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A new series of tungstoniobium monophosphates, ANb,WO,
(PO,); (4 =K, Rb, Cs), KLiNb;O,(PO,),, and KLi,__(Nb, W),
0,(PO,);, has been synthesized. They all crystallize in the space
group Pbam with a ~ 155 A, b~ 104 A, ¢ =~ 10.5 A. Their
original intersecting channel structure involving tunnels running
along b and c is described by [M,P,0,,] ., layers parallel to (001)
interconnected through [MPOQO]., chains. In fact the MO oc-
tahedra form a distorted perovskite 3D framework where some
octahedra are missing. The study of the transport properties of
this phase shows linear behavior for Lno vs T-"4, characteristic
of variable, range-hopping conductivity. © 1998 Academic Press

INTRODUCTION

The extraordinary richness of mixed frameworks built
from the association of phosphate groups with transition
metal octahedra suggests that many compounds with inter-
esting properties remain to be discovered. The tungsten
phosphate bronzes discovered twenty years ago (see for
a review Refs. 1, 2) are a good example of the utility of such
investigations. These materials, which derive from the per-
ovskite by introducing rows or layers of PO, or P,0,
groups, indeed show remarkable charge density wave prop-
erties that are being studied by several groups (3-6). In
a similar way, niobium phosphates were investigated more
recently (see for a review Ref. 7). The latter differ from the
tungsten compounds in that their structure is closely related
to those of the hexagonal tungsten bronze (HTB) and tet-
ragonal tungsten bronze (TTB) of Magnéli.

The association of tungsten to niobium in the same
matrix is likely to generate original structures with specific
properties, in spite of the fact that the only compounds
isolated to date, ao’Nbg 757Wg130PO, (8) and Kj 75
Nbg 5 W.O14(POy,), (9), are isotypic with pure niobium
phosphates. We report here on a new series of monophos-
phates, ANb,WO,(PO,); with A = K, Rb, Cs, that exhibit
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an original intersecting channel structure. The possibility of
intercalating lithium in this framework is also demon-
strated, leading to the phosphate KLi(Nb, W)s04(PO,)s,
whose electron transport properties are also studied.

EXPERIMENTAL SECTION
Strategy of the Synthesis of Crystal Growth

In order to have a good chance of isolating a new phase in
the form of single crystals, numerous compositions in the
system K-Nb-W-P-O were systematically tested. In the
present study, about 100 compositions with Nb:W and
P:W + Nb ratiosclose to4/3and 1/5and K: P + Nb + W
ratios close to 1/20 were investigated. In all cases, a part of
tungsten (about 10%) was generally added in the form of
metal in order to have some chance of creating a mixed-
valence W(V) /W(VI), and also because the reducing condi-
tions are generally favorable to the crystal growth of such
compounds.

In these conditions, single crystals of the title phase were
obtained from the nominal composition K, ,4Nby s
W3 5Py 3O056.3. The growth was performed in two steps.
First, an adequate mixture of K,COj;, Nb,Os, WOs;,
H(NH,),PO, was heated at 673K in air to eliminate H,O,
CO,, and NH;. In a second step, the resulting finely ground
powder was mixed with the appropriate amount of tungsten
(0.3 mol). This mixture was heated up to 1125K in an
evacuated silica ampoule for 2 days and cooled at 6.25K per
hour to 823 K. The sample was finally quenched to room
temperature.

Several sorts of crystals could be extracted from the above
products, but they were shown to be either potassium nio-
bates or tungstates or niobotungstates. Only some pale blue
crystals could be detached from the walls of the silica tube.
Their EDS analysis allowed the presence of silicium to
be ruled out and led to the cationic composition
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“KNb,; WP5_.” with x =~ 0.1. The latter was confirmed
from the structure determination.

At this stage, the structure determination of the single
crystal was performed. It revealed that the corresponding
formula was KNb,, . WP;_.0,,, so it was concluded that
tungsten and niobium were in their maximum oxidation
state.

Single crystals of RbNb,WO,(PO,); and KLig e
Nby 476 Wo.52400(PO4)3 were extracted from samples with
nominal compositions RbNb,WP;0,; and KLiNb,
WP;0,, respectively. The synthesis of the latter was also
performed in two steps. In the second step, the mixture in an
evacuated silica ampoule was heated for the rubidium com-
pound at 1123 K for 15 days and cooled at 44 Kh™' to 773
K; the sample was kept at this temperature for a month,
then quenched to room temperature. For the “KLi” com-
pound, the sample was heated to 1153 K for 3 days, cooled
at 7.5 K h™ ! to 973 K, and then quenched to room temper-
ature.

Subsequently, we tried to prepare the compounds
ANb,WP;0,; (4 =K, Rb, Cs) and KLiNbsP;0,; in air
from an homogeneous and pulverized mixture of K,COs,
Li,CO3;, Nb,O5, WO3, and H(NH,),PO, in appropriate
ratios. The mixture was first heated slowly to 673 K and
kept at this temperature for 5 h to eliminate H,O, CO,, and
NH;. Then in a second step the mixture was heated to 1153
K and kept at this temperature for 3 days. In these condi-
tions, single phases were synthesized whose powder X-ray
diffraction pattern was indexed in an orthorhombic unit cell
in agreement with the parameters listed in Table 1.

Energy Dispersive Analysis

The analysis of the elements K, Rb, Nb, W, P, and Si was
performed with a Tracor microprobe mounted on a scann-
ing electron microscope.

Atomic Absorption Spectrometry Analysis

This analysis was performed only for potassium and
lithium. For the solid phase analysis, the latter was dis-
solved by boiling in an aqueous mixture of nitric acid and
hydrofluoric acid. The solution was analyzed with an
atomic absorption spectrometer (Varian Spectra AA 20).

TABLE 1
Cell Parameters of the Isotypic Phases
Compounds a(A) b (A) ¢ (A) v (A3)
KNb,WOo(PO,); 15.541(2)  10.396(1)  10.391(1) 1679
RbNb,WO(PO,), 15.545(2)  10.402(1)  10.397(1) 1681
CsNb,WO(PO,), 15.578(2)  10.424(1)  10.419(1) 1692
KLiNbs;Oo(PO.), 15.6102)  10.412(1)  10.482(1) 1703
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Electric Measurement

The electric conductivity has been measured between
T =200 and 400 K on a sintered bar. Four indium spots
have been deposited on the bar using an ultrasonic device.
Below T = 200 K the resistance of the sample was too large
to be measured with the experimental setup (PPMS Quan-
tum design).

X-ray Diffraction Study

Different crystals were tested by film methods using
CuKo radiation. The unit cell parameters of the three com-
pounds were determined by diffractometric techniques at
21°C with a least squares refinement based on 25 reflections
with 18° < 0 < 22°. The data were collected on a CAD4
Enraf Nonius diffractometer with the parameters reported
in Table 2. The Laue symmetry Pmmm and the systematic
extinction k = 2n + 1 for Okl and h =2n + 1 for hO1 are

TABLE 2
Summary of Crystal Data, Intensity Measurements, and
Structure Refinement Parameters for KNbsWOy(PO,),
(P0,92Nb0_0304) (I), RbNb4WO9(P04)2(P0_93Nb0_0704) (H), and
KLio.66Nb4.476Wo.52409(PO4)3(111)

I 11 111

1. Crystal data

Space group Pbam (no. 55)  Pbam (no. 55)  Pbam (no. 55)
Cell dimensions

a(A) 15.538(1) 15.545(1) 15.584(1)

b (A) 10.4010(8) 10.4025(7) 10.417(1)

¢ (&) 10.4081(9) 10.4073(8) 10.457(1)
Volume (A)3 1682.1(2) 1682.9(2) 1697.5(3)
V4 4 4 4
Color bluish bluish black
Size (mm?) 0.056 x 0.056 0.026 x 0.026 0.064 x 0.064

x 0.145 x 0.128 x 0.083
2. Intensity measurements

/(MoKa) 0.71073 A 0.71073 A 0.71073 A
Scan mode w0 w—4/30 w0
Scan width (°) 1.1 +0.35tan0 1.05+ 035 tan6 1.2+ 0.35 tan0
Slit aperture (mm) 1.1 4+ tan0 1.+ tan0 1.15 + tan 0

max 0(°) 45 45 45

Standard reflections 3 measured 3 measured 3 measured
per hour per hour per hour
Measured reflections 7591 7607 7653
Reflections with I> 30 2391 1777 1293
u(mm™1) 10.1 12.75 8.09
3. Structure solution and refinement
Parameters refined 161 155 103
Agreement factors
R 0.030 0.033 0.036
R, 0.026 0.030 0.030
Weighting scheme w = 1/c? w = 1/g? w = 1/g?
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consistent with the space groups Pbam and Pba2. The
reflections were corrected for Lorentz and polarization ef-
fects and for absorption and secondary extinction. The
structure of KNb,WO,(PO,); was solved with the heavy
atom method and the Harker peaks show that the space
group is Pbam. First only Nb atoms were introduced in the
octahedra and P atoms in the tetrahedra. However after
refinement of atomic coordinates, the refinement of the
occupancy factors showed an excess of electrons on the
octahedral sites and on the P(1) tetrahedral site. So tungsten
and niobium were put in the octahedra and niobium and
phosphorus on the P(1) site. The refinement of the atomic
parameters, the anisotropic thermal factors, and the ratio of
the mixed atoms led to R = 0.030, R,, = 0.026, and the data
listed in Table 3a. The structure of the two other com-
pounds was solved by isotypie with the first one. The Li
atoms were located on a difference Fourier synthesis. The
refinement of both structures led to R = 0.033 and R,, =
0.030 for the Rb phase and R = 0.036 and R,, = 0.030 for
the “LiK” phase. The corresponding atomic coordinates are
listed in Tables 3b and 3c.

TABLE 3a
KNbsWO(PO,):(Py.9:Nbg50,): Atomic Parameters

Atom X y z B, (A?) Site Occup.
M(1)  0.076592) 0.14012(4) 0.18164(3) 0847(8) 8i  °

M(2)  022272(2) 042815(5) 0.17648(5 0.75(1) 8 °

M@3)  029166(4) 0.33124(6) 05000  0.66(2) 4h

P(1) 0.1214(1)  0.12702)  0.5000  0.51@4) 4h ¢

PQ) 0379778) 02132(1)  0.2291(1)  0.653) 8  1.00
K(1) 0.0000 0.5000 0.0000 3.4(1) 2c  1.00
KQ) 0.0082(6) 0403009 05000  413)  4h  033(1)
KG3) 00682)  0481(3) 05000  88(2)  4h 0.17(1)
o(1) 007492) 0.1791(4)  0.38093) 09(1) 8  1.00
0Q) 0.0000  0.0000 020945 102) 4e  1.00
003) 007043) 0.1251(5) 00000  10(1) 4g 100
04) 0.13512) 03113(3)  0.15903) 09(1) 8  1.00
o(5) 0.17652) 00567(4)  020523) 10(1) 8  1.00
0) —003052) 026234 0.17824) 10(1) 8 100
o(7) 023082) 04010(4)  0.36633) 09(1) 8  1.00
O(8) 0.3133(2)  0.2950(4) 0.1568(3)  0.9(1) 8  1.00
009) 0.1386(2) 0.5699(3)  0.20444) 10(1) 8 100
O(10)  023103) 04698(5 00000  1.12)  4g 1.00
O(l1)  03768(3) 047895 05000  1.12)  4h  1.00
O(12)  02167(3) 0.1744(5 05000  09(1)  4h  1.00
O(13)  037402) 023794) 03733(3) 09(1) 8  1.00

“M(1) = 0.635(4)Nb + 0.365(4)W

PM(2) = 0.885(4) Nb + 0.115(4) W

‘M(3) = 0.960(4) Nb + 0.040(4) W

4P(1) = 0.924(4) P + 0.076(4) Nb

Note: Anisotropically refined atoms are given in the form of the iso-
tropic equivalent displacement parameter, defined as:

4
B =§ZZai'afﬁi,-

i
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TABLE 3b

RbNbsWOy (PO4)2(Po.93Nbo.0704): Atomic Parameters
Atom X y z B, (A% Site Occup.
M(1) 0.07637(3) 0.14106(5) 0.18216(5) 0.884(2) 8i @
M(2) 0.22285(4) 0.42834(6) 0.17685(7) 0.829(1) 8  °
M(3) 0.29316(6) 0.33324(9) 0.5 0426() 4h ¢
P(1) 0.1220(1)  0.1294(2) 0.5 0450(6) 4h ¢
P(2) 0.3792(1)  0.2138(2) 0.2297(2)  0.505(5) 8i 1.00
Rb(1) 00 0.5 0.0 1765) 2 1.00
Rb2)  0022(1)  04451)  0.5000 69(4)° 4h 03302
Rb(3)  0.056(1)  0478(2)  0.5000 355¢  4h 0.17Q2)
o(1) 0.0759(3) 0.1804(5)  0.3803(5) 0.71) 8  1.00
0(2) 0.0 0.0 02116(7)  09(2)  4e 1.00
0(3) 0.0698(4)  0.1263(7)  0.0000 052  4g  1.00
0(4) 0.13523)  0.3113(5)  0.1591(5) 09(2) 8 1.00
0(5) 0.1762(2)  0.0576(5)  0.2026(5 0.8(2)  8i  1.00
0(6) —00311(33) 026085  0.1786(5) 0.8(1) 8 1.00
o) 02313(3)  04030(5)  0.3659(5) 0.71) 8  1.00
0(8) 03133(3)  0.2954(5) 0.1570(5) 0.7(1) 8  1.00
009) 0.1393(3)  0.5688(5)  0.2051(5) 0.8(1) 8  1.00
O(10)  0.2306(5 04712(7) 0.0 1L12)  4g  1.00
O(11)  03752(5) 04829(7) 0.5 082  4h  1.00
0O(12) 021605 0.1767(7) 0.5 092) 4h 1.00
O(13) 0.3730(3)  0.2392(4) 0.3729(4)  0.8(1) 8i 1.00

“ M(1) = 0.633(6)Nb + 0.367(6) W

> M(2) = 0.885(6)Nb + 0.115(6) W

¢ M(3) = 0.965(6)Nb + 0.035(6) W

4 P(1) = 0.935(6)P + 0.065(6) Nb

¢ Isotropically refined atoms

Note: Anisotropically refined atoms are given in the form of the isotropic
equivalent displacement parameter, defined as:

4
B=§ZZaf'aj‘ﬁf.f
i

RESULTS AND DISCUSSION
Description of the [MsP30,1],, Framework

The projections of the framework along ¢ (Fig. 1) and
b (Fig. 2) show that these new phases consist of corner-
sharing MOg octahedra and PO, tetrahedra, each tetrahed-
ron being connected to four MOg octahedra. This original
structure can be described as a monophosphate with the
ideal formula AM;O4(PO,);. The so-formed [MsP;0,,].,
framework delimits six-sided tunnels built of rings of four
octahedra and two tetrahedra running along ¢ (Fig. 1) and
b (Fig. 2). The geometry of the first ones is similar to that
observed in brownmillerite (10), whereas the second ones
are similar to the tunnels observed in the HTBs.

In fact this framework is built of double [M,P,0;4],
layers parallel to (001) interconnected through [MPOg],,
chains (Fig. 2). Each [M4P,0],, double layer consists of
two single [M,P,0,],, layers that are enanthiomorphic.
The geometry of such a [M,P,0,,], layer is shown in
Fig. 3 as a projection along b. The latter is built entirely of
six-sided rings “M,P,0,4” derived from the HTBs by
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TABLE 3c
KLi0,65Nb4,476W0_52409(P04)3: Atomic Parameters
Atom X y z B., (A% Site Occup.
M(1) 0.07721(5) 0.13932(8) 0.18082(7) 0.702F° 8 ¢
M(2) 0.22227(5) 0.42904(8) 0.17580(9) 0.65(2F° 8i  °
Nb(3)  0.2854509) 0.3289(6)  0.5000 0.66(2° 4h 1.00
P(1) 0.12162)  0.12022)  0.5000 04209 4h 1.00
P(2) 0.3799(2)  0.2142(2)  0.2309(1)  0.62(7° & 1.00
K(1) 0.0000 0.5000 0.0000 3.93)° 2¢ 1.00
KQ) 0.009(1)  0394(2)  0.5000 48(6)  4h 0.34(1)
K(3) 0.094(2)  04963)  0.5000 40(1)  4h 0.16(1)
Li —00343)  0.192(5)  0.5000 24(1)  4h 0.66(1)
o(1) 007294) 0.1722(7)  0.3830(6) 1.0(1)  8i 1.00
o) 0.0000  0.0000 0208(1)  12(2)  4e 1.00
0(3) 0.0717(6)  0.1241(9)  0.0000 09(2) 4g 1.00
o) 0.13554)  03105(6)  0.1606(6) 0.7(1)  8i 1.00
0(5) 0.1780(4)  0.0570(7)  02069(6) 09(2)  8i 1.00
0(6) —003044) 02618(6) 0.18057) 08(1)  8i 1.00
o) 0.2285(4)  0.4009(6)  03664(6) 1.12)  8i 1.00
O(8) 0.3139(4)  0.2964(7)  0.1596(7)  1.1(2) 8 1.00
0(9) 0.13934)  0.5721(7)  02051(6) 1.0(1)  8i 1.00
O(10)  02306(6) 0.4711(9)  0.0000 112)  4g 1.00
O(11) 0.3765(7)  0.472(1) 0.5000 1.1(2) 4h 1.00
O(12)  021496) 0.16855)  0.5000 08(1)  4h 1.00
O(13)  037524) 02398(7)  037546) 08(1)  8i 1.00

“M(1) = 0.780(5)Nb + 0.220(5)W

P M(2) = 0.958(4)Nb + 0.042(4)W

¢ Anisotropically refined atoms

Note: Anisotropically refined atoms are given in the form of the iso-
tropic equivalent displacement parameter, defined as:

4
B:EZZaf'awﬁu
i

replacing two MOy octahedra out of six with PO, tet-
rahedra. These rings, which involve the M(1) and M(2)
octahedra and the P(2) tetrahedra, share the equatorial
apices of their polyhedra so that each P(2) tetrahedron is
linked to three M octahedra (2 M(1) + 1 M(2)), each M(1)
octahedron is linked to two M(2) octahedra and two P(2)
tetrahedra, and each M(2) octahedron is linked to three
M octahedra (2 M(2) + 1 M(1)) and one P(2) tetrahedron.
The third apices of the P(2) tetrahedra of two successive
enanthiomorphic layers are oriented in opposite directions
along c; thus, two adjacent [M,P,0, ], layers share solely
the apical corners of their octahedra to form the
[M,P,0,,], double layer (Fig. 2).

In the [MPOg],, chains that ensure the connection be-
tween two [M4P,04],, layers, one P(1) tetrahedron alter-
nates with one M(3) octahedron. As shown from the
projection along ¢ (Fig. 4), these chains running along b are
strongly undulated and isolated one from each other. Each
P(1) tetrahedron shares its two apical apices with two M(2)
octahedra from two different [M,P,04,],, layers (Fig. 2). In
the same way, each M(3) octahedron shares four apices with
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FIG. 1. Projection of the structure of KNb, WO(PO,), along a, show-
ing the connection of the polyhedra delimiting the channels. The K/Rb
atoms are omitted.

two M(1) octahedra and two P(2) tetrahedra from two
different [M,P,0,4], layers. Note that a similar mode of
connection of double layers through [NbPOyg],, chains was
previously observed in the monophosphate Na,NbgOq
(POy)s (11).

One interesting feature concerns the distribution of the
metallic species over the different sites (Table 2). The W and
Nb cations are not distributed at random in spite in their
similarity. Tungsten sits preferentially on the M(1) sites
(36% for “K” and “Rb” and 22% for “LiK”), whereas the
M(2) sites contain 12% W for “K” and “Rb” phases and 4%
for “KLi”. The M(3) site that characterizes the [MPOg].,
chains is tungsten-free in the “KLi” phase and contains only
4% W in the other two phases. Note also that the P(1) site is
partially occupied by niobium (8%) in the K and Rb com-
pound. Nevertheless these variations of the tetrahedral and
octahedral site occupancy induce very small changes in the
M-0O and P-O distances (Table 4).

Distribution and Coordination of the Intercalated Cations

Four sites are available for the alkaline ions; three can
contain K or Rb, the fourth contains only Li. The Al site
located in the [M4P,0,4], double layers (Fig. 3) exhibits
a twelve-fold coordination (4 + 4 + 4) derived from the one
observed on the perovskite structure, with rather large A1-O
distances ranging from 3.11 and 3.32 A. In the three struc-
tures, this site is fully occupied by potassium or rubidium
with thermal factors ranging from 3.5 to 1.7 A2 respectively,
in agreement with the size of these cations. The second
potassium or rubidium atom is distributed over two sites,
A2 and A3, but prefers the A2 site. These two sites are
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[MPOg] chains

/[MgP2021}> layer|[M,P,04g]
) [MgP2021] layer double layer

FIG. 2. Projection of the structure of KNb,WO/(PO,), along b, showing the stacking of high density layers alternating with low density layers. The

K/Rb atoms are omitted.

located in very large cages, so they are off-center near the
walls of the tunnels (Fig. 6). In the A2 sites the K or Rb™
cations exhibit a four-fold coordination, the four oxygen
atoms being located on the same side with respect to the
cation. In contrast, two different coordinations are observed
for the cation of the A3 site: K™ exhibits a four-fold coord-
ination in the “K” compound, whereas K* and Rb™ exhibit
a six-fold coordination in the “KLi” and Rb compounds.

FIG. 3. Projection of [M,P,0, ]  layer along ¢ containing the Al sites.

One also observes that the A—O distances are significantly
shorter for A2 and A3 sites than for the Al site, with
distances ranging from 2.80 to 3.28 A for A2, and from 2.71
to 3.35 A for A3.

The lithium cation is located in the bottleneck of the
tunnels running along b (Fig. 6), where it adopts an abnor-
mal distorted square pyramidal coordination, with four
equatorial oxygen atoms at 2.05-2.07 A and the apical

a

FIG.4. The projection of [MPO]  chains along ¢ showing the se-
quence of large cages followed by bottlenecks.
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TABLE 4

Distances (A) in the Polyhedra

MEZAOUI ET AL.

OCTAHEDRON M(1) O¢

I(K) TI(Rb) (K Li.o6)
M(1)-0(1) 2.113(4) 2.102(5) 2.143(7)
M(1)-0(2) 1.904(1) 1.912(1) 1.906(2)
M(1)-0(3) 1.899(1) 1.905(1) 1.900(2)
M(1)-O(4) 2.013(4) 2.007(4) 2.012(6)
M(1)-0(5) 1.795(4) 1.791(5) 1.810(7)
M(1)-O(6) 2.094(4) 2.084(5) 2.11(1)
OCTAHEDRON M(2) O
I(K) TI(Rb) TI(K Lig 66)
M(2)-O(4) 1.834(4) 1.836(5) 1.839(6)
M(2)-O(5') 2.081(4) 2.083(5) 2.073(7)
M(2)-0(7) 2.000(4) 1.989(5) 2.016(7)
M(2)-O(8) 1.985(4) 1.983(5) 1.994(7)
M(2)-0(9) 1.992(4) 1.977(5) 1.996(7)
M(2)-O(10) 1.892(4) 1.897(2) 1.894(3)
OCTAHEDRON M(3) O,
I(K) TI(Rb) TTI(K Lio.o6)
M(3)-0(7) 1.832(4) 1.844(5) 1.817(7)
M(3)-O(7") 1.832(4) 1.844(5) 1.817(7)
M(3)-O(11) 2.027(5) 2.013(7) 2.06(1)
M(3)-O(12) 2.004(5) 2.022(7) 2.00(1)
M(3)-0(13) 2.078(4) 2.062(5) 2.125(7)
M(3)-O(13) 2.078(4) 2.062(5) 2.125(7)
TETRAHEDRON P(1) O,
I(K) TI(Rb) TTI(K Li.66)
P(1)-0O(1) 1.535(4) 1.532(5) 1.538(7)
P(1)-O(1}) 1.535(4) 1.532(5) 1.538(7)
P(1)-O(11) 1.540(6) 1.524(7) 1.55(1)
P(1)-0(12) 1.561(5) 1.543(7) 1.54(1)
TETRAHEDRON P(2) O,
1(K) TI(Rb) ITI(K Lig c)
P2)-0(6Y) 1.514(4) 1.515(5) 1.515(7)
P(2)-0(8) 1.535(4) 1.531(5) 1.532(7)
P(2)-O(9i) 1.540(4) 1.556(5) 1.534(8)
P(2)-O(13) 1.525(4) 1.516(5) 1.537(7)
I(K) TI(Rb) MK Lig.o6)
K/Rb(1)-O(4) 3.316(4) 3.318(5) 3.316(4)
o) 3.316(4) 3.318(5) 3.316(4)
o) 3.316(4) 3.318(5) 3.316(4)
O(4ii) 3.316(4) 3.318(5) 3.316(4)
0(6) 3.127(4) 3.143(5) 3.127(4)
0(6") 3.127(4) 3.143(5) 3.127(4)
0(6") 3.127(4) 3.143(5) 3.127(4)
0(6+11) 3.127(4) 3.143(5) 3.127(4)
0(9) 3.113(4) 3.124(5) 3.113(4)
0(9") 3.113(4) 3.124(5) 3.113(4)
0(9") 3.113(4) 3.124(5) 3.113(4)
09" 3.113(4) 3.124(5) 3.113(4)

TABLE 4—Continued

SITE A2
I(K) TI(Rb) ITI(K Lig_66)
K/Rb(2)-O(1) 2.83509) 3.14(1) 2.80(2)
O(13vii) 2.870(9) 3.14(1) 2.83(2)
O(1%) 2.83509) 3.28(2) 2.80(2)
O(13%) 2.870(9) 3.28(2) 2.83(2)
SITE A3
I(K) II(Rb) ITI(K Lig_¢6)
K/Rb(3)-O(7) 3.01(2) 3.35(2) 2.71(3)
Oo(7%) 3.01(2) 3.35(2) 2.71(3)
O(13f) 3.11(3) 3.15(2) 2.90(3)
0(13% 3.11(3) 3.15(2) 2.90(3)
0(9) 3.40(3) 3.21(2) 3.26(2)
0O(9%) 3.40(3) 3.21(2) 3.26(2)
SITE A4
I(K) TI(Rb) ITI(K Lig.66)
Li-O(1) 2.07(4)
Li-O(1%) 2.07(4)
Li—O(13Viif) 2.05(4)
Li-O(13%) 2.05(4)
Li-O(11%) 2.21(6)
Symmetry codes
it I—x Ity z
ii: X y 1—z
iii: I—x —i+y z
iv: T4+ x 1—y z
Vi —X 1—y —z
Vi —X 1—y z
vii: x y —z
viii: — 1+ x 1—y 11—z
ix —3+X 1—y z
X I—x 1+y 1—z

oxygen at 2.21 A. Such a rather rare coordination has al-
ready been observed in Li,Na(Mo0O),(POy,); (12), yLiO;
(13), and LiBO, (14).

The interatomic distances between the various A sites,
including the equivalent ones, means that they cannot all be
occupied simultanously. This is the case for A2 and A3 sites,
which can only be 50% occupied, because two equivalent
A2 (or A3)sites in the same cage would be too close to each
other, leading to A—A distances of 2.22 and 2.92 A for A2
and A3 respectively. Similarly, in the “KLi” compound, A3
and Li sites can be occupied simultaneously, but cannot be
occupied when a cation sits in the A2 site due to the short
A2-Li(2.21 10%) and A2-A3(1.69 /0\) distances. Thus when the
A2 site is empty, the A3 site can be 50% occupied and the
lithium site fully occupied. This possibility is confirmed by
the synthesis of the monophosphate KLiNbsOo(POy,);. Fi-
nally it is remarkable that the positions of the atoms located
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KNbgWO9(PO4)2(Pg,92Nbg 080 4)(1) RbINb4WO9(PO4)2(Pg.93Nb.0704 YAT) KLi0.66Nb4.476 W0.52409(PO)3 (I11)

FIG.5. Localization of the cationic sites in the [MPO,] _ layer through the three compounds.

[MPOg] chains

LI A RN

[M4P2019ko
double layer

C

FIG.6. (a) Projection of [M,P,0,,]  layer along ¢ (omitting the PO, tetrahedra), illustrating the close relationship with the ReO, structure;
(b) [MOg], chain running along ¢ perpendicular to the [M,P,0,,] layer.
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FIG.7. Experimental conductivity data. Theoretical behavior accord-
ing to the VRH model (straight line). (a) Plot of resistivity vs T; (b) Plot of
the logarithm of the conductivity vs T~ '/,

in the A3 site are strongly influenced by the presence of
lithium. The Li* cations push the K* ions of this site closer
to the walls of the cage as seen by the significant variation of
the atomic coordinates of potassium, the decrease in the
thermal factor of K* (4 A%) compared to the KNb,WO,
(PO4); phosphate (8.8 /&2), and the decrease of the K-O
distances (Table 4).

Relationships with the ReO3-Type Structure

A more detailed analysis of the structure shows that the
[M4P,044], double layers are closely related to the ReO;-
type structure. One of the two enanthiomorphic
[M4P,0,,], single layers forming such double layers is
presented in Fig. 5a, where the PO, tetrahedra have been
omitted. It clearly appears that the [M,O,4 ], framework of
such a layer can be described as a distorted ReO;-type
framework in which two octahedra out of six are missing
(dashed lines on Fig. 5a). Thus the structure of this new
phase consists of double distorted ReO;-type layers, where
two MOy octahedra out of six are missing. Along ¢, two
[M4O0], double layers are interconnected through MOy
octahedra belonging to the [MPOg],, chains as schemati-
zed in Fig. 5b. Thus, these structures are remarkable in that
they exhibit a pure octahedral three-dimensional frame-
work allowing physical properties.

MEZAOUI ET AL.

Electric Measurements

The three compounds have the same structure, a tri-
dimensional network of distorted ReO;-type layers with
missing octahedra. The KLiNb,WO,(PO,); compound
contains only mixed-valent Nb/W. This situation is favor-
able to electronic delocalization, and the electronic conduct-
ivity of this compound has been measured between 200 and
400 K. The resistivity vs temperature curve is shown in Fig.
7a. The resistivity was too large for T < 200 K to be meas-
ured with our setup. The logarithm of the conductivity does
not obey classic, thermally activated behavior for a semi-
conductor. Lng vs T~ '* shows linear behavior (Fig. 7b)
with variable, range-hopping conductivity. This behavior is
compatible with the disordered distribution of W and Nb
cations in the structure.
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