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In iron-based superconductor Fe(Se,Te), a flat band-like feature near the Fermi level was observed around the Brillouin
zone center in the superconducting state. It is under debate whether this is the evidence on the presence of the BCS—-BEC
[Bardeen—Cooper—Schrieffer (BCS), Bose—Einstein condensation (BEC)] crossover in the superconductor. High-resolution
laser-based angle-resolved photoemission measurements are carried out on high quality single crystals of FeSeg 45Teq 55
superconductor to address the issue. By employing different polarization geometries, we have resolved and isolated the
dy, band and the topological surface band, making it possible to study their superconducting behaviors separately. The dy,
band alone does not form a flat band-like feature in the superconducting state and the measured dispersion can be well
described by the BCS picture. We find that the flat band-like feature is formed from the combination of the dy; band and
the topological surface state band in the superconducting state. These results reveal the origin of the flat band-like feature
and rule out the presence of BCS-BEC crossover in Fe(Se, Te) superconductor.

Keywords: FeSe 45Teg 55, ARPES, electronic structure, superconducting gap, BCS—BEC crossover

PACS: 74.25.Jb, 74.20.Fg, 74.20.Mn, 71.20.-b

1. Introduction

The Bardeen—Cooper—Schrieffer (BCS) theory of super-
conductivity has been successful in explaining conventional
superconductors in the weak coupling limit where electrons
pair up to form bosons in the momentum space. ! For the atom
gas system in the strong coupling limit, the Bose—FEinstein
condensation (BEC) can occur at ultra-low temperature where
the cold atoms condensate to a single quantum state.>3! In
an intermediate regime between BCS and BEC, a BCS-BEC
crossover is present which is characterized in a significantly
different way from the strict BCS theory.[*! Recently, signa-
tures of the BCS-BEC crossover are reported in some iron-
based superconductors where the Fermi energy &f is small and
comparable to the superconducting gap A.1'%-4I In particu-
lar, there have been some reports from angle-resolved pho-
toemission (ARPES) measurements to observe spectroscopic
evidence of BCS-BEC crossover in FeSe,Te;_,.[1%12.13] I
the superconducting state, a flat band-like feature is formed
near the Fermi level around the Brillouin zone center which
was taken as a signature of the BCS-BEC crossover in
FeSe, Te;_,.[1013] Such observations and the origin of the flat
band-like feature have been controversial!!%!%13 and further
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ARPES investigations are needed to clarify these issues.

In this paper, we carried out high-resolution laser ARPES
measurements on high quality FeSeg 45Teq 55 to resolve the de-
tailed electronic structures in the normal and superconducting
states. Different polarization geometries are used to disen-
tangle the band structures around the zone center by taking
advantage of the matrix element effects. In the normal state,
there are two bands crossing the Fermi level around zone cen-
ter: the bulk dy, band and a nontrival topological surface state.
In the superconducting state, the measured dispersion of the
dy, band can be well described by the BCS picture. We find
that the flat band-like feature is formed from the combination
of the d,; band and the topological surface state band in the
superconducting state. These results rule out the presence of
BCS-BEC crossover in Fe(Se, Te) superconductor.

2. Experiment

The Mn-substituted Fe;_,Mn,Seq 45Teg 55 crystals were

151 The replacement of Fe

grown by using self-flux method.
with minor Mn can effectively suppress the formation of the

interstitial iron atoms and significantly improve the single
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crystal quality and superconducting properties (Fig. 1(a)).!!]

The samples used in this work are Fep9sMng 02Seg.45Teg 55
(named as FeS45T55) which show a superconducting tran-
sition temperature 7z of ~ 14.2 K, with a transition width of
~1.5K from the magnetic susceptibility measurement (see
the inset in Fig. 1(a)). High resolution angle-resolved pho-
toemission measurements were carried out on our ARToF-
ARPES system which is equipped with the vacuum-ultra-
violet (VUV) laser (hv = 6.994 eV) and angle-resolved time-
of-flight (ARTOF) electron energy analyzer.['®) The ARToF—
ARPES can cover two-dimensional momentum space simul-
taneously and has much weaker non-linearity effect so that the
intrinsic signal can be measured. The energy resolution was
set at 1 meV and the angular resolution was 0.3° correspond-
ing to 0.004-A~! momentum resolution at the photon energy
of 6.994 eV. The sample was cleaved at 6 K and measured in
ultrahigh vacuum with a base pressure about 5 x 10~!! mbar
(1 bar = 10° Pa). The Fermi level is referenced by measuring
on a clean polycrystalline gold that is electrically connected to
the sample, as well as the normal state ARPES measurements
of the sample.

3. Results and discussion

Figure 1 shows the overall Fermi surface mappings of the
FeS45T55 sample measured at 8.7 K in the superconducting

state. To fully resolve the Fermi surface and band structures,
the ARPES measurements were carried out under three dif-
ferent laser light polarization geometries (see the laser s, p,
and circular polarizations in Fig. 1(b)). The momentum space
covered by the 6.994 eV laser in the entire Brillouin zone is
shown in Fig. 1(c). The momentum space is large enough to
cover the whole Fermi pockets around the I" point simultane-
ously under the same condition with very dense momentum
points. The Fermi surface mappings measured under three
different light polarizations are shown in Figs. 1(d)-1(f). It
is clear that they exhibit rather different spectral distributions.
In the s-polarization (s-pol) geometry in Fig. 1(d), the mea-
sured Fermi surface mapping shows two strong spots located
along the I'-X direction. In the p-polarization (p-pol) geom-
etry in Fig. 1(e), the two strong spots change their orienta-
tion to be along the I'-Y direction. Additional spectral weight
emerges at the I point. In the circular polarization (c-pol) ge-
ometry, the spectral weight distribution of the Fermi surface
mapping can be considered as the superposition of the two
mappings shown in Figs. 1(d) and 1(e). These results indicate
that strong photoemission matrix element effects are involved
in the ARPES measurements of the Fe(Se,Te) sample. This
provides a good opportunity to resolve the individual band
structures by taking advantage of the matrix element effects.
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Fig. 1. Fermi surface of FeSe( 45Te( 55 measured under different polarization geometries. (a) Temperature dependence of specific heat plotted as C/T versus
T for the samples with 0.02-Mn doping. The inset shows magnetic measurement of the sample. The onset 7, is 14.2 K with a transition width of ~ 1.5 K.[3]
(b) Schematic illustration of the polarization geometries used in the ARPES measurements. The laser light is incident on the sample 50° with respect to
the normal direction of the sample surface. The electric field vector of the s-polarization is vertical while it is horizontal for the p-polarization. In the
s-polarization, the electric field is fully in the sample plane while in the p-polarization, it has both in-plane and out-of-plane components. The c-polarization
refers to the circular polarization geometry. (c) Schematic Fermi surface of Fe(Se,Te). The central shaded area represents the momentum region in our
ARPES measurements. (d)—(f) Fermi surface mapping of FeSe( 45Te( 55 measured at 8.7 K under the s-polarization (d), p-polarization (e), and circular
polarization (f). The blue and red dashed lines represent the measured Fermi surface around I” point.
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Fig. 2. Band structures of FeSe 45Te( 55 measured at 8.7 K along different momentum cuts under three different polarization geometries. (a)—(c) Fermi
surface mappings of FeSe 45Teq 55 measured under s-polarization, p-polarization, and c-polarization geometries, respectively. (d1)-(d7), (el)—(e7), (f1)—
(f7) Measured band structures along different momentum cuts. The momentum cuts are represented by the angle 6 which is defined by the red lines in
panels (a)—(c). The momentum cuts of 8 = 0°, 45°, and 90° correspond to the direction of I'-X, I'-M, and I"-Y, respectively.

In order to determine the detailed Fermi surface and elec-
tronic structure, figure 2 shows momentum dependence of the
band structure for the FeS45TS5 sample measured at 8.7 K
in the superconducting state under three laser polarizations.
The momentum cuts crossing the zone center with different
Fermi surface angles are defined as 6 in Figs. 2(a)-2(c). In
the s-polarization geometry, one band is observed clearly for
the momentum cut along the horizontal direction (6 = 0°)
(Fig. 2(d1)). With the increase of the Fermi surface angle 0,
the spectral weight of this band decreases gradually and be-
comes nearly invisible for the momentum cuts with the Fermi
surface angle above 60° (Fig. 2(d5)-2(d7)). At I" point, there
is no clear spectral weight observed for all the momentum
cuts. In the p-polarization geometry, the momentum depen-
dent evolution of the band structure with the Fermi surface
angle is nearly the opposite. The band clearly observed in
Fig. 2(d1) becomes invisible along the horizontal direction
(6 = 0°, Fig. 2(el)), but gets stronger gradually when the
Fermi surface angle increases (Figs. 2(el1)-2(e7)). It is noted
that a strong spot is observed just at the I" point near the Fermi
level which is present for all the momentum cuts (Figs. 2(el)-
2(e7)).
Fig. 2(e7), a flat band-like feature emerges around the Fermi

In the momentum cut along the I'-Y direction in

level. This flat band-like feature is similar to that observed in
the previous reports. %131 In the case of the circular polariza-
tion, the flat band-like feature is always observed for all the
momentum cuts (Figs. 2(f1)-2(f7)).

Considering the light polarizations in Fig. 1(b) and com-
bining with the momentum dependence of the band structures
with the Fermi surface angle, we conclude that there are two
Fermi surface sheets around the zone center as marked by
the dashed lines in Figs. 1(d)-1(f). The outer Fermi surface
mainly consists of the d./d,, orbital with the d,, orbital dom-
inating along the I'-X direction and the d,, orbital dominat-
ing along the I'-Y direction.l'”-!8] The inner Fermi surface
has d > or dy; orbital component because it is always visible
under the p-polarization geometry which has an out-of-plane
component of the electric field vector as shown in Fig. 1(b).
This tiny Fermi surface originates from the topological surface
state, [17-18]

Figure 3 shows the temperature dependence of the Fermi
surface mappings and the band structures measured along I'—
X/Y directions in order to understand the origin of the flat
band-like feature. Three typical momentum cuts are chosen
For the Cutl in the
case of s-polarization (red line in Fig. 3(d)), only the outer
dy, band is observed (Figs. 3(g1)-3(g6)). For the Cut2 in the
case of p-polarization (horizontal red line in Fig. 3(e)), the d,,

to study the temperature dependence.

band is absent and only the topological surface state near the
Fermi level and the d,; band below the Fermi level are ob-
served (Figs. 3(h1)- 3(h6)). For the Cut3 (vertical red line in
Fig. 3(e)), all the dy; band, d,, band and the topological surface
state are observed simultaneously (Figs. 3(i1)— 3(i6)). In the
normal state (30K, 22K, 17K, and 14.5 K), both the d, band
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and the topological surface state show relatively weak spec-
tral weight around the Fermi level and there is no flat band-
like feature observed around the Fermi level. With decreasing
temperature into the superconducting state, the spectral weight

due to the formation of the Bogoliubov quasiparticles (12 K
and 8.7 K as shown in Figs. 3(g) and 3(h)). For the Cut3 in
the superconducting state, the Bogoliubov quasiparticles from
these two bands combine to form a flat band-like feature as

around the Fermi level from these two bands starts to increase shown in Fig. 3(i6).

(@)

T=22K T'=8.7K T=30K 22K 17K 145K 7.-12x 12K T=8.TK

—04 * * . 0. 0.4 . 02—-02 0 02-02 0 02-02 0
Momentum (7/a)

2 iF - F%
02-02 0 02-02 0 02-02 0 02 -02
Momentum (7/a)

3 z = = i - =
0 0.4 B 0—0.2 0o 02-02 0 02-02 0 02-02 0 02-02 0 02-02 0 02

k (m/a) Momentum (7/a)

Fig. 3. Fermi surface mappings and band structures of FeSeq 45Tep ss measured at different temperatures under three different polarization geometries.
(a)—(c) Fermi surface of FeSe( 45Teq 55 measured at 22 K in the normal state under s-polarization (s-pol), p-polarization (p-pol), and c-polarization (c-pol)
geometries. (d)—(f) Same as panels (a)—(c) but measured at 8.7 K in the superconducting state. (g1)—(g6), (h1)—(h6), (i1)—(i6) Band structures measured at
different temperatures along momentum Cutl (g), Cut2 (h), and Cut3 (i). The location of Cutl is shown by the red line in panel (d), while the location of
Cut2 and Cut3 is shown by the red lines in panel (e).
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Fig. 4. Detailed analysis of the dy; band measured in the normal state and the superconducting state. (a)—(b) Band structures measured at 22 K in the normal
state (a) and at 8.7 K in the superconducting state (b). These data are taken around I" point along I'-X direction under the s-polarization geometry. The
images are divided by the corresponding Fermi—Dirac distribution functions in order to show the electronic states above the Fermi level. The observed d,;,
dy, and d,y bands are marked and labeled. (c)-(d) EDC stacks in the normal state and in the superconducting state obtained from the original band structures
in panels (a) and (b), respectively, without removing the Fermi—Dirac distribution functions. The corresponding momentum range is marked by the arrowed
line on top of panel (a). The red tips in panel (d) mark the EDC peak positions. (¢) The band dispersion in the normal state (€y) obtained from panel (a) (red
solid line) and the band dispersion in the superconducting state (€s) obtain from panels (b) and (d) (blue circles). The normal state band dispersion above
the Fermi level (red dashed line) is extrapolated by assuming a parabolic relation. The blue line is calculated from the normal state band dispersion by the

BCS relation —4 /81%1 + A? with the superconducting gap A = 1.4 meV.
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To quantitatively describe the origin of the flat band-like
feature, we replot the band structures both in the normal state
and in the superconducting state along the momentum cuts
from Cutl to Cut3 (as marked in Figs. 3(d) and 3(e)) in Fig. 4
to Fig. 6, respectively. The corresponding EDC (energy dis-
tribution curve) stacks and the second derivative images with
respect to the energy and momentum are also provided corre-
spondingly, in order to extract the band dispersions quantita-
tively. Figures 4(a) and 4(b) show band structures measured
along Cutl (Fig. 3(d)) in s-polarization geometry in the nor-
mal state (Fig. 4(a)) and the superconducting state (Fig. 4(b)).
The band structures are divided by the corresponding Fermi—
Dirac distribution functions to show the electronic states above
the Fermi level. The observed bands are marked by the guided
lines and mainly the dy, band is observed. Two bands are ob-
served in the normal state, as marked by the blue and green
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lines (Fig. 4(a)). The upper one crosses the Fermi level while
the lower one is below the Fermi level. In fact, these two bands
have the same orbital component from the same original d,,
band which splits into two bands because of its hybridization
with the dyy band.!!8) In the superconducting state, the upper
band opens a superconducting gap and forms a regular Bogoli-
ubov band as shown by the blue line in Fig. 4(b). Figure 4(e)
plots quantitatively the dispersions of the upper dy, band in the
normal state (red line) and in the superconducting state (blue
circles). The dispersion in the superconducting state € can
be well described from the normal state dispersion &y by the
BCS relation &g = —4/ 81%1 + A? with the superconducting gap
A = 1.4meV. Therefore, the flat band-like feature in the su-
perconducting state is not formed from the d,, band alone and
the band structure in the superconducting state can be well de-
scribed by the BCS picture.

(8)

EDC intensity (arb. units)

22K 8.7K

20—60—40 —20 0 20
(E—E,) (meV)

—60 —40—20 O
(E-E) (meV)

Fig. 5. Detailed analysis of the topological surface state band measured in the normal state and the superconducting state. (a)—(b) Band structures measured
at 22 K in the normal state (a) and at 8.7 K in the superconducting state (b). These data are taken around I" point along I"'-X direction under the p-polarization
geometry. The observed d,, and topological surface state (SS) bands are marked and labeled. (c)—(d) Corresponding EDC second derivative images obtained
from panels (a)—(b). (e)—(f) Corresponding MDC second derivative images obtained from panels (a)—(b). (g)—(h) EDC stacks in the normal state and in the
superconducting state obtained from panels (a) and (b), respectively. The corresponding momentum range is marked by the arrowed line on top of panel (a).
The red tips in panel (h) mark the EDC peak positions. (i) The band dispersion of the topological surface state in the normal state (e&y) obtained from
panel (a) (red solid line) and the band dispersion in the superconducting state (€s) obtain from panels (b) and (h) (blue circles). The blue line is calculated

from the normal state band dispersion by the BCS relation — /81%1 + A? with the superconducting gap A = 1.4 meV.

Figures 5(a) and 5(b) show band structures measured
along Cut2 (Fig. 3(e)) in the p-polarization geometry in
the normal state (Fig. 5(a)) and the superconducting state
(Fig. 5(b)). Combining the original images and the second
derivative images in Figs. 5(c)-5(d) and 5(e)-5(f), only the
topological surface state (SS) is observed near the Fermi level
(red line in Figs. 5(a) and 5(b)).l"7-18] In the normal state,

the topological surface state is very close to the Fermi level

(Fig. 5(c)).
band is formed around I" (Fig. 5(d)). Figure 5(i) plots quan-

In the superconducting state, a section of flat

titatively the dispersions of the topological surface state in
the normal state (red line) and in the superconducting state
(blue circles) obtained from the EDC stacks in Figs. 5(g)

and 5(h). The dispersion in the superconducting state €s can
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also be well described from the normal state dispersion €y by

the BCS relation €5 = —4/ 81%1 + A2 with the superconducting
gap A = 1.4meV. Therefore, the flat band feature around I”
in the superconducting state originates from the topological
surface state. This is different from the previous report that
the flat band around I" in the superconducting state is from
the electron-like band above the Fermi level in the normal
state. [12]

Figures 6(a) and 6(b) show band structures measured
along Cut3 (Fig. 3(e)) in p-polarization geometry in the nor-
mal state (Fig. 6(a)) and the superconducting state (Fig. 6(b)).
Combining the original images and the second derivative im-
ages in Figs. 6(c)— 6(d) and 6(e)- 6(f), both the dy, band (blue
and green lines in Figs. 6(a) and 6(b)) and the topological sur-

face state (red line in Figs. 6(a) and 6(b)) are observed near
the Fermi level. A flat band-like feature can be observed near
the Fermi level in Fig. 6(b) which appears to be more obvi-
ous in the second derivative image in Fig. 6(d). As analyzed
in Figs. 4 and 5, it is now clear that this flat band-like feature
is composed of two components: the d,, Bogoliubov bands
on both sides and the topological surface state Bogoliubov
band at the I" point (Fig. 6(i)). Therefore, it is not a com-
plete flat band but consists of three discrete sections. Sim-
ilar three sections are also present in the previous ARPES
measurements.!'%!3] These observations are clearly not con-
sistent with the band structure expected from the BCS-BEC
crossover picture (Fig. 6(j)).
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Fig. 6. Detailed analysis of the origin of the flat band-like feature observed in the superconducting state. (a)-(b) Band structures measured at 22 K in the
normal state (a) and at 8.7 K in the superconducting state (b). These data are taken around I" point along I'-Y direction under the p-polarization geometry.
In this case, all the dy;, dy;, dyy, and topological surface state bands can be observed which are marked and labeled. (c)—(d) Corresponding EDC second
derivative images obtained from panels (a)—(b). (e)—(f) Corresponding MDC second derivative images obtained from panels (a)-(b). (g)—(h) EDC stacks
in the normal state and in the superconducting state obtained from panels (a) and (b), respectively. The corresponding momentum range is marked by the
arrowed line on top of panel (a). The red tips in panel (h) mark the EDC peak positions. (i) The band dispersions of the dy, band in the normal state (red
line) and in the superconducting state (blue line) obtained from Fig. 4(e). The band dispersions of the topological surface state band in the normal state (pink
line) and in the superconducting state (black line) obtained from Fig. 5(i) are also plotted. (j) Schematic illustration of the band structures in the normal and

superconducting states in the BCS-BEC crossover picture.

Based on the above results, we can now establish a coher-
ent picture to understand the observed electronic structure of
FeSe.45Teg.ss superconductor around the zone center. There
are two Fermi surface sheets around the I" point. The outer one
is from bulk band which consists of d,, orbital along the I'-
X direction and d,, orbital along the I'-Y direction. The inner
tiny one is from non-trivial topological surface state which has
d, or dy; orbital component. Along the I'-X direction, only
the d,; band can be observed in the s-polarization geometry
(Fig. 4) while in the p-polarization geometry only the topolog-
ical surface state can be observed near the Fermi level (Fig. 5).
Along the I'-Y direction in the p-polarization geometry, both
bands can be observed simultaneously (Fig. 6). In the nor-

mal state, both bands cross the Fermi level with a quite small
Fermi energy of 2 meV-3 meV. In the superconducting state,
the two bands both form Bogoliubov quasiparticles with the
superconducting gap opening which can be well described by
the BCS picture. In the superconducting state, the two kinds
of Bogoliubov bands combine to form a flat band-like feature
near the Fermi level (Fig. 6).

Our present results clearly rule out the existences of the
BCS-BEC crossover in FeSe 45Teq.ss superconductor. First,
the unique flat band-like feature was considered to originate
from the d,, band.['%13] By isolating the d,; band in the s-
polarization geometry, our results indicate that the dy, band
alone can not produce the flat band-like feature in the super-
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conducting state (Fig. 4) and the band structure in the super-
conducting state can be described in the BCS picture. Second,
the central flat band around I" originates from the topological
surface state in the superconducting state (Fig. 5). The disper-
sion of this surface state in the superconducting state can be
obtained from its normal dispersion in the BCS picture. This
rules out the possibility of the BCS—BEC crossover for this
topological surface state.!!?! Third, we have shown that the
flat band-like feature is actually composed of three discrete
sections of bands coming from both the d,, band and the topo-
logical surface state (Fig. 6). It can be well understood in the
BCS picture and is not consistent with the expect band struc-
ture (Fig. 6(j)) in the BCS-BEC crossover picture.

4. Summary

In summary, we carried out high-resolution laser ARPES
measurements on FeSeq 45Te( 55 superconductor. By taking
advantage of the photoemission matrix element effects, the
detailed electronic structure in the normal state and in the
superconducting state are determined. We find that the d,,
band alone does not form a flat band-like feature in the su-
perconducting state and the measured dispersion can be well
described by the BCS picture. The flat band-like feature is
formed from the combination of the d,; band and the topo-
logical surface state band in the superconducting state. These
results reveal the origin of the flat band-like feature and rule
out the presence of BCS-BEC crossover in Fe(Se,Te) super-
conductor.
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