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Strongly correlated superconductor with polytypic 3D Dirac
points
Sergey Borisenko 1✉, Volodymyr Bezguba1,2, Alexander Fedorov1,3, Yevhen Kushnirenko1, Vladimir Voroshnin3, Mihai Sturza1,
Saicharan Aswartham 1 and Alexander Yaresko4

Topological superconductors should be able to provide essential ingredients for quantum computing, but are very challenging to
realize. Spin–orbit interaction in iron-based superconductors opens the energy gap between the p-states of pnictogen and d-states
of iron very close to the Fermi level, and such p-states have been recently experimentally detected. Density-functional theory
predicts existence of topological surface states within this gap in FeTe1−xSex making it an attractive candidate material. Here we use
synchrotron-based angle-resolved photoemission spectroscopy and band structure calculations to demonstrate that FeTe1−xSex
(x= 0.45) is a superconducting 3D Dirac semimetal hosting type-I and type-II Dirac points and that its electronic structure remains
topologically trivial. We show that the inverted band gap in FeTe1−xSex can possibly be realized by further increase of Te content,
but strong correlations reduce it to a sub-meV size, making the experimental detection of this gap and corresponding topological
surface states very challenging, not to mention exact matching with the Fermi level. On the other hand, the p–d and d–d
interactions are responsible for the formation of extremely flat band at the Fermi level pointing to its intimate relation with the
mechanism of high-Tc superconductivity in IBS.
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INTRODUCTION
Electronic structure of iron-based superconductors (IBSs) has been
studied very intensely during the last decade and, since recently,
also as possible candidates to bear the topological super-
conductivity1. The presence of orbital dependent renormalization,
blue-red shifts, temperature dependence, nematic and spin–orbit
splitting has been firmly established. The observation of the Fe
d3z2�r2 band hybridized with As pz in LiFeAs2 raised the question,
whether its participation in the formation of the electronic
structure near the Fermi level in other IBS is significant. The
presence of pz-band has been then confirmed in LiFeAs3 and
identified in NaFeAs4. Recent ARPES studies suggested that IBS
universally host the topological surface states within the gap
opened due to interaction of pz- and dxz/yz-bands in the vicinity of
the Fermi level3,5,6. However, theoretically predicted size of the
inverted gap in FeTe1−xSex is only of the order of 2–10 meV2,3. This
value has to be divided by the renormalization factor, universally
present in all IBS and known to vary between 3 and 20 depending
on the orbital in FeTe1−xSex (e.g.7–10). Recent observation of
topological surface states in FeTe1−xSex (x= 0.45)5 by 7 eV laser
ARPES implies the size of the inverted gap of more than 20meV,
which is in sharp contrast with the predictions of density-
functional theory (DFT). It remains unclear which interaction is
responsible for such an enormous new energy scale in IBS. To
resolve this controversy we have conducted a detailed high-
resolution study of nominally the same material using the photons
of many different energies to determine its bulk electronic
structure. Our results show that all of the observed features are
in a qualitative agreement with DFT. We identify all bulk states and
track their kz-dispersion, but find no evidence for the surface
states. The behavior of bulk states implies the presence of 3D
Dirac points of both types and anomalously strong

renormalization, while electronic structure of FeTe1−xSex (x=
0.45) remains topologically trivial.

RESULTS AND DISCUSSION
Theoretical band structure
To get an insight into the band structure of a material with a
partial substitution, ab initio calculations should take into account
unavoidable uncertainties related to the crystal structure. In Fig.
1a–d we present the results of the band structure calculations
along the ΓZ-direction performed for several crystal structures
including two refinements for FeSe and one for FeTe1−xSex with
only Te or only Se atoms, respectively11–15. There are three
dispersions which gain energy with momentum and one which
does the opposite, all behaving qualitatively similar in all four
cases. Although we label these dispersions traditionally as dxz/yz,
dxy and pz and assign the corresponding color (see Fig. 1a), one
has to realize that with the presence of spin–orbit splitting the
orbital composition of particular states becomes non-trivial,
especially along the high-symmetry directions in the Brillouin
zone. Several important conclusions may be drawn from the
presented calculations. Fully tellurium-substituted material results
in approximately twice stronger spin–orbit splitting of the dxz/yz-
states (shown in red in Fig. 1a), which remains constant along ΓZ
in all cases. Slightly varying energetics of dxy-states with respect to
dxz/yz-states defines the momentum location of the 3D Dirac point
of the second type, marked in Fig. 1b16,17, which is universally
present in all four cases. The most of the diversity in band
structures shown in Fig. 1a–d is brought by the pz-dispersion of
the chalcogen. Depending on the structure, this band can cross
none, one, two or all three iron-derived d-dispersions. This is the
well-known result of sensitivity of the p-states to the chalcogen
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height18, and thus a thorough experimental study is needed to
find out which of the sketched scenarios is realized in
FeTe0.55Se0.45. All crossings in Fig. 1a–d are 3D Dirac points
protected by symmetry except the one where pz-dispersion
reaches the lower one of the dxz/yz-dispersions (Fig. 1b, c). It is in
this situation that the tiny energy gap opens and band inversion
occurs, i.e. the system becomes topologically non-trivial, causing
the appearance of topological surface states3.
Before we turn to the analysis of ARPES data, we consider in

more details the most complicated scenario shown in Fig. 1c,
when the maximal number of band crossings occur and the

inverted band gap opens. In a typical ARPES experiment aimed to
probe electronic structure in 3D momentum space one measures
the energy–momentum intensity distribution as a function of
photon energy. We plot the band structure along such
momentum cuts in Fig. 1e to understand which evolution of the
dispersing features is expected in the experiment. Taking into
account the multiple hybridizations of the bands and spin–orbit
interaction (especially strong in case of Te-containing material), we
label the bands according to their energy at zero in-plane
momentum, as shown in panel with kz= 0. The first counter-
intuitive observation is that up to kz ~ 0.2 all four dispersions stay

Fig. 1 Band structure calculations. a-d Band structure of FeTe1−xSex along ΓZ for different crystal structures. (e) Bands in the case from panel
(c) along momentum cuts parallel to MΓM and AZA for selected values of kz.
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nearly intact in spite of strongly dispersing pz-feature. Only v-
shape deviations within small momentum interval near kx = ky =
0 signal the presence of two Dirac points and inverted band gap. If
such tiny deviations are to be detected by ARPES, very high
energy and momentum resolutions are indispensable. With
further increase of kz, pz-band becomes easily traceable by
following the top of feature #1. It is in this way that its presence
has been detected for the first time in LiFeAs2 and if the band
inversion occurs also in FeTe0.55Se0.45, this is the way to
experimentally prove it.

Synchrotron-based ARPES experiments
We start presenting experimental data by showing the Fermi
surface map recorded using 100 eV photons in Fig. 2a. Apart from
typical for IBS hole-like pocket in the middle and electron-like
pockets in the corners of the BZ, such map demonstrates the
excellent quality of the cleave—the intensity distribution from the
large portion of the k-space is rather homogeneous and does not
include any shadows from disoriented crystallites, common for
FeSe8–10. Also, in line with other experiments19,20, we do not
notice any sign of nematic ordering on this map. Figure 2b
compares photoemission intensity recorded along the diagonal
cut (marked by white arrows in Fig. 2a) at two temperatures:
above and below Tc of 13.5 K. One can notice an emergence of the
superconducting coherence peak near the Fermi level for the
relatively wide range of momentum values. Energy distribution
curve (EDC) at Fermi momentum (kF ~ 0.03Å−1) clearly indicates
the opening of the superconducting gap upon lowering the

temperature (Fig. 2 c, d). Peak position of the EDC at 1.2 K as a
function of momentum allows one to extract both the gap value
and kF itself. We also present two maps of gaps (momentum
distribution of the leading edge position within the area marked
by dashed line in Fig. 2a) at two photon energies in Fig. 2f to
illustrate rather isotropic character of the order parameter in
FeTe0.55Se0.45. This is in contrast to pristine FeSe, where the
anisotropy due to nematicity has been observed21,22.
We use a free-electron approximation to assign photon energies

to the high-symmetry points along kz. Tracing the peaks in the
spectral function we found periodicity in their energy and
momentum positions setting inner potential parameter to 9 eV.
Γ-points then correspond to 12, 33, 62, and 100 eV, while Z points
—to 22, 47, and 80 eV. Therefore, the datasets shown in Fig. 2b
correspond to kz= 0 case and indicate the presence of three
dispersing features #1, #2, and #3, as in Fig. 1e, considering the
different position of the Fermi level. However, proximity of the
tops of bands #1 and #2 at zero momentum (as in Fig. 1e for kz=
0.365, where tops of bands #2 and #3 are close) implies that in
terms of energetics of the Fe d-orbital manifold, one is closer to
the cases shown in Fig. 1a and b, where the Dirac crossing of the
type II occurs very close to the Γ point. The same datasets also
allow us to extract the size of the spin–orbit splitting and
renormalization factors. Division by the Fermi function (not
shown) gives the location of the top of band #3 at −2meV
(above the Fermi level). The spin–orbit splitting is thus equal to
32 meV, which is very reasonable, since it must exceed the one in
pure FeSe (~20meV, subtracting nematic splitting23) because of

Fig. 2 ARPES data near Γ-point and superconducting gap. a Fermi surface map taken with 100 eV photons. b Data along the cut
corresponding to white arrows in (a) at 20 and 1.2 K. c Temperature dependence of the EDC from kF in plots (b). d Superconducting energy
gap as a function of temperature. Error bars are standard deviations. e EDC dispersion from (b) at 1.2 K. f Maps of the leading edges of the
EDCs from the area on the map (a) surrounded by the dashed line.
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the presence of Te atoms. Renormalization factors for bands #1,
#2, and #3 are 3, 5, and ~20, respectively.
Note, that there is neither sign of band #4 nor of the surface

states in Fig. 2b. While the absence of the former is natural and
expected because it remains unoccupied at kz= 0 in three out of
four cases discussed in Fig. 1, the absence of the latter in our data
is already a contradiction with ref. 5, since the surface states are
expected to be visible independently of the photon energy.
Intriguingly, the size of the superconducting gap and the way it
opens in Fig. 2c–f on the bulk band in our study are very similar to
the ones observed earlier for the topological surface states5.
In order to pursue the evolution of the electronic structure with

kz, we recorded the Fermi surface maps in the vicinity of Γ and Z
points using the 12 and 23 eV photons (Fig. 3a). The contour at Γ is
smaller and does not contain the bright feature right in the center.
Corresponding diagonal cuts in a narrow energy range very close
to Fermi level are compared in Fig. 3b. First, the qualitatively
different spectra prove the strong photon energy sensitivity and

thus imply a reasonable kz-resolution, which is not always the case,
even in IBS24. This is supported by the fact that not only the
intensity distribution is different, but also the peaks of the spectral
function obviously change their energy and momentum positions.
Dispersion #1 becomes sharper at zero momentum, mirroring the
transformation seen in Fig. 1e when going from kz= 0 to kz=
0.185. The bright spot on the map around Z (Fig. 3a) is obviously
caused by an additional feature, which appeared from above the
Fermi level. In order to clarify its origin, we optimized the
experimental conditions by selecting the particular photon energy
(18 eV) and by raising the temperature to close the super-
conducting gap and increase the intensity of the states above the
Fermi level. Such dataset is shown in Fig. 3c. Now it is seen, that
the feature has a v-shape electron-like dispersion strongly
resembling the aforementioned v-shape portions of the disper-
sions in Fig. 1e, which highlighted the proximity to the Dirac point.
To elucidate blurred features in ARPES spectra, the usual

practice is to consider a second-derivative or curvature plots.

Fig. 3 V-feature vs Dirac crossing. a Fermi surface maps recorded using 12 and 23 eV photon energies. b Diagonal cuts from the maps in (a).
c Data taken with 18 eV photons at 20 K along the same diagonal direction in the BZ. d Second derivative of (c) divided by Fermi function.
Noisy artefacts above the Fermi level are not shown. White lines—guides to the eye. e Second derivative in energy of the diagonal cut (hν=
18 eV). f–h Diagonal cut with second derivative in energy and divided by Fermi function measured at 15 K and using 18 eV photons.
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However, this technique can be misguiding if applied to the closely
separated dispersions in particular cases. Such example can be
seen in Fig. 3d. Second derivative taken along the momentum axis
makes an impression that there are two linear dispersions crossing
at approximately 10meV. However, knowing that in the region of
interest our bands have extrema, it is more instructive to consider
the second derivative along the energy axis. We show example of
such treatment in Fig. 3e, where all three dispersions are traceable
in a larger momentum region. Coming back to the case of hν=
18 eV at 20 K temperature, we demonstrate in Fig. 3f–h how
additional tools, like second derivative along energy (Fig. 3g) and
division by the Fermi function (Fig. 3h), allow one to learn more
about the feature located at the Fermi level. Now it is seen, that
there is actually no crossing of linear bands. Instead, the v-feature
belongs to band #3 which is well separated from band #2 by
something like 14meV. We estimate the gap at zero momentum to
be of the order of 7meV.

The examples in Fig. 3 imply that a more detailed photon
energy dependence is needed to unambiguously assign all
features of the spectra to the calculated dispersions. In Fig. 4 we
present such energy dependence for the second derivative plots
in a broad kz-momentum range, covering a couple of BZs
(corresponding raw data can be found in Supplementary Fig. 1).
These data immediately convey the striking and robust result—
there are no features dispersing deeper than 30meV binding
energy at zero momentum in any of the presented spectra. This is
in sharp contrast to LiFeAs2, where the pz-states at Z-point were
detected at binding energies higher than 200meV. Moreover, the
highest binding energy feature monotonically disperses towards
the Fermi level from Γ to Z. This behavior essentially excludes
scenarios from Fig. 1c, d.
Two further observations from Fig. 4: (i) the photon energy at

which the v-shape feature at the Fermi level starts to be visible is
18 eV, implying (in accordance with the lineshape evolution from

Fig. 4 Photon energy dependence. Photon energy dependence of the second derivative of the diagonal cut at 1 K. The data at 13 eV are
taken along the cut, which may slightly deviate from the diagonal.
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Fig. 1e) that the Dirac crossing of the first type already occured at
closer to Γ momentum values. It remains invisible because it is
located above the Fermi level; (ii) this feature is almost absent near
the second Z-point, making it possible to track the position of the
top of band #2.
In Fig. 5a we show the Fermi surface map in kx–kz plane

together with the second derivatives of this map and of
momentum distribution at two binding energies of 30 and
45meV. All contours clearly confirm our assignment of high-
symmetry points along kz in terms of both size variation and
intensity distribution of the features. The Fermi surface is the
smallest near the Γ-point and the largest when kz is maximal. The
relative intensity of the features varies as a function of kz due to
the well-known matrix element effects. Because of the strong
mixture of orbital characters due to spin–orbit interaction and
hybridization, it is not easy to explain all relative photoemission
intensity variations as a function of polarization or photon energy
in terms of usual parity analysis with respect to reaction plane.
That is why we discuss the spectra taken with horizontal
polarization, which are more informative (a couple of examples
where vertical polarization was used are shown in Supplementary
Fig. 2). In addition, the phase change can significantly change the
intensity of a particular feature at the BZ boundary. Finally, the
photoemission cross-sections of Fe 3d, Se 4p and Te 4p electrons
are noticeably changing functions in the photon energy range
studied here. Because of this, all argumentation in this study is
based solely on the energy and momentum positions of the peaks
in the spectral function and not on relative intensity variations of
the photoemission signal.
In Fig. 5 b, c we attempt to extract quantitative information as

regards the energy positions of the EDC peaks close to the Fermi
level. This is a non-trivial task, since there are several features in
this narrow energy region and their relative intensities are strongly
varying. Figure. 5b is the second derivative (in energy) plot along
kz, corresponding to zero in-plane momentum. It sums up the
results from Fig. 4, which is instructive to compare with Fig. 1a–d.
In Fig. 5c we show the energy positions of the EDC peaks in the
raw data. Both plots unambiguously rule out the scenario put
forward recently3,5, where pz-band disperses through all Fe

d-bands. The only feature which has a dispersion minimum at
Z-point along kz is the bottom of v-shape portion of band #3. It
starts to be clearly visible at hν = 18 eV, but it does not move
lower than ~9 meV at photon energies of 23–24 eV. Because it
nearly merges with the top of the band #2 there, it is hard to
figure out whether the band inversion occurred or not. The
second Z-point corresponding to hν ~ 42ndash;47 eV clarifies the
situation. Now the v-shape feature is very weak and the position of
the top of the band #2 can be defined more precisely as 12–13
meV. This explains the different behavior of the EDCs’ peaks near Z
points in Fig. 5c. Since now we can always track the positions of
both band extrema, we can rule out also the scenario from Fig. 1b,
i.e. pz-states do not reach the lower dxz/yz dispersion and thus no
band inversion occurs in FeTe0.55Se0.45. Another interference of
the tops of the bands (first seen in Fig. 2b) results in peculiar
behavior of the EDCs’ peaks in the shaded area of Fig. 5c. In this
region the dispersion seems to flatten out. This is because of the
Dirac crossing of type-II between dxz/yz and dxy dispersions.

Experimental band structure
We sketch our scenario in Fig. 5d–h. At kz= 0 the assignment of
the bands is straightforward and the positions of three band
maxima can be defined from the leftpanel of Fig. 3b: ~21 meV,
~19–20meV and ~−2meV. It is important to realize that the
highest intensity in Fig. 3b corresponds to band #1, meaning that
it is the dxz/yz-component which is the lowest in energy at Γ-point
(Fig. 5e). Then follows the top of band #2, as is implied by the
spectral weight on both sides away from zero momentum.
However, the dxy-component is weak and cannot be resolved as a
separate peak. As the strongest peak disperses towards the Fermi
level with increasing the photon energy and dxy-states should
remain dispersionless, a Dirac crossing of the type II should
necessarily occur. Now top of band #1 becomes of dxy-character
and thus hardly visible in the spectra. Because the Dirac crossing is
of type-II, it extends over significant portion of the BZ and may
influence the corresponding EDC peak position, as is implied by
shaded area in Fig. 5c. The next event in this scenario is the Dirac
crossing of type-I above the Fermi level (Fig. 5f). Although it is not

Fig. 5 Electronic structure of FeTe1−xSex along kz. a Fermi surface map in kx–kz plane and second derivatives of momentum distribution at 0,
30, and 45meV binding energy. b Second derivative of the cut along ΓZ. c Peak positions of the EDC’s maxima. Error bars are standard
deviations. d–h Schematic summary of the obtained results.
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seen directly in the spectra, it is unavoidable, since the top of band
#3 should disperse further upwards while pz-sates (bottom of
band #4) arrive from above making itself evident at 18 eV as v-
shaped feature. The v-feature appears in the spectra when the top
of band #3 becomes of pz-character after type-I Dirac crossing.
This event is represented by Fig. 5g. Finally, the gap between the
tops of band #2 and band #3 continues to decrease being
centered at increasing binding energies towards Z-point and we
do not find any evidence for leveling this gap off or going through
minimum, and thus no evidence for the fact of band inversion.
The latter may be still realized if the pz-band is further shifted
down by increased Te content, as Fig. 1c implies. However, in
order to bring this gap to the Fermi level, one would need
additional hole-doping. Our scenario implies that the Dirac point
of type II is located at ~20 meV binding energy; the Dirac point of
type I – at ~−10 meV; the lower component of dxz/yz disperses
from approximately 20–25meV at Γ to 12–13meV at Z; dxy-states
remain at ~20meV; taking into account the minimum of pz band
at ~9meV at Z and the position of Dirac point, we estimate that its
maximum is at ~−25meV at Γ.
We would like to point out that the emerging picture sketched

in Fig. 5e–h, although in a full agreement with the bulk
calculations, can be mistakenly interpreted if occupied part is
probed using only a single photon energy and/or resolution is not
sufficient to track fine changes in the dispersions. Indeed, bands
#1, #2 and #3 hardly change across the whole BZ.
Comparing the numbers derived above to the results of the

calculations from Fig. 1a, one can see that all mentioned bands are
renormalized along kz by a factor of ~10. Thus, the inverted gap,
which according to calculations is equal to 5.6 meV in fully Te-
substituted case, is expected to be smaller than 1 meV, meaning
that detection of such gap and corresponding topological surface
states is a non-trivial task.
FeTe0.55Se0.45 emerges as a highly correlated material even in

comparison with other IBS. The renormalization of pz-states in e.g.
LiFeAs2 is ~3, reducing the size of the inverted gap to ~6meV. The
latter has been extracted from the experimental data shown in Fig.
2a of ref. 2 where both pz- and dxz/yz-states are clearly seen. Figure
5e–h also illustrates the formation of the unique extended
singularity close to the Fermi level, which is always of high
importance for the mechanism of high-temperature superconduc-
tivity25. Not only strong correlations, but also the hybridization
between dxz/yz and dxy states (which are closer to the Fermi level
than in pristine FeSe by something like 30meV) and interaction with
pz-states form a very flat band #3 (seen directly e.g. in Fig. 2b).
Apart from that, as was demonstrated above, FeTe0.55Se0.45 is a

polytypic 3D Dirac semimetal with an interesting mechanism of
formation of Dirac points. From one side it resembles Cd3As2
where the Dirac points are also located along ΓZ26,27, from the
other, it reminds transition metal dichalcogenides, where the bulk
Dirac cones are formed from a single-orbital manifold28.
In conclusion, we used synchrotron-based angle-resolved

photoemission spectroscopy and band structure calculations to
study the electronic structure of FeTe1−xSex (x= 0.45) in its three-
dimensional Brillouin zone. We found that the material is
characterized by a trivial band structure, i.e. does not possess an
inverted energy gap, but instead is a 3D Dirac semimetal with the
Dirac points of both types located in an immediate vicinity of the
Fermi level. The calculations imply that the lower content of Se
may indeed result in the band inversion, but the size of the
inverted gap hosting the topological surface states will remain
negligible because of strong correlations. Unique interactions
between the Fe d- and chalcogen p-states result in an extended
singularity close to Fermi level created by a single flat band
making it both a strongly correlated superconductor and a
polytypic 3D Dirac semimetal.

METHODS
Sample preparation and characterization
Large millimeter-sized single crystals of FeSe0.55Se0.45 were grown from the
elemental mixtures of the Fe, Se, and Te with the total charge of 5g via self-
flux technique. As grown crystals were characterized by EDX for
compositional analysis and with x-rays for the phase analysis. The values
of superconducting transition temperature Tc were determined to be 14 K
from magnetization measurements.

ARPES experiments
ARPES measurements were performed using the "13-ARPES" end station of
UE-112 beamline at BESSY-II (Helmholtz Zentrum Berlin). Total energy
resolution was set between 2 and 15 meV, depending on the applied
photon energy (12–100 eV). Samples were cleaved in situ and measured at
temperatures between 1 and 20 K. We used the light of horizontal and
vertical polarizations. Analyzer slit is vertical and its lens axis makes
approximately 45∘ with the beam.

Theoretical calculations
Self-consistent band structure calculations were performed on the series of
crystal structures from refs. 11–15 using the linear muffin-tin orbital (LMTO)
method in the atomic sphere approximation (ASA) as implemented in PY
LMTO computer code. The Perdew-Wang parameterization was used to
construct the exchange correlation potential in the local density approxima-
tion (LDA). Spin–orbit coupling was taken into account at the variational step.

DATA AVAILABILITY
Data are available from the corresponding author upon reasonable request.
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