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The crystal structure of the molybdenum ternary oxide Li0.sMo60r7 is determined by single-crystal X- 
ray diffraction. The crystal is monoclinic with space group P2Jm and the lattice constants are a = 
12.762(2) A, b = 5.523(l) A, c = 9.499(l) A, /J = 90.61(l)“, Z = 2. Full-matrix least-squares refinement 
gives the final values of R(F) = 0.033 and R,(F) = 0.066 for 3019 independent reflections. The unit cell 
contains six crystallographicahy independent molybdenum sites. One-third of the molybdenum atoms 
are located in oxygen tetrahedra, while the others are within oxygen octahedra. The structure is built 
up of slabs of the Moo6 octahedra. Each slab consists of three layers of distorted ReO,-type MoOB 
octahedra sharing comers. The structure is rather different from that of J&,Mo60L7, although the 
layered feature is still preserved. The lithium ions are located in the large vacant sites between the 
slabs. By the application of Zachariasen’s bond length-bond strength relation to the observed MO-O 
bonds, most of the conduction electrons are found to be located in the MO(~) and MO(~) octahedral 
sites which are associated in pairs to form the -MO(~)-O(1 I)-MO(~)-O(1 I)- double zigzag chains 
extending along the b-axis. Therefore the structural properties are considered to lead to the highly 
anISOtrOpiC eleCtrOnlC transport. 0 1987 Academic press. h. 

Introduction 

Transition metal ternary oxides M,TO,, 
where T is a transition metal atom and M is 
a simple metal atom, are generally called 
bronzes. The various properties arise from 
their crystal structures which are formed by 
the linkage of rigid units like the Moos and 
WO6 octahedra, for example. The electrons 
donated by the M atom to the TO, cage 
band contribute to the electrical conduc- 
tion, the natures of which strongly depend 
on the species of the T atoms. Many of the 
tungsten bronzes it4, WOs with widespread 
5d electrons are good conductors and often 
exhibit superconductivity (Z), while the va- 
nadium bronzes M,V205 with 3d electrons 

* To whom correspondence should be addressed. 

have phase transitions to insulating states, 
or kinds of charge density wave (CDW) 
states due to the strong electron-phonon 
interactions (2). 

The 4d electrons in the molybdenum 
bronzes are near the boundary between the 
localized and the metallic regions. They 
often exhibit low-dimensional conduc- 
tion. For example, the molybdenum blue 
bronzes, K0.3Mo03 and Rbo.3Mo03 are 
quasi-one-dimensional conductors and un- 
dergo a Peierls transition, for which the 
various properties of the CDW have been 
subjects of recent intensive investigations 
(3). The transition temperatures are about 
180 K for both blue bronzes, indicating that 
the electronic properties do not depend on 
the species of the M atoms but are deter- 
mined only by the Moo3 cage. 
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The molybdenum purple bronzes M0.s 
Mo~Oi7 (M = Li, Na, and K) are another 
series of molybdenum bronzes (4-6). 
Among these, the compounds of K~.JMo~ 
017 and N~.sMo,j0~7 undergo phase transi- 
tions to the CDW states at about 105 K (7, 
8) and 70 K (9), respectively. On the other 
hand, L&.Mo6017 becomes superconduct- 
ing at about 2 K, as Greenblatt et al. first 
found, after the anomalous upturn of the 
resistivity at about 25 K with decreasing 
temperature (10). It is known that, in con- 
trast to the case of the molybdenum blue 
bronzes, the electronic properties of the 
molybdenum purple bronzes depend on 
the species of the M atoms. Thus we may 
be able to study superconductivity-CDW 
competition for these compounds. It is also 

interesting to investigate the origin of the 
anomalous resistivity upturn with decreas- 
ing temperature followed by the supercon- 
ductivity. For this, detailed information 
about the crystal structures of the present 
series of compounds is very important. 
However, the structure has been deter- 
mined only for K,,9Mo6017 (II). For other 
compounds, it has been believed without 
detailed structure analyses that the struc- 
tures are very similar to that of &.9Mos017. 
Actually their crystals appear quite similar 
to Ko.&‘hh. 

In this paper, we focus mainly on the 
result of the structure determination of L& 
MoS0i7. Figure 1 shows the structure of 
Ko.~Mo~O~~ determined by Vincent et al. 
(II). It is trigonal with the space group PT. 

K MO, 

FIG. 1. Crystal structure of &.&06017 projected on the plane perpendicular to the u-axis after Ref. 
(II). Open and hatched circles indicate atomic positions at y  = 0 and l/2, respectively. 
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It has slabs consisting of four layers of the 
Moo6 octahedra separated by the KOi2 ico- 
sahedra linked to the Moo4 tetrahedra. 
Vincent er al. pointed out, based upon the 
analysis of the MO-O bond length, that the 
conduction electrons are confined in the in- 
finite layers, separated spatially, so that 
I(0.9M060i7 has quasi-two-dimensional con- 
ducting properties. 

In the next section, the experimental 
technique and the refinement procedure 
will be presented. In the third section, the 
crystal structure of Li0.9M06017 will be de- 
scribed and the effective mean molybde- 
num valence will be estimated on the basis 
of the observed MO-O bond length. The de- 
tailed results of the studies on the super- 
conductivity and other transport properties 
of the series of the present compounds will 
be published in a separate paper (22). 

Experiment and Refinement 

Purple-colored single crystals of L&MO6 
017 with platelet shape were prepared by 
electrolysis as described by Wold et al. (4). 
Intensity data were collected at room tem- 
perature on a Rigaku AFC-SR four-circle 
diffractometer with graphite-monochroma- 
tized MO&Z radiation, employing the 8-20 
scan technique. A crystal of dimensions 
0.30 mm x 0.28 mm x 0.11 mm, the longest 
dimension being parallel to the crystallo- 
graphic b-axis and the shortest parallel to 
the u-axis, was used for the data collection 
up to 28 = 70”. Of 6600 reflections, 3141 
independent reflections with IF01 > 3cr(IF01) 
were obtained and used for the structure 
analysis. Lorentz-polarization and absorp- 
tion corrections were applied. The minimal 
and maximal transmission factors were 
0.245 and 0.559, respectively. The internal 
R value was Riot = 0.011. The unit cell di- 
mensions were determined by a least- 
squares calculation on the basis of forty 28 
values (25” 5 28 5 30”) measured on the 

diffractometer. The crystal data are: mono- 
clinic, space group P2ilm, Z = 2, a = 
12.762(2) A, b = 5.523(l) ii, c = 9.499(l) A, 
/3 = 90.61(l)“, V = 669.5(l) ii3, ~(MoKcu) = 
5.43 mm-‘, and 0, = 4.24 Mg rne3. 

The structure was solved from three-di- 
mensional Patterson maps calculated by the 
Universal Crystallographic Computation 
Program System UNICS III (13) and re- 
fined by the full-matrix least-squares pro- 
gram RADIEL (24), where an isotropic sec- 
ondary extinction effect was assumed. The 
weighting scheme, w  = [d + (O.O15(F01)~1-‘, 
was employed, where cr, was an estimated 
standard deviation for each reflection cal- 
culated from counting statistics. The oxy- 
gen and lithium atom positions were de- 
rived from difference Fourier maps. The 
occupancy factor of the lithium atom was 
fixed at 0.9, because the number is well de- 
termined by the work of various authors (4- 
6) and because by its refinement we could 
not gain any meaningful information for the 
atomic parameters due to the small atomic 
number of lithium. The refinement with iso- 
tropic temperature factors for all atoms 
gave R = Z[\F,,~ - l~'~ll/Zl~~l = 0.061. 
When an isotropic extinction correction 
was introduced in the calculation, R de- 
creased to 0.049. The full-matrix least- 
squares calculation with anisotropic tem- 
perature factors gave R = 0.043 and R, = 
{[Zw(lF~l - IFc~)2]/CwIF~~2}1~2 = 0.069. In 
order to improve the accuracy of atomic 
parameters, 122 strong low-angle intensi- 
ties, of which extinction factors were less 
than 0.9, were excluded in the subsequent 
calculations. The final refinement was then 
carried out for 3019 reflections, leading to 
the values of R and R, of 0.033 and 0.066, 
respectively. Here the atomic scattering 
factors and the anomalous scattering cor- 
rections were taken from “International 
Tables for X-Ray Crystallography,” Vol. 
IV, in 1974 (25). A table of the observed 
and calculated structure factors has been 
deposited with the National Auxiliary Pub- 
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TABLE I 

ATOMIC COORDINATES (X 10s) AND EQUIVALENT 
ISOTROPIC THERMAL PARAMETERS (k) 

MO(l) 
Md2) 

2e 
2e 
2e 

-613(2) 
14.4360) 
31.105(2) 
16;635i3j 
3 1,980(2) 

2e 
2e 

25,000 
75,000 
25.000 

2e 
2e 

MO(~) 
MO(~) 
MO(~) 
Md6) 
O(l) 
O(2) 
O(3) 
O(4) 
O(5) 
06) 
O(7) 

25;OOO 
75,000 

2e 
2e 
2e 
2e 
2e 
2e 

49,299(2) 
9,143(23) 

54,289(25) 
59,382(24) 
89,915(26) 
23,138(24) 
WW28) 
55,358(22) 

25,000 
25,ooO 
25,000 
25,000 
25,OOfl 
75,Ooa 
75,000 
75.000 

23,356(3) 0.42( 1) 
41,840(3) 0.40(l) 
56,755(3) 0.49( 1) 

-7.938(3) 0.42(i) 
9,404(3) 0.42( 1) 

19.604(3) 0.56(l) 
8,766(32) 0.66(5) 
2,127(32) 0.99(5) 

31,731(37) 1.45(6) 
40,477(33) 0.87(5) 
23,518(35) 0.92(5) 
25,932(35) 1.17(6) 
43,73 l(32) 1.01(5) 

WV 4f 7,260(16) 50,315(32) 34,471(22) 0.83(3) 
O(9) 4.f 41,409(16) 51,425(34) 22,288(23) 0.97(4) 
OtlO) 4f 26.955115) 50,185(32) -383(21) 0.90(4) 
otll) 4f 91,393(15) 49,998(31) 15,323(20) 0.75(3) 
0(12) 4f 26,811(16) 51,287(35) 47,264(23) 1.05(4) 
Lib 2e 40,240(83) 75,000 40.9041148) 2.42(23) 

x 

* Bq = ?SXjjPg,O, 0,. where /3,-(i, j = 1, 2, and 3) are 
defined by the equation exp[-(p,,h* + fl& + &,/’ + 2P,# 
+ W& + 2P,,Wl. 

b Occupancy probability = 90%. 

lications Service.’ The calculations were 
carried out on the HITAC M-200H com- 
puter at the Computer Center of the Insti- 
tute for Molecular Science. 

Results and Discussion 

(a) Description of the Structure 

The positional and equivalent isotropic 
thermal parameters of the atoms are listed 
in Table I, and the anisotropic thermal pa- 
rameters are in Table II. Figure 2 shows the 
crystal structure projected on the UC plane 

’ See NAPS document no. 04408 for 20 pages of 
supplementary material. Order from NAPS c/o Micro- 
fiche Publications, P.O. Box 3513, Grand Central Sta- 
tion, New York, N.Y. 10163. Remit in advance in U.S. 
funds only $7.75 for photocopies or $4.00 for micro- 
fiche. Outside the U.S. and Canada, add postage of 
$4.50 for the first 20 pages and $1.00 for each of 10 
pages of material thereafter, $1.50 for microfiche 
postage. 

with the atom-numbering scheme. A stereo- 
scopic drawing of the crystal packing 
viewed along the b-axis is given in Fig. 3. 
The unit cell contains six crystallographi- 
tally independent molybdenum atoms, all 
of which are located on a mirror plane. 
One-third of the molybdenum atoms, la- 
beled MO(~) and MO(~), are located in 
Moo4 tetrahedra and the others are in 
Moo6 octahedra. Chains of Moo6 octahe- 
dra are formed parallel to the (1 0 2) direc- 
tion. Four comer-linked octahedra and 
slabs with the distorted perovskite struc- 
ture are formed in the bc plane by the 
chains. In contrast to Ko.9M060~7 (II) 
shown in Fig. 1, each slab in the present 
compound does not have flat surfaces. The 
difference between the structures of Li0.9 
MoS0i7 and Ko.9M06017 may be explained 
by the difference in the radii of the K+ and 
Li+ ions. The lithium ions are located in the 
large vacant sites between the slabs. The 
Li-0 distances are listed in Table III and 
these are found to be in the usual range. 
The detailed lithium coordination is shown 
in Fig. 4. 

TABLE II 

ANISOTROPIC THERMAL PARAMETERS” (x 104) 

MtiU 650 5W) 4T2) o(1) 
M@) 5X2) 5W) 4T2) l(1) 
MO(~) 6w) 64x2) 550) 3(l) 
MN4) 6X1) W2) -w) o(1) 
MO(~) 54(2) 5211) WV 3(l) 
MN@ W) 65(l) W9 2(l) 
00) 89(10) 100(11) 63(10) 3X8) 
O(2) 168(13) 121(11) 89(11) WIO) 
O(3) 138(12) 189(13) 221(15) -58(11) 
o(4) 128(11) 143(1 I) WO) 27(8) 
O(5) 102(11) 131(11) 115(11) 55(9) 
063 19Ou4) 162(12) 91(11) 49(10) 
O(7) 1W11) 133(11) 147(12) - 12(9) 

o(8) 115(g) 91(7) 109(7) -41(6) -1 l(6) - 17(6) 

o(9) 121(8) 128(8) lW3 446) -17(6) 4(7) 
000) 117(8) 97(7) 128(8) -3wn -9(7) -3W) 
Otll) 1’3W.9 88(7) 87(71 3%‘) - 1 l(6) lJ(7) 
ow 132(8) 128(g) 138(8) 46(7) - 15(7) 6(7) 
Li 109(35) 429(57) 381(56) -2q3.51 
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FIG. 2. Crystal structure of L&,Mo~O~~ projected on the ac plane. Open and hatched circles indicate 
atomic positions at y  = 114 and 314, respectively. 

FIG. 3. Stereoscopic drawing of the crystal packing viewed along the b-axis. 
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(b) Estimation of the Molybdenum 3.785(l) A, are too large to form the metal- 
Valence lit bonds by the direct overlap of the mo- 

lybdenum 4d wavefunctions. Thus the elec- 
Selected interatomic MO-O distances tronic properties of this material should be 

and angles are listed in Table III. The Mo- discussed on the basis of the critical over- 
MO distances in Li&406017, 3.661(l) - lap integral between the molybdenum and 

TABLE III 

SELECTED INTERATOMIC DISTANCES (A) AND ANGLES (“) 

Mo( 1) octahedron 

MoW-O(l) 
Mo( l)-O(4)a 

MO(~)-O(8) 
MO(~)-O(l 1)” 

1.873(3) 
2.037(3) 

2.014(2) 
1.874(2) 

O(l)-MO(l)-O(4)” 

O(l)-MO(l)-O(8) 

174.74(13) 

93.21(11) 

MO(~) octahedron 

MO(~)-0(4)d 

MO(~)-O(5) 
MO(~)-O(8) 

MO(~)-O(12) 

1.775(3) 

2.074(3) 

1.782(2) 
2.111(2) 

165.87(14) 

101.%(12) 

MO(~) tetrahedron 

MO(~)-O(6)f 
MO(~)-O(7)f 

MO(~)-O(12) 

1.772(3) 
1.729(3) 

1.792(2) 

MO(~) octahedron 

MO(~)-O(1) 
MO(~)-O(6)s 

Mo(4)-OtlO) 
MO(~)-O(1 1)~ 

1.861(3) 
2.1Oq3) 

2.041(3) 
1.853(2) 

0( l)-MO(~)-0(6)8 

O(l)-MO(~)-O(10) 

175.98(13) 
92.04(11) 

MO@) octahedron 

MO(~)-O(2)’ 

MO(~)-O(5) 
MO(~)-O(9) 
MO(~)-O(l0) 

2.076(3) 
1.762(3) 

2.147(2) 
1.772(2) 

0(2+Mo(5)-O(5) 162.28(14) 

0(2)j-MO(~)-O(9) 80.19(10) 

L 

O(l)-MO(~)-O(1 1)” 
O(4)“-MO(~)-O(8) 
O(4)“-MO(~)-O(1 1)” 

O(8)-MO(~)-O(8)b 
O(8)-MO(l)-O(1 I)0 

O(8)-MO(~)-O(1 1)~ 
00 l)“-MO(~)-O(1 1)” 

0(6)f-MO(~)-O(7), 
0(6)f-MO(~)-0( 12) 

O(7)‘-MO(~)-0( 12) 

0(12)-Mo(3)-O(12)b 

O(l)-Mo(4)-O(ll)s 
0(6)#-MO(~)-O(10) 

0(6)f-MO(~)-O(ll)z 

O(lO)-MO(~)-O(lO)b 
O(lO)-Mo(4)-O(ll)g 
O(lO)-MO(~)-O(ll)* 

O(1 I)*-Mv(4)-O(1 l)* 

93.55(11) 

83.02(11) 

9o.oqll) 
87.93(8) 
88.19(8) 

172.37(8) 
94.89(8) 

90.56(12) 
87.01(11) 

78.40(11) 
99.86(9) 
90.07(8) 

161.93(S) 

76.68(8) 

113.44(14) 
110.77(13) 

106.68(11) 
108.25(9) 

92.05(11) 
85.02(11) 

90.63(11) 
85.94(7) 

173.37(8) 
88.7q8) 

%.36(8) 

91.49(11) 
85.75(12) 

99.68(12) 
74.66@) 
91.58(8) 

164.89(8) 
101.30(9) 
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TABLE III-Continued 

MO(~) tetrahedron 

MO(~)-O(2) 
MO(~)-O(3) 
MO(~)-O(9) 

Li tetradecahedron 

1.784(3) O(2)-MO(~)-O(3) 110.59(15) 
1.718(3) O(2)-MO(~)-O(9) 109.81(12) 
1.793(2) O(3)-MO(~)-O(9) 108.81(13) 

O(9)-MO(~)-0(9)b 108.98(9) 

Li-0(3)d 
Li-O(5) 
Li-O(7) 

Cation-Cation 

2.599(14) Li-O(7)f 3.171(7) 
2.723(12) Li-O(9) 2.202(12) 
1.945(11) Li-O( 12) 2.245(9) 

MO(~)-MO(~) 3.785(l) MO(~)-MO(~) 3.756(l) 
Mo( l)-Mo(4)j 3.727( 1) MO(~)-Mo(6) 3.661(l) 
MO(~)-MO(~) 3.754(l) 

a-1 +x,y,z. 
b x, 112 - y, z. 
‘-1 +x, l/2-y,z. 
d 1 - x, l/2 + y, 1 - z.. 
=x, 312 - y, z. 
fl-x,-1/2+y,l-z. 
g 1 - x, -l/2 + y, -z. 
h 1 - x, 1 - y, -z. 
i 1 - x, l/2 + y, -z. 
j -x, l/2 + y, -z. 

oxygen atoms, namely the MO-O bond 
length. In order to estimate 

bond length (D(S)) versus bond strength (s) 
the effective relation proposed by Zachariasen (26) to 

mean molybdenum valences, we apply the the observed MO-O bond lengths. This re- 

TABLE IV 

BOND STRENGTHS AND EFFE&VE MEAN 

MOLYBDENUM VALENCES 

FIG. 4. The lithium atoms located in the oxygen tet- 
radecahedron. Open, hatched, and closed circles indi- 
cate atomic positions at x - 0.25, 0.42, and 0.55, re- 
spectively. 

o(l) 
W) 
O(3) 
O(4) 
O(S) 
06) 
O(7) 
063) 
O(9)” 
O(10)” 
Wl)” 
O(12)” 

MOW MO(~) Mo(3) MO(~) MO(S) MO(~) 

1.038 

0.616 1.419 
0.547 

1.433 
1.643 

0.663 1.392 

1.079 
0.544 1.379 

1.702 

1.479 
0.504 

1.035 
0.486 1.344 

0.434 1.340 
0.608 1.433 

1.107 

M@f 5.05 5.72 5.76 5.01 5.76 5.76 

n Two symmetry-related atoms are bonded to the molybde- 
num atom. 
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lation in the molybdenum oxides is given by 

D(s) = 1.885 - 0.314 In s, 

and the effective mean valence (a) is ob- 
tained from the principle of local valence 
balance. The bond strengths and the effec- 
tive mean molybdenum valences obtained 
from this relation are listed in Table IV. 

It should be noted that in the case of the. 
quasi-two-dimensional conductor Ko.gMoh 
O,,, the valence of the molybdenum having 
tetrahedral surrounding is 6+, that is, con- 
duction electrons at this site are absent 
(II). In the present case, we find that all the 
molybdenum atoms have appreciable con- 
duction electrons. Both the crystal struc- 
ture and the conduction electron distribu- 
tion suggest that Li0.9M06017 does not nec- 
essarily have two-dimensional electrical 
conductivity. Most of the conduction elec- 
trons are located in the MO(~) and MO(~) 
octahedral sites which are associated in 
pairs to form the -MO(~)-O(1 I)-MO(~)- 
O(1 l)- double zigzag chains extending 
along the b-axis. So Li0.9M06017 seems to 
have quasi-one-dimensional conducting 
properties. This result may explain the ra- 
tios of the conductivities along the b-, c-, 
and a-axes of about 250: 10: 1 as observed 
by Greenblatt et al. (IO). 

Since the electronic properties of L& 
Mo601, may have quasi-one-dimensional 
character, this material would be expected 
to undergo a CDW transition. However, 
the resistivity anomaly observed at about 
25 K has been found not to be related to 
the occurrence of a CDW transition by our 
recent investigation (12). A CDW transition 
accompanying the lattice distortion seems 
to be unfavorable indeed to the present 
complex structure. 

In conclusion, we have solved and re- 
fined the crystal structure of Li0.9M06017. 
The structure has been found to be largely 
distorted in comparison with that of Ko.9 
Mo6017 (II), although the layered structure 
is still m-eserved. The difference in the 

physical properties between Li0.9Mo6017 
and K0.9M06017 has been considered to be 
attributable to the crystal structures. The 
molybdenum valences determined from the 
observed MO-O bond lengths suggest 
highly anisotropic conduction, which is 
consistent with the experimental results 
WV 
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