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Topological Dirac semimetal phase in the iron-based superconductor Fe(Te,Se)
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Topological Dirac semimetals (TDSs) exhibit
bulk Dirac cones protected by time reversal and
crystal symmetry, as well as surface states origi-
nating from non-trivial topologyl ™. While there
is a manifold possible onset of superconducting
order in such systems, few observations of in-
trinsic superconductivity have so far been re-
ported for TDSs. We observe evidence for a TDS
phase in FeTe;_,Se, (x = 0.45), one of the high
transition temperature (7.) iron-based supercon-
ductors. In angle-resolved photoelectron spec-
troscopy (ARPES) and transport experiments,
we find spin-polarized states overlapping with
the bulk states on the (001) surface, and lin-
ear magnetoresistance (MR) starting from 6 T.
Combined, this strongly suggests the existence of
a TDS phase, which is confirmed by theoretical
calculations. In total, the topological electronic
states in Fe(Te,Se) provide a promising high T
platform to realize multiple topological supercon-
ducting phases.

A topological Dirac semimetal (TDS) is an avenue of
bulk Dirac cones in a three-dimensional crystal where
time reversal and crystal symmetries protect a fourfold
band degeneracy at the conal points. As opposed to
Dirac semimetals in two spatial dimensions, the TDS
cones are strictly symmetry-protected in the sense that
as long as the constituting symmetries are preserved, no
other terms such as spin-orbit coupling (SOC) can relieve
the degeneracy. In a TDS, a bulk Dirac cone can appear
either at a high-symmetry k-point on the boundary of
the first Brillouin zone, or on a rotational axis (such as
the z-axis in NagBi and CdsAsy). In the latter case,
the Fermi arc surface states are guaranteed to appear on
some side surfaces (e.g., (010) surface) by the non-trivial
Z5 index at either the k, = 0 or k, = 7 plane. On the
(001) surface, the surface states may overlap with bulk
states in the spectrum, but their spin-polarized charac-
ter provides a unique signature to those surface states,

which can be identified via spin-resolved photoemission
spectroscopy. In contrast to the bulk states in a topolog-
ical insulator which are trivially gapped, the bulk Dirac
bands in a TDS may participate in the SC pairing, and
as such significantly enrich the picture. Theoretical stud-
ies suggest that a topologically nontrivial nodal pairing
state may dominate in a superconducting TDS, due to
the strong constraint of orbit-momentum locking on the
Dirac bands®®. While superconducting TDSs are promis-
ing platforms to realize 3D topological superconductors,
few reports on the observation of intrinsic superconduc-
tivity within TDSs are available; there is certain evidence
of superconductivity in CdzAss induced by a point con-
tact or external pressure” ) but it is difficult to have an
extensive study with complementary experimental tech-
niques, and as such to substantiate these findings. Fur-
thermore, most TDSs discovered so far are dominated by
s and p orbitals, whose degree of electronic correlations is
relatively weak and as such does not hint at a particular
propensity towards unconventional superconductivity.

In iron-based high temperature superconductors, how-
ever, d orbitals, which often exhibit substantial corre-
lation effects, predominantly form the Fermi level (Er)
density of states. Intriguingly, band inversion and the as-
sociated topological insulator (TI) phase have been dis-
covered in Fe(Te,Se), which make Fe(Te,Se) a unique sys-
tem to investigate the joint appearance of high-T. super-
conductivity and topological properties in a single crys-
tallOL In fact, in Fe(Te,Se), the odd-parity band crosses
two even-parity bands along I'Z, forming a voided cross-
ing with the lower band, and a real crossing with the
higher one. While the voided crossing has been reported
previously?, in this paper we shift our interest to the
real crossing slightly above Fg, and find that it forms
a Dirac cone with linear dispersion in all the three di-
rections, resulting in a TDS phase in Fe(Te,Se). This
conclusion is strongly supported by spin-resolved ARPES
and magnetoresistance measurements. If we were to dope
the material to shift Fr to the vicinity of the bulk Dirac



point, we expect inter-band pairing to dominate among
all possible pairing contributions, and 3D topological su-
perconductivity to be realized™0.
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FIG. 1. Band structure of FeTeos5Sepss at I'. (a)

Intensity plot of band structure measured with hy = 21.2eV
from a helium discharge lamp. (b) EDC curvature plot of
(a). The dashed lines are guide lines to the dgy, dy. and ds.
bands. (c) Intensity plot of band structure measured with
a laser delivering 7-eV and s-polarized photons. The energy
and momentum ranges correspond to the dashed box area in
(a). (d) Summary of the band structure at I'. Because of
the SOC hybridization, we mark the bands with «, 8 and =,
rather than orbitals. The experimental setup and a detailed
description of the orbital characters of each band can be found
in Supplementary Information Part I. Note that the experi-
mental " point is actually some point at the I'Z line, since it
is impossible to determine the k. value experimentally with
a single photon energy.

The band structure at the I' point is displayed in
Fig. 1. In line with previous reportsi® 15, three 124 bond-
ing bands from Fe 3d orbitals are observed near Fr. From
the curvature intensity plot’® of the energy-distribution
curves (EDC) in Fig. 1(b), we demonstrate that only the
band with d,, orbital character crosses Er and forms a
hole pocket, while the band with d,, orbital character is
very likely below Eg™8. The splitting of the d,. and dy.
bands at I' is induced by SOC. However, the SOC hy-
bridization between the d;, and d,, bands is difficult to
identify in Fig. 1(a) due to the low resolution. With high
energy and momentum resolutions from laser-ARPES,
this hybridization is clearly unveiled [Fig. 1(c)], which
splits the d,, states into 8 and - bands, similar to the
case of FeSe*’. The d,, states are not observed due to its
weak intensities. From the position of the hybridization
between dg, / d,. orbitals, we also conclude that the d,

states at the I' point are indeed below Ep, as shown in
the sketched experimental band structure in Fig. 1(d).
Surprisingly, from spin-resolved ARPES measurements,
we find that the « band consists of both bulk and surface
states near Ep.

The intensity plots from spin-resolved ARPES are dis-
played in Fig. 2(a - b). The spin-integrated plot is the
same as the one in Fig. 1(c), showing clearly the hy-
bridization of 5 and v bands, while the spin-resolved in-
tensity plot (the intensity difference between spin-up and
spin-down photoelectrons) shows spin-polarization of the
~ band near Er. As shown in Fig. 2(i), we measured four
cuts, and all the four spin-resolved EDCs [Fig. 2(c - f)]
show clear spin-polarizations [Fig. 2(g - h)], exhibiting
a helical texture [Fig. 2(i)]. To further confirm that the
spin-polarizations are the intrinsic properties of the elec-
tronic states in the crystal and not induced by the photo-
electron process, we double-checked the spin-polarization
via different photon energies in a synchrotron facility and
for different sample orientations, as shown in Fig. 2(h)
and Supplementary Information Part III. All results con-
sistently show a spin-helical texture, excluding the pos-
sibility that the spin-polarizations come from the pho-
toelectron process or spin matrix-element effect. The
magnitude of spin-polarization of the + band is about
50%, indicating a coexistence of unpolarized bulk and
polarized surface states. The results are summarized in
Fig. 2(k).

The overlap of spin-polarized surface states and non-
polarized bulk states is to be expected in a TDS. Dif-
ferent from a TI, where the surface bands are well
separated from the bulk bands due to the band gap
[Fig. 2(1)], the spin-polarized surface bands overlap with
the non-polarized bulk continuum on the (001) sur-
face in a TDSII8R20 45 sketched in Fig. 2(m). There-
fore, the surface bands will not show up in the spin-
integrated ARPES, but only in the spin-resolved ARPES.
Indeed, about 50% spin-polarization at the outline of the
band continuum in the critical-point Dirac semimetal
BiTIl(S;_,Se,)s (z ~ 0.5) was observed previously?.
Based on these facts, we conclude that the spin-polarized
states possibly derive from a TDS phase.

Dirac and Weyl semimetals, which host bulk Dirac
bands, generically show an MR, that is linearly depen-
dent on the magnetic field22223 which can be explained
by the quantum MRZZ. If there is a TDS phase near
Er in Fe(Te,Se), it is very likely that such a linear MR
should also be realized, the measurement of which we
report in the following. The MR was measured at 16K
on two batches of samples (samples #1 and #2) with
different growing methods (see Methods). Both samples
show similar MR curves in a static magnetic filed (SMF),
as shown in Fig. 3(a). Indeed, the MR curve above 6 T
shows a quantum linear behavior, while the curve below 6
T exhibits a semiclassical quadratic dispersion. The lin-
ear fitting in the range of 6 -14 T matches well with the
experimental curve. We also checked the MR in pulsed
high magnetic field (PMF) up to 30 T on sample #1,
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FIG. 2.

Spin polarization of the v band. (a) - (b) Spin-resolved intensity plot at I" with s-polarized 7-eV photons.

The intensity scales the sum (a) or difference (b) of spin-up and spin-down photoelectrons along the y direction. (c) - (f)
Spin-resolved EDCs at Cut 1-4 shown in (i). Cut 1 and 3 are taken with s-polarized photons, while Cut 2 and 4 are taken with
p-polarized photons, due to the matrix element effect. (g - h) Spin-polarization curves at Cut 1-4. (i) The spin directions are
extracted from (c) - (f) and (g) - (h). (j) The spin polarization along the z, y and z directions at Cut 3 measured with 20-eV
photons from synchrotron radiation. (k) Summary of the band structure from spin-resolved ARPES. The 7 band consists of
both bulk states and spin-polarized surface states near Er. The spin-helical texture of the surface states suggests a possible
origin from a Dirac cone. (1) - (m) Sketches on the surface states in TI and TDS, respectively.
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FIG. 3. Linear MR. (a) MR measured on two different
samples in a SMF up to 14 T. Solid curves are the exper-
imental results, while dashed lines are linear fittings of the
MR curves in the range of 6 - 14 T. The different MR values
of the two samples may come from the magnetic scattering
by different content of excess Fé2L. (b) MR measured in a
PMF up to 30T. The red curve represents the data from the
PMF measurements. The blue solid curve and black dashed
line are duplicates of the SMF results on sample #1 in (a).
Both experiments were carried out at 16 K.

and display the results in Fig. 3(b). The MR in PMF
in the range of 0 - 14T is the same as that measured
in SMF. Above 14T, the PMF MR exactly follows the
extrapolation of linear fitting of SMF MR. All these re-
sults clearly show the existence of the linear MR above

6T in Fe(Te,Se). In order to substantiate the TDS hy-
pothesis derived from our experimental findings, we note
that there are reports of topologically trivial bulk Dirac-
bands near the M point in magnetic BaFeyAss2? or ne-
matic FeSé2. In contrast, however, in Fe(Te,Se) there
is no report on such orders, and no Dirac cone was ob-
served™15 Rather, inspired by our previous work %12,
we find that a bulk Dirac point exists along I'Z and just
above EF, resulting in a TDS phase.

To characterize the possible topological phases, we con-
struct an 8-band k - p model Hamiltonian to reproduce
the band structure of Fe(Te,Se) (See Supplementary In-
formation Part I), as displayed in Fig. 4(a). The SOC
splits the d,/d, . band, and the hybridized bands (a and
7) have irreducible representations of I'y (a) and I'} (7)),
while the p, band has an irreducible representation of Iy, .
Thus when the p, band with odd parity (“—") crosses the
a and v bands with even parity (“+”), band inversions
are formed. There is a voided crossing between the p,
and a bands along I'Z due to their same irreducible rep-
resentation, which produces a TT phasé™®. Instead, the
crossing between the p, and v bands is protected by the
different irreducible representations (more precisely, Cy
rotation symmetry), and forms a 3D Dirac cone. Conse-
quently, the band inversion and the protected band cross-
ing produce a TDS state, with a Dirac cone slightly above
Er. To show both the bulk and surface states, we com-
pute the (001) surface spectrum by the surface Green’s
function method, and display in Fig. 4(b), where the bulk
Dirac point at ~ 15 meV is clearly shown. Due to the
lack of k, broadening, the surface states generally show
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FIG. 4. Calculations on the TDS phase.

ds»/dy orbitals along I'Z. The v band has a “+” parity while p. band has a
a non-trivial topology and the crossing is protected by the C4 rotational symmetry.
The bulk Dirac point (BDP) of the TDS state locates at ~ 15meV above Ep.

onto the (001) surface.

point (SDP) originates from the band inversion between p, and a bands*2

intra-orbital

Pairing around T'Z inter-orbital

(a) Band structure along I'M and I'Z. The « and « bands consist of mixed

w_»

parity. Their crossing along I'Z produces
(b) Projection of the band structure
The surface Dirac
. (c) Spin polarization of the spectrum in (b). The

surface states at the outline of the bulk continuum are clearly shown. (d) Summary of the in-plane band structure at Cut D.
There will be surface topological superconductivity (STSC) or bulk topological superconductivity (BTSC) if Er locates in the
corresponding region. In the case that Er locates in the TDS region, there will be two spherical FSs along I'Z, and (e) if the
intra-orbital pairing around I'Z dominates, the SC gap will be nodeless and the Fermi arcs on side surfaces will be topologically
superconducting; (f) if the inter-orbital pairing around I'Z dominates, the SC gap will be isotropic in plane and has nodes along

k-. In this case, there is topological superconductivity in bulk and Majorana fermions on side surfaces.

strong intensities in the surface spectrum. The outlines
of the band continuum of the TDS state in Fig. 4(b) thus
should be surface states, which is further confirmed by
the spin-polarized spectrum in Fig. 4(c), consistent with
our observations in Fig. 2. The band structure at the
bulk Dirac point (Cut D) is illustrated in Fig. 4(d).

The coexistence of a TI phase and a TDS phase at dif-
ferent Fermi levels in the electronic structure of Fe(Te,Se)
provides a basis for a rich variety of possible topological
superconducting phases. The right part of Fig. 4(d) illus-
trates the possible superconducting states as one were to
shift Er to the TT or TDS Fermi level region via charge
carrier doping. In both the TT and TDS region, spin-
helical FSs of surface states are to be expected. For the
TDS, the spin-helical FSs (Fermi arc pairs) appear on
some side surfacest’2? with two spherical bulk FSs along
the I'Z line, as shown in Fig. 4(e). Invoking the notion
that spin-helical surface states in proximity to a bulk
s-wave superconductor feature a topological nontrivial
superconducting state with Majorana zero modes in its
associated vortex cores?®, the surface states in the TT re-
gion are expected to display topological superconductiv-
ity, which is already observed by ARPES and STM mea-

surementst#2. Similarly, if bulk s-wave pairing persists
in the TDS region, the spin-helical FSs on side surfaces
are likewise expected to form a topologically supercon-
ducting state [Fig. 4(e)].

Since, however, d orbitals dominate the Fermi level
density of states in iron-based superconductors and ex-
hibit strong correlation effects such as Hund’s coupling,
the inter-orbital pairing may dominate in the TDS Fermi
level region, which would generate a spin triplet pairing
state on the two spherical bulk FSs with point nodes on
k. axis [Fig. 4(f)], as a consequence of orbit-momentum
locking in the bulk Dirac cone®. Such a scenario would
hence yield yet another intriguing pairing state, namely
a nodal bulk topological superconductor, which would
host Majorana modes on its side surfaces. Independent of
which scenario will eventually be given preference to from
a more detailed microscopic analysis to follow, our dis-
covery that high T, superconductor Fe(Te,Se) host both
TT and TDS states in their electronic structure provides a
promising platform to prospectively realize multiple sur-
face and bulk topologically superconducting states de-
pendent on pressure, doping, dielectric environment, and
chemical substitution.



Methods

The single crystals of sample #1 were grown by the
self-flux method. The composition is Fei4,Teg 575€9.43,
with y = 14%, as detected by the inductively coupled
plasma (ICP) atomic emission spectroscopy. The as-
grown single crystals were annealed in controlled amount
of O3 to remove excess Fe3!. The single crystals of sample
#2 were grown by the Bridgman technique, with a com-
position of FeTeq 555€9.45. The as-grown single crystals
contain no or very small amount of excess Fe. No anneal-
ing process was applied to sample #2%1. Both samples
show a T, of ~ 14.5 K and the same band structure.

A 6.994-eV laser system together with a helium dis-
charge lamp was used for the band structure measure-
ments. The ARPES measurements with laser and he-
lium lamp were carried out with ScientaOmicron DA30-
L analyzer. The spin-resolved ARPES (SARPES) mea-
surements were carried out with twin very-low-energy-
electron-diffraction (VLEED) spin detectors®®.  The
photon-dependent SARPES measurements were carried
out at BL9B, HiSOR, with a R4000 analyzer. The reso-
lution is set to ~ 6.2 meV for the laser SARPES measure-
ments, and ~ 30 meV for the SARPES measurements at
HiSOR.

The measurements of the in-plane magnetoresistance
p(H) in static magnetic field up to 14 T were carried
out with a commercial Physical Property Measurement
System (PPMS). The measurements in pulsed high mag-
netic fields up to 30 T were performed with a four-probe
point contact method. The experimental data taken with
pulsed magnetic field were recorded on a 16 bit digitizer
and were analyzed using a numerical lock-in technique.

The effective Hamiltonian for the theoretical calcula-
tions was built on the eight bands (p., duy, dy./ds-)
at the I' point. At first, we derived the 4-band model
without spin-orbit coupling (SOC). The first-principles
calculations indicate the four characteristic bands are la-
beled as the irreducible representations I';, 'Y, and I'}
of the point-group Dy at T' without SOC. The 4-band
time-reversal-invariant k£ - p model was established un-

der the basis of those irreducible representations. Then,
the SOC was taken into consideration, by doubling the
basis with the spin degree of freedom and introducing
additional terms. With SOC, the doubly-degenerate I';
band split into I'y («) and T'7 () bands, and the I'j
and I'; bands become I'f (8) and Ty (p.) bands, re-
spectively. The (001) surface spectrum is computed by
the surface Green’s function method. (More detail can
be found in Supplementary Information Part I).
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