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Magpnetic interactions at the surface of topological insulators provide

a versatile route to engineer exotic quantum states. Breaking time-reversal
symmetry (TRS) at the topological surface state (TSS) enables the opening of
a Dirac gap, which is essential for realizing quantum anomalous Hall physics.
This work investigates the impact of submonolayer deposition of magnetic
rare-earth adatoms on the prototypical topological insulator Bi,Te;. Scanning
tunneling microscopy (STM) supported by first-principle calculations,
core-level photoemission spectroscopy (XPS), angle-resolved photoemission
spectroscopy (ARPES), X-ray magnetic circular dichroism (XMCD)

and quasiparticle interference (QPI) mapping are combined to reveal direct
evidence of local interactions between erbium (Er) atoms and the substrate,
leading to significant modifications of the TSS. XMCD measurements confirm
the out-of-plane magnetic anisotropy for Er adatoms on Bi,Te; , which induces
a warping transition of the Fermi surface from a snowflake to a star-of-David-
like geometry, along with a Dirac point gap opening and spectral splitting
near the I" point. QPI maps confirm the reconstructed surface band topology
through modified scattering patterns consistent with TRS breaking. Our results
identify a microscopic mechanism for magnetic interaction at the surface of a
topological insulator and establish magnetic rare-earth doping as an effective
strategy to tailor topological electronic states with atomic-scale control.

1. Introduction

Topological insulators (TIs) are quantum
materials that exhibit an insulating bulk
and conducting surface states protected
by time-reversal symmetry (TRS). These
topological surface states (T'SSs) are charac-
terized by a Dirac-cone-like dispersion and
a helical spin texture, where the electron
spin is locked perpendicular to its momen-
tum. This spin-momentum locking arises
from strong spin-orbit coupling (SOC) and
confers robustness against non-magnetic
disorder and backscattering, making TIs
promising candidates for next-generation
spintronic devices and quantum informa-
tion technologies.”] A central challenge,
however, lies in controllably breaking
TRS protection to engineer topologically
nontrivial phases such as the quantum
anomalous Hall effect (QAHE), which
features dissipationless, spin-polarized
edge currents in the absence of an ex-
ternal magnetic field.3>! One promising
route is through the introduction of
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magnetic order via proximity coupling or doping with mag-
netic impurities exhibiting out-of-plane magnetic anisotropy.!®”!
These perturbations can lift the Kramers degeneracy and open
a bandgap at the Dirac point (DP).l1%!!l However, achieving the
QAHE remains experimentally challenging, as it often requires
ultra-low temperatures, precise magnetic alignment, or complex
material synthesis, such as in antiferromagnetic topological in-
sulators (AFMTIs).!2"5] In this context, understanding and con-
trolling the microscopic mechanisms that govern the interaction
between magnetic moments and the spin texture of TSSs is cru-
cial to unlocking the full potential of TIs in future electronic
applications.

Recent observations of TRS breaking in the emerging class
of AFMTIs have further intensified interest in magnetic inter-
actions with TSSs, such as MnBi, Te,.l'*] In these systems, an in-
trinsic antiferromagnetic coupling between out-of-plane aligned
Mn layers within septuple-layered structures breaks TRS without
the need for external doping, enabling the stoichiometric realiza-
tion of magnetic topological phases. However, growth is challeng-
ing, leading to sample-dependent variations in their electronic
structure and defect density, which can critically influence the
presence or absence of magnetic ordering and the opening of a
bandgap at the Dirac point.['®! These advances have stimulated
theoretical efforts to understand the microscopic impact of mag-
netic perturbations on TSSs and to propose experimental spectro-
scopic fingerprints of TRS breaking. Notably, in TIs with strong
SOC-induced warping,['’! theoretical models have recently pre-
dicted that the hexagonal symmetry of the Fermi surface (FS) is
reduced to a trigonal one when a magnetic Zeeman term is intro-
duced into the TSS Hamiltonian.["®22] This symmetry-breaking
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effect should offer a direct spectroscopic signature of TRS viola-
tion, especially in cases where the detection of a bandgap is hin-
dered by band broadening or overlap with bulk states. These pre-
dictions have recently been confirmed by angle-resolved photoe-
mission spectroscopy (ARPES) measurements on Bi, Se,Te sur-
faces doped with magnetic rare-earth (RE) surface dopants such
as erbium (Er) and dysprosium (Dy).[?]

RE doping has emerged as a highly effective strategy to induce
long-range magnetic order in 2D quantum materials, due to the
large spin and orbital magnetic moments of RE ions and their
strong magnetic anisotropy,!*-3!! which can ultimately maximize
the magnetically induced bandgap at the DP!'!l and potentially
enable a robust QAHE at higher temperatures.l*! As an example,
Dy doping on Bi, Te, results in a large magnetic bandgap opening
even at room temperature, 3233 attributed to fluctuating, inho-
mogeneous magnetic patches with increasing size as the temper-
ature decreases.l**! Furthermore, the surface deposition of one-
third of a monolayer of Er (or Dy) on Bi,Se,Te at temperatures
below their Curie points results in the lowering of the FS symme-
try from warped hexagonal to trigonal/??! (a spectral fingerprint of
TRS breaking) indicating the potential of RE surface dopants to
interact with topological electronic states. Moreover, Er clusters
or single atoms have been shown to exhibit hysteresis and out-of-
plane magnetic anisotropy on close-packed metal surfaces.[?+?5]
Similarly, magnetic measurements and scanning tunneling spec-
troscopy (STS) experiments on Eu-doped Bi,Te, have reported
the appearance of a bandgap at the DP and indications of antifer-
romagnetic ordering at low temperatures.!*! In contrast, substi-
tutional implantation of RE ions such as Gd, Ho, or Dy into the
TI crystal lattice has not been found to induce magnetic order,?3!
suggesting that the location and local environment of the mag-
netic dopants are critical. Remarkably, even isolated RE adatoms,
such as Dy or Ho, on insulating substrates exhibit robust mag-
netic remanence and macroscopic spin relaxation times extend-
ing over hundreds or even thousands of seconds.!**%! These find-
ings highlight the unique capabilities of RE elements as surface
dopants to stabilize magnetic moments and suggest a promis-
ing pathway for efficient interaction with TSSs under appropri-
ate conditions.

In this work, we report on the surface doping of Er on the pro-
totypical 3D TI substrate Bi,Te;, which hosts a strongly warped
TSS. By combining a multidisciplinary set of experimental tech-
niques, we investigate the interactions between surface magnetic
dopants and the TSS at both microscopic and macroscopic lev-
els. Locally, we identify the microscopic origin of the interac-
tions through scanning tunneling microscopy and spectroscopy
(STM/STS) and X-ray photoemission spectroscopy (XPS), sup-
ported by first-principles calculations. The effects of such interac-
tions are reflected in the modifications observed in the TSS band
dispersion, as revealed by ARPES. Remarkably, the characteris-
tic “snowflake”-shaped warped FS of pristine Bi,Te, is dramati-
cally transformed into a “Star-of-David” FS pattern following the
deposition of one-third of a monolayer of Er at very low tempera-
ture. This transformation can be interpreted as the superposition
of two trigonal FS geometries with opposite orientations, consis-
tent with the presence of magnetic impurities carrying out-of-
plane moments of opposite sign as demonstrated by X-ray mag-
netic circular dichroism (XMCD). This scenario is further sup-
ported by local quasiparticle interference (QPI) patterns and is in
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Figure 1. Structural characterization of Er on Bi,Te;. a) Topographic image of Bi,Te; (V,, = 0.5V and I, = 1 nA, scale bar = 20 nm, T = 1.2 K) after
Er deposition. Inset: Crystal structure of the Bi,Te; (Bi = blue, Te = grey). After Er deposition, Er dopants (red) are incorporated into the Bi layers.
b) Zoom-in and its corresponding dI/dV map at 0.5 V, where two point defects attributed to Er substitutions in the first and second Bi layers are
observed. c) Comparison of the XPS overview spectra of pristine (red) and 0.3 ML Er doped Bi, Te; (blue) showing Te 4d, Bi 5d core levels, Er 4f, bulk
valence band (BVB), and topological surface state (TSS). The inset highlights the Er 4f, VB and TSS states indicated by the rectangle at the lower energy
region at the XPS overview spectra. Multipeak fit of the XPS data of d) the pristine, and e) the 0.3 ML Er-doped samples. The intensity of the peaks
decreases as Er is deposited, and a second component (orange peaks and arrows) emerges. Additionally, an energy shift is observed, consistent with a

charge transfer between Er and the substrate. More details on the fitting procedure are provided in the Experimental Section.

agreement with theoretical predictions and previous experimen-
tal observations on related systems.[!%22]

Overall, these findings provide insight into the microscopic
mechanisms behind magnetic interactions with TSSs and es-
tablish new strategies for tuning such interactions, opening vi-
able pathways toward the realization of the QAHE. Our results
offer unprecedented insight into the interplay between mag-
netism and topology and contribute to the development of next-
generation quantum materials with engineered magnetic and
topological functionalities.

2. Experimental Results

2.1. Surface and Chemical Characterization: Evidence of Local
Er-Substrate Interactions

Bi,Te, single crystals were grown by a modified Bridg-
man method in a standard crystal growth system. Exfoli-
ation was performed in ultra-high vacuum (UHV), with
the sample held at T = 15 K for XPS and ARPES mea-
surements, and at room temperature (RT) for STM exper-
iments. After cleaving, small amounts of Er were evap-
orated onto the freshly exposed surface. As shown in
Figure S1 (Supporting Information), the Er atoms orga-
nize into well-defined islands on the surface. Addition-
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ally, high-resolution STM images reveal the appearance of
multiple defects, see Figure la. While most of these de-
fects correspond to previously reported and well-understood
configurations,?”] two novel types of defect are observed, as
highlighted in Figure 1b. In particular, one of these defects
exhibits a distinctive flower-like shape in unoccupied-state
dI/dV maps, most notably at 0.5 V (see Figure S2, Sup-
porting Information). Since this feature has not been re-
ported in pristine Bi,Te;, its presence is attributed to the Er
deposition.

The XPS measurements were performed at the LOREA beam-
line of the ALBA synchrotron, acquired with hv = 100 eV and
at T = 15 K. Er coverage was estimated from the attenuation of
the Bi 5d peaks. A detailed comparative analysis between pristine
and 0.3 monolayer (ML) Er-doped Bi, Te, is presented in Figure 1,
while a similar analysis for a higher Er coverage of 1.2 ML
is shown in Figure S5 (Supporting Information). The overview
spectra in Figure 1c show highly intense and narrow peaks with-
outany signs of extra components at higher binding energies (left
side of the peaks), consistent with the absence of surface oxida-
tion or contamination as well as very well-defined spin-orbit dou-
blets. Additionally, no further disorder is introduced, as no broad-
ening of the peak line shapes is detected after Er deposition. This
is further evidenced by the very sharp and well-resolved multiplet
structure of the highly localized Er 4f states at E — E = 5-12 eV
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Figure 2. Magnetic characterization of 0.01 ML Er on Bi, Te; by X-ray mag
spectra (XAS) with right- (u,, blue) and left-circularly (u_, red) polarized
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netic circular dichroism (XMCD) at T = 7.5 K. a) Normalized X-ray absorption
light at the Er M, 5 edge (top), and the corresponding XMCD signal (u_-p,,

green, bottom), measured in total electron yield (TEY) mode under normal incidence (sensitive to out-of-plane magnetic moments) with an applied
magnetic field B = +6 T, aligned with the X-ray beam and pointing along the surface normal. A schematic of the experimental geometry is shown. b)
Same as in (a), but under grazing incidence (sensitive to in-plane magnetic moments). For direct comparison, XAS and XMCD spectra in both normal
and grazing incidence are shown using the same intensity scale. ¢) Normalized XAS spectra with horizontal (uy, blue) and vertical (uy, red) linearly

polarized light at the Er Mg edge (top), and corresponding X-ray linear

dichroism (XLD, py-uy, green, bottom), measured in TEY mode at grazing

incidence (sensitive to in-plane and out-of-plane charge anisotropy) and B = +0.01 T. d) Magnetization curves (open circles) extracted from the XMCD
intensity at the main My peak under normal (blue) and grazing (red) incidence. Solid lines are fits used to extract the total magnetic moment (M) and
magnetic anisotropy energy per Er atom (K), as indicated in the insets (see Supporting Information for fitting details).

(magnified in the inset in Figure 1c). Importantly, the Bi, Te; bulk
valence band (BVB) and TSS are preserved after Er evaporation,
as also indicated in the inset.

A closer inspection of the Bi 5d spectra (Figure 1d,e; Figure S5,
Supporting Information) reveals several key features. First, an
energy shift is observed (see Figure 1d; Figure S5, Supporting
Information), consistent with charge transfer from Er to the sub-
strate. Second, and more notably, a new spectral component ap-
pears in the Bi 5d core levels, as indicated by the orange peaks
and arrows in Figure 1c,e. This component is likely associated
with a direct interaction between Er surface dopants and Bi elec-
tronic states. This interpretation is further supported by the in-
creasing intensity of this new component with higher Er cover-
age (Figure S5, Supporting Information). However, although the
intensity of these Bi-related features increases with Er coverage,
it does not scale proportionally with the total Er amount because
part of the deposited Er forms islands observed in Figure S1 (Sup-
porting Information), while only the fraction incorporated into
the Bi layer contributes to this spectral component. A similar be-
havior has been reported in Er- and Dy-doped Bi,Se,Te, where
an analogous feature in the Bi 5d peaks also increases with sur-
face doping.??! Consequently, this additional component ise at-
tributed to a charge transfer effect resulting from the electronic
interaction between Bi atoms and Er surface dopants.

2.2. Magnetic Anisotropy of Er Impurities Probed by XMCD

Breaking TRS in TIs can be induced by the interaction with mag-
netic impurities, particularly when their magnetic moments ex-
hibit an out-of-plane component. To capture the intrinsic mag-
netic response of substitutional Er atoms, XMCD measurements
were performed at very low coverages, consistent with the STM
and XPS identification of Er atoms embedded in Bi sites, with
special focus on magnetic anisotropy. The XMCD measurements
were conducted at the BOREAS beamline of the ALBA syn-
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chrotron. Er atoms were deposited onto molecular beam epitaxy
(MBE)-grown Bi, Te, thin films, following a mild annealing pro-
cess to remove the protective Te capping layer.*®] Since the pris-
tine doping level of the MBE-grown Bi, Te, films closely matches
that of bulk crystals, the films can be regarded as representative
of bulk-like samples.[*] Er was evaporated at a very low rate while
the substrate was kept at base temperature (7.5 K). The coverage
was estimated from the integrated average X-ray absorptionspec-
troscopy (XAS) signal. Two different coverages were investigated,
corresponding approximately to 0.01 and 0.04 Er ML (Figure 2
and Figure S10, Supporting Information, respectively). Under
these growth conditions, the formation of mostly isolated atoms
is expected,[>*% although the presence of dimers or trimers!?*
cannot be excluded.

Figure 2 summarizes the XAS, XMCD, and X-ray linear
dichroism (XLD) characterization of the 0.01 ML Er system. A
similar dataset is presented in Figure S10 (Supporting Informa-
tion) for the 0.04 ML case. Panels (a) and (b) show the XAS
and XMCD spectra measured at normal (0°) and grazing (70°)
incidence, respectively. The peak structures of both coverages
are characteristic of an Er®* oxidation state.[”’] A significantly
stronger XMCD signal (approximately ~1/3 larger) is observed
under normal incidence compared to grazing incidence, indicat-
ing that the easy axis of magnetization is out of plane. This con-
firms that the system exhibits pronounced out-of-plane magnetic
anisotropy. For direct comparison, spectra in both geometries are
plotted using the same intensity scale. This behavior closely re-
sembles that of single Er atoms on close-packed heavy metal sur-
faces with strong SOC, such as Pt(111),/*0 as well as Er atoms
coordinated in metal-organic networks on Au(111).3%#! In con-
trast, the opposite behavior is observed when Er is deposited on
lighter substrates such as Cu(111), where the easy axis switches
to in-plane.[2540]

Panel (c) displays XAS and XLD spectra measured at grazing
incidence using linearly polarized light. Horizontal polarization
is mainly sensitive to in-plane charge anisotropy, while vertical
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Table 1. Expectation values of the spin ((S,)), orbital ({L,)), and total ({J,) = (S,) + (L,)) magnetic moments, as well as the total magnetic moment (M
=2(S,) +(L,)), extracted from XMCD sum rules for normal (0°) and grazing (70°) incidence for Er atoms. The magnetic anisotropy energy per Er atom
(K) and the total magnetic moment per atom (M) were obtained by fitting the magnetization curves.

001 Er ML (s,) (L) 0. My K (mev) M ()
0° (NI 0.99(5) 4.12(5) 5.1(7) 6.1(1) 1.02 +0.02 7.95 +0.12
70° (Gl) 0.65(5) 2.71(4) 3.4(7) 4.0(1)

polarization probes the out-of-plane component. The resulting
XLD signal (uy-uy;) shows the characteristic line shape reported
for other atomic or molecular Er systems with out-of-plane mag-
netic anisotropy: a negative peak at lower energies and an anti-
symmetric feature at higher energies.[3%4!]

Expectation values of the orbital (L,) and effective spin (S )
magnetic moments were extracted using XMCD sum rules.[*243]
The expectation values of the spin moment (S, ) in units of 7 were
determined from the relation (S.4) = (S,) + 3(T,), assuming a
constant ratio (T,)/(S,) = +0.213 for Er> +.[*1] This allows de-
termining both J, = L, + S, and the total moment M = L, + 2S,.
The resulting values are summarized in Table 1. The presence of
a negative M, feature in the XMCD spectra is a clear fingerprint
of strong orbital magnetism.

Panel (d) shows magnetization curves recorded by tracking the
XMCD intensity at the main Er M; peak under ascending and
descending magnetic fields, for both normal and grazing inci-
dence. The most pronounced slope around fields close to 0 as well
as the higher saturation magnetization in the normal configura-
tion further support a strong out-of-plane magnetic anisotropy.
To complement the sum-rule analysis, the magnetic anisotropy
energy (MAE) per Er atom and its total magnetic moment can be
obtained from the fitting of experimental magnetization curves
measured at normal and grazing incidence.*”! Solid lines in
Figure 2d correspond to the fitting results of the magneitzation
curves. The obtained MAE (K) for the 0.01 Er ML is K = 1.05
+ 0.02 meV / Er atom. The estimated MAE is similar, or even
higher, than typical systems exhibiting strong out-of-plane mag-
netic anisotropy, as Co magnetic multilayers.[4>4¢]

Finally, the higher-coverage sample (4%) was also analyzed
(see Figure S10 and Table S1, Supporting Information). Al-
though the presence of dimers or small clusters leads to a re-
duction in the total moment per atom, the strong out-of-plane
anisotropy is preserved, suggesting that it is an intrinsic feature
of the Er/Bi, Te, system.

2.3. Electronic Properties

ARPES Measurements: Magnetically Induced Warping Transition of
the TSS

ARPES measurements were performed using a photon energy
of hv = 52 eV and at a temperature of T = 15 K at the LOREA
beamline of the ALBA synchrotron, in order to characterize and
evaluate the changes induced in the TSS FS and band dispersion
following the deposition of 0.3 ML of Er on Bi,Te;. The main
results are summarized in Figures 3, 4, S6 (Supporting Informa-
tion), and 6. Figure 3 shows the FS, the electronic band disper-
sion of the TSS along the high-symmetry directions M and I'K,
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and the corresponding momentum distribution curves (MDCs)
along TM for both the pristine (left) and Er-doped (right) sam-
ples. In Figure S6 (Supporting Information), second-derivative
and curvature bandmaps along TM are shown to better visualize
the Er-modified TSS band dispersion.

The TSS of pristine Bi, Te, exhibits the typical FS pattern con-
sistent with an hexagonal snowflake-like warping (Figure 3 left),
and the circular-like shaped lower energy constant energy (CE)
maps expected for rhombohedral 3D TIs (Figure 4 left). The warp-
ing strength arising from higher-order SOC terms is also con-
sistent with the literature.l'’*’] Consequently, the dispersion of
the branches varies depending on the KT'K or M['M directions.
For instance, Figure 3b shows the cut along the KI'K direction,
corresponding to a cut perpendicular to the concave sides of the
snowflake, resulting in an almost linear-like branch dispersion.
In contrast, the bandmap in Figure 3c is obtained along the MM
direction, which coincides with the vertices of the snowflake,
causing the branches of the TSS to bend near E; .[*¥] From the
MDC stacking plot in Figure 3d, the position of the DP, de-
fined by a single peak-like MDC, is determined to be 345 meV
below Eg, located within the bulk-projected bandgap in this
case.

Transitioning to the Er-doped samples, the FS and TSS band
dispersion in Figure 3 (right panel) reveal significant modifica-
tions compared to the pristine case. While the pristine sample ex-
hibits the typical hexagonal snowflake-like warping, the Er-doped
sample, strikingly, displays a faint star-of-David-like FS. As for
the TSS bandmaps along the KI'K direction (Figure 3f), no appar-
ent modifications are observed apart from the expected broaden-
ing of the spectral features due to Er deposition, and a broaden-
ing in energy at the DP consistent with the opening of a Dirac
gap, as discussed below. Nevertheless, along the MI'M direc-
tion (Figure 3g), a subtle double shadow-like dispersion emerges.
To analyze this effect in more detail, the MDC stacking plot in
Figure 3h is examined. A splitting of the peaks corresponding
to positive and negative k, values with respect to the I' high-
symmetry point is observed. This is particularly evident in MDCs
close to Ej (purple, dark blue, and pink curves): the left-side peak
(negative k,) evolves from a single peak in the pristine sample
(Figure 3d) to a doublet in the doped sample (Figure 3h). A simi-
lar effect is also seen for the right-side peak (positive k,), albeit
more subtly—likely due to matrix element effects—which are
also reflected in the reduced intensity on the positive k, side of
the FS in Figure 3e. This double-like dispersion is more clearly
evidenced in second-derivative and curvature ARPES bandmaps
along MI'M, as shown in Figure S6 (Supporting Information).
Additionally, the red MDC corresponding to the DP allows for the
extraction of its energy, located at 285 meV below E, indicating
the occurrence of p-type doping as a consequence of Er deposi-
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Figure 3. Angle-resolved photoemission spectroscopy (ARPES) characterization of pristine and Er-doped Bi, Te; . a—d) Data corresponding to the pristine
Bi, Te; surface. a) Fermi surface (FS) displaying the characteristic hexagonal snowflake-like warping of the topological surface state (TSS). b, ¢) TSS
bandmaps along the KTK and MI'M directions, respectively. While the dispersion in (b) is nearly linear—as the cut spans across the concave sides of
the FS—the band in (c) shows a distinct curvature at the Fermi level (E; ), corresponding to the direction linking the FS vertices. d) Stacked momentum
distribution curves (MDCs) extracted at selected energies in (c). e-h) Data for the 0.3 ML Er-doped Bi, Te; surface. e) FS reveals a faint star-of-David-like
warping of the TSS. f,g) Bandmaps along the KT'K and MI'M directions, respectively. The former shows a broadened spectrum compared to the pristine
case, while the latter exhibits a marked double shadow-like dispersion absent in the undoped system. h) Stacked MDCs corresponding to the energies
marked in (g), with color coding matching the horizontal dashed lines. The Dirac point (DP), highlighted in red, is located 285 meV below E¢, confirming
p-type doping. A splitting of the MDC peaks around I' is clearly observed for both positive and negative k, values (notably in the purple, pink, and dark
blue curves). All ARPES data were acquired with photon energy hv =52 eV at T= 15 K.

tion. Similar p-type doping has also been observed in Er-doped  ticularly evident when analyzing the contours in Figures 4h and
Bi,Se, Te systems.[??] 1, where the triangle sides are concave rather than straight, indi-
Regarding the star-of-David FS and the double-peak band dis-  cating a lack of continuity between the two triangular outlines, an
persion a]ong m, Figure 4 presents FS and CE maps, 2D cur- observation that supports the proposed interpretation. This sce-
vature plots of the FS, and a schematic representation of the nario is further supported by the idea that the double-like band
extracted contours from FS and CE maps for both the pristine  structure of the TSS arises from two asymmetric TSS band dis-
(Figures 4a—f) and 0.3 ML Er-doped (Figure 4g-1) Bi,Te, sam-  persions, as indicated by the red and blue circles extracted from
ples. The pristine hexagonal snowflake-like FS becomes more  the MDC peak fitting analysis shown in Figure S6 (Supporting
rounded as the binding energy increases in the CE maps. In  Information).
contrast, the Er-doped Bi,Te, sample clearly maintains a star- Finally, temperature-dependent measurements at T = 35 K,
of-David-like pattern in the CE maps up to 100 meV. This ob- above the possible magnetic ordering temperature of Er, are
servation is further supported by the double-peak dispersion ex- ~ shown in Figure S11. Comparison with the pristine sample re-
tracted from MDC analysis, as well as from curvature and second-  veals indications of both the gap and the star-of-David FS contour,
derivative TSS bandmaps along MI'M shown in Figure S6 (Sup- ~ suggesting that the gap may persist to much higher temperatures
porting Information). The 2D curvature plots (Figure 4b,h) pro- ~ and could be attributed to fluctuating, inhomogeneous magnetic
vide improved clarity for discerning sharp features, despite chal- patches.[*7%]
lenges in fully eliminating background graining, which results
in a somewhat smoothed appearance. From these plots, the FS
contours can be extracted and are shown in purple in Figure 4f,1, QP Signatures of TRS Breaking in Er/Bi,Te, : Local Interactions at
along with additional contours extracted from the curvature-  the Atomic Scale
processed CE maps (not shown), following the energy-color cor-
respondence with respect to Figure 3. While ARPES provides a momentum-resolved but spatially av-
In the pristine sample, there is greater continuity in the eraged view of the occupied electronic structure, a local probe
snowflake shape compared to the star-of-David structure ob-  is essential to validate the proposed interpretation at the atomic
served in the doped system, as seen more clearly in the extracted  scale. In this context, STS measurements enable access to elec-
contours from the 2D curvature plots (Figure 4b,h). The latter ap-  tronic structure with atomic resolution, offering insight into spa-
pears to consist of two separate triangles with opposite orienta-  tial variations in the local density of states (LDOS) for occupied
tions, rather than a single, continuous feature. This becomes par-  and unoccupied states.
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Figure 4. Experimental observation of the magnetically induced snowflake-to-star-of-David topological surface state (TSS) warping transition upon Er
deposition, via angle-resolved photoemission spectroscopy (ARPES). Left, pristine Bi,Te; : a) Fermi surface (FS), b) 2D curvature-enhanced represen-
tations of the FS maps shown in (a) used to highlight the sharp features of the FS. c—e) Constant energy (CE) maps at 100, 250, and 345 meV (Dirac
point, DP). The FS shows the characteristic snowflake-like hexagonal warping of the TSS, which progressively becomes more rounded as the energy
moves away from E . f) Extracted FS and CE contours from panels (a, c—e). Right, Er-doped Bi,Te; : g) FS, (h) 2D curvature-enhanced representations
of the FS maps shown in (g). i-k) CE maps at 100 meV, 200 meV, and 285 meV (DP). A star-of-David-like FS warping is clearly observed. Additionally,
the DP is shifted toward E¢, indicating p-type doping. |) Extracted FS and CE contours from panels (a, c—e), revealing that the FS in the doped sample
is composed of two distinct concave triangles rather than a deeper snowflake warping, thus indicating a qualitatively different warping mechanism. All
ARPES data were acquired with photon energy hv =52 eV at T= 15 K.
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Figure 5. Experimental QPI map for Er-doped Bi,Te; compared to joint density of states (JDOS) calculation and resulting energy dispersion. a) Sym-
metrized fast Fourier transformed (FFT) of a quasiparticle interference (QPI) map obtained on the surface of Er-deposited Bi, Te; by means of STM at T
= 1.2 K. The tip was stabilized at a bias voltage of 0.2 eV and a setpoint current of 1 nA. The dI/dV signal was obtained by means of a lock-in amplifier
by adding a modulation of 50 mV and 763 Hz to the bias voltage. See main text and Supporting Information for more details. b) JDOS calculation
resulting from the trigonal constant energy contour (CEC) shown in the inset. The JDOS was obtained as the self-convolution of the CEC including a
back-scattering weight term, see main text for more details. Dashed black lines mark half of the SBZ, for reference. c) Dispersion relation obtained from
the CECs employed to reproduce the experimental QPIs between 0.1 and 0.4 eV (yellow filled circles) and corresponding linear fit projected to estimate
the Dirac point (blue line). The corresponding ARPES data for occupied states, extracted from Figure 3h, is represented as green filled squares.

As seen in the dI/dV map of Figure S2b (Supporting Infor-
mation), surface electrons are scattered by the defects of the
substrate, resulting in standing wave patterns in the LDOS.
This process, known as Quasi-Particle Interference (QPI) is di-
rectly related to the electronic band structure of the system at
the energy defined by the STM bias voltage. The experimental
QPI maps recorded on Er-doped Bi, Te, give rise to a very peculiar
asterisk-like pattern along the TM directions, not reported for the
case of pristine Bi,Te, .[”*’] This pattern is shown in Figure 5a for
the case of 0.2 V bias (unoccupied states), which is part of a bias
series ranging from 0.1 to 0.4 V. In this series, a 80 nm side re-
gion was scanned at a resolution of 512 pixels, so that the atomic
lattice spots fell inside the fast Fourier transformed (FFT) win-
dow (see Figure S7 in Supporting Information for the complete
dataset). These were used as references for distortion correction
and for determining the position of the SBZ (see dashed lines in
Figure 5). The bias voltage was swept between 0.1 and 0.4 V while
the current setpoint was held at 1 nA. In parallel, the dI/dV signal
was recorded by means of a lock-in amplifier by adding a modu-
lation of 50 mV at a frequency of 763 Hz to the bias voltage. The
resulting dI/dV maps were FFT, distortion corrected and sym-
metrized following the crystal symmetry. The complete series,
including the real space data as well as the raw and symmetrized
FFT data, are presented in Figure S7 (Supporting Information).

In order to rationalize the peculiar QPI pattern obtained for
Er-doped Bi, Te, , we performed some basic joint density of states
(JDOS) calculations, based on the two possible CEC geometries
arising from the ARPES analysis: either trigonal, corresponding
to the Er doped case, or hexagonal, corresponding to pristine
Bi,Te, . A detailed explanation of how we constructed these ar-
tificial CECs is given in the Supporting Information.

Then, for any given CEC, the corresponding JDOS was com-
puted as the self convolution of the CEC weighted by a back-
scattering factor, dependent on the relative orientation of the

Adv. Mater. 2025, 10877 e10877 (8 of 14)

group velocity between the initial and final states, as commonly
done in the literature.[”°%->3 An example of a particular CEC and
its corresponding JDOS calculation is presented in Figure 5b,
where the CEC is given as a black line in the inset. Here,
we manually tuned all the CEC parameters in order to obtain
a JDOS that matched the already mentioned asterisk-like pat-
tern along the I'M directions found in the experimental QPI of
panel (a).

The first thing to note is that we could only reproduce rea-
sonably well the experimental QPIs by using trigonal CECs, the
hexagonal ones did not produce anything close to the asterisk-like
pattern along the I'M directions. This is illustrated in Figure S8
(Supporting Information), where an experimental QPI is com-
pared to JDOS calculations based on trigonal and hexagonal
CECs. This result, which is independent of the intensity of the
CEC warping (as shown for both geometries in Figure S9, Sup-
porting Information), supports the scenario proposed by the
ARPES analysis discussed in the preceding sections and suggests
that the trigonal CEC extends into the unoccupied states above
the Fermi level.

Once the CEC parameters were established to match the exper-
imental QPI at0.2'V, as illustrated in Figure 5, we then proceeded
to change only the overall CEC size (R parameter) in order to track
the change in size of the experimental asterisk-like pattern at the
different bias voltage values. The resulting JDOS patterns are pre-
sented in the lower row of Figure S7 (Supporting Information),
together with the complete experimental dataset. Note that the
R parameter corresponds exactly to the CEC edge, as illustrated
by the red circle and arrow in the inset of Figure 5b. The result-
ing R values of the complete series are presented in panel (c) as
yellow filled circles. A linear fit to them (blue line) yields a pro-
jection of the DP of the order of -0.3 eV, in agreement with the
ARPES data presented in the previous sections (represented here
as green filled squares).
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Figure 6. Evidence of Dirac point (DP) gap opening upon Er deposition in Bi,Te; .

E-E; (eV)

a—d) Data for the pristine sample. a—c) ARPES bandmaps of the

topological surface state (TSS): raw data (a), curvature-enhanced (b), and second derivative (c). (d) EDC at I" showing a single sharp and intense peak,
consistent with a well-defined, ungapped DP. e-h) Corresponding data for the 0.3 ML Er-doped sample. e-g) Raw, curvature, and second-derivative
bandmaps, respectively, reveal a modification of the TSS near the DP. h) EDC at I displays a clear double-peak structure, corresponding to the upper
and lower TSS branches, confirming the opening of a gap at the Dirac point induced by Er doping.More details on the fitting procedure are provided in

the Experimental Section.

Therefore, QPI maps acquired on the Er-doped Bi, Te; surface
are compatible with a scattering pattern originating from a trigo-
nal energy contour, which is consistent with the scenario of coex-
isting magnetic domains with opposite out-of-plane orientations.
These real-space observations provide complementary and local
support to the macroscopic ARPES results, reinforcing the inter-
pretation of the star-of-David FS as a consequence of asymmetric,
Zeeman-driven spin textures coexisting at the surface.

Bandgap Opening at the Dirac Point

These observations, i.e., the interpretation of the FS geometry
as a signature of TRS breaking induced by magnetic impuri-
ties or domains with out-of-plane magnetic moments, prompt
consideration of a possible bandgap opening, as theoretically ex-
pected under TRS breaking. Figure 6 provides a detailed analysis
of this effect. Figure 6a—c shows the raw, curvature-enhanced, and
second-derivative MDC ARPES bandmaps of the TSS of the pris-
tine Bi, Te, sample acquired along the KI'K direction. In contrast,
Figure 6e—g displays the corresponding bandmaps for the 0.3 ML
Er-doped Bi,Te, sample. First, a clear p-type doping is evidenced
by a shift of the DP out of the bulk band projection and closer
to E. Second, the well-defined, localized DP observed in pris-
tine Bi, Te; evolves into a broadened, elongated intensity region
around the DP in the doped case, as clearly seen by comparing
the upper and lower panels in Figure 6.

A more conclusive analysis can be obtained from multipeak
fitting of the energy distribution curves (EDCs) at I, which di-
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rectly probes the presence of a bandgap. These EDCs are shown
in Figure 6d,h for the pristine and doped samples, respectively.
In the pristine sample, the EDC exhibits a sharp, narrow, and in-
tense peak that can be fit with a single main peak corresponding
to the DP (red), along with a smaller peak associated with the bulk
conduction band (pink), closer to E. . In contrast, the EDC of the
0.3 ML Er-doped sample is significantly broader due to the more
diffuse spectral weight in the TSS band, necessitating an addi-
tional peak in the fit. In this case, the DP is no longer represented
by a single narrow feature but instead appears as two broader
peaks corresponding to the lower (green) and upper (red) com-
ponents of the gapped TSS. This behavior is similar to the multi-
peak fits previously observed in Er-doped Bi,Se, Te ,|?? and it in-
dicates a bandgap opening with an approximate width of 60 meV,
consistent with the 70 meV gap reported for Bi,Se,Te. Further-
more, the multipeak analysis provides additional evidence of p-
type doping induced by Er deposition. As a result, the pink peak
corresponding to the bulk conduction band vanishes in the doped
sample, suggesting a shift of the Fermi level and the possibility
of the DP aligning with E .

3. Discussion

The deposition of Er onto the Bi,Te, surface results in the for-
mation of small islands and the emergence of a previously un-
observed type of defect, as revealed by STM. These features are
distinct in morphology and spatial distribution from intrinsic de-
fects commonly seen in pristine Bi, Te; .1*7]
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Based on their topographic signature and depth contrast in the
STM images, we tentatively identify these defects as arising from
Er atoms substituting Bi atoms within the Bi layers of the first
quintuple layer. This hypothesis is further supported by the XPS
data, which show the appearance of an additional component in
the Bi 5d core-level spectrum. The intensity of this new spec-
tral feature increases with Er coverage (see Figure 1; Figure S5,
Supporting Information), suggesting a direct chemical interac-
tion between Er and Bi atoms. Importantly, the intensity of this
feature does not scale proportionally with the total amount of Er
present on the surface, indicating the presence of two distinct
Er-related contributions. On one hand, a fraction of the Er atoms
interacts chemically with Bi, leading to the new spectral compo-
nent in the Bi 5d region. This contribution correlates with the
substitutional-type defects observed in STM and is attributed to
Er atoms occupying Bi sites beneath the surface. On the other
hand, the dominant contribution to the Er 4f signal originates
from Er atoms that form islands on the surface, as clearly ob-
served in the STM topographies. These islands do not induce
noticeable changes in the Bi core levels, suggesting that the Er
islands are more metallic-like or weakly bonded to the substrate.

In contrast, the Te core levels remain largely unaffected across
all Er coverages, showing no discernible new features and only
a very slight energy shift of ~80 meV, as observed in Figure S5
(Supporting Information). This is consistent with a small charge
transfer from the Te layers toward Er, likely associated with the
Er islands organized on the surface, and is also in line with the
p-type doping observed in ARPES. This observation suggests that
the chemical interaction upon Er deposition is more selective
toward Bi atoms, while the Te sublattice remains largely unper-
turbed. The combination of STM and XPS data thus provides a
consistent microscopic picture of local Er-Bi substitution and its
structural and electronic fingerprints.

To further support our interpretation, we have performed STM
simulations for Er atoms located in various atomic configura-
tions (see Figures S3 and S4 from the Supporting Information).
Specifically, we considered: (i) Er adatoms adsorbed at hollow and
atop sites on the Bi,Te; surface; (ii) Er substituting a Te atom in
the topmost layer (Ery,,)); (ili) Er substituting Bi atoms in the
first and second Bi layers of the first quintuple layer (Ery;, and
Erg;,), respectively); and (iv) a pair of adjacent Er adatoms. By di-
rectly comparing these simulated STM signatures with our exper-
imental data (see Figure S3, Supporting Information), we assign
the new type of defect shown in Figure 1 to an Er atom substi-
tuting a Bi atom in the second Bi layer (Ery,). Furthermore, a
distinct triangular-shaped defect observed in our STM measure-
ments can be attributed to Er substitution in the first Bi layer
(Erpyq))- Notably, this triangular feature closely resembles defects
previously reported as Te atoms substituting Bi sites®”] highlight-
ing the need of careful interpretation of STM signatures. Our
simulations thus provide strong microscopic validation for the
assignment of the observed defects to specific Er configurations
within the Bi, Te, lattice.

Thus, regarding the electronic structure, the ARPES and
STS results provide compelling evidence that surface doping of
Bi, Te, with Er induces significant modifications in the TSS. The
transformation of the FS from a hexagonal shape to a star-of-
David geometry indicates a strong distortion of the electronic
states in momentum space. Furthermore, the emergence of an
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asymmetric double-peak dispersion in the TSS band along the
MIM direction, along with the observation of a FFT compati-
ble with a scattering pattern resulting from a triangular CEC,
all suggest that TRS is broken at the surface. These signatures
are further corroborated by the appearance of a finite energy gap
at the DP, a hallmark of TRS breaking in topological insulators.
Moreover, detailed analysis of EDCs reveals a shift in the chem-
ical potential consistent with p-type doping in the Er-modified
samples. Taken together, these spectroscopic findings—observed
both in momentum-resolved (ARPES) and real-space (STM)
measurements—highlight the impact of out-of-plane magnetic
moments, likely associated with the Er 4f electrons, in altering
the spin texture of the TSS. Consistently, XMCD measurements
show that Er impurities deposited on Bi,Te, exhibit clear out-
of-plane magnetic anisotropy accompanied by large magnetic
moments.

This interpretation agrees with previous theoretical®*2!l and
experimentall??] studies that predict and confirm a transition
of the FS shape from hexagonal to trigonal, along with asym-
metric TSS band dispersion, upon the introduction of an out-
of-plane Zeeman magnetic term in the Hamiltonian governing
the warped hexagonal TSS.['] In our case, the observation of a
FS composed of two concave-sided triangular contours, together
with the asymmetric double-like dispersion of the TSS, is com-
patible with a scenario in which the Er impurities may locally
exhibit opposite out-of-plane magnetic orientations. Such a con-
figuration would effectively result in two Zeeman terms of op-
posite sign, giving rise to two mirrored trigonal FS components.
Given that ARPES is a spatially averaging technique, with a prob-
ing area on the order of tens of microns in this experiment, the
spectral signature of the TSS reflects a superposition of eventual
local magnetic domains with antiparallel out-of-plane moments,
as expeccted in the absence of external magnetic field and the
low temperature relative to the Er ordering temperature.l** Sim-
ilar observations have been proposed, for instance, for Eu-doped
Bi,Te; systems!*! and for fluctuating magnetic domains in Dy-
doped Bi, Te, materials.®*] This interpretation aligns with our ex-
perimental observations and offers a microscopic basis for the
coexistence of multiple magnetic configurations contributing to
the modified FS geometry.

4. Conclusion

In conclusion, this work provides direct evidence of the micro-
scopic mechanisms underlying the spectral fingerprints of TRS
breaking resulting from the interaction between magnetic RE
(Er) surface dopants and the TSS of Bi,Te,. Through the ap-
pearance of a previously unreported atomic-scale defect observed
by STM, the emergence of a distinct dI/dV signature absent in
the pristine system, and the detection of a new spectral com-
ponent in the Bi 5d XPS core levels, we identify the local elec-
tronic and structural perturbations induced by Er atoms. From
these atomic-scale signatures of local interaction, we observe
their macroscopic spectroscopic consequences: the transforma-
tion of the hexagonally warped FS into a star-of-David geometry,
the emergence of asymmetric double-peak dispersion of the TSS,
its counterpart in the form of QPI patterns at the local scale, and,
importantly, the opening of a bandgap at the DP together with
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a p-type doping of the TSS, as well as the out-of-plane magnetic
character of Er impurities revealed by XMCD. Together, these re-
sults establish a link between local magnetic perturbations and
global modifications of the topological electronic structure, indi-
cating TRS-breaking induced by locally oriented oppositely out-
of-plane magnetic moments. Beyond fundamental insight, our
findings offer a practical route for engineering magnetic topo-
logical phases, bringing us closer to the realization of exotic
quantum phenomena such as the QAHE in engineered material
platforms.

5. Experimental Section

Growing Methods: Bi,Te; single crystals were grown by a modified
Bridgman method in a standard crystal growth system and characterized
by X-ray powder diffraction and Raman spectroscopy showing high crys-
tal quality and crystalline long-range order with monocrystalline areas of
typical dimensions of 5 x 3 x 0.1 mm3. The crystals were mechanically ex-
foliated in situ at T = 15 K (base temperature) to minimize the induced
density of defects prior to ARPES and XPS measurements, and at RT for
STM measurements. RE were sublimated from an e-beam evaporator and
deposited on a freshly cleaved Bi,Te; surface at RT. Previously and in order
to avoid oxide deposition, the RE were outgassed for more than 24 hours.
The Er coverage of the samples was calculated using the Beer-Lambert
law,[>%36] which describes the attenuation of radiation passing through a
material, applied to XPS experiments. Bi, Te; thin films for XAS and XMCD
experiments were grown by molecular beam epitaxy (MBE) with a protec-
tive Te capping layer, which was subsequently removed by soft annealing
and monitored by XAS measurements at the Te M, 5 edge. More details
can be found in Ref. [38].

XAS and XMCD Experiments:  X-ray absorption spectroscopy (XAS), X-
ray magnetic circular dichroism (XMCD), and X-ray linear dichroism (XLD)
measurements were carried out at the BOREAS beamline of the ALBA syn-
chrotron (Spain).l>7] Experiments were conducted in total electron yield
(TEY) mode using a 90% circularly polarized X-ray beam at a base temper-
ature of 7.5 K. Circularly polarized absorption spectra were recorded at the
Er M, s edges under a magnetic field of 6 T, using both normal incidence
(NI, 0°) and grazing incidence (Gl, 70°) geometries. The XMCD signal was
extracted as the difference between spectra with opposite helicities (XMCD
=pu_ — p,) and normalized to the maximum intensity of the My edge in
the averaged spectrum. For the XLD measurements, absorption spectra
at the Er My edge were acquired with vertically and horizontally polarized
linear light at 0.01 T in Gl configuration. The XLD was calculated as XLD =
Wy — My, Where py and py correspond to the signals obtained with vertical
and horizontal polarization, respectively. Spectra were normalized to the
maximum of the isotropic My edge.

Quantitative analysis of the XMCD spectra was performed using the
sum rules,[*243] assuming three holes for Er3 *. The orbital moment (L,)
and effective spin moment (S.g) (in units of 4) were extracted, with the
spin moment (S,) derived from (S.g) = (S,) + 3(T,). A constant ratio
(T,)/(S,) = +0.213 was used for Er> *.[44] The total angular momentum
and total magnetic moment were then calculated as (J,) =(L,) + (S,) and
M: = (L,) + 2(S,), respectively.

ARPES and XPS Experiments: XPS and ARPES measurements were
performed on the 3in situ exfoliated single crystals with a MBS hemispher-
ical analyzer at the LOREA beamlinel®®39] in ALBA Synchrotron, with lin-
ear horizontal light polarization and photon energies of hv = 100 and 52
eV, respectively.

A custom-made Wavemetrics Igor Pro routine was employed to fit the
EDCs shown in Figure 6. The procedure accounts for the Fermi edge step
and its temperature broadening, as well as for a Shirley-type background.
The spectral peaks were fitted with Voigt functions, whose adjustable pa-
rameters include amplitude, width, energy position, and line-shape (con-
tinuously tunable from purely Gaussian to purely Lorentzian). For the pris-
tine sample, the EDC at I" is well described by a single peak associated
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with the TSS (red peak), together with a tiny contribution from bulk con-
duction band (purple peak). In contrast, for the 0.3 ML Er-doped sample,
the EDC at I requires a double-peak fit, consistent with the opening of a
band gap of approximately 60 meV between the lower branch of the TSS
(red peaks) and the top of the bulk valence band (green peaks). Statistical
uncertainties in the extracted peak positions are typically below +10 meV,
as estimated from the covariance matrix of the least-squares fit, ensuring
that the observed gap is well above the fitting error.

The Bi 5d core-level spectra were analyzed using the XPST package im-
plemented in Wavemetrics Igor Pro. The fits were performed with a multi-
peak MultiSK line shape, combining Gaussian and Lorentzian compo-
nents with an adjustable Gaussian-Lorentzian ratio (GL-ratio) and asym-
metry parameters. Each spin-orbit component of the Bi 5ds,-5ds , doublet
was modeled with a fixed energy separation of 3.06 eV and an intensity
ratio I5d3/z/l5d5/z ~ 0.75, consistent across all spectra. The background

was fitted simultaneously with the signal using a mixed polynomial-
Shirley form including offset, linear term, and a pseudo-Tougaard con-
tribution. The fitted parameters for each peak included area, binding en-
ergy position, full width at half maximum (FWHM), GL-ratio, and asym-
metry, with typical statistical uncertainties below +0.02 eV for the bind-
ing energies and +0.01 eV for the FWHM. Relative errors in the inte-
grated peak areas are in the range of 2-5 %, depending on the signal-
to-noise ratio. These values, obtained from the covariance matrix of the
fit, are significantly smaller than the spectral changes discussed in the
manuscript, confirming that the additional Bi 5d component observed
upon Er doping is statistically robust and not an artifact of the fitting pro-
cedure. Fits reports for Er-doped sample are shown in the supplementary
information.

STM and QPI Maps Measurements: STM measurements were per-
formed at 1.2K on a custom-designed ultra high vacuum (UHV) system
equipped with a Joule-Thompson scanning tunneling microscope. The
crystal was cleaved by Scotch tape in situ at room temperature and di-
rectly transferred to the STM. The base pressure during the experiments
was 2 X 1071% mbar. STM topographic images were recorded in constant
current mode. QPI maps were obtained by measuring the d//dV signal by
means of a lock-in amplifier by adding a modulation to the bias voltage, in
constant current mode as well. The QPI maps were Fourier transformed,
distortion corrected and symmetrized as described in the manuscript.
All STM data analysis was done using the WSxM,[%%] and the Image-
Tank software.[81] The JDOS calculations were done by generating an ar-
ray of the order of 800 points uniformly distributed over the selected CEC
(either trigonal or hexagonal) and computing their self-convolution. The
JDOS maps were obtained as the 2D histogram of the resulting q vectors,
weighted as explained in the manuscript.

First-Principles Calculations: ~ First-principles calculations were per-
formed using density functional theory (DFT)[6263] as implemented in
S1esTAl647] We used the generalized gradient approximation (GGA) and,
in particular, the functional developed by Perdew et al.l®®] Pseudopoten-
tials were used to replace the core electrons.[5%70] We have used a split-
valence double-¢ basis set including polarization functions.[54] The energy
cutoff of the real space integration mesh was set to 400 Ry. The quintuple-
layer structure of Bi, Te; was optimized until the forces acting on the atoms
were lower than 0.1 eV/A using a uniform gridl”" of (15 x 15 x 7) k-points.
From that structure, we built a 7 X 7 x 3 supercell of Bi,Te;. After includ-
ing the different substitutions in the supercell, each structure was opti-
mized the lattice vectors as well as the atomic positions with a thresh-
old of 0.1 eV/A and a (1 x 1 x 1) k-grid. To simulate the STM images
we use the Tersoffi-Hamman approximation,[’2] where the current is pro-
portional to the local density of states at a specific tip position. For these
calculations, we use a (3 X 3 x 2) k-grid. We use WSxM to plot the STM
data.[60]

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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