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T h e  tetragonal s t ructure  of  Pb3M4OI2F2 (M = Nb or Ta) has been determined and refined from single 
crystal  X-ray diffractometer  data to an R value of  0.064. The unit cell parameters  are arab = 12.6595(3) 

and CNb = 7.4524(4) A, and the space group is P42/mnm. The parameters  for the i somorphous  
tan ta lum phase  are very similar. The  structure is built up of  corner-shar ing M(O,F) 6 octahedra  in such 
a way that cavities and tunnels  arise, which contain the divalent lead a toms.  The coordination numbers  
at these  sites are 5 + 3 and 8, respectively.  Bond strength calculations suggest  that some  of  the anion 
sites are occupied predominant ly  by fluorine. The relationships with the pyrochlore and fluorite struc- 
tures are discussed.  © 1985 Academic Press. Inc. 

Introduction 

Since the early 1950s several studies of 
the phase relationships in the system PbO-  
Nb205 have been performed. A phase with 
the composition PbNb206 was reported by 
Goodman (1) to have orthorhombic sym- 
metry and ferroelectric properties. Later 
Francombe (2) described a low-tempera- 
ture rhombohedral modification of 
PbNb206 and revised the unit cell parame- 
ters for the ferroelectric phase which he 
proposed to be structurally related to the 
tetragonal tungsten bronze type (3). This 
relation was confirmed by Labb6 et al. (4), 
who also elucidated the complicated super- 
s t r u c t u r e .  

Several phases discovered in the system 
have structures that are more or less related 
to pyrochlore. Cook and Jaffe found two 
phases: the rhombohedral Pb2Nb:O7 (5) and 
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the cubic PbLsNb206.5 (6). A number of in- 
vestigators later indexed PbzNb207 as hav- 
ing an a axis twice as large as the one 
suggested by Cook and Jaffe. A com- 
prehensive survey of the PbO-Nb205 
phase diagram was published by Roth (7), 
although some of his powder patterns were 
not fully indexed. One of the proposed 
phases was assigned the formula Pb2.sNb2 
07.5. Kemri~er-Sack and Riidorff (8) also 
suggested the existence of a rhombohedral 
phase with a composition somewhere be- 
tween those of Pb2Nb207 and Pbz.sNb207.5. 
In this region, Bernotat-Wulf and Hoff- 
mann (9) found two phases besides PbzNb2 
07, namely, Pbz.31Nb207.3| and Pb2.44Nb2 
07.44 , and determined the crystal struc- 
tures. Saine et al. (10, 11) characterized a 
number of other compounds belonging to 
this family of structures. They can be clas- 
sified as pyrochlore structures containing 
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T A B L E  I 

CRYSTALLOGRAPHIC DATA FOR Pb3M40~2F2 

M = Nb M = Ta 

Unit cell a = 12.6595(3) A a = 12.6639(3) 
c = 7.4524(4) h c = 7.4375(4) 

Space group P42/mnm (No. 136) 
Unit cell 

content Z = 4 
Density 

calc 6.80 g cm -3 8.77 g cm 3 
obs 6.78 g cm -3 - -  

periodic crystallographic shear planes. The 
ordering of such planes has been studied 
using electron diffraction and lattice image 
techniques (11 ). 

As can be seen, a variety of structure 
types are found in the Pb-Nb-O system. 
Moreover, phase transitions occur in the 
compound PbNb206 when the temperature 
is changed. In order to learn whether fluo- 
rine can substitute for oxygen and what ef- 
fect this exchange may have on structures 
and properties, we started phase analysis 
studies on the systems PbO-PbF2-MzOs- 
MO2F (M = Nb(12) or Ta(13)). The investi- 
gation revealed several phases, including 
one with the composition Pb3M4OI2F2. The 
niobium and tantalum phases proved to be 
isostructural, but the present work mostly 
deals with the niobium phase due to diffi- 
culties obtaining good single crystals of the 
Ta phase. 

A plausible ordering of oxygen and fluo- 
rine on the anion sites is derived. The rela- 
tion of the structure to the fluorite and 
pyrochlore types is also discussed. 

Experimental 

A sample of the niobium compound was 
prepared at 1025 K as described in an ear- 
lier article (12). The unit cell dimensions 
derived from the powder pattern are given 
in Table I. A crystal fragment was selected 
from the sample, and oscillation and Weis- 
senberg photographs indicated that it was a 
single crystal with Laue symmetry 4/mmm. 

The systematic absences Okl for k + l = 2n 
+ 1 point to the space groups P42nm (No. 
102), P4n2 (No. 118), and P42/mnm (No. 
136). Intensity data were collected on a PW 
1100 automatic four-circle diffractometer. 
Details of the data collection and the crystal 
are given in Table II. Corrections for 
Lorentz, polarization, and absorption ef- 
fects were applied. 

Crystals of the corresponding tantalum 
compound were prepared in an analogous 
manner. The powder pattern was very simi- 
lar to that published in (12), and the unit 
cell parameters are shown in Table I. All 
examined crystals were twinned, and ef- 
forts to obtain a single crystal through cut- 
ting produced only a very irregularly 
shaped fragment from which intensity data 
were collected in the same way as for the 
niobium compound. Corrections for 
Lorentz and polarization effects were ap- 
plied, but no absorption correction was per- 
formed as the very irregular shape and the 
high value of the linear absorption coeffi- 
cient (756 em -1) would have yielded an un- 
reliable result. 

Structure Determination 

The space group P42/mnm was tenta- 
tively chosen since the statistical tests indi- 

T A B L E  II  

DETAILS OF DATA COLLECTION 

Crys t a l  size 0.06 × 0.06 × 0.06 m m  3 

Rad ia t ion  M o K a ,  h = 0.7101 

A b s o r p t i o n  coeff ic ient  /x = 364 c m -  

T r a n s m i s s i o n  f ac to r s  0 .084-0 .223  

Ex t inc t ion  coeff ic ient  0.22(4) 

Scan  t y p e  0 - 2 0  

S c a n  s p e e d  0.015 ° sec  i 

Scan  wid th  +-0.60 ° 

20 r a n g e  30-70 ° 

N u m b e r  o f  r eg i s t e r ed  

ref lec t ions  1194 

N u m b e r  o f  ref lec t ions  

wi th  1 > 2o-(/) u s e d  in 

l ea s t - squa re s  r e f i nemen t  700 
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TABLE 111 

FINAL POSITIONAL AND THERMAL PARAMETERS FOR Pb3NbaOlzF2 
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Atom Position x y z U or U~I" U,_2 U33 UI2 UI3 U23 

Pb(1) 4 e 0 0 0.2563(3) 227(6) 
Pb(2) 8 i 0.2924(1) 0.0518(1) 0 163(7) 
Nb(1) 8 j  0.2977(1) 0.2977(1) 0.2524(4) 66(7) 
Nb(2) 8 i 0.2412(3) 0.5456(21 0 282(16) 
X(I) 4 g 0.390(2) -0.390(2) 0 157(70) 
X(2) 16 k 0.301(1) 0.144(1) 0.308(2) 121(29) 
X(3) 4 f  0.094(2) 0.094(2) 0 101(59) 
X(4) 4 g 0.168(2) -0.168(2) 0 57(52) 
X(5) 4 f  0.258(2) 0.258(2) 0 102(57) 
X(6) 8 i 0.110(2) 0.473(2) 0 93(41) 
X(7) 16 k 0.296(1) 0.448(1) 0.188(2) 111(25) 

227(6) 143(9)  -14(9) 0 0 
177(7) 272 (8 )  -23(5) 0 0 
66(7) 132(11) 3(9) 5(8) 5(8) 

115(14) 116(13) 117(12) 0 0 

Anisotropic thermal parameters are given in the form exp{-2~ -2 • 10 4(hZa*2Utl + k2b*2U22 + /2c'2U33 + 
hka*b*U~2 + hla*c*Ux~ + klb*c*U23)}. 

cated a centrosymmetric structure. Com- 
parison of Patterson maps from the two 
data sets revealed positions for the Pb and 
Nb(Ta) atoms. Positions for the anions 
were determined from difference Fourier 
syntheses. The structures were refined by 
least-squares methods with isotropic tem- 
perature factors for all atoms and unit 
weights for all reflections. The scattering 
factors and anomalous scattering parame- 
ters were taken from (14). All anions were 
treated as oxygens. The final R values from 
these refinements were 13% for the niobium 
compound and 15% for the tantalum phase. 
The atomic positions were at this stage vir- 
tually identical for the two compounds. 
Due to the lack of absorption correction the 
structure of the Ta compound was not fur- 
ther refined. 

Difference maps indicated anisotropic 
thermal motion for the metal atoms, and 
inspection of observed and calculated 
structure factors showed that some reflex- 
ions were affected by extinction. The 
niobium-containing structure was thus re- 
fined with anisotropic thermal parameters 
on all metal atoms and with an isotropic 
extinction parameter which yielded a final 
R = 0.064. A subsequent difference map 
showed no peak corresponding to more 

than 50% of an oxygen atom. No improve- 
ment was achieved by lowering the symme- 
try, and this was taken as a confirmation of 
the space group P42/mnm. The final posi- 
tional and thermal parameters are given in 
Table III and some relevant interatomic 
distances are summarized in Table IV. 

TABLE IV 

SELECTED INTERATOMIC DISTANCES IN A FOR 
Pb3Nb4OizF2 

Mean value 

Nb(1)-O(4) 1.95(I) 
-0(7) 2 x 1.96(1) 
-0(2) 2x 1.99(1) 
-0(5) 2.01(1) i.98 

Nb(2)-O,F(6) 1.90(2) 
-0(2) 2x 1.97(1) 
-0(7) 2x 1.99(1) 
- 0 (  1 ) 2.05(2) 1.98 

Pb(l) -O,F(3) 2x 2.55(2) 
-O(1) 2x 2.68(2) 
-0(7) 4x 2.70(i) 2.66 

Pb(2) -O,F(6) 2.40(2) 
-O,F(3) 2.57(2) 
-0(2) 2x 2.58(1) 
-0(5) 2.65(2) 2.55 
-0(7) 2x 2.90(1) 
-0(4) 3.20(2) 2.72 

X-Xmin 2.72(2) 
X-X,,~ 2.87(2) 
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FIG. 1. (a) The structure of Pb3Nb4OnF2 projected along the c axis. The octahedra, shaded in fine 
and bold lines, contain Nb atoms situated at z = 0 and z = ½, respectively. The nonshaded octahedra 
cmxespond to Nb atoms at z - _+0.25. The large circles, empty, shaded, and filled, represent Pb atoms 
at z = 0, z - _+0.25 and z = ½. The small, empty and filled circles correspond to X atoms at z = 0 and z 
= ½, respectively. (b) A detailed drawing of the coordination polyhedron of Pb(2). 

Description 
T h e  s t ruc tu re  o f  Pb3Nb4012F2, p r o j e c t e d  

a long  [001] in Fig ,  1, m a y  be  d e s c r i b e d  as  a 
f r a m e w o r k  o f  NbX6 o c t a h e d r a  wi th  the  net  
c o m p o s i t i o n  Nb4Xl3, into wh ich  th ree  Pb 
a t o m s  and  one  e x t r a  X a t o m  are  in se r t ed  (X 
= O , F ) .  

The  f r a m e w o r k  can  be  r e g a r d e d  as  b a s e d  
on  iden t i ca l  g roups  o f  four  mu tua l ly  co rne r -  
shar ing  o c t a h e d r a  (cf. Fig .  2a). T h e s e  
g roups  a re  c o m p o s e d  o f  two  n o n - e q u i v a l e n t  
pa i r s  o f  o c t a h e d r a  ( m a r k e d  I and  I I  in Fig .  
2a). T h e  g roups  a re  c o n n e c t e d  to  each  o t h e r  
b y  c o m m o n  X ve r t i ce s  to fo rm infinite s tag- 
ge red  s t r ings  o f  t y p e  I o c t a h e d r a ,  runn ing  
pa ra l l e l  to  the  c axis .  As  a c o n s e q u e n c e  o f  
this  l inking,  cav i t i e s  a r i se  b e t w e e n  the  pa i rs  

o f  t y p e  I I  o c t a h e d r a .  Such  cav i t i es  a re  fi l led 
wi th  tw o- th i rd s  o f  the  Pb a t o m s  (cf. Fig.  
2a). T h e  c o l u m n s  thus  f o r m e d  a re  con-  
n e c t e d  by  c o r n e r  shar ing  to  c r e a t e  infinite 
tunne l s  w h i c h  a c c o m m o d a t e  the  r ema in ing  
one - th i rd  o f  the  Pb a toms .  F u r t h e r m o r e ,  
the  e x t r a  X a t o m s  a re  in se r t ed  two  by  two  
at  the  s a m e  he igh t  and  l oc a t e d  at  o p p o s i t e  
s ides  o f  the  tunne l s  ( d i sp l a ye d  as  smal l ,  
e m p t y ,  and  fi l led c i rc les  in Fig.  la) .  H o w -  
eve r ,  due  to the  w a y  the  c o l u m n s  are  ar-  
r anged ,  one  o u t w a r d  X a t o m  in each  oc ta -  
h e d r o n  o f  t y p e  I I  is not  e nga ge d  in c o r n e r  
shar ing .  F o u r  rows  o f  such  X a t o m s  fo rm 
tunne l s  c o m p r i s i n g  va c a n t ,  t e t r a h e d r a l  cav-  
i t ies  c e n t e r e d  at  the  m i d p o i n t s  o f  the  a 
axes .  
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FrG. 2. (a) The pyrochlore column (PyC) in the compound Pb3Nb4OIzF2 projected along [I 10]. Filled 
circles represent Pb atoms at the same height as the Nb atoms in the heavily shaded octahedra. I and 11 
identify the two nonequivalent pairs of octahedra. (b) A ½ [001] projection of the ideal pyrochlore 
structure. NbX6 octahedra drawn in fine and bold lines represent Nb atoms at z = 0 and ¼. Large, 
empty and shaded circles correspond to Pb atoms at z = 0 and ¼. Squares indicate anions removed from 
the fluorite structure in order to transform it to pyrochlore. Small circles denote the half-occupied 
anion site in Pbl 5Nb206.5 (9). 

The Nb atoms are all octahedrally coor- 
dinated, with bond distances ranging from 
1.898 to 2.053 A. The average is 1.979 A, in 
very good agreement with 1.982 ,~ found in 
Pbj.sNb206.5 (9). The coordination polyhe- 
dra of eight X atoms around Pb(l) form 
somewhat distorted cubes sharing opposite 
edges in such a way that the face diagonals 
of the cubes are parallel to the c axis. The 
Pb(1)-X distances vary between 2.55 and 
2.70 ,~, resulting in two alternating Pb(1)- 
Pb(1) distances (3.820 and 3.632 ,~). 

The Pb(2) atom has eight neighboring X 
atoms at distances within the interval 2.40 
to 3.20 ,~. The five nearest of these within 
2.65 ,~ are arranged as a distorted square 
pyramid with the Pb atom slightly below the 
base (cf. Fig. lb). The remaining X atoms 
are situated on the other side of Pb(2) at 
distances varying from 2.90 to 3.20 ,~. Such 

one-sided coordination around lead is quite 
common due to the electrostatic repulsion 
from the lone pair (15). 

No indication of ordering of the O and F 
atoms was observed during the refinement. 
The calculation of bond strength sums, 
however, offers an opportunity to analyze 
the distribution of oxygen and fluorine over 
the anion sites. Pauling (16) originally de- 
fined the strength of a bond as the valency 
of the central atom divided by its coordina- 
tion number. This concept requires that the 
bonds surrounding an atom are of equal 
length and also that the coordination num- 
ber can be accurately established. In the 
present structure the coordinations around 
Nb(1), Nb(2), and Pb(1) fulfill both require- 
ments reasonably well, but this is unfortu- 
nately not the case for Pb(2). Here the scat- 
ter in bond distances is considerable, and 



140 SAVBORG AND LUNDBERG 

there is no sharp limit to the coordination 
number. If, however, empirical bond 
length-bond strength curves of the type 
published by Brown and Shannon (17) are 
used, the absence of a well-defined coordi- 
nation number causes no problem. Parame- 
ters for such curves for Nb-O and Pb-O 
bonds have been published by Brown and 
Kang Kun Wu (18), and these were used to 
calculate bond strength sums around all at- 
oms in the structure. The result of these 
calculations, summarized in Table V, indi- 
cates that the positions X(1), X(2), X(4), 
X(5), and X(7) are occupied by oxygen. The 
eight fluorine atoms in the unit cell are thus 
probably distributed over the fourfold posi- 
tion X(3) and the eightfold position X(6). If 
X(3) is fully occupied by fluorine and if X(6) 
has one-half O and one-half F character, 
the resulting bond strength sums should 
ideally be 1.0 and 1.5, respectively. This 
model compares favorably with the values 
in Table V, but as it is not obvious that 
parameters for bonds to oxygen can also be 
used for bonds to fluorine, such a conclu- 
sion may be unwarranted. 

Structural Relationships 

The columns used to describe the struc- 
ture of Pb3Nb4OI2F2 bear interesting rela- 
tionships to structural elements in pyro- 
chlore as welt as in fluorite. Among lead 
compounds, the structure of the high-tem- 
perature form of PbF2 is of the fluorite type 
(22), while a number of lead niobates pos- 
sess structures closely related to pyro: 
chlore. 

It was pointed out by Aleshin and Roy 
(19) that the pyrochlore structure may be 
derived from the fluorite structure by re- 
moving one-eighth of the anions as shown 
in Fig. 2b. The vacant anion sites are indi- 
cated by squares. The compound Pbl.sNb2 
06.5 (9) has the undistorted cubic unit cell 
with 43 occupancy of the lead position and ½ 
occupancy of the oxygen site, encircled in 

TABLE V 

BOND STRENGTH 
SUMS FOR PbsNb40~2F2 

CALCULATED WITH 
PARAMETERS FROM 

REF. (18) 

Atom ~]Scalc 

Pb(1) 1.9 
Pb(2) 1.9 
Nb(1) 5.0 
Nb(2) 5.0 
X(1) 1.8 
X(2) 1.9 
X(3) 1.2 
X(4) 2.0 
X(5) 2.0 
X(6) 1.4 
X(7) 2.O 

Fig. 2b. Unidimensionally infinite columns 
can be distinguished, as shown schemati- 
cally in Fig. 2a. The columns are con- 
structed from the pyrochlore building unit 
of four corner-sharing octahedra (20) inter- 
leaved by Pb atoms, and will be referred to 
here as "the pyrochlore column" (PyC). A 
PyC projected along the infinite direction is 
shown in Fig. 3a. The relation between the 
structure of the present compound and the 
pyrochlore type can easily be demonstrated 
by using these PyC units as is shown in 
Figs. 3b and c. 

The unit cell of Pb3Nb4Ol2F2 contains 
four PyC related by ~r/2 rotation and ~ 
translation, as is obvious from Fig. 3b. 

The pyrochlore structure viewed along 
[ll0]p shows linking of PyC. In this case, 
however, translations are required only to 
generate the structure. The six-sided tun- 
nels in both structures are filled with the Pb 
and X atoms corresponding to the rows, 
marked with arrows in Fig. 2b, which sepa- 
rate the columns. 

As previously mentioned, the compound 
Pbl.sNb206.5 has the pyrochlore structure 
(space group Fd3m, origin at the center of 
3m) with 50% occupancy of the oxygen site 
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In Pbl.sNb206.5 the half occupancy of the 
anion tunnel site results in an average coor- 
dination number of 7½, and the calculated 
valence would be 2.0 in good agreement 
with the expected value. 

The PyC concept can be extended to the 
structure of/3-Na2TazOsF2 (21)(cf. Fig. 4). 
The compound contains more fluorine per 
transition metal than P b l . 5 N b z O 6 F ,  but the 
ratio of anion to transition metal remains 
the same. 3-NazTazOsF2 has a structure 
similar to that of pyrochlore, with the dif- 
ference that the metal atom positions are 
shifted by ½b in one of the Na-Ta se- 
quences in every second PyC unit. This ar- 
rangement contains T a X 6  octahedra having 
one or two unshared corners. 

Bond strength sums were calculated for 
all atoms in order to investigate the possi- 
bility of specific anion sites where fluorine 
could be located. The result is shown in 
Table VI. The anion sites I, 3, and 9 have 
significantly lower bond sum values than 
the rest of the sites and can be assumed to 
be mainly occupied by fluorine. These sites 
can, at most, contain 12 out of the 16 fluo- 
rine atoms in the unit cell, and the rest of 

F1G. 3. (a) Pyrochlore column (PyC) projected along 
the infinite direction. (b) Framework of the Pb3Nb4OL, 
F2 structure projected along [001]. The PyC's are ro- 
tated through ~r/2 radians and translated ~ relative to 
each other. (c) Framework of the pyrochlore structure 
viewed along [110] emphasize the PyC arrangement. 

(8a) in the tunnel. A composition with this 
position fully occupied could be achieved 
by substitution of fluorine for oxygen. The 
result would be the composition Pbj.sNb2 
O6F,  which is actually the composition of 
the present phase. The reason for this 
compound not having the pyrochlore struc- 
ture can be understood from calculations of 
the bond strength sums around the Pb 
atom. If the anion site is fully occupied the 
coordination number of Pb is 8. The va- 
lence of the Pb atom would then become 
2.3, and it would thus be quite overbonded. 

FIG. 4. The structure of 3-NazTa205F2 projected 
along the b axis. The octahedra shaded in fine and bold 
lines contain Ta atoms located at y = 0 and ½, respec- 
tively. The nonshaded octahedra correspond to Ta at- 
oms at y = -+k. The large circles, empty, shaded, and 
filled~ represent Na atoms at y = 0, +k, and ~..1 The 
small, empty and filled circles correspond to X atoms 
at y = 0 and ½, respectively. 
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TABLE VI 

BOND STRENGTH 
SUMS FOR 

fl-Na2Ta2OsF2 BASED 
ON PARAMETERS FROM 

REFS. (18, 21) 

Atom ~Scale 

Ta(1) 5.3 
Ta(2) 4.9 
Ta(3) 5.1 
Ta(4) 5.0 
Ta(5) 5.3 
Na(1) !.2 
Na(2) 1.2 
Na(3) 1.2 
Na(4) 1.2 
X(1) 1.3 
X(2) !.9 
X(3) 1.2 
X(4) 1.9 
X(5) 2.0 
X(6) 1.9 
X(7) 2.0 
X(8) 2.1 
X(9) 1.2 
X(10) 1.9 

the fluorines are probably distributed in a 
disordered manner. 

Interesting features can be observed by 
comparing the structures and bond strength 
calculations of the compounds Pbl.sNb206F 
and fl-Na2Ta~OsF2. Those anion sites that 
are favorable for fluorine atoms are not in- 
volved in corner sharing between NbX6 or 
T a X  6 octahedra. In both structures X(3) is 
an anion tetrahedrally coordinated by Pb or 
Na, while X(1) and X(9) in the Na com- 
pound have features similar to those of X(6) 
in the Pb compound. 
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