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Reduced layered niobate RbNaxCa2Nb3O10 was synthesized via the reaction of RbCa2Nb3O10
with sodium vapor at 500 °C. The structure has been refined from X-ray powder diffraction
data, revealing that this black compound crystallizes in the space group P42/ncm with a )
5.4790(3) Å, c ) 28.8264(9) Å, and Z ) 4. The NbO6 octahedra are slightly tilted, and the
interlayer geometry between the Ca2Nb3O8 units is similar to those of Rb2La2Nb3O10 and
â-NaCa2Nb3O10. Magnetization measurements show no indication of superconductivity down
to 4 K and instead exhibit a typical paramagnetic behavior. The influence of reductive sodium
insertion on the electronic structure is discussed on the basis of Nb K-edge and O K-edge
XANES spectra of RbNaxCa2Nb3O10. In addition, we report the crystal structure of another
layered niobate, â-NaCa2Nb3O10, which was synthesized by the ion-exchange reaction of
RbCa2Nb3O10 in molten NaNO3 at 340 °C. Powder neutron diffraction reveals that the white
compound also adopts a tetragonal symmetry (space group P42/ncm) with cell constants a )
5.4731(2) Å, c ) 29.0138(9) Å, and Z ) 4. The Na atoms occupy the 5-coordinated sites in
the interlayer space of â-NaCa2Nb3O10.

Introduction

A number of investigations have been performed to
synthesize perovskite-related compounds and to under-
stand their structural characteristics.1-4 Some families
of layered perovskite materials exhibit diverse interest-
ing physical and chemical phenomena such as ion-
exchange and intercalation reactions, high ionic con-
ductivity, photocatalysis, superconductivity, and magneto-
resistivity.5-10 Recently, several new members have

been added to the growing list of layered perovskite
families.11-15

Layered niobate ACa2Nb3O10 (A ) alkali metals) is
one of the n ) 3 members of the Dion-Jacobson (DJ)
series having the general formula A[A′n-1BnO3n+1].3,16

Interestingly, the coordinating geometry of the inter-
layer A atom is heavily dependent upon its size. A large
cation like Cs or Rb occupies a distorted cubic site,16

but a small Li ion prefers to fill the tetrahedral site
between adjacent perovskite layers.17 On the other
hand, the K atom that can be considered as the medium
size possesses a trigonal prismatic site.18 The occupation
of the trigonal prismatic or tetrahedral site leads to a
doubling of the c axis. This versatile coordinating
behavior of the A cation prompted us to investigate the
addition of the small Na ion into the RbCa2Nb3O10
compound, which enables us to make the new reduced
niobate. Our expectation is based on the fact that the
intercalation reaction by an alkali metal is an effective
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topotactic method for the low-temperature synthesis of
layered oxides with mixed valence.19-24 The Na insertion
into the interlayer site would thus not only provide a
new compound with a different interlayer coordinating
mode but also render a new opportunity to discover
unique physical phenomena due to charge carriers
stemmed from the NbIV (d1) ion. In fact, the Li interca-
lation into KCa2Nb3O10 has made the parent insulating
compound superconducting while no superconductivity
is found in Li-doped compound KLaNb2O7.25 The central
NbO6 octahedral layer, which is only weakly affected
by the alkali metal, is likely to be responsible for the
superconducting behavior in the former compound. This
strongly suggests that the physical property of the
layered niobate is sensitive to the nature of the coordi-
nating geometry of the A cation.

In this paper, we mainly describe the synthesis,
structure, and magnetic properties of the Na-inserted
compound RbNaxCa2Nb3O10. It is found that NbV is
partially reduced, as confirmed by Nb K-edge and O
K-edge XANES spectra, but the black compound does
not show any indication of superconductivity. The
structure of RbNaxCa2Nb3O10, especially the coordina-
tion of the Rb and Na ions, distinguishes it from other
Dion-Jacobson compounds. In addition, the structure
of â-NaCa2Nb3O10 was also investigated in terms of
neutron diffraction, showing that the Na coordination
is quite analogous to that of RbNaxCa2Nb3O10.

Experimental Section

Synthesis. The parent layered niobate, RbCa2Nb3O10, was
prepared by conventional solid state reaction.3a The mixture
of Rb2CO3, CaCO3, and Nb2O5 was heated in air at 1150 °C
for 12 h with intermittent grindings, in which about 30 mol %
of excess Rb2CO3 was added to compensate for the loss of
volatile rubidium. After the reaction, the remaining rubidium
component was washed out with distilled water and dried at
120 °C. Special care has to be taken with the synthesis of
reduced niobate RbNaxCa2Nb3O10 because of its extreme
sensitivity to air. All the operations were thus handled in an
argon-filled drybox. A thin quartz tube that contains an excess
amount of sodium was placed inside a thick quartz tube along
with RbCa2Nb3O10, which was then sealed under vacuum. The
oxide turned from white to black during heat treatment of the
sample at 500 °C for 5 days. Heating the sample tube in a
weak temperature gradient after the reaction eliminated
excess sodium adsorbed on the surface of sample particles.
â-NaCa2Nb3O10 was prepared by the ion-exchange reaction of
RbCa2Nb3O10 with the molten NaNO3 salt at 340 °C for 4 days.
The mixture was replaced once in between. After the exchange
reaction, excess NaNO3 in the solid product was washed out
with hot water and dried at 120 °C. The hydrated form of
NaCa2Nb3O10 was obtained when the solid product was dried
at room temperature after the washing. The â-NaCa2Nb3O10

compound was converted to the R-form upon heating at around
650 °C.

Characterization. The stoichiometric compositions of R-
and â-NaCa2Nb3O10 were confirmed by the elemental analysis
of sodium using ion chromatography (IC). About 10 mg of the
sample was dissolved in about 10 mL of mixed solution of HF
and HNO3. Elemental analysis using the energy-dispersive
X-ray emission (EDX) technique also gave the stoichiometric
compositions within experimental errors. The temperature
higher than 380 °C was required for a complete dehydration
of NaCa2Nb3O10‚xH2O, and the amount (x) of intercalated
water was determined by the thermal gravimetric analysis. A
weight loss from 80 °C up to ∼380 °C reached to ∼2 H2O per
formula unit.

Structure Analysis. All the compounds synthesized in this
work were initially characterized by the X-ray diffraction
method. X-ray diffraction data were recorded on a rotating
anode installed diffractometer with an X-ray source of 40 kV,
300 mA. In particular, scans for the reduced niobate RbNax-
Ca2Nb3O10 were taken from 2θ ) 10° to 2θ ) 70° with a step
size of 0.02° within 4 min owing to its high air-sensitivity.
Neutron diffraction data of â-NaCa2Nb3O10 were measured
over the 2θ range of 10° to 160° with a step size of 0.05° on a
high-resolution powder diffractometer at HANARO Center in
KAERI, where a neutron source with λ ) 1.8348 Å supplied
by Ge(331) single-crystal monochromator was used. The
ground powders were loaded in a vanadium can. The diffrac-
tion data were analyzed by profile analysis based on the Rietan
program.26

Magnetic Susceptibility Measurement. The magnetic
measurements for RbNaxCa2Nb3O10 were carried out in the
temperature range from 5 to 40 K in an applied magnetic field
of 100 G using a Quantum Design MPMS-5 SQUID magne-
tometer. The sample to be measured was weighed and placed
into a NMR tube (diameter ) 5 mm) in an argon-filled drybox,
which was then sealed under vacuum.

X-ray Absorption Near Edge Spectroscopy (XANES).
The soft X-ray absorption measurements for O K-edge spectra
were performed at the U7 beamline at Pohang Light Source
(PLS). The spectra were recorded in the total-electron yields
from sample current and normalized by photon current from
gold grid with 90% transmission. The energy in spectra was
calibrated using Au 4f photoemission line and L3-edges in pure
d-metals. Nb K-edge spectra were measured at the 3C beam
line of PLS in the transmission mode. The energy calibration
was carried out by niobium foil simultaneously measured with
the specimens. Both O K-edge and Nb K-edge spectra were
normalized after background correction of the pre-edge region.

Results and Discussion

Synthesis and Characterization. The synthesis of
a Na-inserted RbNaxCa2Nb3O10 is heavily dependent on
the reaction temperature because the sodium is very
volatile in an evacuated quartz tube. In an attempt to
control the amount of sodium inserted into RbCa2-
Nb3O10, several additional experiments have been car-
ried out at different temperatures and partial pressures
of sodium vapor. Only when the reaction takes place at
500 °C does the product show a well crystallized single
phase. While lower temperatures (400-480 °C) required
much longer reaction time (>15 days) and resulted in a
poor crystallinity, higher temperatures (>550 °C) led
to sodium loss and reformation of RbCa2Nb3O10. Un-
fortunately, the amount (x) of inserted sodium content
in RbNaxCa2Nb3O10 could not be precisely determined
because a weak temperature gradient method elimi-
nates only a partial amount of sodium adsorbed on the
surface of sample. Several repetitions of qualitative
analyses using IC and EDX methods always gave a
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result of x > 1.5 for RbNaxCa2Nb3O10, which largely
exceeds an insertion capacity. When a complete elimi-
nation of adsorbed sodium was tried in a strong tem-
perature gradient, a loss of inserted sodium resulted in
a formation of white RbCa2Nb3O10.

The X-ray diffraction patterns of all the compounds
synthesized in this work are compared in Figure 1.
There are clear distinctions among the diffraction
patterns, which strongly depend on the nature of alkali
metal interlayer spaces. The cell parameters of RbCa2-
Nb3O10 and R- and â-NaCa2Nb3O10 and hydrated forms
of NaCa2Nb3O10, which adopt the tetragonal symmetry,
were in good agreement with those previously reported
by Dion et al.3a It is noteworthy that the c parameter
(16.832(1) Å) of NaCa2Nb3O10‚2H2O in this work was
different from that (c ) 15.137(8) Å) of NaCa2Nb3O10‚
H2O, indicating that a hydration degree can be quite
different depending on the partial pressure of water.
Moreover, we found a transformation from â- to R-NaCa2-
Nb3O10 at around 650 °C, which is much lower than the
reported temperature (900 °C). The R-form was col-
lapsed above 800 °C.

It was difficult to expose RbNaxCa2Nb3O10 to the
neutron beam for a long time because of its extreme air-
sensitivity. Intensity data for the structure determina-
tion of RbNaxCa2Nb3O10 were therefore obtained by the
X-ray diffraction technique as noted in the Experimental
Section.

Structure Refinement. The c parameter of RbNax-
Ca2Nb3O10 was calculated to be 28.83 Å by the least-
squares method, suggesting that the c axis is doubled
by a relative displacement of adjacent perovskite slabs
toward a staggered conformation. This doubling feature
is quite analogous to that found in â-NaCa2Nb3O10.
Therefore, we first refined the powder neutron diffrac-
tion data of â-NaCa2Nb3O10 to obtain structural infor-
mation for the refinement of RbNaxCa2Nb3O10. It has
been reported that NaCa2Nb3O10 crystallizes in the R-
and â-forms depending on the temperature.3 According
to a structure model for the low temperature â-form,

the Na atoms are statistically distributed at one-half
of the Na positions found in the Ruddlesden-Popper
(RP) type Na2La2Ti3O10.27 On the other hand, it is
expected in a model for the high temperature R-form
that the interlayer space is composed of tetrahedral
sites, one-half of which are occupied by the Na atoms.
To the best of our knowledge, however, such structural
models have not yet been crystallographically confirmed.

It has been reported that the Ta analogue, NaCa2-
Ta3O10, crystallizes in the space group I4/mmm.12 Initial
attempts to refine the structure of â-NaCa2Nb3O10 based
on the same space group (a ∼ 3.87 Å and c ∼ 29.0 Å)
gave poor results, and there were a number of additional
peaks that could not be fitted with this simple model.
Although no clear reflection condition was observed
because of substantial peak overlap in the neutron
diffraction pattern, none of the possible space groups
consistent with the body centered structural model gave
satisfactory results. The orthorhombic space group
Cmcm, which is well adopted to KCa2Nb3O10,17 was then
tested with possible shifts of the sodium position.
However, this orthorhombic model also yielded a poor
fit to the additional reflections. Use of a model-
independent fit led to the identification of a x2 × x2 ×
1 supercell. Accordingly, the structure refinement of
â-NaCa2Nb3O10 was tried again using initial atomic
positions (space group P42/ncm) of Li2La1.78(Nb0.66Ti2.34)-
O10 which shows a similar supercell.28 Considering that
the sodium atoms would be statistically distributed at
one-half of the lithium positions 4b (3/4, 1/4, 1/4) and 4e
(3/4, 3/4, z) in this structure, the occupancy factors of
sodium atoms were kept at 0.5 during refinement.
Unfortunately, this refinement gave poor reliability
factors and large or negative isotropic temperature
factors. When the position of sodium atom is shifted to
8i (x, x, z) rather than 4b and 4e, the refinement
converged rapidly in the space group P42/ncm to
agreeable profile fit parameters.

A number of structural models, which have been
reported for DJ- or RP-phases in the literature, were
attempted to fit the diffraction data of RbNaxCa2Nb3O10.
We found that an adoption of the tetragonal space group
P42/ncm enables the most satisfactory fitting. As can
be seen in Figure 1b,c, the powder X-ray diffraction
patterns of â-NaCa2Nb3O10 and RbNaxCa2Nb3O10 are
analogous to each other. Therefore, the structure data
for â-NaCa2Nb3O10 were used to provide the initial atom
positions within the unit cell of RbNaxCa2Nb3O10. The
rubidium atoms were then located at 8i sites with half
occupancy. Allowing the occupancy of sodium atoms to
be refined, the reliability R factors decreased rapidly.
Isotropic thermal parameters of rubidium, sodium, and
oxygen atoms were fixed to 1.0 before final stage of
refinement.

The observed, calculated, and difference profiles for
â-NaCa2Nb3O10 and RbNaxCa2Nb3O10 are plotted in
Figures 2 and 3. Selected crystallographic data and final
reliability factors for both phases are listed in Tables 1
and 2. The c parameter of RbNaxCa2Nb3O10 is slightly
smaller than that of â-NaCa2Nb3O10, indicating that the
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Figure 1. X-ray diffraction patterns of (a) RbCa2Nb3O10, (b)
RbNaxCa2Nb3O10, (c) â-NaCa2Nb3O10, (d) R-NaCa2Nb3O10, and
(e) NaCa2Nb3O10‚2H2O.
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interlayer charge density is enhanced by the sodium
insertion into the rubidium layer. Such a contraction
along the c axis is consistent with that found in other
intercalated compounds.12,20,22,24 The value of 0.43(3) for
the sodium site occupancy corresponds to x ∼ 0.86 per
formula unit.

Structure Description. Table 3 summarizes the
selected bond lengths and bond angles for â-NaCa2-
Nb3O10 and RbNaxCa2Nb3O10. Their idealized structures
are illustrated in Figures 4 and 5, respectively. As found
in many n ) 3 members of DJ- and RP-phases, outer
Nb1O6 octahedra of triple octahedral layers are strongly
distorted while central Nb2O6 octahedra are relatively
regular. The average Nb2-O bond of RbNaxCa2Nb3O10
(∼2.08 Å) is longer than that (∼1.97 Å) of â-NaCa2-
Nb3O10. This expansion of Nb2O6 octahedra may arise
as a result of partial reduction of NbV. An important
feature in the structural data is that corner-shared
NbO6 octahedra are considerably tilted about the c axis
in both compounds. The angle Nb1-O3-Nb2 decreases

from 159.5(4)° of â-NaCa2Nb3O10 to 152.2(8)° of RbNax-
Ca2Nb3O10, suggesting that the tilting degree is depend-
ent on the nature of interlayer arrangement.

Of the most interest to us would be the structure of
interlayer spaces. The arrangement of sodium atoms in
the interlayer space of â-NaCa2Nb3O10 is shown in
Figure 6a. One O2-Na-O2 angle (∼107°) between two
Na-O2 (×2) bonds is close to the 109.5° angle for a
perfect tetrahedron. On the other hand, the other O2-
Na-O2 angle (∼131°) between two Na-O2 (×1) bonds
is largely deviated from 109.5°. This difference between
two O2-Na-O2 angles would be induced by a signifi-
cant tilting of Nb1O6 octahedra about the c axis, and
vice versa. A remarkable increase in the bond angle
should then shift the sodium atom toward the next
nearest neighboring oxygen atom O1 to form a Na-O1
bond of 2.83 Å. Such a 5-coordinated polyhedron for the
sodium atom is quite different from the 9-coordination
expected by Dion et al.3a The sodium atoms occupy one-
half of these 5-coordinated sites in the interlayer spaces
of â-NaCa2Nb3O10. As shown in Figure 6b, the coordina-
tion environment around the sodium atom in RbNax-
Ca2Nb3O10 is somewhat similar to that in â-NaCa2-
Nb3O10. However, one O2-Na-O2 angle is decreased
to ∼104°, and the other is largely increased to ∼154°.
These changes in the O2-Na-O2 bond angle are
accompanied by the more significant tilting of Nb1O6
octahedra about the c axis of RbNaxCa2Nb3O10. More-
over, the enlarged O2-Na-O2 angle necessarily in-
duces an increased displacement of the sodium atom
from the ideal tetrahedral site toward the next nearest
neighboring oxygen atom O1, which eventually results
in a lengthening of the Na-O2 (×2) bonds (2.53 Å) and
a shortening of the Na-O1 bond (2.29 Å).

The coordination environment around the rubidium
atom is complicated. In the structure of parent RbCa2-
Nb3O10, the rubidium atom occupies the pseudocubic
site which is located between triple octahedral slabs
stacked in an eclipsed manner.16 In contrast, a relative
displacement of adjacent slabs toward a staggered
conformation could not provide such an 8-coordinated
site for the rubidium atom in RbNaxCa2Nb3O10. A
9-coordinated polyhedron is instead formed as found in
the typical RP-phase Rb2La2Nb3O10.29 Idealized inter-
layer structure for the RP-phases is shown in Figure
6c. Compared with those in the RP-phase, the coordina-
tion polyhedra for rubidium atoms are severely distorted
in RbNaxCa2Nb3O10 (Figure 6b). Rubidium atoms occupy
one-half of these sites so that the steric effect relative
to sodium atoms is minimized. The large deviation of
rubidium and sodium atoms from their regular 9-coodi-
nated and tetrahedral sites in the interlayer spaces,
coupled with the strong tilting of NbO6 octahedra in the
perovskite slabs, would be responsible for the highly
unstable structure of RbNaxCa2Nb3O10.

A simple calculation based on the empirical expres-
sion νij ) exp[(Rij - dij)/b], where Rij and dij are the bond
valence parameter and bond length, allows us to esti-
mate valences in inorganic solids.30 The calculated bond
valences for Nb1 and Nb2 in â-NaCa2Nb3O10 are 5.01
and 5.07, respectively, in excellent agreement with the

(29) Byeon, S.-H.; Nam, H.-J. Chem. Mater. 2000, 12, 1771.
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192.

Figure 2. Calculated (solid line), experimental (dotted line),
and difference (solid lines on the bottom) neutron powder
diffraction patterns of â-NaCa2Nb3O10.

Figure 3. Calculated (solid line), experimental (dotted line),
and difference (solid lines on the bottom) X-ray powder
diffraction patterns of RbNaxCa2Nb3O10.

Table 1. Crystallographic Data of â-NaCa2Nb3O10 and
RbNaxCa2Nb3O10

â-NaCa2Nb3O10
a RbNaxCa2Nb3O10

b

space group P42/ncm (No. 138) P42/ncm (No. 138)
a (Å) 5.4731(2) 5.4790(3)
c (Å) 29.0138(9) 28.8264(9)
Z 4 4
V (cm3) 869.09(7) 865.35(9)
F (g/cm3) 4.14 4.38
RI (%) 5.94 7.05
RWP (%) 6.72 13.31
RE (%) 3.07 3.27
a Neutron diffraction data; wavelength of neutron ) 1.8346 Å.

b X-ray diffraction data.
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theoretical valence of 5. In contrast, those in RbNaxCa2-
Nb3O10 are 4.78 and 3.93 for Nb1 and Nb2, respectively,
suggesting that sodium incorporation leads to the
reduction of NbV. The bond valence for Na in â-NaCa2-
Nb3O10 and RbNaxCa2Nb3O10 is 0.97 and 0.95, respec-
tively. This value is also close to the theoretical valence.

Magnetic Properties. Some reduced niobates with
the mixed valence state have shown superconducting
properties particularly in the low-temperature region.
For instance, LixNbO2 and NaxNbO2, whose hexagonal
structure is composed of an edge-shared NbO6 trigonal
prism, exhibit superconductivity near 5 K.31 According
to the band calculation for the n ) 2 member of the
Ruddlesden-Popper series,32 its electronic structure is
sensitive to the off-plane movement of the equatorial

oxygen atoms while the bending mode of the Nb-O-
Nb bond along the c axis is almost irrelevant to the
d-block bands. It was also suggested that chemical
reduction in the n ) 3 member leads to metallic
conductivity because the conducting electrons in the
central octahedral layer can be screened from the
random potentials in the intervening alkali metal layer.
Indeed, a superconducting transition was observed in
the Li-intercalated KCa2Nb3O10 below 2 K.25

The structure of RbNaxCa2Nb3O10 illustrated in Fig-
ure 5 shows that, relative to the severely distorted outer
NbO6 octahedra, the central NbO2 layer does not show
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(32) Rousseau, R.; Palacin, M. R.; Gomez-Romero, P.; Canadell, E.
Inorg. Chem. 1996, 35, 1179.

Table 2. Atomic Positions and Isotropic Temperature Factors of â-NaCa2Nb3O10 and RbNaxCa2Nb3O10

cmpd atom gc x y z B(Å2)

â-NaCa2Nb3O10
a Na 0.5 0.24(2) 0.24(2) 0.2403(7) 2.6(6)

Ca 1.0 0.4944(9) 0.0056(9) 0.0767(2) 0.76(8)
Nb1 1.0 0.5064(7) 0.5064(7) 0.1452(2) 0.12(9)
Nb2 1.0 0.0 0.0 0.0 0.14(9)
O1 1.0 0.25 0.25 0.1426(5) 2.1(3)
O2 1.0 0.0324(7) 0.4676(7) 0.2942(2) 0.30(8)
O3 1.0 0.0459(8) 0.0459(8) 0.0645(3) 1.8(1)
O4 1.0 0.75 0.75 0.1227(3) 0.23(9)
O5 1.0 0.75 0.25 0.1307(2) 0.62(2)
O6 0.5 0.192(2) 0.692(2) 0.0 1.8(4)
O7 0.5 0.310(1) 0.190(1) 0.9845(5) 0.2(3)

RbNaxCa2Nb3O10
b Rb 0.5 0.048(4) 0.048(4) 0.2804(8) 1.0

Na 0.43(3) 0.27(1) 0.27(1) 0.226(1) 1.0
Ca 1.0 0.514(2) -0.014(2) 0.0754(3) 1.1(2)
Nb1 1.0 0.5001(9) 0.5001(9) 0.1456(1) 0.52(5)
Nb2 1.0 0.0 0.0 0.0 0.93(7)
O1 1.0 0.25 0.25 0.158(2) 1.0
O2 1.0 0.033(5) 0.467(5) 0.2913(8) 1.0
O3 1.0 0.067(4) 0.067(4) 0.0689(8) 1.0
O4 1.0 0.75 0.75 0.120(2) 1.0
O5 1.0 0.75 0.25 0.133(1) 1.0
O6 0.5 0.159(6) 0.659(6) 0.0 1.0
O7 0.5 0.321(8) 0.179(8) 0.975(2) 1.0

a Neutron diffraction data. b X-ray diffraction data. c Occupancy factor.

Table 3. Selected Bond Lengths (Å) and Bond Angles
(deg) of â-NaCa2Nb3O10 and RbNaxCa2Nb3O10

â-NaCa2Nb3O10 RbNaxCa2Nb3O10

Bond Lengths
Na-O2 (×2) 2.30(1) 2.53(2)
Na-O2 (×1) 2.36(8) 2.37(8)
Na-O2 (×1) 2.45(7) 2.43(8)
Na-O1 (×1) 2.83(2) 2.29(6)
Nb1-O2 (×1) 1.773(7) 1.84(3)
Nb1-O5 (×2) 1.981(2) 1.974(7)
Nb1-O1 (×1) 1.986(5) 1.97(1)
Nb1-O4 (×1) 1.996(6) 2.07(2)
Nb1-O3 (×1) 2.374(7) 2.27(2)
Nb2-O3 (×2) 1.905(7) 2.03(3)
Nb2-O6 (×2) 1.986(3) 2.05(2)
Nb2-O7 (×2) 2.040(4) 2.13(3)

Bond Angles
O1-Nb1-O4 158.8(5) 159(1)
O2-Nb1-O3 176.7(4) 175(1)
O2-Na-O2 107(1) 104(1)

130.9(9) 154(2)
O1-Na-O2 66(2) 73(2)

65(2) 81(2)
Nb1-O3-Nb2 159.5(4) 152.2(8)

Figure 4. Idealized structure of â-NaCa2Nb3O10 perpendicular
to the c direction of the tetragonal unit cell. Only Nb-O bonds
are represented by double lines (Na ) shaded spheres, Ca )
dark spheres, Nb ) small black spheres, O ) large white
spheres).
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any noticeable tilting even after the sodium insertion
although a puckering of the equatorial O7 atoms is
accompanied perpendicular to the 〈110〉 direction. We
thus expected the black compound to show an interest-
ing property as found in other reduced niobates. How-
ever, any indication of superconductivity was not found
down to 5 K in our reduced niobate. As clearly seen in
Figure 7, the magnetization measurement indicates a
paramagnetic feature. The magnetization data are well
fitted with a Curie-Weiss law, and the observed effec-
tive magnetic moment is ∼0.15 µB/mol. Although we
have not measured the resistance with the sample
because of the sensitivity to air, the black color impli-
cates the metallic nature. A similar paramagnetic
feature was observed in a potassium analogue, KNax-
Ca2Nb3O10; its structure has not been completely de-
termined because of the poor crystallinity.

X-ray Absorption Near Edge Spectroscopy
(XANES). In transition metal oxides with higher valent
d-block metal ions, the first partially occupied or unoc-
cupied state has a large weight of ligand 2p-character
because of covalent mixing. The oxygen K-edge XANES
features can be accordingly used to distinguish oxygen
atoms under different bonding environments.33,34 XANES
spectra at O K-edge for â-NaCa2Nb3O10, RbCa2Nb3O10,
and RbNaxCa2Nb3O10 are compared in Figure 8. The O
K-edge spectra of â-NaCa2Nb3O10 and RbCa2Nb3O10 are
quite similar in energy and shape to each other. This
indicates that the electronic structure of oxygen is
invariant regardless of distinctively different interlayer
structures around sodium and rubidium ions, and thus,

the alkali metal-oxygen bonds in the interlayer space
have mainly ionic character. In both spectra of â-NaCa2-

(33) (a) de Groot, F. M. F. J. Electron Spectrosc. Relat. Phenom.
1994, 67, 529. (b) Chen, J. G. Surf. Sci. Rep. 1997, 30, 1.

(34) Glaser, T.; Hedman, B.; Hodgson, K. O.; Solomon, E. I. Acc.
Chem. Res. 2000, 33, 859.

Figure 5. Idealized structure of RbNaxCa2Nb3O10 perpen-
dicular to the c direction of the tetragonal unit cell. Only Nb-O
bonds are represented by double lines (Rb ) large dark
spheres, Na ) shaded spheres, Ca ) small dark spheres, Nb
) small black spheres, O ) large white spheres).

Figure 6. Schematic comparison of the interlayer arrange-
ments of (a) â-NaCa2Nb3O10, (b) RbNaxCa2Nb3O10, and (c) ideal
Ruddlesden-Popper structure. Only Na-O bonds are repre-
sented by double lines. The octahedra represent the NbO6 units
(Rb ) large dark spheres, Na ) shaded spheres).

Figure 7. Temperature dependence of the magnetic suscep-
tibility for RbNaxCa2Nb3O10 measured in the magnetic field
of 100 G.
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Nb3O10 and RbCa2Nb3O10, the pre-edge peak (A) around
530 eV is assigned to the transition of an O 1s electron
to O 2p-states in the d(t2g)-conduction band formed by
niobium 4d- and oxygen 2p-orbitals. A shoulder at its
high energy side would be attributed to an anisotropy
of the d(t2g)-band due to nonequivalent oxygen atoms
of the first coordination shell.35 Peaks B and C are
related to the transition to d(eg) and 5s/5p of niobium
ions hybridized with oxygen 2p-states, respectively.
Especially, the energy difference of ∼5 eV between the
A and B peaks is well consistent with the splitting
between the t2g and eg sub-bands for 4d-transition metal
oxides, which is generally acceptable.

On the other hand, the shape of the O K-edge
spectrum for RbNaxCa2Nb3O10 is in marked contrast to
those of â-NaCa2Nb3O10 and RbCa2Nb3O10. Remarkable
chemical shift and double-peaked structure of the pre-
edge peak are also observed. The energy position of the
pre-edge peak generally depends on the oxidation state
or effective nuclear charge (Zeff) of the metal ion, nature
of ligand, and bond covalency.34 Therefore, a reductive
insertion of sodium could give rise to a shift of pre-edge
position. Nevertheless, the observed pre-edge peak shift
of ∼2 eV appears too large to be induced by a small
quantity of inserted sodium. Considering a decrease of
the Nb1-O3-Nb2 angle and bond valence after the
sodium insertion, it is conceivable that the weakened
overlap of Nb 4d-states and O 2p-states leads to a higher
Zeff of the oxygen ion and a deeper binding energy of
the O 1s core level in RbNaxCa2Nb3O10.34,36 This should
be responsible for a relatively large shift of the pre-edge
to higher energy.

RbNaxCa2Nb3O10 also exhibits two resolved pre-edge
features with an energy separation of ∼1 eV. This

energy separation is too small to be assigned as transi-
tions to the t2g and eg bands, respectively. Instead, the
splitting of the pre-edge might be attributed to the
presence of strongly distorted outer Nb1O6 octahedra
and a less distorted inner Nb2O6 one. Such a significant
difference in distortion can induce a more anisotropic
π*(t2g)-band and/or a large difference in Zeff of the
ligands. The change of the rising edge is also understood
in the same manner. That is, the anisotropy of the σ*-
(eg)-band is more strongly influenced by ligand fields
than that of π*(t2g). Two peaks at 535.5 and 538.5 eV
are therefore ascribed to transitions to the σ*(eg)-band.
In addition, the reduced intensity of the pre-edge peak
would take into account the decreased statistical prob-
ability of a pre-edge transition due to the reduced d-hole
numbers in the ground state as well as the decreasing
of bond covalency due to more tilted sequence of NbO6
octahedra.

Figure 9 displays the Nb K-edge XANES spectra of
the three oxides studied. To show the spectral changes
clearly, the first derivatives of the spectra are included
as an inset. While â-NaCa2Nb3O10 and RbCa2Nb3O10
show almost the same spectra in shape and position as
is in O K-edge spectra, sodium-inserted RbNaxCa2-
Nb3O10 exhibits a lower shift of the spectrum on the
whole. This indicates that niobium ions are partially
reduced by the insertion of additional sodium ions into
the interlayer space, which is consistent with the fact
expected from the bond valence calculation.
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Figure 8. The O K-edge XANES spectra for (a) â-NaCa2-
Nb3O10, (b) RbCa2Nb3O10, and (c) RbNaxCa2Nb3O10.

Figure 9. The Nb K-edge XANES spectra for â-NaCa2Nb3O10

(dotted), RbCa2Nb3O10 (dashed), and RbNaxCa2Nb3O10 (solid).
Inset corresponds to the first derivatives.
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