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In this paper we advance a model for absorption line shapes of Frenkel excitons in molecular crystals,
considering the effects of static disorder and of weak exciton-phonon coupling. Our treatment is limited
to single-particle excitations located at the bottom of the exciton band. The effects of disorder scattering
at zero temperature are handled by applying the average f matrix, single-site approximation to a system
characterized by a Gaussian distribution of site excitation energies. The simultaneous effects of disorder
scattering and of phonon scattering were treated by the introduction of an effective exciton—phonon
Hamiltonian, which was subsequently utilized within the framework of the single-site approximation for
disorder scattering at finite temperatures. Model calculations of the optical absorption line shapes were
performed for a quasi-one-dimensional system. The zero-temperature line shapes are asymmetrically
broadened, the high energy edge being close to a Lorentzian, while the low energy edge decreases fast
with decreasing energy. This asymmetry disappears at higher temperatures where phonon scattering effects
dominate. We propose that the asymmetric low-temperature absorption band in 1, 4-dibromonaphthalene
originates from the effects of structural disorder. The asymmetric optical line broadening experimental
data for this quasi-one-dimensional system are well accounted for in terms of our theory.

I. INTRODUCTION

There has been considerable interest recently in the
electronic states of quasi-one-dimensional molecular
crystals. ™ In this context extensive studies have been
conducted to elucidate the low-temperature optical spec-
tra and the energy transfer mechanisms in the lowest
triplet states of some organic crystals, where the ex-
citon band structure is essentially dominated by one-
dimensional interaction. " A notable example involves
the excitonic origin of the 1, 4-dibromonaphthalene (DBN)
crystal, which exhibits a pronounced asymmetric line
broadening at low temperatures. The studies of Hoch-
strasser and Whiteman! and of Burland® have demon-
strated (see Fig. 1) that at 2 K a very sharp low energy
edge is observed, while the high energy portion of the
absorption band reveals a Lorentzian type decrease with
increasing energy. The origin of this asymmetry is still
not understood. Hochstrasser and Whiteman! have pro-
posed that as the k=0 is located at the bottom of the ex-
citon band phonons and structural imperfections do not
enhance the transition probability below this energy,
while on the high energy side exciton—phonon coupling
as well as chemical and physical defects contribute to
the line broadening. Subsequent work has attributed the
asymmetric line broadening to some kind of exciton—-
phonon coupling, 2® while the recent work of Macfarlane
et al.* provides strong evidence for the crucial role of
structural disorder in determining the low-temperature
optical properties of 1, 4-DBN. The notion of low-tem-
perature line broadening due to exciton~phonon coupling
of a pure excitonic transition, which is located at the
bottom of the exciton band, is fraught with considerable
difficulties, as in the limit T=0 K the exciton—phonon
interaction contributes just to a small level shift and
does not give rise to line broadening. This leaves us
with the effects of structural disorder on the low-tem-
perature line shapes, a problem of considerable interest
in the elucidation of the optical properties and energy
transfer mechanisms in chemically pure organic molec-
ular cystals.
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We propose that the asymmetric low-temperature trip-
let exciton absorption line shape in 1,4-DBN originates
solely from the effects of structural disorder, which is
by no means typical for a quasi-one-dimensional organic
solid. Some support to the idea that structural disorder
prevails in 1, 4-DBN have been reported by Macfarlane
et al. ,* who have observed small strain inhomogeneity in
these crystals. There are also experimental data for a
finite linewidth of the lowest k=0 Davydov component
located at the bottom of the exciton band in three-dimen-
sional molecular crystals,'® which provides evidence
for the role of microscopic structural disorder in “pure’
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FIG. 1. The experimental abdorption line shapes of 1,4-~-DNB

at 2 and 25 K exhibiting the disappearance of the low-tempera-
ture asymmetry at high temperature, reproduced from the
work of Burland and Macfarlane (Ref, 2).
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organic solids. Inhomogeneous broadening of dilute im-
purity states in mixed molecular crystals is now well
documented.” Substitutional disorder at low concentra-
tions can result in several distinct trapping sites, each
of which exhibits a Gaussian line shape. Typical widths
of the distribution of the excitation energies within such
a trapping site is 1-5 em™.7 In many chemically pure
crystals structural disorder can result in a spread of
the zero-order diagonal site excitation energies. To the
best of our knowledge the implications of the simultane-
ous effects of such microscopic structural inhomogenei-
ties and of intermolecular energy transfer in pure crys-
tals were not explored from the theoretical point of view.
A closely related problem is that of motional narrowing
effects on exciton line shapes in ionic crystals which
was studied by Toyozawa and collea.gues.8

In this paper we advance a model for the absorption
line shapes of Frenkel excitons in molecular crystals
considering the effects of both structural static disorder
and of weak exciton-phonon coupling. We shall limit
ourselves to the pure lowest exciton state, i.e., the sin-
gle-particle excitation, which is located at the bottom
of the exciton band. From the point of view of general
methodology the present study elucidates the physical
implications of simultaneous scattering of excitons by
phonons and by static disorder from the microscopic
point of view. The only previous study which attempted
to provide a description of exciton-phonon together with
exciton-disorder scattering involves the interesting
stochastic model of Ohata.® The theory will be applied
for numerical calculations of the optical properties of
one-particle excitations in quasi-one-dimensional organ-
ic solids. We shall demounstrate that the low-temperature
pure exciton linewidth is asymmetric due to the dominat -
ing role of disorder scattering, as experimentally ob-
served for triplet excitons in 1, 4-DBN, while at higher
temperatures exciton-phononscattering effects are ex-
pected to provide the major contributions for the line
broadening.

il. MODEL HAMILTONIAN

We consider Frenkel excitons in a molecular crystal
subjected to microscopic perturbations involving both
exciton—phonon scattering and exciton scattering by stat-
ic structural disorder. The model Hamiltonian is

H=H0+H1+H2, (H- 1)
where
Hy= (()Z aya, + ; A A +Zw‘ by by, (II.2a)
n nim [
Hy=NYV2 2 F(K, Q)b+ bL)atn (L. 2b)
re
Hy=) 8,030, (. 2¢)
n

a;(a,) is the creation (annihilation) operator of the ex-
citon on site # and a}=N Y23 exp(ik - n)a,, and bi(b,) is
the creation (annihilation) operator of a lattice phonon of
energy w, and wave vector q. (€ represents the average
electronic excitation energy of a molecule in the crystal,

J. Kiafter and J. Jortner: Optical properties of molecular crystals

while the site excitation energies are €,=(€) +4,; the de-
viations A, of the excitation energies on site n from the
mean value are due to structural disorder which affects
the local spectral shift (the Davydov D type) terms. H,
represents the exciton—phonon coupling, while H, incor-
porates the effect of static disorder. We invoke the fol-
lowing assumptions:

(a) The exciton~phonon interaction H, is weak, ' mod-
ifying only the transfer integrals J,,. Such weak ex-
citon-phonon coupling is manifested in the absence of
phonon sidebands, as is the case for the triplet exciton
in 1,4-DBN. This assumption concurs with the recent
conclusions of Hanson.!!

(b) The spread of the local site excitation energies is
represented by a Gaussian distribution

P4y, 8, +.., B, )=[] 2(a),

p(A,) = (27D?) V2 exp(- A2 /2D?), (1I. 3)
where D corresponds to the width of the distribution.
The probability function (II. 3) was suggesied by Sumi
and Toyozawa12 for strong exciton—phonon coupling but,
contrary to their treatment, in the present case D is
independent of temperature. We assert that there is no
correlation between the randomly distributed site ener-
gies. Thus, H, describes an Anderson type!® Gaussian
disorder.

(¢) The transfer integrals J,,, are assumed, for the
sake of simplicity, to be unaffected by structural dis-
order.

(d) The exciton bandwidth 2B is sufficiently wide to
allow for intraband one-phonon-assisted scaitering, i.e.,

2B>w, (1. 4)

where w2 (w,) is a typical lattice phonon frequency. For
the lowest triplet exciton band in1, 4-DBN 2B= 28 cm™!
while lattice phonon frequencies with w =17 cm™ were
identified, whereupon the condition (II.4) is obeyed. Ac-
cordingly, one-phonon terms are expected to provide a
dominating contribution to the self-energy. When the
condition (II. 4) is violated one-phonon scattering does
not prevail and high-order effects such as Raman type
two-phonon processes have to be incorporated.

(e) We consider one-particle excitations and have not
included two-particle excitations, This requires the con-
sideration of the intramolecular phonons and their inter-
action with electronic excitations. In view of the high
frequencies of the intramolecular vibrations the one-
particle excitations are well separated in energy from
the two-particle excitations which can be treated sepa-
rately.

{f} For the sake of simplicity we consider a crystal
structure consisting of one molecule per unit cell. This
approach is adequate also for triplet excitons in the an-
isotropic crystal of 1,4-DBN which are quasi-one-di-
mensional.

(g) The k=0 exciton state is assumed to be located at
the bottom of the exciton band.
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The absorption line shape, apart from an irrelevant
numerical constant, is given by!°

I(E)=-Im{G@&=0, E)), k=0 (IL. 5)

being expressed in terms of the retarded Green’s func-
tion®®

Gk, B)= [ e < ay(t); af(0)> dt, (IL. 6)

where the sympol «< > represents thermal averaging
over the canonical ensemble of phonon states, and (),
denotes configurational averaging over the disorder field.
It is well known'® that the effects of an external “bath”
on the free exciton Green’s function can be accounted for
by the introduction of a (complex) self-energy Z(k, E),
so that

(G, E),=[E -E,~Z(k, E)I". (m.?)
The line shape [Eq. (II.5)] is
1) -Im=(0, E) 0. 8)

E ~E,-R,2(0, E)\F +[ImZ (0, E)]?

The self-energy T will obviously assume a different
form for a phonon bath and for a disorder field (which
can also be regarded as a bath). In what follows we
shall first consider separately the exciton self-energy
for the well-known case of phonon scattering, as well
as for disorder scattering, and subsequently proceed to
consider the simultaneous effects of lattice phonons and
of static disorder.

Hl. THE SELF-ENERGY AND THE LINE SHAPE

A. Thermal broadening

Considering first only exciton—phonon weak coupling
H=H,+H, we shall quote, for the sake of simplicity, the
well-known results which retain only the first term in
the continued fraction expansion of the self-energy.!°
The self-energy for thermal broadening in the one-pho-
non scattering approximation is

7 &, E)=N‘1§|F(k, q)lz(l_,,:_""+1 . ) ,

Em-w,'*'E —Eyq+Wq

ne=[exp(wy/ks T) - 1], (II. 1)
At zero temperature
Tk - [FE&=0, @I®
Ren”(k=0, E)=PP) -2 20— (T 22)
ImzT k=0, E)==7)_ |Fk=0, q)|25(E - E, - w,).
s (111 2b)

The level shift [Eq. (IIL. 2a)] due to phonon scattering is
negative at the bottom E..= — B of the exciton band, and
we assert that ImZ7 (k=0, E)=0 at E= - B+ReZT (k=0,
—B). Itis apparent from Eq. (II.8) that, provided that
polariton!® effects are disregarded, the absorption line
shape is a delta function and no line broadening of the
k=0 exciton originating from inelastic exciton—phonon
coupling will be exhibited at T7=0 K. In the low-tem-
perature regime line broadening of the k=0 exciton can
originate from multiphonon intramolecular electronic
relaxation, which is trivially small for the lowest trip-
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let state, or from elastic scattering by a disorder field.
We now proceed to consider the latter possibility.

B. Structural disorder
We now treat the Anderson Hamiltonian

H=H0+H2 (m‘ 3)

characterized by Gaussian disorder [Eq. (II.3)] of the
site energies. Various schemes have been advanced to
provide approximations for the configurationally aver-
aged Green's function, (G(k, E)), when no phonons are
included. *='® We restrict our treatment to the single-
site approximation. We shall use the average f-matrix
approximation (ATA) which, in contrast to the coherent
potential approximation, is not self-consistent. How-
ever, the ATA is simple and yields physically trans-
parent results, It will provide a good insight into the
physical features of the inhomogeneous broadening. In
what follows we shall provide a derivation of the ATA
scheme using the methods advanced by Ziman, '

We are interested in the configurational average (G (k,
E)),, while the unperturbed Green’s function G%(k, E) for
the exciton is

1

0 —— -0
¢k B)=g—p—7m> 10" (Im. 4)
whose local representation is given by
0 = -l eXp 1k ° 1 —1']
Gl =N ;—J_L_E—E,Hn . (IIL 5)

Starting with the f-matrix representation and using the
definition of the #-matrix, !’

(Gll’)c= G?l’ + Ecgn (tn>c Ggl’ +n;n G?n(tn Gnm tr)cG?nl"‘" Y
n

. 6
where the { matrix in the local-site representatiorf is !
R e (. 7)
1-4,Gl,
We now invoke the assumption
M=t es (III. 8)

namely, we neglect the repeated scatterings of an ex-
citon by pairs, triplets, etc., of molecules. ' Wwe then
obtain

(Gyy)e=Gly + D G (t): G
n

+2 Ghnlt)e Gludte Gl +++-. (L9)

The configurationally averaged Green’s function in the
momentum representation is

(G, E))o=(E - Ey-Z,)"

1
"Gk, BT I-=,
___G'k, E)

T1- EcGi’(k, EY (Ti1. 10)
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where Z, is the self-energy due to disorder scattering.
Z.=Z(F) is energy dependent but not momentum depen-
dent, a feature common to all single-site approxima-
tions. ™ A perturbation type expansion of Eq. (II. 10)
recast in the local site representation yields

(GH' >c= G?l’ +ZGanchSX’ +z G?n ECG,?,,‘ECG ?nl +00,
0 nym
(I11. 11)

where now the multiple sums involve unrestricted labels.
Equations (I1.9) and (III.11) result in

z

(tade= f_—G“g"E, (1. 12)
which leads to the relation
= =—(—t"2¢—u-. (I11. 13)
°"1+(t,).Gl, ’

Utilizing the definition (III.7) we obtain the following ex-
pression for the self-energy:

1 1
= = 5 . 111. 14
(oor=s). @rF=s. (.14
Equation (III. 14) constitutes the ATA result. The energy

dependence of the self-energy thus obtained is respon-
sible for the asymmetry in the line shape.

The ATA equation (III. 14) will now be recast for the
normal probability distribution (II. 3) of the site excita~
tion energies

L 1
L s an s, (. 13)
Integrating Eq. (III.15) we obtain
~imV2 exp(~ [GS, ]2/ 2D 1~ erf(~i[GS, "V 2 D)]
! (111 16)

B [Gm ].1 - zc’

where erf(Z) is the error function of a complex argument.

Equation (III. 16) results in an explicit expression for the
self-energy

2. =[G ={=i(n/2)V2 D™ exp(=[GD,]2/2DP)

X [1 -erf(~i[GS, A Z D)} (O1. 17)

It is apparent from this result that the seli-energy is re-
lated to the Green’s function of the ideal lattice which
can be determined from the density of states.

It will be useful at this stage to understand how elastic
scattering of excitons by disorder modifies the optical
absorption line shape. Considering an unperturbed ex-
citon band spanning the energy range ~ B< E< B it was
shown by Sumi and Toyozawa!? (see Appendix A) that an
expansion of Egs. (IIL.16) or (I.17) for I?/B®« 1 inside
the band (E > - B) results in a perturbation type result in

Z.(E)=D*G%,(E), E>-B, (ITI. 18)

where the Green’s function is complex, OQOutside the band
(E < — B) one gets for small values of D/B

J. Klafter and J. Jortner: Optical properties of molecular crystals

Z.(E)=ReZ (E) +iIm Z (E),
ReZ, (E)=D2G> (E),

ImZ,(E) = - (1/2)"* D[ Gy, (E)]® exp(~[Gp 2/ 20P), (L 19)
where G,?,,(E) is real. This different behavior of the'self-

energy inside and outside the original unperturbed band
results in the origin of the asymmetry of the low-tem-
perature absorption line shape

- ImZ, (E)
E+B- ReZ}c(E)‘jT-;- (ImZ (E)J’

E<~B,

I(E)= [ (TI. 20)
where E,_p= — B is located at the bottom of the exciton
band. Inside the band ImX,(E)= ~D2mpy(E), where po(E)
is the density of the exciton states in the ideal crystal.
Provided that the self-energy [and po(E)] does not vary
too fast with E, an assumption which we shall show in
Sec. IV is even applicable for a quasi-one-dimensional
system, we get

7D %py(E)
(E —EV +[nDPpy(E)P

with E= - B~R,Z,(E). Thus, the line shape inside the
original exciton band exhibits a Lorentzian (or a mod-
ified Lorentzian) energy dependence. On the other hand,
outside the exciton band edge when | E + B| > | R;Z (E)|
the line shape is

I(E) = E>-B, (1I1. 21)

=m0 g,

(1. 22)
The energy dependence of the self-energy determines
the fast decrease of I(E) with decreasing E outside the
band. This energy dependence of I(E) is being deter-
mined according to Eq. (III.19) by the unperturbed (real)
Green’s function and thus by the density py(E) of exciton
states. This brings up an interesting feature which per-
tains to the dependence of the low energy tail of the ab-
sorption band on the dimensionality of the exciton band
structure. For a three-dimensional system we have
demonstrated elsewhere that the low energy absorption
band E < — B'is characterized by an Urbach tail.'® For

a quasi-one~-dimensional band structure, which is the
subject matter of the present work, we take first a sim-
ple one~-dimensional unperturbed density of states func-
tion

S (B -E)Y2, |E|<B,

PolE) = (T11. 23})
2 0, |E| > B,
and the Green’s function is
G3.(E)= - (E® - B2 (II1. 24)

From Eqs. ([I1.19), (OI.22), and (I.23) we obtain out-
side the exciton band

I(E)«(E + B*(E — B) exp[~ (E* —= B%)/2D?].

Equation (ITI. 25) exhibits an exponential decrease of the
low energy tail of I (E) with E* for a one-dimensional
system. From the foregoing analysis, based on Egs.
(1. 21) and (T, 25), we can provide a proper rationaliza-
tion for asymmetric line broadening in a quasi-one~di-
mensional system which originates from disorder scat-
tering

(TII. 25)
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C. Simultaneous effects of phonon scattering and
disorder scattering

We now consider exciton states in a molecular crystal
which are affected by structural disorder as well as by
coupling with the phonon states. Such a state of affairs
coexists at finite temperatures where both scattering
channels will prevail. We have now to perform a double
average of the Green’s function [Eq. (II. 5)] accounting
both for thermal averaging and for configurational aver-
aging, a problem which is by no means trivial. To ac-
complish this goal we shall assume that the phonon field
is not perturbed by structural disorder so that only the
electronic excitations are affected by the disorder field.
We are well aware of the fact that decoupling approxima-
tions may be fraught with considerable difficulties and
pitfalls.?® However, inthe present case we are interest-
ed in rather weak exciton scattering by the disorder field
i.e., D/B<1, where 2B is the exciton bandwidth. Ex-
citon localization will then be exhibited over a small en-
ergy range in the vicinity of =~ B, and even in that en-
ergy region the localization length?! will be large, ex-
tending over many lattice sites. According to Anderson®
the nature of the exciton—phonon (or exciton—electron)
interaction depends on the localization length. Exciton-
phonon coupling in the states near E = — B is expected to
be weak due to their almost extended nature.

We now introduce a two-step effective field approxi-
mation. In the first step we replace the phonon field by
an effective complex field, which results in an exciton—
phonon effective Hamiltonian. In the second stage this
effective exciton—phonon Hamiltonian is utilized within
the framework of a single-site approximation to account
for disorder scattering, In Appendix B we demonstrate
that this approximation is equivalent to the decoupling of
the effects arising from the interaction between phonon
scattering and disorder scattering. The analysis of Ap-
pendix B also demonstrates that one should account first
for the effects of the phonon field and subsequently for
the effect of disorder, as carried out by us, rather than
applying the two-step effective-field approximation in a
reverse order. '

To proceed to the outline of our two-step effective~
field approximation we first replace the phonon field by
the self-energy =7 (k, E), which is given by Eq. (HL 1).
The effective exciton-phonon Hamiltonian is

Hftﬁ (i) Za:an + <Z J,‘,,,a,’,a,,,
3 alm
+_ 8,858, + ), 57, (E)aa,, (L 262)
n n<m

which can be recast in the form

HE: =Z [Ev+Z7(k, B)laiay+Y . A,a%a,, (IIL. 26b)
where
2Z(E)=N"1) explik(m-m)z Tk, E)] (L. 27)
k

is the exciton—phonon self-energy in the site representa-
tion. This completes the first stage of the treatment, In
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the second step we are interested in the configurationally
averaged Green’s function

1
(G(k, E), = E—AT, >c
1
"E-E,-Z&, EY (- 28)
where
Z(k, E)=ZT(k9 E)+2c(E) (I1I. 29)

is the total self-energy corresponding to the exciton~
phonon-disorder system, which consists of the phonon
self-energy =7 and the disorder self-energy Z.. To de-
rive an explicit expression for =, we can now follow the
ATA scheme developed in Sec. IMl. B, replacing the zero-
order Green’s function G, [Eq. (III.5)] by

- 1
2,(E) =N lEkE—E,—ET(k, 5 (I1I. 30)
The ATA equation (III. 14) is replaced by
1 - 1
<[g3..7(E) - A,.>c “EIETT-z. (II. 31)

while the final expression for the self-energy is obtained
by replacing Eq. (I1.17) with

2, =V2De —{-i(n/2)"2 D" exp(- 2%)[1 - exf(- iz) ]} ,
2=[g "N ZD.

1t is apparent for Eq. (III.32) that Z, is energy dependent
and, furthermore, as this self-energy is determined by
g3 (E) [Eq. (WI.32)] we assert that Z,=Z,[E, =Tk, E)]

is determined also by the exciton—phonon self-energy.
Within the framework of the Einstein, single frequency
approximation for the lattice phonons which we shall sub-
sequently utilize both =T and ,(E, ;) are only energy
dependent being independent of k. The absorption line
shape is now obtained from Eqs. (III. 29), (III. 30),

(II1. 32), and (II.5) as

(111. 32)

1(E) = =Im[37 (E) + T (E)]
{E = Epg =Re[Z7 (E) + Z,(E)]F +{Im[Z7T (E) + 2. (E)]}*’

(0O1. 33)

which constitutes our final result.

IV. MODEL CALCULATIONS

We shall now apply the ATA scheme for the calcula-
tion of the optical properties of the lowest one-particle
excitation ina model system where the ideal (unperturbed)
exciton band is characterized by a quasi-one-dimen-
sional density of states. A natural choice for the un-
perturbed density of states in a one-dimensional system
involves Eq. (III.23). However. the systems we are con-
cerned with, i.e., triplet excitons in 1, 4-DBN, are not
strictly one dimensional, as there is always some finite,
though small, interchain coupling. Accordingly, we mod-
ify the one~-dimensional density of states4by adding a
small phenomenological width € to the energy which will
smear the one-dimensional sharp Van Hove singularities,
and we take
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T T variant on the choice of €/ B in that region. In view of
the small value of D/B we can still safely assume that
Ey.o=~ B is located at the bottom of the exciton band.

401= ] We now consider the low-temperature absorption line

a D=0 shapes. In Fig. 2 we portray the model calculations of
b D =0.08 the line shapes at T=0 K for several values of D/B,

- c D=0.06 — which exhibits the following features:
d
e

D=0.04 (a) Disorder scattering results in an increase of the
D-0.02 linewidth with increasing D. In Fig. 3(a) we present

30 - = the linewidth at half-maximum (FWHM)=E, - E,, where
E; and E, represent the energies at half the band maxi-
mum in the high and in the low energy range, respective-
L " ly. 1t is apparent from Fig. 3(a) that (FWHM)x D2,

(b} The low-temperature absorption line shapes in the
quasi-one-dimensional system are asymmetrically broad-
ened, as is evident from Fig. 2. The high energy edge
is close to a Lorentzian in accordance with Eq. (II. 21).
The low energy edge decreases fast with decreasing en-
ergy, as expected from Eq. (III.22). To provide a quan-
titative measure of the asymmetry we define the asym-
metry factor

ABSORPTION
N
o
|
]

- n= 6;'/61 ’ (Iv. 2)

where 6, =E_, —E, and 0; = E; = Ep 4, Ep., being the en-
ergy of the peak absorption band. The asymmetry factor
at low temperature is presented in Fig. 3(b).

(c) Disorder scattering results in a shift of the band
maximum from the unperturbed value for the ideal ex-
9,_ 2 1 -1.0 0.9 citonic transition which should peak at E, ,=—B. This

PHOTON ENERGY is a simple level shift effect originating from ReZ(E) in
FIG. 2. Effects of structural disorder on the absorption line Eq. (IIL. 19). Theoretical results for this level shift ef-
shapes of a quasi~one-dimensional system. Calculations were fect are presented in Fig. 3(c), where we portray Eoax
done for IF 12=0.1, w =1, 0, and T = 0 (in units of B), vs D/B.

To investigate the optical properties at finite tempera-
ture we have to incorporate now the simultaneous effects

S:TRe[Ba - (E+i€?TY?,  |E|<B, of phonon coupling and disorder scattering, according to
PolE) = {Iv.1) Eqgs. (III.28)—(II1.33) and (IV.1}. In Fig. 4 we portray
?0, lE[ >B, typical results obtained for D/B=0.1, for several values
' of the exciton-phonon coupling parameter | ¥/B|%=0.01,
where €~ 10°-=102, Numerical calculations show that 0.05, 0.1 for the effective lattice phonon frequency w/B
our results for the optical absorption line shape are in- =1and kT=0,1. The results of Fig. 4 clearly demon-

0.10— o -110— ¢
IF|2 =01 =
0.08+— kT =0 -1.08}
w =10
- o.osL L -1.06—
E3 & g
“ 0.04}— 0.4~ Y joal
0.02}— o2f -102
N I R B Y A Y T T SN TEON N HE PO H S
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D/B D/B D/B

FIG. 3. The disorder effects on the following: (a) full line width at half maximum (FWHM), (b) asymmetry parameter 1, (c)
maximum peaks position E. .. (a)—(c) are portrayed as functions of the disorder parameter D for | F| 2=0,1, w=1, and T =0
(in units of B),
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strate that the asymmetric line broadening exhibited at
low temperatures may disappear at higher temperatures.
In the higher-temperature regime phonon broadening
dominates, resulting in almost symmetric Lorentzian-
type absorption line shapes. To provide some quantita-
tive information regarding the “transition” from the“low-
temperature” regime where disorder scattering prevails
to the “high-temperature” regime where phonon scatter-
ing dominates, we note the following:

{(d) The FWHM is temperature independent for 0< 2T
<0.2B, as is evident from Fig. 5(z). In the low-tem-
perature range the FWHM is almost independent of the
phonon coupling strength, For 27>0.2 B a phonon like
line broadening sets in and we expect (FWHM) < cotg(hw/
2k,T), as is the case for weak coupling.

{e) The asymmetry factor [Eq. (IV.2)] is practically
constant in the temperature range £7=0-0,2 B, increas-
ing towards the value of =1, corresponding to a sym-
metric line shape, with increasing temperature [Fig.
5()]. As expected the increase of 1 towards unity is
enhanced at higher values of the exciton-phonon coupling
parameter.

(f) The band maximum E_,, is shifted towards lower
energies below E=~B. The level shift originating from
ReZ is due to the combined effects of phonons and dis~

1 1 1

PHOTON ENERGY

order and is negative and finite at 7=0 K in Fig. 5(c).
At higher temperatures for 27 > 0.2 B the position of the
band maximum shifts to lower energies with increasing
T. This effect originates from the temperature depen-
dence of Re=T [Eq. (III.19)], which contributes to the

I(E) in Eq. (II 20).

We now confront these theoretical predictions with the
available experimental data for triplet excitons in 1, 4-
DBN. The general features of the low-temperature 2 K
experimental absorption line shape which exhibits a
Lorentzian high energy portion for E>E_, are in accord
with Eq. (OI.21) and a sharp drop at the low energy side
which is consistent with Eq. (III.22). In 1,4-DBN 2B
=28 em™, according to the results of Hochstrasser and
Whiteman.! Raman spectroscopy has identified a phonon
frequency at w =17 cm™,2 so the value of w=B=15 cm™
utilized in our calculations is reasonable. The low-tem-
perature (2 K) spectra result in'*? (FWHM)=0.7 cm™,
i.e., (FWHM)/B=0.05 and =0.6. An examination of
Figs. 3 and 5 reveals that both these experimental param-
eters can be adequately accounted for in terms of dis-
order scattering with D/B=0.1. Thus, the spread of
local site excitation energies is D=1.5 cm™, a reason-
able value which may be considerably lower than the
Davydov local-site shift term. Triplet exciton states
are ideal candidates to probe the effects of structural

1F1% 0.

| L | 1 1 J

| i A 1 i |
02 04 06 08 10 1.2 18 20

AT

4 L6

| 1 1 | | 1
02 04 06 08 10 12 |

kT

£

1 1 J . 4 I L L ]
4 1.6 1,8 20 70 02 04 06 0B 10 12 14 16 .8
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FIG. 5. Simultaneous contributions of structural disorder and of weak exciton—phonon coupling to the following: (a) FWHM, (b)

asymmetry parameter 7, (c) maximum peaks position E oy
w=1, D=0,1 (all energies in units of B).

(a)—(c) are given as functions of kT for different values of | F|2.
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disorder in organic crystals as they are characterized
by a moderately narrow exciton band B< 100 cm™ and
small values of D may result in dramatic effects on the
absorption line shapes at low temperatures. At20 K (T
=1.1B) (FWHM)=3,0 cm™, i.e., (FWHM)/B=0.20,
which, according to Fig. 5(a), results in the value | F|?
= 0,05-0.1 for the exciton—phonon coupling strength.
At this higher temperature the theoretical asymmetry
factor is =1 and the line shape is expected to be due
to a Lorentzian, in agreement with the experimental re-
sults of Burland.?

V. CONCLUDING REMARKS

We have explored the effects of structural disorder on
the optical properties of organic molecular crystals with
a special reference to the absorption line shapes in
quasi-one-dimensional exciton bands. The theory pre-
sented herein is not restricted to the quasi-one-dimen-
sional case. Any exciton band effects of disorder scat-
tering on the absorption line shape corresponding to the
lowest one-particle excitation exhibit the following uni-
versal features: (1) finite linewidth at 7=0 K, (2) asym-
metric line broadening is exhibited at T=0 K, (3) the
high energy edge of the absorption band at T=0 K is ex-
pected to be close to a Lorentzian, according to Eq.
(OI.21), and (4) the low energy edge will be “sharp,” ac-
cording to Eq. (III.22). The functional energy depen-
dence of the low energy portion of the absorption band
is determined by the dimensionality of the exciton band
structure. For a three-dimensional exciton band struc-
ture disorder scattering will result in a temperature in-
dependent low energy Urbach tail.?® In a quasi-one-di-
mensional system the Urbach tail will not be observed
and the gross features of the low energy tail are expected
to follow the functional dependence given by Eq. (III. 25).

The quantitative analysis of the triplet excitons in
1,4-DBN provides strong support for our proposal that
incorporation of positional structural disorder is crucial
in the understanding of the low-temperature optical prop-
erties of chemically pure organic solids. We assert that
the physical features of exciton states in the low-tem-
perature domain 27<0.2 B(~0.2w), where w is a typical
lattice phonon energy, drastically differ from the char-
acteristics of the high-temperature region where phonon
scattering dominates. The effects of structural disorder
will be crucial for a quantitative understanding of a vari-
ety of low-temperature physical phonemena pertaining to
electronic excitations in molecular crystals, such as
polariton effects, electron spin resonance and nuclear
spin resonance of exciton states, as well as energy trans-
fer processes, all of which have to be carefully re-ex-
amined whenever experimental evidence from structural
data or from the analysis of optical properties becomes
available for a specific system.

The model calculations for the low-temperature ab-
sorption line shape of quasi-one-dimensional exciton
states have a wide applicability also for electronic ex-
citations in other materials, such as organic and inor-
ganic polymers. Extensive studies were recently con-
ducted in an attempt to understand the electronic struc-
ture of several polydiacetylene polymers.3 The lowest-
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lying absorption band of these polymers, located at about
~1.5 eV, exhibits a pronounced asymmetry at low tem-
perature, revealing again a sharp low-energy edge. This
asymmetric line shape was originally assigned to a one-
dimensional band to band transition.®* However, recent
photoconductivity studies demonstrate that the onset of
the band to band transition occurs at ~0.5 eV above the
lowest 2.5 eV absorption band®® which has to be assigned
to an excitonic transition. We suggest that the asym-
metric line shape observed in quasi-one-dimensional
polydiacetylene chains may originate from the effects of
structural disorder.®

The results of the present study provide the first step
towards the quantitative understanding of the effects of
structural disorder on exciton dynamics and energy trans-
fer processes in molecular solids. In this context we
recall that the starting point of the present analysis of
optical line shapes rests on the reasonable assumption
of a Gaussian distribution of the diagonal site excitation
energies, in analogy to inhomogeneous broadening of
single impurity states. Intermolecular energy transfer,
manifested in terms of the transfer integrals J,,, re-
sults in a distortion of the line shape from the Gaussian
distribution of the site excitation energies. We would
like to mention that asymmetric absorption line shapes
are a consequence of general effects of disorder and do
not pertain just to positional disorder, as substitutional
disorder results in similar characteristics®* of the line-
shapes. In general, the asymmetry of the absorption
line shapes and, in particular, the sharp low-energy
edge is substitutionally disordered and in positionally
disordered organic solids can be attributed to the con-
tribution of low-lying states located in the low energy
portion of the density of states. When the exciton band
structure is dominated by short-range interactions these
states in the tails of the band will be localized. This
brings us to the discussion of some qualitative features
of Anderson~Mott localization theory'? and its appli-
cability to energy transfer in (disordered) organic crys-
tals. For a one-dimensional system Mott and Twose®
have demonstrated that diagonal disorder will result in
localization. However, for excitons in quasi-one-dimen-
sional organic solids, such as triplet states in 1, 4-DBN,
small interchain coupling prevails and exciton localiza~
tion has to be treated in terms of an extension of Ander-
son’s model to incorporate anisotropic interactions, an
unsolved problem which is of considerable interest. In
quasi-two-dimensional and three-dimensional positional -
ly disordered chemically pure systems exciton localiza-
tion can be considered by the application of Anderson’s
theory.'® It was predicted by Anderson that for a sys-
tem where the diagonal excitation energies exhibit in-
homogeneous broadening localization of the excitation
can occur provided that the intermolecular transfer in-
tegrals fall faster than dipole-dipole coupling and when
the spread (D) of the site excitation energies is suffi-
ciently large relative to the exciton bandwidth. There
have been some recent very interesting experimental
studies which point towards a critical concentration for
localization of excitation energy at low temperatures for
transition localization of excitation energy at low tem-
peratures for transition metal ions.in ionic crystals.?®
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The effects of microscopic structural inhomogeneities
on energy transfer and on exciton localization in organic
crystals can be experimentally explored by similar stud-
ies of energy resolved spectra of molecular crystals ex-
cited by a narrow band laser. These interesting prob-
lems deserve further theoretical and experimental stud-
ies.
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APPENDIX A. DERIVATION OF EQS. (111.18)
and (111.19)

Starting from Eq. (IIL. 16) we define

z=[G,I"V2D. (A1)
Equation (II1. 16) is now rewritten in the form
/2 2 . 1
exp(—z°)[1 —erf(-iz)|= - . A2
p(-2%)[ (=i2)] [EARESN (A2)

We are interested in the limit D?/B%><« 1, namely, when
28 > 1.

We now treat the energy range inside the unperturbed
density of states, and the energy range outside the den-
sity of states separately.

(@) E>~B. Inthis region 2 is complex. ]
asymptotic expansion of erf(-iz)=1 - erf(-iz) we ge

Using the
127

IN2D 21 +22/2+0(2z7)]

1 1

“[6STT-Z, VEDz -z,
Expanding the RHS of Eq. (A3) we obtain

A/ DDz (14 22/2 4« - o) = (1/V DDz -1(

(A3)

=(/V2DM2 1+ (1/V2)D2IZ, +. . ], (A%)
and therefore
Z.=(1/V2) Dz'= D*GY,(E). (A5)

(b) E<=B. In this energy range z is real. Rewriting
the LHS of Eq. (A2) in terms of the real and imaginary

parts we get
Re(A2) =i(n/2)Y%D"! exp(-z2) erf(~iz),
(A6)
Im(A2)= — (7/2)V2D"! exp(~ 22).

Utilizing the same expansion of the RHS of Eq. (A3) it
follows that

ReZ,=D?GY(E),

ImZ, = - (1/2)"2 D[ G, 1° exp(~ [GL,]2/2 D?). (A7)
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APPENDIX B. DECOUPLING APPROXIMATION

We shall demonstrate the equivalence of the two-step
effective-field approximation and the decoupling of pho-
non scattering and disorder scattering, using the equa-
tion of motion method for the Green’s function. 1%28

In the momentum representation

Z A,a,a, =N-IZ Ay,y Gy Gy, (B1)
n kk’
where
Byy =2 _explikk-k') - n]a,. (B2)
n
The Green’s function is defined in Eq. (II.6). Following

Zubarev!®?® the equations of motion for the exciton and
phonon operators are

.day - )
1 at =Elak +N 1/2 EF’(k, q) ak.‘(b;+b_q) +N IZ;AI,k’ak’,
B x

ab,

i?ﬁl = Weby+N 'ung(k, -q) axq Gy,

db} 4 ape
- 1# =webg +N vz ;F(k’ Q) Tioq % - (B3)

The equation of motion for the retarded Green’s function
Gk, t) is

ig%’—t):(i(thEkG(k, £)

+N-UZZF‘(k, a{p, +Pz}+N-lZ 4, v G, 1),
q 3 (B4)
= Py(k+q, q,k; )= (at’) b2(t); a; (0,
P,=P(k+q, q, k;t)={{aft) b%); at(ON). (B5)

In the equation of motion for P; and P,'%2® we neglect
the disorder contribution, assuming no correlation be-
tween the phonon field and the disorder field. Accord-
ing to Zubarev?® and Davydov'® we get

[E-E,~-27(, E)G(k, E)= 1+N-1§;A,,,.cm', E),

[E-Ey~Z7 (&, E)]=¢ "\(k; E). (9
=Tk, E) is given by Eq. (I 1)*° or

Gk, E)=g(k, E)+N"g(k, E); AwGE', E),  (B7)
In the site representation

GymlE) = mlE) +Zg,,. (E)A; G, n(E). (B8)

The next step in our treatment involves the ATA approxi-
mation starting with

onlE) = Y G )

=Tk E)

and proceeding with the treatment of Sec. IIL.C.
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