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We report reversible photoinduced magnetic phenomena for a V-Cr Prussian blue analog (7’(.~ 3 5 0  K). This 
molecule-based magnet exhibits a decrease in magnetization upon illumination with UV light (X ~ 350  nm) 
and reaches a metastable state that has a long lifetime at low temperatures (> 1 0 6 s at 10 K). This photoexcited 
magnetic state totally recovers back to the ground state by warming above 250 K, and partially recovers with 
green light (X ~ 514  nm) illumination. The effect of green light is triggered only when the sample is previously 
UV irradiated, suggesting a hidden metastable magnetic state. The photoinduced magnetic effects are proposed 
to originate from structural distortion that alters the magnetic exchange coupling and/or anisotropy.
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M olecu le-based  m agnets are a re la tive ly  new  class o f  m a­
terials targeting  contro l o f  the m agnetic  p roperties at m ic ro ­
scopic  and /o r m o lecu lar lev e ls .1-2 T hese  m agnetic  m aterials 
are p rom ising  cand ida tes fo r fu tu re  app lications o f  sp in  e lec ­
tron ics due to the ir sp in -reso lved  elec tron ic  struc tu res3 and 
chem ical m odu la tions o f  m agnetic  and  elec tron ic  
p ro p e rtie s .1-4 O ne o f  the un ique  p roperties o f  these system s is 
the m agnetic  b is tab ility ,5-6 w hich m ay  be  con tro lled  by  o p ti­
ca l exc ita tions7-8 and o ther ex ternal stim uli.9-10 T he op tical 
con tro l o f  m agnetic  p roperties in  these system s add a new  
d im ension  fo r fu ture  app lica tions o f  m agnetoelec tron ics and 
op toelectron ics. H ow ever, to date, the reported  coex istence 
o f  long-range m agnetic  o rder and pho to induced  m agnetism  
have b een  lim ited  to  low  m agnetic  ordering  tem p era tu res .10 
It is im portan t to  iden tify  ligh t-induced  m agnetic  p roperties 
in  a m ateria l tha t exh ib its room -tem pera tu re  m agnetic  o rder­
ing, and to address possib le  underly ing  m echan ism s in  o rder 
to  develop  m ateria ls  w ith desired  m agnetic  p roperties. H ere, 
we rep o rt the first observation  o f  reversib le  pho to induced  
m agnetic  phenom ena in  a V -C r P russian  b lue  analog , one o f  
the few  room -tem pera tu re  m olecu le-based  m ag n e ts11-13 d e ­
veloped  so  far.

T he ligh t-induced  m agnetic  b is tab ility  w as first reported  
in  transition -m eta l co m p lex es .14 S ince then  there has b een  an 
increasing  in te rest in  op tica l con tro l o f  m agnetic  p roperties 
b o th  in  organic  and inorganic  sy s tem s .15-16 O ne o f  the 
ex tensively  stud ied  op tica lly  tunab le  m o lecu le-based  m agnet 
fam ily  is P ru ssian  b lue  analogs: A tM '[A /" (C N )6] ,- h H 20  (A 
is an a lkali m eta l ion , M ' and  M" are transition -m eta l 
io n s).17-20 T hese cyanobridged  b im eta llic  com pounds have a 
face-cen tered -cub ic  la ttice  in  w hich  the transition  m etals 
are in terconnected  v ia C N  bridges. T he a lkali-m eta l ions 
and w ater m olecu les are in terstitia l w ith resp ec t to  the ex ­
tended  netw ork  structure . A_TC o v[F e(C N )6]-z H 20  has an  o r­
dering  tem peratu re (7V ,)~12 K  and w as reported  to  have 
ligh t-induced  changes b e tw een  m agnetic  states w ith coex is t­
ing long-range m agnetic  o rdering .5-8-21 T he pho to induced  
m agnetism  in  A TC o |u [Fe11(C N )6]-z H 20  o rig inates from  
elec tron  transfer be tw een  the F e11 and C om 
ions tha t changes the to ta l sp in  value .8 S everal o ther 
P ru ssian  b lu e  structured  m o lecu le-based  m agnets w ith 7V,

<  50  K  also  ex h ib it pho to induced  m agnetism .20-22 25 S u b se­
q u en t stud ies in troduced  op tica l con tro l o f  m agnetiza tion  in 
an  organ ic-based  m agnet M n [T C N E ]2-z(C H 2C l2) (T C N E : 
te tracyanoethy lene) tha t has a Tc~  70 K .26 T he effects o f 
illum ination  fo r M n [T C N E ]2 w ere attribu ted  to change in 
bond  lengths and  angles o f  [T C N E ]-  w hich  a lte r the ex ­
change coupling  be tw een  the spins o f  M n  ions and the o r­
gan ic  rad ica l. R ecen tly  pho to induced  m agnetism  in  a room - 
tem pera tu re  m olecu le-based  m agnet has b een  ach ieved  for 
V(TCNE)_t (.v ~  2 ) (7V. ~  400  K ), and w as a ttribu ted  to p h o to ­
induced  change in  m agnetic  an iso tropy .6-27 T he photo induced  
m agnetic  effects in  V (T C N E )t w ere observed  up  to  200  K  
and on ly  reversib le  upon  heating  the sam ple above 250 K.

C hallenges still p ers ist in  the op tica l con tro l o f  m ag n e­
tism , as it requ ires bo th  long-range m agnetic  o rder and su s­
tained  reversib le  illum ination  effects a t h igh  tem peratures. In  
o rder to overcom e these challenges, understand  the pho to in ­
duced  m agnetism  m echan ism s, we sough t to  iden tify  light- 
tunab le  m agnets. In  this study, we rep o rt reversib le  p h o to in ­
duced  m agnetic  phenom ena in a V -C r P russian  b lue analog, 
w hich  is a m em ber o f  a fam ily  tha t exh ib its ferrim agnetic  
ordering  up  to  —373 K .11-13 T he m agnetiza tion  o f  V-Cr 
P russian  b lue  structu red  m o lecu le-based  m agnet decreases 
u p o n  U V -light excita tion  and partia lly  recovers w ith green 
ligh t excita tion . T he pho toexcited  state has a long life tim e at 
low  tem peratu res suggesting  ligh t-induced  trapp ing  in to  a 
m etastab le  state. T he pho to induced  m agne tism  canno t be e x ­
p la ined  by the e lec tron -transfe r m odel tha t is com m only  o b ­
served  in  P ru ssian  b lue  an a lo g s10-19-28 b u t is p roposed  to 
o rig inate  from  structu ral d is to rtion  that changes m agnetic  e x ­
change coup ling  and /o r anisotropy. We also  p resen t detailed  
m agnetic  p roperties o f  the V -C r P russian  b lue  analog in  r e ­
sponse to static  and dynam ic m agnetic  fields.

A  sam ple o f  nom inal K 1.54v f 77V ^ !8[C rM1(C N )6](S O 4)0.16 
•3 .1H 20  (1) com position  as determ ined  by  x-ray  p ho toem is­
sion  spectroscopy  w as syn thesized  as p rev iously  rep o rted .12 
L ike  o th er m em bers o f  this fam ily, 1 is h igh ly  structurally  
d iso rdered  and inhom ogeneous. In  add ition  to  conven tional 
defects in  P ru ssian  b lue  structure, 1 incorpora tes S O j“ ions. 
F o r pho to induced  m agnetism  stud ies, sam ples w ere prepared  
inside a g love bo x  by d ispersing  and grind ing  1 pow der in
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0 2-free N ujol oil that is chem ically  inert and  com m only  u sed  
fo r m ull p reparation  fo r IR  spectroscopy. T he  d ispersion  o f  1 
was then filtered  through a 10 jj,m filter. D ue to filtering, the 
m ass o f  the d ispersed  sam ples o f  1 co u ld  no t be  determ ined . 
T he sam ples w ere then sea led  in quartz  tube u nder vacuum , 
in o rder to p reven t ox idation . T he dc m agnetiza tion  was 
m easu red  w ith a Q uan tum  D esign M agnetic  P roperty  M ea­
su rem en t System  (M P M S-X L ) m agnetom eter. F o r ac su scep ­
tib ility  m easurem en ts Q uantum  D esign Physical P roperty  
M easurem en t System  (PPM S) 6000  w ith an A C M S option 
was used . Illum ination  o f  the sam ple  fo r bo th  ac and  dc 
m agnetiza tion  stud ies is p rov ided  through fiber optic cables 
that a re  in teg ra ted  to  sam ple ho lders. F o r light illum ination  
at 514  nm  sing le  line and  350 nm  U V  m ultiline, an argon 
laser (C oheren t Innova 300) w as used . U V -vis optical ab ­
sorp tion  o f  1 w as p robed  w ith a V arian 5000  spectrom eter.

T he zero -fie ld -coo led  (Z FC ) an d  fie ld-cooled  (FC) m ag ­
netiza tions (sam ples w ere coo led  dow n from  275 K) o f  both 
pow der sam ple and  N ujol d ispersed  sam ple o f  1 are  sim ilar 
to  those prev iously  repo rted  fo r com positionally  re la ted  
fe n 'm a g n e ts ” -12 (Tf ~ 3 5 0  K ). T he  h igh  m agnetic  ordering  
tem pera tu re  w as p roposed  to o rig inate  from  the strong an ti­
ferrom agnetic  in teraction  betw een  the f??-like spins o f 
V u(S = 3 /2 ) ,  V m ( S = l ) ,  and  C rm(S = 3 /2 )  via the b ridg ing  
cyanides.

D esp ite  the room -tem pera tu re  m agnetic  o rdering , no 
pho to induced  m agnetism  study fo r V -C r P russian  b lu e  an a­
logs h ave  been  reported . To perform  a pho tom agnetic  study, 
N ujol d ispersed  sam ples o f  1 w ere used . D ispersing  and  
grind ing  in oil reduces the grain size, w hich a llow s light 
penetra tion  in to  a larger fraction  o f  the sam ple. In addition  to 
d ispersed  sam ples, thin p ressed  pow der sam ples o f  1 w ere 
stud ied  fo r pho to induced  m agnetism . A lthough  pho to induced  
m agnetism  w as observed  in the pow der sam ples, de ta iled  
pho to induced  m agnetiza tion  stud ies co u ld  no t b e  done due  to 
the w eak  m agnetic  signal resu lting  from  the lim ited  sam ple 
am ount. T he Z FC  an d  FC  m agnetiza tion  data  fo r bo th  the 
pow der an d  d ispersed  sam ples d isp lay  sim ilar b ehav io r at 
low  tem pera tu res (Fig. 1). T he Z FC  and  FC  m agnetiza tions 
o f  bo th  sam ples exh ib it a  strong irreversib ility  below  25 K 
ind icating  an in trinsic  m agnetic  p roperty  o f  1. M oreover, the 
tem pera tu re  at w hich the Z FC  m agnetiza tion  dev iates from  
FC  m agnetiza tion  (irreversib le  tem perature , Tin) sh ifts to 
low er tem peratures w ith increasing  ap p lied  m agnetic  field. 
Both the strong irreversib ility  an d  the m agnetic  field  dep en ­
den t Tin. suggests that the spins start to  freeze, and  the sy s­
tem  en ters a sp in -g lasslike  state from  the ferrim agnetic  state 
at low  tem peratures. In d ispersed  sam ples, the Z FC  an d  FC 
m agnetiza tions show  a p eak  at a round  200 K at low  m ag ­
netic  fields and  start to  d iverge as the tem pera tu re  is low ered  
fu rther [Fig. 1(b)], T he p resence  o f  the p eak  and  d ivergence 
can be  exp la ined  by  the freezing  o f  the N ujol oil (Tf
— 200 K ) in w hich the m agnetic  g rains (d iam eter < 1 0  jj,m ) 
w ere d ispersed . F reezing  o f  the oil fixes the seg rega ted  m ag ­
netic  partic les at random  orien ta tions w ith respec t to their 
easy  axis an d  increases the m agnetic  an isotropy. T herefore , 
the m agnetization  is supp ressed  at low  m agnetic  fields and  a 
h ig h er m agnetic  field  is needed  to overcom e the anisotropy. 
W hen the app lied  m agnetic  field is larger than 300  O e, no 
suppression  in m agnetiza tion  is observed  below  200  K.

FIG. 1. (Color online) ZFC and FC magnetizations at different 
applied magnetic fields for (a) powder sample and (b) Nujol- 
dispersed sample of 1. At low T {<25 K) and low H. both powder 
and dispersed samples display strong irreversibility between ZFC 
and FC magnetizations. In the dispersed sample an additional bifur­
cation is observed at around 200 K.

A bove the freezing  tem pera tu re  o f  N ujol oil, the  m agnetic  
partic les can  ro ta te  w ith the m agnetic  field  and  Z FC  an d  FC  
m agnetiza tions m erge  even at low  m agnetic  fields.

In o rder to  identify  the sp in -g lasslike  sta te  in 1, in add i­
tion to  Z F C /F C  irreversib ility  and  m agnetic  field  dependen t 
Tirn frequency  dependency  o f  ac suscep tib ility  and  slow ing 
dow n o f  the spin dynam ics shou ld  b e  verified. T he tem pera­
tu re  dependences o f  the in -phase (x ')  and  ou t-o f-phase  (x") 
ac suscep tib ilities exh ib it frequency -dependen t peaks fo r 
pow der sam ples o f  1 and  shoulders fo r N ujol d ispersed  
sam ples o f  1 below  25 K . T he supp ressed  ac suscep tib ility  
p eak  in the N u jo l-d ispersed  sam ples o f  1 m ay be  a ttribu ted  
to  the h igh  b lock ing  energy due to  freezing  o f  the N ujol oil 
a round  200  K , as observed  in the dc m agnetiza tion . F o r the 
N u jo l-d ispersed  sam ple o f  1, tc, w as dete rm ined  from  co m ­
plex ac suscep tib ility  (Fig. 2),

X = X' + ix" = x s +
Xo + Xs

1 + (ia>Tc)
(1)

th rough  a  C o le-C ole  analysis, w here a  is the d istribu tion  
w idth o f  re laxation  tim es a round  the m edian , and  Xo ar|d  Xs 
are  the iso therm al (w = 0 ) an d  ad iaba tic  ( « —>“ ) su scep tib ili­
ties, respective ly .29 H ere, t c co rresponds to  the frequency  
exh ib iting  the m axim um  o f  ){' at a  fixed tem pera tu re  and  the 
C o le-C o le  analysis a llow s us to ex trac t t c, w hen the fre ­
quency  o f  is c lose  to o r inside the m easu rem en t w indow  
( U < / < 1 0 d 0 0  H z). F o r 1 d ispersed  in N ujol oil, t c in ­
creases w ith decreasing  tem pera tu re  [inset F ig . 2(b)] dem o n ­
strating  the slow ing  dow n o f  the spin dynam ics below  25 K, 
as ex p ec ted  in spin g lasses.30 M oreover, a  is es tim a ted  to  be
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FIG. 2. (Color online) (a) x’ ar)d (b) x" ae susceptibilities for 
frequencies 1 1 < / < 1 0  000 Hz for 1 dispersed in Nujol oil. Inset
(b); temperature dependence of mean spin-relaxation time, t c ,  for 1 .
(c) Cole-Cole plot (x’ vs x") of Nujol-dispersed sample of 1 at 
different temperatures.

around  0 .7 2 -0 .8 5 , tha t is consisten t w ith  p rev ious repo rts  fo r 
sp in  g lasses.31 A pow er-law  fitting o f  the m ean  re laxation  
tim e \ t c*  t 0( T / T,, -  I ) - ’-1'] g ives 12.3 K , su  — 4.5 (in the 
range o f  typical spin g lasses30) and t 0 ~  5 X  10“ '’ s. H ere, t 0 

is m u ch  sm aller than  the typical va lues ( ~ 1 0 “8- 1 0 “ n  s) fo r 
canonical sp in-g lass system s, reflecting  evo lu tion  o f  c luster 
sp in -g lass o rder from  correlated  spins. S im ilar t 0 values 
w ere repo rted  prev iously  fo r c lu s te r sp in-g lass sys tem s.31 
M oreover, because  o f  the observed  reen trance  b ehav io r 
(transition  from  fe rrim agnet to  sp in -g lasslike  state) c luster 
g lass beh av io r is expected  in l . 30-32

U pon optical exc ita tion  o f  1 in  N ujol oil w ith  m ultiline 
U V ligh t (X ~  350 nm ) fo r 60 h  at 10 K , the FC  m ag n etiza­
tion  decreases —2% [F ig. 3(a)], T he observed  change in

m agnetiza tion  is an o rd e r o f  m agn itude  sm aller than  tha t fo r 
AA.Cov[F e(C N )6] - s H 20  (Ref. 5) suggesting  tha t the p h o to in ­
duced  effects occurred  only  in  the restric ted  (d isordered 
and /o r inhom ogeneous) reg ions o f  1. T he F C  m agnetiza tion  
sustains its photo induced  value  fo r a long  tim e ( > 1 0 6 s) 
a fter illum ination . T h is life tim e o f  the pho toexcited  state 
is sim ilar to the p rev iously  repo rted  life tim es in 
AAC o v[F e(C N )6] - s H 20 , 8 and suggests that the system  is 
trapped  in  a m etastab le  state. Partial recovery  from  the 
p ho to induced  state is observed  w hen  the system  is excited  
w ith  m onochrom atic  514  nm  green  ligh t [see Fig. 3(b)], The 
lack  o f  full recovery  up o n  illum ination  w ith  g reen  ligh t 
m ig h t be  due to sm aller penetra tion  dep th  and lim ited  acces­
sib ility  o f  514  nm  ligh t com pared  to  350 nm  light. T he effec t 
o f  514  nm  ligh t is only  observed  w hen  the sam ple is p rev i­
ously U V  irrad ia ted , reflecting  a “h id d en ” pho toexcited  
m etastab le  state induced  by  illum ination  w ith  U V  light. 
S im ilar reversib le  pho to induced  m agnetic  effects are re ­
ported  fo r AAC o v[F e(C N )6] - SH 20 . 8

Full recovery  from  the pho to induced  state to g round  state 
is observed  w ithou t any deg radation  w hen  the system  is 
heated  above 250  K . T herm al ac tiva tion  ( 7 > 2 5 0  K ) allow s 
the system  to relax  back  to its initial state from  the m eta ­
stable state. T he tem pera tu re  and m agnetic  field dependences 
o f  the dc m agnetiza tion  fo r the initial g round  state, ph o to ex ­
cited  state, and fully  recovered  g round  state in the d ispersed  
sam ple are show n in F igs. 3(c) and 3(d).

T he x '(T )  and x"(T) data  a t 3330  H z are d isp layed  in 
F igs. 3(d) and 3(e) fo r the g round  and pho to induced  states o f 
the d ispersed  sam ple. O ptical excita tion  o f  1 w ith  U V  ligh t 
fo r 60 h  substan tially  decreases b o th  x '  and x"  (as m u ch  as 
25%  and 40% , respective ly ) and sh ifts the peak  to  low er 
tem peratures. T he shoulders in the tem pera tu re  dependence  
o f  x '  and x"  a t ~ 2 0 0  K are also  attribu ted  to  an increased  
m agnetic  an iso tropy  due to  freezing  o f  the oil in  w h ich  1 w as 
d ispersed.

T he pho to induced  m agnetism  in m o s t P russian  b lue  ana­
logs such  as AAC o v[F e(C N )6] - s H 20  w as a ttribu ted  to  e lec ­
tron  transfer be tw een  the transition-m etal io n s .10-19-28 H ow ­
ever, th is e lec tron -transfe r m odel canno t exp la in  the 
reversib le  pho to induced  effects in 1, as the total spin value 
rem ains unchanged  w ith in  this m odel after optical excita tion . 
M oreover, pho to induced  effects in  conventional P russian  
b lue  analogs are triggered  by  v isib le  ligh t (4 5 0 -6 5 0  nm ) 
illum ination , w h ich  excites the charge-tran sfer band . In  
contrast, no  change in  the m agnetiza tion  w as observed  fo r 
1 w hen  illum inated  by v isib le  ligh t (A = 488, 514, o r 650 
nm ). T he fac t that the initial pho to induced  effec t is in itiated  
by U V  ligh t suggests that the observed  reversib le  p h o to in ­
duced  m agnetism  is due to  ligand to  m etal charge transfer 
(L M C T ). T h is L M C T  will change the e lec tron  d is tribu tion  
b e tw een  the m etal and ligand, and m ay  re su lt in  structurally  
d isto rted  m etastab le  state in  1. S im ilar L M C T -induced  struc­
tural d is to rtions and pho to induced  m agnetism  w ere p rev i­
ously repo rted  fo r cyanobridged  3d-4 f  he terob im eta llic  
com p lexes.33-34 A nother possib le  exp lana tion  fo r p h o to in ­
duced  m agnetism  m igh t be  local heating  due to U V  ligh t 
rad ia tion , w h ich  a llow s m agnetic  g ra ins to  ro ta te  in  an  ap ­
p lied  m agnetic  field in  the N ujo l. H ow ever, this can  be  ex ­
c luded  since the g ra in  ro ta tion  leads to  an  increase in the
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FIG. 3. (Color online) (a) Dccrcasc in the FC magnetization upon excitation with UV light for 1 dispersed in Nujol oil. Inset: UV-vis 
spectrum of 1. (h) Partial recovery of magnetization upon subsequent illumination with 514 nm light from a photoexcited state, (c) 
Temperature and (d) field dependence of magnetization before illumination, after illumination for 60 h with UV light and after heating the 
sample up to 250 K, for 1 dispersed in Nujol. (c) x' and (ft x" f° r the ground and photoinduced states (UV light excitation for 60 h) for 1 
dispersed in Nujol at 3330 Hz. The light intensity is —12 m W /cm 2 for both illuminations with 350 and 514 nm radiation.

m agnetiza tion . H ere, w e p ropose that the pho to induced  e f­
fects are due to stm ctural d is to rtion  in  ligand-m etal bond 
length  and the sym m etry  o f  the m olecu le  by  L M C T  that 
changes the exchange coupling  and /o r m agnetic  anisotropy.

In  conclusion , w e rep o rt reversib le  pho to induced  m agne­
tiza tion  in  a room -tem pera tu re  m olecu le-based  m agnet (1). 
Illum ination  w ith  U V  ligh t suppresses m agnetization , 
w hereas subsequen t illum ination  w ith  g reen  ligh t partia lly  
recovers the m agnetiza tion . T he effects o f  illum ina tion  are 
m ain tained  up  to  200 K b u t are com plete ly  erased  w hen  the 
sam ple is heated  above 250 K. T h is reversib le  pho to induced

m agnetism  is p roposed  to  o rig inate  from  L M C T -induced 
structural change w hich  alters the exchange coupling  and /or 
m agnetic  an iso tropy  in  1. O ur study suggests the possib ility  
o f  develop ing  new  form s [such  as nanopartic les, L angm uir- 
B lodgett (LB) film s] o f  op tica lly  tunable  room -tem peratu re  
m agne t 1.
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