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Ultrafast spectroscopy is dominated by time domain methods such as pump-probe and, more recently, 2D-
IR spectroscopies. In this paper, we demonstrate that a mixed frequency/time domain ultrafast four wave
mixing (FWM) approach not only provides similar capabilities, but it also provides optical analogues of
multiple- and zero-quantum heteronuclear nuclear magnetic resonance (NMR). The method requires phase
coherence between the excitation pulses only over the dephasing time of the coherences. It uses twelve
coherence pathways that include four with populations, four with zero-quantum coherences, and four with
double-quantum coherences. Each pathway provides different capabilities. The population pathways correspond
to those of two-dimensional (2D) time domain spectroscopies, while the double- and zero-quantum coherence
pathways access the coherent dynamics of coupled quantum states. The three spectral and two temporal
dimensions enable the isolation and characterization of the spectral correlations between different vibrational
and/or electronic states, coherence and population relaxation rates, and coupling strengths. Quantum-level
interference between the direct and free-induction decay components gives a spectral resolution that exceeds
that of the excitation pulses. Appropriate parameter choices allow isolation of individual coherence pathways.
The mixed frequency/time domain approach allows one to access any set of quantum states with coherent
multidimensional spectroscopy.

The recent development of coherent two-dimensional vibra-
tional spectroscopy has provided a complementary approach to
incoherent pump-probe spectroscopy. The 2D-IR methods are
the optical analogues of multidimensional NMR, and they are
now feasible using both frequency and time domain nonlinear
four wave mixing (FWM) methods.1-14 Time domain 2D-IR
methods measure the temporal oscillation of the nonlinear
coherences, while frequency domain methods measure the FWM
intensity while scanning the excitation pulse frequency. There
is interest in developing the optical analogues of heteronuclear
NMR where one can establish multiple- and zero-quantum
(MQ-ZQ) coherences between any quantum states.4,7,15 For
example, Scheurer and Mukamel15 have proposed the hetero-
nuclear three-pulse coherence transfer (CT3) and the modified
heteronuclear multiple-quantum coherence schemes (HMQC′)
as practical NMR analogues. The MQ-ZQ coherences form
networks of coupled states that simplify complex spectra and
establish the correlations required for obtaining structural and
dynamical details about a sample.16,17MQ-ZQ methods require
phase coherence between the excitation pulses. Time domain
methods require long-term phase coherence throughout the
measurement of the temporal oscillations. Long-term phase
coherence is easily achieved in NMR16,17 but difficult at the

higher frequencies required for optical analogues. Currently,
phase coherence is achieved by deriving the excitation pulses
from a single pulse with sufficient bandwidth to excite the
quantum states of interest,18 but this approach is limited to
quantum states which fall within the achievable bandwidth. It
is important for multidimensional optical methods to access
quantum states with arbitrary energy differences.

In this paper, we demonstrate that mixed frequency/time
domain spectroscopies avoid the requirement for long-term
phase coherence, since phase coherence is only required during
the dephasing time.19 We present all of the possible four wave
mixing (FWM) analogues of heteronuclear NMR methods,
including the CT3 and HMQC′ methods proposed recently by
Scheurer and Mukamel.15 We show that the mixed frequency/
time domain approach provides the same spectral resolution and
dynamic measurement capability as time domain methods, and
it allows one to apply coherent multidimensional spectroscopy
to the wide range of quantum states of interest in science. We
also show that the spectral resolution can be enhanced by
increasing the delays between the excitation pulses.

The mixed frequency/time domain analogues also provide a
coherent generalization of ultrafast pump-probe methods. Here,
three excitation pulses entangle different coupled quantum states.
One pumps either a population or a MQ-ZQ coherence with
the first two pulses and probes their time evolution with a third
pulse. Rather than sensing the changes in the probe intensity,
one measures the intensity of a new beam as a function of the
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frequencies and pulse delays. The state populations reflect the
incoherent dynamics, while the MQ-ZQ coherences reflect the
coherent dynamics. The three spectral and two temporal
dimensions in this method allow isolation of particular coherence
pathways and resolve the bleaching, stimulated emission, and
excited-state absorption pathways that complicate pump-probe
experiments.20

The experiment uses three picosecond infrared pulses (labeled
1, -2, 2′) with frequenciesω1 and ω2, pulse delaysτ2′ - τ1

and τ-2 - τ1, and phase-matchingkB4 ) kB1 - kB-2 + kB2′. A
monochromator atωm spectrally resolves the nonlinear signal.
The first pulse excites a coherence, the second pulse excites
either a population or a MQ-ZQ coherence, and the third pulse
excites a second coherence. If there is inhomogeneous broaden-
ing, the second coherence can result in rephasing or non-
rephasing of the nonlinear polarization created by the first pulse.
The experiments provide two-dimensional cross-sections of the
5D variable space (ω1, ω2, ωm, τ-2 - τ1, τ2′ - τ1) where two
variables are scanned and the other variables are fixed. Since
the signal contains both a driven and a free induction decay
(FID) component, we either fixωm at the frequency of the output
coherence to optimize the FID component or scanωm, so ωm

) ω1 to optimize the driven component atω4 ) ω1 - ω2 +
ω2′. The sample is a 200-µm-thick mixture of 10 mM bis-
(triphenylphosphine)dicarbonyl nickel, (Ni(CO)2(PPh3)2, and
(triphenylphosphine)tricarbonyl nickel, (Ni(CO)3(PPh3), in ben-
zene, which we use as a simple model system to demonstrate
the methodology.21

Just as NMR uses many different pulse sequences to obtain
specific information about particular coherences, each FWM
pulse sequence probes three of the five possible FWM coher-
ences and two possible populations. Figure 1 shows the six
possible time orderings (labeled I-VI) of FWM.22 For each time
ordering, there is a parametric and nonparametric pathway
(labeledR and â). It also shows the time orderings for the
familiar photon echo, transient grating, and pump-probe
methods,23 as well as the less familiar reverse photon echo and
reverse transient grating methods5 and the proposed CT3 and

HMQC′ NMR analogues.15 The time orderings labeled V and
VI generate populations that are used extensively to define the
incoherent dynamics,5 while the I-IV time orderings define the
coherent dynamics. Time orderings I and III excite zero-quantum
coherences with natural line narrowing, and time orderings II
and IV excite double-quantum coherences that access two-
photon states.16,17

Figure 2 shows theω1/ω2 spectrum for time-ordering I where
ωm ) ω1, τ2′ - τ1 ) 2.5 ps, andτ-2 - τ1 ) 1.5 ps. The IR,â
pathways have zero-quantum coherences that create cross-peaks
between different vibrational states that are analogues of those

Figure 1. The diagram categorizes the different time orderings of three excitation pulses for thekB4 ) kB1 - kB-2 + kB2′ phase matching condition. The
excitation frequencies (ω1, ω2, ω2′) may be equal or different. Each time ordering corresponds to different coherence pathways, and these pathways
are shown as part of Figure 3. Thex andy axes areτ2′ - τ1 andτ-2 - τ1, respectively, and zero delay is in the center. Example pulses are shown
for positive time orderings ofτ2′ - τ1 and τ-2 - τ1. The different regions are labeled using the previously published conventions.30 The time
orderings for other FWM mixing processes are also indicated to allow comparison.

Figure 2. 2D spectrum showing the log(FWM intensity) vs the two
excitation frequencies. The lower box indicates the transitions for the
Ni(CO)2(PPh3)2, and the upper box indicates those for the Ni(CO)3PPh3.
The 1D infrared spectrum of the mixture (blue) and the benzene solvent
(red) appears on the top and right side for comparison. The strongest
feature at 1962 cm-1 is the benzene solvent. The very weak wings on
the lower-energy diagonal features are attributed to higher-order
processes.
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in heteronuclear NMR. The boxes define the diagonal and cross-
peaks between the carbonyl stretch modes of the Ni(CO)2(PPh3)2

(lower left box) and Ni(CO)3(PPh3) (upper right box). The
infrared spectrum of this sample is shown on the same scales
for comparison.

Figure 2 contrasts markedly with an earlier spectrum21 taken
without time delays or a monochromator so twelve different
coherence pathways contribute simultaneously (see Figures 1
and 3). The spectrum in Figure 2 is much sharper, and the
features are well-resolved. In fact, the cross-peaks are narrower
than the excitation spectral widths.

The spectrum changes for differentτ-2 andτ2′ time orderings.
An example Ni(CO)2(PPh3)2 cross-peak is shown in Figure 3
(bottom part) along with the corresponding wave mixing energy
level (WMEL) diagrams (top part) for all twelve pathways.23

The top row of spectra fixesωm at the FID output frequency of
the R or â pathways, while the bottom row of spectra makes
ωm ) ω1 so the driven signal from both pathways will be seen.
The former condition isolates a particular pathway, while the
latter condition isolates a particular time ordering.

The cross-peak position in Figure 3 depends on a pathway’s
coherences and the experimental parameters. The four states
(labeled g, a, b, and (a+ b)) form five coherences labeled bg,
ag, ba, (a+ b)g, and (a+ b)a. The Ni(CO)2(PPh3)2 coherences
in the twelve pathways are resonantly enhanced when the
excitation frequencies are respectively set toω1 ) 2002,ω2 )
1943,ω1 - ω2 ) 59, ω1 + ω2 ) 3919, andω1 - ω2 + ω2′ )
1976 cm-1 and these conditions define the cross-peak positions.
For example, pathway IR involves bg, ba, and bg coherences,
so the cross-peak appears at (ω1 ) 2002,ω2 ) 1943) cm-1.
Pathway IVâ involves ag, (a+ b)g, and (a+ b)a coherences,
so the cross-peak appears at (ω2 ) 1943,ω1 ) 1976) cm-1. In
both examples, the pathways can be fully resonant with the two
excitation frequencies, and the cross-peaks appear at the
expected positions. Similar arguments correctly predict the cross-
peak positions for the other six fully resonant pathways, for
spectra withωm both fixed and scanned. Pathways Iâ, IIâ, III â,
and IVR cannot be fully resonant ifω2 ) ω2′. Their cross-peak
appears at frequencies where the excitation pulse bandwidth
optimizes the three resonances.

With the delay times used for these experiments, the cross-
peaks are spectrally narrower than the excitation pulses that
create them. Shorter delay times lead to broader cross-peaks.
This narrowing is predicted by simulations that account for the
Gaussian frequency distribution of the excitation pulses. The
narrowing results from interference between the driven and FID
components during the pulses which effectively extends the
measurement time.

The dynamics can be measured by changing the delay times.
Figure 4 shows two-dimensional representations of theτ2′ - τ1

andτ-2 - τ1 dependence for representative values ofω1, ω2,
andωm. It is the experimental implementation of Figure 1, and
it contains all of the dynamical information about populations
and coherences. For this paper, the figure shows how the

Figure 3. The top row in each sequence shows the WMEL diagrams
for the 12 different coherence pathways. The horizontal lines indicate
quantum-state energies, and the solid and dotted vertical arrows
represent ket and bra side transitions of a coherence. The double arrow
represents the output transition. The two rows of spectra show the region
of Figure 2 from (x, y) ) (ω1, ω2) ) (1960, 1900) to (2020, 1960)
cm-1 for each coherence pathway with the monochromator set to either
2002 or 1976 cm-1 to optimize the FID of theR or â pathways (middle
row of spectra) or scanned soωm ) ω1 to optimize the driven signal
(bottom row of spectra).

Figure 4. The log(FWM intensity) as a function of theτ2′ - τ1 (x
axis) andτ-2 - τ1 (y axis) time delays. The excitation frequencies and
monochromator position are set to (ω1, ω2, ωm) ) (a) (2002, 1943,
2002); (b) (2002, 1917, 2002); (c) (1976, 1943, 1976); and (d) (2002,
1931, 1976) cm-1 to optimize the pathways (IR, III R, VR, VIR), (IIR),
(IVâ, Vâ, VIâ), and (Iâ, IIâ, III â), respectively. (Theω2 ) 1931 cm-1

setting for 4d optimizes the spectral overlap with fundamental and
combination band transitions at 1943 and 1917 cm-1.) The intensities
in each region should be compared to Figure 1 in order to see the
relative intensities and decay rates for the coherence pathways chosen
by each (ω1, ω2, ωm) combination.
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intensities change when different pathways are chosen by the
different time delays. In Figure 4a, for example, settingω1 )
2002, ω2 ) 1943, ωm ) 2002 cm-1 allows triply resonant
contributions from pathways IR, III R, VR, and VIR, and the
corresponding regions in the figure have large intensities. The
finite duration of the excitation pulse results in some contribution
in regions II and IV. If one selects a point in region I and moves
horizontally to more positiveτ2′ - τ1 values, the decay defines
the dephasing rate of the ba coherence,Γba. If one moves
diagonally to more positive values ofτ2′ - τ1 andτ-2 - τ1, the
decay definesΓbg. Moving diagonally to more negative values
of τ2′ - τ1 and τ-2 - τ1 in regions V or VI defines the
population relaxation,Γgg.

If one selects different values forω1, ω2, andωm, different
pathways are optimized, and the shapes of the temporal
dependences change depending on which pathways are enhanced
by the specific (ω1, ω2, ωm) values. Figure 4b,c,d corresponds
to ω1, ω2, andωm values that optimize the IIR; IVâ, Vâ, and
VIâ; and Iâ, IIâ, and IIIâ pathways, respectively. Comparison
of Figure 4a-d provides an overdetermined measurement of
the system dynamics. It reveals that, in addition to the dephasing
kinetics, rephasing of the inhomogeneous broadening, coherence
transfer, and quantum beating effects are important in quanti-
tatively describing the dynamics in Figure 4. A quantitative
description of these effects is beyond the scope of this letter
and will be described in a later publication.

The different pathways have different spectral characteris-
tics.22 The correlations between the first and third coherences
in time orderings III and V provide rephasing and inhomoge-
neous line narrowing when broadening produces correlated
shifts, while those in pathways IV and VI provide rephasing
and line narrowing for anticorrelated broadening. The second
coherence in time orderings I and III are zero-quantum coher-
ences that exhibit natural line narrowing22 for correlated
broadening, while II and IV create double-quantum coherences
where the broadening effects are amplified for correlated
broadening.16,17 The effects are reversed for anticorrelated
broadening. Time orderings V and VI create populations that
correlate with traditional pump-probe methods and the time
domain multidimensional spectroscopies. Appropriate choice of
the different pathways allows one to measure the spectra and
dynamics of all the coherences.

The feasibility of the mixed frequency/time domain analogue
to heteronuclear NMR opens new measurement opportunities.
Although this work used vibrational levels to define the
characteristics of the approach, the methods are universal and
apply equally to electronic and/or vibrational states. For
example, earlier work with triply resonant multidimensional
spectroscopy accessed coupled vibronic and electronic states,24-27

while doubly vibrationally enhanced (DOVE) FWM used time
orderings I and III with a virtual electronic state and two
vibrational states.1,28The twelve pathways represent all possible
FWM analogues to heteronuclear NMR. The multiple dimen-
sions provide flexibility in extracting spectral and dynamic
information. For example, isolation of a specific coherence
pathway avoids the ambiguities of the bleaching, stimulated
emission, and excited-state absorption pathways in pump-probe
methods, and it resolves the effects of spectral diffusion and
relaxation.20 One can also isolate the coherent or incoherent
dynamics and determine the correlations between different

quantum states. The use of the mixed frequency/time domain
methods also opens opportunities for more sophisticated meth-
ods. Higher-order nonlinear mixing processes allow one to
access higher-order coherences that provide greater simplifica-
tion and more information about the correlation of quantum
states. All of these methods are capable of multidimensional
imaging analogous to the one-dimensional imaging of coherent
anti-Stokes Raman spectroscopy (CARS).29 If both infrared and
UV/visible pulses were used, one could have the selectivity of
a vibrational measurement and the spatial resolution of a UV/
visible pulse.
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