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Coherent Energy Migration in Solids: Detennination of Average Coherence 
Length in One-Dimensional Systems Using Tunable Dye Lasers 

R. M. Shelby, A. H. Zewail and C. B. Harris 

Department of Chemistry; and tnorganic Materials Research Division 
of Lawre~ce Berkeley Laboratory; University of California 

Berkeley, California 94720 

ABSTRACT 

The coherent nature of energy propagation in solids at low tempera-

tures was established from the time resolved response of the crystai to 

short optical pulses obtained from a dye laser (pumped by a nitrogen gas 

laser). The trapping and detrapping of the energy by shallow defects 

(x-traps) was evident in the spectra and enabled us to extract the 
0 

coherence length: R. ~ 700 A.= 186 molecules for the one-dimensional triplet 

excitons of 1,2,4,5-tetrachlorobenzene crystals at T < 4.2°K. This length 

which clearly exceeds the stochastic random walk limit is related to the 

thermalization mechanisms in this coupled exciton-trap system, and its 

magnitude supports the notion that exciton-phonon coupling is responsible 

for the loss of coherence on very long molecular chains (trap concen-

tration is 1/256,000). Finally, comparison with another system which 

contains multiple localized states raised questions about the relationship 

between exciton dynamics and band-trap equilibria. 
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I. INTRODUCTION 

'The problem of energy transfer in ideal crystals is simplified oy 

the intrinsic periodic properties of the lattice which determine 

the explicit form for the dependence of the eigenvectors and ener:.gies 

ori the resonance interactions between molecules in the solid. The 

..... 
description of the crystal states by a 11quasimomentum11 k vector enables 

. 
one to describe the dynamics of energy ·migration in such lattices in 

terms of a group velocity V (k) which is determined by the energy g . 

dispersion of the band. 1 In one-dimensional systems the physics is. 

simplified considerably. The energy dispersion is given by 

(1) E(k) = E0 + 2Scoska, 

and the group velocity is 

(2) v (k) = [1/h][oE(k)/ok] = (2Ba/h)sirika 
g 

0 where B is the nearest neighbor resonance interactionand E· is the energy 

..... 
of the isolated molecules which are separated by the lattice vector a 

in the crystal. Eq. 2 shows that the velocity distribution is d~fferent 

in the different k states and has a maximum value at the barid center. 

This description however is only valid when the scatteringbetween k 

states occurs on a time long compared to the intermolecular interaction 

time, h/B. 
' 

Dislocations, chemical impurities ilud phonons 'piay a very important 

role in the migration processes insofar as exciton-phonon and exciton-

trap interactions destroy the coherent nature of theprocess and make the 

d . i 1 k i h. . II . d II . . 2-5 ynam cs · oo more nco erent or ran om in nature.. The extent to 

which the dynamics approach the 'timdom walk limit 'depends on a variety 
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of distinct problems. In order to understand the detailed nature of exciton 

migration in crystals, the different roles of phonon-exciton scattering, 

trapping, the mechanisms for detrapping or promotion of localized exci-

tations to the delocalized states of the exciton band, and the triplet 

state radiative and non-radiative depopulating channels must be determined. 

It is also important to examine the role temperature plays in determining 

the dynamics. 

In the low temperature coherent limit the time between exciton-phonon 

scattering events is long enough so that 

the exciton propagation can be characterized by an average 

group velocity<~ >.
6- 9 This is a temperature dependent quantity since 

g 

it is a statistical average over the thermal population of the various 

k states. Naturally this is valid only for the case where thermal equi-

librium is reached on a time scale short compared to the rate of trapping. 

The values of <V > vary only weakly with temperature between 1° and 4°K 
g 

-1 when the exciton bandwidth is less than 5 em , whereas it may chang~ by 

-1 
a factor of two in the same temperature range for a bandwidth of 25 em 

In the coherent limit the rate at which mobile excitons are localized by 

a trap site (trapping rate constant) is given by the constant, 

(3) K. = a(<V >/d) 
~ g 

where d is the average distance between traps and i indicates that the 

excitation is going into the trap. Clearly it is conceivable that not 
- - --

every exciton~trap encounter need lead to trapping of the exciton. 

The constant a represents the probability~ that such an encounter actually 

results in localization of the excitation on the trap molecule. This 
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probability is presumably related to the exact form of the linear com-

binadon of k states which makes up the exciton, the length of time 

the exciton interacts with the trap, and the availability of a channel 

or channels for dissipation of the trap-exciton energy difference in 

the form of phonons. In view of little or no information related to 

these details, the absolute magnitude of a is difficult to estimate. 

Another important limit for energy migration is the one where the 

exciton-phonori scattering is sufficient to localize the ex~itation on 

a single molecule. In this case, all coherence is destroyed, and one 

expects that the exciton migration will be characterized by a random 

walk or hopping motion with the step length equal to the intermolecular 

-+ 
spacing (say a) and with the average time per step given by t = h/48, 

where B is the intermolecular interaction matrix element. This picture 

~results in a· trapping rate constant (inverse of the average time to 

reach a trap) on the order of 

(4) K. 
~ 

= 

which is independent of temperature. 

In the intermediate regime where exciton-phonon scattering is of 

insufficient frequency to completely localize the excitation but does 

serve to diminish the coherence time of the exciton, the effect of this 

interaction must be'included in.an estimation of ki. For example, a 

simple model is to assume that the exciton migration can,be characterized 

by a random:..walk motion with a'step length equal to the average coherence 

~ength, <R.>, whose·upper limit is determined by <V >and the coherence 
g 
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c 
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c g 
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With these assumptions, one obtains 

(6) 
2 2 

a<Q.> /T· d L (<V >/d) (<.t>/d) 
c g . . 

Alternatively, one can characterize V (k) and T by a time correlation 
g c 

function10 .assuming an explicit Hamiltonian for scattering and arrive 

at time correlated values of K .• 
~ 

In either case the important point to note is that the meas.urement 

of the "trapping" or localization rate constants provides a method of 

determining whether or not coherence is an important consideration in 

energy transfer processes and to determine a semiquantitative value for 

the coherence length. 

lnorder to determine this information, all the kinetic rate·con--

stants for processes such as trapping, detrapping and decay (radiative 

or non-radiative) and their explicit dependence on the thermal energy 

distribution must be determined. 11 Conventional optical and magnetic 

resonance techniques
12 

can extract the decay rate constants to the 

ground state~ The detrapping rate constant, on the other hand, was · · 

. 13 14 recently obtained ' by using the optical detecti·on of electron spin 

coherence15 in localized trap states. A prerequisite for this method is 

that the spin system respond coherently to the applied microwave field 

and consequently the spread in the frequency distribution for the 

resonances must be less than the microwave field strength. Moreover, 

the polarization of the spin should be high enough to cause a significant 
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change in the phosphorescence intensity. 

At higher temperature, however, the spin polarization \vill be lost 

and new ways for obtaining these detrapping rate constants and exciton 

dynamics are desired. To this end, we have utilized short light pulses 

,(-..5 nsec) obtained from a. tunable dye .laser to selectively excite band or 

localized states of one-dimensional systems while monitoring the time 

dependence of the light emitted from the various states. Although the 

approach would apply equally well to systems of higher dimensionality, 

the choice of the simple systems, !", 4-dibromonaphthalene (DBN) and 

1,2,4,5-tetrachlorobenzene (TCB), serves to give an ideal case because 

both TCB16 and DBN17 , 18 have been shown to exhibit behavior characteristic 

of essentially one-dimensional triplet excitons at liquid helium temp

eratures. This allows the kinetic equations to be solved in an exact 

form. The measurements of trapping rates and trap concentrations 

allowed a minimum coherence length to be established in the solid TCB 

at very low temperatures. 

II. EXPERIMENTAL 

(A) Sample Preparation 

DBN was purchased from Eastman Organic Chemicals and zone refined 

for 125 passes at one inch per hour. TCB obtained from Eastman was vacuum 

sublimed into a zone refining tube and zone refined for 1800 passes. 

Both crystals were then grown from the melt using Bridgman techniques. 
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(B) Exped.111ental Arrangement 
·------~----------------- --

ror temperatures above 4.2°K, the crystals were mounted on a 

brass holder and placed in a Janis Research Corp. variable temperature 

dewar "'here the sample was cooled by a flow of helium vapor. The 

temperature was monitored using a carbon resistor in contact with the 

crystal holder and could be regulated to ± 0.05°K. The carbon r~sistor 

was calibrated against a lead-germanium thermometer. For temperatures 

below 4. 2°1~, the sample was immersed directly in the liquid helium 

bath, either in the Janis de\-.rar or in a homemade dewar where temperatures 

below 4.2°K were reached by pumping on the'helium bath with a Kinney 

model KTC-21 vacuum pump or a Leybold-Heraus (Type DK-200) vacuum pump. 

For the time-resolved phosphorescence experiments, the first 

excited triplet origin or vibronic level was populated with a laser 

pulse of approximately 5 nsec duration from a Molectron Corp. UV-1000; 

DL-200 nitrogen laser--dye laser combination. PBD in p-dioxane and 

coumarin 102 in ethanol were used as the lasing dyes (obtained from 

Eastman Organic Chemicals) for TCB and DBN, respectively. The population 

of the triplet exciton or trap levels was monitored via their phosphorescence 

emission to the ground state origin or vibronic level using a Spex 

3/4 m monochrometer and cooled ( -20°C) EMI 6256S photomultiplier 

at right angles to the excitation beam.- The phosphorescence signal was 

time averaged using a Northern NS-575 signal averager or a Biomation 

model 8100 transient recorder interfaced to the NS-575, depending on the 

desired time resolution. 



0 0 J 0 I 9 6. 

-7-

. For the. phosphorescence temperature dependence of TCB, the crystal 

was excited using a. 100 watt mercury arc lamp, filtere·d by a water filter 
0 

and a Schott 3100 A interference filter. The phosphorescence was scanned 

using a 3/4 m Spex monochrometer in second order with a resolution of 
0 

approximately 0.2 A at 3131 A. The temperature \vas controlled by varying 

the rate of pumping on the liquid helium and was monitored·duri.ng the 

recording of the spectra using the calibrated carbon resistor.· Phosphor-

escence spectra of 1,.4-dibromonaphthalene ·were recorded in a similar 

manner. 

(C) Phosphorescence of 1,2,4,5-Tetrachlorobenzene 

The phosphorescence spectrum of TCB at 1.5°K and at 4.2°K (0,0 ori~in 

only) is shown in Figure 1. At 4.2°K the phosphorescence intensity is 

essentially due to exciton emission. As the temperature is lowered, 

h ( . d h 21 -l) 1 . 19 t e x-trap spectroscop~c trap ept = em popu at~on increases 

until at 1.5°K the x-trap electronic origin emission is roughly sixteen 

times as intense as that of the exciton origin. In addition to the 

exciton and x-trap electronic origin several vibrational progressions are 

observed in the phosphorescence spectra. In particular, for many of the 

pulsed excitation experiments, emission from the x-trap or exciton b2g . 

vibronic origin was monitored (see Fig. 1). 

(D) Phosphorescence of 1,4-Dibromonaphthalene 

Phosphorescence spectra of DBN consisted of efuissiort due to the -

·exciton17 and at least five trap states with spectroscopic trap depths 

-1 . -1 -1 -1 
of 28 em (Trap I), 38 em (Trap II), 67 em (Trap III), 120 em 

-1 20 (Trap IV), and 146 em (Trap V).. These observations were identical 

20 -1 to those previously reported with the exception of the 120·cm trap. 
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Above -l5°K only exciton emission is observed. As the temperature is 

lowered, the intensity of this emission increases, and trap emission 

appears. At -9°K the spectrum consists. of emission due to the exciton, 

Trap IV and V. At 4.2°K Trap III is also seen in emission, and at 3°K 

emission from all five traps is observed. At 2°K the most intense lines 

are those due to the two shallowest traps (I and II) and the exciton, the 

other trap emissions having become weaker. In all the above spectra, 

the characteristic vibronic progression v1as observed. 

III. RESULTS AND DISCUSSIONS 

(~) Kinetic Model for a Coupled System of One Trap and One-Dimensional Band 

In order to optain the form.of the.phosphorescence response to a 

short laser pulse, one can consider the following simple kinetic model for 

21 a system consisting of a single trap species and an exciton band. The 

band and trap levels are -connected by the rate constants K. and K , and 
1 0 

exhibit decay to the ground state through radiative and non-radiative 

processes with rate constants K and K (see Fig. 2). 
t e .. 

The rate constant (Ko> for phonon-assisted detrapping can be described 

9 13 using the model of Fayer and Harris. ' According to this model, 

the magnitude of K
0 

at a given temperature will be proportional to the 

square of the matrix element of the parts of the Hamiltonian responsible 

for the interaction of the trapped excitation with the lattice vibrations 

(HTP) and decay of the resulting intermediate into some linear combination 

of delocalized band states (Hie)' weighted by the exciton density of states 

at the energy of the intermediate pe(Ei). K will also reflect the 
0 
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number of phonons present in the crystal with sufficient'C;nergy to mediate 

· the formation of the intermediate state. This phonon distribution Hill 

be given by the Planck distribution weighted by the phonon density of 

states: •' 

(7) <n(£)> = p (£)/exp(£/kT - 1) p . 

The resulting expression must be integrated over all phonon energies 

greater than or equal to E., the energy of the intermediate, and over 
~ 

·the values .of E. coincident with the exciton band to give the follmving 
~ 

expression for K 
0 

(8) K = b
2

"': fd£p (£){1/exp(£/kT- 1)] fdE.p (E.) o p · · ~e ~ 

where the states involved are the trapped excitation plus a phonon state 

of energy£, IT,P(£)>, the intermediate state of energy E. plus a phonon 
~ 

of energy£- Ei, li,P'(£- E.)>, artd the linear combination of exciton 
~ . 

states which results from the decay of the intermediate; le,P'>. This 

expression which includes the interaction of the trap with single phonons 

only was obtained from the Golden rule by summing over all phonons and 

intermediate states. At low enough temperaturesif the linear portion of 

the acoustic phonon branch is populated so that p (£) is essentially 
p . 

constant, and if Ei >> kT, we can write <n(£)> « exp(-£/kT). For interme-

diates which .contribute significantly to K and cover a small energy 
0 

range compared to the trap depth, one obtains the_simple expression for 

the detrapping rate constant~ 
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where C is a temperature independent constant. This result would be 

obtained, for example,' if p (E) is sharply peaked at some energy, E., 
e 1 

if the exciton bandwidth is very narrow compared to the trap depth, or in 

the case of one-dimensional excitons with a peak in p (E) at the bottom 
e 

of the band if the band is wide compared to kT. The above equation indicates 

that K will vary radically in the low temperature region (T - l 0 -l0°K) for 
0 

trap depths on, the order of tens of reciprocal centimeters. Thus, a marked 

effect on "the phosphorescence response as a function of temperature is 

expected. 

It should be added that one can think of the processes diagrammed 

in Fig. 2 as occurring among the population of single excited triplet 

states in the temperature range of ·interest if the trapping, detrapping 

and migration processes occur among the molecules in the one-dimensional 

chains so that they are spin independent. 

A complete description for the dynamics of the coupled trap-exciton 

system can be obtained from the simplified kinetic equation for N and 
e 

Nt' the number of excitations in exciton and trap.levels: 

(10) N <t> e 
= -(K. + K )N (t) + K

0
Nt(t) 

1 e e 

(11) = -. (Kt + K )N (t) + KiN (t) · o t e 

In writing these equations, the excited state concentration is taken to 

be sufficiently small that non-linear effects such as bi-excitonic 

22 
annihilation and effects such as "filling up" of the traps (i.e., the 

traps are alr(!ady filled so that the incoming exciton is not welcomed) can 

' . 
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. be ignored. The solutions for thes·e ·equations arc Of the form, 

where 

(14) {1/2}{-(K + K. + Kt + K ) ± [(K. + K 
o 1 e 1 e 

+ K2 + 2K (K. - K + K )] 1/ 2} 
o o 1 e t 

+ + 
and Ne' Ne, Nt and Nt are determined by the initial conditions. The 

initial conditions of interest for the experiments to be described are 

N (t=O) = N0 and N (t=O) = 0, which results in the following expressions e · t 

for the populations as a function of time: 

(15) N (t) 
e 

= N0{[(a +.K. + K )/(a -a+)] exp(a+t) 
- 1 e -

(16) = 

In order to predict the kinetics of energy transfer, it is useful 

to ·graph the decay constants and pre-exponential factors. resulting from 

solution of the above equations as a function of K for various values 
0 

of the other parameters. 
r 

From Fig. 3-5, one observes the following 

behavior. The exciton population decays as a biexponential. It is 

dominated in the slow-detrapping regime by the fast (a = -(K. + K )) 
- 1 e 

component due to the combined effects of trapping and decay to the ground 

state, but still exhibits a long (a+= -Kt) tail of lesser magnitude as 
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a result of some small detrapping rate. In this regime the trap build~ up 

as the exciton decays and then decays with its characteristic decay constant 

Kt' as should be noted from Eq. 16. In the fast-detrapping regime the 

triplet population spends little time in the trap, and the decay of the 

exciton is dominated by the slow component (a+= -'Ke) at the decay rate 

to the ground state characteristic of the exciton. The trap population 

is minimal. It builds up very fast (a_= -K
0

) and then decays with a 

rate equal to that of the exciton decay owing to the rapid communication 

with the exciton band. 

This model has been presented for the simplest case of a single trap. 

It should, however, be equally applicable to systems with multiple trap 

species 5 although a cubic or higher order equation for the decay constants 

will result in general. While this is not particularly formidable, 

extraction of the parameters, K., K , etc., from experimental data may 
· •r 1 0 

be more difficult and ambiguous. 

One can also use this simple model to calculate the expected steady-

state populations under conditions of continuous· illumination. If population 

is fed to the exciton band with constant rate, R, the kinetic equations in 

the steady state become 

• 
(17) N = 0 = R - N (K + K.) + N (K ) e e e 1 t o 

" • 
(18) Nt = 0 = -N (K + K ) + Ne(Ki) t 0 t. 

The solutions are given by 

(19) Nt = K.R/(K K + K K + KiK ) 
1 e o e t t 
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and 

(20) N = (~ + K )R/(K K + K K + KiK ) e o t e o e t t 

A useful ratio which gives the fraction of trap population is 

In the Boltzmann regime, this ratio will be determined by the one 

excitation partition function9 of the system (single trap and N exciton 

levels), i.e., 

and 

(23) Z = 1 + L exp"{- E(k) /kT) 
k 

where the zero of the energy is taken at the trap energy. If b is the 

trap depth below the k = 0 level of a one-dimensional band (i.e. , E(k) 

takes a very simple form; see Eq. 1) the partition function takes the 

form, 
(n-l).(n/an) 

(24) Z = 1 + exp(-b/kT) + '2.: 2exp [-b- 2S(l- coska)]/kT 

k = n/an 

for the 2n states of the band. The k = 0 partition term is exp(-~/kT) 

and·the total number of molecules .is therefore (2h + 1) •. We nqtice also 

that in this regime if the excitation s.amples band and trap states with 

sufficient rapidity, thermal equilibrium will be attained (i.e., K and 
0 

K
1 

>> K and K ) during its lifetime. Therefore, 
t e · 
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As noted above, K can be approximated as 
0 

(26) K « N exp(-E./kT) 
0. l. 

where the density of exciton states is replaced by the number of exciton 

levels, N. If the system is in Boltzmann equilibrium, it must be that 

(27) N /(N + N ) 
t e t 

= 1/[1 + N exp(-E./kT)], 
l. 

which is equivalent to 1/Z if the bandwidth is small compared to the 

trap depth, i.e., 4S <<E .• In fact, the parameters of the model do 
l. 

not include the bandwidth, and·k-dependent processes are not considered. 

It is therefore expected to be most applicable in the narrow band and/or 

large trap depth limits. 

(B) Experimental Determination of the Kinetic Parameters 

(i) 1,4-dibromonaphthalene. 

Pulse excitation-time resolved phosphorescence measurements of 

build-up and decay rates for the trap states i.n DBN were made at 

several temperatures from 2°K to 9°K. The results of these measurements 

0 "-1 
using an excitation wavelength of 4789 A (688 em above the exciton 

origin) are shown in Figure 6. 

The behavior of the phosphorescence response from some of the traps 

qualitatively conforms to that predicted by our kinetic model. At 2°K 

Traps I, II and IV all exhibit phosphorescence which builds up at the 

exciton decay rate and decays at the trap decay rate. At 3°K similiar 

behavior is observed except for Trap I whicli has a shortened decay rate. 
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At 4.2°1\., detrapping frclll Traps I and II is sufficiently rapid that the 

build-up rate is extremely f:ttst and the Jccay rate is that of the exciton, 

indicating thht complete equilibration of the traps and band has taken 

place. Hmvever, the. detrapvLng· rate from Trap IV is not sufficient to 

produce similar behavior either at 4,2°K or at 9°K, and the trap build-up 

rate is equal to. the exciton decay rate. It seems likely that these 

features of the band-trap equilibria could be understood on the basis 

·of the kinetics of band-trap interactions with themselves and with. the 

ground state of the crystal. 

Hm·rever, there are some difficulties with the interpretation of 

certain other qualitative ·features~ A build-up of Trap III phosphorescence 

was not observed at any temperature. ·Population appeared very quickly 

(within one microsecond), and three decay components were observed, 

one with a decay rate similar to the exciton, and two with decay rates 

similar to those of other traps. On the oth'er hand, Trap V seems to 

behave as exp·ected except at 2°K where the build-up becomes very fast, 

in contrast to its behavior at higher temperatures. Thus, the 

extraction of specific information relating the exciton dynamics to 

the observed phosphorescence response is difficult due to the increased 

·complexity of the DBN band-trap system compared to TCB. However, the 

observed transient and steady state phosphorescence behavior clearly 

shows that coinmunication between the exciton band and the-various traps 

does exist and therefore the interpretation of other types of measurements 

designed to probe exciton dynamics must include these interactions to 

fully understand the problem. In particular, if the triplet exciton ESR 
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23-25 . spectrum obtaJ.ned by modulation techniques were· measured in a 

temperaturer<Jnr,e where the detrapping rate is sufficiently large that 

band-trap equilibrium is attained on a time scale ,.,hich is shorter than 

the period of the modulation, The effect of this band trap equilibrium 

must be explicitly considered. These conditions can result in the 

observation of trap ESR transitions in the exciton·spectrum even when 

the modulation period is shorter than the trap lifetime. 26 All that is 

necessary is that equilibrium be reached during the modulation period 

and that a significant fraction of the total population be involved. 

As our measurements have shmm, trap-band communication may take place 

within the exciton lifetime at some temperatures' (see Figure 6). 

lve should add that the above discussions represent only a concern since 

all that we know at this point (with certainty) is that there is 

effective communication between band and trap states on a short time 

scale. 
20 The complexity of the multiple trap sites in this system does 

not allow an unequivocal demonstration of coherence. Such is not the 

case, however~ with the simpler TCB system. 

(ii) 1,2,4,5-tetrachlorobenzene. 

Direct laser excitation of the triplet-exciton origin in TCB resulted 

in the exciton and x-trap phosphorescence response sho"~ in Figures 7 and 8 

for temperatures of 1.25° and 4.2°K. The system clearly exhibits the 

general features of our kinetic model for a coupled band-trap system. 

At 4.2°K phonon-assisted promotion (detrapping) of a trapped excitation 

to the exciton band is rapid; both exciton and trap populatiot's decay 

at a rate which is characteristic of the exciton, and the build-up of 

the trap phosphorescence is very fast. In the slow-de trapping regime 
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(1.25°K), the trap population builds up as the exciton decays, and it 

then decays with a rate constant characteristic of the trap excited triplet 

lifetime. The exciton decay rate reflects the exciton lifetime and the 

trapping rate. 

Such measurements have been made over ·a range of temperatures and 

the time resolved phosphorescence decay \V'as decomposed into a sum of 

exponentials. Build-up and decay rates as well as the relative intensity 

of each exponential component were then obtained as a function of tempera-

ture. These data for the TCB neat crystal system are shown in T?bles I, 

II and III. The rate constants are lis.ted as a functiOn of temperature 

for excitation wavelengths corresponding to the exciton origin and two 

shorter wavelengths. By relating this temperature dependence to that 

predicted by the model, the rate constants, K , K., K and Kt·., can be · · o 1 e 

de·termined and related to the energy transfer dynamics in the crystal. 

The fitting of the calculated temperature dependence to the 

experimental data was approached from two directions. First, K~ and Kt 

were estimated from the high and low temperature·limits of the trap and/or 

exciton decay rates. K. was estimated from the trap build-up rate in 
1 

the low temperature limit. A curve for N - as a function of K was then 
e o 

calculated, and the value of K
0 

corresponding to each.temperatt;re was 

found by matching the experimental values of N - to this curve. A plot 
e 

of ln K vs. 1/T them gives l-.E, the effective energy difference ·. 
0 

between the localized trap state ~nd the ·:states to which de trapping is 

taking place. Also this allows calcula,tion of a.+ and a to be made and 

compared vith the experimental ·data. · The. various. parameters are then 

~djusted for the best overall fit. This procedure gives K = 80 
e 

-1 sec 
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K = 23 
t 

-1 sec K = 250 s~c-l and ~E = 15 
i 

-1 
ern The fits to the experi-

mental data and the plot of K vs. 1/T are shown in l~igurcs 9-11 (solid 
0 

curves). 

The second approach to fitting the data was based on the fact that 

the trap build-up rate, a._, approaches the detrapping rate constant, K
0

, 

in the high temperature lirni t. Thus, a straight line through this 

region of the experimentally determined values of a directly gives 

K vs. 1/T and a value of ~E 
0 

= 20 crn-l The best fit to N - and a. 
e 

-1 
obtained with K = 80 sec , Kt , e 

Figure 11, dotted curve).· 

= 23 sec-l and K. = 150 se~-l (see 
1 

is 

It must be noted that while the model calculations predict very little 

variation of. a with 1/T in.the low temperature limit, the experimental 

values .s.J,.owly .increase with increasing temperature. One possible source 

of this discrepancy is an increasing value of the exciton decay constant, 

K , with temperature. In fact from Table II one can see that the exciton e . 

decay constant(s) does continue to increase with temperature above 4.2°K 

where only exciton emission is observed. This effect could, for example, 

be the result of a thermally activated non-radiative decay channel. In 

order to illustrate this effect, Figure 11 also shows a calculated 

curve for a. using K = K = 23 sec -l and K. = 125 sec -l. If K .· 
- e t 1 e 

increases with increasing temperature, deviation-from the calculated 

curve in the positive direction is expected until the limit is reached 

where a is dominated by the increasing detrapping rate. 

Based on the above considerations; one can set a limit on the 
-1 . 

trapping rate constant of Ki = 100--300 sec and on the detrapping 

enel;"gy of ~E = 15--20 cm-
1

• These limits reflect both the uncertainty 
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in our estimates of Ki and l\E due to the experimental uncertainty in the 

measurements themselves as well as the '~best fit" to our model calcula-

tions. For the purposes of ~his analysis, it was found that the temperature 

dependence of K was adequately de~cribed by Eq. 26: 
0 

K « N exp(-l\E/kT) 
0 

The obtained value of l\E is to be compared with a spectroscopically 

measured trap depth' of 21.3 cm-1 16 

(C) Trapping Rate and Coherent Energy Migration: Coherence ·Length 

The measurement of the trapping rate constant becomes especially 

significant once the trap _concentration is known. The concentration 

of x:...traps in the crystal (i.e., the average number of exciton 

s.tates per trap) can be approximately determined by assurning t~a,t the 

steady state x-trap population obeys Boltzmann statistics and fitting 

the e~perimentally determined phosphorescence temperature dependence to 

a curve obtained from Eqs. 22 and 24. Using an integralapproxi~ation 

to the sum and applying the formula, 

1T 

(28)_ I
0

(Z) == -(l/7T) j exp(Zcos8) d8, 

0 

one obtains an expression for the trap probability: 

(29) P = exp[-(28 - 6)/kT]/{exp[-(28 - ll)/kT] + NI (28/kT)} trap · o 

where N is the number of exciton states per trap. The experimental 

data and calculated curves for various values of N are shown in Figure 12. 

Thus, the chain length is estimated to be 256,000 molecules. 
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These t\vo pieces of information (the x-trap concentration and 

trapping rate constant) can result in increas~d insight into the coherent 

nature of exciton p.ropagat:ion irt these crystals. An x-trap concci1tration 

of 1/256,000 implies a one-dimensional exciton chain length of 

9.6 x 105 X on the average. The average group velocity can be calculated 

from the exciton dispersion to be <V > = 2700 em/sec.· If one takes 
g 

-1 Ki = 200 sec , the completely coherent limit (Eq .. 3) gi':es 

a = 7 x 10-4 for the trapping probability per exciton-trap encounter, 

a va;Lue that seems quite low. On the other hand, the random hopping 

model (Eq. 4) estimates a trappirtg rate constant on the order of 

Ki = 0.46 sec-1 , which is too small to be reconciled with the experiments. 

Based on the model rep res en ted by Eq. 6, the measurement of Ki allo~..rs a 

minimum coherence length to be assigned to the exciton motion; with 

-1 . 
K. = 200 sec , one finds that 
~ 

(30) 1oo .A = 186 molecules 

and it follows that the minimum coherence time is T ~ 2.6 x 10-9 sec. 
c 

This coherence time is consistent with the Gorrelation time.for scattering 

obtained from the exciton microwave. absorption by Francis and Harris16 

and that for dimers of proto TCB in a deutro TCB lattice measured by 

Z . 1 d H . 27-29 ewa1 an arr1s. -7 Using T = 10 sec, one is forced to conclude 
c 

that the actual coherence length is considerably smaller than the 
0 

maximum value <V >T = 27,000 A. It should be noted (Eq. 6) that if 
g c 

0 

1 = 1 = 27~000 A, then as few as 3% of exciton-trap encounters actually max 

result in trapping of the excitation. 
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The question of to what extent sp.ecific mechanism!.> determine the 

coherence of the exciton motion is left unans\·lered. Ho\vever, it seems 

certain that exciton-phonon interactions and scattering of the excitons 

from crystal imperfections other than those responsible for the x-traps 

themselves play important roles. At the lowest temperature (l.l5°K) 

-1 we observed emission from a trap with an approximate trap depth of 8 em 

which has not previously been observed: It seems possible that other 

similar departures from perfect lattice periodicity perturb the exciton 

density of states to an extent sufficient to ~ignificantly affect the 

exciton dynamics but do not manifest themselves in the emission spectrum. 

Hawever, the concentration of disturbed molecules must be reiatively 

high to effectively shorten the coh~rence length to the extent observed. 

He·nce, exciton-phonon coupling is expected to contribute significantly 

to the loss of coherence. 30 

IV. SUMMARY AND CONCLUSIONS 

We have utilized short light pulses from a tunable dye laser to 

study the nature of exciton-phonon·and exciton-trap interactions in mole-

cular solids (1,2,4,5-'tetrachlorobenzene and 1,4-dibromonaphthalene) 

at different temperatures •. The folimving conclusions can be drawn fronr 

these studies: 

(1) The time-resolved phosphorescence response reflects the dynamics of 

exciton-trap equilibria. 

(2) In TCB system where the triplet exciton is essentially one-dimensional 

and only one trap is interacting with the band, the dynamics can be 
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described by a simple kinetic model. On the other hand, the presence of 

multiple "localized" states in the one-dimensional DBN system helped in 

exploring the marty routes of communications between the band and traps 

which are essential in understanding coherence in this system. 

(3) The steady-state phosphorescence of TCB x-traps indicated the presence 

. 
of thermal equilibrium with the band state and thus a chain length of 96,000 
0 ~ 

A (~ 256,000 molecules x 3. 76 A) was obtained from the temperature depen-

dence of the emission intensity. 

(4) The trapping rate constant obtained from the time resolved phosphorescence 

at different temperatures together with the chain length measurement 

enabled us to obtain for the first time a minimum coherence length for 

triplet excitons of molecular solids at low temperatures: t . ~ 1oo A. = nun 

186 molecules for TCB crystals. 

(5) TI1e measured coherence length indicates that exciton-phonon coupling 

plays an important role in shortening the coherence length for linear. 

chains of very long length. 
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T~tble I ------·-
l'hosphorescenc'.o Build-up and Deca)· J{ates for Neat TCB Excitation 

o· 

Wavelength= 3748 A (excit~n origin (0,0)). 

Temp. Exciton Decay Rates x-Trap (b 2 origin) 

(oK) b .. . ( -1) * g -1 -1 * 
28 

or1g1n sec Build-up (sec ) Decay (sec ) 

1. 25 104 (1) 128 22.5 
884 (0.69) 

1.50 23.3 (0.09) 204 25.2 
166 (1) 

1. 75 16.0 (0.05) 254 25.8 
.216 (1) 

2.00 17.8 (0.10) 354 26.6 
283 (1) 

2.25 17.3 (0.34) 453 13.5 (0.53). 
62.9 (0.25) 44.7 (1) 

476 (1) 

2.50 265 (1) 1480 18.2 (0.46) 
843 (0. 71) 47.3 (1) 

2. 75 20.3 (0.97) 4123 33.7 
53.8 (1) 

1180 (0.76) 

3.00 23.9 (1) • 26.7 (1) 
65.1 (1) 106 (0. 89) 

3.25 23.5 (0.69) 19.4 (0.5) 
71.4 (1) 79.0 (1) 

3.50 22.5 (0.59) 26.3 (0. 8) 
70 . (1) 1.37 (1.) 

3.75 36.7 (1) 33.7 (0. 72) 
135 (0.78) 1.69 (1) 

4.00 37.9 (1) 51.9 
128 (0.91) 

4.20 .35.2 (0. 72) 46.7 (1) 
158 (1) 239 (0. 87) 

.. 

* Numbers in parentheses give the relative intensity corresponding to 
each decay component. 



Table II 
0 

Phosphorescence Decay and Build-up Rates for Neat TCB Excitation Wavelength = 3733 A 

-1 above exciton (0,0)). (108 em -1 X-Trao Rates (sec ) 
-1 * b2 origin (0,0) origin 

Temp. Exciton Decay Rates (sec ) g 

I I * ·. -1 
1 * -1 

CCK) b
2 

·· origin (0,0). origin Build-up Decay (sec ) Build-up Decay (sec ) 
g 

22.5 255 . (0.36) 
990 (1) 

10.45 103 (0.29) 
467 (1) 

8.0 99.8 (1) 439 90.5 (0.86) 
681 (0.69) 599 (1) . 

4.2 46 (1) 42.7 (1) 52.3 
170 (0.13) 265 (0.18) .. 

2.8 26.9 (1) 34.7 (1) 5540 30 3090 36.2 I 

84.3 (0.44) 130 (0.34) N 
+=>-

4000 (0. 6 7) 
I 

2.1 . 29.6 (0.17) 44.4 (0.18) 349 33.1 378 32 
406 (1) 317 (1) 

.6185 (0. 72) 1855 (0.38) 

* . Numbers in parentheses give the relative intensity corresponding to each decay component. 



Table III 

' ' 0 Phosphorescence Decay and. Build-up Rates for Neat TCB Excitation Wavelength = 3744 A 
1 . . 

(26 em- above exciton (o·, 0)). 

X-Tra 
-1 

Rates (sec ) 0 

-1 * b2 origin· (0,0) origin Temp. Exciton Decay Rates (sec ) 
I ~'c * COK) b2 origin· I (0,0) origin Build-up Decay Build-up Decay 

g I 

0 

t-or 
·~v<~:.-~ 

c 
4.2 27.9 (0.62) 28.1 (0.57) 

75.7 (1) 79.0 (1) 
~-. 

-~ 
1.25 67.5 (0. 86) 133 20.6 128 21.2 

273 (1) c 
0'· 

I 
N 00 
V1 

I 
0 

* 
CJ) 

Numbers in parentheses give the relative intensity corresponding to each decay component. 
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FIGURE CAPTIONS 

E:_~_g_~re 1: Phosphorescence spectra of neat 1,2,4,5-tetrachlorobenzene. 
0 0 

The exciton origin (0,0) is at 3748 A and b2g vibronic origin at 3781 A. 
0 

The x-trap origin (0,0) is at 3751 A and the b2g vibronic origin is 
0 

3784 A. 

Figur~~: Kinetic model for a coupled system of one trap and a one-

dimensional triplet exciton band. K. and K are the trapping and detrapping 
1 0 

rate'constants respectively, while Ke and Kt are rate constants for decay 

to the ground state of the exciton and trap levels respectively. 

Figure 3: Prediction of the kinetic model for the variation of a (the 

fast exciton decay component and trap build-up rate) with detrapping rate. 

The curves correspond to diff,erent values of K., the trapping rate constant. 
1 

Figure 4: Prediction of the kinetic model for the variation of a+ 

(exciton and trap decay rate) with the detrapping rate for different 

values of the trapping rate constant. 

Figure 5: Prediction of the'kinetic model for the magnitude of the fast 

component of the exciton decay compared with the initial exciton popu-· 

lation N • The functional dependence of the ratio, N-/N ,on the detrapping 
o e o 

rate is displayed for different values of the trapping rate constant. 

Figure 6: This figure shows the build-up (circles) and decay (dots) rates 

for the trap populations in neat 1,4-dibromonaphthalene as a function of 

trap depth at four different temperatures. The excitation wavelength 

0 

was 4789 A. 

Figure 7: Phosphorescence response of neat TCB to pulsed laser excitation 

in the low temperature--slow detrapping regime. Note that the exciton 

decay and trap build-up rates are similar. 
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Figure 8: Phosphorescence response of neat TCB io p~lsed laser excit~tion 

in the high. tcmperature-:--fast detrapping regime. Note that the exciton 

and trap decay at the same rate and no trap population build-up is 

observed. 

Figure 9: Calculated fits to experimental data for the ratio N-/N 
e o 

The solid curve corresponds-to the best fit for N-/N , and gives the 
e o 

values of K vs. 1/T shown in Fig. 10. The dotted curve corresponds to 
0 

values of K obtained from the plot of a vs. 1/T (see Fig. 11). 
0 --

Figure 10: Detrapping rate constant vs. 1/T obtained from the solid 

curve in Fig. 9 and calculations based on the kinetic model. ~E 

represents the energy difference between the trap level and the intermediate 

which is assumed to be active in mediating phonon-assisted detrapping. 

Figure 11: Calculated fits to the data for a_ vs. 1/T. The solid curves 

were calculated from the model equation using the values of K vs. 1/T 
0 

-1 
from Fig. 10. The curve for Ki = 125 sec corresponds to Kt = K = 23 

e 
-1 sec 

rather than the values shown in the figure. The dotted curve is the best 

fit to a , and the corresponding values of K vs. 1/T were used to calcu-
- 0-

late the dotted curve in Fig. 9. These latter·calculations give a value 

of ~E of 20 
-1 em 

Figure 12: Temperature dependence of steady-state phosphorescence emission 

of the x-trap origin in the TCB neat crystal used in these investigations. 

The circles represent measurements of the recorded height of the peak, 

while the dots represent the corresponding areas of the peaks. The solid 

-1 -1 curves were calculated from Eq~ 29, for 4B = 1 em and ~ = 21.3 em 
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KINETICS OF BAND -TRAP INTERACTIONS. 
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POPULATING AND DEPOPULATING RATES 
FOR TRAPS OF DBN NEAT CRYSTAL 
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EXCITON AND TRAP PHOSPHORESCENCE RESPONSE TO 
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EXPERIMENTAL VALUES AND CALCULATED CURVES FOR 
THE RATIO Ne/No vs 1/T. 
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EXPERIMENTAL VALUES AND CALCULATED CURVES 
FOR d_ VS 1/T 
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TEMPERATURE DEPENDENCE OF PHOSPHORESCENCE AND 
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r------------------LEGAL NOTICE--------------------~ 

This report· vyas pn~pared .as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Energy Research and Development Administration, nor any of 
their employees, nor any of their contractors, subcontractors, or 
their employees, makes any warranty, express or implied, or assumes 
any legal liability or responsibility for the accuracy, completeness 
or usefulness of any information, apparatus, product or process 
disclosed, or represents that its use would not infringe privately 
owned rights. 
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