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The theoretical basis for new signal transients and spectral features generated in field-correlated
four-wave mixing spectroscopies is developed. Special attention is given to those signal responses
that are sensitive to phase or amplitude correlation among the input driving fields, and not simply
their intensity correlation. Thus the cases of incoherent broadband excitation and of coherent
short-pulsed excitation will be discussed and compared. Applications to the coherent Raman spec-
troscopies, both electronically nonresonant and full resonant, are analyzed. Novel interferometric
oscillatory behavior is exposed in terms of radiation-matter detuning beats and matter-matter bilev-

el and trilevel quantum beats.

In addition, new resonances are found that have submaterial

linewidths and detuning parameters that lock onto the mode frequency of the driven chromophore.
These spectral features are members of a class of bichromophore resonant line shapes arising from
nonlinear mixing with correlated driving fields. Analytic results are presented and modeled to anti-
cipate experimental results presented in the following paper [Phys. Rev. A 43, 3922 (1991)].

INTRODUCTION

Four-wave mixing (4WM) spectroscopies prove to be a
versatile probe of molecular spectra and dynamics in
both the condensed and the gas phase.!™!' Actually at
the signal level 4WM is an eight-field mixing process in-
volving four conjugate field pairs (four photons). In gen-
eral, for arbitrary weak n+1 wave mixing, there are n 12"
channels, variously resonant, that together generate the
macroscopic polarization, so that a given measured
response may reflect complicated interferences among
these different amplitude components and, accordingly,
be rich in information. At the same time, the amplitude
and phase properties of the fields that are being mixed by
a nonlinear medium are influential in determining the
response. Ultrashort coherent light pulses and long, in-
coherent, light pulses have been used in several labora-
tories to record transient oscillatory behavior, as well as
sharp spectral features, in various 4WM measurements.
Damped sum and difference beating has been seen involv-
ing purely material oscillators, !>~ !® purely radiation os-
cillators,”!®2! and hybrid radiation-matter oscilla-
tors. 2% Their proper interpretation can provide new
insight into the nonlinear mixing process and the associ-
ated material relaxation dynamics.

Considerable theoretical work exists regarding material
relaxation on short-time scales and how the amplitude
and phase properties of the driving fields can expose and
even influence such dynamics.?’ 3 In one extreme,
transform limited (coherent) fields are used to permit easy
deconvolution from the signal of the purely field-
dependent contribution (the coherent peak). A more
refined approach consists of careful phase and amplitude
tailoring of optical pulses to enhance certain nonlinear
cross sections, while suppressing others, leading to a
more easily interpretable material response.®¢ 3% At the
other extreme, much effort, both in theory and experi-
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ment, has been given to the understanding of nonlinear
optical processes driven by incoherent excitation fields.
Such noise fields, characterized by a time-bandwidth
product that is orders of magnitude greater than the
theoretical bandwidth limit, have been shown capable of
sub-pulse-width timing (with accumulation) in various
optical mixing experiments.**~4? Incoherent excitation
introduces new resonances as well as additional broaden-
ing mechanisms not seen with coherent (transform limit-
ed) fields. 243 ~4

4WM and related nonlinear optical techniques, so valu-
able in probing the fundamentals of radiation-matter in-
teraction, also offer great potential for applications in the
area of optical data processing, storage, and retrieval.*®
Of particular importance in communications technology
is the application of such phase-sensitive nonlinear pro-
cesses in the generation of squeezed states of the radia-
tion field.*’ "% Thus the development of theoretical
models consistent with experimental results, in whatever
context, can only improve nonlinear optical processes as
analytic techniques and facilitate in the design of in-
tegrated optical circuitry.

Recently a subclass of new 4WM transients has been
reported from this laboratory?® in coherent Raman spec-
troscopies [both Stokes, coherent Stokes Raman scatter-
ing (CSRS), and anti-Stokes, coherent anti-Stokes Raman
scattering (CARS) processes] using incoherent light. In
these experiments two incoherent nanosecond light
beams, derived from a single broadband dye laser pulse,
are relatively delayed by time 7, and then simultaneously
mixed in a nonlinear medium with a tunable narrow-band
field. The narrow-band field is displaced in frequency
from that of the broadband fields by an amount that cor-
responds to a near-resonant Raman vibration. Strong
terahertz oscillations appear in the interferogram as long
as the CSRS or the CARS fourth wave, as well as the
narrow-band input field, are kept spectrally sharp to well
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within the Raman linewidth. In this limit, these
radiation-matter detuning oscillations carry both precise
vibrational memory and Raman frequency information.
In the present work (I), we present the general basis in
theory of these new signal responses. The setting is
within a general perturbative treatment of three-color
4WM interferometry in which the fields may be arbitrari-
ly phase or amplitude correlated, but where the “chromo-
phores” (our basic scattering unit) are uncoupled in their
absence. The previous analysis?® is generalized here to
include fully resonant scattering in mixtures of chromo-
phores possessing different Bohr frequencies and
linewidths. The theory is also extended to include finite-
bandwidth effects for all of the intervening fields. For a
system of closely spaced electronic or vibrational reso-
nances that are spectrally embraced by the broadband
field, the signals vary with 7 as a superposition of detun-
ing oscillations, each detuned from a given Bohr frequen-
cy and damped by the corresponding dephasing time. By
increasing the bandwidth of the signal field or the nonde-
generate field, these individual transients damp more
quickly in 7, giving rise to a much attenuated oscillatory
behavior that reflects interferences between inter- and in-
trachromophore states as well as other detuning beats.
Such oscillations are seen to decay in time with an
effective dephasing rate characterized by the coherence
loss of all the superposed material and radiation modes.

For the case of incoherent excitation in the coherent
Raman spectroscopies, predictions are made of new spec-
tral features having sub-Raman linewidths and which at
the same time precisely identify the Raman mode fre-
quencies of the chromophore(s). The realization of such
resonances, both in the electronic ground and electronic
excited states, will make possible a particularly accurate
decoding of complex multicomponent lines into their in-
dividual frequency components. At present, experimen-
tal verification of such narrowed resonances has been ob-
tained for ground-state coherent Raman scattering. This
is reported in the following paper, II, where other exam-
ples of the new radiation-matter features predicted in this
theory are given.

This paper is organized as follows. A general theoreti-
cal development of parametric 4WM will be outlined in
Sec. I. We leave the reader with abundant (though in-
complete) references to the literature for details. The
4WM signal transients presented here are in some sense
weak-field Rabi oscillations. Therefore, to simplify the
theoretical development, a perturbative approach, with
respect to the matter-radiation coupling, will be used.
The nonconservation of the trace of the density matrix,
usually characteristic of a perturbation approach, can
lead to artifacts.’® The signal features discussed here sur-
vive this approximation, for they are confirmed experi-
mentally. Strong-field effects, although interesting, are
not essential to the interpretation of these signals. Re-
cently, Stehle’! has given a generalized quantum-
mechanical account of Rabi oscillatory behavior showing
its occurrence at all orders in the matter-radiation in-
teraction.

In Sec. II, the dependence of the susceptibilities on the
coherent properties of the input fields will be discussed,
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distinguishing between the two cases of coherent and in-
coherent excitation, the former referring to fields whose
coherence time closely resembles the pulse width. Time-
domain interferometry with coherent driving fields allows
for a distinct time ordering between the exciting and
probing steps in the evolution of the scattering ampli-
tudes (the polarization amplitudes). Measurements with
incoherent light, however, involve interferometric delays
greater than the coherence times, which are typically
100-200 fs, but much less than the pulse widths, which
are typically 10 ns, offering a sensitivity for accumulated
material responses over a large dynamic range.

Analytic applications of the theory to both electroni-
cally resonant and nonresonant coherent Raman scatter-
ing in Sec. III is followed in Sec. IV by model calcula-
tions and a brief discussion of the physics that underlies
the theory. In light of this discussion, other closely relat-
ed 4WM spectroscopies will be considered. Experimental
methods and results will be presented in the following pa-
per (II) where the merits of these experiments for probing
condensed-phase dynamics are illustrated and discussed.

I. COHERENT 4WM SCATTERING
WITH LIGHT HAVING ARBITRARY
PHASE AND AMPLITUDE PROPERTIES

The perturbative theory of four-wave mixing is taken
from its most general starting point at eighth order in
fields, including detection, to a form that is suitable for
discussing 4WM scattering from spatially uncorrelated
chromophores. Thus phase-matched scattering involving
as many as eight chromophores (Sec. I A) is reduced, in
Sec. I B, to a “‘bichromophore” model applicable to 4WM
in an amorphous sample of uncoupled chromophores
which are pairwise phase and amplitude dressed by the
driving fields.

A. Parametric four-photon processes with detection

Here we outline the theory of interferometric measure-
ments in different 4WM spectroscopies. The aim is to ex-
pose the effects of field correlation in such experiments.
In general, weak-field four-photon processes such as
4WM with spatial and temporal correlation among the
chromophores appears at eighth order in the radiation-
matter interaction operators.’>>® Initially, the signal can
be written as

S®=Tr[Sp®¥(0)], (1.1

a .
where S, an operator representing the measurement pro-
cess, is given by

dn,,

S\:
dt

=i[Np,H].

(1.2)

Np is written as a normal ordering of the detector
creation annihilation operators representing a photo-
count at time z,%*
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Np= Ebab ap - (1.3)

Here ap and D represent the active absorbers of the
detector and the detected field mode(s), respectively.
This field is derived from the generated signal field which
is given as a superposition of individual signal fields S,

each orxgmatmg on a given chromophore oag
= Sag Vg . The total Hamiltonian in Eq. (1.2) can
be partltloned as ﬁ A Ly + A 1p+ Ay +ﬁ

+Hyp+Hyg +HDR, where HM, Hy, HR, and HD
represent the chromophore, bath, radiation, and detector
Hamiltonians, respectively. Coupling between the
chromophore-bath and chromophore-radiation subspaces
is determined by the stochastic interaction Hamiltonians
H,p and H,;y. Projection of the modes of the signal
subspace onto the detector subspace is accomplished by
the Hamiltonian A pr- In the dipole approximation,
Hyp can be written as

Hyr()=3 [Vak( B+ V[,X ], (1.4)
L,aA
where (in Hz)
_ ik, t, —wy0)
V;“A(t)= (z’CA { ﬁak-ef ]ak }Ex(rak,t)e r
c=x
ik, r, —w,t)
=0 g ER& (1, 0e P
172 (1.5)
C,= | —=2
A 2€,%L > ’
with 17(;;:( 17; ). In general, a, associates field A with

chromophore «, located at the vector position L The
dipole operator for chromophore a, is iio,A and @, (2 ;) is

the annihilation (creation) operator for the Ath radiation
mode. Box normalization is assumed and a sum over the
J

,6‘(8-)(1)

=f: dzlf_[l dty -

Here use is made of the Liouville notation.*> The tetrad-
ic propagator G and the interaction Liouvillians L mr and
L g are given as

tm P g A
G(t,,,t,)=Texp -—ift dt'[Lo+Lyp(t')+Lpe(1)]

(1.9)
I:MR(t)=[HMR(t)"]’ I/:DR(Z):[I?DR(I),'] ’ (110)

with Lo=[(HAy,+Hz+Hp),-] and T representing a
time-ordering operator.

In the time evolution of the scattering represented by
the eighth-order density operator, all possible time order-
ings of the four fields (and their conjugates), including the
signal field, are permitted. Defining the propagators G(1)

t
J 7 atgG 1 )Epg (1) (1 1,0))Epg (1)) - - - G5, 1) Epge (£5)6 (15, — o0
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two possible polarlzatlon states of a given field, unit vec-
tor e{ with ==, is indicated. Partitioning of the
radiation-matter interaction into an operator part D aA a

dimensioned field strength constant E9, a dimensionless
stochastic space-time field function Ex(rak, t), and a rapid-

ly oscillating space-time phase factor is done to aid in the
following theoretical development. The sum over A in
Eq. (1.4) consists of the three input modes (A=1,2,3) and
the generated signal mode(s) S. Similar to Eq. (1.5),

can construct the photocathode detector field operator
(the case A=D), 5DR—VZ§+VD Here the chromo-
phore dipole operator ,uak is replaced with the corre-

sponding operator for the detector absorbers (photo-
cathode) ﬁ,aD, assumed linear in the baD and b I‘D opera-

tors. In the simplest case, the detected field states can be
considered to be a subset of the states defining the gen-
erated multimode signal field. In the general case, the
detected field may be derived from the generated signal
field through arbitrary mode conversion (e.g., frequency
conversion with a gatlng ﬁeld) Now Eq. (1.1) with Egs.
(1.2) and (1.3) (using [b ] 8 ) gives
90

SO=Tryppp | (Va — (1.6)

%p

Generally, the detector field is derived from the gen-
erated signal field through use of the convolution
theorem. This convolution is most naturally considered
in the nonlinear response function developed below. P fD

can be written

Filkpr, —opi)

Ve, =0, Epep(r, ,tle ,

QH—

(1.7)

where the field dependence of the operator 9 o contalns

products of the form @, (a5 +@ s) and its adjomt

Using nonlinear response theory, the density operator,
eighth order in the field-matter interaction H,; (for
A=1,2, 3, and S), can be written as

Pl—o), (1.8

[
to include the detector signal operator accounts for the
spectral decomposition step in the measurement process.
It acts automatically at the amplitude level, prior and up
to the moment of the photoelectric detection step denot-
ed by the operator Sin Eq. (1.1). Available to act at all
time intervals, it generates terms that survive the tracing
in Eq. (1.6) when it acts at those steps where the signal
field S and its conjugate are produced. Physically, propa-
gation under the action of LDR represents any spectral
filtering, frequency converting, or phase shifting (e.g.,
homodyning or heterodyning) of the generated signal
field. Such a detector response propagator is essential
when probing material or radiation responses that aver-
age to zero in white quadratic detection.

Equation (1.6) serves as a general starting equation for
all four-photon processes (eight fields in quadrature pairs
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Viewing Plane

FIG. 1. Phase-matching diagram using the folded-box
geometry. In general, three input beams with wave vectors k,
k,, and k; (labeled 1, 2, and 3) interact in a nonlinear medium
generating a variety of spatially distinct signal beams. Three of
these beams (solid lines), represented by the squares and labeled
A, B, and C on the viewing plane, are dependent on all three in-
put fields and satisfy the phase matching given by
k,=k;+k,—k;, kz=k,—k,+k;, and kc=—k;+k,+k;.
(The crosses (+) on the viewing plane represent signals from the
two-beam fourth waves (dashed lines) where one input beam
contributes two of three input fields to the mixing process.
These signal beams labeled D-I satisfy the phase matching
given by kp=2k,—k,, kp=2ki;—k;, kpy=2k,—k;,
kg =2k;—k,, ky=2k,—k;, and k; =2k, —k,. Any one of the
input beams can generate a 4WM signal by either acting alone
(three times) or acting once upon joining a second beam that
acts self-conjugately. Finally, of the several sum frequency sig-
nals there are the third-harmonic fields that copropagate with
each one of the three input beams.

summed over all possible permutations). Experimentally,
one may choose to study a subclass of mixing channels by
selecting a particular parametric or phase matched com-
ponent. Figure 1 displays the possible spatially coherent
fourth waves k& generated in quasidegenerate 4WM in-
volving only two (+) or all three (OJ) of the input beams
k;, k,, and k;. While establishing the basis for momen-
tum conservation in the scattering processes, phase
matching serves as a Fourier filter in selecting a certain
combination of field operators that generate the material
polarization. Several authors have noted the multiparti-
cle nature of parametric spectroscopies. These require at
least a two-chromophore scattering unit to retain spatial
phase information of the input fields.?®°%3 1In fact, each
of the eight field operators can act on every chromophore
within the interaction volume. The enumeration of such
field-chromophore entities has been accomplished by
identifying the chromophore upon which the field A acts
as a; (or B;, A=1,2,3,5). Because at the signal level all
fields act conjugately, we can always prescribe a set of
four field phases {£,} together with the conjugate set
{ —&,]. Here §,== and thus distinguishes the operator
(for field A) from its adjoint, or a complex variable related
to field A from its conjugate. Thus without loss of gen-
erality let the set {&,} be associated with the chromo-
phore set {a;} and the conjugate set { —&;}, with the
chromophore set {f3;}. In principle, a given chromo-
phore set can consist of as many as four spatially distinct
chromophores of like or unlike chemical composition
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(when only one field acts on each chromophore), or as
few as one distinct chromophore (when all four fields act
on one chromophore). The spatial phase factor for each
field [see in Eq. (1.5)] accumulates to eighth order via Eq.
(1.8) to produce the generalized spatial phase factor that
controls phase matching. In the present notation one ob-
tains

F(ik}»}’{”ak} —{rg )= I;I eXp[iEAk,\-(raA—rBA)] .

(1.11)

For any prescribed set {£,}, all phase-matching con-
straints on the signal appear through Eq. (1.11). For the
special case where all eight field operators (four quadra-
ture pairs) were to intervene on single chromophore, all
position vectors would be identical and there is exact can-
cellation in the spatial phase of the superposition field.
Phase matching is trivially automatic. The directionality
of emission in such a case is then determined by the
orientational average of the transition tensor on the chro-
mophore coupled to the eight specified field polarization
unit vectors. Maximum nontrivial phase constraints on
the signal are derived from chromophore sets {a;} and
{B,} for which «a,;#p, for all A. This extreme condition
ensures that rah—rBi&O for all A, and is the basis for fur-

ther conceptual development. Nontrivial phase-
matching constraints are partially lost as soon as even
one conjugate pair of fields acts on a single chromophore
(giving raA—rB)L:O for some A).

For phase-matched four-photon scattering under arbi-
trary spatial and temporal correlation (introduced either
through spatial ordering of the chromophores or through
the radiation-matter Hamiltonian) Eq. (1.6) can be ex-
pressed as an eight-field, eight-chromophore correlation
function. Such a multifield, multichromophore correla-
tor description will be subject to the definition of the
zeroth-order state basis, and when applied to Eq. (1.5),
must comply with the dipole approximation. This latter
constraint requires that the spatial extent of the states of
the individual chromophore be small compared to the
wavelengths of the interacting fields. (The effects of qua-
drupolar and higher-order terms in nonlinear-response
theory has recently been treated by Knoester and Mu-
kamel. >)

The chromophore notation is formally introduced into
the matter Hamiltonians H,,, Hy, and H,p:

Ay+Hy+Hyp()=3 (A, +Hy +Hop (0+ 3 Vg ).
o a,B

(1.12)

H, (Hg) are the chromophore Hamiltonians. H aB,
(H pB,,) couples the chromophore o (B) with its individu-

al bath subspace. They are responsible for the relaxation
of the optically prepared states. Interchromophore cou-
pling is described by V5. For the present discussion,
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however, we choose to define the chromoph(lre suACh that
its zeroth-order state basis is diagonal in H, (Hg), re-
gardless of its monomeric or oligometric molecular con-

struction. We thus take ?043:0 by definition and regard
any remnant interchromophore coupling as subsumed in

A(4)+(

2 [Flkaddre ) —trg <P ay

S(8)=TrR,D
lay} 1By}

in which 55
cussed further below), fourth-order in the intervening
fields, each representing a set of up to four chromophores
(H.a. denotes the Hermitian adjoint). In writing Eq.
(1.13), separability of the initial density operator p{ — )
with respect to the M, B, and R (D) subspaces is as-
sumed. Each of the fourth-order terms contains an inter-
vention from the S mode(s) operator at some point during
the time evolution where it is promptly convolved with
the detector response propagator. A given phase-
matching prescription fixes the Fourier components {£, }
in p', ;, and necessarily fixes the set { —&,} appearing in
A~(4)—
P s}
the fourth-order density operators. Once traced over the
matter states (bath and chromophore) as indicated by the
brackets ( >[axi) these fourth-order operators remain as

(and ;’)‘(&;J) are density operators (dis-

O‘A]
. The choice of a set {£;} fixes the £ superscripts of

tetradic operators with respect to the radiation subspace.
Thus the radiation-averaged quantities must be calculat-
ed at quadrature in the fields (eighth order). In general,
we have eight unconstrained sums involving chromo-
phore sets {a;} and {,}. Simplification to the conven-
tional bichromophore model will be introduced in Sec.
IB.

Equation (1.13) serves as a fully quantized expression
for the signal measured in 4WM and, through the detec-
tor propagator, allows for general detection, the simplest
case being frequency resolution in the signal. Saturation
effects, in this limit (small-flip-angle limit), are accounted
for by allowing the signal field to build up from, and feed
back into, the mixing process via the fourth-order term.
However, the trace of the density matrix would have to
be explicitly conserved to avoid artifacts.’® Analogous to
the development in Ref. 53, we will only be concerned
with the “seeding” events of the mixing process by allow-
ing the initial signal mode(s) to be produced by the vacu-
um operator (|vac), ;{vac|). At the seeding level, signal
contributions arise from the amplitude level terms in
which the vacuum blackbody operator ¥ $(¢) discharges
the induced dipoles (superposition states) generated at or-
ders up to and including third order in the incident fields.
J

S(s): 2

F({ky ), {ro Yy —1{rg 1)
{ay).(B,) A P

A A~ iwg(t'—s") , o ’ A ’
Xf: dt’f_twds'(RD(t—-t’)R I)(t—s')emst * (p m({rax},t ))za“(p mT({rBA},s )>{/3U>R10 .
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A(4)'— A
a}\,t)>{a“(p By} (rﬂl’t)>€BAI +H.a. ]pRD
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Hgp (Hpgp ).

In materials thus built of independent chromophores,
the eighth-order expression for the signal [Eq. (1.6)] fac-
tors into one containing a product of two fourth-order
density operators. Thus

(1.13)

[

The vacuum blackbody operator possesses all possible
wave vectors and frequencies (kg,wg) defined by the set
of mode indices {S}. For a given phase matching
(defined by the experiment), only a certain subgroup of
zero-point radiation modes will experience gain from
these four-photon parametric scattering channels. Such
gain has a strict spatial directionality determined by the
sum over chromophores a; and 3, in Eq. (1.13). The ful-
ly quantum-mechanical development allows for the zero-
point field to intervene at any order in the evolution to
fourth order. However, only a subclass of these scatter-
ing channels exists where the vacuum operator resonant-
ly discharges an induced dipole such as in a Raleigh-type
process. The much weaker, nonresonant vacuum inter-
vention is the analogous Raman-type process. For a
scattering channel where only superposition states are
generated up to fourth order (general three- or four-color
4WM), the zero-point field can resonantly intervene only
at fourth order. That is, it acts to collapse the complete
third-order polarization. For the remaining develop-
ment, the vacuum black body seeding intervention is tak-
en at fourth order where it is assumed not to introduce
correlation among the frequency components of the sig-
nal field other than that conveyed through the third-
order polarization amplitudes that generate it.

Since the detector propagator containing L pr acts only
on the signal mode(s) of the radiation subspace, it can be
factored from the material related propagators [G(¢)]
and labeled separately as the detector response operator
Rp(2). With ¥ § acting last in the time sequence, and at
room temperature only able to discharge in one direction
any material optical coherent state built by ﬁ“ ) AW at
time ¢ can be expressed in terms of the time convolution
of Rp(1) with ( ;i[)‘m){ak}. This term, stripped of the
spatial phase factors of all four fields and the temporal
phase of the signal field, shall be called simply p %3&)“ —an

“electric dipole operator.” [See Eq. (1.5) for phase fac-
tors and the dipole operator g from which its name is de-
rived.] The detected signal at wg, Eq. (1.13) can now be
written as

(1.14)
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More specifically, p a ) in (hz) is the electric dipole mo-

ment operator developed at time ¢’ on chromophore ag
as a result of the previous action of the incident fields
(A=1,2,3) on chromophores a,, a,, and a;. { )zp
represents the average over the radiation and the detector
subspaces [from Trg , in Eq. (1.13)].

In one typical class of experiments the signal, first sub-
jected to the detector response, is then integrated over
real time at the photocathode. It is usually measured as a
function of the delay in time 7 of one of the input fields
(e.g., k,,w;) relative to the other two (k,,w,;k3,w5). One
is interested, therefore, in the full time integral over
S®)(¢). Towards this end it is useful to replace the detec-
tor response operator Rp(t) by the Fourier transform
operator of its complex spectral density jj (@Y%), where

ﬁDm=f_wwdejD(wS)e“i‘”S’ (1.15)
Equations (1.14) and (1.15) give
Hogir)= [~ dis®
=f_°° do'sJp (')
X [ dr [T dse! st
XC(t's";t), (1.16)

where Jp(w5)=jp(w%)|* and the so-called “polarization
correlator” is given as

Clnsin= S Fliky)lre )~ {rs})
1““»[/3'1]
X (P Do 57 (e
X(/p\(S)T(r[ﬁk}’s’;”-)){ﬁﬂ)R .
(1.17)
J

<ﬁ(3)({rak},t;'r)>{a }

At the other experimental extreme we propose a
type of “white” detection where Rp(t—t')
«§(t —t') 35 |S)(S| and Eq. (1.14) becomes simply

1;1)= [ 7 dogs®=6(1;1) . (1.18)

B. Spatial and temporal field-matter correlation
and the bichromophore model

Long-time signal averaging with spectral resolution of
the generated fourth wave is fundamental in many appli-
cations, including our own, so we proceed from Eq.
(1.16). Here the dipole operator p ' [in Eq. (1.17)] built
from polarization on chromophore set {a,} is taken at
time ¢’, while that on chromophore By from {3, } is taken
at time s’, independent of ¢'. Equation (1.16) [with Eq.
(1.17)] is the starting equation for calculating frequency-
resolved interferograms generated from incoherent as
well as from coherent broadband 4WM. The two
radiation-space operators, (p *') from {a;} and (p )
from {f,}, are coupled by field correlation so that
averaging over the radiation subspace { ), cannot lead
to a simple product, even though the chromophores
themselves are, by definition, otherwise uncoupled. The
radiation-subspace average is actually a two-part average,
a quantum-mechanical one involving the {@3'} and a
classical average involving the stochastic space-time field
functions {'é;f(rax,t)} [see Eq. (1.5)]. To expose these

two kinds of radiation-space quantities let us express the
dipole operator in terms of a nonlinear material response
operator and the stochastic field functions:

3 t t
_ £ t 1 2
=11 (ED) lfwdtlf_wdtszdgﬁ],“(ﬁ}z;,(t,(el,tl),(ez,t2>,(e3,z3))>[ak,

A=1

§
Xg ll(ral,tl -

[and analogously for {5 ' ({rg 1,157 >[B 11

TS Ty 13 € T g0 13)

(1.19)

n represents a permutation operator over all possible time orderings of

(3)()

the three fields. The quantum- mechamcal field operators {& A } are hidden in the nonlinear-response operator R (a1

the {e ’\} appear explicitly.

All relevant 1nformat10n concerning the microscopic material dynamics is contained in the third- order nonlinear-

response operator R [a (1) after it has been reduced to an operator only in the radiation subspace (R (3

t)>{aA} Be-

fore returning to the issue of field correlation at the signal level, we express this reduction in more detall. The reduction
over the space of {a,} includes both a trace over the chromophore basis and one over the bath basis {B%} that is

relevant to the chromophore set {a, }.

(I/{\ ({i)}\](t,(el,tl ),(ez,tz),(eyt:;)))[ak}

2 2 2 2( Ags) Gz_/,kl(tt )L klmn(t )~mnop(t1’12)L opqr(tZ) qrst(t21t3)L ftgg(t3)>{BaA}

i,j,k,1 m,n,0o,p q,r,s,t g

Tracing over the chromophore basis leaves (in matrix form)

(1.20)
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in which the commutator operator

B8 (0 =8y G ) — (0 D) Bime
(1.21)
where the
@ ii)km =Cy | 3 mion € |a © (1.22)
t=+

contain the (previously hidden) field operators {@ ff} that,
at signal level, are subject to the quantum-mechanical
part of the field averaging. In this limit, dynamical evo-
lution of the optically prepared single-chromophore state
is governed by the field-free propagators G “*(¢) for chro-
mophore a,. Since by definition the chromophores are
]

3883

uncoupled with respect to H,, and H,,p, the bath average
( )(p_ ) over the three propagators reduces to a product
Ir

of independent averages, each associated with propaga-
tion on an individual chromophore.

We now return to the classical part of the field averag-
ing. When Eq. (1.19) is inserted into Eq. (1.17) a six-field
classical correlation function appears upon averaging
over spatial and temporal fluctuations of the input radia-
tion fields {??], A=1,2,3. In general, such field coher-
ence, responsible for correlating the two dipole operators
in Eq. (1.17), cannot be factored into its separate spatial
and temporal parts. However, to simplify the discussion,
the fields are taken to be “cross spectrally pure” to allow
the factorization of the field correlation into independent
spatial and temporal correlators.® The six-order field
correlator is now written as

_& _§ _& —& _ £ _—£
(e1‘(ral,t‘—T)ezz(raz,tz)e33(ra3,t3)2‘1 ‘(1'31,s1—7')62 2(rg2,s2)63 3(r[,~3,s3))R

=d>({rak}, {rﬁx} L33t —1,t5,t5,5, —T,85,83) ,  (1.23)

where I''*?), space independent, is just the full {?ff} correlator integrated over space. (The space integral on ® gives
unity.) ( {rak},{rﬁk}) is the pure-space field correlation function. This factorization of the field space-time correlation

allows for the independent evaluation of the spatial and temporal dependence of the polarization correlator, Eq. (1.17),

giving

3
C(t',s";T)= lH |EQ |2 [E({k,})C(¢',s"37)
A=1

(1.24)

in which the spatial field correlator becomes intimately coupled to the generalized phase function, Eq. (1.11), through

the eightfold unconstrained summation over chromophores:

E({k )=
fopd, 1By}

S F{k,(rg} = {rg DOrg, ), {15} »

(1.25)

and the temporal field correlator becomes coupled to the material response through two sets of linked threefold time in-

tegrals:

I a1 5 s’ Sy $2
at'yssr)=[" ar, [ dn, [ wszf ds, [ ds, [ 7 dssTOVt,—715,15,5, 7 7,52,53)
- o0 - 0 - - - o0 - o0

X(ﬁ1,2,3<ﬁ ({?z)k;(f',(ﬁbﬁ )y(eZ’tZ)v(e31t3))){a)‘}ﬁl,2,3(ﬁ (g%):}(s'>(e1’51 ),(€5,5,),(€3,53))) . Yr -

(1.26)

It is convenient to replace each of the eight chromophore summations in Eq. (1.25) by the volume normalized integral
over the position coordinate of the chromophore. Thus we now write for the spatial correlator [Eq. (1.25)]

N

Ng, Ng,
:({kll):_?fdr%_y_fdraz s

25 [drg Pl (o)~ (55, DOUE, ) L5, ))

(1.27)

A change of variables from chromophore position vectors ({r%}’{rﬁx]) to position vectors {ral} and relative position

vectors ({r, } — {rg,}= {r%/)’x} ) is useful when the spatial correlation function depends only on relative positions of the

chromophores. Integration over the four chromophore coordinates {r"‘x} leaves simply ¥ ~* to give

N(,“NO[2 .-
E({k,})=

“Npg,
v4 fdra|/31fdr“zﬁz T fdr“sBsF( {kad, {r“A'BA} ) {r"‘x’ﬁx}) :

(1.28)
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1. The bichromomohore model and spatial correlation

There exists a (large) subset of experiments, specified
by their phase-matching constraints [via {£,] and Eq.
(1.11)] and the nature of correlation among the fields,
such that field-induced correlation can take place neither
within the set {a;} nor within the set {8,}. (In such a
case field-induced correlation is absent even when all four
fields act on one chromophore.) For this kind of phase
matching either the four fields acting on {a,} (and their
conjugates on {3, }) are simply mutually uncorrelated, or,
if not, only high-frequency multichromophore correlators
appear. These vanish on cycle averaging. In such cir-
cumstances third-order polarization can develop only
among the eigenstate of a single chromophore so that we
set {ay)—>a (B} —B), 1) =T, ([(5)—1p), and
({r% BA} —1, ). The eightfold sum on chromophores in

Eq. (1.14) (and beyond) now reduces to a simple double
sum, one over , the other over 5. Thus the absence of
any radiation-induced correlation across a multichromo-
phore set {a;} (or {,}) causes all terms in the eightfold
sum to vanish, but for those that correspond to full
third-order polarizations on single chromophores (o and
B). This is termed the two-chromophore or the “bichro-
]
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mophore” model. Having lost a sixfold summation (and
the corresponding V> from center-of-mass integrations),
and E({k, }) function [Eq. (1.28)] now becomes simply

a

N
B [dropF (Arr, g)®(r, ) ,

=Z(Ak)= 7 (1.29)
where
F({ky}, (1o, 5})—F [ % (&K To p) ] =F(Ak-1,p)
[Ak: 2 g)hk}‘
A

If the field spatial correlation function in terms of the
chromophore separation ®({r,z}) is taken to depend
only on the magnitude, 7, 5 scaled by a correlation dis-
tance /., we might write

—ra,ﬁ/lc

D(ryp)<e (1.30)

The spatial integral in Eq. (1.29) can be performed to pro-
duce a polarization correlator that depends on the phase
mismatch (Ak). Such a phase-matching function is given
by

27NN -
= — a’¥Yg R 2 =/l . [iAkrcos(6)]
E(ak)=——=" [ dr re J[dosin(@e !tk cos

__4wN,Ng I2AK

(_R/IC) lcsin(AkR )_AleZCOS(AkR)

- e

AV | [1+(L,Ak)*)?

—rs) [1—(AKL,)?]sin(AKR) —2Akl cos(AkR)

1+(Akl,)?

(1.31)

-che(

The upper limit (R) of the spatial integral is determined
by the overlap of the incident fields. As the characteristic
coherence length /. increases, the signal becomes more
sharply peaked about Ak=0. For arbitrary correlation
lengths and an exponential form for the correlation, the
signal dependence on Ak will be determined by Eq. (1.31).
More generally, one must convolve the multichromo-
phore spatial phase function [F({k,},{r,, g })] with the

spatial correlator of the field [®({ry},{rg })]. (Analo-

gously, any breakdown of the uncoupled chromophore
model that leads to their long-range spatial correlation
will likewise influence the dependence of the signal on the
phase mismatch Ak.%>%3)

Since the 4WM experiments to be analyzed in Sec. III
all fall within the bichromophore model, it is retained in
all further development. Furthermore, we consider only
the dependence of the signal on the temporal part of the
field correlation where material memory can prolong the
interference among correlated fields. By definition ma-
terial spatial coherence due to H,, and H,y alone ap-
pears only within a chromophore, whose extent must not
exceed a small fraction of the wavelength of the fields (the

[1+(AKL)?)?

dipole approximation). Any spatial correlation in the
scattering process beyond that inherent in the incident
fields (discussed above) is neglected. A reduced descrip-
tion of the field correlation function then follows upon in-
tegrating over the spatial dependencies in Eq. (1.31). [In
general, though, the space-time factoring of the field
correlator in Eq. (1.23) is only approximate.]

2. The bichromophore model and time correlation

We return now to the field time correlator I'>¥(z) [Eq.
(1.23)] and see how through it the amplitude and phase
structure of the excitation fields can bring about correla-
tion among the chromophores in the polarization correla-
tor of Egs. (1.24) and (1.26). First, a characteristic time
(coherence time 7,) associated solely with the fields, and
defining the short-time signal component, can be defined
through I'>3)(¢). [This is equivalent to the assumption of
an infinitely rapid material response G (f—t')
«§(t —t').] Thus the temporal field correlator, written
as an ensemble average in Eq. (1.23), can be rewritten
here in terms of a time average as
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f dt'égl(t

Xz, *

r33(r)= lim e (L)

T-— o0 2T
750) .

(1.32)
In general, the equivalence between Egs. (1.23) and (1.32)
represents ergodic fields. The absence of space coordi-
nates in €," implies integration over ®. Equation (1.32)
follows by the stationarity assumption where ¢t =¢'—s’'.
Using the normalization condition introduced by
Glauber, a normalized temporal field correlator can be
given as

(—7), 0%,
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A coherence time 7, of the superposition field is now
defined by integrating the normalized correlator with
respect to the delay parameter 7:

Tc:f_w drly 33 (r)|? (1.34)

For systems possessing response times greater than 7,
time ordering of the field interventions becomes impor-
tant. The temporal correlation function, for a given time
ordering, can be expressed as the Fourier transform of

6 —172 the spectral correlation function J(w) (a sixth-order field
y3I(r)=T33(r) | TT T¥-P(0) (1.33)  spectral density):
=1
J
F(S’S)(II—T,tz,t3,sl-T,SZ,S:;)
w© o o i& (0] —w))T 3 ’ "
=f dco'lf doy - f dwg'J(a)'l,w'z,wg,w'l'a)'z',wg')Xelg’ AT exp | —i S £t —o)'s;) (1.35)

Assuming stationarity of the optical fields, the resonant frequency condition 3; §;o;

six-field spectral correlation function can be defined as

6

=& &
J (0}, 0y, 0%, 0,0y, 0y )= (€] (o] 2(w2)633(a)3)

where ?i"(wx) is the Fourier transform of the temporal field function & i"(t).

(0)E,

i=1

=0 must hold. Thus the stationary

()5 080+ oy +wy—a) —of —af) ,  (1.36)

In the time domain, this is equivalent to

the time translational invariance of the temporal correlation function. 3
Making use of Eq. (1.26) for the bichromophore case with Eq. (1.35) for T'*'*), the polarization correlator [Eq. (1.24),

with Eq. (1.26)] can be written as

3 —

' | =Z(Ak)
C(t',s"sm)= | [1 1 E3? | ==
A=1 NaNB

@ ' © ’ ® " ’ ’ " " i£ (0]~ 0f) . 3

Xf_mdwlf_wdwz' . f_wdw3J(w1,m2,w3,w1,co2, 3)el§' U exp | —i S &ilwit’ —o's’)
i=1
X<5(\g=,2,3(§s(ws'—w.’S‘);gl("-’l-“"1)>§2(a’2_w3)’§3(‘03"0)13))
X)?gifz,s((gs(ws—w:v)§§1(‘01‘w;')agz(wz_("é’)’gﬂws ©y)g

(1.37)

where the generalized third-order macroscopic susceptibility (an operator in the radiation subspace) is written in terms
of the reduced temporal response operator [Eq. (1.20)] via Fourier transformation:

)?g;,z,z(gs(ws"w's);ﬁ(wl—ﬂ)'1)’é'z(wz_wlz)7§3(w3_“"3))

=N, fo“ah—1 fowdfzfowdr3ﬁ1,2,3(ﬁ 3)((

—i(§,0)+ & 0+ Ewy)T, —
><e 1% 272 3%3 le

Here the change of variables from field intervention times
t; to intervals between field interventions 7, =¢; _;—¢; has
been utilized. Permutation of the temporal ordering of
the fields via ﬁ effectively permutes the frequencies
(w;,w}) with respect to the time intervals 7; to allow for
all possible histories of time evolution.

e],tl-TI),(ez,t’_

i () +Ej0) )Tze

TI—TZ)’(e37t,_Tl_T2_T3))>a,Ba

. ’
—ig3037;

(1.38)

3. The bichromophore model
and matter-bath stochastic processes

The averaging of the response operator over the chro-
mophore bath [B, in Eq. (1.38)] is now associated with
one chromophore and can be simplified by taking the sto-
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chastic part (B,) of the material-bath interaction
Hyp()=Hp (1), to be diagonal (elastic) in the basis of

A 2 %% Any state-changing (inelastic) process can be in-
corporated through the phenomenological addition of a
damping constant. Therefore the following form for
H ,p (1) is implemented here:

Hoyp (0= | 3 [viUi) el + 1) D

ij k
+ 95 (1Y CRl 41k DT

+ 8, ()(11 ) (il +17) <l (1.39)

and similarly for H BBy For a given time ordering of the

input fields, the third-order nonlinear response operator
[Eq. (1.20) for the multichromophore case {a,}, or Eq.
(1.38) for {a;} —a] represents eight (2°) different scatter-
ing channels (or Liouville space pathways of Ref. 27),
RP(n=33_,R (1), for g=1-8. Such channels are
defined by fixing the action of each field operator in terms
of its bra- or ket-side intervention. In general, for every
unique channel, R ff’(t)q, the material states being driven
actually can change in time if the third-order polarization
is allowed to build up (or to accumulate) over times
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stitute an open set, not restricted to a simple closed set of
four levels. Thus the product of four dipole moment ma-
trix elements, contained in R ff)(t), need not be joined by
common material states. The mixing of different states in
the development of the polarization is represented by the
off-diagonal elements of the material propagators in the
chromophore basis [G;;(t)]. This contrasts with
scattering confined to a closed four-level system or to a
multilevel system with excitation times short compared
to interstate transfer times. Although processes such as
interferences among different material superposition
states, or transfer in general [represented by Gy (?)],
may constitute important contributions to the material
response (particularly if allowed to accumulate), their in-
clusion here would only complicate the following devel-
opment. Therefore only diagonal elements of the materi-
al propagators will be considered [G; ;;(#)]. Thus for the
gth channel, the reduced material response operator at
time ¢ can be expressed as a product of its phase factor, a
reduced, phase-free, inelastic response operator { K Z) B

and the (elastic) stochastic function F;‘:

(R Q1 (ep,11),(en,12),(€3,3))y Doy,

—i(§ 0+ &0, T 503t
=e

exceeding the characteristic time needed for transfer x(fg(t,tl,tz,t3))3 Ft,t),ty,t3) , (1.40)
away from the initially prepared states. In this case, the *
states on chromophore a available for polarization con- where
J
a i a 1A, —_
A _ A§SA gl ,\52 A§3 i(w +§3w3+1‘y )(t2 t3)
(Kg(l‘;th’z,ts))Ba— 2 V00 gmlmge ™ "
m, f,n,g
Xei(a)f‘nn +§2m2+§3w3+i}/f‘nn N, ‘—tz)ei(w?n +§1w1+§2w2+§3w3+i7",’ﬁ, Nt —1y) , (1.41)

and the stochastic function is

F;‘(t,tl,tz,t3)=<exp ift:dTSw?,,(T) ]

t
X exp [i f; ld'r’dco‘,",,,,(f')
2

t
XCXp [1 ft;d’r”da):g(’r“) ]>E

(1.42)

where the f, m, n, and g labels on Fj(¢) have been
suppressed. The bracketed quantity { ) B, Tepresents the

average over the degrees of freedom of the a the chromo-
phore bath. In the absence of “pure dephasing” F'=1.
In Eq. (1.41), the damping constants are given by
V= 2k {Yik+7j}. In ordered media when rotational
averaging is called for, it must be carried out at the signal
level. In such a case eight direction cosines (for one set of
polarizations {e,}) appear [see Eq. (1.5)] that involves a
set of as many as eight (spatially correlated) chromo-
phores. Each direction cosine represents the projection

[
of the unit vector of a given transition moment (on a
chromophore) onto the unit vector of the polarization
direction of the intervening field. However, in the ab-
sence of long-range order among the chromophores (in
amorphous media), rotational averaging can be carried
out separately on each chromophore. In the common bi-
chromophore model where the polarization develops ful-
ly on just one chromophore, the averaging over the four
direction cosines is equivalent to a rotationally averaged
projection of a fourth-rank chromophore transition ten-
sor onto the polarization vectors of the four intervening
fields.

Given the appropriate statistical models for the fluc-
tuations of the material Bohr frequencies [via F(¢) in
Egs. (1.40) and (1.42)] and also for the phase-or amplitude
noise of the radiation field [via the spectral correlation
function J,(#)], Eq. (1.16) with Eq. (1.17) [or the mul-
tichromophore version of Eq. (1.37)] for the polarization
correlator, can be used to calculate signals in arbitrary in-
terferometric 4WM experiments. However, Eq. (1.16)
with Eq. (1.37) applies to the subset of such experiments
that are based on the bichromophoric model. We contin-
ue with a closer look at the role of field correlation in
these spectroscopies.
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II. PHASE OR AMPLITUDE TEMPORAL FIELD
CORRELATION IN 4WM WITH INCOHERENT
AND COHERENT EXCITATIONS

The field time correlator I''>% is analyzed in more de-
tail for three-beam 4WM experiments with incoherent
light (Sec. IT A) and with short-pulsed coherent light (Sec.
IIB). Recall that “incoherent” in this context refers to
experimentally relevant fields having a time-bandwidth
product several orders of magnitude greater than the
theoretical transform limit. For such fields, the slowly
varying stochastic temporal part of the electric field
operator, given by €,(¢) [where the space dependence of
%’A(rQA,I) in Eq. (1.5) has been suppressed], can be fac-

tored into its slowly varying (dimensionless) amplitude
7j,(¢) and a (dimensionless) function §,(¢) representing
random short-term phase fluctuations. In contrast,
short-pulsed coherent input fields will be represented by
€,(1)—¢€,(1), an envelope of the pulse. A diagrammatic
view of field correlated 4WM is given in Sec. II C.
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A. Incoherent long-pulsed excitation

Mathematical simplification is gained by taking the
random phase and amplitude noise of the input radiation
fields to be described by circular complex Gaussian statis-
tics. We take the given field-time ordering indicated in
Eq. (1.23), and as an example of near degeneracy, assign
the phase-matching condition {&;}=(+,—,+,—) to
give Ak=—k,;+k,—k;+k,. This allows us to write the
sixth-order temporal correlation function I'®3) as

(gl (e, =705 (1) (1) (s, —7)& 5 (5,)E; (s3))
:ﬁ{ﬁeld pairs) (&1 (2, — 785 (£,))
X(&F(ty)e (s, —7))
X (& (s,)E5(s3)), 2.1

where the ﬁiﬁeld pairs] OPerator generates the six different
ways of arranging the fields as conjugate pairs. Here we
have

11 fetd pairs) €E 1 (11 =T 7 (1)) (& (1308 T (s, —7) )& (5,)8 5 (55))
=(e{(t;—1)E5 (1)) (1) T (s, — 7)) (e (5,085 (55))
H(E (=105 (1)) (13087 (s3)) (e (s, —1)E S (5,))
+(E (=105 (53))(F 5 (1,08 (5,0 & (308 T (s, — 7))
+(E (=15 (53 (&5 (1) T (1)) (& (5, —1)E S (5,))
H(E (1, =1V [ (5, =TI &S (1) (5,))(& T (13)E 7 (55))

H(E (=1 (s —m){E S (1) F (1)) (e (s,)E 5 (55)) . 2.2)

Eberly and Wodkiewicz have pointed out how a clear dis-
tinction in the time scales governing fluctuations in the
field amplitude, or the phase, validates the factorization
of the field autocorrelation (and cross-correlation) func-
tion (and consequently their spectral densities) into their
slow and fast moving parts.®® Since the classical field
function &3;Mt) can be expressed in terms of a slowly
varying amplitude function 7 i"(t) and a rapidly fluctuat-

ing phase function ¢ ;*(z), each of the pair correlators in
Eq. (2.2) can be written in factored form
(e(t, —1)EF(s,))

t, s,

2

=ein’ Fad Uty —s,—7) . (2.3)

Here the experimental delay time 7 is taken to be a small
fraction of the pulse width. If field A acts on chromo-
phore a at time ¢,,, and field A’ on chromophore 8 at
time s,, then the m-independent intensity function for the
long pulse, evaluated at the mean local time (¢, +s,)/2,
is

t t, +s, 12>

2

U

(2.4)

and the correlation among the fast stationary stochastic
degrees of freedom for the same case is given by

Uty =5, —TD=(F £ty —s5, —7HEF(0)) . (2.5

After cycle averaging, the high-frequency correlators
vanish. Thus

[ty —s,H=0.

Next we examine the stochastic correlators f, ,»:ij'i ex-
pressed as Fourier transforms of their spectral densities.
Thus

—_— o0 o«
fET Uty —=s,0= [ do} [ 7 dajd; s (), —of)
— 0 — 0

—i (w;\tm —w;:,s" )

Xe ,
(2.7)

(2.6)

where the spectral densities (J, , =J, ) take the form [see
Eq. (1.36)]

Jyl@h, —of)={F (o)) ¥ (0}))8loy—w}) . (2.8)

There has been much effort in modeling phase fluctua-
tions in the electromagnetic field and their influence on
nonlinear optical processes.®*~% Recently, Kofman
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et al. have developed a non-Markovian model describing
phase noise in laser fields having an arbitrary degree of
coherence.®® Such a description recovers the commonly
used noise models (e.g., phase-diffusion model, telegraph
noise model, Burshtein model, etc.) in the appropriate
limits.

It is instructive to consider the similarities in the treat-
ments of phase noise in the excitation fields and in the
stochastic origins of material line broadening. For in-
stance, the often used two-time fluctuation correlation
function of the molecular (atomic) Bohr frequencies, ® ¢’
originating in Brownian motion theory, has the follow
form:

8

f(t)=exp —X{(e —1+A1) |, (2.9)
where 8 and A~! are measures of the amplitude and
correlation time of the frequency fluctuations, respective-
ly. Such a functional form is recovered in the generalized
jump model of Ref. 65 in the limit of small, highly corre-
lated, phase jumps. Here the factor (8/A)? is replaced
with [B/(1—v)]? where B is the variance of the distri-
bution of phase jumps and y represents a correlation pa-
rameter.

Fields having inhomogeneous bandwidths are obtained
in the slow modulation limit (§ /A >>1) where the spec-
tral densities become Gaussian,
2

28?

In the fast modulation limit (§ /A << 1) Lorentzian spec-
tral densities are recovered:

J(0)=(V278) Texp (2.10)

Ho)= s @.11)
®
where
|
3 Z(Ak)
. — EO 2
C(t',s';7) }L[l |ES | NN,

X [“ doi[” dej

XY 2,3((0 =), (0= @)), . . .,

T
i(

Xe @10
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)Texp —i Y §l(w;—wj)t"—(
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Whereas the fast stochastic fluctuations of the field
[represented by J,(w)] are directly responsible for gen-
erating the short time (7) behavior of the signal, the
slower degrees of freedom (defining the pulse envelope)
will accumulate material responses on a much longer
time scale. To account for the accumulation, the time lo-
cal intensity factors ef”;ff [(t,,+s,)/2] are directly con-
volved with the material response function in the expres-
sion for the generalized susceptibility, Eqs. (1.37) and
(1.38). The convolution of the material dynamics
(<§8)(z))1g}, Q =a,B) over the time local intensities
leads to an averaged steady state that reflects dynamical
processes on a time scale as long as the pulse width itself
(i.e., intensity correlation time) and no shorter than the
coherence time 7, of the incoherent light. A closely re-
lated point, previously discussed by Bai and Fayer, ® con-
cerns the discrepancy in optical dephasing times of com-
plex condensed-phase systems, probed by long-time hole
burning or by various short-time photon-echo spectros-
copies.

In Sec. I it was emphasized how when all of the input
fields are correlated, the time evolution of the third-order
polarization amplitude may involve more than one chro-
mophore (set {a;}). Here we stay with the bichromo-
phore model in which a single chromophore acquires full
third-order polarization, and two-chromophore scatter-
ing unit leads to the phase-matched signal. The long-
time averaging involving the local intensities [Eq. (2.4)]
causes the individual chromophore third-order response
operators ﬁﬁf}(t) and ﬁ}jm(t) to become linked, thus
producing a bichromophore sixth-order spectral response
function. From this end, the polarization correlator
given in Eq. (1.37) can be rewritten here as

(2.12)

® "y ’ ’ ’ ”" " "
T f dw; H{ﬁeld pairs}J1,2(w1’w2)J3,1(w3’a)1 )Jz,s(wszs )
— o0

—(03— 7))

wj—a)}-' )s (2.13)

']

J=1

The spectral material response function 1/1(3‘:’;,2’3, sixth order in the fields, is not a general sixth-order susceptibility, but is
constructed from the product of third-order susceptibilities (Y *¥ 31ty & [see Eq. (1.37)]. Representing the accumulat-
ed steady state of the driven material system, this spectral material response function can be written with the help of

Eq. (1.40) as
1113?1,2,3((@1—60'1 ) “‘(a)z'“a"z): ey —(a)3—~w§'))

=NaNﬁwadrlfodezfowdﬁfowdolfomdazfowda3ﬁ‘i2,3ﬁ {{2’3(2“(71,72,73)1( m(01,02,03))R

8 + - 2t"27’1"‘7'2
XFa(TpTZ’T3)F (0’1,0'2,0'3)61yi ——2 —
r___ _— o r___ r__ p— —_
otim t'—ry—1y—13t+s ' —o, b 2s'—20,—20,—0;
3,1 €33

2 2

(2.14)
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The product R 2F2 (Q =a and P) is associated with the third-order response operator (R (Q3)(t)>{Ql and has been
defined in Egs. (1.41) and (1.42) for a given channel g identified with ( R 0 (1), 0

Where the short-time stochastic fluctuations of the radiation fields (§ ;) are responsible for its spectral width
[through J; ;.(w;,;/)], the material stochastic dynamics (via H,), contained in the function F(t) (Q =a,$) and con-
volved with the local time intensities in Eq. (2.14), bring out the spectral widths of the material resonances. Modeling
of such material stochastic processes has been extensively discussed in the literature.?>2”% In general (Appendix A),
the result of stochastic averaging over the material Bohr frequency fluctuations associated with gth channel [Eq. (1.42)]

can be written as
2 2
! 1
—— (7 +73)—
A, A2

! i

FqQ('rl,Tz,'r3)= II¢exp
i

X T exp
J

where the product is over different statistically indepen-
dent random processes, the ith being characterized by a
rms amplitude §; and correlation time A; !. The super-
scripts e and v on the product operator anticipate the
Born-Oppenheimer approximation and stand for decou-
pled electronic and vibrational random processes, respec-
tively.

A few general qualitative comments can be made con-
cerning the integration in Eq. (2.14). The numerical
modeling of accumulation effects important in long-pulse
incoherent 4WM will be the focus of future work. The
real-time material response characteristic of each time in-
terval (7; or o;) will be averaged over an accumulation
time determined by the local intensity functions. Wheth-
er a given random process is to be characterized in the
slow-modulation limit [Eq. (2.10)], fast-modulation limit
[Eq. (2.11)], or in between [Eq. (2.9)] depends on the ratio
of the accumulation time (or the time scale of the experi-
ment, ¢,..) to the correlation time of the bath, namely
At,... Dynamical processes that are static relative to the
field coherence time (A7, <<1) may be motionally nar-
rowed on the time scale of the intensity correlation
(At,.. >>1). In such cases, line shapes that are measured
with long-pulsed incoherent light may appear homogene-
ous in nature, having widths that reflect dynamics aver-
aged over 3-4 decades. The same stochastic processes
may lead to inhomogeneously broadened lines in mea-
surements that use coherent short-pulsed light (where
T, =1l,.) of comparable bandwidths. In such experi-
ments any remaining homogeneous components would
have to reflect only very short time dynamics.

The accumulated steady state is not only determined
by the long-time averaging of independent stochastic pro-
cesses associated with pure dephasing, but also reflects
the averaged dynamics associated with the possible
transfer of excitation to dark states (the inelastic contri-
bution to the dephasing process). On a time scale charac-
terized by a 7/,7I up to the temporal widths of the field en-
velopes, initially unexcited modes that are nevertheless
coupled to the driven states can acquire excitation ampli-
tude and thereby initiate new scattering pathways among
the material states.

For long-pulsed incoherent excitation, the temporal
pulse shape, contained in the local intensities, serves as a

—A, —A
le "Mte

8? —A.T
—’;\7(9 J 2+1'—Aj72) ,
J

—A

(1

iT3_2+e_AiTZ(1_ _e_Ai‘r})]

(2.15)

[

real-time filter in averaging the dynamical responses of
the material. Suppose the distribution of relaxation rates
in F2(t) and the distribution of the inelastic rate con-
stants y;;’s are both narrow compared to the field en-
velopes. In that case the field envelopes are constant over
the time where F*(t), FA(t), and (K “(¢")R P(s')) are
nonvanishing in the integral in Eq. (2.14). For such ma-
terial systems, the exciting fields are effectively continu-
ous wave, and therefore their envelopes do not contribute
to the dynamic polarization. Should the dynamical
response of the system be characterized by a broad distri-
bution of relaxation times, the slower ones would not
significantly contribute to the material response in the
leading part of the excitation pulse. However, if the exci-
tation persists these slower processes are allowed to build
up and influence that portion of the spectral line corre-
sponding to their characteristic time scales. The inter-
ferograms then would show the decay of the steady-state
material excitation. Such decays, in 7, potentially could
be dramatically different, both in functionality and time
scale, from those measured with short-pulsed excitation.

In general with incoherent excitation, the measured
linewidth of the polarization correlator [Eq. (2.14)] corre-
sponds to the six-dimensional Fourier transform of the
product of the generalized spectral densities of the fields
with the spectrum of the nonlinear response averaged on
the time scale of the pulse width. Since the pulses are in
constant temporal and spatial overlap, the 7 dependence
of the correlator is generated by delaying a given field(s)
from any correlated conjugate field(s) and will be dis-
cussed further at the end of this section.

B. Coherent short-pulsed excitation

A formal transition to experiments that use coherent
short pulses can be accomplished by allowing the tem-
poral widths of the fields to narrow while maintaining a
constant bandwidth defined by the spectral densities
J(w). While still maintaining a clear distinction between
the time scales describing short- and long-time fluctua-
tions (¢, and 7,, respectively), the effect of narrowing the
duration of the pulse is twofold. First, the reduced dura-
tion over which real-time averaging of the material dy-
namics occurs leads to a new steady state of the driven
system. Second, for experimental delays exceeding the
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pulse width, the interferograms acquire an asymmetry
that reflects the distinction between pumping and prob-
ing steps in the scattering process. The necessary time
ordering of the field envelopes when they are not cotem-
poral reduces the permutation symmetry of the operator

appearing in Eqgs. (1.38) and (2.14).

For the case of bandwidth-limited (coherent) excitation
fields, the factorization of the sixth-order field correlation
function, based on both complex Gaussian statistics and
distinct stochastic time-scale arguments [Egs. (2.1), and
(2.3)], is no longer valid. Now, depending on the pulse
shape, the coherence time (phase correlation time) is
essentially equal to the width of the envelope (or the in-
tensity correlation time). However, a different factoriza-
tion approximation can be used based on the degree of
coherence among the mixing fields. From the analysis in
Ref. 54, full coherence at arbitrary orders leads to a gen-
eral factorization condition. At second order, this corre-
sponds to maximum visibility of the interference fringes
where one can write

[T () [P=T0 V(2,00 (s s, (2.16)

J

Analogous to the notation in Egs. (1.32) and (1.33), Eq.
(2.16) refers to the pair correlators T‘"V(z,,s;)
=(e™(t;)¢7 (s;)). Equation (2.16) can be used** to show
pairwise correlation of the superposition field at two
different times in terms of the average at one time ¢,. To
this end, one writes

DO, )T D eg,s,) B
= [F(l,l)(to’to)]z (6.—(t0)6+(t0)>

(1) (s;))

=C*(1;)C7(s;) . (2.17)
Here the function C *(¢;) and C " (s;) are given by
F(l’”(t»,t )
C+(t,-)=’—l—)°l—9ﬁ (2.18)
[T D(20,20)1Y
and
B F(l’l)(to,sj)
C (s;)= (2.19)

J [r\(l,l)(to’to)]l/Z :

In an identical manner, the full sixth-order temporal
J

L33t —7,t,5, ... ,55)=(e (1,

3 3
=M1,,,(z,) HC;j;(ti-i‘Tﬁ,-l)HlC;j(SjJr'Tﬁjl) .
j=

i=1

The operator {1 1,2,3(¢, ) permutes the three fields and con-
jugate fields at ¢, among the C3 (¢;) functions (A; being

the field associated with the time variable ¢;). Two gen-
eral types of pair correlators are reached after consider-
ing all permutations. The first type is one where a given
field is correlated with its self-conjugate and includes in-
tensity cross correlation. It is given by the product of
Ci functions such as
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correlation function for the mixing process can be written
as

T(3'3)(t1 —T,tz,t3,sl _T,Sz,S3)

=<€+(t1 _7')6+(t2) tet 6_(33)>

3 3
:7/(3’3) H C+(t,'_7-8“) H C‘(s]_Tajl) (2.20)

i=1 ji=1

where the normalized degree of coherence y'>3 follows
as

T3¢, t0, .25 t0)
[F(l’l)(to,to)]3

(3,3) —
Y =

(2.21)

Again the + superscript on the superposition field e*(z)
denotes the complex conjugate set of fields defined
through the chosen phase matching condition {&,}. ¢, is
an arbitrary time point and therefore can be placed any-
where during the temporal evolution of the polarization
amplitudes of chromophore a (¢ space) or chromophore 3
(s space). By assuming full sixth-order coherence, y>%
can be set equal to unity and the correlation function can
be expressed as a sum of products of the normalized pair
correlators C*(¢;),C “(s;). Full coherence at arbitrary
orders of correlation can be realized, for example, by
fields in a coherent state. (In contrast, incoherent, or in
some sense chaotic fields, can only exhibit full coherence
at first order where y'"V=1, but y"™41 for n> 1.)

The field €*(¢), in Eq. (2.20), represents a linear com-
bination of fields whose active Fourier components are

determined through the phase-matching condition.
Therefore we write
30+
e5(1)= p> & M1)) . (2.22)
=1

The above superposition field is inserted into the C*(¢;)
functions [Eqgs. (2.18) and (2.19) using the definition of
D] Only those relevant terms giving three different
fields along with their conjugates are considered. The
six-field correlator T** [Eq. (2.20)] now gives a sum of
products of pair correlators associated with a given or-
dering of the three fields on one chromophore a and a
given time ordering of the three conjugate fields on chro-
mophore 5. We have

—1)€; (£,)€5 (23)€r (s;—7)es (5,)€5 (55))

(2.23)

_ Cex (s;)ex (10) ) Cex (o)t (1))

(en(tg)ef (o))

(2.24)

A second type of pair correlator represents cross correla-
tion between two different, yet phase correlated, fields
given by
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Cer (s;)ex (1g) ) Cex(2g)exn(t;))

<€}?(to)€}t(to))

Cy (s))Chu(t;)=

(2.25)

Correlators of the type given in Egs. (2.24) and (2.25),
and found in Eq. (2.23), are convolved with the material
response through Eq. (1.26) (in its bichromophore ver-
sion). Just as in the case involving incoherent excitation,
nonlinear parametric mixing with correlated bandwidth
limited fields can lead to correlation on a single chromo-
phore (a or ) or across two chromophores (a and ). In
fact, extensive correlation among the fields would require
a return to the multichromophore picture ({a,},{B,})
developed in Sec. I.

In addition to the 4WM transients generated by delay-
ing mutually coherent conjugate fields, an additional 7
dependence is introduced into the optical mixing because
of the brief duration of the pulse envelopes. In general, a
pumping step, represented by a 7 independent field inter-

vention, followed by an uncorrelated (or unconjugated)
7-dependent probing field, will produce signal transients
that reflect material relaxation. If the material response
is sufficiently fast, a direct intensity cross correlation of
the uncoupled fields will be measured as given by Eq.
(2.24) with A=A'. The 7 dependence would reflect the re-
duced overlap between the A=1 correlator of Eq. (2.24)
with the analogous correlator for either the A=2 or 3
fields. When all input fields are fully uncorrelated the 7
dependence is solely derived from correlation of the type
in Eq. (2.24) with A=A’. Such signals, not sensitive to the
phase coherence among the driving fields, would not be
seen in analogous measurements with long-pulsed in-
coherent light where these correlated fields always over-
lap in time because the 7 parameter in the experiment
normally scans on the scale of the coherence time of the
light, not the time scale of the pulse duration. Further-
more, signal transients derived from the intensity cross
correlation (an amplitude level envelope correlator), in-
dependent of the phase of the driving fields, do not direct-
ly depend on field induced interchromophore correlation,
but originate at the polarization level. Such signals can
be interpreted as a superposition of classical third-order
polarization waves.

C. A diagrammatic view of the field-induced
two-chromophore correlation in nonlinear mixing

The signal generated in 4WM processes (or general
nonlinear mixing) using either long-pulse incoherent exci-
tation or short-pulsed coherent excitation can be based
on the phase-sensitive field correlator [Eq. (2.3)], on a
field intensity correlator, or both. For the measurements
involving incoherent exciting fields considered here, the
phase correlators are solely responsible for the transient
responses (in 7), and the local intensity correlators gen-
erate the constant background signal as well as define the
accumulation time of the material dynamics. On the oth-
er hand, the use of coherent short-pulsed fields can lead
to signal transients based on both field phase correlation
and field intensity correlation. Both types of correlators
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will generate 7 dependence on the same time scales (de-
pending on material response time or ‘“memory”’). Exper-
iments with incoherent light offer the chance to isolate
signal responses that are phase sensitive to the exciting
fields (though averaged in real time). Of primary interest
in the remaining discussion will be such phase-sensitive
responses based on the pair correlators of long-pulsed in-
coherent fields as well as coherent short-pulsed fields and
both capable of inducing interesting interchromophore
interferences.

Mutually coherent fields may have their intervention
on the same chromophore or on separate chromophores,
depending on the phase matching requirements of the
detected signal (set by the choice of {§,}). Qualitatively,
this can be understood by considering the Feynman dia-
grams in Fig. 2 (for the bichromophore model). Here the
two time lines ending in ¢’ and s’ represent a given tem-
poral evolution of the density operators for the a and 8
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FIG. 2. Two-chromophore dual Feynman diagrams
representing the optical mixing at eighth order in the field-
matter interaction. Each of the two horizontal lines represents
the time evolution of the density operator on a single chromo-
phore, a (top line) and B (bottom line). A wavy arrow (field
operator) touching a vertex point at the top side of a line
represents a ket side field-matter intervention and one touching
the bottom side of a line denotes a bra side intervention. Time
increases from left to right, ending with the generation of g field
quantum in the signal mode S at times ¢’ and s’ for the a and 8
chromophore evolution, respectively. Each of the six diagrams
represents a unique combination of three field pair correlators,
represented by the dashed lines, all for the same time ordering
of the fields. The fields are labeled in (a) only. Every time or-
dering generates a new set of six such correlation diagrams.
The dashed lines containing arrow heads indicate a source of
direct dependence on the experimental delay parameter 7 (see
text).
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chromophores, respectively. The incoming (outgoing)
wavy arrows represent a positive (negative) frequency
field intervention resulting in a promotion (demotion) of a
ket amplitude shown at the top of the lines. Likewise, the
promotion (demotion) of a bra amplitude component,
represented by the vertex points on the bottom of the
lines, results from an incoming (outgoing) arrows denot-
ing a negative (positive) frequency intervention. The dia-
grams are for the rotating-wave terms only. The assumed
central limit nature of the field statistics for incoherent
excitation, or the assumed full coherence for bandwidth
limited fields, permits factorization of the sixth-order
field correlation function and results in six different prod-
ucts of pair correlators for the case of correlation among
all of the driving fields [Egs. (2.1) and (2.20)]. Such possi-
ble first-order coherences are schematically represented
by the dashed lines connecting intervention points. The
arrows on these lines serve to indicate the sign of the 7-
dependent phase obtained in the Fourier transformation
of the pair correlators. Of the six different sets of mutual
coherence functions [Figs. 2(a)-2(f)], four of them [Figs.
2(a)-2(d)] are phase sensitive to delaying field (¢t —7),
by time 7, and thus are responsible for the signal tran-
sients observed in the interferogram. In general, these
phase-sensitive transients (sub-pulse-width transients for
nonbandwidth limited fields) can be generated by mutual-
ly delaying any field, or combination of fields, from a
given correlated field, or set of fields.

Further distinctions can be made among the 7-
dependent field correlators [e.g., Fig. 2(a)] based on
whether correlation is introduced at two points within
one time line (single chromophore) or across the two time
lines (dual chromophore). A physical interpretation of
such mixing processes can be given in terms of quantum-
mechanical interferences between coherent radiation-
material oscillators (see Sec. IV).

Coherent oscillators are generated by allowing the
phase structure of the driving fields to be imprinted in the
material in the form of a radiation-chromophore super-
position state. The contrast of this imprint will degrade
due to the dephasing of the joint radiation-matter coher-
ence, which oscillates at the detuning of the field carrier
frequencies from the (near-resonant) chromophore Bohr
frequencies. The coupling of such an oscillator to a mu-
tually coherent probe field will occur as long as phase
memory of the excitation step is retained. For example,
this process is represented by the curved, dashed line con-
necting intervention points w,,¢, and —w;,t; +7 in Fig.
2(a). In the same diagram, the two-chromophore field
correlators denoted by the dashed line connecting the
—ws5,t3; and wy,s,+7 interventions, represent the in-
terference between the mutually coherent superpositions
involving the off-diagonal material density-matrix com-
ponents pr., and pp,. A generalized coherence time
characteristic of such an interference can be defined in
terms of the dephasing times of the near-resonant materi-
al transitions, as well as the reciprocal bandwidths of the
driving fields. In Sec. III, this point will be further dis-
cussed analytically in the context of particular 4WM ap-
plications.

Each of the six products of pair correlators, given in
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Egs. (2.1) and (2.20) and illustrated in Fig. 2, contains at
least one term independent of 7. In general, the effect of
such 7-independent phase correlation is to introduce ad-
ditional line-broadening mechanisms, or to mix the
different resonances reached during the evolution of the
third-order polarizations. In certain applications (see
Sec. III), bandwidth control of the spectral densities,
defined in terms of these 7-independent correlators, will
serve to filter certain mixing channels to produce charac-
teristically new features in the 4WM interferogram and
signal spectrum.

In Sec. III, the previously generalized topics will be
given analytic expression for certain 4WM mixing pro-
cesses. An attempt is made to classify the various tran-
sient responses that can be seen under different condi-
tions of excitation.

III. FIELD CORRELATED COHERENT RAMAN
4WM ANALYTIC RESULTS

A class of three-color 4WM processes known as the
coherent Raman spectroscopies will be considered analyt-
ically in this section. Later, in Sec. IV, the results will be
modeled. We begin with some general observations.

A. CARS and CSRS contrasted: some general remarks

By changing the wave vector and frequency labels
k;, w5 to k},w, in Fig. 1, the anti-Stokes (CARS) signal
component can be represented by the wave vectors k.,
k,, and kg for w; <w,, while the corresponding Stokes
(CSRS) vectors are those labeled ky and k;. Conversely,
for w; > w, the CSRS signal vectors are identified by k¢,
k), and kg, where the CARS signal vectors are those la-
beled ky and k;. As a probe of Raman-active vibrational
dynamics, the three-beam geometry, generating the
fourth wave in the k. =kj+k,—k, direction, is often
used. Here one of the degenerate fields, for instance,
k), w,, is delayed relative to the other, k,,®,, which simul-
taneously mixes with the nondegenerate —k,, —w, field.
The resulting signal frequency wg=2w,—w; is up-
converted (down-converted) relative to the input funda-
mentals for the CARS (CSRS) process.

The diagrammatic representation discussed by Lee and
Albrecht” is used to express some of the important
rotating-wave terms that contribute to the evolution of
the single-chromophore density matrix for a two-level
electronically nonresonant case (Fig. 3) and for a four-
level electronically resonant case (Fig. 4) in coherent Ra-
man mixing. Here the energy levels connected by a solid
(dotted) arrow represent a ket (bra) amplitude transition.
For example, the fully resonant CARS process that is il-
lustrated in Fig. 4(d) can be described as an initial bra-
side intervention from the field-matter coupling Hamil-
tonian ¥ ; (¢;) to give the radiation-matter superposition
state generated by the density operator

ﬁg,nz;nz—l,n:Igynl’nZ’n,Z’OS><OS’n,2’n2—l’nl’nl .
(3.1)

The input radiation modes A are denoted by the occupa-
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FIG. 3. Energy-level diagrams showing the Raman reso-
nance in electronically nonresonant CSRS and CARS. The
solid and dashed arrows represent a ket and bra side transition
between the connected levels, respectively. Here, time increases
from left to right. (See text for further discussion.)
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FIG. 4. Energy-level diagrams for fully resonant CSRS and
CARS. The solid and dashed arrows represent a ket and bra
side transition between the connected levels, respectively. Here
time increases from left to right. (See text for further discus-
sion.)
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tion number n,, which for realistic fields, ought to
represent a linear combination of number states for each
mode (e.g., a coherent state). This coherence, oscillating
at a carrier frequency given by the detuning w,, —,, ac-
quires a spectral width determined by the convolution of
the o, field spectral density with the w,, resonant line.
Evolving under the assumed ‘“dark” propagator for a
time period 73=t,—t3, the chromophore is then driven
to the new radiation-matter superposition by

ﬁg,nl,nz;nz—l,nl+l,f
=|g,n1,n2,n'2,05)(Os,n'z,nz—l,nl +1f| .
(3.2)

In the usual application of this technique, the Raman
mode coherence is probed by delaying the
wy[V;'(t;+7)] intervention, which creates the output
polarization given in terms of the off-diagonal state by

o~
pg,nl,nz,n;;n;—l,n2~1,nl +1,m

=|g,ny,n,5,n5,05){0g,n5—1,n,—1,n,+1,m| .
(3.3)

Here the superposition oscillates at a radiation-matter
frequency beat called a detuning, ,,, —©,—w,+,, and
possesses a phase characteristic of the driving fields. An
excitation of the signal mode S occurs due to the collapse
of the third-order polarization [i.e., an intervention from
the vacuum blackbody field ¥ §(z')], leaving the material
unexcited, but the light fields in altered superposition
states,

A
’
pnl,nz,n;,os;ls,nz—l,n2*1,nl+1

=|g,ny,ny,n%,0)1g,n5—1,n,—1,n,+1,g| .
(3.4)

As indicated by the correlation diagrams of Fig. 2, the
fields are brought into quadrature by allowing the adjoint
set of interaction operators to intervene on the partner
chromophore required to achieve directionality in the
emission. This leads to the final redistribution of energy
among the active modes of the radiation field
(ny,ny,n3,0g6—n;+1,n,—1,n5—1,15). In order to
conserve momentum and energy in parametric (phase-
matched) scattering, it is commonly accepted that there
is no net energy exchanged between the chromophore
and radiation. In other words, energy is conserved sepa-
rately in the radiation and material subspaces. This is the
case in the above example of resonant CARS, as well as
for resonant degenerate 4WM and nonresonant paramet-
ric scattering in general (e.g., optical parametric oscilla-
tion).

An interesting situation arises when considering CSRS.
Figures 3(b) and 4(d) show scattering terms where the
material is left in the same initial state after the four-field
intervention sequence. However, now the relevant initial
state is thermally unpopulated whenever lwl—w21
>kpT /#. On the other hand, CSRS, initiated from the
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ground state, leaves the chromophore in a different final
state [Figs. 4(a)—4(c), or Fig. 3(a)], suggesting a net light-
matter exchange of energy. Characteristic of these terms
(usually referred to as nonparametric contributions) is
that the off-diagonal state reached at third order in the
field-matter interaction is a superposition between two in-
itially unpopulated energy levels. Four-color frequency
domain 4WM experiments have shown the importance of
such terms for measuring homogeneous linewidths within
an inhomogeneously broadened line.”! ~ 74

The remaining diagrams in Figs. 3 and 4 are included
to demonstrate the complete symmetry between (fully
resonant, or not) CSRS and CARS, provided level f is in-
itially populated. In what follows, we take #iwy, > kpT in
order to consider only scattering that is initiated from the
ground state of our chromophore.

The analytic signal limit of Eq. (1.37) is explored next
for CSRS with incoherent light fields. This limit can be
obtained in the usual manner by assuming a fast-
modulation limit for the stochastic perturbations of the
material Bohr frequencies [like Eq. (A11)] as well as an
exponential temporal correlation among the driving
fields. Furthermore, the nondegenerate fields will be tak-
en to be statistically independent. Correlation between
the nondegenerate fields, *w, (or *w,) and Fwo;, in
CARS spectroscopy has been investigated by Li, Rad-
zewicz, and Raymer.””

Here the six-field correlation function in Eq. (2.1), for
the generic time ordering, can be written as

(5 (t, =TV 5 ()8 (1) (s, —7)d 5 (5,)d 1 (53))
:{fzﬁ',’zf(“l’"Sll)fz_,it(|’2‘sz|)
+faalty=s, =7 f 25" (e —s, +7])}

Xfffi*(lt3—s3|) . (3.5)
The modeling of possible accumulation effects of the ma-
terial response on the time scale characterized by the lo-
cal intensities ;' () will not be developed here. In-
stead, these are taken to be constants over the time scale
of the interferometric experiment. We consider explicitly
only the short-time stochastic degrees of freedom of the
fields. As discussed in Sec. II such field coherence draws
correlation among the evolution of the separate chromo-
phore scattering amplitudes. In this CSRS spectroscopy,
the phase-matched selected field components, acting on
one chromophore, are such that the 7 dependence arises
only from dual-chromophore pair correlators. This is il-
lustrated in Fig. 5 where the ¢’ and s’ time lines each
stand for a particular amplitude level scattering channel,
the same one represented in Figs. 3 and 4. The first term
on the right-hand side (rhs) of Eq. (3.5) represents a prod-
uct of self-correlation between beams 2 and 2. Under the
present assumption of stationarity, this term is indepen-
dent of 7 and contributes to the constant background sig-
nal. Built upon this dc signal is the 7 dependence gen-
erated by mixed dual-chromophore correlators (beam 2
with 2’) such as those found in the second term of Eq.
(3.5). Since correlation only between degenerate fields is
being considered, the nondegenerate w, field serves as a
constant source of polarization at frequency @, to which
the 2 and 2’ fields may couple. The corresponding pair

M. A. DUGAN AND A. C. ALBRECHT 43
(a) -0y, t3 Wy t 02, t-T -—Og, t
o 8 , M ﬂ f £
p% g g o.‘. g 5 n X )
g g o g "N, n
B -
pg /g " f f )
®,,S; -0,,S, -0, 8,~1 g S
(b) ®;, 13 0y, 2T @y, t -0, t
o m X i i
pg g g A n f ’
A v
8 g g g ; n
Peg T . n . )
®, S3 -®,, S, ~05,8-T g S

FIG. 5. The dual Feynman diagrams of Fig. 2 applied to the
CSRS process: (a) the field correlation as given in Eq. (3.5); (b)
the field correlation after permuting the 2 and 2’ interventions
on chromophore a. The corresponding energy-level diagram is
that of Fig. 4(a) (for CSRS).

correlator f';” (¢) (solid lines in Fig. 5), when Fourier
transformed [J,(w;)], will act as a spectral filter in much
the same way as the signal filter J,(w5).

In this w;,w, decoupled limit, the 7 sensitivity in in-
coherent CSRS (and CARS) has its origin in the four-field
correlation function involving the 2 and 2’ fields and their
conjugates. This field coherence is identical to that
probed in noncollinear autocorrelation via second-
harmonic generation (SHG). For both measurements,
theoretical predictions give a peak (7=0) to background
(r>>r1,) ratio of 2:1. A comparative study of noncol-
linear SHG and nonresonant three-beam CSRS or CARS
signals can serve as a diagnostic for incoherent light and
the validity of its being uncorrelated with field w;. A
contrast ratio that is consistent in both measurements
will test the central limit assumption for the field statis-
tics. Any discrepancy between the two signals would test
the assumption of independent statistics for the nonde-
generate field used in the CSRS (CARS) experiments. If
present, this residual coherence between the fields of
different color could be probed more directly by measur-
ing the fast coherent transient to be found in a non-
resonant two-beam CSRS (CARS) experiment.

With the above approximations leading to the field
correlator given in Eq. (3.5), the filtered signal [Eq. (1.16)]
[with the polarization correlator for Eq. (2.13) with Eq.
(2.14)], in the presence of constant accumulation, can be
rewritten here as
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Iwg;7)= [1 |ES| f dos [ 7 do\ [ dop [7 doydp(ws)] (0] (03) (@)
X8(w2+w2,—a)s—wl—(a)'s+w'1+w'2+w'2/))
X xSy 2105+ 05 )i (0 + o)), — (0, —0)), (0y —y))|?
+{[9“’(wrw2‘)TX?)2r2 (os T g (0 to)), — (0~ wy), —(0y—w3))
X X8y 21 (0 + 05 )i (0 o)), —(0,—0)), —(0y—wy))]+c.c.}) . (3.6)

It is assumed that the quantum-mechanical trace over the
susceptibility operators in Eq. (1.37) [Eq. (2.14)] has been
carried out. In Sec. IV we present an interpretation of
the scattering in terms of projectors of the quantum-field
operators, but neglect their contributions here. Originat-
ing from the self-correlators, the first term in Eq. (3.6)
represents the constant background signal. Of direct ex-
perimental interest is the 7-dependent second term de-
rived from mixed 2,2’ correlation.

B. Analytic results for electronically
nonresonant coherent Raman scattering

1. Phase fluctuations in the fast-modulation limit
for the broadband fields 2 and 2’
and monochromatic fields 1 and S

We first treat the simple case of electronically non-
resonant CSRS where a vibrational resonance is driven at
second order. This resonance can be viewed at the ampli-
tude level [e.g., Fig. 3(a)] nas a near-resonant stimulated
Stokes Raman process on the ket side (fields —®, and w,)
followed by a spontaneous Stokes Raman step on the bra
side (field w,- and the signal field —wg). In considering
all resonant possibilities, the fields w, and @,  are allowed
to exchange roles and the stimulating fields —w; and w,
or @, are permuted as well.

To anticipate the presence of more than one Raman
active line within the bandwidth of an experiment, a
“binary” system is considered in which the spatially
separated system of two chromophores, essential to

man frequencies or

of two chemically distinct chromophores a and f3, each
having two levels with relevant fundamental Bohr fre-
quencies a)?g and w'j’ig, linewidths ijg and I“gg, and num-
bers N, and Ng. Until now the a and B indices have
identified the two spatially distinct chromophores of the
bichromophore model. In this binary system scattering
arises from two spatially distinct chromophores which
may be like or unlike. We now take a double index to
stand for the bichromophore model, but use a,a (or 3,/3)
for the like bichromophore and a,f (or B,a) for the un-
like bichromophore.

The integrations in Eq. (3.6) are performed initially un-
der the assumption of 8-function spectral densities for the
0, and wyg fields [Jp(w5)=8(ws) and J | (0])=86(w})] cor-
responding to zero spectral widths: I'¢=I";=0. It turns
out that the signal intensity then can be written as a sum
of the three contributions,

B B B
1F(r)=1%, (n)+IF¥

fetre

(r)+I%8 (3.7

where I f‘fjﬂ decays in 7 with the time constant 2T',) !, a

measure of the field coherence time. I8 res decays in 7
Je

+/g
with the reciprocal material dephasing rate constants

(2T%, )"L  and (ZFBg )~ where %
(T —ng /A ,) and similarly for F Flnally, 127 is the
constant background signal. It is equal to the sum of the
first two terms evaluated at 7=0.

For the term damped by the material dynamics, we ob-
tain

F(a,B)=

coherent scattering, may involve identical Bohr frequen- 10‘3 <23 {y2F(a,a)+ yép( B,B3)
cies on each chromophore or different Bohr frequencies T+ s
on each chromgphore. Such a system can }Je modeled by +yoyplFla,B)+F(B,a)]} , (3.8)
a sample consisting of chemically identical molecules
having two Raman frequencies within the experimental
spectral range. It can also be modeled by a binary mix- where
ture of chemically distinct molecules each having one Ra-
man frequency within the spectral range. In either case, _ KirtgilFilig (3.9)
the bichromophore scattering unit can involve “like” Ra- =No 2 (0% —0 0% +0,—oy) ’ )
“unlike” Raman frequencies. To Y 8 /

achieve such generality the sample is taken as a mixture and similarly for yg,

|

L
[(AFPH(T g 42 ? HAFP+ (T 5P J(AFP+ (D 1 1(AS2 +(TF, )]
(A,T)]ABe . +Im[A(A,T)T%¥
Re[ 4 ] /e — /g [ ] fetre sin[A"‘|T|]

o | |Rel4(AT) )JA®+1Im[ 4 (A, T) % _,,
(A2 +(TE_ )]

[(Afg fg) +(r?g+fg )2]
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Re[ A(A,T)ITBe_ +Im[ A4 (A, T)]A%
(AP + (T _ )]
Re[ A (A, DT, +Im[ 4 (A,T)]A% _,,
(A% e (T )]

(3.10)

cos[ A%T]

for Q (or Q')=a,f3, we have Alew?g +w,— w,, the detuning on the stimulated Raman process; and Ag=w?g +wg—w,,
the detuning on the spontaneous Raman process. Their sum combination is A%’ =A¢+A§ =0, + 0% +ws—o,, from
which A2?=A2=20% +ws—wo,. To condense the notation, the various detunings and linewidth parameters will be
written as

Aﬁgkzim:wgiw%'iwziwx, Fgguﬁtﬁrgif%'irzif: ’ (3.11)

unless otherwise specified. The ordering in the chromophore superscript level is to match the ordering of the
chromophore-based state pairs indicated by a double subscript. The single subscripts 1, 2, or S identify, as before, the
field whose property (frequency, width parameter, spectral density) is so labeled.

Interchange of , in F(a,f3) gives F (B,a), and a=[3 produces the like chromophore functions F (a,a) and F(,):

,raa [7'1
e fet/fg

(AN +(T% 12 THAD*+(T% _5)? (A (T 1P 1A +(TF, _,)*]

Fla,a)=

x Re[ 4 (A,T)] 4 Im[ 4 (A, T)] sin[ A%|7] ]+ Im[ A4 (A,T)] +Re[A(A,1")] cos[A%r] | | (3.12)
A“ 2%, A® 2T,
and similarly for F(B,8). In both Eqgs. (3.10) and (3.12) the complex function 4 (A,TI") is written as
Re[ A(A,D)]=[(A}?—T%, 1, T'% H1[(A$)*—T% ., T ,]—4A5A%TE)? (3.13)
and
Im[ 4 (A, T)]=AT G (ASAT~T%, ;T 5). (3.14)

The second term on the rhs of Eq. (3.7) represents the fast transient response of the fourth-wave signal. Just as in the
material damped term, this component has contributions from like chromophore pair (Q =Q’), as well as cross terms
between unlike chromophores (Q7Q’). It can be expressed as

I «Ty{yiG(a,a)+y}G (BB +yayplG(a,B)+G (Ba)]} (3.15)
where
Glap)= ¢ T2l Re[B (A,T'),]cos(Ag7)+Im[B(A,T), Jsin(Ag |7])
O (AR P[(Ag P H(Tpp )] [(AZP+(T% _? (AP +(T%, )7

Re[B(A,T),]cos(Ag7)+Im[B (A, T),]sin(Ag |7])
[(AZP+(T%, ) AD?+(TF, )]
Re[B(A,T');]cos(Ag7)+Im[B (A, T);]sin(Ag | 7])
[(AFY+(DF -2 (AF? +(TF, 1))

Re[B(A,T'),]cos(Ag7)+Im[B(A,T),]sin(Ag |7|)
[(AS?+(Tf ) 1A+ (T, 1)) ’

+

“+

+

(3.16)

f

from which G(B,a), G(a,a), and G(B,B) can be ob-  Re[B(A,T'),]=A%(A$AT+T%, T ;)

tained. The 7 dependence of this signal component oscil- Bra arB

lates at a frequency given by the detuning of the radiation —2Ap TH(ATR = ASTY, ) 3.17)
fields, A =20, ~ws—w), and is damped by the spectral .
width of the broadband fields. The multiplicative factors _ a a

on the sines and cosines consist of algebraic expressions Im[B (A,0),]=2Ax To(ASAT+ T, T o)
involving the detunings and line widths. For example, + A}( ( A’fl‘?g —y— Agr?g —,) . (3.13)
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Given Eq. (3 17) and (3.18), we can define 2. Phase fluctuations in the fast-modulation limit
B(A,T),=B (A%, A8 TS, _ z,rgi _,) from which the for all intervening fields
BAF BA,A,F ,T B(A,T) . .
tirlr;n (SA AB (l“ > s ( S) ! an{f 2 B (fg+13; =B( [(sa A53 Next, the effect on interferograms and spectra is exam-
biJe v fgt2 $?75”  ined when the spectrum of the nondegenerate field and

rs Fe— 2,I‘ ng) are obtained.

Though these equations involve field-mediated coher-
ences across distant chromophores, it is striking that no
beating is seen between two different Raman frequencies.
Such beating might have been expected from the a+#f
signal component, yet for it, only a superposition of two
detuning oscillations is found, one based on a Raman fre-
quency from «, the other on a Raman frequency from .
Each is damped by twice the dephasing rate constant of
its Raman mode. On the other hand, the denominators
of these terms (that dictate their spectral line shapes) do
recognize a joint two-chromophore (a,a; 3,83; or a,f3)
resonance, not to be seen at the amplitude level of the
susceptibility. The rigorous absence of interchromophore
Raman beats is relieved as soon as a nonzero spectral
width is assigned either to the nondegenerate field or to
the detector response (or both). This becomes apparent
in Secs. III B 2 and III B 3 that follow.

e

_raa
Lo+ rg+14sl7l

that of the signal field is made Lorentzian with nonzero
I'; and Iy, respectively. Upon integrating Eq. (3.6), the
signal proves to be a sum of seven contributions,

1P(r)=1¢ (I+IE  (7)

fg+fg+]+S rfg+2+1

aff ap
+Irf rats (T)+Irfg+fg (7)

+1% (r)+I3B . (3.19)

r2+ +1+S

aB
<T)+IF2+2

We discuss each in turn. The first term is similar in form
to the first term in Eq. (3.7). However, nonzero I'; and
I's introduces additional broadening to the existing reso-

nances found in Eq. (3.10). I‘f‘ﬁ et fe +1+S(T) can replace

I ‘f‘;gﬂg (7) on the left-hand side of Eq. (3.8) and the un-
like chromophore component [F(a,f3) in Eq. (3.10)] can

be written as

F(a,B)=
[(AFP+(T% 4y PIL(AT?

T (T 2 P I(ASP+(T% 10452 1(AE)+
A’F)]F%—ngrHs

Re[ A (A,T)]A%+Im[ 4
(A2 +(rg6_ fe+1+s)’]

Re[ 4 (A,1)]A_  +Im[ 4(A,T)ITY,

[(Afg fg) +(F?gﬂLﬂg) ]

(A, D)% s+ Im[ 4(A,T)]A%

Re[ 4
+ l afy2
(AP (T _ et 45)?]

Re[ 4 (A, D)IT%, /. +Im[ 4 (A,T)]AB_

[(Afg fg) +(rfg+fg )2]

Here the exponentially decaying envelope is damped by
I+ fe+1+5> now containing contributions from two
nonzero spectral widths in addition to the purely material
component 2T" ;.. Thus in the limit where I'; and I'y are
nonzero, but still only a small fraction of the Raman
linewidth (T"/, ), these detuning oscillations continue to
damp essentially with the dephasing time of the driven
material mode. However, as the bandwidth of field 1,
and/or that of the signal field increases, such transients
rapidly attenuate with 7 and becomes unobservable, for
instance, in the limit of white detection.

In Eq. (3.20), the real and imaginary parts of the com-
plex function A4 (A,T) [Egs. (3.13) and (3.14)] are now
written as

Re[ A (A, D) ]=[(A]P—T% 1241T% —241]
X[(A$) =T 4215TF 21s]

—4AZATTS  T% s 3.21)

(T —21s5)]
in(A%|7])
cos(A%T) (3.20)
[
and
m[ 4 (A, T)]=A{T% 4 [(A§)?—T% 1245 —24s]

+Agr?g+s[(A7)2_r?g +2+1F7“g—2+1] .

(3.22)

New transient responses appear in the interferogram as

a result of the nonzero spectral width of the nondegen-

erate input field and of the detector field. The second and

third terms on the rhs of Eq. (3.19) represent detuning os-

cillations from the stimulated and spontaneous Raman

steps in the scattering process, respectively. For oscilla-
tions on the stimulated Raman detuning (A¢) one has

I (D20, s {y2K (a,a)+y3K (B,B)
(a,B)+K (B,a)]} ,
(3.23)

+yay/3[K

where
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“F?g+z+1|7‘
K(ayﬁ)z 2 2 2 a 2 ay2 a 2 ay2 a 2
[(AS) H(DFy 54 IAS) H (D 5 s AT +H(TF 154 ) I(AT) +H(TF —511)7]
Re[C(A,F)]A?+Im[C(A,I‘)]F§g‘Z‘1 +Re[C(A,F ]AB“ g TIm[C (A,I‘)]I“75+fg [ A%]7]]
sin T
[(AFP (TG 21V (AT e P+ (T ] 1
[ (A F)] fg—2—1 Im[C(A,F)]A€+ RC[C A F)] fg+fg Im[C(A F ] fg /g COS[Aa’T]
1
[(APP+(Tf 5 1)) (AR~ T (T4 )]
(3.24)
[
Important to the phase of this detuning oscillation is the The third term on the rhs of Eq. (3.19) represents an

relative weighting of the sine and cosine functions  oscillation at the spontaneous Raman detuning frequency
through C(A,I') whose real and imaginary parts are Ag. It turns out that this component can be obtained

given by from Eqgs. (3.23)-(3.26) upon interchanging the variables
Ag and A, and the parameters I'g and I';. Thus we can
Re[C(A,1)]=[(A§)—T% 45T —5s] write

af = QyraB
[(A‘{)z—rfgﬂﬂrfg_m] I¥ L (D=TA§AL TSI RIE | (1),  (327)
—4AZ A?F?g—ZF?‘g 1 (3.25) where T represents the mdlcatc_ad variable or parameter
interchange. Damping of both of these spontaneous and
and stimulated Raman detuning oscillations is dominated by
", of the fields 2 (2'), and, therefore, cannot persist for
Im[C(A,T)]=2{A{T%, . [(A$)P—T% _,+sT% 2-5] time delays greater than the coherence time of the broad-

band light.

New transients oscillating at beat frequencies of the
material, and damped only by material dephasing times,
are represented by the fourth term in Eq. (3.19). For the
(3.26) a, B mixture, this component can be written as

+ASTY, H[(A])?

‘F7g+2+1r?g—2+1]} .

J

I8, (1) 2Dy(p2e (0, 0 (@,@) + Ty0sdy(@,0)+ TsTy s (a,a) +T4(a,)])
+yle T2 D P (B,B)+ Ty s, (B,B)+ Ts T [ 15 (B,8)+J4(B,8)]}
Fyapge T3+ gl (D,0[J (e, )+ T, (B,a) ]|+ T,Ts[J,(a, )+ T,(B,a)]
+ 5T [Js(a,B)+J4(a,B)+T5(B,a)+ T4 (Ba)]}) (3.28)

where, for instance,

L, (A,T)
[(A$)?+ (TS 17 P AL? (TG, _5 ) INAR+H(TE, 5 P IAR (T, 54 5)7)
X ({Re[D;(A,T")]Re[E{(A,T)]—Im[D;(A, ') ]Im[E AF)]}cos(Afg 12T)

Jila,B)=

——{Re[Dl(A,F)]Im[El(A,I‘)]+Im[D1(A,F)]Re[E1(A,F)]}sin(Afg‘fgITI)) . (3.29)
Oscillations are now seen at the difference between the material Bohr frequencies where A}EA fg=w?g—w?g. The
remaining terms in Eq. (3.29) are defined as follows:
Re[D,(A,T)]=[( Ag)Z_F?g+27Sr?g~2~S][(Ag)Z-F?g+2+srgg—2+s]+4A§Agrlfz’g~—sr§"g+5 ’ (3.30)
Im[D,(A, r)]=2Aﬁrfg+s[<A§)2—r7g+2_sr;zg_Z_S]—zAgr7g_s[(A§)2—r§g+2+sr§g~2+s] ) (3.31)
Re[E (A, T)]1=(Ay2—Th8_ o sThe e 1is s (3.32)
Im[E (A, T)]=2AT%_ . ¢, (3.33)
LA T)= 1 . (3.34)

[(APRH(TBE_ s PIAPR (T 6]
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J,(a,B) can be obtained from J,(a,B) by interchanging Ag— A, and ['g—T';. The expressions for J5(a,3) and J,(a,3)
are similar in form, but contain resonances different from those in Egs. (3.30)-(3.34). For J;(a,[3) we can write

_ L,(A,T)

HlaBh= (A8 +(T, 5 s PIASYP (T 5 s PIHATP+H(TF 5 PIAD+ (TG 541)°]

X ({Re[D,(A,T)]Re[E,(A,T)]+Im[D,(A,T)]Im[E,(A,T')])}cos(AY _ . 7)
+{Re[D,(A,T)]Im[E,(A,T)]—Im[D,(A,T)]Re[E,(A,T)]}sin(A% _ . |7])), (3.35)

where

Re[Dy(A, D) =[(A)’—T% 5 1T 241 (ASP =T 5 sTh 5 s]+4A7AETG, TF, 5, (3.36)

Im[D,(A,T)]=2A8T8 _[(AF?—T% 5 \T% 5411 —285T% (A5 —TF _,, T8 , 1, (3.37)

Re[E,(A,T)]=(A% _ =T _ 0 5 T8, 4, (3.38)

Im[E,(A,T)]=20%_, T%, o 5, (3.39)
and

L,(A,T)= L (3.40)

J4(a,B) can be obtained by substituting F?gﬂis and
% 24 for I'% _,i5and T4 . respectively, as well as
interchanging the detuning parameters A; and A, in Egs.
(3.35)—(3.40). Again, an interchange of a and 3 gives
J;(B,a), while a=p3 gives J;(a,a) and J;(3,3). The latter
terms, representing like chromophore pairs, are at zero-
frequency difference beats and do not oscillate with 7.
They only decay exponentially with a rate constant given
by twice the reciprocal dephasing time of the chromo-
phore p ,, superposition state for a or for B.

The fifth and sixth terms in Eq. (3.19) decay with a rate
constant given by I',,,,,;+s and I',;,. These fourth-
wave signal components represent the coherent peak, or
the purely light-related signal transient. The coherent

peak contribution given by I¢# is the nonzero
24+2+1+S8

I';,I'g analog of the signal component given by Eq.
(3.15). Both like and unlike chromophore contributions
to this signal oscillate in 7 at the four-field detuning fre-
quency Ag. A zero-frequency transient represented by
the signal term [ i’ifﬂ decays with the rate constant I'; ;.

A large number of terms is required to fully represent
these components. These are given in Appendix B [Eqgs.
(B1)-(B10)].

Finally, the last term in Eq. (3.19) represents the 7-
independent background signal which can be determined
from the equation I##=1°%(7=0)/2, assuming statistical
independence of the w; and w, (w,/) fields. Next we com-

pare these results with those obtained for the case where
J

Iia,B)= [exp —A%[1683%B +C)]7 ' |1+

516%

(A g PH(TH 4 g 22 A PH(CH )]

82(82+82)

the light field statistics are in the slow-modulation limit
of Eq. (2.9).

3. Field statistics in the slow-modulation limit

Consider phase perturbations of the driving fields that
are large in amplitude, but infrequent, resulting in a static
distribution of excitation frequencies. Here the spectral
densities are Gaussians of variable width. (A Gaussian
for the signal field is nonstochastic reflecting, instead, a
proposed spectral filter function.) Substituting Eq. (2.10),
for all four spectral densities, into Eq. (3.6), one finds that
the signal can be written as a sum of three contributions:

1) =1 () + I () +ITf . (3.41)
Most of the oscillatory transients obtained in Eq. (3.19)
are recovered, though now in different functional form.

Purely material quantum beats, represented by Egs.
(3.28)—(3.40) in the motionally narrowed regime of the
field phase fluctuations, are described in the Gaussian
limit by the first term in Eq. (3.41). In terms of its like
and unlike chromophore contributions this component
can be written as
172

yiIfa,a)+ypI(B,B)

IB(r)« |2
AERh s

+yayB['7[(a)B)+'-7[(Bya)]} >
(3.42)

where

exp[ —(283) " N(AFAF+T%,T%))

Xexp{ —BAg AP[283(B +C)] " jexp{ —BC (B +C) '[(A?—(T'%¥_ . 1]}

_FGB T
xe s oos[ A%t giA,T)] .

(3.43)
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Coherently prepared, closely spaced Raman modes beat at the difference frequency with a phase given by

¢i(A,T)=(2A7) " '[AFTE, — APTG, + AT _ . B(B+C)"']+2BATY_[B(B+C) '—1]

(3.44)

and attenuate with the sum of the dephasing rate constants of the superposed modes. The parameters B and C in Eqgs.

(3.42)—-(3.44) are defined as
_8+87 | 85+8%
48387’ 4836%

>

respectively. Contributions to this signal component from like chromophores, a=f3, give a zero-frequency transient

damped by twice its dephasing rate.

The radiation-matter transient behavior described by the first three terms of Eq. (3.19) is contained in the second

term of Eq. (3.41). Here we have

" [(82+82)(82+83%)]1/2 W eI BIIS oypldula, (B, )
where
—1 (AR L pape ey 1| [APP—(T% )] | [(A§P—(T%)]
exp 25% ) +ATAS (I‘fg) exp 165g 3 C
Inla,B)= _
! (A% _ P+ (T, )]
xexp | — = | BEC || o [ —pe 4] [, BEC
PlU e B Py 482BC
X (T, r,cos[A2+¢y(A,T)]—AL_ . sin[A %7 +y(A,T)]} . (3.46)

This signal component shows oscillations at a frequency

a Aa
Re=ac—(48) " |5+ 3.47
Ro=A"—(48))"" | 5+ (3.47)
and phase
$u(A,T)=—T%(28}) ' (Af[1—(4B83) ']
+A3[1—(4C8) 7'} . (3.48)

When the nondegenerate field and the signal field are
spectrally narrow compared to the broadband fields (i.e.,
8,,85 <<8,), Eq. (3.46) oscillates with a frequency and
phase of A ~A% and ¢y;(A, )~ —A°T%,(283) .
Although a more detailed discussion will be given in
Sec. IV, noted here is the presence of new ultranarrow
spectral features found in Egs. (3.28) [i.e., L{(A,T') in Eq.
(3.34)] and (B1), for the case of Lorentzian spectral densi-
ties, and in Eq. (3.43) (fourth exponential terms on the
rhs) when Gaussian spectral densities are convolved into
the theory. In both cases, like chromophore term (a=/3)
show spectral resonances that track with the detuning
resonance A*=0 and possess widths given by I';+I'g
(8,485 for the Gaussian case), which are entirely in-
dependent of the Raman linewidth in the assumed Mar-
kovian limit of material line broadening. For Lorentzian
spectral densities for the fields, an additional sharp reso-
nance appears at a detuning given by Az =0 that is in-
dependent of the material Bohr frequencies. These new

resonances do not appear in the amplitude level suscepti-
bility, but arise from an interference between different
susceptibility-level resonances (here referring to the spon-
taneous and stimulated Raman branches) on the paired
chromophores of the bichromophore scattering unit.
Zinth, Nuss, and Kaiser’® have recently reported sub-
material linewidth narrowing phenomena in CARS spec-
tra when a Raman-active mode is excited with short-
pulsed driving fields and probed with a delayed long
pulse. For Gaussian pulses, spectral features whose
width is determined by the bandwidth of the probe field
can be obtained under certain excitation conditions.
These conditions require probe delays greater than its
pulse width, which in turn must be greater than the de-
phasing time of the driven vibration. Such narrow reso-
nances are therefore necessarily strongly quenched by the
material dephasing and are exposed only through loga-
rithmic plots. These narrow spectral features appear in
the anti-Stokes spectrum upon tuning the Stokes field and
the laser field difference frequency through a Raman vi-
brational resonance (A; =0). They are entirely derived at
the level of the third-order polarization, unlike the nar-
row resonance phenomena presented here. The ultranar-
row resonances reported in the present work are derived
from interference between the time development of the
polarization amplitude on the different chromophores re-
quired to generate the phase-matched signal. Most im-
portantly, the sharp resonances at A2=0, as well as the
analogous resonances in the excited electronic state (to be
discussed later), appear at all 7 delays less than the
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nanosecond pulse width. They are best seen at 7=0, but
are quenched at most only by a factor of 2 for any 7 less
than the pulse width of the incoherent light.

Always present in the signal are contributions from ful-
ly nonresonant scattering amplitudes arising from the 24
different mixing channels in the (unsaturated, three-color
limit) CSRS (CARS) third-order susceptibility. Most of
these amplitude components are inherently nonresonant
due to the particular intervention sequence. Each field
intervention involves a sum over states, which for those
scattering amplitudes able to reach material resonances,
leads to both nonresonant and resonant contributions.
The nonresonant components can greatly outnumber the
resonant channels and therefore potentially overwhelm
the resonance enhancement. When two such non-
resonant amplitudes (involving conjugate fields) pair to
form a signal component, the 7 dependence is given only
by the coherence properties of the fields. Here only the
purely light related transients discussed in this section are
obtained. Stronger signal channels, though less
numerous, involve the quadrature pairing of resonant
scattering channels with nonresonant scattering channels.
If the 7 dependence were generated directly at the level of
the CSRS (CARS) polarization [for example, by the field
envelope (or intensity) correlation of a short pulse], then
such signal components would decay in 7 with the coher-
ence time of the light fields. With incoherent light, or, in
general, with a phase-sensitive amplitude correlation of
the fields, the 7 dependence arising from these resonant-
nonresonant cross pairs contains a contribution from
terms oscillating at the detuning frequencies A¢ (damped
by T'% 4 sz +1+5), just as in the resonant-resonant chan-
nels treated at length above. Here Q is the chromophore
involved in the resonant polarization channel. Naturally,
not seen in the mixed channel are the new spectral
features that require resonant contributions from both
chromophores.

In Sec. IV, both the interferograms and the signal spec-
trum generated by these analytic results will be modeled
and discussed for both single- and two-component sys-
tems. Oscillatory and spectral phenomena appear in
CARS that are fully analogous to those found here for
CSRS. In CARS, the material oscillations, as T';,T'g ap-
proach zero [via Eq. (3.20)], tune with the frequency
A%=20p e T@w;—wg. The additional transient features
obtained by introducing nonzero T';,I'g also appear in
the CARS process.
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C. Analytic results for electronically resonant
coherent Raman 4WM

When vibronic levels are brought into near resonance
with the w; and w, fundamentals, three fully resonant
terms appear in the CSRS process. The corresponding
scattering diagrams are shown in Figs. 4(a), 4(b), and 4(c).
The latter two contain vibrational coherences in the ex-
cited electronic state, generated at second order. At the
signal level of the bichromophore model, these three mix-
ing channels ( 4, B, and C) on chromophore a join their
respective conjugate mixing channels (A4*, B*, and C*)
on chromophore f3, to create a total of nine different com-
ponents in the phase-matched signal. Three of these are
the exact conjugate scattering amplitudes (the diagonal
terms) and the remaining six are the cross terms. Each
cross term must be summed with its conjugate partner to
represent a real signal component. After integrating over
the four spectral densities [Eq. (3.6)], each of these signal
terms produces a set of oscillatory and zero-frequency
transients. The 7-dependent interferograms generated in
electronically nonresonant CSRS (Sec. IIIB) represent
only a subset of the total possible signal components ob-
tained with electronically resonant mixing. Such signal
components require a contribution from a ground-
electronic-state Raman amplitude (4 and/or 4*). Al-
though identical in both their oscillation frequencies and
effective dephasing rates, the electronically resonant ver-
sions of these signals differ in their spectral line shape, or
resonance structure, depending on whether they involve
an excited-state vibrational resonance, a Raman ampli-
tude in an excited electronic state (B or C), or a reso-
nance drawn from a vibronic transition.

It is impractical to give the full analytic solution to the
problem in this manuscript. Only the strong signal terms
in the limit I'|,I'g <<T'), (where I';, is a representative
material linewidth) are presented in their entirety. The
omitted “weak” components are identified only by their
characteristic oscillation frequencies and their damping
constants.

When both I'; and I'g are nonzero, but small com-
pared to the I'y’s and any active Bohr frequency
differences, the major contributions to the electronically
resonant signals are similar to those described by the first
term on the rhs of Eq. (3.19). With the notation of Eq.
(3.8) and with Lorentzian spectral densities for all fields,
one obtains

%8 <2T3Y3[F ,  sla,a)+F pula,a)+Fy wla,)|+y3(F ,  «(BB)+F (BB +F, «(B,B)]

fetfg+1+S

+yayplF  WB)+F (@, B)+F, W(a,B)+F , +(B,a)+F uB,a)+F, +(B,a)]

+T(B—C)} ,

(3.49)

where T(B — C) represents preceding terms with B replaced by C and where now

Ya=Nalirtgnhfmtmg -

(3.50)

The ground-electronic-state Raman process occurring on mixed chromophores generates the term
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F, «(a,B)=L AA*(A F)LAA*(A,F)e_rfg”g“*sm
o Re[4 , +(AT)]AY+Im[ 4, (ADITRE_.
[(ABPH(TE 14 P]
Re[4 , «(A,D)]AE_, +Im[ 4, «(ADITHE, L
+ T sin(A%|7|)
(AT g PH(CF 1 ]
N Re[4 , (AT | _s+Im[ 4, «(A,T)]AY
[(APPHTE 115
Re[A4 , «(AD)T®, . +Im[A4 (A )]A
A4 T % costan | (3.51)
[( fg fg) (ng+fg)]
where A% and A have been previously defined (Sec. III B). Here the common resonant denominators are given as
1
L’ «(AT)= - " - . . p. R (3.52)
4 [(A] )2+(ng+2+1)2][(A1)2+(ng;HI)2][(A§)2+(ng+2+S)2][(AS)2+(I‘?g_2+S)2]
1
(A,T)= ) (3.53)
Liar (A% P2+ (Do g 1AL o+ (T8, )2 I[(AG P+ (Dig 1A P+ (5, )]

and the expressions for the complex functions 4 4 ,(A,T") are given, using Eqgs. (3.21) and (3.22), by

Re[4 , «(A,T)]=Re[ 4 (A, T)][(AF, SOB T T A A+ T 1 T 1)

—(4a5, —lrmg—l Amg—lrgng+1)(A€f~SF(rff+S_Azf—srgf—s)]
+21m[A(A’F)][( nf— SAnf S+rnf+Srnf S)(A ~1Fmg*1 Agng-lr;zng—f-l)

+(A mg*lAmgMl+Fmg+1rmg—l)(Anf*San+S_AngSF{tngS)] (3.54)

and
Im[ A4, «(AT)]=2Im[4(A,D)][(A7,_ SAnf—S+Fgf+Sr,2f—S)(A?ng—lAéng'l+F?ng+1F€ng‘l)
_(Alrln —lr/r3ng~1_Aﬁg—IF;g+1)(Aff—sr‘rzzf-i—s—Alrff—SFngS)]

—Re[ 4 (A, T)][(AF, sAnf—s+F(rff+SF€f—s)(A‘fng—lrengﬂ_A?ng—lrgngﬂ)

+(Afng—1A ~1+Fmg+1rmg—1)(A€f~srgf+s_AZf—sFEf—s)] . (3.55)

The new detuning parameters found in Eq. (3.53) represent the near-resonant vibronic transitions A
AQ = ,%f .
A detumng beat, similar to A2 in Eq. (3.52), originates in the excited state when the difference frequency w; —w, is in

near-resonance with, for instance, a vibration in an excited electronic state. Such terms require in their construction at
least one amplitude component involving the diagrams of Fig. 4(b) or 4(c) and can be expressed as

—anf-wS and

1% =D YAFppe(a,a) +F pu(a,a) +Fy  u(a,a)]

+Y3LF e BB+ F pu BB+ F o (BB ]+ oyl Fpps(aB)+F' pu(at,B)
+F} (@B +F)e(Ba)+F' u(Ba)+F) «(B,a)]+T(B—C)} , (3.56)

where, for example,
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Fpos(@,B)=L «(AT)L] «(A,T)e

Re[ 4,,«(A,T)]A*P+Im[ 4, (A, T)]T5

X
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mn—mn—1—S

[(AraB)2+(FaB

Re[ 4,,+(4,T)]A%

mn —nm

+

+Im[ A, .(A,T)|T

mn—mn+1+S) ]

nm +mn

[(ABa )?

mn—mn

Re[ A, «(A,T)TE | _¢+Im[4

+

(an +mn )2]

sin(A'%|7|)

(A, T)]AP

BB*

[(A'aB) +(an mn+1+8 )2]

mn —mn

N Re[ 4,,«(A, F)]an+mn+lm[ABB,,. (A,T)]ABe

{(ABa )2

mn —mn

HereLBB*(A )= AA*(A,F)and

Ll «(AT)=

( mn +mn )2]

cos(A'%r) (3.57)

BB (A2 + (T, 424 PI(A)?+H(TE,

The primes on the detuning parameters denote the
excited-electronic-state version of the detuning with
AP=0l, +o,— v, ASQ—a) L tos—w, AP=APL
+A'Q and A’QQ =A2+AL

A permutation of the stimulated Raman driving fields
results in the diagram shown in Fig. 4(c). This scattering
channel, when squared with its identical conjugate, or
crossed with the conjugate channels of Fig. 4(a) or 4(b),
also generates detuning beats at the frequencies A? and
A’?, but involves different energy denominators at the o,
and wg transitions. These expressions are presented in
Appendix B, Egs. (B11)-(B20).

Cross terms ( A-B) between ground- and excited-state
Raman channels are responsible for the ground -state Ra-
man signal components F_,+(Q,Q")+F, +(Q,Q) in Eq.
(3.49) and excited-state Raman component in
F;B*(Q,Q’)—%-FJ;A*(Q,Q') in Eq. (3.56). When mixed
chromophores (a binary system) are considered, the

AB*(Q,Q’)—!— A*(Q Q') component can be equated to

44*(a,B) Eq. (3.51) by writing P, instead of wﬁg, and

I‘B instead of F . This parameter exchange results in a

o201 P JHAE A+ (Th 120 VISP (DG, 5]

(3.58)

[

damping I'%? g —mn+1+s Also a different field- 1ndependent
Lorentzian is found with a resonant frequency Am,, ~ fe
and width I‘fg+mn. Similarly, AB*(Q o
+F, «(Q,Q’) can be obtained from Fpp«(a,B) by re-
placing both of,, with of, and T4, with T,
(3.57).

Cross terms of the A-B type show the identical 7
dependence as their respective diagonal components (i.e.,
AA*, and BB*). However, additional resonances are
seen in the cross amplitude terms that corresponding to a
mixing between ground- and excited-electronic-state Ra-
man modes. The diagonal terms, instead, show a mixing
between two ground-state Raman modes or between two
excited-state Raman modes. In both cases, the two ma-
terial Bohr frequencies involved in mixed resonances are
from different chromophores.

A third signal feature appearing with electronically
resonant scattering originates from channel C [Fig. 4(c)].
Unlike all previous signal components, the material
dependent part (i.e., resonant frequency and dephasing
rate) of this transient is vibronic in nature. Its contribu-
tion to the fourth-wave signal is given by

in Eq.

new resonance w1th a detuning o7, +wf, +wg—w, and a
J
I%€g+ng+l+sNZFZ[yQ[FCC*(a a)tFox(a,a)tF( s (a,a ]+yB[Fcc* BB +F BB+ F( +(BB)]

+Y Vb [Foos (@B +Fy s (a,B)+F 5 (a,B)+Flu(Ba)+F' u(Ba)+

+J(A—B)},

.

where for the diagonal CC* component

CA* B’ ]

(3.59)
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" _ I“:a . |7
ocx(@B) =L} «(A,T)LY «(A,T)e retrtits
I (A,T) (A,T)
Re[&,(A,T)] m[&, 2] m[&; 2]
Re[§,(A,T)]  Re[n;(A,TN)]
+1 (A, T) (A"%7)
m[§1 ] lgz(A,l—\”z I§3(A,F)[2 cos T
Re[{,(A,T) Re[£3(A,T)
Re[£,(A,T)] el&y 2] e[&; 2]
Im[&,(A,T)] Im[&3(A,T)]
| (A, T) in(A"”%|7|) | . 3.6
m[{, ] AT PISSE sin || (3.60)

Here oscillatory behavior at a frequency A"*=20j, —wg—w, is damped by twice the dephasing rate of the pj, vibronic
coherence (for I'j; >>T'; and ['g). The two common energy denominators are combinations of single-chromophore vib-

ronic resonances and are written as

LCC*(A,F)
_ 1
[(AZg~2)2+( ng — 2)2][(Ang 2)2+(an+2 ][(Ang+2—l S) +(T ng+2+1+S) ][( ng+2—1— S) +(T ng 2T1+S)]
(3.61)
and
1
«(AT)= . (3.62)
CC [(Anf S) +(an S) ][( nf S)2+(an+S ][(A(rxng~l)2 (annAng 1)2]
The expression for the complex function &, is written as
g(A F)_([[( ng — ) _F(rfg~2rgg+2][(A:g+2-s—1)2~Fzg—2+s+lrgg+2+5+l]
_4Ang 2Ang+2—S—lFZg+S+ngg}
—i{Alrfgf 5g[(A§fg+2—s71)z_rzg;z+s+1rzg+2+s+l]
+A§§g+z-s-11“§fg+s+1[(Aﬁg42)2—1“‘5g-21“‘,’,g+z]})
x{[(AgfﬁsAgf—S+FEg—SFgg+S)A?ng—l—(r§f~SAgf—S_Agg—sr(rfgﬁ-s)rtrlnz—ng—l]
+i (Do —ng—1(Ahp _sAF, s+ T sTho v s)—An (Thy sAq s—AR sTh )1} (3.63)

This signal component shows enhancement from mixed
two-chromophore resonances given by the functions &,
and &3, in Eq. (3.60),

I
generates the 4-C cross term.

The 7 dependence of Egs. (3.49), (3.56), and (3.59)
reflects single-chromophore dynamics even though the
resonant enhancement draws on mixed chromophore res-

= (AP —iTB
CAAT)= (A%, —ng+5 " iTmn —ng —s) onances. Just as for the electronically nonresonant mix-
X(ABae,  4irBe )y, (3.64) ing (Sec. III B), other transient features, reflecting both
ng trg 1S g 1S radiation-matter detuning beats and purely material
&5(A, F)—(Afgwng —ang +ng) quantum beats, appear in the interferograms. As before,
< (ABa e their magnitudes are sensitive to the spectral widths of
(A +ng —1F I 0g 1ng +1) - (3.65) fields 1 and S, among other parameters (e.g., material

Similar vibronic detuning oscillations also arise from
the A-C cross terms FAC* 0,0’ +F"A*(Q,Q') as well

as from the B-C terms  Fp .+(Q,Q")
+F_,«(Q,Q"). The latter component can be converted

to the diagonal CC* component [Eq. (3.58)] by replacing
bgﬂ,gﬂ s and Ang_n by the detuning AP ¢—1, and
ng_,,g_l s and an+ng by Fmg_l The substltutlon of

Cross

a)fg for w?, and F[’ for T4, in the resulting equation

linewidths and detunings).

In order to complete the discussion of this complex
mixing process, the remaining contributions to the 7
dependence of the signal, along with all of those signal
components already discussed in Sec. III, are organized
in Tables I-III. Table I refers to ‘“material only”
responses. There the oscillation frequencies and effective
dephasing rate constants are listed for those signal tran-
sients which beat at various combinations of material
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TABLE 1. Different signal transients showing material quantum beats listed in terms of their oscilla-
tion frequency and effective dephasing constants. The different oscillations reflect beating between (a)
ground electronic state, (b) excited electronic state, (c) mixed ground excited state Raman modes, as
well as (d) vibronic state beating and (e) mixed vibrational-vibronic trilevel beats. All of the above os-

cillatory transients involve two chromophores.

Material Bohr frequency beats

Scattering Oscillation Oscillation Effective
channel frequency type dephasing constant
AA* 0% — a)%, (a) re,+ F%l
BB* and CC* 02, — o2, (b) re,+re,
AB*+BA*, . (c) .
AC*+CA* w?g_wgn r?g+rgn
AA*, AB*+BA*, . , (e) . .
P 20%, — 0l o 2% +rg, +re%
BB*,BA*+ AB*, 208, — 0%, + o (e) 2r¢,+re. +re
CC*,CA*+ AC*
cc* 0@ — ol @ re +r¢
CC*,CB*+BC*, . . (e) . :
CA*+ AC* —Zw,,Qg-f-a)gg-%a)gf 2Fan+l"gg+1"gf
Q _ Q0 _ 0 Q [ Q'
* * * Why — Oy — Opr (e) i+ le,, + F,,/’
cCh,CBTBC 0%+, — 0l © PG +T8,+T8,
2 — 0% — 0% (e) re +I‘?'+FQ'
CA*+AC* mng mg nj’" ng g nf
“’gg +o% _C"g_g e) rgg +I%+T%

Bohr frequencies and attenuate at a rate that depends
purely on the rate of material coherence loss. Radiation-
matter oscillations and their dephasing rate constants ap-
pear in Tables IT and III. Those listed in Table II are in-
dependent of the broadband fields 2 and 2'. Table III lists
components (including contributions from zero frequency
and pure radiation detuning components) that are sensi-
tive to the properties of these twin fields. The com-
ponents in Table III labeled as “coherent peak” contribu-
tions define the short-time response (r=r.), or the
effective temporal resolution of the measurement. In
each table, the first column, labeled “channel,” indicates
the combination of mixing channel (Fig. 4) required to
generate the corresponding signal transient. Contribu-

tions from unlike chromophores are identified by the Q
(a or B) and Q' (B or a) superscripts. For like chromo-
phore signal terms, we have Q =Q".

The information in all three tables only pertains to the
7 dependence of the interferograms. It does not indicate
the relative strengths of the various signal components,
nor does it contain spectral information. While different
combinations of scattering amplitudes may lead to the
same transient response, the line shapes, particularly
those reflecting combination resonances between chromo-
phores, turn out to be unique to the signal level mixing
channels.

Of the many types of oscillatory behavior listed in
Tables I and II, two show interesting quantum interfer-

TABLE II. Different I';-independent detuning transients generated in fully resonant CSRS listed in
terms of their oscillation frequencies and effective dephasing constants. The nature of the material res-
onance involved in the detuning is (a) vibrational, (b), vibronic, (c) bichromophore (Q,Q’) mixed
vibrational-vibronic, or (d) bichromophore mixed vibronic.

Detuning oscillations (I",;) independent)

Scattering oscillation Resonance Effective
channel frequency type dephasing constant

AA*,AB*+BA™, A2 (a) 2r¢,+TI,+T,
AC*+CA* Zw?g+a)”Qf:~a), (c) 2F?g+F,,Q,:+I“1
20%, — 0, + o, (c) 2r¢, +re, +T,

BB*,BA*+ AB* A€ (a) g, +r,+T,
CC*,CA*+ AC*, 208, +of —o, (© 28, +T%+T,
208, ~wg;{ + w, (c) ZF%g +T¢,+T,

CC*,CA*+ AC* A2 (b) 2rg +r,+r,
CB*+BC* —209, + 0% +o, (d) U +T5, + T
—20% + 0l +o, (d) 2rg +re%+r,
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TABLE III. Fast-time (I',-dependent) signal transients listed
in terms of their oscillation frequencies and effective dephasing

constants.

M. A. DUGAN AND A. C. ALBRECHT

Coherent peak components (I', dependent)

Effective
Scattering Oscillation dephasing
channel frequency constant
AA*, AB*+BA* A¢ ré,+r,+r,
AC*+CA*™ A¢ ré+r,+Ig
0% +w? f —, r%+r%+r,
m?g a)mg +w, F?g + I‘,Q,,'g +I,
BB*,BA*+ AB* AL rg,+r,+T,
CC*,CA*+ AC* A I‘,,,,,—I-I“Z-J-I‘1
BC*+CB* wg,,,-%w,?fréwz re, +ré +1"2
02, — 0% + o, re,+rg, +r,
CC*,CA*+ AC* co,,Qg—“mz re 7l I
CB*+BC*
All six Ag 2, + s +Ty
independent —2w,+ a)gg + a),,Qf 20, + Fgg + I",%
components —2w2+a)gg +wg 2r,+ Fmg +Ts
—2w2+a)gf+a)1 2F2+F +T,
0 2r,

ence effects between a vibrational and a vibronic coher-
ence on different chromophores (either Q =Q’ or
Q+#Q’). In one case (Table II), this vibronic-vibrational
beating involves either the w; or wg modes of the super-
position field (a detuning oscillation) or another vibronic
mode of the chromophore (purely material quantum
beats). These latter transients are controlled by material
parameters, with an attenuation given by the combina-
tion of different vibrational and vibronic dephasing rate
constants. Also seen is beating between two modes that
are both either vibrational or vibronic in nature. When
like chromophore contributions are considered, such os-
cillations, having zero difference beats, cannot appear. In
their place, smoothly decaying transients appear that
reflect pure material coherence loss of the driven vibra-
tional or vibronic state.

IV. DISCUSSION AND RESULTS

The analytical development in Sec. III is now examined
in some detail. Model calculations are presented and an
interpretation of the new light-matter oscillations is given
in terms of “base” radiation-matter oscillators. Experi-
mental details, with relevant data, will be given in the fol-
lowing paper (II).

A. Modeling

Guided by experiments on benzene, we initially consid-
er the case of electronically nonresonant CSRS in a one-
component sample, where the Raman-active mode is
given a Bohr frequency of %, =991 cm™!
[V =@ (2mc) '] and a width [half width at half max-
imum (HWHM)] of I"fg—l 2 cm” [I‘fg [ fp(27c)™ n.
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FIG. 6. Electronically nonresonant transient CSRS spectra
for exponentially damped pair correlation between the broad-
band fields 2 and 2’ (coherences time=100 fs and ¥,=16750
cm™!). There is one Raman-active mode. The parameters are
V,=991.0 cm™! and T;=12 cm™". (a) ¥,=17741 cm™},
Ji(0))=8(w}), and Jplws)=8(ws); (b) ¥,=17753 cm™};
Ji(0))=58(w}), and Jp(ws)="58(w}).

The twin broadband excitation fields are taken to have a
carrier frequency (w,=w,)) of ¥,=%,=16750 cm ™! and
T,=53 cm ™! (a coherence time of 100 fs). In Fig. 6, the
fourth-wave signal according to Eq. (3.7) is plotted as a
function of the interferometric delay 7 and the signal fre-
quency Vg for two different narrow-band excitation fre-
quencies. For zero detuning on the stimulated Raman
branch A;=0 (or ¥;=16741 cm™!), the plot in Fig. 6(a)
is found. The center of the broad spectral feature,
defined by the resonant condition on the spontaneous Ra-
man branch Ag =0, is also the point of zero oscillation in
the interferogram (r axis). Here the interferometric sig-
nal profile is seen to be a smoothly decaying exponential,
damped by twice the Raman dephasing rate constant. As
Vg is tuned away from the spectral peak, either to the
blue or to the red, these oscillations, which track with the
detuning A9, decrease in period. Upon tuning the
narrow-band input field to ¥,=18753 cm !, the signal
frequency at which the detuning oscillations vanish shifts
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12.3 cm ™! to the blue of the spectral peak [Fig. 6(b)].

The purely light damped component found in Eq. (3.7)
is a small contribution to the total signal intensity. In
general, time domain measurements that use excitation
fields having a spectral width large compared to that of
the driven line (I',,T'|,I'¢>>T,,) lead to a material
damped signal that is much attenuated compared to the
purely light related transient (the coherent peak). In such
cases, logarithmic plots are commonly used to expose the
relatively weak material response that remains. In the
present case where I'|,I'g <<T',, (in fact, zero in this
modeling), the material damped term dominates the sig-
nal, and interestingly, its contribution increases with the
ratio I', /2T 4, in the limit that T',>>T .

However, upon assigning nonzero values to I'; and I'g
(but still less than I',,) qualitatively new features appear
in both the interferogram as well as in the signal spec-
trum. A plot of Eq. (3.19) is shown in Fig. 7 for the same
parameters used to generate the plot of Fig. 6(b), except
now I';=0.40 cm~! and T§=0.25 cm~!. Modulations
similar to those seen in Fig. 6(b) are observed in the inter-
ferograms. However, in the spectrum of the signal two
entirely new sharp resonant features appear at frequen-
cies ¥g=15747 and 15771 cm~!. These represent the
zero detuning points of the resonances defined in terms of
the difference combination of the stimulated Raman and
spontaneous Raman branches Az =A?—A%=0 and the
corresponding sum combination AQ=A{2+ Ag=0. (It is
important to note that these resonances, constructed
from the two Raman branches, involve identical modes
on spatially distinct chromophores.) The width of each
of these new spectral lines is just the sum of the widths of
the nondegenerate field and of the signal field (I'¢+T;)
which, experimentally, can be made less than Raman
linewidth. The emergence of the purely-light-related
coherent peak in the interferograms is seen in the spectral
region around the narrow resonance at A, =0 [Fig. 7(b)].

Upon going from the motionally narrowed limit
(Lorentzian) to the static limit (Gaussian) of the field
phase fluctuations for fields A=1,2,2' and a Gaussian
detector spectral response function for A=S, the purely-
light-dependent narrow resonance at Ay =0 disappears.
Still, the feature at A2=0 remains, provided that the ma-
terial dephasing remains in the fast-modulation limit.
The line shape is now an overall narrow Gaussian profile
[full width that half maximum (FWHM) of
4V'In2(8,+8)], again having no reference to the materi-
al dephasing rate constants. This is illustrated in Fig. 8(a)
where a plot of Eq. (3.41) is shown using §,=51 cm™},
§,=0.24 cm !, §5=0.15 cm !, and otherwise the same
set of frequencies as used in Fig. 7. The removal of the
purely-light-related sharp resonance at Az =0 for Gauss-
ian spectral densities can be understood by regarding the
broadband fields to consist of a static distribution of fre-
quencies, that are inhomogeneously broadened. Just as
for the two-chromophore narrow resonance at A2=0, the
two w, contributions in the Ay =0 resonance arise from
the intervention of degenerate fields +w, and F w,, on
separate chromophores. Now each statistically indepen-
dent frequency in the inhomogeneous spectrum of field 2,
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FIG. 7. Electronically nonresonant transient CSRS spectra
for exponentially damped pair correlation between the broad-
band fields 2 and 2’ (coherences time is 100 fs and v,=16750
cm~!). There is one Raman-active mode. The parameters are
V,=991.0cm ', T, =12 cm™!, ¥=17753 cm ™!, Lorentzian
Ji(@}) and Jp(ws) with T;=0.24 cm™! and T5=0.15 cm™!
HWHM, respectively. (a) Avg=15700-15830 cm™!; (b)
Avs=15746-15747 cm ™.

say, will act conjugately with every statistically indepen-
dent frequency of conjugate field 2’. This leads to a dis-
tribution in the A, =0 condition. A broad spectrum of
the overlapping, narrow, resonances will merge with the
broad spontaneous Raman spectral feature and will
thereby not be seen. An experimental CSRS spectrum of
neat deuterated benzene (C¢Dg4) showing the narrow ma-
terial sensitive resonance at A2=0 is reported in paper II.

The signal structure, seen in Figs. 7(a) and 8(a), is lost
whenever I'| and/or I'g=T,, that is, the bandwidth of
the nondegenerate field and/or the signal field is compa-
rable to the spectral width of the twin w,,w; fields. For
example, if only the bandwidth of the nondegenerate field
is increased to §,=50 cm ™!, the interferogram in Fig.
8(a) changes to that in Fig. 8(b). Now only a coarse Vg
dependence remains in the spectrum and the interfero-
grams show a rapidly decaying detuning beat (A2) super-
imposed upon a spontaneous Raman detuning beat (A$).
Both the A€ oscillation and the A oscillation are rapidly
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attenuated due to their dependence on §; and §,, respec-
tively. These oscillatory transients give way to a purely-
material-dependent decay at twice the dephasing rate
constant of the driven vibration [Eq. (3.42) for the a=p3
component term] which is weak compared to the signal

(a)

é ; Relative Intensity

Relative Intensity

Relative Intensity

FIG. 8. Electronically nonresonant transient CSRS spectra
for (a) and (b) Gaussian pair correlation and (c) exponential pair
correlation. One Raman-active mode is assumed at a frequency
of 991.0 cm™! and T,,=1.2 cm™'. The field parameters are
v,=16750 cm ™}, §,=53 cm™'; »,=17753 cm™~!. (a) §,=0.24
cm™!, §5=0.15 cm™'; (b) §,=50 cm™!, (¢) T';=50 cm~!,
I's=50cm™ !, Fs=5.0cm™!. Ineach case Avs=15630-15870
cm™ L
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at 7=0. For Lorentzian spectral densities with the same
HWHM as the Gaussian spectral densities used in Fig.
8(b), except now 'y =5.0 cm ™!, the plot in Fig. 8(c) is ob-
tained revealing the same characteristic signal transients
seen in previous experimental and theoretical work,*
where a coherent peak gives way to a much attenuated
and featureless transient that reflects vibrational dephas-
ing.

The dependence of both the interferograms and the
spectra on the bandwidth of the nondegenerate field is
demonstrated in Fig. 9 for a two-component two-level
system (or alternatively for a one-component trilevel sys-
tem). The two Bohr frequencies (dephasing times) are
991 cm™! (4.60 ps) and 970 cm ™! (5.30 ps). The two
broadband twin fields are at ¥,=v,=16750 cm ™! with
§,=51 cm ™~ !. Spectral filtering of the generated signal
field is performed at a resolution of §¢=0.15 cm™!
HWHM (centered at ¥g=15805 cm ™! for the 7 scans).
The nondegenerate field is set ¥, =17720 cm ' with
§,=0.24 cm ™! [Figs. 9(a) and 9(c)] or 48 cm ! [Figs. 9(b)
and 9(d)].

For §,=0.24 cm ™!, the interferogram [from Eq. (3.41)]
is given in Fig. 9(a). The wg spectrum at 7=0 is given in
Fig. 9(c). The interferograms reveal a superposition of
two detuning beats, one at a period of 510 fs and the oth-
er at 1.43 ps, each damped by twice the dephasing rate
constant (slightly modified by the nonzero 6, and 8g) of
the appropriate detuning Raman mode. In the spectrum
[Fig. 9(c)], the three narrow features at frequencies
vg=15751, 15772, and 15793 cm™~ ! are the resonances
at A9=0, A29'=0, and A9 =0, respectively (where Q
refers to the 991-cm™! mode and Q' to the 970-cm ™!
mode). While the widths of the A=0 and A% =0 peaks
are rigorously independent of the homogeneous Raman
linewidths (in the fast-modulation limit of the material
Bohr frequencies), the width of the mixed resonance at
A%9'=0 (at ¥3=15772 cm ') depends on the difference
in the homogeneous linewidths of the two separate Ra-
man modes. Such bichromophoric resonant features,
generated from a field-induced mixing of chemically and
spatially distinct material states, may show oscillatory be-
havior in the spectral domain arising from the phase term
in Eq. (3.44). The frequency of this oscillation depends
on the difference between the two homogeneous
linewidths modified by functions of the bandwidth of the
driving fields.

Upon increasing the bandwidth of the nondegenerate
field to §,=48 cm ™' (I';, >>T ) the interferogram in Fig.
9(b) is obtained. The detuning oscillations attenuate with
7 at a faster rate, giving way to a much weaker, yet
longer-lived, Bohr frequency difference beat. This latter,
purely-material-related difference beat actually increases
with increasing 8,, though remains weak compared to the
coherent peak. At 51=48 cm ™!, the CSRS spectrum
[Fig. 9(d)] is broad and featureless.

B. Interpretation

The physical origin of the beats in the fourth-wave in-
terferograms and of the sharp bichromophore features in
the spectra can be interpreted in terms of the interference
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FIG. 9. CSRS (a) and (b) interferograms and (c) and (d) spectra for a two-component system with mode frequencies (dephasing
times) of 991.0 cm ™! (4.6 ps) and 970.0 cm ™! (5.3 ps). Gaussian spectral densities are used for all fields. For J,(@3), %, =16750 cm ™'
and 8,=51 cm ™ '; Jp(w}), 55=0.15 cm ™' and ¥s= 15805 cm ™! (for the 7 scans); J,(w}), ¥,=17 733 cm™ ' and 8, equals the following:

(a) 0.24, (b) 48, (c) 0.24, and (d) 48 cm ™~ 1

between radiation and matter oscillators that are created
by mutually coherent fields driving material superposi-
tion states that are located on spatially distinct chromo-
phores. The interference of correlated fields in vacuum
has its classical interpretation in terms of a superposition
of phase-coherent waves. It can be viewed quantum
mechanically as a field quantum exchange between the
correlated radiation modes. Analogously, the interfering
radiation-matter oscillators of our problem involve
radiation-matter amplitude level quantum exchange.

Correlation among our radiation-matter oscillators is
derived entirely from coherence among the interacting
light waves, since the chromophores themselves are oth-
erwise uncoupled. The spectroscopy of a conventional
coupled chromophore problem leads to an ‘“exciplex”
description. Here, by analogy, we shall refer to
radiation-bichromophoric “exciplexes.” In fact, we find
that a properly defined combination of these radiation-
matter exciplexes, expressed in operator form, leads to
each of the signal beats that are found analytically in Sec.
II1.

Though in the present problem full correlation is at
sixth order in the incident fields, we have seen how such
high-order interferences reduce to pairwise intensity level

interferences (first-order coherences) as long as the cen-
tral limit approximation [Eq. (2.1)] is used for the phase
noise of incoherent fields, or coherent fields are used that
retain full nth order coherence [y'™"=1, Eq. (2.21)].
Thus by way of demonstrating quantum exchange we first
recall, briefly, the quantum description of the interference
in a vacuum between two correlated fields as might be ob-
served interferometrically.

To anticipate the use of such operator formalism in our
4WM application, the following field operator is defined
by superposing fields 2 and 2":
E,=B,+E,)=1(EF+E)+HEF+E)]. @D
Now let fields 2 and 2’ have unit magnitude (E 2= 1), car-
ry noise, and 2’ be relatively delayed by = from 2. We
now write, as before E;(1)=¢;(1)a, and
E;(t)="é{(t)ﬁ;( [where €3(t) is the stochastic field
function for field A ].

The superposition field can be represented by a density
operator of the coupled 2 and 2’ modes, which for realis-
tic fields should represent a statistical mixture of such
states. However, to simplify the development we consid-
er an amplitude stabilized field represented by the pure
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state density operator of the superposition field given as

pr=In;){n;l

:|{’12>n2'} )< inz"n2}|

=— 2 \/’12'\/"2'|”z>‘”2'

2 (nl') N,y

® >

my,my

(my[{my [V m myt

4.2)

The prime on the sums denotes the constraint that the to-
J

(T(r))=Tr[(E;)p;]
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tal mode quantum number n;=n,+n, (n;=m,+m,),
is conserved for each product state in the sum.
Throughout what follows the state vectors for field 2
({|n,)} or {{n,|}) are taken at time ¢. Those for field 2’
({Iny )} or {{ny|}) are taken at time ¢ +7.

The intensity operator 1(7) of the superposition field is
usually given in terms of the measurement process, where
for photoelectric detection, a normal ordering of field
operators is used. Here, however, we want to consider
the possible first-order coherence that gives rise to the
signal in nonlinear 4WM when four of the six input fields
are coupled. To this end, the intensity operator is written
simply as the square of the field operator in Eq. (4.1).
The intensity of the superposition field is then given as

ny 1 - -
=7[f2,2 +f2 2 [f2+2 0)+f2J7,’2' (0)]
n ny+1
—2Lf2~',’2+(|’r|)+ ! fzi'~(|7|) > <n2—1|(n2'+1|"1><n11”2'>I”2>
nyyny
n n;+1
+ éf;f([ﬂ)—i— 12 2 b | 3 (ny+1[{ny—1ln)n;lny ) ny) (4.3)
Nty
[
where the functions f3," (|7]) are just the previously in- (I(r))=Tr | 3 [p T (n},7)+p " (nf,7)]
troduced €5,%, pair correlators defined in terms of a ny
classical average over field fluctuations [see Eq. (2.1)].
The first four terms on the rhs of Eq. (4.3) are diagonal in _
—1 5 haci : X[p T (np,m)+p " (ny,7)] 4.4)
the A=2,2' basis and represent the average occupation p \ipTITp A,

number of the A mode in the superposition field. In-
terference between the two correlated field modes, or
quantum exchange between them, is represented by the
off-diagonal matrix elements of p; in Eq. (4.3) in the
A=2,2'" basis. In this picture, the coupling strength is
defined in terms of the temporal pair correlation function
fir F (|7]). Thus the coupling is maximized at 7=0 when
the two fields are identically overlapped in time, as 1s al-
ways the case for the self-correlators f2 57(0) and fzr 5(0).
On the other hand, for 7 such that £5," (|7])=0, the ra-
diation modes A=2,2 are no longer coupled and the in-
terference has vanished. This interference coupling, in-
herent among correlated fields, is just the means for es-
tablishing a coupling between distinct chromophores that
are excited by such radiation fields. Quantum exchange
between radiation-chromophore oscillators can then
occur.

For application to our nonlinear radiation-matter
problem it is useful to rewrite Eq. (4.3) in terms of radia-
tion exciplex operators. Thus the interferogram [Eq.
(4.3)] can be expressed as a beating between off-diagonal
states of the coupled 2 and 2’ radiation modes. By intro-
ducing the identity operator 1= S, In ) n;| we can

write

in which the operators p *(n;,7) represent the following
linear combinations of states connected through quantum
exchange. They are written as

pHng, =& (){ny,—1,ny})
+e5(t+7){nyny +11) 1 {ny,n,}|
(4.5)
and
p T (np,m)=[€5 (D)|{n,+1,ny})
+ES(t +7){nyny—11)1{ny,n,y )l .
(4.6)

These operators project exciplexlike (7-dependent) pure
radiation states from an original ket|{n,,n,}). Thus
,’)‘+(n 1> T) creates the exciplex superposition between a ra-
diation state where field 2 is diminished by one quantum
and a second radiation state in which field 2’ is raised by
one quantum. [p ~(n;,T) projects the complementary ex-
ciplex superposition.]

In the presence of a resonant nonlinear medium, the in-
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terference (or coupling) is mediated via field-correlated
radiation-matter superposition states. In the bichromo-
phore model for 4WM two otherwise uncoupled material
modes, vibrational or vibronic, one each on two separate
chromophores, will couple if driven by interfering fields.
It is necessary that the two chromophores lie within the
coherence volume V of the fields [defined by ®(r, ;) of,

e.g., Eq. (1.30)]. The interchromophore coupling is
generated by the radiation-matter operators

sV (s—7) and P, (t—7)P(s) (in general,
the1r commutators [ é 0,V S(s—1),-1] and

[f}z_,(t —M),[ i);r(s), -11) which bring about interchromo-
phore coupling through their field dependence. In this
picture, the coupling (or interference) between different
single-chromophore-based coherences allows one to write
a basis representation in terms of a linear combination of
their projection operators. The particular linear com-
bination of these single-chromophore radiation-matter
coherences is dictated by the nature of the field-induced
correlation in the scattering process. For electronically
nonresonant CSRS there are four elementary radiation-
chromophore (quadrupole) oscillators from which exci-
plexes are created by field correlation. These four oscilla-
tors correspond to the two kinds of two-field polariza-
tions that appear on chromophore a and on chromo-
phore 8. One kind is the stimulated Raman polarization.
On a, say, it is generated by py(a)= Vl (¢),V 5 (1), or by
Pula, ) +(t)V2 (t —7). The second kind is the spon-
taneous Raman polarlzatlon On f3, say, it is gener-
ated by psp(B Fs)P5(s), or by ﬁzp(B,T)
=Vis—1IVg(s). Such stimulated Raman polariza-
tions oscillate with the detuning frequencies A¢ and A%,
and the two spontaneous Raman oscillators oscillate with
their detuning frequencies A and A%. These four ele-
mentary radiation-chromophore osc111ators can be pro-
jected from the initial radiation-two- chromophoreT state
lg ) with their correspondlng operators (P (Q), P4, (Q),
P(Q,7), and Py, (Q,7) for @ =a,B). (To account for all
scattering channels these operators should be considered
in their tetradic form.) In their place we consider the
corresponding four off-diagonal projectors. Written ex-
plicitly in terms of the time-dependent state vectors of
the four fields (2’ shifted by 7) and the two chromophores
Q and Q’', these are

P (@) (gl=%{ 1) {n,l

®€; (O{ny+1,ny}) {{ny,n,}]

(t)[nl_

®[05)(0sI® /o) {gpl®lgp ) (go!l, 4.7
Ip L0 (gl=1In,){nl
®¢, ()| {ny—1Lny} ) {ny,n,
®€ 5 (2)|15){0g]
®1fp2{gol®lgg ) (gol (4.8)
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‘pst Q’T)><gi_6 t)|n1—l)(n1|
€, (t +7)|{nyny +11){{ny,n,}l
®|OS><OS|®'fQ>(gQ|®'gQ'><gQ'! ,

4.9)
p 52, gl=1n){(n,l
Q€ (1 +7)|{nyny—1}{{ny,n,}l
X®€g (1)|15)(0g]
®1fo)(gol®lgo (gl ,  (4.10)

in which Q+#Q’. Explicit mention of  tells that field 2',
not 2, is involved in preparing a given oscillator. We next
prepare the exciplex states that superpose these elementa-
ry oscillators, through 2,2’ correlation, thus exposing the
7 dependence. The exciplexes built of 2,2 or 2°,2’ correla-
tion show no 7 dependence and are not considered here.
Similar to the example of first-order coherence previously
discussed, quadrature phase field operators for the 2 and
2’ modes, analogous to that given in Eq. (3.1), can be
defined which project these radiation—two-chromophore
exciplex superposition states.

There are two kinds of radiation-matter exciplexes
based on the two types of field induced correlation. In
one, exciplexes are built of like elementary oscillators [ei-
ther both spontaneous Raman polarization or stimulated
Raman polarization; Fig. 5(b)]. These are ?rojected by
the operators of the form py(Q)-+-p (Q',7) and
Psp f(Q,7)-+- Psp(Q’) (and their adjoint operators). In a
second kind, exciplexes are built of unlike oscillators
[mixed stimulated Raman polarization, spontaneous Ra-
man polarlzatlon Fig. 5(a)]. These are pr0]ected by

P Q) +psp (Q',7)- and Py (Q,7) +Pg, Y(Q")-. For the
unlike projectors we have

o) =1p (@) gl +1p (0 gl, (4.11)
and

D iro)=pu(Q; 7)) gl +1p 10" el , 4.12)
and for the like projectors

¥ l(ro)=1p L(0)) (gl +1g)(pL(Q57)] (4.13)
and

P iro)=1p 1,(Q;7)) (gl +g (P, (0] . (4.14)

The state vector space of fields 2 and 2 appear in the ex-
ciplex projector P u Y [Eq. (4.11)] exactly as they do in the
uantum exchange (interference) projector p ~ [Eq. (4.6)];
¥ 4 [Eq. (4.12)] is similarly related to p * [Eq. (4.5)]. The
projectors ¥'! [Eq. (4.13)] and ¥) [Eq. (4.14)] involve
mixed ket- and bra-side projection, but similarly involve
quantum exchange between the interfering modes 2 and

2'.
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That two radiation-bichromophore superposition pro-
jectors exist for like and unlike correlation is related to
the fact that each broadband field can intervene equally
in the stimulated Raman step or in the spontaneous Ra-
man step. Therefore, to fully display correlation Fig. 5
must be supplemented by another in which the roles
of the twin broadband fields are interchanged (let
iwzﬁiwz').

The operators in Egs. (4.11)-(4.14) represent inter-
mediate states in the mixing process. For the scattering
channel shown in Fig. 5(a), the amplitude level radiation-
blchromophore coherence is given by % i(1g) and

qu(7-,1). These project the superposition state generated
by the interference of a stimulated Raman coherence on
chromophore a(pf,) and a spontaneous Raman probing
of a pgf coherence on chromophore 8. (They differ only
in exchanged roles of 2 and 2’). Simultaneously (at the
amplitude level) a stimulated Raman coherence pgf
driven on chromophore 8 with one of the conjugate fields
is coupled to a spontaneous Raman probe of the p%,
coherence on chromophore a. At steady state these two
concerted exciplex superpositions give rise to the bichro-
mophore resonance at A%?=0.

When pf, and pgf belong to the same homogeneous en-
semble (a and B are chemically identical), their Bohr fre-
quencies are stochastically modulated identically (in the
fast-modulation limit). On the other hand, their natural
fg polarization is 7 out of phase. This leads to an exact
cancellation of their homogeneous widths. The resulting
spectral line is also independent of the spectral density of
the broadband fields (that cause the couphng) because the
probing of pgf (p7;) by field, say 2, is 7 out of phase
from the action of field 2 in generating p7, pgf)

The radiation-bichromophore exciplex states represent-
ed by the operators in Eqgs. (4.13) and (4.14) correspond to
the coupling channel shown in Fig. 5(b) (the like correla-
tion). This superposition state gives rise to a resonance in
the steady state at a frequency given by the difference be-
tween the Raman mode frequencies on chromophore «
and f3, independently of the driving field frequencies. The
spectral width of this line is given by the sum of the
homogeneous widths of the two Raman modes [Egs.
(3.10) and (3.46)]. (For identical modes this difference
beat vanishes.)

In some sense, the narrow bichromophore spectral
features (at A“?=0) are phenomena similar to the extra
resonances discussed by Prior et al. 77 This phenomenon,
termed PIER4 (pressure-induced extra resonance in
4WM), is associated with pure-dephasing-induced relief
of a destructive interference between different mixing
channels contributing to the susceptibility. Each of these
interfering amplitudes leads to the same intermediate off-
diagonal state. Such cancellation within the third-order
resonance structure is seen, for example, in the excited-
state Raman contribution to the CSRS susceptibility.
Their amplitudes [represented in Figs. 4(b) and 4(c)]
reach the identical off-diagonal state (p,,,) at second or-
der in the field-matter interaction. The ‘“extra” reso-
nance appears at the zero detuning of A] only if pure de-
phasing, induced by coupling of the excitation to the ma-
terial bath, or to a fluctuating radiation field, contributes
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to the line broadening of the p,,, coherence. (A dressing
of the chromophore states in a strong radiation field is
also seen to remove this cancellation to expose the extra
resonance.)

The new two-chromophore resonances examined in
this paper show, in theory, behavior similar to such extra
resonance phenomena. Here two kinds of exact cancella-
tion are encountered. In one, all reference to the frequen-
cies of the broadband fields 2 and 2’ vanishes identically
at the bichromophore exciplex level because of their out-
of-phase role on the two chromophores. This is the basis
for the interference coupling. In the second, an exact
cancellation of homogeneous linewidths (for identical res-
onances) takes place. However, the latter cancellation
comes with zero amplitude when neither the incident
nondegenerate field nor the signal field convey dephasing
(that is, I'; =I'y=0). In that limit there is complete des-
tructive interference between the two identical bichromo-
phore exciplexes generated by ¥ { and ¥ 'Z‘T. By introduc-
ing pure dephasing via nonzero I'; and/or Ty, or by al-
lowing the two coupled chromophores not to belong to
the same homogeneous ensemble, the destructive interfer-
ence is removed to expose these new sub-Raman
linewidth resonant features. A sufficient increase of T,
and/or I'g will ultimately break up the phase coherence
of the stimulated Raman polarization amplitude and the
spontaneous Raman polarization amplitude set up on
different chromophores. This is the underlying premise
for constructing the unlike exciplexes. The narrow reso-
nances are then completely removed and the detuning os-
cillations are strongly attenuated.

Next we consider the 7 dependence in the interfero-
grams as revealed by the exciplex description. Modula-
tions in the interferograms arise from the beating be-
tween the different radiation-bichromophore coherences,
each undergoing a phase shift of . The resulting fourth-
wave signal can be constructed from the base exciplex
projectors given in Egs. (4.11)—(4.14).

The signal, involving a quadrature combination of the
four fields, can now be constructed by tracing over the
proper algebraic combination of four exciplex operators:

1B = (9 %)@ 417 ) 417 )W ¥rp) +H.a.)

>>

<

H(B Y@ )P ) Urp) +Heal )
(4.15)

The algebra is contained in the definition of the exciplex
operator \I/ T—[\I/ ' -], where \I/ * is one of the four exci-
plex projectors deﬁned above.

The first term on the rhs of Eq. (4.15) involves only un-
like exciplex projectors. Its 7 dependence can be ex-
pressed in the

(1P (@), 1p4(Q, 7)), 1 1@ )80}

basis as

), 1plo,m
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(B 478 1)@ 81 )P Urp)+ Hoal)

=2{(p {(e;7)py(@)) + (B, (a
{<p st a; T)|Pst a)><p sp a T |PT(a >+<ﬁ

In Eq. (4.15), we note that since the chromophores are
uncoupled (pst Q)P Q")) = (psp(Q)!p (@ Q') =80 o'
and (P, (Q)Ip ] Q")) =0 for all Q and Q" if only because
of the orthogonahty in the space of ﬁelds 1 and S.
(p 10, 7)p4(0))0 and (Pp(Q, NP ! ()70 due to
the correlation between fields 2 and 2’. Detuning oscilla-
tions in 7 at the frequencies A? (STR) and A¢ (SPR) are
represented by the quantity contained within the first set
of curly brackets on the rhs of Eq. (4.16). The analytic
results identifying these oscillatory transients are given in
Egs. (3.23)-(3.26) for the spontaneous Raman polariza-
tion beat and in Eq. (3.27) for the stimulated Raman po-
larization beat. The second set of curly of brackets con-
tains terms that represent beating between the stimulated
Raman polarization and spontaneous Raman polariza-
tion branches on the same chromophore [iA?iAg
=+A%, see Eq. (3.20)]. Finally, the terms contained in
the third set of curly brackets represent both the beating
between the stimulated Raman polarization branch and
the conjugate stimulated Raman polarization branch on
different chromophores (AP F AL =A% ), as well
as the beating between the spontaneous Raman polariza-
tion and its self-conjugate branches (+AZFAY
=iA?gQL fg)- Such Bohr frequency difference beats are
represented analytically in Egs. (3.28)-(3.40). The second
signal component on the rhs of Eq. (4.15) involves only
projection of like exciplexes. This term reproduces only
the detuning oscillations contained in the first two sets of
curly brackets on the rhs of Eq. (4.16). It does not exhibit
Bohr frequency difference beats, in agreement with the
analytic results (Sec. IIIB) where Bohr frequency
difference beats [Egs. (3.19) and (3.41)] occur only when
the fields correlate spontaneous Raman polarization on
one chromophore with stimulated Raman polarization on
the other (that is, when unlike exciplexes are generated).
For electronically resonant mixing, new radiation-

|

1PN gllg) (P ;0
=(e{(t)|n,—

®|gQ')(gQ'|)'(|n1 ><n1|®|{n2’n2’} ><{n2"n2-

1}[z; (02105 (051® gy Y (nplelgy ) (gpl)

)|p sp(a T >+<P (BT D (B) >+<psp([3’)|p (B,'r)>+c c.}
Bpo(B;))(Pp(BP LB +e.c.)
(P W@ (P LBIP (BT + (Pl asm)p L (@) (B BB LB +eue.}

(4.16)

r

matter oscillators appear in addition to the four ground-
state Raman oscillators set fourth in Egs. (4.7)-(4.10).
Oscillators  involving excited-electronic-state Raman
modes can be prepared, and others involving purely vib-
ronic modes can be made as well. One therefore antici-
pates a variety of radiation-bichromophoric exciplexes
generated by the 2,2’ field correlation. These may consist
of a pair of Raman oscillators of the electronic ground
state (as above), two Raman oscillators in the excited
electronic state, or mixed excited-state—ground state Ra-
man exciplexes as well as vibronic-Raman exciplexes.
For example, the AB*+ B A* scattering channel (Fig. 4)
produces the two-chromophore exciplexes involving an
excited-electronic-state mode, say on chromophore Q,
and a ground-state mode on chromophore Q’. The
excited-state two-field stimulated Raman polarization
and spontaneous Raman polarization off-diagonal projec-
tors correspondmg, respectively, to the operator action of
8% V2 and V5 VS on chromophore Q, and can be writ-
ten as

p

) {gl-1g (P 5 () +1p Q) (gl
(4.17)

?(TQ'):‘I?;L(Q

and

’rQ)ZIg)(pst ON+IP (@) gl- g P ()l .

(4.18)
These are mixed Raman oscillator exciplexes. An
excited- (ground-) electronic-state stimulated Raman po-
larization step on chromophore Q (Q’) is coupled to a
ground- (excited-) electronic-state spontaneous Raman
polarization step on chromophore Q' (Q). In Egs. (4.17)
and (4.18), the excited-electronic-state stimulated Raman
polarization operator is given by

1><n1|®|{n2,n2'} >< {nz',n2}|®|Os>(os|®|mQ><th

(4.19)

and the corresponding excited-electronic-state spontaneous Raman polarization operator can be written as

1P 7(Q;m)){gl-lg P (@)

=(n ) (n,l@85 (1 +7){ny,ny +1})({ny,n,}|®105)(05|® 1 £ ) (my

®|ng>(ng|)'(|n1)(n1|®|{n2,n2'} X [nzl,nz}\®|05)<1g|?;f(t

)@ ng Y (fol®lge ) (gpl) . (4.20)
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The radiation-bichromophore exciplex represented in
Egs. (4.17) and (4.18) form a resonances at steady state
with a detuning o}, +a)?’g +wg—w, and a width
rs, —I‘?g +TI'g+T,. Similarly, correlation between like
processes (both being a stimulated Raman polarization or
a spontaneous Raman polarization step, one in the elec-
tronic excited state) will give rise to the field-independent
resonance with a frequency %, —a)ﬁg and width
re, +T7,.

The hybrid vibronic-Raman exciplexes appear when
two base oscillators are coupled (one on each chromo-
phore) which appear at different orders in the fully reso-
nant polarization. Thus consider a vibronic coherence on
a (pye) [Fig. 4(c)] oscillating at w},, —w, (if appearing at
first order) or at —w;, —w,+ws+ o, (if at fourth order),
that is coupled to a Raman oscillator on f3 (pﬁg, oscillat-
ing at AP or at —A%). Such exciplexes appear in the
AC*+CA* channel (Fig. 4). They offer hybrid detuning
resonant structure in steady state at wﬁg—w?g—wszo
and wﬁ‘g—%wfng—a}l:O, having corresponding linewidths
re, —r#4 —Tgand Tg +T%+T,.

Constructing the signal with the commutator algebra
used in Egs. (4.15) and (4.16), but now with the different
electronically resonant exciplex operators, results in the
various oscillatory transients listed in Tables I-III and
obtained analytically through the theory in Sec. III.

Speaking more generally, a Rabi detuning oscillation,
associated with one of four mutually coherent broadband
fields and generated at any point in the evolution of the
fourth-order scattering amplitudes, can couple to another
Rabi detuning oscillator (possibly at a different order in
the field interventions) containing one of the two remain-
ing twin conjugate fields. In some sense, these two Rabi
oscillators, associated with separate chromophores, be-
come phase locked due to the cancellation (or destructive
interference) of the broadband fields. Under the assump-
tion of central limit statistics for the field fluctuations,
each one of these phase-locked two-chromophore super-
position states can be associated with a pair correlator
given in Eq. (3.5). Two such bichromophore coherences
contribute to each signal component due to the quadra-
ture level fourth-order correlation of the broadband fields
2 and 2’, and therefore possess both a 7-dependent and a
7-independent phase. The latter bichromophore coher-
ences arise from the self-correlators £33 (¢) and f35 (1)
and as a result, have a 7 dependence based on the intensi-
ty correlation of the fields. Thus these steady-state reso-
nances are observed in the signal spectrum for all 7 delays
less than the pulse width.

When vibronic levels are brought into near resonance
with the field fundamentals, steady-state vibronic coher-
ences, p@, oscillating at —A2, | and p%, oscillating at
Agf_ s, can become phase locked with Raman oscillators
generated at second-order stimulated Raman polarization
and fourth-order (spontaneous Raman polarization) on
chromophore Q'. This phase locking is now mediated
through interference with fields 1 and S. As a result, the
various damped detuning beats and material bilevel and
trilevel quantum beats listed in Tables I-IIT can be gen-
erated.

The sub-pulse-width signal transients induced in CSRS
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and CARS are sensitive to any process that may disrupt
the phase coherence between the interfering material-
radiation superpositions. This decoupling can occur
upon introducing independent field statistics into the
nonlinear mixing by increasing the bandwidth of J; (®})
or of Jj (wy), or by introducing inhomogeneous material
broadening. Thus a static distribution of Bohr frequen-
cies quenches the material-dependent transients, leaving
only the purely-light-damped (coherent peak) signal com-
ponents (see Appendix C).

CONCLUSIONS

The theoretical basis for new signals observed in
three-color 4WM interferometry and spectroscopy is de-
rived from a more general treatment of 4WM scattering
with correlated fields. In the particular application, two
of the incident fields are broadband twin fields of one
color, interferometrically separated by 7, and each as-
signed its own k vector. The third incident field, having
its own k vector and a second color, joins the twin fields
in a nonlinear sample. A signal field of a third color is
produced, having its k vector constrained by phase
matching. The spectral width of the nondegenerate in-
cident field is taken as an experimental parameter, as is
that of the signal field. Analytic expressions are obtained
for the signal intensity as a function of 7 and the viewing
frequency wg. Fundamental to the generatioﬁ of these
responses is the introduction of material correlation
through the action of mutually coherent fields in the time
development of the scattering amplitudes on separate
chromophores. As a result, two-chromophore coher-
ences arise from the phase locking of the Rabi detuning
oscillations of the radiation-matter superposition states
on each of the individual chromophores. Such two-
oscillator or exciplexlike coherences give rise to new reso-
nant features at steady state. It is shown that for a homo-
geneous ensemble of chromophores certain of these reso-
nances possess a width that depends only on the band-
widths of the nondegenerate field and the signal field in
the fast modulation limit of the matter-bath stochastic
processes.

The different oscillating transients seen in the interfero-
grams, such as radiation-matter detuning beats and
matter-matter quantum beats, as well as the zero-
frequency terms, decay at a rate given by one, or a com-
bination of, the material and/or the radiation linewidths.
It is shown how the relative strength of various signal
components is sensitive to the dephasing that is intro-
duced by going to a nonzero bandwidth of the nondegen-
erate field or the detector field (or both). When the spec-
tral width of both the signal filter and nondegenerate field
is made submaterial linewidth, the fourth-wave signal is
dominated by new Rabi detuning oscillations A9, A'C,
and A" involving a ground-electronic-state Raman
mode, an excited-electronic-state Raman mode, and a
vibronic mode, respectively. These signal transients,
though bichromophoric in origin, carry precise mode fre-
quency and dephasing rate information for a given pair of
states on a single chromophore. Under such excitation
conditions and in the absence of interchromophore
coherence transfer, the interference of all nearby super-
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posed modes, manifested in the interferograms as materi-
al quantum beats, or detuning beats involving Bohr fre-
quencies on separated chromophores, is suppressed.

In comparing long-pulsed incoherent excitation with
short-pulse coherent excitation in general 4WM measure-
ments, the issue of the relevant time scales for measuring
material response arises. The 7 dependence of the inter-
ferograms presented in this paper are based on phase-
sensitive amplitude correlation of the intervening fields.
Since the temporal resolution is limited to the coherence
time of the superposition field, both broadband in-
coherent fields and short-pulsed coherent fields of equal
bandwidth will probe the same short-time dynamics.
However, measurements using long-pulsed incoherent
(nonbandwidth limited) excitation fields are accumulative
in nature and result in a real-time averaging of the ma-
terial response over the long-pulse envelope. Spectral
diffusion processes and possibly additional scattering
pathways due to slow transfer among material states may
influence the line shape in a manner that is absent when
short pulses are used. The use of long-pulse incoherent
fields also allows a higher permutation symmetry of the
driving fields in the mixing, thus enabling correlation
among a greater number of scattering channels.

If static inhomogeneity of material Bohr frequencies
survives on the time scale of the long pulse, and if it
exceeds the homogeneous width, then the new Rabi de-
tuning oscillations are quenched, leaving only the
coherent peak of the radiation fields in the 4WM signal.

The analytic results presented in this paper describe
signal features in the coherent Raman 4WM spectros-
copies which are in excellent agreement with experimen-
tal results (paper II). However, consideration must be
given to the applicability of such Markovian models (for
material dynamics and field noise) in describing ultrafast
responses in condensed-phase systems. We hope to ex-
plore numerically, how non-Markovian behavior affects
the damping of the various new oscillatory transients and
the spectral widths of the new resonances seen in these
4WM experiments. With regard to the new spectral
features, does the rigorous cancellation of the material
homogeneous linewidths, associated with the A2=0,
A'2=0, and A"9=0 resonances, occur for general line-
broadening mechanisms? We already know that in the
Markov limit of homogeneous broadening, were the
width of one of these new resonances to exceed that con-
veyed by the signal filter and the nondegenerate field, one
would have a new way to characterize the degree of inho-
mogeneity.

The absence of any contribution from the twin broad-
band fields to the spectral width in much of the resonant
substructure, as well as to the damping parameter of
several signal transients, indicates their ability to destruc-
tively interfere. Their constructive interference gives rise
to many of the broadband resonances and fast transients.
Interference, constructive or destructive, is a measure of
the degree of coherence between the driving fields. In
need of further theoretical (and experimental) investiga-
tion, however, is how the shape of the coherence profile
influences the optical mixing process. For example, it
was seen how a change in the spectral densities of the
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fields from Lorentzian to Gaussian removes the narrow
resonance at Ap =0. Also, the interferometric oscilla-
tions at Ap vanish. Many of the oscillatory signal
features listed in Tables I-III (e.g., the vibrational-
vibronic trilevel quantum beats) do not contribute
significantly to the signal regardless of the Lorentzian
widths I'; and I'g. Perhaps different spectral densities
and signal filter functions can selectively enhance certain
signal components or introduce entirely new transient
and spectral features. Phase-amplitude pulse shaping is
the logical outcome of such considerations.?¢ 3% Anoth-
er approach (not considered here) which has the potential
for unlocking new phase-sensitive optical phenomena in-
volves two-color heterodyne detection. In general, three-
or four-color 4WM involving correlated and/or uncorre-
lated input fields will generate a signal field phase
coherent with its predecessor fields. Gating of the signal
field with one or more of the input fields through, for ex-
ample, frequency mixing in a nonlinear crystal, will
directly probe optical responses originating with the
zero-point intervention contained in the general eight-
field correlator [Eq. (1.13)]. Such techniques have been
utilized in the detection of squeezed light.

Comparative studies of nonlinear optical measure-
ments using broadband incoherent laser fields and
coherent short-pulse fields will prove to be complementa-
ry in probing condensed-phase dynamics. Use of long-
pulse incoherent fields will isolate those signals that are
phase sensitive to the driving fields. We have seen how
such signals can have contributions that arise from in-
teresting field-mediated interchromophore correlation,
which for the coherent Raman spectroscopies excited
with incoherent light is the only source for the 7 depen-
dence when the input fields are maintained in constant
temporal overlap. Therefore these measurements offer
the potential for observing new transients due to the in-
terference from different time-ordered scattering channels
that cannot function when only ultrashort coherent
pulses are used. Furthermore, excitation with ultrashort
pulses examines stochastic processes over short accumu-
lation times. Such pulses, when used in coherent Raman
spectroscopies, produce phase-sensitive field mediated in-
terchromophore correlation similar to that which occurs
in incoherent excitation. But in addition, signal tran-
sients appear that are based on a phase-insensitive inten-
sity correlation. Here the chromophore itself mediates
between fields which are not cotemporal and otherwise
noninterfering. Such material transients do not occur
when incoherent light is used whose temporal width
greatly exceeds the material relaxation rate constants.
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APPENDIX A

Stochastic interactions between the driven chromo-
phore states (the states of H,,) and the thermalized exci-
tations of the material bath (the states of Hjp) are
represented by the function F<(¢) [Eq. (1.42) for the gth
channel]. Chromophore resonances at the fundamentals,
or at the difference frequencies, of the (optical) excitation
fields are considered. Possible resonances at sum fre-
quencies are neglected. The random modulation of vibra-
tional Bohr frequencies, resonant at second order of the
driving fields, is taken to be statistically independent of
the random modulation of the vibronic resonances gen-
erated at first and third orders. This amounts to the as-
sumption that vibronic pure dephasing is decoupled from
vibrational pure dephasing, regardless of whether the vi-
brational resonance is in the excited electronic state or in
the ground electronic state. For the special situation
having nearly degenerate electronic states, a vibronic res-
onance is possible at second order and the decoupling of
its pure dephasing from that of other vibronic resonances
is problematical. This special case is not treated here.

The uncoupling of stochastic modulations in the elec-
tronic space from that in the vibrational space permits a
factoring of F<(¢) into an electronic (e) and a vibrational
(v) part:

Fry,7y,73) =F1 75, 7)F2(1,) , (A1)
where
Tt +T
F£(71,72,73)=<exp if l+ ’ 3d’récuf,,('r)]
T T3
X exp [iif 3dq-ﬁm,,g('r) ]> (A2)
0 BQ
and
T2
F,,Q('rz)=<exp z'f drﬁwmn(r)> (A3)
0 B

0
Here the labels m and n (f and g) refer to vibrational lev-
els of the excited (ground) electronic surface. Following
the usual approach, a Gaussian stochastic process with
zero mean is assumed. Since the stochastic interactions
are adiabatic, this assumption is equivalent to a second-
order cumulant truncation of F9(¢) in terms of the 8w’s.
Equation (A3) involves a single exponential average
and can be written as

FE(1))=exp —fo 2drfoth’wmn(7-,7") , (A4)
where
wm,,(T,'r')=<8wmn(7)8wmn(f’))BQ . (A5)

In order to simulate a distribution of dynamical pro-
cesses, the frequency modulation 8w,,, can be written as

J
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a sum of statistically independent random variables,

80y =3 8, . (A6)

Following the development in Refs. 25-27 and making
use of the correlation function in Eq. (2.9), we can write
Eq. (A4) as

exp

_ f:dr Jdr S i)

2
i

(ehA’TZ—l—f-A,»TZ)

- (A7)

1

= H”exp

The ith independent stochastic process is characterized
by its amplitude §; and its correlation time A !,

Electronic pure dephasing, described by the first factor
Eq. (Al), involves two exponential terms [Eq. (A2)]. The
two different vibronic Bohr frequency modulations are
assumed correlated by virtue of the fact that they belong
to the same pair of electronic potential surfaces. Correla-
tion between the random variables ij«n and Swf,g will be
given in terms of 8w}, the modulation of the excited-state
electronic surface relative to the ground electronic sur-
face. The electronic pure dephasing function can be writ-
ten as

FeQ(Tl,Tz,T3)
r
=exp —fo IdeOTdT’wfn(T,T’)

_ fOTBdeOTdT'wng(T,T')

T, +T, T T

F TZ:LT; 3deO 3dT'we(”r,'r') . (A8)
Correlation of the stochastically modulated vibronic fre-
quencies across the two different time intervals 7; and 74
is represented by the third double integral. The effects of
such “vertex” terms in various nonlinear mixing process-
es has been investigated in Ref. 29 under the more gen-
eral context of arbitrary field strengths. Here this com-

ponent can be rewritten as
Tty Ty

f‘rz+73
T Tty Tyt Ty

= [fo dr+ [ “dr— [ dr
_f01'1+72d7-

Using Eqgs. (AS5)-(A7) for multiple stochastic processes,
but now applied to the electronic problem, Eq. (A8) [with
(A9)] becomes

deO 3ah-'we(v',T’)

(A9)

fOTdT'we(T,T’) .

i
&g

i
AL

exp

2 )
(e_A"gT3—1+'A’;lgT3)l

Al
AeT3

) (A10)
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The limiting behavior of any given stochastic process
can be explored for both the electronic and the vibration-
al pure dephasing. Each time interval between field inter-
vention points can be characterized by an accumulation
time 7,... Such an accumulation time is determined by
the pulse width [the local intensity functions e ;f 3o (1;)in
Eq. (2.14)] or the effective ground-state recovery time of
some optically pumped channel, should it exceed the in-
terval between successive pulses. Thus the fast-
modulation limit for the ith stochastic process is obtained
if (A’)~! << 7, over the interval in which it is active. In
order for such stochasticity to be manifested in the mea-
sured dynamics, the condition 8 /A’<<1 must be met.
Therefore if we take (A’) ! <<r,.. and 8'/A’<<1 for the
ith stochastic process during all time intervals, correla-
tion across the 7; and 73 time intervals is reduced to uni-
ty. The resulting contribution of this stochastic electron-
ic process [Eq. (A10)] to the integrand in Eq. (2.14) can
be approximated as

(A11)

In the slow-modulation limit (A)”!>>7,  is assumed,
and when 8'/A’>>1, the ith stochastic process retains a
contribution from the cross frequency correlators. Over
most of the integration time in Eq. (2.14), electronic pure
dephasing from the ith process can be approximated as

(8%, 1) (8, 73)?
exp —% exp ———gzﬁ
Xexp[ —(80)rm] . (A12)
|
‘/,‘I‘ererl-Hi‘Tl
G(a,B)=

(AR H(T ) [(AR P+ (Tyypp15)7]
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In general, 7, . need not be the same for the three time in-
tervals, particularly if it is determined by pulse-to-pulse
accumulation of material dynamics. For example, if the
accumulation time during the 7, interval is such that
(AL)!<< 7, (fast modulation), but for the 7, and 75 in-
tervals (A’)"!>>r,.. (slow modulation), then the elec-
tronic pure dephasing process loses any contribution
from the cross frequency correlators that give rise to the
third exponential term in Eq. (12).

Equation (2.15) is obtained from Eq. (A10) if one as-
sumes identical self and cross correlators for the vibronic
frequency modulations [w},, (r,7")= w,’;g (r,7)=wl(r,7)].
This condition is realized in the case of degenerate 4WM
where identical vibronic coherences (to within a phase
factor) are generated at first and third orders of the field-
matter interaction. For two-color 4WM, the assumption
leading to Eq. (2.15) suggests that vibronic pure dephas-
ing is determined by the modulation of the excited (adia-
batic) electronic surface relative to the ground state. In
general, however, correlation between different vibronic
frequency modulations must be distinguished, as suggest-
ed by Eq. (A10).

APPENDIX B

Certain equations that are only alluded to in the text
are given in more detail in this appendix.

The fifth and sixth signal components on the rhs of Eq.
(3.19) represent the purely-light-related transients which
define the short-time response in the interferograms. The

first of these terms, I f‘-ﬂ (7), is the analog of Eq.
242+1+S

(3.15) for Lorentzian spectral densities of the nondegen-
erate field J,(w}) and signal field Jy(wg). The unlike
chromophore component [G (a,3) in Eq. (3.15)] can be
written here as ’

Re[B(A,T),]Jcos(Ag7)+Im[B (A, T),Isin(Ag 7))

[(A§P+ (DT s PIAD*+(Tf, 5 1]
Re[B(A,T),]cos(Ag7)+Im[B (A,T),Jsin(Ag |7])

[(A§Y+ (D s PIAD (T 151
Re[B (A,T');]cos(Ag7)+Im[B (A, T);]sin(Ag | 7])

(AP +(TF - PIAD? -+ (T, 1541)%]
Re[B (A,T),]cos(Ag7)+Im[B (A,T),]sin(Ag |7])

(AP (T, 42— ]0(AD)?

+(F?g—-2+1)2]
Re[B (A, T)s]cos(Ag7)+Im[B (A, T)s]sin(Ag | 7])

(AP + (T, 5 o)A+, 54 5]
Re[B (A,T)4]cos(Ag7)+Im[B (A, T)¢]sin(Ag 7))

+

[(A§P+ (T s 1AEP+(T, 5450

(B1)

from which G (B,a), G(a,a), and G (f3,8) can be obtained. The weighting of the sines and cosines is given by the com-
plex functions, whose real and imaginary parts can be written as
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Re[B (A, D)1= (A% +T 45T yp1145)A§AT+ TS, 5 5T 5 )= 28pToy s(ATS, , s—ASTS 5 ) (B2)
and
Im[B(A,T);]=2Ag Ty 114 s(ASAP+TG, 5 sT% 5 )H(AR—TypsThppp 45 AITS , —ASTE ., ), (B3)

respectively. Equations (B2) and (B3) can be abbreviated as B(A,T');=B (A%, A, F?gﬁz,s,rﬁg_z_l) from which the
terms

B(A’r)2:B(Ag’A/f’F?g+2~S’F§g+2—1)’ B(A’F)3:B(A{j»AtllyF?g—z—l’F?ngzH) ’
B(A,T),=B(A}, AL TS, 5 1, T%a-1), B(AT)s=B(AL,AL TS, TR ,)is),
B(A’r)6=B(Ag’Ag’F?g+2fs)rf"g~z+s)

are obtained.

The second purely-field-damped transient is not seen in the 8-function limit of J;(®}) and Jp(ws). This signal com-

ponent is a zero-frequency transient and can be written as
198 ~e " G2T K (@,0)+ TsKy(a,a)+ T TsKs(a,a) | +93(T,K, (B,8)+ 5K, (B,8)+ T\ TsK5(B,8)]

+y o yp{Ti[K (a,B)+ K (B,a)]+Ts[K,(a,B)+ K, (B,a) ]+ T Ts[K3(a,B)+K;(B,a)]}) . (B4)
For the unlike chromophore cross terms, we have

1
[(AR)H(D _s)2I(AR ) +(T 4 5)?]

K,(a,p)=

% ki(A,T), N ki (A,T),
[(AGP+H(T% o0 s PIHAGPH(TE, 5 oP]  [(AZP+H(T% i) I[(ASP+H(TR, 1, )]
4 k(A T), n k(A T), (BS)
[(A§?+ (T 124 s PIARPH(Th, 5 61?1 [(ASP+H(T% 4p0s 2 1(ASP+H(TE, ;<))
The function k,(A,T), is given by
ki(AT), =k (A,AL T 5 5, TR 5 )
=[(Ag >+ F1—SF1+s)(AgAg+r?g—2+sF?g—2~s)_2AR Fs(Agrg‘g—zAs“F?g—HsAg)] ’ (B6)

where the remaining k,;(A,T'); terms can be written as kl(A,I")2=k1(A§,Ag,l‘?gﬂjLs,F?gﬂ_S),
k(A T)3 =k (A§, A8, T 1545, _2—s), and &k (A,T), =k, (A, A%,T% ., 5, T% 1, 5). InEq. (B4), K,(a,B) can be
obtained from K |(a,8) under the following parameter interchange:

Ky(a,B)=T(AE A} AL A8 Tg—T))K,(a,8) , (B7)
and K;(a, ) is given by
Kjle,p)= 2 2 2 22 2 2 2
(AP (TG, 505 PIAGPH (T, o PIHAD?+ (T _yr PIHAD? (TS, )P
e, . _,_ re
X |Relky(A,I)] | ———LELE—222 e B e ]
[(Afg—fg) +(rfg+fg—2~2) ] [(Afg*fg) +(ng+fg) ]
A%B_ A% _
+Im[k3(A,F)] af 2 /2 tilfg 2 + afB gg fgaB 2 ]J
[(Afg—fg) +(ng+fg—2—2) ] [(Afg—fg) +(ng+fg) ]
+(T +T
( F?gfzisarggnis r?g—zil”*rggmil (B8)
The real and imaginary parts of k3(A, ") are written as
Re[k3(A,I‘)]=(A§—F7gv2+sl‘7ng_2¥s)(A‘l"—I‘?g,zﬂrj‘cg_z_l)—4A‘{‘A;’(F‘}g_2)2 (B9)

and

Im[k3(A,T)]=2[A%T%, _o(AF—T% 5 T% 5 ) +ATE H(AG—T% 5 sT% 5 o)1, (B10)
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In Sec. III C, we presented electronically resonant CSRS signal transients oscillating at the detunings A€ and A’¢
from electronically ground- and excited-state Raman modes, respectively. The signal components given in Egs. (3.49)
and (3.56) as F C*(a B)+F A*(a B) and F’ C*(a B)+FCA* a,B), respectively, are defined here. The former com-

ponent can be written as

FAC* a B)+FCA*(a B)=

In the above equation, L
as

AC +ca*

Re[ Ul(A,F)]

Ac*+ca*

«(A,T)L?

ac*+ca*
Im[U,(A,T')]

(A, T)e

_raa
rfg

Im[U;(A,T)]

+fg+1+S|T‘

|U,(A,T)|?
Re[U,(A,T)]

|U,(A,T)|?
Re[ U3(A,F)]

—Im[U,

(A,1)]

|U,(A,T)]?

Im[Us(A,T)]

|U,(A,T)|?
Im[U(A,T)]

Im[U(A,T)]

+Re[U,(A,T)]

|Us(A,T)]?

Re[ Us(A,T)]

[Ug(A,T)|?
Re[U4(A,T)]

—Im[U4(A,T)]

Re[U,(A,T)]

+Im[U,(A,T)]

+Re[U,(A,T)]

+Im[U,(A,T)]

|Us(A,T)|?
Re[U,(A,T)]

[Us(A,T)[?
Re[U;(A,T)]

(A,T) is identical to L1

|U,(A,T)[?
Im[U,(A,T)]

[U5(A,T)]?
Im[U,(A,T)]

|U,(A, )2
Re[Us(A,T)]

|U,(A,T)?
Re[U4(A,T)]

|Us(A, D)2
Im[ U(A,T)]

|Us(A,T)[?
Im[U4(A,T)]

|Us(A,T)?

A4*

1

|U(A,T)?

(A,T) given in Eq. (3.52) and L?

|Us(A,T)?

cos(A%T)

(B11)

sin(A%|7]) J .

Gc* +CA*(A,1") is written

2 _
LAC*+CA*(A’F)_

[(A%, s+ (Thr s s PIUAL P+ (T P I(AG P+ (D5 11)P]

(B12)

The complex functions U;(A,T) are given in terms of their real and imaginary parts as

Re[U,(A,T)]=
+Im[ A4 (A,T)][

—Re[4(A,D)][

U,(A,T)

U, (A, T)
U, A T)=
Us(A,T)

I

T(an+s—>rnf S’F

and

Us(A,T)= (Amg*IAfg —f8

A(l

mg—1

AS

mg—]

nf — S""’rnf+S)

B
Fgg —fg —lr?g +/g )

( zf+sA§ff

fff+sA€f—

N

N

(Ang +fg—1Afg —fg +rnf+fg+lrfg+fg )+i (Ang +fg—1rfg +/8
(AT,

(Al AP =Tl T s ) FHAPTL, e FTH s 180 1)

—Ihy sA,

—Ih, shfp -

Re[4(A,T) HAmg‘l Azf'SAEf"S+F‘;f+srgf—s)+r7ng+1(rzf+SA,3f—s—

s)—

S)_F?ng+1(Agf

(Ang fg—sA” B+an fs— —s)Fi(Af ng — fg — Srfg —fg—S—1 rgg—fg~SAaB)’

I_‘(rzngﬂ-l(Asf*
Im[U,(A,T)]=Im[ 4 (A,T)][A7¢ - Anf—sAgf—s+sz+srff~s)+Fﬁ.g+1(rzf+sAEf—s

~SA§f~S+an+Srnf—S)] ’

—Th e Ap)

T2 sA% )]
sAff—s+F‘Zf+sF€f_s)], (B13)
nf SAnf s)]

(B14)
(B15)
(B16)
(B17)

(B18)

(3.56) is similar to form to Eq. (B11) and can be written in
terms of the following parameter change:

Fiox(a,B)+F, s(a,B)=T(0% —0f, % —T2,)

SRAC.Y PN CARPSIE 3 o PN AN

Finally, the FAC*(a BH—FCA*

a,8) component of Eq.

(B19)

for both Q@ =« and S.

X[F ,o+la,B)+F . «(a,B)]

(B20)
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APPENDIX C

The effects of inhomogeneous broadening of the ma-
terial resonances on the 7 dependence of fourth-wave sig-
nal is treated by distributing, at the amplitude level, the
material Bohr frequencies, or equivalently, their detun-
ings. Here we write the polarization correlation function
of Eq. (1.16), without the spatial factor, as

’

cussm=(( [ aageapp Vagim)
><<fdAfgg(A€)ﬁ“’(Af,f,s';r)>T>

BTR

(C1)

The averages { ), are over degrees of freedom of the
material bath except for those that leave a static distribu-
tion of Bohr frequencies on the experimental time scales.
Consider the electronically nonresonant CSRS process

e“rz+z+1+s‘7|

G'(a,B)=
(AR P+ (D) (AR P+ (T is)?]
2 2
re A
fg+2+1 fg+2+S
X 1ex e — € —_—
p 5 Xp 58

X{[(Ag P+T 4 sThirt145]c0S(AgT)+28R Ty 14 sSin(AR|7])} + T(T<>Tg)

where T(I';<>I'g) represents identical terms with T'; re-
placed by I'g and vice versa, from which G'(a,a),
G'(B,B), and G'(B,a) can be obtained. The second term
on the rhs of Eq. (C3) is similar to the purely-light-
damped (I',,,) signal component given in Eq. (B4), ex-
cept the material-dependent Lorentzian line shapes are
replaced with Gaussian line shapes, width 82. The (con-
stant) background signal generated from the intensity
correlation of the field is represented by the third term in
Eq. (C3). Significantly, all contributions from the
material-dependent transients given in Eq. (3.19), includ-
ing the detuning oscillations, are absent.
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( AjQ and AP—A¢ and AQ) for a Gaussian distribution of
vibrational Bohr frequencies where

1 —(AJ-Q/SQ)Z
— e )
V2782

g(A9)=g(A9D), and 8¢ (Q =a,p) is the inhomogeneous
width for the ensemble of chromophore type Q. Consid-
ering Lorentzian spectral densities for all intervening
fields, and assuming a broad inhomogeneous distribution
(82>>T'%,), Eq. (3.19) is now written as

g(A9)= (C2)

IAD=IE s (DHIE (DH L, (€3)
where
1% (D=Ty{yiG'(a,a)+yG ' (B,B)
+yyplG'(a,B)+G'(B,a)]} . (C4)

The cross term between unlike chromophores is given by

, (C5)

In the electronically resonant case inhomogeneous
broadening of the material states also eliminates the de-
tuning oscillations and quantum beats associated with
electronically resonant CSRS discussed in Sec. IIIC.
Thus a static distribution of material Bohr frequencies
tends to disrupt the phase coherence between the super-
position states on different chromophores driven by con-
jugate broadband fields, and as a result, diminishes the
destructive (or constructive) interference; the net field-
induced coupling is weakened, and eventually destroyed
for a sufficiently broad static distribution of Bohr fre-
quencies.
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