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Frequency-domain two-color triply vibrational enhanced four-wave mixing using a new phase-matching
geometry discriminates against coherent multidimensional spectral features created solely by radiative
transitions, spectrally resolves pathways with different numbers of coherence transfer steps, and temporally
resolves modulations created by interference between coherence transfer pathways. Coherence transfer is a
nonradiative transition where a superposition of quantum states evolves to a different superposition. The
asymmetric and symmetric=€0 stretching modes of rhodium(l) dicarbonyl acetylacetonate are used as a
model system for coherence transfer. A simplified theoretical model based on Redfield theory is used to
describe the experimental results.

Coherent multidimensional four-wave mixing (FWM) in- transfer pathways are spectrally resolved. Triply vibrationally
volves three radiative transitions that excite a series of vibra- enhanced (TRIVE) FWM experimeft3? demonstrated that
tional or electronic coherences (entangled quantum states), andpectrally resolving the coherence transfer pathways created
the last coherence emits the output signélMultiple pathways interferometric temporal modulations because of quantum-level
that create the same output coherence interfere at the amplitudénterference between equivalent pathw&/m this Letter, we
level. Nonradiative coherence transfer (CT) can change the show that adopting a different phase-matching geometry strongly
pathways and create additional weak spectral feattfr&nce discriminates against purely radiative pathways, isolates the
coherence transfer identifies coupled quantum states, it poten-coherence transfer pathways, and forms the basis for coherence
tially can form the basis for new methods of coherent multi- transfer spectroscopy where cross-peaks between quantum states
dimensional spectroscopy. are generated by nonradiative transfer between molecular

Time-domain two-dimensional infrared (2D-IR) spectroscopy coherences.
uses femtosecond lasers to excite all the quantum states within - The experiment uses a mode-locked Ti:sapphire oscillator/
the excitation bandwidtf.® Typically, one measures the regenerative amplifier to pump two independently tunable
temporal phases of the first and last coherences of each pathwayptica| parametric amplifiers that create mid-infrared laser pulses

and a 2D Fourier transform creates a 2D spectrum with Cross-(nyise width of 900 fs, bandwidth of 20 crh frequencies of
peaks that reveal correlations between quantum states create 1 and wy). The w, b,eam is split to create a third beam

by inter- and intramolecular interactions. The intermediate designatedv, and all beams are identically polarized. The
coherences (or populations) created after the secqnd excitation, - < are focused into the sample with an off-axis parabolic
are not usually measured. Coherence transfer increases the ... . angles defined by phase matchiqurz Ky + Ko+
possible pathways gnd the complexity of the ,ZD'lR spedptra. k2 (subscripts designate frequency, not time ordering). Previous
Quantum mechanically, coherence transfer is an amplltude-Work usecky = k; — ko + k.13 The signal is spectrally resolved

level process mediated by the thermal environment in which with a monochromatorag,) and MCT detector. The output

an initial superposition of states evolves to a different superposi- intensity is recorded as a function of, s, wm, 721, andza:

tion. Some coherence transfer pathways create new peaks i

gg.';.Sgefrt;?]’sﬁ%rgosrnﬁvgﬁgrig?gge:)?e?gﬁ;?;g:gl{r'gxg]l\é? corresponds to the temporal position of thdoeam. Scans of
lativ ttons. P : 721 and o1 with fixed w1, w,, andwy, measure the dynamics

multidimensional spectroscopy requires discrimination between for all EWM time-ordered pathways. Table 1 defines the time-

:)haet hs\;r\;g;g radiative pathways and the weaker coherence transfe(r) rdered pathways labeled-V1.910

Frequency-domain FWM spectroscopies excite one specific The sample is a 200m thick solution of%l.S. mM rhodium-
quantum state with each excitation pulse. This specificity () dicarbonyl acetylacetonate, Rh(C@gac, in hexane. Rh-
discriminates between coherence transfer and purely radia'[ive(cgfacac has an asymmetric CO stretch (labeipat 20115
pathways. Coherence transfer pathways involve coherences that™ . and & symmetric CO stretch (labelefat 2084 cm

could not be created by radiative transitions so the coherence®lative to the ground state (labelgil The vibrational modes
have anharmonicities of 14, 11, and 26 ¢rfor the asymmetric

*To whom correspondence should be addressed. E-mail: wright@ Strétch overtone @), the symmetric stretch overtonesf2and
chem.wisc.edu. their combination banda@-s), respectively*. This paper focuses

10.1021/jp0677804 CCC: $37.00 © 2007 American Chemical Society

Where the time delayzf) is defined asrj = 77 — 7; and
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TABLE 1: Time-Ordered TRIVE FWM Pathways

time ordering
I Il m v \Y Vi

T21> 721> 0 721> 721> 0 721> 0;720<0 721 <0;720> 0 721 <721<0 T21 <721<0

on the cross-peak between the symmetric and asymmetric A one-dimensional scan of FWM intensity versus monochro-
stretches atdf1, w;) = (2084, 2015) cm. mator frequency with fixed laser frequencies ofi( wp) =
Earlier work observed CT using the phase-matching condition (2084, 2015) cm' and time delays oftg1, 721) = (0.0, 0.0) ps

kn = ki — ko + Kz. The following coherence pathways (time —appears in Figure 2a. The spectrum clearly shows three output

ordering of—k,, ki, andky) are representative examples of the ~transitions at 1932, 1988, and 2015 chthat are created by

ky geometry with zero, one, or two coherence transfers, the (&, s), (ats, s), and @, g) coherences, respectively. The

respectively: peaks at 1988 and 2015 cirequire one CT (see Figure 1).
Further confirmation that these peaks are created by coherence

-2 1 2 transfer is shown in Figure 2b, which is a contour plot of FWM
99 ga—sa—sg (A) intensity versus,; andon, attz1 = —0.3 ps. Cross sections of

—2 cT 1 2 the data at monochromator frequencies of 2015, 1988, and 1932
9.9—8a>=05s+g9 a9 (B) d

cm are shown above the contour plot. The peak at 1932cm
2 aalgctagaZags relaxes exponentially without modulation, as expected for a

§070.a=gs=04"ag=sg © pathway that does not involve CT. The peak at 2015%is
coherence formed after each Modulated with a period of 480 fs (frequency of 69dmnand
the peak at 1988 cm has two components with periods of
480 and 800 fs (frequencies of 69 and 42énrespectively).
It is important to note that the modulation time scale is much
faster than the 900 fs pulse width of the laser. There is no
evidence of peaks absg, wass, and wa+sa iN Figure 2a that
would indicate the presence of pathways requiring two coher-
ence transfers.

The quantum beating present at 1988 and 2015ci®
characteristic of coherence transfer. Using the approach de-
scribed in previous work314 the ket-side coherence transfer

The indicesi( j) designate the;;
interaction that has a frequency®f; = w; — w;. Single arrows
indicate radiative transitions, and double arrows indicate coher-
ence transfer. In all cases, transitions inducedwhyand w>
involve resonances with modesanda, respectively.

All of the coherences in pathway A are created by radiative
transitions. Pathways B and C involve one or two CT events,
respectively. The output absg from pathways A and C is
identical in frequency and direction, so it is not possible to
observe pathway C by itself; it is hidden by the dominant
contribution from A. Pathway B (output aag) is spectrally cT . L
resolved from A and C (output atsg) and may be distinguished &9~ S9 _has the following forms for the initial coherence
from the much larger intensity of pathway A. (eq 1) and final coherence (eq 2):

The ker = —ki + ke + ke phase-matching condition P (t)%e(fiwa.gfra.g)t 1)
suppresses pathways without coherence transfer and spectrally *
resolves one- and two-CT processes. The following coherence Kagsg
pathways with zero, one, or two coherence transfers, respec-Psg(t) ~ (W, — @, ) +Tou—T X
tively, and time ordering 1l K;, —k;, andky) illustrate these g a8 S T ag

characteristics: [e1waoTaglt — Tlosg~Tsdl (9)
5 . 5 wherekagsg is the transfer rate froma( g) to (s, g) and T is
0,0—~ag—as—2as5s (D) the dephasing rate of coherengg)( Equation 2 has the opposite
5 cr 1 > sign for a bra-side coherence transfer. Equation 2 reveals that
g9g—ag9g=s9g—0g,g—ag (E) any coherence created by CT oscillates at two frequencies, the
2 cT 1 > cT frequency of the initial coherence and the frequency of the final
g9—a0=—s9g—0309—a0g=—s4g (F) coherence. Consequently, the FWM intendig),[] | o(t)|?, beats

at the difference frequency of these two coherences as they

The output signal from pathway D requires a “forbidden” three- eyolve in time. Additionally, interference between all equivalent
quantum transition, where two quanta of statare destroyed  pathways in Figure 1 must be included to describe the observed
and one quantum of state is created in the transition.  z,, 7, dependence.
Consequently, this pathway, which does not involve CT, is much  For values ofr; > 0 ps in Figure 2b, time orderings Il and
weaker than the corresponding pathway A in kRegeometry. IV are relevant, and varyingz: probes the coherence created
Furthermore, pathways D, E, and F have different emission after the second laser interaction, which in this case is formed
frequencies Ofwzas, wag, and wsg, respectively, that can be by coherence transfer froma,(s) to (a, a). For values ofrp; <
spectrally resolved. In summary, tker geometry allows direct o ps, time ordering Ill is relevant, and varying, probes the
observation of all CT pathways without interference from purely coherence created after the first laser interaction, which in this
radiative pathways. case is formed by coherence transfer fraad) to (s, g). In

Figure 1 shows the relevant Liouville diagrams for time both cases, the difference frequency is 69 &mnd accounts
orderings I/l and lI/IV with frequencies ofe{1, w2) = (wsg, for the beating in Figure 2b. The 42 cifrequency in the 1988
wag) = (2084, 2015) cmt. Pathways with one transfer have cm™! peak cannot be attributed to coherence transfer in four-

output frequencies obag = 2015 cm?, wzaa = 2001 cmi?, wave mixing. It is created by coherence transfer in six-wave
and warss = 1989 cml. Two transfers lead tasg = 2084 mixing and will be explained fully in a later publication.
cm, wass = 2073 cnl, and watsa = 2058 cnT! output The temporal dependence of coherence transfer can be used

frequencies for this set ab; and w; frequencies. The purely  to determine the relative importance of each transfer pathway.
radiative pathway’s signal occurs @pas = 1932 cni?. Figure 3a shows theyi, 721 dependence for the coherence
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Figure 1. Liouville diagrams that describe the flow of coherences from the initial ground state populgtignt¢ the final radiating coherence
for frequenciesdi, w2) = (wsg, Wag). Laser interactions witw, andw, are equivalent in these diagrams, and the notation has been simplified to
w3. Black solid arrows represent radiative transitions, red dashed arrows are the first CT, and blue dotted arrows are the second CT. Interactions

. CT CT . . . . . . .

like a,s— s, a or 2a, s— 2s, s that change two quanta in a single step are indicated in blue as the second CT. Final radiating coherences are
enclosed in boxes and colored black, red, and blue for pathways with zero, one, and two transfers, respectively. Time ordering V/VI was omitted
because it does not contribute significantly to the observed CT pathways.
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Figure 2. (a) One-dimensional scan of FWM intensity versus monochromator frequency with fixed laser frequencies & (2084, 2015)
cm ! and time delayst¢1, 721) = (0.0, 0.0) ps. (b) Contour plot of FWM intensity versiss andwm at (w1, wz) = (2084, 2015) cm! andzy, =
—0.3 ps. Cross sections of the datawgt = 2015, 1988, and 1932 crhare shown above the contour plot.

transfer peak atuf, w2, wm) = (2084, 2015, 2015) cmt. The ) = Kagsg [(e(*iwayg*l"avg)rlz _
quantum beats have a period of 480 fs in both temporal Pag i(‘“sg — (Ua,g) + g —Tag
dimensions. This dependence contrasts with experimental results (105 g~ TsgT12) o Togt21(—iwag—Taglt—72)7 _
in previous work which had modulations only4py.12 The data € )e € ]
is symmetric about the;; = 721 axis because interactions with Kasaa (—iwagTag)Tiof (~iwas Tagt21

- o - . - [ Vag agz (@ WasT asT2l —
w, andwy are equivalent with thiect phase-matching condition. i(0—w,) +T,,— T

The only pathways required to explain the, 71 dependence

in Figure 3 are those with one coherence transfer that create an
wag Signal. The complete temporal dependence of time ordering
lll'is described as an example. FOF time ordering Nzl (ka, This treatment assumes the impulsive, weak field, and Bloch
andky), there are two pathways,(g <L s, g anda, s a, a) limits and neglects population transfer. On the basis of the pulse
that contribute to quantum beating (eq 3). ordering, the natural time delays for these pathwaysrare=

a,s
efra,aTZ'l)e(fiwa,gfra,g)(tffz)] (3)
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Figure 3. (a) Contour plot of FWM intensity versus: andty; for the coherence transfer peak ai (w2, wm) = (2084, 2015, 2015) cmi. (b)
Theoretical simulation of part a using the paramekgeg,a = kasaa kagsg= 0.72gsga 1MTag= 3.0 ps, W'sq = 3.5 ps, Was= 3.4 ps, Wy =
40 ps, and T/,, = 3.8 ps.

—121 and 721. The origins of the beating are best seen when with two coherence transfers. Frequency-domain FWM allows

I'sg ~ I'agandI'gg ~ I'aa ~ I'ys. Then, unambiguous assignment of the coherence transfer mechanism
by resolving pathways involving one and two transfers.
5 _ 2@ Hagnz Aggrz1—2ag(t=72) Coherence transfer offers an alternative method for examining
1) O |Pa.g(t)| b w. 2 X coupled quantum states in coherent multidimensional spectros-
sa copy. The state specificity of frequency-domain FWM and the
2 2 S = SRR )
{Kagsg [1 — COS@,aT1o)] T Kasan [1 — COS@,TH1)] + discrimination of thekct = —k; + k2 + k» phase-matching
Kagsghasaall = COS@,sT1o) — COS@,T1) T+ condition isolate the coherence transfer pathways and enable
s ' direct experiments involving coherence transfer processes in
COS@, 12 T WasT2)} (4) more complex systems.
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