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Abstract. We studied the photo-excitation process, the relaxation of the photo-excited state to-
wards the stable state, and the photo-induced magnetic properties of the Prussian blue analogue
Rb0.52Co [Fe(CN)6]0.84, 2.3 H2O. Magnetic, Mössbauer and reflectivity measurements have been per-
formed during and after illumination. The efficiency of the photo-excitation device is maximum at λ ∼=
700−750 nm. The process, however, is severely hindered by bulk absorption of the light; it is rapidly com-
pleted at the surface of the sample and then proceeds slowly in the bulk. Under the effect of photo-excitation
the system turns from a dia- to a ferri- magnet, with a TC value ≥ 21 K, indicative of the transformation
of the material due to the following optical electron transfer: FeII(LS) + CoIII(LS)→ FeIII(LS) + CoII(HS)
Thermal relaxation towards the stable electronic state is observed in the 95–110 K temperature interval,
obeying a self-accelerated kinetics. At low temperature, a weak, non-exponential, relaxation is detected.
These features are discussed in terms of co-operative effects in the frontal process of photo- excitation.
The peculiarities of a photo-excited state created below the magnetic ordering temperature are discussed.
A metastable magnetic state has been observed in low fields, denoted “Raw Photo-Induced State” (RPI),
with a magnetization curve in-between the field-cooled and zero-field-cooled curves.

PACS. 75.50.Xx Molecular magnets – 78.40.Ha Other nonmetallic inorganics – 82.20.Mj Nonequilibrium
kinetics

1 Introduction

For the past decade, the synthesis of molecule-based mag-
nets with high Curie temperature has attracted a growing
interest because:

(i) the magnetic ordering temperature or Curie
temperature TC has recently been increased to
room temperature in the Prussian blue analogue
V[Cr(CN)6]0.86.2.8H2O [1];

(ii) spectacular photomagnetic effects have been ob-
served in the KCo[Fe(CN)6] and RbCo[Fe(CN)6]
series [2,3].

The Prussian blue analogues are formed by three-
dimensional association of metallic cations, Al+, Lewis
acids, and hexacyanometalates [B(CN)6]k− Lewis bases.
They have the rock salt structure with [B(CN)6] units at
the vertices of the unit cell and at the center of the faces
and A cations in the octahedral sites. Alkali cations CI
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can be inserted in the tetrahedral sites and various stoi-
chiometries are thus obtained, according to the A-cation
valence and to the nature and amount of alkali cations.
Figure 1 shows the structure of the two extreme stoi-
chiometries AII

3 [BIII(CN)6]2 (a) and CIAII[BIII(CN)6] (b)
available for a divalent A cation and a trivalent B ion.
The cobalt-iron analogue (A = Co, B = Fe) is not in-
teresting for its potential application as a room tem-
perature ferromagnet (TC = 16 K) but for the sen-
sitivity of its magnetic properties to light irradiation:
Hashimoto et al. have shown that the magnetization of
K0.14Co[Fe(CN)6]0.71 is enhanced by red light illumina-
tion and partly restored by blue light irradiation [2]. The
electronic states of cobalt iron cyanides are now better
characterized. We have shown that Co3[Fe(CN)6]2 con-
sists of FeIII(t5

2g, low spin, S = 1/2) – CN−CoII(t5
2ge2

g,
S = 3/2) magnetic pairs. Indeed, with such a Co3Fe2 sto-
ichiometry, Fe(CN)6 entities are missing, water molecules
fill the vacancies, some co-ordinate to cobalt(II), the sur-
rounding of which is mainly [CoII(NC)4(H2O)2], i.e. in
a weak ligand field. The insertion of alkali cation modi-
fies the stoichiometry, suppresses the Fe(CN)6 vacancies,
changes the cobalt surrounding to [CoII(NC)6], which is
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Fig. 1. Schematic structures of (a) AII
3 [BIII(CN)6]2 and (b)

CIAII[BIII(CN)6].

enough to produce an increase of the ligand field around
the cobalt ion and to stabilise a low spin cobalt(II) elec-
tronic configuration. An internal redox reaction between
CoII and FeIII(CN)6 is therefore induced and results in
the formation of FeII(t6

2g, S = 0) – CN−CoIII(t6
2g, S = 0)

diamagnetic pairs [4]. In K0.14Co[Fe(CN)6]0.71 only a
small amount of potassium is inserted, the electron trans-
fer affects a few Co–Fe pairs and the main part of the
cobalt ions remain Co(II). The red illumination operates
on the few diamagnetic FeII−CN−CoIII pairs, an elec-
tron is transferred back from iron to cobalt, restoring the

FeIII(t5
2g, S = 1/2)−CN−CoII(t5

2ge2
g, S = 3/2) magnetic

pairs.
The number of photo-excitable pairs should therefore

be enhanced in a compound with a Fe/Co ratio closer
to 1. To reach this stoichiometry alkali cations with larger
radii, such as rubidium or cesium, which fit better the
size of the tetrahedral cavities, have to be used. We thus
report here the synthesis of the Prussian blue analogue
Rb0.52Co[Fe(CN)6]0.84 and the investigation of its photo-
magnetic properties.

Preliminary measurements have been published in [3–5].

2 Experimental part

The synthesis of Rb0.52Co[Fe(CN)6]0.84 is similar to
that of the cesium compound previously described [6]:
Rb1.5K1.5Fe(CN)6 was first synthesized by addition of
a 2 ml aqueous solution of RbCl (1.209 g, 10−2 mol)
to a 3 ml aqueous solution of K3[FeCN)6] (1.646 g,
5 × 10−3 mol). The precipitate was filtered and
dried. Analysis: calcd. for Rb1.5K1.5Fe(CN)6 (found):
Rb 32.16 (31.83), K 14.71 (14.58), Fe 14.01 (13.45),
C 18.07 (18.48), N 21.07 (21.40). A 500 ml aqueous so-
lution of Co(NO3)2.6H2O (2.910 g, 10−3 mol) was then
added dropwise under vigorous stirring to a 50 ml aque-
ous solution of Rb1.5K1.5Fe(CN)6 (3.987 g, 10−3 mol).
The resulting precipitate was isolated by centrifugation,
washed three times with 50 ml of water and dried under
vacuum. Anal. (calcd.) for Rb0.52Co[Fe(CN)6]0.842.3 H2O:
Rb 13.25 (13.02), Fe 13.99 (13.43), Co 17.57 (17.11),
C 18.03 (18.57), N 21.04 (21.48), H 1.79 (1.34).

The material was characterized by powder X-ray
diffraction and IR spectroscopy. Elemental analysis shows
that the expected stoichiometry Rb1Co[Fe(CN)6]1 is not
reached, probably because rubidium is not large enough to
stay inside the tetrahedral cavities and has been washed
out during the purification steps. Attempts to incorporate
a larger amount of Rb, by adding a large excess of RbCl
during the synthesis, failed. IR spectral measurements in
the region from 2000 cm−1 to 2200 cm−1, sensitive to the
CN stretching vibration, show a strong peak at 2126 cm−1

and a shoulder at 2090 cm−1. The peak at 2126 cm−1 is
due to the stretching of CN in FeII–CN–CoIII pairs while
the shoulder at 2090 cm−1 can be assigned to the stretch-
ing of CN in FeII–CN–CoII pairs [4]. Furthermore the X-
ray powder pattern is consistent with a cubic structure.
The value of the unit cell parameter (9.92 Å), compared
to 10.25 Å for the Co3[Fe(CN)6]2 compound [4], indicates
that the electron transfer occurred between Fe(III) and
Co(II). The contraction of the Co–NC bond distance, from
CoII (high spin) – NC to CoIII (low spin) – NC, is indeed
responsible for the shrinking of the unit cell [4]. As the
Fe/Co ratio is slightly smaller than 1, a small part of the
cobalt ions remain Co(II). However, this structural change
associated with the electron transfer and the spin conver-
sion of some cobalt ions, does not require that all Co ions
become Co(III). The detailed formula of the compound,
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expressing the oxidation states of all the ions, can be ex-
pressed as RbI

0.52CoII
0.16CoIII

0.84[FeII(CN)6]0.84.
We have studied several samples, either polycrys-

talline, or embedded in polymeric matrix; the latter are
supposed to retain the stoichiometry of the starting solid
complex. The data are currently given for the polycrys-
talline samples, unless the reverse is mentioned. The mag-
netization curves have been recorded in a SQUID mag-
netometer (Quantum Device MPMS5) operating in the
alternative mode, equipped with an Y-shaped optical
fiber, made of multiwire silica. The two flexible ends of
the fiber were connected to (i) a broadband source of light
(tungsten halogen lamp, 100 W), through interferential fil-
ters (100 nm bandwidth) and (ii) the photodiode at the
input of the reflectivity recording system [5–7]. A cut-off
filter λ > 665 nm provided, with the source and fibers, a
large intensity in the range [665−1000] nm.

The Mössbauer cryostat was a standard bath cryostat
(Oxford MD300); the sample holder was designed to re-
ceive the same optical fiber, with an aluminized mylar mir-
ror, oriented at 45◦ in front of the sample. The distance
between the end of the fiber and the sample was typically
1.5 cm in the Mössbauer system. It was only ∼ 1 mm in
the magnetometer, thanks to a short rod of silica (opti-
cal fiber) inserted between the sample and the end of the
fiber. This additional rod was needed because the stainless
steel tube, which houses the fiber, is not a perfect diamag-
net. The energy flux received by the sample was typically
in the range 1−100 mW/cm2.

3 The photo-excitation process

The photo-excitation process in the analogous system
K0.2Co1.4[Fe(CN)6], 3.6 H2O, was previously described by
Sato et al. [2], in terms of an optical electron transfer from
FeII to CoIII, associated with a change of the resulting CoII

spin state. This was summarized through the following re-
action equation:

FeII(LS) + CoIII(LS)→ FeIII(LS) + CoII(HS) (1)
S = 0 + S = 0→ S = 1/2 + S = 3/2.

Accounting for the actual stoichiometry of the sample, the
complete photo- transformation of the system should be
written as:

0.16 CoII + 0.84 CoIII + 0.84 FeII → CoII + 0.84 FeIII.
(2)

The results we report here confirm the validity of this
mechanism, and show it takes place, almost quantitatively,
in the surface part of the sample directly submitted to the
light beam.

Typical Mössbauer spectra are shown in Figure 2,
with the fitted hyperfine parameter values listed in
Table 1. The sample was a thin foil of polymer-embedded
Rb0.52Co[Fe(CN)6]0.84, kept at 47 K (low-pressure liquid
nitrogen). Before illumination, within the experimental
accuracy, ∼ 1%, a pure FeII (LS) state was observed (top

Fig. 2. Selected Mössbauer spectra of Rb0.52Co[Fe(CN)6]0.84,
2.3 H2O, polymer-embedded: (a) spectrum before photo-
excitation, (b) cumulated spectrum of the best (last) sequences
of photo-excitation, for the accurate determination of the spec-
tral components, (c) individual spectrum during the last stage
at P = 30 mW/cm2 (maximum transformation ∼ 20 at.%).

Table 1. Fitted values of the Mössbauer parameters from the
spectra of Figure 2: Isomer shift (IS) is referred to metallic
iron at room temperature. QS is the quadrupole splitting, Γ
the full width of lorentzian lines. Standard deviations of statis-
tical origin are given in brackets. Underlined values were fixed
during the fit.

Spectrum IS (mm/s) Γ (mm/s) QS (mm/s) rel. area (%)

a −0.007(1) 0.276(2) 0.190(4) 100

b −0.007 0.312(4) 0.190 86(1)

−0.126 0.494(3) 0.92(2) 14(1)

c −0.007 0.39(1) 0.190 79(2)

−0.126 0.50 0.92 21(2)

spectrum). Two sets of photo-excitation experiments were
carried out: a one-week set with λ = 750 nm, delivering
a rather weak intensity on the sample, P = 13 mW/cm2;
the second one (3 days) reached P ∼= 30 mW/cm2 with
the cut-off filter λ ≥ 665 nm. The spectra were recorded
for successive periods of time (∼ 15 hours in average),
showing the progressive onset of the FeIII(LS) component.
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Fig. 3. Field-cooled magnetization curves of
Rb0.52Co[Fe(CN)6]0.84, 2.3 H2O, measured in H = 50 Oe,
before and after different irradiation times at λ > 665 nm,
T = 10 K, H = 50 Oe, P = 50 mW/cm2.

The analysis of the spectra consisted in two steps: (i) the
accurate fitting of the hyperfine parameter values, by us-
ing a “total” spectrum (middle spectrum in Fig. 2), ob-
tained by summing up several spectra selected for their
high degree of transformation. The so-determined param-
eter values of the photo-induced component are very close
to those reported in literature for ferricyanides [8], and
therefore characterize the ferric state. (ii) then, each indi-
vidual spectrum was analyzed accurately by fixing the IS,
QS values of the spectral components, and thus provided
accurately the proportion of the photo-excited state, in
spite of the poor statistics (see Fig. 2, bottom, for a typ-
ical example of low-statistics individual spectrum). The
resulting time dependence will be shown in Figure 5, and
discussed further on.

We show in Figure 3 field-cooled (FC) magnetization
data recorded in the dark, before and after illumination.
The sample is polycrystalline Rb0.52Co[Fe(CN)6]0.84. Be-
fore illumination, the magnetization is small, due to few
CoII ions, diluted in a diamagnetic matrix. Starting from
the same initial state (de-excited after annealing at 150 K
for at least 10 minutes), illumination was performed at
T = 10 K, λ > 665 nm, P ∼= 50 mW/cm2. After illumina-
tion the FC procedure was carried out in the dark. During
the whole experiment (excitation + magnetic annealing
at 30 K + measurement) the field was kept constant. The
curves are shown for different illumination times, and be-
yond a short illumination time/some 10 minutes all the
curves indicate the same value of the magnetic ordering
temperature ∼ 21 K. Further experiments have shown
that this temperature do not sizably depend on the value
of the magnetic field applied during the illumination of the
sample.

The quasi-constant value of this photo-induced mag-
netic ordering temperature reveals an inhomogeneous pro-
cess, with a photo-induced saturated state, which progres-
sively propagates through the sample, as a function of the
illumination time. This is due to the large bulk absorption
of light, leading to a frontal propagation of the photo-
excited state through the sample, by layers more or less

Fig. 4. Kinetics of the photo-excitation of
Rb0.52Co[Fe(CN)6]0.84, 2.3 H2O, at 6 K, λ > 665 nm,
p = 50 mW/cm2. The jump up when the light is switched
off reveals a slight warming effect on the sample during the
illumination stage. Inserted is a zoom of the initial part of the
curve.

Fig. 5. Mössbauer data for the kinetics of photo-excitation of
Rb0.52Co[Fe(CN)6]0.84, 2.3 H2O, polymer-embedded, at T =
45 K, with λ = 750 nm, p = 13 mW/cm2.

parallel to the surface. Such a frontal process was previ-
ously recognized in the case of other photo-excitable sys-
tems, such as the spin-crossover complexes, where photo-
excitation proceeds by the so-called LIESST effect [9,10].
Let us discuss first the inhomogeneous character of the
photo-excitation process.

The inhomogeneous effect is particularly large in the
present case because of the high absorbance of the dark-
blue material. This severely reduces the intensity of
light in the bulk of the material. The bulk attenuation
effect [5,10] affects the kinetics of the photo-excitation
process. We show in Figure 4 the increase in magnetiza-
tion, plotted as a function of time: while the incident inten-
sity is kept constant, magnetization increases following a
stretched exponential law, consistent with the Mössbauer
data which are shown in Figure 5. It is worth remarking
a small non-linearity of the magnetization curve (Fig. 4),
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Fig. 6. Magnetic and reflectivity data for the kinetics of photo-
excitation of Rb0.52Co[Fe(CN)6]0.84, 2.3 H2O, polycrystalline,
H = 100 Oe, T = 18 K, λ = 650 nm, P = 50 mW/cm2. The
reflectivity scale has been matched to the magnetic scale.

at the beginning of the photo-excitation process. It is bet-
ter seen in low-intensity measurements (Fig. 3 of Ref. [3]).
We explain it as due to the non-linear response of the
unsaturated part of the sample, while both the magnetic
moments and the interactions built up at low temperature.

We report in Figure 6 a clear confirmation of the
frontal character of the process, by comparing the
magnetization and reflectivity signals, simultaneously
recorded [3,5]. While the reflected intensity rapidly sat-
urates, the magnetic signal keeps increasing, showing that
the bulk is obviously far from saturation. Repeated ex-
periments on a given sample, after the thermal annealing
which returns the sample to its stable electronic state,
always gave reproducible TC values. Also, the TC data
for different polycrystalline samples were spread from
20–21 K and reached 26 K for the polymer-embedded sam-
ple (Fig. 7). This spread was probably due to slight differ-
ences in stoichiometry. The stoichiometry departure was
presumably larger in the polymer-embedded sample, for
which the chemical analysis was no longer possible, and we
did not investigate further the probable relationship be-
tween stoichiometry and Curie temperature. However, the
values reported here have enabled us to conclude that the
character of the light-induced transformation described by
equation (2) is achieved to a rather large extent. Indeed,
the expected TC value can be estimated by comparison to
the well-documented case of Co3Fe2, representative of the
ideal ferrimagnetic case with 3:2 structure, and for which
TC = 15 K [11]. For such a comparison we only consider
the dominant A-B interaction, in mean-field approach,
with a complete Co sub-lattice (A) and an incomplete Fe
sub-lattice (B). Then TC is proportional to the coupling
constant |J | and to the number z of Fe neighbors around
the Co atoms, i.e. TC ∝ z|J |. Assuming an identical J-
value in both systems, with z = 4 for Co3Fe2 and z = 6 for
ideal RbCoFe, it comes TC(RbCoFe)/TC(Co3Fe2) = 1.5;
with the experimental stoichiometry CoFe0.84, it comes
z = 5 and the TC ratio 1.25 which reasonably fits the
experimental ratio 21 K/15 K = 1.4.

Fig. 7. Field-cooled magnetization curves (H = 100 Oe) after
photo-excitation at λ = 750 nm, P = 50 mW/cm2, t = 10 h:
polycrystalline sample (TC ∼ 20 K) and the corresponding
polymer-embedded sample (TC ∼ 26 K). Vertical scale was
normalized to the same M(T = 5 K). TC is determined here
from the intersect of the maximum slope line and the baseline.

Fig. 8. B − H loops of Rb0.52Co[Fe(CN)6]0.84, 2.3 at 10 K,
recorded after photo-excitation under different magnetic fields.

Quantitative estimates of the transformed fraction of
the material are interesting since they reveal the efficiency
of the various photo-excitation devices. In Mössbauer ex-
periments, no more than ∼ 20 at.% were transformed. In
the SQUID experiments, due to the large parasitic contri-
butions of the optical device, we had to estimate this frac-
tion from the decrease in magnetization during the ther-
mal decay (the latter will be shown in Fig. 10); assuming
a Curie law, the fraction was estimated to be ∼ 14± 3%
in the best case.

We also have tested the efficiency of the photo-
excitation process under various experimental conditions,
each time starting from the de-excited state, and applying
illumination during equal times. We thus investigated the
effect of:

(i) temperature: up to 60 K, the efficiency of the photo-
excitation process remains ∼ constant. It decreases
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Fig. 9. Spectral analysis of the photo-excitation of
Rb0.52Co[Fe(CN)6]0.84, 2.3 H2O, after 10 h irradiation at 5 K,
100 Oe, using different wavelengths: the FC magnetization is
plotted vs. λ. The solid line is a guide for the eye.

by a factor ∼ 0.5 at 75 K and drops to ∼ 0 at
90 K [12]. This obviously is due to the thermal acti-
vation of the relaxation process, which is analyzed in
the next section;

(ii) magnetic field: the B − H loops recorded at 10 K
after photo-excitation under different fields (Fig. 8)
are quasi identical, and thus indicate that the photo-
excitation is not sizably field-sensitive;

(iii) wavelength: different optical filters have been used,
with all other conditions identical. The data are dis-
played in Figure 9, showing that the photo-excitation
process is efficient in a broad range of wavelengths,
at the red edge of the visible domain. The optimum
value, with the present photo-excitation device, is
around 700–750 nm. At 448 nm (argon laser) the
reverse process was observed [12], but much slower,
probably because of the larger optical density at short
wavelength.

The occurrence of photo-excitation over a large λ –
interval is obviously related to the lack of structure of
the optical absorption spectrum of the bimetallic cyanides.
Such optical properties highly contrast with those of spin-
crossover complexes, the sharp lines of which provide an
easy optical characterization of the spin states, as well as
a rapid switching of these states by the direct and reverse
LIESST effects [13].

4 Electronic relaxation

We observed the decay of the excited electronic state,
by warming the sample up to 150 K, at the temper-
ature sweeping rate ∼ 0.3 K min−1. This is shown in
Figure 10 for the magnetization recorded in the dark, and
in Figure 11 for the coupled magnetization/reflectivity
measurement. The decay is observed in Figure 10 at
∼ 110 K, merely resulting in a rather sharp (irreversible)

Fig. 10. Magnetic data for the thermal decay, in the dark, of
the electronic excited state of Rb0.52Co[Fe(CN)6]0.84, 2.3 H2O,
created by illumination at λ > 665 nm, P = 60 mW/cm2,
t = 18 h. The up-going curve is that of the excited electronic
state, the down-going is that of the de-excited state, which
approximately superimposes the one of the non-excited state.
The temperature sweeping rate is typically: 0.3 K/min.

Fig. 11. Simultaneous magnetic (dots) and reflectivity (line)
data for the thermal decay of the electronic excited state of
Rb0.52Co[Fe(CN)6]0.84, 2.3 H2O, created by illumination at
λ = 750 nm, P = 20 mW/cm2, t = 1 h. The reflectivity scale
has been matched to the magnetic scale. Both techniques in-
dicate the onset of de-excitation at ∼ 110 K (for the sweeping
rate: 0.3 K/min). Note the sensitivity of the reflectivity detec-
tion, useful in the present case of a weak photo-excitation.

drop of the magnetization. In Figure 11 the presence of
light, λ = 750 nm, P = 20 mW/cm2, slightly affects the
decay, by a small temperature shift probably associated
with the local warming of the surface of the sample. The
reflectivity signal increased during the decay, at the re-
verse of during the photo-excitation (see Fig. 6).

We started investigating the kinetics of the thermal
relaxation, in the dark, at the constant temperature of
95 K. The curve is plotted in Figure 12. We describe the
curve as made of two parts, probably associated with a
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Fig. 12. De-excitation at 95 K, in the dark, of
Rb0.52Co[Fe(CN)6]0.84, 2.3 H2O, after photo-excitation at T =
18 K, t = 10 h, λ = 750 nm, P = 50 mW/cm2.

structural inhomogeneity of the material. Clearly the ma-
jor part of the curve follows a non-exponential law, with a
sigmoidal shape typical for a self-accelerated process, al-
ready analyzed in the case of the spin transitions, as due
to cooperative effects on the relaxation rate [14]. The self-
acceleration is explained by a progressive lowering of the
energy barrier of the metastable state associated with the
depopulation of this state. In other words, the lifetime of
the excited state is an increasing function of the degree of
photo-excitation. Thus the first part of the curve should
be attributed to the sample areas the more departing from
the ideal stoichiometry.

Such a cooperative effect on the energy barrier plays a
crucial role at the very beginning of the photo-excitation
process: the first excited Co–Fe pairs have a very short life-
time. Consequently, the photo-excitation process has to be
fast enough to provide a sufficient population of the ex-
cited state, which ensures the raising up of the energy bar-
rier (this effect results in an intensity threshold described
in [15]). Then, only the saturated parts of the sample have
a long lifetime and therefore remain populated at higher
temperatures, till the thermal decay is observed.

For better investigating the first steps of the photo-
excitation process, we used a chopped light of weak inten-
sity. Temperature was raised near the Curie temperature
of the saturated material, in order to avoid the magnetic
irreversibilities which will be discussed in the next section,
and also to obtain a quasi-linear response of the magnetic
signal to the number of excited pairs. The temperature
and field were kept constant, the light was alternatively
switched on and off, and the magnetization was recorded
as a function of time (Fig. 13). The data reveal several
typical features:

(i) a large magnetization increase upon the first stage
of illumination, followed by smaller and smaller in-
creases (stages “on”); this agrees with the stretched
exponential curve previously shown in Figures 4
and 5;

Fig. 13. Magnetization of Rb0.52Co[Fe(CN)6]0.84, 2.3 H2O,
under chopped light at T = 20 K, λ = 750 nm, P =
40 mW/cm2. The light was set alternatively on and off. The re-
versible jumps in magnetization are due to the warming effect
of light (see text). The ascending parts are due to the effect
of the photo-excitation process. We focus here on the repeated
decrease in magnetization, at each off-stage, explained as the
decay of the front layer of the photo-excited zone. The insert
is a zoom of the framed off-stage curve. The initial drop is due
to the transient regime of heat conduction in the sample; the
further decrease then gives evidence for the relaxation of the
metastable photo-excited state.

(ii) reversible jumps occurring when the light is switched
on and off, which are due to a purely thermal effect
on the sample; these magnetization jumps due to the
thermal effect are particularly large because temper-
ature was close to the Curie temperature;

(iii) small decreases similarly occurring after each illumi-
nation stage, which reveal the rapid decay of a small
proportion of the photo-excited pairs.

The repeated character of this decay can be explained
by combining the inhomogeneous (frontal) character of
the photo-excitation process and the dependence of the
relaxation rate upon the local degree of transformation
of the material: at each “on” stage (illumination), an un-
saturated frontier zone is created, which relaxes rapidly
during the following “off” stage (in the dark). Under il-
lumination, the frontier zone propagates through the ma-
terial, and the kinetics of the photo-excitation process fi-
nally reduces to the frontal propagation of the saturated
phase, with a thin unsaturated, short-lifetimed, frontier
layer. Thus the time dependencies observed in the mag-
netic and Mössbauer data of Figures 4–6 just measure the
slower and slower progression of the frontier layer in the
sample.

In Figure 14, we show the relaxation effect, observed
again at low temperature, over a longer time. The non-
exponential shape, already suggested by the small de-
creasing curves in Figure 13, is confirmed. The stretched
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Fig. 14. Relaxation of photo-excited Rb0.52Co[Fe(CN)6]0.84,
2.3 H2O. The magnetization is measured at T = 25 K after
photo-excitation at λ = 750 nm, P = 40 mW/cm2, T = 10 K,
t = 10 h.

exponential shape reveals a distribution of relaxation
times. Knowing the dependence of the relaxation time
upon the degree of excitation, this distribution is easily at-
tributed to the inhomogeneous degree of excitation, which
continuously increases from the front side to the rear side
of the frontier layer.

Although this inhomogeneous character of the relax-
ation seems now well-documented, its actual mechanism
may be not definitively established.

5 Magnetic properties of the photo-induced
state

When the photo-excitation process is performed at low
temperature (e.g. 10 K), under weak magnetic field (e.g.
50 Oe) and moderate light intensity (few mW/cm2), the
resulting magnetic state reveals a metastable character,
with a thermal magnetization curve in-between the field-
cooled (FC) and zero-field cooled (ZFC) curves. The FC
and ZFC curves, as usual for non-aging magnetic materi-
als, could be repeated several times, at will. On the con-
trary, the metastable magnetic state was lost as soon as a
FC or ZFC (or a B-H loop) curve was processed. Such a
state immediately following the photo-excitation process
is therefore denoted the Raw Photo-Induced State (RPI).

The curves are shown in Figure 15. After cooling in the
dark, the sample is photo-excited at 5 K, at low intensity
in order to reduce the warming effect, for a rather long
time (typically over night). Then, the light is switched
off and temperature is increased. The system first follows
the RPI curve. After annealing at TC, it reversibly follows
the FC curve, thus establishing the metastable character

Fig. 15. Magnetic metastability of photo-excited
Rb0.52Co[Fe(CN)6]0.84, 2.3 H2O, after illumination at
T = 5 K, H = 50 Oe, t = 12 h, λ > 665 nm, P = 3 mW/cm2.
The 4 magnetization curves have been recorded in the
dark, under permanent field, with the following sequence:
non-excited state (bottom curve); the up-going curve of the
metastable Raw Photo-Induced state (RPI) obtained just after
illumination; the reversible Field-Cooled (FC) curve, obtained
after annealing at 30 K. For comparison the corresponding
Zero-Field Cooled (ZFC) curve has been recorded (the
photo-excited sample was annealed at 30 K and cooled down
to 5 K in absence of magnetic field before proceeding to the
magnetization measurements with increasing temperatures).

of the RPI state. We show in Figure 16 how the mag-
netization curve, under constant field, progressively shifts
towards the FC curve, during a set of successive annealing
closer and closer to TC.

Further experiments showed the RPI state is only ob-
tained in low external fields (below ∼ 100 Oe), and suggest
irreversibility mechanisms in terms of domain structure
and coercive field, rather than in terms of a frustrated
magnetic structure.

6 Discussion

Cobalt hexacyanoferrate based compounds exhibit photo-
excitation properties of a novel class of magnetic materi-
als. The concentration of magnetic ions can be controlled,
reversibly in principle, by the light, an external parameter
easy to tune and to switch.

These photo-induced magnetic systems inherently pos-
sess a double metastability, electronic and magnetic. How-
ever these two aspects are essentially different, since the
magnetic metastability involves energies several orders of
magnitude smaller than the electronic one. Therefore the
photo-excitation (electronic in nature) was expected to
be little sensitive to external magnetic fields, as well as
to the magnetic state of the material. At the reverse, the
magnetic properties reflect all the thermo-photo-magnetic
history of the sample.

Magnetic metastability occurs as a result of the photo-
excitation, with a RPI state resulting from a peculiar
building process of the magnetic system, the magnetic
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Fig. 16. Magnetic metastability of the RPI state of
Rb0.52Co[Fe(CN)6]0.84, 2.3 H2O, after photo-excitation at T =
10 K, H = 50 Oe, t = 10 h, λ = 750 nm, P = 3 mW/cm2: the
irreversible evolution of the RPI state towards the FC state,
is shown upon successive annealing stages on increasing tem-
perature with the following values: [5 → 10 K]; [5 → 14 K];
[5→ 16 K]; [5→ 18 K]; [5→ 20 K]; [5→ 22 K]; the top curve
is FC (annealed at 30 K).

moments of which have been created below TC. At such
a low temperature the thermal relaxation of the magnetic
system is not efficient enough to ensure the thermal equi-
librium of the system. Indeed, we have once proceeded to
a rapid cooling of the sample, from 30 K down to 5 K, and
we could observe a magnetisation curve close to the initial
RPI curve. In the limiting case of totally frozen magnetic
moments, the magnetic structure would be highly frus-
trated, spin-glass-like.

No doubt that these systems will provide, not only a
wealth of metastable situations, but also diluted systems
in unprecedented experimental conditions, of basic inter-
est for the magnetism of disordered and spin-glass like
systems.

However, the development of such investigations has
to face the crucial problem of the optical density. This
should promote the preparation of thin layer samples,
or the use of optical and magneto-optical measuring de-
vices. It is worth noting that the variation of the reflected
intensity during the excitation process seems to be the
reverse of the simple bleaching effect which is expected
from the simplest considerations, and which works fine in
the case of spin transitions [13]: the removal of absorbing
centers reduces the optical absorption of the sample, and
hence increases the reflected intensity. The present situ-
ation (photo-darkening?) is obviously more complex, due
to the prominent intermetallic charge transfer transitions.

The relatively high value of the temperature range
where the thermal decay to the ground state occurs ∼
110 K, is encouraging with respect to the spin transition

compounds, for which the corresponding range is 60–70 K
for most of the examples (the thermal relaxation of the
LIESST effect could however be observed at a compara-
ble time scale, up to 180 K, on an example of nickel-diluted
spin-crossover complexes [18]). The actual characteristics
of the energy barrier responsible for such a long lifetime
have to be determined. They can be investigated through
a detailed study of the relaxation curves as a function of
temperature, and of the related changes in the structure.
We think that the change in the spin state of the cobalt
ion, associated with a change in the Co–N distances [16], is
the cornerstone of the problem, like in the spin transition
complexes [17].

7 Conclusion

We have shown, in the cobalt ferrocyanide, a photo-
induced transformation from dia- to ferri-magnetism,
which is almost complete. Some aspects of the photo-
excitation mechanism have been elucidated, namely the
frontal character of the process and the antagonistic role
of a non-linear relaxation during the crucial first steps of
the process. The double metastability, electronic and mag-
netic, has been described for the first time, and should
apply as well to all magnetic structures photo-induced at
low temperatures.
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