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Time resolved coherent anti-Stokes Raman scattering of | » isolated
in matrix argon: Vibrational dynamics on the ground electronic state
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Time-resolved, electronically resonant, coherent anti-Stokes Raman scattering is used to prepare
and interrogate vibronic coherences of molecular iodine in matrix Ar. Coherences that involve
evolution on the excited®(I1,,) state, first- and third-order coherences, decay in less than one
vibrational period(7<300 f9. In contrast, as many as 200 vibrational periods of motion can be
observed for Raman-prepared wave packets consisting of zero-phonon vibrational superpositions on
the ground electronic statsecond-order coherencd®ackets consisting af=4, 5 andv =3, 4, 5

on theX(12g) state decay with a half-life of 191 ps at 31 K, allowing a more accurate measure

of vibrational level spacings and decoherence time than has been possible in frequency domain. The
harmonic frequency of the molecule is reduced by 1.5 £i1©.7% in the matrix. The lack of
recurrence in the excited electronic state ensures that the resonant anti-Stokes scattering arises only
from the negative momentum component of the Raman packet. This momentum filter, which should
be ubiquitous in condensed media, leads to a signal with deeper modulation than in the gas phase.
© 2001 American Institute of Physic§DOI: 10.1063/1.1346643

I. INTRODUCTION ultrafast laser sources, there has been significant develop-
ment in real-time TRCARS studies. The very diverse aims
We report the first time-resolved four-wave mixing mea-pursued in this field may be illustrated with examples of
surements in rare gas matrices, in the form of coherent antapplications in liquid phase dynamitsstudies of biomol-
Stokes Raman scatterift@ARS) of |, isolated in matrix Ar.  eculesin vivo andin vitro,’ to carrier dynamics in solid$
The experiment combines the elements of preparation, masand dynamics in superlatticEsto the interrogation of mo-
nipulation, and interrogation of vibronic coherences in thislecular solid<® to microscopy?* Most intimately related to
condensed phase prototype. To date, time resolved measutge present are the recent series of fs CARS investigations in
ments of matrix isolated iodine have been limited to pump—odine vapor? There, due to the thermal population of rota-
probe studies of population dynamics on excited electronigional states, it is the molecular rovibronic coherence that is
states® CARS interrogates coherences in which the elecprepared and interrogated. A complete characterization of the
tronic phase is preserved in the four-wave interaction. rovibronic coherence is possible through time-gated
Moreover, CARS gives access to vibrational coherences oftequency-resolved CARS measurements, as recently
the ground electronic surface, about which the existing infordescribed® In the matrix, the elimination of rotations ren-
mation is convoluted in line shapes of frequency domairders iodine into a one-dimensional oscillator in a bath. As
resonant Rama(RR) spectrd. Indeed, as coherent spectros- such, the wave packet framework provides a rather complete
copy, the information content in CARS is in principle obtain- and intuitive picture for the description of the procés&
able through frequency domain measurements. There arg/e establish this picture prior to presenting the experimental
however, both practical and fundamental considerations iglata and their analysis.
the choice of the measurement domain. In the present ex- In time resolved four-wave mixing spectroscopies, the
ample, it will be possible to obtain information at a higher third-order polarizationP(®), in response to the application
resolution than has been practical in frequency domain RRYf three short laser pulses is investigated’In CARS, com-
measurements® More fundamental is the consideration that monly, two of the pulses are chosen to have the same color
time-resolved CARSTRCARS allows a three-pulse ma- and are identified as pump,andP’; while the third pulse is
nipulation of wavepackets, an aspect unique to the timeidentified as StokesS, because of its redshift relative to the
domain, and the main motivation behind our studies. In thiggump. The component of the polarization propagating along
context, with regard to coherence contfohis model system  the anti-Stokes wave vectdtys=k,+k, —Kg, is then spa-
remains useful for developing strategies in condensedally filtered and monitored as a signal. It is the bulk polar-
media®13 ization that defines the wave vectors. In the long-wave limit,
The principles of CARS, in both time and frequency and under resonant conditions, it is sufficient to consider the
domain, are well established, and the method has been amolecular polarization. Moreover, by choosing pump and
plied extensively in all medi&***>With the accessibility of Stokes colors to overlap with the dipole allowed
X(12OQ+)HB(3HOJ) transition of iodine, the consideration

dElectronic mail: aapkaria@uci.edu may be limited to strictly resonant scattering over the two
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[ 2 3 The spectral intensity distributions of pump lask#{w), the Raman win-
‘ dow, I g(w)=1p(w)*l5(w) and the anti-Stokes polarizatiohng(w), corre-

FIG. 1. Time circuit diagrams(Top) The experimentally selected CARS spond to those used in the measurement of the two-state superposition. The
process, with times indicating interaction with fielthottom) resonant Ra-  thickness of the arrows are made to approximateRhg andP’ windows
man scatteringonly R; component (Ref. 27 with times indicating inter-  along the molecular axis. The coherence decays due to wave packet motion
vals between interactions. The horizontal lines imply propagation—on theon the excited state, as the molecule stretches. This guarantees that the AS
ground electronic statéower line) or excited electronic stat@ipper ling. radiation only occurs during bond compression—only the negative compo-
Arrows indicate the sense of time. Both processes are given by three-timgent of the Raman packet evolving on the ground electronic state can con-
correlation functions. In the case of RR, the two-wave process is representdtibute to the CARS signal.
by the four interactions due to complex conjugati@n: L indicates laser
radiation atw, , Sindicates scattered radiation @t .

Hamiltonian. The fields act on the ket state.tAf the pump
prepares a wavepacket in the-state, |qD(Bl)(t)), in the
Franck—Condon window carved out by the pump laser. In
this first-order coherence, the packet on tRepotential
evolves untilt=t,, when the Stokes pulse arrives. The por-
tion of the packet that overlaps with the Stokes window can
now be transferred to prepare the second-ofderthe Ra-

electronic state Hamiltoniaril =|X)Hy(X|+|B)(Hg+ T)
X(B|, and the rotating wave approximation becomes valid.
For the experimentally selected sequence of pulBefl-
lowed by S followed by P’, the AS radiation is given in
third-order time-dependent perturbation,

(2)
p® (= K t it t3 dt ty dt.e-i(@p-ostopt man pac!<et,|gox (t)). The R,aman packet evolves on the
Kas R332t state untilt=t;, when theP’ pulse acts. Now, amplitude
o~ et ~ proportional to the overlap of the Raman packet with the
X @y ple” et L EL(t3) pump window is transferred to thB-state, to prepare the

third-order packef$(t)). In this third-order coherence,
the requirement of energy conservatiofl was— (2wp
xe e~V E (t)e Mxt/ig )+ c.c., —wg)] for AS radiation can only be met when the packet
) reaches the inner turning point of tfigepotential. This de-
fines the AS window along the-1 coordinate(see Fig. 2
in which Hg andHy are the vibrational Hamiltonians in the The condition of coherence is given by the requirement
excited and ground electronic states, respectivEl(t) is  that the dipole-projected ket-state be in phase with the initial
the pulse envelope associated with the field at carrier frepra-state(which evolves field free With the help of the
quencyw;, and u=u(|ex)(esl+|es){¢xl) is the dipole  time-circuit diagram of Fig. (), this condition is specified
operator. For a nonoverlapping sequence of pulses, the singig
time ordering of interactions explicit ifil) applies. This can X B X
be represented diagrammaticalLyG using the Feynman-type @=(E,—o(ta=t)—E (2= t1) —Ei(t3—12)
time circuit diagram of Fig. @8)."° Since in a cryogenic B _
matrix the initial population is limited toX(v=0), the ~Epn(ta=t))/h=2mn. @
choice of w, near the absorption maximum ane,—ws  We will identify the initial state indices without primes,
>kgT ensures that th& pulse is ineffective in promoting while indices in first-, second-, and third-order coherences
amplitude via theB«X transition. This ensures that the are identified by one, two, and three primes, respectively. In
single diagram remains operative even wifeandSpulses the absence of sources of decoherence, such as scattering of
coincide. phonons from the chromophore, the AS radiation peréfsts.
The content of Eq(1) can be readily visualized in the It terminates with the decay of the third-order coherence. The
wave packet picture illustrated in Fig. 2. For all times, therequirement of phase coherence in CARS is contained in
bra state vectofgog?)(t)l evolves subject to the ground state (2).2% Loss of phase memory during evolution in any one of

X e_in(ts_tz)/ﬁ,&,Eg(tz)

Downloaded 12 Feb 2004 to 128.200.47.19. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 114, No. 9, 1 March 2001 CARS of |, in argon matrix 4133

and spectrum of each OPA is separately optimized with two-
prism compressors. The two pump pulses are obtained by
splitting the output of one of the OPAs. The second OPA
generates the Stokes pulse. After passing through separate
delay lines, the three horizontally polarized beams are fo-
cused onto the matrix through a 25-cm achromatic doublet.
A pinhole placed immediately behind the cryostat serves as
spatial filter. Spatial filtering alone is not sufficient to elimi-
nate scattered laser light. Spectral filtering of the AS beam is
necessary to reject scattered light from matrix and substrate.
This is achieved with an interference filter centered on the

To Cryostat

——Spatial Filter AS wavelength with a 12 nm bandpass, followed by a 1/4-m
[\ PMT monochromator adjusted to accept the full filter bandpass.
] { M Note, the AS spectral distribution given by the triple convo-

lution of pulses,|as(w)=1p(w)*lg(w)*Ip(w), is rather
broad. It can be obtained experimentally as the nonresonant
FIG. 3. Experimental setup. The forward BOXCARS configuration is used. CARS spectrum by inserting a thin glass plate at the focal
A pinhlole serves as spatial filter,_a 1_/4—m monochro_méMJ)rand interfer- plane of the beams with all three pulses in space—time over-
ence filter are used for spectral filtering of the AS signal. lap. The experimentally determined AS spectral distribution,
pump laser spectrum, and the Raman spectral distribution,

the coherences leads to decay of the signal. During the intefR(@) =1p(@)*I(w), used in one of the measurements are

. ; lllustrated in Fig. 2. The time and frequency integrated AS
valst,~1; andt, ~ts, the system is in an electronic coher- eam is detected using a photomultiplier and boxcar integra-
ence, and therefore subject to electronic dephasing, whil . Tvpically. 100 ulsges gre avera 2d for every time delga
duringt;—t, the system is a vibrational coherence on e - typicaly, P 9 y Y.

state(an electronic population oK) therefore subject to vi- To reduce sample degradation, the data are collected at an

brational dephasing on the ground electronic state. Incohe}[rad'atlon rate of 125 Hz, and the laser energy is reduced

ent, statistical populations do not contribute to CARS. using a neutral density filter to less than_lOO nJ_ per pulse.
S . . . The key to the success of the experiments is the prepa-
To be clear about the similarity of information contentin . . . S . i
f . : - ration of nonscattering films. This is required to establish
requency domain RR spectra and in TRCARS, in Figdp) 1 . , N
. . R spatial coherence to define the polarization wave vectors, and
we provide the time circuit diagram for RR scatteriromly : e . :
to provide the spatial filtering crucial for reaching a zero-
theRs(t, ~1y,13 15,14 15), component of the RR response |- 004 signal on which the sensitivity of the method
is showrl*” Both processes involve propagation on therestnghe filmg are prepared by de osi'[iny a premixed gas
ground electronic state at intermediate timg;-t,, sand- m .Ie of J/Ar at a mpolepfractior?/of 1950009]“5”? a ulse?j
wiched between short propagations on the excited state ZAMP X ' gap

-~ B : i .~ valve (General Valves operating at 0.5 Hz, with a pulse
tcz Aélsair;d;“ fotjr'-veg\r/]gugrr:)ciisls S]EN; V:}z\ﬁr?rggﬁ]sscgvshélse width of 30 ms, and at a backing pressure of 200-500 Torr.

. . Process, Si9 . . %‘he matrix is deposited on a thin sapphire substrate main-
given by three-time correlation functiorithe three time in- tained at 31 K throughout the experiment. The resulting
tervals between four interactions with the radiation fiéld films, of estimated thickness 10@m, are tranéparent 0 the
Explicit atomistic descriptions of the RR scattering process e ,vvith a faint pinkish hue. The e>'<periments are carried out
in many-body systems has recently been obtained throug‘?ry ' '

the semiclassical evaluation of the three-time correlationat the deposition temperature of 81 K. Variation of tem-

function using forward—backward propagat®ri® as sug- perature outside this range leads to cracking of the films,

gested by the time-circuit diagrams, see Ref. 4. The prese@irsgsseigngﬁmcal scattering, and severe degradation of the

experiment allows direct verification of the theoretical de-
scription derived from the semiclassical model.

Il. EXPERIMENT Ill. RESULTS

The measurements are implemented in the forward The data are acquired with pump and Stokes pulses
BOXCARS geometry, descriptive of the corners of the boxnominally in coincidencein practice, a small relative delay
made by the four beanié see Fig. 3. Three fs pulses, in two is introduced while optimizing the signalas a function of
colors, propagating along separate wave vectors are use@elay of theP” pulse. Negative time,_, corresponds to the
The laser system consists of an*Aion pumped Ti:Sapphire P’ pulse preceding th@+S pair. In this case, the signal
oscillator, the output of which is chirped-pulse amplified at 1Probes the excited state dynamics as it evolves ovet;the
kHz, to 700xJ/pulse, and compressed to 70 fs. The pulse is™t1 time interval in the first-order coherence,
split with a 50% beam splitter, to pump two three-stage op- ao
tical parametric amplifier§OPA). The OPA output is fre- S(t<):J dta{Pi(ta: Sl ts—tol, to—t)}2. )
guency up-converted by sum generation, to provide tunabil- o
ity in the 480—2000 nm spectral range. The pulse duratiort positive time,t. , the coincidentP + S pair prepare the
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TABLE |. Decomposition of waveforms according to E&).

Two-state superposition

6 i Ay T w; (cm™) v'—v?
—_ 3 ; [ 0 1 10+ 1 0 e
2 5 0 I | ; 1 0.37 9.8+ 0.6 207.35:0.03(208.44" 4-3
b 21 33 24 25
; t{ps) 1
= 4 —h Mf# T ﬁ 1 Three-state superposition
c Ak | 1 : —1 r_
2, R EYTY POV VRS SRR R A we (em™) o'
v ‘ £ “! ! i[ y Wlw V m}lwuw‘uw 0 1 10+1 0
E(: 5 I ] 1 0.3 9.5:2 55° 207.35:0.03 (208.494 4-3
(@] 7 1 2 t (ps) 3 4 5 2 0.45 11 0° 208.49-0.03 (209.67 5-4

MWM 3 0.1 a2 210° 415.9-0.15 (418.12 5-3
1 d -
ﬁMWM"“‘WM\'Wl’#.\ ' aibrational assignment.
0 —— e bBased on gas phase parameterss 214.57,weXo=0.6127.

0 5 10 15 20 25 30 35
time (ps) ) _ )
Estimates of the parameters(#) are first obtained from the
FIG. 4. TRCARS signal for a Raman packet consisting of a two-state suFourier transform of the waveform, then optimized by a non-
perposition. In the expansions, the connected open circles are the expe"hear least squares fit in time domain. The fit in Fig 4 con-
mental points and the solid line is the fit to E®) of text. A single fre- tai IV tWo t f ) t. d
quency componenfsee Table )l reproduces the oscillation periods for the a|n§ On y (WO terms—a Zerq requency component an one
full length of the scan. The noise is mostly in amplitude fluctuations. TheOScillating term. The best-fit parameters are collected in
spectral composition of the lasers used in this measurement is illustrated Mable |. Note, for a single oscillating term the phase is de-
Fig. 2. termined by the time origin, which is not known with suffi-
cient accuracy to yield a meaningful value. We also note that
the decay times of the two components are the same within

Raman packet on the ground electronic state; and the delay&fPerimental error. The expanded scale comparisons of sig-
P’ pulse probes evolution of this second-order coherenc@al and fit in Fig. 4 are provided to demonstrate that a single
over thet;—t, interval, frequency reproduces the entire waveform. This frequency is

determined with an accuracy af0.03 cm . We may con-
clude that a two-state vibrational superposition is being ob-
served, with a beat frequency of 207235.03 cm ! given by
the energy spacing between eigenstates. This spacing is clos-
In Fig. 4 we show the signal obtained with lasers cen-gst to the gas phase separation between vibrational states 6
tered atwp=17800cm* (FWHM=194 cm'), and ws  and 5,G(v=6)— G(v=5)=207.22cm . However, based
=16827 (FWHM=212 cm'"). It consists of a saturated on the Raman windowsee Fig. 2, the more likely assign-
peak at the time origin, the noise floor at negative time, anghent of superposition i® =4, 5. This assignment will be
a deeply modulated signal that can be followed &0 ps at  fyrther supported below. Note, a shift by one quantum num-
positive time. Att=0, when all three pulses coincide, non- per can occur if the harmonic frequency ofX) in solid Ar
resonant scattering from the matrix and substrate contributg reduced by @.x.=1.225cm ! from its gas phase value
to produce the saturated signal. The absence of a signal gt ,,,=214.57%
negative times, outside tite=0 peak, implies that the first- The CARS signal shown in Fig. 5 is obtained with
order coherence does not contribute signal outside the coifrearly unchanged central frequencies,=17 721 cn* and
cidence of pulses. We may conclude that evolution of the, .—16862cn?, but with pump and Stokes bandwidths in-
eG(t) packet on theB-state leads to decay of the signal creased to FWHM 314 cnit and 426 cm’, respectively.
prior to any recursions. The same must hold for the thirdrhe spectral convolution of these nontransform limited
order coherencep(t), since it too involves wave packet pulses has a FWHM530 cmi't, comparable to three vibra-
evolution on the excite@-state. This has the interesting con- tional spacings in th& state. The signal is detected with a
sequence of momentum filtering, to which we will return pandpass of 430 cl. The absence of recurrences in third-
below. At positive time, when the Raman pack&f)(t) is  order coherence is most directly established by the absence
probed, the oscillatory signal decays with a halflife of 10 ps.of structure in the CARS spectral window, and therefore the
and ~200 distinct oscillations can be seen within the dy-absence of any dependence of the signal on spectral
namic range of the measurement. Evidently, evolution of théyandpas$® The latter was verified experimentally by tuning
Raman packet on the ground electronic state occurs witkhe detection bandpass with the tilt angle of the interference

st)= [ PRt -ttt @

retention of phase coherence fel0 ps. filter. Beside the zero-frequency component, the Fourier
The experimental waveform at positive time can be despectrum of the waveform now consists of two resolved fun-
composed as a sum of damped sinusoids, damentals, at 208.49 crh and 207.35 cm?, and an over-
N tone, at 416.1 ct, (see insets to Fig.)5 The best-fit pa-
S(t.)= 2 A cog it + ¢)e V. (5) rgmeters of the waveform t((5)' are collected in Table I. As
i=0 discussed above, only relative phase shjfts —¢,| are
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the instrumental resolution used in the extant RR measure-
ments in matrices. In effect, the present TRCARS measure-
ments are of higher spectral resolution than the existing fre-
quency domain RR measurements.

‘ . ‘ X100
180 190 200 210 220 230 240

(cm") VSUSIVSN

380 350 400 410 420 430 440
MWWWWWMMMMMM (om™)
m.— IV. DISCUSSION

In the observed waveforms, the absence of frequencies

WWW%MMMWMM other than that of molecular iodine indicates that the Raman
J L packet is a zero-phonon superposition. The only observable
o 5 10 o o VI 20 effect of the host is the exponential decay of the signal. As
Time (ps) such, the experiment is a realization of the idealized one-

_ o dimensional Morse oscillator in a batWwith strong coupling
FIG. 5. TRCARS signal for a Raman packet consisting of a three-statefn the excited electronic state and weak coupling near the
superposition. The power spectrum, consisting of two fundamental freque

cies and one overtone, identifies the packet as a three-state superpositi&?@ttom of the ground electronic stat&Vithin this frame, it

The data in this case is obtained with chirped pulses. is useful to consider the dynamics that shape the observed
waveform, and in particular, the effect of the absence of
recursions ine((t), and therefore inp)(t). Rather than

meaningful. Again, decay constants of all frequency compothe observed frequencies, which were already analyzed in
nents are within the experimental error bars. The extracte§€C. lll, we are interested in understanding the depth of
frequencies are quite precise. The comparison between fifodulation of the signal in the language of packets and win-
and signal at long time establishes that the noise in the da@Wws used in Sec. |.
is mostly in amplitude—the periods of oscillation remain in ~ First let us note that the strictly temporal interpretation
synchrony with the fit for the-200 observed cycles. Con- of the signal in terms of quantum beats ignores the evolution
sistent with the assignment of the two-state superpositiorPf Vibrational superpositions under the laser pulses. While
based on the Raman spectral window dictated by the conva@iPPropriate for spins or pure rotatiofisin the case of vibra-
lution of P and S pulses, the three observed states can pdions, this interpretation corresponds to the strictly impulsive
assigned with confidence to=3, 4, 5. The observed funda- limit of Eq. (1), in which the various time integrals can be
mentals correspond to the beais=G(5)—G(4) and w regarded as Fourier filters that select specific components of
=G(4)—G(3), while the overtone corresponds tes the third-order polarization. The language of packets and
=G(5)-G(3). windows can be used, see Appendix A, to obtain the stan-
Assuming first order anharmonicityG,(v)=wc(v  dard resultin state representation,
+1/2)— weXe(v + 1/2)?, two assigned level spacings is suf-
ficient to extract a harmonic frequencyw,=213.05 S(t)x>, cZe 2lut
+0.05 cm! and an anharmonicity, weXe=0.57 v
+0.03cm!, to be compared to the gas phase values of ,
214.57 cm* and 0.627 cm?, respectively’? Thus in Ar, the +2 2 ¢,C,cof(w,—w,)t]e Tvilyt (6)
harmonic frequency of iodine is reduced by 1.5¢n0.7% v’ #v
relative to the gas phaseThis determination is in good in which the coefficients of eigenstates,, contain vibronic
agreement with the analysis of RR spectra ofin matrix ~ transition matrix elements, and the amplitude decay con-
Ar.>® In the present, the extracted molecular parameters argtants], , are introduced phenomenologically. According to
based on two spacings, while the RR parameters are baséd. (6) the depth of modulation of the signal depends on the
on a linear fit to~15 vibrational spacings from an observed disparity between coefficients of eigenstates. Whege
sequence of-20 overtones. The spectral resolutiontcd.03 ~ =c,. the signal is fully modulated; otherwise, the coherent
cm 1in the present, is determined by the time length ovempopulation termgsquare termsgenerate the zero-frequency
which the beats can be observed. In the RR spectra, the losomponent in the signal. The finite pulse width result is ob-
photon counts and the limited ability of the matrix to dissi- tained by convolution of the impulse response with the time
pate high laser intensities, necessitate the recording of speprofile of the laser. The convolution reduces the depth of
tra at a resolution of 5—-10 cil. The accuracy of the param- modulation, in effect increasing the amplitude of the zero-
eters extracted from the RR spectra derives from the lengtfrequency component and reducing the amplitudes of oscil-
of the observed sequence. lating terms[A, and A; in Eqg. (5)]. Hence the use of the
By definition, the decay of the CARS signal measuresfunctional form with unrestricted amplitudes, E®), to fit
the loss of coherence—decoherence. The decay of the sigrthle data. Decomposition of the signal in terms of state spe-
over t3—t, interval measures decoherence due to evolutiortific decay times, with the constraints on parameters pro-
on the ground electronic state, after a short evolution on theided by Eq.(6), is possible. Although a slightly improved fit
excited B state. The same decay time determines RR lineean be obtained by allowing thell/ time constants to differ
widths. The observed coherence decay time of 10 ps implieky 10%, the improvement is marginal. Within experimental
a linewidth of 3 cm, which is significantly narrower than error, all eigenstates decay with the same time constant.
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The decay constant$;;, introduced in Eq(6) are for l
amplitudes of eigenstates. Since a single decay constar
characterizes the experimental signal, ther=RI'=10*+1 04
ps is identified as a generic decoherence time. Even thoug!
the squared term in E@6) has the appearance of vibrational
population, the decay rate of the zero-frequency term in Eq.
(5), may not be assigned toTa -type population decay. The
fitting form of Eq.(5), as obvious from the derivation of Eq. 0.2
(6), does not discriminate between relaxation of vibrational
population or dephasing; the latter being the loss of the re-
quired phase correlation defined in E®). Mechanically,
both processes involve the exchange of energy between chrc
mophore and bath degrees of freedom. In dephasing, the 0.0+
scattering of thermal phonons on the molecular center gen 0 %0 0 150 250
erates phase noise—a change of peribAE, small in S 53)
comparison to the natural period given by the VibrationalFIG. 6. Time dependence of state coefficients in the Raman packet. The
spacing,#/(E,— Ev,l).6 While in the case of population shaded Gaussian is the intensity envelope of the pump pulse, the Stokes
relaxation, the Scattering leads to irreversible flow of vibra-pulse is assumed coincident and has nearly identical pulse width. The signal
tional energy from molecule to bath. Both vibrational is proport‘ic_)nal to the_squares of the coefficients. The packet is a two-state

. . superposition consisting af=4, 5 on theX state.
dephasing and relaxation rates are expected to be propor-
tional to vibrational quantum numbet$2° yet we do not
observe a discernible variation among the three observed .
states. The experiment does not allowga direct identificatior?rdmate: FWHMNO'OZ A for goz.(x). Thisis a .reSl?'I.t of the
of the decay mechanism. steep repulsive wall of the excited state and justifies the use

In the absence of the effect of the host, which evidentlygf classwa:] pro_be Vﬁ'”do_ws n analygli. Maflpplng of _thervm-z
can be introducedh posteriorj we are left with a one- ows on the eigenfunctions, as widths of arrows in Fig.

dimensional problem. In 1D, Eq1) can be evaluated ex- makes it clear that due to the very narrow transition win-

actly, by sequential numerical integrations to obtain the vari—dows’ Franck—Condon factors that control state participation

ous order wave functions, and expected signal. The results Ok be quite -|rregular. Then, by systematlcally scanning car-
such treatments are already familiar in the literature, in the'€" frequencies of and S pl_JIses,lt should be possible to
context of TRCARS studies of iodine vapGrWe are inter- map out X-state wave functians

ested in aspects of the scattering process that are peculiar to

the condensed phase. To this end, consider the Raman packet

given by numerically integrating Eql) overt; andt,, 25000 —

[a, ()l

eP(1)= a,(t)|vy)e EA (7)

in which the vibrational eigenfunctions are obtained from the 20005

one-dimensional, bare molecular potential, and the time de-
pendent coefficients are evaluated explicitly,

—j\2 " 15000
av(t):(7) u2> (vlv") o
v’ -
)

t ty =
><<U’|0>f_ dtzj_ dt,Eg(ty) & 10000 -
Xe—i(ws—(EU—Ev/)/ﬁ)tzEP(tl)

« @~ i(wp—(E,~E,r gty ®) —

In the evaluation we assume transform limited Gaussian
pulses,E (t), with widths determined by the experimental
laser spectra. The obtained time evolution of state coeffi-
cients,|a,(t)|, in the Raman packet are shown in Fig. 6. The
packet consists predominantly o4 andv =5, confirming

the assignment made above. Snapshotsegf(t) and
(P&Z)(t) during preparation are S_hown in Fig. 7. The earlyFIG. 7. Snapshots of the first and second order packets evolving under the
time snapshots, at<90fs, make it clear that the packets are coincidentP+ S pulses. The peak of the laser pulse occurs=at00fs, as
born in a relatively narrow window along the molecular co-in Fig. 6.
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© WMMWWWWW periment. For the comparison, an exponential decay of 10 ps is included in

the simulated signal.
T(t;p-)
0.00 | 0.50 ll)o 1|50 2.00 | 2.50 | 200 ' 250 probe window is located in the middle of the molecular
) - ’ ’ - ' ’ ’ bond. The convolutior{11l) eliminates the doubling, but at

Time (ps) the price of dramatically reducing the depth of modulation of
the signal to~25%][seeS(t) in the top panel of Fig. B This

FIG. 8. The effect of momentum filtering. The transfer functi@ift), is . . .
defined as the impulse resporj&sy. (10) of text], and the signal is defined Clearly does not agree with the experiment, see Fig. 4. The

as the finite pulse width response obtained by Gaussian time convolutioASSumption in Eq(10) is that the entire amplitude promoted
[Eq. (1) of text]. In the absence of filtering, the signal shows a doubling of by the P’ pulse contributes to the AS polarization. Since the
t_he periodic resonance, which in turn leads to a shallow de_pth of modulaﬁrst order coherence decays prior to recursion, we may be
tion. The momentum filtered Raman packBg. (12) of text] yields T(t; . )
p—), in which the doubling is eliminated, and accordingly, a deeply modu-SU"® thatthe positive momentum compor_1ent¢(§f (t) pre-
lated signal S(t;p—), is obtained. pared by the Ppulse will dephase before it can reach the AS
window, and therefore cannot contribute to the sigr@hly
the negative momentum component<p:{f)(t) may contrib-
The visibility of a given eigenstate, namely its contribu- ute to the signal. The vertical nature of the optical transition,
tion to the observed signal, is subject to filtering by #e  in turn, implies that only the negative momentum component
pulse. The signal can be regarded as the overlap of the Raf (ng)(t) may contribute to the signaf. Accordingly, we
man packet with the time-dependent second-order windowfjlter out the negative momentum component of the Raman
W()(t), obtained in state representation by proceeding fronpacket, by transforming it to momentum space, eliminating
the left-hand side of Eq) to integrate ovet, andt; (see  the positive momentum component by multiplication with
Appendi¥. Nearly identical results are obtained by approxi-the unit step functiot - (0), andback transforming to co-
mating the action of th®’ pulse as a time-dependent win- ordinate space,
dow which is stationary along the molecular coordinate, by
defining the probe window along the molecular axis through ,, _
the reflection approximation, i.e., assumption of exact con¥X (t,p—)—f
servation of kinetic energy during the vertical transition, (12)

dqe_in/h(Pg(Z)(t)l

dpépq/ﬁH<(0)f

W<2)(q)= J'+mdte—iwptei(T+V)Bt/ﬁMEPI(t)e—i(T+V)xt/h where

_E sth v v g 0 for p>0
=uEpr ()l hw—(Vg(q)—Vx(q))]. 9 H_(0)= 1 for p<0’ (13
For signal proportional to the overlap of window and packet,
the impulse response defines the transfer function, The filtered Raman packet is then used in Ed) to simu-
late the signal. The resulting transfdi(t,p—), and signal,
(2) (2) 2
T(O)=(W=(a)¢ " (a.1))" (10 S(t;p—), functions are shown in Fig. 8. A direct comparison
The signal is obtained as the response to a fiRitgulse, is made with the experiment in Fig. 9, after multiplying the
simulated signal with a 10 ps exponential decay. The filter-
s(t>)=cJ drEE,(t—r)T( 7). (1) ing eliminates the period doubling in the transfer function
(Fig. 8), and the depth of modulation of the simulated wave-

In Fig. 8 we show the resulting transfer functior(t), and form is in excellent agreement with the experiméfig. 9).

the signal,S(t.). The transfer function clearly shows the It is necessary to take the effect of momentum filtering into
splitting of the periodic resonandgeriod doubling, due to  account to reproduce the CARS signal ofih solid Ar.
the separation in time of the positive and negative momenMoreover, it has been verified that under similar excitation
tum components of the wavepacket as they entePthein-  conditions a significantly shallower depth of modulation is
dow. A symmetric period doubling is obtained when theattained in the gas phase.
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measurements, in this case, time resolved CARS. The ab-
sence of recurrences in first order coherence, during evolu-

tion on the excited state, and the lack of structure in théA‘PPE’\]DIX

CARS spectrum, establish that in the condensed phase, the Fitting the experimental CARS signal in terms of
first- and third-order coherences decay prior to recursiondamped sinusoids ignores the phase space evolution of vibra-
This information was already available in the absorptiontional packets. Such a treatment is justified empirically in
spectra of iodine, in the fact that the spectra are nopractice, when experimental time resolution is limited, such
Structureoa_s Note, while pump_probe measurements havéhat the detailed structure of the waveform is not obtained.
been used to monitor vibrational coherences on the exBited This strictly temporal interpretation can be obtained under
state®® CARS cannot yield the same information due to thethe strictly impulsive limit; namely, by ignoring the evolu-
fast electronic dephasing in the procédsn contrast, the t|9n of the molecular Hamlltqn{an undgrthg pulses as seen in
Raman prepared packets neat 4 of the ground electronic Fig. 7 of the text. _In t.hls.I|m|t, the.tlme integrals simply
state can be followed for some 200 recursions using CARSr?duc.:e t(.J the Fourier fllte'rlng. of various cqmponents _of_the
This information was qualitatively known by the fact that RR polarization. Thus, the first interaction with the radiation
spectra show a relatively sharp progression of Ifehe generates a wave packet,

present experiments establish that the decoherence time on
the ground electronic state, in the solid, is 10 ps; while from
instrument limited linewidths of RR spectra it had been es-
timated that the coherence decays on a time scate3ps®

The long-lived Raman packet allows rather accurate evalua-
tions of frequencies and anharmonicities in the ground elec- :MZ [v"){v'[v=0)
tronic state, in effect allowing an accurate description of the v
solvated molecular potential. Based on the measurement of
two vibrational spacings, we have extracted and weXe
values for the bottom of the potential, a more extensive mea-
surement would clearly be valuable. ' :Mz 100" |0 =0)Ep(wp)

We have argued and demonstrated that the CARS signal i
is subject to a momentum filter as a necessary outcome of the B _x
absence of recursions iqa(Bl)(t). We may then state more X lwp—(E, —E)/h] (AL)
generally that whenever the absorption spectrum is structureonsisting of the eigenstates that can be reached with the
less, the observation of resonant CARS necessarily impliespectral distribution of the radiation field, weighted by
that momentum filtering is in effect. It can therefore be ap-Franck—Condon factors and transition dipoles. The proce-
preciated that the phenomenon is ubiquitous in condensedure can be repeated in successive orders; and taking advan-
phase measurements. This leads to the none too obvious cdage of linearity, the finite time response can be obtained
clusion that time resolved resonant CARS spectra of molfrom the impulse response by convolution. It is possible to
ecules in condensed media can be expected to yield a mof&'Ty out the evaluation in terms of packet and window.
deeply modulated signal than in the gas phase. In effect, Fhus, the Raman packet is obtained by the integration over
higher time resolution is obtained in the condensed phase bT}Z
elimination of period doubling that occurs whenever the sys- @ , S (o) e T (e 1)
tem is probed near the middle of the bond. ¢ (q,tg—t2)=2” a,rui(q))eFptisTi2ie s,

It has been previously demonstrated that vibrational co- ’ (A2)
herences can be controlled with chirped pulses on excited
electronic states of matrix isolated iodifie®3 The fact that  V"€"€
Raman prepared packets on the ground electronic state are

to . ) R
eP(ty)= f dtye P> o’ )(v'[eMsh /M LER(ty)
— 00 U,

x e~ IHxt /|y = 0)

to ' B X
X f dtle—I[u)p—(EU,—EU)/ﬁ]tlEP(tl)

-2 nr A _
long lived implies the feasibility of control of vibrational ayr = UE (0"|o" ) o' [v=0)Ep(wp) Sl wp—(E,
packets on the ground electronic state. Time-resolved CARS .
gives great flexibility to manipulate packets and to observe —E -0/ ]ES(ws) lws—(E, —E,n)/fi],  (A3)

them®* As an example, it should be possible to launch agnd we have introduced the phenomenological state specific
packet on the ground electronic state, and to bring it up to themplitude decay constant§, . Describing the effect of the
excited state at a configuration where electronic curves crosfost by the single amplitude decay constant is an approxima-
This would allow the direct scrutiny of nonadiabatic dynam-tion suggested by the data. Otherwise, the dissipation of vi-
ics in the condensed phase, which remains the guiding mdsrational amplitude is due to the sum over all off-diagonal
tive for developing the described TRCARS experiments. coupling constantd,,=X,/vy,,:, Which need not lead to a
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strictly monotonic decayit can have oscillations™ The co-

efficientsa, are time independent in EGA2) because of the
impulse assumption. We may define the second order prob

CARS of I, in argon matrix 4139

Phys. Lett.302 405(1999; J. S. Cao, M. Messina, and K. R. Wilson, J.
Chem. Phys106, 5239(1997.

V. A. Ermoshin, A. K. Kazansky, and V. Engel, J. Chem. PHykl, 7807
(1999; H. Dietz and V. Engelibid. 110, 3335(1999.

!
window under theP" impulse, with the same procedure, but 12¢ “yeier and D. 3. Tannor, J. Chem. Phy&1, 3365(1999.

now integrating Eq(1) from the left to obtain

W (q,ts) =2 b,(vk(ta)la){al= E b, (v(a,t3)],

(Ad)
where
by":MZZN (v=0[v")(v"[v")Eps(was)
v
X 8[20p— w5 (E,n—E, o)A ]Ep(wp)
X@[(I)p_(Evm_Evu)/h]. (AS)
The observable instantaneous signal is then given as
2
S(t)e quWp/(qﬁp(z)(q,t)JrC-C-
=; ¢ cog w,t)%e 21!
+ > ¢,C,co8(w,+w, )t]e” Tt
v, #v
+ > ¢,C, cog(w,—w,t]e”To Tt (A6)
v,v/qﬁv
wherec,=a,b, andt=t;—t,.

Convolution of Eq.(A6) with the laser pulse envelope

BR. Karmacharya, P. Gross, and S. D. Schwartz, J. Chem. Rhys6864
(1999.

143. 3. valentini, irSpectrometric Techniquéscademic, New York, 1985
Vol. 4.

153, Maeda, T. Kamisuki, and Y. Adachi, ikdvances in Nonlinear Spec-
troscopy edited by R. J. H. Clark and R. E. Hesi@¥iley, New York,
1988, p. 253; J. Niblerjbid., p. 1.

16F, Lineberger, R. Stocl, B. P. Asthana, and A. Laubereau, J. Phys. Chem.
A 103 5655(1999.

1"H. Okamoto, H. Hayashi, K. Yoshihara, and M. Tasumi, Chem. Phys.
Lett. 182 96 (1991).

8w, E. Bron, J. Kuhl, and B. K. Rhee, Phys. Rev3B, 6961(1986.

19F. Geist, H. Pascher, N. Frank, G. Bauer, and M. Kriechbaum, Superlat-
tices Microstructl2, 477 (1992.

204, Vierheilig, T. Chen, P. Waltner, W. Kiefer, M. Materny, and A. H.
Zewail, Chem. Phys. LetB12 349(1999.

2IA. Zumbusch, G. R. Holton, and X. S. Xie, Phys. Rev. L&2, 4142
(1999.

22M. Schmitt, G. Knopp, A. Materny, and W. Kiefer, Chem. Phys. L280,
339(1997; 270, 9(199%; J. Phys. Chem. A02 4059(1998; T. Siebert,

M. Schmitt, A. Vierheilig, G. Flachenecker, V. Engel, A. Materny, and W.
Kiefer, J. Raman Spectros8l, 25 (2000; S. Meyer and V. Engelipid.
31, 33(2000.

R, Zadoyan and V. A. Apkarian, Chem. Phys. L&26, 1 (2000.

24D. J. Tannor, S. A. Rice, and P. Weber, J. Chem. P8$s6158(1985.

25W. Domcke and G. Stock, Adv. Chem. Phyi€0, 1 (1997.

%Y. R. Shen;The Principles of Nonlinear Optid&Viley, New York, 1984.

273, Mukamel, Principles of Nonlinear SpectroscopDxford University
Press, New York, 1999

ZEquation (2) allows the traditional distinction between vibrational and
electronic contributions of phase coherence, or equivalently, allows to
distinguish vibrational and electronic dephasing terms in CARS. To see
this, note thaEvB,= E, +Te, with v’ representing all vibrational modes

yields the experimental signal. Since typically the pulses of the guest/host supersystem, whilgis the electronic origin of the guest
used contain many cycles at the carrier frequency, only the molecule. Phase evolution around the time-circuit can be separated into

beat at the difference frequency is resolvable. The first two components,

terms will only contribute by their cycle averages,

S(t) 2 cZe 24042 D c,cy

v,v' #v

X cog (w,— w,/)t]e” ToTot (A7)

Q= [Ev=0(t47t1) - Ev’(t27 tl) - Eu”(t37t2) - Ev”’(t4
—ta) [/ —[Te(ty—ty) + Te(ts—t3) /2. If we now identify v’ by the
single vibrational degree of freedom of the chromophore, then all the bath
degrees of freedom are contained in the electronic origin,they lead to
modulation of the many-body electronic origin, along with electronic
dephasing.

29N, Makri and K. Thompson, Chem. Phys. Le281, 101(1998; O. Kuhn
and N. Makri, J. Phys. Chem. A03 9487(1999.

which is the result sought, and the basis of the analysis of theX Sun and W. H. Miller, J. Chem. Phy$10, 6635(1999.

experimental waveforms in terms of decaying sinusoids.

IR. Zadoyan, J. Almy, and V. A. Apkarian, J. Chem. Soc., Faraday Dis-

cuss.108 255(1997, and references therein.

2M. Bargheer, P. Dietrich, K. Donovang, and N. Schwentner, J. Chem.

Phys.111, 8556(1999.
3N. Bloembergen, Pure Appl. Cherh0, 1229(1987).

“4For a detailed discussion, see M. Ovchinnikov, V. A. Apkarian, and G. A

Voth, J. Chem. Phygsubmitted.

SW. F. Howard and L. Andrews, J. Raman Spectrdc442 (1974; J.
Grzybowski and L. Andrewsbid. 4, 99 (1975; L. Andrews, Appl. Spec-
trosc. Rev.11, 125(1976.

6J. Almy, K. Kizer, R. Zadoyan, and V. A. Apkarian, J. Phys. Ché&i4,
3508(2000.

’R. J. Gordon and S. A. Rice, Annu. Rev. Phys. ChéB).601 (1997).

8C. S. Guiang, and R. E. Wyatt, J. Chem. Phys2, 3580(2000.

9Y. C. Chen and J. A. Cina, J. Chem. Phg40 9793(1999; E. M. Hiller
and J. A. Cinajbid. 105 3419(1996; T. J. Smith and J. A. Cinabid.
104, 1272(1996; L. W. Ungar and J. A. Cina, J. Lumii3, 345(1995.

103, S. Cao, C. J. Bardeen, and K. R. Wilson, J. Chem. Phi3. 1898

S. Maeda, T. Kamisuki, and Y. Adachi, Adv. Nonlinear Spectr88c807

(1999.

32G. Herzberg, inSpectra of Diatomic Molecule&/an Nostrand Reinhold,
New York, 1950.

33T, Lang, K. L. Kompa, and M. Motzkus, Chem. Phys. L3110 65
(1999
34H. Eyring, S. H. Lin, and S. M. LinBasic Chemical KineticgWiley—
Interscience, New York, 1980

35G. J. Hoffman, D. G. Imre, R. Zadoyan, N. Schwentner, and V. A. Ap-
karian, J. Chem. Phy98, 9233(1993.

"3 A right-traveling packet on thi state cannot yield CARS signal. This is

because, a right-traveling packet on tkestate when projected to tHg
state will continue to travel right. According to energy conservation, to
radiate an AS photon, it must return to the inner turning point ofBhe
potential. However, the system will dephase prior to a period of evolution
on theB state, therefore there will be no coherent radiation. A left going
packet when promoted to th@state, will radiate at the left turning point,
then turn around to stretch on tlBestate and dephase.

S7R. Zadoyan, D. Kohen, and V. A. Apkarian, Chem. PHyis.press.

38M. Ovchinnikov and V. A. Apkarian, J. Chem. Phyk05, 10312(1996.

39R. Zadoyan, M. Sterling, and V. A. Apkarian, J. Chem. Soc., Faraday
Trans.92, 1821(1996.

(2000; C. J. Bardeen, J. S. Cao, F. L. H. Brown, and K. R. Wilson, Chem.“*°M. Ovchinnikov and V. A. Apkarian, J. Chem. Phyk06, 5775(1997).

Downloaded 12 Feb 2004 to 128.200.47.19. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



4140 J. Chem. Phys., Vol. 114, No. 9, 1 March 2001

Karavitis, Zadoyan, and Apkarian

413, W. Che, M. Messina, K. R. Wilson, V. A. Apkarian, Z. Li, C. C. “**R. Zadoyan, N. Schwentner, and V. A. Apkarian, Chem. PBgS, 353
Martens, R. Zadoyan, and Y. J. Yan, J. Phys. Chtdg, 7873(1996; C. (1998.

J. Bardeen, J. Che, K. R. Wilson, V. V. Yakovlev, V. A. Apkarian, C. C. **For an example of wave packet manipulation using TRCARS in the gas
Martens, R. Zadoyan, B. Kohler, and M. Messina, J. Chem. PHY8.

phase, see G. Knopp, I. Pinkas, and Y. Prior, J. Raman Specihsgl
8486(1997). (2000.
42M. sterling, R. Zadoyan, and V. A. Apkarian, J. Chem. PHy&4, 6497  “°D. Kohen, C. C. Marston, and D. J. Tannor, J. Chem. Ptg3, 5236
(1996. (1997.

Downloaded 12 Feb 2004 to 128.200.47.19. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



