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Isotropic second-order nonlinear optical susceptibilities
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The second-order nonlinear optical susceptibility, in the electric dipole approximation, is only nonvanishing
for materials that are noncentrosymmetric. Should the medium be isotropic, then only a chiral system, such as
an optically active liquid, satisfies this symmetry requirement. We derive the quantum-mechanical form of the
isotropic component of the sum- and difference-frequency susceptibility and discuss its unusual spectral prop-
erties. We show that any coherent second-order nonlinear optical process in a system of randomly oriented
molecules requires the medium to be chiral, and the incident frequencies to be different and nonzero. Further-
more, a minimum of two nondegenerate excited molecular states are needed for the isotropic part of the
susceptibility to be nonvanishing. The rotationally invariant susceptibility is zero in the static field limit and
shows exceptionally sensitive resonance and dephasing effects that are particular to chiral centers.
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I. INTRODUCTION

Second-order nonlinear optical materials derived from
ganic or polymeric synthesis find application in optical s
nal processing, e.g., frequency conversion, parametric am
fication, and electrooptic amplitude or phase modulation@1#.
For a material to exhibit a coherent second-order nonlin
optical response it needs to be noncentrosymmetric o
macroscopic scale. However, most liquids, amorphous m
rials, sol-gels, and polymers are centrosymmetric~and iso-
tropic!. Even crystals of dipolar molecules often show only
weak, or no, quadratic nonlinearity, as dipoles can favor
antiparallel alignment. To overcome macroscopic centros
metry, one has to induce anisotropy either by specifica
tailoring molecules that crystallize in a noncentrosymme
space group@2#, or by preferentially aligning dipolar chro
mophores in a static electric field~poling! @3#. Poled materi-
als, however, tend to show unwanted birefringence and
induced polar order often diminishes with time. An alt
gether different approach to breaking centrosymmetry,
thus allowing for second-order nonlinear optics to occ
even in an isotropic medium, is to use chiral molecules@4#.

In any isotropic medium, the macroscopic quadratic n
linearity, the second-order non-linear susceptibility, is
pseudoscalar (x (2)) and is proportional to the rotationall
invariant component of the molecular first hyperpolarizab
ity tensor b̄. In a medium of randomly oriented molecule
both x (2) and b̄ are only sensitive to the chiral centers a
exist only for nondegenerate sum- and difference-freque
generation~SFG and DFG! @4#. Isotropic chiral systems with
an appreciable nonlinearity would not only be of interest
quadratic nonlinear media, but since chiral centers are u
uitous in both proteins and nucleic acids, such a metho
study their spectroscopy and dynamics, in the absence of
background, would be of interest in biophysics.
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A recent study finds that the isotropic part of the SF
hyperpolarizability is, in the absence of resonance, three
ders of magnitude smaller than any otherb i jk tensor compo-
nent @5–7#, and a nonresonant bulk SFG signal is therefo
difficult to detect. Quite recently, a vibrationally resona
sum-frequency signal has been observed in resolved s
tions of limonene, and its infrared~IR! resonantb̄ has been
found to be about three orders of magnitude smaller co
pared to its other IR-resonant componentsb i jk @8#. In this
paper, we search for reasons behind the evident fragility
the SFG~and DFG! signal from an isotropic chiral medium
and suggest ways for its optimization@9#.

II. THE ISOTROPIC SECOND-ORDER
SUSCEPTIBILITY x „2…

The optical nonlinearities at second order may give rise
three-wave mixing, where two electromagnetic fields inter
in a nonlinear medium to induce a~quadratic! polarization
vector Pa

(2) at the sum and difference frequencies@10,11#.
For two monochromatic fieldsEb(v1) andEg(v2), the po-
larization at the sum-frequencyvS and difference-frequency
vD is in the electric dipole approximation given by

Pa
(2)~vS5v11v2!5e0xabg

(2) ~vS5v11v2!Eb~v1!Eg~v2!,

Pa
(2)~vD52v11v2!5e0xabg

(2) ~vD52v11v2!

3Eb* ~v1!Eg~v2!, ~1!

wherexabg
(2) is a second-order nonlinear susceptibility tens

and the star denotes complex conjugation.
The intensity at the sum or difference frequency is p

portional to the square modulus of the polarization,uPa
(2)u2,

and the coherent buildup of radiation at the sum or differe
frequency requires, apart from a nonvanishing susceptibi
that the polarization and the field generated from it be ph
matched. However, the phase-matching criterion is, in g
eral, not met for SFG or DFG under conditions of norm
dispersion@5#. In what follows, we will assume that eithe
©2001 The American Physical Society16-1
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the path length of the interacting waves is sufficiently sh
in the bulk, but remains distinguishable from any surfa
contributions, or ~less likely! that the medium exhibits
anomalous dispersion, so as to allow for phase-matched
or DFG from the bulk@12#.

In an isotropic medium, a bulk physical property tens
such as the susceptibilityx(2), is necessarily independent o
the orientation of the frame of reference in which it is eva
ated. It follows that only those tensor components are n
vanishing that are rotationally invariant. From a total of
components for the third-rank tensorxabg

(2) , only the follow-
ing six components

xxyz
(2) 52xxzy

(2) 5xyzx
(2) 52xyxz

(2) 5xzxy
(2) 52xzyx

(2) ~2!

are nonzero in an isotropic medium, in any Cartesian b
x,y,z. It is convenient to express the susceptibility comp
nents in Eqs.~1! and~2! in the coordinates of the laborator
frame that is also the frame of the incident radiation and t
we shall denote byI ,J,K. These are, in turn, related to com
ponents of the microscopic first hyperpolarizabilityb, which
are best written in terms of a molecule-fixed frame,i , j ,k.
Thus, we have

x IJK
(2) 5

Nb i jk

eo
^aiI ajJakK&, ~3!

whereaiI ,ajJ , andakK are direction cosines linking the tw
frames of reference, and̂. . . & denotes a statistical averag
over the orientation of the molecular species whose num
density isN.1 As is appropriate for any isotropic medium
such as a gas or a liquid, an unweighted orientational ave
is taken. It follows that the isotropic componentx (2) of the
second-order susceptibilityx(2) is directly proportional to the
completely antisymmetric component of the first hyperpol
izability tensor, i.e.,

x (2)5
N

e0

1

6
~bxyz2bxzy1byzx2byxz1bzxy2bzyx!

5
N

e0

1

6
eabgbabg[

N

e0
b̄, ~4!

whereeabg is the Levi-Civita tensor. It is seen that the is
tropic component of the electric dipolar first hyperpolar
ability changes sign for a molecule that possesses a m
plane of symmetry, hence, it follows that the pseudoscalab̄
is only symmetry allowed in a chiral molecule~a molecule
that is distinct from its mirror image!. Sinceb̄ is of opposite
sign for optical isomers,x (2) is zero in a racemic mixture
Thus, the concentrationN of the optically active enantiome
andb̄ determine the macroscopic second-order susceptib
in any isotropic system.

1We note that in time-dependent perturbation theory the link
tween the macroscopic susceptibility and the molecular hyperpo
izability at nth order contains a divisor ofn! on the rhs of Eq.~3!.
This factor is absent in the time-ordered density matrix appro
used here.
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III. THE ISOTROPIC COMPONENT OF THE FIRST
HYPERPOLARIZABILITY

Time-dependent perturbation theory may be used to
tain a sum-over-states expression for the frequen
dependent first hyperpolarizability. In a density-matrix fo
malism, there are eight Liouville paths to be considered
second order. Each path defines a particular time orderin
the actions of the two incident fields that act either on the
or ket side of the molecule’s basis set@11,13#. Figures 1 and
2 show the four basic Liouville paths as wave-mixing ener
level ~WMEL! diagrams for SFG and DFG, respectively. A
ter permuting the time ordering of the incident fieldsv1 and
v2 for SFG (2v1 and v2 for DFG! all eight diagrams at
second order are obtained for each process. The isotr
component of the full analytical sum-over-states express
for the hyperpolarizabilityb̄ at the sum-frequencyvS and
the difference-frequencyvD is expressible in the simple
form

b̄~ vD

vS56v11v2![(
m,n

m (3)~m,n!F S vS
vD

D~m,n!, ~5!

where

m (3)~m,n![ 1
6 mgm•~mmn3mng!5 1

6 eabgmgma
mmnb

mngg

~6!

and

-
r-

h

FIG. 1. The four basic WMEL diagrams~equivalent to double-
sided Feynman diagrams! are depicted for sum-frequency gener
tion (vS5v11v2). Solid arrows indicateket evolution, dashed
arrows show thebra evolution. The ground-stateg is represented
by the solid-horizontal line, while the dashed-horizontal lines re
resent virtual statesm andn of the basis set.~When resonant, these
would become solid lines in a WMEL diagram.! The acting Fourier
components of the two incident fields are given by their~signed!
frequencies. All eight diagrams are obtained by including the p
mutations of the ordering of the incident fields, i.e.,v1↔v2.
6-2
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F S vS
vD

D~m,n!5
~v27v1!

\2 H 1

~6v12vmg1 iGmg!~v22vmg1 iGmg!~6v11v22vmn1 iGmn!

1
1

~6v11vmg1 iGmg!~v21vmg1 iGmg!~6v11v21vmn1 iGmn!

1
1

~6v12vmg1 iGmg!~v22vmg1 iGmg!~6v11v22vng1 iGng!

1
1

~6v11vmg1 iGmg!~v21vmg1 iGmg!~6v11v21vng1 iGng!
J . ~7!
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The summation onm and n is over the complete basis se
The vmn and themmn[^mum̂un& are the Bohr angular fre
quencies and transition moments in the basis set for wh
the index g is reserved for the ground state.Gmn is the
dephasing rate constant for the macroscopic coherence
tween statesm andn. It is also the half width at half maxi-
mum ~HWHM! of the ~Lorentzian! spectrum of the pole in
which it appears.Gmn is usually composed of a population
decay term and a pure-dephasing term. The former, wri
as (1/2)(Gmm1Gnn), is just the arithmetic mean of the recip
rocal lifetimes of statesm andn. The latter, denoted byGmn8 ,
is the pure-dephasingrate constant—that for the elast
dephasing processes. As is well known, ifGmn8 50 for all
m,n, the bra and ket evolution becomes uncorrelated and
density-matrix approach reduces to the Rayleig
Schrödinger perturbation treatment~within the same basis!
@14#.

The sum-over-states formula for second-harmonic gen
tion ~SHG! (2v5v1v) may be obtained from Eq.~5! by

FIG. 2. The four basic WMEL diagrams for difference
frequency generation (vD52v11v2) are shown. As in Fig. 1,
solid arrows indicateket evolution, dashed arrowsbra evolution.
The acting Fourier components of the two incident fields are gi
by their ~signed! frequencies. All eight diagrams are obtained
including the permutation of the field ordering, i.e.,v2↔2v1.
05381
h

e-

n

he
-

a-

setting v1 , v2 →v, but it vanishes as is seen from th
prefactor in Eq.~7!. When deducing the sum-over-states e
pressions for the Pockels effect (v5v10) and for optical
rectification (05v2v) from a fully dynamic sum-over-
states expression, care has to be taken that both the op
frequency and their associated complex damping terms
set to zero@15,16#. It may then be shown that the Pocke
effect is also symmetry forbidden in any isotropic syste
@15#.

In deriving Eq.~5!, we have assumed that the transitio
dipole matrix elements in Eq.~6! are real. This assumption i
valid for isotropic media in the absence of an external m
netic field. From the reality condition and the antisymmet
nature of Eq.~6! it follows that m (3)(m,n)52m (3)(n,m)
and therefore, that all diagonal (m5n) contributions tob̄
must vanish. This observation allows us to convert
double sum over intermediate statesm andn into a one-sided
double sum

b̄~ vD

vS56v11v2!5 (
m,n.m

m (3)~m,n!~F S vS
vD

D~m,n!

2F S vS
vD

D~n,m!!. ~8!

It is seen that only off-diagonal elements contribute to
sum- or difference-frequency hyperpolarizability, and thatb̄
from random chiral systems has zero amplitude in the st
field limit. The fragility of the isotropic component of th
second-order susceptibility may be traced to this antisym

try causing bothm (3)(m,n) and F (
vD
vS

)(m,n) to be anti-
Hermitian ~their product, and thus, alsob̄ is of course still
Hermitian!. This is unlike what is seen in ‘‘achiral’’ nonlinea
susceptibilities, such as odd-order susceptibilities in isotro
media~i.e., x(3) giving rise to four-wave mixing processes!
and even-order susceptibilities in anisotropic media~e.g.,
SHG, SFG, and DFG from anisotropic media such as crys
and interfaces!, where diagonal contributions often dom
nate. It also follows that at least three states~e.g., ground
state and two excited states! are required to describe secon
order nonlinear processes in isotropic chiral media.

n

6-3
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IV. ON MAXIMIZING b̄ FOR SFG AND DFG

We now examine under what conditionsb̄ ~and hence,
x (2)) become maximal. As seen in Eq.~5!, there are two
contributions tob̄: m (3) and the energy factorF. Each is
considered in turn.

A. Optimizing µ „3…

Chiral molecules possessing large transition dipoles a
have the potential of offering large values form (3). However,
as Eqs.~4! and~6! show, a maximalum (3)u requires, in addi-
tion, that the individual Cartesian tensor components
signed such that they add constructively in the antisymme
sum. For an examination of an electronicm (3), we turn toab

initio calculations of b̄ for a chiral molecule possessin
strong electronic transition moments, the carotenoid asta
thin @17#. The computations confirm that for a few select
state pairsm,n the individual terms inm (3) are signed in a
manner that is constructive and yield values ofum (3)u ap-
proaching the sum of the magnitudes of the individual co
ponents that make up the antisymmetric sum. The larg
um (3)u are of the order of;0.3(ea0)350.3 atomic units@17#.
However, for small chiral molecules, the statesm andn are
normally located in the far ultraviolet and it would be u
usual to establish specificm,n resonances without specia
ized experimental conditions. For small molecules, o
resonance probing that is not specific to certain excited-s
pairs is thus more likely, and extensive sum-over-states
culations are necessary. We have carried this out for a
chiral molecules including the enantiomers of limonene a
pinene, and are able to report an effective ‘‘many-sta
value form (3) that is only;0.0012(ea0)3 (;0.02 D3) @17#.
This is much smaller than the;0.48(ea0)3(;8 D3) which
one might typically expect for a small molecules’ triple pro
uct of electronic transition dipoles. In the absence of re
nance, the weakness of the ‘‘many-state’’m (3) accounts for
one origin of the general weakness ofb̄ itself.

Next, we explore the dispersive properties of SFG a
DFG through the energy factorF. In particular, we show tha
the energy factor may, in the presence of two-state re
nances, bring the strength ofb̄ to a level that might be ex
pected of a nonresonant, but dynamic, tensor elementb i jk .

B. Optimizing the energy factor F and the dispersive
properties of b̄

We have noted how in the static limit,b̄ must vanish as
dictated by the energy factorF @Eq. ~7!#. And it is through
this factor that resonances are possible that may dramati
enhanceb̄. In general, the first hyperpolarizability hastwo
potentially resonant energy denominators. The reson
channels are best noted by referring to the WMEL diagra
in Figs. 1 and 2. In each case, it is just the upper-left diagr
that offers the opportunity of a double resonance that m
maximally enhance SFG and DFG, respectively.

For SFG, a one-photon resonance appears in the uppe
WMEL diagram of Fig. 1 whenv15vmg and a two-photon
05381
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resonance whenv11v25vng . When both resonances to
gether are operative, we see thatv2 must be in one-photon
resonance with the energy difference between the two
cited states. Similarly, in the partner diagram to Fig. 1~not
shown!, in which the field actions are permuted, the on
photon resonance occurs whenv25vmg and for a double-
resonancev1 matches the energy gap between the exci
states. Whenever the two-photon resonance is present
SFG signal itself coincides with the one-photong→n ab-
sorption.

Likewise for DFG, in the upper-left WMEL diagram in
Fig. 2, the first step offers a one-photon resonance w
v15vmg @or in the partner diagram~not shown! when v2
5vmg# and then after a second step, a stimulated Ram
type two-photon resonance is possible whenv12v2
5vng . Should both resonances be simultaneously pres
then v2 ~or v1 in the partner diagram! matches the energy
gap between the two excited states involved in the re
nances. In addition, single one-photon resonances are
available through the Feynman paths indicated by the low
left WMEL diagrams in Figs. 1 and 2@and their counterparts
~not shown! where ordering of the field actions is permuted#.

To explore these resonances, we illustrate in Figs. 3
and 5 three different aspects of the influence of the ene
factor F on b̄. Throughout we use the full eight-chann
expression given by Eq.~7!, and employ a three-state mode
We also use a conservative value for the electronic effec
‘‘many-state’’m (3);0.02 D3 that we obtained fromab initio
computations of small chiral molecules. When discussin
vibrational resonance we use aum (3)u that is two-orders of
magnitude weaker (;0.0002 D3), since the triple product of
transition dipoles now includes a vibrational transition m
ment and a Raman step. For any specific application, a
native values forum (3)u may be used to scaleub̄u appropri-
ately.

Figure 3 presents a case where both available one-ph
resonances are inactive. Here, a realistic value for a nonr
nant ub̄u for SFG is given, as the difference in incident fr
quencies (v22v1) is varied. It is seen howub̄u increases
from zero, when the incident colors are degenerate, to va

FIG. 3. The nonresonantb̄ (vS5v11v2) is shown for SFG as
a function of the difference in incidence frequenciesD215n22n1.
Here, the two off-resonant excited states are at 40 000 cm21 and
50 000 cm21, n1 is set at512 500 cm21, while n2 is tuned from
10 000 to 15 000 cm21. All HWHM linewidths are taken to be
500 cm21, andm (3)50.02 D3.
6-4
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FIG. 4. b̄ in atomic units for the three-state model under vario
conditions of excitation.~a! Preresonant SFG (nS5n11n2) is
shown between 20 000 and 40 000 cm21, with n1 set at
8500 cm21, while n2 is tuned from 11 500 to 31 500 cm21. The
two excited states are at 50 000 and 60 000 cm21, m (3)50.02 D3,
and the HWHM linewidths are taken to be 500 cm21. ~b! SFG
showing two resonances asnS increases from 25 000 to
45 000 cm21 with the two excited states located at 30 000 a
40 000 cm21. n2 is tuned from 15 000 to 35 000 cm21 while n1 is
kept fixed at 10 000 cm21. The HWHM linewidths are 500 cm21

and m (3)50.02 D3. A weak resonance appears when the sum
quency is two-photon resonant with the first excited state. The
quenciesv1 and v2 are both off resonant. The second resonan
two orders of magnitude stronger, corresponds to fully reson
SFG. Now the sum-frequencyvS is two-photon resonant with the
second excited state, whilev2 is resonant with the first excited
state, andv1 matches the energy gap between the two exc
states.~c! Difference-frequency generation involving a Raman-ty
two-photon resonance with an infrared vibrational level. The e
tronic excited state is located at 40 000 cm21 (HWHM
5500 cm21), the vibrational state is set at 3000 cm21 (HWHM
55 cm21). The difference frequency is tuned from 2500
3500 cm21 asn2 changes from 17 500 to 16 500 cm21, while n1

is set at 20 000 cm21. Here, m (3)50.0002 D3 because of the
weakened transition moments characterizing vibrational transiti
05381
of .1024 e3 a0
3/EH

2 as the degeneracy is lifted b
62000 cm21. In this strictly off-resonant case, the choice
incident laser frequencies and excited-state energies is
that both of the potential one-photon and two-photon re
nances are detuned by many bandwidths.

In Fig. 4 we examine resonance effects. First, prereson
SFG is examined in Fig. 4~a! as the sum frequency ap
proaches from below the lowest lying of the two excit
states. One of the incident frequencies is increased (v2),
while v1 is unchanged, such that their sum moves from
detuning of 60 HWHM from the first excited state to a d
tuning of 20 HWHM. Over this preresonant region,ub̄u in-
creases by two-orders of magnitude.

In Fig. 4~b!, the location of the two excited states h
been lowered to permit the onset of resonances using s
larly realistic laser frequencies as those in Fig 4~a!. The first
weak resonance appears as a two-photon resonance whe
sum frequency is resonant with the first excited state. Asv2
is increased further, a double resonance is encountered w
v2 is resonant with the first excited state while the sum f
quency becomes resonant with the second excited s
Though still based on the same conservative choice ofum (3)u,
ub̄u has now reached a value of a typical nonresonant,
dynamic, electronic ‘‘achiral’’ tensor elementb i jk . The fully
resonantub̄u is stronger by about six orders of magnitud
compared to the off-resonant values found in Fig 3. Th
moving from preresonance in Fig. 3 to a fully resonant si
ation in Fig. 4~b! would increase the SFG signal in hom
dyned detection by twelve orders of magnitude.

An example of DFG in the presence of a vibrational res
nance is shown in Fig. 4~c!. The three-level system now
consists of the ground state, one excited electronic state,
one excited vibrational state. Again,v1 is fixed asv2 is
tuned, but now it is theirdifferencethat is of concern. When
this matches the vibrational state energy, the Raman-t
two-photon resonance is activated. The electronic stat
located such that the potential one-photon resonance is i
tive. Even though the conservative choice forum (3)u in this
process is smaller by two orders of magnitude compared
purely electronic triple product of transition dipoles, a r
markable resonance enhancement ofub̄u is observed. An in-
crease of four orders of magnitude is seen over the va
found in Fig. 3. This is due to the relatively narrow line
widths ~such as HWHM;5 cm21) that characterize vibra
tional transitions.

V. CHIRAL DEPHASING LINE SHAPES

We emphasize that in the electric dipole approximatio
only chiral centers may contribute to coherent SFG and D
in an isotropic medium. Consequently, a sum- or differen
frequency signal from a chiral liquid offers the unique o
portunity to study background-free chiral-specific dynam
including dephasing dynamics.

To illustrate this point, we explore in Fig. 5, nonresona
SFG in a chiral three-level system in which the sum f
quency is tuned such that it encompasses the energy
between the two excited states in the model while avoid

s
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-
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s.
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FIG. 5. Dephasing dynamics in a chiral three-state model: pure-dephasing-induced extra resonances.ub̄u is shown for nonresonant SFG
as the sum frequency varies to encompass the energy gap between the two excited states of the three-state model. Results bo
density-matrix approach—as presented in the text—~solid line! and from the Rayleigh-Schro¨dinger formalism~dashed line! are shown. The
excited states are located at 40 000 and 70 000 cm21, n1 is fixed at 10 000 cm21, while n2 is tuned from 16 000 to 24 000 cm21. Under
these conditions, neither the one-photon resonance nor the two-photon resonance available at second order can appear. Neverth
n2520 000 cm21 (nS530 000 cm21), a curious feature appears in the density-matrix treatment that is absent in the Rayleigh-Schr¨dinger
formalism. This feature is seen to be highly sensitive to the value chosen for the damping rate constant of themn coherence~see inset!. It
vanishes altogether whenGmn51000 cm21. Since we choose 500 cm21 for the HWHM of each of the poles atvmg and vng , the
pure-dephasing rate constantGmn8 Þ0 as long asGmnÞ1000 cm21 ~see@14#!. Thus, this special feature is a clear case of a pure-dephas
induced extra resonance, which, in the present case of SFG from an isotropic medium, is necessarily also chiral specific.
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the normal one- and two-photon resonances available to
first hyperpolarizability. This is accomplished by fixingv1 at
n1510 000 cm21 ~wherev52pcn with c in cm/s), locat-
ing the first and second excited states at 40 000 and 70
cm21, respectively, while tuningn2 from 16 000 to 24 000
cm21. The absence of any one- or two-photon resona
from the ground state is thus ensured, yet it does include
case where the sum frequency matches the energy gap
tween the two excited states. In fact, it is just at this po

when a striking feature appears in the behavior ofub̄u ac-
cording to the density-matrix formalism. The dispersi

variation in the line shape ofub̄u proves to be sensitive to th
value chosen for the dephasing rate constantGmn of the co-
herence between statesm andn ~see inset panels in Fig. 5!.
Its special resonantlike behavior is absent when the p
dephasing component ofGmn vanishes, i.e., whenGmn

5Gmg1Gng @14#. This feature cannot be explained using t
Rayleigh-Schro¨dinger pertubation theory when it is limite
to the same basis set. Thus, we have found an example
pure-dephasing-induced extra resonance in nonlinear s
troscopy that may only be understood using density-ma
theory. In the present case, this extra resonance must be
ral specific. It offers an intriguing experimental challenge
distinguish the two theoretical approaches, and sugges
special way to uncover chiral-specific dynamics.

Of course, chiral-specific SFG and DFG, when fully res
nant in the normal fashion, should also offer the more c
ventional time-resolved~pump-probe! route for studying the
dynamics that characterizes nonlinear spectroscopy.
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VI. CONCLUSIONS

Knowledge of the isotropic component of the molecu

hyperpolarizabilityb̄, together with the concentration of th
sample, fully determine the second-order nonlinear opt
properties of an isotropic medium. Nondegenerate sum-
difference-frequency generation are symmetry allowed
may exist only for an optically active medium.

An examination of the sum-over-states expression fob̄
reveals that all diagonal contributions in the double-sum v
ish and that at least two nondegenerate excited states
required to obtain a nonvanishingb̄. This is unlike what is
seen in ‘‘achiral’’ nonlinear susceptibilities, such asx(3) pro-
cesses in isotropic media, orx(2) processes in anisotropi
media, where single-state resonances are ubiquitous.

A maximal second-order nonlinear optical response fr
an isotropic medium is expected to occur in a neat, resol
chiral liquid or a chiral amorphous solid in which one of th
incident frequencies is in resonance with a one-photon tr
sition from the ground state, while at the same time, a tw
photon resonance from the ground state into another exc
state takes place. The two-photon resonance may be eith
two-photon absorption process~in SFG! or a two-photon
stimulated Raman event~in DFG! into a lower level that is
likely, though not necessarily, vibrational. Thus, fully res
nant three-wave mixing processes in chiral systems will
only have one of the incident fields~but not both! partially
absorbed by theg→m transition, but also find the signa
field coincident with the one-photon-allowedn→g transi-
tion, whereg is the ground state. Complications due to sign
6-6
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reabsorption and fluorescence interference may arise
might be overcome by an appropriate detuning of the in
dent fields.

The requirement for nondegenerate frequencies, a non
linear beam geometry@5#, and resonance conditions will, to
gether with the absence of phase matching, limit the utility
isotropic chiral systems as optical media for second-or
nonlinear optics. However, this background-free nonlin
spectroscopy of isotropic chiral media with its special re
nances is of considerable interest due to its biological
chemical relevance.

Note added in proof.We thank Professor J. M. Hicks fo
drawing our attention to Ref.@19#, which also discusse
,
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theoretical aspects of SFG in chiral liquids. We note th
recently an electronically resonant sum frequency signa
optically active solutions of 1,18-Bi-2-naphthol in tetrahy-
drofuran has been reported by Belkinet al. @20#. Our labo-
ratory confirms these findings. It also demonstrates the ch
origin of the sum frequency signal by showing its quadra
dependence on enantiomeric excess@17#.
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