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1. INTRODUCTION

Coherent transients in optically excited molecular systems have been in the focus of
interest in theoretical as well as experimental work for several years. While earlier
investigations of coherent transients concentrated on smaller molecular systems, as
for the dephasing times in larger molecular systems are very short, with recent
progress in ultrashort laser pulse techniques it is possible to extend the investigations f
coherent transients to large molecular systems, too. Among these investigations there
were observations of quantum beats as one form of such phenomena (s., e.g.). 1’2’3
In principle, there are two classes of systems, which are expected to show oscillating
behaviour in transient optical experiments:

1. systems with two electronic levels (ground and excited), one of them or both
showing a level split off due to vibrational degrees of freedom (see, e.g.4 and
references therein). Theoretically they can be modelled by three-level systems of
the so-called A-type (lower electronic level split off) or V-type (upper electronic
level split off) (see, e.g.,). 5’6’7 Another possibility to model vibrational degrees of
freedom is by describing the interference of nuclear wave packets in the wave
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packet picture [3, 4, 8, 9]. This type of system configuration is not dealt with in
the present paper.
systems, which show two excited electronic states, with almost equal transition
frequencies between the ground and the first excited and the first and the
second excited states. Of this kind are large molecular systems with extended
n-electron systems, and excitations of the excitonic type, for instance poly-
diacetylenes (PDA) [10], fullerenes [11, 12], and molecular aggregates, such as
J-aggregates [13, 14, 15, 16] and the light harvesting complex of chlorophyll
[17]. (It is noteworthy, that in the reaction center of the photosynthesis vibra-
tional sublevels are present, so this is an example, where both the features of
the class 1 and class 2 systems are present at once). These are the same systems,
for which exciton-exciton-annihilation processes are effective as deexciting pro-
cesses at high excitation densities and compete with the saturation effect [18,
19]. On the other hand, in the last few years, this kind of materials was found
to be suitable organic compounds for nonlinear optical (NLO) applications (s.
[20, 21, 22, 23-] and references therein), because they have large values of the
third-order nonlinear susceptibility ((3)),

In this paper we will deal with a theoretical model for coherent transients in systems
of the second type. In former investigations, coherent transients were considered in
the framework of a two-level approximation ([24]) (recently extended to a three-
level description to interpret modifications of the pump-probe signal involving two-
photon resonance [25].) A calculation of quantum beats in pump-probe signals was
performed explicitly by A. Yasuda and T. Kobayashi in [10] using the parameters of
PDA as the model system. In that paper a continuous wave was used for probing,
and the initial preparation was described by the simplification, that all electrons
initially are in the first excited level and no polarization is assumed initially.

On the other hand coherent oscillations with their characteristic time constants
of some hundreds of femtosecond could be a very efficient tool for ultrafast all-
optical switching in the femtosecond region. Therefore, in the present paper, we
discuss the quantum beats created by a superposition of several electronic excited
(e.g. exciton) states in molecular systems. We use a three-level model for description
of the molecular system, and we describe the preparation of the system by an initial
strong ultrashort pump pulse explicitly. The change of the optical density after
driving the prepared system by an ultrashort (fs to ps) driving pulse then is tested
with a fs probe pulse. As an example for our model calculations in this paper we
investigate pseudoisocyanine (PIC)-J-aggregates, which have been proven to be
promising third-order NLO-materials, too [26, 27], but the provided model is gen-
eral for all systems belonging to the second class of materials (see above).

Characteristic features of J-aggregates are a sharp peak in the absorption spec-
trum, the so called J-band, which is much narrower than and red-shifted from the
monomer band, and a strong resonance fluorescence.

The numerical investigations are carried out for PIC-C1 J-aggregates, the par-
ameters of which were taken from the literature [28, 29, 30, 31].

Measurements on PIC-J-aggregates have shown, that the phase relaxation times
are strongly temperature dependent. They increase from about 70 fs at room
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temperature up to several ps at 1.5 K [29, 30]. Therefore we suppose, that under
appropriate conditions, i.e. very low temperatures, quantum beats as a form of
coherent transients shold be observable on a time scale comparable to the character-
istic time of the energy redistribution by the exciton-exciton annihilation.

The aim of the calculations is to predict the optimum experimental conditions
(optimum pulse duration, phase and energy relaxation rate constants etc.) for
creating the most pronounced coherent oscillations (e.g. quantum beats).

Ea t(wa +
drive, probe

E
pump 1’021

13)’

E =0

Basic three-level scheme

2. MODEL

The J-aggregate is modelled by a Basic three-level system with the transition
frequencies 0921 and 0932, whereby 0932 < 0921 (scheme), which is coupled to a heat
bath. The interaction with the heat bath is described in relaxation approximation.

The system is prepared by a strong ultrashort laser pulse resonantly coupled to
the I1) 12) transition in some initial quantum state and then it is driven by a
strong laser pulse that is assumed to be tuned near resonance. The evolution of the
system during and after driving is then tested by a weak ultrashort probe pulse of
the same frequency as the driving pulse (sequential pump-probe spectroscopy).
There are considered the following processes:

stimulated emission and absorption induced by the driving field
longitudinal relaxation from the levels 13) and 12) to the ground state
(relaxation constants k31 and k21).
phase relaxation (relaxation constants F12,F13, F23).

The Hamiltonian of the system is assumed as follows (semiclassical approach, rotat-
ing wave approximation):

I(RWA) (2.1)fi fisys "- "-drive

fisys--- h0921/22 -+- h(921 q- 6032)/33 (2.2)

[.(RWA) "’-" "---’ + {I-I.drlw

where

ij "-li> <jl (2.4)
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are atomic flip operators,

E a,ive(t)= (t) + {c. c.} =((t) ei’t + 6*(t) e -i’t) (2.5)

is the driving field, (t) describes the pulse shape, and dij are the transition dipole
moments.

The equation of motion of the density operator of the atomic system in relax-
ation approximation then is

(fi)dyn + (fi)re,, (2.6)

the dynamic part being

After introducing the density matrix elements according to

(2.7)

p li) (jl (2.8)
i,j

we obtain in relaxation approximation with the above mentioned relaxation con-
stants being nonzero the following system of differential equations:

fill= kzlP22 + k3p33- i’2(t)/2 -k-i12(t)/2 (2.9)

k22 kzapz2 + if’z(t)fi2 -ifz(t)32

if3(t) 23 + ifz3(t)32 (2.10)

33 k3P33 -F i3(t)fi23 -if23(t)fi32 (2.11)

" (2.12)P12 =(- i6 F2)32 -if3(t) 3 + if12(t)pz2 -ifz(t)p

P3 (- i(6 + di2)- F3)a3 + if2(t)23 if23(t)12 (2.13)

23 =(-i62 Fz3)z3 + if2(t)x3- itz3(t)pzz + ifz3(t)p33 (2.14)

fi21 =3" * * (2.15)12’ /31--ill3’ P32 --/23"
The slowly varying non-diagonal matrix elements are introduced as follows:

12 e-itp2 (2.16)

23 e-itp23 (2.17)

ill3 e- 2itP13 (2.18)

The detunings of the laser frequency from the transition frequencies are

6 09-0921 and 62 09-0932. The "time dependent Rabi frequencies" are defined
as

d ij *(t)iJ (t)
h

(2.19)

For the observation of optical quantum beats in J-aggregates a setup of three pulses
is proposed. The first pulse (pump pulse) is to prepare the initial state of the system.
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The second pulse is a strong external driving pulse that is applied just after pumping
and the duration of which, tdrive, can be varied from about 100 fs to some ps. The
dynamical evolution of the system under the influence of this pulse is described by
equations (2.9- 2.15).

The third pulse (probe pulse) is to probe the state of the driven system by
measuring its transmission in dependence on the delay time between the third and
the second pulse. Therefore it has to be as short as possible and should be much
weaker than the driving pulse for the neglect of its influence on the system evolution.

The quantity to be measured is the change of the energy of the transmitted
probe pulse,

W=- Eprob(t, to) (t)dt, (2.20)

where Eprob is the electric field of the probe pulse. It is defined in analog to the
driving field (2.5), and the phase is assumed locked to the driving field. Eprob de-
pends on the delay time to (the time difference between the peak of the probe pulse
and the peak of the driving pulse) as a parameter. (t) is the dipole moment induced
by the driving field, and the bar means time averaging over one period of the field.

According to the definition of the dipole moment of an atomic system

(t) Tr(3) (2.21)

13)

we obtain

Modified three-level scheme

(2.22)

and, after again introducing the slowly varying amplitudes

-probe h [(21 ioJp2)12,probe + (/2 + ioJp z)f,*, pob
1o9+ (2 --i2)3 prob + (2 +" *P) 3,o] (2.23)

with ij,probe(t, tD) defined analogously to fij(t) (2.19), by exchanging the characteris-
tics of the driving pulse by those of the probe pulse.
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So, by solving the system (2.9-2.15), the integrand (2.23) can be easily calculated,
and after integration it is obtained (2.20).

The effect of the pump pulse on the three-level-system can be modelled in
several ways.

The simplest one is, to assume, that at time 0, before the beginning of the
driving pulse, the system was prepared in the pure state 12). This means the assump-
tion of a f-shaped pump pulse, and is equivalent to solving the equations of motion
(2.9-2.15) with the initial conditions

p(0)
(2.24)

pi(0) 0, (ij) - (22).

Our model calculations show, that under such an assumption, if only one of the
levels is excited initially, the generation of quantum beats is less effective than for
more general initial conditions.

More generally, the preparation of the state of the system can be modelled by
describing the action of a pump pulse of finite time duration on the three-level
system initially being in the ground state I1). If the pump pulse is assumed to be
ultrashort (up to several hundreds of femtoseconds of duration) the relaxation pro-
cesses during its action can be neglected, and it is possible to describe the system by
the probability amplitudes ai of the states li). The density matrix elements are
defined in terms of the a according to p aa. If there is assumed exact resonance
between the pump pulse and the "lower" transition, the frequency of the pump pulse
being COp o921, and there are assumed slowly varying amplitudes according to

a 1, (2.25)

a2 -:z e -i%t, (2.26)

a3 a3 e- 2io)pt, (2.27)

the system of equations for the amplitudes is

(2 28)a "12, pump2,

-2 if’2,pump51 + if23,pumpa3, (2.29)

3 iA23 + if’3,pumpa2, (2.30)

with A2 cop-- co32 and "ij,pump(t) being defined analogously to f(t) (2.19), by
exchanging the characteristics of the driving pulse by those of the pump pulse.

It has to be solved with the initial conditions

al(to) 1, a2(to) 0 aa(to) t (2.31)

for to < 0; o being the time of the beginning of the pump pulse. The density matrix
elements calculated from the amplitudes for 0 after the pump pulse has passed
are used then as generalized initial conditions instead of (2.24).

Finally, with respect to possible generalizations of our model to other molecular
systems as an alternative we consider the following description of the pump process
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(see modified three-level scheme). The three-level system is assumed to be coupled to
another two-level system by a (fast) transfer process from the excited level of the
two-level system le), to the second level of the three-level system, 12). Therefore
is considered to have a slightly higher energy than [2). The pump pulse of frequency
co’ is in resonance with the co’= coeg transition Ig)--’ le) from the two-level ground to
the excited state. The modifications necessary compared with the model described
above are as follows. Equation (2.10) has to be replaced by

2=kep-k,p+ ifl’2(t)t3,-if, (t)t32,- if’a(t)t3 a + if2 a(t)t3a, (2.32)

where ke2 is the transfer constant from le) to 12). The time dependent population of
the level [e), Pe, is calculated from the system of density matrix equations for the
two-level system,

with v fieg- fige"

ee ige (t)v ke2Pe
2ifg(t)(pgg- p)- k2v

/Sgg ige(t)v

(2.33)

(2.34)

(2.35)

Under the assumptions of fast transfer, ke2v>>, and weak pumping,
Pgg- Pee 1, equation (2.33) reduces to

Se, 2 fgz(t) kzPee. (2.36)
ke2

With the initial condition Pee(-- OO)--0 and assuming a double exponential shape of
the pump pulse,

the square root of the constant being the maximum Rabi frequency of the pump
process, (2.36) can be solved analytically to obtain

2 exp(t/), < 0

p(t)
k2(k + ) (2.38)

) exp(- t/) k(k
With this solution as an input the system (2.9, 2.11-2.15, 2.32) has to be solved, in
this case with zero initial conditions.

Such a modification of our model was considered with respect to possible
generalizations to other molecular systems than J-aggregates.

3. RESULTS AND DISCUSSION

For our numerical calculations we have considered the preparation by the pump
pulse explicitly, i.e. we have used the second of the three possibilities to introduce
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the initial conditions we have outlined in section 2. For the calculations we used the
following values of the relevant parameters: o22=3.289x 1025s-2573nm,
o23 3.2782 x 1025s -2 & 575nm,k 70ps, k- 5ps, F-2 F-a F-a 9ps. It
is well known from experimental results [29, 30], that these values are characteristic
for PIC-J-aggregates at very low temperatures (~ 1.5K). The other parameters are
given in the inserts of the figures in units of ps and ps-2, i.e. T Hz. flij means the
maximum value of the driving pulse Rabi frequency, flij(t). The Rabi frequency of
the probe pulse is assumed to be 0.2 times the Rabi frequency of the driving pulse.

The pump pulse is assumed to have a Gaussian shape, and the peak is situated
at t -tpump. By solving the system (2.28-2.30) under (2.31) it can be seen, that a
wide variety of initial conditions for (2.9-2.15) can be generated by the proper
choice of the pump pulse. The most characteristic features are displayed, if we use
pulses of an area of integer and half integer times n. Figures 1 and 2 show, that for
fairly long (the duration of the pump pulse being tpump 4ps) n- and 2n-pulses we
obtain a situation similar to a two-level system, the upper level of [3) not being
involved at all. For the n-pulse, we get a full occupation inversion, i.e. the initial
condition (2.24), and after the 2n-pulse the initial state (2.31) is obtained again.
Figures 3, 4 and 5 show the influence of n/2-, - and 2n-pulses of ultrashort duration
and high intensity (tpump-- 130fs FWHM). In this case all three levels are involved in
the pump process, and it is possible to reach a situation after pumping, where the
occupation numbers of all three levels are of the same magnitude, and so are the
polarization components P22, P23, and P2a (in the case of the 2n-pulse, and even
more for a pulse area of 2.11n (fig.6)).

In this case the generation of quantum beats in the differential absorption of a
probe pulse after driving is most efficient.

Therefore we used the initial conditions according to fig. 6 for the most of our
numerical examples in this paper. In an experiment the pump pulse of this type can
be obtained by using a Ti-Sapphire laser after 5-fold amplification. Our calculations
of the quantum beats are performed for a series of different central frequencies o of
the Gaussian driving pulse, which is centered at t tdrive. This leads to different
values of the detunings 62 and 62, starting from (62 < t2 < 0) through (62 < 0 < t2)
up to (0 62 <62). As can be seen from the curves of figures 7 to 13, under
appropriate experimental conditions the optical density change, furthermore called
differential absorption, in dependence on the delay time to of the ultrashort
(100-200fs) probe pulse shows damped oscillations with the detuning frequency of
the "more resonant" transition, i.e. the frequency 6i with [6i[ < 161, (i,j 1;2). The
amplitude of these oscillations is modulated with the other detuning frequency,
This is explained, if we remember, that for delay times to >> tdrive, (tdriv being the
duration of the driving pulse), when fli 0 holds, the equations of motion decouple,
and we have the situation of free time evolution of the occupation number and
polarization matrix elements. In this case we obtain

12 12 (T)e -i, r, ,)(t- ’r) (3.1)

323 =/23 (T)e(-’(’h + ,h)- r,)(t- a’) (3.2)

/23 ,623(T)e-i’h-r’-)t-’r), t > T, (3.3)
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Figure 1 Evolution of the occupation numbers under the influence of a 4ps n-pulse, other parameters
see insert.

Pll
P22
P33

1,0

0,8

0,6

0,4

0,2

0,0

Figure 2 Evolution of the occupation numbers under the influence of a 4ps 2re-pulse, other parameters
see insert.
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Figure 3 Evolution of the occupation numbers under the influence of a 130fs r/2-pulse, other par-
ameters see insert.

Pll
P22
P33

1,0

0,8

0,6

0,4

0,2

0,0

ij,)urnp=11.35 tpump=O. 13
-pulse

iii
III

.-.:.: ..............
-0,25 -0,20 -0,15 -0,10 -0,05

time, ps
0,00

Figure 4 Evolution of the occupation numbers under the influence of a 130fs r-pulse, other parameters
see insert.
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Figure 5 Evolution of the occupation numbers under the influence of a 130fs 2n-pulse, other parameters
see insert.
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Figure6 Evolution of the occupation numbers under the influence of a 130fs 2.11n-pulse, other par-
ameters see insert.
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with an appropriate chosen "initial time of the free evolution" T, being the time at
the end of the driving pulse.

We then get

l ]prob --2hRe [32(T)[-ico2 I12])e(-i6-F2)(t-T)’) 2,probe

+ p2 a (T) [-icoa2~* l"23] e(- i62 r23)(t- T)23,probe] (3.4)

i.e. the differential absorption signal is expected to be a superposition of damped
oscillations with the frequencies 1 and 2 and amplitudes depending on the "initial
values" 12 (T) and 2a(T).

Now we will discuss some special cases for the parameters. The signal is shown
in arbitrary units, set to zero for minimum delay time, and the maximum absolute
value is normalized to unity. Fig. 7 shows the differential absorption for a typical
parameter set in the range (1 < 0, t2 " 0). The calculations are performed for
f12 f2a. We have shown, that there is no significant influence on the absorption
curves, if we use different values for the maximum Rabi frequencies for the two
transitions, in the range of driving conditions we have used.

In fig. 8 the frequency values have been changed:

but

1 llps-1 10ps-

2 0.4ps- << 1.4ps- 1.

The modification of the main frequency is evident. The amplitude of the main
oscillation decreases in the phase relaxation time of 9ps.

An alteration of the maximum Rabi frequency fij does not change the picture
significantly.

Fig. 9 shows an example, in which the modules of 1 and 2 are interchanged
with respect to fig. 8. This results in a change of the sign of the differential absorp-
tion at zero delay.

Fig. 10 is an example for a longer driving time, tdriv 4ps. The amplitude modu-
lations are much less pronounced. Our calculations show, that this is due to a
breakdown of t512 as a result of stimulated emission processes during the longer
pulse, and therefore after the driving it holds 1/231 >> I121, and one oscillation com-
ponent in (3.4) contributes much more to the signal than the other one.

This is even more pronounced in the case of the initial conditions (2.24). As can
be seen by comparison of fig. 11 and fig. 12, for ps driving pulses then the amplitude
modulations are no longer observable at all.

In fig. 13 it is shown the situation, when both the detunings are almost equal. As
for the amplitudes are almost equal then as well, we see oscillations with the detun-
ing frequency 1611 62, the amplitude of which breaks down and builds up again
with the difference i 21.

Our main results concerning the experimental conditions necessary for the ob-
servation of quantum beats are as follows:

a) Quantum beats in sequential pump-probe spectroscopy should be observable in
systems, such as J-aggregates, in which may occur absorption and stimulated
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Figure 7 Differential absorption signal, initial conditions according to fig. 6, other parameters see insert.
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Figure $ Differential absorption signal, initial conditions according to fig. 6, other parameters see insert.
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Figure 9 Differential absorption signal, initial conditions according to fig. 6, other parameters see insert.
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Figure 10 Differential absorption signal, initial conditions according to fig. 6, other parameters see
insert.
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Figure 11 Differential absorption signal, initial conditions according to (2.24), other parameters see
insert.
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Figure 12 Differential absorption signal, initial conditions according to (2.24), other parameters see
insert.
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Figure 13 Differential absorption signal, initial conditions according to fig. 6, other parameters see
insert.

emission with nearly equal frequencies. The observability of quantum beats is sensi-
tive to the initial state the molecular system is prepared in previous to the driving
and to the duration of the driving pulse. The quantum beats are generated most
efficiently, if the system is initially prepared in a state, in which the occupation
numbers of all three levels are comparable, and so are the absolute values of the
non-diagonal density matrix elements; and if the driving pulses are not longer than
some hundreds of femtoseconds. Otherwise stimulated emission induced by the
driving pulse leads to a fast decrease of the occupation number of the upper levels,
and at the same time of the polarisation corresponding to the less resonant transi-
tion, so that it holds

I/512 (W)1 << I3 (T)1
oi"

I/az(T)l >> 1/523(T)1,
and in (3.4) one oscillation decreases compared with the other one.

This behaviour is clarified by the occupation number behaviour, e.g. of ,033(t).
Its decrease consists of an intensity dependent part which is due to stimulated
emission and a part with the time constant k31 due to relaxation.
b) Furthermore, the delay time range, in which quantum beats are observable, of
course depends on the phase relaxation time in the system, as can be seen by
(3.1-3.3). This is due to the decreasing of both oscillation amplitudes with the
dephasing as the time constant. The temperature dependence of dephasing times in
J-aggregates exhibits, that T2 is in the fs range except at very low temperatures,



QUANTUM BEATS IN J-AGGREGATES 195

where it is up to about 10ps. Therefore quantum beats can be resolved only in the
femtosecond delay regime, or, if it is wanted to observe them as long as possible, the
sample has to be cooled down to a few K.

4. CONCLUSION

In this paper, using a three-level model, we have shown, that under appropriate
experimental conditions coherent transients are expected to be observable in large
aggregate systems. As an example, we have calculated quantum beats in differential
probe absorption measurements in PIC-J-aggregates in the ps time range, i.e. on a
time scale comparable to the exciton-exciton annihilation characteristic time. There-
fore it could be expected, that the vibrationally excited states, over which the excess
energy is distributed by relaxation under such conditions, especially for very low
temperatures, could possibly be driven coherently. In our forthcoming investigations
we will include the exciton-exciton annihilation and relaxation process by a binary
reaction model to clarify the character of these processes. Moreover, in a forthcom-
ing paper we will modify the basic model to include the description of degenerate
four-wave mixing experiments.
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