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COHERENT EXCITON MIGRATION: AN EXPERIMENTAL AND THEORETICAL VIEW
C. B. Harris¥
Department of Chemistry, University of California, Berkeley,

and Inorganic Materials Research Division, Lawrence Berkeley Laboratory,’
Berkeley, California 94720 _

'In order to experimentally differentiate_betﬁeeh coherent and
diffusion‘limited triplet Frénkellexciton migratioﬁ.in molecular crystals
one must specify both the coherence time associated ﬁith the wave vector
k and ﬁhe correlaticn time associated with the pa?tiéular experimental
approach used. For experiments utilizing a time—depéndent,oscillating
field such as visible electroﬂagnetic radiation éf’dne extreme and a
micréwave field at the other, the éxperiﬁental correlation time is on
the order Qf_the reciprécal frequency of the appiied-fiéld. If the life-
time of an exciton k state is much longer than the‘experimental correiation
time, excitﬁns associated with individual k states may be experimentally
investigated Ey the applied field. With this experimental imposition,
it is clear why a complete description of the dynaﬁics of exciton migration
in the Frenkel limit which allows aﬁ experimental;prébe into the correla-
tion-funcfidn associated with the dynamics requiféé that the electronic
states, ;hé phonon states,'ggg_phonon—éxciton coupling all be explicitly
considered:in terms 6f the crystal states. Indeed,‘it is the latter
interaction that determines the primary mechanism‘fesponsible for eléctronic
energy ﬁransfer in solids at both high and low témperatures.2’3 At low
temperature the density of phonon states beéomes-sﬁfficiently small that
scattering between the exciton wave vector stateé k By therphonons is
expected to be much less frequent than energy migration from lattice~-site
to lattice~site. In the limit that the time between scattering events
approaches the radiative or radiationlgss 1ifetiméiv6f the excited elec-

tronic state, a Frenkel exciton can be thought dfjés'a delocalized
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excitation propagating coherently as a wave packet at a velocity charac-
teristic of both its energy and the linear combination of crystal k states
which describe the wave packet. This velocity ié:ﬁérmed the group veloc-

.ity and is-given by
Vg (k) = (2n/h) (ds/dk) - E | (1)
Yor a ohe.dimcnsional crystal,
e(k) =-EO 4+ 2B cos ka“‘{ | (2)

where £€(k) is the band &ispersion associated-with3ﬁranslational equivalent
interacﬁiohs along a direction 3. E° is the electrbnic energy of the
localized molecular excited state while B is the effective intermolecular
interaction in the nearest neighbor approximati@ﬁ._cin a stocastic ﬁodel
the distance,‘ﬂ(k); which an exciton propagates in‘a.coherent fashion
without chaﬁging either its direction or veloci;ynis.given by the lifetime

of the coherent state, T(k), times the group velocity of the wavepacket
k) = Vg(k) - T(R) 5 (3)

2(k) is thus equivalent to a mean-free path and'f(k) corresponds to a
correlation time for the wave vector state k. From a dynamical point of
view the imbqrtant feature of coherent migration.is that excitons can
propagate in thé crystal at a variety of velocifies and a variety of
~distances depending upon the k stafes populated. For the case under

consideration the group velocity is zero at the-tbp and bottom of the
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- band (k = 0 and #n/a) but 8mR/h at the:center ofgthe‘band (k = /2a).

The extent to which these states contribute to the propagation of elec-

tronic ehergy in a given situation is determined explicitly by the popu- -

lation distribution in the band. For a thermal;distribution, the number

of excitons, N(k), propagating with a velocity,'Vg(k), at a given temper-

~ature is proportional to the density of states p(g) times the Boltzmann

- factor.

. pe) exp(-e(k)/£T) )
Sp(e) exp(-e(k)/LT) '

N(k)
One can show that k states in the center of the band can have
velocitieé 10°® —‘107 times those associated witﬁ random Qalk migration
for.bandé béﬁween 1 and 10 cm'-1 and that the cohéteﬁce length can approach
maéroscopic.dimensions if.phonon~eXCiton scattering is weak (i.e., T(k) is
long) andifhé excited states are long-lived (e{g;;{triplet states). 1In

practice this is only achieved at very low températures where the distri-

bution of phonon states approéches the T>0 limit. At intermediate temper-

atures fhé principal limitation of T(k) is phon&n}eXciton scatterihg.

In such cases an exciton initially in a k state'scaﬁters to other k'
states via phonon interéctions in a time short co@éared to the radiative
or radiatiohless lifetime, but in a time iong cthared to intermolecular
exchangé. As a résult the coherence time is shértened, the mean-free
path or coherence length is reduced, and the iqdividual k states acquire

a width F(k), given by the reciprocal of the cdhereﬁce lifetime of the
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individual k states. TI'(k) is given by e

Py = N = 2 () | (5)
i kl E .

where Tkk,'is the probability of an exciton initially in the kth state
scattering via phonon—exciton interactions to a fipal state k'.

In éumﬁary then, a proper description of tﬂé dynamics of exéiton_
migration ﬁﬁst include in addition to the statiénary states of the crystal
(a) the group velocities of excitons; (b) the.pOpgiation distribution over
the k stéteé of the band, and (c) the coherenceifimeé for the individual k
stétes and hence an explicit model for phonon—excitoﬁ scatteringt This
stocasticbdéscription views the exciton as execqting a random walk migra-
tion in a time on the order of the coherence 1ifeﬁime but allows for long
range propagatiOn via coherent migration in betweeh_;cattering events.

From an expefimental point of view,.this model fequires that careful
attentioh be given td the relationship between fﬁeicqrrelation time asso-
ciated with éxciton migration and the time scalequ the particular experi-
mental approach being employed. If, for example, the experimental corre-
lation time, which is on the order of the reciprécal.of the radiation field, ]
is much shorter than T(k) (as is the case for optical absorption), only
manifestations of the coherent model are abpareﬁf?frOm the data.4 Similarly, ,
when the experimentalvcorrelation time is longer than 1(k) for all k, only
the random walk processes are displayed. A reliébie,measure of phenomena
connectiﬁg'cohereﬁt migration and diffusion limited migration, such as

phonon-exciton scattering, Vg(k) and 2(k), can 6nly be determined when
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the expe:imental'correlation timé is on the ordef'df 1(k).
With this in mind three experimental approaches to the investigation
of coherence in energy migration have been devised. TThe first, optically

detected electron spin resonance of triplet excitons in zero-field~ takes

advantagc‘df'thc fact.thaﬁ selective spin—orbiticéﬁﬁling between singlet
bands and ﬁhe individual triplet spin sublevel Béﬁdé:results in a k
dependent La?mor frequency, wok, of the tripletvexciton zero—-field splittings.
The proper representation for electron spih_resonance absorption in

terms of thé Bloch formalism6 is énset of BlochfeQuations, one for each
k sfate in the band, whose frequency components._u_)bk are coupled by phonon-
exciton scattering. In the rotating frame, the;?fgsance of a weak oscil-
lating rfzfield of the form

K, () = —YH; . §y cos wt..va “ (6)
.connectiné.fx with T, via Fhe electron spin opefétor §y results in an

in-phase, u, and out-of-phase, v, component of a complex moment, G, given

by

(7)

Gk = uk + 1vk .

Modified Bioch equations ‘can be constructed from”tﬁe complex moments7 of
'feach k.state that include the effects of éhononféxciton scattering phenom-
ehologically through the scattering rates (1/Tk£;)} ‘The 2k + 1) equatipns
aré: v | o |

dGp/de + [I(Tz(k) - 100, - W16 = ~1YHNGK) + % [Cr/Typr = G Tygr 1 )
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where N(k)_is giéen by Equation (4). Tz(k) is thé ﬁbmogenous spin—épin
relaxatioq_time for the kth exciton state. l/fkkf; °r the probability
per unit time for an exciton being scattered by a.phonon from k to k' is
displayed as'a "golden rule ?ate: |

I/Tkki = Oé(k'j ;?;:q' pp(Q') exp[—EA(q)[ﬁT]fpp(q)

. g , S

ox I<k9!H2p|kffl'>|25(k,k',q,q') R 9

pe(k'), p#(é') and.pp(q) are the exciton (subscript.e) or phonon (subscript
P) density‘of states functions evaluated at the énérgy of the wave vector
k', q', or q, respectively. A is the index which runs over the phoﬁon
branches -and Ex(q) 15 the.energy of fhe qgh;wave:ygctor of the phonon branch.
The sum over phonon states q and q' is restricted to collisions that con-
serve both,the ;otal energy and momentum of the'iﬁitial and final exciton-
phonon statés <kql. Hep is the exciton-phonon éoﬁpling Hamiltonian. In
weak oscillating rf fields and steady state (de/dt~= 0) the electron spin

resonangé-line shape functién, g(w), is given by: -
gw) = Imz: Gk . o (10)
k : '

The function, g(w), can be easily solved in two limits. The first,
. 1, L
termed the strong scattering case, occurs when (wok - wok)Tkk' << 1 and
yields a homogeneously narrowed line centered at k = #w/2a at high temper-

atures and corresponds to the random walk 1imit.9'_The second, when

. [] ' .o
(wok - wok )Tkk‘ >> 1, corresponds to the coherent limit in which phonon-
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exciton scattering causes a change in the exciton states on a time (Ikk,)

N . . ) [
slow compared to the differences in the Larmor frequencies (wok - wok

).

In such cases the individual k states of the tripiét band can be sampled

" by the ff field. Assuming phonon—exciton scattgring to be uniform in k,

i.e., Tkk;,s aré equal for all k and k', the elégtron spin resonance
absorption, g(w), is the sum of (2k + 1) indepehdént:Lorentz lines each
centered.at_(bok and weighted by the number of exéit§ns occupying the
state k wifh group velocity Vg(k)g The width of each Lorentz line has

a contribution from both a finite coherence lifetimé T(k) and the homo-

'geneou91line with parameter Tz(k). When a thermal distribution charac-

terizes the triplet band

() = _e;_/"/a exp[48(1 - cos ka)HT] 4 (11')
TJo  [w+ AET cos;ké]Z + §2

AéT is related to spin orbit, T;ié temperature,lé.is the half width at
half_heighﬁ of an individual k state electron spiﬁscrénsition and is a
meaSure.bf f(k).

SomeISpecific features of equation (11) arelthaﬁ: (a) the Larmor

frequencies are directly related to band energyiinsbfar as a prescribed

' wok couples the spin sublevels of an exciton whose'éhergy is €(k); (b)

the intensity of the transition is directly reléted_to the density of

_.states function times a Boltzmann factor. Thus, bdth the distribution

 function1ovef the k states and hence the band width are experimentally

obtaiued.lo-(c) The broadening function, 6, givcs_én estimate of the
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phonon—excifbn scattering, and heﬁce a measyre §f ﬁhé coherence length,

2(k); and insight iﬁto the mechanism of phonon—éxéifén scattering. The )
dependencé qf g(w) on Hip via (Tkk,)—1 might, fqp-egample, allow linear2
énd quadrafic phonon—~exciton coUpling3»to be diétihguished experimentally.
(d) The oVéfall width of the g(w) is_detérmined;b&[the épin—orbit coupling
parémgte;,:AgT, hencé the selectivity of spin-o#bi;bcodpling to ;he triplet
spin subigvels can bevdetérmined. (e) The microwavé field selectively
perturbsAthe'electron spin of excitons whqse grbgp;ﬁelocity is Vg(k),'and
theréfo;e thé'k dependence of other proéesses s@éhfés the dynamics of
‘trapping,i; exciton-exciton annihilatibn,12 étc;; ¢én be potentially

studied in the éoherentvlimit.

A secdnd,appfoach to the study of exciton dynamics is based upon a

statistical model for the probability of trapping excitons in the coherent

and random walk limitslz and includes a detailed’éonsideration of the -

energy dispersiou of the band, the number of k statés comprising the band

and the_partitioning of energy between the band énd‘trap states when a

Boltzmann diStribution characterizes the ensemblé."_Basically, in any

"real" cfyStal, where the energy separation between. the impurity (trap)
states and the exciton (k = 0) states can be spéétroscopically measured,

it is expected that the temperature dependent emission from the band states

o~
*

and impurity states would be a sensitive function 'of the energy dispersion
of the band. Furthermore, the ability for excitéﬁ“migration between trap
sites to thermally equilibrate the excitation within the lifetime of the

state depends in detail upon the average Velocity of'exciton migration

PR,



the trap probability'is taken to be P

which in tﬁro is related to the extent of coherenoo., For a one-dimensional

crystal the partition function z for band and trap states can be written as

. =1 +‘e-_A/kT N (n_!gﬂ/an)ze—[A—ZB(l?-oos ka)]/KT

k=1 /na

The zero of enefgy is taken at the energy of the trap which is A below the

k=0 SCate‘of the band. The dispersion is restricted to a nearest neigh-

boxr approximation with an'intermo;ocular inoeractioan along a translation
equivalentoéirection 4. The leading and second oerms in the partition
function.chafacterize the Boltzmann factor for fhé tfap level and the
nondegeneraté exciton k = 0 state from which'emi;éioo occurs. The remain- .
ing doub1y dégenerate terms include the non k ='Oiexoiton states. This
model views'the exciton stateé‘and trap stateo in:thérmal equilibrium where
trap - l/z;vaodohence the intensity.

of trap emission is given by I£ « 1/z. An important feature nececssary

‘ rap
for this description to be valid iS that the system must reach equilibrium
within the lifetimes of the excited states, implying that the average
excitation migrates between many trap'sites via the exciton states in a time

less than the lifetime of the excitation. In the coherent model the average

velocity at a temperature T for the exciton is given by

3 sin (kaye™ (2B cos ‘ka) /4T

_ 2Bfa k .
4<Vg> ~Th 2: e-(ZB cos ka)/ﬁI

k
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For a 1 cm-l-band at 4.2°K, <Vg> = 2500 cm /sec»while in the hopping

model the médian velocity, vhop =‘§{%§)l/2a; is a”faétdr of 10° smaller.
When the impurity density becomes low vhop is téo'small to allow the
sample to come into thermal'equiiibrium within thé.iifetime of the states,
.and thé‘témperature dependent emission "appearsﬁ bott1enecked. On the
other hand, COherenp migration is more than adequété to insure equilibrium.
The latter éescription has been found to give ekécllent agreemenf with
experiment‘at low temperatures and agrees well.With:the results of the
spin resonancevexpériméntslo for ﬁwo crystals whi¢h7have been studied and
which can b¢“c0nsideréd models for one dimensionél'e#citon migration.
They are'1,2,4,5—tetréchlorobenzenelgnd 1,4»dibrd§§ﬁ;phthalene.l

TﬁeJtHir& éxferimeﬁté} approach devised to stuay exciton dynamics

is based upon some new optically detected magnetic resonance pulse

methods that are capable of studying any state of the spin coherence of

.mobile,and nonmobile triplet'states utilizing virtuallz,all of the phos-

phdfescénce emission, Specificaliy, by viewing zero field optiéally

detected3magnetic resonance in an interaction representation which removes
' the-zeroQEiéld spli;ting it can'be.shown that thé ﬁépulations dn the
individuai‘épin sublevels in the laboratory frame afe related to a pseudo-
magnétizatibp along z in the rotating.frame.14 'Further, when the density
matrix in'the interaction representation is disbi&jed thru the electric "
dipole transition moment responsible for phosphoreséence usually only #z
components in the interaction representation aré_é#perimentally observable

‘via a microwave induced modulation of the phosphéfeScence intensity.
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The net result is that spin echoes,15 spin echo bréins,lG spin 1ocking,l6
and other.coherent electron spin experiments caﬁ be detected optically
on as fe& aévldu spins by restoring the spin ensemble from the x,y-plane.
to the izbéxis and‘observing»the resulting change in phosphorescence as
it reflects the instantaneous spin coherence in.thevinteraction represen-
tation x,y-plane. | |

“ The importance of these techniques to'the'stﬁdyHof exciton migration
and otheﬁ'ﬁhénomena associ;ted'with molecular crjstals is that they provide
in principie;a method of extracting the full correlgtion function for the
dephasing of the electron spin ensemble. Becauséydifferent phenomena such
.as coherént vs. incoherent migration, trapping éﬁd;détrappingg déphase the
eleétron spins with dramaticélly different correiaﬁibn-times, the contri-
bution of géch can be determined from the Fourief;spectrum of the electron .
spin relaxation function. Experiments which have been recently completed
such as thiéally defected-spiﬁ echoes and echo trains, spin locking and
spin polafizafion transfer in trap and excitatioh;states-in the rotating

frame will be presented to illustrate these points;_
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