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We have investigated the electronic properties of BiS2-based superconductors using x-ray photoe-
mission spectroscopy (XPS). In going from z = 0.3 to 0.5 in PrO1_,F;BiS2, the Pr 3d and Pr 4d
peaks are shifted by ~ 0.10 £ 0.05 eV away from the Fermi level, partially consistent with the elec-
tron doping. In PrO;_,F;BiSs, the PrSJr/Pr4Jr mixed valence remains unchanged with the electron
doping from xz = 0.3 to 0.5. In CeO1_,F;BiS2, the doped electrons for x = 0.5 almost suppresses
Ce®T /Ce™t valence fluctuation. Although the core level peaks are also shifted by ~ 0.10 £ 0.05 eV
towards higher binding energy side with the electron doping from x = 0 to 0.5 in CeO1_,F;BiSs,
the Bi 4f7 /2 binding energy shift is higher in the Pr system compared to the Ce system. The present
results suggest that the doped electrons increase orbital occupations in the rare earth 4f orbitals at
the valence band and show valence fluctuation differently in the two systems.

PACS numbers: 74.25.Jb, 74.70.Xa, 74.70.-b, 79.60.-1

I. INTRODUCTION

After the discovery of BiSs-based superconductor
in BiyO4S3 by Mizuguchi et al.! in 2012, extensive
studies>* including RE(O,F)BiSy systems (RE=rare
earth element)® 1Y have been attained. RE(O,F)BiS,
contains alternatively stacked REO;_,F, block layer and
BiS, layer, and conductivity is enhanced by increas-
ing z in the block layer which introduces electrons to
the electronically active BiSs layer to exhibit the super-
conductivity at low temperature.?! The electric proper-
ties of RE(O,F)BiS, are governed by the Fermi surfaces
constructed from the Bi 6p, and 6p, orbitals, whereas
the magnetic properties are related to the RE 4f or-
bital occupation.?? 24 In addition, the strong electron-
phonon coupling has been reported in BisO4S3% and
LaOg.5F0.5BiS2.2°28 On the other hand, spin and or-
bital fluctuation due to electron-electron interaction are
seen with the Fermi surface nesting in LaOg 5F¢ 5BiS;.?2
As quasi-one-dimensional Bi 6p, /p, character is involved
with the Fermi surface nesting,???° it would be quite in-
teresting to investigate and understand the role of doped
electrons in REO;_,F,BiS, superconductors.3?

In CeO;_,F;BiSs, for x < 0.4, the system is in the
Ce3t /Ce*™ valence fluctuation regime, while for z >
0.4 the system is in the Kondo regime where valence
fluctuation is suppressed such that superconductivity
and the long range ferromagnetic orderings (Ce-S-Ce su-
per exchange) are appeared at low temperature.3! This
shows that the electron doping is crucial in controlling
the superconductivity and the magnetism in BiSs-based
superconductors.?? Angle resolved photoemission spec-
troscopy (ARPES) shows that the area of the Fermi sur-
faces in CeOq_,F,BiSs is inconsistent with the nominal

F.33735 This discrepancy between the doping level and
the Fermi surface area suggests that some electrons are
localized instead of contributing to the Fermi surfaces.
Recently, a resonant ARPES study by Sugimoto et al.
has shown that the added electrons to the Fermi surface
rather increase the occupations to the localized Ce 4f
orbital hybridized with the Bi 6p..3¢ This genuinely re-
quires further support from the core level spectroscopy
to elucidate the orbital occupations and valence state in-
volved with the electron doping in CeO;_,F,BiS,.
Compared to CeO;_,F,BiS,, the electronic properties
of PrO;_,F,BiSy are less studied. The system is semi-
conducting for x = 0, and superconductivity appears for
x = 0.1 till 0.7 at low temperature.'® T, is increased from
2.4 to 4.1 K by the electron doping from z = 0.3 to 0.5
in PrO;_,F,BiS,.'® The lattice parameter along c-axis is
decreased by the electron doping as above. Although the
presence of Pr3* /Prt valence fluctuation was reported
in PrO;_,F,;BiSs (z = 0.13, 0.23) using x-ray photoe-
mission spectroscopy (XPS) by Ishii et al,? the XPS re-
sults were not analyzed quantitatively and the doping
effects on the valence fluctuation were not clarified. In
this paper, we have studied the core level photoemission
spectra to elucidate the F doping effect and the Ce or Pr
valence fluctuation in CeO;_,F,BiSs (z = 0, 0.5) and
PrO;_,F,;BiSs (z = 0.3, 0.5) in a quantitative way.

II. METHOD

High-quality single crystals of PrO;_,F,BiSy (2=0.3,
0.5) and CeO;_,F,BiSy (z = 0, 0.5) were prepared by
CsCl flux method as described elsewhere.!”"° The F dop-
ing level is given by nominal value.'” Photoemission spec-
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FIG. 1: (Color online) XPS of (a) Ce 3d, (b) Ce 4d, and (c)
Bi4f from CeO1_,F;BiS2 (z = 0, 0.5) at room temperature.
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FIG. 2: (Color online) XPS of Ce 3d with Gaussian fittings
from CeO:1_,F;BiS, for (a) z = 0 and (b) x = 0.5 at room
temperature.

troscopy at room temperature was carried out with JEOL
JPS9200 analyzer using Mg Ko (1253.6 €V) source. The
total energy resolution was about 1.0 eV. The base pres-
sure of the measuring chamber was 2 x 1076 Pa. Each
spectrum is normalized with its peak intensity and bind-
ing energy is calibrated with Au 4f at 84.0 eV.

III. RESULTS AND DISCUSSION

In Fig. 1(a), the Ce 3d peaks of CeO;_,F,BiS; (x =
0, 0.5) show shifting of ~ 0.10 £ 0.05 eV towards higher
binding energy from x = 0 to 0.5 as shown in the in-
set. The direction of Ce 3d shifting is consistent with the
electron doping. The Ce 3d XPS spectra show the pres-
ence of main peaks 4f1, satellite peaks 42 for Ce3t, and
satellite peaks 40 for Ce*t valence.?®39 It can be seen
that 4f° (Ce**t) contribution from the 3ds3 /2 component
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FIG. 3: (Color online) XPS of (a) Pr 3d, (b) Pr 4d, and (c) Bi
4f from PrO;_,F,;BiS2 (z = 0.3, 0.5) at room temperature.
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FIG. 4: (Color online) XPS of Pr 3d with Gaussian fittings
from PrO;_,F;BiS; for (a) z = 0.3 and (b) x = 0.5 at room
temperature.

is decreased with respect to 4f! with doping, consistent
with the earlier XAS study.?! The detailed Ce 3d peak
analysis of CeO;_,F,;BiSs (x = 0, 0.5) is explained later
in Fig. 2. As the resonant photoemission study earlier
revealed that the F doping tunes the number of electrons
mixed with localized Ce 4f in the Kondo regime instead
of contributing to the Fermi surface,% a significant spec-
tral weight transfer within the 49, 4f!, and 4f? peaks
of Ce 3d [Fig. 1(a)] with the electron doping can be
seen. The initial states are given by a4 fO4+B4f +~v4f2
due to mixed valence (a®+324++2 = 1). The final states
are given by o/cdfO+3 cAft+~'caf?, (o/24+5%+4'2 = 1)
and c represents a core hole at the 3d level or at the 4d
level.3® The 4f°, 411, and 4f? are different states with
the Usy (Coulomb repulsion between 4f electrons) and
the Uy, (core hole interaction with 4f electrons). In Ce
4d, apart from shifting towards high binding energy side
[inset of Fig. 1(b)], the shoulder peaks around the main



peak 4f! (~ 111 eV) in Fig. 1(b) vary with doping,
indicating the importance of intra-atomic multiplet cou-
pling and solid-state hybridization.*® In Fig. 1(c), the
Bi 4f peaks show a shift of ~ 0.10 £ 0.01 eV towards
high binding energy due to electron doping from =z = 0 to
0.5 in CeOy_,F;BiS,. The valence decrease of Ce with
2 should reduce the Ce 3d/4d binding energy. On the
other hand, by adding electron at the valence band, all
the core level peaks move away from the Fermi level with
x as seen in Fig. 1. In the present case, the doping effect
is dominant compared to the valence effect since the shift
of Ce 3d is similar to that of Bi 4f.

It was earlier reported that superconducting and fer-
romagnetic phase evolves with a different local envi-
ronment in CeO;_,F,BiSs by suppressing Ce3t/Cet*
valence fluctuation.?”*! In the self-doped Eu systems,
Eu?T/Eu" mixed valence is consistent with the pho-
toemission results.*> While in the Ce system, the doped
electrons are partially localized and not consistent with
the nominal z in REO;_,F,BiSs. In this connection, the
nature of valence states in CeO;_,F,BiSs (x = 0 to 0.5)
are crucial and hence quantitatively evaluated in Fig. 2.
Shirley type background is removed from the Ce 3d peaks
of CeO;_,F,BiSy (z = 0, 0.5) and nine Gaussian peaks
are fitted on the Ce 3d. The Gaussian peaks are assigned
for the 4f2, 4, and 4f° contributions in Ce 3d5/, and
3ds o from CeO;_,F;BiSy (2 = 0, 0.5 ). The peaks are
shifted by ~ 0.10 + 0.05 eV towards the higher binding
energy from x = 0 to 0.5 in CeO;_,F,BiSs. It shows
that the intensity of 4f° is almost suppressed while go-
ing from = = 0 [Fig. 2(a)] to = 0.5 [Fig. 2(b)]. This
is consistent with the previous XAS work by Sugimoto
et al.®! The Ce3t/Ce*t intensity ratio is evaluated from
the relative intensity between 4 f1 (Ce3*) and 49 (Ce*t)
for Ce 3d5 /2 indicated as peak 3 and 4 respectively in Fig.
2, and found almost two fold (~ 1.89) decrease in Ce*
from x = 0 to 0.5.

In Fig. 3(a), the Pr 3d spectra of PrO;_,F,BiSs (x =
0.3 and 0.5) show shifting of ~ 0.10 £ 0.05 eV towards
higher binding energy by the F doping (inset). The di-
rection of Pr 3d shifting is consistent with the electron
doping. The spectral features of Pr 3d for x = 0.3 and 0.5
show similar features to the case of PrgOq;, where Pr3+
and Pr*t coexist.*® Pr 3d XPS from PrO;_,F,BiSy (z
= 0.3, 0.5) show coexistence of Pr3* and Pr** spectral
features as shown in Fig. 3(a).2%43745 In Fig. 3(b), Pr 4d
XPS have the shoulders around the main peak (~ 117 eV)
showing a little change apart from shifting towards higher
binding energy with the electron doping (inset). The
interplay of intra-atomic multiplet coupling and solid-
state hybridization can also be related with spectral fea-
tures of 3d and 4d including the satellites.’® However,
the effect of the solid-state hybridization in PrgO;; and
PrO;_,F,BiSs (z = 0.3 and 0.5) would be different. The
solid-state hybridization is present between the 4 f and O
2p with 4f'L and 4f2L? charge transfer satellites where
(L) represents hole at the O 2p.3® In Fig. 3(c), the Bi 4f
spectra show shift by ~ 0.12 4+ 0.01 eV towards higher
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FIG. 5: (Color online) XPS of Bi 4f from PrO;_,F;BiSs and
Ce01_,F;BiSs for x = 0.5 at room temperature.
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binding energy side from z = 0.3 to 0.5 for PrO;_,F,BiSs
due to the electron doping.

The possibility of the Pr3*/Prtt mixed valence was
recently ascribed for z = 0.13 and 0.23 in PrO;_,F,BiSs,
and the spectral features were a bit ambiguous due to
lack of detailed peak fitting study.2® Therefore, we used
multiple peaks to fit the Pr 3d of PrO;_,F,BiS; (z =
0.3, 0.5) in Fig. 4. The Pr 3d of PrO;_,F,BiS; (z =
0.3, 0.5) are subtracted by the Shirley type background
and fitted with six Gaussians ascribing 413, 4f2, and 4 f!
as shown in Figs. 4(a) and 4(b), respectively. The peak
at ~ 957 eV in the higher binding energy side of the Pr
3ds /o from PrO;_,F,BiS; (z = 0.3, 0.5) is ascribed as
an extra structure of 3ds/5.*° Therefore, the Pr3t /Prtt



intensity ratio is estimated from the peak area of 4f2
(Pr3t) and 4f (Prt) of Pr 3d5,5 shown as peak 2 and
3 respectively in Fig. 4. It was found that Pr3*/Pr*t is
almost constant with the electron doping from = = 0.3 to
0.5. This shows that the addition of the electrons from x
= 0.3 to 0.5 do not involve with the 4f! (Pr**) and 4f2
(Pr3*) components, rather only shifts the binding energy
of the core levels away from the Fermi level.

In addition to this, Bi 4f;,, peak shifts towards
higher binding energy side from CeOg5F5BiSy to
PrOg 5Fo5BiS; at room temperature as shown in Fig.
5. The peak positions of Bi 4f7/5 obtained from Gaus-
sians fitted on Bi 4f from PrO;_,F,BiS; (x=0.3, 0.5)
and CeO;_,F,BiSs (z=0, 0.5) at room temperature are
summarized in Fig. 6 and show shifting away from the
Fermi level with the F doping. In LaO;_,F,;BiSs (z=0
to 0.5),%6 the shift of the Bi 4f7/2 is around 0.3 eV with
the electron doping similar to the case of shifting of the
Bi 4f7/2 in Pr systems. While in the Ce systems, the Bi
4 f7 2 shift is less compared to the Pr system (Fig. 6) and
the Ce3t/Ce?T mixed valence is suppressed. The elec-
tron occupation to the 4f orbitals due to electron doping
is different for the Ce and Pr systems. The shift in Ce
3d and Pr 3d with the electron doping were calculated
from the Gaussians fitted as shown in Figs. 2 and 4.
The Ce®* /Ce**t valence fluctuations is suppressed while
Pr3+ /Pr** mixed valence remains unchanged by the F
doping. In addition, the slope of the Bi 4f7/, binding
energy is larger in the Pr system than the Ce system.
While the Ce valence is almost +3 at z = 0.5 in the Ce
system, the Pr3* /Pr#t mixed valence still remains at =
= 0.5 in the Pr system. The electron occupations to the
6p hybridized orbitals due to doping could be different
for the Ce and Pr systems.

IV. CONCLUSION

We have studied the electronic structure of
CeOy_,F,;BiS; (¢ = 0, 0.5) and PrO;_,F,BiS; (x
= 0.3, 0.5) by means of XPS. The core level photoemis-
sion spectra show shifts towards higher binding energy
with the F doping. In CeO;_,F.BiS; (z = 0.5), the
doped electrons suppress the Ce?t contribution and
valence fluctuation consistent to the early studies. The
decrease in the valence fluctuation is associated with
the decrease of Ce*t components due to increase of
Bi 6p, orbital occupations by electron doping. The
suppression of valence fluctuation is related to the onset
of superconductivity in CeO;_,F,BiSs; from z = 0 to
0.5. In PrO;_,F,BiS, (=0.3, 0.5), the doped electrons
do not suppress the Pr3*/Prit valence fluctuation.
Rather, it increases the shifting of the Bi 4f7/, away
from the Fermi level higher and T. is enhanced from
x=0.3 to 0.5. However, Pr3T/Pr** valence fluctuation
still remains at z = 0.5 in the PrOy_,F,.BiS,. The
difference in valence fluctuation between the Ce and Pr
systems is associated with the difference in the magnetic
properties.
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