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Structure determination of the molybdenum purple bronze NaysMoO,; is carried out by single-crystal
X-ray diffraction. The crystal is mogloclinic with space group A2 and the lattice constants are a =
12.983(2), b = 5.518(1), ¢ = 9.591(2) A, B8 = 89.94(1)°, Z = 2. Full-matrix least-squares refinement gives

the final values of R(F) = 0.028 and R(F) = 0.

occupancy factor of the sodium atom becomes

040 for 1484 independent reflections, in which the
0.899(12). The present structure is built up of the

linkage of the MoO, and MoOy polyhedra. There are slabs which consist of four layers of distorted
MoOg octahedra sharing corners. Both the structure and the molybdenum valence distribution esti-
mated from the Mo-O bond lengths are considered to lead to the two-dimensional electronic transport.
This structure is compared with those of other members of molybdenum purple bronzes, K,sMo040;
and LiysMogO,;. The difference of the electronic properties among these compounds can be well

understood on the basis of their structural characteristics.

Introduction

Transition metal bronzes M, TO,,, where
T is a transition metal atom and M is an
alkali metal atom, etc., have various inter-
esting physical properties which arise from
their charateristic crystal structures. The
electrons donated into the 70, cage band
by the M atom contribute to the electrical
conduction. With respect to the electronic
natures, there are two extreme groups de-
pending on the species of the T atoms. One
includes the compounds with wide-band
metallic electrons; for example, many of
the tungsten bronzes M, WO; are good con-
ductors and often become superconducting
(1). The other includes the compounds with
narrow-band localized electrons; for exam-

* To whom correspondence should be addressed.
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ple, the vanadium bronzes M, V,0s have the
phase transitions to the insulating states, or
a kind of the charge-density-wave (CDW)
states due to the strong electron—phonon
interaction (2).

The molybdenum bronzes M ,MoO, are
considered to be located near the metal-
insulator boundary and even the small an-
isotropy of the structure induces the low-
dimensional conducting properties, which
have been a subject of extensive studies (3).
A metal-insulator transition in the molyb-
denum blue bronzes M;;MoO; (M = K,
Rb, and TI) has been studied from the view-
point of the CDW motion.

The molybdenum purple bronzes M,
MogO,; (M = Li, Na, and K) are another
series of molybdenum bronzes (4—6). In
this case, there are not only the conduction
electrons donated by the M atoms but also
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the lack of oxygen atoms compared with
the highest class oxide MoQO;. The com-
pound K;oMo¢O; is a two-dimensional
conductor and undergoes the phase transi-
tion to the CDW state at about 105 K,
where the wave vector of the structural
modulation is (0.5, 0.5, 0) in reciprocal
space (7, 8). A similar CDW transition has
also been observed in Nag yMogO;7 at about
70 K (9, 10), which implies that both com-
pounds have similar electronic properties.
On the other hand, Lig osMo0¢O;7, whose con-
duction is anisotropic even in the cleavage
plane, exhibits superconductivity below
about 2 K after the rapid upturn of the resis-
tivity with decreasing temperature (/7).
The interesting problems of the supercon-
ductivity—-CDW competition in these com-
pounds and of the origin of the anomalous
temperature dependence of the resistivity
in LigoMo0cO,7 have been noted. In order to
investigate these problems, detailed infor-
mation about the crystal structures of the
present series of compounds is necessary.
Up to now, the structures of KyosMocO1;
and Liy9sMogO;; have been determined by
Vincent et al. (I2) and the present authors
(13), respectively. The conduction electron
distributions have also been estimated
based on the observed Mo—O bond lengths.
The structural properties of Ko sMo¢O7 and
Lig sM0gO; have successfully explained the
large anisotropies of the resistivities found
in these compounds. Although the struc-
ture of NagsMogO,7 was partially solved by
Stephenson (I4) for twinned crystal, no
precise atomic coordinates or bond lengths
have been published.

On the basis of the above background,
the structure determination of NagoMo0sO;
was carried out by single-crystal X-ray dif-
fraction. Here one can expect that the
structure of Ny oMogO;7 is not so different
from that of KysMo¢O,7, since the elec-
tronic properties of both crystals are similar
as was mentioned above. In the next sec-
tion, the experimental technique and the re-

finement procedure are presented. In the
third section, the crystal structure of Nags
MogO,7 is described and the effective mean
molybdenum valences are estimated based
on the observed Mo-0O bond lengths. The
problem of the superconductivity—CDW
competition in the molybdenum purple
bronzes is also discussed relative to their
structural properties. The last section is de-
voted to a conclusion.

Experiment and Refinement

Purple-colored single crystals of Nagg
Mo¢O;-; with platelet shape were prepared
by electrolysis as described by Wold et a!.
(4). Intensity data were collected at room
temperature on a Rigaku AFC-5R four-cir-
cle diffractometer with graphite-monochro-
matized MoK, radiation, employing the 6
20 scan technique. A crystal of dimensions
0.03 X 0.21 X 0.22 mm, along the (100),
(011), and (013) directions, respectively,
was used for the data collection up to 26 =
70°. Of the total number of 3366 reflections,
1608 independent reflections with |F,| >
30(|F,|) were obtained and used for the
structure analysis, where the reflection
number with |F,| < 3a(/F,)) was 54.
Lorentz-polarization and absorption cor-
rections were applied. The minimal and
maximal transmission factors were 0.356
and 0.843, respectively. The internal R
value was R, = 0.010. The unit cell dimen-
sions were determined by a least-squares
calculation based on forty 26 values (25° =<
26 = 30°). The crystal data are summarized
in Table I with those of Kg9MosO;7 (/2) and
Li0.9M06017 ([3)

The structure was solved from three-di-
mensional Patterson maps calculated by the
Universal Crystallographic Computation
Program System UNICS III (/5) and re-
fined by the full-matrix least-squares pro-
gram RADIEL (/6). Here an isotropic sec-
ondary extinction effect was assumed, its
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value being 4.50 x 10~*. The weighting fac-
tor, w = [o(counting statistics)? + (0.010
| Fo)1~!, was employed. The sodium and
oxygen atom positions were derived from
difference Fourier maps. The refinement
with the space group A2 and with the iso-
tropic temperature factors for all the atoms
gave R = 2| |F,| — |F.| |/Z |F,| = 0.037
and R, = {[Z w(F,| —|F.))?)/2 w|F,|*}"
= 0.058. The introduction of the aniso-
tropic temperature factors gave R = 0.030
and R,, = 0.050. In the subsequent calcula-
tions, the 124 low-angle reflections with the
extinction factors less than 0.9 were omit-
ted in order to improve the accuracy of the
atomic parameters. The final refinement
was carried out for 1484 reflections, leading
to the values of R = 0.028 and R,, = 0.040.
In this refinement, the occupancy factor of
the sodium atom was found to be 0.899(12).
Other possible space groups A2/m and Am,
expected from the lLaue group A2/m,
should be excluded because of the large R
and R,, and the abnormal temperature fac-
tors. The atomic scattering factors and the
anomalous-scattering corrections were
taken from ‘‘International Tables for X-Ray
Crystallography’” (17). A table of the ob-
served and calculated structure factors has
been deposited with the National Auxiliary
Publications Service.! The calculations
were carried out on the HITAC M-680H
computer at the Computer Center of the In-
stitute for Molecular Science.

! See NAPS document No. 04452 for 10 pages of
supplementary material. Order from ASIS/NAPS, Mi-
crofiche Publications, P.O. Box 3513, Grand Central
Station, New York, NY 10163. Remit in advance $4.00
for microfiche copy or for photocopy, $7.75 up to 20
pages plus $.30 for each additional page. All orders
must be prepaid. Institutions and organizations may
order by purchase order. However, there is a billing
and handling charge for this service of $15. Foreign
orders add $4.50 for postage and handling, for the first
20 pages, and $1.00 for additional 10 pages of material,
$1.50 for postage of any microfiche orders.

TABLE 1
CRYSTAL DATA OF MOLYBDENUM PURPLE BRONZES

Ko 9MogO17¢ Nag sMogO17” LigoMogO17°

System Trigonal Monoclinic Monoclinic
Space group P3 A2 P2{/m
z 1 2 2
a(A) 5.538(1) 12.983(2) 12.762(2)
b(A) 5.518(1) 5.523(1)
c(A) 13.656(2) 9.591(2) 9.499(1)
BC) 89.94(1) 90.61(1)
V(A% 362.7 687.1(2) 669.5(1)
u (MoK Nmm™) 5.26 5.32 5.43
D, Mg m™?) 4.04 4.20 4.24

a Ref. (12).

b Present work.

< Ref. (I3).

Results and Discussion

(a) Description of the Structure

The positional parameters and the equiv-
alent isotropic thermal parameters of the at-
oms are listed in Table II, and the aniso-
tropic thermal parameters are in Table III.
The selected interatomic distances and an-
gles are presented in Table IV. The crystal

TABLE II

ATtoMIc COORDINATES (X 10°) AND EQUIVALENT
IsoTrROPIC THERMAL PARAMETERS (A?)

Atom x y z B.®

Mo(1) 4c  7480(3)  1729(13) 33344(3) 0.43(1)
Mo(2) 4c 23141(3)  2064(12) 9(3) 0.40(1)
Mo(3) 4c 38666(3) 0 66694(3)  0.48(1)
Na® 2b 50000 47382(103) 50000 2.019)
o) 2a 0 941(131) 50000 0.78(9)
O(2) 4c 16707(32) 3378(98) 16497(31) 1.11(8)
0(3) 4c 34399(30) 49619(120) 34240(30) 1.40(8)
O(4) 4c 48286(32) 3877(80) 33638(48) 1.95(9)
O(5) 4c  591(49) 25751(89) 75096(57) 0.68(6)
0O(6) 4c 16009(42) 28694(80) 41846(50) 1.12(8)
O(7) 4c 17436(38) 27726(84) 91762(48) 0.93(8)
O(8) 4c 33118(48) 24911(98) 57933(51) 1.56(11)
O(9) 4c 35363(41) 22557(85)  7745(52) 1.11(8)

“ B, = %22, B;a - a;, where 8; (i, j = 1,2, and 3)
are defined by the equation exp[—(B8, /4 + Bnk® +
Bnl? + 2B1hk + 2Bihl + 2Bxkl)].

b Occupancy probability = 89.9(1.2)%.
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TABLE 111
ANISOTROPIC THERMAL PARAMETERS (X 1044

Atom Un [ %73 Uss Uz Uiz Uz
Mo(l)  60(2) 56(2) 46(1) o o(n o(1)
Mo(2) 482 45(2) 60(1) =3(1) o) -1
Mo(3) 60(2) 73(2) 50(1) 02) o(1) oc1)
Na 105(15)  2B4(21)  374(20) —13(13)

o) 138200  112(22) 48(14) —6(13)

0(2) 146(15)  140(20) 137(14) =9(17) 89(12) 5(13)
03) 241(20)  19120) 100(12) 13(22) 93(12) —3(16)
0O4) 90(16)  179(21)  471(23) 47(17) 5(16) 47(19)
o) 86(15)  102(15) TG —17(13) =179 =23(11)
O(6) 140(20) 73(16)  213(19)  -30(15) -70(16)  —26(14)
o 104(19) 91(16)  158(16) 43(15)  —26(14) 26(13)
O(8) 30731 177Q20) 100(16) 11621y —14(17) 22(14)
(e /()] 123(19)  133(17) 166(17y  —19(16)  —55(14) —24(14)

4 Uy = Byl2m'al - af.

structure projected on the ac-plane is
shown in Fig. 1 with the atom-numbering
scheme. For comparison, the crystal struc-
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tures of K()_9M06017 (12) and Li0_9M06017
(13) are also shown in Figs. 2 and 3, respec-
tively. The unit cell of NagoMosO,7 con-
tains three crystallographically indepen-
dent molybdenum atoms, labelled Mo(1),
Mo(2), and Mo(3). The Mo(1) and Mo(2)
atoms are located in the oxygen octahedra,
while the Mo(3) atom is inside the oxygen
tetrahedra. The present structure is found
to be built up of slabs of the MoOg octahe-
dra connected with the MoQO, tetrahedra.
Each slab has four layers of distorted ReOs;-
type MoQg octahedra sharing corners, par-
allel to the bc-plane. The sodium atoms are
located in the large vacant sites between
the slabs and they are within the oxygen
icosahedra linked to the Mo(3)O, tetrahe-
dra as shown in Fig. 4. The Na-O distances
listed in Table IV are in the usual range.

F1G. 1. Crystal structure of NagyMos0,; projected on the ac-plane. Open and hatched circles indi-

cate atomic positions at y = (0 and 4, respectively.
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TABLE IV
SELECTED INTERATOMIC DISTANCE (A) AND ANGLES (°)

Mo(1) octahedron

Mo(1)-0(1) 1.869(0) O(1)-Mo(1)-0(7)« 88.58(14)
Mo(1)-0(2) 2.012(3) O(2)-Mo(1)-0(5)« 88.83(19)
Mo(1)-0(5)" 1.866(5) 0(2)-Mo(1)-0(5)? 87.35(20)
Mo(1)-0(5)* 1.874(6) 0(2)-Mo(1)-0(6) 87.98(17)
Mo(1)-0(6) 2.027(5) 0(2)-Mo(1)-0(7)¢ 88.28(17)
Mo(1)-0(7)¢ 2.02003) 0O(5)*-Mo(1)-0(5)* 95.27(24)

0O(5)*-Mo(1)-0(6) 175.52(22)
O(1)-Mo(1)-0(2) 174.59(10) O(5)*-Mo(1)-O(7)« 88.45(22)
O(1)-Mo(1)-0(5)° 95.49(17) 0O(5)>-Mo(1)-0(6) 87.74(22)
O(1)-Mo(1)-0(5)® 95.47(17) O(5)t-Mo(1)-0(7)¢ 174.21(22)
O(1)-Mo(1)-0(6) 87.52(14) 0O(6)-Mo(1)-0(7)¢ 88.31(19)

Mo(2) octahedron

Mo(2)-0(2) 1.789(3) 0(2)-Mo(2)-0(%) 91.05(18)
Mo(2)-0(3)~ 2.106(3) 0O(3)-Mo(2)-0(6)* 89.92(18)
Mo(2)-0(6)° L771(5) 0O(3)*-Mo(2)-O(7)¢ 91.18(18)
Mo(2)-0(7)¢ 1.783(5) 0(3)*—Mo(2)-0(8)« 77.79(18)
Mo(2)-0(8)« 2.122(6) 0(3)—Mo(2)-0(9) 76.26(17)
Mo(2)-0(9) 2.086(5) 0(6)*-Mo(2)-0(7)¢ 99.47(22)

0(6)°-Mo(2)-0(8)¢ 87.93(22)
0(2)-Mo(2)-0(3)- 163.77(14) 0O(6)*-Mo(2)-0(9) 161.93(21)
0(2)-Mo(2)-0(6)° 100.16(19) O(7)*-Mo(2)-0(8)~ 166.77(22)
0(2)-Mo(2)-0(7)¢ 99.56(19) 0O(7)~Mo(2)-0(9) 92.51(21)
0(2)-Mo(2)-0(8)* 89.81(19) 0O(8)s-Mo(2)-0(9) 77.9121)

Mo(3) tetrahedron

Mo(3)-0(3)¢ 1.771(3) 0(3)4-Mo(3)-0(8) 109.52(20)
Mo(3)-0(4)° 1.708(4) 0(3)4-Mo(3)-0(9)4 111.72(18)
Mo(3)-0(8) 1.765(5) 0(4)*~Mo(3)-0(8) 107.39(23)
Mo(3)-0(9)¢ 1.793(5) 0O(4)s-Mo(3)-0(9)¢ 109.55(21)

0(8)-Mo(3)-0(9)¢ 109.39(23)
0(3)4-Mo(3)-0(4)¢ 109.18(17)

Na icosahedron

Na-0(3) 2.532(4) Na-0O(4)f 3.253(5)
Na-0(4) 2.877(7) Na-0(9)f 2.468(6)
Na-0O(8) 2.630(7)

Mo-Mo

Mo(1)-Mo(1)? 3.737(1) Mo(2)-Mo(3)¢# 3.691(1)
Mo(1)-Mo(2) 3.787(1) Mo(2)-Mo(3)¢ 3.778(1)
Mo(1)-Mo(2)f 3.796(1)

“x, -3 +y, -3+ 2z
b—x,y,1 -2z
°x,y, -1+ z

dx, -4 +y,4+ z
‘1-x,y,1—2
Ix,¥+y,4+z.
fx, 3+ y, -4+ 2.
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FiG. 2. Crystal structure of K,,Mo0s0,7 projected on the plane perpendicular to the a-axis (after Ref.
(12)). Open and hatched circles indicate atomic positions at y = 0 and 3, respectively.

The minimal O-O distance, which corre-
sponds to the O(3)-0(9) edge in the NaQ,,
icosahedra, is 2.589(6) A. The refinement of
the occupancy factor of the sodium atom
indicates the sodium concentration of 90%,
which is consistent with the expected value
from the sample preparation. Thus, the
structure of NaysMoO,; is found to be es-
sentially similar to that of Ky9Mo¢O;7. The
slight difference between them may be due
to the difference between the K+ and Na*
ion radii.

(b) Estimation of the Molybdenum
Valence

In the molybdenum bronzes, the Mo—~Mo
distances are too large to form the metallic

bonds due to the direct overlap of the 4d-
wave function. Therefore the electronic
properties should be discussed on the basis
of the critical overlap integral between the
molybdenum and oxygen atoms, namely,
the Mo-O bond length. The two-dimen-
sional slab structure with the ReOs-type ar-
rangement of the MoOg octahedra in Nag
Mo¢O,; seems to explain the two-dimen-
stonality of the electronic transport. Here,
in order to make this respect more definite,
we calculated the effective mean molybde-
num valences, applying the bond length
versus bond strength relation (/8) to the ob-
tained Mo—-O bond lengths.

The results are listed in Table V and
those obtained previously for KgosMosO,;
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FIG. 3. Crystal structure of LiysMoO, projected on the ac-plane (after Ref. (/3)). Open and haiched

1

circles indicate atomic positions at y = § and §, respectively.

(12) and LigsMogOy; (13) are also listed.
The conduction electron distribution in
Nag sMogO;7 is found to be very similar to
that in Ko9sMo¢O;7; the effective mean mo-
lybdenum valence for the MoO, site is
6.0+, indicating the absence of the conduc-
tion electron, and those for other MoOs
sites are about 5.1+ and 5.7+. Thus, we
can conclude that all of the 4d-electrons in
Nay sMogO;7 are located in the two-dimen-
sional slabs of the MoO¢ octahedra, sepa-
rated by the NaOy; icosahedra linked to the
MoOQ, tetrahedra. It accounts successfully
for the existence of the similar CDW transi-
tions in KyoM0¢O;7 (7, 8) and NagoMogOy;
(10).

TABLE V

EFFECTIVE MEAN MOLYBDENUM VALENCES OF
MOLYBDENUM PURPLE BRONZES

Ky oM0eO17¢  NageMogO17®  LigsMogOy5¢

Mo(1) 6.04 5.1 5.1
Mo(2) 5.1 5.7 5.7
Mo(3) 5.8 6.0 5.84
Mo(4) 5.0
Mo(5) 5.8
Mo(6) 5.84

« Ref. (12).

b Present work.

< Ref. (13).

4 MoQ, tetrahedral site.
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F1G. 4. The sodium atoms located in the oxygen icosahedron. Open, hatched, and solid circle
indicate atomic positions at x = 0.66, 0.5, and 0.34, respectively.

(c) Structural Property and CDW
Transition

From the detailed crystal structures of
My sMogO,; shown in Figs. 1-3, we find that
the compounds with the regular slabs of the
pseudocubic linkage of the MoOg octahedra
have the CDW states, while LiysMocO1;
with the rather distorted slabs does not un-
dergo the CDW transition but becomes su-
perconducting (13, 19). The difference be-
tween the CDW transition temperatures of
K0,9M06017 and Na().gMO(,On is considered
to be caused by the slight difference be-
tween their structures. It is quite reason-
able to consider that the electronic proper-
ties in MyoMogO,; are mainly determined
by the characteristics of the slabs. There-
fore, it is interesting to compare the struc-
tural and the electronic properties of the
molybdenum purple bronzes with those of
the so-called Magnéli phase Mo0,03,-; (n =
8) which also have the similar slabs of the
ReO;-type linkage of the MoQOg octahedra.

For MogO,3, M0gO, and Mo;¢Oy, the su-
perlattice reflections due to the CDW for-
mation have been found at about 315, 500,
and 610 K, respectively (20). The con-
densed modes are assigned to have charac-
ters similar to the M; mode of the ReO;—
type pseudocubic lattice, which are mainly
described by rotations of the MoOg¢ octahe-
dra in the slabs with keeping the corner-
linked structures. The transition tempera-
ture 7. increases with decreasing the
average conduction electron number den-
sity n., which is simply estimated from
their chemical formulae.

The superlattice points in the CDW
states in K0,9M06017 (8) and Na0_9M06017 (9,
10) are easily known to correspond to the
M points of the pseudocubic lattice of the
slabs. We suppose their condensed modes
have the same character as the case of Mo,
03,,..1. K0.9M06017 and Nao_9M06017 have
higher n. and lower CDW transition tem-
peratures T, than those in M0,0s,—;. Super-
conductivity appears when T, becomes 0,



as is seen for LigoMogO,;. Therefore, My,
Mo¢O,7 and Mo, 0;,-; may be the example
series for the competition between the su-

perconductivity and the CDW with chang-

ing the conduction electron number den-
cn‘\/ or nossibly with r‘hnnmnu the ctrPnath

PYSSIULY

of the electron—-phonon coupllng in the
slabs of the MoOg¢ octahedra. To determine
if this picture is correct, the mode assign-
ments of the CDW states in Ky ¢Mog0;7 and

NayoM0sGy7 are necessai y.

Conciusion

In the present study, we have solved and
refined the crystal structure of NagoMog
O,7. The structure has been found to be es-
sentially similar to that of KqsMogOy7, al-
though their space groups are different. It
has been shown that both the structure and
the conduction electron distribution in Nag o
MogO;7 lead to the two-dimensional elec-

trnnis trangnart
Uonic u aldpui L.

lar CDW transitions in KgosMogO;; and
NayosMogO; can be well understood by
their structural properties.

It is suggested that Nay4MogO7 is one of
the compound series with the slabs of the
pseudocubic linkage of the MoQOg octahedra
which shows the possible competition be-
tween the superconductivity and the CDW
with changing the electron number density,
or with the resulting change of the elec-
tron—phonon coupling.

Tha avictanra ~f tha cimi.
10 SXisience of tne simi
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