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ABSTPJ\CT 

Direct energy transfer between localized states via virtual 

coupling with the host states in one-dimensional molecular solids is 

demonstrated experimentally using optical and optically detected-electron 

spin coherence techniques. The relative importance· of direct transfer 

versus indirect transfer (which is characterized by the phonon ... assisted· 

promotion of the localized state to the band with the subsequent 

radiationless decay into a mobile exciton follmved by retrapping) has 

been de te:rmined in isotopically mixed 1, 2, 4, 5-:-tetrachlo:robenzen.:~ crystals 

over a temperature range where the therrnal energy of the lattice is 

insufficien.t to establish Boltzmann equilibria betw·een the localized 

and delocali%:ed states (non-Boltzmann regime). The results demonstrate 

that the transfer mechanisms betl•iee.n trap and host states are very 

sensitive to the trap concentration and the temperature of the lattice, 

and that direct exchange ·is dominant at high trap concentrations. 

Finally, the experimental results are compared to theoretical expecta­

tions in the various limits. 

' 
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I. INTRODUCTION 

A full understanding of the mechanisms and path1vays for energy 

transport in real molecular crystals can only be obtained by considering 

the important effects of lattice imperfections such as dislocations, 

impurities, and other types of energy traps. Both optical and magnetic 

resonance studies have shown that excitations are transferred among 

different trap sites by at least two separate and distinct processes. 

The first involves the direct
1 e~change of energy between trap sites via 

a virtual coupling \vith the host states2 while the second is an indirect3 

pathway involving the decay into the delocalized host states (exciton 

band), migration in the band and retrapping. By studying these processes, 

it is possible to obtain info;rmation not only on the resonance interc:tctions 

betwe~n trap sites, but also on the nature of interactions between 

trap and host states. In addition, one can extract par~mete~s detailing 

the exciton band structure of the host crystal. In earlier experiments, 3 

th~ relationship between trap depth (6, below the exciton band), trap 

concentration and the relative proportion of excited state population 

channelled into various types of traps Has obtained by investigoting 

the phosphorescence spectra from various traps. Such measurements, 

hmv-ever, were not capable of giving detailed information on the nature· 

of the tran~fer process. This requires the use of additional technique~. 4 • 5 

In this \vork '\·le combine the results of the temperature dependence 

. l{ 
of phosphorescence \Vith those of optically detected spin locking (ODSL) 

to examine the different routes for energy tran~fer. 
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Specifically, both direct and indirect transfer betw~en traps and the 

host exciton band in e~cited triplet states of d2-1,2,4,5-tetrachloro­

benzene (d
2

-TCB), a one-dimensional6
-

8 
system containing t\VO isotopic 

traps below the band, ·were elucidated (see Figure 1) and compared to 

theoretical expectations. 

II. OPTICALLY DETECTED SPIN LOCKING AND THE KINETICS OF ENERGY PROMOTION 

The essential features of the spin lock experiment can. be vie\ved 

9 . 
us~ng a geometric representation for a t\.vo-level system. In this 

picture, the time evolution of the ensemble of excited triplet states 

is represented as a "pseudomagnetization11 Hhose orientation in the 

geometric frame can be changed by applied rf pulses and fields in 

exactly the same manner as the real magnetization in a conventiona:L 

N]N!D • . 10 
r.u'- e:-:perlment. Initially.the pseudomagnetization is.align:ed along 

the z axis in the interaction representation and corresponds to the 

population difference between the t~.;ro zerofield spin sublevels involved. 

It should be noted that usually only changes in the population differences 

alter the phosphorescence intensity; hence the z compone;:1t of the pseudo-· 

magnetization becomes the only observable :Ln an optically detected 

. 11 
experlment. 

S . 1 k .. 12 ' 13 . 1" h d b 1 . /2 1 t pln oc lng ls accomp ls e y app ylng a TI · pu se o rotate 

the pseudomagnetization into the x-y plane of the frame, followed by 

the application of a strong 11spin locking" H
1 

field along the pseudo­

magnetization to prevent a loss of phase coherence. This results 

in a coherent trip let spin state that is destroyed zJhenever a 
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fluctuation of the zero field transition frequenc-;; (Lannor frequency) 

occurs ·that is large relative to theappliedfield~ yH
1

•
5 

The loss of 

spin coherence, in this case the decay of the spin-locked pseudoraagneti-

zation, :.is monit_ored optically by applying another TI/2 "probe 11 

14 
pulse with appropriate phase to rotate the spin-locked cbmponent back 

to the z axis. This produces a change in the phosphorescence intensity 

proportional to the remaining coherence in the spin ensemble. A diagram 

of the phosphorescence response to the spin lock pulse sequence is 

presented in Figure 2. 

Several features of the spin lock experiment make it particularly 

useful as a means for investigating energy migration. First of all, 
'. 
' 

population intersystem crossing into the triplet ensemble during 

the course of the experiment ·enters the geometric frame along the z axis 

and for ·'.'on-resonance" experinents is driven in a plane perpendicular 

3 
to the spin-locked component. In this manner, incoming popi.tlation makes 

no contribution to the change in phosphorescence intensity 'tvhen the probe 

pulse is applied. Hare importantly, the spin lock conponent is quite 

sensitive to energy transfer processes since most of them involve 

significant changes in the Larmor frequency·- Energy promotion to 

different trap species or the host exciton band, for example, results 

in a loss of spin coherence because of a large frequency fluctuation 

the spin-locked ensemble encounters. 

Three principal processes change the total lifetime of the spin-

locked pseudomagnetization, Tlp" These are (i) the promotion of 

population from the spin-locked state to different trap states or 



the exciton band; (ii) processes leading to radiative and non-radiative 

decay of the triplet state to the ground state; and (iii) magnetic 

relaxation along the spin locking field. Consideration of these 

processes leads to the following kinetic equation for the time evolution 

of the spin-locked pseudomagnetization, H(t): 

H(t) 
T 

( K lp ) N exp -· t . 0 (1) 

where Kp, KL and KTlpm are the rate constants associated ~vith ·the loss 

of the spin-locked signa~ due to ~rocesses (i), (ii) and (iii) r~spec­

Tl 
tively, and K p is the total decay rate constant. 

The results of .the spin locking experiment, ~vhen combined ~dth 
T, 

independent measurements of KL and K _..pm, \·lill yield Kp, the rate 

constant for pro~ction processes between different trap states and 

between trap states and the host exciton band. The temperature 

p 
dependence of K , and hence of the promotion PfOCess, can then be 

used to detail the nature of the transfer mechanism (direct or indirect) 

as well as to amplify the qualitative results obtained from the temp-

eratur~ dependence of phosphorescence studies. 

Isotopica.lly mi:<ed crystals are particularly suited for thes~ 

types cif experiments since it is expected that no significant geometrical 

deformations of the trap states are introduced by the isotopic substi-

tution, and one can experimentally control the reiative distance between 

the localized trap sites by concentration. Another helpful feature of 

isotopically mixed TCB crystals (see Figure 1) lies in the fact that trap 

-1 -1 
depths of the shallow (hd) and deep (h2) states are 11 ern and 22 em 



0 0 0 0 

-5-

~·~ 
4' 

respectively, below the TCB-d
2 

band; hence phonon~assisted promotion of 

population out of the deep trap should reveal the relative importance of 

detrapping processes betHeen the deep trap and the band, and the deep 

trap and the shallow trap, and their dependence on deep trap concentra-

tion at low temperatures. 

15 
of the transfer topology; 

This can lead 

1 . 16 perco atlon, 

to a detailed understanding 

.and 

the effects of guest-host perturbations on the excitation distribution 

in the band that are indicative of Koster-Slater17 type interactions 

in the solid .. Further, the correlation of the steady state phosphorescence 

results with the ODS'L findings gives ne1v direct information about the 

population of these traps upon singlet excitation. 

III. EXPERH1ENTAL DETAILS 

'· 

T\vo isotopically mixed TCB samples ~.Jere p~epared, each containing 
,. 

different proportions of TCB-h
2

. The first was prepared from 97.5% 

deuterated zone-refined TCB which was synthesized in these laboratories. 

It contained 95.31% TCB-d2 , 4.63% TCB-hd, and 0.06% TCB-h2" The second 

samp :Le was prepared by adding a given amount. of zone-refined TCE .. h
2 

(Eastman) to the 97.5% deuterated TCB such that the final sample contained 

approximately 5% TCB-h2 on a Height-for-weight basis. (more precisely, 

90.5% TCB-d
2

, 4.6% TCB-hd and 4.8% TCB-h
2
). These samples (hereafter 

referred to as the 0. 06% and 5% samples) \vere then analyzed by either 

mass spectral analysis or by proton Nrffi. , , ·, . Single crystals 

Here groHn from the melt by standard Bridgman techniques. Both crystals 

\vere annealed for one Heek at a temperature 2 A °C below the melting 
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point. The quality of each crystal vas checked by its 

ability to give exciton phosphorescence. The exciton emission \\Tas 

seen in neither the 0.06% nor the 5% crystal beloH the lambda point 

of helium, although strong emission from the exciton origin .;,;as observ-ed 

at~°K in ·the 0.06% sample. 

The experimental arrangement for optically detected magnetic 

h b d . "b .. d . 1 h. . 10 ' 18 M • . .. 1· f resonance as een escrl e· e se>v ere. . . l'~lcrowave pu ses o the 

appropriate phases for the ODSL e:x:periment .-vrere obtained as follows .• 

The micrm;rave output of a He>vlett-Packard 8690B s-v1eeper -;v-as divided 

into t·t-~o separate channels by means of an Anaren Corp. 90° hybrid 

coupler. Phases ·were set by adjusting the relative path lengths in 

the tTrm channels by means of t"\-70 10 em General Radio sliding coaxial 

lines. T\vo Hewlett-Packard 33124A PIN diodes >ver'e inserted into 

each channel to switch the microivaves. Timing of the pulse sequences 

\\Tas c011trolled by TTL circuits constructed in this laboratory. The 

channels vere. recombined by means of a 180° hybrid coupler, the 

resultant signal being fed through a bandpass filter to a Varian 615M 

20 watt traveling \vavetube a.'11plifier before delivery to a slor,.,r-;vave 

helix su.rrount}.i.ng the sample in a liquid helium cryostat. The 

temperature of the bath could be varied between 1.4° and 4.2°K by 

plli~ping on the helium and was rneasured by monitoring the pressure of 

gaseous helium with an NRC Equipment Corp. Hodel 530 Alphatron vacuwu 

gauge. Temperature was stabilized by employing a pressure sensor 

19 
capable of altering the pumping speed. For all measurements at· 

any given temperature, the sample '"as allmved to equilibrate with the 

·.'!·' 
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bath for at least five minutes. 

The experiments w-ere performed as follm,;s. The sample ·was 

0 

illU111inated by an Osram 100 vmtt mercury lamp filtered by a 3100 A 

interference filter. Phosphorescence from h 2-_TCB trap origin \vas 

monitored, and the D- lEI transition at 3577.9 MHz was pumped. 

Pulse lengths 1·.rere determined by rotary precession experiments; 
20 

rr /2 

pulses were typically 50-100 nanoseconds. Phases were set by 

maximizing the initial spin locking signal. The microHave experitnents 

were repeated at a rate of 3-6 Hz, and the signals time-averaged with 

a.Northern 575 signal averager. 

IV. RESULTS lu~D DISQUSSION 

(A) Temperature Deuendence of ~hosphorescence 

Temperature dependence of phosphorescence studies on the 0.06% 

crystal revealed a marked dependence on temperature of the emission 

intensity for both the shallow (hd) and deep (h2) traps. The emission 

spectra for these two traps in the 0.06% crystal are shm-m in 

Figures 3 and 4 for the temperature region bet\·reen l, 4 ° and 2 .l "K. 

As can be seen, the deep trap emission increases while the shallm,r 

trap emission decreases over this range. At the same time, however, 

the total phosphorescence intensity from-~he origin remains constant 

within ca. 10%. This result strongly suggests that excited state 

population is preferentially transferred from the shallow to the deep 

trap as the temperature is increased. It is clear that at these 

- ---------.-~:---· .. -·---------- .. ----····- ·----·--'------------·· 
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temperatures the communication bet\veen the t<:vo types of tr2ps is not 

gove:rned by ~oltzmann statistics. 
3 

If one plots the natural log of 

the emission intensity ratio between the shallow and deep traps, 

r
8

/ID, :versus the reciprocal of the absolute temperature, one obtains 

a straight line plot, the slope of 1·1hich is reversed in sign to that 

expected if Boltzmann statistics v1ere the controllir.g factor. What the 

dependence of.these results does shaH, however, is 

-1 .· . 
that there is an energy "gap" of 8 ± 3 ~m from the .shalloH trap to the 

band. This suggests that the transfer of excited state population from the 

shallm·; to the deep trap in the 0. 06% crystal is occurring 
..., 

indirectly via the host crystal band states. A model.:> for this 

transfer process in the triplet state has been proposed 1vhich entails 

three b~sic steps: (i) promotion of trap population by lattice 

phonor1s to the band states of the host crjstal; and (ii) migration via 

a host crystal exciton; follmved by (iii) retrapping in a different 

trap state. 

For the 5% crystal only the emission of the deep (h
2

) trap \•JaS 

observed from the phosphorescence origin, over the temperature range 

f··rora 1.4°· to 2 .. 1°.((. rto:r·eove.r·, the emissio·n .intensity .. rerqaiJie.d 

essentially constant over this range, This \vould imply that excited 

state population is partitioned effectively, due to the high concen-

tration, into the deep trap over the entire temperature range. 

The result's of the temperature dependence of phosphorescence 

experiments for the 0. 06% crystal \vere in good agreement with the 
') 

. J 

previously published results for temperatures from 1. 4 o to 2.1 °K. 
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Hm.;rever, the present data for the 0.06% crystal for temperatures b:·om 

2.1° to 4.2°K is qualitatively similar to th~ earlier data~ but 

quantitatively the agreement is inconsistent in two respects. First, 

at the lambda point of liquid helium (2 .IrK) a sharp decrease of 

approximately 30% in the emissi,on intensity of the deep trap is 

observed. This decrease- is independent of exciting light intensity, 

h
2 

trap concentration, the method by which the temperature -.;.;ras regula.ted, 

and ,,Thether or not the crystal sample was annealed or unannealed. 

Second, the loss of deep trap emission intensity between the lambda point and 

4.2°K did not closely folloH an exponential curve characteristic 

of Boltzmann equilibria, but instead appeared to fall off morE: linearly. 

T'he scattering of the data points, houever, in this temperature range is 

greater 1 ' . - 3 than t1at of the nata presented previously. From our 

results \ve are unable to say with certainty \vhether or not trap·-to-trap 

communication is governed by Boltzmann statist;i.cs above the lambda 

point of liquid helium in these sainples. For this reason 1ve confine 

our analyses to data collected in the "kinetic regime" 
3 bet~veen 

(B) Dynamics of Energy Promotion: Direct and Indirect Transfer 

Processes in TCB 

The results of the optically detected spin locking 

1:> 

experiments \vere utilized to extract values of K!. , tbe promotion 

rate constant, for the deep (h
2

) trap in both the 0.06% and 5% crystals 

as a function of temperature betHeen l.lf
0 and 2.1 °K. The total decay 
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time, Tlp' vas determined at ten different temperat1Jres for the D -. jEj 

transition of the 0.06% crystal and at ll; temperatures for the corre-

spending transition in the 5% crystal. A typical determina.tion of T1 p 

at a single temperature for the 0. 06% crystal is shmm in Figure 2. 

,. L 
Values for K \.vere calculated from experimental measurements of the 

lifetimes of the T and T zero field spin sublevels of the 0. 06~~ 
X y 

1 1 407 3 crysta at . i:'-• 
'T' 

A ·va·lue .!:.~."or K .. -lpm b . ' .c • J k d f h 2 1 ~ 1 · Has o taJ..nen .1. rom spln-.. oc. ata o t e 1£- j 

. . 3 
transition of a 1% m/m TCB-h2 trap ln a durene host. In this case 

-1 
the localized trap state lies about 11,60 em below the energy of the 

h b 12J. d I<:"p os t anet, an - is . 11 22 essentJ..a_ y z~ro. After subracting the con::ri-

bution of KL (again determined from individual sublevel 
T. 

the total spin-lock decay rate, e:l value of K lpm == 13. 8 

obtained. 
T 

These valu2s for KL ..arid K lpm \vere then utilized to 

lifetimes) to 

-1 
sec Has.· 

'. 

extract values 

for Kp at each temperature from values for the total decay rate, K.Tlp 

p 
by use of Equation 1. The effect of error in K- due to the approximate 

L Tl 
Va.lues use·d. ·1~.or K a.r1d ~ pm 1· t x t· d t • t · · · ,1.. ~ _s no e~ec e o oe grea ~ prlnclpa~ y 

T· 
because of the large value of K lp in comparison. 

D 

The variation of K' Hith temperature reflects the extent to Hhich 

phonons couple to the excitation at a given temperature. In the dilute 

concentration limit, the promotion of excitation from the localized 

(shd.l0\-7 or deep) traps into the band could involve a state \vhich is 

in t:quasire.sonance" with the dense manifold of stationary battd states, 

lk>. 'rhe latter are primarily responsible for the decay to the band, 
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since the recurrence probability is relatively small because of the high 

density of band states. In such cases the probability per unit time for 

the interaction of a localized state jL> into jk> states is 

(2n/h) (2) 

It is the nature of j VLk j
2 

uhich determines the explicit form of the 

perturbation for the promotion process. If the de trapping probability 

is not 1:.: selective, the density of exciton states at energy !:. above the 

trap energy can be invoked into expression (2). For example, if the 

tr~p-exciton in~eraction is via an intermediate state /I> and a phonon 

X(E:) of energy E, Equation 2 takes the form: 

(3) 

The important thing to note is th~t the temperature dependence is 

explicitly given in the phonon distribution term (occupation number 

and phonon density of states), and that the problem is now' somewhat 

simplified assuming that <V
1

k> which is a radiation1ess decay matri2r 

. element and <V11> are temperature independent. 

the 

energy 6 (direct process) or exceed it (Raman process); hence, the 

total detrapping probability will depend on the sum over all phonons and 

also intermediate states Hhich match the required energy.
3 

In the low-temperature limit, the Planck distribution function
23 

takes a simple form: 
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n(T) 1/(ec/kT- 1) = 
-c/kT 

e 

Thus, in the limit where the band;;.;idth is small compared to !':,, as in 

the case of TCB
6

-
8 

crystals, or for selective detrapping with 

E = !':,, the detrapping rate constant is gi~en by
3 

k(T) (L+k) '. -6/kT (A) 
1~e p ,o 

(4) 

(5) 

"~>There A is a constant. This expression is valid in the limit 1..rhere the 

density of phonon states i\3 almost constant, e.g., in the lirie.~.i.r 

£ h d . . f ~. h 24 range o· t.e lsperslon or acous~lc p.onons. 

The above expression shows the 

importance of at least t\,7 0 parmrrete:rs in considering de trapping in 

crystals at lmv temperature: the density of states function and the 

phonon distribution. 

The above result was shmm for TCB system in different uays ~ In 

' ') 

the kinetic regime,.:> where no thermal equilibrium exists between the 

localized and band states, the shallor11 trap excitations to the band are 

more frequent than those of deep traps. Consequently, at intermediate 

the temperature variation of the band group velocity and the detra.pping 

.rate constant from the shallmv trap. 
3 

For a one-dimensional narrm·'l 

band G-S TCB crystal, the change in group velocity \·lith temperature 

is rather small. Hence, in the limit ivhere K (total rate constant s . 
for relaxation to the ground state from the shallmv trap).is small 

compared to the detrapping rate constant, the ratio of. the steady state 
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of the shallow and deep traps is3 

(6) 

tvhere CS and CD;: are the concentration of the shallow and deep traps 

respectively, ~ is the total rate constant for relaxation to the ground 

state from the deep trap, A fs the 6onstant associated with Equation 5 

and p is the exciton density of states. Therefore the ratio of 

phosphorescence intensity of the· shallm,r and deep trap as a function of 

temperature should give t-.
8

, the energy separation betHeen the shallot..r 

trap and the exd.ton band, as indeed shm·m. experimentally (see Figure 3). 

Horeover, the "inverse-Boltzmann!? behavior is explained. 

The second important feature is that Equation 5 indicates that if 

ln Kp (obtained from the ODSL) is plotted versus 1/T, a straight line 

should be obtained, the slope of i·Jhich reveals the energy separation, 

f.., betHeen the trap state and .the final state connected by the promotion 

p 
process. Plots of ln K versus 1/T for the experimental ODSL results on 

the 0.06% and 5% crystals are given in Figure 2. It can be noted that 

the ln Kp versus 1/T plots are essentially linear for both the 0.06% 

and 5% samples. More inrport(J)1.Uy_, the dif'fe.ring slopes of these 

graphs indicate thu:c pPomotion pY'oce.sse.s are occu .. l"r-{ng to different 

final states in the two crnd s ta ls. 

The slope of the data for the 0.06%_ crystal yields a value for f.. 

-1 
of 16 ± 4 em . This value is on the order of the optical separation 

between the deep trap and the host band. ThUs, for the 0,06% crystal, 

where the density of host (d2) band states is high, both the phosphorescence 

and ODSL results indicate that t:rap-to-trap corrrmum:cation is occurr1:ng 
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predom1:nantZy by an 1>ndirect process through the host brrad states. 

The slope of the data for the 5% crystal, however, yields a value 

-1 
for D. of 11 ± 3 em which is approximately the same as the separation. 

between the deep and shallm-1 traps. This result points to~Vard the 

predominance of direct processes 1-n the 5% · cxystaZ. Nonetheless, it 

must be noted from the phosphorescence results that any population 

promoted out of the deep and into the shallo~-1 trap is returned by a 

rapid process? either by a direct or indirect route, to the deep trap. 

This is essentially why the 5% cyrstal sho1vS only h
2

-TCB emission and no 

hd-TCB emission at iteady state, 

There has been rr.uch interest
2

' 
8 

in mechanisms for long range 

transfer and transfer times in molecular systems. In clusters of 

isotopic impurities, located belmv a one-dimensional band, the transfer 

time can be extracted from a kno1dedge of the trap depth, th~ resonance 

8 25 
interaction and the ~istanc~ betw~~n traps through perturbation theory. ' 

1 . . "1 2 • 8 d . . . . 26 . 1 . d -Conventiona optlca~ an magnetlc reson&nce experlmencs have e ucl atect 

much about the detailed mechanisms important in energy transfer problem?, 

but quantitative data about unequivocal pathi·JaYS have been difficult . 

to deti'!r'~!tine. The beauty of the optically detected spin locking experiments 

is that it can give these times directly and analytically. Moreover,· if 

the triplet spins are adiabatically demagnetized in the rotating frame
27

•
28 

. 10 
in zero field and the kinetics of the demagnetized state are compared 

to the kinetics of the spin-locked state, additional information such 

as the effective quantum yield for mobile band excitation can be 

. 29 29 
determined. Recently, this \VaS found to be ranging from 1 to 0.1 
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depending on the temperature Hhich in t.urn determines the degree of scattering 

between the mobile excitons and phonons. 

For a one-dimensional system, the trap-to-trap transfer ~ime, tw in the 

isotopically mixed crystal can be related to the number of.lattice sites, n, 

using perturbation theory: 

. . -1 
n = [log(t/t')][log(~/aB)J (7) 

where t' = h/aS, the effective nearest neighbor transfer time, and a is a 

measure of the fraction of localized states ·that are effective in transferring 

energy, and S is the resonance interaction energy. The difference in energy 

between the traps is provided by the phonon reservoir. Knmving t from 

spin locking kinetics, the dependence of n on O'.S can be determined (see 

Table 1). 
-1 

For example, if B == 0.1 em and asst.L.'1ling unit transfer yield 

(ex 1) , theJ:?: 

t (l/30)(10(2n-B)) (8) 

.· 6-8 . -1 -1 
The experimental value for B in TCB ranges from 0.15 em to 0.4 em 

depending on the method of the measurements. This predicts n to be on the order 

of 5 to 7. It should be noted that the composition of these crystals give.a 

.~:tatist:i.cal separation betr,;een t:rap3 of ten molecules on the average in reasonable 

agreement 'vith theory considering the steep (logarithmic) dependence the transfer 

time, t, has on n v7ith a fixed S. The above results Here derived by considering 

only the in-chain interactions (linear chain system) since the interactions 

bet~veen chains 
. . 30 

is very small, being approximately 1 HHz. 
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V. SUN>IARY 

We have demonstrated the use of optically detected spin coheren~e 

to study the kinetics of energy transfer in solids at lm.;i' temperature. 

Spebifically, one can separate and distinguish direct transfer between 

localized states and indirect transfer, characterized by therrrlal· 

promotion to the host exciton band. In isotopically mixed crystals of 

1,2,t},5-'-tetrachlol~obenzene at lmv temperatures and lm•l trap concentra-

tion, the transfer uas found to be predominantly via an indirect mechanism 

't·?hr~rein lattice phonons promote excitations from a trap state to the host 

crystal exciton band after 't·1hich migration in the band ancl retrapping 

occur. W1en the trap concentration is increased, hmvever, direct 

transfer b'::!t~·.reen t-,....,...,n 
1.......£.. c;.J! sites becomes an important mechanism and is 

the dominant transfer process dwn the total trap concentration (dee.p 

and shallm.v) is on the order of 10%. Finally, we have demonstrated 

a technique capable of e1{perimentally elucidating the transfer tit::es 

which characterize long range interactions. 
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TABLE I 

The dependence of the trap-to-trap spatial separation on the effective 

resonance interactions in isotopically m;ixed 1, 2, Lf, 5-tetrachlorobenzene 

crystals at 1.54°K. 

~1 
o:S(cm ) 0.05 0.10 0.15 0.20 0.25 0.30 0.50 1.0 2.0 

n 3.6 4.2 L+. 8 5.2 5.6 5.9 7.1 9.5 14. OJ 
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FIGffi?,E CAPTIONS 

F~gure 1: A schematic for the structure of the excited triplet state of 

isotopic TCB crystals: 11 is the trap depth, and H2 or. Hi) refer to the 

different isotopic species. The solid arrows represent emission 

to the groun.d state or trapping to trap sites; emission of the exciton 

to the ground state is not shmvn. The dotted arrm,ls represent detrapping 

processes to the band and the wiggly double-arroHed line represents 

the comm.unication bet•Veen traps via a "direct" mechanism. 

(A) A schematic for the spi:'l locking sequence and the hypothe-

tical phosphorescence response: T~T is the length of time the spin 
...,,_, 

locking field is on, S denotes saturation, and i denotes inversion of 

population betHeen spin sublevels. /11 denotes the change in phos-

phore~cence intensity associated with the population of the coherent 

state after the time TSL' (B) A typical decay of spin-locke~ spin 

ensemble of the 0. 06% crystal at 1. 84 °K. (C) and (D) shm·7 plots of 

p 
K vs. 1/T for the 0.06% and 5% crystals, respectively. 

Figure 3: Left: The phosphorescence intensities of H
2 

and HD at 

different tempeTatures in the 0.06% crystal; the behavior for temperatures 

above 2.l5°K is discussed in the text. Right Inset: the linear 

behavior for ln [l(HD)/I(H2)] vs. 1/T. 
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Figure.!±_: Hoderate resolution phosphorescence spectrum of the pure 

electronic origin in isotopically mixed TCB (0.06%) crystals at 1.47°K; 

the exciton origin appears to high energy of liD emission for temperatures 

_1 

around 4.2°K and the H
2 

emission is located at 26,668 em -'-
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BAf\lD-Tf1t\P AND TRAP:- TRI~P l NTER ACT IONS 
lr~ TCB MIXED CRYSTAL . 
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EXCITATION DISTRIBUTION 
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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 Energy Research and Development Administration, 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 thf!t its use would not infringe privately 
owned rights. 
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