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Abstract



The potassium hexacyanoferrate(ITI), K;[Fe™ (CN)g], is known for its exceptional
magnetic anisotropy among the 3d transition metal series. The Fe(III) ions are in the
S =1/2 low spin state imposed by the strong crystal field of the cyanido ligands. A
large orbital magnetic moment is expected from previous publications. In the present
work, X-ray magnetic circular dichroism was recorded for a powder sample, allowing di-
rect measurement of the Fe(III) orbital magnetic moment. A combination of molecular
multiconfigurational ab initio and atomic ligand field multiplets calculations provides
the spin and orbital magnetic moments for the Fe(CN)g isolated cluster, the crystallo-
graphic unit cell and the powder sample. The calculations of the angular dependencies
of the spin and orbital magnetic moments with the external magnetic induction direc-
tion reveal easy magnetization axes for each S = 1/2 Fe(CN)g molecular entity and the
crystal. It also reveals that the orbital magnetic moment dominates the spin magnetic
moment for all directions. Our measurements reveal that the orbital magnetic moment
contributes 60% of the total magnetization for the powder, in excellent agreement with
our theoretical predictions. An orbital magnetic moment greater than the spin mag-
netic moment is exceptional for 3d transition metal ions. The impact of crystal field
strength and distortion, m back-bonding, spin-orbit coupling, and external magnetic
induction were analyzed, leading to a deeper understanding of the spin and orbital

magnetic anisotropies.

1 Introduction

Ferricyanide (or potassium hexacyanoferrate(ITI), Ks[Fe'(CN)g]) has been known for several
centuries and is used in a wide range of domains such as chemistry, physical-chemistry 3 and
biology. 45 It is an ingredient in the synthesis of the famous Prussian blue, Fe " [Fe'' (CN)g].6
The [Fe(CN)g* /[Fe(CN)g]* redox couple is a standard in electrochemistry where it can be
used in analytical chemistry or as an electrolyte for the battery industry.”® The redox proper-

ties are widely used in the design of thermo- and photo-magnetic CoFe Prussian blue analogs



and derivative molecular compounds where an electron transfer occurs between Fe(III) and
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Co' transforming the paramagnetic Co'=NC—Fe™ pairs into diamagnetic Co™'—~NC—Fe"!

pairs and reversely. %15

The cyanido ligand (CN") forms a highly covalent bond with the 3d metal ion. The
Fe'"-CN bond results from the synergy of the ¢ donor interactions between occupied ligand
orbitals with the partially occupied metal orbitals, and the m back-bonding acceptor inter-
actions between the partly occupied metal orbitals and the unoccupied ligand orbitals. The
ligands create a large ligand field that dominates the Coulomb electron-electron repulsions
so that the Fe(III) ion is in the low spin state i.e the ¢3 ) configuration with S'=1/2 . The
corresponding spectroscopic term for the ground state is 275, in Oy, symmetry (Schénflies no-
tations).1¢ The orbital part with symmetry 75, is the sign of an expected significant angular
orbital momentum for the ground state.

Ferricyanide is also known for its peculiar anisotropic magnetic properties, representing
an exception among the 3d transition metal ion series. The first susceptibility measurements
performed in 1933 pointed to the unusual anisotropic behavior.!” Later electron paramag-
netic resonance (EPR) magnetic measurements confirmed the result.'®2° In the eighties,
spin-polarized neutron diffraction (PND) was applied to the understanding of the magnetic
properties of Cs,K[Fe(CN)g| single crystals, with special attention to the angular depen-
dence of magnetization.?® From a simple crystal field model, the authors estimated that the
orbital magnetic moment contributes 60% of the total magnetization, thus dominating the
spin magnetic moment, an exception among the 3d transition metal ions.

The recent developments of high-resolution spectroscopic experiments on synchrotron
beamlines offered the possibility to probe electronic properties through X-ray absorption
spectroscopy (XAS), X-ray emission spectroscopy (XES), and resonant inelastic X-ray scat-
tering (RIXS).2729 The magnetic properties can be probed by X-ray magnetic circular

dichroism (XMCD), X-ray magnetic linear dichroism (XMLD), and RIXS-MCD. XAS at

Lo 5 edges of 3d ions corresponds mainly to transitions between the 2p core levels and the



empty 3d levels so that it directly probes the electronic properties of the 3d levels.?” In addi-
tion, XMCD at Lo 3 edges is a technique that directly yields the 3d orbital magnetic moment
thanks to the orbital magneto-optical sum rule and possibly the spin magnetic moment when
the spin magneto-optical sum rule holds.30-32

As with most other spectroscopies, theoretical calculations provide an essential tool to
increase the understanding of the experimental results. The strong electron-electron repul-
sions and the correlations of the open shell 3d elements have to be considered for a correct
description. In early works, crystal field multiplet (CFM) and ligand field multiplet (LFM)
models were used to interpret susceptibility measurements. Figgis and coworkers proposed
an advanced LFM model to calculate the effective magnetic moment of K[Fe'™(CN)g].16:21
Due to computing limitations, the model relied on perturbation theory. Today’s LFM mod-
els include spin-orbit coupling and configuration interaction and are implemented with full
Hamiltonian diagonalization.3335 In the case of core spectroscopies, B.T. Thole developed a
multi-electronic single-ion model with configuration interactions to account for charge trans-
fer between the ion and the ligands due to the chemical bond.?7:3436 Special attention was
given to calculating the excited states in the presence of the core hole and to transitions be-
tween the initial state and the core-hole excited states. For instance, for the X-ray absorption
at Lo 3 edges, the 2p core hole created in the excited states yields a strong spin-orbit splitting
responsible for the separation of the L3 and Ly edges, Coulomb repulsions between 2p and
3d electrons, while the extra 3d electron modifies Coulomb repulsions on the 3d shell. All
these effects have to be included in the calculation of core spectroscopies to obtain a correct
description of the electronic structure and the transition intensities. Indeed, the LFM model
was successfully used to calculate XAS and XMCD spectra at Lo 3 edges of transition metal
ions, even for highly covalent bonds. 27:33:34,36-39

The LFM models are, however, semi-empirical, and require parameters to describe the
inter- and intra-atomic interactions. Attempts have been made to circumvent these lim-

itations by using density functional theory (DFT),4047 and multiconfigurationalab initio



methods to directly calculate the X-ray absorption spectra.®3 Recently, Maganas et al.
have extended the use ab initio-based approaches to the calculation of the XMCD spectra of
VYV and V' complexes.?* Although exciting, the use of parameters-free theoretical methods
comes with the drawback that they are computationally very demanding. A compromise is
to use semi-empirical multiplet approaches to perform the spectroscopy calculations while
relying on DF'T or ab initio calculations to estimate the values of the required parameters. In
magnetism, a similar approach is often applied to calculate the spin Hamiltonian parameters
used to interpret magnetic measurements such as EPR and SQUID magnetometry. 5

X-ray spectroscopies have previously been employed in the study of ferricyanide and its
related Prussian blue analogs, enabling the determination of electronic and magnetic proper-
ties of the 3d transition metal ions.10:12:37-39.56-62 X _ray absorption at the iron Lo 3 edge was
first used by Hocking et al. to determine the electronic structure of Kz[Fe'™(CN)g].39 The ex-
perimental measurements were interpreted using LEM calculations. The authors determined
the initial state electronic configuration and the charge transfer associated with the metal-
cyanido bond (7 back-bonding and o donation).3? More recently, the electronic properties
of K3[Fe"(CN)g| and other low-spin Fe(III) complexes were investigated using RIXS mea-
surements, and interpreted using second-order perturbation theory restricted active space
(RASPT2).58 Hahn et al. have calculated the electronic structure of Ks[Fe'™(CN)g| within
the complete active space self-consistent field (CASSCF) and multireference N-electron va-
lence state perturbation theory (NEVPT2) framework, from which they extracted the ligand
field parameters that were subsequently injected into the LEM model to calculate 2p3d RIXS
maps. 60

In the present work, we study the local magnetic properties of a powder sample of
K[Fe"(CN)g]. We use XMCD to measure the Fe(IIT) orbital magnetic moment, and SQUID
magnetometry for the total magnetization. The experiments are performed at 2 K and 6.5 T,
making the magnetization close to the saturation limit. We compare the results with two

other low spin Fe(III) compounds: (i) (N(C4Hy),)[TpFe™(CN),] (where Tp is tris-pyrazolyl



borate ligand) for which XMCD interpreted by LFM was previously published.3? In this com-
pound Fe(III) is coordinated by three cyanido ligands and three nitrogen atoms of Tp. The
compound is labelled Fe'Tp in the following. (i) The ferric bis(1,4,7-triazacyclononane)
chloride complex, [Fe(tacn),|Clz-5Hy0, where Fe(III) is coordinated by six nitrogen from
two tacn ligands, and the bonding does not involve m back-donation. This compound is
labelled Fe''(tacn), in the following.

The interpretation of XAS and XMCD measurements was carried out using LFM calcu-
lations. The required parameters of the initial Hamiltonian were extracted from multiconfig-
urational ab initio calculations. The magnetization curves and the expectation values of the
spin and orbital magnetic moments were obtained using the same ab initio methods. Partic-
ular attention was paid to the angular averaging of the calculated quantities, as required by
the fact that the measurements are performed on powder samples. We analyze the behavior
of the spin magnetic moment with respect to the orbital magnetic moment, by examining
the effect of the crystal field symmetry, spin-orbit coupling, and hybridization. The present

work allows us to identify the key parameters responsible for the magnetic anisotropy.

2 Methods

2.1 Materials and SQUID magnetic measurements

Potassium hexacyanoferrate(IIT), Ks[Fe'(CN)g], was purchased from Sigma-Aldrich and
used without further purification. The ferric bis(1,4,7-triazacyclononane) chloride com-
plex, [Fe(tacn),|Cls- 5 H,0, was prepared adapting reported procedures. 596364 FeCl; -6 H,O
(0.056g, 0.21 mmol) was dissolved in DMSO (2 mL), heated to 140°C, and left to cool
down to room temperature. Hstacn (0.100 g, 0.42 mmol) in 96% EtOH (2 mL) was treated
with an ethanolic 1 M solution of KOH (3eq. 1.26 mL) and added drop-wise under stir-
ring to the Fe(IlI) solution. The formed yellow precipitate was removed by centrifugation,

and the resulting solution was placed in a sand bath at 60°C. Prismatic orange crystals of



[Fe(tacn)y]Cls -5 HoO form within 12 hours.

Magnetic properties were investigated using a Quantum Design XL-7 SQUID magne-
tometer. 34 mg of grinded K;[Fe'"'(CN)g| were pressed into a pellet and placed in a straw in
the magnetometer. The dependence of magnetization was recorded at 2 K, 4 K and 10 K for
a magnetic induction varying between -6.5 T and 6.5 T. The diamagnetic correction was es-
timated using Pascal’s constants, and the magnetic data were corrected for the diamagnetic

contributions of the sample holder.

2.2 XAS and XMCD experiments

The powder sample was deposited on a double-sided conductive carbon tape suitable for
cryogenic temperatures and mounted on a copper sample holder. XAS and XMCD measure-
ments were recorded at Fe Lo 3 edges (2p - 3d) on DEIMOS beamline (SOLEIL synchrotron,
France)% in total electron yield (TEY) under ultra-high vacuum conditions. XMCD spectra
were recorded at 2 K and 6.5 T.

To avoid any spurious signals, the XMCD was measured by taking the difference of
two XAS spectra recorded for left and right polarized X-rays with the external magnetic
induction parallel (B*) or antiparallel (B~) to the X-ray propagation vector. By definition,
the XMCD signal is obtained by oxmep = 0~ — 0t where 0~ = [0(B~) + ogr(B*)]/2 and
o* = [or(B*) + ogr(B~)]/2. The XAS is defined by oxag = 3(c™ +0*).

The orbital magnetic moment is obtained by applying the sum rules3%3! to the XAS/XMCD
spectra. The background was subtracted from the XAS spectrum using two arctangent func-
tions that model the 2ps/» — continuum and 2p;/, - continuum transitions.® The XAS is
normalized to 1 at the maximum close to 710 eV and the XMCD is expressed as a percentage

111
due to

of this maximum. The spin sum rule cannot be applied in the case of low spin Fe
the strong intermixing between Lz and L.32
XMCD-detected magnetization curves were measured as a function of the applied mag-

netic induction. The monochromator was set at the energy of the maximum intensity (in



absolute value) of the XMCD signal. The XMCD intensity was measured by sweeping the
intensity of the external magnetic induction between 6.5 T and -6.5 T and flipping the cir-
cular polarization at each induction step. The XMCD-detected magnetization curves were

recorded at 2 K and 10 K.

2.3 Multiconfigurational ab initio calculations

We have performed cluster model calculations for both Kz[Fe™(CN)g and Fe''Tp. The
K;3[Fe'(CN)g] model was constructed starting from the experimental X-ray diffraction struc-
ture (P2 /n space group, #14),57 and includes the iron atom and the six coordinating cyanide
ligands. The unit cell contains four different Fe(III) ions and we selected the cluster around
the Fe(III) ion with Cartesian coordinates (3.460,0.106,-0.013), labeled 1 in Figure 1. The
coordinates of the Fe(CN)g cluster are given in Supplementary Information (S1). In the
following, all coordinates are given in the {Z,y, 2} orthonormal frame where the {a, b, ¢} cell
frame is defined by: @ = (14.021,0,0),b = (0,10.401,0),¢ = (-2.467,0,7.966) (in A). The
Fe""'Tp coordinates were taken from the work of Ridier and coworkers.

In the case of Ky[Fe"(CN)g|, we have also performed embedded cluster calculations.
The array of point charges surrounding the quantum cluster was generated using the Ewald
program®® from a 4 x 6 x 8 supercell. In total, 13811 point charges were considered. The
initial values of the charges were set to 0.9, -0.8, 0.4, and 0.5 for Fe, N, C, and K, respectively.
A spherical region around the quantum cluster containing 487 point charges was kept to
the set values. The remaining charge array was optimized to reproduce the electrostatic
potential of the infinite crystal.®® To limit the unphysical overpolarization effects of the
quantum cluster by the array, 34 of the neighboring point charges were capped with effective
core potentials. We used the ECP2MWRB for nitrogen and carbon,™ and ECP10MWB for
potassium. 7!

The point group symmetry of iron in K3[Fe'™(CN)g] is Cy. In addition to the calculations

presented above, we have also performed calculations of the symmetrized Kz[Fe'™(CN)g]



Figure 1: (Left) Representation of the four Fe(IIl) sites in the crystal unit cell of
K5[Fe™(CN)g].67 Fe(III) ions in blue, C atoms in grey and N atoms in orange. The Kt
ions are omitted. Each Fe(III) site is labeled from 1 to 4. The {a,b,c} cell frame is colored:
a in red, b in green, and ¢ in blue. The {&,¢, 2} frame is in black. Units are A. (Right)
Coordinates of the magnetic induction B in this frame.

cluster model with the Cs,, Dy, and Oy, point group symmetries. The Cartesian coordinates
were obtained using the automatic point group determination procedure from the ChemCraft
visualization program.” For each symmetry, we have selected the structure with the lowest
root-mean-square displacement (RMSD) of the atomic positions.

All calculations were performed using the Orca software package.”™ The starting orbitals
for the correlated multiconfigurational ab initio calculations were the quasi-restricted orbitals
obtained from a DFT calculation. We used the PBE density functional, ™ the relativistically
contracted version™ of the def2-TZVP basis set,® and the corresponding fully decontracted
auxiliary basis set”” for the resolution of identity. Scalar relativistic effects were introduced
using the Douglas-Kroll-Hess (DKH) approach.™

The complete active space self-consistent field (CASSCF) calculations were done using

the same basis sets and scalar relativistic treatment as in the DFT calculations. We used



two active space sizes in the calculations. The smaller one included the 5 electrons in the 3d
orbitals of iron, denoted in the following (5,5). The second larger one included, in addition,
two o bounding orbitals containing 4 electrons and the empty 4d orbitals, resulting in a total
of 9 electrons distributed over 12 orbitals, or (9,12). The larger active space has been shown
previously to provide converged results for the magnetic properties of Fe'"Tp.55 The orbital
energies, Slater F'* integrals, and the spin-orbit coupling constant ((34) were calculated using
the smaller active space of the 3d orbitals alone using the ab initio ligand field theory.™ In
these calculations, we considered all possible excited states within the active space, i.e., 1
sextet, 24 quartets, and 75 doublets. The use of the smaller active space is required by the ab
initio ligand field (AILFT) procedure as the energies and eigenvectors of all calculated states
are fitted to an analytical ligand field Hamiltonian, which by definition include only the 3d
metal orbitals. For all other properties, i.e., magnetization curves and expectation values,
we only included 1 sextet, 6 quartets, and 12 doublets states, regardless of the active space
size. Dynamical electron correlation was introduced on top of the CASSCF wave functions
employing the N-electron valence state perturbation theory (NEVPT2).808! If not specified
otherwise, all reported values include the NEVPT2 correction.

Spin-orbit coupling (SOC) was introduced using the quasi-degenerate perturbation theory
(QDPT). In this approach, the matrix elements of a mean-field representation of the SOC
operator® are calculated for the non-relativistic states, with the spin quantum number S
and spin projection quantum number Mg. The matrix elements for the remaining terms
of the multiplet are generated using the Wigner-Eckart theorem. The SOC matrix is then
added to the Born-Oppenheimer Hamiltonian, and the resulting matrix is diagonalized to
yield the SOC states. The effect of the magnetic induction is accounted for in a similar
way, i.e., by adding the matrix elements of the Zeeman Hamiltonian to the resulting matrix
before the diagonalization. In the following, for the analysis of the electronic and magnetic

structures, we used the CASSCF/NEVPT2(9,12) calculation.
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2.4 Ligand field multiplet calculations

Ligand field multiplet (LFM) calculations were performed using Quanty library 498384 through
the graphical user interface Crispy.® The parameters for the spherical part of the LFM
Hamiltonian, i.e. the Coulomb integrals F'* and the 3d spin-orbit coupling constant (34 were
taken starting from the multiconfigurational ab initio calculation.

The exact point group symmetry for Fe'' in K,[Fe'™ (CN)g] is C}, where the 6-fold coor-
dinated Fe' ion is sitting in a distorted octahedron with a pseudo 3-fold axis (see Figure
1). The best-suited point group for LEM calculations is Cj,. Note that the Dy, point group
was used in most previous studies of K3[FeHI(CN)6] although there is no pseudo 4-fold axis
in the crystallographic structure. In C3, symmetry, the crystal field Hamiltonian has three
parameters, 10Dq, Do, D7.86

The chemical bond between the Fe'™

ion and the CN  ligands is described in terms of
o donation between the occupied orbitals of the ligand and the unoccupied and partially
occupied orbitals of the metal, and m back-bonding between the occupied orbitals of the
metal ion and the unoccupied orbitals of the ligands.3"3? In the LFM model, at least three
electronic configurations are needed to account for the bonding situation. The ¢ donation
can be modeled by the reduction in electron repulsion (k) known as the nephelauxetic effect
and by the ligand-to-metal charge transfer (LMCT) through the configuration interaction
between [2p%3d®) and |2pS3d®L), where L stands for one hole in a ligand orbital. The
back-bonding can be modeled by the metal-to-ligand charge transfer (MLCT) through the
configuration interaction between |2p®3d®) and [2p%3d*L~), where L~ stands for one additional
electron on a ligand orbital. In Hocking et al.,3? the initial state of the Fe!ll ion is a linear
combination of the three electronic configurations |2p53d®), |2p®3d*L~), and |2p®3dSL). In the
present work, to restrict the number of parameters, we performed configuration interaction
calculations using only the two configurations required to account for MLCT. The initial

state is expressed as a linear combination «|2p%3d®) + 5|2p53d* L), where the charge transfer

energy A; is the energy difference between the configurations. The core-hole excited state is
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a|2p®3d®)+5|2p>3d° L~), where the charge transfer energy Ay is the energy difference between
|2p53d®) and |2p53d°L~). We established the Hamiltonian for the MLCT in Cj, symmetry
(also valid for LMCT), where the t5,(Op) orbitals split into a;(C3,) and e(C3,) and the
eg(Op) transforms as e(C3,). The hybridization Hamiltonian is thus separated into three

terms (we neglect the mixing between e(e,) and e(ty,)):

H,?;g _ HZZ(/ZQ) + Hm(th) + erlz(jzfg) (1>
where:
ay(t
Hh;lg ) ( CO + C'2 + C4) a1(tag) (2>

Hyl) = ( Cy -9 - \/ —(C*-CF) - 04) Vittny) (3)
e eg 2 ].4 _ 7
th(;b ) = (508 +/ 3(043 -C3) - 502) Ve(ey) (4)

The irreducible representations of the Oy group that are parents of the irreducible rep-
resentations of the (3, group are indicated in parentheses. The MLCT Hamiltonian has
thus four parameters, A;, Ve(e,)s Vai(tyy) and Ve(r,,). The Hamiltonian matrices for crystal
field and MLCT in Cj3, symmetry are provided in SI (Table S7) with the basis set functions
(Table S8).

2.5 Powder averages

All experimental data were measured on powder samples. Therefore, to be directly com-
parable, the calculated magnetic properties and spectra must be averaged over all possible
orientations of the external magnetic induction to the crystallographic axes of Ks[Fe™(CN)g.
In all calculations, we chose to fix the local frame of K3[Fe™(CN)g] and to rotate the magnetic

induction; another possibility would have been to rotate the local axes in a fixed magnetic
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induction, but since we are averaging scalar quantities, both methods are equivalent.
The average of a function f(6,¢) defined on the unit sphere, where (6, ¢) are the spherical
coordinates, is equal to the surface integral of the function divided by the area of the unit

sphere:

27 T
f=1= [ r@ae= - [Tas [T (6,050 (5)

The Lebedev quadrature transforms the integral into a discrete sum, and the averaged

value becomes:

N
fav = kz_: wkf(elm ¢k) (6)

where N is the number of grid points, f(0x, ¢x) is the value of the function at k-th grid
point, and wy, is the corresponding weight. For the calculation of the average expectation of

an operator Oy, the equation becomes:

<%m=iwimwm )

i=1

where O; = sin(6;,) cos(¢;,)O, + sin(6;,) sin(¢;,) O, + cos(8;)0. is the operator along the
direction (6}, ¢;). The expectation values are calculated in all populated relativistic states I
at a finite temperature in an external magnetic induction along the direction (6;,¢;). The
individual values were averaged using the Boltzmann factors p;.

We have calculated the average values for the spin and orbit angular momenta using the
approach outlined before using both multiconfigurational ab initio and LEM methods. The
magnetic dipole operator, T,;, present in the spin sum rule, has also been calculated with the
LFM, but not using the ab initio methods as it is not implemented in Orca. The averaged
values were subsequently used to calculate the magnetic moments along B. In units of Bohr
magneton, with g > 0, the spin and orbital moments are defined as M;’O’Zder =—90(S;),, [

and M;;f}jfier = —(L;),, /P, respectively where g, is the gyromagnetic factor of the electron

13



(go ~ 2.002319).

The method has also been applied to compute the XAS and XMCD theoretical powder
spectra, again limited to the LFM method. In the case of cubic symmetry, Ayant et al.87
derived equations for averaged observables that require only calculating a few magnetic in-
duction directions. However, the method cannot be applied since Ky[Fe'"(CN)g] departs from
cubic symmetry. In all calculations, the summation was done using the upper hemisphere of

a Lebedev quadrature of order 47, resulting in 385 grid points and associated weights.

3 Results for the powder K3[FeHI(CN)6]

3.1 Experimental XAS and XMCD at Fe'™ L, 3 edges

The XAS and XMCD spectra at iron Ly s edges for Ky[Fe'"(CN)g| are reported in Figure
2 and compared to those of Fe'"Tp (data from reference3?) and Fe'(tacn),. In the three
compounds, the Fe(III) ion is in the low-spin state and has a distorted octahedral symmetry.
The effect of m back-bonding appears in the 711-715 eV region at the L3 edge and 724-725
eV region at the Ly edge, as was initially described by Hocking et al. for XAS.39 The XMCD
percentage is the ratio between the XMCD signal and the XAS at 709.8 eV.

Applying the orbital magneto-optic sum rule yields M2 = (056 up assuming 5 d-

powder

111
and

electrons (5 holes). The spin sum rule has not been applied since it is not valid for Fe
even less so for low spin electronic configuration.3?88% The results are reported in Table 1.

Details for the application of the sum rules are given in SI Section S-1.

3.2 Experimental magnetizations

The SQUID-detected magnetization curve at 2 K and 10 K are reported in Figure 3. The X-
ray-detected magnetization curve is also reported (Figure 3, right y-scale). It is obtained by
setting the monochromator energy at 705.7 eV and scanning the magnetic induction between

+6.5 T and -6.5 T. The right and left y-scales were chosen so that both magnetizations at
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K3[Fe(CN)g] FeTp Fe(tacn),

705 710 715 720 725 705 710 715 720 725 705 710 715 720 725
Energy (eV) Energy (eV) Energy (eV)

Figure 2: XAS and XMCD spectra at Fe L 3 edges recorded at 2 K and 6.5 T for the three
Fe''" compounds: (a) Ks[Fe™(CN)gl, (b) Fe™Tp and (c) Fe''(tacn),. Experiment and LEM
calculation for a powder sample.

6.5 T and 2 K superimpose. One can first notice that at both 2 K and 10 K, the magnetization
curves superimpose between 0 T and 6.5 T. Secondly, the magnetization is not saturated at
6.5 T and 2 K. At 2 K, the SQUID detected value at 6.5 T is 0.99 pup per Fe(III) ion and
0.60 pup at 3 T.

3.3 Magnetization from multiconfigurational ab initio calculations

The 2T, ground state in O, symmetry for low spin Fe(IlI) ion is split into three Kramer
doublets with respective energies at 0 meV, 73 meV, and 105 meV. From the calculations,
one can also compute the expectation values (L;) and (S;), as defined in section 2.5 and this

can be done for any k direction. Then for a powder, following the expressions given in section
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Figure 3: (a) (Left y-axis) Magnetization curve of a Ks[Fe"(CN)g] powder measured by a
SQUID magnetometer at 2 K, 4 K and 10 K. (Right y-axis) Magnetization curve measured
by XMCD at 2 K and 10 K. (b) Ks[Fe"(CN)g] theoretical multiconfigurational ab initio
magnetization curves, calculated for the powder at 2 K, 4 K and 10 K.

2.5, it is possible to calculate (L; ) powder a0d (S )powder and Ml (see Table 1). At 2 K and

powder

6.5 T, Ml =1.08up, well in line though slightly larger than the experimental magnetic

moment from SQUID measurements (0.99u5). The theoretical magnetizations M,uaer Were

computed at 2 K, 4 K, and 10 K and for magnetic inductions varying between 0 T and 6.5 T
(Figure 3).

The multiconfigurational ab initio calculations at 6.5 T and 2 K give, for K3[FeIH(CN)6],

M= 0.39up, MOV = 0.69u5 and MMl =108y, and for FeTp, M*™ = 0.61up,

powder powder powder powder
orbit _ total — : 3 3
Mo er = 0.55up and MIZE = 1.16pp. In both cases, the spin magnetic moment is

much smaller than 1upg, contrary to what could have been expected for a pure (S = 1/2,
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Table 1: Calculated angular momenta and magnetic moments for a Ks[Fe'"(CN)g] powder at
2 K and 6.5 T, compared to experimental XMCD and SQUID magnetometry measurements.

Calculation Experiment
ab initio LFM
go(‘s]};)powder -0.39 -0.37

(Li)powder ~ -0.69 =079  —0.56°
(Tf€>powder -0.07
Mol (up)  1.08 1.16 0.99°

(@) from XMCD. ®) from SQUID.

mgs = —1/2) state and the orbital contribution to the magnetic moment is larger than the spin
contribution. This is in line with previous results stating that the orbital magnetic moment is
rather large in Ks[Fe'(CN)g] at the difference with most transition metal ions for which the
orbital angular momentum is almost quenched.® For Kz[Fe'™(CN)g], the orbital magnetic
moment contributes to 64% of the total magnetic moment (57% from our measurements).
This result is to be compared with the 60% contribution found by Day et al. from their

LFM analysis of polarized neutron diffraction experiments. 26

3.4 XAS/XMCD and magnetic moments from ligand field multi-

plet calculation

For the initial states (a|2p%3d®) + B|2p®3d*L~)), the Slater integrals (F*) and spin-orbit
integral ((3q4) were taken from the multiconfigurational ab initio calculation. In the core-hole
excited states (a|2p®3d®) + 5[2p°3d° L)), the radial integrals (F*, G*, and (34) are reduced
from their atomic values by the same factor as for the initial state. The (y, integral is
adjusted to reproduce the experimental energy separation between L3 and Lo edges.

For the ligand field part in Cj3, symmetry, a set of starting parameters was firstly
determined by fitting the eigenenergies calculated using the multiconfigurationalab initio
NEVPT2(9,12) calculation. Secondly, the parameters were adjusted to yield the best agree-
ment between the LEM calculated and experimental XAS/XMCD spectra. All parameters

are reported Table 2.
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Table 2: Parameters used for the initial Hamiltonian («|2p%3d®) + 5]2p%3d*L~)) and the
core-hole final Hamiltonian («|2p33d®) + B|2p°3d°L~)) used in the LFM calculations in Cj,
symmetry. Units are eV. (*) The ligand field and MLCT parameters are chosen equal for
initial and excited states.

Atomic parameters
Initial  F?(d,d) F*(d,d) (3
9.13 4.94 0.05
Final F?(d,d) F*d,d) (a F?*(p,d) G*(p,d) G3(d,d) (o

9.72 5.26 0.06 5.65 4.22 2.40 8.40
Ligand field and MLCT parameters*

10Dq Do DTt A ‘/e(eg) ‘/al(t2g) ‘/;(t2g)

4.27 0.01 0.002 4.0 1.2 0.1 0

All quantities (magnetic moments and spectra) were computed for a powder sample using
the Lebedev quadrature (see Methods). The spin, orbital, and total magnetic moments
at 6.5 T and 2 K for the powder Ks[Fe"(CN)g| are reported in Table 1. The calculated
XAS/XMCD spectra are compared to the experimental spectra in Figure 2 and compared
to the two other low-spin Fe(III) compounds. For Fe'"Tp, the experimental and calculated
XAS and XMCD spectra are taken from our previous work?? where the calculation was
done in Cj, symmetry with MLCT. For Fe''(tacn), we calculated the XAS and XMCD
spectra starting with the crystal field parameters from reference’ and including a slight Cs,
distortion. In this case, no MLCT is needed and a good agreement between the experiment

and calculations was obtained.

4 Discussion

In the previous section, we reported the powder XAS and XMCD spectra as well as other
quantities such as the spin and orbital angular momenta of a powder Kg[FeHI(CN)6] sample.
The good agreement between experiments and LFM calculations confirms that the crystal
field parameters and MLCT parameters from Table 2 describe correctly the initial state.
The experimental data were obtained on powders whereas the LFM calculations and the

multiconfigurational ab initio calculations were performed on oriented clusters. Great care
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was taken to average the theoretical angular dependencies so that calculations can be com-
pared to experiments. In the present section, we take complete advantage of the calculations
on oriented clusters in order to check the magnetic anisotropies firstly at the level of one
Fe(CN)g cluster, and secondly on an oriented unit cell of Ks[Fe'"(CN)g]. Thirdly we check

what is the sensitivity of the powder spectra to distortions.

4.1 Magnetic anisotropy of the isolated Fe(CN)g cluster

In this section, we focus on the magnetic anisotropy of one Fe(CN)g cluster of the multicon-
figurational ab initio calculations at 2 K in a 6.5 T external induction.

In Figure 4, the spin, orbital, and total magnetic moments are plotted as a function of
the unit sphere (0, ¢) coordinates.? The three-dimensional representations of the magnetic
moments (called magnetic distribution in the following) are far from spherical. In literature,
the spatial magnetic properties of tensors such as the Landé gyromagnetic tensor g or the
magnetic susceptibility x are represented by ellipsoids for which only three values are needed
to construct all the angular dependencies.® These are 2-dimensional, rank 3 Cartesian ten-
sors, i.e with 9 components. In the present case, one sees that the exact angular dependence
of (L;) and (S;) cannot be described by an ellipsoid. (L;) has the shape of a capsule whereas
(S;) has the shape of a peanut. The main difference between capsule and peanut shapes is
that for the peanut shape, the spin magnetic moment is almost equal to zero in one specific
direction whereas it remains finite in all directions for the capsule shape of the orbit magnetic
moment. The particular directions of magnetization can then be determined. The magnetic
distributions indicate the presence of an easy axis of magnetization (direction for which the
total magnetic moment is the largest). We label this direction @4, that has for spherical
coordinates (6 = 58.5°,¢ = —10.6°) in the {Z,y, 2} crystal frame. It can be noticed that the
1y direction is the same for the orbital, spin and total magnetic moments and that it points
roughly along the pseudo-Cj axis.

In addition to 1w, we define two other axes (us, u3) that guide our understanding of the
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Figure 4: (Top) Magnetic distributions from multiconfigurational ab initio calculation for
K3[Fe(CN)g] at 2 K and 6.5 T in the {&,¢, 2} crystal frame (units are pp): go(S;) (trans-
parent yellow) where gy ~ 2, (L;) (transparent blue) and (M;) (transparent red). The easy
magnetization axis, u; , is indicated by the red arrow, us by the blue arrow and w3 by the
green arrow (direction of the minimum of magnetization). The Fe(CN)g cluster is represented
in the right-top panel in the crystal frame. (Bottom) Cut of the magnetic distributions along

the (u1,u2), (u1,u3) and (uz,u3) planes: go(S;) (-), (L) (=), (My) (=)

magnetic anisotropy (4; are unit vectors): ug is the direction perpendicular to @ for which
the magnetic moment is the smallest. 5 is the direction perpendicular to 4, for which the
magnetic moment is the largest (see Figure 4). Although this is not exactly compulsory by
construction, one observes that 4y is almost perpendicular to @3 so that (ay, Us, U3) is close
to an orthonormal frame. The Cartesian coordinates of uy, s, U3 in the crystal frame are
given in SI (Table S5). In order to illustrate the magnetic distribution, we also plotted cuts
in the (u1,4s), (U1,u3) and (ug,u3) planes. The values are obtained within the 385-point
Lebedev grid so that the determination of the (u, w2, U3) directions is slightly complicated
by the discrete nature of the grid but a large number of grid points ensures that the errors
are limited, below 7°. The ab initio magnetic distributions can be compared to the LFM

calculations in SI (Figure S5) where (T}) is also plotted. As expected from the imposed
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U5, symmetry, the three different magnetic distributions present a revolution axis along the
Cj5 direction. Consistent with the ab initio multiconfigurational calculation, the magnetic
distributions have all an easy axis of magnetization along the C5 axis and a plane of hard
magnetization perpendicular to the C'5 axis. In the plane of hard magnetization, the curves of
the magnetic distributions obtained from LFM calculation are circles whereas dumbbells-like
in the multiconfigurational ab initio calculation.

For comparison, the magnetic distribution for Fe™ Tp from multiconfigurational ab initio
calculation is presented in Figure 5. The (4, 19, U3) axes were also determined using the
previous definitions. The magnetic anisotropy for Ks[Fe' (CN)g] differs from the one observed
for Fe'Tp. In the case of Ks[Fe'™(CN)g], the orbital magnetic moment dominates the spin
magnetic moment for all directions, i.e. (L;) > go(S;) for all k. For FeTp, (L;) is larger
than go(S;) in most directions except for some of them, for instance in the (s, u3) plane
(Figure 5). In addition, one also notices that the (L;) is never quenched for Ks[Fe'"(CN)g]
(it is larger than 0.45up) whereas it is almost completely quenched in the (g, u3) plane
for Fe"Tp. The situation for the spin magnetic moments is different since they are almost

similar for the two compounds.

4.1.1 The effect of the spin-orbit coupling on the magnetic anisotropy

We explored the impact of the spin-orbit coupling on the magnetic properties of one isolated
Fe(CN)g cluster. The calculations were conducted within the LEM theory in the C5, symme-
try where it is easy to switch on or off the spin-orbit coupling and adjust the intensity of the
external magnetic induction between 6.5 T and 0.1 T. The calculated magnetic distributions
are reported in Figure 6.

As can be seen in Figure 6, the presence of spin-orbit coupling has a strong influence
on the spin magnetic moment since it drastically modifies the shape of the spin magnetic
distributions, going from an almost perfect sphere for (35 = 0 to a peanut shape when (34 =

0.05 eV. The impact of the spin-orbit coupling is not as large for the orbital magnetic
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Figure 5: (Top) Magnetic distributions from multiconfigurational ab initio calculation for
Fe''"Tp at 2 K and 6.5 T in the {#,7,2} crystal frame (units are pg): go{S;) (transpar-
ent yellow) where gy ~ 2, (L;) (transparent blue) and (M;) (transparent red). The easy
magnetization axis, u; , is indicated by the red arrow, us by the blue arrow and w3 by the
green arrow. The Fe'"Tp cluster is represented in the right-top panel in the crystal frame.
(Bottom) Cut of the magnetic distributions along the (uy,us), (u1,u3) and (ug,us) planes:

90(Si) (), (Lg) (=), (M) (-).

moment, since it has a peanut shape in a small magnetic field and (34 = 0. In the presence of
a large magnetic field, the shape of the orbital magnetic moment transforms into a capsule.
To quantify the anisotropy of spin and orbit magnetic distributions, we define a sphericity
parameter Ro, = Min(|(Op)|)/Max([{O;)]) = [{Oa)|/|{Oa, )| where Oy = Sj; for the spin and
O;, = L; for the orbit. The sphericity values are reported in Table 3. In the absence of
spin-orbit coupling, one expects no impact of the crystal field on the spin magnetic moment
and a finite impact on the orbital magnetic moment. Indeed, we find Ry, ~ 0 and Rg, ~ 1
in a magnetic field as small as 0.1 T. In a larger magnetic field (6.5 T), the spin magnetic
distribution remains spherical (Rgfc ~ 1) whereas the orbital magnetic anisotropy is slightly
decreased but almost null (Rz, <0.01).

In the presence of spin-orbit coupling, a part of the orbital magnetic anisotropy is trans-
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Figure 6: Magnetic distributions for the spin (go(S;) in yellow, go ~ 2) and orbit ((L;) in
blue) calculated with Quanty for Ky[Fe'™ (CN)g] at 2 K: in 0.1 T (bottom row) and 6.5 T (top
row) external magnetic induction, without (left column) and with (right column) spin-orbit
coupling (labeled SOC). Units are pp.

Table 3: LFM calculation of the sphericity for the spin, orbital, and total magnetic moments
for the powder, calculated at 2 K, 0.1 T and 6.5 T, with and without spin-orbit coupling
(labeled SOC), compared with the multiconfigurational ab initio calculation (with spin-
orbit). The R values are unitless and the magnetic moments in pp.

LFM Ab initio
no SOC SOC SOC

01T 65T(01T 65T} 01T 65T

RS)% 1.0 1.0 0.2 0.3 0.0 0.1
R, 0.0 0.0 0.4 0.7 0.2 0.5
90{ S )powder | —0.03 -0.98 | -0.02 -0.37 || -0.02 -0.39
(Li)powder | —0.02 =0.56 | -=0.03 -0.79 || -0.03 -0.69
(M powder | 005 154 | 005 1.16 | 0.04 1.08

ferred to the spin magnetic distribution, so that both magnetic distributions adopt a peanut
shape. This is best seen in a small magnetic field, where Ry, ~04 (spin-orbit on) compared
to Rz, ~ 0.0 (spin-orbit off), and R~ 0.2 (spin-orbit on) compared to Rs. ~ 1 (spin-orbit

off). With a larger magnetic field of 6.5 T, the sphericity for both spin and orbital magnetic
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distributions increase, since Ry ~ 0.7 and Rg, ~ 0.3. One can notice that the orbital mag-
netic distribution takes the shape of a capsule when the magnetic field is large whereas the
spin magnetic distribution remains with a peanut shape. In the present case, the anisotropy
transfer from the orbital magnetic moment to the spin magnetic moment is all the more
effective as the orbital magnetic moment is large and dominates the spin magnetic moment.

The multiconfigurational ab initio calculated sphericity values, obtained using the crys-
tallographic structure and including spin-orbit, are also given in Table 3 at 0.1 T and 6.5 T
(detailed in SI S3). Although the ab initio results are not identical to the LEM calculations
performed in Cj3, symmetry, the general trend is rather similar. Additional results from the
LFM and the ab initio calculations are given in SI (Table S4): minimum and maximum
values of the magnetic moments with their sphericity factors, and powder values.

When the spin-orbit coupling is off, the spin magnetic moment of the powder in a 6.5 T
magnetic induction is close to 1 ppg, that is the value expected for a pure (S =1/2, mg = -1/2)
state (Table 3), and the orbital magnetic moment remains high but lower than the spin
magnetic moment. The spin-orbit coupling drastically reduces the spin magnetic moment
by a factor greater than two and increases the orbital magnetic moment so that it is larger
than the spin magnetic moment. The spin magnetic anisotropy is thus influenced by the

orbital magnetic anisotropy as pointed out in the analysis of the magnetic distributions.

4.1.2 The effect of crystal field symmetry on the magnetic anisotropy

Following the above LFM analysis performed in C3, symmetry, we explored the impact of
symmetry by performing multiconfigurational ab initio calculations using the symmetrized
molecule in C3,, Dy, and O symmetries (see section 3.3) in a 6.5 T external magnetic
induction. One first observes that the energies of the three Kramers doublets calculated
with the U5, symmetry are in much better agreement with the values determined from the
exact C symmetry than the energies determined by the calculations in Dy, and Oy, symmetry

(see S2 in SI).
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The powder values of the magnetic moments calculated at 6.5 T and 2 K, their minimum
and maximum values, and the sphericity factors are reported in SI (Table S3) for the dif-
ferent symmetries. The spin and orbital magnetic moments calculated for the powder have
almost the same values for all symmetries, although differences are observed in the magnetic
distribution. In Oy, symmetry, Rs, and Ry, are close to 1 as could be expected for a cubic
point group. Surprisingly, the sphericity remains quite high in Dy, symmetry since both
Rs, and Ry, are larger than 0.9, much higher than the sphericity values calculated for Cs,
symmetry (Rs, = 0.4,Ry. = 0.7). In addition, for Dy, symmetry, the easy magnetization
axis is along the C} axis, i.e. along the apical C—Fe—C bond whereas, for C5, symmetry, it
is along the C3 axis that does not go through any carbon atom of the cyanido ligands and
that is very close to pseudo ternary axis of the real molecule. It can then be concluded that
a Dy, symmetry for the Fe(III) site in Kz[Fe'™(CN)g] fails to mimic the magnetic properties
of Ks[Fe(CN)g].

4.2 Magnetic anisotropy of the Kz[Fe'(CN)4] unit cell

From the Ks[Fe(CN)g] crystal structure, the unit cell contains four isolated clusters (see
Figure 1). Therefore, the magnetic properties of the unit cell must be calculated by summing
the single-ion contributions from each of the four Fe(III) ions. In the P2;/n group, starting
from a single Fe(III) ion, the position of the remaining three ions can be obtained by a
translation followed by an inversion operation and/or a plane of symmetry (i.e. a 7 rotation
followed by an inversion).5” Some projected views of the cell are proposed in SI to facilitate
this description (Figure S3). Orbital and spin magnetic moments are invariant under the
inversion (they are even-parity operators) and under translation, so we are simply left with a
single 7 rotation associated with the plane symmetry. Then the contributions from the four
Fe(TII) ions are reduced to the sum of one Fe(III) ion contribution (Felf}) plus its symmetric

contribution by a 7 rotation (Fel}) (see Figure 1). This sum has to be doubled to account

for the four Fe(III) ions in the unit cell.
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Applying these symmetry properties, we calculated the magnetic distributions of the
total magnetic moment, Mtotal of the four Fe''" ions in the unit cell. The easy axis directions
is (0 = 58.5°,¢ = ~10.6°) for Felfj and (0 = 58.5°,¢ = 10.6°) for Felj}. Thus, the easy
axis directions of the two Fe(III) sites make an angle of approximately 18°. The calculated
magnetic distributions resulting from four Fe(III) ions in the crystal unit cell are plotted in
SI (Figure S4). They evidence an easy magnetization axis in the 07 direction (6 = 57.75°, ¢ =
0°), and a hard plane of magnetization perpendicular to v;. Coordinates of the special
magnetization directions (0y, 09, 03) are given in SI (Table S6). In the easy magnetization
direction, the magnetic moments take the maximum values: Mtotal = 4 x 1.62up (ML =
4 x 0.68up and Mt = 4 x 0.94up). If renormalized to one Fe(IIl) ion, Mol is only
slightly smaller than the one site value (M9l = 1.64up) (see Table S4). The minimum
magnetization is M9 = 4 x 0.62up (MP™ = 4 x0.12up and MOt = 4 x 0.5003).

From the above analysis, it is possible to compute the angular dependencies of the XAS,
XNLD, and XMCD signals in a unit cell. These spectra are the ones that could be measured
if the experiments could be performed on a Ks[Fe™(CN)y] single crystal. The spectra were
calculated in the LFM model for the Fe(CN)g cluster with C3, symmetry, where the Cj
axis is parallel to the easy magnetization axis, i.e. u; direction. We computed the XAS,
XNLD, and XMCD signals for four different Fe(III) ions with the C5 axes making the angles
(6 = 58.5°,¢ =10.6°) for two of them and the angle (6 = 58.5°,¢ = —10.6°) for the other two.
The XNLD intensity is very small due to the small distortion and represents only 0.1 % of
the isotropic spectrum. From the multiconfigurational ab initio calculation, we know that

the easy magnetization axis of the unit cell points in the ;(6 = 57.75°, ¢ = 0°) direction so

we calculated oxcp for either k | 01 or k19, (see Figure 7).

4.3 Magnetic properties of the K;[Fe'''(CN)g] powder

In the two previous sections, we observed that large magnetic anisotropies were present for

each Fe(ITI) ion of K3[Fe"(CN)g|. These anisotropies remain though partially reduced when
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Figure 7: XMCD angular dependence calculated for the unit cell in the LFM model, with
k|| 91 (line) and k190; (dotted line), 0; being the easy magnetization axis of the unit cell.
XMCD is given in percent of the maximum of the XAS (at 710.2 eV).

the unit cell with four Fe(III) ions is considered. From the theoretical analyses performed
within the multiconfigurational ab initio framework or from the LFM framework, the role
played by the various ingredients of the Hamiltonian (spin-orbit coupling, crystal-field, site
symmetry, external magnetic field) was fully explored. Obviously, dealing with perfect pow-
ders, all the magnetic anisotropies disappear and the impact of the Hamiltonian parameters
needs to be explored. This is what is done in the present section where one finds the signature

of the Hamiltonian parameters on the XAS and XMCD signals for a powder.

4.3.1 7w back-bonding and MLCT

The 7 back-bonding effect can be examined through the LFM calculations by comparing
calculations with or without MLCT. In the case of Kz[Fe'™(CN)g], one observes that the
MLCT has little effect on the average magnetic moments that increase by less than 1%. In

the case of Fe'Tp, the magnetic moment is decreased by 3% for the orbit and by 13% for
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the spin. Since Kg[FeIH(CN)G] is surrounded by six CN ligands whereas Fe''"'Tp by three, one
would expect a more important MLCT effect for K3[Fe'™(CN)g]. In contrast, the MLCT has
a strong effect on the XAS and XMCD spectral shapes as can be seen from the experimental
and LFM calculated spectra (Figure 2). This was previously pointed at for XAS by Hocking
et al. who performed a Dy, calculation. The MLCT creates a large splitting of the states,
visible in the transitions in the 711-715 eV energy range at the L3 edge and 724-725 eV
energy range at the Ly edge. But it hardly changes the integrated XAS and XMCD spectra,
leading to almost unchanged magnetic moments when applying the sum rules. The case of
low spin Fe(III) with no 7 back-bonding can be illustrated with the compound Fe'(tacn)s.
In this case, no MLCT is needed in the LFM calculations to obtain a good agreement with

the experimental spectra (Figure 2).

4.3.2 Local distortions and magnetic properties of a powder

From the sections above, we noticed that the small distortions around the Fe(III) site have
almost no impact on the average properties of a powder, whereas they play an important
role in their angular dependencies. We have calculated the magnetic properties by taking
the exact environment for the Fe(IIl) ion or approximated Cs,, Dy, and Oj symmetries.
The distortion and the site symmetry have almost no impact on the average total magnetic
moments: Mt = 1.079up in Oy and Dy, symmetries, 1.078up in Cs, and 1.075up in C4
exact symmetry (orbit and spin magnetic moments reported in SI Table S3).

The XAS and XMCD spectra for a powder were calculated within the LEM framework for
Op, Dy, and Cs, site symmetries. The spectra calculated for the three different symmetries
are similar except for a small feature at 718.5 eV in the XMCD signal. For the O symmetry,
the feature is absent since it is forbidden as explained by Hocking et al.?? For the Dy,
symmetry, the XMCD feature is negative, whereas it is positive with the Cj3, symmetry

calculation and for the experiment.
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5 Conclusion

In this work, we have investigated the local magnetic properties of the d low spin Ks[Fe™(CN)g]
compound in the randomly oriented powder form. We combined SQUID magnetometry and
XMCD spectroscopy for the experiments that were analyzed by both molecular multiconfig-
urational ab initio and atomic ligand field multiplets calculations. XMCD technique offers
a direct measurement of the orbit magnetic moment and completes the previous work by
Figgis and Day et al. on ferricyanide using spin-polarized neutron diffraction experiments, 26
whereas the SQUID magnetometry gives the total magnetic moment. In order to get theoret-
ical values for the powder, we calculated the orbit and spin magnetic moments as a function
of the magnetic induction in the Ks[Fe(CN)g] cluster and the angular dependencies were
averaged. We also calculated the XAS/XMCD spectra. Thus a detailed analysis of the
magnetic anisotropies was done.

The main result is that the orbit magnetic moment dominates the spin magnetic moment
(M‘nggfer > Mi;’;;‘;fe’“), in the case of the powder. An orbit magnetic moment greater than
the spin magnetic moment is exceptional for 3d transition metal ions and seems to only

occur in d® low spin Fe(III) compounds.?6:32 Moreover, the calculations determined that this

property holds for all directions of the magnetic induction. This differs from the case of

powder < Mpowder

bit spin 11 some particular directions of the

low spin Fe"Tp compound where M
magnetic induction.

A second main result from calculations is that Fe(CN)g cluster has an easy magnetization
axis in the direction of the pseudo-Cj, axis. In the unit cell with four Fe(III) sites, the
anisotropy is partially reduced and the crystal easy axis of magnetization points in the (a, ¢)
plane.

A third main result shows that the spin-orbit coupling when combined with a large crystal
field plays a major role in the magnetic properties since it transfers the anisotropy of the

orbit magnetic moment to the spin magnetic moment and the transfer is all the more effective

than the orbit magnetic moment is large and dominates the spin magnetic moment for any
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direction of the external magnetic induction.

A minor result concerns the approximative symmetry used in LFM calculation. Among
several possible geometries such as Oy, Dy, and C3, tested in the multiconfigurational ab
initio calculations, it was found that the Cs5, symmetrization was a good compromise yielding
essentially the same electronic structure and magnetic anisotropies as the ones computed
from the exact geometry.

In the domain of molecular magnetism, Kz[Fe'™ (CN)g] is used as a building block in Prus-
sian blue analogs, and the present analysis might open new insight into the interpretation

of the magnetic properties of this widely used class of materials.
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The Ks[Fe"'(CN)g] compound with single low-spin S = 1/2 Fe(lll) ions
was investigated by X-ray magnetic circular dichroism. The electronic
and magnetic properties were determined by a combination of multi-
configurational ab initio and atomic ligand field multiplet calculations.
Remarkably, the orbital magnetic moment dominates the spin magnetic
moment in all directions of the external magnetic induction, an excep-
tional property among 3d transition metal ions.
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