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a b s t r a c t

“F-free” CeOBiS2 single crystals have successfully grown, thoroughly eliminating a concern about F-
contamination by using a high-purity CsCl flux. The obtained crystals have a plate-like shape with a size
of 1.0e3.0 mm in the well-developed plane. Single crystal X-ray structural analysis clearly revealed that
the CeOBiS2 crystallizes with a space group P4/nmm (with lattice parameters of a ¼ 4.0189 (6) Å,
c ¼ 13.573 (2) Å). The bond valence sum estimation and X-ray photoelectron spectroscopy analysis
showed that the chemical state of Ce was in the mixed valence of Ce3þ and Ce4þ. The single crystals show
superconductivity with zero resistivity at ~1.3 K. This is the first conclusive evidence of superconductivity
driven by Ce valence fluctuation in surely non-doped CeOBiS2. The superconducting transition tem-
perature was enhanced up to ~3.8 K by applying hydrostatic pressure.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

In a development of materials science, it is important to pre-
pare a series compound whose physical properties can be
continuously controlled without changing its basic structure.
Recently discovered BiS2-based layered superconductors, R (O,F)
BiS2 (R: La, Ce, Pr, Nd, Yb) [1e5], are a kind of such compound
family. These compounds are also categorized as “mixed-anion”
materials, and are paid attention as a candidate for next genera-
tion functional materials, such as optoelectronic material [6],
thermoelectric material [7,8], monolayer application [9], and so
on. When the O atoms are substituted by F atoms, the parent
material of ROBiS2 continuously varies its physical properties,
then it shows superconductivity. The compounds have layered
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structure which is composed of superconducting BiS2 layers and
charge reservoir RO layers, similar to which is found in the Fe-
based superconductors, Rn(O,F)FeAs (Rn: rare earth elements)
[10,11]. Many BiS2-based superconducting materials have been
developed by modifying the building blocks, for example, Bi(O,F)
BiS2 [12,13], La(O,F)BiCh2 (Ch ¼ S, Se) [14,15].

Ce(O,F)BiS2 is one of the material series in the BiS2-based su-
perconductors family. It has been reported to show curious phe-
nomenon like a coexistence of magnetic ordering with
superconductivity [16,17]. In order to understand the super-
conducting nature of this material series, it is important to evaluate
the fundamental properties of parent compound, CeOBiS2.

For such a purpose, a usage of the single crystals is definitely
helpful. It brings us a lot of valuable information such as precise
crystal structure [18e21], superconducting anisotropy [22], high
pressure effect on uniaxial compression [23,24], and so on. The
single crystals of BiS2-based compounds can be prepared by using a
conventional alkali metal chloride flux method [25e29], and
CeOBiS2 also has been prepared [30,31]. However, the reported
results were controversial, an article showed that the CeOBiS2
shows superconductivity without fluorine doping [30], on the other



Fig. 1. SEM image of CeOBiS2 single crystals.

M. Tanaka et al. / Journal of Alloys and Compounds 722 (2017) 467e473468
hand, the other article had reported nonmetallic behavior of re-
sistivity in CeOBiS2 [31].

The controversial results might be attributed to a small amount
of fluorine contamination from the flux material. Because typical
CsCl chemical reagent had been confirmed to contain F elements by
ion chromatography analysis [30]. It is necessary to prepare CeO-
BiS2 which is thoroughly eliminated the concern about F-contam-
ination. In this study, we have successfully grown such “F-free”
CeOBiS2 single crystals by using a high-purity CsCl flux. The single
crystals are characterized by means of X-ray structural analysis and
X-ray photoelectron spectroscopy (XPS), then the superconducti-
vity under high pressure as well as ambient pressure is discussed
regarding the valence state of Ce. This is a part of studies to un-
derstand puzzles behind the superconductivity of the BiS2-based
compound family.

2. Experimental

2.1. Preparation of single crystals

Single crystals of CeOBiS2 were grown by similar way to the
previous studies by using an alkali metal flux method [19,26].
Powders of Ce2S3 (99.9 wt%), Bi2S3 (99.9 wt%), Bi2O3 (99.9 wt%)
were mixed with the nominal composition of CeOBiS2. The starting
powders of 0.8 g were mixed with 5 g of high purity CsCl flux
(Strem Chemicals, 99.999 wt%), and it was sealed in an evacuated
quartz tube. The quartz tube was heated at 950 �C for 10 h, followed
by cooling to 650 �C at a rate of 1 �C/h, then the sample was cooled
down to room temperature in the furnace. The obtained materials
were washed and filtered by distilled water in order to remove the
flux materials. In the case of “F-doped” crystals, BiF3 powder was
added to the starting materials as a fluorine source with a flux of
CsCl/KCl [19].

2.2. Characterization

Single crystal X-ray structural analysis was carried out using a
Rigaku Mercury CCD diffractometer with graphite monochromated
MoKa radiation (l ¼ 0.71072 Å) (Rigaku, XtaLABmini). The crystal
structure was solved and refined by using the program SHELXT and
SHELXL [32,33], respectively, in the WinGX software package [34].
The compositional ratio of the single crystals was evaluated by
electron probe microanalysis (EPMA) associated with the obser-
vation of the microstructure by using scanning electronmicroscopy
(SEM) (JEOL, JXA-8200).

Chemical states of the component were estimated by XPS
analysis using AXIS-ULTRA DLD (Shimadzu/Kratos) with AlKa X-ray
radiation (hn ¼ 1486.6 eV), operating under a pressure of the order
of 10�9 Torr. The sample single crystals were cleaved before the
measurement. The analyzed area was approximately 1 � 1 mm2.
The background signals were subtracted by using an active Shirley
method on COMPRO software [35]. The photoelectron peaks were
analyzed by the pseudo-Voigt functions peak fitting.

The temperature dependence of resistivity at ambient pressure
was measured by physical property measurement system (PPMS,
Quantum Design) with an adiabatic demagnetization refrigerator
(ADR) option. The temperature dependence of magnetization was
measured by a superconducting quantum interference device
(SQUID) magnetometer (MPMS, Quantum Design) under zero-field
cooling (ZFC) and field cooling (FC) with an applied field of
H ¼ 10 Oe parallel to the c-axis of single crystals. Piston cylinder
type high pressure cell was used in PPMS for measurement of re-
sistivity under hydrostatic pressure by using Fluorinert 70/77 as a
pressure medium. The pressure values were estimated from
superconducting transition temperature (Tc) of Pb manometer.
3. Results and discussion

3.1. Single crystal growth of “F-free” CeOBiS2

In an attempt to obtain the “F-free” CeOBiS2 single crystals, a
high purity CsCl was employed for the flux material. The inclusion
of F atoms in the flux was confirmed to less than 6.53 � 10�4 mol%
by ion chromatography. Fig. 1 shows a typical SEM image for
CeOBiS2 single crystals, demonstrating a plate-like shape with
1.0e3.0 mm in size and ~100 mm in thickness. Ce, O, Bi, S elements
were detected in this sample by qualitative analysis of EPMA. The
averaged compositional ratio was estimated to be
Ce:O:Bi:S ¼ 1.00 ± 0.10:1.06 ± 0.10:1.01 ± 0.05:2, in which the ratio
was based on S ¼ 2. It is in good agreement with the nominal
composition within the error, suggesting that the single crystals
have a composition of CeOBiS2.

On the other hand, “F-doped” CeOBiS2 crystals were also syn-
thesized for a comparison in the similar synthesizing way [19]. The
compositional ratio of the “F-doped” crystals was estimated to be
Ce(O0.73F0.27)BiS2 by EPMA. Hereafter, we call the “F-free” CeOBiS2
and “F-doped” Ce(O0.73F0.27)BiS2 crystals for CeOBiS2 and Ce(O,F)
BiS2, respectively.
3.2. Single crystal structural analysis of CeOBiS2 and Ce(O,F)BiS2

Single crystal X-ray structural analyses of the CeOBiS2 and
Ce(O,F)BiS2 were successfully performed. Details of the analysis and
crystallographic parameters are listed in Tables 1 and 2. The
refinement for CeOBiS2 and Ce(O,F)BiS2 was converged to the R1
values of 6.47% and 7.79% for I � 2s(I), respectively, for 16 variables
including anisotropic displacement parameters. Both compounds
crystallize with space group P4/nmm, and they have lattice pa-
rameters of a ¼ 4.0189 (6) Å, c ¼ 13.573 (2) Å for CeOBiS2, and
a ¼ 4.0321 (6) Å, c ¼ 13.356 (3) Å for Ce(O,F)BiS2. All atoms were
located at special positions and their anisotropic displacement
parameters were all positive with similar values, appearing physi-
cally reasonable. The refined occupancy of Bi is slightly smaller than
1.0, although those of the other elements were refined to be unity
within the error. This fact may be attributed to existence of small
deficiency in Bi site similar to that found in the other BiCh2-based
compound [18,20,36]. The final refinement in CeOBiS2 was per-
formed with fixed the occupancies of Ce, S, and O to 1.0. Since the
occupancy refinement of O and F in Ce(O,F)BiS2 did not converge



Table 1
Atomic coordinates, atomic displacement parameters (Å2), and bond valence sum (BVS) for the CeOBiS2 and Ce(O,F)BiS2.

Site Wyck. S.O.F x/a y/b z/c U11 U22 U33 Ueq BVS

CeOBiS2
Ce 2c 1.0 1/4 1/4 0.0925 (2) 0.0029 (7) 0.0029 (7) 0.0211 (13) 0.0089 (6) þ3.19
Bi 2c 0.958 (9) 3/4 3/4 0.37319 (10) 0.0112 (6) 0.0112 (6) 0.0113 (8) 0.0112 (5) þ2.96
S1 2c 1.0 3/4 3/4 0.1880 (6) 0.010 (3) 0.010 (3) 0.009 (4) 0.009 (2) �2.10
S2 2c 1.0 1/4 1/4 0.3783 (7) 0.010 (3) 0.010 (3) 0.030 (5) 0.017 (2) �1.84
O 2a 1.0 3/4 1/4 0 0.002 (7) 0.002 (7) 0.023 (13) 0.009 (4) �2.22

Ce(O,F)BiS2
Ce 2c 1.0 1/4 1/4 0.0990 (2) 0.0084 (8) 0.0084 (8) 0.0164 (14) 0.01107 (8) þ2.93
Bi 2c 0.962 (11) 3/4 3/4 0.37679 (12) 0.0107 (7) 0.0107 (7) 0.0128 (9) 0.0114 (6) þ2.84
S1 2c 1.0 3/4 3/4 0.1880 (6) 0.007 (2) 0.007 (2) 0.014 (4) 0.009 (2) �2.13
S2 2c 1.0 1/4 1/4 0.3783 (7) 0.011 (3) 0.011 (3) 0.036 (6) 0.020 (2) �1.80
O/F 2a 0.73/0.27(Fix) 3/4 1/4 0 0.010 (6) 0.010 (6) 0.013 (12) 0.011 (5) �1.84

Note: U12, U13 and U23 are 0, and Ueq is defined as one-third of the trace of the orthogonalized U tensor.

Table 2
Crystallographic data for the CeOBiS2 and Ce(O,F)BiS2.

Structural formula Ce2O2Bi1.92S4 Ce2(O1.46F0.54)Bi1.92S4
Formula weight 840.89 844.18
Crystal dimensions (mm) 0.05 � 0.04 x 0.01 0.11 � 0.08 x 0.03
Crystal shape Platelet Platelet
Crystal system Tetragonal Tetragonal
Space group P4/nmm (No. 129) P4/nmm (No.129)
a (Å) 4.0189 (6) 4.0321 (6)
c (Å) 13.573 (2) 13.356 (3)
V (Å3) 219.23 (7) 217.14 (8)
Z 1 1
dcalc (g/cm3) 6.369 6.456
Temperature (K) 293 293
l MoKa (Å) 0.71073 0.71073
m (mm�1) 49.406 50.048
Absorption correction Empirical Empirical
qmax (�) 32.581 32.642
Index ranges �5 < h < 6, �5 < k < 6, �20 < l < 19 �5 < h < 6, �5 < k < 6, �20 < l < 19
Total reflections 2635 2547
Unique reflections 289 284
Observed [I � 2s(І)] 207 256
Rint for all reflections 0.270 0.329
No. of variables 16 16
R1/wR2 [I � 2s(І)] 0.0647/0.1331 0.0779/0.2043
R1/wR2 (all data) 0.0862/0.1404 0.0817/0.2066
GOF on Fo

2 0.879 1.063
Max./Min. residual density (e�/Å3) 4.03/�8.53 12.28/�5.52
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under constrain of Occ.(O)þOcc.(F)¼ 1, the occupancies were fixed
to the EPMA-estimated values of Occ.(O) ¼ 0.73, Occ.(F) ¼ 0.27 in
the final refinement. It is necessary to mention about large residual
peaks/holes around Bi and Ce sites. These large residual densities
are attributed to disagreeable reflections due to the stacking fault,
which frequently occurs in layer structured compounds, and/or the
local disorder of Bi/Ce-sites in its crystal structure those found in
the similar BiCh2 compounds [20].

A schematic illustration of the crystal structure of CeOBiS2 is
shown in Fig. 2(a). The crystal has an alternate stacking of BiS2 and
CeO layers, isostructural with those reported in the other BiCh2-
based compounds [1,18,20,21,37]. Some selected bonding dis-
tances and angles are given in Fig. 2(b) as the thermal ellipsoids
representation and in Table 3. Bi atoms are bonded with S atoms in
three kinds such as Bi-S1, inter-plane Bi-S2, and intra-plane Bi-S2
bondings. The interatomic distance of intra-plane Bi-S2 is much
shorter and longer than that of inter-plane Bi-S2 (3.373 (10) Å) and
Bi-S1 (2.514 (8) Å), respectively, with similar tendency to the
BiCh2-based compounds [18e21]. The intra-plane S2-Bi-S2 angle
in the CeOBiS2 crystals is 177.204 (3)�. The Bi-S plane is less dis-
torted compare to the Bi-Ch plane in the other F-doped BiCh2-
based compounds [18,20,21]. As seen from Table 3, the Bi-S plane
in Ce(O,F)BiS2 is 179.630 (3)�, which is flatter than that of CeOBiS2.
The F-doping to the blocking layers in La(O,F)BiS2 increases the
flatness in Bi-S plane, then stabilizes the crystal structure [18]. The
carrier numbers in the blocking layers may optimize the Bi-S
plane. Namely, the corrugation adjustment in the Bi-S plane
seems to be driven by the charge transfer between Bi-S plane and
the blocking layers. In the case of this study, valence fluctuant Ce
atoms would change its valence state with the structural
optimization.

Bond valence sum's (BVS's) for CeOBiS2 and Ce(O,F)BiS2 were
estimated from the observed bond distances and the BVS param-
eters (r0 and B values) of nominal valence Ce3þ, Bi3þ, S2�, O2�, F1�

provided by Brown [38]. The BVS values are also listed in Table 1.
According to the refined composition of CeOBi0.96S2 in the “F-free”
crystal, the nominal valence summation is �0.12. The charge
neutrality should be kept by modification in the valence states of
the cations, Ce and Bi. Note that the BVS of Bi was estimated to be
nearly þ3, (þ2.96). On the other hand, BVS of Ce was estimated to
be þ3.19, indicating the charge neutrality is conserved by the ex-
istence of mixed valence state of Ce3þ and Ce4þ, although that of
Ce(O,F)BiS2 is þ2.93 implying the nearly single valence state of
Ce3þ.



Fig. 2. (a) Schematic illustration of the crystal structure of CeOBiS2. (b) Thermal ellipsoids representation of CeOBiS2 with the selected bonding distances and angles. Displacement
ellipsoids are drawn at an 80% probability level.
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3.3. Valence states of Ce in CeOBiS2 and Ce(O,F)BiS2 single crystals

XPS analysis was carried out to investigate the chemical states of
Ce in the both single crystals of CeOBiS2 and Ce(O,F)BiS2. The XPS
spectrum of the Ce 3d in CeOBiS2 is shown in the lower line of Fig. 3.
It is clearly seen that there is a single peak at 916.6 eV (u'''). It has
been reported that it is associated to the Ce 3d3/2 and a character-
istic feature of a presence of tetravalent Ce ions (Ce4þ) in Ce com-
pounds [39], implying that the chemical state of Ce atoms in the
single crystals is in amixed valence state of Ce4þ and Ce3þ. Since the
signal of the Ce 3d level has a very complicated satellite structure,
the peaks were labeled v and u according to the method firstly
established by Burroughs et al. [40]. The two multiplets v and u
corresponds to the spin-orbit splitting of 3d5/2 and 3d3/2 core holes,
respectively. In this notation, the corresponding spin-orbit splitting
is indicated by the same superscript of v. The peak positions of Ce4þ

and Ce3þ were firstly determined frommeasurements for standard
materials of CeO2 and Ce2S3, respectively. The v series of peaks
correspond to a mixing configuration of v: Ce(IV)(3d94f2) O (2p4),
v'': Ce(IV)(3d94f1) O (2p5) and v''': Ce(IV)(3d94f0) O (2p6) final states
in Ce4þ, and v0: Ce(III)(3d94f2) O (2p5) and v': Ce(III)(4d94f1) O (2p6)
final states in Ce3þ. The same assignments could be also applied to
the u series of peaks. Therefore, ten peaks in total corresponding to
Table 3
Selected bond lengths (Å) and angles (�) of the CeOBiS2 and Ce(O,F)BiS2 single
crystals.

CeOBiS2 Ce(O,F)BiS2

Distance (Å)
Ce-O(F) � 4 2.3694 (11) 2.4107 (14)
Ce-S1 � 4 3.124 (4) 3.082 (4)
Bi-S1 2.514 (8) 2.540 (10)
Bi-S2 [inter-plane] 3.373 (10) 3.300 (14)
Bi-S2 [intra-plane] � 4 2.8426 (4) 2.8511 (3)
Angle (�)
Ce-O(F)-Ce 116.006 (3) 113.503 (3)
Ce-S1-Ce 80.083 (2) 81.707 (2)
S1-Bi-S2 91.40 (5) 89.8 (2)
S2-Bi-S2 [inter-plane] 89.966 (2) 90.2 (2)
S2-Bi-S2 [intra-plane] 177.204 (3) 179.630 (3)
the pairs of spin-orbit doublets can be identified in the Ce 3d5/2,3/2
spectrum, namely the spectrum is composed of the peaks of Ce(III)
(v0 þ v' þ u0 þ u') and Ce(IV) (v þ v'' þ v''' þ u þ u'' þ u'''). These
results are in good agreement with the other XPS results in mixed
valence Ce compounds [39,41]. The area ratio of the fitted peaks of
Ce3þ to that of Ce4þ was estimated to be about 25:6, suggesting the
average valence of Ce is Ce3.19þ. This value is identical to the result
of BVS estimation from the X-ray structural analysis.

The XPS result of Ce(O,F)BiS2 is also shown in the upper line of
Fig. 3. Note that the u''' peak, which is a fingerprint of Ce4þ, hardly
observed in the spectrum. The Ce4þ valence state seems to disap-
pear after the F-doping. The average Ce valencewas estimated to be
Ce3.04þ from this measurement. This valence number is also in good
agreement with the BVS estimation, and it indicates that the Ce
valence no longer fluctuates in the F-doped crystals. These valence
states may change the orbital overlapping in the BiS2 plane due to
the corrugation adjustment, and affect to the physical properties
taking into account the in-plane chemical pressure effect of BiCh2-
based compounds [42].
Fig. 3. Ce 3d5/2,3/2 XPS spectra and the fitted curves for CeOBiS2 (lower line) and
Ce(O,F)BiS2 (upper line) single crystals.



Fig. 5. Temperature dependence of resistivity of CeOBiS2 single crystals under various
pressure.
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3.4. Superconductivity in CeOBiS2 and Ce(O,F)BiS2 single crystals

Fig. 4 shows the temperature dependence of resistivity and
magnetization for the single crystals of CeOBiS2 and Ce(O,F)BiS2.
CeOBiS2 clearly showed zero-resistivity around Tc

zero ~1.3 K, sug-
gesting that the “F-free” CeOBiS2 shows superconductivity due to
charge transfer from Ce valence fluctuation as speculated in
Ref. [30].

The Tc
zero of Ce(O,F)BiS2 was ~3.1 K, and the corresponding

Meissner signal was also observed in the magnetization measure-
ment down until 2.0 K (inset of Fig. 4). On the other hand, a mag-
netic anomaly around ~6 K has separately appeared, while the
superconducting CeOBiS2 did not show any magnetic behavior
down to 2.0 K. Similar magnetic anomaly has been reported both in
the single crystals and polycrystalline samples [2,5,16,17,19]. This
magnetic anomaly has previously been reported as a coexistence of
magnetic ordering and superconductivity [16,17]. However, the
anomaly was also observed in SbS2-based compound, Ce(O,F)SbS2,
which does not show superconductivity [41]. These facts imply that
themagnetic anomaly is independent of the superconductivity, and
it is caused by the common structure of Ce(O,F) layers, different
from the superconducting BiS2 layers. The appearance of anomaly
in Ce(O,F)BiS2 is attributed to originate from the valence modifi-
cation in Ce atoms to Ce3þ-rich state by the F substitution.
3.5. High pressure effect on the superconductivity in CeOBiS2

Tc in the BiS2-based compounds is known as pressure sensitive
[43,44]. The CeOBiS2 is also expected to change its superconducting
property under a high pressure of several GPa. Fig. 5 shows the
temperature dependence of resistivity under various pressure. The
resistivity shows a broad hump-like behavior around ~100 K at
ambient pressure. With increase of the applied pressure, the re-
sistivity at room temperature tends to decrease. And the hump-like
behavior was drastically suppressed above a pressure of 1.3 GPa,
and then the resistivity starts to show metallic-like behavior. This
tendency is similar to the result in the other BiS2-based compound,
EuFBiS2, which also include a valence fluctuant Eu [45]. Although
themechanism of hump-like behavior and the reasonwhy pressure
can suppress it are unclear, the analogy is interesting.

Fig. 6 shows an enlargement scale of the resistivity under
pressure together with that was measured by ADR at ambient
Fig. 4. Temperature dependence of resistivity for the single crystals of CeOBiS2 and
Ce(O,F)BiS2. The inset shows temperature dependence of magnetic susceptibility in
zero-field cooling (ZFC) and field cooling (FC) mode. The magnetic field of 10 Oe was
applied parallel to c-axis.
pressure (right hand side axis, the same data with Fig. 4). The onset
Tc (Tconset) was determined to the temperature at 95% of resistivity
value at 10 K, and it was enhanced by applying pressure. It reaches
to the maximum value of ~3.8 K, and zero-resistivity temperature
(Tczero) was 3.2 K at a pressure of 1.62 GPa. After releasing the
applied pressure, the Tc returned back to the initial value of less
than 2.0 K, and the large normal resistivity and hump-like behavior
also resurfaced. Interestingly, the highest Tconset and Tc

zero are almost
the same with those of F-doped single crystals as shown in Fig. 4.
The carriers for superconductivity in CeOBiS2 should be come from
the mixed valence of Ce, because there is no dopant. Since the
average valence of Ce was estimated to be Ce3.19þ from XPS mea-
surement, 0.19 electron carriers are excess from the charge
neutrality in the blocking layers. Then it would be doped to the BiS2
layers per Ce atom. On the other hand, the BiS2 layer in F-doped
crystal contains 0.27 electron carriers from substituted F of ~0.27
per CeO unit according to the EPMA estimation. These results
suggest that the total carrier number is comparable to each other.
There still remains a question why the Tc of the CeOBiS2 at ambient
pressure is only 1.5 K, which is considerably lower than that of
Ce(O,F)BiS2. It might be attributed to the effective carrier numbers
in BiS2 plane. The BiS2 layer in CeOBiS2 is little bit corrugated
compare to that is in Ce(O,F)BiS2. When the external pressure was
applied, the corrugation in the BiS2 layers would be expected to be
Fig. 6. Enlarged scale of the temperature dependence of resistivity of CeOBiS2 single
crystals under various pressure. The right-hand side axis is used for the ambient one
measured by using ADR option of PPMS (the same data with Fig. 4).



Fig. 7. Temperature dependence of resistivity of CeOBiS2 single crystals at a pressure of
1.62 GPa under various magnetic field in (a) H//ab, and (b) H//c.

Fig. 8. Temperature dependence of upper critical field Hc2(T) of the single crystals of
CeOBiS2. The dotted line shows WHH approximation to estimate Hc2(0).
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flatter than that is in ambient pressure. This results in increase of
the effective carrier number contributed to the conduction nature.
In other words, the carrier number in BiS2 layers would be
increased by applying pressure. It is reasonable that the comparable
Tc's of CeOBiS2 under high pressure and Ce(O,F)BiS2 are attributed
to the total effective carrier numbers in the individual crystals.

The resistivity at 1.62 GPa was measured under various mag-
netic fields along the c-axis (H//c) and the ab-plane (H//ab) as
shown in Fig. 7(a) and (b), respectively. The superconductivity is
significantly suppressed with increasing field in both directions.
Fig. 8 shows the temperature dependence of the upper critical
field (Hc2(T)), which was plotted from the values of Tconset in Fig. 7.
The Hc2(0) in H//c and H//ab were estimated to be Hc2

//c (0) ¼
3240 Oe and Hc2

//ab (0) ¼ 7400 Oe, respectively, from the
Werthamer-Helfand-Hohenberg (WHH) approximation for the
Type II superconductor in a dirty limit [46]. The superconducting
anisotropic parameter g¼Hc2

//ab (0)/Hc2
//c (0) is determined to be 2.3.

The g of Ce(O,F)BiS2 was reported to 11e21 [26,47]. In case of
La(O,F)BiS2, the anisotropic parameter varies from 23 to 45
depending on its fluorine content [47]. g ¼ 2.3 determined in this
study is quite less anisotropic compare to that of the other BiS2-
based superconducting materials. The quite small anisotropy in
the crystals might be reflected from the electronic structure.
Further investigation is required.
4. Conclusion

F-free CeOBiS2 single crystals were successfully grown using a
high-purity CsCl flux. The crystal structure of CeOBiS2 crystals was
determined to have tetragonal crystal system with a space group
P4/nmm (lattice parameters of a ¼ 4.0189 (6) Å, c ¼ 13.573 (2) Å).
The BVS estimation and XPS analysis showed that the chemical
state of Ce was in the mixed valence of Ce3þ and Ce4þ. The single
crystals show superconductivity with zero resistivity at ~1.3 K
under ambient pressure. The onset temperature of super-
conducting transition was enhanced up to ~3.8 K by applying hy-
drostatic pressure. The superconducting anisotropic parameter was
determined to be 2.3 from its upper critical magnetic field. The less
anisotropic character in the compoundwill be expected to reveal by
means of some electronic structural studies such as ab-initio cal-
culations, and/or angle-resolved photoemission spectroscopy.
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