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DYNAMICS AND OPTICAL ABSORPTION OF ELECTRONIC 
EXCITATIONS UNDER THE INFLUENCE OF COLOURED NOISE 

P. REINEKER, B. KAISER, V.KRAUS, CH. WARNS 
Abteilung Theoretische Physik, Universitat Ulm, Albert-Einstein- Allee 11, 
7900 Ulm, F.R.Germany 
A.M. JAYANNAVAR 
Institute of Physics, Sachivalaya Marg, Bhubaneswar-751005, India 

Abstract For a model dimer the influence of vibrational degrees of free- 
dom on electronic excitations is described by a dichotomic Markov process 
with coloured noise. Within this model the energy transport between the two 
units of the dimer, especially the transition between coherent and incoherent 
motion is discussed. Furthermore the optical absorption line shape is evalua- 
ted for various values of the model parameters. 

INTRODUCTION 

The interaction between electronic and vibrational degrees of freedom is a problem 
of widespread interest, because on the one hand it is of importance in various fields 
of molecular and condensed matter physics when e.g. transport or spectroscopic pro- 
perties of these materials are described, on the other hand the Hamiltonian operator 
is to some extent generic for the description of the nontrivial interaction between two 
kinds of degrees of freedom and therefore of general interest in theoretical physics. 
A general solution for this problem has not yet been achieved, and therefore various 
approximation schemes have been used. 

One approximation, which has been used when describing the influence of 

phonons on exciton dynamics in the Haken-Strobl-Reineker 1-3 approach, consists 
in replacing the vibrational degrees of freedom by a stochastic process, giving rise 
to modulation of the parameters (energy, transfer matrix element) of the excitonic 
system. In Ref. 1-3 the fluctuations were assumed to be described by a &correlated, 
Gaussian Markov process with vanishing mean value, which implies the occurrence 
of phonon induced fluctuations with arbitrary high frequencies. 

With decreasing temperature however, the high frequency phonons vanish and 
thus the decay of the correlation function is slowed down. To get insight into this 
situation we have described the influence of the phonons by a stochastic process 
with exponentially decaying correlation function and applied this description to two 
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model situations : transport of electronic excitation energy in a dimer and optical 
absorption in a dimer. 

The calculations should be of relevance for guest dimers in molecular crystals, 
such as naphthalene and anthracene, to the energy transport between chromophores 
in polymers, and to the energy transfer in photosynthetic systems. 

MODEL HAMILTONIAN 

The Hamiltonian of our model is given by : 

H ( t )  = H o t  H l ( t )  

n n 

Here a: (a,) are creation (annihilation) operators for an electronic excitation 
at site n t  {1,2], J is the transfer matrix element between the molecules and h,(t) 
describes energy fluctuations at site n (dichotomic Markov process with vanishing 
mean value (h,(t))  = 0). The two-time correlation function is given by : 

and higher order correlation function are given by : 

tl > tz > . . .  > tn  . 

EXC IT 0 N TRANS P 0 RT 

The transport of electronic excitation energy may conveniently be described in terms 
of the density operator. Its equation of motion is given by : 

where the angular brackets denote averaging over the stochastic process. For the 
stochastic processes of our model this average may be evaluated using a theorem of 

Shapiro and Loginov5 : 

(6) 
d d 
- (h( t )  dt 4t[Y) = (h(2) ,dt[hl) - (h ( t )  4,") . 

In Eq. (6) is an arbitrary functional of the stochastic process h( t )  . In the 
case of our model (dimer, dichotomic fluctuations of the local excitation energies) 
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EXCITONS UNDER THE INFLUENCE OF COLOURED NOISE [545]/21 

we end up at  a set of 16 coupled linear differential equations for various correlation 

functions of the density operator, which may be written in the following way : 

i = L p .  (7)  

p is a 16-dimensional column vector summarizing correlation functions of the density 
operator mentioned above and L is a 16 x 16 non-hermitian matrix (for details see 

Ref. 6). 
Using the ansatz p ( t )  = eRtp the set of differential equations is transformed to 

a 16-dimensional non-hermitean eigenvalue problem R;p; = Lpi, where p; are are the 
eigenvectors and R, = -7i+iw; the generally complex eigenvalues. The general solu- 
tion is then given by a superposition of the eigensolutions p ( t )  = x:zl c,p;ezp(l$t); 

the coefficients c, are determined from the initial conditions. A detailed discussion 

of numerical solutions with the excitation being initially localized at one site and 

for various values of the parameters A, A, and J is given in Ref. 6 .  
Recently we have succeeded in getting analytical expressions for the eigen- 

solutions using the symbolic computation program MAPLE '. The consideration 
of the eigenvectors shows that only 4 of the 16 eigensolutions determine the exci- 
ton transport. Depending on whether these eigenvalues are complex or purely real 

the exciton occupation probabilities at  the two sites show damped oscillations or 

a purely exponential behaviour. In the first case the exciton motion is denoted as 

coherent. in the second as incoherent. 

1 - 
1 

A, 
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FIGURE 1 
(The dashed line corresponds to the transition between coherent 
and incoherent motion in the limit of white noise). 

Number of complex eigenvalues in the A12 - A;' plane. 
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In Fig. 1 we show in a I /X,  versus l/AZ diagram (A, = X / 2 J ,  A, = A / 2 J )  
the areas where 4 eigenvalues are complex, where two of them are complex and 
two purely real, and where all of them are real (none complex). The dashed line 
describes in the limit A, + 00, A, + 00, A:/A, finite the transition between co- 

herent and incoherent motion in the Haken-Strobl model (white noise). In contrast 
to the latter model our extension to the case of coloured noise shows a n  additional 
range of coherent motion for A, --t 0 which describes the case of frozen fluctuations. 

OPTICAL ABSORPTION 

In our dimer model optical absorption* may easily be considered by explicitly in- 

cluding the ground state of the system. From linear response theory the line shape 
is given by 

I(w) = Re irn dt e'"'(p(t) p ( 0 ) )  (8) 

where in terms of creation and annihilation operators the dipole moment operator 
is p = En p,(aA + a,). Assuming that the dipole moment p, is the same for all 

molecules we have 

~ ( w )  = d t  eiW* x(Umn(t)) . 
mn 

The averaged time-development operator (Urn,( t ) )  is defined by 

(9) 

where the double brackets denote quantum and stochastic average. The optical line 
shape is calculated via the equations of motion for correlation functions and their 

Laplace transforms : 

Z(w) = p2 ReS(w) (11) 

where S(w)  is obtained numerically from the following continued fraction : 

-l  -1 -1 
i (W - J )  + A2 [ i ~  + X t J 2  [iw + X + A2[i (w - J )  + 2X]-'] ] ] . 

( 1 2 )  

The line shape for J = A' = 1 and various values of X is given in Figure 2.  For small 
values of X the line positions are essentially determined by the time independent 

part of the Hamiltonian and describe an inhomogeneous broadening because of the 
various realizations of the stochastic process. The width of a single peak is given 
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by the inverse lifetime of the realization which is determined by the switching rate 
of the stochastic process. With increasing values of X the lines broaden, merge and 
are finaly motionally narrowed. 

The model thus shows a transition between static and dynamic disorder which 
results in a transition from inhomogeneously to homogeneously broadened line shapes. 
The question of whether there is a connection between the transition from coherent 
to incoherent motion and the optical linewidth is at present under investigation ’. 
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FIGURE 2 
fluctuations for 0.1 5 X 5 2.0 ( J  = A2 = 1)  

Optical line shapes of dimers under the influence of site energy 
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