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The Nb6 octahedra in the ‘‘Nb6O18’’ clusters are bonded
Single crystals of LaNb7O12 were obtained by annealing a to oxygen atoms and can be represented by the formula

mixture of La2O3, Nb2O5, and Nb in 1 : 1 : 1 molar ratio with Nb6Oi
12Oa

6 . There are twelve so-called inner oxygen atoms
NH4Cl in a sealed quartz tube. LaNb7O12 crystallizes in the (Oi) above the edges of a Nb6 octahedron and six oxygens
monoclinic space group P21/c with cell parameters a 5 above the apices of the octahedron that are designated as
10.762(1), b 5 9.192(1), c 5 10.314(1) Å, b 5 104.258, and outer ligands (Oa) (Fig. 1). By convention, the Oa ligands
z 5 4 formula units per cell. The structure was determined from are not included when discussing the discrete cluster, and
single-crystal X-ray diffraction data and refined to a residual of

it is referred to as a Nb6O12 , rather than a Nb6O18 cluster;R(F ) 5 0.037 and Rw(F 2) 5 0.077 for 119 variable parameters
this convention will be followed in this paper hereafter.and a unique data set of 1400 observations [I . 2s (I )]. The
The discrete Nb6O12 clusters may be connected throughessential building units of the structure are Nb6 and NbO6
bridging oxygen atoms in three different linkages, i.e.,octahedra and La ions in eight coordination of oxygen. Two
Oi–i, Oa–a, and Oa–i. Typically electropositive metal ionsNbO6 octahedra corner-share to form a pair and connect with

Nb6 octahedra via oxygen atoms. Nb6 octahedra share both A(A 5 Na, K, Rb, Ba, La, and Eu) donate electrons to
apical and inner oxygen atoms with neighboring Nb6 to form the Nb6O12 cluster, and stabilize the structure.
columns of Nb6O12 clusters along the c axis. The Nb6O12 clusters In the ternary La–Nb–O system, only one oxide,
exhibit 14 valence electrons in M–M bonding states. LaNb7O12 LaNb8O14 , has been reported so far (9). It should be possi-
is a semiconductor with an activation energy of 0.08 eV. The ble that more reduced niobium oxides with La exist. In
magnetic susceptibility data show weak temperature-indepen- our investigations of the ternary La–Nb–O systems, we
dent paramagnetism. The Madelung part of the lattice energy

obtained a new reduced lanthanum niobium oxide con-has been calculated and is discussed.  1996 Academic Press, Inc.
taining discrete Nb6O12 clusters with 14 valence electrons:
LaNb7O12 . We report here the synthesis, single crystal
structure determination, and the study of the physical prop-INTRODUCTION
erties of LaNb7O12 . A comparison of the structure, as well
as the physical properties, with related reduced niobiumMany reduced molybdenum chalcogenides and oxo-
cluster compounds are also presented.molybdates with structures built up of condensed Mo6 octa-

hedra are well known (1). The condensation, which occurs
along edges or faces of the Mo6 octahedra, leads to a variety EXPERIMENTAL
of oligomeric and infinite cluster structures. Because of

Sample Preparationthe low-dimensional (LD) structural and electronic proper-
ties of these materials, the physical properties, especially The starting materials were Nb (Johnson Matthey Elec-
electronic instabilities associated with LD structures, tronics, 99.99%), Nb2O5 (Alfa, 99.5%), La2O3 (Aldrich,
are of interest. Although a few oxomolybdates with 99.99%), and NH4Cl (Fisher, ACS grade). Black crystals of
discrete Mo6 octahedra are known (2), in the corre- LaNb7O12 were prepared by heating a pellet of an intimate
sponding oxoniobates both discrete (e.g., Ba3Nb21-xSi2O14 mixture of Nb, Nb2O5 , and La2O3 in the molar ratio 1 : 1 : 1
(3), Mg3Nb6O11 (4), Na(Si, Nb)Nb10O19 (5)) and con- and with 5% of NH4Cl at 12508C in a sealed quartz tube
densed Nb6O12 clusters (e.g., BaNb7O9 (6), K4Al2Nb11O21 for 10 days, followed by slow cooling at 58C/hr to 11008C,
(7)) have been reported as characteristic building 508C/hr to 5008C, and then quenching to room tempera-
units (8). ture. Black plate-like crystals were found embedded in the

pellets. The crystals were washed with water before X-ray
intensity data collection.1 To whom correspondence should be addressed.
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FIG. 1. The Nb6O12
iO6

a unit occurring in LaNb7O12 .

Once the crystal composition had been determined matized Mo-Ka radiation (l9 5 0.71073 Å) at room tem-
perature. The intensity data were measured up to u 5 268polycrystalline samples of LaNb7O12 were prepared using

a stoichiometric mixture of Nb, NbO2 , and La2O3 . The with g scan mode. The unit cell parameters and orientation
matrix for data collection were determined by the least-mixture was thoroughly ground, pelletized, sealed in an

evacuated quartz tube, and heated at 13008C for 2 days. squares fitting of 25 reflections with 328 , 2u , 468. Of
the 2277 reflections collected in the 6h, 6k, 1l quadrant,
1400 had I . 2s(I). The intensity of three standard reflec-

Single Crystal X-Ray Diffraction Data
tions varied less than 1% during the data collection. The
data were corrected for Lorentz effects and polarization.A single crystal of LaNb7O12 with dimensions 0.016 3

0.036 3 0.044 mm3 was selected for X-ray intensity A numerical (SHELX76) absorption correction was per-
formed, and the transmission factors were in the rangedata collection. The data were collected on an Enraf-

Nonius CAD4 diffractometer with graphite monochro- 0.606–0.823. The cell parameters and details of the data
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TABLE 1 with a Displex Cryostat (APD cryogenics, model DE 202)
Summary of Crystal Data and Structure Refinement in the temperature range 150–300 K. Indium leads and

Results for LaNb7O12 silver paint were used to make ohmic contacts to the sam-
ple. There was no appreciable variation of the resistivity

Crystal data
curve between cooling and heating cycles.Formula LaNb7O12

Magnetic susceptibility data on a pellet of LaNb7O12Space group P21/c
Cell dimensions a 5 10.762(1) Å were recorded with a Quantum Design SQUID magnetom-

b 5 9.192(1) Å eter in the temperature range 2.5 p 300 K. The applied
c 5 10.314 (1) Å magnetic field was 10,000 G.
b 5 104.25(1)8

Volume (Å3) 988.9(2)
DISCUSSIONZ 4

l (MoKa) (Å) 0.71073
SynthesisScan mode g

Total data collected 2277 The plate-like, black single crystals grown in the pres-
Max 2u (8) 52

ence of NH4Cl were embedded on the surface of the pellet.Standard reflections 3 measured every 7200 s
No crystals were transported. The 5% NH4Cl presumablyReflection with I . 2s(I) 1400

e (cm-1) 121 served to enhance localized melting, which promoted the
Solution and refinement formation of the crystals. The synthesis of the correspond-

Data/parameters/restraints 1916/119/42 ing polycrystalline LaNb7O12 sample was attempted from
Agreement factors (I . 2s(I))a R(F) 5 0.037 Rw(F2) 5 0.077

stoichiometric mixtures (e.g., no NH4Cl) of different start-Agreement factors (all data)a R(F) 5 0.069 Rw(F2) 5 0.086
ing materials: (i) La2O3 , Nb, NbO2 ; (ii) La2O3 , NbO,Goodness-of-fit on all F 2b 1.07

Residual peaks (e/Å3) 22.3, 2.4 NbO2 ; (iii) La2O3 , Nb, Nb2O5 . At heating temperatures
below 12508C, significant amounts of the LaNb7O12 phase

a R(F) 5 ouuFou 2 uFcu u/o uFou. Rw(F2) 5 ho[w(F 2
o 2 F 2

c)2)/o did not form for any of the preparations. However, good
[w(F 2

o)2]j1/2.
b G.O.F. 5 ho (w(F 2

o 2 F 2
c)2)/(Nobs 2 Nparm)j1/2.

TABLE 2
collection are given in Table 1. The Uij components of the Atomic Fractional Coordinates and Equivalent Isotropic
La atom displacement parameters were restrained to be Displacement Coefficients (Å2)a for LaNb7O12

isotropic within an estimated standard deviation of 0.01 Å.
Atom x y z U(equiv)

Determination and Refinement of the Structure
Nb1 0.41905(9) 0.1198(1) 0.1854(1) 0.0035(2)b

SHELXS86 and SHELXL93 packages were used for the Nb2 0.28002(9) 0.1170(1) 0.9073(1) 0.0038(2)b

crystal structure solution and refinement, respectively. The Nb3 0.15464(9) 0.1262(1) 0.1175(1) 0.0042(2)b

Nb4 0.58750(9) 0.1344(1) 0.9687(1) 0.0039(2)bgeneral reflection conditions, l 5 2n for h0l and k 5 2n
Nb5 0.14867(8) 20.1277(1) 20.03934(9) 0.0031(2)b

for 0k0, were consistent with space group P21/c. The La
Nb6 0.71735(9) 0.1244(1) 0.7669(1) 0.0038(2)b

and Nb atom coordinates were found using direct methods
Nb7 20.00054(9) 0.1143(1) 0.3394(1) 0.0041(2)b

and the O atoms were located by Fourier methods to com- La 0.33100(6) 0.48464(7) 0.05287(7) 0.0085(2)b

plete the structural model. The structure and thermal pa- O1 0.7190(7) 0.2290(8) 0.5796(8) 0.0061(16)
O2 0.1511(7) 0.2649(8) 20.0452(8) 0.0078(17)rameters refined by full-matrix least-squares methods led
O3 0.5868(7) 0.2695(8) 0.8123(8) 0.0074(17)to R(F) 5 0.037 and Rw(F 2) 5 0.077 for 1400 observed
O4 0.2901(7) 0.2310(8) 0.7217(8) 0.0041(16)data with I . 2s(I). The maximum and minimum residual
O5 0.4233(7) 0.2514(8) 0.0200(8) 0.0032(16)

electron densities in the final difference Fourier map were O6 0.1364(7) 20.2598(8) 0.1211(8) 0.0043(16)
2.4 and 22.3 e/Å3, respectively, and were near the La O7 0.0040(7) 0.2340(8) 0.1863(8) 0.0057(16)

O8 0 0 0.5 0.0124(23)atoms. The final positional and equivalent isotropic dis-
O9 0.5692(6) 0.0003(8) 0.1379(7) 0.0036(14)placement parameters are given in Table 2. Table 3 gives

O10 0 0 0 0.0036(20)the final anisotropic displacement parameters for the non-
O11 0.1514(7) 0.0077(8) 0.2928(7) 0.0046(15)

O atoms. Table 4 contains the bond distances and angles O12 20.1395(6) 0.0061(8) 0.2166(7) 0.0058(15)
for LaNb7O12. O13 0.4291(6) 20.0022(8) 0.3555(7) 0.0060(15)

Electrical Resistivity and Magnetic Susceptibility a Estimated standard deviations of refined parameters are enclosed
in parentheses.Measurements

b Atoms are refined anisotropically:
Electrical resistivity measurements on a pellet of La U(equiv) 5 Ad (U11a*2a2 1 U22b*2b2 1 U33c*2c2 1 U12a*b*ab cos c 1

U13a*c*ac cos b 1 U23b*c*bc cos a).Nb7O12 were made by a standard four-probe technique
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TABLE 3
Anosotropic Displacement Parameters (Å2)a for LaNb7O12

Element U11 U22 U33 U23 U13 U12

Nb1 0.0039(4) 0.0038(5) 0.0035(5) 20.0004(4) 0.0021(4) 20.0000(4)
Nb2 0.0044(4) 0.0045(5) 0.0033(5) 0.0006(4) 0.0024(3) 0.0002(4)
Nb3 0.0045(5) 0.0055(5) 0.0035(5) 20.0000(4) 0.0026(4) 0.0002(4)
Nb4 0.0045(4) 0.0044(5) 0.0038(5) 20.0000(4) 0.0032(4) 0.0000(4)
Nb5 0.0034(5) 0.0041(5) 0.0026(5) 20.0006(4) 0.0023(4) 0.0002(4)
Nb6 0.0053(4) 0.0041(5) 0.0031(5) 0.0001(4) 0.0028(4) 20.0001(4)
Nb7 0.0044(5) 0.0057(5) 0.0031(5) 0.0000(4) 0.0030(4) 20.0000(4)
La1 0.0109(3) 0.0067(3) 0.0090(3) 0.0003(3) 0.0047(3) 0.0005(3)

Note. The anisotropic displacement exponent takes the form 22f2[h2a*2U11 1 ? ? ? 1 2hka*b*U12].
a Estimated standard deviations are enclosed in parentheses.

yields of polycrystalline LaNb7O12 formed at 13008C for
TABLE 4 mixtures (i) and (ii) above. The third mixture (La2O3 ,

Bond Distances (Å) and Angles (8) Nb, Nb2O5) resulted in poorly crystalline LaNb7O12 . The
for LaNb7O12 powder X-ray diffraction (PXD) patterns could be indexed

in space group P21/c with cell parameters a 5 10.763(4),
Nb(1)–O(3) 2.201(8) Nb(2)–O(2) 2.085(8)

b 5 9.192(2), c 5 10.318(2) Å, and b 5 104.26(2)8, whichNb(1)–O(4) 2.050(7) Nb(2)–O(4) 2.208(7)
are in excellent agreement with the single crystal resultsNb(1)–O(5) 2.101(7) Nb(2)–O(5) 2.090(7)

Nb(1)–O(9) 2.108(7) Nb(2)–O(9) 2.095(7) (Table 1). The observed and calculated d spacing and the
Nb(1)–O(13) 2.062(7) Nb(2)–O(12) 2.062(7) associated relative intensities of the PXD reflections are
Nb(1)–Nb(2) 2.890(1) Nb(2)–Nb(3) 2.823(1) listed in Table 5.
Nb(1)–Nb(3) 2.759(1) Nb(2)–Nb(4) 2.848(1)
Nb(1)–Nb(4) 2.816(1) Nb(2)–Nb(5) 2.783(1)

Description of the Crystal StructureNb(1)–Nb(6) 2.791(1)
Nb(4)–O(1) 2.023(8)

The basic building units of LaNb7O12 are Nb6 octahedra,Nb(3)–O(2) 2.100(8) Nb(4)–O(3) 2.034(8)
NbO6 octahedra, and eight-coordinated LaO8 . Nb6 octahe-Nb(3)–O(4) 2.057(7) Nb(4)–O(5) 2.241(7)

Nb(3)–O(7) 2.163(8) Nb(4)–O(9)#1 2.161(7) dra connect with oxygen atoms exclusively to give the
Nb(3)–O(10) 2.143(1) Nb(4)–O(9)#2 2.185(7) characteristic clusters of Nb6Oi

12Oa
6 (Fig. 1). The Nb6O12

Nb(3)–O(11) 2.118(7) Nb(4)–Nb(5) 2.753(1) clusters are discrete, rather than condensed. Two NbO6Nb(3)–Nb(5) 2.832(1) Nb(4)–Nb(6) 2.779(1)
octahedra corner share to form Nb2O11 pairs (Fig. 2a). TheNb(3)–Nb(6) 2.796(1)
framework of LaNb7O12 is made up of double columns ofNb(6)–O(1) 2.163(8)

Nb(5)–O(1) 2.056(8) Nb(6)–O(3) 2.073(8) discrete Nb6Oi
12Oa

6 units, running along the c crystallo-
Nb(5)–O(6) 2.083(8) Nb(6)–O(6) 2.114(7) graphic direction, separated by a column of Nb2O11 octahe-
Nb(5)–O(7) 2.174(8) Nb(6)–O(11) 2.068(7) dra pairs along the a axis (Fig. 3). The Nb6O12 clusters are
Nb(5)–O(10) 2.103(1) Nb(6)–O(13) 2.088(7)

related by a twofold screw axis along the b axis and areNb(5)–O(12) 2.124(7)
interconnected by sharing both their inner (Oi) and apicalNb(5)–Nb(6) 2.825(1)
(Oa) oxygen atoms. The Nb2O11 pairs also share their oxy-

La–O(1) 2.615(8) La–O(5) 2.421(7) gens with the Nb6O12 clusters. The La ions are located in
La–O(2) 2.808(8) La–O(11) 2.895(7) eight oxygen coordinated interstices of the lattice (Fig. 2b).
La–O(3) 2.686(8) La–O(13)#3 2.519(7)

Figure 4 illustrates the complete structure projected in theLa–O(4) 2.744(8) La–O(13)#4 2.524(7)
bc plane.

Nb(7) Distance Angles Of the seven crystallographically unique niobium atoms,
O(7) 1.935(8) six Nb atoms form the Nb6 metal octahedron (Fig. 1).
O(8) 1.961(1) 177.2(2)

The Nb–Nb bond distances within the Nb6O12 clusters areO(12) 1.974(7) 86.0(3) 96.7(2)
comparable to those observed in other reduced niobiumO(6) 1.984(7) 90.2(3) 89.3(2) 86.9(3)

O(11) 2.061(7) 84.2(3) 96.0(2) 97.5(3) 172.7(3) oxides (8). However, the Nb6 octahedron is significantly
O(2) 2.088(8) 89.4(3) 87.9(2) 175.1(3) 94.8(3) 80.3(3) distorted, as evidenced in the varied Nb–Nb bond distances

Nb(7) O(7) O(8) O(12) O(6) O(11) (Table 4). In the basal plane of the Nb6 octahedron, the
Nb–Nb distances of opposite edges are 2.753(1) vs 2.759(1)Note. Estimated standard deviations are enclosed in parentheses.
Å and 2.816(1) vs 2.832(1) Å, respectively. Thus the basal#1 2x 1 1, 2y, 2z 1 1; #2x, y, z 2 1; #3x, 2y 1 As, z 2 As; #42x 1 1

y 1 As, 2z 1 As. plane is more or less rectangular, rather than square
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TABLE 5 dra in the dimers (Fig. 2a). The Nb–O bond distances (1.94
X-Ray Powder Diffraction Data for LaNb7O12 to 2.09 Å) in these NbO6 are normal for niobium with

octahedral coordination to oxygen. However, some of the
h k l d-calc. d-obs. Intensity

bond angles of O–Nb–O deviate from 908 by up to 98
(Table 4), which indicates that the NbO6 octahedra are0 1 1 6.768 6.778 9

21 0 2 5.016 5.024 4 strongly distorted.
0 2 0 4.596 4.605 7 The La atoms are coordinated to eight oxygen atoms
0 2 1 4.176 4.174 7 (Fig. 2b). The La–O bond distances are in the range from
1 0 2 4.130 4.138 6

2.42 to 2.90 Å; the latter are much longer than those in
21 2 1 4.022 4.017 7

lanthanum haloniobates (10, 11) with the same coordina-22 2 1 3.437 3.436 21
23 1 1 3.327 3.331 7 tion. This might arise from the larger Coulombic repulsion

2 2 1 3.108 3.101 11 between divalent anions (O22) than that between O22

22 2 2 3.083 3.082 8 and Cl2.
22 1 3 3.012 3.010 12

0 3 1 2.930 2.931 41
3 1 1 2.902 2.901 13 Bond-Order Sum

21 3 1 2.875 2.873 4
Bond-order sums (12) were calculated using1 1 3 2.826 2.829 27

21 2 3 2.749 2.750 36
22 3 1 2.637 2.638 9

s 5 exp [(r0 2 r)/B],21 0 4 2.580 2.580 22
3 2 1 2.547 2.550 5

21 1 4 2.484 2.483 60
where B 5 0.37 and r0(Nb–O) 5 1.912. The bond-order24 2 1 2.322 2.321 4
sum for the Nb(7) atom which is octahedrally coordinated0 4 0 2.298 2.297 14

23 1 4 2.248 2.249 25 to oxygen atoms is 4.77. Therefore, the 51 oxidation state
25 1 1 2.094 2.094 6 is assigned for Nb(7). The La ion is assumed to have oxida-

0 4 2 2.088 2.088 6 tion state 31. Accordingly, in La31Nb51(7)Nb6O22
12 , there

1 2 4 2.061 2.062 6
are 24 2 3 2 5 5 16 negative charges to be compensated by1 4 2 2.008 2.009 7
the six niobium cluster atoms. Thus, there are 14 electrons21 3 4 1.973 1.973 100

3 2 3 1.952 1.950 7 remaining in metal–metal bonding states per Nb6 cluster,
23 4 2 1.877 1.878 8 a feature which is also found in M3Nb6O11 (M 5 Mg or

0 5 1 1.808 1.808 14 Mn) (4) and MNb8O14(M 5 Sr, Ba) (13, 14).
21 5 1 1.795 1.795 13
22 5 1 1.732 1.732 7
21 4 4 1.716 1.716 42
25 1 5 1.636 1.636 23
21 5 4 1.497 1.497 36

3 2 5 1.489 1.489 22

shaped. The average bond distance between the four basal
Nb atoms and Nb(6) is slightly shorter (p2.798 Å) than
that between Nb(2) (p2.836 Å). Thus it appears that half
of the Nb6 octahedron is elongated. The bond distances
between the Nb and Oa and Oi atoms are expected to be
in the range from 2.15 p 2.35 Å and from 2.02 to 2.13 Å
(5), respectively. In LaNb7O12 , the Nb–Oa distances (2.16
to 2.24 Å) are within the expected range; the Nb–Oi dis-
tances also fall into the expected range, except for two
longer ones, Nb(4)–Oi(9)#1 (2.161(7) Å) and Nb(4)–
Oi(9)#2(2.185(7) Å) (Table 4). These two longer bond dis-
tances are attributed to the distortion of Nb6 octahedron
in which the Nb–Nb bond distances within the Nb(1)–
Nb(2)–Nb(4) triangular plane are longer than the rest of
the Nb–Nb bond distances. FIG. 2. (a) Corner-sharing of two NbO6 octahedra. (b) Lanthanum

coordination in LaNb7O12 .The Nb(7) atoms form the centers of the NbO6 octahe-
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FIG. 3. Projection of LaNb7O12 on ac plane. Large open circles, O; small circles, Nb.

TABLE 6
Madelung Lattice Energy Values

(Kcal/mol) for LaNb7O12
a

La 1101.4 3 1 1101.4
Nb1 794.9 3 1 794.9
Nb2 779.8 3 1 779.8
Nb3 726.9 3 1 726.9
Nb4 723.5 3 1 723.5
Nb5 725.8 3 1 725.8
NB6 808.4 3 1 808.4
NB7 3074.3 3 1 3074.3
O1 478.3 3 1 478.3
O2 538.6 3 1 538.6
O3 460.0 3 1 460.0
O4 461.0 3 1 461.0
O5 468.3 3 1 468.3
O6 547.3 3 1 547.3
O7 491.7 3 1 491.7
O8 512.3 3 0.5 256.2
O9 567.5 3 1 567.5
O10 615.8 3 0.5 307.9
O11 528.3 3 1 528.3
O12 542.7 3 1 542.7
O13 411.6 3 1 411.6

o14794.4

a Calculated using the positional parame-
ters of LaNb7O12 .FIG. 4. Projection of LaNb7O12 on bc plane. Dark filled circles, La.



PROPERTIES OF LaNb7O12 27

FIG. 5. Resistivity as a function of temperature of LaNb7O12 .

MAPLE Values of LaNb7O12 resistivity of the sample is relatively large, the small Ea

reflects extrinsic effects and does not correspond to the
It has been demonstrated in several niobium cluster com-

band gap.
pounds (9, 13, 15) that the concept of the Madelung part

The molar susceptibility of LaNb7O12 as a function of
of the lattice energy (MAPLE) can be applied to oxides

temperature shown in Fig. 6 reveals that the susceptibility
containing metal–metal bonds (16). The MAPLE value of

remains nearly temperature independent from room tem-
LaNb7O12 from the positional parameters of the single

perature to p100 K and is weak, x290 5 3.9 3 1025 emu/
crystal structure was calculated to be 14794.4 Kcal/mol

mol. A small peak at p50 K probably arises from the
(Table 6) (17). The sum of the MAPLE values for the

antiferromagnetic ordering of absorbed O2 (18). The up-
hypothetical binary components according to Eq. [1] is

turn seen at low temperature suggests that magnetic impu-
rities may be present in the sample.

1/2 La2O3 1 1/2 Nb2O5 1 ‘‘Nb6O8’’ 5 LaNb7O12

Electronic Band Structure1/2(3387.7) 1 1/2(9042.3) 1 8615.5 5 14830.5 Kcal/mol,
[1] In order to understand the electrical transport and mag-

netic properties of LaNb7O12 one turns to the electronic
(where the value for the hypothetical binary oxide band structure. Although the electronic band diagram for
‘‘Nb6O8’’ with 14 electrons in metal–metal bonding states LaNb7O12 has not be calculated, it is appropriate to use
was calculated from Mg3Nb6O11 (13)) in excellent the band structure of SrNb8O14 , which has similar struc-
agreement (within 0.2% range) with the MAPLE value tural units of Nb6O12 discrete clusters and NbO6 octahedra
of LaNb7O12 . forming the network structure (13). Moreover, the Nb6

octahedra in SrNb8O14 also have 14 electrons in Nb–Nb
Electrical Resistivity and Magnetic Properties

bands. Figure 7 shows the molecular orbital energy level
diagram of the discrete Nb6Oi

12Oa
6 unit (7a) and the bandElectrical resistivity measurements on a pressed pellet

of LaNb7O12 reveal that the room temperature resistivity diagram of SrNb8O14 adopted for LaNb7O12 (7b). The left
panel of Fig. 7 is derived from the molecular orbital levelis p98 V ? cm. The electrical resistivity as a function of

temperature increases exponentially with decreasing tem- diagram of Nb6Cl42
18 in which the a2u is nonbonding (19).

However, for the oxide cluster Nb6Oi
12Oa

6 , the a2u level isperature, indicating semiconducting behavior. The thermal
activation energy (Ea) for conduction estimated from the dominated by antibonding character. Thus the gap be-

tween the a2u and t2g orbitals is significant. A group oflinear portion of the plot of log r vs 1000/T (Fig. 5) in the
temperature range 180–300 K is 0.08 (1) eV. Since the seven orbitals (a1g, t1u , and t2g) are bonding and filled
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FIG. 6. Magnetic susceptibility as a function of temperature of LaNb7O12 .

with 14 electrons while a2u is antibonding and empty. In The number of valence electrons in oxoniobates varies
from 13 (9) to 15.5 (15). It is possible to replace lanthanuman extended lattice the discrete levels arising from this

structure unit will broaden into bands (7b). It is clear that La31 with divalent cations (A) in LaNb7O12 , for example,
alkaline earth metal cations, to change the valence electronthe M–M valence electrons fill up to the t2g band and leave

the a2g band empty. This accounts for the semiconducting count and the filling of the bands. To better understand
how the physical properties of ANb7O12 compounds varybehavior. Since the Nb6O12 clusters are not condensed, the

bands (a1g , t1u , and t2g) should be narrow. Furthermore, with the number of valence electrons, we are currently in
the process of preparing the analogous compounds withdue to the distortion of Nb6 octahedra, the degeneracy of

the t2g level may be removed, which would give rise to A 5 Sr21, Ba21, and Ca21.
even narrower bands, as in SrNb8O14 (8). Electrons in filled
narrow bands often show weak temperature-independent CONCLUSION
paramagnetism due to localization effects.

LaNb7O12 is a new reduced oxoniobate containing dis-
crete Nb6O12 clusters with 14 valence electrons filling a set
of narrow bands. It shows semiconducting behavior with
a small Ea p 0.08 eV and weak temperature-independent
paramagnetism. The small activation energy is attributed
to extrinsic effects and does not correspond to the t2g–a2u

energy gap.
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14. J. Hibble, A. K. Cheetham, J. Köhler, and A. Simon, J. Less-Commonand A. Simon, Z. Naturforsch. 426, 536 (1987).
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