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Close collisions in the two-dimensional Raman response of liquid carbon disulfide
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The fifth-order 2D Raman response of a liquid is calculated taking all possible interaction induced effects
into account. Next to dipole-induced dipole interactions, close collision effects due to induced multipoles and
electron overlap are found to give a significant contribution to the response of liquid carbon disulfide. A correct
prediction of the spectrum is impossible, when these effects are not properly taken into account. The calculated
response is found to be in good agreement with some of the most recent experiments.
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. INTRODUCTION Recently Kubaryclet al® employed a multi-color technique
that effectively suppresses the cascaded response. Also Kauf-
In the liquid phase, where the molecules constantly touchmanet all” have recently claimed to have measured the true
each other, the low frequency dynamics is dominated byifth-order response.
complex many-body interactions. These dynamics have been Theoretically the fifth-order response was calculated with
studied experimentally through, for example, time resolvedvarious methods. First the response was modelled using
third-order Raman respon&é Various theoretical models®  Brownian oscillator model¥}®***°out their use is limited to
have been used in the interpretation of these signals that cditting experimental data and investigating phenomenological
roughly be split in two parts. The subpicosecond response igffects. Later the instantaneous normal mod&M)
mainly due to interaction-induced effects while a slowly de-approach**#was used, but this method has problems de-
caying response is caused by the diffusive realignment of thecribing the long time behavior of the response. This was
molecules. The interaction-induced effects have traditionallyvident for example in calculations on liquid xenénz*
been taken into account through the dipole-induced dipolavhere the INM response was compared to fifth-order re-
model?® In an earlier studywe showed that this model is sponse calculated with the very time consuming full molecu-
insufficient and that induced multipoles play an importantlar dynamics time correlation function method. The com-
role in the generation of the Raman signal. Furthermoreplexity of this full MD time correlation function method
overlapping electron clouds were also found to give a smallimited the calculations to include only 32 atoRfs>
contribution to the third-order Raman response. The finite field method, developed by'4d*uses the full
Unfortunately the dynamic information revealed by themolecular dynamics data too, but this nonequilibrium
third-order response is limited and it is not possible to dis-method simulates the experiment directly and gives a much
tinguish between different relaxation mechanisms. Thereforgnore efficient way to calculate the fifth-order response than
Tanimura and Mukamélsuggested using 2D fifth-order Ra- the correlation function method.
man as a means to obtain more detailed information on the Various mode coupling models have also been used to
relaxation. It was soon realized that the fifth-order techniquesalculate the fifth-order respon&t?’ These methods all rely
also makes the observation of mode coupling possible as in approximations of the motion in the liquid and their value
2D NMRE7% |n addition, the fifth-order response can be still has to be proven.
expected to be highly affected by interaction induced effects. In the Sec. Il a description of an improved version of the
Calculations have shown that both dipole-induced digdles finite field method, effectively eliminating higher order re-
and induced multipolé$ strongly contribute to the fifth- sponse contributions, will be given. Models for the first-
order response. order susceptibility that includes interaction induced effects
Experimentally the fifth-order response has been a bigo various levels of sophistication will be briefly summarized
challenge to measure. In these temporally 2D experiment# Sec. Ill. The simulated fifth-order responses will be pre-
five optical pulses are employed. Two pulse pairs separategented and discussed in Sec. IV and finally the conclusions
by a first variable delayt; excite the sample and after a will be presented in Sec. V.
second time delay, a fifth- pulse generates the polarization
that is emitted as a signal. In 1999 it was shown that all
experiments performed till then were contaminated by third-
order cascaded respoH§eThis experimental observation The idea behind the finite field method is to simulate the
was later supported by our theoretical estimations of the ineptical experiment by explicitly applying the forces, origi-
tensity ratios'* Since then, Tokmakoff and co-workers nating from the interaction between the optical fields and the
claimed to have measured tlsgrégy)zzyﬁ)olarization component liquid. This is done for the two excitation pulse pairs, sepa-
of the response using an heterodyne detection techfitquerated by a first variable delay;. The polarizability of the

Il. THE FINITE FIELD METHOD
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sample is then evaluated as a function of the second time MOL DID
delay t,. This allows one to calculate the fifth-order re- o oo

sponse, avoiding the time consuming calculation of the 2D

time-correlation functions.

In the original calculations with the finite field methdd!
the fifth-order response was obtained from a simulation in **
which pulse pairs were applied at two tim@sandt,) re- 20018
sulting in a susceptibility {1 cq. o cONtaining both first, third g
and fifth-order contributions. Hera throughf denote the
polarization directions of the involved electrical fields. The
first and third-order contributions were then removed using -,
the results from simulations with one field pair applied at *°
time 0 ort; (x{Hea00 OF XShooer) @nd without any applied
fields (x{}oo.00- Furthermore, the calculated response was 4o
corrected for the strength and duration of the fields: so8
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Alternatively the fifth-order response can be obtained F'G: 1. The all polarized 2D Raman respongfl).,,in the
from four simulations all with fields applied at two timég ~ MOL. POL, DID, and DRF models. The time is given in fs.
andt,). In these calculations the polarization direction of ) o ]
one of the fields is inverted resulting in an inversion of the€louds overlap. This also affects the polarizability which can
applied force. The four calculations all contain the fifth-orderP€ t@ken into account in an approximate way by using the
response as well as third-order contributions, but with differ-direct reaction field modeDRF).”"In this model a set of
ent signs in the different calculations. This allows to isolateSCr€€ning functions damp the interaction as the atoms start
the fifth-order response and at the same time eliminate afverlapping, assuming that the electron clouds are well de-
contributions arising from an uneven number of pulse pair$cribed by exponentially decaying densities. A thorough de-
(order 41+3, neN). Denoting the polarization direction scription of how the first-order susceptibility can be calcu-

. . — ' . lated using this model can be found in our earlier paper
inverse to directiord, d the fifth-order response is considering the effects in the third-order Raman resp8nse.

(1) SN G R € BN D I Applying these four different models and comparing the
X [ty t) = Xavicdief ™ Xapicael Xabicdef Xab:cd?ef_ results allows to examine the origin of the fifth-order re-
abedef ™y 4E.EJEE(At)? sponse. This will contribute significantly to an interpretation

2 of the 2D spectra.

This inverted force method will be applied in order to elimi-
nate artifacts due to higher order response. It allows the use IV. RESULTS AND DISCUSSION

of stronger laser fields in the simulations. _ : N
The fifth-order Raman response was simulated using fi-

nite field molecular dynamics simulations based on the in-
verted force metho@Eq. (2)]. This was done using a simu-

A hierarchy of models will be applied to approximate the lation box containing 64 carbon disulfide molecules. In
first-order susceptibility, where each model includes the in€arlier studieS" employing the DID model 256 molecules
teraction induced effects on a different level of complexity. were used, but no difference was observed when we limited
The molecular modeIMOL) only accounts for the contribu- ourselves to using 64 molecules. The carbon disulfide mol-
tions from individual molecule polarizabiliti€é. Local di- ecules are kept rigid and the isothermal-isobaric ensemble
pole fields generated by induced dipoles on neighboring molprocedure by Berendsen al®!is used. With the DRF model
ecules are taken into account in the dipole-induced dipoléhe fifth-order Raman response was calculated from 4000
(DID) model. This model has been applied in most theoretidifferent starting configurations, using a laser strength of
cal studie$?1?>!1gince the molecules have an extended1.915 V/A. The response was calculated for timesndt,
structure, induced multipoles also influence the susceptibilbetween 0 and 600 fs, with 20 fs resolution. For comparison,
ity. This can be accounted for by using a model with atomicthe MOL, DID, and POL model responses were calculated
polarizabilities(POL) instead of molecular ones. Previously, under the same conditions, but with a slightly lower laser
we showed that such a model accounts well for the polarizstrength of 1.724 V/A for the MOL and DID models. In the
ability in the third-order Raman resporfs&imilar models DID calculations only 2000 starting configurations were
have been used in other studies of the third- and fifth-ordeneeded. The calculated responses forkR,,.and x> ..
Raman response?®12 polarization directions are shown in Figs. 1 and 2.

When molecules are touching each other, their electron For thex!%),,,,component the moleculdMOL) response

IIl. SUSCEPTIBILITY MODELS
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zyzzz zzmmz
is somewhat elongated along theaxis. The response found Model. wherey andm denotes an axis perpendicular to thaxis
with the DID model is more symmetric, while the POL and and an axis f.orm".]g the magic angle with thexis, respectively.
DRF model results are even more stretched out along,the The time is given in fs.
axis than the pure molecular response. In the third-order re-
sponse the close collisions were seen to counteract the effedifferent configurations will be very different. More investi-
of the dipole-induced dipoles. This also seems to be the cadgations will be needed to give an exact interpretation of the
in the fifth-order response, but in fifth-order the POL modelobserved spectral features.
stretches the response even further along itexis than the The multicolor experiments published receftf¥? are in
molecular model does. Slight differences are also observegood qualitative agreement with the simulated results re-
between the POL and DRF model, showing that electroported here. In these experiments the cascaded processes are
cloud overlap is of some importance. severely suppressed by the phase mismatch. Fox$ig,,

In the x{3).,,,,response, the signal is independent of thecomponent a long tail along thg (7,) axis is observed in
individual molecular orientations and therefore the MOL Very good agreement with the response calculated with the
model does not give rise to optical response at all. As mighPRF model. Furthermore, the observed signal along the di-
be expected for a signal that is solely dependent on intera@gonal vanishes very fast, just as in the calculated response.
tion induced effects, the differences between the DID, POL, In order to compare with the experiment performed by
and DRF models are even more pronounced, as shown f@olonzkaet al’® we have calculated the(?),,, component
Fig. 2. The DID response is rather symmetrical, while theemploying the DRF model. This calculated response is
POL and DRF responses show a ridge alongtjhexis. This  shown in Fig. 3. A ridge is found along the axis wheret,
clearly demonstrates that the close collision effects are ois 100 fs. In the experiment a similar ridge is found but at a
crucial importance in the fifth-order response. The effect ofvalue oft; of around 200 fs.
electron cloud overlap is clearly visible in the area whigre ~ In recent theoretic& and experimental studi¥snodal
andt, are 100 fs. A peak is seen in the DID and POL resultsjines in the x{3),,,,response of CSwere reported, which
while this is not observable in the DRF response where theccur on thet, axis. Such features are not observed in the
electron overlap is taken into account. multi-color experiments by Kubary&h®2 nor in the present

At present we can only speculate on the detailed interpresimulations. In their simulations, Saito and Ohnfthesed a
tation of the spectrum. The long ridges along theaxis were flexible molecule model, where a rigid model is used in the
also found phenomenologically in a model suggested byresent study. However, this flexibility was found to be of
Steffen and Duppet?,involving fast phase relaxation during minor importance to the observed spectriinAlso, the mi-
the first time delay and slow population relaxation during thecrocanonical ensemble was employed, where we use the
second time delay. This model is briefly described in theisothermal-isobaric ensemble consistent with the experimen-
Appendix. In the low frequency homogeneous line broadental conditions.
ing limit of this model w<<A<A) a ridge along the, axis The use of the isothermal-isobaric ensemble is, in prin-
is found. When the frequency, the fluctuations of the fre-ciple, not perfect, since artifacts might be introduced by the
guency and the timescale of these fluctuations are of thBerendsen procedures that are applied to keep the tempera-
same order of magnitudest~ A~ A) a more peaklike struc- ture and pressure constahtin order to check whether such
ture of the response is observed. However, the true manrtifacts are present, the time constant of calculations, per-
body response is more complicated than suggested by thfermed in the pressure conserving scheme, was varied. This
phenomenological model. did not give rise to changes in the simulated fifth-order re-

It is essential to understand why the DID response issponse along thg, axis. Calculations at constant energy in-
rather symmetric while the DRF response is highly asymstead of temperature did not show any difference either.
metric. The only difference between these two models is thé&rom these observations we conclude that the isothermal-
distance and orientation dependence of the polarizability.isobaric ensemble can be confidentially used to represent the
This indicates that different dimer configurations are responexperimental conditions of the fifth-order experiments.
sible for the rather symmetric part of the response and the An alternative way to mimic the experimental conditions
ridge along the axis. It is reasonable that the nature of thé to do the simulations in the microcanonical ensemble with
response depends on the distance and orientation betwesaveral initial conditions, selected from a distribution that is
the molecules, since the intermolecular forces experienced icanonical, and then average the results. However, this
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method also has disadvantages, since it does not allow loctd concur with the observations by Kaufmanall’ nor the
fluctuations of the density unless the simulation box is takertalculations by Saito and Ohmii2It might be possible that

to be very large. In our nonequilibrium simulations, energy isspecific couplings between translational and rotational de-
transferred to the system when the laser fields are applied. lgrees of freedom play a role, as suggested by the authors.
a simulation with constant energy, this amount of excess en- For the Xg)my component reasonable agreement was
ergy is not allowed to dissipate out of the system again, as ifound with the experiment by Golonzlet al!® and for the
does from the sample in the laboratory. If the time scales o§((5) component some resemblance with the experiment

the energy dissipation and the density fluctuations are muc@”ﬁﬁﬁ?mamet all” was observed, but with a unexplained

larger than that of the dynamical motions that are the subjedifference in the sign.
of investigation, very little or no difference should be ob-  The calculated response gives a reasonable description of
served between the simulated results of the two methods jusiost experiments, but some differences are observed in the
discussed. timescales. It should be remembered that the fifth-order re-
Both experimentallyy and theoreticalf? the x{3)..,, sponse is sensible to anharmonicities and couplifigéthat
component was reported. For comparison we have calculataflay not be well described by the simple force field em-
this component too employing the DRF model for calculat-ployed here. This might provide an explanation for the ob-
ing the susceptibilityFig. 3). This calculated response re- served deviations in the details of the spectra.
sembles the experimental observatidnsell at first sight, Still further research is required in order to give a clear
but the peak on the, axis is positive in the calculations and interpretation of the spectra and establish consensus between
negative in the experiment. Furthermore the calculated peathe experimental and theoretical results. This will allow fifth-
stretches out to 200 fs alorg, where the experimental peak order Raman spectroscopy to become a useful method for

only stretches out to 100 fs. studying the complicated motion of liquids.
The harmonic oscillator model of Steffen and Duppen
cannot account for nodes along theaxis as shown in the APPENDIX

Appendix. This means that any such nodal structure must a9 ) ) )

arise from anharmonicities or couplings not taken into ac- Stéffen and Duppern examined a harmonic oscillator
count in that model. More sophisticated quantum Fokkerinodel allowing line broadening due to fluctuation of the fre-
Planck equation models have been reported, but these do nid¢ency of the oscillator. In this model the line shape function

seem to produce nodes on theaxis of the fifth-order re- 9(t) was given by

sponse eithe?’ Okumura and Tanimura developed models A2
taking small anharmonicities into acco%ﬁﬁshowing strong g(t)= — (e M+ At—1). (A1)
influence on the relaxation rates along the two axis, but again A?

no observation of nodes along theaxis were reported.
g the P Here A denotes the root mean square of the frequency fluc-

tuations and\ ~! denotes the correlation time of these fluc-
tuations. The frequency of the oscillator is denotedn the
In this study we showed that induced multipole interac-inhomogeneous limia>A and in the homogeneous limit
tions and electron overlap effects are very important in the<A. The fifth-order Raman response in this modeé? is
fifth-order Raman response of liquid carbon disulfide. These _ _
. . (5) — @~ 20(t1) —29(tp) +g(ty +tp) —
effects are even more pronounced than in the third-order RaX (titp)=e ! ? tPcod ot —tp)]

V. CONCLUSIONS

man response” changing the shape from peaklike to ridge- — e 9T eod w(t, +t,) ]+ e~ 9Wcod wt,]
like. This change in character is more pronounced in the

X&) .,,component than in thg!>),,, .component. It proves —e 2002720 oW cog w(ty +2tp) ].
that the fifth-order Raman response is a sensitive tool for the (A2)

investigation of many-body interactions. The response thus
provides important clues on details in the intermolecular mo- Using this general result the fifth-order Raman response
tion. - along thet, axis can be expressed as

The calculatedy!>),,, response was found to be in good _
agreement with t?]zezzzszignals experimentally observed by XPN0tz)=1-e ¥ Zcod 2uty). (A3)
Kubarychet al® Furthermore, the observed spectral featuresThis function can never become negative as lonty @amd A
seem to be in reasonable agreement with phenomenologicate both positive and the model can therefore not account for
models®® In contrast, the calculated response does not seem node on the positive part of tlg axis.
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