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Single crystals of Ky3;M00; and Rby3;M00; were synthesized by electrolytic reduction of MoQs/
A;Mo00, melts. The crystal structures were refined from X-ray diffraction data (3265 and 1280 indepen-
dent reflections, respectively). The final R and wR factors were 0.037 and 0.047 for the K bronze and
0.031 and 0.033 for the Rb bronze. The lattice parameters of the body-centered cells used in the present
refinements were: K;3;;M00s, a = 16.2311(7), b = 7.5502(4), ¢ = 9.8614(4) A, B = 94.895(4)°; Rby 3
MoQ;, a = 16.361(3), b = 7.555(1), ¢ = 10.094(2) A, B = 93.87(5)°. The 4d electron distribution over
the 20 Mo sites [4Mo(1), 8Mo(2), 8Mo(3)] of the unit cell are 10, 45, and 45% for K 30M00; and 14, 43,
and 43% for Rby3;,M00;, respectively. In both cases about 90% of the 4d electrons are situated on
those sites which contribute to the electrical conductivity. The variations of the lattice parameters
versus temperature are reported. The thermal linear-expansion coefficient is highly anisotropic. The
structural dimensionality depends upon the sublattice under consideration. The K, Mo, and O sublat-
tices are mono-, two-, and three-dimensional, respectively. The relationship between the structural

dimensionality of K,3Mo0O; and the physical properties is discussed.

Introduction

The A,TO,, bronzes belong to a class of
compounds in which A is an alkali metal

and T one of the following elements: Ti, V,

Nb, Pt, Pd, W, or Mo. They have a variety
of crystal structures and consequently a va-
riety of physical properties.

The red and blue potassium bronzes,
Ko33Mo0O; and Kg30MoQ;, were first pre-
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pared by Wold ef al. (I). They are not iso-
structural (2, 3) and the former is a semi-
conductor while the latter exhibits a
metal-to-semiconductor phase transition at
T. = 180 K (4-6).

As determined by Graham and Wadsley
(3) the crystal structure of K;3;MoOQO; is
monoclinic, space group C2/m, with 20 for-
mulae per unit cell of dimensions a =
18.25(1), b = 7.560(5), ¢ = 9.885(6) A, B8 =
117.5(1)°. The atoms occupy the positions
given in Table I. The structure contains
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TABLE 1
PosiTioNAL AND THERMAL PARAMETERS?

X Y z Uy Un Uss Up Un Un
K(1) 0 3 4 .0357(10) .0262(9) .0492(12) 0 —-.2007(9) 0
Rb(1) 0 H i .0248(7) .0177(6) .0406(8) 0 —.0094(6) 0
K(2) .81198(7) 0 .5314(1) .0254(5) 0217(5)  .0207(5) 0 .0072(4) 0
Rb(2) .81592(6) 0 .5326(1) .0202(4) .0145(4) .0195(4) 0 .0050(3) 0
Mo(l) .22593(2) 0 .05216(3)  .0072(1) .0078(1) .0101(2) 0 .0017(1) 0
.22380(5) 0 .04931(8) .0073(3) .0038(3) .0124(3) 0 .0013(2) 0
Mo(2) .42052(2) .24475(3) .37779(2) .0078(1) 0071(1) .0081(1) .0001(1) .0024(1) —.0003(1)
42244(3)  .24415(7) .38128(5) .0080(2) .0028(2) .0097(2) .0002(2) .0016(2) —.0004(2)
Mo(3) .13856(1) .24993(3) .79216(2) .0089(1) 0071(1)  .0083(1) .0003(1) .0034(1) .0005(1)
.13968(3) .25002(7) .79606(5) .0086(2) .0029(2) .0101(2) .0003(2) .0027(1) .0004(2)
o(1) i i 3 011(1) .013(1) .022(2) .001(1) .008(1) .005(1)
i 1 3 011(2) .004(2) .025(3) .001(2) .008(2) .002(3)
0(2) .2497(2) 0 .2225(3) 017(1) .022(2) .014(1) 0 .003(1) 0
.2493(4) 0 .2167(7) .016(3) .020(3) .013(3) 0 .001(3) 0
0@3) .3182(2) 0 .9830(3) 011(1) .019(1) .016(1) 0 .007(1) 0
.3156(4) 0 979%7) .011(3) .018(3) .015(3) 0 .002(2) 0
04) .4199(2) 0 .4087(3) .014(1) .008(1) .016(1) 0 .002(1) 0
.4222(4) 0 4139%(7) .014(3) .008(3) .014(3) 0 .001Q2) 0
O5) 9118(2) 0 .9046(3) .008(1) .009(1) 017(1) 0 .002(1) 0
.9126(4) 0 .9035(7) .011(3) .001(2) .022(3) 0 .002(2) 0
O(6) .1554(2) 0 .8425(3) O11(1) .007(1) .012(1) 0 .000(1) 0
.1564(3) 0 .8459(6) .004(2) .002(2) .0143) 0 .003(2) 0
(6]¢)] 6411(2) 0 .3102(3) .017(1) .009(1) .018(1) 0 .009(1) 0
.6423(4) 0 3142(7) .015(3) .003(2) 021(3) 0 .007(3) 0
(0]¢9) .3988(2) .2448(3) .2085(2) .019(1) 019(1) 013(1) —.002(1) -.001(1) —.001(1)
.4016(3) .2397(7) .2153(5) .020Q2) .014Q2) .014(2) .004(2) -.001(2) .000(3)
09 .1854(1) .2432(3) .0241(2) .008(1) .009(1) 012(1) .000(1) .003(1) —.001(1)
.1836(3) .2433(6) .0223(4) .010(2) .001(2) 017(2) .002(2) .001(1) .000(2)
O(10) .0884(2) .2192(3) .6376(2) .019(1) .018(1) 012(1) —.002(1) .000(1) .001(1)
.897(3) .2196(6) .6466(5) .017Q2) .010(2) .015Q2) —.002(2) 001(2) —.002(2)
oy .0377(1) .2463(3) .8916(2) .009(1) .013(1) .009(1) .001(1) .003(1) .001(1)
.0382(2) .2443(6) .8940(3) .008(1) .008(1) .010(2) —0.01(2) .004(1) .000(2)

2 For each position the first line gives the parameters of K;3;;Mo00O; while the second line gives those of

Rb0_30M003 .

rigid units comprised of 10 distorted MoOg
octahedra. The arrangement of one unit is
shown in Fig. 1. The units are linked to-
gether via corner sharing along two direc-
tions, b and [102], so as to form one-unit
wide slabs (shown in Fig. 2). The slabs are
held together by K—-O bonds. It is interest-
ing to note that the linking between units is
made by the Mo(2) and Mo(3) octahedra,
while the Mo(1) octahedra share their edges
and corners only with the Mo(2) and Mo(3)
octahedra of the same unit. With such an

arrangement Kg3;0MoO; has been consid-
ered to be a two-dimensional compound as
far as the Mo sublattice is concerned.
Brusetti et al. (7) showed that for T > T,
the electrical conductivity, as measured
from single-crystal samples, has a very an-
isotropic behavior. For instance, at room
temperature the conductivity along the b
axis is about 10 times that measured along
the [102] direction, and about 100 times that
along the direction perpendicular to the
slabs of MoOQOg octahedra. Furthermore,
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Fi1G. 1. (a) Two five-octahedron units joining to-
gether so as to form (b) a ten-octahedron unit.
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Brusetti ef al. (7) showed that the way the
electrical conductivity varies with tempera-
ture for T > T, also depends upon the crys-
tallographic direction. It increases with de-
creasing temperature along the b axis while
it is nearly temperature independent along
the [102] direction. From optical reflectivity
measurements carried out on single crys-
tals, Travaglini ez al. (8) deduced that
Ko.30M0O; is a quasi-1-D conductor and
that the 180 K transition is of Peierls type.
These results were later confirmed by Ra-
man scattering measurements (9). Re-
cently, Dumas et al. (10) reported that
below the transition the electrical con-
ductivity exhibits a nonohmic behavior
when the applied field is greater than a
small threshold field (Er ~ 130 mV/cm).
Pouget et al. (I11) reported that mono-

FIG. 2. Projection on the (010) plane, showing the octahedral slabs. The C- and I-centered unit cells
are both indicated. The oxygen octahedra are outlined. Each ten-octahedron unit is represented by a
group of six octahedra as four sets of two octahedra are coincident in this projection.
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chromatic X-ray Laue and Weissenberg
photographs taken above the transition,
contained diffuse streaks normal to the b*
reciprocal direction. These diffuse streaks
looked like flattened cigars pointed in the
2a*—c* reciprocal direction and were situ-
ated at +¢g,b* from planes with odd k indi-
ces. Since the gy, value was 0.28, the diffuse
streaks were incommensurate with the

crystal lattice. Below the transition well-de- -
fined superstructure reflections were ob-"

served. The wave vector of these satellites
was found to be q = 0a* + gyb* + 0.5¢*
with gy slightly greater than 0.25, still in-
commensurate with the crystal lattice. The
satellites related to Bragg spots with k odd,
were considered to be a condensation of the
high-temperature diffuse streaks. Chen et
al. (12) confirmed the appearance of the su-
perstructure spots below the transition by
electron diffraction studies. These authors
reported that the superstructure stable be-
low the 180 K transition is very sensitive to
electron-beam irradiation. Very recently
Fleming and Schneemeyer (/3) showed that
Kg.30M0O; underwent an incommensurate-
to-commensurate transition at 110 K where
the q vector became (0a*, 0.256*, 0.5¢*).
By Raman scattering studies Dierker et al.
(14) confirmed the existence of the 110 K
transition and showed that this transition
can be suppressed by small amounts of im-
purities.

In order to relate the crystal structure
and its dimensionality to the physical prop-
erties, we undertook a very precise struc-
tural refinement of Ky 1M00; at room tem-
perature. Since the Rb counterpart - has
similar physical properties (I15), we carried
out the structural refinement of Rb, ;pM00;
as well.

Experimental

(a) Preparation. Single crystals of the
blue bronzes were grown by electrolytic re-
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duction of M0oO;/A;M00, melts having a
3.35/1 mole ratio. The starting materials
were melted in a Pt crucible at 565°C by
using a vertical tube furnace. A current of
40 mA was maintained through the melt
during 3 to 16 hr by means of two elec-
trodes. The anode and the cathode were a
1-cm? sheet and a wire, respectively. Easily
cleavable single crystals with average di-
mensions of 5 X 2 X 1 mm were obtained
for Kg3gM0QO;, the b and the [102] direc-

tions lying along the largest and the medium

dimensions, respectively. The single crys-
tals of Rbg3;M00O; were of smaller dimen-
sions.

(b) Intensity data collections. From frac-
tured single crystals of Ky 3MoO; and Rby 30
MoO;, two irregularly shaped samples
suitable for X-ray diffraction experiments
were isolated, the largest dimensions being
in both cases less than 0.12 mm. Precession
photographs taken with filtered MoK« radi-
ation were indexed on the unit cell pro-
posed by Graham and Wadsley (3). The
C2/m space group was confirmed and
preliminary lattice parameters were ob-
tained. For Kg3;MoO; long-exposure (=250
hr) precession photographs of the lattice
plane containing the b* and 2a*—c* direc-
tions and of that containing the 4* and c*
directions, did not reveal any trace of the
diffuse streaks observed by Pouget et al.
(11). Streaks should have appeared on the
first-type photographs, while extra spots
should have appeared on the second type.
These experiments were carried out by the
use of an X-ray generator equipped with
filtered MoK« radiation and operated at 1.5
kW. The same single crystals of Kg 3,M00;
and Rbg3;pM00; were mounted on a Philips
four-circle diffractometer equipped with
a graphite monochromator and MoK«
radiation. Both data collections were car-
ried out by the use of a body-centered
I-unit cell related to the C-centered unit
cell of Graham and Wadsley (3) by the
matrix
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)-8,

The I-cell has the same volume as the C-
cell, but the B; angle, being closer to 90°,
facilitates the description of the structure.
Note, for example, that the (201)¢ plane of
the Graham and Wadsley lattice, which is
paralle] to the octrahedral slabs, becomes
the (101); plane of the body-centered lat-
tice. The intensities of all reflections with 0
=< 45° and h = 0 were measured by using the
w-scan mode (Aw = 1.6 + 0.15 tn 8). The
background was measured on each side of
the peak and in order to have a better count
statistics for weak reflections the multiscan
technique was used. Those reflections for
which the integrated intensity was less than
twice the background were considered as
unobserved. The Lorentz and polarization
corrections were applied in order to obtain
the structure factors. Due to the dimen-
sions of the sample, the absorption correc-
tion was not applied. The uR value was
in any direction less than 0.35 for both
compounds. After averaging symmetry-
related reflections, 3265 and 1280 inde-
pendent structure factors were obtained for
Ko30MoO; and Rbg;Mo0O;, respect-
ively. The significantly smaller number of
reflections for the Rb bronze was due to
the size of single crystals available for
this compound. The largest single crystals
of the Rb bronze were about one-third
in volume the average crystals of the K
bronze.

(c) Lattice parameters. The lattice pa-
rameters were determined by using the sin-
gle crystals mounted on the Philips diffrac-
tometer for the intensity data collection.
The 6 angle of 27 independent reflections
with «; and «, fully separated, were mea-
sured. the zero of the 6 circle was obtained
by measuring the § and —6 value for each
reflection. The least-squares refinement
yielded the following values

GHEDIRA ET AL.

Ko.30M0Os:
a = 16.2311(7), b = 7.5502(4),
c = 9.8614(4) A, B = 94.895(4)°

Rb0,30MOO3I
a = 16.361(3), b = 7.555(1),
c = 10.094(2) A, B = 93.87(5\°

The lattice parameters as a function of
temperature from 110 K to room tempera-
ture were determined for the K bronze. The
low temperatures were obtained by blowing
nitrogen gas at controlled temperatures
over the crystal. The same 27 0 angles were
measured every 10 K. The values of the
lattice parameters, the unit cell volume, the
a—c vector and the dj;oy lattice spacing as
function of temperature are reported in Fig.
3.

(d) Structural refinements. During the
first stage of refinement the Nonius-Enraf
SDP system program was used. The f-
curves for neutral atoms and the coeffi-
cients of the anomalous dispersion correc-
tion for K and Mo, were taken from the
International Tables for X-ray crystallogra-
phy. The weighting scheme (w = Vo(F?)
with a zero fudge factor) was that of the
SDP system.

The starting values for the positional and
isotropic thermal parameters were those of
Graham and Wadsley (3). The positional
parameters were transformed for the 12/m
space group. After convergence was at-
tained it was noticed that the strong reflec-
tions occurring at low # angle, were af-
fected by extinction. The final stages of
refinement were carried out by the use of
the Linex program. Several cycles, during
which one scale factor, 34 positional pa-
rameters, 78 anisotropic thermal parame-
ters, and one isotropic extinction coeffi-
cient were varied, yielded R(F) = 0.037
and wR(F) = 0.047. The occupancy pa-
rameters of the K(1) and K(2) sites were
also varied, but since their values remained
close to unity within their respective stan-
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dard deviations, they were kept constant in
the final cycle. This indicated that the stoi-
chiometry of the K bronze crystal was in-
deed K0,30MOO3.

The same procedure was applied to the
refinement of the Rb bronze; the starting
values were those obtained for the K
bronze. The last cycle yielded R(F) = 0.031
and wR(F) = 0.033. Although the R factor
of the Rb bronze are smaller than those of
the K bronze, the standard deviations of
the former compound are about twice as
large the corresponding values of the latter.
This is due to the number of reflections
used in the structural refinements of the
two compounds: 1280 for the Rb bronze
and 3265 for the K bronze.

It must be pointed out that the structural
refinements were carried out without taking
into consideration the diffuse scattering
streaks observed by Pouget er al. (11).
Their existence is indicative of some struc-
tural disorder—order problem in K 3,Mo00;
and Rbgy3)Mo0Q;. Since these streaks are
very weak, their exclusion should not have
any significance on the results presented
and discussed herein.

The final positional and thermal parame-
ters are reported in Table I. The inter-
atomic distances together with the corre-
sponding Zachariasen bond strengths (/6)
are listed in Table I while the thermal data
are reported in Table III.

Discussion

(1) Ky3sMoO;

(a) The interatomic distances and the
structural distortion. The distance between
two bonded Mo cations occupying two

FiG. 3. Lattice parameters versus temperature. The
variations of la-¢ly and dyy; are also shown. The former
runs along the octahedral slabs perpendicular to the b
axis while the latter runs perpendicularly to the octa-
hedral slabs,
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edge-sharing oxygen octahedra, is about
2.7 A if the Mo cations form a single bond
and 2.5 A if they form a double bond. In the
structure of Ky 30M0Q; the shortest Mo—Mo
separation across a shared edge is 3.181 A
while the separations of other pairs are
even longer. This is illustrated in Fig. 4.
Therefore, there are no metal-metal bonds
in the room-temperature structure of
Ky 30M00O;. Because of the large Mo dis-
placements from the octahedral centers,
the Mo-O distances vary over a very large
range (1.677-2.348). The average Mo-O
distances are: Mo(1)-O = 1.983 A, Mo(2)-
O = 1.960 A, and Mo(3)-0 = 1.960 A,
which give 1.964 A as the overall average.
This value is in good agreement with those
found in other oxides where the oxidation
state of the Mo atoms is between 5 and 6.
For instance, in the recently refined
Ky.sMoOy7 Vincent et al. (I17) found 1.942
A for the average octahedral Mo-O dis-
tance. The average Mo valence in
Ky 9MogOy; is 5.52 as against 5.70 in the
present compound.

The Mo(1) cations are so displaced from
the octahedral center that its coordination
should be considered as 4 + 2 with the four
closest oxygen neighbors forming a dis-
torted tetrahedron. Octahedral distortions

Fi1G. 4. Mo-sublattice in K3;M00;. The Mo-Mo
distances inside a ten-octahedron unit and between
units are given. The different Mo sites are indicated by
arabic numbers. The solid and dotted lines correspond
to edge and corner sharing, respectively.

> GHEDIRA ET AL.

can be characterized by the standard devia-
tion calculated for the six Mo-O distances
and/or by that calculated for the 12 O-O
distances. The former which gives informa-
tion on the distortion due to cation dis-
placements, and the latter which gives in-
formation on the octahedral shape are not
independent; a displaced cation causes an
unbalance in the electrostatic charge and
consequently the anions move from their
positions in order to reestablish the bal-
ance. It can be seen from Table II that the
distortion due to displacements is much
larger for Mo(1) (0.269 A) than for Mo(2)
and Mo(3) (0.214 and 0.218 A, respec-
tively). The distortions of the Mo(1) and
Mo(2) octahedra, as calculated from the O-
O distances (0.135 and 0.139 A, respec-
tively), are larger than that of the Mo(3)
octahedron (0.114 A). These differences are
mainly due to the number of edges shared
by each octahedron; that around Mo(1)
share four of its edges with the adjacent
octahedra while those around Mo(2) and
Mo(3) share three and two edges, respec-
tively.

The oxygen polyhedron around the K(1)
cation is a cube with two opposite faces
capped with an additional oxygen, O(3),
while that around the K(2) cation is a trigo-
nal prism with one of the square faces
capped with an additional oxygen, O(2).
The coordination numbers are 10 and 7, re-
spectively. The K(1)-O distances vary over
a large range (2.839 to 3.304 A) while
those corresponding to K(2) are closer to
the average value; they vary from 2.703 to
2.932 A. The monocapped trigonal prisms
and the bicapped cubes form infinite edge-
sharing chains parallel to the & axis, as
shown in Fig. 5. It deserves attention that
the K polyhedra forming the chains, share
only corners with the Mo-octahedra form-
ing the slabs. Moreover, the infinite K poly-
hedra chains are isolated as they do not
share any oxygen atom with adjacent K
chains.



As can be seen from the interatomic dis-
tances, the coordination polyhedra around
K(1) are too large for the size of the K!*

KQ':;(]MOO} AND Rbg,}()MOO;

TABLE I
INTERATOMIC DISTANCES (A) AND BOND
STRENGTHS
Kq.30M00O;3 5 Rbg 30M00;3 s
(1) Octahedron Mo(1)
-0(2) 1.690(3) 1.892 1.7147) 1752
-0(3) 1.698(3) 1.844 1.700(7) 1.832
-0(5) 2.310(3) 0.262 2.313(6) 0.260
-0(6) 2.276(3) 0.292 2.262(6) 0.306
-09) x2 1.962(2y 0.795 1.964(4) 0.790
Average 1.983 1.986
Distortion coefficient 0.269 0.261
38 5.880 5.730
09)-0(5) x 2 2.557(3) 2.564(6)
-0(2) x2 2.817(3) 2.847(6)
~0(3) x2 2.887(3) 2.889(7)
-06) %2 2.582(3) 2.575(6)
0(2)-0(3) 2.694(4) 2.691(8)
-0(5) 2.806(4) 2.840(8)
0(6)-0(3) 2.878(4) 2.853(8)
-0O(5) 2.805(4) 2.837(8)
Average 2.739 2.748
Distortion coefficient 0.135 0.141
(2) Octahedron Mo(2)
-0(8) 1.677(2) 1.972 1.686(5) 1.916
-0(11) 1.896(2) 0.981 1.892(4) 0.994
-0(11) 2.319(2) 0.255 2.318(4) 0.256
-0(4) 1.873(2) 1.056 1.8742) 1.052
-0(5) 1.952(1) 0.821 1.9542) 0.815
-0(9) 2.045(2) 0.610 2.049(4)  0.602
Average 1.960 1.962
Distortion coefficient 0.214 0.211
=5 5.695 5.635
O(5)-0(11) 2.774(3) 2.769(6)
-0(11) 2.809(3) 2.830(7)
-0(9) 2.557(3) 2.564(6)
-0(8) 2.726(3) 2.735(7)
0(4)-0(11) 2.722(3) 2.724(6)
-0(11) 2.791(3) 2.782(6)
-0(9) 2.704(3) 2.707(6)
-0(8) 2.706(3) 2.704(7)
O(8)-0(11) 2.766(3) 2.777(6)
-0(9) 3.074(3) 3.080(6)
O(11)-0(11) 2.533(4) 2.551(8)
-0(9) 2.631(3) 2.694(5)
Average 2.733 2.743
Distortion coefficient 0.139 0.135
(3) Octahedron Mo(3),
-oqo) 4 1.682(2) 1.941 1.683(5) 1.934
e )] 2.348(2) 0.232 2.347(4) 0.233
-0 1.890(0) 1.000 2.894(1) 0.987
-0(7) 1.897(0) 0.978 1.898(1) 0.975
,—0(6) 1.964(1) 0.790 1.989(2) 0.729
~0(11) 1.979(2) 0.753 1.969(4) 0.777
Average 1.960 1.963
Distortion coefficient 0.218 0.217
z5 5.694 5.635

TABLE II—Continued
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06)-0(1)
~0(10)
-0(11)
-0(9)

o(N-~0()
~0(10)
~O(11)
~0(9)

O(1)~-0®)
~0(11)

0(10)-0(9)
~0(11)
Average
Distortion coefficient

(4) Polyhedron K(1)
~0@8) x4
-0(10) x 4
-0(3) x2
Average

0(8)-0(10) x 4
~0(10) x 4
—0@®) x2

0(10)-0(10) x 2

0(3)-0@®) x 4

-0(10) x 4

(5) Polyhedron K(2)
-0(8) x2
-009) x2
-0(10) x 2
-0(2)
Average

0(9)-0@®) x2
-0(10) x 2
O(8)-0(10) x 2
~O(8)
009)-0(9
0(10)-0(10)
0(2)-0@8) x2
~-0(9) x2

(6) Mo-—-Mo distances?

Inside a

Mo(1)-Mo(2) a
Mo(1)-Mo(3) a
Mo(2)-Mo(2) a
Mo(2)-Mo(2) b
Mo(2)~-Mo(3) a
Mo(3)-Mo(3) b

Between 10-octahedron units

Mo(2)-Mo(2) b
Mo(3)-Mo(3) b
Mo(3)-Mo(3) b

Ko.30M0O; 5
2.644(2)
2.762(3)
2.738(3)
2.582(3)
2.687(2)
2.807(3)
2.714(3)
2.909(3)
2.982(2)
2.76%(2)
2.710(3)
2.631(3)
2.745
0.144

3.3042)
2.839(2)
2.941(3)
3.045

3.225(4)
3.44703)
3.697(5)
4.240(4)
3.094(3)
2.918(3)

2.885(2)
2.822(2)
2.932(3)
2.703(3)
2.854

3.772(3)
4.136(3)
3.447(3)
3.854(5)
3.878(4)
3.311(5)
3.203(4)
3.267(3)

Ko.30M0O3
10-octahedron unit
3.181

3.395

3377

3.854

3.471

3.776

3.696
3.774
3,780

Rbg.30M00; s
2.655(4)
2.774(7)
2.741(6)
2.575(6)
2.693(5)
2.810(6)
2.731(7)
2.905(7)
3.022(4)
2.767(5)
2.694(6)
2.631(5)
2.750
0.122

Polyhedron Rb(1)
3.325(5)

2.923(5)

3.009(7)

3.101

3.213(7)
3.680(7)
3.617(9)
4.23509)
3.231(7)
2.966(7)

Polyhedron Rb(2)
2.983(5)

2.903(4)

2.964(5)

2.811(7)

2.929

3.949%6)
4.195(6)
3.680(7)
3.938(9)
3.880(8)
3.316(9)
3.267(6)
3.394(7)

Rbyo.30MoO3

3.190
3.39%4
3.371
3.866
3.477
3.778

3.689
3.777
3.788

4 g and b indicate across a shared edge and a shared corner, respec-

tively.

cations. On the contrary, those around K(2)
have the appropriate size. The average
K(2)-O distance is 2.854 A, which agrees
well with the value of 2.84 deduced from
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FiG. 5. (a) Three-dimensional view of an infinite chain of oxygen polyhedra about the K cations. (b)
Projection along the b axis. The atoms are represented by their thermal ellipsoids. These chains link
together the octahedral slabs and are not bridged laterally to adjacent chains.

the strength-to-length curve for the K-O
bonds. The bicapped cubes around K(1) are
comprised of two O(3), four O(8), and four
0(10). The K(1)-O(8) distance is too large
(3.304 A) if the four O(8) are to be consid-
ered as first nearest neighbors. The large
size of the K(1) sites is the result of the
rigidity of the two-dimensional MoQOg-octa-
hedron slabs. The large K(1)-O(8) separa-
tion is compensated by anomalously large
thermal vibrations of K(1). The K(1) ther-
mal ellipsoid has the major and intermedi-
ate axes in the plane formed by the four
O(8). This can be interpreted as an indica-
tion that a large fraction of the K(1) thermal
vibration is due to a distortion of the K(1)
sublattice. Each K(1) cation is displaced
along the major axis of the thermal ellipsoid
in such a way as to be bonded to two O(8)
only. At any given time the K(1) cations
would have an 8-fold coordination rather
than a 10-fold one.

(b) Thermal data and oxygen coordina-
tion. Although a quantitative analysis of the
data reported in Table III will not be pre-

sented, qualitatively these data reveal
many features of physical interest. For in-
stance, the K cations have large and aniso-
tropic thermal vibrations and K(1), which is
more loosely bonded than K(2), has larger
thermal vibrations than K(2). The large
thermal ellipsoid of K(1) has been inter-
preted in the previous section. The major
axis of the K(2) ellipsoid is directed away
from any of the seven K(2)-O bonds. The
thermal vibrations of the molybdenum cat-
ions are normal and only slightly aniso-
tropic.

There are 11 crystallographically inde-
pendent types of oxygen atoms. However,
from the chemical bonding point of view
there are only six types. Oxygens (1), (4),
and (7) have similar bonding as each of
them is bonded to two Mo atoms. Their
thermal ellipsoids are quite anisotropic and
in each case the major axis is perpendicular
to the Mo—O-Mo bridges which link to-
gether the 10-octahedron units. Each of the
oxygens, (2) and (3), forms one Mo-O bond
and one K-O bond. Since for both oxygens
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TABLE III TABLE III—Continued
THERMAL DATA?

u Angle/A  Angle/B  Angle/C

u Angle/A Angle/B  Angle/C

2 0.114 18.1 90 112.8
K() 1 02609 1296 90 34.8 0.119 43.2 % 50.6
Rb(1) 0.218  119.8 90 26.0 3 0.088 90 0 90
2 0.162 9% 0 90 0.091 90 0 90
0.133 90 0 % 0(5) 1 0.130 84.6 90 10.1
3 0.138 39.6 9% 55.2 0.147 88.0 90 5.9
0.133 29.8 90 66.0 2 0.095 90 0 90
KQ2) 1 0.169 35.6 90 59.2 0.029 90 0 90
Rb(2) 0.153 4.1 90 498 3 0.087 5.4 90 100.1
2 0.147 9 0 90 0.105 2.0 90 95.9
0.120 90 0 % 0(6) 1 0109 1108 90 16.0
30129 1256 90 30.8 0.119 80.0 90 13.9
0.126 1341 90 40.2 2 0.101 20.8 90 74.0
Mo(1) 1 0.101 75.7 90 19.0 0.058 10.0 90 103.9
0.111 84.6 90 9.3 3 0.082 90 0 90
2 0.089 90 0 90 0.045 90 0 90
0.062 90 0 90 o) 1 0.157 50.6 90 442
3 0.082 14.3 90 109.0 0.157 60.6 90 333
0.084 5.4 90 99.3 2 0.09 39.4 90 134.2
Mo(2) 1 0.098 50.6 93.2 443 0.106 294 90 123.3
0.101 67.8 92.4 26.2 3 0.093 90 0 90
2 0.085 77.4 14.1 97.3 0.058 90 0 90
0.053 92.9 48 g0 O® 1 0.144 36.0 124.6 102.6
3 0.077 9.1 103.7 133.4 0.150 26.3 66.4 103.9
0.087 22.4 85.9 115.8 2 0.134 60.1 36.9 111.9
Mo(3) 1 0.106 45.1 82.2 50.7 0.107 1160 32.1 105.8
0.107 56.2 87.2 378 3 0.110 71.9 78.8 25.6
2 0.084 1009 10.9 89.1 0.118 88.2 69.5 213
0.054 91.3 28 90.4 09 1 0.112 68.6 96.4 27.0
30075  133.0 97.6 39.4 0.132 90.7 91.6 3.6
0.084 138 90.3 1277 2 0.095 74.4 15.6 90.7
o) 1 0.163 68.7 70.2 33.4 0.018  104.3 14.4 87.6
0.167 68.5 84.4 26.9 3 0.083 27.0 104.2 117.0
2 0.108  106.4 22.0 102.7 0.101 14.4 75.7 92.7
0.058 98.4 8.8 g1 0U0) 1 0.4 4222 130.5 103.5
3 0.081 274 81.0 120.3 0.132 31.3 108.4 69.3
0.087 23.3 83.3 116.0 2 0131 48.4 41.8 90.5
0Q) 1 0.150 90 0 90 0.095 77.9 20.6 74.4
0.143 % 0 % 3 0.107 84.4 98.6 13.5
20132 28.0 %0 66.7 0.124 1184 99.0 26.4
0.125 2.2 90 9.1 00D 1 0.116 77.0 19.1 77.4
3 0.114 118.0 90 23.3 0.091 93.7 17.1 73.2
0.115 87.8 90 6.1 2 0.098 51.4 109.1 49.1
0@3) 1 0.138 59.7 90 35.1 0.109 577 102.1 38.6
0.123 75.1 % 18.8 3 0.086 41.6 90.6 136.3
2 0.138 90 0 % 0.072 32.5 78.1 123.5
0.135 90 0 % -
3 0.084 30.3 90 125.1 7 For each position the first line gives the parame-
0.102 14.9 90 108.8 ters of K;3,MoO; while the second line gives those of
0@) 1 0.130 71.9 90 228  RbuxMoO;.
0.124 1332 9% 39.4
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the Mo-0 bonds are rather short (about 1.69
A), the minor axis of the thermal ellipsoid is
directed along this bond. However, their
anisotropy is somewhat different. This is
probably due to the difference in length of
the K-O bonds; K-O(2) = 2.703 A is
shorter than K-O(3) = 2.941 A. The major
axis of the O(2) ellipsoid is perpendicular to
the shorter K(2)-0(2) bond. Both oxygens
(5) and (6) are bonded to three Mo atoms,
however, the respective thermal ellipsoids
are slightly different, the former being more
anisotropic than the latter. In both cases a
short thermal vibration corresponds to the
weak Mo(1)-O bond. This indicates that
O(5) and O(6) are in between first- and sec-
ond-nearest neighbors of Mo(1). Both oxy-
gens (8) and (10) are surrounded by two cat-
ions, one Mo and one K. As can be seen
from Table II1, they have very similar ther-
mal vibrations, slightly anisotropic with the
ellipsoidal axes directed along the same di-
rections within 10°. Oxygen (9) is bonded to
three Mo and one K cations while O(11) is
bonded to three Mo cations. Their thermal
vibrations are normal and slightly aniso-
tropic.

(¢) Structural dimensionality. The struc-
tural dimensionality of a given compound
depends upon which of its sublattices is
taken into consideration. The physical
properties also have the dimensionality of
the sublattice which they are related to. In
the case of K 3Mo0O;3, the K sublattice has
the character of a one-dimensional lattice,
the oxygen sublattice that of a three-dimen-
sional lattice, and the Mo sublattice the
character of an anisotropic two-dimen-
sional lattice. In forming the slabs the 10-
MoOg-octahedron units share with the adja-
cent units eight octahedral corners along
the b axis and four along the [101]; direc-
tion. The interatomic Mo-O distances cor-
responding to the Mo—O-Mo bonds across
the shared corners, are about the same
along both directions: Mo(2)-0O(4) = 1.873
A and Mo(3)-0(7) = 1.897 A along the b
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axis and Mo(3)-O(1) = 1.890 A along
[101];.

Since there exist infinite chains of corner-
sharing MoOg octahedra along the b axis,
the mechanism of the electric conductivity
along this axis is that of an ReO; or
perovskite compound. It consists in elec-
tron transfers between Mo cations via Mo—
O-Mo bonds. There also exist infinite
chains of MoOg octahedra along the [101];
direction; however, along these chains the
octahedra share sequentially three corners
and one edge. Two mechanisms must be
taken into account to explain the electric
conductivity along the [101]; direction: that
of the ReO3; compounds for the corner-shar-
ing octahedra and the mechanism of the
rutile compounds for the edge-sharing octa-
hedra. In the latter type of compounds the
electron transfers take place between Mo
cations across the shared edges. The differ-
ent number of infinite chains of MoOs octa-
hedra per unit cell along the & and [101]
directions (eight and four, respectively) and
the different conduction mechanisms, ex-
plain qualitatively the anisotropy found for
the electric conductivity by Brusetti et al.
(7).

It is not possible to reconcile the struc-
tural dimensionality of Ky 3MoO; with the
optical reflectivity measurements of
Travaglini et al. (8). These authors found
that at room temperature the optical reflec-
tivity of Kg3MoOs is that of a quasi-one-
dimensional metallic compound. As stated
above, in the structure of Kq3;;M00; only
the K sublattice has a one-dimensional
character. However, it is doubtful that the
optical reflectivity is associated with the K
sublattice.

(d) Charge distribution in the Mo sites. In
compounds, such as Kg3sMo0Oj3, which con-
tain the same element with more than one
valence state, an important crystal chemi-
cal problem is to determine the distribution
of Mo** and Mo®* over the three crystallo-
graphically independent sites. This can be
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done by analyzing the molybdenum-oxy-
gen distances by the bond strength/bond
length method (I6). The strength of each
individual Mo-O bond has been calculated
by the use of the Zachariasen formula D(s)
= D(1)(1 — 0.166 In s), where D(s) is the
interatomic distance, s the bond strength,
and D(1) the interatomic distance for unit
strength. The value of D(1) = 1.890 A was
given by Zachariasen for Mo-O (16). The
individual values for the Mo-O bond
strengths s are reported in Table 1I. The Mo
valences have been obtained by summing
the bond strengths over the anions sur-
rounding each cation. The calculated
average valence for the Mo sites is 5.732
which corresponds to a formula such as
Ko27M00O;. At room temperature the
charge distribution is

K3 36lMo(1)§ keoMo(1)3 1204
[Mo(2)§5esMo(2)5 50515
[Mo(3)§%94Mo(3)3 506]18060-

This distribution indicates that the site oc-
cupancy factor for the K cations is 89% and
that 9, 45.5, and 45.5% of the Mo°* are lo-
cated in the (1), (2), and (3) Mo sites, re-
spectively, namely 91% of the d electrons
are equally distributed over those sites
which contribute to the electric conductiv-
ity. As pointed out previously the least-
squares structural refinement strongly indi-
cated that the potassium sites are fully
occupied. The two results can be recon-
ciled by varying the D(1) value in the Za-
chariasen formula. For instance, a value of
D(1) such as 1.888 A would yield full occu-
pancy for the potassium atoms while the
distribution of the Mo’* over the three Mo
sites (1), (2), and (3) would remain approxi-
matively the same (10, 45, and 45%, respec-
tively). Therefore, we believe that the Za-
chariasen bond strength/bond length
method, can give quite precisely the distri-
bution of the 4d electrons over the Mo
sites.
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It must be pointed out that the cationic
charge calculated for Mo(1) is larger than
those calculated for Mo(2) and Mo(3), de-
spite the fact that the values of the average
interatomic distances for the three sites
would seem to indicate the contrary. This
erroneous correlation is due to the large
distortion of the Mo(1) octahedron. This
demonstrates the power of the Zachariasen
method (16) for calculating cation valences
of transition elements in oxide compounds.

(e) Lattice parameters versus tempera-
ture. In every curve of Fig. 3, except in that
of the b parameter which varies smoothly
down to 110 K, a discontinuity occurs at
about 220 K. As can be seen from Fig. 2 of
Ref. (7), the temperature of 220 K corre-
sponds to the onset of the transition in the
electric resistivity. It is clear from these
curves that the thermal linear expansion co-
efficient, @ = AlI/At - Lyg, is strongly aniso-
tropic. For instance, the thermal linear-ex-
pansion coefficient along the ¢ direction is
a, =21 x 103 K!and a; = 1.3 X 1073
K-!above and below the transition, respec-
tively, while along the ¢ direction the coeffi-
cient changes at the transition from a, = 3.1
X 1073 K1 to ef = 2.2 X 1075 K~!. Since
there is no discontinuity at the transition for
the b parameter the coefficient oy, = 0.07 X
10~3 K~! remains the same above and below
the transition. Above the transition the
value of «, is smaller by a factor of 45 and
31 than the values «. and «,, respectively.
Below the transition these factors become
30 and 18.5.

The thermal linear expansion anisotropy
is better described by comparing the coeffi-
cients along the b direction, ay, the aj—¢;
vector, ag, and the d,y lattice spacing,
ay01. These three directions are almost per-
pendicular to each other. The first two are
contained in the octahedral slabs, while the
third is almost perpendicular to them.
Above the transition the coefficients are: oy,
=0.07 X 103K, a, = 1.07 X 105K,
and oyg; == 4.6 X 10~5 K~1, Below the transi-
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tion the ap coefficient remains the same
whereas a,_. and a;y; become 0.35 x 1073
and 3.3 x 1075 K-t , respectively. These
results confirm that the octahedral slabs
form a rigid system, especially along the b
axis. By decreasing the temperature the
structure contracts mainly along the direc-
tion perpendicular to the octahedral slabs
and consequently the K—O bonds become
stronger.

As pointed out above, the K polyhedra
are linked to the octahedral slabs only via
corner sharing, therefore the structure can
“breathe’ around the potassium polyhe-
dra. One can surmise that at the transition
the structural rearrangement takes place
mainly around the K atoms. In order to re-
establish the electrostatic balance, the oxy-
gen and the molybdenum atoms would also
move, the d electrons would transfer from
one site to another and the Mo-Mo pairs
would form throughout the structure.
These pairs are needed if the phase transi-
tion occurring in Ko 30MoO; at 180 K is of
Peierls type as suggested by Travaglini et
al. (8). Another possible model would be
that at the transition the d electrons transfer
to the Mo(1) sites which, being isolated,
could not contribute to the electrical con-
ductivity. In this case there would not be
any pair formation. A structural determina-
tion of the insulating phase should reveal
the correct model.

(2) Rbo 3sMo0O;

As can be seen from Table I-III the
structure of Rbg;yMoO; is very similar to
that of K¢ 3M00O;. The average Mo-O dis-
tances in Rbg3iMo0O; are somewhat larger
than the corresponding ones in the K coun-
terpart, but the sequence of the three dis-
tances is exactly the same: Mo(1)-O is
larger than Mo(2)-O and Mo(3)-0, which
are about equal. In a few cases the individ-
ual Mo-O distances varied appreciably and
these variations led to a slightly different
charge distribution for the Mo cations. The
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rubidium polyhedra exhibit exactly the
same features as their potassium counter-
parts. As expected the Rb polyhedra are
larger, but the ratio of the average dis-
tances, dgp_o/dg_o, is smaller for both sites
than the ratio of the ionic radii. For exam-
ple, the average-distance ratio for sites (1)
and (2) is 1.018 and 1.026, respectively,
while that of the ionic radii is 1.05. This
indicates that the Rb-O bonds are rela-
tively shorter and thus stronger than the K~
O bonds and that the size effect is in part
compensated by stronger bonds.

The thermal vibrations of the rubidium
atoms are very similar to those of the potas-
sium atoms in K 3;Mo0O;. The angles,
which give the principal axis orientation of
the thermal ellipsoids with respect to the
crystallographic axes, differ by less than
10°. A small, but significant difference ex-
ists in the length of the major axis for site
(1); that of Rb(1) is shorter than the major
axis of K(1). This is due to the larger size of
the Rb cations. If one accepts the model
that the large vibrations of K(1) and Rb(1)
are due to the distortions of the alkali cation
lattice, smaller Rb(1) displacements toward
two of the four O(8), are needed in order to
obtain the same bond strength and conse-
quently the electrostatic balance. The ther-
mal vibrations of the Mo atoms in Rby 3
MoO; are much more anisotropic than in
Ko.30MoO;. For the three sites the short
axes are nearly equal and directed along the
b axis. The thermal ellipsoids of Mo(2) and
Mo(3) have no constraints due to the point
symmetry and yet in each case the minor
axis is within less than 4° from the b axis.
The oxygen atoms have a large thermal an-
isotropy. In particular, O(5), O(7), and O(9)
exhibit anomalously small vibrations along
the b axis. These atoms have the same co-
ordination with respect to the Mo cations,
namely each is coordinated to three Mo cat-
ions. However, we cannot find any crystal
chemical argument to explain this unique
behavior.
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The calculations of the cation charges by
the Zachariasen method (16) gives the fol-
lowing valence distribution for the Mo cat-
ions:

[Mo(1 )8330M0( 1)3370 4
[M0(2)8235M0(2)(5).J§65 Is
[Mo(3)§53sMo(3)3 56515

Qualitatively this charge distribution agrees
well with that found in Kg3,MoO;. The (1)
sites contain much less Mo (16% of the
total Mo3* cations) than the other two sites.
The remaining 4d electrons are equally dis-
tributed over the (2) and (3) sites (42% in
each). These values are to be compared
with 10, 45, and 45% for the (1), (2), and (3)
sites in Ko 3M0Os, respectively. The signifi-
cant difference between the two bronzes is
in the sites (1) occupancy; those of Rbyg g
MoO; contain more 4d electrons than the
corresponding sites of Kg3;MoO;. How-
ever, the difference could be due to the
lower precision in the interatomic dis-
tances, obtained in the structural refine-
ment of Rbg3Mo00O;. For example, the Za-
chariasen formula applied to Rbg3Mo0O;
yielded an unreal number of Rb atoms per
unit cell, namely 6.92 instead of 6, which
represents the maximum of alkali cations in
a unit cell. The value of D(1) calculated for
6.00 Rb atoms per cell unit cell is 1.892 A,
as against 1.890 A proposed by Zachariasen
and 1.888 A found for K,3MoO;. The
value of 1.892 A yields 14, 43, and 43% for
the 4d electron distribution over the three
Mo sites. This indicates again that the Za-
chariasen method can give quite reliably
the charge distribution of the Mo’* and
Mo®* cations but not the occupancy factor
of the alkali metals.
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