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ABSTRACT

Direct energy transfer between localized states via virtual
coupling with the host stafes in one—dimensioﬁai molecular solids is .
demonstrated experiméntally using optical;aﬁd opticaliy detected»elegt;on--
épin coherence teéhniques; The relati§e importéncexof direét transfer .
versus indirect trapsfér (which is_charégteri;éd byvthé éhonon~assis;ed_
gprémétién of-theAiocalized state to the bana-Wifh thebéubsequent
radiationlgSQ_decay'into a mo5ile.exciton follqwed by rgtrapping) has
been detefminéﬁvin i$oto§ically ﬁixéd 1;2;é,s;téffachiofobéﬁzdﬁe Cty5§als
over a &emperaturé range where the éhe:mal engrgy'of the lattiae is
insufficieﬁt to‘eétablish'Boltzmann‘gquilibria between the’localized.,
and delocalized states (non-Boltzmand régige);'-Thé‘reéults éémonéfraté
that the transfer mechanisms between trép and hoét stafes are vefy f
sensitiﬁe to the_traﬁ concentration and the temperature of thévlattiée,y
aﬁd that direct'exchangé'is dominant at high trap conéentratiéns;
Finally, the experimental results are compared to thgoreticalbexpecta~‘

tions in the various limits.



I.  INTRODUCTION

A full understanding of the mechanisms and pathways 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.

i

. . . . 1 . : ’ ) ‘ . .
The first involves the direct™ exchange of energy between trap sites via

o g . . , ' 2 L . s
a virtual coupling with the host states  while the second is an indirect
pathway involving the decay into the delocalized host states (exciton

band), migration in the bahd-and’rétrappiﬁO. By studying these processes,

it is possiblée to obtain information not only on the resonance interactions

between trap sites, but also on the nature of interactions between
trap and host states. In addition, one can extract parameters detailing '~

the exciton band structure of the host crystal. In earlier eXperiments,

‘the relationship between trap depth (A, below the exciton band), trap

concentration and the relative proportion of excited state population

channelled into various types of traps was obtained by investigating

the phosphorescence spectra from various traps. - Such measurements,

however, were not capable of giving detailed information on the nature’
of the transfer process. This requires the use of additional techniques.

~In this work we combine the results of the temperature dependence

of phosphorescence with those of optically detected spin locking (ODSL)4

‘to examine the different routes for energy transfer.
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Specifically, both direct and indirect transfer between traps and the
host exciton band in excited triplet states of d241,2,4,54tetrachioro—
o . , 6-8 L g .
benzene (d2~an), a omne—dimensional system containing two isctopic
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 viewed
S . ' 9 : ’ . i
‘using a geometric representation” for a two-level system.  In this -
picture, thé time evolution of the ensemble of excited triplet states
is represented as a ‘'pseudomagnetization’ whose 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 comventional -
N . 10 s S . oo ah .
NMR exzperiment. Initially the pseudomagnetization is.aligned. along
the z axis in the interaction representatiosn and corresponds to the .
population difference between the two zerofield spin sublevels involved.
It should be noted that usually only changes in the population differences
alter the phosphorescence intensity; hence the z component of the pseudo—.
magnetizaticn becomes the only observable in an optically detected

. AL
experiment.

- 2
Spin lockinglz’lJ

is accomplished by applying a 7/2 pulse to rotate
the pseudomagnetization into the x-y plaﬁe of the frame, follcwed By
the application of a strong 'spin locking" By field along the pseudo-

magnetization to prevent a loss of phase coherence. This results

in a coherent triplet spin state that is destroyed whenever a
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fluctuation of the zero field transition frequency (Larmor frequency)

5 .o e n
1 The loss of_

occurs that is large relative to thetapplied field, vH
spin. coherence, in this case the decay of the épin~locked‘pseudomagneti—.
zation,: is moni;pred optically by applying another ﬂ/Zl“brobe"

pulse”  with appropriate phase to rotate the spin-locked component back 
to the z éxig. This producesia change in the phosphorescence intensity
.proportional to the remaining'coﬁereﬁce invthé séin eﬁéemble.' A diagram
»of the phosphorescence response éd tﬁe‘spin lock pulsé seqﬁenée is

~ presented in:Figure 2. N

;; Sevéréivfeafurés of the spin iock‘gxpefiment make it parﬁiculﬁrl&
 useful as a wmeans for inveétigating energy migratioﬁt Firét.of.éll,
population-intersystem croééing £nto the triplefvensemﬁle dﬁring.

'thé coursé of tﬁe exéeriment‘éntérs the geometric frame along thé‘é aﬁis
.aﬁd fér;Uon;resonance” experimenfsﬂis driven in a plaﬁé.perpendiculaf

té the spinfloéked componentQ3 In.this manner, incoming popalation makes
no contribution to the ch;nge.in phosphorescence‘inténsity when the piohe_
pulse is applied. More iﬁportaﬁtly, thé spin 1qck component iquﬁitea
senéitive to energy transfer processes since.most of-them invélvg
'significant changes in the Larmer frequency. Energy proﬁotipn to.
different trap sgpecies or the host excitbn band,'for.examélegvresulté

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

the spinflogked ensemble encounters. ] | |
| Three principai processes change the total_lifetime of the épin;4

iocked pseudomagnetization, T These are {i) the promotion of

ip’

population from the spin~1ocked_state to different trap states or
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the exciton;band; (ii) processes leading to radiative and nqn*radiativé
decay of the triplet state to tﬁe groﬁnd state; and (iii) magnefic
relaxation along the‘spin locking field. .Consideratioﬁ of.these
'prdcesses leads to the following kinetic equation for fhé time évolution
of thevspin~1ocked pseudomagnetization, ﬁ(t):-' | .
T .L

exp (-K 1o £ty = MO exp[4(K?>+'K

R ST
M(E) = My +K p@)t}. @

T . .
P L - lpm .. : . PR T
where K, K~ and K PR ¥e the rate constants. associated with: the loss
of the spin-locked signal due to processes (i), (ii) and (iii) respec~
Tl . ) . Y .
tively, and K P is: the total. decay rate counstant.
The results of .the spin locking“experiment,»When'cdmbined with

' L ., lom . P ,
independent measurements of K and K p?; will yield K, the rate

.

constgnt for premetion procéssés befWeeﬁ aifferent trap statés.énd‘;"
between trap states ana thevhost exciton band. Théjtémperature’
dependence of KP, and hence of ;he‘prométionmp%qcess; can then be
used to detail the ﬁature ofvthe transfer mechanisﬁ:(direct‘or‘indirecﬁj:
as well as to amplify the qualitative resultsiobtéined fromvthe_tempa.'
erature.dependence‘of phosphorescence studies. |

Isotopically mixedfcfystals_are-particglarly<suited“f5t:t&aa@
types of experiments since it is expected that pb signifiéant geometrical
deformations of the trap states are introduced by the iéotopib substi- -
tution, and one can experimentally control the reiative distance between
the localized trap sites by concentration. VAnother helpful.feature of
isotopically mixed TCB crystals (see Figure 1) lies in the fact thatAtrap

depths of the shallow (hd) and deep (hz) states are 11 cmﬁl and 22 cm~l,b.




~sample was prepared by adding a given amount of zone-refined TCE-~n,

respectively,vbelow the TCB-d, band; hence phonon-assisted promotion of

population out of the deep trap should reveal the relative importancé of
detrépﬁing processes Eetween the deép trapvandvtﬁe band, and the:deep
trap and the éhallow trap, and theif dependence on deep trap.concéntraé
tion at low temperatures. This can lead \to a'defaiied unde;staﬁding

1 .
of the transfer topology:5 percolation,l6 .and

the effects of guest-host perturbations on the excitation distribution

' . qs . 17 . . s
in the band that are indicative of Koster-Slater™ . type interactions

~in the sclid. . Further, the correlation of the steady state phosphorescence

results with the ODSL findings gives new direct information about the

population of these traps upon singlet excitation.

- III. EXPERIMENTAL DETAILS

3,

Two isotopically mixed TCB samples were prepared, each containing -

different propo}tions of ICB~h2. The first was prepared from 97.5%

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

It contained 95.31% TCB-d,, 4.63% TCB-hd, and 0.06% TCB-h,. The second

2)

2

(Fastman) to the 97.5% deuterated TCB such that the final sample contained
approximately 57 TCB-—h2 on a weight-for-weight basis,(mOre precisely,

90.5% TCB-dZ5 4,67 TCB-hd and 4.8% TCR-h These samples (hereafter

2)'
referred to as the 0.06% and 5% samples) were then analyzed by either

mass spectral analysis or by proton NMR. wa,'n,f.Single crystals

were grown from the melt by standard Bridgman techniques. Both crystals

" were annealed for one week at a temperature 2.4°C below -the melting
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point, The quality of each crystal was checked by its
ability to give exciton phosphorescence. . The exciton emission was
seen in neither the 0.06% nor the 5% crystal below the lambda point

of helium, although strong emission from the exciton origin was observed

l°K in.fhe 0.06% sample.

The expéfimental arrangement for opticéliy detected magnetic
resonance has been describéd'elsewhere.lo’lgl_Mictbwa&e ﬁuiSes of thé; 
va@prOpriate pﬁases for the 0ODSL experimeﬁtfwere obtained asbfollows.

The microwave output of a Hewlett-Packard 3690B. sweeper was divided
into fwo separate channels by means ofvan Anaren Corp. 90? Hybrid
coupler. Phases were set by adjusting thé relative path-lengths in'-
the two channels by means of two‘lOvcm,Genefal Radio sliding coaxial.
liqes. Two Hewlett-Packard 33124A PIN diodes were inseited‘into
each channel to switch the_microwaveé. _Timing of the pulse sequences

: \
was controlled by TTL circuits conmstructed in this laboratory.v Thé f~
channels were,recombinedvby means of a 180° hybrid éoupler, the R
resultant signal being fed through a bandpass filter fo;a Varian SlBM:'-'
2Q.watt #raveling“waﬁetﬁbe'amplifier befﬁre delivery to a slow-wave A
heliz surro;ﬁ@ing thevsample in a liquid héliﬁéfcﬁyOStaﬁ*:.The- |
témperature of the bath could be varied between l;éb and 4.2°Kvby
pumpiﬁg on fhe helium and Wasiﬁeésured By monitéfino thé pfessﬁré of
gaéeous héliﬁm with an NRC Equipment Corﬁ; Model 530 Aliphatron vécumn
gépge. Temperature was stébilized by employing a pressure sensor

19 '
capable of altering the pumping speed, ~For all measurements at-

“any given temperature, the sample was allowed to equilibrate with the
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bath fér at leéét.five minutes.,
v:FIhe exéerimeﬁts were performeé as follows, The‘sample wés

.iiluminated by an OSramIIOO watt meréury lamp.filtefed by a 3100 5

interference filter. Phoéphoreséence from hijCB’tfab‘originvwas
.mbnitored; and'the-D - ]E! transition at 3577.9 MHz was puﬁéed.

Pulse lengths were determined by rotary precession experiments;zQAﬂ/Z
‘pﬁlses‘wére.typically 50—100rnaﬁdsecopds. . .Phéses.weié_ée;;byv 
'maxiﬁizing the initial spin locking signal. The wicrovave exparimenfs
- were rebeated at a rate of 3-6 Hz, and the sigﬁals time~averaged with

s

a Woxrthern 575 signal averager.

IV. RESULTS AND DISCUSSION ~

(A) Temperature Dependence of Phogphorescence

\

Temperature debendence of phosphorescence'studies.§n the 0,067

j crysfal revealed a marked dependence on températuré'of tﬁe eﬁissioﬁ'
intensity forrﬁoth the shallow (hd) and deep (hz) traps.-.The émiséion

'épectra for these two traps in the;0.06Z crystalvaré sﬁown in l

Figures B.Qnd 4 for the tempevature region between 1.4° aﬁd52,1°§;
As éan be seen, the aeép trap emission increases while the éhallow
tra§ émission decreases over this fange}. At tﬁe-same time; however,
.the total'phospharescence intensity ff6m~§he oiigin remaiﬁs constant
within ca. 10%. bThis result étrongly'suggests thatiexcited ététe

population. is preferentially transferred from the shallow to the deep

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




temperatures the communication between the two types of traps is not
o : ’ ) 3 . . .
governed by Boltzmann statistics.” If one plots the natural log of
the emission intensity ratio between the shallow and deep.traps,
I./1
s/

a straight line plot, the slope of which is reversed in sign to that

p> Versus the.reciprccal of the absélute tem eratﬁre; one ebtains
expectgd if Boltzmann statistics were the'cpntfolling’fac;or. _What the
témperaturr o .dependence of these results dqes.show, however, iS'

that there is an energy ''gap' of 8 = 3tpm—i ffbmfthe‘éhallow‘trap to the
band. This suggests that the transfer'of ekcited state populatioh from the
shallow to the deep.trap in the‘G.O6Z crystal ig occurring

indirectly via the host crystal band stétes. A model3 Ifor thisl
transfer process in the triplet state has bgen proposed whicﬁ.éntéils
three basic steps: (i) promotion of trap popﬁlation by lat#ice |
phonouns to the band states of the host cryétal; and (ii).m;grationvvia>'
a hoét.crystal éxciton; followed by (iii) retrgppihg'iﬁ é difféfént

traé state.

For the‘Szbcrysﬁal only the emission of tﬂé deep (52) trap.wgé. 

 observed from the phosphorescence origin over the temperature range

= . Do

Cfrem 1.4% to 2.1°K. Morecover, the emission inrensit

»

<

N
‘ remainad

essentially constant over this range, This would imply that éxcited
state population is partitioned éffectively, due to the high concen-
tration, into the deep trap over the entire température range.

The results of the temperature dependence 6f>ph05phorescénce

expefiments for the 0.06% crystal were in good agreement with the

‘ . . , ; o :
.previously published results” for temperatures from 1.4° to 2.1°K.




However, the pfgsent data for ﬁhe OfOGZ crystal for teméératures'from
2,1° to 4.2°% is qualitatively similar to the eaflier data? Eut
quantitatively the agreement is inconsistent in fwo respects, First,

at the lambda ﬁbint of liquid helium (2.12°K)va sharp decreaéeléf
apfroximately 30% in the emissipn infénsitylof‘ﬁhe deeprtrap‘is
obseréed.‘ This decrease- is independent of exciting.light intgnﬁity,.

h2 trap conégntration,»the methed by_which‘the_tempgrature was reguiéted,
.and_whether or not the crystal sample &as annealed or ﬁnaunealed.

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

4,2°K di

(o8

il

not élosely folléw an ex?onential curve characteristic
of Bolfzm@nn equiiibfia, but instead.appeared to fall off morellinearlyg
The'séaﬁtering of the data points,vhowevef, in_this'témpeféture fange'is
gregﬁerﬁithan thét of the data présented previousiy. ™ .  From Our.
'resuits we are unable:tb say wiéh certainty ﬁhether or ﬁot'§rap~to~trap
communication is governed by Boltzmann statistics abovévthe iambdé
point of liquid helium in these sampleé. Fo# this reason we confine.

. o . . . ‘ . Yy o . . 173. ; |
our analyses to data collected in the "kinetic regime" = between

1.4° and 2.1°K.~

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

Processes in TCB

The results of the optically detected spin locking
~experiments were utilized to extract values of K, the promotion
rate constant, for the deep (h2) trap in both the 0.06% and 5% crystals

‘as a function of temperature between 1.4° and 2.1°K. The total decay
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time T
> Tlp

, was determined at ten different temperatures for the D - [E’
transition of the 0.06% crystal and at 11l temperatures for the corre-

£ M

sponding transition in the 5% crystal. A typical determinaticn of Iy

at ‘a single temperature for the 0.06% crystal is shown in Figure 2.
. L o - ' ' L
Values for K were calculated from experimental measurements of the

lifetimes of the T, and Ty zero field spin sublevels of the 0.056%

crystal at 1. °K.3

T
- A value for K-lpm

Iy

was obtained from spin~lock data_of the ZE f

transition of a 1% m/m TCB~h, trap in a durene host.»3 In this case

2 .
. : . . -1 L _ .
the localized trap state lies about 1460 cm = below the energy of the

Erie-

o

23 P, . 22 ; . '
host band, "and K ig essentially zero. After subracting the co

. L . s e g e s
bution of K~ (again determined from individual sublevel lifetimes) to
7 T
lpm : -1 .
P = 13.8 sec " was:

the total spin-lock decay rate, a value of K
obtained.

T : : : : ,
1pm ' A . 4
were then utilized to extract values

a
p . . A , T
for K at each temperature from values for the total decay rate, K P s

These Values-for'KL arnd K

i

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

L Tl m
values used for K~ and K P
. Tlp

because of the large value of K in comparison.

phonons couple to the excitation at a given temperature. - In the dilute
concentration limit, the promotion of excitation from the localized
(shallow or deep) traps into the band could involve a state which is

. [H " " 11 R N . _' . . : . ) . B
~in "quasiresonance” with the dense manifold. of stationary band states,

_lk>- The latter are primarily responsible for the decay to the band,

is net expected to be great, primeipally.

D ' ' :
. Lo fod A . . Y .
he variation of K with temperature reflects the extent to which

v,
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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 ]L> into lk> states is

2 o
P o= (21/h) E%fvak! 6@ -E) (2)
It is the nature of lVLk}Z which determines the explicit form cf the

pertﬁrbétibn for the promotion process. If the detrapping probability
is not k selective, the density'éf exéiton sfates at enefgy A above thev:/
trap“energy can be invoked into ex?ression (2)._ For example, if the.
trép—exciton ingeracfioh is via an intgrmédiate'stéte ]I> and a‘phoﬁoﬁ

x(€) of energy €, Equation 2 takes the form:.

VPIEE) = -f’:—z<n(£)>T[<Lx(e)}VLIllx(e~A)><Ix(s~A)}Vﬂ{lkx(e—APlzp(A}

f (3

The important  thing to note is that 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 <VI ‘which is a radiationless decay matrix

i

_element-and,<V£I> are temperature independent. = The energy of the-

i

must either match the

¢

<
I
<
jind
Q
)
3
I
O
9]
D
U
|6)]
]
s
St

phonon {or phenons for multiph

el - &

enéfgy A (direct.process) or ‘exceed it (Raman procesé); hence, the"
‘total detfapping probabiliﬁy will depend on the sum over élljphononsvand
'aiso.intermédiate states which match the~requiféd'energ§. |

Iﬁ éhé‘low~temperatgre.limit, fhe Planck'disfribﬁtion'function

takes a simple form:



—~12~

e/kT

n{T) = 1/(e 1) = e ' | ‘. _ (4)

.

Thus, in the limit where the bandwidth 1s small compared to A, as in
’ 6-8 . .l . -

the case of TCB - crystals, or for selective detrapping with

€ ='A, the detrapping rate constant is given by

KD o = aT gy = & )
where A is a constant. This expression is valid in fhe‘liﬁit where.thé
‘density of phonon states is almost constant, e.g.,'in the.lineér
range of the dispersion for acoustic phoﬁons.

Thé abo?é expression sho&s the
importance of at least two parameters in considering-detrapping in
crystals at low temperaturé:' the density'ofbstafes fugction and the
phonon distribution.

N

The. above result was shown for TCB system in different ways.  In

4 Q2

S . .. 3 e o SN )
the kinetic regime,” where no thermal equilibrium exists between the
Jocalized and band states, the shallow trap excitations to the band are

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

iy state dynamics depand upon
b , LGS L

.
a

or low temperatures, the {harmal stea
the temperature variation of the band group velocity and the detrapping
i 3. Lo .

rate constant from the shallow trap. For a one-dimensional narrow
_.6-8 o : : . L . :

band TCB crystal, the change in group velocity with temperature

is rather small. Hence, in the limit where KS (total rate constant -

for relaxation to the ground state from the shallow trap) is small

compared to the detrapping rate constant, the ratio of the steady state
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populations of the shallow and deep traps is

e+As/kT

W)/ () = [(Cg/c IR 1 /kp * (O

e

wﬁere CS and CD{are the congentration of the shallow and deep traps
tespéétively, KD is fhe total rate constant for ﬁélaxation to the-ground_
state ffom fhe deep trap, A s the constant associated with Equation 5:'
and p-is the exciton density of states. Therefore‘the raﬁio of
phosphorescence intensity of the;shallow and deep trép.as a functibn of
temperature shouldvgivefAS, the energy separation between the shallow
.trép and the exciton band, as iﬁdeéd‘shown experimentally'(see Figure 3)5
Mofeover,.the ”inverse~Boltzmaunf Eehavior is explained. |

The éecond important featurévis_thétvﬁquation 5 indicates.that if
vln KP (obtained ffom the ODSL)*is plotted versus l/i, a straight 1iﬁe:-
shoula be'oEtained, the élopé of which revéals the eneégy sepération, |
A, between the trap state and.the final state conﬁectéd-b§vt%evprémotion
process. vPlots of in KP versus 1/T for thé ézperimental ODSL :esulté oﬁ
" the 0.06% and SZ crystals arve given in Figuré:2. It can be noted.that
vthe>ln KP versus.l/T plots are essentially 1iﬁear for both the 0;06%.’
- and 57 samples. Hore impoftantly, the dijféring slopes of thesa '
'éraphsiindicate that-promoﬁion‘précégées are oécurfing to different
final states in the two crystals. |

The slope of the data for>thevO;O6%vcrystal,yields a value for A .
of 16 & 4 cm_l. This vaiue is on the order of tﬁe‘optical separation
betweén the deép trap éhd thé host band. Thus, for the 0,06%,crystél,_
wﬁere‘the deﬁsity of‘host (dz)'baﬁd sﬁates ishhiéh;‘both tﬁe ﬁhosbhorescence.

and ODSL results indicate that trap-to-trap communication is oceurring
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predbminantiy by an indirect prbcess through the host band étatés.

The slope of the déta for the 5% crystal, however, yields a valﬁe
for A of 11 + 3 cm~l which is approximately the same as the separatioﬁ
between the deep and shallow traps. This result points toward the ' -
predominance of direct processes in the 6% crystal. Nonethéless; it~ .
must be noted‘from the phosphorescence results that‘ény popﬁlation
promoted out of the deep and into tﬂé shallow trap is feturﬁed bj a
rapid process, either by a direc; or indirecﬁ’route, to'the dgep.trap.v'
This is essentially_why the 5% cyrstal éhowsAoﬁly HZ;fCB emission and no

hd-TCB emission.at steady state.

s and Transfier Times in Isotopic Mixed Crystals

' : : 2,8, . :
There has been much interest”™’ in mechanisms for long range

.

transfer and transfer times in molecular systems. In clusters of
isotoplc impurities, located below a one-dimensional band, the. transfer

time can be extracted from a knowledge of the trap depth, the resomance
' . ! ‘

interaction and the distance between traps through perturbation theory. °~

E

. ' . e . . 26 . . :
Conventional optical and magnetic resonance experiments . have elucidated

much about the detailed mechanisms important in energy transfer problems,
but quantitative data about unequivocal pathways have bzen difficult .

1

to determine. The beauty of the optically detected spin locking ezperiments

4]
©

is that it can give these times directly and analytically{' Moreover, 1if
Lo . . ) . g 27,28
the triplet spins are adiabatically demagnetized in the rotating frame

'

T ea 10 . . : _ _ . o : _
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

'détermined.zg R‘ecently,z9 this was found to be ranging'from 1 to 0.1
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depending on the tgmperature which in turnbdetermiﬁes the degiee of scattering
between the mobile excitons and phonons. |

For a one-dimensional system, the trap-to-trap transfer time, t, iu the
isctopically mixed crystal can be relatea to theinumber of.lattiéc-sites, n,

using perturbation theory:
n = [log(t/t")][log(b/eB}] = . (D)

where t' = /a8, the effective nearest neighbor transfer time, and ¢ is a
measure of the fraction of localized states that are effective in tramsferring

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

between the traps is provided by the phonon re

[

ervoir. Knowing t from

‘0

spin locking kinetics, the dependence of n on 0ff can be determined (see
1 N . l N . - .
Table 1). For example, if B = 0.1 ecm = and assuming unit transfer yield

(¢ = 1), then
e = a0y o ®

AThe experimental valﬁe6_8 for B in TCB ranges from 0.15 cmhl.t'o.O.lycm~

‘depending on the method of the measurements:. This predicts_n to be on the brdér
of 5 to 7; It should bé noted thét the c@mposiﬁion of'theée érystals givepé
.statistical sepafacicn between traps of ten moléculés.on the average in’réasonaﬁie
agreement with.theory'considering'the sﬁeep (logarithmic)_dependenéé,the ﬁtaﬁsfer
time,.t, has on n with a fixed 8. The above results wére défived Ey conéidéring
only thé in—cﬁain'interactioﬁs (linear chain éystem) since the iﬁtéractionsr

between chains is very small,.being,approximately l'MHz.BO
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V.  SUMMARY

We have demonstrated the use of optically detected spin coherence
to study the kinetics of energy transfér in solids at lbﬁ'temperature;'
Specifically, one can separate and disfiﬁguish direct transfer between
localizea‘states apd indirect transfer, charaqterized—by thermal -
promotion to the host exciton band, In iSotdpically miﬁéd crﬁstals of
1,2,4,5-tetrachlorobenzene aﬁ iow temperatures and low trap concentra~
tion, ﬁhe transfer vwas Found to be predominantly via an‘indirecﬁ mechanismn
wherein lattice phﬁnoné promote excitations ffom é trap'étate to. the host
crystél excitdn band after which migration in the band and retrapping'
oceur, WHen-the.trap concentration is increased, however, direct:
traﬁsfer bhatwaeen trép sites be;omes an important mechanism and.ié 
tﬁe dominant transfei process when the total ﬁrap concentrat;5n>(deep
and shallow) is on the order of 10%. F‘inally, we have démons_trat'ed
a technique capable of experimentally elucidating the transfer.tiues
which cliaracterize long raﬁge interactions.
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' The dependence of the trap-to~trap spatial separationm on the effective

resonance interactions in isotopically mixed 1,2,4,5-tetrachlorcbenzene

crystals at 1.54°K.

o8(em ¥) | 0.05 0.10 0.15 0.20 0.25 0.30 . 0.50 1.0 2.0

n 3.6 b2 48 5.2 5.6 5.9 7.1 9.5 - 14.0
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FIGURE CAPTIONS

Figure 1:  A schematic for the structure of the excited triplet state of
isotopic TCB crystals: A is the trap depth,'énd H2 or, HD refer.tb the
different isotopic species. The solid arrows fep%esent.emission

to the ground state or trapping té trap sites; emiséion of the‘e#citom

to the ground state is not shown. The dotted arrows repreéent detréppimg
processes to the band and the wiggly éouble—arrowed line represents

the cowmunication between traps via a '"direct' mechanism.

Figure 2: (A) A schematic for the spin locking sequence and the hypothe-

tical phosphorescence response: T is the length of time the spin

oy
54'_1

locking field is on, S denotes saturation, and i denotes inversion of
population between spin sublevels. AI denctes the change in phos—
phorescence intensity associated with the population of the ccherent

state after the time Top . (B) A typical decay of spin~lockeavspin

ensemble of the 0.067 crystal at 1.84°K, (C) and (D) show ploté of

K?'VS. 1/T for the 0.06% and 5% crystals, respectively.

Figure 3: Left: The phosphorescence intensities. of H2 and BD at
different temperatures in the 0.06% crystal; the behavior for temperatures
above 2,15°K is discussed in the text. Right Inset: the linear

behavior for In [I(HD)/I(HZ)] vs., 1/T.



Fivgrgﬂﬁ: Moderate resolution phoéphorescgnce 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 HD emission for temperatures -

IR
around 4.2°K and the H, emission is located at 26,668 cm .

2
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owned rights.
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