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I t i s  shown that the temperature o f  the transi  t i on  t o  the cubic 

phase i n  the perovskites wi th  t i l t e d  octahedra, considering compounds 

w i  th  the sane central ion, i s  a decreasing function o f  the tolerance 

.factor. An explanation i s  given i n  terms o f  empty spaces o f  the crystal  

structure aiid the mns thermal motion necessary t o  f i l l  them. 

Mostra-se que a temperatura da. transição para a fase cubica nas 

perovskitascom octaedros inclinados, considerando compostos com o mesmo 

Íon central ,  é uma função decrescente do fa to r  de tolerância. E dada uma 

expl icação em termos dos espaços vasios da estrutura c r i s t a l i na  e do mo- 

vimento tgrrnico quadrático médio necessário para preenche-los. 

The perovskite fami l y  has since long ago deserved  a great 

amount o f  a t tent ion due t o  the in terest ing s t ructura l  phase t rans i t ions 

presented by many o f  i t s  members. l h e  carpounds whichadopt the perovs- 

k i t e  structrire have the general formula ABX3, where A i s  a metal o f  l a r -  

ge ion ic  raciius, B i s  a metal o f  srnall ion ic  radius and X i s  o x i g e n  o r  

an halogen. The structure i s  found only f o r  compounds i n  which the tole- 

rance factoi l  t def ined by 

i t between 01.80 and 1 .O; however, not 'a1 1 the ABX3 compounds w i  t h  the 

lerance fact:or between 0.8 and 1 .O adopt the perovskite structure. 

to- 

One readi ly sees-thatwhent i s  small ( l e t  us say t<0.90) each 

anion X has some avai lable space to  move along the two crystal lographic 
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axes perpendicular t o  the ax is  contain ing B an X. Then, the octahedra 

formed by the anions i s  l i a b l e  t o  r o t a t e  around one o f  the d i rec t ions  

<100> o r  < l l l > ,  r e s u l t i n g  i n  a dev ia t ion  from the ideal  cubic perovski te 

s t ruc ture .  A c l a s s i f i c a t i o n  o f  the possib le anion rearrangements was do- 

ne by ~ l a z e r ~ .  I f ,  on the other hand, t i s  large, the anions octahedraare 

we l l  clamped, but  the small cat ions may have some freedom t o  move along 

the c l l l >  d i rec t i ons  and the c rys ta l  may show a f e r r o e l e c t r i c  t r a n s i t i o n  

associated t o  cat ions displacement. 

Recentl y the perovski tes present ing  t i  l ted octahedra have been 

extensively invest igated,  spec ia l l y  those which have a phase t r a n s i t i o n  

from the cubic t o  a lower symmetry. A few papers were dedicated t o  the 

reviewing o f  the resul  t s  and the c lass i  f i c a t i o n  o f  t i  1 ted p e r o ~ s k i t e s * - ~ .  

Rousseau e t  aZ. 6 ,  discussi  ng the ptiase t rans i  t i o n  i n  the f luoperovski tes, 

introduced a parameter AR def ined by 
AF 

where a i s  the cubic l a t t i c e  parameter and R i s  the radius o f  the f l uo -  F 
r i n e  ion, and pointed out  t ha t  a phase t r a n s i t i o n  occurs when m~~ i s 

pos i t i ve ,  whereas the c rys ta l  stays cubic a t  low temperature i f  AR i s  
AF 

negative. Te1 10 e t  ~ 2 . ~  invest igated the ABC1 compounds and found to le -  

rance fac to rs  between 0.81 and 0.90 f o r '  the compounds wi t h  the perovski t e  

s t ruc ture .  

I n  t h i s  paper we t r y  t o  r e l a t e  the temperature o f  the t r a n s i t -  

ion  from the cubic symmetry i n  the t i l t e d  perovskites t o  t h e  tolerance 

fac tor ,  basing on t r i v i a l  comnon sense ideas about the motion o f  the ions 

i n  t h e i r  po ten t i a l .  When t i s  small the anions are loosely bounded t o  

t h e i r  symmetric s i t es .  The po ten t i a l  f o r  t h e i r  motion, when the rms de- 

v i a t i ons  o f  the cat ions i s  small (i .e., a t  low temperatures),isa shallow 

s ing le  we l l  o r  a feature w i t h  four minima along <100> d i rec t i ons .  For t 

very small the four-minima k ind  o f  po ten t i a l  i s  expected t o  occur,sothat 

the square o f  the harmonic frequency w o f  one o r  more l a t t i c e  modes as- o 
sociated w i t h  the r o t a t i o n  o f  the octahedra i s  negative f o r  a t  l eas t  one 

wavevector a t  the boundary o f  Br i 1 l o u i  n zone7. Above a temperature To the 

mode i s  s t a b i l i z e d  by the anharmonic mode i n te rac t i on  and t h e  c r y s t a l  

stays cubic. I f  the zero-point f l uc tua t i ons  o f  the l a t t i c e  are not  suf-  



f i c i e n t  t o  s t a b i l i z e  the r o t a t i o n  o f  the octahedra, T o  i s a  p o s i t i v e  tem- 

perature and a phase t r a n s i t i o n  should occur a t  a temperature T tr Some- 
what below 'To *. The smaller the tolerance fac tor ,  the more negative the 

value w 2  i s  expected t o  be and consequently the higher w i  1 1  be the tem- 
o 

peratures T,3 and Ttr. Obviously the i o n i c  rad i  i are not  the sole var ia -  

b l e  i n  the i de f i n i t i on  o f  the t r a n s i t i o n  temperature. The short  rangeres- 

t o r i n g  forcas are  a f fec ted by the whole e lec t ron i c  conf igura t ions  of the 

ions, the long range forces are mainly sens i t i ve  t o  the i o n i c  charges, and 

the e f f e c t  o f  the anharmonic in terac t ions  i n  the renormal izat ion o f  the 

phonon frequencies depends on the i n e r t i a l  p roper t ies  o f  t h e  l a t t i c e ,  

spec ia l l y  a t  low temperatures. However, the exam o f  t h e  ava i l ab le  data 

shows tha t  co lec t i ng  together the ser ies of perovski te c r ys ta l s  w i t h  the 

same ca t i on  B (and consequently a l so  w i  t h  the same i o n i c  charges of the 

three elemei1ts). the to lerance fac to r  i s  a dominant parameter i n  the de- 

f i n i t i o n  o f  Ttr. I n  the f i g u r e  we show the v a r i a t i o n  o f  Ttr w i t h  t fo r  

s i x  ser ies o f  t i l t e d  perovski te compounds. The d i f f e r e n t  ser ies,  conta i -  

n ing d i f f e r a n t  cat ions B, behave d i f f e r e n t l y .  The rnost re levant  parame- 

t e r  i n  the ca t i on  B, apart  from i t s  valence, was assumed t o  be i t s  i o n i c  

radius; conajequently, s ince Ca.++ and Cd++ have almost the same size, the 

compounds AiYaX3 and ACdX3 where put  i n  the same ser ies .  

Tlie ser ies o f  the rare  ear th  aluminates has three compounds 

which are kiiown t o  present a phase t rans i t i on ;  SmARO melts a l i t t i e  be- 
3 

low i t s  phase transformation but  the t r a n s i t i o n  temperature and the O; 
symmetry o f  the higher phase were i n fe r red  from the s o f t  modebehaviour9. 

F ive other rare ear th  aluminates are known t o  c r i s t a l i z e  i n  the perovs- 

k i t e  s t r ~ c t u r e : y A t 0 ~  1 2 ( t  = 0.8551, ~ y A k 0 ~  ( t  = 0.861), ~ d ~ 9 . 0 4 ' ~  ( t  = 

= 0.872) ,EuAf,03 14 ( t  = 0.877) and CeAf,03 15 t = 0.91 O) . The four f i r s t  ones 

stay t i l t e d  u n t i l  t h e i r  menting po in t ,  as one should expected from the 

graph. CeA.Z03 i s  t i l t e d  a t  R.T., but  the graph suggests t ha t  t h i s  com- 

pound goes to the Of symmetry below 600 K. The compound ~ m ~ ~ o ~ ( t = 0 . 8 8 8 ) ,  

i f  e x i s t i n g  i n  the perovski t e  form, i s  expected t o  have i t s  phase t rans i -  

t i o n  around 1900 K. The sole va r i ab le  a f f e c t i n g  the to lerance fac to r  i n  

the ra re  ear th  Aluminates i s  the radius o f  the rare  ea r th  cat ion.scot t16 

not iced the continuous decrease i n  the t r a n s i t i o n  temperature of these 

compounds f o r  increasing s i ze  o f  the rare  ea r th  ca t i on  and presented an 

explanation bas i ca l l y  on the same l i n e s  o f  the present one. The f a c t t h a t  



the r a d i i  o f  the rare  ea r th  cat ions are known w i t h  good prec is ion  makes 

the study o f  t h i s  ser ies spec ia l l y  a t t r a c t i v e .  

The ser ies o f  the t i t an ium has three known t i l t e d  compounds, 

CaTi03 and SrTi03, shown i n  the f i gu re ,  and C ~ T ~ O ~  1 9 ( t = ~ . 8 1 ~ )  which stays 

t i  l t e d  u n t i  1 the mel t ing  po in t .  The o ther  known t i t an ium p e r o v s k i  t e s ,  
2 0 21 

PbTi03 ( t  = 0.891) and BaTi03 ( t  = 0.940)arenever t i1ted;due t o  t h e i r  

large to lerance fac to r  the ~ i + ~  ion, instead o f  the oxigen ions, i s  loo- 

se ly  bounded and they have a f e r r o e l e c t r i c  t r a n s i t i o n  associated t o  the 

motion o f  tha t  ion.  SrTi03 i s  a very i n te res t i ng  case, f o r  i t  has a t i l -  

t i n g  t r a n s i t i o n  a t  a low temperature and a l m s t  has a f e r r o e l e c t r i c  t ran-  

s i t i o n  near O K. 

The ser ies  o f  lead has the two known compounds CsPbBr and 

CsPbCL3 shown i n  the f i gu re .  

The ser ies o f  magnesium has the two compounds shown i n  the f i- 

gure and K M ~ F ~ ~ ~ ( ~  = 0.945), which stays cubic down t o  O K, as demanded 

by i t s  large t. 

The ser ies contain ing calcium and cadmium presents f i v e  compo- 

unds w i t h  known phase t rans i t i ons ,  shown i n  the figure.However there are 

four  more compounds tha t  c r i s t a l i z e  i n  the perovski t e  s t ruc ture :  K C ~ C R ~ ~ ~  

( t  = 0.793) and R b ~ a c L ~ ~ l ( t  = 0.829), which are known t o  be t i  1 t e d  by 

R.T., c s ~ a c P . ~ ~ ~ ( t  = 0.879) which i s  known t o  becubicat  R.T., and CsCdF3 

( t  = 0.922) and C S C ~ F ~ ~ ~ ( ~  = 0.9141, which are al lways cubic.  

The se r i e  o f  the manganese has three compounds w i t h  have a 

t rans i t i on ,  shown i n  the f igure ,  and R b M n ~ ~ ~ ~ ( t = 0 . 9 3 0 ) ,  which i s  al lways 

cubic. 

The ser ies  o f  niobium and tantalum has four known perovski tes:  

N a ~ b 0 ~ ~ * ( t  = 0.806), N a ~ a 0 ~ ~ '  (t = 0.809), K N ~ o ~ ~ O  ( t  ~ 0 . 9 3 2 )  and K T ~ O ~ *  

( t  = 0.937). The two f i r s t  compounds have t i l t i n g  t rans i t i onsa t916K  and 

903K, respect ively.  KNb03 becomes f e r r o e l e c t r i c  and KTa03 has a fe r ro -  

e l e c t r i c  s o f t  mode which extrapolatès t o  zero a t  -10K. The s t ruc tu re  and 

behaviour o f  the compounds ~ ~ ~ b 0 ~ ~ ~  ( t  = 0.908) and ~ ~ ~ a 0 ~ ~ ~ ( t  = 0.912) 

are s t i l l  not  s a t i s f a c t o r i l y  known. 



TOLERANCE FACTOR 

Variation of the temperature of transit ion to  the cubic phase with the 

toleraiice factor for severa1 series of t i l t e d  perovskites. 

A reference number i s  given inside brackets i n  front o f  each cmpound. 
th  The ioriic radii  were taken f r m  Handbook o f  Chemistry and Physics. 5+ 

editiori, CRC Press Inc. (1976). 



We conclude tha t  f o r  each se r i e  o f  perovski te compounds t h e  

t i  1 t i n g  temperature i s  a decreasing func t ion  o f  the tolerance fac tor  t ;  

f o r  t l a rger  than a c e r t a i n  t t yp i ca l  o f  the ser ie ,  the compounds do max 
not  become t i l t e d .  I t  i s  a l so  i n te res t i ng  t o  note when the charge o f  the 

small ca t i on  B i s  large and t > tmax the c rys ta l  becomes f e r r o e l e c t r i c  

s o f t  mode; examples o f  t h i s  r u l e  are BaTi03, KNb03, KTa03 and PbTi03. 

However when the charge o f  B i s  small,  the c rys ta l  never becomes fe r ro-  

e l e c t r i c ,  even f o r  t much la rger  than tmax; examples o f  t h i s  r u l e  are  

KMgF3 and RbMnF3. We adventure the fo l lowing explanation t o  t h i  s f a c t  . 
For t > tmax the ion  B i s  loosely bounded t o  i t s  s i t e .The long  rangefor-  

ces which tend t o  d isplace t h i s  ion from i t s  symmetric s i t e  i n  a fe r ro-  

e l e c t r i c  t r a n s i t i o n  are expected t o  increase w i t h  the square o f  i t s  e lec-  

t r i c  charge, and becomes important when the atom i s  four  o r  f ivetirnes io -  

nized. 

There i s  some r e l a t i o n  between the 

rameter AR introduced by Rousseau e t  ~ 2 . ~ :  
AF 

l ab le  data showed t o  the autor  t ha t  ARAF i nc r  

sequently Ttr increases w i t h  ARAF. However, i 

tolerance fac to r  and the pa- 

A pa r t i a1  exam o f  the avai- 

eases when t decreases; con- 

t i s  more convenient t o  re- 

l a t e  Ttr wi th  t because t h i s  l a s t  parameter contains on ly  atomic var ia -  

b1.e~ and consequently can be known even before the chemical synthesis o f  

the compound . 
We want t o  thank the useful  suggestions and discussions w i t h  

R. Gazz ine l l i  and E.M. de Carvalho. 

REFERENCES 

I n  order t o  make the paper more pra t ica1 t o  the reader, f o r  those com- 

pounds which have been invest igated by severa1 authors we selected a re- 

cent reference. 

1. H.D. Megaw, Crys taZ  Stmc-tures: A Working Aproach W.B. Saunders Co. 

(1973) . 
2 .  A.M. Glazer, Acta Cryst .  B28, 3384 (1972). 

3. K.S. Aleksandrov, B.V. Besnosikov and L.A. Posdnjakova Ferroelectr ics 

1 2 ,  197 (1976). 



4. K.S. Aleksandrov, F e r r o e l e c t r i c s  14, 801 (1976). 

5. M.J. Te l l o ,  M.A. Arr iandiaga,  J .  Fernandez and H. Arend, B a s i c S t m c -  

t w a Z  Type:; and PoZymorphism i n  ABC13 Compounds t o  be pub l i s hed . 
6. M. Rous!jeau, J.Y. Gesland, J .  J u l l  i a rd ,  J .  Nouet, J .  Zarembowi t c h  and 

A. Zarembowi tch, Phys. Rev. B12, 1579 (1975). 

7. W .  Cochran, Adv. Phys. 9, 387 (1960); 18, 157 (1969). 

8. A.S. Chaves, F.C.S. Ba r re to  and L.A.A. R ibe i ro ,  Phys. Rev. L e t t .  37 

618 (1976). 

9. J.F. S c o t t  and J.P. Remeika, Phys. Rev. BIO, 4182 (1970). 

10. J.F. Sco t t ,  Phys. Rev. 183, 823 (1969). 

11. J.K. Kjems, G .  Shirane, K.A. M ü l l e r  and H.J. Scheel, Phys. Rev. B8, 

1119 (1973) .  

12. S.  G e l l e r  and E.A. Wood, Acta Cryst .  9, 563 (1956). 

13. R. Bidaux and P. Mér ie l ,  J .  Phys. Radium 29, 220 (1968). 

14. S .  Ge l l e r  and V.B. Bala, Acta Crys t .  9, 1019 (1956). 

15. Y.S. Kini, Acta Crys t .  B24, 295 (1968). 

16. J.F. Sco t t ,  Rev. Mod. Phys. 46, 83 (1974). 

17. H. Granicker and 0, Jak i  t s ,  Nuovo Cimento 11, 480 (1954); suppl .  

18. J. Topler ,  B. A l e f e l d  and A. Heidemann, J. Phys. CIO, 635 (1977). 

19. H.F. Kay and J.L. M i les ,  Acta Crys t .  10, 213 (1957). 

20. G. Burns and B.A. Sco t t ,  Phys. Rev. B7, 3088 (1973). 

21. A. Sca labr in ,  A.S. Chaves, D.S. Shim and S.P.S. Por to,  Phys. S ta t .  

Sol.  B79, 731 (1977). 

22. S .  H i r o t su ,  T. Suzuki and S. Sawada, J .  Phys. Soc. Japan 43,575(1977). 

23. Y . F u j i i ,  S.Hoshino, Y.Yamada and G.Shirane, Phys. Rev. B9, 4549(1974). 

24. E.C.T. Chao, H.T. Evans, B.J. Skinner and C .  M i l t on ,  Arner.Miner. 4 6 ,  

379 (1962) . 
25. J. Brynestad, H.L. Yakel and G.P. Smith, J.Chern.Phys. 45, 4652 (1976). 

26. D.C.  S t j e rn ,  R.C. Du Varney, W.P. Urnruh, Phys.Rev. BIO, 1044 (1974). 

27. M. Hidak.a, S.Hosogi, M.Ono and K.Horai, So l .  S ta te  Comm. 23,503(1977). 

28. P. Bohac:, A. Gaumann and J. Arend Mat. Res. Bul I. 8, 1299 (1973) . 
29. L.E. Hal l i bu r t on  and E. Sonder, Sol.  S ta te  Com. 21, 445 (1977). 

3 0 .  M. Rousseau and J. Nouet, Acta. Crys t .  k32,  265 (1976). 

31. H.E. Swanson, H.F. McMurdie, M.C .  Mo r r i s  and E.H. Evans, N a t  . Bur. 

Stõnd. Monogr. (u;s,A.) N? 25, sec. 7 (1969). 

32. H.E. Swanson, H.F. McMurdie, M.C. Mo r r i s  and E.H. Evans, N a t .  Bur. 

S tand Monogr . N? 25, sec. 5 ,  (1967) . 



33. C .  Ridou, Thèse, Le Mans (19771, unpubl ished. C i  t e d  i n  M.  Rousseau, 

J .  Nouet and R .  Alrnai rac, J .  Phys ique 38 N? 11 (1977). 

34. W.J. C r o f t ,  M. R e s t i g i a n  and F.D. L e i p z i g e r ,  Ino rg .  Chem. 4, 423(1965). 

35. I.N. F ie rov ,  Sov. Phys. Sol.  S t a t e  18, 487 (1976). 

36. D.J. Lockwood and B.H. T o r r i e ,  J. Phys. C7, 2729 11974). 

37. J.B. Hartmann, Phys. Rev. B15, 273 (1977). 

38. K. I s h i d a  and G. Honjo, J .  Phys. Soc. Japan 34, 1279 (1973). 

39. I .G. Ismai lzade, Soc. Phys. Crys t .  7, 584 (1963). 

40. J.F. S c o t t ,  Phys. Rev. B15, 2826 (1977). 

41. M.H. Francombe and B. Lewis, Acta C r y s t .  11, 696 (1958). 


