
Temperature dependence of excitonic line shapes of disordered solids

This article has been downloaded from IOPscience. Please scroll down to see the full text article.

1991 J. Phys.: Condens. Matter 3 5125

(http://iopscience.iop.org/0953-8984/3/27/005)

Download details:

IP Address: 171.66.16.96

The article was downloaded on 10/05/2010 at 23:26

Please note that terms and conditions apply.

View the table of contents for this issue, or go to the journal homepage for more

Home Search Collections Journals About Contact us My IOPscience

http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0953-8984/3/27
http://iopscience.iop.org/0953-8984
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience


J. Phys.: Condens. Malter 3 (1991) SlZ.SS130. Printed in the UK 

Temperature dependence of excitonic line shapes of 
disordered solids 
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Abteilung f i r  Theoretische Physik, Universil.51 Ulm. Aibert-Einstein-Allee 11, 7900 Ulm, 
Federal Republic of Germany 

Received 22 FebNaIy 1991 

Abstract. The influence of weak exciton-phonon inleraction in lhe presence of static 
disorder on the optical absorption line shape of Frenkel excitons has been investigated. 
It is shown lhat the presence of slatic disorder modilia the low temperature dependence 
of the acitonic linewidth from exponential to p e r  law as a consequence of brealdng 
the momenlum conservalion in disordered solids. 

1. Introduction 

Recently, many investigations considered the influence of static and dynamic disorder 
on optical absorption spectra of Frenkel excitons in molecular solids (see e.g. Ueta 
ef a1 (1986), Port ef a1 (1987) for further references). The theoretical study of the 
role of dynamic disorder was performed both for excitons interacting with a phonon 
bath (?byozawa (1958); see also references in Winkler and Reineker (1987)) and for 
a stochastic modelling of the influence of the phonons by external noise (Haken and 
Strobl (1973), Haken and Reineker (1972); see also Reineker (1982) for additional 
references). The influence of static disorder (caused by impurities, defects or random 
site energies in mixed crystals) was investigated by means of both approximate analyt- 
ical approaches, e.g. coherent potential approximation (CPA) (Velicky et a1 1968, Sumi 
1977, Klafter and Jortner 1978, Boukahil and Huber 1990) and numerical calculations 
(Schreiber and 'byozawa 1982, Huber and Cheng 1988). Very recently the optical ab- 
sorption in a disordered one-dimensional excitonic solid in the presence of stochastic 
white noise has been studied numerically (Kohler et a1 1989). However, the stochas- 
tic description does not allow one to consider temperature dependences because it 
corresponds formally to the case of infinite bath temperature, see e.g. Lindenberg 
and West (1983). In this paper we are interested in the temperature dependence of 
excitonic spectra caused by phonon induced dynamical disorder in the presence of a 
static disorder. Such a situation was considered in several studies (see e.g. Burland et 
a1 (1977), Port et al (1987), and references therein) both from the experimental and 
theoretical viewpoints. Usually it is assumed that static and dynamic disorder give 
additive contributions to the optical liewidth, the high temperature linewidth being 
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determined by phonons and the low temperature one by static disorder. The tem- 
perature dependent part of the linewidth at T < T, (T, is the Debye temperature) 
decays exponentially with decreasing T for single-phonon processes and is propor- 
tional to (T/T0)7 for two-phonon processes (Port ef a1 1979). The reason for such a 
drastic decrease of the single-phonon contribution at low temperatures is connected 
with momentum consenation and with the exponential decrease of the number of 
acoustic phonons with large momenta (and energy). However, in disordered solids 
exact momentum conservation no longer holds and phonons with all momenta con- 
tribute to the optical absorption linewidth. As a consequence, one should expect a 
modified low temperature behaviour of the excitonic hewidth. This behaviour is just 
the subject of this work. 

P Reineker and VI Yudson 

2. Model Hamiltonian 

Consider a molecular crystal with the Hamiltonian H = H ,  + Hpb + 
the exciton Hamiltonian 

where 

H, = c E k a : a k  + x v , a $ z ,  (1) 
k n 

the phonon Hamiltonian 

and the Hamiltonian of exciton-phonon interaction 

have the usual form. In these formulae N is the total number of lattice sites, a, (ak) 
are the exciton operators in site (momentum) representation, bk is the phonon oper- 
ator; E,, and w,, are the exciton and phonon energies in the ordered crystal, and v, 
are random site energies describing the static disorder. 

A convenient tool for the description of kinetic problems is the Keldysh formalism 
(Keldysh 1964). which allows a systematic diagrammatic treatment. Here we restrict 
ourselves to the case of a weak external electromagnetic field. Considering the linear 
response problem we deal only with Keldysh single-particle Green’s functions defined 
over the excitonic vacuum. In this case the non-diagonal component of the Keldysh 
excitonic Green’s matrix function G,, vanishes and one has a closed formalism in 
terms of the diagonal component GI, (both arguments lying on the upper part of 
the Keldysh contour) coinciding in the case considered with the retarded excitonic 
Green’s function 

G(n,C m,f )  = -io@ -f’)(([a,,(f),&(f’)])) (4) 

where (( ...)) means thermal averaging over the crystal states in the absence of excitons. 
A second ingredient of the formalism is the causal phonon Green’s function 
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where $,(I) = b,(r)+bf,(r) . For the usual interaction Hamiltonian of excitons with 
a plane electromagnetic wave &expi(q . n -ut) + cc 

(.U is the transition dipole moment) we have the following expression for the optical 
absorption spectrum (up to a normalization factor): 

.(U) = -1m C ( w ,  q = 0). (7) 

Here C(w,q)  is the frequency and momentum transform of the excitonic Green's 
function (4) averaged over random realizations of the static disorder; the frequency 
w is counted from the bottom of the free exciton band; the light wave vector q will 
be neglected below. 

3. Evaluation of excitonic self-energy 

We restrict ourselves to the case of weak exciton-phonon interaction, assuming the 
following inequality between the inverse scattering times for excitons scattered by 
phonons and by static disorder: l/rph < l/r < E ; E is the exciton bandwidth. 
In the lowest (Born) approximation m Hm+ we have the Dyson equation for the 
non-averaged excitonic Green's function G. 

G = G + G&-ph[G]G. (8) 

Here G is the excitonic Green's function (non-averaged) for the disordered crystal in 
the absence of exciton-phonon interaction, and the selfenergy C,-,[a is given by 

x D(')(k,w')G(n,n';w -U'). (9) 

In this equation D(')(k,w) is the reduced phonon Green's function (equation (5)) of 
zero order defined by D(')(k,k';w) = D(")(k,w)6,,-,, . Explicitly, it is given by 

where nk = [exp(w,/T) - 11-' is the equilibrium number of phonons in the kth 
mode. 

We are interested in the excitonic Green's function averaged over the random site 
energies v,,. In the absence of the exciton-phonon interaction the disorder averaged 
excitonic Green function could be represented in the form: 

- 1 
w - €, -U(.) 

G(k, w )  = 



5128 P Reineker and VI Yudson 
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(0) (b) 

F@m 1. me contribulion to the excitonic seli-energy given by a weak aciton-phonon 
interaction in a disordered medium (a) neglecting and @) including disorder-induced 
comtions to exciton-phonon interaction vertices and higher order diagrams with crossing 
disorder lines. Stmight and wmy lines represent, rapectively, the excitonic Green’s 
functions averaged wer disorder and phonon Green‘s fuctions; dashed lines correspond 
to the “elation function of static disorder. 

which differs from that for the ordered nystal @O)(k, w )  = (U - ck +io)-’ by the 
complex self-energy u(w).  We neglect a possible dependence of U on the momentum 
which holds in the case of a weak disorder and also is the result of CPA treatments. Tb 
determine approximately the self-energy C of the disorder-averaged excitonic Green’s 
function in the presence of the exciton-phonon interaction one could neglect the 
difference between E,- h[g and Cm-ph[G], which means taking into a m u n t  the 
diagram shown in figure !(a) and neglecting diagrams like those shown in figure l(b), 
i.e. non-singular corrections to the interaction vertex and higher order diagrams with 
crossing disorder lines. In this approximation we have 

c = U  + Ca-phg71. (12) 

Here the first term is the disorder-induced part of the self-energy from (11) and 
could be found in a self-consistent way, e.g. by means of CPA In the latter case it is 
determined from the equation (Velicky el a1 1968) 

The second term in (12), being small in comparison with the first one is, however, 
important because only this term determines temperature dependence of C . The 
optical absorption spectrum (equation (7)) has the form 

Im C(w) 
[w - Re C(w)lZ + [Im C(w)lZ ’ 

n(w)  = - 

Thus the excitonic linewidth r is given by I‘ = -1m E(u,) , where wu describes a shift 
of the absorption line and is determined by the following equation: 

0 = U, - Re C(U,) w wo - Re U(.”). (15) 

Tb extract the temperature dependent part of the linewidth we consider the temper- 
ature derivative of Im C(w) and obtain from equations (9) to (12) 
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4. Low temperature dependence of excitonic linewidth 

The formulae ( l l ) ,  (13), (14), (16) describe the temperature dependence of the whole 
excitonic absorption spectrum. For low temperatures an analytical expression can be 
obtained for the width of the excitonic absorption peak at w,, (equation(l5)). Due to 
the presence of the factor ank/aT only acoustic phonons with frequencies wk 6 T 
give significant contribution to (17). Expanding u(w jI w C )  at the vicinity of w M w,, 
we have 

where 6, -1m u(w0). Consider now the region 
T *: 1/r which is absent for ordered crystals (elastic scattering rate 1/r = 0 ) and 
therefore is of particular interest in the disordered case. Assuming also T < Tu = 
Ti/& we could neglect in the denominators of equation (17) both quantities ck and 
Gk as compared to 117: 

[l - a Re u(w,,)/awJw,, 1/2r 

lhking it that for small values of k, wk - kP ( p  # 0 ) and Ig(k)lt - k" we have, 
from equation (18), ar/aT - T(3+y-")/p. In the important case of excitons in- 
teracting with long wavelength acoustic phonons, we have wk = sk and (Toyozawa 
1958) Igkl = CJ(k/Ms), where C is a deformation energy, M is the molecular mass 
and s is a sound velocity. Integrating equation (18) we get the expression for the 
temperature dependent part 6r(T)  of the linewidth r(T) = To + 6r(T)  (where rU is 
the zero-temperature hewidth caused both by static disorder and zero-point lattice 
fluctuations) in the temperature region T 5 1/2r: 

4r4 CZrT4 6r(T) = -- 
5 MszTA' 

We stress once more that for ordered crystals (1/r = 0) expression (19) has no 
range of applicability. In this case the value of 6r(T) in the Born approximation 
considered would be exponentially small. Indeed, as is seen from equation (17), the 
only contribution to 6r(T) is given by the k-region, where ck = wkr which means 
that z k ,  wk - Tg/B Tu, and therefore 6r(T) - exp(-T/T,). Using (19) to 
estimate the value of 6r(T) in the disordered case we take C - Msz - T, - 3 x 102 
K, 7-l  - 12 K Note that 
the maximum value of 6r(T) (equation (19)) in the temperature range considered, 
T 5 1/27., decays rapidly (- l/r3) with decreasing static disorder. 

s)-l - 60 K At T = 30 K we get 6r(T) 

5. Conclusion 

It has been shown that the presence of static disorder modifies the contribution of the 
exciton-phonon interaction in the optical absorption linewidth and changes its low 
temperature dependence. Being relatively small, this dependence could, however, be 
considered as a characteristic feature of disordered molecular crystals reflecting the 
breaking of momentum conservation in quasiparticle interaction processes. 
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