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Molecular simulation of static hyper-Rayleigh scattering: A calculation
of the depolarization ratio and the local fields for liquid nitrobenzene
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Molecular dynamics~MD! simulation is used to assess the hyper-Rayleigh scattering~HRS!
depolarization ratio of liquid nitrobenzene subject to vertically polarized light. In contrast to
previous theoretical work, we have quantified both incoherentandcoherent scattering arising from
positional and orientational inhomogeneities in the molecular distribution. Although coherent
scattering is shown to be much less important than in the case of Rayleigh scattering, it can not be
neglected. Therefore, our analysis supports the current practice of working with dilute solutions~for
which coherent contributions to HRS are truly negligible! to extract the first molecular
hyperpolarizability from HRS measurements. In cases where experiments with pure liquids can not
be circumvented, our analysis may be used to separate coherent and incoherent signals. Our work,
which uses as input static ‘‘gas-phase’’~hyper!polarizabilities obtained fromab initio calculations,
also provides information on the orientations and magnitudes of the local electric fields experienced
by the individual molecules in the liquid. For nitrobenzene it is found that the local fields are largely
determined by specific dipolar alignment between neighboring pairs of molecules, with
consequences on the HRS signal. ©1999 American Institute of Physics.
@S0021-9606~99!51143-4#
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I. INTRODUCTION

A molecular liquid irradiated by a laser of frequencyv
scatters a small fraction of the incident power in the form
light at the same frequencyv. This is known as Rayleigh
scattering. A much smaller fraction of incident power is sc
tered as light at the second harmonic frequency 2v. This
hyper-Rayleigh scattering~HRS! is only noticeable upon in-
tense irradiation of the liquid.~Typically intensities of 10
GW/cm2 are used, corresponding to an external field of
proximately 108 V/m.! HRS arises from the nonlinear re
sponse of the molecules to intense electromagnetic~EM!
fields @see, e.g., Refs. 1 and 2 and Eq.~1! of this paper#. In
recent years it has become apparent that measureme
HRS in liquids may be used to quantify the nonlinearity
the molecular response: Clays and Persoons3,4 have shown
that measurement of HRS signals allows extracting relia
values for the largest element of the molecular first hyper
larizability tensorb i jk @with i , j ,kP$x,y,z%, and (x,y,z) de-
noting themolecularcoordinate frame#. Furthermore, subse
quent experimental5 and theoretical6 work has indicated tha
the HRS-technique may also be used to determine the va
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of the other elements of the molecularb i jk tensor, essentially
by measuring HRS-depolarization ratios in a series of exp
ments utilizing both linearly and circularly polarized light7

As a result, HRS, first observed in the 1960s,8 nowadays has
developed into an important tool in the nonlinear opt
~NLO! field.

Whereas the objective of most experimental work
HRS has been the determination of the~elements of the!
molecular hyperpolarizability from macroscopic observab
~such as the depolarization ratio or scattered intensities!, our
goal is opposite and complementary: Using molecular sim
lation, we wish to calculate the depolarization ratio of liqu
nitrobenzene subject to aZ-polarized incident beam propa
gating in theX direction, using as input high quality molecu
lar ~hyper!polarizabilities obtained fromab initio quantum
mechanical calculations.@We use (X,Y,Z) to denote the
laboratory coordinate frame.# In doing so we aim at quanti
fying both incoherent and coherent contributions to t
hyper-Rayleigh scattering signal.9–11 As far as we are aware
our calculation is the first to produce precise estimates of
importance of the coherent contribution to the HRS signa
Moreover, our work allows to assess in detail the magnitu
and orientations of the local fields experienced by the m
ecules.

The current contribution is part of a wider effort aimin
at establishing quantitative relations between molecular
material properties of disordered substances. Recently,
have developed a combined molecular dynami
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electrostatics method12 that does not invoke the use of loc
field factors, but instead directly calculates the local elec
fields experienced by a representative sample of molecule
a liquid. Our method of ‘‘a posteriori’’ application of an
external field to equilibrium liquid configurations is als
used in the current contribution. Its details are as describe
Ref. 12. Therefore, in the next section we briefly recapitul
our approach and focus attention on new aspects.

The outline of the rest of the paper is as follows. In S
II we present the theoretical considerations of concern in
current problem, briefly review the computational strate
~Sec. II A!, and give an overview of all molecular data~Sec.
II B !. Section III presents our results on structure and dyna
ics of the liquid ~Sec. III A!, orientation and magnitude o
local fields ~Sec. III B!, and the HRS-depolarization rati
~Sec. III C!. Conclusions are drawn in the final Sec. IV.

II. THEORETICAL CONSIDERATIONS

Each moleculei in a macroscopic amount of liquid ex
periences a local electric fieldEloc,i that induces a dipole
moment in the molecule given by13

m ind,i5a= •Eloc,i1bT :EEloc,i1••• . ~1!

In this equation,EEloc,i is a 2nd order tensor formed from
Eloc,i , denoting the nonlinear contribution tom ind,i . The a=
andbT are the molecular polarizability and first hyperpolar
ability tensors, with elementsa i j andb i jk . The values of the
elements are determined by the properties of the molec
but may also depend on the frequency ofEloc,i .1,2

Based on the dipole oscillator expression, as kno
from classical electromagnetism,14 the average intensity o
the HRS signal generated by aZ-polarized incident beam
propagating along theX-axis can be written as5,7,8

I J
2v;

~2v!4

32p2e0c4r 2 K (
k51

N

(
l 51

N

mb,kJmb,lJe2 i k•r klL ~2!

in which we use; to indicate thatI J
2v has units of energy

density J/m3. Conversion to real intensity units, J/~m2s), is
straightforward by multiplying withc/n, c being the velocity
of light in vacuum andn the refractive index of the materia
at 2v. We have not made this conversion, since we are
terested in the depolarization ratioD5I X

2v/I Z
2v , for which

these prefactors cancel. In Eq.~2!, J denotes theJ-polarized
component of the scattered light~we only consider scattere
light propagating in theY direction, soJP$X,Z%), r is the
average distance of the detector from the center of illumi
tion of the sample, ande0 is the dielectric permittivity of
vacuum. The sums in Eq.~2! run over all molecules in the
volume from which the scattering is considered. Theb,kJ
subscript on the induced dipole momentm indicates that only
the J-axis projection of theb term of moleculek is consid-
ered@by b term we mean the second term on the right-ha
side of Eq.~1!#. The exponential factor in Eq.~2! accounts
for the angular dependence of the scattered intensity. In
exponent,r kl5r k2r l points from scattererl to scattererk
and the wave vector is defined ask54p/l sin(u/2) (u
2u0) with l the wavelength of the incident beam,u the
scattering angle, andu,u0 unit vectors in the direction of the
Downloaded 17 Apr 2007 to 131.155.151.20. Redistribution subject to AI
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scattered and incident radiation.9 Finally, the brackets in Eq
~2! denote time averaging over many liquid configuratio
subject to an external field.

The scattering signal of Eq.~2! contains an interference
free incoherent contribution due to single molecules~ob-
tained for k5 l ), and a coherent contribution arising from
inhomogeneities in the spatial and orientational distribut
of the molecules within the medium~obtained forkÞ l ). In
principle, the coherent scattering is subject to interfere
effects arising from the angular dependence that occurs w
kÞ l @note from Eq.~2! that the angular dependence vanish
for k5 l , i.e., for incoherent scattering#. However, for
~hyper-!Rayleigh scattering this angular dependence virtua
absent. In Rayleigh scattering, for which an expression id
tical to Eq.~2! can be written,9–11 this is due to vanishing of
correlations in molecular packing over distancesr kl!l.
Then, k•r kl→0 ande2 i k•r kl→1, leaving nou dependence.
For HRS an identical argument holds:7 The occurrence of
coherent HRS requires both density fluctuations~as does
Rayleigh scattering! and correlations in molecular
orientation,7 creating locally a noncentrosymmetric molec
lar environment. The combined density–orientational flu
tuations persist over smaller distances than density fluc
tions alone and therefore, in HRS scattering, as in Rayle
scattering, the exponential factor appearing in Eq.~2! may be
taken as 1.

Since coherent HRS is promoted by molecular corre
tions that persist over smaller distances than in Rayle
scattering,7 its contribution to the total scattering signal
also expected to be smaller than in Rayleigh scattering3–7

However, as far as we are aware, the precise balance
tween coherent and incoherent HRS has never been
mated for any substance. In order to fill this gap, we ha
taken up this task for liquid nitrobenzene. Our procedure
briefly sketched in Sec. II A.

Here we need to address two more aspects of Eq.~2!.
First, Eq.~2! only accounts forstaticHRS. Peak broadening8

of the HRS signal due to molecular motion is not taken in
account, although this can in principle be done via MD me
ods~see Refs. 9, 15, and 16 for examples dealing with R
leigh scattering!. Secondly, we need to clearly discuss t
limitations of Eq.~2!. Generally, in an actual experiment, th
volume from which scattering originates has dimensions t
are commensurate with the wavelengthl;7500 Å of the
incident beam. However, our MD simulation can only tre
volumesL3 with L on the order of 10 Å containing at max
mum a few hundred molecules. As a consequence,
simulation can not be used directly to study~multiple! scat-
tering processes responsible for attenuation of the incid
beam upon traversing a sample,10 and it can not incorporate
in a straightforward manner cooperative effects among
duced dipoles separated by distances larger that the
lengthL. To treat the last problem, we think of the fluid as
periodic array of boxes~volume elements!, each containing
an exact copy of the contents of the ‘‘parent’’ box, and u
the Ewald summation technique17,18 to extend the electro-
static interactions to an infinitely large volume. In contra
attenuation of the incident beam upon traversing the sam
is not accounted for: It is assumed that every volume elem
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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9713J. Chem. Phys., Vol. 111, No. 21, 1 December 1999 Hyper-Rayleigh scattering in nitrobenzene
is subject to the same externally imposed field and that
electronic responses to the field are instantaneous. This
sumption is reasonable when the scattered intensities
weak in comparison with the intensity of the incide
radiation,19 which is indeed the case for~hyper-!Rayleigh
scattering. We believe that our approach provides an in
esting alternative to immersing the simulation box in a
electric continuum:10 It does not need as input macroscop
susceptibilities of the surrounding dielectric~refractive index
or nonlinear susceptibilities!, and therefore does not requir
the self-consistent determination of these quantities fr
molecular simulation.

A. Computational strategy

In this section we briefly recapitulate our method to o
tain theEloc,i , first presented in Ref. 12. Our strategy reli
on a two step process.

In step 1, a liquid at ambient densityr59.7633103

mole/m3 and temperatureT5298 K is simulated in a fully
equilibrated 850 ps microcanonical9 constraint20,21MD of 72
nitrobenzene molecules in a cubic box with edgeL523.05 Å
subject to periodic boundary conditions.22 A total of 8500
liquid configurations are collected by saving consecut
configurations every 0.1 ps. In the MD no external field
present, we simply perform an equilibrium simulation.

After the simulation, in step 2, each liquid configuratio
is placed in an electric fieldE5(0,0,EZ), representing a
Z-polarized laser beam, and a point-polarizable dipole is
lowed to be developed at the center of the phenyl ring
each molecule. TheEloc,i , consisting of a sum of the externa
field E and the fields due to the permanent and induced
poles of the nitrobenzene molecules, can now be obtaine
iteratively solving the electrostatics problem12 constituted by
Eq. ~1! of this paper and Eqs.~17!–~19! of Ref. 12 @Eqs.
~17!–~19! provide expressions for the sum of the dipo
fields of the molecules#. Our method is essentially identica
to methods developed in the 1970’s to access the op
properties of crystals23 and does not invoke the common
employed local field factors.1,24 Note that we only assign on
dipole to each molecule. In a first approximation this is s
ficient, as was shown by similar calculations on lo
molecular crystalline materials, such as urea and benzen
varying the number of dipoles to be developed in each m
ecule~see Ref. 23 and references cited therein!. OnceEloc,i is
known for each molecule in every liquid configuration, t
I X

2v , I Z
2v , andD are found from Eqs.~1! and~2!. It should be

realized that the average in Eq.~2! is a field-on average
Therefore, as explained in Ref. 12, it is necessary to rewe
the configurations generated in the~equilibrium! MD by a
factor exp(VPind•E/kBT), in which Pind is the electronic po-
larization induced by the externally applied field. Howev
for fields E<109 V/m, the exponent does not significant
differ from 1 in weakly nonlinear substances such
nitrobenzene.12 Thus, we may simply take the equilibrium
average generated in the MD. Physically, this amounts
assuming that the optical field has no influence on the liq
structure, which is reasonable, since, in a first approximat
an optical field does not alter the organization of molecu
Downloaded 17 Apr 2007 to 131.155.151.20. Redistribution subject to AI
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but merely induces dipole moments in them.24 This proce-
dure of ‘‘a posteriori’’ application of an external field to
equilibrium liquid configurations has previously been e
ployed, e.g., by Ladanyi.16

B. Molecular model

In the simulation an all-atom representation, based
work by Shlyapochnikovet al.,25 was used for nitrobenzene
The molecular model employs fixed bond lengths and ang
and uses a bistable torsional potential for the NO2 group that
favors planar conformations. The energy barrier of this t
sional potential was chosen as 3.0 kcal mole21, in agreement
with experimental data.25 The interatomic interaction poten
tials were chosen to be of standard Lennard-Jones1 partial
charge type.22 The LJ parameters were taken from previo
work on benzene,12 with the parameters for the atoms of th
nitro group based on Table 1.1 of Ref. 22. No effort to fu
ther optimize the LJ-parameters was made. Atomic par
charges, taken from a Mulliken population analysis, we
rescaled to create a molecular dipole moment of 4.36 D
agreement with experimental values.24–26Note that the inter-
particle potentials do not account for the polarizable nat
of the molecules. Sole purpose of the MD was to efficien
generate realistic equilibrium liquid configurations. Molec
lar ~hyper!polarizabilities are only needed in the electrost
ics calculations~stage 2!. An overview of all molecular data
is given in Table I.

The molecular~hyper!polarizability tensorsa= and bT
used in the calculation of theEloc,i were obtained with the
GAMESS package27 from single molecule staticab initio
calculations at the MP2 level employing a Sadlej basis se28

The a= and bT were obtained using finite perturbation theo
with an electric field of 0.003 a.u. Attempts to account f
the effect of the molecule’s local environment on t
~hyper-!polarizabilities~solvent effect! have not been made
and are beyond the scope of the present investigation.
molecular geometry used in the quantum calculations w
optimized at the MP2-level29 using the 6-31G** basis set.30

In Table I, the values of the nonzero~hyper!polarizability
tensor elements are given in atomic units. Conversion to
units is straightforward ~1 a.u. of a= 50.164 867
310240C2 m2 J21 and 1 a.u. of bT 50.320 662
310252C3 m3 J22). The calculated~hyper!polarizability ten-
sor elements lead to orientationally averaged molecular~hy-
per!polarizabilities of, respectively,a5( ia i i 588.34 a.u.
andb51/3( i(bzii1b izi1b i iz)52161.6 a.u. This value of
b refers to the molecular orientation given in Fig. 1, f
which m5mz,0 ~i.e., the permanent dipole moment is d
rected along the negativez-axis!. Thea falls within the range
of experimental values reported in Refs. 24, 26, and 31.
computed value forb is also in reasonable agreement wi
that measured experimentally,b5128619.7 a.u. by Singer
and Garito31 and 235 a.u. by Levine and Bethea.32

III. RESULTS AND DISCUSSION

This section is divided in three parts. In Sec. III A, th
structural and dynamical properties of the liquid are p
sented. In Sec. III B, results are shown for the local fie
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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9714 J. Chem. Phys., Vol. 111, No. 21, 1 December 1999 Janssen et al.
experienced by the nitrobenzene molecules. Finally, in S
III C we present and discuss our results on the HR
depolarization ratio of the liquid.

A. Liquid structure and dynamics

Figure 2 shows the radial distribution functiong(r ) for
the phenyl centers of the nitrobenzene molecules and Fig
and 4 provide information on the orientational intermolecu

TABLE I. Molecular data.

Bond lengths~Å!:
CC; CH; CN; NO 1.401; 1.031; 1.459; 1.194

ONO-bond angle~degrees!: 124.6

Atomic charges~e!:*
C1; C25C3; 20.112 71; 20.151 97;
C45C5; C6; 20.113 94; 0.021 78;
N7; O85O9; 0.410 70;20.292 69;
H10; H115H12; 0.150 75; 0.152 96;
H135H14 0.170 38

LJ parameters (kcal mole21 Å12;
kcal mole21 Å6!:
ACC; BCC 692 949.3; 547.6
ACH ; BCH 88 214.6; 103.7
AHH ; BHH 5021.5; 15.82
ACN ; BCN 527 203.0; 404.5
AHN ; BHN 70 771.6; 86.2
ACO; BCO 548 103.6; 491.7
AHO ; BHO 56 866.6; 86.28
ANN ; BNN 512 795.2; 389.9
AOO; BOO 335 997.3; 393.6
ANO ; BNO 395 029.6; 354.4

Rotational energy barrier (kcal mole21): 3.0

Polarizabilitya= ~au!:
axx ; ayy ; azz 50.90; 98.98; 115.15

First hyperpolarizabilitybT ~au!:
bxxz5bxzx5bzxx 27.4
byyz5byzy5bzyy 4.7
bzzz 2193.6

aAtom numbers and molecular coordinate frame are shown in Fig. 1.

FIG. 1. Atom numbers and molecular coordinate frame of the nitrobenz
molecule. The positive molecularx-axis points into the paper.
Downloaded 17 Apr 2007 to 131.155.151.20. Redistribution subject to AI
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r

correlations within the liquid. Figure 3 depicts the orient
tional correlation of the permanent dipoles,P1(r ), defined
by

P1~r !5^cosf i j ~r !& ~3!

with f i j (r ) the angle between unit vectors directed along
permanent dipoles of moleculesi and j. Figure 4 shows the
orientational correlation of the phenyl rings,P2(r ), defined
by

P2~r !5^~3 cos2 u i j ~r !21!/2& ~4!

with u i j (r ) the angle between unit vectors perpendicular
the phenyl rings of moleculesi andj. In Eqs.~3! and~4!, r is
taken as the distance between the centers of the phenyl
and the angular brackets denote averaging over all confi
rations and all pairs of molecules at distancer. Note that, in
constructing Figs. 3 and 4, we have used a first order L
endre polynominal,P1(r ), to analyze dipolar correlation
and a second order polynomial to study correlations betw
the phenyl rings. This is appropriate since dipolar orderi
in contrast to the orientational ordering of the phenyl ring
has a sense of direction.

In Fig. 2, the two peaks in the radial distribution functio
for r 53.9 Å andr 55.2 Å correspond to nearest neighb
arrangements of the nitrobenzene molecules. Together,

e

FIG. 2. Radial distribution function of phenyl ring centers in liquid n
trobenzene.

FIG. 3. Orientational correlation function of permanent dipole moments
liquid nitrobenzene.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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9715J. Chem. Phys., Vol. 111, No. 21, 1 December 1999 Hyper-Rayleigh scattering in nitrobenzene
constitute the first coordination shell. As is clearly seen fr
Figs. 2–4, in the region 3 Å–4.5 Å, i.e., in the vicinity of th
first correlation peak, the permanent dipoles of the molec
pairs tend to be aligned antiparallel to each other~negative
P1 , Fig. 3!, whereas the phenyl rings are oriented para
~Fig. 4!. In the region around the second peak in the fi
coordination shell, i.e., aroundr 55.2 Å, the orientational
ordering of the nitrobenzene molecules is much less p
nounced~see Figs. 3 and 4!. Thus, Figs. 2–4 indicate tha
within the first correlation shell, molecular pairs with
strong, nevertheless not perfect, tendency for antipara
alignment are formed~note that this tendency is larger fo
smaller intermolecular distances!. This aspect of the intermo
lecular packing is in good agreement with previous work
Piekara and Chelkowski who proposed on the basis of
anomalous positive nonlinear dielectric saturation obser
in liquid nitrobenzene, that part of the nitrobenzene m
ecules order into dimers with a nearly antiparallel dipo
coupling.33,34

The second correlation shell ofg(r ), centered around 8
Å, is broad and contains a relatively large variety of molec
lar arrangements. The peak itself may be attributed t
stacking of three molecules with antiparallel dipolar ord
ing. Such a packing is supported by Figs. 3 and 4 in wh
P1.0 andP2.0 aroundr 58 Å.

Unfortunately, we have not found experimental eviden
in the form of x-ray data that may support Figs. 2–4. Ne
ertheless, the figures are shown since they support the
cept of dimerization as introduced by Piekara,34 and more
importantly, since they clearly indicate that the correlatio
in packing ~Fig. 2! and orientation~Figs. 3 and 4! have
largely vanished beyondr 510 Å. This implies that the box
size is large enough to ensure vanishing of density and
entational fluctuations on length scales smaller than the
size. As indicated in Sec. II, this guarantees that cohe
HRS will only be produced from molecular pairs locat
within the simulation box and minimizes the influence of t
periodic boundaries on the HRS-depolarization ratio,
which results will be presented in Sec. III C.

The dynamical properties of our model liquid are as f
lows. The self-diffusivity from the mean squared displac
ment of the molecular centers of mass was found to be

FIG. 4. Orientational correlation function of phenyl rings in liquid nitrobe
zene.
Downloaded 17 Apr 2007 to 131.155.151.20. Redistribution subject to AI
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31025 cm2/s, in reasonable agreement with experimen
values.35 Furthermore, we have observed infrequent torsio
transitions of the nitro group by 180° around the molecu
C–N bond with a time constant of approximately 120 ps.

B. Local fields

The main results obtained for the local fieldsEloc,i expe-
rienced by the phenyl ring centers in a liquid not subjected
an external field are shown in Figs. 5–8. These results w
obtained by directly solving for each liquid configuration th
electrostatics problem given by Eq.~1! of this work and Eqs.
~17!–~19! of Ref. 12. No local field factors were used.

Figure 5 depicts the distribution of local field strengt
monitored along the molecular axes~axes are defined in Fig
1!. The figure also shows the distribution of the magnitu
of the local field strength defined by Eloc

5AEloc,x
2 1Eloc,y

2 1Eloc,z
2 . The magnitude is skewed toward

FIG. 5. Normalized distribution of electric field strengths experienced
phenyl centers. The curve displaying a maximum represents the distribu
of magnitudes of the local field vector, while the other curves depict
magnitudes of local field components monitored along the moleculary-axis
~upper line on left-hand side of the figure!, x-axis ~lower line!, andz-axis.

FIG. 6. Normalized distribution of the explicit nonlinear contributions to t
local fields experienced by the phenyl rings. The curve displaying a m
mum represents the magnitudes of the total nonlinear contribution to
local fields. The other curves represent the nonlinear contributions m
tored along the molecularx- and y-axis ~upper curves on left-hand side o
the figure! and the contribution monitored along thez-axis ~lower curve!.
Note that the nonlinear field strengths along thex- and y-axis are roughly
equal.
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largeE with a peak value atEloc51.73109 V/m. This value
is higher than 1.33109 V/m found in liquid benzene,12 as
expected from the dipolar nature of the nitrobenzene liqu
but lower than 4.23109 V/m obtained by a classical reactio
field ~RF! analysis on nitrobenzene~see Chap. 3 of Ref. 24!.
The discrepancy with the RF approach is not very surpris
since the latter approach should merely be regarded a
order of magnitude estimation, whereas our method prov
more detailed information on the local molecular enviro
ment. From Fig. 5 it is also seen that the fields in the m
lecularz direction tend to assume higher values than in thy
direction, which can be explained by the fact that the dip
moment is directed along the negativez-axis ~see Table I!: A
dipole along the negative molecularz-axis results in a strong
parallel reaction field produced by the surrounding m
ecules. Interestingly, perpendicular to the phenyl ring alo
the molecularx-axis approximately the same field strengt
are monitored as along thez-axis. This is due to the specifi
way many neighboring molecules are arranged: It is eas
envisage that neighboring molecules with a strong tende
for antiparallel dipolar alignment~as is the case for the mo
lecular pairs with the closest separation distances, see

FIG. 7. Normalized orientational distribution of the local fields with resp
to the molecularx-axis. u590° corresponds to a field in the plane of th
phenyl ring. The dashed curve denotes the distribution corresponding t
case of no directional preference with respect to thex-axis.

FIG. 8. Normalized orientational distribution of the in-plane projection
the local field vector with respect to the molecularz-axis. f5180° corre-
sponds to an in-plane field parallel to the molecular dipole moment.
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2–4! produce strongEloc,x fields perpendicular to the ring
~especially since the intermolecular distance is very shor
thex direction!. Clearly, the arrangement of these pairs do
not lead to largeEloc,y fields. In contrast, the more or les
random arrangement of dipoles aroundr 55.2 Å, in the sec-
ond peak of the first correlation shell, produces weaker fie
along both thex- and y-axes of the molecules~weaker, be-
cause for these pairs the intermolecular separation dista
are larger!.

Obviously, the field strengths monitored along the ax
are influenced by the anisotropic shape of the nitrobenz
molecule. To study this we have used the configurations g
erated in the MD run to go through a separate electrosta
calculation on ‘‘nitrobenzene’’ without a permanent dipo
moment~using the same partial charges as in benzene12! and
with isotropic ~hyper!polarizabilities. In this case, we foun
much smaller differences between the local field com
nents, the orderuEloc,xu>uEloc,yu>uEloc,zu being determined
by the molecular shape. Based on the large difference
tween the results of the two calculations, we conclude t
antiparallel dipolar alignment and not molecular shape
most important in determining the local fields.

In Fig. 6, explicit nonlinear contributions to the molec
lar fields are isolated. Both the distributions of the nonline
contributions monitored along the axes of the phenyl r
and the magnitude of the total nonlinear contribution, det
mined from Eloc,NL5AEloc,x,NL

2 1Eloc,y,NL
2 1Eloc,z,NL

2 , are
given. Figure 6 shows that the highest value ofEloc,NL is
monitored along the molecularz-axis, as expected from
ubzzzu...ubxxxu, ubyyyu ~see Table I!. Furthermore, the
magnitude ofEloc,NL like the magnitude ofEloc , is skewed
towards large fields. By comparing Figs. 5 and 6 it is a
apparent that the peak value ofEloc,NL located around;4
3105 V/m is negligible when compared to the peak in t
total field strength;1.73109 V/m. Therefore, liquid ni-
trobenzene is only a weakly nonlinear substance, whose e
trostatics in the absence of a strong external field can be f
quantified in terms of a linear polarizabilitya= . By comparing
Fig. 6 to Fig. 3 of Ref. 12 it is seen that the magnitude of t
nonlinear contribution to the local fields in nitrobenzene
only by a factor 3 larger than in liquid benzene~which is an
extremely linear substance!. This also follows directly from
ubT :EEloc,nitrobenzeneu'3ugT AEEEloc,benzeneu. Note that we have
not studied the influence of higher order molecular tens
on the strengths of the nonlinear parts of the local fiel
Although including agT tensor in Eq.~1! is expected to have
some influence on theEloc,NL , its effects have not been in
vestigated in view of the uncertainties already present in
current level of description~i.e., in the experimental31,32 and
quantum-mechanicalbT tensor!.

In Fig. 7, the distribution of the angle ofEloc,i with the
molecularx-axis is shown (u50° corresponds to alignmen
of Eloc,i with the positivex-axis!. The dashed line indicate
the distribution that would have been obtained if there h
been no directional preference ofEloc,i . Clearly, the local
field vector tends to be tilted out of the plane of the phe
ring. This is consistent with the large magnitude of the o
of-plane componentEloc,x seen in Fig. 5. Local fieldsEloc,i

perfectly perpendicular to the phenyl ring are scarce~Fig. 7!,
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because largeEloc,x are usually accompanied by largeEloc,z .
As already stated, this is indeed the case for neighbo
molecules that pack in an antiparallel dipolar fashion.

In Fig. 8, the angular distribution of the in-plane proje
tion of the local field vector with the positivez-axis is shown
(f50° corresponds to alignment of the in-plane project
with the positivez-axis!. Figure 8 clearly shows that th
in-plane projection of the local field vector tends to po
along the permanent dipole, in the negativez direction.

C. HRS-depolarization ratio

Generally, it is known that coherent scattering mec
nisms are less important in hyper-Rayleigh scattering tha
Rayleigh scattering.7 However, up to now, no numbers qua
tifying the balance between coherent and incoherent H
radiation have been available. The purpose of the work p
sented in this section was to fill this gap for the case of liq
nitrobenzene. Static Rayleigh scattering is also treated to
a frame of reference and to focus attention on the differen
with HRS.

Our results were obtained by applying to each liqu
configuration an external fieldE5(0,0,EZ) with EZ5108

V/m and solving forEloc,i according to the scheme of Re
12. Once theEloc,i are known,I J, incoh

2v and I J,coh
2v are obtained

from Eqs.~1! and~2! by settingk5 l andkÞ l , respectively.
As discussed in Sec. II, reweighting of liquid configuratio
is not necessary forEZ,109 V/m. Finally, the HRS-
depolarization ratios are obtained fromD5I X

2v/I Z
2v with

I J
2v5I J,coh

2v 1I J, incoh
2v and D incoh5I X, incoh

2v /I Z, incoh
2v . All results

are displayed in Table II. The table also shows the lin
counterparts of the scattering intensities,I J,coh

v and I J, incoh
v ,

and depolarization ratios, D5(I X,coh
v 1I X, incoh

v )/(I Z,coh
v

1I Z, incoh
v ) and D incoh5I X, incoh

v /I Z, incoh
v . @The I J, incoh

v are ob-
tained from an expression analogous to Eq.~2! with mb,kJ

replaced byma,kJ , thea indicating thata= •Eloc,i , instead of
bT :EEloc,i , is needed in Eq.~2!#.

The D incoh andD incoh extracted from the simulation ma
be compared to the depolarization ratios calculated when
suming independent scatterers that are all subject to the s

TABLE II. Depolarization ratiosa and scattered intensities.b

Simulation Other work

I X, incoh
2v ; I X,coh

2v 0.046; 0.044

I Z, incoh
2v ; I Z,coh

2v 0.166; 0.147
D incoh 0.28 0.275c

D 0.29
I X, incoh

v ; I X,coh
v 0.02; 0.107

I Z, incoh
v ; I Z,coh

v 0.690; 47.86
D incoh 0.03 0.029d

D 0.003

aD, D incoh, D and D incoh are accurate within 5%. Error estimates were o
tained by applying external fields along different axes of the simula
box.

bScattered intensities are given in arbitrary units and are accurate w
2.5%. In order to relateI J

v andI J
2v on an absolute scale, one has to multip

the I J
2v by 1027.

cCalculated according to Eq.~6!.
dCalculated according to Eq.~5!.
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external fields.19 The incoherent linear depolarization rat
calculated from such an approach is given by

D incoh5
^aXY

2 &

^aZZ
2 &

5
A2B

3A12B
~5!

with A51/15( ia i i andB51/15( i , ja i i a j j , and the brackets
denote orientational averaging of the scatterer with respec
the laboratory coordinate frame.9 The incoherent HRS-
depolarization ratio obtained from this approach is giv
by5–7

D incoh5
^bXZZ

2 &

^bZZZ
2 &

~6!

@the actual averaging of the quantities on the right-hand s
of Eq. ~6! is explained in Appendix B of Ref. 7#. TheD incoh

andD incoh obtained from Eqs.~5! and ~6! are also shown in
Table II. Clearly, the comparison with the simulated dep
larization ratios is excellent. This does not necessarily m
that the values ofD incoh andD incoh are of high quality~this is
solely determined by the quality of thea i j ’s and b i jk ’s!; it
only indicates that our simulation is long enough to achie
proper orientational averaging of the scatterers.

Our main interest in the data of Table II is as follow
From the Rayleigh scattering data it is clear thatD incoh, a
quantity which would be obtained from an experiment on
dilute gas, differs fromD, which would be measured in a
experiment on a liquid, by an order of magnitude. This hu
difference is caused by the fact that generally for Rayle
scattering,7 I J,coh

v @I J, incoh
v , because the generation of cohe

ent Rayleigh scattering only requires density fluctuatio
Since these extend over length scales that are large comp
to the dimensions of a molecule@see Fig. 2 for a picture of
g(r )], a relatively large fraction of the total radiation is o
coherent intermolecular origin.

The hyper-Rayleigh scattering data presented in Tabl
show a different picture. For this type of scattering, we fi
that I J,coh

2v 'I J, incoh
2v andD incoh'D. The reason thatI J,coh

2v has
now become much less important is that for HRS both d
sity and orientational fluctuations that create locally a no
centrosymmetric structure, have to be present. Since th
necessarily extend over distances smaller than spatial de
fluctuations alone, the relative amount of coherent radiat
that is generated is much less than in a Rayleigh scatte
experiment. As an illustration of this notion, focus on t
~nearly! antiparallel dimerization that occurs in the nitrobe
zene liquid~see Sec. III and Refs. 33 and 34!. It is clearly
seen from Fig. 2 that this dimerization causes an extra p
and valley pattern ing(r ), and thus increases the spati
fluctuations in the nitrobenzene liquid. However, locally, i.
on Å length scales, the antiparallel dipolar ordering tends
create a~nearly! centrosymmetric dimeric structure~see Figs.
3 and 4!. As a result, despite the presence of density fluct
tions, the dimerization process is expected to contribute v
little to the coherent HRS signal, since contributions c
only be expected from imperfectly aligned dimers.

Although the generation of coherent radiation is mu
less important in HRS than in Rayleigh scattering, our res
clearly indicate that about half of the HRS radiation is

n

in
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coherent origin. Interpretations of the HRS signal in terms
incoherent radiation alone should therefore be mistrus
~despite the fact thatD'D incoh; we regard this as merel
fortuitous!. It seems safer when experimenting on pure l
uids, to estimate what fraction of the HRS signal has a
herent origin~e.g., via an approach of the type present he!,
instead of directly assumingD incoh in order to use Eq.~6! to
calculate the molecular tensor elementsb i jk . Another option
practiced by many experimentalists3–5 is to work with dilute
solutions whenever possible: We estimate that using solv
with first hyperpolarizabilities that are smaller by an order
magnitude than the first hyperpolarizability of the solute
interest is sufficient to mainly generate incoherent radiati
For pure liquid nitrobenzene we have established t
^(kmb,kJ

2 &'^((kÞ lmb,kJmb,lJ&, therefore it can be antici
pated that in dilute solutions whenbsolute'10bsolvent,
^(kmb,kJ

2 &'10̂ ((kÞ lmb,kJmb,lJ& ~k is solute,l is solvent!.
Thus, in such dilute solutions we haveI J, incoh

2v '10I J,coh
2v , al-

lowing interpretation in terms of incoherent radiation only
In view of the considerable uncertainty associated w

experimental values ofb reported in the literature, we hav
performed an elementary sensitivity analysis to ass
changes in the calculated depolarization ratio brought ab
by changes in theb value input to the calculation: We hav
rerun the electrostatics with thebzzz component of the first
hyperpolarizability tensor increased by 40%, leaving
other tensor elements unchanged. Increasing the hyperp
izability gave D incoh50.26 @Eq. ~6! gives 0.255# and D
50.27. Therefore, we expect an actual experiment to p
duce a value in the rangeD50.27– 0.29.

The closest experiment5 that we can compare ourD to is
on paranitroaniline~pNA!, which has an extra NH2 group in
thep position. From these experiments on a dilute solution
pNA in methanol and chloroform, theD incoh of pNA was
estimated to be 0.23. This value is much lower than p
dicted by our simulation on liquid nitrobenzene, which is
agreement7 with the significant enhancement of thebzzz

value of pNA when compared to the nitrobenzene molec
~roughly by an order of magnitude!. Nevertheless, in order to
say anything more conclusive, it seems necessary to ve
our results experimentally. This may be possible by study
the HRS signal of a series of nitrobenzene/benzene mixt
of varying nitrobenzene content. In this way it should also
possible to assess both coherent and incoherent contribu
to the HRS signals.

IV. CONCLUSIONS

MD simulation utilizing an ‘‘a posteriori’’ applied elec-
tric field12 has been used to obtain the local fields and hyp
Rayleigh scattering depolarization ratio of liquid nitrobe
zene from the molecular dipole moment and static ‘‘g
phase’’~hyper!polarizabilities calculated via high qualityab
initio calculations. In contrast to previous theoretical wo
we have quantified both incoherent and coherent scatte
arising from the combined appearance of density fluctuati
and orientational fluctuations, creating locally a nonce
trosymmetric molecular environment. By drawing a para
to Rayleigh scattering, it was shown that in the case
Downloaded 17 Apr 2007 to 131.155.151.20. Redistribution subject to AI
f
d

-
-

ts
f
f
.
t

h

ss
ut

e
ar-

-

f

-

le

ify
g
es
e
ns

r-

s

,
ng
s
-
l
f

hyper-Rayleigh scattering, coherent radiation is much l
abundant, although non-negligible: It was predicted that
liquid nitrobenzene about half of the HRS is of cohere
origin. Therefore, when working with pure liquids, ca
should be taken in interpreting the HRS experiments in te
of incoherent radiation only. It seems safer to resort to
approach of the type presented here to get insight into
balance between coherent and incoherent HRS.~Note that,
due to the absence of angular dependence of the cohe
HRS signal, there is no other obvious way of doing thi!
Another option is to perform the experiments in a dilu
solution. Numerical results obtained from our work indica
that in solvent/solute combinations for whichbsolute

'10bsolvent, one can safely neglect coherent contributions
the HRS signal. Since working with dilute solutions is a
ready common practice in HRS experiments, our work m
be regarded as numerical support justifying the experime
procedures.

Another important result of our work is that we hav
been able to assess the specifics of the local fields exp
enced by the nitrobenzene molecules in much greater d
than obtained so far. It is established that the local fields
the liquid are largely determined by ‘‘specific’’ dipola
alignment of neighboring nitrobenzene molecules. We
lieve that developing methods to obtain such specific inf
mation on the local fields is of general importance since
local fields may be useful input forab initio quantum chemi-
cal work geared at incorporating the molecule’s local en
ronment on the values of its dipole moment and~hyper!po-
larizabilities.

Finally, in future efforts, we intend to extend our work
substances with stronger polarity and nonlinearities~e.g.,
water! and to materials that are of technological relevan
~e.g., polythiophenes!.
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