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Abstrac t  

Single crystals of  BaNb406 (I) and BaeNbsO9 (II)  have been prepared by heating pellets 
containing Ba~Nb40,5, NbO2, NbO, Nb (Ba:Nb:O = 1:7:9 for I and 4:14:23 for II together 
with 10% BaF2 as mineralizer for 24 h in a sealed niobium ampoule  at 1600 °C. The 
crystal structures of  I and II have been refined using single-crystal data (CAD 4: I, 128 
unique reflections, R = 1 . 9 1 % ,  R w = l . 7 0 % ,  II, 223 unique reflections, R = 2 . 7 5 % ,  
R~=2 .55%) .  I crystallizes in P 4 / m m m  with a = 4 . 1 8 2 ( 1 )  /~ and c = 8 . 2 1 2 ( 1 ) / ~  and II in 
P 4 / m m m  with a = 4 . 1 7 2 ( 1 )  /~ and c = 1 2 . 2 2 4 ( 1 )  /~. The atomic posit ions are slightly 
different from those  previously obtained from powder  data. 

The structures of  I and II contain Nb60~2 clusters l inked to two-dimensional  sheets  
and can be described in terms of an intergrowth between slabs of  perovskite- and NbO- 
type structures. I and II are metall ic  and exhibit  a weak temperature- independent  
paramagnet ism.  

1. I n t r o d u c t i o n  

Among the reduced oxoniobates,  phases containing isolated and con- 
densed clusters have been synthesized [1 -26] .  Most of these structures can 
be described in terms of a common close packing of oxygen atoms, octahedral 
Nb~ units and large atoms of electropositive metals. The Nb~ units are 
surrounded by 12 oxygen atoms positioned outside the edges (Oi; i, innere) 
and up to 6 more oxygen atoms in front of the apices (oa; a, duJ$ere), using 
the terminology of Sch~ifer and Schnering [27]. Such Nb6012 clusters may 
occur discrete or condensed.  So far, only condensation via vertices of  the 
Nb8 unit has been observed. The ultimate degree of  such a type of condensation 
is reached in the structure of NbO [28]. It can be described as an NaC1- 
type structure with 25% ordered vacancies in both sublattices but also as 
a framework of Nb80~2 clusters [27] condensed according to Nb6/2012/4. The 
latter view has been substantiated by band structure calculations [29, 30]. 

Two-dimensional condensation has been found in phases of the type 
ANb40~ ( A = K  [16, 18] and Ba [21]) and A2Nb509 ( A = K  [16], Sr [12, 16], 
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Ba [12, 16, 21] and Eu [21, 26]). These structures can be described in 
terms of an intergrowth between slabs of perovskite- and NbO-type structures. 
In ANb406 the slabs are a single unit, while in A2Nb509 the perovskite-type 
slabs are two units wide. The linkage scheme of the Nb60,2 clusters is 
2 i - i  i--i a--a i--i i--i a [Nb2Nb4z208/204/4]02/2 in ANb40~ and 2 [Nb2Nb4~O8/204/4]02 in A2Nb50~. In 
the K-Nb-O and Ba-Nb-O systems both ANb406 and A2NbsO9 have been 
synthesized, which can be considered as being members of different ho- 
mologous series. The compositions of these series vary as A~Nbn+amO3~+3m 
(n is the number of the perovskite-type slab, and m is the number of the 
NbO-type slab). 

Recently one-dimensional condensation has been found in BaosNb5Os 
[20] and Ba4.~Nb~7026 (x= 1.0) [23]. The structures contain single (1 × 1 × 0o) 
and quadruple ( 4 × 4 ×  oo) chains of Nb60~2 clusters corresponding to 
1 i - i  i--a a - i  04/2]04/2 in Bao.sNb5Os and 1 i-i i-i i . . . .  i a [Nb4Nb2/208/2 ~[Nb2Nb4/20~/406/e01/2] O1/20 in 
Ba4.~Nb,7026 (x=  1.0). These phases are only formed at high temperatures 
(about 1600 °C). At lower temperatures, 'phasoids' [14, 19] exhibiting a 
disordered intergrowth between Nb60,2 cluster chains or rather columns of 
NbO- and perovskite-type structures are found. 

The use of fluorides, chlorides, borates or boron oxide (forming borates 
in  situ) as mineralizers or fluxes has led to single crystals of many reduced 
oxoniobates containing Nb60,2 clusters [1, 3-11, 17, 25]. However, ox- 
oniobates containing one- or two-dimensionally condensed clusters have only 
been studied by means of profile refinement of their X-ray or neutron powder 
patterns. In this paper we report on the growth and X-ray investigations of 
single crystals of such compounds. 

2. E x p e r i m e n t a l  d e t a i l s  

The starting materials used were niobium (p.a., Merck), NbO (99.9%, 
Alfa), NbO2 (99.9%, Alfa), BasNb4015 and BaF2 (p.a., Merck). The latter was 
used as a flux-mineralizer. BasNb4OI~ was synthesized by heating appropriate 
amounts of BaCO3 (p.a., Merck) and Nb205 (p.a., Merck) at 1000 °C for 10 
h, regrinding and reheating for another 10 h. Appropriate amounts of starting 
materials (compositions: Ba:Nb:O=I:7:9  for I and 4:14:23 for II) with 
addition of 10% BaF2 as mineralizer were ground together, pressed into 
pellets and heated in open niobium ampoules under vacuum (2 × 10 -4 Torr) 
at 350 °C to remove any moisture. The niobium ampoules were then sealed 
under an argon atmosphere, heated for 24 h at 1600 °C and then cooled 
to 1200 °C at a cooling rate of 1 °C rain whereafter the furnace was turned 
off. The corresponding X-ray powder patterns showed lines of BaNb406 (I) 
and Ba2Nb509 (II), together with weak lines of BaF2. The pellets contained 
grey plate-like crystals of I and II up to 0.1 mm exhibiting a metallic lustre. 
The compositions of the reaction products deviate from the starting com- 
positions according to the phase analyses. This can be explained by the fact 
that BaF2 acts not only as mineralizer but also as a barium source and 
niobium oxofluorides are known to be volatile at high temperatures [31 ]. 
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T h e  un i t  ce l l  p a r a m e t e r s  fo r  BaNb406  a n d  Ba2Nb~O9o ( T a b l e  1) w e r e  
o b t a i n e d  f r o m  X- ray  p o w d e r  p h o t o g r a p h s  (Cu K a l ,  1 . 5 4 0  589  A; G u i n i e r - S i m o n  
t e c h n i q u e )  a n d  w e r e  a n a l y s e d  u s i n g  a f i lm s c a n n e r  s y s t e m  [32]  w i th  s i l i c on  
[33 ] as  i n t e r n a l  s t a n d a r d .  

W h e n  u s i n g  f l u o r i d e s  a s  a f l u x - m i n e r a l i z e r  for  t he  s y n t h e s i s  o f  o x o n i o b a t e s ,  
f l u o r i n e  is s o m e t i m e s  i n c o r p o r a t e d  to  s o m e  e x t e n t  in to  t h e  s t r u c t u r e s  [5, 
1 l ,  17] .  R e p l a c e m e n t  o f  o x y g e n  by  f luo r ine  in o x o n i o b a t e s  is o f t e n  f o l l o w e d  

b y  a c h a n g e  in t h e  un i t  ce l l  p a r a m e t e r s ,  e .g .  KNbsO ~ 4.~F~- [ 171 a n d  K4A12Nbl 102,. 
:~:F:~ [11 ]. H o w e v e r ,  s i n c e  t h e  un i t  ce l l  p a r a m e t e r s  o b t a i n e d  fo r  I a n d  I I  a r e  
t h e  s a m e ,  w i t h i n  s t a n d a r d  d e v i a t i o n s ,  a s  t h o s e  o b t a i n e d  w i t h o u t  u s i n g  f l uo r ide -  
c o n t a i n i n g  f luxes ,  w e  d o  n o t  t h i n k  t h a t  f l uo r ine  is p r e s e n t  in t he  c r y s t a l s .  

D e t a i l s  o f  t h e  s i n g l e - c r y s t a l  s t r u c t u r e  d e t e r m i n a t i o n s  fo r  I a n d  I I  a r e  
s u m m a r i z e d  in T a b l e  1. In  I t w o  a n d  in I I  f ive s t r o n g  r e f l e c t i o n s  s h o w e d  
e x t e n s i v e  e x t i n c t i o n  a n d  w e r e  o m i t t e d  f r o m  the  r e f i n e m e n t s .  The  a t o m i c  
c o o r d i n a t e s  a n d  t h e r m a l  p a r a m e t e r s  fo r  I a n d  I I  a r e  g i v e n  in T a b l e  2. 

T h e  p o s i t i o n a l  p a r a m e t e r s  fo r  BaNb4Oa ( I )  a n d  Ba2Nb5Ov ( I I )  r e p o r t e d  
b y  Z u b k o v  e t  a l .  [21]  a n d  S v e n s s o n  [12,  14] a n d  in th i s  s t u d y  a re  e s s e n t i a l l y  
in a g r e e m e n t .  Th i s  is n o t  s u r p r i s i n g  s i n c e  t he  n u m b e r  o f  f r ee  p a r a m e t e r s  is 
r a t h e r  sma l l .  H o w e v e r ,  t h e r e  a r e  s o m e  s i g n i f i c a n t  d i s c r e p a n c i e s .  T h e  m a i n  
d i f f e r e n c e s  c o m p a r e d  w i th  t he  r e f i n e m e n t s  f r o m  p o w d e r  d a t a  a r e  f o u n d  fo r  
t h e  p o s i t i o n  o f  N b ( 1 )  in I [21]  a n d  t h e  o x y g e n  p o s i t i o n s  in I I  [12,  14] .  

TABLE 1 

Summary of single-crystal data and X-ray intensity collection for BaNb406 (Ba2Nb5Og) 

Formula 
Molar weight 
Lattice constants ~ 
Space group 
dcalc 
/z(Mo K~), A 
Dimensions of the single crystal 

Data collection 

Range of data, method 
Scan speed 
Number of reflections 
Independent 
Absorption correction 
Refinement 
Number of parameters 
R (anisotropic) 
R~ (anisotropic) 

BaNb406 (Ba2NbsOg) 
605.0 ainu (883.2 amu) 
a=4.183(1)  /~ (4.172(1) /~), c=8.212(1) /~ (12.224(1) /~) 
P 4 / m m m  (P4/mmm),  Z = 1 (1) 
6.99 g cm -3 (6.89 g cm 3) 
134.16 cm -1 (145.44 cm 5), 0.71069 /~ 
0.03 mm× 0.03 ram×0.02 ram (0.04 ram×0.04 ram×0.01 
ram) 
Four-circle diffractometer (CAD4), 
graphite monochromator, scintillation counter 
4 ° (4°)_<20<60 ° (60°), w scan (w scan) 
variable depending on I 
671 (1215) 
128 (223) of 671 (1214) with F > 3 a ( F )  

scan with 7 (6) reflections 
SHELX program, full matrix, least squares 
17 (25) 
1.9% (2.7%) 
1.7% (2.5%) 

Further details of the crystal structure investigation may be obtained from the Fachinfor- 
mationszentrum Energie, Physik, Mathematik, W-7514 Eggenstein-Leopoldshafen, F.R.G., on 
quoting the depository number CSD-55382, the names of the authors, and the journal citation. 
aModified Guinier technique. 
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TABLE 2 

Positional parameter and U,y values [ × 104 ] of the anisotropic temperature factors and standard 
deviations for BaNb406 (I) and Ba2Nb~O 9 (II) 

Atom Site x y z Ull (]~) U~2 (~) U33 (/~) 

I 
Ba la  0 0 0 74(3) 74(3) 55(5) 
Nb(1) 2e 0 0.5 0.5 40(3) 40(3) 40(5) 
Nb(2) 2h 0.5 0.5 0.2531(1) 41(3) 41(3) 32(5) 
O(1) lb 0 0 0.5 86(23) 86(23) 204(31) 
0(2) 4i 0.5 0 0.2431(7) 116(22) 90(22) 133(25) 
0(3) 1 c 0.5 0.5 0 126(24) 126(24) 72(30) 

II 
Ba 2g 0 0 0.1681(1) 94(2) 94(2) 66(3) 
Nb(1) 2e 0 0.5 0.5 66(4) 65(4) 50(4) 
Nb(2) 2h 0.5 0.5 0.3364(1) 62(3) 62(3) 45(5) 
Nb(3) lc  0.5 0.5 0 71(4) 71(4) 39(6) 
0(1) lb 0 0 0.5 55(22) 55(22) 105(29) 
0(2) 4i 0.5 0 0.3271(5) 91(21) 136(22) 125(23) 
0(3) 2h 0.5 0.5 0.1596(7) 110(20) 110(20) 204(28) 
0(4) 2f 0 0.5 0 158(26) 109(25) 137(26) 

The Uij are defined for exp(-2~-2 (U l j h2a*2  + . . .  + 2U2aklb*c*)}.  U12=U1a=U2a=O for all 
barium, niobium and oxygen atoms in both compounds. 

Electr ical  conduct iv i ty  measu remen t s  be tween  300 K and 4 K on II  
(ceramic  sample  p repa red  accord ing  to ref. 12) show it to be metallic.  I 
has  also been  found  to  be metall ic [24l.  

Measu remen t s  of  the magnet ic  susceptibi l i ty  on BaNb406 (I) and Ba2Nb509 
( I I )  (both  conta in ing  a small amoun t  of  BaF2; see above)  have been  pe r fo rmed  
be tween  3.6 and 300  K in a supe rconduc t ing  quan tum in te r fe rence  device 
m a g n e t o m e t e r  employing  a field of  10 kG. ! and II  bo th  exhibi t  a weak  
t e m p e r a t u r e - i n d e p e n d e n t  pa ramagne t i sm of  245(10)  × 10-6  e.m.u, m o l -  ~ and 
195(10)  × 1 0 -  6 e.m.u, m o l -  ' respect ive ly  (uncor rec ted  for  the d iamagnet ic  
cont r ibut ion) .  

3. D e s c r i p t i o n  o f  t h e  s t r u c t u r e s  

The s t ruc tures  of  BaNb406 I and Ba2Nb~ (II)  are shown in Fig. 1. 
In te ra tomic  d is tances  are given in Table 3. Pa t te rns  of  the mutual  adjunct ion  
[34] t o g e t h e r  with bond  o rde r  sums [35] are summar ized  in Table  4. 

At first sight, the  s t ruc ture  of I is c o m p o s e d  of  NbO-type layers  a l ternat ing 
with in te rmedia te  BaO layers  while the  s t ruc ture  of  I I  conta ins  a l ternat ing 
slabs of  NbO and  perovski te  types.  This view is somewhat  too  simplified as 
the  in te rac t ions  be tween  the  slabs are not  t aken  into account .  The a toms  
in the BaO layer  in I are su r rounded  by  neares t  ne ighbours  as in a perovski te  
s t ructure .  There fore ,  a descr ip t ion  of  the  s t ruc ture  in t e rms  of  an in tergrowth  
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Fig. 1 ORTEP drawing of the structures of BaNb406 (I) and Ba2Nb~O9 (II). The ellipsoids 
have been drawn with a probability of 90%. 

TABLE 3 

Important interatomic distances (,~(ngstrSms) in BaNb406 (I) and BazNbsO 9 (II) 

I 
Ba 0(2) 2.891(4) ( 8 x )  Nb(1) 

0(3) 2.958(1) ( 4 x )  

Nb(2) 

II 
Ba 

Nb(1) 

0(3) 2.078(1) 
0(2) 2.093(1) (4x) 
Nb(1) 2.912(1) (4×) 

0(2) 2.852(4) (4 x ) Nb(2) 
0(4) 2.928(1) (4 x ) 
0(3) 2.952(1) (4 x ) 

O(1) 2.086(1) (2x) 
0(2) 2.113(6) (2x) 
Nb(2) 2.890(1) (4 x ) Sb(3) 
Sb(1) 2.950(1) (4 x ) 

O(1) 2.091(1) ( 2 x )  
0(2) 2.110(6) ( 2 x )  
Nb(2) 2.913(1) ( 4 x )  
Nb(1) 2.958(1) (4 x ) 

0(2) 2.089(1) (4 x ) 
0(3) 2.161(9) 
Nb(1) 2.890(1) (4 x ) 

0(3) 1.951(9) ( 2 x )  
0(4) 2.086(1) (4 × ) 

o f  o n e  N b O - t y p e  a n d  o n e  p e r o v s k i t e - t y p e  s l a b  w i t h  b o u n d a r y  a t o m s  b e i n g  
s h a r e d  b e t w e e n  d i f f e r en t  s l a b s  s e e m s  m o r e  a p p r o p r i a t e ,  p a r t i c u l a r l y  b e c a u s e  
t h i s  d e s c r i p t i o n  e m p h a s i z e s  t h e  i n t i m a t e  s t r u c t u r e  r e l a t i o n s h i p  o f  I to  I I ,  t h e  
p e r o v s k i t e  t y p e  s l a b s  b e i n g  o n e  a n d  t w o  u n i t s  w i d e  f o r  I a n d  I !  r e s p e c t i v e l y .  
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TABLE 4 

Motifs of  the mutual  adjunct ion [34] and bond order  s u m s  Es  i [35] in BaNb40~ (I)  and 
Ba2NbsO~ ( I I )  

Atom 1 × 0 ( 3 )  ~-" 4 × 0 (2 )  ~-~ 1 × 0 ( 1 )  ~-i CN Es  i 

I 
t × Ba 4/4 8/2 -- 
2 × Nb(1)  - 2/1 2/4 
2 × Nb(2)  1/2 4/2 -- 

CN 6 5 4 
Esl 1.92 2.20 2.46 

12 2.21 
4 2.40 
5 3.08 

Atom 2 × 0 ( 4 )  2 × 0 ( 3 )  a 4 × 0 ( 2 )  ~-i 1 × 0 ( 1 )  ~-~ CN Esi 

I I  
2 × Ba 4/4 4/4 4/2 -- 
2 × Nb(1 ) -- - 2/1 2/4 
2 × N b ( 2 )  - -  1/1 4/2 - -  

1 × Nb(3)  4/2 2/1 -- -- 

CN 6 6 5 4 
Esi 1.95 2.07 2.25 2.49 

12 2.23 
4 2.40 
5 2.98 
6 4.29 

CN, coordinat ion number .  

In both structures the barium atoms have a coordination number of 12, 
as in Bao.0~NbO3 [36-39], forming a distorted cube-octahedron. The Ba-O 
bonding distances are in the ranges 2.891-2.958 .~ for BaNb408 (I) and 
2.852-2.952 A for Ba2Nb509 (II), in close agreement with the Ba-O distance 
of 2.889 A in Bao.05NbO3. The coordination octahedron around Nb(3) is 
tetragonally compressed (4 × 2 .086/~ and 2 X 1.951 /~). 

In I and II, Nb(1) and Nb(2) in the NbO-type slabs form Nb8 octahedra 
coordinated by oxygen atoms to form clusters of the Mc~X12 type. These 
octahedra are also tetragonally compressed. In I, dsb(2)--Nb(2)= 4.056 .~ com- 
pared with dNb(,)_Nb(,)=4.182 /~ and, in II, dNb(2)-Nb(2)=4.000 /~ compared 
with dsb(l)-~(~) = 4.172 /~. 

The interatomic distances between the Nb(1) atoms ha~.ng a strictly 
planar coordination of oxygen atoms are 2.958/~ and 2.950/~ for BaNb406 
(I) and Ba2NbsO0 (II) respectively. These niobium atoms have an environment 
similar to that found in NbO. The Nb(2) atoms are shared between the 
perovskite- and the NbO-type slabs and have a fivefold coordination of oxygen 
atoms as found for niobium atoms in compounds with discrete Nb~O,2 clusters. 
The Nb(1)-Nb(2) distances (2.913 /k for I, 2.890 /~ for II) are somewhat 
shorter than those between the Nb(1) atoms. The O(2)-Nb(2)-O(2) angles 
are 175.5 ° (I) and 173.8 °, (II) compared with the planar coordination around 
Nb(1). 

The Nb-O i distances are 2.091-2.110 /~ (I) and 2.086-2.161 /~ (II), 
similar to those usually found for discrete Nb~O,2 clusters. 
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In both structures the coordinations of the oxygen atoms are similar: 
0(1)  is square planar surrounded by four niobium atoms as in NbO, 0(2)  
is coordinated by two barium and three niobium atoms and, 0(3)  and 0(4)  
(in II) are coordinated by four barium and two niobium atoms as in Bao 95NbO3. 

4. D i s c u s s i o n  

BaNb406 (I) and Ba2Nb~O9 (II) represent  ordered intergrowth structures 
between NbO and BaNb03. Bulk crystals of NbO ( a = 4 . 2 1 0 1  ~, [28]) and 
Bao.9~NbO3 ( a = 4 . 0 8 5  A [36-39])  exhibit a significant lattice constant dif- 
ference and an epitaxial composite crystal of both would build up considerable 
strain owing to this mismatch. Layerwise intergrowth obviously allows for 
strain relief by mutual adjustment of the different kinds of slabs. Atomic 
shifts in the stacking direction enter as an additional degree of freedom for 
this adjustment. 

The a lattice constants of I and II closely correspond to the value for 
NbO, not unexpected in view of the rigid bonding within the cluster framework. 
The Nb6 octahedra are flattened by 3%-4% owing to the weaker bonding 
of the niobium atoms into the perovskite-type slabs compared with bulk 
NbO. On the contrary, the perovskite-type slabs are (compared with bulk 
Baog~NbO3) stretched by approximately 2% in the C plane and, referring to 
the position of O(2), contracted by approximately 2% along c. As a con- 
sequence, the cube octahedra of oxygen atoms around barium is compressed 
along the c axis to the same extent. The remarkable distortion of the octahedron 
of oxygen atoms around Nb(3) is a result of the overall strain relief in the 
structures. 

The oxidation state of Nb(3) is disputable. An extended Hiickel band 
structure calculation for Ba2Nb509 seemed to answer that question unam- 
biguously. This calculation [40] was based on the preliminary atomic positions 
[12] which deviate significantly, in particular for  the position of O(2), from 
the now available single-crystal data. The calculation showed the rather 
dispersionless Nb(3)-based d bands (t~_~ character)  to lie above the Fermi 
level at the electron count of BaaNb5Og, thus indicating a pentavalent Nb(3). 

Bond order calculations have been performed repeatedly for reduced 
oxoniobates to derive oxidation states for different kinds of niobium atoms, 
e.g. in ref. 5. If such calculations are applied for Nb(3) in II, with bond 
order  sums for 0 (4)  and 0 (3)  of 2.07 and 1.95 respectively, the value of 
4.29 for Nb(3) is in the same range as for the niobium atoms in Ba0.9~NbO3 
(4.24) and NbO2 (a [41], 4.26 and 4.16; fl [42], 4.27 and 4.03) giving an 
indication for tetravalent niobium, although one has to be careful in assigning 
oxidation states for bond order summations. 

Actually the compounds discussed here serve as good examples. The 
bond order  sums for barium are nearly the same for both compounds,  2.21 
for I and 2.23 for II. Although they are in close agreement  with one another  
and with the value of 2.37 for Ba09~NbO3, they deviate from the expected 
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value 2.0 (in BaO the bond order  sum for bar ium is 1.66). The bond order  
sums for  O(1) in I and  I I  are 2.46 and 2.49 respectively,  close to the value 
for the oxygen,  a tom in NbO (2.41) but  again dramatical ly deviating from 
the expec ted  value 2.0. 

To shed more  light on the oxidat ion state o f  Nb(3),  we have per formed 
Madelung par t  of  lattice energy  (MAPLE) calculat ions [43, 44] for BaNb406 
(I) and Ba2NbsO9 (II)  (Table 5). Usually the MAPLE value of  a ternary oxide 
should not  deviate by more  than 1% from the sum of the MAPLE values of  
the co r respond ing  binary oxides or te rnary  componen t s .  However,  such a 
calculat ion is only meaningful  if the structural  e lements  are comparable .  I I  
can be cons idered  as an in tergrowth of I and BaNbO3 but, as the latter is 
only known to exist  as Bao95NbO3 [39], we took  BaO and NbO2 as the 
reference  c o m p o u n d s  instead. 

A theoret ical  MAPLE value X is calculated for Ba2Nb509 (II)  accord ing  
to 

MAPLE(BaNb406) + M A P L E ( N b Q )  + MAPLE(BaO) = X  

5962 .6  + 3071.7  + 839.9  = 9874 .2  kcal tool-  1 

MAPLE(Ba2Nb5Og) has been calculated as suming  that  the number  of  valence 
electrons for  the cluster  sheet  in I I  is 10, as in I, and the oxidat ion state 
for Nb(3) is + 4; see Table 5. It deviates only by 0.5% from X, which means  
that  the cluster  sheets  in I and I I  are comparable .  Since no c o m p o u n d  
containing such a cluster  sheet  with 11 valence  electrons is known, we 
canno t  pe r fo rm such  a compar i son  with a pentavalent  Nb(3). 

TABLE 5 

Contribution of atoms to the Madelung part of lattice energy in BaNb406 (I) and Ba2Nb~O9 
(II) 

I II 

Atom MAPLE ]~ MAPLE Atom MAPLE ~ MAPLE 

Ba 1 × 617.6 617.6 Ba 2 x 576.8 1153.6 
Nb(1) 2x 455.0 910.0 Nb(1) 2x 327.1 654.2 
Nb(2) 2 x 789.2 1578.4 Nb(2) 2 x 662.5 1325.5 
O(1) 1 x 713.5 713.5 Nb(3) 1 x 2384.8 2384.8 
0(2) 4 x 471.9 1887.6 O(1) 1 x 816.5 816.5 
O(3) 1 x 255.5 255.5 0(2) 4 z 561.3 2245.2 

0(3) 2 x 342.7 685.4 
0(4) 2 x 328.0 656.0 

Sum 5962.8 Sum 9920.6 

The following charge distributions have been used: 

I Ba, +2;Nb(1), +2.5; Nb(2), +2.5; O(1)...O(3), -2 

II Ba, +2; Nb(1), +2.5; Nb(2), +2.5; Nb(3), +4; O(1).- -0(4), -2 



131 

If Nb(3) is a ssumed  to be tetravalent,  the number  of  valence electrons 
available for N b - N b  bonding  within the cluster  sheet  is 2.5 per  niobium 
a tom in bo th  BaNb406 (I) and Ba2Nb509 (II). Obviously the e lectron count  
can vary  within certain limits as it is observed that  KNb406 and K2Nb509 
exist in bo th  of  the cor respond ing  structure types. At considerably  higher  
e lect ron counts  another  s t ructure  is formed which is also based on condensed  
M6012 clusters, yet  in a different mode  of  condensat ion.  Thus  in the s t ructure  
of  KMo40~ [45] (isotypic with NaMo408 [46], 3.25 electrons per  M atom) 
chains  of  t r a n s - e d g e - s h a r i n g  Mo6 oc tahedra  occur.  

5. Conc lus ion  

We have synthesized single crystals of  BaNb406 and Ba2Nb509 using 
BaF2 as f lux-mineral izer .  The s t ructures  of  these phases  are intergrowth 
types,  consis t ing of  al ternating layers of  perovski te  type and NbO type. They 
can thus  be cons idered  as member s  of  a homologous  series AnNbn + 3mOsn + 3,~ 
where  BaNb406 has n = m =  1 and Ba2Nb~O9 n =  2 and m = 1. 
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