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Strong and Weak Exciton—Phonon
Coupling in Molecular Crystals

M. D. CLARKE, D. P. CRAIG, and L. A. DISSADO

Research School of Chemistry, Australian National University, P.O. Box 4. Canberra,
A.C.T.2600, Australia

(Received August 23, 1977)

The coupling cases for exciton—phonon interaction in molecular crystals are analysed with the
help of three quantities: (i) the exciton bandwidth, related to the exciton transfer rate between
molecules, (ii) the dispersive interaction between excitons and phonons, related to the rate of
excitation interchange between phonons and excitons, and (iii) the phonon frequencies, related
to the rate at which the phonon motions, and lattice structure, respond to changed lattice
forces produced by molecular excitations. Cases intermediate between extreme weak coupling
(exciton transfer faster than both lattice relaxation and exciton—phonon interchange) and
extreme strong coupling (excitation locked on one site by lattice relaxation) are distinguished,
and their spectral characteristics discussed.

INTRODUCTION

The coupling of crystal excitons to intra-molecular vibrations in a rigid
lattice is described as weak or strong coupling according to the ratio of the
progression-forming molecular frequency or frequencies, w,;, to the exciton
bandwidth M calculated from the free molecule integrated spectral intensity.
In weak coupling (hwg, < M) each molecule is excited for so short a time
that its nuclei are unable to relax to a new equilibrium structure. Electronic
and nuclear motions are for practical purposes uncoupled: the exciton band-
width remains that for the whole of the free molecule transition moment,
and the associated excitation transfer integral M, between sites i and f is

My = Sif 1 Viglif 5 n

the prime denoting the excited electronic state. In strong coupling
(hwa, > M) the excitation transfer time is long enough for intramolecular
relaxation, and each progression member acts individually according to its

309



Downloaded by [Tomsk State University of Control Systems and Radio] at 04:41 23 February 2013

310 M. D. CLARKE, D. P. CRAIG, AND L. A. DISSADO

proportion of the total oscillator strength, giving a vibronic exciton band-
width in this proportion. This is equal to the bandwidth calculated for M
times a Franck-Condon factor {GO|nv|>* for the overlap of the zero-
quantum level in the ground state with the v-th quantum level in the n-th
electronic state. The corresponding excitation transfer integral is

{GOlnv)*M;, 2)

To this consideration of weak and strong coupling to intramolecular
vibrations there has to be added that of the coupling to external molecular
motions, namely lattice phonons. The theory of the coupling to external
modes has been developed by a number of authors.>~® In this paper we discuss
the limiting cases in relation to the quantities they depend on, namely exciton
bandwidth, lattice frequencies, and coupling constants between excitons and
molecular motions.

In typical organic crystals composed of molecules that are not too large,
say of molecular weight of a few hundred a.m.u., the internal frequencies
appearing in progressions are usually higher than the highest lattice fre-
quencies. Typically the acoustic phonons lie in the frequency range 0-50
cm™!, and the translational optic and librational phonons in the range
50-150 cm™!. Thus if the transfer integral (2), i.e. after allowing for the in-
fluence of intramolecular vibrations, is in this case less than 150 cm™? there
can be lattice relaxation at the excited site, and site-to-site transfer is a process
in which lattice motion as well as electronic excitation is involved. Such
clothed excitons have reduced transfer rates, and transfer integrals reduced
from (2) by a further factor, loosely described as the Franck-Condon factor
for the lattice vibrations. Relaxation can only occur if there is coupling
between excitons and phonons, and its magnitude in relation to bandwidth
and phonon frequencies must be taken into account.

Following this argument, the molecular excitations forming excitons in
the crystal will be taken to be the elementary vibrational-electronic (vibronic)
excitations of the isolated molecule. Each has a characteristic excitation
energy ¢ and transition dipole moment d from the ground state.

EXCITON-PHOTON COUPLING

A Hamiltonian for the set of coupled molecular excitations and lattice
phonons allowing for lattice distortion due to molecular excitation has been
given before.! Taking the molecular excitation in site representation and
the phonons as delocalised, we have

H = Hex + th + H:x—ph + Hezx-ph (38.)
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Hy =3 [(8 + Z'Dnm)BT.Bn +3 MntT,Bm] (3b)
th = Z b;sbqshws(q) (30)
qs
Hoypn=2Y [BL B¢ "F,u(qs) + B} B"e""’"xs(q)]% (3d)
sq nm
HE o= Z_ Y [BT.BM Fon(@s) + BY,B..xs(ﬁ)]%s (e)
sq nm
where
Bas = bgs + by )

Here the B', B, b', b are creation and annihilation operators for their re-
spective particles. M, is the exciton exchange interaction between sites n
and m, D,, the dispersion interaction, and F,,(qs) and yx(q) the exciton-
phonon coupling functions for the exciton exchange (resonance) and dis-
persion interactions respectively. The Hamiltonian may be transformed to
a delocalised operator with relations (5)

B, =N"'2% Bl exp(—ix-n); B,=N"Y2Y exp(ix-m)B, (5

and is given by

H,, =}, E(x)B.B. (6a)
Hion = N712% Bl o Be{F (K, Q) + £(@)}¢as (6b)
HE oo = N7V Y BlBAF (&, @) + 1@} 5, (6¢)

sxq

together with (3¢). The two forms are identical if the problem is solved
exactly. For approximate solutions however the first is based on localised
molecular excitation as best zero-th approximation, and the second on
delocalised excitation.

Of the various terms in the Hamiltonian, D,,, is the change of dispersion
interaction between molecules at sites n and m when one of them is raised to
an electronic upper state. D,, underlies the change is lattice stabilisation
energy, due to a different molecular polarisability in the excited state, and
is the source of the change in the transition energy of the molecules in a
crystal from the gas phase. M,,, is the resonance interaction causing excita-
tion initially on site n to transfer to site m at a rate ~AE/h s~ . In the absence
of any coupling of excitons to phonons, the exact Hamiltonian is the sum of
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(3c) and (6a), the exciton part of the total energy being given by (7), the
exciton energy E(x)

E(k) =€+ ) Doy + 2. €™ ™M, @)

The coupling between excitons and phonons given by (6b) and (6c) depends
on coupling functions Fy(x, q) and y,(q). The former gives the coupling
arising from the dependence of the resonance interaction M,,, on the relative
displacement of the molecules n and m, according to (8),

FS(K’ q) = ZeirmFOm(qs)

h vz 0 0
- sz [Zijs(q)] eé(q){aRJ + e 6R3 } e "M o (8)

where ei(q) is the j-th component of a unit vector in the direction of the
displacement in the q mode of the s branch, R}, being such a displacement
at lattice site m: j = 1, 2, 3 are translational displacements and j = 4, 5, 6
rotational displacements. Strictly, translations and rotations cannot in
general be separated in this way, but we assume that for most q values the
motion will be dominantly one or the other. I; is the mass coefficient for the

J
motion of the sq mode. The factor (9) is thus the root mean square amplitude

h 1/2
[2 Y q)] = y,(sq) ©)
of the zero point vibration of the sq mode. This coupling term transfers
excitation between lattice sites together with emission or absorption of a
phonon.

In the basis of localized excitations with hamiltonian (3) this term can
be seen as causing the transfer of local deformation together with the transfer
of the exciton. From the form of the delocalized hamiltonian (6) one sees
that this transfer is accompanied by a scattering of the excitation between
exciton states of different k. For librational phonons its magnitude is of the
order of M, multiplied by y(sq),> or ~0.01 of M,,. It is usually small
compared to the resonance transfer term. When the phonons are transla-
tional the coupling is at least an order of magnitude smaller.

The second type of coupling is by the dispersive term (10),

1@ = Z Y,(S‘l)e’(Q){ +elem (10)

->D

R} aR;} om
which describes the change in lattice energy of an excited molecule due to
lattice vibrations affecting the relative positions of molecules at the excited
site and throughout the crystal. A non-zero value implies that the excited
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molecule is not at its equilibrium position in the lattice and for that reason
xs(q) is sometimes called a strong coupling term causing excitation localisa-
tion, However in the delocalized representation in (6b) it appears as a
scattering term similar to F(x, q). In molecular crystals x,(q) can vary from
a value close to M, to two orders of magnitude less, and a range of patterns
of behaviour is found.

The detailed nature of the exciton-phonon coupling by the scattering
mechanism (6b) can be followed by seeing how wave functions for excitons
and phonons are coupled by H, ... The exciton wave function can be
written

O(k) = N~12Y e*'"g, (11)
where '
N-1
Gn = (P/Pn) Llo ¢, (12)

and ¢, and ¢, are ground and excited molecule wave functions at site n.
The complete exciton—-phonon wave functions are

D(x)¥(q) (13)
where W(q) is the product of individual harmonic oscillator wave functions
in each of the normal modes, all in their zero-point states except that in
mode q, which will be taken to be in its first quantum level. General phonon
wave functions, allowing for any desired excitations in the modes, can be
used but give nothing new for the present argument. Thus

Y@ =v°0)...¥'@... (14

the superscript denoting the quantum state of the oscillator. The symbol
¥ means the empty state where all oscillators are in their lowest levels.
The pairs of states coupled by the operator as written in (6b) are

O(x + Q¥(—q); G’(K)‘P“”}
Ok + q)¥; O(x)¥(q)

Bearing in mind the definition (11) a typical term in the matrix element of
exciton-exchange coupling (8) arising from the upper pair in (15) is

N~ 0 mg, W(—q)|F (x, @)oo ¥ (16)
which, according to expression (8), is the coupling of exciton exchange
between sites 0 and m to the excitation of one quantum of a phonon of wave

vector —q.
A typical term in the matrix element of the dispersive coupling (10) is

N~e' g, V(- Q)| x| o, ¥ a7

(15)
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This gives the coupling produced by the excitation of the molecule at site
m between the exciton and a one-quantum phonon transition in mode —gq.
This coupling, according to (10), occurs because the dispersion interaction
between an excited molecule at site m and other molecules is changed by the
relative molecular motion in the phonon modes.

The term in HZ_,, expression (6c), appear only when the crystal prop-
erties, expressed in lattice dimensions and molecular orientations, are dif-
ferent in the excited state from those in the ground state. The normal modes
of the lattice calculated for the ground state do not necessarily apply to the
excited state, but to an acceptable approximation the changes can be con-
fined to shifts in the origins of certain of the normal coordinates, denoted
by a bar over the mode index referring to those coordinates (§). H2,_,, gives
the change in energy of the excited molecule due to the lattice displace-
ments, in terms of an altered resonance interaction and lattice energy. The
dispersion-displacement coupling will necessarily lower the energy of the
excited molecule while the resonance-displacement coupling may either
raise or lower it.

The eigenvalues for a system in which there is one exciton only can be
obtained by removing the interaction terms from the Hamiltonian to produce
a diagonal form. This can be carried out for the delocalised form of the
Hamiltonian (6) by means of two canonical transformations.! The first
transformation removes the coupling terms (6¢). The transformed operators
are obtained in terms of the old operators as

bst'] = Esi - 2 B!:BK A*(KS(_I)
: ()
Bl: = exp(Z {A*(qu)gsﬁ — A(qu)gsi})gx
with
Alxsq) = N™12{x(@) + Fx, §)}/hw(@) (19)

and transformed exciton energy

E®M) =e+ Y Do — N} {IF (D) + [1@|*}/he @)
m 5q

iK 'm _2 -1 X:(‘i) ir= —
+gen|i- v T ED s gy

0 ) 0
— grm
X {6R{, + e 6R{;}]M°'" (20)
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The second transformation is an approximate one for the purpose of re-
moving the H;_,, coupling term. The phonon operators have a similar
form to (18) and are

131;‘1 = ng + Z §L+q§xﬁ(", S, q)

21
byy = b — ¥ B oBiB(x, 5, —0)
with K
I
Blksq) = — TRk, @) + 1@} @)

E'(x) — E'(x + q) — ho(q)

The transformed exciton operators cannot be expressed in simple form. To
second order they are

Bn = Ex - Z {ﬁ(l( —9q, sq)gsq + B(K —q, SQ)EI._Q}E,‘_Q

+ %gq{ﬁ(x — ¢, 59)b,q + Bk — 4, s} Zq {Bk — a4 — ¢, 50, q

+Bx — q - q,5q), g} Beq-q — (24)
BL=B.+ SZ{B(qu)Bsq + Blesq)bl o} Bl

+ %quq{ﬁ(xsq)Esq + Bles)bl o} S,Z;.,{ﬁ(lc + 4, 5Q)bq

+ B(K +q, S/q,)B.Ts'—q’}Bt:+q+q’ + - (25)

Higher order terms have exponential numerical coefficients, each coefficient
conserving psuedomomentum through sequential phonon processes. On
limiting (24) and (25) to first order the diagonal form of the Hamiltonian is
given by

A =Y BB{E® + Ak, )} + Y ho@blb, (26)

where

Alx,q) = N™1 Y |F(x, q) + 1@

sq

E'(x) — E'(x + q) + ha(q)

7@ + 1
TE@_Ek )= hws(q)] @n

[ 7{q)
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Here v(q) are the thermal average populations of phonons of wavevector
*q.

THE COUPLING CASES

The roles of the two interaction terms can now be clearly seen. The lattice-
displacement coupling terms (HZ_,,) depress the molecular excitation
energy from its undisturbed level and alter the resonance interaction as in
E’'(x); they are also responsible for a phonon progression in absorption.’
The scattering coupling (H},_») introduces an energy shift through the
real part of A(x, q). The imaginary part of A(x, q) is to be regarded as a
damping giving a finite width to the transformed levels.

The delocalized basis underlying expression (26) for the crystal energies
is an acceptable approximation to the correct solution only if the perturba-
tion series in (24) and (25) is rapidly convergent. At the least this requires
the inequality (28) to hold for all q for which # and B have to be evaluated.

1> |pxsq)l,  |Blxsq)l (28)

We can exclude modes q giving denominators ~0 and treat them as
damping terms which can be-dealt with in a series of single and multiple
scatterings, so long as (28) applies for other modes.

The quantities in § and f are the coupling functions F and y,, the exciton
band level separations, and the phonon frequencies. Their relative sizes
determine whether (28) is obeyed. We shall analyse the various cases with
the help of this criterion.

We define two parameters. M is the free exciton band width for the vi-
bronic transition. It is the largest value that is taken by any of the quantities
E(x + q) — E(x), which differ from E'(x + @) — E'(x) in the denominators
of B and B by small corrections produced by the energy shifts given in ex-
pression (20). M is four times the nearest neighbour resonance transfer
interaction if we confine ourselves to those interactions only. It gives the
excitation transfer lifetime away from a given molecule according to t,, ~
h/|M|. The second parameter, X, is the average of the dispersion interac-
tion over phonon modes of branch s. F(k, q) is neglected as far as the criteria
are concerned since it is usually much smaller than M. In a rough way X,
is associated with a “coupling lifetime” for the degradation of an exciton
into mixed exciton-phonon states, according to 7., ~ #/] X,|. The magnitude
of the parameters M and X, will be related to a fixed phonon frequency w,.
For librational modes, which are assumed dispersionless, o, is the q = 0
optical frequency, and for acoustic modes it is the maximum acoustic fre-
quency. The time for phonon motion through one radian is 7, ~ h/w;. We
now distinguish three cases depending on the magnitude of M.
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Case i) |M|/w, > 1. Exciton transfer faster than phonon motion.
Here the perturbation series in (24) and (25) converge if

X1/ IM| < 1 (29)

i.e. if exciton transfer is faster also than exciton loss to coupled exciton-
phonons (weak coupling limit). Otherwise the delocalised picture (26) is
not valid. The problem must then be solved by returning to the Hamiltonian
in the site representation (1) and treating the exciton—-phonon dispersion
coupling terms as the major perturbation on the molecular excitation, be-
fore including the resonance transfer integral.* The resulting crystal states
are those of completely localised excitation at a distorted lattice site. It has
been shown® that in this case the two types of solutions are mutually ex-
clusive, the excitation either being completely delocalised with lattice normal
coordinates unaltered, or localized so strongly that there is an origin shift
in all coordinates. This situation can be seen in the following way. After
coupling of a single exciton x to a number of exciton-phonons x + q, the
transfer integral applicable to each one of them is a small fraction of the
total M. The transfer rate in each is then small compared with w, and localiza-
tion is the result.

In summary, in the delocalised case, an instantaneously created localised
mode can be regarded as lying within the exciton band into which it spon-
taneously decays. In the case of localization a completely delocalized band
exists at higher energy. Localized excitation can, by thermal activation, be
raised to the band, out of which it drops into a localized state at another
site, thus having undergone site-to-site transfer.

We note that the transformation of Hochstrasser and Prasad,® is a special
case of that given here and in Ref. 1, applying to the k = 0 exciton at absolute
zero. It does not generate a phonon progression unless | M |/w; is less than
unity, which removes it from consideration in case i).

Case ii) |M|/w, < 1. Exciton transfer slower than phonon motion. De-
localization is possible only if coupling to phonons is very weak; and ac-
cordingly we find that the perturbation series converges if

| X,|/ws < 1 (30)

where the coupling lifetime is long compared with the time for phonon
motion. Otherwise the crystal states have the localised form described under
case 1). These are best derived from the Hamiltonian (3) in the site representa-
tion, However here, by setting the exciton dispersion to zero, we find an
exact form of the second canonical transformation.

The excitation operators (24), (25) now become identical to those of
Fischer.”
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B,=N""L¥ CXP[—:‘(K - ®)n— Y &y (@b, — 5§-q}/ws(q)]§r
x n qs

B, =N"12}Y CXP[i(K —))-n+ Y &y (@)fb,, — 5’,-..}/ws(q)]§L-
' n qs
(31).

It must be remembered however that the exciton dispersion has already
been assumed zero, and thus the excitation is completely localised.

Toyozawa has shown® that for the following two cases of fast exciton
coupling to exciton-phonons,

IMljws < 1, X ]/w,> 1
and
[ X/ > M| /o, > 1

the crystal states lowest in energy are fully localised with displacement of all
normal coordinates, the resonance transfer interaction serving only to
mediate the thermally activated hopping process. The delocalised picture
(26) thus fails in this case.

Transitions to the localised states have phonon sidebands arising from
the site interaction in (3d) with intensities of the form, for the m-th member

exp{— I‘Z‘z'z (29, + 1)}[' );2‘2 @, + I)T/ m! (322)
or
2 2 m
eXP{—IX(;:zl v, + 1)}['):;‘2l Vs] /m! (32b)

the latter applying to transitions involving thermally activated levels of the
ground state (hot bands).

Where there is slow exciton-phonon coupling, | X,|/w, < 1, (expression
(30)) the perturbation series converges and delocalization is the correct
picture. If in addition | X,| < |M| and exciton transfer is fast localization
is self-evident, inasmuch as M becomes the largest perturbation in hamiltonian
(3). However when

1> [ X,|/w; > [M]/w, (33)
it might be expected that, since | X,| is the largest perturbation, the crystal

states should be localised. This range, in which both molecule-to-molecule
transfer, and exciton coupling to the exciton—-phonon system are slower
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than phonon response, namely,
X /o<1, M|/, <1 (34)

has been identified by Toyozawa® as an intermediate range in which both
displacement-localisation and delocalisation are possible simultaneously.
The delocalised entities are excitons partially clothed with lattice displace-
ments. In the case of (33) the localised states on which M acts as a perturba-
tion have the maximum intensity in the zero phonon level (m = 0 in (32)).
The state with maximum intensity is the state with least lattice displacement
and in this case it is the lowest crystal state. Thus the resonance transfer
interaction acts on an excited molecule with little local disturbance as
described in Ref. 2. The conditions | X|/w, < 1, |M|/ws < 1 are also those
under which the coupling term H{, ., in (6) causes intensity transfer to
phonon sidebands,®> and we may proceed to a result similar in form to
Hochstrasser and Prasad’s® for the intensity. If we give the § and f’s of (24)
and (25) the common forms

g ~ X, B~ X,
w,— M’ w,+ M

with the averaged coupling in the numerators and the maximum value of
the exciton band level separations in the denominators, exact expressions
for (24), (25) are found as given in (31)7 with the replacement of X /w, by

(35)

XSwS
——wf =2 (36)
The phonon progression now has an intensity factor
| X, |*w?
—_— 7
@ — M7 7

thus increasing the intensity of the sidebands. The effect is small (~4x)
because of the restriction (34), and we think that this is why it cannot be
seen, rather than explaining it by the small widths of exciton bands in molec-
ular crystals.® When the widths are large enough to make an appreciable
affect in (37) we are in case i) conditions where the approximations leading
to (37) do not apply and the delocalised picture has no phonon sidebands.

A third case can usefully be distinguished. It applies widely to singlet
transitions in molecular crystals, and it can be regarded as a sub-case of ii)
for low frequency acoustic modes.

Case iii) |M| = o,

Where, in addition | X,| > | M|, the perturbation expansion fails, indicating
that the crystal states must be treated as localized states. Where | X| < [M|
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we have the intermediate range® of delocalization accompanied by some
lattice displacement. From the formal point of view, after removing from
the expressions (24) and (25) the phonon modes responsible for damping,
there may still be some modes for which the denominators of 8 and B are
small enough to prevent convergence of the perturbation series. These modes
must be removed and treated as a perturbation on the site excitation energy.
This causes a shift in equilibrium position of the excited molecule and
identifies those modes as being the § modes of HZ,_,. Their effect is to
reduce the resonance transfer integral through a Franck-Condon*” factor
and to introduce a phonon progression into the absorption spectra through
the HZ, ., term.> Under these conditions (26) retains validity as long as
these modes are removed from the sum of A(x, q) and the reduced form of
the resonance transfer integral is used.

Yarkony and Silbey® have investigated this situation. They show that for
a given magnitude of |M|, the lattice displacement decreases from its
maximum possible value on reducing | X;|, but that some displacement is
always present together with delocalisation. For a given magnitude of | X,|.
increasing M reduces the distortion. These results may be given the following
physical interpretation. Those molecular crystals in which an excited
molecule has a different equilibrium position to the same molecule in the
ground state, will undergo structural change to an extent allowed by the
time of residence of excitation on any one molecule in relation to the time
constants of the lattice displacements, the residence time being t ~ #/M. The
anthracene crystal!® appears to be an example, with a small lattice structural
change, so that the Franck-Condon factor is close to unity and Equation
(26) applies without change.

Phonon progressions, when observable in these systems, are determined
by HZ_,, through (32). The exciton bandwidth is not expected greatly to
affect intensities. This result can be seen from the delocalised form of H,,
which places absorption intensity® at

Ekx+q) +holq) k=0
and
E'(k + q) — hwq) k=0 (38)

as well as at the optical level E'(k = 0). When the bandwidth is much smaller
than w,(q) as in case (ii) these positions lie at the phonon sidebands of
E'(x = 0) and contribute to their intensity. When the band width is large
they can lie close to E'(x = 0) itself leading to an absorption width through
the exciton damping term, and otherwise constitute the energy shift A(x, q).
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