unit cell composed of three SLs with orange, green, and blue
balls represent Sn, Sb, and Te atoms, respectively. (b) The first BZ of the bulk and the surface BZ projected onto the (111) surface (green plane).
(c) Observed Fermi surface by HRARPES with 21 eV photon energy. (d) Calculated bulk band structure along high-symmetry directions in
which the colors show the weight of the states at Sn (green), Sb (red), and Te (blue) atoms, respectively, with the blue dashed line indicating

the location of calculated Fermi energy.

package with the Perdew-Burke-Ernzerhof method [18-20].
Surface electronic states were calculated by constructing
localized Wannier functions [21,22] with the WANNIER-
TOOLS package [23]. A single crystal of SnSb,Tes was
grown by using a self-flux method. First, a stoichiometric
amount of Sn (99.99%, Alfa), Sb (99.99%, Alfa), and Te
(99.99%, Alfa) powder was mixed and ground. Then, the
mixture was sealed in a quartz ampule under a vacuum of
10~* Pa. Subsequently, the ampule was heated to 1163 K
and maintained for 4 h and then gradually cooled down to
773 K at a rate of 1 K/h and kept at 773 K for 150 h
and then cooled down to room temperature with the furnace.
The crystal is silvery shiny and easily cleavable. HRARPES
measurements were performed at the BLO3U beamline of the
Shanghai Synchrotron Radiation Facility (SSRF) with a hemi-
spherical electron-energy analyzer (Scienta-Omicron DA30)
[24,25] at 15 K, with energy resolution ~10 meV, and 21 eV
photons. SARPES measurements were performed on a home-
made high-efficiency image-type SARPES spectrometer [26]
at 7 K, with energy resolution ~12 meV, angular resolution
~0.25°, and 21.2 eV light from a He discharge lamp. The
samples were cleaved in situ along the (111) plane with an
ultrahigh vacuum of 1078 Pa.

III. RESULTS

SnSb,Te4 has a rhombohedral primitive cell with a space
group of R3m (No. 166). As shown in Fig. 1(a), its unit cell is
composed of three septuple layers (SLs). The natural cleavage
plane is between the adjacent Te layers of the two SLs. The
bulk Brillouin zone (BZ) and the projected (111) surface BZ
are shown in Fig. 1(b), with several high-symmetry points
being indicated. The DFT calculated electronic band structure
of bulk states is shown in Fig. 1(d), and the band compositions
of Sn, Sb, and Te are denoted by green-, red-, and blue-filled
circles, respectively. It is worth mentioning that the calculated
Fermi energy is located at around 0.37 eV above the experi-
mental one, as indicated by the dashed blue (calculated) and
black (measured) lines.

According to the calculated bulk band structure shown
in Fig. 1(d), Te p orbitals are dominant near the Fermi en-
ergy. The effect of SOC to the band structure is shown in
Fig. 2(a) and the black (red) curves represent bands with
(without) SOC. The calculations show that there are crystal-
field-induced band inversions along the 7-W direction even in
the absence of SOC, and three band inversion-induced cross-
ing points in the blue rectangle region are clearly observed,
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FIG. 2. (a) Comparation between calculated bulk band structures along several high-symmetry directions without (red curves) and with
(black curves) SOC. (b) Contributions from p, (red) and p, (blue) orbits of Te 5p without (left) and with (right) SOC in the bule rectangle
region of (a). (c) Shockley surface states revealed by tight-binding calculations without SOC. (d) Schematic diagrams of the evolution of & and

B Shockley surface states.

which are denoted as X1, X2, and X3, respectively. The
deeper mechanism of band inversions can be understood from
the orbital composition shown in Fig. 2(b) which zooms in on
the blue rectangle region in Fig. 2(a). The band inversion of Te
px and p, orbitals can be clearly observed even in the absence
of SOC, which indicates their crystal-field-induced essence.
As has been mentioned above, Shockley surface states may
arise in the gaps of inverted bulk bands induced by crystal
field.

The evolution of these Shockley surface bands denoted
as « and B with (or @’ and B’ without) SOC is shown in
Fig. 2(d). The Shockley surface states that connect the cross-
ing points exist even in the absence of SOC, as indicated by
the tight-binding calculations in Fig. 2(c). Because of their
topologically nontrivial essence due to the band inversions,
after considering SOC, the crossing points of bulk bands are
gapped and each surface band splits into two branches that
connect the adjacent bulk bands.

To further confirm the topological properties, the four Z,
topological invariants (v0, v1, v2, and v3) were calculated
by the Wannier charge center method [27-29] on six time-
reversal invariant planes (k,, k,, and k; =0, ) using the
WANNIERTOOLS package. The bulk bands B1, B2, and B3
are fully gapped throughout the BZ; thus the estimations of
Z, topological invariants could be performed. The results are
shown in Supplemental Fig. S2 (S3) [30], which indicate that
the Z, topological invariants between B1 (B2) and B2 (B3) are

(1, 000) and suggest the nontrivial topological character of the
surface bands in these gaps.

It is worth discussing the origin and evolution of 8 bands.
According to the DFT calculations, the 8 (8’) bands are
mainly derived from p, orbitals so that their band structures
basically follow the bulk p, bands. The B’ bands connecting
both X3 points show a simple parabolic shape without hy-
bridization between p, and p, bands in the absence of SOC.
If there is no band inversion of the B3’ and B4’ bands, the 8
bands should exhibit a Rashba-type structure like the o bands
after considering SOC. However, while the inversion exists,
another upward bending occurs around the T' point because
the B band tends to keep the shape of the B3 band which is
the hybridization of the B3’ and B4’ bands with major B4’
contribution around the T point, as illustrated in the bottom
schematic diagram of Fig. 2(d). The two branches of 8 bands
connect the gapped B2 and B3 bands and intersect only at T’
point.

The existence of o and B surface bands was confirmed by
HRARPES measurements. As shown in Figs. 3(a) and 3(b),
two parabolic « surface bands are clearly observed which are
absent in the calculations of bulk bands shown in Fig. 3(c).
The observed parabolalike o bands have the Rashba-type fea-
ture which is consistent with the theoretical prediction shown
in Fig. 3(d). As for B bands, the w-shaped bending structure
that has been mentioned could also be seen from the second
derivative image in Fig. 3(b) and the calculation results shown
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FIG. 3. (a) Experimental band structure along the ["-K direction measured with 21 eV photon energy by HRARPES with the Rashba-type
structure of « indicated by white dashed curves. (b) Second derivative image of (a). Tight-binding calculated (c) bulk only and (d) surface and

bulk band structures.

in Figs. 3(d) and 4(a). However, the two branches of 8 bands
shown in Figs. 3(d) and 4(a) could not be well distinguished
by HRARPES measurements for their tiny splitting and the
existence of band broadening.

Fortunately, after the upgrade of our homemade image-
type SARPES spectrometer, its energy resolution has been
improved from 37 to 12 meV, which makes it possible to
resolve the two branches of S bands by spin resolvability.
Now we focus on the spin structure of 8 bands. Figure 4(b)
shows the observed SARPES image in the red dashed rect-
angle of Fig. 3(a). The measured spin direction is in plane
and perpendicular to momentum. The spin-polarized structure
can be observed obviously, and the spin reverse occurs around
the T' point, which proves that the band splitting of 8 bands
does exist. The calculated spin-polarized electronic states of
B bands are present in Fig. 4(d), where the red (blue) color
represents up-spin (down-spin) electronic states and the black
(white) color represents high (low) intensity. The good agree-
ment between experimental and theoretical results on the spin
structures confirms that the two spin-polarized branches con-
sist of 8 bands. Meanwhile, the w-shaped bending structure

o —l
of B bands could also be seen clearly from k, = £0.08 A
to the I" point, which is consistent with the above discussion.

The experimental spin structure of the o bands is shown in
Fig. 4(c). It is clear to see that the o bands show significant
spin polarization, which is consistent with the calculated spin
structure in Fig. 4(e). Compared with the calculated results,
the & bands show a very broad structure which may due to
their coupling with adjacent bulk states. Under this consid-
eration, the o states near the B2 band are probably surface
resonance states and their spin polarization vanished with the
influence of spin-degenerated bulk states.

IV. CONCLUSIONS

In summary, we revealed two pairs of topological Shock-
ley surface bands in ternary compound SnSb,Tes by using
first-principles and tight-binding calculations. One shows
the Rashba-type structure and the other shows a w-shaped
bending structure. The existence of the topological Shockley
surface bands was confirmed by HRARPES and SARPES
measurements. Our work has made it clear that the appearance
of these topological Shockley surface bands is caused by the
crystal-field-induced band inversions of Te p, and p, orbitals,
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FIG. 4. (a) Band structure along M-I"-K from slab calculations with SOC, in which the surface components are denoted by orange and
green curves, and the bulk components are denoted by black curves. (b) and (c) SARPES spectra of 8 and o bands along the ['-K direction
with the spin direction in plane and perpendicular to momentum. (d) and (e) Calculated spin structures corresponding to the spectra shown in

(b) and (c), respectively.

and the band structure is strongly affected by the SOC-related
hybridization between the two orbitals. The observation of
topological Shockley surface states in SnSb,Te4 sheds new
light on the extensively researched BiySes family, which pro-
vides a new platform to study novel topological properties in
materials.
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