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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 pumpprobe spectroscopy and allows the dissection of the individual pathways.

Introduction coherent infrared sources (frequencigsandw,) create three
o ) . . excitation pulses (frequencies;, w>, w2) that generate four-
The coherent multidimensional vibrational spectroscopy \4ve mixing in theks = Ky — Ky + Ky phase-matching direction.

analogues of multidimensional NMR promise to provide the monochromator measures the output beam intensiiy, s
selectivity and resolution of modern NMR methods to vibra- a function of thew; and w, frequencies and the; = 7 — T,
j = T i

. 3 .- ) >
tional spectroscopy.2 Coherent multidimensional vibrational temporal delays of theand] input pulses. Figure 1 shows the

methods rely on simultaneously exciting two vibrational modes 13 TRIVE coherence pathways that define the temporal evolu-
§ion of the CS molecular coherences. The pathway labeled
TRIVE-Raman is important i»; 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 thg, output
polarization. In TRIVE-FWM, appropriate selection of the
{requencies ofw1, w,, and w2, the two time delays between
the three excitation beams, and the detection frequengy,

double spin coherences in multidimensional NK¥MRHetero-
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 resonéries.
Frequency domain methods are complementary methods tha
use longer pulses to excite vibrational modes with frequency o ) .
differences exceeding the excitation fields' bandwidth. The Ccontrols the relative importance of different pathways and their
phase relationships between beams are important forlnterfer_e_nce effects. This con_trol aIIows_elther the selection of
establishing the excited coherences that emit in the phase-2 SPecific pathway or the choice of multiple pathways that can
matched direction. In this paper, we use triply vibrationally interfere at the amplitude level and allow coherent control of
enhanced (TRIVE) four-wave mixing;12a hybrid method in the relative intensities of features in a multidimensional
which three tunable infrared excitation beams (two with the spectrumt?

same frequency) are each resonant with vibrational transitions. The TRIVE-FWM processes are related to punmpobe
Multidimensional spectra result from scanning the excitation methods. TRIVE-FWM and two-color pumiprobe experi-
frequencies and spectrally resolving the output signal. The time ments share the same coherence pathways they also have
delays and output frequency can be fixed to isolate individual important differences. Pumfprobe experiments use a pump
coherence pathways, whereas other choices permit amplitudeto create a population followed by a probe whose intensity
level interference that can coherently control the relative measures the changes in population caused by the pump. The
intensity of cross peaks. Because it is a frequency domain different coherence pathways interfere and result in probe beam
method, the phases of the different excitation frequencies dointensity increases and decreases depending upon the relative
not play the same role as in heterodyned methods. TRIVE-FWM contributions from the bleaching (analogous to pathways |
has the ability to probe cross peaks between vibrational modes|g, llla, and 113 in Figure 1), stimulated emission §/and

that are widely separated in frequency. Vla), two-photon absorption @, 113, IVa, and I\j3), and
This study uses the G$; symmetric stretch at 656 cth excited-state absorption fvand VIB) pathways:*15> Because

the v3 antisymmetric stretch at 1520 ¢ and the ¢; + v3) pump—probe methods involve two interactions at the amplitude

and (1 + 2v3) combination bands at 2170 and 3670¢mas a level in the pump step, the methods are dominated by pathways

model systert? to explore the characteristics of TRIVE-FWM  Vq, Vla, VA, and V3. TRIVE-FWM processes create a new
that were predicted in an earlier publicati®fiTwo tunable and  coherent beam whose intensity is controlled by three multiplica-
tive resonance enhancements. Instead of measuring the intensity
* Corresponding author. E-mail: wright@chem.wisc.edu. changes of a probe beam, the TRIVE method measures the
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Figure 1. Twelve Lee-Albrecht diagrams for TRIVE-FWM. The, a, b ¢, andd letters designate the ground, vz, (v1 + v3) and @1 + 2v3)

states, respectively. Levetsandd are combination bands and are shifted by the anharmonic coupling \@laesl &, respectively. Solid lines
represent ket-side transitions, dotted lines represent bra-side transitions, and the wavy line represents the radiated output. Procgssew in the to
(labeleda) involve even numbers of bra interactions, whereas processes in the bottom row (jealedlve odd numbers. If stateis not a
combination band, then the TRIVE-Raman pathway is not presentt; Tepresent the absolute time of thb pulse.

intensity of a new beam created in the phase-matched direction.states. If state is a combination band involving statasndb,

We show that appropriate selection_ of the excitation frequencies, than one can writé’ﬁg — F’;g + F;Sg + 2., /Fz *  wherena
time delays, and output frequency in TRIVE-FWM controls the s the correlation coefficient for the two levefs!’We assume

interference between pathways. Because the excitation pulsey,a; the exciting electric fieldsE;, are Gaussian with the form
widths in these experiments are close to the_ dephasing timesgo exp(~t%ai?). The net nonlinear polarization requires sum-
(~1—10 ps), one can use time delays to either enhance or

. mation over the contributions from all of the pathways
attenuate one or several pathways, so the interference eﬁecr%iagrammed in Figure 1. Because the output intensity depends
can coherently control the relative intensities of features in a

itid ional ¢ on the square of the electric field created by the nonlinear
muftidimensional spectrum. polarization, there will be cross terms between each of the
pathways’ contributions that define the observed interference

Theory effects.

The nonlinear polarization responsible for creating the
TRIVE-FWM output is related to the electric fields of the

For the experiments reported in this paper, two pulses have
the same frequencies, so not all pathways can be fully resonant.

excitation pulses by the response function. We will assume the The 2D spectra predicted in the steady-state limit for this two-

homogeneous limit for the work in this paper and use the |

color case have been previously describethe magnitude and

pathway as an example. The extension to the other pathways ishe real and imaginary parts of the resonant third-order

summarized in Tables 1 and2'617The nonlinear polarization
is then given by the expression

Pk Ko Ky, ) = N[ [ [ Ep(ky t — 1)} x
{Ex(kp t =t =ty + ) H{E (ky, t =t — t, =t +
Ty + To)} X Sty 1, t,) dity dt, o, + c.c. (1)

where the response function for the pathway is

Silts o ty) = (%)3ﬂgougwbgucg9(tz-) x
exp[(_iwcg o rcg)tZ']O(tZ) exp[(—iwg, — Tty -0(ty) x
exp[(_iwcg - rcg)tl] pgg(o) (2)

Here, 4j and wjj are the moments and frequency of the
transition, thed(t) functions are Heaviside functions that enforce
causality, andogg(0) is the initial value of the ground-state
density function. The dephasing rate between statedl] is
Ly={ +Iy)/2+ I“}Jf where the diagonal dephasing ratEsg,
andT;, represent population relaxation of thandj states and
I“;’j‘ is the pure dephasing rate for the transition. If one of the

susceptibility for each pathway are shown in Figures 2 and 3
as a function of the two excitation frequencieg,andw,. 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“cfwhm, verti-
cally polarized infrared pulses. The OR# output is split to
create thek, andky beams required for thie, = k; — ko + k»
phase-matching geometry previously describe@ihe output
is isolated with an aperture and measured with a 0.3-m
monochromator, a 2-cm bandwidth, and a single-element
cooled MCT detector tuned t@,,. The sample consists of a
100-um-thick 0.3 mol % C%99.7% CHCI, solution sand-
wiched between two 3-mm optically smooth Gakindows.
The w value is tuned near the; + v3 combination band at
2170 cnm?, and thew; value is tuned near the; fundamental
at 1520 cm®. Note also that 1 — wy) is near thev;
fundamental at 660 cm. The frequency accuracy is 2 cf

states is a combination band, then the dephasing rates fromResults and Discussion

different states are related, depending upon the correlation of

the solvent-induced fluctuations in the frequencies of the two

Because the pulses’ temporal widths are similar to the
dephasing times, the response function lies between the CW
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Figure 2. Magnitude and real and imaginary parts of the steady-gt@téor the sixa pathways in a two-color experiment where the intensity is

measured as a function af, and w,.

TABLE 1: Form for P(t) for Different Pathways?

PE)(1) pathway$
N/ESofoEx(t — ta)Ealt — to — ta + T22)Ea(t — tn — ty — t3 + o1 + 722) SI(ta, to, ts) dts ity dity la, If
Nfooofooofg_éz(t —t3+ TZ’Z)EZ’(t -t tz)E1(t —ty — tp — t3 4+ 721+ 722) Sty t, t3) dtzdty dty Ilo, 118
NSE 2 [PE2(t — ta)Ea(t — to — ta + To1 + T22)Ealt — ti — to — ta + T22)d(ty, to, ts) dtadto ity o, 1B
N/ESo Bt — ts + T22)Ea(t — to — ts + To1 + T22)Ea(t — t1 — to — ts) SI(ty, to, ts) dta ity oty Vo, IVB
NSoSo OBt — ts + To1 + T22)Ex(t — to — t) Bt — t1 — to — t3 + 722) S(ty, to, t3) ditaditdlty Va, VB
NSo o [PEx(t — ta + To1 -+ T22)Ealt — th — ta + T22)Ex(t — ty — tp — ts) S3(ty, to, t3) dits dit, dity Via, VI

ITRIVE-Raman has the same function as TRINEWhenw; > w; or TRIVE llla whenw;, > w1

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

TABLE 2: Functions S(t) for Each Pathway

la
1B
o
Ing

o

ng
IVa

Vg

Va

A7

Via

VIS

TRIVE-Ramamw, > w;
TRIVE-Ramanw; > w1

and impulsive limitst18 The output frequency can differ in each
limit. The CW limit corresponds to a forced oscillator model

(i) 3u g gnitngitegd (t3) € “edse Teds (1) € etz Terl2f (1) € “edieTed1p(0)
— (i) 3ubgudetngitcgd (ts) e “adse Tkl (ty) e 1@ eoe Tev2f)(ty) e “egre Tedsp(0)
(i) 3u g cataeg? (t3) €@ edse Tedaf) (t) e~ @adoeTag20) (1) e “edieTedip(0)
— (i) 3ubdungitagitcgd(ts)e @adee Tudaf(ty) e 1@ adee Tade(t1) e edie Ted1p(0)
(i) 3u g gnitegitngd(ts) e Vedse Tedaf(ty) e @etee Tevl20(ty) e 1@ atae Tart1p(0)
— (i) 3ubdudgtcgingd(ts)e  @adse Tadaf (ty) e 1@ete Ton20(ty) e 1 @atie Tath1p(0)
(i1A)3u g cqitagitngd (ta) € edse Teds0 (tr) €1 adee Tagz0 (t1) € b1 ool p(0)
— (i) 3undungitanungd(ts) € ddse Taad(ty) e @adee Tug26(ty)e 1 “bde Todsp(0)
(i1A)3u g cgignitngd(ts)e “edse Teda(to) e a2 (t1) e as're Tartp(0)

— (i) 3ubdutdnttogungd(ts) € @ane Taaf(t) e Tov20(ty) e @artie Tavip(0)

(i) 3u g cgignitngd(ts)e “edse Teda(to) e a2 (t1) e bg'1e Tod1p(0)

— (i) 3ubdutdnitogiungd(ts) € @abe Tasaf(t)e Tov20(ty) e “odie Tog1p(0)

(i1A)3u g cattagtegd(ts)e 1 “edse TedsO(tp) € Vadze Tad20 (t1) € edie Ted1p(0)
(I1R)3uadtcqitagtcgd(ts) € @cdse Tedaf (1) € 1 @gd2e Tad20(t1) € “edie Teg'1p(0)

combination of the excitation field frequencies. Because the
excitation line width is narrow and lies within the bandwidth

where the output coherence frequency is defined by the linearof the molecular transition, the multidimensional spectrum is
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Figure 3. Magnitude and real and imaginary parts of the steady-gfatéor the six3 pathways in a two-color experiment where the intensity is
measured as a function af, and w,.

TABLE 3: Summary of the Peaks Expected for a Two-Color TRIVE Experiment in Dilute Carbon Disulfide for Each Pathway
in Figure 12

driven oscillator free-induction decay
resonant w1 wy ®Wm w1 w> Wm
pathway enhancements coherences (cm™) (cm™) (cm™) (cm™) (cm™) (cm™)
lou triply enhanced cg, cb, cg 2170 1520 2170 2170 1520 2170
Ila triply enhanced cg, dg, cg 2170 1500 2170 2170 1500 2170
o triply enhanced gb, cb, cg 2170 1520 2170 2170 1520 2170
IVa 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
Va triply enhanced gb, gg, cg 2170 1520 2170 2170 1520 2170
Via triply enhanced bg, gg, cg 2170 1520 2170 2170 1520 2170
18 doubly enhanced cgch 2170 1520 2170 2170 1520 2150
doubly enhanced cb, db 2150 1500 2150 2150 1500 2150
g doubly enhanced cg, dg 2170 1500 2170 2170 1500 2150
doubly enhanced dg, db 2150 1520 2150 2150 1520 2150
11§53 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
Vg triply enhanced bg, dg, db 2150 1520 2150 2150 1520 2150
V[ triply enhanced gb, dg, db 2150 1520 2150 2150 1520 2150
VI3 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| etters in the resonant coherences label the two vibrational states referenced in Figure 1 for the two-color experiment.

recorded in the frequency domain. The impulsive limit corre- only two resonances if the frequency differences exceed the
sponds to the free-induction decay model where the output bandwidth ofw, andw>.12 The remaining eight pathways are
coherence radiates at its natural frequency. Because most ofriply resonant. The eight fully resonant diagrams in Figure 1
the excitation energy lies outside the bandwidth of the molecular predict peaks at three positiongvi, w2, wm) = (2170, 1520,
transition, the multidimensional spectrum is recorded in the time 2170), (2170, 1500, 2170), and (2150, 1520, 2150)cifhese
domain. Simulations of our experiments show that the output positions correspond to the ground-state transitionsstand
signal has important contributions from both the forced oscillator v, + v3 at 1520 and 2170 cm, respectively, and the excited-
and the free-induction decay. state transitions; + v3 — v; + 2vz andvz — v; + 2v3 that are
Because our experiments have only two tunable frequenciesanharmonically shifted by to 1500 and 2150 cr, respec-
(labeledw; andw,), pathwaysg, 115, 111 5, and Vo may allow tively. In addition, there is a ninth fully resonant peak from the
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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.

TRIVE-Raman process (Figure 1) at (2170, 1510, 2170)%¢m  TABLE 4: Summary of Parameters Used for the
where the 1510-crrit position is associated with the + v3 — \?V%Tg;\rbﬁggr?%% e‘Lthg{s'Elr%?cza?ég]ulanons, n
v3 transition that is anharmonically shifted ky from the

ground-state transition. There are two or three possible peak resonance frequencies: Weg 2169 cnm’
positions for the four diagrams in Figure 1 that are not fully zbg égég gﬂl
resonant. These peak positions depend on the excitation w:g 656 cnrl
frequency bandwidths ab; andw, and the size of the forced
oscillator or free-induction decay contributions. All of the population relaxation [ee + Tgg)/2 1.3 cnrt
possible peak positions are summarized in Table 3 and discussed ~ dephasing parameters: I'nf =+ Tgg)/2 0.8 Cqu
more fully elsewheré? (Il:ddill:gg)g (2) o
Figure 4a shows the TRIVE-FWM 21, w, dependence EF::JF rzgz 5 gnrl
where no monochromator was used to select the output (Taa + Thp)/2 3cntrt?
frequency and the three excitation beams were temporally Tgg=Tup lenr?
overlapped. Only one discernible peak appears atdhed?) )
= (2170, 1506) cm' position despite the fact that all of the  Pure dephasing parameters: Il .7 e
pathways in Figure 1 should contribute. The effects of these [50.18 et
pathways can be simulated. The spectrum in Figure 4b is a 7ab 1
simulation using the response functions in the homogeneously  gjectric field parameters: 01= 02 =05 0.7 ps

broadened limit described earlier. The simulations used 0.8-ps-

intensity fwhm Gaussian pulses with the measured experimentaltoward 1520 cm!. Whenw, = 1520 cnt?! and the pulses are
delays defined in the Figures, line widths from IR, Raman, and temporally overlapped, pathways, Illl o, Vo, and Vi create
DOVE spectra, and an anharmonicity= 19 cnt?, for the a triply resonant peak atg, w1) = (2170, 2170) cm' that
excited-state transitior8.A scaling factor ofv/2 was used to corresponds to the strongest peak in the spectra. In addition,
calculate the excited-state transition dipoles from the ground- pathways I\3, V3, and V|3 create a triply resonant peak at
state dipole§.These values were not adjusted to fit the spectra. (wm, w1) = (2150, 2150) cm! that correspond to the weaker
The simulation shows that although the 13 different pathways diagonal peak. There are also less important contributions from
in Figure 1 produce peaks at three different positions the netthe other pathways. For example, thealM, 113, and 1113
contribution from all of them merges the three peaks into a pathways that are not fully resonant could produce peaks at
single symmetrical peak at an intermediate spectral position. either @wm, w1) = (2150, 2150) cm?! or (2170, 2170) cm! or

The simulations predict the correct position of the peakdgr on the diagonal between these two positions if the majority of

but the peak is shifted to significantly lower valueswf and the signal is produced by the forced oscillator component. Any
its shape is different from that observed. The values for the free-induction decay component would be observed directly at
simulation are summarized in Table 4. (2150, 2150) cm! for the 113 and 113 paths, (2150,2170) cr

The participation of the different pathways becomes clearer for the I3, 113, and 118 paths, and (2170, 2170) cthand (2170,
if the experimental variables are chosen to discriminate between2150) cnt? for the IVa path. Pathway t should contribute
the pathways. Figure 5 contains examples of how using a negligibly in this spectrum because the fixed valueuwsf=
monochromator with frequenay, can spectrally resolve the 1520 cnt! prevents it from achieving multiple vibrational
output frequency and provide discrimination. The Figure has a resonance.
series of related 2D TRIVE spectra that show thgn,(w1) The observed spectrum with, = 1520 cnt! is consistent
dependence for different values®$ and pulse time delays. In  with the contributions from the eight fully resonant contributions
the top row of spectra, the three excitation pulses are temporallybecause it shows two major peaks along the main diagonal.
overlapped as they were in Figure 4. Note that a second weakThere is also an off-diagonal feature at w1) = (2150, 2170)
diagonal peak appears and becomes strongem,amoves cm! that cannot be fully resonant and cannot be from the forced
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Figure 5. Two-dimensional TRIVE spectra where the pulse delays@andalue are indicated and the, and the monochromator frequencies are
changed.

oscillator component. The peak becomes stronger wiheis 6 and 7 show that appropriate choices of these parameters can
between 1504 and 1520 cr It can arise only from free-  provide sufficient discrimination to observe a single path. Figure
induction decay terms in the less resonant paths, particularly 6 shows the spectra where the monochromator frequency selects
the 16, 113, and I3 paths. These pathways are enhanced for for the a pathways, and Figure 7 shows the spectra where the
the intermediate values @i, because there is greater spectral monochromator frequency selects for fh@athways. In each
overlap with the two resonances involvieg. The IVa path Figure, individual pathways are represented by single columns
would produce a peak abf, wi) = (2170, 2150) cm! from that correspond to the chosen time delays. Each column contains
the free-induction decay component of the signal, but it is either (1) the experimental conditions that select a specific pathway,
not observed or is suppressed by the fully resonant terms at(2) a diagram of the selected pathway, (3) the experimemntal (
(2170, 2170) cm. The observation of a free-induction decay w>) spectrum, and (4) a simulated spectrum using the values in
peak from the #, II3, and 1|3 processes indicates that the Table 4.
monochromator could provide a significant increase in dis-  One can see that the position of the peak changes depending
crimination betweero. and 8 pathways for this dilute GS upon which pathway is enhanced by the selection of delays and
system. monochromator position. These variables are summarized in the
The bottom spectra in Figure 5 show the effects of introducing Figure. All of the triply resonant pathways have peaks at or
time delays. If thew; pulse follows thaw, andw;' pulses (see close to the positions expected from the resonances. The doubly
the spectrum withr;, = 0.92 ps), then the fully resonant resonant peaks are not at defined positions in Figures 6 and 7
contributions from the ¢4 and Vio, pathways are enhanced. because Table 3 shows that there are two or three sets of
These pathways are responsible for the two diagonal peaks. Ifresonant states that can provide double resonances that interfere
the w; precedes the, andw;’ pulses (see the spectrum with and shift the expected peak positidd he simulations show
727= 0.92 ps), then the contributions from the,# and llo,3 how the different double resonances and the interfering pathways
pathways are enhanced. The &nd llo pathways are triply are predicted to interfere and generate the observed peak. One
resonant and are responsible for the majority of the strong can see that the simulations model the peak positions quite well.
diagonal peak. The free-induction decay from the less resonantThe peaks generally appear at intermediate positions between
I3 and 15 pathways produces the off-diagonal peak in the the two or three possible peak positions in Table 3 for the doubly
Figure. vibrationally enhanced pathways. In each case, the interference
The changes in the relative intensity of the different spectral between pathways is constructive, so one sees a single peak
features in Figure 5 show that the selection of a monochromatorinstead of two or three separate peaks.
frequency and pulse time delays introduces discrimination The simulations also include the contributions from pathways
between the pathways contributing to the overall signal. Figures other than the one optimized by the selection of temporal delay
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Figure 7. Spectra with temporal and spectral discrimination set to enhance specific TRIVE patlways2149 cnr.

and monochromator position. The discrimination between Va pathway spectrum has important contributions from the IlI
pathways depends on the delay time relative to the pulse widths.pathway that do not shift the expected peak position, the 1lI
The spectra with 400-fs delays have the least discrimination pathway spectrum has important contributions from tfe |
between pathways, and these spectra contain important contribupathway that shift the position, the fpathway spectrum has
tions from other pathways. The spectrum for thex\lathway important contributions from theflpathway that shift the peak
has important contributions from the &vpathway because of  frequency to lowerw, values, and the ¥ pathway spectrum

the small delay between the; and w, beams, so the peak is  has important contributions from the fpathway that do not
shifted to lowerw; andw, values. Similarly, the \j# pathway shift its peak position. In each of these examples, the peak
spectrum has important contributions from thesl@gathway, position is adequately reproduced by the simulations.

but in this case, the peaks expected from each pathway are There are differences between the observed spectra and the
identical and no shifting occurs in the peak position. Similarly, simulations. The simulations predict that theal\pathway is

the Illo. pathway spectrum has important contributions from the shifted to a significantly different position than that observed.
lo. pathway that do not shift the expected peak position, the This case involves the most interfering processes because the
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15— — — involve different coherences, they will experience quantum
beating. After the first two interactions with; andw,, the

and lllo. pathways both produce@;, coherence involving the

¢ = (v1 + v3) andb = v3 states, whereas the TRIVE-Raman
pathway produces @xg coherence involving tha = v; and the
ground state. The Figure shows that the character of the
interference changes as a function of the- t, 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

FWM intensity

S
&)
:

I(t) 0 |Ze—rcbte—iwcbt + e—Fagte—iwagt|2

wherewj andI’j are the frequencies and dephasing rates of the
ij coherence. The factor of 2 comes from the presence of both
lo. and lllo. processes, which have the same intermediate
coherencegh. The frequencies of the two coherences differ by
& = 8.1 cnTl, and they therefore beat with a 4-ps period, in
Figure 8. Coherent beating between and TRIVE-Raman pathways. ~ ggreement with that from the spectra and TRIVE-Raman
onr?hyed;etZ I?;\et cgftf); fi\g:)tieécl’"?dz,“ggz'% f't21T7h29) grﬁ?oiqmetgzlg'ﬁns'ty iOrllcorporation into the fits in Figurei—zl? : Fittinlg of the te_mporal
wheret, — t; ~ 0 ps and — t, is varied. eptlandenpe results in valueslgh = 1.1 cnt* andl'ag = 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 kere.

0 2 4 6 8 1012 14 16 18 20 22 24 26 28 30
t,-t, (ps)

0

IVa pathway itself involves three different sets of doubly

resonant states and significant contributions from the triply th | h h . ely intert
resonant ki pathway. In addition, the simulations for thexll Wit zero delays, the pathways in DOVE destructively interfered

and IVa. pathways predict an additional feature that is not S° the intensity was a minimum, whereas the interfering TRIVE

observed in the data. The simulations show that small changesP@thways constructively interfere so the intensity was a maxi-
in the simulation parameters can cause substantial differences"U™M- However, the coherences that are probed in the two

in the simulated spectra. The observed differences are attributec*Periments are the same, aﬁgd the measure':d dephasing rates
to inaccuracies in the simulation parameters that define the 29ree between the experimeftsihe value ofé’ and T’y are
relative contributions from the different processes. nearly equal to the values expected from linear-IR and Raman

The spectrum of thedl pathway is interesting because the spectra.
pulse sequence 12, 2 and monochromator setting of 2168
cm! required to enhance thexlpathway also enhance the
TRIVE-Raman pathway. The peak appears:at o) = (2171, TRIVE-FWM’s importance arises because it allows one to
1515) cnt?, which is midway between the expected peaks at perform fully resonant coherent multidimensional experiments
(2170, 1520) and (2170, 1510) from the respectiweand on modes that are well separated in frequency. It is comple-
TRIVE-Raman paths. As explained in the discussion of Figure mentary to doubly vibrationally enhanced (DOVE) FWM, which
4b, there is also some contribution from tifleplathway because  also has this capability2426 TRIVE methods are fully vibra-
it also can produce an output at the monochromator frequency.tionally resonant; therefore, one expects larger nonlinear

Note that none of these peak positions match that seen insusceptibilities than obtained with DOVE methods. Cross peaks
Figure 4a (where many pathways are simultaneously probed)appear in both methods, but they depend on different effects.
because of the constructive and destructive quantum interferencdn TRIVE methods, the cross peaks appear because mode
between the pathways. Depending on the relative separation ofcoupling changes the transition frequency, transition moments,
the peaks, constructive interference can prevent the observatioror dephasing rates so that the destructive interference between
of separate peaks, so a single peak appears in an intermediatdifferent pathways is incomplete. In DOVE methods, at least
position. Such a behavior is seen in Figure 4a where a singleone of the transitions in the FWM must involve a combination
peak appears at a shifted intermediate position. Shifting resultsband transition that is forbidden in the absence of mode
from the complex interference between the pathways responsiblecoupling. Like all of the multidimensional methods, TRIVE-
for the (2170, 1520)- and (2170, 1500)-chpeaks. Similarly, FWM allows one to observe the states and dephasing processes
the (2150, 1520)-cmi peak does not appear because of of the double vibrational coherences that are not accessible by
destructive interference. The conditions that isolate a particular traditional methods.
pathway remove the interference from the other pathways, so Though this experiment provides a method for enhancing a
one can observe the individual contributions. This example particular pathway, it is important to recognize that the degree
shows that one can employ temporal discrimination and output of discrimination between pathways is strongly influenced by
wavelength selection to dissect the contributions from individual both the material’s line widths, anharmonicities, and
pathways to the net response. broadening mechanisms and the input pulses’ widths and delay

The interference between different pathways can also be usedimes. The optimum pulse width depends on the dephasing time
for coherent control of the relative intensities in these 2D of the coherences. If the pulse width is much longer than the
spectra-319-23 Figure 8 shows the results of an experiment that dephasing times, then the resolution will be limited by the

Conclusions

monitors the intensity of the peak ab{, w», wm) = (2172, dephasing time but temporal selection of different pathways is
1520, 2172) cm! for time delays wheré, — t; ~ 0 ps andy not possible. If the pulse width is much shorter than the
— tpis varied. Under these conditions, the I11a, and TRIVE- dephasing times, then the resolution will be limited by the

Raman pathways should contribute equally, and because theyspectral width of the pulses but excellent temporal selection is
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possible. Pulse widths that are similar to the dephasing times  (10) Rubtsov, I. V.; Wang, J. P.; Hochstrasser, R.Rvbc. Natl. Acad.

iy : ; ‘ot i _Sci. U.S.A2003 100, 5601.
optimize both goals, and simulations can assist in an under (11) Meyer. K. A Wright, J. CChem. Phys. Let2003 381, 642.

standing of the relative contributions from different pathways (1) gesemann, D.; Meyer, K. A.; Wright, J. C.Phys. Chem. B004
and the resulting interferences. 108 10493.
(13) Meyer, K. A.; Wright, J. CJ. Phys. Chem. 2003 107, 8388.
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