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We report the electronic properties of the layered bismuth-based sulfide superconductors
NdO1−x F x BiS2 (x = 0.25, 0.4, and 0.5) and La1−y Smy O0.5 F0.5 BiS2 (y = 0.1 – 0.7), which
have been studied by investigation of their transport properties and X-ray diﬀraction. In the
lightly carrier-doped NdO1−x F x BiS2 (x = 0.25 and 0.4) and La1−y Smy O0.5 F0.5 BiS2 (y = 0.3 and
0.4), the resistivity and Hall coeﬃcient exhibit anomalous temperature dependences below
T CDW ∼ 130 and 200 K, respectively, suggesting the formation of an energy gap on the Fermi
surface associated with charge-density wave (CDW). In NdO1−x F x BiS2 (x = 0.25), the bond
angles and bond length of the Bi-S pentahedron change their temperature dependences below
∼ 200 K, suggesting that a lattice instability related to the Bi-S pentahedron exists below
∼ 200 K, which is much higher than T CDW . These results indicate that the lattice instability of the Bi-S pentahedron can trigger a CDW transition in the low-carrier region of BiS2
superconductors.
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1. Introduction
The typical BiS2 -based layered superconductor LnO1−x Fx BiS2 (Ln: La, Ce, Pr, Nd, Sm,
and Yb) has attracted considerable attention since Bi4 O4 S3 and Ln = La (LaO1−x F x BiS2 )
were discovered in 2012.1–7) These compounds have similar crystal structures to hightemperature superconductors such as iron pnictide superconductors.8) The crystal structure
is composed of alternately stacked superconducting layers (double BiS2 layers) and blocking
layers (LnO1−x F x ).1) The parent compounds of most BiS2 -based superconductors are semiconductors.9) The superconductivity emerges owing to carrier doping into the BiS2 layers by
substituting F− for O2− in LnO1−x F x layers. The carrier doping can also be induced by valence
fluctuation at the Ln site, as reported for CeOBiS2 , leading to the emergence of superconductivity without the fluorine substitution.10) The superconducting transition temperature T c of
LnO1−x Fx BiS2 depends on the fluorine concentration x and pressure.9) The maximum T c is
about 10 K for high-pressure-annealed samples of LaO0.5 F0.5 BiS2 .11) It was found by theoretical calculation that the topology of the Fermi surface (FS) changes from an electron-like
FS around the Brillouin zone boundary to a hole-like one around the Γ point at x = 0.5. The
hole-like FS has good nesting conditions.12, 13) The relationship between the charge-density
wave (CDW) instability and the superconductivity in this system is of much interest. The
temperature dependence of resistivity ρ(T ) for LnO1−x Fx BiS2 depends on the carrier concentration and pressure. In LaO1−x F x BiS2 , ρ(T ) for x ∼ 0.23 exhibits semiconducting behavior
above T c , whereas ρ(T ) for x ∼ 0.46 exhibits metallic behavior.14) Furthermore, the semiconducting behavior of ρ(T ) at ambient pressure is suppressed by applying high pressure to
LaO1−x F x BiS2 and La1−y Smy O0.5 F0.5 BiS2 .11, 15) For NdO1−x F x BiS2 , it was reported that ρ(T )
for x = 0.3 exhibits metallic behavior, as well as that for x ∼ 0.5,16–20) indicating that ρ(T )
is more metallic in NdO1−x F x BiS2 than in LaO1−x F x BiS2 . This tendency has been considered
to be related to the variation of the packing density in the BiS2 layers, which is caused by
the diﬀerence in the ionic radius between La and Nd atoms (the so-called in-plane chemical
pressure).21, 22) Semiconducting behavior of ρ(T ) was also reported in lightly carrier-doped
La1−x M x OBiS2 (M=Ti, Zr, Hf, and Th).23) Yazici et al. reported that ρ(T ) shows inflectional
behavior in its semiconducting temperature dependence around ∼120 K, and pointed out that
the inflection could be related to a CDW instability.23) However, the origin of the inflection in
ρ(T ) has not yet been clarified.
The diﬀerence in the electronic states between Ln = La and Nd has also been investigated
from the viewpoint of the FS topology. In LaO1−x F x BiS2 , the change from the electron-like
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FS to the hole-like FS with increasing x has been revealed by angle-resolved photoemission
spectroscopy (ARPES).24, 25) On the other hand, the electron-like FS around the Brillouin
zone boundary has been observed in samples of NdO1−x F x BiS2 with x = 0.16,19) 0.29,26) and
0.44.27) Moreover, it was reported that the carrier concentration is clearly lower than that expected from the fluorine concentration at x = 0.5.19) The theoretical calculation suggested
a good FS nesting condition for the hole-like FS.12, 13) However, a modulation structure has
been revealed in NdO1−x F x BiS2 with low carrier concentration by scanning tunneling microscopy, although it is unclear whether the modulation observed on the cleaved surface of
NdO1−x F x BiS2 has a bulk nature.28) In addition, in-plane local distortions owing to the inplane displacement of sulfur atoms were found in NdO1−x F x BiS2 by neutron diﬀraction and
pair density function analyses.29) It is considered that the in-plane sulfur displacement may
be related to CDW instability.30) It is important to discuss the local distortion and electronic
states in NdO1−x F x BiS2 . As mentioned above, the large hole-like FS in LaO1−x F x BiS2 with
x = 0.46 was confirmed experimentally by ARPES, which is in sharp contrast to that in
NdO1−x F x BiS2 . However, it is still unclear if CDW instability exists in LaO1−x F x BiS2 with
x ∼ 0.5, although lattice distortions around Bi atoms in the BiS2 plane were reported to
exist.31)
In LnO1−x Fx BiS2 , the eﬀects of a large chemical pressure on T c have been studied so
far.9, 21, 32) It was reported that the chemical pressure within the BiS2 plane plays an important
role in determining T c .21) It is important to investigate how the chemical pressure aﬀects the
electronic properties in the normal state, which have CDW instability, in order to understand
the mechanism of superconductivity in BiS2 -based superconductors.
In this paper, we report the electronic properties of NdO1−x F x BiS2

and

La1−y Smy O0.5 F0.5 BiS2 . In NdO1−x F x BiS2 (x = 0.25, 0.4, 0.5) and La1−y Smy O0.5 F0.5 BiS2
(y = 0.1 ∼ 0.7), transport properties such as ρ and RH exhibit small anomalies below ∼ 130
and ∼ 200 K, respectively. These small anomalies can be ascribed to the formation of an
energy gap on part of an FS. Furthermore, in NdO1−x F x BiS2 (x = 0.25), the bond angles and
bond lengths of the Bi-S pentahedron change their temperature dependences below ∼ 200
K, where RH (T ) for x = 0.25 starts to increase gradually with decreasing temperature. This
suggests that in lightly carrier-doped samples, some kind of lattice instability related to the
Bi-S pentahedron can exist below ∼ 200 K, which triggers a CDW transition with the energy
gap opening on part of an FS.
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2. Experiments
Single crystals of NdO1−x F x BiS2 and La1−y Smy O0.5 F0.5 BiS2 were grown in a quartz tube
sealed in vacuum by the CsCl/KCl flux method.16) For NdO1−x F x BiS2 , the raw materials
were Nd2 S3 , Bi2 S3 , Bi2 O3 , BiF3 , and Bi, which were weighted with nominal compositions
of x = 0.25, 0.4, and 0.5. The ratio of the sample to the flux was 1:3.75 (sample:flux) at
x = 0.25 and 0.4 and 1:7.5 at x = 0.5. For La1−y Smy O0.5 F0.5 BiS2 , the raw materials were
La2 S3 , BiF3 , SmF3 , Sm2 O3 , Sm2 S3 , Bi2 O3 , Bi2 S3 , and Bi for y = 0.1 – 0.7. These starting
materials were weighted with nominal compositions of y = 0.1 – 0.7. The ratio of the sample
to the flux was 1:7.5. The heating temperature and cooling rate were modified for each sample. For NdO1−x F x BiS2 , the samples with x = 0.25, 0.4, and 0.5 were heated for 10 – 12 h at
800 – 950 ◦ C, then cooled to 600 ◦ C at a rate of 0.5 – 1.0 ◦ C/h. For La1−y Smy O0.5 F0.5 BiS2 , the
samples were heated for 12 h at 900 ◦ C, then cooled to 600 ◦ C at a rate of 0.5 – 1.0 ◦ C/h for
x = 0.1 – 0.7. We performed single-crystal X-ray diﬀraction experiments from ∼ 290 to ∼ 120
K using a Rigaku Varimax Saturn CCD diﬀractometer (Rigaku, Inc.). The temperature dependence of magnetization was measured using a superconducting quantum interference device
magnetometer (Quantum Design, Inc.) with an applied field of 3 Oe along the c-axis. The
temperature dependences of the resistivity ρ(T ) along the ab-plane and the Hall coeﬃcient
RH (T ) were measured by the four-terminal method using a Physical Property Measurement
System (Quantum Design, Inc.). The RH (T ) measurements were performed by turning samples over with a magnetic field of 5 T applied along the c-axis. The temperature dependence
of the Seebeck coeﬃcient S (T ) along the ab-plane was measured by an ordinary two-probe
method using a laboratory-made measurement system. Two 0.07% AuFe-chromel thermocouples of 0.20 mm diameter (Iwatani Co.) were attached to the sample using Ag paste (Du
Pont, 4922N). The Seebeck coeﬃcient of the chromel wire was calibrated in advance using a
99.999% lead wire.33) A 120 Ω strain gauge was employed as a heater to provide a temperature gradient in the sample. The maximum temperature gradient was not more than 5% of the
sample temperature.
Table I shows the results of composition analyses using an electron probe microanalyzer
(EPMA) and by X-ray diﬀraction experiments. The chemical ratio of Nd to Bi estimated using
the EPMA nearly agrees with the stoichiometry for x = 0.25, 0.4, and 0.5. The chemical ratios
estimated using the EPMA are comparable to the site occupancies in the structure analyses
as shown later.
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3. Results and Discussion
3.1 NdO1−x F x BiS2
The structure analyses by X-ray diﬀraction experiments at room temperature (∼ 290 K)
show that the crystal structure possesses tetragonal symmetry with the space group P4/nmm
at x = 0.25, 0.4, and 0.5. The refinement of the structure is performed as NdOBiS2 , because
oxygen and fluorine are light elements. The occupancies at Bi, S1 (in-plane), and S2 (out-ofplane) sites, normalized by Nd site occupancy, are shown in Table I; the occupancies at these
sites are ∼1.0. The results shown in Table I suggest that the NdO1−x F x BiS2 crystals in this
study are almost stoichiometric for Nd, Bi, S1, and S2.
Figure 1 shows the x-dependences of a-axis and c-axis lengths in this study, together
with those reported in other studies.4, 16, 17, 27) The a-axis length is nearly independent of x
and averages to 3.993 Å. The c-axis length decreases monotonically with increasing x. As
shown in Fig. 1, the x-dependence of the c-axis length is slightly diﬀerent between the data
for nominal and net x above x > 0.4. From Fig. 1, the deviation of net x from nominal x
can be roughly estimated to be ∼0.1 for the present NdO1−x F x BiS2 crystals with x=0.4 and
0.5. Demura et al. reported that NdO1−x F x BiS2 has a solubility limit between x = 0.4 and
0.5.4) The deviation of net x for the present NdO1−x F x BiS2 crystals with x=0.4 and 0.5 may
be related to the solubility limit.
Figure 2(a) shows the temperature dependence of magnetic susceptibility. The superconducting transition temperature (T cM ) was defined as the onset of a diamagnetic signal. T cM is
approximately 5 K at nominal x = 0.25, 0.4, and 0.5. Figure 2(b) shows the temperature dependence of ρ(T ) from 2 to 10 K. Zero resistance was observed at T czero = 4.6 K for x = 0.25
and 0.5 and at 4.8 K for x = 0.4. There is no significant diﬀerence in T c for x = 0.25, 0.4, and
0.5.
Figure 3(a) shows the temperature dependence of ρ(T ) along the ab-plane from 2 to 300
K. ρ(300 K) is 1.3 mΩcm for x = 0.25 and 0.54 mΩcm for x = 0.5; roughly speaking, the
lower the resistance, the higher the nominal x-value. This result implies that the carrier concentration increases with increasing x. ρ(T ) for x = 0.5 exhibits metallic behavior over the
entire T -range above T c . ρ(T ) for x = 0.25 and 0.4 also exhibits metallic T -dependences at
high temperatures. Note that ρ(T ) for x = 0.25 and 0.4 exhibits slight upturns below ∼ 130
K and tends to be metallic again below ∼ 40 K. In other words, ρ(T ) for x = 0.25 and 0.4 increases slightly between ∼ 40 and ∼ 130 K. It seems diﬃcult to explain the behaviors of ρ(T )
for x = 0.25 and 0.4 from the viewpoint of a carrier localization scenario owing to some kind
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of disorder. The increase in resistivity between ∼ 40 and ∼ 130 K in NdO1−x F x BiS2 (x = 0.25,
0.4) is qualitatively similar to that of EuBiS2 F reported by Zhai et al.,34) although the temperature (∼ 280 K) at which ρ(T ) of EuBiS2 F shows the increase is much higher than those
of NdO1−x F x BiS2 with x = 0.25 and 0.4 in this study. Zhai et al. reported that the anomalous temperature dependence of ρ(T ) in EuBiS2 F can be ascribed to a dynamic/short-range
CDW ordering. For EuBiS2 F, it was reported that the Hall coeﬃcient also shows anomalous
T -dependence. Then we also measured the Hall coeﬃcients of NdO1−x F x BiS2 crystals with x
= 0.25, 0.4, and 0.5 to investigate the nature of the electronic states in NdO1−x F x BiS2 in more
detail.
Figure 3(b) shows the temperature dependence of the Hall coeﬃcient, RH (T ), along the
ab-plane, measured under a magnetic field of 5 T along the c-axis. The RH (290 K) values for
x = 0.25, 0.4, and 0.5 are negative: -1.9×10−3 , -1.7×10−3 , and -0.76×10−3 cm3 / C, respectively. The absolute value of RH (290 K) is smaller for x = 0.5 than for x = 0.25. This result
qualitatively supports the fact that the carrier concentration of the present NdO1−x F x BiS2 crystals increases with the increase in nominal x. If we simply assume a single-band scenario, the
carrier density at 290 K is estimated to be n = 1/|eRH | = 0.33, 0.37, and 0.82×1022 cm−3 for
x = 0.25, 0.4, and 0.5, leading to n = 0.35, 0.39, and 0.88 electrons/formula unit for x = 0.25,
0.4, and 0.5, respectively. The n-values for x = 0.25 and 0.4 are not so far from their x, even
though net x (∼0.3) is used for x=0.4. On the other hand, the n-value for x = 0.5 is considerably diﬀerent from x, meaning that the electronic states for x = 0.5 are far from a single-band
picture.
RH (T ) for x = 0.5 increases with decreasing temperature and crosses zero at ∼ 200 K. The
zero-crossing temperature in RH (T ) slightly decreases with increasing x. One of the possible
origins for the temperature-dependent RH (T ) is multi-carriers with diﬀerent natures. However,
the origin and mechanism of the temperature-dependent RH (T ) in BiS2 -based superconductors have not yet been clarified. In the present crystals with x = 0.5, ρ(T ) exhibits metallic
behavior over the entire T -range and no obvious anomaly. In addition, at high temperatures
(> 200 K), where ρ(T ) for x = 0.25 and 0.4 show metallic behavior, RH (T ) for x = 0.25 and
0.4 shows a similar temperature dependence to that of x = 0.5. Then, we assume that the
temperature dependence of RH (T ) for x = 0.5 is the normal one for NdO1−x F x BiS2 when the
electronic system shows no anomalous behavior. Interestingly, RH (T ) increases more steeply
for x = 0.25 and 0.4 than for x = 0.5 at low temperatures. The large increases in RH (T ) for
x = 0.25 and 0.4 are similar to the anomalous temperature dependence of RH (T ) in EuBiS2 F,
which was reported to originate from FS reconstruction due to CDW transition.34)
6/??
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To estimate the temperature where the anomalous behavior of the electronic properties
occurs, we compare the ρ and RH data of x = 0.25, 0.4, and 0.5 in more detail. Figure 4(a)
shows the normalized resistivity ρ(T )/ρ(150 K) for x = 0.25, 0.4, and 0.5. The normalized
ρ(T ) values are in good agreement with each other over a wide T -range above ∼130 K,
whereas the normalized data for x = 0.25 and 0.4 deviate from that of x = 0.5 below ∼130 K.
Figure 4(b) shows ∆RH (T ), which is defined as ∆RH (T ) = RH (T, x)−RH (T, x = 0.5). ∆RH (T ) is
almost constant at high temperatures. ∆RH (T ) starts to increase gradually below ∼ 200 K and
steeply below ∼ 130 K. The characteristic temperatures (T CDW ) where ρ(T ) and RH (T ) show
the upturns agree with each other; T CDW ∼ 130 K, as shown in Fig. 4. In addition, ρ(T ) for
x = 0.25 and 0.4 show metallic temperature dependences below ∼ 40 K, where ∆RH (T ) also
tends to be saturated. These results indicate that the electronic properties exhibit anomalous
behaviors between ∼ 40 and ∼ 130 K, which can be ascribed to the gap evolution on a part
of the FS due to CDW formation.
The CDW formation is usually accompanied by the development of an energy gap on part
of an FS. If we assume that the scattering rate of the carriers, namely, relaxation time, is not
changed significantly below ∼ 130 K, we can estimate the area where the FS disappears on
the basis of the energy gap opening from the normalized resistivity below ∼ 130 K in Fig.
4(a); the gapped areas of the FS are ∼11 and ∼8% for x = 0.25 and 0.4, respectively. These
values are comparable to that of EuBiS2 F (∼10%) if we can use a similar estimation method
to that reported by Zhai et al.34) These results suggest that the nested area of the FS is similar
between EuBiS2 F and NdO1−x F x BiS2 (x = 0.25 and 0.4).
The CDW is accompanied by some kind of lattice distortion. To investigate the relationship between the anomalous transport properties and the nature of the lattice distortion, the
structure refinements at x = 0.25 were performed from ∼ 120 K to room temperature (∼ 290
K) by single-crystal X-ray diﬀraction experiments. The results of the structure refinements
are summarized in Table II. In the T -range examined in the present study, the result of the
structure refinement indicates the tetragonal structure with the space group P4/nmm. Figures
5(a) and 5(b) show the temperature dependences of the a-axis and c-axis lengths for x =
0.25, respectively. These lattice constants decrease with decreasing temperature, leading to
the volume of the unit cell also decreasing with decreasing temperature. Here, we defined
the in-plane sulfur as S1 and the out-of-plane sulfur as S2 [Fig. 5(c)]. Figure 5(d) shows the
temperature dependences of the Bi-S1 and Bi-S2 distances. The Bi-S1 distance decreases
monotonically with decreasing temperature over the entire T -range. On the other hand, the
Bi-S2 distance increases linearly with decreasing temperature at high temperatures. Then, it
7/??
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is saturated and decreases below ∼ 200 K, indicating that the bond length between the S2
and Bi atoms in the Bi-S pentahedron changes the temperature dependence below ∼ 200
K. Figure 5(e) shows the temperature dependences of the out-of-plane angles of S1-Bi-S1
and S1-Bi-S2 bonds. Both bond angles are almost independent of temperature above ∼ 200
K. However, the out-of-plane S1-Bi-S1 angle decreases with decreasing temperature below
∼ 200 K, whereas the S1-Bi-S2 angle increases. These changes in bond angles and bond
lengths around the Bi atom indicate that the relative position of the Bi atom in the Bi-S pentahedron slightly changes towards the apical S2 atom below ∼ 200 K. In the BiS2 compounds
with low carrier concentration, it was reported that a zigzag buckled basal plane is formed
in the Bi-S pentahedron.14, 30, 35) Upon electron doping, the basal plane changes into a flat
plane. In lightly doped NdO0.75 F0.25 BiS2 , the zigzag buckled basal plane is T -dependent and
its dependence becomes stronger below ∼ 200 K. Figure 5(f) shows the temperature dependence of the in-plane S1-Bi-S1 angle. The in-plane S1-Bi-S1 angle is also independent of
temperature at high temperatures. Then, the in-plane S1-Bi-S1 angle slightly decreases with
decreasing temperature below ∼ 200 K, suggesting an in-plane displacement of the S1 atom.
For NdO1−x F x BiS2 , it has been reported that there are local distortions due to charge fluctuations in the BiS2 layers.29) The sample with x = 0.2 (non-superconducting) possesses local
distortion due to the local in-plane displacement of sulfur atoms, the so-called ferrodistortive
structure.29) The behaviors of the in-plane S1-Bi-S1 angle seem to be related to the ferrodistortive structure. In other words, the S1 atoms slightly move toward the in-plane direction.
Despite the changes in the bond angles and bond lengths in the Bi-S pentahedron below
∼ 200 K, the average structure of the entire crystal maintains the tetragonal symmetry with the
space group P4/nmm. This result suggests a possibility that the displacements of Bi and S1
in the Bi-S pentahedron are related to the local distortion revealed by neutron diﬀraction.29)
Interestingly, ∆RH (T ) starts to increase gradually with decreasing temperature below ∼ 200
K. If the local distortion couples with a CDW instability, it will lead to CDW formation with
an energy gap on the FS. Thus, the CDW transition due to the periodic local distortion may
occur at x = 0.25 and 0.4. The possibility of the CDW transition in EuBiS2 F34) has been
pointed out. In EuBiS2 F, the carrier doping has been induced by the Eu valence, and the
electron doping level corresponded to x ∼0.2.34) In NdO1−x F x BiS2 , the samples with x = 0.25
and 0.4 exhibit the emergence of an energy gap and the local distortion leading to CDW
formation. It is suspected that the electron-phonon coupling constant is larger at low carrier
concentrations in the LnO1−x Fx BiS2 system.
The energy gap develops on the FS, leading to the reduction in the density of states at
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EF . Therefore, it can be expected that T c is suppressed owing to CDW formation. However,
the T c values of x = 0.25 and 0.4 are comparable to that of x = 0.5. The possibility that the
intrinsic T c may be higher than T czero and T cM for x = 0.25 and 0.4 should be considered.
3.2 La1−y Smy O0.5 F0.5 BiS2
Figure 6 shows the plot of nominal Sm concentration versus net Sm concentration in
La1−y Smy O0.5 F0.5 BiS2 , estimated using EPMA. The net Sm concentration increases monotonically with increasing nominal y and tends to be saturated above nominal y=0.6, although
the Sm concentration for y=0.5 shows a relatively large diﬀerence. The structure analyses by
X-ray diﬀraction experiments at room temperature (∼290 K) show that the crystal structure is
tetragonal with the space group P4/nmm in La1−y Smy O0.5 F0.5 BiS2 with y=0.1∼ 0.7. Figure 7
shows the Sm-doping dependences of the a-axis and c-axis lengths in La1−y Smy O0.5 F0.5 BiS2 .
The a-axis length decreases with increasing y and tends to be saturated around y = 0.5. The
c-axis length increases with increasing y and then steeply decreases above y = 0.5. The Smdoping dependence of the a-axis length at a low Sm concentration can be explained in terms
of the smaller ionic radius of Sm than that of La, which is known as a chemical pressure
eﬀect.21, 32) Such an in-plane compression by Sm doping results in vertical expansion; that
is, the c-axis length increases with increasing y below y = 0.5, although it is unclear why
the c-axis length steeply decreases above y = 0.5. The decrease in the c-axis length is so
large that it cannot be explained in terms of the diﬀerence between the nominal and net Sm
concentrations above y=0.5.
Figure 8 shows the Sm-doping dependence of T c in La1−y Smy O0.5 F0.5 BiS2 . T c is almost
constant up to y = 0.4 and steeply increases with increasing y above y = 0.5. The Smdoping dependence of T c can be understood on the basis of the so-called in-plane chemical
pressure eﬀect, as shown in Fig. 9.21) In Fig. 9, the T c data of other BiS2 materials reported by
Mizuguchi et al. are also plotted (dashed line) as a function of the in-plane chemical pressure
for comparison.21) The increase in T c above y = 0.5 is in good agreement with those reported
for other BiS2 materials. Note that the c-axis length markedly decreases in the y-range where
T c increases, suggesting that the decrease in the c-axis length may be related to the increase
in T c , in addition to the in-plane chemical pressure eﬀect.
Figure 10 shows the temperature dependence of in-plane resistivity ρ(T ) for
La1−y Smy O0.5 F0.5 BiS2 . Here, the data for various Sm concentrations are normalized by
ρ(300 K). ρ(T ) for y = 0.1 exhibits metallic behavior over the entire T -range above T c .
ρ(T ) for y = 0.2 exhibits a slight upturn below ∼ 200 K. The upturn of ρ(T ) below ∼ 200
9/??
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K becomes larger with the increase in y and less evident for y > 0.5. The typical upturn
behaviors of ρ(T ) are diﬀerent from those of NdO1−x F x BiS2 (x = 0.25 and 0.4); the temperature at which ρ(T ) of La1−y Smy O0.5 F0.5 BiS2 starts to increase is much higher than that of
NdO1−x F x BiS2 . The metallic behavior of ρ(T ) below ∼ 40 K, observed in NdO1−x F x BiS2 , was
not observed in La1−y Smy O0.5 F0.5 BiS2 except for y = 0.6. ρ(T ) for y = 0.6 shows similar
behavior to those of NdO1−x F x BiS2 (x = 0.25 and 0.4), but the anomaly is very small in comparison with those of NdO1−x F x BiS2 (x = 0.25 and 0.4). The overall temperature dependence
for y = 0.6 is considered to be metallic. Note that ρ(T ) for y = 0.2 ∼ 0.4 shows weak inflectional behaviors around 100∼150 K. The inflectional behaviors of ρ(T ) are similar to those
in lightly carrier-doped La1−x M x OBiS2 (M=Ti, Zr, Hf, and Th) reported by Yazici et al.23)
They pointed out a possibility that the inflection point could be related to a CDW instability,
although it is still unclear. Then, to further investigate the electronic states from transport
properties, we measured the in-plane Hall coeﬃcient RH (T ) and Seebeck coeﬃcient S (T ) of
La1−y Smy O0.5 F0.5 BiS2 crystals.
Figure 11 shows the RH (T ) in La1−y Smy O0.5 F0.5 BiS2 . As shown in the inset of Fig. 11,
RH (300 K) shows a systematic change as a function of Sm concentration; RH (300 K) is a positive value for y = 0.1 and decreases with increasing y, resulting in a negative value for y = 0.7.
This result means that Sm doping causes the decrease in the number of electron carriers doped
by F doping. The decrease in the carrier-doping level by Sm doping in La1−y Smy O0.5 F0.5 BiS2
is due to a deviation of the Sm valence from the trivalent state. The temperature dependence
of RH (T ) also depends on Sm doping. RH (T ) for y = 0.1 increases linearly with decreasing
temperature, whereas RH (T ) for y = 0.3 and 0.4 shows anomalous upturns around T = 200 K,
which are similar to that observed in NdO1−x F x BiS2 with x = 0.25. Note that RH (T ) becomes
T -independent for the sample with y = 0.7, which shows the highest T c in the present study
on La1−y Smy O0.5 F0.5 BiS2 . This is mainly due to the in-plane chemical pressure eﬀects.
Here, we compare RH (T ) and ρ(T ) in La1−y Smy O0.5 F0.5 BiS2 in more detail. Figure 12
shows ∆RH (T ) in La1−y Smy O0.5 F0.5 BiS2 , which is defined by ∆RH (T ) = RH (T, y) − RH (T, y =
0.1), as discussed for NdO1−x F x BiS2 . ∆RH (T ) is nearly constant at high temperatures. ∆RH (T )
for y = 0.3 and 0.4 markedly increases below ∼ 190 and ∼ 160 K, respectively. These characteristic temperatures of ∆RH (T ) for y = 0.3 and 0.4, defined as T CDW , are comparable to the
temperatures where ρ(T ) starts to increase with decreasing temperature, as in NdO1−x F x BiS2 .
T CDW for y = 0.3 and 0.4 seems to be higher than the temperatures of their inflection points in
ρ(T ). The inflection points in ρ(T ) may be related to the temperature where the gap evolution
on the FS is saturated. The results of ∆RH (T ) suggest that the upturns in ρ(T ) and RH (T ) can
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be ascribed to the formation of a gap on the FS owing to a CDW formation, as discussed for
NdO1−x F x BiS2 .
Figure 13 shows the temperature dependence of the Seebeck coeﬃcient S (T ) for
La1−y Smy O0.5 F0.5 BiS2 with y = 0.3. Roughly speaking, S (T ) is proportional to temperature
over the entire T -range. Here, we focus on the detailed temperature dependence of S (T );
S (T ) shows a small kink around ∼ 220 K and changes its slope slightly. This temperature
(∼ 220 K) is close to T CDW for y = 0.3, at which ρ(T ) and RH (T ) for y = 0.3 show upturns.
In addition, S (T ) also changes its slope around T = 60 K and decreases toward zero with
decreasing temperature. As is well known, S (T ) is generally given by
Cel 1 dζ
S (T ) = a
−
,
e
e dT
where e, Cel , and ζ are the electron charge (−1.602×10−19 C), the specific heat of one electron,
and the chemical potential of electrons, respectively. The coeﬃcient a is a factor related to
the dimensionality of the electron system. For a quasi-two-dimensional electron system in a
metal, both the first and second terms are proportional to temperature, although the second
term should be zero in the case of an ideal two-dimensional electron gas. The proportional
coeﬃcient of S (T ) is related to the density of states at the Fermi level. Generally speaking,
the Seebeck coeﬃcient is hardly aﬀected by the lattice imperfections and distortions. Thus,
the small kink around ∼ 220 K observed here reflects the intrinsic change in the electronic
states such as the formation of an energy gap on part of the FS.
It was previously found by ARPES that the electronic system in the BiS2 superconductors
has a quasi-two-dimensional FS.19, 24–27) Here, we roughly estimate the decrease in the density
of states at the Fermi level E F due to the gap opening in La1−y Smy O0.5 F0.5 BiS2 . We use the
formula of S (T ) for a two-dimensional electron gas; S (T ) ∝ Cel /e, where Cel = γT . γ is
the electronic specific heat coeﬃcient and proportional to the density of states at E F . S (T )
above ∼ 220 K is roughly proportional to temperature and its slope is −2.0 × 10−2 µV/K2 .
S (T ) below ∼ 60 K is also proportional to temperature and its slope is −1.5 × 10−2 µV/K2 .
The diﬀerence in their slopes is 0.5 × 10−2 µV/K2 , namely, 25% of that above ∼ 220 K. This
value corresponds to the decrease in the density of states at E F by the formation of a gap on
the FS. Assuming the mean-field T c in the weak coupling limit, ∆T c /T c0 = e−1/0.75 ∼ 26%,
where T c0 is the superconducting transition temperature without the decrease in the density
of states at E F owing to CDW formation. As mentioned above, T c of La1−y Smy O0.5 F0.5 BiS2
with y = 0.3 is about 2.8 K, leading to T c0 ∼ 10 K. On the other hand, in NdO1−x F x BiS2
with x = 0.25 and 0.4, the gapped area of the FS is estimated to be about 8 ∼ 11%. If we
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use similar procedures, ∆T c /T c0 for NdO1−x F x BiS2 with x = 0.25 and 0.4 can be estimated
to be ∼ 33%, where we simply assume that the decrease in the density of states at E F is
proportional to the gapped area of the FS. Then, T c0 for NdO1−x F x BiS2 (x = 0.25 and 0.4)
is ∼ 15 K. These T c0 values correspond to the highest T c in LnO1−x F x BiS2 superconductors
without CDW formation. However, the estimation of T c0 here is oversimplified. Presumably,
this T c0 corresponds to the lower limit of the highest possible T c in the LnO1−x F x BiS2 system.
4. Summary
The resistivity ρ(T) and Hall coeﬃcient RH (T) for NdO1−x F x BiS2 (x = 0.25 and 0.4)
and La1−y Smy O0.5 F0.5 BiS2 (y = 0.3 and 0.4) show anomalous temperature dependences due
to the development of an energy gap on the FS below ∼ 130 and ∼ 160 – 190 K. From
the X-ray diﬀraction analysis for NdO1−x F x BiS2 (x = 0.25), the bond angles and lengths of
the Bi-S pentahedron change their temperature dependences below ∼ 200 K, suggesting the
lattice distortion of the Bi-S pentahedron. These results suggest that the lattice instability
related to the Bi-S pentahedron below ∼ 200 K triggers a CDW transition at lower temperatures. It should be considered that the intrinsic T c of NdO1−x F x BiS2 (x = 0.25 and 0.4) and
La1−y Smy O0.5 F0.5 BiS2 will be much higher than the observed T c .
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Results of EPMA composition analyses and site occupancies normalized by the value at the Nd site

Table I.

in NdO1−x F x BiS2 .
Nominal fluorine

Nd

Bi

concentration x
x = 0.25

Results of EPMA

1.05±0.02

1.01±0.07

1.00

1.00

1.04±0.05

0.96±0.05

1.00

0.97

1.03±0.06

0.95±0.03

1.00

1.00

Normalized site occupancy
x = 0.4

Results of EPMA
Normalized site occupancy

x = 0.5

Results of EPMA
Normalized site occupancy

Table II.

S2

(in-plane)

(out-of-plane)

1.07

1.00

1.06

1.02

1.00

1.13

Details of structure refinements from ∼ 120 to ∼ 290 K in NdO0.75 F0.25 BiS2 .
Parameters

Minimum and maximum values
10.81 ∼ 11.44

Reflection/Parameter ratio
Residuals : R1(I > 2.00σ(I))

0.0454 ∼ 0.0610

Residuals : wR2(All reflections)

0.1304 ∼ 0.1728
1.022 ∼ 1.291

Goodness-of-fit indicator

Fig. 1.

S1

(Color online) a-axis and c-axis lengths plotted as functions of nominal fluorine concentration x (red

solid circles and blue solid hexagons from this work and dotted line from Ref. 4). Also shown are the c-axis
length plotted as a function of net x, from Refs. 16 (green open circles), 17 (black open hexagons), and 27
(purple open squares). The red dashed line is a guide to the eyes.
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(Color online) Temperature dependences of (a) magnetic susceptibility and (b) resistivity ρ(T ) along

the ab-plane from 2 to 10 K. The red pentagon, blue hexagon, and green rhombus represent the data for x = 0.25,
0.4, and 0.5, respectively. The arrows in the inset represent T cM for x = 0.25 (red pentagon), 0.4 (blue hexagon),
and 0.5 (green rhombus).

Fig. 3.

(Color online) (a) Temperature dependence of resistivity ρ(T ) along ab-plane from 2 to 300 K. (b)

Temperature dependence of Hall coeﬃcient RH (T ) measured under a magnetic field of 5 T applied along the
c-axis. The red pentagon, blue hexagon, and green rhombus represent the data for x = 0.25, 0.4, and 0.5,
respectively.
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(Color online) (a) Temperature dependence of resistivity ρ(T ) normalized by ρ(150 K). The inset is an

enlargement of the normalized data from 20 to 200 K. (b) Temperature dependence of ∆RH (T ). Here, ∆RH (T )
is defined by RH (T, x) − RH (T, x = 0.5). The broken lines are fitted to the data below ∼ 130 K and above ∼ 200
K, respectively. The black broken line is a guide to the eyes.
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(Color online) Temperature dependences of (a) a-axis length and (b) c-axis length for

NdO0.75 F0.25 BiS2 . (c) Schematic crystal structures of NdO1−x F x BiS2 and Bi-S pentahedron. (d) Temperature
dependences of the Bi-S1 and Bi-S2 distances, where S1 and S2 represent the in-plane and out-of-plane sulfur,
respectively. (e) Temperature dependences of the S1-Bi-S2 bond angle (blue rhombi, left axis) and the out-ofplane S1-Bi-S1 bond angle (red circles, right axis). Here, we define two types of bond angles measured along
diﬀerent directions. One is the in-plane S1-Bi-S1 bond angle and the other is the out-of-plane S1-Bi-S1 bond
angle. (f) Temperature dependence of the in-plane S1-Bi-S1 bond angle. The broken lines are the guides to the
eyes.

Fig. 6.

(Color

online)

Plot

of

nominal

Sm

concentration

versus

net

Sm

concentration

in

La1−y Smy O0.5 F0.5 BiS2 . The Sm concentration is estimated using EPMA. The dashed line is a guide to
the eyes.

19/??

J. Phys. Soc. Jpn.

Fig. 7.

SPECIAL TOPICS

(Color online) Sm-doping dependence of a-axis and c-axis lengths at ∼290 K in

La1−y Smy O0.5 F0.5 BiS2 . The closed circles and squares are a-axis and c-axis lengths, respectively. The
broken lines are guides to the eyes.

Fig. 8.

Fig. 9.

Sm-doping dependence of T c in La1−y Smy O0.5 F0.5 BiS2 . The broken line is a guide to the eyes.

T c plotted as a function of in-plane chemical pressure in La1−y Smy O0.5 F0.5 BiS2 . The dashed line rep-

resents T c reported by Mizuguchi et al.21)
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(Color online) Temperature dependence of resistivity ρ(T ) normalized by ρ(300 K) along the ab-

plane in La1−y Smy O0.5 F0.5 BiS2 with various Sm concentrations. The data are represented by red solid circles
(y = 0.1), blue open circles (0.2), yellow solid squares (0.3), green open squares (0.4), and black open rhombi
(0.5).

Fig. 11.

(Color online) Temperature dependence of Hall coeﬃcient RH (T ) in La1−y Smy O0.5 F0.5 BiS2 with vari-

ous Sm concentrations, measured under a magnetic field of 5 T applied along the c-axis. The data are represented
by red solid circles (y = 0.1), yellow solid squares (0.3), green open squares (0.4), and black solid rhombi (0.7).
The inset shows the Sm-doping dependence of RH (300K).
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(Color online) Temperature dependence of ∆RH (T ) in La1−y Smy O0.5 F0.5 BiS2 . ∆RH (T ) is defined as

RH (T, y) − RH (T, y = 0.1). The broken lines are fitted to the linear parts of the data.

Fig. 13.

(Color online) Temperature dependence of Seebeck coeﬃcient S (T ) in La1−y Smy O0.5 F0.5 BiS2 with

y = 0.3. The solid and broken lines, which cross the origin, are fitted to the data at low and high temperature.
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