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Photoinduced Magnetization of a 
Cobalt-Iron Cyanide 

0. Sato, T. lyoda, A. Fujishima,* K. Hashimoto* 

Photoinduced magnetization was observed in a Prussian blue analog, K,,,Co,,- 
[Fe(CN),].6.9H20. An increase in the critical temperature from 16 to 19 kelvin was observed 
as a result of red light illumination. Moreover, the magnetization in the ferrimagnetic region 
below 16 kelvin was substantially increased after illumination and could be restored almost 
to its original level by thermal treatment. These effects are thought to be caused by an 
internal photochemical redox reaction. Furthermore, blue light illumination could be used 
to partly remove the enhancement of the magnetization. Such control over magnetic 
properties by optical stimuli may have application in magneto-optical devices. 

T h e  design of molecule-based compounds 
exhibiting spon taneo~~s  ~nagnetization with 
high critical temperature, T,, is one of the 
main challenges in molecular materials sci- 
ence. Compelling results have recently 
been reported (1-1 1).  Current research in 
this field aims not only to improve magnet- 
ic properties, but also to achieve unusual 
properties, which to  date have not been 
realized in magnets. Our  objective is the 
production of magnets with magnetic prop- 
erties that can be controlled by external 
stimuli (Fig. 1 ) .  W e  previously reported a n  
electrochemically tunable molecule-based 
magnet (12).  Another possibility is the in- 
duction of a magnetic phase transition by 
optical stimuli. This subject is of consider- 
able importance because the photon mode 
allows access to a variety of different types 
of lnaterials with high speed and superior 
resolution. W e  now report photoinduced 
magnetization changes observed in a co- 
balt-iron cyanide. 

A photoinduced memory effect can be 
triggered by an electronic excitation in a 
given material that induces the rearrange- 
ment of the lattice, resulting in the forma- 
tion of a new phase after relaxation (13). 
This new ~ h a s e  lnav have modified magnetic 
properties: The  rnaierial we chose in oylr ex- 
~er i lnents  was a cobalt-iron cvanide-based 
brussian blue analog. A compound m i  7 t l  1 a 
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stoichiolnetry of CO'~,[F~ '~ ' (CN),] ,  (T, = 14 
to 15 K) has already been reported (14-17). 
T h e  reaction of K,FeH'(CN)(, and Co1'C12 
in aqueous solut~on produces a dark purple 
precipitate (18).  Elemental analysis yields 
the formula Ko,2Co,4[Fe(CN),].6.9H20 
(19) ,  hereafter designated as compound 1. 
T h e  po~vder x-ray diffraction pattern was 
consistent with a face-centered cubi: struc- 
ture (unit  cell parameter = 10.28 A )  (Fig. 
1).  T h e  optical absorption spectrum is 
shown in Fig. 2. T h e  infrared (IR) spectrum 
measurement at 12 K in the region from 
2000 to 2200 cmp '  showed three peaks: a 
strong peak at 2162 cmp' ,  a weak peak at 
2116 cmp ' ,  and a shoulder at  2097 cm-' .  
T h e  C N  stretch for C O " ~ [ F ~ ~ " ( C N ) , ] ,  \\?as 
observed at 2160 cm-', whereas that for 
Co",[Fel'(CN),] was observed at 2085 
c m '  (1 6 ) .  T h e  peak at 21 16 cmp'  appears 
\-vhen K+ is included in the compounds. 
Thus, we think that the peak at 2162 cm-' 
is due to the stretching of C N  in Fe1"-CN- 
Col '  links at positions where no K- ion is 
located in interstitial sites, and the peak at 

21 16 cm-' can be assigned to the stretching 
of C N  groups that surround K+ ions. T h e  
relatively low frequency of the C N  stretch 
(2116 cmp ' )  indicates that the oxidation 
states of the metals in Fe-CN-Co moieties 
exhibiting this frequency can be expressed 
as Fel'-CN-Col". T h e  peak at 2097 cm-'  is 
probably due to the C N  stretch of Fe1'-CN- 
Co" moieties, but this is not clear at  
present. Magnetic properties were investi- 
gated \vith a superconducting quantum in- 
terference device (SQUID) magnetometer 
(Quantum Design MPMS-5s).  T h e  product 
of the molar magnetic susceptibility and 
temperature, xMT, versus T plot first de- 
creased upon cooling and then increased at 
lo~ver temperatures, indicating a short-range 
antiferromagnetic interaction between 
paramagnetic centers bearing different 
numbers of unpaired electrons (ferrimag- 
netism). T h e  X M p '  versus T plots became 
almost linear in the paramagnetic region 
below 150 K. T h e  Curie constant, C, and 
the Weiss constant, 8, were 3.4 cm3 mol-' 
K and -8 K, respectively. T h e  field-cooled 
magnetization (FCM) versus temperature 
plots at  H = 5 G displayed a n  abrupt break 
at T, = 16 K. T h e  field dependence of the 
magnetization yielded a magnetization at 5 
T of about 2.2 Bohr magnetons per 
K,,,CO,,~[F~(CN),].~.~H~O moiety. 

A Hg-Xe lamp \\?as used as the light 
source in the investigation of the photoin- 
duced magnetic effects. T h e  filtered red 
light (660 n m  with 50-nm half-~vidth, 3.5 
mW/cm2) \\?as guided by optical fiber into 
the SQUID lnagnetometer for illumination 
of the sample. Upon irradiation at 5 K, the 
magnetization at 5 G increased rapidly and 
then gradually saturated after several tens of 
minutes (20).  T h e  enhancement effect per- 
sisted for periods of several days at 5 K. T h e  
FCM was measured as a f ~ ~ n c t i o n  of temper- 
ature before and after light illumination at 5 
K (Fig. 3 ) .  T h e  T, after the irradiation was 
about 19 K, \vhich was 3 K higher than the 
T, of the material before illumination. Fur- 
thermore, the magnetization was substan- 
tially enhanced in the entire temperature 
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Fig. 1 (left). (A) Control of spins in magnetlc materials. (B) Unit cell of compound 1 .  Interstitial Kt  ions, 
water molecules, and defects in the unit cell have been omitted for clarity. Fig. 2 (right). Optical 
absorption spectrum of compound 1 .  
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range below T,. Magnetic hysteresis loops 
were obtained a t  5 K before and after the 
irradiation (Fig. 4) .  T h e  hysteresis before 
irradiation yielded a remnant magnetiza- 
tion, bl,, of 2200 cm3 mol-' G and a coer- 
cive field, Hc, of 800 G, whereas the  hys- 
teresis loop after the irradiation yielded an  
M,. value of 3650 clni mol-' G and an  H, 
value of 1500 G. T h e  ~nagnetization a t  5 T 
\\?as enhanced 1.1 times. T h e  magnetic 
properties of the illuminated sample relaxed 
to the  initial state \vhen the temperature of 
the  sample was increased to 150 K, showing 
that the  magnetization can be induced by 
the  photon mode and can be restoreii al- 
most to its original level repeatedly by ther- 
mal treatment. 

T h e  change in  magnetization was also 
investigated in the  paramagnetic region. 
Similar light-induced phenomena (en- 
hanced magnetization) were observed 
above Tc. T h e  number of effective spins was 
increased by red light irradiation. T h e  IR 
spectrum at  12 K showed that, after red 
light illumination, the intensity of the  peak 
a t  2116 cm-'  decreased substantially and 
that at 2162 cm-'  increased. After illumi- 
nation, the  strong peak a t  2162 c ~ n - - '  and 
small peak a t  2097 c m p l  remained (21) .  
This finding indicates that Fel'-CN-Col" 
nloieties are responsible for the photoin- 
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Fig. 3. F~eld-cooled magnetizat~on versus tem- 
perature curves at H = 5 G before (0) and after (0) 
red Ight irradlation. The magnetization enhanced 
by ilumnation (hv) can be removed by thermal 
treatment (A) above 150 K. 
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Fig. 4. Hysteresis loops before (0) and after (C) 
red light irradation. 

duced effects. O n  the basis of these results, 
we conclude that the  oxidation states of Fe 
and C o  change from Fell-CN-Co"' to Fell1- 
CN-Co" by red light irradiation. In general, 
Co" and Col" coordinated octahedrally by 
nitrogen have high-spin (tise,:, S = 312) and 
low-spin (t;,, S = 0 ) ,  respectively. Thus, 
the contribution of the state of Fel'(t;,, S = 

0)-CN-CoH1(t;,, S = 0) is much reduced 
and that of the state of FelI1(t& S = 112)- 
CN-Co1'(t;,e,;, S = 312) is increased by red 
light irradiation. T h e  increase of the  con- 
tribution of the paramagnetic components, 
Felll(t:o, S = 112) and Co" (tz,gz, S = 3/2), 
resulti*in an  enhance~l lent  of the magneti- 
zation value. Furthermore, the  exchange 
pathways, \vhich are broken as a result of 
the  d~arnagne t~c  character of Fe" (t&, S = 

0)  and Co"' (t$, S = 0) before illumina- 
tion, are reestablished by red light irradia- 
tion. T h e  T, value is thus raised because of 
the increase in the  number of magnetic 
neighbors. 

By carefully tuning the wavelength of 
the  incident light, the  e n h a ~ ~ c e ~ n e n t  of the  
magnetization resulting from red light illu- 
mination could be partly negated by blue 
light irradiation (450 n m  with 50-nm half- 
width, 2.5 mW/cm2). T h e  ~nagnetization 
that was decreased with blue light could 
then be increased again with red light, and 
the  cycle could be repeated (Fig. 5). IR 
spectra also sho~ved that the C N  stretching 
peak a t  aro~und 2097 cmp '  increased and 
decreased repeatedly with alternate ~rradia- 
tion with blue and red light. 

T h e  change of the  magnetization clear- 
ly shows tha t  cooperative rnagnetic phe- 
nomena can  be influenced by external 
optical stimuli in  a given temperature 
range. Larger or smaller lnagnetization en-  
hancement  effects could be observed de- 
pending o n  the  content  of K+. T h e  effect 
described here is different from conven- 
tional light-induced excited spin state 
trapping (LIESST) (22,  23); long-range 
ordering of spin systems can  be controlled 
for compound 1, whereas LIESST results 

1 0 2 0  I I , , I  
0 1 2 3 4 5 6  

Cycle index 

Fig. 5. MagnetIration changes induced by alter- 
nating blue [B) and red (R) lhght illumination (10 
mln) at 5 K. (0) After red light illumination: (3) after 
blue Ight iuminaton. 
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reported thus far refer to  p h e ~ l o l n e ~ l a  in  
the  paramagnetic region. T h e  photochem- 
ically controllable magnet reported here,  
as well as the  e l ec t roche~n ica l l~  controlla- 
ble one  reported previously (12) ,  are 
arnong the  first exa~nples  of the  phenorn- 
enon  of tunable magnetism in the  field of 
molecule-based magnets. 
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