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Coherent multidimensional spectroscopy performed in the mixed frequency/time domain exhibits both temporal
and spectral quantum beating when two quantum states are simultaneously excited. The excitation of both
quantum states can occur because either the spectral width of the states or the excitation pulse exceeds the
frequency separation of the quantum states. The quantum beating appears as a line that broadens and splits
into two peaks and then recombines as the time delay between excitation pulses increases. The splitting
depends on the spectral width of the excitation pulses. We observe the spectral quantum beating between the
two nearly degenerate asymmetric carbonyl stretch modes in a nickel tricarbonyl chelate using the nonrephasing,
ground state bleaching coherence pathway in triply vibrationally enhanced four-wave mixing as the time
delay between the first two excitation pulses changes.

Introduction signal enhancement dependence on the excitation pulse time
delays. This approach allows one to define a specific coherence
pathway and the specific quantum states involved in the

multiple coherences with different frequencies. The time-domain Fathv]yay. Irghpartmlilhart, |thaII0\;\Ilqs Qnte tot |folate t?};} coherence
output then exhibits quantum beating from the interference of rans e_r pathways that show the interstate C°”_'p gs.. )
coherences with different frequencies, and Fourier transforma- !N this paper, we report the frequency-domain manifestation
tion displays a frequency-domain spectrum of the quantum Of quantum beating. The frequency-domain quantum beating
states: Time-domain coherent multidimensional spectroscopy 2PP€ars as a spectral Ime-splmlng that oscillates asa function
(CMDS) uses a series of excitation pulses that excite a seriesCf the time delay between the first and second excitation pulses
of quantum mechanical coherences, populations, orb8thhe and has a period defined by the frequency difference between
coherences form a temporally and spatially coherent array of the coheren_ces. It reso_lves two closely spaced states that are
oscillators that emit a directional beam defined by phase unresolved in conventional infrared spectra. The quantum
matching. Changing the time delays between the input pulsesP€ating occurs only when two or more quantum states overlap
creates temporal beating between coherences, and FourieWvith the narrow eXC|tat|on.bandW|d.th, either because the width
transforming the coherences’ temporal dependence create§_f the states prevents their resolut_lon or because the freque_ncy
multidimensional spectra over a range defined by the excitation difference between the states is less than the excitation
pulse bandwidth. Cross-peaks appear in the spectra Whenpqndwdth. We show how the temporal and .sp(_actral chara_cter-
quantum states are coupled by intra- or intermolecular interac- 1Stics of quantum beating change as the excitation pulse widths
tions. Phase coherence is required between the excitation pulse§hange from the impulsive to the continuous wave limit. We
over the entire measurement time. also show that the magnitude and the phase of the periodic
Frequency-domain CMDS methods such as doubly vibra- oscillation .of the splitting are defined by the excitation pulses’
tionally enhanced (DOVE) and triply vibrationally enhanced SPectral width and the quantum states’ dephasing rates.
(TRIVE) four-wave mixing (FWM) measure the signal en-
hancements as a function of the excitation frequerfci€sThe Experimental

excitation pulses are long, and their bandwidth is narrower than . )
the transitions, so any pulse typically excites only single 1he TRIVE-FWM experiments were performed using two

transitions. The accessible frequency range is defined only by OPtical parametric amplifiers (OPAs) that were pumped by a
the tuning range of the excitation sources, and phase coherencd -S@Pphire regenerative amplifier. The difference frequency
is required only during the time the excitation pulses are present, P€tween the signal and idler of each OPA provided two tunable
Temporal information is contained in the transition line shapes. infrared excitation beams;; andw,. The w, beam was split
Mixed frequency/time-domain DOVE- and TRIVE-FWM mea- '_[o create &, and aky beam. The excitation beams were focused
surements use pulses with intermediate spectral widths that ardNt0.2 Sample at angles in a box phase matching geometry such
comparable to the widths of the transitions and temporal widths hatks = ki — kz + k2, where eacl-vector is labeled according
that are comparable to the transition lifetiffel® The multi- to its frequency. The excitation pulses were 900 fs wide and
dimensional spectra are measured in the frequency domain from1ave an 18 cm: fwhm. Delay lines adjusted the relative time
the signal enhancement dependence on the excitation frequend®lySita1 = 72 — 71 andtzy = 72 — 71, between thé,k,, and
cies. The dynamics are measured in the time domain from the Kz PulSes. A monochromator with a HgCdletector measured
the FWM output beam at a frequenoy,. Five variables control
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In time-domain ultrafast spectroscopy, the bandwidth of
typical excitation pulses is sufficient to simultaneously excite
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. . stretch modes are labelaeganday, and the symmetric carbonyl
stretch is labeledb. The two asymmetric stretches are nearly
degenerate and are not resolved in the infrared spectrum.
Figure 1 shows the Fourier transform infrared spectrum
Ni(CO),PPh: C,D, (FTIR) of the NTC/GDs solution (black line) and pure D
e (blue line) with a 200um path length. The two asymmetric
stretches are centered near 1995 §rand the symmetric stretch
appears at 2069 crh A reasonable fit of the asymmetric stretch
. region can be made with a single Gaussian peak centered at
1995 cm! and a fwhm of 18 cm! (Figure 2a). The only
discrepancy is the small difference at the top of the peak. A
better fit requires two Gaussian peaks, one centered at 1990
cm~t with a fwhm of 13 cm® and one at 1999 cm with a
0.0 - . . ; . , . fwhm of 12 cnt?! (Figure 2b). The FTIR spectrum and fits,
1900 1950 2000 ) 2050 2100 although suggestive, do not definitively confirm that the
Frequency (cm’) asymmetric stretches in NTC have different frequencies.
Figure 1. FTIR spectrum of Ni(CQYPPh) in CsDs (black line) and Theoretical Model of Quantum Beating.In TRIVE-FWM,
pure GDes. transitions occur from the ground state labelgdto two
. . . . ) vibrational modes labelegandb, wherea andb can represent
five-dimensional space, typically by measuring the FWM any two vibrational states. There are 12 coherence pathways
IntenSIty as a function of tWO variables a-nd fIX-ed V-alueS of the Consisting of six time orderings (|abe|edV|) in\/o|ving either
other three. For the experiments described in this paper, theparametric (labeledx) or nonparametric (labele@) path-
time delays were set to values that res_l:llte_g in thg fO”OWing Ways_l5vf|-6,18y19|:or examp|e, the parametric and nonparametric
temporal ordering of the ex0|tat|o_n pulsési, ko, andkl_. The pathways for time ordering VI ar@gi agigg—l' by (Vi)
monochromator was tuned s@, = w;. These experimental > 5 1 ;
choices define a single coherence pathway that is labeled@"d99— ag— aa— (a+ b)a(VIp), respectively, where the
pathway Vb.1516 |t corresponds to the nonrephasing, ground letters represent the diagonal and off-dlagonal density matrix
state bleaching pathway in 2D-IR or transient grating experi- €léments for the coherences and populations of sgatasb,

ments. The first excitation creates a coherence between a@nd @ + b) and the numbers above the arrows label the
vibrational state and the ground state. The second excitationfTeJuencies of the three excitation beams. For the case presented
pulse creates a ground state population grating. The third In this work, the second interaction can also access a different,

excitation creates a second coherence between a vibrational statB&arby vibrational zstate af‘zd creatie a zero quantum coherence
(which can be different or the same as that in the first coherence)by the pathwaygg — ayg — aia, — (a1 + b)ap. This paper
and the ground state. This last coherence forms a spatially anduses TRIVE pathway \d as a specific example of frequency-
temporally coherent array of oscillators that emits the directional domain quantum beating. Other pathways also exhibit quantum
output beam. beating. Thebg density matrix element for pathway &lis

The sample was the organometallic complex Ni(gBRiphs)
(abbreviated as NTC). It was synthesized from a 10 mM Ni- Poglts T3, T, Tp) O gf_‘” f‘” f°° E(wyt, —
(CO)(PPh), tetrahydrofuran solution that was converted to the R
NTC by oxidation in the air. After 3 h, the solvent was 72)Cag(lh ~ WE(@al, = 72)Gyy(te — ty)E(wy,t — 79)Gygft —
evaporated under a nitrogen atmosphere, and the remaining solid ty dt, dt, dt. (1)
was dissolved in deuterated benzene. The oxidation formed also
NiO solid that was removed by filtration. NTC has tetrahedral where contains the sign and proportionality factdEgqw;, t —
geometry and three carbonyl vibrational modes. The asymmetrict;) = e it-0) (=121 js the excitation electric fieldGm(t)
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Figure 2. Fit of the Ni(CO}(PPh) peak at 1996 crt with (a) a single Gaussian peak and (b) two Gaussian peaks. The black and green curves
represent the data and fits, respectively.
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Figure 4. Schematic diagram indicating the positions of the peaks corresponding to each of the pathways sketched in Figure 3. (a) The positions
when the two asymmetric modes are degenerate and (b) the positions when they are split. The peak positions correspond to vibrational states with
energiesy; = 1990 cn1?, a; = 1999 cn1?, andb = 2069 cnT™.

= O(t) e '*mt~Tmd is the molecular response involving than reasons, a 2D TRIVE spectrum is much more sensitive to the
density matrix element (frequenaym, and dephasing raiény), frequencies of the fundamental modes than a linear spec-
0(t) = 0 whent < 0 andf(t) = 1 whent > 0 and the integration ~ trum.
is performed over the three interaction tinfé&umbers label This paper is concerned with the quantum beating when the
the excitation field variablesaf, i, 0i), and letters label the  two unresolved; anda, vibrational states are excited with the
time ordered interaction timess, ty, tc wherety < t, < tc. This first excitation pulse (frequenay,) as the excitation pulse width
equation has two resonances When = wag and w1 = wpyg. varies from the impulsive to the continuous wave (cw) limit.
The comparable equation for the/pathway has resonances The two coherences that beat are probed at some later#jme,
whenwy = wag andwi = warba by the second and third excitation pulses. In order to obtain a
For this paper, the vibrational states can be any of the closed form solution, we consider that the first excitation results
fundamentals, overtones, and combination bands oathay, from a square excitation pulse centeredat= 0 with a full

andb vibrational states shown in Figure 3. For three vibrational width of 2s. For states; anday, the polarization is then
states, coherence pathwaysaVand VI5 create 18 different

peaks in two-dimensional spectra of the intensity as a function S o —iwatar -~ ({0a1gt Targ) (T—ta)

of w; andw,. Figure 3 describes the state evolution for each p() O ffs Ew)) e (e v +

spectral feature, and Figure 4 shows a schematic two- g (wastTad=ty gt (2)
dimensional vibrational spectrum of these peaks. If staies

and a, are degenerate, the 2b:/w, spectrum for NTC will Integratingp and assuming that > s yields eq 3 withAap =
resemble the schematic in Figure 4a. The alpha pathways are, » — ws, wherew; is the center frequency of the laser.
parametric pathways that involve only fundamental modes and
are colored cyan; the beta pathways are nonparametric pathways

. A gTiwagTag)?
that involve overtones or combination bands and are colored p(7) = =————

( eiAalgs—b—Falgs _ e—iAalgs—Falgs) +

green. The 2D schematic spectrum changes é&nda, are not IAalg + Iﬂajg

degenerate (Figure 4b). The frequency shifts create two coher- o "ivazg Taog)t .

ence pathways that interfere constructively or destructively at S (Pt Ta® _ gm1Aas T for ¢ > g (3)
the quantum level with other nearby pathways. For these 'Aazg + Fazg
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Figure 6. Two-dimensional representation of the normalized intensity

Figure 5. Two-dimensional representation of the intensity as a function . o .
of the excitation frequency and the time delayHetween the excitation 25 @ function of the excitation frequency and the time defpg¢tween
and the measurement for a two-state system with no dephasing. Thethe excitation and the measurement. The intensity is normalized to the

ok : most intense feature at a given delay time. The dephasing rate
g)f?t;)c;n I:n?j r&(;agggu I;lrpgul_?ﬁévggg;?;izosg \t/\)lgt?/\r/?e(:) t?]g g/\s/é)(gz.ates corresponds to 6 cm. Other parameters are identical to Figure 5.

corresponds to that in Table 1.

2
©(ps)

The first two terms represent the individual resonances of the
The appendix shows the corresponding equation for arbitrary two vibrational states broadened by the excitation pulse
times. In this simplified model, we assume that the next two bandwidth. The cosffa,y — wag)7] in the last term is
interactions are impulsive and transfom(r) to the output responsible for the temporal quantum beating with a pefiod
coherence, so the temporal and spectral behavigs(df is = 27tl(wag — wayg)- Its amplitude is determined by the product
reflected in the output. The observed intensity for homodyne of the two sinc functions that depend on the detuning from each
detection (integration of all output signal) is thef |piotall. resonance and the pulse width. It is this product that is
For clarity, we calculate the intensity when all dephasing rates responsible for the spectral quantum beating described in this
are zero. Then, paper. Ift = (2n + L)/(ag — Wayg), COS[@ayg — Wayg)T] =

—1, and eq 4 becomes

Sif(wag — @x)8]  SiF(w,g — @)

2 T [, et )
(@ag = @ag) ?
(sin[(walg — ) sin[(@ag — wx)d\?

(walg —wy) (wazg — )

(7, w,) O

@ ?

a9 - 6()2) (wazg - CUZ)
SiN[(w,,g — ,)s] SiN[(w, 4 — a)z)s]]

(wa.lg B 6()2)((1)329 )

2 cos[@uazg - walg)T]

(4)
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Figure 7. Two-dimensional spectra of the log(FWM intensity) as a functiomofind w, whenwm = w; for time ordering VI and two sets of
delay times: (ay21 = —6.0 ps,721 = —5.0 ps and (b¥21 = —7.6 ps,721 = —5.0 ps.

This function shows the spectral beating between the two Results and Discussion
resonances. The intensity is zer@if = (wa,y — wag)/2, Since

the two sinc functions have the same amplitude at this point.

The intensity reaches a maximum at two other frequencies where,
one or the other state is closer to resonance, so the two sin
functions have different amplitudes. The splitting between the
maxima depends on the temporal width of the excitation pulse.

Figure 7 shows two-dimensional spectra of NTC for time
ordering VI and two sets of delay times. Both spectra show the
FWM intensity as a function ab; andw,; whenwy = w1. The
Qeft-hand 2D spectrum withry; = —6.0 ps, 721 = —5.0 ps

(Figure 7a) has diagonal peaks at (w2) ~ (2000, 2000) and
. i (2069, 2069) cm! corresponding to creation afg and bg

Figure 5 shows how the spectral and temporal behavior of conerences, respectively, and cross-peakeataz) ~ (2000,
this two state system evolves as the excitation pulse walth,  >0g9) corresponding to the creation ofbg and then arag
varies between impulsive and cw behavior. The two-dimensional ¢oherence and (2069, 2000) cheorresponding to creation of
display shows the intensity as a function of the measurement o ag and then ag coherence, all of which are broadened by
time, 7, and the excitation frequenayp. Short pulses have wide  the presence of the other pathways. The transitions associated
bandwidths that excite both states equally, and temporal quantumyith the a; anda, states are not resolved; neither is there any
beats appear. Long pulses have narrow bandwidths that excitesolution of thex and transitions. This lack of resolution is
primarily one state, so the temporal beating is weak, and the expected since the spectral separation of the peaks is small when
states’ splitting is resolved. For intermediate pulse widths, the compared with the bandwidth of the excitation pulses.
relative amplitude of each state depends on the excitation Tpe spectrum changes significantly, however, whenis
frequency’s de_tuning from each state, and temporal and spectralcreased to-7.6 ps (Figure 7b). This change corresponds to
quantum beating occurs. #, = (wWayg — Wag)/2, both states  gn jncrease in the delay time between the first and second pulses
contribute equally, and only temporal beating is observed. If = from 1.0to 2.6 ps. There are two consequences. First, the upper
= 7lwayy — wayg, the contribution from both states depends on  get of peaks is much stronger than the lower set of peaks. This
the detuning from each one, and a spectral splitting occurs alonggifference is caused because bwecoherence that results from
the w, axis. The spectral splitting appears periodically in time  the first pulse in the upper set of peaks has a slower dephasing
and has the same period. rate than theag coherence formed for the lower set of peaks.

The case when the dephasing is not zero is significantly more Consequently, theg coherence does not decay as quickly, so
complex and appears in the appendix. The equation now the peaks that result from tixg coherence are stronger. Second,
contains factors that depend on cesl§ — wag)t] and the lower set of peaks atvf, wz) ~ (2000, 2000) and (2069,
Sin[(wag — wag)7], SO the quantum beating occurs with the same 2000) cnt?! split into two different sets of peaks in the;
period, but the phase is shifted by the pulse width and dephasingdimension. The lower row of peaks is locatedaat ~ 1980
rates. Figure 6 shows the changes in the spectral and temporatm™2, and the upper row, ab, ~ 2007 cnTl. These positions
behavior of the quantum beating for this case. In order to do not correspond to any peaks in the FTIR data and indicate
compensate for the signal’'s exponential decay, the intensity wasthe presence of frequency-domain quantum beating betajgen
normalized to the brightest feature at each measurement time.andayg coherences formed by the first excitation pulse. There
The spectral and temporal quantum beating become clearer withis no splitting or quantum beating for the upper set of peaks
this normalization. Note the dependence of the quantum since the first coherence is a sindlg coherence.
beating’s phase, the changes in the maximum and minimum Figure 8 is a two-dimensional display of the FWM intensity
positions with the dephasing rate and the pulse width, and theas a function ofr»; andw; with fixed values ofr,; = —5.0 ps
changes in the magnitude of the splitting with the pulse width. and w; = wm = 2069 cntl. It shows both the spectral and
For this case, the quantum beating is observed even for a longtemporal beating. Figure 8a shows the logarithm of the FWM
pulse length because the nonzero dephasing rate has broadenedtensity; Figure 8b renormalizes the logarithm of the FWM
each transition so they spectrally overlap and interfere. intensity to the maximum value at1 = —7.0 ps; Figure 8c
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Figure 8. Two-dimensional representation of the log(FWM intensity) as a functiorn pndw, with a fixed value ofw; = 2069 cm™. Parts a,

b, and c are taken under identical conditions. The data in b was obtained by resetting the signal amplification to maximize the FWM intensity at
721 = —7.0ps and enhance the signal at long delay times. The color bar again represents the log(FWM intensity). The FWM intensity has been
renormalized in c to the peak intensity at any given to observe how the spectral shapes and positions change with delay time. The color bar
represents the FWM intensity. Part d is a simulation of the renormalized data using the method described in the text and the parameters in Table
1. It should be compared to part c.

renormalizes the data in a and b to the maximum of the FwM TABLE 1. Parameter Values Used to Simulate
intensity for eachrp; value. Atty; = —5.0 ps, there is a single Experimental Data

broad peak at; = 2000 cnt. The peak splits into two peaks Dap g~ Wayg 9cnrt
at7y; = —7.8 ps that then recombine at; = —8.4 ps. These o 7.6cm

1
observations indicate the interference is not constant, but %::1'9 g:i;gfml
periodic. The splitting is not symmetric. The higher energy peak rbfg'g 2.25 cnrt
is stronger than the lower energy peak. A similar pattern of Tgg 0.2 cnrt

splitting and recombination occurs with tle, o2, a8, and
09 pathways (data not shown).

The quantum beating occurs in TRIVE because the two . .
different coherences excited by the first pulse have different 1€ W0 coherences. The higher energy peak has a slightly slower
phases when the second pulse interacts and can constructivelflePhasing rate, and consequently, its intensity is higher. The
or destructively interfere. Quantum beating is not seen betweenireéguency difference and the dephasing rates for the simulation
the coherences that result after the third pulse because théi'® Summarized in Table 1. Their values match those obtained
experiment does not temporally resolve the output coherence.Y fitting the line shapes of the FTIR spectra. The frequency
Consequently, beating is not observed alongdhexis, even  difference of 9 cm® would correspond to a quantum beating
when thea;g andayg coherences are excited. Figure 8d shows period of 3.7 ps. If the excitation pulse were impulsive, the
a simulation of the temporal and spectral quantum beating usingintensity minimum would occur at a 1.85 ps delay (correspond-
a numerical integration of eq 1 assuming Gaussian shapeding to 721 = —6.85 ps). Instead, Figure 8 shows it appears at
pulses. Note that the splitting in the simulations is not symmetric. 2.75 ps t>1= —7.75 ps). This shift is matched by the simulation
The asymmetry is due to differences in the dephasing rates forthat shows that the difference is caused by the phase shift in

a Standard deviation of Gaussian excitation pulse.
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theI quantgn; behatir)g frortn the finite widths of the excitation F,, = sin(A_,9) coshl’, )~
pulses and dephasing rates. .
| (AalAa2 + I‘ail“az) 5'”(wa1,a21) +

Conclusions (Aazral — Aalraz) Cos@al,azf)]

Mixed frequency/time-domain coherent multidimensional
spectra exhibit a time- dependent spectral splitting between F,, = COS(AazS) Sinh(Fazs)[(AalAaz + Falfaz) cos@alyazt) +
unresolved quantum states that result from quantum beating (AT, — A,T,)sin, .7)]
between quantum states that are simultaneously excited, either % A & & ad,
because they overlap spectrally or because the excitation pulse_ .
bandwidth is broader than their frequency difference. The Fs= Sm(Aals) COShrals)
guantum beating creates a line shape that depends on the delay )
time between excitation pulses and a splitting that depends onFea = SiN(A, ) coshlC, 9)[(A, A, + T, I',) cos, ,7) +
the excitation pulse bandwidth. The spectral quantum beating (AT, —A,T,)sinw, .7)]
allows the mixed frequency/time-domain methods such as % A & 8
DOVE and TRIVE-FWM to resolve quantum states that are _ . .
not resolved in conventional one-dimensional spectra. Feo = COSA, ) NN, 9[(Ag A, + I o) Sin(,, o,7) +

(A, T, —A_T,)cosw, ,7)]
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