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a b s t r a c t

In 2012, a new layered superconductor where BiS2 layer is the superconducting layer was discovered.
So far, seven types of BiS2-based superconductors and two related superconductors have been
discovered. In this article, the diversity of the crystal structure and the physical properties of the BiS2-
based superconductors are reviewed. Furthermore, notable characteristics of superconductivity in the
BiS2 family are introduced. The prospects for raising Tc in this family are proposed on the basis of
experimental and theoretical studies.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

In the field of new superconducting materials, breakthrough
discoveries have focused layered materials in recent years. The most
outstanding example is the Cu-oxide superconductors [1]. The layered
Cu oxides which have CuO2-type conductive layers were found to be
superconductive with a transition temperature (Tc) higher than 77 K,
the boiling point of liquid nitrogen [2,3]. Their characteristic crystal
structure is an alternate stacking of the CuO2 superconducting layers
and blocking (insulating) layers. One of the most important facts is
that many superconductors have been designed by changing the
superconducting layers and/or the blocking layers. Among them,
the highest recorded Tc is 135 K for the Hg-1223 superconductor
at ambient pressure [4] and 153 K for the same material under a
pressure of 15 GPa [5]. Furthermore, the discovery of the Cu-oxide
superconductors resulted in rapid developments for applications on
superconductivity.

In 2001, high-Tc superconductivity (Tc¼39 K) was discovered in
the binary compound MgB2 [6]. The crystal structure of the MgB2
superconductor is a layered structure like Cu-oxide superconduc-
tors. Due to the simple binary composition and low cost of the
materials, MgB2 is one of the promising materials for applications
on superconductivity [7].

Another discovery of a high-Tc superconductor is accomplished
in the layered materials with a Fe-square lattice (conductive
layers) in 2008 [8]. As is the case with the Cu oxides, the crystal
structure is composed of alternate stacks of the Fe-based super-
conducting layers and various types of blocking layers. The notable

fact in the Fe-based family is that there are several types of
superconducting layers such as Fe2Pn2 (Pn: P and As) or Fe2Ch2

(Ch: S, Se and Te) superconducting layers [8–17]. So far, the highest
record of Tc is 58 K observed in SmFeAsO1�xFx [9,18].

As introduced above, two kinds of “layered materials” have
contributed to the development of high-Tc superconductors. There
however are not the only layered superconductors which have
provided us with some hints on how to understand the physics of
unconventional superconductivity. In this regard, the discovery of
new layered superconductors is one of the most important issues
for the realization of a Tc approaching room temperature.

In 2012, we discovered novel layered superconductors which have
a crystal structure similar to those of the Cu-oxide and Fe-based
superconductors. The characteristic structure is an alternate stacking
of superconducting BiS2 layers and blocking layers. In the conduction
plane, the Bi and S atoms are alternately aligned and form a Bi–S
square plane. We call the new superconducting family “BiS2-based
superconductors” [19,20]. So far, 11 superconductors have been
discovered in this family, and the highest record of Tc is 11 K in
LaO0.5F0.5BiS2 [21]. In addition, we should mention the Bi-oxide
superconductor B1�xKxBiO3 with a Tc of �30 K [22,23]. The crystal
structure is composed of an alternate stacking of (Ba1�xKx)O planes
and BiO2 planes. In both BiS2-based superconductors and B1�xKxBiO3,
Bi square planes with a relatively large Bi–Bi bonding play important
roles for superconductivity. On the basis of these similarities of crystal
structure and composing elements to the layered high-Tc super-
conductors, we consider that the Tc can be increased by optimizing
the structure of superconducting layers and/or blocking layers in the
BiS2 family. In this article, the crystal structures and physical properties
are summarized. Finally, the prospects for raising Tc in the BiS2 family
are discussed.
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2. Crystal structure

The crystal structure of the BiS2-based superconductors is basically
composed of an alternate stacking of the double BiS2 layers and the
blocking layers. Fig. 1 shows a schematic of a typical BiS2-based
superconductor with three types of blocking layers. All the crystal
structures are categorized into the tetragonal space group of P4/nmm
or I4/mmm. The double BiS2 conduction layers are categorized into a
NaCl-type (rock-salt) structure. In the NaCl structure, cations (C) and
anions (A) alternately occupy the sites of cubic lattice. When we take
four C–A layers, we obtain a C4A4 layer structure. If the C sites of the
first and fourth layers are removed, we obtain a C2A4 layer. The double
BiS2 layer (Bi2S4 layer) could be categorized into the C2A4-type layer.

Fig. 1(a) is a REOBiS2-type structure whose blocking layer is
REO (RE: La, Ce, Pr, Nd, Yb). In the REOBiS2 type, conduction
carriers can be controlled by partial substitutions at the O site by F
(O/F substitution) [20,21,24–30] or the RE-site substitution by the
M4þ ions (M: Th, Hf, Zr, Ti) [31]. When the REO blocking layers are
replaced by SrF layers, we obtain SrFBiS2-type structure (Fig. 1(b))
[32]. In the SrFBiS2 type, carrier concentration at the BiS2 layers
can be tuned by the partial substitution of Sr by La [33,34].
These two kinds of blocking layers are quite similar to those of
the Fe-based superconductors, LaFeAsO and SrFeAsF [8,35–37].
Basically, the blocking layers found in the Fe-based family could be
formed in the BiS2-based layered compounds as well. The common
tendency of the crystal structure is a great advantage in exploring
new BiS2-based superconductors. The other crystal structure is
Bi4O4(SO4)Bi2S4 (Fig. 1(c)) [19]. In this crystal structure, it has been
suggested that there are some defects at the SO4 site, which cause
the generation of electron carriers within the BiS2 layers. Thus, the
superconducting phase is Bi4O4(SO4)1�xBi2S4.

3. Evolution of superconducting states in the BiS2 layers

3.1. Superconductivity in Bi4O4S3

The first member of the BiS2-based superconducting family is
Bi4O4S3 with its crystal structure depicted in Fig. 1(c) [19]. The

nominal composition of Bi4O4S3 corresponds to the case of x¼0.5
in Bi4O4(SO4)1�xBi2S4. Namely, the superconducting phase of
Bi4O4S3 has a deficiency of 50% of the SO4 ions. Band calculations
suggest that the phase with no defects, x¼0 (Bi6O8S5), is an
insulator with a band gap [19]. Then, the SO4 deficiency generates
electron carriers within the BiS2 layers. With increasing concen-
tration of the defects (x), Bi4O4(SO4)1�xBi2S4 is expected to become
metallic on the basis of the band calculations. In the metallic
phase, superconductivity with a Tc�5 K is observed. Fig. 2
(a) shows the temperature dependence of magnetic susceptibility
for the polycrystalline sample of Bi4O4S3. The large diamagnetic
signals indicate the evolution of bulk superconducting states
below Tc. Fig. 2(b) shows the temperature dependence of electrical
resistivity. The onset of Tc (Tconset) is �5 K, and a zero-resistivity
state is observed below 4.5 K. It should be noted that the resistivity
begins to decrease gradually below 8.6 K, indicating that there is
an inhomogeneity of the Tc. As shown in Fig. 2(c), the specific heat
also shows evidence of bulk superconductivity below �4.5 K in
Bi4O4S3 [38]. The estimated electron specific heat coefficient is
very small, indicating that the electronic states of the Bi4O4S3
superconductors are different from that of a normal metal.
Furthermore, this tendency seems to be a common feature in the
BiS2 family, and the appearance of superconductivity in low-
carrier states is similar to the case of electron-doped HfNCl or
ZrNCl [39–41].

3.2. Superconductivity in LaO1�xFxBiS2

At present, the studies of BiS2-based superconductors have
focused on the REOBiS2 type because high-quality samples (single
and poly crystals) can be prepared. Furthermore, the physical
properties, such as superconductivity and magnetism, dramati-
cally changes when changing the RE elements of the blocking
layer. Here, the mechanisms for the appearance of superconduc-
tivity in the BiS2 layers are introduced in detail, focusing on the
LaO1�xFxBiS2 system.

The parent compound LaOBiS2 is not a superconductor. Band
calculations and low-temperature transport measurements indicate
that LaOBiS2 is an insulator with a band gap [42–48]. Fig. 3(a)

Fig. 1. Schematic images of the crystal structure of (a) LaOBiS2, (b) SrFBiS2 and (c) Bi4O4(SO4)Bi2S4.

Y. Mizuguchi / Journal of Physics and Chemistry of Solids 84 (2015) 34–48 35



displays the first-principles band structure for LaOBiS2 calculated
without the spin-orbit coupling. As shown in Fig. 3(b), the LaOBiS2
system is predicted to be metallic when electron carriers were
doped within the BiS2 layers. The Fermi energy for the doping ratio
δ¼0, 0.25 and 0.5 is indicated in Fig. 3(b). Here δ is defined as the
number of doped electrons per Bi site [42]. An effective method for
doping electrons into the BiS2 conduction layer is the partial
substitution of the O site at the blocking layer by F. Due to the
difference in the valency between O2� and F� , electron doping into
the BiS2 layers is expected; the same electron-doping method has
been used in the FeAs-based superconductors [8]. Fig. 4 shows the
X-ray diffraction (XRD) pattern and the calculated lattice constants
for the F-substituted LaOBiS2 (LaO1�xFxBiS2) polycrystalline sample
prepared using a conventional solid-state reaction. With increasing

F concentration, the lattice volume decreases. The length of the c
axis monotonously decreases with increasing x. In contrast, the a
axis length does not show a remarkable change upon F substitution.
For the x¼0.5 (LaO0.5F0.5BiS2) sample, the crystal structure analysis
using Rietveld analysis indicates that the phase is of single phase
with a tetragonal P4/nmm structure, as shown in Fig. 4(b) [20,49].
As expected above, the F-substituted LaOBiS2 becomes metallic and
shows a superconducting transition. The temperature dependence
of electrical resistivity for LaOBiS2 and LaO0.5F0.5BiS2 is shown in
Fig. 5. The non-doped LaOBiS2 shows semiconducting behavior: the
resistivity increases with decreasing temperature. The resistivity for
LaO0.5F0.5BiS2 is obviously smaller than that of LaOBiS2, indicating
that electron carriers are provided. LaO0.5F0.5BiS2 exhibits a super-
conducting transition around 2.5 K. The best superconducting
properties including the phase purity is obtained for x–0.5. With x
higher than 0.5, impurity phases are detected in XRD. Fig. 6 shows
the F concentration dependence of the calculated density of states
[44]. The calculation results support the evolution of metallic nature
upon F substitution. We note that the energy dependence of the
density of states shows a peak around the Fermi energy (EF) for
x¼0.375 and 0.5. Superconductivity is possibly induced by the
enhancement of the density of states. Although the observed Tc of
2.5 K (Tczero in the resistivity measurements) in the LaO0.5F0.5BiS2
polycrystalline sample was lower than what is expected, a slight
diamagnetic signal was observed in the magnetization measure-
ments below 10 K. To examine the possibility of a higher Tc, high-
pressure annealing was performed. The polycrystalline samples
prepared by a conventional solid-state reaction (for example, by
heating at 800 1C for 15 h) were additionally annealed under a high
pressure (HP) of 2 GPa at 600 1C for 1 h in a Cubic-anvil-type HP
synthesis apparatus. The chart explaining the “HP annealing” is
displayed in Fig. 7; here we distinguish the two kinds of samples as
“As-grown” and “HP-annealed” samples.

Fig. 8 shows the temperature dependence of resistivity for the
As-grown and HP-annealed LaO0.5F0.5BiS2 polycrystalline samples.
The Tc

onset dramatically increases from 3 K to 10.6 K by HP anneal-
ing. The Tc

zero is increased from 2.5 K to 7.8 K [20]. Furthermore, the
superconducting volume fraction estimated using the shielding
property in the magnetization measurements is also enhanced.
These results indicate that there are some factors which interfere
with the intrinsic nature of the superconductivity in LaO0.5F0.5BiS2
for the As-grown sample. However, the intrinsic superconducting

Fig. 2. Temperature dependence of (a) magnetic susceptibility, (b) electrical
resistivity and (c) ΔCp/T for the superconductor Bi4O4S3 [19,38].

Fig. 3. (a) First-principles band structure of LaOBiS2. (b)The four orbital model for LaOBiS2. In (b), the dashed (dotted-dashed) lines denote the Fermi energy for the doping
ratio δ¼0.5 (δ¼0.25). Here δ is defined as the number of doped electrons per Bi site, and satisfies δ¼x in an ideal situation in LaO1�xFxBiS2. [42] Reprinted from H. Usui,
K. Suzuki, K. Kuroki, Phys. Rev. B 86 (2012) 220501. Copyright 2012 by American Physical Society.
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states can be induced when the HP annealing removes these
factors. It was found that the superconducting properties for not
only x¼0.5 but also all the LaO1�xFxBiS2 can be enhanced by
applying HP annealing. Fig. 9 shows the temperature dependence
of resistivity for the HP-annealed samples for x¼0–0.7. Using
these results, we obtain a superconductivity phase diagram, Fig. 10
[20,50,51]. The superconducting dome for the As-grown samples
exhibits a lower Tc, and that for the HP-annealed samples clearly
shows a higher Tc with a maximum at x¼0.5.

Another method to dope electron carriers into the BiS2 layers of
LaOBiS2 is a partial substitution of La by metals with a valence of
4þ . Yazici et al. showed that LaOBiS2 substituted with Th4þ , Hf4þ ,
Zr4þ or Ti4þ becomes superconducting [31]. Fig. 11 displays the
temperature dependence of resistivity for La1�xMxOBiS2 (M¼Th,
Hf, Zr and Ti). All four systems show a superconducting transition,
and the observed Tc seems not to depend on the M elements.
These findings suggest that superconductivity in the BiS2 family is
robust against elemental substitution as was found for the Fe-
based superconductors.

Fig. 4. (a) X-ray diffraction pattern and result of Rietveld refinements for LaO0.5F0.5BiS2. (b) F concentration dependence on the lattice constant of the a axis.
(c) F concentration dependence on the lattice constant of the c axis [20].

Fig. 5. Temperature dependences of electrical resistivity for LaOBiS2 and LaO0.5F0.5-
BiS2. The inset shows an enlargement of the temperature dependence of resistivity
around the superconducting transition of LaO0.5F0.5BiS2.
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Fig. 6. Calculated density of states as a function of energy for LaO1�xFxBiS2 [44].
Reprinted from T. Yildirim, Phys. Rev. B 87 (2013) 020506. Copyright 2013 by
American Physical Society.

Fig. 7. Schematic chart of the HP-annealing process.

Fig. 8. Temperature dependences of electrical resistivity for As-grown and HP-
annealed LaO0.5F0.5BiS2 [20].

Fig. 9. Temperature dependences of electrical resistivity for HP-annealed LaO1�xFx-
BiS2 [50].

Fig. 10. Phase diagram of superconductivity for LaO1�xFxBiS2 [20,50,51]. In this
phase diagram, the Tc

zero in the resistivity measurements and the Tc
irr in the

magnetization measurements are plotted.

Fig. 11. Temperature dependences of electrical resistivity for La0.8Th0.2OBiS2,
La0.8Hf0.2OBiS2, La0.8Zr0.2OBiS2 and La0.8Ti0.2OBiS2 [31]. Reprinted from D. Yazici,
K. Huang, B.D. White, I. Jeon, V.W. Burnett, A.J. Friedman, I.K. Lum, M. Nallaiyan,
S. Spagna, M.B. Maple, Phys. Rev. B 87 (2013) 174512. Copyright 2013 by American
Physical Society.
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The evolution of superconductivity in the LaOBiS2 system is
summarized. The parent phase is an insulator, and hence, the
doping of electron carriers into the BiS2 layers is required for the
inducement of superconductivity. The partial substitution of O
with F is one of the effective ways to dope electrons into the BiS2
layers, and the F-substituted LaOBiS2 shows a superconducting
transition at low temperatures. Another way to dope electrons is
by partial substitution of La by Th, Hf, Zr or Ti. In the case of
LaO1�xFxBiS2, the superconducting properties are dramatically
improved by the HP-annealing process, and the best supercon-
ducting properties, Tconset¼10.6 K and Tc

zero¼7.8 K, are obtained for
the HP-annealed sample of LaO0.5F0.5BiS2. A detailed investigation
of the relationship between the increase in Tc and changes in the
crystal structure will be shown later in Section 4.

3.3. Superconductivity in REO1�xFxBiS2

In the REOBiS2-type structure, we have so far five choices when
synthesizing BiS2-based superconductors. As introduced above,
LaOBiS2 becomes superconducting via electron doping. The La site
can be replaced by Ce, Pr, Nd or Yb. Here, the physical properties of
various REO1�xFxBiS2 are briefly introduced.

The CeOBiS2 system is one of the most notable systems because
the superconducting states at the BiS2 layers and the magnetic
ordering of Ce at the blocking layers coexist. Xing et al. firstly
synthesized the CeO1�xFxBiS2 polycrystalline samples [24]. The
electrical resistivity measurements revealed that superconducting
transitions are observed for xZ0.3 in CeO1�xFxBiS2, and Tc reaches
3 K. However, large diamagnetic signals were not observed in the
magnetization measurements, indicating that the observed super-
conducting states were not bulk in nature in the As-grown

samples of CeO1�xFxBiS2 (see Fig. 12(a,b)). The notable feature in
CeO1�xFxBiS2 is the observation of the magnetic ordering which
was suggested to be a result of the ferromagnetic ordering of the
Ce moment. If the magnetic ordering at the CeO layer and the bulk
superconducting states at the BiS2 layers could occur simulta-
neously, the situation is curious on several aspects. Demura et al.
showed that HP annealing can induce bulk superconductivity in
CeO1�xFxBiS2 as in the case of LaO1�xFxBiS2 [25]. As shown in
Fig. 12, the Tc of the HP-annealed samples of CeO1�xFxBiS2
obviously increases. The maximum Tc is 3 K for the As-grown
samples and 6 K for the HP-annealed samples in the resistivity
measurements. Furthermore, the shielding volume fraction is also
strongly enhanced in the HP-annealed samples, indicating the
evolution of bulk superconducting states. Interestingly, the signals
of the magnetic ordering of Ce still exist. Hence, the magnetic
ordering at the CeO layer and the bulk superconducting states at
the BiS2 layers occur simultaneously in the HP sample. Although
the magnetic structure of CeO1�xFxBiS2 has not been clarified yet,
it is clear that magnetism and superconductivity coexist in the HP-
annealed CeO1�xFxBiS2 samples. In addition, we note an interest-
ing tendency of Tc and the magnetic transition temperature
with F concentration. Fig. 13(a) is a magnetic phase diagram for
HP-annealed CeO1�xFxBiS2 showing the magnetic transition tem-
perature as a function of x. There are two kinds of ferromagnetic
transition temperatures of 4.5 K and 7.5 K. The 7.5 K phase appears
at a higher F concentration of x40.6. Fig. 13(b) is a superconduct-
ing phase diagram for HP-annealed CeO1�xFxBiS2 showing the
Tc
zero as a function of x. Bulk superconductivity with a higher Tc

appears at a higher F concentration of x40.6. Interestingly, these
two phase diagrams show a similar shape. Although it might have
corresponded incidentally, it is quite interesting to consider that

Fig. 12. (a) Temperature dependences of electrical resistivity for As-grown CeO1�xFxBiS2. (b) Temperature dependences of magnetic susceptibility for As-grown
CeO1�xFxBiS2. (c) Temperature dependences of electrical resistivity for HP-annealed CeO1�xFxBiS2. (d) Temperature dependences of magnetic susceptibility for HP-annealed
CeO1�xFxBiS2. [25].
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superconductivity of the BiS2 layers and magnetic ordering of the
blocking layers are linked via some factors, for example, local
crystal structures. To clarify the correlation, further investigations
using neutron scattering, μSR or the other experiments sensitive to
the evolution of magnetic ordering are required.

Superconductivity in the PrOBiS2 system was reported by Jha
et al. and Yazici et al. [26,30]. As in the former cases of the La and
Ce systems, superconductivity is induced by a partial substitution
of O by F. The polycrystalline samples of PrO0.5F0.5BiS2 show bulk
superconductivity below 3 or 4 K with a large shielding volume
fraction in the magnetization measurements. Namely, the As-
grown samples show bulk superconductivity. However, the Tc of
PrO0.5F0.5BiS2 can be increased by applying HP annealing as well
[27]. Fig. 14 displays the temperature dependence of resistivity for
the As-grown and HP-annealed samples of PrO0.5F0.5BiS2. The
Tc
onset is increased from 4.0 K to 9.4 K, and the Tc

zero increased from
3.6 K to 5.5 K by applying HP annealing.

The NdO1�xFxBiS2 system is the most suitable material for
discussing the properties at ambient pressure [28]. The reason is
that the single-phase samples which show bulk superconductivity
with a Tc of �5.5 K, which is the highest (optimized value) in this
system, by a solid-state reaction at ambient pressure, namely,
without any high-pressure synthesis technique. The difference in
the condition of the appearance of superconductivity in between
the LaOBiS2 and the NdOBiS2 systems would be understood by the
chemical pressure effects which is tuned by changing the RE
elements at the blocking layers. With decreasing ionic radius from
La3þ to Nd3þ , the lattice volume is largely compressed. Hence,
bulk superconductivity in NdO1�xFxBiS2 can be realized without
any HP annealing.

The last superconductor with the REOBiS2-type structure is
YbO0.5F0.5BiS2 [30]. Yazici et al. succeeded in the observation of a
superconducting transition with a relatively high Tc of 5.3 K.
Furthermore, antiferromagnetic signals are observed in the mag-
netization measurements. This system should be of interest if
there is the coexistence of magnetism and superconductivity as
was observed in the case of CeO1�xFxBiS2. However, the super-
conducting signals in the magnetization measurements are quite
small. The lack of bulk superconductivity may be due to the excess
effect of chemical pressure caused by the small ionic radius of
Yb3þ . If the crystal structure could be optimized for the appear-
ance of bulk superconductivity, YbO1�xFxBiS2 will be a more
interesting system.

3.4. Superconductivity in Sr1�xLaxFBiS2

As shown in Fig. 1(b), the REO layers in Fig. 1(a) can be replaced
by the SrF layers as well as in the Fe-based superconductors [35–37].
Lei et al. reported that the parent phase SrFBiS2 is an insulator on the
basis of the resistivity measurements and band calculations [32].
Soon after the report, Lin et al. showed that a partial substitution of
Sr2þ by La3þ induces metallic conductivity and a superconducting
transition below 3 K in Sr0.5La0.5FBiS2 [33]. Fig. 15 is a phase diagram
of Sr1�xLaxFBiS2 established by Sakai et al. [34]. According to the
phase diagram, a metal–insulator transition occurs at around x¼0.4,
and a superconducting phase is induced. Interestingly, the highest Tc
is observed at x¼0.45, which is close to the metal–insulator
boundary. On the basis of thermodynamic measurements, it was
suggested that the superconducting coupling strength is enhanced

Fig. 13. (a) Phase diagram of magnetic ordering for the CeO blocking layers for
HP-annealed CeO1�xFxBiS2. (b) Phase diagram of superconductivity within the BiS2
layers for HP-annealed CeO1�xFxBiS2. [25].

Fig. 14. Temperature dependences of electrical resistivity for As-grown and HP-
annealed PrO0.5F0.5BiS2 [27].

Fig. 15. Phase diagram of superconductivity for Sr1�xLaxFBiS2 [34]. Reprinted from
H. Sakai, D. Kotajima, K. Saito, H. Wadati, Y. Wakisaka, M. Mizumaki, K. Nitta,
Y. Tokura, S. Ishiwata, J. Phys. Soc. Jpn. 83 (2014) 014709. Copyright 2014 by The
Physical Society of Japan.
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when approaching the metal–insulator boundary. These features of
superconductivity in Sr1�xLaxFBiS2 resemble those for the electron-
doped ZrNCl (or HfNCl) superconductors, which have been known as
low-carrier superconductors [39–41]. The possibility of low-carrier
superconductivity in the BiS2 family was suggested in the specific
heat studies for Bi4O4S3 [38]. If the feature of low-carrier super-
conductivity is intrinsic in the BiS2 family, we will be able to discuss
the mechanisms of the appearance of superconductivity in the low-
carrier metallic states by investigating various types of BiS2-based
superconductors.

4. Pressure effect

4.1. High pressure annealing effect

As introduced in Section 3, the superconducting properties of
REOBiS2-type superconductors can be enhanced by HP annealing
[20,50]. In fact, the crystal structure under high pressure can be
kept after the HP annealing in the REOBiS2-type materials. The HP-
annealed samples have given us some fruitful information for
discussing the relationship between superconducting properties
and crystal structure.

In LaO1�xFxBiS2, the Tc
onset increases from �3 K to �11 K by HP

annealing. The increase of Tc is accompanied with structural changes
[52]. Fig. 16 shows the enlargements of the XRD patterns near around
the (004) and (200) peaks for the As-grown and HP samples of

LaO0.5F0.5BiS2. It is clear that the lattice structure has changed by HP
annealing. The (004) peak obviously shifts to a higher angle while the
(200) peak slightly shifts to a lower angle. These peak shifts indicate
that the a axis is slightly expanded while the c axis is largely
contracted by HP annealing. In LaO0.5F0.5BiS2, the increase of Tc could
be explained by the uniaxial lattice shrinkage along the c axis, which
could optimize the local crystal structure.

Similar tendency is observed in the PrO0.5F0.5BiS2 supercon-
ductors [27]. As shown in Fig. 14, the Tc

zero of As-grown PrO0.5F0.5-
BiS2 is 3.6 K. The Tc could be increased up to Tc

zero¼5.5 K and
Tc
onset¼9.4 K by HP annealing. The enhancement of Tc is related to

the uniaxial lattice contraction as well as in LaO0.5F0.5BiS2. Fig. 17
shows the enlargements of the XRD patterns near around the
(004) and (200) peaks for the As-grown and HP samples of
PrO0.5F0.5BiS2. The (004) peak clearly shifts to a higher angle which
indicates that the c axis is contracted by HP annealing. In contrast,
the (200) peak does not show a remarkable change in the peak
position. Namely, only the c axis length decreased by HP anneal-
ing. On the basis of these changes in lattice constants and super-
conducting properties, the uniaxial lattice contraction seems to be
essential to induce a higher Tc in the REO1�xFxBiS2 system.

4.2. High pressure studies

Another effective way to enhance the superconducting proper-
ties of BiS2-based superconductors is application of external high
pressure. By using a HP cell, we can tune the applied pressure,

Fig. 17. (a) Enlargement of X-ray diffraction patterns of As-grown and HP-annealed PrO0.5F0.5BiS2 around the (004) peak. (a) Enlargement of X-ray diffraction patterns
of As-grown and HP-annealed PrO0.5F0.5BiS2 around the (200) peak. [27].

Fig. 16. (a) Enlargement of X-ray diffraction patterns of As-grown and HP-annealed LaO0.5F0.5BiS2 around the (004) peak. (a) Enlargement of x-ray diffraction patterns of
As-grown and HP-annealed LaO0.5F0.5BiS2 around the (200) peak. [52].
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which allows us to discuss the continuous changes in crystal
structure and physical properties. The most outstanding enhance-
ment of superconducting properties is observed in LaO0.5F0.5BiS2
[53]. As mentioned above, the Tc of As-grown LaO0.5F0.5BiS2 is less
than 3 K. As shown in Fig. 18, the Tc largely raises up to over 10 K
by applying a high pressure of 0.6 GPa. Then, the Tc gradually
decreases with increasing pressure. The rapid increase in Tc
around 0.6 GPa suggests that there is a phase transition from a
lower-Tc phase to higher-Tc phase of LaO0.5F0.5BiS2. Tomita et al.
carried out crystal structure analysis for As-grown LaO0.5F0.5BiS2
using XRD under high pressure and density functional calcula-
tions. They concluded that there is a pressure-induced structure
phase transition from tetragonal to monoclinic as depicted in
Fig. 19. In the proposed monoclinic phase, the double BiS2 layers
move and the Bi–Bi distance in each layer becomes shorter. The
enhancement of Tc in LaO0.5F0.5BiS2 might be due to the change in
electronic structure induced by the structural changes.

The Tc of the HP-annealed LaO0.5F0.5BiS2 sample, Tczero–8 K, also
increases up to over 10 K by applying external pressures [54]. The
obtained maximum Tc is almost the same as that obtained for the
As-grown sample under high pressures. The pressure dependences
of Tc for the As-grown and HP-annealed LaO0.5F0.5BiS2 samples are
plotted together in Fig. 20. It is interesting that the two curves
overlap with each other above 1 GPa. Therefore, it can be con-
sidered that the effect of HP annealing or external pressure is
almost the same with respect to the superconducting properties.

Fig. 20 includes the pressure dependences of Tc for the other
REOBiS2-type superconductors as well [53–56]. Almost all the
BiS2-based superconductors show a transition-like behavior for
the pressure dependence of Tc: the Tc abruptly increases at a
characteristic pressure. In the REOBiS2-type materials, the char-
acteristic pressure increases when decreasing the ionic radius of
rare earth, namely in the order of La, Ce, Pr and Nd. The
Sr1�xLaxFBiS2 also shows such behavior in the pressure depen-
dence of Tc [57]. The Tc of Sr1�xLaxFBiS2 at ambient pressure is 2 K.
It abruptly increases to 10 K above �1 GPa, which is almost the
same pressure range where LaO0.5F0.5BiS2 shows an increase of Tc.
Having compared the pressure dependences of Tc and the crystal
structure, we note that the pressure where the Tc increases seems

Fig. 18. Temperature dependences of electrical resistivity for LaO0.5F0.5BiS2 under
pressures of 0, 0.6, 1.2, 2.1 and 2.5 GPa [53]. The inset shows an enlarged figure of
below 15 K.

Fig. 19. Schematic images of the crystal structure of LaO0.5F0.5BiS2 under
(a) ambient pressure (tetragonal) and (b) high pressure (monoclinic) [53].

Fig. 20. Pressure dependences of Tc for REO0.5F0.5BiS2 (RE¼La, Ce, Pr and Nd).

Fig. 21. Photograph of NdO0.7F0.3BiS2 single crystals [58].
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to depend on the a axis length. These facts provide us with a
scenario where the characteristic pressure, probably a critical
pressure of structural change, is depending on the size of the
blocking layer in the REOBiS2 and SrFBiS2 systems. Contrary to the
others, Bi4O4S3 does not exhibit an increase in Tc under high
pressure [54]. The difference in pressure effect may be related to
its large blocking layer along the c axis (see Fig. 1(c)), which would
affect the occurrence of structural change under high pressure. The
thicker blocking layer may stabilize the tetragonal structure under
high pressure.

5. Single crystal growth and large anisotropy of
superconductivity

Recently, two groups reported successful single crystal growth of
REO1�xFxBiS2 superconductors [58–60]. Nagao et al. succeeded in
growing REO1�xFxBiS2 (RE¼La, Ce and Nd) single crystals [58,59,61].
An image of a typical crystal of NdO0.7F0.3BiS2 is shown in Fig. 21.
Crystal structure analysis on these crystals proved that the tetragonal
structure suggested in the structural analysis using polycrystalline
samples were correct. One of the outstanding findings is a remark-
ably high anisotropy parameters (γ) of superconductivity, which is

given by γ¼Hc2
ab/Hc2

c , where Hc2 is an upper critical field. Fig. 22(a) and
(b) shows the temperature dependences of resistivity for the
NdO0.7F0.3BiS2 single crystal with applied magnetic fields parallel to

Fig. 22. (a) Temperature dependences of electrical resistivity for NdO0.7F0.3BiS2 a single crystal under magnetic fields (H//ab) up to 9 T. (b) Temperature dependences of
electrical resistivity for a NdO0.7F0.3BiS2 single crystal under magnetic fields (H//c) up to 9 T. (c) Magnetic field–temperature phase diagram of NdO0.7F0.3BiS2 [58].

Fig. 23. Magnetic field–temperature phase diagram of HP-annealed LaO0.5F0.5BiS2 [63].
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the ab plane and the c axis, respectively. The magnetic field–
temperature phase (H–T) diagram for the NdO0.7F0.3BiS2 single crystal
is shown in Fig. 22(c). The superconducting states are easily
destroyed when H//c while superconductivity is robust when H//ab,
indicating a large anisotropy of the superconductivity [58,60].
For LaO1�xFxBiS2 and NdO1�xFxBiS2 single crystals, the anisotropy
parameter is 30–40 [60]. The estimated large anisotropy is compar-
able to that observed in Bi-based cuprates (high-Tc superconductors).
The fact suggests that we will be able to fabricate some BiS2-based
superconducting devices by using the large anisotropy of super-
conductivity. One possibility is fabrication of intrinsic Josephson
junctions which have been achieved using cuprates.

Differently from the cases of RE¼La and Nd, the anisotropy
parameter of CeO1�xFxBiS2 has relatively smaller values of 13–21
[59]. Then, one question arises: is a large anisotropy advantageous
for a higher Tc in the BiS2 family? To discuss this relationship,
comparison of anisotropy of superconductivity between higher-Tc
and lower-Tc phases is needed. The LaO0.5F0.5BiS2 superconductor
is suitable to address this issue because the Tc for the As-grown
(Tconset – 3 K) and HP-annealed (Tconset – 11 K) samples is very
different. The anisotropy of the HP-annealed LaO0.5F0.5BiS2 sample
was investigated using the general method for estimation of
anisotropy of superconductivity in the polycrystalline samples of
layered superconductors [62]. Fig. 23 shows the H–T phase
diagram of HP-annealed LaO0.5F0.5BiS2 [63]. Three kinds of Hc2

were observed. The lowest Hc2 (Hc2
min) could be regarded as Hc2

c .
The other two kinds of Hc2 could be regarded as Hc2

ab. If there is
monoclinic distortion or strain in the HP-annealed LaO0.5F0.5BiS2
sample as discussed in Section 4, there should be anisotropy of
superconducting states between the a axis and b axis. Further-
more, a theoretical study suggested that the BiS2-based materials
have one-dimensional characteristics in the electronic states. Thus,
the two kinds of Hc2 (Hc2

max and Hc2
mid) observed in the HP-annealed

LaO0.5F0.5BiS2 sample could be regarded as Hc2
a or Hc2

b . The
anisotropy parameter estimated using the slopes of temperature
dependence of Hc2 for Hc2

max and Hc2
min is 7.4. The estimated value is

clearly lower than that for the As-grown LaO0.5F0.5BiS2 single
crystal, γ430. Therefore, a larger anisotropy of superconductivity
is not essential for the emergence of a higher Tc.

6. Electronic structure and possible paring symmetry

Superconductivity in the BiS2-based materials emerges within
the double BiS2 layers. As introduced in Section 3, the parent phase
is basically an insulator with a band gap. Doping electron carriers
into the BiS2 layers makes the materials metallic and induces
superconducting states. In the case of the REOBiS2 system, electron
carriers could be generated by a partial substitution of O by F.
Here, investigations of electronic states by means of photoemis-
sion spectroscopy (PES) including angle-resolved PES (ARPES) and
scanning tunneling microscopy/scanning tunneling spectroscopy
(STM/STS) are briefly introduced.

Nagira et al. carried out PES for the polycrystalline samples of
LaO1�xFxBiS2 [64]. Fig. 24 displays the valence band soft X-ray
photoemission spectroscopy (SXPES) spectra for LaO1�xFxBiS2. The
electronic density of states near EF is slightly enhanced upon F
substitution, but the obtained density of states near EF is obviously
smaller than that expected by theoretical calculations. The low
density of states seems to be consistent with the transport
properties for the polycrystalline LaO1�xFxBiS2 in which
semiconducting-like temperature dependence of resistivity was
observed. Furthermore, they suggested that the valence state of Bi
became mixed-valence. There might be charge (valence) fluctua-
tions in the BiS2-based materials. If such fluctuations play an

important role for the appearance of superconductivity, uncon-
ventional mechanisms of superconductivity should be considered.

To obtain further information, ARPES is quite powerful.
Recently, Ye et al. reported ARPES on NdO0.5F0.5BiS2 single crystals
(Fig. 25) [65]. The obtained ARPES results are shown in Fig. 25(b).
Fig. 25(a) shows a calculated band structure of NdO1�xFxBiS2.
When we compare the ARPES results with the calculated band
structure, the Fermi surface obtained by ARPES corresponds to the
Fermi surface calculated for x¼0.16. The large difference in Fermi
surface between ARPES and calculation with a nominal composi-
tion of x is consistent with former PES results. These features could
be understood by the existence of Bi defects and/or carrier
distribution between the conduction BiS2 layers and the blocking
layers. To further investigate the electronic structure, ARPES on the
other BiS2 superconductors are crucial.

Another notable report on electronic states is the observation
of large superconducting fluctuations revealed in STM/STS on
NdO1�xFxBiS2 [60]. Fig. 26 displays the STS results obtained using

Fig. 24. Valence band soft X-ray photoemission spectroscopy (SXPES) spectra of
LaO1�xFxBiS2 (x¼0.0, 0.3, and 0.5) obtained using 500 eV (open circles connected
with lines) and 1100 eV (a broken line) photon energies (only for LaO0.5F0.5BiS2)
with a calculated spectrum [64].

Fig. 25. (a) Calculated band structures without the spin-orbital coupling for
NdO1�xFxBiS2 with x¼0.16 (the left side energy axis) and x¼0.5 (the right side
one). (b) Comparison of the Fermi-surface between the photoemission intensity
map and the density-functional theory for x¼0.5 and 0.16 fluorine substitution
levels [65].
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NdO0.5F0.5BiS2 single crystals. The superconducting gap is clearly
observed at low temperatures. Surprisingly, the superconducting
gap structure still survives up to 20 K as shown in Fig. 26(b). Here,
we should note that the Tc

zero of this single crystal is around 4 K as
shown in Fig. 26(d). However, as displayed in the inset of Fig. 26
(d), the resistivity clearly decreases with decreasing temperature
below 20 K. Therefore, it was suggested that the Cooper pairs
could begin to be generated below 20 K in the NdO0.5F0.5BiS2
single crystals while the bulk superconductivity states are
achieved at significantly lower temperatures below 4 K. Similar
STS results were obtained for Bi4O4S3 polycrystalline samples [66].
The existence of large superconducting fluctuations may be a
common property of the BiS2 family.

Different STM/STS results were obtained by Machida et al. using
NdO0.7F0.3BiS2 single crystals [67]. Although the bulk characteristics
of the single crystals are superconducting, gap-like structure
(�40 meV), insulating nature, was observed for the cleaved surface

at both below and above bulk Tc as shown in Fig. 27. The different
observation in these STS studies might be due to the difference in the
surface states. Machida et al. measured STS on the as-cleaved surface
while Liu et al. cleaned the cleaved surface by argon iron bombard-
ment before the measurements because they also observed the
insulating nature of the as-cleaved state [60]. A notable observation
revealed in the as-cleaved surface of NdO0.7F0.3BiS2 is the formation
of “checkerboard stripes”. This may be related to the formation of the
charge-density-wave (CDW) states which has been theoretically
predicted to exist in the BiS2 layers [44,68,69]. Furthermore, if the
checkerboard stripes are related to the appearance of superconduc-
tivity in the BiS2 family, we will be able to discuss some similarities of
electronic structure to the high-Tc superconductors. Although we
cannot completely conclude the true properties of the electronic
states of the cleaved surface of NdO1�xFxBiS2 single crystals, the
observations in the STM/STS measurements are quite interesting and
further investigations with various BiS2-based superconductors will

Fig. 26. (a) Evolution of the STS spectra with the temperature increased from 0.4 K to 26 K for NdO0.5F0.5BiS2 single crystal. (b) STS spectra normalized against the normal
state (at 26 K). A dashed red color line highlights the superconducting coherence peaks at around 3.5 meV. (c) STS spectra normalized against the normal state (at 8 K).
(d) Temperature dependence of electrical resistivity for NdO0.5F0.5BiS2 single crystal. The inset shows an enlarged graph around the onset of superconducting transition. [60].
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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give us some clues to elucidate the mechanisms of superconductivity
in the BiS2 layers.

Although the paring mechanisms of the BiS2 family have not
been clarified, two experimental studies have investigated the
paring symmetry of BiS2-based superconductors. Shruti et al.
carried out measurements of magnetic penetration depth for the
Bi4O4S3 superconductor using a tunnel diode oscillator technique
[70]. They concluded that Bi4O4S3 is a conventional s-wave type
superconductor with a fully developed gap. The zero-temperature
value of the superconducting energy gap Δ0 was 1.54 meV, which
corresponds to 2Δ0/kBTc¼7.2. The large value of 2Δ0/kBTc indicates
the strong-coupling nature of superconductivity in Bi4O4S3.
Lamura et al. carried out μSR measurements for HP-annealed
LaO0.5F0.5BiS2 [71]. The obtained temperature dependence of
normalized superfluid density for HP-annealed LaO0.5F0.5BiS2 is
shown in Fig. 28. The emergence of bulk superconducting states
was revealed below 10 K. On the basis of the results, s-wave
symmetry was suggested but, the presence of “anisotropic” super-
conducting gap was suggested in the measurements. In addition,
some theoretical studies suggested that the pairing mechanisms
of superconductivity in BiS2-based superconductors could be
explained by d-wave, triplet or other unconventional pairing
mechanisms [47,72–74]. To clarify the pairing symmetry of

BiS2-based superconductors, further experimental and theoretical
investigations are required.

7. Summary and prospects for raising Tc

In this article, the diversity of crystal structure and physical
properties of the BiS2-based layered materials have been summar-
ized. The BiS2-based superconductors have a crystal structure
composed of an alternate stacking of BiS2 conducting layers and
blocking layers. So far, three types of blocking layer have been
found as depicted in Fig. 1. The parent phase of the BiS2 family is
basically an insulator with a band gap. Electron doping into the
BiS2 conducting layers makes the BiS2 materials metallic and
induces superconductivity. One of the notable characteristics is
the high sensitivity of the superconducting properties to changes
in the local crystal structure and/or strain. Application of external
high pressure or sample preparation under high pressure largely
enhances their Tc. The highest record of Tc in the BiS2 family is
�11 K in the HP phase of LaO0.5F0.5BiS2. Although the mechanisms
of superconductivity in BiS2-based materials have not been clar-
ified, we have revealed some notable properties. Firstly, the
anisotropy of superconductivity in BiS2-based materials is quite
large, which is comparable to that of cuprate superconductors.
Secondly, large superconducting fluctuations have been observed
in NdO0.5F0.5BiS2 single crystals and Bi4O4S3 polycrystalline sam-
ples, suggesting that Cooper pairs could be generated at tempera-
tures above their bulk Tc. In addition, the relation of
superconductivity to charge–density–wave states should be
further investigated. Furthermore, the low-carrier nature and the
strong-coupling nature of superconductivity in the BiS2-based
superconductors should also be investigated in detail to elucidate
the mechanisms of superconductivity in this system.

Last but not least, I would like to discuss how the Tc can be
increased in the BiS2 family. To address this issue, the typical data
points of Tc for the samples whose superconducting properties
were optimized are plotted in Fig. 29, namely, the Tc is the highest
among the respective systems. The highest Tc is obtained for
LaO1�xFxBiS2. The Tc decreases with an order of LaO1�xFxBiS2,
CeO1�xFxBiS2, NdO1�xFxBiS2 and Bi4O4S3. This tendency suggests
that the Tc correlates with the blocking layer structure, particularly
the Tc seems to correlate with the a axis length. According to this
tendency, we expect a higher Tc in new BiS2-based superconductor
with a larger a axis length. However, the ionic radius of La is the
largest among the rare earth elements which can occupy the RE
site of the REOBiS2 structure (Fig. 1(a)). Therefore, we must explore

Fig. 27. Typical tunneling spectra of NdO0.7F0.3BiS2 single crystals taken at
Vs¼þ500 mV and Is¼1.0 nA. Red (upper) and Green (lower) lines represents the
spectra taken on the sample # 1 at 22 K and sample # 2 at 4.2 K. The red spectrum
is shifted by 0.5 for clarity. The dashed line indicates the zero conductance for the
red (shifted) spectrum. Inset shows the spectrum with higher energy resolution
[67]. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Fig. 28. Temperature dependence of the normalized superfluid density for HP-
annealed LaO0.5F0.5BiS2 measured at μ0H¼0.3 T (full circles) and at 0.07 T (open
triangles). Low-temperature (To1.7 K) data at 0.07 T are shown by solid triangles.
The full and the dotted black lines represent best fits to an s-wave gap in the clean
limit and a numerical calculation with an s-wave anisotropic gap [71].

Fig. 29. Correlation between Tc and a axis length of typical BiS2-based super-
conductors, REO1�xFxBiS2 and Bi4O4S3.
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for new BiS2-based superconductors with crystal structures of
Fig. 1(b) or (c). For the SrFBiS2-type, we will be able to realize a
larger a axis length with BaFBiS2. For the Bi4O4(SO4)1�xBi2S4-type,
we will be able to realize a larger a axis length by replacing the Bi
site of the blocking layer with RE elements. Another strategy to
realize a larger a axis length in the BiS2-based materials is to
discover new structures of blocking layers. Due to the structural
analogy to FeAs-based superconductors, we expect new BiS2-
based materials with various types of blocking layer, for example,
perovskite-type blocking layers [16,17].

Recently, new REOBiS2-type superconductors containing Se
have been found to be superconductive. Maziopa et al. reported
that LaO0.5F0.5BiSe2 showed superconductivity below 2.6 K [75].
Recently, Tanaka et al. observed superconductivity in LaO1�xFx-
BiSe2 single crystals [76,77]. In this material, both S sites of the
LaOBiS2 structure are completely substituted with Se. Although
the a axis length is expanded as compared to LaO0.5F0.5BiS2, the Tc
is comparable. Another new superconductor is LaO1�xFxBiSSe [78].
In this material, 50% of the S sites of the LaOBiS2 structure is
substituted with Se. A Tc of 3.8 K was observed in LaO0.5F0.5BiSSe,
which is clearly higher than that of As-grown LaO0.5F0.5BiS2.
Furthermore, we can get some hints from superconductivity in
doped CsBi4Te6 [79]. The Tc is 4.4 K in Cs0.96Bi4Te6 single crystals.
The crystal structure is composed of NaCl-type Bi4Te6 layers and
interlayer Cs ions. Therefore, we find a structure similarity be-
tween CsBi4Te6 and BiS2- or BiSe2-based layered materials. There-
fore, we will be able to explore new Bi-chalcogen superconductors
by changing the blocking layers, chalcogen anions and the struc-
ture of conduction layers like Bi4Te6 layers (thicker superconduct-
ing layers). Although observed Tc in those materials is still lower
than that (11 K) of LaO0.5F0.5BiS2 (HP), these findings should open
new physics and chemistry studies on BiS2-related superconduc-
tors and raise Tc beyond the current highest recorded value.
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