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Fifth-order two-dimensional Raman spectroscopy:

a new direct probe of the liquid state

KEVIN J. KUBARYCH, CHRIS J. MILNE and
R. J. DWAYNE MILLER*

Departments of Chemistry and Physics, University of Toronto,
Toronto, Ontario M5S 1H6, Canada

The experimental challenges of performing high-order non-linear spectro-
scopies have been met using diffractive optics to allow passive phase locking of
all six interacting laser fields and true phase-sensitive detection. Improvements
in signal to noise, use of phase contrast, as well as geometrical phase matching
and polarization have made it possible to isolate systematically the pure nuclear
fifth-order Raman response. Using CS2 as a model system of a simple liquid, the
two-time correlation of the probed liquid modes or bath memory function is found
to decay faster than the free-induction decay associated with one-dimensional
spectroscopic probes of the same modes. This observation is in sharp contrast
to other two-dimensional spectroscopies and is related to the unique application of
a two-quantum transition or Raman overtone for the rephasing pathway. Both
theory and experiment have converged on this point, as well as a pronounced
ridge along the probe time axis that is related to population decay of the excited
modes. Recent advances in theoretical treatments of the correlation function have
shown this spectroscopy to contain a wealth of information imbedded in the
specific form of the two-dimensional spectrum. The extremely sensitive nature of
this experiment stems from the involvement of a Raman overtone that gives
the experiment direct access to the all important anharmonic terms in the
intermolecular potential. As such, this form of spectroscopy harbours great
promise to provide a rigorous benchmark for developing liquid state theories.
The experimental details, current state of understanding of the experiment,
interpretation and pitfalls, as well as an overview of the various theoretical efforts
are given. The area is at a critical cross-road in advancing the spectroscopy to other
liquids and associated complex systems. Some speculations on what the future
holds are given in this context. The onus is clearly on experimentalists to advance
this method and new technologies will be needed to do so—in which directly
probing the dynamical structure of liquid water is the ultimate challenge.
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1. Introduction

The formulation of a complete microscopic picture of chemical processes

ultimately requires an understanding of solution phase dynamics. Although an

elaborate architecture of theory and experiment has been successfully developed to

treat chemical reactions in the gas phase, the medium in which most molecular

transformations occur—from the mundane to the spectacular—is in solution.

Indeed, the significance of liquid water is so overwhelming that the search for

extraterrestrial life is tantamount to establishing the presence of water on distant

worlds [1]. It is, therefore, in the interest of obtaining a detailed understanding of

liquid dynamics that considerable effort has been applied to the refinement of

multidimensional spectroscopies to provide new experimental observables of the

liquid state [2–49]. Just over a half-century has passed since the first coherent

multidimensional spectroscopy measurement was reported [50] and it is now evident

that many spectroscopic techniques can derive qualitative benefits from higher

dimensionality owing to the direct connection to high-order correlation functions

of the liquid. Although recent progress in multidimensional electronic and infrared

(IR) spectroscopies has advanced vigorously, this review will focus instead on

multidimensional Raman spectroscopy as a probe of ultrafast liquid dynamics.

Although there are some important differences between the three main spectroscopic

regions, the general principles of multidimensional approaches are nevertheless

universal. In other words, lessons learned in multidimensional Raman spectroscopy

offer insights into IR and electronic techniques. To justify the emphasis on high-

order Raman processes, a brief description of the information content of the

alternatives with respect to probing the liquid state is given below.

There have been two paths taken in the development of ultrafast probes of liquid

or solution dynamics. One avenue has been to observe the influence of the liquid

bath dynamics indirectly by studying the electronic response of a probe molecule in

solution [51–58]. The alternative route has been to probe the bath directly by

accessing the low-frequency intermolecular modes through third-order electronically

non-resonant Raman interactions [59–63]. Both of these lines of attack, while

inherently useful, are not capable of determining the total liquid response at a level

suitable for a detailed description. The study of solvent–solute systems has been

addressed in the past using dynamic Stokes shift and photon echo measurements, as

well as various other transient techniques [64]. Since the timescale on which a solvent

modifies the electronic structure of a solute is intrinsically fast, these techniques are

examples of ultrafast, time-resolved spectroscopies where one ideally attempts to

have a time resolution that is faster than a typical molecular vibrational period (i.e.

several tens of femtoseconds). It should be noted that, although quantum mechanics

relates the energy spectrum directly to the dynamics, the spectra of condensed phase

systems are significantly broadened by various mechanisms, and the only recourse is

to use non-linear optical methods in the time domain. One important example of

time-domain non-linear spectroscopy is the photon echo [54]. By observing the

rephasing ability of a reporter solute molecule, it is possible to characterize the time-

dependent effect of the surrounding solvent molecules or bath on the solute’s

electronic structure. Using a variant on the stimulated photon echo, for example,

the basic principles of polar solvation have essentially been fully resolved temporally

and the observables have been found to provide complementary information to

other approaches [64–66].
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Solute–solvent dynamics are certainly crucial to developing a deeper appreciation
of condensed phase reaction dynamics. Electronically resonant echo-based experi-
ments rely on very robust and well-characterized probe dye molecules which can be
chosen to absorb strongly at a convenient wavelength for ultrafast laser excitation.
However, the ability to extract information about the liquid alone from such
measurements is complicated by the fact that the signal contains a convolution of
solvent and solute dynamics in addition to any coupling. The main difficulty in
applying resonant echo spectroscopy to the study of bulk liquid dynamics stems
from the fact that the reporter chromophore is not a small perturbation on the liquid
structure and may itself have non-trivial intramolecular dynamics. Furthermore,
electronically resonant echoes essentially probe the solute–solvent coupling that is
intimately connected to excited electronic states that are potentially irrelevant to
ground state reaction dynamics. Additionally, the solute–solvent coupling cannot be
connected to the dynamics of the liquid without assumptions about the solute
perturbation to the local liquid structure. Despite this unavoidable entanglement
of the solute–solvent dynamics, resonant echo-based approaches have provided
valuable insight into many photochemical reactions and are becoming widely
adopted in a number of diverse settings including the binding of antibodies to
receptors [67].

On the other hand, a list of powerful, non-resonant optical techniques have
emerged that provide a direct probe of the liquid dynamics without the need for a
solute. The principal methods of studying low-frequency motions are optical Kerr
effect (OKE) spectroscopy [59, 60, 68–71] coherent anti-Stokes Raman scattering
[72–74], coherent Stokes Raman scattering [75, 76], Raman-induced Kerr effect
spectroscopy [60, 77–79], and others. Each of these is a member of a general class of
non-linear optical processes called ‘four-wave mixing’. The generated signals are
produced by an induced polarization that is a product of three external electric fields
and the material’s third-order non-linear susceptibility; hence these measurements
are all referred to as ‘third-order’ processes. We would like to emphasize right at that
outset that measurements of this genre are not multidimensional despite the
non-linear interaction and use of multiple fields. Rather, these experimental methods
depend only on a single variable—either a single delay time or a single frequency—
and as such are examples of one-dimensional (1D) spectroscopies that can be
rigorously connected to linear frequency domain analogues [80, 81]. In contrast,
measurements that depend on any two variables (i.e. two time delays, two
frequencies or one of each) are said to be ‘two dimensional’. As they are typically
implemented, time domain electronically non-resonant third-order spectroscopies
have a single time delay, and the decay in the observed signal reflects the spectral
width of the initially prepared vibrational transitions. Non-resonant third-order
measurements provide valuable insight into the differences in dynamics attributable
to isotropic and anisotropic motions [82], but unfortunately they are insensitive to
anharmonicity in the intermolecular potential and the relative contributions of
different line broadening mechanisms [81]. Non-resonant third-order spectroscopy
provides a straightforward projection of the low-frequency spectrum of a liquid, but
is incapable of further subdividing that spectrum in order to recover the underlying
line shapes or dynamical anharmonicity.

The limitations of 1D processes—those involving only a single time or frequency
variable—are not technical shortcomings, but rather are consequences of a funda-
mental Fourier transform relationship between the 1D time-domain observable
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and the absorption spectrum (i.e. the 1D frequency-domain measurement) [81]. With
respect to directly probing the solvent coordinate, the alternative would be to use the
equivalent to the resonant photon echo discussed above but at wavelengths tuned to
low-frequency motions of the liquid state. In this case, the frequencies of the
excitation pulses have to lie within 0–500 cm�1, corresponding to the intermolecular
spectrum of motions for most liquids. This excitation wavelength range corresponds
to THz frequencies. Despite rapid progress in this area, the sources for THz
spectroscopies are not sufficiently intense to conduct such non-linear studies. In
fact, at the time of writing, there has not been a non-linear THz experiment
successfully demonstrated, although numerous groups are attempting such studies.

The only real choice at present is to rely on Raman excitation processes to
address directly the low-frequency spectrum of the liquid state. Current laser source
technology is well advanced to provide sufficient peak power to drive non-linear
Raman interactions along with ultrashort pulse durations to give a real-time view of
the motions. The challenge is to develop sufficiently sensitive experimental methods
to enable isolation of the desired Raman process while separating this signal
component from a plethora of other high-order field interactions that invariably
begin to contribute at the high powers needed to observe stimulated Raman
scattering. Theoretical connections of the Raman field interactions to the micro-
scopic details are also needed. In this regard, Tanimura and Mukamel made a
seminal contribution by discovering a rephasing pathway for the induced Raman
polarization that involved only six fields, rather than the eight field interactions that
would be required for a Raman process to be rigorously equivalent to resonant
third-order echo-based spectroscopies [2]. The rephasing pathway that cancels
inhomogeneous broadening involves a Raman overtone or two-quantum transition.
With further refinements in experiment and theory, we have learned that the direct
connection to the anharmonic terms in the intermolecular potential through the
involvement of a Raman overtone makes this method exquisitely sensitive to the
details of the intermolecular potential. This new spectroscopy may well develop to be
the most definitive probe of liquids. Strictly speaking, each Raman interaction
requires two fields. In an echo-based pulse protocol, the use of an initial excitation
step, a rephasing step, and a probe of the net induced polarization, must involve at
least six fields to lowest order for an all-Raman process, one of which is the signal
field. Consequently, there are five external fields which combine, via the fifth-order
non-linear susceptibility, to generate the sixth field (or signal). Two-dimensional
Raman is, therefore, an example of six-wave mixing and is a fifth-order process.
Fifth-order Raman is the lowest-order electronically non-resonant technique capable
of distinguishing between inhomogeneous and homogeneous line broadening. This
fact provides simplification in the total number of field interactions and directly
connects the observable to the anharmonic terms in the intermolecular potential—
two key features that make this method a truly powerful new probe of liquids.

2. Theoretical background

Drawing on the important conclusions regarding the limits of one-dimensional
response functions by Loring and Mukamel [80, 81], the theory underlying fifth-
order Raman spectroscopy was initially developed by Tanimura and Mukamel using
an analytical approach that made it possible to discern the key rephasing pathways
within a total of 32 possible time-domain terms [2]. This astute observation has
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led to several advances in the theoretical underpinnings that have shown that the

fifth-order Raman response is particularly sensitive to mode–mode couplings [12, 14,

41, 83, 84], vibrational anharmonicity [6, 8, 15, 46, 85–92], vibrational level-

dependent dephasing processes and population relaxation [12, 14, 43]. The fifth-

order response was treated using multimode Brownian oscillator (MMBO) models

[2, 31, 84, 93] as well as instantaneous normal modes analysis [5, 15, 20, 92]. More

recently, coupled-mode theory has been employed to generate the fifth-order

response of an atomic liquid [16, 17, 94–96] while direct molecular dynamics

(MD) simulations have been carried out for both atomic and molecular liquids [6,

15, 21, 22, 97–100]. This section describes the basic formulation of the fifth-order

response function and some simple harmonic models to illustrate the sensitivity to

the underlying dynamics.

The fifth-order Raman pulse sequence involves a series of three Raman inter-

actions separated by two independent time delays. Figure 1 shows some common

representations of the field interactions. At the time origin, two fields, E1 and E2,

with wavevectors k1 and k2 drive a Raman coherence. After a time delay, �2, two

fields, E3 and E4, with wavevectors k3 and k4 transfer the first coherence to a new

coherence. After a second time delay, �4, a probe field, E5, with wavevector k5

interrogates the net induced polarization and generates a fifth-order phase-matched

signal, Es, with wavevector ks¼ (k1� k2)� (k3� k4)þ k5. Figure 1 (b) shows an

energy level diagram representation of this series of field interactions. This type of

diagram, however, is very limited in its ability to describe the full richness of the

multiple pathways by which the density matrix can be manipulated by the interacting
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Figure 1. Several diagrams indicating the fifth-order Raman pulse sequence. (a) Pulses with
fields E1 and E2 interacting at t¼ 0, followed by two pulses at t¼ �2 with fields E3

and E4, and at t¼ �2þ �4 the probe field, E5, generates a signal Es. (b) Energy level
diagram showing one possible Liouville space pathway. (c) Four double-sided
Feynman diagrams that contribute to the two-dimensional response—time proceeds
in the vertical direction with the ket side of the density matrix represented by the left
vertical line, and the bra is represented by the right vertical line, and arrows pointed
towards (away from) the vertical lines indicate absorption (emission).
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fields. A more complete picture of high-order non-linear spectroscopies can be seen
in a double-sided Feynman diagram [101]. There are eight Liouville space pathways
for the case when �2 and �4 are greater than zero, and four of these are shown in
figure 1(c) (the other four are complex conjugates of the four shown). Double-sided
Feynman diagrams are better able to depict the fact that the bra and ket sides of
the density matrix can be manipulated separately by the interacting fields [102].
As is discussed below, the experimentally observable fifth-order Raman response
function is directly related to tracking the evolution of the density matrix along
different Liouville space pathways.

The derivation of the non-linear response functions that determine all non-linear
spectroscopy methods proceeds according to a straightforward argument. The
density matrix is expanded in powers of the applied electric field, and, using the
interaction picture expression for the propagator in Liouville space, an expression is
obtained for the Nth-order term of the time-dependent density matrix, �(N)(t). For an
electronically non-resonant Raman interaction, the total Hamiltonian is broken up
into two parts [102]:

H tð Þ ¼ H0 � �E tð Þ2 ð1Þ

where H0 denotes the field-free (‘system’) part, � is the polarizability operator and
E(t) is the electric field. The emitted signal field, Es(t), is proportional to the
polarization which is, by definition, the expectation value of the dipole operator
using the time-evolved density matrix. Tanimura and Mukamel showed that the
fifth-order polarization is given by

Pð5Þ r, tð Þ ¼

ð1
0

d�4

ð1
0

d�2Eðr, tÞ E r, t� �2ð Þ
�� ��2 E r,t� �2 � �4ð Þ

�� ��2Rð5Þ �2, �4ð Þ, ð2Þ

where

Rð5Þ �2,�4ð Þ ¼
i

�hh

� �2

� �2 þ �4ð Þ,� �2ð Þ½ �,� 0ð Þ
� �

�eq

� �
ð3Þ

is the fifth-order response function and �eq is the initial equilibrium density matrix [2].
It is the response function that is of principal interest since, under the conventional
delta-function pulse assumption (impulsive limit) and the slowly varying envelope
approximation, the generated signal field is directly proportional to the response
function itself. The signal field, Es(t), due to the induced fifth-order polarization over
a path length, L, is given by [103]

Es tð Þ ¼ 2pi
!2
s

ksc2

ðL
0

dz Pð5Þ z,tð Þ ei�k z ð4Þ

where !s is the signal field radial frequency, ks is the signal wavevector, c is the speed
of light, and �k is the wavevector mismatch for generation of the signal. In the
impulsive limit, the integral can be rewritten as

Es �2,�4ð Þ / i
!s
ns

ðL
0

dz E1E2E3E4E5R
ð5Þ �2,�4ð Þ ei�k z ð5Þ
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where ns is the index of refraction at the signal wavelength and the expression for the
polarization, equation (2), has been used. The integration over the propagation
coordinate, z, is straightforwardly evaluated and yields

Es �2,�4ð Þ ¼ i
L!s
ns
E5Rð5Þ �2,�4ð Þ

sin �kL=2ð Þ

�kL=2
exp i�kL=2ð Þ ð6Þ

where the simplifying assumption that E1E2E3E4E5¼E
5 has been made.

The signal field is composed of several different parts, including some that are
experimentally adjustable parameters. The path length, frequency, field strength
and wavevector mismatch can all be chosen within the constraints of current
femtosecond laser technology. The signal field, equation (6), has been derived
without including the transverse extent (x and y dependence) of the interacting laser
fields, and thus is a plane wave result. In real experiments the laser beams are
Gaussian fields, and this difference can be taken into account, but efforts to do so
have revealed few significant consequences for the generated signal field [42, 43].
The most important observations to make about the signal field are (1) it depends
linearly on the path length, (2) it is proportional to the response function and (3) it
has an overall phase and amplitude that are functions of the wavevector mismatch
and sample path length.

Theoretical treatments of the material properties that give rise to the
two-dimensional fifth-order Raman observable are concerned primarily with
developing a model system for which the fifth-order response, R(5)(�2, �4), can be
evaluated. The simplest conceivable model for nuclear dynamics is a harmonic
oscillator. By considering a single harmonic oscillator, ignoring for the moment any
coupling to an environment, it is possible to illustrate two key differences between
fifth-order and third-order Raman spectroscopy. The response function of
equation (3) is a three-point time correlation function of the polarizability operator,
and the many-body polarizability operator generally depends on all the nuclear
coordinates of the system. Considering only a single harmonic mode, qj, we can
expand the polarizability operator about some equilibrium displacement, q0, in a
Taylor series as [12, 20, 104].

� qj
	 


¼ � q0ð Þ þ
@� qj

	 

@qj

� �
q0

qj þ
@2� qj

	 

@q2
j

" #
q0

q2
j þ 
 
 
: ð7Þ

By identifying the nth partial derivative with respect to the coordinate as �(n), the
expansion can be rewritten as

� qj
	 


¼ �ð0Þ þ �ð1Þqj þ �ð2Þq2
j þ 
 
 
: ð8Þ

In the case of multiple modes, it should be kept in mind that the polarizability is
mode dependent. The zeroth-order term does not contribute to the response since
it does not depend on the coordinate and is therefore time independent. The first
non-zero contribution is proportional to the linear displacement of the coordinate,
and it is this term that is responsible for typical third-order Raman processes. For
the harmonic model considered here, the linear polarizability leads to coherences
between states that differ by one quantum number (�n¼�1). The fact that �(1)

generates one-quantum coherences can easily be verified by evaluating the matrix
element of the qj operator using the harmonic basis.
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In figures 1(b) and (c), each pair of arrows represents one operation with the
polarizability, and in principle only consideration of the full polarizability is exact.
The expansion of equation (8) is useful, however, in determining what types of
coherences can be involved in the fifth-order Raman response. If each interaction
occurs via an �(1) process, regardless of the initial state, the signal will vanish
identically with zero trace (which is equivalent to saying that the final density matrix
is in a coherence). The pathway that results in a population density matrix using
the lowest order of interactions is �(2)�(1)�(1), where the second-order interaction
can occur at any of the three time points. In other words, within the single harmonic
mode model, generation of a signal requires a two-quantum coherence to be created
by one of the interactions. Since the �(2) term in the polarizability depends on the
square of the displacement, it is known as the ‘non-linear polarizability’.

The requirement for a non-linearity in the polarizability is simply due to the
condition that the final density matrix must be in a population (diagonal) and that
the linear polarizability can only create one-quantum coherences such as jnihnþ 1j
or jnþ 1ihnj (where the states jni are eigenstates of the harmonic mode qj). Should
the states deviate from harmonicity, the selection rules would be lifted and the
requirement for non-linear polarizability is likewise relaxed. Therefore one can
imagine at least two scenarios where anharmonicity is responsible for the fifth-order
response. Either the anharmonicity can be a fundamental property of the nuclear
mode as in the case for typical intramolecular vibrational modes, or the anharmo-
nicity may be due to the time-evolving potential surface where the frequency of the
otherwise harmonic mode changes in time. The latter situation has been denoted
‘dynamical anharmonicity’ in order to emphasize the key distinction that the ‘system’
Hamiltonian (H0 in equation (1)) is not, in fact, time independent [92]. While there is
no doubt that the true potential surface of a liquid is anharmonic, it is nevertheless
instructive to retain some sort of modal description as long as possible in order to
take advantage of our intuition of harmonic systems.

To summarize the above discussion, from considerations based on a harmonic
model, it is evident that the fifth-order Raman signal requires at minimum either
non-linear polarizability or vibrational anharmonicity [2]. There is one remaining
interaction that must be addressed in order to complete the list of possible pathways
in a fifth-order measurement. By extending the model from one with only a
single harmonic mode to one that considers at least two modes (q1 and q2), the
polarizability (equation (7)) can be rewritten as

� q1,q2ð Þ ¼ �ð0Þ þ
X
j¼1,2

�ð1Þ
j qj þ

X
j,k¼1,2

�ð2Þ
jk qjqk þ 
 
 
 ð9Þ

where the polarizability is expanded about an equilibrium configuration, q0, and

�ð2Þ
jk ¼

@� q1,q2ð Þ

@qj@qk

� �
q0

: ð10Þ

In equation (9), the linear term is simply the sum of the linear polarizability of each
mode, while the non-linear term gains the ability to couple orthogonal modes. For
the case where j¼ k, the non-linear term reflects the non-linear polarizability of the
two individual modes, but, when j 6¼ k, the two modes can be coupled solely through
the polarizability (i.e. the Hamiltonian is still fully harmonic and the two modes are
uncoupled). This so-called ‘mode-mixing through polarizability’ has been investigated
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by Saito and Ohmine, and Steffen and Duppen [5, 12, 14, 41, 83, 84]. The ability to
generate combination band coherences also makes it possible to investigate
couplings between high-frequency intramolecular Raman-active modes. While
one experimental effort did attempt to measure intramolecular coupling, the
experimental results were complicated by lower-order artifacts [41].

The preceding discussion concentrated on the details of signal generation by
emphasizing the importance of non-linear polarizability, vibrational anharmonicity
and mode mixing through the polarizability. In order to appreciate the full richness
of fifth-order Raman spectroscopy, some attention must be paid to a model of
relaxation processes that can be determined by this new experimental measurement.
In the common parlance of condensed phase spectroscopy—where spectral signa-
tures are generally broad and featureless—two limits have been constructed in order
to explain the origins of the broadening. Whatever the technique, spectroscopy
determines the energy level gap between at least two states, and the fluctuations of
the energy gap are directly related to a decay of a time-dependent signal or the width
of a frequency-domain spectrum. In the limit of very high frequency variations in
the energy gap due to rapid collisions with the surrounding solvent molecules, the
transition is said to be homogeneously broadened. At the other extreme, static
variations due to locally distinct configurations (sometimes called ‘sites’) naturally
give rise to an inhomogeneous distribution of energy gaps that generally lacks
dynamical information. In a liquid, however, there are clearly no truly static ‘sites’
since the molecules must be free to diffuse, and collisions can very rapidly force a
given local configuration to evolve even on short timescales. Yet there are very clear
signs that in hydrogen-bonded liquids, for example, the strong intermolecular
interactions lead to persistent structured arrangements of water molecules that
can last over reasonably long (�ps) timescales [105, 106]. The long-lived configu-
rations, therefore, suggest that key dynamical properties of liquids such as water
can be separated into liquid-like disorder with very fast fluctuations and slowly
interconverting structured transients. It has been a challenge to both theory and
experiment over several years to develop spectroscopic methods capable of
distinguishing between these two limiting classifications, and, for the low-frequency
motions of liquids, fifth-order Raman is the lowest-order electronically non-resonant
approach [2, 81].

A very physical approach to the modelling of the non-linear optical response of a
system coupled to a bath was developed by Mukamel and co-workers, and has come
to be known as the MMBO method [102]. MMBO treats the system as a set of
harmonic oscillators that are coupled to a harmonic heat bath. Each system mode is
characterized by a frequency, a dephasing rate (or line width) and a coupling
strength (or weighting factor), and these oscillators may correspond to actual
localized vibrational modes or to generalized coordinates. Tanimura and Mukamel
showed that the nth-order non-linear response function can be evaluated using this
method of parametrization [2]. Shortly after the initial proposal of fifth-order
Raman, Palese et al. [31] employed an MMBO approach in order to simulate the
fifth-order response of liquid water in the homogeneous and inhomogeneous limits.
The spectral density of water was determined by parametrizing the third-order
response as measured by a time-domain optical heterodyne detected (OHD) optical
Kerr effect measurement [60]. A parametrization using six Brownian oscillators was
found to reproduce faithfully, the spectral density, thus providing the six sets of
frequencies, widths and weights needed to evaluate any non-linear response function.
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The fifth-order response of liquid water, simulated using the MMBO param-

etrization, is shown in figure 2 for the case of purely homogeneous broadening

(figure 2 (a)) and inhomogeneous broadening (figure 2 (b)). It is clear from these
simulations that the fifth-order response is highly sensitive to the degree of

inhomogeneous broadening, as evidenced by the dramatic echo-like feature along
the time diagonal (�1¼ �2). Since the third-order response is identical for the two

broadening cases, this study illustrates the inherent richness of the higher-order

correlation function responsible for the signal in a fifth-order Raman experiment.
In analogy to resonant electronic and spin multipulse experiments, this diagonal

feature has become known as a vibrational or motional ‘echo’, as it is a direct

consequence of the inhomogeneous broadening in the system. Although there are
several reasons to be sceptical of the response functions shown in figure 2, they do

illustrate one of the chief advantages of fifth-order Raman over lower-order
techniques: within a harmonic picture, even considering a structured spectral density

such as that of liquid water, there is considerable ability to discern different

contributions to the line shape. The rephasing process involves not just a single
transition as in conventional echo-based third-order spectroscopies but a distri-

bution of distinctly different types of motions. In the case of water, the distinct

classes of motions consist of the librational components involving different combi-
nations of the three different moments of inertia for water (200–1000 cm�1),

translational acoustic-like displacements of the central pentamer hydrogen-bonded
structure (180 cm�1), transverse displacements or shearing-type motions (60 cm�1)

K. J. Kubarych et al.506

Figure 2. Simulated fifth-order Raman response of liquid water using the MMBO model
with six Brownian oscillators parameterized with a fit to the OHD-OKE response: (a)
purely homogeneous case; (b) purely inhomogeneous case. The pronounced echo
signature along the time diagonal, �1¼�2, is indicative of inhomogeneous broadening.
Reproduced with permission from J. Phys. Chem., 1994, 98, 12466–12470. Copyright
1994 American Chemical Society.
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and diffusive reorientational motions (<100 cm�1). It is important to note that even
with this set of effectively different oscillators the fifth-order response is capable of
distinguishing inhomogeneous from homogenous contributions. The observable
projects out the two time-interval correlation or memory function of the bath and
provides an inclusive response with little interference between different modes in the
response function, and, where present, the signature of mode mixing or anharmonic
coupling between modes is evident.

The MMBO model for dynamics in the presence of a bath (or more generally any
dissipation) is a strategy that has been broadly applied to many diverse areas of
physics, and, as such, it is not a microscopic description of the liquid. There are
several possibilities for microscopic treatments of the nuclear dynamics including
exact quantum mechanics, exact classical dynamics and various approximations
such as instantaneous normal modes [15, 92, 107–109], quenched normal modes [5]
and mode-coupling theory [16, 17, 94–96]. A fully quantum mechanical treatment of
real liquids is impossible at present and is likely to remain so for many years. On the
other hand, exact classical MD simulations are tenable and have been carried out
for liquid xenon and liquid carbon disulphide and water in order to evaluate the
fifth-order response [6, 15, 21, 22, 97–99]. These microscopically based approaches
will be discussed in section 4.

The fifth-order Raman response offers a qualitatively superior probe of the
dynamics of liquids by being able, in principle, to report directly on the degree of
inhomogeneous broadening in a system. This section has examined some features of
the fifth-order response within the framework of a harmonic picture of the liquid
modes in order to build on a relatively well-developed intuition for harmonic
motion. The results of experiments and simulations, however, strongly indicate that
such a simplified picture is at best incomplete and may in fact be beyond repair.
In order to analyse the results of microscopic treatments and actual experiments,
however, the harmonic picture is a good starting point. The next section will present
an overview of the experimental implementation of fifth-order Raman spectroscopy
while considering the response of liquid CS2.

3. Experimental advances

As much as it has challenged the theoretical community, the fifth-order Raman
response has been particularly difficult to isolate in the laboratory. It is generally
true that non-linear optical processes become increasingly weaker as the order of
non-linearity increases, and in the case of fifth-order Raman spectroscopy this is
compounded by the potential requirement for non-linearity in the polarizability. In
addition to the intrinsically weak non-linear signal, there are cascaded third-order
processes that can be collinear with the direct fifth-order signal and must be removed
in order to access the rich information content promised by the fifth-order response
[48, 110–112]. Furthermore, the cascaded third-order signals have incident laser
power dependences that are identical to the desired fifth-order signal and are thus not
separable through power dependence measurements. Several strategies have been
followed in order to attempt to minimize the contribution of third-order cascades to
the measured signal. By combining several approaches including a diffractive optic
beam splitter, optical heterodyne detection (OHD), two- and three-colour pulse
sequences and an appropriately thin sample path length, we have made substantial
progress in isolating the fifth-order Raman response of liquid CS2 [45–49].
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The fifth-order Raman pulse sequence (figure 1) produces a signal field with

wavevector ks¼ (k1� k2)� (k3� k4)þ k5 and there is considerable freedom in

selecting an experimental beam geometry where the wavevector mismatch, �k, for

the direct fifth-order signal can be made to be very small. The wavevector mismatch

is a critical value inasmuch as it determines the overall optical signal

amplitude (cf. equation (6)), and, in the case of multiple signal components, the

amplitude and phase of each component depend on its degree of wavevector

mismatch. As can be seen in equation (6), the wavevector mismatch is not the only

determinant of the amplitude or phase of a signal since the path length is similarly

important, and this will be discussed below.

Assuming that a proper beam geometry is found that satisfies wavevector

matching for the direct fifth-order signal, one must then determine the degree of

wavevector matching for the third-order cascades by considering the individual

intermediate steps [112]. Figure 3 shows energy level diagrams indicating the third-

order cascade processes. There are two different types of cascading lower-order

processes. The first of these, shown in figure 3 (a), was initially noted by Ivanecky

and Wright, and has been denoted the ‘sequential cascade’ [110]. The sequential

cascade is composed of two different third-order interactions that take place on

different sets of molecules, where the signal generated in the first step acts as a pump

field in the second step (indicated by broken lines). There are two different sequential

pathways corresponding to two different combinations of wavevectors that lead to

K. J. Kubarych et al.508

τ2 τ4

(a)

τ2+τ4

τ4

(b)

Figure 3. Energy level diagrams showing the (a) sequential and (b) parallel cascaded third-
order processes. The broken lines indicate intermediate fields, and the dotted lines are
final signal fields.
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signals in the same direction as the direct fifth-order process. Figure 3 (b) shows
another kind of cascade, detailed by Blank et al. [112], where two simultaneous third-
order processes conspire to generate a signal in the fifth-order direction when the
signal of one third-order intermediate acts as a probe in the other. There are similarly
two different pathways for the so-called ‘parallel cascade’. In all, there are a total of
four distinct cascaded third-order signal pathways, and each one is expected to be
orders of magnitude larger in intrinsic amplitude than the desired direct fifth-order
signal [112].

Unfortunately, only the sequential cascade was known when the initial experi-
mental results were reported. The first fifth-order Raman experiments of room
temperature CS2 were reported by Tominaga and Yoshihara [32–35, 88, 113–118],
and these were followed by Steffen and Duppen [13, 36, 37, 119] and Tokmakoff and
Fleming [39–41, 120]. Although all of these experiments were conducted with
different laser sources and beam geometries, the results seemed to show reasonably
good agreement. The experimental results did not, however, produce signals that
were in accord with general theoretical predictions. The dominant feature of the
measured data was a pronounced ridge along the pump pair delay axis (�2 in the
convention adopted here), while the signals were found to decay very rapidly along
the probe delay axis (�4). Nearly all theoretical analyses of the fifth-order response
show that the signal along the �2 axis (when �4¼ 0) should vanish. Several theoretical
attempts were made to explain this form of the response, and it appeared as though
mode mixing through polarizability produced the most successful agreement [13].
It was ultimately demonstrated, however, that the data were due to parallel cascaded
third-order processes that had been neglected in the design of the experimental beam
geometries [112]. To give some insight into the difficulty in discerning the true
nuclear fifth-order response, the form of the response function derived by Steffen and
Duppen for mode-mixing through polarizability is identical to the cascaded third-
order response functions found by Blank et al. Assignments cannot be made solely
on the grounds of calculated response functions with various built-in assumptions
but need to be checked experimentally to be free of cascade contributions using
different beam geometries and other contrast mechanisms.

With the ultimate goal of measuring the fifth-order response of other liquids such
as hydrogen-bonded systems, we developed an alternative technique for implement-
ing non-linear spectroscopy based on diffractive optical elements [45, 121–124]. The
diffractive optic approach has many advantages over conventional beam splitters.
Since any multibeam non-linear interaction can be thought of as diffraction from a
grating, it is natural to imagine using a diffractive element to split the beams since the
beam splitter is ultimately related to the non-linear process in the sample. In four-
wave mixing experiments (i.e. third-order spectroscopy), for example, there are three
popular beam geometries: a square or rectangular box, a line (two-colour case) or an
equilateral triangle. Non-resonant third-order Raman spectroscopy involves two
beams crossed at an angle that write a phase grating in the material from which a
time-delayed probe pulse can diffract into the wavevector-matched direction,
ks¼ (k1� k2)þ k3. By designing a diffractive optic to generate the necessary beam
pattern, implementation of four- (and six-)wave mixing experiments has been shown
to be greatly simplified since there is no ambiguity in signal alignment [122].
Furthermore, in instances where there is added information in repeating an
experiment under different grating wavevector conditions, a single optic with
multiple diffraction gratings can be used where the time required to change the
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grating wavevector (or ‘fringe spacing’) is reduced to the order of minutes [125].
Both diffusive processes and photoacoustics depend on the grating wavevector, and
using a multiple-grating optic has been found to be very convenient. For the six-
wave mixing geometries used in fifth-order Raman spectroscopy, because of the
highly sensitive nature of the wave vector matching on signal phases and amplitudes,
one ideally would prefer to have the beam pattern predetermined to prevent
adjustments from latching onto poorer geometric phase matching that enhances
the lower-order cascades. The diffractive optic approach provides this important
constraint.

In addition to the strict constraints on beam geometry, a diffractive optic
approach also enables the use of OHD by acting as a phase reference for
what is fundamentally an interferometric measurement [122]. The experimental
configuration is shown schematically in figure 4 for our most recent three-colour
variation of this experiment and is the most general case. The pulses needed for the
fifth-order Raman experiment are created by passing three time-delayed input pulses
through the diffractive optic, where each pulse is diffracted according to the spatially
periodic phase profile of the optic. We only require two beams from each of
these patterns, and this is accomplished by introducing a slight tilt between the
three input beams and blocking diffracted beams that are not needed. The end result
is three pairs of pulses, two of which are used for the pump pairs, and the third
is the probe–local oscillator pair. The local oscillator is a beam that is designed into
the diffractive optic such that it is collinear with the generated signal beam.
The relative intensity of this local oscillator was also designed into the optic so that
it serves the dual purpose of aiding in detector alignment while acting as a reference
field needed for OHD at near optimal amplitudes for the experimental conditions.
The only phases relevant to the ultimate signal field phase are those between
pulses within a given pair, and these phases are determined at the instant of
diffraction. All the diffracted beams are imaged to the sample using two off-axis
parabolic mirrors that are common to all six beams. This feature of the diffractive
optic approach is the most important as it ensures that there are no independent
paths for any of the beams. The diffractive optic serves as a phase reference and all
beam pairs are generated at that point. The phase noise from various sources
(primarily thermally induced pathlength variations) imparted on the beam
propagation after the diffractive optic is correlated for all beams. The largest
remaining phase noise source is due to variations in air density over the small
distance between beams and this can be effectively handled with beam tubes and
enclosures. Thus, the phase instability of uncorrelated independent optical paths
common to beam-splitter-based interferometers is completely avoided. The passive
phase stability of the diffractive optic apparatus for third-order Raman experiments
was measured to be ��/300 [122], and we estimate the phase stability for the
fifth-order set-up to be at the �/50 level over a period of a few hours. The only way
to achieve this level of phase stability with conventional beam-splitter interfero-
meters is by using active feedback requiring a reference interferometer for each of the
three pulse pairs.

The advantages of OHD of non-linear signals are becoming broadly appreciated
in multidimensional electronic and vibrational IR and Raman spectroscopy [27, 28,
79, 126–131]. Heterodyne detection linearizes the experimental observable while
allowing the direct observations of any sign changes. Many Fourier transform
techniques require that one has measured a signal proportional to the response
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function itself rather than the squared modulus of the response since it is necessary
to be able to assign the real and imaginary parts of the signal. Direct detected
(or ‘homodyne detection’ in the conventional jargon of ultrafast spectroscopy) signals
are proportional to the square of the response function and are thus inappropriate
for use with Fourier transform methods or deconvolution procedures without
imposing significant assumptions. Since the heterodyne-detected observable is
proportional to the amplitude of the signal field, the power dependence of the
measured signal is reduced by a square root. The six-wave mixing signal intensity is
proportional to the product of the five interacting laser pulse intensities, and thus
the signal has an I5 power dependence, while the heterodyne-detected signal has
an E5 dependence. Heterodyne detection also allows significant amplification of
the non-linear signal through the necessary mixing with a reference local oscillator
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Figure 4. Experimental diagram for the most general three-colour case. HS, harmonic
separator; BS, beam splitter; BBO, b-barium borate crystal; HCR, hollow cube
retroreflector; BP, Brewster prism; CS, cover slip; �/2, half-wave plate; P, polarizer;
PM, parabolic mirror; S, sample; PD/LIA, photodiode–lock-in amplifier. The full
lines indicate 800 nm beams, the dotted lines are the 530 nm beams and the broken
lines are the 400 nm beams.
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whose amplitude can be set to be very large. There are limits to the degree of
amplification that is possible [126], but, since these limits are due mainly to laser
stability and background scatter level, improved laser technology and careful
filtering can be expected to alleviate most of the limitations. Finally, heterodyne
detection is a phase-sensitive measurement technique and in complicated multi-
component signals, such as those containing more than one signal field contribution,
it is possible to select one signal component out of several competing signals by
appropriately adjusting the relative optical phase between the local oscillator and
signal fields. As will be shown below, there is a relative phase difference between
the cascaded third-order signals and the direct fifth-order signal, thus allowing the
phase-sensitive features of heterodyne detection to be used as an additional contrast
agent against the parasitic lower-order contaminants.

On a square-law photodetector, the time-domain interference between a signal
field, Esig(t), and reference field, Eref(t), is given by [126]

Ihet tð Þ ¼ Esig tð Þ þ Eref tð Þ
�� ��2

¼ Esig tð Þ
�� ��2þ Eref tð Þ

�� ��2þ2Esig tð ÞEref tð Þ cos�	 ð11Þ

where �	 is the phase difference between the signal and reference fields and is
given by

�	 ¼ 	ref � 	
 þ 	pr þ 	pump1 � 	pump2

	 

þ 	pump3 � 	pump4

	 
� �
ð12Þ

where 	ref is the reference phase, 	
 is any phase shift due to the material response,
	pr is the probe phase and the remaining phases are those of the pump fields.
Equation (12) indicates that the relative phases of the pulses within each of the
three pairs determine the overall signal phase. For a successful implementation of
heterodyne detection, it is necessary to keep the phases constant over the course of
any measurement, and this task is more easily accomplished using the diffractive
optic method as compared with active feedback of all three pulse pairs.

The heterodyne signal shown in equation (11) has two additional terms that are
due to the direct detected signal and reference intensities. In order to recover the
phase-sensitive term alone, it is necessary to remove the phase-insensitive direct
detected terms. In the implementation described here, elimination of the direct
detected terms is accomplished by recording three sets of data: one with the reference
and probe unblocked (heterodyne measurement), one with the reference blocked
and one with the probe blocked. The two direct detected signals are then subtracted
from the heterodyne signal leaving only the phase-sensitive part. It is also possible
to remove the phase-insensitive components by recording only two signals, where
there is a p phase shift between the signals [128]. This phase cycling approach is a
common technique in multidimensional nuclear magnetic resonance spectroscopy
where is it very easy to impose arbitrary phase shifts with high precision. In the
optical regime, however, where the wavelength of light is truly microscopic, errors in
setting the phase can seriously complicate the signal processing.

The fifth-order Raman signal is detected using lock-in amplification where a
single pump beam is chopped, and a photodiode detects the signal. Since the
reference beam travels through the interaction volume, it is always possible that
the intensity of the reference beam itself is modulated by the pump pulses, thus
leading to a chopped signal that can be recorded by the lock-in amplifier. It is
therefore necessary to remove the reference modulation, and this is accomplished by

K. J. Kubarych et al.512

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
2
7
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1



subtraction of the signal with the probe beam blocked. The signal due to the
modulated reference resembles the OKE response of the system and is thus easily
identified [46, 48].

In order to appreciate the phase contrast against lower-order processes afforded
by heterodyne detection, it is necessary to consider the cascade signal field. By using
the same approach as was used to obtain equation (6) for the direct fifth-order
signal field, it is possible to show that the cascaded signal is given by [48]

Ecas �2,�4ð Þ ¼ L2 !cas

ncas

!int

nint
E5Rð3Þ

cas �2,�4ð Þ sinc
�ka L

2

� �
ei �ka L=2ð Þ sinc

�kb L

2

� �
ei �kb L=2ð Þ

ð13Þ

where L is the path length, !cas and ncas are the cascaded signal frequency and index
of refraction, !int and nint are the intermediate signal frequency and index of
refraction, E is the field amplitude, Rð3Þ

casð�2,�4Þ is the cascaded third-order response,
�ka and �kb are the wavevector mismatch values for the first and second
intermediate third-order steps and sinc(x) is sin(x)/x. Comparison of equations (6)
and (13) suggests that there are, in fact, key differences between the fifth-order and
third-order signals despite the identical power dependence and near-collinear signal
wavevectors. The cascaded signal depends on the square of the path length, while the
direct fifth-order signal depends linearly on the path length [112]. Moreover, since
the direct fifth-order signal is multiplied by an extra factor of i, there is a nominal p/2
phase shift between the two signals (assuming that all wavevector mismatch values
are zero and that the response functions, Rð3Þ

cas and R(5) are real functions). The two
exponential terms also determine the resulting signal phase relative to the direct
signal, and, since the general strategy to reduce the cascade contribution is to impose
a large wavevector mismatch for the intermediate third-order processes by the choice
of beam geometry, the phase of the signal field will strongly depend on the path
length. Typical values of the wavevector mismatch used in the fifth-order Raman
experiments are in the range 50–1000 cm�1, and path lengths from 0.1 mm to 1.0 mm
have been used [42, 48].

It is worthwhile to discuss one final point regarding the use of optical heterodyne
detection in order to measure the direct fifth-order Raman response while suppres-
sing the unwanted cascaded third-order signals. The large wavevector mismatch
for the intermediate steps of the third-order cascades necessarily leads to a phase
shift of the cascaded signal relative to the direct signal. In principle it is possible
to separate any two phase-shifted signals regardless of the relative phase shift
between them, but, when the phase shift is not p/2, it is much more challenging to
separate the signals and there is a penalty in signal amplitude. It is also desirable
to ensure that the entire cascaded third-order signal has a single phase—if there is
a phase shift between two pathways, say between one parallel pathway and one
of the sequential pathways, the desired fifth-order signal will need to be separated
from both cascaded signals. We have shown that using our crossed-beam geometry,
the phase shift between the direct fifth-order signal and the cascades is, in fact,
nearly p/2, thus avoiding the pitfalls addressed here.

Two beam geometries used to measure the six-wave mixing signal of CS2 using
the diffractive optic base heterodyne method are shown in figure 5. Once a particular
phase matching geometry is chosen, it is then a straightforward procedure to Fourier
transform this pattern to the corresponding diffractive optic. The most important
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detail is balancing the amplitude of the different Fourier components in the optic to
give as broad a bandwidth as possible to be compatible with femtosecond pulses.
The above patterns involved balancing 20 different Fourier components that gave a
fairly flat wavelength dependence over the entire visible spectrum with up to 70%
transfer efficiency to the target beam pattern [45]. With respect to figure 5, the only
difference between these two beam geometries is their degree of wavevector
mismatch for the parallel cascaded processes. The magnitude of the wavevector
mismatch for the parallel cascade in the crossed-beam geometry is 10 times larger
than it is in the baseball diamond geometry [45, 46]. The true power of the diffractive
optic approach is illustrated by the relative ease with which it is possible to switch
between the two beam geometries without realigning the signal, thus enabling a
direct comparison of signals with varying degrees of contrast against lower-order
cascades—an important experimental check on signal purity.

Another attractive feature of diffractive optics is that beams with different
wavelengths will naturally be spatially separated owing to dispersion. In fact,
single-colour experiments using diffractive optics are actually more challenging
since it is necessary to introduce a slight angle between the incoming beams incident
on the diffractive optic. In a non-resonant experiment, the optical wavelength is
assumed to have no effect on the measured response, and one is therefore free to
use different wavelengths for the pump and probe pulses. For the fifth-order Raman
case, we adopted a two-colour approach where the pump pulses are the second
harmonic of the 800 nm fundamental, and the probe and signal are the fundamental
itself. There are several advantages in using a two-colour pulse sequence. Blue light
interacts more strongly with the polarizability than does red light, leading to an
expected increase (24) in the fifth-order signal relative to all 800 nm interaction
for each Raman process [132]. Furthermore, since the pump and signal wavelengths
are different, it is possible to prevent scattered pump light from reaching the detector
by using spectral filtering via a prism. For small-angle beam geometries, scattered
pump light is a common complication to signal detection. The final major advantage
of using two colours for the pump and probe pulses is the suppression of coherent
artifacts. In a single time variable experiment, one typically observes a large signal
at the time origin owing to pulse width limited electronic hyperpolarizability. In a
two-dimensional experiment, the electronic hyperpolarizability can be large enough
in amplitude to mask smaller signal components well away from the time origin.
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Figure 5. Two different experimentally implemented phase-matching beam geometries:
(a) crossed beam and (b) baseball diamond. The crossed-beam geometry increases
suppression of the cascaded third-order signals by a factor of 10 over the baseball
diamond geometry.
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Additionally, the signal along the axes can be composed of combined electronic and
nuclear hyperpolarizabilities, thus further obscuring any interesting direct nuclear
dynamics [12]. From theoretical considerations, there is no nuclear contribution to
the pure nuclear fifth-order signal along the �2 axis (�4� 0), but, along the �4 axis,
there is an important contribution due to population relaxation. The use of two
colours reduces the hyperpolarizability along the �2 axis and allows an estimate of
the magnitude of the contribution along the �4 axis. In order to have a quantitative
accounting of the electronic/nuclear hyperpolarizability along �4, however, a third
wavelength needs to be used in one of the pump pairs [49].

The pioneering early reports of the fifth-order Raman response of liquid CS2

represent, in all respects, landmark achievements in non-linear spectroscopy of
liquids. They were, however, marred by the unfortunate coincidence of lower-order
cascaded third-order signals. It is, therefore, the main goal of experimentalists to
devise a strategy for separating the direct fifth-order Raman response from these
competing processes. There have been several approaches [42, 44, 45, 128], and the
one we have adopted is the multicolour diffractive optic based implementation
combining OHD with a beam geometry that has large wavevector mismatch for
the lower-order processes. In order to establish fifth-order Raman spectroscopy as
a general methodology for studying condensed phase systems, it is necessary to
demonstrate success in isolating the direct signal free of artifacts using a variety of
contrast mechanisms to distinguish lower-order cascades from the nuclear fifth-order
response of interest.

4. Case study: fifth-order response of liquid CS2

Carbon disulphide has long been the subject of electronically non-resonant
non-linear spectroscopy of liquids owing to its exceptionally large polarizability.
Like most simple liquids, CS2 has an essentially featureless Raman spectrum below
200 cm�1, thus making it an ideal test bed for the experimental advances outlined
above. The dominant intermolecular forces in CS2 are due to van der Waals
interactions, suggesting that the liquid may lack significant local structure relative
to a strongly hydrogen-bonded network such as that in water. It should be a
straightforward task, therefore, to recognize qualitative differences in the fifth-order
Raman response for liquids at the two extremes.

We begin the discussion of the fifth-order Raman response of liquid CS2 by
considering the first reports following the realization that the previous experimental
results had been dominated by lower-order artifacts. The two-colour diffractive
optics based method was used with a 1 kHz amplified Ti:sapphire laser system.
At this early stage, only the direct detected signal was reported, and the sample
path length of 300 mm was larger than the subsequently used 100 mm path length [45].
The two-dimensional homodyne detected response of liquid CS2 is shown in figure 6.
Figure 6 (c) and (d) show the data obtained using the baseball diamond phase
matching geometry, and figure 6 (a) and (b) show the results using the crossed-beam
geometry. There is a dramatic difference between the two data sets punctuated by the
disappearance of the nuclear signal contribution for positive and negative �2

time delays for the crossed beam geometry. The negative �2 time delay corresponds,
in the case of a symmetric fifth-order tensor element, to a skewed image of the
positive �2 delay response. The polarization configuration for the data shown in
figure 6 is not formally a single tensor element. The four pump pulses are polarized
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parallel to each other at 0�, while the probe is polarized at 45� and the analyser
polarizer that selects the signal polarization is set at �45�. This arrangement was
initially used to minimize scattered light from the probe. Since the R

ð5Þ
121111 tensor

element is identically zero, the only two tensor elements that could be used to
compose this polarization configuration are R

ð5Þ
221111 and R

ð5Þ
111111. The all-parallel

tensor element, R
ð5Þ
111111, has the largest magnitude of all the seven tensor elements,

and R
ð5Þ
221111is considerably smaller in magnitude by a factor of 20. The two-

dimensional response of the all-parallel tensor element was measured using direct
(homodyne) detection, but, because of large background probe scattering into the
signal direction (i.e. in the absence of any pump fields), the signal-to-noise ratio was
superior using the crossed probe and signal polarizations. Although it was not
known at the time, the heterodyne detected experiments subsequently showed that
the differences between the R

ð5Þ
111111 and R

ð5Þ
�45,45,1111responses to be minimal. As

plotted on this contour graph, the all-parallel response is essentially identical to
the data shown in figure 6.

The baseball diamond and crossed-beam geometries have identical fifth-order
wavevector matching conditions, and the sequential cascaded third-order pathways
likewise have the same wavevector matching parameters. The only difference
between the geometries is the degree of wavevector mismatch for the parallel
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Figure 6. Homodyne detected fifth-order Raman response of liquid CS2 using two beam
geometries with different degrees of phase mismatch for the parallel cascade: (a), (b)
data taken in the crossed-beam geometry; (c), (d) data taken in the baseball diamond
geometry. The �4 ridge feature is preserved despite the change in phase matching.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
2
7
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1



cascaded processes. The most prominent feature of the data shown in figure 6 is the
distinctive ridge along the �4 axis, with a very fast decay along the diagonal and the
�2 axis. There is clearly no evidence for vibrational rephasing (or echo) in the form of
a ridge along the time diagonal (�2¼ �4). All reported fifth-order Raman meas-
urements preceding this two-colour result, and several subsequent reports, were
characterized by extensive signal amplitude along the �2 axis—a signature that is not
predicted by theory other than cascaded third-order simulations. The lack of the
ridge along the pump delay axis, �2, was an encouraging sign that the true fifth-order
response was responsible for the experimental data.

Following this initial report, homodyne detected results were obtained by Blank
et al. using the conventional beam-splitter method of generating the required five
different beams, and these data were assigned as the direct fifth-order response of
liquid CS2 [42]. In addition to the fully polarized, R

ð5Þ
111111, response, data for a

‘magic-angle’ configuration, R
ð5Þ
1111MM, were also reported (where M¼ 54.7� relative

to the other polarizations). It was immediately clear, however, that the results
obtained with the two-colour diffractive optic technique and those obtained using
the one-colour (800 nm) beam-splitter approach had significant differences. As with
the very early fifth-order Raman results, differences in experimental implementation
(path length, beam geometries, focusing conditions and wavelengths) made it a
challenge to identify the source of the differences of the latest experiments.

As has been mentioned above, one of the truly great benefits of using a diffractive
optic for high-order non-linear spectroscopy is the relative ease with which OHD
can be employed. Heterodyne detection is straightforward once the relative
magnitude of the reference and signal field is appropriately adjusted using a neutral
density filter and a half-wave plate in the reference beam—the reference intensity is
typically 50–100 times larger than the homodyne-detected signal.

All seven experimentally accessible tensor elements were measured using the
two-colour heterodyne detected diffractive optics approach [48], and two particular
examples are considered here. The full, two-dimensional response of one tensor
element, R121211, is shown in figure 7. These results bear a resemblance to the direct
detected data shown above, with the key exception that the nuclear response in the
two-dimensional region of the surface (�2, �4 > 0) is largely composed of a signal
that has an opposite phase to the predominant signal feature along the �4 axis.
For the in-phase data (figures 7 (a) and (b)), the decays along the �2 axis and the
diagonal are very rapid, although a clear shoulder is observed for very short probe
delays (�4 < 100 fs) along the �2 axis. This signal is longer than the pulse width of the
laser pulses used in the experiment (75 fs full width at half-maximum). The dominant
signal feature is, nevertheless, the ridge along the probe delay axis, �4.

Following the suggestion of Jansen et al., a new polarization configuration
was recently considered where simple theoretical considerations indicate further
suppression of unwanted cascaded signals is expected beyond that due to wavevector
mismatch and phase selectivity. We have dubbed this experimental configuration
the ‘Dutch Cross’ to denote its origins and crossed pattern. It provides an additional
104 contrast against lower-order cascades and serves as an important experimental
check on signal purity for any phase matching geometry [49]. The Dutch
Cross configuration is denoted R�L�L11LL, where L¼ 60�. The 60� angle between
successive pairs of pulses ensures that all the intermediate third-order steps result in a
nuclear response that is significantly suppressed relative to the polarized tensor
element. The Dutch Cross configuration is an excellent check of a particular
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experimental beam geometry’s ability to suppress third-order cascades since there
should be no appreciable nuclear signal due to cascades. Figure 8 shows three slices
through the two-dimensional surface of the Dutch Cross configuration fifth-order
response of liquid CS2.
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Figure 7. Heterodyne detected fifth-order Raman response of liquid CS2 for the R121211

tensor element: (a), (b) in-phase component; (c), (d) data collected at a relative phase
of p/2. The baseball diamond geometry was used to measure these data with a 100
micron pathlength to eliminate cascades. Figures (a) and (b) reproduced from [46]
with permission from Elsevier Science.

Figure 8. Heterodyne detected fifth-order Raman response of liquid CS2 for the Dutch
Cross configuration. The full curves are the in-phase signals, and the broken curves
are the p/2 shifted signals. (a), (b) and (c) show slices along �4, �2 and the diagonal
respectively. Reproduced from [49] with permission from Elsevier Science.
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The results obtained using the Dutch Cross configuration are particularly
interesting owing to the similarities and differences relative to the other tensor
elements. As with the majority of measurements of the fifth-order Raman response
of liquid CS2 using the two-colour, heterodyne detection approach, there is an
elongated ridge along the �4 axis. The data further show that the decay along the �2

axis at the probe delay origin, �4¼ 0, is very rapid. The differences, however, are
clearly evident in the pronounced diagonal component that is not observed in other
tensor elements. This diagonal feature is, however, not long-lived and falls to zero by
500 fs with a �320 fs 1/e decay. It is also noteworthy that the nuclear components
along the diagonal and �4 axis have opposite signs indicating that there is a node
in the response. The node along �4, which has been predicted in the MD simulations
of Saito and Ohmine, has been attributed to anharmonic coupling between
translational and rotational degrees of freedom. In the experimental data shown
above, however, the node appears to be due to a sign difference between the
electronic and nuclear components of the response function rather than a purely
nuclear sign change. Since it is not possible to eliminate the electronic hyperpolariz-
ability contribution to the temporal response, the nuclear response node cannot
be verified, but it is certainly possible that there is such a node given the sign change
between the nuclear contributions along the �4 axis and the diagonal. It will be
highly informative to consider a model system that can be treated analytically or
with reduced numerical complexity (relative to the equilibrium MD simulation),
so that any numerical origins for the nodal feature can ruled out. It should be noted,
however, that the level of agreement with finite-field as well as equilibrium MD
simulations is encouraging. The peak position of the nuclear signal and decay profile
are in near quantitative agreement. The strong ridge along �4 is also captured. The
only difference is the nodal plane bisecting �4 in the equilibrium MD simulations
which is not observed experimentally in this work; otherwise the complete
two-dimensional (2D) spectrum is faithfully reproduced by both MD simulations.
In this respect the finite-field MD is closest to the experimental observations but the
general features are conserved in both theory and experiment.

The heterodyne detected fifth-order Raman results clearly indicate that there is
little rephasing ability in room temperature CS2. One way to develop an under-
standing of this evidently ‘echoless’ echo experiment is to consider the conditions
under which an echo can be produced in the first place. In section 2, a harmonic
picture was used in order to motivate the MMBO approach for modelling the
system–bath dynamics. By revisiting this point, it is possible to illustrate a crucial
assumption that is built into the expectations for fifth-order Raman, and one
which may, in fact, be untenable. The rephasing response of a single harmonic
oscillator is due to a subset of possible field–matter interactions where the non-linear
polarizability (�(2)) mediated process occurs during the second step [104]. The
rephasing process begins with a coherence between the ground and first excited
vibrational level, j0ih1j or j1ih0j, and this coherence is transferred to a second
coherence, j2ih1j or j1ih2j, by the second pair of pulses via a two-quantum transition.
The probe–signal interaction leaves the system in either j1ih1j or j2ih2j population
states. The response of this single oscillator system can be calculated exactly, and the
critical term is proportional to cos[!(�2� �4)], where ! is the frequency of the
oscillator [2, 12]. Clearly, this term is a maximum when the two time delays
are exactly equal, thus leading to the diagonal ridge, often denoted as an ‘echo’.
This echo feature has been observed in models consisting of single oscillators as well
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as multiple Brownian oscillators, and the rephasing survives coupling to a Gaussian
bath [83]. The main effect of coupling to a bath is to shift the energy levels, and,
depending on the time-correlation function of the frequency modulation, the
models can interpolate from homogeneous (rapid modulation) to inhomogeneous
(slow modulation) broadening limits [14]. It is worthwhile to mention, however, that
the most generally adopted bath model preserves the harmonicity of the system
dynamics. In other words, the energy level gaps between all the states of the system
are the same at any given time. An example of the type of modulation of the
harmonic potential model in this way is shown in figure 9 (a). The modulation
is essentially the same for all states of the oscillator, and no distinction is made
between the low-lying states and the higher energy states. An alternative picture
of the modulation due to the coupling to a ‘bath’ is shown in figure 9 (b). In the latter
picture, the functional shape of the potential evolves, including the equilibrium
position, as well as the anharmonicity. The correlated modulation of the harmonic
potential can always be viewed as a simplified picture (or Taylor expanded) version
of the more general case shown in figure 9 (b) since at any point during the
modulation it is possible to refit the true anharmonic potential with a harmonic
expansion. The subtle differences between the two system–bath descriptions are
not captured by third-order Raman spectroscopy because third-order measurements
are determined completely by �(1) processes, and are thus insensitive to anharmoni-
cities. In the fifth-order response, an overtone transition is intimately connected
to the induced coherence and is thus much more sensitive to the anharmonic details
on the intermolecular potential. The key conceptual point is as follows: in the
original work of Tanimura and Mukamel, there is an explicit assumption that the
dephasing processes of the j0ih1j or j1ih0j, coherence is the same as the overtone-
driven j2ih1j or j1ih2j coherence involved in the rephasing step, i.e. the one-quantum
and two-quantum transitions have the same correlation with the bath. This
assumption was made to make the problem more tractable but needs to be
re-examined. The overtone involves motion further from equilibrium fluctuations
and may have different couplings to the bath as a result of the increased
anharmonicities sampled by this motion. Another way to think about this issue of
level-dependent dephasing is that the overtone must be a marginally bound state.
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(a) (b)

Figure 9. Two models of energy gap fluctuations for (a) a harmonic model and (b) an
anharmonic model. The potential, V(q), is a function of the idealized mode, q, and its
time evolution is represented by the different full, broken and chain curves to
represent bath fluctuations. For comparison, energy levels are schematically displayed
in order to highlight the qualitative differences between the two models regarding
evolution to marginally bound configurations.
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The very use of modes to describe liquids has been questioned as an appropriate
basis as even the fundamental mode is strongly damped and rapidly decays into
diffusive motions. For example, there is not a large separation in timescale between
the inertial motions and subsequent diffusive reorientational decay for CS2. The
overtone should be even more weakly bound and more strongly damped such
that level-dependent dephasing should be expected. In such a case, the most
rapid dephasing process will dominate the rephasing dynamics and this process
would be expected to be derived from the decay in the coherence involving
the two-quantum transition. This point can be gleaned from figure 9 in comparing
modulation of a harmonic potential and an anharmonic one. In the latter case, the
overtone samples a different curvature in the potential so the coupling coefficient to
the bath fluctuations should be larger (faster dephasing). Alternatively, the overtone
may occur energetically at a point in which it is marginally bound and as the
bath evolves, becomes unbounded and clearly overdamped. Both effects lead to
level-dependent dephasing. This effect is a bit of serendipity as it is probably the
fundamental reason for the high sensitivity of fifth-order Raman to the details of the
intermolecular potential. The experiment selectively monitors processes directly
correlated to the anharmonic terms in the potential.

As important as the liquid decoherence information is, the fifth-order Raman
is found to be even richer in details than that which can be discerned from just the
rephasing pathways (diagonal component to the 2D spectrum). To examine more
quantitatively the different contributions to the signal source, it is useful to consider
model cases. A common prototype for intramolecular motion is the Morse oscillator.
For a Morse oscillator coupled to a bath, Tanimura found that the fifth-order
response was asymmetric with respect to the two time delays: the decay along the
probe delay axis, �4, was shown to be slower than the decay along the pump delay
axis, �2 [87]. The model offers the ability to consider separately differences between
harmonic (HO), anharmonic (AH), linear polarizability (LP) and non-linear
polarizability (NP). Comparing AHþNP and HOþNP, one sees that the response
is ‘pulled’ toward the �4 axis with the anharmonic potential. The difference between
AHþLP and AHþNP is that the AHþLP signal reaches a maximum with the
two pump pulse pairs time overlapped (i.e. at �2¼ 0) for any given value of �4. In the
AHþNP case, however, the signal does not peak until �2 reaches a specific non-zero
value (in the example used by Tanimura, where the potential was chosen to match
the vibrational frequency of the caesium dimer, !0¼ 38.7 cm�1, corresponding to
a period of 861 fs, the peak is at roughly 100 fs). The location of the peak—either at
�2¼ 0 or shifted away from the axis—is, in principle, an experimentally measurable
difference, and is thus capable of revealing whether the non-linear polarizability is
the dominant mechanism. Any electronic/nuclear hyperpolarizability contribution
along the �4 axis may, however, complicate experimentally discriminating between
the nuclear signal that peaks at �2¼ 0 and one that peaks at �2 > 0. In both cases,
however, the signature of the anharmonic potential is a ridge-like feature along
the �4 axis. This feature is observed not only in our experimental results but also
in all of the MD simulations of fifth-order response functions performed thus far
[6, 15, 21, 22, 92, 97, 98, 133]. Interestingly, the MD simulations of the fifth-order
Raman response of liquid xenon show the response to be peaked on the �4 axis, while
MD simulations for CS2 show the response to be peaked away from the axis. If
the Morse oscillator result is a guide, then the xenon response would be dominated
by anharmonicity and linear polarizability, while the CS2 response is due to
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anharmonicity and non-linear polarizability. While this conclusion is tempting,
it should be noted that other microscopic mechanisms can lead to the �4 ridge,
and these will be discussed below.

Tanimura’s Morse oscillator model shows that the most basic difference between
the response of a single anharmonic mode is characterized by a ridge-like feature
along the probe delay axis. As was shown in section 2, in an inhomogeneous mode
distribution, introduced either by varying the timescale of the frequency fluctuations
or by explicitly including an inhomogeneous distribution, a clear signature of the
inhomogeneity is the diagonal rephasing. Tanimura did not examine the case of
an inhomogeneously broadened anharmonic oscillator. For a more direct connection
to experiment, it would be informative to have a model system where rephasing is a
more pronounced effect due to the presence of inhomogeneity while maintaining
anharmonic nuclear motion.

In sorting out the possible dynamics that underlie the fifth-order response, it
is fortunate that several illuminating MD simulations have been performed in the
past two years. In molecular liquids, the dynamics of principal importance to
the many-body interactions probed by fifth-order Raman will always be accom-
panied by a fraction of the signal that is only related to single-molecule orientational
dynamics. In order to remove the complexity associated with molecular orientation
effects, Ma and Stratt considered the fifth-order response of liquid xenon [15, 92, 97].
The atomic system has the further advantage that a full MD simulation can be
performed thus allowing a rigorous comparison between approximate theories
and the exact MD response. The first report by Ma and Stratt provided strong
evidence that the fifth-order response is particularly sensitive to vibrational
anharmonicity [15]. Specifically, the response calculated using instantaneous normal
modes (INM) analysis showed a distinct and strong rephasing echo signature
along the time diagonal, whereas the MD result completely lacked an echo feature.
Since INM is a harmonic theory, the authors concluded that the anharmonicity was
the primary difference between the INM and MD treatments. For xenon, the MD
response decays very rapidly with increased �2, while the response decays much
slower along the probe delay axis, �4, but is peaked at �2¼ 0 along that axis.
The general features of the data are strikingly similar to those found by Tanimura
for the Morse oscillator response [87], adding further support for assigning the
disappearance of the echo as well as the �4 ridge to anharmonicity. As was shown
above, the experimentally determined two-colour heterodyne detected fifth-order
data are in particularly good agreement with this form of the response—namely the
ridge along the �4 axis and the rapid decay along �2. The authors explicitly state that
the ridge along �4 may be seen as an identifying trait of the fifth-order Raman
response. Subsequently, Ma and Stratt further refined their description of the
microscopic signal origins for the xenon system and, by applying INM analysis
with this more sophisticated formulation, found much better agreement between
the INM and MD results [92]. The main ingredient in the revised INM treatment was
an accounting for anharmonic contributions by incorporating an adiabatic change
in the individual INM frequencies. Interestingly, the revised INM treatment also
revealed that the non-linear polarizability contribution to the signal was less
important than the dynamical anharmonicity.

The comparison of the INM analysis with the MD simulations for an atomic
liquid was particularly enlightening and led to a shift in focus toward the importance
of anharmonicity. Since there have been no fifth-order Raman experiments
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performed on liquid xenon to date, the simulations that are most directly relevant to
experiments are those of carbon disulphide. In the last two years, there have been
two different approaches used to simulate the fifth-order response of CS2. The
first implementation used a so-called ‘finite-field ’ method where the fifth-order
experiment is simulated by applying electric fields to a simulation box of molecules.
Two applied fields are separated by a time delay �2 and the net polarization
is evaluated a time, �4, following the second pulse. By varying �2 and �4 the full
2D response can be generated. There are some technical issues that must be
addressed—particularly regarding potential lower-order contributions to the
polarization (although not cascaded processes)—and it appears as though these
complications can be adequately eliminated.

Jansen et al. first applied the finite-field MD approach to liquid CS2 using a very
simple model for the intermolecular interactions through a Lennard-Jones potential
[98]. While this model of the dynamics was reasonably successful in reproducing
the long-time, diffusive part of the third-order Raman response of CS2, the
simulation failed to capture the short-time (t< 0.5 ps) inertial contribution. Since
the short-time contribution is dominated by interaction-induced local field effects,
the discrepancy between experiment and simulation is unsurprising given the
absences of these interactions in the model. This first report did demonstrate,
however, that the finite-field MD and conventional MD approaches yielded identical
responses using the same molecular potential.

In order to compare simulation with experiment, the model for the dynamics
should at least be able to reproduce well-established third-order measurements.
There is, however, no guarantee that a model that can faithfully generate
the third-order response will be the correct one to describe the far more sensitive
fifth-order response owing to the fundamentally central roles of anharmonicity and
non-linear polarizability. Jansen et al. subsequently incorporated local field effects
via dipole-induced dipole (DID) interactions [21]. Using this refined description of
the intermolecular interactions, the finite-field MD approach was able to reproduce
the third-order response quantitatively. Using the same dynamical model, the
fifth-order response for several tensor elements was calculated. The two-dimensional
surfaces, R(5)(�2, �4), were only evaluated for relatively short times (200 fs), but they
did show a clear absence of any strong rephasing features, and the signals, which
generally peaked near �2, �4 � 100 fs, had decayed to nearly half their maximum
value by �2¼ �4¼ 200 fs. The rapid decay in the coherence is consistent with the
two-colour, heterodyne detected experimental data discussed above.

It is well known from calculations on model Brownian oscillator systems that
the fifth-order response is highly sensitive to microscopic details of the molecular
interactions. Given this high degree of sensitivity it is conceivable that, for a
molecular liquid, the incorporation of local field effects beyond the traditional
DID level of interaction may significantly alter the predicted fifth-order
response. Indeed, very recent results of Jansen et al., where induced multipoles
and overlapping electron cloud distributions were added to the description of the
intermolecular interactions, show that the fifth-order response becomes dramatically
elongated along the �4 axis with even faster decays along the �2 axis due to these
interactions [22]. Multipoles arise from the difference in charge distribution on each
atom of the polyatomic molecule, and, while not expected to play a role in atomic
liquids, they permit a more general description of the extended nature of real
molecules in liquids. On the other hand, electron cloud overlap effects can be
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expected to be important even in atoms since the polarizability is ultimately due to
the electron density and the spatial distribution of the electrons is naturally altered by
the presence of other atoms or molecules at very close range. Electron cloud overlap
effects will be more pronounced for highly polarizable species where the number
density is such that the exponentially decaying wavefunctions on neighbouring
particles can interact. Jansen et al. found that there is a measurable contribution
due to electron cloud overlap, but it is considerably less significant than the induced
multipoles in determining the overall fifth-order response [22]. It is noteworthy that,
as the model used for the intermolecular interaction in the treatment of Jansen et al.
is made more sophisticated, the agreement with experiment improves significantly. It
appears theory and experiment are converging.

In addition to the finite-field MD studies, an alternative approach to the
computation of the fifth-order response of liquid CS2 was employed by using
an equilibrium MD simulation and evaluation of the classical limit of the response
function given in equation (3). A major conceptual advantage of the response
function formulation of non-linear spectroscopy is that the classical limit may be
readily obtained by making the correspondence between the quantum mechanical
commutators and the classical Poisson bracket. The principal computational expense
in such a correlation function MD (CFMD) approach is the evaluation of the
stability matrix. The simulations of Saito and Ohmine are very similar to those of
Jansen et al., further supporting the formal equivalence of the two methods
(although each has distinct technical complications) [6]. The main features of the
CFMD results are the nuclear peak along the diagonal and subsequent rapid
dephasing. These CFMD simulations included only DID interactions. Given
the important contribution of induced multipoles as shown by Jansen et al., it will
be informative to compare results with the same interactions.

There is one important prediction of the CFMD simulations that is not borne
out in the finite-field MD or the two-colour heterodyne experimental results. Saito
and Ohmine find nodal features in the fifth-order response due to sign changes of
the signal. These nodes were interpreted as arising from coupling between rotational
and translational degrees of freedom. Since we do not experimentally observe
any evidence for nodes in the nuclear response, it is unclear whether the CFMD
results are truly novel predictions or rather due to some unknown numerical
sensitivity. Indeed, Saito and Ohmine show calculated two-dimensional surfaces
for the three individual terms that constitute the total fifth-order Raman response.
While two of these terms have nodes themselves, the predominant topological
feature of all three components is a strong ridge along the �4 axis (see figure 3 of [6]).
The nodal structure in the two-dimensional response may, therefore, be sensitive to
the weights given to each of these terms, and may thus be highly sensitive to the
precise form of the microscopic interactions. The finite-field MD calculations of
Jansen et al. do not show these nodes and again it will interesting to compare
approaches to determine the source of these differences.

It should be noted that recent single-colour, heterodyne detected fifth-order
Raman experiments performed by Kaufman et al. have revealed nodes in the spectra
[44]. The authors concluded in this work that the heterodyne data are in agreement
with the CFMD simulation results based on the common observation of the nodal
features. It needs to be pointed out that the heterodyne experiment was performed
using the same beam geometry reported earlier, and this particular experimental
configuration has been shown to yield results that are most likely dominated by
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cascaded third-order signals [49]. In fact, simulated third-order cascades show
significantly better agreement with the original homodyne detected data of Kaufman
et al. than any of the subsequent molecular dynamics simulations. Because of the
unfavourable phase difference (168�) [134] between the cascaded third-order signal
and the direct fifth-order signal, it is nearly impossible to use heterodyne detection
as a method to separate the two contributions unless the magnitude of the direct
fifth-order signal itself is larger than the cascaded third-order contribution. (In the
original report [44], a 180� phase difference was cited as an approximation. The best
estimate based on a calculated cascade response is 168�, which permits a small degree
of contrast through the use of phase to discriminate between the cascaded and
true fifth-order response.) However, on the basis of the near quantitative degree
of agreement over the full 2D spectrum with expected cascaded responses [49], it is
most likely that the cascaded third-order signal amplitude is at least an order of
magnitude larger than the direct fifth-order signal. In order to isolate a weaker signal
from a strong one using heterodyne detection, the phase shift between the two fields
should be as close to 90� (p/2) as possible. The nodes observed by Kaufman et al. are
therefore probably due to interferences between different cascaded third-order
processes and possibly the direct fifth-order response, or interferences involving
cascaded third-order processes and electronic/nuclear hyperpolarizability contribu-
tions to the fifth-order response. The CFMD simulations (and the finite-field MD
simulations) do not treat the electronic/nuclear hyperpolarizability terms at all, and
any interference with such terms is entirely unknown. Moreover, the majority of
the signal amplitude (at least 90% of the dynamic range) in the data of Kaufman
et al. is in a large ridge along the �2 axis where there is no theoretically predicted
signal contribution. This dominant �2 ridge is, however, in direct agreement with
cascaded third-order simulations. Because of the rather select agreement in certain
regions and significantly more pronounced discrepancies between the MD simula-
tions over the full 2D spectrum, and the question surrounding the relative cascade
contributions in this experiment, the issue must remain unresolved at present.

Despite the few remaining discrepancies, the convergence of the above experi-
mental data and the theoretical results is rather promising. The single most
important lesson from all of this work is that the fifth-order Raman response is
extremely sensitive to the intermolecular potential. This finding reinforces that this
new form of spectroscopy harbours great potential in giving us our most rigorous
testing ground for our understanding of the liquid state. In the case of CS2, we have
now direct insight into the anharmonic coupling and further theoretical analysis of
the experimental observations will probably quantify this effect. The rapid decay in
the two-time-interval correlation function stands alone as a distinctive feature of the
timescales under which liquids evolve. This feature of the liquid dynamics can be
discerned in our initial findings that the response decays very rapidly in all directions
except the pronounced ridge along the �4 axis. The more recent successful
implementation of the Dutch Cross polarization configuration confirms that the
two-colour heterodyne detected diffractive optic approach has been successful in
isolating the direct fifth-order response of CS2. This work thus represents a
significant advance in non-linear optics as a probe of liquids. There were a number
of important experimental advances associated with the diffractive optic that made
this advance possible. By imposing a severe wavevector mismatch for the third-order
cascaded processes, the amplitudes of the competing signal components are
dramatically reduced. By taking care to ensure a favourable near-p/2 phase shift
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between any residual cascades and the direct fifth-order signal, it was possible to take
advantage of the linearization, amplification and phase contrast benefits of optical
heterodyne detection. Heterodyne detection itself was made possible in large part
because of the diffractive optic approach to generating the required six interacting
laser beams with very high relative phase stability. It should also be mentioned that
a preliminary report by Kaufmann et al. using the Dutch Cross configuration and
a reworked phase matching geometry similar to ours is now virtually identical to
our findings [135] with respect to the strong ridge along �4, fast dephasing and, most
importantly, the absence of signal along �2 confirming the removal of cascades.
Experiment and theory are converging on all fronts.

It appears that the challenge to determine the electronically non-resonant
fifth-order nuclear response of liquids as a direct probe of the two-time-interval
correlation function has been met. The experiment was originally envisioned as a
means to separate homogeneous and inhomogeneous contributions to the
low-frequency intermolecular spectrum of liquids. The experiment has shown itself
to be far richer in details; both in understanding the liquid state and also in the
understanding of higher-order non-linear spectroscopies. Further refinements in
both theory and experiment will probably reveal the relative contributions of various
important physical parameters such as anharmonicity, non-linear polarizability,
interaction-induced local field effects and rotational–translational couplings to give
perhaps the most detailed description of a liquid possible from experimentally
derived parameters.

5. Future directions

In all fields of spectroscopy, it has become increasingly clear that multidimen-
sional techniques are required in order to access fundamentally new information
[19, 25]. While it is always possible to imagine shorter-duration, wider-bandwidth
laser pulses and ultrashort pulses in spectral regions that have been traditionally
difficult to access, the limitations of one-dimensional measurements remain. Because
of significant advances in femtosecond amplifier technology and non-linear para-
metric generation, it is now possible to conceive of coherent, multicolour even
multiprocess interactions combining various previously distinct techniques in order
to access new dynamical correlations. Indeed, one such approach that combines
IR and Raman interactions has already proven capable of opening new windows
into intermolecular dynamics [24, 136]. Recent progress towards isolating the true
fifth-order Raman response of a liquid has already helped to refine our picture of
microscopic liquid dynamics while clarifying and focusing the vocabulary used to
discuss condensed phase systems beyond simple harmonic descriptions. In order to
establish fifth-order Raman as a general methodology, however, other liquids
must be shown to be amenable to such a high-order non-resonant probe. The
overdamped, rapidly decaying response of CS2 should not be taken as universal.
More structured liquids such as strongly associated hydrogen-bonded liquids,
so important to understanding biological systems, should show longer-range
correlations. There are several such avenues that are ripe for exploration in the
coming years, and a few of these are discussed below.

The pinnacle of liquids is water. The many peculiar and spectacular properties of
water are directly related to the very strong hydrogen bonding interactions long
known to produce a highly structured (although transient) network of molecules.
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From a biological perspective, hydrogen bonds are not only responsible for the
interactions in water, but are also the principal glue holding together the two
strands of DNA, while playing key roles in intraprotein as well as protein–protein
interactions. Indeed, a full description of pure liquid water is only biochemically
important insofar as it represents a baseline against which to compare the far more
important electrolytic solutions of buffered media where the structure and dynamics
may be significantly different from the neat liquid. There is therefore ample
motivation to apply fifth-order Raman spectroscopy to the study of water and
aqueous solutions.

Unfortunately, the Raman polarizability of water is considerably lower than that
of CS2, and CS2 already requires a state-of-the-art laser system in order to produce
pulses with sufficient bandwidth and energy to observe a fifth-order Raman signal.
Extending the present experimental approach to water, therefore, will require a
paradigm shift (or at least a semirevolution) in amplified ultrafast laser sources.
Naturally, work is currently in progress to exceed the current limitations of
conventional regenerative and multipass schemes for generating high repetition
rate millijoule near-IR pulses with sub 10 fs pulse durations, but such progress
is necessarily slow. Nevertheless, once such next-generation laser technology is
eventually realized, the multicolour, heterodyne detected, diffractive optics based
strategy will be very well suited to the study of new systems. The effort already
expended to identify experimental complications will significantly accelerate
the interpretation of new results since we now have a straightforward protocol by
which to ensure the integrity of fifth-order Raman measurements.

In the meantime, it is also possible to use fifth-order Raman spectroscopy to
investigate the multidimensional spectra of lower-frequency intramolecular modes.
There is a richness of information contained in motions with frequencies below
1000 cm�1—commonly known as ‘fingerprint’ regions—and, since these modes may
have less complicated dynamics than the very-low-frequency liquid motions
described here (i.e. differences between fundamental and overtone dephasing),
modelling the dynamics may prove to be far simpler while still being able to probe
interesting mode–mode couplings. Fifth-order Raman offers a unique opportunity to
measure directly the coupling between low-frequency intramolecular modes and the
bath. There are also some liquids, such as CCl4, with intramolecular modes that are
within the spectral bandwidth of currently available laser pulses [41]. Now that we
have a clearer prescription for avoiding low-order artifacts, measurements of
intramolecular modes can certainly be revisited. The relatively long dephasing time
(typically �1–3 ps) of intramolecular modes further reduces the difficulty of
performing coherent multidimensional Raman spectroscopy and allows for the
possibility of separating population decay, level-dependent dephasing and anharmo-
nicity contributions where the timescales may be separated.

In addition to conventional studies of liquids, it would also be interesting to
investigate the fifth-order response of glassy systems, where, because of distribu-
tions of relaxation pathways, the dynamics are characterized by non-exponential
decays. In structural glasses, the differences in relaxation rates are due to inhomo-
geneously distributed distinct local structures and are thus perfect candidate
systems in which to observe a clear vibrational echo. Changes in the rephasing
character as the system is brought through the glass transition would help to
address key questions about the presence or absence of the echo rephasing pathways
with respect to competing influences of level-dependent dephasing, mode mixing
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through polarizability and vibrational anharmonicity. As in the above discussion,
the challenge facing glass studies will be to find a material with a large fifth-order
response.

Another obvious tract will be to explore supercooled and supercritical liquids.
The latter may prove to be extremely interesting as the liquid potential under these
conditions is in a rarified state and anharmonic contributions should be manifest in
the fifth-order Raman signal, as predicted on theoretical grounds [95]. At present, it
is difficult to predict the magnitude of the fifth-order response on the basis of readily
available parameters such as dielectric constant and Raman polarizability (i.e. linear
polarizability). Once certain classes of liquids are found amenable to fifth-order
Raman, it will be very interesting to subject these systems to pressure, temperature
studies that place that liquid along various points in the phase diagram and to
supercritical conditions to evaluate the intermolecular potentials rigorously.

In addition to promising experimental advances, there are also several theoretical
developments that will prove invaluable in interpreting fifth-order Raman spectro-
scopy of new liquids. Besides the two MD approaches discussed here, there are also
analytical theories that can help to bring physical insight to the often mysterious
results of simulation. That is to say, the results of exact MD simulations give correct
answers, but typically at the expense of physical meaning. New treatments of liquid
dynamics using molecular hydrodynamic theories have been shown to capture
certain elements of the fifth-order response of liquid xenon (by comparison with
the MD simulation of Ma and Stratt [15, 97]). In particular the work both of Denny
and Reichman [16, 94, 95] and of Cao et al. [96] predicts an echoless response with an
asymmetric response similar to that found in the exact MD simulation, and, as stated
above, qualitatively similar to our experimental results for CS2. Molecular hydro-
dynamic theories require relatively straightforward input in order to compute the
response functions and thus represent a convenient approach that should be readily
adapted to new liquid systems without requiring an MD simulation for validation,
although there are always approximations whose appropriateness must be verified.
The joint application of INM (both with and without anharmonicity and non-linear
polarizability), hydrodynamic theory and MD simulations, in conjunction with more
traditional Brownian oscillator models, will probably form a general basis for
interpreting complicated high-order response functions. Since one of the chief goals
of experimental fifth-order spectroscopy is to further refine liquid potential func-
tions, it seems only sensible to assume that our current understanding of liquid
potentials is incomplete, and the main opportunity to learn about liquids is by
mending discrepancies between theoretical results and experimental data. A change
to this new direction of information flow should be more appealing now that the
experimental difficulties of fifth-order Raman spectroscopy have been identified and
in certain cases eliminated. It is, therefore, decreasingly necessary to rely on
theoretical ‘checks’ of the measured data. In fact, this new trend has been realized
in the recent work of Jansen et al. where the strong asymmetry in the heterodyne
detected data, and the ridge along the �4 axis, was able to motivate (or at least be
explained by) a consideration of higher-order local field effects [22, 133].
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