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INTRODUCTION

Periodicity is the property of crystalline solids that
makes possible the propagation of electronic excitation in solids
as coherent wavepackets in the limit of weak exciton lattice-
interactions. In this review, we will briefly discuss the
theoretical foundation of coherent energ& migration in the various

limits of the exciton-lattice interaction. In addition, we will

review and evaluate experimental evidence for coherence from a

variety of sources. This latter area will be the focus of this
review because the experimental detection and characterization

of coherent energy transfer has been a field of such great

. interest and moderate controversy in recent years.

In the last dozen years several general reviews on the
properties of molecular solids have been published. These include
those written by Hochstrasserl, Robinsonz, Kopelmans, and
El-Sayedu. Soos5 has reviewed excitation in organic-charge-

transfer crystals. More recently, Silbey6 has written an

excellent review on electronic energy transfer processes in

molecular crystals. Although his review has much in common
with ours; he focussed on formal developments in the theory
of exciton-phonon interactions while we are concerned primarily
with.the theory and its relation to experimental observations of
coherence and exciton-phonon coupling. ‘ ' -~

While experimental evidence is of recent vintage, the
prediction of coherence in moiecular solids datesback to the

work of Frenkel in 1931. In his original paper on excitons7,
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Frenkel develops three important insights. First, he pointed
out that the electronic excitation é&n be delocalized and as
a result be describéd by a series of Bloch wave-functions in
analogy to the lattice modes of the crystal. Second, as a
consequence of delocalization fhe superposition of several of
the modes will form a localized wave-packet which propagates
through the lattice with a group velocity-determined by the_

exciton dispersion and the nature of exciton-lattice interac-

tion. Third, because the excitation is coupled to the lattice,

it creates a lattice distortion that travels adiabatically with
the electronic excitation. As a result of these principles,

a proper description of the dynamics of exciton migration

-in the Frenkel 1imit pequires that the time dependence

of the delocalized states of a crystal be considered.

Because of the explicit localization introduced into the

-stationary states by phonon-exciton scattering, the electronic

states, the phonon states, and phonon-exciton coupling must
all be explicitly considered in terms of the crystal states.
Basically, the phonons modulate the intermoleculér interaction
which in turn mixes the delocalized'i stafes of the crystal
and results in a state that can be described as a linear
combination of the delocalized states. In the Frenkel limit,
thisresults in a partial localization of the electronic excitation
but still allows for the excitation to propagate coherently
as a wave packet, provided the linear. combination
2 “»

of k states remains unchanged for times exceeding the time

associated with the nearest-neighbor electronic intermolecular
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exchange. Indeed, it is the average frequency at which the
linear combination of X states changés relative to the inter-
molecular interaction time that determines the dominant
mechanism responsib}e for electronic energy transfer in solids
at both high and low temperatures.

Although the number of different operational definitions of
coherence is large, they may be broadly categorized into two
groups. In the first, the stationary state of the excitation is
a delocalized state or a wavepacket of states characterized
by a constant wave-vector and group velocity. The wave-vector
X is a good quantum number for times longer thaﬂ the intermole-
cular transfer time. The extent of coherence»determines the
k-state lifetime and as a result, the homogeneous lineshape function
for absorption to the exciton band edge. The implications of
coherence in spectroscopy from this point of view have been developed

and refined by a variety of people including Toyozawae-ll, Sumi12’13,

15,16 g othersl7°20, who have calculated optical

Sﬁnalu, Harris
absorbtion lineshapes for exciton transitions in various limits.
This also provides the‘rationale behind the experimental line-
shape studies described later in this review, Toy zawa's analysis8
for alkali halide absorbtion spectra, and Thomas and Hopfield's'
demonstration of exciton coherence in CdSzl. In addition, this
description of coherenceAprévides a means for easily relating

the exciton's coherence time to the correlation time of a



variety of other .experimental techniques such as ESR and
NMR. It was on thisvbasis that éoherent migration in
triplet exciton bands in molecular solids was established by
Harris and coworkersl®,22-2%.

A second and more empirical definition is that a coherent
exciton has a mean free path greater than.one lattice site but
its motion is described by random walk processes on some time
scale longer thgn the intermolecular transfer time. Studies
of exciton dynamics based upon a statistical model for the
probability of trapping excitons in the coherent and random

walk limits relies on this definition. Implicit in these

studies is a detailed consideration of the energy dispersion

" of the band, the number of k states comprising the band, and

the partitioning of energy between the.band and trap states
when a Boltzmann distribution characterizes the ensemble.
Exciton diffusion constants have been measured experimentally
and used to infer properties of coherence based on this defini—
tion. The.early work of Gallus and Wolfzin phenanthrene and

26 27 can be

Kepler and Switendick and Avakian and Merrifield
interpreted in this context.

There is no contradiction between these two concepts of
coherence although we feel the first definition can be correlated
better with theory. Under the assumption of first-order
stochastic Markoffian scattering, where the probability of
exciton scattering is independent of previous scattering

events, the k-state lifetime, 1(k), and the exciton mean free
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path, LX), are'simply related by the group velocity.

by = 1) Vg (K) (1)

Each experiment used to measure coherence has a different

time scale associated with itband thus the imposed time scale
determines whether the exciton looks coherent or diffusive with

a given method. Tb illustrate these principles more quantitatively,
we will begin our discussion with the description of the theory

of coherence for a two-molecule system (dimer) .and extend the

concepts to a one-dimensional linear exciton band.

"EXCITON THEORY AND COHERENCE

‘Considef. a system of two identical molecules in
an inert lattice. This.system has two excited states, state 1>
in which molecule 1.is excited and molecule 2 is in thé ground
state, and state |2> in which the excitation is on the other
molechle. In second quantized form, the Hamiltonian for this

system is
_ + 4 + +

where Bo is the exéited state energy for the isolated molecule
and operationsai+ and ay create and destroy the excitation on
molecule i. V represents an interaction between the electrons
of the two molecules and is generally separated into a Coulomb

and an electron exchange tem&?

V=J-8 _ - (3)
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J, the Coulomb contribution, accounts for the electron-
electron reﬁulsion and predominates in the interaction of
singlet states, but J + 0 for triplet-singlet coupling and 8,
the exchange integrél, becomes responsible for triplet dimer
splitting..

The degenerate states |1> and |2> are nonstationary
states of the system. 1If the excitation rests on molebule 1
at some initial time, it may be showﬁsthat the probability

of being on molecule 2 at some later time t is

P,(t) = sin® Vt/h_ OF

The excitation oscillates coherently between molecules 1 and

2 indefinitely in the absence of a coupling to the lattice.

Since the intermolecular transfer time is one-fourth of the

period of oscillation,” . the phase of oscillation or the

phase of the time-dependent stationary state is retained for a much

longer period of time than the intermolecular transfer time. 1In
this-case, the dimer is said to be coherent. The stationary

states of the system are the symmetric and antisymmetric superposi-
tions of the two molecular states |

Sy 1e 2] )
"and are split by 28

1]
3¢
14
™
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The fact which should be self-evident is that the dimer
states Y(+) and ¢(-) which coﬁtain the well-defined phases are
not necessarily coherent for an infinite time because of the
interactiop between the dimer states and the environment via
a relaxation Hamilténian. Coherence in the dimer states is
established by the relative lifetime of the state, P(+) or
y(-), compared to the resonance transfer time whose freQuency is
1/h times the separation between the two levels, 28. In effect,
one must experimentally determine whether the lifetime of the
phase, T(+) and t(-) for the plus and minus states, respectively,

18 longer or shorter than h/28.

If -'t-(I) < h/28 , the states are incoherent and
possibly indiétinguishable. On fhe other hand, if t (+)> h/28,
- say, approaching the radiative lifetime of the species,
the  dimer is coherent because there has not been an
energy fluctuation during that time period, and hence the
phase of the wavefunction is well-defined from the initial
time, t=0, the time at which the excited state is created.
Coherence times are determined by fluctuations of the
off-diagonal matrix elements of ' the time-
dependent density matrix when the stationary states are
sélutions to the zero order Hamiltonian matrix responsible
for dimer splittingzg'az.
The properties of one-dimensional excitons in the absence

. of lattice coupling are exactly analogous to the dimer system.

A finite linear array of N independént identical molecules
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has N degenerate electronic states., The energy, E,, of this
system corresponds to the excited state energy of a single molecule.
. Ifthe molecules interact pairwise, the Hamiltonian of the system

g | becomes

N N
_ + +
H= Eo a, &, * E Bhm 2n ﬁn (73
n:l n’m
The stationary eigenstates of the Hamiltonian are the delocalized

Bloch wavefunctions
k> = N-l/2§£: elkery |n> - (8)
N .

characterized by the exciton wave-vector k. In one-
dimensional systemswith only nearest-neighbor interactions,

the exciton dispersion is

e(k) = E, + 2V cos k a @9)
s where a is the intermolecular spacing. The properties of the

one-dimensional dispersion are summarized in Fig. 1.

In order to properly consider exciton migration in
s6lids, one must introduce exciton-phonon coupling which
modulates the intermolecular interaction and mixes the delocalized

k-states. Phenomenologically, this partially localizes the



the exciton but still allows it to propagate coherently as

a wave-packet, provided the explicit linear combination of
k-states remains unchanged for times exceeding the time for
nearest neighbor resonant transferS® For coherent propagation
to be a meaningful concept, the wavepackét uncertainty in
position, Ar, must be smaller than the exciton mean free
path, setting a minimum width to the distribution of k-states

in the wave packet.
Ak > (am)™h (10)

In such a case, the Frenkel exciton propagates coherently

with a'grdup velocity characteristic of its energy and the linear

combination of k states

(11)
_ 1 ,3e(k)
Yg(k) oy (_ﬁE_')
which becomes, for the one-dimensional case,
v o = 282 sinka . (12)

This 1is peaked for k-states in the center of the band as
sﬁown in Fig. 1. The average group velocity at a given
tempefature,.-ﬁvg(T)>,Ais given by the normaiized‘sum over the
velocities of the k states in the band, with each velocity

weighted by the probability of finding the system in that k-state
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under Boltzmann equilibrium.
: : : -2Vcos ka/k,T
. 2Va I _. -2V cos ka/k,T e b
<Yg(T)> = =g g sinka e » b//ﬁ
(13a;
Restricting the summation to k >0 states to obtain an average
scalar velocity, (10a) converges for large N to
<V_(T)> = (2vash) 2k, T/70Y2 r1. (271 () (13b)
‘g b [11/2 o U
where
- 1 ™ ‘ | 3
I,(2) = 7 } € cos 84 (13c)
o
_ (1,.41/2 T} _+Z cos6_,
I1202) = (Hm)7'% [ ex sine de (13d)
The average intermolecular transfer time is given by the
average group velocity and the lattice spacing
<T> = a/<vg(T)> _ ()
The complete Hamiltonian for an extended systenpincluding
coupiing to the lattice is
+ + + 1
+
H= g Ea ah Tz Vom 3 3p * Yq (bqn bqn 7)
Oon n,m . n,q
I + + + +, 2 5
n,q gnq an an (bqn-l- bqn) + X hnq _an an (bqn bqn) (l )
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where “q is the energy of phonon q, and gnp and hnp represent -
the linear and quadratic exciton-phonon coupling constants,
respectively. Theoretical studies of localization and coherent
migration based on solutions to the above Hamiltonian have

been given by a variety of workers and has been reviewed

extenéively and with great clarity by'Silbeys.

It should be noted that each of the principal theoretical
formulations, apart from Forster's study of incoherent transfer35,
. contain a coherent component in the transport equations that
persists to relatively high temperatures. The Haken-Strobl-

Reinecker38-38

model requires no specific information on
exciton-phonon coupling, but instead makes the site and interac-
tion energies (Eo and Vim in eq. 15) time-dependent, fluctuating
stochastically with delta function auto-correlation times

(Markov 1limit). The expression they derive for the diffusion
'constant contains an incoherent term determined by the

fluctuation amplitude and a coherent term which goes to infinity

in the limit of zero fluctuation amplitude. Grover and Sil];ey?'g’l“0
begin with a dynamical model of the lattice coupling and transform
to operators creating and destroying excitons with associated
phonons. To obtain analytical expressions for exciton mobility,

they also make the Markov scattering assumptions and get

a diffusion constant similar to that of Haken and



co-workers. Munn and Siebranglhave pointed out the importance
‘of the quadratic coupling terms which were neglected by Grover
and Silbey. Using generalized master equations, Kenkre and
Kno#zﬂgée derived the time evolution of an exciton system without
the Markoffian assumption, permitting the use of non-exponential
coﬁerence memory decays. These authors have also investigated
the transition from coherent to Fermi golden rule intermolecular
transfer rates that accompanies increased phonon scattering.
Theoreticians have also considerea coherence in substitution-
ally-disordered systems containing traps and barrier states in
the chain. Pearlstein and collaboratorgségfculated the quenching
kinetics in finite chains with energy traps, finding that fully
‘coherent excitons have low probability amplitudes at the traps
and are quenched more slowly than their group velocity along
_the chain would indicate. Greer,géggthe other hand, investigated
the exciton flux through a region of a linear chain containing
N barriers to scatter the excitons. He found that transfer
through this region is doherent, i.e., the flux is independent
of Ny only for a periodic distribution of barriers. Even for
random barrier placement, howéver, the Frenkel exciton flux
does not show pure diffusional behavior. Zwemer and Harris50
consider coherent exciton quenching in a system with traps
and barfiers, and .report a transition from diffusional to
coherent transport on the macroscopic level with increasing
barrier transmission coefficient.
For the remainder of this review we will concentrate on how

exciton scattering affects various experimental observations in
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the limit of stochastic Markoffian scattering. In such
cases, the processes may be described by simple time-independent
rates for transfer between k states or between the y(+) and
y(-) states of the dimer. Each k-state has a lifetime, (k)
limited by the scattering rates to other k' states, W, >
and the radiative or non-radiative lifetime of the excitation,TL;
SIS I DA AN O Rl (16)

k!

An exciton with wave-vector k may be considered coherent if
(k) is greater than the intermolecular transfer time,

" as given by eq. 1u.

THE DETERMINATION OF COHERENCE USING ELECTRON SPIN RESONANCE.

The single system which has received the greatest amount
of attention as an example of coherent transfer in molecular
solids has been 1,2,4,5-tetrachlorobenzene (TCB). The space
~group for TCB is P21/c, with two molecules in the unit
celf: A phase transition at 188°K changes the lattice into a
triclinic space group, but the structure of the latter is closely
related to the room-temperature crystal structure in molecular
orientations and unit-cell dimensions. The stacking of the
translationally equivalent molecules is along the a crystallo-
graphic axis in both phases, monoclinic and triclinic. Figure 2

~illustrates the nature of this stacking. The out-of-plane

molecular axis is almost parallel



to the axis @. This fact, together with the small length of a
compared to the'; and ¢ lattice constants, gives its one-
dimensional character. Because of the structure,

the exchange interaction for the triplet state is largest along
the 3 axis. 1In cases where the exchaﬂge interaction is along
translationally equivalent molecules in the unit cell,the triplet
band structure of the crystal.consists of three parallel bands

each split in first order by the electron spin dipolar interactions.
In.second order, however,the effect of spin-crbit coupling gives
rise to an anisotropy in the zero-field splitting across the

band from k = 0 to the k = + ﬂ/%&’sis a result, a k-dependent
"zero-field splitting exists between any two spin sublevels and
“a manifold of BSR transitions are allowed, each associated with

the individual k states in the exciton band.

The proper representation in terms of the Bloch formalisms2

in the absence of spin averaging between k states (i.e., no
phonon-exciton scattering) is a set of Bloch equations, one for

each k state in the band. In the rotating frame in the presence

of a weak oscillating'field of the form

H(t) = - YHB cos wt : (17)

"the in-phase, u, and out-of-phase, v, components of a complex

moment are definable as

G =u+ iv (18)



- Representing w as the applied microwave frequency and W,
the resonant microwave frequency associated with fhe}spih sublevels
of the kP

as

state in the band, the complex moments obey the

following Bloch equations (one equation for each k state in the
exciton band).

. - _ k (19)
. + fT;TE) -1 (wo -w) Gk = -1y Hl MO

) Mo should be related to the exciton density of states and the

Boltzmann féctor in the exciton band

X
M = . D) e SR KT

(o] mn

(20)

Cmn is a constant related to the spin alignment in the

nth

mth and
spin sublevels which are being coupled by the microwave
field; D(e) is the density of states function for the exciton
band; and e(k) is the energy dispefsion of the triplet band.

The weak field modified (2k + 1) Bloch equations in steady
state are:

/1,06, - it -G = -i y H, D(e) e )/ - Coan  (21)
2%k T k Y5 B
Averaging effects on the microwave transitions in the exciton

spin manifolds are expected to contribute to the line shape function



when exciton-phonon scattering results in a change of k state

on a time scale comparable to the differences in Lafmor frequencies
associated with the initial and final exciton .k states between
which scattering has occurred. The effects of phonon-exciton
scattering can be imcorporated into the modified Bloch equations
through a scattering matrix which completely |
spans the basis states of the Frenkel excitons. Assuming that

the spin;phonon coupling is negligible in fhe phonon-exciton
coupling channels the modified 2k + 1 Bloch equations can be
written as

. k )
(/7,6 - ilug, = w)G = =i y Hy D(e) e ~€XI/RT. Gy (22)

+};;[Gk'/1k'k - Gk/Tkk']

where Tk represent the exciton-phonon scattering times. The

formulation of eq.22 assumes that the averaging of the Larmor
k via phonod-excifon scattering is a gtochastic

components wo

Markoffian processi_‘;:- . In.the limit that. Tkt > @ for
all values of the wave vector k, €q.22 represents (2k + 1)
independent linear equatiéns whose imaginary components represent
Lorentzian absorption curves, ?ach centered at wok witﬁ a

line width related to TZ.Thii §2r§e§?3§dfiiz Zﬁggaiﬁgér each
transition is proportional to the dengity of exciton states times
the Boltzmann factor evaluated at e(k) in the triplet exciton
band. The lineshape function for the electron spin resonance

band-to-band transition is expected to be simply the weighted



sum of the independent Lorentzian lines each centered at the
X h

appropriate 0 » 1.8,

g (w) =

nh.
5 / exp AT(l—.cos ka)/KRT dx (23)
n o [w 4 AgT cos kg]z +[6%]

2AT is the one-dimensional triplet band disbersion and equal to
four times the effective intermolecular exchange interaction,
Kp is the Boltzmann constant, T is the temperature, AgT is
a reduction factor re1ated to spin_orpit couplihg with excited
singlet states, and 6 is the half wildth at half height of an
individual k state transition whose homogeneous line width is
related to T2.

The essential features of the EPR transitions are: (a)
the frequencies of the zero-field electron spin transitions are
related to both the anisotropy of the spin-orbit coupling in
the first Brillouin zone and the zero-field spin dipolar
Hamiltonian; (b) the intensity of the ESR transitions are
related to the density of states function and therefore the
effective intermolecular exchange interaction can be obtained
experimentally; and finally, (c) the lineshape function gives
abmeasure of phonon-exciton scattering processes and thus the
coherence lifetime of the individual k states in the band can
be determined when the system is in élow exchange. Moreover,
the theory and experiments are easily adaptable

.to dimer and n-mer dispersions in a straight forward manner,
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The same treatment for the symmetric and anti-symmetric states
of the dimer shows that the relationship between the exciton

spread in Larmor frequency and the dimer spfead[@w(+)-w(—)] is:

[w(+)-w(-)] = %l?(k=0) - w(k= + m/a)] - (24)

Physically, this is because the dimer splitting, 28,

is half the total band width, 48, for a one-dimensional exciton.
As a result, the k-dependent spin-orbit perturbation in the

_ exciton is reduced by a factor of two for a two-molecule chain.
Furthermdre, the monomer EPR frequency should be at k = + T/2a
(the center of the band). These coherent properties for excitons

are all conceptually related to the coherent properties of dimersy

\ S .
T(k) is related to T(+) and 1(-) for the two dimer states,

and L(x) is some number of lattice spacings the exciton propagates
before scattering, while the d;per equivalent is the distance
‘between the interacting'molecﬁles of the pair. The lifetimes

of, the plus and minus states of a dimer in a host lattice
(characterized by.kn band states) are given by

[-r(j_):l'l z ('r(:.))'l +Z (tk,n)'1=r'(:). (25)
]at . k'

In the zeroth-order approximation the uhcertainty width is the

same for both the plus and minus states,

ras) = r =(o°L (26)



Figure 3 shows the experimental observables for coherent dimers.
For an exciton, a sum over
all k states of the band must be carried out. In  the zeroth-

order approximation,

raazroo) =) (r, 07

. 27
k'

Tik! is the probability that an exciton initially in an energy
;ssociated with the kth state -}sscattered to a final energy with

the state k'. The relationship between Vg(k) and the band
dispersion for excitons is giQen in figure 1 which should be
compared with the dimer coherent parameters given in fig. 3

The experimental observations which are necessary to establish
coherence in either the dimer op exciton case must

establish the existence of separate transitions for the individual
k states of the band or the P(+) and Y(-) states of the dimer.

In the limit where the exciton or (dimer)-phonon scattering t+ime is
longer than the reciprocal of the difference ir-the Larmor frequencies
the spin can absorb the rf fields in each state of the dimer

or in each state of the exciton. On the other hand, fast
scattering leads to a collapse of the resonance absorption into

one line centered around 1/2 [w(+)+w(-~)] for the dimer or at

the center of fhe band for the exciton. This is illustrated

in figure y . Coherence in triplet excitons was firs; established
in TCB by Francis and Harrigzgiumonitéring the optically-

detected ESR band-to-~band transition in the lowest triplet

state at 3.3°K. The observed lineshape of the D-|E| transition
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is shown in figure 5., It appears much like the one-dimensional
system of fig. 3. The theoretical fit gives a k-state lifetime
~greater than 10-7 seconds, which is much longer than the inter-

molecular transfer time, 10”11

seconds. They established that

the exciton bandwidth, the minimum coherence time and the

density of states function in the band could be obtained from

zero field optically detected magnetic resonance at liquid He
temperatures. In addition, they established that all k states

have about the same coherence lifetime, implying the laék of
strong k dependent phonon;exciton scattering at 4.2 K. If
localization of the band states via mixing of the + and -

wave vector states (elastic damping) is less than localization

via inelastic processes such as phonon-exciton scattering, a
coherence time of 10”75 could allow coherent exciton migration

to propagate as far as io"A for states in the center of the bpand
(k=+7/2a) in these crystals. On the.other hand, resonant scattering or
damping could greatly reduce this coherence length. Unfortunately,
the Larmor frequencies for +k and -k states,mok and wo—k, are

the same, and hence, the above experiments cannot detect the

effects of resonant scattering or damping. From other experiments,
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however, a lower limit on the coherence length in these

crystals for k = + w/2a of 300 A -400A has been determined’ 32"

The coherent nature of dimer transfer was first established

by Zewail and Harriggéigssgsing optically detected electron

spin resonance in the lowest triplet state of 1,2,4,5-tetra-
chlorobenzene. The dimer observed is the translationally:
equivalent pair along the'z axis embedded .in a deuterated solid. The
coherent states of the dimer are the symmetric and anti-
symmetric linear combinations of the individual molecule excited
states and are split by 28 as discussed in eq.5 and 6 . Only
one dimer state has oscillator strength to the ground state

in optiéal absorbtion, but spianrbit coupling between the
observed triplet sublevels and higher singlet states.maps

out the dimer splitting onto the ESR spectrum so that the

4(+) and Y(-) components of the ESR transition have different
frequencies,

In §% h,-TCB in d2-TCB, two peaks ascribed to the dimer
transition flanking each monomer transition are resolved. The
assignment is supported by the concentration dependence,
saturation power dependence, and Boltzmann distribution of the
,'dimer peak intensities. Because the two dimer peaks can be
resolved, the system must be ir slcw exchange
where Wi < 6w or t(i)> . (6w)”!. This sets a minimum coherence

lifetime of 5 x 107/ sec, which is ~10" greater than the

intermolecular transfer.time of 10'11 sec. The excitation



oscillates coherently many times between the dimer molecules
before spattering to the other dimer state.

In view of the importance of the exciton band-to-band
line shape broadening function in the interpretation of . ’
propert&es associated with coherent energy migration in triplet
excitons, it is desirable to have an experimental method
capable of investigating the homogeneous character of the
electron spin transitions. The homogeneous line width can
be directly related to the lifetime of the states when other
contributions toithe line width such as fluétuating local fields,
are negligible ¢ompared;to uncertainty broadening. The experi-
mental techniques should allow the full correlation function
for the dynamical processes to be pbtained. Most of these
requiremenfs are satisfied by optically detected electron

spin coherence technique357’58

,» such as the electron spin

echoes in which the Fourier transform of the decay of the echo
measured as a function of the time (21) between microwave pulses
is related to the lineshape function for the phonon-exciton
processes which dephase the spins. Recently, in an important
experiment, Botter, Dicker, and Schmidt®? monitored the ESR
‘linewidth of TCB upto 15°k using two-and three-pulse spin echoes.
Spin echoes, which do not appear above 2.2°K, show a constant .

memory dephasing time below 1.6°K that the authors ascribe to

impurity and trap scattering. More importantly,however,the spin echo
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technique has a variable correlation time determined by the
pulse spacing, so an estimate of the wave vector change may
be made. The authors report that scattering in the coherent
regime of TCB involves k-state changes of less than a MHz,
much smaller than the total linewidth. The ODMR studies also
show the double maximum band-to-band transition at 4.2°K
changing to a symmetric Lorentzian at the center of the band
at 8°K as predicted by Harris et a1%3 fhis;g}ecisely what is
expected when the system proceeds from a slow exchange region
to fast exchange with increasing temperature.

Other systems have also been studied. Botter, Nonhof,
Schmidt, and Van der Waafgjmeasured the coherence time of
translationally inequivalent naphthalene dimers in perdeutero-
naphthalene using both zero-field ﬁSR techniques and electron
spin echoes. The Davydov splitting of 2.5 cm"1 in the optical
spectrum of the dimer shows a coherence time >lO_11
"sec. In zero field ESR,wkt)> transitions are split by ten

megahertz, corresponding to a minimum coherence lifetime
orders of'magnitude longer. By monitoring the frequency shift
with temperature in the zero field splittings and the temperature-
dependent contribution to.the homogeneous linewidth measured by
spin echoes, lifetimes in both states can be derived. The system
shows ﬁaximum linewidth about 1.7°K, corresponding to inter-
mediate exchange but shows coherent behavior at lower temperatures.

{
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Schmidberger and Wolf have extensively investigated the

‘behavior of the conventional and optically detected ESR
lineshapés of a second system, i,u-dibromonaphthalene. The
microwave saturation behavior of the tranéition shows some
departure from complete homogenéityil%o ﬁd exéct valde for
the coherence time of the k-state is avaiiable. However. the
temperature dependence of the lineshapglfg constant at low
temperatures, rises as the temperature‘cubed to a maximum

at 16 K, and then decreases asymptotically to a constant room
témperature value. The'low temperature behavior of the
exciton is characterized as coherent by the definition of

Haken and Stroblgz--

Yo < 28 ’ (28)

where Yo the local site energy fluctuation, has an upper

limit set by the observed linewidth. The T3

dependence is
attributed to dephasing by scattering with acoustic phonons,
whose populatioh density goes as T3 in a Debye solid. Above
16 K, the exciton motion is incoherent and the lineshape is
mptionally narrowéd. Schmidberger and Wolf also show that
the low-témperature coherence is limited by exciton transfer
between magnetically inequivalentvchains?ldThis cross-chain
hopping rate, measured in another series of experiments, puts

an upper limit on the coherence time of 10"8 sec.
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OPTICAL LINESHAPE STUDIES

The demonstration of exciton coherence by analysis of the
optical absorbtion lineshape has been hamperedvby two problems,
one experimental and one theoretical. Experimentally, in-
homogeneous broadeningvof the obsérved traﬁsition by Crystal
defects, internal strain, and the distribution of chain lengths
in one-dimensional systems is a recurfent problem.in molecular
crystals at low temperatures. This can be circumvented by
careful observation of the temperature dependence of the
linewidth and optical coherence techniqueésiold promise for
future work. On the other hand, the interpretation of
lineshape functions has been hampered by the lack ofacommonly

accepted model for the effects of exciton-phonon coupling and

coherence on the k=0 state observed in optical absorbtion and emission

although many models have been proposedy beginning with Davydov17
and Rashbale. With this in mind, we will review the predictions

and regions of applicability of those models most widely used.

Given complete knowledge of the wave function and energy.
level structure of the exciton bands and the exci?on lattice
Hamiltonian, Toyozawa's lineshape model predicts ;\Lorentzian
for weak éxciton-phonon coupling and a gaussian for strong
-couplingillThe stfength of coupling is determined by the

relative magnitude of exciton bandwidth and exciton-phonon

coupling constants, so that the weak coupling limit is roughly
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synonomous with the limit of coherent exciton propagation. |
Toyozawé's model has fhe advantage of extreme generality aﬁd
has been used to predict the behavior of semiconductor and
ionic solids as weil as organic insulators. It does not
apply, however, in the low temperature 1imit when the k=0
absorbtion is at the edge of the exciton band, as in one-
dimensional systems. More significantly, the model is extremely
difficult to invert. Given the phonon energies and scattering
rates, it is straightforward to calculate the lineshape but

it is very difficult to extract energies aﬁd rates from an
experimental lineshape. | »

This difficulty haS'Been illustrated by Burland, Cooper,
Fayer, and Gochanour?uwho repért the singlet-triplet absorbtion
lineshape of TCB between 2K and 45 K. The lineshape changes
from an asymmetric Lorentzian at low temperature to a symmetric
Lorentzian about 14 K and finally tola symmetric éaussian above
20 K. The asymmetry of the initial lineshape reflects the
position. of the k=0 state at the top of the band. As the
" temperature increases, exciton-phonon scattering mixes dipole
intensity into all the k-states and the absorbtion maximum
shifts to give a symmetric Lorentzian at the center of the
band. The authors ascribe the final transition to a Gaussian
- lineshape to the localization of the exciton. Whilebthis
behavior qualitatively matches the Toyozawa predictions, the

model's temperature dependence is too complex to extract
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sCéttefing rates and coherence'lifetime from the experimental
lineshape data.

The difficulty has been circumvented somewhat by Morris
and Sceat£§13&$e m§de1 enjoys the advantage of easy comparison
with experiment. Using'the Green% function.approach to lineshape
initiated by Davydogjand_others, Morris and Sceats have directly
and éimply defined thé moments of the optical transition in
terms of the dynamical scattering rates and energies in each
bf several limiting regimes: weak coupling, strong coupling,
and polariton—phonén coupling. The model assumes a.lorentzian
| lineshape for the transition and, in the weak coupling limit,
predicts increasing second and third spectral moments with
incréasing temperature. |

The model was developed to analyze reflection spectra of.
strong singlet exciton absorbtions over a very wide temperature
range and the queétion of exciton coherenée was not of primafy
concern to the authors. 'The high temperature behavior is
confused by the presence of multiple scattering mechanisms
- and "average" values of phonon energy and scattering rate
are extracted. The exact application of the theory to a
particular scattering mode at low temperatures is largely
untested, although the authors do briefly consider the
- exciton coherence length in the 4000 A anthracene singlet band,
fof which weak coupliﬁg hdlds. Tﬁey report that the exciton
mean free path may be as muéh as 20 A , depending on the average

~group velocity.
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Haken and Reinecker and Symi start with Hamiltonians that

do not include separate dynamical terms for phonons and exciton-
- phonon coupling. Instead, these models allow the molecular
site (on-diagonal) energy and intermolecular interaction (off-
diagonal) to fluctuate according to sfochasficreaussian and
Markoffian processes, and solve for the optical linewidth in
terms of the fluctuation correlation times. Haken and Reinecker
predict a Lorentzian lineshape which broadens with increased
fluctuation rate. Sumi discards}the off-diagonal fluctuation
in the intermblecular interaction B and separates the on
'diagonalbautoéorrelation function into a coupling strength
D and a dephasing rate Y, and solves for the lineshape using
fhe coherenfkpotenfial approximation?8 The three limits of the
Sumi model are (i) B>>D, y where the lineshape is Lorentziaﬁ
in the weak coupling limit; (ii) y>>D,B where the phonon energy
is so rapidly exchanged between sites that the lineshape is a
motionally narrowed Lorentzian; and (iii) D>>B,y where the strong
coupling limit gives a Gaussian lineshape.

Both models readily give exciton mean  free path lengths
on the basis of experimental lineshapes. Symi démonstrates )
that a coherent component remains in the exciton propagation rate
for the singlet‘and triplet excitons in anthracene.as'high as
1100 K. The nature of tﬁe models do not allow analysis in terms
of a specific scattering mechanism.,

Using a different approach, Harrigghas explicitly related

the optical lineshape function to k-scattering via exchange
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theory, under the assumption that the dominant dephasing mechanism

for the electric dipole transition to the k=0 state results
from the absorbtion and emission of a phonon. This dynamical
model assumes that exéiton is scattered to an entirely different
k stéte and that the dephasing of the optiqél absorbtion comes
about via frequency differences of thevphonon in the ground and

. . -the transition
excited state. Phonsn}energy exchange modulates :/dipole moment
through the quadratic terms of the exciton;phonon coupling in
this model and -exchange:averaging . is treated as a stochastic
process and is felatéd to the time-independent phonon promotion
and relaxation rates which introduce a random frequency modula-
tion into the electfic dipole auto-correlation function.

The Harris exchange modei makes several distinctive predictions.

The manifestation of exchange is to produce both a temperature
dependent line broadening and frequency shift when the difference
between the ground and excitedvstate phonon energies, 6w, and

the lifetime of the exciton-phonon complex, T , satisfy the

condition of intermediate exchange
dw T N~ 1. _ (29)

In essence, the lifetime T in the excited phonon state must be
long enough to partially dephase the correletion function for
the transition dipole to k=0, but short enou:hr to bring back

phase memory of the upper state frequency. If the phonon's



energy is lower higher ) in the excited state than in the ground
state, the frequency shift is to lower (jigher) frequency with
increasing temperature. The model predicts a Lorentzian lineshape
for mséwd, the transition frequency without exchange. The same
lineshape functioﬁ has been derived for sg&eral exchange theories
in magneticvresonancéul:ﬁ%st importantly, under the condition

of intermediate exchange, it is possible to extract the energy

of the scatteriﬁg phonon and the phonon promotion rate which
limits exciton coherehce from the temperature dependence of the
experimental lineshape and frequency shift.

The exchange model gives the exciton-scattering rate for a
particular ﬁhonon mode in a computationaily and.éonceptually‘
simple way; however, the interpretation of the lineshape function
in terms of the exciton coherence can only be valid when it can
be shown that the scattering rate from the observed mode dominates
all others at a particular temperature. The model is primarily
applicable to low temperatures where few modes are popﬁlated.

The exchange model has been applied by Harriésto the question
of coherence in the linear exciton system 1,4-dibromonaphthalene
(DBN); The wofk of Burlanggand Burland, Konzelman, and Macfarlang
in this system has established that (i) the triplet exciton
absorbtion linewidth for both crystal sites in DBN broadens in
a non-exponential manner from 4 K to 40 K, (ii) the lineshape
changes from an asymmetric Lorentzian to a symmetric Lorentzian

between 5 and 25 K, and (iii) both transitions are frequency



shifted to lower energy with increasing temperature. Analyzing

only the linewidth and not the frequency shift, Burland,

: 74
Konzelman and Macfarlane are unable to distinguish between

the alternative one and two phonon scattering mechanisms they
propose. Using this data, Harfis has presented an analysis
of the optical lineshape based on exchangel.6 Noting that the
ratio of the temperature-dependent portion of the frequency

. . . -1 .
shift Aeff and the linewidth Teff vlS equal to

T ‘1/Aeff = Surt, (30)

eff

this ratio plotted against temperature for both the absorbtion
origins in the DBN triplet exciton spectrum gives a constant

average value of 0.63 for site I (20,192 cm-l) and 0.75 for

1

site IT (20,245 ecm ), Having established that intermediate

exchange holds, Harris obtains quantitative estimates of 1

and 8w. The observed k=0 state lifetime is 2 x 10_7 sec. and

3.3 x 10°% sec. at 4 K and 1.4 x 10" 12 sec. and 2.5 x 10°1? sec.

at 30 K for sites I and II respectively, which values are all.

longer than the intermolecular tranefer time, 7 x 10'1'3 sec.

The energies of the scattering phonon modes are 38 cm"1 and

1

45 cm — for the two sites.
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Exciton mean free path measurements have been less
successful in_démonstrating exciton coherence in many cases than
lineshape interpretation. A coherent exciton has a mean free
path greater than the intermolecular spacing and as such the
e#tent of coherence determines the path length, These measure-
ments require the detection of exciton transfer between spectros-
copically distinguishable initial and final states, A distinction
between coherent and incoherent migration is often made in
assessing whether or nbt a dynamical model provides a mechanism
for echieving thermal:equilibrium.betWeen these states
within the lifetime of the state. Usually the experiment
measures energy partitioning between an exciton band and traps,
the time-dependence of emission build-up and decay in band or
trap, or triplet-triplet exciton annihilation. In practice, these.
often require the introduction of isotopic, chemical, or structural
traps or barriers outside the exciton band. Unfortunately,
transfer processes associated with two or more component systems,
such as trapping, tuﬁneling, and thermal detrapping, are not
well understood and the experimental demonstration of coherence
is often ambiguous.

Fayer and Harriguhave measured the experimental temﬁerature
dependence of the intensity of the intrinsic TCB X trap. If the
migration is rapid, equilibration of the triplet state popula-
tions can be established among the exciton and trap states
within the lifetime of the‘excited electronic state and the

.temperature dependence of the trap emission will obey Boltzmann
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statistics. If the migration is too slow, équilibrium is not
reached and the qualitative behavior of.the trap intensity
is different. 1In this study, the experimental results could
be fit to a Boltzmann curve with the best possible fit giving
a trap éoncentration of one part in 90,000, This observation_
bcan only be interpreted in terms of a modél which is dependent
upon coherent migration in the TCB crystal at low temperatures.
Table I gives the ratio of the distances travelled by an
exciton moving in the toherent 1imit versus random walk migra-
tion at 2.8 K for a narrow band-width excitation (the TCB
triplet), a wide Eand (DBN triplet), and an intermediate band-
width. The random waik migration is a factor of 10* to 10°
slower than coherent migration. While a TCB exciton travelling
completely coherently could sample approximately 109 lattice
sites during its lifetime (10 msec), an exciton undergoing
random walk migration will only sample about lOu lattice sites.
The number of such excitons able to migrate longer distances
falls off rapidly because one-dimensional random walk processes
are describable by a Gaussian distribution of distances about
the initial site. In the casé of TCB, only three excitons
out of 1000 travelling completely incoheréntly would be able
to cover a distance of 5 x 10I+ lattice sites, which is half
the average distance between traps. The conclusion drawn by the
authors from the fact that the temperature dependence of the
TCB trap intensity obeys Boltzmann statistics is that coherent

migration is the principal mode of transport. No estimate of



the actual coherence iength ié'given, although the coherence
length must be several orders of magnitude longer than the
lattice spacing in order for the system to achieve thermal
- equilibrium within the excited-state lifetime.

A similar experimental study has beén made by Dlott,
Fayer, and Wietingf Their kinetic model, however, analyzes
the effect of the natural abundance of hd-TCB "barriers"

11 em™?

above the band, assuming coherent propagation between
the barriers and an'overall stochastic random walk between
intervals bounded by barriers. Trap population build-up
ra{es are calculated for individﬁal wave-vector states,
including k-dependent group velocities and barrier tunneling
rates, before a thermal average over the rates is taken. The
coherent modei predicts a phosphorescence build-up rate in the
TCB X trap that is larger than that measured, although the
model for the completely incoherent exciton gives a rate
substantially too low. Effects related to intermediate
coherence lengths and multidimensional interactions cannot be
extracted frpmvthe model and no unequivocal statement about
coherence can bebmade.

Shelby,'Zewail and Harrigsobserved the time evolution of
exciton and trap phosphoreécence by exciting the triplet band
states of TCB and DBN‘with nanosecond dyé laser pulses. The
behavior was fit to a kinetic model whose parameters were
the exciton and trap decay rates, the trapping rate, and the

detrapping rate, The trapping rate, ki’ was in turn related



to the mode of exciton propagation in the band. In the regime
where exciton-phonon coupling decreases the coherence time,
but does not completely localize the exciton wa&epacket, the
trapping rate is/described by a random walk with step length R

and step time <71 (k)>,the average coherence lifetime,

Ky = £2 /42 | ©(31)

where d is the distance between traps. Although the model

 fits the experimental results quite well the experiment is
. .. 77

subject to ambiguity. Guttler and Wolf point out that the

4 if the ratio of

trapping efficiency is on the order of 10~
trapping and detrapping rates is determined by microscopic
reversibility and the number of band states; thus, the
trapping rate may be limited by the final trapping step
rather than migration to the fegion of the trap. It appears
at present that no unequivocal statement about coherence can
be made on the basis of these experiments.

Coherence studies in multi-dimensional systems have been
hampered by the greater complexity of the statistical models

necessary to predict the experimental observables. Argyrakis

18 ' '
and Kopelman have developed a method of measuring the coherence



length based on exciton percolation 'in isotopic mixed crystéls,

a mathematical idealization ofatwo-component system in which

_ energy_transfer is only allowed between adjacent, low energy

. component molecuieg. Modeling the naphthalene first singlet

excitoh system with a nearest neighbor interaction énd square

lattice topology; they generate a binar§ random lattice of

- 500 by 500 sites and find the number of sites visited as a

. function of the exciton mean free path. They relate their
results to the experimental results for energy partitioning

between the low energy component and a dilute concentration

"supertrap" and find that a coherence length of 20-100 sites

, reproduces the experimental curve best. One needs, however,

extremely accurate data to distinguish between 20 and 100 site

coherence 1engfhs when thé average distance between isotopic

scatterers is only 5 to 10 sites.

An additional technique of potential imﬁortance in the
study of exciton coherence is biexcitonic annihilation and
delayed fluorescence. Sun;”and GBselgohave modeled the rate
of exciton fusion, particulafly in one- and two-dimensional
systems, as a function of the exqiton diffusion tensor, and
the predicted behavior has been observed both in neat and
mixed crystal systemgf But so far theoretical and experimental
work have dealt primarily with iﬁcoherent migration at higher

temperatures,
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SUMMARY

The fundamental concepts of coherent exciton propagation
in molecular solids provide a simple relafionship between
exciton-phonon scattering, spectral lingéhape, and exciton
migration dynamics and the search for coherence hés been an
area of active research in the last decade, Three classes
of experimental techniques have been used to demonstrate
'exciton coherence: electron spin resonance, optical lineshapes,
and excitén dynamics measurements. Most studies have been made
on one-dimensional exciton conductors, where experimental
results and theorefical predictions are easily compared, but
we see a need to study coherence in a wider range of compounds
to -show whether or not it is indeed a general property of

exciton migration at low temperatures.
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Table I. Ratio of the Coherent Miération Distance to the Random

walk distance at 2.8 K.

Time. | o  Band Width

1.25 em™t 15 em™? 29.6 cem™t
1 ms 3.7 x 10" 7.8 x 10" 7.8 x 10"
10 ms 1.1 x10° | 2.5 x 10° 2.5 x 10°
100 ms 3.7 x 10° 7.8 x 10° 7.8 x 10°
1. 1.1 x 108 6 6

2.5 x 10 2.5 x 10
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Figure Captions

Figure 1: The relationship between the translationally equivalent
interaction, B, the band energy dispersion, E (k), the group
velocity, Vg(k), the density qf states function, p(E), and the
distribution function D (k), for a one-dimensional exciton.

FigureEZ: Stacking pattern for two inequivalent chains in
1,2,4,5 - tetrachlorobenzene. Center to center distance along

3 axis (left-right in plane of paper) is 3.76A.
Figure 3: Coherent properties of electronically excited dimers.

Figure 4: Expected Larmor frequencies for one-dimensional systems.
w(M) is the Larmor frequency of two spin sublevels, Tx’ Ty’

of the excited triplet state. w(+) and w(-) are the two different
frequencies in Y(+) and YP(-) dimer states. w(k=0), (k=m/a),

and w(k=n/2a) are the Larmor frequencies of k=0, k=m/a (band edges)
and k=n/2a (band center) states, respectively. Extraction of

the Larmor frequency for any other k-state from the schematic
is'straight forward. The right hand side of the figure demonstrates
the effect of exchange an the microwave.absorptijon in dimer

. .and.exciton states.

(a) the isolated molecule transition.
(b) Microwave absorption in dimers for a $low exchange limit;
By is the difference in Larmor frequencies of y(+) and
y(-) states.
(¢) Microwave absorption in dimers for a fast exchange limit.
Both w(+) and w(-) are centered around (M).
" .:w-(d).Exciton band-to-band transition extrapolated from the
e dimer case "b" in the slow exchange limit. Ak is directly

related to Ak.
(e) Exciton resonance in the fast exchange limit. w(k) is

centered around w(M).

Figure 5: The optically detected D + 'E’ (top) and D - IE'
(bottom) band-to-band transitions associated with the triplet
exciton in 1,2,4,5-tetrachlorobenzene. The phosphorescence



intensity of the exciton electronic origin at 37u48.2A is
monitored as a function of microwave frequency. The solid
line is the theoretically predicted spectra of Francis and

Harriszs. v

Figure 6: The right hand section of this figure demonstrates
the reiationship between exciton and dimer microwave dispersions
in coherent states. The energy dispersion of the band is
one-dimensional. The dashed lines represent the position of

" the dimer and monomer energies,vE (+) and E (M), in the band

and their relationship to the microwave resonance frequencies,
w(+) and w(M). The spectra on the left are the microwave
band-to-band transitions taken from ref. (25). The dashed
vertical bars represent the experimental frequencies of the
dimer in the D + |E| and D - |E| transitions®°*°® and the width
~of these bars is the estimated error on these frequencies. '
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COHERENT PROPERTIES OF DIMERS

i Ts = o >\\\

e

Eo{ 2B N
Al ,A2 . v, 1-+# D, \

"~ isolated coupled ' S
molecules by B : Coherence Distribution
Lifetime - (Boltzmann)

(width)
(1) B generates a rate of energy transfer between molecules:
v, =v_=28B

(2) Coherence lifetime, r,_ or 7_, generates a width to the state
and is a measure of the coupling of the dimer to its environment.

[r;'=2 (r+i)"; rol= Z(r_i)"]
i i

(3) Distribution. function, D, determines the partition of energy
between V¥, and V¥_.

[D_ ~ D, -exp(-2B/4T)-T_]
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EXPECTED LARMOR FREQUENCIES FOR DIMERS AND EXCITONS OF ONE-DIMENSIONAL CRYSTALS

IN THE SLOW AND FAST EXCHANGE LIMITS
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PHOSPHORESCENCE INTENSITY —~
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Phosphorescence Intensity

Phosphoresc;ence Intensity

THE RELATIONSHIP BETWEEN EXCITON AND DIMER MICROWAVE DISPERSIONS

5525 5530 5535 5540 5545
Frequency (MHz)

Frequency (MH2)

IN COHERENT STATES AND THE EXPERIMENTAL RESULTS ON
1, 2,4, 5- TETRACHLOROBENZENE
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AE (k) =28coska  hAw(k)=28f coska
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