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ABSTRACT: We present a combined scanning tunneling microscopy (STM), atomic force
microscopy (AFM), and Kelvin probe force spectroscopy (KPFS) study of Fe adatoms on
topological insulators (TIs) Bi2Se3 and TlBiSe2. Utilizing both metallic and CO-functionalized
tips at 4.4 K under ultrahigh vacuum conditions, we measure the local density of states
(LDOS), adsorption geometry, and charge state of individual Fe adatoms. While Fe atoms on
Bi2Se3 induce strong resonances in the LDOS without opening a spectral gap, consistent with
previous reports, Fe on TlBiSe2 exhibits a pronounced local suppression of the LDOS at the
energy of the Dirac point, indicative of a gap opening. Using high-resolution AFM imaging and
probe particle model (PPM) simulations, we determine the adsorption geometries of Fe on
both materials with picometer precision. Our KPFS and tunneling spectroscopy measurements
confirm that Fe acts as a positively charged electron donor on Bi2Se3. In contrast, we suggest that Fe on TlBiSe2 is close to
electrically neutral. Our findings highlight the critical role of the adsorption environment in determining the impact of adatoms on
TI surfaces and suggest that a local gap opening can be studied on TlBiSe2.

■ INTRODUCTION
Three-dimensional topological insulators (TIs) host gapless
boundary modes due to their nontrivial bulk topology. The
electronic properties of these boundary modes make 3D TIs a
promising candidate for application in several fast-growing
fields of science and technology, like quantum computation
and spintronics.1−9 One of the ingredients for the nontrivial
invariant of strong 3D TIs is time-reversal symmetry (TRS). It
has been long proposed and experimentally verified that the
presence of TRS-breaking impurities can lift the protection of
the surface states and open a Dirac gap in their boundary
spectrum, allowing the realization of various exotic phenom-
ena.10−16 While this gap opening is a general consequence of
magnetization, observed also in intrinsic magnetic TIs,
magnetic TI heterostructures, and TIs proximitized by
magnetic thin films,17−24 the most common way of breaking
TRS is by introducing magnetic impurities, either by doping
into the bulk or as adatoms onto the surface. While bulk
doping with magnetic elements has been routinely shown to be
able to open a gap in the surface spectrum,13,25−27 studies
concerning surface doping often did not show any signature of
gap opening.12,28−32 Subsequent theoretical and experimental
work concluded that magnetic adatoms may open a gap but
simultaneously repopulate the gap due to potential scattering
resonances.16,33,34 The parameter that decides whether a gap is
present is the ratio of potential scattering strength U and
magnetic scattering strength M (where M = JS with exchange
coupling constant J and impurity spin S).10,16,35 As M scales
with the spin (and thus magnetic moment) of the individual
impurity, it is highly desirable to use impurities with a large
magnetic moment. Several studies showed that the magnetic

moment of magnetic elements decreases upon adsorption and
is strongly dependent on the coordination.13,30,36−41 A
reduction in the magnetic moment and exchange coupling
upon adsorption is usually attributed to hybridization with the
substrate and ligand field quenching and is thus very sensitive
to the local environment of the impurity.42−44 This offers a
satisfying explanation for the discrepancy in the observations of
gap openings in bulk and surface doping and highlights the
importance of accurate knowledge of the adsorption geometry
and coordination of magnetic adatoms on TI surfaces.
Although substantial theoretical progress has been made, the
observation of gap opening in TIs by surface doping remains
elusive.
Many studies employed density functional theory (DFT),

often combined with scanning tunneling microscopy (STM),
to study magnetic impurities on TIs at the atomic
scale.12,30,31,41,45−48 A commonly studied system in this
context is Fe on Bi2Se3. Iron is a ferromagnetic element
whose neutral ground state carries a magnetic moment of
around 6.71 μb in the gas phase.49 As noted before, the
magnetic moment will be reduced upon adsorption on a
surface. Bi2Se3 is an archetypical strong 3D TI with a favorable
band structure, having a large bulk band gap of roughly 200
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meV and a single Dirac cone in its surface spectrum. For bulk-
doping of Bi2Se3 with Fe, the opening of a gap in the surface
spectrum was reported in 2010 by Chen et al.11 Surface
doping, however, has not produced signs for gap open-
ing.12,30,31 The adsorption of Fe on Bi2Se3 was characterized
with STM and DFT, suggesting hollow site adsorption at low
heights relative to the surface layer.30 Recently, we showed that
a combined atomic force microscopy (AFM) and STM
approach allows for the characterization of native defects on
Bi2Se3 with unprecedented precision.

50

STM is primarily sensitive to the local electronic structure,
particularly the density of states near the Fermi level. In
contrast, AFM detects the forces between the tip and the
sample, making it particularly well-suited for resolving
topographic and geometric features at the atomic scale. The
charge state and polarity of surface features can be measured
by a derivative of AFM, called Kelvin probe force spectroscopy
(KPFS), by providing spatially resolved information on local
work function variations.51−54 These strengths make combined
STM/AFM and its variants particularly advantageous for
probing surface defects. In this study, we present a combined
high-resolution STM and AFM investigation of Fe adatoms on
the topological insulators Bi2Se3 and TlBiSe2, employing both
metallic and CO-functionalized tips. Metallic tips with a flat
density of states can be reliably prepared, making them the
preferred choice for tunneling spectroscopy, where this
property is highly desirable. Spatial resolution can be
significantly enhanced by terminating the tip with a single
CO molecule.55 This functionalization reduces the chemical
reactivity of the tip apex and allows for stable imaging at close
tip−sample distances, where short-range Pauli repulsion
dominates the interaction.55−58 As a result, CO-terminated
tips are especially suited for atomic-scale force microscopy. We
employ metallic tips for STM measurements and CO-
terminated tips for AFM and KPFS.
We investigate how Fe adatoms affect the local density of

states (LDOS) on the surfaces of Bi2Se3 and TlBiSe2 and
observe distinct resonance peaks on both materials, consistent
with previous reports. As established in earlier studies,12,30,31

the dI/dV spectrum of Fe on Bi2Se3 shows no evidence of a
gap. In contrast, our dI/dV spectra acquired over Fe atoms on
TlBiSe2 reveal a clear energy gap. We determine the precise
adsorption geometry of Fe on both substrates and support our
conclusions with simulated AFM images based on the probe-
particle model (PPM).59,60 For Fe atoms on Bi2Se3, only
hollow site (fcc and hcp) adsorption is observed. On TlBiSe2,
in addition to fcc- and hcp-hollow site adsorption, the Fe
atoms substitute surface Se atoms. Using KPFS, we confirm the
positive charge state of Fe on Bi2Se3, which is in agreement
with prior work. Our measurements indicate that both Fe
adatoms and substitutional Fe atoms on TlBiSe2 undergo only
minor or no charge transfer. We propose that the adsorption of
Fe atoms on TlBiSe2 induces the observed localized gap in the
topological surface states (TSSs), possibly due to their
magnetic nature. For the direct verification of the magnetic
origin of the LDOS suppression, further experiments involving,
for example, X-ray magnetic circular dichroism or SQUID are
needed.

■ METHODS
All measurements were conducted using a commercial low-temper-
ature STM/AFM system (Scienta Omicron GmbH, Taunusstein,
Germany) operating at 4.4 K in an ultrahigh vacuum (UHV)

environment with a base pressure of approximately 5 × 10−12 mbar.
The instrument is equipped with a qPlus sensor,61 enabling
simultaneous scanning tunneling microscopy and atomic force
microscopy, with the AFM operated in frequency modulation mode
(FM-AFM).62 To study the LDOS, dI/dV-spectroscopy is performed
with a standard lock-in technique. Fe deposition was done with a
Focus EFM-3 e-beam evaporator. The deposition rate was controlled
with a built-in ion flux monitor. The sample surfaces were covered in
around 0.5% of a monolayer of Fe. Experiments were carried out on
high-quality Bi2Se3 (HQ Graphene, Groningen, Netherlands) and
TlBiSe2 (provided by Hugo Dil; for growth method, see ref. 63) single
crystals. Prior to imaging, the samples were cleaved in situ under
ultrahigh vacuum conditions to expose a clean surface. Bi2Se3 consists
of quintuple layers (QLs) arranged in a Se−Bi−Se−Bi−Se sequence,
with adjacent QLs bound together by van der Waals forces. This weak
interlayer bonding allows for easy cleavage, yielding an atomically flat
surface terminated by selenium. In contrast, the layers in TlBiSe2 are
bonded covalently, in sequences of Tl−Se−Bi−Se. This means that
cleavage will not result in a monolayer termination. The Tl−Se bond,
being the longest and weakest among the interlayer bonds, defines the
natural cleavage plane, but since each Tl layer is sandwiched between
Se layers, every Tl atom has an equal (50%) chance of remaining on
the surface or being removed during cleavage. As a result, the surface
is terminated by a full Se layer, with roughly half a monolayer of Tl
remaining in island-like features.63 A more detailed description of the
experimental methods is given in the Supporting Information.

■ RESULTS AND DISCUSSION

Bi2Se3
Figure 1a presents a constant-current STM image of two Fe
adatoms on Bi2Se3, acquired using a CO-functionalized tip (see

the Supporting Information for details on tip preparation). The
two Fe atoms exhibit distinct shapes: the left appears to be
nearly circular, while the right has a more triangular outline.
This contrast arises from their differing adsorption sites. In line
with earlier STM studies by Honolka et al., we observed two
characteristic adsorption geometries for Fe on Bi2Se3. Their
DFT calculations identified these as fcc and hcp hollow sites,

Figure 1. STM and STS on Bi2Se3. (a) STM image of Bi2Se3 with Fe
adatoms (CO-terminated tip; Vb = −200 mV, I = 20 pA). (b), (c) dI/
dV spectra of the surface (b) before and (c) after Fe adsorption. The
dashed line indicates the minimum before adsorption, associated with
the Dirac point.30,64,65 (d) Normalized dI/dV spectra of Se (black),
Fe1 (blue), and Fe2 (red); the arrows highlight shoulders in each
spectrum. The spectra are normalized to 1 at Vb = 0 V. Spectra in (b−
d) are recorded with the same tip.
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each associated with a distinct STM contrast.30 Figure 1b
shows a differential conductance (dI/dV) spectrum recorded
with a metallic tip prior to Fe deposition. Due to the inherent
n-type doping of Bi2Se3 resulting from native defects, the Fermi
level resides within the bulk conduction band, leading to a
substantial density of states at low bias.50,66−72 The spectral
minimum at −320 mV corresponds to the Dirac
point,30,64,65,73 which coincides with the maximum of the
bulk valence band.74 A linear increase in LDOS around the
Dirac point, characteristic of the linearly dispersing 2D TSS, is
clearly visible. However, because the Dirac point overlaps with
the valence band maximum, only the linear region on the
positive (right) side of the Dirac point truly reflects the surface
state.73

After Fe adsorption, the dI/dV spectrum shown in Figure 1c,
measured far from any adatom, reveals a shift of the minimum
to lower energies. This indicates that Fe adatoms act as
electron donors, n-doping the surface, consistent with previous
observations.30,31 Additionally, the spectral minimum becomes
broader and less well-defined. A possible explanation is that the
Dirac point is pushed below the bulk valence band maximum
because of surface band bending caused by the Fe atoms. As
such, the minimum in the spectrum would no longer represent
the Dirac point since it is obscured by bulk bands. Differential
conductance spectra recorded directly on the two Fe atoms
(Fe1 in blue and Fe2 in red) as well as on the clean Se surface
(black) are shown in Figure 1d. Fe2 exhibits a pronounced
resonance peak at −0.8 V, while Fe1 shows a similar peak at
−1.1 V; both spectra display shoulders (indicated by arrows)
on the high-energy side of the peaks. These features can be
attributed to Coulomb (potential) scattering of surface-state
electrons by the Fe adatoms, leading to localized resonant
states.16,30,33,34,75 The energy position of the resonances
depends on the ratio U/M, where U represents the Coulomb
potential and M is the magnetic scattering strength.16,33−35

The deeper resonance observed for Fe1 suggests a larger U/M
ratio relative to that of Fe2. The inset of Figure 1d focuses on
the region around the Dirac point. The spectrum recorded on
Fe1 closely resembles that of the Se surface far from the Fe
atoms, showing a clear minimum at the valence band
maximum. In contrast, Fe2 exhibits a weak peak that obscures
the Dirac point. Notably, none of the spectra display a gap
opening at the Dirac point, consistent with earlier experimental
findings.12,30,31 While early theoretical models predicted that
magnetic impurities would induce a gap in the surface state,4,10

more recent work suggests that this gap can be repopulated
due to Coulomb scattering: magnetic impurities not only
introduce time-reversal symmetry breaking but also act as
potential scatterers, partially or fully filling in the gap through
resonant states.16,33,34

To determine the adsorption geometry of Fe adatoms, we
employed atomic force microscopy (AFM). In prior work, we
demonstrated that AFM can resolve the positions of native
surface defects on Bi2Se3 with picometer-scale precision.50

Figure 2a shows a constant-height AFM image of both types of
Fe adatoms on Bi2Se3, acquired using a CO-terminated tip.
Both Fe atoms appear as triangular protrusions, brighter than
the surface Se atoms, with Fe2 appearing to be slightly more
prominent than Fe1. As discussed below, this triangular shape
arises from an outward relaxation of the three neighboring Se
atoms surrounding each Fe atom. The opposite orientations of
the triangular features (upward vs downward facing) reflect the
different hollow-site adsorption geometries. As these images do

not provide direct information about the subsurface atomic
layers, we cannot distinguish which adsorption site corre-
sponds to the fcc or hcp hollow sites. Besides orientation, the
two triangles also exhibit contrasting internal structures: in Fe1,
the central Fe atom appears darker than the adjacent Se atoms,
while in Fe2, it appears brighter.

76

Figure 2b displays the frequency shift Δf as a function of
vertical tip−sample distance z, measured over a Se surface
atom, the two Fe adatoms (Fe1 and Fe2), and an average of
their adjacent Se atoms. As the tip approaches the surface from
a larger distance, Δf initially decreases gradually, reaches a
minimum at intermediate distance, and then increases sharply
at very close distance. At different tip−sample distances,
different forces dominate the signal: at large distances, the
attractive van der Waals interaction is dominant, becoming
stronger as the tip moves closer. Eventually, this is overtaken
by short-range Pauli repulsion, resulting in a global minimum
and a steep increase in Δf at small separations. Previously, it
has been shown that the vertical positions z* of the minima in
Δf(z) curves acquired with a CO-tip can be used to
approximate the relative apparent heights of adsorbates (the
so-called z*-method).77 Based on this analysis, we extract
apparent heights relative to the surrounding Se surface atoms:
Fe1 appears elevated by 23 pm (±5%) and Fe2 by 38 pm
(±10%), while the neighboring Se atoms Se1 and Se2 show
values of 22 pm (±5%) and 24 pm (±5%), respectively. To
support our interpretation of the AFM data, we use the probe
particle model, which simulates AFM images using effective
Lennard-Jones potentials.59,60 It accounts for tip functionaliza-

Figure 2. AFM, PPM simulations, and KPFS of Fe on Bi2Se3. (a)
Constant-height Δf image of Fe1 and Fe2 (0 pm from Vb = −200 mV,
I = 20 pA). (b) Δf(z) spectra measured on Fe1 (solid blue), Fe2 (solid
red), averaged neighboring Se atoms (dashed), and distant Se (black).
(c), (d) PPM simulated Δf images using (c) experimental heights
from (b) and (d) DFT parameters from ref. 30. (e), (f) KPFS line
scans (VCPD) across Fe1 and Fe2. Insets show scan paths on AFM
images.
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tion, in our case, a CO molecule, and allows for its lateral
relaxation (bending) on a rigid metallic tip apex. The relative
vertical positions of the Fe adatoms and the surrounding Se
atoms must be manually defined as input parameters. Figure 2c
and d shows PPM-simulated constant-height AFM images of
two Fe atoms adsorbed in different hollow sites on Bi2Se3. In
Figure 2c, the relative atomic heights are taken directly from
our AFM measurements, while Figure 2d uses structural
parameters from the STM+DFT study by Honolka et al., who
reported a height of ±10 pm for Fe1 and Fe2 but did not
account for relaxation of the surrounding Se atoms.30 The
simulation in Figure 2c matches the experimental contrast far
more accurately. Both Fe atoms appear brighter than the Se
surface atoms, consistent with the AFM image. In contrast,
Figure 2d shows one Fe adatom appearing darker than the
surrounding Se, contradicting experimental observations.
Furthermore, the characteristic triangular shape observed in
the AFM data can only be replicated by accounting for the
outward relaxation of the three Se atoms neighboring each Fe
adatom, as shown in Figure 2c. The internal contrast within
these triangles is also well captured: Fe1 appears darker than its
nearest neighbor Se atoms, while Fe2 appears brighter. These
results underscore the strength of high-resolution AFM in
resolving structural features of surface defects, providing both
accuracy and efficiency that can surpass STM imaging and
DFT modeling.
With KPFS51 the polarity of surface features can be

determined.52,53 Local variations in the contact potential
difference (CPD) between tip and sample are measured by
recording Δf as a function of bias voltage Vb. The electrostatic
force due to the difference in contact potential of sample and
tip is proportional to78

F C
z

V V1
2

d
d

( )el b CPD
2

The quadratic dependence on the applied bias voltage results
in the parabolic shape of the spectra. The apex of this parabola
marks the voltage VCPD at which the electrostatic interaction is
minimized and is only due to the difference in work function in
tip and sample. By extracting VCPD from spectra taken along
the surface, variations in the sample work function can be
mapped. We used this to confirm the charge state and electron-
donor behavior of native defects in Bi2Se3 in a previous
study.50 Here, we apply the same method to characterize the
Fe atoms. Figure 2e and f show the extracted VCPD as a
function of lateral distance across Fe1 and Fe2. For both
adsorption sites, we see a downward shift in VCPD, signaling a
decrease in sample work function. This means that the Fe
atoms are positively charged and locally donate electrons to the
Bi2Se3 surface (see Supporting Information for a schematic
description of n-doping resulting in a downward shift of VCPD).
This is in line with our STM findings above, as well as previous
STM literature.30,31

TlBiSe2
Figure 3 presents STM and dI/dV data recorded on TlBiSe2.
TlBiSe2 is a strong three-dimensional topological insulator with
a single Dirac cone and a bulk band gap of approximately 300
meV, which is significantly larger than that of Bi2Se3.
Importantly, the Dirac point lies well within the bulk band
gap, making it more easily accessible.79−81 Although several
theoretical and experimental studies have highlighted the
potential of TlBiSe2 as a promising TI platform,63,79,82

especially for spintronic applications,83 to our knowledge, no
prior experimental work has explored magnetic surface doping
of this material. Theoretically, however, Fe adatoms have been
proposed as candidates for inducing magnetic phases on
TlBiSe2.

84

In contrast to Bi2Se3, the surface of TlBiSe2 exhibits a more
complex morphology, characterized by island-like structures of
thallium atoms sitting atop a selenium layer.63 Figure 3a shows
a constant-current STM image of the TlBiSe2 surface recorded
with a CO-terminated tip. The Tl islands appear as bright
cloud-like regions. Within these islands, the Tl atoms retain the
hexagonal ordering expected from a full Tl layer.63 Many
isolated Tl atoms are also visible as bright, circular protrusions.
The Se layer is imaged as a dark region between the Tl islands
and atoms. The cleaved samples exhibit terraces of several tens
of nanometers in size. We observe a step height of around 700
pm (see Supporting Information for details), which agrees well
with the theoretically predicted value for the quintuple layer
thickness (including intralayer distance) of 750 pm.85

Figure 3b presents dI/dV spectra acquired before Fe
deposition on both the Se layer (red) and a Tl island (blue).
These spectra show a low-DOS region consistent with the bulk
band gap flanked by steep increases at lower and higher
energies, corresponding to the onset of valence and conduction
bands, respectively. A pronounced dip at −345 mV marks the
position of the Dirac point, which lies well-isolated within the
gap. Unlike in Bi2Se3, the spectra here are symmetric around
the Dirac point as it is not obscured by bulk states.

Figure 3. STM and STS on TlBiSe2 before and after Fe adsorption.
(a) Constant-current STM image (CO-terminated tip) of the clean
surface. (b) Normalized dI/dV spectra of the Se layer (red) and Tl
islands (blue). (c) STM image after adsorption of Fe (marked by
arrow). (d) dI/dV spectra recorded on Se layer (red), Tl island
(blue), and Fe atom (purple). The dashed line marks the position of
the Dirac point of the pristine sample. The dotted lines highlight the
extent of the gap. (e), (f) STM image and dI/dV spectra at an
alternative Fe adsorption site. Parameters: Vb = −800 mV, I = 10 pA
for (a), (c), and (e); spectra in (b) and (d) normalized to 1 at Vb =
0.1 V. (b−d) were recorded with the same metal tip, (e) and (f) with
a different metal tip.
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In Figure 3c,e, STM images of different Fe adatoms are
shown. They differ in their STM signature: the Fe atom in
Figure 3c appears as a circular feature very similar to the Tl
atoms, while the one in Figure 3e is only a very faint protrusion
between Tl islands. Below, we will demonstrate that Figure 3c
shows an Fe atom adsorbed in a substitutional site and Figure
3e shows a hollow-site Fe adatom. Hence, we denote the
former as Fes and the latter as Feh. Because of the
heterogeneous surface features, finding and identifying Fe
adatoms is more challenging on TlBiSe2 than on Bi2Se3.
However, the Fe atoms exhibit a pronounced bias-dependent
appearance that sets them apart from single Tl atoms (see
Supporting Information for STM images of Fe and Tl atoms at
varying bias).
To investigate the Fe atoms’ influence on the LDOS, dI/dV

spectra were collected postdeposition on the Se layer, Tl
islands, and Fe adatoms, shown in Figure 3d and f. The Se
(red) and Tl (blue) spectra shown in Figure 3d appear almost
identical to those recorded prior to Fe adsorption. In contrast
to Bi2Se3, there is no observable energetic shift of surface bands
due to Fe adsorption, indicating that Fe does not induce
doping effects in the sample. The position of the Dirac point
remains at Vb = −345 mV, exactly the same as before Fe

adsorption (dashed line). The spectrum recorded on Fes
(purple) in Figure 3d displays a clear resonance feature at
−750 mV, accompanied by a shoulder at −600 mV. A zoom-in
around the Dirac point region (inset) reveals a pronounced
suppression of LDOS. The energy scale and position of this
gap align well with the reported bulk band gap of TlBiSe2.
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The energetic separation between the Dirac point (dashed
line) and the lower edge of the gap (dotted line) is about 100
meV, matching the established value for the distance of valence
band maximum and Dirac point. Similarly, the spectrum on
Feh in Figure 3f also shows a resonance peak and a gap.
However, the resonance peak is located at −1 V, and inside the
gap, a single additional resonance is visible. The distinct STM
and dI/dV signatures of the Fe atoms are due to different
adsorption sites: hollow-site (Figure 3c and d) and substitu-
tional (Figure 3e and f). From AFM imaging with CO-
terminated tips, the adsorption geometry can be determined
(see Figure 4). And while CO tips are not optimal for dI/dV
measurements due to their nonideal DOS, they can be used to
detect the impurity resonances of Fe atoms (see Supporting
Information). Comparison of dI/dV spectra recorded with
metal and CO tips thus allows identification of the adatom

Figure 4. STM, AFM, and KPFS of Fe on TlBiSe2 with CO tips. (a−c) STM images of Fe adatoms (marked by arrows; Vb = −800 mV, I = 10 pA).
(d−f) Constant-height AFM images at z = −150 pm (d, e) and z = −220 pm (f) from the STM set point of Vb = −800 mV, I = 10 pA on the Tl
islands; insets at z = −330 pm and z = −350 pm, respectively. (g−i) Δf(z) spectra on Fe (red), neighboring Se (yellow, purple), and the Se layer
(blue). (j) KPFS line scan across Fes [line in (f)] showing VCPD (blue) and relative tip height (red). (k) VCPD(z) on a Tl island. Different CO tips
were used for each Fe atom.
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type even with metal tips that cannot access the adsorption
geometry directly.
The absence of any gap opening in the surrounding Se and

Tl regions indicates that no long-range magnetic order is
established by the Fe adatoms and that the gap opening is
localized to their immediate vicinity. This is consistent with
early DFT predictions suggesting that magnetic impurities can
locally suppress the LDOS near the Dirac point, even without
global magnetic order.10 This localized suppression of LDOS
also explains the bias-dependent signature of the Fe atoms in
STM imaging: the tunneling current reflects an integral of the
LDOS between EF − eVb and EF, which is significantly reduced
over Fe within this gap but remains sizable on the Se and Tl
areas where the LDOS is finite.
For 3d transition metal elements such as Fe, the induced

magnetic gap Δ typically ranges from 10 to 50 meV.11,87,88

Achieving the values of 200−300 meV would require an
exchange coupling M of 100−150 meV, which is unrealistically
large. Consequently, alternative mechanisms for the gap
opening must be considered. First, as reported for Mn-doped
Bi2Se3, a gap can arise from strong resonant scattering
processes that simultaneously generate in-gap states.14 This
aligns with our observation of a resonance inside the gap in the
Feh spectrum (Figure 3f). Second, hybridization of surface and
bulk states due to local band bending can produce gap-like
features.28,67 The substantial gap size and the lack of energetic
shifts in our dI/dV spectra following Fe adsorption make this
an unlikely origin. Third, theory suggests that strong surface
disorder can displace the TSS to deeper atomic layers.89

Therefore, it is possible that Fe adatoms on TlBiSe2 locally
displace the TSS while leaving it unaffected in the Se and Tl
regions far from the impurities. Finally, if the Fe 3d orbitals
align with the Dirac point, direct hybridization with the TSS
could facilitate the gap opening.
Regarding the magnetic anisotropy, the structural character-

istics of TlBiSe2 suggest a potentially different behavior
compared with that of Bi2Se3. Specifically, the presence of Tl
atoms on top of the Se surface may promote an out-of-plane
easy axis for magnetic adatoms. The orientation of the
magnetic anisotropy is critical for the opening of a magnetic
gap in the TSS: while an out-of-plane easy axis is a prerequisite
for opening a magnetic gap at the Dirac point, an in-plane
configuration primarily results in a reciprocal space shift of the
Dirac cone. In contrast to Bi2Se3, where an in-plane easy axis
has been reported for Fe adatoms,30 we propose that the Tl
layer on the surface of TlBiSe2 may introduce an anisotropy or
vertical gradient in the crystal field. Such crystal-field
anisotropies have been demonstrated to stabilize out-of-plane
magnetic configurations.90,91

To definitively determine whether the gap is magnetic in
origin or arises from a combination of these mechanisms,
further DFT calculations and complementary techniques such
as XMCD are required. Such investigations, however, remain
beyond the scope of this study.
Interestingly, the dI/dV signal within the gap region in

Figure 3d and f does not drop to zero but becomes negative.
The same behavior is observed in the Se and Tl spectra after
Fe deposition, where the signal around the Dirac point drops
below zero. The most likely explanation is a slight offset of the
output voltage of the lock-in amplifier used to detect the signal.
This is corroborated by the fact that the DC current signal
does not show a negative gradient (see Supporting Information
for a more detailed analysis). Additional spectra recorded on

Fe atoms on TlBiSe2 are shown in the Supporting Information.
The spectra show variations in their resonances, and
surprisingly, one even shows the signature of the Dirac cone.
These deviations are attributed to differences in the local
environment of the atoms. With its complex surface, TlBiSe2
offers a very large parameter space for the adsorption of single
atoms, resulting in different LDOS signatures.
To determine the adsorption geometry of Fe atoms on

TlBiSe2, we employed AFM. As shown earlier, the use of a CO-
terminated tip enables the precise characterization of relative
adsorption heights with picometer-scale resolution. On
TlBiSe2, this tip functionalization is essential for imaging the
Se layer located between Tl islands. Metallic tips, by contrast,
are not stable in this region because of strong chemical
interactions with the Tl islands that can result in unwanted tip
changes. With CO-terminated tips, however, we achieve
atomic-resolution imaging of the Se surface, as detailed in
the Supporting Information.
Figure 4a−c shows constant-current STM images of three

different Fe adatoms on TlBiSe2 recorded with a CO tip. The
Fe atoms differ strongly in apparent height, with the Fe atoms
in Figure 4b being almost invisible (see Supporting
Information for bias-dependent images). Corresponding
constant-height AFM images are shown in Figure 4d−f.
Here, the Tl atoms forming the islands appear as bright
spherical features with a dark halo. Isolated Tl adatoms have a
similar appearance (see Figure 4e). At the edges of islands,
some Tl atoms appear larger and/or distorted due to lateral
bending of the CO tip at close approach.
The insets show higher-resolution AFM images taken closer

to the surface, revealing the Fe adatoms adsorbed on the Se
layer. The surrounding Se atoms are also resolved at these
distances. In Figure 4d and e, the Fe atoms appear triangular,
with two distinct orientations, corresponding to hollow-site
adsorption geometries. The nearest-neighbor Se atoms appear
brighter, consistent with the hollow-site adsorption of Fe on
Bi2Se3. Bright contrast near the islands is attributed to
enhanced repulsive interaction caused by proximity to Tl
atoms. The Fe atom in Figure 4f appears to be adsorbed on the
top site of the Se lattice. However, Δf(z)-spectra, shown in
Figure 4i, indicate a relative height of 85 pm for this Fe atom,
less than half of the covalent diameter of Fe. Thus, we suggest
that this Fe substitutes a Se surface atom. For the hollow site
Fe atoms, the apparent relative heights taken from the spectra
(Figure 4d and e) are almost identical to those of Fe on Bi2Se3:
26 pm (±5%) for Feh1 and 43 pm (±10%) for Feh2, and 20 pm
(±5%) and 29 pm (±5%) for the surrounding Se atoms Se1
and Se2 respectively.
To determine the charge state of the Fe adatoms, we

performed KPFS. Figure 4j displays the local contact potential
difference VCPD measured across an Fes atom (blue curve). We
observe a significant drop in VCPD at the Fe position, which is
notably larger than the shifts observed for charged Fe atoms on
Bi2Se3 (Figure 2). However, the measured signal is strongly
coupled to the topography of the TlBiSe2 surface. Because the
measurements were performed in STM feedback mode to
prevent tip crashes, the tip height (zrel, red curve) varied
significantly between the Tl islands and the Se layer. The VCPD
signal exhibits a very strong correlation to this vertical
displacement.
The sensitivity of VCPD to the vertical tip−sample distance is

quantified in Figure 4k, where a 2 Å change in height over a Tl
island results in a VCPD shift of approximately 200 mV. This
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implies that the VCPD drop observed in Figure 4j is primarily a
consequence of topographic cross-talk rather than a localized
charge state. This interpretation is further supported by
measurements on Feh2 atoms. These adatoms have a negligible
STM topographic signature and, consequently, show no
discernible signal in KPFS maps (see Supporting Information).
Furthermore, unlike the significant shifts in dI/dV spectra that
indicate doping in Fe on Bi2Se3, our dI/dV measurements for
Fe on TlBiSe2 show no such energy shifts. The lack of doping-
related spectral shifts and the topography-correlated nature of
the KPFS signal both indicate that Fe adatoms remain neutral
or near-neutral on the TlBiSe2 surface.
The difference in charge state for Fe atoms adsorbed on

Bi2Se3 and TlBiSe2 can be explained by the electronegativity of
the constituent elements of the two materials. The electro-
negativity of Tl is lower than that of Bi, which in turn is lower
than that of Se (χSe > χBi > χTl).92,93 This means that in
TlBiSe2, more electrons will be located on the Se layer than in
Bi2Se3. In TlBiSe2, the additional half Tl layer on top of the
surface Se layer enhances this effect even further. Since the Se
layer carries a larger charge density in TlBiSe2, the Fe atoms
donate fewer electrons and will stay closer to a neutral state.

■ CONCLUSIONS
In conclusion, we have presented a detailed atomic-scale
investigation of Fe adatoms on two topological insulators,
Bi2Se3 and TlBiSe2, using a combination of STM, AFM, KPFS,
and PPM simulations. On Bi2Se3, Fe adatoms introduce
localized resonance states in the LDOS but do not open a gap
at the Dirac point, in agreement with earlier experimental
findings. In contrast, our tunneling spectroscopy on TlBiSe2
reveals a distinct suppression of the LDOS around the Dirac
point, consistent with the opening of a local energy gap in the
presence of Fe. In the context of the current understanding of
magnetic doping of TIs, a possible explanation for the
contrasting behavior of Fe atoms on Bi2Se3 and TlBiSe2
could be the difference in charge state and, more importantly,
hybridization with the substrate. On Bi2Se3, our KPFS
measurements show that Fe is positively charged, and we
observe a corresponding shift in the dI/dV spectra, indicating
significant charge transfer into the substrate (i.e., large U).
While the magnetic moment can be decreased through charge
transfer by directly reducing the effective d-shell count, strong
hybridization of the adatom orbitals and substrate states,
reducing exchange splitting and quenching orbital contribu-
tions, generally plays a greater role in this process.44 Such
behavior aligns with XMCD and STM studies by Honolka et
al.,30 which demonstrated that Fe adatoms on Bi2Se3 strongly
hybridize with Se p-states, leading to orbital moment
quenching, thereby suppressing the magnetic moment (i.e.,
low M) and preventing a gap opening in the dI/dV spectrum.
In contrast, on TlBiSe2 we observe neither a doping-induced
spectral shift nor any measurable charging of Fe atoms in
KPFS. For both Feh and Fes, we observe resonances in the dI/
dV spectra. While the relaxation of the surrounding surface Se
atoms for Feh implies at least chemisorption and possibly
hybridization, we suggest very weak hybridization (i.e., low U)
for Fes. This agrees with previous studies, which found that
weak bonding, as seen for substitutional or physisorbed atoms,
results in reduced quenching of orbital moment.30,31,47 Thus,
substitutional Fes, in this weakly bonded configuration, should
retain a larger magnetic moment (i.e., large M), enabling local
time-reversal symmetry breaking sufficient to open a gap in the

surface spectrum. This also fits the recent observation of a
magnetic gap on BiSbTeSe2 surface-doped by Co and Mn
atoms. There, the Co and Mn atoms introduce a magnetic
phase through substitution of surface atoms when deposited at
300 °C−330 °C.23
While a localized suppression of the LDOS is clearly

observed in dI/dV spectra, our results do not provide direct
evidence for a magnetic origin of this feature. Notably, the
observed gap magnitude appears inconsistent with a simple
magnetic exchange model, suggesting instead a more complex
scenario possibly involving TSS displacement or a combination
of a magnetic gap opening and electronic hybridization. A
definitive resolution requires further experimental and
theoretical investigations.
Our findings underscore the importance of detailed

structural and electronic characterization at the atomic level
and demonstrate that the surface termination and bonding
environment critically influence the electronic effects of
adatoms on topological insulator surfaces. Our results identify
TlBiSe2 as a possible candidate system for experimental and
theoretical studies to explore time-reversal symmetry breaking
and local gap opening induced by surface adsorbates.
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(47) Eelbo, T.; Wasńiowska, M.; Sikora, M.; Dobrzanśki, M.;
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