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La(O,F)BiSe; is a layered superconductor and has the same crystal structure with La(O,F)BiS,. We investigate
the electronic structure of La(O,F)BiSe; using the angle-resolved photoemission spectroscopy. Two electron-like
Fermi surfaces around X (m,0) are observed, corresponding to the electron doping of 0.23 per Bi site. We clearly
resolve anisotropic band splitting along both I'-X and M-X due to the cooperative effects of large spin-orbit
coupling and interlayer coupling. Moreover, we observe an almost non-dispersive electronic state around —0.2eV
between the electron-like bands. This state vanishes after in-situ K evaporation, indicating that it could be the
localized surface state caused by defects on the cleaved surface.

PACS: 74.25.Jb, 74.70.—b, 71.18.+y, 71.20.—b

Layered compounds have been intensively studied
for the exploration of new high-transition-temperature
superconductors, since the discovery of cupratel’
and iron-based superconductors.?) In 2013, super-
conductivity was initially reported in BizO4Ss,[* "
which is composed of the stacking of the super-
conducting BiSs layers and the blocking layers of
Big04(SO4)1_s. Subsequently, an analogous series of
BiSs-based superconductors are discovered, including
(Ln,Sr)0,_,F,Bi(S,Se)2,l% 1 where Ln denotes lant-
hanoid atoms.

As for the underlying mechanism of superconducti-
vity related to this new series of superconductors, dif-
ferent theoretical scenarios have been proposed.l'* 2]
A two-orbital modell®’! describes the band structure
reasonably. Due to the low superconducting transi-
tion temperature and the weak correlation effect in
p orbitals, electron-phonon coupling has been sugge-
sted to dominate the superconducting pairing.!'®! This
guess is consistent with the Raman scattering result*?
of this material, suggesting that the BiSs-based su-
perconductors are possibly phonon-mediated BCS su-
perconductors. However, another ARPES datal*”]
on NdOg 5Fo5BiSy was interpreted in terms of the
presence of a polaronic state at the bottom of the
electron-like bands near X, suggesting that the elec-
tron correlation effects play an important role in this
material. Moreover, strong Fermi surface nesting at
the wave vector (m,7) was predicted, which might
enhance the electron-phonon interaction.’”) Among

DOI: 10.1088/0256-307X /33 /12/127401

numerous experiments, angle-resolved photoemission
spectroscopy (ARPES) was used to investigate the
Fermi surface and band dispersions of these mate-
rials. ARPES measurements!”"*") revealed a small
band renormalization factor which indicates the rat-
her weak electron correlation in this compound. One
of the measurements indicated the Fermi surface nes-
ting as predicted in this system, while the transition
temperature was not enhanced. Moreover, neutron
scattering work[”?! and STM measurement!*>") on this
material gave contradictory results about the electron-
phonon coupling strength. A g-wave pairing scenario
was proposed at the low electron doping level, indi-
cating an unconventional pairing symmetry.*'] Thus
detailed experimental studies of the electronic struc-
ture is crucial in understanding this material.

In this Letter, we present ARPES results of
the BiSeg-based superconductor La(O,F)BiSes (T, =
3.7K). We observed two discernible electron-like
Fermi surfaces around the X point. The band split-
ting along the M—X direction was observed clearly for
the first time. According to the Luttinger theorem, its
carrier doping level is 0.23 electrons per Bi site. As
a result, the measured electronic structure is far from
the proposed FS nesting. Apparently, there is a discre-
pancy between the nominal and actual doping levels,
which has been observed in other measurements.>”*"]
The Bi deficiency was proposed to be the main rea-
son. We performed EDS analysis on the sample, while
the measurements on light elements (F/O) might have
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large uncertainty. Thus we may have nonstoichio-
metry in this material. Furthermore, we observe an
electronic state around 0.2eV below Er between the
electron-like bands, which vanishes after the K eva-
poration. This indicates that this state could be the
surface state caused by defects on the cleaved surface.

Large single crystal with a nominal composition of
LaOg 3Fy.7BiSes was synthesized by the flux method
using a mixture of CsCl and KCl as the flux.[**] Energy
dispersion spectrum (EDS) measurements were per-
formed on several pieces of samples, which give
an averaged composition of LaQOg 54F¢.46Big.995€1.93-
ARPES measurements were performed at the Dream-
line beamline at the Shanghai Synchrotron Radiation
Facility (SSRF), equipped with a Scienta D80 analy-
zer. The energy and angular resolutions of the ARPES
measurements were set at 20meV and 0.1°, respecti-
vely. The samples were cleaved in situ and measured
at 22K in a vacuum better than 4 x 10~!! Torr. The
incident photon energy was chosen to be hv = 43eV.
The K source used here for evaporation is made of a
SAES K dispenser.

-1.5 0.5 0.5 1.5 -1.5-1.0 —0.5 0.0 0.5
ki (7/a) ky (7/a)
Fig. 1. (a) Representative crystal structure of

La(O,F)BiSez. (b) ARPES intensity plot at Fr as a
function of the two-dimensional wave vector taken at 22 K.
The intensity is obtained by integrating the spectra within
+10meV with respect to Er. Red lines labeled cuts 1 and
2 indicate the momentum locations, along which the data
are shown in Figs. 2 and 3, respectively. The data were ta-
ken with 43 eV photons. (c) The schematic diagram of the
two-dimensional Brillouin zone. (d) ARPES intensity plot
along the high symmetry direction I'-X taken at 22 K.

Figure 1(a) shows the schematic diagram of the
crystal structure, which is stacked by the BiSe, bilayer
and the La(O/F) layers alternately. Previous ARPES
results already revealed the rather two-dimensional
character of this material by photon energy dependent
experiments.**?"] Figure 1(b) shows the FS mapping
in the k,—k, plane. We observe two F'Ss centered at

X. The FSs exhibit significant separation along the
I'-X direction, while almost degenerate along the M—
X direction. We plot the extracted FSs by assuming
a fourfold symmetry with respect to I' in Fig. 1(c).
The two FSs enclose 8.2% and 3.3% of the Brillouin
zone area, respectively. Counting the Luttinger vo-
lume of the two-dimensional FS sheets, the two obser-
ved FSs correspond to an electron doping of 0.23 per
Bi site. Figure 1(d) shows the band dispersion along
I'-X in an energy range within 2 eV below Er. Several
dispersive bands below —0.9eV and two electron-like
band dispersion with a bottom around —0.6eV near
X are observed here. The energy gap between them
is around 0.3 eV, which is much smaller than the gap
of ~0.9¢eV observed in the BiS,-based system.[*”]
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Fig.2. (a) ARPES intensity plot along the I'-X di-

rection (cut 1 from Fig.1(b)) taken at 22K. (b,c) The
corresponding intensity plot of the second derivative al-
ong momentum and energy, respectively. (d) The cor-
responding MDCs. Blue and green triangles indicate the
peak positions of the MDCs. (e) The corresponding EDCs.
Blue and green triangles indicate the peak positions of the
EDCs. Black curves represent the EDCs at kg1, krpg and
X. Here kry and kpg are the Fermi wave vectors of the two
electron-like bands. Black circles indicate the flat band.

To further examine the low-lying electronic band
structure, we have carried out high precision ARPES
measurements along I'-X (cut 1 in Fig. 1(b)) and M-
X (cut 2 in Fig. 1(b)), respectively. Figure 2(a) dis-
plays the ARPES intensity plot of the near-Er band
dispersions along I'-X. Two discernible electron-like
bands are observed along the I'-X direction, which is
consistent with the LDA calculations.[*”) The splitting
magnitude of the electron-like bands is comparable
with that in the BiSs;-based superconductors. Figu-
res 2(b) and 2(c) display the corresponding intensity
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plot of the second derivative along momentum and
energy, respectively. Both bands are fast dispersing
in energy and nearly have the same Fermi velocities
along I'-X. By tracking the peaks in both the EDCs
and MDCs, we resolved the band dispersion, which
are indicated by blue and green triangles in Figs. 2(d)
and 2(e). In addition to the electron-like bands, we
observe a low-energy state characterized as a hump at
—0.2€eV in the EDCs in the vicinity of X, as marked
with black circles in Fig.2(e). Unlike the dispersive
electron-like bands, this state is not predicted by the
band calculations.

Figure 3(a) displays the ARPES intensity plot of
the near-Er band dispersions along M—X. The cor-
responding intensity plots of the second derivative al-
ong momentum and energy are displayed in Figs. 3(b)
and 3(c), respectively. The band splitting along M-
X is discernible, though the splitting magnitude is
much smaller than that along the I'-X direction.
The splitting along M-X has not been clearly resol-
ved in the ARPES data reported previously.[?*2%:30:31]
Again, we observe the low-energy electronic state cha-
racterized as a hump at —0.2eV in the EDCs between
the electron-like bands, as marked with black circles
in Fig.3(e). This state is more obviously seen in the
data along M-X than along I'-X, most likely related
to the matrix element effects in the ARPES experi-
ments. Although the peak position of the hump in
the EDCs shifts slightly with momentum, this state
does not exhibit observable dispersion in Figs.3(a)
and 3(c).
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Fig.3. (a) ARPES intensity plot along the M-X di-

rection (cut 2 from Fig.1(b)) taken at 22K. (b,c) The
corresponding intensity plot of the second derivative al-
ong momentum and energy, respectively. (d) The cor-
responding MDCs. Blue and green triangles indicate the
peak positions of the MDCs. (e) The corresponding EDCs.
Blue and green triangles indicate the peak positions of the
EDCs. Black curves represent the EDCs at kps, krpg and
X. Here kps and kpy4 are the Fermi wave vectors of the
two electron-like bands. Black circles indicate the not-
dispersive band.
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Fig.4. (a) Core levels measured before (red) and after (blue) K evaporation, recorded with 100eV photons. (b)
ARPES intensity plot through the I'-X direction (cut 1 from Fig.1(b)) taken at 22K after 5min K evaporation.
(c) Extracted band dispersion of the electron-like bands before (blue) and after (red) K evaporation. (d,e) The

corresponding intensity plot and extracted band dispersion along the M—-X direction (cut 2 from Fig. 1(b).

(f,g)

The corresponding EDCs plots along I'-X and M-X directions after K evaporation, respectively.

We further evaporate K atoms onto the cleaved
surface. Figure 4(a) shows the core level spectra of
the surface before and after K evaporation. Before K
evaporation, we identify two peaks at binding energy
FEg = 19.3 and 16.8eV, which are associated with La
5p1/2 and 5ps /9, respectively. After K evaporation,
these two peaks cannot be distinguished due to the

existence of the K 3p core level at Eg ~ 18.3eV. The
intensity plots along the two cuts I'-X and M—-X af-
ter K evaporation are shown in Figs.4(b) and 4(d),
respectively. We compare the extracted band dispersi-
ons along both directions before (blue) and after (red)
K evaporation in Figs.4(c) and 4(e). It turned out
that there is no band shift after the K evaporation,
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which means that no electrons are doped onto the sur-
face via K evaporation. From the intensity plots we
found that the non-dispersive band around X disap-
pears after the K evaporation. This is further con-
firmed from the EDCs plots after evaporation shown
in Figs. 4(f) and 4(g). We ascribe this non-dispersive
band to the surface state because it is easily suppres-
sed by K deposition. Surface state induced by polar
surface has been observed in LaOFeAs with the same
crystal structure as LaQOg 5F5BiSes. For LaOFeAs,
we observed a large Fermi surface induced by the po-
lar surface.[*”] However, we have not observed such a
state in La(O,F)BiSe;. Moreover, the LaOFeAs sam-
ples show a polarized cleaved surface that results from
both [LaO]*! and [FeAs] ! surface termination layers.
However, the cleaved plane for La(O,F)BiSes is bet-
ween the two BiSe, layers, which are weakly linked by
the van der Waals force. Our argument can be further
confirmed by an STM/STS study on NdOg 7F 3BiSs
single crystals,[*”] which demonstrated that the clea-
ving only occurred between the neighboring BiS, lay-
ers and no evident surface segregation was observed.
Based on the above facts, we obtain that the clea-
ved surface of LaQg5F(5BiSe; is nonpolar without
any charge redistribution, and the non-dispersive band
should not be related to any polar surface. It might
originate from the defects on the cleaved surface.

In summary, we have studied the electronic struc-
ture of La(O,F)BiSes single crystals with ARPES.
We find two small electron-like FSs around X (m,0)
instead of large FSs around I' and M which are nes-
ted at the wave vector (w, ), as proposed in recent
theoretical models and one ARPES measurement. A
non-dispersive band at around —0.2eV is found along
I'-X and M-X, respectively. The K evaporation is
performed to study the origin of the non-dispersive
band, and the results suggest that this band might
be related to the surface state caused by the defects
on the cleaved surface. Our results provide detailed
information on the low-energy electronic states and
valuable insights for further experimental and theore-
tical studies of the pairing mechanism in BiS;-based
superconductors.
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