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The molecular-based magnet CsI[NiIICrIII(CN)6]‚2H2O is a ferromagnetic with a Curie temperature TC ) 90
K. Its structure consists of face-centered cubic lattice of NiII ions connected by Cr(CN)6 entities. We have
recorded X-ray magnetic circular dichroism (XMCD) at nickel L2,3 edges. It clearly evidences that nickel(II)
is in a high-spin configuration and ferromagnetically coupled to the surrounding CrIII. Through ligand field
multiplet calculations, we have determined the total magnetic moment carried by NiII. Special attention has
been paid to the magnetic anisotropy that complicates the calculation of the cross section for a powder. By
using sum rules derived for XMCD, it has been possible to extract the orbital and spin contributions to the
total magnetic moment. A somewhat too small magnetic moment is found on nickel. A complete calculation
taking into account the multiplet coupling effect and the covalent hybridization allowed to determine the
precise ground state of nickel and showed that hybridization cannot be responsible for the experimental low
nickel magnetic moment. The origin of this effect is discussed.

Introduction
Conventional techniques in magnetism measure total magnetic
moment (susceptibility measurements by SQUID, Faraday
balance). Other more sophisticated techniques such as polarized
neutron diffraction can give information on specific groups of
atoms but measurements are only possible on large single
crystals. X-ray magnetic circular dichroism (XMCD) is a new
technique that has recently received strong interest by the
community of magnetism. Magnetic circular dichroism has long
been known in the energy range of visible light but was not
investigated till recently in the X-ray range due to the lack of
sources of circular polarized X-rays. The development of
synchrotron radiation in the past decade impulsed the field of
X-ray spectroscopies and XMCD was first observed in 1987.1
In the first section we present the elaboration of a molecular
based magnet and its magnetic properties are reviewed. The
second section is a basic summary of XMCD theory where the
sum rules are discussed. The third section is dedicated to the
experimental measurements, and the fourth one outlines the
results concerning the magnetic properties of the magnet that
have been obtained from the comparison between experiments
and calculations.
Molecular-Based Magnet
We have studied CsI[NiIICrIII(CN)6]‚2H2O, a new type of
magnet from inorganic chemistry. This magnet belongs to the
family of bimetallic cyanides whose general formula is CsI[AIIBIII(CN)6]‚nH2O, where A and B are 3d transition metal
ions. It is synthesized through soft chemistry engineering at
room temperature.2,3 A solution of cesium chloride (CsCl) is
†
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dropped into a solution of potassium hexacyanochromate, K3[CrIII(CN)6], to get the yellow precipitate CsI2K[CrIII(CN)6].
Then a solution of Ni(NO3)2‚6H2O (10-2 mol in 300 mL) is
added dropwise to a 100 mL solution containing an equimolar
amount of CsI2K[CrIII(CN)6] that is vigorously stirred up. A
light blue precipitate appears and CsI[NiIICrIII(CN)6]‚2H2O is
collected by centrifugation and then carefully washed with
distilled water.
The structure of CsI[NiIICrIII(CN)6]‚2H2O consists of a threedimensional assembly of structural motifs -NtCsCrsCtNs
Ni- where the metallic cations are arranged in a rock salt
lattice.2,3 The NiII ions are surrounded by six nitrogen atoms
and the CrIII ions by six carbon atoms. Both have an octahedral
symmetry. Cesium ions are present in half of the tetrahedral
sites of the structure as shown in Figure 1. Two water molecules
are present per formula unit. Their location although unclear
is supposed to be around the CsI ions. Water is always present
unless the material is heated above 100 °C.
Using powder X-ray diffraction we found that the compound
is pure and well crystallized.2,3 The cell parameter is a ) 10.57
Å. This value is consistent with data obtained from XAFS
spectroscopy at nickel and chromium K-edges: EXAFS determined that the chromium-carbon distance is 2.06 Å, nickelnitrogen distance is 2.10 Å, and the CtN bridge is 1.14 Å,
giving a cubic cell parameter around 10.60 Å. All the peaks
of the powder diffractograms can be indexed and no spurious
phase is formed. From infrared spectroscopy, it can be inferred
that no NiII are coordinated to carbon atoms of the cyano
bridges.4
In CsI[NiIICrIII(CN)6]‚2H2O, an orbital interpretation based
on the model of Kahn et al.5 allows to foresee a short-range
ferromagnetic interaction between the two ions. In that model,
the three unpaired electrons of CrIII (d3) are described by t2g
orbitals partially delocalized on the π system of cyanides and
particularly on pπ orbitals of the nitrogen atoms. The two
© 1996 American Chemical Society
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leading to a value for the nickel moment somewhat higher than
2 µB. No refinement on the difference signal could be made
because of the small number of peaks for a cubic powder and
the poor quality of the signal/noise ratio.
From EPR measurements on CsI[NiIICrIII(CN)6]‚2H2O it has
been possible to determine the effective Landé factor of NiII.
The EPR spectrum presents one peak that gives the averaged g
factor of the nickel and chromium atoms; we found g ) 2.05.
From EPR measurements on ZnII3[CrIII(CN)6]2‚xH2O, we obtained gCr ) 1.99 in agreement with previous measurements
on [Cr(CN)6]3-.6 We extracted the g factor of nickel using the
relation7

gS )

1+c
1-c
g1 +
g
2
2 2

with

c)
Figure 1. Crystallographic structure of CsI[NiIICrIII(CN)6]‚2H2O.
Cesium atoms are in the interstitial sites and water molecules are not
represented.

S1(S1 + 1) - S2(S2 + 1)
S(S + 1)

and we obtained gNi ) 2.15 ( 0.02. That value of gNi is
comparable to values obtained on different nickel complexes
that have been measured by EPR.8 From effective factor gNi
one can deduce that the ratio 〈Lz〉/〈Sz〉 ) 0.15 ( 0.02 from the
application of 〈Lz〉 + 2〈Sz〉 ) geff〈Sz〉. The ratio 〈Lz〉/〈Sz〉 will
be compared to XMCD measurements in the Results and
Discussion section.
X-ray Absorption Spectroscopy and X-ray Magnetic
Circular Dichroism

Figure 2. Magnetization at H ) 10 G as a function of temperature.
The Curie temperature is 90 K.

unpaired electrons of NiII (d8) are described by eg orbitals
partially delocalized on the surrounding nitrogen atoms (pσ
orbitals). It results in a strict orthogonality between the two
kinds of orbitals of different symmetry: t2g for CrIII and eg for
NiII. Furthermore, the delocalization of the t2g (CrIII) orbitals
and the eg (NiII) on the nitrogen atoms allows a strong overlap
density t2g-eg on the nitrogen atom; the large value of the
bielectronic exchange integrals 〈t2gCr(1)‚egNi(2)|(e2/r12)|t2gCr(2)‚egNi(1)〉 governs the value of the ferromagnetic short range
interaction, reflected in the high Curie temperature (TC ) 90
K). The magnetic properties of the compound have been
thoroughly measured by conventional techniques. From magnetization curves, the saturation moment at 3 T is found to be
5.2 µB per molecular unit at 3 K. This is consistent with the
two Bohr magnetons carried by nickel and the three by
chromium. This is also supported by the magnetic susceptibility
measurements at high temperature. Field-cooled magnetization
measurements at 10 G clearly evidence that the Curie temperature is 90 K (Figure 2). The hysteresis loop shows that the
remnant magnetic moment is 1.5 µB per formula unit with a
coercive field of 80 G: CsI[NiIICrIII(CN)6]‚2H2O is indeed a
magnet.2
Neutron diffraction with non spin polarized neutrons has been
performed on powdered samples.3 Diffractograms have been
registered above and below the Curie temperature. The difference between the two diffractograms has been analyzed. The
difference amounts to 2% of the average signal. From the
absence of superstructure peaks (nickel and chromium are
coupled ferromagnetically) it can be inferred that the magnetic
moment carried by nickel and chromium are not much different,

An XAS experiment is an atomic selective technique that
measures the absorption cross section. During the absorption
process the atom undergoes a transition from an initial state to
a final state and when the absorption cross section is expressed
in the electric dipole approximation the interaction Hamiltonian
reads b
‚r
b, where b
 is the polarization vector characterizing the
photon beam.9-13
XMCD is performed when the cross section of a magnetic
sample is registered for circularly polarized light. The XMCD
signal is the difference between the two cross sections for left
(
b‚r
b ) (x + iy)/x2) and right (
b‚r
b ) (-x + iy)/x2) circularly
polarized light.14
We have measured L2,3 edges of nickel. The main channel
corresponds to a transition from the initial state 2p63d8 to the
final state 2p53d9. The channel that corresponds to transitions
toward continuum s states is ignored since it is commonly found
negligible.15 In the final state the 2p spin-orbit coupling is
large and the states constructed with J2p ) 3/2 lie 17.1 eV below
those constructed with J2p ) 1/2. The L3 and L2 edges are well
separated, although some intermixing still exists. The L2,3 edges
correspond to transitions toward the 3d orbitals that are spinpolarized in a magnetic compound. The two effects (spinorbit coupling and spin polarization of the 3d orbitals) make
the dependence of the cross section with the photon helicity as
large as 50% (or more) of the isotropic cross section. By
definition, the cross sections are labeled σ0 for linear polarization
parallel to the magnetic field, σ+ for left circular polarization,
and σ- for right circular polarization (in both circular polarization, the propagation vector is parallel to the magnetic field).
Thole and Carra et al.16 have developed several sum rules
that can be applied to XMCD spectra.17-19 From these sum
rules, it is possible to extract the average values 〈Lz〉 and 〈Sz〉,
and hence also the magnetic moment M ) -µB〈Lz + 2Sz〉
carried by the absorbing atom. The validity of the sum rule
for 〈Lz〉 evaluation has been checked in rare-earth and 3d
transition metallic or intermetallic compounds.17-21 The validity
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of the sum rule for 〈Sz〉 has still not received much confirmation
from the experimental point of view.21-26 In the case of
transition metals, we follow Carra’s remark by taking the
magnetic dipole operator 〈Tz〉 ≈ 0 in eq 7 of ref 20. In the
Results and Discussion section we shall explain why this
approximation is justified. The two sum rules for L2,3 edges
for dipolar transitions read

I2,3+ - I2,3+

-

I2,3 + I2,3 + I2,3

0

)-

〈φi|Lz|φi〉

(a)

2(10 - n)
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-
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0
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where n is the occupation number of the 3d orbital (n ) 8 for
NiII), |φi〉 the NiII ground state, I3+ the integral of the absorption
cross section over the L3 edge for left-polarized photons and
similar definitions for other I. The +, -, 0 indices relate
respectively to left, right, linear polarization, and I2,3+ ) I3+ +
I2+. The I values can be computed from the experimental data
(I ) ∫ σ/hν d(hν)), so that direct determinations of 〈Sz〉 and
〈Lz〉 are possible from experimental data.
Measurements at Nickel L2,3 Edges
We measured XMCD at nickel L2,3 edges in the molecularbased magnet CsI[NiIICrIII(CN)6]‚2H2O on the soft X-ray SU22
beamline of the storage-ring Super-ACO at LURE (Orsay). The
photon source is an asymmetric wiggler that delivers a high
flux of circularly polarized light above and below the orbital
plane. At the nickel L2,3 edges (850 eV) the flux is 10 times
larger than the one delivered by bending magnets and amounts
to 1012 photons/s/100 mA/mrad2/0.1% BW. For XMCD we
select the photons emitted 0.3 mrad above the orbit plane. The
flux is left elliptically polarized and the averaged polarization
rate before the monochromator can be calculated from the
emission of the wiggler: it is 80% and constant on the whole
energy range of nickel L2,3 edges. The elliptically polarized
white beam is monochromatized by a two beryl crystal
monochromator described elsewhere.27,28 The crystals are highquality natural Ukrainian yellowish gems that have been cut
along the (100) planes. The main advantage of a beryl crystal
monochromator is the high resolution that can be achieved. At
850 eV, the ultimate instrumental broadening, resulting from
the beam divergence and the width of the reflection profile,
has been measured to be 0.25 eV.
The monochromatic beam goes through a 0.7 µm thick
aluminum foil and the intensity of the photocurrent is measured
to determine the flux upstream the sample: it is typically in
the 1 pA range. The beam then falls on the sample cooled down
to 20 K and magnetized by a superconducting magnet. A full
magnetization of the sample is obtained for a magnetic field of
0.1 T at 20 K.3 This point is deduced from SQUID measurements at high field and was checked by verifying that the
XMCD signals at 20 K are the same for magnetic fields of 1 or
0.1 T. Except when specially specified, all experiments where
carried out with a magnetic field of 1 T. The X-ray absorption
spectra are recorded by measuring the photocurrent emitted by
the sample on a 617 Keithley electrometer. For a machine
current of 200 mA, the average signal below the L3 edge is
around 0.5 pA and reaches 1.5 pA at L3 edge maximum. Great
care has been taken to the elimination of any systematic noise.

For a better conductivity, the powder was pasted on a grid
carved on metal sheet. A stability of 1 fA is currently achieved.
During a XMCD experiment, a first spectrum, labeled σvv, is
registered with the magnetic field parallel to the propagation
vector of the photons. Then a second spectrum, labeled σvV, is
registered with the magnetic field antiparallel to the propagation
vector of the photons. σvv and σvV depend on the circular
polarization rate (τ) and are related to σ+ and σ- through σvv )
[(τ + 1)/2]σ+ + [(1 - τ)/2]σ- and σvV ) [(1 - τ)/2]σ+ + [(τ
+ 1)/2]σ-. It can be shown that, in the electric dipole
approximation, reversing the magnetic field is equivalent to
changing the helicity of the beam. The XMCD signal is the
difference (σvV - σvv) between the two spectra. Since the XMCD
signal is obtained by difference between two spectra that are
not registered at the same time, great care is needed in the
normalization process: we checked that the two spectra
registered with fully linearly polarized light for two directions
of the magnetic field differ by a constant multiplication factor
equal to 1.1. We used the same factor to normalize σvv and
σvV spectra. All the experiments have also been performed above
and below the orbit plane and yielded the same, although
reversed, dichroic signal.
As stated above, the measurements were performed on a beam
line where the photons are monochromatized by a two-crystal
assembly. In such an experimental setup, the transfer of the
circular polarization is far from perfect. Close to the Brewster
angle (45° for X-rays) the crystals behave like polaroid and
transform any type of light in almost purely linearly polarized
light. In experiments at nickel L2,3 edges, the Bragg angle varies
from 62° to 67° and the depolarization is not too large. We
have computed the transfer function of the crystal in the
framework of the dynamical theory: the polarization rate is
reduced behind the monochromator and depends on the energy.
In order to extract reliable quantitative information from
experimental data, the exact polarization at each energy has to
be considered: 37.1% at L3 edge (853 eV) and 30.9% at L2
edge (870.3 eV).29 To ascertain the determination of the
polarization rate, we measured the XMCD signal of fully
magnetized metallic nickel at 20 K and 1 T. The polarization
rate is extracted from a comparison with ab initio calculated
XMCD signal.30 We found that the polarization rate is equal
to 37 ( 4% at L3 edge and 30 ( 3% at L2 edge in agreement
with the expected values (insert in Figure 3).
Results and Discussion
The two spectra σvv and σvV at nickel L2,3 edges are plotted in
Figure 3. Each spectrum is the sum of six spectra for each
direction of the magnetic field, with an accumulation time of 1
s per point. Although the samples are insulating compounds
and the photocurrent is low, a very good signal/noise ratio can
be obtained. The spectra are normalized so that the average
spectrum 1/2(σ+ + σ-) is equal to 1 at the maximum of L3 edge.
This procedure is repeated for any comparison of theoretical
and experimental spectra in this paper. When plotting the
XMCD signal (Figure 3), the experimental spectra have been
renormalized to 100% of circular polarization rate and the cross
sections have been divided by the energy for a direct application
of the sum rules. The spectra are characteristic of NiII in the
triplet state31 as can be confirmed by the multiplet calculations.
The net magnetic moment of the sample is parallel to the
magnetic moment of chromium and the sign of the experimental
XMCD signal proves that nickel(II) ions are indeed coupled
ferromagnetically to chromium(III) ions.
The calculations are performed in the crystal field multiplet
theory.11-13,32,33 It takes exactly into account spin-orbit
coupling and treats the environment of the absorbing atom
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Figure 4. NiII theoretical 1/2(σ+ + σ-) spectra at nickel L2,3 edges
calculated with the magnetic field parallel to C2(110) (thick solid line),
to C3(111) (dots), and to C4(100) (thin solid line).

Figure 3. (Top) Experimental σvv (line) and σvV (dash) at nickel L2,3
edges in CsI[NiIICrIII(CN)6]‚2H2O. (Bottom) XMCD signal σvV - σvv
normalized to 100% of circular polarization. The measurements are
performed at 20 K and in a magnetic field of 1 T. The energydependent circular polarization rate is plotted in insert.

through crystal field parameters. In octahedral symmetry, the
degeneracy of the 3d orbitals is lifted in two components t2g
and eg. The orbitals t2g and eg are also split but in a less effective
way by spin-orbit coupling and Zeeman effect. In octahedral
symmetry, the crystal field strength is determined by only one
parameter, the average energy separation between t2g and eg,
commonly labeled 10Dq. The parameter is determined by UVvisible electronic spectroscopy and equals to ≈1.3 eV around
the nickel ions. In a first step we present a calculation in a
single configuration where no account of nickel-nitrogen
hybridization has been treated explicitly. The covalency effects,
which can be responsible for the presence of additional satellites
in the spectra, cannot be reproduced in this model.
The sample is a powder of crystallites with cubic crystallographic symmetry. Without magnetic field the dipolar cross
sections are isotropic for any crystallites. When a magnetic
field is applied, the presence of a net magnetization of the
sample breaks the cubic symmetry in each crystallite. Due to
magnetic anisotropy the break of cubic symmetry depends on
the orientation of the magnetic field with respect to the
crystallographic axes of the crystallites. To take into account
this effect, the powder spectrum has to be calculated by
averaging cross sections for all possible directions of magnetization with respect to the symmetry axes of the crystallites. Since
the complete calculation would be intractable, we used the
approximate method of integration developed by Ayant et al.34
It states that the powder cross section can be obtained to a good
approximation by a well-balanced average of cross sections
calculated with particular directions of the magnetic field. In
the case of cubic symmetry, the powder spectrum is given by

σpowder )

176
99
110
σ(B||C2) +
σ(B||C3) +
σ(B||C4)
385
385
385

where σ(B||C2), σ(B||C3), and σ(B||C4) are the cross sections
corresponding to the magnetic field B parallel to the following
directions: [110] or C2, [111] or C3, and [001] or C4. We
performed the multiplet calculations for a magnetic field parallel
to C2, C3, and C4. The isotropic spectra for any of the three
directions are very similar as can be expected since the Zeeman
Hamiltonian is a small perturbation that cannot be resolved by
the experimental resolution. On the contrary, when linear or

Figure 5. (Top) Experimental (dots) and theoretical (line) 1/2(σ+ +
σ-) spectra at nickel L2,3 edges in CsI[NiIICrIII(CN)6]‚2H2O. (Bottom)
Experimental (dots), theoretical (dash), and theoretical divided by 1.6
XMCD signal renormalized to fully circular polarized light. The
calculations are performed with the following parameters: ζ2p ) 11.4
eV, ζ3d ) 0.1 eV, 10Dq ) 1.4 eV, temperature ) 0 K.

circular dichroism is calculated, some interesting differences
are present due to different degeneracy lift and different dipole
allowed transitions. Large differences between the average
spectra 1/2(σ+ + σ-) for σ(B||C2), σ(B||C3), and σ(B||C4) can
be observed in Figure 4. This proves that a well-balanced
averaging procedure is essential to allow the extraction of
physical quantities from the comparison between experimental
and calculated 1/2(σ+ + σ-) spectra. Moreover X-ray magnetic
circular and linear dichroism should give much information on
the magnetic anisotropy, although the impossibility of growing
large enough single crystals did not permit us to address
experimentally this question. For the three magnetic orientations, the circular dichroic signals σ- - σ+ only differ by 3%
which means that the shape of XMCD at nickel L2,3 edges is
almost insensitive to the magnetic anisotropy.
The crystal field and spin-orbit parameters are adjusted to
produce the best agreement between the experimental and the
powdered averaged theoretical cross section 1/2(σ+ + σ-). The
calculation is performed at 0 K and the best agreement is
obtained for spin-orbit parameters ζ2p ) 11.4 eV and ζ3d )
0.1 eV, a crystal field parameter 10Dq ) 1.4 eV. The crystal
field parameter is in agreement with the one obtained by optical
spectroscopy.
Figure 5 compares experimental and theoretical 1/2(σ+ + σ-)
spectra. The only difference is at 860 eV where a clearly visible
feature is present on the experimental spectra and absent on
the theoretical ones. This satellite is interpreted as due to

Magnetic Moment in a High TC Molecular Based Magnet
hybridization with the surrounding ligands and will be evidenced
by the hybridization calculation presented below.35,36 Despite
this resonance, the overall agreement between theory and
calculation is good enough to allow us to rely on the description
of the ground state made in the calculations. It is then possible
to extract information about the ground state. The irreducible
representation of NiII ground state is Γ5+ when spin-orbit
coupling and crystal field Hamiltonians are switched on. The
Γ5+ nickel ground state is a pure 3F term (99.92% of 3F and
0.08% of 1G and 1D) that is made up of 52% of 3FJ)4 states,
32% of 3FJ)3 states, and 16% of 3FJ)2 states. If spin-orbit
coupling is neglected, the ground state can be decoupled in pure
spin and orbital parts and is given by 3A2g. In the real case,
where spin-orbit coupling exists, 3Ag represents the main part
of the actual ground state Γ5+.
The experimental and calculated XMCD signals are plotted
in Figure 5. The shape of the experimental spectrum is well
reproduced by the calculation, but its amplitude is 1.6 times
smaller than the theoretical one. We applied the sum rules to
the experimental XMCD spectrum. From the theoretical
calculations, we found that the linear magnetic dichroic signal
[1/2(σ+ + σ-) - σ0] is small and then 1/2(σ+ + σ-) is a good
approximation for the isotropic spectrum (σiso ) 1/3(σ+ + σ+ σ0) ≈ 1/2(σ+ + σ-)). The application of the sum rules (a) to
the experimental spectra gives ML ) -〈Lz〉µB ) 0.1 ( 0.03
µB, where µB > 0. Although the crystal field parameter is large,
the orbital momentum is not completely quenched. This
originates from the deviation of the ground state from the pure
3A
2g state. As stated above, the computation of 〈Sz〉 through
the spin sum rule requires the knowledge of the average value
of the spherical tensor Tz. We calculated 〈Tz〉 for NiII ground
state and we found 〈Tz〉 ) 0.0017. From the application of the
spin sum rule (b) to the experimental spectra, we obtained MS
) -2〈Sz〉µB ) 0.78 µB if we neglect 〈Tz〉 and MS ) -2〈Sz〉µB
) 0.80 µB if we take into account 〈Tz〉. In the case of NiII, the
error induced by neglecting 〈Tz〉 is not large, it is less than 3%
of the total magnetic moment. The total magnetic moment on
NiII is found equal to M ) -[〈Lz〉 + 2〈Sz〉]µB ) 0.9 µB ( 0.1
µB per absorbing NiII ion. The error on the determination of
〈Lz〉 and 〈Sz〉 is mainly related to the uncertainty of circular
polarization rate (10%). For 〈Lz〉 it is somewhat larger than
10% because L2 and L3 dichroic signals tend to cancel and
systematic errors can occur from normalization process. The
NiII magnetic moment extracted from XMCD measurements is
lower than the one (≈2 µB) expected for a fully magnetized
NiII atom in 3A2g triplet state. The orbital and spin moments
deduced from the crystal field multiplet calculation are ML )
0.28 µB and MS ) 2.0 µB. We are going to show in the following
that the origin of the too low value for the magnetic moment
does not lie in hybridization between 3d and ligand orbitals.
A possible origin for the loss of magnetic moment could be
hybridization between NiII ions and the neighboring nitrogen
atoms. To take into account the hybridization effects, we
performed multiplet calculations with electronic configuration interactions.35,36 In that model, the NiII states are represented by a mixture of the two electronic configurations 3d8
and 3d9L, where d9L is a configuration where an extra electron
coming from the ligand orbitals is added on the 3d shell; L
stands for ligand hole. Figure 6 shows the theoretical 1/2(σ+ +
σ-) cross section and theoretical XMCD signal. In that model
it has been possible to reproduce the satellite at 860 eV. The
fitting procedure of the experimental spectrum is more intricate
than for the one configuration model. We used ∆ ) 5.3 eV,
Ucd - Udd ) 1 eV, V(eg) ) 2, and V(t2g) ) -1 (these parameters
have been described by Kotani and we kept his notations37).
We find that the NiII ground state is a mixture of 3d8 that counts
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Figure 6. (Top) Experimental (dots) and theoretical (line) 1/2(σ+ +
σ-) spectra at nickel L2,3 edges in CsI[NiIICrIII(CN)6]‚2H2O. (Bottom)
Experimental (dots), theoretical (dash), and theoretical divided by 1.6
XMCD signal renormalized to fully circular polarized light. The
calculations are performed with hybridization (relevant parameters are
given in text).

for 90% and of d9L that counts for 10%. This result shows
that NiII has a very ionic character compared to the values
obtained by Kotani for a set of NiII compounds.37 Although
one would expect that the contribution from d9L would tend to
decrease MS, one finds by applying the sum rules to the
theoretical spectra that both ML and MS are not much affected
by hybridization: taking n ) 8.1 in expressions a and b and
neglecting 〈Tz〉, we found ML ) 0.27 µB and MS ) 1.8 µB. The
covalency tends to decrease the total magnetic moment by less
than 10% (M ) 2.3 µB without covalency and M ) 2.1 µB with
covalency). Most of this effect comes from the variation of 3d
holes number between pure 3d8 and 3d8 - 3d9L mixture.
An explanation for the low value of the XMCD Ni magnetic
moment could be related to an incomplete magnetization of the
nickel atoms. To check this hypothesis, we studied the effect
of the applied magnetic field and the temperature on the
magnetization. First, we performed at 20 K a XMCD measurement with an external magnetic field of 5 T. It was found that
the XMCD signal had the same amplitude as for the 1 T
experiment to less than 5% relative error. Second, we registered
with a SQUID magnetometer the magnetization at saturation
at 3 and 20 K. We found that the magnetization varies from
5.2 to 4.9 µB and that in both cases it is well reached for
magnetic field lower than 0.5 T. Then one can safely consider
that any bulk NiII ion has reached full magnetization in our
experiments performed at 20 K with 1 T magnetic field.
Nevertheless, since total electron yield detection is surface
sensitive, surface nickel ions might not be feeling the exchange
magnetic field or present strong magnetic anisotropy that would
make the magnetization perpendicular to the surface negligible.
This hypothesis cannot be discarded.
The experimental value for 〈Lz〉/〈Sz〉 is 0.26 ( 0.05 and the
theoretical value extracted from either crystal or ligand field
multiplet calculation is around 0.29 ( 0.05. EPR measurements
have shown that 〈Lz〉/〈Sz〉 in NiII should be around 0.15 ( 0.02.
One sees that the 〈Lz〉/〈Sz〉 determination by our measurements
is larger than the one determined by EPR. This effect supports
the idea that NiII ions undergo a strong magnetic anisotropy
and that 〈Lz〉 and 〈Sz〉 measurements do not refer to bulk
magnetic NiII ions. This type of disagreement has already been
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mentioned by other authors who also found that 〈Lz〉/〈Sz〉
extracted from XMCD is usually larger than the one extracted
from other techniques. Since the orbital sum rule has been
found to work reasonably well on 3d metals as nickel, cobalt,
and iron, we start from the idea that the orbital sum rule works
well and then 〈Lz〉 ) -0.1. From 〈Lz〉/〈Sz〉 ) 0.15 ( 0.02 one
gets 〈Sz〉 ) -0.7 (MS ) 1.4 ( 0.1 µB). In this hypothesis the
total magnetic moment is then M ) 1.5 ( 0.1 µB. This is a
reasonable value for NiII in such compound where part of the
nickel moment is carried by the 4p orbitals and the neighboring
nitrogen atoms. Indeed XMCD experiments performed at nickel
K edge38 have shown a strong dichroic signal evidencing that
a magnetic moment is carried by the 4p orbitals. This 4p
moment must be small compared to the one carried by 3d
orbitals. On the other hand, XMCD measurements performed
at nitrogen K edge have shown that nitrogen atoms carry a very
weak magnetic moment.39 As predicted by Figgis et al.40
through polarized neutron diffraction experiments and local
density functional calculations,41 one expects some delocalization of the nickel magnetic moment on the six neighboring
nitrogen atoms.
Conclusion
We have fully studied the nickel L2,3 edges in the bimetallic
cyanide CsI[NiIICrIII(CN)6]‚2H2O and have been able to evidence
a strong XMCD signal on the NiII ion. The spectra were
recorded at 20 K with a magnetic field produced by a
superconducting magnet. We have calculated XAS and XMCD
spectra in the ligand field multiplet approach and we have shown
that hybridization has to be introduced for a complete simulation
of the experimental spectra: even a small satellite at 860 eV is
reproduced with correct intensity and energy. The 3d9L
configuration weights for 10% in NiII ground state and tends to
decrease the spin and the orbital momentum. In doing the
calculations, we particularly paid attention to two important
details that are usually neglected: first, the nullity of Tz was
checked and can be explained from geometrical considerations
and second, the averaged spectra for a powder sample were
computed by taking into account the magnetic anisotropy in a
cubic crystal field.
Although experimental and calculated isotropic spectra did
agree very well, we have pointed out a serious discrepancy
between the magnetic moment extracted from XMCD sum rules
and the one that is expected for an almost pure triplet state for
NiII. By comparison with EPR measurements we deduced that
total electron yield measurements do not provide information
on bulk magnetized ions. Surface anisotropy is responsible for
the incomplete saturation of NiII ions and large 〈Lz〉 contribution
relative to 〈Sz〉.
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Brouder, Ch.; Krill, G.; Schillé, J.-Ph.; Kappler, J.-P.; Goulon, J. J. Appl.
Phys. 1992, 72, 1985-1988.
(28) Sainctavit, Ph.; Lefebvre, D.; Arrio, M.-A.; Cartier dit Moulin, Ch.;
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