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Surface orbital order and chemical potential inhomogeneity of the iron-based superconductor
FeTe0.55Se0.45 investigated with special STM tips
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The atomically clean surface of the iron-based superconductor FeTe0.55Se0.45 is investigated by low-
temperature scanning tunneling microscope (STM) with different tip apex states. We show that the scattering
channel between the � and X/Y points of the sample’s Brillouin zone can be visualized clearly by a supersharp
STM tip. Furthermore, by manipulating a single Fe atom onto the tip apex, signatures of the orbital nature of
the subsurface Fe layer of FeTe0.55Se0.45 can be identified. By preparing a charged tip state, the intrinsic spatial
inhomogeneity of the chemical potential of FeTe0.55Se0.45 can be revealed. As a result, three different types
of vortex bound states originating from locally varying topological properties of the FeTe0.55Se0.45 surface are
observed by scanning tunneling spectroscopy.
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During the last decades, a lot of efforts have been devoted
to the functionalization of scanning tunneling microscope
(STM) probe tips. For instance, to make the tip apex mag-
netically sensitive, electrochemically etched tips made of bulk
magnetic materials like Cr [1] and Ni [2,3] were used. Care-
fully etched Ag [4] and Au [5] bulk tips with a sharp and
smooth apex were employed in the study of tip-enhanced
Raman spectroscopy and light emission [6]. By decorat-
ing the tip apex with a single molecule [7], one can even
get information about the chemical bonding [8,9], exchange
[10], and superexchange [11] interactions of molecules on
metal surfaces. Special functionalized tips were also used for
STM and scanning tunneling spectroscopy (STS) studies of
superconductors [12]. However, most of the studies were fo-
cused on conventional superconductors [13–15] and cuprates
[16–19]. Investigations of iron-based superconductors with
special functionalized STM tips are still rare [20–22].

Here, we employ three different kinds of special STM
tips to study the iron-based superconductor FeTe0.55Se0.45.
First, by making use of a very sharp tip, the quasiparticle
scattering from the � point to the X/Y point can be visualized
much more clearly compared to a normal tip. Second, by
picking up a single Fe atom from the sample surface to the
tip apex, we have successfully observed a type of order on
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the FeTe0.55Se0.45 surface. We attribute these patterns to the
sensitivity of a special tip state to the Fe d-orbital ordering.
Third, we can even image the charge or chemical potential
distribution of the FeTe0.55Se0.45 surface with a charged STM
tip. The spatial variations of the chemical potential offer an ex-
planation for the observation of three types of vortices hosting
different kinds of vortex bound states, namely, topologically
trivial Caroli–de Gennes–Matricon bound states (CBSs) or
topologically nontrivial Majorana bound states (MBSs).

Previous studies showed that the spatial resolution of STM
images can significantly be improved by picking up a single
atom from a surface onto the STM tip [23,24]. Here, we
repeatedly transferred individual Fe atoms onto the tip by
vertical manipulation of predeposited Fe atoms on the surface
of FeTe0.55Se0.45 until the spatial resolution of the tip is greatly
enhanced. Atomic-resolution STM images of the sample sur-
face before and after the tip has become extremely sharp are
shown in Figs. 1(a) and 1(e). The two bright protrusions are
Fe adatoms with the left one partially buried into the surface.
Figure 1(e) clearly shows a reduction of the apparent size of
the individual Fe atoms, while the Te/Se square lattice is much
more clearly visible compared to Fig. 1(a). The enhanced
atomic-scale contrast is also observed in the corresponding
fast Fourier-transform (FFT) maps of Figs. 1(b) and 1(f):
additional second-order peaks can be seen in Fig. 1(f) with
the sharper tip as compared to Fig. 1(b). Furthermore, the
local electronic density of states (LDOS) distribution can be
visualized more clearly with the very sharp tip as becomes
obvious by comparing Figs. 1(c) and 1(g). The quasiparticle
interference (QPI) pattern obtained at 1 mV with a normal tip
mainly highlights the LDOS variations as shown in Fig. 3(c),
while with the very sharp tip, the QPI image at 1 mV also
reveals the atomic lattice very clearly as shown in Fig. 1(g).
These differences can even more clearly be seen by comparing
the corresponding FFT maps in Figs. 1(d) and 1(h). The X/Y
spot intensities in Fig. 1(h) are greatly enhanced compared
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FIG. 1. Atomic-resolution STM images and corresponding FFT maps before and after tip modification. (a), (e) Constant-current STM
topography in the vicinity of two Fe impurities before (a) and after (e) tip modification. Scale bar: 1 nm. (b), (f) FFT maps of (a) and (e). X
and Y denote the first-order spots of the reciprocal lattice. The second-order spots can only be seen clearly in (f). (c), (g) dI/dV maps taken
at 1 mV for the same regions as shown in (a), (e) before (c) and after (g) tip modification. A quasiparticle interference pattern can be seen
in both (c) and (g). Scale bar: 1 nm. (d), (h) FFT maps of (c) and (g). After tip modification, the intensity of the spots at points X and Y is
greatly enhanced in (h) compared to that in (d) before the tip modification. Tunneling parameters in (a), (c), (e), and (g): Vstab = −10 mV,
Istab = 600 pA, Vosc = 0.03 mV.

to those in Fig. 1(d). It is worthy to note that such intensity
enhancement was observed previously in experiments with
a high external magnetic field and attributed to the noncon-
ventional pairing symmetry of iron-based superconductors
[25–27]. In our experimental setup, we could not apply a
high magnetic field, therefore it is hard to compare the two
experiments directly.

By transferring single Fe atoms onto our tip apex (the de-
tails can be found in Supplemental Material Fig. S1 [28]), it is
not only the spatial resolution which can be greatly improved,
but the tip can additionally become sensitive to the surface
Fe orbital ordering. This is supported by an observed stripe
pattern on the surface of FeTe0.55Se0.45 other than the normal
Te/Se square lattice, as shown in Fig. 2. Figures 2(a) and 2(b)
display STM images of the same surface region obtained with
a normal tip and a special tip having picked-up Fe atoms
at its apex. One can clearly see a periodic stripe pattern in
the off-diagonal Te/Se lattice direction. These patterns can
be observed everywhere on the surface: the STM image of
another region imaged with the same tip is shown in Figs. 2(c),
2(e), and 2(f). The green arrow k in Fig. 2(c) indicates the
propagation direction of the periodic stripe pattern which is
the same as in Fig. 2(b). This additional periodicity can even
more clearly be identified in the corresponding FFT map of
Fig. 2(c), as shown in Fig. 2(d). Besides the X/X′ and Y/Y′
spots which reflect the square atomic lattice symmetry, new

spots K and K′(−K) appear. By carefully analyzing the FFT
data we found that the angle between �X and �K is 45◦
and that the length ratio of the corresponding wave vectors
is 1/1.43 ∼ 1/

√
2. These values correspond in fact to the Fe

square lattice underneath the top layer Te/Se lattice. As shown
in Fig. 2(g), the Fe atoms reside at the bridge sites of the top
layer Te/Se lattice with a nearest-neighbor distance of 1/

√
2

the Te/Se lattice constant. Furthermore, the atomic Fe lattice
is rotated by 45◦ relative to the surface Te/Se lattice. Thus,
we attribute the observed stripe pattern to the Fe lattice below
the surface [Fig. 2(h)]. However, it still needs to be investi-
gated further which information was obtained by the special
tip. It should also be noted that the brighter regions which
are mainly composed of surface Te atoms always exhibit the
square lattice symmetry [29].

Based on a careful analysis of the wave vector of the stripe
pattern and magnetic field dependent experiments (see Sup-
plemental Material Fig. S2 [28]), we can exclude a bicollinear
antiferromagnetic order as previously reported [30,31]. There-
fore, we propose another type of explanation: The stripe
pattern we observe might be related with the hybrid Fe d
orbitals probed by the d orbital of the Fe atom at the tip apex.
This interpretation is supported by two experimental facts.

(1) The stripe pattern propagates both in the diagonal and
the off-diagonal direction of the Te/Se lattice, depending on
the particular tip preparation.

L032055-2



SURFACE ORBITAL ORDER AND CHEMICAL POTENTIAL … PHYSICAL REVIEW RESEARCH 3, L032055 (2021)

FIG. 2. Imaging Fe orbital states with a special STM tip. (a), (b) Atomically resolved constant-current STM topography image before (a)
and after (b) the tip has been modified by the adsorption of a single Fe atom at its apex. A stripe pattern coexisting with the square lattice
of the Te/Se lattice is visible in (b). (c) Atomic-resolution constant-current STM topography image of another area obtained with the same
tip as used in (b). The direction of a special periodic pattern is highlighted by a green arrow labeled with k. Tunneling parameters in (a)–(c):
V = −10 mV, I = 400 pA. (d) FFT map of (c). New peaks labeled K and K ′ appear beside ±X and ±Y which reflect the Te/Se square lattice.
(e) STM image of the same area as shown in (c) obtained with the same sample bias of −10 mV, but different tunneling current 1 nA. (f) STM
image of the same area as shown in (e) with the same tunneling current 1 nA but a different sample bias of −40 mV. (g) Top-view model of
the Fe(Te,Se) crystal. (h) Bonds between Te/Se and Fe atoms. Green/yellow corners and intersections represent the top/bottom Te/Se atoms.
Purple corners and intersections represent the interlayer Fe atoms. Fe-Fe bonds are shown as purple lines between the Fe atoms. Scale bar in
(a)–(c), (e), and (f): 1 nm.

(2) The stripe pattern always appears in the darker region
of the FeTe0.55Se0.45 surface where mainly Se atoms are con-
centrated [29].

Previous reports showed that near the � point, the top
valence bands include the Fe-Fe dyz, dxz bonding states with
finite energy splitting, and the dxy states in the middle [32,33].
The dxz band and the dxy/pz hybrid band �−

2 have more pz

orbital component of the chalcogen atoms. Let us first assume
the electrons tunnel from the dyz orbital of the Fe atom tip
with energy close to the Fermi level where dyz/dxz orbital
states dominate. We can expect that the tunneling probability
between the tip’s dyz orbital and the Fe dyz bonding orbital
is sufficiently large while the tunneling between the tip’s dyz

orbital and the Fe dxz orbital is low. This is demonstrated
by Fig. 2(h). Therefore, we can see the stripe period only in
one direction for some special tips. It also explains why the
observed stripe pattern only appears in the darker regions, as
the dyz orbital is less screened by the chalcogenide pz orbital.
We can also understand why the tip preparation success rate
for this kind of contrast is so low because the tip apex Fe
atom needs to achieve a special configuration where only dyz

or dxz orbitals are involved in the tunneling. This particular
configuration is rather fragile and a small bias pulse can

change it. We further verify our interpretation by performing
current- and bias voltage-dependent measurements [Figs. 2(e)
and 2(f)]: We find that the stripe pattern is indeed sensitive
to the sample bias voltage as can be seen in Fig. 2(f). The
particular stripe pattern is clearly resolved at −10 mV but
disappears at −40 mV. This is consistent with the fact that
when imaging the surface with larger bias, more electrons
from the bands including the pz orbital states of the chalco-
genide atoms are involved in the tunneling process [32,33].
On the other hand, the stripe pattern is not sensitive to the tun-
neling current as shown in Fig. 2(e). Our interpretation is also
consistent with our magnetic field dependent measurements
because a pure orbital imaging mechanism does not involve
contributions from spin-polarized tunneling. These findings
provide microscopic insights into the nature of orbital order
in iron-based superconductors [34,35].

In a next series of studies, we were picking up some
larger clusters of Fe(Te,Se) material from the surface by the
STM tip, thereby allowing the imaging of sample specific
inhomogeneities on the nanometer scale. This observation
is documented by Figs. 3(a)–3(d) which represent STM im-
ages being recorded with the same sample bias voltage of
−10 mV, but different tunneling currents of 50, 100, 200, and
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FIG. 3. Charging effects revealed by a special STM tip. (a)–(d) Constant-current STM images of the same region with the same sample
bias of −10 mV, but a different tunneling current of 50 pA in (a), 100 pA in (b), 200 pA in (c), and 400 pA in (d). The shapes of the islandlike
features with sharp boundaries are changing with tunneling current. The atomic Te/Se square lattice can also be resolved in (b)–(d). Scale
bar: 2 nm. (e)–(h) Constant-current STM images of the same region with the same tunneling current of 200 pA, but a different sample bias
of −10 mV in (e), −20 mV in (f), −30 mV in (g), and −40 mV in (h). The contrast between the islandlike features and the surroundings
decreases with larger negative sample bias but the shapes of the islands change little. Scale bar: 2 nm.

400 pA, correspondingly. Most notably, some bright regions
with sharp boundaries appear in those constant-current STM
images. The spatial extensions of the bright areas dimin-
ish with increasing tunneling current. Both the Te/Se atomic
square lattice and the nanoscale bright regions can be imaged
at the same time. The observed bright contrast features remind
us about the study of charging effects of dopants in semicon-
ductors [36–40] and molecules [41,42]. In those cases, the
dopant energy level is bent by the tip-induced electric field
and results in a controllable charged and uncharged state of
the dopant depending on the tip’s lateral position. This effect
manifests itself by the observation of a circular feature around
the dopant the diameter of which depends on the sample bias
used for differential tunneling conductance mapping. How-
ever, in our case, the observed bright features differ in three
ways.

(1) They are not ringlike but can have arbitrary shapes and
do not necessarily have a dopant in the center.

(2) The shapes of the bright features are not significantly
affected by using a larger negative bias voltage for scanning
as shown in Figs. 3(e)–3(g).

(3) The STM tips used for the previous studies of dopant
charging and discharging were normal metal tips.

However, the surface inhomogeneous phase was never re-
ported for Fe(Te,Se) samples studied with W or Cr tips using
similar tunneling conditions [21,25,43,44]. Considering all
these experimental observations, we propose a charge imag-

ing mechanism: The Te/Se surface exhibits nanoscale charge
and chemical potential variations and the resulting nanoscale
inhomogeneities can be imaged by a semiconducting tip with
dopants (the details of the imaging mechanism and evidences
for our tip being charged can be found in the Supplemental
Material [28], Figs. S3 and S4). In fact, spatially inhomoge-
neous charge distributions of topological materials have also
been observed recently by Edmonds et al. for a Na3Bi sample
[45].

Our assumption of a spatially inhomogeneous charge
and chemical potential distribution is consistent with the
observation that not every vortex core of superconducting
FeTe0.55Se0.45 in an external magnetic field shows a MBS
[43,46]. One possible explanation is that the chemical po-
tential in the material exhibits a spatially inhomogeneous
distribution [47]. The relative positions of the Fermi energy
and the Dirac point could result in three different topological
phases of the FeTe0.55Se0.45 surface [33]. When the Fermi
energy is located well below the topological insulator’s Dirac
cone, bulk bands play the most important role and the vor-
tex core exhibits a CBS [48]. In contrast, a MBS appears
within the vortex core when the Fermi energy is located in
the vicinity of the topological Dirac cone. By further bring-
ing the Fermi energy up to the vicinity of the topological
semimetal Dirac cone, the surface will exhibit a topological
semimetal phase with helical Majorana modes inside the vor-
tex line [49]. Interestingly, we observed three different kinds
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FIG. 4. Three typical vortex bound states. (a), (b) dI/dV map and STS line cuts of vortex A. A total of 76 dI/dV spectra are presented
in (b) taken along the white dashed line with a length of 15 nm shown in (a). A vortex bound state at zero energy with no spatial dispersion
can be recognized. (c), (d) dI/dV map and STS line cuts of vortex B. A total of 81 dI/dV spectra are presented in (d) taken along the white
dashed line with a length of 16 nm shown in (c). Within vortex B, nondispersive CBS can be identified. (e), (f) dI/dV map and STS line cuts
of vortex C. A total of 81 dI/dV spectra are presented in (f) taken along the white dashed line with a length of 17 nm shown in (e). Within
the center of vortex C, the bound state has an energy of 0.17 mV. The energy of this bound state shifts to zero energy near the boundary of the
vortex. Tunneling parameters in (a)–(f): Vstab = 35 mV, Istab = 100 pA, Vosc = 0.03 mV. Scale bar in (a), (c), and (e): 2 nm.

of bound states within the vortices of our superconducting
FeTe0.55Se0.45 sample, as shown in Fig. 4. The vortex showing
a MBS is presented in Fig. 4(a), and a corresponding STS line
cut is shown in Fig. 4(b). From the set of individual tunneling
spectra as a function of spatial position, we can clearly see a
zero-energy mode inside the superconducting gap. In contrast,
a vortex exhibiting a CBS is presented in Fig. 4(c). From the
corresponding line cut displayed in Fig. 4(d) we can identify
a bound state at 0.28 mV being located near the center of
the vortex core and two symmetric peaks at +/−0.79 mV
located outside of the vortex core. On the other hand, we
observe a kind of vortex with a zero-energy bound state at
the boundary and a clearly off-zero peak in the center of the
vortex core. The STS map and the corresponding line cut are
shown in Figs. 4(e) and 4(f). Based on the assumption that
some parts of our sample surface are negatively charged, the
observation of this type of vortex can be explained straight-
forwardly. According to theory [49], helical Majorana modes
exists in the bulk vortex line. However, at the surface, where
the vortex line terminates, bound states close to the Fermi
energy should appear according to the bulk-boundary corre-
spondence. Thus, we can expect a splitting of this bound state
at the vortex core due to a significant hybridization, but less

splitting at the vortex boundary. Our analysis fits the experi-
mental data shown in Fig. 4(f) qualitatively. For a quantitative
analysis, further experiments and theoretical studies are
required.

In conclusion, by functionalizing the STM tip apex by
a single Fe atom or a cluster of FeTe0.55Se0.45 material,
we succeeded in the observation of several phenomena for
the iron-based superconductor FeTe0.55Se0.45. The scattering
channel between the � and the X/Y points can be greatly
enhanced by an atomically sharp STM tip. Based on elec-
tron tunneling from a special orbital of the Fe-atom tip,
we imaged the dxz/dyz orbital order of the Fe sublattice in
FeTe0.55Se0.45. A semiconducting tip with a dopant atom
allowed us to resolve the surface charge distribution inhomo-
geneity which can explain the occurrence of different types of
bound states observed in three different vortices of supercon-
ducting FeTe0.55Se0.45.
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