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Abstract

‘A model is presented which describes the effects of phononéexciton‘

scattering on the coherent migration of Frenkel excitons. The development

iS~such.that it provides for experimental verification through the use

of electron spin resonance téchnidues. Both Qualitative.and quantitative
information oﬁ the mode of exciton migratioy, the rate of phonon-exciton
scattering,.and the temperature dependence of'phondnéexciton.scattering
at‘low temperatﬁres are obtainable ffom'the-model. :Oﬁe-dimensional |
triplet excitoné are‘consideréd specifically although the treatment is
applicable to other phenomena sucb as impuriton migrgtioh. Three'cases
are treﬁted. In the first, the exciton diséersion is taken to be much
smaller than the'acqustic phonon diépersione In the second, the exciton
and phonon dispérsions are taken to be appfoximétély equal, and in the
third case, the‘exciton dispérSion is taken to be much larger than the
acoustic phonon dispersion. In each case, thé possibility of long range
energy migration is considered and is related to experimgntal?oﬁservables.
Iﬁ additién, the effects of selective spinforbit coupling, external magnetic
fields, multi-dimensional excitoﬁ iﬁteractions‘in the:spin;orbit>coﬁbled
singlet states, and multi-dimensional excitén.interactibns in the triplet

state are discussed.
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I. Introduction

In order to describe the dynamics of exciton migration in the
,Frenkel.limit;l it is not sufficieﬁt to considér only ﬁhe'time independent
delocalized stationary states df a‘cryétal, Becéuse of the explicit'
io¢éiizatioﬁ iﬁtrodﬁced into the_stafionary states by phonon-exciton | i
scattering, the electrdnic states; thé phonon states, and phonon-exciton
.coupling musf all’be explicitly considéréd ih.terms'df the crystal states.2’3
“Basically, thé phonons introduce'modﬁlatibn qf the intermolecular inter- ;
action which mixes the delocalized‘k states of_the erystal and fésults
. in a.stﬁte that can be described as a linear comBination of the delocalized
states.# In fhe Frenkel limit, this results in'a partial localization
of the electronie excitation buﬁ.still allows for the.éxcitationvtO'
propagate céhereﬁtlz as a wave paéket.provided tﬁe‘explicit iinear com-
'bination‘of k states remains unchanged fof tiﬁes exceeding the time associated
with the intermolecular exéhange interaction. ‘Indeed, it is‘the‘average ,
frequency at which the linear éombination.of k states changeS'relative v
vto the intermoieéular interaction time that determines the primary mechanism-
responsible for electronic energy transfer in solids at both high and low
temperatures.. At low temperéture the density of populated phonon states_
becomes sufficiently small that modulation of/or scattering’betwéen the
-eXcitonvwave vector states k by the phonons is expected to be huch léss
frequent than‘the éffective intermqlécular exchange time. It is important
:‘to note that in thié liﬁit the problem is ﬁoﬁ describable by thekstationéry

p)

Bloch solutions of the Schrodinger equations,”
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y(p) = %Zeip'r/‘n u(r) o (1)

"but rather by a superposition of Bloch states with a minimum spread Ap

restricted by the wave packets uncertainty in position.
Ap ~ #i/Ar. | | (1.2)

For the coherent limit to be meahingful the mean free péth, L, associated %
with excitons formed from a gi?en superposition of Bloch states must be | .
longer than’the-uncertainty of position, Ar, and hence longer than the

lattice separation, ;. Iﬁ such cases, a coherent Frenkel exciton can be

§iewed ‘ as a éuaSilocalized exci&ation‘propagating coheréntly as a

wa#e packet at a velocity characﬁeristic.of both its eneréy.and the linear é'
~ combination of sfationary crystal,kvétates which.describe the packét. |

"This velocity is termed fhe group velocity and:is'given by

Vv (p) = (3/3p) o (1.3)
or -
ey o 1 (Be(k)) S '- ‘
For a oneedimepsional crystal, in the neareét ﬁeighbor approximation the ;

energy dispersion of the band,6 e(k), is given by

e(k) = E° + 28 cos ka s

and is taken to be associated with translational equivalent interactions
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along a direction Z. ,EP is the elqctronic'energy‘of the moleculaf excited
 state and B is the effective intermolecular interactibn‘in the nearest
‘neighbor approximation.. Vg(k) is then given by

| o 2B . o
The distance, 2(k), which an exciton propagates in a coherent fashion

without.changing its velocity is given’by'the'lifetime of the coherent

state, T(k), times the éroup velocity of the wavepacket, i.e.,
2k) = v (&)« tle); o (a.m

2(k) is thus equivalent to a mean-free path, and T(k) in the stochastic
. .

appfOXimation corresponds to a lifetime or correlation time for the

scattering of the wavepacket centered at k. From a dynamical point of

'view,the important feature of coﬁereht migration is that excitons can’

propagate in the crystal a variety of distances and at a-variety of

velocities-depending upon the particﬁlar populatibn'distfibutions over the

execiton and phonon bands and the exact nature of phonon-exciton coupling.

In the one-dimensional limit the group velocity is zéfo ét thé‘top
‘and bottom of- t_he‘ band (k = 0 and iw/a Yout 28a/fi at the center of the |
band (k = #m/2a). Appreciable;energy migration in one-dimensional crystals .
- in the coherent limit requiresva distribution over the non k =VO and'in/a
statéS,b.pr-eferably”in the center of the band. The extent to which these
and.other‘k states conﬁribute'to‘the prdpaéatiOn_of electronic énergy .

is determined by the temperature, the exciton band width, and the form of
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the distribution function. It is important to recognize that, in
'izprinciple, non-Boltzmann dlstrlbutlons in the band can be established
When the decay time of the electronic excited state to the ground state
'eiS-shorter than the coherence time, t(k). If,for example, only the k = 0
'staie is prepared,'Say via optical'&bsorption from the ground state at low
vtemperaturee,_and the excited state lifetime is ehorfer_than phonou-exciton

scafteriug to.other k states,flittle.eicitOn'migration would be realized
due to the statlonary nature of the top and- bottom of the band. When :
a thermal distrlbutlon characterizes the band however, the number of
excitons, N(x), propagating with a veloeity, Vg(k), is given by the
Boltzmann factor for the k state divided by the partition function® for

the exciton band. :

~ =E(kx)/KT
N(k) = DZ(:k) E(k)/K‘I‘ . (1.8) |
'k

One notes that very mobile states can be populated at reasouebly low
temperature proviaed the band dispersion is not too great.

The importance of coherent exciton migraﬁion_ie perhaps best
illustrated by coﬁparing it to the'high temperature diffusion limited
raudom walk procesé which is'characteriied by a‘dehSity of ﬁopulatedi
bhonon or.locaiized vibrational‘states sufficient to limit the coherence -
‘lifeﬁime of an exciton k'state by inelastically scattering it to other
-stetes in the band. When this cauees a change of'k,at a rate:oomparable-

to intermoleoul_ar energyexchange,"wa.vepac.kets formed from the delocalized



and a lattice spacing, ;, of 4 K,Vthe random walk exciton velocity is 10
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Bloch functions of the crystal are no longer appropriate bases states

fof times exceeding (B)"l and the proper description of the exciton states

is a unitary tfansformation of the k states to a set of orthogonal, k

9

independent, localized Wannier functions.
' . -+ > o . o
_1 ~-ipr/a '
¢(r) = 75};6 s IPA(P)-. (1.9)

In this limit, the‘exciton migrates in a random walk manner through a

resonant interaction between Wannier functions centered on adjacent lattice

.sites. The velocity of migration bf_the exciton is its RMS deviation per

unit time from its starting position and is usually many orders of magnitude
élower than coherent migration. For a molecular crystal with nearest

neighbor molecules having an effective intermolecular interaction of 1 cm_l

2
cm/sec-ﬁhile coherent states have a group vélocity at the center of the
band of th cm/sec. The mean-free path for random walk diffusion is k4 )
while states migrating coherently at the center of the band, for example,
have a mean free path dependent upon T(k) via

Rk = #m/2a) = 22 . (x = am/2a). @i

It is self-evident that the coherence length of the states in the center
of the band can approach macroscopic dimensions if phonon-exciton scattering
is weak (i,e., (k) is 1ong) and the excited states are long—liVed compared

to (k). In prineciple, T(k},équldvapproach the lifetime of the excited
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electronic state at very low temperatures vhere the distribution of phonon

‘states approaches the T + 0 limit. At intermediate temperatures where

©(k) is limited by phonon—exciton scattering an exciton initially at an

energy e(k) scatters to other ki'states at energies e(k') via phonon inter- i
actions in a time short compared to the excited electronic state lifetime

but in a time long compared to 1ntermolecu1ar exchange. The net result

is that the coherence time is shortened the mean~free path or coherence

rlength is attenuated, and the X states acquire an energy width T'(x),

given by the reciprocal of the coherence lifetime of the individual -

states, i.e.,i
r(x) = alt]L. I (1.11)

' In effect, inelastic scattering of the excitons‘by the phonons introduces‘
:a time and tenperature dependent damping of the uave packet states.  For
completeness, damping or localiZation of the-stationary ;eroth order |
bstates by other processes-such as impurity or isotopic scattering can be
1ncorporated into this description by expanding the delocalized unper—_
turbed Bloch functions given by Equation 1.1 such that the coeff1c1ents
in the expansion forming the perturbed wavefunctions satisfy difference
equations associated withvthe perturhed.periodic potential problem.lo—l2
In such cases,‘the delocalized Bloch functions describing the pure crystal
state are partially 1ocalized by impurity scattering and_the impurity
states themselves become significantly delocali;ed. Wave packet states

can then be formed from a superposition of perturhed states resulting from
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these scattering processes.

It is clearvthat in addition to the stationary states of the crystal

‘a proper descriﬁtion of the dynamics of exciton migration must include

(a) the group velocities of excitons, (b) the populetion distribution
ovef_fhe k states of the band, and (c) the coherence times for the |
individual k-states and hence an explicit model for exciton scattefing

processes. This description views an exciton initially in a state

characterized by an energy e(k) as scattering to a state at ¢(k') in a

‘time on the order of the coherence lifetime but it allows for long rahge

propagation via coherent'migration in Between_Scattering events.
" 'In.the first paper8 in this series we described the importance of
low temperature coherent exciton migration in providing a mechanism where

by localized‘impurity stateés can be maintained in Boltzmann equilibria

vwifh the delocalized band states. The dynamics in this description”were

based on an ensemble average over the coherent wave packet group‘velocities

at a fixed temperature and hence information about écattering_in the

"individual wave packets was lost. In the folldwing we present an experi-

mental method and its associated theory based on eleetron_spin resonance -
whicp allows'one.te investigate properties of the indi#idual exciton

wave packet states and their interactions with plionon statee in the>v
coherent limit. .Although the development is made for triplet excitons

in molecular solids application of the method and theory ﬁo other probleme

such as low temperature impuriton migration13 is straightforward;
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II. Flectron Spin Resonance Absorption in Coherent Triplet Exciton States

From an experimental point of view,vthe above considerations require
that‘cereful'attention be given to the’reiationship,between the time
associated with eXciton migratioh and the'correiation time of the particular
eXperi@entai approach being employed. If, for example, the experimental
cefrelation fime is mueh’Shorter than T(k)_(as is the caee for optical

.absoiﬁtien), only manifestations of the coherent_mpdel.are.apparent from
the data; Similarly,‘when'the ekperiﬁentalecorreiation time is longer

than T(k) for all k,‘Only_the rendom walk'proceeses are displayed. A
measure of phehomene such as pheeon-exciton.seattering,.Vg(k), and &(k)
which are related to both eoherent migratien and diffusion limiﬁed migration
cen only be determined when the experimental correiaﬁion time is on the |
order of T(k). It is on this basis that electron:spin reeonancelh’ls
provides a direct probe into the dynamlcs of triplet excitonms..

In the follow1ng electron spin resonance theory, the model adopted

ie a one—dlmen51ona1" crystal in which only translatlonally equivalent .
intermoleeular’interactions along a single crYstallographie directien_
have finite'magnitudes. The excited trlplet band is derived from inter-
molecular exchange coupllng between the ground 51nglet and exclted triplet

stetes and is restricted to nearest neighbor interactlons. In zero

magnetic field the triplet band is split by electron spln d1polar repu151ons

into three parallel spln sublevel bands whlch will be de31gnated as
Tx’ ty, and Tz. These correspond to states where the electron spins are

. correlated along the x, y, and z molecular axes, respectively. This is
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illustrated in Figure la where the effecti#e intérmoiecular exchange

. intéraction ié designated by B, gnd ﬁhe energy of the'mOlecular triplet
state in fhe abéenée.of intermoigculaf.gxchange by . _EF is on the

ofdef of 30,000 cm_l for aromatié‘molecules in théif fifst'excited triplet
stafés; Zerﬁ;field:splittingsvgre typicaliy tenths of>wavenumber316.while
'triplet band-dispersions, 48, are;on.the order_Qf‘tens o§.wavenumbers,l7
Iﬁ the limit that no anisotropy of the»zéro-field splitting is igtroduced |
byAintfamolecular spin orbital coupling of the individual triplet spin
sublefels to the singlet ménifoid; thé band~to—band eléétron spin transi-
tion induced by a fadiofreduency of micfowave Hl-field (éf..Figure la - : '%
II) would bé:a hdmogeneously narrowed ILorentz line centered at the frequency
characterized only by the spin dipolar parameteré D and E;, The 1iﬁe width :
is taken to be that associated with a "perfeét.crystal" spin-spin'relaxa-
tion time TP at 0°k. o

2

A. The Effects of Group Velocity Depéndent Relaxation ITocesses<»;'

Even ﬁhen (k) is long comparéd to B-l additional contribﬁtions to
T2 ﬁight.Bé éxpected in the coherént‘limif when thevtempefaturé becqmes
finite. Thié could be particularly true for phénomena suéh.as étrong
- impufity scaﬁtering or other interactiéns capable of dephésiﬁg theirotating
framé magnetizatioﬁ'that depend upon spacial characteristics of the crystal.
These might éause the spin énseﬁﬁle to dephasé ét diffefent rates dépepdiﬁg
upbn which wave vecﬁor'statés weré_populatéd ﬁf any‘particular temperatﬁre;

Crystal inhomogeneities or other phenomena that change the energy of the
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A_zero-field.sﬁlitting will Be sampled faster bj'éxcitons'iﬁ kstateﬁlnear

. thé.center'of-the.band (k = tn/2a) ﬁhan—those at the top and bottom (k =
0; *n/a) becausé of the crysﬁalvvolﬁme:sampléd by the wave packet per unit
time, Velocity depenaénce éan bé:included in Tz‘by.associating.with each
‘wﬁvé'paQKét state at energies e€(k) a relakﬁfioh time T2(k). ' The total.
'e;éctrOn spin transverse relation tiﬁe-for a pﬁrticular k state is then

simply

(2.1)

where Té(k) is weighted by the wave packet's group veloéity’vg(k); i.e.,
_ | 28a) . e _ . v
iz(k) = c}(—ﬁ sin (ka). (2.2)

The coﬁstént'c is taken to be ﬁfopértional to the'change; Aw,vih the Larmor |
frequency per unit scatteriﬁg event. .Réstriéting'Tg(k)‘< t(k), the nét

-result for a Boltzmann disﬁribution;éf-populatiOn across the'triplet>band

is to produce é temperature dependent band-to-band.tfansition which is the
weighted sum of the individual'LorentzvlineS'gentered at W, éagh having

a velocity weighted Ték. Letting

ok

k 2. ' 1 _ - .
w) = ' | . (2.3)
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be a singlé Lorentz line shape funct‘:ionl8 for one k state, the line shape
~ function for a distribution over excrbon states at a tempera.ture T would

| be .
T = T M) (2

'where N(kx) is the number of excitons at energy e(k). For a thermal distri-

. bution,

o ak o\, N
T g D(k) . x -
. (2.5)
w % " ( . Z(T) - )(1 + (T k)2(w - %)2> '

where Z(T) is the partition function at temperature T and is given by

we
ST, D pedeostim)/KT L (p

z(T) =

- D(k) is the degeneracy of the k state and T, is'gifen by Equations 2.1

2
and 2.2. Substitution yields

' ~2Bcos(ka)/KT\/ T P

1 Z D(k) e 2
¢ (w) ™ k ~2(1) : 288 0 P o(ka) + 1
-/ \on T2 TV
: - 5 . 5 _ (2.7) |
s T, : : .

1+ \ — (W~ w)

\22 0 P oinka) +1) 0 ©

ch "2
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where D(k) =1 if k = .o and.a other-*wise_.-

Several important features which could allowvthis.mode; to be verified
experimentally emerge when the line'Shapevfunction éiten by Equation 2.7
is examined in detail. Figﬁre_Z’illustratee the line shape profile,‘GT(w),
for;a band—to—band transition as e function of band width at‘e‘fixed
temperature..The Parameters AF(k = tﬂ/éa) illustfated in the figures.refer
to the hslf width-at half height of the band—to—hand transition associated
with the Lorentz component of k states in the center of the band having
the largest group velocltles v (+n/2a),wh11e AF(k = 0; +ﬂ/a) refers to
the halfwidth at half height of‘the Lorentz component associated with the

- stationary states at k = 0 and k = ;n/a. The 1attervis taken to be associ-

It

ated with sz at the T

centered at 3. 000 GHz.

0°K 1limit. The transition has been arbitrarily

Flrst, it can be seen from Flgure 2 that to a large extent the exciton

partltlon function determines the overall 11ne shape proflle For Boltzmann

.dlstrlbutlons the populatlon of a glven set of k states depends upon the
~temperature to band w1dth ratio; hence, as the band width increases from
1to 8 cm (Flgure 2a—d) the contrlbutlon to the overall width of the
transition from the very mobile k states near the center of the band
decreases. This is reflected in the band-to—band transition as a prOnounced
_ narrowing'with'increasing bandidispersion.' This is also seen from the
temperature dependence of the band—to-band trans1tlon as 1llustrated in
Figures 3a and 3b, oThe overall effect of loweringAthe temperature is

to'narrow the electron spinttransition by removing population from the
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hlghly moblle ‘states in the cernter of the band.‘ The extent of the
narrowlng being proportlonal to C(2Ba/‘ﬁ) depends implicitly upon the
details of the 1ncoherent events that cause the splns‘to dephase._ Tnls
_can be seen from a cdmparison of'Figure‘Ba with.3b.' ln the latter,;the
amount which the splns dephase per 1ncoherent scatterlng event is taken
ten tlmes that illustrated in Flgure 3a and thus, at all temperatures
the trah51t10n appears slgnlflcantly broader. Furthermore, there. is a -
runique temperature depehdence ef the.line'shape‘prefilee_for any given
dephasing rate Q(2Ba/ﬁ); hence, the bend-dispersion in.prihciple caufbe'
determined experimentally; |

Second, it is interesting to note that the number of wave vector

~states in the exciton band and consequently the number of molecules in

a oneedimeusional exciton chain also have a pronounced effect on the line
Ehgﬁ_. This can be particularly.lnformative in hlghly

dopedvmixed cryetal systems.;9' A comparisoh of thevllne shapes in cases
where the number of molecules‘ih_a.chein‘have been taken.as 1000 (Figure
3b) and 100 (Figure 3d) clearly'demonstrates'this feature. When the
vexciton band is characterized by a high density ofrstates_per'unit energy
(as is the case‘in Figure 3b), most ef the width in the band-to-band
trahsition comes_from'the lessruobile k state near k = 0 or *1/a because
Of the sharp peak in the one~dimenSional excdton density of state:functioh
| at the top and bottom of the band. However, wheu the'number of k states
is reduced by restricting the exc1ton chaln length the contrlbutlon of

these less mobile states beeomes_proportlonately smaller relatlve to the
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statés'neér the center of the band.b Hence, the line shape profile acquires
a Bfoad baseline charaéter (Cf. Figure 3d)_from_tﬁé extremely broad mobile
states near the centér of the.band.: Its sharp peék chéracter, however, is |
frém states near:the'bottom of the bana; This‘is true only for systéﬁs

in which both the number of states in the band is small and the change in
Té(k) ﬁith k large. If the numBer of states in thé éxciton band is
ihcreased (i.e., the mixed crystal éonﬁent‘or the impurity concentration
is reduced) while the rest 6f the parameters of the system remain unchanged,
a gréater number of_states with smalier:grdup.velocities contribute to

the profile and a narrower line appears in place?of the broad baseline.
Although elecfrdn spin transitions in short exciton chains apﬁear narrowver

: in the peak portion of the lineshape,‘their,overall width appears broader
than fhé correspoﬁding transition ih.lqnger excifon chains; however, fhe

. breadth appears near the baseliné,

In the highéfvtemperafure-limit when fhe‘coherencerlifetime (k)
becomes shorf and exciton migratioﬁ'is principglly a random walk process,
the k dependence of the velocity is lost and ﬁhe exciton velocify is
described by an RMS distance distribution per unit time._»In fhis case,
there should'be_no temperaturé dependence-toAfhe line width in one-
dimensional systems. The line shape function is a simple Lorentz line

‘characterized by some k indepeﬁdeht effective Té,20’2l'ire.,

6lw) =%‘?‘< L > o (2.8)

2 Y
4 T -
1l T2 (w mo)
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It_is‘important to recognize that the above description is only

~ valid when spin orbit coupling ié_absent or idehﬁical,for the spin sub-

levels.  In suchvcases, thereuis no explicit k'dependence in the Larmor

frequencies, and thus, phonon-exciton scattering between k states does not

bfdadén the electroh-spin transitiOns by ekchange averaging of different

Larmor-frequencies.

Wheﬁ‘the effects of selective spiﬁ-orbit:coupling of singlet band .
with one or more of the.individual spin sublevel bands'ﬁre considered, .
however, an explicit k dependeﬁce'is,introduced‘info the>triplet éxciton
zero-field splitting in the first Brillouin zone%l‘"eg Basically, three
different singlet states (or.the magnetic sublévels of different triplet
states) eaéh with different band dispersions and energies couple in

23 -

The net effect is to prodﬁce a shift in energy of thebzero-field eigen-

state,via spin-orbit interactions. The shift is different, however, for

eaqh of the three spin sublevels. Méfeover, since the triplet band
dispérsioh is usually much less thah that associated.with the'singlet

band which is mixed into the triplet sublevel via spin-orbit iﬁteractions,
ﬁhere is a gfeater spin-orbit perturbétion,in the zero-field splitting at
k=0or k= iﬂ/é depending upon thé relative signs of the intermolecular
interaction reSpénsible for the band dispersions of the singlet and triplet,
respectively. The importance of spin—orbit.cbﬁpling'Cannot be under-
estimated, for it is precisely this which givés rise tova k deﬁendeﬁéeax

of the Larmor frequencies for the band-to-band electron spin transitions,
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This is diagrammatically illustrated in Figure 1b. As has been shown by
. Francis and Harrislh the resulting k.dependencé of the Larmor frequency,

'wok, reflect the band dispersion on a reduced écale and is given by é

W, o= w, t fhB cos ka | | (2.9)

where ﬁhe reduction factor f is'felated to thé détailé in the difference

‘ of-épin—qrbit coupling-in the spin subievel bandslh_and @, is the transi-
tion frequency in the cénter of the band; in such caseévdifferent Larmor
_ frequéncies‘can be associated with differenﬁ k states, and the proper
representation for electron spin resonance absorption in terms of the
Bloch form,alism2h is a set of magnetic Bloch equations, oge for each k
state in the band, whose frequenéy cémponénts,'wok, #re ¢oupled bj-phonoh—

exciton scattering.

" 'B. Effedts of Phonon—Ekciton‘Séattering on'Electron Spin Rélaxation

‘In the rotating frame, the presence of a weak oséillating rf field

of the form
s [a) - o }
H(t) = Y - 5, cosut - (2.10)

connecting, for example, Ty with Ty spin sublevels via the electron spin

operator §z results in an in-phase, u, and out-of-phase, v, cémponent of

a oomplex moment,'Gk,'given‘byzs

'Gk = uk-+ ivy . o ' ' (2.11)
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: Represénting w as the applied micrqwave frequency and wok as the resonant
: miérowavevfréquency associated with the spin sublevels ofbthe kth state
“in the band, the cémplex moments .obhey thé following Bloch'equations (one

equation for each k state in theiéxciton band). -

4G, ' '
k 1 . k s k
o xR - ), = eyt (2.12)

Mbk should be related to the exciton density of states function and the

particular form of distribution fuﬁction charécterizing the population'in

the exciton band. For a Boltzmann distribution

: ~E0(k)/KT . -e®(k)/KT,
" k _ D(k)[Pme . - Pne- ]

. . D) (2.13)

where Pm and Pn are the populations of the‘mgg_and nth spin sublevels
which are béing_coupled by-the‘microﬁave field and Z(T) is the partitipn
function.for the triplet'exciton banas. Sincé_seiectivé_spiﬁ'Orbit '
coupling fesulté in only very small differences in the dispersions of'the‘
individual sublevel bands; the exponential faétofs in Equation 2.i3 are

. effectively equal. Thus,.fo a high degree‘of accuracy Equatioh}2.i3_can

be rewritten as

» y ~€(k)/KT
MK Cn D(k)ev .

Yo T v zZ(T)

(2.1h)-
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vhere Cmn is the difference in populations of the mth and nth spin sub-
levels. e(k) and Z(T) are given by'Equations'l.S and 2.6, respectively.
It is important to note that spin alignment26 in’the laboratory frame

27

is'equivalent to magnetization in the rotating frame,”' and thus, Equation
2.12 is valid in zero-field even though no magnetization exists in the
laboratory frame. It will be assumed that T2(k)'s.are homogeneous. The

weak field modified Bloch equations are

de A k" » -b(k)e—E(k)/KT . Cmn
5t (/T (k)6 - :}(wo - w)G = ~iyH A . (2715)

There are N linear equations corresponding to the N m@lecules making up -
8 single linear exciton chain.

The effecté of phonon-exciton scattering in the chain can be incor-
pbrated into these equations through a scattefing matrix. which completely

represent

spans the basis states of the Frenkel excitons. -Let (Tkk')—l

the probability per unit time for séattéring'gf'an exciton initially‘in

a state having energy e(k) to a final state having an energy.e(k'), each
state having associated wifh it a Larmor f?equéncy‘wok and wok', respectively.
Furthermore, assﬁme that spin—phonon'coupling‘is negligible, which implies

‘that phonon-exciton 3cattering-is spin independent. Under these conditions

the N modified Bloch equations are written as

o | | D(k)e ST L o
acy/at + (1/7,(k))6 - i(w - )Gy = =iy ———gy
> Gk,'/rk,k = G /T, (2.26)

k’
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The form of FEquation 2.16, however, places several restrictions on the
” effect of phonon-exciton scattering. It assumes that the averaging of

. k . . : s s .
‘.the Larmor components wo via phonon-exciton scattering is a stochastic

7,28

- Markoffian process and thus (a) the time for the‘aétual scattering

'vprocess frém k to k' is much shorter than the lifetime of a particular
-kvstate; (v) the difference in énergy between the initial.and final excitpn
k étates‘in_a scattefing event is largérvthan the energy associated with the
uncertainty width of the individual k states; and finally, (c) there is
no‘spin memory between thé Larmof componehts mok and ubk’ corresponding
toAscattering‘ffom:the exciton states k to k;;yia phonon interactions. -
With'fhgsg restrictions in mind we‘diSPlay (Tkk,)-l or the probability

iéf uhit time for an exciton beingvscattéred by a phondn from k to k' as

29

a "goideh rule" rate

(r,. ) = p (k') » p(')( 1 )
Keno e ’\Z;q' P exp(-E)‘(q)/KT)-l

|<kal@s [x'ar>[%80c + o, k' + @) (2a7)

pé(ky) and'pp(q') are thefexcitop (subscript e) and ph@nohv(subsFript P)
density of states fuﬁctions evaluated at the energy of the wave ?ector k!

and q', respectivély. A is thé index which runs over the phonon branches
and EA(q) is the energy of the qth wave vector of the A phonon branch.

The sum over phonoﬁ states q and é' is restricted £o scéttering events that
conserve both_thebtétal‘éhergy and momentum of the initiéi and final gxciton-

phonon states <kq[ and-<k'q'| and Hip is the exciton-phonon cbupling
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Hamiltonian. In weak oscillating rf fields and steady state
. a6, /at = 0 ' ' (2.18)

and the electron spin resonance line shape function, G(w), is given by
the sum over k of the imaginary components'of the complex moment, G, ,

i.e., -
Glw) = mZGk. S | (2.19)

The impoftanéefof Eqpﬁtions 2.16 tﬁrough‘2.19 cannot be underestimated
for they provide in principle é direct means of obtaining from experiment
béth qualitative'and quantitative information on the mechanism of triplet
exciton migration in the coherent limit, the randém walk limit and, in
féct,'in the‘region intermediéte betwéen the two. Although the latter
'requires'the unwieldy solution of many simultaneéus equations, the two

extreme 1limits ¢an be readily éblved.3q; |

The first will be termed the strbng scattéring case and occurs when

k - k')

(wo. = 0O )Ty

phonon-exciton scattering results in a rate of change of the exciton states

<< 1 and corresponds to the random walk limit. In effect,

(k - k') fast compared to the differences in the corresponding Larmor

k

frequencies (wo - wok ); thus, the effective electron spin transition

If for all k, (qok -

frequency becomes the average of wok and wo

k',
W, )Tkk,

narrowed line centered 4t some weighted average of all the frequencies. -

<< 1, the band-to-band transition will appear as a homogeneously

This is expected at high temperatures and is essentially the same as
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derived ﬁnd expanded upoh_by McConnell and co—workers31 from a different

vapproach.
o Tkk' >> 1.

. 7 . . - '
'The second or weak scattering case results when (wok - W k )
This corresponds to the limit ih‘which phonon—exgiton scattering causes

the linear combination of triplet exciton states to change on a time (Tkk') slow

conpared to the differences in the Larmor frequencies (wok - qok ). In.

.such casgs the coherent nature of the individual.k states of the tripleﬁ
bahd can be samp}ed by the rf field, and the spin resonance line shape
beéomes thelsum of.the individgai transitions at wok each having avwidth
corresppnding to an éffective Tz(k) given ip Equation 2.15 and each weighted
by the fopulation.distribufion, N(k), e#aluated at an energy e(k). It
éhouid be noted,.however, that ihlthis limiﬁ, the width of each Lorentz line
centered at wok iﬁcludes a lifetime broadening term introduced by inelastic

phonon-exciton scattering through Equation 2.16. ' Hence, Té(k) is given by

T 07 = @) Py (2.20)

where T2p'fepresents the homogeneous relaxation time at zero degrees Kelvin.

The relationship between phonon-exciton scattering and the lifetime of a

k state is given simply by the sum over all decay channels or

the individual scattering rates Tpxt? i.e.,

)™= 3 (rkk,)'l. - (2.21)
k' . | '

Consequently, specific features'of‘phonon—exciton scattéring can- be

discerned from the electron. spin band-to-band tiansitibns line shape
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| fﬁnctioh since the Lorentz line.width at each wok is éi&envessentially by
T(k)_l vhen phonon-exciton scattering rates exceed (sz)_l. This foint
can be better illustrated by qonsidering mbdels for phénon—exciton scatter-
ing in various limits. We will restriét the discussion, however, to cases
.whefe the popu1ation of the band stateé is characterized by a éoltzmann

distribution function. In these cases the intensity of the band-to-band

transitions evaluated at wok are weighted by Mok giveh_by_Equation 2.1k,

1. Phonon-Exciton Scattering in the Narrow Band Coherent Limit

The first case in thé weak scattering limit we will consider is when
the exciton dispérsion is narrow compared with the dispersion of the‘phonon
branches populated at any particﬁlar temperature. Restricting the dis-
cussion to very low temperatures (1—10°K) where the primary 1imitationv
on the coherence time will be‘exciton scattering with the acoustic phonons32
' (the.population of higher energy phonons béing very small), the individual
scattefing rates-Tii,.can be displayed in an extremely simplélform ﬁhen"
‘the scattering events are limited to events in ﬁhich a phonon with wave
vector é énd an exciton with wa&e vector k interact to produce finai
states which are:éinéie phonon and single exciton states having wave
vectors q! and.k(, reépectively} Naturall&, such scattering events must.
éimultaneously_consérve both the total momentum and energy of_the initial

and final states. That is,

Bk + fig = Hk' + Bq'  (2.22)



. dispersion that is near linear in energy

- phonon group velocities multiplied by h, respectively. When fhere are
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. and

E(k) + E(q) = E(x') + E(q') (2.23)

" must Be satisfied. Consider first the region of the acoustic phonon

33 as.illustrated in Figure la.
When the dispersién of this portion of the acéustic;band is large feiatiVe
to the eiciton bénd, the phonon group Qelocities are many times those of
even the most mobile exéiton stgtes. In order to conserve.both momentum

and energy in the scattering prbcess,'the;derivative of g(k) with respect

 to initial state k must be the same as the derivative of E(q) with respect

. to the phondn wave?ector'q for all energies e(k)'ét which scattering occurs,

i.e.,

3¢ (k) _ 3E(q) : |
Sk = aqqf _ (2.2&)

The left and right sides of Equation 2.24 are -simply the exciton and

large differenceé in the phonon ahd exciton dispersions, this condition
cannot be easily satisfied, and if is only_in fhe_limit-of Ak and Ag - 0
that scattering can conserve both momentum and energy between iﬁitial

and final states. Such is the'casé for acoustic:phonons in the linear
region of their dispersiont However, when the phOnon‘dispersion.becoﬁes
non-linear, the group veldcities of some phonon states can match the group

velocities of the exciton states, and both the total energy and momentum
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can be conserved between initial states <kq| and final states <k'q'{.

- Adopting the hypothesis that phonon—éxciton scattering shortens the

coherence lifetime of an exciton k state only when the groﬁp velocities

of the excitons and phonons are approximately equal, Equation 2.17 is

.greétly simplified.. In such céses, the scattering rates, (Tkk')-l’ are
simply'broportional to the nuﬁber of phonons'populating the qkth phondn
sfafe, whése group velocity matches the groﬁp velocity of the exciton

state k, times the density of final exciton and phonon étates.. The number'

of phonons, however, is given by the Planck distribution; hence,

1

)yt —
exp(E* (¢¥)/kT) - 1

(tge )7 = plar)o(x") |<xalm) [xrar>]?. (2.25)

.If should be notea that the rate of scattering excitons by phonons in

the non-linear region is eﬁhanced‘by the facﬁ that it occurs between phonon
states q and q' whose denéity of states functions, p(q) énd p(q'), are

" large. When the exciton band dispérsioﬁ becomes muéh less than the acoustic
band dispersion, the variation in the range of states capable bf scatteriﬁg
'with k states becomes progressively more restrictgd to fewer q and q' states;
and therefore the difference between p(q') and p(q) becomes smaller.

Furthermore, since p(k') approaches a k independent constant in the zero

-1 must become

exciton band dispersion limit, the scattering rates (Tkk,)

~ uniform in the narrow exciton bénd limits, at which point the exciton k
state coherence lifetimes T(k)'s would become equal for all k. The tempér—

ature dependence of T(k) becomeé simply thel?lanck distribution funcfion3h
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evaluated ét the energy of the acoustic phonoh state that has the lowest
group velocity. Denoting the energy of this state as Ex(qk), the exciton's

coherence time is given by
0™ = (o9 exp (BN () - 1) (2.26)

where (T*)"l,is an effective scattering time given by the temperature

independént term
()7 = pla") T pl)|<kalt, [x'a'>|. O (2e27)
k' L

The summation over k' is restricted to the interval, arouhd the_initial
k value, in which the phonon and exciton group velocities match._ This
interval is narrow in the narrow exciton band limif, and therefore an
excitén can only scatter to states whoée k yalues and éroup velocities
donnot difféf greatly»from that of the’ihitial state. Thus, scattering
may not greatly iméede the 1dng range migraﬁion of excitons. When

T << Ex(qk), as is usually the case at temperatures below the Debye
3 .

- temperature, > t(k) is given by

(k) = (9) 7L exp(-EM(d)igT)  (2.28)

and hence the excitons coherence time vs. temperature appears as-a k -

independent eXponentially decreasing function with increasing témperature:

o™ = o a9
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The principal manifesﬁatiOn of the electron spin band-to-band transi-
tion in this narrow band liﬁit at a given temperature is to give all |
'frequency components, wok, the same effective widﬁhs. Thus, the line
- shape function fépfesénts the sum over N independent Loreﬁtzian absorp-
tién curves, each centered at wok’with a line width related to t(k) at
& temperature T.. In zero magnetic field the area under -each transition.
is proportional to the probability at a:given'temperature thet the exciton
k state is populatea., Forva Bqltzmann distfibufion across tﬁe exciﬁon
band, the lineshape function is given by‘:

-2Bcos ka/KT T, (T)

- —— ' o (2.30)
ar) T+ (P -0

-k -

“where

-1 1 1 B
T, (T) p (k) - (2.31)
2 T .
‘ 2
and wko, given above, is different for each k state. Since GT(w) is

normalized by the one-dimensional exciton partition function zZ(T), line
shapes at vgrious temperatures m@& be compdred. Provided that either T2P
is known or 1/T2p < l/T(T),.the functional dependence of Tz(T) with‘temper-
ature pro&idés an experimental test of this limit. GT(w) is similar to
the line shape function arfived ét b& Francis and Harrislh from_phénomeno_
logical point‘of view valid at a single temperature in thé'limit‘that tﬁé

number of k states in the exciton band is large.
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The genéralbfeatures of the line shape theory in the coherent narrow
* band limit are illustrated in Figures 5 and 6. In all cases, we have
_c-lrxosen.zzo"cm-l for Ex(qk), the energy of the acoustic phonons having the

. o : 36

-slowest.gfoup velbéity, which is a reasonable value for molecular crystals.

Additiqnél parametérs in Equations 2.28.and 2.31 were Set:as follows -

sz = 10-6 sec’

™ = 8.9 x 10._10 sec.

Fiﬁéll&, th¢ difféfgnge iﬁ the Laimof fréquencieé‘between.mog (k = 0) and
ka (x =_in/a) dﬁelto selecﬁive sfin orbit coupling has'been taken as

20 MHz, a value ﬁear thatAexperimentally found22 in 1;2,h,5-tetrachlorof
benzene for the D - |E| band-to-band transition. -In Figure 5 the band-to-
band transitions have beén calcﬁlatéd using Equation 2.30 for a series . ..
of band widths,hB;Ail transitions.arércalculated for T = L.1°%K. .Sevéral
feétures are'important. First, the ratios of the peak heights near .
(k = 0) and (k =viﬂ7a5 are related to a Boltzmann distributipn weighted

37 at k = 0 and k = #m/a. Hence, if T2(T) is

density of states maxima
measured or khown, the band dispersion immediately follows from the ratio
of the irgnsitio§ intensity at k = Ovs. k = im/a. Second, the width of
én& packet of k states which can.be.prepared by the microwave field is
proportional to (T2(T))~l;-hence, selective k dependent population changes

between the magnetic spin sublevels can be produced by microwave pulses

at the appropriate frequenc&. This allows other k~dependent phenomena
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_vSuch as bimolecular exciton anihilation, exciton-trapping, etc., to be
experimentally investigated in the coherent limit. Third, when T2p << 1(k),
T (T) 1s the coherence llfetime of the wave vector states hav1ng velocities,

V (k) hence, the k dependence of the mean—free-path l(k), follows from
2(k) = Vg(k) - T, (1), (2.32)

In Figure 6 the eXCiton band~to-band transition has been calculated using
Equation 2;30 for several tandwidths'ksiand'fcr various temperatures
given the above values for the parameters Ek(qk), sz,vand T¥. The lowest
temperature used in the calculation, 3.1°K, was chosen such that the

contribution_to T2(T) from TP and from phonon exciton scattering (T)

2
are equal. At this temperature,.broadening of the transition due to
exciton-phonon scattering is beginning to beccmevsignificant. ‘At h.l°K,
the popuiation of phonons having energy El(qk) is greatly increased and -
T(T) becomes the major contribution to T (T), -This resnlts in further
broadening of the tran31tion and a shift in frequency of the band—to—band
transition maxima. As the tranSition becomes 1ncrea31ngly broad, the use
.'_of the ratio of the intensities of the maxima to determine the exciton
band width W1thout explicitly considering T (T) becomes an increasingly
less valid approx1mat10n. By 5 1°K the contribution to T (T) from exciton-
| phonon scattering has broadened the individual k state transitions to the
. extent that the exciton band-to—band transition has lost its two peak
structure, and the system is.becoming progfessively farther remoted from
kX o |

‘the weak scattering limit, (wo =0T )T < 1.



. -29-

It is important,to note, however, thétvthe'effects of elastic
scattering of:démping which can resuit in a significanﬁ reduction in (k)
aré pot manifest in the above theory. ThisAis.because phjSical phenomernia
th;t lbcglizé the band by simply mixing + witﬁ . k étates are not detectable
by‘the brbadeniné of the band-to-band eleciroﬁ spin transition because

of»the‘eQuality of the Larmor fregquencies wok and wo-k. 2(k) given above

can oﬁly be regarded:as the mean distance between inelastic scattering;eVents.

Other expefiments, such as the dynamics‘of exciton trapping,8 are- necessary
to establish &(k) in tﬂe presence of.phendmena such as isotopic or impurity
lbcaliéatiop.;o—;3  | * |

| Finally, thé effects of anvofiented magnetic field oh the:line'shape
in thg narrow bandkcoheréﬁt limit can be anticipated froﬁ béhavior of the

- spin Hamiltonian with a magnetic field. At each value of the wave vector
k, the zero-field spin Haﬁiltopian:consists of_a'k;indeﬁendent sPin—SPin

: ferm and a k dependent spineOrbit'term, and cdnséquently, thebzéré-field
eigenvalues are different for different valuesIijkf A Zeeman perturbation

. ' )
will result in a shift of wok relative to wok that under-certain circum-

stances giveévrise to a field-dependent (wok - wok') differegée for the-
three electron spin band-to-band transitions. A difference (wok(kio) -
wokr(k'=iﬁ/a))fo? twd or more of-thg zero-field band-to-band transifibns
is sufficient‘to ensure that thé'(wok - wok')'sbare field;dépendenf'for
all k and k'. Selective spin-orbit ‘coupling of the sfinOSublevels-with :
excited singlet states provides thelneCesSary_differences in the Brilloin_

zone boundary electron spih band—to—band’transitionvfrequéncies. The
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effect of é.magnetic field is simply to change the overall spin orbit

- induced width of the zero-field band;to—band transitions and shift the
center frequency wdk(k=iw/2a)to a'new.value determined by both therzefo-
field and Zeeman Hamiltonians. in the weak éhonon—éxciton scatteringJ
1imi£3 the line Shgbe shoulid femaih essentially unchgngéd with field

'exéept’for a. different overall width. In the intermediatevscattering

. | _ ,
region, hovever, the (wok - wok )Tkk,'s are on the order of unity. Since
) - . I '

(mbk = ubk ) is field~dependent, it is expected that at certain fixed

temperatﬁ:es the band-fo-bénd éiectroﬁvspin transitions can be obtained
both in the weak and strong scattefing cases by varying the magnitude

of the applied field and thereby effecting a change in (ubk - mbk') without
affecting the phonon-exciﬁon scattering probabilities (T#k,)-;f Thus,

in principie, ogé can experimentally sample the phonon-exciton correlation
time without.changing phoﬁon-exciton‘scatteringlggg_gg, It is expected,
given enough experimental data,:that only oﬁe set'of scattering parametéré;
Tkk;’ and hence a single m§d¢1 for phohon-ekciton scattering would be
capable of fitting all the data at a fixed femperature.

2. Effects of Phonon-Exciton Scattering in the Intermediate Band Width
.. Region :
The secqnd region of interest is where the acoustic phonon dispersion
is approximately the same in its linear region as thebexciton dispersion.
The salient difference’between.this'region'and_the narrow band region is

that there are always acoustic phonons in the linear region which can
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éeatter with certain exciton sfates.and.éimulpaneously éonserve:the totél
momentum énd‘enérgy in the overall pfocgss. _If, for example, the group
velécity‘éf the ek@iton states in‘the-center-qf thé band match the group
“velocity of the éompréséidn ané éssociated with acoustic phonons in the
lihear region,5T(k) would be sevefély atteﬁuated'for exciton states in.the
center of' the band (~k = #m/2a), ‘wh:'.L:le_ in the top and_'bottom of the band
ﬁould show characferistics similar to the narqu band céSe;{?It is impaffant
" to ndtevthét the most mobile excitonistates.in this case suffer the gfeatést
'phbnon_scattering and cdﬁsequeﬁti&»hé#e tﬁe shortest‘f(k). frém the ﬁdiht]
_of vieﬁ of'energyvmigrati§n.approaéhing macroécopic diﬁensiqﬁs,.aé fif;£
sight this casé ﬁaj seem unfavorabie. Sucﬁ is not tﬁé'éase,lhbweQéf, '
becauSe the slopeé of the excitoh and phonon dispersidns will only ﬁétch
over a small region of k space; hence, an exciton iﬁitially héving.qﬁantum
number k can only scatter to a.final’staté.k' which is in the small fegion
afound:k where the siopes of the:diséersions-match. An exciton traveling
with some initial velocity Vg(’k) will scatter to a new state with almost
the same felocity, vg(k'). Thus, phonon scattering of ééhereﬁt excitons

at reasonably low temperatures will not greétly impede the exciton's

: migration althouéh it will average the'Larmér frequencies of the k states

invblved in the scattering. (The cénsérvétion of k does ﬁoﬁ aﬁply to

impurity scatfering of the excitons sihce k will no longer be a good

quantum number dué to the répid-variation'of poﬁéntiai'neér the iﬁbuﬁiﬁy.)
- The bénd-to—bdnd éleétron spin rés6ﬁénce tiaﬁsitions céﬁld:appeaf :

very unusual depending upon'the strength of the resonant scdﬁtefing in
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the.center'of the band. If it is sufficient to result in the strong

o kK k',
scattering 11m1t, (wo -0 )Tkk'

then those spin transitions would appear exchange narrowed while the

<1 for k and k' states near in/2a;

“transitionSat'the top'and bottom of the band would remain in the weak

k k')

scattering non-exchange limit, (wo - W, Tkk' > 1. The net effect is

'for the‘band-to-band-transition.td have an éxghange narrowed T2 near -
Qo‘(k 7##/2a)vaﬁd a non-exchange narrowedvlonger T, at W (k ~ O3%m/a)
with interﬁediaté'distributibns_of T2's at values between the k = O.and

k = iﬁ/a.wavevéctor states. As the téﬁ?eratﬁre is raised two features
would be apparent. First, the outsides of thé band-t9~bdnd trapsitions
would broaden.and diminish in intensity relative to the transitions at

Wy (k ~ #n/2a). Further incrgasing the temperature would cause the center
wd (k.~.in/2a) region to.broaden slightly via increased phonon-exciton
scattering with increased temperature. When phonon—exciton scattering
became suff1c1ently strong, the central reglon would narrow and the w

(x ~ O,H/a) tran51t10n would completely disappear by v1rtue of the strong

- scattering limitationm,

' : ' ' .
@y - w, )T <1 (2.33)

being achieved for all k states. The impoftant qualitative point about
this.regidn_is'that the excitoh states‘should‘show a pronounced k dependence
in the scéttering which can result in the strong scatterihg limit at the
center of the band at much lower temperaxures than would be requlred to

have k states at the top and bottom of the band in the strong scattering limit.
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3. Effect of Phonon-Exciton Scattering in the Broad-Band Coherent Limit

A third éaseiof interest is wheﬁ the triplet»excifbﬁ dispersion
becomes greatef than the acpuétic phonon disperéion; In such cases, in
,aiéﬁe-diménsional'modéi, therg w{ll alﬁays bé a regionfof exciton wave
veéfofs‘which will have the samé group‘ve1§ciﬁy éé.theAécoustié phonons
»in-their 1inear region;"Accofdinélyérstrong résonant scattering is éxpécted.
‘However, as illusfrated'in‘Figure ﬁc, the wave&ector statés of the‘excitén
'Band ﬁhat afé scattered’ih this limit.are in thevproxiﬁity of k = Q and
+r/a, and éonsequently,vonly the reiatively immobile éXcitoné,'sa& k',
suffer a shqrtJCOhérencé time t(k'). In this limit, the highly mobile
eiciton'states ih the center of the1band should only $e ﬁéakiy scaﬁtered,
Furthermore,.because only sioweriphonon"states 5ecome populated in tﬁe
nonlinear region; increasing temperature shpuid nqt fesult iﬁ'an.apﬁreéiable
.increase.in phonon—exciféh.gcattéring in the center of the band.> States
near the top and bottom of the Band,'howevér,'will be progressively more
'stfdngly scattefed with increasing_temperatufe. Extension of,dur ééatter-
iné model to these stateé is.straightforw‘ardf ‘T(k') fbf exciténvstates
which ha;é group velqcities équal to £he group.velocities.of the séattered
phonons is simply propoftional to the total huﬁber of theée pﬂonéns avail-

3k for

able at a givén temperaturé. Using the Planck distribution function
the number of acoustic phonons, q, at energies E(q) for which Vg(q) =

Vg(kf), t(k'), is given by -

) %(exp(m.qwm) ) e
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Itbis‘important to stfeSS-fhat the k derendence‘iﬁ'Equation 2.34 is
résﬁricfed té only thosénfew exciton staﬁes,whose group velocities match
-thé.phonon.group“veldcity over some energy span given by the sﬁm over q.
Figure T illustrates the dependence of.the coherence time of these states
as a fuhction‘of'teﬁpefature.' The values for curves iabeled 1.25, 2.5,

5, 10 and 15 cﬁfl_cprrespond to the scattering events that span the indi-
caﬁed energy increment of the phonon ﬂiséersién. For example, the curve
labeledls cm_l is T(k')‘s for phononfexciton scattering'in which the exciton
' group‘velocityivg(k) équals phon§n grbub velocities from phonon energiesv
zero to 5 cm.-l alongvlinear region'of the phonon dispersion. One notes

that the functionalityvéf (k") is'given“principdlly.by the Bolfzmdnn

factor and is moderately insénsitiveAto the extent to Vhich-the group
vélocities match. .Moreover,,f(k), to a first approximation, is almost
.linear with temﬁérature, particularly when kT >.E(q).

The important qualifatiVe'boint is thét when theieX¢iton dispersion
is greater thaq the acoustic diépersibn T(k)_should be constant in the
_center of the bénd at all temperatures. Hence, long raﬁge enérgy migration
in fhe coherent limit is grgétly_favored’providing the temperaﬁﬁre is
sufficient to populaté stétes neaf k = m/2a to a éignifiéant,extenf but
low énough fo allow coherent migration. QbViously,.oné wants a crystal where
the phonbn dispeféion is extremely small and where-fhe-triplet band is narrow.
Ideally one ﬁould like the acoﬁstic phonon dispersion, Ap, to be on thé
order of kT But less thdn the ékciton band width. Whether or not fhis

can be realized for low lying triplet-bands is higle‘sbeculative.



The manlfestatlons of this limit on the electron.spln band-to-band
.‘tran81tlon are clearly 1ﬁd1cat1ve of the model. Strpng resonant scatter-
ing with-k_states near the top and‘bottom of the excitenAbend could result
in the stfong-scattering conditibn.

k k! o
o Wy T <1 B (2.35)
to be satlsfled whlle most k states in the center of the band could be

- in the weak scattering llmlt. Consequently, the effective T at k ~ +w/¢a

2
would be long while T>'would:be'short'at the values of k near k = 0 and

2
“#1/a. As the tempefature‘is raised, exchange narfbwing of the k state
: m1crowave tran51t10ns near 0 and +W/a would be expected; consequently,
the w1ngs of the exciton esr llne would become progre551vely sharper while
the reglon at the center of the band would remain broad.

In summary; one notes that the effects of phonon—excifdn.scattering'
on the elecfroh spin band-to—behd ﬁransitioﬁ in the coherent limit show
distinct quaiitative and quantitati?e.differences in fhe line shabe
functions in both the narrow band and 5road band limit‘and invthe region
' infermediate between the two. vNext, we consider additienel interactions

which are static in nature but which also affect the appearance of the

electron spin band-to-band electron spin resonance transition.

C. K Dependent Broadening via Two—Dlmen51onal Translational Equlvalent
and Non~Equivalent Interactlons

Up to now we have oﬁly:considered explicitly the spin'resonaﬁce of

excitons associated with nearest neighbor one~dimensional translational
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equivalent interactions. When two-dimensional bands are considered we

must clearly'deiineate precisely which features we wish to treat.

1. Effects of Two4Dimensional'Dispersion in the Singlet Band

Téabagin with; we cansidef-the'case vhere the triplet bana extends
over tvo-diménsions both being aasociated.with translational equivalent
interacfions.b Furthermore, let there be a nearest néighbof intermolecular
exchange interaction, B, prinaipally‘along one of the two directions,
say a. In the absenCe_of’spin orbit coupling the triplat band dispersion,
in such cases;’appears as three parallel "ribbons" each ribbon beiag split
from thé other by spin dipolar fapuisions.v The coordinates are taken to
be &ssbciated with wave vectors along the'two translationally equivalent
directions. If the siﬁ'glet" band that is mixed with a specific triplet
spin sublevel band via spin orbit interactions has dispersion in both
directions a.and Es_thea tha.ehergy separation between the singlet and‘
triplet bands is dependent'upon the singlet wave vectors,‘ka and kb' The
net resulf of two-dimensional dispersion in the singlét band is‘to
introduce a k‘a ggg_kb depandenae into the aero-fieid splitfiag of the

.triplet spin sublevél»bands via intramoleqular spin'arbit coupling. Hence,
.a single microwave frequehcy Wy, will genefally connect spin sublevels at
two points on the triplet band'surface, one at kakb and the other at

g'"b'"

.frequencies corresponding to the maximum and minimum energy separation

k ,k The only exceptioa ia this twofold k dependence is‘for Larmor;'

between the two triplet bands. . These points have associated with them-

H

1
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only.one mok. Naturally this approach can be extended to three dimensions
| ﬁlth the corresponding increased functional convolution of ub on the k

- states, As far'as'the'microane-transitions'are ooncerned, there are
several compleiities which'arlse but as we shall see, they‘arevfairly
eas&'to deal with under most circumstances.

The pr1nc1ple effect‘of two—dlmen51ona1 band dlsper51on 1n the singlet
states and one—dlmen51onal band dlsper51on in the trlplet state is to .have
assoc1ated with the w 's two contrlbutlons to the Lorentz llne w1dths, one
from T(kakb) and the other from_T 'kb ). It is expected? however, that
these coherenoe.times will be,virtually~identical because the small energy
shift from sbin—orbit coupling along b is hardly enough to provide a change

Kaly

are the same for a given k regardless of the value of kb ,A"further ]

in the phonon—exciton scattering,rates along a. In other words, T

'combllcatlon arlses, however, from two—dlmen31onal 31nglet dlspers1on

that directly affects the w dependence of states posse551ng a glven group
‘ve1001ty, vG(k). This can be 1llustrated by the follow1ng cases. Cons1der
first, the effects of spin orbit coupling'contributions to the‘zero—field

spllttlng when the s1nglet dispersion along b is much greater than along

(A;lnglet # Aslnglet)’

2 further suppose for the p01nt of 1llustratlon

that the slnglet and triplet band W1dths are 1dentlcal Under these
c1rcumstances there would be no anlsotropy in the zero-field spllttlng
along a but only along b. Slnce the trmplet band dlspers1on along b is
taken to be zero, the group veloc1t1es V (k) along b would all be the.

same (excludlng the extremely small perturbatlon due to S. O. coupling); -
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hénce, p(k)'along g is a constant. The line -shape function under these

circumstances wéuld essentially be k.independént, and is given by
oo, S
I(w) =z, i p(e,) exp(-e(k )/KT)de, (2.36)

whére ;Z iS'the kb'dependentAS.O. coupling'perturbgtioﬁ to the zero-field
.splitting alpng g.:,We_see thaﬁ'depehding upon the magnitude of contri-
'butions'fo the line shape from exampléé-approaching the above limit, thé
obServed band-to-band fransition can be Broadened by an entirely static

effect which is iﬁdependent of’phonoﬁ-exciton scattering.

singlet singlet

Next con51der the case where A > . In this'case, the
principgl ka dependence of W, is retained énd as before there’afe points -
'kaks and ké'kb' of equal zero—field splitting and a singlg We héving:
'associated:withvit two T(k)'s, (k kb) and 1(k 'kb ). However, the points
k k.b and k 'kb' can correspond to quite dlfferent reglons 1n the trlplet
band.. In particular, they can have con51derably different group veloc1t1es.

Therefore, T k kb) and T(k ,kb ) mlght be 51gn1f1cantly dlfferent in this

case. The effectlve width associated with W, (k) is related to
-1 _' S| =1
(k) = T(kakb) + r(ka.kb,) (2.37)

and coqsequently.the transition at wo(k) appears to be homogeneously.
broadened by’phéﬁon—excitonVscéttering at two poiﬁts in the Brillouin zone.
This is not a serious liﬁiﬁatidn on the interpretation ¢f1the_observed
line widfh, since it cannét average Larmor components inna.significantly
differenﬁ‘manner than what has already beén.aescfibed., The principle
qualitative features of the transitions aré ﬁaintained. Only the quanti-

tative evaluation of t(k) will be in error. t(k) could appear experimentally



-39-

shorter than it is in reality. From the interpretation of the electron
spin resonance lineshape function, one errors on the side of less coherence,

not more. ..

2;: Effects of Two-Dimensional Dispersion in the Triplet Band

.When an addltlonal 1ntermolecular exchonge interaction assoc1ated
with the translatlonally equlvalent dlrectlon b in the trlplet band
acquires a significant value, (the largest‘belng along a) the separations
betWeén any two of the three friplet spin Sublevel bands in zorogg_order
are equal at‘éll.valués of k k and k k. TheAelectronic onergy df
spin sublevel surfaces, however, varies in both directions'; and b. As
'an example, con51der the case whore the band dlsper51on along a hB
larger than along b hB . B > B In such a‘case, when a Boltzmann
'dlstrlbutlon describes the populatlons the largest populatlon is to be
found at k, kb' (0,0) for a negatlve dispersion along both directions.
The smallest populatlons are to be found at the four points on the flrst
Brlllouln zone boundary k Xk = (¢w/a, +'n/b) The general form of the
Boltzmann populatiOn distribution for all ka’kb is givén'in the nearest

neighbor approximation by the two-dimensional function N(ka,kb)'where

(el )+ dic )k
“‘ka’kb?? }3 5 'D<ka’kb>e_‘(,€(ka)+€‘(kb))/m

(2.38)

e(ka) and ;(kb) oro 51ven.by
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li,) = 28, cos (kD) (2.39)

.-and

1.

. e(kb). ‘éBb cos (kbﬂ) f ) » . (é.ho)
SélectiVe spin orbit coupiing betﬁeen singlet and friplef spin levels

will notjchaﬁée the enérgiés of spin subievél-a(ka,kb) sufficiently to
effect é-change in the population e(ka;kb);_hOWevef, the populations
perturbed by a given microwave fiequency, mo(ka,kb), is more complex than
in the simple ohe-dimensiqnal case. Indeed in order to fully describe

the effecté, agaih knowledge ofithe two—diﬁenéional SPin4orbit interaction
is reqnired, Séveral limiting caseé, however, are relatively easy to

desal with. -

First, when spin-orbit coupling along kb.can be neglected, the
separation between ﬁriplet épiﬁ:subievel bénds'albng kb>for anj one value
of k_ is constant, and hence mo(ka,kb) is constant for a given k . In the weak
- scattering limi# thé_popuiation perﬁurbed by a1micrqwgvé field of frequency

wo(ka’kb) is simply the's?m over ﬁhe states kb eva}uated.at ka‘-
Nw) = %; N(k_ sk, ) R (2.11)

Thus, the intensity of a.microwavé'transition at:a frequeﬁcy mo(ka,kb) is éivan
simply by the total population alpng one wﬁve vector direction kb from
the bottom of the band té'kﬁ = #m/b. |

Second, when §pin-orbit coupling results in ﬁn.énisotropy in.the

. - - ‘
zero-field splitting along both~direc§ions-; and b, the intensity of the
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microwave fréquency becomes the éonvolutiOn of Populations at many points
‘von‘the kakbAgurface. Geﬁerally speakihg; w willibe conspant bgtween spin
v'suﬁievels'along'some curved contour which is a complex function of both
_fhe two-dimensional spin orbit and intermolecular intéractions. If £he
spih orbit interactioﬁ along %,is small coﬁpared to:along 3, the coptour
of:equai w(kakb)'s across the‘sufface kagbbis relaﬁively constant in the
kb.densiﬁy of states_funétion-and thelline Shéﬁe function reflects prin-
cipally the functionality in the‘denSity.of-stgtes.function alpng kaf
Obviously when the spin orbit cbupling along g and % becomes cdmpafable
andAhsb =.h8a, the'line shape funétion can'no:ionger give easily inter-

. pretable results;  It is important to nqte that in all the above céses

no additionai width T(k)iis introduced explicifly by the two—dimensionai ;
interéctionsvvia avefaging of fhe.miéfowave frequencies since the eleptron
vsﬁin orientatiOﬁ ié cénservedho fbr all translatibnal equi&alenﬂ exchange

interactions.

ITI. Summary

(1) We have attempted to explain the effects of phonon-eXciton.scattering
'oﬁ thevmigration bf éqherent Frenkel excitons and have related these éffeéﬁs
to experimenfally observéble'phehomena. 'Sbécifically, ﬁe have dérived
expressions for the zero—field eiectron spin resonance liﬁe shape.fuﬁctions
for triplet exciton band-to-band transitions. In one;dimensional'cryétals
these dépend intimaﬁelf.upbn the details of_phonon—exciton scattering.

The problem has been c0nsideredvin three regions which are determined by
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‘the relatifé magnitudgs of the'phonén and'exciton dispersions. In the
narrow band iimit the exciton disperéion is taken to be smaller than the
| phonon dispersion and at low temperatureé'where.only the acoustic Phonon
brénch is populated, it was fouﬂd that the exciton 5ands suffer uniform
scéttering in so far.as thescattering has no. dependence on the exciton wave

véétof; Furthermdre, the'magnitﬁdebof thé.scattering was found to be
dominated by the pqpuléfion of thg phéhon'sfates which have the slowest
group velocities and whose group velocities match the exciton velocities.
Altﬁoﬁgh'the scattering reduceg'the eoherenceblength of thevéxcitons

. uniformiy for all k stateé, long fénge energy migration might not‘be
greatly<impaired.since scattering was found to occur only to nearby k
'states.v The temperatufe'dependehce of the scattefing in.this limit is-

- given by the Planck distribution_functidn for the slowest phonon states.
Uﬁiform scattering of the exciton k states resglts in a'ﬁniform contri-

bution to the electron spin T, of thevindividualvwave vector states

2
comprising the band-to-band tfanSition;: Aé the temperature is increased,:
the increased scattering results in broadening'of the entire exciton band-
to-band transition in a manner that deﬁends on the excitoﬁ'band width, the

- energy of fhe.sldwest group vélocity phonon states, and on the exciton .
and phonon denéity of.states fqnéﬁions. | |
(2) In tﬁe'infefmediate regiog;the exciton and-acoustié rhonon dispersiohs

were taken to be approximately equal. In this case; thelgroup velocity of

the_phoﬁons in the iinedr'sectiOn-of'the phbnon dispersion will match the

- group velocity of excitons around the center of the exciton-bahd, reéulting
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in a largebscattering rate for the excitons around k = *n/2a. ~States
‘ néér k = 0 and i7/a were found to behave in a manner similar ﬁo those

in the narrow band limit. vIn‘terms of long rangé energy migration this
_may prove most unfavorable since the fastest states are scattered the most
frequently. waever, in tﬁis caselaé above, scattering can only occur
to'nearby k states,and_thereforé'long range tranéportaof energy may still
occur although the coherence 1ength‘is.s1gﬁifi¢aﬁtly reduced. In terms

of the eléctrqn spin exéiton band—to?band'transition, at temperatures in
which the linear part of the phdnon band is highly populated, the center

éf the band-to;bana transition can be exchange narrowed while the wings

can remain brpad;

(3) In the 5rqad band limit, the dispersibn of the exciton band was taken
to be‘greater than the disperéion of fhe acoustic_phonon branch. In this
~case, no phoﬁons with group velocities equal to ﬁhe excitén group velocities
near the_center-of the band éré available;.hence,.the fastest excitons
suffer thevleast scattefiné although éxcitoh sfates’negr'k = 0 and *nw/a
v‘are rapidly scattered. .From the pbint bf view Bf long range énergy migra-
tion, this case is the most fa&orable. Tbé_ekciton band—to—bahd.transition_
will have vefy sharp wings due to exchange narrowing caused by rapid
scattering near k = 0 and in/a;'v .
.v(h) Finally, aiditionaifactorSIWhich affect the exciton band—to-band
transition have béen considered._ These include the effééts of intramolecular
spin-orbit coupling, an eﬁternél magnetic fieid, multi-dimensional excifSh
interactions ‘in the spin-orbit coupled singlet states and multi—dimensional

exciton interactions in the triplet state.
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" Figure Captions

Figure 1 (a) Energy dispersion of the thrée magneﬁic sublevels
L Ty and.'rZ ip the‘triplet exciton band Tl in the
| absence ofvsfin-prbit'coupling. |
" (b) Energy disbersion of‘the triplet‘magnetic sublevel bénds
iqcluding selective spin-brbit coupling of T to higher
singlet states.

The ehergy scale is purély schematic and is used for illus-

trative purposes ohly,

Figure 2 = Calculated électron spin resonance band-to-band transitions
in the absepce.of sélective spin-orbit coupliﬁg for various
triﬁlet band widths 48. Each curve‘represénts the sum of
.confributions from a Boltzmann distribution over the individual
k states. Each value of k in the band-to-band transition
has associated with it an intrinsic line width AF® and a éroup
velocity dependent line width, AP, AF® s listed for the
vétates #t the center‘of.the band (k = #mw/2a) for the various
band widths illustrated. The intensifies of the spectra are
adjusted to have thé same ma#imum‘heiéht énd are not normalized

relative to one ariother.

Figure 3 _-Calculated electron'spin resonancevtriplet exciton'band-to—band

transitions in thg'absence of selective spin—orbiticoupling
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for several_tempefaturés. In addition‘to the temperature

dependence these éurves‘illustrété“thé effect df different

gfbup felocity defendent lihe widths and the_deﬁendence on
- the number of k stafes in the exciton Bands. Each spectrum

is adjusted to have the same maximum height.‘

Figure b. " The relativé maghitudes of the exciton and acouétic phonon
| dispersipﬁs.‘ |
(a) The narrow exéiton ﬁand iimif wheré fhé phﬁndn group
_ Qelocitj matches the exciton group vélocity in the
non-linear region of the phonon dispersion.
(b) The intermediate region where the phonon group velocity
in the.linear_region'of the phonoﬁ dispersion matches
the exciton velocities around the center of the exciton
band. .
(¢) The broad band limit where thé phoﬁdn.groupkfeioéities
. match the exciton velocitiesqhear the_tép and.ﬁottom of

the exciton band.

Figure 5 _Calculatéd.electron spin resonance friplet exéiton band;to—band
| transitions for séveral exciton band widths with selectivé
' spin-orbit coupliﬁg. The exciton and phonon dispersiéns are
vin;thé'narrow band limit and a Boltzmann distribution charac-

terizes the pobulatidn. The shape of each of the curves



Figure 6

Figure 7
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reflects the exciton bénd width, exciton density of states

function, and the rate of phonon-exciton scattering. The

total area under each of the spectra has been normalized.

Calculated electron spin resonance triplet exciton band-to-

- band fransitions with selective spin-orbit coupling to the

individual triﬁlet spin sublevels in ﬁhe narrow exciton

- band limit. The curves are for several exciton band widths

and several temperatures. AF is the half width at half

- height of the individual wave vector states comprising the

excitbn'band. The' spectra show the broadening effect due

to increased phononQexciton scattering with increasing
temperature. The total area under each of the spectra has

- been normalized.

- Exciton coherence time, T(k'), as a function of temperature

in the broad exciton band limit for the exciton state k'

vhich has its group velocity Vg(k*) equal to the group

velocity of phonons in the 1ineaf region of the phonon .

dispersion.



-51-

(a) (b)

hy - o L e LA hy 4
(30,000 cm™) | | {
So Vo 1 v , .
0 I —— U
V?‘._'_T 0 Ewte Eh 0 To/2a Enk
isolated " . o
molecule Triplet Spin-sublevel Bands
. (@) without spin-orbit coupling
(b) with spin-orbit coupling
S . XBL 734-383

Fig. 1



~52~

o { . 1 - 1
100 | o . R L " -
1000 STATES N . OF* MHz |
3 | °K : : . 4ch v(k=‘.':7f/20_)< |
B P, - +-”-' - ) Q. ' I 6.‘ '
| AE (k o..».. /a) 'O.IGMHz” b 2 P
80 ‘ c. 4 24.5 —
' d 8

- 48.3

0]
®)

Relative Intensity

H
®)

20}

0 1 S L
2990 2995 3000 3005 = 3000
' ' GHz e |

XBL738-1670

Fig. 2



100

Retative Intensity )

Relative Intensity

@
o

[+
o

D
o]

20

=53-

| AF% (ks 2 77/20) 210 MHz

AF'(k-* 7"/za)- I0MHz |

. T T T
o : = ™~ ¢
a8 .20 cm™ 7] ap«20cm’! 7]
| 1000 STATES | | 100 STATES | -
OFP(k20, % /)= 0.16 MHz AFP(k=0, * 77/a)*0I6 MHZ

T T T T T T
iI00F b = — d -
- 4g<20 cm™ B 48 20 cm™! 7
gol. 1000 STATES - ‘—O.I°K , | | 100 STATES _
. AFP(k=0, 2 T/o)=0I6 MHz [ LI’k - AFPlks0, 2 7o) =016 MH2
BFM (k=2 777242100 MHz | . | BFMkat 7720} 100 MHz
- 731K 4 _ . .
GO \\ __ 1
L -
40 B 0| K ]
20
o} L 1 : | 1 L 1
2930 2995 - 3.000 3005 3010 29%0 2.995 . 3000 3.005 - 3.010
GHz ¢ GHz ‘
' XBL 738- 1674

Fig.

3



O.
Narrow Band Limit

Exciton

|

tn/a

b

‘Intermediate Baond Limit -

Phdnon

Exciton

-k

o - t7w/a

Fig. &

c
Broad Band Limit

Phonon

XBL738-167!

t7/a

—vg-



-55-

250 —o

T ! I I |
1000 STA _ o
. 000 3 T-Ei . 48:200 cm”
Temperature = 4.1 K. o :
200 OF = 1.7 MHz
T = 1.0x107®
Tp = 9.3xI0~8 3 o
’ 48100 e¢m
’>_~.l50-—— ' : : v
‘.
[ =N
o o
[ =4 -
:. 4B=5.0 cm'd
2
o
® 00— , 43=25cm"
a ’ .
4B=1.25 cm?! /
?’
50—
2.985 2990 - 2,995 3.000 3005 3.010 305
- GHz '
' XBL738-1672

Fig. 5



G Hz_

3.015

Fig.

6

250¢ T i T T T T 500 T I ‘ T T _ T I
a : . C '
200 1000 STATES 400 - 1000 STATES
. A4l = -1 3.|°K - A — - | -
he 4,5;, 125 cm /Z!_:=0.32MH2 4,6; 5.0 cg\ -
> 7= 1x10-8 Tp=497x10° T5 = 1210” /A;%BZKMHZ
g 150+ ' 4 300 Tp=497x0°7 |
8 _
. @
2 100} 200~ ax |
—4l
| % /aF +1.7 MHz
x| _ T=9.3:1078
o 100 et
"'_ ;/é - o™~ e “Jp=254078
orZ 4 | | Okz==2 -
250 l | T l T — 500 I . I I ! I
. - C b /—3.|°K : d . /3,|°K
S AF=0.32MH:z v : AF=0.32 MH2
200l 1000 STATES Tp=497xI0°8) 4001 1000 STATES Tp2497x10°7
S B 4,B=2.5cr2" ] 42 =10.0cm™ S
P_ 1A~
Tz = 1407 15 = 1x10°6
= 1501 - 300} | .
o | a1k '
£ VaF=17 Mz
g 100 | ro3ni08 2001
5 1 —s5.%
> 4 (AF <63 MHz
s S P T /\2"2549° 00}~
Y D S
-_—‘;', ‘.“:: D UL
ok ! - ] I 1 okzzzzzamsmssiyrr s
2.985 2995 3.005 2.985

XBL738-1675

-gg_




T (k) —

-57~

! | { | | ] I l
15cnﬂlo 1
: om
Exciton Coherence Time —
vs. Temperature 5cﬁ"
in the Broad Bond Lknn
2.5cm?
1.25cm™
! | ) L L
2 . 4 . © - 8 10
" Temperature () o '
: o XBL.738-i673

Fig. 7



LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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