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Magnetic Resonance Absorption in Coherent Exciton states 

of Molecular Crystals 

C. B. Harris* 

. Department of Chemistry, University of California, and 

Inorganic Materials Research Division, Lawrence Berkeley Laboratory 

Berkeley, California 94720 

ABSTRACT 

At low temperatures coherent Frenkel exciton migration is expected 

when the density of localized molecular vibrations and phonon states in 

molecular crystals are sufficiently low that phonon-exciton scattering 

occurs on the average less frequently than energy migration from molecule 

to molecule. Because of the relatively long lifetime of triplet states, 

coherent triplet excitons provide an extremelyef'fective means of trans-

porting electronic energy over long distances in times much shorter than 

is required by the high temperature diffusion limited random walk process. 

The principal manifestations of coherent exciton migration on the ESR 

transitions associated with the zero-field spin sublevels of the triplet 

band are developed. The essential features 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 diJ;X>lar Hamiltonian; (b) the intensity of the ESR transitions are 

related to the. density of states function and therefore the effective 
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intermolecular exchange interaction can be obtained experimentally; and 

finally, (c) the line shape function gives a measure of phonon-exciton 

scattering processes and thus the coherence lifetime of the individual k 

states in the band can, in principle, be determined. 

* Alfred P. Sloan Fellow 

In,order to experimentally differenti~te between coherent and dif

fusion limited triplet Frenkell exciton migration2 in molecular crystals 

one must specify both the coherence time associated with the wave vector 

k and the correlation time associated with the particular experimental 

approach used. For experiments utilizing a time-dependent oscillating 

field such as a microwave or radiofrequency field the experimental cor-

relation time is on the order of the reciprocal frequency of the applied 

field. If the lifetime of an exciton k state is much longer than the 

experimental correlation time, excitons associated with individual k 

states may be experimentally investigated by the applied field. On this 

basis the relationships between microwave spectroscopy, coherent triplet 

excitons and density of states functions can be derived3 in the slow 

exchange limit. 

Consider for example a one-dimensional crystal with exchange inter-

actions between nearest neighbors of translationally equivalent molecules 

along some crystallographic axis (a). In such a case the triplet band 

structure of the crystal consists of three parallel bands each split in 

first order by: the electron spin dipolar interactions; however, it has 

been shown3,4 that the effect of spin-orbit coupling gives rise to an 
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anisotropy in the zero-field splitting across the band from k = 0 to 

k = ± 1f./a. As a result of k-dependent zero-field sp11tting,-there exists 

between any two spin sublevels a manifold of ESR transitions associated 

with the individual k states of the exciton band. 

The proper representation in terms of the Bloch formalism5 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) = -y H~ cos ill t (1) 

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

definable as 

G = u + iv (2) 

Representing ill as the applied microwaye 

microwave frequency associated with the 

, ,k 
frequency and ill as the resonant o 

sp~n sublevels of the kth state 

in the band, the complex moments obey the following Bloch equations 

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

, k 
-i y H~ Mo 

M k should be related to the exciton density of states and the Boltzmann 
o 

factor in the exciton band 
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C
mn 

• n(€) (4) 

C
mn 

1s a constant related to the spin alignment6 in the mth and nth spin 

sublevels which are being coupled by the microwave field; DCe:) is the 

density of states function for the exciton band; and e:(k) is the energy 

dispersion of the triplet band. It is important to note that spin 

alignment in the laboratory frame7 is equivalent to magnetization in the 

rotating frame and thus Eq. 3 is valid in zero field even though no real 

magnetization eXists. 8 It will be assumed that T2 is homogeneous and 

k-independent. The weak field modified (2k + 1) Bloch equations in 

steady state are: 

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 Larmor frequencies assbciated with the 

initial and final exciton k states between which scattering has occurred. 

Following the line broadening formalism of Kubo9 and Anderson,lO the 

effects of phonon-exciton scattering can be incorporated into the modified 

Bloch equations phenomenologically through a scattering matrix which 

completely spans the basis states of the Frenkel excitons. Let l/Tkk , 

represent the probability per unit time for scattering of an exciton 

in a state k to an exciton in a state k', each state having associated 

k k' . 
with it a Larmor frequency ill and ill ,respectively, and assume that 

·00 

. ' 
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spin-phonon coupling is negligible, which implies that phonon-exciton 

scattering is spin independent. Under these conditions the modified 

2k + 1 Bloch equations are written as 

(6) 

The formulation of Eq. 6, hcwever, places several restrictions on the 

form of phonon-exciton scattering. It assumes that the averaging of 

the I..a.rmor components w k via phonon-exciton scattering is a Stochastic . 0 

11 Markoffian process and thus assumes that (a) the time for the actual 

scattering process from k to k' is much shorter than the lifetime of a 

particulark state; (b) the difference in energy between the initial and 

final exciton k states in a. scattering event is larger than energy 

associated. with the uncertainty width of the individual k states; and 

finally, (c) there is no spin memory between the Larmor components 

w k and w k' corresponding to scattering from the exciton states k to 
00 

k'viaphonon interactions. With these restrictions in mind several 

limits of Eq. 6 can be easily solved since the line shape function; g(w), 

of a microwave transition in absorption is the sum over k of the imaginary 

components of the complex moments, Gk• The line shape functions in the 

slow exchange limit can be easily determined for a one dimensional crystal. 

The absence of phonon-exciton scattering implies that 'tkk , -+ 00 for all 

values of the·wave vector k. Under these conditions Eq. 6 represents 

(2k + 1) independent linear· equations i1hose imagiriary components 
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" k 
represent Lorentzian absorption curves, each centered atm with a o 

line width related to T2. At zero field or at constant magnetic fields 

the area under each transition is proportional to the density of exciton 

states times the Boltzmann factor evaluated at €(k) in the triplet 

exciton band. The line shape 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 appropriate mok, i.e., 

g( ill) = -n: j
n:/a eXP[~(l-cos ka)/.ATJ 

ft ~ ]2 2 o Lill + ~T cos ka + 0 
dk 

?L\r is the o,ne-dimensional triplet band dispersion 'and equal to four 

times the effective intermolecular exchange interaction, '.;. is the 

Boltzmann constant, T is temperature, ~T is a factor related to spirt

orbit coupling with excited singlet states, and 0 is the half width at 

half height of an individual k state transition whose homogeneous line 

width is related to T2 • Figure 1 illustrates the essential features of 

the line shape function for a Variety of temperature to band width ratios. 

It might be noted in passing that the van Hove singularitiesl2 in 

the one dimension exciton density of states function can be removed 

from g(~) by integrating over the Lorentz line shape function around the 

singularities. Equation 7 illustrates that in the absence of phonon-

exciton scattering, the microwave frequency is directly related to triplet' 

band dispersion while the intensity of the transition is related to the 

density of states function times a Boltzmann factor. 

~: 
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The effect of a oriented magnetic fieldon the line shape in this 

limit can be anticipated from behavior of the spin Hamiltonian with a 

magnetic field. At each value of the wave vector k, the spin Hamiltonian 

-consists of a k-independent and a k-dependentterm. The conventional 

spin dipolar zero-field Hamiltonian and Zeeman Hamiltonian are in first 

order k-independent. In second order, however, the effects of spin-

orbit ,coupling of the individual triplet spin sublevels with excited 

singlet states result in a k-dependent term in the zero-field splitting 

as illustrated in Figures 2a and 2b. The zero-field microwave band-to-

band transitions are simply 1" -+ T or z y 1" -+ 1", or 'T -+ 1" 
Z X Y X 

for all 

k states. Since the zero-field eigenvalues are different for different 

values of" k, the Zeeman perturbation will result in a -shift of m k 
o 

, k' 
relative to m o 

dependent (m k _ 
o 

band transitions. 

that under certain-circumstances gives rise to a field

k' 
m ) difference for the 

o 
three electron spin band~to-

A difference' (mo k(k==O) k' ~ - mo (k'==n/a'l for two or more 

of the zero-field band-to-band transitions is sufficient to ensure that 

k k' the (m - m ) 's are field-dependent for all k ,and k'. Selective spino 0 

orbit couplingl3 of the spin sublevels with excited Singlet states pro-

vides the necessary differences in the Brillouin zone boundaryEPR fre-

quencies. The effect, of a magnetic field is simply to change the overall 

width of the zero-fieldband-to~bandtransitions and shift the center 
k ' 

frequency mo(k==n/2a) to a new value determined by both the zero-field 

and Zeeman Hamiltonians. In the absence of phonon;..exciton interactions 

the line shape should remain essentially unchanged with field except for 

" a different width. 



-8-

The "fast spin exchange II limit of! the modified Bloch equations can 

also be anticipated and the line shape function predicted. When the 

phonon-exciton scattering results in a change of k states (k -+ k') for 

the coherent exciton on a time scale fast compared to the differences 

k k' in the Larmor frequencies (w - w ), the effective electron 
o 0 

spin transition frequency is the average of w k and ill k'. Therefore, if o 0 

for all k, (w k _ w k') "kk' « 1, theband-to-band transition will appear 
o 0 

.' as a homogeneously narrowed line centered at rv W k(k=rc/2a). This is 
o 

expected at high temperatures and is essentially the same as derived by 

McConnell and co_workers14 from a different approach. The field depen-

dence of the exciton electron spin transitions should be simply those 

determined by the zero-field and Zeeman Hamiltonians at k = rc/2a; thus 

the. frequency simply shifts with field and the line width is related to 

some effective T2. 

The important region for the study of exciton coherence is the inter

mediate exchange region. This is expected when (w k - w k')"kk' 's are o 0 

.. onthe order of unity. Since (w k - w k') is field-dependent, it is o 0 . 

expected that at certain fixed temperatures the band~to-band transitions 

can be obtained from slow to fast exchange by varying the magnitude of 

the applied field and thereby effecting a change in (Wok _wok') without 

affecting the phonon-exciton scattering probabilities (l/"kk')' Thus, in 

principle, one can experimentally sample the phonon-exciton correlation 

time without changing phonon-exciton scattering per~. It is expected, 

given enough experimental data, that only one set of scattering parameters 

T
kk

, would be capable of fitting all the data ate. fixed temperature. 

.. 
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Models for the loss of coherence via phonon-exciton scattering should 

satisfy the experimental conditions imposed by the'kk' 'so 

An experimental approach which complements field-dependent studies 

is to determine the parameters important in the loss of coherence on a 

fixed time scale (the microwave correlation time) by varying the phonon-

exciton scattering directly. This is most easily accomplished by changing 

the temperature, in which case the distribution in both the exciton bands 

and phonon bands are altered. This should result in a change in the 

scattering matrix 'kk,without'a change in the Larmor frequencies Wok. 

The relationship of the loss of coherence and the explicit form of phonon-

exciton interactions should be reflected in the temperature dependence of 

the exciton band-to-band transition. The stronger the dependence in 

temperature the more likely the band-to-band trahsition is to be in the 

fast exchange limit. 

At very low temperatures (l-lOOK) it is expected that the primary 

limitation on the coherence time will be exciton scattering with the 

acoustic phonons since the p:>pulation of higher'energy phonons (such as 

the optic branch) are expected to be very small. Acoustic scattering 

has been discussed theoretically;15 however, to date no experimental 

data is available for molecular crystalso 

As an illustration of the relationship of the above line shape 

theory to specific parameters important in phonon-exciton interactions, 

consider in more detail exciton scattering with only the .acoustic branch 

of the phonon spectrum and restrict the scattering events to single 

phonon-single exciton processes. The scattering rates from k to k', 
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16 
,. l/"'kk" can be expressed as a "Golden rule" rate as, 

L pp( q ') exp [_EA. (q) /~TJ pp( q) • 
q,q' 

.2 

1< kq Iii ~p Ik'q' > I 0 (k,k',q,q') (8) 

where Peek'), pp(q') and pp(q) are the exciton (subscript e) or phonon 

(subscript p) density of states function evaluated at the energy of the 

wave vector k', q' or q, respectively. The sum over phonon wave vectors 

q'and q' is restricted to collisions that conserve both the total energy 

and momentum of the initial and final exciton and phonon states. EA.(q) 

is the energy of the qth wave vector state in the A. phonon branch. In 

the present case A. is restricted to the acoustic branch; however, one 

can generalize Eq. 8 to include higher phonon states by summing over A.. 
Hamiltoni~I1' A.. 

phonon-exciton coupling6 ~ ,for the acoust~c branch is taken to , ,ep The 

be a modulation of the inter.molecular exchange interaction by the 

compression wave associated with the acoustic phonon of wave vector q. 

Some important qualitative 'features of phonon-exciton scattering for 

narrow band Frenkel excitons can be seen from inspection of Eq. 8. In 

the limit that the triplet exciton bandwidth is much less than th.e phonon 

dispersi.on, as is often the case in molecular crystals, scattering with 

the acoustic modes is expected to be appreciable only when the acoustic 

dispersion becomes nonlinear. Expressed another way, phonon-exciton 

scattering is expected to shorten the exciton coherence lifetime of a k 

state when the group velocities of the excitons and phonons are appr6xi-

mately equal. This is so because both energy and momentum must be 

.. 

r 
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conserved between the initial state' < kq I and final states < k'q' I. 
It should also be noted that this effect is enhanced by the phonon 

density of stat,-es f'Wlctions, p (q') and p (q), since they have their 
p p'-

maximum values in the nonlinear region of the phonon dispersion. The 

crudest approximation that is physically reasonable for l/'t'kk' 's in 

cases where the exciton dispersion is narrow compared to the phonon 

dispersion is simply to place them proportional to' the Boltzmann factor 

evaluated at the qk state whose group velocity matches the group 

velocity of the ~xci ton state k times ~he exciton density of states 

function evaluated at k' times the coupling ma~rix element. 

Substitution ofEq. 9 (or some other physically reasonable mOdel) 

into Eq. 6 yields a set ofequat ions whose solutions determine a line 

shape function that provides, in principle, a method of directly testing 

important features of phonon-exciton scattering. 

For instance, it could be determined whetherphonon-exc~ton scat-

tering is uniform in k. or whether there are regions in k where there is 

strong resonant scattering and other regions where there is weak scattering. 

This would depend implicitly upon the specifics of the phonon and exciton 

dispersions; however, this could be experimentally determined by investi-

gating the line shape function of the ESR exciton band-to-band transitions. 

Uniform scattering in k would result in the EPR_transitions going from the 

slow spin exchange limit to the intermediate spin exchange region 
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k . 
functionally the same for all values of w whereas resonant scattering 

o 

would result in 

in intermediate 

o~e or more regions of k showing a greater broadening 

k spin exchange between the Wo components. Additionally, 

since the coherence lifetime of an exciton k state, ~(k), can betaken 

as the sum over all decay channels, i.e., 

(10) 

the line shape function can distingUish whether or not 

different exciton k states have similar coherence lifetimes. Finally, 

since the scattering rates (l/~kk') depend explicitly upon 

< kq I 'II ~p I k'q' >, linear17 and quadratic18 exciton-phonon scattering 

models could in principle be distinguished. 

Acknowledgement. This work was supported by the U. S. Atomic Energy 

Comm~ssion'under the auspices of the Lawrence Berkeley Laboratory. 
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Figure Captions 

Figure 1 The microwave intensity versus frequency of a coherent exciton 

band-to-band transition. 

Figure 2 The energy dispersion of the triplet magnetic spin sublevel 

bands in zero field 

(a) in the absence of spin-orbit coupling, and 

(b) in the presence of selective spin-orbit coupling to 

the 'r sublevel. z 

See the text and reference 3 for definitions used in the 

figure. 
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k= ±7T/O 

Fig. 1. 
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