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Synthesis and Structures of Reduced Niobates with Four
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Carriers were successfully doped into RbCa,NaNb,O,; by the
substitution of Sr** for Na™, yielding electroconducting niobates
with a layered structure consisting of four perovskite-like layers.
Single-phase products of polycrystalline RbCa,Na,_,.Sr,Nb,O,;
(x=0.2 and 0.4) were synthesized by the solid-state reaction
of RbCa,Nb;O,y, SrsNb,O;s, Nb,Os, and Nb metal. The
solid solutions were indexed based on a tetragonal structure,
corresponding to the end-member RbCa,NaNb,O,;. With
the increase in the amount of strontium substitution, an expan-
sion of the c-axis was observed while the a-axis was essentially
constant. The products showed semiconducting properties.
© 1999 Academic Press
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1. INTRODUCTION

A large class of transition metal oxides possess struc-
tures consisting of two-dimensionally stacked perovskite-
like slabs: An+1BnO3n+1 (1), BizAn—anO3n+3 (2), and
MA,-1B,O3,+1 are well-known examples (3, 4). These
structures are ideal for relating the thickness of the perov-
skite-like slabs n with the properties. For example, the
change in the electrical properties of (La, Sr),+1 Mn,O3z,+1
(m=1,2,3,and o) (5), Sty+1VuOzn+1 n =1, 2, and o)
(6, 7), Lay+1Ni,Ozp+1 (n=1, 2, 3, and oo0) (8), and
(SI’().95, Lao‘os)n-;_l Tin03n+1—a (n =1 and 2) (9) has been
discussed based on the difference in the thickness of the
perovskite-like slabs.

Recently, the incorporation of conducting electrons
into niobates with a layered-perovskite structure,
M[A,-1Nb,O3,+1], has drawn attention. The structure of
M[A,-1Nb,O3,+1] consists of n perovskite-like layers with
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a monovalent cation M occupying the interlayer space. The
reduced niobates for the n = 2 and 3 compounds have been
synthesized by chemical or electrochemical intercalation of
excess ions (H*, Li*, and Rb™") into the interlayer (9-17)
and by cation substitution by solid-state reaction (18, 19).
Most of the early studies have emphasized the structural
characterization of the reduced products.

The electrical properties of carrier-doped n =2 and
3 members have been reported recently. We have reported
the synthesis and electrical properties of the n = 3 member
KCa,_ .Ln.Nb3O,, (Ln = La, Ce, Nd, Sm, and Gd) (18,
19). The observed (log p) oc T dependence was interpreted
based on a model assuming tunneling conduction through
vibrating barriers, and the structure-property relation was
established (18, 19). Recently, it has been reported that the
n =3 member Li,KCa,Nb;O,, shows a superconducting
transition below 6 K (15-17), whereas the n = 2 member
Li,KLaNb,O- shows no superconducting transition down
to 0.5 K (15). This suggests that the thickness of the perov-
skite-like slabs influences the superconducting properties in
M[A4,-1Nb,O3, 1]

The synthesis and structural characterization of the n = 4
member, RbCa,NaNb,O, 3, have been reported (4, 20). The
schematic structure of RbCa,NaNb,O; is shown in Fig. 1.
In light of the variation in the electrical properties as a func-
tion of n in the two-dimensional perovskites reported so
far, the electrical properties of higher n members of
M[A,-1{NDb,Os3,.] are of interest. Here, we report the
doping of carriers into the n =4 member of the layered
perovskite RbCa,NaNb,O, ; by the substitution of Sr** for
Na™ and their structures and electrical properties.

2. EXPERIMENTAL

RbCa,Nb;O,,, SrsNb,O; 5, and NaNbO; were prepared
by the solid-state reactions of appropriate amounts of
Rb,CO;, CaCO;, SrCO3, Na,CO;, and Nb,O5 under am-
bient atmosphere. A 50% excess amount of Rb,CO; was
used in the case of RbCa,Nb;Oq,. The product was washed
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FIG. 1.

Schematic crystal structure of RbCa,NaNb,O; ;.

with deionized water after completion of the reaction. X-ray
diffraction (XRD) (Mac Science MXP? diffractometer with
monochromated CuKuo radiation) of the above oxides in-
dicated single-phase formation, and inductively coupled
plasma emission spectroscopy (ICP) (Nippon Jarrell Ash,
ICAP575 Markll) showed that the cation ratios were consis-
tent with the nominal ones.

Polycrystalline samples with nominal compositions of
RbCa,Na; - Sr,Nb,O;3 (x =0.2, 04, and 0.5) were syn-
thesized from RbCa,Nb;O;,, NaNbO;, SrsNb,Oy5, and
Nb according to the following equation:

RbCﬂ.szg,OlO =+ (1 — x)NaNbO3 =+ (0.2X)Sr5Nb4015

+ (0.2x)Nb — RbCa,Na;_,Sr,Nb,Oy;. [1]
All of the starting oxides were dried for at least 1 day at
100°C before use. The end-member RbCa,NaNb,O;; was
synthesized by the solid-state reactions of RbCa,Nb;O,,
and NaNbOj; at 1200°C for 3 h in air (20). After thorough
grinding, the reagents were pressed and placed in an
alumina boat surrounded by powders having the same
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composition to prevent contamination. The reactor tube
was evacuated to ~8.5x107* Pa before argon purging
and Ti powder was placed in the reactor tube as an oxygen
getter to minimize oxidation during the synthesis. The re-
agents were fired at 1200°C for several hours, with intermit-
tent grinding after every 3 h of firing. The firing sequence
was repeated twice.

The morphology of the products was studied with
a scanning electron microscope (SEM) (Hitachi, S-2500),
Crystalline phases were identified by XRD. Structural para-
meters were determined by the Rietveld analysis program
RIETAN (21, 22). The cation ratios were determined by ICP
analysis. For the ICP measurements, the samples were de-
composed in a mixture of HF, HCI, and HNO; by heating
at 200°C for at least 3 h. Resistivity data were collected from
80 to 280 K using a standard dc four-probe method.

3. RESULTS AND DISCUSSION

Table 1 summarizes the compositional analysis results of
the products obtained as single phases. The cation ratios
were in agreement with the nominal composition for all x.
Thus, the discussion herein is based on the assumption that
the substitution of Sr>* for Na*t produces an equimolar
amount of Nb** during the synthesis.

The XRD patterns of the products are shown in Fig. 2.
Preferred orientation was observed along the [00/] plane,
consistent with the plate-like morphology of the samples
observed in the scanning electron micrographs. The XRD
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FIG. 2. XRD patterns of RbCa,Na,_,Sr,Nb,O;3; with (a) x =0,
(b)x =0.2,(c) x = 0.4, and (d) x = 0.5. Arrows in (d) represent peaks due to
the n = 3 compound. The peak with an asterisk in (d) is an unidentified
peak.
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FIG. 3. XRD pattern fittings for (a) RbCa,Na, sSry ,NbsO, 3 and (b) RbCa,Na, ¢Sry 4Nb,O;3. The observed (crosses) and calculated (solid line)

patterns are shown in the top traces. The vertical lines in the middle represent the positions of the possible Bragg reflections. The lower curves are the
difference between the observed and calculated intensities.
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TABLE 1
Composition of the Products
X Composition®?
0 Rb;.00Caz.06 Nay .06 Nbs O3
0.2 Rby.00Caz.00Nag.g0Sro.21 NbyOy3
0.4 Rb;.04Ca;3.07Nag.615r0.40Nbs O3

“Compositions were normalized by setting the amount of niobium to 4.
® Amount of oxygen was set to 13.

pattern for x = 0 was indexed based on a primitive-tetrag-
onal cell, in agreement with a previous report (20). Single-
phase RbCa,Na;_ . Sr,.Nb,O;; was obtained for x =0.2
and 0.4 with repeated firings. No extra reflections for
x =0.2 and 0.4 were evident in the XRD patterns when
compared to that of x = 0, and all the diffraction peaks were
indexed based on a primitive-tetragonal cell. When x = 0.5,
an unidentified peak at 20 = 21.16° and weak diffraction
peaks due to RbCa,Nb;O,, were observed besides the
intended phase. A single phase for x = 0.5 could not be
obtained even with repeated firings or firing at higher tem-
perature. Thus, the solubility limit is between x = 0.4 and
0.5 under the present synthetic conditions.

The structure of the x =0 compound was refined by
Rietveld analysis assuming a random distribution of Ca and
Na at the 4 site (20). The crystallographic data correspon-
ded to those of a previous report (20). Since the indexing of
the XRD patterns for x = 0.2 and 0.4 indicated the preser-
vation of the symmetry with substitution. Rietveld analysis
for these compounds was conducted with the same space
group as that for x = 0. A random distribution of the A4-site
cations (Ca, Na, and Sr) was also assumed. The outputs
from the Rietveld refinement are shown in Fig. 3, and the
crystallographic data are given in Table 2. The a-axis was
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FIG. 4. Evolution of the unit-cell volume as a function of x.
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TABLE 2
Crystallographic data for RbCa,NaNb,O,;, RbCa,Na,;Sr,,
Nb,O,;, and RbCa,Na(Sr,,Nb,O,,"

Sample Atom  Position x y z B (nm?)
RbCa,NaNb,O, Rb d 05 0505 0.028(3)
A1 e 05 050 0.010(2)
a = 0.38727(1) nm AQ)P 2h 05 05 0.2240(7) 0010
c=189116(6) nm  Nb(1) 2¢ 0 0 01057(2) 0.0028(9)
Nb(2) 2¢ 0 0 032932) 00028
R,, = 0.1299 o(l) a0 0 0 0.036(4)
R, =0.0969 0(2) 4i 0 0.5 0.101(1)  0.036
R, = 0.0340 003) 2¢ 0 0 02052 0036
R, = 00349 o) 4i 0 0 03091) 0036
Ry = 00217 0(5) 2¢ 0 0 042002 0036
RbCa,Nag ¢Sto ,Nb,0;5  Rb d 05 0505 0.048(4)
A1) le 05 050 0.012(1)
a = 0.38716(1) nm AQ)P 2h 05 05 0.2248(7) 0010
¢ =1.90092(8) nm Nb(1) 2g 0 0 0.1054(3) 0.0030(8)
Nb(2) 2¢ 0 0 03283) 00030
R,, = 0.0990 o) la 0 0 0 0.037(3)
R, = 00769 o) 4i 0 0501042 0037
R, = 00355 00) 2 0 0 02142 0037
R, = 00339 o) 4 0 0 03081) 0037
Ry = 0.0221 0(5) 2 0 0 04162) 0037
RbCa,Nag ¢St 4Nb,O;5  Rb d 05 0505 0.044(5)
ALY le 05 050 0.008(2)
a = 0.38704(3) nm AQ)P 2h 05 05 0.22369) 0.008
¢ =1.9107(1) nm Nb(1) 2g 0 0 0.1056(5) 0.006(10)
Nb(2) 2¢ 0 0 032854 0.006
R,, = 0.1216 o(l) a 0 0 0 0.034(5)
R, = 00881 0oQ) 4 0 05 0101(3) 0034
R, = 0.0359 00) 2¢ 0 0 02153) 0034
R, = 0.0426 o) 4i 0 0 03092 0034
Ry = 0.0243 0(5) 2% 0 0 04213) 0034

“Space group P4/mmm; No. 123. 20 step size = 0.04, total number of reflec-
tions = ca. 400, number of profile points = 2601. Number in parentheses repres-
ents estimated standard deviation. Values without standard deviation were
constrained. The occupation factor was set to unity for all positions.

®The cation ratios in A(1) and A(2) were confined to Ca:Na = 2/3:1/3 for
RbCa,NaNb,O,;, Ca:Na:Sr =2/3:4/15:1/15 for RbCa,Na, g Sry,Nb,O,3,
and Ca:Na:Sr = 2/3:3/15:2/15 for RbCa,Na, (Sry,Nb, Oy;.

“The istropic atomic displacement parameters for the same cation species
were constrained to be equal.

essentially unchanged, while the c-axis increased linearly,
resulting in an overall increase in the unit-cell volume
(Fig. 4). The increase is attributed to the larger ionic radii
of Sr** (0.144 nm) and Nb** (0.068 nm) compared to
Na™ (0.139 nm) and Nb>* (0.064 nm) (23).

Calculation of the bond distances showed that the Nb-O
bond extending toward the interlayer had the shortest dis-
tance (Nb(2)-O(5) = 0.177(6) nm). The longest Nb-O bond
was Nb(2)-O(3) = 0.216(7) nm. The inner two perovskite-
like slabs are closer to an ideal octahedron than the outer
ones, as was the case for x = 0(20). No drastic change in the
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FIG. 5. Temperature dependence of the normalized resistivity for (a)
RbCa,Nag gSry ,Nb,O; 3 and (b) RbCa,Nag ¢Sry 4Nb O 3.

crystallographic environments of the inner and outer two
perovskite-like slabs upon doping was apparent.

The temperature dependence of the normalized resistivity
on a logarithmic scale is shown in Fig. 5. The samples
showed semiconducting behavior, with typical resistivity at
room temperature in the order of 10'~10? Q m. The resistivity
for RbCa,Na, ¢Sry 4Nb,O; ;3 was slightly less temperature-
dependent than that of RbCa,Nag, gSry,Nb,O;5. Since
a linear relation could not be obtained in the (log p) vs T~ *
plot in the temperature region 80 < T < 280, the thermally
activated electron-hopping conduction mechanism could
not be applied. In the case of Na;_,Sr,NbO; (0.2 <
x <0.4) (24) and KCa,_,La,Nb;O,, (0.1 < x <0.3) (18),
alinear (log p) oc T relation was observed in the temperature
region 80 < T < 280. The electrical properties in these com-
pounds were interpreted based on the tunneling conduction
of small polarons through vibrating barriers (25). The gen-
eral shape of the (log p) vs T plot (Fig. 5) suggests that the
resistivity behavior of RbCa,Na,; _ .Sr, Nb,O,; may also be
explained by the tunneling conduction of small polarons
through vibrating barriers (25). However, since the linearity
was not preserved throughout the whole temperature region
studied (80 < T < 280), other conduction mechanisms
should also contribute to the electrical properties. A devi-
ation from the apparent (log p) oc T behavior was also
observed for Na; _ . Sr,NbO; (x = 0.10 and 0.15) when the
Sr content was small (24).

4. CONCLUSIONS

Polycrystalline samples of reduced niobates possessing
a four-layered perovskite structure, RbCa,Na;_ Sr.Nb,

SUGIMOTO ET AL.

O;3 (x = 0.2 and 0.4), were synthesized and their structures
and electrical properties were studied. The tetragonal struc-
ture of the end member RbCa,NaNb,O,; was retained
with the substitution. The a-axis was essentially constant,
while the c-axis increased linearly with an increase in Xx.
Semiconducting properties were obtained for both x = 0.2
and x = 0.4.
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