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The problem of the stability of complex europium(I1) oxides is considered in detail. A set of guidelines suitable for both 
the understanding of existing complex europium(I1) oxide phases and the prediction of new phases is developed. These 
guidelines are applied to compounds of the type EuMO3, most of which have some form of the perovskite structure. EuNbO3 
and EuUQ3 are reported for the first time. 

This paper is both a brief review of all known mixed eu- 
ropium(I1) oxides and a discussion of guidelines for predicting 
new phases of this type. Such oxides are those found in ternary 
(Eu-M-0), quaternary (Eu-M-MI-O), and more complex 
systems where M is a metal. Such phases as EuSO4 and 
EuCO3 are not considered “mixed oxides” for the purpose of 
this discussion because of the high degree of covalent bonding 
in the anion radical. 

Our interest in europium(1I) oxides stems from their in- 
teresting magnetic and magnetooptic properties. The mon- 
oxide, EuO, is ferromagnetic at low temperatures1 and several 
ternary europium(I1) oxides have unusual magnetic and 
magnetooptic properties.2 

The first report of a mixed europium(I1) oxide was of 
IEuTi03 by Brous, et al.3 They noted that it was isostructural 
with SrTiQ3 and had an almost identical unit cell parameter. 
This implied that the oxidation states were I1 and IV rather 
than I11 and I11 and that the ionic radii of Sr2+ and Eu2+ were 
nearly identical. After the discovery of ferromaghetism in 
EuO, Shafer4 studied a number of oxide systems which might 
contain Eu2+ using the existence of a known Sr2+ analog as 
a guide. He recognized that this did not guarantee the stability 
of a Eu2+ phase since he was unable to prepare several phases 
for which Sr2+ analogs were known. Table 1 lists the com- 
positions of these and all of the subsequently reported E u ~ +  
phaves known to us. References are given to reports of 
synthesis, crystal chemistry, and properties measurements. For 
our purposes we assume that these reports are correct in the 
stoichiometry of the phase and the assignment of divalence 
to Eu. 

xi& Phases ~ ~ ~ ~ a ~ n ~ n ~  E$+ 
Consideration of known europium(1I) oxides and our ex- 

perience in experimental studies aimed at preparing new Eu*+ 
phases5J6J0,32, have suggested three guidelines for the prediction 
of new europium(I1) oxide phases. In this paper discussion 
will be confined to conipound formation between EuO and 
M02 phases where M is any metal. For the most part these 
phases will have some form of the perovskite structure type. 
The guidelines are applied to prediction of new EuII(M,M1)03 
phases in the following paper hereafter referred to as part 11. 

Every known europium(I1) oxide phase has an Sr2+ analog. 
The latest compilation of effective ionic radii in oxides33 gives 
essentially the same value for Sr2+ and Eu2+ in both six- and 
eightfold coordination. From a crystal chemical standpoint 
it is very unlikely that a europium(I1) oxide phase will be stable 
if the corresponding Sr2+ phase is not. For example, we have 
found that in the Eu-MQ-O system there is no “‘Eu~~zMoOa” 
phase. When a study mas made of the Sr-Mo-0 system, it 
was found that the Sr analog of “Eu2M004,” “Sr2MoO4,” was 
also not a stable phase over the temperature range 900- 
l 4 0 O O . 3 4  Similarly, in a study of the Eu-W-O system, no 
“‘EuWPO3” phase was expected or found, since there is no 
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Table I. Complex Oxides Containing EuZ+ - --(1--1-~ - 
M in Eu-M-0 Phase Ref 

Ti 

Zr 

I4 f 
Nb 
Ta 
Cr 
Mo 
W 
I? 
A1 

u 
Si 

RE 

ELI’+, AI 

RE-AI 

Ca, W 
Sr, W 
Li. Eu3+ 

EuTiO, 
Eu,TiO, 
Eu,Ti, 0, 
Eu, Ti 0 
EuTi,O, 
EuTi,,O,, 
EuZrO, 
Eu, 7x0, 
EuHfO, 
EuNbO, 
EuTa,O, 
Eu,Cr,O, 
EuMoO, 
EuWO, 

EuA1,0, 
Eu,A1,0, 
Eu,Al,O, 

EuSiO, 
Eu, SiO, 
Eu Si0  
Eu (REIII) ,0, 
RE = Sm! Eu, Gd-Lu, Y, Sc 
EuNd,O, 

EuIIEulIIAle), 
E d r  EurIIAIO, 

Eu(RE)AlO, 
RE = La, Ce, Pr, Nd, Sm, Gd 
Eu,CaWO, 
Eu,SrWQ, 
LiEuII EuIPIO 
Li, EuIIEuTXII 0, 

E u b O ,  

Eu A1 I *  01, 
EuUO, 

Eu,Nd 0, 

EuIIEuIII L ~ i z  0, 

2-9 
5 , 6 , 1 0 , 1 1  
5 ,  6, I 1  
5 
10 
5 
4,  7 ,  13 
4 
13 
This study 
14 
15 
1 6 , 1 7  
4,  14,16-18 
21 
4,  22 
4 ,  I5  
4 
22 
This study 
4 
2,4,23-26 
4 
15,27-30 

30 
30 
31 
31 
31 
31 

4 
4 
50 
51 

“SrWO3” phase in the Sr-W-O system.35 These observations 
lead to the first guideline, which follows. 

uently not valid. This is 
demonstrated emphatically in the system Eu-Fe--0,3* where 
seven europium(I1) iron oxides would be predicted on the basis 
of known strontium(l1) iron oxide analogs. However, none 
was found, and it was suggested that Eu2+ was a much too 
powerful reducing agent to coexist with the relatively easily 
reduced iron oxides. This leads to our second guideline, which 
will be discussed more quantitatively in the next section. 

ii. The Other Cation(§) Which 
in the Oxide Must Not Be 800 E 
guidelines are sufficient to explain the existence or nonexistence 
of most europium(I1) oxides. However, there are a few cases 
where they are inadequate, For example, Eu2+ is known to 
coexist with W6+ in EuWO4, but the analog of SnW(96, 
‘‘Eu3W06,’‘ is not a stable p ,20 If it did exist it would 
have the ordered perovsltite )3FeFt5 structure type and 
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Table 11. Free Energy Change for Reduction Reactions 
Per Mole of 0, at 1500°Ka 

AG" (1 500"K), 
Reaction Oxide kcal 

A . M O , - + M + O ,  Tho,  228 
194 
192 HfO, 

SiO, 153 
NbO, 136 

MOO, 80 
SnO, 63 

UO, 

ZrO, 190 

. . . . . . . . . . . . . . .  

GeO, 59 
RuO, <O 
IrO, <O 
oso, <O 

B. 4M0, -+ 2M,O, + 0, 
PUO, 139 

TiO, 115 
. . . . . . . . . . . . . . .  

CeO, 91 
VO, 49 
MnO, <O 
CrO, <O 

" The dotted line gives the position of the reaction 4 E u 0  + 
0, -+ 2Eu,0,. 

one Eu2+ would have to share the octahedral sites with W6+. 
In virtually every phase in Table I, E u ~ +  occupies a site with 
coordination higher than 6 and this suggests that Eu2+ prefers 
a higher coordination than 6 in complex oxides. Requiring 
E u ~ +  to occupy an octahedral site apparently adds a desta- 
bilizing effect. Indeed, if one of the three Eu2+ ions is replaced 
by a Sr2+, which presumably goes into the octahedral site, then 
a EuzSrWO6 phase is stable.4 The third guideline relates to 
this observation: 

iii. The New Europium(II) Oxide Should Not Fall near the 
Boundary of the Structure Stability Field. For perovskites, the 
structure field can be defined with some success by the familiar 
Goldschmidt tolerance factor which is discussed more fully 
in 11. For other structure types many "structure field 
diagrams" are available; see a recent publication by Muller 
and Roy.37 
Redox Thermodynamics 

The redox thermodynamics for the oxides EuO, EU304, and 
Eu203 have been discussed in detail by McCarthy and White.38 
Following the same approach but with the more recent 
thermodynamic data estimates for EuO and Eu203 of 
Gschneidner, et a1.,39 we derive the free energy change for EuO 
oxidizing to EU203. (It is not necessary for the purposes of 
this discussion to consider the intermediate step oxidation to 
EU304.) 
4 E u 0  + 0, -+ 2Eu,0, 

AG"(l500"K) = -137 kcal/mol 

We have chosen 1500'K as our reference temperature 
Table 111. Detailed Exoerimental Procedure 

because it is a typical synthesis temperature (1227') and is 
the approximate upper long-term-use temperature of evacuated 
silica ampoules. 

To make the second rule more quantitative this free energy 
of oxidation will be compared to free energy of reduction of 
metal oxides with which EuO might combine. Table I1 lists 
free energy of reduction per mole of 0 2  at 1500'K for two 
groups of reactions with tetravalent binary oxides. A similar 
table is presented in the second paper of this series covering 
monovalent, divalent, trivalent, pentavalent, and hexavalent 
ions. The values listed were derived from the cornpilations 
of Reed,.lo Coughlin,.ll and Gschneidner.39 Every oxide listed 
in Table I1 forms a complex oxide with SrO and thus, by our 
first guideline, is a candidate for forming complex oxides with 
EuO. With the exceptions of compounds with Si02 and Ge02 
all SrM03 analogs have some form of the perovskite structure. 
The existence of a strontium(I1) oxide phase has been as- 
certained by reference to Galasso,42.43 Wells,44 Muller and 
Roy37 and to the index to the "Powder Diffraction File."45 

A few of the oxides listed in Table I1 have been included 
only for completeness and should not be considered as can- 
didates for forming europium( 11) complex oxides. The large 
divalent Sr2+ (with Ba2+ and Pb2+) has the ability to stabilize 
unusual high oxidation states such as Mn4+, Cr4+, Pb4+, Fe4+, 
and C O ~ + .  Such species could not be expected to coexist with 
EU2+. 
Experimental Section 

All attempted preparations were carried out in the solid state. The 
details are given in Table 111. The general preparative and char- 
acterization procedures are described in part I1 and will not be repeated 
here. Results of each synthesis attempt are included in column 4 of 
Table 111. 

I~iscussion 
It  is pertinent to compare our second guideline with ex- 

periment, including previously known results and those reported 
here for the first time. Table I lists EuHf03, EuZr03, and 
EuSi03 as known phases. In this study we report EuUO3 
although the solid-state reaction is apparently not complete 
at  the temperatures used here. Possibly this reflects the fact 
that U4+ is a relatively large ion for the B-site in perovskites 
giving a somewhat unfavorable tolerance factor. EuTh03 and 
EuPu03 should also be stable a t  high temperatures. 
Single-phase EuNbO3 could readily be prepared with a cell 
constant, ao = 4.008 i 0.002 A. All of these results are in 
accord with the guidelines implicit in Table 11. 

The compositions reported for the two new phases, EuNbOs 
and EuU03, are idealized as no analytical data are yet 
available. A detailed study of the Eu2+-Nb-O system is in 
progress. 

Concerning the phases which should not exist, McCarthyl6 
was unable to prepare EuMo03. In EuVO3, EuGr03, and 
EuMn03 all cations are known to be trivalent.36 We report 
here unsuccessful attempts to prepare EuSnO3 and EuRuO3 
finding instead a two-phase mixture of the pyrochlore phase, 

M in EuMO, Reaction mix Firing schedule Phases detected in product 
Sn 
Sn 
Sn 

Ru 
Ru 
U 

Nb 
Nb 

Eu,O, + 3/zSn0, + '/,Sn 
Eu,O, + SnO, + SnO 
EuO + SnO, 

Eu,O, + 3/aRU0, + 'IzRU 
EuO + RuO, 
EuO + UO, 

EuO + NbO, 
Eu,O, + '/zNbO, + Nb 

1050", 2 days 
800-1 000" , 2  days 
1 OOO", 72 hr 

1100", 30 hr 
1250°, 1 day 
1100-1150", 2 days 

1 150", days 
1100", 1 day 

Eu,Sn,O, 
Eu,Sn,O, 
Eu,SnO, + Sn 
Metallic mirror of Sn develops in pumped system 
Eu,Ru,O, + Ru 
Eu,Ru,O, + Ru 
EuUO," + fcc phase (UO,); impossible to eliminate 

EuNbO, 
EuNbO, 

fcc phase at these temperatures 

a Precision cell constants are not reported for EuUO, because single-phase material could not be prepared. Diffraction lines for fhis 
phase corresponded closely to SrUO,: R. S. Roth, J. Res. Nut. Bur. Stand., 5 8 , 7 5  (1957). 
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Table IV. Relevant Ionization Potentials and 
Differences (kcal mol-') 

Gregory $. WicCarthy and 9. E. Graedan 

Table V. hladelung Energies for EuTiO, and 
SmTiO, (kcal mol-') 
_II_ _._I__._...___...__I._ ~l.-_l _X_I_.-... I l_l I. 

EuTiO, SmTiO, 
.II_ ~ .-__l..lll-l- 

a,, A 3.904. 3.90a 3 3 1 b  3.914.c 
E M  4 , 2 1 5  -3793 --4215 -3783 
EM(II,Iv) - l ? & ~ ( I ! ~ , ~ ~ ~ )  .-4.22 -4.3% 
AGf(IK,IV) -- AGf(II1,III) -0 -i- I9 

u ~seucio-cubic cell parameter.46 It has been estirriatecI that 
r(Sm2+) =  E ELI.") to within I %: jig. A. Johnson, J. Chem, Soc. A,  
2578 (1969). Pseudo-cubic cell pmrn.eter.46 

further that thc major conedbutioii i s  from the Madelung term, 
EM = -Me2/ao, where ill i s  the 3dadel.uag corastant, 00 is the 
cubic cell edge, and e i s  the e~ectronic charge. Jo'hnson and 
Templeton48 and Templeton49 have determined Madelung 
constants for cubic per~~iiskites with ions of various charges 
on the 1Zfold and &fold sites. Par a (Y%,IV) perovskit,e M 
= 49.5100 and for the (IIiiJlI) case M = 44.554.9. Clearly 
the Madelung term fa.vors the formation of the (51JV) per- 
ovskite for similar ao but it is ianportant to estimate the 
magnitude of this energy differcnee. 

Table V lists calculated ~ ~ a ~ e I . ~ ~ n ~  energics of EnTj03 and 
SmTi03 for both (11,IV) arid (Ir11,IliI) cubic perovski 
the nearly identical cell constants of ail four compou 
considered here. The numbers in Table V should not be 
regarded as accurate given the sort of apprexirnations involved, 
In particular we have ignored the orthorhombic distortion 
expected for the (HITJBI) perovskies and have calculated the 
Madelung energia for a cubic structure. It is difficult to assess 
a priori the effect Qf such an approximation, but OMS siniple 

s allows for the expectation Qf a. (11,Iv) perovskite for 
3 and a (IHI,HII) perovskite for SrnTi03 in good 

agreement with experiment. 
For M = V the data of 'Tables IV and "i are pessimistic 

regarding the stability of (11,IV) perovskiter for either Eu2+ 
or Sm". The first term in expression 3 favors the (14TJIH) 
perovskite by at least LO0 kcal mol-1 over those cases where 
M = Ti. It is difficult to imagine that lattice energy could 
provide stabilization the (II,KV) pe ro~h i t e  by this amount 
and indeed both EuV and SmV83 are (IhiiJiiI) perovskites. 

Finally, although only '6pure" (HJV) or (111,111) perovskites 
have been considered, it is clear that our redox amlysis helps 

might be possible. For example, ply of marginal 
stability as a (IHJV) perovski contain some 
Eu31--E3+ substitution. Such behavior is known for EuTi03 
in the form of variations in lattice parameters and magnetic 

to identify those pha,ses for whi Ice fflerovskites 

We have presented a set of three guidelines whikh aid in 
understanding the existenace of complex Eu24- oxides and should 
be useful for the prediction of ~iew  Eu2+ oxides. Firs& an Sr*+ 
analog of tine complex phase should exist; second, any other 
metal ion in the complex phase should net be easily reduced 
by Eu*+, and, third, the new phase must have a favorable 
lattice energy. 

The second guideline is defined by a redox scheme involving 
half-reactions of the relevant binary oxides. 
of the second guideline with expcrirnental information 019 
EuM03 phases we find that binary oxides fall roughly into 
three classes: those oxides which are very stab1.c to reduction 
and form E u ~ +  phases (ZrOz and EuZr83), those which are 
quite easily reduced to the element or lower oxidation state 
and hence do not form @i;t2.+ phases (SnOz), and those bor- 
derline cases which are apparently stabilized by lattice ener 
(Ti82 and lEi!Ti03). he role of the lattice energy is examin 
in detail by use of a n---Maber cycle for Eu(Sm)MCh where 
M = Ti and V. These guidelines are extended in 11 and applied 
to many metal oxides in varying oxidation states. 

Ti 997 515 i 9 (Eu) 422 45 1 

a C. E. Moore, "Atomic Energy Levels," National Bureau of 
Standards, Washington, D.C., 1949, 1952. Estimated: D. A 
Johnson,J. Chern. SOC. A ,  1525 (1969). 

Eu2Sn207 or Eu2Ru209, and the respective metal. EuGe03 
also should not exist. However, our guideiines predict that 
Ti02 should be reduced to Ti203 whereas EuWlVQ3 is a 
well-known ternary phase. In fact one method of preparing 
EuTi83 is by reaction of EuzO3 and Tiz03. Clearly, our simple 
half-reaction scheme underestimates the extra lattice energy 
stabilization which accompanies the formation of a ternary 
phase. Further examples will occur in the following paper 
covering the Eu(M,M')03 phases. The existence of 
EuWeIv83 is less likely than that of EuTi03 but cannot be 
ruled out on this basis. 

with Ti and V. In certain favorable cases it is possible to gain 
a more detailed understanding of the energetics than afforded 
by the half-reaction approach. One such circumstance is 

rovskite systems of the type EuM03 where 
ecause of structural similarities the question 

of the stability of samarium(I1) perovskites arises naturally 
and will be treated here as well. These compounds could exist 
either as EuIIMIV03 (SmIIMW3) abbreviated as (11,IV) or 
as EuIIIMIII03 (SmIIIMIII03) abbreviated as (111,111). Cubic 
perovskite Sr2+ analogs are reported47 for M = Ti and V. The 
trivalent rare earth s form L n J W P 0 3  phases with 
structures related to 3 ,  an orthorhombically distorted 
perovskite. 

To provide a basis for choosing between these two possi- 
bilities, we analyze the free energy of formation for both 
structure types by means of a Born-Haber cycle and an ionic 
model for the lattice energy. Expressions for the free energy 
of formation, hGf, for both cases can be written as 

V 1100 5 4 6 ? 9 ( S m )  525 554 

Energetics of Formation of Perovskites of E$+ an 

AGf(I1,IV) = AGf [Eu(g)] + I,(Eu) + I,(Eu) + 
3AGr(Q2-(g)) + AGf(M(g)) + Ii(W + 
1 3 ( W  i- I 4 ( W  + G a t d E u  M 0 3 )  

+ 
(1) II IV 

and 

AGf(III,III) = AGf(Eu(g)) + I,(Eu) + I ~ ( E u )  + I,(Eu) + 
3AGdQ2-(g)) + A G f M d )  -I- Ii(W + I z ( W  + 
I,(M) i- AGl,&U1I1M'.''O3) (2) 

where the I l ( M )  are the ith ionization potentials and Sm can 
be substituted for Eu. 

The difference in formation free energies is then 

AGf(II,IV) -AG,(III,III>= [ I ~ ( M ) - I ~ ( E u ) ]  -t 

CA~latt(I1 ,IV> - ~ ~ l a t t ~ ~ K ~ ~ ~ ~ 1  (31 

As entropy differences are likely to be small, lattice enthalpies 
or internal energies can be substituted for free energies in thc 
second bracketed term. 

From the information in Table IV, the first term can easily 
be computed and these values are found in the third column. 
It is clear, given these numbers, that the first term in the 
expression for the free energy difference favors the formation 
of the (111,111) perovskite by greater than 400 kcal mol-1 in 
all cases. In order for a (I1,IV) perovskite to be stable, the 
lattice energy difference must contribute at least this amount. 

Let US assume an ionic model for the lattice energy and 



Complex Oxides Containing Divalent Eu 

Acknowledgment. This work was supported by the GTE 
Foundation and the National Research Council of Canada. 

Registry No. EuNb03, 53809-82-8; EuTi03, 12020-61-0; SmTiO3, 
12210-42-3; Eu, 7440-53-1. 

References and Notes 
B. T. Matthias, R. M. Bozorth, and J. H. VanVleck, Phys. Rev. Lett., 
7, 160 (1961). 
M. W. Shafer, T. R. McGuire, and J. C. Suits, Phys. Rev. Lett., 11, 
721 (196’4) 

, - - - - I -  

JrBrous, I. Fankuchen, and E. Banks, Acta Crystallogr., 6,67 (1953). 
M. W. Shafer, J .  Appl. Phys., 36, 1145 (1965). 
G. J. McCarthy, W. B. White, and R. Roy, J .  Inorg. Nucl. Chem., 31, 
329 (1969). 
J. E. Greedan and G. J. McCarthy, Mater. Res. Bull., 7, 531 (1972). 
H. Holzapfel and J. Sieler, Z .  Anorg. Allg. Chem., 343, 174 (1966). 
T. R. McGuire, M. W. Shafer, R. J. Joenk, H. A. Alperin, and S. T. 
Pickart, J. Appl. Phys., 37, 981 (1966). 
A-M. Lejus, C. R .  Acad. Sci., Ser. C, 272, 462 (1971). 
J. Sieler and J. Kaiser, Z .  Anorg. Allg. Chem., 377, 316 (1970). 
C-L. Chien and F. de S. Barros, Phys. Lett. A ,  38, 427 (1972). 
C-L. Chien, S. DeBenedetti, and F. de S. Barros, Int. J.  Magn., in press. 
C. DeLamarre, Rev. Int. Hautes Temp. Refract., 9, 209 (1972). 
G. Desgardin, J-P. Fayolle, and B. Raveau, C. R .  Acad. Sci., Ser. C, 
276, 1101 (1973). 
A. A. Samokhalov, V. G. Bamburov, N. V. Volkenshtein, T. D. Zotov, 
Yu.N. Morozov, and M. I. Simonova, Sov. Phys.-Solid State, 9,428 
(1967). 
G .  J. McCarthy, Mater. Res. Bull., 6, 31 (1971). 
P-H. Hubert, C. R. Acad. Sci., Ser. C, 267, 1611 (1968). 
C. S. Dimbylow, I. J. McColm, C. M. P. Barton, N. N. Greenwood, and 
G. E. Turner, J .  Solid State Chem., 10, 128 (1974). 
H. B. La1 and A. K. Saxena, Curr. Sci., 41, 701 (1972). 
G. J. McCarthy, R. D. Fischer, and J. Sanzgiri, J .  Solid State Chem., 
5, 200 (1972). 
M. N. Churelova and V. V. Serebrennikov, Tr. Tomsk. Gos. Univ., 204, 
277 (1971). 
J-C. Achard and L. Albert, C. R .  Acad. Sci., Ser. C, 262, 1066 (1968). 
G. Busch, E. Kaldis, R. Verreault, and J. Felsche, Mater. Res. Bull., 
5 ,  9 (1970). 
H. Pink, J .  Less-Common Metals, 17, 247 (1969). 
E. Kaldis, P. Streit, and P. Wachter, J .  Phys. Chern. Solids, 32, 159 
( 197 1). 

Inorganic Chemistry, Vol. 14, No. 4, 1975 775 

J. Felsche and E. Kaldis, J.  Solid State Chem., 5, 49 (1972). 
L. Holmes and M. Schieber, J .  Appl. Phys., 37, 968 (1966). 
L. M. Lopato, A. V. Shevchenko, and I. E. Kir’yakova, Dokl. Akad. 
Nauk SSSR, Ser. B, 9, 826 (1968). 
0. de POUS, L. Albert, and J-C. Achard, C. R. Acad. Sci., Ser. C, 276, 
763 (1973). 
L. M. Lopato and A. V. Shevchenko, Russ. J .  Inorg. Chem., 15, 1027 
(1970). 
J. Fava, Y. Oudalov, J-M. Reau, G. LeFlem, and P. Hagenmuller, C. 
R .  Acad. Sci., Ser. C, 274, 1837 (1972). 
G. J. McCarthy and R. D. Fischer, J.  Solid State Chem., 4,340 (1972). 
R. D. Shannon and C. T. Prewitt, Acta Crystallogr., Sect. B, 25, 925 
(1969). 
G. J. McCarthy and C. E. Gooden, J .  Inorg. Nucl. Chem., 35, 2669 
I 1  971) 
\ - -  . - I .  

L. L. Y. Chang, M. G. Scroger, and B. Phillips, J.  Amer. Ceram. SOC., 
49, 385 (1966). 
G. J. McCarthy, C. A. Sipe, and K. E. McIlvried, Mater. Res. Bull.. 
in press. 
0. Muller and R. Roy, “Crystal Chemistry of Non-Metallic 
Materials-The Major Ternary Structural Families,” Springer-Verlag, 
New York, N.Y., 1974. 
G. J. McCarthy and W. B. White, J .  Less-Common Metals, 22, 409 
(1970). 
K. A. Gschneidner, N. Kippenhan, and 0. D. McMasters, 
“Thermochemistry of the Rare Earths,” Part 1, Rare Earth Information 
Center IS-RIC-6, Ames, Iowa, 1973. 
T. B. Reed, “Free Energy of Formation of Binary Compounds,” M.I.T. 
Press, Cambridge, Mass., 1971. 
J. P. Coughlin, US. ,  Bur. Mines, Bull., No. 542 (1954). 
F. S. Galasso, “Structure, Properties and Preparation of Perovskite-Type 
Compounds,” Pergamon Press, New York, N.Y., 1969. 
F. S. Galasso, “Structure and Properties of Inorganic Solids,” Pergamon 
Press, New York, N.Y., 1970. 
A. F. Wells, “Structural Inorganic Chemistry,” 3rd ed, Oxford University 
Press, London, 1962. 
“Powder Diffraction File,” Joint Committee on Powder Diffraction 
Standards, Swarthmore, Pa. 
G. J. McCarthy, W. B. White, and R. Roy, Mater. Res. Bull., 4, 251 
(1969). 
Reuter and M. Wollnik, Naturwissenschaften, 50, 569 (1963). 
Q. C. Johnson and D. H. Templeton, J. Chem. Phys., 34,2004 (1961). 
D. H. Templeton, J .  Chem. Phys., 23, 1826 (1955). 
H. Barnighausen, Z. Anorg. Allg. Chem., 374,201 (1970). 
H. Barnighausen, R. Schuster, and K. Vogt, Proc. Rare Earih Res. ConJ 
IOth, 1, 490 (1973). 

Contribution from the Chemistry Department, Dalhousie University, Halifax, Nova Scotia, Canada, 
and the Materials Research Laboratory, The Pennsylvania State University, University Park, Pennsylvania 16802 

Complex Oxides Containing Divalent Europium. 11. Eu(M,M’)03 Phases 
J. E. GREEDAN,* GREGORY J. McCARTHY,  and C A R O L  SIPE 

Received September 4, 1974 AIC40629P 

The redox guidelines developed previously for the prediction of new complex europium(I1) oxides are extended to Eu(M,Mt)03 
perovskites. Attempts to prepare nearly 40 new europium oxides a re  described in a systematic experimental test of the 
guidelines. Fourteen compounds a re  actually found to be stable under the conditions of preparation. In terms of the 
combination of ions occupying the sixfold site these are (MgII,WvI), (MnII,WvI), (AIII,TaV), (TiIII,TaV), (VIII,TaV), 
(CrIII,TaV), (EuIII,TaV), (TiIII,Nbv), (VIII,NbV), (Cr111,NbV) (MglI,TaV), (MnII,TaV), (MgII,NbV), (MnI1,NbV). Precision 
cell constants a re  reported for all of these phases. Agreement between the redox guidelines and experiment is discussed 
as a re  the  implications of these results for the existence of new nonperovskite oxides of Eu*+. 

Introduction 
As emphasized in the first paper of this series hereafter 

referred to as I, studies of divalent europium compounds have 
been numerous over the past few years owing largely to the 
remarkable magnetic, transport, and magnetooptical properties 
found in relatively simple systems such as EuO and the other 
monochalcogenides. Recently, we have undertaken to prepare 
more complex oxides containing divalent europium and a wide 

* To whom correspondence should be addressed at the Institute for 
Materials Research and Department of Chemistry, McMaster University, 
Hamilton, Ontario L8S HM1, Canada. 

variety of metal ions in various oxidation states. The impetus 
for these efforts was twofold: (1) to prepare a set of materials 
suitable for a systematic study of magnetic and optical in- 
teractions between E$+ and various paramagnetic metal ions 
from the 3d, 4d, 5d, and 5f transition series and (2) to in- 
vestigate in a systematic way the redox properties of the Eu2+ 
ion in oxide lattices according to the principles discussed in 
1. 

The perovskite structure seemed a convenient choice because 
its high symmetry is favorable to the interpretation of magnetic 
and optical properties and because there is an availability of 


