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ABSTRACT

FeSe, the simplest iron-based superconductor, reveals a variety of puzzling properties and features that could hold a key for the pairing
mechanism in this family of superconductors. In particular, it'’s complex electronic band structure differs essentially from the DFT calculated
one in a specially way called the “red-blue shift” and, in addition, drifts anomalously with temperature. Here we study this band structure
evolution in Fe(Se,Te) crystals and reveal essential downdrift of all the hole-like bands with increasing temperature, which is opposite to the
“red-blue shift” expectation. We show that this drift cannot be described by temperature-dependent contribution to quasiparticle self-energy
within the Fermi-liquid concept but could result in charge redistribution between the bulk and topological surface states. If such a scenario
is confirmed, one can tune the topologically non-trivial bands near the Fermi level with temperature, potentially allowing temperature-

induced crossover between different Fermi surface topologies.

Published under license by AIP Publishing. https://doi.org/10.1063/10.0000123

1. INTRODUCTION

The iron-based pnictides and chalcogenides form a new
class of superconductors that has attracted a tremendous interest
due to revived hope to find finally a key to understand the
mechanism of high-temperature superconductivity.'™ FeSe is
the simplest compound in this class and has therefore been con-
sidered as a perfect object for theoretical and experimental
investigations.””’

In reality, it has been found that FeSe-based compounds do not
behave as simple superconductors but reveal a number of very surpris-
ing properties: The critical temperature of FeSe single crystals can be
highly increased by applying pressure,” by intercalation,”"" or in the
single layer FeSe film on STO substrate. ~'* At the same time, the
superconductivity in FeSe seems to compete with rather stable elec-
tronic “nematic” phase,'”'® the transition to which is not followed
immediately by the transition to the antiferromagnetic phase as in all
other iron based super-conductors.” The effect of the nematic transi-
tion on the electronic band structure is strong enough to relate its
origin with intrinsic electronic instability due to some anomalous
electron-electron interaction.'” The observed systematic differences of
the experimental electronic band structure from the DFT calculation
results, called the “red-blue shift”,”'® can be another manifestation of
that interaction.

Then, it is probably not so strange, that the band structure of
all FeSe-based compounds changes strongly with temperature also
well above the nematic transition.'”*’ These changes, however, are
not well-investigated yet.”' There are several temperature-dependent
angle resolved photoemission spectroscopy (ARPES) studies of FeSe
in the corner and in the center of the Brillouin zone (BZ).'”*’
Despite an agreement in interpretation of ARPES data obtained
in the BZ corner (A-point), there are some discrepancies for
the BZ center (Z-point). In Ref. 20, it was established that d,, and
dy, -bands move downwards in energy with temperature increase,
whereas in Ref. 19, the direction of the evolution is opposite.

So, while an intimate relation between electronic band struc-
ture and critical temperature of almost all the iron-based supercon-
ductors has been revealed,”®*"*” the electronic structure of the
simplest compound from this family in not well understood. There
is no consensus even on direction of the band structure evolution
with temperature, not to say about its driving force.”' Finally, an
additional value for the importance of studying the band structure
of the FeSe based compounds comes from recent suggestion about
existence of the intrinsic topological superconducting states in
FeSeosTegs crystals,” which do not differ much from the pure
FeSe.” If confirmed, it opens a playground for engineering different
topological states in different iron based superconductors™ that
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will be indispensable for future spintronic applications. And
temperature will be crucial parameter, taking into account the dis-
cussed here effects.

In this paper we study the temperature evolution of the band
structure in Fe(Se,Te) single crystals with ARPES.”>”° We observe
essential downshift of all the bands in the BZ center of Fe(Se,Te)
with increasing temperature, that is opposite to the “red-blue shift”
expectation™' and to recent observation'’ but is consistent with
another experiment™ for the pure FeSe crystals. We show that this
shift cannot be described by temperature dependent contribution
to quasiparticle self-energy within the Fermi-liquid concept but
could be a result of intrinsic inhomogeneity general for FeSe-based
superconductors.

2. EXPERIMENTAL DETAILS

ARPES spectra of the Z-point of the BZ have been obtained
on CASIOPEE beamline of synchrotron Soleil using radiation with
linear vertical (LV) and linear horizontal (LH) polarization with
energy 21 eV, for temperature range between 20 K and 250 K. The
crystals Fe; osSepgsTep1s have been grown in evacuated quartz
ampoules using the AlCl;-KCl-NaCl flux technique with a constant
temperature gradient (500 °C temperature of the hot end, 430 °C
temperature of the cold end, Fe; 3Seg gTey, composition of the start
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load, 6 weeks).”” The chemical composition of the Fe(Se,Te) crys-
tals was determined using a Tescan Vega II XMU scanning electron
microscope equipped with an INCA Energy 450 energy-dispersive
spectrometer (20 kV accelerating voltage).

3. RESULTS

Different bands can be observed for different photon polariza-
tions, due to the matrix elements effect.””** For the central cut of
BZ of FeSe for the LV polarized radiation the Fe d,, band is mainly
seen, while for the LH polarized light—all the Fe d,,, d,. and Se p,
band become more visible. To investigate the temperature induced
changes of the band structure, a two-dimensional curvature
method has been used. Besides good visual representation of
ARPES spectra, the method is more accurate in determination of
the renormalized band dispersion than the energy distribution
curves fitting procedures.”® Fig. 1 shows ARPES spectra obtained
by the LV polarized radiation for temperatures 20 K [Fig. 1(a)],
100 K (b), 160 K (c), 220 K (d), and the results of processing data
with the curvature method (e)-(h). One can see, that the d,, band
moves downwards in energy monotonically and the dependence
of band position on temperature is linear in a wide temperature
range. The estimated value of this temperature-induced shift is
approximately 1.3 meV per 10 K.
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FIG. 1. ARPES spectra of Fe 0sSegg4Teq 16 from the center of the Brillouin zone (Z-point) obtained with the vertically polarized 21 eV photons at T, K: 20 (a), 100 (b),
160 (c), and 220 (d). The same spectra processed with the curvature method (e)—(h).
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FIG. 2. ARPES spectra of Fe; 05Seq.s4T€0.16 from the center of the Brillouin zone (Z-point) obtained with the horizontally polarized 21 eV photons at T, K: 20 (a), 100 (b),

and 160 (c). The same spectra processed with the curvature method (d)-(f).

In Fig. 2 the ARPES spectra obtained using the LH polarized
radiation for temperatures 20 K (a), 100 K (b), 160 K (c) are
shown. The results of their processing with two-dimensional curva-
ture method are given respectively in (d)-(f). We see that the posi-
tions of d,, band in spectra obtained with orthogonal polarizations
coincide. The d,. and dy, bands move to higher binding energies
with the same speed in a wide temperature range 20-160 K. It is
important to mention, that the shift of the dy,-band reduces the
area of the hole-like Fermi surface in the center of BZ. We summa-
rize the obtained temperature induced shifts of the band structure
for ARPES spectra obtained with the LV and the LH polarized radi-
ation in Fig. 3.

The curvature method can hardly be used to determine the
position of the p, band due to low intensity of this band. Also the
low Fermi velocity makes MDC analysis inapplicable.”® To estimate
the position of the Se p, band for different temperatures, the energy

distribution curves (EDC) integrated in the [—0.09 1/A, 0.09 1/ A]
momentum window have been analyzed and the positions of their
maxima for different temperatures have been determined. The data
show that the band moves in the same direction as the d,, and dy,
bands. The estimated maximal and minimal values of temperture
induced shift for this band are 2.1 meV and 0.8 meV per 10 K
respectively.

So, one can conclude that all the Fe d,., dy,, and Se p, bands
in the center of the Brillouin zone of FeSe doped with Te move
downwards in energy with increasing temperature with similar
speed (see Fig. 4).

4. DISCUSSION

To describe the changes of the d,, band with temperature we
try to analyze the temperature dependence within the Fermi liquid
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FIG. 3. Electronic dispersion of d,, and d,, bands obtained from spectra with
LV (a) and LH (b) polarized radiation.

model. The imaginary part of the self-energy can be expressed as
S (@, T) = ow® + B(ksT)* + Imp, where constant parameter Imp
is added to take into account the scattering on impurities. The real
part of the self-energy is expected to depend on temperature and
energy linearly, so (o, T) = —Aw — yksT.”” The bare electron
dispersion is approximated by simple parabola £(k) = bk? + L.

Disregarding the matrix elements effect the photoelectric
intensity will be I(k, ©) = A(k, ®)f(w), where f(w) is the Fermi func-
tion. Value of A = 3.35 was taken from.” Another values of parame-
ters, that give the best approximation of experimentally obtained
data are =35 eV B=10 eV''; y=5.1; Imp=0.08 eV; b=—12.1
eV- A% 1=-0.06 eV.

In Fig. 5 the results of processing of modeled (a) and experi-
mentally (b) obtained ARPES spectra with the two-dimensional
curvature method are given. As one can see, both dispersions behave
similarly in a wide temperature range. In Figs. 5(c) and 5(d) the
same data but are shown in quadratic momentum scale in order to
check possible influence of the Fermi function of the band shift and
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FIG. 4. Position of the tops of the d,, d,, bands derived from the spectra
obtained with the LV and the LH polarized radiation with two-dimensional curva-
ture method and the position of p, band derived from EDC analysis with error-
bars for different temperatures.

shape. One can see that all the bands in quadratic momentum scale
are pretty linear that means they can be very well described by qua-
dratic dependence and the influence of the Fermi function can be
neglected.
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FIG. 5. Electronic dispersion of the d,, band obtained by the two-dimensional curvature method from the modeled (a) and the experimentally obtained (b) spectra. The

same spectra but with quadratic momentum scale (c), (d).
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It is natural to expect that the ratios v/ and A/ o should be
comparable, but in our case y /B~ 0.5>>A/a= 0.1, so the temper-
ature dependence of the real part of the self-energy is about 5 times
stronger than one would expect within the Fermi liquid model.

With the results of evolution of the electronic structure in the
corners of the Brillouin zone (A-point),’””" the observed shifts
should lead to a change of charge carrier concentration in the
system. It is about 10 meV / 100 K, is similar to shift observed for
the FeSe crystal,”’ and that is too large’’ to be explained as a conse-
quence of chemical potential shift due to its proximity to the edges
of the bands.’"' So, the observed shifts contradict to the Luttinger
theorem® and it is unlikely that they can result from strong
temperature dependence of the quasiparticle self-energy.

One can think of different scenarios why the band structure
occupation seen by ARPES is changing with temperature and
where the extra electrons appear from. It can be redistribution of
charge carriers between different phases since it is known that in
these compounds the superconducting phase is often inhomoge-
neous”’ and coexists with another phases, e.g. with the hexagonal
insulating phase.”””*>> Alternatively, it can be temperature induced
localization of itinerant electrons. Finally, it can be charge redistribu-
tion between bulk and surface electronic states, that can be clearly
seen in topological insulators.’*””

The later scenario is resonating with recent discovery of
topological states in iron based superconductors** and, in the
first place, in Fe(Se,Te).”””® Band calculations have predicted that
FeSe sTeg 5 has a non-trivial topological invariance and hosts topo-
logical surface states near the Fermi level.” Then recent ARPES
experiments have observed in FeSeyssTepss the Dirac-cone type
surface states and their spin-helical texture.”” In further studies,” it
has been found that different topological states should appear in
many iron based superconductors, and some experimental evidences
are already obtained. One can think about it as temperature depen-
dent band bending,”” but taking into account very small surface-bulk
inter-band scattering in topological insulators,”’ one may expect
much stronger effect, while the reported proximity of the Dirac point
to Ep suggests that temperature can be a parameter that allows fine
tuning between different topological states.

5. SUMMARY

We have performed a temperature-dependent ARPES study of
Fe(Se,Te) in the wide temperature range (from 20 to 250 K) and
have revealed the strong temperature drift of all hole-like bands.
We show that such drift cannot be explained in terms of strong
temperature dependence of quasiparticle self-energy but, most
probably, could result in charge redistribution between the bulk
and surface states, which now considered to be topological in these
compounds. If their non-trivial topological nature is confirmed,
one get unique possibility to drive the system between different
topological states with temperature or gating. This makes the iron
based superconductors extremely interesting for possible spintronic
applications.
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