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Abstract

Wavelength dependent study of a laser dye: Rhodamine-6G (Rh6G) by using spectrally resolved
photon-echo spectroscopy is presented. The coherence and population dynamics of Rh6G solution
in methanol changes as the excitation wavelength is tuned near its absorption maxima of 528 nm.
Specifically, the central wavelength of the femtosecond laser pulse was set to 535 nm and to 560
nm while the respective spectra of the photon-echo signals were collected. This gives information
on how the ultrafast dynamics of the Rh6G molecule changes with a change in the excitation
wavelength.
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1. Introduction

Multiple laser pulses at specific delays incident on any nonlinear media can induce a
nonlinear polarization, which establishes a definite phase relationship (i.e., coherence)
between the ground and excited states [1-3]. Such induced polarization has detailed
information about the dynamics of the molecule in time as well as in the frequency domain.
The laser pulses can modulate and probe the phase relationship between these interacting
states. This phase relationship is strongly dependent on the molecular environment,
electronic vibrational coupling and the structure of the molecule. Multiple sets of energy
levels in the vibrational manifold can be excited and probed by using different wavelengths
of pump and probe pulses. A study of the photo-induced dynamics of the molecule can be
performed by changing the pump and probe wavelength as the redistribution of electrons
within the vibrational manifold depends on their position in the energy ladder. By applying
multiple femtosecond pulses on the system with independent time delays, one can extract
their complex dynamical and spectroscopic information, such as, population relaxation time,
dephasing time (homogeneous broadening), inhomogeneous broadening and vibrational
structure of the transient species [4,5]. Any experimental scheme for eliminating
inhomogenous broadening is often referred to as a photon-echo experiment. By temporally
and spectrally resolving the photon-echo signal, one can determine the nonlinear
polarization induced in a sample by three consecutive or instantaneous femtosecond pulses.
The electronic dynamics of the ground and excited states can be investigated by suitable
selection of wavelengths of the three laser pulses, which allows different sets of energy
levels to be selected. Such ultrafast nonlinear coherent spectroscopic technique has several
important applications as it has the potential to overcome the effects of inhomogeneous
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broadening and can remove spectral congestion to isolate features associated with
intermolecular rearrangements.

The spectral measurement of photon-echo signal gives amplitude information at each
frequency. However, this slow detection process does not allow the phase to be recorded at
each frequency. To overcome this, in four-wave-mixing experiments, the generated signal is
mixed with a local oscillator pulse to get complete information about the evolution of the
system during the third time interval through a heterodyne temporal detection or by mixing
the signal with a local oscillator in a monochromator to result in spectral interferometry. The
absolute phase of the generated signal is not needed for investigating the dynamics of the
molecular processes. A complete characterization of the amplitude and phase of the photon-
echo signal through heterodyne detection or through spectral interferometry while scanning
the coherence time can result in the coherent two-dimensional spectra [6-11].

In this paper, we apply the spectrally resolved photon-echo (SRPE) technique to
Rhodamine-6G (Rh6G) to characterize its coherence and population dynamics. The Rh6G is
known to undergo rapid intra-band population relaxation although it has a long excited state
lifetime of the order nanoseconds depending on solvents [12,13]. Although the presence of
rapid intra-band population relaxation is not quite ideal for comparing theoretical results
[4,5] with our experimental results, Rh6G is still a very good example to illustrate the
advantages of spectrally resolving the transient grating signal. Additionally, Rh6G is a very
commonly used laser dye, a biological fluorescence marker, as well as a fluorescence
quantum yield standard [14-24]. Before getting into the details of the experimental nonlinear
study on Rh6G, let us first discuss the important linear spectroscopic details of Rh6G.

2. Absorption spectroscopy of Rh6G in methanol

The steady-state absorption spectrum of Rh6G in methanol is shown in Figure 1. Laser
fluence dependent study of fluorescence quantum yield for Rh6G in methanol was
performed by using a photo-thermal method [25], where Rh6G was considered as a simple
two-level electronic system with singlet ground and excited states. Three different
timescales were used in this simple model for explaining the experimental results: (a) an
excited state lifetime (T4¢), (b) an effective dephasing time (T,) and (c) a vibrational
(intraband) relaxation time (T1,). Both T, and Ty, were found to be dependent on the
fluence of the applied pulses and their proposed timescales were: 2x1079s > Ty, >
0.35x1079 s and 10712 s > Ty, > 2x10~ s, when T, was set to 30 fs based on previously
measured T, timescales of 70-90 fs for Rhodamine dyes in different solvents using four-
wave-mixing experiments [26]. These time-resolved photon-echo experiments discussed
until now are distinct from our spectrally resolved three-pulse photon-echo experiments that
we discuss next.

The advantages of the three pulse photon-echo spectra [5] lies in the fact that it contains
information about the optical dephasing, T, which decays rapidly with increase in the
coherence time, t1,, and the line-broadening factor that includes inhomogeneous broadening,
T,”. In addition, information about the population relaxation, Ty is also contained in this
echo signal.

3. Experimental Details

For our experiments, the Rh6G was purchased from Sigma Aldrich and dissolved in
methanol in 104 molar concentration. We used a commercial Ti: Sapphiremulti-pass
amplifier (ODIN, Quantronix Corp.) that was pumped by a Nd:Y AGlaser operating at 1
KHz (Corona, Coherent Inc.). This amplified laser was seeded by a 94 MHz train of Ti:
Sapphire oscillator pulses having a pulse width of 20 fs at 800 nm. The amplified laser
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generated 1 kHz pulses with a pulse-width of 40 fs at the central wavelength of 806 nm.
This amplified pulse was used to pump a commercial computer-controlled travelling-wave
optical parametric amplifier (TOPAS, Light Conversion Ltd.). In the optical parametric
amplifier (OPA), a small fraction of the pump from multi-pass amplifier was used to
generate the parametric super fluorescence seed in a thick beta barium borate (BBO) crystal.
The OPA generated pulses with 50 fs pulse-width that were tuneable across the visible
region of the spectrum. The output of the OPA is divided into three-beams of nearly equal
intensity and focused in a square or box-car geometry into a flow-cell having a path-length
of 0.2 mm, from where the echo signal appears at the fourth corner of the square (Figure 2).
This echo signal is collected through an optical fibre-coupled Ocean-optics Spectrometer
(HR-2000).

The centre-wavelengths of the OPA were tuned to 560 nm and at 535 nm while collecting
the data from the Rh6G solution in methanol. As shown in Figure 1, Rh6G solution in
methanol has its S; absorption peak at 528 nm. Let us now discuss the necessary theoretical
framework required for explaining our experimental results.

4. Theoretical background

Photon-echo experiments are based on non-collinear four-wave-mixing geometry with a
specific phase matching condition, where the incident beams propagate non-collinearly as
shown in Figure 2. In our experiment, three pulses with electric field E(z) having central
frequency wjthat is associated with the wave vector sk; where j= 1, 2, and 3, are focused on
the sample in box-car geometry. The first pulse k; creates a coherence between the ground
and the excited states beyond which the dephasing process starts; the second pulse ko
interacts with the freely evolving system giving rise to a population grating in the space
either in the ground or the excited states, whose spacing depends on the time interval
between the first and second pulse, 7.e. coherence time t15. The third pulse k3 puts the
system back in the second coherent state and this time duration between the second the third
pulse gives the population time ty3. After rephasing, the photon-echo signal is generated in
the direction: kg = —k1+ko+ks. The noncollinearity of the geometry leads to a spatially
separated photon-echo signal. The total external field £ (¢) for such four-wave mixing
interaction is given by:

E(t)=E| (t +tip+ty3)e Hrt—kir) .

+E; <t—|—t23) efi(wgtsz.r)_'_El (t) e Hwst—ks.7) )]
wherer is the position vector. However, for the generated signal, we are more interested in
the third-order nonlinear polarization A%, which is related to the corresponding response
function A through the relation [10]:

P<3):f80dt3 fgodtzfgodtlEik (t+t12+t23 — tg — tg

—t1) X B (t+ta3 — t3 — t3) @)
XE3 (t — tj) X R(s) (tg,, tg, tl)

The nonlinear response function R®is a linear combination of the rephasing (R,) and non-
rephasing (Rp) response of the macroscopic dipole moment

RO (t1,t5,t3) =Rg (t1, t2,t3) + Ry (t1,ta,t3)  (3)
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R, (ts,ta,t1) = [Ry(t3,ta,t1) +R3 (3,12, )]
XE3(t— to3 —t3) exp|[—iw3 (t — taz — t3)]
XE2 (t — t3 — tg) exrp [—iwg (t — t3 — tg)] (4a)
><_E'ik (t+t12 — t3 — t2 — tl)
exrp ['I:C;Jl (t+t12 —t3— 1ty — tl)}

Ry (t3,t0,t1) =[Ry(ts,t2,t1) + Ry (t3,t2,41)]
X E3 (t —t93 — t3) exrp [—i(U3 (t — toz — tg)]
XEQ (t— ts —ty — tl) exrp [—iUJQ (t —t3 —ty — tl)]
XE](t—tia —t3—ty)expliwy (t —tp —t3 —t5)]

(4b)

where R; to R4 and their complex conjugates are nonlinear response functions.

In order to understand our three-pulse photon-echo experiments, it is useful to invoke the
nonlinear optical response theory involving the Feynman diagram, which explains these
nonlinear response functions. Figure 3 (diagrams 1 to 4.1) shows the Feynman diagrams
representing the possible three-pulse interactions for the phase-matching direction [5]. Here,
the vertical lines represent the time evolution of the ket and bra of the density matrix and the
time evolution is from the bottom to top. Interactions with the light are represented by
arrows. An arrow pointing towards the system represents absorption, while an arrow
pointing away from the system represents a de-excitation. Each diagram in Figure 3 has a
sign (=1)”, where nis the number of interactions from the right side of the Feynman diagram
(the bra side). When an arrow points to the right, it represents the contribution of the electric
field E(Hexp(— iwt+ ik.r) to the polarization while an arrow pointing to the left represents an
electric field £*(f)exp(+iwt— ik.r) contribution. The emitted light, 7.e., the last interaction
resulting in the fourth pulse, has a frequency and wave vector corresponding to the sum of
the input frequencies and wave vectors considering appropriate signs. Let us consider the
simplest case of a two-level system with ground state Sy comprising of two vibrational
levels |g) and |g’) and an excited state S; with two vibrational levels |e) and |e”). When the
time ordering of the pulses is kq, ko, k3 (Figure 3: diagrams 2, 3) and the three laser pulses
are tuned to |g)—|e’), the first pulse k; creates optical coherences p=|e)(g| and p=|g){(e| and
the second pulse ky generates population in the excited state p=|e’){e’| (diagram 2) or a
second-order population in the ground state p=|g”)(g’| (diagram 4), which are both coupled
to p=|g){e’| and p=|e’){(g|. The third pulse k3 converts the populations back into optical
coherences p=|g){e’| and p=|e’)(g|, in which the phases of the frequency components are
opposite to those of the initial optical coherence contributions resulting in the photon-echo
signal. This photon-echo signal is produced by the rephasing of the macroscopic polarization
at time period t=ty, after the third pulse in the phase matching direction kg=—k1+ky+k3 for
an inhomogeneously broadened ensemble. For any two level-system with inhomogeneous
broadening, there is a Gaussian distribution given by [1]

_(w—wi2) ] -

G (w)=exp T

where I is 1/e half-width. The relevant nonlinear response functions for these pathways are
R, and R3. R1 and R describe the evolution of the excited state population during ty3 while
R3 and R4 describe the evolution of the ground state population. When the first interaction is
ko (diagrams 1.1, 4.1) the third pulse creates a contribution to the optical coherences (p=|e’)
(gl and p=|e”)(g]|) and in which the phases of first coherent state is same as that of second
coherent state, resulting in a free induction decay signal. The nonlinear response functions in
this case are Ry and Ry4. The free induction decay (FID) signal would have peaked at

J Spectrosc Dyn. Author manuscript; available in PMC 2013 October 04.



syduiosnuel Joyiny sispun4 JINd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

Page 5

negative delay times for an inhomogeneous system. The nonlinear response function is
given by:

Ry (t3,t9, 1)) =exp [ —iwis (t3+t1)] exp [—7i2 (E3+E1)] ¥
exp[—i2] exp [—I‘Q(t3+t1)2/4)} =R, (t3,13,t1) (6a)

R, (t3,t2,t1) =exp [—iwis (t3 — t1)] exp [—712 (E3+21)] X
exrp [—’)/12] erp [—Fz(t;; — t1)2/4] :R4 (tg, tg, tl) (Gb)

where w1, is the transition frequency, y12=1/T, and y1= 1/T4, Ty is the lifetime of excited
state and T, is the dephasing time of the transition. The measured nonlinear signal is given
by:

2
|

S@t) ~ PP @) O

We assume the signal in the direction with frequency kg = k3 + ko — k1 with frequencyws=
w1 = Wy = w3. The spectrum of the signal gives information about the dynamics of the
molecule. The frequency domain third order nonlinear polarization is obtained by the
Fourier transformation of A%in the temporal domain, /.e.

P® (w,t12,ta3) :f‘f’ooP(?’) (t, t1a, to3) e™tdt  (g)

The frequency domain representation of the field radiated by the polarization P®) is given
by:

Eg (w, ti2, t23) [ee [27T’L In (w) C] P(3) (w, t12, t23) 9)

Where n(w) is the real part of the refractive index of the sample at frequency wand /is the
length of the sample and c is the speed of light. The intensity of the SRPE signal is then
given by [11]:

2
Senpr Ads ti2, t23) | Es (0, t12, ta3) o P®) (\g, 12, t23) |~ (10)
Where Ayis the wavelength detected by the spectrometer.

The population grating is formed by the spatially periodic intensity pattern that is formed by
a temporal overlap of the first pulse with the second pulse in the sample. For two level
systems, a physical picture based on scattering of the third pulse from this grating induced
by the two pulses is useful [27]. The detected spectrum can be written in the form:

S, (Agstiz, tas) =

Serps (A ti2,t23) +1 (Mg, t12, t23) I, (Aa) ()

where n(Ag 2, b3) is the efficiency of the population grating which is proportional to the
[exp(— b3l Tyir) — exp(— b3l Trisg)], Where Trise and Tjife are the respective rise-time and
lifetime of the population grating, and /p5(A,)is the spectral density of the probe pulse.
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5. Results and Discussion

As mentioned in the last section on theoretical framework, our experiments essentially
measure Sp(Ag B2, b3) as given by eqn. (11), which is the experimental spectra over Ay
wavelengths, collected either as a function of population time (%3) for various fixed
coherence times (#2), or vice versa (Figures 4-7). For our data analysis, we have taken the
lifetime of the population grating as the recovery time of the ground state, which is very
long for the Rhodamine dyes (typically >100 ps). As expected from the previous section, for
all our experimental data at short %3, a broadening on both the sides of the spectrum is
observed when the lifetime of both the excited levels is short and photon-echo makes a large
contribution to the signal. In fact, the theoretical calculations with short lifetimes for both
excited levels reveal the obvious result that the shorter excitation wavelength involves
higher excited-state vibrational levels. The broadening of the photon-echo spectrum on the
long wavelength side can be seen at short timescales if the lifetime of the lower excited state
is long. Specifically, at zero time delay irrespective of coherence or population time, the
spectra mainly exhibit FID component along with weak photon-echo and population grating
components, which arise from the temporal overlap of the first two pulses. For a positive
direction of %3, the spectra show a strong photon-echo signal, both with changing %3 as well
as with varying #,. The population grating components exhibit a red-shift in wavelength and
an increased broadening in the spectra for excitation wavelengths close to maximum
absorption. An increase in red-shift with increasing &3 reflects the dynamics of the
population. Finally, an integrated plot for all the collected data is presented in Figure 8,
where oscillating quantum beat resulting from vibrational coherences generated by
femtosecond laser pulses are also observed. For most of our data analysis, however,
excepting at zero delays (irrespective of &3,42), there is no non-zero contribution of 7(Ad]
B, b3), so we can safely use eqn. (10) for our data analysis and focus on the SRPE
characteristics.

6. Coherence and population dynamics of Rh6G

Analysis of the SPRE data at fixed coherence times as a function of population time
provides the dynamics of population relaxation processes. Similarly, the analysis of the
SPRE data at fixed population times as a function of coherence time provides the
information about the optical dephasing as well as inhomogeneous broadening caused by the
spectral diffusion process. Figure 4(A-G) shows the contour plots of SRPE signal detected
in the phase matching direction &, = k3 + k> — kq with varying population time %3 for fixed
coherence times, #,=0, 50, 100, 200 and 250 fs. Beyond 250 fs, the SPRE signal did not
show any further changes. The excitation pulse with center wavelength of 535 nm was used.
At fixed 4= 0 fs, i.e. the transient grating experiment corresponding to eqn. (11), as
expected from the discussions above, Figure 4(A) shows a long trailing part in the contour
for all positive &3 corresponding to photon-echo contribution whereas the signal at negative
b3 is due to an enhanced FID contribution corresponding to Ry and R4 response functions
(Figure 3). Previous theoretical simulations of SPRE for another laser dye, Rhodamine-101,
verified the experimental results of the oscillating photon-echo spectrum by simply
considering the dye as a two-level system [4]. For positive population time %3 the measured
signal is primarily due to the photon-echo since at positive times, the first pulse kq striking
the system generates the contributions of R, and R3 response functions in the signal [5]
(Figure 3). The temporal shift in the photon-echo signal results from the inhomogeneous
broadening in the molecule [28], while the red sift in the echo spectrum results from the
transfer of optical coherence from the initially excited transition. At 4,= 50 fs, the long
trailing part of the signal vanishes and the signal starts to decrease after population time £3=
50 fs, and is almost circular as seen in Figure 4(B). At £3=100 fs, the SRPE contour plot in
Figure 4(C) almost becomes circular. At around 200 fs the SRPE contour plots starts to
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show two lobes as shown in Figure 4(D), which we think is due to spectral interference with
scattered light. All these results are also confirmed from the integrated plot in Figure 8(A),
which shows that there is only a negligible wavelength shift when the population time %3 is
scanned. On the other hand, under the same excitation condition of 535 nm, when the
coherence time 45 is scanned at fixed population times &3, a new set of contour plots as
shown in Figure 5(A-G) are generated. In this case, at £3=0 fs the FID is seen at negative
coherence times and only small oscillations are seen along the positive coherence times. At
53=50 fs, the contour becomes more circular and the signal extends up to 150 fs of
coherence time and is centered near O fs with the intensity of the trailing partmuch reduced.
Finally, at £3=100 fs, the signal becomes almost circular and extends only to 100 fs of
coherence time. Beyond this 100 fs timescale, the measured signal remains the same, which
is also evident from the integrated plot in Figure 8(C). Thus, the spectral diffusion for Rh6G
in methanol occurs within the first 100 fs at the central wavelength of 535 nm.

When the wavelength of the excitation laser pulse is shifted to 560 nm, which is towards the
absorption edge of the Rh6G spectrum in methanol, the resulting SPRE signals are quite
different, except at the fixed value of £,=0 fs, while the population time &3 is scanned, a
long trailing signal can be observed in the contour plot (Figure 6(A)) as in the case with 530
nm excitation. Furthermore the contour plot is slightly elliptical due to inhomogeneous
broadening in the spectrum. At #,=50 fs, the SRPE contour plots becomes somewhat
circular as seen in Figure 6(B) and at #4,=100 fs, it becomes almost circular with the trailing
part reducing to <50 fs, indicating spectral diffusion dynamics and inhomogeneous
broadening (Figure 6(C)). For 5> 100 fs, no further changes are observed (Figure 6(D)),
and this is also evident from the integrated plot in Figure 8(B). These results are in stark
contrast to what is observed while exciting at 535 nm, which is also very easily evident from
the comparison between Figure 8(A) and Figure 8(B).

Under the same excitation condition of 560 nm, when the coherence time £, is scanned at
fixed population times &3, the combined effect of inhomogeneous broadening and spectral
diffusion dynamics can be obtained. At £3 = 0 fs, when the coherence times are varying, the
generated signal extends for more than 300 fs as is seen in Figure 7(A). At population time
5H3=50 fs, the signal gets red-shifted when the coherence time £ is varying from 0 fs to 300
fs, and beyond that the red-shifting stops (Figure 7(B)). At &3 =100 fs, the signal is
maximized near the coherence time 2 = 0 fs and is elongated along the diagonal. This
signal is also red shifted towards wavelengths larger than the excitation wavelength of 560
nm. At £3=200 fs, the SRPE contour plot almost becomes circular, as shown in Figure 7(D).
This implies that the spectral diffusion takes place at about 200 fs, as is also evident from
the integrated plot shown in Figure 8(D). The importance of the effect of the excitation
wavelengths at 535 nm versus 560 nm on the nature of the coherence dynamics is clearly
evident from a comparison between Figure 8(C) and Figure 8(D), which shows that the
energy fluctuations occur for a much longer time in case of the excitation with longer
wavelength.

7. Conclusions

Our experimental data of spectrally resolved photon-echo as a function of varying coherence
and population times indicate that the spectral diffusion occurs within the first 100 fs when
excited at 535 nm, which is close to the absorption maxima of Rhodamine-6G in methanol.
However, when the excitation wavelength is red-shifted to the absorption of 560 nm, the
spectral diffusion process gets extended to 200 fs. This indicates that the fluctuations
between the energy levels occur at a much faster timescale when excited at a shorter
wavelength of 535 nm as compared to the case when the excitation is at a redder wavelength
of 560 nm.
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Figure 1.
Absorption spectrum of Rhodamine 6G (Rh6G) in methanol. Inset shows the molecular
structure of Rh6G.
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Figure 2.

Boxcar phase matching geometry of the four-wave mixing experiment. Three parallel
beams, pump 1, pump 2 and probe are arranged parallel to each other so that the laser spots
form the three corners of a rectangle in a plane perpendicular to their path. A lens with axis
passing through the center of this rectangle is used to focus the beams onto the sample under
study. Diffracted beam emerges along the fourth corner of the square.
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R,

Double sided Feynman diagram: The response function corresponding to the phase matching
direction kg=—kj+ky+ks are shown as Feynman diagrams. An arrow pointing to the right
represents the contribution of E(t)exp(-iwt + ik.r) to the third order polarization and an
arrow pointing to left represents E*(t)exp (+iwt — ik.r) contribution.
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Figure 4.

Spectrally resolved photon-echo plots of Rh6G for varying population times at fixed
coherence times of A. 0 fs, B. 50 fs, C. 100 fs, D. 200 fs, E. 250 fs, F. 300 fs, G. 350 fs,
with excitation wavelength at 535 nm.
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Figure 6.

Spectrally resolved photon-echo plots of Rh6G for varying population time s at fixed
coherence times of: A. 0 fs, B. 50 fs, C. 100 fs, D.200 fs, with excitation wavelength at 560
nm.
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Figure 7.

Spectrally resolved photon-echo plots of Rh6G for varying coherence times at fixed
population times of: A. 0 fs, B. 50 fs, C. 100 fs, D.200 fs, with excitation wavelength at 560
nm.
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Figure 8.
Integrated plots of photon-echo signal at two different wavelengths.
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