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Ultrafast spectroscopy is dominated by time domain methods such asqurotge 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- higher frequencies required for optical analogues. Currently,
tional spectroscopy has provided a complementary approach tophase coherence is achieved by deriving the excitation pulses
incoherent pump probe spectroscopy. The 2D-IR methods are from a single pulse with sufficient bandwidth to excite the
the optical analogues of multidimensional NMR, and they are quantum states of intere',but this approach is limited to
now feasible using both frequency and time domain nonlinear quantum states which fall within the achievable bandwidth. It
four wave mixing (FWM) method’:14 Time domain 2D-IR is important for multidimensional optical methods to access
methods measure the temporal oscillation of the nonlinear quantum states with arbitrary energy differences.
coherences, while frequency domain methods measure the FWM |n this paper, we demonstrate that mixed frequency/time
intensity while scanning the excitation pulse frequency. There domain spectroscopies avoid the requirement for long-term
is interest in developing the optical analogues of heteronuclear phase coherence, since phase coherence is only required during
NMR where one can establish multiple- and zero-quantum the dephasing tim& We present all of the possible four wave
(MQ—-ZQ) coherences between any quantum staté8For mixing (FWM) analogues of heteronuclear NMR methods,
example, Scheurer and Mukartfehave proposed the hetero-  including the CT3 and HMQQmethods proposed recently by
nuclear three-pulse coherence transfer (CT3) and the modifiedScheurer and Mukamé}.We show that the mixed frequency/
heteronuclear multiple-quantum coherence schemes (HMQC time domain approach provides the same spectral resolution and
as practical NMR analogues. The MQ@Q coherences form  dynamic measurement capability as time domain methods, and
networks of coupled states that simplify complex spectra and it allows one to apply coherent multidimensional spectroscopy
establish the correlations required for obtaining structural and to the wide range of quantum states of interest in science. We
dynamical details about a sampfé’MQ—ZQ methods require  also show that the spectral resolution can be enhanced by
phase coherence between the excitation pulses. Time domainncreasing the delays between the excitation pulses.

methods require long-term phase coherence throughout the The mixed frequency/time domain analogues also provide a
measurement of the temporal oscillations. Long-term phase coherent generalization of ultrafast purgrobe methods. Here,
coherence is easily achieved in NMR' but difficult at the  three excitation pulses entangle different coupled quantum states.
One pumps either a population or a M@Q coherence with

; University of Wisconsin. the first two pulses and probes their time evolution with a third
Lawrence University.

s Current address: Oak Ridge National Laboratories, P.O. Box 2008, Pulse. Rather than sensing the changes in the probe intensity,
Oak Ridge, Tennessee 37831. one measures the intensity of a new beam as a function of the
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Figure 1. The diagram categorizes the different time orderings of three excitation pulses fartha — K o + ke phase matching condition. The
excitation frequenciesus, wz, w;") may be equal or different. Each time ordering corresponds to different coherence pathways, and these pathways
are shown as part of Figure 3. Tkendy axes are,' — 71 and7—, — 71, respectively, and zero delay is in the center. Example pulses are shown

for positive time orderings of,’ — 7; and7z—, — 71. The different regions are labeled using the previously published conveftidgihg time
orderings for other FWM mixing processes are also indicated to allow comparison.

frequencies and pulse delays. The state populations reflect the /\\
incoherent dynamics, while the M€ZQ coherences reflect the 7 A - A
coherent dynamics. The three spectral and two temporal 2100~ . 0

dimensions in this method allow isolation of particular coherence
pathways and resolve the bleaching, stimulated emission, and 2075
excited-state absorption pathways that complicate ptpnpbe
experimentg?

The experiment uses three picosecond infrared pulses (labelec ¢ |
1, —2, 2) with frequenciesw; and w», pulse delaygy — 71
andr—, — 711, and phase-matchinky = k3 — k2 + k». A 2000
monochromator ab, spectrally resolves the nonlinear signal.
The first pulse excites a coherence, the second pulse excites 1975
either a population or a MQZQ coherence, and the third pulse
excites a second coherence. If there is inhomogeneous broader 4
ing, the second coherence can result in rephasing or non- ;g5 I° : ] 35
rephasing of the nonlinear polarization created by the first pulse. :
The experiments provide two-dimensional cross-sections of the 1900 3
5D variable spaceu(s, w2, wm, -2 — 71, T2 — 71) Where two 1900 1825 1960 1575 5000, 035 2050 2075 2100 s
variables are scanned and the other variables are fixed. Since w, (em)
the signal contains bo_th a _dr'ven and a free induction decay Figure 2. 2D spectrum showing the log(FWM intensity) vs the two
(FID) component, we either fiwm at the frequency of the output  excitation frequencies. The lower box indicates the transitions for the

S

coherence to optimize the FID component or segn So wm Ni(CO),(PPh),, and the upper box indicates those for the Ni(gh.
= w1 to optimize the driven component ay = w1 — w2 + The 1D infrared spectrum of the mixture (blue) and the benzene solvent
wz. The sample is a 20Pm-thick mixture of 10 mM bis- (red) appears on the top and right side for comparison. The strongest

; ; ; ; : feature at 1962 cnt is the benzene solvent. The very weak wings on
(tr_|phenylphosphllne)d.lcarbonyl r."CkeI’ (.NI(CWPQ).Z’ and the lower-energy diagonal features are attributeé/ to highe?—order
(triphenylphosphine)tricarbonyl nickel, (Ni(C&IPPh), in ben- processes.
zene, which we use as a simple model system to demonstrate
the methodology! HMQC' NMR analogued?® The time orderings labeled V and

Just as NMR uses many different pulse sequences to obtainVI generate populations that are used extensively to define the
specific information about particular coherences, each FWM incoherent dynamicswhile the -1V time orderings define the
pulse sequence probes three of the five possible FWM coher-coherent dynamics. Time orderings | and Ill excite zero-quantum
ences and two possible populations. Figure 1 shows the sixcoherences with natural line narrowing, and time orderings |l
possible time orderings (labeledV1) of FWM. 22 For each time and IV excite double-quantum coherences that access two-
ordering, there is a parametric and nonparametric pathway photon state?1?

(labeleda and j3). It also shows the time orderings for the Figure 2 shows the1/w, spectrum for time-ordering | where
familiar photon echo, transient grating, and punppobe om= w1, T2 — 71 = 2.5 ps, and_, — 71 = 1.5 ps. The &,
method< as well as the less familiar reverse photon echo and pathways have zero-quantum coherences that create cross-peaks
reverse transient grating methédsd the proposed CT3 and between different vibrational states that are analogues of those
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combination band transitions at 1943 and 1917 tjiThe intensities
in each region should be compared to Figure 1 in order to see the

L} \ i
1 relative intensities and decay rates for the coherence pathways chosen
08 by each @1, w2, wm) combination.
i The cross-peak position in Figure 3 depends on a pathway’s
it coherences and the experimental parameters. The four states
0.2 (labeled g, a, b, and (& b)) form five coherences labeled bg,

: 0 ag, ba, (at b)g, and (at+ b)a. The Ni(CO)(PPh), coherences
Figure 3. The top row in each sequence shows the WMEL diagrams in the twelve pathways are resonantly enhanced when the

for the 12 different coherence pathways. The horizontal lines indicate excitation frequencies are respectively setio= 2002,w, =
guantum-state energies, and the solid and dotted vertical arrows 1943,01 — wo = 59, w1 + w» = 3919, andw; — wy + Wy =
represent ket and bra side transitions of a coherence. The double arrow, 976 cntl and these conditions define the cross-peak positions
represents the output transition. The two rows of spectra show the region . '
of Figure 2 from &, y) = (w1, w2) = (1960, 1900) to (2020, 1960) For example, pathwayol involves bg, ba, and bg coherences,

cm-for each coherence pathway with the monochromator set to either SO the cross-peak appears at (= 2002, w, = 1943) cnrt,

2002 or 1976 cmt to optimize the FID of thex or 8 pathways (middle Pathway I\ involves ag, (at+ b)g, and (at+ b)a coherences,

row of spectra) or scanned &g, = w; to optimize the driven signal so the cross-peak appearsat & 1943,w; = 1976) cntl. In

(bottom row of spectra). both examples, the pathways can be fully resonant with the two

excitation frequencies, and the cross-peaks appear at the

in heteronuclear NMR. The boxes define the diagonal and cross-expected positions. Similar arguments correctly predict the cross-

peaks between the carbonyl stretch modes of the N{E&BJ), peak positions for the other six fully resonant pathways, for

(lower left box) and Ni(COXPPh) (upper right box). The  spectra withwy, both fixed and scanned. Pathways li 3, 111 3,

infrared spectrum of this sample is shown on the same scalesand Vo cannot be fully resonant ib, = w,. Their cross-peak

for comparison. appears at frequencies where the excitation pulse bandwidth
Figure 2 contrasts markedly with an earlier specttiaken optimizes the three resonances.

without time delays or a monochromator so twelve different  With the delay times used for these experiments, the cross-

coherence pathways contribute simultaneously (see Figures Ipeaks are spectrally narrower than the excitation pulses that

and 3). The spectrum in Figure 2 is much sharper, and the create them. Shorter delay times lead to broader cross-peaks.

features are well-resolved. In fact, the cross-peaks are narrowerThis narrowing is predicted by simulations that account for the

than the excitation spectral widths. Gaussian frequency distribution of the excitation pulses. The
The spectrum changes for differant andz, time orderings. narrowing results from interference between the driven and FID

An example Ni(CO)PPHh), cross-peak is shown in Figure 3 components during the pulses which effectively extends the

(bottom part) along with the corresponding wave mixing energy measurement time.

level (WMEL) diagrams (top part) for all twelve pathwadps. The dynamics can be measured by changing the delay times.

The top row of spectra fixesn, at the FID output frequency of ~ Figure 4 shows two-dimensional representations ofthe 71

the o. or 5 pathways, while the bottom row of spectra makes andz_-, — 7; dependence for representative valuesvef w,,

wm = w1 SO the driven signal from both pathways will be seen. andwn,. It is the experimental implementation of Figure 1, and

The former condition isolates a particular pathway, while the it contains all of the dynamical information about populations

latter condition isolates a particular time ordering. and coherences. For this paper, the figure shows how the
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intensities change when different pathways are chosen by thequantum states. The use of the mixed frequency/time domain
different time delays. In Figure 4a, for example, settimg= methods also opens opportunities for more sophisticated meth-
2002, w, = 1943, wm = 2002 cnt? allows triply resonant ods. Higher-order nonlinear mixing processes allow one to
contributions from pathwaysol Il o, Va, and Via, and the access higher-order coherences that provide greater simplifica-
corresponding regions in the figure have large intensities. The tion and more information about the correlation of quantum
finite duration of the excitation pulse results in some contribution states. All of these methods are capable of multidimensional
in regions Il and IV. If one selects a point in region | and moves imaging analogous to the one-dimensional imaging of coherent
horizontally to more positivey — 71 values, the decay defines  anti-Stokes Raman spectroscopy (CARHj.both infrared and
the dephasing rate of the ba coherenEg, If one moves UV/visible pulses were used, one could have the selectivity of
diagonally to more positive values of — 71 andr—, — 71, the a vibrational measurement and the spatial resolution of a UV/
decay defined’,q. Moving diagonally to more negative values visible pulse.
of 72 — 17 and -, — 71 in regions V or VI defines the
population relaxation] g Acknowledgment. This work was supported by the Chem-
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