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A mixed oxide of europium and titanium, in which the europium is apparently divalent, has been 
prepared by heating Eu~O~ with TiO 2 in a reducing atmosphere. The product is isostructural with 
SrTiO3 and has almost exactly the same lattice constant. No phase changes occurred down to 
108 ° K. I t  was found that  the reaction does not occur in an oxidizing or neutral atmosphere, which 
increases the likelihood that  it is a compound of Eu(II) ,  which should have about the same ionic 
radius as 8r(II).  This is the first known case of the existence of Eu(II)  in an oxide lattice. 

A series of compounds which are isostructural with SrTiOz have been prepared with the Sr +2 
replaced by La +a and one of the alkali cations Li +, Na +, K + and Rb +. No such compound was 
formed with Cs +. By leaching with hot water, it was determined tha t  the fraction of alkali cation 
entering the lattice decreased with increasing ionic size. The X-ray diagrams indicate a progressive 
increase in lattice constant up to the potassium compound. The rubidium compound has almost 
the same lattice constant as the potassium compound, because the increase in ionic size is com- 
pensated by a decrease in the extent of solid solution. 

Introduction 
In  recent  years,  the  s tudy  of the  alkaline ea r th  

t i t ana tes  and  m a n y  other  compounds with a similar 
perovskite  s t ruc ture  has  aroused much interest.  Many  
of these mater ia ls  have  been found to exhibit  ferro- 
electric propert ies which make  these compounds of 
great  pract ical  and  theoret ical  value. The t i t ana tes  of 
bar ium (Wainer & Salomon, 1942-3; Wainer ,  1946; 
Wul  & Goldman,  1945; Wul  & Vereschagen, 1945) 
and  lead (Shirane, t Ioshino & Suzuki, 1950), the  
t an ta la tes  of sodium, potass ium (Hulm, Mat th ias  & 
Long, 1950) and  rubid ium (Smolenskii & Kozhevni-  
kova,  1951), and  the  niobates  of sodium and potas- 
sium (Matthias,  1949; Wood,  1951) are a few of m a n y  
compounds which have  been found to exhibit  such 
properties as high dielectric constants,  ferroelectric 
t ransi t ions and  dielectric hysteresis.  

For  bar ium t i t ana te ,  these properties have  been 
a t t r ibu ted  to the  spontaneous polarization of the  
t i t an ium ions within the  octahedral  positions of the  
oxygen lat t ice (Slater, 1950). This spontaneous 
polarizat ion becomes a cooperative phenomenon 
throughout  the  entire lat t ice of the crysta l  as the  
t empera tu re  of the  mater ia l  is lowered through the  
Curie t empera tu re .  Wi th  bar ium t i tana te ,  this tem- 
pera ture  is found near  395 ° K.  Dielectric measurements  
of pure s t ront ium t i t ana te ,  however,  indicate t h a t  no 
ferroelectric t rans i t ion  is to be found at  t empera tu res  
down to 1.3 ° K.  (Hulm, 1950). This is apparen t ly  
due to the  diminished size of the  octahedral  holes 
available to the  t i t an ium ions in s t ront ium t i t ana te  as 
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compared with bar ium t i t ana te .  Solid solutions of 
bar ium and  s t ron t ium t i t ana t e  have  their  Curie 
t empera tu res  lower t h a n  395 ° K. ,  continuously de- 
creasing in t empera tu re  as a funct ion of the  s t ront ium 
t i t ana te  content  (Jackson & Reddish,  1945). By  such 
solid solution format ion,  the  average ionic radius of 
the  divalent  cation can be var ied and the  octahedral  
holes avai lable to the  t i t an ium ions varied in size. 

This paper  reports  on a t t empt s  to subst i tu te  other  
ions and mixtures  of ions into the  lat t ice in place of 
the  divalent  s t ront ium or bar ium ions. The ions which 
were int roduced were either divalent  rare  ear th  ions 
or a solid solution of a t r iva lent  rare ear th  ion with a 
monovalent  ion. 

A .  Preparation and identification of E u T i O a  

Of the  rare  ear th  elements,  europium was the  only 
one which was found to be sufficiently s table in the  
divalent  s ta te  to be subs t i tu ted  for the  divalent  
alkaline ear th  ion in the  perovski te  lattice. A small  
sample of spectroscopically pure Eu203 was mixed 
with a stoichiometric amoun t  of ana tase  (puri ty  
99"9%). The oxide mixture  was ground together  ve ry  
thoroughly,  t ransfer red  to a small  p la t inum boat  and 
heated  for two hours a t  1200 ° C. in an hydrogen 
atmosphere.  The product  was black and sta~ble in air 
a t  room tempera tures .  X - r a y  diffraction powder 
d iagrams showed t h a t  the  mater ia l  had  a primit ive 
cubic lattice. The d iagram was completely devoid of 
any  extraneous lines which might  have  indicated 
unreacted mater ia ls  or another  phase present  in some 
concentrat ion greater  t h a n  about  5 %. Because of the  
scarci ty o f  europium compounds of the  pur i ty  used, 
only a very small  sample was prepared.  The method  
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which was used to show t h a t  the  product  is ac tual ly  
EuTiO 3 was therefore one employing X - r a y  techniques 
instead of chemical analysis which would have  de- 
s t royed most  or all of the  very  small  existing sample. 
I n  this method,  an  ideal EuTiO 3 composition was as- 
sumed, a r ranged in a perovskite s tructure.  The expected 
intensities of the  various lines were then  calculated. 
The intensities observed on the  X - r a y  diffraction 
powder d iagram was compared with these calculated 
values in Table 1 and d iagramat ica l ly  in Fig. 1. The 
intensities of the  lines are sensitive functions of both 
the  composition of the  mater ia l  and the  positions of 
the ions in the  lattice. The positions of the ions were 
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F i g .  1. Comparison of calculated and observed intensities o f  
EuTiOa; X-ray powder photograph. 

Table 1. Calculated and  observed in tens i t ies  f o r  l ines o f  
EuTi08 

sin ~" 0 h ~ ~ I¢ ~ ~,- 19 Io Ic 

0.0386 1 22 27-2 
0.0782 2 100 100 
0-1175 3 25 24.2 
0.1560 4 30 30-3 
0.1955 5 12 ]2.6 
0.2340 6 40 35-3 
0.3110 8 22 17.8 
0.350 9 5-5 7.0 
0.391 10 20 15.5 
0.430 11 7 8"0 
0.468 12 6 5.1 
O.505 13 3 3.6 
0.542 14 22 21.8 
0.600 16 3 2.87 
0.625 17 3 2.82 

assumed in calculating the intensities of the lines for 
the  cubic perovskite  s t ructure.  The composition was 
assumed by  calculating the  scat ter ing for each line 
assuming all of the  appropr ia te  latt ice positions 
filled with Eu  +2, 0 -9 and Ti +4. I t  is seen in Table 1 
and Fig. 1 t h a t  the  agreement  between the  observed 
intensities and those calculated is quite good. I t  is 
therefore inferred t h a t  the  above assumptions are 
correct, i.e. t h a t  the  black mater ia l  has a perovskite 
s t ructure ,  and the  rat io  Eu :  Ti:  O is close to 1 : 1 : 3. 

The latt ice constant  of EuTi03 (3.897 kX.)  is close 

to t h a t  of s t ront ium t i t ana te  (3.899 kX.) .  This would 
be expected since the  ionic radii  of E u  +9 and  Sr +~ are 
almost  the  same. 

The X - r a y  in tensi ty  measurements  indicated little, 
if any,  oxygen deficiency in the  lattice. The sum of the  
charges of the  europium and  the  t i t an ium ions mus t  be 
close to six. This can be dis t r ibuted either as (Eu+gTi +4) 
or (Eu+aTi +a) or possibly some in termedia te  s tate .  

Calculations were made  to determine in wha t  manne r  
the lat t ice constant  would v a r y  if one of the  inter- 
mediate  s tates  prevailed. The uni t  cell edge is given 
here by  one of two equat ions:  

a : 2(rTiq-ro) , 

a ---- W 2. (r•uq-ro) . 

The choice of which of these two equat ions should be 
used is determined by  whether  there  is ion contact  
between the  t i t an ium and  the  oxygen or the  europium 
and  the  oxygen. A wide range of reasonable radi i  was 
assumed for each of these ions. These values were also 
ad jus ted  for their  coordination numbers .  Thus the  
radius of 0 -3 was assumed to have  some value between 
1.33 A and  1.46 A, t h a t  of Ti +4 between 0.49 A and 
0.65 A, and  the  ad jus ted  value of E u  +~ was assumed 
to lie between 1.16 /~ and  1.21 /~. 

I f  one assumes the  upper  limit of the  range  of 
possibilities for the  radius of O -~ (1-46 A), then,  ac- 
cording to the  first  equat ion above,  the  Ti +4 cannot  
be any  larger t h a n  0.49 A since the  lat t ice cons tant  is 
found exper imenta l ly  to be 3-897 kX.  Using the  same 
value for to, one can recalculate the  lat t ice cons tant  
assuming E u - O  ion contact  to exist  and  using the  
largest  possible value for Eu.  The lat t ice cons tan t  is 
thus  calculated f rom the  second equat ion above to be 
3.77 kX. ,  which is considerably under  the  observed 
value of ~ 3.90 kX.  Thus, in order to obtain  a lat t ice 
constant  of ~ 3.90 kX.., we cannot  assume E u - O  ion 
contac t  bu t  only Ti -O contact .  We have  used here the  
largest  possible values for the  ionic radii  of E u  +~ and  
0 -3 and the  smallest  possible radius  of Ti+4. I f  i t  
were possible to  conclude t h a t  E u - O  contact  exists 
it  would be favored for these ext reme values.  These 
calculations indicate t h a t  the  Eu  +~ and  O -3 will not  
make  contact  even when the  most  favorable  values for 
the  radii  are assumed. 

Since this seems to be a case of T i -O contact ,  the  
observed latt ice constant  should indicate which of the  
s tates  prevail  for the europium and  the  t i t an ium ions. 

Any substitution of a larger trivalen~ titanium ion 
for a t e t r ava len t  t i t an ium ion in a position where ion 
contact  a l ready exists with the  smaller  ion will result  
in an increase of the  latt ice cons tant  beyond t h a t  
observed. Since s t ront ium t i t ana t~  has all of its 
t i t an ium ions in the  t e t r ava len t  s ta te ,  i t  can be 
concluded t h a t  the  europium compound also contains 
t e t rava len t  t i t an ium in the  octahedral  positions be- 
cause of the  close agreement  of the  latt ice constants .  

Fu r the r  evidence of the  s tabi l i ty  of t e t r ava len t  
t i t an ium in similar mixed oxides was found when 
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a t t empts  were made  to prepare perovskites with other  
d iva lent  rare  ear th  ions such as samar ium and yt ter -  
bium. When  the  oxides of samar ium or y t t e rb ium were 
hea ted  wi th  TiO~ under  condit ions ident ical  ~ i t h  
those in which the  EuTi03  was prepared,  white pro- 
ducts with complex X- ray  powder pa t te rns  were 
obtained.  A react ion had  ev ident ly  t aken  place and a 
new phase was formed. TiO~ when hea ted  alone under  
similar reducing condit ions was reduced to  lower 
va len t  t i t an ium oxides, as was indicated by  the  deep 
blue-black color of the  product .  Thus i t  is found t h a t  
the  reduct ion of Ti+4 proceeds with greater  diff iculty 
when the  TiO 2 enters in to  mixed oxide formation.  

X- ray  powder diagrams of the  EuTiO 3 sample were 
obta ined a t  tempera tures  down to 108°±5  ° K. by 
blowing a s t ream of cold ni t rogen gas over the  sample 
in the  X- ray  beam. At  this t empera tu re  the  sample 
was found to remain cubic. 

B .  P r e p a r a t i o n  of so l id  so lu t ions  c o n t a i n i n g  
l a n t h a n u m  and m o n o v a l e n t  ca t ions  

In  selecting ions to subs t i tu te  into the  all(aline ear th  
latt ice positions, l a n t h a n u m  was chosen as the  t r iva len t  
ion, i t  being the  largest t r iva len t  ion of the  rare earths. 
Various samples were prepared using l a n t h a n u m  and 
each of the  alkali  metals,  and  in addi t ion  monova len t  
tha l l ium and silver. The l a n t h a n u m  and t i t an ium were 
weighed as the  oxides and  the  monova len t  cations as 
the  carbonates  and ni t rates .  The weighed samples were 
placed in a p la t inum crucible and  t rea ted  with a 
modera te ly  strong solut ion of ni tr ic  acid. The crucible 
and its contents  were then  heated  slowly to dryness. 
The products  were then  hea ted  slowly and caut iously 
unt i l  the  ni t ra tes  were decomposed. This procedure 
resulted in an  in t imate  mixture  of the oxides in a very  
finely divided state.  The heat ing  was cont inued over a 
Meker burner  at  a dull  red hea t  for about  a half  hour.  
F ina l ly  the  crucible was placed in a furnace at  1200 ° C. 
for 1 hr. 

The products  were ground to fine powders and  X- ray  
diffract ion powder diagrams were obta ined  for each 
sample. All but  (La, Cs)Ti03 gave a pr imi t ive  cubic 
powder pa t te rn .  The lat t ice constants  of these samples 
are listed in Table 2. 

A weighed sample of each product  was t rea ted  with 
boiling dilute ni tr ic  acid and fi l tered on an asbestos 
ma t  in a weighed Gooch crucible. The sample and 
crucible were then  dried and reweighed. The f i l t ra te  
in each case was tes ted for l a n t h a n u m  and t i t an ium 
and in each case these ions were found to be absent.  
The weight loss on washing can then  be assumed to 
be due ent i re ly  to the  loss of monova len t  meta l  oxide 
which had  not  entered the  crystal  in preparat ion.  
The percentages of monova len t  oxide which had 
entered the  crystal  are shown in column 2 of Table 2. 

A cubic (Ce, K)TiO 3 was also obta ined in a similar 
p repara t ion  except  in a par t ia l  hydrogen a tmosphere  
to insure the  reduct ion of cerium to the  t r iva len t  state.  

I n  Table 2 a general increase in lat t ice cons tant  is 
observed as un iva len t  ions with larger ionic radii  are 
subs t i tu ted  into the  lat t ice position. The (La, Rb)Ti03 
is an exception,  however, since its lat t ice constant  is 
s l ight ly smaller t h a n  (La, K)TiO3. The reason for this 
devia t ion  can be seen in column 2 of Table 2. 

On washing the  product  with dilute nitr ic acid 
solut ion a considerable amoun t  of the  rubidium was 
dissolved. Thus we f ind tha t ,  despite the  large size of 
the  rubidium ion, only enough of the  oxide could enter  
in to  the  solid solut ion to  increase the  lat t ice cons tant  
to a round t h a t  of (La, K)TiO 3 which has more of the 
monova len t  ion in solid solut ion with l an thanum.  The 
larger ionic radius difference of caesium from 
l a n t h a n u m  (column 6, Table 2) would make solid- 
solution format ion  still more difficult. I t  has thus  been 
observed t h a t  a greater  weight percentage of this 
sample is dissolved in the  ho t  dilute acid t rea tment .  
I n  this case, not  enough caesium can enter  the lat t ice 
to form a simple perovski te  structure.  

Table 2. Summary of data for compounds (A, B)Ti03 

RLa+3 ---- 1.15 A 
1 2 3 4 5 6 

B20 Ionic radius Average 
which of ionic radius Lattice 

entered monovalent monovalent ion constant Rcat.+ 
Material crystals ion -F La +a found -- RLa+ 3 

(La, Li)TiO 3 100 0.70 A 0.925 A 3-861 A -0-45 A 
(La, Na)TiO a 100 1-00 1-075 3.865 -- 0.15 
(La, K)TiO a 93.8 1-33 1-24 3.899 0.18 
(La, Rb)TiO a 65-8 1.52 1.33 s 3-895 0.37 
(La, Cs)TiO a 42.0 1.70 1.42 a - -  0-55 
(La, Ag)TiO a 65.4 0.97 1.06 3.874 -- 0" 18 
(La, T1)TiO a 97.2 1.50 1.32 s 3.875 0-35 
SrTiO a - -  - -  l- 18* 3" 899 - -  
(Ce, K)TiO a 100 1.33 1-215i- 3.889 0"23t 
EuTiO a - -  - -  1.18:~ 3-897 - -  

* Average radius in this case is taken as that of Sr++. 
t Radius of Ce+a (1-10 A) is used instead of La+3. 
:~ Average radius in this case is taken as that of Eu++. The ionic radii are those given by Wyckoff (1948). The radius of 

Eu++ is assumed to be the same as that of Sr ++. 
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The deficiency of monovalent ion in the perovskite 
structure may be accounted for in the following manner: 
Had all of the Rb~O entered the crystals, a mixed 
oxide would be formed with the composition 
Rb20.La~Os.4TiO~. Since a considerable amount of 
Rb~O was washed out of the product, the material 
may be represented as XRb~0. La~03.4Ti02, where 
X is the fraction of the Rb~O which had gone into the 
crystal. This will result in lattice vacancies in both the 
lanthanum and the oxide ion positions of the perovskite 
lattice. 

Another alternative is to assume that  for each unit 
of Rb20 which did not go into the solid solution, 
a corresponding amount of TiO~ likewise failed to 
go into the crystal. This would result in a deficiency 
of ions in the lanthanum positions only. The resulting 
products will have the empirical formulae: 
XRb~O. La~O 3. (3~-X)Ti02. The limiting case for X = 0  
will be La~Oz.Ti0 ~ or La2/sTi08, where one-third of 
the 12-coordinated positions will be empty. For any 
value of X, the fraction of unfilled 12-coordinated 
lattice sites will then be given by ½(l--X). 

The possibility was considered that  the deficit of 
monovalent ions in the twelve coordinated positions 
was compensated by the presence of trivalent titanium. 
I t  was noted, however, that  these solid solutions were 
all white, which indicates the absence of trivalent 
titanium. 

The lattice constant of (La, K)TiO3 is found to be 
very close to that  of SrTi03. This would be expected 
since the average ionic radius of the La+3 and K+ ions 
is close to that  of Sr++. 

The (La, Li)Ti08 lattice constant is close to that  of 
(La, Na)Ti03 despite the observation that  all of the 
univalen£ metal ions had entered the solid solution 
lattice in both cases. This may be caused by anion 
repulsion, preventing close contact between the small 
lithium ions and the oxide ions. In the case of the 
lithium ion, the available 'hole' would be somewhat 
larger than the monovalent ion. The effective average 
ionic radius would then be the average between the 
lanthanum radius and that  of the hole, and would be 

found to be larger than that  radius expected from 
averaging the radii of La +s and Li +. 

The thallium compound has a smaller lattice 
constant than would be expected from the ionic radius 
of thallium. This may be due to the partial covalent 
character of the TI-O bond in these materials. 

The cubic (Ce, K)Ti08 was found to have a lattice 
constant which is slightly smaller than that  of 
(La, K)Ti03. This is the expected result of the 
lanthanide contraction of the rare earth ions. 

Low-temperature X-ray powder diagrams were 
obtained with (La, K)Ti03 and (La, Rb)Ti08. The 
materials remained cubic down to 108°±5 ° K., the 
lowest temperature obtained with our equipment. 
Like strontium titanate, these compounds exhibit no 
low temperature phase changes. 

The authors wish to express their gratitude to 
Dr Benjamin Post for his invaluable assistance with 
the X-ray work reported in this paper. 
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