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Abstract:
We present a new multidimensional spectroscopy technique based on femtosecond spectrally resolved 2colour 3-pulse photon echoes for investigating of the carriers dynamics in the photonic materials such as
semiconductor doped glass and porous silicon. The use of different colours and polarisations for the pump
and probe pulses together with spectral analysis of the photon echo signals allows separation of the dynamics
of electrons and holes.
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Introduction
Following the pioneering of ‘femtochemistry’ by Zewail [1] in the 1980s, there has
been much interest in developing multidimensional femtosecond laser techniques similar to
those successfully used in NMR to study ultrafast dynamical processes in complex
molecular systems [2-4]. These techniques include nonlinear coherent spectroscopies such
as stimulated photon echoes based on sequences of femtosecond laser pulses and Raman
echoes involving two or more pairs of femtosecond pulses followed by a probe pulse.
Multiple-pulse nonlinear coherent techniques probe correlations between the electric fields
generated in the phase-matching directions by the different pulses and allow detailed
spectroscopic information to be obtained in the presence of inhomogeneous broadening.
Spreading the information over more than one dimension, for example, by using several
pulses with independently controllable time delays, helps to unravel and extract the
complex dynamical and spectroscopic information, such as relaxation rates of the level
populations, dephasing rates or homogeneous and inhomogeneous broadening of the
optical transition.
We present a multidimensional spectroscopy technique based on spectrally resolved 2colour 3-pulse photon echoes in the visible wavelength range for investigating dynamics of
the excited carrier in photonic materials such as semiconductor doped glass and porous
silicon.

Theoretical Background
The polarization induced in an isotropic medium by pulsed optical radiation may be
expanded as a sum of terms involving odd powers of the optical electric field E:
P = P(1) + P(3) + P(5) + ….. = χ(1)E + χ(3)E3 + χ(5)E5 +….. .,
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(1)
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where χ(1), χ(3),…are the first-order, third-order… susceptibilities. The induced nonlinear
polarization generates a signal electric field ES(t), which for low optical density and perfect
phase matching is directly proportional to the nonlinear polarization. For low light
intensities the nonlinear polarization is given by the third-order term P(3).
For excitation with three temporally separated optical pulses, having electric fields E1,
E2, E3 and (angular) frequencies ω1, ω2, ω3, the third-order nonlinear polarization may be
expressed in terms of nonlinear response theory [2]
∞

∞

∞

P(3)(t, t12, t23) ≈ N(i/ħ)3 ∫ dt3 ∫ dt2 ∫ dt1 [RA(t3, t2, t1) + RB(t3, t2, t1)]
0

0

(2)

0

where t1, t2, t3 are time variables between pulses 1 and 2, 2 and 3, and 3 and the signal,
respectively; and N is the density of states. RA and RB are optical response functions given
by
RA(t3, t2, t1) = [RII(t3, t2, t1) + RIII(t3, t2, t1)] × E3(t – t23 – t3) exp[–iω3(t – t23 – t3)]
× E2(t – t3 – t2) exp[–iω2(t – t3 – t2)] × E1*(t + t12 – t3 – t2 – t1)
× exp[iω1(t + t12 – t3 – t2 – t1)]

(3a)

RB(t3, t2, t1) = [RI(t3, t2, t1) + RIV(t3, t2, t1)] × E3 (t – t23 – t3) exp[–iω3(t – t23 – t3)]
× E2(t – t3 – t2 – t1) exp[–iω2(t – t3 – t2 – t1)] × E1*(t – t12 – t3 – t2)
× exp[iω1(t – t12 – t3 – t2)]

(3b)

where t12, t23 are the time delays between pulses 1 and 2, 2 and 3, respectively. RI to RIV
and their complex conjugates are third-order nonlinear response functions.
When the signal is recorded with a slow detector, i.e., in a time-integrated
measurement, the photon echo signal is given by
∞

S(t12, t23) ∝ ∫ |P(3)(t, t12, t23)|2 dt

(4)

0

where P(3) is given by Eqs. (2), (3). In such a time-integrated measurement information
about the temporal shape of the nonlinear polarization is lost and to retain such information
additional measurements such as time-gated or heterodyne-detected measurements may be
used [5].
An alternative way to obtain detailed information about the temporal evolution of the
nonlinear polarization is to record the spectrum of the photon echo signal using a
spectrometer [4]. The frequency-domain nonlinear polarization is determined by Fourier
transformation of the time-domain nonlinear polarization [Eq. (2)] with respect to t:

~

∞

P(3)(ω, t12, t23) = ∫ P(3)(t, t12, t23) exp(iωt) dt

(5)

-∞

For a simple two-level system with transition frequency ω12 and (Lorentzian)
homogeneous broadening the third order polarisation is given by

~

P(3)(ω, t12, t23) ∝ Nµ124 exp[(iω3 – γ1)t23] ×{exp[– iω12(t23 – t12)] Θ(t12) Θ(t23)
+ exp[– [iω12(t23 + t12) + 2γ12t12]]Θ(– t12) Θ(t23)}× [γ12 + (ω – ω12)]-1

(6)

where γ1 = 1/T1, γ12 = 1/T2, T1 is the population lifetime of the excited state and T2 the
dephasing time of the optical transition, Θ is the Heaviside function. For a two-level
system with inhomogeneous broadening given by a Gaussian distribution
G(ω) = exp[–(ω – ω12)2/Γ2] (where Γ is the 1/e halfwidth) third order polarisation is given
by
157

International Workshop on Photonics and Applications. Hanoi, Vietnam. April 5-8,2004

~

P(3)(ω, t12, t23) ∝ Nµ124 exp[(iω3 – γ1)t23] exp[[i(ω12 – ω) + γ12]2/ Γ2)]
× {exp[– iω12(t23 – t12)] erfc[i(ω12 –ω)/Γ + γ12/Γ + t12Γ/2] Θ(t12) Θ(t23) + exp[–
[iω12(t23 + t12) + 2γ12t12]]× erfc[i(ω12 – ω)Γ + γ12/Γ – t12~Γ/2] Θ(– t12) Θ(t23)}

(7)

(3)

The inhomogeneous broadening leads to a frequency shift of P (ω, t12, t23) and hence to a
wavelength shift of the photon echo signal. The spectrally resolved photon echo signal
intensity is then

~

SSRPE(λD, t12, t23) ∝ |ES(ω, t12, t23|2 ∝ |P(3)(λD, t12, t23)|2

(8)

When the first and second pulses temporally overlap (or partially overlap) in the
sample, the pulses interfere to create a periodic standing wave pattern, which can induce a
population grating by absorption in the sample. In the present 2-colour 3-pulse
experiments in which ω1 = ω2 ≠ ω3, the probe pulse can be diffracted by the population
grating in the phase-matching direction k4 = – k1 + k2 + k3 with frequency ω4 = ω3. In this
case the spectrum of the population grating signal is determined by the spectral profile of
the probe pulse Iprobe(λD). The total nonlinear signal spectrum, including the contribution of
the population grating, can then be written as
SD(λD, t12, t23) = SWPE(λD, t12, t23) + η(λD, t12, t23) Iprobe(λD),

(9)

where η(λD, t12, t23) is the efficiency of the (transient) population grating, which is
proportional to [exp(–t23/τlife) – exp(–t23/τrise)], and τlife and τrise are the lifetime and buildup time of the population grating, respectively.
For two-colour experiments with ω1 = ω2 ≠ ω3, conservation of momentum and energy
leads to the following phase-matching directions and signal frequencies: k4 = – k1 + k2 +
k3; k5 = – k2 + k3 + k1; k6 = – k3 + k1 + k2; ω4 = ω3 + δω4; ω5 = ω3 + δω5; ω6 = – ω3 +
2ω1 + δω6, where the δω represent frequency shifts associated with the transfer of optical
coherence between transitions of different frequency. Thus, in 2-colour experiments in
which ω1 = ω2 ≠ ω3, the signal for k5 is the same as for k4 but with the sign of the
coherence time t12 reversed, while the signal for k6 can yield additional information to that
of k4 or k5.

Experiments
Our femtosecond laser system consists of a mode-locked Ti: sapphire oscillator and a
regenerative amplifier which delivers 80 fs, 1mJ pulses at a wavelength of 800 nm and
repetition rate 1 kHz. The laser pulses from the regenerative amplifier are split into two
beams which pump two independently tunable optical parametric amplifiers (OPAs), thus
providing a two-colour source of femtosecond laser pulses. Frequency resolved optical
gating (FROG) measurements show that the pulses from the OPAs, when optimised, have
a very little linear chirp. The OPAs have several options for frequency generation – second
harmonic generation (SHG), fourth harmonic generation (FHG) or sum frequency
generation (SFG) – allowing coverage of a broad range of wavelengths (250 – 2000 nm)
with pulse duration of about 100 fs. The FWHM of the spectral profile of the pulses from
the OPAs is 250 – 350 cm-1 (7 – 12 nm in visible wavelength range). The output of the first
OPA is split into two beams, which act as the pump pulses k1 and k2, and the output of the
second OPA acts as the probe pulse k3. The three pulsed beams with time delays t12 and t23
are aligned in a triangular configuration and focussed by a 15 cm focal length lens into the
sample. The signal is measured in the phase-matching directions k4 and k6 and detected by
158

International Workshop on Photonics and Applications. Hanoi, Vietnam. April 5-8,2004
one or more spectrometers equipped with CCD array and having spectral resolution of
about 1 nm.

Results and discussions
Study of semiconductor doped glass
i) Detection of k4 = – k1 + k2 + k3:: The fig. 1 shows the spectrum of the signal in k4

direction with a fixed delay between pulse 1 and 2 at t12 = 0 fs (fig.1a,b) and between pulse
2 and 3 at t23 = 0 fs (fig.1c,d), and scan other the delay t23 and t12 respectively. The laser
wavelength is λ1 = λ2 = 580 nm and λ3 = 600 nm. At the short delay time (-100 fs to 100
fs) the signal has a wavelength at λ4 = λ3 + δλ4, where δλ4 represents the wavelength shift
that reflect the dynamics of electrons and holes associated with coherence memory during
the intraband relaxation. When the polarisation of three laser beams are parallel (P-polar,
Fig. 1a,c) the A and B-holes with band splitting about 20-30meV have a same contribution
to observed signal the spectrum of photon echo is broader then for the case the polarisation
the probe beam is perpendicular to pump beams (S-polar, Fig. 1b,d). A transient grating
signal is observed for long delay by scanning of t23.
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Fig 1: Time evolution of nonlinear signal
spectrum detected in k4 direction: a,b) verus delay
time t23 at fixed delay time t12 = 0 fs, and c,d) for
verus delay time t12 at fixed delay time t23 = 0 fs

Fig 2: Time evolution of nonlinear signal
spectrum detected in k6 direction: a,b) verus
delay time t23 at fixed delay time t12 = 0 fs,
and c,d) for verus delay time t12 at fixed delay
time t23 = -120 fs

ii) Detection of k6 = – k3 + k1 + k2: For detection in the phase-matching direction k6 = – k3

+ k2 + k1 the photon echo signal has a wavelength λ6 ≈ – λ3 + 2λ1 + δλ6. For t12 =0 fs a
“pure” four wave mixing signal at 560 nm can be observed if three pulse is overlap in time
(t 23 =0 fs, fig. 2a,b). At the time delay t23 = - 120 fs (fig. 2c,d) for detecting in k6 direction
the pulse k3 precedes k2 and k1, and the ‘coherence time’ is now given by t23 and the
‘population time’ by t12 . The observed signal on negative delay t12 (fig. 2c,d) (also for t23
<0) is the stimulated photon echo that reflect the intraband relaxation of excited electrons
holes. The change of spectral width in the case of perpendicular polarisation of probe pulse
involves the dynamics of excited electrons.
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Study of porous silicon
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Fig 3: Spectra of the nonlinear signal in k4 direction verus the delay time t23 with fixed t12 = 0
and λ3 = 575 nm for a) sample with 70% porosity and λ1 = λ2 = 560 nm; b) sample with 48%
porosity and λ1 = λ2 = 560 nm; c) sample with 70% porosity and λ1 = λ2 = 590 nm; d) sample
with 48% porosity and λ1 = λ2 = 590 nm. The insets plot the signal intensity at 750nm with
spectral window of 2 nm A) for the case in fig 2a and 2b and B) for the case in fig 2c and 2d.

Fig. 3 displays the echo spectrum verus delay time t23 with the fixed of t12 = 0 fs in the
fist 1 ps. Similar spectrum is observed for the fixed t12 = ± 40 fs but the intensity is small.
Clear oscillations can be seen in all case. When the laser pulses cover or partly cover two
(or more) transitions with frequencies ωi, ωj, two different quantum pathways can be
involved by interaction of system with laser pulses, which can interfere, and the timeintegrated signal versus delay time t12 or t23 can exhibit oscillations (or quantum beats) at
the difference frequency ∆ω = ωi - ωj. Fourier transformations of the signal intensity
verus the decay time provide some splitting energy. In all case a energy splitting of 4-5
meV can be observed that close to singlet and triplet splitting (6meV [6]) of Si crystal or
spin-orbit splitting of conduction band of porous silicon quantum wire (3-7 meV [7]). A
splitting of 18meV and 22 meV is deduced for sample with 48% porosity and 21 meV and
28meV for sample with 70% porosity. This energy splitting is closed to the magnitude of
the spin-orbit splitting of the valence band is around 20-35 meV [7]. For the case of pump
wavelength at 560 nm and probe wavelength at 575 nm the rise time (the time for signal
reaches its maximum) is longer (up to 500 fs) for sample with high porosity (70%) as see
in Fig 2a or on the inset 2A. Similar result is obtained when the pump at 575 nm and probe
at 590 nm have been applied. The rise time can be the time for localise of excited electrons
in conduction band.
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Conclusions
Spectrally resolved 2-colour 3-pulse photon echo spectroscopy in the visible provides a
potentially powerful multidimensional technique for studying dynamics of excited carriers
on a femtosecond time scale. The detection of the spectra of the photon echo signals in a
spectrometer equipped with CCD detector provides a convenient way of obtaining an
additional dimension without the requirement of an additional scan (and hence additional
data collection times). In particular, the multidimensional spectra can be used to probe the
time evolution of the amplitude of the third-order nonlinear polarization induced in the
sample by the three laser pulses. The large number of available degrees of freedom allows
one to separate and extract certain specific types of spectroscopic information in complex
systems. The use of different colours for the pump and probe pulses together with spectral
analysis of the photon echo signals allows separation of the dynamics of electrons and
holes. The use of spectrally resolved photon echoes also allows the resolution of different
quantum beat frequencies corresponding to different selected energy levels.
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