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Impulsive pump-probe and photon-echo spectroscopies of dye molecules in condensed phases
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A theory for impulsive resonant pump-probe and photon-echo spectroscopies of polyatomic dyes
in solution is developed. A multimode calculation in which the intramolecular and solvation modes
are modeled as Brownian oscillators is presented. Electronic dephasing, the time-dependent Stokes

shift, and quantum beats are analyzed.

I. THE MULTIMODE BROWNIAN
OSCILLATOR MODEL

Femtosecond laser pulses, which are shorter than typi-
cal molecular vibrations, make it possible to observe ele-
mentary dynamical ?rocesses such as a single nuclear vi-
bration in real time.'~7 The recent 6-fs pump-probe and
photon-echo measurements in nile blue and malachite
green constitute some remarkable examples of such ex-
periments."? It is clear that a proper theory which
could apply to complex dye molecules in solution re-
quires the introduction of semiclassical methods; the
number of relevant vibrational and solvent degrees of
freedom is far too large to allow for a completely quan-
tum calculation. In this Brief Report we calculate the
pump-probe and photon-echo signal for complex polya-
tomic molecules. The approach, which is based on calcu-
lating the third-order polarization P*), provides a simple
picture for these spectroscopies and an efficient method
for numerical computations.

We consider a molecular system consisting of a dye
molecule in its solvent environment. We assume that
there are only two relevant electronic states: the ground
state |g ) and the excited state |e ); however, we allow for
an arbitrary number of solute and solvent modes, which
we take to be harmonic. Mode j has fundamental fre-
quency o; and we shall denote its dimensionless coordi-
nate by g;. We assume that the g; obey the Langevin
equation LT T
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the thermally averaged occupation number of the jth
mode. Note that in the high-temperature limit
(kp T >>#w;) we have A7=2A,kpT.

The linear absorption line shape for this system, in the
Condon approximation, may be calculated using a
second-order cumulant expansion,’ resulting in

a((o)=Ref0°°dt expli(o—w,,)tlexp[—g(8)], (2)

where w,, is the molecular 0-0 ground-excited electronic
transition frequency (which includes a shift due to in-
teractions with fast solvent electronic degrees of free-
dom), g(t)=2]g](t), and
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The spectral density C;(w) is given by
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The fluctuation-dissipation theorem has been used in cal-

culating the imaginary part of Eq. (3).>1°

The cases of which y;<2w;, v;=2w;, and v;>2w;

- correspond to the oscillator motion being underdamped,

critically damped, and overdamped, respectively. When
v;>>2w;, the oscillator is strongly overdamped, and we

where f;(2) is a random Langevin force and ¥ is the fric-
tion. We assume the modes to be independent of one
another; thus, the system’s response to the applied radia-
tion fields may be expressed as a product of N response
functions corresponding to the N modes.® The difference
between the excited- and ground-state Hamiltonians is
H,—H,=3;U;, where U;=w;D;(q;+D;/2) is the con-
tribution of the jth mode. D; is the dimensionless dis-
placement between the potential surfaces of electronic
excited- and ground-state levels. We next introduce two
static quantities representing the first two moments of U;:
A;=(U;)=w;D}/2 and AJ=(U?)—(U;)*=}0,(27;
+1). Here { > denotes an average over the initial

thermal distribution and 7;=[exp(iw;/kpT)— 1171 is
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get (for kp T >>%iw;)
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with A; Ea)_%/’]/ ;- The line-shape function for the sto-
chastic model of spectral line broadening!' may be ob-
tained by neglecting the imaginary part of Eq. (5); thus
the stochastic model does not account for the solvent-
induced red shift of fluorescence relative to absorption
(the Stokes shift). Inhomogeneous broadening may be in-
corporated into the calculation by including an over-
damped mode with A =0.1112 For this case, we have
g;(t)=1A%*+iA;t. For homogeneous broadening, we
assume A y /A ;>>1, and the line-shape function becomes
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gj(t)=f‘ ;t, where £ ; =A12-/ A; is the pure dephasing rate.
In the following, we shall use the line-shape function g (#)
to calculate photon-echo and impulsive pump-probe line
shapes.

II. IMPULSIVE PUMP-PROBE SPECTROSCOPY

In a pump-probe experiment, the system is first sub-
jected to a short pump pulse. After a delay 7, a second
pulse, the probe, interacts with the system. It is then
dispersed in frequency and the probe difference absorp-
tion, defined as the probe absorption in the absence of the
pump minus the probe absorption in the presence of the
pump, is recorded as a function of the detection frequen-
cy @, and the delay time 7. In the impulsive limit, the
pump and probe pulses are short compared to the
dynamical time scales of the solvent and solute nuclear
degrees of freedom. The difference absorption signal is
then given by®

1 ® .
SPP(T,w2)=—7-T-Ref0 dt expl[i(w,— .4 )t]

X {exp[ —g*(m)+2ig"(r+1)
—2ig"(7)]+exp[—g ()]} .

(6)

Here g''(#) denotes the imaginary part of g (7). We may
view a pump-probe experiment as a three-step process:
preparation, propagation, and detection. First, the pump
pulse prepares an initial doorway state by exciting a “par-
ticle” into the electronic excited state, leaving a “hole” in
the electronic ground state. This particle and hole then
propagate, respectively, on the excited- and the ground-
state electronic potential surfaces. Finally, after the de-
lay time 7, the doorway state is probed and spectrally
resolved. The first and the second terms in the curly
brackets of Eq. (6) represent the particle and the hole
contributions, respectively.

We have calculated the probe absorption, using Eq. (6),
for a four-mode system. The first two modes are high-
frequency vibrations with small vibrational relaxations
(v; <wj), with fundamental frequencies of 600 and 1500
cm™ . "Mode 3 is an overdamped solvation mode, which
accounts for line broadening and a time-dependent Stokes
shift, which occurs on a 3.5-ps time scale. Mode 4 is an
overdamped mode in the inhomogeneous limit (A,=O0).
We evaluated Eq. (6) using a standard fast-Fourier-
transform routine, with 2048 time points. In Fig. 1(a) we
display the spectrum for the first two modes alone. In the
figure, we see a peak at the 0-0 frequency, as well as a
peak at 1500 cm ™!, and peaks at 600 cm ™! and its over-
tone, 1200 cm ™!, The overall shape and position of the
spectrum do not change with time. Because the pump
pulse is short compared to the periods of the under-
damped modes, it creates a vibrational coherence in those
modes, in the excited electronic state. As a result, the
magnitudes of the peaks show a quantum beat oscillation.
In Fig. 1(b) we show the spectrum for the full four-mode
system. The solvent modes have broadened out the
Franck-Condon progressions observed in Fig. 1(a). The
peak of the spectrum is now blue shifted and appears to
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FIG. 1. Time- and frequency-resolved pump-probe

differential absorption spectrum. (a) A solute-only calculation
for two underdamped modes with fundamental frequencies
;=600 cm™! and @,=1500 cm™!, displacements D;=1.0 and
D,=0.8, and Langevin frictions ¥;=30 cm™! and y,=120
cm~ !, The temperature is 300 K. (b) A four-mode calculation.
To the two modes of part (a) we have added an overdamped
mode, with relaxation time Aj!=3.5 ps, reorganization energy
A3;=625 cm™, and coupling strength A;=510 cm™; and an in-
homogeneous mode, with A,=255 cm™! and A,=155 cm™!. (¢}
The calculation of (b) carried out to 5 ps, showing the time-
dependent Stokes shift.
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FIG. 2. Time-dependent differential absorption signal for
fixed detection frequencies w,. The left and right columns cor-
respond to the solute-only [Fig. 1(a)] and four-mode [Fig. 1(b)]
calculations of Fig. 1, respectively. In the left column, the
detection frequencies are @, —w,, =0, 600, and 1500 cm ™!, as
indicated in each panel. In the right column, the detection fre-
quencies are at the absorption maximum (w;=w, +A;+2Ay),
and 600 and 1500 cm ™! to the blue of the absorption maximum,
as indicated in the panels. The subplots are on different scales.

oscillate back and forth in frequency as a function of de-
lay time. In Fig. 1(b), the dynamic Stokes shift, which
occurs on a 3.5-ps time scale, has not yet begun to occur;
hence, the contributions of the two solvent modes are in-
distinguishable at short times—both seem inhomogene-
ous on the time scale of the figure. In Fig. 1(c), we extend
the calculation of Fig. 1(b) to longer times. The two
peaks which appear on the picosecond time scale of Fig.
I(c) correspond to the particle and the hole contribu-
tions,® and are separated by the Stokes shift due to mode
3.

In Fig. 2, we display slices of the r-dependent spectra
of Figs. 1(a) and 1(b), for frequency values corresponding
to the (linear) absorption maximum and 600 and 1500
cm™! to the blue of the maximum. In the left column,
which corresponds to Fig. 1(a), we see that the 0- and
600-cm ! slices contain oscillations due to both the 600
and 1500 cm ™! modes. The 1500-cm ™! slice, however,
beats only at the higher frequency. In the right column,
we have the two solvent modes in addition to the two
high-frequency modes. The solvent’s broadening effect
on the spectrum has caused the lower-frequency oscilla-
tions to become important in the 1500-cm ™! slice of the
spectrum.

II1. IMPULSIVE PHOTON ECHO

In a photon-echo experiment, the molecular system is
subjected to two short pulses with wave vectors k, and
k,, separated by a delay 7. When the pulses are short
compared with the dynamical time scales of the solvent

BRIEF REPORTS 42

and solute, the photon-echo signal, emitted in the direc-
tion 2k, —k, is given by'® 1

Spe(r,t)=exp[ —4g'(¢t)—4g'(r)+2g' (¢t +7)] . 7

Here g'(#) denotes the real part of g (). The ¢ argument
in Eq. (7) refers to the time of detection of the signal.
The contribution of an inhomogeneous mode to the spec-
trum is Spg(7,2)~exp[ — A3z —7)’].

In Fig. 3, we display the photon-echo signal as a func-
tion of both ¢ and 7 for the four-mode system considered
in Sec. II. In the figure, we see an initial decay, followed
by oscillations. These are quantum beats, resulting from
the modulation of the electronic polarization by vibronic
coherences. Because of the inhomogeneous mode, the
echo signal is centered at t=7. The first peak (the free-
induction decay) has been cut off to better show the sub-
sequent peaks; it is approximately 50 times as high as is
shown in the figure.

For a system characterized by a very large inhomo-
geneous broadening, the photon-echo signal becomes
very sharply peaked at ¢ =, and the total signal integrat-
ed over ¢ is proportional to Spg(7,7)=exp[ —8g'(7)
+2g'(27)]. This relation allows us to better examine the
time dependence of the photon-echo decay. For an over-
damped (solvent) mode, g(#) is given by Eq. (5). For
times short, cf. A} L, we may expand the real part of Eq.
(5) to lowest nonvanishing order, resulting in
Spe(T)~exp[ —(7/7,)%], with the characteristic short
time scale 7, =(4A%A;/3)™!/%. For delay times long, cf.
Aj"l, the echo decay is proportional to exp(—r/7;), with
the characteristic long time scale 7,=A,; /Af. These lim-
iting behaviors have been observed experimentally in the
gas phase.!*
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FIG. 3. Photon-echo signal [Eq. (7)], plotted as a function of
t and 7, for the four-mode system of Fig. 1(b).
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FIG. 4. Solid line: the total photon-echo signal [Eq. (7), in-
tegrated over f] for the four-mode system of Fig. 1. In the
short-dashed and long-dashed lines the solvent relaxation time
of mode 3 (3.5 ps) has been changed to Ay !=10.5 and 105 ps,
respectively. Inset: the linear absorption (solid curve) and
fluorescence (dotted curve) for this system, which are virtually
identical for the three solvent time scales in Fig. 1. The fre-
quency scale is 2000 cm ™! between tick marks.

Figure 4 gives the natural logarithm of the total
photon-echo signal [Eq. (7), integrated over f] for the

four-mode system considered in Sec. II (solid line). The
~ other two curves in Fig. 4 are echo traces for solute-
solvent with different values of the solvent-mode correla-
tion time A;!: The short-dashed line has A; '=10.5 ps
and the long-dashed line has A; '=105 ps. All other pa-
rameters are the same as in the solid curve. A larger
value of A; ! means that the solvent relaxation of mode 3
is “more homogeneous”; thus we expect that systems
with smaller values of A;! will be characterized by
slower echo decays. Corresponding to mode 3 of the
three curves in the figure, we have 7, =66, 95, and 210 fs;
this explains the fast initial decay of the curves relative to
exp(—A;7). It should also be noted that the Langevin
friction of the two underdamped modes also contributes a
(homogeneous) decay to the curves in Fig. 4. In addition
to these decays, the three curves in Fig. 4 exhibit oscilla~
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tions at the frequencies of the 600- and 1500-cm ™!
modes. The inset of Fig. 4 gives the absorption (solid
line) and fluorescence (dashed line) spectra for the four-
mode system. The x axis of the inset corresponds to fre-
quency relative to the 0-0 transition frequency, and runs
from —6000 to 6000 cm~'. Unlike the echo signal, these
curves do not change appreciably with changing A;, and
thus give information only about the total broadening of
the system, with no information about the solvent relaxa-
tion time scales.

In conclusion, we note that although pump-probe and
photon-echo experiments both probe the third-order po-
larization, they give complementary information regard-
ing the molecular system being studied. The pump-probe
experiment gives time-domain information regarding the
solute-solvent system while the density matrix for the sys-
tem is in an electronic population. The homogeneous
and inhomogeneous dephasing processes due to the sol-
vent appear as broadenings in the frequency domain, as is
the case in the ordinary (linear) absorption and fluores-
cence line shapes; however, these dephasing processes do
not affect the temporal profile of the signal. What we do
see in the pump-probe differential absorption signal is vi-
brational information for the solute modes in the form of
quantum beats, and the dynamic Stokes shift, indicative
of the solvent’s reorientation to stabilize the solute excit-
ed electronic state. In the photon-echo experiment, on
the other hand, we probe the solute-solvent system while
the solute density matrix is in an electronic coherence.
As such, we see directly the time scale of the electronic
dephasing processes which characterize the solute-solvent
system. Furthermore, since the electronic coherence can
involve superpositions of vibrational states in the ground-
or excited-state electronic manifolds of the solute modes,
we see quantum beats due to those modes.
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