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Abstract: The local NiII and MnII magnetization was measured in the two paramagnetic high-spin molecules
[Cr{(CN)Ni(tetren)}6](ClO4)9 (intramolecular ferromagnetic coupling) and [Cr{(CN)Mn(TrispicMeen)}6](ClO4)9‚
3THF (intramolecular antiferromagnetic coupling) by X-ray magnetic circular dichroism (XMCD). The
absorption and dichroic spectra were calculated in the ligand field multiplet model to determine the crystal
field parameters and the local orientation of the magnetic moments. Local magnetization curves were obtained
at the NiII and MnII L2,3 edges for the two molecules. The behavior of the XMCD signals were followed either
by varying the magnetic field atT ) 20 K or by varying the temperature atH ) 6 T. The magnetization vs
H or T was compared to spin Hamiltonian calculations including spin-spin exchange and Zeeman effect. The
local magnetizations for both NiII and MnII ions are not proportional to the macroscopic magnetization. The
unique potentiality of XMCD applied to the characterization of exchange-coupled elemental spins in
paramagnetic compounds is discussed.

Introduction

X-ray magnetic circular dichroism (XMCD) is a recent
technique that joins the local selectivity of X-ray absorption
spectroscopy to magnetic measurements. XMCD measures the
difference in absorption between right and left circularly
polarized X-rays. It is expected to give information in complex
magnetic systems about the magnetic moment carried by some
orbital level of the absorber atom involved in the transitions
and the relative orientation of the magnetic moments for the
selected elements and orbital levels.1-3 C. T. Chen and
co-workers were the first to use XMCD to deduce local magnetic
moments in polymetallic systems.1 The technique has mostly
been used by physicists on metallic compounds.2 Few applica-
tions exist in chemical3-5 and biochemical systems.6 Moreover,
until recently, XMCD experiments have been only performed
on ferromagnetic or ferrimagnetic systems for which a three-

dimensional magnetic order exists below a critical temperature
TC. The first experiments on transition metals in paramagnetic
compounds were recently performed by Cramer and co-workers
in metalloproteins.5,6 The work presented here is one of the first
XMCD experiments performed on paramagnetic compounds7

and the first in bimetallic polynuclear complexes where the
molecular spin states are complex combinations of exchange-
coupled local elemental spins.

We chose two examples of high-spin molecules recently
synthesized in a bottom-up approach of nanosystems.8,9 Mo-
lecular complexes with spin ground states up to33/2 have been
obtained.8-10 A bimetallic W/Mn system with a39/2 ground state
has been recently claimed.10c These systems present uniform
spin and size and can behave as single-molecule magnets. They
can display magnetic anisotropy, long relaxation time, and
magnetic quantum tunneling below a blocking temperature.11,12
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For the present experiments, one complex is [Cr{(CN)Ni-
(tetren)}6](ClO4)9 (tetren ) tetraethylenepentamine), noted
CrIIINiII6, with a spin ground-stateS) 15/2 built through a short-
range ferromagnetic interaction between the central CrIII ((t2g)3)
ion and the six NiII ((eg)2) ions.8 The second complex is
[Cr{(CN)Mn(TrispicMeen)}6](ClO4)9‚3THF (TrispicMeen)
N,N,N′-(tris(2-pyridylmethyl)-N′-methylethan)1,2-diamine), noted
CrIIIMnII

6, with a spin ground-stateS ) 27/2 built through an
antiferromagnetic interaction between the central CrIII ((t2g)3)
ion and the six MnII ((t2g)5) ions.9 Both molecules possess a
large spin ground state. Their magnetization at saturation can
be reached in reasonable magnetic fields (e7 T) at low
temperature which ensures detectable XMCD signals. Another
reason for our choice is that the two molecular fragments
CrIII (CN-NiII-N)6 and CrIII (CN-MnII-N)6 can be considered
as building blocks of the three-dimensional Prussian blue
analogues, CsI[Ni IICrIII (CN)6]‚2H2O and CsI[MnIICrIII (CN)6], the
XMCD of which was already measured.3,4,13

The edges chosen for XMCD experiments are the transition
metal L2,3 edges (NiII, MnII, and CrIII ) corresponding to 2p63dn

f 2p53dn+1 transitions. The L2,3 edges provide local information
about the 3d magnetic orbitals involved in the exchange
interaction. The purpose of this paper is to explore the conditions
under which XMCD spectroscopy can be used to follow the
magnetic properties of each element in paramagnetic polynuclear
complexes.

Experimental Section and Theoretical Background

I. Sample Preparation. The preparation and the macroscopic
magnetic properties of CrIIINiII6 and CrIIIMnII

6 were already reported.8,9,10

The coupling constantsJ between the chromium(III) ion and the nearest
neighbors are+16.8 cm-1 for CrIIINiII6 and-8 cm-1 for CrIIIMnII

6.8-10

The NiII-NiII and MnII-MnII (next nearest neighbor interactions) are
less than-0.5 cm-1.10b

II. XMCD Data Collection and Analysis. The experiments were
performed on the soft X-ray storage ring Super-ACO at LURE (Orsay,
France). The Ni L2,3 edges were recorded on the SU22 beamline, where
the white beam is monochromatized by a two beryl crystal monochro-
mator, described elsewhere.14 The MnII and CrIII L2,3 edges were
recorded on the SU23 beamline where the monochromator is a plane
grating.15 The circular polarization rate (τ) is 37% at Ni L3 edge (853
eV)4 and 70% at Mn and Cr L3 edges.15 The spectra were recorded by
measuring the photocurrent emitted by the sample. The sample is
submitted to a magnetic field from 0 to 7 T delivered by a supercon-
ducting magnet14 and cooled to 20( 3 K. During the XMCD
experiment, right (or left) circularly polarized X-ray photons are
selected. A first spectrum, labeledσvv, is registered with the magnetic
field parallel to the propagation vector of the photons. In the electric
dipole approximation, reversing the magnetic field is equivalent to
changing the helicity of the beam.16 A second spectrum, labeledσvV, is
registered with the magnetic field antiparallel to the propagation vector

of the photons. The XMCD signal is the difference (σvV - σvv) between
the two spectra.

III. Ligand Field Multiplet Calculations. The L2,3 edges spectra
are calculated by using the ligand field multiplet code developed by
Thole17 in the framework established by Cowan18 and Butler.19 This
approach takes into account all of the electronic Coulombic repulsions,
the spin-orbit coupling on every shell, and treats the geometrical
environment of the absorbing atom by a crystal field potential.20 The
spectrum is calculated as the sum of all possible transitions for an
electron jumping from the 2p to the 3d level in the electric dipole
approximation. No attention is paid to the electric dipole allowed 2p
f 4s transitions that are experimentally and theoretically found to be
negligible compared to the 2pf 3d main channel.18 As a first
approximation, we describe the ground state of the 3d transition metals
as a pure 3dn configuration and we calculate the transitions between
the 2p63dn ground-state electronic configuration and the 2p53dn+1 excited
states. The interelectronic repulsions are introduced through Slater
integrals, F2dd and F4

dd for the ground state and F2
dd, F4

dd, F2
pd, G1

pd,
and G3

pd for the excited state. The Slater integrals are calculated by an
atomic Hartree-Fock model and are scaled down by a reduction factor
κ to reflect the electronic delocalization. The atomic spin-orbit coupling
parameters,ú3d andú2p, are calculated from the monoelectronic potential
around the free ion.18 They are slightly adjusted to take into account
the modification of the electronic potential by molecular and solid-
state effects. The octahedral surrounding of the metal ion is represented
by an octahedral crystal field potential whose strength is parametrized
by the radial integral 10Dq.

Results and Discussion

The presentation of the results and the discussion are
organized as follows. From the application of sum rules, we
determine the ratio of the orbital to the spin magnetic moment
contributionsML/MS of the NiII 3d levels in the ferromagnetic
CrIIINiII6 complex (Part I). Then in Part II, the antiferromagnetic
interaction between CrIII and MnII in CrIIIMnII

6 is demonstrated.
Part III is devoted to the study of the variation of the NiII and
MnII magnetic moments with the applied magnetic field, whereas
Part IV presents the thermal variation of the NiII 3d magnetic
moment.

I. Ni 2+ XMCD Measured in Cr III NiII 6. The σvv and σvV

absorption spectra and the dichroic signal at NiII L2,3 edges of
CrIIINiII6 are presented in Figure 1. The spectra were recorded
at 20 K in an applied magnetic fieldH ) (6 T. In the recording
conditions the magnetization of the compound represents 60%
of the saturation value. The full dichroic signal is the experi-
mental signal normalized to 100% circular polarized light:σ-
- σ+ ) 1/τ(σvV - σvv), where the polarization rateτ is determined
at each energy of the spectrum.4 These results can be compared
to XMCD measurements at the same edges in the mole-
cule-based magnet, CsINiII [CrIII (CN)6]‚2H2O.4,13 The CrIII -
(CN-NiII-N)6 core of the molecular complex can be seen as
an isolated motif of the magnet. There are, nevertheless,
important differences in the NiII environments of the two
compounds. In the ferromagnet, each NiII is bonded to six
nitrogens of six cyanide ions, and its local environment is
octahedral. In the CrIIINiII6 high-spin molecule, NiII is bonded
to the nitrogen of one cyanide and to five nitrogens of the tetren
ligand. Its local environment is less symmetric than in the
associated ferromagnet, since the six nitrogens give a distorted
octahedral crystal field. The absorption spectra (see Figure 1)
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present two major peaks at the L3 and the L2 edge, characteristic
of a high-spin Ni2+ ion in octahedral symmetry.21 The small
satellite (at 859 eV) between the two edges is the fingerprint of
the ligand-metal charge transfer.4,13,22The energy positions and
intensities of the L3 peaks of CrIIINiII6 and CsINiII[CrIII (CN)6]‚
2H2O spectra are almost the same since NiII has close local
symmetries and crystal field strengths (10Dq) in the two
compounds. The satellite is 1.5 eV closer to the L3 edge in the
CrIIINiII6 spectrum than in the CsINiII[CrIII (CN)6]‚2H2O spec-
trum, which demonstrates that the ligand-to-metal charge transfer
is larger with the nitrogen of tetren than with the nitrogen of
the cyanide.13

We performed ligand field multiplet calculations, assuming
an octahedral symmetry around NiII and using a Boltzmann law
to take into account the temperature (20 K). The best fit of the

absorption spectrum was obtained for 10Dq ) 1.5 eV (vs 1.4
eV in CsINiII[CrIII (CN)6]‚2H2O), and the Slater integrals reduced
to 70% of their atomic value (vs 80% for CsINiII[CrIII (CN)6]‚
2H2O). The result confirms that the covalency of the NiII-
N(tetren) bond is slightly stronger than the covalency of the
NiII-N(C) bond.

The CrIIINiII6 dichroic signal at the nickel L2,3 edges is very
similar to the CsINiII[CrIII (CN)6]‚2H2O one.4 The calculations
show that the crystal field strength and the covalency mostly
act on the intensity of the signal. Thus, even if the calculation
parameters are different in the two componds, the dichroic signal
is the same.

It is possible to extract the magnetic moment carried by NiII

from the experimental spectra by using the simple relations
between the intensities of the dichroic signals of the L3 and the
L2 edges, provided by the so-called sum rules.23 Sum rules
obtain the spin magnetic moment (MS ) - 2〈Sz〉µB, µB is the
Bohr magneton), the orbital magnetic moment (ML ) - 〈Lz〉µB)
and the total magnetic moment (M ) MS + ML) where 〈Sz〉
(〈Lz〉) stands for theSz(Lz) operator value in the ground state.
The sum rules are

and

pω is the incident photon energy andσiso the isotropic cross
section.Tzis the magnetic dipole operator which value is usually
considered to be zero in an octahedral environment. We checked
this assumption in the present case by a close examination of
the ground state determined by the ligand field multiplet
calculations.4,23

The two sum rules yieldML/MS

Applying eq 1 to the nickel L2,3 edges in CrIIINiII6 we obtained
ML/MS ) 0.07, lower than the ratio found in CsINiII[CrIII (CN)6]‚
2H2O (0.12).4 The difference is due to crystal field and charge-
transfer effects which appear larger in CrIIINiII6 than in
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Figure 1. Experimental (dots) and theoretical (line) X-ray absorption
at nickel L2,3 edges of CrIIINiII6: (a) σvv, (b) σvV, and (c) XMCD signal
normalized to 100% circular polarized light. The vertical lines
correspond to the individual transition intensities before convolution.
The calculation parameters are:ú2p ) 11.4 eV,ú3d ) 0.1 eV, 10Dq )
1.5 eV.

〈Lz〉 ) 〈φi|Lz|φi〉 ) -2(10- n)
∫L3+L2 (σ- - σ+)

1
pω

d(pω)

∫L3+L2 σiso
1

pω
d(pω)

〈Sz〉 ) 〈φi|Sz|φi〉 ) -
3(10- n)

2
×

∫L3(σ- - σ+)
1

pω
d(pω) - 2∫L2(σ- - σ+)

1
pω

d(pω)

∫L3+L2 σiso
1

pω
d(pw)

-7
2

〈φi|Tz|φi〉

ML

MS
)

1
2

∫L3+L2 (σ- - σ+)
1

pω
d(pω)

∫L3(σ- - σ+)
1

pω
d(pω) - 2∫L2(σ- - σ+)

1
pω

d(pω)

(1)

6416 J. Am. Chem. Soc., Vol. 121, No. 27, 1999 Arrio et al.



CsINiII[CrIII (CN)6]‚2H2O. MS is not affected by these parameters
and is the same for the two compounds. Thus the quenching of
ML appears more important in CrIIINiII6.

II. Antiferromagnetic Interaction in Cr III Mn II
6. Figure 2

presents the XMCD spectra measured in CrIIIMnII
6 at Cr and

Mn L2,3 edges. The experiments were performed atH ) 4 T
andT ) 20 K. In these conditions the compound reaches about
65% of the saturation magnetization. For pure metallic elements
such as iron, cobalt, or nickel, a negative XMCD signal at the
L3 edge and a positive one at the L2 edge indicates a local
magnetic moment parallel to the exchange magnetic field. In
these simple cases, the nature of the exchange interaction
between two ions can be deduced from the sign of the XMCD
signal.1,2 When many multiplet states for the final-state con-
figurations are present (as in 2p5d4 and 2p5d6), one observes
numerous features in the absorption and in the XMCD spectra.
Moreover, for the cyanide C-bond chromium ions, the strong
charge transfer yields many structures between the two edges.
In such cases, it is not possible to determine by a simple
examination of the spectrum the direction of the local magnetic
moment respective to the exchange or external magnetic field.
To obtain this information, ligand field multiplet calculations
are then essential.

The MnII L2,3 absorption spectrum is the fingerprint of a high-
spin MnII ion in octahedral symmetry engaged in weakly
covalent bonds. They are very similar to those measured on
the three-dimensional molecule-based magnet CsIMnII-
[CrIII (CN)6]‚2H2O.13 The absorption and dichroic spectra were

calculated with the same parameters used for CsIMnII-
[CrIII (CN)6]‚2H2O (Oh symmetry and 10Dq ) 0.8 eV). The
theoretical and the experimental XMCD spectra are compared
in Figure 2a. The dichroism calculation was performed with an
external magnetic field parallel to the MnII magnetic moment.
The main features are well reproduced, which confirms that the
MnII magnetic moment and the magnetic field directions are
the same.

The CrIII L2,3 absorption spectra are also similar to those
measured on CsIMnII[CrIII (CN)6]‚2H2O.13 The CrIII ion is exactly
in the same environment in both compounds, and the same
parameters were taken to calculate the edges and the XMCD
signal.13 The calculation is more intricate than that at the MnII

edges because of a strong crystal field effect (10Dq ) 3.5 eV),
a high covalency (the Slater integrals are reduced to 50% of
their atomic value), and the largeπ bonding between the CrIII

ion and the cyanide ligand. Taking into account all of these
chemical characteristics, the dichroic spectrum at CrIII L2,3 edges
was calculated with a magnetic field antiparallel to the CrIII

magnetic moment, according to the antiferromagnetic coupling
between the MnII and CrIII ions. The computed and experimental
XMCD spectra are compared in Figure 2b. The calculation fits
well the experimental spectra for the shape as well as for the
sign, which shows that the CrIII magnetic moment is indeed in
the direction opposite that of the external magnetic field. The
XMCD experiments and calculation at the MnII and at the CrIII

L2,3 edges confirm the antiferromagnetic coupling between MnII

and CrIII at the local level. The element-specific XMCD
measurements compared to the calculations permit the deter-
mination a priori of the absolute orientation of the magnetic
moment of different metallic absorbers in the magnetic field
without the need of preliminary knowledge of the nature of the
coupling between them.3

The application of the sum rules to determine the ratioML/
MS (eq 1) is unfortunately impossible for CrIII and MnII because
the strong overlap between the L3 and L2 edges completely
prevents the application of theMS sum rule (see the denominator
in eq 1): whenú2p is not large compared to the Slater integrals
(as in the early 3d transition elements), the L3 and L2 edges do
not adequately separate the (2p5)j)3/23dn+1 from the (2p5)j)1/23dn+1

states24 (ú2p ) 5.67 eV for CrIII vs 11.45 eV for NiII).
III. Variations of the Ni II and MnII Local Magnetic

Moments with the Magnetic Field in CrIII NiII 6 and
Cr III Mn II

6. To follow the variation of the local magnetic
moments of the metallic ions, we performed XMCD measure-
ments in variable applied magnetic fields. The technique was
already used to measure element-specific hysteresis in multilayer
compounds.25 Our goal is to compare (i) experimental and
computed magnetization for NiII and MnII and (ii) the elemental
moments with the molecular ones. In complex systems, when
the different molecular spin states are mixtures of local spins,
the elemental local magnetic moments given by XMCD experi-
ments do not follow a priori the same behavior as that of the
molecular one. We explored up to which point the phenomenon
can be measured in the present experimental conditions.

The experiments were performed at the NiII L3 edge for
CrIIINiII6 and at the MnII L3 edge for CrIIIMnII

6 at T ) 20 K by
varying the magnetic field from 1 to 7 T. The MnII and the NiII

L3 XMCD signals are both made of two main peaks, one
negative, the other positive (Figures 1 and 2a). In the data
analysis we checked that the ratio of the area of these two

(24) Teramura, Y.; Tanaka, A.; Jo, T.J. Phys. Soc. Jpn.1996, 65, 1053-
1055.

(25) Chen, C. T.; Idzerda, Y. U.; Lin, H.-J.; Meigs, G.; Chaban, E. E.,
Park, J.-H.; Ho, G. H.Phys. ReV. B 1993, 48, 642-645.

Figure 2. (a) Top, experimental X-ray absorption manganese L2,3 edges
of CrIIIMnII

6: σvv (thick line) andσvV (thin line). Bottom, experimental
(dots) and theoretical (line) XMCD signal normalized to 100% circular
polarized light. Calculation parameters:ú2p ) 7.0 eV,ú3d ) 0.04 eV,
10Dq ) 0.8 eV. (b) Top, experimental chromium L2,3 edges of
CrIIIMnII

6: σvv (thick line) andσvV (thin line). Bottom, experimental (dots)
and theoretical (line) XMCD signal normalized to 100% circular
polarized light. Calculation parameters:ú2p ) 5.67 eV,ú3d ) 0.035
eV, 10Dq ) 3.5 eV.
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peaks stays the same when varying the magnetic field intensity
as it is predicted by the calculations. For the two compounds,
CrIIINiII6 and CrIIIMnII

6, the areas∫L3 |σvV - σvv| d(pω) are re-
ported in Figure 3 as a function of the magnetic field (dots in
arbitrary units). Since the areas are proportional to the local
magnetic moment, the experimental dots have been scaled to
be compared to the theoretical magnetization curve, expressed
in Bohr magneton per divalent ion (NiII or MnII).

At the experimental temperature (20 K), the magnetization
vs H curves cannot be fitted by a Brillouin function using a
single-spin ground state (S) 15/2 for CrIIINiII6 andS) 27/2 for
CrIIIMnII

6). The first excited states above the ground state are
populated because the recording temperature (T ) 20 K) is not
negligible compared to the coupling constants in the two
compounds:J ) +16.8 cm-1 (∼24 K) for CrIIINiII6 andJ )
-8 cm-1 (∼12 K) for CrIIIMnII

6. To obtain the magnetization
vs H for the CrIIINiII6 complex, we calculate the spin states
|(SCr,S6Ni)S,ms〉. The functions are issued from the coupling of
the CrIII ion to the six NiII ions. SCr is the CrIII spin operator
(SCr is the associated value ofS2

Cr, SCr ) 3/2) andS6Ni the six
NiII spin operator defined byS6Ni ) ∑n)1

6 SNi(n) (S6Ni is the
associated value ofS2

6Ni, 0 e S6Ni e 6). S is the total spin
operator defined byS ) SCr + S6Ni. Thus,S is associated with
S2 and mS is the eigenvalue ofSz. Assuming an external
magnetic fieldH along thezaxis (H ) Hz), the spin Hamiltonian
of the system can be written as

In eq 2 we assume thatg ) gNi ) gCr ) 2 and that the direct
NiII-NiII interaction is negligible (it was measured as-0.5

cm-1).10b The|S,ms〉 functions are eigenfunctions ofS2, Sz, S2
Cr

and S2
6Ni

26 and thus of the Hamiltonian. The energy of a
|(SCr,S6Ni)S,ms〉 state is

Table 1 gives the energy and the degeneracy of states
(SCr,S6Ni)S in zero field. The total magnetic moment (M) is
calculated using a Boltzmann distribution. Figure 4 compares
the theoretical total magnetization curves calculated atT ) 20
K taking into account either theS ) 15/2 ground state only or
all of the spin states: one cannot neglect the contribution of
the excited spin states.

(26) Weissbluth, M.Atoms and Molecules; Academic Press INC: San
Diego, 1978.

Figure 3. (a) Experimental XMCD area at the NiII L3 edge vs H (b)
compared to the theoretical NiII-specific magnetization curve of
CrIIINiII6 calculated forT ) 20 K andg ) 2 (line). (b) Experimental
XMCD area at the MnII L3 edge vs H (b) compared to the theoretical
MnII-specific magnetization curve of CrIIIMnII

6 calculated forT ) 20
K and g ) 2 (line).

Table 1. Energy and Degeneracy of the Spin States|(SCr,S6Ni)S,mS〉
of the CrIIINiII6 Molecule in Zero Field:S6Ni, S (SCr ) 3/2 for all of
the States)a

i S6Ni S degeneracy Ei/J

1 6 15/2 1 × 16 -9
2 5 13/2 5 × 14 -15/2
3 4 11/2 15× 12 -6
4 3 9/2 29× 10 -9/2
5 2 7/2 40× 8 -3
6 6 13/2 1 × 14 -3/2
7 1 5/2 36× 6 -3/2
8 5 11/2 5 × 12 -1
9 4 9/2 15× 10 -1/2

10 3 7/2 29× 8 0
11 0 3/2 15× 4 0
12 2 5/2 40× 6 1/2
13 1 3/2 36× 4 1
14 1 1/2 36× 2 5/2
15 2 3/2 40× 4 3
16 3 5/2 29× 6 7/2
17 4 7/2 15× 8 4
18 5 9/2 5 × 10 9/2
19 2 1/2 40× 2 9/2
20 6 11/2 1 × 12 5
21 3 3/2 29× 4 6
22 4 5/2 15× 6 15/2
23 5 7/2 5 × 8 9
24 6 9/2 1 × 10 21/2

a The degeneracy is the number of states with the same (S6Ni, S)
multiplied by the spin degeneracy (2S + 1).

Figure 4. Total magnetization vsH of CrIIINiII6 calculated atT ) 20
K taking into account: theS ) 15/2 ground state only (thick line); all
of the spin states (thin line). Insert: difference between the normalized
theoretical magnetization vsH of the NiII element and of the CrIIINiII6
molecule, calculated atT ) 20 K.

E(|(SCr,S6Ni)S,mS〉) ) -J
2
[S(S+ 1) - SCr(SCr + 1) -

S6Ni(S6Ni + 1)] + gµBHz mS (3)

H ) -JSCrS6Ni + gµBSzHz (2)
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The XMCD experiments measure the local moment carried
by the absorber atom. To compare the computed XMCD curve
to the experimental results, we have to calculate the elemental
moment by decoupling the functions|(SCr,S6Ni)S,mS〉 which are
not eigenfunction ofSz6Ni. The NiII magnetic moment (MNi) at
a given temperature is given by the Boltzmann distribution of
-2〈SzNi〉 µB over the spin states, where

C(SCr mSCr,S6Ni mS6Ni;S mS) is the Clebsh-Gordan coefficient
corresponding to the coupling of|SCr,mSCr〉 with |S6Ni,mS6Ni〉. The
NiII-specific magnetization curve vsHz was calculated at 20 K.
The difference between the weighted NiII magnetization curve
(divided by the NiII saturation moment 2µB) and the weighted
molecular magnetization curve (divided by the total saturation
moment 15µB) is reported in the insert of Figure 4. For a given
temperature, the difference increases with the magnetic field,
reaches a maximum and then decreases when the Zeeman
splitting becomes large compared to the temperature. The higher
the temperature, the larger will be the difference at the
maximum. The difference is less than 1.4% in the magnetic
field and in the temperature ranges of our XMCD experiments
but shows that the theoretical NiII magnetic moment is close to
the molecular one, but not rigorously proportional.

The calculated NiII local magnetization is compared with the
experimental XMCD magnetization in Figure 3a. We performed
calculations with different values of the temperature between
10 and 25 K. The best agreement between experiment and
calculation is obtained forT ) 20 K, the sample temperature.
The result shows that the variations of the Ni L3 XMCD signal
follow the NiII-specific magnetization which is for this com-
pound very close to the macroscopic magnetization.

The local magnetization curve was then measured by XMCD
at the MnII L3 edge in CrIIIMnII

6. The magnetization curve
obtained by calculating the area of the absolute dichroic signal
is shown in Figure 3b. A spin Hamiltonian similar to the one
of CrIIINiII6 was used to calculate the specific MnII magnetization
curve. We neglected the small zero-field splitting.9 All of the
CrIIIMnII

6 spin states are included in the calculation. Figure 3b
compares the calculation with the experimental magnetization
curve. The best fit was again obtained for the sample temper-
ature T ) 20 K. In the CrIIIMnII

6 molecule, the calculation
shows, even with an antiferromagnetic coupling, that the MnII

L3 XMCD signal follows the MnII-specific magnetization curve.
The difference between the MnII magnetic moment (divided by
5 µB, the MnII saturation moment) and the total magnetic
moment (divided by 27µB, the molecular saturation moment)
have been calculated and is less than 0.6%.

One should notice that for CrIIINiII6 the magnetic moment
carried by one nickel ion would be proportional to the total
magnetic moment atT ) 0 K, that is when the states withSe
13/2 are not populated, because the|S) 15/2, mS ) -15/2〉 ground
state is uniquely built from coupling of the|SNi ) 6, mSNi )
-6〉 wave function of NiII and the|SCr ) 3/2, mSCr ) -3/2〉
wave function of CrIII . In the case of CrIIIMnII

6, the picture is

different because the|S ) 27/2, mS ) -27/2〉 ground state arise
from the combination of four wave functions

It means that atT ) 0 K the magnetic moment of CrIII or
MnII can never be exactly proportional to the total magnetic
moment of the molecule. The difference between the CrIII

magnetic moment (divided by 3µB) and the total magnetic
moment (divided by 27µB) can reach 7%. The origin of this
behavior for CrIIIMnII

6 is to be found in the antiferromagnetic
coupling between the ions contrary to the situation in the
ferromagnetic CrIIINiII6. This apparent drawback become an
useful tool for the distribution of local spins in the ground state
of exchange-coupled magnetic systems.

IV. Variations of the Ni II Magnetic Moment with Tem-
perature in Cr III NiII 6. We performed XMCD measurements
at the NiII L3 edge in a constant magnetic field (6 T) and at
variable temperatures. In that configuration the spin states are
split by the magnetic field and the population of the Zeeman
states varies with the temperature. The experiment is expected
to be sensitive to the different|S,mS〉 states populations. To
simplify the measurements, we only recorded theσvv absorption
spectra with an applied magnetic field parallel to the incident
photon direction. We report in Figure 5 the variation of the L3

edge with the reciprocal temperature.
The temperature-dependent magnetization curve was calcu-

lated using the spin Hamiltonian (2). The computed and
experimental curves are compared in Figure 5. There is a good
agreement between them. The insert in Figure 5 shows the
computed magnetization down to very low temperature: 98%
of the saturation magnetization is reached at 4 K and 65% at
20 K. The curve presents an inflection point atT ) 33 K due
to the contribution of the excited spin states. The behavior of
the curve depends on the coupling strength: the curve becomes
different from a Brillouin curve when the temperature is large
compared to theJ value. In the experimental temperature range,
the NiII magnetic moment measured by XMCD follows the
ascending part of the magnetization curve.

〈SzNi
〉 ) 〈(SCr,S6Ni)S,mS|SzNi

|(SCr,S6Ni)S,mS〉 )

1

6
〈(SCr,S6Ni)S,mS|Sz6Ni

|(SCr,S6Ni)S,mS〉 )

1

6
δS6NiS′6Ni

δmS6Nim′S6Ni
δmSCrm′SCr ∑

msCr)-3/2

3/2

∑
ms6Ni)-S6Ni

S6Ni

C(SCrmSCr,S6NimS6Ni;SmS)
2 mS6Ni (4)

Figure 5. Experimental NiII L3 edge maximum vs 1/T (b) compared
to the theoretical NiII-specific magnetization curve (line) of CrIIINiII6
calculated forH ) 6 T, g ) 2, taking into account all of the spin
states. Insert: theoretical NiII magnetization from high to low temper-
ature.

|SMn ) 30/2, mSMn ) 30/2〉|SCr )
3/2, mSCr ) -3/2〉,

|SMn ) 30/2, mSMn ) 28/2〉|SCr ) 3/2, mSCr ) -1/2〉,

|SMn ) 30/2, mSMn ) 26/2〉|SCr ) 3/2, mSCr ) 1/2〉 and

|SMn ) 30/2, mSMn ) 24/2〉|SCr ) 3/2, mSCr ) 3/2〉
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Conclusion

The current work presents one of the first XMCD measure-
ments performed on molecular paramagnetic systems and allows
the exploration of both the long-term interest and the present
limitations of the technique.

The combination of ligand field multiplet calculations and
of XMCD experiments performed at high magnetic field at the
L2,3 edges of each of the metallic components of multimetallic
paramagnetic clusters makes possible to extend the conclusions
already reached for magnetically ordered three-dimensional
materials to paramagnetic species. It is now possible to compute
the electronic structure of the different metallic ions in
paramagnetic polymetallic systems, even in the case of a strong
covalent bonding such as in Cr-CN where theπ bonding is
important, thanks to a proper use of the crystal field 10Dq, of
the Slater integrals, and of the electron charge transfer in the
fit of the experimental data.

The orientation of the local magnetic moments in the applied
magnetic field and therefore the direct evidence of the local
exchange coupling (ferro- or antiferromagnetic) between the
paramagnetic ions can be locally probed. For powders and badly
crystallized compounds, XMCD is the unique technique able
to give such a result.

A quantitative use of the technique is available for the
description of the electronic structure of the metal from the edges
and to get theML/MS ratio from XMCD when there is no mixing
between the L2 and the L3 edges.

We show also that XMCD can be used to follow the thermal
variation of the element-specific magnetization to compare it
with the macroscopic one. We found no proportionality between
local and bulk magnetization, even if the difference between
the two is very small, as theoretically expected.

Nevertheless, it appears that, when the temperature is not low
enough, the contributions of the excited spin states are non-

negligible. In our case (sample temperature) 20 K), the
contributions of the excited spin states impede the observation
of a simple Brillouin behavior. Very low temperatures are
necessary to study the ground-state only. Dilution refrigerators
such as the one developed by Cramer and co-workers27 in the
temperature range from 100 mK to 4 K will be very useful in
the development of XMCD spectroscopy. In the future, the
normalized difference between total and local magnetization at
the CrIII L2,3 edges, which is theoretically large for an antifer-
romagnetic coupling (7% atT ) 0 K), could be measured
experimentally.

The availability of such cryostats combined with strong
applied magnetic fields will render feasible in the near future
the local (element-specific) observation of Zeeman effects and
zero-field splitting in the ground state of paramagnetic poly-
metallic systems. This will be a unique way to extract the
detailed information necessary to describe and to understand
the origin of the ground-state anisotropy in polynuclear high-
spin molecules, which is one of the promising developments in
the bottom-up approach of the rapidly expanding field of
nanosystems.
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