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Photo-induced magnetisation has been recently evidenced by Hashimoto e t a / .  in CoFc cya- 
nide"]. We synthesized a diamagnetic RbFeCo cyanide able to present the same photomag- 
netic effect. The magnetic properties of the excited state, the electronic structure and the local 
htructure of the ground and the excited states have been investigated. The conditions required 
to observe the phenomenon and the mechanism of the electron transfer are discussed. 

Kewordst CoFe Prussian blue; photomagnetism: X-ray absorption spectroscopy 
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254/[966] ANNE BLEUZEN et al. 

INTRODUCTION 

In 1996, Hashinioto and coworkers evidenced n new phenomenon in Prussian 
blue analogs. Starting from aqueous solutions of Co" and 
hexacyanofermte(lll), they got ;I powder which exhibits spectacular photo- 
induced magnetisution ;it low teniperiitureI'I. The proposed explanation of this 
phenomenon was the preacnce of isolntcd diamagnetic pairs Con' -Fen in the 
compound mainly built of  Cd-CN-Fe"' units ;ind ;t photo-induced electron 
transfer from Fe" to Co"' through [he cyanide The key of the 
phenomenon would then be the presence of dianingnetic pairs in the compound. 

The synthesis of these powders involves the substitution of water molecules 
of ICo"(H,O),I by [ Fe"'(CN),I. This nic;ins ;I progressive increase of the Co 
Iigand field, oxygen ;itoms are replaced by nitrogen ones from NC ligands. For 
a sufticient ;imoiint of niirogen ;itonis ;irourid the Co" ion, Co" can become low 
spin and its reducing power is drastically iri ed (stabilisntion of the Corn 
state). A very st;ible p;iir Cd-Fe" is then quick formed through a chemically- 
induced electron transfer. I n  order to increme the number of diamagnetic pairs 
responsible for the photo-induced effect. one hns then to increase the number of 
nitrogen atoms around Co. 

Once the diamagnetic pairs :ue obtained, the photo-induced electron transfer 
should oxcur, leading to two hypotheticA excited st;ttes: low spin or high spin 
Coil- low spin Fe"'. 

In order to underst;ind the iiiec1i:inisiii of the photo-induced electron transfer, 
we increased the number of diani;igiietic pairs i n  the conipounds. We evidenced 
the conditions required to observe the photo-induced phenomenon and finally 
we characterized the photo-induced electron transfer ;it B microscopic level by 
studying the electronic structure and the I(KII structure of the ground and the 
excited state. 

EX PE R I bl  E N T  A L 

Compound 1 was synthesized by a c I d i t i o n  of ;i 10.' moI I ' aqueous solution of 
Co" nitrate to ii 10.' rnol I" solutioii of hex;icyanoferrate(IlI) in the presence of 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 1
0:

19
 1

7 
A

ug
us

t 2
01

2 



PHOTO-INDUCED MAGNETISATION [967 ]/255 

an excess of potassium cations. Compounds 2. and 3 were prepared by addition 
of a 10' mol 1.' aqueous solution of hexacyanoferrate(II1) to a 10' mol 1' a'' 
nitrate in the presence of an excess of  rubidium for compound 2. and an excess 
of caesium for compound 3. Elemental aidysis of Co, Fe, C, N ,  H, K, Rb or 
Cs were performed at the analysis facility of the CNRS in Vtrnison (the 
oxygen was assumed to be the only other element and its content was obtained 
by difference to 100%). Infra-red spectr:i were recorded with ;i Biorad Fourier 
transform spectrometer. Powder X ray diffraction was performed with a 
Philipps diffractometrr. 

emenlg 

Magnetisation measuremeiit~ W K ~ K  performed in a SQUID magnetometer 

equipped with an optical fiber (light source : hv=750 i imi50  nm, P = 

60mWcm'2). 

Electronic a n d l  h t u ( 1 i t i  < -  I .  

X-ray absorption spectra were recorded ;if the french synchrotron radiation 
facility, DCI (XASIO beamline for the Co K edge) and Super-ACO (SU23 
beamline for the Co and Fe L2,, edges). 

RESULTS A N D  DISCUSSION 

-ation of the c w o u  I1 & 
The formula of the conipound~, c;ilcul;itrd froni elemental analysis, are in table 
1. 

TABLE 1 Foniiula of compounds L, 2, 3 

Compound Fom1 ula 

coinpound L K,,  ,Co.,( Fe(CN),,1,,,18.4H20 
compound 2 R b ,  ,Co,[Fe(CN),I, ,,,,13H20 
con1pound 3 Cs,,Co,[ Fe(CN),,],,,Y.2H20 
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256/[968] ANNE RLEUZEN et ul. 

In each case the structure is fnce centzred cubic. The cell parameter a is 
10.36k0.05A for compound 1 and 10.04k0.05A for compounds 2 and 3. 

the Co K edge is mainly + I 1  for compoiind 1 and + I l l  for compounds 2 and 3. 
The larger the i i l k d i  cation is, the niore i t  rem:iins trapped in the structure. 

Potassium does not remain i n  the structure so that a lacunary structure 
Coi',Fei'',.xH,O(figiire 1 ;\), i n  ;igreeinrnt with the electroneutrnlity of the solid, 
is obtained. I n  average, cobalt is surroiinded by 4 nitrogen atoms and 2 oxygen 
atoms. In this eiiviroililieiit, Co" is still high spin. The rubidium cntions fill 
about a qu:iner of the tetr:iticctriil bitch of  the fcc strticture, le;iding to a structure 
where, i n  average, cob:ilt is surrounded by 5 N and 10. In this case, the Co 
liglind field q p e a r s  strong enough to inJucz ;I spin trimsition followed by the 
spont;tneous electron t r a n h t e r  I'l-om Co" to Fe"'. 1;in:illy i n  3, the cnesium 
cations f i l l  nearly half of the tctr;ihedr;il bites. Co is surrounded by nearly 6 
nitrogen atoms (figtire I b). The xinie slriicttir;illy-lllduced electron transfer as 
above leads to Co"'. 

The oxidation state of cobalt. obtained by X ray absorption spectroscopy at 

FIGURE 1 Structure o f  ;I conilx)tiiid containing ki) no alkali cation (compound 
l), b) ;I ni;tsiniiini ot:ilh:ili c;itioiis (compound 3). 

The cell par;iineters of2 i i n d  

1 due to the ch;ingc ofcob:ilt from high spin Cd'  to low spin Co"'. 

;ire widlcr hy = 0.3 A t h x i  the cell pauaineter of 

The number of  di;im;ignctic p u r s  i n  the conipoiinds strongly depends on the 
ability of  the alkvli catioii to bc t r ~ p p ~ ~ d  i l l  thc structure. Compound 1 contains 
very few di;mi:ignetic Ixiirs. coiiipotinil 2 c o n t ; ~ ~ n ~  about XOQ of  dimagnetic 
pairs and 20% of  Co-defect p;iii 's. conipound J is rnainly composed of 
diainngnrtic pairs. 
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PHOTO4 NDUCED MAGNETISATION [969]/257 

. .  ced M - m  
Magnetisation a s  a function of teniper;ittire was recorded before and after an 
irradiation (15 min, 7S(MS0 nni) for  the three compounds. 

Compound 1 is already ferrimagnetic before irradintion with a T, at 16K 
(figure 2a). Mngnetisation exhibits no effect of light. Compound 2, essentially 
diamagnetic before irradiation, exhibits spectacular photo-induced 
magnetisation (figure 2b). Compound 3, also diamagnetic before irradiation, 
exhibits ;i very sm:iIl effect o f  light. 

FIGURE 2 Miignetisi\tion ;mi photo-induced magnetisation of a) compound 
1, b) compound 2 iintl c )  coinpound 3 (Insert: y scriled x 10). 

The behaviour of' conipound 1 is not surprising since i t  is made mainly of 
paramagnetic Co" - Fe"' p;iirs. The behaviour of compound 2 is in agreement 
with an importnnt ; i i i iowit  o f  dimagnetic pairs. The magnetic properties of the 
excited state have been siurlied elsewlicre"'. The behnvioiir of compound 3 is 
surprising since i t  is imin ly  conipose~l o f  dianiiignetic pairs. The result shows 
that the presence of di;iniagneiic p;iirs i n  the coiiipound is required to observe 
the photo-induced plicnonieiion Im ttik i <  not ;I sufficirnt condition. 

Compound 2 which eshibirh tlir n i o \ i  iinportant photo-induced effect was 
chosen for  the s tudy  o f  the niei;i<iable w t e .  

, r', , tterination . of the  I)liolo-iiicliic~~.tl niel&ahle slate at Co and 

L2,, edges of 3d tr;in.\ition n1ri;ils involve syninietry ;illowed electric dipole 
transitions from 2p coIe electron\ 10 incoiiiplcily filled 3d and 4s levels (2ph4s" 

ELk~&du!a 
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258/[970] ANNE BLEUZEN rt crl. 

--f 2ps4s' transitions can be neglected due to their low intensity relative to the 

2p63d" + 2pS3d"" ones). They consist of complex structures due to the 

2p53d"" configurations. The positions o f  the LZ,? edges multiplet structures 
depend on the final w t e  energies arising froni Coulomb and exchange 
interactions within the 3d shell and between 2p and 3d shells, from spin-orbit 
interaction o n  the 2p mid 3d shell5 and froni ciystal field on the 3d shell. So, X- 
ray absorption spectroscopy is sensitive to the kxal environment (symmetry, 
nature of the ligands, me ta l - l i gd  dist:incts and bonding), the oxidation and 
spin states of the nietiil. 
To better understand X A S  h t ; ~  wc recortle~l L2,)  edges o f  four relevnnt model 
compounds: Co"CI,.ht120 I I  IS.  ~ ~ ~ ' e : ] ,  K,COYCN), ILS, t,,he:]. 

K,Fe"(CN),, ILS, t2w"eg"1. K,Fe"ltCN),, ILS. ~ ~ ~ ' e s ( l l ,  which have the same 
electronic coiifigur;itions tha t  \ye w i i t  to evidence. 
The Co L2,, edges of tlie in(Ktel compouncts itre reported on FIGURE 3. The 
detection is a total  yield detectioii niocic, hence the iiie;isure is surface sensitive 
(a few tens A). due to the esciipe tlel)tli o f  the electrons. 

I I 
7 7 0  775 7x0 7 x 5  790  705 XOO 805 

E i c l '  

The spectrii of the t w o  conipotind~  re coinpleily different : the spectrum of 
Co"CI2.6H,O is chxicterktic ot ;I Co"l1S i n  txxhedral symmetry"'. The 
spectrum of K,Co"'(CN),, i h  ch;iracteristic o f  ;I C0"'LS in octahedral 
symmetry1". All t l ie fextireh oberved i n  K,Co"'(CN), rue shifted at high 
energies. This is due t o  the increaw ot'tlie osidntioii 5t;ite nnd the shortening of 
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PHOTO-INDUCED MAGNETIS ATION [971]/259 

the Co-ligand distances. The less structured spectrum compared to the Co"HS 
one is due to the lower number of multiplets expected for the 2pSt,,6e,l 
configuration. The very intense band ;it 783 eV is the signature of the presence 

of the CN x' orbitals. The high intensity of the L, peak compared to the L, is 

the signature of the S=O spill htiite"'. This tKhliiqtlK is therefore u priori able to 
distinguish clearly between the two electroiiic structures expected in compound 

In  FIGURE 4 are reported the Co L2,J edges of compound 2 measured before 

and after irradiation (hv=750nrii cliiring I5 iiiiii ,  T=20K). 

2. 

FIGURE 4 Co L,, e d g c ~  ( - - - )  before mid ( ) after irradiation for 
coIllpoLIIllI 2. 

The ground wife of  the in;iterial is ;I misirig of the two Co"' [LS, t z legUI  and 
Co" [HS,  t,,'e,'I spccieh. I1 Ili1l)OSSIbblK to extnict from the spectrum a 
quantitative iiifonii:itiori r&tive io [lie percentage of each one. Due to the 
detection mode, WK observe the surt';ice ot'the p;inicles, which is different from 
the bulk StlXClllrK :i11d richer of c I e ! ' c ~ ~ \ .  

The spectrum obtained alter irr;idi;irioii ili\pl;iys ;I decrease o f  the signal of the 
Co"' LS specie\ ;ind ~ini~iIt;ineou~l) . mi increase of the Co"HS species. The 
light induces the tr;iiizfonn;itioii ot' Co"' i i i  Co", ;tccomp:iinied by a spin change 
of the Co ions. Indeed. ;I C0"l.S \pecie.\ would hwe :I completely different 
signature n o t  observed here! 
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260/(972] ANNE BLEUZEN et ul. 

The Fe L2,3 edges ;ire reponed i n  FIGURE 5 .  The comparison of  the spectra 
with the spectra of the two inoctels not reported here allows us to atmbute the 
origin of the peaks. For the spectra of 2 before irrxiiation, the feature at 705 
eV, not observed in the K,Fe"(CNi,, yxx t ru i i i ,  is the Fe"' LS signature 

corresponding t o  the singlet ?p\!?t+' --f 1p&, . Its presence in the spectrum 

of 2 shows that the su!?';ice of the p;irticlcs presents ;I mixture of Fe" LS and Fe" 
LS entities. The result is i n  line with thr presence of Co" and Co'" entities 
evidenced ;II the Co L?, eilgeh. 

6 (61 

FIGURE 5 Fe Lz,, edges ( - - -  J bcf'ore ; i d  ( ) after irradiation for compound 2. 

After irradi:ttion, the intensity of tlie 705 eV peak increases, related to the Fe" 
LS t o  Fe"' LS tr;iiisfolni;itioii, I'lii\ o b w r v a t i o n  confimis those at the Co L2,3 
edges. 
Our data give, for  the first tinis, ;I clc;iI e\,ickiice of  the light induced electronic 

transfer C0"'Fc" + Co"F?"', p o ~ i ~ i l a r t . d  lo e.\pl;iin the changes in mxroscopic 

magnetic properties o f  the iiiatcrial. 

m i r i a a t i o n  of thc i n i ~ t ; i \ l a l ) l c  sl;ile a t  Co K e u  
Co K edge EXAFS h p w t r ; i  \vcrc i-ccordcd i n  rr;insrriission mode using the 
energy dispersive absorption bc;iiiilins. I n  t h i h  eupcriniental geometry, thin 
snmpIes ;uc necdeci (-I riig oi. Iirodiict ciisperssd on ;I I cm2 millipore 
membrane): i n  this way,  \ve incrc;ix rhc percentage of transformed compound, 
by iiicreasing tlie perletrarioii depth 0 1  vihible light. The disadv:tiitage of this 
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PHOTO-INDUCED MAGNETIS ATION [973]/261 

recording mtde is the reduced eurrgy range scitnned (up to 8 A-i in k), 
compared to a step by step EXAFS be;iniline (14 ,&I). The results shown here 
have been continned itcently by classical EXAFS results obtained in 
fluorescence detection mode i n  grxirig iriciclcnce. 
On FIGURE h ;we reported the Fourier ir;iiisfoiin moduli of EXAFS signals 
measured iit the Co K edge brtorr i i i id  :iltrr irradistioii for compound 2 
(hv=750 nm during 12 hours, T=IO K J  

FIGURE 6 Fourier traiisfomi nioduli o f  EXAFS signals measured at the Co K 
edge ( - - - )  before ;itid ( ) at'tcr irradiation for compound 2. 

In the ground state, the spectrtiiii pre\ri it\ three pe;tks nttributed to the three first 
shells iirourict the cob;ilt, 0 ; t i id  h'. C froin CN ligmds, Fe and R b  atoms. After 
irradiation, we observe iniportuii cli;iiig\ i n  the spzcrriiiii which ;ire difficult to 
interpret, since the linear gcotiictry ot' ihc Co-NC-Fe entities introduces strong 
multiple scat~ering p1~riioiiicii;i in h e  EXAf.3  sigrid. The quantitative analysis 
of the second :ind itiird peaks :ire u i i de rwq .  The first peak nnd its changes m 
more easy to analysc. I t  corrzspotiA t o  the nie;in Co-L, (L=N,O) distances. 
In the groutid st;tte, the beht tit i h  obt;iineil with a two shells fitting procedure 
with two Co-l,, di5t;inceh. We f o u l i d  9 0 c 4  of d(.,>, = 1.90 A distnnces and 10% 
of = 2.08 A.  The aliort dist;iiicc i \  climctcristic o f  Co"' low spin entities, 
the second one is close to ilic OIIC'\ olmitiecl i n  Co" high spin species. That 
meiiris that bct'oIc i r r x k i w i i .  n z o h ~ i - v e  Liboirt 1 OV o f  HS Co". After 
irxti:ttion, the two dihi:\iicc\ rciii;iiii ilic mix but we have now 60% o f  Co 
atoms with long Co-L, itiat~iiice~: 5O'/i of Co"'-Fe" pairs have been transformed 
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2624 9741 ANNE BLEUZEN et al. 

in CO"-F~"~ p:iirs. The increase A d, I ,  = 0 . 1  X A induced by irradiation is in 

a p e m e n t  with the 0.32 A incre;ise o f  the a cristallographic parameter, 

evidenced by XRD. 

CON C LUS I 0  N 

Our  study confirms the exp1:in;ition o f  the photo-induced magnetisation 
proposed by S ; w  snd c o \ v o r l c r ~  1'0 our knowledge this is the first 

experiment:il locd spsctro\copic c\ idcnce of ;i photo-induced met:tl to metal 
electron transler i n  ;I three diiiien~ioii;il conipouncl: 

C O ~ ~ ~ ( L S  )- rll C-F& LS ) --f coil( ti s ) -  N c- FP( IS). 
The condition required to  observe the p1icnonienon is not only the presence of 
diamagnetic excitable pairs Co"l-Fe" iii the compotind. but also the presence of a 
certain ;inlotint of defects i n  tlic cubic structure. This is probably due t o  the 
irnpomnt expansion o f  the net\vorl :icconip;iiiying the photo-induced elecnon 

transfer. I n  ;L perlect ~truci t i rc.  witliotii detects, strains in the bulk :ire strong so 
that only dianxigrietic p:iirs ;it ihc suIl';ict. of the compound are rruisformable. 

In  the structure with v;ic;incirs, the steric contraints ;ire weaker, the network is 
more flexible and the photo-inJucc.cl iiict;istable st;ite is able to propagate in the 
bulk. We are now eng;iged i n  the study of this phenomenon. 
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