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Abstract

The procedures to calculate the 4f™ energy level schemes — together with the related properties such as the paramagnetic susceptibility
— of thetrivalent rare earth ions (RE*") in the tetragonal RE oxychlorides (REOCI, RE=La-Nd, Sm—Ho and Y) from structural data are
presented. The methods include the determination of coherent and reliable structural parameters from X-ray powder diffraction
measurements using Rietveld analyses. The measurement of the absorption and luminescence spectra of the RE** ions from the IR to UV
region yield the experimental 4f" energy level schemes which are then simulated with a phenomenological model involving the
parametrization of the inter- and intra-ionic interactions. Parallel calculations — already proven to be successful for ionic systems such as
RE oxyfluorides — are based on the modified point charge model (PCEM). The more covalent smple overlap (SOM) mode is aso
applied and compared to the other results. Finally, the paramagnetic susceptibility of the pure oxychlorides as a function of temperature
was calculated using the eigenfunctions and eigenvalues from the phenomenological simulation of the experimental 4f" energy level

schemes. O 2000 Elsevier Science S.AA. All rights reserved.
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1. Introduction

The RE®" doped tetragonal rare earth oxychlorides
(REOCI) are efficient luminescent materials and have thus
been exploited in many industrially important applications
for a number of years [1]. The oxyhalide matrix is
interesting from the theoretical point of view, too, because
of the simple but high-symmetry crystal structure [2].
However, the structural data reported earlier for almost all
tetragonal oxychlorides from LaOCl to HoOCI are rather
incoherent [2—11]. This is most probably because of
different experimental setups and data treatment proce-

“Presented at the 3rd International Winter Workshop on Spectroscopy
and Structure of Rare Earth Systems, Szklarska Poreba/Wroclaw, Poland,
April 27-May 1, 1999.

*Corresponding author. Tel.: +358-2-333-6737; fax: +358-2-333-
6730.

E-mail address: jholsa@utu.fi (J. Holsa)

dures utilized. Also the treatment of the X-ray and/or
neutron powder diffraction data is inherently complicated
with theoretical and, most of al, practical difficulties. The
structural data available are clearly unsuitable for use in
accurate theoretical calculations.

In contrast to the structural data, the optical absorption
and luminescence spectra of the RE®" doped RE oxy-
chlorides have been studied in detail [12—-20]. The ex-
perimental energy level schemes obtained by simulations
based on the phenomenological model took simultaneously
account of both the free ion and crystal field (c.f.) effects.
The good agreement between the calculated and ex-
perimental energy level schemes yielded accurate wave
functions associated with each level. These simulations
enable the calculation of other physical properties of the
RE>" ions, such as the temperature dependence of the
paramagnetic susceptibility, which have not yet been
studied to any extent in the REOCI matrices.

The am of this paper is to present the results of
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multidisciplinary investigations combining extensive ex-
perimental and theoretical work on both the structural and
physical properties of the RE oxychlorides extending over
a considerable number of years and researchers. The fina
goal of these contributions is to develop a theoretical
model that is easy to use and has wide applicability to
different RE systems.

2. Experimental
2.1. Sample preparation

The polycrystaline rare earth oxychlorides REOCI
(RE=La-Ho and Y but excluding Pm) were prepared
using a solid-state reaction between the corresponding RE
oxides and ammonium chloride intimately mixed [21]. The
purity and structure of the samples was routinely verified
with the X-ray powder diffraction analyses but no
anomalies were observed.

2.2 X-ray powder diffraction and Rietveld analysis

The X-ray powder diffraction patterns of REOCI were
collected using an Enraf-Nonius PDS120 diffractometer
using an INEL CPS120 position-sensitive detector. The
measurements were carried out at room temperature be-
tween 5 and 125° in 20 with CuKe, radiation (A=1.54060
A) and a flat rotating sample holder. The data collecting
times were 90 (TbOCI, DyOCI, and HoOCI) or 75 min for
the remaining REOCI samples. A mixture of silicon (NIST
Standard 640b) and fluorophlogopite (NIST Standard 675)
powders were used as an external standard. The resolution
of the apparatus was better than 0.018° in 6.

The diffraction data between 20 and 110° were analyzed
using the Rietveld profile refinement method using the
FullProf program V3.2 (January 1997). The parameters
refined were as follows (in the order of introduction to the
refinement): 20 zero-point correction, background (a fifth-
order polynomial function), scale factor, unit cell parame-
ters a and c, fractional atomic coordinates, pseudo-Voigt
half-width parameters U, V and W, peak asymmetry param-
eter, profile shape parameter, and isotropic temperature
factors B. Also the microabsorption and preferred orienta
tion corrections had to be applied.

2.3 Spectroscopic measurements

The optical absorption spectra of REOCI powder sam-
ples were obtained in the NIR, visible and UV ranges at
selected temperatures between 9 and 300 K in the wave-
length range 200—-3000 nm (50 000—3333 cm™*). Standard
KBr pellet techniques were used for the sample prepara
tion.

The luminescence spectra of the REOCI:RE®" (RE=La
and Gd) powder samples were measured usually at 77 and

300 K under Ar ™ -ion laser or mercury lamp excitation and
detected using a 1-m monochromator with photomultiplier
detection connected with standard electronics. More ex-
perimental details on optical measurements can be found in
Refs. [12,16,19,20].

2.4. Smulation of energy level schemes

The simulation of the 4f" energy level schemes of the
RE®" ions in REOCI| were carried out by considering
simultaneously both the free ion and c.f. interactions. In
this parametrization scheme each interaction was described
by one or more parameters [22]. The free ion interactions
included the electrostatic electron repulsion (Racah param-
eters E; k=0, 1, 2, 3, or Slater integrals F*; k=0, 2, 4, 6)
and spin—orbit coupling (the coupling constant £,) terms.
The two- and three-body configuration interactions were
included with the Trees (a, 8 and y) and Judd T* (k=2, 3,
4, 6, 7 and 8) parameters, respectively [23,24] [Eq. (1)]:

3

=2, E(nf, nf)e

+ (Ao + al(L + 1) + BG(G,) + YG(R,)
+ > TH, (1)

k=2,3,4,6,7,8
The relativistic spin—spin and spin—other-orbit interactions
of minor importance were neglected. The whole 4f"
configurations were used in al calculations in contrast to
most studies which have employed more or less extensive
truncations.

The c.f. effect accounted for in the simulations included
only the standard one-electron concept since there has been
no indication that the inclusion of the two-electron part
improves the simulation of the lower levels. Following
Wybourne's [23] formalism [Eq. (2)], the c.f. Hamiltonian
was exprmd as a sum of products between the spherical
harmonics C and the cf. parameters B The number of
non-zero c.f. parameters |sf|ve (BO, Bo, B4, B¢ and B) for
the C,, symmetry of the RE*" site in RE oxychlorldes

q
E[C —(—D“‘Ck_q]} 2)
2.5, Paramagnetic susceptibility

The magnetic susceptibility of the REOCI powder
samples (ca. 10 mg) was measured between 2 and 200—
300 K with a Quantum Design SQUID MPMS-XL mag-
netometer applying a magnetic field of 1000 Oe. The
experimental susceptibility values were corrected against
the diamagnetic contribution of the RE®", O*” and Cl~
ions. For the RE compounds the difference between the
experimental paramagnetic susceptibility and that predicted
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by the Curie-Weiss law, y = C/(T — 0), at low tempera
tures is generally due to the c.f. effect which can be
accounted for by the van Vleck formula [25] [Egs. (3) and

I
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(3)
where:
_ exp(=E/KT)
"> d exp(E /KT)

(4)

where B, is the Boltzmann thermal population coefficient
of the energy levels, and N,, 3, ¢, and E; are the Avogadro
constant, the Bohr magneton, and the non-perturbed wave
functions, as well as the energies of the energy levels in
the absence of a magnetic field, respectively. The wave
functions ¢, and energy level values E; were provided by
the level simulations of the RE*" ions in the REOCI hosts
(Section 2.4). The degeneracy of the energy levelsis given
by the term d..

The magnetic moment tensor operator is u = (L + g,S).
The magnetic anisotropy to be observed only for an ion in
a site of symmetry lower than cubic is caused by the
non-equal components, i.e. x, (+1) and x; (O component),
of the paramagnetic susceptibility. However, only the
mean susceptibility (x) (= [2x, + x]/3) can be measured
for powders.

3. Theoretical models
3.1. Electrostatic point charge model

The point charge model uses the simplest description of
the c.f. concept neglecting all but the point charge effects.
In the modified electrostatic point charge model (PCEM),
however, the inadequacies of the basic model are partly
compensated by some empirical correction factors. Ac-
cording to this model the c.f. parameters can be expressed
as follows [26]:

By=7 “(1— g )Ar" (5)

PCEM thus alows the parameters to be split into the
electrostatic lattice sum parameters Ag [27] and the free
ion radial integrals (r*), which depend only on the host
lattice and the doping ion, respectively. The radia integrals
are subject to two corrections [26]: the factors 7 and o
describe the expansion of the 4f wave functions in the
solid state and the shielding effect of the 5s, 5d and 5p
electrons, respectively. The expansion factor, 7, and the
shielding factor, o, for each RE*" dopant were obtained
from linear extrapolation as a function of the number of
the 4f electrons. The o, and o, values were taken as

constants in the whole RE®" series. The Dirac—Fock
values [28] for the (r¥) radial integrals were used instead
of the more conventional Hartree—Fock values.

The lattice sum parameters need also a modification of
the charges of the ions since both the structural (electron
density distribution) and spectroscopic (XPS) [29] inves-
tigations have shown that the nomina charges (RE, +3;
O, —2; ClI, —1) are not redistic ones. The effective charge
+1.5 used for al RE*" jonsis close to the value found for
yttrium in Y, O, (+1.6—17) [29]. The charges of O
(=1.0) and CI (—0.5) were then chosen to meet the
requirements of the stoichiometry and the zero total charge
of REOCI.

3.2, Smple overlap model

The basic idea of the Simple Overlap Model (SOM) is
similar to that of the modified point charge model [30].
The difference between SOM and PCEM lies in the fact
that the potential experienced by the 4f electrons due to the
neighbouring ions is supposed to be equivalent to that
created by charges uniformly distributed in a small region
around the centre of the metal—ligand distance [31]. The
total charge of a region is given by the product between
the charge and the overlap between the metal and the
ligand orbitals. The overlap depends on the type and the
distance of the ligand from the metal. This can be written
as a function of the shortest metal—ligand distance, R:

R N
P, = p0<?0> , where25<N<5 (6)

"

The c.f. parameters are then given by:

Bl =(r') > pﬂ<

) A ©

The sum u runs over al the ions in the first coordination
sphere. Ag are the lattice sums taking into account only the
neighbouring anions and include aso the effective charges
similar to PCEM. The (r¥) are the Dirac—Fock radial
integrals [28].

The effective charges of the ions, the overlap, p, and the
exponent, N, were modified in a manner to find the best
agreement between the calculated and phenomenological
c.f. parameters. The effective charges —0.9 and —0.8 were
used for the chloride and oxide ions, respectively. The
overlap parameter p values from 0.05 to 0.06 obtained
indicate weak overlap, as expected for the rare earths
(0.05<p<0.08) [31] since the 4f orbitals are well
protected by outer electron shells and participate only
weakly in the bonding. The c.f. parameters are not
sensitive to the exponent N, at least when it remains within
the expected values (2.5<N<5) [31]. The N was fixed to
3.5 for the REOCI series.
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Fig. 1. Effect of the tetragonal to hexagonal phase transition on the (unit cell volume): Z value in the REOCI series.

4. Results and discussion
4.1. Crystal structure refinements

All the REOCI samples were found to possess the
PbFCI-type tetragonal crystal structure with P4/nmm (Z=
2) as the space group [2] in contrast to TmOCI, YbOCI,
LuOCl, and usually also ErOCl and Y OCI which prefer the
hexagonal SmSI- or Y OF-type structure [32]. Although all
three structural types are composed of alternating layers of
(REO)"" complex cations and Cl~ anions the volume
occupied by the hexagonal REOCI unit is much smaller
(Fig. 1) which results in the decreased stability of this
form at ambient conditions.

The Rietveld refinements yielded good agreement be-
tween the experimental and calculated patterns as shown
for LaOCl (Fig. 2). This was indicated by the low Bragg R
(Rg) values being all, except for EUOCI, lower than 10%.
As far as the systematics and coherence of the results is
concerned, the unit cell a- and c-axis lengths as well as the
unit cell volume of the RE oxychlorides decrease linearly
as the ionic radius of RE*" host cation [33] decreases (Fig.
3), in contrast to the incoherent structural data reported
earlier [2-11].

In order to achieve useful structural data for meaningful
theoretical calculations the atomic positions are of utmost
importance. In the tetragonal REOCI structure, the RE and
chlorine atoms reside in the 2c (1/4, 1/4, Z) positions
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Fig. 2. Results of the Rietveld profile refinement of LaOCI.
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Fig. 3. Systematics in the REOCI series: unit cell dimensions. The E.S.D. values are smaller than the heights of the symbols.

[oxygensliein Za (1/4, 3/4, 0)] [2] which yields only two
positional parameters to be refined. As a result of the
Rietveld refinements, the z;. coordinate decreases linearly
from LaOCl to HoOCI, while z., changes much less and
achieves a local maximum at EuOCI. Due to the much
lower number of electrons the chlorine position is inherent-
ly less precisely determined than the RE position but the
results achieved must be considered satisfactory as indi-
cated by the smooth variation of the bond distances. It
should be noted that the present coherent results were
obtained only by using the microabsorption and preferred
orientation corrections, the effect of which was found
invaluable.

The difficulties in achieving coherent structural data
throughout the REOCI series is due to the different
crystallinity of the samples. The crystallinity of the powder
samples starts to increase beyond EuOCI due to repeated
heating of the samples with NH,Cl. This indicated that
even if the sample-based effects are of little obvious
significance when the structure of an individual compound
is determined, they can not be neglected when a series of
isostructural compounds is studied. Eventually, the Riet-
veld analyses of the room temperature X-ray powder
diffraction patterns of the tetragonal RE (RE=La-Ho, and
Y but excluding Pm) oxychlorides yielded a coherent and
reliable set of structural parameters to be used in further
theoretical calculations.

4.2. Phenomenological simulation of energy level
schemes

4.21. Freeion effects

The simulation of the 4f" energy level schemes of the
RE®" ions in RE oxychlorides have been carried out
successfully with satisfactory RMS deviations around 20

cm ' [12-20]. Further considerations have, however,
shown that even better results can be obtained if some
higher energy levels were excluded. This will be discussed
in detail with the magnetic properties of the RE*" ions.
Recent results using a Hamiltonian which includes the
magnetic spin—spin and spin—other-orbit interactions have
shown that the importance of these terms is not insig-
nificant after all [34] and the simulation of the higher
energy level structure may be improved considerably.

The free ion parameters for the REOCI series reveal an
obvious increase in the electrostatic interaction (the Racah
parameters, E,) and in the spin—orbit coupling (¢,;) toward
the heavier RE®" ions (Fig. 4), because of the increasing
repulsion experienced by the 4f electrons. The trends in the
configuration interaction terms, i.e. the Trees parameters «,
B and v, are less regular, probably because they are less
well defined. The Judd T* parameters were in most cases
fixed close to conventional values because the parameter
values depend strongly on certain levels only. No large
differences in the free ion parameters for the REOCI series
could be found when compared to, for example, the LaF,
and LaCl ; series [24,35] indicating only weak dependence
of the free ion interactions on the host matrix as the
shielded position of the 4f orbitals suggests.

422 Crystal field effects

Sufficient amounts of data are available at present on the
cf. parameters in the RE®" series (RE®" =Pr®", Nd*",
Sm*®*, Eu®" and Tb® —Tm>") and a detailed comparison
of the cf. effect in the REOCI series [12-20] is thus
possible. The simple reasoning based on the point charge
model suggests that the c.f. effect should decrease with
increasing nuclear charge, i.e. with increasing atomic
number. This seems to hold up to the middle of the series
(Fig. 5). However, beyond Eu®" the cf. effect regains



50

T T T T T T ' [
D/
0
6000 o E, o E, e T
—4—E, —v—a
——B —<ta — 5
<_ 5000 (> 3| I
g D/D o
§ 4000 » O/ .
TU 24t /
0
> OK
qh) 20 V——V V— v
< 3000 - O B ST
g 2 4 6 8 10 ‘[I>2
~
.
<
|>/
1000 > ]
> S
L A—A A—h A—h—h 3
-600 < -
—< .
L < <>/ \0
-800 \0 .
_1000 | 1 | | | |
2 4 6 8 10 12

Number of 4f electrons

Fig. 4. Evolution of the free ion parameter values in the REOCI series.

strength as shown by the second- and fourth-rank parame-
ters. The discontinuity from Eu®" to Tb®" can be inter-
preted as an indication of the need to include two-electron
operators in the c.f. Hamiltonian [36]. Since the number of
the two-electron c.f. parameters is very high it is very
difficult to verify in a reliable manner this hypothesis. It
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has also been suggested that the position of the next closest
excited configurations, for example the 5d one, may have
an effect on this kind of evolution of the c.f. parameters.
This behaviour has been found for a number of matrices
[37], dthough only for a few RE series is the amount of
data close to complete. At the moment, this experimental
observation has no reliable explanation.

4.3 Modified electrostatic point charge and simple
overlap model calculations

Accordmg to the modified electrostatic point charge
model the B c.f. parameters can be expreesed as products
between the host dependent lattice sums A and the radial
integrals (r) [26]. As expected, al the <r %y values [28]
decrease strongly toward the end of the RE series. How-
ever, when the correction factors o, and 7 are applied, the
corrected (r?) value in fact increases after alocal minimum
at Gd>" which complicates the conclusions.

The calculation of the Az lattice sums revesled that
these values depend strongly on the coordination of the
rare earth to oxygens. The RE—O sublattice makes up more
than 60 and 85% of the A; and A; (k=4, 6) values,
respectively. The strong influence is most likely due to the
short covalent RE—O bonds within the (REO) complex
cation and results in the similarity of the energy level
schemes and luminescence spectra of the tetragonal RE
oxycompounds [38]. These similarities have been called
the ‘fingerprint’ of this type of compounds [39].

The absolute Az values increase quite linearly along
with the increasing number of the 4f electrons (Fig. 6)
though dlight deviations can be observed for CeOCl and
PrOCI as well as for TbOCI. These deviations underline
the extreme sensitivity of the A'; values — especialy A2
— on the structural data It should be noted that the
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Fig. 5. Evolution of the experimental

c.f. parameter values in the REOCI series.



J. Holsa et al. / Journal of Alloys and Compounds 300—-301 (2000) 45—54 51

Ce Pr Nd Sm Eu Gd Tb Dy Ho
13 b /%/8 150
Aj@/
g il /A )
iﬁv I 4 6 ~
—0— Ay —v— Ay <+ =
g 9L 8/22 —0—Ag 4 6 120
< = ~o —A—Ay —O—A g
»o<o 720 k D\DLO <
. ; < \ <r<o
-810 | g>—< >
—=Q {-150

2 4

6 8 10

Number of 4f electrons

Fig. 6. Evolution of the PCEM AZ parameter values in the REOCI series.

evolution of the A'; values is the reverse of that usually
expected for the point charge c.f. parameters. However, the
decrease in the (r*) and (r® values together with the
shielding and expansion factors more than compensates for
the increase in the A (k= 4, 6) values, thus reproducing
the expected decreasi ng trend. The PCEM B value shows
much more complex behaviour in the RE series.

The Simple Overlap Model (SOM) takes into account
only the ligands in the first coordination sphere around the
RE>" ion [31]. From the PCEM calculations it was found
that the fourth- and sixth-order c.f. parameter values (or
lattice sums) converge rapidly when the number of ions
included in the calculations is increased.

Accordingly, the magnitude and evolution of the fourth-
and sixth-rank parameters in the RE series are rather
similar irrespective of the model used to calculate them.
The differences may well be due to the different effective

charges used for the anions taking into account the
inherent strong influence of the charges. Moreover, the
SOM results were found to be very sensitive to the overlap
parameter value, p. The B values increased strongly when
p increased beyond 0.05.

The B2 value is an exception to the similarity between
the PCEM and SOM sets of c.f. parameters (Fig. 7). The
magnitude and evolution of these two sets of B2 parame-
ters are clearly opposite to each other, as might be
predicted from the slow and oscillating convergence of the
AZ parameter. It is clear aso that the farther lying ions
should be included in the SOM calculations in order to
reproduce the evolution of al the Bg parameters in the RE
series — at least in the REOCI| series.

Because of the similarities between the PCEM and SOM
sets of the By and B parameter values and the re-
semblance of the evolution in the RE series between the
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Fig. 7. Comparison between the PCEM and SOM B? parameter values in the REOCI series.
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phenomenologica and PCEM values of the B2 parameter,
the comparison between the calculated and phenomeno-
logical parameter sets is carried out with the PCEM
parameter set. The magnitude and evolution of the ex-
perimental and calculated sets of the B} and B parameters
are very similar (Fig. 8). The agreement for the B
parameter sets is poor which may be due to the fact that
this parameter is the least well determined experimentally
since this parameter involves mainly the splitting between
the levels labelled with the irreducible representations B,
and B,. The observation of these levelsis difficult because
most transitions to/from these levels are forbidden by the
group theoretical selection rules for the C,, symmetry of
the RE®" site in RE oxychlorides. The magnitudes of the

remaining two parameter (B2, Bg) sets (Fig. 9) are similar,
but the trend in the REOCI series is opposite for the Bg
parameter.

4.4. Paramagnetic susceptibility

The average magnetic susceptibilities of the polycrystal-
line rare earth oxychlorides (REOCI, RE=Ce, Pr, Nd, Sm,
Tb, Dy and Ho) were measured between 2 and 200—-300 K.
The curves for most REOCI samples follow the Curie—
Weiss behaviour down to low temperatures (<20 K).
TbOCI, SmOCI and DyOC| show additional antiferro-
magnetic ordering at 4, 8 and 11 K, respectively.

Since the wave functions and energies of the 4f" levels
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Fig. 9. Comparison between the PCEM and phenomenological B and B parameter values in the REOCI series.
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are known, properties of the RE®" ions other than the
spectroscopic ones can be calculated. Such properties
include the evolution of the paramagnetic susceptibility as
afunction of temperature. In the REOCI series, the data for
calculations were obtained from the phenomenological
modelling of the energy level schemes of the 4f™ electron
configurations. The experimental data could be reproduced
well by the calculations, as shown by example for PrOCI
(Fig. 10).

The optical data used in the calculations were de-
termined mainly at 10 K. As aresult, at high temperatures,
the expansion of the crysta lattice which modifies the c.f.
effect caused disagreement between the calculated and
experimental paramagnetic susceptibilities. This disagree-
ment increases with increasing temperature which may
prove its origin. Further quantitative work on this phenom-
enon is currently under way with the NdOF system [40].

The deviation of the paramagnetic susceptibility of
PrOCI from the Curie-Weiss behaviour at low temperature
could be considered to result from the c.f. effect. Un-
fortunately, the observation of this low-temperature c.f.
effect was hidden for several RE®" ions because of the
antiferromagnetic ordering below 20 K. The absolute
temperature calculated for the c.f. effect to take place is
not correct because the calculated c.f. splitting of the
ground level does not match perfectly the experimental
one. Thisis due to the inclusion of the higher energy levels
in the simulation of the spectroscopic data which distorts
the energies and wave functions of the lower levels which
determine the paramagnetic susceptibility. When the effect
of the configuration interaction terms is adequately known
and taken into account, with the inclusion of the minor
components in the Hamiltonian, the simulation of both the

higher energy level structure and the ground level might be
enhanced.

5. Conclusions

The determination (or even the refinement) of the crystal
structure of an isomorphous series of compounds such as
RE oxychlorides (REOCI, RE=La-Ho and Y, excluding
Pm) requires utmost care to exclude and/or compensate for
the experimental artifacts. With the inclusion of the
corrections for the microabsorption and preferred orienta-
tion, coherent and reliable structure data were obtained for
use in the theoretical calculations of the 4f" energy level
schemes in the RE*" ions. The phenomenological simula-
tions based on the UV—visible-NIR absorption and visible
luminescence spectra were successfully carried out using a
model which simultaneously accounted for the free ion and
c.f. effects and used untruncated sets of the wave func-
tions. The simulations involved up to 195 levels and
generally yielded RMS deviations less than 20 cm™*.
Further work is in progress to include the minor configura-
tion interaction terms and to improve the simulation of the
higher energy level structure.

The structural data were used as inputs for the modified
electrostatic point charge and simple overlap model calcu-
lations to reproduce the 4f" energy level schemes in the
RE®" ions in REOCI. The modified PCEM results under-
line the importance of the (REO)"" complex cation in
determining the energy level schemes and the lumines
cence spectra of the RE oxychlorides. The SOM mode,
compensating for the inadequacies of the PCEM model to
account for the covalence effect, emphasized the impor-
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Fig. 10. Temperature dependence of the magnetic susceptibility of PrOCI.
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tance of the overlap between metal and ligand wave
functions. In genera, the PCEM results reproduced the
phenomenological data dightly better; in particular, the
evolution of the second-order parameters behaved much
better in the REOCI series.

The paramagnetic susceptibility of the RE®" ions as a
function of temperature could be calculated successfully
using the wave functions and energies obtained from the
phenomenological modelling of the energy level schemes
of the 4f" levels. Moreover, the experimental data could be
reproduced well using the calculations, and the deviation
from the Curie-Weiss behaviour at low temperature was
concluded to result from the c.f. effect. Further work is in
progress to correct the distortions of the energies and the
wave functions of the lower levels caused by the inclusion
of the higher energy levels in the simulation of the
spectroscopic data.
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