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A pre l iminary  report  on the crystal  s t ructure  of the  
mangani tes  2+ 3+ 9._ (A Mn~. O 4 ) of some bivalent  metals  (A) 
such as Cd, Mg, Co, Fe, Cu and Ni, prepared in this 
Labora tory ,  is given below. 

The mangani tes  were prepared by heat ing for several 
hours 1:1 mixtures  of manganese  sesquioxide wi th  the  
bivalent  meta l  oxides at  t empera tures  between 700 and 
900 ° C. The products  were quenched in air to room 
tempera tu re  and examined  by X- ray  powder  diffraction 
using a 14 era. Debye-Scher re r  camera  and  Mo K a  
radiat ion (), = 0-709 ~).  The lines in the diffraction 
pat terns  were indexed on the basis of crystal  da ta  set 
out  in Table 1. 

The crystals were found to possess ei ther a te t ragonal ly  
deformed spinel s t ructure  isomorphous wi th  Mn[Mn~]Oa 
and  Zn[Mng]O 4 (Mason, 1947; Romeijn ,  1953), or a spinel 
s t ructure  isomorphous wi th  Mg[A1,]O 4 (Bragg, 1915a, b). 
There are eight molecules in the uni t  cell, where the  32 
oxygen ions form a cubic close-packed a r rangement  wi th  
8 of the 64 te t rahedra l  and  16 of the 32 octahedral  sites 
occupied by the cations. 

The intensities of the  reflexions were es t imated  
visually and compared wi th  those calculated for the three 
models:  normal ,  A [Mn2]O 4; random A~Mn~[A~Mn{]04 ; 

and  inverse Mn[AMn]O 4. The cations in the oetahedral  
sites are convent ional ly  indicated by enclosing them in 
square brackets .  The dis t r ibut ion of cations is sensitive 
to the intensities of 220, 400 and  422 reflexions (Bertaut ,  
1950) and  is de te rmined  from a correlation of these 
intensities and  also from overall agreement  index R = 
ZlVlo-VI~l + zIVIol, the  la t ter  vary ing  between 10 and  
25% in different cases. 

Owing to the relat ively low scat ter ing power, the 
oxygen-ion parameter ,  u, could not  be de termined 
accurate ly  from the X-ray  data.  For  the mangani tes  of 
Cu, Ni and Cd, u is within 1 7o of 0.389, 0-381 and 0"40~. 
respectively.  I n  other  cases also, the steric factors (size 
of cations and  te t rahedra l  hole) suggest (Table 2) a 
similar increase from tile value 0-375 corresponding to 
the ideal close-packing of oxygen ions. 

The distort ion of the lat t ice and the distr ibution of 
the cations are explained on the basis of their  bond- 
forming properties and relative affinities for a par t icular  
site. The distort ion of cubic s y m m e t r y  is brought  about 
by coplanar  square-bond-forming cations such as Mn 3+ 
in the  octahedral  site (Goodenough & Loeb, 1955). 
A group of four equivalent  dsp 2 covalent  coordinat¢" 
bonds are formed in a plane defined by the a and b axes 
and two ionic bonds parallel to the c axis. Since the 
covalent  bonds are the  stronger,  the  a and b axes are 
shorter  t han  c, i.e. c/a is greater  t han  uni ty.  

The cationic a r rangement  is influenced in the first 
place by the strong t endency  of the Mn 3+ ions to form 
dsp" bonds (Table 2). They  are therefore accommodate(i  
preferential ly in octahedral  sites where the geometrical 
factors favour  the formation of square coplanar bonds. 

In  the mangani tes  of Cd, Mn and Zn, the normal  
a r rangement  is stabilized by the strong tendency  of thes(" 
ions to form sp 3 bonds (regular or distorted) in the. 
te t rahedra l  sites. The Mg 2+ ion, which is unlikely to form 
covalent  bonds, is stabilized in the te t rahedra l  holes 
th rough the  formation of electrovalent  bonds. The random 
s t ructure  in the case of cobalt mangan i te  indicates that  
Co ~+ shows more or less equal affinity for both types of 

Table 1. Crystallographic data 

Compound Symmetry* a (A) c (A) c/a 

Cd[Mne]O 4 T 8.22 9.87 1.20 
Mn[Mn2]Oa$ T 8.15 9.44 1.16 
Mg [Mne]O 4 T 8.07 9-28 1.15 
Zn [Mn2]O 4 :~ T 8.10 9.25 1.14 
CozMn l_x[ Col_zMn l +x]O 4 T 8.04 9.04 1-12 
FezMnl_x[Fel_xMnl+x]O 4 T 8.31 8.85 1.05 
Cu[Mn2]O 4 C 8.33 8.33 1.00 
Mn[NiMn]O 4 C 8.37 8.37 1.00 

* T: tetragonal; C: cubic. 
t Nomenclature according to Barth & Posnjak 
:~ Mason (1947); Romeijn (1953). 

(1932). 

Cation arrangement~ 

Normal 
Normal 
Normal 
Normal 
Random 
Random 
Normal 
Inverse 
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Table  2 

Outer electronic Most probable* 
Cations r (A) configuration bond formation 

Cd -~÷ 0.97 4d TM sp a 
Mn 9+ 0.91 3d 5 sp a 
Mn 3+ 0-62 3d 4 dsp ~ 
Mg 9+ 0-78 2p 6 Electrovalent  
Zn 9+ 0.78 3d 10 8p a 
Co ~+ 0-82 3d ~ spa; dsp ~ 
Fo ~+ 0-82 3d 6 ~p3; d~spa 
Fe ~+ 0.60 3d ~ sp a 
Cu ~+ 0-96 3d ~° sp a 
Cu ~+ 0.70 3d ~ dsp 2 
Ni ~+ 0-78 3d s dsp ~ 

* Goodenough & Loeb (1955). 

sites,  some Mn 3+ ions be ing  d isp laced  f rom oc t ahed ra l  
sites. 

T h e  occur rence  of cubic  s y m m e t r y  w i t h  a n o r m a l  
ca t ion  a r r a n g e m e n t  of copper  m a n g a n i t e  is c o n t r a r y  to  
e x p e c t a t i o n  since, of all  t he  me ta l s  in t he  first  t r ans i t i on  
series,  Cu 2+ has  t h e  s t ronges t  square  (dsp ~) bond- fo rming  
power  a n d  shou ld  occupy  an  oc t ahed ra l  site, t hus  m a k i n g  
t h e  s t r uc tu r e  inverse  a n d  the  s y m m e t r y  t e t r agona l .  The  
resu l t  can  easi ly  be exp la ined  on the  basis of an  e lec t ron  
t r ans fe r  process 

e - -  

Cu ~+ + Mn a+ -> Cul+ + Mn 4+ 

occur r ing  u n d e r  t h e  e x p e r i m e n t a l  condi t ions  and ,  as a 
resul t ,  t he  Cu ~+ ions fo rmed  occupy  t e t r a h e d r a l  sites 
(Table 2), t he  resu l t ing  s t r uc tu r e  be ing  no rma l .  F u r t h e r -  
more ,  in t he  un i t  cell of Cul+[Mn3+Mnd+]O~-, t he  8Mn 4+ 
ions (3d a) fo rm six equ iva l en t  oc t ahed ra l  d2sp 3 bonds  
a n d  t h e  8 Mn 3+ ions dsp 2 square  bonds .  The  stress pro-  
d u c e d  b y  the  Mn 3+ ions, w h i c h  occupy  on ly  25% of t h e  
oc t ahed ra l  l a t t i ce  sites, is no t  suff icient  to  cause a n y  
observab le  d i s to r t ion  in t he  macro -c rys t a l .  

The  inverse  s t r u c t u r e  of n ickel  m a n g a n i t e  shows the  
s t ronger  t e n d e n c y  for Ni  *+ ions to occupy  oc t ahedra l  sites. 
:However,  if t he  Ni  2+ ions also form dsp 2 bonds ,  all t he  
oc t ahed ra l  ions t e n d  to  d i s tor t  t he  la t t ice ,  a n d  t h e  
observed  cubic  s y m m e t r y  is t h u s  anomalous .  This  m a y ,  

however ,  be exp la ined  in one of t he  fol lowing w a y s :  
(i) Ni  2+ ions fo rm six equ iva l en t  bonds  of t h e  t y p e  
3d2dsdp z b y  p r o m o t i n g  two  3d e lec t rons  to  h igher  5s 
level  or 4s4pa4d 2 hybr id i zed  orbi ta ls  in t he  o c t a h e d r a l  
s i te;  (ii) t he  g roup  of four  p l ana r  dsp 2 bonds  due  to  Mn a+ 
a n d  Ni  9+ ions fo rming  t e t r agona l l y  d i s to r t ed  o c t a h e d r a  
o r ien ted  in t h r ee  m u t u a l l y  pe rpend icu la r  d i rec t ions ;  or 
(iii) a c o m p o u n d  Mn2+[Ni~+Mnd+]O~ - fo rmed  as a resul t  
of t he  e lec t ron  t r ans fe r  process,  2 Mn a+ --> Mn~+~-Mn 4+. 
The  cubic  s y m m e t r y  can t hen  be exp la ined  as in t h e  case 
of Cu 1+ [MnZ+Mnd+]O~ - .  

I n  the  case of i ron m a n g a n i t e ,  it is no t  possible to  
d e t e r m i n e  t h e  ca t ion  a r r a n g e m e n t  f rom the  X - r a y  d a t a  
because  of t he  nea r ly  equal  sca t t e r ing  power  of t he  two  
cat ions .  :However,  since c/a is a lmos t  equa l  to  u n i t y ,  it  
can  be  infer red  t h a t  a t  oc t ahed ra l  sites an  apprec iab le  
por t ion  of Mn 3+ ions have  been  rep laced  b y  cat ions  form-  
ing six equ iva l en t  bonds .  I t  is l ikely  t h a t  an  e lec t ron  
t rans fe r  process  

e -  

F e  e+ + Mn a+ -> Fen+ + Mn 2+ 

occurs  so t h a t  a c o m p o u n d  F~.a+Mni+[FAg"+Mn3+](~ ~- 
~ 0 . 5  " ' ~  0 .5  ~ 0 . 5 ~ ' ~ 1 . 5 ~ 4  

wi th  an  a lmos t  r a n d o m  t y p e  of s t r uc tu r e  is fo rmed .  
F u r t h e r  w o r k  is u n d e r  progress  and  t h e  de ta i l ed  

resu l t s  will  be  pub l i shed  la ter .  

W e  are  gra te fu l  to Prof .  G. I .  F i n c h  for his  va luab le  
advice  and  c o n t i n u e d  in teres t  in th is  work .  W e  also t h a n k  
Mr J .  S. Gujra l  for  his help  in the  expe r imen ta l  work .  
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The  mos t  i m p o r t a n t  rock- fo rming  pyroxenes  occur  in t he  
ternary system MgSi03-FeSiQ-CaSiQ, with less than 
50% CaSiOa; a m i n o r  a m o u n t  of r e p l a c e m e n t  by  o the r  
ca t ions ,  n o t a b l y  a l u m i n i n m ,  is usual .  Over  m o s t  of th is  
field the  py roxenes  are  monocl in ic ,  a l t h o u g h  a t  less t h a n  
5% CaSiO 3 a n  o r t h o r h o m b i c  modi f i ca t ion  is the  more  
s table  form.  All c l ino-pyroxenes  are  v e r y  s imilar  in 
s t r uc tu r e  to diopside,  CaMg(SiO3) ~, wh ich  has  the  space 
g roup  C2/c ( ~ a r r e n  & Bragg,  1929; ~ a r r e n  & Biscoe, 
1931). Those  w i th  compos i t ions  fall ing inside t he  t r ape-  
z ium CaMgSi206-CaFeSi206-FeSiO3-MgSiO a are  d iv ided ,  
o n  t he  basis of the i r  opt ica l  p roper t ies ,  in to  augi tes  a n d  
p igeoni tes :  r o u g h l y  speak ing  augi tes  con ta in  more  t h a n ,  

a n d  pigeoni tes  less t h a n ,  20% CaSiO a. The re  is a solid- 
solubility gap at low t e m p e r a t u r e s  b e t w e e n  aug i te  a n d  
pigeoni te ,  the  va r i a t i on  of t he  solubil i t ies of one com- 
p o n e n t  in t h e  o the r  be ing  t e m p e r a t u r e  d e p e n d e n t ;  t hus  
aug i te  wh ich  has  crys ta l l ized  a t  a fa i r ly  h igh t e m p e r a t u r e  
m a y  p rec ip i t a t e  lamel lae  of p igeoni te  on slow cooling in 
t h e  ea r th ' s  crust ,  a n d  s imi lar ly  p igeoni te  c rys ta ls  of ten  
con ta in  augi te  lamel lae .  Mor imoto  (1956) has  r e c e n t l y  
e x a m i n e d  such a lamel la r  aggrega te ,  a n d  has  found  t h a t  
t he  cell d imens ions  of the  p igeoni te  are  ve ry  s imilar  to  
those  of t he  augi te ,  t h a t  t he  two phases  have  the  direc-  
t ions  of t h e  x a n d  y axes in common ,  a n d  t h a t  whe rea s  
the  space g roup  of t he  augi te  is C2/c, t h a t  of the  p igeoni te  


