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Chapter 1
General Introduction

The vast majority of chemical reactions of everyday life, organic synthesis, biochemistry
and medicine takes place in the liquid phase. Most of these reactions are dominated by the
dynamics of the liquid instead of the direct reactivity of the reacting species. For example,
it might be more important what time it takes for two reactants to get close together,
than what time it takes to break and form new bonds. Furthermore, the interaction of a
transition state with the surrounding liquid directly affects the reaction pathway and this
interaction cannot always be taken into account correctly by assuming only one reaction
coordinate. Nevertheless, the effects of friction and diffusion on chemical reactions has
often been taken into account in effective approximate ways using one effective reaction
coordinate in a traditional transition state picture. [1-12] In Figure 1.1 this picture is
shown. The wavy line above the transition state illustrates the friction originating from
the interaction between the reactants and the surrounding liquid. In order to improve
the understanding of complex reactions in the liquid phase our knowledge about liquid
structure and dynamics has to be extended.

The first experimental studies on liquid dynamics were performed by Brown, [13,14]
who observed irregular motion of particles floating in liquids. This phenomenon was later
attributed to the impact of the molecules in the liquid on the particles by Gouy. [15] In the
beginning of the last century Einstein and Smoluchowski developed quantitative theories for
the Brownian motion [16] and derived the diffusion equation. [17] These theories treat the
liquid as a collection of infinitely small particles, an assumption that breaks down when
the motion of molecules in the liquid is studied in a detailed way. On short timescales
the dynamics depends on the detailed molecular interaction while on longer timescales

the motion can still be described effectively by the diffusion law. Langevin extended the



1 General Introduction

FIGURE 1.1: The transition state picture of a chemical reaction with solvent effects as

friction illustrated with the wavy line.
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theories to include forces introduced by interaction between the molecules giving rise to
damping. [1,18]

Later models of liquids on a 'microscopic’ level were constructed by Morrell and Hilde-
brand, using large numbers of gelatine balls to respresent the molecules. [19] The develop-
ment of the computer allowed using abstract numerical models of liquids on the microscopic
level. [20] Using the early computers, studies of liquids were performed using Monte Carlo
simulations [21] and later hardsphere [22,23] and soft-particle [24] Molecular Dynamics
simulations in which Newtons equations of motion are solved numerically. Computers and
simulation methods have improved a lot since then, allowing simulation of more complex
liquids as well as proteins and other macromolecules in solution. [25] Even interactions and

motion of quantum nature can be taken into account. [26]

1.1 Multi dimensional spectroscopy

Experimentally the interactions and dynamics in liquids manifest themself in various types
of traditional one-dimensional spectroscopies (as Nuclear Magnetic Resonance (NMR),
Infrared spectroscopy (IR), Raman spectroscopy etc.). Phenomena such as line broadening

and spectral shifts of the spectra contain information on both the dynamics of the liquid



1.2 Outline

and intermolecular interactions. However, the information obtained in this way is not very
clear, since different physical phenomena give rise to very similar effects in the observed
response. More information can be obtained using multi-dimensional spectroscopies.

In 1950 the NMR spin echo experiment for the first time allowed the determination
of different line broadening mechanisms. [27] With two sets of radio frequency pulses it
was possible first to induce Larmor precession of the nuclear spins with their individual
Larmor frequencies and later revert the precession to produce a spin echo. In this way
it was possible to distinguish beween line broadening caused by slightly different Lamor
frequencies due to different static environments around the nuclei and line broadening
caused by interactions and motion on a timescale faster than the precession. This was
the first example of a two-dimensional spectroscopy and developments in two-dimensional
NMR now allows techniques with names such as COSY and NOESY to study complicated
structures as those of proteins and even following protein folding processes on us time
scales. [28-30]

Theoretically, Feynman and coworkers showed that the concepts of NMR can be trans-
fered to optical spectroscopies. [31] This leads to the photon echo experiment, [32] which
in particular with the use of two color pulses allows a full analysis of the optical dynam-
ics analogous to that of two-dimensional NMR techniques. [33,34] In 1993 Tanimura and
Mukamel suggested the use of 2D Raman response to resolve the low frequency modes
found in liquids [35] and a lot of effort was put into measuring this response [36-45].
Both one- and two-dimensional Raman response will be treated from a theoretical point
of view in this thesis. In recent years also two-dimensional versions of IR spectroscopy
were developed. [46-48] The advantage of these methods is that they are able to probe
motion on a much shorter timescales than NMR. The different nature of the methods
means that they probe different kinds of motion and structural dynamics and hence the
various multi-dimensional spectroscopies should rather been seen as complementing each

other than competing.

1.2 Outline

In this thesis the work on developing a new method for theoretical simulation of the nonlin-
ear Raman response of liquids will be presented together with theoretical and experimental
achievements gained on the way. In chapter 2 the fundamental theory behind nonlinear

optical response in general [49-51] and time-resolved stimulated Raman scattering in par-
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1 General Introduction

ticular [52] will be outlined. Furthermore, considerations about polarization directions and
symmetry [53-56] will be presented. In this chapter the problems with cascaded processes
contaminating the experimentally observed response will also be treated. [41,55,56]

The finite field method, [55,56] developed in this work, will be described in chapter 3
and compared with methods based on classical time correlation functions. [50,57-59] The
advantages and disadvantages of the different methods will be considered.

In chapter 4 the local field effects in the polarizability, giving rise to response from
intermolecular motion, will be discussed and a model to take these effects into account in
the simulations will be described. [60-62] Additionally the way to find the forces exerted
in the liquid when a pair of optical pump pulses are applied will be treated together with
some computational tricks used in the implementation. [56,62]

Time-dependent density functional theory (TDDFT [63]) calculations, performed to
calculate polarizabilities and optimize the polarizability model described in chapter 4, are
treated in chapter 5. [62] Calculations on both the monomer and dimers of carbon disulfide
are presented. The importance of different types of effects on the many-body polarizability
are analysed.

In chapter 6 the conditions for the molecular dynamics (MD) simulations on carbon
disulfide are described as well as some of the properties found for liquid CSy in these
simulations. It is also discussed how these simulations can eventually be improved.

The simulated one-dimensional spectrum using the finite field method is presented
in chapter 7 and compared with the results obtained with the time correlation function
method. [55] Furthermore, the importance of local field effects is investigated [62] and the
one-dimensional response is compared with experiments. The two-dimensional response is
also calculated and the intensity ratio between the cascaded response and the true two-
dimensional response is estimated for different polarization directions. [56]

In chapter 8 simulations of the one-dimensional response from an idealized mixture are
performed and the results are compared with experimental results on carbon disulfide /
alkane mixtures obtained by Audrius Pugzlys and Gheorghe Dan Cringus at the Ultrafast
Laser Laboratory, Rijksuniversiteit Groningen, in connection with this study. [64] Changes
made in the idealized simulations are used to interpret the experimentally observed spectra
which provides insight unto the microscopic structural changes and dynamics when mixing
carbon disulfide with different alkane compounds.

Finally in chapter 9 the study of electron overlap effects in the one-dimensional spectrum

of liquid xenon is presented. Liquid xenon is especially suited for studying these effects
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since xenon does not give rise to either single molecules response or induced multipole

effects that together dominate the carbon disulfide response. [65]
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Chapter 2
Nonlinear optical response

More than 70 years after C.V. Raman discovered Raman scattering [66,67], Raman spec-
troscopy has become a widespread technique that is used in many areas of science. In
the last decade, the conventional methods, based on determining the characteristics of the
spontaneous light scattering spectrum, have been supplemented by a number of femtosec-
ond techniques, relying on stimulated light scattering. In these experiments, that have
been extensively applied in experimental studies of the intra- and intermolecular dynamics
of liquids and solutions, a short optical pulse perturbs a sample in equilibrium through a
Raman interaction. After a period of free evolution another, variably delayed optical pulse
is employed to probe the state of the sample. Examples of experiments that are aimed
at the low frequency, intermolecular part of the Raman spectrum, are the (heterodyned)
optical Kerr effect [68,69] and transient grating scattering [70,71]. The main advantage
of these time domain methods is that for short enough pulses the excitation occurs impul-
sively, so that it is possible to observe the induced motions in real time, rather than as
a resonance. In particular the initial, short time dynamics can be clearly followed, while
that information is hidden in the wings of frequency domain spectra. Despite these opera-
tional advantages, however, it should be realized that the information content of time and
frequency domain experiments is, in principle, identical. They are both determined by the

accessible Raman modes of the liquid and are simply related by Fourier transforms.

Recently, the use of two-dimensional (2D-) Raman spectroscopy has been suggested
[35]. In these experiments there are two Raman perturbations of the sample, separated
by a variable period of free evolution, before the state of the sample is probed after a
second independently variable delay. Such experiments are expected to yield considerably

more information on the structural dynamics of liquids than the one-dimensional (in either



2 Nonlinear optical response

time- or frequency-domain) experiments discussed above. The 2D-experiments do not just
depend on the overall Raman spectrum of the liquid, but also on dynamical details that
give rise to this spectrum. For instance, it should be possible to determine whether the
spectra are dominated by ultrafast fluctuations on a local, molecular scale, or by density
fluctuations on a much larger length scale [35,72]. In limiting cases this may be described
as homogeneous line broadening, arising from the interaction of a system with a fast
heat bath, and inhomogeneous line broadening, due to a slowly fluctuating distribution
of local environments, respectively. Also, the experiments are expected to be sensitive
to mode coupling effects, similar to the well-known coupling effects between spins in 2D-

NMR [36,37].

In the last few years, the two-dimensional off-resonant Raman response has been mea-
sured experimentally by various groups [38-41]. The shape of these spectra was not un-
derstood until very recently, when Blank et al. [41] demonstrated experimentally that the
two-dimensional Raman spectrum is dominated by third-order cascade processes. The true
fiftth-order response that contains all the information about the line broadening and the
mode coupling mechanisms, is apparently much weaker than these cascading lower order
processes. More recently new experimental methods were developed. These use heterodyne
detection [42] or two-color interactions [43-45] to improve the discrimination against the

cascading processes.

In this chapter the theory behind the third- and fifth-order Raman response will be
treated. First a brief review of the perturbation treatment of nonlinear optics will be given
[49-51,72]. This treatment is not only valid for the third- and fifth-order Raman response,
but also for many other type of experiments. In section 2.1 the general quantum mechanical
response functions will be derived. In section 2.2 the first-, third- and fifth-order Raman
response functions will be found, assuming that the Born-Oppenheimer approximation [73]

holds and that the nuclear and electronic dynamics can be separated.

In section 2.3 the third- and fifth-order Raman processes, which are the main topic
in this thesis, will be described and the symmetry of the polarization directions will be
considered. Finally in section 2.4 the cascade processes that have been shown to contam-
inate the measured fifth-order response [41,55,56,74,75] are treated. A way to estimate
the intensity ratio between the true fifth-order response and the cascaded processes will be
presented together with considerations about how this ratio can be optimized to suppress

the cascaded response.



2.1 Quantum mechanical response functions

2.1 Quantum mechanical response functions

When exposing a material to an electromagnetic field a polarization will be induced in the
material. The polarization of the material can in general be expanded in parts depending

on different powers of the perturbing electric field. [50, 72]
P(t) = PO®@) + PY(t) + PO(t) + PO (t) + PO (2) + PO(t) + - -- (2.1)

Here P (¢) is independent of the applied field, P()(¢) is the linear response and in general
P™(t) depends on the perturbing electric field to the power n. When one or more time-
dependent electric fields E are present, these polarizations are given by the time-dependent

response functions R™ as

t tn t2
Pim(t) = / dt, / dtn_1 - / dty R (ttn, o ) By, (ta) -+ By (t). (2.2)
The time-dependent response functions R;Zl...pl (t,t,,- - ,t1) determine the induced polar-

ization in the direction p at time ¢ if the n electric fields with polarization directions p; to
pn where applied instantaneously at times ¢; to ¢,. The integrals over the different times
take into account that the electric fields might not be applied instantaneously in reality,
leading to a convolution of the response function with the electric field shapes.

Since the response does in general depend on the time intervals between perturbations
and measurement and not on the absolute times, the response functions can be written as
functions of the time intervals 71 to 7,,, where 7,, =t —t,, and 7, = ;.1 — t;, for ¢ < n. This

allows us to rewrite the nth order polarization as

oo oo

PIS") (t) = / dr, - - / dm RI(;IQL"'pl(Tn’ ) B, (t—1,) - By, (=T —Tpo1— - —11).(2.3)
0 0

The polarization of a material at a given time is given by the expectation value of the
dipole operator p per unit volume, V. The dipole operator is associated with the charge q

and position r of all charged particles in the material. [50,72]

Tr (pp(t)) (2.4)
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p = >..¢(r —r)(2.5)Here the expectation value is expressed in a density opera-
tor/matrix p(t) formulation. Denoting P, (f) the probability of the system being in the

state | n), the density operator can be expressed

p(t) = Pu(t) [ n)(n |- (2.6)

To find the polarization at a given time ¢, we must know the density operator at this
time, so the evolution of the polarization is determined by the evolution of the density

operator. The density operator evolves according to the Liouville-Von Neumann equation.

oplt) _ 1

ot =il

Here Hj is the time independent Hamiltonian for the unperturbed system, while H;(t) is

Ho + H;(t), p(t)] (2.7)

the Hamiltonian describing the interaction between the system and the electric fields. In

the electric dipole approximation this interaction is given by:
Hy(t) = —p- B(1). (2.8)

This approximation holds if the wavelength of the electric field is much larger than the size
of the chromophores so that the electric field can be considered to be independent of the
position. At the same time this approximation also allows to separate the propagation of
the applied electric field and generation of the signal field, described by Maxwell Equations,
from the calculation of the response function on the microscopic level.

When the Hamiltonian is time independent the time evolution of the density operator
is known and the time-dependent density can be expressed in terms of a time independent
density operator py and a simple time evolution operator.

1 1
p(t) =exp | —=(t —to)Hy | poexp | ——=(t — to)Hp (2.9)
g g
Time-dependent problems can be simplified by transforming from the usual Schrédinger
picture, where all observables correspond to time independent operators, to the interaction

picture. This is done by applying the unitary transformation [51]

A(t) = exp (—%(t - to)HO) Ag exp (%(t - to)HO) (2.10)

to all the Schrédinger picture operators (Ag). When the Hamiltonian is time indepen-
dent the density operator in the interaction picture will also be time independent and all
time evolution is in the operators. In that case the interaction picture coincides with the

Heisenberg picture.
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2.1 Quantum mechanical response functions

If the Hamiltonian is time dependent, the density operators will also become time
dependent in the interaction picture. In the interaction picture the Liouville-Von Neumann

equation is

0 _ 21,0, ple) 2.11)

and the density operator only evolves under the influence of the perturbation, while the
unperturbed dynamics is hidden in the operators.

The first-order change in the density at time ¢ due to one time dependent perturbation
Hj at an earlier time can be found [51] assuming that the unperturbed density is perturbed
once and integrating over all possible moments, where the perturbation could have taken
place.

p0(0) = = / dty [Hi (1), p(—o0). (2.12)

o0
Here p(—o0) is the density operator for the system in equilibrium determined by the
Hamiltonian for the unperturbed system.

The nth order change in the density due to the same or with other perturbations at
later times can be expressed by assuming that the nth order perturbation acts on the
(n — 1)th order density.

t

P () = <%)n/tdtn7dtnlm/dtl [H,(tn), [Hi(tn-1)- - 7[H1(’51)7/)(—00)]"']]

—00

(2.13)

The nth order polarization can be found by substituting this expression into Eq. (2.4)
and using the interaction Hamiltonian given in Eq. (2.8).

to

t tn
. 1/1\"
Pt = V(E) /dtn/ dtn1~-~/ dt, (2.14)

(2ot [P (t0): [ (tat) = s (1), ]+ 1)) B (80) -+ By (). (2.15)

Here p,(t) is the dipole moment operator at time ¢ in the direction parallel to the polar-
ization direction of the electric field E,. Comparing this equation with Eq. (2.2) allows

identifying the response function R™.
. 1/1\"
R (bt h) = (—h) (po®) [y (). [P (ta) -+ s (1), )] ] ) (216)

11



2 Nonlinear optical response

Using the time intervals as in Eq. (2.3) leaves us with the final equation for the quantum

mechanical response function.

RJS?ZLWM(TM ey T) = % (%)n <pp(7—n o4 T) [ppn(Tn—l + 4T,
[Prcs (a4 71) [ (0), 61+ ) (2.17)

This expression is very general and is in principle valid for all types of response to elec-
tric fields as long as the electric dipole approximation holds. The expression in principle
includes the response of both electrons and nuclei on the same level of theory. In practice
this is not an advantage and in the following section the Born-Oppenheimer approximation

will be introduced to allow treating electrons and nuclei in different manners.

2.2 Response functions in the Born-Oppenheimer ap-

proximation

The fact that nuclei are more than three orders of magnitude heavier than electrons means
that while nuclear motion often takes place on a femtosecond timescale the electronic
motion occurs on an attosecond time scale. This means that the electrons adjust to the
nuclear framework virtually instantaneously in most situations and that the nuclear motion
can be seen as motion of the nuclei on an electronic ground state potential. When the
nuclear and electronic motions take place on different timescales the Born-Oppenheimer
approximation [73] can be applied to decouple the nuclear and electronic motion. This
allows writing the total energy of a system as the sum of the kinetic energy of the nuclei
HYY, the electrostatic repulsion between the nuclei H5¢ and the ground state energy of
the electrons with a given set of nuclear coordinates Hg'.

Hy = Hyy + Hyot + Hg' (2.18)

In this expression it is assumed that all nuclear motion takes place on the electronic ground
state potential. Therefore the integration over the electronic variables have already been
performed and the operators only work on nuclear coordinates.

In the presence of an electric field the electronic energy can be expanded in powers of

the electric field. The first term is the ground state energy in absence of an external field

12



2.2 Response functions in the Born-Oppenheimer approximation

and the remaining terms are the electronic part of the interaction energy Hj.
1 1 1
Hel = Hgl - (,uaEa + aaabEaEb + gﬁabcEaEbEc + ZVabchaEbEcEd
1 1
+ gGabcdeEaEbEcEdEe + ECabcdefEaEbEcEdEeEf + - ) (219>

here a to f are the polarization directions of the field. The prefactors 1/2, 1/3, 1/4 are
chosen in such a way that they will disappear later in the dipole operator. An alternative
definition of the (hyper)polarizabilities (c, (3, etc.) uses the prefactors 1/2!, 1/3!, 1/4!
and so on. The electronic (hyper)polarizabilities account for the electronic response to the
elctric field that is instantaneous in the Born-Oppenheimer approximation compared to
the nuclear response. The (hyper)polarizabilities depend only on the nuclear cooridinates.

The interaction energy between the nuclei and the electric field is given by
Hp™ ==Y q(r—r)-E. (2.20)

The sum is now only over nuclei and not over all particles as in Eq. (2.5), therefore the
reference position vector r is used. Defining m as ) . ¢;(r — r;) + p we can write the
interaction energy between the system and the field
1 1
Hy = —(moEo + SOwBaBy + = fucEa By B+ - 3t (2.21)
Multiple interactions with the perturbing fields are introduced. This gives rise to a different
power dependence in the perturbation and in the electric field.
The dipole moment operator in the electric fields is then given by
dHj
dFE

For molecules possessing inversion symmetry the hyperpolarizabilities of uneven order (g,

Pa = =My + aabEb + ﬁabchEc + ’yabchbEcEd +e (222)

€ etc.) vanish. This is the case for carbon disulfide that will be studied here. Therefore
these hyperpolarizabilities will be neglected in the following. The response functions R,
for molecules with less symmetry can be found in the paper by Steffen et al. [72] Using the
interaction energy in Eq. (2.21), the dipole operator in Eq. (2.22) and the expansion in
Eq. (2.13) in the expression for the expectation value of the polarization in Eq. (2.4) the
first-order response for molecules with inversion symmetry is:
1
1

Ry (1) = 7 (0w (0)p(=00)) 8(1) (2.23)

The first-order response is just the constant average (electronic) polarizability. The argu-

ment of the polarizability denotes the time.

13



2 Nonlinear optical response

The third-order response is given by:
1

Ripa(m,m20m1) = = (rasea(0)p(=00) 8(71)8(m2)(73)
~ v {amlr)gea0) p-o0)]) 806 (224

The third-order response consist of two contributions. One instantaneous (electronic)
contribution depending on the hyper-polarizability v but not on the nuclear dynamics.
The other contribution depends on one time variable 75 and on the polarizabilities. This
contribution does probe the nuclear motion.

The fifth-order response is given by:
1
v (Gavedef (0)p(=00)) 0(71)0(72)0(73)0 ()0 (75)

1

Yaved(T2) [50es (0), p(—OO)]> 0(71)0(73)0(74)0(75)

(
Ryt

(5) _
Rabcdef<7-57 T4, T3, T2, Tl) —

%b(Tz;)[Z’chef(O),p(—OO)] 5(71)5(72)5(7'3)5(75)

t () 7 (aatr -+ 7 o), a0 o(-o0)]) ) 6r)s(rr)
(2.25)

This response consist of four contributions. One of those is purely electronic (¢) and is
only found when all time delays are zero. Two contributions depend on the ~ hyper-
polarizability and have one time delay different from zero. The last contribution depends
on two time delays and polarizabilities at three different times. This contribution is the
one of most interest, since it possibly contains information about mode coupling and line
broadening mechanisms [35] as discussed in the introduction.

When applying Egs. (2.23) to (2.25) to macroscopic systems, the (hyper-)polarizabilities
a, v and (, should be replaced by the instantaneous electronic susceptibilities (polarizabil-
ities pr. unit volume) YU, x®) and x©®. [56,76,77] The macroscopic response functions,
which are respectively first-, third- and fifth-order (time-dependent) susceptibilities, are
then denoted X(S)), X((j’))cd and X((li)cdef throughout this thesis.

For the macroscopic response functions a notation will be adopted that only applies,
when the hyper-polarizabilities of uneven order can be neglected and all interactions in-
volve one or more pairs of optical fields. The first-order response is time independent and
will be denoted sz?' Since the third-order response considered here will only depend on

one time delay (72) this response will be denoted Xfl’))cd(tl). The fifth order response will

14



2.3 Time-resolved stimulated Raman scattering

be denoted XS;)cdef<t1=t2)= where ¢; and ty are the two time delays (1o and 74). For the

instantaneous (electronic) susceptibilities a notation with one relative time will be applied.

These susceptibilities depending on the structure at time ¢ will be denoted X&)(t), Xﬁ)cd(t)
5

and Xéb)cd@)-

In this notation the first-order response is

X5 = (xan(0)p(—00)) . (2.26)

which is just the constant average first-order susceptibility. The third-order response is

X)) = (xa(0)p(=00)) o(t1) (2.27a)
IO ONES) (2.27b)

and the fifth-order response
XShae (t1:12) = (X (0)p(=00) ) 3(12)01(22) (2.28)
i (LA 000 ot (2.25)
— o (W, 000 ) st (2250)
b (1) (0 4 0, a0 0] (2:280)

2.3 Time-resolved stimulated Raman scattering

In a time-domain one-dimensional Raman experiment an initial laser pulse pair perturbs
the sample and after a delay t; the nuclear dynamics (Eq. (2.27b)), following the impact of
the initial pulse pair, is probed by a third laser pulse. If the delay is zero a pure electronic
response (Eq. (2.27a)) will also arise. This is illustrated in the energy diagrams of Figure
2.1. Typical experimental techniques are the (heterodyned) optical Kerr effect [68,69] and
transient grating scattering [70,71]. The signal is governed by the third-order response
function x((j’))cd (Eq. (2.27)), where b, ¢ and d are the polarization directions of the driving
fields and a is the polarization direction of the emitted Rayleigh/Raman radiation. The
possible polarization directions for the third-order response are limited by symmetry. [53]
Because the liquid phase is isotropic, the only tensor elements of polarization with nonzero
response are xgi)zz, Xg?;)yy, Xg?;)zy and X,(f;)yz. All permutations of z, y and z and linear

combinations of these response functions are possible.
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2 Nonlinear optical response
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FIGURE 2.1: Energy level diagrams of the electronic (a) and nuclear (b) third-order re-
sponse as in Eq. (2.27a) and (2.27b). The driving fields (full lines) have polarization

directions d, ¢ and b. The signal field (dashed line) have polarization direction a.
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2.3 Time-resolved stimulated Raman scattering

The susceptibilities are symmetric in permutation of the polarization directions (X(l) =

a
XI()E), X((j’))cd = X&,?;Zld = ... etc.), this is called Kleinman symmetry [78]. For the nuclear part
of the response given in Eq. (2.27b) the Kleinman symmetry [78] in the first-order suscep-
tibilities introduces a relation between the nonzero elements. Furthermore, in an isotropic
medium the response function is invariant under any rotation of space, this introduces an-
other relation between the nonzero elements [79] that will not be discussed in detail here.

The four nuclear response functions are then related by the two expressions [53]:

Xy (1) = xE.(t) — 2x8, (1) (2.29)

Hence, finding two of these response functions will provide all the information we can
obtain. Usually XS;LZ and X%)Zy are the functions determined experimentally. They are
denoted as the polarized and the depolarized components of the response. Alternatively a
separation into a part due to fluctuations of the anisotropic part of the susceptibility and
another due to fluctuations of the isotropic part of the susceptibility can be used. The de-
polarized component and the anisotropic component are identical. The linear combination

with equal weight of Xg?;)m, Xg)yy and Xg)zz is equivalent with the isotropic response func-

tion Xg?;lnm, where m denotes an axis forming an angle of 54.74° with the z-axis (the magic
angle). The electronic part of the response given in Eq. (2.27a) shows Kleinman sym-
metry [78] in the third-order susceptibility X((j’))cd and only one independent component is
found. Using that the isotropic and anisotropic first-order susceptibilities can be expressed
as irreducible tensor operators of rank 0 and 2 respectively and that the third-order sus-
ceptibility is a rank 4 irreducible tensor operator, [80] the same symmetry restrictions can
be obtained.

Any response component Xf;)kk, where k denotes an axis forming an angle of ¢ with

respect to the z-axis, can be expressed as [53]

X = cos? 0 x xP_ +sin? 0 x x¥) (2.30)

This can for example be used to calculate the magic angle (isotropic) response. Later a
choice of 6 at 60° will be considered. The axis connected with this angle, will be denoted
[. Tt should be realized that using an angle of 120° gives exactly the same response as with
60°. It will be shown that this property can effectively be used to suppress the cascaded
response. In Figure 2.2 the polarization directions of the XS;LZ and XSZ)“ components are

llustrated.
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2 Nonlinear optical response
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FIGURE 2.2: In the upper line the polarization directions of the XS;LZ and Xii)ll tensor

components are illustrated. The circle is the unit circle in the plane perpendicular to the
propagation direction of the laser beams. The lines symbolizes the polarization alignment
of the pulse pairs and the probe and signal fields. Since the pulses in the considered exper-
iments come in aligned pairs and the Raman events depend on the product of the aligned
fields, the orientation of the polarization vector of each individual field is not important. In
the third-order case line 1 is the driving field pulse pair and line 2 is the probe and signal
fields. In the lower line the polarization directions of the fifth-order tensor components
ng)zzzz, X,(fm)mzzz and Xl(li)zl/l’ are illustrated. Line 1 and 2 are driving field pulse pairs and

line 3 is the probe and signal fields.
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2.3 Time-resolved stimulated Raman scattering

In the time-domain two-dimensional Raman experiment two initial laser pulse pairs
with a relative time delay ¢; are followed by a Raman probe pulse after an additional time
delay t5. If both time delays are zero a pure electronic response will arise (Eq. (2.28a)).
If one of the time delays is zero, responses depending on both the first-order and the
third-order electronic susceptibility will arise (Egs. (2.28b) and (2.28¢c)). If none of the
delays are zero only the pure nuclear response (Eq. (2.28d)) will be present. In Figure
2.3 all these processes are illustrated. Most of the fifth-order experiments performed till
now [38-42, 74,75, 81-83] have been performed with the same optical frequency for all
fields, as illustrated in the figure. Recent experiments have utilized different frequencies
for the probe (E;) and signal fields (£,) than for the other fields (E., E4, E. and Ey)
[43-45] to help suppressing the third-order cascaded response that will be described in the
following section. When only elecronically off-resonant Raman response is considered, the
use of different frequencies is not expected to affect the response function appreciably since
then the first-order susceptibilities do not change to any great extend when changing the

frequency.

The two-dimensional nuclear response function is governed by the fifth-order response
function given in Eq. (2.28d) ij)cdef, where b, ¢, d, e and f are the polarization directions
of the driving fields and a is the polarization direction of the measured signal. For the
nuclear fifth-order response similar symmetry considerations hold as those made for the
third-order response. [54] For the nuclear response given in Eq. (2.28d) there are five
linearly independent tensor elements [54]. Two linearly independent tensor elements exist
for each of the one-dimensional responses involving both y™ and y®. These response
functions, given in Eqs. (2.28b) and (2.28c¢), are found along the axes of the full two-
dimensional spectrum. Only one linearly independent tensor element exists for the pure
electronic response given in Eq. (2.28a). This response is confined to the origin of the full

two-dimensional spectrum.

Different fifth-order tensor elements have been measured experimentally. Among these
are the X\2hzy: [42-45], X Peyye, [38,41,45,82,84] x'2.... [41,45,74,85] and three magic
angle tensor elements. [74,75] Calculations have been done on the tensor elements Xg(,i)zzyz,
[58] X [56,58,59,86,87] and three magic angle tensor elements. [56,87] Furthermore
calculations have been performed on the tensor element Xl(lS Z)d, i [56] which will be discussed

further in the following section.
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FIGURE 2.3: Energy level diagrams of the pure electronic (a), mized nuclear electronic
(b), (c), and pure nuclear (d) fifth-order response as in Eq. (2.28a), (2.28b), (2.28¢) and
(2.28d). The driving fields (full lines) have polarization directions f, e, d, ¢ and b. The

signal field (dashed line) have polarization direction a.
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2.4 Direct vs. cascaded response

2.4 Direct vs. cascaded response

In 1999 Blank et al. [41] showed that the all earlier experimental spectra were dominated
by third-order cascaded response. The existence of these processes were already reported
earlier [88,89].

This artificial fifth-order response consist of two third-order processes that together
generate signals with exactly the same power dependence as the true fifth-order signals.
The two third-order processes are connected by an intermediate field F; that is generated
by one of of the third-order processes and acts as pump or probe field in a second third-
order process. The cascaded processes are induced by the exact same fields that give rise
to the fifth-order response and the signal is therefore emitted in the same direction as the
true fifth-order response possibly contaminating this response. Two types of cascading
processes exists, sequential and parallel cascades, these are illustrated in Figure 2.4 [41].
It is important to understand these processes to avoid contamination of the experiments.
In the following the theory behind the cascaded processes will be outlined and a method to
estimate the intensity ratio between the cascaded response and the true fifth-order response

will be described. This will later be applied in chapter 7.

fe c/di fe ialb

>

|
I
t1 |
|
|

Sequential Cascade Parallel Cascade

FIGURE 2.4: Energy level diagrams of the third-order cascaded response. The driving fields
(full lines) have polarization directions f, e, d, ¢ and b. The signal field (dashed line) has
polarization direction a. The intermediate field (long dashed line) has polarization direction

1.
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2 Nonlinear optical response

Taking the polarization direction combinations into account, two possibilities exist for
each type of cascading process. The time and polarization dependence of the sequential

processes of Figure 2.4 are

5 3 3
Xge()l,l(th ty) = Xéb)ci(tQ)XEdif(tl)
5 3 3
Xien2(ti,t2) = Xipialt2) X (10). (2.31)
Similarly the time and polarization dependence of the two parallel cascading processes of

Figure 2.4 are

5 3 3
Xéa)r,l(tth) = Xéiid(tQ)Xz(bgf(tl + t2)

Gt t) = D () (1 2.32
Xpar,Q( 1 2) - Xibcd( Q)Xaief( 1+ 2)' ( . )

Each cascading process is connected with a unique phase mismatch given by the experi-
mental conditions. The polarization direction of the intermediate field is determined by
the polarization directions of the applied fields and the polarization of the measured signal.
In Table 2.1 the polarization and time dependence are given for the same components of
the direct fifth-order response, considered here. There is no difference between the polar-
ization and time dependence in the two kinds of sequential processes for the considered
components and the same is true for the two parallel responses. Hence, the ratio between
the intensities of the true fifth-order signal and cascading processes can be of two types:
sequential and parallel. The intensity ratio in the homodyne detection experiment be-
tween each of the third-order cascading processes and the direct fifth-order response can
be estimated from the peak intensities as [41,55]

I nwl (3)
== () reng

Here, the polarization dependence is omitted for simplicity and f(Akl) is a number smaller

®3) ‘2

(2.33)

than one that is determined by the phase matching conditions.

Typical experimental wavelengths 27e/w are 620 [38,40,81] and 800 nm [39]. In the two
color experiments [45] 400 nm and 800 nm were used. Sample thicknesses | = 1-2 mm are
typically used, [38-40,81] but in the recent two color experiments a thickness of 0.1 mm was
used. The refractive index n of pure C'Sy is 1.628 [90]. The intensity ratio can be divided
into a ratio independent of the experimental conditions Rgpqes that is used to compare
different calculations and an experimental factor F., that depends on the experimental
conditions. The experiment independent ratio is defined as

| x®x® |2

(4meo)? [ x©) [

j (2.34)
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2.4 Direct vs. cascaded response

TABLE 2.1: In fifth-order experiments, with the polarization directions given in the first
column, competing sequential and parallel cascaded processes can show up. The time and
polarization dependence of these processes are given in the second and third column. m is
an azis forming the magic angle with the z-axis, | is an axis forming an angle of 60° with

the z-axis and ' is an azis forming an angle of 120° with the z-axis.

5 5
Xondes X2 = X ()@ (1)

5 3 3

3
5 3 3 3 3
X1(”m)nzzzz ng)mm(t2)xgz)zz (tl) X:(vz)mm(t2)xg:v)zz (tl)
(®) ®3)

n
n

X mee X ()X (1) + X (£2) X e (1)
+
+

()

5 3 3 3 3

5 3 3 3 3
Xl(lz)zl’l’ Xiz)ll (tQ)XE:z)ll (t1) Xix)ll <t2>X§:z)l’l’ (t1)
5 5
X((zb)cdef Xl(oa)r = xO(t2)x® (t1 + t2)
X,(zi)zzzz X,(z:?zz <t2>X§;)zz (tl + t2) + X,(zi)zz <t2)X:(z:3z)zz (tl + t2)

5 3 3 3 3
Xl(lz)zl’l/ Xiz)lz<t2)xl(zl)/l/ (tl + t2) + Xiz)lx@?)xl(mg/l/ (tl + t2)
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2 Nonlinear optical response

where the polarization directions and time dependencies are given in Table 2.1. The
experimental factor F, is the part of Eq. (2.33) not accounted for in Eq. (2.34) and given
by
l
F, = (K) FHAKD). (2.35)

nc

These considerations do not apply directly to the heterodyne detected experiments that
were recently performed, [42,45] since the measured intensity in these experiments is linear

and not quadratic in the response function.

24



Chapter 3
Calculation methods

Two fundamentally different approaches exist to calculate the third- and fifth-order Raman
responses. Of these the simplest to understand intuitively is the Finite Field approach,
where the experiments are simulated on a microscopic level by applying laser fields in MD
simulations [55,56]. In principle this approach can be generalized to any order of the
Raman response, but in practice the method is limited to the lower order responses where
the signals have a reasonable intensity compared to a background response. This approach,

developed by us and described in this work, will be treated in section 3.1.

Alternatively the response can be calculated using the time correlation function method,
where the response functions are related to time correlation functions [50,57,58] which are
directly related to the quantum mechanical response functions derived in chapter 2. This
approach will be described in section 3.2. These time correlation functions can then be
evaluated using Brownian oscillator type models for the liquid motion [35,50,91-94] or by
using molecular dynamics data. Either the full MD data [57,59,77,95-101] or snapshots
of the potential surface extracted from MD simulations can be used. The later method,
called instantaneous normal modes (INM) analysis [58,102-108], is only valid for short
times, so that, for instance, diffusion cannot be described properly. In section 3.3 a brief
description of the analytical models for the response will be given and in section 3.4 the
INM approach will be treated.

A mode-coupling theory projecting the dynamics of an atomic liquid onto bilinear
pairs of fluctuating density variables also exists [86,100,108-110] as well as a quasi-crystal
model [111-113] in which the molecular movements are approximated by the motion in

short lived quasi-crystalline structures. These will not be treated extensively here.



3 Calculation methods

3.1 The finite field method

The nuclear part of third-order response function can be calculated using the finite field
method (FF) [55], where the actual experiment is simulated using non-equilibrium molecu-
lar dynamics. Here the forces, due to the optical fields at time zero, are actually applied in
the simulation and the response is measured by calculating the susceptibility at later time
steps. This procedure is repeated for numerous trajectories to produce sufficient statistical
material. The noisy background response from calculations without the applied forces, is
subtracted to improve the accuracy.

The forces exerted on the molecular coordinates are determined by the derivative of

the optical interaction energy with respect to the molecular coordinate (z) considered.

OH2
b = 0 (3.1)
Thus, the third-order response function is calculated from the difference between the
susceptibility in the calculation, where electric fields E. and E,, are applied in a time
step of duration At, and the background calculation where no fields are applied. The ab
tensor element of the susceptibility, calculated with applied pump fields with polarization
directions ¢ and d, is denoted sz?;cd’ while the same tensor element from the background

calculation is denoted X&?OO' The third-order response function is then given by

1 1
(3) - szb?cd@) - X((lb);oo(t)

Xabcd<t) - E EdAt

(3.2)

When averaging over a large (infinite) number of trajectories the background (X(%);oo@))

will be constant in time and can be discarted, but in most practical calculations this will
not be the case.

Instead of calculating the third-order response using a background calculation, it can
also be done by inverting the forces excerted by the pump pulse pair. This is equivalent
to turning the polarization direction of one of the pump fields 180°. In many other type of
finite field calculations this is a well known approach. The calculated components will be

Xégcd and Xi?cg, where d denotes the field turned 180°. The third-order response is then

given by
1 1
(3) (t) o Xéb?cd<t> - X((zb),ca<t> (3 3)
Xaved V) = "R BuAt '

In Figure 3.1 the two different approaches to calculate the third-order response are

illustrated. The first method has been used in all calculations presented in this thesis. The
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3.1 The finite field method

advantage of the second method is that in both the X((zzcd and XS))'CE calculation the third-

order response is present, but with opposite sign. This doubles the amount of statistical
data and eliminates the background at the same time. Furthermore, some of the possible
higher-order (order 4n+ 1,n € N) contributions are eliminated allowing the use of stronger

laser fields in the calculations.

FIGURE 3.1: Left the parallel field (Xflzcd) and background (X&);oo) calculations are illus-
trated. The difference between these gives the third-order response. Right the alternative set
of parallel field (Xégcd) and anti-parallel (XS))-CE) calculations are illustrated. The difference

between these calculations gives twice the third-order response.

. .

Both the anisotropic and the isotropic response can be obtained from one third-order
calculation, where the applied optical fields during the initial excitation are polarized in
the z direction. This is because the full first-order susceptibility matrix can be calculated
at the time of the probeing. The anisotropic response is calculated using the last symmetry
relation in Eq. (2.29).

1
Similarly the isotropic response can be calculated.
1
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3 Calculation methods

The accuracy of the calculations can be tested by examining the X%)m(t), X(x?)z')z,z(t)

and Xg?;)zz(t) components of the calculated response. These should be zero in an isotropic
liquid, as discussed in section 2.3, but in the molecular dynamics simulations this result
will only be obtained when averaging over a sufficiently large ensemble. These components
of the response should therefore be found to vanish in comparison with the anisotropic and
isotropic repsonses.

The nuclear part of the fifth-order response corresponding to Eq. (2.28d) can be deter-
mined from four trajectories: one background trajectory without any applied fields Xi?;oo;ooa
a trajectory with the field applied at time zero X&)?OO;@ f» a trajectory with the field applied
at time t; sz?;cd;OO? and one with fields applied at both times zero and t; X&);cd;ef. The

fifth-order response function then is

(1) 1) ) (1)
X(5) (t t ) = Xabiedsef + Xab00:00 ~ Xabied:00 — Xabi00sef (3 6)
abede f\"15 2 E.E E Ef(At)? . |

This treatment can in principle easily be generalized to higher order response functions.

Just as for the third-order response, the fifth-order signals can also be calculated using

(1) )

inverted forces. This requires the calculation of four different components X oy g.c 1+ X, .. f’

XS}?C dicF and Xi?ca'ef as also illustrated in Figure 3.2. The fifth-order response is then
calculated through the expression
ey) 1 ey) 1)
X(S) (t " ) _ Xab30d§€f + Xab;ca;ef B Xab;ca;ef - Xab;cd;e? (3 7)
abede f\Y15 ©2 4ECEdEeEf(At)2 : :

The fifth-order response, presented in this thesis except the final calculations in section
7.5, was calculated with the first method with a background calculation. In fifth-order, this
has the advantage that it almost halves the number of calculations, since only the X&zcd;e /
and X&);cd;oo calculations have to be repeated when changing ¢;, whereas the X&)?OO;OO and
ngoo;ef calculations are independent of ¢;. In the alternative inverse force method all
calculations depend on ¢;. On the other hand, this method provides better statistics, and
as in the third-order case, some of the higher-order (order 4n + 3,n € N) contributions are
eliminated. Among the contributions eliminated are the seventh-order signals that can be
expected to contaminate the fifth-order response quite significantly, when too strong laser
fields are used.

Since the finite field method is essentially simulating the real experiment at a micro-
scopic level, some of the problems encountered in the experiment will also arise in the
simulations. If the intensity of the applied laser fields is too high one risks boiling the sam-

ple, a problem that can also arise in the laboratory. It is therefore important to keep an
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3.1 The finite field method

FIGURE 3.2: Left the parallel four field (ngcd;ef), two parallel three field (ngoo;ef, ngcd;oo)
and background (Xégoo;oo) calculations are illustrated. The combination of these given in
Eq. (5.6) provides the fifth-order response. Right the alternative set of double parallel field
(X((zzcd;ef ), two single anti-parallel (Xi?;ca;e f, XS}L G ) and double anti-parallel (XS;?E;J ) cal-
culations are illustrated. The combination of these calculations given in Eq. (3.7) provides

the fifth-order response.
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3 Calculation methods

eye on the effects of the laser fields on the properties of the liquid during the simulations.
The fact that the simulations mimic the experiment, provides important insight into the

physics of these experiments.

3.2 Time correlation functions

The nuclear parts of the 3rd- and 5th-order nonlinear optical response functions x ) (Eq.
(2.27b)) and x©® (Eq. (2.28d)) are related to the quantum mechanical correlation functions
of the first-order electronic susceptibility tensor elements Xi? [50,57] here given in the

density matrix formulation:

xihalt) = —5 = Tr (X () 0), p(—00)) (38)
sttt = 1 (55 ) T (0 + 0 R 0) =) (3.9

where p(—o0) is the phase space density of the system at equilibrium, which is the classical
analogue to the quantum mechanical density matrix.

In classical mechanics the time development of the density of a system in phase space
is determined by [50, 114]

(Z oy _2n 055?) = {H.p(0)) 310

instead of the Liouville-Von Neumann equation (Eq. 2.11) and the time derivative of a

function A of the phase space cooridinates and time is [114]

%—f — (A, H). (3.11)

The time development in the classical limit is thus described replacing the commutator
[A, B] by the Poisson bracket ii{ A, B}. The quantum-mechanical response functions (Egs.
(3.8) and (3.9)) can therefore in the classical limit be written as the classical ensemble
averages involving the classical equilibrium density instead of the quantum mechanical

density matrix:

Xihalt) = — (8 (1) D 0), p(—00)}) (3.12)
X ey, 12) = () 1+ ) X (0), D (0) o0} ). (3.13)
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3.2 Time correlation functions

This can be simplified by using the fact that the classical equilibrium density is given
by the Boltzman distribution and can be written

p(—00) = exp(—H/kgT)
[ [ exp(=H/kpT)dp dq’

(3.14)

Here kp is Boltzmann’s constant and T the temperature.
Since the Poisson bracket {A, p} only contains first derivatives and the density is a
function of the classical Hamiltonian the Poisson bracket is

1

k:B—Tp(_OO){A’ H, (3.15)

(4.0 =22y = -

where the last Poisson bracket is just the time derivative of A according to Eq. (3.11).
The Poisson bracket can therefore be expressed in terms of the temperature and the time
derivative of the function A [50].

1

{Ap} = ——pp(=o0)A (3.16)

This using this identity the response functions can be written as:

Xlt) = 5 o O (R O)p(—o0) (3.17)
) _ V1 o) Wy
X s (1) = = 1 200 0+ )G 1) A (0)p(—0)}) (3.18)

Using the general relation {A, Bp} = B{A, p} + {A, B}p and moving the time differentia-

tion in the third-order expression we get the classical correlation function expressions:

Xl = = 55— (0N 0)p(—20) (3.19)

Vo2 .
X (b1 1) = ( ) O (0 12) X2 (0% (0)p(—o0))

2kpT
2
1)
- t1+t t 3.20
T O () O (1) 5 0} (—00). (320)
The Poisson bracket, {---,--- }, in the second term of the fifth-order expression can be

written in terms of the dlfferentials with respect to the phase space coordinates, p and q.

axef (0) o'l (t1) 9X:7 (0)

{Xcd (tl Xef } Z 8% ap@(Q) 8]?2(0) 3%(0) (321>
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3 Calculation methods

These differentials of the polarizabilities at one time with respect to a phase space coor-
dinate at another time pose a problem, since they cannot be calculated straightforwardly
from Molecular Dynamics data. However, they can be rewritten using the chain rule for
derivatives, where x can be any phase space coordinate, both momentum and position, and
the summation over k runs over all possible phase space coordinates.

OXed (1) _ § Oxed (1) O (1)

91;(0) :zk: Oy (t1) 0x;(0) (3.22)

It is possible to calculate this expression, if one knows how a change in the phase space
coordinates at one time affects the phase space coordinates at a later time. [57,58, 115]
The Oz (t1)/0x;(0) derivatives can be collected in the so called stability matrix [57].

M(t,,0) = {88”; ’;%)) } (3.23)

This stability matrix contains N? numbers, where N is the number of phase space co-
ordinates. Using Molecular Dynamics all these numbers have to be updated every time
step, [57] which is very time consuming unless the number of phase space coordinates is
very limited.

Mukamel et al. [57] and Saito et al. [58] described how a general stability matrix
M;i(ta,ty) can be calculated from a single molecular dynamics trajectory. The deriva-

tives aqj_(tl) and aqj_(tl) can be calculated using the time development of the derivatives and
9q:(0) 9pi(0)

the trivial values of the derivatives at t; = 0. Using the classical equation of motion in Eq.

(3.11) [114] the time derivatives are expressed:

o 9q(t1)  9q(t1) __0*H(t1) O?H(t1) 9q(t1)  9q(t1)
— [ 9a(0)  9p(0) — 9q(t1)0p(t1)  9p(t1)0p(t1) 9¢(0)  op(0) (3.24)
at op(t1) op(t1) 82H(t1) 82H(t1) Op(t1) op(t1) :

9q(0)  9p(0) "~ 0q(t1)0q(t1)  Op(t1)0q(tr) 9q(0)  9p(0)

This can also be written more compact using the stability matrix notation:

oM __0%H(t1) 9?H(t1)
_ 0q(t1)0p(t Op(t1)0p(t

== qé;l){(?l()l) pé%(fl()l) M. (3.25)
0q(t1)9q(t1)  Op(t1)9q(t1)

This is simplified by the fact that the second order derivatives of the Hamiltonian
aazﬂ and ~21) _pder normal circumstances are zero and oAt
q(t1)0p(t1) Op(t1)0q(t1) Op(t1)0p(t1)

This allows splitting the equation into two independent parts. One part is related to the

is diagonal.

derivatives with respect to positions and the other is related to derivatives with respect to

momentum.
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3.3 Analytical models

0 0q;(ty)  Opj(ty) O*H(t)

ot 9¢;(0) — 0q:(0) Op;(t1)0p;(ty)

9 0pi(t)  _ dgr(t)  PH(t) (3.26)
ot 9¢;(0) p 0¢;(0) 0gy(t1)0g;(t1)

0 0q;(t1)  Op;(t1) O?H ()

ot 9pi(0) — 9pi(0) Op;(t1)0p;(ty)

9 0pi(t)  _ dgi(t)  PH(t) (3.27)
ot dp;(0) p Opi(0) Oqy(t1)0g;(t1)

The stability matrix M(t,,0), with one time fixed at the beginning of the simulation,
can then be found by means of numerical integration. And the general stability matrix

M (t4,ty) can be found using the chain rule.

Oxy(tq O (ta) 0z;(0)
3.28
0x;( tb Z 0x;(0) Ox;(ty) ( )
In matrix notation this is simply:
M (tq,ty) = M(t,, 0) M~ (t,,0). (3.29)

Recently studies on the ng)zzzz response of liquid xenon using variants of this approach
[59,99,100] have been published. Due to the complications, related to the evaluation of
the stability matrix at every timestep, only 32 atoms could be included in these simula-
tions. Simulations on carbondisulfide and water systems with 32 molecules have later been
reported. [101] The finite field method, discussed in section 3.1, is computationally much

more efficient in calculating higher order multi-dimensional response.

3.3 Analytical models

Often phenomenological models have been used to interpret vibrational line shapes in lig-
uids. This is usually done by assuming that the motion takes place in a harmonic potential
and that the Placzek approximation holds for the Raman response. [103,116] In this ap-
proximation it is assumed that the polarizability changes linearly with the displacement in

each coordinate. When coupling the motion in the harmonic potential to a heat bath [50],
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models can be obtained interpreting the response in terms of homogeneous and inhomoge-
neous line broadening mechanisms. The homogeneous line broadening is then related to the
interaction between the system and the heat bath, while the inhomogeneous line broaden-
ing is related to the slowly fluctuating distribution of local environments. [35,50,72,91,92]
More complicated models, including anharmonicity, mode coupling and more complicated
expressions for the polarizability dependency on the coordinates, can be constructed in
similar ways. [35,91,92]

Tanimura and Mukamel [35] used such phenomenological models when they first sug-
gested the use of fifth-order Raman spectroscopy. They showed that if the motion is
harmonic and the polarizability dependency on the coordinates is linear, no fifth-order
response arises. This suggests that the fifth-order response will be sensitive to anhar-
monicity and non-linear dependence of the polarizability on the coordinates. Furthermore
it was shown that motion in the homogeneous and inhomogeneous line broadening limits
can, in principle, be clearly distinguished in two-dimensional Raman spectroscopy. In the
homogeneous limit the signal can be expected to be rather symmetric in the two time
dimensions, while in the inhomogeneous limit ridges are found along the diagonal and the
15 axis but not along the ¢; axis. It is not possible to distinguish between the homogeneous
and inhomogeneous line broadening limits in the third-order response.

Unfortunately the analytical models are difficult to interpret in microscopic molecular
terms. They are either too simple to describe a real liquid, assuming one harmonic fre-
quency and damping process or too complicated to allow for a unique interpretation of the
response. They also lack the power of predicting spectra and spectral intensities.

In the following a few of the simplest analytical models that have been used in the
interpretation of third-order spectra will be described. [68,69,82,117-122] The following

function describes the experimental CSy results rather well. [117,118]
xP(t) o (1 — exp(—t/7r) + Agsin(Qpt) exp(—wgt®/2)) exp(—t/7p) (3.30)

Here, the constant 7p is the diffusive picosecond relaxation time and the other constants
are related to the initial subpicosecond part of the response. The Gaussian damped sine
function is taken from the work by Kalpouzos et al. [117,118], where it was related to
single-molecule librational motion.

Bucaro and Litovitz derived an expression for the spontaneous Raman scattering (fre-
quency domain) due to interaction induced effects, based on an atomic collision model. [119]

This is related by a Fourier transform to the stimulated third-order Raman response (time
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domain).

XD & sin(ntan(t/7¢))
(2 +72)"?

The factor of 75 was added here to eliminate the time unit dependence. The frequency

(3.31)

domain response was originally given as
x® (W) ox W=D/ exp(—w/wp), (3.32)

where wy is the inverse of 7 and 2[(m — 7)/7] is equal to n — 1 (m = [Tn + 7]/2). In
the paper by Bucaro and Litovitz [119] the time constant 7o was related to molecular and

thermodynamical properties in an approximate way.
1
o & 67T7’0<M/]€T>1/2 [1—(2/m) tan*1(26/k’T)1/2} (3.33)

Here € and ry are the potential depth and the distance in a supposed Lennard-Jones
potential and p is the reduced mass. The constant m was related to the polarizability

dependence on the interatomic distance 7.
a(r) —a(oco) ocr™™ (3.34)

It should be emphasized that one should be very careful using these functions for a
microscopic interpretation of the liquid motion. The long time diffusive decay 7p is the only
constant that can be directly related to a dynamical property of the liquid. The description
of the interaction induced effects, derived in an approximative way for atomic collisions,
should be taken very cautiously or rather be avoided completely. Interaction induced
effects will be discussed more extensively in chapter 4. The single molecule response is
directly related to the time correlation function of the single molecule orientation tensor.
This single molecule response is very difficult to isolate from experiments and fitting the
results to a linear combination of Eqgs. (3.30) and (3.31) will be likely to fail because
of the similarity in shape between the Gaussian damped sine part of the single molecule
response and the interaction induced response. In this way Kalpouzos et al. [117,118]
succeeded in fitting the whole anisotropic response function to Eq. (3.30), while Hattori et
al. [120] succeeded in fitting the anisotropic response function to the same equation, but
leaving out the Gaussian damped sine part and including a contribution from Eq. (3.31)
instead. McMorrow et al. [122] recently presented an interpretation based on the classical
and quantum models by Steffen et al. [69,72]

For the fifth-order response the phenomenological models are much more complicated
and they will not be treated here. [35,72,91,92]
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3.4 Instantaneous normal modes

At sufficiently short time scales the motion in liquids can be approximated as motion in
instantaneous harmonic potentials. [102] The instantaneous normal modes of the liquid
can be found by diagonalisation of the mass-weighted Hessian (G) using mass-weighted
coordinates y.

1 0*H 0*H
Vminy; 0x;0x; B 0y, 0y,

The harmonic frequencies will then be related to the eigenvalues (w; = v/A;) and the normal

Gy = (3.35)

coordinates will be given by the eigenvectors. [123] The time dependence of the normal

mode coordinate ¢; is given by [58]

i(t) = giocos(wit + &), (3.36)

when supposing that the eigenvalues are positive. In this expression g, o is the amplitude
of the motion and ¢; gives the initial displacement.

The first-order susceptibility can be expanded in the normal mode coordinates

2

) L1 524D
FREE) R
i, v
- + Z qu2 + Z Xz]qZQJ ) (337)

ey

X

allowing the expression of the third-order time correlation function (Eq. (3.19)) in the

normal mode coordinates.

1V

x?(t) = —51@—T<X(1)(t)x(1)(0)P(—00)>
= —%£%(X0)X(() + X0 sz a(t) + 4:(0))
+ ZXZXJ ai(t ZkX;X;Ik q;(£)ax(£):(0) + q;(t)g;(0)qx(0))
+ _Zle”Xkl ai(t <t>Qk<O)QI<O>>+"') (3.38)

The first term is independent of time and vanishes when the derivative is taken (see Eq.
(3.19)) with respect to time. Furthermore all terms depending on the normal mode co-

ordinates in uneven powers vanish when averaging (integrating) over all possible initial

36



3.4 Instantaneous normal modes

phases ¢;. The time correlation functions left over can be calculated using the expression
for the normal mode coordinates (Eq. (3.36)), when keeping in mind that the normal mode
coordinates are uncorrelated.

Z (@) (0) = > (X))’ cos(wit)

Y Xipxa(a 0 a0)a(0) = D (X)) aiod5o cos (Wi + wj)t) (3.39)

i,5,k,0 1,7

The normal mode amplitudes ¢, o are related to the temperature (average energy) in the

system.

2.2
wiq;
i 13,0
E =

1

Combining this with the correlation function expressions in Eq. (3.39) the third-order

response given in Eq. (3.38) reads:

(1) = 14 Z(X;)zsin(wit) N VkgT Z(X,',')zsin(wit) cos(wjt) . (3.41)

2 £ w; 2 K w; w?

i 1,7 J
Similarly the fifth-order expression can be found analytically avoiding the problems of
numerical evaluation of the stability matrix (Eq. 3.23). The fifth-order INM expression
is: [58]

, sin(w;ts) sin(w;ty)

(5) _ ! //
x(t1,t2) = Z XXX o (3.42)
N sin(w;ta) sin(w; (1 + t2))
A 3.43
+ Z 2] i _] wiw; ( )
& k;BT sin(w;t2) [sin(w;(t; + t2)) cos(wytr)
- 4 Z ;I] ;/k ;’/k 4 Wi w2 (3.44)
ij.k ¢ J k
cos(w;(ty + t2)) sin(wyt

The mass-weighted Hessian (G) will under normal circumstances have a number of zero
and negative eigenvalues resulting in imaginary frequencies. The normal modes related to
these eigenvalues can be related to barriers crossings, transition states or diffusive motion.
(102,104, 124-126] Some discussion is found in literature on how these modes should be
treated to be taken correctly into account. [58,102,104, 124-126] Claims have been made
that including these modes in an approximate way takes diffusional motion into account

[104,125], while the imaginary frequencies have just been discarded in other studies. [58]
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3.5 Discussion

The calculation methods mentioned in this chapter all have their advantages and draw-
backs. Which method to use depends on what one wants to do. In fifth-order finite field
calculations, first the distortion of the phase space coordinates caused by the applied laser
fields is calculated. Subsequently, the field-free evolution of the system is followed, which
is equivalent to calculating only the part of the stability matrix that corresponds to the
initial distortion. In contrast, the whole stability matrix that takes arbitrary distortions
into account has to be calculated in the correlation function method.

When the full MD data are used, the stability matrix has to be calculated numerically.
This process, updating an N? matrix where N is the number of phase space coordinates,
is much slower than the finite field method, where only a single vector of phase space
coordinates is evaluated. Therefore the finite field method must be the preferred method,
when one wants to calculate the fifth-order Raman response using the full MD trajectories
as illustrated by the fact that the fifth-order time correlation function method has only
been applied to a small system containing 32 atoms [59,99] or 32 triatomic molecules [101],
whereas the finite field method has been applied to systems with 192 and 768 atoms (chap-
ter 7). If one wants to calculate response due to other types of interactions (e.g. IR)
simultaneously, it might turn out to be advantageous to calculate the full stability ma-
trix. For third-order Raman response calculations the two methods are comparable when
it comes to computational costs; they provide complementary ways to look at and think
about the Raman response of liquids. The analytical models are all based on relatively
simple assumptions and allow interpretation of the response within the framework of these
assumptions. They give an idea about the kind of response that can be expected under
different conditions. Unfortunately these phenomenological models are not related to mi-
croscopic or molecular properties and they are not able to predict the spectrum of a given
liquid.

In the methods based on instantaneous normal modes the evaluation of the Poisson
bracket is not a major problem. On the other hand, one should realize that this method
is based on snapshots of the liquid and the method cannot be expected to be reliable for
long time or even intermediate time response. One should also be aware that the potential
surface in a real liquid changes on the same timescale as the dynamics one tries to describe.
This fact means that the Instantaneous Normal Modes method is a rather bad approach

and full MD approaches should be prefered.
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Chapter 4

Local field effects

The first-order susceptibility is needed in order to calculate the third- and fifth-order
Raman response described in the previous chapters. The microscopic counterpart to the
susceptibility, i.e. the polarizability, can be calculated using quantum mechanical response
methods such as time-dependent density functional theory (TDDFT). Unfortunately this
method is far too time consuming to be used on large numbers of molecules as found
in a molecular dynamics (MD) simulation. Alternatively, polarizability models based on
interacting molecular or atomic polarizabilities can be employed. In these models the
physical interaction between the individual entities should be properly taken into account.
The importance of different kinds of interaction can be studied theoretically by examining
molecule dimers or small clusters of molecules.

Physical interactions between molecules such as the dipole-induced dipole effect, in-
duced multipole effects and electron cloud overlap effects give rise to a polarizability de-
viating from the simple sum of the single molecule polarizabilities. The dipole-induced
dipole effects arise from the fact that two molecules in a macroscopic electric field do not
only feel the macroscopic field but also the local field generated by the dipole induced by
the electric field on the other molecule. The induced multipole effects arise because the
molecules cannot be considered as point-like polarizabilities. Due to their extended atomic
structure the local field from induced dipoles on neighboring molecules does not need to
be felt equally strong in both ends of a molecule. The electron cloud overlap effects arise
from molecules so close to each other that their electron clouds overlap. The interaction
between the overlapping electron clouds will also affect the polarizability.

As a first approximation the susceptibility can be considered as being the sum of the

molecular polarizabilities only valid in the limit of infinite dilution. Since the isotropic
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part of the molecular polarizability is constant as long as the influence from intramolec-
ular vibrations is neglected, the isotropic third-order response will be exactly zero in this
approximation. Only anisotropic response exists, originating from molecular reorientation
and therefore molecules belonging to the cubic symmetry groups will show no response at
all at this level of approximation.

Inclusion of the dipole-induced dipole (DID) effects, arising from local fields generated
by induced dipoles on neighboring molecules, will make the first-order susceptibility depend
on the local structure in the liquid. Fluctuations in the local structure will then lead to
fluctuations in the isotropic first-order susceptibility and hence to isotropic third-order
response and changes in the anisotropic response as well. Thus, the isotropic third-order
response provides a measure of the local structure dynamics.

Inclusion of the multipole and electron overlap effects will not change the symmetry
considerations discussed above, but the exact structure dependence of the first-order sus-
ceptibility will be altered by smearing out the polarizability and by close encounters of
molecules. These effects can be taken into account using the direct reaction field (DRF)
model. [60, 61,127, 128] Independent molecule and dipole-induced dipole models can be
seen as simplifications of this model, omitting the multipole and electron overlap or even
the dipole-induced dipole effects. In the next section it will be described how the first-
order susceptibility can be calculated using the direct reaction field model. Then it will
be explained how this model can be simplified to the other models, among others the DID
model. In section 4.3 it will be considered how to calculate the forces within the DRF

model and in section 4.4 some computational tricks will be given.

4.1 The direct reaction field model

Local field effects can be included in the calculation of the susceptibility by using the
dipole-induced dipole correction to the electric field. An individual atom does not only
feel the macroscopic field inside the sample, but also the electric fields generated by the
induced dipole moments on molecules in the local surroundings. The surroundings can
be divided into two areas: the nearby surroundings with distinct local structure and the
surroundings far away that can be described by a continuous dielectric medium. Here
the structured surroundings will be considered to be inside a spherical cavity around the
individual molecule. The electric field generated by the induced dipoles in the dielectric

medium is taken into account by using the macroscopic electric field instead of the external
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4.1 The direct reaction field model

electric field. The macroscopic field is the electric field inside a continuous dielectric sample,
due to an externally field, applied outside the sample in vacuum. The relation between the
macroscopic and the external field depends on the shape of the material, which is unknown.
As long as no particular shape is considered the macroscopic electric field has te be used in
order to keep the considerations general. The local electric field on each atom arises from
the macroscopic field and the induced dipole moments on the nearby atoms within the
spherical cavity, which are taken into account through a dipole interaction term. Using a
modified dipole interaction term the electron overlap effect is also taken into account. [60]
The contribution from the continuous dielectric medium inside the cavity is eliminated by
subtracting a term due to the polarization of a spherical dielectric medium [50, 76, 127].
This term depends on the constant average susceptibility x" (Eq. (2.26)). The approach
is depicted schematically in Figure 4.1.

The local electric field on atom p is in this model given by:

4y ™
3

E]l)ocal — pmac + Z %q,uq +
q#p

Emac (4.1)

Here 7, is a modified dipole field tensor defined as:

3 T (& P _ fE
T, = Joa (Poq < Tpg) = Jog (4.2)

3
"bg

The modification is present in the screening functions g; and f; representing the damping
due to overlapping charge densities. These are functions of the distance r,, and they have
to approach one as 7,, goes to infinity, leaving us with the unmodified dipole tensor suitable
to describe only dipole-induced dipole effects. Various models for these screening functions
have been suggested. [60] Assuming an exponentially decaying electron density around the

atoms, one gets the following expressions for the screening functions:

1
flfl = 1- (57/5,1 T Vpg + 1) exp(—2pq) (4.3)
T e Y
e = Joa— g XP(=Vn) (4.4)
Vpg = %(4.5)The empirical screening factor a, and the atomic polarizabilities are
QApQq

usually optimized to give as good a description of the molecular polarizability as possible

for a wide variety of molecules. [128§]
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FIGURE 4.1: The local fields acting on a molecule in a medium with local structure, inside a
cavity surrounded by a continuous dielectric medium, can be divided into the contributions
from the dielectric medium, and from the molecules inside the cavity. The contribution
from the dielectric medium inside the cavity has to be subtracted in order to avoid counting

the influence of this region twice.

Solving a linear set of equations for the independent molecules, [95] the susceptibility
can be found as well as the index of refraction and the dielectric constant. Both are
related to the first-order susceptibility. An effective polarizability H,(f), reproducing the
same induced-dipole moment from the macroscopic field as generated by polarizability «,,

in the local field, is defined for simplicity:
[ty = ap, B = I, E™. (4.6)

Combining Eq. (4.1) and (4.6) gives

A7y
5" — o) (1 + %) E™ 4, Y T Il E™. (4.7)
qF#p
Since this relation is valid for macroscopic fields with any polarization direction, the macro-

scopic field can be left out giving the matrix equation:

4™
I, = a+aq Z Tyl + T3 (4.8)
q7#p
When the equation is multiplied with the inverse molecular polarizability and the terms
containing the effective polarizability are isolated on the left side of the equation, the

following expression is obtained:

o, ' T, = To I, =1+ g (4.9)
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Introducing Kronecker deltas, the summation over ¢ can be taken over all terms on the
left side. When at the same time the index of the effective polarizability is changed from

p to g, the effective polarizability can be isolated.

B 4y ™

Z(O‘p 10pg = Tpg(1 — 0pg) )Ty = 1+ (4.10)

q
This linear set of equations can be written as

> By, =L, (4.11)

q
where the B matrix is defined:
By = O‘zjlépq — Tpg(1 — 0pq). (4.12)

L is the Lorentz factor, which in the isolated molecule case without surrounding liquid is

one, and else given by:

4y
L=1+ W;‘ . (4.13)

The effective polarizability can then be calculated from Eq. (4.11) using Cholesky decom-
position, [129] which is a special form of LU decomposition [129] that can be applied when
the B matrix is symmetric and positive definite.

From the induced macroscopic polarization density P, the first-order susceptibility can
be identified.

1 1
yWE™* =P = v Zup = (V Zﬂp> Emac (4.14)
P P

Similarly the polarizability of a molecule or an isolated cluster of molecules can be identified

from the induced polarization P.

aE™C=P=> u,=> I,E™ (4.15)
p

p

The dielectric constant and the diffractive index can be found from the mean value of the

susceptibility (when c.g.s. units are applied), x = (xM).

e = 1+4mxW

n = 1+4rx® (4.16)
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4.2 Different local field effect models

The first-order susceptibility has been approximated in several other ways in literature. A
few studies have left out the electron overlap effect. [87,103,104,106,126,130-132] This is
done by setting the screening functions equal to one (or letting the screening factor a go
toward infinity). Optimizing this model for the single molecule also gives slightly different
polarizabilities on the atoms than the DRF model resulting in a change in the induced
multipole contributions. This artefact can be avoided by using the DRF screening factors
for interactions within the molecules but not in intermolecular interactions. This model,
in which the DRF induced multipoles are retained, will be called the Multipole model
(POL). Computationally almost nothing is gained by using this simpler model since the
calculation of the screening factors is not a time limiting computation. On the other hand
this model allows an investigation of the role of electron overlap effects, by comparing the

results with a model in which these effects are properly taken into account.

Using polarizabilities located only on the center of mass of a molecule, the computations
can be made faster. Solving the set of linear equation is practically a N3 process. [129]
Carbon disulfide contains 3 atoms and in a molecular model N will be 3 times smaller
resulting in an approximate speed-up of a factor 27. The calculation is slightly more
complicated since the molecular polarizability need not be isotropic and taking the inverse
is slightly more complicated than in the isotropic atom model. In section 4.4.1 a simple
procedure to find the inverse of the polarizability of a randomly oriented linear molecule

is given. When the screening functions are equal to one this approach is the molecular
dipole-induced dipole model (DID) used in most early studies [56,59,77,95-98].

Solving the full linear set of equations can be avoided by applying the first-order dipole-
induced dipole approximation. In this model the effective polarizability of molecule p does
not depend on the effective polarizabilities of the other molecules II, as in the second term
of Eq. (4.8), but is instead approximated to depend only on the initial molecular polariz-
abilities a,. This gives closed expressions for all effective polarizabilities. However, when
large molecular polarizabilities are encountered as in the carbon disulfide this approach

was shown to be incorrect [95,96].

Even simpler is the approximation of the effective polarizabilities by the molecular po-
larizabilities which amounts to the independent molecule model (MOL). Since the isotropic
part of the molecular polarizability is constant as long as intramolecular vibrations are not

taken into account, the isotropic (magic angle) response is zero in this model. [55,133] The
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four local field effect models outlined in this section are summarised in Table 4.1. The
importance of the different physical phenomena taken into account in these models will
be examined using time dependent density functional theory in chapter 5 and 9 and they
will be applied in the calculations of the response in chapter 7 and 9 using the methods

described in chapter 2.

TABLE 4.1: The physical phenomena included by the four local field effect models.

Model | Molecular Anisotropy | Dipole-induced dipole | Multipoles | Electron overlap
MOL yes no no no

DID yes yes no no

POL yes yes yes no

DRF yes yes yes yes

4.3 Calculating the forces

The interaction energy between a laser pulse pair and the liquid is given by the macroscopic
laser fields E?¢ and Ej**° and the effective polarizabilities of the atoms [56, 134]
int —

1
H = -3 > BRI, EPe (4.17)
p

The forces exerted by the laser fields in a given atomic coordinate z, is given by the

derivative of the interaction energy with respect to that particular coordinate.

OH®
Fab - _ int 4.18
: = (4.18)
1 oIl
= Sy Bt (4.19)
X
q

The forces can be found if the derivatives of the effective atomic polarizabilities are known.
These derivatives can be obtained by differentiating Eq. (4.11), which gives the linear set

of equations
I, 9Ty
; qu% = ; %(1 — Opq) ;- (4.20)
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To find the derivatives of the effective polarizabilities as given in Eq. (4.20) the derivatives
of the modified dipole tensor must be known. This derivative includes contributions de-
pending on the derivatives of the screening functions. The modified dipole tensor is given
by:

3 T (» P _ rE
,];)q _ qu (qu TP(I) qu (421)

3
"bg

with the distance vector r,, defined to be the vector from atom ¢ to atom p. When 7; is the
Cartesian component i of the distance vector, the Cartesian components of the modified

dipole tensor can be written as:

(,];q)” _ 3]%2 (qu;i : "A’pq;j) - f;ﬁ%’ (4.22)

. 2

The derivative of the modified dipole tensor with respect to the coordinate r,., is then

given by: [62]
Ty 3 2 2 r_ 3 E
(arp;k‘)ij "5 (braryri = rridye = 171300 o qurk o (429)
L (rir; ij
= (LLTRETROG ) s exp(—v) (4.24)
AN

The similarity between Eq. (4.20) and Eq. (4.11) should be noticed, because the
Cholesky decomposed B matrix first used to find the susceptibility in Eq. (4.11) can be
used directly to find the derivatives in Eq. (4.20) saving computer time. [129]

4.4 Computational tricks

In the following subsections some mathematical tricks that can be used, when performing
calculations with the molecular polarizability models given in the previous sections are
described. Furthermore, a method to smoothen the boundary between the part of space
where the local structure is taken explicitly into account and the part where the molecules

are regarded as a continuous dielectric medium (see Figure 4.1), is described.

4.4.1 The inverse molecular polarizability

The polarizability tensor elements of a linear molecule p, is given by
1
Xpjij = <04 - 5’7) Oij + yai oy, (4.25)
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Here « is the isotropic polarizability, 7 is the anisotropy, and z! is the i component of the
orientational unit-vector of molecule p. The tensor elements of the inverse polarizability

are then given in the same form by
DyiJ

1
ol — <e - g)\) bij + At (4.26)

Here € is 3/(3a — ) and X is 3/(3a — 27) — €. The validity of the relation is easily
verified by matrix multiplication of the polarizability tensor and the inverse, using that

the orientational vector is a unit-vector.

4.4.2 The derivative of the molecular polarizability

The derivative of the polarizability of a linear molecule, as given in subsection 4.4.1, with
respect to a coordinate of the orientational unit-vector pointing along the molecular axis

with the condition that the change is perpendicular to the molecular axis is given by

8an n n n,mn._n
(8xn) = (2] 0k + w0y — 2uiway). (4.27)
i/ jk

The derivative of the inverse molecular polarizability is found from the same expression

simply by substituting v by A from subsection 4.4.1.

4.4.3 Soft cut-off

In the paper on the finite field method, based on the DID model, [56] we noted that noise
was generated due to the fact that a molecule in the calculation with applied forces and
in the calculation of the background polarizability at certain times could be on different
sides of the cut-off boundary. Therefore its contribution to the local structure is taken
explicitly into account in one calculation but not in the other. This was overcome by
making the cut-off radius so large that the contribution from the molecules near the cut-off
on the polarizability of the central molecule was vanishing. The problem can be overcome
in a more elegant way that also allows using shorter cut-off distances without introducing
artifacts due to boundary crossing. By introducing a soft cut-off the noise can be reduced.
This is done by multiplying the dipole tensor with a weight function that is one at short
distances and vanishes beyond the cut-off radius, but is continuous and differentiable.

In a paper on the calculation of susceptibilities of solids F. Kootstra et al. [135] intro-

duced such a function. They suggested using the form:
w(z) = [1+exp(Blz —1/2))]" : B>0. (4.28)
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This function is nicely continuous and differentiable. However, it is rather costly to evaluate
computationally since it includes both an exponential function and the inverse twice.

We will use a function that is faster to compute and has clear boundaries. The function
is exactly one within the distance x. — Az, where z. is the cut-off distance and Ax is the
cut-off width. Outside the distance z. + Az the function is defined to be exactly zero,
allowing to skip calculations on molecules separated by such distances. In between the
function is defined by a polynomial that ensures that both the weight function and its

derivative are continuous.

1 r<z,— Av
w(z) =14 1 (%)3 —drte 4 1 gpo— Az <z <z + Az (4.29)
0 T >z, + Az
The derivative is given by:
0 r<xz,— Ax
wW (z) = 3 ((%)2 — 1) e —Ar<zx<z.+Av . (4.30)
0 T >r.+ Av

Soft cut-offs like this is usual in many MD codes.
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Chapter 5

TDDFT calculations

Time dependent density functional theory (TDDFT) has been shown to be a reliable quan-
tum mechanical method for calculation of molecular response properties such as excitation
energies, [136-139] dynamic polarizabilities [137,140, 141] and van der Waals dispersion
coefficients. [142] TDDFT has also been used to calculate the first-order susceptibility of
solids. [135,143] Here translation symmetry of an often small unit cell allows a quantum
description of the whole (infinite) crystal using Bloch functions. This method is not prac-
tically applicable for liquids that on a macroscopic scale are isotropic systems, but on a
local microscopic scale are characterized by a lack of symmetry. In molecular dynamics
calculations (MD) liquids are usually simulated using periodic boundary conditions giving
both a unit cell and the same translational symmetry as for a solid. Artefacts arising from
applying periodic boundary conditions are avoided by using as big a unit cell as possible.
If one wants to apply TDDFT to a liquid configuration one has to make sure that the size
of the unit cell is so big that no interaction between any molecule with another molecule
and the translated image of that other molecule in the neighbouring unit cells exists. This
will require the use of very large unit cells for which TDDFT calculations are practically
impossible.

Instead the liquid first-order susceptibility can be calculated effectively using local field
effect models as described in chapter 4. Such a calculation for a liquid configuration
typically takes a few seconds in contrast to precise quantum calculations that can take
hours for just one molecule. By using quantum calculations on dimers, the accuracy of
the simple models can be investigated and the models might even be optimized to give a
description as close to the quantum description as possible.

In this chapter TDDFT calculations of the polarizability have been performed on the
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CS; monomer and on various dimer conformations. In a study on liquid xenon the same
methods has been used on xenon dimers, [144] as will be described in chapter 9. Other
quantum methods as Coupled Cluster (CC) and Mgller-Plesset perturbation theory (MP)
could in principle have been used as well. For example CC studies on Helium and Argon
dimers [145,146] and MP studies on dimers of carbon dioxide and the noble gases [147]
are found in the literature. The advantage of TDDFT compared to most other quantum
methods is that TDDFT has a high accuracy, is time efficient and can be applied to large

systems.

5.1 Polarizability calculations

TDDFT calculations have been performed on the carbon disulfide monomer as well as
on dimers using the Amsterdam Density Functional Program Package (ADF). [136, 148
152] The LB94 potential [153] was used for the response calculations to ensure correct
asymptotic behavior in the diffuse region. A Slater-type orbital function basis set of triple
zeta quality with polarization and diffuse functions was employed (ADF basis set VIII
constructed for polarization calculations). All calculations were done using an electric
field frequency corresponding to a wavelength of 514.5 nm. For the calculations a C-S
bondlength of 1.5704 A was used.

The monomer polarizability was found to be 8.95 A3 while the anisotropy was found to
be 10.05 A®. These values coincide with the experimental numbers reported by Bogaard
et al. [154] This exact agreement is a matter of coincidence rather than evidence of the
general accuracy of the method. In calculated polarizabilities using the TDDFT method
absolute average deviations of 3.6 % compared with experiment have been reported for a
series of molecules. [137] In Table 5.1 the monomer polarizability is also given at other
wavelengths and using the PW91 exchange correlation functional [155] that does not have
the correct asymptotic behavior in the diffuse region.

Four representative dimer configurations were selected for investigation. These are
shown in Figure 5.1. The polarizabilities were calculated with TDDFT for these config-
urations at various intermolecular separations. The polarizabilities calculated with the
dipole-induced dipole approach and the DRF model, described in chapter 4, were also
calculated for comparison. In the DID model the molecular isotropic polarizability was
8.95 A3 and the molecular anisotropic polarizability was 10.05 A%. For the DRF model the

screening factor was set to 2.5568 and the atomic polarizabilities were set to 1.197024 and
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5.1 Polarizability calculations

TABLE 5.1: The polarizability of carbon disulfide calculated at different wavelengths, using
the PW91 exchange correlation functional [155] or the LB94 potential. [153]

Wavelength / nm 488.0 | 514.5 | 632.8 | 0

Polarizability
Calculated (PW91) / A% | 9.32| 9.23 | 8.98 | 8.54
Calculated (LB94) / A% | 9.03| 8.95| 8.71 |8.32
Experimental / A3 9.04 | 8.95| 8.67 -

Anisotropy
Calculated (PW91) / A% | 999 9.82] 9.32 [8.50
Calculated (LB94) / A* |10.23 | 10.05 | 9.57 | 8.73
Experimental / A? 10.25 | 10.05 | 9.46 -

3.00098 A3 for carbon and sulfur respectively. This choice gives the correct polarizability
for the monomer and the chosen screening factor gives an optimal description of the polar-
izability in the B and D configurations in the second solvation shell, as will be described

later.

FIGURE 5.1: The four considered CSy dimer configurations, A, B, C and D. The inter-
molecular (centre of mass) distances are marked with double arrows. The sloping line in

configuration D indicates a molecule perpendicular to the paper plane.

A B C D
| - — ’

The relative importance of the different configurations of Figure 5.1 in the simulated
liquid was estimated by calculating the radial distribution function (RDF), using molec-
ular dynamics as will be described in chapter 6. All dimer configurations in the liquid

were attributed to the configuration that they closest resemble. The RDF's for the dimer
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5 TDDF'T calculations

configurations and the total RDF are shown in Figure 5.2.

FIGURE 5.2: The radial distribution functions between the centers of mass (C-C) for A
(full), B (long dashed), C (dashed) and D (dashed dotted) like dimer configurations (see
Figure 5.1) and the total radial distribution function (thick full). The separation distance

18 glven in /ingstmm.

15 ! ! ' ! ' ! ' ! ' !

1.0 | .

05

0.0

The dimer polarizabilities were calculated at distances found realistic by examining the
RDFs. For each dimer configuration the distances covering the two first peaks (solvation
shells) in the RDF were included. Furthermore in all configurations the polarizability is
calculated in one point with shorter distance between the molecules than the shortest dis-
tance found in the RDF for that configuration. In Table 5.2 to 5.5 the polarizabilities
obtained using the DID model and the DRF model are compared with the dimer polariz-
abilities calculated with TDDFT. The dimer polarizability is listed for the principal axes
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a, b and ¢ of the polarizability tensor. For configuration A, B and D the DRF model is
clearly better than the DID approach. For configuration C no improvement is found in the
dimer polarizability using the DRF model. For this configuration the results even seem a
bit worse than the DID result. In general the errors in both the DID and the DRF are less
than 1 % for distances in the order of the second solvation shell. In the first solvation shell
the errors for the DID model are larger: up to 10 % are found. In contrast, for the DRF
model the results are still good, with errors in the B and D configurations of less than 1

% . In the A and C configurations the errors are slightly larger.

TABLE 5.2: The DID and DRF models compared to the TDDF'T results for dimers in
the A configuration. The centre of mass distances rcy, are given in A and the dimer
polarizabilities in A®. The horizontal line mark the shortest distance that is found in the

stmulations.
A Ist axis (a) 2nd+3rd axes (b+c) Abs. errors

rey | DID  DRF  TDDFT | DID DREF TDDFT | DID DRF
5 |41.76 60.09 71.23 |10.72 991 10.06 | 18.16% 6.21%
6 |36.61 42.65 4884 |10.92 10.57 10.62 |10.23% 4.54%
7 13444 36.74  36.44 | 11.02 10.87  10.87 2.75% 0.27%
8
9

33.34 34.35 33.88 11.08 11.01 11.01 0.96% 0.46%
32.70 33.21 32.97 11.11 11.08 11.07 0.51% 0.30%
10 | 32.31 32.58 32.49 11.14 11.12 11.12 0.30%  0.09%
14 | 31.68 31.70 31.73 11.17 11.17 11.17 0.05% 0.03%
Av. Abs. error 4.7%  1.7%

5.2 Multipole contributions

The DRF model includes both the multipole and electron overlap contributions in an ap-
proximate way. From the results it is not immediately clear what the relative importance
is of these two contributions. To get an idea about this aspect, one can set the screening
functions to one for interactions between atoms in different molecules, leaving only the ef-
fect of the multipole contribution between the dimers, as described in chapter 4. In Table
5.6 this multipole model (POL) is compared with the DRF model for the A configuration

as a representative example. The lack of intermolecular screening functions has a vanishing
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TABLE 5.3: The DID and DRF models compared to the TDDFT results for dimers in the B configuration. The centre of

mass distances oy, are given in A and the dimer polarizabilities in A®. The horizontal line mark the shortest distance

that is found in the simulations.
B 1st axis (a) 2nd axis (b) 3rd axis (c) Abs. errors

rcy | DID  DRF TDDFT | DID DRF TDDFT | DID DRF TDDFT | DID DRF
19.81 26.10 25.58 19.14 13.44 13.37 9.28 9.92 9.99 24.27% 1.09%
25.15 27.94 27.56 13.58 12.38 12.38 10.30 10.52 10.56 6.97% 0.75%
27.82  29.09 28.86 12.30 11.92 11.87 10.72 10.81 10.81 2.69% 0.41%
29.19 29.80 29.67 11.81 11.65 11.60 10.92 10.96 10.95 1.23%  0.32%
29.93 30.26 30.30 11.58 11.50 11.48 11.02 11.04 11.07 0.85%  0.19%
30.37 30.55 30.54 11.45 11.41 11.38 11.08 11.09 11.09 0.42%  0.10%

9 30.64 30.75 30.74 11.37 11.35 11.34 11.11 11.12 11.12 0.23%  0.04%
Av. Abs. error 52%  0.4%

o N O Ot x| W
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5 TDDF'T calculations

TABLE 5.5: The DID and DRF models compared to the TDDF'T results for dimers in
the D configuration. The centre of mass distances Ty, are given in A and the dimer
polarizabilities in A®. The horizontal line mark the shortest distance that is found in the

stmulations.
D Lst axis (a) 2nd+3rd axes (b+c) Abs. errors

rey | DID  DRF  TDDFT | DID DREF TDDFT | DID DRF

16.77 19.16 19.02 19.14 12.61 12.50 25.59% 0.78%
18.92 19.89 19.79 13.58 12.18 12.14 6.88%  0.45%
19.96 20.37 20.31 12.30 11.84 11.80 2.56% 0.31%
20.48 20.67 20.65 11.81 11.62 11.66 0.98% 0.18%
20.75 20.85 20.86 11.58 11.49 11.50 0.58%  0.06%
20.91 20.97 20.96 11.45 11.40 11.40 0.31% 0.03%

9 21.01 21.04 21.04 11.37 11.35 11.34 0.18%  0.03%
Av. Abs. error 53%  0.3%

o N O Ot = | W

effect at separations larger than those found in the first solvation shell. Inside the first
solvation shell of the A configuration the effect of the electron overlap is still rather small
compared to the multipole effect. At very short distances where the distance between the
sulfur atoms is much smaller than twice the van der Waals radius this multipole model
breaks down and even gives unphysical negative polarizabilities. However, this only hap-
pens at distances shorter than those found in the MD simulations, which indicates that the
major part of the DRF correction is due to the multipole effects and not to the electron
overlap effect.

The local field generated at a point r around a monomer in a macroscopic field can be
expressed in a molecular representation with a dipole-dipole polarizability al and dipole-

multipole polarizabilities o} on the centre of mass of this monomer.

E°(r) = Tiy(r)aj B™ + Y Ty, (r)of B™ (5.1)
n=2

Here T}1(r) is the dipole tensor and T3, (r) is a dipole-multipole tensor. [156] In the case of

carbon disulfide all dipole-multipole polarizabilities with even n vanish because of inversion

symmetry. This leaves the dipole-octupole polarizability as the lowest order multipole

polarizability. For carbon disulfide two independent components a2® and o3¢ exist [156].
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5 TDDF'T calculations

In the DRF model the local field generated at a point r is determined by the effective

atomic polarizabilities II; at the atomic centra r;.

Ee(r) = Z T (r — ) ILE™ (5.2)

Here 7 (r — r;) is the modified dipole tensor, which at longer distances can be substituted
with the dipole tensor T11(r). In the carbon disulfide molecule i is a summation over the
two sulfur atoms and the carbon atom. This model can be expanded in powers of the
distance r and comparison with the molecular model in Eq. (5.1) will provide expressions
for the multipoles generated in the DRF model.

When a macroscopic electric field is applied along the molecular axis of the linear CS,
molecules, the local field in a point on the axis displaced r from the center of mass in the
molecular representation (Eq. (5.1)) is [156]

2 4
E(r) = ﬁazzEmac + FOziOEmac +oee (5.3)

In the long distance limit, where r is much longer than the C-S bondlength d that charac-
terizes the molecular scale, the modified dipole tensor can be replaced by the dipole tensor
in the DRF expression (Eq. (5.2)), which gives:

2 2 2
Eloc — iy I8 . Fmac 5.4
(T) (7‘3 zz + (T+d)3 zz + (T‘ _ d)3 zz) ( )
Expanding this DRF expression in powers of r gives
ocC 2 C S mac 4 S mac
E"°(r) = ﬁ(nu + 2018 ) E™a¢ + 5(6(121122)15 e (5.5)

Comparing this with Eq. (5.3) the polarizability component «a,, and the dipole-octupole

polarizability component o are identified in terms of the carbon and sulfur atom polar-

izabilities:
o, = 11, + 2115, (5.6)
= 64711, (5.7)

Similarly when a macroscopic electric field is applied perpendicular to the molecular
axis, the local field in a point on the axis displaced r from the centre of mass in the

molecular representation will be given by

-1 —/6
EIOC(T) _ FO[$J:EmaC + gailcEmaC R (58)

58
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In the long distance limit, where the modified dipole tensor can be replaced by the dipole
tensor the DRF expression is [156]

1 - 1
Eloc — [ —171°¢ I8 S, [mac 5.9
(T) (T3 TT + <T+d>3 TT + (7, _ d)3 xx) ( )

Again d is the distance between a carbon and a sulfur atom. Expanding the DRF expression

in powers of r gives

-1 —6
B9 (1) = (11, 4 2002 5 4 O (VRIT  E (5.10)
r r

Comparing this result with Eq. (5.8) the polarizability compontent «,, and the dipole-

octupole polarizability component o3'¢ are identified as:
e = IS, + 2117 (5.11)
adle = 2V6d%13, (5.12)

The expressions for the dipole polarizabilities as a sum of the effective atomic polarizabil-
ities are identical to the expression given earlier in Eq. (4.15). The exact same relations
could be derived considering the local field in a point perpendicular to the molecular axis
or in an arbitrary point in space.

The dipole-octupole polarizability of carbon disulfide monomers can also be calculated
using TDDFT. [142] In this way the two components o** and a2'¢ were found to be 53.03
and 29.29 A% respectively. From the expansion of the DRF expression for a single CS,
molecule the dipole-octupole polarizability (Egs. (5.7) and (5.12)) can also be estimated
and values of 81.53 and 30.93 A% are found. The discrepancy between the calculated and
modeled a2® components explains some of the observed deviations between the DRF model
and the TDDFT calculations.

The screening factor used was chosen by optimizing to the B and D dimer configurations
in the second solvation shell. For this purpose the POLAR program by van Duijnen and
Swart [61] was used. The DRF model employed here does not allow optimization to both
the Y and the ' component since it only contains three free variables in the case of CS,
and two of these are used to give the correct single molecule polarizability components.

In principle the static electric fields can also influence the polarizability through the
hyper-polarizabilities. In the case of CS, the most relevant contribution is a combination
of the second hyper-polarizability v and the electric field generated by the permanent
quadrupole on CSy. Such effects are neglected here but the good agreement between the

TDDFT calculations and the DRF model indicates that this is a safe approximation. In a
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recent study effects involving the permanent dipole moments and the hyper-polarizability

(3 were investigated in formamide and N-methyl-formamide. [157]

5.3 Conclusion

The DRF model was used to improve the dipole-induced dipole description of the dimer
polarizabilities of carbon disulfide by including induced multipole and electron overlap ef-
fects. This improved the quality of the theoretical description considerably as determined
by comparing to the results of dimer calculations with TDDFT. The fact that the DRF
model did not model the dipole-octupole interactions correctly leaves some room for im-
provement. The difference between the DID and DRF polarizabilities indicates that both
the induced multipole and electron overlap effects are important for the third- and fifth-
order Raman response. The induced multipole effects are probably the most important of
the two. Further discussion will be found in chapter 9, where the investigation of liquid

xenon is presented.
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Chapter 6
Molecular dynamics

To follow the propagation of the nuclear dynamics, classical molecular dynamics simula-
tions were applied. This limits the types of dynamics that can be treated accurately. If
the number of available states is much larger than the number of particles, Boltzmann
statistics applies and it is no problem to treat the dynamics classically. If the energy dif-
ference between the available states is not much smaller than kg7 this is not the case any
more and classical mechanics cannot be applied safely. Vibrational motion involving light
atoms as hydrogen often have energies above kg1 or of comparable magnitude. It will not
be possible to describe this motion in the used approach and at room temperature also
vibrational motion involving heavier atoms is problematic. [105,158]

The finite field approach, described in chapter 3, was implemented in the molecular
dynamics program GROMACS [159] and time-correlation functions were calculated from
GROMACS trajectories. All simulations were done in the framework of this program
making use of many of the algorithms already implemented in the program package. This

in some cases also limited the choices of the simulation methods.

6.1 Simulation conditions

The GROMACS program uses a leap-frog algorithm [25,160] to integrate the equations
of motion. This modified Verlet scheme [161] ensures time reversibility and furthermore
the loss of numerical precision is smaller than in the original Verlet scheme. [25] Given the
position vector r and the acceleration vector a at time ¢ and the velocity vector v at time

t — 6t/2 the new positions and velocities can be found at a short time interval 6t later
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applying Newtons equations on motion. [25]

v(t+9t/2) = v(t—0t/2)+ a(t)dt (6.1)

r(t+0t) = r(t)+v(t+dt/2)dt (6.2)
The velocity vector at time ¢t is

v(t) = %(v(t 4 6t/2) + v(t — 6t/2)). (6.3)

In the simulations the isothermal-isobaric (constant NPT [number of particles, pressure
and temperature]) ensemble is used. To keep the temperature constant the temperature
coupling scheme suggested by Berendsen et al. [162] was used. In this scheme the velocities
are scaled to keep the temperature fluctuating close to the desired mean value. A similar
scheme [162] was also used to keep the pressure fluctuating around the desired mean value,
scaling the box volume.

The simulations on carbon disulfide were done keeping the carbon disulfide molecules
rigid. When calculating the response from the low frequency reorientational and inter-
molecular motions, the vibrations with higher frequencies can be safely excluded. The
coupling with the intramolecular vibration is expected to be small as long as the frequency
of these vibrations are much larger than the reorientational and intermolecular frequencies.
In Table 6.1 the calculated vibrational frequencies in carbon disulfide are shown together
with those experimentally reported. [163] The lowest wavenumber found is 388 cm ™!, which
is far above the reorientational and intermolecular wavenumbers that are all smaller than
200 cm™!. Furthermore this vibration is not Raman active in the gas phase [163] where the
lowest Raman active vibration has a wavenumber of 655 cm™!. The molecules are treated
as diatomic linear molecules in the simulation, distributing the forces on the centers of the
real atoms on two simulation atoms. The real atoms are not carrying any mass but the
mass and position of the simulation atoms ensures that the moment of inertia and total
mass of the molecules are correctly reproduced. The distance between the atoms in the
simulated diatomic molecule is kept constrained using the SHAKE algorithm. [164] The
mass of the simulated atoms is half the mass of the carbon disulfide molecule, 38.0715
g/mol, and the distance between the two atoms is 2.882 A, preserving a moment of inertia
of 79.0395 A%g/mol.

The simulations were performed using periodic boundary conditions and the intermolec-
ular forces are excluded if they exceed distances of approximately half a box length to avoid
artifacts by restricting interactions to the nearest image. Simulations were performed with

boxes containing 256 or 64 molecules.
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TABLE 6.1: Wavenumbers for the vibrations in carbon disulfide calculated with ADF using
basisset V and the PW91 functional compared to experimental data. [163] Infrared active

modes are indicated with (IR) while Raman active modes are indicated with (R).

Symmetric | Asymmetric
Mode Bending (IR) | stretch (R) | stretch (IR,R)
Calculation | 388.0 cm™ | 655.2 cm™ | 1528.1 cm™!
Experiment | 396.7 cm™' | 656.5 cm™! | 1523 cm™!

The force field utilized in the carbon disulfide calculations is a Lennard-Jones potential

taken from literature, [165] which is widely used.

The potential is a three center potential with the centers placed on the real atoms, with
the parameters given in Table 6.2. This potential was shown to give a fair description of

properties such as density, diffusion constant and neutron and x-ray scattering data. [165]

TABLE 6.2: Lennard-Jones potential parameters for the used potential originally suggested
by Tildesley and Madden. [165] In their paper it was called potential A.

Atom pair (ij) | o;;/nm | €;/K
CC 0.335| 51.20
CS 0.344 | 96.80
SS 0.352 | 183.00

At short distances this potential will be anisotropic because of the distance between
the atomic centers, but in the limit of large molecular separations the potential will be-
come isotropic because it is a sum of isotropic atomic potentials. The real intermolecular
potential is anisotropic also in the limit of large separations. The used potential therefore
cannot give a correct description of the molecular interactions on large distances. Fortu-
nately, the interaction vanishes fast with distance and the discrepancy is likely to be of

minor importance.
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A sophisticated potential was developed by Burgos and Righini [166] taking the anisotropy
of the force field correctly into account. Using a force field based on the DRF model de-
scribed in chapter 4 is also a possibility for improvement. [167,168] Including patrial charges
on the atoms would also improve the force field taking the quatropole interactions between

the molecules into account.

6.2 Calculated properties

Under the given conditions (256 molecules, 100000 timesteps, 298 K, 1 bar) the density of
liquid carbon disulfide was found to be 1.253 g/cm?, which is slightly lower than earlier
reported values of 1.26 g/cm?® [96,165] The self diffusion coefficient, 3.85 x10 %cm?s™!, was
obtained using the Einstein relation [25]. Tt is slightly lower than the experimental value
of 4.20 x10~°cm?s™!. [169]

In Figure 5.2 the total radial distribution (C-C) function was presented together with
the radial distribution functions for the four different configurations A-D given in Figure
5.1. In Figure 6.1 the parameters, © 4, ©p and ¢, characterizing the configuration in
a dimer, are given. All molecule pairs in the simulated liquid were distributed over four
groups A, B, C or D, depending on which configuration they resemble most closely. The

conditions for this assignment are listed in Table 6.3.

TABLE 6.3: Conditions for assigning a molecular pair to one of the four groups A, B, C

or D, when calculating the radial distribution functions. The angles are given in degrees.

Orientation | ©4 | ©Op %
A <45 | <45 | all
B >45 | >45 | <45
C >45 | <45 | all
<45 | >45 | all
D >45 | >45 | >45

The first peak in the radial distribution function (Figure (5.2)) is dominated by B and
D like configurations, where the molecular axes are perpendicular to the vector between
the center of masses. The next peak in the radial distribution function is dominated
by the C like configurations, where one molecular axis is perpendicular to the distance

vector and the other is parallel. The A like configurations are more rare than the B, C
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6.2 Calculated properties

FIGURE 6.1: The angles © 4, O and @ determining the geometry of the carbon disulfide

dimers.
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and D configurations and they are only found at distances above 5.5 A. The total radial
distribution function is in good agreement with radial distribution functions obtained by
others, [165] even though the first peak in our calculation seems slightly more pronounced.

From 100 ps simulations the refractive index n (Eq. (4.16)) was calculated using the dif-
ferent susceptibility models described in chapter (4). In Table 6.4 the calculated numbers
are compared with the experiment. [90] All calculations underestimates the true refractive
index, but including local field effects improves the accuracy a lot. The slight deviation is

probably due to a minor underestimation of the density in the simulations.
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6 Molecular dynamics

TABLE 6.4: The refractive index of liquid CSs calculated with different polarizability models
defined in chapter 4. The MOL model approximates the polarizability by the sum of the
independent molecules, the DID model includes the dipole-induced dipole effect and the

DRF model includes induced multipole effects and electron overlap.

Model n | dev. from Exp.
MOL 1.456 10.6 %
DID 1.615 0.8 %
DRF 1.596 2.0 %
Exp. [90] | 1.628 -
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Chapter 7

Raman spectra of liquid carbon
disulfide

Carbon disulfide (CS3) is the liquid studied most intensively by nonlinear Raman spec-
troscopy both experimentally [36,37,39-41, 45,69, 74, 75,81, 170-176] and theoretically.
[55,56,58,70,77,95,96,104, 105, 126, 133, 177-183] This is mainly due to the large polar-
izability and especially the large anisotropy in the polarizability of the carbon disulfide
molecule. This results in a strong response, both for intermolecular modes and molecular
reorientational motions, which makes carbon disulfide a favorable liquid to study.

In this chapter calculations on carbon disulfide are presented. These calculations were
used to test the new finite field method described in chapter 3. This was done by comparing
the third-order finite field results to results obtained with the time correlation function
method. Furthermore the importance of the local field effects, discussed in chapter 4
and examined for dimers in chapter 5, were investigated in particular for the third-order
response.

The fifth-order response was calculated using the finite field method. First, as will be
described in section 7.3, this was done with the molecular polarizability model (MOL),
described in chapter 4 and 5, giving a first estimate of the intensity of the true fifth-
order signal. This absolute intensity of the response was compared with that expected
for the competing third-order cascades as described in section 2.4, allowing us to give the
first estimate of the ratio between the true and the cascaded fifth-order response. Then,
the more accurate dipole-induced dipole model (DID) that includes a large part of the
intermolecular response was used to give a more precise estimate of the intensity. This

also allows investigating the difference between the various polarization directions. These
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7 Raman spectra of liquid carbon disulfide

calculations are presented in section 7.4. Finally the direct reaction field model (DRF) that
was optimized to the time-dependent density functional theory calculations as described in
chapter 5, was used to give the best possible calculation of the fifth-order response allowing

a first comparison with the most recent experiments in section 7.5.

7.1 The finite field method

In the first calculations with the finite field method [55] the molecular model for the
first-order susceptibility (MOL) described in section 4.2 was used. This model had the
advantages that the calculations were fairly rapid to perform and the computer code was
rather simple. The model also implies that there is only one component of the response to
consider, since independent molecules do not give rise to an isotropic response. Including
only the single molecule (reorientational) motion is reasonable as a first approximation,
since this motion is known to dominate the long diffusive tail observed in the third-order
spectrum. The finite field response was obtained from 8000 simulations of 2 ps duration.
The strength of the applied laser field was 0.383 V/A. At this magnitude the response
was found to be stong enough to separate from numerical noise and the higher order
response weak enough to be neglected. This field stength was chosen after investigations
on a wide range of field strengths. The correlation function response was obtained from a
single simulation of 100 ps duration. The simulation box contained 256 molecules and the
further simulation conditions were as described in chapter 6. In Figure 7.1 the calculated
third-order response functions are compared with each other and with the experimental
response function. [82]

In the comparison between the third-order responses, calculated using the equilibrium
MD correlation function approach and the non-equilibrium finite field approach, almost
perfect agreement is observed (Figure 7.1). The long diffusive tail of the experimentally
observed signal is reproduced very well by both calculated response functions. The discrep-
ancy with the experiment at short times is due to the neglect of local field effects. Previous
correlation function calculations of the same third-order response function by Geiger and
Ladanyi [96] have also shown that the long diffusive tail is well reproduced, even when one
omits the local field effects. However, the peak at 200 fs is underestimated by a factor of
2 by not taking these effects into account. The comparison of our results with those of
Geiger and Ladanyi [96] indicate that inclusion of local field effects in our calculations will

give results in much better agreement with the experiment at short times.
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7.1

The finite field method

FIGURE 7.1: Third-order Raman response Xé‘?zz of CSy, calculated using the finite field
method and the correlation function method employing the molecular approximation (MOL)

of the first-order susceptibility. The experimental response [82] is also shown,

that the tail overlaps the calculated tails.
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7 Raman spectra of liquid carbon disulfide

The finite field method used in the above calculations was proven to be reliable. This
conclusion is based on the agreement between the third-order response functions calculated
with the finite field method and the correlation function method. The finite field method
can therefore also be applied with confidence for calculations that include local field effects
and for the fifth-order calculations. This new method is a bit more time consuming in the
present third-order calculations, but this is mainly due to the fact the correlation function

can be simplified when local field effects are ignored.

7.2 Local field effects

Calculations on the third-order Raman response of CS, were also performed [62] using the
DRF method, described in chapter 4, to include the local field effects. The cut-off distance
beyond which the local field interactions are not taken into account was set to 20 A and
the interaction was softly reduced over a 0.2 A thick region, using the method described in
section 4.4. The simulated box contained 64 molecules and the simulations were repeated
10000 times to ensure high accuracy. The strength of the applied laser fields was 1.149
V/A.

Calculations containing only the DID effect (DID), the pure multipole model (POL) and
the DRF model including multipole and electron overlap effects (DRF) were performed.
The anisotropic responses are shown in Figure 7.2. Comparing the single molecule result
(MOL) of the previous section with the other responses makes clear that the subpicosecond
peak is dominated by interaction induced effects and that these effects cannot be neglected
as stated in the last section. The difference between the response calculated using the
DID model with that of the POL model shows that the multipole effects are also quite
important. The difference between the POL and DRF results is limited, showing the
smaller influence of the close collision electron overlap effects. This is also what could be
expected from the comparisons made in chapter 5.

In Figure 7.3 the same responses are shown but now normalized to peak height and
together with the experimental response obtained by Steffen et al. [82] When plotted in
this way the DID, POL and DRF models all look very similar to the experimental response
in the subpicosecond peak area. In the long tail the DID response is somewhat lower than
the experimental response whereas the POL and DRF are higher. This means that the
DID model overestimates the ratio between the interaction induced effects and the single

molecule response, and the POL and DRF models underestimate this ratio to a much lesser
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7.2 Local field effects

FIGURE 7.2: The anisotropic third-order Raman response of liquid CSy in units of 1072
Clm/J3s.
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In Figure 7.4 the isotropic responses are shown. The single molecule contribution to this
component is zero, so all response is originating from the interaction induced many-body
effects. Note that these signals are about an order of magnitude or more weaker than the
anisotropic response shown in Figure 7.2. A large difference is observed between the DID
model and the models including multipole effects. Again the DID model is overestimating
the interaction induced response. From this substantial difference it must be concluded that
the induced multipole effects should be included when one calculates especially the isotropic
third-order response. Unfortunately there are no reliable experimental results to compare
with since the intensity is much smaller than the anisotropic response. Measurements by
Blank et al. [74] just showed a very weak shoulder on the electronic response, but more
recent measurements [64, 175,184, 185] show promise for a more accurate measurement of

the isotropic response.

To give a quantitative comparison between the different calculations the responses have
been fitted to the functions given in Eqs. (3.30) and (3.31). In these fits it is assumed that

the shape of the single molecule response is not dependent on the model used to describe
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7 Raman spectra of liquid carbon disulfide

FIGURE 7.3: The anisotropic third-order Raman response of liquid CSs normalized to one

at the peak position.
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the interaction induced effects. The results are shown in Table 7.1. The single molecule
(MOL) response has been fitted to Eq. (3.30) and the fit constants 7p, 7z, Agr, g and
wpr that determine the shape of the single molecule response are kept fixed for the fits
to the DID, POL and DRF results, while the constant Ip that determine the intensity is
allowed to vary. No single molecule response is present in the isotropic response. From
these fits it is clear that for the anisotropic response there is a big difference between the
DID model and the models including the multipole effect. This is seen both in the I
parameter characterizing the intensity and the 7o and n parameters characterizing the
shape of the interaction induced response. For the isotropic response the main difference is
in the parameter characterizing the intensity. The ratio between the peak intensity of the
anisotropic and the isotropic response changes dramatically from 7.57 in the DID model
to 21.0 in the DRF model. These ratios provide a sensitive test of these models that can

be determined experimentally.

For the single molecule response the librational part is found to be close to critically
damped while the Ar and Qi parameters can be varied quite a bit without changing

the function too much, as long as the product of these two constants is kept fixed. The
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Local field effects
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7 Raman spectra of liquid carbon disulfide

FIGURE 7.4: The isotropic third-order Raman response of liquid CSy in units of 1072

C*'m/J3s. The response in molecular polarization model (MOL) is zero.
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diffusional constant 7p is found to be 1.20 ps, which is somewhat lower than the value 1.6 ps
typically reported. [69,117,120,121,174] This is probably an artifact due to the truncation
of the calculated response at 2 ps. The long tail domain is not really included in the
simulation. This gives an uncertainty in the diffusional constant 7, that may be partly
due to compensation of the errors in the librational part of the response. The calculated

third-order response was found to resemble the experimental result very well.

The observed rather small deviation between the response calculated using the DRF
method and the experimental response does not need to originate only from the small
remaining differences between the modeled and calculated polarizabilities. The fact that
the force field used in the MD simulations is rather simple (as described in chapter 6) can
also give rise to deviations. A molecular force field consisting of isotropic atomic Lennard-
Jones potentials cannot give rise to the anisotropic asymptotical behavior that is present
in anisotropic molecules as CSs, but only mimics the anisotropy in the force field at short
distances [165]. Furthermore, in the force field used the relatively large quadrupole moment
in CS, is not taken into account. Test calculations showed that omitting the partial charges

has little effect and the partial charges have not been included in order to allow comparison
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7.3 Molecular fifth-order response

with earlier studies where charges were also discarded.
The interaction induced effects observed for the third-order response will surely also
have implications on the calculated higher (fifth) order Raman response, which is known

to be even more sensitive to many-body effects in the optical response [56,87,103].

7.3 Molecular fifth-order response

The fifth-order response was first calculated [55] using the molecular model for the polariz-
ability (MOL). This is done by averaging over 8000 finite field simulations with a duration
of 0.75 ps. The strength of the applied laser fields was 0.383 V/ A. The result is shown in
Figure 7.5. To give an indication of the noise introduced by the perturbation of the sys-
tem, the spread on the mean value of the response function at each time t5 is also plotted
in Figure 7.5 for the calculation with ¢;=0.2 ps. The peak intensity was found to be 0.98
x1072% C®m?/J5s* which occurs for t;=0.2 ps and t,=0.2 ps.

FIGURE 7.5: Fifth-order response Xg;LZZZ, calculated using the finite field method. The
different lines correspond to different values of t1, with t; increasing from 0.1 ps in the
left trace to 0.7 ps in the right trace in steps of 0.1 ps. The positively inclined line at the

bottom signifies the noise level in the calculation with t1=0.2 ps.
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7 Raman spectra of liquid carbon disulfide

The intensity ratio of the cascaded and fifth-order response can be estimated from
the peak values of the third- and fifth-order response functions in the sample. Using
the calculated response function peak intensities, the experiment independent ratio (Eq.
(2.34)) is found to be 0.0104 in the MOL model. With this information Eq. (2.33) gives
an approximate intensity ratio of the two types of response of 4x10° in favour of the third-
order cascade processes when a wavelength of 620 nm, a sample size of 1 mm and perfect
phase matching, f(Akl) = 1 is taken. This indicates that the cascade process should be
very severely mismatched in phase under experimental conditions, in order to be able to
observe the two-dimensional fifth-order Raman signal. Such mismatch was not present in
most experiments reported so far [38—41], but recent multi-color experiments have increased
the phase mismatch considerably. Possibly the discrimination against cascaded processes
is then sufficiently to isolate the true fitfth-order response. [43-45]

The estimated intensity ratio of 4 million between the 3rd-order cascading processes
and the true fifth-order response, in favour of the cascading processes before taking phase
matching into account, supports the conclusions of Blank et al. [41] that all earlier reported
experimental results of two-dimensional Raman scattering actually dealt with cascading

processes, instead.

7.4 Fifth-order DID response

The time dependence and intensity ratio against the cascaded processes was calculated in
the previous section for a sample of independent molecules. Interaction induced effects may
modify these results considerably. Therefore, the fifth-order response including the dipole
induced-dipole (DID) contribution was calculated. This was done by applying the finite
field method with 1000 simulations for each of the four combinations of applied laser fields
shown in Eq. (3.2) and for ¢; values from 20 fs to 200 fs in 20 fs steps and ¢, values from 0 to
200 fs in 10 fs steps. The strength of the applied laser fields was 1.149 V/ A. All calculated
tensor components were obtained from two sets of trajectories that differ in the polarization
directions of the laser fields: one that has the polarization direction of the first laser pulse
pair along the z-axis and one that has the polarization direction of the first laser pulse pair
along the y-axis. The laser pulse pair applied after the delay ¢; is always applied with the
polarization direction along the z-axis. The zz component and the yy component of the
first-order susceptibility are calculated after the delay t,. This provides the X,(ZSZ)zzzz, ng)zzyy,

and Xg)yyzz components, from which the desired X,(ZSZ)zzzz, X,(»Z,)mzzz, X,(ZSZ)WLmZZ , Xg)zzmm and
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7.4 Fifth-order DID response

Xl(l5 Z)zl’l’ tensor elements can be calculated as also mentioned in chapter 3. These calculated
components are shown in Figure 7.6. Cuts through the surfaces along the diagonal and for
to fixed at 120 fs are shown for the different components in Figure 7.7 and Figure 7.8. In
Table 7.2 the peak intensities are given and in Table 7.3 the peak positions of the cascading
processes and the calculated fifth-order response are listed together with the experimental
positions given by Blank et al. [74] Table 7.4 contains the experiment-independent intensity
ratios as defined in Eq. (2.34). Assuming an experimental wavelength of 620 nm, a sample
length of 1 mm and perfect phase matching conditions, Akl , the experimental factor is
3.9x10% (Eq. (2.35)). In the experiments performed by Blank et al. [74] a wavelength of
800 nm is used, which favours the true response with a factor of 1.6 in comparison with

the conditions considered here.

TABLE 7.2: Peak values for the calculated response functions using the finite field method
(FF) and the time correlation function method (TCF) when possible. Third-order values
are given in units of 10720 C'm/J3s and the fifth-order values in units of 10~ Cm3/J5s%.
(For comparison with data in c.g.s. units: 1 e.su. (or cm?)= 1.11264x1071°C*m?J !, 1
erg = 107" J and 1 C*m/J3s = 8.07761x10%m3erg 'ps~?)
W, FF | TCF | Deviation
YW | 2859 2828 | 1.1%
YD | 237 | 240 | -12%
&L, | 1973 | 1921 2.7 %
X -2 | -110 | -18 %
e | 0207 |- ]
Xmesze | 00327 | - -
YD mes | 0.0481 | - _
Yo | 0.0346 | - ;

X 1-0.0252 | - _

The case least discriminating against cascaded processes is the XSZLZZZ response, where
the intensity ratio between the most intense cascaded signal and the true fifth-order re-
sponse becomes 2.8x10° in favor of the cascading processes, when the experimental factor
above is used. In the last section, where the local field effects were not included, this ratio
was found to be 4x10°. For the magic angle component ng)mmzz the intensity ratio for

the parallel cascaded response is found to be 9.8x10%. For the Xl(lSz)zl’l’ response this ratio
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7 Raman spectra of liquid carbon disulfide

FIGURE 7.6: Five polarization components of the fifth-order response of carbon disulfide
calculated using the finite field method. The plots are made with ten equidistant contour

lines.
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7.4

Fifth-order DID response

FIGURE 7.7: Diagonal cut through the two-dimensional fifth-order response surfaces. The

full line is the Xi?m component, the dotted line is the ngzmzzz component, the dashed line

18 the Xii)mmzz component, the long dashed line is the Xii)zzmm component, and the dashed-

dotted line is the X;fz)zl/l/ component. The response is given in units of 1072°C®m?3/J%s?.
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Raman spectra of liquid carbon disulfide

FIGURE 7.8: Cut through the two-dimensional fifth-order response surfaces with ty fixed at

120 ts. The full line s the Xgi)zzzz component, the dotted line is the Xﬁ%zzzz component,

the dashed line s the Xi%mzz component, the long dashed line is the Xi?zzmm component,

and the dashed-dotted line is the Xl(li)zl/l’ component. The response is given in units of

1072°C%m3 /J°s?.
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7.4 Fifth-order DID response

TABLE 7.3: Peak positions for the direct fifth-order response and the cascading response

compared with the experimental results of Blank et al. [7/] The peak positions are given as

(t1,t2) in units of fs.

®)

®)

()

(5)

Xabedef Xabedef Xseq Xpar Exp.
... | (100,80) [ (140,140) | (0,140) | (60,110)
X eee | (60,80) | (140,110) | (0,110) | -
XDz | (100,90) | (110,110) | (-30,110) | -
D | (80,50) | (110,140) | (30,140) | (0,120)
| (120,90) | (200,200) | (0,200) | -

TABLE 7.4: Experimental independent intensity ratios between the peaks of the cascaded

response and the fifth-order response

for the different polarization components.

(®)

Xabedef | seq Rpar

O T7ox103]72%x10°3
XD ans | 5.3 %1074 | 3.7 x 1070
YDz | 1.7 1076 | 2.5 x 104
o | 4.7 x 1074 | 4.7 x 10~
X 131x1077 | 3.1 x 1077
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7 Raman spectra of liquid carbon disulfide

is only 1.2x102%, which allows to discriminate against the cascaded response, when the
intermediate phase matching factor is better than 1x103. This is the order of magnitude

reported experimentally [74].

The fifth-order magic tensor elements Xﬁilnzzzz, ng)mmzz and Xg)zzmm are all approxi-

mately three times smaller than the )(g)zzzz component. The ratio between the polarized
and magic angle components in the third-order experiment is approximately 12 in favor
of the polarized component. This implies that the isotropic part of the response, which
cannot be explained without interaction induced effects, is much stronger in the fifth-order
response than in the third-order response. The sensitivity of the fifth-order response to
many-body effects, found here, was recently also inferred from INM calculations by Murry
et al. [87] This probably also means that the fifth-order signal is more sensitive to other
interaction induced effects than the DID effect accounted for here. The induced multipoles,
described in chapter 2, are very likely to give a significant contribution to the fifth-order

response. This will be treated in the following section.

The differences between the nuclear part of the experimental signal [74] and the cal-
culated response are pronounced. Both the Xg‘?zzzz and the Xg)zzmm component of the
experimental response have sharp peaks closer to the ¢5-axis than shown in the rather flat
calculated two-dimensional surfaces of Figure 7.6. This probably indicates that the signals

are contaminated with parallel cascaded response that peaks on or close to the axis.

Comparing the calculated and experimental response is complicated by the fact that the
experimental signals may include contributions from combined electronic/nuclear response
along the time axes and pure electronic response for both time delays equal to zero. [72]
These responses depend on the higher order non-linear electronic responses v and ¢ (or
the macroscopic electronic counterparts 3 and x®) respectively as shown in section 2.2.
Since they are confined to the origin and the time axes, problems with separating nuclear
and electronic response are limited to these areas. In addition the experimental spectra
are broadened by the width of the applied laser pulses. This experimental artifact is best
corrected for by deconvoluting the experimental response before comparing it with the
calculated ideal response using delta function pulses. Recently a method for doing this
with the fifth-order homodyne detected response has been published. [83]

The estimated ratios between the cascaded processes and the direct fifth-order response
are in favor of the cascaded processes, even when the experimental factor in Eq. (2.35) with
a realistic phase matching factor is taken into account. However, the ratio is smaller than

in studies not taking the local field effects into account [55] and for the Xl(lSZ)zl’l’ component
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7.5 Fifth-order DRF response

the ratio is close to one. This again indicates the importance of interaction induced effects
in the fifth-order response. The calculations still support the conclusion by Blank et al. [41]
that all experiments performed earlier are dominated by the cascaded processes.

In the light of the recent experiments, that were claimed to contain direct fifth-order
response, [74] it seems that the theory overestimates the intensity ratios or that the ex-
periment overestimates the mismatch in the intermediate phase matching factors. The
experimental factor might be connected with uncertainties concerning, for instance, the
beam divergence or the sample length, which is not only determined by the sample thick-
ness, but also by the overlap of the laser beams. [41] The estimated intermediate phase
matching conditions, discriminating the fifth-order signals against the third-order cascaded
response, is also not fully determined due to uncertainty in the orientation of the laser
beams. On the other hand, the interaction induced effects might be calculated more accu-
rately by including higher order terms in the multipole expansion and/or collision induced

contributions [62] as will be done in the following section.

7.5 Fifth-order DRF response

In the third-order Raman response the inclusion of induced multipole effects and electron
overlap were found to be important. The fifth-order response is more sensitive to the
detailed coordinate dependence of the first-order susceptibility and therefore the induced
multipole effects and the electron overlap can be expected to be even more important in
the fifth-order response than in the third-order response.

To obtain the highest accuracy in the calculations, the inverted force variant of the
finite field method described in chapter 3 was applied in the calculation of the fifth-order
response with the DRF model. This allowed using a laser strength of 1.915 V/™ without
introducing higher order artifacts. The calculations were performed on a simulation box
with 64 molecules and repeated for 4000 different starting configurations. The response was
calculated for times t; and ¢y between 0 and 600 fs, with a 20 fs resolution. For comparison
the MOL, DID and POL model responses were also calculated under the same conditions,
but with a slightly lower laser strength of 1.724 V/™ for the MOL and DID models. In the
DID calculations only 2000 starting configurations were needed. The calculated responses
for the X,(;Z)ZZZZ and ngznzzzz polarization directions are shown in Figure 7.9 and Figure
7.10.

For the XSZLZZZ component the molecular response is somewhat elongated along the ¢
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7 Raman spectra of liquid carbon disulfide

axis. The response found with the DID model including intermolecular interactions is more
symmetric, while the POL and DRF model responses are even more stretched out along
the ¢y axis than the pure molecular response. In the third-order response the induced
multipoles were seen to damp the effect of the dipole-induced dipoles. This also seems
to be the case in the fifth-order response, but in fifth-order the POL model stretches the
response even more along the ty axis than the molecular model does. Furthermore, slight
differences are also observed between the POL and DRF model responses showing that

electron cloud overlap is of some importance.

In the X,&?LLZZZZ response the signal is independent of the individual molecular orienta-
tions and the molecular polarizability model does not give rise to optical response. The
differences between the DID, POL and DRF models along the ¢, axis are even more pro-
nounced for this component, as shown in Figure 7.10. The DID model response is rather
symmetrical, while the POL and DRF model responses shows a ridge along the t, axis.
This clearly shows that the multipole effect is also of crucial importance in the fifth-order
response. The effect of electron cloud overlap is clearly visible in the area where ¢; and ¢
are 100 fs. A clear peak is seen in the DID and POL models, while this is not observable

in the DRF model response where the electron overlap is taken into account.

At the present moment we can only speculate on the interpretation of the spectrum.
The long ridges along the ty-axis can possibly be explained by a model suggested by
Steffen and Duppen [186] involving population relaxation during the second time delay.
However, the response is more complicated than that. It is essential to understand why
the DID response is rather symmetric while the DRF response is highly assymetric. The
only difference between these two models is the distance and orientation dependence of the
polarizability, as reported in chapter 5. There it was shown that the polarizability at short
intermolecular distances was damped in the DRF model. This means that the contribution
to the response from molecules at short separations is smaller in the DRF model than in
the DID model. This could indicate that dimers at short separations are responsible for the
rather symmetric part of the response, while dimers at larger separations give rise to the
response along the axis. It is reasonable that the shape and nature of the response depends
on the distance between the molecules, since the intermolecular forces they experience will
be much different. More investigations will be needed to give an exact interpretation of

the spectral features.

The multi-color experiments published recently [45,187,188] were claimed to be in good

qualitative agreement with the results reported in last section. Some of these experimental
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7.5

Fifth-order DRF response

FIGURE 7.9: The calculated fifth-order response Xg)zzzz with the MOL, DID, POL and
DRF models for the first-order susceptibility. The plots are made with ten equidistant

contour lines.
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7 Raman spectra of liquid carbon disulfide

FiGURE 7.10: The calculated fifth-order response X,(EL,)nzzzz with the DID, POL and DRF
models for the first-order susceptibility. In the MOL model this response vanishes. The

plots are made with ten equidistant contour lines.
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results can be seen in Figure 7.11. In these experiments the cascaded processes are severely
suppressed by the phase mismatch. For the Xg)zzzz component shown in Figure 7.11 a long
tail along the t5 (74) axis is observed in agreement with the response calculated with the
DRF model. Since only cuts through the two-dimensional surface have been presented
with this experimental method, a more detailed comparison is impossible.

In recent theoretical [101] and experimental studies [189] nodal lines in the y ... re-
sponse of C'Sy were reported. Such features are not observed in the multi-color experiments
by Kubarych [45,187,188] nor in the present simulations. In the DID response reported in
section 7.4 the response indeed becomes slightly negative along the t9-axis for the XgiLZZZ
component, when t, is large, but this has been identified as an artifact due to higher-order
response. This artifact was eliminated in the later simulations by applying the inverted

force approach.

7.6 Conclusion

Since the instantaneous normal mode calculations [58,87,103,106] lack the ability to de-
scribe diffusive motion, and the time correlation function response can in fifth-order only
be done on very small systems, [59,101] the finite field approach is the most promising
method for further applications. The finite field method was shown to give the same third-

order response as the time correlation function method, giving confidence that the method
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7.6 Conclusion

FIGURE 7.11: The experimental response reported by Kubarych et al. [45]. The full lines
are the in-phase signal (dominated by true response), while the dotted lines are the in-
quadrature signal (dominated by cascades). Cuts through the two-dimensional surface are
shown along the ty (14) axis, along the t1 (19) azis and along the diagonal (shown from top

to bottom). The Xi?zzzz, ng)zzzy and Xi%mzz components are shown from left to right.
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7 Raman spectra of liquid carbon disulfide

is reliable. This method makes it possible to provide reasonable estimates of the relative
intensity of the true fifth-order response and the competing third-order cascades.

This study showed that close collision effects caused by induced multipoles and electron
cloud overlap are crucial for giving a correct description of both the third- and fifth-order
response. The close collision effects are most important in the isotropic third-order and
fifth-order responses, where the difference between the results calculated with the different
polarizability models are most pronounced. This proves that fifth-order response is a strong
tool for investigating these close collision effects as well as the intermolecular motion giving
rise to the many-body response.

Still further research is required in order to give a clear interpretation of the spectra and
in order to establish a clear consensus between the experimental and theoretical results.
This will allow fifth-order Raman spectroscopy to become a useful method for studying

the complicated motion of liquids.
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Chapter 8

Many-body effects in the stimulated
Raman response of binary mixtures:
A comparison between Theory and

Experiment

The subpicosecond dynamics of binary mixtures of carbon disulfide and alkane were studied
using third-order time-resolved Raman techniques. Both the anisotropic and the isotropic
responses were investigated. These depend differently on many-body contributions to the
first-order susceptibility and probe different modes in the liquid. The anisotropic response
is dominated by single molecule effects, whereas the isotropic response is completely deter-
mined by many-body contributions since the single molecule response vanishes. To inter-
pret the experimental results, molecular dynamics simulations were performed on model
mixtures. The effect of dilution on the subpicosecond response cannot be explained by
many-body effects in the first-order susceptibility alone. Aggregation due to permanent
quadrupole moments on the carbon disulfide molecules and density changes upon dilution
are also inadequate explanations for the observed effect. Apparently the character of the
many-body dynamics itself is modified by the change of the molecular force fields, when

carbon disulfide molecules are replaced by alkanes.



8 Many-body effects in the stimulated Raman response of binary mixtures

8.1 Introduction

Femtosecond laser spectroscopy techniques are powerful methods to study the ultrafast
dynamics in liquids. Experiments such as the (heterodyned) optical Kerr effect [68,69,174]
and transient grating scattering [70,71] allow the observation of induced motions in real
time rather than as resonances. For a molecule to be Raman active the polarizability
has to be coordinate dependent. In anisotropic molecules the polarizability depends on
the orientational coordinate of the molecules and hence a rotational Raman response is
observed. In the liquid phase this response will be highly-influenced by the many-body
interaction between the individual rotating molecule and the surrounding molecules. The
many-body interactions result in line broadening of the response in the frequency domain,

corresponding to an, often exponentially, decaying tail in the time domain.

The molecular polarizability itself is also affected by the presence of other polarizable
molecules in the neighbourhood, due to local field effects. In liquids, the Raman response is
therefore also determined by the coordinate dependence of the many-body (macroscopic)
counterpart to the polarizability, i.e. the first-order susceptibility. Now, not only the
individual single molecule coordinates but also the intermolecular coordinates become im-
portant. The many-body effects in the first-order susceptibility give rise to response due to
dynamics in the local structure, allowing observations of collisions, collective movements

and structural effects.

The influence of many-body interactions on the first-order susceptibility can be in-
vestigated through dilution studies. Such studies provide information not only on the
many-body dynamics and the local field effects in the liquid, but also on the structure
of the diluted liquid. The formation of clusters of molecules in the mixture will tend to
preserve the response from many-body effects in the first-order susceptibility, whereas a
solvent effectively isolating the polarizable molecules from each other will suppress this

part of the response to some extent.

Various liquid mixtures have been investigated experimentally using third-order nonlin-
ear Raman response techniques to probe the ultrafast dynamics. [68,69,117,118,120,121,
174,190-192] Diluted carbon disulfide belongs to one of the most studied systems because
of the intense anisotropic response of this molecule. Studies of carbon disulfide have been
done in mixtures with alkanes, [68,69,117,118] chlorine substituted methane [120,121,174]
and various alcohols. [120] Also Molecular Dynamics (MD) simulations were performed

previously on mixtures of carbon disulfide and carbon tetrachloride, [193,194] but to our
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8.1 Introduction

knowledge no calculations have been reported of the third-order nonlinear Raman response

of liquid mixtures.

The anisotropic third-order nonlinear Raman response can be roughly separated into
three main features, i.e. the diffusive, the interaction-induced and the librational response.
The diffusive response is caused by the diffusive realignment of single molecules. Only
this contribution can be clearly recognized because of its distinct and slow exponential
decay. The interaction-induced response is originating from intermolecular motions getting
intensity from the dipole-induced dipole effects (local field effects) and higher multipole
and collision effects. [62] The librational response comes from single molecules moving in

the local potential of neighboring molecules.

The isotropic third-order nonlinear Raman response is in general much weaker than
the anisotropic response. It is solely due to the interaction induced effects. Very few
investigations have been done on the isotropic response, [74,175,184,185] despite of the
fact that it provides an opportunity to investigate many-body effects without the disturbing
influence of the single molecule response. The obvious reason for avoiding the isotropic

response has been its very low intensity.

All investigations on mixtures till now have been interpreted in terms of analytical
models at a macroscopic level of theory, assigning the non-diffusional response either to
librational degrees of freedom [69,117,174] or interaction induced response. [120] These
approaches were based on an interpretation in phenomenological terms, such as homoge-
neous or inhomogeneous broadening of the Raman response or an atomic collision model,
originally proposed for low density media. [119] Recently a macroscopic model was pre-
sented [122] that describes the diffusional and non-diffusional response in terms of abstract

oscillators in which the microscopic many-body dynamics is summarized.

Getting an understanding of the optical response on a microscopic (molecular) scale in
terms of molecular properties such as force fields, atomic masses and polarizabilities would
be preferable. Using Molecular Dynamics (MD) simulations one can perform studies on real
systems to get insight into the effects of dilution on a microscopic scale. This is particularly
valuable when these results are compared to experimental investigations of how changes in
the local environment of molecules affect the many-body part of the Raman signals.

In this paper the effect of dilution is investigated for binary mixtures of carbon disulfide
with various alkanes. The anisotropic and the isotropic responses are examined both
experimentally and theoretically. In section 8.2 the theory used to analyze the data is

developed and in section 8.3 the experiments are described. The experimental results
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8 Many-body effects in the stimulated Raman response of binary mixtures

are compared with theory and molecular dynamics simulations of an idealized mixture
in section 8.4, together with a discussion of possible explanations of the deviations. The

conclusions are presented in section 8.5.

8.2 Theory

The change of the non-linear Raman spectrum upon dilution will be considered for the
simple case, where the dynamics of the system does not change upon dilution. Furthermore,
it will be assumed that only one of the two components in the mixture contributes to the
Raman response. The interaction induced contribution to the susceptibility will be treated
within the first-order approximation to the dipole-induced dipole model. In this model the

effective molecular polarizabilities, when local fields are present, are given by: [56,95-97]

47 (M

i 3
Here «; is the single molecule polarizability tensor, T;; is the dipole tensor and (xW) is
the constant average susceptibility. The first-order (linear) approximation is used here to
provide insight into the physics of interaction-induced optical response. When performing
actual calculations of the response (see section 8.4), the full DID effect will be taken into
account.

The first-order dipole-induced dipole polarizability is the response to the macroscopic
electric field inside a dielectric medium and not to the external electric field, eliminating
sample shape dependent effects. This means that the molecules feel the local field generated
by a dielectric medium in the total space around them. This is the first term of Eq. (8.1).
The dipole-induced dipole coupling in the local surrounding of a molecule will be taken
into account explicitly through the second term of Eq. (8.1). The volume in which this
is done we will call the cavity. Since the coupling is calculated explicitly in this volume,
a term has to be subtracted that contains the effect of the dielectric medium inside the
cavity. This is the third term in Eq. (8.1).

The full dipole-induced dipole effect is accounted for if in the second term of Eq. (8.1)
the polarizability «; of the molecules generating the local fields on the considered molecule
¢ is replaced by the effective polarizability II;. This takes into account that the dipole
on molecule j is also induced by a local field. The set of equations will then have to be
solved self-consistently. [56,95-97] As mentioned above, in the MD-calculations that will

be reported in section 8.4, this self-consistency was fully taken into account.

92



8.2 Theory

To shorten the notation, the induced polarizability «;T;;a; will be abbreviated with
D;;. The instantaneous susceptibility in an ensemble is given by the ensemble average of

the effective polarizabilities

X(1)>
= Z <az +) Dy + ) (8.2)

JFi

where V is the ensemble volume.

The third-order Raman response is given by the time correlation function [50,55,77,97]

) =~ G O, (83

Substituting the instantaneous susceptibility Eq. (8.2) into this equation reveals six types
of terms, which will be denoted RA, DI, CA, C1, C2, and C3 respectively. These we will
now describe one at a time, omitting the proportionality factor _%B%V and the indices for
the polarization directions.

The single molecule realignment term (RA) is proportional to:

REA) = ) {au(t)ay(0))

= D {a®ai0) + D3 (du(t)ay(0))
: By

= ) (au(t)as(0)) (8.4)

i

This term only depends on the rotational motion of single molecules, since the derivative

of the correlation between the molecular polarizabilities of two randomly chosen different

molecules, in the second term on the second line, vanishes. Furthermore, this term is zero

for the isotropic response, since the time derivative of the molecular polarizability is zero.
The dipole interaction terms (DI) are proportional to:

RPI(t) = ZZ< £) Dy (0 >

i,k J#l

_ zj:;(@ljtz}zj 0)) + (Dy(H)D(0)))
2 Srrvis S

)+ (baoma
S S (DuDu()

i gFL kLG UGk

93



8 Many-body effects in the stimulated Raman response of binary mixtures

The last term vanishes, because the correlation between the dipole interaction on two
independent pairs of molecules does not vary in time.
The cross terms between the single molecule realignment and the dipole interaction

(C1) are proportional to:

R = 33 (@)D 0)) + ( Dig(t)an(0)))
ik j#i
= 33 (@ Dy(0)) + (i) Da(0)) + (D ()a0) ) + (D(t)al0) ))
i i
+ 2 (@D() + (D(0)ai(0)))
i j#i ki
= 33 (@ Dy(0)) + s Dsu(0)) + ( Dis (Dal0) ) + ( Dia(t)a(0) ) )(5.6)
i i
Here the last equality is based on the fact that the correlation between the polarizability
(cv;) on one molecule and the polarizability on a second one induced by yet another molecule
(D,) is constant in time.

The remaining contributions to the third-order Raman response arise from correlations
with the last term of Eq. (8.2). This term eliminates the effect from a dielectric medium
inside the cavity since the dipole-induced dipole coupling is explicitly taken into account
in that volume. All of these contributions can be expressed in terms of the smgle molecule
polarizabilities in Eq. (8.4) and (8.6), scaled with a factor 7r<3( D or (47r<)§( ) ) The cavity

correction term (CA) is given by

1y WY 2
) = (U S oao). 87

i

The single molecule realignment - cavity correction cross term (C2) is given by

Am(xW)

RC%(t) = 2 g > {di(t)ei(0)) . (8.8)

i

And finally the cross term between the dipole interaction and the cavity correction terms

&;(t)Dy;(0)) + (& () Dyi(0))
( < (0)> < (t)ai(0)>>' (8.9)

Dilution can be looked upon as replacing Raman active molecules with molecules that

(C3) is given by

RY(t) =

1 jFi

do not contribute to the Raman response. Removing active chromophores from the solution
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8.2 Theory

is equivalent to reducing the summations in Eqs. (8.4) to (8.9). From the single summation
in the last line of Eq. (8.4) it can be seen that the single molecule realignment part of
the response scales linearly with the concentration. The C1 cross term that depends
on the correlation between the rotational motion of a molecule and a dipole interaction
involving the same molecule consist of a double summation and is growing quadratic with
the concentration. The dipole interaction term (DI) involves both a double and a triple

summation, giving rise to quadratic and cubic growth respectively.

In the terms involving the cavity correction (CA, C2 and C3), as a first approximation
the constant average susceptibility (x™") can be taken to be proportional to the concentra-
tion. Consequently these terms scale quadratically (C2) and cubically (C3 and CA), with
the concentration respectively. These three last contributions should be seen as corrections
to the terms involving the dipole interaction, since the cavity correction ensures that the
dielectric medium inside the cavity, where the interactions are taken explicitly into account

through the dipole interaction scheme, is not counted twice.

This analysis suggests that, in general, terms scaling in a linear, quadratic or cubic
fashion with the concentration upon dilution can be found. It should be mentioned that
by the use of the first-order DID model instead of the full self-consistent DID model terms
are omitted that also scale with quadratic and higher powers, but only the single molecule

realignment term scales linearly.

Some of the terms found can sometimes be excluded by using symmetry arguments. For
instance, the terms including single molecule polarizabilities are vanishing in the isotropic
response since the trace of the single molecule polarizability is constant as long as in-
tramolecular vibrational motion can be neglected. The isotropic response is then domi-

nated by the terms in Eq. (8.5), scaling quadratic and cubic in the concentration.

In a real mixture, the ideal conditions considered till now will never be found. Struc-
tural, dynamical and chemical changes of the liquid can take place upon dilution. Dif-
ferences in molecular shapes and sizes of the two components will change the structure
and dynamics of the liquid. Furthermore, the differences in the weak forces, binding the
molecules together in the liquid, might change the structure and dynamics as well. For
instance, in mixtures of water and ethanol the structural changes due to redistribution
of hydrogen bonds result in a considerably decrease of the molar volume. In liquids with
weaker bonding types, similar effects will take place but on a smaller scale. In some cases,
specific intermolecular forces can also have drastic effects. Dimers, clusters, micelles and

molecular aggregates are examples of systems, where individual molecules associate with
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8 Many-body effects in the stimulated Raman response of binary mixtures

each other. Such molecular structures can be expected to be relatively stable upon dilution
and they will often give rise to distinctively different optical responses than unassociated
single molecules. Chemical reactions in the mixture, giving rise to breaking or formation
of covalent bonds, will of course also change the response considerably.

In general the optical signals are strongly dependent on the concentration of Raman
active molecules. The growth rate depends on how many individual molecules are needed
to produce the response. Only one Raman active molecule is needed in the single molecule
reorientational response (RA), while at least two molecules are involved in the interaction
induced parts of the response leading to quadratic or higher order dependence in the
concentration.

To get a picture of the terms that are determining the Raman response, molecular dy-
namics simulations on diluted systems using the full DID model, [56,95-97] were performed.
Thus, the information content of the experiments concerning the structural dynamics of
liquids can be evaluated. In such simulations a fraction of the molecules can be made in-
visible and excluded from the susceptibility calculations. This is identical to reducing the
sums in Egs. (8.4) to (8.9). In this way an ideal solution is obtained, where the structure
and dynamics of the system is maintained during the process of dilution.

The ideal mixture will thus be a mixture of two almost identical molecules. Exper-
imental deviation from ideal behavior will provide valuable information on the different
properties of the two types of molecules and about their respective interactions. Inves-
tigations on a wider range of mixtures can provide valuable information on molecular

interactions in general.

8.3 Experiment

Kerr effect and transient grating scattering experiments were employed to study the third-
order time resolved Raman response of carbon disulfide and carbon disulfide / alkane binary
mixtures. These experiments were performed by A. Pugzlys and G. D. Cringug from the
Ultrafast Laser Laboratory, Materials Science Centre at Rijksuniversiteit Groningen.

The OHD-Kerr experiments were performed as proposed by McMorrow et al. [174]
Briefly, we used a Ti:sapphire oscillator (Mai Tai, Spectra-Physics) delivering ~70 fs pulses
centered around 800 nm at an 82 MHz repetition rate. After pre-compression in a fused
silica prism pair, the pulses with an energy of 7 nJ/pulse were split into pump and probe

beams with a ratio 10:1, respectively. The probe pulse was variably delayed by a computer
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8.3 Experiment

controlled delay stage. The pump and probe beams, polarized at 45° with respect to each
other, were focused into a sample by using a spherical mirror of » = 25 cm. The necessary
pump and probe polarization orientations were set by 3 mm thick Glan-Taylor polarizers
and a A/2 plate in the pump beam. A 90° out-of-phase local oscillator field for the signal
was generated by insertion of a A/4 plate in the probe beam and detuning of the probe
polarizer by ~1.5 degrees. By measuring the cross-correlation function of the pump and
probe beams in a 20 um BBO crystal and applying a deconvolution procedure in frequency
domain, [195,196] the distortions introduced by the instantaneous electronic response were

separated from the (delayed) response due to the induced nuclear dynamics in the liquid.

The transient grating experiments in BOXCAR geometry were performed by using
a 1 kHz Ti:sapphire laser system (Hurricane, Spectra-Physics) and optical parametric
amplifier (OPA). The laser system produces 120 fs, 800 pJ pulses at 1 kHz centered at
800 nm. About ~300 pJ pulses were split off to pump a traveling wave optical parametric
amplifier (TOPAS, Light Conversion LTD). The sample was excited with pulses centered
at a wavelength of 700 nm (second harmonics of the signal wave of the TOPAS at 1400
nm). Before splitting into two pump and a probe beam, the output was compressed to
~50 fs in a double-pass compressor based on two fused silica prisms. In addition to pulse
shortening, the compressor allows spatial separation of the different spectral components of
the parametric light (signal and idler beams). The pulse shape was determined by frequency
resolved optical gating (FROG). [197,198] The experiments were performed with pulses,
attenuated to an energy of less than 15 nJ per pulse. After setting the polarization of the
beams by A/2 plates and 3 mm thick Glan-Taylor polarizers, they were focused into the
sample with a spherical mirror of » = 25 cm. Different tensor elements of the third-order
nonlinear optical response function XE?,)CZ can be determined by varying the polarizations
of the interacting beams as well as selecting a polarization direction in the detection. The
signal was filtered by a Glan-Taylor polarizer, detected by a silicon photodiode, processed

by lock-in amplifier, digitized and stored in a computer for further analysis.

The samples consisted of binary mixtures of CSy and alkane solvents (pentane, heptane
and decane) placed in a 1 mm standing quartz cell. To avoid heating effects the sample was
stirred with a glass-coated metal stirrer placed inside the cell and a rotating magnet. CS,
as well as pentane, heptane and decane (all spectroscopic grade) were obtained from Merck
and Lab-Scan and used without further purification. In order to remove dust particles the

solvents were filtered by using 0.2 pm pore size filters directly before injection into the cell.
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8 Many-body effects in the stimulated Raman response of binary mixtures

8.4 Results and discussion

The third-order Raman response was calculated using MD for idealized diluted carbon
disulfide. These mixtures, as already described in section 8.2, consist of chromophore
carbon disulfide molecules that contribute to the optical response, and so-called ghost
carbon disulfide molecules. These later ones do not contribute to the Raman response
but fill out the void between the chromophores and preserve the dynamic behavior of the
liquid. We choose to calculate such an idealized diluted sample rather than a specific
mixture in order to obtain general information on the effects of dilution upon many-body
effects. The deviations from this model, that are observed in experimental results, can then
be directly related to specific physical effects that provide information on the microscopic
structure and dynamics of the liquid. Furthermore, changing the properties of the ghost
molecules slightly allows the investigation of the effect of changing the properties of the
solvent. Therefore, more general information about dilution effects can be obtained then
if one particular mixture was studied.

The time correlation function method [50,97] was employed to calculate the response
function from the dynamics, which was simulated using the conditions described in chapter
6 of this thesis. A common literature force field [165] of atomic Lennard-Jones type was

used:

o -ae[(2) - ()] s

Here € is the depth of the potential well and o a characteristic distance. The simulations
were done with 64 and 256 molecule simulation boxes in 5 ns trajectories. The degree of
dilution was set by varying the relative number of chromophores with polarizabilities and
ghost molecules without polarizabilities.

The experiments were performed on mixtures of carbon disulfide and the alkanes pen-
tane, heptane and decane. Some of the important physical properties of the pure liquids
are listed in Table 8.1. The mixtures have been prepared with volume fractions of carbon
disulfide of 30 %, 50 %, 70 % and 100 % for the anisotropic OHD-Kerr experiments and
from 0 to 100 % with 10 % intervals for the isotropic transient grating experiments.

In the OHD-Kerr experiment, used to measure the anisotropic response, the sample is
excited by two pump fields originating from the same laser pulse. After a time delay the
signal is measured as the induced rotation of the polarization. The observed signal for pure
CS, is shown in Figure 8.1. At zero time delay an instantaneous response of electronic

origin is observed, followed by a rising nuclear signal. After reaching its maximum, the
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8.4 Results and discussion

TABLE 8.1: Density, viscosity and refractive index of the pure liquids at 20 °C. [90]
liquid p (g/ml) n (cP)
pentane | 0.6262 0.240  1.3575
heptane | 0.6837 0.409  1.3878
decane | 0.7300 0.92 1.4102
CS, 1.2632 0.363  1.6319

S

D

signal starts to decay, first non-exponentially and later in an exponential way. The elec-
tronic part of the response can be eliminated together with the pulse shape dependence
by deconvolution of the signal, [195,196] so that the pure impulsive nuclear anisotropic

response is obtained.

In the transient grating experiments, two different pump beams are used to induce a
grating in the sample from which a delayed prope pulse is Bragg scattered. For parallel
polarized pump pulses and prope and detection polarizations at magic angle, the isotropic
response is measured. The signal measured for pure CS, is shown in Figure 8.1. An
instant electronic response is observed as well as a weak isotropic nuclear response with
finite rise time. In principle the electronic response can be removed using a deconvolution
procedure, [83] but if the nuclear signal is very weak, noise introduced by this procedure
will severely contaminate the signal. Therefore the deconvolution procedure has not been
applied. Instead, the isotropic response was only examined at long time delays, where the

electronic response vanishes.

In the anisotropic OHD-Kerr experiment, the relaxation time in pure CSs is found to be
1.72 ps. Others have reported values of 1.70 ps, [120,121] 1.65 ps [69] and 1.61 ps [117,174],
which are all comparable to the decay rate measured here. The MD simulation yielded a
decay rate of 1.44 ps. The difference between the experimental and calculated realignment
relaxation times is due to a slightly lower diffusion rate in the modeled liquid [169] than

in the experiment, and to some extent to the noise in the tail of the calculated response.

The observed diffusional decay times at delays larger than 2 ps are listed in Table
8.2. It is seen that the reorientational relaxation time of the carbon disulfide molecules is
decreasing upon dilution with pentane, relatively constant upon dilution with heptane and
increasing when carbon disulfide is diluted with decane. This behavior correlates well with

the relative values of the viscosity, listed in Table 8.1. According to the Stokes-Einstein-
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8 Many-body effects in the stimulated Raman response of binary mixtures

FIGURE 8.1: The measured response of pure CSy. The OHD-Kerr signal (a) is shown in
full line together with the nuclear response (long-dashed) and the pure electronic response
(dashed line). This is the anisotropic part of the stimulated Raman response. The transient
grating signal (b) was measured employing a probe pulse and analyser polarization both
with polarization at magic angle compared to the pump pulses. The electronic response
dominates the weak nuclear response that is also shown with a magnification of a factor of

100. This is the isotropic part of the stimulated Raman response.
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8.4 Results and discussion

Debye relation [191] the reorientational relaxation time is:

= C% + 7 (8.11)

where c¢ is a positive constant. In the MD simulations of the ideal mixtures the relaxation
time should be constant. Values between 1.41 and 1.53 ps are found when only considering
the data after 1.5 ps. The relative large spread is an indication of the uncertainty due to

the fact that the Raman signal intensity in the tail rapidly becomes small.

TABLE 8.2: The time constant in ps for the diffusive decay extracted from data after 2
ps. (1.5 ps for the MD) The concentration of CSy molecules in the mizture with alkanes
1 given as the volume percentage.

solvent | 100 % 70 % 50 % 30 %
pentane | 1.72 1.56 148 1.40
heptane | 1.72 1.67 168 1.78
decane | 1.72 174 185 2.03
MD 1.44 1.53 141 1.48

Many authors have chosen to fit the observed response to phenomenological models of
the dynamics. For instance, a sum of diffusional and librational response [68,69,117] was
considered, and also a sum of diffusional and interaction induced response. [120] Theoret-
ical investigations [77]| show that both librational and interaction induced response are of
importance and any model based fit should include both effects to be able to give a correct
description of the generation of the Raman signals. Since the same response can be fitted
to models ignoring either the librational or the interaction induced response, the physical
interpretation of such fits is questionable. When interpreted in terms of the correlation
functions given in Eqgs. (8.4) to (8.9), the diffusional decay and the librational response
both belong to the single molecule term Eq. (8.4), while the interaction induced response
is covered by Egs. (8.5)-(8.9).

Experimentally, the relative importance of the single molecule and many-body contri-
butions can, in principle, be inferred from the concentration dependence of the intensity of
the Raman response. When the structural, dynamic and chemical effects upon dilution are
sufficiently small, only the single molecule term depends linearly on the concentration (see
section 8.2). So, fitting the response to a third-order polynomial in the concentration at

every delay gives the relative importance of the various terms. In the MD simulations the
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8 Many-body effects in the stimulated Raman response of binary mixtures

single molecule term can be found in the same way, but also by simply excluding the DID
terms. Comparing the calculated single molecule term found in both ways gives a check
on the fitting procedure. In Figure 8.2 the linear scaling parts of the third-order responses
are shown for the dilution with the three alkanes, together with the linear scaling part of
the ideal dilution calculation and the calculated third-order response excluding interaction

induced effects.

FIGURE 8.2: The linearly scaling part of the anisotropic response found in the three alkanes,
from the ideal mizture calculation and from a calculation excluding multi-body effects in the

polarizability.
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The linear scaling responses of the experimental solutions are all very similar to each
other. The linearly scaling response of the ideal dilution calculations resembles the single
molecule response calculated excluding interaction induced effects. However, there is a
striking difference between the experimental and the theoretical linear scaling curves of
Figure 8.2. Examining the normalized Raman responses at various concentrations of CS,
in Figure 8.3 shows little difference between the experiments, whereas the intensity of the
peak decreases rapidly compared to the tail upon dilution in the simulated response.

Steffen et al. [69] suggested that the almost constant ratio between the initial and the
diffusive response upon dilution might be due to the formation of CSy aggregates bound

together by the big quadrupole moments in CSy. Larger domains of CSy; would indeed
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8.4 Results and discussion

FIGURE 8.3: The normalized CSy-alkane anisotropic Raman response, measured by OHD
Kerr experiments at CSy volume fractions of 30, 50, 70 and 100%. (a) pentane, (b)

heptane, (c) decane and (d) ideal mizture simulation.
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8 Many-body effects in the stimulated Raman response of binary mixtures

explain the observed discrepancy between experiment and calculations. This theory can
be tested by adding charges on the chromophore molecules and not on the ghost molecules
in order to simulate a mixture of molecules with large quadrupole moments that might
tend to stick together, and molecules with no quadrupole moments.

Charges of -0.308 e on the carbon atoms and 0.154 e on the sulfur atoms were placed on
the chromophores in a calculation with 32 chromophore molecules and 32 ghost molecules.
The resulting carbon-carbon radial distribution functions are shown in Figure 8.4. Only
small differences are observed between the chromophore-chromophore, chromophore-ghost
and ghost-ghost radial distribution functions, so aggregation apparently does not occur.
The stimulated anisotropic Raman response of this mixture is shown in Figure 8.5, showing

no difference compared to the result without quadrupole moments.

FIGURE 8.4: Radial distribution functions (centre of mass) for calculations with chro-
mophores (C) with quadrupole moments and ghost molecules (X) without quadrupole mo-

ments.
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Another possible explanation for the discrepancy between the simulation of the idealized
mixture and the experiment may be found in the fact that all alkanes have densities half
the size of the CSy density (see Table 8.1). If fluctuations of the density play a role in
the initial response, one could imagine that surrounding the chromophores with molecules

with lower density enhances the initial response. This could then explain why the initial
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8.4 Results and discussion

FIGURE 8.5: The calculated anisotropic response of miztures of 32 chromophores and 32
ghost molecules. The response of an ideal mixture is compared with calculations, where the
chromophores have quadrupole moments (Q-pol), where the molecular weight of the ghost
molecules is lowered (Low Density) and where the depth of the LJ potential is reduced from
183 K to 120 K on the ghost molecule sulfur atoms.

9 T T T T
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8 Many-body effects in the stimulated Raman response of binary mixtures

response is not suppressed experimentally, while it is in the simulation of the idealized
mixture, where the density is constant. This idea can be investigated by lowering the mass

of the ghost molecules.

Reducing the mass of the ghost molecules from 76.143 g/mol to 58.0716 g/mol and
thereby the density of the liquid from 1.26 to 1.09 g/ml when an equal number of chro-
mophore and ghost molecules are present, shows only minor changes in the Raman response
as can be seen in Figure 8.5. So, the change of the density upon dilution apparently also

cannot explain the observed discrepancy between simulation and experiment.

The van der Waals interactions between alkane molecules are in general weaker than
the intermolecular interactions found in highly polarizable molecules as CS,. In the CSs-
alkane mixtures the CS; molecules can be expected to experience more shallow potentials
than in the pure liquid. It is possible that this enhances the librational and interaction
induced responses at early times. Varying the depth of the LJ-potential on the ghost
molecules, can give a clue on the importance of such effects. The presence of more shallow
potentials was used previously as an argument to explain the decrease of the maximum
in the frequency domain (Fourier transformed) spectrum of the Raman response upon
dilution. [68,69,117,118]

Examining the dependence on the force field is rather difficult, since changing the force
field will most likely also change the volume of the liquid considerably and hence the volume
fraction of CS,. Furthermore, properties such as the viscosity and the density will also be
affected, as is of course also the case in the real experiment. A simulation was performed
with a potential depth e of 120 K instead of 183 K on the sulfur atoms in the ghost
molecules. The combination rule €;; = (€;;¢;;)*/? for interactions of these sulfur atoms with
the other types of atoms was applied. This mimicks the more shallow potentials expected
in alkane mixtures. The volume grows with approximately 10 % giving a decrease of the
effective volume fraction of CSy from 0.5 to 0.457. The simulated response is shown in
Figure 8.5, where it has been scaled to give approximately the same diffusive tail as the
other responses. Now a clear difference is observed compared to the idealized solution
calculation. The initial response is stronger even though the volume fraction of CS, is
lower. This clearly shows that the solvent force field is crucial for the Raman response.
Typical potential depths used to describe interactions of CH3y and CHy groups in liquid
alkanes are well below 100 K, [159,199] but these could not be applied in the simulations
since the ghost molecules would then be similar to the small alkanes ethane and propane.

These are both gaseous at room temperature because of their small size.
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A general explanation for the deviations between the simulations on the idealized so-
lutions and the experiments could be that the model potentials are not good enough to
describe the response. The force field is an atomic LJ model, [165] which has been used
for virtually all studies on carbon disulfide. In the present study the molecules are kept
rigid and no charges are distributed on the atoms. Other studies [104, 126] have included
intra-molecular motion and charges, but that does not cause any significant change of the
low frequency spectrum considered here. Carbon disulfide is a very anisotropic molecule
and a high anisotropy can therefore be expected in the van der Waals forces. As also
stated in the paper where the LJ model, used here, was first described, [165] a model with
isotropic atomic forces cannot describe the anisotropic interactions of a molecule properly
at all distances. It will have an isotropic asymptotic behavior in the long distance limit
instead of the correct anisotropic asymptotic behavior. However the substantial differences
observed between theory and experiment at low concentrations are unlikely to arise from
small errors in a model that gives a good description of the pure liquid.

So far, we discussed the concentration dependence of the anisotropic Raman response,
le. ng?;)m. The isotropic response is about one order of magnitude weaker than the
anisotropic one. Since the isotropic response was measured using transient grating scatter-
ing, i.e. a homodyne detection technique, the square of the response function is measured
and the isotropic signal therefore is considerably weaker than the anisotropic signal mea-
sured with the same technique. This unfortunately leads to far bigger uncertainties in the

experimental results.

The isotropic response contains no contributions from single molecule effects. So, if
the mixture is behaving as in the idealized simulations, the isotropic response contains
quadratic and cubic scaling terms due to interaction induced contributions, but no linearly
scaling terms. The power dependence in the volume fraction of the measured signal is shown
in Figure 8.6 together with the measured signal for pure CS,. At short delay times, where
the electronic response dominates, the intensity is growing with the second power in the
volume fraction. Since this is a homodyne experiment, in which the square of the response
function is measured, this indicates that the electronic response is predominantly a single
molecule property, depending on the number of CS, molecules present in the mixture.
At longer delay times (>200 fs), where the nuclear response is expected to dominate the
response, the power dependence of the measured signal is clearly larger than 2; it reaches
a value of 3 or more. In the theory section it was shown that the interaction-induced

nuclear response is expected to grow at least quadratically in the volume fraction and the
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8 Many-body effects in the stimulated Raman response of binary mixtures

measured intensity therefore has to show at least 4th and higher-order power dependence.
The fact that this is not seen here shows that a mixture of different power dependences
on the concentration is present. This means that not only two-body interactions in the
first-order susceptibility are important but also other many-body interactions. Fitting to

one power is therefore too simple.

FIGURE 8.6: The power dependence (dots) of the isotropic signal intensity in a mizture
of CSy and pentane. The electronic signal scales quadratically. Higher power dependence
1s found in the nuclear part of the response. The response for pure CSs is shown as the

dashed line, with the nuclear tail also displayed 20 times amplified as the solid line.

54

power

In Figure 8.7 the concentration dependence of the nuclear isotropic response (square
root of the signal intensity) is shown at 300 fs, where the electronic response is expected
to have vanished completely. Within the precision of the experiment the behavior of the
different CS, alkane mixtures are the same. The behavior of the simulated response seems
to overestimate the response at high CS, fractions. If CS, aggregates were formed in the

liquid one would expect the opposite effect, i.e. slower disappearance of the multi-body
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isotropic response than predicted by simulations on the ideal mixture.

FIGURE 8.7: The concentration dependence of the isotropic response at 300 fs in the three
CSs-alkane mixtures and in the simulation of an ideal mixture. The concentration of CSs

molecules in the mixture with alkanes is given at the volume percentage.
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8.5 Conclusions

In this study the anisotropic and isotropic third-order Raman responses have been mea-
sured for mixtures of carbon disulfide with a series of alkanes. The experimental results
were compared with molecular dynamics simulations of different model mixtures. Sig-
nificant differences were found between the simplest model and the experiments in the
subpicosecond regime. The initial response does not disappear as fast with concentration
as predicted by the theoretical calculations. Using molecular dynamics we examined some
of the possible microscopic explanations for the peculiar deviations. We succeeded in ruling
out both aggregation due to large quadrupole moments on carbon disulfide and density
fluctuations in the inhomogenious medium as sources of the discrepancies. In contrast,
the shallowness of the potentials found in alkanes could provide a convincing explanation,
as shown by the model calculations. The shallow potentials are probably leading to an

increase of the librational response at a rate that compensates for the decrease of the
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8 Many-body effects in the stimulated Raman response of binary mixtures

interaction-induced response, when diluting. Intramolecular solvent vibrations and the
lack of a true anisotropic potential for carbon disulfide cannot be ruled out completely as
partial explanations of the differences, since only rigid molecules have been used in the
simulations. Further investigations with systematic variations of solvent potentials and
vibrational degrees of freedom will be needed to get a more detailed microscopic picture of
the optical response.

We showed that the isotropic response is measurable and reveals important information
about the interaction induced response. Also in the isotropic response deviations were ob-
served between the theory and experiments. In contrast to the initial anisotropic response,
the isotropic response seems to disappear faster upon dilution in the high concentration
limit than predicted by the simulations, which again provides strong evidence against the
formation of aggregates. Further studies of the isotropic response should provide more
information about the nature of the intermolecular motion and interaction-induced effects

in the third-order Raman response.
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Chapter 9

Liquid xenon as an ideal probe for
many-body effects in impulsive

Raman scattering

The collision induced effects in the third-order Raman response of liquid xenon have been
studied both experimentally and theoretically. The effect of electron cloud overlap on the
polarizability of xenon dimers was studied using accurate time-dependent density func-
tional theory calculations. The dimer polarizabilities were used to fit parameters in a
direct reaction field model that can be generalized to condensed phase systems. This
model was employed in molecular dynamics simulations in order to calculate the impulsive
Raman response of liquid xenon. Excellent agreement is found between the shape of the
calculated and the measured anisotropic part of the response. The shape of this response
is little affected by the electron overlap effects, but the intensity is strongly influenced by
it. The shape of the isotropic response is predicted to be strongly dependent on electron

overlap effects.

9.1 Introduction

Atomic liquids are special because no intramolecular nuclear degrees of freedom are found
in these systems. Therefore they provide a unique possibility of studying intermolecular
interactions and motions, avoiding any contribution from or coupling to intramolecular
degrees of freedom. Xenon is a noble gas that forms an atomic liquid at a relatively high

temperature due to its large atomic mass and high polarizability. The later effect not only
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gives rise to substantial interatomic coupling, but also to efficient interactions with optical

fields.

Dynamic (inelastic) light scattering was employed by a number of groups to study the
properties of liquid xenon. [200-202] In these experiments the information is obtained in
the form of a (Raman) spectrum of interatomic motion. More recently, these frequency-
domain spontaneous light scattering methods were complemented with a variety of time-
domain techniques, based on stimulated light scattering of short (femtosecond) laser pulses.
[68-71,117,118,120,121,174,190-192] Examples of these techniques are the (heterodyned)
optical Kerr effect [68,69] and transient grating scattering. [70,71] These experiments
probe the evolution of the first-order susceptibility (the macroscopic polarizability) after
impulsive excitation of the system, allowing observation of the liquid motion in real time.
The time-domain data of these third-order nonlinear optical experiments are related to the

frequency-domain spectra from spontaneous light scattering by Fourier transformation.

Isolated xenon atoms have constant isotropic polarizabilities and therefore will not give
rise to any Raman response. However, in the condensed phase many-body interactions
lead to fluctuations in the susceptibility and hence a measurable Raman response. This
makes atomic liquids such as liquid xenon excellent probes for studies of intermolecular
interactions and motions. Some fifteen years ago, Greene et al. [203] reported experimental
results on the third-order Raman response of liquid xenon. Their limited time resolution
allowed them to measure only the tail of the signal, which was found to be well described
by exponential decay. This does not agree with the results of the earlier light scattering
measurement by Gornall et al. [200], which Bucaro and Litovitz [119] fitted to an analytical
expression that shows t~" decay in the long time limit. This expression was derived [119]

using a model based on gas phase collisions.

Dipole-induced dipole interactions arise from the fact that two molecules in a macro-
scopic electric field do not only feel this macroscopic field, but also the local field gener-
ated by the dipoles induced on other molecules. The electron overlap effect arises when
molecules come so close to each other that their electron clouds overlap, which will then
also affect their polarizability. In most calculations of the third-order response till now,
only the dipole-induced dipole effect has been taken into account. [56,77,95-98,133, 181]
A few studies have used an atomic dipole-induced dipole (DID) model, [103,104] placing
polarizabilities not only on the centre of mass, but on all atoms, thereby including induced
multipoles in an approximate manner. Recently a study including both induced multipoles

and electron overlap in the calculation of the third-order response of CS, was reported. [62]
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In that case it was shown that the effects of induced multipoles are more important than
electron overlap. For xenon there are no induced multipole effects, since this is a spherical
symmetric atom, so that only many-body interactions caused by the electron overlap effect
and DID remains.

In this chapter the many-body aspects of the third-order Raman response of liquid
xenon are studied experimentally and by simulation. In section 9.2 the theory behind the
calculations is outlined. In section 9.3 the experiments are presented. The simulations are
described and compared to the experimental results in section 9.4. Finally the conclusions

are presented in section 9.5.

9.2 Theory

The stimulated Raman response is governed by the third-order response function Xﬁ)c J(t1),

where ¢ and d denote the polarization directions of two initial laser fields that interact with
the sample. After a delay ¢; the time evolution of the system is probed by a laser field with
polarization direction b. This results in the emission of a signal field that is detected with
polarization direction a. In the isotropic liquid phase two linear independent components
of the third-order response exist. [53] These can be chosen to be the isotropic (Xg%m) and
anisotropic (Xé‘?m) components, where m denotes an axis forming an angle, often denoted
the magic angle, of 54.74° with the z-axis.

In the finite field method (FF), [55,56,62] the third-order response function is calculated
by simulating the conditions of the experiment. The forces, due to the optical fields E.
and E,; are actually applied in the simulation. The response is measured by calculating
the susceptibility ngcd(t), at later time steps. The procedure is repeated for numerous
trajectories with different starting configurations producing sufficient statistical material.
The background noise XELBOO(t), from calculations without the applied forces is subtracted
to improve accuracy. For laser fields with duration At and a number density N in the

sample the response function is given by:

(3) o XS)?cd(t) - X&?oo(t)
XaweaD) = = N B B AL (9.1)
The FF method has been shown to be equally good as the more conventional time-
correlation function method, when the third-order response function is calculated. [55]
In terms of calculating costs and possibilities it is superior to this method, when higher

order response functions such as Xgi)cde f(t1,12) are evaluated as seen in chapter 7. (55, 56]
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9 Liquid xenon as an ideal probe for many-body effects in impulsive Raman scattering

Bucaro and Litovitz derived an expression for the spontanecous Raman scattering (fre-
quency domain) due to interaction induced effects, based on an atomic collision model. [119]
This is related by a Fourier transform to the stimulated third-order Raman response (time
domain). [119]

& sin(ntan~'(t/7¢))

3)
X () o — ,
(2 + 72)"

9.2)

where 7 is the collision time and n is related to the character of the interaction. The
expression has been used by several authors to fit experimental spectra. [62,119,120] One
should be very careful doing this, since it was derived for collisions of isolated dimers with

zero impact parameter. [119] The frequency domain response was originally given as
V() o W=D excp (o ), (9.3)

where wy is the inverse of 7¢ and 2[(m — 7)/7] is equal to n — 1 (m = [Tn + 7]/2). In the
paper by Bucaro and Litovitz [119] the time constant 7 was related to the interaction

parameters in an approximate way.
1
To R 67T7’0<M/]€T>1/2 [1— (2/7) tan" ! (2¢/KT)"/?] (9.4)

Here € and ry are the potential depth and distance in a supposed Lennard-Jones potential
and p is the reduced mass. The constant m was related to the polarizability dependence

on the interatomic distance r.
a(r) —a(oco) ocr™™ (9.5)

We will use time-dependent density functional theory (TDDFT) [136] to calculate the
microscopic counterpart of the susceptibility, i.e. the polarizability. Since this method is far
too time consuming to be used to calculate the polarizability of large numbers of molecules,
the more efficient but approximated direct reaction field (DRF) model [60,61,127,128,156]
is employed for this purpose. The parameters of this model are optimized to reproduce the
TDDFT results for dimers. The DRF model is then generalized to calculate the first-order
susceptibility of MD simulation boxes containing hundreds of atoms. See also chapter 5.

In the DRF model [60, 61,127,128, 156], the conventional dipole field tensor that de-
scribes the dipole induced-dipole interaction, is replaced by a modified one that also takes

the effect of overlapping electron clouds into account. The first-order susceptibilities y!)
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in Eq.(9.1) can be found by solving a linear set of equations [56,60,95,96,127,128]

1
XY= Vv Z I, (9.6)
P
> By, = L (9.7)
P
By = a(;léqp = Typ(1 = 0gp) (9.8)

where II,, is an effective polarizability on atom p, «,, is the isolated atom polarizability, V'

the volume and L the Lorentz factor. The modified dipole field tensor 7,, is given by:

T _ 3]%2 ("A’pq : "A’pq) - f;f;

pqg —

(9.9)

3
"bg
Here r,, is the distance vector between the interacting dipoles. The screening functions
T and ZZ take the effect of overlapping charge densities into account. In the DID limit

Pq
these factors are one. In the exponential density model they are [60, 128]

1
Joo = 1= (g%fq T Vpg 1) exXp(—1pq) (9.10)
T P
e~ JpaT T exp(—Vpg) (9.11)
. arpg
R P IE (9.12)

The empiric screening factor a, and the atomic polarizability « are usually optimized to
give as good a description of the molecular polarizability as possible for a wide variety of
molecules. [128] In this work on liquid xenon the model will be optimized to reproduce the
TDDFT result for the polarizability of a xenon dimer. Subsequently, the DRF approach
was used to calculate the first-order susceptibility, in the same manner as described in our
paper on CS,. [62]

In Figure 9.1 the two possible interatomic motions in a dimer are sketched, i.e. a
dimer rotation and a dimer collision with zero impact parameter. The dimer rotation
will not change the isotropic polarizability of the dimer and hence will only contribute to
the anisotropic response. The head on collisions will change both the anisotropic and the
isotropic polarizability and will therefore give a contribution to both components of the

optical response.
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9 Liquid xenon as an ideal probe for many-body effects in impulsive Raman scattering

FIGURE 9.1: Dimer rotation and dimer collision. Rotation only changes the anisotropic

polarizability. Collision changes both the isotropic and the anisotropic polarizability.
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o,

9.3 Experiments

The anisotropic Raman response of xenon was measured in an OHD-Kerr experiment, as
proposed by McMorrow and Lotshaw. [174] These experiments were performed by A. Pug-
zlys and G. D. Cringus from the Ultrafast Laser Laboratory, Materials Science Centre at

Rijksuniversiteit Groningen.

Briefly, we used a Ti:sapphire oscillator (Mai Tai, Spectra- Physics) delivering ~70 fs
pulses centered around 800 nm at an 82 MHz repetition rate. The output of the laser
after pre-compression in a doublepass compressor based on two fused silica prisms, was
ca. 7 nJ per pulse. This output was split into pump and probe beams with a ratio of
10:1 respectively. The probe pulse was variably delayed by a computer controlled delay
stage. The pump and probe beams were polarized at 45° with respect to each other and
were focussed into a sample by using a spherical mirror of r=25 cm. The necessary pump
and probe polarization orientations were set by 3 mm thick Glan-Taylor polarizers and a
A/2 plate in the pump beam. The energy of the excitation pulses in the sample place did
not exceed 2 nJ per pulse. The 90° out-of-phase local oscillator field was generated by
insertion of a A/4 plate in the probe beam and detuning of the probe polarizer by ~1.5°.
By measuring the crosscorrelation function of the pump and probe beams in a 20 pm BBO
crystal and applying a deconvolution procedure in frequency domain [195,196] the inertial
nuclear contributions to the transients were separated from distortions introduced by the
instantaneous electronic response.

Liquid xenon was condensed into the 2 cm path length sample space of a liquid nitro-
gen flow cryostat (Oxford DN1714) from 99.997 % purity xenon gas. Experiments were
performed at a temperature of 164+0.5 K. The temperature of the liquid xenon was con-

trolled by employing an active feedback device and monitored during the experiments. At
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1 bar the melting point of xenon is 161.25 K and the boiling point is 166.15 K. [90] The
dependence of the OHD Kerr response on temperature was investigated over this range,

but was found to be almost negligible.

The experimental result of an OHD Kerr effect experiment at 164 K is shown in Figure
(9.2). It is clear that the nuclear contribution to this signal is rather small compared to the
electronic one. When the later is removed by Fourier deconvolution, [195,196] the dashed
trace is obtained. It is proportional to the anisotropic component Xii)m of the third-order

Raman response of liquid xenon. This result will be compared to simulations below.

FIGURE 9.2: The measured anisotropic third-order Raman response (solid line), together
with the anisotropic deconvoluted nuclear response (dashed line), obtained by deconvoluting

the electronic response.
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9.4 Simulations

The frequency dependent polarizability of the xenon atom and dimer were calculated with
Time Dependent Density Functional Theory (TDDFT), using the Amsterdam Density
Functional (ADF) [136,148,149,151,152] package. The basis set used is a standard ADF
ZORA all electron triple zeta basis set with polarization (called "ZORA V all electron”)
to which diffuse functions have been added (Table 9.1). This is required for calculations of
the polarizability, where displacement of weakly bound electrons in the diffuse region gives
a significant contribution. The set of fit-functions was also expanded (Table 9.2) and new
coefficients were found with the program GENFIT, which is part of the ADF distribution.
The LB94 [153] potential with proper asymptotic behavior in the diffuse region was used
in these calculations. This potential was shown to give good results for the polarizability of
a large series of molecules. [137] Relativistic effects are expected to be of some importance
since xenon is a rather heavy element. [204-206] The scaled ZORA approach, [207-210]
implemented in ADF, was used to take the scalar relativistic effects into account. The
value for the atomic polarizability of xenon at a frequency of 0.0934 a.u. was found to
be 4.177 A, deviating only 1% from experiment. [201] Typical absolute deviations in such

polarizability calculations, using the same method, are 3.6% [137].

TABLE 9.1: Ezponents of the diffuse functions added to the ADF Xe V ZORA basis set

with specific n power dependence in the radial part and spherical harmonic behavior.

s-functions

n exponent

p-functions

n exponent

d-functions

n  exponent

f-functions

n exponent

3 1.2
0.8
0.533
0.355

4 3.2
2.133

) 0.81
0.506
0.316
0.198
0.123

3 6.2
4 2.1
1.4
0.933
0.622
0.415

4 1.3
0.889
0.0.593
0.395

In order to compare the relative importance of the DID and collisional many-body
effects on the optical response, simulations were performed where only the DID effect was

incorporated, and simulations in which both effects were taken into account by the DRF
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TABLE 9.2: Number of fit functions added to the ADF Xe V ZORA basis set with specific

n power dependence in the radial part and spherical harmonic behavior.

s-functions | p-functions | d-functions | f-functions | d-functions
n no. fitf. |n no. fitf |n no. fitf |n no. fitf | n no. fit f.
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method. In both the DID and DRF calculations the TDDFT single atom polarizability is
taken as the starting point. All polarizabilities were calculated at a frequency of 0.076071
a.u. (598.96 nm), at which frequency the calculated atomic polarizability is 4.116 A. The
DRF model was optimized to the TDDFT calculations with the POLAR program [61]. In
the optimization the xenon polarizabilities were kept fixed at the calculated single atom
value of 4.116 A. The screening factor a, which takes account of the electron cloud overlap,
was optimized to dimer calculations with interatomic distances from 3 to 8 A. It was found
to be 2.58785, which is somewhat higher than the value of 1.9088 found in the optimization
of a wide range of molecules. [61] The dimer polarizabilities, found with the DID and DRF
models, as well as with TDDFT, are shown in Figure 9.3. At an interatomic distance of
4.3 A, where the first solvation shell peaks, the value for the polarizability a.. obtained
with the DID model is 1.2% too high compared to the TDDFT result. At the closest
interatomic distance found in the simulations, 3.55 A, the DID polarizability .. is 5.5%
too high. The slope of the DID polarizability versus interatomic distance is much steeper
than the slope of the TDDFT curve. The optimized DRF model on the other hand shows
excellent agreement with the TDDF'T results.

MD simulations were performed with Gromacs 1.6 [159]. The temperature was set to
163 K and the pressure to 1 bar. The calculation box contains 256 atoms. The Lennard-

Jones coefficients for the simulations were obtained by a fit to the xenon potential energy
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9 Liquid xenon as an ideal probe for many-body effects in impulsive Raman scattering

FI1GURE 9.3: Dimer polarizabilities calculated parallel and perpendicular to the interatomic

(x) axis.
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9.4 Simulations

curve recently calculated by Faas et al. [205]. The coefficients are: Cg = 3.379x1072 kJ
nm®/mol and C1,=1.380x10~* kJ nm'?/mol. The calculated MD density of 2.9 kg/1 shows
good agreement with the literature value [211] of 2.969 kg/1, measured at 161.36 K and
0.8203 bar.

The third-order Raman response calculated with the DID model and the DRF model
are compared in Figure 9.4. The first striking feature is that the isotropic response is very
small compared to the anisotropic response, as was expected (see Sec. II). The isotropic
response is almost fifty times smaller than the anisotropic response. The second noticable
observation is the fact that the anisotropic responses, calculated with the DID and DRF
models, have the same overall shape but very different intensities. Including electron

overlap reduces the signal intensity by a factor of one and a half.

FIGURE 9.4: The isotropic and anisotropic third-order responses calculated with the DID
and DRF model.
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In Figure 9.5 the calculated isotropic responses are compared. Because of the small
intensities of these signals, the signal-to-noise ratio is rather small. It is clear however
that the shapes of the isotropic responses of the two models are not the same. Both the

isotropic and anisotropic responses have been fitted to the atomic collision model expression
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9 Liquid xenon as an ideal probe for many-body effects in impulsive Raman scattering

(Eq.(9.2)) given in Sec. II. The values for the respective constants are shown in Table 9.3.
For comparison, the value for the time constant 7. was also calculated to be 418 fs with
the thermodynamic expression Eq.(9.4). The time constant 7, of the isotropic DRF result
comes closest to 7. from expression (9.4). This is to be expected since the phenomenological
model was derived for atomic collisions with zero impact parameter. The isotropic response

indeed depends on these collisions but not on the dimer rotations.

FIGURE 9.5: Comparison of the third-order isotropic responses calculated with the DID
and DRFE models.
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The absolute intensity can not be found experimentally, therefore only the shape of the
response can be compared. The normalized anisotropic DRF and DID nuclear responses
both show excellent agreement with the measured response (see Figure 9.6). However,
the maximum occurs somewhat earlier in the calculated curves than in the experimental
curve. The difference is very small, but the DRF result seems to be slightly closer to the

experiment, especially in the tail.
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9.4 Simulations

TABLE 9.3: Values for 7., n and m found from fits to calculations and experiment. I is

the intensity.

Anisotropic Isotropic
exp. DID DRF DID DRF
1o - 0.173 0.116 | 0.00442 0.00242

7./fs | 342 353 359 267 427
n 172 192 1.90 1.52 1.13
m 9.5 10 10 8.8 7.5

FIGURE 9.6: Comparison of the normalized calculated anisotropic third-order Raman re-

sponse with the deconvoluted anisotropic nuclear experimental response.
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9 Liquid xenon as an ideal probe for many-body effects in impulsive Raman scattering

9.5 Conclusions

Liquid xenon was studied to investigate the effects of overlapping electron clouds and dipole
induced-dipole interactions on the optical response. Xenon is eminently suited for this pur-
pose, since the single atoms do not generate a Raman signal and all observed response is
therefore due to many-body effects. Experimental results on impulsive anisotropic scat-
tering were obtained by OHD-Kerr experiments. MD simulations were performed using
the DRF model for the optical interactions, optimized against TDDFT calculations of the

polarizability of dimers.

By comparing the DRF results to a model in which only DID effects are taken into
account, it was shown that electron overlap effects are quite important, also at distances
typically found in MD simulations. The electron overlap effect is seen to lower the intensity
of the response. In the anisotropic case the shape of the response was only slightly affected
by the electron overlap effect, whereas for the isotropic response the shape was found to

be quite sensitive to the electron overlap effect.

Both the DID and DRF calculated responses agree excellently with the shape of the
measured anisotropic response, even though the DRF result is slightly closer to the exper-
imental one. The small deviations observed can originate both from experimental factors
such as small errors introduced in the deconvolution procedure and from approximations
done in the calculations such as the use of a Lennard-Jones potential. The fact that the
maximum of the calculated signal occurs at a somewhat shorter timescale than the exper-
imental one, might in that case be indicative of too high intermolecular frequencies, i.e. of

too steep potentials.

It would be interesting if it was possible to detect the very weak isotropic response
experimentally, since the shape was found to be very sensitive to the electron overlap effect
in the calculations. Recent developments in the spectroscopical techniques [175] might

make such measurements possible. Such attemps are now in progress.

Both the calculated and experimental response functions could be fitted quite well to
the expression in Eq. (9.2). The fit constants agree reasonably well with the theory of
Bucaro and Litovitz, [119] but we believe that one should be cautious interpreting the

liquid response with a model based on collisions in vacuum with zero impact parameter.

The importance of electron overlap effects will probably also be observable in the fifth-
order response of xenon that has been investigated theoretically by others. [59,86] Suppos-
ing that the difficulties of the experimental techniques, [41,74] used to detect the fifth-order
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signals, can be overcome, the fifth-order response might provide other important clues to

the importance of the electron overlap effects.
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Summary

Many important chemical reactions take place in the liquid phase. Transition state models
with one effective reaction coordinate are used to model such reactions, but in reality the
reactions are affected by the complex dynamics of the liquid. For example, diffusion will
determine the speed the reactive species are brought together to form a possibly reactive
complex or transition state. The stability of such a complex and the time it takes to convert
it into products is likely to be highly affected by the dynamics of the surrounding liquid.
This make the low frequency modes in the liquid, that are connected with diffusional and

intermolecular motion, an important subject to investigate.

In third-order Raman spectroscopy, that became available with pulsed lasers, the liquid
motion is studied in real time rather than as resonances. This is done by applying a pair
of pump pulses, exciting the low frequency modes of the liquid and after a delay probing
the induced motion by a third laser field. This experiment reveals the low frequency
modes of the liquid in time-domain, giving information about the diffusive reorientation
of molecules and the intermolecular vibrations in the liquid. From this spectrum it is
unfortunately impossible to distinguish between the different kinds of line broadening /
relaxation mechanisms. Therefore Tanimura and Mukamel suggested the more complex
fifth-order Raman experiment in 1993. [35] Here the sample is first pumped using a pair
of laser pulses. After a delay t; a pair of mixing pulses are applied and finally after a
second delay t5 the response is measured with a fifth pulse, the probe pulse. In this way a
two-dimensional spectrum in time is obtained, which not only contains information about
the relaxation mechanisms of the liquid motion, but also information on mode coupling

and anharmonicity.

Various groups have tried experimentally [38,39,81,84] to obtain the fifth-order Raman
response of liquid carbon disulfide (CS;), which is expected to have an especially strong
response because of the high polarizability and polarizability anisotropy of the individual

molecules. When this study took its beginning the observed response was poorly under-
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stood and it did not seem possible to interpret the results with any of the known models
developed for this purpose. The idea with the present study was to simulate the response
using molecular dynamics to describe the liquid motion, which in all earlier theoretical
approaches to the fifth-order response had been modeled using various kinds of harmonic
oscillator models. [35,58,72] Full molecular dynamics simulations could possibly provide a

better understanding of the observed spectrum.

All earlier approaches to obtain the (third- and) fifth-order Raman responses were
based on time correlation functions. For the fifth-order response the time correlation
function expression contains a two-time Poisson bracket, which is very time consuming
to evaluate [55,57] unless the motion can be described in an analytical way as in, for
example, the harmonic oscillator models. The evaluation of the Poisson bracket involves
calculating the effect of any distortion of the phase space coordinates at one time on all
phase space coordinates at another time. [57,58] In this study another approach, based on
simply simulating the experiment directly, was developed. This approach is called the finite
field method because the (pump) laser fields applied in the experiment are also applied
directly in the (non-equilibrium) molecular dynamics simulations. The advantage of this
approach lies in the fact that only the effect of the particular distortion of the phase space
coordinates related to the Raman excitation on the phase space coordinates at later times

is calculated. Thus, the problem is considerably reduced. [55]

The finite field approach was implemented in an existing molecular dynamics program
and simulations were performed on carbon disulfide using simulation parameters developed
earlier in time correlation function calculations on the third-order response. The third-order
response was calculated using both the finite field method and the time correlation function
method to test the reliability of the finite field method. The results of the two different
methods were found to be in excellent agreement with each other and the finite field method

was proven to be a reliable method to calculate the non-linear Raman response. [55]

The fifth-order response was also calculated using the new finite field method. In
the meantime new experiments on carbon disulfide had been performed [41] and these
suggested that the experimentally observed response was not the real fifth-order response,
but a combination of two third-order processes taking place two different places in the
liquid, called third-order cascades. The observed response did therefore not contain any
information that could not be obtained from the third-order experiment. It is known
that mismatching the phase of the laser fields in the experiment leads to discrimination

against the cascade processes, but this mismatch did not seem big enough to eliminate the
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cascade processes. From the third- and fifth-order responses calculated in this study the
intensity ratio between the true fifth-order response and the contaminating cascades could
be estimated. This was done and the experimental observation was confirmed. [55] It was
found that the phase mismatch should suppress the cascaded response with more than a
factor of a million to reduce them to the same level of intensity as that of the true response.
The suppressing factor estimated to be present in the experiments was about three orders
of magnitude smaller and considerable improvements of the experimental methods were

found to be required if true fifth-order response should be obtained.

The Raman response is determined by the coordinate dependence of the polarizability
or in a macroscopic system the coordinate dependency of the first-order susceptibility.
This means that knowledge of the first-order susceptibility and its coordinate dependence
in the simulated liquid is needed in order to calculate the Raman response. In the first
simulations of the fifth-order response the susceptibility was approximated by assuming
that no interaction between the molecular polarizability was present. [55] This is a rather
crude approximation and excludes the intermolecular motion from the calculations. On
the other hand it gives a correct description of the molecular reorientational motion and
it was sufficient to give the first true estimate of the intensity ratio between the true fifth-
order response and the competing cascaded processes. Furthermore it provided a test of

the performance of the developed finite field method.

When a polarizable molecule is subjected to an electric field the molecule is polarized.
This induced polarization again generates a local electric field around the molecule, which
can be felt by other nearby molecules. A molecule in a liquid therefore does not only feel
the applied electric field, but also the local fields generated by the induced polarization on
molecules in its close neighborhood. This gives rise to a collective polarizability contribut-
ing to the susceptibility, which then depends on the intermolecular coordinates. Therefore
the intermolecular motion will also contribute to the Raman spectrum. The local field ef-
fects can be modeled assuming that dipoles are induced on the molecular center of masses
and that these induced-dipoles generate electric dipole fields. This model is called the
dipole-induced dipole model (DID). It was implemented and applied in the calculation of
the third- and fifth-order Raman responses. [56]

In the molecular polarizability model without lacal field effects the isotropic part of
the susceptibility is unaffected by the motion in the simulated liquid and only response
depending on the anisotropic part of the susceptibility is found. This also means that the

reorientational single molecule motion does not contribute to the isotropic response and the
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isotropic response is solely due to intermolecular dynamics. Experimentally the anisotropic
and isotropic response can be separated by changing the polarization directions of the laser
fields. This allows, for example, the observation of the intermolecular dynamics without any
disturbing single molecule response. For carbon disulfide the third-order isotropic response

is found to be about one order of magnitude weaker than the anisotropic response. [56,62,75]

This knowledge can be used to suppress the cascaded third-order processes by polar-
ization selectivity, since these processes can be forced to go through the weak isotropic
process reducing the intensity of the cascaded process by about one order of magnitude.
In the experiments this is done by tilting the polarization direction of one of the applied
pair of laser fields by the 'magic angle’ (54.7°). [75] This can be done even more effectively
by separating the polarization of the first pair of laser fields by 120°, and applying the
polarization direction of the probe pulse in the middle. The special advantage of this con-
figuration that goes under names as 'the pie configuration’” and has been named by others
‘the la Cour angle’ and 'the Dutch cross’ is that it discriminates against all possible third-
order cascades in an equal way. [56] Using the dipole-induced dipole model the third- and
fiftth-order responses were calculated and the intensity rations between the true fifth-order
response and the cascaded processes were estimated for different polarization directions of
the laser fields. The 'magic angle’ configurations of the response were found to discriminate
better against the cascaded processes than the configuration, where all polarizations are
parallel. The pie configuration was found to be even better, but none of them were found
sufficient to solve the cascade problem without other improvements of the experimental

techniques as well. [56]

Recent developments in experimental fifth-order techniques involving laser fields with
different optical frequencies seem to reduce the contribution from the third-order cascades
much more than the original experiments in which only one laser frequency was employed.
A group in Toronto performed an extensive set of experimental measurements using this
experimental technique. [45] They found their results to be in good qualitative agreement
with the fifth-order response calculated in this study, [56] when the dipole-induced dipole
model was employed. Deviations between these calculated spectra and the measurements

might be due to the limitations of the dipole induced-dipole model.
The dipole induced-dipole model does not take all possible local field effects into ac-

count. Modeling the induced polarization in the molecules by dipoles on the center of mass
is not sufficient, because of the extended structure of molecules also higher order (multipole)

polarization will be induced. Furthermore, the polarizable electron clouds are smeared out
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in the space around the nuclei allowing electron clouds from different molecules to overlap
changing the overall polarizability. These effects, often denoted close collision effects, can
be taken into account in an approximate way with, for example, the direct reaction field
model (DRF) [60,61,128]. In this model, each atom is treated as a polarizable unit of an
exponentially decaying electron cloud. The model contains a number of parameters that
can be optimized to give the best description of the polarizability of an interacting set of
molecules. To do that, time-dependent density functional theory calculations have been
performed on the carbon disulfide monomer and on dimers. The DRF model was opti-
mized to these calculations, which gave a quite different interaction than obtained with the
simpler dipole induced-dipole model. The induced-multipole effect was found to be more

important than the electron overlap effects in the calculation on the CSy dimers. [62]

The third-order Raman spectrum was calculated using the DRF model for the suscep-
tibility, in order to examine the importance of the close collision effects. The induced-
multipole effects were found to lower the intensity of the response due to intermolecular
motion. This especially affects the isotropic spectrum where the intensity is overestimated
considerably by the dipole induced-dipole model. Similar effects can be expected to be
important in the fifth-order response. Since this response is more sensitive to local field
effects it is expected to be even more sensitive to the close collision effects than the third-
order response. [62] In connection with this study we performed an investigation on the
influence of electron cloud overlap in liquid xenon. This investigation showed that the
electron cloud overlap plays a crucial role for both the anisotropic and isotropic third-
order response. In the case of xenon, both these responses are completely dominated by

intermolecular motion. [65]

The local field effects have a strong influence on the spectrum when diluting the liquid.
This comes about because the local field effects arise due to interactions between the
molecules and these many-body effects depend on the probability of finding molecules at
distances where the interaction is strong. The more molecules participate in a particular
type of liquid motion, the faster the Raman response from this motion will vanish upon
dilution with less interacting molecules. Simulations have been performed with an idealized
mixture of carbon disulfide and 'ghost molecules” with the same dynamical properties as
carbon disulfide but no molecular polarizability. This allows studying the effect of dilution
in a very general way. The results were compared with experiments performed by the
laser spectroscopy group on mixtures of carbon disulfide and alkanes. A clear discrepancy

between the simulated and measured spectra was observed. In an earlier experimental
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study, the peculiar behavior of the experimental response was speculated to be due to
formation of carbon disulfide clusters kept together by the quadrupole moment of carbon
disulfide. [69] Changing the properties of the ghost molecules in the simulation, such as
the charges, molecular weights etc., all but one possible explanation was eliminated. The
weaker van der Waals forces in the alkanes are the main reason for the spectral changes
when diluting carbon disulfide with alkane molecules. [64]

Further calculations on the fifth-order spectra of CS, include the close collision effects.
They were performed to investigate the implications on these spectra and to provide the
best possible calculated response to compare with experiments and use fore their interpre-
tation. From these calculations it is seen that the close collision effects give an important

contribution to the spectra.
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Resum/ (Summary in Danish)

Mange vigtige kemiske reaktioner foreg'r i v< ske fasen.Transitionstatemodellermed/nef fektivreakti
skenskompleksedynamik.Di f fusionbestemmer foreksempelhastigheden, hvormedreaktanterbringes
ngerafdenomgivendev < skesdynamik.Detteg > rdelavfrekventebev < gelseriv <
sken forbundetmeddi f fusionogbev < gelsemellemmolekylertiletvigtigtemneatunders >
ge.

I tredie-ordens Raman spektroskopi, som blev muligt med puls lasere, studeres v<
skebev < gelsenitidsudviklingistedet forsomresonanser.Detteg > resvedatp‘l < ggeetparpumpepulse
skebev < gelser, oge fterenpauseunders > gedeninduceredebev < gelsemedettredielaser felt. Detteeks
ggerdelav frekventev < skebev < gelseritidsdom < netoggiverin formationomdif fusivreorientering
rreumuligtatadskille forskelligeslagslinie forbrednings/relaksationsmekanismeridettespektrum.De
ordenseksperiment.1001[35]Idettepumpespr > venf > rstvedhj < lpafetlaserpulspar. Etparblanding
ggesefterenventetidt; og til sidst m‘les responset efter endnu en ventetid t, ved hj<
Ipafenfemtepuls. P‘dennem‘deopn’settodimensionaltspektrumitid, derikkeblotindeholderin f ormatio

skebev < gelsensrelaksationsmekanismer, menogs‘in formationomkoblinga fbev < gelseroganharmc

Forskellige grupper har pr;vet at m‘le dette femte-ordens Raman spektrum af flydende
carbondisulfid (CSy) eksperimentelt. [38,39, 81, 84] Carbondisulfid forventes at have et
specielt st< rktresponsp’ grunda f detenkeltemolekylesstorepolariserbarhedogpolariserbarhedsanisotr
remuligtat forklaremednogena f dekendtemodelleruduviklettildette form‘l.Ideenmedstudietvaratsimul
skebev < gelsen, derialletidligerestudierafde femte—ordensresponsblevmodelleretvedhy <
Ipaf forskelligeslagsharmoniskoscillatormodeller.1001[35, 58, 72| Enbedre for st‘elsea f detobservered,
Ipaf fuldst < ndigemolekyldynamiksimulationer.

Alle tidligere fremgangsm‘der til at beregne det (tredie- og) femte-ordens Raman re-
spons har v< retbaseretp‘klassisketidskorrelations funktioner.Tidskorrelations funktionsudtrykket
ordensresponsetindeholderenPoissonparentes, derermegettidskr < vendeatudregnel001[55, 57]medn
gelsenkanbeskrivesp‘enanalytiskm'desomdet foreksempelkang > resiharmoniskoscillatormodellern,

1001[57, 58] Idettestudieblevenny fremgangsm‘deudviklet, derbaseresp’ simpelthenatsimulereeksperir



Resum/ (Summary in Danish)

ggesieksperimentetogs‘p‘l < ggesdirektei(ikke—ligev < gts)molekyldynamiksimulationer.Fordelent
sentligt.1001[55]

Finite field metoden blev realiseret i et eksisterende molekyldynamik program og sim-
ulationer blev udfjrt p‘ carbondisulfid ved anvendelse af simulations parametre udviklet i
tidligere tidskorrelationsfunktionsberegninger af tredie-ordens responset. Tredie-ordens re-
sponset blev beregnet ved hj< Ipa fb‘de finite fieldmetodenogtidskorrelations funktionsmetoden f orati
reiglimrendeoverensstemmel semedhinandenog finite fieldmetodenvistesigatv < reenp‘lideligmetode

line < reRamanrespons.1001[55]

Femte-ordens responset blev ogs‘ beregnet ved hj< Ipa fdennye finite fieldmetode.Imellemtidenvar:
rt1001[41]ogdisseantydede, atdeteksperimenteltobserverederesponsikkevardetvirkelige femte—
ordensrespons, menenkombinationa ftotredie—ordensprocesserkaldetkaskaderespons, der findersted
sken.Detobserverederesponsindeholdtder foringennyin formation, somikkekunne findesitredie—
ordensresponset. Deterkendt, atkaskadeprocessernekanundertrykkeseksperimenteltvedat fejlmatche
restornoktilatkunneeliminerekaskadeprocesserne.Vedhj < lpaftredie—og femte—ordensresponsern
ordensresponsogtredie—ordenskaskadeprocesserneestimeres. Detteblevgjortogdeneksperimentelleob
ordenskaskadeprocesserneerlangtst < rkereenddetrigtige femte—ordensrespons, blevbekr <
ftet.1001[55] Detblevopdaget, at f ase fejlmatchningenskulleundertrykkekaskaderesponsetmedmereen
ordensrespons. Deneksperimentelleundertrykkende f aktorblevestimerettilatv < reomkringtrest >
rrelsesordnermindreogenbetydelig f orbedringa f deeksperimentellemetoderern > dvendig, hvisderigt

ordensresponsskalkunnem‘les.

Raman responset bestemmes af polariserbarhedens koordinatath< ngighedellerietmakroskopisksys
rste—ordenssusceptibilitetenskoordinatafh < ngighed.Dettebetyderatvidenomf > rste—
ordenssusceptibilitetenogdenskoordinatafh < ngighedidensimuleredev < skeern > dvendigiberegna
rstesimulationeraf femte—ordensresponsetblevsusceptibilitetenantagetatkunnebeskrivestiln <
rmelsesvistvedatantage, atderikkevarnogenvekselvirkningmellemdemolekyl < repolariserbarheder.
1001[55] Detteerentemmeliggrovantagel seogdenudelukkermedtagel sena fbev < gelserderinvolverer fi
kkeligtilatgivedenf > rsterigtigevurderinga fintensitets forholdetmellemdetrigtige femte—
ordensresponsogdekonkurrerendekaskadeprocesser. Endvideregjordeantagel sendetmuligtat foretage
rstetesta fdenudviklede finite fieldmetode.

N‘r et polariserbart molekyle uds< ttes foretelektrisk f eltpolariseresmolekylet. Deninduceredepola
rkesafandremolekylert < tp‘.Der form < rkeretmolekyleienv < skeikkeblotdetp‘trykteelektriske fel
rhed. Dettegiveranledningtilenkollektivpolariserbarhed, derbidragertilsusceptibiliteten, soms‘afh <
ngera fdeintermolekyl < rekoordinater.Der forvilintermolekyl < rebev < gelserogs‘bidragetil Rama:

remassecentreogatdisseinducerededipolergenerererelektriskedipol felter. Dennemodelkaldesdipol —
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induceretdipolmodellen(DID).Denblevrealiseretoganvendtiberegningena ftredie—og femte—

ordens Ramanresponserne.1001[56]

I den molekyl< repolariserbarhedsmodelerdenisotropedelafsusceptibilitetenuafh <
ngigafalbev < gelseidensimuleredev < skeogkunresponsderafh < ngerafdenanisotropedelafsuscep
rbev < gelse.Detanisotropeogisotroperesponskanadskilleseksperimenteltvedat < ndrelaser felternes
rebev < gelseruden forstyrrenderespons fraenkeltmolekyler. Detisotropetredie—ordensresponsa fcar

recirkaenst > rrelsesordensvagereenddeanisotroperespons.1001[56, 62, 75]

Denne viden kan anvendes til at undertrykke tredie-ordens kaskadeprocesserne ved hj<
Ipa fpolarisationsselektivitet, idetdisseprocesserkantvingestilat forl > begennemdensvageisotropepr
rrelsorden. Detteopn'sieksperimentetvedatdrejepolarisationsretningen forena fdep‘tryktelaser feltpc
[75] Dette kan gires mere effektivt ved at separere polarsationsretningen af de to fjrste
laserpulspar med 120° og lade polarisationsretningen af m‘lepulsen v< remidtimellem.Denspecielle f orc
rtekon figurationen’oga fandreerblevetnavngivet'laCourvinklen'og'det Hollandskekors', eratdenunde
ordenskaskadeprocesserligeef fektivt. 1001[56]Tredie—og femte—ordensresponsetblevberegnetvedh
Ipa f dipol—induceretdipolmodellenogintensitets forholdetmellemdetrigtige femte—ordensresponsogk
rtekon figurationenvarbetydeligbedre, meningena fdemuvartilstr < kkeligetilatl > sekaskadeproblem
1001[56]

Nylig udvikling af den eksperimentelle femte-ordens teknik involverende laserfelter med
forskellige optiske frekvenser ser ud til at reducere bidraget fra tredie-orden kaskade pro-
cesser langt mere end i de oprindelige eksperimenter, der kun anvendte en laser frekvens. En
gruppe i Toronto udf; rte omfattende eksperimentelle m‘linger ved hj< lpa fdenneeksperimentelleteknik
1001[45] Deresresultatervistesigatv < reigodkvalitativoverensstemmelsemedfemte—ordensresponse
1001[56]n‘rdipol—induceretdipolmodellenblevanvendt. For skellemellemdisseberegnedespektreogm!lin

nduceretdipolmodellensbegr < nsninger.

Dipol-induceret dipol modellen tager ikke h;jde for alle effekter af det lokale felt.
At modellere den inducerede polarisation i molekylerne med dipoler p* massecentrene er
utilstr< kkeligt. P grunda fdenmolekyl < restrukturvilh > jereordens(multipol)polarisationogs‘opst
roverlapmellemelektronskyerne, der < ndrerdensamledepolariserbarhed.Derkantagesh >
jdefordisseef fekter,oftekaldet' closecollision’ef fekter, p‘entiln < rmetvisvedanvendelseaf forekse:
1001[60, 61, 128]hvordetenkelteatombehandles, somenpolariserbarenhedmedeneksponentielta ftagena
ngigt < theds funktionalteori(T DDFT)beregningerafpolariserbarhedenblevudf > rtp‘carbondisul fi
induceretdipolmodel . E f fektena fdeinduceredemultipolervistesigatv < revigtigereendef fektena fdec
1001[62]

Tredie-ordens Raman spektret blev beregnet ved hj< Ipaf D RFmodellenforf > rste—
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Resum/ (Summary in Danish)

ordenssusceptibiliteten foratunders > gebetydningena f'closecollision’ef fekter. Multipole f fekternet
nkeintensitetena fresponset fradenmellemmolekyl < rebev < gelse.Dettemani festerersigspecieltide
induceretdipolemodellen. Lignendee f fekterkan forventesi femte—ordensspektretidetdetteresponsern
Isomt forlokal feltef fekterogder forogs‘kanforventesatv < remeref > lsomt for'closecollision’ef fel
ordensresponset.1001[62]1 forbindel senmeddettestudie foretoguienunders > gelsea felektronskyoverl
gelseviste, atelektronskyoverlapef fekterneidettetil f < ldespillerenvigtigrolleb‘deidenanisotropeogd:
ordensspektret, sombeggedomineres fuldst < ndigafdenintermolekyl < rebev < gelse.

1001[65]

Lokalfelteffekterne har en stor indflydelse p‘ spektret n‘r v< sken fortyndes. Detteer fordilokal felte
ngera fsandsynligheden forat findemolekylerneinden fordena f stand, hvorvekselvirkningenerst <
rk.Jofleremolekylerderdeltagerienbestemttypev < skebev < gelsejohurtigere forsvinder Ramanresp
gelsevedfortyndingmedsvagerevekselvirkendemolekyler.Simulationerblevudf > rtp‘enidealiseretv <
skeblandinga fcarbondisul fidog'sp > gelsesmolekyler'meddesammedynamiskeegenskabersomcarbon
rpolariserbarhed. Dettemuliggjordestudieta f fortyndingsef fekterp'enmegetgenerelm‘de. Resultater:
rtilaserspektroskopigruppenp’ RijksuniversiteitGroningen. Enklar f or skelmellemsimulationsresultc
rsela fdeteksperimentellerespons foresl‘etatkunneskyldesdannelsena f carbondisul fidklumper, derho
1001[69]Vedat < ndresp > gelsesmolekylernesegenskaberisimulationen, s‘somelektriskedeladninger
r/nelimineret. DesvagerevanderWaalskr < fterialkanmolekylerneerdenenestetingderkan forklaref
1001[64]

Beregninger af femte-ordens spektre for carbondisulfid, der tager h;jde for ’close col-
lision” effekter er foretaget for at unders;ge deres betydning for disse spektre og give det
bedst mulige beregnede respons at sammenligne med eksperimentelle spektre og anvende
til at tyde disse. Af beregningerne ses, at 'close collision’ effekterne giver et vigtigt bidrag

til spektrene.
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Samenvatting (Summary in Dutch)

Veel belangrijke chemische reacties vinden plaats in de vloeibare fase. Transition state’
modellen met een enkele reactieco ° rdinaat worden vaak gebruikt om dat soort reacties te
modelleren, maar de reacties worden in werkelijkheid benvloed door de complexe dynamica
van de vloeistof. Diffusie bepaalt bijvoorbeeld de snelheid waarmee de reactanten samen
worden gebracht om een mogelijk geactiveerd complex of ’transition state’ te vormen. De
stabiliteit van zo’n complex en de tijd die het neemt om het in producten om te zetten
wordt sterk benvloed door de dynamica van de omringende vloeistof. Dit betekent dat de
vloeistofbewegingen met lage frequenties, die verbonden zijn met diffusie en intermoleculair

beweging, een belangrijk onderwerp zijn om te onderzoeken.

De vloeistofbeweging kan worden bestudeerd in 'real time’ in plaats van als resonanties
in tijdsdomein derde-orde Raman spectroscopie, die met de gepulste laser ter beschikking
kwam. Dit wordt gedaan door de vloeistof te exciteren met een tweetal pulsen waarmee
bewegingen met lage frequenties worden opgewekt. Na een wachttijd wordt de gendu-
ceerde beweging gemeten met een derde laserveld. Dit experiment laat de bewegingen
met lage frequenties zien in het tijdsdomein en geeft informatie over de reorientatie van
moleculen en de intermoleculaire trillingen in de vloeistof. Helaas is het niet mogelijk
de verschillende soorten lijn-verbredings / relaxatie-mechanismen te onderscheiden in dit
spectrum. Daarom hebben Tanimura en Mukamel in 1993 het meer complexe vijfde-orde
Raman experiment voorgesteld. [35] Hier wordt de vloeistof eerst ge(Exciteerd door een
paar pomp pulsen. Na een vertraging t; wordt een paar mengpulsen aangelegd, en ten
slotte wordt na nog een vertraging ¢, het signaal gemeten met een vijfde puls. Op de-
ze manier wordt een tweedimensionaal spectrum gemeten, dat niet alleen informatie over
de relaxatie-mechanismen van de vloeistofbeweging bevat, maar ook informatie over de

koppeling tussen verschillende soorten beweging en over de anharmoniciteit.

Verschillende groepen hebben de vijfde-orde Raman respons van vloeibaar koolstofdisul-

fide (CS2) geprobeerd te meten. [38,39,81,84] Deze respons is naar verwachting relatief



Samenvatting (Summary in Dutch)

sterk vanwege de grote polariseerbaarheid en polariseerbaarheidsanisotropie van een indi-
vidueel molecuul. Toen dit onderzoek begon, werd de experimenteel gemeten respons niet
goed begrepen en het leek niet mogelijk de resultaten te interpreteren met gebruik van
//n van de bekende, voor dit doel ontwikkelde, modellen. Het idee van deze studie was de
vloeistofbewegingen te simuleren met gebruik van moleculaire dynamica in plaats van met
harmonische oscillatormodellen zoals in alle eerdere studies. [35,58,72] Het zou mogelijk
moeten zijn een beter begrip van het waargenomen spectrum te krijgen met gebruik van

de volledige moleculaire dynamica simulaties.

Alle eerdere berekeningen van de (derde- en) vijfde-orde respons waren op klassieke
tijdscorrelatiefuncties gebaseerd. De correlatiefunctie verbonden met de vijfde-orde res-
pons bevat een Poisson haak, die erg veel tijd kost om te berekenen, [55,57] behalve als
de beweging op een analytische manier kan worden beschreven, zoals bijvoorbeeld in de
harmonische oscillator modellen. De waardebepaling van de Poisson haak houdt de bere-
kening in van het effect van elke storing van de faseruimteco ° rdinaten op een moment op
alle co " rdinaten een bepaalde tijd later. [57,58] In deze studie is een andere aanpak ont-
wikkeld, die er op gebaseerd is het experiment direct te simuleren. Deze aanpak wordt de
finite field methode genoemd omdat de (pomp) laser velden die in het experiment worden
aangelegd ook in de niet-evenwichts moleculaire dynamica direct worden toegepast. Het
voordeel van deze aanpak is dat alleen het effect van de speciale storing van de faseruimte-
co “rdinaten verbonden met de Raman excitatie op de faseruimteco rdinaten op latere

momenten wordt berekend en waardoor het probleem aanzienlijk wordt verenvoudigd. [55]

De finite field aanpak is in een bestaand moleculaire dynamica programma geimple-
menteerd en er zijn simulaties uitgevoerd op koolstofdisulfide, met gebruik van parameters
ontwikkeld in tijdcorrelatiefunctieberekeningen van de derde-orde respons. De derde-orde
respons werd berekend met gebruik van zowel de finite field methode als de tijdcorrelatie-
functiemethode om de betrouwbaarheid van de finite field methode te onderzoeken. De
resultaten van de twee methoden waren in uitstekende overeenstemming en de finite field
methode bleek een betrouwbare methode te zijn om de niet-lineaire Raman respons te
berekenen. [55]

Ook de vijfde-orde respons werd berekend met gebruik van de nieuwe finite field me-
thode. In de tussentijd waren nieuwe experimenten op koolstofdisulfide uitgevoerd [41]
en deze suggereerden dat de experimenteel waargenomen respons niet de echte vijfde-orde
respons was, maar een combinatie van twee derde-orde processen, derde-orde cascades ge-

noemd. Deze kunnen gegenereerd worden op twee verschillende plekken in de vloeistof. De
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waargenomen respons hield daarom geen informatie in, die ook niet afgeleid kan worden
van het derde-orde experiment. Het is bekend, dat het mogelijk is ten ongunste van de
cascadeprocessen te discrimineren door het op de juiste manier combineren van de fasen
van de laservelden, maar dit was blijkbaar niet genoeg om de cascadeprocessen te ver-
wijderen. De intensiteitsverhouding tussen de echte vijfde-orde respons en de derde-orde
cascaderespons kan bepaald worden uit de derde- en vijfde-orde berekeningen in deze stu-
die. Dit werd gedaan en de experimentele waarneming werd bevestigd. [55] Het bleek dat
de fase-combinatie de cascaderesponse met een factor van minstens een miljoen moest on-
derdrukken om ze dezelfde intensiteit als de echte respons te geven. De onderdrukking in
de experimenten werd geschat rond drie ordes van grootte te klein te zijn, en aanzienlijke
verbeteringen van de experimentele methoden zijn nodig om de echte vijfde-orde respons

te meten.

De Raman respons wordt bepaald door de co * rdinaat-afhankelijkheid van de polariseer-
baarheid of in een macroscopisch systeem de co ” rdinaat-afthankelijkheid van de eerste-orde
susceptibiliteit. Daarom moet de eerste-orde susceptibiliteit en de co ° rdinaat-afhankelijkheid
ervan bekend zijn in de gesimuleerde vloeistof om de Raman respons te kunnen bereke-
nen. In de eerste berekeningen werd de susceptibiliteit benaderd door aan te nemen dat er
geen interactie tussen de moleculaire polariseerbaarheden was. [55] Dit is een tamelijk ruwe
benadering en sluit de respons ten gevolge van intermoleculaire bewegingen van de bere-
keningen uit. Aan de andere kant geeft het wel een goede beschrijving van de moleculaire
reori(Entatie en het was voldoende om een eerste schatting van de intensiteitsverhouding
tussen de echte vijfde-orde respons en de concurrerende cascadeprocessen te geven. Bo-

vendien gaf het een test van de prestatie van de ontwikkelde finite field methode.

Als een polariseerbaar molecuul in een elektrisch veld wordt geplaatst, wordt het gepola-
riseerd. Deze polarisatie brengt weer een lokaal elektrisch veld voort dat andere moleculen
in de buurt kunnen voelen. Een molecuul in een vloeistof voelt daarom niet alleen het aan-
gelegde veld, maar ook de lokale velden die gegenereerd zijn door de genduceerde polarisatie
in de buurt. Dit geeft aanleiding tot een gezamenlijke polariseerbaarheid, die co * rdinaat-
afhankelijk is en bijdraagt tot de susceptibiliteit. Daarom dragen de intermoleculaire be-
wegingen ook bij aan het Raman spectrum. De lokale veldeffecten kunnen gemodelleerd
worden door de aanname, dat dipolen genduceerd worden op het moleculaire zwaartepunt
en dat deze genduceerde dipolen vervolgens elektrische dipoolvelden genereren. Dit model
wordt het dipool-genduceerd dipool (DID) model genoemd. Het werd gemplementeerd en

gebruikt in de berekeningen van de derde- en vijfde-orde Raman respons. [56]
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In het moleculaire polariseerbaarheidsmodel zonder invloed van interacties wordt het
isotrope gedeelte van de susceptibiliteit niet benvloed door de beweging in de gesimuleerde
vloeistof en is er alleen een anisotrope respons. Dit betekent ook, dat de reori(Entatie van
individuele moleculen geen bijdrage geeft aan de isotrope respons. Deze respons ontstaat
alleen maar door de intermoleculaire bewegingen. In het derde-orde experiment kunnen
de anisotrope en isotrope respons gescheiden worden door de polarisatierichtingen van de
laservelden te veranderen. Dit maakt het bijvoorbeeld mogelijk de intermoleculaire respons
waar te nemen zonder storende moleculaire respons. De isotrope derde-orde respons van
koolstofdisulfide blijkt rond een orde van grootte zwakker dan de anisotrope respons te
zijn. [56,62,75]

Deze kennis kan gebruikt worden om de derde-orde cascaderespons te onderdrukken
met polarisatieselectiviteit. Deze processen kunnen worden gedwongen te verlopen via
het zwakke isotrope proces, waarbij de intensiteit van het cascadeproces met een orde van
grootte wordt verminderd. In het experiment wordt dit gedaan, door de polarisatierichting
van //n van de opgelegde paren van laservelden met de 'magische hoek’ (54.7°) te kante-
len. [75] Dit kan zelfs effectiever worden gedaan, door de polarisatierichting van de twee
eerste laserveldparen 120° uit elkaar te kiezen en de polarisatierichting van het laatste la-
serveld in de midden aan te leggen. Het speciale voordeel van deze configuratie, die de
‘taartconfiguratie’ wordt genoemd en door anderen namen als de ’la Cour hoek’ en "het Ne-
derlandse kruis’ heeft gekregen, is dat het alle mogelijke derde-orde cascadeprocessen even-
veel onderdrukt. [56] De derde- en vijfde-orde respons werden met gebruik van het dipool-
gendudeerde dipoolmodel berekend en de intensiteitsverhouding tussen de echte vijfde-orde
response en de derde-orde cascades werd geschat voor verschillende polarisatieconfiguraties.
De 'magische hoek’ configuraties van de respons onderdrukken allemaal de derde-orde res-
pons beter dan de configuratie, waarin de polarisatierichtingen allemaal parallel zijn. De
taartconfiguratie bleek zelfs beter te zijn, maar geen van de configuraties bleek de cascade-
response voldoende te onderdrukken om het cascadeprobleem op te lossen zonder andere

verbeteringen van de experimentele technieken. [56]

In recent ontwikkelde experimentele vijfde-orde technieken waarin laservelden met ver-
schillende optische frequenties gebruikt worden, blijkt de bijdrage van de derde-orde cas-
caderespons sterker onderdrukt te worden dan in de oorspronkelijke experimenten, waarin
alleen gebruik wordt gemaakt van //n frequentie. Een groep uit Toronto heeft een uitge-
breid experimenteel onderzoek gedaan met deze techniek. [45] Ze hebben goede kwalita-

tieve overeenstemming gevonden tussen hun meetresultaten en de vijfde-orde respons die
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in deze studie berekend is, als het dipool-genduceerde dipoolmodel gebruikt wordt. [56]
Verschillen tussen theoretische resultaten en metingen zou dan aan de beperkingen van het

dipool-genduceerde dipoolmodel te wijten kunnen zijn.

Het dipool-genduceerd dipoolmodel neemt niet alle mogelijke lokale veldeffecten mee.
Het modelleren van de genduceerde polarisatie in de moleculen met dipolen op het zwaar-
tepunt is een benadering, want vanwege de uitgebreide structuur van de moleculen wordt
er ook polarisatie van hogere orde (multipoolpolarisatie) genduceerd. De elektronenwol-
ken zijn bovendien in de ruimte om de kernen uitgesmeerd en dit heeft overlap tussen de
elektronenwolken op verschillende moleculen tot gevolg. Deze overlap verandert ook de to-
tale polariseerbaarheid. Deze effecten, die vaak ’close collision’ effecten worden genoemd,
kunnen worden beschreven op een benaderde manier met bijvoorbeeld de ’direct reacti-
on field’ model (DRF). [60,61,128] In dit model wordt elk atoom als een polariseerbare
eenheid van een exponentieel afnemende elektronenwolk behandeld. Dit model bevat een
aantal parameters, die geoptimaliseerd kunnen worden om de beste beschrijving van een
verzameling wisselwerkende moleculen te geven. Om dat te doen, werden tijdsafhankelijk-
dichtheidsfunctionaaltheorie-berekeningen uitgevoerd op het koolstofdisulfide monomeer
en op dimeren. Deze berekeningen gaven een heel andere wisselwerking dan de met het
enkelvoudige dipool-genduceerd dipoolmodel berekende wisselwerking. Het DRF model
werd aan de resultaten van de tijdsafthankelijke-dichtheidsfunctionaaltheorie-berekeningen
gefit. Het genduceerde multipooleffect bleek belangrijker te zijn dan de overlap van de

elektronenwolken in de berekening op CSy dimeren. [62]

Een berekening van het derde-orde Raman spectrum met gebruik van de DRF model
voor de susceptibiliteit werd uitgevoerd om het belang van de ’close collision’ effecten te
onderzoeken. De genduceerde-multipooleffecten bleken de intensiteit van de respons van
intermoleculaire bewegingen te verzwakken. Dit heeft vooral belangrijke gevolgen voor de
isotrope respons, waar de intensiteit behoorlijk overschat wordt door het dipool-genduceerd
dipool model. Vergelijkbare effecten kunnen worden verwacht in de vijfde-orde respons.
Aangezien deze response gevoeliger is voor lokale veldeffecten, is het te verwachten dat
de ’close collision’ effecten nog belangrijker zijn dan voor de derde-orde respons. [62] In
verband met deze studie hebben we een onderzoek naar de invloed van overlap tussen de
elektronenwolken in vloeibaar xenon uitgevoerd. Uit dit onderzoek bleek dat de overlap
tussen de elektronenwolken in dit geval een grote rol speelt in niet alleen het isotrope
gedeelte van de derde-orde respons, maar ook in het anisotrope gedeelte. In xenon worden

deze allebei volledig bepaald door de intermoleculaire bewegingen. [65]
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De lokale veldeffecten hebben een grote invloed op het spectrum, als de vloeistof ver-
dund wordt. Dit is omdat de lokale veldeffecten door wisselwerking tussen de moleculen
ontstaan en deze many-body effecten zijn athankelijk van de waarschijnlijkheid van het
vinden van moleculen binnen de afstand, waar de wisselwerking groot is. Hoe meer mo-
leculen er deelnemen in een bepaalde beweging, hoe sneller de Raman respons van deze
beweging verdwijnt als de vloeistof verdund wordt door een andere zwakkere wisselwerken-
de vloeistof. Simulaties zijn uitgevoerd op een gedealiseerd mengsel van koolstofdisulfide
en ’spookmoleculen” met de zelfde dynamische eigenschappen als koolstofdisulfide maar
geen moleculaire polariseerbaarheid. Dit maakt een studie van het effect van verdunning
op een algemene manier mogelijk. De resultaten zijn vergeleken met experimentele metin-
gen aan mengsels van koolstofdisulfide en alkanen, die in de laserspectroscopiegroep van
deze universiteit zijn uitgevoerd. Er werd een duidelijk verschil tussen de gesimuleerde en
gemeten spectra waargenomen. In een eerder experimenteel onderzoek was voorgesteld,
dat het bijzondere gedrag van de experimentele respons door de vorming van klontjes kool-
stofdisulfide samengehouden door hun quadrupoolmoment, te verklaren was. [69] Door de
eigenschappen van de spookmoleculen, zoals ladingen en moleculaire massa’s, zijn alle mo-
gelijke verklaringen behalve //n weerlegd. De zwakkere van der Waals krachten van de
alkanen zijn de enige mogelijke verklaring voor de veranderingen van het spectrum wanneer
koolstofdisulfide verdund wordt. [64]

Verder onderzoek naar de vijfde-orde spectra van CSy en de invloed van ’close collision’
effecten op deze spectra zijn uitgevoerd. Dit onderzoek geeft de best mogelijke berekende
spectra om de experimenten mee te vergelijken en om deze experimenten te verklaren. Uit
deze berekeningen blijkt dat de ’close collision’ effecten een belangrijk bijdrage aan het

vijfde-orde spectrum geven.
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