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Abstract: Numerous compounds in
which a paramagnetic LnIII ion is in an
exchange interaction with a second spin
carrier, such as a transition metal ion or
an organic radical, have been described.
However, except for GdIII, very little has
been reported about the magnitude of
the interactions. Indeed, for these ions
both the ligand-field effects and the
exchange interactions between the mag-
netic centers become relevant in the
same temperature range; this makes the
analysis of the magnetic behavior of

such compounds more difficult. In this
study, quantitative analyses of the ther-
mal variations of the static isothermal
initial magnetic susceptibility measured
on powdered samples of the {Ln(NO3)3-
[organic radical]2} (Ln�DyIII and HoIII)
compounds were performed. The li-
gand-field effects on the Ln ions were

taken into account, and the exchange
interactions within a molecule were
treated exactly within an appropriate
Racah formalism. Values of the intra-
molecular {Ln ± aminoxyl radical} ex-
change parameter have thus been rigor-
ously deduced for both the Dy Kramers
and Ho non-Kramers ion-based com-
pounds. Ferromagnetic {Ln ± radical} in-
teractions are found for both the Dy and
Ho derivatives with J� 8 cm�1 and J�
4.5 cm�1, respectively.
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Introduction

Owing to their rather large and anisotropic magnetic mo-
ments, the paramagnetic lanthanide ions have attracted a lot
of interest in the field of molecule-based magnetic materials.
Such a magnetic anisotropy is required in order to give rise to
magnetically ordered materials with large coercive fields, that
is, hard magnets. Several compounds in which a LnIII ion is
exchange-coupled with a second spin carrier, such as a
transition metal ion[1±8] or an organic radical,[9±11] have been
described. However, except for the isotropic GdIII ion, which

has an 8S7/2 ground state, very little is known about the ferro-
or antiferromagnetic nature and the magnitude of the
interactions in these compounds.
The magnetic properties of a compound in which a para-

magnetic LnIII ion interacts with another spin carrier arise
from the superposition of two phenomena. One is intrinsic to
the Ln ion and originates from the thermal population of the
so-called Stark sublevels.[12] The second is the result of the
exchange interaction between the magnetic centers. Usually,
both become relevant in the same temperature range. For the
f-elements, the ligand-field perturbation leads to the splitting
of the spectroscopic levels, 2S�1LJ, of the metal ion. For a 4f n

configuration it can result up to 2J�1 of such Stark sublevels if
n is even and J�1/2 if n is odd.[12] Generally all the sublevels
are populated at room temperature. On decreasing the
temperature, the effective magnetic moment of the lanthanide
ion will change by thermal depopulation of the Stark
sublevels, that is, the magnetic behavior of the Ln ion deviates
from Curie behavior. This phenomena is intrinsic to the Ln
ion and is modulated by the ligand field and the symmetry of
the compound. There is no easy-to-handle analytical model
for reproducing this behavior for a given compound. On the
other hand, for a lanthanide ion, the correct quantum number
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is the total angular momentum, JLn, while the exchange
interaction involves solely the spin momentum SLn. A
quantitative treatment of this interaction will then require
the use of Racah algebra, all the more as the ligand-field
effects on the Ln ion may lead to the mixing of multiplets and
spectral terms. This makes the analysis of the magnetic
behavior of compounds for which a LnIII ion with a first-order
orbital momentum is exchange coupled with another spin
carrier more difficult.
Recently, we described an experimental approach that

provided access to qualitative information on whether the
{LnIII ± aminoxyl radical} interaction is ferro- or antiferro-
magnetic. The magnetic properties of a series of compounds,
{Ln(NO3)3[organic radical]2}, comprising a LnIII ion (Ln�Ce
to Ho) surrounded by two N,O-chelating aminoxyl radicals
have been investigated.[13, 14] The experimental approach used
to get insight into the {Ln ± radical} coupling occurring within
these compounds is based on the knowledge of the intrinsic
paramagnetic contribution of the metal ion. For each com-
pound, this contribution has been deduced from the corre-
sponding {Ln(NO3)3[nitrone]2} derivative in which the LnIII

ion is now in a diamagnetic environment. The difference

between the magnetic susceptibility of the {Ln(NO3)3[organic
radical]2} compound and the corresponding {Ln(NO3)3[ni-
trone]2} derivative then permits the ferro- or antiferromag-
netic nature of the correlation within the {Ln(NO3)3[organic
radical]2} compounds to be established. For Ln�Ce, Pr, Nd,
and Sm antiferromagnetic interactions have been found.
Conversely, ferromagnetic interactions were observed for
Ln�Gd, Tb, Dy, and Ho. Assuming that Hund×s rules
dominate the ligand-field effects on the Ln ions, this would
suggest that the {Ln ± aminoxyl radical} spin ± spin exchange
interaction is always ferromagnetic.
Our experimental method led to qualitative information

about the nature of the interactions and has established the
importance of the ligand-field effect in the overall magnetic
behavior of these compounds. In order to go one step further,
we addressed the problem of quantitative evaluation of the
exchange interaction, taking into account the ligand-field
effect. This paper describes our approach and the results
obtained for the {Dy(NO3)3[organic radical]2} and {Ho-
(NO3)3[organic radical]2} compounds, respectively a Kramers
and a non-Kramers Ln ion derivative.

Model and formalism : The exchange interactions in the
{Ln(NO3)3[organic radical]2} compounds are much weaker

than the ligand-field effects on the Ln ion. There was, thus, no
need to simultaneously diagonalize the corresponding Ham-
iltonians. The approach we followed to analyze the magnetic
behavior of {Dy(NO3)3[organic radical]2} and {Ho(NO3)3[or-
ganic radical]2}, consisted, then, of two steps. First, the ligand-
field effect, that is, the intrinsic contribution of the rare earth
ion, was modeled in order to determine the energy diagram
{ELn} of the Stark sublevels for the Ln ions and the associated
eigenfunctions { ��Ln� }. Then the exchange interactions
were computed in the tensorial product space { ��Ln�

� SRad1� � SRad2� } of the state functions ��Ln� of the Ln ion
in its ligand-field environment with the state functions
�SRad1� and �SRad2� of the two radicals with which the Ln
ion interacts by exchange.

The ligand-field effect : As mentioned above, the first step of
our approach consisted of computing the spectrum of the low-
lying states of the Ln ion in its ligand-field environment.
Interestingly, both magnetic and optical properties of the Ln
ions have their origin in the spectroscopic Stark sublevels.
Analytical models of the ligand field exist that describe the
optical properties of these ions in different materials and that
can be adapted to compute the spectrum of the low-lying
states of the Ln compounds considered here.
In this study we used the semiempirical simple overlap

model (SOM).[15] This model has been successfully applied to
calculating the crystal-field parameters (CFPs) over a wide
variety of LnIII compounds in single-crystal or polycrystalline
forms.[16] In these compounds, the point symmetry of the site
occupied by the rare earth ion ranged from the high cubic Oh

to the very low C2 symmetries. This model assumes that the
interaction energy of a Ln ion in a chemical environment is
produced by an electrostatic potential of charges uniformly
distributed over small regions centered around the mid-point
of the R distance from the Ln ion to the ligand, the charge in
each region being proportional to the total overlap integral �
between the 4f and the s and/or p orbitals of the ion and the
ligand, respectively. The CFPs are written as below.

Bk
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�
�

��
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The sum over � is restricted to the ligands of the first
coordination sphere, and thus �rk� radial integrals[17] are not
corrected from the spatial expansion. � varies for each ligand
as a function of the distance R, according to the exponential
law above indicated, R0 being the shortest distance. For the
rare earth ions 0.05� �� 0.08. Ak

q is the lattice sum and it
takes into account the symmetry properties of the LnIII ion
site, including the effective charge attributed to the ligand.
The sign � of the denominator stands for differentiating the
type of ligand. When a single type of ligand is considered, a
minus sign should be taken, which corresponds to the normal
shift of the charge barycenter from the mid-point of the R
bonding distance. When different ligands are present, the
minus sign corresponds to the most covalent one. Finally, only
three parameters have to vary, that is, the overlap � and the
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effective charges qO and qN for the oxygen and nitrogen ions,
respectively.
In the present case all free ion parameters have been set to

the standard values given by Carnall[18] and the CFPs are those
derived from SOM calculation. When the secular determinant
of the configuration has been diagonalized,[18] the eigenfunc-
tions are those considered for calculating the paramagnetic
susceptibility, by using the van Vleck formula.[19]

In order to reproduce as precisely as possible the effective
contribution of the Ln ion, �, qO, and qN have been tuned in
order to fit the calculated magnetic susceptibility curve to the
experimental �LnT curve obtained for the {Ho(NO3)3[ni-
trone]2} compound, in which Ho is in a diamagnetic environ-
ment. Indeed, the magnetic behavior of a Ln(nitrone)
derivative corresponds to the �Ln contribution of the Ln ion
in the {Ln(NO3)3[organic radical]2} compound.[13, 14] The Ho
derivative was chosen because the magnetic susceptibility of
this ion shows a strong thermal variation between the low- and
high-temperature domains. The reproduction of such a
pronounced temperature dependence will ensure that the
ligand field is accurately modeled. In Figure 1, the experi-
mental curve is compared to the best calculated curve with

Figure 1. Top: Experimental (�) and calculated (�) temperature depend-
ence of �LnT for the {Ho(NO3)3[nitrone]2} compound. Bottom: Related
curves for {Dy(NO3)3[nitrone]2}

effective charges of �1.4 and �0.7 for N and O, respectively,
and an overlap parameter �0� 0.08. The corresponding
eigenfunctions and eigenvalues were computed by taking
into account all spectroscopic terms and multiplets of the Ho
ion. The same parameter set allowed the �LnT versus T curve
of the related Dy(nitrone) compound to be well reproduced

(Inset Figure 1) and was used to calculate the eigenfunctions
and eigenvalues corresponding to the isomorphous {Dy(NO3)3-
[organic radical]2} compound. Previous calculations per-
formed on several DyIII and HoIII compounds have shown
that the crystal-field parameter set for a given ligand-field
environment remains very similar for these ions.[20, 21] These
eigenfunctions and eigenvalues were used for the analyses of
the {Ln ± organic radical} exchange interactions.

The exchange interaction : The topology of the {Ln(NO3)3-
[organic radical]2} compounds in terms of exchange interac-
tions is shown in Figure 2. Two interactions have to be
considered.

Figure 2. Schematic representation of the exchange interactions.

One is the exchange interaction between the LnIII ion and the
organic radical, J, and the second is the intramolecular
exchange interaction between the two organic radicals, J�.
Indeed, for {La(NO3)3[organic radical]2} in which La is a
diamagnetic ion, an antiferromagnetic interaction was found
between the two paramagnetic ligands.[11] This radical ± radi-
cal interaction has been taken into account in our analytical
model.
The exchange Hamiltonian, Hex, corresponding to the

topology described in Figure 2 is given by Equation (1).

Hex��J�SLn ¥ (�Srad1 � �Srad2)� J��Srad1 ¥ �Srad2 (1)

In this expression �SLn, �Srad1, and �Srad2 are the spin quantum
numbers of the LnIII ion and of the two radicals, respectively
(Srad1� Srad2� 1³2). As already noted above, an exchange
interaction only takes place between spin momenta. The
susceptibility measurements have been performed with an
applied field; therefore, the Zeeman effect must also be taken
into account [Eq. (2)].

Hz���B
�B ¥ (�LLn�ge�SLn)��B

�B ¥ (ge�Srad1�ge�Srad2) (2)
�N� (�LLn�ge�SLn)� (ge�Srad1�ge�Srad2)� ¥ [(�LLn�ge�SLn)� (ge�Srad1)�ge�Srad2)]

In this Hamiltonian, HZ, the first and second terms
correspond to the Zeeman effect that acts on the total angular
momentum of each paramagnetic species present in the
system (one lanthanide ion and two organic radicals). The
third term corresponds to the intermolecular interactions
introduced in the mean field approximation.
The matrix elements of theHex � HZ Hamiltonian [Eq. (3)]

were calculated in the tensorial product space { ��Ln� � Srad1�

� Srad2� } of the state functions of the Ln ion in its ligand-field
environment with those of the two radicals.

��Ln � � Srad1 � � Srad2 �Hex�Hz ��Ln� �Srad1 � �Srad2 � (3)
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The state functions of the Ln ion are naturally and best
described in the { � �, SLn, LLn, JLn, MJ� } multiplet represen-
tation. We recall that the intra-atomic electron correlation
discriminates between the states of the Ln ion in terms of total
spin momentum, SLn, and total orbital momentum, LLn, which
would lead to the { � �, SLn, MS, LLn, ML� } spectral term
representation. However, owing to the spin ± orbit coupling
theMS andML quantum numbers cease to be appropriate, and
the correct quantum numbers for a Ln ion in a spherically
symmetric environment are then the total angular momen-
tum, JLn, and its component, MJ, along a given quantization
axis.
Both the Hex and HZ Hamiltonian incorporate operators

acting either on the spin momentum, SLn, or on the orbital
momentum, LLn, of the Ln ion, but never they act on the total
angular momentum JLn. In the case in which the ligand field
does not induce multiplets (J� ± J) or spectral term ((L�,S�) ±
(L,S)) mixing, the matrix elements of the SLn and LLn

operators in the Hex � HZ Hamiltonian [Eq. (4)] are easily
evaluated, within the ground-state multiplet, in terms of
effective gyromagnetic ratios by making use of the Wigner ±
Eckart theorem.

��Ln�Hex�Hz��Ln�����,SLn�,LLn�,JLn�,MJ��Hex�HZ��,SLn,LLn,JLn,MJ� (4)

Unfortunately, the ligand field on the Ln ions in the
{Ln(NO3)3[organic radical]2} compounds gives rise to non-
negligible multiplets and spectral-term mixing. Consequently,
to calculate the matrix elements of theHex � HZ Hamiltonian
[Eq. (4)], the more complex formalism described by Judd[22]

has to be used. In fact, the main problem arises from the
evaluation of the matrix elements between states of different
SLn, LLn, and JLn quantum numbers, of the components with
respect to a given system of axis, of the spin momentum
[Eq. (5)] and of the orbital momentum [Eq. (6)] of the Ln ion.

� ��,SLn�,LLn�,JLn�,MJ� � SLn � �,SLn,LLn,JLn,MJ� (5)

� ��,SLn�,LLn�,JLn�,MJ� �LLn � �,SLn,LLn,JLn,MJ� (6)

The formalism described by Judd allows the matrix
elements ���,j1�,j2�,J�,M� �X � �,j1,j2 ,J,M� to be calculated;
here X is an operator (Hamiltonian) acting on both j1 and j2
but not on J.[22] In other words, X is an operator formed from
two operators, each of which acts on two different parts of the
system, namely j1 and j2 . By using the Wigner ±Eckart
theorem, the matrix element ���,j1�,j2�,J�,M� �X � �,j1,j2,J,M�

can be express as a function of the reduced matrix element
���,j1�,j2�,J�, 	X 	 �,j1,j2,J� . Judd has described how to calcu-
late this reduced matrix element.[22] In our specific case, two
types of matrix elements [Eq. (5) and Eq. (6)] have to be
considered. By using the Judd formalism these are deter-
mined, respectively, by Equation (7) and Equation (8) as
functions of the 3j and 6j symbols.

� �SLJM �Lq ���S�L�J�M�� �
�(�,��)�(S,S�)�(L,L�)(�1)J�M(�1)S�L�J�1

�
J 1 J


�M q M


�
������������������������������������������2J � 1��2J� � 1�� �������������������������������������������

L�L � 1��2L � 1�� �
J 1 J


L S L

	
(7)

��SLJM �Sq � ��S�L�J�M���
�(�,��)�(S,S�)�(L,L�)(�1)J�M(�1)S�L�J��1

�
J 1 J


�M q M


�

������������������������������������������2J � 1��2J� � 1�� �����������������������������������������
S�S � 1��2S � 1�� �

J 1 J


S L S

	
(8)

Once these matrix elements had been evaluated, the Hex �
Hz Hamiltonian could be diagonalized in the tensorial product
space { ��Ln� � Srad1� � Srad2� }. Although the ligand field on
the Ln ion gives rise to multiplets and spectral term mixing,
the SOM calculations showed that the effect is not large
enough to completely destroy the multiplet structure of the
spectrum. The energy levels of the Ln ion in the ligand-field
environment group themselves in terms of pseudo-multiplets.
In particular, the lowest energy pseudo-multiplet, for both Ho
and Dy, is well separated in energy from the rest of the
spectrum by one order of magnitude with respect to the lowest
energy pseudo-multiplet total splitting. The Hex � Hz

Hamiltonian was thus actually diagonalized not in the whole
{ ��Ln� � Srad1� � Srad2� } space but in the restricted space
defined by limiting the { ��Ln� � } states to belonging solely to
the lowest energy pseudo-multiplet. The advantage was, of
course, the gain in both computing memory storage and
central processor unit time for diagonalization and subse-
quent calculations of thermodynamic properties. Calculations
in a larger space of states, including several pseudo-multiplets,
were performed. Corrections were found to be very weak and
not at all relevant.
Various thermodynamic quantities, magnetization, specific

heat, etc. could be computed from the new eigenvalues {Ep}
and associated eigenfunctions { � p� } obtained after diago-
nalization of the Hex � Hz Hamiltonian. Our experimental
measurements concerned the static isothermal magnetic
susceptibility �M of powdered samples. This was calculated
by using the linear response theory.[23±25] By writing Mi , the
component of the magnetic moment operator �M� �B[(�LLn �
ge�SLn) � ge(�Srad1 � ge�Srad2)] along an axis i of a system of
cartesian axes (x,y,z), the static isothermal initial magnetic
susceptibility tensor, �Tij , is given in Equation (9).

�Tji ���2
B

Z0

�
p

e��Ep

�
q

Eq�� Ep

1

Ep � Eq

(MipqMjqp�MjqpMjpq) (9)

� �2
B

Z0

�
�
p

e��Ep

�
q

Eq�Ep

MipqMjqp�
�2
B

Z2
0

�
�
p

e��Ep

�
q

Eq�Ep

Mipq

�
q

e��Ep

�
q

Eq�Ep

Mjqp,

HereMipq�� p �Mi �q� andMjpq�� p �Mj �q� are thematrix
elements of the operators Mi and Mj . Z0�



p exp(� �Ep) is

the partition function under zero applied field. The molar
magnetic susceptibility, �M, at a given temperature T� 1/�kB

was deduced from �Tij by averages over all the crystal
orientations inherent to a powdered sample.

Numerical fitting : In order to evaluate the exchange inter-
action between the radicals, we first determined the J�
parameter for the {La(NO3)3[organic radical]2} compound
by our computer program. For this compound, only the two
radical ligands contribute to the magnetic behavior, LaIII

being diamagnetic. The best calculated �MT versus T curve
was obtained for J���6 cm�1 (Figure 3). This antiferromag-
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Figure 3. Experimental (�) �LnT versus T behavior for {La(NO3)3[organic
radical]2} and calculated curve (�) obtained for J���6 cm�1.

netic exchange-parameter value corresponds to the value
found previously for this compound by the van Vleck formula
for two interacting S� 1/2 spins.[11] A very close J� parameter
has been found for the corresponding GdIII compound.[11]

Consequently, we decided to fix the value of this parameter
to J���6 cm�1 for the subsequent simulations of the magnetic
behavior of the Dy and Ho compounds. Moreover, results we
obtained previously for the GdIII derivative, {Gd(NO3)3-
[organic radical]2}, have shown that the intermolecular inter-
action J�� is in the order of 10�2 cm�1, at least two orders of
magnitude smaller than the intramolecular interactions J and
J�. For this reasonwe decided to fix J��� 0 for the computations.
The best simulated curve obtained for {Dy(NO3)3[organic

radical]2} is compared to the experimental �MT versus T curve
in Figure 4. The calculated curve was obtained for J� 8 cm�1

and J���6 cm�1 (fixed). It reproduces well the features of the

Figure 4. Experimental (�) �LnT versus T behavior for {Dy(NO3)3[organic
radical]2} and calculated curve (�) obtained for J� 8 cm�1, J���6 cm�1

(fixed).

experimental data especially the maximum in �MT at 7 K,
which is observed experimentally at 10 K. For the {Ho-
(NO3)3[organic radical]2} compound, the best-simulated be-
havior was obtained for J� 4.5 cm�1 and J���6 cm�1 (fixed).
This curve is compared to the experimental data in Figure 5.
The calculated curve presents the same features as the
experimental one. As the temperature is lowered, �MT
decreases to reach a small minimum at about 4 K and then

Figure 5. Experimental (�) �LnT versus T behavior for {Ho(NO3)3[organic
radical]2} and calculated curve (�) obtained for J� 4.5 cm�1, J���6 cm�1

(fixed).

increases for lower temperatures. However, whereas the
shape and features of the two curves in Figure 5 are the same,
a difference exists for their relative values of �MT and this
difference is more pronounced in the low temperature range.
No improvement was obtained when an intermolecular
contribution, J��, was considered as well. Attempts to optimize
the simulated curve by tuning both J and J� did not lead to
better results. Of course, by slightly increasing the contribu-
tion of these parameters, it was possible to bring the simulated
curve down to the experimental data, but to the detriment of
the characteristic minimum. For this reason, we considered
the curve shown in Figure 4 to be the best simulation, with the
minimum at the same temperature as the experimental curve.
The interaction parameters found for both the Dy and Ho

derivatives indicate that in these compounds the {Ln ± amin-
oxyl} interaction is ferromagnetic. These analytical results are
in agreement with those found previously in our phenom-
enological approach.[14]

Discussion

The accurate analysis of the magnetic behavior of a molecular
compound containing a LnIII ion that displays spin ± orbit
coupling and is in exchange interaction with another spin
carrier requires the intrinsic contribution arising from the
LnIII ion to be properly taken into account. All the energy
sublevels of the Ln ion involved in the investigated temper-
ature range have to be considered in order to determine the
exchange parameter. This is the approach we followed to
analyze the magnetic behavior of the {Dy(NO3)3[organic
radical]2} and {Ho(NO3)3[organic radical]2} compounds. In-
teraction parameters, J, of 8.0 and 4.5 cm�1 have thus been
found for the {Dy-aminoxyl} and {Ho-aminoxyl} interaction,
respectively. In both cases, a ferromagnetic {Ln ± organic
radical} interaction was obtained, in agreement with the
qualitative study.[14]

The site symmetry of the Ln ion in the {Ln(NO3)3[organic
radical]2} compounds is C1, the lowest symmetry. Consequent-
ly, for a Kramers 4f n ion (n odd), the number of expected
Stark sublevels is J�1³2 and these are doubly degenerate. On
the other hand, for a non-Kramers ion (n even), the number of
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sublevels should be 2J�1. The energy diagrams of the Stark
sublevels determined by SOM for the DyIII and HoIII

compounds, respectively 4f 9 and 4f 10 ions, are depicted in
Figure 6. The degeneracy expected for both ions is well
reproduced. It can be seen that for HoIII, the ground Stark
sublevel is just 5 K below the first excited state, whereas for

Figure 6. Energy diagrams of the Stark sublevels for {Dy(NO3)3[organic
radical]2} and {Ho(NO3)3[organic radical]2} determined by SOM.

DyIII, the ground and first excited states are separated by
about 60 K. This small difference in energy between the states
of the Ho ion may account for the difficulty in exactly
reproducing the ligand-field effect by SOM at low temper-
ature, and consequently, perfectly reproducing the magnetic
behavior of the {Ho(NO3)3[organic radical]2} compound.
Indeed, any small inaccuracy in the lowest levels of the
energy diagram of the Stark sublevels will have a substantial
effect on the calculated �MT versus T behavior of the {Ho-
aminoxyl} compound, especially in the lower temperature
range. This is exactly what is observed in Figure 5, in which a
deviation between the experimental and calculated curves
appears at low temperature. We attribute the differences
between the experimental and calculated data to the differ-
ence between the effective and calculated thermal population
of the lowest states. This difference is the result of the small
error made on computing the energy splitting of these levels.
Nevertheless, as can be seen in Figure 5, the general feature of
the experimental curve is perfectly reproduced by the
analytical simulation. This indicates that the exchange param-
eters, J and J�, used for the computation reflect the inter-
actions occurring in the compound well. The problem
encountered with Ho does not apply to DyIII. For this ion,
the first excited sublevel is much higher in energy. The
magnetic behavior of the {Dy(NO3)3[organic radical]2} com-
pound could be well reproduced by computation down to low
temperature (Figure 4). Intermolecular interactions have not
been taken into account in the reported computations. For the
related GdIII derivative, these intermolecular interactions
were found to be very small (�0.009 cm�1), and no appreci-
able modification was observed when J�� was taken as
different to zero for the computations.
The ferromagnetic interactions found for the {Dy ± amin-

oxyl}, J� 8 cm�1, and {Ho-aminoxyl} compounds, J� 4.5 cm�1,
compare well with the ferromagnetic interaction, J� 6.1 cm�1,

found previously for the related GdIII derivative. These three
compounds being isomorphous, the variations observed for
the J parameters may be directly related to the Ln ions.
Apparently, the strengths of the exchange interaction follow
the effective moment of the LnIII ion at low temperature. For
the Ln(nitrone) derivatives of Dy and Ho, these were found to
equal 11.1 cm3Kmol�1 (9.4 �B) and 3.4 cm3Kmol�1 (5.2 �B),
respectively, at 2 K.

Conclusion

We quantitatively analyzed the magnetic behavior of
{Ln(NO3)3[organic radical]2} compounds in which the Ln
ion, characterized by its { � �,SLn,LLn,JLn,MJ� } multiplet
structure associated with electron correlation and spin ± or-
bit coupling, is in a ligand-field environment and interacts by
exchange with two organic radicals. The ligand-field effect
was considered within the SOM and the {Ln ± radical} and
{radical ± radical} exchange interactions were treated exactly.
The numerical fits to the experimental static isothermal
magnetic susceptibility �M measured on powdered samples
allowed the {Ln ± radical} and {radical ± radical} exchange
parameters for the Ho and Dy derivatives to be quantitatively
determined.
Some discrepancies exit between the experimental and

calculated thermal variation of �M that can be ascribed to the
limitations of the SOM on evaluating the ligand-field effects.
The very low site symmetry (C1) of the Ln ion in the
{Ln(NO3)3[organic radical]2} compounds leads to a large
number of crystal-field parameters, and it would clearly be
illusory to let them vary freely and fit them solely from the
variations of �M. Improvements can be expected from fitting
to measurements of the magnetization vector on single
crystals, as the full static isothermal initial magnetic suscept-
ibility tensor, �Tij can be obtained from this. Quasi-elastic and
inelastic neutron scattering on powdered samples should also
be very useful, as this would allow the magnetic energy levels
of the molecules to be accurately determined, provided
deuterated samples are used to avoid the strong incoherent
neutron scattering from hydrogen. In order to isolate the
magnetic signals from the neutron scattering by phonons,
measurements with polarized neutrons and polarization
analysis should be performed. Another interesting measure-
ment would be that of the magnetic density by polarized
neutron-scattering measurements on a single crystal. This
magnetic density can be computed from the eigenstates
{ � p� } of the molecules.[26] Evidently, all these experimental
measurements will essentially allow the knowledge of the
ligand-field effects to be improved beyond the SOM. We do
not expect drastic changes in the values of the exchange
parameters we have obtained.
We would finally like to emphasize that in order to

quantitatively estimate the intramolecular exchange param-
eters in the {Ln(NO3)3[organic radical]2} compounds with
sufficient confidence, the formalism we have worked out is
absolutely necessary. Actually, any compound that has an ion
with a first-order orbital momentum, in a ligand-field
environment and in exchange interaction with another spin
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carrier should rigorously be treated in the same way. Our
computer program can be generalized for any such molecules.
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