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Abstract  

A series of anion-deficient pyrochlore oxides of the formula A2MoTiOT_~ (x < 0.5), where 
A~-Sm, Gd, Tb, Dy, Ho, Er, Lu and Y, has been prepared by reduction of A2MoTiO8 
scheelites. The scheelite-to-pyrochlore conversion is reversible, indicating that the reaction 
is likely to be topochemical. The oxidation states of molybdenum and titanium are most 
probably Mo (m) and Ti av) for the limiting composition of the pyrochlores A2MoTi06. 5. 
The new pyrochlores are non-metallic and paramagnetic as expected. 

1. Introduct ion  

Oxides of the formula A2B2OT, where A is a trivalent rare earth or yttrium 
and B is a tetravalent metal, crystallizing in the pyrochlore structure continue 
to attract attention in view of their interesting electrical, magnetic and catalytic 
properties [1 ]. A2B207 pyrochlores are known for several tetravalent metals 
such as for B-T i ,  V, Mn, Mo, Ru, Sn and Pb [1, 2]. The pyrochlore structure 
is versatile to accommodate multiple substitution at both the A and the B 
sites. Several multiply substituted charge-coupled pyrochlores of the type 
AA'B207 (A-Ca,  Cd; A '=Ce;  B--Ti) and A2BB'O7 ( A - L n  or Bi; B--Cr, Fe, 
Ga, Sc, In; B'=--Nb, Ta, Sb) have been reported [1, 3]. Multiply substituted 
A2B207 pyrochlores containing two different transition metal atoms at the 
B site with partially filled d shells are rare. We report here the synthesis 
and characterization of A2MoTiOT_x (x~< 0.5) pyroehlores where Mo °~ and 
Ti °v) seem to occupy the B sites at the limiting composition. We have 
prepared the new pyrochlores by a novel method involving topochemical 
reduction of the corresponding A2MoTiOs scheelites. The newly prepared 
A2MoTiOT_x pyrochlores are non-metallic paramagnets, unlike the A2M0207 
pyrochlores [4-6]. 

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

A2MoTiOs scheelites for A---SIn, Gd, Tb, Dy, Ho, Er, Lu and Y were 
prepared [7] by reacting A203, TiO2 and MoO8 at 1200 °C for 24 h. Reduction 
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TABLE 1 

Lattice parameter ac and oxygen content data for A2TiMoOT_x pyrochlores 

A 3+ a¢ ~ Oxygen content b 

Sm a+ 10.410 6.50 
Gd a+ 10.328 6.55 
T b  3+ 10.282 6.70 
Dy 3+ 10.254 6.50 
Ho 3+ 10.220 6.60 
Er 3+ 10.180 6.70 
Lu 3+ 10.077 6.70 
y3+ 10.216 6.50 

~rhe standard deviation in the last digit is 2--3. 
bDetermined by wet chemical analysis of the reducing 
deviation in the oxygen content is within ± 0.02. 

power of the sample. The standard 

o f  the  schee l i tes  was  inves t iga ted  in a flowing h y d ro g en  a tm o sp h e re  at  var ious  
t empera tu res .  It  was found  tha t  s ingle-phase ox ides  of  the  p y ro ch lo r e  s t ruc tu re  
were  fo rmed  when  the  r educ t ion  was carr ied  out  at  8 7 5 - 9 0 0  °C for  1 2 - 2 4  
h. The r e d u c e d  phases  were  charac te r ized  by  p o w d e r  X-ray diffraction,  wet  
chemica l  analysis,  IR spec t roscopy ,  electr ical  conduct iv i ty  and  magne t i c  
suscept ibi l i ty  measu remen t s .  Wet  chemical  analysis using K2Cr207 as the  
ox idan t  enabled  us  to  de te rmine  the  oxygen  con ten t  with an a c c u r a c y  o f  
+ 0 . 0 2 .  Reoxida t ion  of  the  py roch lo re  to  the  scheel i te  was fo l lowed by  
the rmograv ime t ry  and  powde r  X-ray diffraction. Latt ice p a r am e te r s  and  o x y g en  
con ten t s  of  the  new pyroch lo re s  synthes ized  are  l isted in Table  1. 

3. Results  and d i scuss ion  

Reduct ion  o f  A2MoTiO8 scheel i tes  a t  8 7 5 - 9 0 0  °C in hyd rogen  yields b lack  
s ingle-phase cubic  py roch lo re  oxides  for  A----SIn, Gd, Tb, Dy, Ho, Er, Lu and 
Y (Table 1). We could  not,  however ,  obtain a p y ro ch lo r e  phase  fo r  A ~ P r ,  
Nd and Eu by  the  r educ t ion  of  the  co r r e spond ing  scheel i tes .  A plot  o f  the  
cubic  unit-cell  p a r a m e t e r  ac of  the new pyroch lo re s  against  the  radius  o f  
Acm) ions (eight  coord ina t ion)  [8] is l inear  (Fig. 1), indicat ing tha t  an  
i sos t ructura l  ser ies  o f  phases  are formed.  We have de t e rmined  the  o x y g en  
con ten t  of  the  samples  by  wet  chemical  analysis as well as by  the rmograv imet ry .  
The oxygen  con ten t  of  the new pyroch lo re s  is be tween  6 . 5 - 6 . 7  (Table  1), 
indicat ing tha t  the new  pyroch lo res  are anion deficient.  Several  anion-def ic ient  
oxide  py roch lo re s  such  as Pb2Ru2Os.5 and Bi2Rh2Os.8 have  been  r e p o r t e d  in 
the l i terature  [9, 10], where  the anion  vacancy  occu r s  at  8a  si tes o f  the  
F d 3 m  space  group .  

There  are two possible  combina t ions  of  oxidat ion  s ta tes  co r r e spond ing  
to  the  limiting oxygen  s to ich iomet ry  of  6.5 in the  new pyroch lores :  
A2Mo°n)witJV)o8. 5 and  A2MoaV~ria")O6.5 where  A----trivalent rare  earth.  In o rd e r  
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Fig. 1. Hot of cubic unit-cell parameter ac of A2MoTiOT_= vs. the radius of A ~+ . 

345 

5 
~5 

v 

~q 

c 

(a) 

(b) 

o 

[ i I 1 

10 20 30 40 50 60 
2e (Cu K~ ) 

Fig. 2. X-ray powder diffraction patterns of Lu2MoTiOT_x pyrocblore (curve (a)) and its oxidation 
product, Lu2MoTiOs, scheelite (curve Ca)). 

to distinguish between the two possibilities, we have carried out reduction 
of a titanium pyrochlore, Y2Ti207, under similar conditions. Significantly we 
find no reduction at all in Y2Ti20~, the sample remaining white without any 
weight loss even after prolonged reduction at 900 °C in hydrogen. This result 
indicates that, in the molybdenum-titanium pyrochlores also, the titanium 
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Fig. 3. IR absorption spectra of DY2MoTiO8 (spectrum (a)), Gd2MoTiO s (spectrum Co)), 
Dy2MoTiOT_ ~ (spectnu~ (c)) and Gd2MoTiOv_= (spectrum (d)). 

is most  likely present in the titanium(IV) state; accordingly the correct 
formulation of the new pyrochlores is likely to be A2Mo°1OTi°v)oo.5. In cases 
where the oxygen stoichiometry is more than 6.5, both Mo av) and Mo (m) 
may be present together with Ti av). Thus Lu2MoTiOo.~ would consist of 
Lu2Mo0.4aV)Moo.0¢m)Tiav)oo.~. 

It is well known that both the scheelite and the pyrochlore structures 
are related, being derived from the fluorite structure [11 ]. It is therefore 
likely that the transformation of A2MoTiO8 scheelites to A2MoTiOT_= pyr- 
ochlores on reduction proceeds by a topoehemical mechanism. Reoxidation 
of  A2MoTiO~_= in air at around 900 °C indeed transforms the pyrochlores 
to the parent scheelites (Fig. 2). The weight gain in the process  is consistent 
with the oxygen content determined by chemical analysis. For example, the 
weight increase expected for the reaction, Y2MoTiO0.5 + ~O2-~YgMoTiO8 is 
5.64%, while the weight gain found by thermogravimetry is 5.68%. 

We have recorded the IR spectra of  A2MoTiO8 scheelites and A2MoTiOT _= 
pyrochlores in order to characterize the change in the structure. It is known 
that in the ABO4 scheelites the small cations occur  in tetrahedral coordination, 
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Fig. 4. Molar magnetic susceptibility v s .  temperature plots for A2MoTiO~_= pyrochlores. The 
inset shows the corresponding inverse molar susceptibility v s .  temperature plots. 

TABLE 2 

Magnetic data for A2MoTiO~_= pyrochlores 

Compound ~A ]zone a P-rosa 0 (K) 

Y~.TiMoO0.5o 0 3.83 1.85 - 22 ± 2 
Lu2TiMoO6.7o 0 2.49 1.50 - 17 ~: 2 
Gd2TiMoO6.5o 7.94 16.34 15.12 0 

a ~ c a l  c = (2~tA 2 -{- H, MoOID2) 1/2 for A-:Gd and ~ c  = (0"6gMo (lID2 -I- 0.4~Mo0V)2) ~ for A~-Lu. 

whi le  in the  AaB207 p y r o c h l o r e s  the  B-site  ca t ions  o c c u r  in near-octahedra l  
o x y g e n  c o o r d i n a t i o n  [11,  12l .  According ly ,  the  c h a n g e  in c o o r d i n a t i o n  o f  
m o l y b d e n u m  and t i tanium f r o m  tetrahedral  to  oc tahedra l  g e o m e t r y  on  re- 
duct ion  o f  the  A2MoTiOs s c h e e l i t e s  to  the  p y r o c h l o r e  s tructure  is c learly  
s e e n  in the  IR spec tra  (Fig.  3) .  The s chee l i t e s  s h o w  s trong  a b s o r p t i o n  bands  
due  to  the  tetrahedral  MO4 g r o u p s  [13]  around  8 0 0  c m  - '  (va) and 4 0 0  c m - '  
(v4). The  A2MoTiO8 s c h e e l i t e s  s h o w  t w o  s trong  bands  centred  at around  8 0 0  
c m  -1 and 6 2 5  c m - '  w h i c h  are probably  due  to  v3 for  the  MoO4 and TiO4 
g r o u p s  respect ive ly .  T h e s e  bands  are c learly  shi f ted  t o  l o w e r  f requenc i e s  
( 4 0 0 - 6 0 0  c m  - ' )  in the  p y r o c h l o r e  structure,  as  e x p e c t e d .  The  IR spectra  
o f  A2MoTi07_= s h o w i n g  absorpt ion  bands  at 550 ,  4 2 5  and 2 5 0  c m - '  are 
in general  character is t ic  o f  the  p y r o c h l o r e  structure [ 14] ,  prov id ing  further 
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evidence that reduction of A2MoTiO8 scheelites leads to the formation of 
pyrochlores. 

Unlike the A2Mo207 pyrochlores which are metallic or semimetallic 
ferromagnets for A-=Nd, Sm and Gd [4-6, 15], A2MoTiOT_~ pyrochlores are 
non-metallic and paramagnetic. The resistivity of A2MoTiO7_z pyrochlores 
varies from about 106 to about 103 ~ cm in the temperature range 150-300 
K with an activation energy of about 0.20 eV. The non-metallic nature of 
A2MoTiOT_~ pyrochlores in contrast with the metallic nature of A2Mo207 
pyrochlores is understandable because the octahedral sites of the A2MoTiOT_~ 
pyrochlores are occupied by Mo an-n° and Ti (~v) and the presence of the latter 
with the 3d ° electronic configuration would not  favour the formation of 
itinerant states. 

Magnetic measurements reveal that the A2MoTiOT_z oxides are 
Curie-Weiss paramagnets. Plots of inverse molar susceptibility XM -1 VS. 

temperature T are linear down to 15 K (Fig. 4), showing small negative 0 
values. The paramagnetic moments determined from the slopes of the XM- 
VS. T plots are, however, much smaller than the spin-only value expected 
for the Mo(nO: 4d 3 configuration (Table 2). Possibly the low moment arises 
from the lower symmetry of the molybdenum sites in the A2MoTiOT_x 
pyrochlore structure. It is known that the octahedral site in the pyrochlore 
structure could be distorted to trigonal antiprismatic symmetry with unequal 
metal-oxygen bond lengths [16]. Further investigations are necessary to 
establish the structural details and their relation to the magnetic property 
of the interesting series of pyrochlore oxides. 

In summary, we have synthesized a new series of oxide pyrochlores of  
the composition A2MoTiOT_~ (x~<0.5) for A=Sm, Gd, Tb, Dy, Ho, Er, Lu 
and Y by reduction of the corresponding A2MoTiO8 scheelites. The scheelite- 
to-pyrochlore reduction is reversible, revealing that the reduction is likely 
to be topochemical. A2MoTiOT_x (x~<0.5) pyrochlores are non-metallic and 
paramagnetic down to 15 K, indicating that the Mom-O--Ti r¢ interaction does 
not produce itinerant states. 
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