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Abstract: Photoinduced magnetization has been recently evidenced by Hashimoto et al. in CoFe Prussian
blue analogues. We synthesized three compounds with a variable cobalt environment to point out the conditions
required to observe the photoinduced magnetization. Structure and electronic structure of the compounds have
been investigated combining XANES, infrared spectroscopy, and powder X-ray diffraction experiments.
Magnetization as a function of temperature before and after irradiation showed that diamagnetic pairs CoIII -
NC-FeII are necessary for the existence of the photoinduced magnetization, but their presence is not a sufficient
condition. The role of hexacyanoferrate vacancies in the phenomenon is pointed out.

Introduction

The old Prussian blue analogues have been brought up to
date due to their properties as molecule-based magnets.1-4

Beyond materials with purely magnetic properties, the interest
for materials combining magnetic and other properties, among
them optical, is growing. In 1996, Hashimoto and co-workers
evidenced a new phenomenon in Prussian blue analogues.
Starting from aqueous Co(II) and hexacyanoferrate(III), they
obtained a powder that exhibits spectacular photoinduced
magnetization at low temperature.5-8 The proposed explanation
of the phenomenon was the presence of diamagnetic low-spin
Co(III)-Fe(II) pairs in the compound and a photoinduced
electron transfer from Fe(II) to Co(III) through the cyanide
bridge to produce CoII-FeIII magnetic pairs.5,9,10We undertook
a study of the phenomenon in systems where the amount and

nature of the alkali cation have been varied. We report our main
results in three parts. In part 1, we correlate the quantity of
diamagnetic pairs in the compounds to the efficiency of the
photoinduced magnetization. In part 2, we study the electronic
structure as well as the local structure around cobalt of the
photoinduced metastable state. In part 3, we synthesize a series
of compounds in which we precisely control the ligand field
around cobalt and the number of hexacyanoferrate vacancies
in the structure to correlate them to the efficiency of the
photoinduced magnetization.

The synthesis of the powdered samples involves substitution
reactions of the water molecules of the hexaaqua complex [CoII-
(H2O)6]2+ by [FeIII (CN)6]3-. This means a progressive increase
of the Co ligand field as oxygen atoms from water are replaced
by nitrogen atoms from cyanides. For a sufficient number of
nitrogen atoms around the Co ion, the cobalt ion becomes low
spin and its reducing power is strongly enhanced. Then, a
chemically induced electron transfer leads spontaneously to a
more stable Co(III)-Fe(II) pair. This is a well-known redox
process in inorganic chemistry. To increase the number of
diamagnetic pairs responsible for the photoinduced effect, one
has then to increase the number of nitrogen atoms around the
cobalt ion. Once the diamagnetic pairs are obtained, the
photoinduced electron transfer should occur, leading to two
hypothetical excited states: low-spin or high-spin Co(II)-low-
spin Fe(III). In any case, Fe(III) surrounded by 6-C bonded
cyanides is low spin.

It is well-known in the chemistry of Prussian blue analogues
that when using a divalent cation AII and an hexacyanometalate
bearing three negative charges, two extreme stoichiometries may
be obtained, according to the electroneutrality of the solid. A
lacunary structure AII3[BIII (CN)6]2‚nH2O is commonly obtained,
where the [B(CN)6] vacancies are filled by water molecules,
coordinated to the AII cation or zeolitic.5-7 Using an excess of
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alkali cation leads to a perfect face cubic centered (fcc) structure
CIAII[BIII (CN)6] in which the CI alkali cation occupies half of
the interstitial tetrahedral sites.1,11,12In intermediate cases, the
divalent cation occupies all the fcc sites whereas the occupation
of the octahedral sites by the hexacyanometalate varies from
67 to 100% as a function of the amount of alkali cation in the
structure. In one unit cell, the number of divalent cations is
then always four and the number of hexacyanometalate and
alkali cations is equal toy and 3y - 8, respectively, due to the
electroneutrality of the solid. In the following, the formulas will
be given as CI3y-8AII

4[BIII (CN)6]y.
By introducing various quantities of alkali cations in the

structure, we have synthesized three CoFe Prussian blue
analogues in which the environment of the cobalt atoms varies
from an average of four nitrogen and two oxygen atoms CoN4O2

in the lacunary structure AII4[BIII (CN)6]8/3, to six nitrogen atoms
CoN6 in the compact structure CI4AII

4[BIII (CN)6]4 with alkali
cations. Their structure and electronic structure have been
characterized and correlated to their magnetic properties before
and after irradiation.13

Experimental Section

Materials and Sample Preparation.Potassium hexacyanoferrate-
(III) (Fluka, puriss. p.a.), cobalt(II) nitrate (Fluka, p.a.), rubidium nitrate
(Aldrich), and cesium nitrate (Aldrich) were used as received.
Compound1 was synthesized by addition of 400 mL of a 1.5× 10-3

mol L-1 solution of hexacyanoferrate(III) to 100 mL of a 10-2 mol
L-1 aqueous solution of cobalt(II) nitrate. To introduce alkali cations
into the structure, compounds2 and3 were synthesized by addition of
400 mL of a 2.5× 10-3 mol L-1 solution of cobalt(II) nitrate to 50
mL of a 2 × 10-2 mol L-1 aqueous solution of hexacyanoferrate(III)
and 12.5× 10-3 mol L-1 of rubidium nitrate for compound2 or 12.5
× 10-3 mol L-1 of cesium nitrate for compound3.

For all compounds, the pH of the initial solutions was adjusted to 5
by using diluted HNO3 aqueous solutions. The addition rate was
regulated to last 3 h. The powders were centrifuged, washed three times
with distilled water, and allowed to dry in air.

The model compounds for X-ray absorption experiments, [CoII-
(H2O)6](NO3)2, K3[CoIII (CN)6], K4[FeII(CN)6], and K3[FeIII (CN)6] have
been used as received.

Instrumentation. Elemental analysis of Co, Fe, C, N, K, H, Rb, or
Cs was performed at the analysis facility of the CNRS in Vernaison
(the oxygen was assumed to be the only other element and its content
was obtained by difference to 100%). For each compound, a chemical
formula, taking into account the weight percentage of each element,
the electroneutrality, and the chemistry of the systems, is proposed.

The error in the coefficients is of the order of magnitude of 0.1. Given
the error bars in the coefficient, the formulas are neutral.

Infrared spectra of the powders dispersed in Nujol were recorded at
room temperature, over the range 4000-400 cm-1, with a Fourier
transform spectrometer (Bio-Rad FTS 165).

X-ray absorption near edge spectroscopy (XANES) measurements
were performed at the Co and Fe K edges in transmission mode on the
XAS 13 beam line at the French synchrotron facility DCI at LURE
(Orsay), using an Si 311 double monochromator. The energy calibration
was checked by recording simultaneously the spectra of the samples
and Co or Fe foils, using a three ionization chambers recording mode.
The edge energies of the Co at 7709 eV and the Fe at 7712 eV were
fixed at the first inflection point of the metallic foils. Samples were
ground and homogeneously dispersed in cellulose pellet. XANES
spectra were recorded in a 0.3 eV step size and normalized at the middle
of the first EXAFS oscillation.

Powder X-ray diffraction patterns (Co KR) were collected with a
Philips diffractometer. All diagrams were recorded over the 5-40°
range with steps of 0.01°. Magnetization measurements were performed
in a SQUID magnetometer (Quantum Device MPMS5) operating in
the alternative mode, equipped with an optical fiber made of multiwire
silica. The fiber was connected to a broadband source of light (tungsten
halogen lamp, 100 W), through interferential filters (100 nm bandwidth).
A cutoff filter provided a large intensity in the range 750( 50 nm.
The energy flux received by the sample was typicallyP ) 60 mW
cm-2. The magnetization of 3 mg of each sample was measured as a
function of the temperature over the range 5-25 K. Each compound
was then irradiated for 2 h at 10 K and themagnetization was measured
a second time as a function of the temperature.

Results and Discussion

Elemental Analysis.Chemical formulas of the three com-
pounds are reported in Table 1. The CoII-FeIII pairs or CoIII -
FeII pairs, generated by the internal redox reaction, cannot be
differentiated, and the oxidation states of the metal cations are
therefore not given.

The insertion percentage of the alkali cation in the structure
increases with the size of the cation. Compound1 contains very
few potassium cations. The Fe/Co ratio is the lowest: the
structure is of lacunary type AII4[BIII (CN)6]8/3 containing 33%
of hexacyanoferrate vacancies. Cobalt atoms are surrounded by
an average of four nitrogen atoms and two oxygen atoms.
Compound3 contains the highest quantity of alkali cation. The
Fe/Co) 0.975 ratio nearly reaches its maximum value 1. The
structure is nearly a perfect fcc structure CI

4AII
4[BIII (CN)6]4 and

contains only 4% of iron vacancies. Cobalt atoms are surrounded
by six nitrogen atoms. The stoichiometry of compound2 is
intermediate. The Fe/Co ratio is 0.825 and the structure contains
17.5% of iron vacancies. Cobalt atoms are surrounded by an
average of five nitrogen atoms and one oxygen atom.

X-ray Absorption Spectroscopy.X- ray Absorption Near
Edge Structure (XANES) experiments at the Co (Figure 1) and
Fe (Figure 2) K-edges14,15were performed to precisely determine
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presented in ICMM’98 and published as ref 10 and was ready for publication
when the paper by Sato et al., who apparently were not aware of our own
work, appeared on similar compounds studied with different techniques
and leading to similar conclusions (ref 8b).

Table 1. Microanalysis Results and Proposed Formula for Compounds1, 2, and3

sample C Co Fe C N H O

1 K
% exptl (calcd) 0.44 (0.34) 19.66 (20.24) 12.97 (13.42) 17.54 (17.32) 20.43 (20.21) 3.07 (3.16) 25.89 (25.30)

proposed formula: K0.1Co4[Fe(CN)6]2.7‚18.4H2O
2 Rb

% exptl (calcd) 11.47 (11.57) 17.17 (17.71) 13.25 (13.84) 18.07 (17.87) 20.44 (20.85) 1.89 (1.96) 16.98 (15.64)

proposed formula: Rb1.8Co4[Fe(CN)6]3.3‚13H2O
3 Cs

% exptl (calcd) 29.58 (29.00) 13.30 (13.03) 12.04 (11.88) 15.59 (15.33) 18.42 (17.88) 1.47 (1.44) 9.59 (11.43)

proposed formula: Cs3.9Co4[Fe(CN)6]3.9‚12.9H2O
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the oxidation states of the iron and cobalt atoms in compounds
1-3 and their spectra were compared to those of the four model
compounds [CoII(H2O)6](NO3)2, K3[CoIII (CN)6], K4[FeII(CN)6],
and K3[FeIII (CN)6].

At the cobalt K edge, Figure 1 presents the spectra of
compounds1-3 and of the model complexes. The spectra
present well-resolved features in the beginning of the absorption
ramp (7716 eV). These absorption bands are assigned to allowed
1s (a1g) f 3d-π*(CN) (t1u) transitions,16 which shows that the
Co ions are linked to CN ligands. The spectrum of compound
1 is very similar to the spectrum of the CoII model (Figure 1).
More precisely, the absorption maximum at 7725 eV [allowed
1s (a1g) f 4p (t1u) transitions] and the weak preedge peak at
7709 eV [forbidden 1sf 3d(t2g,eg) transitions] have the same
energies. This similarity indicates that the oxidation state of the

detectable cobalt ions is+II in compound 1. Given the
sensitivity of the technique, the CoII percentage can be
considered as close to 100%. The spectra of compounds2 and
3 are very similar to each other. That means that the local and
electronic structures of the cobalt ions are very close. The
energies of the absorption maxima are 3 eV shifted to higher
energy (7728 eV) compared to the CoII spectrum and fit to the
energy of the absorption maximum of the CoIII model. This
indicates that the oxidation state of the majority of cobalt ions
is +III in compounds2 and3. A 1 eV high-energy shift is also
observed for the preedge (7710 eV), which confirms the+III
oxidation state evidenced with the maximum absorption position.
The preedge of the CoIII model compound is at higher energy
(7711 eV), due to the larger crystal field generated by the carbon
atoms of the cyanide ligands. This is not the case in compounds
2 and3 where the cyanide ligands are N-bonded to the cobalt
ions.

Figure 2 shows the iron K-edge spectra of compounds1-3
compared to the FeII and FeIII models. All the spectra resemble
each other and are characteristic of the [Fe(CN)6] entity.17 The
spectra of compound1 and K3[FeIII (CN)6] are practically
identical. The energy of the weak preedges (7114.5 eV) and of
the absorption maxima (7131.0 eV) indicates that the oxidation
state of iron ions is+III for the two compounds. The percentage
of FeIII ions in 1 can be estimated to 100%.

The spectra of compounds2, 3, and K4[FeII(CN)6] are very
similar. We observe a 1 eVlow-energy shift of the preedge
and of the absorption maxima compared to the spectrum of
compound1. This shift is characteristic of the decrease of the
oxidation state from+III (compound1) to +II (compounds2
and3).

The comparison of the results at the two edges demonstrates
that (i) no electron transfer occurs during the synthesis of
compound1, the oxidation states are those of the precursors,
but (ii) on the contrary, an electron transfer occurs from the
cobalt to the iron during the synthesis of compounds2 and3,
the cobalt is oxidized and the iron reduced.

Infrared Spectroscopy.The infrared spectra of compounds
1-3 have been recorded over the 1900-2300 cm-1 range. The
spectrum of compound1 exhibits three bands. The sharp and
intense band at 2156 cm-1 has been attributed to the cyanide
stretching vibration mode in the FeIII -CN-CoII environ-
ment.18,19 The weak bands at 2118 and 2090 cm-1 have been
attributed to the cyanide stretching vibration mode in the FeII-
CN-CoIII and FeII-CN-CoII environment, respectively.7 Com-
pound1 is essentially composed of cobalt atoms at the oxidation
state+II and iron atoms at the oxidation state+III, in agreement
with the edge spectrum. No electron transfer occurs during the
synthesis. Practically no FeII-CN-CoIII pairs are then formed.

The spectrum of compound2 exhibits one broad band
centered at 2125 cm-1 with a shoulder at lower energy. This
signal can be attributed to the envelope of two main contribu-
tions: the stretching of cyanide in the FeII-CN-CoIII environ-
ment and in the FeII-CN-CoII environment. The displacement
of the maximum of intensity is attributable to the overlap of
the two signals. Compound2 contains practically only iron in
the oxidation state+II in agreement with iron K-edge. The
reduction of the FeIII to FeII, due to the electron transfer induced
by the increasing ligand field around the cobalt during the
synthesis, is total. The presence of FeII-CN-CoII is nevertheless
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Figure 1. Co K-edge XANES spectra of compounds1, 2, and3 and
the model compounds [CoII(H2O)6](NO3)2 and K3[CoIII (CN)6].

Figure 2. Fe K-edge XANES spectra of compounds1, 2, and3 and
the model compounds K4[FeII(CN)6] and K3[FeIII (CN)6].
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not surprising. Even if the electron transfer is total, the iron
sites are not all filled, so that CoII-iron vacancy pairs and then
FeII-CN-CoII bridges are also present. The CoII signature was
not observed by X-ray absorption spectroscopy. So, the percent-
age of CoII ions is small. At least the majority of the cobalt
atoms are engaged in FeII-CN-CoIII pairs. The simultaneous
presence of CoIII and CoII in the structure also explains the
broadness of the IR bands compared to the bands of compound
1. The IR spectrum of compound3 exhibits only one broad
band centered at 2120 cm-1. This is attributable to a majority
of FeII-CN-CoIII pairs. However, the broadness of the band
indicates a wide distribution of cyanide entities. In3, all the
cobalt atoms are at the oxidation state+III. The quantity of
FeII-CN-CoIII pairs reaches its maximum. The broadness of
the band indicates a disorder that we attribute to very small
crystalline domains, after the X-ray powder diagram.

X-ray Powder Diffraction. The powder diffraction patterns
of the three compounds are shown in Figure 3. The three
diffractograms are characteristic of a face centered cubic
structure.4,20The diffractogram of compound1 exhibits intense
peaks. As expected for a face cubic centered lattice with cobalt
atoms situated at the corners and at the center of the faces of
the cube and a partial occupation of the octahedral sites by iron
atoms, the reflection 111 is not totally suppressed. The cell
parameter has been calculated asa ) 10.40 ( 0.05 Å. For
compound2, the peaks are still intense. In that compound, the
Fe/Co ratio is higher than in1, in agreement with a less intense
111 reflection. Furthermore, if a quarter of the tetrahedral
interstitial sites is filled with rubidium atoms, the metal atoms
and the alkali cations should scatter in phase for the 220 and
400 reflections and out of phase for the 200 and 420 reflections.
This is experimentally observed: in compound2, the 200 and
420 reflections are less intense, whereas the 400 and 420
reflections are more intense. The calculation of the cell
parameters leads to the value of 10.00( 0.05 Å, which is clearly
smaller than the cell parameter found for compound1. This
variation reflects a contraction of the cobalt coordination sphere
accompanying the oxidation state change from+II in compound
1 to +III in compound 2. The iron coordination sphere is
evidently not concerned because of the well-known similarity
of the crystal structures of K4[FeII(CN)6] (dFe-C ) 1.91 Å) and
K3[FeIII (CN)6] (dFe-C ) 1.93 Å) entities. The diffraction pattern

of compound3 exhibits very weak peaks, which can be related
to the absorption of the X-ray radiation by the cesium ion.
Furthermore, the peaks broadness can be correlated to the
broadness of the infrared band. Scanning electronic microscopy
was performed to check that particle size is close in the three
compounds in the range of 200-600 nm. The crystalline
domains must then be smaller in compound3. However, as
expected, the 220 and 400 reflections are the more intense. The
200 and 420 reflections are nearly absent due to the destructive
interference between the scattering of the metal atoms and the
cesium, which occupies half of the interstitial tetrahedral sites,
and the nearly complete occupation of the octahedral sites by
iron atoms. The 111 reflection is now completely suppressed.
In fact, the technique no longer sees the structure as a fcc one,
but cubic since the weight of Co and Fe atoms is the same for
X-ray diffraction. Since the cobalt ion, (t2g),6 is at the oxidation
state+III low spin, the 10.00( 0.05 Å cell parameter is not
surprising.

A schematic representative unit cell of each compound is
represented in Figure 4.

Magnetization Measurements.Magnetization as a function
of temperature before and after irradiation for compounds1-3
is shown in Figure 5. Compound1 is ferrimagnetic before
irradiation with aTc at 16 K.18 Magnetization exhibits no effect
from light. This is not surprising since1 is built of FeIII -CN-
CoII magnetic pairs. Compound2 is essentially diamagnetic
before irradiation. The compound is built of a majority of
diamagnetic FeII-CN-CoIII pairs where the two d6 ions are
low spin (t2g)6. After irradiation, an important photoinduced
magnetization appears. The magnetization is multiplied by 10.
The curve obtained after irradiation resembles that of compound
1 with a higherTc at ≈21 K.21 At 5 K, the magnetization of
compound2 after irradiation represents about 50% of the
magnetization of compound1, which is totally composed of
magnetic pairs. Compound3, also diamagnetic before irradia-
tion, exhibits only a very small photoinduced magnetization.
At 5 K after irradiation, its magnetization represents only 0.25%
of the magnetization of compound1.

Discussion and Conclusion

To evidence the efficiency of the photoinduced magnetization
as a function of the ligand field around the cobalt ions and the

(20) Yamada, S.; Kuwabara, K.; Koumoto, K.Mater. Sci. Eng. B1997,
B49, 89-94.

(21) Varret, F.; Constant-Machado, H.; Dormann, J. L.; Goujon, A.; Jeftic,
J.; Nogue`s, M.; Bousseksou, A.; Klokishner, S.; Dolbecq, A.; Verdaguer,
M. Hyperfine Interact.1998, 113, 37-46.

Figure 3. X-ray diffraction patterns of compounds1, 2, and3.

Figure 4. Schematic cell representation of compounds1, 2, and3.
Cyanides (C-bounded to Fe) have been omitted for clarity.
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quantity of diamagnetic pairs, we have synthesized three CoFe
Prussian blue analogues varying the cobalt atom environment.

Compound1, formulated as K0.1CoII
4[FeIII (CN)6]2.7‚18.4H2O,

contains only very few alkaline cations. It is composed of 67%
FeIII -CN-CoII pairs. The iron sites are partly occupied. The
iron vacancies represent 33% of the sites. The average coordina-
tion shell of CoII ions is Co(NC)4(OH2)2. Four-NC neighbors
around the cobalt ion are not enough to produce a large enough
ligand field to favor the low spin configuration of the cobalt
and the chemically induced electron transfer leading to the
diamagnetic pairs. Compound1 is mainly made of paramagnetic
FeIII -CN-CoII pairs and is ferrimagnetic under 16 K before
irradiation. The light has no effect on the magnetization. This
fact demonstrates that, as expected, the presence of diamagnetic
pairs is necessary to observe a photoinduced magnetization.

Compound2, which can be formulated Rb1.8CoIII
3.3CoII

0.7-
[FeII(CN)6]3.3‚13H2O, contains 82.5% of diamagnetic pairs FeII-
CN-CoIII . The iron sites are not totally filled since the structure
still contains 17.5% of iron vacancies. An average of five
nitrogen atoms and one oxygen atom here surround the cobalt
ions. The enhancement of the ligand field produced by this
environment appears sufficient to induce the redox reaction
leading to the diamagnetic pairs. As expected, compound2 is
nearly diamagnetic before irradiation. The magnetization at 5
K is multiplied by 10 under irradiation with a Curie temperature
at 21 K. The ratio of the number of magnetic neighbors in
compounds1 and2 (4/5 ) 0.8) is very close to the ratio of the
Curie temperatures (16/21) 0.76). This is an amazingly simple

confirmation of the molecular field approach proposed by Ne´el
for three-dimensional ferrimagnets:Tc is proportional to|J|,
the absolute value of the coupling constant, andZ, the number
of magnetic neighbors.1,22 The result indicates with a strong
presumption thatJ is the same in both compounds and that the
magnetic pairs already present in compound1 (high-spin CoII-
low-spin FeIII ) are similar to those created under irradiation in
compound2. Even if this point necessitates further experimental
demonstration anyway, such values of the Curie temperature
and of the magnetization mean that compound2 after irradiation
is not composed of isolated magnetic pairs, but of three-
dimensional magnetic domains, with an efficient percolation
between the exchange-coupled pairs.

Compound3, formulated Cs3.9CoIII
4[FeII(CN)6]3.9‚12.9H2O,

is composed of a maximum of diamagnetic pairs FeII-NC-
CoIII in our series. It is nearly a perfect fcc structure with cesium
cations in half of the tetrahedral sites. As expected it is
diamagnetic before irradiation. The effect of light is very weak
and at a first glance the result is surprising. The behavior of
compound1 shows clearly that the presence of diamagnetic pairs
in the compound is compulsory to observe a photoinduced
magnetization. At the opposite end, the behavior of compound
3 clearly evidences that it is not a sufficient condition. The
phenomenon apparently disappears when too many diamagnetic
pairs are present. To explain the result, we propose the following
hypothesis. The photoinduced electron transfer implies a change
of the cobalt oxidation state from low-spin CoIII , with no electron
in the antibonding eg* orbitals, to low-spin or high-spin CoII,
with respectively one and two electrons in the antibonding eg*
orbital. The photoinduced electron transfer should then be
accompanied by an increase of the bond lengths in the
coordination sphere of the cobalt by 0.15 to 0.20 Å according
to published values in cobalt complexes.23 To be able to absorb
the dilatation of the Co-N distance and the related increase of
the cell parameter, the inorganic network needs to be flexible.
The iron vacancies are filled with water molecules coordinated
to the cobalt(II) and loosely hydrogen bonded to other water
molecules and behave as relaxation points of the network strains.
In compound3, the relaxation sites are absent, the framework
is more rigid, so that the excited state never reaches its
equilibrium distance and relaxes immediately.

The verification of this hypothesis goes through the study of
the electronic structure as well as the local structure around the
cobalt in the photoinduced excited state. Compound2, which
proved a very efficient photomagnet, has then been chosen for
such a study which is described in part 2.24
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Figure 5. Magnetization before and after irradiation as a function of
temperature of compounds1, 2, and3.
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