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PHOSPHORESCENCE-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 

Saturation of the zero-field electron spin transitions of a phos-

phorescent triplet state of a microwave field causes changes in the intensity 

and/or polarization of the emission and thus forms the basis for phosphores­

cence microwave double resonance (PMDR)fin excited triplet states. Because 

of the sensitivity of photon detection, the technique is capable of detect-

4 . 
ing as few as 10 molecules in a sample depending upon the details of the 

radiative channels being monitored. If phosphorescence is monitored 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. e., coherent eXciton migration. 

In the folloving paper the relationships between ll-IDR spectroscopy, 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-dimensional exci tons. In particular, resonance theory wiJ.l 

be outlined that incorl~rates explicitly exciton-phonon scattering irito 

the Bloch equations and allows one to extract both the lifetime of a k state 

of the band and the coherence length of the exciton.. PMDR experiments in 

"one-dimensional" molecular crystals are presented which illustrate the 
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sa,lient features of the theory. The experimental results are interpreted 

using a statistical theory which explicitly includes the exciton band 

dispersion, the density of state fuilction of band and trap states and the '., 

group velocIty of the exciton wave packets. From the ahove experiments, 

a coherence length between 300 and 10
4 ~ and a coherence lifetime of 10-7 

seconds have been found for k states in the center of the band for certain 

substituted benzene crystals at 4°K. 

Finally, some new PMDR methods for studying the coherent spin proper-

ties of mobile and nonmobi1e states based on optically detected electron 

spin echoes and echo trains in excited molecular states will be presented. 

Specifically, a technique will be presented that is ?apable of measuring 

any state of the coherence of the spin ensemble, regardless of the optical 

polarization of emission from the spin sublevels utilizing virtually all 

of the phosphorescence emission from excited states. 

*Alfred P. Sloan Foundation Fellow 
fD. S. Tinti, M. A. El-Sayed, A. H. Maki and C. B. Harris, Chern. Phys. 
Lett. 1, 343 (1969). 
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I. INTRODUCTION 

In order to experimentally differentiate between coherent and dif.,. 

fusion limited triplet Frenkell exciton migration 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 used. For experiments utilizing a time-dependent oscillating 

field such as visible electromagnetic radiation at one extreme and a 

microwave field 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 interaction that determines the primary mechanism 

responsible for electronic energy transfer in solids at both high and low 

temperatures and hence the nature of the experimental observables. 2 ,3 

At 10,' tempei.'ature the density of phonon states becomes sufficiently small 

that scattering between the exciton wave vector states k by the phonons 

is expected to be much less frequent than the intermolecular exchange time. 

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

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

binationof crystal k states which describe the wave packet. This velocity 

is termed the group velocity and is given by 

v (k) = (2n/h)(dE/dk). 
g 

For a one-dimensional crystal, 

o . 
= E + 213 cos ka 

(1 ) 

where E(k) is the band dispersion associated with translational equivalent 

interactions along a direction it. EO is the electronic energy of the 

localized molecular excited state while 13 is the effective intermolecular 

interaction in the nearest neighbor approximation. In a stochastic model 

the distance which an exciton propagates in a coherent fashion without 

changing either its direction or velocity, t(k), is given by the lifetime 

of the coherent state, T(k), times the group velocity of the wavepacket 

R.(k) is thus equivalent to a mean-free path and T (k) corresponds to a 

correlation tjrrce for the wave vector state k or linefl.r combination of k 

states at an energy E(k) associated .lith the zeroth order state. 

From a dynamical point of view the important feature of coherent migration 

-is that excitons can propagate in the crystal at a variety of velocities 

and a variety of distances depending upon the k states populated. Figure 1 
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illustrates a few of the important features associated with coherent 

migration. 

COHERENT PROPERTIES OF EXCITONS 
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Figure 1: Ex:perimental observables associated 
with coherent migration. 

When a thermal distribution 'characterizes the band, the number of 

excitons, N(k), propagating with a velocity, Vg(k), at a given temperature 

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

(4 ) 

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 

have velocities 10
6 - 107 times those associated with random walk migration 
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-1 
for bands having dispersions between 1 and 10 cm and that the coherence 

length can approach macroscopic dimensions if phonon-exciton scattering 

is weak (Le., 'r(k) is long) and the excited states are long-lived (e.g., 

" 
triplet states). In practice this is only achieved in very pure crystals 

at 10v1 temperatures where the distribution of phonon states approaches 

the low temperature limit. At intermediate temperatures the principal 

limitation of T(k) is inelastic phonon-exciton scattering. In such cases 

an exciton initially at an energy dk) scatters to other energies dk') 

via phonon interactions in a time short compared to the radiative or 

radiationless lifetime, but in a time long compared to intermolecular 

exchange. As a result the coherence time is shortened, the mean-free path 

or coherence length is reduced, and the individualk states acquire a 

width f(k), given by the reciprocal of the coherence lifetime of the 

individual k states. f(k) is given by 

-1 ~ -1 r (k ) - ( L ( k) ) = £oJ ( Lkk ' ) 
k' 

where L kk , is the probability of an exciton initially in an energy associated 

with the kthstate scattering via phonon-exciton interactions to a final 

energy associated with the state k'. 

In surmnar;;r, a proper description of the dynamics of exc i.ton lliie;ration 

must include in addition to the stationary states of the crystal (a) 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 states 

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 order of the coherence lifetime but allows for long range 

propagation via coherent migration in between scattering events. 

From an experimental point of view, this model requires that careful 

attention be given to the relationship between the correlation t~e associ-

ated with coherence and the time scale of the particular experimental 

approach being employed. If, for example, the experimental correlation 

time, which is on the order of the reciprocal of the radiation field, 

is much shorter than T(k) (as is the case for optical absorption), only 

manifestations of the coherent model are apparent from the data. Similarly, 

when the experimental correlation time is longer tl~n T(k) for all k, 

only the random walk processes are displayed. A reliable measure of 

phenomena connecting coherent migration and diffusion limited migration, 

such as phonon-exciton scattering, Vg(k) and t(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 a direct probe into the 

dynamics of energy migration in triplet Frenkel excitons. 

II. OPl'ICALLY DErE~TED MAGNErIC RESONANCE 
IN COHERENT EXCITON STATES 

In the a.bsence of spin-orbit coupling the triplet band consists of 

three parallel spin sublevel bands separated frolllone another by the zero-field 

electron spin dipolar interaction. This is illustrated in Figure 2a. 
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(0) (b) 

T 
(4P 

. -IOem- l ) 

1 

hI' 

o ±,,120 :br/o 0 t .. /20 t .. 1b 

Tripl.t Spin - sublevel Bonds 
(a) without spin-orbit eouplinQ' 
(b) with spin-orbit eOupLn~ 

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 [~]) is a single homogeneous line whose frequency is independent 

of the energy of the k states in the band. 
- 4 It has been shown, however, 

that selective spin-orbit coupling between singlet bands and the individual 

triplet spin sublevel.bands results in a k dependence in the triplet 

exciton zero-field splittings as illustrated in Figure 2a. The net result 

k is that a k dependent Larmor frequency, W ,which can be explicitly o 

incorporated into the magnetic Bloch equations, allows different states 

in the band to be probed by either conventional electron 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 (~). The line shape function for the band-to-band 
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electron-spin transitions cart be solved in two limits. The first, termed 

k k'· the strong scattering case, occurs when (w
o - Wo )T

kk
,« 1 and yields 

a homogeneously narrowed line centered at k = ±TI/2a at high temperatures 

and corresponds to the random walk limit. 5 . k k' 
The second, when (w - W )T

kk
, 

.00 

» 1, corresponds to the coherent limit in which phonon-exciton scattering 

causes a change in the exciton states on a time (T
kk

,) slow compared to 

the differences in the Larmor frequencies (w k - w k'). In such cases 
·0 0 

the individual k states of the triplet band can be sampled by the rf field. 

Assuming phonon-exciton scattering to be uniform in k (T(k) is uniform in k), 

the electron spin resonance absorption, g (w), is the sum of (2k + 1) 

independent Lorentz lines each centered at w k and ~eighted by the number o 

of excitons at energies e::(k) with a group velocity v'(k). The width of 
g 

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

T(k) and the homogeneous line with parameter T2 (k). When a thermal distri­

bution characterizes the triplet band 

f,: 
~ST 

!e
TI/a . 

(w) = i exp[4S(1 - cos ka)/I.:T , "k 
g TI f,: 2 2 ....... · 

o [w + ~ST cos ka] + 0 
(6 ) 

is related to spin orbit couPling,4 T is temperature, 0 is the half width at 

ha.lf height of an individual k state electron spin transition and is a 

measure of t(k). 

Some specific features of equation 6 are that: (a) the Larmor fre­

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

couples the spin sublevels of an exciton whose energy is e::(k); (b) the 

I 
..... .. I 
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intensity ef the transitien is directly related to' the density ef states 

functien times a Boltzmann facter. Thus, beth the distributien functien 

ever the k states and hence the band width are experimentally ebtained.~ 

(c) The breadening functien, 6~ gives an estimate ef the phenen-exciten 

scattering, and hence a measure ef the ceherence length, ..t(k), and insight 

into' the mechanism ef phenen-exciton scattering. (d) The everall width ef 

the transitien is determined by the spin-erbit ceupling parameter, ~~T' 

hence the selectivity ef spin-erbit ceupling to' the triplet spin sublevels 

can be determined. (e) The micrewave field selectivity perturbs the 

electren spin ef excitons whose group velecity is Vg(k), and therefore, 

the k dependence of other processes such as the dynamics ef trapping,7,8 

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

coherent limit. A few of these features are illustrated in Figure 3. 

t 

k-O 
(3) 

(I) 

(b) 

FREQUENCY -

Figure 3: Microwave 1 i.ne shape profiles for electron spin 
band-to-band transitions in the coherent limit. 
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Assuming the coherence lifetime 'r(k) is the same for all states in the 

band, Figure 3a illustrates the line shape profile as a function of the 

band width to temperature ratio, 4a/T. ~rves (1), (2) and (3) in Figure 

3a are associated with 4a/T equal to 0.25, 0.75 and 1.5, respectively. 

The dependence on the coherence lifetime, 1 (k), is illustrated in Figure 3b. 

Curves (1), (2) and (3) are associated with 1(k)-1 equal to 0.10, 0.18 

and 0.26 times 4S. All curves in Figure 3 assume a Boltzmann distribution 

in the triplet band. 

Crystals in which the largest intermolecular exchange interaction is 

between translational1y equivalent molecules can be considered models for 

one-dimensional crystals. The phosphorescence microwave double resonance 

results for the band-to-band transitions found in 1,2,4,5-tetrachlorobenzene 

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

been reported earlier.
6 
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Figure II: Observed zero-field band-to-band transitions 
at 4°K for 1,2~11 ,5-tetrachlorobenzene. 

(a) D + lEI transition 
(b) D - lEI transition 
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In the context of the above theoretical model, analysis of the data 

yields the following information about the lowest triplet "exciton state 

in this pseudo "one-dimensional" crystal. First ,the" band width is about 

1.3 cm-l 6 and the k = 0 state is at the top of the bana..9 Secondly, 

the coherence lifetime of the k states is about 10-7 seconds. Finally, 

a~l k states have about the same coherence lifetime, implying that lack 

of strong k dependent phonon-exciton scattering at 4.2°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 

phonon-exciton scattering, a coherence time of 10"';7 seconds could allow 

4 coherent exciton migration to propagate as far as 10 X for states in the 

center of the band (k = ±1r/2a) in these crystals. On the other hand, 

elastic damping could greatly reduce this coherence length.8 Unfortunately, 

k -k 
the Larmor frequencies for + and - k states, wand w , are the same, 

" 0 " 0 

and hence,the above experiments cannot detect the effects of elastic 

scattering or damping. From other experiments ,7 ,8 however, which will not 

be presented here a lower limit on the coherence length in these crystals 

for k = ±rr/2a of 300 X- 400 R has been determine~. 

In view of the importance of the exciton band-to-band line shape 

broadening fur,ction in the interpretation of properties associated "Hith 

coherence enere;y migration in triplet cxcitons, it is desirable to have 

an experimental method capable of investigating the homogeneous character 

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 line width, such as fluctuating local fields, are negligible compared 

to uncertainty broadening. It is also desirable to develop techniques which 

allow us to observe the dynamics of localized and delocalized excited states 

utilizing the sensitivity associated with phosphorescence microYTave double 

resonance. Finally, the techniques should allow the full correlation func-

tion for the dynamical processes to be obtained. All of these requirements 

are satisfied by the optical detection of electron spin echo trains where 

the Fourier transform of the decay of the echo train measured as a function 

of the time between echoes (2T) is related to the line-shape function for 

the effective relaxation processes. 

In the remaind.er of this paper, a general technique of optically 

detecting phenomena in solids that contribute to the dephasing of the ensemble 

of electron spins in excited triplet states will be presented although 

specific application of these techniques to coherent energy migration 

will be deferred to another publication. 

III. OPl'ICALLY DEl'EC'l'ED ELECTRON SPIN ECHOES AND ECHO TRAINS 
IN MOLECULAR EXCITED TRIPLET STATES 

Triplet states in zero~field can be viewedl2 in an interaction repre-

sentation which removes the electr:on-spin zero-field Hamiltonian. In the 

rotating frame a pscudomagncti.zation Mz is related to individual spin 

sublevel populations in the laboratory frame. Population in each of the 

two zero-field spin sublevels being coupled by the applied field are 

associated 'With "magnetization" along +z and -z in the interaction 
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representation, respectively. When the time-dependent density matrix 

describing the zero-field spins is displayed through the electric dipole 

transition moment responsible for phosphorescence, usually only changes iIi lJ 

+ and - components along thez axis in the interaction representation are 

d o f th h hOt-' 0 t 12 relatccl to a mo ulatl.on 0 e p Osp orescence 1.n ens1. y. To overcome 

this limitation and opt.icallydetect phasing or depbasing phenomena, such 

as electron spin echoes13 which occur in the x,y-plane, a n/2 pulse can 

b 1 0 d t -0 tOt th d f 1 1 0 t 14 
0 e app 1e a' varlOUS lmes a e en 0 a norma pu se experlmen 1n 

order to restore population to the z axis and observe the resulting change 

in l)hosphorescence intensity. The net result is that spin echoes,13 spin 

h 15 t'o 
0 1 k O 16 cc 0 ralns, spl.n oc lng, and other coherent electron spin experiments 

o 14 17 can be detected optlcally , 
4 

on .as few as 10 spins by restoring the 

spin ensemble from the x,y-plane to the ±z axis and observing the resulting 

change in phosphorescence as it reflects the instantaneous spin coherence 

in the interaction representation x,y-plane. The sensitivity of this method 

is ouly limited by the sensitivity of photon detection since v1rtually 

all of the phosphorescence intensity can be utilized to detect the echo. 

Figure 5 compares the chanee in the phosphorescence intensity from the 

Y-trap of h
2

-TCB when the final n/2 pulse is applied at precisely the point 

where the echo is forming 1n time ('r) and at a point where the electron 

spins are completely u€;phased (L + 2 ~~~ec). Details of the experiments 
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OPTICALLY OETECTED ELECTRON SPIN ECHO 

IN THE 37T7T- STATE OF h2 "TCB (y-trop) 

7T/2 (50ns) 7T (lOOns) 7T/2 (50ns) 

J,---~n n'-__ ---!...Lf1_ 
r---- T oIL.r. _r_~_ I r- 1:+2,.s-----of 

1.3 oK 

D-IEI Tranlltlon 
-r • 1.1 ,.see 

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 ~sec). 

18 will be presented elsewhere. The homogeneous line width can be obtained 

by a plot of the Hahn echo13 amplitud~ vs. 2T. T2 found for h2-TCB (Y-trap) 

was only 8 ~sec. 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 micro'seconds, 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 resonant frequency in the rotating 

frame, 'YH
l

, is large compared to electron-nuclear coupling.1T In such 

cases, the homogeneous T2 of the "decoupled" electron spins can be obtained 

by the optical :letection of rotary spin eChoes .1T This is schematically 

illustrated in Figure 6 where the relationship of the rotating frame 

pseudomagnetization vector to the laboratory frame spin sublevel population 

in the triplet state is depicted. 

OPTICAllY DETECTED ROTARY ECHOES IN EXCITED TRiPlET STATES' 
.AlI.Ii ...... btt ... tM tobofotor, fr .......... tat.rachoa ,.preHn'Olion) 

:"* '" , .. I., "2. I"rt I', .' *.,1 ~, ~. -- '1"'(;;lol'leO"pllCH shift) "'1 I .... 

TI{~ .. {;; 
..... 

{:;: - {---

IlL }.M-toO 

Figure 6: The relationship of the laboratory frame populations in 
the spin sublevels and the rotating frame magnetization 1n a rotary echo. 

A microwave l1. field is continuously applied throughout the train; 

however, its phase 1s shifted by 1800 at times T, 3T, 5T, ... leading to 

the resultant format ion of echoes at times 2T, 4T; 6T, .... An advantage 

of rotary echoes particularly suited to optic'al detection if; the fact thu.t 

the echoes form along z in the rotating frame, and thus their amplitudes 

are directly related to the zero-field spin sublevel populations of the 

triplet state in the laboratory frame and hence to the phosphorescence 

intensity. In the echo train, the amplitude decays in the rotating frame 
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with a decay constant T
2P 

which can be a sensitive function of T. Part of 

an optically detected rotary echo train is illustrated in Figure 7 for 

the 3mr* state of the tetrachlorobenzene.17 
In our measurements in the 

! j'. o· " 

I 

OP1ICAUY DC TEClin ROTARY SPIN ECHO TRAW 
It THE a"".- STATE Of "a-TCB (,.tropJ 

I 

: 
I , , , 

f 
,eo· 

/ 

"" 

r< 
~r---~--------io-------~------~~----__ -J 

'IM( C/,ftI<) 

Figure 7; Optically detected rotary echo train. 

above excited state, T
2P 

was found to be -600 ~sec for a T = 1 ~sec. 

In addition, T
2P 

was found to vary significantly with T, preswnably because 

energy migration between traps in these crystals.7 

The importance of these techniques to the study of exciton migration, 

detrapping and other phenomena associated with molecular crystals is that 

they provide in principle a method of extracting the full correlation 

function for the dephasingof the electron spin ensemble. The correlation 

Because function is simply related to the Fourier transform of T2p vs. 2T. 

different phenomena such as coherent vs. incoherent migration, trapping 

and detraFph!g, dephase the electron spins vrith dramatically different 

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

Fourier spectrum of the electron spin relaxation function. 
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