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Topological superconductors are predicted to host exotic Majorana states that obey
non-Abelian statistics and can be used to implement a topological quantum computer.
Most of the proposed topological superconductors are realized in difficult-to-fabricate
heterostructures at very low temperatures. By using high-resolution spin-resolved and
angle-resolved photoelectron spectroscopy, we find that the iron-based superconductor
FeTe1–xSex (x = 0.45; superconducting transition temperature Tc = 14.5 kelvin) hosts
Dirac-cone–type spin-helical surface states at the Fermi level; the surface states exhibit
an s-wave superconducting gap below Tc. Our study shows that the surface states of
FeTe0.55Se0.45 are topologically superconducting, providing a simple and possibly
high-temperature platform for realizing Majorana states.

I
n a topological superconductor, the opening
of the superconducting gap is associated with
the emergence of zero-energy excitations that
are their own antiparticles (1, 2). These zero-
energy states, generally called Majorana zero

modes or Majorana bound states (MBSs), have
potential applications in quantum computing.
One route to topological superconductivity is to
realize a p-wave superconductor, which is an in-

trinsic topological superconductor; prominent
candidates are Sr2RuO4 and CuxBi2Se3. How-
ever, p-wave superconductivity is very sensitive
to disorder, the experimental confirmation of
the topological edge states is still elusive, and any
application is highly challenging (3–5). Another
way is to realize s-wave superconductivity on spin-
helical states (6), such as in a topological insulator
or a semiconductor with Rashba spin-split states

in proximity to a Bardeen-Cooper-Schrieffer (BCS)
superconductor; some of the designs in this cat-
egory have yielded strong experimental evidence
of MBSs (7–11). However, this approach gener-
ally requires a long superconducting coherence
length,which inprinciple prohibits the use of high-
temperature superconductors. Additionally, the
complicated heterostructures make further ex-
ploration and applications challenging. In this
work, we show that the Fe-based superconductor
FeTe0.55Se0.45, which can have a relatively high
superconducting transition temperatureTc under
certain conditions, hosts topological supercon-
ducting states on its surface, in accordance with
theoretical predictions (12–14). This intrinsic topo-
logical superconductor, which takes advantage of
the natural surface and interband superconduct-
ingcoherence in themomentumspace, canovercome
the disadvantages of other implementations, paving
a distinct route for realizing topological super-
conductivity and MBSs at higher temperatures.

First-principles calculations

Fe(Te,Se) has the simplest crystal structure among
Fe-based superconductors (Fig. 1A), making it
easy to obtain high-quality single crystals and
thin films. Its Tc can reach ~30 K under pressure
(15) and exceeds 40K inmonolayer thin films (16).
Its in-plane electronic structure is similar to
that of most of the iron-based superconductors:
There are two hole-like Fermi surfaces (FSs) at the
Brillouin zone (BZ) center (G) and two electron-
like FSs at the BZ corner (M) (Fig. 1B). For a cut
along GM, there are three hole-like bands (two of
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Fig. 1. Band structure
and topological
superconductivity
of FeTe0.5Se0.5.
(A) Crystal structure
of Fe(Te,Se), together
with the three-
dimensional Brillouin
zone (BZ) and
projected-surface BZ.
(B) Sketch of the
in-plane BZ at kz = 0
(k is the wave vector
in reciprocal space).
There are two hole-
like FSs at G and two
electron-like FSs at
M. The dashed circle
at G indicates a hole-
like band just below
EF. (C) First-principles
calculations of band
structure along the
GM direction (20),
indicated by the light blue line in (B). In the calculations, the energy scale
t = 100 meV, whereas experiments yield t ~ 12 to 25 meV, depending on the
bands (20). In this study, we focused on the small area around G shaded
in light blue, where mainly the dxz band is present. (D) First-principles
calculations of band structure along GM and GZ.The dashed box shows the
SOC gap of the inverted bands. (E) Band structure projected onto the
(001) surface.The topological surface states (TSSs) between the bulk valence
band (BVB) and bulk conduction band (BCB) are evident. H, high intensity;

L, low intensity. (F) Superconducting (SC) states in the bulk and on the
surface.The blue and red arrows illustrate the spin directions. The bulk states
are spin-degenerated (black curves), whereas the TSSs are spin-polarized
(blue and red curves). Below Tc, the bulk states open s-wave superconducting
gaps, which are topologically trivial because of their spin degeneracy.
Induced by the bulk-to-surface proximity, the TSSs open an s-wave gap
and are topologically superconducting (TSC) as a consequence of the spin
polarization (6). (The side surface is shown for convenience.)
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them crossing the Fermi level EF) at G and two
electron-like bands at M. Band calculations for
the out-of-plane electronic structure predict that
FeTe0.5Se0.5 has a nontrivial topology and hosts
topological surface states near EF (12–14).
Calculations show that the topological order

originates from the Te substitution, which not
only introduces large spin-orbit coupling (SOC)
(17) but also shifts the pz band downward to EF
(12), whereas the pz band in FeSe or iron pnictides
is generally above EF (18, 19). Figure 1D shows the
calculated band structure along GM and GZ (20).
Along GZ, the pz band has a large dispersion; near
EF, SOC causes an avoided crossing with the dxz
band, and a SOC gap opens. Further analysis
shows that the pz band has an odd parity (–) for

the inversion symmetry, whereas the dxz band
has an even parity (+). We note that the dxz band
consists ofmixed dxz/dyz orbital characters along
GZ. With these necessary ingredients, the cal-
culated nontrivial topological invariance con-
firms that FeTe0.5Se0.5 hosts strong topological
surface states nearEF (12). To show the predicted
topological surface states clearly, we project the
band structure onto the (001) surface in Fig. 1E.
The Dirac-cone–type surface states are located
near EF, inside the SOC gap between the bulk va-
lence band and the bulk conduction band.When
FeTe0.5Se0.5 enters the superconducting statewith
s-wave gaps, superconductivity will be induced on
the topological surface states, as shown in Fig. 1F.
The spin polarization and s-wave superconduc-
tivity together would make the surface states
topologically superconducting (6).

Dirac-cone–type spin-helical surface
band and s-wave superconducting gap

To experimentally prove that FeTexSe1–x (x ~ 0.5)
is a topological superconductor with intrinsic topo-
logical surface states and s-wave superconductivity
on the surface, one needs to observe the following
three phenomena in spectroscopic measurements:
(i) Dirac-cone–type surface states; (ii) helical spin
polarization of the surface states, which locks the
spin direction perpendicular to the momentum

direction; and (iii) an s-wave superconducting
gap of the surface states when T < Tc. Previously,
we obtained some experimental evidence for the
band inversion of the bulk pz and dxz bands
(12, 21). However, the topological surface band
was never directly observed, owing to the small
energy and momentum scales. The SOC gap is
estimated to be about 10meV in the calculations,
whichmakes it extremely difficult to resolve the
Dirac-cone–type surface states in angle-resolved
photoelectron spectroscopy (ARPES). In the pre-
viousARPESexperiments, only the three t2g (dxy, dyz,
and dxz) and the pz bulk bands were observed at G
(12,22,23). In the experiment thatwepresent below,
by usingARPESwithhigh energy andmomentum
resolution (HR-ARPES; energy resolution~1.4meV)
(24) and spin-resolved ARPES (SARPES; energy
resolution ~ 5.5 meV) (25), we were able to ob-
serve the three necessary phenomena required
for the proof of topological superconductivity in
high-quality single crystals of FeTe0.55Se0.45.
We first demonstrated the observation of the

Dirac-cone–type surface states. High-resolution
cuts of the band structure around G with p- and
s-polarized photons are shown in Fig. 2, A and C,
respectively. According to the matrix element
effect [part I of (20)], both the surface and the
bulk bands (pz and dxz) should be visible for p-
polarized photons,whereas only the bulk valence
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Fig. 2. Dirac-cone–type
surface band. (A) Band
dispersion along GM,
recorded with a p-polarized
7-eV laser. (B) MDC curva-
ture plot of the data
from (A), which enhances
vertical bands (or the
vertical part of one
band) but suppresses hor-
izontal bands (or the
horizontal part of one
band) (26).The red dots
trace the points where the
intensity of the MDC cur-
vature exceeds the red bar
in the color-scale indicator,
and the blue lines are
guides to the eye indicat-
ing the band dispersion.
(C) Same as (A), but
recorded with s-polarized
light.The red line comes
from the Lorentzian fitting
of the EDC peaks.The
red line is reproduced in
(B) as a white line. (D and
E) Zoomed-in view of the
dashed box area in (A).The
data are recorded at 2.4 K
to reduce the thermal
broadening. (D) EDCs of
the zoomed-in area.The
black and blue markers
respectively trace the EDC peaks from two bands. arb., arbitrary. (E) EDC curvature plot of the zoomed-in area.The blue lines are the same as the ones in
(B), and the red line is the same as the one in (C). (F) Summary of the overall band structure.The background image is amix of raw intensity and EDC curvature (the
area in the dashed box). The bottom hole-like band is the bulk valence band, whereas the Dirac-cone–type band is the surface band.
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band (dxz) is visible for s-polarized photons.
The momentum distribution curve (MDC) cur-
vature plot (an improved version of the second
derivative method) (26) of the data with p-
polarized photons shows a clear Dirac-cone–type
band (Fig. 2B). We obtained a parabola-like
band by extracting the energy distribution curve
(EDC) peaks of the data with s-polarized pho-
tons (Fig. 2C). Combining the bands observed

in Fig. 2, A to C, we conclude that the Dirac-
cone–type band (blue lines in Fig. 2B) is the
topological surface band, and the parabolic band
(white curve in Fig. 2B or red curve in Fig. 2C) is
the bulk valence band. Further, we directly
separated the bulk valence band from theDirac-
cone–type surface band with the data at very low
temperature (2.4 K) when the spectral features
were narrower (Fig. 2, D and E). We overlapped

the Dirac-cone–type surface band in Fig. 2B and
the parabolic bulk band in Fig. 2C onto the EDC
curvature plot in Fig. 2E. The extracted bands
overlap well with the curvature intensity plot,
confirming the existence of the parabolic bulk
band and the Dirac-cone–type surface band.
The overall band structure is summarized in Fig.
2F, demonstrating a Dirac surface band very close
to EF.
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Fig. 4. s-wave superconducting gap of the
surface band. (A) Raw EDCs at different temper-
atures for a position on the surface FS. The shoulders
above EF are the indication of the superconducting
Bogoliubov quasiparticles. (B) Symmetrized EDCs
of the curves shown in (A). (C) Superconducting
gap size as a function of temperature. Data points
are extracted from the coherence peaks in (B);
error bars come from the uncertainty of the extraction.
The inset shows the raw EDC at 7 K (black) and the
EDC divided by the Fermi function (purple), which
shows the Bogoliubov quasiparticles above EF.
(D) Symmetrized EDCs at different Fermi wave
vectors (kF) recorded at 2.4 K. The kF positions of
the cuts are indicated in (E). (E) Polar representa-
tion of the superconducting gap size. The hollow
markers mirror the solid markers. The panel on the
right shows the positions of measurements on
the surface FS.

Fig. 3. Spin-helical
texture of the surface
band. (A) Sketch of
the spin-helical FS and
the band structure
along ky, the sample
GM direction. The EDCs
at cuts 1 and 2 were
measured with SARPES.
The spin pattern shown
in (12) comes from
the bottom surface.
(B) Spin-resolved EDCs
at cut 1. (C) Spin
polarization curve at
cut 1. (D and E) Same
as (B) and (C), but
for EDCs at cut 2. The
measured spin polar-
izations are consistent
with the spin-helical
texture illustrated in (A).
(F) Comparison of the
EDCs from SARPES
and HR-ARPES mea-
surements. The large
broadening in the
SARPES measurement could be partly responsible for the small spin polarization measured in (C) and (E). a. u., arbitrary units.
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Next, we carried out high-resolution spin-
resolved experiments to check the spinpolarization
of the Dirac-cone–type band. Two EDCs at the cuts
indicated in Fig. 3A were measured. If the Dirac-
cone–type band comes from the spin-polarized
surface states, the EDCs at cuts 1 and 2 should
show reversed spinpolarizations. Indeed, the spin-
resolved EDCs in Fig. 3, B and D, show that the
spin polarizations are reversed for cuts 1 and 2,
whereas the background shows no spin polar-
ization (Fig. 3, C and E). These data are con-
sistent with the spin-helical texture, which is
the direct consequence of “spin-momentum
locking” of topological surface states. We also
measured an additional two EDCs at different
positions on the FS [part III of (20)]. The spin
polarizations of all four EDCs are consistent with
the spin-helical texture predicted by theory (12).
The small magnitude of the spin polarizations in
Fig. 3, C and E, may partly be explained by the
large broadening of the SARPES data, originating
fromthe lower resolutionof that technique (Fig. 3F).
As the final piece of evidence, we show the

opening of an s-wave gap for the topological sur-
face band. Figure 4A displays the evolution of one
EDC from the surface band with temperature.
The superconducting coherence peak gradual-
ly builds up with decreasing temperature; the
symmetrizedEDCs in Fig. 4B show the gap closing
above Tc. The relation between the supercon-
ducting gap size and temperature (Fig. 4C)
agrees well with BCS theory. The EDC divided by
the corresponding Fermi function (Fig. 4C, inset)
shows a clear peak at the symmetric position

above EF, which comes from the particle-hole
mixing of the Bogoliubov quasiparticles, thus
proving the superconducting nature of the coher-
ence peak. The momentum-dependent measure-
ment of the superconducting gap size shows no
anisotropy (Fig. 4, D and E), consistent with the
s-wave superconducting nature of iron-based
superconductors (27–29). The gap size of the
surface band is about 1.8 meV, which is smaller
than the bulk gap size of 2.5 meV for the hole
band and 4.2 meV for the electron band, as
reported in (27, 28). This result is consistent
with induced superconductivity on the surface
and may even suggest that the induced super-
conductivity mainly comes from interband scat-
tering from the neighboring hole-like band.

Prospects for the observation of
Majorana states

We summarize our results in Fig. 5A. A Dirac-
cone–type topological surface band exists on the
surface of FeTe0.55Se0.45. When the bulk bands open
superconducting gaps, s-wave superconductivity
is induced in the surface band through interband
scattering. Because of its spin-helical texture, the
surface band exhibits topological superconductivity,
whereas the bulk superconductivity is topologi-
cally trivial. When an external magnetic field is
applied, a pair of MBSs is expected to appear at
the two ends of the vortices (Fig. 5B). This phys-
ical picture may explain the recent observations
of zero-bias peaks in thismaterial (30, 31). Further-
more, if a magnetic domain is deposited on the
surface, destroying superconductivity within that

domain, there should be itinerantMajoranamodes
along the domain edge. As a result of the intrinsic
topological superconductivity on the natural sur-
face, it should be fairly easy to produce MBSs
and Majorana edge modes. The relatively high
Tc and facile growth of high-quality single crys-
tals and thin films make Fe(Te,Se) a promising
platform for studying MBSs and may further
advance research on quantum computing.
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Fig. 5. Topological superconductivity and Majorana
states on the surface. (A) Topological supercon-
ductivity on the surface of FeTe0.55Se0.45. The electrons
in the bulk are not spin-polarized, and the s-wave
superconducting pairing is topologically trivial. The
electrons on the surface are induced to form super-
conducting pairs by the bulk superconductivity. The
superconductivity of the spin-helical surface states
is topologically nontrivial. (B) A magnetic field creates
vortices in FeTe0.55Se0.45, which behave as boundaries
for the topological superconductivity on the surface.
MBSs are expected to appear in the vortices. If
there is a magnetic domain on the surface that destroys
superconductivity within that domain, there will
be itinerant Majorana modes along the boundary of
the domain.
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