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Abstract. Spectrally resolved photon echo spectroscopy in the off-resonance condition is reported for the first
time to study the coherence and population dynamics of CdSe quantum dots. In this case, the information related
to the system dynamics can be inferred indirectly. This is especially useful when such dynamical information
might be hidden under the absorption maxima of the sample. We observe that a substantial intensity of the
photon echo signal was obtained in two different CdSe quantum dot samples (CdSe 610 and CdSe 640), which
have absorption maxima at 620 nm and 590 nm, respectively. Due to the difference in sizes of these two quantum
dots, a small change is observed in the molecular dynamics of these two quantum-dot samples. Specifically, the
spectral diffusion of CdSe 640 occurs within the first 50 fs, whereas that for CdSe 610 occurs at about 100 fs
timescale. The integrated plots of the photon echo signal, as a function of population time, result in two decay
constants. The faster among the two decay components is pulse width limited and is in between 30 and 40 fs at
different fixed coherence times for both samples. The slower decay component for the CdSe 610 sample is found
to be in the range of 75–85 fs, while that for CdSe 640, it is between 82 and 92 fs at different fixed coherence
times.
Keywords. Free induction decay; spectrally resolved photon echo signal; coherence time; population time;
inhomogeneous broadening; femtosecond.

1. Introduction
Time-resolved spectroscopic techniques have important
applications in studying the evolving structure of complex molecular systems. This is because such evolving
structures affect many biological and chemical processes. The molecular dynamics of all the important
biological and chemical processes in complex molecular systems range from picoseconds to femtoseconds. 1,2
Thus, to probe these ultrafast molecular processes experimentally, a sufficiently fast time resolution of the
laser system in femtoseconds is needed. The study of
molecular structure and dynamics depends on several
spectroscopic techniques through absorption, emission,
and scattering of light. 3,4 The utilization of coherent ultrafast femtosecond pulses has resulted in the
development of new techniques for probing and modulating molecular reaction dynamics. The transfer of
the phase coherence of femtosecond pulses to the
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molecular system results in the formation of specific
coherent states. The evolution of such states is subsequently recorded to obtain the information at the
microscopic level. 5–7 This principle is applied to obtain
detailed and accurate information in the condensed
phase. For nonlinear optical effects, the applied electric field should be intense enough to change the optical
property of the system. If the applied electric field
is weak compared to the internal electric field of the
molecule, the optical Polarization ‘P’ can be expanded
perturbatively as a function of the applied radiation field.
The induced polarization in the system can be expressed
as the sum of linear and nonlinear terms that goes as the
power of electric field given by 8
P = P (1) + P (2) + P (3) + P (4) + P (5) + . . .

(1)

where the term P (1) is linear polarization that is
generated by a weak electric field, which controls linear
phenomena, such as, absorption, reflection, and refraction. On the hand, the higher order terms in equation (1)
represents the nonlinear polarization PNL .
1
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PNL = P (2) + P (3) + P (4) + P (5) + . . .
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(2)

For multi-wave mixing experiments, the interaction
of several electric fields associated with the wave vector:
k1 , k2 , k3 , k4 , k5 , . . . . . ., kn and the frequency generated:
ω1 , ω2 , ω3 , ω4 , ω5 , . . . . . ., ωn are as per the coherent nonlinear signal associated with the respective wave vectors
ks and the respective frequency ωs as follows:
ks = k1 ± k2 ± k3 ± k4 ± k5 . . . . . . ± kn

(3a)

and
ωs = ω1 ± ω2 ± ω3 ± ω4 ± ω5 . . . . . . ± ωn

(3b)

The above equation shows that the signal can arise
from any combination of the wave vectors or frequency
components of interacting electric fields as shown in
Figure 1.
For an isotropic medium, the third order polarization
is the lowest order of nonlinear polarization induced in
the sample. Many third-order nonlinear techniques have
been used to study the molecular dynamics of the complex molecular system in liquid and condensed phases.
Some of these techniques are Pump Probe, 9 Hole Burning, 10 Transient Grating, 1 and Photon Echo. 3 Each
of these techniques has their characteristic advantage
depending on the nature of the system and the specific
information required from the experiment. For example, pump-probe and transient-grating experiments are
sensitive to population dynamics and provide some indications about dephasing processes. On the other hand,
two and three pulse photon echo experiments provide
the complete dephasing dynamics of the system in condensed phase. 10–14
Photon echo is the phenomenon of refocusing the
macroscopic polarisation by ultra-short laser pulses.
Ultrashort femtosecond pulses with multiple computerinterfaced delays provide control of the coherence
and population dynamics and give valuable information about the population relaxation time, inhomogeneous broadening and dephasing time. Photon-echo is

Figure 1. Schematic representation of the different nonlinear processes.

attributed to the third order optical nonlinearity of the
system.
The elimination of inhomogeneous broadening in the
system is important to get pure dynamical information.
Many techniques can be used for this purpose, such
as Hole Burning. 10 and two and three pulse Photon
Echo, 15–19 etc. Out of all these techniques, three pulse
photon echo technique gives precise results since this
technique has two time-delay controls that can easily
modulate and manipulate the system, 16 and hence this
is the most reliable technique to study the molecular
dynamics in the condensed phase. During the progress
of the first time period, the system is in the first coherence state and in the second time period, the system
population is either in the ground or the excited electronic state. 3
In the third evolution period, the system is in the
second coherent state. Since the system follows the
population state path, either through the ground or the
excited state with a controlled time delay, the excited
state lifetime is revealed. The spectral diffusion processes that lead to dephasing arises from the fluctuation
dynamics, which can be easily obtained without the need
for any Markovian separation of timescales. 16
1.1 Spectrally resolved three pulse photon echo
spectroscopy
Coherent nonlinear spectroscopy using multiple
femtosecond pulses is capable of providing detailed
dynamical and spectroscopic information, even in the
presence of strong inhomogeneous broadening. Spectrally resolved one-color and two-color three-pulse photon echo (SRPE) spectroscopy in the visible region has
been used for probing vibrational and electronic dynamics of simple and complex molecular systems. 11,12 A
typical two pulse photon-echo experiment involves
passing a series of two laser pulses through the sample
(Figure 1). The first pulse, denoted by the wave vector k1 creates coherence between different energy states
of the molecule. This coherence is dephased due to the
system-bath interaction and static inhomogeneity. The
second pulse, k2 is applied after a delay time of τ and
is the reason behind the rephasing of the lost coherence. Rephasing regenerates macroscopic polarisation
in the specified phase matching direction, and thereby
emits an echo pulse. The so-called ‘three-pulse photon echo’ spectroscopy involves a third laser pulse, in
addition to the two pulses stated above. The additional
third pulse provides a wider range of dynamics that cannot be probed using the two-pulse photon-echo. In the
‘three-pulse photon echo’ experiments, the first pulse
k1 creates a coherent superposition of energy states that
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gets gradually lost by dephasing. The second pulse k2
converts the residual superposition state to either the
ground or excited population state. The third pulse, k3 ,
puts the system back into the second coherent state,
which after rephrasing generates the photon echo signal in the ks = −k1 + k2 + k3 phase matching direction
(Figure 1).
Temporally resolving the photon echo spectra for
different excitation wavelengths gives detailed information about the induced nonlinear polarization. 20 Book
and Scherer 21 used the spectrally resolved stimulated
photon echo technique to observe short time dynamics
in a dye molecule that are not apparent in time-gated or
wavelength integrated photon echo techniques. We have
also used the SRPE spectroscopy to study the molecular
dynamics of the complex molecular system. 22
One and two-color three-pulse SRPE spectroscopies
for simple and complex molecular systems in the visible region were used for probing vibrational and
electronic dynamics in the condensed phase. 11 The
spectrally and temporally resolved photon echo spectra for different excitation wavelengths give detailed
information about the induced nonlinear polarisation in
the sample. 21 The spectrally resolved stimulated photon echo technique is used to study the short-term
dynamics in a dye molecule that are not apparent
in time-gated or wavelength integrated photon echo
techniques. 21 Photon echo technique is a very useful technique for studying the exciton dynamics in
GaAs and quantum wells. 23,24 This technique was also
used in the studies of photo-physical dynamics of
metalloporphyrins. 22
Quantum dots shows a great importance in the past
few years due to its large application in light-emitting
diodes, photovoltaics, laser detectors, bio-labels, and
quantum information. 25–40 In present time CdSe quantum dots and nanorods become an important sample for
studying due to its tractable synthesis and size dependent
spectroscopic properties. The size dependence property of quantum dots has been characterized by various
spectroscopic techniques such as linear absorption, photoluminescence, and fluorescence line narrowing. 28,32–38
Recently, the study of electronic spectrum and relaxation dynamics of CdSe nanocrystals quantum dots
have been done by four-wave mixing experiments such
as Transient Absorption, Transient Grating, three-pulse
photon echo peak shift (3PEPS), and 2D electronic spectroscopic technique. 25,35,41–55
Recently, optical dephasing processes have been used
to investigate the simple or complex molecular system. This process involves the solvation dynamics,
photophysical processes, single and multiple-exciton
migration in quantum dots, photosynthetic antenna,
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Figure 2.
band.

Schematic of valence and conduction

and molecular aggregates. 1,56–58 The advantage of this
measurement is its capability to separate the process
which leads the homogeneous and inhomogeneous
broadening of the spectral transition. 59 The inhomogeneous broadening is a static effect which is caused
by the distribution of the local environment. It can be
separated to provide a direct measurement of homogeneous broadening resulting from processes such as
molecular collision and system-bath interaction. 59 Previously CdSe quantum dots have been studies by twopulse photon echo and three-pulse photon echo peak
shift as a function of size, temperature, and polarisation. 1,56–58,65–70
Previous studies have concluded that there are
discrete transitions to excitonic states comprising of the
hole in the valence band and electron of the conduction
band as shown in Figure 2.
CdSe quantum dots have revealed that even the
capping ligands situated on their surface play an important role in the dephasing dynamics. 64 One of the
problems in studying the excitonic relaxation and
dephasing dynamics of quantum dots is the strong
inhomogeneous broadening of transitions. 64 Such a
situation arises because of the finite distribution of
shape and size of the dots and also due to their
surface defects. Lattice distortions could also contribute to inhomogeneous broadening. 64 In the previous study of CdSe quantum dots, the quantum beat
oscillation was not observed in 3PEPS data due to
its fast-dynamical processes. 65 But SRPE is a very
useful technique in overcoming this problem and understanding the ultrafast dynamics of quantum dots. 69
In this present work, we employ the SRPE in far
from resonance condition (towards the red edge of the
spectrum) to unravel information on CdSe quantum
dots.
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Figure 3. Absorption spectra of various CdSe quantum dots sample in toluene. The
marker arrow shows the excitation laser wavelength for SRPE experiments.

2. Experimental and theoretical
2.1 Chemicals and sample preparation
Commercially available Lumidot CdSe quantum dots of
various sizes: CdSe 560, CdSe 590, CdSe 610 and CdSe 640
were procured from Sigma Aldrich Company. The numbers
next to CdSe indicate the characteristic emission wavelength,
which in turn is determined by the dot size. Figure 3 shows the
corresponding absorption spectra for all our CdSe quantum
dots.
The dots are surface-stabilized by organic ligands and are
dispersed in toluene. For sample preparation, 1 mL of the
quantum dot (dispersed in toluene of 5 mg/mL concentration) was taken and diluted to 10 mL, to prepare the stock
solution. It was successively diluted to 25 mL to make the
final concentration of 0.2 mg/ mL and then introduced into a
flow cell.

The ultrafast laser beam from the amplifier was split into
three beams of equal intensity by using appropriate thin ultrafast beam splitters (BS 70:30 and 50:50) and sent through
variable delay lines consisting of retroreflectors and motorized translations stages (Newport, UTM-CC-0.1). The pulses
were arranged in boxcar geometry as shown in Figure 4 in a
way so that each beam was 1 cm apart from each other. These
laser beams were focused into the flowing sample by using
the 20 cm achromatic lens. The sample was flown in a 0.2 mm
flow cell by using the peristaltic pump consisting of Teflon
tube to avoid the burning and photodegradation of sample.
The photon echo signal is generated at the fourth corner of
the boxcar square after the macroscopic dipole moment is
rephased (in the direction of ks ). The generated photon-echo
signal is collected through a miniature grating spectrometer
(HR-2000, Ocean Optics). The data was recorded on the computer by using the LabVIEW program.

2.3 Theoretical background
2.2 Laser system and experimental setup
The 82-MHz Ti:Sapphire oscillator (MaiTai, Spectra-Physics)
operating at the center wavelength of 810 nm (bandwidth 60
nm) and pulse-width of 25 fs is used as a seed. This seed
pulse is amplified through a commercial Ti:Sapphire Regenerative Amplifier (Spitfire XP, Spectra-Physics) that is being
pumped by the 527 nm doubled Nd:YLF laser (Empower,
Spectra-Physics) operating at 1 kHz repetition rate. We used
the resulting amplified pulses of 30 fs duration, which was
centered at 810 nm. Though the amplified laser pulse repetition rate is tunable, we fixed it at 1 kHz for our experiment.
Figure 4 shows the schematic diagram of the experimental
setup for SRPE spectroscopy.

Photon echo spectroscopy techniques are generally used to
probe molecular dynamics of the complex molecular system
in which absorption bands are very congested. 11,12 Photon echo spectroscopy is a four-wave mixing technique in
which the multiple laser pulses in the appropriate geometry
induces nonlinear polarisation in the sample. The measurement of nonlinear polarisation induced in the sample gives
the information about the molecular dynamics of the complex
molecular system. 11 In our particular experiment, we used
boxcar geometry, where four pulsed laser beams of nearly
equal intensity propagate parallel to each other as have been
shown in Figure 4. The three laser pulses associated with
wave-vectors: k1 , k2 , and k3 are focused on flowing sample by using an achromatic lens (as shown schematically in
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Figure 4. Schematic of the experimental setup and pulse sequence for three pulse
photon echo technique. Image of the different pulses and the echo signal is connected
with dotted lines for clarity.
Figure 1). The resulting photon echo signal is at the fourth
corner of the square after rephasing of macroscopic dipole
moment. The time duration between the first two pulses
is called the coherence time (t12 ) while the time duration
between the second and third pulse is called population time
(t23 ). The total electric field E(t) applied in our four-wave
mixing experiment is given by: 71
E (t) = E1 (t + t 12 + t 23 ) e−i(ω1 t−k1 .r)
+E2 (t + t 23 ) e−i(ω2 t−k2 .r)
+E3 (t) e−i(ω3 t−k3 .r)

(4)

where Ei (t), ωi and ki represents electric field, central laser
frequency and the wave vector of the i th incident electric field.
By the interaction of three laser pulses, the third order nonlinear polarisation (P(3) ) induced in the sample is given by: 71
P (3) =


0

∞


dt 3

∞
0


dt 2

∞
0

dt 1 E∗1 (t+ t 12 + t 23 − t 3 − t 2 − t 1 )

×E2 (t + t 23 − t 3 − t 2 ) × E3 (t − t 3 )
× R(3) (t 3 , t 2 , t 1 )

(5)

where R(3) is a third order nonlinear response function. The
above nonlinear response function R(3) is the linear combination of both rephasing (Ra ) and non-rephasing (Rb ) response
to the macroscopic dipole moment. Thus, the total response
function is: 72
R(3) (t 1 , t 2 , t 3 ) = Ra (t 1 , t 2 , t 3 ) + Rb (t 1 , t 2 , t 3 )

(6)

Here, the rephasing response function (Ra ) contributes as
a photon-echo-like-signal in the third-order nonlinear polarization. The mathematical expression for rephasing response
function is given by: 72
Ra (t 3 , t 2 , t 1 ) = [R2 (t 3 , t 2 , t 1 ) + R3 (t 3 , t 2 , t 1 )]
×E3 (t − t 23 − t 3 ) exp [−iω3 (t − t 23 − t 3 )]
×E2 (t − t 3 − t 2 ) exp [−iω2 (t − t 3 − t 2 )]
×E∗1 (t + t 12 − t 3 − t 2 − t 1 )
×exp [iω1 (t + t 12 − t 3 − t 2 − t 1 )]

(7a)

where R2 and R3 are third-order nonlinear response functions.
The non-rephasing response function (Rb ) contributes as FID
like signal in the in the third order nonlinear polarisation. The
mathematical expression for non-rephasing response function
is given by: 72
Rb (t 3 , t 2 , t 1 ) = [R1 (t 3 , t 2 , t 1 ) + R4 (t 3 , t 2 , t 1 )]
×E3 (t − t 23 − t 3 ) exp [−iω3 (t − t 23 − t 3 )]
×E2 (t − t 3 − t 2 − t 1 ) exp [−iω2 (t − t 3 − t 2 + t 1 )]
×E∗1 (t − t 12 − t 3 − t 2 ) exp [iω1 (t − t 12 − t 3 − t 2 )]

(7b)
where R1 and R4 are third-order nonlinear response function.
The Feynman diagram given in Figure 5 is an important
tool to explain our experimental observation. The interaction
of three laser pulses in proper phase matching direction is
given Feynman diagram. 72 The two vertical lines in Figure 5
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for R1 , R2 , R3 and R4 response functions represents the time
evolution of the ket and the bra of the density matrix.
The time increase corresponds to going from the bottom
to top in the Feynman diagram. Every arrow is representing
the interaction of pulses with the system. An arrow pointing towards the vertical line for both bra and ket side of
the density matrix represents the absorption while the arrows
pointing away from the vertical line represents the emission.
For each response function diagram has a sign (−1)n , where n
is the number of interactions from the bra side of the Feynman
diagram. The last arrow represents the generated third-order
nonlinear signal. For inhomogeneously broadening ensembles, the Gaussian distribution for a simple two-level system
is given by: 11


(ω − ω12 )2
G (ω) = exp −
(8)
2
where  is 1/e half-width. Now the final expression for
third-order nonlinear response function including the contribution of inhomogeneously broadening ensemble average is
given by: 72
R1 (t 3 , t 2 , t 1 ) = exp[−iω12 (t3 +t1 )] exp [−Υ 12 (t 3 + t 1 )]
×exp [−Υ 12 t 2 ] exp[− 2 (t 3 + t 1 )2 /4)]
= R4 (t 3 , t 2 , t 1 )
(9a)
R2 (t 3 , t 2 , t 1 ) = exp[−iω12 (t3 −t1 )] exp [−Υ 12 (t 3 + t 1 )]
×exp [−Υ 12 t 2 ] exp[− 2 (t 3 − t 1 )2 /4)]
= R3 (t 3 , t 2 , t 1 )
(9b)
where ω12 is the transition frequency, γ12 = 1/T2 and γ1 =
1/T1 . The T1 excited state lifetime and T2 is the dephasing
time of the transition.
The third order nonlinear polarisation for spectrally
resolved photon echo signal (SRPE) is determined by the
Fourier transformation of time domain 3rd order polarisation
given in equation (5). Thus, the frequency domain third-order
nonlinear polarisation is given by: 11–14,21,73,74
 ∞
(3)
P (3) (t, t 12 , t 23 ) eiωt dt
(10)
Ṕ (ω, t 12 , t 23 ) =
−∞

Now the third or nonlinear polarisation including response
functions given in equations (7a), (7b), (9a) and (9b) assuming
delta function for two-level systems is given by: 72
Ṕ

(3)

(ω, t 12 , t 23 ) ∝ Nμ412 exp[iω3 t23 ] exp [−ϒ 1 t23 ]


i (ω12 −ω)+ϒ 12 )2
X {exp [−iω12 (t23 −t12 )]
Xexp
2


i (ω12 −ω) ϒ 12 t12 
+
+
 (t12 )  (t23 )
erfc


2
+exp [−iω12 (t23 +t12 )] Xexp [−2ϒ 12 t12 ]



i (ω12 −ω) ϒ 12 t12 
+
−
 (−t12 )  (t23 )
erfc


2

(11)
where  is the Heaviside step function. The signal intensity
for spectrally resolved (time-integrated) photon echo signal
is given by: 25



2

 (3)
Ṕ (λd , t12 , t23 ) dt

∞

S (λd , t 12 , t 23 ) ∝
0

(12)

where λd is the wavelength detected by the spectrometer. At
zero coherence time (t12 ) when two laser pulses overlap the
signal spectrum includes the contribution of population grating. So, the final expression may then be returned as 13 :
SD (λd , t 12 , t 23 ) = SSRPE (λd , t 12 , t 23 )
+η (λd , t 12 , t 23 ) I PR (λd )

(13)

where η (λd , t 12 , t 23 ) is the efficiency of the population
grating and IPR (λd ) is the spectral density of the probe pulse
which is detected by the spectrometer as a function of the
central wavelength of the laser pulses. The efficiency of population grating (η) is proportional to the [exp(−t23 /νlife ) −
exp − (t23 /νrise )], where νlife and νrise are the lifetime and the
formation time of the population grating, respectively.

3. Results and Discussion
3.1 Photon echo spectroscopy of CdSe quantum dots
Numerous one color three-pulse photon echo studies of
a variety of compounds have been reported in the literature, ranging from dyes, biological molecules, semiconductors, quantum dots, etc. 22,41–55 Typical photon echo
experiments are done in the resonance condition, i.e.,
when the central wavelength of the laser pulse is around
the region of maximum absorption. When the first two
pulses fall on the sample, it gets excited, and a population grating is formed. The efficiency of the grating is
likely to be dependent on the extent of absorption. That
is the reason as to why three-pulse photon-echo peak
shift experiments are generally carried out with the laser
wavelength close to that for maximum absorption. 61–63
However, the strong inhomogeneous broadening for
resonant transitions of quantum dots lead to ultrafast
excitonic relaxation and dephasing dynamics, which
makes such studies difficult. 65 In our experiment, we
try to see whether we can perform photon echo experiments in the far from resonance condition as well. A
laser pulse of central wavelength 810 nm is used in
our SRPE experiments. From Figure 3 it is clear that
the absorbance at 810 nm is quite negligible as compared to the maximum absorption. But there is still some
finite absorption at this wavelength. Due to this, the
photon echo signal of substantial intensity is observed
at 810 nm which is far from the resonance condition
or towards the reddish edge of the absorption spectrum in CdSe 610 and CdSe 640 quantum dots. Though
the overall signal at such off-resonance condition is
lower than at the resonance wavelengths, the ultrafast
pulse-widths in our experiments provide the necessary
advantage to monitor ultrafast relaxation dynamics. The
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Figure 5.

Double-sided Feynman diagram.

valence and conduction band for CdSe quantum dots
exhibit different states near the band edge. 75 These states
allow the respective charge carrier to undergo different
relaxation via coupling to ligands, acoustic, and optical
phonon mode. 27,45,75–81 In a semiconductor nanocrystal,
the electron-hole correlated processes play an important role in electronic relaxation. The electron relaxation
occurs due to the sparer density of states for electrons
near the band edge or by angular momentum consideration. In quantum dots, the electron is relaxed via an
Anger-like mechanism, in which electron wave function
overlap allows the electron to transition while simultaneously exciting a hole in the valence band. The above
process occurs due to fast band-edge relaxation for CdSe
quantum dot states. 25,71,77,82
Salvador et al., assumed the two-level systems for
performing the simulation for 3PEPS data of CdSe quantum dots. 60 For our experimental analysis, we are also
assuming two-level systems for CdSe quantum dots. For
studying the excitonic dynamics and phonon coupling,
we are applying optical response theory used for fourwave mixing experiment. In our experiment, photon
echo signal was spectrally resolved in a spectrometer,
and the data was collected by scanning the coherence
time for various fixed population time and also by scanning the population time for various fixed coherence
times. Figure 6(A–D) shows the spectrally resolved photon echo plots by scanning the coherence time (t12 ) at
fixed population time (t23 ) times of 0, 50, 100 and 150
fs, for CdSe 610 in toluene.
At zero coherence time, the spectrally resolved
contour plot shows a tilted profile, which implies blueshifting of the photon echo signal during positive
coherence time and red shifting of the photon echo
spectrum during negative population times. This indicates the inhomogeneous broadening in the spectrum
caused by the different properties induced by the fluctuation in size, shape, and symmetry of each nanocrystal
in quantum dots ensembles. 60 The main cause of inhomogeneous broadening in the spectrum is sample size

distribution. There are some oscillations observed in
the negative direction of coherence time due to the
vibrational modes. Generally, for semiconductor nanocrystal, the exciton is coupled to Longitudinal Optical
phonons due to polar Fröhlich coupling. In this coupling, the optically excited electronic charge distribution
coupled via Coulomb interaction to the charge density
induced by the vibrational motion of the lattice atoms.
There is negligible wavelength shift observed when we
increase the fixed population time from 0 to 100 fs time
scale that indicates the population relaxation dynamics. In Figure 6(B), at 50 fs fixed population time, the
shape of the contour plots starts becoming symmetric
with respect to zero coherence time and the signal maxima shifted towards the zero-coherence time (t12 ). For
negative coherence, the FID contribution is more in the
spectra according to the Feynman diagram in Figure 5.
It is seen in Figure 6(A–C), that the FID contribution is
more in the spectra that indicate inhomogeneous broadening in the spectra. The inhomogeneous state may be
present for more than 100 fs population time, but it is not
observable in our experiment because our signal intensity almost decayed at 150 fs timescale.
For CdSe 640, the same excitation pulsed laser source
with a center wavelength of 810 nm was used, and the
results are shown in Figure 7. The spectrally resolved
photon echo signal at zero population time at fixed zero
coherence time was centered at 810 nm, and a blue
shift was observed for positive coherence times and
redshift for negative coherence times that indicates the
inhomogeneous broadening in the spectra as shown in
Figure 7(A). In Figure 7(B) at 50 fs fixed population
time (t23 ), the shape of spectra becomes symmetrical
and the signal intensity is centered near zero fs coherence time. There is no wavelength shift observed as we
increase the fixed population time from 0 to 50 fs, which
indicates that spectral diffusion process occurs at ∼ 50
fs timescale for CdSe 640 quantum dot.
We have also studied the time-resolved photon echo
spectroscopy for both CdSe 610 and CdSe 640 quantum

144 Page 8 of 13

J. Chem. Sci. (2018) 130:144

Figure 6. Spectrally resolved photon echo plots for CdSe 610 in toluene taken while
scanning the coherence time for various fixed population times (t23 ) of (A) 0fs, (B)
50fs, (C)100fs, (D) 150fs.

Figure 7. Spectrally resolved photon echo plots for CdSe 640 in toluene taken while
scanning the coherence time (t12 ) for various fixed population times (t23 ) of (A) 0fs,
(B) 50fs, (C)100fs, (D) 150fs.

J. Chem. Sci. (2018) 130:144

Figure 8. Fitted integrated plots of photon echo signal for CdSe 610 quantum dot
in toluene solvent at four (A to D) specific coherence times (t12 ) while varying the
population (t23 ).

Figure 9. Fitted integrated plots of photon echo signal for CdSe 640 quantum dot
in toluene solvent at four (A to D) specific coherence times (t12 ) while varying the
population (t23 ).

Page 9 of 13 144

144 Page 10 of 13
Table 1.

J. Chem. Sci. (2018) 130:144

Decay constants of CdSe 610 and CdSe 640 quantum dots in toluene

Coherence time (t12 )
CdSe 610
t12 = 0 fs
t12 = 50 fs
t12 = 100 fs

Decay constant (τ1 )

Decay constant(τ2 )

CdSe 640

CdSe 610

CdSe 640

CdSe 610

CdSe 640

t12 = 0 fs
t12 = 50 fs
t12 = 100 fs

32 fs
37 fs
39 fs

32 fs
37 fs
39 fs

1.13 ps
1.26 ps
1.13 ps

2.05 ps
2.17 ps
2.19 ps

dots samples. The integrated plots of photon signal give
valuable information about population relaxation time
by varying the population time (t23 ) at different fixed
coherence times (t12 ). For collecting the time-resolved
integrated signal, we have used 810 nm wavelength laser
pulses, which are very far from the resonance condition
for both quantum dots samples. Figure 8(A–C) shows
the fitted integrated plots of photon echo signal for CdSe
610 quantum dot sample in toluene at 810 nm central
wavelength of laser pulses.
In this case, we are scanning the population time (t23 )
at different fixed coherence time 0 fs, 50 fs and 100
fs. The integrated photon echo signals are well fitted in
the bi-exponential model and give two decay constants.
At zero coherence time, two decay constants are 32 fs
and 1.13 ps as given in Table 1. The fast decay constant
is pulse width limited, and the slow decay component
shows intra-band relaxation dynamics. At 50 fs coherence time, two decay constants are 37 fs and 1.26 ps.
Finally, at 100 fs coherence time, the two decay constants are 39 fs and 1.34 ps.
Figure 9(A–C) shows the fitted integrated plots of
photon echo signal for CdSe 640 quantum dot. At zero
delay or zero coherence time (t12 ), the two decay constants resulting from our bi-exponential model are 35 fs
and 2.05 ps respectively as shown in Figure 8(A), and
values are given in Table 1.
We also measured the decay time scale by fitting the
bi-exponential curve at different fixed coherence time
(t12 ) 50 and 100 as shown in Figure 9(B–C) and measured time scales are shown in Table 1.

4. Conclusions
In spite of experimenting with laser pulses centered at
810 nm, a photon echo signal of substantial intensity
is obtained. Thus, ultrafast dynamics can be studied
using photon echo technique even under the far-fromresonance condition, which is an interesting observation, because all typical photon echo studies are done in
the near-resonance condition, with the laser wavelength
close to the maximum absorbance of the sample. In this

situation, SRPE at far-resonance wavelength may still
allow dynamical information to be extracted, provided
there is no interference due to the solvent. A small difference is observed in the molecular dynamics of CdSe
610 and CdSe 640. The spectral diffusion process for
CdSe 640 occurs within first 50 fs, while for CdSe 610,
it may be occurring after 100 fs timescale. The fast decay
constant for both CdSe 610 and CdSe 640 is 30–40 fs
because of the limited pulse width. The slow decay constant for CdSe 610 is in between 1.13 ps to 1.36 ps, while
for CdSe 640, it is between 2.05 to 2.19 ps, at different
fixed coherence times.
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