PHYSICAL REVIEW B 111, 165305 (2025)

Editors’ Suggestion

Probing the electronic structure at the boundary of topological insulators in the Bi,Se;
family by combined scanning tunneling and atomic force microscopy

Christoph S. Setescak " Trene Aguilera 2 Adrian Weindl ®,' Matthias Kronseder ®,'

Andrea Donarini ®, and Franz J. Giessibl

Vnstitute of Experimental and Applied Physics, University of Regensburg, Universititstraf3e 31, 93053 Regensburg, Germany
2Institute for Theoretical Physics, University of Amsterdam and European Theoretical Spectroscopy Fucility (ETSF),
Science Park 904, 1098 XH Amsterdam, Netherlands
3Institute of Theoretical Physics, University of Regensburg, Universitcitstraf3e 31, 93053 Regensburg, Germany

® (Received 21 November 2024; revised 21 February 2025; accepted 31 March 2025; published 28 April 2025)

We develop a numerical scheme for the calculation of tunneling current / and differential conductance
d//dV of metal- and CO-terminated STM tips on the topological insulators Bi,Ses;, Bi,Te,Se as well as
Bi,Tes, and find excellent agreement with experiment. The calculation is an application of Chen’s derivative
rule, whereby the Bloch functions are obtained from Wannier-interpolated tight-binding Hamiltonians and
maximally localized Wannier functions from first-principle DFT+GW calculations. We observe signatures of
the topological boundary modes, their hybridization with bulk bands, Van Hove singularities of the bulk bands,
and characterize the orbital character of these electronic modes using the high spatial resolution of STM and
AFM. Bare DFT calculations are insufficient to explain the experimental data, which are instead accurately

reproduced by many-body-corrected GW calculations.

DOI: 10.1103/PhysRevB.111.165305

I. INTRODUCTION

Solid-state physics seeks to understand the large-scale
properties of materials, in principle deducing them from
atomic-scale behavior. In insulators, the atomic arrange-
ment and electron-electron interaction result in bulk valence
and conduction bands that are separated by an energy gap.
These bands are classified using topological invariants, which
define distinct topological phases of matter [1-4]. In three-
dimensional topological insulators, nontrivial invariants give
rise to gapless boundary modes, linking atomic-scale behavior
to emergent large-scale phenomena. These boundary modes
are characterized by spin-polarized, nearly linear dispersion
relations, thus effectively describing massless particles.

Prototypical examples of three-dimensional topological in-
sulators include materials from the Bi;Se; family, such as
Bi,Ses, BiyTe,Se, and Bi,Tes. The dispersion relation of
topological insulators can be very well studied using angle-
resolved photoemission spectroscopy (ARPES) [5]. However,
standard ARPES is only able to probe occupied states and
more advanced time-resolved ARPES (trARPES) or two-
photon ARPES are necessary to probe unoccupied states [5].
Furthermore, ARPES is limited to momentum space and to
length scales much larger than atomic ones. Transport and
ferromagnetic resonance experiments have demonstrated that
atomic-scale defects have a large influence on sample proper-
ties [6-8].

To overcome these limitations and explore atomic-scale
phenomena in real space, scanning probe microscopy
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techniques, such as scanning tunneling microscopy (STM),
atomic force microscopy (AFM), and scanning tunneling
spectroscopy (STS), are helpful [9].

Examples of previous scanning probe studies on materials
in the Bi,Se; family are plentiful [10—12]. The influence of
native point defects on the local density of states (LDOS)
in Bi,Te; has been documented in Ref. [13] and impurity
resonances in Bi,Se; have been studied in Ref. [14]. Fur-
thermore, it is possible to identify the doping character of
native point defects [13,15], which can also be probed di-
rectly via AFM [16]. Scattering at step edges on BiyTe; has
been used in Ref. [17] to quantify the dispersion and ver-
ify the spin polarization of the topological boundary mode.
In Refs. [18-20] changes in the LDOS close to few-atomic
steps on Bi,Se; have been studied, which indicate increased
conductance in the energy range of the topological boundary
mode close to the step edge. The necessity of quantitatively
accurate calculations of the dI/dV signal becomes apparent
from this study, as such changes can be caused and explained
by changes in the local work function and chemical potential
close to step edges. This is in contrast with other possible
explanations, such as additional one-dimensional electronic
states. Further, recent theoretical studies propose atomic-scale
experiments that would use ring states at defects as a probe for
bulk topological properties [21].

In this article, we wish to establish how the band structure
of these materials can be studied using experimental tech-
niques that access the atomic scale. Experimental results
presented here include measurements of the d//dV signal
over a bias range where characterizing bulk energy levels is
possible. Furthermore, we probe the d//dV  signal throughout
the valence and conduction bands with atomic resolution,
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giving us a grip on characterizing the orbital character of the
Bloch bands.

State-of-the-art GW calculations are used to construct
tight-binding Hamiltonians for thick slab geometries and are
the basis for calculating the differential conductance df/dV
through the atomic-scale tip-sample junction. Because of the
large sample geometries in our experiment, i.e., semi-infinite
single crystals or thick slabs, it is not feasible to study these
directly with GW or DFT, necessitating the use of tight-
binding (TB) Hamiltonians. Employing GW calculations is
an improvement over previous studies, as it has been shown
that bare DFT calculations are not sufficient to accurately
describe this material class [22]. In our calculation, we include
the energy dependence of the dI/dV signal as well as the
dependence on the position of the tip apex ry.

The paper is organized as follows. In Sec. II, we give an
overview of our findings and review relevant literature. Our
methods are described in detail in Sec. III. The results of
scanning tunneling spectroscopy on the three compounds are
in Sec. IV. Section V demonstrates how these results can be
applied to probe the influence of many-body corrections on
the band structure. Section VI reports how the orbital charac-
ter of the band structure can be probed using our experimental
setup. Our conclusions are summarized in Sec. VII

II. OVERVIEW AND COMPARISON
TO PREVIOUS RESULTS

Figure 1 shows the main result of this article. Panels
1(a)-1(c) display in orange dI/dV spectra measured with
CO-terminated tips on the surfaces of Bi;Ses, BiyTe;,Se,
and Bi,Tes, alongside the calculated d//dV spectra in blue.

The corresponding half-space band structures are presented
in Figs. 1(d)-1(f). Here, the color bar indicates the projection
of the states onto the Wannier functions associated with the
atoms of the topmost quintuple layer (QL), with bulk bands
appearing in light blue and surface states shown as dark
purple lines.

(i) Our numerical scheme for calculating the d//dV  spec-
tra can be summarized in five steps. The starting point is
Wannier-interpolated TB Hamiltonians for materials in the
BiySe; family derived from many-body renormalized GW
calculations [22]. From these we construct half-space Hamil-
tonians using Dirichlet boundary conditions. We represent
the Bloch functions in real-space using maximally localized
Wannier functions [23]. Propagation of the Bloch functions
into the tip-sample junction is modeled under the assumption
of noninteracting electrons traveling in a laterally averaged
potential. Eventually, the electron tunneling into and out of
the metal and CO-terminated tips is calculated using Chen’s
derivative rule [24,25].

(i) Metal tips are typically preferred for d//dV mea-
surements. They have a simpler apex electronic structure
dominated by an s-wave orbital, whereas a linear combination
of s- and p-wave orbitals is necessary to properly describe
CO-terminated tips. With the calculation method presented in
Sec. Il and in particular Sec. III C, it is possible to accurately
model the tunneling matrix element into a mix of tip orbitals.
This increased complexity of the CO-terminated tip in STS
experiments is outweighed, though, by their very high chem-
ical stability and high spatial resolution, as demonstrated, for
example, in Sec. VIB and Refs. [26-28]. For a better com-
parison to existing literature, we also show the spectrum of a
metal tip on the surface of Bi;Se; in Sec. IV A.
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FIG. 1. Comparison of simulated and experimental d/ /dV spectrum of CO-functionalized tips on the (a) surface of Bi,Ses, (b) surface of
Bi, Te,Se, and (c) surface of Bi, Te;. The half-space band structures are plotted in (d)—(f). The energy axes for each compound are identical and
are related to the bias voltage by a shift, owing to defects doping the crystal. The color scale in (d)—(f) indicates the fraction of the eigenstate

in the first quintuple layer.
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(iii) Throughout the article we give the energy E relative to
the calculated Fermi level [22]. Because of defects in crystal
samples, the experimental Fermi level is shifted by AEr. The
experimental counterpart of the energy E is the bias voltage
Usp. To facilitate a comparison between experiment and theory
via the plots, we shift the bias voltage Up by AEr. The
magnitude of AEy is a measure for the level of unintentional
doping in the crystals.

(iv) The general shape of the dI/dV spectrum is similar
across the three compounds, as can be seen in Figs. 1(a)—
1(c). In the region close to the bulk band gap, the differential
conductance is greatly reduced. Here, we see linear relations
between the d//dV signal and bias voltage Up. Towards the
bulk bands the d//dV signal increases rapidly. We find ex-
cellent agreement between experiment and theory and give an
overview of the findings in the remainder of this section. A
more detailed discussion follows in Secs. IV, V, and VI.

(v) The emergence of the gap-closing boundary mode upon
restricting the system to half-space has been studied since the
first band structure calculations of three dimensional topolog-
ical insulators, published in Ref. [29]. The signature of this
boundary mode in the d//dV spectrum is a linear increase
of the differential conductance inside the bulk band gap. Fo-
cusing on the compound Bi,Ses, this linear increase can be
seen in the experimental data and calculation in Fig. 1(a)
for —0.2eV < E < 0.23¢eV. For a single band with index n
and dispersion relation E, (k), the partial density of states is
given as

1
DOS,(r, E) = o /B ZS(E — Ey(K)) dk,dk,

= dEH)K)|7'dS.
) -/(;ECH(E) llgrad(E,) (k)| )]

Here, CEC,(E) is the constant energy contour of the
boundary mode n at energy E, i.e., the curve consisting of all
k € BZ with E,,(k) = E. For a linear and isotropic dispersion
relation, we have |grad(E,)(K)|| = Aivp, where vp is a
constant referred to as the Fermi velocity [30]. The constant
energy contour CEC,(E) of such a topological boundary
mode is circular and the line integral in Eq. (1) can be
evaluated to be

|E — Epl|

DOS,(r,E) = ————,
. E) 2 h*v}

@)
where Ej is the energy of the Dirac point. This result follows
from calculating the circumference of the CEC,,(E), which is
equal to hzT”F |E — Ep|. The differential conductance d//dV is
closely related to the DOS, and thus from Eq. (2) it becomes
clear that we expect a linear increase of the d//dV signal
away from the Dirac point within the band gap. This linear
section is reproduced by the more involved quantitative cal-
culation introduced in Sec. III. We note that this key signature
of topological boundary modes can also be explained by the
simplified tight-binding model described in Refs. [29,31],
which only considers four electronic degrees of freedom.

(vi) In previous literature effective, low-energy
tight-binding models have been presented, which reproduce
the dispersion of the bands closest to Er in the vicinity of I
[29,32]. However, these are not sufficient to properly describe

our experimental results. To correctly describe our experimen-
tal observations it is necessary to consider bulk and surface
electronic modes, as well as surface resonances. A strength
of our numerical approach is its ability to describe the surface
resonances accurately without relying on any free parameter.
The resonance of the boundary mode of Bi,Se; with the bulk
valence band edge is of particular interest. From Figs. 1(a) and
1(d), it can be deduced that the minimum of the d//dV spec-
trum on Bi,Ses corresponds to the Dirac point, which agrees
with previous studies [12,18]. The linear increase in differen-
tial conductance away from the Dirac point (Ep = —0.14eV),
as shown in Fig. 1(a), was attributed to contributions from the
upper and lower halves of the Dirac cone [18]. This would be
a fitting interpretation if Bi,Se; were a topological insulator
(with a possibly indirect bulk band gap) with the Dirac point
isolated from the bulk bands. However, the GW calculations,
ARPES, and magneto-optical measurements [33,34] show
that Bi,Ses is a direct band gap semiconductor and the Dirac
point coincides with the valence band maximum (VBM)
at the ' point, as displayed in Fig. 1(d). Nonetheless, our
calculation—the blue curve in Fig. 1(a)—shows that this
linear section in the d//dV spectrum can be explained by
tunneling into the bulk valence bands. Thus, the attribution of
the linear increase in the differential conductance for E < Ep
to a lower half of the Dirac cone has to be modified. This is of
great importance if one is interested in studying a gap opening
in the topological boundary mode [35]. The situation is
analogous for metal tips, a detailed treatment of which is given
in Sec. IV A.

(vii) In our experiment, we also find signatures that allow
for the investigation of the bulk bands. We observe that the
bulk modes near the conduction band edge contribute mini-
mally to the d//dV signal, as the tunneling matrix element
for states close to the conduction band edge is significantly
suppressed. This suppression is clearly shown for the three
compounds in Sec. IV. In the d//dV spectrum measured on
the surface of Bi,Ses, shown in Fig. 1(a), sharp increases are
observed at E = —0.23eV and E = 0.72eV. These energies
correspond to a flattening of the dispersion relation in the
T—M direction, visible in Fig. 1(d). Similar observations can
be made for Bi,Te,Se and Bi,Te;. A quantitatively correct
tight-binding model that reproduces first-principle calcula-
tions over the entire Brillouin zone and an extended energy
range is necessary. Such models, which reproduce DFT-band
structures have been already calculated in Ref. [29] and Slater-
Koster parameters were published in Ref. [36] for Bi,Se;
and Bi,Tes;. However, regardless of the surface resonances,
we find that standard DFT calculations are not sufficient to
correctly describe the overall features of the experimental
observations. Rather, many-body corrections are necessary:
The flattening of the dispersion relation is in fact closely
related to the size of the trivial band gaps at the Brillouin zone
boundary and the size of these gaps is strongly influenced by
the GW correction [22]. Our experimental observations are
explained accurately by the GW corrected TB Hamiltonians.
A comparison between the GW corrected TB Hamiltonians
and the TB Hamiltonians without many-body correction for
Bi,Ses is given in Sec. V. Thus, we demonstrate that not only
are the drastic changes in the band structure near I', induced by
the GW correction, consistent with experimental observations,
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but the values of the trivial band gaps far from the I' point also
align more closely with the GW calculations.

(viii) Arguably the compound Bi,Te,Se comes closest to
the idealized notion of three-dimensional topological insula-
tors, put forth by effective TB models such as in Ref. [29]. For
one, it is an indirect semiconductor and the Dirac point lies be-
low the VBM, evident from Fig. 1(e). Furthermore, it displays
a large bulk band gap, and thus the topological boundary mode
is separate from the bulk bands over a large energy range. The
experimental and calculated d//dV spectrum are plotted in
Fig. 1(b). The bulk band gap and thus also the energy range
on which an isolated Dirac cone can be observed is on the
order of 0.37eV, much larger for Bi,Te,Se than for Bi,Ses
and Bi,Tes, as can be seen in the half-space band structure,
which is plotted in Fig. 1(e). In Sec. IV B, we discuss the
d//dV spectrum of a CO-terminated tip on the surface of
Bi,Te,Se with focus on the energy range around the bulk
band gap.

(ix) Furthermore, a desirable property of the ternary com-
pound is its much smaller level of bulk doping, compared to
the binary compounds studied in this article. This is in part
owing to the presence of both hole- and electron-producing
defects [7,8,37]. In our study, we detected slight n doping
or slight p doping after cleaving the Bi,Te,Se sample in the
UHV chamber. Figure 1(b) shows that the chemical poten-
tial is shifted by AEr = —10meV relative to the calculated
Fermi level, while Fig. 5 in Sec. IV B presents a spectrum
from a different location on the sample, revealing a shift
of AEr = 10meV. Such spatial variations are in agreement
with previous studies of the surface potential fluctuations on
this material class [6,8]. The position of the Fermi level is
of vital importance in transport measurements. Our experi-
ments are not significantly affected by the slight n doping,
or even p doping, as we can probe unoccupied as well as
occupied states. This is in contrast to ARPES experiments,
where additional dopants have to be added to the surface in
order to tune the energetic position of the Dirac point [38] or,
alternatively, trARPES has to be used. To first approximation,
a shift in the chemical potential leads to a shift of the entire
band structure [11]. But, strictly speaking, because of the
screening of the electron-electron interaction, the position of
the chemical potential does influence the band profile [39].
As the first-principles calculations for Bi;Se; and Bi,Tes do
not consider shifts in the chemical potential owing to dopants,
there is a small error. However, for Bi,Te,Se, the shift in
the chemical potential is minimal, and overall we see a sim-
ilar level of agreement between experiment and theory. Thus
we can conclude that this effect is minimal, for the systems
studied in this paper.

(x) With AFM, we observe a large number of substitutional
defects in the first atomic layer of Bi,Te,Se. Presumably,
these are because of the chemical and physical similarities
of Te and Se. We position the tip as far away from these
substitutional defects as possible for all the measurements
presented on Bi,Te,Se in this article.

(xi) Because of the very small bulk band gap of Bi,Tes,
the linear section in the d//dV spectrum shown in Fig. 1(c) is
hard to identify. The half-space band structure computed with
the GW Hamiltonian and plotted in Fig. 1(f) indicates that an
isolated Dirac cone exists only for an energy range of 0.07 eV,

with the lower part of the Dirac cone covered by the bulk
valence bands. As a result of the smaller bulk band gap, the
onset of the bulk bands is energetically much closer together
than for the other two compounds. The Bi,Te; sample was
prepared by molecular-beam epitaxy (MBE) and consists of 7
quintuple layers, which in previous work has been shown to be
sufficient for compounds in this material class to behave bulk
like [40]. On the MBE sample, we observe an elevated defect
density compared to samples cleaved from single crystals of
Bi,;Ses [16]. The sample preparation processes are described
in the Supplemental Material [41] and Refs. [42,43].

(xii) In previous studies [10,12,15,44], a similar compari-
son between experimental and calculated dI/dV spectra on
these compounds was attempted using pure first-principles
calculations. The drawback of a full first-principles calcula-
tion is that the integration over the Brillouin zone can only
be carried out on a very coarse grid of crystal momenta, be-
cause of the high computational cost. In particular, a 24 x 24
Monkhorst-Pack grid was used in Ref. [15]. Here, owing to the
low computational burden of the tight-binding model, we can
perform the integration on a grid of 80 x 80 crystal momenta
in the surface Brillouin zone on a personal computer with
64 GB of RAM using a MATLAB implementation [45]. The
result is numerical artefacts are virtually eliminated in the
calculation of the dI/dV spectra, while we use physically
realistic smoothing parameters. A drawback of our method is
we do not consider surface effects self-consistently. However,
we believe that the comprehensive agreement between exper-
iment and theory justifies a posteriori our approach.

(xiii) For Bi,Te; we present in Sec. IVC dI/dV spec-
troscopy over a large bias range of Ug € [—2V, 2 V]. A priori
we did not expect that it would be possible to reproduce this
experimental result with the precision demonstrated in Fig. 3
of Sec. IV C. During the analysis of this data, we explain how
Van Hove singularities owing to a flat dispersion of electronic
modes at the Brillouin zone boundary lead to the emergence
of characteristic peaks in the d//dV spectra. In the past, one
hurdle regarding the interpretation of d//dV spectra has been
their sometimes feature-less U-shaped appearance. Our result
introduces a means to circumvent this problem for a more rig-
orous analysis. In Sec. V, we use comparable d//dV spectra
on Bi,Sej to explain that the experimental observation aligns
with the GW calculation, whereas pure DFT falls short of
reproducing experimental data. Another application is given
in Sec. VI'A, at the example of Bi,Tes;. By measuring d//dV
spectra within —2V < Up < 2V above both Te atoms and
hollow sites on the Bi,Tes surface, the orbital character of the
Bloch bands can be investigated.

III. METHODS

A. First-principles methods

The first-principles calculations were performed with den-
sity functional theory (DFT) and the GW method with the
schemes and convergence parameters discussed in Ref. [22].
The results are based on the all-electron full-potential aug-
mented plane-wave (FLAPW) formalism, as implemented
in the DFT code FLEUR [46] and the GW code SPEX
[47]. For the GW calculations, the spin-orbit coupling was
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FIG. 2. Positive (red) and negative (blue) isosurfaces of the Wannier functions of Bi,Se; localized on the selenium and bismuth atoms
in the first and second atomic layers. Orthographic projection onto z-x plane in the top row and onto y-x plane in the bottom row. The band
structure close to Er is dominated by Wannier functions with p,, p,, and p. orbital character, such that the Wannier functions above are
sufficient for the calculations in this paper. The Wannier functions localized on the Se atoms (light orange) extend further into the van der

Waals gap than those localized on the Bi atoms (grey).

included in the mean-field starting point, following the ap-
proach of Ref. [48].

The GW approximation includes renormalization effects
owing to electron-electron interaction contributions that are
neglected in DFT. GW has consistently shown improved re-
sults compared to DFT in the theoretical description of this
family of materials. This includes a variety of properties such
as critical points of topological phase transitions [35]; band
gaps, effective masses, and spin-orbit splittings [33,48-50];
the direct or indirect nature of the band gap [33,49]; orbital
contributions [51]; optical properties [52,53]; EELS [54]; dis-
persion of the topological surface states [22]; and electron
dynamics [55].

After the DFT and GW calculations, we constructed tight-
binding (TB) Hamiltonians whose parameters are obtained
fully from first-principles with the help of Wannier func-
tions. Wannier functions are linear combinations of Bloch
eigenfunctions and are defined in such a way that they are
maximally spatially localized. To obtain the maximally lo-
calized Wannier functions (shown in Fig. 2), we used the
Wannier90 library [56] embedded in the SPEX code. These
Wannier functions form the basis in which the TB Hamilto-
nian is expressed. Wannier functions constitute a more natural
and more accurate basis for TB Hamiltonians of solids than
pure atomic orbitals. We adopted the standard one-shot (per-
turbative) GW approximation in which the DFT energies are
corrected but not the associated wavefunctions. Thus, the
Wannier basis functions are calculated based on DFT and used
for both Hamiltonians [57].

The construction of the TB parameters fully from first
principles is done using the so-called Wannier interpolation
technique. A formal description of Wannier interpolation can
be found in Ref. [23]. The basic idea is as follows: The actual
first-principles calculation of the DFT or GW Hamiltonian is
carried out on a coarse uniform k mesh. A set of selected

bands is then transformed into maximally localized Wannier
functions. The Hamiltonian is now expressed in real space in
a basis of these Wannier functions. Thanks to the spatial local-
ization of the Wannier functions, long-ranged interactions can
be truncated, allowing for an inverse Fourier transformation to
provide the Hamiltonian at an arbitrary k point. This is called
the “interpolated” Hamiltonian and very often gives rise to
physical and surprisingly accurate band structures, which are
practically indistinguishable from those obtained in an explicit
first-principles calculation.

As we showed in Ref. [22], these bulk Hamiltonians in real
space can also be used to construct film Hamiltonians that
provide exceptional accuracy in the description of bulk and
surface states of this family of materials.

B. Calculation of Bloch functions

Mathematically, the interpolated TB Hamiltonian is a map
that assigns to any K in the bulk Brillouin zone BZ a matrix
acting on the electronic degrees of freedom,

H:BZ — Mat(30;C)

k— H®k) = Y Hge**. 3)
Rel

Here, £ denotes the set of all lattice vectors and the hopping
matrices Hg are obtained fully from first principles as dis-
cussed in Sec. IIT A and given in the Supplemental Material
of Ref. [22]. The basis functions, corresponding to the in-
dices of the hopping matrices Hg, are the following: given
by the p orbitals pi and ordered respectively according to
the spin 0 =1, |, to the atom number i = 1, ..., 5 on which
the basis function is localized and to their spatial orientation
a = z,x,y. A selection of these orbitals is depicted in Fig. 2.
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The s bands are energetically well separated from the p
bands, such that the orbitals given above are sufficient for a
description of the band structure close to Er [22]. We note
that the Hamiltonian in Eq. (3) is in the so-called lattice
gauge. The procedure to obtain Hg can be performed after
the DFT calculation or after the GW correction. When includ-
ing many-body effects, the Hamiltonian, or more precisely
the self-energy operator, is not necessarily self-adjoint, as it
contains the lifetime of quasiparticle states. In this paper we
only consider real eigenvalues of the many-body corrected TB
Hamiltonians.

In the lattice gauge, the Bloch functions can be written as
a linear combination of the Wannier functions w, (r),

W, k(r) =) Ci(k) Y e w,(r —R), )

vel Rel

where C"(K) is the n-th eigenvector of the matrix ﬁ(k) and we
denote by I the index set labeling the spin, orbital, and atomic
site. With Eqgs. (3) and (4) it is possible to analyze the bulk
electronic properties, for example, as done in Fig. 7 in Sec. V
of this article. The Wannier functions w, (r) are obtained from
first-principles as described in Sec. IIT A and shown in Fig. 2.

To interpret the spectroscopic measurements presented in
this article, the electronic structure of half-space or thick film
systems is relevant. In this case, the system size is so large
that it cannot be studied by GW or DFT anymore. With the
hopping matrices Hg, it is possible to construct the TB Hamil-
tonian of samples with different geometries, by constructing
the Hamiltonian as block matrix indexed by the lattice sites
R; and placing Hg wherever R; — R; = R. In the case of a
film system with a layered structure, we maintain translational
symmetry parallel to the sample surface. Thus, the Hamil-
tonian in this case is a block matrix populated close to the
diagonal. The block entries are still dependent on the momen-
tum k; parallel to the surface. In this picture, the on-diagonal
terms correspond to intralayer terms, whereas the off-diagonal
entries correspond to interlayer terms. Alternatively, this can
be viewed as performing an inverse Fourier transform of the
Hamiltonian H of Eq. (3) in the direction perpendicular to the
surface and then restricting this operator with Dirichlet bound-
ary conditions to a finite or semi-infinite z range. Dirichlet
boundary conditions correspond to a straightforward trunca-
tion of the matrix between the layer block matrices, leading to

Hy, (k)
Hoi (k)

ﬁlz(ku)
Hor(ky)  Ha(ky)

H._o(k)) = i H ’
<o0(K)) Ha(k)) Haky)

&)

where the interlayer and intralayer terms are given analogous
to Eq. (3), but now only including vectors R : QL; — QOL;,
connecting unit cells from the ith and jth quintuple layers, in
the sum,

Hjk)= Y  Hge™® (6)

R:QL—0QL;

We note that, for materials in the BiySes; family, which
consist of weakly van der Waals bound quintuple layers,
Dirichlet boundary conditions are a natural and very precise

approximation. To keep our model as concise as possible, we
neglect additional terms localized close to the boundary, such
as a shift in the energies of the outermost orbitals.

The half-space Bloch functions are given inside the bulk of
the crystal as

W@ = > C k)Y MTw,r—R), (7

vel,nel,..Nor Rel

where C"(k|) is the nth eigenvector of the square matrix
H._o(k;) with size 30 - Ny, and w,(r — R) are the Wan-
nier functions of the bulk material. For the spectroscopic
experiments a description of the Bloch functions outside of a
fictitious sample boundary is necessary. Calculating the Wan-
nier functions of a film system or single quintuple layer from
first-principles is computationally much more expensive than
for the bulk. Thus the propagation of the Bloch functions into
the vacuum is not calculated self-consistently in this paper.
We assume the laterally averaged potential V at the boundary
of the material to be

o f
vo-{5 i

where ® is the work function of the material and z;, denotes
the position of the fictitious sample boundary. We take for
the work functions the values ®ps = 5.6eV, $prg = 5.1V,
Opr = 5.25eV from Refs. [58,59] and from the Gundlach
oscillations reported in [41,60-63]. We choose z;, such that
the boundary lies 1.3 A further out from the outermost atomic
cores. In the following we rely on the expression of Bloch
functions as

>2p
<2z’

®)

W, k, (1) = ™M, i (1), ©)

where u, k, (r) has the periodicity of the lattice. Thus the
function uy , (r) restricted to the plane at the boundary of
the sample is periodic, and can be developed into a two-
dimensional Fourier series using the reciprocal surface lattice
vectors G . For z outside the fictitious sample boundary

W, i, (r) = Z ey, dPy @) ok +Ga) Ty (10)
GAeRL

holds, with drﬁku (z) = exp(—k(n, Ky, A)z) and the energy
and momentum dependent decay constant given as

2m
k(n, Ky, A) = ?(CD — Eux) + (kj + Ga)2 (1)

We calculate the Fourier coefficients cﬁku by numerically ap-
proximating the integral

Cuty = /U . e O Ty 4, (x, v, 2) dx dy (12)

over the two-dimensional surface unit cell UC with a finite
sum over a 50 x 50 grid of r points in UC aligned with the
surface lattice vectors. The decay constant « (1, Ky, A) can
be deduced from the solution of the Schrodinger equation of
a free particle [64]. Upon examining Eq. (11) it becomes
apparent that Bloch functions, which lie far below the Fermi
energy Er decay faster into the vacuum than those with higher
energy. Also we see that the Bloch functions with k close to I
propagate further into the vacuum. Furthermore, it is possible
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to truncate the sum in Eq. (10) after the first three reciprocal
lattice vectors, as the plane wave components with larger Ga
decay rapidly outside the sample, such that their contribution
is negligible.

C. Calculation of the tunneling current

The starting point is Bardeen’s formula for the tunneling
current [24,25]. The tunneling current I is sensitive to all
electronic states with energy E between the Fermi energy Er
of the sample and Ep + eUp, where Up is the bias voltage
applied to the tip sample junction,

I(Ug) = const. - sgn(Up) - »_ > [My[>,  (13)

E,c& vel

where & = [min(Er, Er + eUp), max(Er, Er + eUg)] and
Z ={s, px, py, p-}. For the differential conductance, only the
states close to Er + eUp are relevant,

dI
W(UB) = const. - Z Z M, . (14)

E, ~Ep+eUp veT

The notation E,, ~ Er + eUp indicates that the tunneling ma-
trix elements are weighted by a Lorentzian and a semicircle
function, incorporating finite energy resolution and modula-
tion broadening. The tunneling matrix element between the
sample wavefunction v, and the tip wavefunction y, is given
as an integral over a surface S separating tip and sample,

Flz
M= o / GEVY, — 0.V xS, (15)
m Js

Calculating this integral is computationally expensive and fur-
thermore the precise tip wavefunctions x, are not known [65].
Chen’s derivative rule is an efficient approximation, relying
on the expansion of the tip wavefunction y, into spherical
harmonics Y}, centered at the position of the tip apex ry [66].
This expansion is given by the sum

Ko@) =Y Com ki (k1) Yim (0, ) (16)

Im

where r = |r — 1|, 0 is the polar angle and ¢ the azimuthal
angle. The function k;(«,r) is the /th Bessel function of the
second kind, with «, being the decay constant of the tip
orbital into the vacuum. This expansion can also be done in
terms of the real spherical harmonics with angular symmetries
B € {s, x,y, z, ...}, which are obtained as linear combinations
of the complex-valued spherical harmonics. Introducing the
notation Y,g = kg(x,7)Ys(6, ¢) the sum in Eq. (16) is equiva-
lent to

X (@)=Y Cp Vip(0, ). (17)
B

Chen’s derivative rule gives an approximation for evaluating
the integral in Eq. (15) [25]. Based upon the expansion of the
tip wavefunction y, (r) shown in Eq. (17) the tunneling matrix
element can be approximated by

2
472 Rt )
2 Z Cop 0 Vu(ro)| (18)
B

M, |* =

kZm,

TABLE I. Correspondence between tip orbital character 8 and
differential operator d,4 according to Chen’s derivative rule. Prime
coordinates correspond to the tip coordinate system.

Differential operators 3Uﬂ in the derivative rule

/ / /

x y z

=
©

Q>
<
=
—_
‘_
‘c:,
‘_.
|

The differential operators éuﬁ act on the sample wavefunc-
tion v, and are evaluated at the position of the tip ryp, they
are given in Table 1. As the Bloch functions W, (r) are
given as Fourier series in Eq. (10) the derivatives in x and
y direction can be calculated by multiplying the Fourier coef-
ficients cﬁku with the x and y components of ik + G. The z
derivative is obtained by multiplying the plane wave compo-
nents ¢/ ®ITEIT of W, (r) with —k(n, Ky, A).

For clarification, we note that the sum over the orbitals v in
Eqg. (13) is a sum over magnitudes squared, whereas the sum
in Eq. (18) over different spherical harmonics 8 contributing
to one orbital v takes the relative phases into account. For
metal tips, it is sufficient to consider only the tunneling current
through the s-type orbital [25]. In the case of CO-terminated
tips, the p-type orbitals also contribute significantly to the
tunneling current [67]. Orbitals with higher quantum num-
ber n(v) > 2 and corresponding differential operators with a
higher order are not necessary for the tips used in the experi-
ments presented here. The energy dependence of the constants
K, and C,p is not known, we use k, = 1 A~! and constant Cup
as given in Table I, similar to Refs. [67,68].

In order to correctly describe the tunneling through CO-
terminated tips, the following considerations are necessary.
The differential operators évﬁ of Table I are given in the tip
coordinate system, which might be tilted with respect to the
sample coordinate system. With prime coordinates x’, y’, 7/
we denote the tip coordinate system, and with x, y, z we de-
note the sample coordinate system. Following the conventions
of Ref. [65], these coordinate systems are related to each
other by

&y )" =Rot(g, ¥, 0)(x y )T, (19)

where ¢, ¥, and 6 are the Euler angles and the rotation matrix
Rot(¢, ¥, 8) is defined in the Supplemental Material [41].
There are two reasons, which make it necessary to consider
the tilt of the CO-tip. First, CO-tips are rarely perfectly cylin-
drically symmetric. Second, because of lateral forces acting

TABLE II. Expansion coefficients for the s orbital of a metal tip
and the s-, p,-, and p, orbital of a CO-tip in the tip coordinate system.

v Cis Cov Coy Cy
Expansion coefficients for metal tip
s 1 0 0 0
Expansion coefficients for CO-tip
s 1/2 0 0 0
Ps 0 V3/8 0 0
Py 0 0 V378 0
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on the apex atom the CO molecule will bend by a varying
amount as a function of the lateral tip position. This effect be-
comes significant for the tip-sample separations of 3 A — 4 A,
which were used for the experiments described in this article
[69,70]. According to Ref. [65], the expansion coefficients in
the tip coordinate system C,; are related to those in the sample
coordinate system by

Cvx Cvx’
Cuy | =Rot(@, ¥, 0)" | Coy |. (20)
Cvz Cvz’

The relaxation of the CO molecule upon approaching the
sample can be calculated using the mechanistic probe-particle
model (PPM) [71,72], which assumes that the interaction of
the sample with the oxygen atom at the apex of the CO-tip
is well described by a linear combination of Lennard-Jones
potentials. In previous work we demonstrated that this model
is well suited for describing atomic forces that act between the
tip and the samples under investigation in this work [16]. We
note that extensions of the PPM are able to simulate STM im-
ages with a relaxation of the probe particle; however, they do
not consider the accompanying tilt of the tip orbitals [69,70].

IV. SCANNING TUNNELING SPECTROSCOPY
AND HALF-SPACE BAND STRUCTURE

A. BiZSe3

Unlike the other data and calculations presented in this
article, Fig. 3 is concerned with a metal tip on the surface of
Bi,Ses. This experiment is included to demonstrate that the
methods used in this study are applicable to STS experiments
with metal tips, which are commonly employed in preceding
studies.

The calculated data in Figs. 3(a) and 3(b) were obtained
on a 90 x 90 Monkhorst-Pack grid. The color coding of the
half-space band structure in Fig. 3(c) indicates the base-10
logarithm of the square of the magnitude of the tunneling
matrix element M, , (k) ), which forms the basis of the calcu-
lation. Qualitatively, the d//dV spectrum in Fig. 3(a) closely
resembles the spectrum obtained using the CO-terminated
tip shown in Fig. 1(a). This similarity suggests that CO-
terminated tips can in fact reliably reproduce d//dV results
otherwise measured with metal tips.

Figure 3(b) shows the tunneling current, obtained from the
calculation /@"¢®)(E)) in blue and from experiment 1“7 (Up)
in orange. The theoretical current traces are calculated by
integrating the calculated d//dV from the experimental Fermi
energy E.™"” to the energy E. These current traces are used
to normalize the theoretical and experimental d//dV spectra.
The method is described in detail in the Supplemental Ma-
terial [41] and Ref. [73]. A nonzero slope of I(Ug) for all
bias voltage Up indicates the closing of the band gap can be
deduced from Fig. 3(b); however, the figure also demonstrates
that the tunneling current is not adequate for an in-depth
analysis of the electronic structure.

The theoretical and experimental d//dV signal is much
more suitable for this purpose. Figure 3(a) shows the exper-
imental spectrum of a metal tip on the surface of Bi,Ses in
orange and the calculated counterpart in blue. In experimental

Bi,Se,
g 04 . . . exp.
4t L
c
ht 0.2 1
= 2! L
© 09200 o2

P

2050 -025 00 025 050 075
E, e (U, +0.220 V) (V)

FIG. 3. (a) d//dV spectrum of a metal tip positioned above a
selenium atom of the Bi,Se; surface overlayed with the calculated
spectrum. The inset shows the experimental and calculated dI/dV
for —0.2V < E < 0.2V with adjusted y axis. (b) Experimental and
calculated tunneling current. (c) Half-space band structure of Bi,Se;
color coded with log,,(|M,, , (K )|?). Each black line in the color bar
of (b) indicates one order of magnitude.

practice, there is a shift of the Fermi level of the sample owing
to native point defects [16]. Thus, to align the spectra we need
to plot the energy E and the shifted bias voltage Ug + AEr
on the abscissa of Fig. 3. For the sample used during the mea-
surements with a metal tip, shown in Fig. 3, we find AEp =
0.22eV. This is comparable to the sample used for the mea-
surements in Fig. 1(a), where this shift was equal to 0.24 eV.

Key features in the dI/dV spectrum are the minimum in
the differential conductance at Ep = —0.08 eV with a linear
increase of the differential conductance away from Ep. Com-
parison with the half-space band structure in Fig. 3(c) shows
that this minimum in the d//dV spectrum corresponds to the
energy of the Dirac point Ep.

Other important markers in the experimental d/ /dV spec-
trum are at E = —0.7e¢V, E = —0.25¢eV, and E = 0.75¢V,
where the experimental d//dV signal significantly increases
towards lower and higher energies, respectively. These fea-
tures are reproduced by the theoretical d//dV spectrum in
Fig. 3(a). Comparison to the half-space band structures in
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Fig. 3(c) shows that both increases result from the bulk bands
becoming less dispersive in the T—M direction. This flattening
of the bands leads to an accumulation in energy and thus to an
increased differential conductance.

However, we also note that there are discrepancies between
the calculated and experimental spectra visible in Fig. 3(a).
The major discrepancy is that the calculated d//dV spectrum
is significantly lower than the experimental spectrum for E =
(0.5+0.11) eV. We first explain the behavior of the theoret-
ical spectrum in this energy range and then focus on possible
explanations for this discrepancy. In the theoretical calcula-
tion of Fig. 3(a), we see an approximately linear increase in
the dI/dV signal for —0.09eV < E < 0.75¢V. In the T-K
direction, the topological boundary mode remains distinct
from the bulk modes up to £ = 0.75eV and the tunneling
matrix element associated with it retains a large magnitude. In
the T-M direction, the topological boundary mode hybridizes
with the bulk modes at £ = 0.49¢eV. Following the linear
dispersion relation of the topological boundary mode, there is
a set of bulk conduction bands associated with an increased
tunneling probability, which appears in green in the color
scale of Fig. 3(c). This is far beyond the conduction band
minimum, which is located at E = 0.15 eV. Our calculation of
the tunneling matrix elements associated with the conduction
band edge shows a very small magnitude, such that states near
the conduction band edge do not contribute to the calculated
d//dV spectrum. The dispersion relation of the topological
boundary mode in these two high-symmetry directions and
the vanishing of the tunneling matrix element close to the
CBM explain why the increase of the differential conductance
follows the linear trend up to 0.75 eV. However, the maximum
of the deviation at E = (0.5 £0.11) eV coincides with the
presence of many flat conduction bands in the vicinity of T.
A slight deviation in the calculation of the tunneling matrix
element of these bands, for example owing to surface effects,
might thus nonetheless explain the discrepancy between the
experimental and calculated spectrum.

Another, rather minor discrepancy is the presence of small
peaks in the calculated spectrum. These are numerical artifacts
caused by the finite grid of k points used to approximate the
Brillouin zone integral.

Finally, we want to discuss the topological boundary mode
and its contribution to the d//dV signal in more detail. Both
of the linear sections around Ep, clearly visible in the inset
of in Fig. 3(a), are well reproduced by the calculation shown
in blue. As discussed for the spectrum of a CO-terminated tip
in Sec. II, we note that our calculation shows that the linear
section for E > Ep corresponds to tunneling into and out
of the topological boundary mode. This interpretation agrees
with previous reports [18]. For energies —0.08eV > E >
—0.25¢eV the topological surface state is strongly hybridized
with parabolic bulk valence bands. In Fig. 4(a), the topological
boundary mode appears as dark purple line crossing the bulk
band gap with a linear dispersion. The valence band edge
appears in light blue. The GW calculation indicates the Dirac
point is located at the VBM. Below the VBM we see two
darker features inside the valence band edge that continue
along the linear dispersion of the topological boundary mode
for —0.08eV > E — 0.25eV. These dark features correspond
to the hybridization of the Dirac cone with the bulk bands.

0.50 ‘ ‘
(a) (b)
0.25 i i
S
2 0.00 I I

L
-0.25 1t -

-0.50

M/2 T K2 -Ki2 T K2

FIG. 4. (a) Half-space band structure of Bi,Se; with color map
representing the localization on the first QL. Following the linear
dispersion of the upper Dirac cone there are darker lines inside the
valence bands for —0.08eV > E > —0.25eV, which represent the
strongly hybridized surface states. (b) Band structure from —K/2 to
K/2 with color indicating expectation value on spin orthogonal to k.
The spin polarization in the lower Dirac cone is minimal owing to
the hybridization with the bulk bands.

The color map of Fig. 4(b) indicates the expectation value on
the spin component orthogonal to k. In accordance with the
previous observation the spin momentum polarization of the
Dirac cone decreases rapidly upon hybridization with the bulk
bands. The calculation of the theoretical dI/dV spectrum
shows that tunneling out of these hybridized bands reproduces
the linear increase for E < Ep in the dI/dV spectrum. This
is a modification of previous reports, where the lower linear
section was attributed to a possible isolated lower half of the
Dirac cone [18].

Summarizing these results, the dispersion of the topolog-
ical boundary mode close to the Dirac point can be studied
using STS and the observations are consistent with GW
calculations of the band structure. Additionally, the d//dV
spectrum reveals the energies where the dispersion of the bulk
conduction and valence bands weakens, consistent with the
calculated half-space band structure.

B. BizTeZSe

Figure 5(a) shows the experimental and calculated d//dV
spectrum of a CO-terminated tip positioned on a Te atom
on the surface of Bi,Te,Se. An atomic site with maximal
distance to substitutional defects was chosen for this. The
spectrum was recorded on a bias range from —0.4V to 0.4 V.
The corresponding half-space band structure is displayed in
Fig. 5(b) with color coding analogous to that in Sec. IV A. The
topological boundary mode of Bi,Te,Se appears in blue and
green, which indicates the strong contribution of this mode
to the differential conductance. The good agreement between
theoretical and experimental characterization of the LDOS
leads us to the following conclusions.

From the comparison in Fig. 5, a dopant induced shift
of the Fermi level by AEr = 0.01eV can be determined,
indicating a low level of bulk doping.

The energy of minimal differential conductance is
—0.12eV. Comparison to the half-space band structure con-
clusively shows that this does not correspond to the Dirac
point. For energies below —0.12¢eV tunneling into the bulk
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FIG. 5. (a) dI/dV spectrum of a CO-tip positioned above a
Te atom in the first atomic layer sites on the Bi,Te,Se surface.
(b) half-space band structure of Bi,Te,Se around the bulk band gap
color coded with 10g10(|MM_,,(kH)|2). Each line in the color bar of
(b) indicates one order of magnitude.

valence bands leads to an increase in the differential con-
ductance. The position of the Dirac point is Ep = —0.24 eV,
deep inside the bulk valence bands. At the Dirac point there
is a plateau or shoulder like feature in the experimental and
calculated dI/dV spectrum. We attribute this to the flattening
in the dispersion relation as the boundary mode hybridizes
with the bulk modes. Also at this energy there are weakly dis-
persing surface resonances of the bulk valence bands visible in
the T—K direction, which could also be a cause for observing
this plateau-like feature. Previous measurements on Bi, Te,Se
also documented this plateau-like feature in the df/dV
spectrum [74].

As is the case for Bi,Ses, the tunneling matrix element of
states at the bulk conduction band edge has a negligible con-
tribution to the d//dV signal. The behavior of the topological
boundary mode relative to the bulk conduction bands is simi-
lar to Bi,Se; as well. In the T—K direction the boundary mode
remains distinct from the bulk modes within the investigated
energy range. Whereas in the T-M direction the boundary
mode resonates strongly with the bulk modes, which can be
seen as yellow region in bulk conduction bands, that continues
along the linear dispersion of the boundary mode. As a result,
for —0.12eV < E < 0.4eV the experimental and calculated
d//dV spectra follow a linear trend. Above E = 0.2 eV, there
are some deviations from the linear trend in the experimental
d//dV signal, which are not reproduced by the calculated
spectrum. Possible reasons for this deviation include tunnel-
ing into bulk modes, which is not entirely described by our
model, or the large density of substitutional defects in our
Bi,Te,Se sample. Also, it was reported that a (trivial) two-
dimensional electron gas (2DEG) can emerge at the surface of
Bi,Ses, a compound very similar to Bi, Te;Se, owing to band
bending at the interface to the vacuum surrounding the sample

[75]. Energetically, this 2DEG occurs at the conduction band
edge, which is where we observe the deviation of experiment
and theory in Fig. 5(a), suggesting that it may explain the
discrepancy. Based on the current analysis, it remains unclear
which of these mechanisms is most relevant.

The energy range of Fig. 5 allows for a detailed investiga-
tion of the boundary mode and the Dirac cone; however, it is
not large enough for observing the flattening in the dispersion
of the bulk bands, as we discussed previously in Sec. IV A.

C. BizTe3

Figure 6(a) shows the d//dV spectrum of a CO-terminated
tip positioned above a hollow site on the Bi,Te; surface over
a bias voltage range —2V to 2V. The experimental spec-
trum exhibits peaks in the differential conductance at —1.2'V,
—09V, 0.9V, and 1.75V. The orbital character of these
peaks is discussed in Sec. VI A.

Figure 6(b) shows the GW band structure of Bi,Tes. The
topological boundary mode appears in blue and green in the
color coding of Fig. 6(b). The bulk valence bands appear in
yellow and brown. In contrast, the bulk conduction bands are
shown mostly in green, which corresponds to a larger mag-
nitude of M, , (k). This can be explained by a slower decay
of the wave functions W, i into the vacuum barrier, if E, (k)
is larger. This relation is given quantitatively by Eq. (11) in
Sec. III C, and thus can be understood on the level of effective
noninteracting particles. As the DOS is approximately the
same below and above Ep, this leads to a general trend in
the d//dV spectrum of increasing differential conductance
towards more positive energies in Fig. 6(a).

We associate the peaks in the d//dV spectrum with the ac-
cumulation of bulk bands and the flattening of their dispersion
near the Brillouin zone boundary. For E > 0, there is a gap of
approximately 0.5eV between the lowest unoccupied bands

Bi,Te,
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FIG. 6. (a) dI/dV spectrum of a CO-tip positioned above a
hollow site on the Bi,Te; surface. (b) half-space band structure of
Bi,Te; color coded with log,o(|M,..,(k;)[*). Each black line in the
color bar of (b) indicates one order of magnitude.
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and the next group of unoccupied bands as they approach the
Brillouin zone boundary. This gap leads to the emergence of
two distinct peaks at positive energies in the d//dV spectrum
shown in Fig. 6(a), separated by roughly the same energy
gap. In contrast, for E < 0, the bulk bands exhibit significant
overlap, resulting in less distinct peaks at negative energies.
Additionally, we observe a Rashba and other surface states for
E < —0.5eV in the vicinity of the I point as blue and green
lines in Fig. 6(b). We assume that the contribution of these
bands is small compared to the bulk bands. An experimental
justification for this assumption can be derived from compar-
ing the dI/dV signals across energy ranges where tunneling
predominantly occurs into the topological boundary mode
with respect to tunneling into bulk modes. The signal from
tunneling into the bulk modes outweighs that from the topo-
logical boundary mode, despite the larger tunneling matrix
element associated with the topological boundary mode. The
magnitude of the tunneling matrix element for the nontopo-
logical surface states is of similar magnitude as the tunneling
matrix element of the topological boundary mode. Therefore,
it is reasonable to conclude that tunneling into the bulk modes
is more significant in determining the overall d//dV signal.
To the best of our knowledge, only very few experimen-
tal d//dV measurements on this material class over such a
large bias range have been published. There are experimental
difficulties in obtaining spectra over this bias range. Because
of the high bias voltage applied to the tip sample junction,
large electrostatic forces act and a high current of up to 2 nA
flows. Both effects increase the risk of a tip change or loss of
the attached CO molecule. In our experiments, we increased
the tip sample separation by 120 pm to limit the magnitude
of the tunneling current and electrostatic forces. Furthermore,
the likelihood of a spurious electronic tip state distorting the
d//dV spectrum increases with increasing energy range.
Despite this, studying spectra across extended energy
ranges provides valuable insights. For instance, Ref. [15] ex-
amines energy level shifts caused by varying stoichiometry.
Their theoretical density of states calculations span a similar
energy range as shown in Fig. 6, whereas the experimental
data of Ref. [15] covers only a much smaller range. Focusing
only on a narrow energy scale is problematic since d//dV
spectra near the bulk band gap are generally featureless. Con-
sequently, shifts in a single feature or changes in the vacuum
barrier could be misinterpreted as shifts of the entire spectrum.

V. PROBING MANY-BODY CORRECTIONS

Our analysis in Sec. IV A shows that drastic changes in
the half-space band structure of Bi,Se; close to the Dirac
point caused by the GW correction are in agreement with
experimental observations. However, this does not provide
the means to quantitatively show that GW aligns better with
experiment than DFT. As an alternative approach to measure-
ments that focus on the energy range near the Dirac point,
we demonstrated in Sec. IV C, using Bi,Te; as an example,
that groups of bulk bands can be associated with peaks in the
d//dV spectrum appearing at higher energies. In the follow-
ing section, we apply this method to characterize the effects
of many-body corrections on the band structure of Bi,Ses,
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FIG. 7. (a) GW band structure and (b) DFT band structure of
bulk Bi,Se;. DFT tends to underestimate trivial band gaps and over-
estimates nontrivial band gaps. The GW correction thus decreases the
band gap around I but increases the separation between conduction
and valence bands in the rest of the Brillouin zone. Furthermore,
the GW correction removes the camelback shaped dispersion at the
I point.

using the positions of these peaks as a quantitative measure
of energy gaps.

First, we describe the main effects of the GW correction
on the bulk band structure. In Fig. 7, both the bulk GW band
structure (a) and the bulk DFT band structure (b) are plotted.
The color code represents the orbital character of the Bloch
functions. Blue indicates the corresponding Bloch function is
primarily a linear combination of Wannier functions localized
on Bi atoms and red indicates localization on the Se atoms.
As expected, the valence bands primarily arise from the 3p
orbitals of Se, and the conduction bands predominantly in-
volve the 5p orbitals of Bi. In both band structures, the band
inversion at the I' point is evident. The GW correction tends
to increase the magnitude of noninverted energy gaps while
decreasing the magnitude of inverted gaps [22]. In topological
insulators, this correction significantly alters the dispersion
relation, as both inverted and noninverted energy gaps are
present in the band structure.

The tendency of GW to increase the magnitude of nonin-
verted energy gaps can be determined from the position of
the bulk conduction bands at the L and F points. According
to the DFT calculation the energy of the lowest unoccupied
band at the L point is E = —0.43eV and of the highest oc-
cupied band is E = 0.60eV, which leads to an energy gap
of AE5 = 1.03eV. In the GW band structure, the energy
of the lowest unoccupied band at the L point is £ = 0.85eV
and of the highest occupied band is £ = —0.55eV. Thus,
the energy gap in the GW band structure is AES, = 1.4¢eV,
which is larger than AE),, = 1.03eV by about 36%. At the
F point, we have AEf,, = 2.4eV and AEf.. = 2.0eV. The
influence of the GW correction on the value of the inverted
band gap g at the I' point is reversed. We find ggy = 0.21eV
and gppr = 0.24 eV. Furthermore, the dispersion relation of
the bulk conduction band at the I point is no longer camelback
shaped in the GW band structure. The observations made for
the bulk band structure also apply to the half-space band struc-
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FIG. 8. (a) Comparison of experimentally obtained d//dV spec-
trum of a CO-tip positioned above a Se atom in the first atomic
layer (orange) with the theoretical spectra calculated from the GW
Hamiltonian (blue) and DFT Hamiltonian (red). (b) Half-space band
structure of the GW Hamiltonian for Bi,Ses. (c) Half-space band
structure of the DFT Hamiltonian for Bi,Ses.

tures shown in Figs. 8(b) and 8(c). Note that here the lowest
unoccupied and the highest occupied bands are smeared out,
but especially the lowest unoccupied bands are recognizable
as distinct group of bands, separated from the rest of the band
structure. The energy gap between the bulk modes, shown
in light blue, at K and M is smaller in the DFT-band struc-
ture than in the GW band structure. More precisely, we have
AEE,, =2.4eV and AEY, = 1.41¢eV in the GW band struc-
ture. In the DFT band structure, we find AE brr = 2.03eV

and AE ber = 1.07 eV. Furthermore, the M-shaped dispersion
relation at the I point in the case of the bulk DFT band
structure is retained in the half-space DFT band structure. As
a consequence of the inverted band curvature at I in the half-
space DFT band structure, the Dirac point is buried beneath
the valence band maximum.

The calculated and experimental dI/dV spectra are plot-
ted in Fig. 8(a). In the experimental spectrum, shown as
orange curve, we observe local maxima in the differential
conductance at —0.8eV, 1.5eV, and 2.4eV. We denote by
AEe, = 2.3¢eV the difference between the peak at negative
energies and the first peak at positive energies. We note that
it is possible to distinguish Bi,Ses from Bi,Te; on the basis

of the d//dV spectra in Figs. 6 and 8, as these three peaks
are much farther apart in the case of Bi,Se;. The di/dV
spectrum, which was calculated using the GW Hamiltonian,
is plotted in blue in Fig. 8(a), whereas the DFT calculation is
shown as the green line.

The GW calculation exhibits a closer alignment with the
experimental data. GW reproduces the maxima in the ex-
perimental d//dV spectra at E = —0.8eV and E = 1.5eV
with the correct position and amplitude. Furthermore, GW
follows the development of the experimental d//dV signal
around the bulk band gap closely. There is a sharp increase
visible in the experimental d//dV spectrum at 0.75 eV, which
is reproduced by the GW calculated dI/dV spectrum. As es-
tablished in Sec. IV A, this feature is the result of the flattening
of the dispersion of the bulk conduction bands in the T — M
direction. However, the GW calculation predicts the third peak
in the spectrum to be at £ = 2.25eV, whereas this peak is
located at E = 2.5V in the experimental spectrum.

In contrast, the DFT calculation shows a noticeable shift
in energy for all the observed peaks. Furthermore the trench
in the DFT dI/dV spectrum around the bulk band gap is
narrower than in the experimental spectrum, reflecting the
tendency of DFT to underestimate trivial gaps.

The difference of the two maxima around the bulk band
gap in the experimental d//dV spectrum is AEe, = 2.3eV.
We find that the numerical value of AE., lies in between

the band gaps of the GW band structure at the K and M
points, i.e.,

AEE, < AEe, < AEM,. 1)

In contrast, we find that both of the gaps in the DFT band
structure, AEfz and AENM.., are smaller than AE,. We
conclude that DFT is able to qualitatively reproduce the shape
of the experimental d//dV spectrum, but fails when it comes
to predicting the quantitative energy gaps.

VI. ORBITAL COMPOSITION

Because of the very high spatial resolution of AFM and
STM, it is possible to apply the previously presented results
to determine the orbital contributions to the band structure. In
the spectral method presented in Sec. VI A, we compare the
d//dV signal as a function of energy with the tip being posi-
tioned above different inequivalent lattice sites. In Sec. VIB,
the spatial method is introduced, where the dI/dV signal
is obtained as a function of the lateral tip position and we
compare maps at different bias voltages Us.

An experimental approach to achieve similar experi-
mental results using ARPES is presented in Ref. [51]. In
standing-wave excited hard x-ray photoemission spectroscopy
(SW-HAXPES), atoms in the bulk crystal are excited using
standing waves. Individual layers are excited with different in-
tensity, owing to the distribution of nodes and antinodes of the
standing wave pattern across the atomic layers. Because of the
layered structure of Bi,Ses, the band structure can be studied
element resolved using the technique described in Ref. [51].
However, unlike the experimental methods presented here,
SW-HAXPES cannot be used to probe the unoccupied con-
duction bands.
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FIG. 9. (a) dI/dV spectra of a CO-terminated tip on the three
nonequivalent crystal sites on the Bi,Te; surface. (b) Partial density
of states corresponding to the Wannier functions localized on the Te
and Bi positions in the first and second atomic layers. (c) Half-space
band structure of Bi,Te; with color representing orbital character of
the energy bands.

A. Spectral method

Naturally, STS is not confined to studying only the oc-
cupied electron states, as electrons can tunnel from the tip
into the sample and vice versa. Thus, the method we present
here can be applied to characterize the orbital structure of
the valence band relative to the conduction band. The experi-
mental data underlying this analysis consist of d//dV spectra
obtained on a Te site (red) and the two nonequivalent off-sites
O1 and O2 (shades of blue), as shown in Fig. 9(a). The inset
shows the frequency shift channel of an AFM measurement,
where the Te atoms are imaged as bright spots. The lateral po-
sitions at which the spectra have been measured are indicated
with the corresponding colors.

The characteristic peaks, marked by Pky, Pko, and Pk, as
discussed in Secs. IVC and V, can be attributed to groups
of weakly dispersing bulk bands. Table III lists the maximum
differential conductance at these peaks for each crystal site.
Furthermore, for a direct comparison the ratio

_ dI/dV (01, 02)

dI/dV (Te) 22)

is given. The range of values for Pk, and Pks results from the
slight difference in the d//dV signal above O1 and O2.

For the first peak Pk; at negative energy, we see a dras-
tic reduction of the peak amplitude giving R = 59%, when

TABLE III. Differential conductance at the peaks of the spectra
shown in Fig. 9(a) and the ratio R of the peak height at the hollow
sites O1 and O2 relative to the Te atomic site.

Pk, Pk Pks
Te 2.39nA/V 4.14nA/V 7.71nA/V
ol 1.41nA/V 3.32nA/V 5.64nA/V
02 1.41nA/V 3.17nA/V 5.90nA/V
R 59% (77-80)% (73-11)%

moving the tip from the Te site to the off-site. This can be ex-
plained by the fact that the valence bands are formed primarily
by Te orbitals. This can be seen from the partial DOS shown in
Fig. 9(b), which indicates that the partial DOS associated with
the Te atoms is much larger than the partial DOS associated
with Bi for negative energies £ < —0.5¢eV.

However, also for the peaks at positive energies we observe
areduction in the differential conductance when moving away
from the Te site. Because of the exponential localization of the
Wannier functions, the main contribution to the d//dV signal
comes from the components of the Bloch functions localized
on the Te atoms in the first atomic layer. In contrast to the
valence bands, the conduction bands localize more evenly on
the Te and Bi sites, as can be seen from the partial DOS shown
in Fig. 9(b). Thus, for positive energies, increased tunneling
into Bi orbitals is outweighed by a decreased tunneling into
Te orbitals, leading to a small reduction of Pk, and Pks.
However, the ratio R is only 73-80% for the peaks Pk, and
Pks at positive energies.

We base our analysis on the ratio R instead of the differ-
ence dl/dV(O1, O2) — dl/dV(Te), which would be a physical
quantity, but cannot be compared across different energies,
owing to exponential damping in the vacuum barrier. Cor-
recting for the vacuum tunneling barrier is not straightforward
[76,77].

The observations here are what we expect from the band
structure plotted in Fig. 9(c). Bands that are localized mostly
on the Te orbitals appear red and the Bi bands are plotted
in blue. A dark tone indicates strong localization, a lighter
shade indicates weaker localization. The valence bands appear
in a dark red, whereas the conduction bands are plotted in
light blue color, confirming that the conduction bands localize
more evenly on the Te and Bi than the valence bands. The
band inversion at I is clearly visible in the half-space band
structure.

B. Spatial method

In Ref. [78], it was demonstrated that the electronic
structure of GaAs results in bias-dependent imaging in
constant-current STM, where either the Ga atoms or the As
atoms are selectively visible. For negative bias voltages, tun-
neling out of the occupied states makes the As appear bright,
whereas for positive voltages the Ga atoms are mapped as
topographic protrusions. Figure 10 shows the half-space band
structure of Bi,Ses with the color indicating the projection of
the Bloch functions onto the Wannier functions localized on
the Bi and Se atomic sites, respectively. The half-space band
structure indicates that the valence bands are primarily formed
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FIG. 10. Orbital weighted half-space band structure of Bi,Ses.
The occupied bands are a linear combination of Wannier functions
localized on the selenium atomic positions, whereas the unoccupied
bands are localized mostly on the bismuth atoms. The band inversion
at the T point can be observed as the reverse ordering of the colors.
Green lines indicate energies of the d//dV maps.

by orbitals of Se, whereas the conduction bands consist mostly
of Bi orbitals. In this respect, Bi,Se; has a lot in common with
other binary compound semiconductors. However, the band
inversion at I, giving rise to the topological boundary mode,
can be discerned clearly.

In this article, we use a refinement of the method presented
in Ref. [78]. We measure the differential conductance d//dV
instead of the total conductance. This allows us to probe the
electronic state at a certain energy E instead of probing all
states between E and the Fermi energy Er. This is especially
important, as in BiSe; the lower conduction bands are occu-
pied. As a result, the tunneling current is formed through a
complex interplay of contributions from states strongly local-
ized on Bi atoms and those strongly localized on Se atoms.

E =-0.46 eV

E = -0.36 eV
(b)

8.9

3.5

Green horizontal lines in Fig. 10 represent the energies at
which d//dV maps were measured. The experimental d/ /dV
images at these energies are shown in Figs. 11(a)-11(e). The
calculated d//dV maps at the corresponding energies are
shown in Figs. 11(a*)-11(e*). In the experimental images,
the lateral position of the Se atoms is indicated by a red dot,
which was determined by the maximum repulsive force in the
simultaneously recorded frequency shift image [16,41]. Addi-
tionally, in the calculated images, the lateral position of the Bi
atoms is plotted as a blue dot. Note that the data was measured
using the same tip and sample as for the spectrum shown in
Fig. 1(a). We use the d//dV spectrum obtained in the same
height as the d//dV maps to represent the data of Fig. 11 in
nA/V, using the method described in the Supplemental Ma-
terial [41]. However, we need to account for a 30 pm vertical
drift during the measurement of the d//dV maps.

Taking the relaxation of the CO molecule into account is
necessary to achieve satisfactory agreement between exper-
iment and theory in Fig. 11. This relaxation was calculated
using the PPM [71,72]. The bending of the CO molecule leads
to a transformation of the derivatives for describing the tun-
neling through p-type orbitals, as described in Sec. III C, and
also to a deflection of the position of the oxygen atom, which
transmits most of the tunneling current. A more detailed dis-
cussion can be found in the Supplemental Material [41].

For energies within the bulk valence band, i.e., Figs. 11(a),
11(b), 11(a*), and 11(b*), we observe the Se atoms as bright
features connected by fainter lines. We note good agreement
between experiment and theory. The Se atoms do not appear
spherical, but rather as slightly irregular hexagons. This
deformation, as well as the lines, can be traced back to the
bending of the CO molecule attached to the tip [41]. In
the calculated image, the off sites at which the Bi atoms
are located are brighter than the empty off sites, which is
not the case in the experimental data shown in Figs. 11(a)

E=-0.16 eV
(c)

0.6 [EINLY 2.9 K.Y 7.2

FIG. 11. (a)-(e) Experimentally obtained d//dV maps for varying bias voltage between tip and sample. (a*)—(e*) Calculated dI/dV
maps of the Bi,Se; at various energies distributed throughout the valence and conduction bands. Red dots indicate the lateral position of the
Se atoms and in the theoretical images blue dots indicate the lateral position of Bi atoms. Lateral drift of the Se atoms between the individual

measurements is present in the experimental data.
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and 11(b). The half-space band structure of Bi,Ses indicates
strong localization of the Bloch bands on the Se atoms,
which is in agreement with the experimental observation.
Our interpretation for negative energies agrees with previous
experimental observations on Bi,Se; and accompanying
calculations of the LDOS from first-principles [10].

In Figs. 11(c) and 11(c*), close to the VBM, we observe
lines or elongated maxima between the Se atoms in both the
experimental and calculated images. In contrast to Panels (a),
(a*), (b) and (b*), we no longer observe the Se atoms as bright
features. Furthermore, in the theoretical data of Fig. 11(c*),
the empty off sites appear as dark Y-shaped feature. Centered
on the Bi sites there is a A-shaped region, with three Se
atoms at the ends. This A shape is dimmer than the elongated
maxima along the direct connecting lines between each pair
of Se atoms. In the experimental data shown in Fig. 11(c), we
see similar tendencies. However, the A-shaped feature is only
slightly brighter than the Y centered on the other off site. The
elongated maxima between the pairs of Se atoms are much
brighter than both the Y and A shape. An energy dependent
variation of the mix of tip orbitals might explain this variation
in the brightness. The half-space band structure in Fig. 10
indicates that an energy of E = —0.16eV corresponds to the
valence band edge, where the bands are inverted, explaining
the absence of electronic states localized on the Se atoms that
contribute to the d//dV signal. As the Bi atoms are located in
the second atomic layer, the Bloch states localized on the Bi
are not directly observed as bright features.

For positive energies, i.e., Panels (d), (d*), (e), and (e*)
we observe bright features on the upwards facing off sites,
corresponding to the Bi sites. These bright features consist
again of elongated features with a high strength of the d//dV
signal connecting pairs of Se atoms and dimmer A-shaped
regions centered on the upwards facing off sites. On the empty
off-site we observe dark Y-shaped features connecting the Se
atoms. In the experimental images, the Se atoms appear as
dark images, whereas in the theoretical images we see sharp,
bright lines at the Se atoms. This tendency might be explained
by the fact that we do not consider the convolution of tip
and sample wavefunction, as shown in Eq. (15), but instead
applied Chen’s derivative rule. The calculated images might
not be as smooth as the experimental images, as a result of
not considering this convolution. From the half-space band
structure in Fig. 10 we might have expected the Se atoms
to appear bright in Fig. 11(d) owing to the band inversion.
However, the band inversion at the conduction band edge
appears only in light red. Thus, the color map of Fig. 10 indi-
cates only a weak localization on the Se atoms. Furthermore,
the conclusion in Sec. IV A demonstrated that the states at
conduction band edge close to T have a negligible contribution
tothe d//dV signal as opposed to the states farther away from
T in this energy region. The states at the conduction band edge
farther away from T that contribute strongly to the dI/dV
signal, are, however, again localized predominantly on the Bi
atoms, explaining why we do not observe an increased d/ /dV
signal above the Se atoms because the band inversion at the
conduction band edge.

In the model presented here, there are possible improve-
ments. We note that in all calculated images of Fig. 11, we
assumed that the linear combination of wavefunctions at the
tip does not depend on the energy E. Making this linear
combination energy dependent might increase the agreement
between experiment and theory, but introduces additional pa-
rameters. Another possible improvement is including bias and
current dependent tip-sample forces in the PPM calculation.
This includes electrostatic forces or current-induced electro-
static forces [79], which might add to the deflection of the CO
molecule.

VII. OUTLOOK

Incorporating defects into the tight-binding model, as out-
lined in Ref. [80], allows for the study of point defect
signatures using the presented method. Comparing theoretical
and experimental dI/dV spectra enables precise calibration
of the energy scale, while the real-space sensitivity allows
for selectively probing defect states on the atomic scale [21].
Furthermore, it is conceivable to adapt our calculations fur-
ther and study the evolution of the band structure in moiré
patterned samples [81] or the changes induced by external
magnetic fields [82-84]. Future applications of the methods
presented here include observing local topological phase tran-
sitions, possibly induced by strain [85] or by substitutional
atoms [35]. From a fundamental and theoretical perspective
the robustness of the boundary mode against crystal defects
and changes in geometry of the crystal boundary has come
into focus [86,87]. The derivation of the topological invari-
ants by means of Bloch theory relies heavily on translational
invariance. Consequently, it is not clear how the topological
classification of materials extends to disordered materials. We
believe that the experimental results presented here establish
that combined scanning tunneling microscopy (STM) and
atomic force microscopy (AFM) is an important tool for re-
search in this area, as it is able to simultaneously characterize
samples structurally and electronically from the atomic scale
upward.
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