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Abstrac t  

The environment of the cations has been determined in a powder of an anion-excess 
cubic ReOa phase of Fe0.aoZro.2oFa.2o composition using the neutron diffraction technique. 
Two anion sites have actually been found: one (F1) is slightly shifted from the ideal 
lattice site; the second (F2) is situated further away. The experimental occupation rates 
of the two sites (2.83 and 0.37 respectively) are in very good agreement with the 
theoretical values. The non-stoichiometry can be explained by the formation of F2-F2 
pairing across vacant F1 positions. The magnetic structure has been established. The 
parameter of the magnetic cell is double the nuclear one. 

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

The invest igat ion of  several  AZrFs-ZrF4 sys tems (A = Ca, t ransi t ion ele- 
ment )  has  shown the exis tence  of  non-s to ichiometr ic  compos i t ion  ranges  
(A,Zr)Fa +x. Most  o f  the  c o n c e r n e d  fluorides crystallize with a s t ructure  related 
to the ReO3 type  and  exhibit  the P m 3 m  space  g roup  when bo th  ca t ions  are 
d isordered  or  the F m ~ m  group  when  order ing occurs  on the ca t ion sites 
[1, 2 ]. Similar resul ts  have  been  obta ined  for  the MFa-ZrF4 sys tems  (M = Ti, 
In [3]; M = F e  [4]). Other  types  of  homogene i t y  domains  have also been  
found,  for  example  in the SmZrFT--ZrF4 [5] or  UZrFT--ZrF4 sys tems  [6]. Such 
results  can  be corre la ted  to  the  p re sence  of  zirconium(IV),  which  readily 
tolerates  six-, seven- o r  e ightfold coord ina t ion  with fluoride anions.  Various 
anionic a r r angemen t s  have thus  been  de tec ted  in z i rconium oxyfluorides  
[7-101.  

In the  phases  based  on  the cubic  ReOa type  the anion excess  has  been  
found  to resul t  in the fo rma t ion  of  F - F  groups ,  giving rise to increas ing 
z i rconium coordinat ion.  Ev idence  of  such  a s t ructural  feature  was  given for 
two c o m p o u n d s  of  MXa.5 formulat ion,  name ly  the oxyfluoride Zro.aYbo.2Fa.200.3 

*Dedicated to Professor W. Bronger and Professor Ch. J. Raub on the occasions of their 
60th birthdays. 
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TABLE 1 

Atomic coordinates and isotropic temperature factors of Feo.80Zro.20F3.20 in the P m 3 m  space 
group (estimated standard deviations are given in parentheses); a=3.8413(4)/~ 

Atom Site x y z B~o (/~2) Site occupation 

Fe 6e 0 0 0.024(5) 0.5(1) 0.8 
Zr 6e 0 0 0.024(5) 0.5(1) 0.2 
F1 12j 0.50 0.045(1) 0.045(1) 0.8(1) 2.83(5) 
F2 241 0.50 0.28(2) 0.15(2) 3.2(4) 0.37(5) 

[11] and the ternary fluoride YbZrF7 [12 ]. More recently a crystal study of  
ZrF2.6700.67 has unambiguously established the simultaneous presence in the 
lattice of octahedra  and pentagonal bipyramids [13]. 

On the basis of  these various results it seemed worthwhile to investigate 
by neut ron diffraction the environment of the cations for one of the com- 
positions of the solid solution previously isolated by us in the FeF3-ZrF4 
system [4], Fe0.soZro.2oFs.2o, which exhibits at long range a cubic disordered 
ReOa symmetry. In addition the presence of iron(III) could lead to appropriate 
information on the magnetic structure. 

2. Experimental  details 

Powder  samples of Feo.80Zro.2oF3.2owere synthesized by solid state reaction 
at 850 °C for 1 day in a sealed platinum tube using appropriate mixtures 
of the binary fluorides FeF3 and ZrF4. The resulting product  was reground 
in a dried glove-box and then annealed under  similar conditions for 15 h. 
The react ion was followed by quenching to room temperature.  

The room temperature  lattice constant  of the phase corresponds to that 
previously repor ted  [4]. 

The neut ron diffraction pat tern was collected at 300 K on the DIB 
powder  diffractometer at the high flux reactor  of the Latie-Langevin Institute 
(ILL Grenoble) using a wavelength of 1.285/~. The sample was put into an 
air-tight cylindrical vanadium can (diameter 15 ram) held in a device allowing 
operat ion under  vacuum. 

3. Data  analysis 

On the basis of previous research [ 11-13  ] the nuclear diffraction intensities 
were calculated by taking into account  the most  symmetrical space group 
P m 3 m  which characterizes the ReO3 structure. The pattern obtained at 300 K 
was refined using programs available at ILL Grenoble based on the Rietveld 
method [14, 15] and assuming isotropic thermal factors for  both cations 
and anions. The values of the scattering lengths were [ 16] 
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Fig. 1. Neutron diffraction patterns of Feo.aoZr0.2oF3.2o at 300 K: X, experimental spectrum; 
, calculated spectrum. 

bFe---0.954X 10 -12 cm 

b z r = 0 . 7 1 6  × 1 0  - 1 2  c m  

bF----0.565 X 10 -12 cm 

The  reliabili ty f ac to r  ob ta ined  af te r  leas t -squares  re f inement  is RI = 0.017.  
The  cell  p a r a m e t e r  and  a tomic  coord ina t e s  are  given in Table  1. 

The  compos i t i on  Feo.soZr0.e0F3.20 has  b een  found  to  exhibi t  ant i ferro-  
magnet ic  behav iour  with TN = 344  ± 5 K [4]. Such a magne t ic  o rde r ing  requi res  
doubl ing o f  the  p a r a m e t e r  o f  the  nuc lea r  cell  in o rde r  to  refine the  c o m p o n e n t s  
of  the  Fe s + magne t i c  momen t s .  Ref inement  in the  F m 3 m  space  g roup  leads 
to  the  reliabil i ty fac to r s  R . u a - - 0 . 0 1 5  and  Rm~g~= 0.115.  In Table  2 we r ep o r t  
the  cell p a r a m e t e r  and  a tomic  coord ina te s  as  well as  the  ref ined va lues  of  
the  c o m p o n e n t s  and  modul i  of  the  magne t ic  moments .  The  obse rved  and  
calcula ted ne u t ron  pa t t e rns  at  300  K are  given in Fig. 1. A co m p ar i so n  
be tween  the  ca lcu la ted  nuc lea r  and  magne t ic  intensi t ies  and  the  obse rved  
intensi t ies  is shown in Table  3. 

These  resul ts  a l lowed us to  de t e rmine  the  or ien ta t ion  of  the  magne t ic  
moment s .  The c o m p o n e n t  a long x is equal  to  zero.  Thus  the  m o m e n t s  are  
loca ted  in the  yOz plane  and  or ien ted  in antiparal lel  direct ions,  the  angle  
with the  z axis  be ing  32 ± 3 °. 

4. 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  a n d  d i s c u s s i o n  

The s t ruc tura l  de te rmina t ion  was  car r ied  out  assuming  a r a n d o m  dis- 
t r ibut ion o f  the  Fe  3+ and Zr 4+ cat ions:  these  ions are  slightly displaced f ro m  



267 

TABLE 3 

Intensities of calculated nuclear  and magnet ic  lines and observed intensities (/;~n3m space 
group) for Feo.a0Zr0.20Fa.20 ( the indicated values must  be multiplied by a factor 10 a) 

h k l 2 0 (o) inuc I /magn /tot Iobs 

1 1 1 16.10 0 220 220 225 
2 0 0 18.71 1760 0 1760 1770 
2 2 0 26.85 110 0 110 120 
3 1 1 31.71 0 108 108 110 
2 2 2 33.19 125 0 125 130 
4 0 0 38.62 1255 0 1255 1275 
3 3 1 42.31 0 35 35 38 
4 2 0 43.49 1500 0 1500 1500 
4 2 2 47.95 185 0 185 190 
3 3 3 51.11 0 5 5 5 
5 1 1 51.11 0 15 15 15 
4 4 0 56.09 1020 0 1020 1020 
5 3 1 58.94 0 15 15 28 
6 0 0 59.87 100 0 100 105 
4 4 2 59.87 720 0 720 740 
6 2 0 63.52 55 0 55 55 
5 3 3 66.19 0 6 6 10 
6 2 2 67.06 25 0 25 25 
4 4 4 70.52 415 0 415 415 
7 1 1 73.06 0 5 5 3 
5 5 1 73.06 0 5 5 3 
6 4 0 73.90 340 0 340 340 
6 4 2 77.23 130 0 130 130 
5 5 3 79.69 0 5 5 5 
7 3 1 79.69 0 9 9 5 
8 0 0 83.77 200 0 200 220 
7 3 3 86.20 0 4 4 5 
8 2 0 87.01 410 0 410 420 
6 4 4 87.01 260  0 260 270 
8 2 2 90.24 170 0 170 170 
6 6 0 90.24 20 0 20 18 
7 5 1 92.66 0 7 7 3 
5 5 5 92.66 0 1 1 5 
6 6 2 93.47 0.1 0 0.1 2 

t h e  i d e a l  ( 0 0 0 )  p o s i t i o n  o f  t h e  R e O a - t y p e  s t r u c t u r e .  T w o  t y p e s  o f  f l u o r i d e  

i o n s  m u s t  b e  d i s t i n g u i s h e d :  m o s t  o f  t h e m ,  c a l l e d  F 1 ,  a r e  s l i g h t l y  s h i f t e d  

f r o m  t h e  s t a n d a r d  ( 1 / 2  0 0 )  p o s i t i o n  ( ( 1 2 j )  s i t e ) ;  a s m a l l  n u m b e r  o f  i o n s ,  

c a l l e d  F 2  a n d  l o c a t e d  a t  ( 1 / 2  yz) s i t e s ,  a r e  f u r t h e r  d i s p l a c e d  ( ( 2 4 1 )  s i t e )  

( T a b l e  1) .  

F i g u r e  2 g i v e s  a n  o v e r v i e w  o f  t h e  p o s s i b l e  a n i o n i c  p o s i t i o n s  a r o u n d  a 

c a t i o n .  Al l  c a t i o n - a n i o n  d i s t a n c e s  a r e  g i v e n  i n  T a b l e  4.  O n l y  t h e  c h a r a c t e r i s t i c  

F - F  d i s t a n c e s  h a v e  b e e n  r e p o r t e d ;  f o r  t h e  o t h e r  F - F  s e p a r a t i o n s  a s e t  o f  

c a l c u l a t e d  v a l u e s  i s  g i v e n .  
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Fig. 2. General view of  the possible anionic positions around the cations in Fe0.a0Zr0.e0Fa~0 
(from ref. 13). 

These results are quite similar to those previously obtained by  other  
authors for  the oxyfluoride ZrF2.67Oo.67 [13]. An examination of  the data 
leads to the following significant conclusions: 

(1) While all Zr -F2  distances are consistent with the sum of  the ionic 
radii, the same remark does not  apply to the Zr--F1 distances: one of  them, 
dzr-F1----1.84(1)/~, seems too  short  and must  be excluded. Such a value can 
be expected to result  f rom a cation shift in the z direction with respect  to 
the ideal (000) position. As a consequence it seems reasonable to consider 
that every anionic polyhedron will involve at least one anion of F2 type. 

(2 )Whereas  all F1 -F1  or F1 - F2  separations between the 12 anions 
surrounding the ideal (00 1/2) position are too short  to be taken into account,  
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TABLE 4 

Characteristic cation-fluorine and fluorine-fluorine distances in Fe0.80Zr0.20Fs.20 (standard 
deviations are given in parentheses) 

Cation-fluorine distances (/~) 

Zr(Fe)-F1 1.84(1) Zr(Fe)-F2 2.20(1) 
2.03(1) 2.23(1) 
1.93(1) 2.25(1) 
1.95(1) 2.30(1) 

2.32(1) 
2.35(1) 

Fluorine-fluorine distances (/~) 
(letters in parentheses correspond to Fig. 2) 

2.47 < F1-F1 < 2.98 

2.38 < F2(A)-F1 <3.73 

F2(A)-F1 (E) 2.29(1) 
F2(A)-F 1 (F) 2.38(1) 
F2(A)-F1 (G) 1.98(1) 
F2(A)-F1 (H) 2.08(1) 

F2(A)-F2(B) 1.12(1) 
F2(A)-F2(C) 2.16(1) 
F2(A)-F2(D) 2.44(1) 

the longest F2-F2  distance, F2(A)-F2(D)= 2.44(1)/~, is on the other hand 
quite possible. Similar values had already been observed for cubic symmetry 
YbZrF7 [ 12 ]. 

Therefore, in order to justify the existence of the anion-excess MF3+x 
phase, it is reasonable to consider, as previously proposed for other zirconium 
compounds [ 7, 11-13],  a substitution of some "normal" F1 anions by F2-F2 
pairs, which increases the average coordination number of the cation from 
six to seven; the resulting ZrF7 polyhedra thus become edge-sharing pentagonal 
bipyramids. Indeed, the cation (00z) displacement should occur in the direction 
of the common F2-F2  edge. Under this hypothesis, if we consider the total 
number of fluoride ions in Fe0.soZro.20Fs.2o, the theoretical amounts of F1 
and F2 anions would reach 2.80 and 0.40 respectively, since one F1 ion is 
now replaced by an interstitial pair. The calculated occupation rates (2.83 
and 0.37 respectively) are in very good agreement with these values (Table 
1). 

Figure 2 allows us to explain clearly the arrangement of atoms in the 
cell. If we assume for instance that the F2(A) atom belongs to the common 
edge of  the pentagonal  bipyramid, the F2(B) position should obviously be 
vacant owing to the extremely short F2(A)-F2(B) bond length reported in 
Table 4. The F1 anions distributed around the ideal (1/2 00) site lead to 
two distances, F2(A)-FI(G)  and F2(A)-FI(H),  which are much too short. 
Consequently, only two positions, either E or F, could be possible for the 
F1 ion; nevertheless, they give rise to F2(A)-F1 distances (2.29 and 2.38 
/~ respectively) shorter than the F2(A)-F2(D) pair length which reaches 
2.44(1) ~. Such a feature has previously been observed in (NH4)3ZrF~ [17]. 
This result is probably related in Feo.soZro.2oF3.2o to the significant displacement 
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of the F2 fluorine from the (1/2 y0)  position (Table 1). This description is 
consistent with the positions obtained from the neutron diffraction investi- 
gations. 

The theoretical relative numbers of  F1 and F2 anions can be estimated 
on the basis of  the structural description for the Feo.8oZr0.20F3.20 formulation. 
They should correspond to the formation of two pentagonal bipyramids 
[M(F1)~(F2)2] with respect to three octahedra [M(F1)5(F2)I], which would 
yield an occupation rate of  2.50 for the F1 site and 0.70 for the F2 site. 
As pointed out, the experimental values obtained after refinement are 2.83 
and 0.37 for F1 and F2 respectively (Table 1). The relatively high excess  
of  F1 anions compared to the expected value probably arises from the 
presence of  a larger number of  octahedra owing to the large quantity of 
iron in the compound. 

The structure can thus be described as a disordered three-dimensional 
framework of zirconium and iron polyhedra. The polyhedra surrounding Fe 8 + 
would be octahedra comprising 5F1 + 1F2 atoms, the Zr 4+ environments 
being either similar octahedra or pentagonal bipyramids (with 5F1 + 2F2 
array). 
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