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ABSTRACT

Two ekperimental techniques using obticﬁliy detected electron spin
coherence afé employed to directly measure rate constants for photoexcited
energy traﬁsfér in a solid with localized energy t}aps. Specifically,
the method of optically detected spin iocking is used to measure the
temperature depéﬁdence of the rate constant for éhénoh-assisted promotibn
of localized triplet trap states to the energy of the host exciton band
in a molecular crystal with shallow isotopic.triplet traps at liquid helium |

tempefatureé. Additionally, the technique of adiabatic demagnétization

" in the rotating frame is used to "order" the crystal trap spins along their

local fields. The optically monitored decay of the ordered state, caused

" by promotion of trap spins, migration thrbugh the host exciton band and

retfapping, yilelds the rate constant for trap-to-trap migrafiongv Comparison
of the rate constants for promotion and migration at a given temperature

gives the quantﬁm yield fo:'the'decay of a promoted localized state ihﬁo

'a mobile exciton state. The dependence of these rate constants on

femperatufe is presented and analyzed in terms of models which describe

the interaction of lattice phonons with trap states and exciton states.
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I. INTRODUCTION

Propégation of Frenkel excitonslr as a cdherent wavepacket is an
important prediction2 about properties of solids at low,teﬁperatures
and- has recentiy Been'experimentaliy;observed3’éifor molecular crystals.
An important aspeétvof ﬁaVepacket or coherent migration of éleétronic
excitation'is'that_it provides a very éfficient’@eanS'whereby localized.
impurity states can bé maihtained in thermal eqUiiibfiﬁm with thé band =
states.” ‘_>In addition to faciiitgting long-r#née ene;gy trénsfer,‘i£.>
determines whether'sfatistical or kinetic models go§érn the relativé
populations of the localiéedistates and band 'sta-t:es.5 'Central‘to the
dynamics of these phenoﬁen# is the means by which a localized éxcitatibn
is éromoteduto a state isoenergetic with the excitéﬁ.band, wifh a sub-
sequent e§olﬁtion to a mobile excifén.5’6v In this:communication we
report é series of experiments}which demonstrate a few of the4eSSential
features of this process. Specifically, we will show that_(a) it can
bé viewed aé a radiationless decay from a phoﬁbn—acfivated intermediate
to the states.éomprising the exciton band, and (b) thaf a "quantdﬁ yileld"

for the creation of a mobile exciton from a localized state can'be defined

" which experimentally approaches unity at low temperatures and decreases

significantly as the temperature is raised.



II. RESULTS AND DISCUSSION

Two sepafate experimental techniques were combined to elucidate:
vthesevresults and to examine the fate of the localized eicitations
upon detrapping to the band states. The first, optically detected7
spin locking,8 wés.used to measure the total prémotion rate of the
lécalized state to the band by monitoring the rate at which the Larmor
frequency of the'spin—lockéd ensemble flﬁctuaﬁed in excess of the locking
field strength, yHl (~5 MHz in.these experiments). |

The essential features of the spinlock experiment as applied to a
particulér zerofield transition of an ensemble of molecules in their
exci;ed tfiplet state 1s best viewed in the rotating frame where the
population differénce‘between the two zerofield triplet spin sublevels
is represented as a pseudoﬁagnetizatiﬁn initially directed along the z
axis.g’lo It has been shown that the projeétion of this pseudomagnetiza-
tion upoﬁ the z axis is generally the only observable related to changes
in the phosphorescence intensity,ll »and hence the only observable in
an optically detected spin locking experiment. Appiication of a m/2
“pulse and Spiﬁ locking results in a coherent superposition of thg ensemble
of triplet spins that is déstroyed whenever a fiuctuation of the
Larmor frequency occurs which is large relative_tp‘yHi, where Hl is the
spin locking field. The loss of spin coherence can be monitored dptically
by the application of a‘seéond m/2 "probe" pulse which rotates the
remaining pseudomagnetization locked in the x-y p;ané to the z-axis
and éauses a corresponding change in the phbsphoreséence.‘ The loss of

the spin-locked pseudomagnetization, M, as a function of time, t, can be



, large relative to kT, K is assumed to be negligible K

1.5° and 4 2°K. From prev1ous studies,l

given by the following equation:6

: K. +K T — |
. _ X y lpm o . " '
M(t) M, exp[ ([ 5 ] + K + KP)t] =My exp(-K, t) (1)
v 1p ,
where Kx and Ky are the rate constants for decay to the ground state of

T
the two spin sublevels involved, K lpm':I.s the rate constant for longi-

tudinal spin relaxation along the spin locking field, and KPvis the -
_rate constant for the phonon-assisted promotion of localized states to

delocalized exciton band states. The rate constant for the total'decay of

spin coherence, KT , 18 the sum of these rate constants.
1p

The spin lock experiment was performed on two systems, h2 -1,2,4,5-
tetrachlorobenzene (hz—TCB) in d2~1,2,4,5—tetrachlorobenzene (d2—TCB)

and'h241;2,4,5—tetrachlorobenzene in'hl4-durene,'which are examples of a

"shallow' localized 3ﬂﬂ state and a "deep" localized 3nw state, .

respectively. The p"reparat::i.on,s’12 bendvstructure5 and characterization

of the samples 5512,13 45 well as the experimentél details,6’;4,are

presented elsewhere. h,-TCB is 23.5 cu L below the k

=0 state of the
dz—TCB triplet exciton band, and hz-TCB is 1456'cm—l below the k=0

state of the hi44durene triplet exciton band.

The results of the spin locking experiment for the'hz-TCBbtrap

in durene have been reported elsevhere. 6 Since the trap depth is very

was equal

1p

to 42 sec -1 for the ZIEI transition and temperature independent between ‘

(Kz + Ky)/z‘was known to be
-1 Tiom -1 |
27.1 sec " thus K P® yas ~15 sec

By contrast, the decay of M(t) of the shallow hz—TCB in dz—TCB trap

is strongly temperature dependent. Using values of (K + K )/2 and



4=

T

K 1pm -1, 6,15

obfained from the deep trap durene systém (both equal to ~15 sec 7),
Kp was.evaluated at different temperatures. The.reaulting values are
plotted in Figure 1 for the D - lE] transition. Kp varies more than an
order of magnitude in the limited range 1.5°K tq‘211°K. Furthermore,

in this raﬁge KP is exponential with.temperature.

To understand this temperature dépendence,‘we,have constructed a
model for.the detrapping process, in wﬁich the promotion of a localized
trap state to the exciton band is viewed as a "two" step process.

In the first step, a phonon scatters with the tfap.éﬁate to pfoduce an
activated intermediate isoénergetic with one or hore k states of the
band. In the second step, this 1ntermédiate rélaies radiat1on1ess1y into

the exciton band.
Quantitatively, thé probability per unit time of a localized state
|T> interacting with a single phonon P(g€) of energy € and decaying into-

a specific band state |k> via an intermediate state |Ti> having energy

Ei is given to the second order by 3,17
= (n/h)<n( | ey 2
K . (21;/ )<n(e)>T|<TP(e)|HTPlTiP(e Ei)>1 x
|<TiP(€ - Ei)IHTE| kP (e - Ei)>| p(Ei) : (2)
The term <n(€)>TI<TP(€)IHfP,TiP(€ - Ei)>|2 gives the probability-fdf

creating the intermediate T '<n(€)>T is the average number of phonons.

i
: ' - o . 18
having energy € at temperature T given by the Planck distribution function
times p(e), which is the density of phonon states as given by the phonon
dispersion. The radiationless decay into the exciton manifold of k

states at an energy E, above the 1oc3112ed state is>given by

i



» |<1,PCe - E)H_g|kp(e - B)>|%0(E) (3)

where p(Ei).is the exciton density of states function evaluated at Ei"
The total probability per unit time for the phonon—assisted'promdtion

of a localized state to the exciton band, K is dbtained'by suﬁming over

P!

all phbﬁdns Qith energy € = E vgnd then summing over all intermediate

i

states |T1> which have energies Ei equal to the energies of the_band

k states,_i;e.,

25y _

At.low.teﬁpérétures, however, the phonon distribugiqn function will weight the.
values’vqf‘KkE so'that KP will effectively repreSeﬁt defrapping to a
relativeiy'narrow range of k states whose enerQies;are nearest thé.trapi
state. | | ‘ |

_'_In order for detrapéing to oCcur;le must be at least equai.to.A,
the energy difference between the localized state:aﬁd.the exciton band.
At 1iquid'heiium temperatures, kT is much less than A_in‘tﬁis syétem,
so that one can approximate <n(é)>T by p(e) timgé é#p(-E/kT);._Furthefmore,
only iineaf régions of the acoustic phonon branch‘are‘likely ﬁo Be‘
'popdlatéd at these témperatureé, so that.b(e).ﬁill be_a coﬁstaﬁtiip the
teﬁperaturé range of inté;est; The net result of thebabove consideratiéns o
is ﬁha£ oné;expecté the experimentally measuredlbromotion.rate‘constant
to increase-exponentially with temperature, and>that¢the”exponehtial factor

would yield the value of A, the apparent activation energy for detrapping.



As shown in Figure 1, KP is exponential with temperaturel? and

the slope gives A=16 * 4 cm-l, approximately equal to the separation
between the energies of the trap state and the bottom of the exciton band.
"Having established the essential features of the p;omotion procéss,
the question remains as to whether or not upon promotion an excitation
remains localized and eventually retraps on the same site or forms a
mobile exciton, and migrates to another site via the band befére
retrapping occurs. Taking o as the fraction of promoted excitations that
migrate to other traps, we may define a migration réte constant KM equal
to aKP; similarly BKP is the localized retrapping rate constant and
UK} is the rate constant for decay from the band to the ground state.:
Assuming that U is small.-5 erlative to a and B, the problem reduces
to distinguishing between promoted excitations thatveither remain-
localized (B) or become delocalized (a). This can be distinguighed
in an experiment which monitors the time evolﬁtion of an ordered electron-
spin state created in the traps by méanl of adiabatic demagnetization
in the rotating fréme (ADRF’.ZO’21 |
The essential features of the "ordered" state;ére as follows. As
is well-known, triplet ODMR lines are broadened in zéro field by hyperfine
and crystal field interactions. A typical limewidth for the systems of

14,22

interest is ~2 MHz. One can define an average resonance

frequency, W, which divides the total spin ensemble into '"fast" spins
whose resonance frequency w > W, and "slow'" spins for which w <'wb.
In a frame rotating at wo,_the quantity (w - wo) appears as a local

field'ﬁLOC directed along the positive or negative z axis.
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The experimental Opticall§ detected ADRF'teChhique
has been described in detail pre&iously.21
Briefly, one starts with a spin lock state with H1 >> HLOC and then
reduces the Hl field slowly eﬁoﬁgh so thatvéach iéochromat remains
v : - > -> > > .
parallel to its effective field, Heff = Hl + HLOC; When Hl is reduced
to zero, each isochromat is then aligned along its own local field. Theb_

resulting "ordered" state is one in which the polarization of the slow

spin ensemble is now inverted relative to the fast spin ensemble.

The ﬁﬁiqhe feature of the ADRF experimentbis that after the trap
spins are aligned aloﬁg their local fields, the p@eudomagnetizaﬁion‘is
distributed along the z axis in the rotating frame and hence the "oraer"_
is not neceSsagily lost irreversiblyrby fluétuations in the Lar@or
frequency, as is the case in a spin—locked.ensemble. Instead,vthe order
is lost bj a redistribution of localvfields which‘iﬁ the preSeht éase'.
fequires that:the excitation be propagated to a different lattice éiﬁe
_af;er'pfomotion.from the ldcalized state; _Simply'retrapping on thej
same site will noﬁ alter the local field of thevspin. ' |

To measure the rate of migtation; the brdéf can be monitored with
an_adiabafic remagnetization-probe pulse sequencé,zj‘ petformédfét a_‘
Qériable ﬁimevafter'the o;defed étate has been pfeﬁated. The aﬁilify
to remagnetize depends on the local field prderiremaining at fﬁ#ﬁ time.
Iﬁ can be shown from simple geoﬁetrical c0ns;deratiohs | théfyonly spins
‘'which undergo exchange between the fasf (w >}w0) and sidw (w {vwd) spipvr
eﬁsembles will contribute to the loss of order, and. that each of these
~migration events makes a‘doﬁble contribution to thé ofder'decay. Using
- the assumptiéﬁ that the distribution of local fields.in the:cryétal is

randOm,24 .1t 1s clear that one half the migration events will make no



contribution to order decay, while the other half makes a double

contribution. Hence the migration rate constant, KM’ will appear directly

in the expression for the decay of the ordered staté:
I o [exp-(K_+ KM)t + exp-(Kyf 'KM)t] | 5)

Here.I.represents the contribution of the ordered component to the total
phosphorescenée intgqsity and K.x and Ry are the rate consﬁants for
decay from the two sublevels.

The decay of the ordered staﬁevhas been.measured in two systems,
d,~TCB in durene and h

2 2

reported previously.21 KM was essentially zero in this system and the

-TCB in dz-TCB. The durene host results have been

‘order lifetime was nearly equal to the triplet lifetimes (36 and 38 ﬁsec)
and was temperature independent. - |

In the_shallow trap system, h2—TCB‘ih dz—TCB; tﬁe ordef decay is
strongly tempetéture dependent. Using Valugs'of:Kk»gnd K.y obta}ned for
the deep ;rap durene systen&sone can solﬁé for a value qf KM at each
‘températufe,by fitting Eq. (5) to thé‘order:decay.[,The.resulting values
,are.presented‘in Figure 1 along with fhe data for K?; Both migration and
detrapping increase rapidly with temperature, but v;he increase of migra- -
tion is significantly slqwér.

The ratio of KM to KP at a given.temperéture givés a, the fraction
of.spins which migrate fo the other traps ﬁpon.detrapping. 'Thus KM is
actuaily a rate consfant for the composite prbceSSvof detrappihg, trap;
to~-trap migration and retfapping‘at a trap other than the trap of origin.

Promotion to the band is a required first step in this process so that

we express KM as -
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' KM T KP(aint)(amig) S : o _(6)
Whére aint is the fraction of intermediate states ri which evolve to
mobile excitons ' - (as opposed to localized excitons) and amig ié

the fraction of mobile  excitons which migrate away from.the original
trap and are ultimately trapped at another site. The rétio of KM to K?
is . |

KM/KP =@ f (uint)(amig)'
and represeﬁts the fraction'of trap spins which migrate to othervtraps
after promotion to the band and is more or less related to a quantum
yield for the creation of an exciton wavepacket.

The behavior of o with temperature will depend on both aiﬁg"and

amig' Experimentally, a is observed to de@reasé very shafpiy wi;h
increasiné tempefature in the range investiéatéd here (~1.5° - 2.1°K)

as shown ip Figuré 2. 'Within”experimental limits of error,'the»dectease'
bis linear.in the reciprocal temperature. This‘trend was observed for

ﬁhe two separate saﬁples represented in Figure 2. A'preliﬁinary
funderstanding of the temperature dépendénce of d ié prbvidéd By‘some
’dualitativevfeaturés of phonon-exciton scaitering.zs, ‘It is_egpecfedbthat
.iﬁcfeaSéd_pﬁonon—exciton scattefing atithe highetbtem?étathresi&illv:

diminish both o and o . For example; as the temperatufe'is.increased,

int mig

the excitons are scattered among their k states so strongly that the
promotedAintermediate state T decays into a state where the super-
poéition of’k states flgctuates rapidly. This‘stéte tends to be localized

in the vicinity of the trap, and as a result, «, _, the probability for

int’

the creation of mobile excitons, is decreased. -
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- We expect increasing temperature to have a similar effect on amig'

Several experimental studies have provided evidence for coherent exciton
3,5,26 '

migration in these systems,’ although the temperature dependence of the
coherencé lifetime and coherence length have‘nbt.yetfbeen investigated

in detail. It is reasonable fo expeét that as the temperature
is incréésed, the migration becomes less coherent and more random walk-like,
wi:h the resul# that retrépping of mobile excitons‘at the original trap
becomes more likely; Thus amig would decrease. These qualitative con-
siderations.must certainly be incorporated into any complete description

of low temperéture migfation, particularly in the light of previous

.theoreticalzs and experimental  studies. Nevertheless the results reported

here, to the best of our knowledge, provide the first experimental probe
into the expiicit time dependence of the creation of a mobile state from

a stationary localized state.



-11-

III. ACKNOWLEDGEMENT

This research has been supported in part by the National Science
Foundation, and in part by the Inorganic Materials_Researgh Division of

the Lawrence_Berkeley Laboratory under the auspices of ERDA.



Iv.

10.

11.

12,

13.

14.

15.

16.

17.

18.

-12-

REFERENCES

J. Frenkel, Phys. Rev. 37, 17 (1931); Phys. Rev. 37, 1276 (1931).

A. S. Davydov, Theory of Molecular Excitons, McGraw—Hlll New York
(1962).

A. H. Francis and C. B. Harris, Chem. Phys. Lett. 9, 181, 188 (1971).

. H. Haken and P. Reineker, Z. Physik 249; 253 (1972).

M. D. Fayer and C. B. Harris, Phys. Rev. B 9, 748 (1974).
M. D. Fayer and C. B. Harris, Chem. Phys.'Lett. 25, 149 (1974).

C. B. Harris, R. L. Schlupp and H. Schuch Phys Rev. Lett. 30,
1019 (1973). :

A. G Redfield, Phys. Rev. 98, 1787 (1955), I Solomon, Compt.
Rend. 1248, 92 (1959)

R. P. Feynman, F. L. Vernon, R. W. Hellwarth, J. Appl. Phys._gg,
49 (1957). '

W. G. Breiland, H. C. Brénner and C. B. Harris, J. Chem. Phys. 62,
XXXX (1975). v

C. B. Harris, J. Chem. Phys. 54, 972 (1971).

A. H. Francis and C. B. Harris, J. Chem. Phys. 57, 1050 (1972).

C. R. Chen and M. A. El-Sayed, Chem. Phys. Lett. 10, 313 (1971).

M. J. Buckley and C. B. Harfis, J. Chem. Phys.,éﬁ, 137 (1972).

W. G. Breiland and C. B. Harris, Chem. Phys. Lett. 18, 309 (1973).
We do not wish to imply here that the detrapping process can be
resolved into two discrete steps, but rather that it is a concerted
process with a total probability given by the Golden Rule expression
(Eq. 2). Recurrence of the intermediate to the loc¢alized trap state
is negligible when the exciton density of states is high and the

k state lifetimes are short. :

M. L Goldberger and K. M. Watson, Collision Theotx, Wiley, New

York (1964), Chap. 8.

R. C. Tolman,-The Principles of Statistical Mechanics, Oxford

‘University Press, Oxford, England (1967), p. 512.



Co0uiv 407907

13-

19. In the preliminary investigation reported in Reference (6), a
non-exponential temperature dependence of Kp was observed. The values
of K, measured at the higher temperatures (~1.85 - 2.1°K) agreed
within limits of error with the values reported in the present work,
but the values observed below 1. 8°K were significantly larger.

The discrepancy may be a result of peculiar characteristics of the
sample or of errors due to off-resonance effects in the earlier’
‘work. In several subsequent experimental runs, an exponential
dependence within llmits of error of the results reported here has
been observed.

20. C. P. Slichter and W. C. Holton, Phys. Rev. 122, 1701 (1961);
~A. G. Anderson and S. R. Hartmann Phys. Rev. 128, 2023 (1962).

. 21. H. C. Brenner, J. C Brock and C. B. Harris, J Chem. Phys. 60,
4448 (1974) :

22. C. A, Hutchison Jr., J. V. Nicholas and G. W. Scott J. Chenm. Phys.
53, 1906 (1970). .

23. H. C. Brenner, J. C. Brock and C. B. Harris, unpublished results.

24. Assuming a Boltzmann nuclear spin equilibrium and uniform spin
temperature, all nuclear spin states will be ‘equally occupied even
at liquid helium temperatures, so that the hyperfine fields which

.broaden the line should vary randomly from site to site.

25. T. Holstein, Ann. Phys. (N.Y.) 8, 343 (1959); M. Grover and R.
Silbey, J. Chem. Phys. 54, 4843 (1971) R. W. Munn and W. Siebrand,
J. Chem. Phys. 52, 47 (1970), C. B. Harris and M. D. Fayer,
Phys. Rev. B 10, o 1784 (1974).

26. A. H. Francis and C. B. Harris, J. Chem. Phys..55, 3595 (1971);
A. H. Zewail and C. B. Harris, Chem. Phys. Lett. 28, 8 (1974).



14~

V. FIGURE CAPTIONS

Figure 1: Experimentally measured values of thé rate constants for promo-~
tion of hz—TCB localized trap states in d2-TCB to'the‘dzéTCB exciton band
(solid circles), and for h2-TCB trap-to-trap migration (open circles). The
rate constants KP and KM vere measured versus teﬁperature by means. of

optically detected spin locking and adiabatic demagnetization in the

rotating frame, respectively.

Figure 2: Quantum yield for h2-TCB trap-to-trép ﬁigration in d2—TCB.
The quantum yield, given by the ratio of the migration rate comstant to
the promotion rate constant, represents the fraction of trap spins which

migrate to other traps after promotion to the exciton band.
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