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NONLOCAL OPTICAL RESPONSE OF MESOS(:OPIC AGGREGATES 
OF POLYMERS 

KOICHIRO MUKAI, SHUJI ABE 
Elextrotechnicd Laboratory, 1- 1-4 Umezono, Tsukuba, Ibaaki,  305, .Ja,p.ii 

Linear absorption of nanometer scale aggregates of polyiners are studied 
using the nonlocd response theory. Besides the main peak around the 
exciton levels, additional peaks appears due to the interaction with radiation 
field, and their size dependence is discussed. 

Keywords: nonlocal response theory; conjugated polymers; iianoirirtrr wale 

INTRODUCTION 

In the study of spectroscopy of nanc+meter scak structures, spwitll c t w  is 
needed bacause of the following factors. 

I)The existance of surface: in a rianumeter scale structure, the surface 
effect would be more important compared to the bulk. 

2)Coherence: the sinall (nancrmeter scale) system keeps c:ohrrrnc:r of 
wave functions through it. 

3)Confinement: the quantum states take discrete levels. 
Moreover, in molecular aggregates, the interaction between matter aiid 

radiation field is very large. So we caluclated the linear absorption spectra 
of molecular aggregates of nanumeter scde using the non1oc:al Icspoiise 

theory [ 1],[2],[3], which takes into ar:count the non1oc:ality of the respoiisr 
function. 

In the following sections, we show caluculations of linear a.bsorption 
spectra of slab aggregates and of cylindrical aggregates, and the usefiilne.is 
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210 K. MUKAI AND S. ABE 

of the norilocal response theory is demonstrated. 

NONLOCAL RESPONSE THEORY 

In a masoscopic systein the coherence of the wave functions is spred 
over the system. In this case, the conventional expression for the electric 
polarization, 

JYr, w) = x(w)E(r, w). (1) 

is not correct. The polarization is affected by electric fields from all 
parts of the system so that P(r,w) is expressed nonlocally as 

P(r,w) = 1 x(l)(r, r’,u)B(r/,u)dr’. 

<Olp(r) lX ><OlP(r‘)lX > + <OlP(@)lX >< Olp(r ) lX >] 

( 9 )  

The polalizability x is expressed as 

p (  T,  f l ,  w) = C[ 
A E A - t w - i Y  EX + liw + i7 

(3) 
where X denotes a quantum state of the system. 

On the other hand, the electric field E(r,w) is determined by polar- 
ization P(r,w) through the Maxwell equations. So E and P have to 
be solved self-consistently. These equations (the Maxwell equations and 
eq.(2)) can be rewritten as linear simultaneous equations, which can be 
easily solved[ 1],[2],[3]. 

Assuming an incident plane wave Ei , we can calculate reflecting aiid 
transmitting waves in the case of a slab, and scattered waves in the case. of a. 

cylinder, by using the Maxwell boundary condition. The linear absorption 
is expressed as the difference between the energies of electroinagnetic fields 
flowing into the systein and going out of the system. 

RESULTS 

By using the noiilocal theory described above, we calculated the liiirar u b  

sorption of slabs and cylinders of various sizes (slab thicknrss L, or cylintlrr 
diameter D) .  Each systein consists of H. regular array of iiin1tic:al 11i01~~:ul t~~.  
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NONLOCAL OPTICAL RESPONSE THEORY 

incident photon energy/ E 0 

incident photon energy I E,, 

21 I 

Figure 1: 
der(be1ow). x denotes the exciton energies 

linear absorption spectra of the slab(above) and the cyliii- 

We use the following parameters. The distance Lo between djmmt 
molecules is 4A. The molecule has 400A length, electronic tr' msitioii en- 

ergy 5 = 2eV and transition dipole inoirieilt p = loA parallel to its I O U ~  

axis. The interaction between molecules is cxprssd by the extended dipole 
inodd[4][6], and the Frenkel type excitoii is considered. The dainpiug (:OH- 
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212 K. MUKAI AND S. ABE 

stant y introduced in eq.(3) is the non-radiative decay rate of each exciton 
state. Other than this, radiative damping appears after solving the Maxwell 
equations and eq. (2). These damping mechanisms determine the absorption 
spectra calculated in the present paper. I n  the following y = Eo x lovz 
is assumed except in Fig.3 where the non-radiative decay rate y is: very 
small(E0 x 10-lo) and the radiative damping is dominant. 

For simplicity, the incident field is assumed to be parallel to the dipole. 
So the field is modulated only in the direction perpendicular to the molecu1a.r 
long axis. 

Figure 1 shows linear absorption of-slab aggregates and cylindrical ag- 
gregates for various sizes. 

The peak around EO is due to absorption to exciton states. At the 
low energy side, we see other peaks ( L I ,  L2) with strong size dependence. 
The polalization of the system a t  L1 has one node inside the slab or the 
cylinder, corresponding to the wavefunction of the exciton of the second 
highest energy. 

The size dependence of the peak energy is compared with the bulk polari- 
ton energy in Fig.2. For each system size, the energy of the bulk polariton 
with the wave length which equals to the system size and the energy of the 
bulk polariton with the wave length half of which equals to the system size 
are plotted in addition to the energies of peak L1, Lz .  The L1 and LZ peak 
positions coincide with the energy of the lower branch of the bulk polaritoil 
with the wave length half of which equals to the system size, the energy of 
the lower branch of the bulk polariton with the wave length which quals 
to the system size, respectively. 

There is another peak ( [ I )  at the high energy side whose polarizatioii 
has no node, corresponding to the wave function of the exciton with highest 
energy. The size dependence of this peak position does not reflect thtit of  
the bulk polariton very much (Fig.2). 

Figure 3 shows radiative line width of each peak where the non-ra.cliatiw 
decay rate is set sinall (y = & x lo-'") to reveal the radiative widths. Wlic5ti  

the systeiri size is less than about 100, the width of the peak l I  incrrasrs 
linearly with the size, whereas other peaks have little width. For Iii.i.gi:r 

systems it becomes decreasiiig aiid other peaks htive c:oinptirtiblr wklllis. 
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NONLOCAL OPTICAL RESPONSE THEORY 213 

Figure 2: energies of peaks and bulk polariton as a function of system size 

Figure 3: Size dependence of peak widths ( h i i l f  width at  htilf in i i s i i t i a in )  
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214 K. MUKAI AND S. ABE 

DISCUSSION 

To understand the nature of the peaks L I ,  and U we refer the work of 
F'uchs el al. [5] where the optical mode8 of vibration in s1a.b of ionic c:rystci.l 
is studied. They showed the existance of decaying modes which carry eiierg3; 
out of the slab. These modes are called virtual modes in the radiative region 
and shown to be related to the absorption. The absorption peaks calculated 
in present paper correspoiids to these virtual mode.. . 

The large width of U shows its enhanced spontaneous emission, which 
arises from the strong coupling with fields. In this mode, interaction with 
outside fields through the surface seem crucial. This makes the energy r;f 
U much different from that of the bulk polariton. 

On the other hand, the energies of L1, L? reflect bulk polariton energy, 
as mentioned above. This implies that the modes interact with the field 
inside the system and the existance of the surface is not very important for 
these states. 

The existance of the additional peaks IJ, L1, Lp and their size depen- 
dence are obtained in system smaller than the wave length of light. In these 
systems the polarization and fields are varying in smaller length scale  than 
the wavelength of the incident field, and the results cannot be elucidated 
by neither a long-wave approximation nor a loc'al response theory. 
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