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Triplet exciton dynamics: Exciton phonon scattering at low
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In this paper, we calculate the k—k’ scattering rates of excitons by acoustic phonons. We consider two-
phonon processes only, having considered one-phonon processes in an earlier paper. We treat one-phonon
events and a single two-phonon event in both pure and impure crystals. We apply these results to the recent
experimental work on tetrachlorobenzene and discuss the dependence of the rates on energy mismatch.

I. INTRODUCTION

In the last few years, it has been possible to observe
experimentally the effect of phonon scattering on the
transfer of resonance excitation energy from one mole-
cule to another, In a series of beautiful experiments,
the Leiden group has observed the decay of electron
spin-echo signals in the triplet states of dimers of
naphthalene®'? and in the triplet states of linear stacks
of tetrachlorobenzene (TCB) molecules. 35 In the last
set of experiments, they observed the populations of the
exciton states (with wave vector ) as a function of time
after a laser flash which populated the k=0 state (the
top of the exciton band in TCB). The populations n, of
the various k states obey the master equation

e = 2 W e = 2 Waonry .
RY £k

RT'#ER

(1.1)

The jump rates W,,. were found from the experimental
data to be simple functions of temperature from the
lowest temperature up to T~ 2 K%:

Wkk' Oc{exp[B(Ek - Ek')] - 1] }-1 3

and this is successfully explained by an impurity induced
one-phonon scattering mechanism, The exciton is scat-
tered from k to 2’ with a single phonon absorption or
emission, but the % selection rule on the phonon is not
obeyed due to the presence of impurities.

(1.2)

Above 2K, the rate at which excitons are scattered out
of k=0increases muchfaster with 7 thangivenby Eq. (2).
Another phonon scattering mechanism must therefore be-
come important at this temperature. A strong possibility
are twophonon processes which we explore theoretically
inthispaper. There are avariety of suchprocesses which
have been discussedbefore principally for the spin relax-
ation of impurity ions in crystals®~® but also for exciton
scattering.® These processes canbebroken down into two-
phonon absorption, two-phonon emission, and a com-
bined absorption and emission process. We will see
that the latter is most important for our study and we
concentrate on that, This process can be further broken
down into nonresonant Raman processes and resonant
Raman processes. Furthermore, two-phonon pro-
cesses can occur by two one-phonon events (i.e.,
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second order perturbation theory of a linear phonon
coupling) or a single two-phonon event (first order
perturbation theory of a quadratic phonon coupling).

All of these will be discussed fully in this paper which
is laid out in the following way: in Sec. II, we discuss
the quadratic coupling perturbation for both the pure
systems (i.e., %k conservation preserved) and the im-
purity induced case; in Sec. III, we discuss linear
phonon coupling taken to second order, including the off
resonance case and the resonant case; in Sec. IV, we
calculate W,,. as a function of temperature and E, - E,
and discuss the experimental implications of these de-
pendences,

Two final comments are in order. First, this dis-
cussion shows the close connection between the exciton~
phonon scattering theory we treat and the theory recently
presented for resonant and nonresonant fluorescence, !
Second, the present theory should be applicable to the
recent experiments by Zewail and his co-workers on the
excitons in dibromonaphthalene (DBN).!! In DBN, the
exciton band is much broader than in TCB so that im-
purity induced two-phonon absorption and emission
should be more important than in TCB. In addition, the
presence of another exciton band close in energy to the
lowest, as well as the low lying librational mode should
also be important in the scattering processes. The
methods of this paper will allow a theoretical discussion
of the results in DBN also.

1. QUADRATIC COUPLING TO FIRST ORDER
A. Pure crystals

The zeroth order Hamiltonian describing the excita-

tions in our TCB system can be written
Hy= X,.: e,,a;a,,+};: (B, b, +1) (2.1

where €,= 2Jcos k, with J being the exchange interac-
tion between nearest neighbors. The operators g} and
a, (b} and b,) create and destroy excitons (phonons) of
quasimomentum k(}), respectively. A local linear cou-
pling between the excitons and the bath, taken to first
order, gives a negligible contribution to the scattering
rate W,.,, because the steepness of the phonon dis~
persion curve prevents the conservation of both energy
and momentum for the event. We can write the next
term, the quadratic coupling, as®
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1 Due to the very low temperatures involved in these ex-
V: _— A / ‘l * Q * ¢
N 1%, X) dhe 2303+ 02,) (by +8x) periments, we consider interactions with the acoustic
A0 modes only. 7 is a deformation potential coupling, 12
X6(K =k =A=X), (2.2)  Wwhere 7/(, X) =n’wyul.
where N=N,N N, is the number of sites in the crystal. The scattering rate to lowest order in V can be written
|
Waren= [ Va0 Vae ) explite, - 6y )tlat (2.3)
47
= 57 720U X) [+ 1 (ye +1) 0(€, = €40 = wy = wne) 8B =K =X = X'} + 7, 130 6(€, = € + Wi+ wye) 6(k =K' + A+ N')
N
+(m+ Dy 0(€y = € — wy+ wy) Sk =k =2+ X+ m(mp +1) 8(€, — € + wy = wp) Ok =K + 1 =X) ], (2.4)

where #, = [exp(Bw, — 1], and the brackets in Eq. (2, 3)
denote an average over the bath variables,

The first two terms above describe the simultaneous
emission and absorption of two phonons, respectively.
For these processes w, +wy can at most equal the exci-
ton bandwidth, For TCB, 4J=1.36 cm-!, and such
events utilize only a small portion of the available phonon
spectrum. Also, the phonon density of states and the
coupling are very small in this region. We therefore
ignore these processes and combine the last two terms,
which can utilize any available phonons provided Aw
= = A€,

We should also note that for the TCB system, the
exciton band is flat in two dimensions (x and y). This
quasi-one dimensionality is due to the coupling J being
larger between adjacent sites on a chain than between
sites on different chains., Therefore, €,=¢, =2Jcosk,
and the quantity we are actually measuring in these ex-
periments is

Wy ong= 20 Weor s (2. 5a)

kx,ky

b &,
which essentially eliminates the momentum restrictions
in the x and y directions. In addition, the impurities in
the stack along the z direction will cut this stack into a
number of noninteracting segments. Because of this,
the populations measured in the experiment will be
those of a number of segments. To take this into ac-
count, we will coarse-grain the master equation for the
system by summing the rates for the pure system over
a small range (@) of final #’s. Thus,

Wk’,-h,= Z Z W(k‘a-)x .
G tghy

KK,

(2. 5b)

Let us assume that the average segment length is N,
in units of the lattice spacing, then the number of im-
purities per chain in the z direction is approximately
N,/N,.. This is also equal to the average number of

pure k2 states in the small range around a k& state of a

segment. As an approximation, we will then take
N
Wi n, = Z Z W, = ﬁ‘ Z Wi, . (2. 5¢)
a  Ryky ox Ay ky
Ky el

To change the sums in Eq. (2.4) to integrals, we intro-
duce the phonon density of states p(«). We need to cal-
culate the density of states of the absorbed («) and
emitted (') phonons, under the momentum conservation
restriction, i.e.,

p(w)D(wl) G(k: +)\: - k{r - A,:)

1
=7 Z 8w = wy) 8w =)ok, + A, =K, 2D .
WY

. (2.6)
For an acoustic phonon

w=[CIpl+ IR (2.7

where A*=22+2%, The phonons which are important
here (in the range 2K~ 10 K) are well within the Debye
part of the spectrum, Eq. (2.7) is reasonably valid in
this region, which extends out to about 50 cm™! in most
molecular crystals,

Using Eq. (2.7) to calculate Eq. (2.6), we arrive at

plw)ple’) ok + A, = K, = N) = (—Zn—)“él%'—a(xz—x':) . (2.9

This calculation sets the upper and lower bounds on A,

by requiring
Culk,—Ak,‘<w’, Clllh:|<(’-‘-

This not only defines the limits on A,,

!
- b_ -«
7\2" C11 ’ )\:‘ 'Ak,l-— C“ »

but also sets a lower bounds on the usable phonons,
i.e.,

wto = Ciy I Ak‘l
or

w',wBDE-é-(CulAk,l —IAEI) Iy (2-9)
where D is always positive due to the steepness of the
phonon line (C;; >2J) and A€ =€, —¢€,.

We now have
2

Wit v, ™ TNLEA’ f:D f ? dwdd oMo n() + 1]

T NeyC) D

(2.10)

!
X [“’“" —IAk,l] {w=-u' —A€) .
Cu

For Ae<0,

J. Chem, Phys., Vol. 77, No. 6, 15 September 1982



B. Jackson and R. Silbey: Triplet exciton dynamics

'Tz—nil——
ke ™ NGICLC“.
X(nlw+ | ae))+ 1) [w~-D] .

We set the Debye frequency wp equal to «, which is valid
at these low temperatures, and we find that

_Ta%%\f: exp(-D/kT) [120(kT)®

w

Wy _£ dw o™ w+ | a€])nlw)

(2.11)

W'!l"’s:
+(96D + 48| A |)(-T)® + [36D% + 36D | Ac| +6|ac|?)
x(kT)*+(8D%+ 12D%| Ae| +4D | ae|H)(kT)?

+(D'+ 2D%|ae| + D?| Ae|H(RT)?] . (2.12)

For A€ >0, we get the same result preceded by the:
Boltzmann factor exp[~{|Ae!/2T). These rates are
influenced by the factor exp(~D/kT), which favors a
higher temperature and should weight the scattering
considerably toward a smaller |Ak].

B. Impurity induced transitions

We will now compute the impurity induced scattering
rate, quadratic in the phonon interaction, but momen-
tum nonconserving due to the loss of periodicity near an
impurity, Our methods parallel those of Ref., 4, where
a linear coupling was considered.

Consider a site 7, in a segment of TCB molecules
N,, sites long. An impurity in a neighboring stack,
which is adjacent to site », will bring about a displace-
ment in its equilibrium position (@,) and a change in its
site energy E, giving rise to a perturbation

V= (2°E/8Q%), Q% d}a, .

1 R , ’ ’
VNN ,,L: ahay Q:Qx (9°E/8Q0)y explilk ~F +X+X)n].
(2.13)

Again using the deformation potential approximation
for the coupling

(8%E/8Q%)y expli(A + A" )n] = ywy 0y,

we arrive at the following:

(2.14)

Wy er= Z Wollg Wy f df(Qq(t)Q:(t)QxQx'>
AN 0

e,
xexpli(e, — €4 )t]

2
= ;\TB:;ZZI—V-I G’Zq‘ wqwa(nql + 1) n, 6(€k—€kl + Wy —wa) N
(2.15)
where we have again omitted the terms corresponding
to absorption and emission of two phonons. We convert
the sums to integrals, calculating the density of states

from Eq. (2.7),

=1 o
plw) = N ; G(w—w;)—z—ﬂ'zefc—“ (2.16)
to obtain (for ae, <0),
7 8
Wy o= W[]ASZ(kT) + 732(kT) IAEI
+150(kT)° | a€|? + 12(kT)!| Ac|®] (2.17)
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having again set (y == in the final integration. The

A€ >0 rate is the same, multiplied by exp(- | Ae|/kT).
Equations (2.12) and (2, 17) both have the high tempera-
ture dependence which shows up in the TCB experi-
ments above 2 K. We will compare these terms in Sec,
Iv.

Iil. LINEAR COUPLING TO SECOND ORDER

In this section we take both the pure linear phonon
coupling, and the impurity induced linear coupling to
second order in perturbation theory. Since we are
linking two first order processes via some intermediate
state, we can have both resonant and nonresonant scat-
tering, corresponding to the transitions to and from the
intermediate being energy conserving and nonconserving,
respectively.

Consider the process where an exciton of wave vector
k absorbs a phonon w, scattering to some state A, It
then emits ', scattering to ¥'. One proper way to con-
nect these two events!? is through the propagator

Ko | U Ry w)
t 1
=; jo-dqfo dt, expliley + o’} (=t ]

X Vyrexpl=ie\(t; = t)] Vynexp[=ile, + w)ty] ,

which gives the usual second order transition rate
. 9
Wy .,=1lim Y] '(k’, 154 I U‘k, w)lz
te o
2
> ep+w =€ =0w) .

=21r< Z Ya Ve
(3.1)

oG- —w
Toyozawa!® has taken a density matrix approach, re-
taining only the terms pap corresponding to the three
states involved., Solving for the rate of population
change in the final state (as ¢~ «) provides the same
result [Eq. (3.1)], which contains both the resonant and
nonresonant contributions.

A. Resonant case

In the resonant case (€,=¢€,+w), to avoid the diver-
gence in the denominator of Eq. (3.1), we must recog-
nize the finite lifetime or width of the state X by intro-
ducing theterm iy,/2, where ¥, is the scattering rate
out of the intermediate. Toyozawa’s derivation intro-
duces 7, naturally if one includes terms higher than
second order in V.10

One can also take a semiclassical approach, similar to
the density matrix derivation, by using a master equa-
tion, as Scott and Jeffries have done.!* We can write
expressions for the populations of the initial, inter-
mediate, and final states (N,, N,, N,») as follows:

Np==N(Wil,+ W10 +N, Witk + Ny Wills (3.2)

where the W'!”’s are first order transition rates. This
approach is semiclassical in that it treats the various ab-
sorption and emission processes as separate uncor-
related events, Therefore, this method can only give the
resonance contribution, where energy is conserved in
going to and from X. Since we do not properly connect
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the two events in terms of the time spent in the inter-
mediate, we lose the quantum mechanical effect of being
able to make off-resonance transitions due to the un-
certainty in ¢,.

The long time or steady state assumption on the in-
termediate (N, =0) allows us to solve the above for Ny,

-

. 1 AL
My=N, (Wi})“ W(_a_‘."‘u)
27,
WAL pAD
- Ny (W‘,;’,,+w‘1;,- —-‘*‘QTW('—K) , (3.3)
A
where 2y, = Wil + W{l, is the inverse scattering lifetime
of the intermediate. We see that in addition to the first
order rate from % to %', we get a second order rate via

A, which is equivalent to the resonant solution of Eq.
(3.1).

If we were to start with a full Paul Master Equation
in terms of these first order rates W',

j’k(t)=;Pw(t)W“—)y ‘Pk(t) ; W‘#‘.).k s

where the %’s cover all values in the exciton band,

and somehow solve it numerically, we will have included
all nth order on~resonance transitions via all possible
intermediates. This is exactly what van Strien et al.*
have done in analyzing their experiments.

(3.4)

For the momentum conserving one-phonon perturba-
tion taken to second order, we have no resonance con-
tribution due to an inability to conserve energy and
momentum (W1’ =0).

The resonant second order impurity assisted contribu-
tion does not have the high temperature dependence of
the quadratic perturbations as can be seen from Eq.

(8. 3), using the first order impurity induced rates
calculated in Ref. 4,

2
wil) = m;)\az—ci—l- |A€g|3n(ae) , for Ae>0, (3.5)
Also, since the intermediates lie within the exciton band,
w and ' are always less than 1.36 cm™! (for TCB),
limiting them to a part of the phonon band with weak
coupling and low density of states, These terms are
therefore insignificant when compared with the quadratic
cases, which access all or most of the available phonon

spectrum,

B. Off-resonant case

The off-resonance case is similar to the quadratic
coupling case to first order, except that: (1) the pro-
cess is not simultaneous, and we must distinguish be~
tween absorbing  first or emitting (' first. (2) the
contribution from each pair of «’s is weighted by how
far the initial process is off-resonance to the inter-
mediate. Therefore, one would expect that these pro-
cesses contribute little to Wy., when compared with
the quadratic rates. Also, the impurity induced
resonant rates are down by another factor of 1/N,, than
the quadratic impurity rates, because they are a higher
order process.

Solving Eq. (3.1) for the usual linear phonon per-

B. Jackson and R. Silbey: Triplet exciton dynamics

turbation (with deformation potential coupling),
1 Z + — '
V= m £ xa,{akg wx(bx‘*’b_x) 6(k+)\—k) (3.6)
gives, for absorption of w, followed by emission of /',

Wy‘. kg = 8')Tg4/1\f2

wywy Myl +1) 6(k, =X = &) 6w = o’ = A€)
x§ [2Jcoslk,+ 1) —2Jcosk, — wf ’
3.7
This can be simplified by realizing that the major
contribution to the sum is from the region o >2&7 >2J.
Therefore, we set (Ae - w)?= w?. Proceeding exactly
as before, we have for Ae<0,

- 28" exp(=D/ET) (194 , (4D + 4] ac ) (kT)"

Wy .
Ko~k TI'ZN'xC: Cyy

+(D*+2D|ae| + | ae]D(RT)? . (3.8)
For ae >0, o being emitted first,
Wyper = “Z—Er—‘ exp(-D/kT) [6(kT)*
#"% T°Ngx €, Cyy
+4D(RT)*+ D*(T)?] . (3.9)

The reverse of these processes, where A¢ >0, are the
same except for the Boltzmann factor exp(- | Ae|/kT).

For the impurity induced rates, we use a perturba-
tion similar to Eq. (2. 13), which is discussed else-
where.* That is,

1 1

V= -

o TE > Adhaw w,@ explilk =K )n) .

kK g

(3.10)
For A€ <0, with absorption of  first, the same
methodology as before leads to

)¢
= 2 5,19 4
We o NS [25(~T)° + 19| A€ | (£T)

+7] ae|XkT)® + 2] 2€ (kD)) ,
and for A€ <0, with ' being emitted first,

2x4
Wy on= 517 [25(2T)°+ 6| Ac|(RT)*]. (3.12)
¥okT NICICHT ! |ae|

(3.11)

As before, the reverse rates differ only by the Boltz~
mann factor.

IV. CONCLUSIONS

As mentioned earlier, the off-resonance rates of
Sec. III are similar in form to the quadratic first order
equations, but are much smaller in magnitude because
of the weighting. They become even less significant
as the temperature increases, due to a lower order
temperature dependence. The resonant second order
impurity induced case has already been included in
the master equation calculation of van Strien et al. and
is also small in magnitude and temperature depen-~
dence. Therefore, the scattering in these experiments
(above 2 K) is probably described by the quadratic rates.
To compare Eqs. (2.12) and (2.17), we must generalize
the latter to the case of »n impurities and determine
reasonable values for C and N,,.
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These resonance experiments involve a crystal con-
taining a large number of excitons in many TCB chains
of varying lengths, An impurity defines the end of a
chain (i.e., we assume no transport through an impurity
site). Most of the signal received can be thought of as
coming from a set of most probable or average chains,
estimated to be approximately 50 sites in length, ! Each
of these average chains has an impurity at each end and
approximately four impurity affected sites in between,
due to the impurities in the four neighboring chains (we
are assuming one impurity every 50 sites on the aver-
age). Repeating the derivation of Eq. (2.17) for a
random set of n impurity affected sites, we get Eq.
(2.17) times n, plus a string of cross terms which
average to zero. We therefore estimate n/N,,~1/8.

Values for C;; were extracted from the slopes of
experimentally determined phonon dispersion curves
for molecular crystals similar to TCB. For the three
acoustic branches, we get values of approximately 10,
20, and 30 cm™,

15

Taking Cy; =10 em-!, and assuming the coupling con-
stants are approximately the same (np~vy), we see that
the pure phonon rate is dominant, although the impurity
induced process may contribute as much as 15%-20%
of the scattering,

It would be useful to be able to estimate the coupling
constants 5 (the pure two-phonon constant), y (the im-
purity induced two-phonon constant), and A (the im-
purity induced one-phonon constant). Unfortunately, it
is very difficuit to calculate these quantities accurately.
We can however estimate these by comparing our theo-
retical results to the experiment. From our earlier
work! we can estimate that A*~0. 05 cm™, assuming
that the low T experimental results are due to the im-
purity induced one phonon processes. It is likely that
y? is smaller, or the same magnitude, since

3E o'E
ro(ag), = (i),
Thus, we expect the impurity induced two-phonon pro-
cesses to be small, If we assume then that the higher
temperature experimental results* are due to pure two-
phonon processes, we estimate that 5 ~0, 005-0. 01.

Also, there is some doubt as to the correct value
for N,,. Dlott, Fayer, and Wieting, !*!7 in a set of ex-
periments monitoring trap emission in TCB, estimate
N,,~2.2x10', This would make the pure two-phonon
process considerably more dominant, and we should
consider N,,=50 to be a lower limit.

At low temperatures, the pure phonon rate heavily

2767

favors a'small Ak (small A¢) due to the prefactor
exp(-D/kT). The effect diminishes as the temperature
increases. For the steeper acoustic bands (Cyy =20,

30 cm!) the weighting is even more significant, since

D is approximately two and three times larger. In
more realistic systems, where the phonon dispersion
curves become less steep near the Brillouin zone edges,
this effect should be somewhat less pronounced.

The impurity assisted case very slightly favors a
larger |Ae| (large Ak), an effect which also diminishes
with higher temperature. It also favors less steep
acoustic bands. Both rates exhibit the rapid increase

with temperature indicated by the experiments
(8- 1440-08)¢

To sum up, the pure quadratic phonon interaction
seems to be the dominant mechanism for the scattering
of excitons in these low temperature (2 to ~10 K) one-
dimensional systems, favoring a small change in %,.

The impurity induced rates, however, may not be small
enough to neglect, and become even more important with
higher temperature, greater impurity concentration, and
steeper acoustic bands.
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