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The comparison between the experimental and calculated mag-
netic susceptibility of Pr¥*, Nd**, and Ev** compounds in a wide
group of materials, scheelite-type Na;RE(MoQ,),, S.G. 14,/a (No.
88), cubic RE;Sb0;;, 5.G. I43m (No. 217), monoclinic RE,
Te,Oyy, S.G. C2/c (No. 15), and hexagonal RE,WQ,CL, S.G.
P6;/m (No. 176) is reported. Structural and optical studies have
shown that in every case the rare earth cccupies one single crystalio-
graphic position, whose point symmetries are going from a rela-
tively high symmetry, 5, for both NagRE(Mo0,}, and RE,Sb,0),
compounds, to very low symmetries, C, and C, for RE;WOCly
and RE,;Te O,,, respectively. The magnetic susceptibilities have
been measured in the temperature range 4.2--300 K. 'The experi-
mental spectroscopic data were analyzed in terms of crystal-field
theory for the 42, 4f*, and 4f® configurations of the triply ionized
Pr, N4, and Eu ions, and then, using the wavefunctions associated
with each energy level obtained from these analysis, the corre-
sponding magnetic susceptibilities and their evolution vs tempera-
ture were simulated according to the van Vieck formalism. Satis-
factory correlations, especially for Nd and Eu compounds, were
achieved between the experimental and calculated magnetic sus-
ceptibilities, even when the approximate D,; (near S,) and C,,
and/or C, (close to C,) potentials were considered. Their observed
deviation from the Curie— Weiss behavior at low temperature, very
well reproduced, reflects the splitting of the ground state associated

with these cations under the influence of the crystal field and is -

not due to any sort of magnetic interaction between the magnetic
iONS.  © 1995 Academic Press, Inc.

INTRODUCTION

In our preliminary studics (1-8) of the optical properties
of the Pr’*, Nd**, and Eu** configurations in several
pure and doped compounds, the observed high-quality
electronic spectra were analyzed according to crystal-
field (cf) theory, and the experimental energy level
schemes agree very well with those simulated. The accu-
rate description of the spectroscopic properties of these
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materials is then the first step in the calculation of mag-
netic properties, such as the effective moment or the para-
magnetic susceptibility (in this case due exclusively to
the RE ions) and its variation vs temperature. For f elec-
trons, the application of the magnetic tensor L + g.5 on
the obtained wavefunction associated with a given energy
level leads to a good simulation of the observed data.

In this paper, we report the calculation of the paramag-
netic susceptibility as a function of temperature for
RE = Pr** and Nd’* in Na;RE(Mo0O,),, having S, point
symmetry for the rare earth, and RE;WOCl;, with C,
point symmetry. The studied samples are, in all cases,
pure compounds in relation to the magnetic ions. The
comparison with the corresponding calculations for other
rare-earth mixed oxides families previously reported (1,
4, 8) allows us to underscore that the paramagnetic sus-
ceptibility and its evolution with temperature is well re-
produced in these compounds, whatever the crystal-field
strength and number of parameters involved in the simu-
lation.

EXPERIMENTAL DETAILS

The magnetic susceptibility measurements on Pr, Nd,
and Fu compounds on each studied series were performed
by the Faraday method in applied fields of 12 kG from
liquid-helium temperature to 300 K, using a DMS8 suscep-
tometer. The setup was calibrated with HgCo(SCN), and
Gd«(50,), - 8H,0 as standards. The diamagnetic correc-
tions were calculated using the standard values (in — 1 X
1078 emu - mol~") of 5, 7, 13, 14, 16, 17, 20, and 26 for
Na*, Mo®*, Wé*, Te**, 02—, Sb*+, RE** (Pr, Nd, Eu),
and Cl7, respectively (9). The susceptibilities were found
to be independent of the magnetic field in the temperature
range of the measurements.

SIMULATION OF THE ENERGY LEVEL SCHEMES

The central-field approximation considers separately
the Hamiltonians corresponding to the free-ion and crys-
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tal-field interactions. The Hamiltonian used in the present
study can be written as

K=3
H = Hy— Y EX(nf,nf)ex + {yAgo + aL(L + 1)
K=0

A=3
+BG(Gy) + yG(R) + D> T,

A=2a#5

where E* and {4 are the Racah parameters and the
spin—orbit coupling constant, and e, and Agq represent the
angular parts of the electrostatic repulsion and spin-orbit
coupling, respectively. For the configurations of two or
more equivalent electrons, the two-body interactions are
considered with the Tree parameters e, 8, and y associ-
ated with the Casimir operators () and G(R;). For
configurations having more than two electrons, nonnegli-
gible three-body interactions can also be introduced (T
parameters). We do not consider here the spin-spin,
spin—other-orbit, and other relativistic interactions of mi-
nor importance which could be simulated through the P*
(k = 2,4, 6)and M, (k = 0, 2, 4) integrals. In the present
case, seven free-ion parameters can describe adequately
the 4f* configuration of Pr**. Since the 'S, level is only
observed by means of two-photon spectroscopy, the v
parameter was fixed to a standard value. For the 4f° and
4% configurations, the T* parameters are introduced. For
the same reasons as for Pr**, some parameters (y, T,
and T®) were fixed to values used in earlier studies (10,
11) for the 4f* and 4f® configurations.

The crystal-field calculations are usuvally carried out
within the single-particle crystal-field theory. Following
Wybourne’s (12) formalism, the crystal-field Hamiltonian
is expressed as a sum of products of spherical harmonics
and crystal-field parameters:

H = Azq (BALCE + (= 1Ch ] + iSK[CE — (—16Ck ).

The number of nonzero B‘; and S’; phenomenological crys-
tal-field parameters (cfp’s) depends on the crystallo-
graphic point-site symmetry of the lanthanide ion. For
example, on the rare-earth tellurium oxides, the lanthan-
ide ion occupies a crystallographic position with the very
low C, point symmetry. The serial expansion of the cf
potential keeps nonzero all of the 27 cf parameters, which
constitutes nonrealistic conditions of simulation. Instead
of C,, the approximate C, (or C, as well) point symmetry
was used for the simulation, involving 14 nonzero cfp’s,
including five imaginary S%. Moreover, if the imaginary
part of the cfp’s is cancelled, the symmetry increases up
to C,,, with only nine cfp’s. The same situation corre-
sponds to the symmetry of the RE;WOCl, materials, The

approximated D,, potential has been used for calculations

in RE,Sb;O, compounds, involving five real BY cfp’s.
The true symmetry S, was considered for NagRE(MoO,),,
including five real B’;‘ and one additional imaginary Sj; pa-
rameters.

The procedure to obtain the cfp’s could be hardly facili-
tated if the cfp starting values had been estimated by a
calculation from atomic positions. The most simplified
model considers the effect of the electrostatic point
charges localized at the crystallographic sites of the atoms
on the network. We carried out calculations considering
effective charges for the ions. Unfortunately, in some
cases, these cfp’s are too far from the experimental re-
sults. Finally, the best way is to consider the cfp’s as
phenomenological parameters to be derived from spectro-
scopic data.

The 4f* configuration of Eu®" is a convenient situation
for starting the crystal-field calculations. In fact, the
ground 'F septet is well isolated from the rest of the
configuration (the energy gap between "F, and Dy is
=12,000 cm™'}; the crystal-field operator allows only the
mixing of levels of the same multiplicity, and this is the
only term with this multiplicity. Then, it is possible to
calculate accurately the crystal-field effect by considering
only the strongly reduced ’F, basis, i.e., 49 {SLIM,)
states. In addition, the cfp’s should vary smoothly in an
isostructural series.

The energy level schemes are reproduced by diagonaliz-
ing the Hamiltonian matrix for each configuration. The
simulations have been performed using the Fortran rou-
tines REEL and IMAGE (13).

MAGNETIC SUSCEPTIBILITY AND THE
CRYSTAL-FIELD LEVELS

For rare-earth compounds the difference between ex-
perimental paramagnetic susceptibility and the Cu-
rie-Weiss law in the low-temperature range is generally
due to crystal-field effects. The determination of consis-
tent sets of eigenfunctions and eigenvalues from diagonal-
ization of the above-mentioned crystal-field Hamiltonian
permits the calculation of the magnetic susceptibility and
effective magnetic moments of the rare earths. This is
done using the van Vleck formula, the result of a perturba-
tion created by an external applied magnetic field,

(@,|H|2,)

x(@) = Ng* 3 [ iT

23 (%lﬂ%)(%lﬂ!%)]

E, - E, Ba

d

in which N is Avogadro’s number, 8 is the Bohr magne-
ton, £ is the Boltzmann constant, E and ¢ are the nonper-
turbed eigenvalues and wavefunctions, respectively, de-
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scribed on the | SLJM ) basis, and H is the magnetic dipole
operator L + g, 5, represented by a first-rank tensor hav-
ing three components which characterize the magnetic
anisotropy. The different values of the tensor components
{or combinations of them) destroy the isotropy observed
for the free ion or even for an ion in a cubic symmetry.
The anisotropic components are denoted x, (component
*1 of the tensor) and x| (component 0 of the tensor). For
polycrystailine samples, the mean observed paramagnetic
susceptibility is x,, = (2x, + xy/3. The sum ruas over
all thermally populated levels, according to the Boltzmann
population, B, = exp(—EW/kT)/E,exp(—-EW/KT). In
that expression, the matrix elements are calculated using
the Racah algebra rules.

Except for Eu’*, the diagonal part involving £V is the
most important contribution to the paramagnetic suscepti-
bility. In fact, it corresponds to the quantum expression
‘of the Curie-Weiss law. The off-diagonal term in the for-
mula, a result of the second-order perturbation, usually
has small importance, with the exception of ground states
with J = 0. The sum runs over all other states (b # a),

In rare-earth 4f™ configurations, the calculation of the
paramagnetic susceptibility agrees fairly closely with ex-
periment, especially for Nd compounds (14, 15). The high
degeneracy of the 4f° configuration makes the simulation
more difficult for the Eu’* compounds. The complete cf
calcutation would imply for a low symmetry (as is found
for RE;WQCl; and RE,Te,0,,) to diagonalize a 3003-
dimensioned matrix, which is not very feasible. For the
C,, symmetry, the problem is reduced to two submatrices
whose size is approximately 1500. For the D, {(or §))
symmetry, it is reduced to four submatrices of about 750.
Otherwise, Eu®™ presents an unique behavior: due to the
nonmagnetic 'F, ground level, the diagonal part is can-
celled at low temperatures when the next higher state 'F,
is not populated, with only the second-order element in
the above expression, E%lo, nonvanishing. Then the non-
diagonal interaction is the only one responsible for the
paramagnetic susceptibility which is independent of the
temperature, yielding a plateau in the ¥—T plot. This indi-
cates the sensitivity of the paramagnetic susceptibility to
the value of this element, which, on the other hand, is
strongly dependent on the cf strength. Anyway, very good
correlations between the observed and simulated xy-T
plots are obtained, (16, 17), the calculation showing pla-
teaus at low temperature that agree very well with the
experimental data.

RESULTS AND DISCUSSION

The phenomenological sets of free-ion and the crystal-
fiecld parameters have been collected elsewhere (1-8).

The comparison between the experimental and calcu-
ated average value of the temperature dependence of the
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FIG. 1. Temperature variation of the magnetic susceptibility (Eu?*

compound) and reciprocal magnetic susceptibility (Pr**, Nd** com-
pounds} in the Na;RE(MoQ,), series. Symbols (O, Pr; ©, Nd; A, Eu)
correspond to the experimental data and solid lines are the calculated
average magnetic susceptibilities, (For the Na;Eu(MoO,), the cxperi-
mental measured susceptibility and the spectroscopic data have been
taken from Ref. (24).)

reciprocal molar magnetic susceptibilities is plotted in
Figs. 1-4. Symbols are used for experimental data, and
solid lines for simulated curves from refined optical pa-
rameters.

The deviations from Curie—-Weiss behavior, evident in
the figures, at low temperature, reflects the splitting of
the ground state associated with these cations under the
influence of the crystal field.

Among all the Pr compounds, only Pr,Sb;0,, exhibits
a paramagnetic susceptibility curve perfectly simulated,
as is the case for Nd and Eu compounds. For the other
Pr compounds, both the experimental and the calculated
curves of the reciprocal susceptibility bend upward to
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FIG. 2. Temperature variation of the magnetic susceptibility (Eu**
compound) and reciprocal magnetic susceptibility (Pc*t, Nd** com-
pounds) in the RE,Sbs0O; series. Symbols (O, Pr; ¢, Nd; A, Eu) corre-
spond to the experimental data and solid lines are the calculated average
magnetic susceptibilities,
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FIG. 3. Temperature variation of the reciprocal magnetic suscepti-
bility for Pr** and Nd** compounds in the RE;WOC, series. Symbols
(O, Pr; ©, Nd) correspond to the experimental data and solid lines are
the calculated average magnetic reciprocal susceptibilities.

level off below =35-60 K. The materials show, above
~150-200 K, experimental reciprocal susceptibilities
larger than those calculated, but below these temperatures
the situation is reversed. It is clear that the discrepancy
has nothing to de with the simulation procedure or the
approximate calculation induced by the symmetry low-
ering, because PrvQ, and Na;Pr(MoQ,), do have higher
point symmetries (D,, and S,) as well as Pr;Sb;0,, (5,
does. Also, an accidental lifting of the E irreducible repre-
sentation of the ground state is excluded for PryWQ,Cl;
and Pr,Te,0,, (low point symmetry). The same type of
mismatch has been observed in previously reported data
for PrvQ, (18) and PrF, (19).

Three possible arguments can be proposed to explain
this mismatch:

(i) The 4f* configuration basis is not large enough to
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FIG. 4. Temperature variation of the magnetic susceptibility (Eu’*
compound) and reciprocal magnetic susceptibility (Pr**, Nd** com-
pounds) in the RE;Te Oy, series. Symbols (O, Pr; ©, Nd; A, Eu) corre-
spond to the experimental data and solid lines are the calculated average
magnetic susceptibilities,

reproduce the Pr** properties. It has been shown else-
where (20, 21) that the mixing with the first excited con-
figuration 4f'5d" through the odd parameters of the crys-
tal-field expansion permits a good reproduction of 'D,
splitting, which is not the case when the ground con-
figuration is considered isolately. Consequently, the wa-
vefunctions will be affected.

(ii) Possible couplings between the phonons of the sys-
tem and electronic levels, i.e., the first excited A, crystal
field level, as was suspected in Ref. (22). It is possible to
reproduce correctly the paramagnetic susceptibility if this
level is lowered by choosing an adequate cfp set. Natu-
rally in that case the experimental energy level scheme
is no ionger reproduced.

(iii) The last and more simple explanation lies in the
large anisotropy found for these compounds in the calcula-
tion of the paramagnetic susceptibility at low temperature,
decreasing with increasing temperature (see, e.g., the data
for Pr,Te, 0y, Table 2, Ref. (8)). It is thus possible that
preferred orientations could exist for the magnetic suscep-
tibility measurement of the polycrystalline powder. In a
similar way, calculations of magnetic susceptibility from
optical data on REF; matrices, RE = Pr’*™ and Nd** (19),
also show highly anisotropic behavior at low temperatures
for the PrF, compound. The problem will be solved by
measurements on single crystals. In fact, these aniso-
tropic effects have been fully reproduced in some studies
(23) on crystals of dilute alloys of Prin Y and Lu.

The experimental and calculated curves for Nd materi-
als agree well over the entire measured temperature range,
especially at low temperature; the deviation from the Cu-
rie—-Weiss law, as a consequence of the crystal-field split-
ting, is very well repreduced.

The magnetic susceptibility of Eu compounds increases
with decreasing temperature down to about 70 K; below
this temperature, it flattens out. At very low temperature,
the increasing paramagnetic susceptibility is probably due
to a small amount of divalent Eu impurity always presents
in Eu mixed oxides. Its strong paramagnetic character,
especially at low temperature (i = 7.94 BM), permits
us to estimate a concentration lower than 0.1%.

Although the crystal field is usually assumed to be tem-
perature-independent, in fact the network parameters
smoothly vary with the temperature. However, when
there is no phase transition, and for the rare-earth com-
pounds, these variations have a negligible effect upon the
crystal field parameters. This means that the calculation
of a broad range of the x(7) function in terms of a single
set of parameters is entirely acceptable.

For most of the transparent rare-earth compounds, the
optically active 4f electrons are not—or not quite-—active
inthe chemical bonding because of protection by an exter-
nal electron sheet, and for the ion embedded in the crystal-
line matrix they practically maintain the same energy level
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sequence as that of the free ion; as a first consequence,
both magnetic moments will be closely related. Therefore
these compounds do not undergo any magnetic exchange
interactions. In this way, the good agreement found be-
tween experimental paramagnetic susceptibility measure-
ments and our calculations using wavefunctions taking
into account the crystal-field effect underscores that it is
generally not necessary to introduce coupling or exchange
interactions between rare-ecarth ions in covalent com-
pounds. However, the mismatch observed for the praseo-
dymium ion case suggests that the basis to be considered
for the wavefunctions should include excited configura-
tions, although these ions have mostly a “‘4f”’ character.
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