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PHOSPHORESC ENC E-MICROWAVE-DOUBLE-RESONANCE IN EXCITON STATES

OF MOLECULAR CRYSTALS AND COHERENT STATES OF TRIPLET SPIN ENSEMBLES

C. B. Harris*
Department of Chemistry, University of California, Berkeley,

and Inorganic Materials Research Division, lawrence Berkeley Laboratory,
Berkeley, California 94720

ABSTRACT

Satﬁration of the zero-field electron spin transitions of a phos-
phorescent triplet state of a microwave field causes changés in the intensity.
and/or polarization of the emission #nd»thus forms the basis for phosphores-
cence microwgve double resonanceb(PMDR)#in excited triplet states. Because
of thé sensitivity of photon detection, the technique is capable of detect-
ing éé few as th molecules in a sample depending upon the details of the
radiative channels being monitored. If phosphoresceﬁce is morﬁtored from
an exciton band, PMDR can be used to experimentally differentiate between
diffusion limited exciton migration and migration describable by the group'
velocity of the wave packet. of k states, i.ef, coherent eiciton migration.
In the following paper the relationships between PMDR speétroscopy, coherent
~triplet exciton migration and density of states functions in molecular
crystals'will first be developed for crystals which can be considered as
models for one-dirensional excitons. In particular, resonance theory will
_be outlinéd that incorporates explicitly exciton—phonon scattering into
the_Bloch equations and allows one tq extract both the lifetime of a k state |

of thevband and the cqherence'length of the exciton. PMDR-expériments in

"one-dimensional” molecular crystals are presented which illustrate the



salient)features of.tﬁe theory. The experiﬁental results are interpreted
u51ng a "statistical theory which explicitly 1nc1udes the ex01ton band
dlsper31on, the den51ty of state function of band and trap states and the'
group velocity of the exciton wave packets.’ From the ahove experiments,
a ceherehee length between 300 and th R and a cohefence lifetime of 107"
seconds have been found for k stetes in the center Sr the band for certain
substltuted benzene crystals at 4°K

Flnally, some new PMDR methods for studying the coherent spln proper-
tiee of mobile and nonmobile states based on optically detected electron
spin echoes and echo trains iniexcited molecular states will be_presented.
Specificelly, a technique will be presented that is capable of measuring
any state of the coherence ofvthe spin ensembie, regardless of the optical
polarization of emission from the spin sublevels utilizing virtuelly all

of the phosphorescence emission from excited states.

¥Alfred P Sloan Foundation Fellow
#D. S. Tinti, M. A. El- Sayed A. H. Maki and C. B. Harrls, Chem. Phys.
Lett. 3, 343 (1969).
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I. INTRODUCTION

In order to experimentally differentiate between coherent and dif-
fusion limited triplet Frenkell exciton migratioﬁ in molecular crystals
one must specify both the coherence time associated.with the wave vector
k and the correlation time associated with the particular experimental
approach uséd. For eipefiments utilizing a time~dependent oscillating
field such as visible electromagneticvradiation at one extreme and a
microwave fiéld at the other, the experimental correlation time is in the

order of the reciprocal frequency of the applied field. If the lifetime

'of an exciton k state is much longer than the experimental correlation

time, excitons associated with individual k states may be experimentally
investigated by the applied field. With this experimental imposition,
it is clear why a complete description of the dynamics of exciton migration

in the Frenkel limit which allows an experimental probe into the dynamics

requires that the electronic states, the phonon states, and phonon-exciton

coupling all be explicitly considered in terms of the crystal states.
Indeed, it:is the latter intefaction that determiﬁes the primary mechanism
responsible for electronic energy transfer in solids at both high and low
températureS»and hence the nature of the experimentai observablesf2’3

At low temperature the densityvof phonon states beéomes sufficiently small
that scaﬁtéring between the exciton wave vector states k by the phonons

is expected to be mﬁéh less frequent than the inﬁermolecular exchange time.

In the 1limit that the time between scattering events approaches the radia-

tive or radiationless lifetime of the excited electronic state, a Frenkel

t
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exciton can be thought of as a excitation propagating coherently as a wave
packet at a velocity characteristic of both its energy and the linear com~
bination of crystal k states which describe the wave packet. This velocity

is termed‘the'group velocity and is given by
| Yg(}c) - (2n/n)(ae/dk). - - @)
For a one~dimensional crystal,
e(k) = B + 28 cos ka - - (2)

where €(k) is the band dispersion associated with translational equivalent
interactions along a difection 2. Eo is the electronic energy of the
localized molecular excited state while B is the éffective intermolecular
interaction in the neareét neighbbr approximation. in a stochastic model
the distance which an exciton propagates in a coherent fashion without
changing either its direction‘of velocity, #(k), is given by the lifetime

of the coherent state, T(k), times the group velocity of the wavepacket
"e) =V (k) - T(R); (3)

(k) is thugvéquivalent to a mean-free path and T(k) corresponds to a
corfelation tinre for the wave véctor state k or linear combination of k
states at an enefgy e(k) associated with the zeroth order state.‘

From a dynamical point.of view the important_feature‘of coherent migration
is that excitons can propagate in the crystal aﬁ a variety of velocities

and & variety of distances depending upon the k states populated. Figure i
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illustrates a few of the important features asSociéted with coherent

migration.

COHERENT PROPERTIES OF EXCITONS
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1. B generates o rate of eberqy transfer
between molecules: w, (k).

2. Coherence lifetime, v (k), generates o
widthto the state ond a mean-free
path for coherent energy migrotion

2(k) = rg(l)- r(k)

) -1 -
! k) '= §(r“.) = (k) .

3. Distribution Function, D(k), determines
the partition of energy between states
of different veiocities

Dlk)g ~ p (k) exp [-E (k) 747]

) v/20 /0 .
k stotes

Figure 1: Experimental observables associated
with coherent migration.

When a thermal. distribution characterizes the band, the number of
excitons, N(k), propagating with a velocity, Vg(k), &t a given temperature

is propdrtional to the density of states p(e) times the Boltzmann factor.

. ple) exp(-e(x)/Am) o)
Jo(e) exp(-e(x)/eT)

k)

In the absence'of damping or elastic scattering between + and - k

states, one can show that wavevector states in the center of the band can

7

have velocities 106 -~ 10" times those associated with random walk migration
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for bands‘having dispersions between 1 ahd 10 cm—l'and that the céherencé
length can approach macroscopic dimensions if phohOn-excitOn scattering
is wéak (i.e., 1(k) is long) and the excited states are long—liVedA(e:g.,
triplet states). In practice this is only acﬁiefedfin very pure crystals
at low temperaﬁures where the distribution of phohon States approaéhes
the low temberature limit. At inﬁermediate pempératures the principal
limitation of ‘T(k) is inelastic phonon-exciton scattering. In such cases
an exciton initially at an energy e(k) scatters.to.ofher énergies e(k')
via phonon interactions in a time short compared tq the radiative or
radiatioﬁléss lifetime, but ih a time long’compar¢d to intermolecular
exchange.‘ As a resﬁlt the coherence time is shorténéd, the mean-free path
or coherence length is reduced, and the individuél‘k states acquire a
width I'(k), given by the reciprocal of the coherence lifetime of the v

individual k states. TI'(k) is given by

M) = ()™ = X ()7 (5)
where Tkk‘ is ﬁhe prdbability of an exciton initially in an energy associated
with the‘kth'state scattering via phonon—exciton‘interactions to a final
energy associated with the state k'. |

| In summaary, a proper description of the dynamics of exciton migration
must inclﬁde in addition to the stétionary states df‘the crystai (é) the
group velocities of excitons, {b) the population distribution over the k
states of the band, and (c) the coherence times for the individual k statés

and hence an explicit model for phonon-exciton scattering. This stochastic
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description views the exciton as executing a random walk migration in a
time on the.drder of the coherence lifetime but ailows for long range.
prbpagation‘Qia coherent migration in between scattering events. |
From an expefimental point of view, this mddei-requires that careful

attention bé given to the relationship Eetween the‘correiation time associ-
ated with coherence and the time scale of the particular experimentalv
approach being employed. If, for example, the e#perimental correlation
time, whiéh is on the order of the feciprocal of fhe.radiation field,

is much shorter than T(k) (as is the case for optical absorption), only
manifestatlons of the coherent model are apparent from the data. Similarly,
when the experimental correlation time is longer than t{k) for all k,

only thevrandom walk processes are displayed. A reliable measure of
phenomena connecting coherent migration and dlfqulOD limited migration,
such as phonon-exciton scatterlng, V (k) and 2(k), can only be determined
_when the experimental correlation time is on the order of T(k). It is on
this basis that electron spin resonance provides é direct probe into the
dynamics-of energy migration in triplet Frenkel excitons.

| II. OPTICALLY DETECTED MAGNETIC RESONANCE
IN COHERENT EXCITON STATES ‘
In the ebscnce of spin-orbit coupling the triplet band consists of

three.pafallel spin sublevel bands separated from'éne another by the zero-field

electron spin dipolar interaction. This is illustrated in Figure 2a.
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Figure 2;: The magnetic spin sublevels in
one-~dimensional triplet bands.

In such a case, the microwave band-to-band electron spin transition (indi—‘
cated by [II]) is a single homogeneous line whose frequency is indepéndent
of the energy of the k states in the band. It has been shown,h however,
that selective spin-orbit coupling between singlet bands and the individual
triplet spin sublevel bands results in a k dependehce in the triplet
exciton zero-field splittings as illustrated in Figure 2a. The net result
is thgt_a k dependent Larmor frequency, wok, which.can be explicitly
incorporated into the magnetic Bloch equations, allows different étates

in the band to be probed by either conventioﬁal eléctron spin.resonance

techniques or by optically detected magnetic resonance in which the change

in the exciton phosphorescence, hv (Figure 2), is monitored as a function

of the microwave frequency (II).< The line shape function for the band-to-band
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electron-spin transitions carn be solved in two limits. The first, termed

I
k k )t

the strong scattering case, occurs when-(wo - wo Kk ' << 1 and yields

a homogeneously narrowed line centered at k = *1/2a at high temperatures
- '
and corresponds to the random walk limit.s‘ The second, when (wok - wok )Tkk'

>> 1, corresponds to the coherent limit in which phOnon—exciton scattering

causes a change in the exciton states on a time (Tkk,) slow compared to

. ) L
the differences in the Larmor frequencies (wok - wok ).

In such cases

the indiviaual k states of the triplet band can be sampled by the rf field.
Assuminglphonon—éxciton scattering to bve uniform in k (t(x) is uniform in k),
the electron spin resonance absorption, glw), is tﬁe sum of (2k + 1)
independent Lqrentz lines each centered at_wok and ﬁéighted by the numberv
of excitons at energies e(k) with a group velocity Vé(k). The width of

each Loréntz line has a contribution from both a finite coherence lifetime

T(k) and the homogeneous line with parameter Tz(k). When a thermal distri-

bution characterizes the triplet band

' /e | L '
g(w) = %f exp[hBél - CcOS kz)/ﬁTQ‘dk (6)
0 [w + AST cos kal]® + 68 .

.AgT is related to spin orbit_coupling,h T is temberatﬁre, S is the half width gt
half heighﬁ of an individual k state electron spin transition and is a
measure of T(k).‘ | | |

Some specific features of equation 6 sre thatﬁ' (a) the Larmor fre-
k

quencies are directly related to band energy insofar as a prescribed wo

couples the spin sublevels of an exciton whose energy is €(k); (b) the
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intensity of the transition is directly related tQ thg density of states
function times a Boltzmann factor. Thus, both fhe:distribution_function
over the k étates and hence the band widtﬁ are e#perimentally 6btéined.§
(c) The brOédening function, §, gi&es an estimaté=of the phonon-exciton
scattering,.and hence a measure of the coherence length, 2(k), and insight
into the mechanism of phonon-exciton scattering}-'(d) The overall width of
the transition is determined by the spin~orbit coupling parameter, AgT’
hence the selectivity of spin-orbit coupling to the triplet spin sublevels
can be determined. (e) The microwave field selectivity perturbs the
electron spin of excitops whose group velocity is Yg(k), and therefore,
the k dependence of other processes such as the dynaéics of trapping,7’8

exciton-exciton annihilation,8 elc., can be potentially studied in the

coherent 1limit. A few of these features are illustrated in Figure 3.
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Figure 3: Microwave line shape profiles for electron spin
band-to-band transitions in the coherent limit.
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Assuming the coherence lifetime (k) is the same for all states in the
band, Flgure 3a illustrates the line shape proflle as a function of the
band width to temperature ratio, LB/T. Curves (l), (2) and (3) in Figure
3a are aéséciated with LBR/T equal to 0.25, O.TS'and 1.5, respectively.
The dependence on the coherence lifetime, T(k),»isiillustrated in Figure 3b.
Curves (l),f(z) and (3) are associated with T(R)fl,equal to 0.10, 0.18
and 0.26 timés LB, All curves in Figure 3 assume a Boltzmann distribution
in the tripiét band.

Crystais in which the lafgest intermoleéulér”exchange interaction is
between trahslationally equivalent ﬁolecules can 5e'considered modeis for
one—dimensional crystals. The phosphorescence micfowave'double resonance

results for the band-to-band transitions found in l,é,h,S—tetrachlorobenzene

are illustrated in Figures l4a and 4b. Details of these experiments have

been reported_earlier.

*:0 wrtwso

(e_a)

PHOSPHORESCENCE INTENSITY ~o

%&1 A S A
L) 5545 $540 5535 5530. ® 5525

®0 _ N12ws2

!
2 (b)
§
%’
T\ 3085 sslso w7
FREQUENCY, MMz )
Figure : Observed zero-field band—to-band tran51tlonu

at 4°K for 1,2 h,S—tetrachlorobenzcne

(a) D + |E| transition .
(b) D - |E| transition
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In the context of the above theOretical'model; anal&siS'of'the data
yields the following information about the lowest'triplet exciton state
in this pseudo "one-dimensional" crystal. . First,qtheiband'width'is about

1.3 en) © and the k = 0 state is at the top of the bahd.? Secondly,

7

the coherence lifetime of the k states is about 10- . seconds. Finally,
all k states have about the same coherence lifetime, implying that lack
of strong k dependent phonon-exciton scattering at %,2°K. If localization of the

10,11

band states via mixing of the + and - wave. vector states (elastic

damping) is less than localization via inelastic processes such as

T

phonon~exciton scattering, a coherence time of 10%  seconds could allow
coherent ekciton migration to propagate as far as ldu X for states in the
center of the band (k = iﬂ/2a) in_these crystals. On the other hand,

elastic damping could greatly reduce this coherence léng‘th.8 Unfortunately,
the Larmor.fréquencies for + and - k states, wok and_wo-k, are the same,

and hence;‘fhe above experiments.cannot detect the effects of elastic

>”. however, which will not

scattering Qr'damping. From other experiments,
bebprgsenfed here a lower limit on the colerence leﬁgth invthese crystals
for k = #n/2a of 300 & ~ 400 & has been determiﬁed;,_

IA view of the importance of the exciton band-to-band line shape
broadcnihg function ih’the interpretétion of propefties asséciaﬁed with
coherence énergy migratioh in triplet excitons, it is desirable to have
an expgrimental method cabable of inﬁestigating the thogenéous éharacter

of the electron spin transitions. The homogeneous line width can be

directly related to the lifetime of the states when other contributions
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- to the liﬁe width, such as fluctuating local fieldé, are negligible comﬁared
to uncertainty broadening. It is also desirable to develop techniques which
allow us to observe the dynamics of loealized and delocalized excited states:
utilizing the sensitivity associated with phosphorescence microwave double
resonance. Finally, the techniques should allow the full correlation func-
tion for the dynamical processes to be obtained. Ail of these requirements
are satisfied’by the opﬁical detection of electron spin echo trains where
the Fourier transform ef the decay of the'echoitrain measured as a function
of the time between echoes (21) is related to the line-shape function forb
the effective relaxatidn processes.

‘In the remainder of ﬁhis paper, a general teehnique of optically
detecting.phenomena in solids that’contribute to the dephasing of the ensemble
ofvelectron spins ih excited triplet states will be'presented although
specific epplication of these techniques to coherent energy migration
will beAdefefred £¢ another publication.

eIII; OPTICALLY DETECTED ELECTRON SPIN ECHOES AND ECHO TRAINS

IN MOLECULAR EXCITED TRIPLET STATES

Triplet states in zero-field can.be viewedl2 in an interaction repre-
'sentaﬁidn which removee the electron-spin zero-field Hamiltonian. In the
rotating frame a pscudomagnetization M, is related;to individual spin
sublevel populations in the laboratory frame. Pbpulation in each of the
two éero—field spin sublevels being coupled by the applied field are

associated with "magnetization'" along +z and -z in the interaction
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representaﬁion, respectively.v When the timé—dependeht density matrix
describiog the zero-field spins is displayed through:the eiectricvdipole
;trahsition moment responsible for phosphorescence;‘usuailj onlyvchanges in
"4+ and - components along the 2z axis in the interacfion representation are 
related to a modulation of the phosphorescence intehsity.12 To overcome
this limitatioo and optically detect phasing or:dephesing phenomeno, such
as electron épin echoes13 vhich occur in the x,y-plane, a n/2 pulse.can

be applied at various times at the end of a normal.pulse:ex_perimentlh in
order to restore popuiation to the z axis and'observe the resulting change
in phosphoreécence~intensity.o The net result is‘that spin echoes,13 spin

15

“echo trdins, spin locking,,16 and other coherent electron spin experiments

14,17 on as few as‘lohvspins by restoring the

can be detected opﬁically
spin eosemble'froﬁ the x,y~-plane to the tz‘axis.end observing the resulting

change in phosphorescence as it reflects the instantaneous spin coherence

in the ioteraction representation X,y-plane. The sensitivity of this method
is only limited oy phe sensitivity of photon detecfion since virtually

ail of the phosphorescence intensity can be utiiiZed to detect the echo;

Figure 5 compares phe change in the phosphoresceﬁcé intensity from the

Y-trap'of h, ~TCB when the final m/2 pulse is applied et precisely the point

n

where the echo is forming in time (t) ard at a point where the electron

spins are completely dephased (T + 2 usec). Details of the experiments

o b a——
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OPTICALLY DETECTED ELECTRON SPIN ECHO
IN THE 37 ™* STATE OF hp-TCB (y-trap)

/2 (50ns) T (I0Ons) 7/2(50ns) "
i
1

AL e e RSP

1.3°K
D-|E| Transition
T = Llusec

PHOSPHORESCENCE INTENSITY

T T+2psec

XBB 733-2371
Figure 5: Phosphorescence intensity when spin coherence is rephased in
the echo (T) and when the spin ensemble is completely
dephased (T + 2 usec).
will be presented elsewhere.18 The homogeneous line width can be obtained
by a plot of the Hahn echo13 amplitude vs. 2t. T2 found for hQ-TCB (Y-trap)
was only 8 usec. The dephasing of the electron spins in this experiment
is associated with a time corresponding to the fluctuations of local fields due to
nuclear spins in the lattice on molecules adjacent to the excited state.
In order to observe the dynamics of phenomena correlated to the electron
spins for times longer than a few microseconds, it is necessary to remove
the contribution to the electron T2 from nuclear spin flips in the bulk

solid since these limit T2 to nuclear spin diffusion times (microseconds).

This is accomplished by the continuous application of a microwave field
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of sufficient strength to ensure that the reéonagt:frequency in the rotating

frame, Yﬁi,:is large compared to electron—nuclea:'coupling.17 In suchf
cases, the'homOgeheous T, of the "decoupled” electron spins can be obtained

by the optical detection of rotary spin echoes.™ This_is schematically
illustrated.in.Figure 6 where the rélationship of”the rotating frame.
pseudomagnetiiation vector to the laboratory frame spin sublevel population:

in the triplet state is depicted.

OPTICALLY DETECTED ROTARY ECHOES iX EXCITED TRIPLET STATES
(Retetionship between the hbomovy frame ond the interaction representation) -

) a2 170 (b} h' te2e m tay

‘ {
. —
e | atel™ il ———' 180 phase mn
e - .—.
(G E
Ct-e- <o
b
) 152¢-¢  (g)  ts2¢ (h} . tx2cee (i)  ts Zr'm

R
€ e

£ 1l %lg?r

E e e

- KL 734-400
Figure-E} ‘The relationéhip of the laboratory:frgﬁe populations in

the spin sublevels and the rotating frame magnetization in a rotary echo.

A micfowave H field is conﬁiﬁuously applieé £hroughoutvthe train;
however,its.phase is shifted by 180°.at times T,,3i; 5T, ... leading to
the.resultént;fofmation of echoes aﬁ times éT, LT; 6t, «... An advantage
of rotary echoes particularly.;uited to optical déteéﬁion is the fact thuat
the echoes form along z in the rotating frame, andfthﬁs their amplitudes
are directly related to ﬁhe'zero-field spin subleﬁél'ﬁopulations of the
triplet stafe in the laborétory frame ard hence to the phoséhorescence

intensity.  In the echo train, the amplitude decays in the rotating frame

<
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with a decay constant sz which can be a sensitive function of T. Part of
an 6ptically detected rotary echo train is illustrated in Figure 7 for

the 3ﬂﬂ* state of the tetrachlorobenzene.l In our measurements in the

OPVICALLY DETECTED ROTARY SPIN ECHO TRAN
N THE Y r® STATE OF hy-TCB (y-trap)

2

PHOSPHORESCENCE
INTENSITY
s 2 -
B 23
3% 38 £
T T H
_—— . 4
R %
\\
\\

MICROWAVE PHASE
o,
P SN SO

8. .

——e——
Q

P —
g

B
Q

_‘L

TIME (promc) 2686

Figure 7: Optically detected rotary echo train.

above excited state, sz was found to be ~600 usec for a T = 1 Jsec.

‘was found to vary significantly with T, presumably because

In addition, T2p
7

energy migration between traps in these crystals.

The importance of these techniques to the study of exciton migration,
détrapping and other phenomena associated with molecular crystals is that
they provide in principle a method of extracting thé full correlation

function for the dephasing of the electron spin ensemble. The correlation

function is simply related to the Fourier transform of T2p vs. 2T. Becsuse
different rhenomena such as coherent vs. incoherent migration, trapping
- and detrapping, dephase the electron spins with dfamatiéally different

correlation times, the contribution of each can be determined from the

Fourier spectrum of the electron spin relaxation function.
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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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