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PREFACE -
The follbwing is an e#cerﬁt from Werner Heisenberg's book thsiég .
and ﬁengg whiqh relates a conversation between>Heisenberg and
Niels Bohr.

‘Aftér_be had been looking for poséible experimental
mistakes for séme time, f said to Niels: "Isn't it odd thdt,
throughout this discuésioﬁ,’no one should have mentioned
quaﬁtum theory?  We behave as if the electrically charged
partiéleé were an object like anbeZectricaZZy‘charged oil
droplet, or like a pith ball in an old eZectfoécope. We
quite unthinkingly»used'the concepts of classical physics,
as if we had never heard of the limitations of these concepts
and of uncertainty relations. ISn't.that béund.to lead to
errors?" |

M"No, certainly not," Neilsbreplied. "After all, it is
almost the eséence of an experiment that the observations
can be described with thé concepts of classical physics. That
i8 the @hole paradox of quaritum theory. On the.one.hand, |
we establishvlaws that differ from those of classical physics;. -
on the ofher, we apply the concepts of classical physics '
quite unreservedly whenever we make obsérvations, br take
.measurements or photographs. And we have to do juét.that
because, when all is said and done, we are forced to Qse"
language if we are to commnicate our results to other people. .
A measuring instrument is a measuring instrument only whenA‘

" the observations it yields enable us to arrive at '
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unequivocal conclﬁsions dbout_the pken@menon”ﬁn&er observation;
only when a strict causal cbnnection can be assumed fo'exist;
Yet ishen it comes to the theéretical déscriptign of an'atomiq:
phenoménon, e must make a distinction between thé phenémenon
and the obsefver or his apparatus. The démarcation line may
be subject to choice; but on the obéerver’é=sidé of the sélﬁt
we are forced to use the language of cZassiq&Z physics, simply.
becauserwe have no other Zanguage in which to express the.

: resulté..vWé know that the céncepts of this Zahgﬁage are
imprecise, that they have a limited area of applicatioﬁ, but
we have no other language, and, after all, it does heZp us’

to grasp the phenomenon at least indirectly.'
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COHERENCE IN EXCITED TRIPLET -STATES OF MOLECULAR CRYSTALS

Michael David Fayef
Inorgenlc Materials Research DlVlSlon ‘Lawrence Berkeley Laboratory
: and Department of Chemistry; University of California,
Berkeley, California 94720
ABSTRACT

Presented. in this thesis are two distinctvtopics; the effects of
coherent Frenkel-exciton migretion-and exciton detrapbing on band-trap
equilibria in solids and the coherent coupling Qf ﬁwe excited sﬁate
energy levels by.an applied radiation fieid for a system'whieh undergoes

incoherent feedihg and decay of population. Both of these topics will

be discussed in terms of excited triplet states of molecular crystals,

although the considerations presented are quite general.

-

A model is de§eloped which felates the dynamics of energy migration
in crystals to the mechanisms by which_thermal equilibrium between
delocalized band states and localize& trap states is achieved..'Central
to this model is the reﬁuirement that coherent energy migration must
be the dominant mode of migration at lew temperatures in order to achieve
Boltzmann equilibriumvbetween band and trap states Within the 1ifetime

of the excited electronic state. The relation between detrapping and

. the ability of a crystal to achieve thermal equilibrium within the

excited—state lifetime is developed and applied to one—diménsibnal

cfystals. Experimental results on molecular crystals repreéenting

examples of one-dimensional exciton bands are presented. Specifically,
the temperature dependence of phosphorescence from excited triplet trap
states is:interpreted in terms of the above considerations. From these

experiments, one can obtain both the sign of the intermolecular. -
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ihteractibﬁ matrix element and the dispersion of fhe.first exciﬁed triplet
band in addition to an estimate of the coherence length assbciafed‘with
exciton migration in the_Frenkel limit.

A tethnique'for measuring the decay of ldcalized excited tfiplet
stateé.into delocalized band states of a solid utilizing thé optical
detection of electron spin coherenée is describédf Specifically, the‘use
of‘éptically détected'electron sbin locking for measﬁring kinetic
phenomena in.thé éresencerof fluctuating. ﬁriplét spin sublevel populations
is presepted and illustrated. In addition, prelimiﬁary experimental
da;a is reported which yields the teﬁperature aépeﬁdénce of_thé phonon
assiétedrﬁromotion of a localized isotopic excited ;fate to an energYw
equal fo ﬁhat aschiated with the enefgies of the host exciton band; A
stoch#stic model for the de;rapping is deVeloped_which is based on an
irreversible rédiationless relaxation proceés of'é phononetrap intefmediate
into the dehsity of delocalized band states. Exﬁliéit account is'ﬁaken
of trap—phononlinteractions in the formation of the excited traﬁ
iqtermediate. ¥

| Finally, cohereﬁf coupling of two exc%ted-triplet spin sublevels
by an applied microwéve field ié treated with the=effeéts dﬁé to
population énﬁering and leaving the ensémble of excited triplet states
includeq. ‘The problem is se; up in terms‘of the tiﬁe dependent
Schradihger equatioﬁ and solved using the Laplaéévtfansform technique. ‘ A
The case in which thévwavelength of the radiation field'is large
vrelati&e to the éample size is discussed. This”ié the case WHich.applies
to microwave coupling of excited triplet spin SUbleveis. An interéstiﬁg

C new effect is predicted, i.e., it is possible to maintain a coherent
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component for éxtendéd periods of.time, in fact, for times ionger‘thén
the lifetimes of the excited states’invol&ed. This kinetic'coherént

cpmponeht is continUally.replenished by the incoherent feeding process
unde£ cértain experimentél cdndipions. The extension of this treatﬁent

to the optical case is discussed and the poésibility;of-producing long

- term superradiance is pointed out..



' IQ'BOLTZMANN EQUILIBRIUM BETWEEN EXCITON STATES
. AND SINGLE TRAPS

‘A. Introduction

) In the first three chapters,.the relation between energy'ﬁigration in
solidé aﬁd'the populationé of localized and delocalized states will be
discussed iﬁ tefms of a model whicﬂ inciudes expliéit feafures éf ;hé.
exciton band, the sign.of thé intermolecular intefgction in the nearest
neighbor aﬁproximation, the number of wave vector states comprising
the band, and a meéhanism for Frenkell exciton migrafion in solids.
including the effects of coherent and incoherent‘prqpagation. Although
the theoretical and experimental details'&hicﬁ will>be presented hefe..
pertain to the triplet state of molecular solids, identical congidefations
are also applicable to ‘'singlet states and tfansport phenomena in non-
molecular'solids. The model will be.applied specifically to the
teméerature’depeﬁdeﬁce of the intensity of trap emiésion in moleCuléx‘
crystals'although the approach is épplicable to a Qide variety of .
related problems. |

The necessity of considering the above features of exciton migrétion
in solids in a model which attempts to explain somebsﬁréightforwa;d

observationé on the temperature dependence of the'intensity of the trap

states can readily be seen by the pafadoxes which afe created if exciton

dynamics'arévnot treated properiy. For illuétratign'consider fhe
simplest case.ﬁhére it is tacitly assumed that the excited states of
the host‘are degenerate and that the differenﬁvtypes of traps which ﬁgy
be due either to impurities or crystal lattice defécts may be regarded

as independent but describable by Boltzmann statiétics. The problems



created by this ovgrsimplified treatment can readily‘be séen, ‘In thé
absence of ihtermolecular interactions befween an‘excited tht molecule

. and its.unexCited neighbors,'én excitation is aﬁ isoléted molecular
state as opposed to a mobile crystél stéte,.énd~henée if éannof migrate_r
to avtrap. The difficulty of this model.is'not“sd much in the trivial

assumptidh that the host states are degenerate (i.e., no intermolecular

interactions) but in failing to provide the mechanism whereby thermal

equilibration between the host and trap states can be achieved which

permits.the>usé of Boltzmann st'atistics.2 This laﬁter chSideratiQn
requires that a distinction.be méde setween coﬁerent-énd incoheren§v 
migration insofar as'the_dynamics of achieving_traﬁ#exciton equilibration
‘déterminéhwhether or not Boltzm#nn statisticsvis-a\yalid assumption.
Interﬁoiecular interactions break the degeneracy‘of the host exéited
states and produce a band of ﬁobile exciton stateé with width 4B, where

B is the intefmoleculgr interaction matrix elemept. These mobile
excitons éan migrate'bet&een traps in one limit (the low temﬁerature

1imit) as coherent 'wave'paékeu;whose properties are determined by the

wave vectors of the crystals or in another limit.(high temperature limit)
by a:random walk diffusional process charactérizéd by a hoﬁping fredﬁency
proportional to the intermélépular interacti_on.3 If the migra;ioﬁ is
rapid, ‘equilibration of the excited state populati@ns cén be established
among the exéiton and tréé states within the lifetimélof the eXcited
electrongc.state.'vThe popuigtions.of the various énérgy levels can. then
be determined using a Boltzmann statistical model. The width.of the
exciton band and the sign of the'iﬁtermoieculér intéraction, the location

of the exciton\energy leﬁels-relative to the trap‘depth; and the mode of
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exciton migration:all determine whether or hét-the’equilibriuﬁ condition
cén be,éspébliéhed within tﬁe'lifetime of the.staté and hence determine
the functiéﬁal form ofvthe'temperatufe'dependenqe'of the trap emissioh.
Indeed we shall demonstrate that the measurement'of»grap phosphorescencé,
which refléctsrthe triplet trap population, providés a tool capablei
of investigating the mode of migration in triplet Frenkei excitoné>in
addition:to the magnitude and sign of intérmolecula: interaction £.
Specifically in the following, the temperature dependence of trép
phosphoresceﬂce will be discussed using a model which.primarily treéts
the exciton band as one-dimensional although multi&imensional bands are

éonsidefed briefly. A method for determining the exciton band width

and the sign of £ from the trap emission temperature dependence is presented.

‘Systems composedvof both singleﬁand multiple traps_in_equilibriﬁm'with an
exciton band will be considered wﬁere the effect of coherent vs randbm
walk exciton migration on the temperature dependence-éf the- trap emission
intensity_is central to the model. Next we will discuss isotropically
mixed crystals where the effects:of trapping result in both a Boltzmann
equilibration and non-Boltzmann equilibration in différent temperatﬁré
regions. _Soldtidns to the non-Boltzmann stéady state befween trap_a@d
band states aiso allow a measﬁrevof the coherence to be estimated. bin
additibn, a model for the decay of locélized statés into delocalized
band states.based on radiationless rélaxation ié deyeioped

Finally, experimental fesults on ”one—dimensionalh molecular cryéﬁals will
be pfesented and interpreted in terms of the abové considerations. ibése

include optically detected magnetic resonance experiments on trap states’

in which the electron spin coherence in the rotating:frame is used to

measure absolute detrapping rates.



B. Thermal Equilibria between Exéiton States and Single Traps -

The formal features of one~dimensional Frenkel excitons in the

s , : 5 4 - .
absence of phonon exciton coupling are well understood. A finite linear

array of n independent molecules in which one‘molequle of the chain is
in an ex¢i£éd7electronic'staté will have an energyVEq'cofresponding‘
to the "isélated” molecule excited state energy."”Thé system, however,
is n foid degenerate, since fhe excitation may be én any one of_the>n

molecules in the linear array. If the molecules are allowed to

interact through a nearest neighbor interaction B, the degeneracy is
destroyed and a band of energies is formed. 1In the nearest neighbor -

approiimation the energy dependence of the exciton band on the quantum

number k which labels the levels is given by

E(k) = E_ + 28 coska (1.1)

where a is the distance between translétionaliy equiVélent moleculés
along the_axié of deiocalizatioh. The quaﬁtuﬁ number k can take on n
values from zero to *7T/a in the first'Brillouiﬁ ane giviﬁg a band width
of 4B.

The témperature dependénce qf the~intensity30f trap eﬁission in the
temperature régioh where Boltzmann étatispics‘ié appliéablé can be
unders#ood in terms of fhe:partition fuﬁction; z, fof_the systems
éonsisting of one excitation foundvin the trap energytleQel or in one:
of the levels ofvthébexciton band. We adopt as a'model for "real" one-
dimensional crystals, a crystal composed to a set df independent exciton
chains, each.chain being éeparated by one or ﬁore_imp@rities br tfap

_ sites. The gaussian distribution of chain lengths in a crystal is
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sﬁarply péaked, énd therefore thé'avéragé length is employed. Thié is

a valid assumption for.most bands providea tﬁe n@mber 6f molecules iﬂ a
chain exceeds flOO. Each»chaip may Be labeled by.a éet of molecnlar
indicies which specify its location in the crysﬁal and thus make it.
distinguisﬁable from the other chains in tbe'chétal.v This, in_addition
ﬁo the fact that therevaré many energy levels availébie'to each
excitation in the crystal, alldws Boltzmann statistics to. be. employed

in writing the partition function provided the trap and band states '

are in thermal equilibrium. Such a partition funptibn has the form
g (n~1)(T/an) c
=1+ e‘A/kT + z zev—(A—Zﬁ?‘(l.‘—coska))/kT

k=T/an

. (1.2)

The zero of enefgy is taken at the energy of the”trap while the trap
depth, A, is taken to be the difference in energy between the tfap level
and the k = 0 level of the exciton band in the approximation that the

' , s " : ) o
wave vector of the radiation field has zero momentum. This is the

" . depth which can be measured spectroscopically from abéorption or emission

experiments at low temperatures. The first term in z is simply the i
Boltzmann factor for the trap level while the second term is associated
with the nondegenerate k = 0 level of the band. Appart from k = 0, k

can take on values greéter than zero to *7T/a, and thus, all non k = 0

‘states in the band are doubly degenerate. If theré are (2n) states’

in the band plus the k = 0 state, correspdhding to (2n + 1) molecules in
a linear chain, then the final term in the partition function is a

summation over n doubly degenerate states where k takes on values

T/an, 27/an, 3W/an . . . nT/an = T/a. The energy dependence of the band



on quantum number k is'given by Eq. (I.1), and the partition function
has been wfitten so that the k = 0 level has energy A,
In terms of the partition function, z, the probability that an

excitation of the system is in the trap is simpiy

Porap = 12 R (1.3)

The intensity of emission, I, from the trap is

Itrap _'KtrapNtrap ‘ . ‘ . (I.4)

T . . : ' . ‘ .
where K is the radiative rate constant and N_ .. 1is the number of
tra : trap o _

trap states populated. 1If the total number of states excited in the

system 1S'Ntotal’ then
=p | .
Ntrap trapNtotal_ (I 3)
"and
| I =k N P =k* N Pt '.'(I 6)
trap  trap total trap trap total 20 :
total 18

Since Kifap-is'essentially temperetufe independeﬁ£6uend the N
usually constant, the temperature dependence of the trapjintensity is
determined by the temperatﬁre depeﬁdence of the normalized tfap pfoBabiiity,
Ptraé = zf; which includes‘explicit features of ehe bapd states:  |

'By varying B aﬁd the number of states in the band while keeping the
traefdepth A constant, the relationship between the ”feal" partition
/functioﬁ and a'pertitionvfunction using the degenerate_aﬁproximaﬁioﬁ_fOr
calculeting the trap probability can be seen. Two Cases arise depending
upon the sign ef'B as illustrated in Fig. 1. If S is negative,the

exciton band spans an energy range from A,:the k =_0_energy, to A + 48,

Q‘f
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~ ExcitonBand ~ Inverted Band
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| — (48 vv ~ Exciton Band
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| A A
Trap Depth| ~ Trap Depth
- Trap Level | | Trap Level

XBL 737-904

Fig. 1. Trap and exciton energy levels for both negative and positlve
signs of the intermolecular interaction, B. For negative B, -
the exciton band extends 48 to higher energy than the trap depth 4,
and for positive B the band is inverted and extends 4B to lower:

energy than A.



the k % iﬂ)a energ&. On the other hand, 1f B is nesitine the Eand.is
inverted and it spans an energy range ErembA thA‘f 48. The appreximation
that all the srates in.the band are given the energ§ of the k = 0 state
corresponds tbjtneblimiting case of’a band withizero,band nidth. In
cases where Bjis finite however,‘most staﬁes:aceumnlate at rhe top and
bottom.of the band where the density of atates funetion for one-
dimensional systems7 is snarply peaked. One.might expect a significant
effect en_the trap emission due te the'dispersien'qf the band, particularly
when the’band width.to trap depth’rafio; zB/A, rakearon reasonable“valnes.
Such is indeed the caee.b |

i : . .

'-'Recently 1,2,4,5-tetrachlorobenzene (TCB)_and 1,4fdibremonaptha1ene
have been shown to exhibit the'properties of onefainensional excitons.
Franeie and Harri_s8 meaSUred tne band width of:TCB by an optically
detected magneticvresonance exper:'unent9 and fonnd it to‘be 1.25 cm;l;
Hochstrasser and Whitemanlo in an isotopically mlxed crystal experiment
measured l 4 dibromonapthalene band width- to be 29.6 cm 1. These two
values will ‘be used as examples of marrow and broad trlplet ‘exciton
bands respectlvely although it should be kept in mind that s1nglet bands
can be one orrmqrevorders of magnitude greater in width. 1In Figsf.Za

through 2e the trap probability, P, s VS temperature is plotted for

trap

several different negative values of 4B nsing the.experinental value.of

A (21.3 cm ) determlned for one.of the intrlnsic traps here after referred

to as the X—trap in hz—TCB 11. In each figure.curves resulting from several

different ratios of number of states in band to number of traps is plotted.

Fignre 25,13 the degenerate case. Figure 2b uses‘the small value. of B




i

Fig: 2.

'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 phaiﬁ) per trap state used to calculate the curve.. The

trap depth A used is the tetrachlorobenzene trap depth, 21.3 cm

(a) illustrates the limiting case of a band with zero width,
4B =.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-

 dibromonaphalene 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.
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taken to be thé:narrow band éxample.v Figures 2c and 2d are calculatéd;-
usingliﬁtermediate yaiues,and Fig. 2e uses a value aSsociated‘with-a;
broadef band. In Fig. 3, one line from each of tﬁe Fig. 2 drawing§ is
shown so that the differences can be more clearly séen. The'qumbér of
k states'(i;e., the number ofvmoleculés in the chain) has been kept
constant in_Fig; 3. Figurés 4a through 4e are similar plots, however

a positive sign of B-is-considered.. As illustrétéd iﬁ Fié. 1, és'B |
becomes morebﬁegative the energy differences between the trap and all

the statéS‘in-the band, except the k = 0 state, become greater. For

‘a given ﬁumber of states the temperature dependence of the trap

probabiiity'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 ﬁhe trap intensity) to have a steeper temperature
dependence. _Figufe 4be is an-éxample_where 48, the band width, is

'greater'thén A, and hence the bottom of the band extends below the tfép.

When the trap and exciton states become degeneréte it is necessary to

‘consider ‘additional perturbations. In particular, afrealistic treatment

should include the localization of band states by the trap impurity and

the delocalizétion and energy shift of the trap state via interactioﬁs

. 12 : e .
with band states. -8 Furthermore, when the number of impurity states

. becomés significant relative to the number of band states amalgamation

12b This would cause deviation from the;"

must be considered in detail.
zeroth order temperature dependence illhstrated in Fig. 4e. 1In Fig.f5
one curve from each of the Fig. 4 drawings is plottéd'so that the change

in the temperature dependence with B can be more clearly seen. One notes

‘
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Fig. 3. One curve from each of the five sets of curves of Fig. 2 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 trap using the negative value of
48 from Fig. 2.
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. Fig.!4. Calculated trap probabilities, which are proportional to traﬁ

intensities are shown as a function of temperature for various positive
values of B. The number next to each_curve gives-the number of exciton
states per trap states.  The 21.3 em™1 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 o
dependence. of the trap probability. (e) is an example of the amalgamation
limit where the bottom of the band extends below the trap level. '
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that the‘temperature dependence of trap emiséion,'iﬁ additioﬁ to being
dependent.on.the trap depth and trap concentration, is significantly'
‘governed by the detailed structure of the eXcifon band.. In thevcaSe of
degenerate ﬁrap and band states invthe'absence of trap—Band interactibns,
for example, a feversal in fhe température dependence results (cf. Fig. 4e).
-in dther cases,. each value of the chain length apd béﬁd width generates a
unique tempetature dependence iﬁ the trap pﬁospﬁoréséénceﬂ Indeea, this
interrelationship between the band width, exciton chaih lehggh andltréﬁ
depth can bé exploited fo give an experimental measure of thesé parameters
in crystals representétiﬁe of one-dimensional éystems. The temperature
dependence of trap emission can also be uséd to determine (via infe;ence)
whether or not the band and trap states are in Boltzmann equilibrium.

An example of this is illustrated in Fig. 6, Where the experimentai
temperaturg'dependence of the intgnsity of the ihtfinéic _HZ—TCB X-trap

is plotted as a function of temperature. The Bés; calculated fit to

the expefimental data is also shown along with vélﬁes_of the paraﬁeteré
which are well outsidevof the limits of thevaccﬁracy of the results.

Since the trap is infrinsic? the trap concentration was unknown
c;nsequently, both B and the trap concentfétion wé?g varigd in'ord§r to
obtain theicalculated curve. The best values are '3.5%*2 cm-l _fo? tﬁé
baﬁd width 48 with B positive and a trap concentration of one ﬁart in
90,000. . If the tfap concentration is known from an_indepéndent measurement,
the uncerfainty in the band width measured in this-type of experiment

-TCB band’Width'measured by this

can be greatly reduced. Although the H2

‘method is somewhat larger than thatreported8 (1.25 cm-l) from an independent

method, the essential features of these results are in agreement with the
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The solid circles are the experimentally determined intensity
vs temperature data for the 21.3 cm’l'trap in 1,2,4,5~ '
tetrachlorobenzene. The center solid line is the theoretically
determined best fit of the data to the bandwidth, 4B, and the

‘number of exciton k states which corresponds to the number of
‘molecules in the average exciton chain. The two additional -

curves labeled 1.25 cm™! and 6.0 cm~1 correspond to values
well outside the standard deviation ‘of the data and are
illustrated to demonstrate the uniqueness of the data in the
variables 4B and the number of k states. . The best value of the
bandwidth is 3.5%2 cm™l with B positive. - '
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interpreta;ion;of-;he earlier results. It is iﬁportant to nbte.thét-the
ea_rliervexperiments_8 and the above experiment éan only be fully understood
and interpreted in terms of a médel which is depenaenf upon céherent
migratioh Being the prinéipal modeidf excifon transport in. the TCB cfystal
at low tempefatures. ' The importance of cohere;t migrétion iﬁ the above
?esults is discussed in detail in the next sectibn{ The diécussion in this
and following sections is'primarily éqﬁcerned with excited triplet states;
however, it shoﬁld be kept in mind thaf identicél éopsiderations also

apply to singlets and tfansport properties in general;

" C. Exciton Group Velocities and Thermal Equilibrium

In the Frenkel limit once a molecule is excited it cannot transfer.
its excitation to another molecule without an intermolecular interaction '
which destroys the degeneracy of the states. In a finite band, the

velocity with which an excitation propagates in the crystal with a

_ particuiar momentum in a coherent model is the group velocity, Vé(k);

» which is given by the slope of the énergy dispersion Qf'the band - .

L1 3E®) o
and is proportional to the change in exciton energy with k. For a
nthdegenerate band at tempefatures above 0°K, the group velocity wiil :

be nonzero because of the population of non k = 0 or +T/a wave vector

‘states; the excitation will be able to migrate. The average velocity

of this migration, and certain details of phonon-exciton scattering._
determines whether or not the system can reach thermal equilibrium. If
during the lifetime of the excited state the excitations do not- travel

far enough;to reach ttaps, the trap probability cannot be described by
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‘Boltzmann statistics. On the other hand, if ﬁﬁe eicitétions during their
lifetime eaﬁ travel on the avefagé mény times farthef than the average
distance bet&een traps,. then all the excitationé Qili be able to "sample”v . ‘
traps,‘the_sjstem wilihBe ab1e to'reaéh thermal equiiibrium, and. the o :,
trap probability will be detérmined by thé partition fantiop of the “
preyious secpion. The importan;e of phbnon—excitoﬁ.scattering in tﬁe : o i
equilibration process;cannot be underestimated, for it is what ultimately

limits the mean free path of coherent propagationrl.Bfl4

If we assume
that there is no memory between phonon-exciton sqattering events and
restrict thé scattering:té stochastic first ordér‘Markoffian procesSesls
one can aésign a coherencé time, T(k), to the wavepackets propagating

at VelocitieS»Vg(k). The distance, 2(k), a coherent state propagapés

between "random" scattering events is then given by
(k) = Vg(k)"r(k) ' o . (1.8)

~and is thus equivalent to a mean free path.

At intermediate temperatures where the principal limitation on T(k)

is phonon-exciton scattering, Frenkel excitons initially in a state k L S

" (or a linear combination of k states) scatter to other k' states in a o

time short compared to the radiative or radiationless lifetime, but in

. ' X : : s . -1
a time long compared to the intermolecular interaction time (B 7). As

s

a result the coherence time, T(k), is shortened, the mean free path
reduced and the ability to eéuilibrate trap aﬁd exciton states is
éttenuated._'lt_is shown in work not contained in this thesis that
scattering is principally to adjacent k states ana hénce the average

group velocity is relatively unaffected until one approaches. the high




221~

temperature limit.l6 Diffusion or random walk is simply,the4limit where

vthe'changefinfk occurs on a timeiécale shoft compared_to B—l. . These

feétureé will be dealt with in far gfeaﬁer.detail in a subseqﬁeﬁt pap'er16

where a method for observing the dynamics ofiindividual>k states will

be presentedQ In the'pfesent casé vhowéver oﬁly manifésﬁations of the

average veioqities (and/or T(k)'s) are easily measuréble and therefore

we restrict #he discussion to these features. The importance.of |

(Vg(T)) is éasilyvseen by combarison of coherent épd-incoherent migration.
Treating the exéitoh!band as one—dimensional,‘the average group :

" velocity at a‘given témperéture, (VgéT)), is given by‘the[nofﬁalized'J

sum over tﬁe velocities of the k states in the band with each velocity"

'weightéd by the probability of finding’the system in that'k-state at -

a parﬁiculaf'temperatUre, T, i.e.,

: o SE(k)b 28 .i sin(ka) e—(ZS coské/kT)
<V8(T)) B H‘< oK >; TR I é—(ZB coska/kT)
' ' ' k : v

(1.9)

We will restrict the summation in Eq. (1.9) to positive wave vector -

states only so that (Vg(T)) is physically related fo_a’scalér veloéity

in one direction. In the limit that the number of k states becomes
large, the summations in Eq. (I.9) converge to~integral form which

can be evaluated using modified Bessel functions. The resultihg

expréssion for the average group velocity is given by: 

(z)/I (2)) | : (1.10a)

, i} imayl/2
(v @@y = (_ZBa/h) QET/TE) " (1,

- where z = (26/kT) and Io(z) and Il/z(z) are given by
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Io(z) = (l/H)‘,f exp(z cosf) db - S - (1.10b)
_ 0 _ . v . _

and

Il/z(z) = (1/2 z/TT)l/zf exp (¥z cosf) sinbadd (I1.10¢)

where 6 = ka. In Table I, group velocities, calculated using Eq. (I.9),

.for a narrow, intermediate and broad triplet band are listed as a
function of temperature. The average group'velocitY1is not vefy:
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

veven for the narrow band width of‘1.25 cm_l which.Fréncis and Harfis8
have reported for TCB, at 1°K an éxcitation‘traQéling completely
COﬁerently>§ill'be able to éample 109 iatfice sites in ten milliseconds
which is thévorder of the:lifefiﬁe‘of the TCB triplet State;llv (Theﬂ
exciton will of course travel even fﬁrther’givenvtheIB.S cm-l bandv 
reported heréQ) Thié'is Sufficient to enable a systém with trap
congentrafions as low as 1 part ﬁef'107 to cbme'golthermal éqhilibrium.
For the larger band widths, systems with e&én-smgller.trép_conceﬁtrétions S o
will be able té equilibrate. - Only very puré,saﬁpies with neafly
degenerate bands will be unable to coﬁe to_thermal equilibridm when .
- the éxcifons migrape coherently. o

Atteﬁuation of this long range‘migration_Qccgrsthen phonoh-exci;on o Q
scattering limits the cqherence time and hence thé:cohefence 1engthT 
Wheh this length‘becbmes less.than the average trap—toFtrap separafion, o ‘ 1
thermal éqﬁilibrium becomes progressively more-&ifficult to aghieve.

In the high temperature limit, phonons destroy the translationalvsymmetry
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Average group veldcities (cm/sec)

for a band of 25,000 k states as
a function of temperature. .’
°K ‘Band Width
1.25 cm—l 15 cm_l v-29;6 cm'_l

1.0 | 2652 12747 18075
1.6 | 2750 15996 22781
2.2 >2782 18592 26611
2.8 2797 20762 29902
3.4 2804 22601 :; 32814
4.0 2809 24161 35436
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of the lattice and tend to scatter an exéitation at each lattice site,

and hence the group vélocity is replacéd by a diffusion rate as tﬁe

excita;ion executes a random walk at every lattice site. 1In one-

dimensional diffusion, the exciton can move with eqﬁal prpbability'to .
either of the two molecules adjacent tq'it.'”Theﬁaveragé time,.T,'it
takes_aﬁ'exéiton undergoing a random walk migration to take one step

is on the order of17

. _h o
T = —= . .
48 (11D
Hence,vthe median distance traveled in cm is giveﬁ by
() = 1/3 872 3 (1.12)

wheére N ié the‘number of hopé taken per unit time ana'; is the disténce
traveled in one hop; one lattice translation, in centimeters. In Table 11,
the median random walk distances are listed for the three band Widtﬁs
used.in Tébie I fof a variety of times. The valdé of a used is 3.76A
which is the translational spacing of molecuiés along the a direction in
TCB.l8 Table III also gives the ratio éf the distéﬁées traveled By an
exciton mdving in the coherent limit vs random walk migration for the .
three band widths at 2.8°K. ,

| It is seen that féndom walk migration is a faétor of 104lto 106j

'slower than coherent migration. While a H_ -TCB exciton traveling

2
completely coherently could sample approximately,log.latticé sites

during its lifetime (10 ms), an exciton undergoing'random walk migration
on .the average will only sample lO3 to 104 lattice sites. The number

of excitons able to migrate larger distance falls off very rapidly
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Median distance traveled in a random

. Table II.
o walk process.
Time Band Width
l.25vcm“1 15 cm“l : 29}6 cm'_1
1ms|7.6%107° cm | 2.7%107% em | 3.7x107% cm
-4 ’ -4 =3
10 ms | 2.4%10 ~ cm | 8,4X10 " cm | 1.2X10 ~ cm
100 ms | 7.6¥107% em | 2,710 em | 3.77073 cm
1ms 2.4"10_3 cm 8.4?‘10—3 cm l.2>‘10_2 cm

Table IIL.

Ratio of the coherent migration distance

to the random walk distance at 2.8°K,
Time Band Width
1.25 cm t 15 cm Tk . 29.6 cm T*
1 ms 3.7x10% 7.8x10" 7.8x10%
10 ms 1.1x10° 2.5x10° 2.5x10°"
100 ms 3.7x10° 7.8x10° | 7.8x10°
ls . 1.1x10° 2.5x10° 2.5x10°

o *Differenées between the 15 em T and 29.6 cm

ratios are less than 1% because of insufficient
population in k states at the center of the band at
this low temperature.
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because one-dimensional random walk processes are describable by a Gaussian
e - ‘ o s 19
distribution of distances around some initial starting point, In the .

Qasé of H,-TCB only 3 excitons out of 1000 traveling completely by random

2 .

walk migratidn'would be able to cover a distance>df SXlOA'lattice sites
which is”half the average distance between traps in thése.crystals. The
conclusioﬁ to'be.drawﬁ is that the Observatioﬁ thét thé'temperatu?ev
dependenge'of.the.Hz—TCB trap iﬁteﬁ%}ty obeys Boitzﬁann staﬁistic§_

provides strong evidence that coherent migration‘iébthe princiﬁal mode

of exciton tfansport at liquid heliuﬁ tempera;ures,‘.Indeéd thé cohérencé
time must be at least several orders of maéniﬁudé_lpﬁger than the_inter;
.molecular exéhange time.

D. The Effects of Multiple Bands

1. Zero-Field Splitting of the Exciton Band and.Ita? étate§

To this point, the triplef exciton band and traﬁ haveveach been
consideréd as consisting of a single magnefic subléﬁél. This is_an':
_accurate>de3éription,for singlet stateé, but both-thehtriplet exciton
band and trap are split into three energy sublevels'by the ééfd—field‘sﬁin
dipolar interaction of ‘the unpaired triplet eléct;oﬁ>$pins.20 The

intensity of trap emission, I » for the three level system is given by

trap

Y r : o .
= +

K .- N . X "N + K N (I.13) :
trap X trap X trap y trap y trap . z trap z trap

_ r L e o .th -
where Ki trap is the radiative rate constant for the i~ sublevel and

Ni trap igvthe population of the iFh sublevel. ‘In the absence of a

spin-lattice relaxation processes in the band States; the trap states,

and between trap and band states, the population ofva>triplet-sublevel,'
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1is independent of the populations of the other sublévels and hence the
total population of a particular magnetic spin component is fhe sum

of the popUiations in the particular spin sublevel of exciton band and

.the trap. Thus, the trap population of the ith sublevel can be given by

%, : o O (1.14)
i .

Ni trap - Ni total
where Zi is the partition function for the ith spin sublevel. Under

these conditions the total trap intensity can be written as

r

: 1 :
= K <4 )
Itrapz X trapNx total Z, (1.15)

r 1 IS 1
K L=+ =

y trapNy total ZV Kz trapNz total Zz_

In the absence of spin~orbit coupling the dispersion of each of the three
triplet bands will be identical when the zero-field spin dipole intefaction
is much smaller than the band dispersién. Thus, the three spin sublevel
partition functions, ;X, Zy and Zz are essentially the same and theitrap

intensity is given by

= + . + 1 .
Lirap = &, trap™x total * &y traply total * K, trap's total) Z | (1.16)

The net resqit is that the tempefature_dependence, és-in the single spin
sublevel:gase, is détermined'only by the chaﬂge in Z with temperature.

In gepefal, however, spin—ofbit éoupliﬁg must.occuf in order.to giye
allowed transition character from'ﬁhe triplet excited state to thevgfouﬁd
singlet manifbl@.Zl In ﬁost_casés the spinveigenfﬁnctions have different
symmetry.proﬁerties resﬁlting in admixture of diffefent singlét states’

into three individual spin subl'evels.22 The dispersion of the three
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triplet spin sublevel bands can differ in such cases giving each sﬁblevel

a slightly different parfitionbfunction and.théféf&re h7principle a

different iﬁtensity temperature dependence. However, the changes in the
dispefsions of the bandé duevto spin—ofbif coupling.ére, in élmést all -
Caseé,.so small thaf the tempgratufé'dependence Qf.thé:inténéity of trap
.éhdsbhqresceqce is ﬁnaffeéted by these small énergy differeﬁces;_,ln

HZ-TCB spin%orbit.coupling produces only‘onevparf in.lb6‘differénce in

the dispersion ofvthe thrée spin sublevel bands.s

A more serious consideration for molecular systems in some temperature
regions is the effect of spin lattice relaxation on the temperature -
dependence of trap emission. In the above discussions the steady state

in a particular magnetic sublevel ' . _

populgtlon in the bapé and trap, Ntotal’

was assumed to be independent of temperature and independent of the

populétions of the other two sublevels. However, spin lattice‘relaxation

couples the'subleVels,_allowing population to be transferred from one

i
i
|

" to another. Since this is in general highly température dependent,23

the total steady state population of a particular magnetic sublevel -

can change significantlvaith teﬁperature.v-To accouﬁt for these o '

variations is in priﬁciplenstraightfbrward; Thequpulation of:a.tféb,
and _.ther"efore itsvinteris:.i_ty, at any one températuré is determined by
the partition function aé béfore, but as the tempeiaﬁure changeé,'the_
.change (via Tl) in the'fotal sublevél’pbpulatioﬁ as well as the changé
in the partition functioﬁ'mﬁst‘be determined. Thevéhange in fhe tofal

sublevel populations can be determined by measuring the change in the. ‘ : f



'
1
{
l

-29-

lifetimes of the three éubleﬁels as a function of temperature, and:
thereby assessing the amount of spin latgice reléxation.z4 The traﬁ.
probability_is détermined as before using the péftition.function; but
ndw‘it ﬁust be multiplied by the rglative'sublevel populétioﬁ forAéach

temperature, i.e.,

. Itr:ap = Z Ki trapNi total(T) % ‘ - (I.17)
. i=x,y,z o
Although the effects of spin lattice relaxation bétﬁéen the magnetic
sublevels of fhe,triplét band in one-dimensional bénds can complicéte
the evaluation of the trap phosphorescence intensity, in‘most crystals'
this.does not pfesent'any real difficulty{ It isvoﬁly when there is a
significant temperature dependence to_the effective spin laétice reiéxatioﬁ.
process over the temperature range of interest tﬁat difficulty grises.
Usually, small two—di@ensional’exchange iﬁteracfions betweenitranslationally
inequiv;lent_iolecules in the unit cell result in an effective averaging'
of the‘spin sublevel populations in band states on a time short compéred )

to the lifetime of the state. Thus, the exciton dynamics keep

the individual spin-sublevels close to Boltzmanniequilibria, and hence

" the temperature dependence of spin lattice relaxation is ineffective:in

causing large deviations in the individual spin sublevel populations
over the range of température of interest. This is the case at least

for H.,~TCB and D.-~TCB between 1-4°K.

2 2
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2. Two and Three Dimensional Bénds 

The above consideratibns'canvbe readily egtgnded to systems in which
a trap iﬁtefacts with a multidimensional exciton Béﬁd. For one molecule
per unit éeil tﬁe mosgvgeneralnfofm is given by thgftﬁree—dimensiohal‘

partition function z:

z=1+ | : -(1.18)
/a_ T/a | |

2

g0 kg0 k,

=
=

G(k) (A 25 (1-cosk a) -28 (l-coskbb)—ZB (1—cosk c)/kT

e

?\_.
ll

(]

where ka, kb, and kc are the wave vectors associated,with the crys—

tallographic translational directions a, b and c¢ and Ba’ Bb and Bc'are

the nearest neighbor ‘intermolecular interaction matrix elements along o

these- three axes. G(k) is ‘a degeneracy factor wﬁich takes on_the.valué 1
when thevValuesof all three k wave vectors are zeré, 2 when any_two_k |
wave vectors are zero, 4 when only one R wave»vecto; is zero, and finally,
8 Qhen ali three k wave vectors are greater than zérb; ‘Thé partitioﬁ
function fqr'the case in which thé exciton baﬁd is two—dimensiona1_é§'
obtaiﬁed by.setting BCJequal to zero, and the'pne—dimensional partitionv
function given in Eq. (I.Z).foilows naturally from Eq. (I.lS)Iby
setting B and B‘ equal to zero. |

.To 31mplify the discussion, only the two- dlmen31onal case w1lllbe
explici;ly considered. For illustratién,B is set equal to 1/2 of L
ana the two-dimensional exciton band is limited to four hundred states
correspoﬁd%ng to a square érray of‘4OQ molecules. An energy 1eve14

'diagram for the trap and exciton system is given'in Fig. 7. As in the.
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Trap and exciton energy level diagrams for a one dimehsional

exciton band Bb_='0 and a two dimensional band with Bb = %Bé..

The spectroscopically determinable trap depth is the difference
in energy between the trap level and the k, = 0, kp = 0 level
of the two dimensional exciton band. The trap depth can have
one of the four possible values, 4 to A4 shown in the figure, -
depending upon the signs of Ba and By,. If both B, and B}, are

' negative, fj will be observed. If B,;<0 and B>0, Ay will be

observed. If B,>0 and By<0, A3 will be observed, and if

By and By, are both pesitive, A4 will be the spectroscopically

measured value of the trap depths.
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6ne-dimensional case, the 0-0 absorption must ogey-the selection rule

Ak = 0; thus, thé-Q—o trénsition is aésoéiéted with the ka ='O, kb_=.0>

level. Depéﬁding upon the signs of Ba and Bb; the ké.= 0, k = 0 exciton
level can occur at four different energies rélativé to the trap energy. As
indicated.in Fig. 7, if Ba and Bb are both négafive;uAl will be the observed

trap depth. If Ba is negative and’Bb is positive, A2 will be the trap depth.

1f Ba is 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 4 given trap concentration, the'average ﬁumber of states in the
exciton bandgis-kndwn, the trap depth, A, can be measured, and the

temperature dependence of the trap intensity can be fit.by varying the

'signs and magnitudes of Bé and Bb‘in'the multidimensibnal partition

function (Eq. (I.18)). 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 Bb separately but depends only_hppn the total

bandwidth, 4|Ba| + 4]Bbl; thus, a measure of the bandwidth can be

experimentally determined, even in multidimenéionél 6rystals, but deéails_
of -the band aibng Specific crystallographicVaxes'are iost. The éﬁoﬁé
discﬁssion has been restricted to systéms containiﬁg.ﬁrap levels.ofJ

only one energy. Systems with‘two or more traps of'different enefgiés
present a:aifferent,prbblem butiprovide additional and unique informétion

on the exciton dynamics and will be considered in detail below.



34—

II. EQUILIBRIUM BETWEEN EXCITON STATES AND MULTIPLE TRAPS

A. Boltzmann Equilibrium

The éxtension of the abévévtreatment to systems;in_ﬁhich there are
two or‘more_types of traps.having different energieé would be‘straight—
forward if it were not for the fact that thé éxci?dns and‘tréps have
finite lifeFimes. If the excited state lifetimeé wére iong énough,'the
system woﬁid'doﬁe'to thermai équiliﬁfium and avstatistiéal treatment
would alwayé_be proper for aﬁy temperaturevor traﬁ'depth. However;_
given thé:finite lifetimes of the states in&olVed; é'épatiStiéal |
approach is only possible abo&e a certain,charactéristic temperaﬁﬁfe,
hereafter'termed_TC, whiéb is deterﬁined by the trépndépths; the t;ap
concentrations, and the éxciton band width,

The:inabiiity of the system to_acﬁieve therﬁélﬁequilibrium.below

. the characteristic temperature is due in part to.the épécial éeparatién'
of the traﬁs of different energies and in part due to different_tfap¥
phonon intefactions at the differenf trap sites iﬁ tﬂé lattice. This
can be seén:mﬁre clearly by coﬁsidering du:energy.lével diégram in: 
Fig.'S for a-sysfem consisting of an exciton bana, a shallow:trap,_fé,

and a deep trap, T The dashed arrows indicate the possible paths_f

4°

electronic excitation can travel in the system in the absence of direct

v

long_rénge-enefgy exchange between traps. Basiéaily,: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-.
. - . ! - o

be trapped. Equilibrium is only established through a continuous précess

of detrapping, migration and retrapping. If the‘pfocess continues long
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Energy level diagram for a system containing an exciton band

- and traps of two different energies. Tg labels the shallow

traps, and Ty labels the deep traps. 4 is the energy
difference between T_ and T4, and A, 1s the energy difference
between T; and the k = 0 level of the exciton band. The
dashed arrows indicate the possible paths an excitation

can travel in the system
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enough; the systém reaches its equilibrium populatién distribution iq
spite of'the'fact.that-£he shallow and. deep tréps exchange their popuiation
with the band states at different rates. Becausé the eXcitén and trép:
states have'a finite 11fetime, however, tﬁé rate}of detrapping and
fetraﬁping fdr both traps ﬁust be large enough to.témpete with_radiative
and radiaﬁionless processes. This can-only'océur above some characteristic
temperature Tc where phonon-trap interactions are frequent_eﬁbugﬁ to”kE¢p
the systém iﬁ thermallequilibrium. |

Invthe equilibrium temperature region, the ;eﬁéefaturé deﬁéndénce‘
of the trap intensities can be determined from thé'probabilitieé P

v d.
,. or shallow trap,

and PT that an excitation will be in déeb trap, Td

s _ ‘
TS, respectively. Taking the exciton band to be one-dimensional in the
nearest neighbor approximation, the partition fﬁnction,_z, for the system

--is given by
' ~ (n-1)7/na

1

| -0, /KT ~8, /KT ~  -[8,-2B(l-coska)l/kT .
z =1+ G.e + G2e + E 2G, e v oo (11.1)

2
k=T/na
The zero of energy is Faken as the enérgy of the deép_trap.A As shoWﬁ‘in
Fig. 8, Al is ;hevengrgy differencé between‘the deep.and shallow‘traps,
and_Az,is the energy difference between the deep tfap'and chg k.= O'ievel
éf the exciton band.. The>k = 0 level may be atvtﬂe:tqp or botfom éflthe
:band (as discussed previoﬁsly)_depending upon the sigﬁ of E. The concen-
tration of_thé tfaps and excitons are mormalized to a unit conceﬁf;éﬁion
of thé dgeb-trap.' The first term in =z is due to the deep trap. The_
second tefm is the Boltzmann factor_for the shalibetfap, muitiplied‘Ey

val,vthe number of shallow traps relative to a singlé deep trap. The third
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term is tﬁevBoltzmann factor for the non—dégenerafe_k = 0 level of the
exciton baﬁd times G2, the number éf exciton chains relative to a single
deep trap. The final sumhation is over the remainder of the exciton

k states, which are douﬁ}y degenerate, giving riée'tp the fagtor dfv
two. The tdtai numBer of host mdlegule states.felétive to one deep

trap is Géx(Zn) where there are 2n states per exciton and G2 exciton

‘chains per deep trap. The trap probabilities PT> and'PT (which are

. , d S
’proportibnal to the trap intensities) are

p(m) = A | | (I1.2)

aom ‘ -
and
—Al/kT
: Gle v
PTS(T) = ——"‘2—(-5,—)— (11.3)

respectively. Calculated plots of PT and PI vs temperature fér systems
which contain 99.2% host exciton statZs; 0.8%Sshallow traps, and
l.6x10_3% deep traps are illustrated in'Fig. 9. . The trap depths, AL
and A2 are 10 cm-l and 20 cm—l, réspectively. These values are typical
of a single and doubly'pfotonated traps invdeutefp érystals.v Thé curves
aré for a range ofvband widths, 48, between +8 cmfl-énd -8 cm—l. Se?eral

features of the trap phosphorescence intensity'infmﬁltiple'trap systems

are particularly noteworthy. .First, as 4B becomes more positive the

~energy levels in the band become loser to the trap levels. ~This results

in a loss of trap probability and therefore a loss of trap intenéity;
Although both traps are affected, the change in the:déep and shallow.
trap probability are entirely different. The decrease in the deep

trap phosphorescence with increasing temperature results from the



10
o9l
0.8l
0.7
06}
0.5+
0.4
03

| s Host U |
% 1.6x107 079 9.2 I

T T ! T T 1 T —TTT T
. A ' ' Td T

Probability

0.21-

0 13 16 19 22 25 28 3. T 37 40 43
| Tempero_ture (°K) ' . XBL 731-87

Fig. 9. Trap probabilities, which are proportional to phoephorescence intensitieé, as a function of

temperature are plotted for an exciton and a two-trap type. system. Tg and Ty are 10 em™! and 20 cm~l

below the k = 0 level of the band, respectively. Each pair of lines, one for Ty and one for Ty, is.
calculated using ‘the indicated exciton band width, 4B. The percent of each of the speciec are given

- at the top of the figure.
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partitioning of the excitation‘into the highef energy shallow trap and
exCitoﬁ gtates. When-fhe number of molecules in én exciton chéin

(the number of k states in the band) greatly exceedé the number of shallow
traps,_the form of fhe deep_trap tempefatufé dependénce becomes
indistinguishable‘frém the single trap problem cgnsideréd earlie;...The
temperature dependence of the shallow trap is notjasﬂsimple. Physically,
as the temperature increases from a value where only the deep trap is
emifting (PTd ='1,0; PT = 0.0) the initial loss in.ﬁd_reSults in the.
onset of Ts emission. ’:ow rapidly TS increases with indreasiﬁg tempera-
tﬁre, however, is determined by the partitioning ofvenergy from the.
shallow trap into the Baﬁd states. If many exciton“étates are near in
energy to'thé shallow trap, the shallow tfap will‘never acquire a
significaﬁt intensity because of.tﬁe ability>of the exciton states to
ﬁartition the ehergy; ife., large value of the band partition'fupctibﬁ.
This occ@f$ when the shallow trap depth (A2 - Al in Fig. 8) is small
and/or thevexciton bénd has a large ﬁumbervof k‘states at energieé near
the shallow tfap (positi&e B8). On the other handk'When the shéllowftrap
depth becomes larger and/or thé'excitbn'band has_atsmaller'positiVe:
dispersion of negative disﬁersion, the'shalléw tfép“emission will
continue to increase in intensity at fhe‘expense of thevdeep trap‘_f:

probability until a point when the Boltzmann factor starts to significantly-

'populatevthe_éxciton states. At this point the shallow trap will losé

intensity with increasing temperature because of partitioning to the band.

~ An important point of the temperature variation of'both the deep and,

shallow traps is that for every-curve associated with the deep trap

there is a unique shallow trap curve for a specific-?alue of the band
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dispersion, number of k states and number of shalléw traps; Moreover,
the detailéd‘shabe of the temperature depéndenée.curVevfor fhe shallow
tréps is determined By the partitiog function. A variatioﬁ in-Td and
'TS trap emission as a function of concentrétion is il1uétrated'in.Fig. 16.
fhe Qalue,of the band dispersion and trap depth‘haﬁe been fixed at values
4B = 4 cm;l, Al = lOvcmul, and A2 = 20 cm-l. ‘As‘is éxpected, when the
shallow trap concéntratibp'increases,relative to’the'band stateé'the
iﬁtensity peaks at higher teﬁpératures} The valuéé'plotted in’FigL 10
are representative of mixed.cryétals where the bahd'states are the pure
deutero (Dz) molecule (2 deuteriums/molecule), the(shal;ow frap is a
molecule With one D and one H and the deep trap is a molecule with two
protons substituted for the two deuteriuﬁs of the host. The conéentration
values listed for ééses A through D correspoﬁd to étatistical mixtures
éf'the varipus species based upon the total deuterium cqﬁcentration'of
the crystél§} » | |

| The practical use éf such an approach to obtain information abqﬁt_
the band is Straightforwéfd.> If a sample is pfepared wifh two tréps of

known concentration, where Al and A, can be measured spectroscopically

2

the the band dispersion and the sign of B can be determined from
the temperéture'dependence’bf the two trap intensities.'vFigure 11
illustrates this for deutero-proto mixed crystals of TCB. Figure 1la

. is the temperature dependence of H —TCB(Td) and HDQTCB(TS) trap

2

phosphorescence in a D2—TCB crystal in the temperature range 1.3°K ﬁb

3.8°K. Details of the preparation and characterization of the traps

are given in Section 11-E (Experimental). The data illustrate two

i
|
\
|
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Fig. 11. (a) displays the intensity vs temperature experimental data!-,The.

deep trap T4 is Ho-TCB, the shallow trap Ts is DH-TCB, and the hostﬁf

molecules which comprise the exciton chaing are D,-TCB. The shallow and .

" deep trap depths are respectively 12.8 cm'l and 23.5-cm_lw Region . 1.
", 1s the non-Boltzmann temperature region, and Region II is the_temperature
‘f:egion in which the system is in thermal equilibrium. The shaded section

indicates the transition region. (b) shows the experimental data in.
addition to curves calculated for various exciton bandwidths, 48, using
the experimental trap depths and trap concentrations. 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 eni~l shallow and deep trap
calculated curves.
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- distinct temperature regions, one below and one above a characteristic

'temperaturevTC. These are labeled I and II,'respéctively, and -correspond
to regions where Boltzmann statistics are approériate‘(II) because_theb
trap and band state are in thermalIEquilibria and QherevBoltzmahn statistics
are inappfopriate (I) because the finite lifetime of the excited sfatés
are short relative té.the time‘necessary to equilibrate both the deép
and shallow traps with the exciton band states.

Using the experimental values for Al, AZ’ Ts.and Id’ an excellent

fit for both the deep and shallow trap temperature_dependence in regionr'

II is simultaneously obtained for the lowest triplet band in DZ*TCB£ A
total band width of 122 cm“1 and a positive intermolecular exchangé
interaction for DZ—TCB from these experiments (cf. Fig. 11) is to be.

compared to é total band width of 3.5 cm_l and a positive'intermdlecular
exchaﬁge interaction for the same band in HZ—TCB (cf. Fig. 6). The"
relationship between isotopé effect, the Born-Oppenheimer approxiﬁapion
and the band dispersion in these crystais will be.discussed in a latér
publication.25 |

In the remainder of this chabter we will discuss the non—Boltzménn

region (I) and formulate a general approaéh to exciton dynamics in. this

region which is amenable to experimentation. This region is characterized

by insufficient phonon~-trap interaction to provide thermal equilibrium

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

considerations of¢ the next section.
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B. Non-Boltzmann Distriﬁutions Between.Exciton and Trap'States 

Below a characﬁeristic temperature; the sysfem does not come tg.
thermal equilibrium within the lifetimes of the states becéuse the
phénon interaction with the trap states does not eqﬁilibrate‘the
trap and band states at a fast enoﬁgh rate. Thé problem musf'theréfbre
be treated iﬁ terms of a set of coupled rate equa;ions'for the proéesses
which are 6Ccurrihg. Differential equations desCribing.the time
variation of the states illustrated in Fig. 12 are.given in Egs. (ll,ﬁ)'
through (II-7). | .

d[E] _ 1sc, 1 g o - e
o= KIS vado[jd] +K__[T] - K, [E] _Ksi[E] - Kg[E] (1.4

d[Td]
dt

Kg [B] = Ky [Tgd = &yt ) - (11.5)

4T )]
dt

S B A B

d]Sl|

1sC. . 1
dt IS

P[s°] - K {[S'] - K
s

] - (I1.7)

[E] is the exciton populétioﬁ; [Sl] is the population of the first -
excited singlet band, and [So] ;s the ground state concentrétion;: ﬁfu;-
[Td]_and [Ts]vare fhe‘deep’and shallow trgp populaﬁions; P is theiféfe

_ consﬁant for the production of excited singlet excitons, and K l:is;m

, _ : s L
the rate constant for the relaxation of singlets to the ground state

manifold, So,,while KISC

is the intersystem crossing rate cdnstant,;l
KE’ I(.d and Ks are the total rate constants for relaxation to the ground

state from the exciton bands, deep traps and shallow traps, reéespectively;
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»Energy level diagram for an exciton and two-trap system showing
rate constants used in the non-Boltzmann temperature region.

Kg»
to the ground state, S°, for the shallow trap Tg, the exciton
bind,E5_the deep trap Ty, and the first excited singlet state
S+, respectively. P is the rate constant for the production .
of excited singlet states and KISC is the intersystem crossinv
rate constant. Kgy and K4y are the rate constants for

Kg, Ky and Ksl are the total rate constants for relaxation

.excitations ’lowxng into the shallcv znd deep traps, respectivelj,

and L,O ani Kdo are the rate constants fcr excitation flow11” cur
of the shallcw and deep traps, respectively.
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they include radiative and radiatiopless processes} -Kéi and Kdi are £he
trapping rate‘constanté for excitons entering the shallow and deép traps
respectively, and Koo and‘Kdo are the detrapping rate constants of thg

' shalloﬁ and‘deép traps into the exciton bands. .Iﬁplicit in the kinetic
equationslis ﬁhe assumbtion that the excited state.éoncentfacions arellow
enough‘to insure.that bimoléCular annihilation and'othér'non—liﬁear
effects may be neglécted; The ground state conqentration, [SO], is taken
as a conétant. vaAthe lifetimes_of £he excited states are short, then
[So] will be fhe concentration of host molecules in:the crystal. If the
lifetimes of the exciton and trép states ére long“bﬁt are approximateiy
the same,>[SOJ willvremain constant with changing temperature since . -
transferring ppbulation between eicited states of .the same 1ifetime'

will not result in cﬁanging [So]. However, if thé lifetimes are long.
and differvgréatly, then [S°] can change with temperature but will'still
be constant at any one température. Hence, Eqs; (11.4)»thr6ugh (I1.7)
can be solved for [Té] apd [Td] by aésumiﬁg'steady.étatg. 'Thevresultéiare:

AK (K, +K,) :
[t = st_d do (I1.8)

s '(Kdv+ Kdo)(KS + KSo —_C Ksi) - B Kdi(KS + gso)
and
AK,, (K +K :
[T4) = ‘\(K ¥ K. )(K +K c—héi )foik (k- ¥ K ) (11.9)
d do’ Vs ~so si di‘'s SO o
‘where
. ISC, o ‘
P K
A= —c [s ] - (11.10)
(K +K ) (K, + Ky, + K ) : ‘

di si
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Kdo )
B = (II1.11)
(KE + Kdi + Ksi)
) . - _ ‘
v _ . o : c.

SO .
= (I1.12)
(Kg + Kgy + Kgy) -

1. Non—Boltzmann Low Temperature Limit

At soﬁe'temperature well below the characteriStic temperature Tc’
KSo and Kdo wiil become insignificant because of tﬁe léék of phonons to
equilibrate.the trap and band states at a rate comparable to the lifetime.
Setting these two constants equal to zero in Eqs.-(Ii.S) and (I1.9) yields

" a low temperature limit for T, and Ty given by

d

[T

L]
bog
~

gl = A KK (11.13a)

"
>
~
~

[t.] (1}.13b)

where the constants K;l and K;l are the déep and shallow trap lifetimes.

Kdi and K*i’ the rate constants for excitons flowing into the traps, can
R .

"be identified in the coherent model with the average group velocity of

the excitons)'<V ), weighted by distance between traps, i.e.,
, R

1

~
]

ai = Vg 44 (11.14a),

1

]

K

C=(v>yd - (II.14b)
si g s :

The average exciton group velocity at-a particular temperature is given-

by Kq. (1.9),-vand-dd and ds are the average distances between the deep?'

and shallow trap sites, respectively. It should be noted, however,® that
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the-relationship between Kdi’ K.si and <Vg) need not bevrestrictea solely

to coherent migratibn. The effects of phonon-exciton or impurity-

exciton scattering on the average groub velocities could be.incorﬁorated
into K.di and KSi in cases intermediate:between pufe‘coherent migration

and random walk migration when the explicit k dependence of tﬁese

processes are delineated. 1In the limit that all coﬁerence is lost via
these intéréctions, the average group vélocity approaches a temperature in-

dependent velocity given by the random walk paraméters T and (d) of

Eqs. (I.11) and (I.12), respectively, i.e.,
<vg> > {(d)/T . : 7 (I1.14c)

Furthermore, the attenuated velocities in ‘the intermediaﬁe and\high
temperature limits could be substituted into.thé abo§e equafions
(Eqs. (IV.1l4a) and (II.14b)) and a kinetic descriptién of energy miérétion
‘in these 1imits would Be éiven by substituting the appropriate Velocify
in the folibwing equations. The trapping rate conséanﬁs Kdi and Ksi 
‘are the inverse of the average time it takes an g#ciﬁqn to reach a .
trap, and hence in the temperature region under consideration, the rate
of finding the frap is invefselyjproportionalvto the number,of trabpihg

sites available. The concentration of populated deep and shallow traps

is then_simply given by

[TS] = A (Vg) Ks dS : (11:15a)
[T,] = A (V) ‘K-ld_l S (IIZle)
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or
[T]1=4A (V) k1N o (I1.16a)
s g s s - - ' :
[T.] =& (V) k1 oy o (I1.16b)
d g d d ' -

where Nd and'NS are the deep and shallow trap site concentrations. When
the rate of trapping is large relative to the decay of the exciton through
other channels (Kdi + Ksi >> KE), the steady state -trap concentrations

become independent of the average group velocity associated with exciton

" migration and hence independent of temperature:

k p KISC _ N\ -
[Tl e (F ) —1 [S ] (II.17a)
s . 0% L + KISC ] Ns + Nd | o )
s . o ,
and
_1SC [ ~, \ ; ‘
P K -1 d - , L
[t = |———=z (# ) ——=] [S ] (I1.17b)
d K+ ISC d N, + N o I
s .

and the ratio of the steady state concentrations is simplyvproportional

to their respective total concentrations:
5

. -1
[t,] KN

- (11.18)
t.] -1
d° KN, -

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

than the rate of trapping (KE >> Ksi + K..), the steady state trap

di
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concentrations are proportional to the temperature dependent average

group velocity of exciton wave packets and are given by

P KISC[SO] —1
[T ]= {V > K TN (IT.19a)
s ISC\ - g s s X
(F 1 +K ) KE -
s .
L : i
and
P KISC[So] o | - _ ‘
[Td] = S KISC (Vg) Kd Nd (I1.19b)
1 g
|\ s : : .

The ratio of concentrations, however, still remains. velocity and therefore
temperature independent and is also given by Eq. (II.18). |

Since the intensity of emission fr&m the trapsiis proportional to; 
number of trap sites, the invariance of the ratio over a finite temgerature
range provides an_experimental test of this limit. In addition, since
the femperatuxe dependences of [TS] and [Td] result from a change in the
average groupzﬁelocity, the trép emission provides a tool capable of
investigating the’averagéVQelocity distribution iﬁ.the excifon band and

hence the coherence even at the very lowest temperatures.

2. Nqn-Boltémann Intermediate Temperatures

As the temperature is increased toward Tc’ the rate constants for
energy transferring from traps to exciton bands are»expected to increase.
However, if the depths of the tréps Ts and Td below‘the'bottom of the
band are significantly different relative to kT, then excitatioﬁs will be
able to thermalize from the shallow’trap Ts into the band at temperatures
too low for excitations to thermalize from Td' The‘het result is that

Kéo will become significant at temperatures where Kdo is still negligible.
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Setting K

dé equal to zero in Egs. (II,S) and (II.9), the concentration of

traps is given by

o AR «
ft]-= 2 : - (I1.20a)

s ' : Ksi e
K + [1 -~ K
_ s KE + Kdi + Ksi go
A Kdi(Ks + KSO)

KK + {1 - K
dl s KE + Kdi + Ksi S0

(IIfZOb)

The dependence of these equations on (Vg) can be seen by substituting’

. o L . . :
a4 and KSi In th;g,teglon he temperature

dependence of Ts and T, results from both the fempérature dependence of

d
<Vg) and the shallow detrapping rate constant, KSO,‘Specifically, when
the radiative and radiationless decay of the exciton states to the ground
state is slow relative to trapping, KE << Kdi.+;Ksi’ the group velocity

dependence contained in K.di and Ksi vanishes and Ts and Td are given by

1SC o
P KL ] . 1

N } ) o
[t1= '( ) 7 - —— (II.21a)
s , L »ISCIIN, + N - N -
\k; *K d s/ \k + [1 - (———Ji——) K ]
_ , \'s a/] s° :

N + N
S s

‘and

| fp 8% 1\ x4+ K N, 1 ’ -
14l = e \ % N. + N ' N ) (11.21b)
K + K d d s s
K +]1-[—=—)« |
. s d so N

F N
) S
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respectively. Hence; the only temperatuee dependence of TS and Td'is
contained in Kso' In the other limit, whenvtrapping is slow relative
to the radiative and radiationless decay of the exciton states, ' .
KE >> Kdi + Ksi’ the shellow trap population'refleets the average |

group velocity of the excitons via its trapping rate from the band ' '

' (Ksi); i.e.,

| p KISC[SOJ- X, ) - ' -
[t 1= : (1I1.22a)
ts (;1 + KISC)(KE) (Ks +x_ )

S

The increase in the concentration of TS via the increase in the exciton

.(Vg) may be offset by the increased detrapping rate Kso with temperature.

L . . |

By constrast, the deep trap concentration is given by o b
CPRPCs 1 kg, - - |

[t.] = — o .. (I1.22b) -]

d (K L ¥ KISC) « \Ka /. o |

and its temperature dependence results only from the increase in the

Ly

group velecity of the ekciton etatesbwith temperature.v Finally, the
temperature dependence of the ratio of the trap populations is.oniy '
functionally telated to Kso' This can be seee by combining Egs. (II.Zla),
and (iI.ZlE) in one case the Egs. (Ii.22a) and (II.22b) in another. In

both cases, the ratio is:.

[t] N [/ K ' : '
s s [ d v
= - (11.23)
[deI Nd. ( s + Kso)

This is vaiid for both conditions, KE >> Kdir+ K i_and KE << Kdi + K .

S si

The important point of the above equations is that the steady state
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concentration of the shallow and deep traps and thus the emission

intensity depends implicitly upon both the group velocities in the

band and the rate of detrapping of the shallow trap, K"o; Both of these

quantities are‘measurable and provide, in principie,:detailed information
on the dynamics of trap-exciton interactionms. |
Qualifatively, the abb;e processes can bé physiéally viewed as
follows. .At Qery low temperatures both KS; and Kgo.are zero, and thé
populations [TS] and [Td] (except for'changes caused by. variations ip
(Vg)) remaiﬁ'constaht with increasing temperaturgt ‘Since the shallpﬁv
trap is closer in energy to the banq than the déep trap, as the temperature'
is increased'Kso becomes nonzero before Kdo’ and soﬁe of the shallo?
trap's popuiation is thermalized intq the exciton band. This addipibnal
exciton populati?n miérates in the band at am average group velocit; .
determined.by the temperature and band dispersion énd is retrapped ip
deep traps. ' Contrary to;what would have been exﬁééted for a therméi
eqﬁilibrium, the deep trap gains population andviﬁténsity at the expense
of the shallow trgp. The importance of the deep trap concentration in
relation fo the magnitqde of Kso cannot be underéstimated if a
lphenomenological understanding of the complexities and Variations of”

impurity effects in crystals are to be properly understoddr

- C. Other Considerations .

To this point, the effects of possible differences in exciton and
trap radiative and radiationless lifetimés on the temperature dependence
. of trap emission in the equilibrium temperature region have not been

discussed, If Ntdt is the total triplet excited state population, then

¢
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1

IT ¢ Ntot Z(T)

,lwheré Ntbﬁ is assumed to be tembeféfure indépendent.
If the total lifetime of the exciton and trap staﬁes.are équal then the.
transfer of population between the band and traﬁ does not altef'tﬁe »
Qalue of Ntof' However, if they are not equal,_Nt.ot will be temperature'
dependent, gnd I = Ntot(T) E%TT . Hence, bOtthﬁbﬁ and z are functions
of'tempefature. |

Ntbt(i) can‘be‘determined from a'éystem of differential equations

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

the ground state concentration, [So], remains constant;

. | v . . ) o

d[gt- = P[s°] - K 1[31] ISC[Sl] =0 - an.ze)

‘ s , -

N ; e
Szt - ISC[Sl] _ K KE(l - X) N ot =0 '_(11.25)

X 1is the percentage of population found in'the trap. X = 1/Z(T), and
(1 - x) 1is the percentége of population found in the band at a‘giveﬁ
temperature. At steady state Ntot(T) is found to be

1 ISCPtSO]
(KX + K (1 - )] L+ 1 1SC

N (D) = (II.26)

K
s

oy

.'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 temperatufes
is. - ﬁ?
T N () IKX(T)) + K = x(Tp))]

Neoe (T)  [EKX(T) + KA = x(T,)T (11.27)

g,
o

it
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Eq. (II.27) can be used to obtain Ntot(T) relative to the value of
Ntot(Tl)'WhiCh may be used to normalize the total population for all
other temperatures. Thus, it is not necessary td_kﬁow the actual value

of Ntot(T)' ‘A similar procedure can be used in the case of more than

one trap or for corrections in Nt due to spin-lattice relaxation

ot

effects discussed above.

Another point which needs to be mentioned is that it has been taéitly
assumed that intersystem crossing takes place from the singlet-exciton band
to the triplet exciton band and that_exciton migration and trapping'fakes

place from the triplet band. However, in some cases after exciting -

 initially into the singlet exciton band, migration and trapping take

place before intersystem crossing occurs producing triplet traps.»:If

the triplet traps are in equilibrium with the band, the trap intensify

X

as a function of temperature will reflect the parameﬁers,of thebtriﬁ;et
systeﬁ. HoWeQer, if the time fpr a trap ‘to transfef:its excitation}

to the band is long compared to its lifetime for decay to the ground
state, the triplet trap's population will be detefmined by the singigt
qrép's pbpulation. In this case, the probleﬁ must_ﬁe considered in }efms
of thevband width and trap depth of the singlet éxéitqn and trap

syéteﬁ giving_careful consideration to fhe question of equilibrium. CIn
studying triplet systems, if_these‘cdﬁplicatibns qrise, they can be'?

eliminated to a large exrtent by suitably filtering the excitation

light so that only the first Criplét excited state is produced. o .
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D. Qualitative Features of TCB in the Non-Boltzmann Region

The intensity vs temperature data for the two traps in deuterated
DZ—TCB crystals in the temperature region befote.Boltémann equilibration
'(I) is iliustrated in Fig, l1la. The predicted behavior for a system
ofj&his type is indeed observed. The shallow trap intenéity decreases
an& thé deepAtrap intensity increééeé as the temﬁerathre increases.

The shailéﬁbtrap HD-TCB and the deep trap H2—TCE.ére l2.8 cm—l and

23.5 cm-l below the DZETCB triplet band (k = 0); fespectively. .Bécause :
the Boltzmann factor.is small in the éemperature'region of interést,
there is ‘a significant difference in the detrapping rates Kso and Kdo;
Apart from the phenomenological observatibn that the'température
dependenge of the two traps qualitatively behave'in_the proper fashién
in Region I, several independent experimental observatioqs_conclusively
demonstrate that Kso >> Kdo fof this system.v In Fig.;13 ;he zero fié}d
optically detected magnetic resonance (ODMR)'épectrag6 for thé two

traps found ih the deuterated TCB are illuétrated. These spectra are

obtained by monitoring the op;ical'emiSSidn to the_electronic'origin

from.the two'traps Separately as a microwave field_iévswept in frequency.27

The upper spectrum is the opticallybdetected electron zero field

D - lEl‘transition of the deep trap, H,-TCB. The peak labeled A

2

corresponds to electron spin only transitions while the peaks labeled

'

B and B' are the simultaneous electron spin plus 35Cl and 37Cl nuclear .

quadrupole transitions, respectively.zs’29

from the center line by the characteristic 35Cl énd737cl excited state
nuclear quadrupole frequencies. The C peaks correspond to simultaneous

electron,épin 35Cl and 37Cl double nuclear quadrupoie_transitions.29

The B and B' peaks are sebarated




Fig. 13.
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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 transitions. Thée B and B' peaks are €135 and c137 electron
spin plus nuclear quadrupole spin transitlgns, respectively. The.
C peaks are electron spin plus €135 and c1°/ double nuclear
quadrupole spin transitions. The large peaks in the deep trap
spectrum have been truncated to facilitate display. In the

deep trap spectrum between peaks B' and C on the low frequency
side is a peak going in the opposite direction from the rest

of the deep trap spectrum and in the same direction and at

the same frequency as the shallow trap electron spin only
transition.
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These transitions are split from the electron spin only transition A

35¢1 ana 37

‘peak-by tﬁe'difference in the C1 quadrupoie frequencies. On

the low.fréQUency side of the deep trap spectrum between peaks B' and C_'
is ‘a peak going in'the opposite direction from the:rest of thevspeétrum

at exactly the frequency associated with 1he shallow trap D - IE' tfansition.
This will be referred to as the T peak. The majOr,péaks Aland B of

bthq deep trap spectrum ha?é beéh_truncated to facilitate display. ihe

lowe: épectrum in Fig. 14 is the D - IEI transition of the Sh311QW;Efap,

DH-TCB. Only one peak is observed even at moderately high microwave

 powers at temperatures above 1.3°K.: This peak corresponds to the fﬁlly

allowed electron spin only transition. The change in the light intensity'
in the shailow’trap spect;um is opposite the direction of the changé

iﬁ the light in the deep trap‘spectrumvexcebt for‘the T peak."Thesé'
results can be understood as follows; ‘

The spinbalignment of the shallow trap is changed by the application
éf the microwave field at the transition frequency, 3.5600 GHz. This
change in ;pin_alignment is at least partially carried into the exditon
band by shallow trap detrapping processes. The net.résult is that‘the
exciton band acquires an altered spin élignment whiéh'is carried ihto
the deep traps by‘the trapping process Kdi' This results in a change
in the'deep trap light intensity in the same direction and at the same
miérowavelfrequency as the shallow trap transitionl This is.the obéerved
T peak in thé deep trap spectrum. Similar effects.are observed in-‘ 
H, -TCB when the exciton band spin alignment is alﬁeréd by a microwaﬁe

2

field and the trap emission is monitored.30 The significant point here

¢
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is that there is no corresponding T peak in the shallow trap spectrum

even thodgh'the deep trap transition is more than an order of magnitude

stronger. This implies that the shailow trap excitations are detrapping,

‘migrating and retrapping in deep trap sites, but that deep trap excitations

are not tran$ferriﬁg poﬁhl;tion to the shallow trap sites to any Signif—
icant e%tént. |

A seécond important observation can be made f;om.the ODMR spectra.
Because the electron spin and the nuclear quadrup01e eigenstates are
coupled by the electron-nuclear hyperfine interaction, only the pure
electron transition will be observed in the absence of the hyﬁerfiﬁe
1nteracfion. ~If the lifetime of a state is short goﬁpared fo the -
inverse frequency assoéiafed with the hyperfine infefaétion; theﬁ the
triplet state eléétrons will not be influenced by h&perfine interaéfion
and'the>coupling of.the elecﬁron eigenstates to the nuciear eigenstétes

5

will vanish, and the quadrupole peaks (B(Cl3 ) and B'(Cl37)) will be '

absent from the ODMR. In TCB and similar compounds the hyperfine

interaction is on the order of 1 MHz.29’30

‘The fact tﬁat quadrupolé}
transitions are not observed in the shaliéﬁ trap ODMR spectrum Sets;

an upper limitbof léss than 1 usec for the time an éxcitation remainél
trapped in the shéllow trap at 1;3°K. On the other hand3 the facf‘fﬁét
strong quadrupole peaks are observed in the deep trap ODMR spectrum ﬁ
implies that excitations reﬁain in the deep traps for times much léngér
_than 1 Msec. = When the temperatufe is lowered to about 1.2°K to |
decrease Kso’ weak quadrupole satellites on the §ha1iow trap spectra
appear at highrmiérowavevpower indicating‘that thé_defrapping rate

constant st i$ in fact becoming smaller. Thus, the ODMR data in

addition to the_temﬁerature dependence of the trap emission data
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established that in the temperature Region I immédiately before Boltzmann

equilibration occurs the shallow trap is detrapping rapidly while the

" deep trap is detrapping slowly relative to their lifetimes,'i.e.,

>> .
Kso Kdo

E. Expérimental

1;2,4,54tetraéhlorobenzene_(TCB) was purchaséd_frdm Aldrich Chemical
Company, recryétélliZed'from ethanol ahd vacuum sublimed to rembve.v
residual solvent. The‘recrystallized TCB was Qacuum sublimed into é
zone refining tube,'repeatedly outgassed, and seéled under vacuum.iﬁ a
10 gm diameter tube. The samplévwas then zone refined for 600 paséeé at
a rate of 1 cm/hr. Onlyvthe center third of the zone refined materiali
was used. |

Deuterated Tcﬁvwas brepared as follows’.31 ﬁzo.and SO3 werevreécted
to form'DZSO4. DZSOA and HZ—TCB were then heated for 12 hr in a sealed
tube at 150°C. The cold reaction mixture was pouréd onto cracked ice
and the exchange prodﬁct was filtered off, washed with wgter and usea.

as the starting material for the next exchange. Five successive exchanges

were performed in this manner. The final product was washed thoroughly

with water, recrystallized from ethanol, vacuum subliméd, and zone:ﬁ

refined for 360‘passesg TWo.separate.batches weré.bfepared'invthis'
manner . | |

The pefcentage deuterium in each sample was déterﬁined in the
following manner. An accurately weighed sample ffom’each batch éf.pﬁé
deuterated TCB was dissolved in a known amount of'CSzf Known amounts of
dioxahe, c H‘OZ, were ‘added until the concentration of protons from the

478

two species in the CS2 solution were approximately equa1. Proton NMR
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spectra were then taken and integrated uaing a ?arian model T66'NMRc
spectromecer. The spectra were also integrated mechanically by taklng
the area Under the‘spectral peaks. Comparison of these areas allowed
thevcomPUtation of the oercenf'of deuteration ofithe TCB.f As a check
on’fhis brocedure a second s;andafd.was used. A weighed-sample'of B
deutefated TCB was dissolued in a known volume of deuteratedbbenzene
(95.5%2D). The deuterated beneene served as an internal étandard in the
analysis of the proton NMR spectra., Both of these procedures werei;;>
repeated 6 times and gave the same result, although the standard
deviation was smaller when using the dioxane standard, The deuterated
TCB samples contained 97.5%0.1% deutefium..

| Since the deuteration procedure is limited by the percent deuteratlon
of the D SO4, the deuterated TCB consisted of 3 species, Ho~-TCB, DH TCB
and DZ—TCB. Assuming that the substitution reaction proceeds with toe
same ofobaoility for exchange of either a hydrogen:of-deuterium atom?
with the‘rihg, the percentage of the threevspecies'found inrthe.samule
cén'bé determined by their statistical probabilities{ vA sauple’whico'.
contains 97.5% deuterium is composed of 95.06% D ~TCB, 4.88% DH-TCB
and 0. 067 H -TCB.

.Quantities of both TCB and deuterated TCB were vacuum aublimedliuﬁo
individual crystal growing tubes and outgassed; Single crystals_wefe
then grown using the Bridgeman technldue. The large single crystale{
were cleaved and small transparent pieces were used as experlmental.
-samples. The samples were placed in a 1iquid helium dewar which waa

cooled slowly to 77°K over a period of 30 min after which

'liquid He was added. The temperature was monitored by an NRC Equipment
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Corporation Alphatron vacuum gauge type 530. The temperature can be

read to 0.0l?K; however, a small systematic error in temperature

measurement may occur if the crystal is not in complete thermal

equilibrium with the liquid helium bath. The temperature was varied
between A.Z?K.and 1.35°K by changing the raﬁe of pum§ing on the liqhid
helium.

The éamples were illuminaﬁed by a 100 watt PEK high pressure mercury
arc lamp through a 2800A interference filter. Excitation takes place
into the singlet manifold and after intersystem crossing the first'éxcited
triplet state is populated. Phosphorescent emission from the triplét
state is detected at right_angles to the excitiné iight using a 3/4 meter
Jarrell Ash CzernyfTurner scanning speétrometer &itﬁ a codled EMI 6256
phbtomultiplief tube. The spectrometer is also fitted with a camera
which‘Was‘uséd for ébsorption spectra to determine the exciton origiﬁ
and trap depths._ The phosphoreséent emission-spgctrum of theFHZ-TCB
samples consists of two electronic ahd vibronic ofigins, one from thé
exciton band, 3748.2A, and the other from a trap;v21;3 cmm1 lower iﬁ'
energy. A detaile& analysis of the phosphorescence sﬁectrum has alréady

been reported.]_'l’32

Although the exact nature of this trap is'unknéﬁn
doping of impurities into the TCB crystals does not enhance the intéhsity
of this trap, But rather produces another traﬁ of lower energy.9 Tﬁg

trap is thought to be associated with a crystal lattice defect. A£  
‘2—TCB spectrum consi?ts‘of three origins, opé from each §f
fhe threé species found in the:deuterated TCB crystal, The.Dz—TCB tfiplet

4.2°K, the D

exciton emission origin is at 37454, The mono-deuterated trap, DH-TCB,

is 12.8 cm-lvlower in energy, and the diproto trap, H2~TCB, is 23.5 cm—1
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 lower in energy than the exciton origin.
Optically detected magnetic resonance (ODMR)_Spectia 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 elééwhere.1l

The results of the trap intensity vs temperature measurement are

" shown in Fig}VG for the HZ—TCB and in Fig. 11 for the D2—TCB traps.. The

figures are typiéal of several sets of-data taken Onvseparately pfgpared
TCB single.;fyétals andvbn single crystals prepared from each ofvthé
two batqhes of deuterated TCB.

Finaily, ail computer calculations illustrated in the figures and

tables were performed on a CDC 7600.
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II1. DECAY OF LOCALIZED STATES INTO DELOCALIZEDV
* BAND STATES

A, Introduction

In'en attempt to more fully understand the long range transfern
of triplet excitation energy betneen localized statee via exciton bandl
1ntermadiates, an experimental approach. has been developed and employed
which allows the first step in the indirect transfer process, ‘the phonon
assisted promotion of a localized excitation to a delocalized band
state, to be iSolated and studied. 'The‘technique which will be presented
here involves'the optical det:ection33_35 of the loss'of electron spin
coherence33 of the localized excitation when the state is spin locked36
in the rotating frame. In addition, the first experimental data on‘the
temperatute dependence of the rate of phonon assisted promotion ofjloealized
excitations to band states is reported. Finally, a model which includes
the exciton band dispersion and density of states,'phonon—localized
excitation interactions (including single phonon Raman, and multlple
phonon processes),.and the interaction of a localized state with the
exciton band is preeented and used to describe the,promot1on process
and the radiationless decay of the phonon activated intermediate lnto
the eXciton band.

The impottance of this.initial step in the lndirect transfer ptocess
cannot Be underestimated,-for it is one of the eSsentiel features wnlch
determines_whether or not thermal equilibrlum between delocalized band
states and localized states can be achieved within'the lifetime of

the excited states and hence determines whether Boltzmann statistics
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apply to excited solids at low_temperatures;37‘ Furthermore,.the kinetics
of the macroscopic transport of électronic excitatioh energy in-solids '
also depend in detail upon én undérstanding of this step, as well'as
upon the'ﬁafufe of the excitbn propagation (cohefént vs incoherent) in
the band,8»9>11,13,14 ' |
B. Discussion

The use'afielectron épin coherence to studj kinetic phenomena
associated Wifh excited triplet states can be understood by Viewingttwo
“of thé excited triplet state spin sublevels in a reférence frame fqtatiﬁg 
at the Larﬁor frequency (the interaction represéntation). The 1ab6rétory
frame population of one of the twovspin sublevels can.be represented
" as a pseuddmagnetization along the positivevz-axis-of the rotating
frame and the laboratory frame population of:the otherAspin sﬁblevéli
is related to a pseudomagnetizétion along the negativg z-axis of tﬁé
rotating ffame. It has been shown that when the tiﬁe—dépendeng'den$£ty
matrix deséribing the dynamics of the electron spin ehsemBle is displayed
through the electric~dipole transition mqﬁent»dperéfor'fesponsibiéfféf
phosphorescence, the projectiqn of the magnetization‘onfo the.é—axis;
in thexrotating frame is usually the only observable éssociated with a
change in the intensity of phosphorescent emiss:i.c)'n.33.’39

Opticélly detected electron spin coherence can bé uéed in thefig
measurement of the rate of promotion of é localized state to a delopélized
ban& state by determining the contribution of tﬁe promotion processzw
to he loss of.electron spin coherence when the spiﬁ en?emble is locked

. . |

in the rotating frame. The loss of the spin locked pseudomagnetization,

M, as a function of time, t, can be given by the follow&ng equation

t
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L Tipm '-P)t Kt

M(t) = M(’)e'—<K tROTHAR)E _ye (I111.1)

L . ' ' N
where K~ is the average of the rate constants for decay to the ground

. Tlpm
state of the two spin sublevels involved, K

(Réf. 40)bis the rate
constant for loﬁgitudinal spin relaxation along the spin locking field,
and K-P is the rate constant for the phonon éssisted prométion of locélized
states to delocalized states. (KP correspdnds to either KSo or Kdo of
Cﬁapter 1I.) Thé raté_cohstant_for the total decéy_of spinﬁcoherenée,

Ky » 1is the sum of these rate constants. |

10 ‘ -
Specifically by applying a T/2 microwave pulse to one of the three

‘zero field transitions associated with an ensemble of localized triplet

states, UﬂJOf the spin sublevel populatiqns become saturated in the-
laboratory frame but are still evolving coherently in time. The
bseudomagnetizptioﬁ in thebrotating frame is éimply.tilted 90° into 
the x-y plane; Spin locking36 by phasé shifting the applied micerave
field 90§'immediately after the /2 pulée'prevents fhe spin coherence

from being lost for a time corresponding to T... T can be measurea by

1p 1p
turning off the spin locking field and immediately restoring the
pseudomagnetization to the z-axis by a final T/2 pulse having the same

phase as the initial pulse and measuring the resulting change in the

'phosphorescénce intensity as a function of the spin_locked time.

Theruhiqueness of spin locking to the measurement of kinetic
phenomena is that once the triplet spin states have been locked in the
x-y plane, any additional population entering the ensemble of localized

states at later. times via incoherent processes such as intersystem
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crossing or trapping of delocalized band states, enters along the.;
or - z—axis'of the roﬁating'frame.because of the random phasés of:the
entering spins relative to.the spin locked ensemble.‘ ConseQuently,.
this additional populatién'is driven by the microwave field in a pléne
perpendicuiarlpq the x-y plane during the spinvloCk period.  The net
effect is thé;fthis incoming population results iﬁ an incoherent disk
of spiﬁs iﬁ;é%;lane perpeﬂdicular to the x-y plane aﬁd has no net
pseudomagnetization along the z-axis. When the finai‘ﬂ/Z pulse'isv

applied, this disk is tipped-into'the x-y plane and still has no net

projection along the rotating frame z¥axis..”The result in thé'laboratory

frame is that any population entering the localized state after the

initial 7/2 pulse is incoherently and equally distributed between the

two spin sublevels. Hence, when the final W/é pulse is applied to_'

observe the spin locked population, thefe will be no. change in the

phosphorescence intensity due to the non-spin locked population. Thus,

population feeding into the ensemble of localized statés can be eliminated

from consideration,and only those processes which remove population *

from the ensemble may be isolated and studied. These features are -

illustrated diagramatically in Fig. 14 and explained in the figurexééption.

C. Experimental

‘The basic experimental design fof optically detected magnetic

'resohanéé‘(ODMR) is similar to that described pre’yiously.z-8 Microwafe

pulses of the appropriate phase were obtained as follows. The micr6Wave
output of a Hewlett Packard Model 8690B sweep oscillator was amplified
by a 1 watt microwave traveling wave amplifier. The output of this

amplifier was then divided into two separate paralléi channels by use of
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Fig. 14. a)

(B)

(©)
(D)
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A diagrammatical representation of the rotating frame

pseudomagnetization for a system in which intersystem

crossing occurs only to one level; (a) pseudomagnetization

‘before the application of microwaves; (b) after initial

T/2 pulse applied along the rotating frame x-axis; (b')
the field is shifted 90° to the y-axis spin locking the

. initial pseudomagnetization. The partial disk indicates
.incoming population being driven in a plane perpendicular

to the spin locked population; (c) a component of pseudo-
magnetization developing along the negative y-axis due to
longitudinal relaxation along the spin locking field is
indicated by the double headed arrow. The disk represents
entering population after several hundred nanoseconds
incoherently distributed and precessing about the spin
locking field; (d) after the application of the final /2
pulse along the x direction, the remaining spin lock
population is restored to the z-axis.

An illustration of the spin sublevel popﬁlation change in
the laboratory frame under the application of the spin
locking pulse sequence. (a) All population in the middle
spin sublevel; (b) microwaves coupled the middle and bottom

sublevel for a time which produces a T/2 pulse. The sublevel

populations are equalized; (b') the system is spin locked.
The coherent population is equally distributed between the
two spin sublevels but incoherent population beings to
enter; (c) the coherent population decreases and the
incoherent population becomes equally distributed; (d) the
final T/2 pulse increases the bottom sublevel population.
No changes occur due to the incoherent population.

A representatioh of the microwave pulse sequence.

Illustration of the change in the phosphorescence intensity
as observed in an actual experiment due to the spin locking -
pulse sequence. ‘The change in intensity labelled AI is :
caused by the application of the final 7T/2 pulse and is
proportional to the spin locked pseudomagnetization remaining
at time T. .
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OPTICALLY DETECTED SPIN LOCKING IN THE PRESENCE OF FLUCTUATING _SPIN SUBLEVEL POPUL ATIONS

(The Relationship between the Leborotory Frame and the Interaction Representation)
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Anaren- Corp. 90° hybrid coupler. Each channel chtained a 10 cm General
Radio adjusteb1e s1iding coaxial line, a Narda Varieble'attenuator,.ZO db
isolators, and two Hewlett Packard 33124A PIN diodes in series ﬁhich
werevused-tojproduce microwave pulses of the desired.duration.‘ The pin
diodes were driven by National Semiconductor DHO035CG current drivers
which were controlled by TTL logic circuits designed and constructed
in this laboratory. The two channels were then cdmbined by an Anaren
180° hybrid coupler, and the resultant microwave pulse sequence was.
passed throdgh a Hewlett Packard 8430A band pesscfiiter to remove low
frequency switching tradsients. Finally, the mictowave pulses were
amplified.by a 20 watt TWT amplifier whose output was directed inte,a
508 coaxial cable and terminated into a slow wave helix which contained
the sample. iPhase adjustments were made by observing the responsevv
of a crystal diode detector to.the incident power from the individual
signals,when separate channels were switched on asd to'the resultant.
signal when two channels were opened concurrently and added togethet}
The spiﬁ lock expetiment was performed.on two.systems,bhz—l,Ztﬁ;S_
tetrachlorobenzene (hZ—TCB) in d2—1,2,4,5—tetrachlcrobenzene

: 11,14

2—1,2,4,S—tetrachlorobenzene in hl4edurene, which

are examples of a "shallow" localized 3w state and a '"deep" localiéed

(dz—TCB)37 and h

3 : . : . v , . . : '
TM* state, respectively. The preparation and characterization of tle. samples

are as described earlier (Section II-E). h2—TCB is 23.5 cm_l’below the k =0

state of the d,~TCB triplet exciton band37 and h2—TCB is 1456 cm.l below

2

the k = 0 state of the h —durene42 triplet exciton band. The D-E and

14

the 2E transitions were used for these systems respectively. The



transition frequencies for hZ—TCB in'd,~TCB and h,~TCB in h1 ~durene

2 2
are 3.578 GHz and 1.746 GHz. The samples were suspended in a liquid

4

A

helium cryostat in contact with the liquid helium bath. Teﬁperatures
below 4.2°K;Qere reached by pumping on the helium, and the bath |
temperature .was obtained from.measﬁrements of the vepor preséure of
heliuﬁ gas‘in the cryostat. In the-experiment, the saﬁple was'cohtinuoesiy
illuminated by a PEK 100 watt Hg-Xe lamp Whose ligbt ﬁas filtered by
a Schott.BIOOA interference filter. The inteneity of phosphoresceﬁee
from the electronic origin of each sampie was monitored while the épin‘
locking microwave pulse sequence was applied. Ihe'change in phoephqr—
escence intensity was time averaged with a Varian Model C-1024 CAT.~?‘
D. Results |

Figure 14 illustrates in a purely schematic feéhion the reiariohship
of the pﬁosphorescence intensity to state of the electron spin ensemble
in the laboratory frame and in the interaction representatien. Experimental
deta for the h2~l,2,4,5—tetrachlorobenzene Tz Q,Ty transition in e ?‘
d2—l;2,4,5—tetrachlorbenzene host are presented in Fig. 15. An example
of.the change. in phosphoreseence intensity, AI (ef Fig. 14),ihducedeby
rhe final W/leulse as a function of the spin lock time T at 1.8°K rs_
presented in the lower ﬁortron of Fig. 15. The signal to noise of'rhe
data iilus;rated is representative of 600 time averéged accumqlatioﬁe
at a rate of 5 per second. A semilog plot of AI vegthe spin‘lock‘time
T reveals an exponential decay‘with a Tlp of 4.95 msec at.1.8°K, This
is illustrated in the upper portion of Fig. 15. When the same experiment

N
is repeated with hz—TCB doped into h14—durene (1% m/m), T, . is found to

1p
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The lower portion gives typical experlmental measurements

of the change in the phosphorescence intensity due to the.

final T/2 probe pulse at various times.

A semilogarithmic:

plot of these AT values is plotted against -time in the upper

- part of the figure.

L]

.The decay is exponential.
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be significantly longer (T(1l/e) = 24 ms). Moreovér,jwhen the

temperature dependence of hZ—TCB in hla—durene was investigated, Tlp :

was found to be invariant within experimential error throughout the .

range from 4.2°K to 1.5°K. This is illustrated in the lower portion

of Fig. 16 in which KT is plotted against 1/T. On the other hand,
1p

for hz-TCB in dz—TCB,"the data revealed a dramatic temperatureldependénce.

]
7

Tlp varied more than an order of magnitude in the limited range from
1.4°K to 2.1°K. Due to the unavailability of fast transient ayeragiﬁg

equipment, the results of these preliminary experiments could not be

extended to higher temperatures. A semilog plot of KP for h,~TCB in

2
dz—TCB vs 1/T is given in the upper portion of Fig..16. KP was obtained
T : . <
by subtracting KL and K Lem measured in the durene host from KT
. ’ e ]_p
P .
measured in d "TCB', K, the phonon assisted promotion rate constant,

2

(which corresponds to Eﬁu~°f Chapter II) is seen to be a rapidly changing

non-exponential function of temperature.

E. Model for the Decay of Localized States into
Delocalized Band States

In view.of the central role the detrapping raté‘plays in achiéying
Bolfzmann equilibrium, a_concréte‘model for the detrépping procéss Qﬁﬁse
"detéilé can be verified and tested experimentally is desiréble. In #his
contexf we develop a model in this section.that aescribes the decay'bf
the loCalizéd state into the delocalizéd exciton band43’44-in
a generaliway but includes in a well defined mannef'important
. considerations such as the phonon dispersions and.poﬁulations, the

exciton dispersion, and phonon-trap interactions. We‘will only consider

phonon single-trap interactions where the decay of’tﬁe trap into the
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THE DECAY OF LOCALIZED STATES INTO DELOCALIZED BAND STATES
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Fig. 16. The lower portion is a semilogarithmic plot of the rate constant

for the loss of spin locked population-vs 1/T for the .
h241,2,4,5—tetrachlorobenzene in hl4~durence system. This is
and example of a deep localized state (A& ~1450 cm"l) and the rate

-constant is temperature independent. The upper portion is a °

plot of the rate constant for the loss of the localized state

- spin lccked population due only to the promotion to delocalized

band states for h,~TCB in d,-TCB (A = 23.5 em™1), A model for
the observed temperature dependence is presented in the text,
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band conserves the total momentum and energy of the o&erall process.
Furfher we shall assume that the initial interaction of a phonon>and
trap resulﬁs‘in an intermediate state that is degeﬁerate with‘some k
state in the band. The decay of the iﬁtermediate localized state into
the delocalized band states is taken to be a radiatibnlesé relaxation
process45 and is displayed in the form of a Gbldén:Rule rate.46 The
‘assumptiqns implicit in this model are that the éfeation»of the intér—
mediate state is a sto;hastic proceés47 and that the decay of the
interﬁediate trap state into the band states is irreversible iﬁ the
sense that recurrence48'is negligible because of‘the high density of
rexciton.étatesbin the band and‘the finite lifetime‘of k states in the

band into which the intermediate has evolved. This;is schematically

illustrated in Fig. 17.

In this model the probability per unit time of a trap, <If, interacting

with a phonon, P(€), of energy € and detrapping into'a specific band

state, {k|, having momentum hk via an intermediate state, Ti, is given by

Ky = (21/h) <n(e))T']<'r P(€) IJCTPITi P(§ - Ei)>|2

(I11.2)

, | ,
|<ri P(E - Ei)lﬂ&Elk P(E - Ei))[ p(Ei)

(n(€)) is the number of phonon states with enéfgy €; .
I<TiP(€)Ia&P]Ti P(e - Ei))[2 is the probability of.éreating an

» intermediate T which can be identified with ,Ti P(E - Ei)>. Both
dire&fvand~Raman49 trap-phonon interactions are inéluded By € = Ei

and € > Ei’ respectively. Obviously the initial phonons P(€) must have

e e b
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XBL 732-5829
'Fig..17. “Schematic representation of the detrapping process.

P(€) is a phonon of energy € interacting with a
trapped excitation T to produce an excited trap

‘state T, equienergetic with the ith exciton band state.
‘The excitation then decays into the ith pand state. .
E; is the energy difference between the trap T and the
band state. The energy of the phonon P(€) must obey

€ > Ei' , . : :
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energies greater than or equal to 'Ei unless multiphonon processes are included.

If the multiple phonon processes are important, then the matrix elements

. in Eqs. (III.2) and (III.4) are modified to include the interaction of

the 1oca112éd'state with the additional phonons. For the tﬁo-phonon cases,

one must in;lﬁdevthe_two phonons, P(€) and P(E').'”(n(;))T is réplaced
with (n(€))T <n(€'5)T'and a sumﬁation over all'pairs éf ihitial and
final ﬁﬁonons which conserve the energy of the overéll procéss must be
performed in Eq. (II1I.4). ExﬁénStion to ﬁigher otdef pfocesSes is
straighforﬁard. The radiationless decay bf the inéermediate Ti into the
exciton manifdlg whose k states are at energies E, above the traﬁ ié‘
given by ¢ T, P(e - B)|Hp|k P(E - 1~:i)>|2 p(E,) Wheré P(E,) is the '»
..exciton density of states function evaluated at Ei.- We will_assume,i.
that the final phohon, P(E - Ei)’ is not bound to or does not'inteféct
with the‘finai exciton k state. With this assumpfion the intermediafe
trap*éxgitoﬁ:coupliqng;miltonian, ﬂ&E’ does not depend upon coordinétes
of the phonon wave ;éétors and hence only coordinates of the trap:and
band staté need be considered. Although there are many mechanisms
(i.e., mény férms of M&E> which could desgribe the coupling df the:’i
intermediéte‘trap to éhe band, in the absence of-eﬁpgrimeﬁtal data it

is not clééF af this éoint what the mést appropriéte.choice wquld bé.
The coupling ﬁatrix elemeﬁts must certainly, however, reflect the '
exchange between the tgap and band of both electronic energy and thé'
logal distortion that is adiabatiéélly p;opagated with thé»excitéd state

in ﬁhe Frenkel limit.
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The average number of phonons at energy € at temperature T,

{n(E))T,'is given by the Planck diétribution function,50’51

1

€
E7kT

(n(E)), =
, T 1

(111.3)

in which the phonon energies € are given explicitly by the phonon
dispersion of the cryStal._ The total detrapping probability per unit -
time Whiéh is the detrapping rate constant KSO orvKdO is found by = =
summing over -all phonons of energy € = Ei and then summing over all’
intermediate states Ti which have energies Ei greater than or equal“
to the energy difference between the bottom of the band and the trap,
i.e.,
=3 ¥ k | L (II1.4)
. ek - ' . °
— k €3E . g
i
When considering the temperature region in which»KP is just bécpming

nonzero Ei >> kT, the Planck distribution function can be appfoximated

by:
1 . —E/KT K
€7KT = e (I;I.S)
e -1 ;

' Further, since the one-dimensional exciton density of states function

D(Ei) ié sharply peaked.at k = 0 and k = *T/a, we anticipate that»_‘i
intermediate‘stqtes, Ti’ with energies equal to the énergies of thengp
and bottom of the.band might be expected to.play the dominant rolei?&
the transition probability. If detrapping occur:s"selectively14 to oné

52

k stéte, say k = 0, then the band width to température tatio would
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be relatively unimportant. On the other hand, in the absence53 of a k
dependent trap-exciton coupling, if the band width is significant
relative,fo kT, the.poﬁulaﬁions.of phonons with éﬁérgies capable of.
pfoducing infermediate statés at the top of the band will be smail ¢§mpared
"to the number of-phononé aYailablé to produce intermediate states atf

the bottom of the band. In this limit, the expreésion for KPV can be
approxiﬁatea‘byfqonsidering only one intermediakefstate at the bottém

of the band (which will be k = 0 or k = #T/a depending'upon the sigﬁ of

B). 1In either of these limits, the expression fof»Kso becomes

& e c > @ M- s - aIL.e)
e=E, ' _ o |
where Ei is the energy of the intermediate state Iibwhich coincidés.ﬁith
the maximum density of states of the band in one éase.or to the pa:ticular
k staté (k = 0) in the band in the other. All the non-temperature
dependent terms except the density of states funcfion have been céllécted
into the constant C with the assumption thatvphonon—frap,interactioﬁ_
is consfant over a rénge of phonon energies € close ;d Ei' |
In either of the two above limits the tempefature dependencé.df‘the
detrapping rate would appear as an activated process with an Arrheniﬁs—
like activationlenergy Eim .In reality, however, Fhére is no actiVétibn,
and Ei simp}y refleété the phonon distfibution. Morebver, when theﬁf
density of k states at the energy of the intermediate trap state differ,
as would be the case in different mixed crystals with exciton chai#sf
of vgrying lengths, the absolute value of the detrapﬁing rate Kso-aﬁd

f.

K. would change via D(Ei) (Eq. (I111.6); however, the apparent activation

do
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energy,in, would stay constant except for small changes resulting from

differences in the band dispersions.for different finite chain lengfhs.

"An experimental ihvestigation into the validity of this model is being

pursued using some of the optically detected magnetic resonance techniques

described in the previous section.

F. Conclusions

(1) The fact that the T.. for h,~TCB in h ~durene is long and

1p 2 14

. s N . P
temperature independent makes it reasonable to conclude that K, the

phonon assisted promotion rate constant, for this system is zero aﬁd

L L T1om |

that KT is just the sum of K~ and K .

1p , A

view of the large (1456 cm 1)15 energy difference between the 1ocalized
3 .

hZ—TCB Hne state and the durene triplet band. From an independenti, .
{

This is not surprisinglin

‘measurement of the Ty and Tz sublevel decay rate constants (Ky = 27.8 sec ;

kz = 26.3 se¢f1)11754

. . -1 L
in this system, a value of 27.1 sec for K, the
rate constant for decay to the ground state from the spin lock state

is obtained. Thus, the spin lattice relaxation time in the rotating
‘ T,
frame can be determined from Eq. (III.1) and Fig. 16. T;, = (K 1emy=l - 67 ms

and appears to be temperature independent over the limited range investigated.

3

(2) In the discussion in Chapter II of the’hz-TCB TT* gtate in' the

- d,~TCB host it has been shown'that in the temperature region 1.38°K to

2 v
2.1°K, the phonon assisted promotion of the h,-TCB state to the dO—TCB

exciton band is becoming appreciable, although a quantitative measutément

37

of the rate was not determined. This was established from the explicit

temperature”dependence of the hQ—TCB and hd-TCB phosphorescence in a
dZ—TCB crystal and the relationship of this dependence  to the Boltzmann

thermal equilibrium between exciton states and multiple trap states in
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this system. From these investigations, we have established that in the
temperature region 1.3°K to 1.9°K the loealized states are not in thermal

.equilibrium with the d,-TCB band states but that‘there is promotion to

2
the band'and.that the phonon assisted promotion rate for hz—TCB to the

2

' BoltzmannAéquilibrium between the localized and delocalized states above
S - L T1om
~2.4°K. Making the assumption that K~ and K are approximately the

d,~TCB band must be rapidly increasing with temperatﬁre to account for

same for h2—TCB in the two hosts (hlA—durene and d2—TCB), KP'can be
determinédvas a function of temperéture. This is illustrated by the
semilog plot of the data in the upper portion of Fig. 16. Since KP
L Tiem » :
is large relative to K~ and K , changes in these latter two rate
constants due to the d,~TCB host will not significantly affect the -
magnitudé of,KP determined at each temperature and will certainly not

élter'the'steep temperature dependence of the promotion rate constant,

A significant feature of the temperature dependent promotion rate is

that it is clearly non-exponential.

The.relaﬁion of these preliminary experimental results to the médel
oﬂflined abéve hés béén examined. For the temperdtures over which the
experiments‘ﬁere‘performed, it iSuéxpected that only-thevaéoustié
phonon branches will have apﬁreciablé population. ‘ﬁnfortunately,'é#ﬁeri—
mental ;;oﬁstic phononfdispersioné are unavailable for this system,iénd
only a limited amount of daté is a§ailablg on other molecular crystéis.55’56
We expect, however, on the basis of the neutron séaétering results iﬁ
d8—napthalené56 and anthracene,55 that the acoustié branch 'is essentiéllyl
linear up to ~10 cﬁhl; hence, the optic branch and ;he nonlinear region

of the acoustic branch do not significantly change»thei: populations.

between 1.4 and 2.1°K.
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It can be seen from Eqs, (III.2) and (III.@S that the pﬁonon
assisted rate of promotion is governed in first ordgr by the phonon'
distribufidn function. For témperatures where KT is much less than A,
tHe energy difference between the localized state.and the exciton baﬁd;
one expects an exponentially incféasing rate constant with femperature
when only single phonon processes afe considered énd-when only the
linear regions of the acoustic' branch aré populated;” MoreoVer, ﬁhen
KT << A,-the functional relationship between the rate constant andvi
temperaturé.(exponential vs non—exponehtial in the‘range rélevané £§7
the experimentai data) is relatively insensitive to the exciton band
dispersion, and theory predicts an exponehtial,behavior if one assuhés
that the coﬁpling of the localized state to thebphonons is eqUally;
probable_fof all phonon wave vectors q, (i.e., ( T*P(€)|H PlTi'P(E —.Ei»
is q independént). 7 z | |

The observation of a non-exponential behévior aﬁd the steeﬁ temperature
dependence in this limited temperaﬁuré range suggests that some or.éil

of the following consideration are important. (a) Multiphonon proceéses*

‘dominate the promotion process; (b) dz-TCB has an acoustic phonon .

dispersion that becomes -significantly nonlinear at very low energiesﬁ
(~5Acm_1) or (c) the coupling of the phonons to the 1ocalized states{hre

strongly q dependent.

% ' ' .
If there 1s a phase transition a soft phonon mode will be produced which

will facilitate multi-phonon processes. This possibility is currently

being experimentally investigated.
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Further experimental data and a detailed comparison of the date to
the above’medel should establish the relative importance of.the above
considerations. | |

‘(e) Although these experiments have demonstteted_the temperature

dependence of the phonon assisted bromotion of localized states to the

exciton band, we do not yet know Quantitatively wnat frectionzof the
promoted intermediates decays radiationlessly intd the exciton band,
nor do we.knew whether or not there is a strong k aependence tnvthe j
process other than the obvious effect of a large exciton density -of

states at the top and bottom of the triplet band in these systems..37’57

In addition to the decay of a localized étatéiinto a mobil exciton

state, a second possible mechanisn'for the lose=of spin coherence is
the creation of a locaiized bound phonon-exciton state. This bounde'
state can evolve into a mobile state in whicb case it may be viewed
merely as a_short-lived intermediate, or it.cen relex back into the
) ensemble of non-phonon excited localized states efter a time periodi
long enough for it to have lost phaée coherence with the spin locked:
ensemble;' The principai factor.determining whether electron spin phese
coherence is:lost, if a bound phonon-exciton intermediate relaxes beek
into its otiginal lattice site, is the life time of the intermediate;
In this eystem we expect a difference in the D-E transition frequency
of the exc¢iton band and tne localized trap state’te be about 60 MHz;i
hence phase coherence in these experimehts59 wiil_Be_lest in the - |
promotion-relaxation process if the excited_intermediate nas a life
time of greater than “'10’-8 sec. Earlier experiments have demonstrated
5 o .

the redistribution of the h,~-TCB

2 MT* state energy to other.(hd—TCB)
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localized states via the d,-TCB band6’8 states implying that the production

2

of mobile excitons must account for a significant part of the measured

values of KP. Furthermore, a 10._8 sec lifetime fdr'é vibrationally
excited (phonoh—éxcited) intermédiate seems Very'long in view of data
availablevfof phonon relaxation rates in solids.60 To date there is}no
eXperimeqtal evidence to demonstraté'fhe existencg of bound phonon—..
exciton states which relax back to the same lattice site. However;.if
they exist; they will contfibpte in part to KP. Additional experiménts
are currently being pursued in this laboratory ta determine the exteﬁt.
of these contributions to the magnitude of &, | |

G. Summary of Chapters I, II and III

(1) We have attempted to explain in a general wéy the mechanisﬁ
by which thermal equilibrium between localized tfap states and deIQéalized
band states in solids is achieved. The essential featurés of the
statistical model which satisfactorially accounts for many experimenfal
observati¢ns are that at low temperatures; exciton migration must - {
propagate cohéfently aé a wave packet rather than by a random walkﬁ :
process in order to thermally equilibrate the exciton and trap states

within the lifetime 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 k states comprising the band relative to the number of ‘1'§
localized trap states, the detrapping rates which are dependent upqﬂ%

phonon dispersions, the trap depth, the sign and magnitude of the

intermolecular interaction which gives rise to the band dispersion and

exciton-phonon scattering.
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(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 intermolecular interaction matrix element and an estimate of the

coherence length and average group velocity of the exciton wave packets.

(3) In a crystal characterized by two or moré §rép states at
different.enefgies,-belowia certain tempeaature,.é "bbttleneck” in the
Boltzmann distribution between band 'and trap statés'results because
of the inability of the phonons to detfap'the deeper traps_at a
sufficient rate relative to the radiative and radiationless 1ifetime.
of the state. We havé solved the'coupled‘differential equatién and |
interpretéd_the various rate processes in'téfms of thebcoherent modél.

(A)JWé'have derived a general theory for détrapping which treats
the detrapping rate constant as a stochastic radiationless relaxation
process in which the trap state.bnce thermally activated decays
irreversibly'into the density of,exciton states.

(5). Finally, we have presented a series of experiments on one-.

dimensioﬁél'mblecular crystals designed to test the.modél. -Specifically,»

we_havé_shan how eléctrdn spin coherence and optically detected
magnetic resonance in localized states can be used to obtain spééific
information regarding the dynémigs of detrapping,andvthe relationship

of détrapping to Boltzmann equilibration betwéen trap1and band states.
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IV. COHERENT COUPLING WITH FEEDING AND DECAY

A. Introduction

Perturbation ofva two level quantum mechanical'éysteﬁ by the
application of a cohefen£ radiation field has beén extensively treéféd'
experimehtally»and theoretically for proton nuciear magnetic resonance.61
In the NMR case, a proton is‘always found in one 6f‘its two spiﬁ states
or in a superposition of the two statesvand;‘therefore, the system'ﬁay
be treated rigourously in terms of these two energy levels. However,
when considering coherent radiation applied to the_eXcited states oé?
an atom_br‘mélecule, such as the coherent microwave perturbation of.
two magnetié‘sublevels'of an excited tripiet state or coherent optical
coupling‘of two excited electronic states in a sysfem such as a féur'
level laser, sbecies will not neéessarily be in eitﬁer of the two ététes
or in a superposition of the two states coupled by_the radiation fiéid;
Many qf the mblecules will either be in their ground“staté or in soﬁé
excited sta;e other than one of the two being coherenfly coupled.

To maintain an excited ‘state population, molecules must be
continually promoted from their ground states. Aiso molecules in thé
excited states are continually relaxing to the ground state. The prablem
is to comsider the coherent coupling of a system composed of two excited
states in ﬁhich there is continual feeding of popﬁlatibn into the sys#em
énd éontinual_&ecay of bopulation out of the system. A simplé exampié
of a physical effect'due to feeding and decay is that the total exciﬁéd
state pobulationvof the two level system will change'upon the appliqaéion

of the radiation field if fhe excited state life times of the two states

differ. This implies that the trace of the density'matrix for the two
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level system is not constant in time (although the‘tface of the density
matrix for the ground etate plus éll excited states will of course be
constant).
The’effeets of feeding and decay play a more importaﬁt role in
the two 1évéi system than merely ﬁodifying the %etal-pbpulation. It
will be éeen that the feeding and decay processésiin many instancee
significantiy’effect coherent phenemena induced iﬁte the two level -
system by the radiation field. 1In some cases these processes will be a
méchanism for the iess‘of coherence while in‘_cettain special situations
it will be shown that incoherent feeding by contiﬁuelly'replenishing.
the coherent state will actually allow coherence te be maintained in;
the two level systemvfor an extended period of time, in fact, for a -
period ldnger than the‘life tiﬁes of tﬁe excited states. |
In the following sections, first the preblemtqf a two level system
with decay will be solved by using the time dependent»Schrodingef .
equation. The solutions for the time deﬁendence.of the amplitudesvot
the wavefunctions will be cast into the geometrical representation'due
“to Feynman et ai-62 which alloﬁs coherent and incbherent phencmena to be
readily distinguished and followed in time. Then feeding will be.added
to the problem and an analytic solution will be obtained which stili
pefmite a geometrical representation. The formulation which is preseﬁted
allows the effect of any perturbation, such ae a seqﬁence of high power
pulses er a low power cw spectrum, to be calculated;\ The problem isl
vinitially‘considered.for the case in which the wave length of the
-radiatien field is large relative to the sample sizei Several example

problems are solved, with special attention being payed to the role of

SR
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the feedipg'érocess in maintaining a kinetic cohefent state of the éystem.
Finally, the treatment is briefly diécussedvfor the case of optica13
excitations in which the'waﬁelength of the radiation.field is small
relative to the sample size. In this case, feeding still results iﬁ

long term,kinetic coherence and it is predicted thét'this‘kinetic
coherent optical.state'will exhibit long term supérradiance.

B. Mathematical Development

Consider ;he problem of abradiation'field coheréntly coupling a
two level system in which population is continually.being fed into the
levels and population is confinually decaying from the levels. The
solution to the two level coherent coupling problem in the absence éf
feeding and decay is well known. 63 -This séiution is rigorous-whén:.
applied'tq the NMR problem, but when considering coherent coupling iﬁ
systems compoéed of excited state levels, which havékfinite life tiﬁés
and obtain their populations via incoherent feeding, an accurate
description must includé the feeding and decay processes.

In this'sectiOn the problem will be sql§ed for the case in whiéh
the w;veleﬁgth of the radiation field is large relative to the dimenéions

of the crystal, i.e., Vol. << A3, where Voi. ié the_volume of the sample

and A is the waveléngth of the applied field. Thus the phasé of the
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perturbing field is constant over the sample. This condition applies

to the case of coherent microwave coupling of twe of the magnetic spin

sublevels of an excited molecular triplet state (cf Chapters II and III).

Since ne'ere:primarily interested in the triplet:state problem in this
thesis,\the transition will be taken to be magnetic dipole and_tripler
state operators and matrix elements wlll be'employed.66 The only loss
of generality is in the form of the operators; the rest of the
treatment is identical for magnetic and electric dipole tranmsitions.
(Electric dipole transitions are briefly discussed in Section IV-B-4).

We wish to perform a model calculation for the.following idealized’
situation. The two spin levels labeled ly)'and_lxl'which are perturoed
by the coherent'radiation field are also.coupled‘to an infinite bath:
of spins. .fopulation is transferred from the bath to the y and x levels
with constent rates Fy and Fx'reepectively. The populations found in
the y and x levels decay back into the bath with rete constanrs ky and
ki respectively. In the absence of an applied fieldAcoupling y andvg,
there is no direct transfer of population between yjand x, i.e., there
is no Tl oroceés between y and x.

To this point, the above idealized situation corresponds closely'
to'the physical situation found in the microwave perturbation of a
molecular tripler state atllow temperatures (~4°K) - Population is
transferred to the 'y and x spin sublevels from exc1ted singlet states..
via intersystem crossing. Since, in general the ground state populatlon
of the sample is not depleted by the incoherent exc1tation light the:
81ng1ef state populations and, therefore, the feeding rates, Fy and F ,

are constant. The decay rate constants, k - and kx, correspond to the

L
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rate'constaﬁts for decay to the ground state from the two triplet spiﬁ
sublevels. Thése rate constants include both radiative and non-
radiative;procesSes. The assumption that Tl'processes between x and.y
are absent.is valid for molecular triplet states belb? 4°K,24 where tﬁe

. * :
small amount of thermal energy available combined-with the weak coupling
of a molecﬁiar triplet stafe to the lattice résults in a neéligable
amount of spin'lattice relaxation.

We will imposé one further condition which is'not justified physically.
Homogeneous dephasing of the coherent componentsi indgced by the radiation
field into the ensemble of systems composed of paifs of levels, y aﬁa;x,
will be neglegted, i.e.,'homogeneous'-T2 pProcesses are neglécted.
(Dephasingvrésulting from an inhomogeneous line is discussed at the
processes simplifies the mathématiqs

2
but does not alter the qualitative results which are obtained. This will

end of 8ection IV-B.) Omitting T

be éhown'td be true in a paper78 to be published éubsgquently in which
the following treatment is extended to include T2 and Tl processes.

Furthermofe,‘the exclusion of T processes is justified for another.

.reason. Since the main thrust of this chapter is to'devélop the idea

of a long term coherent state maintained in the ensemble of two level}
systems.by'tﬁe radiation field and since tﬁis long term coherent sta#é
is‘derived fibm a compoﬁent aligned along the static.field in the i
rotating frame; under high_power conditions T2 processes do not occUr{f

That is the coherent state is "sﬁin locked".3®

This applies to the
optical case (cf Section IV-C~4) in addition to the triplet state

magnet resonance case discussed here. This point is discussed in more

detail below (cf Section IV-C-3) and will be demonstrated to be a valid
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description elsewhere.78

The difference in energy between the two 1evéls_y and x, is hwo.
For completeness and to establish the notation whichIWill be\used
throughout»this chapter the equation of motion fof ;he time dependent
coefficients of the stationary state eigenfunctionsv]y) and lx) i; obtained
in the absencé'ofvthe'feeding and decay processes.  The effect of decay
to the ba#h is then added to the equation §f mogion and a solution is
obtained using the Laplaée transform technique. Finally, the system is
divided into appfopriate subensembles which allows the feediﬁg from the

bath to be included rigorously' and an analytic solution obtained.

1. Equation of Motion in the Absence of Feeding and Decay

Consider the two states |y and |x) with energy seperation hwo
which are connected by a radiation field of-frequency w, The radiation

field may be ekpressed as a time-dependent perturbation64 given by

V(t) = YHS coswt - L (IV.1)

Making the rotating field approximation,64 i.e., resolving the cosine
term into two counter rotating circular components and ignoring the off

resonance one, the perturbation may be rewritten

hwl _103wt/2 io3wt-/2 .
v(t) = ~ — e 02e - (Iv.2)
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where the 0 are the usual Pauli spin matricies,65,and w,

to the ampiitude of the applied field. The matrix elements of V(t)

is proportibnal

may be either real or imaginary. Here they are taken to be imaginary
which corresponds to the triplet state problem;66 For systems where =

V(t) would giﬁe real matrix elements, O should be replaced by 01 and

2
the sign of the expression for V(t) should be chénged in Eq. (IV.2),l
Except for these modifications the development is identical. The
total Hamiltonian is
' hw hw, -io wt/2 io wt/2 C '
H=H +u() =52, - —te O e O Cv.3)

-

The state of the system at any time t, is given by the wavefunction
o o A _ o
V() = y¥y + ' o : (Iv.4)

where y and x are time dependent coefficients. Ttansforming to'a

new wavefunction with the unitary operator

iwH t/hw - io.wt/2 N L
vlze © 22 3 | (1V.5)

yields -
¥ = U R | L 1v.e)
Expreséing Y(t) as UY(t) and substituting into the time dependent

Schrodinger equation for Y(t) gives

W0 3 . ’

(- —=2 vy + vh) = s
A o : (1V.7)
-iwto,  iWto :

w w -
h o _ 1 2 2 '
<~§-§3 — e oze v UW(t)
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Multiplying on the left by U—l, collecting terms, and_défining

M = wo - W results in the Schrodinger equation

hw ' N '
ih‘I’(t) = (hAw o, - 1 02) Y(t) = H*‘P_(t'_) ' ' (1v.8)

2 3 2

where the * indicates a>frame rotating67 at frequency_w. Any state of

the system is given by‘the‘rotating frame wavefunctioh

o - ¥ ,0 ¥,0
W(t)‘ y Wy + x Wx (1Iv.9)

+ $ : :
where y and x are the rotating frame time dependent coefficients. The
problem from'this point on will be treated in the rotating frame and
therefore the double dagger notation will be dropped.;

Substitution of Eq. (IV.9) into Eq. (IV.8) yiélds
0y,© o y,© [hAw 1 o : ,
| ih(ywy + xWx)__.< > 03 - 02>(ywy + x?i) e (Iv.10)
then projecting out the y coefficient

ihfy PP + x vo° gt =
Ty T E i O

- hw, .
hAw : 1 hAw .

,fi—{3403|y) y - —3—-(y|02|y) y + —E—-(yl03|x) x (IV.l;)
hw

: 1 _
- T}'-<y|?2|x> x

collecting terms and doing the same operation for the x coefficient

gives the equationé of motion for the y and x probability amplitudes.




-95-

W
' idw 1 . , o
w .
. i Aw R . .
p -%—x - %— v  (1IV.12b).

2. Solution of the Equation of Motion with Decay

Loss of population from the two excited state levels is included
in the problem by the addition of decay tefms68 to the equations of

motion of the probability amplitudes, i.e.,

'_‘__iAB__x) 1 : ,
y = ( 3 7)Yt 5 X : ‘ (;V.}3az
- _i_l}ﬁ__z) -1 :

X (2 7)X" 27 - (.13b)

It should:be ﬁéted that in the absence of an applied radiation fielé,
the equations‘of motién forvthe applitudes of theIStates W; and ?z
become independent and solution of the differential eﬁuations resultsf
in the probability of the states decaying withvtheir life ti@es 1/k§¥
and l/k_X respectively. |

. The equéﬁions'of mption including decay are solved using the Laplace
transform69 method. First the variables are reduced to dimensionlessf

quantities By uSingAthg'followiﬁg'definitions.

w t . . o
T = —— (IV.14a)
¢ = dw o - (IV.14b)
wy . .
K = X (IV.14c)
y o 9
Lk
K =X (IV.14d)
X wl . -
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In terms of these definitions the differential equations are revritten

as _ , )

éy-=--(Ky+i<3)y+x

-— = —‘Kx - i8) x - y

Taking the Laplace transforms yields

sY - y° = - (&, +18) T +X
SK-x"=- (R +16) X - ¥

(Iv.15a)

(IV.15b)

(1IV.16a)

(1V.16b)

o o - e .
where y and x are the initial values of the time dependent coefficients.

These equations have solutions

yOS + (Kx - 16)‘y° + x°

11

2+ (K +K)S+KK +18(K -K) + 6% + 1
. x 'y y X X y

x°s + (K_y +168) x° - y°

I_NI
i

32 + (K +K)S+KK + i6(K - K) +‘62 + 1
Xy yx x oy

. We need the following standard inverse Laplacé transforms

» o bt/2 e
L 1 5 2 = beA sin(wt) + e bt/2 cos (Wt)
s® +bs +c 20 - o |
‘ -bt/2 “
L 1 5 1 =& —~ sin(wt)

(Iv.17a)

(IV?17b)

- (1v.18)

(IV;;9)

3
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wherev
b = (K_X +_Ky) _ - | (1v.20a)
c=KK + id(K_ - K) + 62'+ 1 ‘ ' (IV.ZOb)
y X X y _ 4 ' :
and :
A Cp2\L/2 & - k)\? 1/2
w = - *—4 = 1 + 6 + i -%—L (IV—ZOC)

Replacing the dimensionless quantities with their counterparts

(cf Eq. (IV.i4afd) and-definihg the following quantities

. k.x + k A ;
k, = ———5—41 o (IV.21a)
ky = = C (IV.21b)
5= [+ @w+ i)t (IV.21c)
we obtain the inverse Laplace ttansforms '
g : o o 0, _ 4.0 : - o
R A S T |
y = e. y cos 5—‘+ sin — (IV.22a)
—k t/2 = Pk + yow, - ix°Aw - S
X =e A (xocos 9§~— FD 1 sin we (Iv.22b)

The solutions given in Eqs. (IV.22a) and (I?.ZZB) are valid

- 'provided @ # 0, which corresponds to the under damped ‘and ovef damped

cases. However, if AW = 0 and wl = kD’ thenrﬁ = (, and the‘c;;ticélly
damped case occurs. The solutions are obtained by‘substituting the‘,j

critically damped conditions into the Laplace transforms, Eqs. (IV.17a)

and IV.17b), collecting terms, and taking the inverse Laplace transform.

7
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These are given by

. kAt _ .
. - T2 o, zot + wlt o ' ' (iV 22¢)
Yep < © Yyt 1V.22¢) .
k.t , | .
A r (o] :
- = Xt Wt
X, = e 2 x° - kD R LY (1Iv.224)
D 2 2 7 |

where the suﬁscript CD indicates that these are the éritiéally dampéd
solutions only. Since these solutions only oCcur”fOr one ﬁarticular
set of experimental conditions, they will not be discussed in the
following sections, although they may be tfeated inAa manner analogéus
to the-moré géneral underdamped and overdamped cases.

vKuations (IV.22a) and (IV.22b) give the time dependence.of fhe
‘probability émplitudes of‘#he states Wg and Wivwhich are coupled by a
coherent radiation field and whose populations,a;évirreversibly ‘
decaying with' rate constants ky and kx respectively. Since We'are
dealing With coherent coupling, the_Equation of motion for a.singlef
species is the same as that for N identical speciés.- The effécts due
to inhomogenioﬁs bfdadening, will Be discussed léter. The‘ﬁime.t'=”0

. .o o . . ' o_o%
coefficients y  and x are, therefore, normalized such that y'y

* '
and x x° give the t 0 populations of the y and x levels, i.e.,

* ' ' o _ L
y°y° =vN; ‘ S . (1v.23a)
%% = N | - | (IV.23b)

The total initial population of the two level system is NC = Ns + N;.
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Now that the time dependencé of tﬁe Amplitudés-bf the wavefunétions
has been deié;mined, it is possible to take appropriate combinations bf
tﬁese ampiitﬁdés and form a‘geometrical ;ebfesenta£i0n62 of the state
df the two level systems which allows physical 6bseryables;to be

readily calgﬁlated.' The quantities of interest are

r, = yy* o (1V.24a).
r. = Xx* : j_v (IVv.24b)
r, < yx% + xy* _: ' _ :(iV.é4c)
r, = 1(yx* - xy*) ' ‘("I_V.zad)

ry and r, are the time dependent populations of the y and x levels,
r; and r, are the out of phase and in phase coherent components introduced
into the ensemble of identical ‘two level systems by the radiation field.

They'correspond to the out of phase and in phase components of the

: o , . . . 70 .
transverse magnitization in an NMR experiment. Other quantities of

interest are

r3 = I‘y - I‘X . : . o (IY.ZSa)
N % ry + rx. | _ - (IVfZSb)

where ry is the time dependent difference in the populations of theiyf

and x levels and N is the time dependent total population found in the

.ensemble cf two level systems. rys rzvand I, together are the components

: : . : 1/
of the Feynman r-vector. The total coherent component is.(ri + ri)‘(z,

It should be pointed out thatvry and r _-are the diégonal elements of @he

density matrix and thét (rl + irz) and (r1 + irz)*vare the off diagonal

elements of ‘the density matrix and therefore determination of these
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quantitieé is sufficient'to completely characterize the system,
Calculation of the quantitiés in Egs. (IV.24a—d).ffom Egs. (IV.22a4b)
is straight-forward but excéediﬁgly lengthy. The general form is.

R S | |
r = *—E%T—-—TE— (Acosot + BsinGt + CcoshBt + Dsinhft) (IV.26)
& 20@° + 8%) : ' '

where g is y, x, 1 or 2 and

.5.= o+ 18 | | o (1V.27a)
: 1/2 R o
1/2
2 2 2 2 : .
+ Aw ) + 4Aw :' + (W) + Aw™ -~
o= [ e . ( - | kD)‘ . (Av.27b)

1/2 v - 1/2
[mf+'-‘Am2:k12)) +4Aw kDJ " ..(wi# sz_kg> -

- (1v.270)

The coefficients A, B, C and D for each expréssion rgAare tabﬁlated.in
Table IV. To determine the time dependenqé of a cOmpoﬂént rg,'simpl§
determine the coefficients A, B, C and D by insefting the pafticularl

set of expérimentalrconditions ihto'the tabulatedvfofmsf Once the
coefficienté.ére.evaluated, they are inserted into EQ. (IV.26) aﬁd rg is‘
determined;' Sevéral example calculations will be preseqted éffer
feeding.of population inﬁo the ensemble of excited two level—syétemsvis

discussed in the next section.

- 3. Inclusion of Entering Population into the Geometrical Representation .
In this section we will obtain the time dependence of the r-vector .
" equations discussed in the previous section for the case in which

:\there is populatlon feeding into the ensemble of excited two level

i
W
\Fystems. The problem is made tractable by partitioqing all the

1
s

K

8 ' ) i




Table 1IV. Generai form.
—kAt _
r = ——e—z————z— (AcosOt + Bsin%t + CcoshBt + DsinhBt)
B 200 + B
k +k k -k ' 9 , 172
kA‘= ——~E—-X . kD‘s ___3__2. o+ iR = [wl + (Mw + ikD? ]
Component .' A B C D
2 2 2 2, © ’ ' o 2 2 2 2, o : o
) @ +B-kD-Aw)ry 2(kn°“A‘”8).’y @+ 8 +1&)+Am)rY Z(Am+kDB)ty
¥y 2, o o ' o 2. o o o
X B UL U * @ O T gt T + B
o o o’ . )
+ (wlm) rz + (wls) r2 - (wlAw) rz - (wla) r2
2 2 2 2, o ' ) 2 2 2 2, o o
©«° + B° - kD - Aw®) r '2(".‘1)“ - AwR) r, @ + B~ + kD + M%) ¢ -2 (hwa +_kDB) T,
Kk 2y o o ot o 2, o o )
r (wl} T, (kpy) *y (W% 1, + (W) T, + (k.le) r, - (wIB_) r
X . X
) (o] o o o]
- @) r, + (W B) r, + (@0 00) r, - (@0 r,
2. .2, .2 2., .2 o o 22 2 2 2. o L o
@7 + 8% + b + M ) 1 | -2(M0 + ko B) T, S (@° + B "ko"Aw"‘”l) T | 20 - AwB) T
(yx* + xy¥*) w ) o . o _ ) _ - o _ y .0 ’ o
o ML UM (o) g Q0 k) Ty = (k) - (@8 g
(o] ; [s]
+ (w0) r)  + (“’18)_ L
2. 2. .2 2 2 o o 2. .2 .2 2. 2 o . o
©° + B + kD + AMw® - wl) r, 2 (Awo + kDB) r; @ + B° - kD -~ A" 4+ wl) T, —2(kDa - AwB) T
* - xy* o _ o ‘ o _ CIUN o (o o]
Ot = xy™) |+ (2upbw) £ - (up8w) T +(w8) r) - (M) T) 4 (20, M) 1] - (o)
+ (2w, 8) Ty - (uy0) Ty

-T0T-
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molecules in a sample into carefully chosen independent subénsémbleéé
Qualitatively the procedure is as fdllows. At some instant of time t =0,
gome of the molecules in the-sample are in the tﬁo excited,sﬁape levels
under consideration while.a large number of molecules are iq'other
states. Those molecules in the two level system form one éﬁbensemble.
This subénégmble, which is excited at t = 0, willzfollow the equatiéns of
the prévious section. During a small interval of-timé after t = 0, other
molecules ﬁill become excited. These newly ékciﬁed-molecules form another
subensembléﬂ The behavior of this subensemble also follows the tréaﬁmgnt
of the préviéus'section,vhowever, it is necessary to keep track of the
phase relationship Betweén the t = 0 subensemble and.this newly créaﬁed
ensemble. At some later time, more population will be fed into the

two excited levels under consideration. This popﬁlation forms anotﬁer
subensemble;_ Thus, the procedﬁfe is to follow thelbehavior'of'each df
these subénsembles and to determiﬁe the propertiéS'bf thé total ensemble
of excited fwé level systems by summing the prbé;rties éf the in&ividual
subeﬁsembleé. The significant point is that eéchtéubensemblé intefééts
independently'with the radiation field and, therefore, the basic prdblem
amounts to keeping track of the behavior of the various pieces relétive
to each other. It should be pointed out that the t =0 Subensemﬁlé may
be empty if t'= 0 is chosen before the'incoherent source which préduces
excited states is turnéd on. ‘Also, if the excitation.lighf isvtufﬁea

off at t =“b, the treatment in.Section IV-B-3 is exact since pépulation

- will not bé ééd into the two le§e1 system. In the-following discuésibn
the number'ofiexcitéd molééules is taken to be small relativé to the

total number of molecules in the system. Thié impliés that the feeding
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rates Fy‘and'Fx are independent of the state of coherent coﬁpling of
the ensemble of excited twbvlevel systems; Fy and Fo are therefore
constants5for_a given rate of incohe#ent puméingf Tﬁe case,where.Fy:
and Fx are not constants may be treated‘iﬁba maﬁngr.which is analogéus
to the following.

To include the effects of feeding into the ensemblé of excited
two level systems which are coupled by a'coherenf fédiaﬁion field, we
must par;ition the entire syétem infb subensembles by the following -
method.

1. Divide.the saﬁp1e into excited and-unexcited'subensembleé
at any time t. Obviously feeding can only occur to ﬁhe unexcited'i;
subensemble. ’

2. Further subdivide the unexcited subensemble'intd two claséés:

§ Those molecules whose y levels become populated in a small

increment of time §t.

M

VThose molecules whose x levels become populated during.the
same time. There still exist a large ﬁuﬁber df méleculéé
thch are Qnexcited.

The § and ¥ classes are treated as follows. The 9 class follows:thej

equations given in Table IV of the previous section with the initial-.

conditions -

1= =12=0 . (1V.28a)

o]
]
Lo}
~<
O
rt

(IV.28b)
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where Fy is a constant feeding rate.
The X class.also follows the equations’ in Table IV but with initial

conditions

0o _ o0 _ o _ ST |

r, =1, ry =0 » o , (IV.29a)
o

r = F &t (IV.29b)
X X T

In generél, we begin with a certain excited pbpulafion in the ensemble of
two level systems under consideration which may have nonzero values fpr-

any COmponth rg. This population evolves in timetig‘thevmanner giVen

Sy Table iV:for each small increment of time {t. 1Furthermoré, any: 
add?tional_pqpulation which is fed in Qill have~th¢}initial rg vélugs

given abee‘for the ¥ and X classes. Let f;(t) be the function describing
the time.behavidr of the component_rg_with initial valueIrZ, and let |

IfZ(t) be the specialized function for the population entering the y

A

!

level. An expression for the behavior of all subensembles can be built

in increments of §t.

t=0 ;:rg - r0 B o h 5 | (iv.30a)
€= e r, = f2(§t) + Fythg(q) o - -_(xv.sob)
t fVZﬁt Ty = f§(25t)v+ Fydth(Gt) +'Fy5tfg(o}l S v.300)
' . . Lt : ' R
€=mbr r, = fo(r) + F ot 2 lm-2 de] . (1v.304)

=1

At time t = 0, T, is equal to its t = 0 value r;..'At't = 8t, the t = 0

'population has evolved in time according to the equations of Table 1V,
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i.e., fgtét)f In gdditién‘poﬁulation Fy@t has been fed into the yll;vel
and contributes F?@tfg(o) td the.value of rg.' (for the momentbwe éref.
ignoring possible feeding into the x level.) At t = 28t, the t = 0
populatiqn_has evolved in a manner described by fz(ZGt). The poéulation
which enfefed during t = {t has‘evolved-according[tovfg(dt) and the
| populatidn ﬁhich has just entered contributes'Fyﬁth(o) to rg. For
. any time t = mét wevhave the value of rg'given by.Eq,~(IV.30d). It is_
important to keep in mind .that the function fZ(t).is normalized to'ﬁhe
total number of states in the system at time t = 0, while the funétibn
fg(t) repreéents the time evolution of a single state with the tofalS
numbef of sfates beingvéxplicitly written as Fy6t. ‘
Changing dummy Qariables in Eq. (IV.30d) suchvthgt n=m- 2?7the

equation may be written

' m=1 o ;
- £0 y _ :
T £ (&) +F ot :z: £ (adt) - - av.dy

n=0

letting 6t > 0 and m > ® the sum becomes an integral

t : ‘
fo) : y L -
= f (t) + F £7 (1) dt . IV.
r, = £o(0) yf 5 ¢ ). , ( 32)
- | 0
Since fg(t) has the form
; -kAT :
e

—————— (A cosOt-+ B sindt + C_coshBt + D_sinhft)
27 + 8% B v y

" identical to Eq. (IV.26) of Section IV-B=2 C except that the subscript y

has been added to the coefficients which are given in Table IV to keep
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track of the special initial conditions for the ¥ class, i.e.,

Eqs. (IV.28) and (IV.29), we only needed the following integrals

bkt 1 TRyt - | -
I = f e cosOTdT = -3 kA + e [asintt - kAcosG-t] (1Iv.33a)

0 kA + O
.t ~k, T 1 “k,t o \
II = e - 8in0TdT = —(5——— (0 - e  [k,sinOt + Gcostt] (1v.33b)
7, 2 , A Cos
. kS + o . 7 ‘
0 A '
t kT © -k, t ‘ o _
. A 1 A , :
III = e coshB1dT = AR %A—e [BsinhBt + k,coshBt]} (IV.33c)
Ky - B o A .
0 A
t ?kAT i 1 ..kAt : _ o
v =f e sinhBTdT = -5 (8- [k, sinhBt + RcoshBt]] (IVv.33d) .

0 A

To inqlﬂde the effect of population feeding into the x level'an‘

identical procedure is followed using the function fzﬂt). Combining the

\

above results gives the most general form for any component rg.

-k, t o
rg = —*“g—“——a—-(Acosdt + Bsindt + CcoshBt + DsinhBt)  (Iv.34)
2@ + 8% - o o
+|———— (AT + B II + C_IIL + D_IV)
2(0° + B%) Y Y o
X o
+|—5"—=— (AT + B I + C_III + D IV)|
2" + B7) . - P

The first bracketed expression is due to the t = O_excited subensemble. The
second bracketed expression is due to the ¥ class and the third bracke;ed

' expression is due to the X class subensemble. The'cdefficients A, B,
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C and D.a;e.bbtained‘from Table IV for a given sef,of experimental
conditions.:'The subscripts y and x on these coefficients indicate the

initial conditions given in Eqs. (IV.28a) and (IV.29a)>are used when

- determining the values of the coefficients from Table TIV. (Note that

for determining Ay’ By, Cy and Dy’ rg,ig set equal to one since Fyﬁt
has been taken,intblthe integrals. Similarly r§~%s set equal to one
when determining Ax’ B%, Cx and Dx') I, II, III and»IV are defined 
above in Eqs. (IV.33a-b) and the other parameters}aré defined earlier,
Equafioﬁ (IV.34) is the genefal equation which permits the eff;ct
of the application of a coherent radiation field to a two level system_
with feeding and decay to be determined. Thé coherént pertrubatioﬁ does
not have to be continuous. The general equation will allow the effect
of aﬁy pulsé sequénce to be calculated in the following manner. At'the
end of the first'pglse, the components r, are determined._ These aré;
then used:as initial conditidns‘in the determination of the effect of the
next pulée.' A period bétween pulses in which no power is applied is
considered to be a pulse with wl = 0. The generaliequation, Eq. (IV.34),
is uéed‘to détermine the rg components at the end of this zero powe€ pulse.
These rg components are.then the initial values for ‘the calculatiopvéf
thé_effectrbf the next pulse. 1In this way, the results of the appliéatioﬁ
of any pulse sequence may be examined. B -
The géneral équation is valid for a single hémogeneous line. ;Té
treat iﬁhomogeneous lines, Eq. (IV.34) is used}to de£ermine‘the efféct

of the coherent radiation field on each isochromat in the inhomogeneous

line. r, can be calculated for each component of the inhomogeneous line
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and ﬁhe results added. Thus, an inhomogeneous liﬁe.ﬁay,be readiiy.
treated using the above formulation. |

T2 éﬁdle processes have not been‘included in the above mathemétical
develoéméht, however, these ﬁrocesses will be added using the generél
treafméht due to Rédfield71 and the many other wori{ers72 iﬁ the field
of coherent couplihg in two level systems in a subsequent péper.78 vThe
purPOSe'of'this tréatmeht is to develop a'matheméﬁicél formﬁlatién fbr
and to illustrate the effects of feeding and decaylih a.éoherghtly
cdupled twd,level system. Some of thése effects, which appear as if

they are conventional T2”and T processés, are more graphically demonstrated

1
using the above hypothetical model in which T

9 anq T, Processes are
absent. In the following section the above formulation will be applied
to several concrete examples.

C. Physical Applications -

In this.éectiqn, the mathematical formulatioﬁ developed above Qill
be appliéd to several examples of physical significance. The exaﬁplés
will illustrate Qhe manner -in which a problem is treated;.in addition
to demonstrating significant features which afe inf;oduced_into a -
-coherentl§‘coupled two level system by.the feeding'apd decay procesées.
The probléms ekamined are; the transient nutatioﬁ;73 the high and
loﬁ‘power CW Spectrum, and the production of Long term kinetic coheréncé;
The roie played by feediﬁg and decay wiil be emphasized‘in'each>of |

these. Conventional Tl and T2 processes have been omitted so
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C .
[

that the contributipns'from feeding and decay may be clearly
ekamined.v

1. Transient Nutation

First éonsider a transient nutation73 in'the'absénce of feeding and-
decay. For the two level system in which the x and y levels have initial

populgtiOns r; and r; respectively, the initialipépulatiqn difference

is rg = r; —.r;. These #wo levels are.then coupied by a coherent “
radiation field applied at the transition frequency. We wish to.dé;ermine
the time erlution of the population difference, r3 #-ry - rx.' Fofja
sample composed of idéntical two level systems which do not experiénée
Tl.or_Té reia#étion processes and for a homogeneohs applied field_df'

amplitude w;, the time evolution is simply given by

o ' -
r, = r3coswlt _ (IV,3S)

The populétion difference oscillates indefinitely between Qalués Qf
rg and —rg'with a period of 2ﬂw1. | | | | |
. To treat the above problem; but to include_the effects of

populatién feeding into and decaying from the two levels, the generél
eqﬁation (Ed..(IV.34)) of Section IV-B-3 is employed. It is first‘
necessaryftQ;AEfihe the valﬁés of the parameters thch apply to'fheI 
ftransieﬁtvéﬁtatiéh. Sinée the radiatioﬁ field pf aﬁplitﬁde w, is appliéd
on_tesonance;. | | | o
=0 ' ) tii.séy

and-therefore,,ffom Eqs. (IV.21) and (IV.27)
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As mentioned in Section IV-B-2 there are three possible solutions

1+ We will only

solve the problem analytically for the under damped case, i.e., wl > kD.

depending upon the relative magnitudes of kD and W

In the under damped case @ # 0 and B = 0. However in the over damped
case & = 0 and B # 0. Separate solutions must be obtained for these -

two cases. For the underdamped case, taking
“1 >k | | | (1V.37)
the following values of 0 and B are determined from Eqs. (IV.27b-c)
2 2.1/2
ws -
@] - k)

B = 0 ' . ) . (Iv.38b)

a (1v.38a)

Since & = & for the case under consideration, we define the parameter,

wor’ i.e.,

R ) / ‘ | »(1v.39)

where the subscript, or, stands for on resonance. The other necessary

parameters are the zero time subensemble initial poﬁulations of the;k

o o _
1° r2‘— 0.

Remembéfing the special initial conditions for the ¥ subensemble

and y levels, i.e., r; and‘r; respectively, and r

- o _ _0_ 0 _ ' ' ' : ,
r, =T; =1y = 0 . : (IV.39a)
r =1 | (1v.39b)

(@]
o]
o

rP=rd =yl =0 "vl, ~ (IV.40a)

o
ot
N

M

o

%=1 | oy o (IV.40b)
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the coefficients (Af Ay, Ax, B, By’ Bx’ C, Cy’ Cx, D, Dy, Dx) in the
generai equation can be determined from Table IV. The coefficients

for r_ and ro which are the components of interest are given in>Table V.
The coefficients for the overdamped case in which @ = 0 and

8 = (w kD)1/2

conditions can be determined in an analogous manner.’

for other components, or for other sets of experimental

Using the coefficients listed in Table V, the time evolution of
r_ and ry is obtained from the general equation (Eq. (IV.34)).  Subtracting

r from‘ry and collecting terms yields the time evolution of ry.

(r_ +r) - -k, t s o
r, = rocosw .t + EQ*——————JL— sinw _t] e A (Iv.41)
3 3 5 or : ,
' or '
F -F) [ ke _
-=2X__ Y 1k ¥e (W sinw t - k,cosw _t)
2 =2 A or or A or
k, + @ .
 A or
(F +F) _ -k t b _
+ = J kD & -e A (k,sinw t + W cosWw t)
= 2 =2 or A or .or or
W (ky + W)
or A or

The first term in square.bracketé is due to the zero time subensemble,
while the other terms are due to population fed into‘thé x and y levels

aftér_t = O. Rearrahging this expression we obtain,

o Kt Bk, - Fk o R o
Ty=e rg - L2 F TV cos(@ t) . . (IV.42)
! Wi+ kg ) or .~ '_ o |

(r + Ty %) kD (F - Fy) Wor _ (EX + FY) kaA' _sin(w vt) + ‘1;';___'_JL

- v 2 2 =
. : w 9 w w; + k k
W w; + kxky ( 1t kxly) Wor ’ 1

+
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Table V. On resonance transient nutation
under damped case. '

Zero Time Subensemble

§ Subensemble

" % Subensemble

N

-w

y .
Lo 2 2, o 2 o0
A= (wor - kD)‘ry - wlrx
-— o
B = Zkbworry
- .20 20
:C_— wlry + wlrx
D=0
X

o

-
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There'éfe several‘interesting features to npte in Egs. (IV.41)
and (IV.42). First,rif r; apd rs are zero, i.e.;‘theze is no excigea
state popﬁlation ip the ensemble of two levelvsysfemsrunder consideration
~at time t = 0; the confribution to»r3_from the'zgfqﬁﬁime subensemble
vanishes. - There is, howeyer,vstiil an oscillétory béhavior in r3 which
occurs duebto population béing incoherently fed into the systém
provided thét either kx ¥ ky or E% # Fy (cf Eq. (1V.4l)). 'Second,.if
can be seen from Eq. (IV.42) that all of the oscillatdry terms are }
multiplied by the deéay exponential e-k - and théréforé'even invthé"absence
of other feléxation processes the oscillatory behaviqr.of ry is
damped. Af long timeé ry goes to a steady state constant value given
by the laéf téfm in Eq. (IV;42). Third, given the proper values, the
parameters in Eq. (IV.42) will make the term multipiied by Sin(&ort)
finite. This results in a phasé shift in tﬁe oscillations relative to
thoée given-ﬁy the simple transient nutation of Eq. (IV.35). Fingll&,»
unliké Eq. (IVh35),'the oscillations in Eq. (IV.42) do not occur at:

1/2

frequency w For the under damped

l,"but rather at‘frequency (wi - kg)
case which we are considering here, in most situations the deviation
from wi will'not'be significaht. However, if kA isAlarge; then k;.gan
'take on Qa}ﬁés;approaching wi. For kA large, tﬁe totél'oscillatory' 
behaviof.will be daﬁbed out rapidly, but those oscillations which do
occur wili-be at a frequénCyvgignificantly.differéﬁt»ffom “1' (If:i
kD > wl, the‘over'damped case occurs, and the'expreséion for r3 is.iﬁ

terms of éinh'and cosh.” In this case of course no oscillatory behavior

occurs.)
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To this point we have been considering perfgqt experimental -
conditiopé} If the applied coherent radiation field is inhomogenebus
in amplitude over the size of the sample, the oééillatory terms may
be damped out at a rate considerably fasfer than exp(—kAt). At times
long.relative to the inhomogeneous field damping but shqrt enough to
keep exp(%kAt) fiﬁite, the time evolutién of tﬁe Fotal pdpulaﬁion‘iﬁ
the ensemble of two level systems, N = rx + ry, is givgn by the

following equation.

2
N = 1 [2 + 1) k, = (F_+ F)] at
_ mzk y X A y X €
A (IV.43)
wi |
Fk +Fk +-— (F+F)
y X Xy k, "y x
A
+ —
wy + k k
1=y

The total pépulation evolves exponentially in time with a rate constént
given by the averagé of the life times 6f the two levels involved. :it.>
kreaches avnew steady state value given by the last term in square |
bracketS'in Eq. (IV.43). This should be compared to the steady stafe;

population in the absence of the applied radiation field, i.e.,
- F F ' ' -
X

- A
N=Z+ 2
x 'y

2. The CW.Spectrum

Another important physical example is the CW spectrum. Here again

we will solve the problem in the absence of conventional T, and T ppocesses.

1 2
The solution is obtained from the general equapion-(Eq. (1IV.34)) by taking
the terms which survive when t - ©. These are the time-independent terms

. of the § and X feeding subensembles. Any componeﬁt rg is given by
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; K§ + o K - 82 | | -
oo : . : (IV.44)
o .
' AxkA_+ B +,cxkA +,px8 |
b's k2 + 0L2,v k2 _ 32

The coefficients (Ayvthrough Dx) are given in Table IV and the other
parameters are defined abové. Using Eq. (IV. 44),_the ry and r.

components are obtained after extensive algebra

2
2 w + F :
Fk {1+ =5 )y Y x v
y X kg kA 2 '

(IV.45a)

y
w? 4 K Kk (} + éf-)
T A
S 5
F +F
“F k(1 + to? Lo =TTy
Xy k2 , kA 2 .
r = A , _— ' (IV. 45b)
2 Aw '
w® + Kk k <%-+-———>
» 1 X k2

A

Note that fortwi 0; ry and r go to their steady state Values, i.e.

v EZ : 'Fx
ry = X and L
y X
To compute the CW spectrum, we only need T %-ry‘— e
- [Fk - Fk A2 -
AR S S5 A | § R R . ’
. k k kﬁ - o
- Xy v : , (IV.46)
3 B . S | p
T
A y
Defining
©
ry = (F k- kay)/kxky (1V.47a)

yieldé
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Cr. = ; _ . ' © (IV.47b)

This expression can be cast into a familiar form by making the additional

definitions,

- _1 o
T2k = (Iv.48a)
A
k, o
le = k X (IV.48b)
Xy

The subscript k is to distinguish the parameters defined in Eqs. (IV.48a-b)

form the conventional T, and T,. In terms of T, and T

1 2 1k the exprg551on

2k’

for ry becomes

o+ Mw?t?)y. _
- 3 2k
ry = ) 5 (IV.49)
L1+ T+ T T, 07

where leTzkwi'is the "saturation term"74which appears to broaden the-
line at hiéh powers {(large wl). At low power,‘the line shape is given by
.2 . .
T. T . .
_ .ofy - 171k 2k . :
: r3.- T, 1 53 , ~‘ (IV.SO)

1+ Aw.TZk

Equafion (IV;SO) gives the normal Lonentz line shape.74 In a- two level
syStemvwithoqt feeding and decay, Tl processesvmaiﬁtain the population
difference wﬁich is a necessary condition for a CW spéctrum. Howevef,
in the systeﬁs under consideration, a combinatioﬁ of feeding and deca&

processes maintain the necessary population difference. In the special

o

case of eﬁUallfeeding and decay’; rg

= 0 and the CW spectrum vanishes.




various conditions of feeding, decay and power. First consider rl{;

~117-

3. Kinetic Coherence

Using Eq. (IV.44) of the last section, the CW ry and r, components

of the ensemble of excited state two level systems can be obtained.

wl'
| EZ (kay - F k) ‘ o , _
r, = I - (IV.51a)
wr + k k 1+ == ’
1 Xy k2 .
A
wlAw e
(Fk -Fk)
v k2_ Xy X . . )
r. = —28 _ o (IV.51b)
2 9 sz R .
wr + k k_[1+— '
1 vy X ka
' A

These components represent the long lived coherent’state maintained in
the ensemble by the radiation field. This-typé of effect'is also -
manifest iﬁ conventional magnetic resonance systems,64 however it ié very
small, due>to the inability of T1 processes competing with |

the applied radiation field‘td'maintain a sizeabie population difference.
It ié important'to remember that the radiation field is applied aioﬁg

axis (Eq. (IV.2) and therefore the r

the r, 2 component is in phase
with the'applied field and the Ty component is out of phase..
The ﬁéximum'values of r; and r, can be readily calculated undéf:

From Eq. (IV.Sla) it can be seen that r, has a maxiﬁum value on-

1

resonance (AW '= 0), and so we consider the expression
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W

1
kA (kay B Fykx) ’
rl = > : (1Iv.52)
v w; + k k o .
1 vy x

This expression vanishes for both low and high power, and therefore it
must have a maximum in between. Taking the derivative of Eq. (IV.52)
with respect to wl and equating the results to zeré, indicates that

r1 has a maximum when.

wl =k k : S (1Iv.53)

Thus the maximum value ofvrl is given by

o \1/2
max _ (kay' Fykx)(kxkz)
T kk (c + k)
y y : (IV.54)
o 1/2
. —r3(kxky) =
&, + ky)

Now consider - First r, is maximized with resbect to Aw by taking

the partial derivative of Eq. (IV.51b) with respect to Aw and equating
the resulting expression to zero. This gives the value of Aw for which

LI also is maximum.

1/2

’

2 » .
_max wl o : ’
Aw = kA 1+ I(T : . - (1IV.55)
. Xy _ - _ ,
r, has a maximum valué when the applied radiation field is R S

resonance. 'Substituting this expression into Eq. (Iv.51b) for r, yields, -

2




. = ,
Fk -Fk wy
(xy y )w 1+ 1
‘ kxkz_ 1 k-xky , : . :
T2 T _ 5 | - (1V.56)
k + k 1+ — ' ' '
¢ X y) kxky _

r, has no maximum with resﬁect to” power, but'it_does approach a asymtotic

value for large values of “1' i.e., wi/k%ky >> l. With this condition,

r?ax is obtained.
k- ErOMY? k) -
Lmax Xy ¥x - 3" xy : (IV.57)
-2 kk (k +k) - (k + k) ALV
Xy X y X y
e L : max max o o .
If kx = ky, then both ?1 and r, are gqual to r3/2, where ry is
determined by the feeding and decay rates (cf Eq.'(IV.47a).'.rg caﬁ;be

quite large.if the incoherent source ﬁsed to produce the excited ététes

is intenéé:énd-if there.is a large difference in the feeding or deqay

rates of fhe two levels. This will result in lafge coherent

componenté beihg méintained in the ensemble‘of excited state sjstemé.
‘Qualitativeiy, the productibn‘of long term coherence can be

viewed as follows. For the ry éomponent the maximum value occurs én

resonance; s0 weIWill consider the on resonance case. Initially, there

is somevpopulétioh difference; rg. +When fhe levels are coupled cohefently

by turning onrthé'radiation field, the rg vector will precéss arouﬁd;the

r, axis in the r "plane. Since there is continual decay to the:

r
2 1’ 73
ground state, the ry vector decreases in length as it executes a transient

~ nutation about the r, axis. When it is along the'ri direction- it has
-some magnitude. By the time it reaches the -ry direction it has

decreased in size. As discussed in Section IV-B-3, the population being
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fed into the system behaves similérly'to the initial population except
for phase ‘differences. - Population fed into the .system at some time t

also precesses about the r, direction, and the vector created at time t

2

also decreases in length as it goes around the circle. When the system
B e

has reached steady state, there is a continuous set of vectors precessing

about the r, direction. If there were no decay from the system, this

set of vectors would form a disc in the Iy I,

plane .and there would

1 component. However, owing to decay, each vector shrinks

as it precesses and therefore the vectors on one side of the "disc"

be no net r

are always shorter than those on the other side. Taking the projection

of these vectors onto the r, axis results in a larger component along

1

the possitive r, axis then along negative r

1

1 axis giving rise to a net

r; component.

f . ' max . - ’
In the expression for LR conventional Tznprocesses have not

3

component develops. This

been considered. As population which enters the system along the r

axis'precessesvabout the appliéd field, a Ty

in-plane component will be reduced by T, and, therefore, the magnitude

2

of the coherent component developed along the r, axis will be restricted.

1

However, this does not present a problem for the prdduction of long

term kinetic coherence along the r, axis. This point'is discussed below.

2

- The production of long term coherence along'th_e-_r2 axis has a

somewhat. different mechanism than the r, case. The long term r2-coherent

component occurs when the radiation field is applied off resonance. ' The

initial r3 vector precesses around the effective field which is in

the r .plane due to the off resonance condition.  The motion of

2° T3
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thé vectpr describes a cone around the effective field. Owing either to
field iﬁhomdgeneity or sample inhémogeneity the rg vector wili fan oﬁt
ardpnd the conical path>pfoducing a thin cone of vectors precessing -
around the effective field. (This is not central‘QO the argument for
even with.é’hbmogeneous field and sample, the feéding process itself
will cause this fan of vectors.) This coné of vectoré has a net
projectibn'éloﬁg the effective field direction which can be resolved
into an fé éomponent.and an r, component. This"r2 component is the"
coherent gbmponent'produéed by the initial rg popuiétion in the sjsfém.
This component will decay due to relaxation of the excited states to the
gfound state. However, as this initial popﬁlation'dgcays, additiohgl
population is fed into the system which forms an idehticél cone with

a colinear r, component. Thus as the r, vector due to the first cone

2
decays, it is re?laced by the'r2 vector from the next cone. Through 
continual'feediﬁg,_the cone and therefore the coherent r, vector'is 1
éonstantly replenishe&.

Therresult is thdt a coherent state is maintained in the excited
ensemble for-times longer than the life times of the-excited state§; -
In fact, it will remain as_long as the radiation field remains"
cohergnt and population confihues to be fed into the. system by incbherent'
pumping. - The magnitude 0f the r, component is contfollaiboth’by tbéﬁ
effective field';ngle (i.e., tén9 = Aw/wl) which.detérmihes the.amoupt
.of tﬁe'ﬁector aligned along the effective field‘which is projected.~}
onto the r

2

the amount ofvpopulation in the cone and therefore the size of the

axis, and by the incoherent pumping rate which determines
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1

vector aligned along the effective field. The advéntage of the T, component

over the ry component in an attempt to produce long term coherence is

that the vector which gives rise to the fz component is aligned along
the_effective field and therefore it is "spin ldcked",36 i.e., the -
r, compbnent does not suffer the dephasing processes'which tend to

reduce the r, component because r, is derived from a vector which is

1

aligned along the rotating frame static field.

2

4. The Optical Case: Long Term Superradiarce’

To this point, coherent coupling in two level systems with feeding
and decay has only been discussed for the case in which the wavelength
of the rédiation field is large relative to the size of the sample.

This condition implies that the phase of the radiation field is cOnétant 
over fhe size of the sample, and, therefore, each<molecule is considered
to have an identical time dependeht Hamiltoniaﬁ.

In this section it is demonstrated that the dévelopment of the.
previous seétions applies to the case in Which the‘wévelength'of the
radiétion field is small relétive to the size.of‘the sample. Under 
this condition, the time dependent Hamiltonian which‘describes the
coherent perturbation, contains a spatially dependeﬁt.phase faétor, 
.and therefore each molecule experiences a pertﬁrbation Hamiltonian’ 

:given by

>

] o <
V(t) = hw, cos(wt - K-rj) | (1V.58)

1

> >
where j labels a particular molecule, wl = u~E1 where El is the

amplitude of the applied field, W is the frequency df”the applied

: 3 N
field and K is the wave vector of the applied field. rj describes the
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location of the jth molecule. As discussed in reference to Egs. (IV.l)

through (IV.3), we make the rotating field approximation, and write

the total Hamiltonian as

> > > >
hw hw -103(wt—k'rj). .103(wt—k'r.)

i . 3y @ 2 _1
3 3i° + V- (t) 7 03.+ 5 e _Ole.

Here, the matrix elements of the perturbation have been taken to be

(1IV.59)

real, corresponding to optical transitions. In a fashion identical to

that described in Eqs. (IV.4) through'(IV.8), we transform into a frame

rotating at frequency W, i.e., the Schradinger eqﬁation becomes

hw, 10_ker,/2  -i0.ker,

2 3 2 - 1

ih¥(e) = (%A“ o, +—=Lte 3 1 Toe 3 J>'W(;) = * vy (1v.60)

where the # indicates the rotating frame and ¥(t) is given by Eq. (IV;9).'

In analogy to the rotating frame transformation, we will now

-> .
transform into a k frame. We construct the unitary operator

Lt .0§+/2
-1 13 rj

vl Tkj = e
with
$(6) = T, ¥(t)
: ki’
Substituting ‘
¥Y(t) =,Tkj¢(t)

~ into Eq. (IV.60) and taking the indicated derivative yields

(Iv.61)
x(IV.62),

C(1v.63)

(IV.64)
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kj
definitiohvof'Tiﬁ given in Eq. (IV.61) gives

Multiplying both sides of Eq. «(IV.64) by T, and suBstitu;ing the

Oz—» 0—1€+
-i0 _ke*r i0_ ke*r
. : h . ) ‘ } X
iho(t) = (} 33 —%g-03e 3 ~ (1V.65)
> > > ;)—>
hwl -i0_ker iOBk'r. —103k'r 103k'r, ,
+ ——¢ e Joe J e T o (v)
2 1 .
and therefore
hw ) .
: . _ [(hdw 1 L
ihd(t) = ( 2 o3+ °1> P(r) = 3o (v) - (1v.66)

where Wi is the Hamiltonian in the double transfqrﬁéd'frame and ¢(t) is
x:given by"

$(t) = y§¢; + xi¢; - .: o (1V.67)
where yi and.x; are the rotating frame, k frame time'dependent coefficients.

Equation (IV.66) has two signifiéant féaturgs. First, it

is identical forveach molecule. In the k frame, the ;j deﬁendence has
_ vanished.‘ Second, Eq. (IV.66) is just thg eqdation of motion which
was solved in Section IV-2-B (except for the real métrix elements of the
perturbation which do ﬁot affect ﬁhe solution. Comﬁéfe Egs. (IVf8) and
(;V.66)). Thése two facts.imply that tﬁe resultsvobtained in'the previous
. séctions qu the largé Qavelength case can be carriédvover completeiy
to the shorflwavelquth‘optiéél case when it is treated in the k frame.
In the earlier secgggns we employed a rotating frgﬁé to simplify the
solution. To determine the observables in the lébaratory frame, an

inverse” transformation must be preformed to take us from the rotating




e ¥

-125-

frame to the lab frame. Thus the coherent component r, calculated to
B ~ .o

2
be stationary in the rotating frame of frequency W (cf Section IV—Cf3);
will precéss af frequency W in the lab framé. In this section we have
used a rdtafihg frame and a kK frame. To determiﬁe fhe observablesjin
the léb frame, we must make two inverse tfanformétions to réturn tp-
the lab framé. | |
In the last seétion, it was deménstrated thaﬁma long term in—ﬁhasg

coherent component could be maintained in an ensemble of excitea two.
levelvsysteﬁs with féeding and decay by off resonance coherent couéling
of the two levels. This result also applies to the optical case where
the two levels would be éapéble of undergoing optical transitionsténd
would obtain their population via incoherent feeding. Coherent optical
radiation applied off resonance wili maintain a coherent component

in the ensemble. This coherent component is a'preceSsiﬁg macroscopic

electric dipole, and as in other methods for prodﬁcing a coherent optical

state such as the photon echo experimentzs this coherent ensemble wiil
exhibit supe_rradiarice,76 i.e., enhanced spontaneous émission, which
was first Hiscussed by Dicke7.7 In the photon echo and other currentZ 

experiments, it is impossible to maintain the coherent state, and

therefore the superradiance is short lived. However, thévtheory presented

‘above embodies an experimental technique capable of producing lohg.férmv

superradiahcé‘thrdugh'the:maintgnance of the kinetic coherent statéé%
It will be deanstratéd in detail elsewhere78’£hat superradiaﬁti

emission in this type of.experiment wili havevthe uSuél dir-ectionaii~

propertiés. That is, for an infinite sample size, coherent light will

. > g
only be emitted in the k direction, and that for a finite sample size,
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coherent.light will Be emitted with an'anguiar-distribution given by
_ a_zeroth’order spherical Bessel function.centered anut the_z direction.
However, this emission will not occur at the natUral-transifion frquency
of“ﬁhé two 1evels wo’ but rather at the frequency of the applied field w.
Tﬁis iszé¢ause the - coherent component preceséesrin'the lab frame_at the
frequency of the rotating frame, i.e., thé freduency of the gppiied
field. The emitted rédiation_ié spéntaneous emissiop; but not spoﬁtaheous’
emission at the natural wavelength of the transitioﬁ; It is in effect
"offrresonance" spontaneous emission.
Another point whichishould bérmade is that by varying éithey AW or
wl, the aﬁgle pf the effective field may be Chénged and'therefore'aﬁvgnsemble'
may be mainﬁained and studied which has a particuiér_céoperation humber.77
The cooperation number, which is reléte& to the magnitﬁdé of the.cohérent
component, determines the extent to which normal spéntaneous emission is
amplified.?g
Finally, it is important to mention the possibility-that the
proguctianof long term superradiance can lead to}a_uéeful device if
the manyvexperiﬁental obstacles can be over coﬁé;..Since the intenstiy
of coherent light emitted by thé iong term kinetic cohérent state
is determiﬁed by the rate of incoherent pumping and the life ﬁimes'of
ﬁthe statés iﬁ addition to the amplitude of the-applied cdherent radiation
jfield, in-pfincipal a caréfﬁlly‘choéen.;ystem could:e#hiﬁit gain; and

a?ﬁherefore act as coherent light amplifier. This amplifier«is tunable .
! . _ : ,

over the spectral region in which gain'occurs.‘ Further, if a systemfis
found whiéh exhibits gain, the amplified emission could be fed back in

phase into the superradiant amplifier and the applied coherent field

L3
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removed. If'the gain is great enough to ovércome the loses in the feed-
back cavity;.tﬁe superrédiént amplifier will go into a selstustaining
continuous mode emitting coherent light at‘the‘Waﬁelengtﬁ of initial
applied field.

. D. Summary of Chapter IV

1. The préblem of.cohefent coupling in two leveivsystems
in which population is continually being fed into.the systems and
population is continually decaying from the systéms is coﬁéidered. ~The
problem is solved analytically and cast into a geométrical represehtation
which allows.coherent and incoherent phenomené td be»readily diStiﬁgﬁished.
2. A general equation is pbtainéd which allowé the effect of coherent
perturbation to be calculated fo; any set of experimental éonditions}
Feeding aﬁdﬁdeéay play a centrallrble in this eqﬁation and therefore in
determining the effects of the perturbation on the ensemble of twoflevel
systems.
3. Séﬁéral:sample calculations are perfofﬁed.to illustrate the use
of the mathematical formulagion and to illustratée the rolé piayed by
. feeding and decay. In pértiéular it is demonstraéed ;hat a long tefﬁ
coherent component, ' which may be quite lafge,can' be maintained in:l
an ensemble of excited twd leQel systemé ana that this component ié'i
effectiveiy Vspin locked" even for systemsbinvol?ing optica1 transitidns.
| v;4. 'Finélly, it is_éhowh that this loné termvkinétic-coherent;
state in optical systems will give rise to long terﬁ superradiant
iemissioﬁ and thaf it méy be ﬁossible to use fhis effect to produce a

new type.of c6herent light amplifying device.
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APPENDIX. COMPUTER PROGRAMS

1. Program TRAPS

ProgrameRAPS ealculates the probabiliay_of'finding an.excitaeiou
of a systemn, coﬁpoSed'of avlow-energy trap staee and a one_domensiqual
exciton band, in the trap (cf Chapter I). One data card with foruat
(3F10 4) must be read for each calculation. vThe data card contains‘
in the first 10 spaces, Beta, .the value of the nea}est neighbor
interaction matrix. element which is 1/4 of the bandwidth in ergs. The
sign of BETA must also be included. P051tive BETA - 1mp11es K=20 1s’at the.
top of the exciton band and negitive‘Beta indicates K = 0 is at the bottom
of the band. In the secoud 10 spaces is DEPTH, the difference in |
energy between the K = 0 leuel of the exciton band and the trap ieuel,
in ergs. In the third 10 spaces is.AN, 1/2 the numbef of K states'in
the band. The last card listed in'the program print out is an'example

of 'a data card. If more than one set of data is to be run, merely‘e

.staek the data cards. The program will automatically terminate after

running the last set of data.
As the pfbgram is written now, thevtrap-probability is calculated

at 4.3°K and at every'0.3°K down to 1.0°K. The starting temperaturel_

‘can be changed,by.changing the card T = 4.3 to the desired starting

temperature., The increment of temperature change'can be controlled -

-by altering the card T=T- O.3:to the desired increment. The loweet

temperature may be changed by changlng the card. If (T.GT. 0. 99) GO TO

110 to sllghtly below the desired f1nal temperature
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TRAPS,79160+67000e4905124 MIKE FAYER
*#7690 '
#IISERDR - -

RUNTS) ,
LINCEX) e b

PRUyRA% TRAP\ (INRUT9OHTPJT9TAPES:INPHT) o
REAL <A e e e T T T T
PI=3,1416

KA=T.38F=75
91 RFAO7\1,%FTA,OkDTH AN
TTTTF RO 48 67)e98
95 PRINTENN
TTTTTHRTNT T 9D, BETA, DESTH T
PRINTS560

190 T=43

110 9UM1—].+FXP(~1 *(UFPTH)/(K%*T))
- TTN=AMY .Y

N
Ly e o
C=COS(PI®({FLOAT(1)/AN))

FEEXPUST ¥ TOFPTH=Z, *BETA%(1.—C))/(K?"T))
§1M1—quv1+? # £
P BT DT NG G0 YT
DT=1/5"141
. DQIMr/1:oT,Aq,lr””W’”'”“'
[IF(PTexTede?98) I TO 120

T=T=-"¢3
IF(Te3T e 0.99) bﬂ T™O 11"
155 FHNTFINGET T RO R
: (]O. Tf) 29
677 CEFNTTNGE e B T
520 FORMAT (/7 /910X e%BETA EQUALS NDEPTH EQUALS®, /)

557 FORKMAT(// /o1 1 XexTLMM, STETES7? TRAPTPRUB T 7))
7o FORMAT (3F19e4) . S o
T T EORART T T YK s 3E 1R 6] ™ e e

770 FURFAT(I)Xs?(QX,flz 4)) ’
. SERST A

Pe4RGFE 16 44 1TTE=-TS ZND IV
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2. Program DEEP2

»Prqgraﬁ DEEPZ-célcglates thé ﬁrbbabilities 6f.finding an
excitation in either a deép trap or a'shallow trap:in a system
composed of é deeﬁ trap, é shallow tfap,.gnd a one dimensional)
exciton baﬁd;(cf Chapter II). The first data card with format (2F10;4)
rgads.in B’and G. B determineé how many different values of_Beta Qill
be read in‘for each set of parﬁmeters Gl, G2 and AN..FG tells how many
differenﬁ sets of Gl, G2 and AN will be read in. The second data card
with format (2F10.4) contains in the firstblo spéceg DEPTH1, theA
differenée‘in energy bétwéen the deep trap and the shallow trap in

ergs, and in the second 10 spaces DEPTH 2, the difference in energy

between the deep trap and the K = 0 level of the exciton band in ergs.

The third data éard with format (3F10.4) contains in the first 10
spaces Gl, the number of shallow traps relative to one deep trap; in
the second_lQ sﬁaces G2, the number of exciton chains relative to one
deep ttap;'énd AN, 1/2 the number of K states in ﬁhe average length.

exciton chain (cf Chapter II). The fourth data_card with format (1F10.4)

' contains' BETA the value of the nearest neighbor interaction matrix

element which is 1/4 of the bandwidth, in ergs. If several calculations,

with different values of BETA but with the same values of Gl, G2 and

~ AN are desired, simply stack a series of individual BETA cards. .The

number of BETA cards'must be specified By B on déta-éard 1. 1f sevefal
differenﬁ’sefs of Gl,vG2 and AN.are desired, -each new data card of this
type is plaqed'after the laét BETA card of the brevious data set. Another
set of BETA cards are;thenbpléced after each Gi,vGZ and AN éard. The

number of Gl, G2 and AN cards must be specified by G on the first
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data card. An example of data cards is given in the last four lines of
the program printout.v‘The temperature range'isvcontrolled in a ménner

identical to that described in the section on Program TRAPS.
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DEEP2s7947460N0DNe4NN512s MIKE FAYER

*¥7600

*#1JSEROR

RUN(S)

LINK(X);

: pROGQAM NFEFP2 (!NPUT,OUTPUT)“k

REAL «n»
"DI— .1&16

Ki3=1e3RE=16
REANKRK 979G

89
T J=J41

READéQQQ NDEPTH1y VEPTH?
4=0 )

READA955G1 G2y AN

30N

M=0
READ7)0, RETA

Qa5

M=M+1
PRINTSHNN

PRINTT2 s RETASDEPTHI W DEPTi25G19G2
PRINTS659

~A.‘\] e e e e

109N
119

T=4e?3

NVOBETYY T
N=AN+e1

1009

I o O . —— s s—— PEPPp— -_.» ey s S .;-‘.4 e

I=I+1

‘SuMl=1, +61*EXP(-10*(DEPTH1)/(KB*T))+bZ FXP(—l *(DEPTHZ)/ ‘

C=CNS(PT#{FLAATITI/ZANYT) -

E=EXP(=1e*(DFPTH2- ?o*dFTA‘(l.—C))/(KB*T))

TTRIMY =S M1+ GO 2 4ARE T
IF(lelLTeN) QQHTQW}QQ?,!

TTTPT1=1/50MY
PT2=G1*EXP(=1e#*(DEPTH1) /(KB*T) ) /SUM]

PEX=1eN~(PT1+PT2)
DRINT71‘{]9AV0PT19°T29PFX

TTETENYR

[F(TeGTeDe99) GO TO 110

IF({Ge3Ta ) GO TN 89

ETBLGT M) GO TO 90 T e

570

550

685

NTTEX PROR L EF, /T

CONTINDE
FORMAT (///910Xs¥BETA EOUALS
1 6T EATTALS T G2 T EQIALS T
FORMAT(///’14X9*TEMP.

FORMAT (2F1044)

TANTEQ@IJALS¥57)

STATES/2 Tl,PRO%. :

e g s e e

DEPTHL1 tQUALS O&PTHZ EQUALS

TZAPROB.

‘699
695

1m0

7100

755

FORMAT (2F10e4)

FORMAT (3F1D44)
TFORMAT(1F1eay T
FORMAT (19X 95F1245)

FORMAT (AX 6(4X.F12.4))'””“‘“"”“'“”“

FND

5.

'%0 9 De9
V4F<16 46aTFE=16 7T
620 620 860

IR0 L
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3. Program GVELO

Program GVELO calculates the average group velocity id one direction

'ofvan ensemble of one dimeﬁsional excitonsv(Cf Chapter I). Each data
card with format (F10.4) contains BETA,’the neargét neighbor.interactién
matrix”element which is 1/4 of'the'bandwidth, in g£g§¥ The pérameter A
must be éet equal to the lattice spacing invcentimeters aléng the one

. dimenSional‘axis. The parameter AN is set equal to 1/2 the number

nof molecules:in'the average length'exciton chéin!. If it i$ deéired to
make the calculation using the same value of BETA but different values
of AN, the parameter STOP is set for‘fhe largest value of,AN.desirea
with the condition that AN will be doubled each fime‘until AN is gréater
than STOP. If only one value of AN is desired forbéach BETA, set'STCP
equal to the same number which AN is set equai to.. The progrém will
automatically terminate after the last BETA.data‘cardvis used.» Thel
group veloéities are printe& in.centimeters. Control of the tempefaﬁure

range is given'in the section on Program TRAPS. -
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794000 6“‘00 4005L~o MIKE FAYER .

#7600
#!ISFRPR

RUNI(S)
CLINK X

PROGRAM GVELD (INPUTSOUTPUT, TAPES=INPUT)

REAL KR
PI=341416

A=2.76E'—q
STOP=13290e0

a5

Ki3=1e38E~-16 T - ‘“ - -
H=1eNB4F=27 .
READTIN$BFETA ) -
IF(FEOF 45) 60N495
PRIMTSNN
DRINTT72D RFTA
PRINT550 B -
AN=5041
190 T=443 ) o ; -
119 SHMT ="
SJ‘v‘? 7
AM+Q1
~mwwﬁ7 Al . . _ o ) )
13730 C=COASIDI#(FUNAT(T)/AN))
S=STN(OTH{FLAAT(TI7ANT) - -
F=EXP(~le*((4263E~16)~2 *SFTA*(l.-C))/(KB*T))
SHiM]1 =S IM] +S%F
SIM2=SHMP +F
P o e . ~ _ )
IF(TeLTeN) GO TO 1010

VGK=‘?.%ﬁ€?A*A*§nM1/(SUM?*H)WMMWMWMQWWMnmmmwwmmwwm

PRINT71)eTeANVGK

T=T-De73 : .
[€(TeTe)e99) GI TO 110

6NN

AN=5 ¢ AN
IF(ANSLT4STOP) GO T0O 190
TGOTTA TS0 “""
“CONTINIF

530
720
70
55.)
oy

C FORMAT(///917Xs de“p.

FORMAT (/771 X o ¥3ETA EQUALSF /)
FOQMAT¢17X0:]7 4) -
FORART (ETO Ly o

FORMATITIX s 3F1238Y 77
END.

»STATES/Z P

GROUP VELOw#s /)
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4. Program TWODI

Prqgréh'TWODI calculates the pfobabiiity of éﬁ excitation beiné
found in a low energy trap level in a system composed of a trap‘iévél and
a tWOadiﬁenéional exciton béﬁd (cf Chapfér ;). The:data card with
fofﬁét’(3FiO.45 contains in the first 10 épa@es BA,ithe-Valué of the
nearest neighbor interaction matrix element alongiqne of1the'two |

'dimensiogal a$es in ergs. In the second 10 spaces is‘BB, the Value.of N
the nearest neighbor interaction matrix element éionglthe other éxis, |
in ergs. -In.the thifd 10 spaces is DEPTH, the différence in éﬁergy
between the tiap level and the K =:O.1evé1 of fﬁe ekciton-Band.. On this
data card it is very important to spécify the sighs §f BA and BB. AM',
is set equal to l/2ithe.number of K states along.tﬁe BA axis ané AN~
specifiéé]jz_the'number of K statés'along'the BB axi§. If it is desired
to calculate ghe trap probability for énly one set ofiAM, AN-for.eacﬁ
valué of BETA thep set STOP equal to the value asSigﬁed to AM. If *;

| STOP is éet greater than AM, AN and AM will be doupled afﬁér e;éh‘;
calculatiqﬁ qntil AM becomes greatef than STOP. 'When-AM'becomes greater
than STOP a new value‘of BETA is read in from the daté cards. Thé | |

program will'termina;e automatically when the BETA data cards are

exhausted. Control of the témperafﬁre range of the calgﬁlation is .
described in the section on Program TRAPS. The 155#;Card iﬁ the

program pfintbht>is an example of a data card. .
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TWOOL e 7920M96777).493512 MIKE FAYER

*T760N : ’ "
*JSEROR

RTINTST
LINC(X) .

REAL K3~
D[ 1.141_&,

PROGRAM TWidD[ (INPUT»OUTP ST+ TAPES=INPIIT)

KR=T,33F =16

QT TTTRERTT T 9 TN SDFOTH
IFLFOE 451 601495

95 PIIINT®NA
PRINT 7293843 34DEPTH

PR [MT_.‘)"!_"
AM:QQ.“

AN=4De D
100 T=443

11 Sy, +Fxp(—l.*(DFDTH)/(<ﬁ¥T“W 7
N=AN+e |

=2
19 I=i+1

CT=COS (BT * TFCOATITY /7aNT)
El=EXP (=16 *(DTPTHA~ De*BAK(1e=CI))/(KI*T))

SUMI=SIIM U+ 2 %% { -
IF(TelTeNM) GO T 10)9)

M=AMe.

J=n

2097 U= J*l
CA=COS{21#(FILOAT(J)/7ANY)

TR IR I G IDEPT =2 #¥BR&E(T=CIY T 7 {RKA%TY)
SUMLI=8ML+2 g nF J

IF(JelLTeM) GO T 2090
I1=n -

3000 F=l+Y-
NES]

40010 Sz S+l
FIISEXP (=1 % (DFPTHA=2 o ¥ 3A%#( 1e=Cl ) =2 % 383% (14—~CJ) )/ (KB*[)}

SV =6 A1 +4 s *F 1]
IF(JeLTeM) 6O TY 4000

TR TS LT eNT TGAT TRTTEN
PT=14/G 1M1 -« : y

T BRINTTI Ve Ty AN VAN PY
IF(PTeGTeNa99R) GO 70 129

- T=T-%13
IF(TeTedea%9) G TO 110 BN

127 AN= 2.9 AN
AM=D g # A

TI R CANG LT« STNPT TG THTIND
GN TN 99 : )

6M0 CONTINIF
5-11) FJ&“AT(///:]'X’*BA EQUALS 38 EQUALS UVEPTH FUQUALS¥s/)

120 T FARMAT (X ATANLFE12.47)

58) FORMAT(/7//+17XK e %TEMP, AN AM TRAP PROR%/)
CITOT T FORMAT I SAF 1281 — :
7730 rONWAF{3rl’o4)

:ITCKE:TG“”7JA§?416 52IESTE
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