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Evolution of the Fermi surface in superconductor PrO;_,F,BiS, (x=0.0, 0.3, and 0.5) revealed by
angle-resolved photoemission spectroscopy
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We have investigated the electronic structure evolution with F doping in PrO,_,F,BiS, (x = 0.0, 0.3, 0.5)
by means of angle-resolved photoemission spectroscopy. Undoped PrOBiS; exhibits Fermi surface (FS) pockets
around the X point which can be associated with electron doping due to the Pr** /Pr** mixed valence. Atx = 0.3,
the FS pockets are expanded, and their area is almost consistent with the F doping level. Interestingly, horizontal
segments facing each other in the rectangular FS pockets lose their spectral weight. The partial suppression of
the FS pockets suggests possible anisotropic charge fluctuations around x = 0.3. Atx = 0.5, the FS area is much
smaller than the expected value as commonly observed for CeQg 5F, 5BiS,; and NdOy sF, sBiS,. In addition, the
highly depleted spectral weight at the FS pockets would be consistent with evident charge fluctuations driven by

atomic disorder in the BiS, network.
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I. INTRODUCTION

The discovery of a BiS;-based superconductor by
Mizuguchi et al. [1] has been followed by extensive experi-
mental and theoretical studies on BiS;-based superconductors
[2]. The Bi 6p,/6p, orbitals form a multiband Fermi surface
(FS) in the BiS; layer and provide an interesting platform for
the study of the superconductivity [3,4]. Among the various
BiS;-based superconductors, RO,_,F,BiS, (R=rare earth el-
ement) systems have been investigated by means of various
experimental and theoretical techniques [5-20]. In a typical
R(O,F)BiS, system, the F substitution for O in the R(O,F)
layer introduces electrons to the electronically active BiS;
layer (Fig. 1). The superconducting transition temperature 7,
at ambient pressure increases in going from R =La to R =
Nd [2]. The FSs and the band dispersions of R(O,F)BiS, have
been investigated by means of angle-resolved photoemission
spectroscopy (ARPES) [22-27]. Since electronic correlation
is expected to be weak in the Bi 6p bands, the observed
band structure and FS geometry were considered to be basi-
cally consistent with the band structure calculations. However,
there is a serious discrepancy between the doping level and the
observed FS area for CeOg 5F( 5BiS, [26] and NdOg 5F 5BiS,
[22], while they seem consistent in LaOg sF( sBiS, [24]. In
addition, a laser ARPES study on NdOq7,F29BiS; has re-
vealed a highly anisotropic superconducting gap, indicating
the paring mechanism is unconventional [28].

The Bi site is pyramidally coordinated by four in-plane
sulfur atoms (S1) and one apical sulfur atom (S2). The elec-
tronic structure of the BiS, layer is strongly affected by the
coexistence of different local structural configurations with
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two distinct Bi-S1 distances [29-31]. The difference in the
Bi-S1 distances in the BiS, layer is significant with larger
R ions such as La [31-33], Ce [34], and Pr [35], while it is
reduced with smaller R ions [36] or with Se substitution for
S [37]. On the other hand, the interaction between the BiS,
layer and the R ion is governed by the Bi-S2 distance. The
Bi-S2 distance tends to decreases with reducing the R ion
radius [36], indicating that the interaction between the BiS;
layer and the R ion is larger for R = Pr than R = Ce. Never-
theless, it still remains unclear how the atomic disorder with
the coexistence of different local structural configurations is
related to the superconducting properties.

Among the RO;_,F,BiS; systems, the electronic structure
of PrO,_,F,BiS, [38-41] is not well explored. In contrast
to LaO;_,F,BiS, with tetragonal and monoclinic phases,
PrO,_,F,BiS; keeps the tetragonal structure under ambi-
ent pressure just like Ce and Nd systems [2,42]. As for
the comparison between Ce and Pr systems, both CeOBiS,
and PrOBiS, exhibit a mixed valence of Ce**/Ce** and
Pr’* /Pr*t, respectively. However, it has been confirmed that
the ratio of Pr** to Pr** is not sensitive to F doping [40,41],
while the ratio of Ce*" to Ce®" decreases with F doping
[16]. Therefore, the case of PrO;_,F,BiS; is interesting for
studying electronic structure evolution by F doping without
the valence change in R ions. In this work, we have performed
ARPES measurements for PrO,_,F,BiS, (x = 0.0, 0.3, and
0.5). Since the mixed-valence behaviors of the Ce and Pr
systems are different under F doping, it is expected that the
F doping will differentiate the electronic structures of these
two systems. However, even at x = 0.0, PrOBiS, exhibits FS
pockets around the X points, while CeOBiS, does not. In
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FIG. 1. (a) Crystal structure of PrOBiS, created by VESTA [21].
(b) Two-dimensional Brillouin zone of PrO;_,F,BiS,.

going from x = 0.0 to 0.3, the FS pockets of PrO,_,F,BiS,
are expanded, and their horizontal segments lose their spectral
weight. These results suggest that the FS features are affected
by possible charge fluctuations, likely driven by peculiar local
atomic disorder in these materials.

II. METHOD

High-quality single crystals of PrO;_,F,BiS, (x = 0.0,
0.3, and 0.5) were prepared by the CsCl flux method [20].
The ARPES measurements with linearly polarized photons
were performed at the undulator beamline BL-1 [43] of the
Hiroshima Synchrotron Radiation Center, Hiroshima Univer-
sity, equipped with a VG SCIENTA R4000 analyzer [44]. The
photon energy was set to be 30 eV for all the polarizations.
The single-crystalline samples were cleaved in sifu at 30 K
in ultrahigh vacuum (< 1 x 10~'° Torr) in order to obtain
a clean (001) surface. The total energy resolution including
both the monochromator and electron energy analyzer was
measured to be ~20 meV. All the measurements were taken
at 30 K.

Generalized gradient approximation (GGA)-based band
structure calculations were performed using QUANTUM
ESPRESSO 5.30 [45,46]. We employed pseudopotentials
of  PR.REL-PBE-SPDN-KJPAW_PSL.1.0.0.UPF,  O.REL-PBE-N-
KJPAW_PSL.1.0.0.UPF,  BI.REL-PBE-DN-KJPAW_PSL.1.0.0.UPFE,
and S.REL-PBE-NL-KJPAW_PSL.1.0.0.UPF for calculations with
spin-orbit interaction. Cutoff energy was set to 30 Ry.

III. RESULTS AND DISCUSSION

Figure 2 shows a FS map and a selected band map around
the X point of PrOBiS,. k, and k, represent wave numbers
along the Bi-Bi directions of the square lattice in the BiS,
layer (see Fig. 1). The ARPES spectral weight is integrated
in the +£25 meV window relative to the Fermi level. Even
without F doping, the Bi 6p bands accommodate additional
electrons due to the Pr** /Pr** mixed valence [41]. The Bi
6p bands are substantially broadened due to possible atomic
disorder [31] or strong electron-phonon interaction [23]. Al-
though it is difficult to estimate the FS area quantitatively, its
upper limit has been estimated to be 0.03 of the Brillouin
zone. Assuming that the two branches of the bilayer split
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FIG. 2. Top: Fermi surface map for PrO,_,F,BiS, (x = 0.0).
Bottom: Band map along the I"-X cut.

Bi 6p bands accommodate the electrons, the upper limit of
the electron density per Bi is estimated to be 0.06. Here,
the bottom of the electron band is located at ~ — 0.2 eV in
Fig. 2(b).

The present result indicates that PrOBiS, can accommo-
date a homogeneous metallic state due to Bi 6p electrons
provided by the Pr’* /Pr** mixed valence. On the other hand,
CeOBiS,; exhibits inhomogeneous distribution of the minor-
ity metallic phase in the majority insulating phase [47]. The
difference between CeOBiS, and PrOBIiS, is associated with
the interaction between the RO and BiS, layers. The lattice
constant ¢ is ~13.6 A for R = Ce and ~13.8 A for R = Pr
[20,39], indicating that the separation between the BiS, layer
and the RO layer increases in going from R = Ce to R = Pr.
In the Ce**/Ce** mixed-valence state for R = Ce, the Ce
4f orbitals are hybridized with the Bi 6p orbitals via the S
3p orbitals at the S2 site. Since this hybridization channel is
sensitive to the local displacement of S2, the system tends
to be inhomogeneous. On the other hand, in the Pr3*/Pr#*
mixed-valence state for R = Pr, the Pr*" state is likely to be
due to the hybridization with the O 2p orbitals and may not
directly affect the Bi 6p orbitals. Thus, the Pr*t state just
seems to provide electrons to the BiS, layer.

Figure 3 shows a FS map and selected band maps for x =
0.3. Rectangular FS pockets are expected to exist around the
X point. The horizontal segments of the FS pockets, however,
lose their spectral weight compared to those for the vertical
segments. Assuming a rectangular shape, the FS area is esti-
mated to be 0.15 of the Brillouin zone. Since the two branches
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FIG. 3. Top: Fermi surface map for PrO,_,F,BiS, (x = 0.3).
The solid circles indicate the Fermi surface points deduced from
momentum distribution curves along the horizontal cuts. The open
circles indicate the valence band top points deduced from momentum
distribution curves along the vertical cuts. The solid curves indicate
calculated Fermi surfaces for 0.3 electron per Bi. Bottom: Band maps
along cuts 1, 2, 3, and 4 in the Fermi surface map. The dotted curves
indicate calculated band dispersions for 0.3 electron per Bi.

of the bilayer split Bi 6p bands accommodate the electrons,
the electron density per Bi would be 0.3. Therefore, in going
from x = 0.0 to 0.3, the electron density per Bi increases
from 0.06 to 0.3. This number is almost consistent with the
F doping level. In Fig. 3, Fermi surfaces calculated by GGA
are indicated by solid curves. The average crystal structure of
PrOBiS; is employed for the calculation. The Fermi level is
set at ~0.50 eV from the bottom of the Bi 6p band and the
number of Bi 6p electrons is about 0.3 per Bi. The two Fermi
surfaces are derived from the bilayer of BiS,. The observed
Fermi surface is very broad, and its spectral weight is mainly
distributed in the region between the two theoretical Fermi
surfaces. The broad spectral distribution in the experimental
result is associated with the fact that the local structure is very
different from the average crystal structure in PrO;_,F,BiS,.

The anisotropic spectral weight suppression of the FS
pockets in Fig. 3. can be explained if the horizontal segments
have orbital components different from those of the verti-
cal segments. Considering the linear polarization (horizontal
direction), the horizontal and vertical segments should be
the 6p, and 6p, orbitals, respectively. This orbital polariza-
tion can be obtained if the vertical segments are constructed
from the Bi 6p, band dispersing along the horizontal direc-
tion (k, direction), and the horizontal ones are from the Bi
6p, band. However, such an orbital state with different Bi
6p orbital components between the horizontal and vertical
segments is not expected from the band structure calcu-
lation, which predicts the same orbital component for the
horizontal and vertical segments [6]. The theoretical predic-
tion was confirmed by the polarization-dependent ARPES on
CeO;_,F,BiS; [26]. Although the mixed-valence states of Ce
and Pr are different, one can assume that the Bi 6p orbital
state of the Fermi surfaces is essentially the same between
the Ce and Pr systems. Under this assumption, it is unlikely
that the spectral suppression of the horizontal segment in
PrO,_,F,BiS; is derived from differentiation of the Bi 6p or-
bital component between the vertical and horizontal segments.

The other explanation of the anisotropic spectral weight
suppression is associated with anisotropic charge fluctuations.
Under the influence of such fluctuations, the horizontal seg-
ments would be selectively affected and lose their spectral
weight due to pseudogap formation. According to theoretical
considerations for x = 0.5 [6,10], charge fluctuations along
the (g, q) direction (the diagonal direction) are expected since
FS segments in the diagonal direction or the I"'-M direction
are formed due to the heavy electron doping (0.5 electron per
Bi). When ¢ ~ m/a, such charge fluctuations correspond to
checkerboard-type charge patterns in which the vertical and
horizontal directions are equivalent. At x = 0.3, stripe-type
charge fluctuations can develop along the (0, g) direction (the
vertical direction) associated with the rectangular FS shape
around the X point. Indeed, the wave vector difference be-
tween the two segments is g ~ 0.25 A", which is close
to 1/6 of 27 /a (~1.5 A~"). Stripe-type charge fluctuations
with sixfold periodicity is consistent with the experimen-
tal result. Such a mechanism can provide a similar effect
in cuprates with anisotropic (stripe-type) charge fluctuation.
In electron-doped cuprates, rectangular electron pockets are
formed around the X point in the antiferromagnetic phase
of the electron-doped CuO, layer. At low doping level, the
FS pocket is closed and rectangular [48,49]. With increasing
electron doping level, two segments of the electron pocket
facing each other lose their spectral weight [50,51]. Silva Neto
et al. pointed out that the wave vectors between the missing
segments are associated with the charge fluctuation or charge
ordering found by resonant x-ray scattering [52]. Considering
the similarity of the missing segments of the rectangular Fermi
surfaces, we speculate that the stripe-type charge fluctuation
plays a role in BiS; systems.

Figure 4 shows a FS map and selected band maps for
x = 0.5. Rectangular FS pockets are observed around the
X point which are similar to NdO;_,F,BiS, [22,23] and
CeO;_,F,BiS; [26]. The area of the rectangular FS pocket is
estimated to be 0.13 of the Brillouin zone. Thus, the electron
density per Bi would be 0.26. This value is much smaller
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FIG. 4. Top: Fermi surface map for PrO;_,F,BiS, (x = 0.5). The
solid circles indicate the Fermi surface points deduced from momen-
tum distribution curves along the horizontal and vertical cuts. The
open squares indicate the Fermi surface points for x = 0.3. Bottom:
Band maps along cuts 1, 2, 3, and 4 in the Fermi surface map.

than that expected for the F doping of x = 0.5. The area
reduction and the rectangular shape of the FS pockets are
commonly observed in the tetragonal RO;_,F,BiS, systems
with x = 0.5. The bottom of the Bi 6p bands is located around
—0.5 eV, similar to the value for x = 0.3. Although the F
content increases from x = 0.3 to x = 0.5, the FS area and
the Bi 6p band width do not change appreciably. A possible
reason for the reduced FS area is that the doped electrons
are reduced by interstitial F and/or by a S vacancy. Another
possibility is that the doped electrons are accommodated by
Bi 6p, orbitals which are localized and do not contribute to
the Fermi surface [47].

In the case of R = Pr, the FS area is saturated for x > 0.3,
probably because the supplied electrons are grabbed by local-
ized states. With the rectangular Fermi surface for 0.3 electron
per Bi, stripe-type charge fluctuations with Q = (0, 7 /3a)
are expected. If the BiS, layer can accommodate electron
concentration up to 0.5 per Bi, the checkerboard-type charge
fluctuations with Q = (;r/a, w/a) would become relevant
and are expected for R = La [32]. Indeed, the FS area of
LaQOg sFysBiS; is consistent with the F doping level of x =
0.5 as reported by Terashima et al. [4,24]. In the future,
possible interplay between the charge fluctuations and the
monoclinic distortion should be clarified experimentally for
LaQOg sFysBiS,. As for R = Ce, Pr, and Nd, the trapped elec-
trons are expected to induce local atomic disorder in the BiS,
layer. Such additional atomic disorder may couple with un-
derlying charge fluctuations and may disturb the FS pockets.
It would be interesting to study the interplay between charge
fluctuations and local atomic disorder in a systematic way for
various layered superconductors.

IV. CONCLUSION

We have studied the electronic structure of the
PrO,_,F,BiS, system for different F doping levels by
means of ARPES. The ARPES results on undoped PrOBiS,
show FS pockets around the X point, which can be associated
with the Pr** /Pr** mixed valence. In PrO, 7F, 3BiS,, the FS
area is consistent with the F doping level. Interestingly, two
segments facing each other in the rectangular pocket lose their
spectral weight at x = 0.3. Such behavior is somewhat similar
to the antiferromagnetic phase of electron-doped cuprates.
The partial suppression of the FS segments suggests possible
stripe-type charge fluctuations at x = 0.3. In going from
x = 0.3 tox = 0.5, the FS area does not increase, suggesting
that x = 0.3 is close to the optimal doping. Indeed, in ARPES
results for PrOgsF,sBiS,, the area of the rectangular FS
pockets is much smaller than the value expected for the
F doping level as commonly observed for the tetragonal
CCOOI5F0'5BiSZ and Nd00.5Fo_5BiSZ.
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