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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 functional 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. @002 American Institute of Physic§DOI: 10.1063/1.1483862

I. INTRODUCTION Isolated xenon atoms have constant isotropic polarizabil-
Atomic liuid il b _ lecul ities and therefore will not give rise to any Raman response.
tomic liquids are special because no intramolecu arHowever, in the condensed phase many-body interactions

nuclear degrees Of. freedO“.‘ are fou.nq. in these S_’yStgm?ead to fluctuations in the susceptibility and hence a measur-
Therefore they provide a unique possibility of studying in- able Raman response. This makes atomic liquids such as

termolecular interactions and motions, avoiding any contri-. . : .
. . . liquid xenon excellent probes for studies of intermolecular
bution from or coupling to intramolecular degrees of free-

dom. Xenon is a noble gas that forms an atomic liquid at e{nteracnons and motions. Some 15 years ago, Greeat'

; . . ; (rjeported experimental results on the third-order Raman re-
relatively high temperature due to its large atomic mass ans onse of liquid xenon. Their limited time resolution allowed
high polarizability. The latter effect not only gives rise to b quid x : iriimi ' Ul W

substantial interatomic coupling, but also to efficient interac-them to measure_only the tail of the_ signal, Wh'Ch_ was found
tions with optical fields. to be well described by exponential decay. This does not
Dynamic (inelastig light scattering was employed by a agree with the results of the earlier light scattering measure-

number of groups to study the properties of liquid xedoh. Ment by Gornalkt al,! which Bucaro and Litovi'tk7 fitted to

In these experiments the information is obtained in the fornf? @nalytical expression that shows” decay in the long

of a(Raman spectrum of interatomic motion. More recently, ime limit. This expression was derivEdusing a model
these frequency-domain spontaneous light scattering metffased on gas phase collisions.

ods were complemented with a variety of time-domain tech- N liquid xenon, two sources for the many-body effects,
niques, based on stimulated light scattering of skiemto- ~ 9iving rise to a measurable Raman response exist: dipole-
second laser pulse$-*° Examples of these techniques are induced dipole interactions and the effect of electron cloud
the (heterodynelloptical Kerr effect® and transient grating overlap. The first effect arises from the fact that two mol-
scatterind”’ These experiments probe the evolution of theécules in a macroscopic electric field do not only feel this
first-order susceptibilitthe macroscopic polarizabilityaf- ~ macroscopic field, but also the local field generated by the
ter impulsive excitation of the system, allowing observationdipoles induced on other molecules. The electron overlap
of the liquid motion in real time. The time-domain data of effect arises when molecules come so close to each other that
these third-order nonlinear optical experiments are related ttheir electron clouds overlap, which will then also affect their
the frequency-domain spectra from spontaneous light scattepolarizability. In most calculations of the third-order re-
ing by Fourier transformation. sponse till now, only the dipole-induced dipole effect has

0021-9606/2002/117(3)/1181/7/$19.00 1181 © 2002 American Institute of Physics
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been taken into accoufft-?> A few studies on molecules action induced effects, based on an atomic collision mbdel.
have used an atomic dipole-induced diptD) model?®?’  This is related by a Fourier transform to the stimulated third-
placing polarizabilities not only on the center-of-mass, butorder Raman responggme domain,

on all atoms, thereby introducing atomic structure and hence - .
induced multipoles in an approximate manner. Recently, a @(t) Tesin(ntan “(t/7c))
study including both induced multipoles and electron overlap (t2+ 7%)n/Z

in the calculation of the third-order response of,C8as

reportec?® In that case it was shown that the effects of in-Whererc is the collision time andh is related to the character
duced multipoles are more important than electron overlapof the interaction. The expression has been used by several
For xenon there are no induced multipole effects, so tha@uthors to fit experimental spectrat”?One should be very
only many-body interactions caused by the electron overlagareful doing this, since it was derived for collisions of iso-

: @

effect and DID remains. lated dimers with zero impact parametéfThe frequency
In this paper the many-body aspects of the third-ordeflomain response was originally given as
Raman response of liquid xenon are studied experimentally ) ) 21D ey — w ), 3)

and by simulation. In Sec. Il the theory behind the calcula-

tions is outlined. In Sec. Il the experiments are presentedwhere w, is the inverse ofrc and 2 (m—7)/7] is equal to
The simulations are described and compared to the expemr—1 (m=[7n+7]/2). In the paper by Bucaro and Litovi{z
mental results in Sec. IV. Finally the conclusions are prethe time constantc was related to the interaction parameters
sented in Sec. V. in an approximate way,

e~ taro(w/kTY{ 1 (2/m)tan Y(2e/kT)Y3.  (4)
Il. THEORY
Here e andr are the potential depth and distance in a sup-
dliosed Lennard-Jones potential gndis the reduced mass.
The constantn was related to the polarizability dependence

on the interatomic distanag

The stimulated Raman response is governed by the thir:
order response functiog{}. (t,), wherec andd denote the
polarization directions of two initial laser fields that interact
with the sample. After a delat; the time evolution of the
system is probed by a laser field with polarization direction — a(r)—a(%)oxr ™™ (5)

b. This results in the emission of a signal field that is de- . . . .
tected with polarization directioa. In the isotropic liquid We will use time-dependent density functional theory
' e(rTDDFT) (Ref. 3] to calculate the microscopic counterpart

phase two linear independent components of the third-ord L o . :
response exi&® These can be chosen to be the isotropic.Of the susceptibility, i.e., the polarizability. Since this method

[ 7 and anisotropid x,] components, wheren de- is far too time consuming to be used to calculate the polar-
Xzzm PIA X2z P ’ .izability of large numbers of molecules, the more efficient

notes an axis forming an angle, often denoted the magig approximated direct reaction fiel®RF) modef?-% is
angle, of 54.74° with the-axis. . .
N 20,28,30 - _employed for this purpose. The parameters of this model are
In the f|n!te f_|eld methodFF), . the third orde_r_re ptimized to reproduce the TDDFT results for dimers. The
sponse function is calculated by simulating the conditions o RF model is then generalized to calculate the first-order

the experiment. The forces, due to the optical fididsand o\ (oo ity of MD simulation boxes containing hundreds
E4 are actually applied in the simulation. Motion is induced of atoms

. P . (1) .y
in the liquid by the linear responsgey . The third-order In the DRF modef?~3°the conventional dipole field ten-
response is determined by calculating the susceptibility . . . : . . .

1) : : 1) : sor that describes the dipole induced-dipole interaction, is
Xahed(t), 1e., the linear responsgty) at later time steps due replaced by a modified one that also takes the effect of over-
to the action of the laser fields and d. The procedure is P y

. . . ! . lapping electron cl in nt. The first-order -
repeated for numerous trajectories with different startin apping electron clouds into account. The first-order suscep

. T (1) . . .
configurations producing sufficient statistical material. The%IbIIItIeS X In Bq. (1) can be found by solving a linear set

; 8-20,32,34,35
background noise(glb);oo(t), from calculations without the of equations,
applied forces is subtracted to improve accuracy. For laser " 1
fields with duratiomAt and a number densifty in the sample Xy Ep: Iy, (6)
the response function is given by

(3) Xglb),cd(t)_)(glb),oo(t) 2 quHp:L, (7)
Xabed V)= . (1) )
47760N ECEdAt
The FF method has been shown to be equally good as the Bgy=ag 8qp— Tap(1— qp), 8

more conventional time-correlation function method, when

the third-order response function is calculat®th terms of yvhlerte gp tls an elffe_ctlvsl_?ola:ﬂzabnllty on atcc>Lrp., at% |sLthe
calculating costs and possibilities it is superior to thig'S0'ated atom poianza llityy"the volume, and. is the Lor-

method, when higher order response functions such a%ntz factor. The modified dipole field tensfy, is given by
x4 ft1,t) are evaluated®*° 3T (F. F ) fE

Bucaro and Litovitz derived an expression for the spon- 7, =—F1 242404 (9
taneous Raman scatteririffjequency domaindue to inter- Y
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20 | E
total response
---- nuclear response

S
FIG. 1. Dimer rotation and dimer collision. Rotation only changes the an- £ 10 | i
isotropic polarizability. Collision changes both the isotropic and the aniso- ‘_\U
tropic polarizability.
Herer,, is the distance vector between the interacting di-
poles. The screening functiofi§, andf5, take the effect of
overlapping charge densities into account. In the DID limit .
. . 0 L | T N
these factors are one. In the exponential density model the 0 200 800 1200 1600 2000
52,34 f
ar t,/fs
foq=1—(3vhqt vpgt 1)exp(— vpg), (100 FIG. 2. The measured anisotropic third-order Raman resp(odiel line),
together with the anisotropic deconvoluted nuclear respédashed ling
T E ng obtained by deconvoluting the electronic response.
foq=fpg— = EXH(—7pg), (11
6
arpq Spectra-Physigsdelivering ~70 fs pulses centered around

Vpg™ 6 (12 800 nm at an 82 MHz repetition rate. The output of the laser
(arpaq) after precompression in a doublepass compressor based on

The empiric screening fact@; and the atomic polarizability two fused silica prisms, was-7 nJ per pulse. This output
a are usually optimized to give as good a description of thewvas split into pump and probe beams with a ratio of 10:1,
molecular polarizability as possible for a wide variety of respectively. The probe pulse was variably delayed by a
molecules’® In this work on liquid xenon the model will be computer controlled delay stage. The pump and probe beams
optimized to reproduce the TDDFT result for the polarizabil-were polarized at 45° with respect to each other and were
ity of a xenon dimer. Subsequently, the DRF approach wagocused into a sample by using a spherical mirror 5
used to calculate the first-order susceptibility, in the sam&m. The necessary pump and probe polarization orientations
manner as described in our paper on,&5 were set by 3 mm thick Glan—Taylor polarizers and /2

In Fig. 1 the two possible interatomic motions in a dimer plate in the pump beam. The energy of the excitation pulses
are sketched, i.e., a dimer rotation and a dimer collision within the sample place did not exceed 2 nJ per pulse. The 90°
zero impact parameter. The dimer rotation will not changeout-of-phase local oscillator field was generated by insertion
the isotropic polarizability of the dimer and hence will only of a \/4 plate in the probe beam and detuning of the probe
contribute to the anisotropic response. The head on collisionsolarizer by~ 1.5°. By measuring the crosscorrelation func-
will change both the anisotropic and the isotropic polariz-tion of the pump and probe beams in a 2th BBO crystal
ability and will therefore give a contribution to both compo- and applying a deconvolution procedure in frequency

nents of the optical response. domairt’*8the inertial nuclear contributions to the transients
were separated from distortions introduced by the instanta-
IIl. EXPERIMENTS neous electronic response. The FWHM of the electronic re-

. . sponse was measured to be 120 fs.
f xenon was m r - .
The anisotropic Raman response of xenon was measu et Liquid xenon was condensed into the 2 cm path length

in an OHD-Kerr experiment, as proposed by McMorrow and T

Lotshaw!® Briefly, we used a Ti:sapphire oscillattviai Tai, sample space of a Iqu|d_n|trogen flow cryos_(@xford
DN1714 from 99.997% purity xenon gas. Experiments were
performed at a temperature of 168.5 K. The temperature

TABLE . Exponents of the diffuse functions added to the ADF Xe V ZORA of the liquid xenon was controlled by employing an active

basis sgt with specifin power dependence in the radial part and sphericalfaedback device and monitored during the experiments. At 1

harmonic behavior. bar the melting point of xenon is 161.25 K and the boiling

s-functions p-functions d-functions f-functions point is 166.15 K3 The dependence of the OHD Kerr re-
n exponent n  exponent n  exponent n  exponent  SPONSe on temperature was investigated over this range, but
was found to be almost negligible.

5 1.2 4 3.2 3 6.2 4 1.3 X )
0.8 2.133 4 21 0.889 The experimental result of a OHD Kerr effect experi-
0.533 5 0.81 1.4 0.0.593 ment at 164 K is shown in Fid2). It is clear that the nuclear
0.355 0.506 0.933 0.395  contribution to this signal is rather small compared to the
0.316 0.622 electronic one. When the latter is removed by Fourier
g:igg 0415 deconvolutior?’*the dashed trace is obtained. It is propor-

tional to the anisotropic componegt?,, of the third-order
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TABLE Il. Number of fit functions added to the ADF Xe V ZORA basis set with specifipwer dependence
in the radial part and spherical harmonic behavior.

s-functions p-functions d-functions f- functions d-functions
No. fit n No. fit n No. fit f n No. fit f n No. fit

=}
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Raman response of liquid xenon. This result will be com-value of 1.9088 found in the optimization of a wide range of

pared to simulations below. molecules® The dimer polarizabilities, found with the DID
and DRF models, as well as with TDDFT, are shown in Fig.
IV. SIMULATIONS 3. At an interatomic distance of 4.3 A, where the first solva-

tion shell peaks, the value for the polarizability, obtained

The frequency dependent polarizability of the Xxenonyith the DID model is 1.2% too high compared to the TD-
atom and dimer were calculated with the Time DependenpET result. At the closest interatomic distance found in the
Density Functional TheoryTDDFT), using the Amsterdam  simulations, 3.55 A, the DID polarizability,, is 5.5% too
Density FunctionalADF) (Refs. 31, 40—4Bpackage. The hjgh. The slope of the DID polarizability vs interatomic dis-
basis set used is a standard ADF ZORA all electron triplegnce is much steeper than the slope of the TDDFT curve.
zeta basis set with polarizatiealled “ZORA V all elec-  The optimized DRF model on the other hand shows excellent
tron”) to which diffuse functions have been addd@able ). agreement with the TDDFT results.
This is required for calculations of the polarizability, where MD simulations were performed witlGROMACS 1.6%
displacement of weakly bound electrons in the diffuse regionrhe temperature was set to 163 K and the pressure to 1 bar.
gives a significant contribution. The set of fit-functions wasThe calculation box contains 256 atoms. The Lennard-Jones
also expandedTable I)) and new coefficients were found coefficients for the simulations were obtained by a fit to the
with the progranGENFIT, which is part of the ADF distribu-  yenon potential energy curve recently calculated by Faas
tion. The LB94(Ref. 44 potential with proper asymptotic et al*” The coefficients areCq=3.379<10 2 kJ nnf/mol
behavior in the diffuse region was used in these calculationgng C1,=1.380<10"* kJnm%mol. The calculated MD
This potential was shown to give good results for the polargensity of 2.9 kg/l shows good agreement with the literature
izability of a large series of moleculé$Relativistic effects yajue of 2.969 kg/l, measured at 161.36 K and 0.8203 bar.
are expected to be of some importance since xenon is a The third-order Raman response calculated with the DID
rather heavy elemefif~**The scaled ZORA approa¢fi;®*  model and the DRF model are compared in Fig. 4. The first

implemented in the ADF, was used to take the scalar relativstriking feature is that the isotropic response is very small
istic effects into account. The value for the atomic polariz-

ability of xenon at a frequency of 0.0934 a.u. was found to

be 4.177 A, deviating only 1% from experiméntypical 12 ' ' ' '
absolute deviations in such polarizability calculations, using

the same method, are 3.6%.

In order to compare the relative importance of the DID 11
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 method. In both the DID and *<
DRF calculations the TDDFT single atom polarizability is
taken as the starting point. All polarizabilities were calcu-
lated at a frequency of 0.076 071 a(698.96 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® In the optimization the xenon
polarizabilities were kept fixed at the calculated single atom
value of 4.116 A. The screening factar which takes ac- 3 4 5 6 7 8
count of the electron cloud overlap, was optimized to dimer rA
calculations with interatomic distances from 3 to 8 A. It WaSF|G. 3. Dimer polarizabilities calculated parallel and perpendicular to the
found to be 2.587 85, which is somewhat higher than thenteratomic(x) axis.

10
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FIG. 4. The isotropic and anisotropic third-order responses calculated witfrlG. 5. Comparison of the third-order isotropic responses calculated with
the DID and DRF model. the DID and DRF models.

compared to the anisotropic response, as was expésted \; coNCLUSIONS

Sec. I). The isotropic response is almost fifty times smaller
than the anisotropic response. The second noticeable obser- Liquid xenon was studied to investigate the effects of

vation is the fact that the anisotropic responses, calculatedverlapping electron clouds and dipole induced-dipole inter-
with the DID and DRF models, have the same overall shapactions on the optical response. Xenon is eminently suited
but very different intensities. Including electron overlap re-for this purpose, since the single atoms do not generate a
duces the signal intensity by a factor of 1.5. Raman signal and all observed response is therefore due to
In Fig. 5 the calculated isotropic responses are commany-body effects. Experimental results on impulsive aniso-
pared. Because of the small intensities of these signals, theopic scattering were obtained by OHD-Kerr experiments.
signal to noise ratio is rather small. It is clear however thatMD simulations were performed using the DRF model for
the shapes of the isotropic responses of the two models atbe optical interactions, optimized against TDDFT calcula-
not the same. Both the isotropic and anisotropic responsegons of the polarizability of dimers.
have been fitted to the atomic collision model expression By comparing the DRF results to a model in which only
[Eq. (2)] given in Sec. Il. The values for the respective con-DID effects are taken into account, it was shown that elec-
stants are shown in Table lll. For comparison, the value fotron overlap effects are quite important, also at distances
the time constant, was also calculated with the thermody- typically found in MD simulations. The electron overlap ef-
namic expression Ed@4). The time constant. of the isotro-  fect is seen to lower the intensity of the response. In the
pic DRF result comes closest 1@ from expressiori4). This  anisotropic case the shape of the response was only slightly
is to be expected since the phenomenological model waaffected by the electron overlap effect, whereas for the iso-
derived for atomic collisions with zero impact parameter.tropic response the shape was found to be quite sensitive to

The isotropic response indeed depends on these collisiortee electron overlap effect.
but not on the dimer rotations. Both the DID and DRF calculated responses agree ex-

The normalized anisotropic DRF and DID nuclear cellently with the shape of the measured anisotropic re-
responses both show excellent agreement with the measursgonse, even though the DRF result is slightly closer to the
response(see Fig. 6 However, the maximum occurs experimental one. The small deviations observed can origi-
somewhat earlier in the calculated curves than in the experinate both from experimental factors such as small errors in-
mental curve. The difference is very small, but the DRF re-troduced in the deconvolution procedure and from approxi-

sult seems to be slightly closer to the experiment, especialljnations done in the calculations such as the use of a
in the tail. Lennard-Jones potential. The fact that the maximum of the

TABLE IIl. Values for 7., n, andm found from fits to calculations and experimeht.is the intensity.

Anisotropic Isotropic
Expt. DID DRF DID DRF
lc 0.173 0.116 0.00442 0.00242
7 lfs 342 353 359 267 427
n 1.72 1.92 1.90 1.52 1.13
m 9.5 10 10 8.8 7.5
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