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Abstract 

A theory for microwave band-to-band transitions in triplet Frenkel 
excitons in the coherent migration limit for a one-dimensional exciton 
associated with translationall.y equivalent molecules is developed. Be
cause of selective spin-orbit coupling to the magnetic sublevels, an 
aniSotropy in the zero field splitting across the band (k = 0 to k = ± JC/a) 
occurs which, on a reduced energy scale, "mirrors" the energy dispersion 
of triplet exciton·states. As a result, if the coherence time of a k 
state of the triplet band is longer than the intrinsic time associated 
with a microwave field connecting the magnetic sublevels of the band, 
one can measure both the bandvTidth and density of states function with 
a zero field electron spin resonance experiment. 

t .. . 
Alfred P. Sloan Fellm1 
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1. Introduction 

The dynamical properties of enerGY transport in molecular crystals 

has been a problem of considerable interest. (l) Because the long life-

time of triplet states allows extensive energy transfer over long dis-

tances with reasonably small intermolecular interactions, the migration 

of Frenkel triplet excitons is particularly important. ·Despite extensive 

experimental and theoretical 'rork by many authors an adequate understand-

ing of the basic mechanism of migration is far from being realized. The 

problem rests in properly treating exciton-phonon coupling, vibrational 

coupling between adjacent molecules and exchange coupling betvreen elec-

tronic states on adjacent molecules. 

An interesting feature, hovrever, of energy migration, exciton or 

polaron, is the prediction of coherent motion in a narro-W" band of the mo

lecular crystal at certain temperatures.( 2) The importance of coherent 

motion is that the exciton states are delocalized over n1uch greater dis-

tances than in the incoherent or "hoppingmodel" and consequently long 

range interactions can become extremely important in directing physical 

phenomena associated with the exciton, e.g., exciton-exciton artnihilation{ 3) 

exciton•trap interactions, (4) etc. The quantitative temperature and band 

·width dependence of coherent transport depends explicitly upon the scat

tering model adopted. For instance, in Holstein's( 2,5) self trapping 

polaron model which
1

assumes linear electron-phonon interactions,(6) the 

loss of coherence is·characterized by a transition temperature above 

which the incoherent or hopping motion best describes the transport 
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phenomena.. 1'he same is true in the quJ.drat:ic-elc:etron-pbonon int~raction 

recently developed by Siebrand; (7) llO'.,·eve.r, tlle explicit tempcratuxe de-

pendence differ.s in the two models,' the latter havinG broader intermediate 

temperature regions where both proce.sses contribute to m:i.gration. 

It is not the purpose of this preliminary cormnunication to differ-

entiate the various models for exciton-phonon interactions, but rather to 

develop the theory of microwave transitions between the triplet magnetic 

sublevel exciton bands in molecular crystals in the one-dimensional case 

. for coherent triplet exciton migration. ·In the follo1·1ing paper we will 

demonstrate experimentally the observation of coherent migration of trip~ 

let excitons at low temperatures in a molecUlar crystal (1,2,!~,5 tetra

chlorobenzene) which represents .the one dimensional case. (B) In a later 

publication we will extend the concepts and experimental techniques 

developed here to the intermediate case between coherent and incoherent 

migration in an attempt to look explicitly at the temperature dependence 

of the phonon-exiton scattering. 

2. The Relationship bet1'1een MicrO',.;ave Transition Frequency_ and the 

Energy Dispersion of ~ Triplet Band 

To properly consider a one-dimensional triplet band, account must 

be taken of the magnetic sublevels of the triplet stat_e. (9) By repre

senting the molecular wavefunctions of the triplet state as the spin

orbit functions, ¢P,-

::: . (p = x, y, z) ,- (1) 

• 

{' 

'#' 
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where · ~ reprcf>ents the triplet orbital function of r symmetry and 

-r represents the spin function of the pth maGnetic sublevel, it is 
p 

clear that the total syrr.:metry of ¢p ( p := x, y, z) transforrjs as the 

irreducible representation of the direct product r X R , 
p 

\'There R 
p 

(p == x, y, z) are the rotation operators of the molecular point group. 

In D for in.::d.:;ance, all three of the molecular spin- orbit \'rave func-
, 2h 

tions must be of different symmetry. In the abf;ence of ~pin-orbit coupling 

of a tr,iplet with the singlet states, the magnetic sublevels are split 

only by the electron dipole-dipole interactions. (lO) These·splittings 

are the well knmm zero field splittings. Because electron exchange is 

the dominating mechanism for energy 1rlgration in triplet e~itons(l,ll) and 

because exchange is a totally symmetric operator, the delocalized states of 

the crystal, specifically the triplet exciton band, can be formed from each 

of the individual magnetic sublevel spin-orbit functions separately in the 

absence of spin-orbit coupling. Thus, the triplet exciton band for a one-

dimensional exchange interaction between translationally equivalent mole-

cules is in zero order three parallel bands whose separations are related 

to the conventional molecular zero field splitting parameters(lO) D and 

E as illustrated in Figure la. The intermolecular effective electron ex

change interaction P, in the one-dimensional model(l2) is simply related 

to the band \'lidth ~ as 

(2) 

and the energy dependence in the wave vector, k, in the first Brillouin 

Zone of a one-dimensional band with intermolecular interaction alone the 

a direction is 

',. 



(p- x,y,z),(k = o,±l, ••• ± rr/a) (3) 

• 
\orhcre E0 is the ground state singlet-triplet energy separation 

of the molecule in the crystal environment j_n th<: absence of intermolecular .,1 

exchange and corresponds to the band energy at k = rr/2_a. 

to the triplet zero field. splittings as: 

r 1/3 D + E, 

Fl = 1/3 D ..; E, 

Ez = -2/3 D. 

Ep is related 

{4a) 

(4b) 

{4c) 

It should be noted (cf. Figure 1), that in the absence of a magnetic 

field the triplet bands are symmetric around k :-:: 0 because of time re

versal symmetry. (l3) 

We have assumed thus far spin-orbit basis functions, however we have 

excluded spin-orbit coupling per se. It is generally recognized that in 

molecules such as azaaromatics and halogenated aromatics the primary 

mechanism for phosphorescence is via selective spin-orbit coupling of one 

or more of the triplet sublevels with the excited singlet states• (l4) 

This implies naturally that there will be a small but finite spin-orbit 

contribution to the zero field splittings in the molecular states of the 

triplet. (l5) In the delocalized states of molecular srystals, because 

singlet exciton bands have bandwidths 10 to 100 times those for triplet 

bands,(l) one expects spin-orbit coupling to be k dependent. Assuming 

for the moment that only one magnetic sublevel band, say z1 spin-orbit 

couples "'ith a singlet band whose bandwidth is ~' the contribution 

of spi.n-orbit couplinc to E~(k) can be treated via perturbntion theory. 
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Specifically, 

(5) 

lorhere the spin- orbit contribution 

E0 S'r is the singlet-triplet separation in the absence of inter

molecular interactions and t is the molecular spin-orbj.t coupling coef-

ficient. Expanding Eq. (6) in a binomial series, we obtain 

J<~ -"'rl] cos ka + 
· [ EST ··}. 

The leading term is simply the spin-orbit contribution in the absence of 

intermolecular interactions. To within one percent for reasonable values 

[
68 - 41'] . . 

of. EosT , say 0.1 to 0.01,- the series can be terminated after the 

first power of cos ka: The effect of selective spin-orbit coupling in 

the first Brillouin Zone of the triplet bands is illustrated in Figure lb. 

In spite of the small contribution of spin-orbit coupling to the 

energy of the z magnetic sublevel of the triplet band, Ez(k), its 

importance can not be underestimated,for in a one-dimensional model it 

provides an anisotropy j_n the energy difference betHeen two magnetic sub-

1 1 IJ~z(k) eve s, say and E!(k), which reflects the overall energy dls-

pcrsion in k of the triplet band itself. Expressed more formally, 

(8) 

*c~n~i~e;i~g-s~i~-~r~i~ ~o~p~i~-r~g~r~~~ ~n-t~e-w~v~f~~t~o~s-f~~i~g-t~e-
basis functions for the delocalized states of the crystal results directly 
in an energy dependence, E~0 , linear in (6s - 6T) cos ka. 
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in much the same vray as chemical exchange averages micro;·mve or ret.R 

transition:>. ( lB} 'rhe temperature dependence of Lill?z (k) /n ·thus pro-

vides, in principle, a method for distinguishing different phonon-exciton 

scattering models. This.will be discusced in a later publication. 

In the coherent model, however, assuming a coherence lifetime 

-r(k) > (f1j6Eyz), we expect a broad line vrhose frequency reflects 

the k dependent enerr,y dispersion of the band. Next ,.,e must consld.er 

the intensity of .D.E 1Y~(k)/fl as a function of k. 

3. The Relationship of the M..icrmrave Transition Intensity to the Density 

of States. Fu.11ctj.on of the Band 

To accuratelytreat the intensity of a band-to-band microwave tran-

sition in a triplet exciton requires a quantitative evaluation of the distri-

bution of exciton states iri the three magnetic sublevel bands, including 

spin lattice relaxation effects, spin-spin relaxation phenomen?o, and many 
. . 

other terms. The problem can be greatly simplified by several physically 

reasonable assumptions. First, we will assume that the coherence time 

of a k state, -r(k), is longer than the intrinsic micr.owave time, 

11/dz(k) but shorter than both the lifetime. of the exciton and the 

spin lattice relaxation time betweenmagnetic sublevels. It is highly 

unlikely that -r(k), for triplet exitons at 4.2°K, would be as long as 

several milliseconds, which is a value typical for short lived phosphores- ,; 

cent triplet states in the halogenated benzenes. Spin lattice relo.xation 

times at l~. 2°K for triplet states in the absence of mac;net:i.c fields nlso 

have nlillisecond values. This asnwnption :t.s t:-tnbmount to lloltzw:mnizing 
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incJ.cp:;ndelitly via k ·scattering the individual ~1agnetic sublevels, 

EP(k), within both the lifetime of the exciton and the spin lattice 

relaxation time, the Boltzmann distribution beirig taken over the en-

semble of N identical one-dimension exciton chains. 

In terms of the number of identical chains N, the magnetic suo

level populations Np(E) are relat.ed as N = ~Np(E), where E = l':P(k). 

Secondly, \'Te will assume that NP(E) for all p (i.e., x, y, and 

z) are functionally the same·in k. Expressed another way, because the 

spin-orb1 t perturbation is small compared to the band1·d.dth 2£\r' ue 

need not concern ourselves with small corrections in the population 

differences bet1·rcen magnetic sublevels arising from k dependence of 

the zero field splitting~ With these two assumptions the populations 

corresponding to energies Ep(k) (p == x, y, z) differ from one another 

by a constant. Formally, 
0 

= (19) 

where the constants cP (p = x, y, z) are related to electron spin 

alignment via selective intersystem crossinc; and phosphorescence emission 

from the individual magnetic sublevels of the band and spin lattice re

laxation between the sublevels. The explicit features of the cP • s vrill 

not be discussed.at this point. 

With these assumptions the relationship of the individual sublevel 

populations of 
p . 

N (E), to the band, is simply the densHy of states 

functions of the bands related only to 26.r times the Boltzmann factor, 

i.e., 

= (?.0) 
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where E = 4
1
,( 1 - cos lm) and D' (E) is the dengity of states function 

for a one-dimensional band including the Vun Hove sirtgularitier .• (l9) 

The r~mova.l of the ·Van Hove singub.i·i ties can be achieved simply 

and l-Tithout spec:ti'ying an explicit phonon scattering parameter by a Gaus

sian or Lorentz broad~ning ftmction. (2o) Usihg the Van Hove density of 

states function for a one-dimensional exciton and the Boltzmann factor, 

the broadened Boltzmann density of states fur£tion, DB(E) is simply 

or 

Afln 2 /24r = l-;g- D'(E') exp(-E'/~T) 

0 

dE' (2la) 

exp[-(E- E') 2
ln 2/o

2 J dE' 

(2lb) 

where o is the Lorentz [Eq. (2la)J or Gaussian [Eq. (2lb)J scattering 

parameter. 

The relation of a densityof states function across the band ~-to 

the microwave band-to-band energy .6E1 yz(E) w·ith the above assumptions 

is simply 

• 

/ • 
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or . 1c/ a 

{if· I exp[-;.(1 - cos ka)/.hT] 
0 

(22b) 

This equation arises from substitution of Eq. (16) into Eq. (21 a or b) 

where om ·is related to the reduction factor f by f'O = o. 

The significance of Eqs. (22 a and b) is that the intensity of a 

micrmvavc band-to-:-band I(E) transition as a function of ~~yz(E) is 

directly related to the Boltzmannized density of states of the triplet 

band or 

I [L~lhyz(E)J."' DB[6E~Y~(E)J 

I [ ~lyz(E)] = C DB (E) , 

where C is some experimental constant. 

(23) 

(24) 

It thus becomes possible to determine experimentally both the density 

of states function and the bandwidth of a one-dimensional triplet exciton 

when the coherence time of the k state is longer than the reciprocal 

microvrave frequency. 

· Figure 2 iliustrates 

I r~z(E)J VS aYZ(E) :for various bandvridth-temperature ratios, 

21\/T, while F:i,gure 3 shows the variatj_on on scattering at lL 2° K vri th 

a band \vidth 2!\r :c; 2 cm- 1
• (?l) 
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4. Summary 

In the limit where exciton scattering i::; s~ficiently 1-reak to allO'..r 

the lifetime of a k state in a triplet exciton to be longer than the 

reciprocal lnicrm·rave frequency assoc:tated ivith the zero field magnetic 

sublevels of the band: 

(a) the micrO\·mve frequency is directly related to· the triplet 

band dispersion in one dimension; 

(b) the intensity of the microwave transition is related to the 

denslty of states function of the band times a Boltzmaim factor. 

Thus, the bandwidth and density of states can be determined directly 

by a zero field micrmvave experiment.· 

It should also be noted that once the triplet band"tvidth 24r is 

· dete1~ined the contribution of spin-orbit coupling to the zero field 
c 

splitting can be calculo.ted from the reduction factor f since in one 

dimension the microwave frequency at k = 0 and k = ~/a is experi-

mentally known. 
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F).gure la.. The enert:,ry dispersion of the triplet m:;.gnetic sublevel 

bands j_n the absence of spin-o:rbit coupling. The separation.:; 

bet,·leen the spin levels o.re g:ceatly exage;cratec.l for illus-

trutive purposes. 

Figure· lb. The energy dispersion of the triplet magnetic sublevel 

bands :in the. presence of selective spin orbit coupling to 

the 't'z sublevel. The separations bet\veen the spin levels 

are greatly exaggerated for illustrative purposes. 

Ji'igure 2. The mlcrowavc intensity vs. frequency of a band to band 

transition dependence on 2A.r/T with the reduction factor, 

f, adjusted to give the same micr&wave frequency dispersion' 

(l) 26.-r/T "'0.25, (2) 26r/T =0.75, and (3) 2~/T == 1.50. 

All curves use a Gausslan broadening, B = 10 % of ~~· . 

Figure 3. The microwave intensity vs. frequency dependence on the 

Gaussian broadening B, with 26r = 2.0 em, 

T -.- 4.2° K: (1) B = 10 ~~ of 2Ar, (2) B = 18 cfo of 26r, 

and (3) B = 26 % of 24r. 



,..---... 
J-

<l otn I 
CJ)w 

<l 
. ' """--=--"' 

' J-
0CJ) 
w 
' (\f 

~ 
N 
+ 

J-
<J 
C\J 

(a) 

(b) 

-16-

E0 +-kD + E 

E0 +-kD- E 

0 .,./2o +1rla 
k 

E0+~D+E 
---- E0+~D-E 

0 7r/2a +11/0 

k 

Fig. 1. 

• 

I' 



1 
>r-
(/) 

z 
w 
r
z 

k= ±7i·/o 

I . I 

-17-

I I . 

Fig. 2. 

I . 

. . 

. k=O 

(3) 

(2) 

.,·· 



c 

-~ 
1:: 

+I 
II 
~,. --

-

-18-

. \ ~.,, Hj '11. '~ I '.1 .:... •. ! .• 1 \ 
;'\ .""-"·• 1 

_,.· 

.,, 

,, 



0 

r-----------------LEGALNOTICE------------------~ 

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. 



,_,.... ~' 

TECHNICAL INFORMATION DIVISION 
LAWRENCE RADIATION LABORATORY 

UNIVERSITY OF CALIFORNIA 
BERKELEY, CALIFORNIA 94720 

'"c- ~. 
~-'"-




