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EXCITATION PHOTON ENERGY DEPENDENT RELAXATION PROCESSES OF THE 
PHOTOEXCITED STATES I N  WIDE GAP MX-CHAIN COMPLEXES 

Y O S H I K I  WADAa, NOBUYUKI MATSUSHITA, b l ,  and MASAHIRO YAMASHITA') 
a lNat ional  I n s t i t u t e  f o r  Researches i n  Inorganic  Mate r i a l s ,  
Tsukuba 305, Japan. 
b'College of A r t s  and Sciences,  Un ive r s i ty  of Tokyo, Tokyo 153, 
Japan. 
"Graduate School of Human Informatics ,  Nagoya Universi ty ,  Nagoya 
4 6 4 ,  Japan. 

u s t r a c t  Photo-induced abso rp t ion  (PA)  s p e c t r a  of 
[Pt (en) 2] [Pt  (en) z X z ]  (SOz) z .  6H,O ( X = C l  and B r )  have been measured. 
Large e x c i t a t i o n  photon energy dependent changes were found i n  
t h e  f e a t u r e s  of t h e  PA s p e c t r a .  The e x c i t a t i o n  photon energy 
dependences a r e  considered t o  be due t o  t h e  d i f f e r e n c e  between 
t h e  r e l a x a t i o n  processes  of t h e  charge t r a n s f e r  exc i tons  and 
those  of t h e  h ighe r  energy e x c i t e d  s t a t e s .  Several  new PA bands 
have been found. 

I" 

Recently,  t h e  r e l a x a t i o n  p rocesses  of t h e  photoexci ted s t a t e s  i n  
MX-chain complexes have gained considerable  i n t e r e s t  In MX-chain 
complexes a l t e r n a t e  alignments of t h e  metal  ( M = P t ,  Pd, and N i )  and 
halogen ions  ( X = C l ,  B r ,  and I )  form one-dimensional l i n e a r  cha ins .  In  
P t  and Pd complexes, halogen ion d i s t o r t i o n s  from t h e  midpoints of t h e  
neighboring metal  i ons  cause commensurate charge dens i ty  waves (CDWs)  
with pe r iods  of twice t h e  metal-metal d i s t a n c e s  a s  
X--Mz+-X--M4+-X--Mz+-X--M4+, z ' 3  

photo-induced abso rp t ion  (PA) bands have been observed. '-' There a r e  
l a r g e  d i f f e r e n c e s  between t h e  r e l a x a t i o n  processes  of t h e  photoexci ted 
s t a t e s  i n  t h e  MX-chain complexes with narrow CDW band gaps (EcT<2.0eV)  
and those  i n  t h e  MX-chain complexes with wide CDW band gaps 
(Ec.>2.5eV). Here, ECT i s  t h e  peak energy of t h e  charge t r a n s f e r  (CT) 
exc i ton  absorpt ion band.8 
nonrad ia t ive ly  r e l a x  i n t o  t h e  ground s t a t e s .  Polarons and charged 
s o l i t o n s g  a r e  generated from t h e  h ighe r  energy e x c i t e d  s t a t e s . '  
o t h e r  hand, i n  t h e  wide band gap complexes CT-excitons r e l a x  i n t o  
se l f - t r apped  excitons' '  and t h e  l a t t i c e  r e l axed  s t a t e s  which a r e  ob- 
se rved  a s  "A-" and "B-bands" i n  t h e  PA-spectra5. 
s t a t e s  i s  s t i l l  a t  t h e  s t age  of d i scuss ion .  Addit ional  PA-bands have 
a l s o  been observed i n  t h e  wide gap cornplexes.'l'l2 

In  MX-chain complexes va r ious  mid-gap 

I n  t h e  narrow gap complexes CT-excitons a r e  

On t h e  

The o r i g i n  of t h e  

In one-dimensional charge dens i ty  wave (CDW) systems, l a t t i c e  

89 1 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

2:
40

 1
8 

Fe
br

ua
ry

 2
01

3 



892 Y. WADA ET AL. 

r e l a x a t i o n s  occur immediately a f t e r  t h e  generat ion of t h e  photoexci ted 
s t a t e s .  This p r e d i c t s  t h e  e x c i t a t i o n  energy dependence of t h e  relaxa-  
t i o n  processes  of t h e  photoexci ted s t a t e s .  However, l i t t l e  a t t e n t i o n  
has  been pa id  t o  t h e  e x c i t a t i o n  photon energy dependence of t h e  r e l ax -  
a t i o n  processes  of t h e  photoexci ted s t a t e s  i n  t h e  wide gap MX-chain 
complexes. In  o rde r  t o  e l u c i d a t e  t h e  o v e r a l l  f e a t u r e s  of t h e  e x c i t a -  
t i o n  photon energy dependence, PA-spectra of [ P t  (en) , I  [ P t  (en) ,X2] - 
(SO4) 2. 6H,O (X=C1,  B r )  have been measured f o r  s e v e r a l  e x c i t a t i o n  photon 
ene rg ie s .  

EXPERIMENTS 

A high p r e s s u r e  Hg-lamp was used a s  an e x c i t a t i o n  l i g h t  source.  
The l i g h t  was passed through a monochromator o r  a narrow band pass  
f i l t e r ,  and a p o l a r i z e r .  The l i g h t  was chopped (5Hz). T h e  s i n g l e  
c r y s t a l s  which were immersed i n  supe r - f lu id  l i q u i d  helium ( 2 K )  were 
i r r a d i a t e d  by t h e  l i g h t .  Light from t h e  W-lamp was passed through t h e  
c r y s t a l s ,  a p o l a r i z e r ,  and a monochromator. The l i g h t  was de t ec t ed  by 
a photo-mult ipl ier  o r  by a G e  photo-detector .  Both t h e  DC and AC com- 
ponents were recorded. The e x c i t a t i o n  l i g h t  was p o l a r i z e d  p a r a l l e l  t o  
t h e  chain a x i s  except f o r  t h e  e x c i t a t i o n  l i g h t  of 4.89eV. In t h e  
e x c i t a t i o n  s p e c t r a  measurements of t h e  PA-signals and photocurrent ,  
t h e  e x c i t a t i o n  l i g h t  w a s  chopped (1Hz). The AC components were 
recorded. 

RESULTS AND PISCUSSION 

F ig .  1 shows t h e  p o l a r i z e d  PA-spectra of [Pt  (en) 21 [ P t  (en) ,Br,] - 
(SO4) 2. 6H,O 
a x i s  f o r  f i v e  e x c i t a t i o n  photon ene rg ie s .  The PA-spectra a r e  normal- 
i z e d  a g a i n s t  t h e  maximum va lues .  The p o l a r i z e d  component of t h e  
imaginary p a r t  of t h e  d i e l e c t r i c  cons t an t  (E,) f o r  t h e  p o l a r i z a t i o n  
p a r a l l e l  t o  t h e  chain a x i s  i s  a l s o  shown i n  t h e  f i g u r e .  For a l l  
e x c i t a t i o n  photon ene rg ie s ,  t h e  PA-bands a r e  po la r i zed  p a r a l l e l  t o  t h e  
chain a x i s .  The i n t e n s e  broad abso rp t ion  band i n  t h e  E, spectrum i s  
t h e  CT-exciton abso rp t ion  band. In  t h e  PA-spectrum of t h e  e x c i t a t i o n  
photon energy of 2.85 e V ,  A- and B-bands a r e  observed a s  o t h e r  
wide gap MX-chain complexes. H e r e ,  t h e  i n i t i a l  photoexci ted s t a t e s  
a r e  considered t o  be t h e  CT-excitons. Another PA-band i n d i c a t e d  by C 
i s  observed i n  t h e  higher  energy s i d e .  Such PA-bands a r e  a l s o  d e t e c t -  
ed i n  some w i d e  gap MX-chain complexes.11'12 I t  i s  seen, t h e  r e l a t i v e  
i n t e n s i t y  of t h e  C-band i n c r e a s e s  compared t o  those  of t h e  A- and B- 
bands a s  t h e  e x c i t a t i o n  energy i n c r e a s e s .  

In  add i t ion  t o  t h e s e  t h r e e  PA-bands, two new PA-bands i n d i c a t e d  
by D (0.86eV) and E ( 1 . l e V )  have been found i n  t h e  PA-spectra f o r  t h e  
high e x c i t a t i o n  photon ene rg ie s  (Eex=3.71, 3.96 ,  and 4.18eV). These 
two bands a r e  not de t ec t ed  i n  t h e  PA-spectrum f o r  Eex=2.85eV. By the  
high photon energy l i g h t ,  t h e  higher  energy e x c i t e d  s t a t e s  such a s  

(Pt-Br-SO,)  f o r  t h e  p o l a r i z a t i o n  p a r a l l e l  t o  t h e  chain 

(Eex)  
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PHOTOEXCITED STATES IN WIDE GAP MX-CHAIN COMPLEXES 

I .  * -  , . . I  

893 

A B  

EeX=3.96eV 3 
PHOTON ENERGY (eV) 

FIGURE 1 The p o l a r i z e d  PA s p e c t r a  ( s o l i d  l i n e )  and p o l a r i z e d  
components of E, (broken l i n e )  of Pt-Br-SO,. 

FIGURE 2 ( a )  The e x c i t a t i o n  
s p e c t r a  of PA-signals of P t -  
Br-S04 (b) The e x c i t a t i o n  
spectrum of pho tocur ren t  
( s o l i d  l i n e )  and t h e  p o l a r i z e d  
component of E, (broken l i n e )  
of Pt-Br-SO,. 

2K Pt-Br-S04 

c a 
.- 

I .  

I. ! 

F I G U R E  3 The p o l a r i z e d  PA- 
s p e c t r a  of Pt-Br-SO, a t  2K f o r  
t h e  d e t e c t i o n  phase of +=O 
( s o l i d  l i n e )  and $=-7C:/2 
(broken l i n e )  f o r  Eex=3.96eV. 
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894 Y. WADA ET AL 

f r e e  e l e c t r o n  h o l e  p a i r s  are cons ide red  t o  be i n i t i a l l y  gene ra t ed  i n  
a d d i t i o n  t o  t h e  CT-excitons.  These r e s u l t s  show t h a t  t h e  D- and E- 
bands a r e  gene ra t ed  only  from t h e  h i g h e r  energy e x c i t e d  s t a t e s .  The 
e x c i t a t i o n  photon energy  dependence of t h e  D- and E-bands i s  d i f f e r e n t  
from t h a t  of t h e  C-band. 
t h e  C-band is  a l s o  gene ra t ed  from t h e  CT-excitons. 

a t  t h e  peak energy  of t h e  A-band ( s o l i d  l i n e )  and t h e  C-band (broken 
l i n e )  of Pt-Br-S04 a t  2K f o r  t h e  e x c i t a t i o n  l i g h t  p o l a r i z e d  p a r a l l e l  
t o  t h e  cha in  a x i s .  F i g .  2 (b)  shows t h e  e x c i t a t i o n  s p e c t r a  of t h e  
pho tocur ren t  a t  room t empera tu re  f o r  t h e  e x c i t a t i o n  l i g h t  p o l a r i z e d  
p a r a l l e l  t o  t h e  cha in  a x i s  ( s o l i d  l i n e )  and t h e  p o l a r i z e d  components 
of E, a t  2 K  f o r  t h e  p o l a r i z a t i o n  p a r a l l e l  t o  t h e  cha in  a x i s  (broken 
l i n e )  of Pt-Br-S04. 
e f f i c i e n t l y  g e n e r a t e d  by t h e  l i g h t  w i t h  t h e  photon energy  n e a r  t h e  
peak energy  of t h e  CT-exciton a b s o r p t i o n  band. The C-band can be 
gene ra t ed  from t h e  CT-excitons. But it i s  much more e f f i c i e n t l y  
g e n e r a t e d  by t h e  l i g h t  w i th  h i g h e r  energy .  The e x c i t a t i o n  spec t rum of 
t h e  pho tocur ren t  shows t h a t  t h e  charge  c a r r i e r s  are no t  gene ra t ed  from 
t h e  CT-excitons. 

f o r  h i g h e r  Eexs (Eex=3. 7 1 ,  3.96, 4.18eV) , energy  dependent phase s h i f t s  
of t h e  s i g n a l s  have been observed .  F i g .  3 shows t h e  PA-spectrum where 
t h e  phase  of t h e  lock - in  a m p l i f i e r  was tuned  so  t h a t  t h e  PA-signal a t  
t h e  peak energy o f  t h e  A-band becomes t h e  maximum ($=O, s o l i d  l i n e )  
and t h e  PA-spectrum ($=-7c/2, broken l i n e )  d e t e c t e d  a t  t h e  phase  7c/2 
smaller t h a n  t h e  l a s t  one .  Two broad PA-bands are seen  i n  t h e  $=-7c/2 
spectrum a t  about  l . O e V  and 2.0eV ( i n d i c a t e d  by F ) .  The l . O e V  band is  
cons ide red  t o  be i d e n t i c a l  w i th  t h e  E-band. N o  s t r u c t u r e  cor responds  
t o  t h e  C- o r  D-band i s  seen  i n  t h e  spectrum. These r e s u l t s  show t h a t  
t h e  E-bands decays  more s lowly  t h a n  t h e  A-, B-, C-, and D-bands and 
t h a t  t h e r e  i s  a PA-band a t  about  2.0eV which decays  a l s o  more s lowly  
t h a n  t h e  A-, B-, C-, and D-bands and which o v e r l a p s  wi th  t h e s e  PA- 
bands i n  t h e  @=O PA-spectrum. 

A s  s een  i n  t h e  PA-spectrum f o r  Eex=2.85eV, 

F i g .  2 ( a )  shows t h e  e x c i t a t i o n  s p e c t r a  of t h e  PA-signals d e t e c t e d  

I t  i s  seen  i n  t h e  f i g u r e  t h a t  t h e  A-band i s  

In  t h e  lock- in  d e t e c t i o n  of t h e  AC components of t h e  PA-spectra 

The r e s u l t s  a r e  summarized i n  Table  I .  Here l l O 1 l , ' ' ~ ' ' , t ' X ' ' ,  and 
mean "de tec t ed" ,  " d e t e c t e d  bu t  t h e  i n t e n s i t y  i s  weaker t h a n  t h a t  11 - 8 ,  

of t h e  o t h e r  Eex", "not d e t e c t e d " ,  and "not measured", r e s p e c t i v e l y .  
From t h e  e x c i t a t i o n  photon energy  dependences, t h e  PA-bands a r e  d iv id -  
ed  i n t o  t h r e e  groups .  The A- and B-bands are e f f i c i e n t l y  gene ra t ed  
from t h e  CT-excitons. The C-band i s  gene ra t ed  from t h e  CT-excitons. 
But it i s  much more e f f i c i e n t l y  gene ra t ed  from t h e  h i g h e r  energy 
e x c i t e d  s t a t e s .  The D- and E-band a r e  on ly  g e n e r a t e d  from t h e  h i g h e r  
energy  e x c i t e d  s ta tes .  Th i s  is  t h e  same a s  t h e  e x c i t a t i o n  photon 
energy  dependence of t h e  g e n e r a t i o n  of t h e  p h o t o c u r r e n t .  I n  MX-chain 
complexes, t h e  CT-excitons have l a r g e  e l e c t r o n - h o l e  b ind ing  ene rgy ,  l3 

L i t t l e  has  been e l u c i d a t e d  about t h e  h i g h e r  energy  e x c i t e d  s t a t e s  of 
t h e  MX-chain complexes. However, t h e  e l e c t r o n - h o l e  b i d i n g  e n e r g i e s  of 
t h e n  a r e  cons ide red  t o  be much s m a l l e r  t h a n  t h o s e  of t h e  CT-excitons. 
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PHOTOEXCITED STATES IN WIDE GAP MX-CHAIN COMPLEXES 895 

EeX=4.89eV 

TABLE I The e x c i t a t i o n  photon energy dependence of t h e  PA-bands 
a t  2 K  and t h e  photocurrent  a t  room temperature  i n  Pt-Br-SO,. 

PA-band Peak Energy Eex=2. 85eV Eex=3. 96eV Decay 

A 1.59eV 0 A Fas t  

B 1 . 7 7 e V  0 0 Fas t  

C 2.08eV b 0 Fas t  

D 0.86eV X 0 Fas t  

E 1.1 e V  X 0 Slow 

F 2 . 0  e V  0 
Photocurrent X 0 

- Slow 

- 

The e l ec t ron -ho le  binding ene rg ie s  may play an important ro l e  i n  t h e  
r e l a x a t i o n  processes .  

trum a t  room temperature of [Pt (en) 2 ]  [Pt (en) ,C1,] (SO4) ,. 6H,O (Pt-C1-SO,) 
f o r  t h e  p o l a r i z a t i o n  p a r a l l e l  t o  t h e  chain a x i s .  Here, t h e  4.89eV 

F ig .  4 shows t h e  PA-spectra a t  2 K  and p o l a r i z e d  r e f l e c t i o n  spec- 

3 1 . 4  2 Pt-CI-SO4 - _ _ _ _ _ - - - -  

* -  
R.T. . 

Eex=2.85eV 
1 

0 

FIGURE 4 The p o l a r i z e d  PA-spectrum ( s o l i d  l i n e )  and t h e  
po la r i zed  r e f l e c t i o n  spectrum (broken l i n e )  o'f Pt-C1-SO, . 
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896 Y. WADA ET AL. 

e x c i t a t i o n  l i g h t  i s  n o t  p o l a r i z e d .  
and Eex=3.96eV, A- and B-bands a r e  a l s o  seen .  I n  t h e  PA-spectrum for 
Eex=4.89eV, a new a b s o r p t i o n  band i s  observed  i n  t h e  h igh  energy  s i d e .  
Such e x c i t a t i o n  photon dependent change of t h e  PA s p e c t r a  seems t o  be  
q u i t e  s imi la r  t o  t h a t  o f  Pt-Br-SO,. Th i s  seems t o  sugges t  t h e  e x i s t -  
ence  of t h e  common mechanism i n  t h e  r e l a x a t i o n  p r o c e s s e s  of t h e  pho- 
t o e x c i t e d  s t a t e s  i n  t h e  wide gap MX-chain complexes. 

s p e c t r a  f o r  h i g h e r  Eexs .  
t h e  CT-exciton a b s o r p t i o n  band. The i n i t i a l  s ta tes  may be l o c a l i z e d  
CT-excitons.  

I n  summery, Marked e x c i t a t i o n  photon energy  dependent changes of 
t h e  f e a t u r e s  of t h e  PA-spectra have been found i n  Pt-Br-SO, and Pt-C1- 
SO, .  Such e x c i t a t i o n  photon energy  dependent changes are i n t e r p r e t e d  
by t h e  d i f f e r e n c e  between t h e  r e l a x a t i o n  p r o c e s s e s  of t h e  CT-excitons 
and t h o s e  of h i g h e r  energy  e x c i t e d  s ta tes .  

I n  t h e  PA spectra f o r  Eex=3.40eV 

The PA-spectrum f o r  Eex=2.85eV i s  q u i t e  d i f f e r e n t  from t h e  PA- 
The photon energy  cor responds  t o  t h e  t a i l  of 
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