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The x-ray absorption spectra at the Bi-L; and S-K edges of LaO,_,F,BiS, show a decrease of spectral weight
close to the absorption thresholds upon F substitution for O, indicating a reduction of the unoccupied Bi 6p and S
3 p states, as expected for electron doping. This doping-induced spectral weight transfer at the S-K edge is similar
to the electron-doped cuprate superconductor, Nd,_,Ce,CuQy, but the polarization-dependent XAS spectra of
LaOy54F)46BiS, at the S-K edge is very different from those of Nd,_,Ce,CuQ, at the O-K edge, reflecting
different constitution of valence electrons. We found that one-electron band structure calculations cannot describe
our experimental S-K XAS spectra of LaO,_,F,BiS,, suggesting possible correlation effects for p electrons,
which is important in transition metal compounds with the dominating d electrons.
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I. INTRODUCTION

High transition temperature (7¢) cuprates and Fe-based
superconductors both have layered structures and thus exhibit
exotic physical properties due to the low-dimensional elec-
tronic states [1-7]. After the discovery of superconductivity
in La,_Ba,CuQy4, enormous efforts were paid to enhance T¢
by altering the spacer layers as well as the number of the
superconducting layers and optimizing the distance between
the layers [1-4]. Those studies provide us with the pathway
to discover new high-T¢ superconductors in two-dimensional
systems at insulator-metal boundaries.

In 2012, the BiS, layer-based superconductor was found
as BiyO4S; which is composed of an alternate stacking
of the superconducting BiS, layers and the BizO4(SOg4)_y
blocking layers, where x indicates the lack of SOZ‘ ions at
the interlayer sites [8,9]. The parent compound BigOgSs is
a band insulator while displaying superconductivity through
electron doping [8]. The sandwich structure resembles those
of high T¢ cuprates and Fe-based superconductors, where the
spacer layers provide carriers to the superconducting layers,
giving rise to exotic superconductivity. By changing spacer
layers, another BiS;-based superconductor, LaO;_,F,BiS,,
was synthesized afterwards [10]. Similar to BisO4Ss, the
parent phase of LaOBiS; is a band insulator with a layered
structure which consists of slabs of BiS,;-La,0,-BiS,. The
coupling between the two adjacent BiS, layers is weak due to
van der Waals interactions [11]. Superconductivity could be
achieved by a partial F substitution at the O site as electron
doping [10].
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In the case of the Fe-based superconductors, it was known
that indirect doping into the spacer layer is more effective
than direct doping in the FeAs layer, and the structural change
induced by the chemical pressure is very critical for super-
conductivity [12,13]. In LaO,_,F,BiS,, superconductivity is
induced by the F substitution, which leads to the charge transfer
from the LaO layer to the adjacent BiS; one and thus promotes
the metallization for the BiS, layer [14]. More importantly, F
substitution leads to a monotonic decrease of the c-axis lattice
parameter and an anisotropic lattice deformation [15-20]. This
indicates a correlation between the local structural distortion
and T¢.

Different from the high T¢ cuprates, where the Cu 3d-O
2p states determine their transport properties, the electronic
structures close to the Fermi energy in BiS, systems are
dominated by the Bi 6p-S 3p orbitals. The Bi 6p-S 3p
hybridization enhances the delocalization of the charge carriers
in the BiS, plane. Both tight-binding model and density-
functional calculations indicated the nesting of the Fermi
surface in BiS, systems [21,22]. The wSR experiments
confirmed the two-dimensional character and proposed the
presence of the s-wave pairing [23]. Furthermore, the pairing
strength is enhanced toward the boundary between insulator
and superconductor [15].

Regarding the charge-carrier characteristics in the BiS;
superconductors, the Hall resistivity experiments demon-
strated that the electrons are the dominating charge carriers
in NdO,_,F,BiS, and CeO;_,F,BiS, [17,18]. Moreover,
the angle-resolved photoemission spectroscopy studies on
La0g s4F( 46BiS, and NdOg 5F sBiS, suggested that the spin-
orbit coupling dictates the electronic structures and the electron
correlation is rather weak [24,25].

As known from the studies on the cuprate superconductors,
x-ray absorption spectroscopy (XAS) at the Cu-L,3 and
O-K edges is a powerful tool to explore electronic structures
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and provides important information about the distribution of
the holes (electrons) doped in the Cu-O plane. Particularly,
the polarization-dependent Cu-L;3 and O-K XAS spectra
demonstrated the anisotropy of the unoccupied states [26—28].
In this study, we will utilize Bi-L; and S-K XAS to explore
the distribution of the unoccupied states of the LaO; _, F, BiS;
system to understand the origin of the superconducting
behavior in the BiS,-based materials.

II. EXPERTIMENTS

LaOBiS; polycrystalline sample was synthesized using the
solid-state reaction method. LayS3 (99.9%) powder, Bi,O3
(99.9%) powder, and Bi,S3 (99.9%) powder were mixed in
a nominal composition of LaOBiS, using a mortar and sealed
into a quartz tube in vacuum. Then the sample was heated at
800 °C for 10 hours. The product was ground, mixed, pressed
into pellets, and heated again in an evacuated quartz tube at
900 °C for 20 hours. On the other hand, the LaOg s4F 46BiS»
single crystal sample was grown using CsCI/KCI flux [29].
The T¢ of LaOgs4F46BiS, single crystal was measured
by a superconducting quantum interface device (SQUID)
magnetometer, with an applied magnetic field of 10 Oe parallel
to the ab plane, and T¢ was 3.0 K.

The Bi-L; XAS spectra were recorded at the BLO7A
equipped with an Si(111) double crystal monochromator
providing x-ray in the photon energy range from 5 to
23 keV at the National Synchrotron Radiation Research Center
(NSRRC) in Taiwan. The experimental energy resolution at
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FIG. 1. Experimental geometry for £_1C (top) and E||C (bottom).
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the Bi-L; edge (around 16 380 eV) is about 5 eV. The
S-K XAS spectra were collected at the BL16A beamlines
using an Si(111) double crystal monochromator, which is
optimized in the photon energy range from 2 keV to 6 keV.
The energy resolution at the S-K edge (around 2460 eV)
is set to be 0.5 eV. The sample was mounted on a wedge,
making the surface normal of the sample an angle of 70°
with respect to the incoming Poynting vector. The geometry
of the E_LC measurements is depicted in the top panel of
Fig. 1. In this geometry, the spectrum (/g ¢) obtained is E_LC
exclusively. For E|C experiments, we rotated the sample
along the incoming beam, and the experimental geometry
is shown in the bottom panel of Fig. 1. For this geometry,
from the measured spectrum I,, we can obtain I ¢ spectrum
using the formula Igjc = (I,-1¢ 1cc0s%(70°))/sin?(70°). This
experimental setup guarantees the same beam spot on the sam-
ple for the polarization-dependence measurements, making
a reliable comparison of the spectral features. The isotropic
spectra can be obtained as Igc + 21 c. All S-K XAS spectra
are measured with the fluorescence yield.

III. RESULTS AND DISCUSSION
A. The doping-dependent Bi-L; edge XAS

The valence electrons are mainly contributed by Bi 6 p states
mixed with S 3 p states. The former can be reached from Bi 2s
core level according to the dipole selection rules in the x-ray
absorption process. Therefore, the Bi-L; XAS is here first
utilized to investigate the variation of the electronic structures
via the F substitution. Figure 2(a) shows the Bi-L; XAS
spectra of LaO;_,F,BiS; (x = 0.0 and 0.46). A background
was removed from those spectra by subtracting a straight line
fitting to the pre-edge region. The spectra were set to be zero
below the absorption edges and normalized at 100 eV above the
absorption edges. One can see that the Bi-L; XAS near-edge
spectrum contains one broad peak, and its intensity decreases
with the F substitution. Our observation indicates the reduction
of the unoccupied 6p states upon electron doping, similar
to the La®™ substitution for Sr** in Sr;_,La,FBiS, [15].
Therefore, the F substitution indeed dopes electrons into the
BiS, superconducting layer. This is in agreement with the
predictions that the doped electrons are dominating charge
carriers near the Fermi surface in the electron-doped BiS,-
based superconductors [17,18]. Compared with the Cu-L; 3
XAS spectra of cuprate superconductors, the Bi-L; XAS
spectrum in Fig. 2(a) is very broad due to a poor experimental
resolution and the lifetime broadening of the Bi-2s core hole as
well as the broad Bi 6 p states [26,27]. To extract more detailed
information about the anisotropic unoccupied states and their
modification upon electron doping and lowering temperature,
we concentrate on the S-K XAS, which detects transitions
from S-1s core level to the unoccupied S-3p states. For >~
with completely filled 3p shell, the transition probability
from 1s to 3p is null and becomes finite via the covalent
hybridization between S 3p and Bi 6p.

B. The doping-dependent S-K edge XAS

In the high T¢ cuprate superconductors, the distribution of
the doped holes was well studied by O-K XAS spectra [27].
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FIG. 2. (a) Experimental Bi-L; XAS spectra of LaO,_,F,BiS,
(x =0.0 and 0.46). (b) Experimental S-K XAS spectra of
LaO;_,F,BiS; (x = 0.0 and 0.46) together with those of Bi,S;,
Sb2S3, AS2S3, and ZnS.

As a comparison, the S-K XAS spectra of the BiS,-based
superconductors are less documented, resulting in the in-
determination concerning the location of the doped carrier.
Figure 2(b) presents the S-K XAS spectra of LaO;_,F,BiS;
(x = 0.0 and 0.46) together with those of N,S3 (N=As, Sb,
and Bi) series and also that of ZnS for comparison. One can
see the advantage of the S-K XAS spectra as compared with
the Bi-L; edge in Fig. 2(a). The spectral features in the S-K
edge are much better resolved. In ZnS, the Zn 3d and S 3p
shells are fully occupied and therefore no 3 p-related spectral
intensity is expected, similar to the O-K XAS spectrum of
ZnO [30,31]. Hence, the first peak in the S-K XAS spectra of
the N,S;3 system, located at lower photon energies compared
with that of ZnS, could be assigned to the S 3 p holes induced
by the covalent mixing between S 3p and As 4p (Sb 5p,
and Bi 6p). From As;S; to Sb,S3, and further to Bi,S3;, we
observed a gradual energy shift of this peak to lower photon
energies, indicating a gradual reduction of the band gap and
also a gradual broadening of the spectral features, consistent
with the resistivity data of the N,S; [32,33]. Please note that
even though all the N>S3; compounds have N3+, their S-K XAS
spectra locate at different photon energies. The first feature
in the S-K XAS spectrum of LaOBiS; locates at the same
photon energy as Bi,S;, reflecting the presence of the Bi*"
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state in LaOBiS,. Furthermore, the intensity of the first peak
is reduced upon the F substitution, demonstrating the decrease
of the unoccupied S 3p states close to the Fermi energy,
consistent with electron doping upon F substitution for O in
LaO,_,F,BiS,. Moreover, we have observed an increase of
the spectral weight from 2471 to 2473 eV upon F substitution.
In total, the spectral weight is nearly unchanged, indicating
that the F substitution does not affect the in-plane Bi-S bond
length remarkably, but otherwise the spectral intensity at the
S-K edge would change significantly, as known in the previous
study on LiTiS, [34]. It is consistent with the invariance
of lattice constant a with F substitution in LaOBiS, and
NdOBiS, [10,16,19]. Therefore, the invariance of a and a
monotonic decrease of ¢ through the F substitution result in
the anisotropic deformation from LaOBiS,. As observed in
the single-crystal x-ray diffraction experiments, the increase
of the F content indeed modifies the structure of the Bi-S plane,
which becomes nearly flat when x = 0.46 [35]. The flat plane
would lead to the enhancement of the hybridization of the Bi
6p./6p, and S 3p,/3p, orbitals and might be responsible for
the superconductivity.

Please note that there is no obvious energy shift of the
S-K XAS spectrum due to the F substitution. This disproves
one-electron band structure calculations, which proposed a
rigid shift of the unoccupied band upon F substitution [21,22].
This disagreement might come from the electron-electron
correlation. The spectroscopic behavior of the S-K XAS
of LaO,_,F,BiS; is very different from that of the well-
known hole-doped cuprate superconductors, where an extra
peak emerges below the pre-edge of the parent compound
[upper Hubbard band (UHB)], originated from Cu 3d-O
2p hybridization [26,27]. On the contrary, LaO;_,F,BiS;
is similar to the electron-doped cuprate, Nd,_,Ce,CuQy,
where upon electron doping the spectral weight above UHB
increases, filling the valley between UHB and the Nd 5d-
related band [36]. Furthermore, the spectral weight transfers
to the higher energies upon F substitution for O is more obvious
than that upon Ce substitution for Nd in Nd,_,Ce,CuOy4 [36].
Although there is a difference between Cu 3d-O 2p and
Bi 6p-S 3p hybridizations, the similar spectral behaviors
upon electron doping suggest possible correlation effects
in the p-related valence electrons. The doping dependent
S-K XAS spectra in Fig. 2(b) provide a direct evidence
of the significant modifications of the electronic structures
via the electron doping. Considering that LaO,_,F,BiS, is
composed of slabs of BiS,;-La,(O,F),-BiS,, such a layer
structure would result in orbital polarization, which could be
detected by the polarization-dependent XAS, as known in the
O-K XAS spectra of electron-doped cuprate superconductor
Nd,_,Ce,CuOy4 [28,36].

C. The polarization-dependent S-K edge XAS

The polarization-dependent S-K XAS spectra of
LaO;_,F,BiS, are expected to provide us the detailed in-
formation of the anisotropic orbital occupations by virtue of
the dipole selection rules. Figure 3(a) shows the polarization-
dependent S-K edge spectra of LaOg s4F(46BiS,. It is quite
surprising that the polarization-dependent S-K XAS from
E|C to ELC in Fig. 3(a) is very similar to the doping
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FIG. 3. (a) Polarization dependent S-K XAS spectra of
LaOgs54Fp46BiS,. (b) Experimental S-K XAS spectra of

La00‘54F0‘46BiSZ at 7 K and RT.

dependence from x =0 to x = 0.46 in Fig. 2(b). One can
see again a decrease of spectral weight below the peak at
2470 eV and an increase of spectral weight above it, namely
a spectral weight transferring from lower energies to higher
energies from E||C to E_LC. It is worth noting that the S-K
XAS probes indirectly the Bi 6p states through Bi 6p-S 3p
hybridization, and thus our experimental observation suggests
that a decrease of unoccupied Bi 6 p states occurs mainly in the
ab plane upon electron doping. This polarization-dependent
behavior is quite different from that of the electron-doped
cuprate Nd,_,Ce,CuQy4, where one can see the significant
spectral weight at the threshold when measured with E||ab,
while the intensity of the E||C is almost zero [28]. On the
other hand, the polarization dependence of the iron pnictide,
BaFe,;_,Co,As, is difficult to observe [37].

Furthermore, the polarization dependence in
LaOgs4Fp46BiS, was expected to be related to the large
superconducting anisotropy observed in the BiS,-based
superconductors  [38,39]. Although high-T¢ cuprates,
iron-based, and BiS,-based superconductors all have layer
structures, they present different physical properties. The
in-plane resistivity of cuprate based superconductors and
BiS;-based superconductors [38,39] is much smaller than the
out-of-plane one, while there is relatively weak anisotropy
in the 1111-type iron-based superconductors [40-45]. The
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divergence is originated from the dominating electrons
around the Fermi surface. For LaO;_,F,BiS;, the Fermi
surface is mainly composed of the Bi 6p orbitals hybridized
with the S 3p orbitals, while the electronic structures in
LaO;_,F,FeAs are dominated by a complicated tangle of
five Fe 3d orbitals [46]. The mixture of those orbitals would
result in the characteristic weak anisotropy in the iron-based
superconductors even with the layer structures, while the F
substitution in LaO;_,F,BiS, enhances the hybridization
between the Bi 6p,/6p, and S 3p,/3p, orbitals and results
in orbital anisotropy. Although the Fermi level in high T¢
cuprates is also determined by the 3d orbital, the holes only
locate at Cu d,>_,>. As aresult, the layer structures in cuprates
would directly induce the strong anisotropy in resistivity as
well as strong polarization dependence found in the XAS
experiments [26-28].

D. The temperature-dependent S-K edge XAS

To study the change of the electron structures from the
normal state toward the superconducting state, we have
measured the S-K XAS experiments on LaOg s4F(46BiS; at
different temperatures. The XAS spectra at room temperature
(red) and at 7 K (black) are presented in Fig. 3(b). Compared
with the strong polarization dependence at the S-K edge,
the difference between the S-K spectra at RT and 7 K is
relatively small. One can observe that there is a slight decrease
of the spectral weight at the leading edge, as shown in
Fig. 3(b). Hence, the number of electrons, the dominating
charge carriers, close to the Fermi level increases toward
the superconducting state. To our knowledge, there is no
temperature-dependent XAS study at the O-K edge on the
electron-doping high 7¢ cuprates for comparison. Moreover,
the first feature around 2470 eV moves to higher photon energy
when the sample is cooled down to 7 K. Such an energy
shift is not observed in the studies on Ba,Sr,CaCu,Og and
YBa,Cu30¢ 5 [47,48]. The observed energy shift about 100
meV is much larger than the expected superconducting band
gap. It might be related to the core-level shift or the presence
of the pseudogap [49-52].

Here, we would like to draw a conclusion from our exper-
imental XAS spectra of LaO;_,F,BiS,. We have observed
that F substitution leads to a decrease of the unoccupied
density of states close to the Fermi energy reflecting an
increase of the number of electrons close to the Fermi energy.
The polarization-dependent S-K XAS spectra show that the
unoccupied density of states of LaO;_,F,BiS, is lower in
the ab plane than those of out-of-plane, indicating more
electrons in the ab plane. This is consistent with the transport
experiments, which show that the electrons are the dominating
charge carriers in the superconducting state [17,18].

E. Band structure calculations

To have further understanding about the doping and
polarization-dependent S-K XAS spectra of LaO,_,F,BiS,,
we have performed several band structure calculations with
structure optimization to obtain the unoccupied density of
states. First, the density of states (DOS) of S 3p above the
Fermi energy based on the local-density approximation (LDA)
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FIG. 4. (a) The S-K XAS spectra of LaOBiS, (red) and
LaQg 5F, sBiS, (black); (b) to (g) the theoretical results of DOS of S
in LaOBiS, (red) and LaOy sF,sBiS, (black); (f) and (g) calculated
by LDA scheme without and with spin-orbit coupling (SOC); (d)
and (e) calculated by VCA+LDA method without and with SOC;
(b) and (c) calculated by HSE06 method without and with SOC. For
simplifying our calculation, we calculate the DOS neglecting the 4f
state of La when applying the HSE06 method. So there is no DOS at
higher energies.

without and with spin-orbit coupling (SOC) are presented in
Figs. 4(f) and 4(g), respectively [53]. One could observe a
lower energy shift of the unoccupied states upon electron
doping from LaOBiS; (red) to LaOysF,sBiS, (black) in
Figs. 4(f) and 4(g), in agreement with previous band structure
calculations. Not only the LDA, but also the virtual crystal
approximation (VCA) shown in Figs. 4(d) and 4(e) predicts
the shift of the Fermi level [54]. This lower energy shift
results in an increase of the unoccupied state close to the
Fermi energy. This is very different from our experimental
S-K XAS spectra depicted in Fig. 4(a) (moved by 2466.5 eV
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to be compared with the calculated density of states), which
do not show such a lower energy shift of the absorption edge,
but show a slight decrease of spectral weight at the leading
edge upon the F substitution in contrast to the theoretical
expectation. One problem of the most commonly applied
functional under the LDA is that the LDA fails to cancel
the self-interaction error (SIE) [55]. On the other hand,
with the correction of the SIE, hybrid function scheme had
been shown superior to the LDA in describing the electronic
and magnetic properties [56-59]. Thus we apply the HSE06
(Heyd-Scuseria-Ernzerhof) to calculate the density of S 3p
above the Fermi energy without [Fig. 4(b)] and with SOC
[Fig. 4(c)], respectively [58,59]. However, the results based on
HSEQ6 also indicate the presence of the low energy shift,
similar to the conclusion in the LDA scheme as well as
the VCA, shown in Figs. 4(d)—4(g). This means that one
electron picture is insufficient to describe LaO;_,F,BiS,.
Electron correlation effects are important for 3d transition
metal compounds but generally neglected for systems with
dominating p valence electrons. However, the importance of
Coulomb interactions for p valence electrons was indicated
in the study on SrO;_,N, [60]. Moreover, the polarization-
dependent angle-resolved photoemission spectroscopy study
also observed the poor agreement between the experimental
data and the band structure calculations and suggested the
importance of the electronic correlation and electron-phonon
coupling [61].

IV. SUMMARY

To summarize, we have observed significant doping
and polarization dependence in the S-K XAS spectra of
LaO,_,F,BiS,. The electron doping with F substitution for
O results in a decrease of the spectral weight at the leading
edge of the S-K XAS spectra, demonstrating a decrease of the
unoccupied S 3 p states close to the Fermi energy. Moreover,
there is spectral weight transfer to higher photon energies,
similar to the O-K XAS results of the electron doped cuprate
superconductor Nd,_,Ce,CuQy4. The polarization-dependent
S-K XAS spectra show arelatively lower spectral weight at the
leading edge for E_1 C compared with E||C, different from the
O-K XAS spectra of Nd;_,Ce,CuQy4, which shows a strong
intensity only for E_LC. The observed spectral change upon
electron doping in LaO;_,F,BiS; is very different from one
electron band structure calculations, suggesting the possible
electron correlation effects in BiS,-based superconductors.
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