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The electronic structure and superconducting gap structure are prerequisites to establish microscopic
theories in understanding the superconductivity mechanism of iron-based superconductors. However,
even for the most extensively studied optimally-doped (Bag Ko 4)Fe,As,, there remain outstanding con-
troversies on its electronic structure and superconducting gap structure. Here we resolve these issues by
carrying out high-resolution angle-resolved photoemission spectroscopy (ARPES) measurements on the
optimally-doped (BageKo.4)Fe>As, superconductor using both Helium lamp and laser light sources. Our

gilw?(rds;Fe As results indicate the “flat band” feature observed around the Brillouin zone center in the superconducting
ARIEESS oarmer state originates from the combined effect of the superconductivity-induced band back-bending and the

folding of a band from the zone corner to the center. We found direct evidence of the band folding
between the zone corner and the center in both the normal and superconducting state. Our resolution
of the origin of the flat band makes it possible to assign the three hole-like bands around the zone center
and determine their superconducting gap correctly. Around the zone corner, we observe a tiny electron-
like band and an M-shaped band simultaneously in both the normal and superconducting states. The
obtained gap size for the bands around the zone corner (~5.5 meV) is significantly smaller than all the
previous ARPES measurements. Our results establish a new superconducting gap structure around the
zone corner and resolve a number of prominent controversies concerning the electronic structure and
superconducting gap structure in the optimally-doped (BaggKo.4)Fe2As,. They provide new insights in
examining and establishing theories in understanding superconductivity mechanism in iron-based
superconductors.

© 2021 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.

Electronic structure
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1. Introduction

Since the discovery of superconductivity in iron-based super-
conductors in 2008 [1-5], the superconductivity mechanism
remains under hot debate in spite of great experimental and theo-
retical efforts [6-9]. Understanding the electronic structure and
superconducting gap structure is the prerequisite to establish
microscopic theories to understand the superconductivity mecha-
nism of the iron-based superconductors. Angle-resolved photoe-
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mission spectroscopy (ARPES) has provided key information in
studying the iron-based superconductors [10-15]. However, even
for the prototypical (Ba,K)Fe,As, superconductor that has been
most extensively studied by ARPES [16-34], there remain out-
standing controversies on its electronic structure and supercon-
ducting gap structure. First, regarding the electronic structure
around the I" point, a prominent issue concerns the origin of the
“flat band” in the superconducting state. The ARPES measurements
revealed that a flat band appears near the I" point in the supercon-
ducting state of the optimally-doped (BaggKo4)FeAs, (Fig. 1b)
[16,23,27,32,33]. This flat band has been attributed to the forma-
tion of Bogoliubons (Fig. 1d) [27], appearance of the in-gap state
(Fig. 1e) [32], the superconductivity-induced back-bending of a
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Fig. 1. Flat band (FB) observed near the I' point in the superconducting state of the optimally-doped (Bao Ko 4)Fe>As, superconductor in Helium lamp ARPES measurement
and its possible origins. (a) Fermi surface mapping measured at 18 K with hv=21.218 eV Helium lamp. It is obtained by integrating the spectral weight within a +1 meV
energy window relative to the Fermi level Er. The major polarization vector (E) is marked at the bottom-left corner. The first Brillouin zone is represented by a black square.
For convenience, the equivalent four zone corners are named as M;, My, M3 and M. (b) Band structure measured along the I'-M; direction crossing the I" point; the location
of the momentum Cut 1 is marked in (a) by black line. There is a “flat band” formed near the I point, as marked in the red rectangular frame. (c) Photoemission spectra (EDCs)
from the band structure in (b). Red tips mark the peak position of the flat band that is also plotted in (b) by red circles. The peak position of the Bogoliubov back-bending band
of the inner hole-like band is marked by black tips. (d-g) shows schematic of four possible scenarios that are proposed to understand the origin of the flat band. Three hole-
like bands and the flat band are marked as pink, black, blue and red lines, respectively. (d) The flat band is from the Bogoliubons of the g band in the superconducting state. (e)
Formation of the “in-gap” state and the flat band is from the Bogoliubov back-bending band of the « band [32]. (f) The flat band is from the Bogoliubov back-bending band of
the g band in the superconducting state [23]. In this case, o and g bands are degenerate in the normal state but have different superconducting gaps in the superconducting
state. (g) The flat band is from the band folding of the structure near M (7, ) point [33].

band (Fig. 1f) [23], or the folding of the band at M to T" (Fig. 1g)
[33]. The resolution of this controversy is directly related to the
assignment of the three hole-like bands around I" and their super-
conducting gap determination. Second, there has been a long-time
debate on the Fermi surface topology and electronic structure
around the M point for the optimally-doped (BagsKo.4)Fe2As,. It
has been controversial on whether the Fermi surface around the
M point consists of only a tiny electron pocket [16], two sizable
electron pockets [25], or propeller-shaped Fermi surface with one
tiny electron pocket at M and four hole-like pockets around M
[20,22]. Third, there are contradicting results on the superconduct-
ing gap structure even for the same optimally-doped (Bag Ko 4)Fe;-
As,. For the three hole-like bands around the I' point, most ARPES
measurements report Fermi surface sheet-dependent supercon-
ducting gap [16,17,19,20,23,24,34] while some ARPES measure-
ments found that the superconducting gap is independent of the
Fermi surface sheets with much smaller magnitude [26,28].
Regarding the superconducting gap structure around the M point,
because of the controversy of the Fermi surface topology, it
remains unsettled [16,17,19,20,33,35].

In this paper, we carried out high-resolution ARPES measure-
ments on the optimally-doped (BaggKo4)FeAs, to resolve the
detailed electronic structure and superconducting gap structure
by using both Helium lamp and laser light sources. We observe a
clear “flat band” feature around the I" point in the superconducting
state and reveal its origin. We found direct evidence of the band
folding between M and I'. Near the I" point, our resolution of the
origin of the flat band makes it possible to assign the three hole-
like bands and determine their superconducting gap correctly.
Near the M point, we observe both a tiny electron-like band &
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and an M-shaped ¢ band simultaneously in the normal and super-
conducting states. This makes it possible to establish a new super-
conducting gap structure around the M point. Our results resolve a
number of significant controversies concerning the genuine elec-
tronic structure and superconducting gap structure in the proto-
typical iron-based superconductor, the optimally-doped
(Bag 6Ko.4)FeoAs;.

2. Experimental

The optimally-doped (BaggKo4)Fe As, single crystals were
grown using a FeAs flux method with excess FeAs as flux [36,37].
It shows a superconducting transition temperature Tc of ~ 38 K
with a narrow transition width of 0.5 K from the magnetic suscep-
tibility measurement [34]. High resolution angle-resolved photoe-
mission measurements were carried out on our two lab-based
ARPES systems [38,39]. One is equipped with Helium discharge
lamp as the light source which can provide a photon energy of
hv = 21.218 eV (Helium I), and a Scienta DA30OL electron energy
analyzer. It can cover a large momentum space so that we can
get the overall Fermi surface and band structures at both the Bril-
louin zone center and the zone corners. The energy resolution was
set at 10 meV for the Fermi surface mapping and at 4 meV for the
band structure measurements, and the angular resolution is ~0.3°.
The other system is equipped with the 6.994 eV vacuum-ultra-
violet (VUV) laser and angle-resolved time-of-flight electron
energy analyzer (ARToF 10 k by Scienta Omicron). It can cover
two-dimensional momentum space simultaneously and has much
weaker non-linearity effect so that the intrinsic signal can be mea-
sured. The energy resolution was set at 1 meV and the angular res-
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olution was 0.3° corresponding to 0.004 A”" momentum resolution
at the photon energy of 6.994 eV. The detailed Fermi surface and
band structure around the I" point were measured in this system.
All the samples were cleaved in situ at 18 K and measured in ultra-
high vacuum with a base pressure better than 5x10~!! mbar. The
Fermi level is referenced by measuring on a clean polycrystalline
gold that is electrically connected to the sample, as well as the nor-
mal state measurement of the sample. We have performed mea-
surements on multiple samples and the results are reproducible.

3. Results and discussions

Fig. 1a shows the overall Fermi surface mapping of the
optimally-doped (BaggKo.4)FeoAs, superconductor measured at
18 K in the superconducting state using Helium discharge lamp.
Two hole-like Fermi pockets around I' and strong spots around
M are observed, which is consistent with the previous results
[16,19,22]. Fig. 1b shows the band structure measured at 18 K
along the I'-M; direction crossing the I" point (Cut 1 in Fig. 1a).
In addition to the two hole-like bands, the inner and outer ones,
a prominent feature is the “flat band” observed around the I" point,
as marked by the dashed red rectangular frame in Fig. 1b. Fig. 1c
shows the corresponding photoemission spectra (energy distribu-
tion curves, EDCs) where the position of the flat band is marked
and plotted in Fig. 1b. It is found that this flat band can cross the
inner hole-like band and extend to the outer hole-like band. Such
a flat band has been commonly observed in the previous measure-
ments [16,23,27,32,33]. However, the origin of this flat band
remains under debate and a number of possible scenarios have
been proposed. First, the abnormal strong intensity of the flat band
near the I" point is attributed to the fusion of Bogoliubov disper-
sions (Bogoliubons) which is due to comparability of all relevant
energy scales—electronic band energy, pairing energy, and energy
of a mode, as schematically shown in Fig. 1d [27]. The second pos-
sibility is associated with the formation of “in-gap” state inside the
superconducting gap likely due to disorder scattering [32]. In this
case, the flat band is considered to be due to the Bogoliubov
back-bending of the inner hole-like band (Fig. 1e) [32]. The third
possibility is shown in Fig. 1f. The inner hole-like band consists
of two degenerate bands (o and ) in the normal state; they exhibit
different superconducting gap size in the superconducting state
[23]. The Bogoliubov back-bending from the g band, which shows
a big superconducting gap, forms the spectral enhancement and
flat band. The fourth possibility is the folded electronic structure
from the M point due to suggestion of an antiferroic electronic
instability, coexisting with the superconductivity in the nonmag-
netic state of (BaggKg.4)FeoAs, superconductor [33]. The flat band
crossing with the « band is from folding of the flat band around
the M point with a folding vector (0,0)-(+7,+7), as shown in
Fig. 1g. Above four possibilities all can produce the spectral weight
enhancement and flat band features, but the underlying physics is
different. The clarification on the origin of the flat band near the "
point is important not only for arriving at the correct electronic
structure and related superconducting gap determination, but also
for understanding the underlying physics in (BaggKo.4)FeAs;
superconductor.

In order to understand the origin of the flat band, we also car-
ried out high resolution laser-based ARPES measurements on the
optimally-doped (BaggKo4)Fe,As, superconductor. Fig. 2a shows
the Fermi surface mapping measured on the fresh sample at 13 K
in the superconducting state. For comparison, Fig. 2b shows the
Fermi surface mapping on the aged sample measured under the
same condition. In both cases, the two hole-like Fermi surface
sheets are clearly observed. Figs. 2c and 2d show the band struc-
ture measured along the same I'-M; direction crossing the I" point
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for the fresh and aged samples. The two hole-like bands are clearly
observed although their intensity is suppressed in the aged sample
(Fig. 2d). In addition, a flat band is present in both the fresh and
aged samples at ~15 meV and spans a wide momentum space
between the I" point and the outer hole-like band crossing the
inner hole-like band. Such a flat band can be more clearly seen in
the corresponding second derivative images shown in Figs. 2e
and 2f. Figs. 2g and 2h show photoemission spectra (EDCs) for
the band structure of the fresh sample in Fig. 2c while the EDCs
for the aged sample (Fig. 2d) are shown in Fig. 2i. For the fresh sam-
ple, the EDCs at the Fermi momenta (ks and k, in Figs. 2g and 2h)
exhibit sharp superconductivity-induced coherence peaks. Such
coherence peaks are strongly suppressed in the aged sample
(Fig. 2i). In Figs. 2g-2i, the position of the flat band in the EDCs
is marked by the red tips and the obtained dispersion of the flat
band in the fresh and aged samples is plotted in Figs. 2e and 2f,
respectively. Figs. 2j-2m compare directly the EDCs for the fresh
and aged samples at several typical momenta. While the sharp
coherence peaks in the fresh sample become strongly suppressed
in the aged sample (Figs. 2k and 2m), the flat band is quite similar
in the fresh and aged samples both in its intensity and energy posi-
tion (Figs. 2j-2m). In the aged sample, the intensity of the main
bands and the flat band becomes comparable (Figs. 2k and 2m),
facilitating the identification of the flat band and understanding
its origin. Our results indicate that the sample aging mainly affects
the superconducting coherence peaks. We note that some previous
laser ARPES measurement results of the optimally-doped
(Bag Ko.4)FeaAs;, superconductor [26,33] are similar to the results
we obtained on the aged samples.

In both our Helium lamp (Fig. 1) and laser (Fig. 2) ARPES mea-
surements, we find that the flat band around the I" point spans a
wide momentum space crossing the inner hole-like band. These
clearly indicate that the Bogoliubov back-bending of the inner
hole-like band alone can not account for the formation of such a
flat band, as proposed in Fig. 1d-1f. In our Helium lamp ARPES
measurements in Fig. 1b, we observe clear superconductivity-
induced coherence peak (Fig. 1c). In this case, we do not observe
the “in-gap” state feature for the inner hole-like band as reported
before [32]. In our laser ARPES measurements on the fresh sample
in Fig. 2c, when the inner hole-like band is dominant and sharp
superconducting coherence peaks are observed (Figs. 2g and 2h),
we do not observe any signature of the “in-gap” state either. In
our laser ARPES measurements on the aged sample in Fig. 2d, when
the intensity of the inner hole-like band and flat band is compara-
ble (Figs. 2j-2m), the observed band looks similar to that reported
before where a part of the band near the Fermi level seems to be
separated from the rest of the inner hole-like band [32]. Careful
examination of the band in Fig. 2d and its comparison with that
in Fig. 2c indicates that, even in this case, there is no formation
of the “in-gap” state. First, because the flat band crosses the inner
band (Fig. 2d), the flat band can not be produced from the back-
bending of the inner g band. Second, the crossing of the inner band
and the flat band makes the overlapping area stronger (Fig. 2d);
this produces spectral dips in the EDCs around the Fermi momenta
of the inner band (Fig. 2i), making the part of the inner band appear
isolated from the rest of the band.

In order to resolve the controversies on the electronic structure
[16,20,22,25] and the associated superconducting gap structure
[16,17,19,20,23,24,34] in the optimally-doped (BaggKo.4)FesAs;
superconductor, in particular to examine possible band folding
between I' and M [33], we carried out detailed ARPES measure-
ments around the M point in both the normal and superconducting
states. Fig. 3 shows the band structure measured crossing the M,
point along two high-symmetry I'-M; (Figs. 3a-3c at 45 K in the
normal state and Figs. 3d-3f at 18 K in the superconducting state)
and I'-X (Figs. 3g-3i at 45 K in the normal state and Figs. 3j-3I at
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Fig. 2. Flat band observed near the I point in fresh and aged (Bao cKo.4)Fe,As; in the superconducting state in laser ARPES measurement. (a, b) Fermi surface mapping of fresh
(a) and aged (b) (Bag gKo.4)FezAs; at 13 K with hv=6.994 eV laser. They are obtained by integrating the spectral weight within a + 5 meV energy window relative to the Fermi
level E;. The polarization vector (E) is marked at the bottom-left corner. The data for the fresh sample (a) is obtained right after the cleaving. After that, the sample was heated
up to high temperature up to 70 K and cooled down to 13 K again. The data for the aged sample (b) is then measured more than 24 h after cleaving. (c, d) Band structure
measured along the Cut 1 (c) and 2 (d), respectively. The location of Cut 1 and 2 is shown in (a) and (b) by black lines and they are along the same I'-M; direction in the
momentum space. (e, f) The second derivative images of (c) and (d) with respect to the energy. (g, h) Photoemission spectra (EDCs) from the band structure in (c). Red tips
mark the peak position of the flat band that is also plotted in (e) by black circles. (i) EDCs from the band structure in (d). Red tips mark the peak position of the flat band that is
also plotted in (f) by black circles. (j-m) Comparison of EDCs between the fresh and aged samples at four typical momenta: k; (j), ks (k), k2 (1), k, (m). The location of the four

momenta is marked by arrows in (c) and (d).

18 K in the superconducting state) directions. In the measured
band structures along the I'-M; direction (Figs. 3a-3f), two bands
are observed. One is a tiny electron-like band (named ¢ in Fig. 3)
which lies with its bottom just touching the Fermi level in the nor-
mal state (marked by the purple curve in Fig. 3c). It forms a short
section of flat band in the superconducting state (marked by the
purple curve in Fig. 3f). The other band is the M-shaped ¢ band
as marked by the red curves in Figs. 3c and 3f. In the measured
band structures along the I'-X direction (Figs. 3g-31), these two
coexisting bands are also observed. The tiny electron-like 6 band
in the normal state (marked by the purple curve in Fig. 3i) turns
into a section of flat band in the superconducting state (marked
by the purple curve in Fig. 31). But in this case, the ¢ band shows
up as a section of electron-like band in both the normal and super-
conducting states, as marked by the red curves in Figs. 3i and 3l.
The strong spots around the M point in the Fermi surface mapping
(Fig. 1a), which are located along the I'-M directions, can be
understood because they originate from the M-shaped ¢ band
which appears only along the I'-M directions (Figs. 3c and 3f),
not along the I'-X direction (Figs. 3i and 3I).

Figs. 3m and 3n show photoemission spectra (EDCs) measured
in the normal and superconducting states at several typical
momentum points along the I'-M; and I'-X directions, respec-
tively. It is found that the normal state of the optimally-doped
(BaggKo.4)FeaAs, superconductor is quite incoherent. Except for a
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small peak in the EDCs at the M point, no quasiparticle peaks are
observed in the other EDCs in the normal state. This is consistent
with the previous observation of incoherent state around the I
point in the normal state [34]. The origin of the incoherent normal
state may be related to strong electron scattering [40], strong
quantum fluctuations [41] and/or the orbital-selective Mott corre-
lations [42]. Upon entering the superconducting state, both the ¢
band and the ¢ band form sharp superconducting coherence peaks
(Figs. 3m and 3n). In particular, sharp coherence peaks form along
the M-shaped ¢ band (Fig. 3c) over a wide momentum space
(Fig. 3m). The electronic states around the M point are dramatically
driven to transform from the incoherent normal state into a highly
coherent superconducting state.

The simultaneous observation of both the é band and the ¢
band, in both the normal and superconducting states, makes it pos-
sible to make a proper band assignment and a precise supercon-
ducting gap determination. Figs. 30 and 3p show the
symmetrized EDCs at the M, point in the normal (black curves)
and superconducting (red curves) states from the bands measured
along the I'-M; (Figs. 3a and 3d) and I'-X (Figs. 3g and 3j) direc-
tions. Two peaks are observed below the Fermi level in both cases:
the one closer to the Fermi level corresponds to the 6 band while
the other one with a higher binding energy corresponds to the ¢
band. For the tiny electron-like 6 band, the observed band is nearly
flat in the superconducting state (Figs. 3f and 31). It gives a super-
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Fig. 3. Detailed band structure of (Bag¢Ko.4) FeoAs, near the M point in both normal and superconducting states measured by hv=21.218 eV Helium lamp. (a) Band structure
measured along I'-M; direction crossing M, point at 45 K in the normal state. The location of the momentum cut is shown by the red line in the inset of (f). (b) Band structure
of (a) divided by the corresponding Fermi distribution function. (c) Second derivative image of (b) with respect to the energy. (d-f) Same as (a-c) but measured at 18 K in the
superconducting state. (g-i) Same as (a-c) but measured along I'-X direction crossing M, point at 45 K in the normal state. The location of the momentum cut is shown by the
red line in the inset of (1). (j-1) Same as (g-i) but measured at 18 K in the superconducting state. The observed two bands, ¢ and ¢, are marked by purple and red lines,
respectively, in the second derivative images of (c), (f), (i) and (1). (m) EDCs from the band structures (a) and (d) at several momenta measured at 45 K (black lines) and 18 K
(red lines). The location of the momentum points is marked by red tips in (a). (n) Same as (m) but from the band structures (g) and (j). (0) Symmetrized EDCs at 45 K (black

line) and 18 K (red line) from the original EDCs for the momentum k, in (m

). (p) Symmetrized EDCs at 45 K (black line) and 18 K (red line) from the original EDCs for the

momentum k4 in (n). (q) Symmetrized EDCs at 45 K (black line) and 18 K (red line) from the original EDCs for the momentum kg in (m).

conducting gap size of (5.5+0.5) meV for the 6 band. Regarding the
superconducting gap for the ¢ band, first, this band is already
observed in the normal state with the band position at the M point
(k4 in Figs. 3a and 3c) at ~13 meV (marked by black arrows in
Figs. 30 and 3p) and the tip position of the M-shaped band (kg in
Figs. 3a and 3c) at ~11 meV (marked by black arrows in Fig. 3q).
The M-shaped ¢ band (Figs. 3a-3c¢) does not cross the Fermi level
in the normal state. In the superconducting state, although strong
superconducting coherence peaks form on the ¢ band, the overall
energy position of the band shows only a slight shift compared
to that in the normal state, as seen from the EDCs at both the M
point (k4) and the tip position of the M-shaped band (kg) in
Figs. 30-3q. This indicates that the gap opening on the ¢ band must
be significantly smaller than the energy position of the M point
(13 meV) and the tip position of the M-shaped band (11 meV). If
there is any gap opening on the ¢ band, the estimated gap size
should be smaller than 6 meV (estimated from the peak position
of the EDCs at k4 (Figs. 30 and 3p) and kg (Fig. 3q) in the normal
state (13 meV for ks and 11 meV for k) and superconducting state
(14 meV for k4 and 11 meV for kg)). We note that the supercon-
ducting gap we obtained for both the § band (~5.5 meV) and the
¢ (<6 meV) band near the M point in the optimally-doped
(Bag.eKo.4)FesAs, superconductor is significantly smaller than the
values (10-12 meV) reported in the previous studies
[16,17,19,33,35]. Since we can observe the ¢ and ¢ bands simulta-
neously both in the normal state and in the superconducting state,
we can make a proper assignment of the bands and keep track on
their positions in both the normal and superconducting states.
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Therefore, the gap size ~5.5 meV we obtained for the ¢ band is reli-
able and represents the intrinsic superconducting gap structure
near the M point. When the band structure in the normal state is
not measured or only one band is observed near the M point in
the superconducting state, the energy position of the & band may
be mistakenly taken as the superconducting gap size, either at
the M point or at the tip position of the M-shaped band.

In order to check on the possible folding of bands from M to I in
the superconducting state of the optimally-doped (Bag gKo.4)Fe;As;
superconductor [33], we directly compare the band structures
along the same directions crossing I' and M. Figs. 4a-4d show
the comparison of the two bands measured along the I'-M; direc-
tion while Figs. 4e-4h show the two bands measured along the I'-
X direction. For each band measurement, we have identified the
observed bands and marked them in the second derivative images
(Figs. 4c, 4d, 4g and 4h). Fig. 4i directly compares EDCs at two typ-
ical momentum points around the T" point (I'k;, T'k; in Fig. 4a and
Tk3 'k, in Fig. 4e) with those at the two equivalent momentum
points around the M point (Mk;, Mk, in Fig. 4b and Mks, Mk, in
Fig. 4f). The features corresponding to various bands are marked
in the EDCs. In the band structure measured along the I'-M; direc-
tion crossing the I" point (Figs. 4a and 4c), in addition to the regular
hole-like o/ and y bands, we can identify another two bands
around the T" point, & band (dashed thin purple line in Fig 4c),
and & band (dashed thin red line in Fig. 4c). The & band crosses
the o/B band and extends to the region between the «/f band
and the y band, as seen directly from the measured band structure
(Figs. 4a and 4c) and the EDC at I'k, in Fig. 4i. The shape and posi-



Y. Cai et al.

Science Bulletin 66 (2021) 1839-1848

®

[
S
z
172}
=
43
g
Q
a
[8a)
> v 2
g 10} "‘M"l%ﬂw Mi M i e bigh
S ¥ u ) oo
AL o J.‘fﬂﬁ‘&ﬁ‘ "y _ LT
‘ H 5 M, s M M
-40 .'.'wn '::Cllt ) l:l |“ “l:" L et L L Low L E
0.4 0 0.4 0.4 0 04 -40 20 0 20
k,(n/a) k,(n/a) E - Ex (meV)

Fig. 4. Detailed comparison of band structures of (Bag sKo.4)Fe2As; between I and M measured at 18 K in the superconducting state. (a, b) Band structures measured along the
same I'-M; direction crossing the I" point (a) and M, point (b). (c, d) Corresponding second derivative images of (a) and (b) with respect to the energy. The location of the
momentum cuts is marked in the inset of (c) and (d). (e-h) Same as (a-d) but measured along the I'-X direction. The location of the momentum cuts is marked in the inset of
(g) and (h). The observed «, # and y bands at the I" point are marked by pink, black and blue thick dashed lines, respectively, while the bands ¢ and ¢ at the M point are marked
by purple and red thick dashed lines. The ¢ and & bands marked by purple and red thin dashed lines at the I" point in (c) and (g) represent the folded bands from the ¢ and &
bands at the M point. (i) Comparison of EDCs at the corresponding momenta around I'" and M. The location of the four pairs of momenta, (I'k;, Mk, ), (I'k,, Mk, ), (I'ks, Mks ) and
(Tk4, MKky), is marked in (a), (b), (e) and (f). The three features, labelled as black tip, red tip and black triangle, correspond to 8, & and ¢ bands, respectively.

tion of the ¢ and ¢/ bands around the I" point show a strong resem-
blance to the 6 and M-shaped ¢ bands around the M point in
Fig. 4d. In the band structure measured along the I'-X direction
crossing the I' point (Figs. 4e and 4g), in addition to the hole-like
o/B and 7 bands, we can also identify another two bands around
the I' point, 67 band (dashed thin purple line in Fig. 4g) and ¢ band
(dashed thin red line in Fig. 4g). The shape and position of the Jr
and ¢ bands around the I' point also exhibit a strong similarity
to the § and ¢ bands around the M point in Fig. 4h. Note that, when
the band at Mk, is absent (Fig. 4f, Fig. 4h and the EDC at Mk, in
Fig. 41), it also becomes absent at 'k, (Figs. 4e, 4g and the EDC at
I'k, in Fig. 4i). All these results indicate that there is a band folding
from M to I" in the superconducting state of the optimally-doped
(Bag.eKo.4)Fe,As, superconductor.

We find that the band folding alone from M to I' can not fully
account for the flat band feature around the I'" point. First, if the flat
band near the I" point comes only from the band folding of the &
band around the M point, one would expect that the band position
of the flat band at T is exactly the same as the position of the ¢
band at the M point. But we find that these two positions do not
exactly match; there is a feature in the EDCs at I" which has a
higher binding energy than the EDC peak position at M, as seen
in the EDCs at (I'k;, Mk;) and (I'ks, Mks) in Fig. 4i. Second, as seen
in Figs. 4c and 4g, around the I" point, there are additional features
observed below the folded bands, ¢r. Third, a careful examination of
the EDCs around the I' point indicates that they are composed of
two features, as marked by the black and red tips in Fig. 1c. All
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these observations indicate that the flat band around the I" point
consists of two components, one is the folded band from the ¢ band
around M, the other is from the Bogoliubov back-bending of the
o/p band as shown in Figs. 4c and 4g. There are three hole-like
bands around the Brillouin zone center, o,  and 7, that exhibit dis-
tinct k, dependence [23,24]. For the photon energy of 21.218 eV,
the corresponding k, is close to zero, and the o and B bands are
nearly degenerate [23,24]. In the superconducting state, these
two bands may have different superconducting gap size; the g
band shows a larger superconducting gap than the « band as seen
in Figs. 4c and 4g, consistent with the previous result [23].

As we have shown above, there is band folding from M to T in
the superconducting state of the optimally-doped (Bag gKo.4)Fe;As;
superconductor. If such a band folding exists, it is natural to ask
whether there is also band folding from I" to M, and furthermore,
whether such a band folding also occurs in the normal state.
Fig. 5 directly compares the band structures along the same direc-
tions crossing I and M in the normal and superconducting states.
Figs. 5a-5d show the comparison of the two bands measured along
the I'-M; direction in the normal and superconducting states
while Figs. 5e-5h show the two bands measured along the I'-X
direction. In all these four cases, we can observe signatures of
bands around M that are folded from the bands around I'. The band
folding of the y band around T is particularly clear as the folded
band around the M point can be clearly seen, as marked by the
red arrows in Figs. 5b, 5d, 5f and 5h. These results have provided
further evidence of the band folding between I and M in both
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the normal state and superconducting state in the optimally-doped
(Bag.eKo.4)FeoAs, superconductor.

We have shown that the flat band feature around I'" consists of
two components: the folded ¢ band from M (& in Figs. 4c and 4g)
and the back-bending band of the g band (3 band in Figs. 4c and
4g). In the measured band structures around the I" point using
Helium lamp hv=21.218 eV (Figs. 1b, 4a, 4c, 4e and 4g), the B
back-bending component of the flat band is stronger than the
folded component. On the other hand, in the measured band struc-
tures around the I" point using laser hv=6.994 eV (Figs. 2c-2f), the
folded component of the flat band is dominant. Fig. 6a shows the
dispersions of the back-bending component of the flat band
obtained from the Helium lamp measurement (Fig. 4a) and laser
measurement (Fig. 2d). For comparison, the dispersion of the ¢
band from Helium lamp measurement (Fig. 4b) is also plotted in
Fig. 6a. These dispersions, measured along the I'-M; direction,
are M-shaped and can span a wide momentum space crossing
the «/p band. They agree with each other in both the shape and
the positions of energy and momentum. This further confirms that
this component of the flat band around I" originates from the fold-
ing of the & band around M.

Based on the above results, we can now establish a coherent
picture to understand the observed electronic structure of the
optimally-doped (BaggKg.4)Fe,As, superconductor both near the
I’ region and the M region. The Fermi surface measured by Helium
lamp hv=21.218 eV (k, = 0) consists of two hole-like Fermi surface
sheets around I" and a tiny electron-like pocket at M (Fig. 6b).
When there is a band folding between the I' and M points, the

Fermi surface sheets will be folded between the two points
(Fig. 6¢). Whether the folded Fermi surface sheets can be seen
depends on the folding strength. In the normal state without band
folding, the band structure measured along the I'-M direction con-
sists of three hole-like bands around I" (o, 8 and v, with  and j
being degenerate in this case), as well as a tiny electron-like band
(6) and an M-shaped ¢ band (Fig. 6d). The ¢ band is rather incoher-
ent in the normal state. Upon entering the superconducting state,
superconducting gap opens and superconducting coherence peak
forms and Bogoliubov back-bending bands appear on all these
bands (Fig. 6e). Around the I' point, the initially degenerate «
and g bands open superconducting gap with different sizes; the
gap size of the g band is larger than that of the o band. Around
the M point, the electron-like § band produces a section of a flat
band below the Fermi level and the initially incoherent M-
shaped ¢ band becomes rather coherent in the superconducting
state (Fig. 6e). When the band folding is considered in the super-
conducting state, the original hole-like bands around I" are folded
to the M region while the original bands around the M point are
folded to the I region (Fig. 6f). In this way, the flat band feature
observed around I" in the superconducting state can be understood
as arising from the combination of the folded ¢ band from M and
the back-bending of the g band. In the meantime, two coherent
bands are observed simultaneously around the M point. The
folded ¢ band around I" can be more clearly observed in the super-
conducting state because the incoherent ¢ band around M in the
normal state becomes rather coherent in the superconducting
state.
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The clarification of the electronic structures in the optimally-
doped (BagKo.4)Fe,As, superconductor is critical to make correct
band assignment and precise determination of the related super-
conducting gap. As we have now understood, the degenerate o
and B bands in the normal state open superconducting gaps of dif-
ferent sizes. The EDC at the Fermi momentum from the measured
band (Fig. 7a) is shown in Fig. 7b which consists of two peaks. The
extracted gap size from the symmetrized EDC (Fig. 7d) is 12 meV
for the g band and 7 meV for the o band. The superconducting
gap of the y band obtained from Figs. 7c and 7e is 5 meV. It has
been found that the superconducting gap of the hole-like bands
around the I" point is highly isotropic [34]. Combining the super-
conducting gap results measured around the M point (Figs. 30
and 3p), we establish an overall superconducting gap structure
for the optimally-doped (BaggKo.4)Fe2As, superconductor shown
in Fig. 7f. The superconducting gap structure around the M point
is distinct from all the previous measurements [16,17,19,33,35].
The gap distribution of Fig. 7f is clearly different from the simple
cos(ky)cos(k,) form and further efforts are needed to understand
the gap structure [8,42,43].

Our results prove that there is a band folding effect between the
Brillouin zone center and the corners with a wave vector of (0,0)-
(£m,£7) in both the normal state and superconducting state of
the optimally-doped (BaggKo.4)FeoAs, superconductor. The band
folding from the zone corner to the zone center in the supercon-
ducting state was also reported before, which is attributed to some
unknown electronic instability [33]. In the parent and underdoped
BaFe,As,, there is a spin-density wave (SDW) order which plays an
important role in determining the electronic structure [44]. ARPES
experiments have clearly shown a folding effect between the I" and
M due to the SDW order [45-48]. However, in the optimally-doped
(BaggKo.4)FepAs, superconductor, the SDW order is completely
suppressed and can not explain the band structure folding between
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I" and M we observed. Recently, scanning tunneling spectroscopy

revealed the presence of regions with a v2 x v/2 buckling recon-
struction in the optimally-doped (Bag Ko 4)Fe2As, superconductor

[49]. We note that the (7, 7) band folding and v2 x v/2 surface
reconstruction are commonly observed in FeAs-based supercon-
ductors [50]. Whether the band folding we observed can be due
to this reconstruction or some other origins asks for further
investigations.

4. Summary

In summary, we have carried out high-resolution ARPES mea-
surements on the optimally-doped (BaggKo4)Fe,As, to resolve
the detailed electronic structure and superconducting gap struc-
ture. By using both Helium lamp and laser light sources, we
observe a clear “flat band” feature around the I" point in the super-
conducting state. Our results indicate that this flat band originates
from the combined effect of both the superconductivity-induced
band back-bending of the g band and the folding of the ¢ band from
M to TI'. Direct evidence of the band folding between M and T’ is
observed in both the normal state and superconducting state.
Our resolution of the origin of the flat band around the I" point
makes it possible to assign the three hole-like bands around I
and determine their superconducting gap properly. Near the M
point, we observe both a tiny electron-like band 6 and an M-
shaped ¢ band simultaneously in normal and superconducting
states. This makes it possible to correctly determine the supercon-
ducting gap around the M point. The obtained superconducting gap
for the bands around the M point (~5.5 meV) is significantly differ-
ent from the previous measurements. Our results resolve a number
of prominent controversies concerning the electronic structure and
superconducting gap structure in the prototypical iron-based
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lamp along the I'-M; direction crossing the I" point. The location of the momentum cut is marked by a black line in the inset. (b, c) EDCs at k,; (b) and at k, (c). (d, e)
Corresponding symmetrized EDCs at k, ; (d) and at k, (e). The location of the k,; and k, is marked by arrows in (a). (f) Three-dimensional plot of the superconducting gap on
the three hole-like pockets around I" and the tiny electron-like pockets around M. The corresponding Fermi surface is shown at the bottom.

superconductor, the optimally-doped (BaggKg.4)Fe,As,. They pro-
vide key information in examining and establishing theories in
understanding superconductivity mechanism in iron-based
superconductors.
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