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ABSTRACT 
The electron-vibrational (vibronic)bands of light 

absorption by mixed valence molecular crystals contai- 
ning clusters of transition metal ions in different 
states of oxidation as the structural units of lattice 
are considered. The absorption band shape calculation 
in different phase states is performed in the semiclas- 
sical limit for crystals consisting of trielectronic 
clusters of transition metals of the type o f  d1-d2. 
The band shape differs from the Gaussian and closely 
depends on the double-exchange and Heisenberg-type ex- 
change parameters and on the temperature dependence of  
the average dipole moment playing the role of the or- 
der parameter. 
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638 KLCKISHNER AND TSUKERBLAT 

1.Mixed valence (MV) molecular crystals contain clus- 
ters of same transition ions in different states of 
oxidation as the structural units of lattice. The im- 
portant manifestation of MV is the occurence of so 

called optical charge transfer bands.These bands ap- 
pear upon the electron transfer between the possible 
energetically equivalent localizations. Both the width 
and the maxima positions of these bands depend on the 
vibronic interaction parameter as well as on the ex- 
change parameter . 
stals based on the microscopic is developed 
in The existence of charge ordered states 
was reliably proved in for some types of bi- 
ferrocene crystals. In this article the theory of 
charge transfer bands in charge-ordered MV systems is 
suggested. While describing the electron-vibrational 
absorption spectra in passing the problem of charge 
ordering and phase transitions is decided simultane- 
ously taking into account dipole-dipole interaction 
between clusters and the interaction of ffextrall elect- 
rons with the molecular(loca1ized) vibrations. 
2.The Hamiltonian of the crystal consisting of dimeric 
clusters of the type of dl-d 

1 

The theory of charge ordering in MV molecular cry- 

2 we write in the form: 

where H, is the Hamiltonian of a isolated cluster, 
HeL is the vibronic interaction, the third term in 
Eq. (1 ) describes the dipole-dipole interaction4' 5,and 

n 

finally 
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BANDS OF MIXED VALENCE MOLECULAR CRYSTALS 639 

have 

U*= 
0 

here 

is the n-th cluster vibrational Hamiltonian, a num- 
bers the normal modes. For clusters with an orbitally 
non-degenerate ground state the matrixes H, and d,f n 

the form: 

0 - f 0  0 
U O f O  

Q 4 o o o l  00-I (3  1 

J and P are the parameters of Heisenberg-type 
exchange interaction and transfer (double exchange) 
respectively, do is the dipole moment of the clus- 
t er with the localized llextrall electron. While writing 
matrixes (3 )  use is made of the basis of the locali- 
zed llextralt electron connected with the basis employ- 
ed in Refs4t5 with following relations: 

Let us consider the lzttice poi& interaction with 
the totally symmetric q&*and &)g6 displacements of 
the nearest environment of the each cluster ion. By 

= (a,“. & QC6)/@ 
teraction of the cluster in the form: 

f 

introducing approximately normal coordinates 82- - 
A4 a we write the vibronic in- 

I 
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6 40 KLOKISHNER AND TSUKERBLAT 

where I and are the unit and the Pauli matrix 
correspondingly, @ is the symbol of the direct mat- 
rix product, v+= v+  2 v' , //-= L/- 2 v -  .The 
parameters I/ and Y -  can be .expressed in terms of 
single-electronic matrix elements as follows: 

where h/ is the potential energy of electron-ligands 
interaction, /t2) is the d-function of the single- 
electronic centre, / is the same for the two-elec- 
tronic centre. In accordance with (4) the interaction 
with the totally symmetric cluster vibration QA can 
be excluded by the shift transformation. The Qa' 
vibration in the isolated cluster mixes the exchange- 
resonance multiplets with different parity belonging 
to the same cluster spin 8 
pseudo-Jahn-Teller effect. 
3. We shall consider the vibrations as localized and 
neglect the interaction of clusters via the phonon 
field. Using tne molecular field approximation for 
the Hamiltonian ( 1 )  one can get the adiabatic poten- 
tials for the states characterized by the total spin 

7;t 

A 39,- 

This leads to the 

S :  
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BANDS OF MIXED VALENCE MOLECULAR C R Y S T A L S  641 

g = j ,  (6) 
where f l ~ v - .  The e s s e n t i a l  p e c u l i a r i t y  of t h e  pro- 
blem under cons idera t ion  i s  t h e  a d i a b a t i c  p o t e n t i a l  
dependence on t h e  order  parameter d i n  t h e  space 
of  t h e  antisymmetric coordinate  . The thermal 
average of the d ipole  moment of c r y s t a l  per  one cry- 
s ta l  c e l l  (one c l u s t e r )  plays t h e  r o l e  of the  order  
parameter. I n  the  charge-ordered s t a t e  t h e  migra t ing  
e l e c t r o n  i s  a f f e c t e d  by the molecular f i e l d  - Ld-. 
I n  t h e  case of $7 d > / P / t h e  lower a d i a b a t i c  poten- 
t i a l  s h e e t s  have the  minima a t  t h e  p o i n t s  

- 

Zr/a ( 7 )  ry .t 
(-> 

The a d i a b a t i c  energy a t  p o i n t s  q,,2 takeSon t h e  
next  approximate va lues :  

u2 
K/2 ( % 2 d  =<z D - m  (8 1 

I n  s o  doing one of t h e  a d i a b a t i c  p o t e n t i a l  minima 
corresponding t o  t h e  t 'extral t  e l e c t r o n  l o c a l i z a t i o n  
along the  mean f i e l d  d i r e c t i o n  occurs deeper (Yig- la ) .  
With temperature increase  the  molecular f i e l d  decrea- 
s e s ,  the  a d i a b a t i c  p o t e n t i a l  minima f l a t t e n ,  and f i -  
n a l l y  a t  t h e  phase t r a n s i t i o n  point  t h e  minima become 
e n e r g e t i c a l l y  equivalent.  I n  t h e  opposi te  case 
v2/ d < / P /  t h e  lower a d i a b a t i c  p o t e n t i a l  s h e e t s  
have only one minimum. 
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6 4 2  KLOKISHNER AND TSUKERBLAT 

I n  the  case of f e r r o e l e c t r i c  type of order ing  f o r  t h e  
order  parameter we g e t  t h e  equat ion (.'% J43 = r ) :  

The equation (10) i s  obtained i n  the  semic lass ica l  
approximation' ,wherein t h e  a d i a b a t i c  p o t e n t i a l  repre-  
s e n t s  t h e  t o t a l  energy. I n  Eq.(lO) SpL means t h e  in-  
t e g r a t i o n  over t h e  v i b r a t i o n a l  coordinates.  This in-  
t e g r a l  can be evaluated only i n  some l i m i t i n g  cases. 
The system behaviour is  determined by f o u r  dimension- 
l e s s  p a r a m e t e r s t P I / L d z ,  J A P ~  s r ~ r / / ~  , ~ o I / P / .  
Expanding the  right s i d e  of Eq.(lO) i n  a s e r i e s  i n  de- 
g r e e s  o f  2 we g e t  t h e  equat ion f o r  t h e  phase t r a n s i -  
t i o n  temperature Tc . This equat ion is not l i s t e d  
here.Providedthat ' J i o ,  1 J1 > I  pi , IP/ /2Ld;-2f l$o/Pl ( j  
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BANDS O F  MIXED VALENCE MOLECULAR CRYSTALS 6 4 3  

a C 

Eig.l.Temperature dependence of the adiabatic poten- 
tials in the mean field approximation in the 
case lCl /Ld = 3 , 2 ,  P I L L / $  
a)T/Tc=0,3;b)T/T,=0,3;c)T/Tc=1. 

= 0 , 2 ,  IP l / d  =I. 

one can get f o r  the phase transition temperature the 
approximate expression 

3 I P /  

It is seen from E q . ( l l )  that in this limiting case the 
electron-phonon interaction rises the phase transiti- 
on temperature.In the case of ferromagnetic intraclu- 
ster exchange the phase transition temperature is al- 
s o  determined by formula (11) wherein it is necessary 
to replace/P//2 by 1 In the case of strong 
electron-phonon interaction fl ‘ / m  / P/ > f the order 
parameter equation transforms to: 
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6 44 KLOKISHNER AND TSUKERBLAT 

Here the phase transition temperature is determined 
by tpe next relation T = Ld:. 
4.The semiclassical approximation is used also for 
calculation of absorption band shapes.In the dipole 
approximation only the transitions between the adia- 
batic potential sheets corresponding the same spin 
multiplet are allowed. Since the transition is accom- 
panied by the electron transfer the so called charge 
transfer bands (or intervalence transition bands ) 
correspond to the transitions above mentioned. The 
absorption band shape is determined by the relation 

C 

1 

whereL-Z 
integration in Eq. (13)  we get : 

is the statistical sum. Carrying out the 

= (a2 -p2)7'2 In the case of &?*2/P/  for 
5=3/2 and P }  for s = f /2 the charge transfer 
band extrema are determined from the transcendental 
e qua t ion : 
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B A N U S  OF M I X E D  V A L E N C E  M O L E C U L A R  C R Y S T A L S  645 

L 

(15 )  
the absorption 

2 TU* 
In the frequency range&!* 
band has one maximum at the point 

( 1 6 )  
Prom Eq. (16) it is seen that the band maximum disap- 
pears and the absorption intensity monotonically de- 
creases when (uZd-’-+ D) 
5 In the case of relatively strong interaction /p / /d=f  

the intervalence 
transition bands for the spin multiplet s = 3 / 2  are 
presented in Fig.2. For these parameter values the or- 
der parameter temperature dependence was numerically 
found and with help of formula (14 )  the shape of opti- 
cal curve was calculated (Pig.2). At low temperature 
T/Tc=0,3 the optical curve has a pronounced maximum 
in the range 52 “26c3 . It is seen from Fig. la that 
the position of this maximum is close to the energy of 
the Franck-Condon transition to the upper adiabatic 
potential sheet. In so doing the adiabatic potential 
maximum corresponding to the unprofitable electron lo- 
calization is not populated and does not contribute in 
absorption. The band peculiarity on the left edge is 
stipulated by the transitions in the region of strong 
non-adiabatic term’s mixing. At low temperatures the 
relative intensity of this spectra range is small.The 
divergence in the expression for the band form-func- 
tion results from the classical consideration of the 
nuclei motion. With temperature increase the band ma- 

,< &Tfl*&-! 

/$ ‘ I /C3 = 3 . 2 ,  IP I /L&= 0.2 
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646 K L O K I S H N E R  AND T S U K E R B L A T  

1 
0 10 20 30 40 R / a  

Fig.2.Temperature dependence of charge transfer 
band-sha e Fa cn) in the case 1 f l //Lil =3,2; 

1 . T/T,= 0,3 ; 2. T/T c= 0,4 ; 3 .  T /Tc=O, 5 ; 4. T /T c= 0,6 ; 
5.T/Tc=1. 

lPl,/Ld? =o,!!; lPl/c3 = I .  

ximum intensity decreases and the maximum position 
shifts to the range of low energies due to the fact 
that with temperature increase the decrease of the 
molecular field leads to the flattening of the adia- 
batic potential minima and reduces the Pranck-Condon 
transition energy from the deep minimum. Finally,at 
sufficiently high temperature the main maximum vani- 
shea and the peak at the left edge is the most inten- 
sive. In the disordered state in the case of suffici- 
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BANDS OF MIXED VALENCE MOLECULAR CRYSTALS 647 

ently strong vibronic coupling the Eranck-Condon 
transitions are forbidden as the dipole moment opera- 
tor does not mix the states with different localiza- 

It should be noted that the semiclassical appro- 
ximation' describes the principal broad maximum suff i- 
ciently well. At the same time the semiclassical appro- 
ximation is the unfavourable for the describing of 
the left band edge which corresponds to the transiti- 
ons of the range of strong non-adiabatic term's mixing. 
The results obtained evidence about the pronounced ma- 
nifestations of charge ordering and phase transitions 
in MV molecular crystals. 
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