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Bulk superconductivity in Pb-substituted BiS2-based compounds studied by hard x-ray spectroscopy
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In this study, we investigate the bulk electronic structure of Pb-substituted LaO0.5F0.5BiS2 single crystals,
using two types of hard x-ray spectroscopy. High-energy-resolution fluorescence-detected x-ray absorption
spectroscopy revealed a spectral change at low temperatures. Using density functional theory (DFT) simulations,
we find that the temperature-induced change originates from a structural phase transition, similar to the pressure-
induced transition in LaO0.5F0.5BiS2. This finding suggests that the mechanism of bulk superconductivity induced
by Pb substitution is the same as that under high pressure. Furthermore, a low-valence state with a mixture of
divalent and trivalent Bi ions is discovered using hard x-ray photoemission spectroscopy with the aid of DFT
calculations.

DOI: 10.1103/PhysRevB.109.045131

I. INTRODUCTION

More than 20 years have passed since the beginning of the
21st century, during which several superconductors have been
discovered [1]. In this period, the concept that the phase of
the wave function governs some physical properties led to a
whole new category of materials called topological materials
[2]. These two fields converged in the search for topological
superconductors. Then, the proposed candidate materials such
as CuxBi2Se3 initiated a new trend in superconductor research
[3,4]. Alongside this trend, another Bi-based superconductor,
LaO1−xFxBiS2, was discovered in 2012 [5]. It has a stack-
ing structure consisting of two-dimensional superconducting
planes and blocking layers, similar to unconventional super-
conductors such as cuprates discovered in the 20th century
and later iron-based superconductors [6]. Unlike them, how-
ever, the material has a pyramidal coordination structure with
C4v symmetry group at the Bi site, breaking the local inversion
symmetry. In addition, the 6p electrons in the outermost shell
of the Bi atom, which are responsible for the superconductiv-
ity in this system [7], exhibit a spin-orbit interaction that is
an order of magnitude stronger than that of the 3d electrons

*Corresponding author: yamasaki@konan-u.ac.jp

in Cu and Fe. The strong spin-orbit interaction induces a
large Rashba splitting owing to the spatial inversion symmetry
breaking [8]. This spin-dependent splitting is, however, com-
pensated for by the upper and lower BiS layers, resulting in
spin-degenerate bulk bands that mask the unique nature of the
system [9].

Nevertheless, an unusual property, i.e., anisotropic upper
critical field beyond the Pauli limit, has recently been reported
in the BiS2-based superconductors [10,11]. Together with
other experimental results suggesting unconventional super-
conductivity and a new pairing mechanism [12,13], this has
generated considerable interest in the field. While the family
of BiS2-based superconductors has expanded as a result of
extensive research, a systematic understanding linking the
following points has not yet been fully established [14,15]:
(i) changes in transition temperatures and superconducting
volume fractions due to pressure application and element
substitution, (ii) microscopic understanding of the flatness of
the BiS plane and the symmetry of the Bi sites, and (iii)
whether the superconducting mechanism is conventional or
unconventional.

In LaO0.5F0.5BiS2, electron doping of the BiS planes by F
substitutions on the O sites of the semiconducting LaOBiS2

induces superconductivity with a critical temperature
Tc � 3 K [14]. The resulting superconductivity is known

2469-9950/2024/109(4)/045131(8) 045131-1 ©2024 American Physical Society

https://orcid.org/0009-0004-8823-2718
https://orcid.org/0009-0009-6667-0713
https://orcid.org/0000-0003-1983-9095
https://orcid.org/0000-0003-0740-7308
https://orcid.org/0009-0004-7373-5654
https://orcid.org/0000-0003-1440-0518
https://orcid.org/0000-0002-6864-772X
https://orcid.org/0009-0005-4860-6735
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.109.045131&domain=pdf&date_stamp=2024-01-17
https://doi.org/10.1103/PhysRevB.109.045131


A. YAMASAKI et al. PHYSICAL REVIEW B 109, 045131 (2024)

to be filamentary with a very low superconducting volume
fraction. Similar to many other BiS2-based superconductors,
this material crystallizes in a tetragonal crystal belonging
to the space group P4/nmm. Bulk superconductivity can be
observed by substitution on chalcogen and rare-earth sites,
but there is no significant increase in Tc [16–19]. On the other
hand, under high pressure, it exhibits bulk superconductivity
with the highest Tc of 11 K in the family, and the crystal
structure changes to an orthorhombic crystal belonging to
the space group P21/m [20]. Previous studies have suggested
that this temperature-induced structural phase transition
may even change the mechanism of superconductivity [21].
The presence of two adjacent superconducting phases,
conventional and unconventional, makes it difficult to
understand the superconductivity of this system.

Recently, it has been reported that bulk superconductivity
appears at relatively low Pb concentrations (8%–9%) after
the disappearance of filamentary superconductivity when the
key element for superconductivity, Bi, is partially replaced by
Pb [22]. It is still unclear whether the superconductivity in-
duced by the elemental substitution at the Bi site differs from
that in other elemental substitution systems. In the narrow
concentration range of Pb, where bulk superconductivity ap-
pears, a cusp-shaped electrical resistivity anomaly is observed
around 100 K, which is not found in other BiS2 systems. This
anomaly is of interest in the context of superconductivity.

In this study, we investigate the bulk electronic structure
of LaO0.5F0.5Bi1−xPbxS2 single crystals with the above Pb
concentration using two types of hard x-ray spectroscopy: x-
ray absorption spectroscopy and photoemission spectroscopy.
Our goal is to gain insight into the bulk superconductivity
and the anomaly around 100 K induced by Pb substitution. To
reveal subtle temperature changes in the electronic structures,
we use a high-energy-resolution fluorescence detection mode
for x-ray absorption near edge structure (HERFD-XANES),
which can suppress the lifetime broadening effect in the spec-
trum. Density functional theory (DFT) simulations show that
the spectral change is explained by a temperature-induced
structural phase transition, suggesting that the bulk super-
conductivity is driven by a mechanism similar to that in the
high-pressure phase of LaO0.5F0.5BiS2. Hard x-ray photoe-
mission spectroscopy (HAXPES) results for the Bi valence
are in good agreement with the DFT results, indicating the
observation of a low-valence state with a mixture of divalent
and trivalent Bi ions.

II. EXPERIMENTAL

Single crystals of LaO0.5F0.5Bi1−xPbxS2 (x = 0, 0.05,
0.09) and LaOBiS2 were grown by a flux method using CsCl
and KCl as flux materials, where x is the nominal content.
Filamentary and bulk superconductivity appeared at 3 K for
x = 0 and 4 K for x = 0.09, respectively, while no supercon-
ductivity above 2 K was observed for x = 0.05. Details of the
sample preparation and their properties have been reported
elsewhere [22]. In these compounds, the typical crystal size
was about 1.5 mm × 1.5 mm × 0.1 mm. The crystal struc-
tures were determined by powder x-ray diffraction (XRD)
at the beamline BL02B2 of SPring-8. In the case of x = 0
(0.08), the lattice constants a and c, analyzed by the Rietveld

method based on the space group P4/nmm, were 4.06263 Å
and 13.51420 Å (4.06451 Å and 13.47650 Å), respectively
[23]. Because of the narrow range of Pb concentration at
which the compound exhibits bulk superconductivity, crystals
grown even in the same batch may have different charac-
teristics. In this study, crystals with x = 0.09 were selected
for spectroscopic experiments on the basis of the (004) peak
position of the laboratory-XRD profile, which is closely re-
lated to the value of the diamagnetic susceptibility at low
temperatures [22].

The HERFD-XANES experiments were performed at the
beamline BL39XU of SPring-8 [24]. The incident x-ray beam
was delivered by the planar undulator and monochromized
by the Si(220) double-crystal monochromator. The fluores-
cence intensity of Bi and Pb Lα1 main lines, selected by the
Si(911) crystal-analyzer spectrometer, was monitored using
the two-dimensional pixel detector PILATUS while sweeping
the incident photon energy around Bi and Pb L3 absorption
edges. The Lα1 fluorescence detection overcomes the com-
mon L3-edge lifetime broadening (∼5.9 eV) known as the
natural linewidth and provides a spectrum with higher energy
resolution [24,25]. The energy resolution estimated from an
elastic scattering peak near the Bi Lα1 line was 1.1 eV as
the full width at half maximum (FWHM), while the lifetime
broadening is about 2.9 eV. In addition, the conventional L3-
edge XANES spectrum was simultaneously recorded by the
partial fluorescence yield (PFY) mode using a silicon drift
detector.

The HAXPES experiments were performed at the beamline
BL19LXU of SPring-8 [26]. The linearly polarized x-ray was
delivered by the 27-m-long undulator, and monochromized by
the Si(111) double-crystal and Si(620) channel-cut monochro-
mators. The polarization direction was set to be parallel to the
photoelectron scattering plane (referred to as p polarization)
[27]. The incident photon energy and total energy resolution
were set to 7.9 keV and 300 meV (FWHM), respectively.
Along the entrance slit, photoelectrons emitted within ap-
proximately ±10 deg of normal to the sample surface were
detected by the MB Scientific A-1 HE spectrometer using the
A1L2 lens in HE12 mode [28]. Clean (001) surfaces were
obtained by cleaving the samples in situ in ultrahigh vacuum
(� 1 × 10−7 Pa). The Fermi energy (EF) was determined from
the photoemission spectra of evaporated gold films.

To reproduce the spectra, we performed scalar-relativistic
DFT calculations using the WIEN2K code [29]. The local spin
density approximation plus spin-orbit coupling was used in
the calculations. For the DFT calculations of LaO0.5F0.5BiS2

in the high-pressure (HP) phase and LaOBiS2, the lattice
constants and atomic coordinates have been taken from
Refs. [20] and [30].

III. RESULTS AND DISCUSSION

A. HERFD XANES

Figure 1(a) shows Bi L3-edge XANES spectra of
LaO0.5F0.5Bi1−xPbxS2 for x = 0, 0.05, and 0.09 recorded
at 200 K using two different techniques, the conventional
PFY and the HERFD modes. In contrast to the featureless
and rather broadened PFY spectra, some fine structures are
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FIG. 1. (a) Bi Lα1 HERFD-XANES spectra for x = 0, 0.05, and
0.09 at 200 K. Simultaneously measured conventional PFY spectra
are also displayed. (b) Temperature dependence of Bi Lα1 HERFD-
XANES spectra for x = 0 and 0.05.

resolved in the HERFD spectra. Meanwhile, the spectra for
x = 0, 0.05, and 0.09 are barely distinguishable from one
another in both modes. The temperature dependence of the
HERFD-XANES spectra for x = 0 and 0.05 is shown in
Fig. 1(b). The spectra do not show any temperature depen-
dence. In contrast, Fig. 2(a) shows that the spectral shape
at x = 0.09 changes significantly between 100 and 50 K.
The temperature range in which the spectral change was
observed includes the temperature at which the cusp-shaped
anomaly in the ρ − T curve was observed [22]. In addition, a
synchrotron-XRD experiment has recently demonstrated the
peak splitting in the profile for x = 0.09 below about 100 K
[23], suggesting the structural transition of the crystal with the
symmetry lowering.

To reproduce the temperature dependence of the HERFD-
XANES spectrum for x = 0.09, we performed DFT calcu-
lations and simulated the spectra using the XSPEC program
[31,32]. Since details of the crystal structure of the low-T
phase for x = 0.09 are not yet known, we assumed here that
the phase has the same crystal structure, i.e., the same lat-
tice constants and atomic coordinates, as the HP phase for
x = 0 with the space group P21/m, based on the experimental
evidence: high superconducting volume fraction and high Tc

in both phases [20]. In addition, since the spectral shapes of
x = 0 and 0.09 at high temperatures are very similar as seen
in Fig. 1(a), the crystal structure of x = 0 in the ambient-

FIG. 2. Experimental and simulated Bi L3-edge XANES spectra
of LaO0.5F0.5Bi1−xPbxS2. (a) Temperature dependence of Bi Lα1

HERFD-XANES spectrum for x = 0.09. Simulated spectra for x = 0
in the AP and HP phases are shown for comparison. The simulated
spectra are broadened by Gaussian and Lorentzian functions repre-
senting the experimental energy-resolution and lifetime effects. (b)
Details of the simulated spectra in (a). These are composed of un-
occupied Bi s- and d-orbital pDOSs after multiplying the transition
probabilities. The Bi p-orbital pDOS is also shown for reference.

pressure (AP) phase is used for comparison instead of that of
x = 0.09. The simulated XANES spectra are shown in
Figs. 2(a) and 2(b). The total difference induced by the
temperature change is well reproduced by the simulation, in-
dicating that the temperature-induced change originates from
a structural phase transition, similar to the pressure-induced
transition in LaO0.5F0.5BiS2. This suggests that the mecha-
nism of bulk superconductivity induced by Pb substitution
is the same as that under high pressure. In the Bi L3-edge
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FIG. 3. Temperature dependence of Pb Lα1 HERFD-XANES
spectrum for x = 0.09. Bi Lα1 HERFD-XANES spectra (shifted) are
also shown for comparison.

absorption process, the electrical dipole transition from 2p to
6d states becomes dominant, as can be seen at the bottom
of Fig. 2(b). Therefore, the XANES spectra mainly reflect
unoccupied Bi 6d states depending on their crystal structures,
although one can also find a structural-induced change at the
absorption threshold in Bi 6s states.

We also investigated the Pb-derived electronic states.
Figure 3 shows the temperature variation of the Pb Lα1

HERFD-XANES spectrum for x = 0.09. The spectral shape
and the temperature-induced change observed here are very
similar to those seen in the spectrum for the Bi L3 edge,

indicating that substituted Pb atoms properly occupy the Bi
lattice site.

B. Core-level HAXPES

The Bi- and Pb-derived electronic states were further inves-
tigated by HAXPES, which is a complementary method for
probing bulk electronic structures. Bi 4 f core-level HAXPES
spectra of LaOBiS2 and LaO0.5F0.5Bi1−xPbxS2 for x = 0 and
0.09 are shown in Fig. 4(a). LaOBiS2 has a single-peak-like
structure in both the Bi 4 f7/2 and 4 f5/2 states, as observed
in the soft x-ray photoemission spectroscopy (SXPES) study
[34]. In contrast, a double-peak structure with stronger inten-
sity of the lower-binding energy (EB) peak was observed for
x = 0. This characteristic feature in the HAXPES spectrum is
quite different from that seen in the SXPES spectrum, which
has the single-peak structure with a weak shoulder on the
lower-EB side. Such a difference is often observed in some
correlated materials where the electron correlation effects are
enhanced at the surface. Owing to the long inelastic mean free
path of emitted photoelectrons [35], HAXPES provides highly
bulk sensitive information, resulting in a significant intensity
of the nonlocally screened final state in the spectrum for these
materials [36]. However, it should be noted that BiS2-based
compounds are considered to be an itinerant electron system,
as the highly dispersive Bi 6p bands cross the EF in the metal-
lic state and play a key role in the low-energy phenomena
such as superconductivity [7]. In this case, it is reasonable
to assume that the double-peak structure observed in the Bi
4 f core level consists of two states with different valences
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FIG. 4. Bi and Pb 4 f core-level HAXPES spectra of LaO0.5F0.5Bi1−xPbxS2. The spectra are normalized by the area under the curves after
subtraction of the Shirley-type background [33]. (a) Bi 4 f core-level HAXPES spectra, including the S 2p core levels, for x = 0 and 0.09. The
spectrum of LaOBiS2 is also shown. (b) The temperature dependence of the Pb 4 f core-level HAXPES spectrum for x = 0.09. (c) and (d) The
results of the line-shape analysis for the HAXPES spectra.
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FIG. 5. VB-HAXPES spectra of LaO0.5F0.5Bi1−xPbxS2. The
spectrum of LaOBiS2 is also shown. The inset shows the enlarged
spectra near EF. The spectra are normalized by the area under the
curves after subtraction of the Shirley-type background.

in the initial state, as in other Bi compounds [37,38]. Thus,
the spectral change resulting from the F (Pb) substitution to
the O (Bi) site can be understood in terms of the electron
(hole) doping effect. As for x = 0.09, the lower-EB peak is
suppressed by the Pb substitution in the double-peak structure,
which becomes slightly broader and shifts (∼50 meV) with
decreasing temperature.

Line-shape analysis shows that the spectral shape of each
of the Bi 4 f7/2 or 4 f5/2 states in all three compounds can be
accurately reproduced by two Voigtian peaks, as shown in
Fig. 4(c). Although Bi ions tend to be neutral, trivalent, and
pentavalent, the lower-EB (higher-EB) component is assumed
to be derived from the divalent (trivalent) state by considering
the following facts: (i) the nominal valence of Bi ions for
semiconducting LaOBiS2 is +3. (ii) The valence-band (VB)
HAXPES spectrum of LaOBiS2 shown in the inset of Fig. 5

indicates that a small amount of electrons are doped to Bi 6p
bands, possibly owing to some oxygen and/or sulfur defects,
yielding a lower-valence state. In addition, (iii) electron dop-
ing by F substitution leads to an increase in the lower-EB peak,
and (iv) the lower-EB peak decreases with hole doping owing
to Pb substitution in the F-substituted system. The Bi valences
estimated by the line-shape analysis are listed in Table I. Fur-
thermore, Fig. 4(b) shows Pb 4 f core-level HAXPES spectra
obtained at 200 and 50 K. In contrast to the Bi 4 f core level,
the spectrum has a single peak with strong asymmetry, in
which the temperature-induced change is hardly visible except
for the slight shift (∼30 meV). This shift would originate
from the structural transition which induces the change in
the potential at the Pb site. The Pb valences estimated by
the line-shape analysis [shown in Fig. 4(d)] are also listed
in Table I. They will be discussed later, along with the DFT
results.

C. Valence-band HAXPES

To investigate the effects of element substitution and tem-
perature variation on the electronic structures near EF, we
measured VB-HAXPES spectra. Figure 5 shows the spectra
obtained with the p-polarized HAX. Compared to the SXPES
[34], which is sensitive to S 3p states, the HAXPES shows an
increase in intensity around 3–6 eV. For example, in the case
of LaO0.5F0.5BiS2, DFT calculations show that O 2p states
dominate in this energy range; S 3p and Bi 6p bonding states
are also present, as shown in Fig. 6. The intensity derived from
the bonding states is enhanced in the p-polarized HAXPES
spectrum because the photoionization cross section of the Bi
6p states is relatively large under the present experimental
conditions [39].

As shown in Fig. 5, semiconducting LaOBiS2 has a very
weak peak near EF, indicating that a small amount of electrons
are doped into Bi 6p dominant bands as mentioned above.
By substituting O for F, the peak develops and shifts to the
higher EB side by 180 meV (see inset for illustration), indi-
cating electron doping in these bands. In contrast, for the Pb
substitution, the peak was observed to shift 50 meV toward EF

owing to hole doping. These results support the interpretation
that the change in the spectral shape of the Bi 4 f core level due
to F (Pb) substitution is attributed to electron (hole) doping.

As for the temperature dependence of the spectrum at
x = 0.09, a slight change in the spectral shape was observed,

TABLE I. Bi and Pb valences in the BiS2-based compounds. The nominal Bi valence is determined by assuming La3+, O2−, F−, S2−, and
Pb2+ ions. Experimental values are estimated from Bi and Pb 4 f7/2 core-level HAXPES spectra. Errors are attributed to the uncertainty of
possible background. DFT values are derived from s-, p-, and d-orbital pDOSs integrated up to EF in the atomic sphere.

Bi valence Pb valence

Compound T (K) Nominal HAXPES DFT Nominal HAXPES DFT

LaOBiS2 50 3 2.82(4) 2.70
LaO0.5F0.5Bi1−xPbxS2

x = 0 50 2.5 2.54(4) 2.65
x = 0.09 200 2.55 2.61(2) - 2 2.48(2) -

50 2.55 2.63(3) - 2 2.48(2) -
x = 0.125 High-T phase 2.57 - 2.68 2 - 2.39

Low-T phase 2.57 - 2.63 2 - 2.33
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FIG. 6. Total DOS and some pDOSs of LaOBiS2 and
LaO0.5F0.5Bi1−xPbxS2. (a) Overall and (b) enlarged views.

accompanied by a shift of about 110 meV to the high EB side
in the low-T phase compared to the high-T phase, rather than
a large change in the broad energy range as in the HERFD-
XANES spectrum. This spectral shift is larger than those
in the Bi 4 f and Pb 4 f core levels (60 meV and 30 meV,
respectively) and is thought to reflect a change in the VB
electronic structure with symmetry lowering caused by the
structural phase transition to the low-T phase.

D. Mixed-valence state

Next, we discuss the validity of the experimentally ob-
tained valences, which are summarized in Table I. To evaluate
the Bi and Pb valences, we performed further DFT calcula-
tions for all other compounds and phases, whose DOSs are
also shown in Fig. 6 [40]. Note that in the calculations, the per-
centage of Pb substitution was assumed to be 12.5% instead of
the actual 9% to save computational effort for Pb-substituted
systems. The valences estimated from the DFT results are also
listed in Table I. Theoretical valences are obtained by the sum
of integrated s-, p-, and d-orbital partial densities of states
(pDOSs) up to EF within the atomic sphere of 1.32 Å for both
Bi and Pb atoms, which is greater than or equal to the ionic
radii of octahedrally coordinated Bi3+, Bi2+, and Pb2+ ions
[41,42]. The experimental value of the Bi valence in LaOBiS2,
which is closest to +3 in the three compounds, decreases to
about +2.5 with 50% F substitution. This is in good agree-
ment with the DFT prediction. While the Bi3+ state is the
most chemically stable, the Bi2+ state has been reported to be
stabilized in Bi-doped materials such as Sr2P2O7:Bi2+ [43]. In
contrast, to the best of our knowledge, mixed valence states of

divalent and trivalent Bi have been found in very few materials
such as Bi-doped zeolites [44]. Our results show that the
mixed-valence states are realized in BiS2-based compounds,
which can lead to some charge-ordered structures and/or
microscopic charge disproportionation [45]. Furthermore, the
HAXPES captures the subtle increase in Bi valence caused by
Pb substitution in the AP (i.e., high-T ) phase, which is also
reproduced by the DFT calculation. In contrast, the valence
at 200 K is more or less the same as at 50 K, although it
predicts a slight decrease with the phase transition. Although
the electronic structure of Pb changes below 100 K, as seen in
the Pb Lα1 HERFD-XANES spectra, the valence of Pb does
not change, unlike that of Bi. Under the assumption that the
large (small) component in the spectrum shown in Fig. 4(d) is
derived from the Pb2+ (Pb4+) state, the mean valence is +2.48
[46]. On the other hand, it becomes +2.24 if the chemically
unstable Pb3+ state possibly causes the small component.

Note that the above estimates are based on the assumption
that all collected photoelectrons came from the bulk. At the
surface, the Bi valence has been reported to be closer to +3
than in the bulk [47]. However, even assuming pure Bi3+ state
at the surface, the influence of the surface on the estimates
is within the errors owing to the high bulk sensitivity of
HAXPES.

IV. SUMMARY

Taking advantage of the high energy resolution, we found
that the HERFD-XANES spectra show a clear temperature
change only in LaO0.5F0.5Bi1−xPbxS2 (x = 0.09), where bulk
superconductivity is observed. This change is due to the sym-
metry lowering of the crystal at low temperatures, suggesting
that the bulk superconductivity in the Pb-substituted BiS2

compound is driven by a mechanism similar to that in the
HP phase of LaO0.5F0.5BiS2. The HERFD-XANES, core-
level HAXPES, and VB-HAXPES spectra are consistently
understood by the DFT calculations. With the help of the
DFT calculations, Bi 4 f core-level HAXPES revealed that the
doped BiS2-based compounds host a mixed state of divalent
and trivalent Bi ions at the site of broken local inversion
symmetry.
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