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Scattering properties of the three-dimensional topological insulator Sb,Te;: Coexistence of
topologically trivial and nontrivial surface states with opposite spin-momentum helicity
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The binary chalcogenides Bi,Te; and Bi,Se; are the most widely studied topological insulators. Although
the quantum anomalous Hall effect has recently been observed in magnetically doped Sb,Tes, this compound
has been studied to a much lesser extent. Here, by using energy-resolved quasiparticle interference mapping,
we investigate the scattering events of pristine Sb,Tes surfaces. We find that, in addition to the Dirac fermions,
another strongly spin-polarized surface resonance emerges at higher energies in the unoccupied electronic states.
Although the two surface states are of different origin, i.e., topologically protected and trivial, respectively,
both show strongly directional scattering properties and absence of backscattering. A comparison with ab initio
calculations demonstrates that this is a direct consequence of their spin-momentum—locked spin texture which is
found to exhibit an opposite rotational sense for the trivial state and the Dirac state.
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I. INTRODUCTION

The discovery of topological insulators (TIs) [1-3] led to
intense research efforts towards the potential utilization of
these materials in spintronic, magnetoelectric, or quantum
computation devices [4-7]. In particular, the existence of
a linearly dispersing, gapless surface state is of enormous
interest, because—contrary to the trivial surface states usually
found at surfaces of metals and semiconductors—it cannot
be destroyed by the presence of defects and adsorbates
as long as time-reversal symmetry is preserved [8—14].
The strong spin-orbit coupling inherent to these systems
perpendicularly locks the spin to the momentum, creates a
helical spin texture which forbids backscattering [15,16], and
results in spin currents that are intrinsically tied to charge
currents [1].

Among the three-dimensional (3D) TIs, the binary chalco-
genides BiTe; [3] and BiySes [17] represent the most widely
studied compounds. In contrast, the electronic properties of
Sb, Tes [18] which belongs to the same material class have been
studied to a much lesser extent. This deficiency can directly
be linked to the intrinsic strong p doping characterizing the
compound, which leads to a Dirac point that lies well above the
Fermi level [19-21]. As a result relevant parts of the surface
electronic band structure are inaccessible to angle-resolved
photoemission spectroscopy (ARPES), a technique that played
a key role towards the identification and study of topologically
nontrivial states of matter.

Another technique frequently applied to TIs, which gives
access to the scattering properties of surfaces not only for oc-
cupied states below but also for empty electronic states above
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the Fermi level, is quasiparticle interference (QPI) imaged
with a scanning tunneling microscope (STM) [9,14-16,22].
However, the observation of QPI signals in TIs depends on
the deformation of the Dirac cone which is described by the
so-called warping term [23]. This contribution to the Hamilton
operator leads to an effective nesting of equipotential surfaces
and to the development of out-of-plane spin polarization
components, which both result in new scattering channels and
a higher QPI signal strength. Unfortunately, the warping term
of Sb,Tes is very weak as compared to Bi, Tes [16,22,24]. This
together with the above-mentioned p doping, which requires
one to work at energies far above the Fermi level and results
in strongly reduced lifetimes and rapidly damped standing
wave patterns, makes scattering experiments on Sb, Tes highly
challenging.

This deficiency is the more annoying as the quantum
anomalous Hall effect has recently been observed in mag-
netically doped Sb,Te; [25,26]. Therefore, a comparison of
the scattering properties with pristine Sb,Tes; would be highly
interesting to identify the correlation between dissipationless
quantized transport and the onset of ferromagnetism in a
topologically nontrivial material. Here, we close this gap by
QPI of p-doped Sb,Tes; which contains defects that effectively
scatter the surface state. In addition to the linearly dispersing
spin-momentum-locked Dirac states, our data evidence the
existence of another surface-related electronic feature with
strongly directional scattering properties. A comparison with
ab initio calculations reveals that the latter originates from
a trivial surface resonance which also possesses a helical
spin texture suppressing backscattering. Interestingly, the
helical spin texture of the Dirac state and the trivial surface
resonance are opposite. This unique feature may allow for
the independent tuning of spin and charge currents, for
example by tuning the potentials by means of gating.
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II. EXPERIMENTAL PROCEDURES

The Sb,Tes single crystal was grown by the modified
vertical Bridgman method with rotating heat field [27].
Stoichiometric amounts of Sb and Te were loaded to a
carbon-coated quartz ampoule. After evacuation to 10~* torr
the ampoule translation rate and axial temperature gradient
were set to 10 mm/day and ~15°/cm, respectively. Single
crystals of about 10 mm in diameter and 30 mm in length were
obtained as shown in Fig. 1(a).

After growth, crystals have been cut in sizes suitable for
STM experiments, cleaved at room temperature in ultrahigh
vacuum (UHV), and immediately inserted into a cryogenic
STM. Because of the Sb,Te; structure depicted in Fig. 1(b),
which consists of quintuple layers that are weakly bound by
van der Waals forces, the surface is always Te terminated.
Spectroscopic data have been obtained by low-temperature
scanning tunneling microscopy at 7 = 1.5...4.8 K under
ultrahigh vacuum conditions (p < 107! mbar) using the
lock-in technique (f = 793 Hz) with a modulation voltage
Umoa = 10... 20 meV. Unless otherwise stated experiments
were performed at zero magnetic field. While maps of the
differential conductance d//dU have been acquired simulta-
neously with topographic images in the constant-current mode,
scanning tunneling spectroscopy (STS) curves are measured
by ramping the bias voltage after deactivation of the feedback
loop, i.e., at constant tip-sample separation. In accordance with
the C3, symmetry of the cleaved surface, Fourier-transformed
QPI data have been sixfold symmetrized.

III. RESULTS AND DISCUSSION

Figure 1(c) shows a topographic image of the Sb,Tes
surface with defects typical for binary chalcogenides [28].
To our experience the existence of the defect type indicated by
an arrow, which probably corresponds to a Te surface vacancy,
is crucial for the formation of a QPI pattern. We speculate that
this may be related to the fact that only this defect exhibits
a potential that sufficiently overlaps with the wave function
of the topological surface state. The electronic structure is
investigated by analyzing the local density of states as probed
by STS. The bottom curve of Fig. 1(d) shows a typical STS
spectrum obtained on pristine Sb,Tes by positioning the tip
away from defects (blue line). The minimum corresponds to
the position of the Dirac point [18,28] which is found at about
170 meV above the Fermi level, i.e., in the empty electronic
states, confirming the intrinsic p doping characterizing the
material [19]. This assignment is also corroborated by the
position of the zeroth-order Landau level measured at a
magnetic field B = 10 T (red line).

To investigate the scattering properties of SbrTes, we
performed energy-dependent QPI experiments. QPI mapping
makes use of the standing-wave pattern generated by elastic
scattering of electronic states at surface defects and is known
as a powerful method to study scattering mechanisms. While
originally applied to noble metal surfaces [29], its use has been
recently extended to investigate nondegenerate spin-polarized
bands, e.g., on surfaces with strong contributions from spin-
orbit coupling [30,31] and topological insulators [9,14—16,22].
Fourier transformation (FT) translates real-space information
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FIG. 1. (a) Photographic image of an as-grown Sb,Te; single
crystal after longitudinal cleavage. (b) Sb,Te; crystal structure,
consisting of alternating layers of Sb and Te up to the formation
of a quintuple layer which is weakly bound to the next one by van
der Waals forces. (c) Topographic image of the Sb,Tes surface (scan
parameters: [ =50 pA, U = 0.5 V). Arrows indicate the type of
defects responsible for the formation of QPI patterns. (d) STS data
taken on Sb,Te; with (red line) and without (blue) magnetic field [set
point parameters: / = 300 pA, U = 0.35 V (B=10 T); /=100 pA,
U =03V (B=0T)]. In high magnetic fields we observe peaks
representing Landau levels whose indices are indicated by numbers.

into reciprocal space, thereby providing a convenient way to
visualize scattering vectors, which correspond to points of a
constant energy cut (CEC) connected by nesting vectors [32].
The shape of equipotential surfaces of TIs and the spin
texture are both strongly energy dependent. In Sb,Tes, similar
to other TIs hosting a single Dirac cone centered around the T'

035110-2



SCATTERING PROPERTIES OF THE THREE- ...

PHYSICAL REVIEW B 93, 035110 (2016)

—
@

=]
intensity g
>

<}
2

-

=3
Q
>

intensity

<}
=

FIG. 2. (a) Schematic presentation of the equipotential surface (black), the in-plane spin polarization (blue/red arrows), and potential
scattering vectors of a TI close to the Dirac point (upper panel) and at an energy closer to the bulk conduction band (bottom). Scattering
vectors are indicated by q; and q,. The former is forbidden by time-reversal symmetry. (b)—(e) d1/dU maps (upper panel) with corresponding
sixfold-symmetrized FT (lower) at selected representative energies obtained over the area displayed in Fig. 1(c) (tunneling current / = 50 pA).

Two features labeled A and B, both located in T M directions, are visible.

point of the surface Brillouin zone, one finds circular CECs at
energies close to the Dirac point supporting only one nesting
vector, i.e., backscattering (q;). As schematically represented
by red/blue arrows in the upper panel of Fig. 2(a), however, the
spin polarization in this energy range is perpendicularly locked
to the crystal momentum k and completely in-plane. In this
case backscattering is forbidden by time-reversal symmetry,
which explains the absence of any scattering channel close to
the Dirac point.

In contrast, at higher energies the introduction of the warp-
ing term progressively deforms the circular CEC, eventually
giving rise to a snowflakelike shape, as shown in the lower
panel of Fig. 2(a). At the same time the warping leads to an
increasing out-of-plane modulation of the spin polarization.
Although backscattering remains forbidden, it is well known
from both theoretical [23] and experimental [15,16,24] inves-
tigations that the warping term opens new scattering channels
along the T M direction by connecting next-nearest-neighbor
concavely warped sides that are centered at the K point of the
hexagram [schematically represented by the red arrow labeled
(2 in Fig. 2(a), lower panel]. This scattering channel can
be experimentally visualized by QPI. For example, Fig. 2(b)
shows the d1/dU map (upper panel) and the corresponding
FT (lower panel) at an energy E = 550 meV above the Fermi
level. The FT exhibits six distinct maxima that represent
q> (one of which is labeled A). With increasing energy it
progressively moves away from the center of the FT, thereby
reflecting the band dispersion relation of the Dirac cone
[Fig. 2(c)].

Careful inspection of the FT of d 1 /d U maps taken at higher
energy reveals the emergence of another scattering channel
not related to the topological surface state. This scattering
channel, which is labeled B in Fig. 2(d), becomes detectable
at about 750 meV above the Fermi level. It also shows a
well-defined directionality with maxima pointing along the
T M direction. Since its length is shorter than q, we can safely

exclude an additional scattering channel involving topological
states. While it initially coexists with ,, the new scattering
channel completely dominates the FT-QPI signal at higher
energies, as shown in Fig. 2(e) at E = 850 meV.

To identify the electronic states that lead to the appearance
of this additional scattering channel on pristine Sb, Te; we have
quantitatively analyzed a larger series of FT-QPI maps that is
only partially presented in Figs. 2(b)-2(e). The result is shown
in Fig. 3(a). The linear dispersion relation of signal A (green
dots) that represents the topological state is clearly visible.
A fit to the data provides a Dirac point at Ep = (202 £ 17)
meV above the Fermi level. This value is slightly higher than
the one obtained from the STS data presented in Fig. 1(d), a
deviation we attribute to the warping term, which introduces a
subtle deviation from a linear dispersion relation also visible
in the calculations. The slope of the linear dispersion gives
a Fermi velocity vpg = (4.3 £0.2) x 10° ms~', in reasonable
agreement with previous reports on binary chalcogenides
[14,18,33]. In contrast, scattering channel B (red dots) appears
in a narrow energy and crystal momentum range around
E — Er =800 meV and keyp = 1.3 nm~! only and cannot
be reasonably fit. Correspondingly, the red line serves as a
guide to the eye only.

These experimental data have been compared with
ab initio density functional theory (DFT) calculations (ob-
tained as described in Ref. [33]). We would like to emphasize
that DFT calculations are here performed for ideal crystals
and, therefore, always result in a Fermi level positioned at
or near the valence band maximum (VBM) which is close to
the Dirac point (DP) here. For this reason the experimentally
observed doping-induced shift of the chemical potential cannot
be simulated in DFT. Any comparison between the experiment
and theory must be performed on a relative level, i.e., by
comparing the position of electronic bands with respect to
certain reference points. In our experiments the Fermi level
is unambiguously defined by the zero-bias condition in STS
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FIG. 3. (a) Experimentally determined energy dispersion relation
of features A and B [cf. Figs. 2(b)-2(e)] along the TM direction.
Data points show the position of maximum FT-QPI pattern intensity
measured along the high symmetry directions at different energies.
(b) Theoretical band structure of the Sb,Te; surface. Note that the
Dirac point has been shifted to the experimentally determined value to
account for the doping-induced modification of the chemical potential
(see the main text for details). In addition to the Dirac cone another
feature with an electronlike dispersion and an onset energy of about
0.7 eV above the Fermi level can be recognized. (c) Constant-energy
cuts taken at the energies indicated by black arrows in (b), i.e., 0.42
and 0.82 eV above Er. To better relate the dispersion relation in (b) to
the constant-energy cuts of (c), pink, gray, and green points are used
to mark corresponding positions in the Brillouin zone along the T K
direction, at the T point, and along the T M direction, respectively.
Note that the two states exhibit an opposite spin polarization.
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(U = 0 V). Furthermore, the energetic position of the Dirac
point relative to the Fermi level can be determined with
an accuracy we estimate to about 10 meV. Therefore, we
have chosen to shift the theoretical Dirac point energy to the
experimental value, i.e., +170 meV [cf. Fig. 1(d)].

The band structure obtained from DFT is reported in
Fig. 3(b). In good agreement with the experimental data
presented in Fig. 3(a), DFT evidences the existence of an
additional surface resonance with a charge density centered
around E — Er = 800 meV, but at a slightly lower value
of the crystal momentum, kgpeo &~ 1.0 nm™'. To shed light
on the strongly directional character of the scattering events
involved from this band, its spin texture has been calculated
and compared with the topological state. Results for the spin
polarization component along the x direction is reported
in Fig. 3(c). Interestingly, the two electronic states under
discussion here, which are energetically located at around
0.42 and 0.82 eV above the Fermi level, exhibit opposite
spin helicities. Furthermore, a detailed analysis of the other
directional components of the spin polarization (not shown
here) reveals a helical texture with significant out-of-plane
components. This is expected for the warped Dirac cone, but
it is also observed for the higher lying state.

As an alternative explanation for the second scattering
channel one might also consider two-dimensional quan-
tum well states (QWS) that have been found to coexist
with topological states on surfaces of various n-doped TIs
[34-36]. For example, Rashba-split QWS have been reported
for potassium-doped Bi,Ses [35]. The strong negative charge
transfer from the alkali metal to the TI leads to a substantial
downwards bending of the conduction band minimum and
results in the formation of a near-surface electrostatic potential
well which hosts states quantized in the z direction. Due to
strong spin-orbit interaction the two-dimensional subbands
are Rashba split. Circular dichroism experiments indicate a
helical texture of both the orbital as well as the spin angular
momentum [35]. Similar observations have also been reported
for other TIs, such as Bi;Se; exposed to the residual gas of an
UHV system [34] or pristine Bi,_,Fe,Ses [36].

A comparison with the latter example, Ref. [36], is par-
ticularly well suited to discuss whether the second scattering
channel observed on Sb,Te; might also be explained by a
QWS. In both cases maxima in the FT data appear along
the TM direction at energies well above the Dirac point
(about 0.7 eV). However, as shown in Figs. 3(a) and 3(b)
of Ref. [36], the QWS detected on Bi,_,Fe,Se; disperses
almost parallel to the topological surface state with an energy
offset of about 0.1 eV only, i.e., in close proximity to the
conduction band minimum. In contrast, the features observed
here are energetically located about 0.2...0.3 eV above the
topological state. This energy separation even exceeds the band
gap of Sb,Tes which is of the order of 0.1 eV only [37]. Such a
strong band bending is completely unexpected for the sample
studied here, i.e., freshly cleaved, pristine Sb,Tes. As pointed
outby Yee et al. in Ref. [36] the band bending in Bi,_,Fe, Ses is
probably caused by Fe interstitials located in the van der Waals
(vdW) gap between the first and the second quintuple layer.
Although it could not be decided which of the two mechanisms
proposed—Fe ionization resulting in electron donation or
physical expansion of the vdW gap—Ieads to the formation
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FIG. 4. Charge density plots in the y—z plane of the surface states
located at a k point at 1/nm in the TK direction [E — Ep = 0.42 eV
(left panel) and 0.82 eV (right panel)]. Close-up views of the states
are shown in the central panel as insets (framed green and red for
the lower and higher lying electronic states, respectively). In-plane
averaged charge densities ([fdx dy|¢(x,y,z)|* around the subsurface
Sb atom at z = 0) are plotted as green and red lines in the middle
panel. Moreover, the product of charge density with the derivative of
a 1/|r| potential (dotted lines) and the integral of this product in the
z direction as a function of the integration region [—00,z] are shown.
Note that sign of the latter quantity converges for large z to a positive
value for the lower lying topological surface state but to a negative
value for the surface resonance, giving rise to the opposite rotational
sense of their spin textures.

of QWS, any significant role of tip-induced band bending
could safely be excluded since it acts in the wrong direction
[36]. Given the low doping concentration present in our
Sb,Tes crystals and the fact that the samples are kept within
the cryostat at extremely low background pressure (samples
typically remain unchanged over time spans of several days to
weeks) we expect that, if there is any band bending present at
the surface at all, it will be much smaller than what is required
to explain the second scattering channel by a QWS.

To understand this surprising result of a second surface-
related electronic band with opposite spin helicity we analyze
the charge density in more detail, following the model of
Nagano et al. [38]. This model unfolded that the major effect
of spin-orbit coupling, which determines the spin orientation,
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originates from a region close to the nucleus where the
potential gradient V(r) is strongest [39]. The charge density
plots shown in Fig. 4 reveal that both states are predominantly
localized at subsurface Sb atoms and exhibit p, character.
In spite of their similar shape, the strength of the spin-orbit
coupling and the resulting spin polarization of both electronic
features is found to sensitively depend on subtle variations of
the exact spatial distribution of the charge density. If the state
is located on average a bit above the position of the heavy Sb
nucleus (i.e., shifted to positive z direction) it will be influenced
by regions where 9,V is positive, giving rise to an effective
electric field acting on the state. Due to the o - (k x VV)
term of the spin-orbit coupling, this favors one particular spin
direction for a given k vector leading to a certain helicity of
the spin texture. If the state is shifted a bit in the negative z
direction, however, the other spin direction (and helicity) will
be favored. In the middle panel of Fig. 4, the charge densities of
the states at 0.42 and 0.82 eV, both in-plane averaged around
the subsurface Bi atoms, are shown as thin black and red
lines, respectively. It appears that the state at 0.42 eV is a bit
more displaced towards the vacuum. To quantify the effect, we
multiply the charge density with the z derivative of an atomic
(1/|r]) potential and integrate the product (dotted line in the
middle panel of Fig. 4) in the z direction. Indeed, the integrals
(thick full lines) converge to values of opposite sign for large
z, thereby confirming our hypothesis that spin-orbit coupling
arising from this Sb atom induces opposite spin orientations
of the two states.

IV. SUMMARY

In conclusion, we have investigated the scattering properties
of the three-dimensional topological insulator Sb,Te;. While
no scattering events occur close to the Dirac point, scattering
vectors connecting next-nearest-neighbor concavely warped
sides of the hexagram-shaped constant energy cuts appear as
soon as the warping term introduces a substantial out-of-plane
spin polarization. A new surface-related electronic band with
strongly directional scattering channels has been revealed at
higher energy. Although its nature is not topological, it shows
a well-defined spin texture, with a spin-momentum locking
opposite to the Dirac fermion.
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