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Abstract: Perovskite-type structures (ABQO;) have received
significant attention because of their crystallographic aspects
and physical properties, but there has been no clear evidence of
a superconductor with a double-perovskite-type structure,
whose different elements occupy A and/or B sites in ordered
ways. In this report, hydrothermal synthesis at 220 °C produced
a new superconductor with an A-site-ordered double perov-
skite structure, (Nay,sK45)(Ba;p);(Big)sO with a maxi-
mum T, of about 27 K.

The perovskite structure, ABO;, and its derivatives have
received significant attention because the structure can
accommodate various metals with a wide range of valence
and ionic radii. This has increased interest in the crystallo-
graphic aspects and physical properties of the perovskite
structures. However, there is no clear evidence of a super-
conductor with a double-perovskite-type structure, whose
different elements occupy A and/or B sites in ordered ways.
After the cuprates, the fabrication of a perovskite super-
conductor family with the next highest transition temperature
(T.) is based on the bismuthates, BaBiO5.["l Superconductivity
was first discovered in the perovskite-type BaPb, Bi,O; by
Sleight et. al. in 1975; it had a maximum T, near 13 K. After
that, by doping the semiconductive BaBiO; with K at the Ba
sites, a new superconducting system, Ba, K ,BiO; (BKBO),
which showed a higher 7, (near 30 K), was reported by Cava
et. al. and Matheiss et. al.*! Moreover, the electronic proper-
ties of BKBO have been studied extensively to investigate
metallicity at ambient conditions by several authors.[®l
BaBiOj; is a semiconductor and crystallizes in a monoclinic
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distorted order as a perovskite structure,!l where the BiOg
octahedra are tilted at a lower angle, in contrast to the 180°
orientation in the perfect structure. Substituting K, Pb, and Sr
atoms in the BaBiO; compound to form Ba, K BiO;, Ba,.
Pb,O;, and Sr, K, BiO; causes a symmetry change, as well as
the appearance of superconductivity. The noncuprate super-
conductor, BKBO, has a simple perovskite-type structure in
which the A sites are occupied by K* and Ba®>" ions and the
B sites are occupied by bismuth ions in mixed valence states
with a BiOg4 octahedron. A superconductive perovskite-type
oxide (Bay;sK1,Hy1;)BiOsnH,0, with T,=8 K, fabricated
by hydrothermal synthesis at 180°C has previously been
reported.”’) The crystal structure of this reported compound
was determined to be double perovskite whose A site has two
crystallographic sites: 2a and 6b. The 2a site is randomly
occupied by a K atom and an H,O molecule, and 6b is fully
occupied by a Ba atom. A Bi atom occupies one of the lattice
sites (8¢), with the BiOg4 octahedra being slightly tilted at the
corner. However, its superconductivity remains obscure, as
the volume fraction of this compound can be estimated to be
less than 1%. There is another report on the hydrothermal
synthesis of a double perovskite with the structure Ba, K Bi;.
,Na,0,.""l However, no crystal structural refinement was
performed; it also does not show any superconducting
transition, even at temperatures as low as 2 K. Therefore,
detailed investigation is necessary to understand the effect of
the synthesis conditions and crystal structures on the emer-
gence of superconductivity in Bi-based double perovskite
oxides.

Herein, we show a novel A-site-ordered superconductive
double perovskite bismuthate, (Nag,5K45)(Bay g0)3(Bi; 00)4O12,
with a higher 7, (ca. 27 K); the compound was synthesized
through a low-temperature hydrothermal method using
NaBiO;-nH,0, Ba(OH),-8 H,0, and KOH as starting materi-
als. The crystal structure of this compound was determined
and is shown in Figure 1. The A’ site is randomly occupied by
a vacancy and both Na and K atoms, whereas the A" site is
occupied by Ba. A Bi atom fully occupies the B site and forms
the network of corner-sharing BiO4 octahedra. This report
reveals the hydrothermal synthesis, magnetic and transport
properties, crystal structure, and thermal behavior, as well as
predicting the electronic band structure of this novel A-site-
ordered double perovskite oxide, with a superconducting
transition temperature up to 27 K.

XRD analysis of all the compounds synthesized using the
five different molar ratios of Ba/Bi (1.00, 1.25, 1.50, 1.75, and
2.00) in the starting materials gave similar major peaks. The
typical X-ray powder diffraction pattern of the hydrother-
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Octahedron

Figure 1. Crystal structure of AA”;B,O,,-type perovskite. The spheres
at the A’ site are for Na/K and for Ba atoms at the A” site; they also
indicate their respective positions. A network of corner-sharing BiOs
octahedra is shown, with oxygen atoms are in the corner of octahedra.

mally synthesized products shows the peaks indexed with
a cubic cell of a=8.550 (2) A with the space group Im3m
(Supporting Information, Figure S1). Two small unknown
impurity peaks between 26° and 28° were found for all the
synthesized products.

The results of chemical analysis show that an increase in
the Ba/Bi molar ratio of the starting materials increases
the ratio of Ba/Bi in the final products from 0.87 to 1.24
(Table S1). The ratio of Na/Bi slightly increases from
0.08 to 0.11 as the Ba/Bi ratio increases; however, the
K/Bi ratio slightly decreases from 0.15 to 0.13 when the
Ba/Bi molar ratio is increased. Thus, we cannot deny
the possibility that Na and/or K occupy not only the
A site, but also the B site, especially for synthesized
products from higher Ba/Bi molar ratios.'] In addition,

N w ~ [3,]
L L 1 1

Resistivity (Qcm)—s

the iodometric titration results suggest that both Bi’*

thermally synthesized products in zero field cooling (ZFC)
mode. The susceptibility values start to drop between 13 and
27 K, except for one compound (Ba/Bi =2.00). The transition
temperature (7,7*®) decreases as the molar ratio of Ba/Bi
increases. Consequently, the compound with a Ba/Bi molar
ratio of 1.00 exhibits the highest diamagnetic behavior, with
an onset 7,7 of about 27 K. The estimated shielding volume
fraction of the compound with a Ba/Bi molar ratio of 1.00 is as
large as roughly 60% at 5 K. This volume fraction is an
indication of the bulk superconducting nature. The smeared
transition may be attributed to the inhomogeneous super-
conducting properties. On the other hand, the FC data for the
compound with a Ba/Bi molar ratio of 1.00, which corre-
sponds to a Meissner signal of approximately 6% at 5K
(Figure S5), which is much lower than the ZFC data. This
change may be due to vortex pinning. Thus, the double
perovskite should be responsible for the appeareance of
superconductivity.

Figure 3 a shows the temperature dependence of electrical
resistivity for a pellet of powder with a molar ratio of Ba/Bi=
1.00 pressed using a cubic-anvil-type high pressure facility
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average Bi valence increases from 4.35 to 4.70 with an
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increase in the Ba/Bi molar ratio of the starting
materials.

Figure 2 shows the temperature dependence of
magnetization susceptibility (4wM/H) of the hydro-
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Figure 2. Temperature-dependence of DC magnetic susceptibility

curves of superconducting samples prepared at different Ba/Bi molar
ratios in an applied external field of 10 Oe in ZFC mode. The density
of the sample was assumed (7.78 gcm™) from Rietveld refinement
data. The highest diamagnetic signal appears at ca. 27 K for a com-

pound with a Ba/Bi molar ratio of 1.00, as shown in the inset.
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Figure 3. a) Temperature dependence of electrical resistivity p(T) for the com-
pound with a Ba/Bi molar ratio of 1.00; inset: the T.°** was estimated at ca.
22 K. b) Resistivity p(T) curves for the Ba/Bi=1.00 compound at applied fields
(0.1 T7-0.9T) in intervals of 0.2 T.

(8 GPa/200°C). The electrical resistivity increased with
decreasing temperature and dropped at ca. 22 K (7.°™).
Zero resistivity was observed below ca. 8 K. The broad
transition between 8 and 22 K implies that the sample is
inhomogeneous. With increasing magnetic field, 7.°™
decreased, but superconductivity persists up to 0.9 T (Fig-
ure 3b). This behavior reveals that the synthesized compound
is a type II superconductor. Zero resisitivity was detected in
the sample prepared by pressing a 8 GPa, we could not find
zero resistivity in the samples prepared by a uniaxial pressing
or by a hot isostatic pressing as high as several tens of MPa.
Heating above 400°C led to decomposition (see below), thus
it was hard to make a sintered pellet of the powder. The
negative gradient of resistivity may be attributed to grain
boundaries; similar phenomenon is also reported in the case
of B-doped diamond, the HfNCI family, and LaO, F,BiS,
superconductors.'% The difference between 7, and T,
might be due to the effects of grain boundary and/or high-
pressure pressing, even though we could not find a significant
change in the laboratory XRD pattern (Figure S7). The
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reasons for the degradation of superconducting properties are
still obscure. Therefore, improving the superconducting
properties remains as a challenge for this double perovskite
oxide.

Incorporation of Na may be important for the formation
of a double perovskite structure. Ba, ,[K,BiO; has a simple
perovskite structure and is usually obtained via solid-state
synthesis without the presence of Na in both the starting
materials and final products.”7**! On the other hand, the
double perovskite structure was formed by hydrothermal
synthesis using Na in the starting materials.' These
reported double perovskites contain either H,O or Na in
the structure, which is consistent with our experimental
results; Na was present in the starting materials and detected
in the final products. The formation of double perovskite
structures may be related to the different ionic and molecular
radii of the components. The ionic radii of K* (149 pm) and
Ba?t (147 pm)®! are comparable, which likely allows them to
randomly occupy the A site and form a simple perovskite
structure. Conversely, the ionic/molecular radii of Na*
(117 pm)P? and H,0" (115 pm)?" are different to those of
K" and Ba*', which may restrict the random distribution and
consequent formation of a simple perovskite structure. As
described later, the TG analysis showed that H,O incorpo-
ration is unlikely; therefore, incorporation of Na is the most
likely reason for the formation of a double-perovskite-type
structure.

We have summarized the products synthesized from
different molar ratios of Ba/Bi in Table S1. The lattice
parameters of all the compounds are comparable. On the
other hand, 7, and the superconducting volume decrease with
an increase in the bismuth valence. This suggests that the
superconducting properties of the prepared samples are
related to the bismuth valence and not to the lattice
parameters. Another possibility is that the incorporation of
Na and/or K into the B site degrades their superconductivity,
as is observed in double perovskite structures of Ba, K, Bi;.
,Na,0,.1")

For further crystal structure investigation, we focused on
the product hydrothermally synthesized with a Bi/Ba molar
ratio of 1.00 in the starting materials, because such a product
exhibits the highest 7,™* (ca. 27 K). The existence of a double
super cell is confirmed by observation of the 110 electron
diffraction spots (Figure S2), which correspond well with the
double-perovskite-type structure obtained from the XRD
data. A detailed structural analysis of the product was carried
out by Rietveld analysis using the SXRD data (Figure 4). The
compound peaks have been indexed as an A’A";B,O,,
double-perovskite-type structure with the Im3m space
group, as shown in Figure 1. We observed shoulders on the
peaks, which could be indicative of a simple perovskite
structure. Accordingly, we assumed the existence of a simple
perovskite bismuth oxide, comparable to hydrothermally
synthesized cubic BayyBigss0250(OH)g4,?) as a second
phase. Thus, the refinement was performed considering the
two-phase model. The chemical composition of the double
perovskite can be formulated as (Nay,sKg4s)(Bayo)s-
(Biy0)4O1,. The total chemical composition calculated from
this mixed model of double and simple perovskite-type
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Figure 4. SXRD Rietveld refinement profile of hydrothermally synthe-
sized product (1 =0.41336 A). Markers and lines indicate observed
and calculated profiles, respectively. Upward and downward marks
show positions of Bragg reflections for the double perovskite structure
(Nag25Ko.45) (Bai 00) 3(Bi1.00)4012), and the simple perovskite one
(BaBiO;). Residual errors are drawn at the bottom of figure. Inset
shows an expansion between 6.5° and 8.5°, demonstrating the
existence of a simple perovskite phase.

structures (Bi/Ba/K/Na=1.00:0.83:0.09:0.05) is close to the
chemical analysis results (Bi/Ba/K/Na=1.00:0.87:0.15:0.08)
described in above. Moreover, the average bismuth valence of
this compound from Rietveld refinement is determined to be
about 4.36, which is very close to the value of the bismuth
valence (4.35) determined by chemical analysis. These devia-
tions may be due to either the small impurity peaks or
different occupation possibilities of the 2a site.

Next, we examined the thermal stability of the hydro-
thermally synthesized product with a starting Ba/Bi molar
ratio of 1.00. No significant mass change was observed below
400°C, but a total mass change of —1.9% from 450 to 700°C
was found (Figure S3). The mass spectrometry data indicated
that O, was the corresponding gas evolved in the temperature
range 450-700°C. Whereas the average valence of Bi in the
sample heated to 400°C (4.39) is close to that of the unheated
sample, the valence of the sample heated to 600°C decreases
to 4.00. Therefore, the mass loss is caused by the release of O,
molecules accompanied by the reduction of Bi** to Bi**. No
significant peaks corresponding to the weight losses of H,O,
H,, and CO, were found. Furthermore, the absence of any
H,0 and OH groups were also confirmed by the FT-IR
spectrum of the unheated sample (Figure S4).

High-temperature synchrotron X-ray powder diffraction
patterns were collected to investigate the structural change
for this prepared sample. The double perovskite structure is
retained up to 400°C (Figure S9). The sample heated to
600°C has a simple cubic perovskite-type cell with a=
4.3561(9) A. The lattice parameter of the unit cell (2a x 2a x
2a) is a=28.7122 A, which is 1.87% longer than that of the
sample heated to 400°C. This change is probably not only
related to the thermal expansion, but also to the reduction of
Bi (Bi’* to Bi**) and O, evolution. Importantly, a sample
heated to 400 °C showed superconductive transition similar to
that of the sample before heat treatment (Figure S6). On the
other hand, a sample heated to 600°C no longer exhibits
superconducting behavior. Therefore, heat treatment above
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400°C involves the reduction of Bi with the evolution of
oxygen, phase transition from double perovskite to a simple
perovskite structure, and loss of superconductivity. These
results indicate that the synthesized double perovskite oxide
with superconductivity is only obtained by a low-temperature
reaction. This is different from simple perovskite com-
pounds,*” which were synthesized by solid-state reactions at
approximately 500°C. In contrast to our hydrothermally
synthesized double perovskite oxides, the heat treatment of
simple perovskite oxides does not cause phase transition and
loss of superconductivity.

The compounds treated hydrothermally resulted in super-
conducting double perovskite structures. However, previous
reports on the preparation of double perovskite compounds,
Ba, ,K,Bi;,Na,O;, by a hydrothermal reaction at 180°C did
not show any superconductivity.'”© For this report, no
description of the bismuth valence in the product was
reported. Another report describes the synthesis of a similar
double-perovskite-type bismuthate at 180°C with a lattice
parameter of 8.5444 (3) A.”) Upon heating, it released H,O
and increased T, from § to 15 K.’! For the samples, bismuth
valences of ca. 4.22-4.27 are reported.”) Both compounds
from the previous reports are synthesized at 180°C, which is
lower than the synthesis temperature of our prepared
samples. Accordingly, the synthesis temperature may be an
essential factor for the improvement of superconductivity.

We examined the relationship between the bismuth
valence and 7.™* in simple and double perovskite products
(Figure 5). The highest T,™* (ca. 27 K) in this report appears
at a bismuth valence of ca. 4.35-4.40 and further increased in
the bismuth valence decreases T, in double perovskite oxides
(Figure 5Sa). From Figure 5b, it is also observed that a simple

41 42 43 44 45 46 41 42 43 44 45 46
Average bismuth valence — Average bismuth valence —

Figure 5. Dependencies of T.™*8 on average bismuth valence. a) For
our double perovskite products (full circles) and for the reported
double-perovskite-type bismuthate®® (open circles). b) For a simple
perovskite compound!™ (triangles) and another simple perovskite, !
where no oxygen deficiency was assumed (diamonds).

perovskite compound, Ba, K,BiO; s, becomes superconduct-
ing when the bismuth valence is higher than 4.2, with the
highest 7,™* appearing at a bismuth valence of ca. 4.3-4.4.1"")
The trend observed between the bismuth valence and super-
conductivity in double perovskite compounds is similar to
that observed in simple perovskite compounds. Therefore,
even though ordering of A sites in the double perovskite
structure differs from that of the simple perovskite structures,
the bismuth valence and related carrier concentration are
important factors for the appearance and control of super-
conductivity. Finally, we focused the calculated band struc-
tures of simple perovskite BaysK,,BiO; (BKBO) and our
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Figure 6. The calculated electronic band structure and atom-projected
DOS for a) (Nag,5Ko.4s) (Bay 00)3(Biq.00) 401, double perovskite and
b) BayK,4BiO; simple perovskite under ambient conditions.

synthesized double perovskite (Nay,5Kg4s5)(Bay g)3(Bii 004012
compounds, as shown in Figure 6. The band structures reveal
metallic character with dispersion bands crossing the Fermi
level (Ey) for both structures. The bands crossing the Fermi
level show strong hybridization between the Bi 6s and O 2p
orbitals. In both structures, the O 2p contribution is higher
than the Bi 6s one (Figure S8). Reportedly, the Bi 6s band is
less than half filled at Bit** in BayK,,BiO0;.%"1 A similar
phenomenon is observed in our synthesized double perov-
skite structure where maximum carriers are generated at
Bi™* (Figure 5a) to form a less than half filled Bi 6s band.
This supports the experimental finding of the relationship
between the carrier concentration and 7,"* of this double
perovskite oxide, and this partially filled Bi 6s band confirms
the metallic properties. As described above, the resistivity
measurement shows that the synthesized double perovskite
compound is semimetallic. This discrepancy may be due to the
effects of grain boundary and/or high-pressure pressing.

In summary, a new A-site-ordered double-perovskite-type
superconducting material  (Nag,5K45)(Bay g0)3(Bi; 00)4O12,
with a maximum 7,™* of ca. 27 K, was prepared by a facile
hydrothermal reaction at 220°C. To the best of our knowl-
edge, this compound is the first example of double perovskite
structures with a large superconducting shielding volume
fraction (ca. 60 %) and zero resistivity. The starting materials,
especially the molar ratio of Ba/Bi and the synthesis temper-
ature of the hydrothermal reaction, are keys for fabricating
products with superconducting properties. The thermal
behavior reveals that the double-perovskite-type structure
and superconductivity are retained up to 400°C. Moreover,
the superconductive properties of this compound are strongly
related to the average bismuth valence. The highest 7,™% (ca.
27 K) in this compound is found at a bismuth valence of ca.
4.35-4.39. Therefore, the bismuth valence and related carrier
concentrations are the important factors for the appearance
of superconductivity in this family of compounds. Further-
more, electronic band structure calculations confirm the
metallic behavior of this synthesized double perovskite oxide.
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We expect that this hydrothermal method will produce
additional new superconductors.

Experimental Section

Hydrothermal synthesis was performed with a Teflon-lined autoclave
(70 mL). The starting materials, NaBiO;-n H,0O, Ba(OH), 8H,0, and
KOH, were combined and the autoclave was heated to 220°C. The
resulting solid products were washed repeatedly with distilled water.
The final black product was dried at 70°C.

The phase of the product was examined by X-ray powder
diffraction (XRD) and transmission electron microscopy (TEM). The
synchrotron X-ray powder diffraction (SXRD) was collected using
a Debye-Scherrer camera installed at the BL02B2 powder diffraction
beam line at SPring-8 with approval of the Japan Synchrotron
Radiation Research Institute (JASRI: Proposal No. 2013A1299).
Crystal structure refinement was performed using the Rietveld
program RIETAN-FPY The crystal structure was drawn with
VESTA.”! The thermal stability was investigated by thermogravi-
metric analysis (TGA) and mass spectrometry. The absence of OH
groups was also confirmed by FT-IR spectra. Elemental analysis was
carried out using inductively coupled plasma (ICP), atomic absorp-
tion spectroscopy (AAS) and iodometric titration using an automatic
titrator (TOA DKK AUT-701). The temperature dependence of the
DC magnetic susceptibility was measured using either a supercon-
ducting quantum interference device magnetometer (MPMS-5S,
Quantum Design) or a vibrating sample magnetometer (PPMS,
Quantum Design). The electrical resistivity measurement was carried
out between 2 and 300 K using a standard four-probe method (PPMS,
Quantum Design). The electronic band structure calculations were
performed using the CASTEP codel” in the framework of density
functional theory (DFT) with generalized gradient approximations
(GGA) and the Perdew-Burke-Ernzerhof (PBE) exchange correla-
tion functional.?”!
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