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ABSTRACT: Observations of quasiparticle interference
have been used in recent years to examine exotic carrier
behavior at the surfaces of emergent materials, connecting
carrier dispersion and scattering dynamics to real-space
features with atomic resolution. We observe quasiparticle
interference in the strongly Rashba split 2DEG-like surface
band found at the tellurium termination of BiTeBr and
examine two mechanisms governing quasiparticle scatter-
ing: We confirm the suppression of spin-flip scattering by
comparing measured quasiparticle interference with a spin-
dependent elastic scattering model applied to the calculated
spectral function. We also use atomically resolved STM maps to identify point defect lattice sites and spectro-microscopy
imaging to discern their varying scattering strengths, which we understand in terms of the calculated orbital characteristics
of the surface band. Defects on the Bi sublattice cause the strongest scattering of the predominantly Bi 6p derived surface
band, with other defects causing nearly no scattering near the conduction band minimum.

KEYWORDS: scanning tunneling microscopy, scanning tunneling spectroscopy, polar surfaces, Rashba semiconductor,
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The semiconductor compounds BiTeX (X = Cl, Br, I)
combine strong intrinsic spin−orbit coupling with an
inversion symmetry breaking layered structure to give

rise to a giant Rashba spin splitting. Unlike previous well-
known systems hosting strongly Rashba-split surface states,
such as the high-Z metal surfaces and surface alloys,1,2 they
have a bulk band gap that gives desirable electrical tunability
and greater ease of integration with established device
architectures. Although usually topologically trivial, they share
functional properties reminiscent of the topological insulators,
namely, the combination of a bulk gap with surface Fermi
contours of high-mobility 2-D and spin-momentum-locked
carriers. These properties were first observed in BiTeI, in which
a strong Rashba splitting in both the conduction and valence
bands was found to be driven by the combination of an
inversion symmetry breaking non-centrosymmetric structure
and strong intrinsic spin−orbit interaction,3 leading to unusual

bulk magneto-transport properties.4−6 The polar structure of
BiTeX has been shown to induce strong surface band bending,
which shifts either the conduction or valence band to the Fermi
level, depending on the polarity of the chosen surface
termination.7,8 This gives rise to either a two-dimensional
electron (or hole) gas at the Te termination (or X termination).
This combination of the rich physics of two-dimensional
systems9 with gate-tunability and the opportunities arising from
a strong Rashba splitting10 may allow the realization of
phenomena such as a universal intrinsic Hall conductivity11

and various proposed electrically controlled spintronic
devices.10,12−14 Moreover, it has been reported that under
some circumstances BiTeX may exhibit a topologically
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nontrivial phase, giving rise to an inversion asymmetric
topological insulator.15−17

In contrast with BiTeI and BiTeCl, it has been reported that
BiTeBr may lack a non-centrosymmetric structure of the P3m̅1
space group, instead having a CdI2-like structure belonging to
the P3m1 space group, with mixed, nonpolar terminations and
no Rashba effect.18−20 However, ARPES measurements by
Sakano et al. indicate that BiTeBr shares the same non-
centrosymmetric and polar structure as the other BiTeX
compounds.21 In the ordered phase, BiTeBr is expected to have
some advantages over BiTeI and BiTeCl. It has been shown to
have a larger Rashba splitting, wider band gap, and better
chemical stability as compared with BiTeCl.20−22 It also has a
more isotropic energy dispersion of the surface bands as
compared with BiTeI and a larger surface polarization, causing
a much larger splitting of the surface bands from the bulk
conduction band.20,21,23 For these reasons it is likely that
BiTeBr is the most promising of the BiTeX family for
application in spintronic devices.
Scanning tunneling microscopy (STM) observations of

quasiparticle interference (QPI) have been used in the past
to investigate the role of spin in scattering at strongly spin−
orbit-coupled metallic surfaces such as Bi(110),24 among other
systems.25,26 They have also been used to reveal exotic carrier
behaviors at the surfaces of emergent materials including in
superconductors and heavy Fermion systems,27,28 in topological
insulators, to discover the suppression of backscattering due to
spin-momentum-locking in the topological surface state,29−31

and most recently in 3-D Dirac and Weyl semimetals.32,33

Recently, Kohsaka et al. used observations of QPI phenomena
to confirm the electron-like or hole-like dispersion of carriers at
the polar surfaces of BiTeI.34

Such observations rely on the presence of defects, usually
point defects such as impurities. Distinctions have been made
theoretically between magnetic and nonmagnetic impurities in
superconductors, due to coherence factors,35 and in more
general systems36,37 (though it is not anticipated that impurity
magnetic moment has any observable effect in normal QPI
observations37,38). In general, however, point defects of various
types have otherwise been treated simply as generic scattering
centers without further distinctions being made.
In this work, we take the 2DEG-like surface band at the Te

termination of our ordered, non-centrosymmetric BiTeBr
crystals as a framework in which to demonstrate and explain
two mechanisms governing quasiparticle scattering: (1) the
spin-based selection of allowed scattering events due to the
Rashba-like spin texture of the surface band and (2) the way in
which point defects on different lattice sites couple differently
to the surface band due to its orbital characteristics, controlling
various defects’ scattering strengths. This last point in particular
may be generalized to help understand transport properties and
scattering in a wide range of existing and emergent systems.

RESULTS
XPS and STM Characterization. X-ray photoelectron

spectroscopy (XPS) curves taken on multiple samples show

Figure 1. Polar surface terminations of non-centrosymmetric BiTeBr. (a) Depictions of the surface structure for the Te- and Br-terminated
surfaces of cleaved BiTeBr. (b) XPS curves for differently terminated samples, showing a polarization-induced binding energy shift between
doublets acquired from the respective terminations. (c and d) STM images (both using V = 2 V, I = 0.2 nA) showing large-scale uniformly
terminated surfaces. (e and f) Zoom-in STM images of the Te- and Br-terminated surfaces (V = 50 mV, I = 0.2 nA and V = −1.5, I = 0.6 nA,
respectively), showing hexagonal surface lattices and characteristic point defects. (g) Tunneling spectroscopy curves taken on each surface,
showing electron accumulation at the positively charged Te termination. The small peak at −0.42 eV is attributed to a van Hove singularity at
the conduction band minimum, which may arise due to the strong Rashba splitting. (h) Surface-projected band structure calculated for the
first three trilayers of the Te termination, showing the strongly Rashba spin split band localized in the surface trilayer (dark blue).
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either of two tendencies, exemplified in the curves for samples 1
and 2 shown in Figure 1b. The relative doublet intensities for
each element reveal the relative depth of each layer below the
surface, due to the small photoelectron inelastic mean free path
(Eph = 126 eV). The inversion of intensity ratio between Te 4d
and Br 3d doublets between samples 1 and 2 indicates the
inverse stacking orders depicted in Figure 1a. A small relative
binding energy shift of around 0.5 eV between the two spectra
is attributed to the opposite surface polarizations of the two
terminations (see Supporting Information).
Large-scale STM images acquired on Te- and Br-terminated

samples, shown in Figure 1c and d, reveal uniformly terminated
surfaces unlike those found on BiTeI, which have a domain-like
distribution of Te- and I-terminated regions of various
scales.8,34,39,40 For each BiTeBr sample, both XPS and STM
measurements indicated the same termination at multiple
regions across the cleaved surface, suggesting a high likelihood
of single-domain crystals, consistent with observations reported
recently by Fiedler et al.41

Zoom-in STM images on each surface, shown in Figure 1e
and f, reveal hexagonal surface lattices with numerous defects.
The Br-terminated surface invariably features many highly
mobile adatoms and clusters that make prolonged stable STM
measurements very difficult, a challenge that has also been
reported for the I-terminated surface of BiTeI.40 Three types of
characteristic point defects are found at the Te termination,
labeled in Figure 1e as types A (small round protrusions), B
(with three dark lobes), and C (very faint, with a dark center
surrounded by three dark lobes).
Scanning tunneling spectroscopy (STS) measurements,

shown in Figure 1g, reveal the effects of surface polarization
induced band bending. Most notably, at the Te termination the
conduction band bends below the Fermi energy, creating an
electron accumulation layer. A small peak at −0.42 eV may
represent a van Hove singularity associated with the minimum
of the Rashba split surface band as reported previously for the
Te termination of BiTeI.42 Although this peak appears to be
broadened in comparison with van Hove singularities found
previously in metal systems,25,26,43 this may be because the

sample lacks the high uniformity of the 3-D Coulomb potential
imposed by screening in metal surfaces. For comparison with
the STS curve, the planar projected band structures, calculated
for each of the top three trilayers (TLs) of the Te termination,
are shown in Figure 1h. The band structure was calculated in
accordance with DFT as described in the Methods section. The
calculated Rashba parameter is αR = 2.77 eV·Å. This surface
band provides the platform from which we investigate the
detailed roles of spin and defect chemistry in the scattering of
Rashba split 2-D carriers and is the focus for the remainder of
this work.

Quasiparticle Interference at the Te-Terminated
Surface. Observations of QPI at the Te termination are
shown in Figure 2. Maps of dI/dV intensity, acquired in the
area shown in the topograph in Figure 2a, are shown in Figure
2b−f. They confirm the expected tendency that with decreasing
energy the wavelengths of quasiparticle standing waves
increase; that is, the scattering wavevectors between initial
and final Bloch states on each constant energy contour (CEC),
q ⃗ = kf⃗ − ki⃗, generally decrease. This can be seen in the dI/dV
maps’ respective 2-D Fourier transform images, shown in
Figure 2h−l. These indicate electron-like quasiparticle dis-
persion, as has also been observed in QPI at the Te termination
of BiTeI by Kohsaka et al.34 Evidence of quasiparticle scattering
between the first and extended Brillouin zones (BZs), observed
by Kohsaka et al., can also be seen in this work, marked by a
black arrow in Figure 2j. On close inspection of real-space dI/
dV maps, it can be seen that the most prominent quasiparticle
standing waves occur around the dark three-lobed defects
labeled as type B in Figure 1e, while standing waves are weak or
nonexistent around other defects. We return to this effect
below in the discussion of data presented in Figure 5.
We now make a comparison of the dispersive behavior found

in measured QPI and that simulated by computing the spin-
dependent scattering probability (SSP) using a method
somewhat similar to that used by Roushan et al. to investigate
QPI in Bi1−xSbx.

29 SSP patterns are computed from the CEC
plots. In the work by Roushan et al., these CECs were

Figure 2. Scattering of electron-like quasiparticles at the Te-terminated surface. (a) STM topography showing three distinct types of point
defect (V = 0.1 V, I = 0.3 nA) and (b−f) the corresponding dI/dV maps at various bias voltages, showing quasiparticle standing waves. (g)
First BZ and its surface projection, in which the quasiparticle scattering patterns are oriented according to the atomic reciprocal lattice point
positions. (h−l) Corresponding symmetrized 2-D FFT images corresponding to the dI/dV maps (b−f), with the surface BZ boundary marked
as a solid hexagon. The zone encompassing all allowed scattering vectors is marked with a dotted hexagon. A signature of inter-BZ scattering
can be seen at some energies, appearing most prominently in panel (j) and marked with a black arrow.
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measured using spin-resolved ARPES. We instead calculate the
CEC using DFT as described above.
A side-by-side comparison of these dI/dV(E, q ⃗) and SSP(E,

q ⃗) plots is shown in Figure 3. Figure 3a and b show measured
dI/dV(E, q ⃗) along the ΓM and ΓK directions, each showing a

single prominent QPI branch extending from the conduction
band minimum (CBM, here measured to be located at −0.43
eV), which we attribute to scattering of the surface state. A
wedge-shaped continuum of low-wavevector QPI extends
upward from around −0.2 eV. This could be caused by

Figure 3. Spin-dependence of quasiparticle scattering in the Rashba-split surface band. (a and b) E(q⃗) plots along the ΓM and ΓK directions
and (c and d) the corresponding simulated E(q⃗) plots. Peaks in dI/dV(E, q⃗) along ΓM and ΓK are obtained using Lorentzian fitting and
plotted for comparison with the E(q⃗) curve extracted from (c) and (d). (e and f) Comparisons between the measured and simulated E(q⃗)
relations are plotted in (e) and (f). Selected examples of measured constant energy dI/dV(q⃗) images are shown in (g) and (h), and the
corresponding simulated images shown for comparison in (i) and (j). For E − EF = 0 eV, the dI/dV(E, q⃗) features associated with intercontour
backscattering are marked in green, and the additional features attributed to CEC warping are marked in red. (k) Illustration of intercontour
backscattering, conserving spin, to which the dominant scattering events near the CBM are attributed.
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scattering in the (surface-projected) bulk conduction band or
between the bulk conduction band and the surface state. Figure
3c and d show simulated SSP(E, q ⃗) cuts along the ΓM and ΓK
directions, also showing a main dispersive branch along both
directions.
On the basis of the Rashba model, we expect that these

dominant scattering wavevectors correspond to intercontour
backscattering events that conserve the quasiparticle spin. This
is because other possible scattering branches involve opposite
or nearly opposite spin states: scattering vectors between points
on opposite sides of the same contour and on the short
nonbackscattering paths between the inner and outer contours.
These spin-flip scattering events should be strongly suppressed.
This effect is captured in the simulated SSP(E, q ⃗) plots. (The
scattering branches that would appear if spin-flip scattering is
allowed are shown in Figure 4.) Figure 3e and f show that
measured and simulated QPI branches are largely in good
agreement, indicating the suppression of spin-flip scattering in
the experimentally observed QPI. A schematic of the scattering
processes that dominate near the CBM, namely, intercontour
backscattering events, is shown in Figure 3k.
Some features seen in both the measured QPI and the SSP

deviate from those naively expected based on an isotropic
Rashba-like dispersion. In the SSP(E, q ⃗) plot along ΓM,
another small branch (marked in red in Figure 3e) is seen near
the Fermi level. This anisotropic feature can be seen in more
detail in the measured and simulated QPI patterns shown in
Figure 3g and i, where the expected intercontour QPI signal is
marked with a green line and the additional intracontour signal
is marked with red. We attribute it to warping of the outer ring
of the constant energy contour and a resulting out-of-plane spin
component allowing intracontour scattering, which would
otherwise be forbidden.3,15 Figure 4 gives the explicit

demonstration of this effect: The spin-resolved constant energy
contours at EF and at −0.2 eV are shown in Figure 4a−d (along
with the resulting joint-density-of-states (JDOS), SSP, and
measured QPI patterns). They show the projected spin
components along the x ⃗ direction (here set parallel to ΓM)
and in the z ⃗ direction. At the Fermi level, where the CEC has a
pronounced warping, the outer contour hosts a strong out-of-
plane spin component (Figure 4c), while at −0.2 eV, only a
very weak out-of-plane component exists due to the high
isotropy of the CEC. The resulting intracontour scattering
channels are shown as red arrows on the CEC and also in the
SSP and measured QPI (Figure 4g and i).
It is possible that the relative strength of this measured

intracontour scattering, unforeseen using our scattering model,
may stem from relatively suppressed rate for scattering
involving the inner Fermi surface (including intercontour
scattering) with respect to scattering involving only the outer
Fermi surface, which has recently been discussed in BiTeI.44

Near the CBM, the measured and simulated QPI dispersion
behaviors are in excellent agreement and are both nearly
isotropic, as is shown in Figures 3 and 4. Overall, the results
displayed in Figures 3 and 4 demonstrate the anticipated
suppression of spin-flip backscattering similar to that previously
observed in topological insulators.

Defect Site Dependence of Quasiparticle Scattering
Strength. We now turn our attention to the fact that the QPI
phenomena described above arise almost entirely around the
defects labeled as type B in the discussion of Figures 1 and 2.
Figure 5a shows atomically resolved images of the point defects
labeled above as types A, B, and C. Defects of type A are
located at Te surface lattice sites and so may naturally be
identified as DTe. Defects with appearances similar to those of
types B and C have been observed in previous STM work on

Figure 4. Scattering channels suppressed by spin conservation and origin of intraband scattering due to CEC warping. (a−d) Calculated spin-
resolved CECs at two chosen energies (matching the selected QPI patterns shown in Figure 3), showing the projected spin components along
the x ⃗ direction (here set parallel to ΓM) and in the z ⃗ direction. Colored arrows mark the various scattering channels in the CECs and their
resulting features in the joint-density of states (JDOS): spin-conserving intercontour (green), non-spin-conserving intercontour (orange), and
two kinds of non-spin-conserving intracontour scattering channels (blue and red). If scattering probability is insensitive to the spins of the
initial and final states, intracontour scattering channels can exist, as shown in the simple quasiparticle JDOS displayed in (e) and (f). With the
inclusion of spin-sensitive transition matrix elements in the scattering model, we obtain the SSPs shown in (g) and (h), in which most
channels shown in the simple JDOS are suppressed and which better predict the measured QPI patterns shown in (i) and (j). In (c), strong
out-of-plane spin components allow intracontour scattering, as marked by red arrows. The resulting QPI signature, marked with horizontal
red arrows, can be seen in both the calculated SSP and measured QPI patterns.
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the Te terminations of BiTeI and BiTeBr, in which they were
both identified as substitutions or vacancies in the halogen
atomic layer.40,41 Here, however, we take advantage of
resolution of the surface atomic lattice to note that the defect
pattern centers for types B and C are located in the middle of
triangles formed by Te surface lattice sites, but in triangles of
different orientations. In principle one or both of these defect
types could be interstitial impurities. These have been induced
in similar materials by deposition and subsequent annealing of
adatoms.45 However, intrinsic interstitials have not been
reported in previous work on BiTeI or BiTeBr40,41 nor in
thorough defect identifications in other similar systems.46,47

Therefore, we suppose that type B and C defects are actually
located at lattice sites in different subsurface atomic layers,
either the Te layer or Br layer. But more information is needed
to determine which type is located in which layer. For this we

consider the ppσ bond chain model, which suggests that the
domain of electronic influence for a given lattice site extends
outward along the directions of the ⟨111⟩-oriented ppσ bonds
until it meets the surface layer, as illustrated in Figure 5d. The
spatial extent of a defect pattern at the surface is therefore
proportional to the depth of the defect site.46 In Figure 5a we
show that type C has a defect pattern of greater size, so is likely
located in the Br layer, while type B is located in the Bi layer
(possibly a TeBi substitution).
Hence we assign defects of type A, B, and C the identities

DTe, DBi, and DBr, respectively. However, we note that it may be
possible to improve on the robustness of this identification
using comparisons of measured and simulated STM defect
images, as in several recent works.45,47 The coordination
environments for each are illustrated in Figure 5b. Figure 5c
shows the varying intensity of electron density (measured as
dI/dV) modulations surrounding different types of defect,
representing differing quasiparticle scattering strengths. As
mentioned above, stronger modulations appear around DBi
than around either DTe or DBr, especially near the CBM. In
order to explain this effect, we examine the calculated
momentum-, depth-, and element-resolved local density of
states (LDOS), which we may write as ρS(z, kx, ky, E) where S
denotes the atomic species and ρTotal = ∑S ρS. Figure 5e shows
the momentum- and element-integrated LDOS (proportional
to the planar average of electron charge density), plotted as a
function of depth. A higher planar charge density is found
around the z position of the Bi layer than around those of the
Te and Br layers. An alternative view of the LDOS, showing
ρS(kΓM, kΓK, E) localized in the surface trilayers is shown in
Figure 5f. The contributions to the LDOS of each atomic
species are represented on an RGB color scale. The magenta
color of the surface state in which we observe QPI indicates
that it is dominated by orbitals from Bi (with some small
contribution from Te). This is because the surface band is split
off, by the strong surface polarization, from the bulk conduction
band, which is derived from three Bi 6p levels (whereas the
bulk valence band is derived from six bands of Te 5p and Br 4p
levels).3 The relatively strong scattering caused by DBi can
therefore be attributed to the fact that defects (scattering
potentials) located on the Bi sublattice of the crystal couple
most strongly with the Te termination surface state due to its Bi
6p-like orbital character. (A demonstration of the same effect at
the Te-terminated surface of BiTeI can be seen in Figure S1 in
the Supporting Information.)

CONCLUSIONS
XPS and large-scale STM measurements reveal that our BiTeBr
crystals have millimeter-scale uniform surface terminations and
are probably single-domain crystals. This represents a distinct
advantage over BiTeI, which features a domain-like micro-
structure of regions with opposite stacking orders,8,34,39,40

meaning that crystals of macroscopic scale have no net helical
spin texture. Our BiTeBr crystals on the other hand are
expected to have a consistent helicity of the spin texture over
macroscopic length scales, offering a more ideal platform for
proof-of-concept devices exploiting strongly Rashba-split
carriers to realize a variety of spintronic functions.
Although the Br-terminated surface appears to have unstable

contaminations that make scanning difficult, the Te-terminated
surface is highly stable with isolated C3v symmetry point
defects, providing scattering centers for QPI observations.
Below around −0.2 eV the only measurable QPI corresponds

Figure 5. Defect site dependence of quasiparticle scattering
strength. (a) Atomically resolved STM images of the three
characteristic point defects, labeled as types A, B, and C, of the
Te termination. The prominent dark lobes of type B and C defects
are outlined with a white or black triangle. Te surface lattice sites
around the defect pattern center are marked with white or black
dots. (b) Depictions of the defect sites DTe, DBi, and DBr assigned to
type A, B, and C defects using the ppσ bond model depicted in (c).
(d) Topograph and corresponding dI/dV images (taken at V = 0.25
eV and −0.25 eV) of DBi, DBr, and DTe defects, showing the relative
intensity of QPI electron density modulations surrounding each of
them. The approximate defect locations are marked with black/
white arrows in each map. While the electron density is significantly
modulated around DBi, it is more uniform around DTe and DBr,
especially at −0.25 eV, near the CBM. (e) Planar average of the
electronic charge density as a function of depth along the c-axis. (f)
Surface-projected band structure for the first three trilayers of the
Te termination, with the color showing the atomic species’
respective contributions.
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to scattering in the Rashba-split 2DEG-like surface band and is
highly isotropic. The QPI observed near EF does not show such
ideal behavior, with anisotropy caused by band warping, and a
significant low-wavevector background QPI signal, which might
result from the onset of the (surface-projected) bulk
conduction band. As the most ideal behavior (i.e., most like
the Rashba model) is found below EF, with a view to device
application, there may be a need either for electrostatic gating
or to find suitable p-type surface dopants in order to move EF
down by around 0.2 eV to access carriers with the most ideal
behavior.
Finally, having identified the three characteristic point defects

appearing at the Te-terminated surface of BiTeBr, we explain
their relative quasiparticle scattering strengths in terms of the
orbital character of the band in question: Defects on the Bi
sublattice strongly scatter the Te termination’s surface state due
to the Bi 6p-like character it inherits from the bulk conduction
band, whereas defects on the Te and Br sublattices cause almost
no scattering of this band through a wide energy range. This
demonstration of the interplay between defect chemistry and
in-plane conductance should be generalizable to a wide range of
existing and emergent materials. This insight can be used in
future STM experiments to help to identify unknown defects
based on known orbital characteristics of quasiparticle bands or
as a diagnostic tool to identify impediments to ballistic
transport. It can also be used to identify the crystal lattice
site where substitution impurities should be expected to couple
most efficiently with carriers if so desired, for example in the
case of substitutional transitional metal impurities such as in
Bi1−yMyTeX.
In summary, we highlight BiTeBr as among the most

promising systems for the exploitation of 2-D Rashba-split
carriers for the realization of electric control of spin currents
and examine two mechanisms governing the scattering of those
carriers from point defects: (1) We confirm the suppression of
spin flip scattering in the Rashba-split surface band, while
noting that, near EF, band warping gives rise to significant out-
of-plane canting of spins and intracontour scattering channels
in addition to the intercontour backscattering naively expected
for the simple Rashba model. (2) We identify point defects in
each atomic layer, which neatly allow us to demonstrate that
various defects’ scattering strengths depend on the orbital
character of the surface band in which scattering occurs. This
effect in particular may give generalizable insights for STM
investigations of carrier behavior and defect chemistry, but also
for crystal design and engineering, in a wide range of existing
and emergent systems.

METHODS
Crystal Growth. BiTeBr crystals were grown using chemical vapor

transport, from elements Bi and Te (of 5N purity) and from BiBr3 and
TeBr4. An ampule was charged with the starting materials in a
stoichiometric ratio. The evacuated ampule was inserted into a furnace
with a temperature gradient of 450 to 480 °C, with the starting
material in the hot zone. After 100 h, crystals of dimensions 5 × 8 mm2

and thicknesses of several hundred micronmeters had grown in the
cold zone of the ampule.
XPS Measurements. XPS measurements were performed using a

scanning photoemission microscope (SPEM) at beamline 09A1 of the
Taiwan Light Source, NSRRC,48,49 on BiTeBr crystals that were
cleaved under a pressure of around 1 × 10−10 mbar before transfer to
the SPEM measurement stage. Measurements were performed at room
temperature. The photon energy used was 126 eV, giving a short

photoelectron escape depth for high surface sensitivity. The X-ray
beam width, used without zone-plate focusing, was ∼200 μm.

STM and Spectroscopic Imaging Measurements. All STM
measurements were performed on BiTeBr crystals cleaved at room
temperature in a preparation chamber with a base pressure lower than
1 × 10−10 mbar, before transfer to the STM chamber with a base
pressure lower than 5 × 10−11 mbar. STM measurements were
performed at a temperature of 4.5 K in an Omicron low-temperature
STM using a chemically etched tungsten tip. For observations of QPI
phenomena, the spectroscopic imaging technique was used: dI/dV(V)
curves were acquired using the lock-in technique (with a bias
modulation of amplitude 10 mV), on each point of a spatial grid,
forming a data set of dI/dV(x, y, V) from which spatial dI/dV(x, y)
images could be extracted at each energy. Symmetrization of 2-D FFT
images was performed according to the C3v point group symmetry of
the BiTeBr surface lattice, and examples of QPI data pre- and
postsymmetrization are included in Figure S2 of the Supporting
Information. STM images were processed using the WSxM software
package.50

DFT Calculations. First-principles calculations for the projected
band structure of the Te-terminated surface were performed in
accordance with DFT using the PAW-LDA exchange−correlation
functional as implemented in the VASP package.51 Relativistic effects
including spin−orbit coupling were accounted for. Surface-projected
band structure calculations were based on a eight-trilayer slab model
with a terminating layer of H atoms on the Br side and a vacuum layer
of 1.88 nm. The simulated SSP plots are computed from the calculated
CEC plots. The SSP is proportional to the scattering rate, determined
by the relation

∫ ρ ρ⃗ ∝ ⃗ = ⃗ ⃗ ⃗ ⃗ + ⃗ ⃗q W q k T q k k q d kSSP( ) ( ) ( ) ( , ) ( ) 2

where T(q ⃗, k)⃗ = |⟨s(⃗k)⃗|s(⃗k ⃗ + q ⃗)⟩|2, and ρ(k)⃗ can be represented by the
intensity of the calculated spin-resolved CECs. s(⃗k)⃗ are represented
using the three calculated spin components for a given k.⃗
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