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Abstract

A novel family of superconductors based on BiS;-based superconducting layers were discovered in 2012. In short order, other
BiS,-based superconductors with the same or related crystal structures were discovered with superconducting critical temperatures
T, of up to 10 K. Many experimental and theoretical studies have been carried out with the goal of establishing the basic properties
of these new materials and understanding the underlying mechanism for superconductivity. In this selective review of the literature,
we distill the central discoveries from this extensive body of work, and discuss the results from different types of experiments on
these materials within the context of theoretical concepts and models.

Keywords: BiS,-based compounds, Superconductivity
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1. Introduction

The 2012 discovery [1]] of superconductivity with transition
temperature 7, = 8.6 K in BisO4S; captured the attention of
physicists and chemists worldwide. This compound has a lay-
ered crystal structure composed of superconducting BiS, layers
and spacer layers of BigsO4(SO4);-,, where x indicates the de-
fects of SO, ions at the interlayer sites. The crystal structure is
shown in Fig. [[(a). The layered crystal structure is analogous
to those of high-temperature (high-7,) cuprate and Fe-based su-
perconductors in which T, can be tuned by varying the blocking
layers [2 13,14, 15]. By modifying the blocking layer in Bi4O4S3,
superconductivity was discovered in the BiS,-based compound
LaOysFsBiS, [6]. The two distinct crystal structures among
this class of materials are compared in Fig.[I] The basal plane of
the Bi4O4(SO4)-, and LnOBiS, (Ln = lanthanide) compounds *
at room temperature is displayed in Fig.|2| Both structures are
composed of an alternate stacking of the two BiS, double lay-
ers and the blocking layer. Electron carriers, which are essential
for the emergence of superconductivity in the BiS,-based super-
conductors, can be generated by modifying the structure and the *
chemical composition at the blocking layers. In the LnOBiS,
compounds, electron carriers can be generated by a partial sub-
stitution of O~ by F~ [} [7} 8], which is an electron-doping
strategy that is commonly used in the Fe-pnictides [9} 4} |5]].
These findings motivated the scientific community to try other *
ways of altering the blocking layers and, shortly after the dis-
covery of superconductivity in LaOgsF,sBiS,, it was found
that replacing nonmagnetic La with magnetic rare-earth ele-
ments (Ce, Pr, Nd, Yb) substantially increased 7. [10l 8] to
its current record of 5.4 K for this crystal structure [8]. It has 4
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also been found that superconductivity in the LaOBiS; system
can be induced by increasing the charge-carrier density (elec-
tron doping) through substitution of tetravalent elements, i.e.,
Ti, Zr, Hf, and Th, for trivalent La [11]]. By electron doping, the
parent phases of LaOBiS, and ThOBiS,, considered to be bad
metals, become superconducting with 7, up to 2.85 K. On the
other hand, hole doping by substitution of divalent Sr for triva-
lent La did not induce superconductivity in those materials [11]].
Recently, superconductors with BiSe, conduction layers were
discovered. It has been reported that LaOgsFysBiSe,, with a
crystal structure similar to LaOBiS, exhibits superconductivity
below T. =2.6 K [12,[13,/14]. A selection of T, values obtained
at ambient pressure for the known BiS,-based superconductors
is listed in Table[Il

Applying external pressure reduces the 7, for Bi4O4S3 [15
16l while it increases the T for LnO,_,F,BiS, (Ln = La, Ce, Pr,
Nd) [15L L7, [18L[19]. This is another similarity to the Fe-based
superconductors; 7 is sensitive to applied pressure [4} 9, 15]. A
comparison between the crystal and electronic structures of the
BiS;- and Fe-based superconductors reveals many broad simi-
larities. Theoretical considerations of the density of states, band
structure, and Fermi surface nesting, studied by means of first
principles calculations, indicated that the insulating LaOBiS,
parent phase (band gap of 0.15 eV) transforms into a metallic
state after chemical substitution with fluorine [20, 21} 22]. At
the optimal concentration (x = 0.5), four bands originating from
Bi p, and p, orbitals cross the Fermi level. The surface nest-
ing of LaO,_,F,BiS, was found to be weaker than that of the
iron-pnictide compound LaOFeAs [23].

The details concerning superconductivity in the BiS,-based
compounds are still under debate; some studies have even re-
ported evidence indicating that superconductivity in Bi4O4S5 is
not a bulk phenomenon and might be associated with impurity
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Figure 1: (Color online) Comparison of the crystal structures of (a) BizO4S3
and (b) LaO;_,F,BiS,. A box with dashed boundaries indicates the supercon-

ducting BiS; layers, which are common to both crystal structures. o

phases instead [24] 25]. On the other hand, recent studies on
single crystals of LnO;_,F,BiS, (Ln = La, Ce, Nd), grown by a
flux method [26, 27, 28}, [14], clearly confirm the bulk nature of
superconductivity in these BiS;-based layered materials.

About 83 experimental papers and 20 theoretical papers con- s
cerning BiS,-based superconductivity have been published in
peer-reviewed journals and/or posted on the arXiv [29] to date.
Much of this research is driven by the following questions:
What physical parameters determine 7,.? Is new physics in-
volved in the physical properties? What is the upper limit of 7,
for this class of materials? Where should we look next to find *
new superconductors with high 7, values? Is the pairing mech-
anism similar to that in unconventional superconductors (i.e.,
Fe-based superconductors, cuprates, etc.) or is pairing more

oSt
B o
o

Figure 2: (Color online) Projection of a Bi-S layer onto the ab-plane. The
structure of the Bi-S layer is identical for all superconducting BiS,-based com-
pounds.

110

Table 1: Superconducting transition temperatures T for all known BiS;-based
and related superconducting compounds. The 7 values were defined from the
onset in electrical resistivity measurements.

Compound T. (K) Ref.

Bi;04S;3 44 (1113015 1311132 133 34L [35]]
LaOg5Fo5BiS, 2.8 6l 36 8137, 151381 139, 40. 411 42]
CeOy 5k sBiS, 3.0 1811431 144, 27, 145
PrOg.sFo sBiS> 3.5 (8 46\ 27, 47]

NdOg 5Fy 5BiS, 4.0 [10. 8l 26l 48] 149, 27, [22]
YbOosFosBiS, 5.4 8]
La;_,Ti,OBiS, 24 (110
Lal_erxOBisz 1.7 [I_L_H]
La, Hf,OBiS, 2.4 (1]
La;_,Th,OBiS, 2.0 [11])
Sr,_La,FBiS, 3.5 (50, 51]
LaOg5Fo5BiSe, 3.6 (12112814,
EuBiS,F 0.3 [32]

likely to be phonon mediated? Herein, we provide a selective
review of the large and growing body of literature concerning
BiS;,-based superconductors and related materials. In particu-
lar, we review the experimental results reported in the literature
and discuss the relationships of the properties with one another
and to T, making occasional reference to theoretical concepts
and models. Although the superconducting properties are dis-
cussed, we emphasize the normal-state properties; in particular,
special attention is given to the electronic and magnetic proper-
ties as determined from various studies, because of their poten-
tial connection to the pairing mechanism for superconductivity
in these materials.

2. Structural properties

The reported x-ray diffraction pattern of Bi4O4S; includes
peaks associated with Bi metal, Bi,S3;, and a third phase
with crystal structure characterized by a body-centered tetrag-
onal unit cell characterized by either I4/mmm or I42m space
groups. These space groups are not distinguishable in the x-ray
diffraction pattern; however, because of the higher-symmetry,
14/mmm with unit cell parameters of a = 3.9592(1) and ¢
= 41.241(1) A has been selected as the crystal structure of
Bi404S5 [1]]. As shown in Fig.Eka), the layered crystal structure
is composed of Bi,Sy layers, Bi,O, layers, and SOy4 units. The
fluorite-type Bi, O, layer is a common component in /4/mmm
or P4/nmm tetragonal layered structures. The rocksalt-type
Bi,S, layer structure has been found only in LnOBiS, (Ln =
Ce, Gd, and Dy) with the P4/nmm space group [Il]. Fig-
ure 2] depicts a projection of the Bi,S,4 layer along the ¢ axis.
The Bi and S atoms form square lattices. The fact that su-
perconductivity occurs within the square-lattice sheets resem-
bles the CuO, and FeAs layers of high-7,. cuprates and Fe-
pnictides/chalcogenides, respectively (2, 3, 53 4, 9, 3, [54].
The elemental composition of this crystal structure can be de-
scribed as Big04(SO4);_,BiyS4, where x indicates the occu-
pancy of the SOy unit site. When SOy sites are fully occu-
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pied, the atomic composition should be Bi4O4(SO4)Bi,S4, also
denoted as BigOgSs, with unit cell parameters a = 3.965(5)
and ¢ = 41.234(0) A [55], which is an insulator according
to band structure calculations [I, 21]]. Superconductivity in
Bi404S3 is induced by electron doping into the BiS, layers
via the introduction of vacancies into the SO, sites. There
is a discrepancy of less than 5% and 7% in the lattice pa-
rameter values for a and c, respectively, among the various
reports for BigO4S; [1}, 33} 55, 24]. On the other hand, a
slight distortion from the ideal square lattice of Bi-S atoms (see
Fig. |Z|) has been reported for Bi404S; [53]], which might sug-
gest that the larger bending of the Bi-S-Bi bond is responsible
for superconductivity. A similar distortion of the Bi-S layers
in LaO_,F,BiS,, CeO,_,F,BiS,, and PrOg sF, sBiS, has also
been observed [36} 371 56 [46]; the distortion of the Bi-S layers
could be attributed to a fully occupied Bi s-orbital. Chemical
substitution of F for O is considered to induce charge carriers
into the Bi-S layer, and this is believed to induce supercon-
ductivity in the mixed-anion layered compounds LrnO,_,F,BiS,
(Ln = La, Ce, Pr, Nd, Yb) [6, 36, [8, 37, 15 38}, 39, [40, 4T, 42].
The effect of F substitution on the lattice parameters and 7, has
been reported for LaO;_,F,BiS, [36]]. The experimental lat-
tice parameters, determined from single-crystal and polycrys-
talline samples, are similar to those predicted by computational
results up to x ~ 0.5. However, with increasing F concentra-
tion, the predicted lattice parameters show significant differ-
ences from the experimental values. Only the lattice parame-
ter ¢ of the polycrystalline sample prepared using high-pressure
(HP) annealing follows the computed trend [57]. The crystal
structures of LaO;_,F,BiS; for x ~ 0.23 (not superconducting)
and 0.46 (superconducting) were determined by single-crystal
x-ray diffraction analysis. Slightly corrugated and nearly flat
Bi-S planes were found in LaO,_,F,BiS, at x ~ 0.23 and 0.46,
respectively [57]]. The increase in the F concentration changes
the distortion of the Bi-S plane, and an almost flat Bi-S plane
is observed at superconducting concentration x ~ 0.46. Since
the in-plane distances are comparable for x ~ 0.23 and ~ 0.46,
a nearly flat Bi-S plane should enhance hybridization of the Bi
6p./6p, and S 3p./3p, orbitals; therefore, F substitution not
only increases the carrier concentration, it also changes the dis-
tortion of the Bi-S plane.

3. Band structure calculations

Several theoretical works addressing the band structure have
been reported, especially for LaOg sFy sBiS, [6l 58} 59, 40, 20,
[61), 411 [62] [63] [64] [63] 66| [67]]. The calculated band struc-
tures and electronic density of states (DOS) for LaO,;_,F,BiS,
with x = 0, 0.5, and 1 are shown in Fig. El [40]. The contribu-
tion of various orbitals to the band structure are characterized
by different colors: blue (Bi-p), red (S1-p), and green (O-p and
S2-p). For LaOBIiS; (see Fig.[3[a)), the Fermi level is located at
the upper edge of the valence bands with an energy gap of ~0.8
eV, indicating an insulating behavior. The valance bands spread
from around —6 to 0 eV and consist of p-electron states from
the O and S atoms. While the La-d and La-f electron states
lie far above the Fermi level near 4 eV, Bi-p and S1-p states

r X M TZ R AMO 2 4 6 8
DOS (states/eV)

Total|
La-d

-4.0 = La-f
—Bi-p

51-p

-6.0 —_— ——S2-p

B Pl Bl W - F-p
r X M rz R AMO0O 2 4 6 8
DOS (states/eV)
Figure 3: (Color online) Calculated band structure and density of states for

LaO;_,F,BiS, with x = 0 (a), 0.5 (b), and 1 (c), with the orbital character
indicated by different colors: Bi-p (blue), S1-p (red), O-p (light green), and
S2-p (green) (after Li et al. [40]).
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Figure 4: (Color online) The calculated Fermi surface of LaOg sFy5BiS2: (a)220
cross section of Fermi surface for k; = 0 and (b) a 3D perspective (after Wan

et al. [58]).

dominate the conduction bands [40]. For LaOysF,sBiS,, the225
Fermi level crosses the conduction bands coming from the Bi-
p and S1-p electron states, so that the Bi-S1 layers contribute
strongly to electronic conduction. As shown in Fig. 3[b), the
Fermi level crosses four bands creating electron pockets, and
thus the charge carriers in LaOqsFysBiS, are electrons [42].
The DOS at the Fermi level is equal to N(Er) = 1.22 eV~! per
formula unit, and the corresponding bare susceptibility and spe-
cific heat coefficient are estimated y( = 4.0 x 107> emu/mol and
Yo = 3.0 mJ/mol K2, respectively. For LaFBiS, (see Fig.c)),
the Fermi level crosses the conduction bands and the energy gap
between the conduction and valence bands increases to ~1.1 eV.
Meanwhile, the DOS at the Fermi level increases to N(Eg) =
1.84 eV~! per formula unit, yielding yo = 6.0 X 10~ emu/mol
and yy = 4.5 mJ/mol K?.

The calculated Fermi surface of LaOg 5F5BiS; is displayedaso
in Fig. [ It has been found that the bands crossing the Fermi
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level are from Bi-6p electron states and a two-band electronic
model has been proposed based on the band-structure calcu-
lation [21]]. Due to the quasi-one-dimensional nature of the
conduction bands, Fermi surface nesting with wave vector
k = (m,m,0) has been observed [21]]. The lattice dynamics
and the electron-phonon interactions in LaOgsFjsBiS, have
also been studied using density functional theory calculations
[20, 581 140]]. It has been suggested that a charge-density-wave
(CDW) instability around the M point is a possible consequence
of the Fermi surface nesting [538]. However, no signatures for
CDW instabilities have been observed in physical properties
measurements, except for an inflection point in the electrical
resistivity for LagoMy0BiS, (M = Th, Ti, Zr, Hf); it was
speculated that these features were associated with a CDW in-
stability in these compounds [11]]. Recently, it was reported
by Zhai et al. that a CDW-like transition occurs in EuBiS,F
at Tcpw ~ 280 K and superconductivity emerges at 0.3 K. It
has been proposed that the mixed valence of Eu, in which a
considerable amount of electrons are transferred into the con-
duction band, induces superconductivity and the CDW insta-
bility in EuBiS,F [32]. It has been suggested that BiS,-based
compounds are strong electron-phonon coupled superconduc-
tors in the vicinity of competing ferroelectric and CDW phases
[20]. Density-functional linear response calculations give a
large electron-phonon coupling constant (4 ~ 0.8), suggesting
and that LaO,_,F,BiS; as a strong electron-phonon coupled
conventional superconductor.

Despite the results from band-structure calculations, some
studies have emphasized the importance of electron-electron in-
teractions and the possibility of unconventional superconduc-
tivity in BiS;-based compounds [63] [41] [63] [68]. Start-
ing from a two-orbital model, spin/charge-fluctuation-mediated
pairing interactions have been studied by using the random
phase approximation [59}[63]], and an extend s- or d-wave pair-
ing has been proposed [63]. With the assumption that the pair-
ing is a relatively short-range interaction, Liang et al. find that
the extended s-wave pairing symmetry is very robust [41]]. The
possibility of triplet pairing and weak topological superconduc-
tivity has also been suggested based on renormalization-group
numerical calculations [63]. It has also been proposed that
BiS;-based superconductors possess type-1I two-dimensional
Van Hove singularities, and the logarithmically-divergent DOS
may induce unconventional superconductivity [68, [69].

To summarize, first-principles calculations indicate that
LaO,_,F,BiS; changes from a band insulator at x = 0 to a band
metal via chemical substitution (electron doping). Similar to
the compound LaFeAsO;_,F,, electrons in LaO,_,F,BiS, are
transferred from the LaO(F) blocking layer into the supercon-
ducting BiS; layers. The p-orbital states of Bi-S1 layers play
an important role since they are the dominant contribution to
the DOS at the Fermi level. From the phonon calculations for
LaOy sFysBiS,, a strong electron-phonon coupling of 1 = 0.8
has been obtained. A T, of 9.1 K has been predicted using this
value of A, which is very close to the experimental value. This
result is compelling evidence that LaOg sF(sBiS, is a conven-
tional electron-phonon superconductor with phonon-mediated
pairing. For LaO,_,F,BiS, [9 [3, [54], the electronic states
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near the Fermi level are primarily from the hybridized p orbital
states of the Bi and S1 atoms, and the electron-phonon coupling
comes mainly from the contribution of optical phonon modes
around the M and A points at the low-frequency branches.
These results indicate that the BiS, layers play an important
role in the transport and superconducting properties, similar to
the CuO, layers of the cuprates or Fe-As layers of the Fe-based
superconductors.

4. Neutron scattering

Neutron diffraction measurements have been performed on
polycrystalline samples of the superconducting LaOy sFy sBiS,
and its non-superconducting parent compound LaOBiS,. Fig-
ure [5(a) shows neutron diffraction data and Rietveld refine-
ments obtained from a powdered sample of LaOBiS,. The nu-
clear Bragg peaks are within instrumental-resolution limits, in-
dicating good crystallinity. On the other hand, Bragg peaks
from the superconducting LaOgsF,sBiS, sample, which are
displayed in Fig. [5[b), exhibit pronounced broadening com-
pared to those from the non-superconducting LaOBiS, sample;
this indicates imperfect crystallinity. In both compounds, dis-
crepancies between experimental and calculated structural pa-
rameters have been observed, which suggest inherent structural
instabilities in these systems [20} [39]].

It was theoretically predicted that, in the superconducting
phase, a significant change in the phonon DOS at low energies
would occur due to a potentially large electron-phonon cou-
pling [20, 58 40]. However, inelastic neutron scattering data®™
yield no considerable changes in the low-energy phonon modes
as the system becomes superconducting either by F substitution
or by cooling through the superconducting transition [39]].

300

5. Hall effect and magnetoresistance

It is well known that the normal-state properties, such as the
Hall effect and magnetoresistance, are very important to under-
stand the primary electron scattering contributions, which aresos
often intimately related to the mechanism underlying supercon-
ductivity. For instance, the linear temperature dependence of
the electrical resistivity and the fact that the Hall coefficient has
a temperature dependence suggest an unconventional metallic
state in cuprate superconductors that cannot be described as asio
Fermi liquid [2} 3} 153]].

In order to elucidate the normal-state transport properties,
Hall effect measurements were performed on BizO4S3 by sev-
eral groups [40, (34} 133]]. A weak insulating behavior is induced
in the normal state in a magnetic field. This can be inducedss
either by an adjacent competing order, or the very shallow p,
and p, bands and a small Fermi energy. The transverse elec-
trical resistivity p,, remains negative at all temperatures, indi-
cating the electron-like charge carriers are dominant. The Hall
coefficient Ry was determined using the formula Ry = p,,/H 20
which is field-dependent, and the carrier concentration at low
magnetic field was estimated to be n ~ 1.53 x 10" cm™ at
10 K, which increases to ~2.4 x 10'° cm~3 at 300 K [31 33].

observed +
calculated
background

| difference *

[(a) LaOBIS2

N W s

S bt

o

Intensity (arb. units)
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25 3
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35 4

Figure 5: (Color online) Powder neutron diffraction data for (a) LaOBiS, and
(b) LaOg 5F 5BiS; at 15 K. Black crosses represent observed data. Red, green,
and blue solid lines are the calculated intensity, estimated background, and dif-
ference between the observed and calculated intensities obtained by GSAS [70]],
respectively (after Lee et al. [39]).

The magnetic field dependence of py, exhibits non-linear be-
havior at all temperatures, prohibiting any single-band descrip-
tion within the context of Fermi liquid theory. Both the strong
non-linear Hall effect and the magnetoresistance are consistent
with a multiband character as expected from the theoretical cal-
culations [40, 21]]. Unlike Bi4O4S3, the magnetic field depen-
dence of p,, for LaOgsFysBiS, exhibits a linear response at
low magnetic fields [42]. The charge carriers are primarily
electrons and the calculated Hall coefficient and carrier con-
centration at 7 = 10 K are n = 1.24 x 10*° cm™ and Ry =
5.04036 x 10 m3/C, respectively. The carrier concentration
is about one order of magnitude higher than in BisO4S; [42].
However, to unravel the different scattering rates from the dis-
tinct bands in a multiband system, a high magnetic field is re-
quired; without a large magnetic field, only the scattering from
partial bands is detected. Hall effect and magnetoresistance
measurements for CeO,_,F,BiS, (x = 0, 0.25, and 0.5) sug-
gested that the parent phase is a bad metal instead of a band
insulator, which is also suggested by the LDA calculation [[10].
By substituting F with O, superconductivity gradually emerges
along with a semiconducting-like normal state. The magnetic
field dependence of p,, exhibits more curvature at low doping
levels. This illustrates that there may be a very strong multi-
band or a shallow band-edge effect at these concentrations.
With further doping, the nonlinear curvature seems to weaken
slightly. The multiband effects, determined from the non-linear
magnetic field dependence of p,, for BiS,-based compounds
[31L 331 [711 [72], might also be related with spin density wave
(SDW) or CDW formation [73]], which is also suggested by
first-principles calculations [20]; there is either a CDW insta-
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Figure 6: (Color online) (a) The valence band structure around the M point

along the M — X direction and corresponding angle-integrated energy distribu-
tion curves (EDCs). The inset is an enlarged view of the features near Er. The
three-dimensional Brillouin zone of NdOy 5F,sBiS; is displayed in the right
corner of the figure. (b) The photoemission intensity map of NdOg sFy5BiS,
at Er over the projected two-dimensional Brillouin zone, which was obtained
through mirroring the data with respect to the k, and k, axes. The intensity was
integrated over an energy window of (Er - 15 meV, Er + 15 meV). The Fermi
surface sheets for the a; (along the I' — X direction) and @, bands are shown
by the rectangles with different colors. The data were measured using 100 eV
photons (after Ye et al. [74]).

360
bility or an enhanced correlation effect in this system.

6. ARPES measurements

Angle-resolved photoemission spectroscopy (ARPES) is aas
powerful experimental probe, with its unique capability to
directly image electronic structures of materials in energy-
momentum space. Figure [6] shows the results from ARPES
studies on a single crystal of NdOysF,sBiS, with T, of 4.87
K by Ye et al. [74]. Figure[6{a) shows the valence band struc-sn
ture around the X point along the M - X high symmetry di-
rection at 15 K. The features between -5 to -1 eV are mainly
from O 2p and S 3p electron state contributions [S8|], while
the small spectral weight near Er can be assigned to the Bi
6p state. Figure[6{b) displays the photoemission intensity mapsrs
of NdOy5F,5BiS,, which is overlaid on the two-dimensional
Brillouin zone. Here, the unit of k, and k, is 7r/a, where a is
the neighboring Bi-Bi distance in the Bi-S plane. Two rect-
angular Fermi pockets were observed around X with little &,
dependence in the Brillouin zone, which is direct evidence forsso
a multiband character in this compound. This is consistent with
the previous Hall effect measurements and theoretical studies
as well [[71, 1211133}, 140].

Based on the Luttinger theorem [75, [76], the number of
charge carriers in this system is estimated to be consistent withsss
a fluorine concentration x = 0.16 + 0.02, which deviates sig-
nificantly from the nominal composition of x = 0.5. However,
band-theory calculations also show that the calculated Fermi
surface for x = 0.16 agrees with the experimentally-determined
Fermi surface as displayed in Fig. [/} which is likely due to assw
bismuth deficiency. This gives much smaller Fermi pockets
than those predicted by theoretical calculations for the nomi-
nal composition. The small Fermi pocket size and the weak
electron correlations obtained in these experiments suggest that

(a) x=0.16

ohesl
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Figure 7: (Color online) (a) The calculated band structures without spin-orbit
coupling for NdOg 34F¢.16BiS, (the left vertical axis) and NdOg 5F, sBiS; (the
right vetical axis). (b) A comparison of the Fermi surface between the photo-
emission intensity map and density-functional theory calculations for x = 0.5
and x = 0.16 (after Ye et al. [74]).

the BiS;-based compounds could be conventional BCS super-
conductors, mediated by the electron-phonon coupling.

7. Soft x-ray photoemission spectroscopy

Soft x-ray photoemission spectroscopy (SXPES) measure-
ments yield a spectrum that reflects the bulk valence band DOS
and core levels, and are therefore a suitable probe of the elec-
tronic structure and the chemical state of solids. The electronic
structure of LaO,_,F,BiS, (x = 0, 0.3, 0.5) is investigated via
core-level and valence-band SXPES measurements [77]. The
core-level spectra of doped samples shows a new spectral fea-
ture at the lower binding energy side of the Bi 4 f main peak as
presented in Fig.[8] This feature may be explained by core-hole
screening with metallic states near the Fermi level (Er). The
experimental electronic structure and its x dependence (shift of
the valence band to higher binding energy as well as the ap-
pearance of new states near Er having dominant Bi 6p char-
acter) were found to be consistent with the predictions from
band structure calculations. On the other hand, an obvious de-
viation of the intensity and spectral shape of the states near Ep
from those of calculations was observed. Figure[9]shows the va-
lence band SXPES spectra for LaO,_,F,BiS, (x = 0, 0.3, 0.5),
obtained using 500 eV photons (open circles connected with
lines), together with that of LaOg 5F; 5BiS, with 1100 eV pho-
tons (broken line). The valence band spectrum of LaOBiS, (x
= 0) has a peak around 2.5 eV with structure near 5 eV. The
spectrum shows a negligible intensity region from Er to a 1 eV
binding energy, which indicates an experimental band gap of 1
eV below Er. As x increases, the whole valence band shifts
to higher binding energy by ~0.3 eV, as seen in the shift of the
spectral edge of the valence band around 2 eV. The x-dependent
shift to higher binding energy is consistent with electron dop-
ing by substitution of F with O. Regarding the spectral shape,
the structure around 5 eV gets broader and a new peak evolves
around 8.5 eV; the latter peak also shifts to higher binding en-
ergy. Absence of the peak around 8.5 eV in the x = 0 sample
and its systematic evolution indicate that the structure is driven
by chemical substitution. Importantly, it is observed that the in-
tensity near Er increases with x. According to band-structure
calculations [58| |20, 140], LaOBiS, has a valence band derived
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Figure 8: (Color online) Bi 4f and S 2p core level soft x-ray photoemission

spectroscopy data for LaO;_,F,BiS; (x = 0, 0.3, 0.5) (open circles) and the
results of fitting (curves). The spectra were normalized to the intensity of the
Bi 4 f7/, feature (after Nagira er al. [T7]).

from S (S1 and S2), 3p, and O 2p orbitals with a ~4 eV band
width, which is separated by a band gap of ~0.8 eV from the
bottom of the highly-dispersive conduction band of dominant
Bi 6p,, character that is hybridized with S1 3p electron states.
Electrons introduced by substitution of F for O fill the conduc-
tion band and, for x = 0.5, EF is expected to be located at ~0.8
eV above the bottom of the conduction band. For x = 0, the fact
that the experimental band gap of 1 eV below Efr is compara-
ble to that of the calculated band gap suggests that Er may be
located near the bottom of the conduction band, possibly due
to impurity and/or self doping [[71]. Assuming that Er for x
= 0 is located at the bottom of the conduction band, a chem-
ical potential shift of ~0.3 eV between x = 0 and 0.5 can be
inferred. This value is a factor of 2 smaller than that expected
from band-structure calculations (0.8 eV). Comparing this ob-
servation with band-structure calculations, it is likely that the
valence band is dominated by S 3p and O 2p electron states.
The bottom of the conduction band is mainly derived from Bi
6p., and S1 3p electron states. The peak around 8.5 eV is as-
cribed to F 2p electron states.

8. Specific heat

Plots of specific heat divided by temperature C/T vs. T
for LnOysF,sBiS, (Ln = La, Ce, Pr, Nd, Yb) are shown in
Fig.[I0fa). There is no clear jump at their respective 7.’s as de-
termined from p(7") and magnetic susceptibility y(7') measure-
ments. Instead, a Schottky-like anomaly is observed below ~6

LR LR R e LR LR RN L RN R R R
LaO1_xeBi82 Cale.
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T=300K
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Figure 9: (Color online) Valence band soft x-ray photoemission spectroscopy
data for LaO;_,FBiS> (x = 0, 0.3, 0.5) obtained using 500 eV (open circles
connected with lines) and 1100 eV (broken line) incident photon energies (only
for LaOg sF 5BiS;). All spectra measured with a 500 eV photon energy were
normalized to the intensity of the peak around 2 - 3 eV binding energy. The
1100 eV spectrum was normalized to the 500 eV one for the x = 0.5 sample
using the intensity of the peak around 3 eV. A spectrum for a 500 eV incident
photon energy, based on calculated density of states for x = 0.5, is also shown,
for which the energy resolution, lifetime broadening, and Fermi-Dirac distribu-
tion function at 300 K were taken into account (after Nagira et al. [77]).
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Figure 10:  (Color online) (a) Specific heat divided by temperature C/T

vs. T for LnOgsFy5BiS, (Ln = La, Ce, Pr, Nd, Yb). (b) Semi-log plot of
LnOy5Fy5BiS;. The arrow indicates the magnetic ordering temperature for
YbOy 5F5BiS. (¢) C/T vs. T? for LnOgsF;sBiS,. The red solid line repre-
sents a fit to the data for PrOg 5F 5BiS; using the equation C/T =y + ,BTZ.

K for PrOysFy5BiS, and magnetic order (probably antiferro-
magnetic order) is observed at ~2.7 K (indicated by an arrow in
Fig.[I0(b)) that apparently coexists with superconductivity be-
low 5.4 K for YbOq sFy sBiS; [8]. There is an upturn in C/T vs.
T data at low temperature for CeOg sF( sBiS, that is consistent
with the ferromagnetic ordering temperature 7¢ determined by
Xing et al. [71]. The upturn in C/T vs. T data at low temper-

ature for NdOg sF( sBiS, may also indicate the presence of in-*°

cipient magnetic order. These results suggest that any anomaly
around 7, may be overwhelmed by the large specific heat con-
tributions associated with magnetic order for CeOy sFy 5BiS,,
NdOq sF, 5BiS,, and YbOg 5F,5BiS, and the SChOttky-like fea-

ture for PrOO_5FO.5BiS2. 465

The electronic and phonon contributions to specific heat,
characterized by the Sommerfeld coefficient y and coefficient
B, respectively, were determined by performing linear fits to the
data plotted as C/T vs. T using the expression C/T =y +ST>.

The fits were performed in the temperature range ~40-400 K? to 70

avoid contributions from magnetic order or Schottky anomalies.
The Debye temperature, ®p, was calculated using the relation
B = 127*rR/(503) where r = 5 is the number of atoms per for-

mula unit, and R is the universal gas constant. Values for y are

listed in Table 2] These values of y are upper limits, and their
precise values are subject to some uncertainty because of con-
straints imposed by the low-temperature upturns in the C/T vs.
T for CeOysFysBiS; and NdOy sF;5BiS, and a Schottky-like
anomaly for PrOg sFy 5BiS,.

480

An example of the linear fit of the C/T vs. T? data for
PrOy sFy 5BiS; is shown in Fig. @Kc) as a solid line. The value
of v for LaOy 5F( 5BiS; is consistent with the theoretically cal-
culated y ~ 3.0 mJ/mol K2 [40]. On the other hand, one can

see from the y values listed in Table 2| that the electronic cor-ss

relations are enhanced for the 4f rare-earth-based compounds
relative to LaOg 5F 5BiS,, suggesting significant hybridization
between Ln-4f (Ln = Ce, Pr, Nd, Eu, Yb) and Bi-6p electrons.
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Figure 11: (Color online) A plot of AC/T where AC is the electronic contri-

bution to the specific heat, in the vicinity of the superconducting transition. An
idealized entropy conserving construction yields 7. = 2.93 K and AC/yT, =
0.94 (after Yazici et al. [8]).

8.1. Specific Heat Jump at T.

An important thermal property associated with bulk super-
conductivity in a material is the ‘jump’ AC in the electronic
component of the specific heat at T.. A nearly discontinuous
increase in C at T, only occurs if a sample has a single well-
defined T, that is not smeared out due to inhomogeneities, dis-
order, or other sample-quality issues. For BiS,-based super-
conductors, it is uncommon to observe a clear jump in specific
heat data at 7. There is a tiny jump observed for a polycrys-
talline sample of BisO4S; which is consistent with its small
electronic-specific-heat coefficient y ~ 2.8 mJ/mol K2. The
specific-heat jump at 7. was determined to be AC/T. = 4.0
mJ/mol K? [35]. A clear jump has only been observed for a
polycrystalline sample of LaOgsFsBiS, [8]. The electronic
contribution to the specific heat, C.(T) = C(T) - BT°, is shown
in Fig. [T1] which has been estimated by subtracting the lattice
contribution BT from C(T). There is a clear jump at T, = 2.93
K, determined from an idealized entropy conserving construc-
tion as shown in Fig. This value of T, is close to the tem-
perature where the electrical resistivity of LaOg sFgsBiS, van-
ishes. The presence of the jump clearly indicates the bulk na-
ture of superconductivity in this compound. The ratio of the
jump to y, AC/yT. = 0.94, was calculated using a jump of
C./T = 2.37 mJ/mol K? as seen in Fig. This value for
AC/yT, is less than the value of 1.43 predicted by the BCS
theory, but is of the correct order of magnitude. The value
of AC/yT, is evidently sensitive to the sample homogeneity
and quality, which also determines the width of the transition.
For this reason, the difficulty of preparing phase-pure speci-
mens has made it challenging to unambiguously identify and
study the intrinsic superconducting properties of BiS;-based
compounds via specific-heat measurements. Similar small
values for AC/yT,. have been observed in SrgsLagsFBiS,,
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Figure 12: (Color online) (a) Magnetic susceptibility, y = M/H, as a function
of temperature, 7', measured in an applied magnetic field of upH = 0.1 T for
LnOy5F 5BiS;. Inset: Inverse magnetic susceptibility data, )(’1 =H/Mvs. T,
for LnOg 5F5BiS,. (b) M vs. H data at T = 2 K for NdOy 5F 5BiS,. Inset:
Low-field M vs. H data at T = 2 K for NdO sF 5BiS,. An arrow indicates the
critical magnetic field H.; for NdOg sF( sBiS,.

LaO,_,FBiS,, La;_;Y,0qsFqsBiS;, La;_,SmOgsFsBiS,
and La;_,M,OBiS, systems [[L1, |50} 78} [79]], and their values
are listed in Table 2l

9. Susceptibility 525

Magnetic susceptibility y = M/H data are displayed as a
function of temperature in Fig. [[2{a). Measurements were
performed in applied magnetic field of yoH = 0.1 T for
LnOysF(sBiS; (Ln = Ce, Pr, Nd, Yb) between 2 and 300 K.530
The LnOgsFy5BiS; (Ln = Ce, Pr, Nd, Yb) compounds exhibit
a Curie-Weiss-like y(7") behavior with no noticeable anoma-
lies indicative of any magnetic order down to 2 K. The y~!
vs. T data, which are displayed in the inset of Fig. [12fa) for
LnOysFysBiS, (Ln = Ce, Pr, Nd, Yb), were fitted using a
Curie-Weiss law,

535

Co

(T = Ocw)’
in the temperature range ~20 - 300 K to determine the Curie-
Weiss temperature Ocw. The effective magnetic moment . r¢
associated with the Ln ions was extracted from the Curie con-
stant Cy = NA,u /3kB, where N, is Avogadro’s number and kp
is Boltzmann’s constant The fits of Eq. (I)) to the data were per-
formed using a non-linear least squares regression. The result-
ing best-fit parameter values for ¢ and Ocw are tabulated in
Table[2] which are close to the theoretical Ln>* free-ion values.ss
This indicates that the 4f electrons are well localized in these
compounds. However, the effective magnetic moment y, ¢ for
Eu in EuBiS;F was determined to be 7.2 ug /f.u., which sug-
gests a mixed valence for the Eu ion of about +2.2 [52].

The M vs. H data, measured at 2 K for NdOy sF, sBiS, andsso
shown in Fig.[T2{b), indicates that the superconductivity can be
classified as type-II superconductivity with a mixed state. In
the inset of Fig.[T2(b), a critical magnetic field H,; = 15 Oe is
denoted by an arrow for NdOy sFy sBiS,.
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Figure 13:  (Color online) Magnetic susceptibility, y = M/H, as a func-

tion of temperature, 7', measured in an applied magnetic field of H = 5 Oe
for YbOy 5Fy5BiS2. Superconducting critical and magnetic ordering temper-
atures, T, and Ty, respectively, are indicated by arrows for YbOg 5F 5BiS;
(after Yazici et al. [8]).

Zero-field cooled (ZFC) and field-cooled (FC) measurements
of the magnetic susceptibility y(7") were performed in a mag-
netic field of H = 5 Oe for the LnOgysF,5BiS, (Ln = La, Ce,
Pr, Nd, Yb) samples [8]. ZFC measurements yielded diamag-
netic signals with 7, onset values that are consistent with the
p(T) data, while FC measurements reveal hardly any change in
x(T) in the superconducting state relative to the normal state,
indicating strong vortex pinning. In contrast, both the ZFC and
FC x(T) data for YbOg5F(sBiS, reveal changes in behavior
upon entering the superconducting state as well as hysteresis at
T, and peaks, indicated by an arrow in Fig. near ~2.7 K
that appear to be due to the magnetic order. This interpreta-
tion is further supported by a sharp feature in the specific heat
data near ~2.7 K that is shown in Fig. [I0{b). Magnetic order-
ing in YbOysF(sBiS, is probably antiferromagnetic in nature,
since superconductivity persists to temperatures below ~2.7 K
and appears to coexist with the magnetic order. However, fur-
ther study will be necessary to unambiguously characterize the
order observed in YbOy sF;5BiS,.

9.1. Ferromagnetic order in CeO,_,FBiS,

Even though experimental results [38} 180, 74] and theoretical
models [41}20] seem to support conventional s-wave supercon-
ductivity in BiS,-based compounds, the exotic superconducting
properties of some of the BiS,-based compounds are still under
debate. A typical example is the coexistence of superconductiv-
ity and ferromagnetism for CeO;_,F,BiS, [10}[71]. Systematic
studies on the system CeO,_,F,BiS; (0 < x < 0.9) suggest that
ferromagnetism and superconductivity develop simultaneously
with increasing F concentration, even though the sign of Ocw
is negative. Two ferromagnetic phases with respective Curie
temperatures of 4.5 K and 7.5 K are induced with increasing
F concentration. This result indicates that charge carriers, gen-
erated by F substitution, are introduced into the blocking CeO
layers in addition to the superconducting BiS, layers [81} [71].
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Figure 14: (Color online) Ce L3-edge normalized x-ray absorption spec-

troscopy data of as-grown and (b) high-pressure annealed samples of605
CeO;_,F,BiS, with x = 0,0.2, 0.4, 0.6, 0.8, and 1.0. The 4f', 4f°, and contin-
uum resonance peaks around 5725, 5737, and 5758 eV are shown. The back-
ground (arctangent function) subtracted spectra are shown in the insets. The
spectra were taken at room temperature in transmission mode (after Sugimoto
et al. [44]).
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In addition, ferromagnetism and superconductivity are both en-
hanced in the samples synthesized by HP annealing, indicating
sensitivity of these states to local atomic displacements.

Ce L; x-ray absorption spectroscopy (XAS) is a direct probeg:s
of the local structure around a selected absorbing atom and the
distribution of valence electrons, with the final states in the con-
tinuum being due to multiple scattering resonances of the pho-
toelectrons in a finite cluster [44]]. Ce L; XAS was used to in-
vestigate the effect of F substitution on the local electronic andes
lattice structures of the system CeO;_,F,BiS; in as grown (AG)
and HP annealed samples [44]]. Since it is difficult to prepare
clean surfaces using the available polycrystalline samples, bulk-
sensitive Ce L3-edge XAS measurements taken in the transmis-
sion mode are the most reliable tool to evaluate the Ce valence.es

The Ce L;-edge XAS spectra of AG and HP annealed sam-
ples of CeO,_,F,BiS; (x =0, 0.2, 0.4, 0.6, 0.8, and 1.0) are
shown in Figs. a) and (b), respectively [44]. The spectra are
normalized with respect to the atomic absorption estimated by
a linear fit to the high energy part of the spectra. Three salientss
structures around 5725, 5737, and 5758 eV can be identified
within the Ce L3-edge XAS spectrum. The first peak near 5725
eV is the absorption white line corresponding to the transition
from the Ce 2p core level to the vacant Ce 5d state mixed with
the Ce 4! final state [44]. The second peak near 5737 eV cor-s
responds to the transition from the Ce 2p core level to the vacant
Ce 5d state mixed with the Ce 4f! final state. The 4! and 4 f°
final states are the so-called well-screened and poorly-screened
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states, respectively, and provide information concerning the Ce
valence. The presence of both 4f! and 4f° states suggests
Ce’*/Ce** valence fluctuations. The energy difference between
the 4! and 4 f° absorption peaks, approximately 12 eV [44],
is mainly determined by the Ce 2p-Ce 4 f Coulomb interaction
and is expected to be independent of the F concentration. There
is a systematic change due to F substitution in the 4! and 4 f°
peak intensities as seen Figs.[I4[a) and (b). The third peak near
5758 eV provides the information on the local lattice structure.
This peak is the so-called continuum resonance (CR), likely due
to Ce-Bi scattering with a contribution from the Ce-Ce scatter-
ing and reflecting the evolution of the Ce-Bi/Ce bond length. In
addition, there is a weak feature near 5742 eV. This feature is
a characteristic of layered rare-earth systems, and its intensity
is generally sensitive to the O/F atom disorder in the CeO/F
layer. On the other hand, the calculated relative spectral weight
4f0/[4f1 + 4f°] for both AG and HP annealed CeO,_,F,BiS,
samples indicates that the Ce** state with the 4f° electronic
configuration in CeOBiS,, coexists with the Ce®* state with 4 f!
electronic configuration [44]). This result confirms the presence
of valence fluctuations in CeOBiS, between the Ce3* and Ce**
electronic configurations. The 4 f°/[4f! + 4£°] value decreases
with increasing F concentration both in the AG and HP samples.
The small difference in 4f°/[4f! + 47°] between the AG and
HP annealed samples indicates that there are some additional
factors, such as sample inhomogeneity, that play an important
role in controlling the valence of Ce.

The layered crystal structure of CeOBiS, is displayed in
Fig. [I5] which contains BiS; layers intercalated with a CeO
layer. The in-plane S atoms in the BiS, layer [labeled S1 in
Fig. a)] are located a distance of ~2.8 A from the Bi atoms,
while the out-of-plane S [labeled S2 in Fig. [I5[a)] atoms link-
ing the spacer layer with the BiS, plane are located a distance
of ~2.6 A from the Bi atoms. With F substitution, the Bi-S2
distance increases (AR, ~ 0.12 A), while the Ce-S2 distance
decreases (AR 4, ~ 0.15 /OX), leading to a disruption of the Ce-
S-Bi coupling channel as depicted in Figs. [I3(b) and (c). Con-
sequently, the hybridization between the Ce 4 f orbital and the
Bi 6p conduction band decreases with F substitution and the
Ce’*/Ce** valence fluctuation is suppressed. This means that F
substitution drives the system from the Ce3*/Ce** valence fluc-
tuation regime to the Ce>* Kondo-like regime [82]]. Indeed, the
Ce 49 spectral weight almost disappears for x > 0.4, where
the system exhibits coexistence between superconductivity and
ferromagnetism at low temperature. Therefore, it seems that the
mixed valence of Ce, driven by the coupling between the Ce 4 f
and Bi 6p electron states, disrupts superconductivity. The Ce
4f electrons are localized in the Kondo regime for x > 0.4 and
favor ferromagnetic polarization of the localized magnetic mo-
ments. The direct Ce-Ce exchange interaction plays an impor-
tant role in the ferromagnetic order observed in many Ce com-
pounds [83 184, 185, 86]. In CeO,_,F,BiS,, the Ce-Ce distance
is larger than that of most ferromagnetic Ce compounds. There-
fore, rather than the direct Ce-Ce exchange interaction, a Ce-S-
Ce superexchange interaction between Ce3* sites as depicted in
Figs.[T3[c) is expected to be responsible for ferromagnetism in
the CeO,_,F, layer. For x > 0.4, the ferromagnetic CeO,_,F,
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layer is expected to be insulating just like the LaO;_,F, layer,
and is decoupled from the superconducting BiS, layer.

Coexistence between superconductivity and ferromagnetism
is also observed in Ce-substituted SrgsCeosFBiS; [[72]. It has
been reported that superconductivity can be induced with T,
near 3 K, and that the dilute Ce lattice orders ferromagnet-
ically below 7.5 K with only 50% Ce concentration in thes,
(Sr,Ce)F layer [72]. Generally, superconductivity competes
with magnetic order; however, for the systems CeO,_,F,BiS,
and SrysCe( sFBiS,, the ferromagnetic transition temperatures
are substantially higher than 7. On the other hand, Ce substi-
tution introduces charge carriers that induce superconductivityzos
in addition to the ferromagnetic order, implying that the inter-
action between the Ce 4f electrons and conduction electrons
may be anisotropic. Thus, there may be an intrinsic coexis-
tence of ferromagnetism and superconductivity, and each can
be induced by Ce substitution.
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10. Anisotropic upper critical fields H,,

The BiS,-based superconductors are found to be type-II su-
perconductors. The superconducting states can be destroyed byzs
relatively small applied magnetic fields of yoH ~ 1 T for poly-
crystalline samples [8]. The magnetic-field dependence of the
electrical resistivity in a pulse magnetic field up to ~56 T for
a LaOg5Fy5BiS;, polycrystalline sample, which was prepared
using the HP synthesis method, was measured by Mizuguchirz
et al. [88]]. Figure @Ka) displays the dp/dT vs. T and p vs.
T data for LaOg5F(sBiS, under an applied magnetic field of
poH = 8 T. One can see that the temperature of the onset su-
perconductivity 7" is still near 9 K. 72" is defined as the
temperature at which dp/dT = 0. The inflection point, Tmid o
appears at T ~ 5.3 K at which the value of dp/dT begins to
increase and the electrical resistivity decreases. This indicates
that the evolution of the superconducting current path is be-
low T™_ With increasing magnetic field, the anomaly at 7"
becomes more pronounced and overlaps with 72" as is pre-7s
sented in Fig. [I6[b). The evolution of the superconducting cur-
rent path corresponds to 7% under lower magnetic fields and
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to 7" under higher magnetic fields. Figure b) also indi-
cates the temperature dependence of the upper critical field,
which changes slope at an applied magnetic field of yoH = 8
T. This behavior was explained by defining three distinct up-
per critical fields, uoH™™, poH™“, and poH™". The lowest
upper critical field, uoH!", is regarded as the magnetic field
where the superconducting states of grains with an orientation
of Hllc are suppressed. The middle, ,ung”zid, and maximum,
HoHZ™, upper critical fields are regarded as the magnetic fields
where the superconducting states of the grains with an orienta-
tion of Hl|ab are suppressed. As is shown in Fig. b), ,uOHg”
is lower than ,uOHg"zid , and poH%*, which indicates that the up-
per critical fields of LaOy sFy sBiS, are anisotropic. A smaller
value of poH"" compared to oH"* and poH" indicates that
the superconducting current path can easily be suppressed un-
der magnetic fields for grains with an orientation of Hl|c. The
difference between ﬂngd and uoH” might be related to the
anisotropy of the superconducting states within the Bi-S plane,
which might be caused by a structural distortion induced by
the HP synthesis technique. If the ab plane is distorted, the
superconducting state along the a-axis could be nonequivalent
to that along the b axis which could cause differences in the
upper critical field and anisotropic effective masses. The up-
per critical fields for LaOgsFosBiSy uoH5*(T), ,uon"z"d(T),
and ,U()Hg"(T) are plotted in Fig. c) and exhibit significant
anisotropy. The estimated initial slopes of the upper critical
fields, duoH"* /dT , duoH"* /dT , and duoH3" /dT were deter-
mined by fitting a line to the data. The values obtained by this
analysis are -7.05, -2.60, and -0.95 T/K, respectively, which
yield an estimated anisotropy parameter for the critical field of
~7.4 for LaOysFosBiS, using the values of duoH5"/dT and
duoH%" 1dT [88].

We also consider measurements of the upper critical field H.»
for NdOg sFysBiS, samples in single-crystalline form, which
provide definitive information concerning the superconducting
anisotropy at low temperatures as well as its temperature de-
pendence [26} 28, 27]]. Electrical resistivity p(T) data for a
NdO,_,F,BiS, single crystal at ambient magnetic field and un-
der applied magnetic fields with H||c-axisLI, H|/l||a-axis (the
current is applied along the a-axis) are displayed in Figs. [I7(a)
and (b). Electrical resistivity decreases slightly with decreas-
ing temperature down to 6 K, which indicates that the behavior
is metallic, in contrast to the semiconducting behavior of poly-
crystalline samples [8l [10 [89]. We assume that the intrinsic
transport behavior of the NdO;_,F,BiS; single crystal is metal-
lic, and that the transport behavior of the polycrystalline sample
is semiconducting due to the existence of grain boundaries. In
the inset of Fig.[T7(a), ZFC and FC measurements of DC mag-
netic susceptibility, y, in H = 1 Oe for NdOy 5F, sBiS, exhibit
diamagnetic screening signals with a 7. onset value that is con-
sistent with the p(T') data [26]. As is presented in Fig. [[7(a),
superconductivity is suppressed down to 2 K with a magnetic
field of only 0.6 T, applied with H ||c-axis. However, super-
conductivity is very robust when H ||a-axis and is still observed
above 2 K when the magnetic field is as high as 9 T.

One can clearly see an enhanced excess conductivity above
T, if the electrical resistivity curve between 20-30 K is ex-



Table 2: Summary of magnetic and thermodynamic properties for selected BiS;-based compounds. Included in the table are Curie-Weiss temperature Ocw;
effective magnetic moment ¢ r; magnetic ordering temperature Tc or Ty; Debye temperature ®p; the Sommerfeld coefficient of the specific heat, y; jump in the
specific heat at 7. normalized by yT., AC/yT.; references from which table entries are obtained.

Compound Ocw. K)  press, (up)  TcorTy,(K) Op,(K) 7, () AC/yT. References
Bis04S;3 - 0.096 - 192 2.8 1.43 [40]
LaOg5F, 5BiS, - - - 221 2.53 0.94 (8]
CeOy sFy5BiS, -8.38 2.62 ~5 224 58.1 - (8]
PI’OO_SFO.SBiSQ -23.71 3.49 - 209 58 - [ISI]
NdOy5FsBiS; -6.57 3.46 - 190 26.2 - [8, [49]
YbOy 5F(sBiS, -5.43 4.42 ~2.7 186 30.1 - (8]
EuBiS,F - 7.2 - 201 73.3 - [32]
Lag75Y0.2500.5F0.5BiS> - - - 227 2.21 0.9 78]
Lag gsThg.1500.5F0.5BiS» - - - 220 0.58 0.91 [0
Sr0_55La0,45FBiSZ - - - 190 1.6 1.1 mm}
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Figure 16: (Color online) (a) Electrical resistivity p (right axis) and dp/dT (left axis) vs. temperature 7 for LaOg 5Fy 5BiS;, measured in an applied magnetic
field uoH = 8 T. Temperatures in the vicinity of the superconducting transition 7%, T"%¢ and T™“ (defined in the text) are indicated by arrows and dashed
lines. (b) The puoH — T phase diagram for LaOg sFo sBiS,. Upper critical field curves ugH2(T) are estimated from measurements of a polycrystalline sample using
various criteria and are displayed as poHe(0 — T), poHe (pulse), poHq2 max, poH min, and poH mid (defined in the text). The values of poHj-(o — T) are
also displayed. The colored area is bounded by the H.>(T) curves obtained from measurements in a pulsed magnetic field and at lower fields. The other curves are
obtained from observing the evolution of various features in p(7) data. These features probably indicate that certain grains in the polycrystalline sample enter the
normal state at different fields, suggesting that H.»(T') curves for LaOg 5F( sBiS; are anisotropic. (c) The curves poH» max, poHc min, and poH., mid from panel
(b) are displayed. Dashed lines are linear fits to each curve that are used to estimate initial temperature derivatives duoH2/dT for each curve (after Mizuguchi et al.

188D).
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trapolated linearly to low temperatures. This suggests a giant
superconducting fluctuation effect in the NdO,_,F,BiS, single
crystals. To illustrate this, the difference between the measured
electrical resistivity data (o = 1/0) and the extrapolated line
(on =1/00), Mo =py—p =1/0, —1/o = Ao /o0, Where o,
o, and Ao are the measured, extrapolated, and the excess con-
ductivities, respectively, is presented in the inset of Fig. [[7[b).
It is clear that Ap vanishes near 15 K. In Fig. [T7|c), the p(T)
curve from another sample indicates that the superconducting
fluctuating region extends up to about 20 K, as marked by T*.
In order to check whether or not there are strong superconduct-
ing fluctuations, the in-plane electrical resistivity with a rotating
in-plane magnetic field has been measured on a NdO,_,F,BiS,
single crystal [26]. The current is applied along the a- (or b-)
axis, and the sample is rotated with an in-plane magnetic field.
The angle enclosed between the current direction and the mag-
netic field is ¢. When ¢ = 0 n, the Lorentz force on the
vortices is zero and the dissipation is at a minimum. Dissipa-
tion is maximized when ¢ = n/2 = 3x/2. Interestingly, the
same two-fold oscillations appear from 4 K all the way up to 10
K. At 4 K, the vortex motion dominates the dissipation. From
the systematic evolution observed from 4 to 10 K, the two-fold
resistivity oscillation is still induced by the vortex motion, even
at 10 K. This leads to the conclusion that the superconducting
fluctuations exist up to at least 10 K from the angle-dependent
resistivity data; though, the bulk transition occurs at 7, = 5 K.

Another interesting phenomenon is that the normal-state be-
havior is semiconducting-like when superconductivity is com-
pletely suppressed as is shown in Fig. [[7(a). Similar behavior
was observed and emphasized in polycrystalline CeO,_,F,BiS,
samples [71, [15]. This is counterintuitive and contrary to the
BCS picture, since a metallic state should be recovered in the
normal state. One may argue that this semiconducting behav-"*
ior is induced by a localization effect of electrons in a low-
dimensional system as derived from the band structure calcu-
lations [21} 158]]. This scheme is, however, also impractical;
for a low-dimensional system, impurities may induce semicon-
ducting behavior due to localization, but the magnetic field will®
weaken this localization effect and the semiconducting behav-
ior to which it leads. In our case, when superconductivity is
suppressed, the semiconducting feature above T, emerges. Fur-
thermore, the magnetic field seems to promote this semicon-
ducting behavior in a certain field region. Therefore, this semi-s
conducting feature of the normal state under a magnetic field is
non-trivial and requires further investigation.

In one study of NdOg sFysBiS, single crystals, distinct 7,’s
were defined by the temperatures where p(T) data reach val-
ues of 50%, 90%, and 98% of the normal state value p,, de-8'
termined by linearly extrapolating the electrical resistivity data
between 20-30 K to low temperature. The upper critical fields,
H»(T), were estimated using these three criteria for determin-
ing T. and are presented in Fig. d) [26]. The H.,(T) curves
determined by the above three criteria are quite different for
the cases of Hl|cLI and H||I||a. The anisotropy, characterizeds
by the relation y’ = [dHfé’(T)/dT]/[stz(T)/dT] near T, is
found to be roughly 30-45, which is an order of magnitude
larger than y’ ~ 7.4 for LaOg sFysBiS, [88]. The Werthamer-
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Figure 17: (Color online) Electrical resistivity, magnetic susceptibility, and

upper critical field of NdOg 5F¢ 5BiS;. (a, b) The temperature dependence of
electrical resistivity for a NdOg sFg 5BiS; single crystal at zero field and under
magnetic fields Hl|c (a) and Hllab (b) up to 9 T. The inset of (a) shows the zero-
field-cooled (ZFC) and field-cooled (FC) magnetic susceptibility data at 1 Oe.
The inset of (b) shows the temperature dependence of logp = log[p, — p(0 T)].
(c) The temperature dependence of electrical resistivity for a NdOg 5F 5BiS;
single crystal at zero field from 2 K to 300 K; the inset displays evidence for
superconducting fluctuations up to 20 K. (d) the upper critical field determined
using the criteria of T, defined by 98%p,, 90%p,, and 50%p, with H|lc and
Hilab where p, is the normal-state electrical resistivity (after Liu et al. [26]).

Helfand-Hohenberg (WHH) formula [90] is also used to esti-
mate the orbital upper critical field H,(T) at zero temperature
where H?, = —0.69T:[dH>/dT]r,. If we consider the H(T)
data for which T, was defined by the temperature where p(T)
decreases to 90% of p,, we obtain the following relevant param-
eters: T, = 4.83 K (in zero magnetic field), and [dHfé’(T)/dT]
= -12 T/K and [dH,(T)/dT] = -0.25 T/K near T.. Using the
WHH formula, orbital upper critical fields of H:é"b(O) =40T
and H;'(0) = 0.833 T are estimated. This huge anisotropy has
only been observed in the Bi-based cuprates, suggesting that
Josephson vortices are certainly expected in these new BiS,-
based superconducting systems [26} [28]].

There is an uncertainty associated with determining the
anisotropy (y’) by the procedure described above because, (1)
the upper critical field is dependent on the criterion used to
define T. and, (2) the Hfzb’”(T) curves are not linear near
T.. According to the anisotropic Ginzburg-Landau theory, the
electrical resistivity in the mixed state depends on the effec-
tive magnetic field H/HSF(0) with the angle, 6, subtending
the c-axis and the magnetic field direction. The effective up-
per critical field HS(6) at an angle 6 is given by: H(0) =

H¢, /[ \/cos(0) +y'~2 sin?(6). Therefore, by using a dimension-

less scaling variable, H/HCH(6) = H 4[cos?(6) +y'~2 sin*(0),
the electrical resistivity measured at different magnetic fields
with a fixed temperature should collapse onto a single curve
[91]]. In Figs. a), (b), and (c), the angular dependence of
the in-plane electrical resistivity at 3, 3.5 and 4 K is displayed,
where the applied current flows along the a-axis and the mag-
netic field is applied perpendicular to the current direction.
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Figure 18: (Color online) Angular dependence of electrical resistivity andggs
anisotropy for a NdOg 5F 5BiS; single crystal. (a, b, ¢) Angular dependence
of electrical resistivity at (a) 3 K, (b) 3.5 K, and (c¢) 4 K with yoH from 0.1 T
to 9 T. Here, 6 is the angle between the magnetic field and the c-axis, with cur-
rent flowing in-plane and perpendicular to the field. (d) Scaling of the electrical
resistivity vs. H/HgL((i) = H +Jcos2(0) + y'~2 sin?(0) at 3, 3.5 and 4 K in dif-
ferent magnetic fields. The data measured at a fixed temperature and differentszo
magnetic fields are scaled well by adjusting y” (after Liu et al. [26]).

Fig. [I8|(d) presents the scaling that is obtained by the above-
mentioned method. The scaling is excellent over a wide range
of H/ HgL(H) for all three temperatures, yielding anisotropies of*
36, 31, and 30, respectively. Therefore, it can be concluded that
the anisotropy of NdOg sFy5BiS; is about 30-45.

11. Magnetic penetration depth 880

The magnetic penetration depth as a function of temperature
A(T) is a useful parameter for probing the superconducting or-
der parameter and establishing the pairing symmetry. In the
conventional BCS theory, the Cooper pairs consist of two elec-
trons with opposite momenta and spins, and the pairing is me-
diated by phonons. The ratio of the superconducting gap tOsss
the superconducting transition temperature is predicted to be
2A/kpT. = 3.53 in the weak coupling limit. Penetration depth
measurements are directly proportional to the superfluid den-
sity, p o 1/4%, and therefore to the magnitude of the supercon-
ducting order parameter A(T), which is the superconductingsso
energy gap for quasi-particle excitations in the superconduct-
ing ground state. A(7T') is an important parameter that is used to
distinguish between different possible superconducting energy
gap structures and to help identify the superconducting pairing
mechanism. 895

A(T) was measured in BisO4S3; by uSR measurements[30]]
and using tunnel-diode-oscillator technique[32]]. The superfluid
density p, determined from these measurements, was found to
be very low. The temperature dependence of 1=2 possibly sug-
gests the presence of two s-wave type energy gaps with zero-swo
temperature values of A;(0) = 0.93(3) and A,(0) = 0.09(4) meV.
The presence of two superconducting energy gaps is consistent
with band-structure calculations that suggest two bands cross
the Fermi level, the RPA analysis of a two-orbital model for the
BiS;-based superconductors [21} |63]], and other experimentalsos
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studies involving Hall effect, Seebeck coefficient, and magne-
toresistance measurements [31} 32, [34]. However, a single-gap
s-wave model fit with a gap of 0.88(2) meV cannot be ruled out
completely. The value of A(T) at T = 0 K is estimated to be
A(0) = 861(17) nm, which is one of the largest values among all
known layered superconductors. This reflects a very low super-
fluid density. In BiyO4S;3 polycrystalline samples, penetration-
depth measurements based on the tunnel-diode-oscillator tech-
nique revealed a single gap with 2A/kgT,. = 7.2, indicating the
existence of strong electron-phonon coupling in Bi4O4S3 [32]].
On the other hand, measurements of SR provide possible evi-
dence for multiple gaps with ZA‘{‘/kBTC =5.92 and ZA%/kBTC =
0.86 [30].

A(T) measurements were also performed on LaOg 5F 5BiS,,
LaOgsF(sBiSe;, and NdO;_,F,BiS, (x = 0.3, 0.5) supercon-
ductors. These measurements yielded superfluid densities with
temperature dependencies that are consistent with the s-wave
character; the 2A/kgT, values are very close to that expected
for phonon-mediated pairing [92, 38| [12]. We note, how-
ever, that these penetration depth studies are unable to rule
out the possibility of an anisotropic gap symmetry. The high
value of the Ginzburg-Landau parameter x(0) = A,/ ~ 85
for LaOy sFysBiS,, where £0) = [¢o/27H-(0)]"? ~ 5.3 nm
is the zero-temperature limit of the coherence length extracted
from the upper critical field [55| 42]], places this compound
in the extreme type-II superconductor limit. Finally, the in-
plane magnetic penetration depth, A,,(1.7 K) = 484 + 3 nm,
for LaOgsFy5BiS, indicates a very dilute superfluid density,
typical of systems with a nearly 2D character [38]. Simi-
lar large magnetic penetration depth values are observed for
LaOysFy sBiSe; and NdO,;_,F,BiS; (x = 0.3, 0.5) [12/192].

12. Electron tunneling measurements

Another powerful technique to address the pairing symme-
tries is scanning tunneling spectroscopy (STS) using a scanning
tunneling microscope (STM). This probe has been used to de-
termine the pairing symmetries in a large variety of supercon-
ductors. Additionally, this technique has made significant con-
tributions through its ability to visualize CDW order and other
electronic ordered states, and to disentangle the relationships
between superconductivity and such states [48]].

From the measured tunneling spectra for BisO4S5 [31]], a su-
perconducting energy gap of about 3 meV, and corresponding
ratio 2A/kgT, ~ 16.6 has been observed. This ratio is larger than
the value determined from uSR measurements [30]]. It is even
larger than the values observed for most high-7, superconduc-
tors [2} 13} 141 15]]. The gapped feature in the STS vanishes at T ~
14 K, which is much higher than the 7. for bulk superconduc-
tivity. A similar feature has been attributed to a pseudogap in
the cuprates [93]. However, transport data do not provide any
evidence for a pseudogap, indicating that the gapped feature in
STS measurements might instead be related to superconducting
fluctuations. If one uses Ty = 14 K as the pairing temperature,
2A/kgT¢ ~ 5, which is still a large value, but comparable to the
value determined from uSR measurements. This is indicative of
strong coupling superconductivity in the Bi4O4S3 compound.
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Figure 19: (Color online) The evolution of scanning tunneling spectroscopy®®
(STS) with temperatures from 0.4 K to 26 K for Nd(O, F)BiS; single crys-
tals. The STS spectra are offset for clarity. In the low-temperature region, the
superconducting coherence peaks emerge at about +3.5(+0.3) meV and two
higher-energy hump features arise near +7.5(x1) meV. (b) The STS spectra,
normalized by the spectrum measured at 26 K. A dashed red line highlights
the superconducting coherence peaks at around 3.5 meV. (c) The STS spectra,gss
normalized by the one measured at 8 K (after Liu et al. [26]).

960
Because of strong scattering in the polycrystalline sample, it is

very difficult to estimate the pairing symmetry from fits to the
USSR spectra.

From STS data measured at temperatures between 0.4 K andses
26 K for Nd(O,F)BiS, [48], [26]], two gap features at different
energies are shown in Fig. The smaller gap Al ~3.5+0.3
meV corresponds to the bulk transition at 7, = 4.83 K, thus the
ratio is ZAi [ksT. =16.8. This is much larger than the theoretical
value of 3.5 in the weak-coupling limit of the BCS model and iss7o
inconsistent with the uSR measurements [92| 38]]. If the upper
boundary of the superconducting fluctuation temperature of ~
20 K is used as the pairing temperature, a value 2A!/kpT, = 4.06
is obtained, which is not far from the BCS value of 3.5. If this
interpretation is correct, it could be inferred that the supercon-srs
ducting pairing occurs at a high temperature (near 20 K), lead-
ing to strong superconducting fluctuations. This scenario is also
supported by the electrical transport measurements discussed
above [26]. This situation resembles the case in cuprate super-
conductors. Furthermore, the energy gap feature at 2A%/kpT .. ~es0
7.5 = 1 meV (where the superscript 2 indicates that this gap is
distinct from A! and should not be confused with a gap squared)
may be a pseudogap, induced by the tendency toward CDW or-
der or by local pairing governed by the valence fluctuations of
the Bi ionic state. A picture involving competing order and su-sss
perconductivity appears to be quite general in the cuprates, iron
pnictide/chalcogenides, and the BiS,-based compounds. On the
other hand, if superconductivity is induced by the correlation
effect and there are enhanced ferromagnetic-like spin fluctua-
tions, a spin-triplet pairing state could also be possible. How-sso
ever, evidence is still lacking for spin-triplet pairing has not yet
been observed in the BiS,-based superconductors.
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13. Optical spectroscopy

Optical ~ spectroscopy measurements performed on
Nd(O,F)BiS, single crystals reveal a simple metallic re-
sponse with a relatively low screened plasma edge near 5000
cm™! [22]. The plasma frequency is estimated to be 2.1 eV,
which is much smaller than the value expected from first-
principles calculations for an electron doping level of x = 0.5,
but very close to the value based on a doping level of 7% itiner-
ant electrons per Bi site as determined by ARPES experiments
[74,180]]. The energy scales of the interband transitions are also
well reproduced by first-principles calculations [20, 58, [40].
Usually, the ratio of experimental kinetic energy K.,, to the
theoretical kinetic energy Ky, from density-functional theory
calculations provides a measure of the degree of correlations
[94]. The kinetic energy is proportional to the spectral weight
wi/ 8, defined as the area under the Drude part of oj(w). The
extremely close values of the plasma frequencies, determined
by both experiment and generalized gradient approximation
(GGA) calculations, implies Koxy/Kpana = w,%,em/wi,ban 4 F
1, suggesting that Nd(O,F)BiS, is a simple metal and cor-
relation effects are almost completely absent. This result is
consistent with recent ARPES measurements [74) [80]. The
absence of electronic correlation effects and the surprisingly
good agreement between experimental optical spectroscopy
measurements and first-principles calculations suggest that
the BiS;-based compounds are ordinary metals. Furthermore,
any scenario involving exotic pairing mechanisms or strong
electronic correlation effects appears to be unjustified. The
small plasma frequency, which is in good agreement with the
small Fermi surfaces observed from ARPES measurements,
suggests that Nd(O,F)BiS; is far from a CDW instability near
x = 0.5, as proposed in early theoretical calculations. As
proposed in early work [74, [80], subnominal F concentrations
could be due to facilitated by Bi vacancies in the samples.

Qazilbash et al. have described a quantitative and intuitive
systematic classification of the degree of conduction-electron
correlations in a wide variety of materials ranging from Mott
insulators to free-electron metals, including the Fe-based pnic-
tides LaFePO and BaFe;As;. This classification system is
based on the ratio of the experimentally-determined optical
spectral weight of the conduction-carrier conductivity (the low-
frequency Drude contribution K,,,) to that predicted by band
theory (Kpang) [94)]. For example, the strongly-correlated,
integer-valent, layered cuprate parent compound La,CuQy is
predicted by conventional band theory to be a good metal, but is
instead an electrical insulator due to Coulomb (Mott-Hubbard)
electronic correlations. Therefore, it does not have a Drude
peak in the real part of the optical conductivity [94], giving
Kexp/Kpana = 0. One would expect K.,/ Kpana to decrease as the
degree of electronic correlations increases, with 0 < Ko,/ Kpana
< 1. Qazilbash et al. found K, ,/Kpanq = 0.5 and 0.3 for LaFePO
and BaFe,As,, respectively, and compared these values with
corresponding data for a wide variety of other compounds with
varying degrees of electronic correlations as shown in Fig. 20]
[94]. The FeAs-based materials are found from this analy-
sis to have an intermediate level of electronic correlations and
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Figure 20: (Color online) Ratio of the experimental conduction carrier optical
spectral weight (expressed as a kinetic energy) K.y, to that calculated value
using band theory (Kpang) for a variety of materials. This ratio is the square
of the ratio of the experimental to the theoretical band plasma frequency. The
degree of conduction electron correlations in a material corresponds to how
far Kexp/Kpana is from unity. Mott-Hubbard insulators are on the far left and
have ratios close to zero because the measured conduction carrier density, and
therefore the plasma frequency, are close to zero, whereas band theory predicts
that they are metals. At the opposite extreme, conventional free-electron metals
like Cu and Ag are on the far right and have ratios close to unity. According to
this scheme, Nd(O,F)BiS; is a conventional metal like the elements Cu and Ag
(after Qazilbash et al. [94] and Wang et al. [22]).

Nd(O,F)BiS, is located on the conventional metal side of the
continuum along with the elements Ag and Cu.

14. Superconducting properties under pressure

The evolution of T, under applied pressures up to 1.92 GPa
for the compound Bi4O4S; was investigated by Kotegawa et al.
[[15)]. Tt was found that T, decreases monotonically without a
distinct change in the metallic behavior in the normal state [[15]].
The temperature dependence of the electrical resistivity p and
the evolution of T, under applied pressure for LnOgsFysBiS;
samples were reported by Wolowiec et al[l7, 18| [19] and
Tomita er al[19]. As shown in the phase diagrams in Fig. 21]
each of the four compounds LnOysF,sBiS, (Ln = La, Ce, Pr,
Nd) exhibits an abrupt pressure-induced transition from a low
T, superconducting phase at lower pressure to a high 7, super-
conducting phase at higher pressure. In the four compounds,
the pressure-induced transition observed in the superconduct-
ing state is coincident with changes in the suppression of p in
the normal state. The rate of suppression of semiconducting
behavior and the rate of decrease in the corresponding activated
energy gap A, calculated using the equation p(T) = pge?/?#s7,
where pg is a constant, both saturate at pressures that correlate
with the transition pressure P;, into the high-7, superconduct-
ing phase. In the specific case of NdOy sF,5BiS,, a semicon-
ductor to metal phase transition occurs at P,. These changes
in the normal-state electrical resistivity indicate that there may

16

T T T T
r(a
10
<
)
2 ® L i " ¢ DAC . N
a0, ;F,BiS, = CeO,.F,,BiS, = 7" from Tomita et al;
[ o TfromTomitaeta. & PrOF, .BiS, 0 5 10 15 2
0 @ T from Tomita etal.4 NdO,F,.BiS, L P (GPa) )
0 1 2 3
Pressure (GPa)
T T T T
e LaO,F,.BiS, Q)
2F = GeO,.F,.BiS, I 1
¢ PrOo F BiS, T - 1
< NdO,F, BiS, 1
© i
o P!
e o
B PR IS S N 4
& el [ "~
s c 4 ‘0\
P 3 ~ ~. 4
+ g2 <
g
= 0
La Ce Pr Nd
0 1 1 1 1
La Ce Pr Nd
Lnin (Ln)O,,F, BiS,
Figure 21: (Color online) (a) T. vs. pressure for the compounds

LnOgysFysBiS, (Ln = La, Ce, Pr, Nd) [17, [18 19]. The black arrows iden-
tify the phase transition pressure P, which is defined in the text. The inset
displays the P — T phase diagram for LaOg 5Fo 5BiS; up to P = 18 GPa [19].
(b) Phase transition pressure P; plotted as a function of Ln. The inset displays
the increase in T, at P; as a function of Ln. Dashed lines are guides to the eye
(after Wolowiec et al. [[17,[18] and Tomita et al. [19]).
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be significant increases in the charge-carrier density during the
rapid enhancement in 7, that occurs between the two supercon-
ducting phases [18].

The transition pressures P;, indicated by the black arrows
in the temperature-pressure phase diagrams of Fig. 21|a), were
defined as the pressure corresponding to the value of 7, at the
midpoint between the values of 7 in the low and high T, phases
immediately preceding and following the transition. P; is plot-
ted as a function of lanthanide element (Ln = La, Ce, Pr, Nd)
in LnOy sFy sBiS, in Fig. 21(b). There is a clear linear relation-
ship between the increase in atomic number of the Ln and an
increase in P;. The magnitude of the “jump” in 7, also scales
with the atomic number of the Ln element in LnQOgsF(sBiS,
as is clearly shown in the inset of Fig. 21(b). The pressure-
induced increase in T, decreases in magnitude as the atomic
number of the lanthanide element increases. The lengths of the
vertical bars in Fig. 2T|b) represent the respective pressure win-
dows over which the transitions from the low T, phase to the
high T, phase occurred in each of the four compounds. Fur-
ther electrical resistivity and magnetization measurements up
to an applied pressure P ~ 18 GPa were performed by Tomita
et al.[19] and McElroy et al. [95]. The P-T. phase diagram,
determined by electrical resistivity measurements up to P ~ 3
GPa, is presented in Fig. 21)a), and T.(P) up to P ~ 18 Gpa is
shown in the inset where T ., and T ,, are defined as the zero-
resistance and onset temperatures, respectively. In the pressure
range 0 - 0.7 GPa, T.(P) is roughly constant (~2.6 K) and T,
markedly increases to T,,,, = 10.7 K at P,, which is very close
to the temperature determined by Wolowiec er al. [18]. This
maximum 7, is comparable to that for HP annealed samples
of LaOg 5F(sBiS, at ambient pressure. Above P;, T. decreases
linearly which is consistent with the phase diagram determined
by Wolowiec et al. [18]. T, is initially suppressed at a rate of
dT./dP ~ -0.28 K/GPa; this result is comparable to the initial
suppression rate of dT,./dP ~ -0.4 K/GPa, obtained from mea-
surements on a LaQOgsFysBiS, sample synthesized using the
HP annealing technique.

The scaling of both the phase transition pressure P, and the
size of the “jump” in T, with the atomic number of the lan-
thanide element suggests that the pressure-induced phase tran-
sition between the two superconducting phases may be a struc-
tural transition. To investigate that claim, X-ray diffraction
measurements on LaO;_,F,BiS, (x = 0, 0.5) were performed
under applied pressure. As displayed in Fig. 22(a), the X-ray
diffraction pattern of LaOg sFysBiS, (AP samples) obtained at
room temperature is consistent with the same tetragonal struc-
ture (P4/nmm) as the ambient pressure pattern with lattice pa-
rameters a = 4.0877 and ¢ = 13.4703 A [19, 96]. A split-
ting near 26 ~ 23.5° appears in the diffraction pattern at 0.85
GPa, which develops with increasing pressure. Above 1.5 GPa,
LaOy sFy sBiS; undergoes a complete structural phase transi-
tion from tetragonal (P4/nmm) to monoclinic (P2;/m). The
pressure-induced structural phase transition from tetragonal to
monoclinic (P2;/m) occurs at ~0.8 GPa, which corresponds
well to P,. This structural phase transition is also observed at ~2
GPa in LaOBiS,;. 2x2x1 unit cells for the tetragonal P4/nmm
structure at 0.4 GPa and monoclinic P2 /m structure at 3.8 GPa
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Figure 22: (Color online) (a) X-ray diffraction patterns for LaOg sF¢ 5BiS,,

obtained using Mo Ka X-rays at room temperature under applied pressures
up to 8 GPa. (b) X-ray diffraction pattern and Reitveld refinement fitting for
LaOBiS,, using Ka X-rays at room temperature under an applied pressure of
3.8 GPa. The background is subtracted from the pattern in this figure (after
Tomita et al. [19]).

(a)

Pd/mmm

Figure 23:  (Color online) 2x2x1 unit cells for the (a) tetragonal P4/nmm
crystal structure at 0.4 GPa and (b) monoclinic P21 /m crystal structure at 3.8
GPa, viewed along the b axis (after Tomita et al. [19]).
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Figure 24: (Color online) (a) La/Y-O/F-La/Y bond angle /La-O-La vs. nomi-
nal yttrium concentration x. (b) Superconducting transition temperature 7 VSy129
nominal yttrium concentration x for the La;_,Y O 5F( 5sBiS, system. The or-
ange star is the maximum 7, obtained from electrical resistivity measurements
of LaOg5F¢ 5BiS; reported in Ref. [8]. The inset shows the behavior of T,
under applied pressure [[17]. (c) Chemical pressure vs. nominal yttrium con-
centration. Two regions with low T and high T, (purple and blue regions) are
separated by the reported critical pressure value P, ~ 0.7 GPa [15[17,[19]. The

. .. . 112
tetragonal (unfilled and purple regions) and monoclinic (blue region) phases
are distinguished by the critical pressure P; ~ 1 GPa for the structural phase
transition [19] (after Jeon et al. [78]).

are shown in Figs.[23](a) and (b). 1130

As it has been reported, the compounds LnOqsFy5BiS; (Ln
= La, Ce, Pr, Nd) show remarkable enhancements of 7. when
subjected to applied pressure [17,[18]. To investigate the rela-
tionships between pressure, lattice parameters, and supercon-
ductivity, the chemical substitution of Y for La has been re+s
cently reported [78]. Jeon et al. established a relationship be-
tween T, and crystal structure details in La;_, YO0 5F(sBiS;.
As shown in Figs. a) and (b), T.(x) is related to the lattice
constant ¢ and/or the La-O-La bond angle. The effect of chem-
ical pressure on the variation of 7. was also discussed, sinceio
the unit cell volume V decreases with increasing Y concentra-
tion. A plot of chemical pressure vs. the nominal Y concen-
tration x in Fig. 24|c) shows that chemical pressure increases
with Y concentrations 0 < x < 0.20 and saturates at a value of
~0.6 GPa at the solubility limit. It is clear that the chemicalis
pressure is insufficient to induce the high-7, or the monoclinic
phase. If the chemical pressure could be further increased, the
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high-T, and monoclinic phases would likely be induced for
x > 0.20. Under applied pressure, the lattice parameters a
and ¢ of LaOy 5F, 5BiS; decrease continuously until a structural
phase transition is induced near 1 GPa [19]. However, chemical
pressure is insufficient to induce the structural phase transition.
The initial suppression and subsequent enhancement of 7, with
x appears to be correlated with the variation of the La-O/F-La
bond angle with x as shown in Figs.[24](a) and (b); in agreement
with other studies [37, 46], this observation strongly suggests
that 7, is tuned by crystal structure details in the BiS,-based
superconducting systems.

15. Concluding remarks

In this article, we have reviewed the intensive research that
has been carried out on the BiS,-based superconductors since
the discovery of this class of superconducting materials in 2012.
These compounds have layered crystal structures that consist of
alternate stacking of superconducting BiS; and blocking lay-
ers. This stacking structure is analogous to those of high-T.
cuprates and Fe-based superconductors. Typically, supercon-
ductivity in BiS;-based compounds arises when charge carriers
are introduced into the parent compound, and the superconduct-
ing transition temperature 7, reaches a maximum value at the
nominal concentration of 0.5 electrons per LnOBiS, formula
unit [6, [10]. First principles calculations indicate that the par-
ent compound is a semiconductor with an energy gap of ~0.8
eV, and that superconductivity is induced by electron doping
and is associated mainly with the 6p,/p, orbitals in the BiS,
layers [21,158]]. At x = 0.5, a good nesting condition has been
found between the large parallel Fermi-surface segments with
wave vector g = (m, m, 0). It was therefore suggested that the
BiS;-based superconductors are conventional phonon-mediated
superconductors, close to a CDW instability [58,40]. However,
this picture was not supported by a subsequent neutron scatter-
ing experiment [39]. The electron-phonon coupling could be
much weaker than theoretically expected. It was also proposed
that the strong Fermi surface nesting could enhance the spin
fluctuations, and that electronic correlations may play a major
role in superconducting pairing [20} 159, |41} [65]. At present,
there is no consensus on the origin of superconductivity in these
compounds.

It is important to distinguish between the different possible
mechanisms underlying superconductivity scenarios in these
materials by performing a wide range of experimental inves-
tigations. Most of the early studies have been conducted on
polycrystalline samples. Recently, millimeter-sized single crys-
tals were successfully grown from an alkali-metal-chloride flux
in vacuum [28} 26], and two ARPES studies on the electronic
structures of NdO,_,F,BiS, were reported [74] [80]. Ye er al.
found that the electronic correlations are very weak and that the
charge carrier doping is much smaller than that expected from
the nominal fluorine concentration; they attributed this to a bis-
muth deficiency in the single crystals [74]. Another ARPES
study reported by Zeng et al. also reveals rather small electron
pockets around the X point, corresponding to an electron dop-
ing level of roughly 7% per Bi site [80]. Optical spectroscopy
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measurements [22] reveal a simple metallic response with azwo
plasma frequency of 2.1 eV. Assuming a doping level of 7%
of itinerant electrons per Bi site, as determined by ARPES ex-
periments on the same batch of crystals, band-structure calcu-
lations yield almost the same plasma frequency. Furthermore,
the interband transitions at higher energies, observed in opti-**
cal measurements, are also reproduced by the band-structure
calculations. These results reveal an absence of correlation ef-
fects in the compound. This study also indicates that supercon-
ducting samples with these electron concentrations are far from
any CDW instability, which was widely discussed for samples
with x = 0.5. Consequently, many of the early theoretical stud-
ies, based on higher electron concentrations (close to x = 0. 5)
were not applicable to the lower electron concentration levels””
encountered in the actual experiments. Additional experiments
on single crystals will be very useful in establishing the physi-
cal properties of BiS;-based superconductors with greater con-
fidence.
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Motivated by the discovery of superconductivity in BizO4Ss,
new materials which were not previously investigated have
been synthesized and studied. Many of the materials diss,,
cussed in this review were discovered through this process.
There are many reports concerning chemical substitution effects
within the blocking layers on T in the systems Sty sR( sFBiS,
(R = Ce, Nd, Pr, and Sm) [97], Ce;_yNd,O;_,F,BiS;,,,
Nd;_.Sm,0,_,F,BiS, [98, 99], and La;_,SmO¢sFysBiS,
[79], and also a few studies investigating the chemical
substitution effects within the superconducting BiS, layer,
i.e., NdOo_5FO,5Bi(Sl_xSex)2 and Nd00,5FQ.5Bil_ySby82 [100],235
These latter studies are important because changes in the lattice
constants are generated without any change in the carrier con-
centration. Less well known are studies of materials that did not
exhibit superconductivity but are nevertheless important. Foga
example, the compounds LaOg sFy sBiTe, and LaOg sF(sSbS,
do not exhibit superconductivity down to 7 = 1.7 K [12].

As has been repeatedly proven in the past, new materials re-
search is one of the main avenues for quantum leaps in our un324
derstanding of complex and unresolved condensed matter and
materials physics issues. As a community, we should con-
tinue to pursue the dream of room-temperature superconduc-
tivity through a continuing program of new materials researchizs
As a collateral benefit, exciting discoveries in other contexts are
bound to occur along the way.
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