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Abstract

A family of CoFe Prussian blue analogu8gCo,[Fe(CN)]s../3) T4z (X = amount of alkali cation inserted per conven-
tional cell C =Na, K, Rb, Cs[1=[Fe(CN)] vacancy) have been synthesized and characterized. Their photomagnetic properties
have been investigated by magnetic measurements before and after irradiation and X-ray diffraction under continuous
irradiation. We show that the photo-induced magnetism depends on several paraméferanjount of C—Fé' diamagnetic
excitable pairs per cellji} the amount of [Fe(CN] vacancies, andif) the amount and nature of the alkali cations per cell. We
evidence a discontinuity in the properties’ change when the amount of alkali at&ies, arounat = 1. Forx < 1, there is an
excitation of diluted C —Fé' diamagnetic pairs in a phase mainly composed of magnetiead' entities within the same
structural phase through a second-order continuous transformatior >Fbrthe formation of domains mainly composed of
Co'-Fé"* metastable magnetic pairs in a phase mainly composed 8f-€d' diamagnetic ones through a first-order
discontinuous transition is observed. The study points out that sodium derivatives are more efficient than the others. Among
them, NgCo,[Fe(CN)] ], is predicted to be the most efficient ori@ cite this article: A. Bleuzen et al., C. R. Chimie 6
(2003).

© 2003 Académie des sciences. Published by Editions scientifiques et médicales Elsevier SAS. All rights reserved.
Résumé

Une famille de composés analogues du bleu de Prugse,[Fe(CN)] g.s04x) 3 (X= quantité de cation alcalin inséré par
maille conventionnel C = Na, K, Rb, Cs {1=lacune de [Fe(CN]) a été synthétisée et caractérisée. Les propriétés
photomagnétiques ont été étudiées par des mesures de magnétisme avant et aprés irradiation et par diffraction des rayons X sous
irradiation continue. Nous montrons que I'effet photo-magnétique dépend de plusieurs paramgtresnb(e de paires
diamagnétiques C'b-Fe' photoexcitables par maille ii{ nombre de lacunes de [Fe(GNgt (i) nature et nombre de cation
alcalin inséré par maille. Nous mettons en évidence une discontinuité dans I'évolution des propriétés quand l& dembre

cations alcalins insérés prend des valeurs prochasde Pourx < 1 il y a excitation de paires Cb—Fd' diluées au sein d’une
phase majoritairement composée de paires magnétiqued@b via une transformation du second ordre continue. Rait,
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on observe la formation photo-induite de domaines majoritairement composés de paires Co''—Fe'''* excitées magnétiques dans
une phase majoritairement composée de paires diamagnétiques Co'''—Fe'' viaunetransition du premier ordrediscontinue (x> 1).
L'étude montre que les dérivés du sodium sont les plus efficaces. Nous prévoyons que parmi CeS COMPOSES,
Na, Co,[Fe(CN)g]40, est le plus efficace. Pour citer cet article : A. Bleuzen et al, C. R. Chimie 6 (2003).

© 2003 Académie des sciences. Published by Editions scientifiques et médicales Elsevier SAS. All rights reserved.
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1. Introduction

The interest for photomagnetic molecular materials
isgrowing. A compound iscalled photomagnetic when
its magnetic properties are modified by light. The re-
cent development of thisresearch field is partly due to
the potential applications of such systems to informa-
tion storage: optical devices are expected to allow high
density of information.

Recently, an increasing number of photomagnetic
molecular materials have been synthesized, showing
spectacular effects and involving various and complex
mechanisms [1-9]. Among them are CoFe Prussian
blue anal ogues. Hashimoto and co-workers discovered
their photomagnetic properties in 1996 in the com-
pound K, ,Co, ,[FE(CN)g],-6.9H,O[10]. Thiswasthe
first three-dimensional compound in which a metal-
metal photo-induced electron transfer Co''—Fe'
~ Co''-Fe''*, leading to the formation of excited
metastable magnetic pairs of long lifetime at low tem-
perature [10, 11], isresponsible for the photomagnetic
properties. We showed in a previous work that a bond
lengthening of the cobalt-ligand bonds accompanies
the photo-induced electron transfer [12]. This system
is one of the most studied [13—21] and we undertook a
systematic study in order to identify the parameters
responsible for the photomagnetism [12, 22—26].

The face-centred cubic Co,[Fe(CN)glg/sl lass:
n H,O Prussian blue presents intrinsic [Fe(CN)g] va
cancies [_] due to the stoichiometry. The insertion of
alkaline cations in the structure is accompanied by the
filling of the vacancies by the anionic ferricyanide to
ensure electroneutrality of the solid, according to:

Co,[ FE(CN), 15 yen H,O + XC™ + X/3[ FE(CN), ]

- CCo,[F&(CN)¢],[ ], 1" H,0
withy = (8 + x)/3.

The chemical formulae, above and below, are given
for one conventional unit cell.

In the present paper, we study the photomagnetic
properties of the CoFe Prussian blue analogues
C.Co,[Fe(CN)gl (g+xyal_Jaxyz Where C = Cs, Rb, K
and Na.

2. Experimental section
2.1. Samples

Potassium hexacyanoferrate(l11) (Acros, puriss.
p.a.), cobalt(ll) nitrate (Acros, p.a.) and cesium (Ald-
rich, puriss. p.a.), rubidium (Aldrich, p.a.), potassium
(Acros, p.a) and sodium (Acros, p.a) nitrates were
used as received.

Synthesis conditions were adapted to the nature of
the alkali cation. We observed that the affinity of the
alkali cation for the inorganic network increases with
increasing size. For this reason, the rubidium derive-
tives were prepared with diluted aqueous solutions,
while potassium and sodium ones were synthesized
using concentrated agueous solutions.

The cesium derivatives were synthesized as previ-
ously described [25]. The rubidium derivatives were
prepared using diluted solutions, by addition of asolu-
tion made of cobalt(l1) nitrate and various amount of
rubidium nitrate to a potassium hexacyanoferrate(l11)
solution. To obtain the potassium and sodium deriva-
tives, the cobalt(ll) nitrate solution was added to a
concentrated solution made of potassium hexacyanof-
errate(l11) and various amounts of akali cations salt
always used in large excess.

In all the syntheses, the initial pH of the solutions
was adjusted to 5 using HNO; diluted 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.



A. Bleuzen et al. / C. R. Chimie 6 (2003) 343-352 345

o Fe(CN)6
© Co

o Hy0

x/3 Fe(CN)gS"

CXCO4[Fe(CN)6](8+X/3)

Fig. 1. Schematic conventional face-centred cubic cell of aPrussian
blue analogue.

The X-ray powder diffraction patterns of all the
compounds are consistent with a cubic system, face-
centred network, schematised in Fig. 1.

The element analyses, related to the chemical
formulae  for an fcc  conventiona  cell
CCo,[FE(CN)gl (8453 (4 3 e reported in Table 1.
In the following, the compounds are named C,, indi-
cating the nature of the alkali cation C in the compound
and its x amount per cell. The chemical formulae of
compounds Cs, 3, Cs, 7, Cs; 5, and compounds C, and
Rb, g givenin reference [25] and in reference [24] are
also reported. Taking into account the uncertainty in
the stoichiometric coefficients (£0.1), al the formulae
correspond to neutral samples. Theinsertion of x alkali
cations (C") is accompanied by the insertion of x/3 ad-
ditional [Fe(CN)]> anionic entities (Fig. 1).

The oxidation states of the metallic cations at 20 K
were quantitatively determined by X-ray absorption
near edge spectroscopy (XANES) at the cobalt and
iron K edges as previously described [25]. The edge
spectra of the compounds containing amixture of Co'"

and Co'' ions were fairly well reproduced by linear
combinations of spectra of two model samples Rb, g
and C,, respectively composed of a majority of Co''—
Fe!' and Co'"'—Fe'" pairs at 20 K [27]. Knowing the
percentage of Co'' and Co'"" ions in the models [25,
27], the percentage of Co""' ionsin each compound was

obtained (Table 2).
2.2. Instrumentation

Photomagnetic experiments were carried out with a
Quantum Design MPM S-5S magnetometer workingin
the dc mode, equipped with a multi-wire silica optical
fibre. Thefibre was connected to abroadband source of
light (tungsten halogen lamp, 100 W), through interfer-
ential filters (100-nm bandwidth). A cut-off filter pro-
vided a high intensity in the 750 £ 50 nm range. The
power received by theirradiated sampleis estimated to
P = 60 mW cm™. The measurements were performed
over the 10-300-K temperature range with an applied
magnetic field of 500 G. In afirst step, 3 mg of powder
(pellet-shaped) was slowly cooled from 300 to 10K to
avoid quenching phenomena and then irradiated at
10 K during 4 h. The magnetic field was applied as
soon as the irradiation began.

The temperature was raised above the Curie tem-
perature and decreased again before measurement to
get the Field Cooled Magnetisation (FCM) curve over
the 10-300 K temperature range. The temperature was
then raised above T = 200 K. At that temperature, all
the samples relaxed and came back to their initial
ground state, which allows us to measure then the
magnetisation before irradiation (M; ;) Over the 10—
300-K temperature range. To compare the samples, the
amount of compound and the procedure were exactly
the same. Excepted for the sodium derivatives, we
checked that the wavelength range used for irradiation
was the most efficient one.

Energy-dispersive X-ray diffraction patterns were
recorded at 10 K over the 0.5-70 keV energy range on
the DW11A energy-dispersive X-ray beam of the DCI
ring of the LURE synchrotron facility at Orsay, France.
The orientation of the detector was fixed at
O = 5.8457° for compound Cs,; and @ = 4.003° for
compound Na; g. The orientation was checked by mea-
suring the X-ray pattern of a copper foil at room tem-
perature. For the measurements, the powders were
spread on between two tapes and slowly cooled from
300to 10 K. At low temperature, the white X-ray beam
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Table 1

Names, element analysis and proposed formulae for all compounds.

Sample/Element C Co Fe C N H O

Co Ko.1Cos[Fe(CN)¢l 2 711519 H0

Css Cso3C0,[FE(CN)gl o 611218 HO

Csyus Cs proposed formula: Cs, ,5Co,4[Fe(CN)gl, o[ 11 218 H,O

% exp. 5.10 20.40 13.65 16.97 19.21 311 21.51
(% calc.) (4.93) (19.43) (12.89) (16.63) (19.39) (2.99) (23.74)
Cs7 Csp7C0,[FE(CN)gl o[ 11.1-16 HO

Cshos Cs proposed formula: Cs, gsC0,[FE(CN)gl5 o[ 11,016 H,O

% exp. 9.90 1841 12.85 16.34 18.47 2.25 21.77
(% calc.) (9.82) (18.33) (13.03) (16.81) (19.60) (2.51) (19.90)
Cs, Cs,.2C0,[F&(CN)g] 52 Jo.s16 HO

Cs, Cs proposed formula: Cs, ;Co,[Fe(CN)gl5 o o713 H,O

% exp. 17.35 15.17 12.09 16.87 18.91 113 18.48
(% calc.) (18.52) (16.43) (12.84) (16.07) (19.32) (1.82) (14.49)
Rbge Rb proposed formula: Rby gCo,[Fe(CN)g, o[ 11.1:20 H,O

% exp. 3.81 16.78 11.86 17.94 19.13 2.40 28.08
(% calc.) (4.06) (18.68) (12.83) (16.56) (19.31) (3.19) (25.35)
Rb, 5 Rb proposed formula: Rb; ;Co,[FE(CN)gl51[ 10914 H,O

% exp. 8.56 17.81 13.34 16.77 19.35 2.05 2212
(% calc.) (8.85) (18.77) (13.78) (17.79) (20.74) (2.25) (17.83)
Rbyg Rb; §C0,[FE(CN)g5 5[ Jo713 H0

Koss K proposed formula: Ko g5C0,[F&(CN)¢] 295 11.05-18 H;0

% exp. 247 17.61 12.76 18.58 21.18 251 24.89
(% calc.) (2.55) (19.35) (13.52) (17.45) (20.35) (2.98) (23.63)
Kig K proposed formula: K; 5Co,[Fe(CN)gl5 o[ o.7-14 H,O

% exp. 5.46 18.76 13.86 18.36 20.53 234 20.69
(% calc.) (5.59) (18.74) (14.65) (16.84) (22.05) (2.24) (17.81)
Na, 5 Na proposed formula: Na, 3Co,[Fe(CN)g]51[ o914 H,O

% exp. 247 19.54 13.82 18.94 21.62 2.35 21.26
(% calc.) (2.54) (20.06) (24.73) (19.01) (22.17) (2.40) (19.06)
Na, g Na proposed formula: Na, sCo,[Fe(CN)gl5 5[ 10714 H,O

% exp. 3.02 18.55 14.60 19.06 21.54 2.19 20.04
(% calc.) (3.37) (19.18) (14.98) (19.35) (22.56) (2.29) (18.23)

induces the Co"'(LS)-F€''(LS) - Co"(HS)-Fe'"'(LS) energy range containing the two most intense reflec-
photo-induced electron transfer. The X-ray source be- tions.
ing the probe beam aswell asthe pumping beam makes

sure that the whole diffracting sample isirradiated. . .
3. Results and discussion

The study of the photo-excitation process was car-

ried out at 10 K under continuous irradiation. X-ray
powder diffraction patterns were recorded for increas-
ing irradiation times (Figs. 2 and 3). For thefirst point,
the acquisition time was 15 s. For subsequent points,
theacquisitiontimewas 30 s. During thistimeinterval,
the pattern change can be neglected. For clarity, the
diffractograms in Figs. 2 and 3 are presented in the

In order to identify the parameters of the system
responsible for the photomagnetism, we first studied
the photomagnetic properties of a series of
CsCo4[FE(CN)g] g+x3 J(a 1z COMpounds in which
we varied the amount of cesium cations. In a second
step, we studied the photomagnetic properties of other
akali derivatives, C,Co,[FE(CN)g](g.xya Jiaxyas
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Table 2
Percentage of Co'"at 20 K, from linear combination of the X-ray
absorption spectra of the model compounds Rb, g and C,,.

Sample % Co'"' at 20K
Co 0
Csos 7
Csos 14
Cs7 40
Csp0s 63
Cs,, 66
Cs, 8
Rboe 37
Rb, . 58
Rb, s 82
Koss 62
Kie 66
Na, 5 78
Na, g 78

varying the nature of the alkali cation (C = Rb, K, Na),
which were then compared to those of the first series.

3.1. Photomagnetism of the cesium derivatives

The photomagnetic properties of cesium derivatives
were already discussed in a previous paper [25]. We
showed that the photomagnetic effect depends on a
compromise between the number of Co''-Fe'' dia-
magnetic pairs and the network flexibility. Since then,
the series has been completed and enables us to go
further in the conclusions.

The magnetisation curves of compounds Cs,s—
Cs,; before and after irradiation over the 10-30-K
temperature range are presented in Fig. 4. These com-
pounds contain lessthan one alkali cation per cell. The
corresponding magnetisation curves for compounds
Csy95—Cs,, with one akali cation per cell or more, are
given in Fig. 5. The change in the photomagnetic
properties along the series of caesium derivatives is
discontinuous. The discontinuity appearsaround x = 1.

Before irradiation, Cs, 5 is aready ferrimagnetic,
with a Curie temperature T = 17 K [25] (Fig. 4), in
agreement with the weak amount of diamagnetic pairs
at 20 K (Table 2). After irradiation, the magnetisation
at 10 K and T dlightly increase which means that the
number of magnetic neighbours increases in the ferri-
magnetic phase after irradiation. Co'''-Fé' isolated
diamagnetic pairs are photo-transformed into meta-
stable (Co''—Fe'""y* magnetic ones.

As the amount of cesium increases in the com-
pounds [Cs,,s—Csy 7], the initidd magnetization at

220 Cs 400

M t=32 min
Wwwmw/\w !
MAWJ»MWAW

hv

Counts Number

L WL, W VA, N, SR N T

v

PN
S,
A

16 18 20 22 24
Energy/ keV

Fig. 2. Energy-dispersive X-ray diffraction patternsrecorded at 10 K
for increasing irradiation time in compound Cs, ; (220 and 400 re-
flections).

10 K decreases. The Curie temperature al so decreases,
which means that the number of paramagnetic neigh-
bours is decreasing in the sample. However, the mag-
netisation and the Curie temperature after irradiation at
10 K are approximately the same in the three com-
pounds, close to the ones of the alkali cation free
sample. Co''—Fe' isolated diamagnetic pairs are
nearly all photo-transformed into metastable (Co''—
Fe''")* magnetic ones. The determining factor of pho-
tomagnetism is the number of diamagnetic pairs
present at |low temperature before irradiation.

Csyg5 IS Weakly paramagnetic before irradiation
(Fig. 5) in agreement with the important amount of
Co'"'—Fe'' diamagnetic pairs at low temperature before
irradiation (Table 2). After irradiation, the compound
becomes ferrimagnetic below a Curie temperature
dlightly above the ones of the previous compounds
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Fig. 3. Energy-dispersive X-ray diffraction patternsrecorded at 10 K
for increasing irradiation time in compound Na, g (200 and 220 re-
flections).

(Csy5—Csy7), but the magnetisation at 10 K isfar less
than the magnetisation at 10 K in the three previous
compounds. The Curie temperature being proportional
to the amount of magnetic neighbours, its value in
irradiated Cs, 5 Shows that the photo-induced ferri-
magnetic phase is mainly composed of Co''-Fe'''*
metastable pairs and not of Co"'—Fe'''* pairsdilutedin
Co'"'—Fe'' diamagnetic ones, which would lead to a
lower Curietemperature. Themagnetisationat 10K far
lessthan in the previous compoundsindicatesthat only
limited domains of diamagnetic Co'!'-F€'' pairs are
photo-transformed into limited domains of metastable
(Co"—Fe'"")* magnetic pairs. When the amount of al-
kali cations increases (Cs, ,—Cs,), the magnetisation
curve before irradiation is approximately the same for
these two compounds in agreement with a same
amount of diamagnetic pairs at low temperature
(Table 2). Only the magnetisation curves after irradia-
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| ©0%%eseseana
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Fig. 4. Thermal variation of the reduced magnetisation (M/H) per
gram of compounds Cs, 5, Csy 45 and Cs, 7 over the 10-30-K tem-
perature range before ([]) and after () irradiation.

tion varies. As the amount of alkali cation increases,
the magnetisation at 10 K after irradiation progres-
sively decreases accompanied by a progressive loss of
the magnetic order. However, the Curie temperature of
the ferrimagneti ¢ contribution remains close to the one
of al the other compounds which indicates again the
formation of domains mainly composed of Co"—Fe'!'*
pairs. The small magnetisation value at 10 K is dueto
the limited number and/or size of the photo-induced
Co"—F€'""* domains. We ascribe the loss of photomag-
netic properties to the rigidity of the inorganic net-
work. The rigidity prevents the lengthening of the
cobalt-ligand bonds (about 0.15 A) accompanying
the photo-induced electron transfer from Co(lll)
(low spin)—Fe(ll)(low spin) to Co(ll)(high spin)—
Fe(l11)(low spin) and the single occupancy of the two
antibonding e,* orbitals of cobalt(ll) [12, 25]. The
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Fig. 5. Thermal variation of the reduced magnetisation (M/H) per
gram of compounds Cs, o5, CS, », and Cs, over the 10-30-K tempe-
rature range before (0) and after (¢) irradiation.

increase of the rigidity of the network is related to the
increasing number of [Fe(CN)g] filling the vacancies
when the amount of alkali cations increases. It
may also be related to the number and to the size of
cesium cations since their interactions with the
Co,[FE(CN)gl (g+xy3 NEtwork may rigidify the struc-
ture. To summarize, for the compounds containing
more than one akali cation per cell, domains of dia
magnetic Co'"'-Fe'' pairs are photo-transformed into
domains of metastable (Co"—Fe''')* magnetic entities.
Photomagnetism is limited by the network flexibility.
The study evidences a discontinuity of the photo-
magnetic properties around x = 1. This discontinuity
around x = 1 is not specific to the photomagnetic
properties of the compounds. It also appears in the
number of diamagnetic pairs per cell for example.
When x < 1, theamount of diamagnetic pairsper cell is

proportional to the number of alkali cation per cell. Itis
no morethe casefor x= 1 (Table 2). The stoichiometry
C,Co,[Fe(CN)gl3[1; (x=1) isvery particular. For this
stoichiometry, the number of akali cation and the
number of [Fe(CN)g] vacancies per cell are exactly the
same. For x < 1, the alkali cations are diluted, whereas
the vacancies are concentrated in the compounds. The
flexibility isimportant so that the determining factor is
the number of diamagnetic pairs. For x > 1, on the
contrary, the alkali cations are now concentrated,
whereas the vacancies are diluted in the compounds
and the determining factor becomes the network flex-
ibility.

3.2. Photomagnetism of other alkali cations
derivatives

To compare the photomagnetic properties of cesium
and other alkali cationsderivatives, itisnecessary (i) to
get C,Co,[F&(CN)g] 5453 cCOMpounds with exactly the
same amount x of different alkali cations C and (ii) to
quantitatively determine the amount of photo-
transformed pairs. In order to compare the photomag-
netic properties of the compounds, we define the pho-
tomagnetic efficiency E as (Myina — Minitia)/Minitia
(Minitia @d Mg, arethemagnetisationsat 10K before
and after irradiation respectively). This so-defined E
evidently involves a part related to the pure photo-
excitation effect, i.e. the creation of magnetic pairsand
apart related to the magnetic response of the sampleto
the external field. In magnetically ordered phase, the
magnetic response depends on the applied magnetic
field in a non-linear way. In the present study, we
propose to use E to compare, in the same experimental
conditions, the photomagnetic response of compounds
C.Co,[FE(CN)g] (s+x3- FOr agiven value of x, only the
nature of C varies. If the photomagnetic properties do
not depend on the nature of C, very close values of E
are expected. On the contrary, if the photomagnetic
properties depend on the nature of C, different value of
E will arise. The photomagnetic efficiency E is re-
ported in Fig. 6 versus the amount of alkali cations per
cell for al the compounds.

When the amount of akali cation per cell is less
than one (x < 1), E increases with the amount of alkali
cations, independently of the alkali cation nature. As
aong the caesium derivatives series, the amount of
Co'"'—Fe'' diamagnetic pairsincreases with the amount
of akali cations per cell. For close values of X, the
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number of diamagnetic pairsat 20 K beforeirradiation
isalso close and independent on the nature of the alkali
cation (Table 2). The Co'"'—Fe'' isolated diamagnetic
pairs are photo-transformed into metastable (Co''—
Fe''')* magnetic ones. The inorganic network contains
a large number of [Fe(CN)g] vacancies (> 1 per cell)
and few alkali cations (< 1 per cell). It is flexible
enough to allow the photo-transformation of nearly all
the diamagnetic pairs. Like in the case of the caesium
derivatives, the photomagnetism is a compromise be-
tween the number of diamagnetic pairs and the net-
work flexibility. The determining factor is the number
of diamagnetic pairsexisting at |ow temperature before
irradiation.

When the amount of alkali cations per cell islarger
than one (x = 1), E presents a much more complex
variation, not only with the amount, but also with the
nature of the alkali cation. This behaviour underlines
that numerous parameters are involved in the photo-
magnetic properties. For a same alkali cation, E de-
creases with the cation insertion rate x, as in the cae-
sium derivatives series. The decrease is due to the
structural flexibility loss. It is noticeable that theratios
E of the compounds Na, g, Rb, g and Cs,, which con-
tain the same amount of diamagnetic pairs at low
temperature before irradiation and have very close
stoichiometries (i.e., the same amount of [Fe(CN)g]
vacancies and the same average cobalt ion coordina-
tion sphere), are very different: E decreases when the
size of the alkali cation increases. The result empha-
sizestherole of the alkali cation on the network flex-

ibility for a constant number of the [Fe(CN)g] vacan-
cies. To be brief, the bigger the cation is, the less
flexible the structureis.

3.3. Structural transformation of the Cs,, and Na, g
derivatives under irradiation

To go further in the understanding of the photo-
excitation process, two compounds were selected for
X-ray diffraction under continuousirradiation at 10 K:
Csy7 With x < 1 contains a rather high amount of
diamagnetic pairs at low temperature, whereas Na, g
with x> 1 till presents enough network flexibility. The
diffraction patterns are shown for increasing irradia-
tiontimesin Fig. 2 for Csy 7 and in Fig. 3for Nay g.

At 10 K, at the very beginning of irradiation, the
patterns of both compounds are characteristic of a
unique fcc phase.

For Cs, 4, during the excitation process, only one
peak appears for each reflection. When the irradiation
time increases, the peaks are shifted towards lower
energy. After fitting the peaksto a Gaussian line shape,
itispossibleto concludethat thereisno significant line
width or intensity change. If two phases with different
cell parameters were existing, the line would be broad-
ened. The cell parameter increases. The behaviour is
characteristic of a continuous second order transfor-
mation within the same phase. Co'!'-Fe'' diamagnetic
pairs with short Co— ligand bonds are locally photo-
transformed into (Co"—Fe'"")* pairs with long Co-
ligand bonds within the same crystallographic phase.
This structural observation is in agreement with the
conclusions of the photomagnetic study. The initially
ferrimagnetic phase remains ferrimagnetic, only afew
randomly distributed Co'"'—Fe'" diamagnetic pairswith
short Coto ligand bonds arelocally photo-transformed
into (Co''—Fe'"")* magnetic ones through a second-
order transformation.

Instead, for Na, g, after 10 min of irradiation, each
reflection on the diffraction pattern splits into two
peaks. A new peak appears at lower energy, the inten-
sity of which increases with the irradiation time. The
changes indicate the appearance and the growth of a
new fcc phasewith alonger cell parameter. Domains of
Co'"'—Fe'' pairs with short Co-ligand bonds are photo-
transformed into domains of metastable Co''— Fe''*
pairs with long cobalt-ligand bonds. This behaviour is
characteristic of a first-order transition, in agreement
with the conclusions of the photomagnetic study: lim-
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ited diamagnetic domains mainly composed of Co'''—

Fe' pairs (with a short cell parameter) are photo-
transformed into ferrimagnetic ones, mainly composed
of Co''—Fe'"'* pairs (with along cell parameter). Na, g
contains amajority of Co'"'— Fe!' diamagnetic pairs at
low temperature before irradiation. Thus, the Coi-
gand bond lengthening accompanying the photo-
induced electron transfer leads to strong elastic inter-
actions between the excitable species and cooperative
effects and the structural effects are evidenced by our
diffraction data (Fig. 3). The associated magnetic con-
sequences appear in the abrupt spontaneous, first-order
transition, with thermal hysteresis observed by Hash-
imoto et al. [28].

4. Conclusion

The study of the photomagnetic properties of
CCo,[FE(CN)g](g+x/3 axyz Prussian blues reveds
the complexity of the excitation process. Severa pa-
rameters are implied: (a) the amount of diamagnetic
pairs at low temperature before irradiation; (b) the
flexibility of the inorganic network linked to the
amount of [Fe(CN)g] vacancies; (c) theamount and the
nature of the alkali cation.

In the present study we evidenced adiscontinuity in
the photomagnetic properties change with theinsertion
rate of alkali cations.

1. For compounds with x < 1, the photomagnetism
is due to the presence at low temperature of iso-
lated and diluted Co'"'—Fe'' diamagnetic pairs, the
number of which increases with the number of
alkali cation in the structure. Those diamagnetic-
pairs are locally and nearly totally transformed
under irradiation into metastable Co''—Fe'''*
magnetic ones. The process occurs without crys-
tallinity loss. The structure is flexible enough to
allow the lengthening of the Co-ligand bond ac-
companying the photo-induced electron transfer.
The process is a second-order transformation.

2. For al compounds with x = 1, a mgjority of
Co"'—Fe'' diamagnetic pairs is present, but the
photomagnetic efficiency strongly depends on
the amount and on the nature of the alkali cation.
For those compounds, the determining factor of
photomagnetismistheflexibility of theinorganic
network, which decreases when the amount of
alkali cation increases, the amount of [Fe(CN)g]

vacancies decreases, and the size of the akali
cation increases.

3. Our study points out that sodium derivatives are
more efficient than the others and that the most
efficient compound among them should be
Na,Co,[Fe(CN)gla[ ;. It should contain one a-
kali cation and one vacancy per cell. Then it
should be composed of amajority of diamagnetic
pairs and should contain enough [Fe(CN)g] var
cancies giving a maximum flexibility to the net-
work. The compound has already been synthe-
sized by Hashimoto and co-workers [28] and
seems effectively to be the most efficient of the
whole CoFe family.
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