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Superconductors with topological surface or edge states have been intensively explored for the prospect
of realizing Majorana bound states, which obey non-Abelian statistics and are crucial for topological quan-
tum computation. The traditional routes for making topological insulator/superconductor and semiconduc-
tor/superconductor heterostructures suffer fabrication difficulties and can only work at low temperature. Here,
we use angle-resolved photoemission spectroscopy to directly observe the evolution of a topological transition
of band structure nearby the Fermi level in two-dimensional high-Tc superconductor FeTe1−xSex/SrTiO3(001)
monolayers, fully consistent with our theoretical calculations. Furthermore, evidence of edge states is revealed
by scanning tunneling spectroscopy with assistance of theoretical calculations. Our study provides a simple and
tunable platform for realizing and manipulating Majorana states at high temperature.

DOI: 10.1103/PhysRevB.100.155134

I. INTRODUCTION

Topological superconductors, which can host Majorana
bound states on their surface or edge, have drawn enor-
mous attention in condensed matter physics [1,2]. This is
because the non-Abelian braiding properties of Majorana
states are predicted to play an essential role in topological
quantum computation. Intrinsic p-wave superconductors [3,4]
and heterostructures of s-wave superconductors and topo-
logical insulators/Rashba-type semiconductors [5,6] are two
typical routes for realizing topological superconductors (or
more precisely, superconducting topological states). However,
the former suffers from the scarcity of candidate materials
and their sensitivity to disorder, whereas the latter suffers
from structural complexities and low working temperatures,
hindering manipulation of Majorana states in applications.
Recently, bulk superconductors with topological surface states
[7–15] provide a new route, where ordinary superconductivity
and nontrivial topology can be integrated in a single ma-
terial, such as FeTe0.55Se0.45 [8–11], Bi2Pd [12], and other
iron-based superconductors [13–15]. Among them, the most
interesting systems are the high-Tc superconductors, which
can significantly raise the working temperature.

*mhq@iphy.ac.cn
†yjsun@iphy.ac.cn
‡dingh@iphy.ac.cn

Monolayer FeSe grown on SrTiO3(001) (STO) holds the
highest Tc (above 65 K [16–23]) among all iron-based su-
perconductors and can potentially combine superconductivity
and topological properties into a single material [24–26]. One
way of integration is to adjust lattice parameters, for example
by substituting selenium by tellurium, which maintains high
Tc for monolayer FeTe1−xSex films within a wide range of
substitution, as revealed by previous scanning tunneling mi-
croscopy/spectroscopy (STM/STS) [27] and angle-resolved
photoemission spectroscopy (ARPES) results [28]. Moreover,
a theoretical work predicted that the monolayer FeTe1−xSex

system can realize topological nontrivial states through band
inversion at the � point [29] and some supporting evidence
was found later in ARPES measurements [28]. However, the
topological nontrivial characters of the monolayer system
have not been determined yet, which hinders their applications
as a simple and tunable platform for realizing topological
superconductivity at high temperature.

In this paper, we perform systematic ARPES measure-
ments with photon energy and polarization dependence on
FeTe1−xSex/STO monolayers with different Se content (x)
grown by in situ molecular beam epitaxy (MBE). The di-
rect observation of orbital character and parity changes with
decreasing Se content (x) provides convincing evidence to
the occurrence of topological transition in these systems. In
addition to the observation of electronlike and holelike bands
intersecting at the � point, the striking change of the effective
mass of bands with pz and dxz orbital characters around the
topological critical point (x = 0.21) further supporting it. The
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appearance of electronlike band with pz orbital at the � point
indicates that the topological transition is driven by the anion
height which tunes the hybridization between chalcogenide
anions and iron cations. Furthermore, evidence of edge states
of monolayer FeTe/STO is observed by STM/STS measure-
ments in combination with theoretical calculations, consisting
of a plateau in density of states (DOS) for one-dimensional
(1D) Dirac cone around 20 meV below the Fermi level (EF )
and the enhancement of DOS around 50 meV below EF .

II. EXPERIMENTAL AND COMPUTATIONAL METHODS

Monolayer FeTe1−xSex for in situ ARPES measurements
are grown on 0.7 wt % Nb-doped STO substrates after de-
gassing for 10 h at 600 °C and then annealing for 1.5 h at
950 °C in an ultrahigh-vacuum MBE chamber. Substrates are
kept at 310 °C for monolayer FeSe and 275 °C for mono-
layer FeTe1−xSex during the film growth. Fe (99.98%), Se
(99.999%), and Te (99.99%) are coevaporated from Knudsen
cells. The flux ratio of Fe to Se/Te is 1:10, which is measured
by a quartz crystal balance. The growth rate is determined by
Fe flux and equals 0.7 UC/min. The Se content (x) is con-
trolled by the ratio of Te to Se flux speed during growth. After
growth, the monolayer FeSe films are annealed at 370 °C and
monolayer FeTe1−xSex at 260 °C for 20 h. Then, the samples
are transferred in situ to the ARPES chamber for measure-
ments. ARPES measurements are recorded at the BL-09U
“Dreamline” beamline of Shanghai Synchrotron Radiation
Facility using a VG DA30 electron analyzer under ultrahigh
vacuum better than 5 × 10−11 Torr. The energy resolution is
set to ∼12 meV for the band structure and ∼16 meV for
Fermi surface mapping, while the angular resolution is set
to 0.2°. Spectra are recorded at 30 K except if otherwise
indicated. Growth procedures of samples for in situ STM/STS
measurements are similar to those introduced above. STM
measurements are carried out in ultrahigh-vacuum condition
at 4.3 K with a home-made STM-MBE combined system.
W tips are carefully calibrated on a Ag island before mea-
surements. The tunneling conductance spectra are obtained
using standard lock-in amplifier techniques with a root-mean-
square oscillation voltage of 3 meV and a lock-in frequency
of 791.1 Hz.

Density functional theory calculations employ the projec-
tor augmented wave (PAW) method encoded in the Vienna Ab
initio Simulation Package (VASP) [30–32]. The PAW method
is used to describe the wave functions near the core and
the generalized gradient approximation within the Perdew-
Burke-Ernzerhof parametrization is employed as the electron
exchange-correlation functional [33]. For band-structure cal-
culations, the cutoff energy of 500 eV is taken for expanding
the wave functions into plane-wave basis. In the calcula-
tions, the Brillouin zone is sampled in the k space within
the Monkhorst-Pack scheme [34]. The spin-orbit coupling
is taken into account by the second variation method. For
two-dimensional freestanding FeSe monolayer, the numbers
of these k points are 11 × 11. In the edge-state calculations, a
24-Å vacuum layer is adopted and there are 59 Fe atoms and
59 Se atoms for the [100] edge and 60 Fe atoms and 62 Se
atoms for the [110] edge.

III. RESULTS AND DISCUSSION

A. Sample characterization and local-density approximation
results of band inversion

The crystal structure of monolayer FeTe1−xSex/STO
is presented in Fig. 1(a). The unit cell of monolayer
FeTe1−xSex/STO is tetragonal and contains two iron atoms.
The sample quality is monitored by reflection high-energy
electron diffraction (RHEED) during growth, as shown in
Fig. 1(b). The exact Se content x of our sample is determined
by in situ x-ray photoelectron spectroscopy (XPS) method.
The results are shown in Fig. 1(c), where the value of [x/(1 −
x)] of different samples is proportional to the ratio of the
characteristic peak area weighted by atomic cross section
of Se 3d and Te 4d orbitals, respectively. The main effect
of the isovalent substitution of Te by Se is increasing the
height of Se/Te surface H, which is labeled in Fig. 1(a). In
addition, this substitution can enhance the spin-orbit coupling
(SOC) splitting for d-orbital bands due to the intrinsic p-d hy-
bridization. The Fermi surface of monolayer FeTe1−xSex/STO
(x = 0.19) is shown in Fig. 1(d). There are electron pockets at
the M point, which have been observed in all superconducting
monolayer FeTe1−xSex/STO samples. They are believed to
play an important role in promoting high-Tc superconductivity
in this system [28].

Our local-density approximation (LDA) calculations reveal
that a band inversion can be induced around the � point of
freestanding monolayer FeSe with varying anion height. Note
that freestanding monolayer films lack electron transfer from
substrates compared with samples grown on STO [35,36] and
the strong correlation effect in Fe(Te,Se). To directly compare
with experiments, the calculated Fermi level is shifted to the
value measured by ARPES. Strain effects from the substrate
STO are modeled by setting the in-plane lattice constant of
monolayers to be that of STO 3.905 Å. Figure 1(e) depicts
the band structure with a low anion height before band in-
version. Around the � point, there are three holelike bands
(α, β, γ ) and one electronlike band (η). With increasing H,
the hybridization between Fe dxy and Se pz weakens and the η

band starts to sink. As the η band and the α, β, γ bands have
opposite inversion-symmetry eigenvalues, a band inversion
between them will drive the system into a topologically non-
trivial phase. As shown in Fig. 1(f) for H = 1.54 Å, the orbital
character change of the η-band bottom from pz/dxy to dyz/dxz

clearly demonstrates this band inversion. Simultaneously, the
α-band top changes from dxz to pz/dxy and this induces a
parity change from even to odd with respect to the xz plane,
which is direct evidence for the band inversion that can be
verified by ARPES experiments.

B. Orbital analysis of band structure near topological
critical point

In ARPES measurements, orbital and parity characters
of bands can be determined by changing the photon energy
and the polarization according to the matrix element effect
[37,38]. We demonstrate the observation of two holelike
bands (α, β) and one electronlike band (η) around the �

point of monolayer FeTe1−xSex (x = 0.21) in Fig. 2 using
photons with different energies and polarizations. The third
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FIG. 1. (a) Schematic crystal structure of monolayer FeTe1−xSex/STO. H is defined as the Te/Se height relative to the Fe plane. (b) Typical
RHEED pattern of STO substrate (upper panel) after treatment in vacuum and FeTe1−xSex/STO monolayer (lower panel) after annealing. (c)
In situ XPS results of six samples with different Se content x detected by 100-eV photons. (d) Definition of the Brillouin zone of the two Fe
unit cell. The Fermi surface of monolayer FeTe0.81Se0.19/STO is measured at T = 15 K. The intensity has been integrated in the ±10-meV
energy range. White dashed line represents the cut position of ARPES spectrum shown in this paper. (e), (f) LDA calculation results of
band structure for freestanding monolayer FeSe/STO with Se height H = 1.50 Å and H = 1.54 Å, respectively. Three holelike bands (α, β,
γ ) and one electronlike band η are predicted around �. The omitted orbital of the γ band is dxy according to our calculations displayed in
Appendix A.

γ band with dominant dxy orbital component can hardly be
observed because the spectral weight of dxy is the smallest due
to the strongest correlation among all the orbitals in iron-based
superconductors [39]. The corresponding LDA results of dxy

orbital component are presented in Appendix A. Using our
experimental facility, as shown in Fig. 2(a), odd (even) orbital
with respect to the Mx mirror plane can be observed with p-
(s-) polarized photons. The dyz orbital is odd while dxz is even.
Moreover, the pz orbital can be observed using p-polarized
photons, which also contain the z component of photon po-
larization (vector potential Az) in our facility geometry. The
results of the matrix element effect analysis are summarized
in Table I. Furthermore, to distinguish p and d orbitals, we can
take advantage of the photoemission cross-section difference
of Fe 3d and Te 5p (Se 4p) in the energy range from 15 to
40 eV [40], as shown in Fig. 2(b).

Figures 2(c)–2(d) display ARPES results and the cor-
responding second derivative spectrum measured with p-
polarized, 22-eV photons. The α and η bands can be observed
clearly. These two bands form a Dirac-cone-like band struc-
ture, indicating that the system is close to the topological
transition critical point. The energy of the Dirac point (DP)
can be estimated in the momentum distribution curves (MDC)
plot, as shown in Fig. 2(i). When the photon energy increases
to 32 eV, as shown in Figs. 2(e) and 2(f), the spectral weight

of the α and η bands is obviously suppressed, indicating the
pz orbital character of these bands. The residual weak spectral
weight of the η band is attributed to its dxy orbital character
according to our LDA analysis presented in Appendix A. On
the other hand, the β band becomes more apparent, suggesting
its dyz orbital character with odd parity. In Figs. 2(g) and
2(h), when we change the polarization geometry from p to
s, only the α band can be detected, confirming its dxz orbital
character with even parity. By fitting the experimental bands
to E = C0 + C1|k| + C2k2, we determine that the band tops of
the α and β bands are located at 21.7 ± 0.5 meV and 25.7
± 1.2 meV below EF , respectively, and that the band bottom
of the η band is at 20.3 ± 1.2 meV below EF . We summarize
the results of the band structure and orbital analysis of the
x = 0.21 sample in Fig. 2(j).

To further verify the effect of cross section on the spectral
weight variation presented in Figs. 2(c) and 2(e), we take more
detailed photon energy dependent measurements as shown in
Fig. 3. In Fig. 3(a), we could observe the gradual evolution of
the spectral weight of α and β bands measured by p-polarized
photons with energy range from 28 to 36 eV. On the contrary,
results of s-polarized photons do not show such a phenomenon
in Fig. 3(b) due to the lack of ability to detect the pz orbital un-
der such experimental geometry. We make quantitative MDC
analyses for the data in Fig. 3(a) and display the corresponding
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FIG. 2. Electronic structure near topological critical point (x = 0.21) around the Brillouin-zone center (�). (a) Schematic experimental
geometry of ARPES measurements. (b) Comparison of cross section of Fe 3d and Se 4p (Te 5p) [40]. (c), (d) Electronic structure around the
� point detected by 22-eV p-polarized photons and the corresponding second derivative spectrum. Red dots in (d) represent peak position of
MDC fitted by Lorentz function. Blue dashed curves are fitting results of the MDC peak position, using the function E = C0 + C1|k| + C2k2.
(e)–(h) Same as (c), (d) but measured with (e), (f) 32-eV p-polarized photons and (g), (h) 32-eV s-polarized photons, respectively. (i) MDC
plot of the dashed rectangular region in (c). Green dots show MDC peak position fitted by Lorentz function. Black dashed lines are schematic
of the Dirac-cone-like dispersion after tracing the position of MDC peaks. The MDCs at energies of the Fermi level (EF ) and the DP are
highlighted by black and blue, respectively. (j) Summary of the band structure and orbital analysis around �. The three solid curves are results
of fitting of MDC peaks of the α, β, and η bands. Black dashed curves are the schematic results of band hybridization due to SOC.

MDC fitting results and the extraction method of the spectral
weight in Appendix B. The extracted spectral weight of α and
β bands are presented in Fig. 3(c) along with the calculated
cross section [40] normalized by the orbital-dependent factor.
The consistent evolution with photon energy in Fig. 3(c)
confirms the rationality of cross-section interpretation and the
existence of pz orbital component in the Dirac-cone-like band
structure.

C. Topological transition in monolayer FeTe1−xSex/STO

If there is a topological transition in monolayer
FeTe1−xSex, as predicted in the aforementioned LDA calcula-
tions, the orbital and parity characters of the α, β, and η bands
should exhibit a dramatic change through it. Moreover, as
shown above, the sample with Se content x = 0.21 is already

TABLE I. ARPES matrix element effect of orbitals relevant
to the band-inversion process.

√
indicates that the orbital can be

observed using the corresponding polarized photons, while × means
that it cannot be observed. k �= 0 indicates that the orbital can be
observed away from the � point.

Pol. dxz dyz pz dxy

s(Ax )
√ × k �= 0 ×

p(Ay ) × √ × k �= 0
p(Az ) k �= 0 × √ ×

close to the critical point. To visualize the band-inversion
process, we systematically study the band-structure evolution
of monolayer FeTe1−xSex as a function of the Se content x.

Figures 4(a)–4(c) show the band structures of six different
Se content samples detected by 22-eV p-, 32-eV p-, and
32-eV s-polarized photons. With one particular photon energy,
we can observe dramatic changes of bands in samples with
different content. In Fig. 4(a), the spectral weight of the
α band increases dramatically with decreasing Se content,
indicating the increase of pz orbital character in the α band.
Moreover, as indicated by a red arrow in Fig. 4(a), the α-band
top cannot be observed before the band inversion (x > 0.21).
As the orbital character of the α-band top changes to pz/dxy

during the band-inversion process, the α-band top becomes
significantly enhanced after band inversion (x < 0.21). The
enhancement of the α band can also be found in Fig. 4(b),
which shows the evolution of d-orbital bands with odd par-
ities. The β band is expected to be clear and the α band to
be completely suppressed before the band inversion due to
its even parity nature. However, the missing spectral weight
indicated by a red arrow becomes apparent after the band
inversion. Compared with Fig. 4(a), the reemerging band is
attributed to the α band, which clearly suggests that the parity
of the α-band top changes from even to odd. In contrast
to results of p-polarized photons, the evolution of the α

band exhibits the opposite behavior when measurements are
performed with 32-eV s-polarized photons and only orbitals
with even parities can be detected, as shown in Fig. 4(c). The
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FIG. 3. (a) Band structure near topological critical point (x = 0.21) around the Brillouin-zone center (�) observed by (i) 28-, (ii) 30-, (iii)
32-, (iv) 34-, and (v) 36-eV p-polarized photons, respectively. The inner holelike band (α) and outer holelike band (β) are indicated by black
arrows. (b) Same as (a) but measured by (i) 28-, (ii) 32-, and (iii) 36-eV s-polarized photons, respectively. (c) The extracted spectral weight
evolution with photon energy along with the calculated cross section [40] normalized by the orbital-dependent factor. The blue circle and red
square represent the spectral weight of α and β bands. The calculated cross-section values of Fe 3d (red), Se 4p (blue), and Te 5p (green)
orbitals are divided by 8.381, 4.162, and 2.97, respectively, to correspond to the spectral weight value. The Lorentzian function fitting results
of MDCs and the extraction method of the spectral weight are displayed in Appendix B.

spectral weight of the α-band top is clear before the band
inversion, indicated by a green arrow, and is suppressed after
the band inversion, which is also consistent with the above
analysis.

We can also trace the evolution of the β band. In contrast
to the α band, no obvious change occurs for the β band,
except for a band shift to a lower binding energy. To see it
more clearly, we show the MDC plot of the α and β bands
in Figs. 4(d) and 4(e), respectively. The peak position of
the α band continuously evolves toward the � point, while
that of the β band is almost unchanged with the Se content
decreasing. Then, we calculate the effective mass of the α, β,
and η bands. The results are shown in Fig. 4(f). The effective
mass of the three bands exhibits rather different trends with
the variation of the Se content. When the Se content decreases,
the value of the α band decreases dramatically while that
of the η band increases rapidly. However, the effective mass
of the β band remains almost unchanged. These changes of
effective masses can be interpreted in terms of the orbital
character change due to band inversion. Because the d or-
bitals exhibit stronger correlation effect than the p orbitals,
the η band becomes more correlated due to the increasing
d-orbital components, while the α band behaves oppositely
due to the increasing p-orbital component, and the β band
shows nearly no change, in agreement with its relative d and
p components remaining the same in the process of band
inversion.

D. Edge states in monolayer FeTe/STO

According to the bulk-boundary correspondence, topologi-
cal edge states will appear at the edge of nontrivial monolayer
FeTe1−xSex/STO films [1]. We carry out LDA calculations
for Fe-Te [100] and Fe-Fe [110] edges of monolayer FeTe,
as shown in Figs. 5(a) and 5(d). The obtained band structures
and local density of states (LDOS) for bulk and edge atoms
are displayed in Figs. 5(b) and 5(c) for the [100] edge and
Figs. 5(e) and 5(f) for the [110] edge. The nontrivial gap
is located near EF and gapless Dirac-cone-like edge states
should appear in the region. Actually, this is the case for the
(100) surface, as shown in Fig. 5(b). The edge states extend
over nearly the whole Brillouin zone and merge into the bulk
states near the M point. Due to the 1D nature of the Dirac
band dispersion, the edge LDOS is almost a constant near
the nontrivial gap. With decreasing energy, the edge LDOS
increases rapidly and develops a peak below the gap, which is
attributed to the flat dispersion of edge states. A similar peak
can also be found in the LDOS of the [110] edge, although a
constant LDOS nearly disappears due to the strong overlap
between the edge and bulk states, as shown in Figs. 5(e)
and 5(f).

To demonstrate the edge states experimentally, in situ
STM/STS measurements are carried out after growth of
monolayer FeTe/STO. Topographic images of monolayer
FeTe containing Fe-Te [100] and Fe-Fe [110] edges are
presented in Figs. 5(g) and 5(h), respectively. The insets of
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FIG. 4. Band inversion in monolayer FeTe1−xSex/STO. (a)–(c) Electronic structure evolution with Se content, detected by (a) 22-eV p-
polarized, (b) 32-eV p-polarized and (c) 32-eV s-polarized photons, respectively. The Se contents x of six samples (from left to right) are 1,
0.47, 0.31, 0.21, 0.12, and 0.07, which are determined by in situ XPS method. The red arrows in (a) and (b) show the relatively weak intensity
around � before the topological transition. The green arrows in (c) indicate the appearance of band top. (d), (e) MDC plot of six samples at
energy positions pointed by No. 1 in (a) and No. 2 in (b), respectively. Position of No. 1 and No. 2 is 80 meV below the α- and β-band tops.
Four Lorentzian-function fitting results for the x = 1 sample are presented at the bottom of (d) and (e). Black dots on each MDC are fitting
results of the peak positions. Lorentzian function curves associated with the α and β bands are shaded in (d) and (e), respectively. The black
arrow in (e) indicates the appearance of the α band after the topological transition. (f) Effective mass evolution with Se content. The values of
the α, β, and η bands are shown by red, green, and blue, respectively.

Figs. 5(g) and 5(h) show the atomically resolved topography
indicating the high quality of our sample. We take STS
measurements along the lines indicated by the yellow arrows
in Figs. 5(g) and 5(h) from the edges of the Fe-Te and Fe-Fe
directions to the inside film, as shown in Figs. 5(i) and 5(j).
The common feature is that noticeable enhancements around
50 meV below EF (30 meV below the η-band bottom) appear
for the edges compared with the bulk, which decay to the bulk
value within several nanometers. According to the calculated
results in Fig. 5(b), we find that the edge states connecting the
η band at the � point and the electron δ band at the M point
have a section of flat dispersion around the band bottom of the
δ band, which probably corresponds to the enhanced DOS.

Although the exact value of the calculated binding energy
is not reliable due to strong correlations in FeTe, the band
bottom of the δ band is reported experimentally to reside
around 50 meV below EF [28], which is consistent with
the energy observed in STM/STS measurements. Therefore,
the increased DOS around this energy level is qualitatively
consistent with our LDA calculations. Furthermore, for the
spectra of the Fe-Te edge, a plateau of DOS appears around 0
to 20 meV below EF in Fig. 5(i), which probably corresponds
to the 1D Dirac cone of the nontrivial edge states, consistent
with our LDA calculations in Fig. 5(b) and 5(c). The energy
value of the Dirac point matches well with the band-structure
results shown in Fig. 2(c).
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FIG. 5. Edge states in monolayer FeTe/STO. (a) Model of atomic chain along the Fe-Te direction. (b) One-dimensional band structure for
the atomic chain in (a). The green arrow represents the position of the Dirac point and the sizes of the blue circles represent the contributions of
the left edge. (c) Calculated LDOS of bulk and edge for model (a). The black arrow corresponds to the LDOS enhancement mainly due to the
flat dispersion of edge states. (d)–(f) Same as (a)–(c) but for the atomic chain along the Fe-Fe direction. (g), (h) Experimental STM topography
of the Fe-Te edge (V = 500 mV, I = 50 pA) and the Fe-Fe edge (V = 1 V, I = 50 pA) of FeTe/STO monolayer. Notice that the roughness of
the film is mainly due to STO substrate instead of Te/Se height difference as shown in Appendix C. The inset shows the atomically resolved
topography with the edge along Fe-Te (V = 100 mV, I = 0.5 nA) and Fe-Fe direction (V = 100 mV, I = 1 nA), respectively. (i), (j) dI/dV
spectra (junction setpoint V = 100 mV, I = 0.2 nA) from edge to bulk detected along the yellow arrow shown in (g) and (h), respectively. The
black arrows show the DOS enhancement near the edge. The plateau labeled DP in (i) indicates the existence of Dirac point.

IV. CONCLUSIONS

Our ARPES and LDA calculation results provide direct
evidence of topological transition in high-Tc FeTe1−xSex/STO
monolayers. These observations are vital to confirm the mech-
anism of band inversion in this system. Many theoretical
works propose that chalcogenide anions play an important
role in determining topological properties, where the hy-
bridization between chalcogenide anions and iron cations
tuned by the Se/Te plane height leads to the band inversion
between electronlike bands with pz/dxy-orbital and holelike
bands with dxz/dyz orbital [8,14,15,29]. It is quite distinct
from the magnetism scenario in monolayer FeSe [26]. In
our experiments, we directly observe the electron band with
pz/dxy orbital character for samples with Se content x � 0.21
and its systematic effective mass evolution during the band-
inversion process, supporting the crucial role of chalcogenide
anions in the realization of band inversion in FeTe1−xSex/STO
monolayers.

The consistency of STM/STS experiments and
ARPES/LDA results provides evidence for the existence

of edge states, even for the 1D Dirac cone. Due to the
complexity of the metallic bulk states influencing the
detection of edges states in the experiment, the evidence
in STM experiment is highly suggestive but not conclusive
for the topological origin of the edge states. The further
confirmation of topological nontrivial character of edge states
leaves room for further exploration, such as backscattering
experiments [41]. In contrast to bulk materials, the direct
observation of edge states in FeTe1−xSex monolayers is
extremely challenging in ARPES experiments. We propose
that these states could be observed by performing ARPES
measurements of FeTe1−xSex monolayers grown on high
miscut STO substrates with densely parallel edges, which is
left as future work.

FeTe1−xSex/STO monolayers are promising to search for
Majorana bound states due to the integration of topological
nontrivial character and high-Tc superconductivity [27,28] in
one material. The Dirac cone of edge states lies close to the
Fermi level from STM measurements. Moreover, the position
of topological bands can be tuned by abundant methods
for this system, including post-anneal treatment [18], alkali
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FIG. 6. LDA calculation results of dxy orbital component of
bands around the � point for freestanding monolayer FeSe/STO with
Se height (a) H = 1.50 Å and (b) H = 1.54 Å, respectively. The size
of the pink circles represents the proportion of dxy orbital.

metal doping [42,43], changing various substrates [44–46],
and electric-field regulation [47–49]. Compared with its
bulk counterpart, monolayer FeTe1−xSex/STO system is more
compatible with devices through micro/nanoprocessing tech-
nology and could be easier to regulate. When the topological
edge states are tuned to the Fermi level, superconducting
topological states can be induced through the bulk proxim-
ity effect. If a magnetic thin film is further deposited on
parts of superconducting edges to suppress superconductiv-

ity, Majorana bound states are expected to appear at the
domain wall between the superconducting and magnetic in-
sulating regions. Due to the high superconducting transition
temperature in FeTe1−xSex/STO monolayers and their two-
dimensional nature, our discovery of their topological non-
trivial properties provides us a simple and tunable platform
for realizing and manipulating Majorana bound states at high
temperature.
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APPENDIX A: LDA RESULTS OF dxy ORBITAL
COMPONENT AROUND � POINT

Our LDA calculations reveal the dxy orbital distribution
during the band-inversion process around the � point of
freestanding monolayer FeSe with varying anion height H.
The definition of H is shown in Fig. 1(a). The γ band is mainly
composed of dxy orbital as shown in Fig. 6. Besides, the η

band has a dxy component before band inversion as presented
in Fig. 6(a). With increasing H, the hybridization between Fe
dxy and Se pz weakens and the η band starts to sink. As the
η band and the α, β, and γ bands have opposite inversion-
symmetry eigenvalues, band inversion between them will
drive the system into a topologically nontrivial phase. After
band inversion, the dxy-orbital component increases in the
band top of the α band, as shown in Fig. 6(b).

APPENDIX B: QUANTITATIVE ANALYSES OF THE
SPECTRA WEIGHT

To justify the effect of cross section on the spectral weight
evolution with photon energy, the quantitative analysis has
been tried. We extracted the momentum distribution curve
at E–EF = −0.1 eV of data shown in Fig. 3(a) and then
fitted these MDCs by four Lorentzian function. All MDCs

are renormalized by their intensity at 0.5 Å
−1

where no bands
cross. The corresponding results are shown in Fig. 7. Then we
calculated the area of the fitting Lorentzian function of the α

and β bands, respectively. Each area equals to the summation
of the left part (fit function 1) and the right part (fit function
2). The spectral weight of these bands is proportional to their
corresponding total area of the fitting functions.

FIG. 8. Surface corrugation of monolayer FeTe1−xSex and STO
substrate. (a), (b) STM topographic images of FeTe1−xSex/STO(001)
(100 mV,100 pA) and STO(001) substrate (1 V,10 pA), respectively.
(c), (d) Line profile along the yellow line in (a), (b), respectively.

APPENDIX C: CORRUGATION OF THE
SAMPLE SURFACE

The surface of monolayer FeTe1−xSex/STO is rough,
which is characterized by the topographic image with atoms
of different brightness (indicating various height), as shown
in Fig. 8(a). The surface corrugation or the height difference
between the atoms is approximately 180 pm, as shown in
Fig. 8(c). The height difference of monolayer FeTe1−xSex is
larger than that of a thick film or a single crystal. In the latter,
the atoms only show two kinds of brightness (height) while
the bright atom is Te atom and the dark one is Se atom [50]. In
monolayer FeTe1−xSex, however, there are brighter and darker
atoms, and the brighter atom cannot simply be assigned to Te
and the darker to Se. As a consequence, statistical analysis of
the image is not appropriate to gain the Te/Se ratio. The large
corrugation is probably due to the roughness of the substrate,
which shows no atomic flat surface, as presented in Figs. 8(b)
and 8(d).
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