Letter
pubs.acs.org/JPCL

Manipulating Impulsive Stimulated Raman Spectroscopy with a
Chirped Probe Pulse
Lorenzo Monacelli,† Giovanni Batignani,†,‡ Giuseppe Fumero,†,§ Carino Ferrante,† Shaul Mukamel,∥
and Tullio Scopigno*,†,⊥
†
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ABSTRACT: Photophysical and photochemical processes are often dominated by
molecular vibrations in various electronic states. Dissecting the corresponding, often
overlapping, spectroscopic signals from diﬀerent electronic states is a challenge
hampering their interpretation. Here we address impulsive stimulated Raman
spectroscopy (ISRS), a powerful technique able to coherently stimulate and record
Raman-active modes using broadband pulses. Using a quantum-mechanical treatment of
the ISRS process, we show the mode-speciﬁc way the various spectral components of the
broadband probe contribute to the signal generated at a given wavelength. We
experimentally demonstrate how to manipulate the signal by varying the probe chirp and
the phase-matching across the sample, thereby aﬀecting the relative phase between the
various contributions to the signal. These novel control knobs allow us to selectively
enhance desired vibrational features and distinguish spectral components arising from
diﬀerent excited states.

U

spontaneous Raman spectrum. The heterodyne detection of
ISRS spectra, engraved onto the highly directional probe ﬁeld,
suppresses ﬂuorescence and other incoherent processes. The
addition of a photochemical actinic pump allows for mapping
out vibrational dynamics, triggering the system photoreaction
with high temporal resolution.8
The power of ISRS has been recently demonstrated by
investigating prototypical cases of photoinduced dynamics in
Bacteriorhodopsin,9 intermolecular vibrational motions in
liquid CS2,10 isomerization of Channelrhodopsins,11 and the
excited-state proton transfer of green ﬂuorescent protein.12
The ISRS probing process is, in general, aﬀected by
concurring vibrational coherences from both the ground and
excited states, and discerning the two is a most challenging
task. Much eﬀort has been made in this direction.6 Strategies
to identify the electronic state hosting a vibrational coherence
at its generation have been proposed based on temporal
dispersion by introducing a chirped resonant pump pulse.13−15
Furthermore, ISRS extension to study the presence of
electronic coherences in the X-ray domain16,17 has been
theoretically demonstrated.

ltrafast spectroscopy aims to study nonequilibrium
atomic and molecular dynamics in the gas phase or
the condensed phase on the femtosecond time scale.1 This is
most simply achieved by the pump−probe technique: an
actinic pump beam prepares the sample in a nonstationary
superposition state, while the transmission of a delayed probe
subsequently reveals the state of the system at a given instant
following photoexcitation. Ultrafast spectroscopy has witnessed a signiﬁcant growth during the last two decades thanks
to the development of temporal compression techniques, able
to synthesize optical pulses with a few femtosecond duration
and Fourier-transform-limited bandwidth.2 This is a key tool
for several spectroscopic approaches based on multiple pulses
sequences, such as impulsive stimulated Raman spectroscopy
(ISRS).3−5
The ISRS experiment exploits a time-domain probe protocol
consisting of two temporally separated laser ﬁelds, the Raman
and the probe pulses, to stimulate and read out vibrational
coherences on a given electronic state, respectively. Consequently, it is not hampered by the background signals
induced by the temporal overlap of multiple pulses,
commonly aﬀecting other kinds of ultrafast experiments.6,7
The ISRS signal records the changes in the transmitted probe
pulse as a function of its temporal delay with respect to the
Raman pulse, T, and its wavelength λs, thereby resulting in a
2D signal. Fourier transforming over T recovers the
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Figure 1. 2D broadband ISRS spectrum of cyclohexane as a function of the probe wavelength and the Raman frequency. The intensity of the 800
cm−1 mode exhibits a minimum in correspondence of the maximum probe intensity (reported in the right panel as green shaded area), with two
maxima on the red and the blue sides of the probe central wavelength. The 384 cm−1 mode shows an opposite behavior, with the maximum in
the center position. The top panel shows the marginal spectrum obtained by integrating over all probe wavelengths. The amplitude of the 384
and 800 cm−1 modes as a function of the probe wavelength is reported in the right panel (red and blue lines, respectively).

The 384 cm−1 mode has the maximum of its intensity around
the center of the probe λs = 555 nm, while the 800 cm−1
mode shows a minimum in the same wavelength region. The
behavior of the 800 cm−1 mode is well described by previous
theoretical descriptions based on classical or semiclassical
approaches,5,21,22 which predict a bilobed proﬁle in the probewavelength resolved 2D maps across each vibrational mode.
In the time domain, this corresponds to an amplitude
modulation of the probe pulse at the stimulated vibrational
frequencies, which vanishes at the spectral maximum. Notably,
the red and blue spectral wings oscillate with an opposite
phase. However, the 384 cm−1 mode signal in Figure 1
behaves diﬀerently, suggesting a more complex underlying
process. To understand these diﬀerences, we derive the ISRS
spectral response, taking into account probe chirp and ﬁnite
sample size eﬀects, within a quantum perturbation theory
framework.
In the dipole approximation,23 the ISRS process is
described by the dipole Power−Zienau24 radiation−matter
interaction Hamiltonian HI = μ⃗ ·E⃗ , where μ⃗ and E⃗ are the
dipole and the local electric ﬁeld operators. E⃗ can be
separated into creation and annihilation operators

Here we study a three-beam experimental ISRS conﬁguration. We start by a photoexcitation using a resonant actinic
pulse (AP), followed by an ISRS detection, which combines
an oﬀ-resonant Raman pulse (RP) and, critically, a properly
shaped, chirped, broadband white-light continuum (WLC)
probe. This allows us to unveil the undetermined population
states following the photoreaction process triggered by the
AP. Keeping the Raman pulse electronically oﬀ-resonant
guarantees that the vibrational coherence is solely generated
in the electronic state manifold involved in the photoreaction
process, preventing contributions arising from additional
electronic resonances. Moreover, taking advantage of a
chirped WLC probe pulse provides access to the higher
frequency region of the Raman spectrum (compared with a
noncollinear optical parametric ampliﬁer-based probe) without
compromising the temporal resolution.18 Last, but not least,
introducing nonresonant chirped WLC, we demonstrate
mode-selective enhancement of the ISRS signal.
We theoretically describe ISRS signals and their variation
with the scattering geometry, elucidating the role of the
phase-matching condition and the eﬀect of a strongly chirped
probe pulse. The response of the system is derived using a
perturbative framework based on the diagrammatic expansion
of the density matrix,19,20 which allows us to take into account
individually all of the nonlinear processes underlying the ISRS
signal. Finally, we demonstrate how chirping and phase
matching can be used to disentangle ground state from
excited-state vibrational coherences.
The interpretation of broadband ISRS spectra is not easy,
even in the apparently simple case of nonresonant probe
pulses and in the absence of AP excitation reported in Figure
1. Here we show a broadband ISRS experiment, performed in
a common solvent, liquid cyclohexane (C6H12). The ISRS
signal intensity as a function of the probe wavelength,
measured with an oﬀ-resonant Raman pulse, clearly reveals a
diﬀerent behavior of various vibrational ground-state modes.

E⃗ =

∑ ϵ̂α[,j( r ⃗ , t ) + ,†j ( r ⃗ , t )]
(1)

j,α

where ϵ̂α and j run over the polarization and mode of the
ﬁelds, respectively. The ISRS heterodyne-detected signal can
be deﬁned as the derivative of the mean number of photons
Ns in mode s of the probe pulse25,26
+∞

S=

∫−∞

d⟨Ns⟩
i
dt ′ = ⟨(V + V†)(,s − ,†s )⟩
dt ′
ℏ

(2)

†

where V and V represent the molecule excitation lowering
and raising operators (see Methods).
We consider here the ISRS pulse sequence shown in Figure
2a. The actinic pulse promotes the system into an electronic
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Figure 2. (a) ISRS experiment geometry and temporal envelopes of the laser ﬁelds are represented. Energy ladder scheme involved in the ISRS
optical transitions is also indicated. We consider three electronic states g (ground), e, and f (excited); g1 and e1 are the corresponding vibrationally
excited states. (b) Feynman diagrams for the ISRS process. Upon resonant actinic pump excitation, the system may evolve, ending up in an
unknown population state (either the ground g or the electronically excited e) depending on the speciﬁc relaxation pathway (gray boxes). Dashed
boxes represent the two ISRS signals surviving in the absence of actinic photoexcitation.

electronic levels g, e, and f and a single (common) vibrational
mode (see Figure 2a). In this case, the ISRS signal is
described by the six α−ζ diagrams in Figure 2b. The above
possible extensions can be handled by evaluating additional
diagrams originating from hot electronic states, weighted by
the instantaneous thermal population, or by accounting for
delay-dependent Green functions in eq 3.
Using the Heisenberg equation to calculate the derivative in
eq 2,20,31 the ISRS signal can be read out from the diagrams
in Figure 2b

excited state, which can only relax (before the Raman pulse
arrival time) down to the ground g or to the electronically
excited state e, depending on its relaxation dynamics
(indicated by the gray boxes in Figure 2b). At this point,
the system could be vibrationally excited, as it happens in the
presence of hot vibrational populations27,28 or time-dependent
frequencies along reaction coordinates.29,30 However, for the
sake of simplicity, we will consider in the following
vibrationally relaxed cases. Accordingly, we will not include
the actinic excitation pulse explicitly in the calculation, rather
considering a molecular system characterized by three

S(T , ωs) =

2μef2 μe2f
1

ℏ4

⎧
⎪
ℑ⎨
⎪
⎩

∞

∞

∞

∫−∞ ∫−∞ ∫−∞ dω1 dω2 dω3 Er̃ *(ω1, T )Er̃ (ω2 , T )Es̃ (ω3)Es̃*(ωs)δ(ωs − ω3 + ω2 − ω1)

⎡
†
†
⎢⎣Tr(VGfe1(ω3 + ω2 − ω1)V Gee1(ω2 − ω1)V Gef ( −ω1)Vρee )
+ Tr(VGfe(ω3 − ω2 + ω1)V†Ge1e(ω1 − ω2)VGfe(ω1)V†ρee )
− Tr VGeg (ω3 + ω2 − ω1)V†Gee1(ω2 − ω1)V†Gef ( −ω1)Vρee

(
)
− Tr(VGe g (ω3 − ω2 + ω1)V†Ge e(ω1 − ω2)VGfe(ω1)V†ρee )
1

(

1

†

+ Tr VGeg (ω3 + ω2 − ω1)V Ggg (ω2 − ω1)V†Gge( −ω1)Vρgg
1

1

)

⎫
⎤⎪
+ Tr VGeg (ω3 − ω2 + ω1)V†Gg g (ω1 − ω2)VGeg (ω1)V†ρgg ⎥⎦⎬
⎪
1
⎭

(

)

(3)

where Gij(ω)= (ω−ωij+iη)−1 is the matrix element of the
frequency domain Green’s function, η a positive inﬁnitesimal
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Figure 3. Simulation of the nonresonant third-order ISRS response (eq 4) for Δk(ω1, ω2) = 0 in the absence of actinic photoexcitation. Central
panel: 2D map of S(T, λs) and S(Ω, λs). The two energy ladder diagrams that describe the process, corresponding to the boxed section of the
ϵ−ζ Feynman diagrams in Figure 2b, are shown. The signal arises from the interference of these two pathways that generate time oscillations
with opposite phases and cancel out in the central region of the spectrum, resulting in a bilobed proﬁle along λs for each vibrational mode.

that ensures causality, and ρee (ρgg) is the density matrix in the
excited (ground) electronic state at the Raman pulse arrival
time after the preparation process.
Calculating the matter correlation functions, taking into
account for the ﬁnite sample length in a pencil shaped sample
aligned with the probe pulse direction, as shown in the
Methods section, eq 3 is recast as
S(T , ωs) =

2μef2 μe2f
1

4

ℏ

⎧
⎪
ℑ⎨ ∑
⎪ j=α−ζ
⎩

∞

S(Ω, ωs) =

(5)

In the following, we show experimental and simulated signals
2π
as a function of the wavelength λs = ω , instead of the angular
s

frequency ωs, to be consistent with the previous literature.12,32
To interpret the experimental results reported in Figure 1,
eq 3 needs to be evaluated without the eﬀect of the actinic
photoexcitation and for oﬀ-resonant Raman and probe pulses.
This is done by retaining the last two terms corresponding to
the third-order processes indicated in the dashed boxes of the
ϵ−ζ diagrams in Figure 2b. Because the pulses wavelengths
are far from any electronic transition, the rotating wave
approximation (RWA) cannot be made and, in principle, six
additional diagrams should be taken into account. However,
as shown in the Supporting Information, they generate signals
that are identical to those from ϵ and ζ diagrams.
At ﬁrst, we neglect the dispersion in the sample and the
chirp on the probe pulse and consider a collinear pulse
geometry. Thus setting Δk = 0 in eq 4, we obtain the 2D
signal shown in Figure 3. The two contributions oscillate with
an opposite phase, in agreement with predictions of previous
models.22
More generally, because of the ﬁnite sample length, the
phase-matching condition can signiﬁcantly inﬂuence the signal
due to wave vector dispersion. For Δk ≠ 0, it is possible to
integrate eq 4 analytically for Lorentzian pulse envelopes (see
the Supporting Information). This oﬀers a test for the
numerical integration in the case of general envelopes. A
numerical integration of eq 5, performed using transform
limited Gaussian envelopes, with λWLC = 540 nm, ΔλWLC =
100 nm, λRP = 545 nm, and ΔλRP = 60 nm in a noncollinear
geometry (with an angle θ = 4° between the Raman pulse and
the WLC), is reported Figure 4a,b.

∞

∫−∞ dω1 dω2

Er̃ *(ω1 , T )Er̃ (ω2 , T )Es̃ (ωs + ω1 − ω2)Es̃ *(ωs)
⎯
⎛ ⎯→
⎞
⎡ Δk (⃗ ω , ω ) ·zL̂ ⎤
Δk(ω1 , ω2) ⎟
1
2
⎥ exp⎜i
̂
sinc⎢
zL
·
⎜
⎟
⎢⎣
⎥⎦
2
2
⎝
⎠
⎫
⎪
Pj( −T )Fj(ωs , ω1 , ω2)⎬
⎪
⎭

∫−∞ dT eiΩT S(T , ωs)

(4)

where ωs is the detected probe frequency, ℑ(z) indicates the
imaginary part of z, Eĩ stands for the spectral envelope of the i
pulse, and ω̃ ij = ωi − ωj − iγij, where γij is the dephasing rate
of the vibrational coherence between i and j. Pj(−T) indicates
the population in the excited electronic state for diagrams j =
α − δ and in the ground state for diagrams j = ϵ − ζ at the
arrival time (−T) of the Raman pulse. The correlation
functions Fj(ωs,ω1,ω2) contain the matter response, and
Δk(ω1,ω2) indicates the phase-matching condition for the
six diagrams. Both are given in the Methods section, as well as
the details of eq 4 derivation.25
We deﬁne the 2D signal S(Ω,ωs) as
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Figure 4. S(Ω = 800 cm−1, λs), from eq 5, as a function of the sample length L and the probe chirp, for nonresonant ISRS in absence of actinic
photoexcitation. In panel a, the sample is considered as a nondispersive medium (all spectral components propagate with the same velocity), and
the phase-matching condition is ruled only by the relative angle between the Raman and probe pulses (θ = 4°). Under this regime, the phase
mismatch produces a wavelength-independent phase factor, periodically modulating the signal in L. In panel b, the dispersion curve of
cyclohexane has been taken into account. While propagating in the sample, the Raman pulse undergoes a temporal broadening due to the group
velocity dispersion; this reﬂects in a critical length beyond which the Raman pulse is longer than the vibrational mode period and the signal is no
more generated, breaking the periodicity over L. Panels c and d depict the signal dependence on the probe chirp for two diﬀerent vibrational
modes. The experimental data (dashed lines in the plots) are overlapped with the theoretical simulations (solid lines) for two diﬀerent values of
the probe chirp, indicated by the dashed horizontal lines in the colormaps. The red features correspond to those presented in Figure 1.

a stationary intensity. Lc depends on the Raman pulse initial
duration, on the beam relative angle, on the vibrational mode
frequency and on the sample group velocity dispersion.
Notably, the suppression of the ISRS signal for L > Lc, as
soon as the Raman pulse is temporal proﬁle is stretched to a
duration longer than Te1e, also sets an upper limit for the
temporal resolution in ISRS-based pump−probe experiments.
This is a useful advantage over other kinds of ultrafast
measurements, where the temporal broadening of the pulses
diminishes the temporal resolution.
Our results may be used to rationalize the experimental
results reported by Kukura et. al,3 who reported the ISRS
spectral dependence on the sample size. They had pointed
out that the intensity normalized by the number of molecules
decreases as the sample length increases as a result of the
combination between GVD and group velocity mismatch
(GVM) between the Raman and the probe pulse. The
intensity decrease with L can be also explained in the absence
of these two phenomena (Figure 4a): the signal varies with
the length of the sample in a sinusoidal fashion, while the
number of molecules grows linearly. This would imply signal
attenuation independent of the wavelength. Instead, Kukura et
al. observed that the signal blue side is suppressed strongly:

In Figure 4a, we assume a nondispersive medium, with a
dispersion curve n(λ) constant over all wavelengths. The
Δk(ω1,ω2) term in eq 4 carries a wavelength-independent
phase factor, which modulates the ISRS intensity over L but
does not aﬀect the spectral shape of the signal. In Figure 4b,
the experimental dispersion curve of the cyclohexane33 has
been used to calculate the Δk(ω1,ω2) function in eq 21. In
this case, the spectral shape of the signal is aﬀected by the
group velocity dispersion (GVD), which acts asymmetrically
for the two pathways ϵ and ζ that generate the signal. Because
the phase mismatch is diﬀerent for the two diagrams, they
yield diﬀerent amplitudes, resulting in the asymmetric double
peak proﬁle in Figure 4b. The presence of a phase factor
between the two interfering diagrams also prevents a total
cancellation of the ISRS signal around the central wavelength
of the probe.
The GVD further induces a temporal broadening of the
Raman and probe pulses, while propagating along the sample.
When the duration of the Raman pulse is longer than the
2π
vibrational mode period (Te1e = ω ) the signal cannot be
e1e

coherently generated. Hence, for sample size greater than a
critical length (Lc, usually few millimeters), the signal reaches
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Figure 5. (a) S(Ω = 800 cm−1, λs, C) ISRS signal intensity from eqs 5 and 6 for a 800 cm−1 vibrational mode as a function of the probed
wavelength and the probe chirp, C, for the processes starting from the ground state |g⟩⟨g| (top panel and ϵ−ζ diagrams) and the excited state |
e⟩⟨e| (bottom panel and α−β−γ−δ diagrams). The probe is tuned in resonance with all electronic transitions involved in the six diagrams. The
shape of the signal is stretched along the chirp direction for vibrational coherences generated in the electronic excited state due to the destructive
interference between α−γ and β−δ pathways. (b) Signal intensity as a function of C at selected probe wavelengths. The wavelength-dependent
phase of Raman mode amplitude enables us to distinguish between the electronic levels in which the vibrational coherence is generated.

the probed one) by the vibrational mode revealed by the
signal. Consequently, on the tails of the probe spectrum, only
one diagram dominates, the one generated by a frequency in
which the probe is more intense. At the center of the probe
spectrum, the two diagrams are in counter-phase and they
cancel out. However, chirping the probe introduces a phase
diﬀerence between the two contributions generating the
signal. This means that there are some periodic values of the
chirp in which the two diagrams constructively interfere,
leading to a strong signal enhancement. Because the relative
phase between the processes generating the ISRS response
introduced by the WLC chirp depends quadratically on the
observed vibrational frequency, the 384 cm−1 mode is much
more weakly dependent on the probe chirp than the 800
cm−1, as shown in Figure 4b,c. A small WLC chirp (50 fs2)
causes a relative phase between diagram ϵ−ζ for the 384 cm−1
Raman mode, making the two components no longer
opposite in phase and turning the bilobed shape into a
(much more intense) monolobed one. This behavior survives
even for much higher values of chirp (>400 fs2), resulting in a
monolobed proﬁle for all explored chirp values. Only a higher
value of C (∼500 fs2) would generate the bilobed proﬁle, with
destructive interference between ϵ and ζ.
Introducing a chirp on the probe pulse can be used to
enhance speciﬁc vibrational modes and, most importantly, to
separate contributions involving diﬀerent potential energy
surfaces upon resonant actinic excitation. Under such
circumstances, the contributions from the two additional
diagrams α−β in Figure 2b should be included in the ISRS
response. Notably, the corresponding additional signals are
identical to diagrams ϵ−ζ and therefore do not allow us to
discriminate between processes involving ground or excited
states. This goal can be achieved by a resonant probe, which

this can be explained as an eﬀect of GVD that suppresses the
blue-side peak (Figure 4b).
Remarkably, while the sample geometry and the GVD can
signiﬁcantly modulate the signal shape, because the two
diagrams interfere destructively, they cannot generate singlelobe proﬁles centered around the maximum of the probe,
such as reported in Figure 1.
The eﬀect of a linear chirp of the probe can be taken into
account in eq 4 by introducing a chirp (C) dependence in the
probe electric ﬁeld envelope
2

Es̃ (ω , C) = Es̃ (ω)eiC(ω − ω0)

(6)

where the leading frequency is indicated as ω0 and
2
2
1
Es̃ (ω) = σ 2π e−(ω − ω0) /2σs is the Gaussian envelope of the
s

electric probe ﬁeld (centered in ω0).
As shown in Figure 4c,d, chirping the probe pulse strongly
aﬀects the spectral shape of the signal because it modiﬁes the
relative phase between the two Feynman diagrams ϵ and ζ.
The 2D maps report the intensity of the 800 and 384 cm−1
modes of cyclohexane as a function of C and λs. On the top
of Figure 4c,d, the experimental results (continuous lines) for
two diﬀerent chirped probe pulses are compared with the
simulations (dashed lines), showing a good agreement.
Modifying the chirp enables us to reshape and enhance the
signal proﬁle, in particular, switching from a bilobed to a
monolobed dependence over the probe wavelength, as shown
for the 800 cm−1 mode (red and green lines in of Figure 4c).
This peculiar behavior can be easily interpreted. The ISRS
signal is generated by the linear superposition of two Liouville
pathways, represented by the Feynman diagrams ϵ and ζ in
Figure 2b. Each diagram involves a diﬀerent frequency
component of the probe, which is shifted (with respect to
971
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has two consequences: (i) the signals corresponding to α−β
and ϵ−ζ are no longer the same and (ii) two additional
diagrams (γ−δ) arise.
We now apply the proposed chirped probe scheme to the
more challenging case of overlapping electronic resonances,
where the resonance condition occurs in the same probe
wavelength region, and hence the broadband nature of the
probe could not be directly exploited to discriminate the
involved electronic transition. The vibrational and electronic
energy levels considered are shown in the diagram of Figure
2a, together with the pulse scheme used in the proposed
experiment. In Figure 5, we show the corresponding ISRS
response for a 800 cm−1 Raman mode, reproducing the
vibrational peak amplitude as a function of the probe chirp C
and wavelength λs. In the top panel of Figure 5a, only
diagrams ϵ−ζ for a system prepared in the electronic ground
state are switched on, while in the bottom panel, the 2D
signal is calculated for diagrams α−δ, where only the states
prepared in the excited electronic state |e⟩⟨e| are interrogated
by the ISRS process. As emphasized by the slices for ﬁxed
probed wavelength shown in Figure 5b, the speciﬁc involved
electronic resonance introduces a wavelength-dependent phase
shift on the chirp axis between the ISRS signal generated by a
system prepared in the ground state and one in the excited
state, as can be seen in eqs 15−20. Such a resonance-speciﬁc
phase-factor can be conveniently sampled, taking advantage of
the broadband nature of the probe pulse, which ensures us to
access spectral regions strongly sensitive to the involved
electronic level. This establishes a novel method to assign
vibrational features to speciﬁc electronic states.
In summary, we have investigated the role of phase
matching and probe chirp conditions in an ISRS experiment,
through a diagrammatic treatment of the signal generation,
enabling us to dissect the pathways that generate the
nonlinear response and to rationalize the spectral dependence
on the probe wavelength.
The ISRS signal, for a given detected wavelength, indeed
results from the sum of concurring and distinct third-order
processes, associated with photons, which are red- and blueshifted by one vibrational quantum. This gives rise to
contributions oscillating as a function of the time delay
between the Raman and probe pulses.
In oﬀ-resonant ISRS with unchirped pulse, the two
oscillations interfere destructively, explaining the strong signal
suppression that can be observed in the central part of the
spectrum. This explains why the weak Raman bands are often
buried in the noise.
Our results suggest that an optimal probe chirping proﬁle
can be used to selectively enhance speciﬁc vibrational modes
and are relevant for signal analysis improvement. The
identiﬁcation of the signal dependence on the probe
wavelength for each mode indeed allows us to perform the
correct weighted average over the entire probe spectrum,
improving the signal-to-noise ratio.
Furthermore, our results establish a way to assign a given
vibrational dynamics to the relevant potential energy surface:
ﬁne-tuning the relative phase between the processes
contributing to the signal generation represents a powerful
control knob to assign spectral features to speciﬁc electronic
states, allowing for discerning excited from ground-state
vibrational coherences.

METHODS
The μ⃗ and E⃗ terms in the interaction Hamiltonian indicate
the dipole and the local electric ﬁeld operators and can be
expressed as
μ⃗ =

∑

μij⃗ = ⟨i|e ∑ rα⃗ |j⟩

μij⃗ |i⟩⟨j|

i ,j,i≠j

(7)

α

Here |i⟩ indicates an eigenvector of the non interactive matter
Hamiltonian and α is an index that runs over the atom
positions.
The positive (,j ) and negative (,†j ) frequency components
of the electric ﬁeld can be expressed as
ℏωj

,j =

2ε0V

⃗

aje−i(ωjt − kj· r ⃗)

ℏωj

,†j =

2ε0V

⃗

a†j e+i(ωjt − kj· r ⃗)
(8)

where j is the single mode of the electromagnetic radiation.
The time derivative of the number of photons in eq 2 has
been computed using the Ehrenfest theorem,20,31 and V is the
molecular dipole transition operator
V=

∑

V + V† = μ

μij |i⟩⟨j|

(9)

i ,j,j>i

We dropped the vectorial notation absorbing the thermodynamic average of the scalar product between the electric ﬁeld
polarization vector and the dipole in the symbol μ.
Considering an homogeneous 1D sample, the dipole
operator is uniform
μ(z) = μθ(z)θ(L − z)

(10)

where θ(z) is the Heaviside function. The coherent laser light
state is an eigenvector of the electric ﬁeld operator

∑ ,j|E⟩ = E(t , r ⃗ , T )|E⟩
(11)

j

Restricting along the z direction
∞

E (t , r ⃗ , T ) =

∫−∞ dω dk E(̃ ω , k , T )e−iωt+ikz cos ϑ

(12)

Here ϑ is the angle between the chosen beam and the sample
direction. The plane wave hypothesis leads to19
E(̃ k , ω , T ) = E(̃ ω , T )δ[k − k(ω)]

(13)

where k(ω) contains the dispersion of the sample
k(ω) =

ω
n(ω)
c

(14)

where n is the refractive index for the given frequency.
The density matrix formalism can be used to obtain the
average in eq 2, through the relation ⟨O⟩ = Tr[Oρ(t)], which
holds for a generic operator O; here the time evolution of the
density matrix ρ(t) can be evaluated by the perturbative
expansion of the Liouville equation. The correlation functions
Fj(ωs,ω1,ω2) in eq 4 are given by
Fα(ωs , ω1 , ω2) =

1
(ωs − ωfẽ 1)(ω1 + ωef̃ )(ω1 − ω2 + ωeẽ 1)
(15)
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Fβ(ωs , ω1 , ω2) =

1
(ωs − ωfẽ )(ω2 − ωfẽ )(ω2 − ω1 − ωẽ 1e)

can be varied by changing the parameters of super continuum
generation inside the nonlinear crystal, such as the pump
power and the material used for the WLC generation. The
time duration of the Raman pulse is measured by secondharmonic noncollinear autocorrelation, while the probe chirp
can be estimated from the relative delay of the onset of
oscillations at diﬀerent probe wavelengths. Notably, as shown
in the Supporting Information, a more accurate characterization of the chirp can be extracted using as a reference the
coherent artifact between the two beams
A synchronized chopper blocks alternating Raman pulses to
record the modiﬁcation induced to transmitted WLC probe,
which is frequency-dispersed by a spectrometer onto a CCD
device. The Raman spectrum is obtained from the detected
oscillating temporal signal using fast Fourier transform (FFT)
algorithm. Zero padding algorithm and speciﬁc spectral
Kaiser−Bessel windowing are exploited to enhance the
spectral deﬁnition.3,34

(16)

Fγ(ωs , ω1 , ω2) =

−1
(ωs − ωeg̃ )(ω1 + ωef̃ )(ω1 − ω2 + ωeẽ 1)
(17)

Fδ(ωs , ω1 , ω2) =

−1
(ωs − ωẽ 1g )(ω2 − ωfẽ )(ω2 − ω1 − ωẽ 1e)
(18)

Fϵ(ωs , ω1 , ω2) =

1
(ωs − ωeg̃ )(ω1 + ωgẽ )(ω1 − ω2 + ωgg̃ )
1

1

(19)

Fζ(ωs , ω1 , ω2) =

1
(ωs − ωeg̃ )(ω2 − ωeg̃ )(ω2 − ω1 − ω̃ g g )

■

1

(20)

and the Δk⃗ (ω1, ω2) phase mismatch is
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⎯→
⎯
Δk(ω1, ω2) = − ka⃗ (ω1) + ka⃗ (ω2) + ks⃗ (ωs + ω1 − ω2) − ks⃗ (ωs)
(21)

The couples of eqs 15 and 16, 17 and 18, and 19 and 20
enlighten the fact that the resonance conditions for these
diagrams, containing two distinct correlation functions, are
diﬀerent. In fact, considering, for example, eqs 15 and 16, the
diﬀerence between ω2 and ω1 that maximizes the signal is,
respectively, ωee1 and ωe1e. Remarkably, this leads to two
diﬀerent phase-matching condition in eq 21 for the two
processes.
Moreover, the presence of diﬀerent maximum conditions
for these two diagrams (ω1−ω2 = ωee1 and ω2−ω1 = ωe1e →
ω1−ω2 = −ωee1) rationalizes the π phase shift between the
two pathways. In fact, in the oﬀ resonant regime, the
imaginary parts of the denominator can be neglected, and
hence the dominant contributions to the integrals in eq 4 are
∝ ei ωee1 T and ∝ e−i ωee1 T, whose imaginary parts (sin[ωee1 T]
and sin[−ωee1 T]) oscillate with opposite phase.
Notably, when the probe wavelength is tuned to match the
e → f electronic transition energy, the real part of the ﬁrst
denominators in eqs 15 and 16 cancels out, leaving an
imaginary term proportional to the vibrational dephasing time.
Hence, under resonant conditions, the leading contributions
to the integral are ∝ i·ei ωee1 T and ∝ i·e−i ωee1 T, whose imaginary
parts (cos[ωee1 T] and cos[−ωee1 T]) oscillate in phase. The
analytic derivation of the phase relation between the Liouville
pathways for Lorentzian pulse envelopes is reported in the
Supporting Information.
The experimental setup exploited for the measurements on
cyclohexane is based on a Ti:sapphire laser source that
generates 3.6 mJ, 35 fs pulses at 800 nm and 1 kHz repetition
rate. The Raman pulse is synthesized by a noncollinear optical
parametric ampliﬁer (NOPA) that produces tunable visible
pulses in the range (500−700 nm) and compressed using
chirped mirrors to ∼10 fs. The time interval between the
Raman and probe pulses is settled by a computer-controlled
delay line on the Raman pulse optical path. The WLC probe
pulse is synthesized, focusing part of the source pulse on a
nonlinear medium plate. The shape of the spectral envelope

■

AUTHOR INFORMATION

Corresponding Author

*E-mail: tullio.scopigno@phys.uniroma1.it.
ORCID

Tullio Scopigno: 0000-0002-7437-4262
Notes

The authors declare no competing ﬁnancial interest.

■

ACKNOWLEDGMENTS
S.M. gratefully acknowledges the support of the National
Science Foundation through Grant No. CHE- 1361516 and
the Chemical Sciences, Geosciences and Biosciences Division,
Oﬃce of Basic Energy Sciences, Oﬃce of Science, U.S.
Department of Energy through grant DE-FG02-04ER15571.
The DOE grant and “Avvio alla Ricerca 2016” by Universitá
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