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ABSTRACT: Two series of Prussian blue analogs (PBA) were used as model compounds in order to disentangle the information 
contained in X-ray Magnetic Circular Dichroism (XMCD) at the K-edges of transition metals. The number of 3d electrons on one 
site of the bimetallic cyanide polymer has been varied by associating to the [Fe(CN)6]3- or the [Cr(CN)6]3- precursors various diva-
lent metal ions A2+ (Mn2+, Fe2+, Co2+, Ni2+ and Cu2+). The compounds were studied by X-ray diffraction and SQUID magnetometry, 
as well as by X-ray absorption spectroscopy and XMCD at the K-edges of the A2+ transition metal ion. The study shows that the 1s 
→ 4p contribution to the A K-edge XMCD signal can be related to the electronic structure and the magnetic behavior of the probed 
A2+ ion: the shape of the signal to the filling of the 3d orbitals, the sign of the signal to the direction of the magnetic moment with 
respect to the applied magnetic field, the intensity of the signal to the total spin number SA and the area under curve to the Curie 
constant CA. The whole study hence demonstrates that PBAs are particularly well adapted for understanding the information con-
tained in the transition metals K-edge XMCD signals. It also offers new perspectives towards the full disentangling of the infor-
mation contained in these signals and access to new insights into materials magnetic properties. 

1. INTRODUCTION 
Advances in magnetic measurements are key to gain insight 
into magnetism and to enable novel technological applications 
in various fields. Therefore, techniques able to probe the mag-
netic properties of matter at a microscopic level such as X-ray 
Magnetic Circular Dichroism (XMCD) have attracted a grow-
ing interest. XMCD, having the great advantage of being 
element and orbital selective, has become of major importance 
for various scientific communities ranging from physicists to 
chemists or biochemists.1-3 Nevertheless, the knowledge of the 
information contained in XMCD signal and therefore their 
interpretation strongly depends on the probed orbitals. Thus, in 
the case of first row transition metals, essential in the field of 
magnetic materials and magnetometry, it is striking that 
XMCD at the L2,3 edges has become a well-established tech-
nique whereas the interpretation of XMCD at the K-edges 
remains at a standstill. 

At the L2,3 edges of first row transition metals probing the 3d 
levels, quantitative information about the spin and orbital 
momenta can be extracted from the XMCD signals thanks to 
the sum rules4-6 and these signals are fairly reproduced by 
crystal field multiplet calculations.7 Such measurements are 
now well established in magnetic materials science. The main 
drawback is inherent to the soft X-ray energy range and the 
detection mode. Recording XMCD signals in this energy 
range requires indeed ultra-high-vacuum conditions, which is 
incompatible with fragile samples containing solvent mole-
cules for instance, and which reduces the sample environment 
flexibility. At last, owing to the detection mode and the energy 
range, only the surface of the sample is probed.   

In contrast, although the first spin-dependent absorption in the 
X-ray range was observed at the K-edge of iron,8 the interpre-
tation of transition metals K-edges XMCD signals remains 
controversial. And yet, XMCD measurements in the hard X-
ray range present several advantages: the delocalized character 
of the probed orbitals makes them (i) very sensitive to the 
absorber atom environment, such as subtle local structure 
changes or interface effects playing an important role in mag-
netocrystalline and surface magnetic anisotropies, the energy 
and high penetration depth of the X-rays are (ii) compatible 
with a large range of demanding sample environments, includ-
ing high-pressure cells, and (iii) the measurements are bulk 
sensitive and not limited to the surface. XMCD signals at the 
transition metal K-edge is however a widely used technique 
and for instance the preferred technique to probe magnetism 
under pressure.9-14 Nevertheless, a full interpretation of these 
signals is missing, despite the many efforts devoted to apply 
the sum rule at the K-edges,5, 15, 16 understand and reproduce 
the signals, especially by using different calculation approach-
es.16—24  

In this context, we are engaged in the development of an orig-
inal experimental approach based on the versatile chemistry of 
a family of isostructural coordination compounds, the Prussian 
Blue Analogs (PBAs), to disentangle the processes generating 
the XMCD signals at the transition metal K-edges. It has to be 
noted that XMCD at the L2,3 edges of transition metal ions 
have already been successfully used in PBAs and derivatives 
to determine the orbital and spin magnetic momenta by using 
the sum rule,25-28 to study pressure-induced magnetic switch-
ing and linkage isomerism,29 to determine the orientation of 
magnetic moments in core-shell nanoparticles30 or to evidence 



 

surface effect in a photo-induced state,31 while the main in-
formation derived from XMCD at the K-edge of transition 
metal ions is generally limited to the relative orientation of the 
magnetic moments.32  

The formula of the genuine Prussian blue is 
FeIII

4[FeII(CN)6]3•14H2O.33 Its structure, first proposed by 
Keggin and Miles,33 was reformulated by Lüdi and Güdel for 
Prussian blue and Prussian blue analogs (PBA),34, 35 and re-
cently revisited to account for arrangement of vacancies.36 
Alkali cation free PBAs build a large family of compounds 
exhibiting the well-known face centered cubic structure of 
chemical formula Ap[B(CN)6]q•xH2O, where A and B are 
transition metal ions of the first row. A scheme of the unit cell 
is shown in Figure 1. Most often, the charge of the Aq+ ions 
and [B(CN)6]p- entities are different, so that [B(CN)6]p- vacan-
cies ensure the neutrality of the solid. When the synthesis is 
realized in presence of alkali cations, the latter may be trapped 
in the interstitial sites of the structure. This insertion is accom-
panied by the insertion of supplementary [B(CN)6]p- entities in 
order to compensate the charge. Thanks to their specific struc-
ture and the variety of transition metal ions and alkali metal 
ions combinations that may be achieved through coordination 
chemistry, this family of compounds thus offers an exception-
al choice of isostructural compounds in which the chemist can, 
at will, vary some selected parameters and analyze their effect 
on the XMCD signal at both K-edges of the transition metal 
ions. Nevertheless, it has to be noted that, given the intrinsic 
structural disorder of the compounds due to the presence of 
zeolitic water molecules and randomly distributed vacancies 
as well as possible small distortion of the B-CN-A linkages, 
the crystallographic position of all atoms, excepted that of the 
transition metal ions, is generally not exactly known. 

 

Figure 1. Scheme of the unit cell of a A4[B(CN)6]2.7•xH2O alkali 
cation free Prussian blue analog. Black circles stand for the B3+ 
ion (Cr3+ or Fe3+) and the grey circles for the A2+ ions (Mn2+, Fe2+, 
Co2+, Ni2+, Cu2+). The zeolitic water molecules are omitted for 
clarity. 

In the present work, we focus on the XMCD signal at the K-
edge of the A site of alkali cation free A4[B(CN)6]2.7 PBAs. 
Two series of PBA were prepared in which the nature and 
amount of the [B(CN)6]p- unit has been fixed, while the nature 
of the A2+ cation has been varied. The chemical compositions 
of both series are AII

4[FeIII(CN)6]3•nH2O (A2+=Mn2+, Co2+, 
Ni2+, Cu2+) and AII

4[CrIII(CN)6]3•nH2O (A2+=Mn2+, Fe2+, Co2+, 
Ni2+) ; these two series of compounds are respectively called 

AFe and ACr in the following. Our goal here is to analyze the 
effect of a change in the number of unpaired electrons and of 
magnetic orbitals of the A site on the XMCD signal at the A 
K-edge. In order to be able to precisely assign the features of 
the XMCD signals, the A K-edge X-ray absorption spectra of 
both series were also recorded. The compounds were investi-
gated by SQUID magnetometry for the XMCD signals to be 
related to the macroscopic magnetic properties. The study 
shows that PBA are well-suited model compounds to get new 
insight into XMCD and, in turn, XMCD can provide original 
quantitative and qualitative information on molecular materi-
als. 

2. EXPERIMENTAL SECTION 
Two series of four A4[Fe(CN)6]2.7 and A4[Cr(CN)6]2.7 PBAs were 

synthesized. The AFe and ACr series are respectively composed of 
Mn4[Fe(CN)6]2.7 (called MnFe), Co4[Fe(CN)6]2.7 (called CoFe), 
Ni4[Fe(CN)6]2.7 (called NiFe), Cu4[Fe(CN)6]2.7 (called CuFe) on the 
one hand, and Mn4[Cr(CN)6]2.7 (called MnCr), Fe4[Cr(CN)6]2.7 
(called FeCr), Co4[Cr(CN)6]2.7 (called CoCr), Ni4[Cr(CN)6]2.7 (called 
NiCr) on the other hand. EDS analyses, powder X-ray Diffraction 
and magnetic measurements were performed using the devices of the 
ICMMO instrumentation platform. 

2.1 Sample preparation. The eight PBAs were synthesized by a 
drop-by-drop addition of two precursors in aqueous solutions: a 400 
mL aqueous solution of potassium hexacyanoferrate(III) K3[Fe(CN)6] 
or potassium hexacyanochromate(III) K3[Cr(CN)6] (c = 2.5.10-3 
mol.L-1) was added to a 100 mL aqueous solution of nitrate salts 
A(NO3)2 (A = Mn, Fe, Co, Ni, Cu; c = 50.10-3 mol.L-1). The precipi-
tates were washed with distilled water and centrifuged three times at 
8000 rpm, and finally allowed to dry in air at room temperature. 

2.2 Energy Dispersive Spectroscopy (EDS) analyses. The chemi-
cal formulas of the eight PBAs were checked by EDS analyses, using 
an EDS spectrometer installed on a ZEISS Sigma HD microscope. 
Data processing was done using the IDFix EDS analysis software. 
The results are given in S1 and S2 for the series AFe and ACr respec-
tively.  

2.3 Powder X-Ray Diffraction (XRD). Powder XRD data were 
collected with a Philips X’Pert diffractometer (Cu Kα1 radiation) at 
room temperature. All diagrams were recorded over the 10-70° 2θ 
angle range with steps of 0.01°.  An aluminum sample holder was 
used for all measurements. The cell parameters were extracted by a 
Lebail refinement procedure (using the Fullprof software), consider-
ing a Fm3m space group. The XRD patterns and corresponding cell 
parameters for the AFe and ACr series are given in S1 and S2 respec-
tively. 

2.4 SQUID magnetometry. Magnetic properties were investigated 
using a Quantum Device XL-7 SQUID magnetometer. 5.6 mg of PBA 
powder was placed in a capsule and 17 mg of eicosane were added to 
ensure that the particles would not move with the application of the 
magnetic field. Field Cooled-Zero Field Cooled (FC-ZFC) measure-
ments were performed over the 2K-100K temperature range under a 
30 Oe magnetic field. In order to determine the Weiss temperature 
(Θ), the magnetization was measured as a function of temperature up 
to 300K under a 5000 Oe magnetic field; the experimental curves 
were fitted using a Curie-Weiss law (S4 and S6). Finally, the magnet-
ic field dependence of magnetization was recorded at 4K for a mag-
netic field varying between -40000 Oe (-4 T) and 40000 Oe (4 T). 

2.5 Transition metal K-edge XAS. X-ray Absorption spectra in 
the transmission mode were recorded for both series at the A K-edge 
on the SAMBA beamline37 at SOLEIL (Gif sur Yvette, France). We 
used a Si(220) monochromator and recorded the spectra in a continu-
ous mode. Measurements were performed at room temperature on 
pellets. We carefully checked that no radiation damage occurred. 
Following the measurements, the spectra were energy-calibrated and 
conventionally normalized using the ATHENA software.38 To more 
easily compare them, the A K-edge XANES spectra are plotted in the 
following as a function of E-E0, E0 being defined here as the energy 
of the absorption maximum. 



 

 
2.6 Transition metal K-edge XMCD. X-ray Absorption spectra 

and XMCD signals were recorded at the Mn, Fe, Co, Ni and Cu K-
edges in the transmission mode using the dispersive setup of the 
ODE39 beamline at SOLEIL (Gif sur Yvette, France). The measure-
ments and normalization procedure are presented and discussed in 
details in Ref. 40, and we recall here only the main information. We 
used a Si(311) polychromator in order to get a high resolution in the 
white line region of the spectra. Measurements were strictly per-
formed at 4 K using a He-cooled cryostat in order to be well below 
the Curie temperature of the eight PBAs and to avoid any artifact in 
the intensity related to a change in the temperature. An external mag-
netic field of 1.3T, generated by an electromagnet, was applied alter-
natively parallel and antiparallel to the direction of the photon beam. 
Samples of the AFe series were placed in a Diamond Anvil Cell (with 
no pressure-transmitting medium); in the case of PBAs, it ensures an 
optimized homogeneity of the sample. For the ACr series, the dia-
monds were replaced by Plexiglas strip to minimize the absorption of 
the beam and retain a brilliant enough flux at the Cr K-edge to be able 
to perform the measurements. Attenuators of appropriate thickness 
were placed before the sample to avoid radiation damage. A metallic 
foil was recorded at each edge for energy calibration.40 The circular 
polarization rate is identical for all the edges. The XANES spectra 
and XMCD signals were normalized as described in Ref. 40. Like for 
the X-ray absorption spectra from SAMBA, they are represented as a 
function of E-E0, with the same definition of E0. 

3. RESULTS  
3.1 Magnetic study. A magnetic study of the compounds was 
performed prior to the XMCD investigation in order to get 
insight into their macroscopic magnetic behavior and to de-
termine some useful parameters such as the magnetic ordering 
temperature (TC), the Curie constant for one unit cell of PBA 
(CPBA) or the sign of the magnetic coupling constant (J). The 
magnetization curves versus the magnetic field at 4 K, temper-
ature at which the XMCD measurements were performed, are 
shown in Figure 2a and 2b for the compounds of the AFe and 
ACr series respectively. The Field Cooled (FC) and Zero 
Field Cooled (ZFC) magnetization curves, as well as the tem-
perature dependence of the inverse of magnetic molar suscep-
tibilities, are given in S3 and S4 for the AFe series, and S5 and 
S6 for the ACr series. TC was determined as the temperature 
of a minimum in the derivative of the FC magnetization curve 
(dMFC(T)/dT; S3 and S5). The Curie (CPBA) and Weiss (Θ) 
magnetic constants were extracted from the plots of the in-
verse of the molar susceptibility versus temperature by fitting 
a Curie-Weiss law to the curves (S4 and S6). All these mag-
netic data as well as the coercive field (HC) at 4 K are gathered 
in Table 1. 

The Tc value is above 4 K for all compounds, which are there-
fore all in a magnetically ordered state at 4 K. As a first ap-
proximation, for transition metal ions of the first row, magnet-
ic moments are considered originating from the spin angular 
momentum. In the magnetically ordered state, the orientation 
of the magnetic moments with regard to an applied external 
magnetic field can thus be predicted from the total spin quan-
tum number of the ions and from the sign of J. For each PBA, 
the magnetic moment of the ion with the largest total spin 
quantum number aligns in the direction of the magnetic field 
and the second one is parallel (J>0) or antiparallel (J<0) to the 
former depending on the sign of J. In such compounds where 
exchange interactions prevail, the sign of Θ directly gives the 
sign of J. The direction of the magnetic moments in an exter-
nal magnetic field is schematized in Figure 3 for all com-
pounds. Whatever the sign of J, the magnetic moment carried  

 

Figure 2. Magnetic field dependence of the magnetization at 4K 
for a) the AFe series and b) the ACr series. The vertical line 
indicates the magnetic field value used for XMCD measurements 
(1.3 T).  
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Table 1. Curie temperature (TC), Curie (CPBA) and Weiss (Θ) 
constants, calculated saturation magnetization (Msat), experi-
mental magnetization at 4 T (M(4K)) and 1.3 T (M(1.3T), and 
coercive field (HC) for both AFe and ACr series of com-
pounds. 



 

 

Figure 3. Anticipated orientation of the magnetic moments carried 
by the transition metal ions in an applied magnetic field H for the 
a) AFe series and b) ACr series. 

by the A2+ ion is expected to be oriented in the direction of the 
applied magnetic field for all compounds. Regarding the de-
pendence of the magnetization versus magnetic field (Figure 
2), it can clearly be seen that the magnetization of most com-
pounds does not reach saturation even at 4 T, while the mag-
netization of NiCr and MnCr saturates at magnetic fields as 
low as 0.2 T. The saturation magnetization (Msat) for one unit 
cell can be calculated from eq 1 in NµB unit, where N is the 
Avogadro constant, µB the Bohr magneton and g the electron 
g-factor (g=2): 

M!"# = 𝑔[4𝑆! ± 2.7𝑆!]       (1) 

The sign ± depends on the nature of the exchange interaction 
(+ for J>0 ; - for J<0). 4 and 2.7 are the numbers of A and B 
ions in a unit cell respectively, SA and SB the total spin quan-
tum numbers of the A2+ and B3+ ions. The calculated value for 
Msat as well as the experimental magnetization at 4 T (the 
highest field reached by the magnetometer) and at 1.3 T (the 
magnetic field used for the XMCD measurements) are gath-
ered in Table 1. For NiCr and MnCr, Msat, M(4T) and 
M(1.3T) are equal. The saturation is reached. For all other 
compounds, the saturation magnetization is not reached. 
M(4T) and M(1.3T) are thus lower than Msat and the saturation 
percentage at 1.3 T ((M(1.3T)/Msat)*100) is also given in 
bracket in Table 1. It must be noticed that MnFe shows a 
specific behavior among the compounds with a magnetization 
at 1.3 T much lower than the saturation (only ≈ 50% of the 
expected value), while the magnetization of all other com-
pounds reaches values at 1.3 T at least around 70% of the 
expected saturation value. For all compounds, the magnetic 
field dependence of the magnetization is in agreement with the 
nature of the exchange interaction and the sign of J deduced 
from the Curie-Weiss law. 

3.2 A K-edge XMCD spectra. The XMCD signals at the A 
K-edges are shown as a function of E-E0 in Figure 4a and 4b 
for the AFe and ACr series respectively. The XMCD signals 
are all different but they can be divided into three energy  

 

Figure 4. Normalized XMCD signal at the A K-edge recorded at 
4K as a function of (E-E0) over the -30 +30 eV energy range for 
the compounds of a) the AFe series and b) the ACr series. 

 

 

 
Sample 

Absolute value of the 
normalized intensity 

α/δ	

%	

α 	 δ1	 δ2	 δ1+δ2	 	

MnFe 0.0001 0.004 0.004 0.008 2.5 
CoFe 0.0008 - 0.0115 0.0115 7 
NiFe 0.0005 0.0007 0.005 0.006 9 
CuFe - - 0.0006 0.0006 - 
MnCr 0.00045 0.0115 0.0115 0.023 4 
FeCr 0.0005 0.004 0.016 0.02 2.5 
CoCr 0.0001 - 0.012 0.012 8 
NiCr 0.00085 - 0.005 0.005 15 

 

Table 2. Absolute value of the intensity of the α and δ contri-
butions to the XMCD signals of the AFe and ACr series of 
compounds.  
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ranges. For all compounds, XMCD gains intensity i) over the -
20 to -12 eV energy range (α peaks), ii) over the -12 to -5 eV 
energy range (β peaks) and iii) over the -5 to 4 eV energy 
range (δ peaks). In order to clearly assign these different con-
tributions, the XMCD signals were compared to the XANES 
spectra at the A K-edges (S7), which all exhibit the profile 
expected for 6-fold coordinated A2+ ions in their high spin 
state and are typical of A K-edge XANES spectra of PBAs.41 
A very close local structure around the A2+ ions from one 
compound to the other is confirmed by comparable oscilla-
tions in the EXAFS part of the spectra (S8). The comparisons 
of the XANES spectra and XMCD signals are enlarged in 
Figures 5a-j.  

Over the -5 to 4 eV energy range corresponding to the edge 
region of the XANES spectra, the main contribution to the 
XMCD signal (δ peaks, Figures 4a and 4b) is composed of 
two lobes: a low-energy negative lobe (δ1) and a high-energy 
positive one (δ2). The absolute value of the intensity of the two 
lobes as well as their sum is given in table 2. It is noticeable 
that the intensity of the δ peaks of CuFe (Figure 4a) is very 
low compared to that for all other compounds. The maximum 
intensity of the δ2 peak is located at the energy of the absorp-
tion maximum of the XANES spectra for all compounds (Fig-
ure 5b, 5d, 5f, 5h and 5j). The main contribution to the XMCD 
signal can therefore be assigned to the electric dipole 1s → 4p 
transitions, 4p orbitals being spin-polarized by the 3d elec-
trons. XMCD gains intensity from the electric dipole allowed 
1s → 4p transitions for all compounds. The features of this 
main contribution to the XMCD signal are discussed in the 
following. 

Over the -12 to -5 eV energy range corresponding to the rising 
edge region of the XANES spectra (Figure 4a and 4b), the 
XMCD signals of all compounds gain intensity (β peaks) at 
the same energy as the β peak of the XANES spectra (Figure 
5a, 5c, 5e, 5g and 5i). These peaks can be assigned to 1s → 
π*(NC) transitions32 but an assignment to shake-down transi-
tions42-44 arising from the ligand-to-metal charge transfer in-
duced by the core-hole creation cannot be ruled out. Whatever 
the origin of these transitions a contribution from the electric 
dipole 1s → 4p transitions is expected in octahedral or pseudo-
octahedral symmetry. A contribution to the XMCD signal over 
this energy range is therefore not surprising as XMCD gains 
intensity from 1s → 4p transitions. 

Over the -20 to -12 eV energy range (Figures 4a and 4b), the 
XMCD signals of all compounds gain intensity (α peaks) at 
the same energy as the α pre-edge peak of the XANES spectra 
(Figures 5a, 5c, 5e and 5g). In a centro-symmetric environ-
ment of the absorber atom, the pre-edge peaks of the XANES 
spectra are assignable to the electric quadrupole 1s → 3d 
transitions. Nevertheless, in PBAs the A2+ ions are surrounded 
by an average of 4 –NC and 2 –OH2 ligands, so that most of 
the A sites are not centro-symmetric. Thus 3d-4p orbitals 
mixing and therefore a contribution from the electric dipole 1s 
→ 4p transitions is expected over this energy range. For 
CuFe, the intensity of the XMCD signal over the pre-edge 
energy range hardly overcomes the signal-to-noise ratio in our 
measurements conditions. CuFe is also the compound for 
which the intensity of the δ peak associated with the 1s → 4p 
transitions  

 

Figure 5. XMCD signal compared to the adapted enlargement of 
the XANES spectrum over the pre-edge/rising edge and edge 
regions for a, b) MnCr and MnFe at the Mn K-edge, c, d) FeCr 
at the Fe K-edge, e, f) CoCr and CoFe at the Co K-edge, g, h) 
NiCr and NiFe at the Ni K-edge and I, j) CuFe at the Cu K-edge. 
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is the lowest, which suggests that XMCD would mainly gain 
intensity from the 1s → 4p transitions over the pre-edge ener-
gy range. At last, the pre-edge region of the XMCD signals is 
similar for all AFe and ACr couples of compounds (MnCr 
and MnCr, CoCr and CoFe, NiCr and NiFe), reflecting a 
very close electronic structure of the 3d orbitals in these cou-
ples of compounds despite a different B3+ ion (Fe or Cr) on the 
other side of the NC bridge. 

4. DISCUSSION  
XMCD signals at the transition metal K-edges of PBAs have 
already been reported in the literature. Nevertheless, the main 
information that has been extracted from them so far is the 
direction of the magnetic moment carried by the absorber 
atom in the applied magnetic field. In a first step, we will use 
the model compounds as a tool to disentangle the information 
contained in the XMCD signal by trying to relate some fea-
tures of the signal to magnetic data. In a second step, we will 
discuss the opportunities that can be expected from such 
measurements in terms of magnetic molecular materials study.        

4.1 PBAs as model compounds for the understanding of 
transition metal K-edge XMCD signal. 

It has to be recalled that previous studies showed that XMCD 
at the transition metal K-edge is a probe of the 4p orbital mo-
mentum.4,20 The 4p orbitals are nevertheless polarized by the 
magnetic moment arising from the 3d electrons, the number of 
which has been varied at the A site in the series of compounds 
under study. So, by varying this electron number, we expect to 
highlight its influence on the XMCD signal, which reflects its 
influence on the 4p orbital momentum. The features of the 
main contribution to the XMCD signals are discussed in the 
following.      

Sign of the signal. The sign of the XMCD peaks correspond-
ing to the 1s → 4p transitions at the K-edge of transition metal 
ions in PBAs has already been related to the sign of the high-
energy lobe and assigned to the direction of the magnetic 
moments due to the 3d unpaired electrons of the absorber 
atom.32 This can be verified here too. The sign of the δ2 high-
energy lobe of the main contribution is the same at the A K-
edge for all compounds. The magnetic moment born by the 
A2+ ion is oriented in the direction of the applied magnetic 
field for all compounds (Figure 3). As a matter of convention, 
the sign of the lobe δ2 of a dichroic signal of an ion carrying a 
magnetic moment aligned in the same direction as the applied 
magnetic field has been taken as positive.  

Shape of the signal. Regarding the shape of the main contri-
bution to the XMCD signals, the compounds can be classified 
in two groups, depending on the relative intensity of the two 
lobes (low-energy negative-intensity δ1 and high-energy posi-
tive-intensity δ2). On the one hand, the XMCD signals of 
MnCr and MnFe both exhibit a derivative shape (two lobes δ1 
and δ2 of the same absolute value of intensity). On the other 
hand, for all other compounds, the main contribution consists 
of one main high-energy positive lobe (S9). As examples, 
Figure 6 shows the derivative-shape of the XMCD signal of 
MnFe and the one of CoFe with a predominant high-energy 
lobe.  

The belonging of the XMCD signal to one of these two groups 
depends on the place of the element in the periodic table of 
elements. Thus, the derivative-shape of the signal at the Mn K-
edge of MnCr and MnFe resembles those of the signals of 
first-row early transition elements already reported in the 
literature for PBAs (Mn2+, V2+, V3+, Cr3+).32, 45-48, 43 For the 
other compounds, the shape of the main peak (δ) seems to be 
characteristic of first-row late transition elements (Co2+, Ni2+, 
Cu2+ …).46, 49-51  

Mn and Fe thus seem to be pivotal elements. The XMCD 
signal of Mn2+(HS) in MnCr still belongs to the first group, 
while the one of Fe2+(HS) in FeCr belongs to the second one 
(Figure 4). The main differences between these two ions are i) 
the atomic number Z and ii) the arrangement of the electrons 
in the t2g and eg orbitals. In Mn2+(HS) as in early transition 
metal ions, the t2g and eg orbitals are half-filled or less than 
half-filled, whereas in Fe2+(HS) as in the late transition metal 
ions, some of 

 

Figure 6. XMCD signals of MnFe at the Mn K-edge (derivative 
shape) and  CoFe at the Co K-edge (one main lobe).  

 

these orbitals are more than half-filled. The Fe3+ ion is there-
fore a good candidate to identify between the two parameters, 
Z and the arrangement of the electrons in the t2g and eg orbit-
als, the determinant one. Z is that of the Fe atom. In the 
Fe3+(HS) ion, the arrangement of the electrons in the t2g and eg 
orbitals is the same as in the Mn2+(HS) ion; in the Fe3+(LS) 
ion, the t2g orbitals is more than half filled, whereas the eg 
orbitals are empty. The shape of the Fe K-edge XMCD signal 
of the Fe3+(LS) ions in the Fe(CN)6 entities in PBAs is similar 
whatever the nature of the associated A2+ ion (S10), and its 
shape with two lobes of different intensities for the main peak 
(δ) places the XMCD signal of the Fe3+(LS) ion in the second 
group. The Fe3+(HS) ion is found in the Prussian (or Berlin) 
green FeFe PBA of chemical formula 
FeIII

4[FeIII(CN)6]4•nH2O52 synthesized following the procedure 
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described in ref. 52. This compound contains both Fe3+(HS) 
ions and Fe3+(LS) ions. To isolate the Fe3+(HS) XMCD signal, 
a variable amount of the XMCD signal of the Fe3+(LS) ions 
was subtracted to the normalized XMCD signal of the Berlin 
green by linear combination. A derivative shape of the main 
contribution with an intensity of the order of magnitude ex-
pected for an S=5/2 ion appears (S11), suggesting that the 
XMCD signal of the Fe3+(HS) ion belongs to the first group, 
and that the key parameter for the shape of the signal is the 
filling of the t2g and eg orbitals. A derivative shape of the sig-
nal is hence associated with a same spin quantum number for 
all electrons in the 3d orbitals (Fe3+(HS)). In contrast, a signal 
with one predominant lobe for the main contribution is ob-
served as soon as two electrons are paired in the 3d orbitals, 
whether it is due to a more than half-filled 3d shell in weak 
ligand field (Fe2+(HS)) or an electron pairing energy less than 
the crystal field parameter in strong ligand field (Fe3+(LS)).  

Intensity of the signal. At first glance, it can be seen on Fig-
ure 4a and 4b that, except for MnCr and MnFe, the intensity 
of peak δ2 steadily increases as the total spin quantum number 
of the A2+ ion in its ground state (SA) increases along both 
series of compounds. The intensity of peak δ2 (called IA in the 
following) is plotted against SA in Figure 7.  

 

Figure 7. Intensity (IA) of the 1s → 4p XMCD signal (peak δ2) at 
the A K-edge versus the total spin quantum number SA for FeCr, 
CoCr, CoFe, NiCr, NiFe and CuFe (open circles). The norm of 
the intensity of the positive (δ2) and negative (δ1) lobes of the 
XMCD signal at the Mn K-edge of MnCr and MnFe, as well as 
their sum, are indicated as open squares. The added point ((0, -
𝑃!!! /2), see text) is indicated as a black circle. 

For MnCr and MnFe, the absolute value of the intensity of 
each lobe (δ1 and δ2, Figure 4a and 4b) as well as the sum of 
both are indicated as white squares in Figure 7. This IA=f(SA) 
plot shows, within the error bar (± 0.001), a linear dependence 
between the intensity of peak δ2 and the total spin quantum 
number of the A2+ ion for FeCr, CoCr, CoFe, NiCr, NiFe 
and CuFe. As expected from the plots of the XMCD signals 
on Figure 4a and 4b, the intensity of peak δ2 of MnCr and 
MnFe does not follow the same trend. Nevertheless, it is no-

ticeable that the point corresponding to the sum of the absolute 
value of the intensity of peaks δ2 and δ1 of MnCr (also called 
IA in the following) fits into the linear variation, which is not 
the case for MnFe. This particular case of MnFe is discussed 
later. 

So, for all compounds except MnFe, Figure 7 shows that IA is 
proportional to the total spin quantum number of the absorber 
atom and can be expressed by eq 2 as: 

I! =  𝑆! ∗ 𝑃!!! + 𝐶𝑠𝑡    (2) 

where SA is the total spin quantum number of the A2+ ion in its 
ground state, 𝑃!!!  is a coefficient of proportionality and Cst is a 
constant. This indicates i) that the 4p orbitals of the A2+ ion are 
spin polarized in the same way by the unpaired electrons in the 
3d shell through intra-atomic interaction for all compounds, 
and ii) that the XMCD signal at the A K-edge does not depend 
on the nature of the magnetic neighbour of the A2+ ion 
(Fe3+(S=1/2) in the AFe series or Cr3+(S=3/2) in the ACr 
series). XMCD at the A K-edge in the AFe and ACr series 
only depends on the magnetic properties of the A2+ ion or of 
the A2+ sub-lattice. It is remarkable that XMCD at the A K-
edge is not affected by the magnetic moment carried by the 
B(CN)6 entities. From eq 2, it also appears that IA is the sum of 
two terms: a first one directly depending on the total spin of 
the A2+ ion in its ground state, and a second one identical for 
all compounds. It is also remarkable that the value of Cst is 
very close (within the error bar) to −𝑃!!! /2 (-0.006 ± 0.001), so 
that IA can be re-expressed as follows: 

I! = 𝑆! − 1 2 ∗ 𝑃!!!     (3) 

The point (0,−𝑃!!! /2) is added on Figure 7 as a black circle; it 
nicely takes place into the linear trend. With the same constant 
term −𝑃!!! /2 in the expression of IA for the seven compounds, 
the number ½ in eq 3 can be assigned either to the spin angular 
momentum (s) or to the total angular momentum (j) of the 
photoelectron. Eq. 3 also suggests that 𝑃!!!  is the same for all 
compounds and for all probed A K-edges. Given the constant 
circular polarization rate on the ODE beamline in the energy 
range of the 3d transition metal K-edges, which was discussed 
in Ref. 40, we also suggest that the 𝑃!!!  parameter contains this 
circular polarization rate and external parameters such as the 
temperature and the magnetic field. 

It is striking that, despite the fact that the saturation magneti-
zation is not reached at 1.3 T for most of the samples with 
different gaps between their magnetization at 1.3 T and the 
saturation magnetization (Table 1), IA, the intensity of peak δ2 
(or the sum of the absolute value of the intensity of peaks δ1 

and δ2 for MnCr), linearly depends on SA, the total spin quan-
tum number of the A2+ ion. This shows that, if XMCD at the 
transition metal K-edge and SQUID magnetometry measure 
some magnetic characteristics of the sample, they do not give 
access to the same magnetic data. In a SQUID magnetometer, 
the projection of the magnetic moment onto the applied mag-
netic field direction is measured and therefore, the measured 
component depends on the angle between the magnetic mo-
ment and the applied magnetic field as long as the saturation 
magnetization is not reached. This is clearly not the case for 
the intensity of the transition metal K-edge XMCD signal 
corresponding to the 1s → 4p transitions (at least as soon as 
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the magnetization of the sample is above a certain threshold 
such as the closure of the hysteresis loop40 or the coercive 
field53).  

Area under the signal. We tried to plot as a function of SA the 
area under peak δ2 (called A(δ2)), under peak δ1 (called A(δ1)), 
their sum A(δ1)+A(δ2) and their difference, without a clear 
trend appearing. However, in the case of their sum 
A(δ1)+A(δ2) (called AA in the following), the behavior of the 
compounds CoCr, CoFe and FeCr seems to differ from the 
others one. Since these compounds are those for which the A2+ 
ion exhibits first-order orbital momentum (T ground state), we 
also tried to plot AA as a function of the Curie constant of the 
A2+ ion (called CA in the following). CA was determined from 
CPBA (Table 1) and its expression for one PBA unit cell given 
by eq 4: 

𝐶!"# = 4C! + 2.7𝐶!    (4) 

where CB (B=Fe, Cr) is the Curie constant of the Cr3+ or Fe3+ 
ion. The Cr3+ ion in octahedral geometry exhibits no first-order 
orbital momentum, so that CCr can be calculated from the spin 
contribution (CCr =1.875). In contrast, the Fe3+(LS) ion exhib-
its first-order orbital momentum, and CFe was already experi-
mentally deduced from the Curie constant of the ZnFe PBA 
containing diamagnetic Zn2+ ions (CFe=0.95).54 The plot of AA 
as a function of CA is displayed in Figure 8 for MnCr, FeCr, 
CoCr, CoFe, NiCr, NiFe and CuFe.  

 
Figure 8.  Area under peak (AA) as a function of the Curie con-
stant (CA) for MnCr, FeCr, CoCr, CoFe, NiCr, NiFe and CuFe. 

The plot shows that, within the error bar (±0.002), AA linearly 
depends on CA, the Curie constant of the A2+ ion. It is noticea-
ble that i) the straight correlation line passes through the 
origin, and ii) the value of the slope is similar, within the error 
bar, to the one of the IA versus SA linear function (Figure 7). 
AA can thus be expressed as follows: 

𝐴! = 𝐶! ∗ 𝑃!!!      (5) 

where 𝑃!!!  is the same constant as in eq 2 and 3. 

This shows that the area under curve (AA) does not depend on 
the fact that the saturation magnetization is not reached for 
several compounds, as it is also the case for the intensity (IA) 
(see above). Contrary to SQUID magnetometry, which gives 
access to the projection of the magnetic moment onto the 
applied magnetic field direction and therefore strongly de-
pends on the angle between the directions of the magnetic 
moment and of the magnetic field, the main features of the 1s 
→ 4p contribution to the XMCD signal do not depend on this 
parameter, but probably rather on the angle between the mag-
netic moment and the crystallographic axes, which also are the 
axes of the probed 4p orbitals. 

Eq 3 and 5 suggest the following relation between IA and AA: 

𝐼! = 𝑆! − 1 2 𝐶! ∗ 𝐴!    (6) 

The plot of ((SA-1/2)/CA)*AA as a function of IA (Figure 9) 
fully confirms this relation and the previously established 
linear correlations on which it is based.  

 
Figure 9. : AA(SA-1/2)/CA as a function of IA for MnCr, FeCr, 
CoCr, CoFe, NiCr, NiFe, CuFe (white square) and MnFe (black 
square). 

The features of the Mn K-edge XMCD signal of MnFe do not 
follow the same trends as those of the other PBAs of the AFe 
and ACr series. For all compounds except MnFe, eq 6 is 
obtained from eq 3 and 5, which apply for the samples MnCr, 
FeCr, CoCr, CoFe, NiCr, NiFe and CuFe. For MnFe, the 
intensity could not be directly related to SA, neither the area 
under peak to CA. Nevertheless, the use of eq 6 to determine 
the CA value for the Mn2+(HS) ion in MnFe (SA=5/2) from IA 
(0.0076) and AA (0.0157) gives a value of CA=4.1, which is 
very close to the value obtained from the magnetic measure-
ment (CA=4.0) and the calculated value for a spin only contri-
bution (4.375). The point corresponding to the AA(SA-1/2)/CA 
and IA values for MnFe has been added as a black square in 
Figure 9. It falls very close to the straight line formed by the 
points corresponding to the other compounds. This shows that 
eq 6 also applies to MnFe despite its peculiar behavior. This 
confirms that the Mn ion in MnFe carries the magnetic mo-
ment expected for the Mn2+ high spin ion with a total spin 
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quantum number S=5/2. This is in agreement with all charac-
terizations of MnFe discussed above, which leave no doubt 
about the structure and the chemical composition of the com-
pound or about the oxidation and spin states of the Mn2+ ion. 
Hence, IA and AA for MnFe differ from IA and AA for the other 
compounds of the AFe and ACr series by the value of 𝑃!!! . 
This 𝑃!!!"(𝑴𝒏𝑭𝒆) value for MnFe can be deduced from eq 7: 

 𝑃!!!" 𝑴𝒏𝑭𝒆 = (𝐼!"(𝑴𝒏𝑭𝒆)/𝐼!"(𝑴𝒏𝑪𝒓))𝑃!!! =
(1 3)𝑃!!! (7) 

Without no doubt either about the magnetic moment carried 
by the Mn ion or about the measurement conditions which 
were exactly the same, the different value of the 𝑃!!!  factor for 
the Mn2+ ion in MnFe and in MnCr can be assigned to a 
different orientation of the magnetic moment with regard to 
that of the crystallographic axes. This raises new questions 
about the magnetic behavior of the MnFe compound.  

4.2 Contribution of transition metal K-edge XMCD signal 
to the understanding of magnetic properties of matter. 

In a general way, these results show that it is possible, by 
using an experimental original approach based on the use of 
model compounds such as PBAs, to establish quantitative 
relationships between the transition metal K-edge XMCD 
signals and local magnetic data. Furthermore, the versatility of 
PBAs, by making it possible to vary selected parameters inde-
pendently, offers promising perspectives for a full quantitative 
interpretation of such signals in a near future. As a conse-
quence, this also opens new perspectives towards quantitative 
investigation of local magnetic moments in systems which 
cannot be studied by transition metal L2,3 edge XMCD. For 
instance, they are compounds sensitive to ultra-high vacuum 
containing volatile solvent molecules. For others, their surface 
is made of peculiar species due to surface effects or oxidation 
phenomena: transition metal L2,3 edge XMCD probes the 
surface of materials, so that the main contribution to the signal 
can contain an important contribution from such peculiar 
surface species, preventing the investigation of the core spe-
cies. They also are systems under demanding sample envi-
ronment, for instance under high pressure or in operando con-
ditions.   

The series of studied compounds were chosen for their versa-
tile chemical composition in analogous structures and their 
well-described magnetic properties by an orbital approach, 
suggesting comparable magnetic properties along the series. 
Nevertheless, the present XMCD study at the K-edges of the 
transition metal ions clearly reveals a peculiar local magnetic 
behavior of the Mn2+ ion in MnFe, that we propose to assign 
to a different orientation of the magnetic moment borne by the 
Mn2+ ion in MnFe with regard to that of the magnetic mo-
ments of all other A2+ ions along the series. This peculiar 
orientation of the Mn2+ magnetic moment in MnFe undoubt-
edly contributes to the peculiar macroscopic magnetic proper-
ties underlined in the section about the magnetic properties 
above. It has to be noted here that compounds containing 
Mn[Fe(CN)6] pairs attract interest from scientists in various 
field because they exhibit specific properties, among them 
photo-induced charge transfer55 or magnetization reversal56 
properties. These properties are not completely understood and 

some of them could be related to the peculiar local magnetic 
behavior evidenced here. 

At last, this suggests that transition metal K-edge XMCD 
could provide valuable information on the orientation of the 
local magnetic moments, including in compounds in powder 
form exhibiting a certain degree of disorder and containing 
water molecules, for which neutron diffraction measurements 
are so tricky. Work is in progress to better understand the 
origin of the 𝑃!!!  value and to establish a quantitative relation-
ship between this value and the orientation of the local mag-
netic moments.  

5. CONCLUSION 
This study of the XMCD signal at the A K-edge in the two 
AFe and ACr PBAs series shows that the main 1s → 4p con-
tribution to the A K-edge XMCD of PBAs does not depend on 
the magnetic neighbor of the A2+ ion, showing that the mag-
netic properties of the A2+ ion or of the A2+ sub-lattice are 
selectively probed. Furthermore its features can be related to 
the magnetic behavior of the probed A2+ ion or A2+ sub-lattice.  

1) The shape of the signal can be related to the filling of the 3d 
orbitals. A derivative shape of the signal is associated with a 
same spin quantum number for all electrons in the 3d orbitals. 
A signal with one predominant lobe is obtained as soon as two 
electrons are paired, would it be due to a more than half-filled 
3d shell in weak ligand field or to an electron pairing energy 
less than crystal field parameter. 

2) The sign of the XMCD signal is related to the direction of 
the magnetic moment with respect to the applied magnetic 
field. 

3) The XMCD absolute intensity is related in a quantitative 
way to the total spin quantum number SA of the A2+ ion or of 
the A2+ sub-lattice. 

4) The area under the XMCD peak is related in a quantitative 
way to the Curie constant CA of the A2+ ion or of the A2+ sub-
lattice. 

This is, to our knowledge, the very first evidence that such 
quantitative information can be extracted from XMCD signals 
at the K-edges of the first transition metal series in molecular 
compounds. This is also the first time that the magnetic infor-
mation contained in transition metal K-edge XMCD are clear-
ly identified and related to a spectral feature of the XMCD 
signal.  

It has to be noticed that such an analysis of the data has been 
made possible by a careful screening and mastering of all 
external parameters likely to affect the signal, as described in 
Ref. 40. Work is in progress i) to identify the parameters con-
tained in 𝑃!!!  and better understand the origin of the peculiar 
behaviour of MnFe and ii) to analyze the K-edge XMCD 
signal at the B site of the coordination polymers.   

This study at the A K-edge of PBA shows that PBA are model 
compounds particularly well suited to disentangle the infor-
mation contained in XMCD signals at the TM K-edge and 
paves the way to the full understanding of these signals in 



 

such molecular systems. Finally, we hope that such a study 
could be a starting point for new theoretical developments. 
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TOC Synopsis 

A better understanding of transition metal K-edge X-ray Magnetic Circular Dichroism is obtained thanks to an experimental 
approach based on the versatile chemical composition of Prussian Blue Analogs. Qualitative and quantitative parameters of 
the main signal are related to the magnetic behavior of the absorbing atom: shape and sign to the filling of the 3d orbitals and 
to the direction of the magnetic moment; intensity and area-under-peak to the total spin and to the Curie constant.  
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