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Reflection spectra are measured at 100 °K of M =  neodymium (III), samarium (III), europium (III), 
dysprosium (III), holmium (III), erbium (III), and ytterbium (III) in mixed oxides such as 
MxM 'i_ zO i .5 [M' =yttrium (III), indium (III), lanthanum (III), gadolinium (III) or thallium (III) ] 
and M^M'i _a;02_o.5x [M' =  titanium(IV), zirconium(IV) (or mixtures of these two elements), 
tin (IV) or cerium (IV )]. Most of these oxides crystallize in the disordered fluorite structure or in 
the two superlattices C-type M20 3 and pyrochlore and relevant crystallographic parameters are 
measured. It was also attempted to introduce Er (III) in the perovskites SrTi03 and BaTiOs . 
LaEr03 and LaYb03 are distorted cubic (or have a very large unit cell) and certain Nd (III) Ti (IV) 
and Nd (III) Y (III) oxides present a new, non-cubic, structure. The nephelauxetic effect, the
4 f 5 d and electron transfer bands in rare earths are theoretically discussed. A comparison is 
made with Cr(III) mixed oxides.

In the previous paper 1 we discussed the reflection 
spectra of lanthanides M in their mixed thorium 
oxides M_j.Thi_j.O2_ o s x • It was shown that the term 
distances in the partly filled 4 f-shells are decreased 
1.3 to 3.3% below those of the corresponding aqua 
ions; i. e. that the nephelauxetic effect is far more 
pronounced than in other compounds of the rare 
earths.

We now wish to report optical and X-ray studies 
on similar mixed titanium, zirconium, tin and cer­
ium oxides, where the lanthanide atom is surround­
ed by eight oxygen atoms in a cube, or in a cubic 
structure with oxygen vacancies statistically or syste­
matically distributed on the eight positions. The 
fluorite lattice occurring in T h 0 2 and C e02 has two 
common superlattices, the C-type M20 3 and the pyro­
chlore A2B20 7 . Both have the unit cell parameter a 
twice as large as ay  of the corresponding M 02 . 
Eight of the M atoms in the C-type unit cell are sur­
rounded by a cube lacking a body-diagonal, whereas
24 M atoms are surrounded by six oxygen atoms in 
a cube lacking a face-diagonal. The various distances 
M —0  are not so different as once supposed2; re­
cent measurements by neutron diffraction have

1 C. K. J 0RGENSEN, R .  P a p p a l a r d o ,  and E. R i t t e r s h a u s ,  Z. Na­
turforschg. 19 a, 424 [1964].

2 L. E y r i n g  and B. H o l m b e r g ,  Non-stoichiometric Compounds, 
p. 46. Advances in Chemistry Series, No. 39. American 
Chemical Society, Washington 1963.

3 W. H a s e ,  phys. stat. sol. 3, K 446 [1963].

shown that all six distances on both sites are nearly 
identical 3> 4.

In the pyrochlore (koppite) each A atom is sur­
rounded by six oxygen atoms in a cube lacking two 
oxygens on a body-diagonal (one may also call it 
an octahedron compressed by a factor of ]/3 along 
the trigonal axis) and each B has a complete cube of 
eight 0 . Each oxygen vacancy is surrounded bv 
four A atoms.

1. P revious Studies on M 0 2 — M 0 15 and
MOj 5 — M 'O j.5 System s

a) Ce02: Z in t l  and C r o a tto  5 discovered that Ce02 
is miscible with La20 3 to the extent of forming 
Ce0 56La0 44O178 , while retaining the fluorite structure. 
M cC u l l o u g h  and B r it t o n  8 studied mixtures of Ce02 
with Sm20 3; Gd20 3; Y20 3 and indicate that the faint 
X-ray lines characterizing the C-type appear above 
some 50 — 60% concentrations of the trivalent ion. Ac­
cording to these authors the transition is gradual and 
the dividing line quite arbitrary. B r a u e r  and G r a d in - 
g e r  7 discussed the general question whether the order­
ed superlattices are completely miscible with the fluo­
rite type or not. Complete miscibility was assumed for 
Ce02 containing Sm (III), Gd(III), Dy(III) and

4 M . B e t z l , W. H a s e , K .  K l e in s t ü c k , and J. T o b is c h , Z .  Krist. 
118,473 [1963].

5 E. Z in t l  and V. C r o a t t o , Z .  Anorg. Chem. 2 4 2 , 79 [1939].
6 J. D. M c C u l l o u g h  and J. D. B r it t o n , J. Amer. Chem. Soc. 

74 , 5225 [1952].
7 G . B r a u e r  and H .  G r a d in g e r , Z .  Anorg. Chem. 2 7 6 , 209 

[1954].
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Y (III). C e02 and Ce20 3 are not completely miscible 8.
b) ThOa: According to Brauer and Gradinger 7, 

ThO, is miscible with at most 50 atomic % Nd, 60% Sm 
and less than 25% Y. Recently it has been reported 9 
that the relative miscibility of T h 0 2 and Yb20 3 is 
rather small, at most Tho.92Ybo.osO1.96 being obtained 
as disordered fluorite, whereas C —Yb20 3 dissolves 
even less T h 0 2 . On the other hand, Euo.5Tho.5O1.75 is 
still a fluorite *> 9.

c) T i0 2: Giusca and P opescu 10 noted that Sm2Ti20 7, 
Y2Ti20 7 , and Y2T i0 5 crystallize in cubic lattices, 
whereas La2Ti20 7 , La2T i0 5 , Nd2Ti20 7 , Nd2T i0 5 , and 
Sm2T i0 5 occur in rhombic crystals10a. These compounds 
do not contain isolated dititanate groups, but exempli­
fy the pyrocblore structure, the small Ti(IV) occupy­
ing the six coordinated A position, and the lanthanides 
the eight-coordinated B position. Roth 11 made an ex­
tensive study of several other mixed oxides, finding that 
Sm2Ti20 7 , Gd2Ti20 7 , Dy2Ti20 7 , Yb2Ti20 7 , Y2Ti20 7 
all are cubic pyrochlores, whereas La2Ti20 7 and 
Nd2Ti20 7 have an unindexed, distorted structure.

Black E uT i03 [presumably having electron trans­
fer bands due to the transition E u(II)T i(IV ) — 
E u(III)T i(III)] is known 12 to be a cubic perovskite 
with a =  3.897 Ä.

d) Z r0 2: Very interesting reviews of the fluorite 
and superlattice types formed by Z r02 containing rare 
earths have recently been published by P erez y  Jorba 13, 
LefEvre 14, and Möbius 15.

e) M ixed sesquioxides. Reviews of this extensive 
subject have now been published by B rauer 16 and 
Roth 17. Padurow and Schusterius 18 reported the ortho- 
rhombic perovskite L aY 03 . L a ln 0 3 and L aY 03 are 
miscible to a great extent with cubic S rT i03 , and tetra- 
gonally distorted B aT i03 becomes cubic by such ad­
mixtures. Schneider and Roth 19 found that LaEr03 , 
LaTm 03 , L aY b03 and LaLu03 are orthorhombic per- 
ovskites and that they are the only binary mixtures of 
rare-earths to form perovskites in equilibrium at 1650 
or 1900 °C.

2 . P r e p a r a tio n s  o f  M ix ed  O x id es

Table 1 gives the fluorite lattice parameter a (half 
the values of the actual ap for pyrochlores and ac for 
C-oxides) of the compounds we prepared.

8 G. B rauer and H. G radinger, Z. A norg. C hem . 2 7 7 , 89  
[1 9 5 4 ] . — D . J. M . B evan and J . K ordis, J . Inorg. N u cl. 
Chem . 26 , 1509  [1 9 6 4 ] .

9 K. A. G ingerich and G. B rauer, Z. A norg. Chem . 3 2 4 , 48
[1 9 6 3 ] ,

10 D . G iusca and I. P opescu, B u ll. Soc. R ou m ain e P h y siq u e  4 0 ,
13 [1 9 3 9 ] .

10a Note added in Proof:  F . Q ueroux, C. R . A cad . S e i., P aris  
259 , 1527 [1 9 6 4 ] recen tly  stu d ied  th e large u n it c e ll of 
Gd2T i0 5 and D y 2T i0 5 as a d istorted  flu orite superstruc­
ture. — L. H. B rixn er, Inorg. C hem . 3 , 1065  [1 9 6 4 ] pre­
pared a ll the pyrochlores from  S m 2T i20 7 to L u 2T i20 7 and  
found a values in good agreem ent w ith  ours.

11 R . S. R oth , J. R es. N at. Bur. Standards 5 6 , 17 [1 9 5 6 ] .
12 J. Brous, I. Fankuchen, and E. B anks, A cta  Cryst. 6 , 67

[1 9 5 3 ] .

a) Mixed Er-oxides: As seen from Table 1, we stud­
ied the influence of small amounts of titanium (IV) and 
zirconium (IV) on the C-type Er20 3 . Our samples 
Er0.95Ti0.05Oi.525 and Er0 55 are fairly compres­
sed C-oxides. The sample Er0 8Ti0 20 i 6 showed essen­
tially the C-oxide lines with a =  5.265 Ä. Er0 67Ti0 33Ox 67 
contains two phases, one with a =  5,27 Ä, probably the 
C-oxide grouping, and another, somewhat more intense, 
with a =  5.11 Ä, comparable to the pyrochlore ErTi03 5 
(a =  5.042 Ä ). In other words, the phase diagram 
ErOt 5 : T i02 must contain a miscibility gap between 
a C-oxide below some 25% Er and a fluorite (pyro­
chlore?) above some 35% Er.

The samples Er0 8Zr0 2Oi 6 and Er0 67Zr0 67 are 
both C-oxides, whereas Er0 5Ti0̂ Zr,,^Oj 75 and Er0 5 
Ti0 25Zr0 25Ox 75 only show the (broadened) lines appro­
priate for the fluorite structure. The a values vary in a 
fairly continuous way when compared with the dis­
ordered fluorite ErZr03 5 and pyrochlore ErTi03 5 .

b) Heat treatment in Hydrogen atmosphere: We
mentioned before that a cubic perovskite EuTi03 has 
been reported12. In this connection several of our 
samples were treated in hydrogen at ~  1200 °C for 
two hours. No transformation to perovskites of the type 
EuTi03 were observed; SmZr03 5 and DyZr03 5 turned 
gray or purplish gray, whereas the colour of EuTi03 5 , 
EuZr03 5 and even YbZr03 5 was not affected.

The pyrochlore YbTi03 5 turned violet grey by this 
treatment, the D e b y e  lines were very sharp and 2 a only 
changed negligibly, to 5.015 Ä. The a values obtained 
for SmZr03 5 treated the same way was 5.27s Ä and for 
DyZr03 5 , unchanged, 5.21 Ä. The lines were sharper, 
but no traces of pyrochlore reflections were observed.

c) Rare-earth doped BaTi03 and SrTi03: Samples 
of nominal compositions Ba0 9La0 iEr„ tTi0 90 3 and 
Sr0 8La0 2Er0 2Ti0 80 3 were also prepared; but were not 
perfectly homogeneous. The main component seems to 
be a cubic perovskite with a =  4.00Ä and a =  3.91 Ä 
respectively. The average value of the parameters of 
the tetragonally distorted compound extrapolate 18 to 
3.987 Ä for BaTi03 and is 3.898 Ä for SrTi03 . A sec­
ond component of the strontium containing mixture 
showed weak fluorite lines with a =  5.09 Ä. This is prob­
ably the limiting phase E r^ a T ^ —a:0 3 5- 0 5X discussed 
above 19a.

13 M . P e r e z  y J o r b a ,  Ann. Chim. 7, 4 7 9  [1 9 6 2 ] .
14 J .  L e f E v r e ,  Ann. Chim. 8 ,117 [1 9 6 3 ] .
15 H .  H .  M ö b iu s ,  Z. Chemie 4 , 81 [1 9 6 4 ] .
16 G. B r a u e r ,  Progress in the Science and Technology of the 

Rare Earths, Vol. 1 (Ed. L e R o y  E y r i n g )  p. 152 , Pergamon 
Press, Oxford 1964.

17 R .  S .  R o t h ,  1. c .16, p. 167.
18 N. N. P a d u r o w  and C. S c h u s t e r i u s ,  Ber. Deutsch. Keram. 

Ges. 33, 290 [1 9 5 6 ] ,
19 S . J. S c h n e i d e r  and R. S .  R o t h ,  J. Res. Nat. Bur. Stand. 

64 A, 317  [ I 9 6 0 ] .
lfla The purpose of the La (III) was to keep Er (III) on the 

octahedral Ti sites (cf. the discussion of Sm(III) in BaTi03 
by S . M a k a s h i m a ,  K. H a s e g a w a  and S .  S h i o n o y a ,  J. Phys. 
Chem. Solids 23, 749 [1 9 6 2 ] ) .
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Fluorites Pyrochlores
Ceo.9Ndo.1O1.95 5.41 SmTi0 3.5 5.2210
Ceo.9Ero.1O1.95 5.41 5.11411
Ceo.9Ybo.1O1.95 5.41 5.11g
NdZr03.5 5.324(F)11 EuTi03.5 5.09s

5.30 DyTi03.5 5.05311
SmZr0 3.5 5.288 (P)13 5.06

5.27 HoTi0 3.5 5.052
EuZr0 3.5 5.23 ErTi03.5 5.042
DyZr0 3.5 5.21 YbTiOa.5 5.01511
HoZr03.5 5.20 5.018
ErZr03.5 5.19
YbZrOg.s 5.17 C-oxides
Ndo.5Tio.25Zro.25O1.75 ~5.16(F?) Ndo.2Ybo.8O1.5 5.27
Dyo.5Tio.25Zro.25O1.75 5.18(F ?) InErOa 5.19
Ero.5Tio.1Zro.4O1.75 5.16 Ino.8Ero.2O1.5 5.062
Ero.5Tio.25Zro.25O1.75 5.15 Ero.95Tio.05Ol.525 5.265
Dyo.9Tio.1O1.55 5.32(F ?) Ero.9Tio.lO1.55 5.26
Dyo.8Tio.2O1.6 ~5.32(F ?) Ero.8Zro.2O1.6 5.26
Dyo.67Tio.33O1.67 5.15(F ?) Ero.67Zro.33Ol.67 5.27
Ero.8Tio.2O1.6 5.21 (F?)
NdSn03.5 5.284(F)11 C-similar

5.29 LaEr03 5.29
EuSn03.5 5.25 LaYb03 5.25
ErSn03.5 5.19

Table 1. Unit cell parameters a in Angstrom units for fluorites (a /2  for the two superlattices C — M ,03 and pyrochlore A,B20 7) .
The letters F, P and C refer to fluorite, pyrochlore and C-oxide.

d) L aE r03 and LaY b03: When we tried to prepare 
at 1000 °C the orthorhombic perovskite LaEr03 and 
L aY b03, we observed a rather surprising DEBYE-powder 
diagram. The main features are those of a fluorite with 
the remarkably small values of a =  5.29 and 5.255 Ä, 
respectively, about 0.2 Ä smaller than the values extra­
polated for C-oxides. Then, weak superstructure lines 
appear which must either belong to a very large unit 
cell (the e?-values corresponding to the index square 
sum h2 +  k 2 + 12 =  9 and 24 for a cubic unit cell with 
the parameter 4 a are quite conspicuous) or a distor­
tion from cubic symmetry. This phenomenon is com­
parable to the very large hexagonal unit cells reported 
for mixtures of Z r02 with 13 Gd20 3 and with 14 Sc20 3 
and shall be discussed in a subsequent paper. If sam­
ples of LaEr03 or L aY b03 prepared at lower tempera­
ture are heated to 1200 °C for 3 hours, they transform 
irreversibly to the orthorhombic perovskite previously 
mentioned 19.

e) Mixed Nd-oxides: We obtained a powder dia­
gram of Nd0 2Gd0 8Oj 5 with numerous lines rather ana­
logous to that of B-type 20 Sm20 3 and Gd20 3 . On the 
other hand, as seen in Table 2, our five samples 
Nd0 2Y0 8O15; Nd0 5Y0 5O15; Nd0 9Ti0 5 g ; Nd0 8Ti0 2 
Oj 6 , and Nd0 67Ti0 67 have closely similar, and 
simpler, powder diagrams, which do not correspond 
neither to the A and B forms given in literature, nor to 
R o t h ’s 11 low symmetry NdTi03 5 . It is obvious that

20 R. M. D o u g l a s s  and E. S t a r it s k y , Anal. Chem. 28, 552
[1956].

21 Standard X-ray Diffraction Powder Patterns, Nat. Bur.
Stand. Circ. No. 539, Vol. 2, p. 28, Washington 1953.

our type is not cubic, though the ratio between the d- 
values 2.84 and 2.00 Ä is close to j/2 .

N do.5Yo.5O1.5 3.44 3.12 2.85 2.59 2.01
N do.2Y o .8 0 i.5 3.42 3.09 2.82 2.57 1.98
N do.9Tio.1O 1.55 3.44 ~ 3.13 2.84 2.59 2.01
N do.8Tio.2O 1 .6 3.45 3.09 2.84 2.59 2.01
N do.67Tio.33O l.67 3.46 ~ 3.13 2.86 2.61 2.02

T able 2. d-values for the stron gest DEBYE-lines o f certain  
m ixed  ox id es , in  Ä .

According to S ch n eid er  and R oth 19, one would ex­
pect our mixed Nd (III) Y (III) oxides to show B-type 
behaviour. However this may be caused by the higher 
tendency to formation of A- and B-types at 1650 °C 
than at 1000 °C.

f) T120 3: The brownish black T120 3 is a C-oxide21. 
Compared to the lemon-yellow 22 ln20 3 and all the C- 
rare earths, thallium (III) oxide has highly unexpected 
physical properties. B a u e r  23 found that it is a good 
electric conductor, only an order of magnitude more 
resistant than thallium metal. The very weak depen­
dence of the conductivity on temperature indicates me­
tallic behaviour or a semi-conductor with very low 
energy gap. B a u e r  23 also reported that thin films are 
transparent at 9000 cm-1 and absorb infra-red radia­
tion both at lower and higher wavenumbers. We con-

22 H .  H a r t m a n n  and H .  M ü l l e r , Z. Phys. Chem., N.F. 27, 143
[1961].

23 G. B a u e r , Ann. Phys., Lpz. (5 )  30,433 [1937].
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firmed this result insofar our T120 3 has a broad absorp­
tion band centered around 7400 cm-1 at 100 K. How­
ever, this phenomenon is probably connected with non- 
stoichiometry. S c a t t u r in , Z a n n e t t i and C e n so l o  24 de­
scribed the black compound as T101>52 , and other sam­
ples were reported with oxygen excess, up to T101>75 , 
and showing paler colours.

However, the composition is slightly suspect because 
hydrogen peroxide was used in their preparation.

It is by no means a trivial task to prepare mixed 
oxides of Tl(III) with Er (III), In (III) or Y (III). The 
point is that even the slightly hydrated precipitate from 
aqueous thallium (III) solutions to which alkali is ad­
ded has the C-oxide lattice 25 but readily looses oxygen 
by heating in air (though the equilibrium pressure26 
seems first to reach 1 atm at 896 °C) whereas 
erbium (III) hydroxide and similar compounds have 
to be ignited strongly in order to form C-Er20 3 . Ac­
tually, our samples of nominal composition Y0 9T10 xOt 5

(very pale chamois), In0 9T10 jOj 5 (yellow) and Er0 95 
Tl0 osOi 5 (pink) had none of the characteristics of the 
dark T120 3 , and our only problem was to establish that 
the thallium had not evaporated from the crucibles. 
Actually, as seen in the experimental section, very 
serious losses of thallium did indeed occur.

3. Discussion of Reflection Spectra

a) Correlat ion of reflection spectra with crystal  
structure

The absorption bands caused by internal transi­
tions in the partly filled 4 f shell observed in the 
reflection spectra (Tables 3 — 8) in the region 2000 
to 350 mju (5 000 — 28 600 cm-1 ) corroborate a 
classification according to the crystal structures:

4Il3/2 4I 15/2 4F 3/2 4F 5/2 4F 7/2 4F 9/2 2H ll/2
( 2Cr 7/2 .
4Gs/2) 4G7/2 4G9/2 2Pl/2 2Ü5/2 2P 3/2 4D 3/2 da dß  %

”<d (H 20)9+3(re f.27) (4030) (5880) 11580 12620 13580 14840 16030 17400 19180 19630 23400 23900 26320 28280 0 0
”NTd (III)L a C l3(re f.27) 4010 5930 11440 12480 13440 14720 15930 17210 19030 19440 23210 23770 26130 27970 - 6 0 0.5
S'd203<type A , re f.1) — 5950 11190 12270 13250 14470 15770 16720 18600 19170 22840 23420 25740 27200 200 3.6
■'Id0.lL a 0 .9O 1.5 (A) — — 11190 12300 13230 14470 — 16780 18680 19230 22880 — — — 100 3.2
”NTdo.2Gdo.80i.5(B) — 6020 11300 12350 13320 14510 15820 16920 18690 19230 22910 — — 27470 200 3.4
"fdo.zYo 80i.5(new ) — 6020 11310 12390 13330 14510 15820 16920 18690 — 22910 — — 27470 200 3.4
?fdo.2Yo.50i.5(new) 6020 11360 12410 13350 14560 15870 17010 18710 — 22880 23280 — 27510 250 3.5
N do.2Y bo.8O 1 .5 (C) - (5760) 11360 12420 13390 14580 — 16950 18590 — 22880 — — — 150 3.2
N do.1 Ceo.9 0 1 .9 5 (F) — — 11390 12420 13460 — — 17000 — — — — — — 300 3.7
Ndo.i4Tho.8»Oi.93(F, r e f.1) — 5840 11300 12330 13330 14490 — 16900 18690 19380 22990 — — 27430 150 3.3
Ndo.5Zro. 5 0 1 .7 5 (F) — — 11390 12420 13440 14660 15950 17090 18830 19490 23090 — — — 250 2.7
N do.9Tio.1 0 1 . 5 5  (new) 4010 6020 11290 12380 13280 14520 15800 16950 18740 19270 22910 23500 25690 27570 200 3.2
N do.8Tio.2 0 1 . 6  (new) 4010 6020 11310 12420 13330 14560 15850 17020 18780 19270 22910 23530 25690 27590 200 3.0
N do.6 7Tio.3 3 O 1 . 6 7  (new) 4020 6020 11340 12390 13330 14580 15840 17040 18780 19310 22960 23530 25840 27550 200 2.8
N do.5Tio.5O 1 . 7 5  (dist.) — — 11420 12470 13420 14690 15920 17150 18870 19530 23160 — — — 200 2.2
Ndo.5Tio.25Zro.250i.75(F ?) — 6020 11350 12390 13330 14580 15860 17040 18800 19340 23000 — 25840 27590 200 2.9
N do.5Sno.50i.75(F ?) — — 11290 12440 13420 — — 16920 18780 — — — — — 250 3.7

Table 3. Baricenters (wavenumbers in cm J) of band groups at 100 °K in reflection spectra of neodymium (III) compounds.

6Hl3/2 6F 3/2 6Hl5/2 6F 5/2 ®F 7/2 6Fo/2 6F 11/2 4Gs/2 4&7/2 4Il3/2 6P d<r dß  %
S m (H 20 )9 +3(re f.27) (5000) — — (7200) (8000) (9200) (10500) 17900 — 20880 21550 24900 26700 0 0
S m (III)L aC l3(ref. 27, 29) 4990 6310 6710 7040 7900 9100 10460 17860 20010 20600 21560 24540 26330 — —
Srri203(B) — 6370 6620 7340 8050 9220 10500 17570 — 20750 21410 24390 26250 200 2.3
Smo.i4Tho.860i.93(F, r e f.1) 5010 6460 6740 7230 8100 9270 10580 — 20410 20850 21470 24630 26420 200 1.9
Snio.5Zro. 5 0 1 .7 5 (F) — 6600 6830 7330 8200 9350 10700 — 20370 21010 21550 24630 26670 350 2.0
Sm o.5Tio.50i.75(P) — 6670 — 7380 8200 9370 10700 17530 — — — 24690 — 350 2.5

Table 4. Baricenters of band groups at 100 °K in reflection spectra of samarium(III) compounds. Assignments of certain excited levels in ref. 28.

7F i 5Do 7Fo - *  5D 0 7F i -► 5D i 7Fo ->  5D i 7Fo ->  5D 2 7F 0 - >  5D 3 7F 0.—> 5Le
E u (H 20)9+3(ref.27) 16880 17260 18630 19010 21490 — 25300
E u (III)L aC l3(ref.30) 16890 17270 18650 19030 21500 24390 25270
E u (III )G d 2 0 3(B, re f.31) _ 17170 — 18930 21390 — —

Euo.i4Tho.860i.93(F, re f.1) (16920) (17240) — 19030 21460 (24750) 25350
EuZr03.5(F) 17010 17270 18760 18990 21510 (24690) 25350
EuTi03.5(P) 16950 — — 19000 21520 — 25320
EuSn03.5(F) — — — 19010 21480 (24750) 25380

Table 5. Baricenters of band groups at 100 °K in reflection spectra of europium (III) compounds.

V. S c a t t u r in , R .  Z a n n e t t i, and G. C e n s o l o , Ric. S e i .  26, 26 S .  A. S h c h u k a n e v , G. A. S e m e n o v , and I. A. R a t k o v s k ii , Russ. 
3108 [1956]. J. Inorg. Chem. (Engl, transl.) 6,1423 [1961].
G. F. H ü t t ig  and R. M y t y z e k , Z. Anorg. Chem. 192, 189 
[1930].



5 8 CHR. K. J0RGENSEN, R. PAPPALARDO, AND E. RITTERSHAUS

6H u /2
( 6Hg/2, 
®F 1 1 /2 )

(6H,/2, 
®F 9/2 ) 6H 5/2 ®F 7/2 6F 5/2 ®F 3/2 4F 9/2 4Il5/2 4Gll/2 da d/3 %

D v (H 20 ) 9+3(ref.27) — — (9100) (10200) (11000) 12350 13200 21050 22130 23420 0 0
D y(III)L aC l3(ref.27) 5830 7670 9020 10150 10930 12320 13120 20960 21950 23300 - 2 0 0.4
D y 20 3(C) 6100 8010 9460 — 11300 12580 13440 21120 22170 23560 500 1.8
Dyo.sZro. 5 0 1 .7 5 (F) 6080 7980 9420 10580 11390 12640 13500 21160 21940 23500 500 2.0
Dyo.9Tio.iOi.55(F ?) 6040 7970 9280 — 11190 12520 13160 21100 22170 23470 350 1.5
D yo.8T io.20i.e(F  ?) 6100 8030 9350 — 11350 12630 13480 21190 22150 23530 450 1.7
D>'0.67Tio.330l.67(F ?) 6080 8000 9330 — 11340 12630 13460 21190 22200 23530 450 1.6
D yo.5Tio.5 0 1 .7 5 (F) 6190 8100 9430 10650 11430 12640 13510 21100 21980 23590 550 2.0
Dyo.5Tio.25Zro.250i.75(F ?) 6100 8030 9380 10550 11350 12620 13440 21190 22220 23530 500 1.8

Table 6. Baricenters of band groups at 100 °K in reflection spectra of dysprosium (III) compounds. Assignments of certain
excited levels 28.

5I , 5I6 5I 5 5l4 5Fs
(5S2,
5F4) 5F 3 5F 2

(3Ke,
5F i) 5G5

(5G4,
3K ,) 5Ge da d/3 %

H o (H 20 ) 9 +3 (ref.27) 5030 8530 11140 13250 15420 (18450) 20560 (21030) (22250) 24030 (26100) 27740 0 0
H o 20 3 (C) 5230 8800 11340 — 15500 18550 20530 21050 22220 23920 25970 27470 450 2.5
H oo.1 4 Tho.8 8 0 1 . 9 3 (F, r e f.1) 5190 8790 11310 — 15510 18520 20560 21190 22100 23910 25940 27560 350 1.7
Hoo.5Zro.5 0 1 .7 5 (F) 5190 8790 11350 — 15620 18620 20600 21160 22200 23950 26010 27590 500 2.3
Hoo.5Tio.5 0 1 .7 5 (F) 5190 8930 — — 15760 18730 20660 21280 — 23950 — — 600 2.4

Table 7. Baricenters of band groups at 100 °K in reflection spectra of holmium (III) compounds.

4Il3/2 4Ill/2 4F 9/2 4l9/2 4S3/2 2H n /2 4F 7/2 4F 5/2 4F 3/2 2H9/2 4G 11/2 2Gg/2 2&7/2 da d/3 %
E r(H 20 ) 9+3(ref.27) '6600) 10220 12520 15350 18480 19230 20600 22270 22610 24630 26490 27500 28100 0 0
E r(III)L aC l3(ref.27) 6590 10220 12460 15280 18400 19150 20510 22180 22520 24560 26370 27610 27990 - 3 0 0.3
E r203(type C, re f.1) 6640 10250 12480 15290 18210 19090 20370 22030 22430 24540 26280 27210 27850 200 1.6
Ero.oo2Lai.99803(A re f.81) — — — — 18310 19100 — — — — — — — — —
Ero.o2G di.9803(B, re f.31) — — — 15280 18290 19150 20470 — — — — — — — —
Ero.o2Yi.9803(C, r e f.31 32) 6660 10280 12490 15270 18280 19140 20470 22100 22420 24510 26280 — — 200 1.6
Ero.iCeo.9 0 1 .9 5 (F) — 10280 — 15310 — 19160 — — — — — — — 250 1.7
Ero.2Ino.8O:..5 (C) 6660 10310 12530 15280 18250 19120 20390 22030 — — — — — 300 2.4
Ero.5lno.5 0 1 .5 (C) 6620 10270 12480 15250 18210 19140 20390 22050 22470 24540 26280 — — 250 2.0
Ero.95Tlo.otO1 .5 (C) 6640 10260 12500 15240 18210 19120 20390 22030 — 24510 26280 27210 — 200 1.8
Ero.9Tlo.1 Oo 5 (C) 6640 10250 12470 15230 18180 19080 20370 (22030) — 24450 26250 27170 — 200 1.9
Ero.8Tlo.2O 1 . 5  (C) 6340 10260 12480 15230 (18300) 19120 20370 — — — (26280) — — 250 2.1
Ero.i4Tho.8eOi.93(F, r e f .1* 6640 10280 12550 15330 18350 19160 20430 22150 — 24540 26370 27390 — 250 1.6
Er0 .sZr0 .2 0 1 .6 (C) 6640 10260 12550 15270 18280 19140 20430 22080 22520 24510 26250 27230 27900 200 1.6
Ero.e7Zro.3 3 0 1 .6 7 (C) 6690 10300 12550 15310 18330 19160 20450 22100 22520 24510 26320 27290 27930 250 1.7
Ero.5Zro.5O 1 .7 5 (F) 6690 10300 12660 15360 18350 19160 20490 22170 22620 24570 26350 — — 300 1.7
Er0 .9 5Ti0 .0 5 0 1 .5 2 5 (C) 6630 10270 12500 15270 18280 19140 20410 22070 22470 24500 26250 27230 27900 200 1.7
Ero.9Tio.1 O 1 .5 5 (C) 6660 10260 12500 15280 18280 19130 20430 22090 22550 24510 26280 27230 — 200 1.7
Ero.8Tio.2O 1 .6(C) 6690 10280 12520 15290 18320 19160 20450 22080 22550 24520 26300 27250 — 250 1.7
Ero.67Tio.330i.67(C +  F) 6680 10300 12530 15310 18300 19140 20450 22080 22520 24540 26320 27280 27930 250 1.7
Ero.5Tio.50i.75(P) 6650 10340 — 15430 18420 19230 20600 — — 24630 — — — 250 1.3
Ero.5Tio.1 Zro. 4 0 1 .7 5 (F) 6680 10300 12580 15340 18350 19160 20500 22120 22570 24540 26320 27320 27970 250 1.5
Ero.5Tio.25Zro.2 5 0 1 .7 5 (F ) 6700 10300 12580 15330 18350 19180 20490 22120 22570 24540 26320 27320 27900 250 1.6
Ero.sSno.5 0 1 .7 5 (F) 6640 10280 12610 15360 — 19190 20490 — — 24540 26390 — — 200 1.3
L aE r03(new  quasi-eubic) 
Lao 2S r o .8E r o .2T io .8O 3

6660 10270 12520 15270 18280 19120 20410 22050 22510 24510 26320 27210 — 250 1.9

(perovskite +  F) 
Lao.iBao 9 Ero.1 Tio.9O3

— 10270 — 15340 18370 19160 20490 22120 — 24540 26330 — — 200 1.4

( m a in ly  p e r o v s k i t e ) 6670 10270 — 15350 — 19190 20580 22170 — — 26460 — — 150 0.9

Table 8. Baricenters of band groups at 100 °K in reflection spectra of erbium (III) compounds.

1. Disordered fluorites such as MxCei_x0 2 -o.5x 
and MZr03.5 have relatively broad absorption bands 
without much fine-structure of each distinct /-level. 
The nephelauxetic effect is very pronounced.

2. Superlat t ices of the fluorite type,  such as the 
numerous C-oxides, the pyrochlores such as MTi03.5 
(except M =  Nd) and the new quasi-cubic type 
L aE r03 show many components of each /-level and 
have a nephelauxetic effect about as large as the

27 C. K. J o r g e n s e n ,  Orbitals in Atoms and Molecules. Academ. 
Press, London 1962.

28 B. G . W y b o u r n e ,  J. Chem. Phys. 3 6 ,  2301 [1962].
29 M .  S .  M a g n o  and G . H .  D i e k e ,  J. Chem. Phys. 3 7 ,  2354

[1962],

disordered fluorites, except certain cases of M =  Er.
3. Other symmet ries  usually, but not always, have 

broad absorption bands corresponding to each /- 
level and relatively much weaker nephelauxetic ef­
fect. One might have imagined that the octahedral 
sites in perovskites would induce a stronger nephel­
auxetic effect than the fluorite-like types. However, 
LafljBao.9Ero.1Tio.9O3 in Table 8 shows about half 
as large a nephelauxetic effect as the other mixed

30 L. S .  D e S h a z e r  and G . H. D i e k e ,  J .  Chem. Phys. 3 8 ,  2190
[1963],

31 D .  R o s e n b e r g e r ,  Z. Phys. 1 6 7 ,  349, 360 [1962].
32 P. K i s l i u k ,  W. F. K r u p k e ,  and J. B. G r u b e r ,  J. Chem. Phys. 

4 0 ,  3606 [1964].
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Fig. 1. Transition 4Iis/2 —̂  4Iis/2 in various systems. Reflection 
spectra at ~  100 °K. a) Er0 95Ti0 „gOi 525; b) Er0 8Zr0 2Ot fl; 
c) Er0 5Ti0 25Zr0 250 !  75; d) ErTi03 5; e) Er0 _95Tl0 O50 i  5 . 
Because of loss of thallium by evaporation, the latter sample 

may more closely correspond to Er20 3 .

Fig. 2. Reflection spectra at ~  100 °K for various systems. 
Transition 4I15/2 “*■ 4-̂ 9/2 • Please note for this figure and the 
following ones an inversion in the direction of scanning. 
a) Er0 5Ti0 25Zrg 250 !  75; b) Er0 8Zr0_2Oj 6; c) Er0 ^Tio ^Oj 525; 

d) Er0 95T10 osOj 5 ; e) ErTi03 5 .

Er (III) oxides. The sample Lao.2Sro.8Ero.2Tio.8O3 has 
a larger nephelauxetic effect, but contains also a 
part of the erbium in a fluorite-phase.

We are not yet going to discuss the observed fine- 
structure of the individual /-levels. An impression 
of the relative width of the sub-level absorption com­
ponents can be had from Fig. 1 showing the spectra 
of Er (III) compounds in the infra-red close to the 
first excited level 4Ii3/2 , Fig. 2 Er (III) in the red

Fig. 3. Reflection spectra at ~  100 °K for various systems. Fig. 5. Transition 2F7/2—> 2F5/ 2 in various systems. Reflection 
Transition 4I15/ 2 ->  4S3/ 2 . a) Er0 8Zr0 2Ot 6; b) Er0 5Ti0 25Zr0 25 spectra at ~  100 °K. Operating slit-widths in mm units. 
Oi,75; c) Er0 95Ti0.05Oi.525; d) Er0i95TlQ 05O1.5 ; ej ErTi0 3i5 . a) YbZr03 5; b) Y bT i03>5; c) LaYb03; d) Yb20 3 .
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Fig. 4. Reflection spectra at ~  100 °K. Transition 4I15/2 —>■ 
"Hh/2 • a) Er0 5Ti0 2sZr0 ojOj 75; b) Er0 8Zr0 gOi 6; c) Er0 93 

TI0.05O1 5 ; d) Er0 95Ti0 05O! 525; e) ErTiÖ3 5 .

around 4l9/2 (most au thors33 call this level 4Fg/g), 
Figs. 3 and 4 Er (III) in the green representing the 
two levels 4S3/2 and 2Hu/2 , and finally the reflection 
spectra of Fig. 5 showing the transition 2F7/2^ -  2F5/2 
of Yb (III) compounds in the near infra-red region.

b) Nephelauxet ic  effect

We define now do, the relative stabilization of the 
lowest sub-level of the groundlevel of the mixed 
oxide, compared with the aqua ion, and the relative 
nephelauxetic effect, d ß  as in ref. 1 and we write for 
the wavenumbers of the baricenters of the excited 
/-levels:

^ o x i d e  * ^ a q u a =  d o  ( d ^ )  O a q u a  . ( 1 )

Tables 3, 4, 6, 7 and 8 express the remarkably 
large nephelauxetic effect in the mixed oxides, the 
average values of d ß  being 3.2% for the fifteen 
Nd (III) compounds studied and 1.6% for the 
twenty-four Er (III) cases. Actually, the sulphides to 
be discussed soon 33a are the only known lanthanide 
compounds with sufficiently large energy-gaps as 
semiconductors (allowing the internal 4 f-transitions

to be observed in the visible region) which show 
even slightly larger nephelauxetic effect.

One of the reasons why the nephelauxetic effect is 
so pronounced in rare earth mixed oxides is un­
doubtedly that the parameter o* characterizing 
the weak o-anti-bonding influence34 of the sur­
rounding ligands on the partly filled 4 f shell i s 1 
some 6 0 —100 cm-1 in our oxides whereas it is 34 
some 30 — 40 cm“ 1 in the ennea-aqua ions and some 
20 — 30 cm-1 in LaCl3 . One can apply second-order 
perturbation theory to the W o l f s b e r g —H e l m h o l z  

model and obtain the average value for the o-anti- 
bonding influence on the seven / orbitals

N  o '  =  N  H i  (S;,x ) 2/(« m  -  ffx) ■ (2)

N  is the number of ligands in the chromophore 
MXx; Hyi is the diagonal element of energy of the 
unperturbed central atom orbitals; Hx  the same 
quantity for the ligand o-orbitals, and S Mx the over­
lap integral between the central atom orbital (pro­
viding a constant angular function) and the o-orbital 
of one of the identical ligand atoms X. Incidentally, 
the sub-level stabilization do in eq. (1) is also pro­
portional * to o*. It is possible [ref. 35, eq. (68)] to 
demonstrate that a good approximation to the or­
bital xp of the partly filled shell after the delocaliza­
tion is

N H l  (S*x)* 
2 ( / / M -  H x f

+  V>X

N H X ( S & y  

y X H x  'S'mx
h m - h x

(3)

When ip of eq. (3) is used instead of ipm in the de­
termination of the interelectronic repulsion para­
meters of the /-shell, relevant energies will be de­
creased by a factor ß  related to the fourth-power 
of the coefficient of t/>M in eq- (3). This is part of 
the nephelauxetic effect caused by symmetry restrict­
ed covalency 36. Approximately one obtains:

ß  M 1 -  2 [ N (SJ,x ) ■2 « x  (2 H u  -  Hx ) /  (ff„  -  H x) *] .
(4)

This expression has the rather unpleasant property 
of being less than one only if H m is more negative 
than ^ //x  • However, it represents only a lower limit

33 B. G. W y b o u r n e , J. Chem. Phys. 34, 279 [1961].
33a C. K. J o r g e n s e n , R. P a p p a l a r d o , and J .  F l a h a u t , submitted 

to J. Chim. Phys.
34 C. K. J o r g e n s e n , R. P a p p a l a r d o , and H.-H. S c h m id t k e , J .

Chem. Phys. 39, 1422 [1963].

* We may add here that o* for Dy(III) in eq. (4) of ref. 1
is 340 cm- 1 .

35 C. K. J o r g e n s e n ,  Proc. Summer School in Theoretical Chem­
istry, Milano, October 1963 (Director: M. S i m o n e t t a ) ,  A c- 
cademia Nazionale dei Lincei, Rome 1965.

36 C. K. J o r g e n s e n , Progr. Inorg. Chem. 4, 73 [1962],
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to the nephelauxetic effect, since the expansion of 
the 4 /  radial function by central-field covalency 36 
has not been taken into account. If H y =  § Hx  , eq.
(2) and (4) can be combined to

ß S & l - l N o ’/(Hu - H x) ] .  ( 5 )

The order of magnitude expected for d ß  is correct 
since N  o* ~  600 cm-1 and (H^  — Hx)  ~  40 000 
c m '1, implies ß  =  0.985.

c) Determinat ion of the factor ß  f rom electron 
transfer bands

If it is assumed that (1 — ß )  is proportional to 
the parenthesis of eq. (5), one needs an estimate of 
(//>{ — Hx)  in various compounds. One possible 
method is the study of the electron transfer bands 
(cf. 37, 38) which are best known in the relatively 
most oxidizing trivalent lanthanide 39, 40 E u (III) . In 
this case, x  being a proportionality constant,

( He u - H h , o) = 5 3  000, N  o* =  300 cm“ 1, ( l - ß )  = 0 .57
(He u~ H c \) = 3 6  000, = 2 5 0  c m -1, = 0 .7 0 « ;
( H e u- H bt) = 3 1 0 0 0 , = 2 4 0  cm“ 1, = 0 .7 7  x ;
(He u - H o ) = 3 8  000, = 7 0 0  c m -1, = 1 .8 4 « ;

(6)
indicating that d/? =  0 .1 3 «  of E u(III) in LaCl3 
should be about ten times smaller than d ß  =  1.27 x 
of EuZr03.5 ? which is not very far from the con­
ditions we have found in the mixed lanthanide 
oxides.

However, it is a rather complicated question27 
whether one may accept the identification of 
( /7 m -# x )  with the wavenumbers of the first elec­
tron transfer bands, already because they are strong­
ly influenced by spin-paring energy, having low 
wavenumbers in 4f6E u(III) and 4f13Y b(III) and 
very high wavenumbers in 4f7Gd ( I I I ) at the half 
filled shell. There are several cases known where 
related properties show a pronounced discontinuity 
at Gd ( I I I ) . Thus, the reflection spectra of the rare 
earths in the ultra-violet show absorption edges 
varying strongly with the lanthanide ion 41. Table 9 
gives the predicted position of the first 4f9 — 4f9~1 
5d transitions with the param eters37 JF2 =  2 1000  
cm -1 , D  = 5 200 cm-1 and (E — A)  2 =  3 800 cm-1 
(as well as for the aqua ions, where the appropriate 
parameters are JF2 =  3 1000  cm-1 , D  =  6 200 cm-1 
and (E — A)  2 =  4 700 cm-1 ) and the predicted posi­
tions of the 4f9—>- (2poxi<ie) _1 4f9+1 electron trans­
fer transitions (essentially the values predicted37 
for bromide complexes in ethanol, increased by
5 000 cm-1 ). It is seen from Table 9 that B o r- 

c h a r t ’s  results 41 can be readily explained by these 
two types of transition and by a third mechanism, 
an edge occurring at 44 000 cm-1 of all rare earths 
not having any absorption at lower energy. This 
edge is presumably essentially a 2p6 —> 2p53s excita­
tion of the oxide closed shell 42 analogous to that 
occurring in BaO. When C h a n g  43 finds an actual

Absorption edge 
observed41

calculated oxide

4 f  —> 5 d (2 Poxide) 4 f
assignment of edge

calculated 
aqua ions 
4 f->- 5 d

La20 3 44 — 74 2 Poxide ~ 3 Soxide —
(Ce2 0 3 ) — 2 2 63 — 32
Pr203 31 32 55 4 f  5 d 45
N d 2 0 3 40 40 54 4 f  5 d 54
(Pm 20 3) — 43 54 — 57
Sm 20 3 40 44 46 4 f ^ 5 d ? 58
EU2O3 36 52 36 2 Poxide 4 f 6 8

Gd20 3 43 61 75 2 Poxide — 3 Soxide 79
Tb2 0 3 31 30 64 4 f - >  5 d 43
D y 20 3 40 41 55 4 f - >  5 d 57
H0 2 O3 44 49 57 2 Poxide — 3 Soxide 6 6

Er20 3 44 49 60 2 Poxide ~ 3 Soxide 67
Tm 20 3 44 48 51 2 Poxide ~> 3 Soxide 6 6

Y b20 3 41 56 40 2 Poxide —y 4 f 76
LU9O3 46 67 — 2 Poxide ~^ 3 Soxide 8 8

Table 9. The wavenumbers in units of 103 cm 1 of 4 f —> 5 d and electron transfer bands in rare earths calculated using the
parameters given in the text.

37 C. K. J o r g e n s e n , Mol. Phys. 5, 271 [1962].
38 J .  L. R yan  and C. K. J o r g e n s e n , Mol. Phys. 7, 17 [1963].
39 C. K. J o r g e n s e n  and J .  S. B r in e n , Mol. Phys. 6, 629 [1963].
40 J. C. B a r n e s  and P. D a y , J. Chem. Soc. 1964, 3886.

41 H. J. B o r c h a r d t , J. Chem. Phys. 39, 504 [1963].
42 C. K. J o r g e n s e n , Solid State Phys. 13, 375 [1962].
43 N. C . C h a n g , J. Opt. Soc. Amer. 53, 1315 [1963] ; J. Appl. 

Phys. 34, 3500 [1963].
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absorption band at 255 m/ i  of E u (III) in Y20 3 , 
this is probably the first electron transfer band. The 
treatment used in Table 9 44 has also been applied to 
M cClure and Kiss’ divalent lanthanides 45 in CaF2 
where the parameters describing the 4f —> 5d tran­
sitions 46 are W 2 =  — 17 000 cm-1 , D =  5 200 cm-1 
and (E — A) o =  3 800 cm-1 .

d) Possible explanation of the observed large 
nephelauxetic effect

The most obvious, but not necessarily the unique 
explanation of why the “ ligand field” influence N  o* 
and the nephelauxetic effect is so much larger in the 
mixed oxides than in the aqua ions and the an­
hydrous halides is that the oxides with coordination 
number 8 or smaller have somewhat smaller M — X 
distances (roughly Goldschmidt’s lanthanide radii 
plus 1.22 Ä in Dy20 3 and Tm20 3 (cf. 3) whereas 
the six shortest distances in the ennea-aqua io n s4' 
are the lanthanide radii plus 1.32 Ä) than the nine- 
co-ordinated aqua ions and halides. A corollary of 
this is that the twelve-co-ordinated positions such as 
N d(III) in the perovskite NdA103 should show re­
latively small N  o* and weak nephelauxetic effect1. 
Actually, since 5mx of eq. (2) is such a sensitive 
function 34 of the internuclear distance M — X, vary­
ing by a factor 1.3 when the distance is decreased 
by 0.1 Ä under typical conditions, we obtain an ex­
pected variation of N o *  and (1 — ß )  of some 70%. 
Whereas this may be sufficient to explain the high- 
pressure effects48 and McLaughlin and Conway’s 
results 49 for P r(III)  in LaCl3 and GdCl3 , it is not 
sufficient to explain the behaviour in the oxides, if 
it is not assumed that the 2p radial functions are 
more expanded and are much easier to deform than 
in the corresponding aqua ions.

44 T here is  a str ik in g  sim ilarity  betw een the variation  of the  
F araday rotation of lanthan id e (III) p h osp h ate  g la sses  (cf.
S. B. B erger, C. B. R ubinstein, C. R. K urkjian, and A . W. 
T reptow, P h ys. R ev. 133 , A  723 [1 9 6 4 ] )  and th e reciprocal 
value of the last colum n of T able  9 , ex cep t for m inor de­
ta ils, such as th e com parable F araday rotation  in  T b (III )  
and D y (I I I ) .  S im ilar observations have b een  m ade on 
borate g la sses (C. B . R ubinstein, S. B . B erger, L. G. van 
U itert, and W . A . B onner, J. A ppl. P h ys. 35 , 2 3 3 8  [1 9 6 4 ] ) .

45 D. S. M cClure and Z. K iss, J. Chem . P h ys. 3 9 , 3251 [1963].
46 C. K . J0RGENSEN, M ol. P h ys. 7 , 417  [1 9 6 4 ] .
47 D. R. F itzwater and R. E. R undle, Z. K rist. 1 1 2 , 36 2  [1959].
48 H. G. D rickamer and J. C. Zahner, Adv. C hem . P h ys. 4 , 161

[1 9 6 2 ] .

e) Compari son wi th mixed chromium oxides

S chaffer 50 pointed out that chromium (III) mix­
ed oxides frequently show a very large nephelauxetic 
effect, more than one would expect from the reduc­
ing character of oxide. It is instructive to compare 
our findings with the reflection spectra of C r(III) 
containing perovskites51, garnets52 and other ox­
id es51. Table 10 gives values for Racah’s parameter
B of interelectronic repulsion for such compounds. 
B is known to be 918 cm-1 in gaseous Cr+3. The
most convenient way 52a to evaluate B in these

Al1.9Cro.1O3 665 MgAl1.7Cro.3O4 670
Al1.7Cro.3O3 640 MgAl1.6Cro.4O4 640
Al1.6Cro.4O3 625 MgAl1.4Cro.6O4 650
Al1.4Cro.6O3 595 MgAlCr04 650
Al1.2Cro.8O3 590 MgAlo.4Cr1.6O4 640
Alo.8Cr1.2O3 550 MgCr20 4 620
Alo.4Cr1.6O3 510 Y3Al4.sCro.2O12 670
Cr203 480 Y3Al4CrOi2 640
LaAlo.7Cro.3O3 505 Y3Al3Cr20i2 590
LaAlo.5Cro.5O3 510 Y3Ga4CrOi2 630
LaAlo.3Cro.7O3 505 Y3Ga3Cr20i2 630
LaCrOs 510 Y3Al2.5Gao.5Cr20i2 590
LaGao.6Cro.4O3 550 Y 3Al2GaCr20i2 590
LaGao.3Cro.7O3 525 Y3Ali.5Gai.5Cr20i2 595
YAlo.5Cro.5O3 555 Y3AlGa2Cr20i2 615
YCr03 540 Y3Alo.5Ga2.5Cr2Oi2 620

Y3Al3GaCrOi2 645
Y3Al2Ga2CrOi2 650

Table 1 0 .  R a c a h ’s  parameter B of interelectronic repulsion 
evaluated from the Cr(III) absorption bands observed51’ 52.

com pounds is to prepare Table 11, the distance be­
tween the two first spin-allowed bands o2 — o1 in 
units o f B as function of the ratio 02/<?i obtained  
from  Tanabe and Sugano’s secular determinant of 
second degree 53. Dr. D. R einen was to kind as to 
inform  us that he found identical values for B (cf. 
also ref. 54) .

As recently em phasized by several authors 55, the 
variation of B is approxim ately a linear function  
of x in the series A^-zCr^C^ .

49 R .  D .  M c L a u g h l i n  and J. G. C o n w a y ,  J. Chem. Phys. 38, 
1037 [1 9 6 3 ] .

50 C. E. S c h a f f e r ,  J. Inorg. Nucl. Chem. 8, 149 [ 1 9 5 8 ] .
51 O. S c h m i t z - D u M o n t  and D .  R e i n e n ,  Z. Elektrochem. 63, 978  

[1 9 5 9 ] and erratum, ibid. 6 4 ,1 9 6 3  [1 9 6 0 ] .
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2 5 , 11 6 9  [1 9 6 4 ] recently continued this study and gave 
also the explicit formula for

B =  (2 o 1 — o 2) (o2 — o 1) l (27 Oj — 15 o 2) .
53 C. K .  J o r g e n s e n ,  Absorption Spectra and Chemical Bonding 

in Complexes, Pergamon Press, Oxford 1962.
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Oz/oi (oo—o i ) / B 0 2 / 0 1 (o 2 —g i ) / B

1.26 10.946 1.46 9.444
1.27 10.890 1.47 9.340
1.28 10.833 1.48 9.231
1.29 10.775 1.49 9.118
1.30 10.714 1.50 9.000
1.31 10.652 1.51 8.878
1.32 10.588 1.52 8.750
1.33 10.522 1.53 8.618
1.34 10.454 1.54 8.478
1.35 10.385 1.55 8.333
1.36 10.312 1.56 8.182
1.37 10.238 1.57 8.024
1.38 10.161 1.58 7.857
1.39 10.082 1.59 7.684
1.40 10.000 1.60 7.500
1.41 9.916 1.61 7.308
1.42 9.828 1.62 7.105
1.43 9.737 1.63 6.892
1.44 9.643 1.64 6.667
1.45 9.546 1.65 6.428

Table II . How to calculate B from the two spin-allowed ab­
sorption maxima and o2 in octahedral d3-systems.

Since the crystals have compressed Cr — 0  dis­
tances 56 in ruby (small x ) , where B is largest, it is 
not possible to apply our arguments above. The 
reason is probably (ref. 57, p. 89) that Cr20 3 is a 
“softer” oxide with smaller {Hqv — H q) in the sense 
of eq. (6). The two perovskite series LaGai _ zCr^C^ 
and Y A li^C rjO g also show decreasing B values 
when x  increases, whereas LaAlj _ xCr^C^ have nearly 
invariant B. The spinels MgAl2 _ ̂ Cr^Oj exhibit 
weakly decreasing B values.

f) Discussion of optical propert ies  of some  
individual  systems

In general, our results go in the opposite direc­
tion, the cubic titanium (IV) and zirconium(IV) 
mixed oxides decreasing the interelectronic repulsion 
parameters relative to those in the pure M20 3 where­
as the relatively larger unit cells of thorium (IV) 
oxide mixtures produce a smaller nephelauxetic 
effect. Actually, the “compressed” Ndo.jCeo.9O1.95 
and E r0.2ln0.8Oi.5 show a very large nephelauxetic 
effect. It is not readily explained why the apparent 
value of d ß  is only 0.1% in E u(III) and 0.8% in 
Gd20 3 , only a quarter of the value in Nd (III) and 
half the value of d ß  in E r20 3 . There seems to be a

56 L. E. O r g e l , Nature, Lond. 179,1348 [1957].
57 C. K. J o r g e n s e n , Inorganic Complexes, Academic Press,

London 1963.
58 K. A. W i c k e r s h e i m  and R. A. L e f e v e r , J. Electrodiem. Soc.

111,47 [1964].

g e n e r a l t e n d e n c y 1 fo r  e x c ite d  le v e ls  h a v in g  lo w e r  

to ta l sp in  S  o r  lo w e r  s e n io r ity  n u m b e r  v or  e x c e p ­
t io n a l  v a lu e s  o f  o th e r  a m o n g  R a c a h ’s  q u a n tu m  n u m ­

b e r s , to  sh o w  le s s  p r o n o u n c e d  n e p h e la u x e t ic  e ffe c ts  

th a n  th e  e x c it e d  le v e ls  o f  n o r m a l s p in -a llo w e d  tr a n ­
s it io n s .

Previously, R o se n b er g e r  31 studied the absorption 
spectra of La20 3 (type A ), Gd20 3 (type B) and 
Y20 3 (type C) containing minute amounts of Er(III). 
R o se n b er g e r  also concluded a general shift of the 
excited levels, relative to the ennea-aqua ions. 
K is l iu k , K r u p k e  and G r u b e r  32 recently performed 
a more extensive study of E r(III)  in Y20 3 . With 
the nomenclature of eq. ( 1), Y20 3 yields d o =  + 2 0 0  
cm-1 and d /? = 1 .6%, in complete agreement with 
Table 8 for E r20 3 . Recently, the fluorescence in 
the visible of E u(III) 58 and in the infra-red of 
N d(III) 59 substituted in crystals of Y20 3 has been 
thoroughly studied. The detailed structure (at least 
five components of the E u(III) emission spec­
trum 43, 58 in the 580 — 602 m/j, region as contrasted 
to two com ponents1 in Euo.14Tho.86O1.93) demon­
strate the relatively low micro-symmetry of the lan­
thanide sites in C — M20 3 and the presence of two 
different sites.

4. Experimental

Compounds.  Stock solutions of 0.5 M or 0.1 M rare 
earth perchlorates were prepared from A m e r i c a n  
P o t a s h  (Lindsay Division, West Chicago) 99.9% or 
better oxides and a weak excess of 2 M perchloric acid 
(diluted from M e r c k  p. a.). A solution of 4 M TiCl4 
in 9 M HC1 was made by slow addition of B. D. H. ti­
tanium tetrachloride to a cold mixture of water and 
concentrated hydrochloric acid. A solution of 0.5 M zir- 
conyl chloride (F 1 u k a) in 2 M HC1 was freshly pre­
pared before each series of preparations and filtered 
from small amounts of basic salts. A solution of 1 M 
Na2SnCl6 , 6 H20  (B. D. H.) in 3 M HC1 was also 
freshly prepared each time. The Ce(IV) mixed oxides 
were either prepared from a 1 M aqueous solution of 
CeCl3 , 7 HaO ( T h o r i u m  Ltd., London) or by im­
pregnation with the rare earth solution of cerium (IV) 
hydroxide powder (99.9%, F 1 u k a) and subsequent 
ignition. A 0.05 M solution of Tl(III) in 2 M HC104 
was made from T1N03 (A n a 1 a R , B. D. H.) in per­
chloric acid oxidized with bromine and the brown

59 R. H .  H o s k in s  and B. H .  S o f f e r , Appl. Phys. Letters 4, 22
[1964], Cf. also recent studies by R. C. Ropp, J. Electro-
chem. Soc. Ill, 311 [1964].
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hydrated oxide precipitated with aqueous sodium hy­
droxide. The filtered product was washed and dissolved 
on a sintered glass funnel in 2 M perchloric acid.

In all cases, appropriate amounts of the solutions 
were mixed, then added to equal (or larger, in the case of 
MTiOg 5) amounts of water and to an amount of 12 M 
aqueous ammonia ( M e r c k  p. a.) 50% larger than 
necessary in order to neutralize all the acid and metal 
aqua ions present. It may be remarked that neo­
dymium (III) hydroxide always shows a more bluish 
pink colour than the aqua ions, but that the co-precipi- 
tated mixtures containing titanium (IV) or zirconium 
(IV) are relatively more blue violet. In the case of 
lanthanum-containing samples, the excess of ammonia 
was four times as large. In all cases, the mixed hy­
droxides were left in the supernatant solution during 
one night, filtered, washed with water (it is recom- 
mendable to remove NH4C1 if present) and ignited for 
one hour in an electric furnace at 1000 °C under oxi­
dizing conditions (air).

It is remarkable that the mixed hydroxide contain­
ing nine times as much indium as thallium (III) is 
nearly colourless. This is also true for co-precitated 
zirconium (IV) and thallium (III) hydroxide in the same 
proportion, whereas yttrium or erbium are precipitated 
together with the brown hydrated T120 3 . We analyzed 
the oxides of nominal composition Tl0 iln0 9Ot 5 and 
found it to correspond to Tl0 o27l no,9730i.5 only, and 
Tlo.2Ero.8O1.5 t0 consist of Tl0 oagEro g^Oj 5 . The re­
maining thallium must have evaporated during the pre­

paration, as discussed in the text. The analysis method 
applied was: 100 mg mixed oxide was dissolved in 2 ml
6 M HC1, and 2 ml 0.1 M Na2PtCl6 was added. Sub­
sequent addition of 50 mg ascorbic acid in 5 ml water 
produces an orange precipitate of Tl2PtCl6 which was 
allowed to stand for four hours, filtered, washed with 
ethanol and weighed.

The perovskites Ba0 9La0 jEr0̂ TIq 90 3 and Sr0 8La0 2 
Ti0 80 3 were made from aqueous solutions of BaCl2 ,
2 H20  and SrCl2 , 6 H20  (B.D. H.), La(C104) 3 , 
Er(C104) 3 and TiCl4 in HC1. However, a carefully cal­
culated amount of 1 M aqueous Na2C03 was added ra­
pidly under efficient stirring in order to precipitate a 
mixture of hydroxides and BaC03 or SrC03 but avoid­
ing amphoteric re-dissolution. The mixture was heated 
for two hours at 1000 "C.

X-ray measurements were made with a G u i n i e r -  
D e W o 1 f f camera ( E n r a f - N o n i u s ,  Delft) using 
copper Ka-radiation. Silicon was used as standard sub­
stance.

Reflection spectra were measured with a C a r y  14 
Spectrophotometer, the sample temperature being ap­
proximately 100 K, by the same technique as pre­
viously described 1.
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