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New reduced tantalates, Li2LaTa2O7 , Li2Ca2Ta3O10 and Na2Ca2Ta3O10 , with a layered perovskite structure have
been synthesized by a chemical or an electrochemical intercalation reaction of the alkali metal cations with the
parent Dion–Jacobson series compounds. The crystal structures of these compounds were determined by Rietveld
analysis of powder X-ray diffraction patterns, and found to be analogous to those of the parent compounds. The
intercalation of the lithium ion leads to a large contraction along the stacking direction of perovskite layers because
of a higher interlayer charge density. These intercalation compounds are the first example of reduced tantalates with
a layered perovskite structure.

Perovskite related compounds have many useful applications and 3 for the general formula M[A
n−1BnO3n+1 ].21 It is expected

that a similar reduction process can take place in these newsuch as dielectrics, catalysts and superconductors.1–6 Their
layered perovskite compounds, leading to novel chemical andproperties are mainly governed by the interaction between
physical properties. To the best of our knowledge, no reducedtransition metals and oxygen. The relationship between crystal
tantalates with layered perovskite structure has been found upstructure and transport properties in many low-dimensional
to now.materials have attracted much attention. Numerous exper-

Here we report the synthesis and structure determination ofimental and theoretical studies have been performed since
new reduced tantalates, Li2LaTa2O7 , Li2Ca2Ta3O10 andthe discovery of the high temperature superconductor
Na2Ca2Ta3O10 , with a layered perovskite structure. The crystal(La,Ba)2CuO4 with K2NiF4-type structure in 1986.7 The
structures of intercalation compounds obtained were deter-transition metals and oxide ions in a layered perovskite
mined by Rietveld analysis of powder X-ray diffraction ( XRD)compound form quasi-two-dimensional planes. Such a layered
patterns. The structural change upon the intercalation isperovskite compound is a suitable system to study two-
discussed on the basis of the results of the refinement.dimensional physical properties resulting from the transition

metal–oxygen plane.
During the last decade a great interest has been taken in

Experimentalthe layered perovskites made up of NbO6 or TiO6 octahedra,
in which the interlayer positions are occupied by alkali metal The starting materials for RbLaTa2O7 and RbCa2Ta3O10 were
ions. These compounds exhibit a variety of chemical properties a mixture of rubidium carbonate, lanthanum oxide (or calcium
such as ion-exchange and intercalation reactions. There are carbonate) and tantalum oxide. An excess amount of rubidium
two series of ion-exchangeable layered perovskites; one is the carbonate (50 mol%) was added to compensate for the loss
Ruddlesden–Popper series8–11 with the general formula due to the volatilization of the rubidium component. The
M2 [A

n−1BnO3n+1] (M=alkali metal, B=Ti) and the other is ground mixtures were pressed into pellets under a pressure of
the Dion–Jacobson series12,13 with M[A

n−1BnO3n+1 ] (M= 40 MPa. The pellets were placed in an alumina crucible and
alkali metal, B=Nb). It is well known that the chemical and then heated at 1373 K. The reaction times were 4 h for
electrochemical reduction of the framework B site atoms can RbLaTa2O7 and 12 h for RbCa2Ta3O10 , respectively.
occur, accompanied with alkali metal insertion into the inter- The lithium and sodium ion-exchanged compounds were
layer, in the members of the Dion–Jacobson series with prepared by an ion-exchange reaction of the rubidium com-
partially occupied interlayer site.14–18 Quite recently, the pound. The ion-exchange was carried out by reacting the
Hiroshima University group announced that the chemical parent compounds with molten LiNO3 at 553 K for 24 h and
reduction of the Dion–Jacobson phases could lead to supercon- NaNO3 at 673 K for 24 h. After the reaction, the ion-
ductivity at about 6 K.19 Rousseau et al. reported that the exchanged products were collected, washed with distilled water
electronic structure was strongly dependent on the bond and air-dried at room temperature. The completion of the
alternation perpendicular to the layer and the off-plane distor- ion-exchange reaction was confirmed by XRD and X-ray
tion of the equatorial oxygen atoms of MO6 (M=V and fluorescence ( XRF) analyses.
Nb).20 An important common structural feature for all the The chemical lithium insertion was carried out by reacting
series of ion-exchangeable layered perovskite compounds is the sample with a n-butyllithium (n-BuLi) hexane solution
the presence of extremely short metal–oxygen bonds in the (1.6 M) in a dried glove box filled with argon gas at room
direction of the interlayer alkali metals. temperature for 30 days. The products were stored in the

Recently, we disclosed other ion-exchangeable layered evacuated quartz ampoules because of their high instability in
perovskite compounds, RbLaTa2O7 and RbCa2Ta3O10 , consti- air. The lithium contents in the samples were determined by a

back titration of the non-reacted n-BuLi with a dilute HCltuting new members of the Dion–Jacobson series with n=2
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solution. The experimental values of the titration were in error
by up to 0.03. The electrochemical lithium intercalation was
performed using galvanic cells, which were assembled in a
glove box filled with argon gas. The electrodes were composed
by mixing the ion-exchanged products, acetylene black and
polytetrafluoroethylene in a weight ratio of 752.551. Lithium
plates cut from lithium metal ingots were used for both
negative and reference electrodes. The electrolyte was made of
1 M LiClO4 dissolved in a 151 weight ratio mixture of propyl-
ene carbonate and dimethoxyethane. The sodium intercalation
was carried out by reacting NaCa2Ta3O10 with sodium azide

Fig. 1 X-Ray powder pattern fitting for Li2LaTa2O7. The calculatedNaN3 in an evacuated quartz tube at 673 K for 20 min. After
and observed patterns are shown on the top by the solid line and thethe decomposition of the azide was completed, the tube was dots, respectively. The vertical marks in the middle show the positions

sealed off. The chemical composition of the products was calculated for Bragg reflections. The trace on the bottom is a plot of
analyzed by XRF analysis. the difference between the calculated and the observed intensities.

Powder XRD patterns were recorded on a Rigaku RAD-rA
diffractometer equipped with a hand-made attachment for
nitrogen gas flow. The data were collected by a step-scanning
mode in the 2h range of 10–100° with a step width 0.02° and
a step time 4 s. The powder XRD patterns obtained were
indexed with the aid of the computer program CELL.22 The
structure refinement was carried out by the Rietveld method,
using the RIETAN94 profile refinement program.23 The tem-
perature dependence of the magnetic susceptibility was meas-
ured for powder samples in quartz ampoules using a Quantum
Design MPMS-5S SQUID magnetometer (temperature range:
4.2–300 K; applied field: 50 G). The calibration was made on
a blank quartz ampoule under the same conditions. Fig. 2 X-Ray powder pattern fitting for Li2Ca2Ta3O10 .

Results and discussion titration also clearly showed that Li2LaTa2O7 and
Li2Ca2Ta3O10 were formed as the reduced intercalation com-Chemical analyses of the ion-exchanged compounds provided
pounds. Similarly, the white sodium ion-exchanged sampleimportant information on the ordering of the interlayer cations
was dark blue after the sodium intercalation reaction. Clearly,in these layered perovskite compounds. The extrinsic rubidium
the reaction of NaCa2Ta3O10 with sodium azide results in theions without a pass for the ion transport (rubidium ions in
insertion of additional sodium ions. The maximum sodiumthe perovskite layer block of the parent rubidium compounds)
uptake was found to be 1.0. The XRF data indicated that thedoes not cause the ion-exchange reaction. If extrinsic rubidium
composition of the product was nearly identical to the nominalions exist in the parent compounds, RbLaTa2O7 and
one within an experimental error of 0.03. These intercalationRbCa2Ta3O10 , a rubidium component would be detected after
compounds can easily be reoxidized when exposed to air atthe ion-exchange reaction. The XRF data indicated that there
room temperature. The powder XRD patterns of the whiteis no detectable amount of the rubidium component after ion-
reoxidized samples are similar to those of the parentexchange (<0.2 mol%). Therefore, it is clearly indicated that
ion-exchanged compounds.the layered perovskite compounds, RbLaTa2O7 and

Powder XRD patterns of intercalation compounds areRbCa2Ta3O10, adopt the Dion–Jacobson type structure with
shown in Fig. 1–3. In the double layered perovskite compoundcompletely ordered interlayer cations. Further evidence that
Li2LaTa2O7 , a small discrepancy in the pattern fitting isthe Rb atoms actually occupy the interlayer 1d site in the
observed around 2h=28°. This is due to an unknown impurityparent rubidium compounds comes from refinement of site
formed after the ion-exchange process. The small amount ofoccupancies which confirm that there is no mixing of the two
this impurity does not worsen the reliable factors of thecations (rubidium and lanthanum or rubidium and calcium)
structure refinement and crystallographic data are listed inbetween the interlayer and innerlayer A-site. The refined
Table 1. The R-factors obtained for the intercalation com-occupancy was found to be approximately equal to the ideal
pounds reasonably converged to acceptable values. The struc-stoichiometry within a standard deviation (<0.04). For
tural models refined for Li2LaTa2O7 , Li2Ca2Ta3O10 ,example, the refinement of occupancies for the triple layered
NaCa2Ta3O10 and Na2Ca2Ta3O10 are illustrated in Fig. 4 andperovskite, RbCa2Ta3O10 , gives the chemical composition
5. The crystal structures of lithium intercalation compoundsRb1.00(4)Ca2(0.96(4))Ta3O10 . In addition, on crystallographic
are essentially the same as the corresponding parent ion-grounds it is unlikely that the large rubidium cation is
exchanged compounds. The adjacent perovskite sheets in thedistributed in the A site of perovskite block.

After the lithium intercalation reaction of the ion-exchanged
samples, LiLaTa2O7 and LiCa2Ta3O10 , with n-BuLi solution,
the initially whitish samples turned dark blue with time. As
shown in Fig. 1 and 2, the lattice constant along the stacking
direction of the perovskite layers becomes smaller after the
intercalation process.21 These phenomena are approximately
consistent with the reductive intercalation of the niobate
Dion–Jacobson members.14–18 Clearly, the reaction of parent
ion-exchanged samples with n-BuLi results in the insertion of
additional lithium ions. The samples synthesized by the chemi-
cal intercalation are identical to those obtained by electro-
chemical intercalation, indicating the insertion of one lithium

Fig. 3 X-Ray powder pattern fitting for Na2Ca2Ta3O10 .per formula unit. The lithium content determined by the back
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Table 1 Crystallographic data for Li2LaTa2O7, Li2Ca2Ta3O10,NaCa2Ta3O10 and Na2Ca2Ta3O10

Sample Atom Sitea gb x y z B/nm2

Li2LaTa2O7 Li 4d 1.0 0.0 0.5 0.25 0.05(4)
I4/mmm (no. 139) La 2a 1.0 0.0 0.0 0.0 0.008(1)
a=0.39250(4) nm Ta 4e 1.0 0.0 0.0 0.3872(2) 0.006(1)
c=1.9089(3) nm O(1) 8g 1.0 0.0 0.5 0.098(2) 0.011(4)
Rwp=7.30% O(2) 4e 1.0 0.0 0.0 0.288(2) 0.011(4)
RF=1.23% O(3) 2b 1.0 0.0 0.0 0.5 0.011(4)

Li2Ca2Ta3O10 Li 4d 1.0 0.0 0.5 0.25 0.001(1)
I4/mmm (no. 139) Ca 4e 1.0 0.0 0.0 0.4204(6) 0.001(1)
a=0.38927(6) nm Ta(1) 2a 1.0 0.0 0.0 0.0 0.001(1)
c=2.6591(5) nm Ta(2) 4e 1.0 0.0 0.0 0.1539(1) 0.001(1)
Rwp=9.53% O(1) 4c 1.0 0.0 0.5 0.0 0.001(1)
RF=1.67% O(2) 4e 1.0 0.0 0.0 0.074(1) 0.001(1)

O(3) 8g 1.0 0.0 0.5 0.1381(8) 0.001(1)
O(4) 4e 1.0 0.0 0.0 0.217(1) 0.001(1)

NaCa2Ta3O10 Na 4d 0.5 0.0 0.5 0.25 0.004(2)
Fig. 5 The structural model for (a) NaCa2Ta3O10 and (b)I4/mmm (no. 139) Ca 4e 1.0 0.0 0.0 0.426(1) 0.004(2)
Na2Ca2Ta3O10 .a=0.38607(3) nm Ta(1) 2a 1.0 0.0 0.0 0.0 0.004(2)

c=2.9216(2) nm Ta(2) 4e 1.0 0.0 0.0 0.1452(2) 0.004(2)
Rwp=10.62% O(1) 4c 1.0 0.0 0.5 0.0 0.004(2)
RF=4.31% O(2) 4e 1.0 0.0 0.0 0.064(2) 0.004(2)

O(3) 8g 1.0 0.0 0.5 0.135(2) 0.004(2)
O(4) 4e 1.0 0.0 0.0 0.207(3) 0.004(2)

Na2Ca2Ta3O10 Na 4e 1.0 0.0 0.0 0.282(2) 0.001(1)
I4/mmm (no. 139) Ca 4e 1.0 0.0 0.0 0.420(1) 0.001(1)
a=0.38872(5) nm Ta(1) 2a 1.0 0.0 0.0 0.0 0.001(1)
c=2.8655(4) nm Ta(2) 4e 1.0 0.0 0.0 0.1452(2) 0.001(1)
Rwp=7.85% O(1) 4c 1.0 0.0 0.5 0.0 0.001(1)
RF=2.69% O(2) 4e 1.0 0.0 0.0 0.067(3) 0.001(1)

O(3) 8g 1.0 0.0 0.5 0.122(2) 0.001(1)
O(4) 4e 1.0 0.0 0.0 0.202(2) 0.001(1)

aMultiplicity and Wyckoff notation. bOccupancy. Fig. 6 Environment around the lithium atom in (a) LiLaTa2O7 and
(b) Li2LaTa2O7.

pound, the LiO4 tetrahedra are significantly distorted from
the ideal tetrahedral arrangement. The coordination of lithium
ions approximates to square-planar. The Li–O bond distance
[0.209(1) nm] in Li2LaTa2O7 is in good agreement with that
found for Li–O in other oxides.26,27 The doubled interlayer
charge density of the lithium ion in the intercalation compound
leads to a large contraction along the stacking direction of the
perovskite layers.

Fig. 7 shows the environment of tantalum atoms in
LiLaTa2O7 and Li2LaTa2O7 . The tantalum atom in the parent
compound is fairly displaced from the ideal central position
of TaO6 octahedra. The charge imbalance between lithium
and lanthanum ions is compensated by the displacement of
the tantalum ions from the center of the regular octahedron
toward the lithium ions. The shortest Ta–O bond distance in

Fig. 4 The structural model for (a) Li2LaTa2O7 and (b) Li2Ca2Ta3O10 .

ion-exchanged and intercalation compounds are stacked with
a displacement by 1/2 along the diagonal direction within the
perovskite layer plane. The lithium ions in ion-exchanged
compounds, LiLaTa2O7 and LiCa2Ta3O10 , occupy the four-
fold sites with a half occupancy.21 On the other hand, the
tetrahedral sites of the intercalation compounds are of full
occupancy. The most drastic effect is observed on the c
parameter, which shrinks by about 0.135 nm for Li2LaTa2O7
and 0.175 nm for Li2Ca2Ta3O10, while the a parameter slightly
increases. As a result of the large shrinkage, the unit cell
volume of both intercalation compounds is contracted. This
behavior contrasts somewhat with the results of typical lithium
intercalation reactions in transition metal oxides such as
MoO324 and Fe3O4,25 where an expansion of the unit cell
volume is observed.

The environment around lithium atoms in LiLaTa2O7 and Fig. 7 Environment around the tantalum atom in (a) LiLaTa2O7 and
(b) Li2LaTa2O7.Li2LaTa2O7 is shown in Fig. 6. For the intercalation com-
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similar to that of other Dion–Jacobson series members. The
Ta–O bonds of the outside octahedra in this compound are
classified into three types, i.e., a very short bond [0.162(6) nm]
toward the interlayer space, four normal bonds [0.205(1) nm]
linked with an equatorial oxygen atom and a long bond
[0.223(8) nm] toward the inside of the layer. Rousseau et al.
reported that the electronic structure was strongly dependent

Fig. 8 Environment around the sodium atom in the on the bond alternation perpendicular to the layer and the
Ruddlesden–Popper type Na2Ca2Ta3O10 . off-plane distortion of the equatorial oxygen atoms.20 An

important common structural feature for all the series of ion-
LiLaTa2O7 is 0.162(7) nm, similar to that of other exchangeable layered perovskite compounds is the presence of
Dion–Jacobson series members. On the other hand, the distor- extremely short metal–oxygen bonds in the direction of the
tion of the TaO6 octahedra is relaxed by the insertion of interlayer alkali metals between the perovskite layers.
lithium ions into the intercalation compound. Since the inter- Given the electrical neutrality in the intercalation
layer charge density of Li2LaTa2O7 is doubled in comparison compounds, the average formal oxidation states of tantalum
with LiLaTa2O7 , the displacement of the tantalum ion in the in Li2LaTa2O7 , and Li2Ca2Ta3O10, Na2Ca2Ta3O10 are +4.5,
intercalation compound is smaller than that in the parent +4.67 and +4.67, respectively. To the best of our knowledge,
compound. However, the octahedron is still somewhat dis- these new compounds constitute the first reduced tantalates
torted from ideal. The small expansion of a parameter observed with the layered perovskite structure to be synthesized.
for the intercalation compound is mainly due to the decrease Fujimori et al. reported the electronic structure and elec-
of the off-plane distortion. The triple layered perovskite, tron–phonon interaction in transition metal oxides with d0
Li2Ca2Ta3O10 , also shows these structural features. configuration and lightly electron doped compounds.29 The

By contrast, the rock-salt coordination of interlayer sodium onsite d–d interaction and metal d–oxygen p orbital hybridiz-
ion in the sodium intercalation compound, Na2Ca2Ta3O10 , is ation are closely related to the atomic number and valence of
fairly different from the tetrahedral coordination of the parent the transition metal ion. Both strong on-site Coulomb repul-
compound, NaCa2Ta3O10 . The crystal structure of the sodium sion and electron–phonon interaction are taken into account
intercalation compound, Na2Ca2Ta3O10 , is composed of a to study the high-Tc superconductors in many theoretical
triple layered perovskite unit and a rock-salt unit of sodium models. The Ta4+ (5d1)–Ta5+ (5d0) valences are mutually
ion stacked alternately along the c-axis. Therefore, this intercal- complementary to Cu2+ (3d9)–Cu3+ (3d8) with a spin 1/2.
ation compound is the first example of a reduced tantalate Therefore, we are very interested in the relationship between
with a Ruddlesden–Popper type structure. the crystal structure and transport properties in the reduced

The environment around sodium atoms in Na2Ca2Ta3O10 is tantalates.
shown in Fig. 8. For the intercalation compound, the Na–O Finally, we discuss preliminary magnetic susceptibility
planes are significantly distorted from an ideal rock-salt measurements for the reduced tantalates with the layered
arrangement. The short Na–O bond distance [0.230(8) nm] in perovskite structure. These intercalation compounds show a
Na2Ca2Ta3O10 is in good agreement with those found for deep blue color, suggesting a possible delocalization of doped
Na–O in other Ruddlesden–Popper type titanate com- d-electrons. The reduced niobate Li

x
KCa2Nb3O10 is reported

pounds.10,28 If the sodium atoms in the intercalation com- to show superconductivity below ca. 6 K.19 This is a second
pound have a tetrahedral coordination, the spacing between example of a non-cuprate superconductor with the same
the adjacent sodium ions would be about 0.275 nm. This topology of corner-sharing octahedra as observed in the high
interlayer distance is too small to allow the sodium ions to be temperature superconductor, La2−xBa

x
CuO4.6,30 The present

in a tetrahedral coordination because of strong repulsive force. reduced tantalates show very weak paramagnetic behavior
Fig. 9 shows the environment of tantalum atoms in down to 4.2 K and their magnetic susceptibilities are almost

Na2Ca2Ta3O10. The TaO6 octahedron located on the inside of constant between 4.2 and 300 K. Fig. 10 shows the temperature
the perovskite layers is close to ideal, while those located on dependence of magnetic susceptibility of the intercalation
the outside of the layer are fairly distorted. The shortest Ta–O compound, Na2Ca2Ta3O10 . The temperature-independent
bond distance in the intercalation compound is 0.162(6) nm, term originates from the Pauli paramagnetism, indicating a

metallic behavior. These properties are suggestive of those of
superconductive hole-doped cuprates. Unfortunately, the
precise determination of resistivity is difficult because the
intercalation tantalates are highly unstable in air. Our next
strategies for searching new non-cuprate superconductors
would consist in a complete control of the doping d-electron
concentration and the preparation of solid solutions between
the two Dion–Jacobson series, M1+x [A

n−1Nb
n
O3n+1] and

Fig. 9 Environment around the tantalum atom in the Fig. 10 Temperature dependence of the magnetic susceptibility for the
Ruddlesden–Popper type Na2Ca2Ta3O10.Ruddlesden–Popper type Na2Ca2Ta3O10 .
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