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Exciton dynamics

Impurity assisted k%' scattering in a one-dimensional
triplet exciton system
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The observed & %’ scattering in the linear chain triplet exciton system of
1,2,4,5-tetrachlorobenzene at low temperature is explained by assuming that
the scattering takes place at an impurity site via single phonon emission or
absorption. The model is supported by a study of the temperature depen-
denf: e of the scattering rate and the time evolution of the population distri-
bution over the whole band.

1. INTRODUCTION
In the past decade many papers have appeared dealing with the prot?lem of
we\:og- mo.tion in molecular crystals. A common 'element.in .the dllfferent
tisp INts 1s that one usually tries to understand exciton m_ot{(?n in rea s,pactzi
that feneral]y agreed that at high temperatures the motion 15 mcohoz:r::;']ftf ant
ﬂppmac;;]n be described by a hopping model, but thfa various authors use di _ercnu
the ¢ ec ¥ [1‘8.] for the low temperature wave-like motion. H_owever, 12 :ril v
ism re;nes exciton—-phonon coupling is considered to be the domfnant 1]'nec za!st
€ ta epor%Slble for exciton scattering. Consequently, two selection rules rlr:uof
%asi-mn INto account, the conservation of energy and the Consell;v?)t'l]?t .
¢ exCitOomentum' Both of these set severe restrictions on the probability
In twgﬁphon(}ﬂ scattering process.

absorPtion l-e xpeﬂmental'studles !3url'and et a‘l. [9,'10] g
and 194 Smeshapes of linear chain triplet excitons in 1,4-dibro tur[; o
aPpliezi ,th’ -tEtrach-lt)robenzene (TCB) as a function of te.mperaf -xciton_
Phonop ¥ fo”_nahsm developed by Davydov [1] and Sumi [11] I(_)Ir e's d
ﬂttemptegcatten“g to explain the observed lineshapes. Later, ;r;: L
i“terp,-et o explain these data with the help of an exchax.lge mo 4::h t

ation of these experiments, however, has to be considered with grea
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2. THEORY

As we already mentioned in the introduction, the experimentally observed
koK' scattering in the triplet exciton band of TCB does not indicate any res-
triction in the scattering probabilities. This might give rise to doubts as to
whether direct exciton—phonon coupling is responsible for the observed scattering
process, since according to the laws of conservation of energy and quasi-
momentum scattering should occur solely in limited regions of k space. How-
ever, in this section we shall present a theory which can account for the experi-
mental observations. It is based on impurity-assisted scattering by one-phonon
processes and is therefore only valid at low temperatures where kg7 is small
@mpared with the exciton bandwidth.

We start by considering an unperturbed chain of N molecules with an
exchange interaction B between nearest neighbours. The hamiltonian describ-
. "™ the excited states of the chain is given by

Hy= LByl Ckl + 3 agliy +1). M

i‘;’fﬁlﬁs tt:lescribes the exciton state with energy E, and quasi-momentum l.z,
mOm;‘mme Ph\(;]non number operator for.the mode frquency @y, and quasi-
e 9. We assume that, under the 1nf11ljenct_e of.an impurity, a molecy{e

Sten (most likely a neighbour of the impurity) is displaced from its equili-

fum 1t1 . . ¢ .
ipenuggm'mn 10 a new position defined by the coordinate Q,. This leads to
ation :

—

cE
V=(Pi—)0 Op|n><n|, (2)

excitation localized at site n and E is the site energy.
he site representation to the momentum representation

“. \ =
here |n) describes an

I We chap
We haye & (2) from ¢

V=N-1 A 4 cE
WUN, 1 1 |k><R | (—-—— Q, exp [i(k— &' +q)n]. (3)
Htre L k, k q ?Qn 0
.t
phonop Sta:e‘;'u}?e({ th.e fact that there are N, sites which participate in the
W the crygea] lfﬂf'\ph in tf.le order of magnitude of the total number of molecules
the Phﬂnons. i 18 take§ Into account that while the exciton is one dimensional,
form o, he, col?ulgh anisotropic, are three dimensional. In order to find a
PProximati, f pling constant (¢E/2Q,), we apply the deformation potential
o for acoustic phonons [20] and write

oE X
!.rnl.. h_cqu ?Q‘ﬂ l}_ i (4)
1 €nc
batign V. 13;, Fshoﬂﬂns are expected to contribute negligibly to the site pertur-
assured by taking A a constant in (4). We obtain
V:N‘I N])h

TR T ROK |00y exp [iCk K + gJn)
= % Vilky

) (5)

with

Ve b i nod
=N NG 12 T 0,0, exp itk E B 4 g, (6)
q
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% -8 ility for scateriy
how apply Fermi’s golden rule to get the transition probability
e
from state & to b’ [2]]

Whe = }D <ka'(t)Vk'k(0)> exXp [{(E,~ By )t] dt

: M dt. (]
VTR 5 o [ 000005 exp By Bl
= ph e Mg q_‘w

nic oscillator is
The autocorrelatiop function ¢ Qt)0,(0)> for a harmo

Qu(1)0,(0)> = w, (7

; , U
+1)exp (—idew,t) + 71, €Xp (iwgt)]8yq
q
Where 7, is the OCcupation ny

q' I

kek=N-2N_ 1) Y w{[7, + 1 1By~ By — w,)
q

-
+ 7,8( By — By +0y))

ke —w)

w
+71(w)S(Ey — By + )} d

2 1)

P e NHAAE) + 1) AR ; B> B, } (1

Wrek= dxe N-s MAENAEP . E <E,, e-phonot
. h On -
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to be considered. In the above formalism this can be done either by con-
sidering quadratic terms in the perturbation V, or by second order perturbation
i theory.
The impurity may also perturb the near neighbour transfer integrals 8 due
to the change in equilibrium position at site n, so that we must add
0
(B_Qpi) O {|ny<{n+1|+ |n){n—1]|+h.c.} (15)
n/0
toV ir.n equation (2). By proceeding as before and again using the deformation
potential approximation, this adds to V. in equation (6) a term of identical
form except that A will be different. This will give rise to the same final
temperature dependence for W, as before and can thus be included in the
present formulation.

06 é

4 (o R
0.4 #@_-*ooc}é'é-ﬂ

00~ —— . : .
1.0 15 20 25
temperutureIK ——

Fi , ;

Vi ,} lehe experimentally observed temperature dependence of the scattering rate
§ (k'NO), as obtained from the decay of the excess population of the ka0 excitons
4 various temperatures. The dashed line indicates the calculated temperature

:]ef;r;dence of Ts~(k~0) using the impurity assisted exciton—phonon scattering
el.

3. EXPERIMENTAL RESULTS

Ts"'(kx(}) of th = h_a}’e plotted the temperature dependgnce of the def:ay rate
after selectjy lt € initial excess population of the k20 triplet excitons in TCB
fesults haye eb aser excitation in the 0-0 band of the TS, absorption. The ,
signal g 3572_%“ obtained by measuring the decay of the electron spin echo
Ponding wish, ShMHZ (the frequency in the 7,— T, zero-field transition corres-
The rate T ﬁlt ¢ kx0 excitons) as a function of t}}e delay after the laser flash.
Other exeitos therefore represents the total scattering rate from k=~ 0 to all the
T n k states,
ifectl; ?;Ztte”lf:g rates from other regions of the e::;citon band cannot be found
€ Tesultg :; the abov_e experiments. However, in tl_)e following we present
the SCatterip spm—lo':kmg experiments which, in prmclp]f::, allov?' one to (?btaln
712 micr g SN fro”_’ any part of the band. In the spin-locking experiment
the driyin Wave pulse is applied, followed immediately by a m/2 phase shift of
Magnetic iidmlc.r owave field. In this way the direction of the microwave
i Drizﬂntalu cion B, is made parallel to the macroscopic magnetization 1n
Hon is slo v 1 Plane Of' the rotating frame. Since at 1:15 K spl'n-lattlce relaxa- :
(18, 191, this magnetization can only decay via jumps in the resonance .'

In figure 1 w
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The Pauli master equation [22] governing the population P¥(t) of exciton
state k is given by

k N N
PO 3 P We—PO) L Wew (16)
k=1 K=1
where ¥, is the probability for scattering from k to k. We assume that the
markovian approximation is valid, that is each scattering event is independent
of the preceding ones, which implies that the W, are time independent [5].
The solution of (16) is found with the help of laplacian transformation techniques

0

Pk(t) = P¥(0) exp (— W¥t) + zv W | exp (WAt —t)PP(e)dt', (1)

N
where Wk= Y W,., is the total scattering rate from state k to all the other &’
K¥=1

states.  Since the convolution integral in (17) cannot be solved analytically,
we have used a numerical method to calculate P¥(z). To this end we have
developed an iterative computer program using the linear approximation of (17)

PX(t + 8t) = P¥(t) exp (— W*8t) +—]}/—k [1—exp (— W*t)] 1.'5151 Wi P¥(2)-  (18)

This approximation is valid only if 8¢ is so small that P¥(¢') can be considered a
constant and consequently taken out of the integral in (17). To solve the
Pt), we have taken for W,., the expressions (13) and (14) derived in the
preceding section, assuming that the scattering proceeds via processes where one
Phorlf)n with an energy AE = |2B(cos kf — cos k'8)| is absorbed or emitted. .
Figure 3 depicts the three-dimensional representation of the time evolupon
?f the T, - T, zero-field lineshape, resulting from the computer calculation.
lo relate 2 given exciton k state to a particular zero-field frequency, we have
used the dispersion relation (k) = vo+2u cos kO [14], with p=—2'5 MHz and
%»=35775 MHz. In addition we have used N =50 for the number of moleculf:s
In the chain and 2 gaussian inhomogeneous broadening of 15 MHz for the spin

Figure 3. ulation of the experi-

A three 1 3 - e .“1
~dime our comput r sl -
nsional representatlon of | scattering

m 1 i . - -
Tn::lt depicted in figure 2, using the impurity assisted excito
el described in the text.
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packet related to a particular k state. The value of N =50 seems to be a reason-
able estimate for the actual average chain length. (An estimate of the average
chain length may be obtained from the dependence of the phase memory time on
the zero-field frequency, that is on the particular value of k. An account of this
experiment will be presented in a forthcoming paper. The results of the
computer simulations, however, turn out to be independent of the chain length
since W* becomes independent of N for N > 15.) The inhomogeneous width
of 1-5 MHz is larger than the homogeneous spin packet linewidth of about
0-1 MHz as derived from spin-echo measurements [18]; it has been estimated
from the overall zero-field lineshape and from the variation of the initial ESE
detected lineshape with the bandwidth of the exciting laser [18]. The only
adj.ustable parameter in the fit is the constant W in the expressions (13) and (14),
which is given a value such that the computed decay rate Tq~'(k=~0) is the
same as the experimentally observed one. It is seen that on the basis of the
assumptions given above, a very good reproduction is obtained of the experi-
mentally observed time evolution of the T,— T, lineshape.

As a second and perhaps even more important test of the validity of our
model, wc.calculated the temperature dependence of the scattering patterns
’I}Fl:scmed n _figlfre 3 to obtain the temperature dependence of Ts—l(kzﬂ).
duct;:i;l::ifgis :rl_dlcate%in figure 1 by the dashed line, which very nicely repro-
g (wherelf T:rir;erita y observed temperatqre dependence Qf Tg-l(}_ez()) updm
We et o .t almost equal to the bandwidth 48 of the triplet exciton ban¢ )

an important support for the validity of our one-phonon impurit

assisted scattering model : T
n » Which seems to ture where kg
is equal to the bandwidd, apply up to a temperatu
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Ts(k=0) between Ty perature dependence of the sca g

Impurity assisted exci K can be explained very well by our model of
Processes into b - phionon scattering which takes only one-phon®
the exp c‘rimema(lilcount. Further support is provided by the close fit between
T.~T, zero fiealdyti()bsﬁwed and computer simulated time dependence of ¢

2= £y ZeTO-~ ne : - ¢
process, Shape where a scattering matrix is used based on the sam

It is know
n fro 1 H
rom Cal’llﬁl‘ measurements tllat impurities can play a I'Ole mn the

L.(Clt()n scattEIln I 0 e BOtteI el al [ ]
g lOCCSS.

qQuality and therefore othhOf the triplet exciton spins depends on the cryS::v
the question arises as to w € Concentration of impurities and defects. Naturat
We do not have 3 ccmo !what kind of traps are involved in the scattering Pfocesst'
the A-traps, which liep;te e e 80 this question, but it is almost certain! tl--Iah
correspond with gJ; bout 17 em-1 pelow the triplet exciton band and whi¢
: shghtly distorteq TCB molecules [23, 24], are involved. Th#
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emory time Ty of the X-traps varies " t
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process the X-trap molecule changes its position slightly, resulting in a small
change in its zero-field splitting frequency. This modulation of the resonance
frequency results in a shortening of the phase memory time of the X-traps
with increasing temperature as observed experimentally.

The scattering model discussed above cannot account for the temperature
dependence of T! above Tx2 K. This is not very surprising since above
this temperature two-phonon Raman type processes are possible. Such
processes are expected to induce a uniform scattering probability over the band,
since they are roughly independent of the energy separation AE of the two &
states involved. Furthermore, a strong temperature dependence is predicted,
usually of the order of T5to T7. In the limited temperature range between 2
and 25 K it is difficult to ascertain the exact temperature dependence. How-
ever, we do have an important additional piece of information, which is also
from the work of Botter et al. [19]. At 5K it was observed that a motional
averaging of the whole 7,— T, zero-field lineshape sets in. This indicates
t_hat at this temperature the scattering rate must be of the order of the total
linewidth, that is =~ 2m x 107 s~1. Comparing this value with the estimated
wntribution of two-phonon processes to the scattering rate Tg™* at 2-5 K, we
derive a temperature dependence between these two temperatures ~ T840,
We are therefore led to believe that Raman-type processes dominate the scattering
n this temperature range. Whether impurities also play an important part
bere remains an open question. In principle, Raman-type processcs, without
involving impurities, can fulfil both the conditions for the conservation of
energ.'y_ and quasi-momentum. However, impurities again eliminate the second
®ndition and this may facilitate the scattering process. LY
& jnother two-phonon process is the Orbach process, where 2 third, inter-

cdiate level is involved. At low temperatures any of the exciton states can in
3??:;}%? act as an intermediate, facilitating the scattering to nearby k states i(:;
““CErtais OEe‘PhOBO_n process only gives a very low probability. At presex;_t “;‘:]a
work [2 about the importance of the Orbach processes ; hoW(?ver preliminary

F'[ 4] indicates that the major effects are included in equations (13)_(,15 )-

% w;l?a;iyg we like to mention that our observations may be CXPI?‘“ed bg ;:t:;;
Present Inter-chain scattering processes. This has not 'been d1s§usse Ly
Externa] F::Pﬂr l?ecguse our experiments are I'JerformeAd in the :, Seﬂc‘; i
nd inger aiﬂ?tlc field, which makes it impossﬂ?le to ldfstmguls}.i e;we; resi
sattery Jin scattering. However, since impurities ar 1% e ol
With 5 sig Process, it is conceivable that they also m@uce interchain 125(1 E
Study of t‘EUltapeous. change in & state. To check t_hls we ha.ve coinp :mong
the Zeem, : ;mentanonal dep.endence of the spi.n-lattlce relaﬁlcatwn reat izsﬁeld i
Obtain 4 me SVeln ol the exciton triplet states in an externa mlignwill i e
Seted jp aasure for the interchain hopping rate. 'These I:esuh 5 e
Slightly 10wn°thef paper [25] and show that the interchain hopping

er than TS—I‘
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