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6. Ultrafast Coherent Spectroscopy

Wolfgang Zinth and Wolfgang Kaiser

With 20 Figures

Coherent spectroscopy, initially started in the mid-sixties, is intimately con-
ncected with the development of intense coherent light sources. The generation
of ultrashort light pulses enabled coherent spectroscopy to be extended to
real-time measurements of rapid dynamic processes on the time scale of 107!2s.
The early measurements of picosecond time-resolved coherent Raman scatter-
ing in 1971 were followed by numerous time-resolved techniques adapted to a
variety of ultrafast phenomena. Most investigations are concerned with rapid
dynamic processes in the condensed phases. The experimental progress stimu-
lated theoretical investigations, improving our understanding of the interactions
in liquids and solids. In recent years, a number of dynamic relaxation processes
have been elucidated.

The title of this chapter, Ultrafast Coherent Spectroscopy, requires some
explanation since it implies investigations in the time and frequency domain.
Actually, it adequately characterizes the present situation. Coherent techniques
give information on dynamic processes in the time domain as well as on line-
widths and line positions in the frequency domain.

Numerous ultrafast investigations are concerned with coherent Raman scat-
tering by molecular levels in the electronic ground state. The experimental
techniques are well established on the picosecond time scale. Currently, these
experiments are being extended to the study of even faster processes in the
femtosecond time domain. A substantial fraction of coherent experiments deal
with the study of vibrational levels in excited electronic states. Here, echo and
induced-grating experiments have been successfully applied to reveal the relaxa-
tion dynamics.

The present chapter is organized as follows: In Sect. 6.6.1 the theoretical
background of ultrafast coherent spectroscopy is given together with a short
description of dynamical processes in condensed matter. Section 6.2 reports on
time-resolved investigations using a single excitation process. Various time re-
solved coherent Raman and infrared techniques are discussed. Finally, in Sect.
6.3 echo-type experiments, i.e. experimental techniques with multiple excitation
are presented.
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6.1 Theory of Time-Resolved Coherent Spectroscopy

This section deals with the principles of time-resolved coherent experiments in
a semi-classical approach. The electromagnetic light field is treated classically,
the molecular system quantum-mechanically by its density matrix. Dynamic
interaction processes between molecules have two important relaxation times
— the phase relaxation time T, and the energy relaxation time 7;. We shall
repeatedly refer to the relationship between time-domain coherent experiments
and frequency-domain steady-state measurements.

6.1.1 The Theoretical Model

Coherent spectroscopy is presented here as a tool to investigate transitions
between different energy levels or — more precisely — to study the transition
frequencies and the relaxation processes related to these energy states. The
essential features of the theoretical model are:

i) Of the many molecular transitions we treat only two levels, the ground
state |b) and the excited state |a) separated by the energy E = hw,. All other
states are assumed not to interact with the electromagnetic excitation and
probing fields. This approach is well justified for most molecular systems [6.1].

il) We assume that each molecular two-level system is only weakly interact-
ing with the other molecules which are assumed to act as a fluctuating bath
[6.2-6]. The Hamiltonian H of the molecule is written as a sum of an unper-
turbed Hamiltonian H, and two interaction Hamiltonians, the latter are: H;,
which gives the interaction between the molecules and H,, characterizing the
interaction of the molecules with the electromagnetic fields [6.7,8]. The mole-
cular interaction consists of a static contribution which leads to a constant
frequency shift, and of a fluctuating contribution which modulates the resonance
frequency and leads to a broadening of the transition band. The microscopic
nature of the dynamic interaction may be understood in liquids in terms of
“collisions” between individual molecules [6.2,4]. The collision process will be
treated in detail in the context of Sect. 6.2.1. A major interaction in solids is caused
by the thermal distribution of the acoustic phonons. In the macroscopic ensemble
of two-level systems the dynamic interaction leads to relaxation time constants
in the equation of motion (see below).

iii) The ensemble of two-level systems is described by the density matrix p
with the diagonal elements p,, and p,, and the off-diagonal elements p,, = pf.
The density matrix follows the equation of motion

op i
E"E[p’H] . (6.1)

iv) The electromagnetic field is treated classically, since the number of pho-
tons is quite large in most coherent experiments. We work with plane waves, i.e.
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the fields have the form: E = E, cos(Qt + kr) and consider electric dipole interac-
tions with the Hamiltonian H,, = 4E(t). i is the component of the dipole operator
along the direction of the electric field E with p,, = p,, = 0 and p,, = pap = 1

The evolution of the electromagnetic fields is described by the wave equation

2 g2 2 pNL
gp-m4E__L AP (6.2)
¢ dt goc® dt

The source term on the right-hand side of (6.2) describes the generation of light
fields. The nonlinear polarization is proportional to the macroscopic dipole
moment, P = N(A) = N x Tr{fip} = Nu(pa + psa), Where N is the number of
molecules per unit volume. Thus the radiation intensity observed in the coherent
experiment is proportional to |N Tr{zp(f)}|*

6.1.2 Equations of Motion

Here we discuss the equations for the different components of the density matrix.
The system of equations can be solved in a formal way by simple multiplication
of matrices. In this way it is possible to readily see the salient features of the
coherent spectroscopy. The discussion presented here follows a treatment given
by Hesselink and Wiersma [6.9].

The equation of motion (6.1) is rewritten in (6.3—5) for the different density
matrix elements. The electric field is coupled to the molecules via the interaction
Hamiltonian H,, = — 2E(¢). It is convenient to introduce g,, = p,, exp(i£2t) and
to apply the rotating frame approximation.

— 1.uEO Paa

p.aa 2% (ﬁbae_ikr - ﬁabeikr) - ,_I:_ » (63)
1
. IuE i [ 1
Pra = 2h0(paa - pbb)e , + (lA - F)pba s (64)
2
,bbb =1~ Paa - (65)

A4 determines the detuning between the driving frequency 2 and the molecular
resonance frequency wg, i.e. 4 = (wy — 2). It is assumed in (6.3-5) that the
molecular system consists only of two levels |a) and |b). The equations may be
modified to describe other situations, e.g. when relaxation to a third level is
relevant. In the latter case one has to extend (6.5).

The significance of the relaxation times T; and T, is readily seen, when the
electric field is turned off, i.e. for E, = 0. The energy relaxation time T; describes
the relaxation of the population of level |a) with p,(t) = p,.(0)exp(—t/T;).
The phase relaxation time T, determines the decay of the dipole moment P =
Nu(pye + pap) With P(t) = P(0)exp(—t/T;). There are three contributions which
determine the dephasing of the system. (i) The macroscopic dipole moment P
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may decay by orientational motion of the individual molecules (orientational
relaxation time Tg); (ii) the molecules may “get out of step”, i.e. lose their phase
relation by interaction with the surroundings (pure dephasing time T3¥); (iii)
the population of the upper level may decay (energy relaxation time T;). The
observed effective dephasing time T, is related to the individual time constants
as follows: 1/T, = 1/Ti + 1/T3* + 1/2T,).

The applied electric field excites the system to the upper level |a) via (6.3) and
generates a polarization via (6.4). For the following discussion it is important to
introduce the pulse area 4 = j nE/hdt [6.10]. The magnitude of A frequently
determines whether a certain nonlinear coherent process occurs or not, €.g.
whether a photon echo may be observed. When the applied electric field is strong
and the pulse area is large, A >» 27, repeated excitation and de-excitation pro-
cesses occur, causing the population p,, to oscillate with the Rabi frequency
¥ = pE/h. In most of the following investigations with short pulses onehas 4 < 1.

Analytical solutions of (6.3-5) can be found for two limiting conditions:

i) Without an applied electric field the density matrix evolves freely. Only
the relaxation processes influence p(t). The four components of the density matrix
may be asigned to a vector p, as listed in the Appendix [Eq. (6.20)]. The density
matrix at time ¢ is obtained by a linear transformation from the initial density
matrix p(0):

4
i) = k; Y0 p(0) or p(r) = Y()p(0) . (6.6a)

The transformation matrix contains exponentials of t/T, and t/T;. It is given
explicitly in the Appendix [Eq. (6.21)].

ii) When a resonant electric field of pulse area A4 is applied, which is short
compared to the relaxation times T; and T, the density matrix at the end of the
pulse is calculated by a linear transformation X(A4),

p(A) = X(A)p(0) . (6.6b)

The elements of the transformation matrix X(A4) depend on the pulse area and
the wave vector of the electric field. They are given in the Appendix, [Eq. (6.22)].
The important aspects of many coherent experiments can be seen from the
analytical solutions. Experimentally one has periods of short excitations with
pulse areas 4;, i = a, b, ... and free evolution periods of durations ¢, ¢,, ... At
the time of observation, ¢, after the final excitation pulse with area A;, the density
matrix is calculated as a product of the individual excitation and evolution
matrices X(A4,;), Y(¢;)

p(t) = Y()X(Ay) ... Y(t5)X(4,) X (t,)X(A:)p(0) - (6.7)

Detailed examples for the solution of (6.7) are given below in Sect. 6.1.3. Here
we refer briefly to the situation depicted in Fig. 6.1c, where three excitation fields
are applied. The density matrix at time ¢ is as follows:
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p(t) = Y () X(A) Y (1) X(A,) ¥ () X(4,)p(0) .

The treatment given above in (6.6,7) is well justified when the applied light
fields are separated in time and the radiating polarization of the sample is small
at all times t;. In the more general case reference is made to the literature cited
in Sect. 6.3.2.

6.1.3 Ultrafast Coherent Techniques

A short overview of coherent spectroscopy is given here. Two types of molecular
systems are treated: System I contains molecules with a single resonance fre-
quency o, (homogenous broadening), while System II shows a distribution of
resonance frequencies f(w,) (inhomogeneous broadening).

a) One Excitation Pulse

In the most elementary coherent experiment one short laser pulse traverses the
sample. After the excitation of the system by the pulse with area 4, and wave
vector k, radiation is emitted from the sample in the direction k,. From (6.7) one
derives the polarization P(t) observed at the time ¢ after the excitation pulse

P(t) = uN[pap(t) + pra(8)]:
P(t) o [dw f(w)e e T2sin(A4,)e %" . (6.8)

A schematic of the decay of P(t) is shown in Fig. 6.1a. The generated polariza-
tion has an amplitude proportional to sin (4,); it has the same wave vector as
the exciting light pulse. For the molecular system I with f(w) = d(w — w,)

Fig. 6.1a—c. Schematic of various coherent
techniques. The electric field pulses (solid tri-
angles) excite the sample. The resulting co-
herent signal is shown for homogeneously
broadened transitions (dashed curves), and
for inhomogeneously broadened transitions

(dash-dotted curves). (a) A single excitation
pulse with wave vector k,. Homogeneously
broadened transitions lead to an exponential
decay with dephasing time T, while inhomo-
geneous broadening induces a faster decay.
(b) Two excitation pulses a and b with wave
vectors k, and k, give echos in the direction

2k, — k,. For inhomogeneously broadened
transitions the echo is emitted at time t = ¢,.
The echo amplitude measured as a function
of ¢, allows determination of the dephasing
time T5. (c) When three excitation pulses are
used the coherent signal emitted in the direc-
tion k, + k. — k, allows determination of

the dephasing time T, and the energy relaxa-
tion time T
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(broken line in Fig. 6.1a), the polarization decays exponentially with the dephas-
ing time T,. For a distribution of resonance frequencies f(w,) the decay of
polarization starts exponentially, but accelerates due to the interference of the
different resonance frequencies (dash-dotted line in Fig. 6.1a). With increasing
width of the frequency distribution, the decay becomes more rapid and it is
difficult — often impossible — to determine the dephasing time T,. The explicit
mathematical solution for the signal decay is readily obtained from (6.8). We note
that the polarization is proportional to the product of the Fourier transform ¢(r)
of the distribution function f(w,) of the resonance frequencies times the exponen-
tial decay with exp(—t/T5).

Investigations with single-pulse excitation are well established in ultrafast
coherent spectroscopy. A series of interesting experiments are discussed in
Sect. 6.2.

b) Two Excitation Pulses

When two excitation pulses of areas A, and A, separated by the evolution time
t, (see Fig. 6.1b) are applied to the (molecular) system, a more complex time
dependence of the coherent signal or of the density matrix is found. At time ¢
after the second pulse, the radiating polarization consists of three contributions:
two parts are independently produced by the two exciting pulses, radiating in
the corresponding directions k, and k,. The two polarizations are described by
(6.8). Of special interest is a third term, where the polarization evolves as follows:

Pare(t) o fdwf(w)exp[—iw(t - ] (69)

A
x sin 4, sinz—ziexp[—i@k,, —k)r] .

The signal is emitted with the wave vector 2k, — k, and may readily be
separated from the exciting beams. For a homogeneously broadened transition
(System 1), the peak of the polarization is proportional to exp(—t,/T,). The
polarization decays at later times with exp(t/T;) (see Fig. 6.1b, broken line). Quite
different is the situation for strong inhomogeneous broadening (System II). Now
the (underlined) interference term in (6.9) is removed at one delay time, t = ¢,
and a delayed signal appears, i.e. one finds a photon echo with an amplitude
proportional to exp(—2t,/T,) [6.11-13]. Variation of ¢,, i.e. of the distance
between the two exciting pulses, therefore enables one to deduce the dephasing
time T, even for inhomogeneously broadened transitions [6.13]. (For the inter-
mediate case with small inhomogeneous broadening see [6.14]).

An important aspect for the application of the photon echo technique is the
dependence of the signal on the area of the excitation pulses. Good echo signals
are generated for 4, ~ n/2 and A, ~ n. For small areas A,, A, < 7 the signal
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amplitude drops with 4,42 or the signal intensity with (4,42)>. We recall that
in the case of a single excitation puise the emitted signal intensity is proportional
to A2. Consequently, coherent echo experiments become more difficult when the
transitions are weak and the pulses and relaxation times are very short.

¢) Three Excitation Pulses

When three excitation pulses with areas A,, 4,, and A, separated in time by ¢,
and t, are applied to the molecular system, a variety of coherent signals is
produced: single excitation signals, two-pulse echos from each pair of the three
pulses, and so-called three-pulse echos at the time ¢ = ¢, after the third pulse, the
latter echos are emitted in the direction k, + k. — k, (see Fig. 6.1c). The introduc-
tion of the third pulse allows one to measure the dephasing time 7, of the
molecular transition and to determine the energy relaxation time T;. The applica-
tion of three pulses gives considerable flexibility to the design of experiments.
Similar limitations regarding the signal strength exist as in two-pulse experi-
ments; the three-pulse echo intensities are proportional to (sinA,sin4,sinA4,)%.
For small area pulse the echo signal decreases proportion to 4242 A3. Experi-
ments with ultrafast three-pulse echos have been performed for a number of
electronic transitions. These are discussed in Sect. 6.3.2.

6.1.4 Electric Dipole and Raman-Type Transitions

The interaction between the system of interest and the light field depends on the
specific type of interaction Hamiltonian H;,. We address here two situations, the
electric dipole and the Raman-type transitions. The common aspect of the
(molecular) excitation is best demonstrated by introducing the operator 4 for the
excitation coordinate (of the molecules). In the case of a vibrational transition,
g represents the coordinate of the nuclear motion of the vibrating molecules. For
an electronic transition, § is related to the motion of the electrons. For an
ensemble of two-level systems the expectation value {4), called the coherent or
collective amplitude, is given by:

4> =Tr{pq} = q(pap + Pra) > (6.10)

where q,, = g = {a|{§|b) is the transition matrix element.

a) Electric Dipole Transitions

Electric dipole transitions are commonly investigated with light frequencies close
to a resonance frequency. In this case the interaction cross sections are large and
the polarizations resulting from the excitation process generate new electro-
magnetic waves.

The electric dipole moment g related to the transition between the levels |a)
and |b) (of one molecule) is a vector; its direction (unit vector u) is fixed in
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the reference frame of the molecule and its amplitude is proportional to the
amplitude of the coordinate q: # = udu/dq q[6.15,16]. The interaction of the
dipole moment with an electric field is given by the Hamiltonian H;,, = —uE =
du/dq qE cos 0, where 6 is the angle between the dipole moment and the electric
field. For an ensemble of molecules the relaxation of the total dipole moment
{ ) as a function of time depends on (i) the orientational relaxation of the vector
u (irrelevant in most solids) and (ii) the relaxation of the absolute value of the
coherent amplitude {§). This topic is the subject of intensive investigations
discussed in this chapter.

It is of interest to compare the quantities measured in time-resolved coher-
ent investigations and in steady-state spontaneous spectroscopy, i.e. the time
dependence of the expectation values (¢ or {u) with the absorption spectra
[6.3,15]. The latter can be calculated from (6.3-5), when the left-hand side of the
equations, i.e. the time-dependent terms, are equal to zero. One readily finds the
absorption line to be of Lorentzian shape with a peak absorption cross section
o = (du/dq)* wT, /(eycnh) and a linewidth (FWHM) of 4v = 1/nT,. Here ¢, is the
permittivity, n the refractive index, ¢ the velocity of light, and # Planck’s constant.

The absorption spectrum J(w) may be related to the time-dependent dipole
moment in a general way without referring to the special model introduced
above. Line-shape theory gives [6.2-6,15,16]:

J@ o | emgd= | e uu)dyd 6.1)

where {:-->) denotes the equilibrium ensemble average. According to (6.11) the
spectral line shape is the Fourier transform of the correlation function ¢@(¢), i.e.
of the time dependence of u(t), which is measured in straightforward coherent
experiments [see Sect. 6.1.3(a)]. Introducing an exponential decay with time
constant T, for the dipole moment in (6.11) one obtains the same Lorentzian line
shape as determined above directly from (6.3-5).

b) Raman-Type Transitions

Raman type transitions have the advantage that excitation is possible with a
wide range of available electromagnetic fields, i.e. resonance frequencies are not
required. On the other hand, the Raman interaction is a weak, second-order
process; the pulse area and the degree of excitation are small. In spite of this
difficulty, ultrafast Raman spectroscopy has provided valuable new information.
Direct observation of several rapid dynamic processes has become possible and
superior spectral resolution was demonstrated in congested spectral regions.
According to Placzek [6.17], the interaction between a given vibrational
mode and the electric field can be described by the interaction Hamiltonian
H,, = (0a/0q)qEE/2, where da/dq stands for the change of the electric polariz-
ability tensor with the vibrational coordinate g. It leads to the excitation of the
molecular mode (frequency w,) under the action of the light field E, provided
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that components i, j of the electric field exist, where the product E;E} oscillates
at the frequency w,. The Raman process may again be described by (6.3-5), if
we replace the quantity uE, by (0a/09)q,,E;E;/2. In a similar way, the radiating
polarization is obtained as

Pi= Nu= NZUEQ) . (612)

The polarization is proportional to the electric field E, i.e. the molecular excita-
tion {q) leads to a scattered light field when monitored by a probing field.
Without a probing field the coherent amplitude {4) does not produce electro-
magnetic radiation. When the transition is electric dipole and Raman active,
some light emission may occur, provided the molecules are in a crystal without
inversion symmetry. This case will not be treated here. For isotropic Raman
transitions the tensor da/dq is reduced to a scalar quantity do/0q. In this case,
rotational motion of the molecules does not effect the evolution of the coherent
signal and the decay of the coherent amplitude {(g>. The more complex case of
an anisotropic Raman tensor has been treated in the literature by Laubereau and
Kaiser [6.7], by Kohles and Laubereau [6.18], and by Dick [6.19]; it will not be
discussed here in detail.

Comparing time-resolved coherent and spontaneous Raman scattering, one
obtains very similar equations as in the case of electric dipole transitions. The
spontaneous Raman line shape can again be calculated from (6.3-5) or from the
line-shape theory [6.2-6]. The spectral shape is the Fourier transform of a
molecular correlation function; for isotropic Raman lines it is proportional to
the Fourier transform of {({q(t)q(0)>>.

c) Pulse Area and Population Changes in Ultrafast Coherent Experiments

For practical experiments it is important to know how strongly the (molecular)
system is excited under the action of a light pulse. The strength of the excitation
determines which type of coherent experiment can be performed with given light
pulses. The important quantity is the pulse area A which is directly related to
the changes of the population of the various levels [see (6.6,22)]; e.g. for a system
initially in the ground state a short pulse with area 4 changes the ground-state
population by 4p,, = (1 — cos4)/2. Using an exciting pulse with peak intensity
I, duration t,, and absorption cross section o one estimates the pulse area to be
A = pEt,/h = 2n*IT,0/hw,)"*. We assume here that the duration of the pulses
is equal to the dephasing time. We now give numbers for the pulse area for three
relevant examples using the following parameters: dephasing time T, = 107125,
intensity I = 10'°® W/cm?, refractive index n = 1.5.

i) For an infrared-active vibrational CH-stretching mode at A = 3 um with
¢ = 107*° cm? one obtains 4 = 2.6 x 107! and 4p,, = 1.6 x 1072

ii) For an electronic transition at 4 = 0.5um with ¢ = 107'® cm? one cal-
culates A = 3.4 or 4p,, = 0.99. The two examples show that electronic transi-
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tions may lead to large pulse areas making coherent experiments quite easy, while
for vibrational transitions the observation of two- and three-pulse echos with
echo amplitudes proportional to A is difficult.

iii) For Raman active transitions the pulse area A = 1/2(30/0g)q,,t,E*/h
may be calculated using the definitions of da/dq and q,, from the literature [6.8].
One obtains A = InA%t, \/%/(nch), where ¢ is the Raman cross section inte-
grated over one Steradian. Taking ¢ = 2.5 x 1072° from benzene [6.10] (which
has a rather large Raman cross section for a molecular vibration) and 4 = 0.5 pm
we compute an area 4 of 4 = 1.9 x 1072 or a population change 4p,, ~ 1074
These numbers are even smaller than the values calculated for resonant infrared
absorption, see (i). It is evident that under the present conditions, ultrafast
Raman-echo experiments appear to be unrealistic, while single-pulse coherent
Raman experiments are readily possible. It should be noted that considerably
higher cross sections are found for resonant Raman transitions. Only under these
conditions might ultrafast Raman-echo experiments become possible.

In this section a set of equations was introduced which allows one to treat
time-resolved coherent spectroscopy within the framework of the model pre-
sented in Sect. 6.1.1. We have briefly outlined and compared different experimen-
tal methods for which applications are discussed in the following sections.

6.2 Coherent Spectroscopy Using a Single Excitation Process

We focus here on investigations of time-resolved coherent spectroscopy using
single excitation processes. It is the aim of this section to demonstrate the different
time-resolved techniques and to show the advantages of coherent techniques over
spontaneous frequency-domain methods.

6.2.1 Time-Resolved Coherent Raman Spectroscopy of a Single Homogeneously
Broadened Transition

The experiments of time-resolved coherent Raman spectroscopy are performed
in two steps. First, the sample is excited by a pair of light pulses via transient
stimulated Raman scattering (see Fig. 6.2, upper part) [6.20-23]. Subsequently,
the degree of excitation is interrogated by a probe pulse, which is delayed in
time relative to the excitation pulses. The probe pulse monitors the coherent
amplitude by Raman scattering [6.1,7,8]. The experiments are described by two
different sets of equations: the material equation governing the generation of the
excitation under the action of the light fields [see (6.3—5)] and the wave equation
(6.2) determining the light field due to the interaction with the material excitation.
We recall that in coherent Raman processes the pulse areas are quite small [see
Sect. 6.1.4(c)]. For this reason the changes of the diagonal elements of the density
matrix are small and the off-diagonal elements may be calculated by using only
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Excitation Fig. 6.2. Schematic of a time-resolved coherent
Raman experiment. The excitation of the upper

T level |a) is accomplished via stimulated Raman
w, |ws Ks Wy scatter.ing by the laser and Stokes pulses at fre-
- | quencies w; and o, respectively. The wave vectors

) la> K of the two laser fields determine the wave vector
°lb> of the coherent excitation, k, = k; — k (upper part).
At a later time the coherent Raman probing pro-
Anti-Stokes -Probing cess (lower part) with a second laser pulse E,,
L (wy .,k ,) monitors the coherent excitation. The
coherent anti-Stokes signal emitted under phase
matching conditions k, = k , — k, is a measure of
Wy ‘i& N Ka the coherent amplitude at the probing time
kv :_‘
g k2

(6.4). For Raman-type interactions (6.4) may be solved by direct integration. The
electric field producing excitation consists of two components:

E = E, cos(—wrt + k. x) + E;cos(—wst + kx) ,

and for the coherent material excitation one makes the ansatz of a plane wave
i .
gy =5 Qexp(—iwot + kyX) + ¢.C. = Gap(Par + Pra) -

With these expressions (6.4) yields the amplitude Q after one integration
[6.1,7,8,24]:

Q(x,1)

-2 t
- ‘Z;lb gg I EL(t',x)E;*(:',x)exp[Tiz(t' —+ iAt’]dt’ . (6.13)
The excitation process is shown schematically in Fig. 6.2, upper part. The
two components of the electric field at frequency w; and w, drive the vibration
with frequency Q = w, — w, close to the resonance frequency w,. The wave
vector of the coherent amplitude k, is determined by k, = k; — k,. Q shows
the properties discussed previously: a rapid rise with the driving force E; E¥ and
an exponential decay with exp(—t/T;) of the freely vibrating system. The ‘back’
reaction of the coherent amplitude on the light fields is governed by the polariza-
tion P:

d
P= Na—:<q>E + xR0 EEE . (6.14)

The coupling of the wave equation and the material equation via the polariza-
tion leads to stimulated Raman scattering or Stokes/anti-Stokes coupling, which
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have been discussed in detail elsewhere [6.8,20-23,25-28]. The nonresonant
nonlinear polarization x3} is due to distant electronic transitions. It leads to
self-phase-modulation and nonresonant scattering [6.10,28].

For time-resolved coherent Raman spectroscopy a probing pulse is necessary
to obtain information on the time dependence of the coherent amplitude (see
Fig. 6.2, lower part). The third light pulse E; , = E|,(t)cos(— wy,t + ki, X) gen-
erates a radiative polarization according to (6.14). A short probing pulse at
variable time delay ¢, after the excitation pulses allows one to map out the time
dependence of the coherent amplitude. The scattered signal at the anti-Stokes
frequency w, = Wy, + @, or at the Stokes frequency w,, = w,, — ®, is ob-
served. Efficient generation of the coherent signal requires phase matching,
i.e. the wave vectors of the material excitation k,, the probing field %, ,, and
generated light, e.g. k,, have to satisfy the condition &k, + k;, = k,.

a) Experimental Arrangements

A typical experimental system is depicted schematically in Fig. 6.3. A pumping
laser source generates exciting and probing light fields at the frequencies w, , w;,
and w, , in several frequency converters. In early experiments a simple optical
system was used: the Stokes pulse was generated via stimulated Raman scattering
of the strong laser pulse in the sample itself [6.29,30]. More recently, frequency
conversion by dye lasers produced tunable Stokes pulses [6.31-34]. The exciting

Pumping Laser

Frequency
w w w
s t L2 Convertors
! Optical
i 00 Delay
Polarization Fig. 6.3. Experimental system used for time-resolved
Control coherent Raman scattering. Synchronized pulses at fre-
quencies w,, w,, and w,, are generated by different
frequency converters from one pumping laser source.
Sample

The pulses at w, and w, excite the sample via stimulated
Raman scattering. The coherent excitation is monitored
by the delayed (optical delay OD) probing pulses at
frequency w, ,. The different beams cross in the sample
at phase-matching angles. Polarization and wavelength
Det Detection filters separate the coherent signal from the excitation
light

Polarization and
Wavelength Filter
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Stokes and laser pulses are focused at a specific angle into the sample generating
the coherent material excitation. The probing light pulse at frequency w;, is
delayed relative to the excitation process in the optical delay system OD and
monitors the excited volume of the sample. The geometry of the exciting and
probing beams in the sample have to be adjusted to obtain phase matching for
the coherent probe-scattering process. In most experiments the signal intensities
are much smaller than the intensities of the excitation pulses. Consequently, the
coherently scattered light must be separated carefully from the incoming light
beams by diaphragms and spectral and/or polarization filtering. The detection
system is a highly sensitive photo-detector. Frequently, the spectra of the coher-
ently scattered light are analyzed with the help of a spectrograph.

b) Dephasing in Liquids

A straightforward application of time-resolved coherent Raman spectroscopy on
the picosecond time scale is the investigation of single Raman active vibrational
transitions. Such an experiment was performed for the first time by von der Linde
et al. [6.29] in 1971. The authors observed the coherent anti-Stokes signal for
ethanol (C,H;OH)and carbontetrachloride (CCl,) on the picosecond time scale.
A large number of other molecules and transitions have been studied in the
meantime [6.32—43]. The state of the art of coherent measurements with high
time resolution is demonstrated in two recent publications by Gale et al. [6.42]
and by Zinth et al. [6.44]. In the first experiment, a Nd : glass laser system supplied
light pulses with relatively long duration (¢, = 5ps). The high time resolution
was achieved by a specially designed excitation and probing system that allows
the signal decay to be measured over 9 orders of magnitude. With the nearly
Gaussian-shaped pulses from the Nd:glass laser, the decay of the response
function (see broken curve in Fig. 6.4) accelerates with decreasing signal at later
delay times. As a consequence, the favorably high signal-to-noise ratio of the
experiment allowed the measurement of decay times considerably shorter than
the pulse duration. In Fig. 6.4a the solid curve corresponding to the v, mode of
acetonitrile at v/c = 2943cm™ shows an exponential decay over the entire
observation range. This fact clearly demonstrates that the vibrational transition
is homogeneously broadened with a dephasing time T, = 1.63 + 0.07 ps.
Superior time resolution is achieved with very short light pulses. Zinth et al.
[6.44] introduged an experimental system with femtosecond pulses (z, = 80fs)
from a ring dye laser. A recent result is presented in Figs. 6.4b and 6.5. In
Fig. 6.4b the same acetonitrile mode was studied as in Fig. 6.4a. Using femto-
second pulses the coherent signal is well separated from the autocorrelation trace,
just 100 fs after time zero. Consequently, the decay time is determined with very
high precision to be T, = 1.70 + 0.02 ps. In Fig. 6.5a and b the coherent signal
decays are shown for the v, and v, modes of liquid acetone. In both cases one
finds for delay times larger than 200fs a clear exponential decay. The time
constants are 510 + 30fs (v, mode) and 305 + 10fs (v, mode); i.e. one obtains
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Fig. 6.4a, b. Coherent anti-Stokes signal for the v, mode of acetonitrile plotted as a function of the
time delay of the probing pulses. (a) Laser pulses of 5 ps duration were used. The signal is recorded
over nine orders of magnitude. @: Coherent response of acetonitrile CH;CN. From the exponential
decay a dephasing time T, = 1.65 + 0.07 ps is determined. o: Response function of the experimental
system measured by coherent scattering in C,H;OH. (Redrawn from Gale et al. [6.42]). (b) Laser
pulses of 80 fs duration were used. A ready separation between coherent signal and autocorrelation
trace starts within 100 fs. The dephasing time is determined to be T, = 1.70 4 0.02 ps [6.44b]

dephasing times of T, = 1020 + 60fs and 610 + 20fs. At shorter delay times the
signal deviates from the pure exponential decay. In Fig. 6.5a this effect is mainly
due to the nonresonant susceptibility. There may also be some residual influence
from collisional processes (see below) which are not included in (6.3-5).

The experiments on time-resolved coherent Raman scattering have initiated
a number of theoretical investigations treating dephasing and energy relaxation
of vibrational levels in molecular liquids. Fischer and Laubereau [6.2] have
estimated relaxation times assuming a binary collision between the molecules
with exponential intermolecular interaction potential. Despite its several sim-
plifying assumptions this model is capable of predicting dephasing times in
liquids over a range of parameters such as temperature, concentration, and
viscosity. A number of other theoretical approaches, e.g. molecular dynamics
simulations, correlation function modelling, or hydrodynamic models have been
discussed in the literature [6.45-60]. For a review see Oxtoby [6.3].

In many coherent experiments the initial signal is strongly affected by the
nonresonant susceptibility {32 deviating substantially from the single exponen-
tial decay discussed theoretically (for an example see Fig. 6.5 or 6.6). The influence
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T T T I T  Fig.6.5a, b. Coherent signal from aceton
Acetone measured with femtosecond laser pulses.

v =783 cm’ The v, (a) and v, (b) modes are studied.

Exponential decay with time constants
T,/2 = 510 + 30fs (v,) and 305 + 10fs
(v,) are found at later delay times. The
signal shape in (a) around time zero is
influenced by the nonresonant suscepti-
bility 3. The dashed curve shows the
| response function of the experiment mea-
sured with the help of sum-frequency gen-
[\ eration in a nonlinear KDP crystal. The

T,/2 =510 30 fs

narrow response function clearly demon-
strates the power of the experimental sys-
™ tem to measure very short decay times
[6.44]

V=2925cm’

T,/2:305210 fs
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of the nonresonant susceptibility y3a on time-domain coherent Raman experi-
ments was investigated for the first time by Zinth et al. [6.61] in mixtures, where
molecular modes of highly diluted molecules were studied. Figure 6.6 shows the
data for the v, mode of liquid CCl, (9 vol.%) dissolved in cyclohexane, C¢H | ,,
(experimental system Nd:glass laser with ¢, = 7ps). The peak of the scattered
Stokes signal is close to t, = 0, where the driving force (E; E¥) overlaps with the
probing light pulse. At first the signal decays very rapidly by a factor of 50; it
subsequently decays more slowly with a time constant of 7,/2 = 3.6 ps (broken
line). This time dependence is readily understood by taking into account the non-
resonant susceptibility ¥} of the system [see (6.14)]. The nonresonant suscept-
ibility induces an additional signal close to time zero due to a polarization
proportional to y) E, E E, ,. This part of the signal has the time dependence of
the experimental response function. At later delay times, the slower decay due
to the resonantly excited solute molecules (CCl,) takes over and determines the
decay curve. Under the existing experimental conditions the later decay is close
to an exponential (further details are given together with the discussion of results
on pure CCl, in Sect. 6.2.2). Comparing the experimental signal curves with the
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T T T T Fig. 6.6. Coherent signal from a mixture of CCl, and
= CCl, : CeHyy 4 CgH,,. Here, the effect of the nonresonant suscepti-
bility x4 in a time resolved Raman experiments was
9% vol . . .
demonstrated for the first time. While the exponential
decay at later delay times is due to the resonant co-
herent excitation of the CCl, molecules, the signal
\ peak at time zero originates from the nonresonant
susceptibility x32 of the solvent molecules C¢H,,

\ [6.61]
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theory of (6.3—5) and (6.13,14) allows one to deduce the ratio of the nonresonant
to the resonant susceptibility in the mixture.

The experimental results show that the resonant and the nonresonant part
of the nonlinear susceptibility may be separated in a time-domain experiment.
While at time zero, both the nonresonant and the resonant part contribute to
the signal, the measurement at later delay time gives access to the resonant part
of the susceptibility. This separation allows frequency-domain coherent anti-
Stokes Raman experiments (CARS) without the disturbing influences of ¥$3;
picosecond light pulses and delayed probing with tuning of the frequency differ-
ence w; — w are required (see [6.61-64]).

In the experiment of Fig. 6.6 the strong Raman band of CCl, at ¥ = 459 cm™
was investigated and the influence of the nonresonant susceptibility of the solvent
cyclohexane was evident because of the high dilution of the CCl, molecules,
which reduced the resonant contribution to the signal. There are many experi-
ments, where ¥ contributes to the probe signal even in concentrated samples.
This situation occurs, when (i) weak Raman transitions are investigated, (ii) very
strong nonresonant susceptibilities exist, as e.g. in semiconductors, or (iii) the
excitation process is very transient, i.e. when the duration of the excitation pulses
is much shorter than the dephasing time T,. The latter case was realized under
the experimental conditions of Fig. 6.5a, where the excitation pulses of t, = 70fs
were considerably shorter than the dephasing time T, = 1 ps.
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Fig. 6.7. Time-resolved CARS
signal for LO-phonons in GaP
measured for different polari-
zation conditions showing the
influence of the nonresonant
susceptibility ¥} (around time
zero) and the exponential de-
cay of the resonant signal at
later delay times [6.65]
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An interesting example, where a time-domain experiment allows determina-
tion of the components of the nonresonant susceptibility tensor ¥ in crystalline
gallium phosphate, GaP, is presented in Fig. 6.7 [6.65]. The coherent anti-Stokes
signal was recorded for three different polarization conditions of excitation and
probing fields (curves 1, 2, and 4 in Fig. 6.7). The slow exponential decay at later
times corresponds to the LO-Raman resonance of GaP at 403cm™. Each
configuration of polarization of excitation and probing light fields yields the same
dephasing time for the LO-phonons, but a different ratio between nonresonant
and resonant part of the signal (represented by the values Y; obtained after
extrapolation of the resonant part back to time zero). A complete analysis of
the data of Fig. 6.7 together with measurements at other polarization configura-
tions has provided numbers for the components of the nonlinear susceptibility
tensor ¥3a.

c) Vibrational Transitions in Solids

Time-resolved coherent Raman scattering supplies valuable dynamical informa-
tion on vibrations (phonons) in the solid phase at low temperatures. Here the
relaxation times are often long, e.g. T, ~ 107!°s, and the study of the correspond-
ing line shapes (width 4v/c ~ 0.1 cm™!) via spontaneous Raman scattering be-
comes difficult. On the other hand, time-resolved coherent experiments are
readily made in this time domain. Due to the well-defined dispersion relations
(k) of the phonons in crystalline solids, the time-resolved experiments require
special care to properly adjust the polarization and propagation conditions to
the symmetry of the investigated modes (see e.g. Giordmaine and Kaiser [6.1]
and Velsko et al. [6.66]).
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The relaxation time T, of vibrational modes in crystals has been treated
theoretically in a number of publications [6.9,56,67-79]. It could be shown that
the pure dephasing times increase with decreasing temperature proportional to
(Tp/T)" for T « Ty, where Ty, is the Debye temperature [6.67]. On the other
hand, the energy relaxation time T; approaches a finite value at low temperatures
and therefore determines the total phase relaxation 1/7, = 1/2T,) for T — 0.

The equivalence of the coherent relaxation time t to the energy relaxation
times T, at low temperatures has been shown experimentally for molecular
crystals, e.g. by echo experiments for pentacene in naphthalene and by measuring
time-resolved spontaneous anti-Stokes Raman scattering for non-thermal LO-
phonons in GaAs at 77K [6.9,80,81].

Time-domain coherent Raman investigations exist for a number of crystals.
In an early investigation the TO lattice mode of diamond was found to have a
relaxation time T,/2 of 3.4 ps and 2.9 ps at 77K and 295K, respectively [6.82].
Another example is given in Fig. 6.7, where GaP is investigated. The slow
exponential decay of the coherent signal allows one to deduce the lifetime of the
LO-phonon mode of GaP at 403cm™! A value of T,/2 = 6.7 + 0.3 ps was re-
ported [6.33]. In a recent paper, Bron et al. [6.83] studied the temperature
dependence of T, of the LO-phonons of GaP and ZnSe by time-resolved coherent
Raman scattering. The authors interpret their data as follows: At low tempera-
tures the LO-phonons with wave vector |k| ~ 0 decay into two acoustic phonons
with half the energy and with equal wave vectors g; of opposite sign, g, = —4¢,.
Impurity scattering was not relevant in the presence of nitrogen impurities of the
order of 10'®cm™ in the GaP crystal. For elevated temperatures T > 150K,
higher-order phonon-phonon interactions begin to play a role.

The internal 4, mode of a-quartz at v/c = 465cm™! was investigated over a
wide temperature range by Gale and Laubereau [6.84]. The experiments yielded
a pronounced temperature dependence of the relaxation times, e.g. time con-
stants of T,/2 = 0.8 and 3.4 ps were found at 295 and 23 K, respectively. The
phonon relaxation in a-quartz was discussed in terms of a three-phonon process,
where the population of the excited 465c¢cm™" phonon decays, generating an
acoustic phonon at v, = 51cm™ and an optical phonon at v, = 414cm™ The
temperature dependence of the decay time T, was successfully described by the
relation 2/T, = y[1 + n,(T) + n,(T)], where n, and n, are the thermal occupa-
tion numbers of the created phonons, y is the low-temperature relaxation rate
and T the temperature.

Besides the examples given above numerous publications have focused on
other inorganic crystals. They have treated, for example, the dephasing of one-
phonon states in calcite [6.30,85,86], of polaritons in ammonium chloride [6.87],
or of two-phonon states [6.88-90].

A number of papers have addressed vibrational modes in organic molecular
crystals [6.91-102]. In these materials the transition frequencies are often similar
to those in molecular liquids. When several molecules are in the elementary cell,
a splitting of the transition lines may occur due to the different local symmetry
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Fig. 6.8. Time-resolved CARS
signal decay for the v, mode, 4,
factor group of crystallized ben-
zene of natural isotope composi-
tion at 1.6 K. (@) Measured sig-
nal and best-fit curve. From the
exponential decay a time con-
stant of T,/2 = 40 + 2 ps is de-
duced. (b) Instrumental response
function [6.97]
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of the molecules (factor group splitting). Extensive investigations of the relaxa-
tion processes in crystalline benzene were carried out by Hochstrasser’s group
[6.96-101].

An example is given in Fig. 6.8, curve a, where the coherent anti-Stokes signal
at 1.6 K is plotted as a function of the time delay t, for the A4,, factor group of
the v; mode (v/c = 991 cm™?) of benzene with natural carbon isotopic composi-
tion (curve b gives the instrumental response) [6.97]. The signal decays exponen-
tially with a time constant of t = T,/2 = 40 + 2 ps at later delay times. Extra-
polating the exponential slope back to time zero one finds a slight contribution
from the nonresonant susceptibility y&a. A number of additional experiments
were carried out with benzene at low temperatures in order to deduce the relevant
relaxation mechanism. Measurements of different factor groups indicated faster
decay times of = 35.6 ps for the B,, component [6.99]. Mixed crystals contain-
ing C¢Dg molecules gave increased decay rates [6.97]. Important for the under-
standing of the relaxation mechanism is the finding that the decay rates depend
on the isotopic composition of carbon in the benzene molecule. It should be
noted that natural benzene contains 1.1% of !3C carbon. Experiments have been
performed with neat '2C4H, benzene crystals giving considerably longer decay
times of T,/2 = 61.7 ps (4,,) and T,/2 = 56 ps (B,,). Strong isotope effects have
also been found for a number of other vibrational modes of benzene crystals
[6.99].

The low-temperature relaxation rates of the isotopically pure benzene crys-
tals show mode specific energy relaxation. The !3C “impurities” in the molecules
cause increased relaxation rates due to impurity phonon scattering or near
resonant (4E ~ 9cm™) energy trapping. The experiments with benzene crys-
tals demonstrate that the relaxation rates measured via time-resolved coherent
Raman scattering give a lower value for the energy relaxation time 7 in the
isotopically mixed samples, while they give T; in the pure crystals. These observa-
tions provide convincing evidence that the isotopic composition of the molecules
has to be taken into account when interpreting the phonon relaxation.
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Histidine -HCl-H,0 50 c it Fig. 6.9a—f. Time-resolved coher-
(a) 10K L (d) 1.2ns ent Raman data for 1-(¢)-histidine.
HCI-H,O crystals at 10K (semi-
B log plots). (a) Positions of the low-
‘5005 frequency modes. (b)--(f) Time-
l I ,” n |@{l i resolved data for the five low-
frequency modes shown in (a).
Exponential decays are found for
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_ | (b)and 75 cm™! (c) suggest inhomo-
geneous line-broadening [6.102]
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Of special interest are time-resolved coherent Raman investigations in large
Inolecules which are of biological relevance. Extensive investigations of low-
frequency vibrational modes (librons) in crystals of aminoacids and peptides were
teported by Dlott [6.79]. An example is presented in Fig. 6.9, where crystals of
I-histidine hydrochloride monohydrate were investigated at 10K [6.102]. The
frequency positions, the intensities, and the observed lifetimes are summarized
Schematically in Fig. 6.9a. A common feature of the relaxation properties of the
Vibrations in the aminoacid crystals is the following: Modes with frequencies
higher than 150 cm ! show lifetimes t = T} shorter than 10 ps. For the symmetric
Imodes the lifetimes increase with decreasing frequency w,. The relaxation data
for the totally symmetric 99, 65, and 50cm™! lattice modes are depicted in Fig.
6.9d-f, where the lifetimes extend up to t = 1.2 ns. From the frequency depen-
dence of T, the authors concluded that the decay times are determined by
Spontaneous decay of librons into two counterpropagating acoustic phonons or
Iinto one libron and one acoustic phonon. The non-totally symmetric local modes
at 55 and 75cm ™! show non-exponential (Gaussian) decay (see Fig. 6.9b,c). The
linhomogeneous broadening of these local modes is believed to be due to dipolar
linteractions or small variations in the crystal packing.

A short summary should be given here concerning the coherent relaxation
ltimes and the relaxation mechanisms found in molecular crystals:

1) Homogeneously broadened lines are frequently found. The inhomogeneity
which one would expect due to the site-specific frequency shifts appears in most
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systems as factor group splitting. It is commonly accepted that imperfections o
the crystals are less effective due to the delocalisation of the phonons (motiona
narrowing); but they may strongly affect the relaxation processes.

i1) The frequency widths or time constants at elevated temperatures ar¢
determined by energy relaxation, dephasing or intraband relaxation, and im-
purity scattering. In a number of cases the temperature dependence of the time
constant allows one to determine the relaxation mechanism.

iii) At very low temperatures the relaxation rates become constant. They ar¢
determined by energy relaxation and impurity scattering. The decay times mea
sured in coherent experiments give directly the energy relaxation time T;. Care¢
has to be taken when impurities influence the coherent decay times; in this cas¢
only a lower limit for T; may be estimated.

d) The Collision Time

We return now to molecular modes in liquids. The theoretical model of Sectior.
6.1 treated the relaxation processes in terms of two time constants, T; and T,
At very early times, tp « T,, however, the time-dependent interaction during
the collisions of the molecules becomes important. As a consequence, the correla:
tion function {{g(0)q(t))> is no longer a single exponential, but has the form
[6.3,4,50,1037:

KqO)q1) ocexp{—%-%[exp(—}) - 1}} 6.15
2 2 c

Equation (6.15) was derived by Kubo for an exponential decay of the fre:
quency correlation function, {dw(t)éw(0)) = exp(—t/t.). The collision time T,
is the time for which a certain frequency shift dw(t) = w(t) — w, is maintained.

At later times (6.15) gives the exponential decay of the coherent amplitude
with exp(—t/T,), while at short times, t — 0, (6.15) implies a Gaussian time
dependence exp[ —t%/(T,t.)]. For short collision times t, « T, the collisior
process leads to small corrections of the coherent signal. Nevertheless, time:
resolved coherent scattering may be used to determine the collision time T,
or can enable one to estimate an upper limit for t.. For an example we refer tc
Figs. 6.4b and 6.5. The decay of the coherent signal was found to be exponentia:
for times larger than 0.3 ps. Taking into account the accuracy of the experimenta:
data and the nonresonant susceptibility 2, one may estimate an upper limit
for the collision time of both acetone modes and for the acetonitrile mode of
7. < 0.3ps.

For sufficiently long collision times t, = 0.5 ps, picosecond light pulses from
a Nd:glass laser may be used for the direct determination of z,. Telle and
Laubereau have performed coherent experiments with a carefully controlled time
resolution of the experiment [6.104]. They simultaneously measured the temporal
response of their system (by coherent scattering of a purely nonresonant suscept-
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ibility) and the coherent signal of the investigated transition (liquid CH,BrCl).
From the experimental curves and numerical calculations based on the (mea-
sured) temporal system response the authors estimated a collision time of

t, = 0.4<+g"1‘> ps, ie.03-—08ps .

In a recent paper Chesnoy investigated the kinetics of vibrational dephasing of
nitrogen under supercritical conditions [6.41]. He demonstrated that, after some
initial delay, the coherent signal decays exponentially with time. Comparing the
time-resolved coherent Raman data with spontaneous Raman spectra enabled
a collision time of 7, ~ 10ps to be deduced; this is of the same order as the
measured dephasing time of T, ~ 20 ps. The long collision time 7, indicates the
importance of density fluctuations as a source of frequency modulation close to
the critical point.

6.2.2 Time-Resolved Coherent Raman Scattering of a Distribution
of Resonance Frequencies

a) Time-Domain Experiments

In the previous sections we discussed time-resolved coherent investigations,
where dynamic processes such as dephasing and energy relaxation were of major
relevance. Here we address new spectroscopic studies which allow accurate
measurement of frequency differences between vibrational modes and the resolu-
tion of transitions within congested spectral regions.

The following time-resolved coherent experiments are described by (6.1-13)
discussed above. For each vibrational mode one introduces individual coherent
amplitudes Q;and vibrational resonance frequencies w;. The coherently scattered
field is a sum of field components scattered from the individual molecular modes
Q,[6.7,37,105].

E,\(ttp) = Z E,j(t, tp) oc Z Qi()E 5 (t — tp)exp(—iw;t) . (6.16)

The observed coherent signal has the form S(tp) oc [dt|Es(t, tp)|%. It can be
shown that in the limit of short excitation and probing pulses the signal S(t,) at
tp > 0 is proportional to the absolute square of the Fourier transform of the
spontaneous Raman spectrum R(w), i.e. S(tp) oc | [ dw exp(iwtp)R(w)|? [6.3,105].
In the time domain — according to (6.16) — simultaneously excited modes lead to
a beating of the coherent signal at the frequency differences dw;; between the
various transition frequencies w; and w;, with éw;; = w; — w;. These “quantum”
beats of the coherent signal were found for the first time by Laubereau et al. [6.36]
in a number of tetrahalides. Later, similar beating phenomena were reported in
several publications [6.37,44,94,98,102,106—108].
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Fig. 6.10a, b. Coherent Stokes signal from the v, mode of liquid CCl,. The isotope composition of
CCl, leads to a splitting of the v, band in the spontaneous Raman spectrum — see insert in (a). The
different resonance frequencies lead to the beating phenomenon which is clearly resolved in (b) where
exciting and probing pulses of 3 ps duration were used. For longer (¢, = 8 ps) pulses the beating
structure is smeared out. Nevertheless, the dephasing time T, is readily determined in both experi-
ments [6.57]

Figure 6.10 presents the results of a study of the v, mode of liquid carbon-
tetrachloride (v/c ~ 459 cm™) where the influence of the pulse duration on the
observed beating was investigated [6.37]. Due to the natural isotopic composi-
tion of the CCl, molecules (the two chlorine isotopes *’Cl and 33Cl have
abundances of 249, and 76%, respectively), the transition is split in five equidis-
tant components (distance 4v/c = 3cm™). Four of the more abundant com-
ponents are readily resolved in the spontaneous Raman spectrum as shown in
the insert of Fig. 6.10a. In the time-resolved coherent experiment one expects a
beating phenomenon with maxima separated by 4t = 1/4v ~ 11 ps. This beating
is indeed observed in Fig. 6.10b, where short excitation and probing pulses with
t, = 3 ps were used. In addition, one obtains information on the dephasing time
T,. The solid curve was calculated using the measured pulse parameters (¢, =
3 ps, Gaussian shape), a difference of the neighboring frequency components of
3.0cm™}, a dephasing time T, = 6 ps (assumed to be the same for all components)
and the nonresonant susceptibility ¥$2. Figure 6.10a shows the signal curve for
longer excitation and probing pulses (¢, ~ 8 ps). Here the beating phenomenon
is smeared out and the decay, with the time constant T, = 6 ps, appears quite
clearly. The longer pulses influence the signal curve in two ways: (i) During the
longer excitation process the most intense transition of the Raman spectrum is
preferentially excited, and (ii) the long duration of the probing pulse gives a
levelling of the modulation. The two experiments of Fig. 6.10 show convincingly
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T T T Fig. 6.11. Time-resolved coherent
—| Raman data for a special phase-
matching condition, where the 4,
and the B,, factor group compo-
nents of the 991cm™" vibron of
a crystallized benzene are probed
simultaneously. The modulation

r of the signal is due to the fre-
e | quency shift of 0.64cm™! between
the two interfering lines. Also
shown is the experimental response
function [6.98]
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Fig. 6.12. Terahertz beats observed in time-
resolved coherent Raman scattering from
liquid toluene using femtosecond light
pulses. The interference of the three simul-
taneously excited toluene modes at 788,
1001, and 1028 cm™ generates a rich struc-
ture with beat frequencies up to 7.2 THz
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that time-resolved coherent experiments are well suited to investigate frequency
differences and decay times in spectral regions consisting of discrete frequency
components.

Beating between transitions of different factor groups was studied by Velsko
et al. [6.98] in crystallized benzene at low temperature (1.6 K). Some results are
shown in Fig. 6.11. The geometry of the excitation and probing light field was
selected in such a way that coherent signals were obtained from the A, and B,,
states in the factor groups of the 991 cm™ transition of benzene. From the beating
of the signal (i.e. the time between the peaks) and from its magnitude the authors
determined the frequency difference to be 4v = 19 GHz, the relative amplitudes
to be 20: 1, and the decay times of the two modes to be 40 and 34 ps, respectively.

While the experiment on crystallized benzene gave beating frequencies in the
20 GHz range, the advent of femtosecond light pulses allows one to measure
beating frequencies far into the terahertz regime. Beat frequencies of more than
10 THz have been reported [6.44]. Figure 6.12 shows very recent data from a
coherent Raman experiment on liquid toluene [6.106]. In the wide frequency
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range of 700-1100cm™! three vibrational modes are excited simultaneously by
the (broadband) femtosecond light pulses. The scattered coherent anti-Stokes
signal exhibits an amazing beating structure with beat frequencies of up to
7.2 THz. The frequency components of the signal curve are evaluated by Fourier
transformation or other more specialized numerical methods in order to obtain
the spectral information. This procedure called “Fourier transform Raman spec-
troscopy” was first demonstrated by Graener and Laubereau [6.107]. The au-
thors studied coherent beating in gaseous methane-argon mixtures on a much
longer time scale of many picoseconds to nanoseconds.

It should be noted here that the case of continuously distributed resonance
frequencies (e.g. an inhomogeneously broadened transition) leads to a more
difficult situation. There is no recurrence of the signal but only destructive
interference with a rapid signal decay. An early attempt to measure T, in
inhomogeneously broadened frequency distributions by using a “selectivity in
k-space” had to be reconsidered [6.36,109—114]. Zinth et al. showed experimen-
tally that with the existing dispersion of the samples, a selectivity for a molecular
subgroup is not possible [6.37]. In addition, general theoretical arguments prove
that the information from a single-pulse coherent experiment and from a spon-
taneous Raman spectrum is equivalent [6.103,115,116]; i.e. T, cannot be ob-
tained in a coherent Raman experiment, where the spontaneous Raman line is
strongly inhomogeneously broadened.

Under certain conditions, however, time-resolved coherent Raman tech-
niques may give information on the line-broadening mechanism. Two processes
cause similar non-Lorentzian spontaneous Raman bands: (i) Long collision times
1. ~ T, and (ii) inhomogeneous broadening (cross-relaxation times much longer
than T,).

Gale et al. [6.42] pointed out that coherent experiments give new information
on the broadening mechanism: (i) If 7. is relatively long, 7, ~ T, the coherent
signal decays non-exponentially around time zero but turns to an exponential
decay at later times. (i) For a small inhomogeneous contribution an initial
exponential decay with time constant T, /2 (close to time zero) is followed by an
increasingly rapid decay at later times [6.105]. If the inhomogeneous width adds
10%; to the homogeneous linewidth, the slope of the signal decay (on a semilog
plot) gives T,/2 around time zero. This slope increases with time. For example,
four orders of magnitude below the signal peak, the slope is larger than at time
zero by more than 50%. While the influence of weak inhomogeneous broadening
[case (i1)] and of long collision times t,, [case (i)] yield very similar spontaneous
Raman spectra, the time-resolved coherent data are different and may be used
to decide which line-broadening mechanism exists.

b) Transient Frequency-Domain Experiments

In the previous section we discussed investigations where the spectral informa-
tion on the molecular system was deduced from time-resolved coherent data
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followed by a numerical analysis. Now we present a technique which avoids the
Fourier transformation by directly measuring the spectrum of the coherent signal
generated by properly shaped probing pulses [6.64,117-1217.

The basic idea of the technique is readily seen by considering the spectrum
of the scattered coherent anti-Stokes signal of a single vibrational transition

2

1) o | [ dtexplionE, (o (6.17)
t 2
I, (w) oc fdtexp(iwt)Eu(t)exp<——T—> (6.17b)
2
) e\ ot )P
I, () oc fdtexp(mt)exp[-(a) _TI‘;:| (6.17¢)
t' 2712
I (w) o Jdt’exp(iwt’)exp[—(;—) ] (6.17d)
0

In these equations it is assumed that the excitation and the initial effects of
the collision process are terminated. Equation (6.17a) represents the Fourier
transform of the anti-Stokes signal. The freely relaxing coherent amplitude
Q = Qqexp(—1t/T,) is monitored by a Gaussian shaped laser field E,,(t) oc
exp(—t2/t2) [see (6.17b,c)]. By introducing a new time t’, one eliminates the
dephasing time. According to (6.17d), the anti-Stokes spectrum has the same
frequency shape, i.e. the same frequency bandwidth, as the probing laser pulse
E_,. With the phase factors included in (6.17) one finds the anti-Stokes band
centered at the anti-Stokes frequency w,g = w;, + ®,. When sufficiently long
(t, > 1.5 T;) probing pulses of Gaussian shape are used, the spectral width 4v of
the time-resolved coherent anti-Stokes band, 4v = 0.44/t,, is narrower than the
spontaneous Raman line 4v = 1/ T,. In practical applications it is advantageous
to use a short exciting force and a prolonged Gaussian shaped interrogation
pulse. As an acronym the spectroscopic technique is known as SEPI spectros-
copy. A more detailed description of the theory is given in the literature by Zinth
et al. [6.119] and Collins et al. [6.122].

An experimental example of the line-narrowing SEPI spectroscopy is given
in Fig. 6.13. The v, mode of liquid CCl, was investigated using a Nd: glass laser
system supplying 20 ps probing pulses of Gaussian shape. In Fig. 6.13a the
spontaneous Raman spectrum of the v, mode is shown as measured with a
high-resolution Raman spectrometer; the isotopic structure has been discussed
above. The SEPI spectrum (Fig. 6.13b) was taken by using a high-resolution
spectrograph in conjunction with an optical spectrum analyser. The entire coher-
ently scattered spectrum is recorded immediately for each probe pulse. When the
excitation force (i.e. E_E¥) is centered at 460cm™ (see Fig. 6.13b), the two
high-frequency components of the isotopically split Raman band appear very
narrow and thus well resolved. The SEPI spectrum clearly separates the two
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Fig. 6.13a, b. Line-narrowing coherent Raman spectroscopy using short excitation and prolonged
coherent interrogation (SEPI) of the v, mode of liquid CCl,. Broad overlapping lines of the spontane-
ous Raman spectrum (a) are considerably narrowed by the coherent SEPI technique (b) [6.105]

Fig. 6.14a—c. Raman spectra of pyridine: methanol mixtures. (a) Polarized spontaneous Raman
spectrum measured at a pyridine concentration of 0.33 molar fraction taken with a standard Raman
spectrometer of spectral resolution of 0.5cm ™. (b) and (c) Short excitation and prolonged interroga-
tion (SEPI) spectra obtained for a set of excitation frequencies, v, — v,, at two pyridine concentrations,
Apy = 0.33 molar fraction (b) and x,, = 0.66 molar fraction (c). The spectra taken at excitation
frequencies v, — v, < 994cm™" are drawn with reduced amplitudes. The SEPI spectra resolve three
Raman lines of different hydrogen-bonded aggregates hidden under the broad band of the spon-
taneous Raman spectrum (see dash-dotted lines) [6.120]

bands and allows a very accurate determination of the frequency difference of
Sv/c = 3.0+ 0.08cm™.

An interesting application of the line-narrowing SEPI spectroscopy is pre-
sented in Fig. 6.14 [6.120]. The molecular system pyridine: methanol was inves-
tigated, which exhibits a broad featureless spontaneous Raman band around
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1000 cm ™! (see Fig. 6.14a). The position and amplitude of this band changes with
varying methanol concentration. With the help of a picosecond dye laser system,
the frequency of the excitation force was tuned over the frequency range of
interest. SEPI spectra taken at fourteen excitation frequencies are shown in Fig.
6.14b, c for two different methanol concentrations. In both cases the band at
1000 cm™ can be resolved in three components at 997.3, 1000.0, and 1001 cm ™.
The positions of the three bands remain constant while the amplitudes depend
on the methanol concentration. From these data new information on hydrogen-
bonded complexes between pyridine and methanol were obtained: there exist at
least three distinct molecular complexes of pyridine and methanol with frequency
positions remaining constant with methanol concentrations. The apparent fre-
quency shift of the Raman band observed in spontaneous spectroscopy results
from the changing abundance of the complexes as a function of the methanol
concentration.

The following points concerning the line-narrowing transient Raman spec-
troscopy are of interest:

i) The SEPI method investigates the freely relaxing molecules.

ii) Influences of ¥ are eliminated as the probing process is performed at late
delay times.

iii) We emphasize that the amplitudes of the SEPI bands depend on the Raman
cross sections and also on the dephasing times 7, of the individual modes.
This fact provides increased spectral resolution in congested spectral regions
when fast decaying bands disappear at late delay times.

iv) The SEPI experiments may be performed with coherent anti-Stokes or
Stokes scattering. The two spectra give the same information.

6.2.3 Resonant Pulse Propagation in the Infrared

In the previous sections the discussion concentrated on Raman-type interactions.
The absence of a dipole moment required a pair of light pulses for the excitation
of the molecules and a separate probing pulse to study the time evolution of the
material excitation. In this section we focus on infrared-active transitions where
the material is excited by resonant ir light and where the oscillating molecules
emit radiation. We discuss the case of a single small area excitation pulse
propagating resonantly through the absorbing medium [6.7,123-125].

It has been shown in [6.7] that small area pulse propagation may be treated
by a single equation containing the dephasing time T, and a modified Bessel
function. The discussion may be further simplified for the case of optically thin
samples, i.e. where the absorbance a = al = (absorption coefficient x sample
length) is small, a « 1. The transmitted electric field may then be written as
follows [6.125]:

E,(t) = Eo(t) — % j dt’Eo(t’)cxp|:<t' - t><Tl2 - iA)] ‘ (6.18)
2 hade o}
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As previously, 4 stands for the difference between resonance and driving
frequency. According to (6.18) the transmitted electric field consists of the incom-
ing light field minus a second term which decays with the dephasing time 7.
Thus the dephasing time T, can be directly measured from the slope of the trailing
part of the transmitted, i.e. coherently emitted, light field. In the general case of
al = 1 the trailing part of the signal decays more rapidly. For values al =1 a
simple correction formula may be used in order to deduce T, from the measured
decay [6.126].

An elegant experimental system to measure the small area pulse propagation
in the infrared was developed by Hartmann and Laubereau [6.124]. The main
difficulty which had to be overcome was the slow time resolution of the photo-
detectors. Existing infrared detectors are not able to measure the transmitted
pulse with picosecond time resolution. The detection of the pulse intensity as a
function of time is accomplished by gated ultrafast infrared up-conversion. This
technique provides the convolution of the instantaneous infrared intensity with
a short probing pulse. Tuning the time delay between the exciting infrared pulse
and the probing gate pulse allowed the evolution of the coherently radiated
infrared signal to be followed.

In a recent experiment, the coherent interaction of an infrared pulse with
rotational transitions of HCl: Ar gas mixtures at medium pressure was studied
[6.127]. HCI] was used with natural isotope abundance of the 3*Cl and *"Cl
isotopes. Transitions of the R(J) branch of HCI around 3000cm™! were inves-
tigated for different values of the rotational quantum number J of the J — J + 1
rotation-vibrational transition. An example is presented in Fig. 6.15. The infrared

i I I ! I
1H -
HC! Ar,R(2)
Piot =3 bar |
PHCI =26 mbar
- at =12
£ P T, =48ps
ol 1
e r
o
w —
c
o Fig. 6.15. Resonant propagation of an infrared
w N .
s pulse through a HCl: Ar mixture. The conversion
z 0= signal representing the transmitted and reemitted
3 infrared intensity is plotted versus delay time ¢p.
Note the beating in the reemitted part at tp > 10 ps
which is due to the interference from the emission
I~ from the R(2) transition of HCI containing the two
chlorine isotopes **Cl and 37Cl. From the decay
of the signal a dephasing time T, = 48 + 5ps was
561 determined [6.127
0 %0 80 6.127]
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264 W. Zinth and W. Kaiser

pulse is tuned to the R(2) transition of H33Cl The related R(2) transition of
H3"Cl is shifted by ~2cm™ to smaller frequencies but also interacts with the
incident pulse. [For the numerical analysis of the experimental data the second
transition has to be incorporated in (6.18)]. The time integrated conversion signal
C(tp) is plotted in Fig. 6.15 on a logarithmic scale as a function of the delay time
of the probing pulse. Around ¢, = 0 the conversion signal of the emitted pulse
(open circles, solid line) follows the input pulse (full circles, broken line). For
longer delay times, tp > 10 ps, the emitted pulse decays more slowly. A beating
phenomenon (beat time 15.3 ps) is found which is superimposed on an approxi-
mately exponential decay (t = 19.5 ps). The analysis of the data — taking into
account the optical thickness of the sample, al = 1.2 — yielded a frequency
distance between the isotope components of 2.18 cm™ and the dephasing time
of T, = 48 + 5ps. Measurements at different partial pressures of HCI and Ar
gave the following results: HCI-HCI collisions are much more efficient for
the dephasing process than HCI-Ar collisions; the relaxational data for the
rotational-vibrational transitions of HCl agree well with the relaxation data for
pure rotational transitions, suggesting that vibrational relaxation contributes
little to the observed dephasing process. The authors proposed that total dephas-
ing is due to pure rotational dephasing (quasi-elastic collisions) and the popula-
tion decay of the rotational levels (inelastic collisions).

6.3 Coherent Spectroscopy Using Multiple Excitation Processes

In the preceding sections we have discussed various applications of coherent
spectroscopy using a single excitation process. One major result was the deter-
mination of the dephasing time T, in a variety of systems. On the other hand,
these techniques do not allow measurement of the dephasing time 7, for wide
inhomogeneously broadened lines and give no information on the energy relaxa-
tion time T, (except in solids at low temperature).

In the theoretical part (Sect. 6.1.3) it was shown that multiple excitation expe-
riments provide additional information. These experiments, frequently called
echo experiments, have their analogues in magnetic resonance. They have been
demonstrated for optical transitions, initially on a nanosecond or even longer
time scale [6.11-13]. More recently, picosecond and femtosecond measurements
have been reported. Successful echo experiments require a pulse area 4 of
approximately one. For small pulse areas, the echo signal is drastically reduced,
since the signal intensity is proportional to 4°. For this reason ultrafast echo
experiments are only possible when the relaxation times T; and T, are sufficiently
long and when the transition dipole moment y is large. Since 1975 ultrafast echo
experiments have been performed on electronic transitions in dye solutions
[6.128-130], in low-temperature solids (e.g. excitons in semiconductors [6.131,
132] and molecular crystals [6.9,133-139] on a picosecond time scale or, more
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recently, in dye solutions with femtosecond pulses [6.140—142]. A number of
theoretical papers treat the different echo techniques [6.143-147].

In the literature different — and in some cases misleading — names have
appeared for the same coherent experiment. We briefly discuss (i) the echo
experiments and (ii) the induced grating experiments, two aspects of the same
coherent investigation.

i) In a coherent experiment with multiple excitation pulses, the system is
excited (at time zero) by a first pulse (wave vector k,). After an evolution time ¢,
a second excitation pulse (wave vector k,) passes through the sample and inter-
acts with the excited molecules. Rephasing of the excited molecule leads (in the
case of inhomogeneous broadening) to the formation of a delayed radiation —
the echo. The echo is emitted at a time ¢ = ¢, after the second pulse under the
well-defined phase-matching condition with wave vector k, = 2k, — k,.

ii) In the excitation process, the polarization produced by a first excitation
pulse and part of the second pulse, form an excitation grating in the sample (the
induced grating) with the wave vector k, = k, — k,. The trailing part of the
second pulse or a third pulse (see Sect. 6.3.2) interacts with the grating, generating
radiation at the wave vector k; = k, + k, = 2k, — k,. This radiation — which
forms the echo - is emitted with a time delay of ¢t = ¢, in the case of inhomo-
geneously broadened transitions.

6.3.1 Ultrafast Two-Pulse Echo Spectroscopy

In the theoretical part [Eq. (6.7) in Sect. 6.1.2] a formal solution for the evolution
of a two-level system was derived for the limiting case of light pulses with
duration ¢, much shorter than the system’s time constants T, and 7. In the case
of a two-pulse echo, two pulses of area 4, and A4, are applied to the sample with
a time separation of ¢,. The resulting echo polarization is given by (6.9). The
signal amplitude is proportional to sin 4, sin? (4,/2) and decays with the dephas-
ing time T,. The emission direction is determined by the wave vector k., = 2k, —
k,. An important point emerges from the underlined part of (6.9): in the case of
a wide inhomogeneously broadened transition the signal is emitted close to time
t = t,, ie. the emission occurs delayed as a photon echo.

In a standard two-pulse echo experiment the echo energy, i.e. the time integral
of the absolute square of the echo amplitude, is measured as a function of the
separation ¢, between the two excitation pulses. In the case of a broad inhomo-
geneous line the signal is emitted only close to ¢t = ¢, and its intensity decays with
exp(—4t,/T,). For homogeneously broadened transitions the signal is emitted
starting at ¢ = 0. The decay (as a function of ¢,) follows exp(—2¢,/T,). (For
intermediate line broadening see [6.14]). In order to obtain the dephasing time
independently of the nature of the line broadening, only the polarisation at the
time t, = t, should be measured (this may be done by optical gating techniques).
Under these conditions the signal depends on ¢, as exp(—4t,/T,) and is indepen-
dent of the line shape.
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The preceding discussion shows that the two-pulse echo technique allows
determination of the dephasing time T, even for inhomogeneously broadened
transitions, where experiments with single excitation pulses fail.

A number of two-pulse echo experiments have been performed on exciton
bands of molecular crystals at low temperature. For instance, the relaxation of
the 0-0 transition of pentacene in naphthalene (and in p-terphenyl) was studied
as a function of temperature by Hesselink and Wiersma [6.9,133]. Here the energy
relaxation times T; are much longer (~20ns) than the dephasing times T, and
the pure dephasing times T;* could be readily determined from the relation
/T, = 1/T3* + 1/2T,) >~ 1/T5*. The temperature dependence of T;* was fitted
with a relaxation theory involving low-energy (v/c ~ 16cm™!) pseudo-local
phonons coupled to the pentacene transition. The experiment clearly demon-
strated the importance of this relaxation channel for the dephasing of the exci-
tonic transitions.

Recently, the two-pulse echo technique has been applied to two-dimensional
excitons in GaAs-AlGaAs quantum wells by Schultheis et al. [6.132]. The authors
used a synchronously pumped dye laser emitting pulses (with 12.6 ps autocor-
relation width) tunable in the range of the exciton absorption band between
2 = 820nm and 1 = 750 nm. A pair of pulses at the temporal separation ¢, with
wave vectors k, and k, was focussed into a sample consisting of 78 alternating
layers of GaAs and AlGaAs (thickness 102 A and 200 A, respectively), grown
by molecular beam epitaxy. The sample was kept at 2K. The transmission
spectrum of the inhomogeneously broadened exciton band is shown in the insert
of Fig. 6.16 (broken curve). The echo signal was detected in the phasematching
direction 2k, — k, with the help of a lock-in system. A series of data is shown
in Fig. 6.16. The echo signals are plotted as a function of delay time ¢, for three
different energies of the excitation photons. Curve a investigates the exciton
at the low-energy side of the absorption band, curve b was measured at some-
what higher energies, and curve ¢ was taken close to the peak of the exciton
absorption.

The relaxation times of the sample do not fulfill the limit of T, « ¢, as assumed
in the theoretical discussion of (6.19). A more detailed analysis was required in
order to derive the relaxation time T, from the experimental curve. Together
with T,-data from hole-burning experiments, the analysis yielded interesting
numbers. Close to the peak of the exciton band (curve ¢) the relaxation times are
fast; T, ~ 4 psand T, = 8 ps. Consequently, the diffracted signal intensity is small
and the signal decay is very rapid. At the low-energy side of the exciton band the
energy relaxation time T, is much longer (100 ps), while the dephasing increases
to 22 ps. There is no change of the time constants T; and T, at the frequency
positions a and b in the low-energy tail of the exciton band. The results are
interpreted as follows: Near the peak of the exciton band, there are several
contributions to the coherent decay: scattering with acoustic phonons, impurities
and well thicknesses (spectral diffusion). Below the absorption peak, excitation
is more localized and spectral diffusion contributes less to the dephasing pro-
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Fig. 6.16. Two-pulse photon echo experi-
ments from two-dimensional excitons in
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cess. Very recent investigations of high-quality single quantum wells show
a homogeneously broadened exciton band. Under these conditions acoustic
phonon scattering is found to be the dominant broadening mechanism of the 2D
excitons [6.148].

6.3.2 Three-Pulse Echos

Experiments with three incident pulses constitute an important extension of the
preceding coherent techniques. A schematic of this method was shown in Fig.
6.1c. Adding a third excitation pulse — which enters the sample at a time ¢, after
the second pulse — gives new possibilities for studying molecular systems. For a
two-level system, the three-pulse technique allows one to determine 7, in a
coherent experiment by varying the delay time t,. When other molecular levels
are involved in the relaxation process, a third pulse at a wavelength differing
from that of the first two excitation pulses gives information on the path of the
energy decay.

The three-pulse echo is calculated for a two-level system by solving (6.7) for
the appropriate pulse sequence. The solution for the polarization P(t) contains
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a number of different terms, which describe (i) the single-pulse excitation due to
pulses a, b, and ¢, radiating in the directions k,, k,, and k_, respectively, (ii)
two-pulse echos originating from pairs of excitation pulses radiating in the
direction 2k; — k; for the various pulses i, j = a, b, ¢, (iii) higher-order terms of
the order 4%, and finally (iv) the three-pulse echo:

Papg(t) oc fdo flw)exp[ —ia(t — t,) — (t, + 1)/ T,]1G(Ty, t,) (6.19)
x sinAd,sinA,sinA exp[ —i(k, + k. — k,)r] ,

where G(T,,t,) depends on the level scheme involved. For a closed system
consisting of only two states |a) and |b)>, G(T,,t,) has the form G°(T},t,) =
exp(—t,/T,). For an open system, where the upper level decays to a long-lived
(T » t,,t,,t)state, which is not probed, G(T, t,)is G(Ty, t,) = 1 + exp(—t,/T}).
Equation (6.19) suggests a variety of possibilities for applying the three-pulse
echo technique.

1) Variation of the excitation time ¢, allows the determination of the dephas-
ing time T, in the case of inhomogeneously and homogeneously broadened
transitions (in the same way as in the two-pulse echo experiment).

2) Variation of the time ¢, gives access to the population decay of the upper
state. The experimentally observed kinetics depend on the details of the mole-
cular system. If a closed two-level system is investigated, the coherent signal
intensity decays with exp(—2t,/T;). A more complex time dependence is ob-
served for an open system where the decay of the signal is proportional to
[1 + exp(—t,/T;)]? i.e. one observes a biexponential decay with decay times
T,/2 and T,, and the signal shows a constant background. The repopulation of
the lower level |b) may also be deduced from the later kinetics.

3) The constant background, which is found due to the long-lived inter-
mediate state in open systems allows accumulation of the echo by a sequence
of excitation pulse pairs with a repetition rate faster than the spectral cross-
correlation time or the repopulation of the ground state. The accumulation of
the grating may become so efficient that even weak cw mode-locked lasers can
be used to induce a grating and to stimulate an echo.

4) Other aspects of the three-pulse echo technique may be inferred from the
grating picture of the three-pulse echo experiment. The first two exciting pulses
induce a population grating for the two levels coupled by the two pulses. The
populations of the ground and excited state are changed. Energy transfer of either
of the two grating states can be monitored. Using the third pulse at a new
wavelength, it becomes possible to selectively monitor the relaxation processes.
An example of such a two-color echo will be given below.

The laser systems for three-pulse or induced-grating experiments are cw
mode-locked dye lasers with a repetition rate of ~100 MHz and a mean power
of 30mW. In some cases, amplified pulses from cw mode-locked dye lasers at
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repetition rates of 10--100 Hz were applied. For high repetition rate lasers it is
advantageous to use perpendicular polarizations for the excitation and probing
process in order to remove artifacts due to temperature changes.

a) Measurements of Energy Relaxation Times

A number of interesting grating experiments were performed by Ippen’s group
using femtosecond light pulses [6.140-142]. In Fig. 6.17 the three-pulse echo
experiment was done with amplified 75 ps pulses (A = 620 nm) from a colliding
pulse mode-locked ring dye laser (repetition rate of the amplified pulses 10 Hz)
[6.147]. The first two excitation pulses with wave vectors k, and k, entered the
sample simultaneously, i.e. t, = 0. The scattered energy induced by a third pulse
is plotted in Fig. 6.17 as a function of the delay time t,. Two different samples,
the dyes cresyl violet and oxazine 720, were investigated and the results are shown
in Fig. 6.17a and b, respectively. Both dyes were embedded in a thin film of a
polymethylmethacrylate (PMMA) polymer and held at 15 K. The excitation laser
pulses populate vibronic levels in S, the first excited electronic state of the dyes.
The first decay of the signal occurs on a time scale of several 100fs. It results
from an energy redistribution within the electronic state of the dye molecules.
Similar rapid relaxation processes were found for dye molecules in solutions at
room temperature [6.149]. At later times ¢t,, longer than 2 ps, a constant level of
the signal is approached which decays within nanoseconds with the S, lifetime.
The different amplitudes of the slower component found for the two dyes suggest
complicated relaxation processes. They cannot be explained by simple closed or
open two-level systems.
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Fig. 6.17. Three-pulse scattering experiment from the organic dye molecules cresyl violet (a) and
oxazine 720 (b) at 15 K using femtosecond light pulses at 620 nm. The scattered energy is plotted as
a function of time ¢, for zero relative delay t,. The signal decay with a time constant of several
hundred femtoseconds corresponds to the energy redistribution within the first excited electronic
states of the dye molecules [6.142]
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b) Measurements of Dephasing Times

Ippen et al. have extended their experiments to measure the short dephasing
times in dye molecules. The dephasing processes were determined by varying the
time ¢, while keeping t, constant at 1.3 ps. The signal scattered by the third pulse
was detected in two directions k, = k. + k, — k, and ks = k. + k, — k,. It has
been shown in [6.142] that inhomogeneously broadened transitions with long
dephasing times T, > ¢, give scattered signal curves which do not peak at time
Zero.

Figure 6.18 shows the resuits for cresylviolet in PMMA at 15K (Fig. 6.18a)
and at 290K (Fig. 6.18b). The asymmetry is detected for the low-temperature
sample. One observes a 60 fs separation of the peaks of the signal curves which
demonstrates the presence of inhomogeneous line broadening. With increasing
temperature the splitting of the peaks decreases. At room temperature (see
Fig. 6.18b) the coincidence of the two signal curves suggests that homogeneous
broadening dominates. The same experiments have been performed with Nile
blue and oxazine 720. For both dyes the scattered curves coincide over the entire
temperature range (15-300 K). These results have been explained as follows: For
Nile blue and oxazine 720, the excitation photons at 620nm have energies of
several hundred wavenumbers in excess of the 0—0 transition energy. At large
excess energies, background states of high densities exist and a rapid decay of
the initially prepared states into these background states can occur. In cresyl
violet, on the other hand, low-lying vibronic states, interacting with a small
number of background states, were populated; these decay relatively slowly at
low temperatures.
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Fig. 6.18a, b. Three-pulse echo experiments for the study of dephasing processes in large dye
molecules. For a constant pulse separation, t, = 1.3 ps, the first delay time ¢, was varied and the
three-pulse echo energy was detected in the two directions k, = k. + k, — k,and ks = k. + k, — k.
The asymmetry found in (a) - cresyl violet in PMMA at 15K —indicates the presence of inhomogene-
ous line broadening. At higher temperatures the asymmetry disappears. At room temperature (b) the
two curves coincide. Here, homogeneous line broadening is dominant [6.142]
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Fig. 6.19a, b. Accumulated photon echo from the nitrogen bond exciton in GaP:N at 1.5K (4 =
534.95nm). The echo intensity is plotted in a linear scale (a) and in a logarithmic scale (b) versus
delay time t,. The low-temperature decay time of 25.5 ps is interpreted as the exciton relaxation time
out of the initially excited A state [6.131]

¢) Accumulated Three-Pulse Echos

Accumulated three-pulse echos have been observed in a number of molecular
crystals and semiconductors where the existence of a long-lived bottleneck state
allowed the accumulation of the population grating [6.9,134,136—138]. The
experiments discussed here were performed by Wiersma’s group [6.131]. The
authors investigated nitrogen-doped GaP with a N-concentration of 1.3 x
106 cm 3. The nitrogen bound exciton at 534.95 nm was investigated at 1.5K.
In optical absorption only the A-state (J = 1) can be reached from the ground
state (J = 0) while the energetically lower B-state (J = 2) is forbidden and is only
seen in emission. The long lifetime of 4 ps makes the B-state a bottleneck state.
In the experiment a synchronously pumped picosecond dye laser was used at the
high repetition rate of 80 MHz without amplification. The time dependence of
the accumulated echo intensity as a function of the delay time ¢, is plotted on a
linear scale and logarithmic scale in Fig. 6.19a and b, respectively. From Fig.
6.19b, a low-temperature decay time of 25.5 ps was deduced. This decay time is
interpreted as the exciton relaxation time from the A- to the B-state. The rapid
transfer process explains the absence of the A-line in the low-temperature emis-
sion spectrum. The temperature dependence of the decay times gives two activa-
tion energies. It appears that two distinct interaction processes determine the
exciton lifetime.

d) Two-Color Echos

The three-pulse echo proves to be a versatile tool for the study of vibrational
deactivation processes when different laser frequencies are applied for the excita-
tion and probing processes. In the upper part of Fig. 6.20 a four-level system (A)
is depicted, where the vibrational states |a) and |b) belong to the electronic
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Fig. 6.20. Two-color stimulated photon echos applied to the study of energy relaxation pathways.
Left part: Level scheme of the two-color experiment. In case A the first two excitation pulses 1 and
2 generate the population grating in states |a) and |d). Pulses 3 has a wavelength probing only the
grating of levels |b) and |d). Varying the delay time ¢, between pulses 2 and 3 allows one to measure
the decay of the population of state |d) (curve A). In case B the wavelength of the probing pulse is
selected in order to probe states |b) and |c). An echo found with this probing wavelength allows one
to follow the population grating of state |c) or [b) built up in the course of relaxation out of state
|d>. Curve B in the right part of the figure shows a delayed build-up of this echo suggesting the
existence of additional levels |i) populated during the relaxation process [6.131]

ground state, and |¢) and |d) to the excited electronic state. With two excitation
pulses 1 and 2, a population grating is generated in the levels |a) and |d); the
probe pulse 3 connects levels |b) and |d>. When the inhomogeneous broadening
in the different levels is correlated, the third pulse generates an echo signal. The
echo amplitude measured as a function of the time ¢, monitors the population
decay of state |d). Data from a related experiment are shown in curve A of the
right part of Fig. 6.20. The system pentacene in naphthalene was investigated.
The first excitation pulse at 17335cm™! prepares a vibrational level at 747 cm ™!
above the absorption origin. The probing pulse at v; = 16579 cm™ monitors
the occupation of state |d ); curve A may be fitted by an exponential decay with
a time constant of 33 ps. With the smaller probing frequency v;/c = 15832cm™!
transitions between levels |b) and |¢) are monitored [see Fig. 6.20, scheme (B)].
According to the experimental curve B in the right part of Fig. 6.20 no signal is
detected at time zero, i.e. no population is found in the two levels |b) and |c¢).
The echo intensity starts to increase delayed. Within 100 ps it reaches a plateau,
where the signal stays constant for the observation time of 800 ps (the lifetime of
state |c) is 20 ns). The echo-curve B indicates a population transfer from level
|d> to level |¢>. A more careful inspection of the experimental data suggests a
complex transfer process. The experimental echo-curve B deviates from the
broken curve which is calculated for a direct population transfer from state |d )
to state |c). As a consequence, the authors conclude that there exist intermediate
levels |i) with short lifetimes of the order of 20 ps involved in the relaxational
processes from level |d) to level |¢).

This section clearly demonstrates the power of time-resolved multiple-pulse
coherent techniques. The possibility of measuring dephasing times T, for inhomo-
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geneously broadened transitions, and also of studying relaxational path ways
is very promising. We mention corresponding experiments in the frequency
domain: The techniques of spectral hole-burning have become well established.
Holes are first “burnt” in an inhomogeneously broadened transition and the
widths are subsequently monitored by properly delayed pulses. From the fre-
quency width, the coherent dephasing time may be determined, while the decay
of the holes gives information on the energy relaxation T, due to cross correlation
within the inhomogeneously broadened line or due to the energy decay to other
levels. Time- and frequency-domain methods are intimately related. Optimum
information is gained by a combination of both techniques.

6.4 Summary

In this chapter we have discussed more than thirty investigations of time-resolved
coherent spectroscopy. Many more experiments may be found in the literature.
From the various time-resolved coherent techniques we can obtain the following
information:

i)  whether a transition is homogeneously broadened,

i) the dephasing time of homogeneously or inhomogeneously broadened
transitions,

i) dominant line broadening mechanisms,

iv) pure dephasing times,

v) energy relaxation times,

vi) mechanisms and pathways of energy relaxation,

vii) collision times,

viil) nonresonant susceptibilities,

ix) transition frequencies within congested spectral regions,

x) precise frequency differences of vibrational modes separated by up to
10 THz.

6.5 Appendix

For the analytical solution of (6.3—5) we introduced in Sect. 6.1.2 the vectorial
form p(t) of the density matrix and the transformation matrices X(A4) and Y(¢)
for the excitation process and the free-evolution process, respectively. In detail
they are given as follows:

pi)=pw; P20 =Peas P3O =P Palt) = Paa (6.20)
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Y(t) =

W. Zinth and W. Kaiser

1 0 0 Yia4
0 e(iA--l/Tz)t 0 0
o 6.21)
0 0  eCHmmr
0 0 0 e™M
1 + cos4; —isinA;e*” isinA;e™ % 1 —cosA;
X(4) = 1| —isind;e™ 14 cosd; (1 —cosd)e ™" isind;e "
7720 isind4;e®r (1 —cosA;)er™ 1 +cosd;  —isind;er
1 — cosA4; isinA;ef*r —isinAd;e™™ 1+ cos4;
(6.22)

where 4; is the pulse area of the excitation pulse, k; is the wave vector. The matrix
element Y;, depends on the type of two-level system used. When a closed
two-level system is treated, where the system is only in level |a) or |b), Y,
becomes Y, = 1 — exp(—1t/T;). For an open system, where level |a) decays into
a long-lived state |c), Y;, vanishes: Y;, = 0.
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