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We report a two-color frequency domain triply vibrationally enhanced (TRIVE) four-wave mixing (FWM)
method that is fully resonant and provides coherent multidimensional vibrational spectra. Temporal and spectral
discrimination allow control of the coherent interference of multiple pathways including isolation of a specific
pathway and coherent control of the relative intensities of peaks in a 2D spectrum. The method is the coherent
analogue to two-color pump-probe spectroscopy and allows the dissection of the individual pathways.

Introduction

The coherent multidimensional vibrational spectroscopy
analogues of multidimensional NMR promise to provide the
selectivity and resolution of modern NMR methods to vibra-
tional spectroscopy.1-3 Coherent multidimensional vibrational
methods rely on simultaneously exciting two vibrational modes
to create a double quantum coherence that is analogous to the
double spin coherences in multidimensional NMR.4,5 Hetero-
dyned stimulated photon echo and related methods are fully
resonant four-wave mixing (FWM) methods that generate double
vibrational quantum coherences in the time domain using
ultrafast fields with defined phase relationships and sufficient
bandwidth to span the frequencies of the desired resonances.6-10

Frequency domain methods are complementary methods that
use longer pulses to excite vibrational modes with frequency
differences exceeding the excitation fields’ bandwidth. The
phase relationships between beams are important for
establishing the excited coherences that emit in the phase-
matched direction. In this paper, we use triply vibrationally
enhanced (TRIVE) four-wave mixing,11,12 a hybrid method in
which three tunable infrared excitation beams (two with the
same frequency) are each resonant with vibrational transitions.
Multidimensional spectra result from scanning the excitation
frequencies and spectrally resolving the output signal. The time
delays and output frequency can be fixed to isolate individual
coherence pathways, whereas other choices permit amplitude-
level interference that can coherently control the relative
intensity of cross peaks. Because it is a frequency domain
method, the phases of the different excitation frequencies do
not play the same role as in heterodyned methods. TRIVE-FWM
has the ability to probe cross peaks between vibrational modes
that are widely separated in frequency.

This study uses the CS2 ν1 symmetric stretch at 656 cm-1,
the ν3 antisymmetric stretch at 1520 cm-1, and the (ν1 + ν3)
and (ν1 + 2ν3) combination bands at 2170 and 3670 cm-1 as a
model system13 to explore the characteristics of TRIVE-FWM
that were predicted in an earlier publication.12 Two tunable and

coherent infrared sources (frequenciesω1 andω2) create three
excitation pulses (frequenciesω1, ω2, ω2′) that generate four-
wave mixing in thekB4 ) kB1 - kB2 + kB2′ phase-matching direction.
A monochromator measures the output beam intensity atω4 as
a function of theω1 andω2 frequencies and theτij ) τi - τj

temporal delays of thei andj input pulses. Figure 1 shows the
13 TRIVE coherence pathways that define the temporal evolu-
tion of the CS2 molecular coherences. The pathway labeled
TRIVE-Raman is important ifω1 is tuned to a combination band
and is negligible if the first transition involves a fundamental
mode. The 13 pathways create material polarizations that
interfere at the amplitude level to create theω4 output
polarization. In TRIVE-FWM, appropriate selection of the
frequencies ofω1, ω2, and ω2′, the two time delays between
the three excitation beams, and the detection frequency,ω4,
controls the relative importance of different pathways and their
interference effects. This control allows either the selection of
a specific pathway or the choice of multiple pathways that can
interfere at the amplitude level and allow coherent control of
the relative intensities of features in a multidimensional
spectrum.13

The TRIVE-FWM processes are related to pump-probe
methods. TRIVE-FWM and two-color pump-probe experi-
ments share the same coherence pathways,8 but they also have
important differences. Pump-probe experiments use a pump
to create a population followed by a probe whose intensity
measures the changes in population caused by the pump. The
different coherence pathways interfere and result in probe beam
intensity increases and decreases depending upon the relative
contributions from the bleaching (analogous to pathways IR,
Iâ, III R, and IIIâ in Figure 1), stimulated emission (VR and
VIR), two-photon absorption (IIR, IIâ, IVR, and IVâ), and
excited-state absorption (Vâ and VIâ) pathways.14,15 Because
pump-probe methods involve two interactions at the amplitude
level in the pump step, the methods are dominated by pathways
VR, VIR, Vâ, and VIâ. TRIVE-FWM processes create a new
coherent beam whose intensity is controlled by three multiplica-
tive resonance enhancements. Instead of measuring the intensity
changes of a probe beam, the TRIVE method measures the* Corresponding author. E-mail: wright@chem.wisc.edu.
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intensity of a new beam created in the phase-matched direction.
We show that appropriate selection of the excitation frequencies,
time delays, and output frequency in TRIVE-FWM controls the
interference between pathways. Because the excitation pulse
widths in these experiments are close to the dephasing times
(∼1-10 ps), one can use time delays to either enhance or
attenuate one or several pathways, so the interference effects
can coherently control the relative intensities of features in a
multidimensional spectrum.

Theory

The nonlinear polarization responsible for creating the
TRIVE-FWM output is related to the electric fields of the
excitation pulses by the response function. We will assume the
homogeneous limit for the work in this paper and use the IR
pathway as an example. The extension to the other pathways is
summarized in Tables 1 and 2.12,16,17The nonlinear polarization
is then given by the expression

where the response function for the IR pathway is

Here, µij and ωij are the moments and frequency of thei-j
transition, theθ(t) functions are Heaviside functions that enforce
causality, andFgg(0) is the initial value of the ground-state
density function. The dephasing rate between statesi and j is
Γij ) (Γii + Γjj)/2 + Γij

/ where the diagonal dephasing rates,Γii

andΓjj, represent population relaxation of thei andj states and
Γij
/ is the pure dephasing rate for the transition. If one of the

states is a combination band, then the dephasing rates from
different states are related, depending upon the correlation of
the solvent-induced fluctuations in the frequencies of the two

states. If statec is a combination band involving statesa andb,

then one can writeΓcg
/ ) Γag

/ + Γbg
/ + 2ηabxΓag

/ Γbg
/ , whereηab

is the correlation coefficient for the two levels.16,17We assume
that the exciting electric fields,Ei, are Gaussian with the form
Ei

o exp(-t2/σi
2). The net nonlinear polarization requires sum-

mation over the contributions from all of the pathways
diagrammed in Figure 1. Because the output intensity depends
on the square of the electric field created by the nonlinear
polarization, there will be cross terms between each of the
pathways’ contributions that define the observed interference
effects.

For the experiments reported in this paper, two pulses have
the same frequencies, so not all pathways can be fully resonant.
The 2D spectra predicted in the steady-state limit for this two-
color case have been previously described.12 The magnitude and
the real and imaginary parts of the resonant third-order
susceptibility for each pathway are shown in Figures 2 and 3
as a function of the two excitation frequencies,ω1 andω2. The
triply resonant pathways have a single peak in the magnitude
spectrum, whereas the doubly resonant pathways have two or
three peaks, depending upon the number of coherence pairs that
can be resonant under the conditions of the experiment.

Experimental Section

The experiments use a Ti:sapphire-pumped dual-OPA system
that creates independently tunable 1-ps, 20-cm-1 fwhm, verti-
cally polarized infrared pulses. The OPAω2 output is split to
create thekB2 andkB2′ beams required for thekB4 ) kB1 - kB2 + kB2′
phase-matching geometry previously described.11 The output
is isolated with an aperture and measured with a 0.3-m
monochromator, a 2-cm-1 bandwidth, and a single-element
cooled MCT detector tuned toωm. The sample consists of a
100-µm-thick 0.3 mol % CS2/99.7% CH2Cl2 solution sand-
wiched between two 3-mm optically smooth CaF2 windows.
The ω1 value is tuned near theν1 + ν3 combination band at
2170 cm-1, and theω2 value is tuned near theν3 fundamental
at 1520 cm-1. Note also that (ω1 - ω2) is near theν1

fundamental at 660 cm-1. The frequency accuracy is 2 cm-1.

Results and Discussion

Because the pulses’ temporal widths are similar to the
dephasing times, the response function lies between the CW

Figure 1. Twelve Lee-Albrecht diagrams for TRIVE-FWM. Theg, a, b, c, andd letters designate the ground,ν1, ν3, (ν1 + ν3) and (ν1 + 2ν3)
states, respectively. Levelsc andd are combination bands and are shifted by the anharmonic coupling valuesê′ andê, respectively. Solid lines
represent ket-side transitions, dotted lines represent bra-side transitions, and the wavy line represents the radiated output. Processes in the top row
(labeledR) involve even numbers of bra interactions, whereas processes in the bottom row (labeledâ) involve odd numbers. If statec is not a
combination band, then the TRIVE-Raman pathway is not present. Theti represent the absolute time of theith pulse.

PB1R
(3)(kB2', kB2, kB1, t) ) N∫0

∞∫0

∞∫0

∞
{EB2'(kB2', t - t2')} ×

{EB2(kB2, t - t2 - t2' + τ2'2)}{EB1(kB1, t - t1 - t2 - t2' +

τ21 + τ2'2)}× S1R
(3)(t3, t2, t1) dt3 dt2 dt1 + c.c. (1)

S1R
(3)(t3, t2, t1) ) ( i

p)3
µgcµgbµbgµcgθ(t2') ×

exp[(-iωcg - Γcg)t2']θ(t2) exp[(-iωcb - Γcb)t2]‚θ(t1) ×
exp[(-iωcg - Γcg)t1]Fgg(0) (2)
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and impulsive limits.4,18The output frequency can differ in each
limit. The CW limit corresponds to a forced oscillator model
where the output coherence frequency is defined by the linear

combination of the excitation field frequencies. Because the
excitation line width is narrow and lies within the bandwidth
of the molecular transition, the multidimensional spectrum is

Figure 2. Magnitude and real and imaginary parts of the steady-stateø(3) for the sixR pathways in a two-color experiment where the intensity is
measured as a function ofω1 andω2.

TABLE 1: Form for P(t) for Different Pathwaysa

P(3)(t) pathways1

N∫0
∞∫0

∞∫0
∞EB2′(t - t3)EB2(t - t2 - t3 + τ2′2)EB1(t - t1 - t2 - t3 + τ21 + τ2′2) S(3)(t1, t2, t3) dt3 dt2 dt1 IR, Ιâ

N∫0
∞∫0

∞∫0
∞EB2(t - t3 + τ2′2)EB2′(t - t2 - t3)EB1(t - t1 - t2 - t3 + τ21 + τ2′2) S(3)(t1, t2, t3) dt3 dt2 dt1 IIR, ΙΙâ

N∫0
∞∫0

∞∫0
∞EB2′(t - t3)EB1(t - t2 - t3 + τ21 + τ2′2)EB2(t - t1 - t2 - t3 + τ2′2)S

(3)(t1, t2, t3) dt3 dt2 dt1 III R, ΙΙΙâ

N∫0
∞∫0

∞∫0
∞EB2(t - t3 + τ2′2)EB1(t - t2 - t3 + τ21 + τ2′2)EB2′(t - t1 - t2 - t3) S(3)(t1, t2, t3) dt3 dt2 dt1 IVR, ΙVâ

N∫0
∞∫0

∞∫0
∞EB1(t - t3 + τ21 + τ2′2)EB2′(t - t2 - t3)EB2(t - t1 - t2 - t3 + τ2′2) S(3)(t1, t2, t3) dt3 dt2 dt1 VR, Vâ

N∫0
∞∫0

∞∫0
∞EB1(t - t3 + τ21 + τ2′2)EB2(t - t2 - t3 + τ2′2)EB2′(t - t1 - t2 - t3) S(3)(t1, t2, t3) dt3 dt2 dt1 VIR, VIâ

1TRIVE-Raman has the same function as TRIVE IR whenω1 > ω2 or TRIVE IIIR whenω2 > ω1

a Wavevector arguments are not included. Adding the complex conjugate is assumed for all forms.

TABLE 2: Functions S(t) for Each Pathway

IR (i/p)3µgcµgbµbgµcgθ(t3)e-iωcgt3e-Γcgt3θ(t2)e-iωcbt2e-Γcbt2θ(t1)e-iωcgt1e-Γcgt1F(0)
Iâ -(i/p)3µbdµdcµbgµcgθ(t3)e-iωdgt3e-Γdbt3θ(t2)e-iωcbt2e-Γcbt2θ(t1)e-iωcgt1e-Γcgt1F(0)
IIR (i/p)3µgcµcdµdcµcgθ(t3)e-iωcgt3e-Γcgt3θ(t2)e-iωdgt2e-Γdgt2θ(t1)e-iωcgt1e-Γcgt1F(0)
IIâ -(i/p)3µbdµbgµdcµcgθ(t3)e-iωdgt3e-Γdbt3θ(t2)e-iωdgt2e-Γdgt2θ(t1)e-iωcgt1e-Γcgt1F(0)
IIII R (i/p)3µgcµgbµcgµbgθ(t3)e-iωcgt3e-Γcgt3θ(t2)e-iωcbt2e-Γcbt2θ(t1)e-iωgbt1e-Γgbt1F(0)
III â -(i/p)3µbdµdcµcgµbgθ(t3)e-iωdgt3e-Γdbt3θ(t2)e-iωcbt2e-Γcbt2θ(t1)e-iωgbt1e-Γgbt1F(0)
IVR (i/p)3µgcµcdµdcµbgθ(t3)e-iωcgt3e-Γcgt3θ(t2)e-iωdgt2e-Γdgt2θ(t1)e-iωbgt1e-Γbgt1F(0)
IVâ -(i/p)3µbdµbgµdbµbgθ(t3)e-iωdgt3e-Γdbt3θ(t2)e-iωdgt2e-Γdgt2θ(t1)e-iωbgt1e-Γbgt1F(0)
VR (i/p)3µgcµcgµgbµbgθ(t3)e-iωcgt3e-Γcgt3θ(t2)e-Γggt2θ(t1)e-iωgbt1e-Γgbt1F(0)
Vâ -(i/p)3µbdµdbµbgµbgθ(t3)e-iωdbt3e-Γdbt3θ(t2)e-Γbbt2θ(t1)e-iωgbt1e-Γgbt1F(0)
VIR (i/p)3µgcµcgµgbµbgθ(t3)e-iωcgt3e-Γcgt3θ(t2)e-Γggt2θ(t1)e-iωbgt1e-Γbgt1F(0)
VIâ -(i/p)3µbdµdbµbgµbgθ(t3)e-iωdbt3e-Γdbt3θ(t2)e-Γbbt2θ(t1)e-iωbgt1e-Γbgt1F(0)
TRIVE-Ramanω1 > ω2 (i/p)3µgcµca.µacµcgθ(t3)e-iωcgt3e-Γcgt3θ(t2)e-iωagt2e-Γagt2θ(t1)e-iωcgt1e-Γcgt1F(0)
TRIVE-Ramanω2 > ω1 (i/p)3µacµcgµacµcgθ(t3)e-iωcat3e-Γcat3θ(t2)e-iωgat2e-Γagt2θ(t1)e-iωgct1e-Γcgt1F(0)
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recorded in the frequency domain. The impulsive limit corre-
sponds to the free-induction decay model where the output
coherence radiates at its natural frequency. Because most of
the excitation energy lies outside the bandwidth of the molecular
transition, the multidimensional spectrum is recorded in the time
domain. Simulations of our experiments show that the output
signal has important contributions from both the forced oscillator
and the free-induction decay.

Because our experiments have only two tunable frequencies
(labeledω1 andω2), pathways Iâ, IIâ, III â, and IVR may allow

only two resonances if the frequency differences exceed the
bandwidth ofω2 andω2′.12 The remaining eight pathways are
triply resonant. The eight fully resonant diagrams in Figure 1
predict peaks at three positionss(ω1, ω2, ωm) ) (2170, 1520,
2170), (2170, 1500, 2170), and (2150, 1520, 2150) cm-1. These
positions correspond to the ground-state transitions toν3 and
ν1 + ν3 at 1520 and 2170 cm-1, respectively, and the excited-
state transitionsν1 + ν3 f ν1 + 2ν3 andν3 f ν1 + 2ν3 that are
anharmonically shifted byê to 1500 and 2150 cm-1, respec-
tively. In addition, there is a ninth fully resonant peak from the

Figure 3. Magnitude and real and imaginary parts of the steady-stateø(3) for the sixâ pathways in a two-color experiment where the intensity is
measured as a function ofω1 andω2.

TABLE 3: Summary of the Peaks Expected for a Two-Color TRIVE Experiment in Dilute Carbon Disulfide for Each Pathway
in Figure 1a

driven oscillator free-induction decay

pathway enhancements
resonant

coherences
ω1

(cm-1)
ω2

(cm-1)
ωm

(cm-1)
ω1

(cm-1)
ω2

(cm-1)
ωm

(cm-1)

IR triply enhanced cg, cb, cg 2170 1520 2170 2170 1520 2170
IIR triply enhanced cg, dg, cg 2170 1500 2170 2170 1500 2170
III R triply enhanced gb, cb, cg 2170 1520 2170 2170 1520 2170
IVR doubly enhanced bg, dg 2150 1520 2150 2150 1520 2170

doubly enhanced bg, cg 2170 1520 2170 2170 1520 2170
doubly enhanced dg, cg 2170 1500 2170 2170 1500 2170

VR triply enhanced gb, gg, cg 2170 1520 2170 2170 1520 2170
VIR triply enhanced bg, gg, cg 2170 1520 2170 2170 1520 2170

Iâ doubly enhanced cg,cb 2170 1520 2170 2170 1520 2150
doubly enhanced cb, db 2150 1500 2150 2150 1500 2150

IIâ doubly enhanced cg, dg 2170 1500 2170 2170 1500 2150
doubly enhanced dg, db 2150 1520 2150 2150 1520 2150

III â doubly enhanced gb, cb 2170 1520 2170 2170 1520 2150
doubly enhanced gb, db 2150 1520 2150 2150 1520 2150
doubly enhanced cb, db 2150 1500 2150 2150 1500 2150

IVâ triply enhanced bg, dg, db 2150 1520 2150 2150 1520 2150
Vâ triply enhanced gb, dg, db 2150 1520 2150 2150 1520 2150
VIâ triply enhanced bg, bb, db 2150 1520 2150 2150 1520 2150

TRIVE Raman triply enhanced cg, ag, cg 2170 1510 2170 2170 1510 2170

a Letters in the resonant coherences label the two vibrational states referenced in Figure 1 for the two-color experiment.
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TRIVE-Raman process (Figure 1) at (2170, 1510, 2170) cm-1,
where the 1510-cm-1 position is associated with theν1 + ν3 f
ν3 transition that is anharmonically shifted byê′ from the
ground-state transition. There are two or three possible peak
positions for the four diagrams in Figure 1 that are not fully
resonant. These peak positions depend on the excitation
frequency bandwidths ofω1 andω2 and the size of the forced
oscillator or free-induction decay contributions. All of the
possible peak positions are summarized in Table 3 and discussed
more fully elsewhere.12

Figure 4a shows the TRIVE-FWM 2Dω1, ω2 dependence
where no monochromator was used to select the output
frequency and the three excitation beams were temporally
overlapped. Only one discernible peak appears at the (ω1, ω2)
) (2170, 1506) cm-1 position despite the fact that all of the
pathways in Figure 1 should contribute. The effects of these
pathways can be simulated. The spectrum in Figure 4b is a
simulation using the response functions in the homogeneously
broadened limit described earlier. The simulations used 0.8-ps-
intensity fwhm Gaussian pulses with the measured experimental
delays defined in the Figures, line widths from IR, Raman, and
DOVE spectra, and an anharmonicity,ê ) 19 cm-1, for the
excited-state transitions.12 A scaling factor ofx2 was used to
calculate the excited-state transition dipoles from the ground-
state dipoles.6 These values were not adjusted to fit the spectra.
The simulation shows that although the 13 different pathways
in Figure 1 produce peaks at three different positions the net
contribution from all of them merges the three peaks into a
single symmetrical peak at an intermediate spectral position.
The simulations predict the correct position of the peak forω2,
but the peak is shifted to significantly lower values ofω1 and
its shape is different from that observed. The values for the
simulation are summarized in Table 4.

The participation of the different pathways becomes clearer
if the experimental variables are chosen to discriminate between
the pathways. Figure 5 contains examples of how using a
monochromator with frequencyωm can spectrally resolve the
output frequency and provide discrimination. The Figure has a
series of related 2D TRIVE spectra that show the (ωm, ω1)
dependence for different values ofω2 and pulse time delays. In
the top row of spectra, the three excitation pulses are temporally
overlapped as they were in Figure 4. Note that a second weak
diagonal peak appears and becomes stronger asω2 moves

toward 1520 cm-1. Whenω2 ) 1520 cm-1 and the pulses are
temporally overlapped, pathways IR, III R, VR, and VIR create
a triply resonant peak at (ωm, ω1) ) (2170, 2170) cm-1 that
corresponds to the strongest peak in the spectra. In addition,
pathways IVâ, Vâ, and VIâ create a triply resonant peak at
(ωm, ω1) ) (2150, 2150) cm-1 that correspond to the weaker
diagonal peak. There are also less important contributions from
the other pathways. For example, the IVR, Iâ, IIâ, and IIIâ
pathways that are not fully resonant could produce peaks at
either (ωm, ω1) ) (2150, 2150) cm-1 or (2170, 2170) cm-1 or
on the diagonal between these two positions if the majority of
the signal is produced by the forced oscillator component. Any
free-induction decay component would be observed directly at
(2150, 2150) cm-1 for the IIâ and IIIâ paths, (2150,2170) cm-1

for the Iâ, IIâ, and IIIâ paths, and (2170, 2170) cm-1 and (2170,
2150) cm-1 for the IVR path. Pathway IIR should contribute
negligibly in this spectrum because the fixed value ofω2 )
1520 cm-1 prevents it from achieving multiple vibrational
resonance.

The observed spectrum withω2 ) 1520 cm-1 is consistent
with the contributions from the eight fully resonant contributions
because it shows two major peaks along the main diagonal.
There is also an off-diagonal feature at (ωm, ω1) ) (2150, 2170)
cm-1 that cannot be fully resonant and cannot be from the forced

Figure 4. Two-dimensional TRIVE spectra where all output frequencies are monitored as a function of the two excitation frequencies. There is
no time delay between pulses. (Left) experimental; (right) simulation.

TABLE 4: Summary of Parameters Used for the
Combination Band TRIVE CS2 Simulations, in
Wavenumbers except as Indicated

resonance frequencies: ωcg 2169 cm-1

ωbg 1520 cm-1

ωdg 3669 cm-1

ωag 656 cm-1

population relaxation (Γcc + Γgg)/2 1.3 cm-1

dephasing parameters: (Γbb + Γgg)/2 0.8 cm-1

(Γdd + Γgg)/2 2 cm-1

(Γaa+ Γgg)/2 0 cm-1

(Γcc + Γbb)2 2 cm-1

(Γdd + Γbb)/2 3 cm-1

Γgg ) Γbb 1 cm-1

pure dephasing parameters: Γbg
/ 1.7 cm-1

Γag
/ 0.18 cm-1

ηab 1

electric field parameters: σ1 ) σ2 ) σ2’ 0.7 ps

Four-Wave Mixing Spectroscopy J. Phys. Chem. A, Vol. 108, No. 52, 200411489



oscillator component. The peak becomes stronger whenω2 is
between 1504 and 1520 cm-1. It can arise only from free-
induction decay terms in the less resonant paths, particularly
the Iâ, IIâ, and IIIâ paths. These pathways are enhanced for
the intermediate values ofω2 because there is greater spectral
overlap with the two resonances involvingω2. The IVR path
would produce a peak at (ωm, ω1) ) (2170, 2150) cm-1 from
the free-induction decay component of the signal, but it is either
not observed or is suppressed by the fully resonant terms at
(2170, 2170) cm-1. The observation of a free-induction decay
peak from the Iâ, IIâ, and IIIâ processes indicates that the
monochromator could provide a significant increase in dis-
crimination betweenR and â pathways for this dilute CS2
system.

The bottom spectra in Figure 5 show the effects of introducing
time delays. If theω1 pulse follows theω2 andω2′ pulses (see
the spectrum withτ12 ) 0.92 ps), then the fully resonant
contributions from the VR,â and VIR,â pathways are enhanced.
These pathways are responsible for the two diagonal peaks. If
the ω1 precedes theω2 andω2′ pulses (see the spectrum with
τ21) 0.92 ps), then the contributions from the IR,â and IIR,â
pathways are enhanced. The IR and IIR pathways are triply
resonant and are responsible for the majority of the strong
diagonal peak. The free-induction decay from the less resonant
Iâ and IIâ pathways produces the off-diagonal peak in the
Figure.

The changes in the relative intensity of the different spectral
features in Figure 5 show that the selection of a monochromator
frequency and pulse time delays introduces discrimination
between the pathways contributing to the overall signal. Figures

6 and 7 show that appropriate choices of these parameters can
provide sufficient discrimination to observe a single path. Figure
6 shows the spectra where the monochromator frequency selects
for the R pathways, and Figure 7 shows the spectra where the
monochromator frequency selects for theâ pathways. In each
Figure, individual pathways are represented by single columns
that correspond to the chosen time delays. Each column contains
(1) the experimental conditions that select a specific pathway,
(2) a diagram of the selected pathway, (3) the experimental (ω1,
ω2) spectrum, and (4) a simulated spectrum using the values in
Table 4.

One can see that the position of the peak changes depending
upon which pathway is enhanced by the selection of delays and
monochromator position. These variables are summarized in the
Figure. All of the triply resonant pathways have peaks at or
close to the positions expected from the resonances. The doubly
resonant peaks are not at defined positions in Figures 6 and 7
because Table 3 shows that there are two or three sets of
resonant states that can provide double resonances that interfere
and shift the expected peak positions.12 The simulations show
how the different double resonances and the interfering pathways
are predicted to interfere and generate the observed peak. One
can see that the simulations model the peak positions quite well.
The peaks generally appear at intermediate positions between
the two or three possible peak positions in Table 3 for the doubly
vibrationally enhanced pathways. In each case, the interference
between pathways is constructive, so one sees a single peak
instead of two or three separate peaks.

The simulations also include the contributions from pathways
other than the one optimized by the selection of temporal delay

Figure 5. Two-dimensional TRIVE spectra where the pulse delays andω2 value are indicated and theω1 and the monochromator frequencies are
changed.
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and monochromator position. The discrimination between
pathways depends on the delay time relative to the pulse widths.
The spectra with 400-fs delays have the least discrimination
between pathways, and these spectra contain important contribu-
tions from other pathways. The spectrum for the VIR pathway
has important contributions from the IVR pathway because of
the small delay between theω1 andω2 beams, so the peak is
shifted to lowerω1 andω2 values. Similarly, the VIâ pathway
spectrum has important contributions from the IVâ pathway,
but in this case, the peaks expected from each pathway are
identical and no shifting occurs in the peak position. Similarly,
the IIIR pathway spectrum has important contributions from the
IR pathway that do not shift the expected peak position, the

VR pathway spectrum has important contributions from the IIIR
pathway that do not shift the expected peak position, the IIIâ
pathway spectrum has important contributions from the Iâ
pathway that shift the position, the IVâ pathway spectrum has
important contributions from the IIâ pathway that shift the peak
frequency to lowerω2 values, and the Vâ pathway spectrum
has important contributions from the IVâ pathway that do not
shift its peak position. In each of these examples, the peak
position is adequately reproduced by the simulations.

There are differences between the observed spectra and the
simulations. The simulations predict that the IVR pathway is
shifted to a significantly different position than that observed.
This case involves the most interfering processes because the

Figure 6. Spectra with temporal and spectral discrimination set to enhance specific TRIVE pathways.ωm ) 2168 cm-1.

Figure 7. Spectra with temporal and spectral discrimination set to enhance specific TRIVE pathways.ωm ) 2149 cm-1.
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IVR pathway itself involves three different sets of doubly
resonant states and significant contributions from the triply
resonant IIR pathway. In addition, the simulations for the IIR
and IVR pathways predict an additional feature that is not
observed in the data. The simulations show that small changes
in the simulation parameters can cause substantial differences
in the simulated spectra. The observed differences are attributed
to inaccuracies in the simulation parameters that define the
relative contributions from the different processes.

The spectrum of the IR pathway is interesting because the
pulse sequence 1,-2, 2′ and monochromator setting of 2168
cm-1 required to enhance the IR pathway also enhance the
TRIVE-Raman pathway. The peak appears at (ω1, ω2) ) (2171,
1515) cm-1, which is midway between the expected peaks at
(2170, 1520) and (2170, 1510) from the respective IR and
TRIVE-Raman paths. As explained in the discussion of Figure
4b, there is also some contribution from the Iâ pathway because
it also can produce an output at the monochromator frequency.

Note that none of these peak positions match that seen in
Figure 4a (where many pathways are simultaneously probed)
because of the constructive and destructive quantum interference
between the pathways. Depending on the relative separation of
the peaks, constructive interference can prevent the observation
of separate peaks, so a single peak appears in an intermediate
position. Such a behavior is seen in Figure 4a where a single
peak appears at a shifted intermediate position. Shifting results
from the complex interference between the pathways responsible
for the (2170, 1520)- and (2170, 1500)-cm-1 peaks. Similarly,
the (2150, 1520)-cm-1 peak does not appear because of
destructive interference. The conditions that isolate a particular
pathway remove the interference from the other pathways, so
one can observe the individual contributions. This example
shows that one can employ temporal discrimination and output
wavelength selection to dissect the contributions from individual
pathways to the net response.

The interference between different pathways can also be used
for coherent control of the relative intensities in these 2D
spectra.13,19-23 Figure 8 shows the results of an experiment that
monitors the intensity of the peak at (ω1, ω2, ωm) ) (2172,
1520, 2172) cm-1 for time delays wheret2 - t1 ≈ 0 ps andt2′
- t2 is varied. Under these conditions, the IR, ΙΙΙR, and TRIVE-
Raman pathways should contribute equally, and because they

involve different coherences, they will experience quantum
beating. After the first two interactions withω1 andω2, the IR
and IIIR pathways both produce aFcb coherence involving the
c ) (ν1 + ν3) andb ) ν3 states, whereas the TRIVE-Raman
pathway produces aFag coherence involving thea ) ν1 and the
ground state. The Figure shows that the character of the
interference changes as a function of thet2′ - t2 time delay, so
the intensity of this peak can be enhanced or depressed. The
beating between the three pathways can be described quanti-
tatively by the expression

whereωij andΓij are the frequencies and dephasing rates of the
ij coherence. The factor of 2 comes from the presence of both
IR and IIIR processes, which have the same intermediate
coherence,cb. The frequencies of the two coherences differ by
ê′ ) 8.1 cm-1, and they therefore beat with a 4-ps period, in
agreement with that from the spectra and TRIVE-Raman
incorporation into the fits in Figures 4-7. Fitting of the temporal
dependence results in values ofΓcb ) 1.1 cm-1 andΓag ) 0.15
cm-1. Similar beating is observed in DOVE experiments in the
same material except the interference between the pathways has
the opposite sign from the TRIVE experiments reported here.13

With zero delays, the pathways in DOVE destructively interfered
so the intensity was a minimum, whereas the interfering TRIVE
pathways constructively interfere so the intensity was a maxi-
mum. However, the coherences that are probed in the two
experiments are the same, and the measured dephasing rates
agree between the experiments.13 The value ofê′ andΓag are
nearly equal to the values expected from linear-IR and Raman
spectra.

Conclusions

TRIVE-FWM’s importance arises because it allows one to
perform fully resonant coherent multidimensional experiments
on modes that are well separated in frequency. It is comple-
mentary to doubly vibrationally enhanced (DOVE) FWM, which
also has this capability.5,24-26 TRIVE methods are fully vibra-
tionally resonant; therefore, one expects larger nonlinear
susceptibilities than obtained with DOVE methods. Cross peaks
appear in both methods, but they depend on different effects.
In TRIVE methods, the cross peaks appear because mode
coupling changes the transition frequency, transition moments,
or dephasing rates so that the destructive interference between
different pathways is incomplete. In DOVE methods, at least
one of the transitions in the FWM must involve a combination
band transition that is forbidden in the absence of mode
coupling. Like all of the multidimensional methods, TRIVE-
FWM allows one to observe the states and dephasing processes
of the double vibrational coherences that are not accessible by
traditional methods.

Though this experiment provides a method for enhancing a
particular pathway, it is important to recognize that the degree
of discrimination between pathways is strongly influenced by
both the material’s line widths, anharmonicities, and
broadening mechanisms and the input pulses’ widths and delay
times. The optimum pulse width depends on the dephasing time
of the coherences. If the pulse width is much longer than the
dephasing times, then the resolution will be limited by the
dephasing time but temporal selection of different pathways is
not possible. If the pulse width is much shorter than the
dephasing times, then the resolution will be limited by the
spectral width of the pulses but excellent temporal selection is

Figure 8. Coherent beating between IR and TRIVE-Raman pathways.
Gray dots are data, and the solid line is fit. The data show the intensity
of the peak at (ω1, ω2, ωm) ) (2172, 1520, 2172) cm-1 for time delays
wheret2 - t1 ≈ 0 ps andt2′ - t2 is varied.

I(t) ∝ |2e-Γcbte-iωcbt + e-Γagte-iωagt|2
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possible. Pulse widths that are similar to the dephasing times
optimize both goals, and simulations can assist in an under-
standing of the relative contributions from different pathways
and the resulting interferences.
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