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We report a mechanism of lateral manipulation of single Fe adatoms on the surface of the topological
insulator Bi2Se3 with atomic force microscopy. The Fe atoms are embedded within the sparsely packed
surface layer, rendering them inaccessible to classical manipulation methods. Nevertheless, we find a
manipulation mechanism in which the Fe atom is plucked from its adsorption site and can be pulled along
the surface. We demonstrate the controllability of this pluck-pull manipulation by the construction of a
small nanostructure.
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In 1990, Eigler and Schweizer manipulated single Xe
atoms on a Ni(100) surface with a scanning tunneling
microscope [1]. This was the birth of single-atom manipu-
lation that enabled the creation of artificial nanostructures
[2–6]. Adsorbates are often manipulated with the tip of a
scanning probe microscope via lateral and vertical manipu-
lation methods [7–11]. In lateral manipulation, classically
divided into pushing, pulling, and slidingmotions [8], the tip
directly interacts with the adsorbate, either repulsively
(pushing) or attractively (pulling). Sliding involves stronger
vertical attraction with the tip and the adsorbate continu-
ously follows the tip motion, in contrast to discrete jumps to
adjacent adsorption sites as observed in manipulation by
pulling. In all cases, interactionwith the surface is dominant,
so that when the tip retracts, the adsorbate remains on
the surface. This is in contrast to vertical manipulation,
where the adsorbate moves to the tip and is stable there until
it is controllably deposited back onto the surface. Vertical
manipulation can be used to access partially or fully
embedded adsorbates [12,13]. However, lateral manipula-
tion of embedded atoms remains challenging. For example,
a Sn atom on Ge(111) can be exchanged for a Ge atom at a
different lateral position, but this requires a systemwhere Sn
and Ge sit in equivalent sites and can exchange positions
repeatably [14].
A system with strong practical relevance where these

classical manipulation methods do not work is Fe atoms
on a Bi2Se3 surface. Bi2Se3 is a topological insulator and
as such has a bulk band gap and metallic surface states
that exhibit a linear dispersion [15,16]. These surface
states are spin polarized and time-reversal symmetric,
resulting in a strong suppression of backscattering. Fe is
proposed to be a magnetic scatterer [17] and as such
expected to break time-reversal symmetry. Magnetic

impurities can allow for various exotic phenomena to
arise in topological insulators [18–20]. These impurities
must have a large magnetic moment and specific mag-
netic anisotropy, properties that depend strongly on the
exact coordination and adsorption site [21,22]. The ability
to manipulate magnetic atoms on topological insulator
surfaces opens exciting new research avenues. In previous
work, it was proposed that Fe adatoms adsorb on Bi2Se3 in
hollow sites in the plane (�10 pm) of the surface atoms, as
determined by a combination of scanning tunnelingmicros-
copy (STM) and density functional theory (DFT) [17]. This
means the atoms do not sit on the surface but rather are
embedded within it and are therefore inaccessible via
standard manipulation techniques.
In this Letter, we report a mechanism of lateral manipu-

lation, where single Fe atoms embedded into the surface of
Bi2Se3 are plucked from their adsorption sites and sub-
sequently trapped between tip and surface by developing a
chemical bond to the tip. Using atomic force microscopy
(AFM) [23] and spectroscopy, we show that the Fe follows
the tip for up to several angstrom in vertical distance and
that it can be laterally pulled across the surface.
Bi2Se3 is a layered material consisting of weakly bound

quintuple layers with stacking order Se-Bi-Se-Bi-Se. Upon
cleavage, the surface is terminated by such a quintuple
layer and, hence, a Se layer [24]. The surface Se atoms are
spaced by a lattice constant of 414 pm [25]. The radius of
covalently bound Se at 107 pm [26] is rather small
compared to the lattice spacing, meaning it is sparsely
packed. Iron atoms were deposited on the cold (4.4 K)
substrate using an electron-beam evaporator.
Figure 1(a) shows an AFM scan of two single Fe atoms

adsorbed on the Bi2Se3 surface recorded using a CO-
terminated tip [27]. FeA and FeB, appearing as starlike
features, differ by 60° in orientation. They adsorb in the fcc
and hcp hollow sites, but as the AFM does not provide
access to the atomic configuration of subsurface layers, we
cannot assign specific hollow sites to the Fe adatoms. From
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Δf versus z spectra, recorded on a Se surface atom and two
Fe atoms [see Fig. 1(b)], the apparent relative adsorption
heights can be extracted. This yields adsorption heights
relative to the surface Se layer of 23 pm (�5%) for FeA and
38 pm (�10%) for FeB. These values are similar to those
previously reported [17] and confirm that the Fe atoms
embed into the surface layer. An important factor in single-
atom manipulation experiments is the atomic configuration
of the probe tip apex. Tips terminated by a different number
or species of atoms can yield vastly differing results [28].
We attempted manipulation with CO-terminated tips,
single-atom metal tips, and three-atom metal tips.
The CO tip is most favorable in terms of spatial resolution

and chemical stability but it has a low lateral stiffness
[29–31]. In our experiments, CO tips were unable to perform
manipulation. It is likely the attraction between CO tips and
Fe adatoms is too weak. We propose that the lateral forces
never surpassed the threshold for manipulation and, instead,
the CO molecule deflected at close tip-sample separation.
We therefore attempted manipulation using single-atom

metal tips, i.e., metal tips that end in a single atom. The tip
apex was confirmed with the carbon monoxide front atom
identification method (see Fig. S1 in Supplemental
Material [32]), as discussed in [38]. Metal tips exhibit a
much larger lateral stiffness than CO tips and a greater
attractive force to Fe adatoms, and we therefore expected
them to perform better at manipulation. While capable of
manipulating Fe atoms on Bi2Se3, the single-atom metal
tips often underwent structural changes shortly after
approaching to the surfaces due to tip and surface being
quite reactive. Therefore, while possible, manipulation with
single-atom metal tips carries the constant risk of uninten-
tionally modifying the tip, potentially rendering it unusable
for further manipulation attempts.
The three-atom metal tip, which is a metal tip ending in

three atoms, turned out to be the most reliable. This balance
between single-atom tips that are too reactive and trimer
tips that have just the right reactivity has previously been

observed in imaging graphene [39]. It was also found that
two- or three-atom In tips are required for the manipulation
of In adatoms on InAs(111) [13]. As the three-atom metal
tip is able to manipulate Fe and operate on Bi2Se3 for
prolonged durations without frequent structural changes,
we consider it to be optimal for manipulating Fe. While tip
changes did occasionally occur, they were usually minor
and did not prevent further manipulation. All of the
following data were recorded using three-atom metal tips.
We first present the interaction of the Fe adsorbate with

the tip as a function of the vertical distance. While
individually measured spectra [Figs. 2(a)–2(c)] are slightly
different, the overall shape of the tip-sample interaction is
the same and shown schematically in Fig. 2(d). When the
tip-sample distance is reduced (I), the Δf value decreases
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FIG. 1. Single Fe adatoms adsorbed on the Bi2Se3 surface
measured using a CO-terminated tip. (a) Constant height AFM
image of two Fe adatoms adsorbed in inequivalent hollow sites.
Inset: a schematic depiction of a CO-terminated metal tip.
(b) ΔfðzÞ spectra recorded on two Fe atoms in different hollow
sites and a surface Se atom. Here, zrel ¼ 0 corresponds to the
point of closest approach with the CO tip.
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FIG. 2. ΔfðzÞ spectra recorded on Fe adatoms on Bi2Se3.
(a) Experimental approach curve (with zero bias voltage and
zrel ¼ 0 being the manipulation height). (b),(c) Experimental
retraction curves. A different tip was used for recording each of
the spectra. (d) Schematic ΔfðzÞ curve during the approach
(black) and retraction (red) of the AFM tip. A large jump in Δf
signal indicates the onset of manipulation. A second jump in the
opposite direction marks the end of manipulation. (e) Schematic
representation of the tip-sample system at relevant points during
approach and retraction of the AFM tip.
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until a sudden increase in Δf occurs, reaching values of
40 Hz and higher [Fig. 2(a)]. Δf values as large as these are
often associated with a structural change of the system
[40,41]. During tip retraction, the Δf signal varies slightly,
but remains positive (II). Only at a certain tip-sample
distance, after up to several hundreds of picometers away,
the Δf signal drops significantly, returning to negative
values [Figs. 2(b) and 2(c)]. From this point on, the spectra
follow the characteristic shape ofΔf versus z curves on this
surface (III).
Our interpretation is shown conceptually in Fig. 2(e).

Initially, the Fe adatom is embedded in the surface, with the
three closest Se atoms relaxing outward. Once the tip is
sufficiently close, the Fe atom is plucked from its adsorp-
tion site, at which point it is bound to both tip and surface.
This state is stable even when the vertical position of the tip
is varied by up to several hundreds of picometers. Finally,
the sharp drop in the Δf retraction curve indicates the end
of manipulation, where the Fe falls back to the sample. In a
few cases (≈18%), it vanished, presumably jumping to
the tip.
Positive Δf values are usually associated with repul-

sion. However, the frequency shift Δf is rather a measure
of the weight-averaged force gradient over one oscillation
cycle along the z direction, than the force itself [42], i.e.,
positive Δf is equivalent to positive curvature in the
interaction potential. Below, in the discussion of Fig. 3, we
will argue that the force acting between tip and Fe atom is
attractive. This means that the Fe atom is very close to the
tip throughout the whole manipulation process, as positive
Δf and attractive forces only coexist near the minimum
of interatomic potentials (see Fig. S2 in Supplemental
Material [32]).
We propose that the mechanism of the plucking of the Fe

atom is similar to the mechanism of wire formation [43],
which has been reported for various surfaces and exhibits a
characteristic distance-dependent conductance signal very
similar to what we observe for Fe on Bi2Se3 (see Fig. S6 in
Supplemental Material [32]) [43–47]. There is further
evidence for wire formation in instances where tip retrac-
tion does not result in the single Fe atom returning to the
surface: We have observed infrequent cases (less than 5%
of cases) with even larger z ranges (exceeding 400 pm) of
positive Δf with very pronounced variations in the spec-
trum and resulted in clusters of tip atoms being present on
the sample surface afterward (see Fig. S3 in Supplemental
Material [32]).
As described above, we observe large z ranges of up to

several angstrom for which the Fe adatom remains slightly
lifted in between the tip and surface. In this range (region II
in Fig. 2) the Fe can be moved laterally in arbitrary
directions along the surface of Bi2Se3. This controlled
lateral manipulation of the Fe atoms allows for the con-
struction of atomic-scale nanostructures. The ability to
controllably move adsorbates that strongly relax within the

top surface layer provides access to a large number of
systems where manipulation was previously considered to
not be feasible.
The formation of a bond between the adsorbate and tip to

allow for lateral manipulation, as we propose is the case
here, has been observed previously for mobile adsorbates
on Si(111)-7 × 7 [48]. There, the adsorbates can be trapped
underneath the tip of a STM and, upon retraction of the tip,
they remain trapped for a z range of around 1 Å before
resuming their diffusive movement. DFT calculations
revealed that a bond between the tip and the respective
adatom is responsible for the trapping and crucial to the
manipulation of the adatom [49]. This is in contrast to bond
formation in atomic-scale contacts where no significant
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FIG. 3. Lateral manipulation of Fe on Bi2Se3. (a) Schematic of
the scanning process for recording of lateral and vertical forces.
The three-atom tip is scanned repeatedly across the Fe adatom
and approached to the surface by 5 pm after each pass.
(b) Constant height AFM image (middle) of Fe on the Se surface
before manipulation (the tip-sample distance in the right part is
200 pm smaller than in the left part). The frequency shift as a
function of the lateral distance was recorded along the line
marked by the black arrow in the AFM image. The Δf profiles
(top) during the approach, getting closer to the surface by 25 pm
for each line (the intermediate steps at 5 pm intervals are not
shown here for the sake of clarity). The black dashed line shows
the curve during manipulation itself and the gray circle the
position of the Fe atom. The backward scan of the last Δf profile
(bottom) was measured with 50 pm larger tip-sample distance.
(c) Lateral and (d) vertical force during the approach calculated
from the Δf line scans in (b).
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relaxation of tip atoms and/or adsorbates is observed. In
these cases, the ΔfðzÞ and force spectra do not exhibit
hysteretic behavior and are smooth [50,51].
When the Fe is plucked from its adsorption site, it can be

pulled across the Bi2Se3 surface. To evaluate the lateral and
vertical forces during manipulation, we acquired line scans
across the adsorbate in the desired manipulation direction,
starting from a height where there is no contrast in the Δf
signal. For each subsequent forward scan, the tip-sample
distance was reduced by 5 pm. During the backward scans,
the tip was retracted by 50 pm [see Fig. 3(a)]. This process
was repeated until the adsorbate had been manipulated.
Figure 3(b) shows an AFM image of an Fe atom together

with Δf profiles recorded during the manipulation pro-
cedure. The AFM image was measured without feedback
with the left side at a higher z value to determine the
position of the Fe atom and the right side at a lower z value
for atomic resolution of the Se layer. The black arrow,
indicating the manipulation path, runs along the hollow
sites identical to the one the Fe atom is adsorbed in. The
frequency shift recorded in the forward direction shows no
contrast for high tip-sample distances. At intermediate
heights, the Fe appears as a shallow dip in the frequency
shift and, with decreasing height, this dip becomes deeper.
Going even closer, manipulation occurs, recognizable by a
large jump in Δf signal to high positive values [black
dotted line in the forward scans in Fig. 3(b)]. Beyond this
point, the profile exhibits a regular, sawtoothlike pattern.
The spacing of the minima is about 413 pm, in agreement
with the lattice constant measured for the surface of Bi2Se3.
We therefore attribute this to the Fe atom hopping from
one hollow site to the next. The backward scan [Fig. 3(b)],
for which the tip is retracted by 50 pm, shows a similar
behavior, though with additional weaker dips. This shows
that the Fe atom can be manipulated laterally on the surface
in a z range of at least 50 pm. The additional structure in the
Δf profile for the backward scan may indicate that there are
different transitional adsorption sites during manipulation,
depending on the tip-sample distance. While here only
movement in one direction is shown, it is possible to pull
the Fe atoms in any direction and along arbitrary paths on
the surface. However, the Fe atoms could only be deposited
in one of the two hollow sites (type B). This supports the
idea of the Fe atom hopping along identical hollow sites
spaced by a lattice constant in Fig. 3(b).
Figure 3(c) shows the lateral force calculated from the

Δf curves in Fig. 3(b). Positive values correspond to a force
pointing in positive x direction, i.e., along the manipulation
path. The force curves in Fig. 3(c) all show positive forces
before the tip has passed the center of the Fe adatom, i.e.,
the tip and the Fe attract each other. After having passed the
center of the adsorbate, the lateral force becomes negative,
again indicating attractive interaction between tip and
adatom. Hence, the force between tip and Fe adatom is
always attractive. This was observed for all manipulation

attempts. The fact that the vertical force is negative
throughout the approach [Fig. 3(d)] means that it is overall
attractive. This, coupled with the fact that during manipu-
lation the Fe atom follows the tip, regardless of scan
direction and within a tip z range of several hundreds of pm,
leads us to conclude that when the Fe atom is plucked from
the adsorption site, it still interacts predominantly via
attraction with the tip despite positive Δf values. To illu-
strate the controllability of this pluck-pull manipulation of
Fe on Bi2Se3, the letters TI were formed. Figures 4(a)–4(c)
show STM images recorded before, during, and after
building the letters. Note that the atom marked with the
black arrow is an adsorbate of unknown type, which
appeared during a manipulation attempt. Constant height
AFM images reveal that all of the Fe adatoms forming the
TI letters are adsorbed in equivalent sites (see Fig. S4 in
Supplemental Material [32]). The adsorbate marked in
Fig. 4 is not adsorbed in a hollow site and does not show
the typical AFM signature of Fe adatoms on Bi2Se3. We
think it most likely consists of one or more atoms dropped
from the tip. The overall success rate of manipulation using
single- and three-atom metal tips was ≈40%.
In summary, we report a novel mechanism of lateral

manipulation of single Fe adatoms on the highly corrugated
surface of topological insulator Bi2Se3. We found that
manipulation is possible in spite of the Fe atoms being
embedded in the surface. The optimal tip configuration was
the three-atommetal tip, which proved to be both stable and
capable of manipulating Fe atoms. Investigating the tip
interaction as a function of vertical distance led us to
propose that the Fe atom is plucked upon tip approach and
dropped back to the surface at larger tip-sample distances of
up to several hundreds of picometers away. Manipulation
experiments showed purely attractive interaction, support-
ing the idea of a bond forming between Fe atom and tip.
We demonstrated controllability of the pluck-pull manipu-
lation and the possibility to construct nanostructures of
Fe on Bi2Se3. Bi2Se3 is part of the Bi2−xSbxTeySe3−y
family of topological insulators, all of which possess
similar crystal structures. We propose that the lateral
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FIG. 4. STM images depicting manipulation of Fe adatoms to
form the letters “TI”. (a) All Fe atoms are still at their initial
position. (b) Intermediate result, where several Fe adatoms have
been moved to form the letter “T.” (c) The letters TI built from Fe
adatoms are complete. Note, that the atom marked with the black
arrow is of unknown type.
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manipulation mechanism presented here can be used
to construct artificial nanostructures on these materials.
This would allow not only for the observation of quantum
chaos [52] and quantum mirages [53] but also the deter-
mination of the potential and magnetic scattering strengths
of adsorbates, which is of interest in the design of TI-based
devices [54].
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