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Abstract

A model is presented which relates the dynaﬁics of energy migration
in crystals to the mechanism by which-thefmal equilibrium between delocalized
bands states and localized trap states is achieved. Central to this model
is the requirement that coherent energy migration must be the dominant mode
of migration at léw temperatures in order to achieve Boltzmann equilibrium
between band and trap states within the lifetime of the excited electronic
state., Secondly, a stocastic model for detrapping isvdeveloped which is
based on an irreversible radiationless_relaxation process of a phonon-trap
intermediate info the density of delocalized band states. Explicit account
is taken of trap-phonon interactions in the formation of the excited trap
intermediate. Furﬁher, the relation between detrappiﬁg and the ability for
a crystai to achieve thermal equilibrium within the excited state lifetime
is developed and applied to one~dimensional crystals. Experimental results
on molecular crystals representing examples of one~dimensional exciton bands
are also presented. Specifically, the temperature dependence of phosphor-
escence from excited triplet trap states is interpreted in terms of the
ébove considerations. From these experiments one can obtain both the sign
of the intermolecular interaction and the dispersion of the first excited
triplet'band in addition to an estimate of the coherence length associated
with exciton migration in the Frenkel 1limit. Finally, some new and unique
methods for studying energy migration are pxesented which utilize optically
detected magnetic resonance techniques in zero-field. They include experi-
ments based on the measurement of electron spin coherence in the rotating
frame and the relationship of the spin coherence to the various rate pro-

cesses important in trap-exciton interactions.
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I. INTRODUCTION

In this paper, the relation between energy migration in solids and
the populations of 1¢calized and delocalized states will be discussed in
terms of a model whiéh'inclﬁdes explicit features: of the exciton band,
the sign of the intermolecular interaCtiqn¥in_theﬂneareSt'neighbbt'approx—

imation, the number of wave véctor states comprising the band, and a

" ‘mechanism for Frenkel1 exciton migration in solids:including the effects

of coherent and incoherent propagation. Although the théoretical and

experimental details which will be presented here pertain to the triplet

state of molecular solids, identical considerations'are also applicable
to singlet states and’fransport phenomena in non~-molecular solids. The
model will ‘be applied specifically td the temperature dependence of ‘the
intensity of trap emission in molecular crystals although the approach
is applicable to a wide variety of related problems. -

The necessity of considering the above features of exciton migration

'in solids in a model which attempts to: explain some straightforward

observations on the temperature dependence of the intensity of the trap

states can readily be seen by the paradoxes which'are created if exciton

dynamics are not treated properly. For illustration consider the simplest

‘case where it is tacitly assumed that the excited states of the host are

‘degenerate and that the different types of traps whi¢h may be due- e€ither

to impurities or crystal lattice defects may be regarded as independent
but describable by Boltzmann statistics. The problems created.by’this

oversimplified treatment can readily be seen. In the absence of inter-
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molecular interactions between an excited host molecule and its unexcited
neighbors, Fhe excitation is an isolated molecular state as opposed to a
mobile crystal state, and hence it cannot migrate to a trap. The failing
‘of this model is not so much in the Frivial assumption that the host states > e

are degenerate (i.e., no intermolecular interactions) but rather in not

providing a mechanism whereby thermal equilibration between the host and

trap states can be achieved, which permits the use of Boltzmann sta--

fistics.2 This latter consideration requires that a distinction be made
befﬁéen coherent and incoherent migration insofar as the dynamics of
achieving trapfexciton equilibration determine whether or not~Bbltzmann
statistics is a valid assumption. Intermolecular interactions break the
degeneracy of the host excited states and produce a band of mobile exciton
states with width 48, where B is ;he intermolecular interaction matrix
element. These mobile éxcitons can migrate between fraps in one limit
(the low temperature limit) as a coherent wave packet whose properties

are detefmined by the wave vectors of the crystals or in another limit
(high temperature limit) as a random walk diffusional process characterized
- by a hopping frequency pfoportional to the intermolecﬁlar interaction.3

If the migration is rapid, equilibration of the excited state populations
can be established among the exciton and trap states within the lifetime

of the exéited electronic‘state. The populations of the various energy -
levels can then be determined using a Boltzmann statistical model. The L
width of the exciton band and the sign of the intermolecular interaction,

the location of the exciton energy levels relative to the trap depth,
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and the mode of exciton migration‘all:determine~whethérforsnot—the
equilibrium condition can be-established‘within'the-lifetime qfithé state
- and hence determine the functional form of the temperature dependence of
the trap emission.- Ipdeed we sﬁall_demonstrgte.that the measurement of
e ‘trap phosphorescence which reflects the triplet trap popuiation;,prOVides
a tool capable of investigating the mode of migration in triplgt Frenkel
-excitons in addition to the magnifude and sign of.intermoleculgr inter-
action: B.
-Specifically in the:followipg, thé.temperature dependence of trap
phosphorescence will be discussed using a model which primarily treats
the exgiton band as one-dimensional although multidimensional bands are
conéidered briefly. A méthod for detérmining the exciton band width and
- the sign of B from the trap‘emissionAtemperature dependence is p;esented.
Systems composed of both single:aad multiple traps.in equilibrium,with
an exciton band will be considered where the effect of coherent versus
random walk excitqn‘migration on the temperature dependence of the trap
emission intensity is central to the:model.. Next we will discuss iso-
- topically mixed crystals where the effects of trapping ;esult in both‘a
- ;Boltzmann equilibration and non-Boltzmann-equilibration in different -
. temperature regions. Solutions to the non-Boltzmann.steady state -between
W | .. trap and band states also=allow;a_measurevof;the coherence to be estimated.
- In-addition, a.model for the decay of.lqcalized states_into-delocalized band
states based on radiationless relaxation is developed.. Finally, experimental
results on."one~dimensional' molecular crystals will be presented and
interpreted in terms of the above considerations. These include optically

detected magnetic resonance experiments on trap states in which the electron

spin coherence in the rotating frame is used to measure absoluteAdetrapping rates.



- ..of the exciton band. We adapt as a model for "real" one-dimensional crystals,
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II. THERMAL EQUILIBRIA BEIWEEN EXCITON STATES AND SINGLE TRAPS

A

The formal features of one~-dimensional Frenkel‘excitons in the absence
of phonon exciton coupling are well understood.4 A finite linear array of
n .independent molecules in which one molecule of the chain is in an excited
electronic state will have an energy E° corresponding to the "isolated"
molecular excited state energy. The system however is n fold degenerate, b
since the excitation may be on any one of the n molecules in the linear
arfay.' If the molecules are allowed to interact through a nearest neighbor
interaction B, the degeneracy is destroyed and a band of energies is formed.

In the nearest neighbor approximation the energy dependence of the exciton

band on the quantum number k which labels the levels is given by
E(k) = E_ + 28 cos ka (2.1)

where a is the distance between translationally equivalént molecules along
the axis of delocalization. The quantum number k can take on n valués from
zero to in/é in the first Brillion Zone giving a band width of 48.

The temperature dependence of the 1ﬁtensity of trap emission in the
temperature region where Boltzmann statistics are applicable can be understood
in terms of the partition function, z, for the systems consisting of one

excitation found either in the trap energy level or in one of the levels

a crystal composed of a set of independent exciton chains, each chain being v,
separated by one or morelimpurities or trap sites. The gaussian .distribution

of chain lengths in a crystal is sharply peaked,and therefore the average

length is employed. - This is a valid assumption for most bands provided the

number of molecules in a chain exceeds ~100. Each chain may be labeled by a set of
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molecular indicies which specify its location in the crystal and thus
make it distinguishable from the other ¢hains in the crystal. -This, in
addition to the fact that there are many energy levels available to each

excitation in the crystal, allows Boltzmann statistics to be employed- in

L v

writing the partition function provided the trap and band states are in
equilibrium. Such a partition function has the form
(n-1) (1/an)
. =1+ e-A/kT + 2 : ze-(A—ZB(l—cos‘ka))/kT . (2.2)

k=m/an

4

The zero of energy is taken at the energy of the trap:while the.trépb
depth, A, is taken to be the difference in energy betweenrthe trap level
and the k = 0 level of the exciton band in the approximation that the
wave vector of the radiation field has zero momentum.’ This is Ehe depth
which can be measured spectroscopically from absorption or emission expér-
iments at low temperatures. The f%rst term in z 'is simply the Boltzmann
facfor for the trap level while the second term is éssociated with the
nondegenerate k ='0 level of the band. Apartﬁfrom k =0, k can take on
values greéter than Zer6 to tnya, and thus;“allgnon k = O states in the band are
" doubling degenerate. If there are (2N): states in the band in addition to k = 0
state, corresponding to (ZN + 1) molecules in a linear chain,>then the final
L term in the partition function is a summation over N ddub;y dégénerate
states where k:taRES on values m/aN, 2m/aN, 3w/aN ... Nn/aN = 1/a. The
energy dependence of the band 6n'quantum number k is given by Equation 1,
and the partition function has been written so that the k = 0 level has

energy A.
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In terms of the partition function, z, the‘probability that an

excitation of the system is in the trap is simply

P =1/z . ) (2.3)

The intensity of emission, ‘I, from the trap is

— r .
Itrap - KtrapNtrap (2.4)

where KF is the radiative rate constant and N is the number of
trap trap

trap states populated. If the total number of states excited in the

system 1is Ntotal’ then : :
Ntrap = PtrapNtotal (2.5) ) é
and E
= wF _ T -1 |
Itrap - KtrapNtotalPtrap KtrapNtotalz . (2.6) ‘
Since K. is essentially temperature independent6 and the N is
- trap ; : total

usually constant, the temperature dependence of the trap intensity is

determined by the temperature dependence of the normalized trap probability,

o .
Ptrap = z-l which includes explicit feature of band states.

By varying B and the number of states in the band while keeping the

-

trép depth A constant, the relationship between the "real" partition
function and a partition function using the degenerate approximation for

calculating the trap probability can be seen. Two cases arise depending



upon the sign of B as illustrated in Figure 1. If B is negative the
exciton band spans an energy range from.A, the k = 0 energy, to A+ 48,
the k = im/a energy. On the other hand, if B is positive the band is
inverted and it spans an energy range from A to A - 48. The approximation
that all the states in the band are given the energy of the k = 0 state
corresponds to the limiting case of a band with zero band width. In

cases where B is finite however, most states accumulate at the top and
bottom of the band where the density of states function for one-

dimensional systems 7is_sharply peaked. One might expect a significant

~ effect on the trap émissign due to the dispersion of the band, particularly

when the band width to trap depth ratio, 4B/A, takes on reasonable valpes.
Such is indeed the case.

Recently 1,2,4,5-tetrachlorobenzene and_l,4—dibfomonapthalene have
been shown to exhibit the properties of one-dimensional excitons. Francis
and Harris8 measured the baﬁd,width of TCB by an optically detgctedvmagnetic
resonance experimentgvanq found it to be 1.25 cm—l. Hochstrasser and
Whitemanlo in an isotopically mixed crystal exper iment measured 1,4-dibromo-

napthalene band width to be 29.6 cm-;. These twovvaiues will be used as

examples of narrow and broad triplet exciton bands respectively although

it should be kept in mind that singlet bands can be one or more orders

~of magnitude greater in width. In Figures 2a through 2e the trap proba-

bility, Ptrap’ versus temperature is plotted for several different negative

values of 48 using the experimental value of A (21.3 cm‘l) determined for

the X~trap in h -TCB.ll In each figure curves.resulting from several

2
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differeht'ratios of number of states in band to number of traps is

plotted. Figure 2a is the degenerate case. Figure 2b uses the small
value of B taken to be the narrow band example. Figures 2c and 2d are
calculated using intermediate valués, and Figure 2e uses a value associated
with a'bfoadef'band;’ In Figure 3, one line from each of the Figure 2
drawings is shown so that the differences can be more clearly seen. ’The
number of k states‘(i.e., the number of molecules in the chain) has been
kept constant in Figure 3.  Figures 4a through 4e are similar plots however
a positive sign'of B is considered. As illustrated in Figure 1, as 8
becomes more negative the energy differences between the trap and all the
states in the band, except the k = 0 state, become greater. For a given
number of states thé temperature dependence of the trap probability and
therefore the change in emission is more gradual. As B takes on

larger positive values, the energy differences between the states in the
‘band and the trap become smaller. This causes the trap proBability (and
the trap intensity) to‘have a steeper temperature depeﬁdence. Figure 4e

is an'éxample where 48, the band width,is greater than A, and hence the
bottom of the band extends below the trap. When the trap and exciton states
amalgamate12 it is necessary to consider additional perturbations in the
energy region where the trap and exciton state-are degénerate in cases
where the intermolecular interaction becomes significant. This would cause
some deviation from the zeroth order tempefature dependence illustrated

in Figure 4e. 1In FigurelS one curve from each of the Figure 4 drawings

is plotted so that the change in the temperature dependence with B can
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can be nore'clearly seen, .Qne notes that the temperature dependence

of trap.emission,_in gndition_to be}ng.dependent on the trap depth and
trap concentration, is significnntly gqverned by the dgtailed structure
of the exciton band. In ;he nase of amalgamation,for example,a reversal
in the termperature dependence_results (Cf. Figure 4e). 1In other cases,
each;valng of the chain_length»and band width ggnerates a unique,temgera—
turg‘dependence in the trnp_phosphorescence. Indeed, this interrelation-

ship between ;he band width, exciton chain length and trap depth can be

exploited to give an experimental measure of these parameters in crystals

representative of“one—dimensional systems. The temperature_dependence
of trap emission can nlso be used to determine (via inferenne) whether
or not the band and trap states are in Boltzmann equilibrium. An example
of this is illust:aced in Fignre 6}'where.the experimental temperature

dependence of the intensity of the intrinsic h,~TCB X-trap is plotted as

\

2

a function of temperature. The best calcnlated fit to the experimental
data is also shown along with values of the parameters which arévwell
outside of the limits on the accuracy of the results. Since the trap is
intrinsic; the trap concentration was unknown; consequently, both £ and

the ‘trap concentration were varied in order to obtain the calculated curve.
The best values are 3.5 £ 2 cm—lstr thé band width 48 withvB'éoSitive

and a trap concentration of one part in 90,000. If the trap concentration
is known from an independent measurement, the uncertainty in the band width
measured in this type of experinent can be greatly reduced;v Althongh the

hz—TCB band width measured by this method is somewhat larger than that
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repofted8(1.25 ch-l) from ahlindependent method, the essentiaivfeatufés

of these results are in agreement with the interpretation of the earlier

results. It is important to note that the earlier experimentss‘and.the

above experiment can only be fully understood and interpreted in tetms of a model
which is dependent upon coherént migration beingithé principal mode of exciton

" transport in the TCB crYsﬁal at low temperétﬁfes. ‘The importance'ofj

coherent migration in the above results is discussed in detail in the next
section. The discussion in this and foliowing sections'is_primArilﬁ

concerned with'excitedAtfiplet states; however, it should be képt'in;ﬁind

that identical considerations also apply to singlets and transport

properties in general.

"~ III. EXCITON GROUP VELOCITIES AND THERMAL EQUILIBRIUM

N_In“the Frénkel iimit_qnce a‘molecgle is excited it‘capnot F;angfey
itsrgxcitat;on to another molecule without an ingerﬁoleculartigtefactign
whiéb destroys the degeneracy of the states. In a finite band, thg_ ’
vgibqity with which an excitation propagates in thevctystal with a particular

momentum in a coherent model is the group velocity, Vg(k), which is given

by the slope of the energy dispersion of the band

v oy - L 9Bk e
v = %—é—kil (3.1)

and is proportional to the change in exc¢iton energy with k. For a non-

degenerate band at temperatures above zero degrees Kelvin, the group

[
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velocity will be non-zero because of the population of non k =.0 or. *1/a
wave vectér states; the excitatidn will be able to migrate. .Ihevaverage
velocity of this migration, and certain. details of phonon-exciton
scattgring determines whether or not the system can reach thermal equili-
brium. If during the lifetime of the excited state the excitations do not
travel far enough to reach traps, the trap‘probability cannot be described
by Boltzmann sta;istics. On the other hand, if the excitations during their
lifetime can travel oq'the average many fimes farther_thgn the average

distance between traps, then all the excitations will be able to '"sample"

traps, the system will be able torreach thermal equilibrium, apd the trap

probability will be determined by the partition function of the previous
section. The importance of phonon-exciton scattering in the equilibration
pProcess cannot be underestimated,_for,itvis precisely what ultimately limits

13,14 If we assume that there

the mean free path of coherent_propagation.
is no memory between phonon—exciton'scattering events‘and_restriét the
scattering>to stocastic first order Markoffian processes15 one cén assign
a gqherence time, T(k), to the wavepackets propagating at velocities Vg(k).

The distance, %(k), a coherent state propagates between "random" scattering

events is then given by
(k) = V (k) - T(K) - (3.2)
and is thus equivalent to a mean free path.

At intermediate ;emperaturesrwhere the prineipal limitation on T (k)

is phonon—~exciton scattefing, Frenkel excitons initially in a state k
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(or a linear combination of k states) scatter to other k' states in a

time short compared to the radiative or radiationiessvlifetime; but in

a time long compared to the intermolecular interaéfion time (B—l). As

a result the .coherence time, T(k), is shortened, fhe mean free path reduced
and the ability £o equilibrate trap ;nd exciton state is attenuated. We
will show in a later ﬁublication that 3cattering is principally to adjacent
k states and hence the average grouﬁ velocity is relatively unaffected
untii one épproachésvthe high temperature limit. Diffusion or random
walk is simply the limit where the change in k occurs on a time scale

1. These features will be dealt with in far greater

fast compared to B~
detail'in a subsequent paper16 where a method for observing the dynamics
of>individﬁal k states Qill be presented. In the preéent case however
only manifestationsof the average velocities (and/or T(k)'s) are easily
measurable énd therefore we restrict the discussion to these features.
The importance of <Vg(T)> is easily seen by.compariéoh of coherent and
ihcohéreﬁt migratioh.. | |

 Treating-the éXCiton band as one~diménsiona1, the average grbup
velocit§ at a given temperature, <Vg(T)>, is given by the normalized sum
over the velocities of the k states in the band with each vélbcity weighted

by the probability of finding the system in that k state at a particular

temperature, T, i.e.,

' : \ . —~(2B cos ka/kT)
v (T)> = L LEG), _ 26a ;Sin (ka)e
g H JK T h ; e-(ZBCOS k‘a_/kT)

(3.3)

-
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In Table I, group velocities, calculated using Equation 3.3, for a narrow,
intermediate and broad. triplet band are listed as a function of temperature.
The average group velocity is not very sensitive to the number of states
in the band when the number of states in the band is greater than 100.
It can be seen from Table I, that even for the narrow band width of 1.25
cm—1 which Francis ahd Harris8 have ¥e§6rted fof TCB, at 1°K ffaveiing
completely coherently an excitation will be able to sample 109 lattice
sites in ten milliseconds which is the order of the lifetime of the TCB
triplet sﬁate.11 (The exciton will of course travel even further given
the 3.5 cm'-l band reported here.) This is sufficient to enable a system
with trap concentrations as low as 1 part per 10’ to come to thermal
equilibrium. For the larger band widths, systems with even smaller trap
concentrations will be able to equilibrate. Only very pure samples with
nearly degenerate bands will be unable to come to thermal equilibriﬁm
when the excitons migrate coherently.

Attenuation of this long range migration occurs when phonop—exciton
scattering limits the coherence time and hence the cdherenceriength.
When this length becomes less than the average tratho—trap‘separation,
thermal equilibrium becomes pfogreésively more difficult to achieve.’
In the high temperature’iimit, phonons destroy the translational symmetry
of the lattice and tend to scatter an excitation_at each lattice site,
and hence the group velocity is replaced by a diffusion rate as the excita-
tion executes a random walk at every lattice site. In'oﬁe-dimensional

diffusion, the exciton can move with equal probability’toveithéf of the



14—

two molecules adjacent to it. The average 'time, T, it takes an exciton

undergoing a random walk migration to take one'step-is on the order of17
=h_
T=%g " (3.4)
Hence, the median distance traveled in cm is given By

> =1/3 §% a (3.5)
where N is the number of.hops taken per unit time and a is the distance
travéled in one hop,‘one lattice translation, in centimeters. In Table
II, the median random walk distances are listed for the three band widths
used in Table I for a ﬁariety:of times. The value of a used is 3.76 1
which is the ;ranslational spacing of molecules along the a direction in
TCB.18 Table III also gives the ratio of the distances traveled by an
exciton moving in the coherent limit versus random walk migration for the
three band widths at 2.8°K. | ’

It is seen that random walk migration is a factor of 104vto 106 slower
than coherent migration. While a hz-TCB exciton traveling completely
coherently could sample approximately 109 lattice sites during its life-
time (10 ms), an exciton uﬁdergoing random walk migration on the average
will only sample 103 to 104 lattice sites. The number of excitons able
to migrate larger distance fails off very rapidly bgcause one-dimensional

random walk processes are describable by a Gaussian distribution of

distances around some initial starting point.19 In the case of h24TCB
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only 3 excitons out of 1000 traveling completely by random walk migration
would be able to cover a distance of 5 x 104 lattice sites which is half

the average distance betweeﬁ traps in these crystals. The obvious. conclusion
to be drawn is that the observation that the temperature dependence of the
hZ—TCB trap intensity obeys Boltzmann statistics provides strong evidence

for coherent migration as the principal mode of exciton transﬁort at liquid
helium temperatures. Indeed the coherence time must be at least several

orders of magnitude longer than the intermolecular exchange time.

IV.  THE EFFECTS OF MULTIPLE BANDS

A, Zero-Field Splitting of the Exciton Band and Trap States:v

To this point, the triplet_exciton band and trap have each been
considered as consisting of a single magnetic sublevel. This is an accurate
description for singlet states, but both the triplet exciton band and trap
~are split into three energy sublevels by the zero-field spin dipolar inter-
action of the unpaired triplet electron spins.20 The intensity of trap

emission, I___ _, for the three level system is given by

trap
- - r - r o
Itrap - Kx trapNx trap + Ky trapNy trap M Kz trapNz trap 4.1)
where Ki trap is the radiative rate constant for the ith sublevelrand

Ni trap is the population of the ith sublevel. 1In the absence of a spin-

lattice relaxation processes in the band states, the trap states, and
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between trap and band states, the population of a triplet sublevel is
indepehdent of the populations of the other sublevels and hence the to;al
population of a particular magnetic spin component is the sum of the
populations in the particular spin sublevel of excitén band and the trap.

Thus, the trap popﬁlation of the ith sublevel can be given by

’—l -

Ni trap =-Ni total Ei (4.2)

where Zi is the partition function for the ith spin sublevel. Under these

conditions the total trap intensity can be written as

_ T 1 r 1 r 1
Itrap - Kx trapNx'totalzZx * Ky trapNy total Z _+ Kz trapNz total Zz (4.3)

In the absence of spin-orbit coupling the dispersion of eéch of the three
triplet bands will be identical when the zero-field spin dipole interaction
is much smaller than the band dispersion. Thus, the threé spin sublevel
partition functionms, Zs Zy’ and Z_ are essentially the same and the frap
intensity is given by |

_ T r r 1
Itrap - (Kx trapNx total + Ky trapNy total + Kz trapNz total) Z (4.4)

The net result is that the temperature dependence, as in the single spin
sublevel case, is determined only by the change'in Z with temperature.
In general, however, spin-orbit coupling must occur in order to give

allowed transition character from the triplet excited state to the ground

Soace
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singlet manifold.21; In most cases the spin eigenfunctions have different

-symmetry properties resulting in admixture of different singlet states

into three individual spin sublevels.22 The dispersion of the three
triplet spin.sublevel bands can differ in such cases giving each sublevel
a sliéhtly different partition function and therefore-iq»principle a
different intensity temperature dependence. However, the changes in the
dispersions of the bands due to spin-orbit coupling are, in almost all
cases, so small that the temperature dependence of the intensity of trap
phosphorescence is unaffected by these small energy differences. In
hz—TCB spin-orbit coupling produces only one part in lO6 difference in
the dispersion of the three spin sublevel bands.8

- A more serious consideration for molecular systems in some temperature
regions is the effects of spin lattice relaxation oq.the temperature
dependence of trap emiséion. In the above discussions the steady state
. total® in a particular magnetic sublevel
was assumed to be independent of temperature and independent of the popu-
lations of the other two sublevels. However, spin lattice relaxation
coeples the sublevels, allowing population to be transferred from one to
another. Since this is in general highly temperature dependent,23»the
total steady state population of a particular magnetic sublevel can change
significantly with temperature. To account for these variations is in |

principle straightforward. The population of a trap, and therefore its

intensity, at any one temperature is determined by the partition function

as before, but as the temperature changes, the change (via'Tl) in the total sublevel
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population as well as the change in the partition function must be determined.
The change in the total sublevel populations can be determined by measuring
the change in the lifetimes of the three sublevels as a function of temper-
ature, and thereby assessing the amount_of spin lattice relaxation.24 The
trap probability is determined as before using the partition function, but
now it must be multiplied by the relative sublevel population for each
temperature, i.e., |

It:rap = [i Ki trapNi total(T)] !z: ' (4.5)

=X, 2 »

Although the effects of spin lattice relaxation between the magnetic
sublevels of the triplet band in one-dimensional bands can complicate
the evaluation of the trap phosphorescence intensity, in most crystals’
this does not present any real difficulty. It is only when there is a
significant temperature dependence to the effective spin lattice relaxation
process over the temperature range of interest that difficulty arises.
Usually, small two-dimensional exchange interactions between translationally
' inequivalent molecules in the unit cell result.in an effective averaging
of the spiﬂ sublevelvpopulations in band states on a time short compared

tb the lifetime of the state. Thus, the exciton dynamics itself keeps the

individual spin-sublevels close to Boltzmann equilibria, and hence the

temperature depen&ence of spin lattice relaxation is inaffective in
causing large deviations in the individual spin sublevel populations over
‘the range of temperature of interest. This is the case at least for

hz—TCB and d2-TCB between 1 - 4°K.
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B. Two and Three Dimensional Bands

The above considerations can be readily éxténdedito systems in which
a trap interacts with a multidimensional exciton band. For one molecule
per unit cell the mbst general form is given by the three-dimensional
partition function z:

=1+ ﬁﬁf nﬁf ?é? G(k)e-(A-ZBa(l—coskai)-ZBb(l—coska)-ZBc(1—coskcE)/kT

ka=0 kb=0 kc=0‘

(4.6)

where ka’ kb’ and kc are the wave vectors associated with the crystaliégraphically
translatiﬁnal directions E, E, aﬁd ¢ and Ba’ 65, apd Bc are the nearést neighbor

Aiﬁtermolecular'intéfaction matrix elements along these tﬁrée ‘ |

axes. C(k) isv5 deggneracy factor which takes on the valué 1 when‘the value

of all tﬁree k wavé vectors are zefo, 2 when any two k wave vectofé ére

zero, 4 when only one k wave vector ié zero, and finally, 8 wheé all three

k wave vectdrs‘are‘gréater fhan zero.- The partition functioﬁ for tﬁe case

in which.tﬁe exgiton band is two-~dimensional is obtained By set%ing BC equal

to zero, and the one-dimenéional partition fﬁnction given in Eqﬁaﬁi&n 2.1

follows naturélly from Eéuation 3.1 Bylsetting Bc and Bb equél to zero.

To éimplify the discussion, only the ﬁwo-diﬁensibnal case will be
explicitly éonsidered. Fdr illustration Bb is set equal to 1/2 of Ba and
the two-dimensional\ekciéon baﬁd is 1imited to four hundred states éorres-
pondiﬁg té a sﬁuare'array of 400 moleculés; An énergy leveibdiagram for

the trap and exciton system is given in Figure 7. As in the one—dimehsional
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case, the 0~0 absorption must obey the selection rule Ak = 0; thus,’the
0~0 transition is associlated with the ka = 0, kb = 0 level. Depending
upon the signs of.Ba and Bb’ the ka = o’,kb\F 0 exciton level can occur
at four different energies relative to the trap energy. As indicated in
Figure 7, if Ba and Bb are both negative, Al will be the observed trap,
depth. 1If Ba is negative and Bb is positive, AZ will be the trap depth.
If Bctis positive and Bb is negative, A3 will be the.trap'depth; If both
Ba and Bb are positive, A4 will be the spectroscopically measured trap
depth.

For a given trap cancentration, the average numbet of states in the
exciton band is known, the tran depth, A, can be measured, and'the’tember-
ature dependence of thevtrap intensity can be fit by”varying theisigns
and magnitudes of B and B in the multidimensional partitlon function
(Equation 4 6). For systems in which the number of states in the band is
large, i.e., low trap concentration, the density of states in the band

becomes so large that the partition function is not sensitive to Ba and

By

separateiy but depends.only upon the total bandwidth, 4|Ba| +,4|Bb|;
thus, a neasure of the band width can be experinentally determined, even
in multidimensional crystais, but details of the band along specific
crystailoéraphic axes are lost. The above discussion has been:testricted
to systems containing trap levels of onlyvone energy. :Systems with two
or more traps of different energies present a different.prnblem but

provide additional and unique information on the exciton dynamics and will be

considered in detail below.
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V. BOLTZMANN EQUILIBRIA BETWEEN EXCITON STATES AND.MULTIPLE TRAPS

The extension of the above treatment to systems in which there are
two ‘or more types of traps having different energies would be straight-
forward if it werg'not for the fact that the excitoné'and'tréps have
finite lifetimes. If the excited state 11fetimés were long enough, the
system would come to thermal equilibrium at any temperature and a statistical
treatment would always be proper for any temperature or trapvdepth.
However, given the finite lifetimes of the states inﬁolved, a statistical
approach 1is only possible above a certain characteristic temperature, hereafter

termed Té, which is determined by the trap depths, the trap'conéentration,

"and the exciton band width.

The inability of the system to achieve thermal equilibrium below the charac-
teristic temperature is due in part to the spacial separation of the traps
of different energies and in part due to different trap-phonon interactions
at the different traé sites in thg lattice. This can be seen more clearly
by considering an energy level diagram in Figure 8 for a system consisting
of an exciton band, a shallow trap, Tgo and a deep trap, 4" The dashed
arrows indicate the possible paths electronic excitation can travel in the

system in the absence of direct long range.energy exchange between traps.

‘Basically, an excitation cannot be transferred to another trap site without

first being thermally promoted to the exciton band in which it can migrate

.to another trap site and again be trapped. Equilibrium is only established

through a continuous process of detrapping, migration, and retrapping.

If the process continues long enough, the system reaches its equilibrium
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population distribution in spiterf the fact that the shallo& and deep
traps exchange their population with the band states at different:rates.
Because the exciton and trap states_haveaa finite lifetime, however, the
rate of dgtrapping and retrapping for both traps must be large énqugh
to compete with radiative and radiationless processes. This can_gnly
occur above somg characteristic temperature ic where phonogftrap inter-
actionfare frequent enough to keep the SYStem_in thermal equilibrium.

In the equilibrium temperature region, the temperature
dependence of the trap intensities can be determined from the probabilities
PTd and PIS fhat an excitation will be in deep trap, Tq» OF shallow trap,
Tgs rgspectively. Taking the exciton band to be ong—dimensional inrthe.
nearest neighbor approximation, the partition function, z,_for the system
is given by

(n-1)7/na

e BT . (5.1)

G

\ 2G2e-[A2—28(1-éés ka)]/gT

z=1+ Gle‘Allk? +
k=T/na
The zero of energy is taken as the energy of the deep trap., Aé shown in
Figure 8, Al is the energy difference between the deep and shallow traps,
and A2 is the energy d;fference between the deep trap and the k = 0 level
of the exciton band. Ehe k = 0 level may be at the top or bottom of the
band (as discussed previously) depending upon the sign of 8. The concen-
tration of ﬁhe traps and excitons are normalized to a unit concentration

of the deep trap. The first term in z is due to the deep trap.  The

second term is the Boltzmann factor for the shallow trap, multiplied by Gl’
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' the number of shallow traps relative to a single deep trap. The third

term is the Boltzmann factor for the non-deggnerate k=20 1evel_q§ the
exciton bgnd times G2, the number of exciton chains relative to a siﬁgle deep
trap. The‘final sumhation is over the remainder of the exciton k states,
Which are doubly degenerate, giving rise to the facfbr of two. The.total

x (2n)

number of host molecules states relative to one deep trap is G2

~where there are 2n states per exciton and G2.exciton chains per deep

.trap. The trap probabilities.PTd and PTs (which are proportional to the

trap intensities) are

PTd(T) = —Z%)_ ) (5..2‘)

and A
Gle.-Al/kT ‘ v
PTS(T) = ‘——ZTI,—)——— (5.3)

respectively. Calculated plots of PTd and PTS versus temperature for

systems which contain 99.27 host exciton states, 0.8% shallow traps,

-and 1.6 x 10_32 deep traps are illustrated in Figure 9. The trap depths,

Al and A, are 10 cm_1 and 20 cm—l, respectively. These values are typical

2
of 'a single and doubly protonated traps in deutero crystals. The curves
are for a range of band widths, 4B, between +8 cm-1 and -8 cm_l. Several

features of the trap phosphorescence intensity in multiple trap systems

are particularly noteworthy. First, as 48 becomes more positive the energy

- levels in the band become closer to the trap levels. This results in a

loss of trap probability and therefore a loss of trap intensity. Although
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both traps areraffected, the change in thé.deep and shallow trap probability
are entirely different. The decrease in the deep trapsphbsphbrescence
with increasing tempefature results from the partitioning of the:excitation
into tﬁe higher energy shéilow'trap and exciton‘btaféé.v When the number
of molecules in an exciton chain (the ﬁumber of k states in the band) greatly
excéeds the number of shallow traps, the form of thévdeep trap temperature
dependence becomes in&iétinguiShabie'from the singlé trap problem considered
earlier. The temperature depeﬁdeﬁce of the shallow trap is not so simple.
Physically,as tﬁe temperature increases from a value where dﬂiy the deep
trap is emittiﬁg (PTd= 1.0; PTs= 0.0) the initial loss in T4 results in
the onset of T emission. How rapidly Tg increases with increasing temper-
ature,however, is determined by the partitioning of energy from the shallow
trap into the band states. If many exciton states are near in energy to
the shallow trap, the shallow.trap will never acquire a significant intensity
because of the ability of the exciton states to partition the energy, i.e.,
large value of the band partition function. This occurs when the -shallow
- trap depth (A2 - Al in Figure 8) is small and/or the exciton band has a
large number of k states at energies near the shallow trap (positive B).
‘On the other hand, when the shallow trap depth becomes larger and/or the
exciton band has a smaller positive dispersion or negative dispersion,
the shallow trap emission will continue to increase in intensity at the
expense of the deep trap probability until a point when the Boltzmann
factor starts to significantly populate the exciton state. At this éoint

the shallow trap will lose intensity with increasing temperature because

-
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of partitioning to the band. An important point of the temperature
variation of both the deep and shallow traps is that for every curve

associlated with the deep trap there is a unique shallow trap curve for

_ a specific value of the band dispersion, number of k states and number

of shallow traps.  Moreover, the detailed shape of the temperature
dependence curve for the shallow traps is determined by the partition
function. A variation in Tq @nd T  trap emission as a function of con-
centration is illustrated in Figure 10. The value of the band dispersion

1

and trap depth have been fixed at values 48 = 4 cm s Al =.10 cm_;, and

AZ = 20 cm-l. As is expected, when the shallow trap conceﬁtration increases
relative to the band states the intensity peaks at higher temperatures.
The values plotted in Figure 10 are representative of mixed crystals where
the bénd states are the pure deutero (d2) molecule (2 deuteriums/molecule),
9 molecule.
The concentration values listed for cases A through D correspond to
statistical mixtures of the various species based upon the ﬁotal deuterium
concentration of the crystals.

Thé practical use of such an approach to obtain information about the
band is straightforward and self-evident. If a sample is prepared with

two traps of known concentration, where Al and A2 can be measured spectro-

scopically then the band dispersion and the sign of B can be determined from

- the temperature dependence of the two trap intensities. Figure 11 illus-

trates this for deutero-proto mixed crystals of TCB. Figure lla is the

temperature dependence of hZ-TCB(Td)_and hd-TCB(TS) trap phosphorescence
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in a d,~TCB crystal in the temperature range 1.3°K to 3.8°K. Details of
the preparation and characterization of the traps are given in Section
IX (Experimental). The data illustrate two distinct temperature regions,
one below and one above AICharacteriStic temperature Tc. These are labeled I
and II, respectively, and correspond to regions where Boltzmann statistics
are appropriate (II) because the trap and band state are in thermal "
eduilibria'and where Boltzmann statistics are inappropriafe (I) because
the finite lifetime of the éxcited states are short relative to the' time
necessary'to equilibrate both the deep and shallow traps with the exciton
band states. | =
Using the experimental values for Al, Aé, T and Tqs an excellent
fit for both the deep and shallow trap temperature dependence in region
II is simultaneously obtained for the lowest triplet -band in dz—TCB; A total
band width of 12 * 2 cm"l and a positive intermolecular exchange inter-
action for'dz—TCB from these experiments (Cf. Figure 11) is to be compared
to a total band width of 3.5 cm—.l and a>posi;ive intermolecular exchange
interaction for the same band in hz-TCB'(Cf. Figure 6). The relationship
betwegn isotope effect, the Born-Oppenheimer ‘approximation and the band
' dispersion in these crystals will be discussed in a later publication.25
In the remainder of this paper we will discuss the non-Boltzmann
region (I) and formulate a general approach to exciton dynamics in this
region which is amenable to experimentation. ThiS'région is characterized

by insufficient phonon-trap interaction to provide thermal equilibrium

between trap and band states. We will defer detailed interpretdtion of
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TCB in this region until later, but we will demonstrate proof that TCB
in this region is not. in thermal equilibrium but characterized by

considerations of the next section. .

VI. NON~BOLTZMANN DISTRIBUTIONS BEIWEEN EXCITON AND TRAP STATES

Below a characteristié temperature, thé system does not:come to‘
thermai équilibriuﬁ within the lifetimes of the.statés bécauée the ﬁhonon
interaction with fhe trap statés does not equiliBrate the trap and Eéhd
statés at a fast enough rate. The problem must therefore be'treéfed in
terms of a set of cdupled rate equations fér the processes which are
occurring. Differential equations describing the time Variation’of the

states illustrated in Figure 12 are'given in Equations 6.1 through 6.4.

d['rd]
dt

Kaq[B] - Ryoltgl = Kyl14) | N | | (6.2)

' d['rs]
dt

K ;[E] - K [T.] - K [1,] o (6.3)

1
AUS 1 - prs®y - kqasty - KOsty (6.4)

[E] is the exciton population; [81] is the population of the first excited

singlet band, and [S°] is the ground state concentration; [Td] and [TS] are
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the deep and ‘shallow trap populations; P is the rate constant for the
production of excited singlet excitons, and Ksl is the'rate'constant for
the relaxation of singlets to the ground state manifold,-so, while KISC

is the intersystem crossing rate constant. KE, Kd and KS are the total rate con-
stants for relaxation to the ground state from the exciton bands, deep

traps, and shallow traps, respectively, they include radiative and radiation-
less processes. Ksi and Kdi are the trapping rate constants for exc1tons
entering the shallow and deep traps respectively, and K and Kd are the
detrapping rate constants of the shallow and deep traps into the exciton

bands. The ground state concentration, [S ], is taken as a constant. If

the 1ifetimes of the excited states are short then [S ] will be the con-
centration of host molecules in the crystal._ 1f the 11fet1mes of the

exciton and trap states are long but are approximately the same, [S ] will
remain constant with changing temperature since transferring population

between excited States of the same lifetime will not result in changing

[So]._ However, if the lifetimes are long and differ greatly, then [So]

can change with temperature but will still be'constant at any one temperature.
Hence, Equations 6.1 through6.4 can be solved for [Ts] and [Td] bx assuming

steady state. The results are:

AK_ (K + Ky )

[Ts]= K, + K )(K +1< —CK ) By, (K + K_) (6.5)
and
K,.(K +K )'
[t.] = di s_ SO (6.6)
d (K, + K; YK +K_-CK K K+ K_)

s =P
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K =<V‘>-d—l (éila)
S di g d :
K. =<v>-+dL (6.11b)
si g s :

The average exciton group velocity at a parficular temperature is given by

Equation 2.1, and d; and d_ are the average distances between the deep and

shallow trap sites, respectively. The'trappiﬁg rate constants are the

inverse of the average time it takes an exciton to reach a trap, and hence

in the temperature region under consideration, the rate of finding the

trap is inversely proportional to the number of trapping sites available.

The concentration of populated deep and shallow traps is then simply

given by
[Ts],
(tg] =
or
[t]
[t4] =

=A<V> K - +d (6.12a)
g .8 - 8. L
-1 -1
= A <Vg> Kd dd (6.12b)
=A-<v>- -k 1.y (6.13a)
g i 8 s ,
=A<V K 1w (6.13b)

where N, and Ns_are,the deep and shallow trap site concentrations. When

d

the rate of trapping is large relative to the decay of the exciton through

other channels (K.di + Ksi

>> KE), the steady state trap concentrations
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where ISC, 0

A= I;Sé( [_S ] (6.7)
(K1 + KK + Ryy + Kgy) .
K. .
_ do
B = (K + Kyy + Kgy) (6.8)
X
C

SO
= _ (6.9)
- Ky Ky H KD |

A. Non-Boltzmann Low Temperature Limit

At some temperatufe>well below the characteristic temperature Tc’
KS0 and Kdo will become insignificanE because of the lack of phonons to
equilibrate the trap and band states at a rate comparable to the lifetime.
Setting these two constants equal to zero in Equations 6.5 and 6.6 yields

a low temperature limit for T4 and Tg given by

= Aol "
[rd] = A K.di Kd (6.10a)
[t]=AK, K1 | (6.10b)
s si s

where the constants Kd—l and Ks_l are the deep and shallow trap'lifetimes.

Kdi and Kéi’ the rate constants for excitons flowing into the traps, can
be identified in the coherent model with the average group velocity of

the excitons;'<Vg>, weighted by distance between traps,'i.e.,
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become independeht of the average group velocity associated with exciton

migration and hence independent of temperature:

ISC N .
. P - K -1 S :
[1] =2|—————=—=]IK ——} [S_] (6.14a)
s Ksl + KISC s» Ns.+ Nd ) '
and
1SC ' N
P K -1 d
[t,] 2| —————K, N7 1I[S.] (6.14b)
d Ksl + KISC_ d Nd + Né o .

and the ratio of the steady state concentrations is simply proportional

to their respective total concentrations:

-1

[TS] KS NS (
= 6.15)
[t,] -1
d Kd Nd

. On the other hand, when the exciton decay competes with or is greater

than the rate of trapping (KE >> K, + Kdi), the steady state trap con-

i

centrations are proportional to the temperature dependent average group

velocity of exciton wave packets and are given by

p - KIS0 ] .
[t.] = <<V >+ KT - N (6.16a)
N FC IS <ot B o

and
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ISC[S ]

[t,] = * <V > .k -1, N. (6.16Db)
(Ksl + K )KE

The ratio of concentrations however still remains velocity and therefore
temperature independent and is also given by Equation 6.15.

Since the intensity of emission from the traps is proportional to

number of trap sites, the invariance of the ratio over a finite temperature

range provides an experimental test of this limit. In addition, since the

temperature dependence of [Ts] and [Td] results from a change in the average

group velocity, the trap emission provides a tool capable of investigating

the average velocity distribution in the exciton band and hence the coherence

even at the very lowest temperatures.

'B. Non-Boltzmann Intermediate Temperatures

As the temperature 1s increased toward Tc’ the rate constants for

energy traneferring from traps‘to exciton bands are ekpected to increase.
if the depths of the traps T ‘and Td below the bottom of the band are

significantly different relatlve to kT then excitations will be able to
thermalize from the shallow trap Tg into the band at temperatures too low
for excitatioms to thermalize fron.Td. The net result is that KSo will
become significant at temperatures where Kdo*%éVStill negligible. Setting
K quual to zero in Equations”6.5 and 6.6, the concentration of traps

do

are given by

However, -
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Il = — ' (6.17a)
si . | I
' [Ks+(1"KE+Kdi+KSi)Kso:| - " |

,

A *K,. (K +K ) .
7 » di S_ = SO : (6.17b)
1 : si -
K,JK + {1 ~ K :
d[s ( KE+Kdi+Ksi) so]

The dependence of these equations on <Vg> canvbe;seén by substituting 6.11a

[T

and 6.11b for Kdi and Ksi" In this region the temperature dependence of
Ty and T4 results from both the temperatﬁre dependence of <Vg> and the

- shallow detrapping rate‘constant, Kso' Specifically, when the radiative
aﬁd radiationless decay ofrthe exciton stafes to the ground state is slow
relative to trapping, KE << Kdi'+ Ksi’ the group velocity dependence con-

téined in K .

a1 and KSi vanishes and Tg and T, are given by
2 - ks 1\[ N, L | |
0 Isc J\N, + N N (6.18a)
Ksl + K d sk +]1 - s X
' ‘ s N + N 80
: s d
and

| P - KISC[SO] kK, + R\ N, 1 .
gl = 15C K N, + N N (6.18b)

Ksl + K d d s/l + _ s K

' ' s Nd + NS so

respectively. Hence, the only temperature dependence of‘TS and T4 is
contained in Kso' In the other limit, when trapping is slow relative to

the radiative and radiationless decay of the exciton states,'KE >> Kdi'+ K

si?
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the shallow trap population reflects the average group velocity of the

excitons via its trapping rate.from the band (Ksi); i.e.,

: 1SC
e = P K [s ] (; KiiK ) . (6.198)
A (K gt K )(KE) '

The increase in the concentration of Ts via the increase in the ekciton
<Vg> may be - offset by the increased detrapping rate K with

temperature. By constrast, tlhe deep trap concentration is given by

ISC

T,] = 6.19b)
4 V(K51+K15°><K> /T

and its temperature dependence results only from the increase in the group
velocity of the exciton states with temperature. Finally, the temperature

dependence of the ratio of the trap populations is only functionally related

to Kso' This can be seen by combining Equations 6.18a and 6.18b in one case and

6.19a and 6.19b in another.In both cases, the ratio is:

[t 1] N K

] s d
: = = o/ : _ (6.20)
[Td] I\;[d (Ks + Kso) . v

This is valid for both conditions, KE << Kdi +

The important point of the above. equations is that the steady state con-

> L]
Kgy and Kp >> Kyy + Ky

centration of the shallow and deep traps and thus the emission intensity

depends implicitly upon both the group velocities in the band and the rate
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of detrapping of the shallow trap,'Kso. Both of these quantities are measur-

able and provide, in principle, detailed information on the dynamics of trap-

exciton interactions.

Qualitatively, the above processes can be physicaliy viewed.as follows.
At very 1ow temperatures.both”Kso and Kdo are_gero,_and the:populations
[TS] and_[Td] (except for changes caused by variations in <Yg>i remain
constant with increasing temperature. Since Tg is closer in‘energy‘to the.
band than Tqs 28 the temperature is increased Kso becomes.non—zero before

Kdo’ and some of the shallow trap's population is thermalized into the

exciton band. This additional exciton population migrates in the band

at an average group velocity determined by the temperature and band dis-

persion and is retrapped in deep traps. Contrary to what would have been

expected for a thermal equilibrium, the deep trap gains population and
intensity at the expense of the shallow trap. The importance of the deep
trap concentration in relation to the magnitude of K cannot be under-
estimated if a phenomenological understanding of the complexities and
variations of impurity effects in crystals are to be properly understood.

!

C. Other Considerations

To this point, the effects of possible differences in exciton and
trap radiative and radiationless 1ifetimes on the temperature dependence
of trap emission in the equilibrium temperature region has not been

discussed. If Nt t is thevtotal triplet excited state population, then

is assumed to be temperature independent.

IT tot 2

1
« N 7y’ where N ot
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[y

If the total lifetime of the exciton and trﬁp states are equal then the
‘transfer of population between the band and trap does not alter the value

of N . However, if they are not equal, N ‘will be témperature‘depen—

tot tot

and z are functions of temperature.

dent, and IT tot(T)Z(T) .Hence, both Nt ¢

Ntot(T) can be determined from a system of differentiéiﬂequations

assuming steady state. In terms of the parameters in Figure 12, assuming

the ground state concentration, [Sé], remains cdnstant;

IsC .1

AL ey - kst - KCst =0 (6.2

dt

dN
tot _ ISC 1.
T K™U[ST] = R oxN

]
o

K. (1 - x)N

tot E (6.22)

tot

X is the percentage of population found in the trap.>“x‘

1/Z(T), and
(1 - x) is the percentage of population found in the band at a given

temperature. At steady state Ntot(T) is found to be

[Kx+KE(1-x)]\{(1+KISC )

Ntot(T)

where the only temperature dependent parameter on the right side of the

equation is X. The ratio of the values of Ntot(T) at two temperatures is

(1) Kx@) + K - x(1)]
(T))  [Kx(Ty) + K - x(T,))]

tot

(6.24)
tot
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Equation 6.24 can be»used to obtain NtotﬁT) relative to the value of
N '(Tl) which may be used to.normalize the total population for all other

tot ™
temperatures. Thus, it is notvnecessary to khow the actual value of N (T). :

tot

A similar procedure can be used in the case of more than oﬁé‘trap or for

corrections in Noe due to spin-lattice relaxation effects discussed above.
Another point which needs to be mentioned is that it has been tacitly

assumed that intersystem crossing takes place from the singlet state to

the triplet éxciton band and fhat exciton migraﬁioh and tfappiﬁg.tékes

place from the tripiet band. However, in some cases after ekciting initially

into the singlet exciton band, migration and'trappihg take place:before

“intersystem crossing occurs producing triplet traps. If the triplet traps

are in equilibrium with the band, the trap intensity as a funcfion of
temperature will reflect the parameters of the triplet system. 'Héwever,
if the time for a trap to transfer its’excit#tion to the band is 16ng
compared to its lifetime for decay to the grouﬁd state, the tfiplet trap's

population will be determined by the Singlet trap's population. In this

case, the problem must be considered in terms of the band width and trap

depth of the singlet exciton and trap system giving careful consideration

to the question of equilibrium. In studying triplet systems, if these

.complidations arise, they can be eliminated to a large extent by Suitably

filtering the excitation light so that only the first tfiplet excited state

is produced.
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D. Qualitative Featufes'of TCB . in the Non—Boltzmann'Region

The intgnsity versus temperature data for the two traps in deﬁfetated
dZ-TCB CrYSF31$ in the temperature‘region before Bo;tzmann gquilibration
(i) is illustrated in Figure 1ia. The»prgdicted béhavior for a system
of this type is indeed observed. The.shallow tfqp intensity degreases
and the deep trap intepsity increases as the temperature increases. The

1

_shallow trap hd-TCB and the deep trap h -TCB are 12.8_cm_l and 23.5_cm-

2

below the d,~TCB triplet band (k = 0), respectively. Because the Boltzmann

2
factor is small in the temperature region of interest, there is a significant
v differgnce in the éetrapping rgtes Kso and Kdo' Apart from the phenomeno-
logical qbserva;ion that the temperature dependence of the two traps quali-
tatively behave in the proper fashion in Region I, several independent
expe;imental observaﬁions conclusively demonstrate that Kso‘>> Kdo for

this system. In Figure 14 the zero-f;eld optically detected magnetic
resonance (ODMR) spectra26_for the ;wo'trapgvfound in deuterated TCB are
illus;rated. - These spectra are obtaingd‘byimonitgring ;he optical emission
to the elgctrqnic origip fFomJthe two traps separatelylgs microwave field

is swept in frgquency.z? Ihe upper spectrum is the 6ptica11y detected

electron zero-field D -~ IEI transition of the deep trap, h,-TCB.. The

2
peak labeled A qor:esponds to electron spin only t:ansitiqns while_the
peaks labeled B and B' are the simultaneous electron spin plus 3501 and

7Cl nuclear quadrupole transitions,
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respectively?a’nghe B and B' peaks are separated from the center line by
the characteristic 3501 and 37Cl excited state nuclear.quadrupole frequencies.
The'C peaks correspond to simultaneous electron spin 35Cl and 37C1 double
nuclear quadrupole transitions.29 These transitions are split from the
~ electron spin only transition A peak by the difference in the 3501 and
37Cl.quadrupole frequencies. On the low frequency side of the deep trap
‘spectrum between peaks B' and C is avpeak going in the opposite direction
. at exactly the frequency associated with the shallow trap D - IE] transition.

from the rest of the spectrum/\ This will be referred to as the T peak.
‘The major peaks A and B of the deep trap spectrum have been truncated to
facilitate display. The 10Wer spectrum in Figure 14 is the D - |E|
transition of the shallow trap, dh~-TCB. Only one peak is observed even at
vmoderately high microwave powers at-temperatures above 1.3°K. This peak
corresponds to the fully allowed .electron spin only transition. The
change in the light intensity in the shallow trap spectrum is"opposite .
the direction of the change in the light in the deep trap'spectrum except
_for‘the T peak..'These resultsican be understood as follows.

The spinvalignment of the shallow trap.is changed by the application
of the microwave field at the transition frequency, 3.5600 GHz This
change in spin alignment is at least partially carried into the exciton
band by shallow trap detrapping processes. The net result is that the
exciton band acquires an altered spin alignment which is carried into the
R deep traps by the trapping process Kdi This results in a change in the

deep trap light intensity in the same direction andvat.the same microwave

frequency as the shallow trap;transition. This is the observed Tvpeak
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in the deep trap spectrum. Similar effects are observed in h2~TCB when g
__the exciton band spin alignment is altered by a microwave field

30 The significant point here 1s that

and the trap emission is modulated
there is no corresponding T peak in the shallow trap spectrum even though
the deep trap transition is more than an order of magnitude stronger;
This implies that the shallow trap excitations are detrapping, migrating
“and retrapping in deep trap sites, but that deep trap excitations are not
transferring population to the shallow trap sites to any significant extent.
A second important observation can be made from the ODMR spectra.
Because the electron spin and the nuclear quadrupole eigenstates are
‘coupled by the electron-nuclear hyperfine interaction, only the pure
electron transition will be observed in the absence of the hyperfine
interaction. If the‘lifetime of a state is short compared to the inverse
frequency associated with the hyperfine interaction, then the triplet state
electrons will not be influenced by hyperflne interaction and the coupling
of the electron eigenstates to the nuclear eigenstates will vanish and
the quadrupole peaks (B(Cl ) and B'(Cl )) will be absent from the ODMR
In TCB and similar compounds the hyperfine 1nteraction is on the order of

29 30

1 MHz The fact that quadrupole transitions are not observed in the

shallow trap ODMR spectrum sets an upper 1imit of less than 1 usec for 4.
the time an excitation remains trapped in the shallow trap at 1 3° K. On
the other hand the fact that strong quadrupole peaks are observed in the
deep trap ODMR spectrum implies that excitations remain in the deep traps

for times much longer than 1 psec. When the temperature is lowered to about
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1.2°K to decrease Kso’ weak quadrupole satellites on the shallow trap
spectra appear at high microwave power indicating that the detrapping rate
constant KS0 is in faet becoming smaller.' Thus, the ODMR data. in addition
to the temperature dependence of the trap emission data establish that in
the t\empera'ture region 1 immediately before Boltzmann equilibration occurs
the shallow trap is detrapping rapidly while the deep trap is detrapping
slowly relative to their lifetimes, i.e., st >> Kdo'

Finally, we.would like to outline a method for measuring the absolute
detrapping rate constants‘Kso and Kdo by an optically detected magnetic
resonance experiment in whichvthe population entering the trap via Ksi
and Kdi is completely removed from consideration.  Specifically, it has
been shown by Harris et al.31 that any. state of the electron spin coherence
associated with excited state and the full correlation function for dephas-

ing of the electron spin ensemble can be observed by the optical detection31’32

34

of electron spin echoes33 or spin locking. By viewing the excited triplet

state in an interaction representation which removes the electron spin
zero-field splitting it can be shown35 that the population of one of the
two spin seblevels being coupled by the time dependeant microwave field

can be represented as a pseudomagnetization along the positive z-axis

of the iﬁteraction representation. Population in the other spin sublevel
in the laboratory frame is related to a pseudomagnetization along the
negatiﬁe z-axis of the interaction representation. When the time dependent

- density matrix describing the dynamics of the electron spin ensemble is

displayed through the electric~dipole transition moment responsible for
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phosphorescence intensity, usually-only z.components of thé-interaction
representation are observable35'in the emission. 'In the present problem,
the electron-spin coherence can be used to measure kinetic phenomena such
as the detrapping process in a unique way. By applying a 7/2 microwave
pulse to one of the three zero~field transitions of a particular trap
state, say the deep trap, the spin sublevel populations become .éaturated

in the laboratory frame but arelstill coherently codpled. The corresponding
pseudomagnetization in the interaction representation is simply tilted

- 90°. Spin locking34 the population in the rotating frame by phase'shifting/
the applied microwave field 90° immediately after the T/2 prevents the

spin coherence prepared by the initial m/2 pulse frqm being lostvfor a time
1p° T1p can be measured31 by restoring the pseudomagne-

tization back to the z-axis by an additional w/2 pulse with the same phase as the
initial '
T/2 pulse and measuring the resulting change in phosphorescence, AI (Cf.

. corresponding to T

Figure 15), as a function of the spin locked time 1. The uniquenéss of

spin 1ockiﬁg'to the measurement of kinetic phenomena is that once the
electron spins have.been iocked in the rotating-frame any fopulation entering
the trap at later times via KSi or Kdi enters along the + or - z-axis in

the rotating frame. The elecﬁron spin coherence of this additional ﬁopu—
lation is,however, lost very rapidly via rotating precession36 in the plane
perpendicular to the applied field in a time corresponding to .the inhomo-
geneous relaxation time TZ*'. In short, in the rotating frame, this addi-
tional population never gets spin locked. - The net effect in the laboratory

frame is that any population entering the trap state after the initial
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/2 pglge gets incoherently equally‘distributed into both spin
éublevels; hence,.when the final m/2 pulse is applied to restore the
spin lock population, there will be no change in phosphorescencg AT (Cf.
Figure 15) due to the incoherent non sp;n locked population.
-1

. -1 .
Thus, Iip is identically equal to Ksc »or ch when other contri-

butions to relaxation are small compared to detrapping.

The ability to measure the absolute value for the detrapping rate
constant or just a lqwer limit depends upon the magnitude of these other
contributions. It has‘been already demonstréted31 that dephasing of a spin

lOCkéd ensemble due to fluxuating local fields (principally fields due to
the nuclear spins) can be éliminated by the gpplication of a locking field

| #{1 lérge enough to ensure that the resonance condition in the rotating
_fraﬁg, YH , 18 larger than nuclear-electron dipole or hyperfine coupling.
‘In effect, a laggg yk& elimingtes contribution to the electron Tlp from
vnuclearAspin diffusion. Thg only other serious limitation on Tlp’ apaft
from the trap lifetime, is electron-spin lattice relaxation,rTl. In the
non-Boltzmann temperature region in the TCB system thislis not a limita-
tion on K_ . Ty is on the order of the lifetime of the triplet state
while detrapping rates are on thfee to four orders of magnituderfaster.

. For deep traps,/howeVer, Kdo can approach the radiative and radiatiomnless
lifetime. 'This is illustrated in Figure 15 for»dz—TCB goped in dla—tetra—
methylbgnzgne (A ~2800 cmfl). A Tlp of 43 ms37 at 2.0°K was found, a
valpe fepresentative of the lifetime of the triplet state, 1In the Y-trap

~TCB; however, the value for the loss of éle;tron spin
38

(A=>53cn}) in h

coherence of ~600 us~ was found from a technique similar to spin locking.
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The de%ails of these exﬁeriments will Be reporﬁed latef. Even at this ihitiai
stage of develoﬁment, it is cléar‘that.eﬁperiments b#ééd on ﬁhe‘méaéurement
of electron spin coherence in the'rotating‘frame offer'anotﬁer'néw'apd
unique method fbf”studying thgvdynamics of enérgy migrétion and'in.this case
the absolute detrapﬁing rates. “ } |
VII. RADIATIONLESS RELAXATION IN TRAP-EXCITON DECAY:
A MODEL FOR DETRAPPING TO BAND STATES
In view of the central fole'the detrapping:rate plays in.ééhiéving
Boltzmann equilibrium, a concrete modellfor.the detrapping prdcesé'whose
details cén be verified and tésted exﬁerimentally ié‘desifablé. In this
context we develop a mode1‘in this secfion that describes deérépping to
‘bands states in a general way but includes in é well definéd aﬁ& spécific
manner important considerations such as the phonbn: dispersions and popu-
1at16ns,.the exciton dispérsionkand phonoﬁ;trap;interactions. 'Wéyﬁill
only consider single phonon single-trap interactions where the decay of the
trap into the band consef&es the totai momentum and energy>of thé'o§erall
process. Further we shall assume thﬁf tHe iﬂitial'intef;ction of a.phonon-
ahd'tf#p resulté in an iﬁtermediate‘staté'fﬁat is‘degener;te with some k
 state in the band. The deéay of the inﬁefmediaté localized staté‘into
the delocalized band states is taken to be a radiationless réiéxafion
proéess39 and is displayed in the férm of ﬁ Golden Rule rate.ao‘ The
assumptions implicit in this mbdel are that>the creation df the iﬁtermediate

state is a stocastic process?l aﬁd that the decay of the intefmediate trap

state into the band states is irreversible in the sense that recurrence4
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is negligible because of the high density of exciton states in the band
and the finite 1i£e;ime Qf k states_in the baﬁd into which the intermediate
hés ev;lved. This is schematically illustrated in Figure 13.

In this model the probability per unit time of a trap, <T|, interacting
with a phonon, P(e), of energy € and detrapping into a specific band state,
<k|, having momentum #k via an intermediate state, Ti, is given by

A

K i = 2n/h<n(e)>p[<t P (e) [Hpp|T P le - 1.=:i)>[2

© <1y PGe - B g kePCe - Ei)>|2p(Ei) .1

<n(e)> 1is the number of phonon states with energy €} |<1'P(e)Lﬁ&P|Ti'P(e -
T | _

Ei)>| is the probability of. creating an intermediate T which can be

identified with |1,°P(e ~ E;)>. Both direct and Raman"> trap-phonon .

interactions are included by € = Ei and € > E,, respectively. Obviously

i
the initial phonons P(e) must have energies greater tham or equal to E; unless
multiphonon processes are included. It is expected that multiphonon
detrapping rates would be much slower. The radiationless decay of the

intermediate T, into the exciton manifold whose k states are at energies

i
: 2

Ei above the trap is given by |<Ti P(e ~ E&ﬂ#&E]k P(e - Ef>| p(Ei) where

p(Ei) is the exciton density of states function evaluated at Ei' We will

assume that the final phonon,'P(e - Ei)’ is not bound to or does not

interact with the final exciton k state. With this assumption the inter-

mediate trap-exciton éoupling Hamiltonian,f#TE. does not depend upon coordinates
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of the phonon wave vectﬁrs and hénce only‘Coordinatés bf:the trap”and band
state need be considered. Although there are>manyvmechanismén(i.é., many
forms ofl#&E) which could déscribe'thé_coupling of the>intermeaiate tfap
to the bénd, in the absence of experimental data it is fnot clear at this
point what'thé most appropriate choice would be. The coupling matrix’
elements must certainly, howeVer; reflect the"exchénge between the trap
and band of both electronic energy and the iocal distortion that is
adiabatically propagated with the excited state in the Frenkel limit.

The average'number of phonons at energy € at temperature T, <n(e)>T,
1s given by the Planckv&istributidn function,44

in which the phonon energies € are given exblicitly by the phénoﬁ dispersion
‘of the crystal. The total detrapping probability per unit tiﬁe‘Whiéh is the
detrapping rate constéht'Ksb or Kddvié fouﬁd'by sumhing over all bhbﬂons
of energy'e > Ei and theén summing over all intermediate states Ti which

have energies Ei greater than or equal to the energy7différeﬁce between

the bottom of the band and the‘trap, i.e.,

‘K - 1 -

o " X é>Ei <exp(€/1<T) - 1) "Ke (7.3)

When considering the temperature region in which KSo is just‘beéOming

" non~zero E, >> kT, the Planck distribution function can be approximated by:

Yo

4




san
A
-
Lo
L
{. ~
e
Rt
£
o
&
(53

-47~

Eﬁ%—:—f = g
Further, since the one~dimensional exciton density of stateé function
b(Ei) is sharply peaked at k = 0 and k = *m/a, weranticipate thaf inter-
‘m§d13£e statés, Tys with enefgies equal to the energies of the top and
bottom of the band might be expected to play the dominant role in the
transition probability. If detrapping occurs selectivel” to one k state,

45 then the band width to temperature ratio would be relatively

say k = 0,
unimportant. On the other hand, in the absence4gf a k dependent trap-
'éxciton'coupling, if the band width is significant relative to kT, the
populétions of phononsvwith energies capaﬁle of producing intermediate
states at the top of the band will be small compared to the number of
phonons available to produce intermediate states at the bottom of the
band. Iﬁ this limit, tﬁe expression for'Kso can be approximated by
considering only one intermediate state at the bottom of the band (which

will be 'k = 0 or k = *7/a depending upon the sign of B). In either of

these limits, the expression‘for Kso becomes

Kk =c 2 pe)e S = coeeFa/FT - (7.5)

s0
£ Ei

where Ei is the energy of the intermediate state Ty which coincides with

the maximum density of states of the band in one case or to the particular

k state (k = 0) in the band in the other. All the non-temperature dependent
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terms except the density of states function have been collected into the
constant C with the assumption that phonon-trap interaction is constant
over a range of_phonon energies € close to_Ei,

In either‘of the two above limits the temperature‘dependepce of.the

detrapping rate would appear as an activated process with an Arrhenius-

In reality, however, there is no activation, and E 31mply reflects the phonon*

like activation energy Ei AMoreover, when the densit of k states at the

*distribution.

energy of the intermediate trap state differ, as would be‘the case:in
different mixed crystal#with exciton chains of varying 1engths,_the
absolute valge of the detrepping rate Kso or.Kd would change via p(Ei)
(Equation 7.5);‘however,ﬁthe apparent activation energyf Ei? would”stey
Copstant.exeept for small changes resulting from differences_invtherband
dispersions fgr_different‘finite chain lengths.. An exéerimentel investi-
gation into the validity of this model being pursued uses some of the
optically detected magnetic resonance techniques deseribed in the previous

section.

VIII. EXPERIMENTAL

1,2,4,5- tetrachlorobenzene (which will be referred to as TCB) was
purchased from Aldrich Chemical Company, recrystallized from ethanol and
vacuum sublimed to remove residual solvent. The recrystallized TCB was
vacuum sublimed into a zone refining tube, repeatedly outgasseQ} and
sealed under vacuum in a 10 mm diameter tube. The sample was then zone
refined, for 600 passes at a rate of 1 em/hour. Only the center third:

of the zone refined material was used.

©
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and d,~TCB.  Assuming that the substitution reaction proceeds with the

same probability for exchange of either a hydrogen.or deuterium;#tom

with the ring, the percentage of the three species found in thé sample can

be determined by their statistical prbbabilities. A sample which contains

97.5% deuterium is composed of 95.06% d,~ICB, 4.88% dh=TCB and 0.06% h,~TCB.
Quantities of both TCB and deuterated TCB weré;vacuum sublimed into

individual crystal growing tubes and outgassed. 'Siﬁgielcryétals were then

grown using_;he Bridgeman tgchnique. Thg 1a;ge»single c:yétalS~Were

cleaved, and smali transparent pieces were used és'ekberiﬁenfél‘samples.

The samples were placed in a liquid helium dewar which was éodled slowly

“to 77°K over a period of thirty minutes after which liquid He was added.

The temperature was monitofedvby'an NRC Equipment Corporatidﬁ Alphéfron

" vacuum gauge type 530. The temperature can be readto 0.015K} hdﬁévef,

a small systematic error in temperature measurement may occur if the crystal

is not in complete thermal equilibrium with the 1iquid helium bath. The

temperature was varied between 4.2°K and 1.35°K by changing the rate of

pumping on the liquid helium. | | B
The samples were illuminated by a 100 watt PEKihigh ﬁféssﬁré’mercury

arc lamp through a 2800 A interference filter. Excitation takes ﬁiace

into the singlet manifold and after interéystgn crossing the:f1r§£ excited

triplet state is populated. Phosphorescent emission from the triplet

state is detected at fight angles to the exciting light dsing a 3/4 meter

Jarrell Ash Czerny-Turner scanning spectrometer with cooled BMI 6256

photomultiplier tube. The spectrometer is also fitted with a camera which
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Deuterated TCB was prepared as follows.47 D20 and SO3 were reacted

to form DZSO4 DZSO4 and h2~TCB were then heated for 12 hours in a sealed

tube at 150°C. The cold reaction mixture was poured onto cracked.ice and

the exchange product was filtered off, washed with water,and used as the

‘performed in this manner. The final product was washed thoroughly with

vwater,Arecrystallized from ethanol, vacuum sublimed, and zone refined for

300 passes. Two separate batches were prepared in this manner.
The percentage deuterium in each sample was determined in the follow1ng *

Ayeighed sample from each batch of the deuterated TCB was dissolved
*manner. An accurately

ip a known amount of CSZ' Known -amounts of dioxane, C4H802’ were added
until the concentration of protons from the two species in the’CS2 solution
were approximately equal. Proton NMR spectra were then takep and integrated
using a Varian model T60 NMR spectromé;er. The spectra weré also integrated
mechanically by taking the area under the spectral peaks. Comparison of
these areas ailowed the computation of the percent;of deuteration of the
TCB. As a check on this procedure a second standard was used. A weighed
sample of deu;erated TCB was dissolved in a known volume of deuterated
benzene (95.5%d). The deuterated benzene served as an internal standard in the
analysis of the proton NMR spectra. Both of these procedures were repeated
6 times an& gave the same result, although the standérd deviation was -
smaller when using the dioxane standard. The deuterated TCB samples con-~
tained 97.5 * .17 deuterium. ‘

Since the deuteration procedure is limited by the percent deuteration

of the DZSO4, the deuterated TCB consisted of 3 species, hZ-TCB, dh-TCB,
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was used for absorption spectra to determine the exciton origin and trap
depths. The phosphorescent emission spectrum of the hz—TCB samples con-
sists of two electronic and vibronic origins, one from the exciton band,
3748.2 §, and the other from a trap, 21.3 cm -1 lower in energy. A detailed
analysis of the phosphorescence spectrum has already been.reported.l‘s’11
Although the exact nature of this trap is unknown, doping of impuritles

into TCB crystals does mot enhance the inten31ty of this trap, but rather
produces another.trap of lower energy.9 The trap is thought to be associated
with alcrystal lattice defect. At 4.2°K, the dZ-TCB spectrumconsists of
three origins, one from each of the three species found in the deuterated
TCB crystal. The d2~TCB triplet exciton emission origin is at 3745 A.

The mono—deuterated trap, dh-TCB, is 12, 8 cm -1 lower in energy, and the

diproto trap, h,~-TCB, is 23.5 cm -1 lower in energy than the exciton origin.

2
Optically detected magnetic resonance (ODMR).spectra of the trap in
the TCB crystals and of the traps in the deuterated TCB crystals gave
'characteristic tetrachlorobenzene spectra. The details of the_TCB trap's
ODMR spectra and of the experimental set-~up are reported elsevthere.11
"The results of the trap intensity versus temperature measurement are
» J 2-TCB traps.

The figures are typical of seueral sets of data taken on separately

shown in Figure 6 for the h,~ICB and in Figure 11 for the d

prepared TCB single crystals and on'single crystals prepared from each of
the two batches of deuterated TCB.
Finally, all computer calculations illustrated in the figures and

tables were performed on a CDC 7600



-52-

IX. SUMMARY -

(1) We have attempted to explain in a general way. the mechanism by which
thermal equilibrium between localized trap states and delocalized band states

+

in solids is achieved. The essential features of the statistical model which o3
satisfactorially accounts for many experimental observations are that at low
temperatures, exciton migration must propagate coherently as_a:wave packet

rather than by a random nalk process in order to thermally equilibrate the

exciton and trap states within the 1ifetime of the excited electronic

state. A proper description of the process or processes related to the

equilibrium populations of trap and band states must include the‘density

of k states, the number of h states comprising the band relative to the

number of localized trap states, the detrapping rates which are dependent

upon phonon dispersions,cthe trap depth the sign and magnitude of the 1ntermolecular
interaction which givesArise to the band dispersion and excitonjphonon

scattering. -

(2) The application of this model to crystals representative of one-

dimensional bands allows one to extract from the temperature dependent

trap emission the magnitude of the band dispersion, the sign of the inter—

molecular interaction matrix element and an estimate of the coherence length O
and average group velocity of the exciton wavejpackets;

(3 Ina crystal characterized by two or more trap states at different
energies, below a certain tenperature, "bottleneck" in the Boltzmann

distribution between band and trap states results because of the inability

of the phonons to detrap the deeper traps at a sufficient rate relative
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to the radiative and radiationless lifetime of the state. We have

solved the coupled differential equation and interpfeted the_various

rate processes in terms of the coherent model.

(4) We have derived a general theory for detrapping which treats the
detrapping rate constant as a stocastic radiationless relaxation process in
which the trap étate once thermally activated decays irreversibly into

the density of exciton states.

(5) Finally, we have presented a series of ekperiments on one~dimensional
molecular crystals designed to test the model. Specifically, we have shown
how electron spin coherence aﬁd optically detected magpetic resonance in
localized states can be used to obtain specific information regardiﬁg the

- dynamics of detrapping and the rélationship of detrapping to Boltzmann

equilibration between trap and band states.
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Table I

Average Group VeloCities'(cm/séc)'forfé:Eahd\df.ZS;OOO’i'Stétes

- as a Function of Temperature

°K . S o Band' Width

:1.25'cm-1

I5em Y T 2906 em
1.0 2652 12747 o o . 18075
1.6 2750 15996 - 22781
2.2 B 2782 K - 18592 S - 26611
2.8 2797 ) 20762 , . ‘ 29902
3.4 2804 o - 22601 ’ o " 32814
4.0 2809 24161 » 35436

1 -

i
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Table I1

Median Distance Traveled in a Random Walk Process

- Time

1 ms
10 ms
100 ms -
1ls

1.25 cm t

2.4 x 10"
7.6 x 10 .

7.6 x 10_5
-4
4
2.4 x 10‘3

Band Width

15 cm-1

2.7 x 10—A4 cm'

8.4 x 10°% em
2.7 x 1073 cm
8.4 x 10-3 cm

29.

3.7
1.2
3.7
1.2

I B T

cm

cm

cm

cm
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Table III

" Ratio of the Coherent Migrai:iori Distance to the
Random Walk Distance at 2.8°K

Time . Band Width
1.25 0™ 15emt O 20.6 cm’ L,
lms 3.7 x 10° 7.8 x 10° 7.8 x 10
10ms ' 1.1x10° 2.5 x 10° 2.5 x 10>
100 ms - 3.7 % 10° 7.8 x 10>  7.8x10
6 6

o v ou &

1ls 1.1 x10 2.5 x 10 2.5x 10



. Figure 1

Figure 2
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Eigure Captions

/

Trap and exciton energy levels for both négative and positive

signs of the intermolecular interaction, B. For negative B,

 the exciton band extends 4B to higher energy than the trap

depth A, and for positive B the band is inverted and extends

4B to lower energy than A.

Calculated trap probabilities, which are proportional to trap
intensities are shown as a function of temperature for various

negative values of B. The numbers to the right of each set of

‘curves give the number of exciton k states (number of molecules

per chain) per trap1state used to calculate the curve. Ihe
trap depth A used is the tetrachlorobenzene trap depth, 21.3
cmfls (a) 1llustrates the limiting case of a band with zero
width, 48 = 0. (b) uses the band width previously reported

for tetrachlorobenzene. (c) and (d) are for intermediate

band widths, and (e) is calculated using the reported 1,4-

dibromonapthalene band width. As the band width becomes more

negative, the energy differences between the trap and states

'in the band become greater and the temperature dependence of

the trap probability becomes more gradual.



Figure 3

Figure 4

Figure 5
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One curve,frOm’each'of the five sets of curves of Figure 2
is displayed so that the temperature dependence qf:thextrap
probability as a function of B can be more clearly seen.

The curves are for 6400 exciton k states per each trap using

. the negative values of 48 from Figure 2. .

Calculated trap probabilities, which are proportional to

.trap intensities are shown as a function of temperature for

various positive values of 8.. The number next to each curve

. gives the number of exciton states per trap state. The 21.3

cmf; tetrachlorobenzene trap depth A is used. The band width,
4B, used to calculate the curves is given in each section of
the drawing. It should be noted that the scale changes in

(d) and (e). As the band width 48 becomes increasingly more
positive the energy differences between the trap and the
levels of the band become smaller resulting in a steeper
temperature dependence at trap probability. (e) is an example
of the amalgamation 1imit where the bottom of the band extends

below the trap depth.

One curve from each of the sets of curves in Figure 4(a) through
4(d) is displayed so that the temperature dependence of the
trap probability as a function of B can be more clearly seen.

\

The curves are for 6400 exciton k states per each trap using

the positive values of 48 from Figure 4.



Figure 6

. Figure 7
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. The solid circles are the experimentally determined intensity

versus temperature data for the 21.3 cm—lvtrap in 1,2,4,5-
tetrachlorobenzene. . The center solid line is the theoretically
determined best fit of the data to the band width, 4B, and the
number of exciton k states which corresponds to the number of
moleculés in the average exciton chain. The other two fits

are shown to give an ideé‘of the possible error. The best

value of the band width is 3.5 + 2 cm—l.with B positive.

--Trap and exciton energy level diagrams for a one-dimensional

éxeiton band Bb = 0 and a two-dimensional band with Bb = %Ba.

| The spectroscopically determinable trap depth is the difference

in energy between the trap level and thevka =0, kb = 0 level
of the two-dimensional exciton band. The trap depth can have

one of the four possible values,. Al to A4 shown in the figure,

.depending upon the signs of Ba and Bb. 1f bothBa and Bb

v are.ﬁegative, Al.will be observed. If Ba < 0 and Bb > 0,

Az_will be observed. If Ba > 0 and Bb'< o, A3 will be observed,
and if Ba and Bb are both positive, A4 will be the spectro-

scopically measured value of the trap depth.
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Figure 8 .-.- Energy level diagram for a system .containing an' exciton band
and traps of two different energies.*.xéwlabelé the shallow
traps, and T3 labels the deep traps‘ngI*is the energy dif-
ference between-Ts and Tqs énd Az 1s the energy difference
between Tq and the k = 0 level of the exciton band. The

dashed arrows: indicate the-possible paths.an excitation can

travel in the system.

Figure 9 Trap probabilities, which are proportional to phosphorescence
intensities, as a function of temperature are plofted,for an
exciton and .a: two~-trap type:system. .Ts_and T, are 10 cm—1

and 20 cm-_1 below the k = 0. level of the band, respectively.

Each pair of lines, one for Td and .one for Ts’ is calculated

rusing the indicated exciton band width, 4B. The percent of

each of the species and- the corresponding partition function
parameters are given at the top of the figure. Gl ié.the
number of shallow traps relative to.one deep trap. G2 is the

number of exciton chains with 2N molecules per chain relative

to one deep trap. . .

Figure 10 Trap probabilities as a function of temperature for different
percent compositions of the three species in the crystal
indicated at the top of the figure. The two traps have 10 cm.-1

and 20 cm.-1 trap depths and the exciton band width is.4 cm_l

for all curves.
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(a) displays the intensity versus temperature experimental

- data, solid.circleswith a smooth line drawn through them,

for the exciton and two~trap system of deuterated tetrachloro-

d is hz-TCB, the shallow trap-’tS is

dh~TCB, and the host molecules which comprise the exciton

\chain:are dZ-TCB. The shallow and deep trap dépths'are

respectively 12,8 cm-'1 and 23.5 cmﬂl. Region I is the non~
Boltzmann temperature region, and Region II is the temperature

region in which the system is in thermal equilibrium. The

.shaded section indicates the transition region. (b) shows

the experimental data in addition to cruves calculated for

various exciton band widths, 48, using the experimental trap
depths and trap conceptrations. It can be seen that in the
Boltzmann equilibrium Region II, both the shallow trap data
and. the deep trap data fall on the 12 cm_1 shallow and deep

trap calculated curves.

Energy level diagram for an exciton and two-trap system showing
rate constants used in the non-Boltzmann temperature region.
Ks, KE’ Kd’ and Ksl are the total rate constants for relaxation

to the ground state,(So, for the shallow trap TS, the exciton

 band E, the deep trap Td’ and the first excited singlet state

vsl, respectively. P is the rate constant for the production

of excited singlet states and KISC is the intersystem crossing



Figure 13

Figure 14
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‘rate constant. 'Ksi'and”Kdi are the rate constants for

excitatibns‘flOWing into”thé’shallbw‘and‘deep traps, respec-

tively, and'KSo and'Kao are the rate constants for excitation

“/ flowing out of the shallow and deep traps; respectively.

' Schematic representation of ‘the detrapping' process. P(g) is

a phonon of energy € interacting with a trapped excitation T

to produce an excited trap state Ti‘equienérgetic with the ith

exciton band state: The excitation then decays into

h band state. Ei is ‘the energy difference between the

trap T and the band state. The energy of the phonon P(g)
must obey € 2°E}.
The optically detected magnetic resonance spectra for the

deep trap (upper spectrum) and the shallow trap (lower spectrum)
found in deuterated tetrachlorobenzene in the non-Boltzmann
temperature Region I. The A peaks are electron only transi-

35

tions. The B and B' peaks are C1°° and cr?’ electron  spin

plus nuclear quadrupole spin transitions, respectively. The

35 37

C peaks are electron spin plus C1”> and C1”°’ double nuclear

quadrupolé spin transitions. The large peaks in the deep trap

- - gpectrum have been truncated to fécilitété‘display. In the

deep 'trap spéectrum between peaks B' and C on the low frequency

" gide is ‘a peak going in the opposite direction from the rest



Figure 15
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of the deep trap spectrum and in the same direction and

at the same frequency as the shallow trap electron spin

only transition.

(a)

(b)
(c)

Relationship of the phosphorescence intensity to the

pulse sequence used to spin lock.

Microwave pulse sequence for spin locking.

Spin-lattice relaxation in the rotating frame, Tlp’-

for the 3ﬂﬂ* state,of.dz-TCB in»d14-durene at 2.0°K.



Negativéﬁ o " Positive B

Exciton Band ~ Inverted Band

K=%w/a ' -- S
= }4B  Exciton Band

K== K= Q__-_—__—_-?_—_—__

=
| - K=%w/a
A | | A
Trap Depth Trap Depth
Trap Level Trap Level

- Fig. 1~



10
08
06
0.4
0.2

1.0
0.8

06

. Trap Probability

0.4
0.2

1.0
08
0.6
04

0.2

10
0.8
0.6
0.4

0.2)

1.0
08
0.6
04
0.2

[ (o) k
[ 4B8=0cm"! .
’—- —
N o R} | -
i | 100 ]
N 400 —
N 1,600
L 4p=-125¢m"! 6400 |
., 4, 4 02400 25,600 |
- 400 A
[ (c) -:
[ 4B:-10cm! :
N i i 1 -
i B
L. (d) —:
" 4B=-20cm"! b
i L ] 1 .
"_ (e)

u

[ 48=-29.8cm"!

[ ,'l N RS S ‘| T

0 16 22 28 34 40

[-]
T XBL 7210-5700

| T o

Fig. 2

'
[
'



y

Trap Probabilit

1.0

0.9
0.8

o
ﬂ

0.6
0.5
0.4

0.3

0.2
0.l

T T T T T T T T T T T
- —
— | - 7
— . 6400 Exciton States .
B . S 48=-29.8cm!_|
48=-20.0cm™!
— 4B=-IO.Ocm".A
| 4B8=-125cm_|
“ | .4 | 4g=0cm™' |
[ I R R R R I R R

O 1.3 16 1.9 22 25 2.8 3.1 3.4 3.7 40 43

T, °K

XBL 7210-5705



2

Trap Probability

- 0.0005

ool

0.8
0.6
0.4
0.2

Fer P rT P

1.0

(a)

SO T OO O

1.0

0.8
0.6
04
0.2

rt+ 1t rrid

(b)

llvlllll

48=+1,25 cm-|

I.0
0.8
0.6
0.4

0.2

t T T T

BN IO U WU A

0.10
0.08
10.06
0.04
002}

IR

0.0020}
0.0015
0.0010

- o%:::;ﬁ# iy 5400
00025}

1,600

48=+298cm"!

(e)

16 22 28 34 40

XBL 7210-5701



Trap Probability

© 000000 0O
— N WD O ~N ®
I

o

o

1.0

A N

48=20 cm-!

6400 Exciton States

48=0cm-l |
4B8=1.25¢cm- —

1
H

_4B=10cm™!

1.3 1.6 1.9 22 25 2.8 3.1 3.4 3.7 40 4.3

T, °K

- Figt 5

XBL 7210-5703



Relative Intensity

1.0

0.8
0.7}
0.6}
0.5

0.4}

0.9}

6.0cm™'; 25,000 states

0.3 ' ' .
1. 90 000 <tatec
0_2‘_ 3.5cm™'; 90,900 sfofes

Ol

l T oy T

3 16 19 22 25 28 3.1 34 37

T,°%
Flgi 6

4.3



Exciton

3 .
= e )

AT
N

"
el

\.n.v.. B

Band

2Ny |
XBL 732-5828

Trap Level



. ;’i

5.3

G Y

9

0J

XBL 734-379

Fig



Probability

Fig. 9

n; ] 1 L T T T T T 7
1.0 _ B 4 Tg Host GI GZ l

0.9 94 1.6x1072 079 99.2 498 495 63 7
0.8} o .
o7+ -
0.6} ]
0.5} —
0.4} 48 _

-8cm!
0.3 -4 7
0.2 R
olF e

) i | | | | +8
0 13 16 19 22 25 28 3.1 34 37 40 43
R ) T, OK "

XBL 731-87



@)

%I T4 Al :5_ Hosil

| 1 | i L | 1

Probability
©O 0 0O O O O O O O =
— N WD D N O W

o =

T ~ A 16xI107° 08 99.2
| B 25xI02 3] 9.8 -

C 6xI0% 49 950
D 051 164 82.1 -

-

—— =X —— 8 i

S ' ’ " b -

| V" g B

/ | B §

.
B
] 1 ] | ] T + 4+ A
1.3 16 |9 22 25 28 3.l 34 38 40 43
T, °K ’ : o

' XBL 731-88



Intensity

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

1.0
.0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
O.1

T

s
\
{

H
R N B

i Vi ]
[~ / . Td"’ —
Z 2 oo 7,
L 1 I i 1
T -
d
- {b)
. d . -
i —I_.2vc'n'1"l ]
. ~-4cm”’
B {>>-0cm’!
— = 4cm~!
"
[ =8cm"!
* —10 cm':

=2 cm

- Y = -
L. A i S12.5¢cm

1 ] ]

16 19 22 25 28 3.1 34 37 40 43
T, K | |

R L L It

- e e e e it e i P e . i e e e e e .



¥ b Y
AT Y R

Fig. 12



Band

431 ——— 1, = .




Deep Trap (h,-TCB) D-|E| Transition

PhosphdreScen_ce Intensity —=

1 L 1 1 1 ] 1 1 | ] | 1 | | 1 l 1 1 3 1 .| 1
- 3.54 356 358 360 3.62
| Frequency (GHz) v

 Fig. 14



PhOSphorescence‘ Intensity

. Microwave Field

" Change in Phosphorescence Intensity

1}

37Ir* state of dy-TCB in dy4- durene

(1) Steady state intensity
~ (2) Saturation intensity . .
(3) Inversion intensity |
* Decay in ~exp(-kyt/2)
*% Decay in ~ exp(-kyt) .

60

40

20

1 1 l l 1 L
| ] 1 | .
t
]
_\I
= \!\
e Ng _
- \'\,\ ; T‘P=42 +6 msec.
- N
)—a
-
! \ L L1 N . . ‘
o 20 . 40 .. 60. 80 100 S "
T (msec)) ‘

Spin-locking Time

XBL 731-5684

Fig.- 15



LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, 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.




TECHNICAL INFORMATION DIVISION
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720



