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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
MM’ - ;01,5 [M'=yttrium (III), indium (III), lanthanum (III), gadolinium (ITI) or thallium (III)]
and M;M’1 _;02_05; [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 M;O3 and pyrochlore and relevant crystallographic parameters are
measured. It was also attempted to introduce Er(III) in the perovskites SrTiO; and BaTiOj.
LaErO; and LaYbO; are distorted cubic (or have a very large unit cell) and certain Nd (IIT) Ti (IV)
and Nd(III) Y (III) oxides present a new, non-cubic, structure. The nephelauxetic effect, the
4f—5d and electron transfer bands in rare earths are theoretically discussed. A comparison is

made with Cr (IIT) mixed oxides.

In the previous paper ! we discussed the reflection
spectra of lanthanides M in their mixed thorium
oxides M, Th; _,0s_g5,. 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 ThO, and CeO, has two
common superlattices, the C-type M504 and the pyro-
chlore A,B,0; . Both have the unit cell parameter «
twice as large as ap of the corresponding MO, .
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 — O are not so different as once supposed ?; re-
cent measurements by neutron diffraction have

1 C. K. Jorcensen, R. Parpararno, and E. Rirtersuavs, Z. Na-
turforschg. 19 a, 424 [1964].

2 L. Evrine and B. HoumBErG, Non-stoichiometric Compounds,
p. 46. Advances in Chemistry Series, No. 39. American
Chemical Society, Washington 1963.

3 'W. Hask, 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 O. Each oxygen vacancy is surrounded by
four A atoms.

1. Previous Studies on MO, — MO, 5 and
MO, ; — M'O, 5 Systems

a) CeO,: ZintL and Croarto ® discovered that CeO,
is miscible with Lay,Og to the extent of forming
Cey s6La9 4404 75, while retaining the fluorite structure.
McCurrouea and Brirron ® studied mixtures of CeO,
with Smy03; GdyO3; Y,03 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. Braver and Grapin-
cer 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
CeO, containing Sm(III), Gd(III), Dy(III) and

4 M. Berzr, W. Hasg, K. Kueinstiick, and J. Tosiscu, Z. Krist.
118, 473 [1963].

5 E.Zi~tL and V. Croatro, Z. Anorg. Chem. 242, 79 [1939].

8 J.D. McCurroucu and J. D. Brrrron, J. Amer. Chem. Soc.
74, 5225 [1952].

7 G.Braver and H. Grapincer, Z. Anorg. Chem. 276, 209
[1954].
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Y (IIT). CeO, and Ce,O4 are not completely miscible 8.

b) ThO,: According to Braver and GrapINGER7,
ThO, is miscible with at most 50 atomic % Nd, 60% Sm
and less than 25% Y. Recently it has been reported ?
that the relative miscibility of ThO, and Yb,0j is
rather small, at most Tho.92Ybg.0801.96 being obtained
as disordered fluorite, whereas C—Yb,03; dissolves
even less ThO,. On the other hand, Eug3Thg 50175 is
still a fluorite 1 *.

c) TiO,: Grusca and Porescu 10 noted that Sm,Ti,0;,
Y.Ti;0,;, and Y,TiO; crystallize in cubic lattices,
whereas La,Ti,0;, LayTiO5, Nd,Ti,0;, Nd,TiO;5 , and
Sm,TiOj; occur in rhombic crystals 12, These compounds
do not contain isolated dititanate groups, but exempli-
fy the pyrochlore structure, the small Ti(IV) occupy-
ing the six coordinated A position, and the lanthanides
the eight-coordinated B position. Roru ! made an ex-
tensive study of several other mixed oxides, finding that
Sm,Ti,0;, GdyTi0;, Dy,Ti;0;, Yb,Ti,0;, Y,Ti,0;
all are cubic pyrochlores, whereas La,Ti,0; and
Nd,Ti,0,; have an unindexed, distorted structure.

Black EuTiO; [presumably having electron trans-
fer bands due to the transition Eu(II)Ti(IV) —
Eu(III) Ti(ITI)] is known!? to be a cubic perovskite
with a=3.897 A.

d) ZrO,: Very interesting reviews of the fluorite
and superlattice types formed by ZrO, containing rare
earths have recently been published by Perez v Jorsa 13,
LerEvre 14, and Mésrus 5.

e) Mixed sesquioxides. Reviews of this extensive
subject have now been published by Brauver!® and
Rotu 7. Pabpurow and Scuusterius '8 reported the ortho-
rhombic perovskite LaYOs;. LaInOg and LaYO; are
miscible to a great extent with cubic SrTiO;, and tetra-
gonally distorted BaTiO; becomes cubic by such ad-
mixtures. ScuNemer and Roru !® found that LaErOs,
LaTmO;, LaYbO,; and LaLuO; 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. Preparations of Mixed Oxides

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.Braver and H. Grapiner, Z. Anorg. Chem. 277, 89
[1954]. — D.J. M. Bevax and J. Korpis, J. Inorg. Nucl.
Chem. 26, 1509 [1964].

9 K. A. Gixeerica and G. Brauver, Z. Anorg. Chem. 324, 48
[1963].

10 D. Giusca and 1. Porescu, Bull. Soc. Roumaine Physique 40,
13 [1939].

1% Note added in Proof: F. Queroux, C. R. Acad. Sci., Paris
259, 1527 [1964] recently studied the large unit cell of
Gd,TiO; and Dy,TiO; as a distorted fluorite superstruc-
ture. — L. H. Brixner, Inorg. Chem. 3, 1065 [1964] pre-
pared all the pyrochlores from Sm,Ti,O; to Lu,Ti,O; and
found a values in good agreement with ours.

11 R.S. Rors, J. Res. Nat. Bur. Standards 56, 17 [1956].

12 J. Brous, I.Fankucuen, and E.Banks, Acta Cryst. 6, 67
[1953].

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 Er;O3. Our samples
Erg 45Tig 0501 505 and Erg¢Tig 104 55 are fairly compres-
sed C-oxides. The sample ErjgTiy 20, ¢ showed essen-
tially the C-oxide lines with a =5.265 A. Erg ¢;Tig 330 67
contains two phases, one with a=5,27 A, probably the
C-oxide grouping, and another, somewhat more intense,
with a=5.11 A, comparable to the pyrochlore ErTiOj 5
(a = 5.04, A). In other words, the phase diagram
ErO, ; : TiO, must contain a miscibility gap between
a C-oxide below some 25% Er and a fluorite (pyro-
chlore?) above some 35% Er.

The samples Erg ¢Zr; 20 ¢ and Erg g;Zr; 3304 47 are
both C-oxides, whereas Erg;Tig1Zry40; 75 and Ergj
Tig 25219 9501 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 ErZrO; 5 and pyrochlore ErTiOg ;.

b) Heat treatment in Hydrogen atmosphere: We
mentioned before that a cubic perovskite EuTiOg has
been reported 2, In this connection several of our
samples were treated in hydrogen at ~ 1200 °C for
two hours. No transformation to perovskites of the type
EuTiO;3 were observed; SmZrO; 5 and DyZrOj 5 turned
gray or purplish gray, whereas the colour of EuTiOy ;5 ,
EuZrOjg ; and even YbZrOg 5 was not affected.

The pyrochlore YbTiOjg 5 turned violet grey by this
treatment, the DesyE lines were very sharp and % a only
changed negligibly, to 5.015 A. The @ values obtained
for SmZrO, 5 treated the same way was 5.275 A and for
DyZrO, 5, unchanged, 5.21 A. The lines were sharper,
but no traces of pyrochlore reflections were observed.

c) Rare-earth doped BaTiO; and SrTiOj;: Samples
of nominal compositions Bayglag ErgTig¢05 and
Srg glag oErg 2Tiy gO3 were also prepared; but were not
perfectly homogeneous. The main component seems to
be a cubic perovskite with ¢=4.00 A and a=3.91 &
respectively. The average value of the parameters of
the tetragonally distorted compound extrapolate 18 to
3.987 A for BaTiOy and is 3.898 A for SrTiO;. A sec-
ond component of the strontium containing mixture
showed weak fluorite lines with a=5.09 A. This is prob-
ably the limiting phase Er;+;Ti;—;035—¢52 discussed
above 192,

13 M. Perez v Jorsa, Ann. Chim. 7, 479 [1962].

14 J. LrriEvre, Ann. Chim. 8,117 [1963].

15 H. H. Mésius, Z. Chemie 4, 81 [1964].

G. Braver, Progress in the Science and Technology of the

Rare Earths, Vol. 1 (Ed. LERoy Eyring) p. 152, Pergamon

Press, Oxford 1964.

17 R.S. Rorx, L. c. 18, p. 167.

N. N. Papurow and C. Scuusterius, Ber. Deutsch. Keram.

Ges. 33, 290 [1956].

19 S, J. Scuxemer and R.S.Rorr, J. Res. Nat. Bur. Stand.
64 A, 317 [1960].

192 The purpose of the La(III) was to keep Er(III) on the
octahedral Ti sites (cf. the discussion of Sm(III) in BaTiOy
by S. Makasuima, K. Hasecawa and S. Suionova, J. Phys.
Chem. Solids 23, 749 [1962]).
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Fluorites 1
Ceo.9Ndo.101.95 | 541
Ceg.9Erg.101.95 5.41
Ceo.9Ybg.101.95 5.41
NdZrOs.5 5.324(P)11
5.30
SmZrOs3.5 5.288(P)13
5.27
EuZrOs 5 5.23
DyZrO3.5 5.21
HoZrOs3 5 5.20
ErZrO3.5 5.19
YbZrO3.5 5.17
Ndg.5Tig.25Zr9.2501.75 ~5.16(F7?)
Dyo.5Tio.25Zr0.2501.75 5.18(F ?)
Erg.5Tig.1Zr0.401.75 5.16
Erg.5Tip.25%r0.2501.75 5.15
Dyo.9Ti0.101.55 5.32(F7)
Dyo.8Ti0.201.6 ~5.32(F?)
Dyo.67Ti0.3301.67 5.15(F ?)
Er¢.8Ti0.201.6 5.21(F?)
NdSnOs3.5 5.284 (P)11
5.29
EuSnOs.5 5.25
ErSnO3.5 5.19

Pyrochlores
SmTiO3 5 5.2210
5.11411
5.11g
EuTiO3 5 5.09¢
DyTiOs.5 5.05311
5.06
HoTiO3.5 5.052
ErTiOs.5 5.045
YbTiOs.5 5.01511
5.01g
C-oxides
Ndo.2Ybg.801.5 5.27
InErOg 5.19
Ing gErg.201.5 5.065
Erg.95Ti0.0501.525 5.265
Erg.9Ti0.101.55 5.26
Erg.8Zr(.201.6 5.26
Erg.67Zr0.3301.67 5.27
C-similar
LaErOg 5.29
LaYbO3 5.25

Table 1. Unit cell parameters a in Angstrom units for fluorites (a/2 for the two superlattices C—M,0, and pyrochlore A,B,0;).
The letters F, P and C refer to fluorite, pyrochlore and C-oxide.

d) LaErO; and LaYbO3: When we tried to prepare
at 1000 °C the orthorhombic perovskite LaErO; and
LaYbOg, we observed a rather surprising Desye-powder
diagram. The main features are those of a fluorite with
the remarkably small values of a=5.29 and 5.25; A,
respectively, about 0.2 A 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 d-values corresponding to the index square
sum h®+k2+12=9 and 24 for a cubic unit cell with
the parameter 4 ¢ 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 ZrO, with 13 GdyO4 and with 4 Sc,04
and shall be discussed in a subsequent paper. If sam-
ples of LaErO3 or LaYbOg prepared at lower tempera-
ture are heated to 1200 °C for 3 hours, they transform
irreversibly to the orthorhombic perovskite previously
mentioned 9.

e) Mixed Nd-oxides: We obtained a powder dia-
gram of Nd, ,Gdj O 5 with numerous lines rather ana-
logous to that of B-type 2 SmyO4 and GdsO;. On the
other hand, as seen in Table 2, our five samples
Ndg oY 801,55 Ndo5Y0 50155 NdggTig101555 NdosTig s
0,4, and Ndg¢;Tig 330 6; have closely similar, and
simpler, powder diagrams, which do not correspond
neither to the A and B forms given in literature, nor to
Roru’s 1! low symmetry NdTiOg 5. It is obvious that

20 R. M. Douvcrass and E. Starirsky, 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 A is close to /2.

Ndo.5Y0.501.5 3.44 3.12 285 259 2.01
Ndp.2Y0.801.5 3.42 3.09 2.82 257 1.98
Ndo.9Tip.101.55 3.44 ~ 3.13 284 259 201
Ndg.gTig.201.6 3.45 3.09 284 259 2.01
Ndg.67Tio.3301.67 3.46 ~ 3.13 2.86 2.61 2.02

Table 2. d-values for the strongest Desyve-lines of certain
mixed oxides, in A.

According to Scunemer and Roru '?, 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) Tl,03: The brownish black T1,04 is a C-oxide 2!.
Compared to the lemon-yellow 2> In,O4 and all the C-
rare earths, thallium (III) oxide has highly unexpected
physical properties. Baver 2 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. Bauer ?® also reported that thin films are
transparent at 9000 cm ™! and absorb infra-red radia-
tion both at lower and higher wavenumbers. We con-

22 H. Hartvasy and H. MoLLer, Z. Phys. Chem., N.F. 27, 143
[1961].
2 G. Bauer, Ann. Phys., Lpz. (5) 30,433 [1937].
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firmed this result insofar our T1,04 has a broad absorp-
tion band centered around 7400 cm™! at 100 °K. How-
ever, this phenomenon is probably connected with non-
stoichiometry. ScartruriN, ZanNerrt and Cexsoro 2¢ de-
scribed the black compound as T10O, 5, , and other sam-
ples were reported with oxygen excess, up to T1O, 5,
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 TI(III) with Er(III), In(III) or Y (III). The
point is that even the slightly hydrated precipitate from
aqueous thallium (IIT) solutions to which alkali is ad-
ded has the C-oxide lattice 2* but readily looses oxygen
by heating in air (though the equilibrium pressure 2
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-Er,O3. Ac-
tually, our samples of nominal composition Y, 4Tl ,0; 5

57

(very pale chamois), Ing 4Tl 0y 5 (vellow) and Erg g5
Tly.0501.5 (pink) had none of the characteristics of the
dark T1,04, 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) Correlation 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 mu (5000 —28600 cm™!) corroborate a
classification according to the crystal structures:

‘/ | |

iligi2 | 4Lis;2 | 4F32 | 4Fs52  4F72 | 4Foe2
~Nd(Hz20)9+3(ref. 27) (4030) | (5880) 11580 12620 13580 | 14840
~d (ITI) LaCls (ref. 27) 4010 5930 11440 = 12480 13440 | 14720 |
~d203(type A, ref.l) = | 5950 11190 12270 13250 | 14470
Ndo.1Lao.901.5(A) == | o= 11190 12300 13230 14470
Ndo.2Gdo.s01.5(B) — | 6020 11300 12350 13320 | 14510 |
Ndo.2Yo 801.5(new) - | 6020 11310 12390 13330 14510 |
Ndo.2Y0.501.5(new) = 6020 11360 | 12410 @ 13350 @ 14560
Ndo.2Ybo.s01.5(C) { - (5760) 11360 | 12420 | 13390 | 14580
Ndo.1Ce0.901.95(F) | = = 11390 = 12420 | 13460 | -
Ndo.1aTho.s601.93(F, ref.1) — 5840 | 11300 = 12330 13330 | 14490
Ndo.5Zr0.501.75(F) = = 11390 12420 13440 | 14660
Ndo.9Ti0.101.55(new) | 4010 6020 11290 = 12380 & 13280 | 14520 |
Ndo.sTio.201.6(new) 4010 6020 11310 12420 | 13330 | 14560
Ndo.67Ti0.3301.67(new) 4020 6020 11340 12390 = 13330 14580
Ndo.5Tio.501.75(dist.) — — 11420 = 12470 | 13420 ‘ 14690 |
Ndo.5Tio.25Zr0.2501.75(F ?) — 6020 | 11350 12390 & 13330 | 14580
Ndo.58n0.501.75(F ?) — — 11290 12440 | 13420 -

(2G7/2,

2Hii2 | 4Gs/2) | G2 2Ds2 %P3z 4Dg2
16030 17400 | 19180 23900 B 282
15930 17210 | 19030 | | 23770
15770 16720 | 18600 23420

= 16780 = 18680 | = = =
15820 16920 | 18690 | = — |
15820 16920 ' 18690 | — — |
15870 17010 ' 18710 | 23280 = |

- 16950 18590 { — =

- 17000 — = | — =

— | 16900 = 18690 & 19380 = -
15950 @ 17090 18830 & 19490 = =
15800 | 16950 18740 | 19270 | 23500 25690
15850 | 17020 18780 | 19270 23530 @ 25690
15840 | 17040 = 18780 | 19310 23530 @ 25840 55
15920 | 17150 18870 | 19530 — - —
15860 | 17040 18800 | 19340 - 25840 27590

- 16920 18780 - - - — -

2

do d,

/0

_
=
(=}
I W W W W W W W OO
NOWXOI~TWSIO BRIV O

250

Table 3. Baricenters (wavenumbers in

cm™1) of band groups at 100 °K in reflection

spectra of neodymium (III) compounds.

| 6Hisrz | SFgy2 | ®Hisz | ®Fsp2 SF7/2 SFo2  SFi12 | 4Gsz | 4Gra | 4132 LI | do a8 %
Sm(H20)e+3(ref. 27) (5000) — — (7200) ' (8000) = (9200) | (10500) 17900 — | 20880 ' 21550 | 24900 | 26700 | 0 0
Sm (ITT) LaCls(ref. 27, 29) 4990 6310 6710 7040 7900 9100 10460 17860 | 20010 20600 = 21560 | 24540 @ 26330 == | &=
Sm203(B) — 6370 6620 7340 8050 9220 10500 17570 —_ 20750 21410 = 24390 @ 26250 200 | 23
Smo.14Tho.8601.93(F, ref.1) 5010 | 6460 6740 7230 8100 9270 10580 | = 20410 20850 | 21470 24630 @ 26420 @ 200 ‘ 1.9
Smo.5Zr0.501.75(F) — | 6600 6330 7330 8200 9350 10700 — 20370 21010 21550 @ 24630 26670 350 | 2.0
Smo.5Ti0.501.75(P) = | 6670 - 7380 8200 9370 10700 = 17530 = e = 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,

F1—5Do | "Fo— °Do

Eu(H20)s%3(ref. 27) 16880 17260
Eu(IIT) LaCls(ref. 30) 16890 17270
Eu(IIT) Gd203(B, ref.31) — 17170
Euo.14Tho.8601.93(F, ref.1) (16920) (17240)
EuZrOs.5(F) | 17010 17270
EuTiOs.5(P) | 16950 -

EuSn03.5(F) | - -

F1—5D1 | "Fo—°D1  "Fo—°Dz2 | "Fo— D3
18630 19010 21490 —
18650 19030 21500 24390

- 18930 21390 -
— 19030 21460 (24750)
18760 18990 21510 (24690) |
‘ — 19000 21520 - |
| . 19010 21480 (24750) |

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

24 V. Scarruriy, R. Zasserr, and G. Censoro, Ric. Sci. 26,
3108 [1956].

25 G.F.Horrie and R. Myryzek, Z. Anorg. Chem. 192, 189
[1930].

A. Sucuukanev, G. A. Semenov, and 1. A. Ratkovskir, Russ.

26 g
J. Inorg. Chem. (Engl. transl.) 6,1423 [1961].
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(*Ho/z2, | ((Ho2,
SHuyz | SFi12) | SFei2) | ®Hsje
Dy (H20)9+3(ref. 27) — - (9100) | (10200)
Dy (I11) LaCls(ref. 27) 5830 7670 9020 10150
Dy203(C) 6100 8010 9460 —
Dyo.5210.501.75(F) 6080 7980 9420 10580
Dyo.eTi0.101.55(F ?) 6040 7970 9280 —
Dyo.8Tio.201.6(F ?) 6100 8030 9350 =
Dyo.67Ti0.3301.67(F ?) 6080 8000 9330 =
Dyo.5Tio.501.75(P) 6190 8100 9430 10650
Dyo.5Tio.25Zr0.2501.75(F ?) 6100 8030 9380 10550

SF7/2 8F5 2 6F32 ¥/ do dag %
(11000) = 12350 | 13200 & 21050 0 0
10930 | 12320 13120 | 20960 —20 0.4
11300 12580 | 13440 21120 500 1.8
11390 12640 13500 21160 500 2.0
11190 12520 13160 | 21100 350 | 1.5
11350 12630 13480 21190 450 1.7
11340 12630 13460 21190 450 1.6
11430 12640 13510 21100 | 550 2.0
11350 12620 13440 21190 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,

(582, 3Ks, (3G, |
RE 51g 515 514 5Fs 5Fa) 5Fa 5Fs 5F1) 5Gs 3K7) 5Ge do | dB Y
Ho(H20)e*3(ref. 27) 5030 8530 11140 13250 15420 (18450) 20560 (21030) (22250) 24030 |(26100) 27740 0 o
Ho203(C) 5230 8300 11340 - 15500 18550 20530 21050 2 23920 | 25970 27470 450 | 2.5
Ho00.14Tho.8601.93(F, ref.1) 5190 8790 11310 - 15510 18520 20560 21190 23910 | 25940 27560 350 1.7
Ho00.52r0.501.75(F) 5190 8790 11350 . 15620 18620 20600 21160 23950 | 26010 27590 500 2.3
Hoo.5Tio.s01.75(P) 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.
iligz | *Tuje 4F9s2 4Tg/a 4832 | 2Hiyz | 4F72 2Hoz | 4Grijz | 2Gep 2G/2 do dB %
Er(H:20)e*3(ref. 27) (6600) | 10220 12520 15350 18480 19230 20600 24630 | 26490 | 27500 | 28100 0 0
Er(I1I) LaCls(ref. 27) 6590 10220 12460 | 15280 ' 18400 | 19150 | 20510 24560 | 26370 | 27610 | 27990 —30 0.3
Er:03(type C, ref.1) 6640 10250 12480 15290 18210 19090 | 20370 24540 | 26280 27210 | 27850 200 1.6
Ero.o02 La1.99sO3(A ref.31) - - - - 18310 | 19100 — — — — - — — - —
Ero.02Gd1.9s03(B, ref.31) —_ = — 15280 | 18290 | 19150 | 20470 — — — — — - - —
Ero.02Y1.0s803(C, ref,31,32) 6661 10280 12490 1527 18280 19140 20470 22100 22420 | 24510 | 26280 = == 200 1.6
Ero.1Ce0.901.95(F) — 10280 — 15310 — l 19160 | — — = — — B —_ 250 1.7
Ero.2Ine.s0:.5(C) 6660 10310 | 12530 | 15280 | 18250 | 19120 | 20390 22030 = — — = - 300 2.4
Ero.5Ino.501.5(C) 6620 10270 | 12480 | 15250 | 18210 | 19140 ' 20390 22050 | 22470 | 24540 | 26280 = — 250 2.0
Ero.95Tlo.0:01.5(C) 6640 10260 12500 15240 18210 19120 | 20390 22030 — 24510 26280 = 200 1.8
Ero.9Tlo.100 5(C) 6640 10250 12470 15230 18180 19080 | 20370 | (22030) = 24450 | 26250 = 200 1.9
Ero.8Tlo.201.5(C, 6340 10260 15230 | (18300) | 19120 | 20370 —s — — 26280) — 250 2.1
Ero.1aTho.s601.93(F, ref, 1 6640 10280 15330 18350 19160 20430 = 22150 = 24540 | 26370 — 250 1.6
Ero.8Zr0.201.6(C) 6640 10260 15270 18280 19140 ’ 20430 22080 24510 | 26250 27900 200 1.6
Ero.67710.3301.67(C) 6690 10300 15310 18330 19160 20450 22100 24510 | 26320 27930 250 1.7
Ero.5Z10.501.75(F) 6690 10300 15360 18350 19160 i 20490 = 22170 24570 26350 = 300 1.7
Ero.95Ti0.0501.525(C) 6630 10270 15270 18280 19140 | 20410 22070 24500 | 26250 27900 200 1.7
Ero.9Ti0.101.55(C) 6660 10260 15280 18280 19130 | 20430 @ 22090 24510 | 26280 - 200 1.7
Ero.sTio.201.6(C) 6690 10280 15290 | 18320 19160 | 20450 = 22080 £ 26300 = 250 1.7
Ero.67Ti0.3301.67(C + F) 6680 10300 15310 18300 19140 20450 22080 26320 27930 250 L7
Ero.5Ti0.501.75(P) 6650 10340 15430 18420 19230 20600 — 24630 - - 250 1.3
Ero.5Ti0.1Z10.401.75(F) 6680 10300 15340 | 18350 | 19160 | 20500 = 22120 24540 | 26320 27970 250 1.5
Ero.5Tio.25Zr0.2501.75(F) 6700 10300 15330 18350 19180 20490 22120 24540 | 26320 27900 250 1.6
Ero.55n0.501.75(F) 6640 10280 15360 = 19190 20490 = 24540 | 26390 = — 200 1.3
LaErOs(new quasi-cubic) 6660 10270 15270 18280 19120 | 20410 22050 24510 26320 27210 - 250 1.9
Lao 2Sr0.8Ero.2Tio.s03 | [
(perovskite + F) =— 10270 = 15340 18370 19160 20490 22120 — 24540 | 26330 - — 200 1.4
Lao.1Bao.eEro.1Tio.e O3
(mainly perovskite) 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 M,Ce;_,02 054

and MZrO; 5 have relatively broad absorption bands
without much fine-structure of each distinct J-level.
The nephelauxetic effect is very pronounced.

2. Superlattices of the fluorite type, such as the
numerous C-oxides, the pyrochlores such as MTiO; 5
(except M=Nd) and the new quasi-cubic type
LaErO; show many components of each J-level and
have a nephelauxetic effect about as large as the

27 C. K. Jorcensen, Orbitals in Atoms and Molecules. Academ.
Press, London 1962.

28 B. G. Wysourng, J. Chem. Phys. 36, 2301 [1962].

29 M. S. Macyo and G. H. Dieke, J. Chem. Phys. 37, 2354
[1962].

disordered fluorites, except certain cases of M = Er.

3. Other symmetries usually, but not always, have
broad absorption bands corresponding to each J-
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,
Laj 1BaggEr 1Tig90s in Table 8 shows about half
as large a nephelauxetic effect as the other mixed

30 1..S. DeSuazer and G. H. Dieke, J. Chem. Phys. 38, 2190
[1963].

31 D. RoseNBERGER, Z. Phys. 167, 349, 360 [1962].

32 P, Kisrivk, W. F. Krupke, and J. B. Grusgr, J. Chem. Phys.
40, 3606 [1964].
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OPTICAL DENSITY (ARBITRARY ORIGIN)

6.25 6.75 7.25

10°cm’”’

Fig. 1. Transition *I;5;, — *I,5/, in various systems. Reflection

spectra at ~ 100 °K. a) Erg ¢5Tig 0501 5055 b) Erg gZrg 20 63

©) Erg;Ti 95219 2501755 d) ErTiOgs; €) Erg 5Tl 05015 -

Because of loss of thallium by evaporation, the latter sample
may more closely correspond to Er,0; .

OPTICAL DENSITY (ARBITR. ORIGIN)
OPTICAL DENSITY (ARBITRARY ORIGIN)

18.25 8.0

103 em’

Fig. 3. Reflection spectra at ~ 100 °K for various systems.
Transition ;5> — Sy, . a) Erg §Zrg 50, 65 b) Erg 5Tig 25210 25
O,.755 ©) Ergg5Tig 0501 5055 d) Erg 95Ty 050155 €) ErTiOgs.
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o
©

o
o

o
~

OPTICAL DENSITY (ARBITRARY ORIGIN)

o
N

160 150

10°em”

Fig. 2. Reflection spectra at ~ 100 °K for various systems.

Transition *I,5/, — %Iy, . Please note for this figure and the

following ones an inversion in the direction of scanning.

a) Erg 5Tig 95Zrg 9501.753 b) Erg sZrg 20465 €) Erg 05Tig 0501 5053
Erg 95Tl 050155 €) ErTiOg ;.

Er (III) oxides. The sample Lag 2Srg gErg 2Tiy 03 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 J-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 *Ij35, Fig. 2 Er (III) in the red

10525 10695

10.0 10.5 1.0

10°cm’
Fig. 5. Transition 2F;;, — 2F;, in various systems. Reflection

spectra at ~ 100 °K. Operating slit-widths in mm units.
a) YbZrO;5; b) YbTiOg4; ¢) LaYbOy; d) Yb,05.
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08

06

04

02

OPTICAL DENSITY (ARBITRARY ORIGIN)

O 19512

—
[
—
©

10°em™!

Fig. 4.
t)H11/2 .

Reflection spectra at ~ 100 °K. Transition *I5, —
a) Erg ;Tig 05719 2501 755 b) Erg gZry 504 65 ¢) Ergg;
Tly0501.55 d) Erg 95Tig 0504 5255 €) ErTiOg 5.

around *Iys (most authors33 call this level ‘Fyp),
Figs. 3 and 4 Er(Ill) in the green representing the
two levels Sy and Hjy/2, and finally the reflection
spectra of Fig. 5 showing the transition 2F7/3 — 2F5)
of Yb(III) compounds in the near infra-red region.

b) Nephelauxetic 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, df as in ref. ! and we write for
the wavenumbers of the baricenters of the excited
J-levels:

(1)

Tables 3, 4, 6, 7 and 8 express the remarkably
large nephelauxetic effect in the mixed oxides, the
average values of df 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 33* are the only known lanthanide
compounds with sufficiently large energy-gaps as
semiconductors (allowing the internal 4 f-transitions

Ooxide — Oaqua = do— (dﬂ) Oaqua -

33 B. G. Wysoursg, J. Chem. Phys. 34, 279 [1961].

33a C, K. Jorcensen, R. Pappavarpo, and J. FLanavr, submitted
to J. Chim. Phys.

3% C. K. Jorcensen, R.PappaLarvo, and H.-H. Scumiprke, J.
Chem. Phys. 39, 1422 [1963].
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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 influence3! of the sur-
rounding ligands on the partly filled 4 f shell is!
some 60 —100 ¢cm™! in our oxides whereas it is 3
some 30 —40 cm™?! in the ennea-aqua ions and some
20— 30 cm ™! in LaCly . One can apply second-order
perturbation theory to the WorrsBerc—HeLMHOLZ
model and obtain the average value for the o-anti-
bonding influence on the seven f orbitals

No* =N HX (Syx)2/(Hy—Hx). (2)

N is the number of ligands in the chromophore
MXy; Hy is the diagonal element of energy of the
unperturbed central atom orbitals; Hx the same
quantity for the ligand c-orbitals, and S3ix the over-
lap integral between the central atom orbital (pro-
viding a constant angular function) and the ¢-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. 3%, eq. (68)] to
demonstrate that a good approximation to the or-
bital 1 of the partly filled shell after the delocaliza-
tion is

NHY (S%ix)*

VRV gy — e

NHyx (Six)®
(Hy — Hyx)
NHx Six

sl
When v of eq. (3) is used instead of y)y in the de-
termination of the interelectronic repulsion para-
meters of the f-shell, relevant energies will be de-
creased by a factor S related to the fourth-power
of the coefficient of vy in eq. (3). This is part of
the nephelauxetic effect caused by symmetry restrict-
ed covalency 3%, Approximately one obtains:

B=1-2[N(Shx)*Hx(2Hy—Hx)/(Hy—Hx)?] .
(4)
This expression has the rather unpleasant property

of being less than one only if Hy is more negative
than 4 Hx . However, it represents only a lower limit

(3)

* We may add here that ¢* for Dy (IIl) in eq. (4) of ref.!
is 340 em— 1L,

35 C. K. Jercensen, Proc. Summer School in Theoretical Chem-
istry, Milano, October 1963 (Director: M. SimonerTA), Ac-
cademia Nazionale dei Lincei, Rome 1965.

3 C. K. Jorcexsey, Progr. Inorg. Chem. 4, 73 [1962].
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to the nephelauxetic effect, since the expansion of
the 4 f radial function by central-field covalency 36
has not been taken into account. If Hy=% Hx, eq.
(2) and (4) can be combined to

px=1-[N¢*/(Hy—Hx)]. (5)

The order of magnitude expected for df is correct
since N 6*~600 cm™ and (Hy— Hy) ~40 000
cm™ L, implies = 0.985.

c¢) Determination of the factor f3 from electron
transfer bands

If it is assumed that (1 — /) is proportional to
the parenthesis of eq. (5), one needs an estimate of
(Hy—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 3% 40 Eu (III). In
this case, % being a proportionality constant,

(HEu— Hi1,0) =53 000, N 0*=300 cm—, (1—pf)=0.57 %;
(HEu—He1) =36 000, =250 cm—1, =0.70 %:
(Hpu—Hpr) =31000, =240 cm—1, =0.77 23
(Heuw—Hop) =38000, =700 cm™—1, =1.84 x;

(6)

indicating that df=0.13 % of Eu(III) in LaCl,
should be about ten times smaller than df =1.27 x
of EuZrO;;, which is not very far from the con-
ditions we have found in the mixed lanthanide
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However, it is a d

rather complicated question ?
whether one may accept the identification of
(Hy — Hy) 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 44SEu(III) and 4f3Yb(III) and
very high wavenumbers in 4f7Gd(III) at the half
filled shell. There are several cases known where
related properties show a pronounced discontinuity
at Gd(III). Thus, the reflection spectra of the rare
earths in the ultra-violet show absorption edges
varying strongly with the lanthanide ion 4!. Table 9
gives the predicted position of the first 47— 4f7~1
5d transitions with the parameters3” W,=21 000
cm™!, D=5200 cm™! and (E—A4),=3800cm™!
(as well as for the aqua ions, where the appropriate
parameters are W,=31000 cm™!, D=6200 cm™!
and (E—A4),=4700 cm™!) and the predicted posi-
tions of the 47— (2p,yiqe) “1 4971 electron trans-
fer transitions (essentially the values predicted 37
for bromide complexes in ethanol, increased by
5000 cm™1). It is seen from Table 9 that Boz-
CHART’s results #' can be readily explained by these
two types of transition and by a third mechanism,
an edge occurring at 44 000 cm™! of all rare earths
not having any absorption at lower energy. This
edge is presumably essentially a 2p% — 2p33s excita-
tion of the oxide closed shell ¥ analogous to that

oxides. occurring in BaO. When Cuanc % finds an actual

Ab i i calculated oxide calculated

- (S)(l))rsgrl‘fzéfl ge — e assignment of edge aqua 10n8

4f—5d | (2Poxiae) >4f | 4f—>5d
Las03 44 — 74 J 2 Poxide = 3 Soxide —
(Ce203) — 22 63 | — 32
Prs03 31 32 55 \ 4f—>5d 45
Nd2O3 40 40 54 4f—>5d 54
(Pm303) = 43 54 - 57
SmoOg 40 44 46 4f—>5d7? 58
Eus03 36 52 36 2 poxide > 4 f 68
Gd203 43 61 75 2 Poxide —> 3 Soxide 79
Th2O3 31 30 64 4f—>5d 43
Dy20s3 40 41 55 4f—>5d 57
H0~3_03 44 49 57 2 Poxide = 3 Soxide 66
EI‘203 44 49 60 2 Poxide = 3 Soxide 67
ngOg 44 48 51 2 Poxide —> 3 Soxide 66
Yb203 41 56 40 2 Poxide = 4f 76
LusO3 46 67 — 2 Poxide —> 3 Soxide 88

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

37 C. K. Jorcensex, Mol. Phys. 5, 271 [1962].

38 J. L. Ryax and C. K. Jercensen, Mol. Phys. 7, 17 [1963].
39 C. K. Jorcensex and J. S. Brinen, Mol. Phys. 6, 629 [1963].
40 J. C. Barxes and P. Day, J. Chem. Soc. 1964, 3886.

41
42
43

H. J. Borcuarot, J. Chem. Phys. 39, 504 [1963].

C. K. Jorcexsey, Solid State Phys. 13, 375 [1962].

N. C. Cuaxg, J. Opt. Soc. Amer. 53, 1315 [1963] ; J. Appl.
Phys. 34, 3500 [1963].
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absorption band at 255 mu of Eu(IIl) in Y,04,
this is probably the first electron transfer band. The
treatment used in Table 9 # has also been applied to
McCrure and Kiss’ divalent lanthanides 45 in CaF,
where the parameters describing the 4f — 5d tran-
sitions 46 are Wy= —17000 cm™!, D=5200 cm™?
and (E—A4),=3800 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 ¢*
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 Gorpscumipt’s lanthanide radii
plus 1.22 A in Dy,0; and Tm,0; (cf.3) whereas
the six shortest distances in the ennea-aqua ions %7
are the lanthanide radii plus 1.32 A) than the nine-
co-ordinated aqua ions and halides. A corollary of
this is that the twelve-co-ordinated positions such as
Nd (III) in the perovskite NdAlO; should show re-
latively small N ¢* and weak nephelauxetic effect !.
Actually, since Syx of eq. (2) is such a sensitive
function 3¢ of the internuclear distance M — X, vary-
ing by a factor 1.3 when the distance is decreased
by 0.1 A under typical conditions, we obtain an ex-
pected variation of N ¢* and (1 — /) of some 70%.
Whereas this may be sufficient to explain the high-
pressure effects ¥ and McLaveHLiN and CoNway’s
results 4° for Pr(III) in LaCl; and GdCly, 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.

4 There is a striking similarity between the variation of the

Farapay rotation of lanthanide (III) phosphate glasses (cf.

S. B. Bercer, C. B. Rusinstely, C. R. Kurkisian, and A. W.

Treprow, Phys. Rev. 133, A 723 [1964]) and the reciprocal

value of the last column of Table 9, except for minor de-

tails, such as the comparable Farapay rotation in Tb (III)

and Dy (III). Similar observations have been made on

borate glasses (C. B. RusinsteilN, S.B. Bercer, L. G. vax

Urrert, and W. A.Boxsxer, J. Appl. Phys. 35, 2338 [1964]).
45 D. S. McCrure and Z. Kiss, J. Chem. Phys. 39, 3251 [1963].
46 C. K. Jorcensen, Mol. Phys. 7,417 [1964].

47 D.R. Frrzwater and R. E. Runoig, Z. Krist. 112, 362 [1959].

48 H. G. Drickamer and J. C. Zanner, Adv. Chem. Phys. 4, 161
[1962].

e) Comparison with mixed chromium oxides

ScHAFFER 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 Cr(III)
containing perovskites ®!, garnets > and other ox-
ides 51, Table 10 gives values for Racan’s parameter
B of interelectronic repulsion for such compounds.
B is known to be 918 ¢cm™! in gaseous Cr'3. The
most convenient way %** to evaluate B in these

All.QCI‘QJOg 665 I\IgAl1_7CI‘0_304 670
A]1,7CI'0,303 640 I\IgAll_ﬁCI‘oAO‘; 640
All_scro,403 625 h[g¢'\ll_4cr0_604 650
A11,4Cl‘0,303 595 I\IgAlCI‘OL; 650
Al .2Crg.g03 590 MgAlp.4Cry.604 640
Alg_gcrl,go;g 550 }IgCI‘qu 620
A10_4CI‘1,603 510 Y3Al4,8Cr0_201-g 670
CI'203 480 Y3:\]4CI‘O1 2 640
LaAl()_';Cl‘o,gOg 505 Y3A]3CI‘2012 590
LaAlo_scI‘(),;',Og 510 Y3G£14CI‘012 630
LaA]Q, 3CI‘0 : 703 505 YgGa;;CI‘gO 12 630
LaCI‘Og 510 Y3A12, 5G&0_5CI’201 2 590
LaGao_gCr0_4O3 550 Ygr\lgGaCrgolg 590
LaGa0,3Cr0,703 525 Y3A11.5Ga1A5Cr2012 595
Y Alp.5Crg.503 555 Y3AlGasCra0q2 615
XYCI‘O3 540 Y3A10_5Ga2‘5Cr2012 620

Y3Al3GaCrOq2 645

Y3AloGaoCrOq2 650

Table 10. Racan’s parameter B of interelectronic repulsion
evaluated from the Cr(III) absorption bands observed 51: 52,

compounds is to prepare Table 11, the distance be-
tween the two first spin-allowed bands 0, — 0, in
units of B as function of the ratio 0,/0; obtained
from TanaBe and Sucano’s secular determinant of
second degree 3. Dr. D. Reiven was to kind as to
inform us that he found identical values for B (cf.
also ref. 7).

As recently emphasized by several authors %5, the
variation of B is approximately a linear function
of z in the series Als_,Cr,O;.

4 R.D. McLaveuuin and J. G. Conway, J. Chem. Phys. 38,
1037 [1963].

50 C. E. Scuirrer, J. Inorg. Nucl. Chem. 8, 149 [1958].

51 Q. Scumrrz-DuMont and D. Reinen, Z. Elektrochem. 63, 978
[1959] and erratum, ibid. 64, 1963 [1960].

52 0. Scumrrz-DuMont and N. MouvLiy, Z. Anorg. Chem. 314,
260 [1962].

52a Note added in Proof: C.P.PooLg, J. Phys. Chem. Solids
25, 1169 [1964] recently continued this study and gave
also the explicit formula for

B= (2 0,—0,) (03— 0,/ (27 6,—15 0y) .

53 C. K. Jorcensen, Absorption Spectra and Chemical Bonding
in Complexes, Pergamon Press, Oxford 1962.

54 D. Reineyn, Z. Anorg. Chem. 327, 238 [1964].

35 C.P.Poore and J. F. Izev, J. Chem. Phys. 39, 3445 [1963].
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02/01 (02—01)/B 02/01 (62—01)/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 i 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
141 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 11. How to calculate B from the two spin-allowed ab-
sorption maxima o; and o, in octahedral d*-systems.

Since the crystals have compressed Cr—O dis-
tances %6 in ruby (small z), where B is largest, it is
not possible to apply our arguments above. The
reason is probably (ref.?, p.89) that Cr,0; is a
“softer” oxide with smaller (Hg, — Hp) in the sense
of eq. (6). The two perovskite series LaGa; _,Cr,0;
and YAl;_,Cr,0; also show decreasing B values
when z increases, whereas LaAl; _,Cr, O3 have nearly
invariant B. The spinels MgAl;_,Cr,0; exhibit
weakly decreasing B values.

f) Discussion of optical properties 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 M,0; where-
as the relatively larger unit cells of thorium (IV)
oxide mixtures produce a smaller nephelauxetic
effect. Actually, the “compressed” Ndg1Ce901.95
and Er)slngg0;; show a very large nephelauxetic
effect. It is not readily explained why the apparent
value of df is only 0.1% in Eu(III) and 0.8% in
Gd,0;, only a quarter of the value in Nd (III) and
half the value of df in Er,Oy. There seems to be a

56 L. E. OrcrL, Nature, Lond. 179, 1348 [1957].

57 C. K. Jorcensen, Inorganic Complexes, Academic Press,
London 1963.

58 K. A. Wickersuerm and R. A. Lerever, J. Electrochem. Soc.
111, 47 [1964].

general tendency! for excited levels having lower
total spin S or lower seniority number v or excep-
tional values of other among Racan’s quantum num-
bers, to show less pronounced nephelauxetic effects
than the excited levels of normal spin-allowed tran-

sitions.

Previously, RosexBerGER 3! studied the absorption
spectra of Lay,O; (type A), Gd,O; (type B) and
Y,0; (type C) containing minute amounts of Er(III).
RoseNBERGER also concluded a general shift of the
excited levels, relative to the ennea-aqua ions.
Kistivk, Krupke and Gruser 32 recently performed
a more extensive study of Er(IIl) in Y,05. With
the nomenclature of eq. (1), Y,0; yields do = 4 200
cm™! and df=1.6%, in complete agreement with
Table 8 for Er,0;. Recently, the fluorescence in
the visible of Eu(III) *® and in the infra-red of
Nd(III) 5 substituted in crystals of Y,03; has been
thoroughly studied. The detailed structure (at least
five components of the Eu(III) emission spec-
trum 43 58 in the 580 — 602 mu region as contrasted
to two components! in Eug14Thg;0193) demon-
strate the relatively low micro-symmetry of the lan-
thanide sites in C—M,0; 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 American
Potash (Lindsay Division, West Chicago) 99.9% or
better oxides and a weak excess of 2 M perchloric acid
(diluted from M erck p. a.). A solution of 4 M TiCl,
in 9 M HCl 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 (Fluka) in 2M HCI was freshly pre-
pared before each series of preparations and filtered
from small amounts of basic salts. A solution of 1 M
Na,SnClg, 6 H,O (B.D.H.) in 3M HCl was also
freshly prepared each time. The Ce(IV) mixed oxides
were either prepared from a 1 M aqueous solution of
CeCly, 7TH,0 (Thorium Ltd., London) or by im-
pregnation with the rare earth solution of cerium (IV)
hydroxide powder (99.9%, Fluka) and subsequent
ignition. A 0.05 M solution of TI(III) in 2M HCIO,
was made from TINO; (AnalaR, B.D.H.) in per-
chloric acid oxidized with bromine and the brown

5 R. H. Hoskins and B. H. Sorrer, Appl. Phys. Letters 4, 22
[1964]. Cf. also recent studies by R. C. Roep, J. Electro-
chem. Soc. 111, 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
MTiO; ;) amounts of water and to an amount of 12 M

aqueous ammonia (Merck 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 (IIT) 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 NH,CI 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 T1,05. We analyzed
the oxides of nominal composition Tly;Ing 4045 and
found it to correspond to Tl ¢o7Ing 973045 only, and
Tly 2Erg 0y 5 to consist of Tlj gogErg ¢7001 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 HCI, and 2ml 0.1 M Na,PtCly was added. Sub-
sequent addition of 50 mg ascorbic acid in 5 ml water
produces an orange precipitate of TI,PtClg which was
allowed to stand for four hours, filtered, washed with
ethanol and weighed.

The perovskites Bag ¢La, Erg 1Ti; ¢O3 and Sr sLag
Tiy gO3 were made from aqueous solutions of BaCl,,
2H,0 and SrCl,, 6H,0 (B.D.H.), La(ClOy),.
Er(ClOy) 3 and TiCly in HCl. However, a carefully cal-
culated amount of 1 M aqueous Na,CO, was added ra-
pidly under efficient stirring in order to precipitate a
mixture of hydroxides and BaCOg or SrCO4 but avoid-
ing amphoteric re-dissolution. The mixture was heated
for two hours at 1000 °C.

X-ray measurements were made with a Guinier-
DeWolff camera (Enraf-Nonius, Delft) using
copper Ka-radiation. Silicon was used as standard sub-
stance.

Reflection spectra were measured with a Cary 14
Spectrophotometer, the sample temperature being ap-
proximately 100 °K, by the same technique as pre-
viously described !.
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