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Onset of decoherence: Six-wave mixing measurements of vibrational
decoherence on the excited electronic state of I  , in solid argon
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Pump—probe, four-wave, and six-wave mixing measurementsisebllated in solid argon are used

to provide a clear experimental measure for the onset of vibrational quantum decoherence on the
excited electronic state. The electronically resonant, six-wave mixing measurements bypass the
rapid electronic dephasing, and measure the quantum cross-correlation between two packets
launched on thé-state. The vibrational quantum coherence survives 1 period of motion, 400 fs,
during which~2000 cm ' of energy is transferred to the lattice. The decoherence occurs during the
second cycle of motion, while classically coherent motion measured via pump—probe spectroscopy
using the same electronic resonances continues 1dr periods. This is contrasted with vibrational
dephasing on the ground electronic surface, which lasts férpkbiods, as measured through
time-resolved coherent anti-Stokes Raman scattering. The measurements and observables are
discussed through time-circuit diagrams, and a mechanistic description of decoherence is derived
through semiclassical analysis and simulations that reproduce the experimer2904cAmerican
Institute of Physics.[DOI: 10.1063/1.16914Q7

I. INTRODUCTION Previously, we have reported on FWM experiments of

Parametric, coherent, multivave spectroscopy with Shoryme-resolv_ed_ coherent antl-Stokes_ Ran117an scatte(rT@
CARS) on iodine isolated in Ar matrice€:*” The electroni-

pulses allows detailed preparation and interrogation of quan= )
tum coherencek? We use this tool to scrutinize the mechan- Clly_resonant TRCARS measurements establish that the

ics of decoherencénamely, the breakdown of time reversal |)_<><BJ electronic coherence decays in less than a period of
invariance of quantum evolution, which is an inescapable/iPration, while the ground-state vibrational coherence,
eventuality in real systenfs.This fundamental concept, IX,v=0))}X,v"=1,12, persists for hundreds of periods.
which is used to harmonize quantum and classical realities] Nis gross information was also available in frequency do-
is subject to differing definition$,and has principally been Main spectra. The absence of structure onBkeX absorp-
deve|oped in theor@_”s understanding is key to quantum tion |mp||eS electronic dephasing faster than the periOd of
control, from chemistr{/to information technolog§.Our in-  Vibration on theB state(~300 f9; and long-lived vibrational
tention is to use carefully crafted experiments to follow vi- coherences on thX-state could be inferred from the line-
brational quantum coherence and its collapse with concomispectrum of overtones observed in resonant RafiiR)

tant emergence of classicality. Matrix isolated molecularscattering® A detailed semiclassical analysis of both of
iodine serves as our prototype for these investigationsthese processes has already been giveince vibrational
Pump—probe measurements serve to characterize the classdherences on the ground electronic state are prepared by
cal vibrational dynamics of the molecule on its excitedRaman pumping of a chromophore accommodated by the
B-state; parametric four-wave mixing (FWM) measure- lattice, dephasing occurs on a time scale long in comparison
ments are used to characterize electronic dephasing and b phonon scattering times. Dephasing rates longer than the
brational quantum coherence on the ground electronibath memory defines the weak coupling limit, where dephas-
X-state; and parametric six-wave mixitf§WM) measure- ing marks the destruction of all coherence. In this limit, sta-
ments are used to characterize vibrational quantum cohefistical treatments of lineshapes, such as spin-Boson
ence on the exciteB-state. A succinct, yet powerful connec- models!® are adequate to describe observed spectra, be it in
tion between observables and underlying dynamics for eactime or frequency domain.

of these measurements can be made through time circuit dia- |n contrast, when promoted to the excited electronic
grams, which we will use extensively in our interpretationsstate, the molecule is set on a collision course with the lat-
and analysis. The diagrams are also indispensable for thge The strongly dissipative dynamics that follows proceeds
explicit simulations of the requisite quantum many-body dy-through a sequence of sharply defined “events” that are ob-
namics through semiclassical initial va_llue re_presentatlorgerved as wavepacket motion in time-resolved pump—probe
(SC-IVR).** This approach has _beezn previously 'mp|emﬁmeqneasurements, which are faithfully reproduced through clas-
to analyze absorption—emissioi” resonant Ramatt; sical trajectories that do not carry any phase informatiam.

and hot luminescencg,in this system. Evidently, the measurements report on the evolving diagonal
density, which is now better described in coordinate repre-

dElectronic mail: aapkaria@uci.edu sentationB,q(t) (B,q(t)|. The deeply modulated signal es-

0021-9606/2004/120(17)/1/13/$22.00 1 © 2004 American Institute of Physics

PROOF COPY 015417JCP



PROOF COPY 015417JCP
2 J. Chem. Phys., Vol. 120, No. 17, 1 May 2004 Bihary, Karavitis, and Apkarian

tablishes that in the excited electronic state, vibrational rethey are entanglet?:?® Information regarding the bath is
laxation of the molecule proceeds with retention of classicatransmitted to the system through the quantum phase,
correlation(population coherengels the quantum coherence through the actiors(t) = f £(q,Q,q,Q)dt given by the La-
(amplitude coherengeretained during this process? When grangian£ of the macro-system. Strong dissipation of the
exactly does the quantum coherence collapse during this dgystem, i.e., energy transfer from system to bath, is essential
namics? To answer these questions a quantum measuremegit establishing entanglement, and does not in itself imply
of the evolving nuclear dynamics is requirédTo accom-  decoherence. It takes time for the information transferred to
plish this, we prepare a superposition of two, energeticallithe bath to degrade by generating quantum entropy, or
distinct, vibrational wavepackets on the electronically ex-equivalently, it takes time for the driven bath to dephase.
cited B-state This is the process that controls the measured vibrational
—— / decoherence on the electronically excitBestate, as we

#(t=0)=(|¢s(do)) +|@s(q0) ) #(Qo)), (13 show. Since the cross-correlation between two distinct vibra-
in which Q, represent the bath coordinates, and the initiational wavepackets is measured, to make such a definite as-
bath state is the thermally occupied density of the weaklysignment, it is essential to ascertain that the decay is not due
coupled normal modes of the lattice with the chromophoreo system—system overlap in the particular projective mea-
on theX-state. The strong coupling between system and batBurement. Experimentally, this is established through sepa-
on the electronically excited state implies that as they evolvesate pump—probe measurements carried out individually on
each packet will drive its own distinct history in the bath  the same packets, using the same electronic resonances. We

() =U(t,t) o(t=0)=|0g(q, ;1)) +|ea(q’,Q";1)). establish_ that the vib_rational quantum coherepgg(t) dl(/ez—

cays, while the classical cross-correlatjgrq(t) pqrq/ (1)1
L . . of the system is maintained. The semiclassical simulations,

The wprgtpnal quaptum coherenge is then degcrlbed as trWhich quantitatively reproduce the observations in this
deterministic evolution of the off-diagonal density strong-coupling limit, allow a clear and explicit mechanistic

pee (1) =|ea(d,Q;t)){ea(q’,Q";t)]. (1)  interpretation of the measurements and the processes under-
lying the observations. For an insightful discussion of the
semiclassical theory of coherence and decoherence in the
same spirit as our development, we refer to the paper by
Fiete and Heller which appeared during the review period of
the present manuscript.
The value of SWM spectroscopies in condensed media

To the extent thamany nearly orthogonal modes of the bath
are activated(1c) describes the quantum interference term
between macroscopically distinct stafése measure the de-
coherence, namely the decay (@fc), through an electroni-
cally resonant parametric six-wave mixit§WM) process;

and we dissect the kinematics of decoherence through sen}i{as been annunciated by Tanimura and Mukhdhey
classical analysis. Although not assumed in the analysis, fol’rlave been pursued experimentally, because of their rich in-

the sake of mechanistic insights, the anzats of orthogonzf\ A ; . .
- Tormation content, and because with proper choices inhomo-
decomposition between system and bath states may be in-

voked geneous contributions can be eliminaféd? Here, our in-
terest is more limited. We simply use SWM to follow the
pee ()= ([a.)(a{ ) syd | Q{(Q{ D bat= Pqq (1) poor (1). excited state vibrational coherence on time scales beyond
(1d) electronic dephasing and without interference from FWM on

This can be motivated by noting that by definition the systenf€ ground electronic state, as we describe below.

and bath modes are nearly orthogonal, and will decouple in
gzceoﬁqven _|f_|n|t|ally they interact strongly. Alternatively, the I{' THE MEASUREMENTS AND OBSERVABLES

position may be affected along the measuremen
states. Since the electronic resonances used are local to the In TRCARS the third-order material polarizatioR(®)
chromophore coordinate, all of our projective measurement(t), is interrogated by monitoring the coherent anti-Stokes
can be described after a Schmidt decomposition of theadiation induced with a time ordered set of three short laser
macro-system between system and at{.0Our purpose in  pulses®®*~*°*When limited to only two electronic states, the
invoking (1d) is to point out that decoherence can arise fromX- andB-states, the all-resonant FWM process is dominated
the decay of either system coherengg, (t) or bath coher- by the P(©3 contribution, where the superscrif@,3 nota-
ence,poq (t). Although in(1d) the system and bath appear tion specified that three input pulses act on the statedeet
decoupled, the initial coupled evolutiofib) ensures that bra) and none act on the state ki@ ked

03 k [t ta ty I
Pkp.—ks+kpy(t4):ﬁf_wdtgf_mdtzf_wdtle i(wpr—wgt wp)

X { gy Pxta— /| o e et~ L E L (ko ty)e (a2t X

X (—ks,tp)e Ml WAL E L (kp ,ty) ox). 2
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410t — \ the circuit This is the central concept in our analysis, and at

the core of semiclassical forward—backward initial value rep-

resentation in evaluating quantum observables of complex

systems’ 3 For Hamiltonian evolution over eigenstates, the

reversibility requirement simply establishes the resonances

in the four-wave interaction between fields and matter—

multiples of 27 phase must be accumulated around the

circuit° In dissipative systems, or strongly coupled systems

with large densities of states, it is the periodicity of action

- that is interrogated through the reversibility criterion. Ran-

<i| domization of the action angle with time, as the circuit

FIG. 1. Wavepacket picture and time-circuit diagram for B{&3 contri- StretCh?S In time, Slgmﬁes dgcoherence. . . .

bution to third-order polarization in time-resolved coherent anti-Stokes scat- ~ While any measurement involves the entire circuit, pulse

tering (four-wave mixing. The potentials are for molecular iodine in solid sequences can be chosen to dissect decoherence over a par-

Ar, in which the attractive branch is controlled by the cage. ticular segment. This is accomplished by separating evolu-
tion, from preparation and interrogation. For example, to in-
terrogate the electronic coherenggy(t,q):

The process is illustrated through the time-circuit diagram of

Fig. 1, which combines the content of level diagrams,  pex(t2)=|eg (ky, 1))@ (1)]

double-sided Feynman diagrams, and Liouville pathshe . . .

state bra(e{X)(t)| evolves field free for the duratiory;. =U(t2)V(kp, t1) pxxU ™ (t20), 4)

The pump(P) pulse promotes the ket to tigstate att;, the signal is collected as a function o t,; with fixed P’-

wkzle)re it evol(\(/)()es d“r!”g,‘zl as an electronic coherence, and Spulses. What is measured is the correlation
log (ke , 1)) @5 (t)], distinguished by bra and ket being on

Energy (cm )
n
g

2 25 3 35 4 45 5
r (&)

two different electronic states. AL, the Stokes(S pulse CBX(t21)=Tr[\7V(At)pBX(t)]
dumps the ket back tX, to prepare the Raman packet
|o$®(kp—ks,t)). Duringts,, the system is in a vibrational =(oX(1)[W(AD)| e (kp 1)), (5)

coherence orX. At t3, the probe P’) pulse promotes the

Raman packet back 8, where it evolves until it radiates at in which theP’/S pulses serve as an indirect projection be-
t,. Radiation closes the time circuit by projecting the ket ontween the packets on thée andB-surfaces through the win-
the bra. The measured szig))nal is the time integrated antdow which operates as

Stokes polarization/ dt,|P)(t,)|? propagating alongkag . - . - . -

=kp—kgt+Kp: (througholut we Wi||| be concerned with three WA =U"(tg2) U (tag)V(Kpr , t3) U(t3) VT (— ks, o).
noncollinear input beams in two different colo®g<wp (6)

= wp). The measurement, as expresseddyselects a par-  1q reproduce the magnitude of the measurable polarization
ticular Fourier component of the quantum three-time correyng jts profile, it is essential to include evolution under the

lation (the argument of the Fourier integralvhich may be  yindow duringAt=t,,. However, to the extent that the co-

transcribed in terms of density matrices herence is not destroyed under the probe windo@nce the
Cltastartor) = Tr[ 20 (1) V(Ker t2)0(ta) V" preferred choicetz,—0), the signal as a function dfy;
(tas taz t21) (AUt V(ker 1)U t3) yields the time evolution of the electronic coherengs;.
X (—Ks,t2) U (to) V(Kp ,t1) pxxU T (ta) ], The same coherence is also involved over theinterval.

Information about this period of evolution is contained in the
(33 time-frequency profile of the anti-Stokes radiation, which
in which pyx=|X)e P"(X| is the thermal density on the can be analyzed through gated detecffon.
ground electronic state, and the time evolution and interac- The vibrational coherence on the ground electronic state,
tion operatorsy andV, should be clear fron2). Recogniz-  px'x(tz), is interrogated by scanning=ts,, with a fixed
ing the time-reversal identity) (t,5) = U " (t4y), all operators delay betweer® andS-pulses. Even if coincider®/S pulses

can be made to act from the left are chosentg;—0), since the Raman packet is prepared
R R R R R through a real electronic resonance, it will necessarily con-
Cltag tar,t2) =Tr[U(tyg) tU(tsx)V(Kps ,t3)U(tz) V' tain the history of evolution on the excitd&tsurface
X(_kS!tZ)O(tzl)\A/(kP 1tl)pXX] (Sb) pxrx(t3):|@g(2)(kp_ks,t)><(P§<o)(t)|

Now the evolution is restricted to the state ket. The ket is e ~ ~ ~
projected with the various fields as it evolves forward in =U(ta)V7 (—ks 1)Uty Viky 1)

time, then after radiationz=|X) u(B|, it evolves backward X pyx0F (t50) 0% (ta). @

in time to close the loojisee the sense of arrows in Fig. 1

The forward—backward interpretation of the time-circuit dia- Now, the signal is the projective measurement of the corre-
gram transmits the mechanistic insight, thelite coherence lation between the stimulated Raman packet and the initial
measures the reversibility of the quantum dynamics aroundtate
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Cxrx(D=TrIIW(AL) pyrx(ts2)] 410t

=<‘Pg(o)|W(At)|‘P§(2)(kP_kSvt32)>1 (8 310* |

with the window operator defined as

Energy (cm™)
n
=1

W(ALte) =0 (19 20 (ta9) (ks o). © el

The decay of the signal can be associated with the vibra- A\

tional decoherence to the extent that the histories uhgder 2 28 8

andt,; are negligible. In practice, evolution on the excited

electronic state duringd,; is crucial to prepare high lying FIG. 2. Wavepacket picture and time-circuit diagram for Bi&? contri-

vibrations in the Raman packet. During this period, SONen{JuFion to third—order_ polarization intime—_resolved cohere_nt antiTStokes scat-

. . ering (four-wave mixing. To be electronically resonant, in addition to the

coordinates COUpIed to the ChromOphore EXPErNENCe a MG andB-states, a third electronic state must be involved.

mentum kick—the measurement perturbs the bath. Also, fast

electronic dephasing durinigy; dictates that only the nega-

tive momentum component of the vibrational coherence can

be observed, since the positive momentum component when

vertically projected is doomed by electronic dephasing prioicorrelation between these first order packets is interrogated

to returning to the Franck—Condon window—the projectorwith the P’-pulse, see Fig. 2. To be comparable in intensity

(9) also acts as a momentum filtiTo be sure, the observ- Wwith the P(®3) signal, the process must be electronically

able vibrational coherence is effected by the measurementgsonant in all interactions, hence the inclusion of a third

both through preparation and detection steps. electronic state in Fig. 2. Identifying the vibrational Hamil-
Now consider theP(*? contribution to TRCARS, in tonian of the third electronic state &k, the time-circuit of

which bra and ket are both promoted to fBestate, and the Fig. 2 transcribes to

35 4 45
r (&)

<i|

c [t t3 t2 . .
P(1,2)(t): ﬁ f dtsf dtzf dtle_|(wp'_u)s+wp)tx<qDXe|Hx(t2—tl)/ﬁl’:LE"S€

Kas

X (—ks,tp)eeta™ M fle M (TR BB (Ko, tg) e et WA RE L (Kp ,ty) ox). (10

Note, since the bra is promoted to tBestate with the com- two pulses that are not phase-locked, correspond to two suc-
plex Sfield, EX, a down-arrow is used to describe this ac-cessive excitations in which the observable, such as fluores-
tion in the time-circuit diagram. The contribution (£0) to  cence(see Fig. 3 is the product of two different transition

TRCARS has been identified in iodine vapof!If we con-  probabilities. Each excitation process measures a single time
tractt,; by choosing coinciden®/S-pulses,P(*?(t5,) mea- correlation, evident when considering the absorption prob-

sures the vibrational coherence on Bstate ability due to the pump pulse
pera(ts) =|eg (ke ,0)( g (— ks, 1)
=U(tsdV(kp t) pxxV* (—ks,t2) U " (ta).  (1D)

This is the target of our investigation. However, the disad-
vantage of this FWM scheme is that it has the same time 3110}
sequence of input pulses, and the same AS spectrum aneb
propagation vector as the(®® contribution from the vibra- §21OA I
tional coherence on the ground-stéfg The latter masks the

excited state signal, as we will show. The SWM experiments,
which we discuss below, overcome this difficulty. Let us first
contrast the excited state vibrational coherence measured in

Energ

110 L

. . X i>
FWM with that ob;erved in pump—probe measurements. . 0‘2 o s 35 4 s ll— /
Pump—probe is also a four-wave process, however in r(A) <i|

contrast with the parametrlc TRCARS procésﬂ;l,e §|gnql FIG. 3. Wavepacket picture and time-circuit diagram for pump-probe mea-
reports on both the diagonal and off-diagonal V|brat|ona|_surements. The crossing of the bra and ket time-lines durngignifies
density on the excited state. Pump—probe measurements withilapse of the vibrational coherence on the electronically excited state.
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o ot ot )/~ o The absorption spectrum is the Fourier transform of the elec-
o(wp)= J_wdte P x| RE* (Kp tp) tronic coherence that consists of the single time-loop over
. t,,. According to(12a), the field projects th&-state ket on
X e B2 o) (og| REp(Kp ,t1)| x), the B-state at;, where it evolves forward in time, until field

(129 projected back at,, where it evolves backward in time to
close the loop. The same holds for the action ofRtigoulse,
except now the transition is between Bstate and a higher

_ lying electronic state. The intensity of the pump—probe sig-
— Tt
U("’)_J dte " pxa(t). (12D fal with nonoverlapping pulses can be written as

or, equivalently

¢ 4 —iwpr s 2 —iwpt
Ipu_p,(t):ﬁ B dtge Pt - dtz B dtle P

X <QDXeiHX(tz_tl)/ﬁ/:LEE(tz)eiH B(I4_t2)/ﬁ,&E;,e_iH* <t4_t3)/hﬂEpr(t3)e_iHB(t3_t1)/h/:LEp(t1) QDX>- (13)

This bears a close resemblance to B&? polarization(10). Given a choice of colors to implement all-resonant
The two processes interrogate different Fourier componentBWM, increasing field intensities alone will give rise to the
of otherwise nearly identical three-time correlations. Dia-next order resonant parametric process, which in an isotropic
grammatically, pump—probe consists of two loops defined bynedium corresponds to six-wave mixing that measures the
the two Fourier filters active under the two time-separatedifth-order polarizationP®)(t). With P- and Spulses in
pulses, as illustrated in Fig. 3—the difference in pump—overlap, increasing intensities enables the SWM process of
probe versu®1? lies in the crossing of the time histories of Fig. 4, among others. In this process, the ket is acted on by
bra and ket durinds,. This becomes patrticularly significant 2kp—Kkg, while the bra is acted on by kg, to launch two

in the presence of vibrational decoherence on Bhstate.  vibrational packets on th8-state. TheP'-pulse then acts
When the off-diagonal densitpgg: decays, so does the resonantly via the third electronic state to produce the 6th
CARS signal but not the pump—probe signal. Just as in thevave along Rp—2kstkp: at w=3wp—2wg. Both spa-
case of theP-pulse, which acts on theyx population to tially and spectrally the SWM signal is distinct from the
create a coherence by splitting bra and ket, so does thEWM signal. As a function of probe pulse deldt>(ts,)
P’-pulse act on th@-state populationpgg. The distinction measures the vibrational cohererjag(2kp—ks;t) ) @&
between bra and ket on tiiestate is lost due to the absence X (—kg;t)|. Save for the difference in the relative energy of
of a phase matching condition. To the extent that the popupackets, the measurement is identical to that obtained
lation is created and interrogated impulsively with non over-throughP(*? (compare Figs. 2 and)ahowever, in contrast
lapping pulses, we may set=t,=0 andt=ts, and identify  with the latter, the fifth-order polarization measured in SWM

N does not interfere with the third-order polarization measured
pee(t=0)=V(wp)pxxV" (wp), (143 in TRCARS.

to recognize that the pump—probe measurement yields

S(t)=Tr[pga(t) W(wp-)]

410
=Tr[V(wp)pga()V' (wp)]=pep(t) 5[a—q*],

(14b 310 |
where g* is given by the energy conservation condition, 7521047
S hwp —AV(g*)] in which AV(q) is the difference poten- g I
tials involved in the probe transition. Thus, the roles of pump &
and probe are reduced to doorway and window of the semi- 1% ¢
classical Franck—Condon approximatin®° This is the ba-
sis of the validity of simulations that rely strictly on classical oL
molecular dynamics, in which a swarm of trajectories plays ' r (&) '

the role ofpgg. In essence, pump—probe allows a classical _ S " _
measurement of the evolving vibrational coherence, Whil{'G.' 4. Wavepacket picture and time-circtit diagram for e contri-
ution to fifth-order polarization in six-wave mixing. The experiments are

the FWM experiment of Fig. 2 is strictly a quantum measure-arried out with coincident pump and Stokes pulses, therefore, the indicated
ment. time-ordering of theP- and S-actions is not unique.
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FIG. 5. The experimental arrangement in forward boxcars geometry, show- HUU VY 509
ing the directions for four-wave and six-wave mixing signals. N A M\
[N A FAVTAVI N NN
ALV VvV v
gh B 500..
IIl. EXPERIMENT 0 ! 2 8 4
' t (ps)

The expenmen_ts are conducted on thin films p-f-Ar FIG. 6. Single color pump—probe measurements at indicated wavelengths.
matrices, at a dilution of 1/5000, prepared by deposition Ofjuorescence at 1340 nm is used as signal. The gray stripe marks the timing
the premixed gas on a sapphire window held at 32 K. Thef the six-wave signal, and shows the coincidence of the first recursions for
pulsed deposition conditions are adjusted to produce sampl&s different initial preparations.
with minimal optical scattering. The laser pulses are obtained
from two optical parametric amplifie©PA), pumped by & = The radiation picked up through an iris placed between the
regenerat'ively amplifi.ed, Kerr lens 'mode—loclfed Ti:Sapphirep’ andAS propagation directions is dispersed with a 1/4-m
laser, which in turn is pumped with an Ar-ion laser. The monochromator, and the spectrum is recorded and averaged
measurements are conducted in the BOXCARS geometry ilsy 54 cCD array. The entire spectrum is recorded for a given
lustrated in Fig. 5. The two pump bean,and P, are  {ine delay, producing a two-dimensional map on e
derived by splitting the doubled output of one OPA, theplane. The 6-wave measurements are carried out-with.J
Stokes beam is obtained from the second OPA. The threﬁulses focused down to a spot size of 3% [full width at

noncollinear beams are focused onto the sample through gyt maximum(FWHM)]. The quadrilinear FWM measure-
single achromat. The pulses are nearly transform limitedy,ants are carried out with 100 nJ pulses.

with a width of ~80 fs. o S The same apparatus is used to carry out single-color
The coherent polarization rgdlatlng g[ong a dlreptlon d'c'pump—probe measurements. Upon visible excitation of io-
tated by the momentum matching condition for a given nonine to theB-state, there are several upper electronic states
linear mixing process is selected by spatial filtering, using anpat can be used to probe the evolving dynamics. The data
irisdiaphragm. The anti-Stokes radiation due to FWMye present is obtained by monitoring the spin—flip transition

propagates along at 1340 nm(fluorescence decay time of 200)/48 using a
Kas=Kp+kp: —Ks. (15) é/4—monochromator and liquid nitrogen cooled germanium
etector.
The sought SWM polarization, with a delay®d pulse, ra-
diates along IV. RESULTS
ke=2Kkp+kp, —2Kg. (16) Single color pump—probe data is presented in Fig. 6, for

The directions are shown in Fig. 5. Spatial filtering is only :aserhwavelqutg_s rangigg (fjrom 5.8.5 tof5rC1)0 nm. ':'he wa%/e-
partially effective in the films we prepare. Because of scat-eNgth range is dictated by detectivity of the signal, at either

tering, several beams contribute to radiation in a given soli¢X'¢Me ﬂ%‘; S/N ratio degrades due to (Ijoss of gkr)]sorptl(ljn
angle. This allows the simultaneous collection of the speclmens'ty' € measurements are carried out with nearly

trally distinguishable FWM and SWM signals. The AS radia- equal intensities in the pump and probe beams. As such, the
tion in the FWM mixing process occurs at signal is symmetric with respect to the time origin. The os-

cillatory part of the signal, which occurs over a nonzero
wps=20p— ws, (17 background, is strictly due to wavepacket motion on the
B-state. This is easily identified by the period of motion of
~300 fs, which is characteristic to thgestate. The provided
we=3wp—2wg. (18 gridline enables comparisons of the recursions for packets

while the 6-wave mixing process of interest occurs at
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FIG. 7. The quadrilinear CARS signal obtained wih=550 nm and\g . . o )
—595 nm. The time sequence of pulses is illustrated in the insets. At posit |C: 8- Two-dimensional plot of the scattered radiation in strong-field ex-
tive time, the coherence of the vibrational superposition in the Ramarfitation. The structureless trail at 550 nm is the leakage of the pump pulse.

packet centered at=7 of the ground electronic state is measured. At nega—The structured trail at 495 nm (& — wg) is the strong field FWM signal.

tive time the electronic coherence is probed. The absence of signal outsidg!® Single peak at 475 nm (% —2wg) can be uniquely identified as the
the overlap of pulses indicates that the electronic dephasing occurs on a tim&/VM signal illustrated in Fig. 4.
scale shorter than the period of vibration on Bistate.

on bra and ket state vectors under the coincid®is pulses.
launched with different initial energies. Since both pump andAny even number of actions on bfar ke is unacceptable,
probe wavelengths are changed, both initial energy of theince this could not prepare thstate. Three interactions
packet and the location of probe window changes in eacimust act on braor ket) and one must act on kébr brg. To
scan. The signal decays with time due to the combination ofadiate at p—2wg, the polarization must be prepared with
effects: Vibrational cooling drops the packet out of the probe2kp,— kg acting on ket and-kg acting on bra, wittkp, act-
window, predissociation leads to leakage of Bastate popu- ing on ket as probe. The detected signal consists of the fifth
lation, and wavepacket spreading broadens the resonancesrder polarizationP(*¥, given by the diagram in Fig. 4.

The quadrilinear four-wave TRCARS signal obtainedThe only possible cascaded FWM processes are trivially
with A\p=550 nm and\ =595 nm is shown in Fig. 7. The related to the SWM. Instead of direct preparation of
data is obtained with a coincident pair of P/S-pulses, whild 2kp—ks){ — kg, it is possible to consider the process to be
the P'-pulse is scanned in time. The pulse sequences asseequential, mediated by the field generated lat2ks (or
ciated with our convention for the sense of time is shown in—kg) acting on the rest of the ensemble. Phase retardation
the insets to Fig. 7. At negative time the electronic coherencbetween the cascaded versus direct process could effect the
betweenX- andB-states is probed, while at positive time the overall intensity of the signal. Since absolute intensities are
vibrational coherence on théstate is probed. The electronic not measured, the distinction is inconsequential in the
coherence is not measurable outside the overlap of all threggresent homodyne measurements.
pulses, while the vibrational coherence can be followed for  Spectrally integrated time profiles of the three compo-
107 recursions with a period of 160 fs, characteristic to thenents seen in the contour plot are stacked in Fig. 9. The
X-state. comparison contains valuable information.

The strong-field signal, obtained with the same colors as The envelope of the strong-field FWM signal closely
in the quadrilinear FWM, is shown as a two-dimensionalfollows the time profile of the transmitte@l’ -beam. After the
(2D) map in Fig. 8. Three spectral components can be seen diitial decay of thet=0 signal, the strong-field FWM signal
positive time. Light from the transmitte®’'-beam can be grows on the time scale of 2 ps. This is to be contrasted with
seen at =550 nm(scatter from theS-beam is rejected by a the quadrilinear TRCARS signal shown in Fig. 7, which de-
short-pass filter The CARS signal appears at=500 nm cays monotonically. This suggests that the envelope of the
[Eq. (7)]. The SWM signal appears at=465 nm[Eg. (8)], FWM signal is determined by attenuation of thé-field due
at a delay of 330 fs with a width of 170 fs. Under the as-to excited-state absorptions. The 2 ps rise-time is consistent
sumption of direct SWM, the signal can be uniquely as-with the decay of the pump—probe signal at 550 nm, due to
signed to the process illustrated in Fig. 4. Its color, a3 vibrational cooling of theB-state packet. As th&-packet
—2wg, identifies it as parametric SWM. lts timing corre- falls out of the absorption window through vibrational cool-
sponds to a full period of motion on thH#&state, identifying ing, the attenuation of thB’ beam subsides, and the nonlin-
the probe resonance to be the same as that of the pumpear processes gain intensity.
probe measuremefiEig. 6). The signal does not carry spec- While the weak-field TRCARS signal shows a regular
tral structure, implying that the radiation occurs promptly. modulation(see Fig. 7, modulation in the strong-field FWM
Since the coherence is interrogated with the delayedignal is irregular, indicating interference from several con-
P’-pulse, it must be prepared wittk@— 2ks. It remains to  tributions. In addition to thé-state frequency of 200 cm,
consider the possible distribution of these four interactiong-ourier analysis shows significant contributions at 60 and
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tually displaced due to the difference between molecule—
lattice interactions in the ground and excited states
(electron—phonon couplingAlthough the loss of correlation
along any one coordinate is small, the involvemeninainy
ensures that the collective coherence decays irreversibly.

B. Vibrational decoherence through dephasing—weak
coupling limit

At positive time, the TRCARS signal in Fig. 7 interro-
gates the vibrational coherence on the ground electronic state
through the correlation between the prepared Raman packet
and the initial thermal densit{8). The coherence is seen to
last for hundreds of vibrations of chromophore and lattice.
Clearly, we are in the limit of weak coupling, where the
— v standard decomposition of the Hamiltonian into a sum of
05 0.0 0.5 1.0 1.5 2.0 25 system, bath and interactionl=H¢+H,+Hg,, is appli-
cable. Substituting this in the time-evolution operator&3n
and after tracing over the bath, the system coherence is de-

FIG. 9. The spectrally integrated time profiles of the signals shown in Fig.scribed in the vibrational basis:

8. The leakage of the structureless pump putse trace grows in time,

indicating reduced absorption. The structure in the strong-field FWM signal PX’X(t)sys: Trbatt{Px’x(t)]

is irregular(compare to the weak field FWM signal in Fig. & a result of

interference from multiple sources, including TRCARS from the stationary _ i ata— vy ()t

state population developed /A’ state. The SWM signallower trace _; a,e "voe 7xex(e) |v><0| (19)
shows a single, broad time resonance centered at a delay of 330 fs.

Intensity (arb)

Time (ps)

In which w,o=(E,—Eg)/h and the vibration dependent de-
cay rates;yx x(v), represent the sum of pure dephasing and
112 cm L. These interference terms cannot be assigned tdissipation. The signal can be fit by reducing the preparation
vibrational dynamics on eithd® or X states. They can, how- and interrogatiorfundert,; andt,3 of the circuit in Fig. 1 to
ever, be assigned to TRCARS arising from thé state, a single Gaussian convolution
which has a radiative lifetime of 6 m§,and therefore, under
1 KHz irradiation develops a steady-state population. De- s(t):J dt|P(0'3)(t)|Zocf dTG(t—T,At)|erx(t)sy42-
spite the irregularity of the FWM signal, the shaded reso- (20)
nance in Fig. 9 can be seen to coincide with that of the SWM
signal. This is consistent with the expectef? contribu-  The good agreement of this treatment with experiments es-

tion in FWM, which is closely related to the SWM process tablishes that the evolution of the system is nearly diagonal
(compare diagrams in Figs. 2 anl 4 in the molecular vibrational bast§:}” Moreover, for the pre-

pared superposition near=7, the perturbation of the bath
duringt,; does not have a measurable signature. The dephas-

V. DISCUSSION ing is due to the thermally occupied phonons, as diagnosed
A. Impulsive decoherence through electronic through the temperature dependence/f).*’ It is possible
dephasing to argue that the coupling to the environment selects the

]molecular vibrations as the proper system states. In the lit-

erature on decoherence, this process is referred to as “einse-
Agction," and the system states that minimize decoherence

are identified as the “einstates’® The coherence decays in

Consider the TRCARS signal of Fig. 7. The absence o
signal at negative time-{t=t,;, see inset to Fig.)7indi-
cates that the electronic coherence decays without recursio

Evidently, the electronic dephasing timeygk is shorter this case through phase damping among the vibrational

than a period of motion on thB-state: 145, <300 fs. This tates. due to th . lated th h the link to th
was already known from the lack of structure in the absorp—s ates, due fo the noise accumuiated througnh the fink o the

tion spectrum, through the Fourier relati¢h2h). Informa- thermal bath. Vibra_tio_nal decoheren_ce on the ground elec-
tion on shorter time scale regarding this process is con'tainettﬁOnIC state is rate limited by dephasing of the system.

in the intensity profile of the vibrational progression ob-
served in resonant Raman specftahe observed profiles
have been reproduced through semiclassical simulations in The pump—probe data of Fig. 6 define the essential sys-
coordinate representation, to conclude that the electronic cdem parameters for the interpretation of the excited state vi-
herence decays on a time significantly shorter than the halbrational dynamics. At all wavelengths, the signal shows a
period of motion on thé-state!! The onset of decoherence peak att=0. This locates the probe window to be vertically
is in the vibrationally impulsive regime. Along coordinates above the pump window—the vibrational packet is probed
coupled to the chromophore, phase space overlap betwed&mom the inner turning point of th&-state. Since the moni-
ground and excited states starts to decay as momentutored fluorescence at=1340 nm has been previously as-
builds in the excited state. Thebody wavepackets are even- signed to the spin—flip transitiofi I* — 1*1,#® the probe tran-

C. Classically coherent vibrational dissipation
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sition may be assigned to* I* (' ¢4+) < B(®[Ig,+). The T
gridlines provided in Fig. 6 enable comparisons of recursion A (nm)-
times for different excitations. Between 585 and 543 nm, the \ :
first recursion occurs near 300 fs, the motion is nearly har- il ’
monic, with 13 recursions completed in 4 ps. In this region, |
the solvatedB-potential may be assigned a harmonic fre- : VAVAVAVAVAVRVAVARTALY
quency ofwe=110 cm 1. At shorter wavelengths, the first
period elongates, reachinig=420fs at 500 nm. Also, the
recursion amplitude becomes irregular due to feedback from
the driven cage. This is most prominently observed at 525
nm, in which the first recursion peak is smaller than the
second. In time, the recursion periods reach the harmonic
limit of 300 fs. At these excitation energies, the system un-
dergoes rapid and nonlinear vibrational relaxation. This pro-
cess has been analyzed in some detail in solid Kr, and ex-
periments are found to be in excellent agreement with the IR I
classical simulation§*° To establish quantitative system |
parameters, we carry out similar simulations for the present LU il
case of }—Ar. | I
The principles and procedures for reconstructing pump-— | 1 . L 509
probe signals through classical simulations are well estab- 0 1 2
lished. In the present, we use a simulation cell containing t (ps)
two mobile layers of the hog72 Ar atoms surrounded by a
stationary cell fixed at the lattice equilibrium position. The FIG. 10. Simulations of the pump—probe signal using classical dynamics.
I-I potential in the B-state is treated as a Morse{ ‘I;]he results are |r:c good agrglemerr:t with the expﬁrlmemlf Fig. 6. Thed _—
— 4747 om L, B=1.6 A Lr,—3108 A), the Ar—Ar interac- 1rec 2668 are for ensembles that represent the packets prepared in the
tions are treated as Lennard-Jones=@0.6cm ! o
=3.4A), and the |-Ar interactions are treated as Morse
(D,=130.1cm?,B3=1.586 A"1,r.=4.133 A). The trajec- _ _ _ _ _ _
tories are sampled from an initial thermal distribution, at an°tion, without a noticeable change in period. The effective
effective temperature of 40 K. The I-I distance is thenpotennal in this range is nearly harmonic. These results are

stretched to match a particular excitation energy, the poter €xcellent agreement with the experiment, based on a com-
jedarison of observed and simulated recursion peridghat

tial is switched to that of the excited state, and trajectorie Kable s that th dissipafi ¢ h
are propagated. The signal is evaluated according4p is remarkable is that the strong dissipation re-enforces the
classical coherence of the system. In the free molecule, ex-

s
=

=

Pump-Probe Simulation

S()=Tr[pge(t)W(At,wp/)] citation at 509 nm would prepare a packet centered at
=50, where the level spacing is 30 ¢h Due to the anhar-

:f er(t—r;At)E W[R* —R,(1)]. (21) monicity, a broad-band packet at this level would spread in

n several periods. In contrast, in the solid state, the inelastic

. o . collision processes that lead to rapid dissipation also lead to
In which the summation is over_the members of the_ tra]ec'refocusing of the packet.
tory ensemble, and the window is reduced to a spatial func-

tion (Gaussiahalong the molecular coordinat®(R*), and

the finite width of the laser pulsé\t, is accounted through

the Gaussian convolution. The computed signals are shown 3500 ‘

in Fig. 10. In each case, a swarm w0t 31 trajectories is 3000

used, and the probe window of 0.2 A width is located 0.1 A « ,

to the right of the initial 1-1 distanceR* =R(t=0)+0.1 A o~ 2000, e 1
with R(t=0)=2.72, 2.78, and 2.85 A to simulate excitation € 20004

at 509, 543, and 585 nm, respectively. The simulations are in NG LM

good agreement with the experiment. The reproduction of g 1500 \»n\/v\/v\ M\ ]
the observed recursions as a function of time and energy 0 1000 \ "V'MQ"

establishes that the system is being treated realistically. The Vol iR Bt NEE
extracted vibrational energy relaxation profiles are shown in 500 | L A
Fig. 11. At the highest excitation energy, near the dissocia-

tion limit of the free molecule, 2000 cm of energy is lost in % 1 2 3 4 5
the first period of motion; while half as much is lost in a t(ps)

linear faShK_)n _durlng the SUbsequem Sps.In ContraSt’_ln thEIG. 11. Vibrational energy loss associated with the swarms used in the
lowest excitation energy, the equivalent of 4 vibrationalgimulation of signals in Fig. 10. Top track»>=509 nm; middle tracehp

guanta are transferred to the lattice durind5 periods of =543 nm; lower tracer p=585 nm.
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D. Vibrational decoherence in the excited state— characterized by their Gaussian width paramejeichosen
strong coupling limit to be given by the zero-point amplitude on the relaxed

The six-wave signal measures the amplitude level Crosg—state. .The explicit propagat.ion is restricte(_j to the interval
correlation between the two vibrational packets prepared ofi ViPrational coherenceg,, with the electronic coherences

the B-surface: involved in the preparation and interrogation treated as local
A projectors that allow shifts in time, position, and momentum
() =]( e (—ks,t)|W| 0 (2kp—ks,1))|2. (220 along the molecular coordinate. Thus, the three-time correla-

In the measurement, the first order packet is prepared, at tion of interest is reduced to

=595 nm, while the third-order packet is created »at Ct)=Tr[O(—t)W(ADU(t)pg/a(t=0)], (24)
=500 nm (p— wg), Namely at the two extremes of the _

pump—probe measurements. Based on the timing of the sigd Which

nal, it is clear that the projection window is the same as_tha}t pB’B(tZO):v(ZkP_kS)Pxxv+(_ Ke). (25)

of the pump—probe measurements. The SWM signal indi-

cates that the quantum correlation between the two packedith the roles ofP- and Spulses reduced to the sudden
survives a full period of motion, despite the transfer of Preparation opg:g the task is reduced to forward-backward
~2000 cmi ! in vibrational energy from chromophore to lat- Propagation over the intervaits,

tice (system to bath Evidently, dissipation of the system is 1 _

not a sufficient criterion for decoherence. In contrast with the ~ C(t)= 5 > Jiop(0)e 2S00 (po go+dg|Ug
impulsive electronic dephasing which occurs in less than a Po-do

half period, the onset of vibrational decoherence in this case ><(—t)\7VUC|(t)|p0,q0+dq’>. (26)

takes time. It occurs during the second period of motion. The
sharp recursions in the pump—probe data during this period;he initial positions and moment@, and q, are sampled
and for quite some time to follow, indicate that the diagonalfom & thermal ground-state distribution. The role of the
density of the systenichromophorgis maintained. Neces- preparationV, is reduced to vertical projection in momen-
sarily, the collapse of the coherence after one period must bigim, 8] px— pg], while the molecular coordinate is shifted to
ascribed to the decay of the bath coherence. What is beingatisfy the Franck—Condon condition,d[2wp— wg
measured is the time for the quantum deterministic motion of- AVgx(q)] for o, and §[wp—AVpx(q)] for g;. In (26)
chromophore and coupled cage modes to become irreverthe propagator is decomposed into the classical tergit),
ible. Since the projective measurements are strictly localizesvhich evolves momenta and positions; aa&;_,(t) and
on the chromophorésystem), information regarding the bath J;_(t), which are the classical action and HK prefactor that
must be encoded in the system-bath entanglement. This &cumulate around the circuit. Implementation of the win-
quantified in the explicit simulations that follow. dow projector, instead of explicit simulation over the excited
states involved in the probe transition, requires some
thought. What is required is to forward propagate the initial
ket up to timet, to then make a jump ip, g, At, consistent
In contrast with the ground-state vibrations, rapid dissi-with the experimental interrogation window, then propagate
pation in the excited state implies the absence of a vibrathis projected ket backward in time and correlate it with the
tional line spectrum. The strongly coupled environment nowinitial bra distribution. Such an execution in N-dimensions is
selects the coordinate basis as the proper representation, tix@fficient since most of the jumps will miss the target state
einstates that can be most naturally described semiclassicallyfter back-propagation. Instead, we first forward propagate
The method we use has been described in detail in an impléyoth bra and ket in all coordinates for a given timé/e then
mentation to calculate the closely related three-time correlaexecute a jumgradial in phase spag@long the molecular
tion in resonant Ramal?.While well prescribed, the calcu- coordinate: The molecular ket position and momentum is
lation of three-time correlations using forward—backwardreplaced with that of the forward propagated bra. We then
propagation in full dimensionality is numerically intensive. propagate the ket backward in time. This is illustrated in the
To reduce the computational overhead, while maintaining th@-q plot of the chromophore in Fig. 12. The three traces
necessary ingredients to dissect the SWM data, we makgorrespond to forward trajectories of bra and ket, and the
approximations. The lattice atoms are treated as frozepackward trajectory of the ket after the jump. Switching of
Gaussians! The molecular coordinate is treated using thethe molecular coordinate, but not the bath, recognizes that
Herman—KIuk(HK) propagatot the interactions with the radiation field are through the local
A iHt dipole projector. The choice of the radial jump, which corre-
U(t)=e o . .
sponds to the minimum phase space distance, is selected to
B N N . o minimize decoherence due to probing—we are interested in
—f d"poed"dod(po,do,t)e">Po:% Y p, g (po,dol - the inherent observable coherence, which can always be
spoiled through a bad measurement. The magnitudes of the
(23 p, g, andt shifts involved in the jump are well within the
In which the prefactor), is given by the monodromy matri- experimental parameters. To transmit this information, in
ces that measure the sensitivity of final positions and moFig. 12 we have shaded the track covered by a trajectory
menta to their initial values; anh, g are coherent states under the laser pulse. The time shift in the jump is the

E. Semiclassical analysis
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FIG. 13. The simulated decay of the vibrational quantum coherence, as
FIG. 12. The molecular trajectory associated with the forward—backwardneasured through the cross-correlation between ket/bra pairs indicated by
propagation scheme. The ket and bra prepared at 509 and 585 nm are fahe preparation wavelengths. The correlation is constructed from the phase
ward propagated. The latter advances in phase angle due to the anharmoniaetors due to the accumulated many-body action in the forward—backward
ity of the chromophore. The interrogation through the action ofthgulse propagation, Eq(27) of text.
is reduced to th&V projector, which executes a radial jump. Back propaga-
tion after the jump leads to the coherent states indicated by the circles. The
shaded area of the ket indicates the trail traveled under the laser pulse.

correlation (26) can be exclusively associated with the

scrambling of the quantum phase, which in the present ap-

) ) pears as the accumulation of the many-body action around
equivalent of the phase angle slip between the forward breghe closed circuit:

and ket trajectories due to anharmonicity. It can be seen in
Fig. 12 that this slip is smaller than the angle swept by the C(t)= 1 2 QA (1) 27)
shaded track. It should be obvious from the figure that the N v 740 '

same considerations apply for tpeq shift. The procedure . . .
. : . In Fig. 13 we provide plots of the correlatid@7) between
has the desired attributes of forward—backward propagaﬂoq(:et/b?a pairs i%entifieg by their preparaticénnwavelengths

All thermally occupied environment modes that are not|509><583 and |543(585. These are the quantum cross-
coupled to the chromophore are perfectly reversed. AIIcorrelations between packets for which individually energy
coupled modes that evolve harmonically are perfectly re- : . o . i

: -loss profiles were given in Fig. 11. The first of these cross
versed. Only coupled modes that evolve anharmonically slip

in position and momentum. and accumulate action u 0correlation corresponds to the coherence observable in
P S ' P réWM, while the second would correspond to the coherence
closing the circuit.

(12) ibution i -
That the decay of the SWM signal after one recursion isobservable t.hrough the , contribution in FWM, iin the
) : same experiment. In the first case, the quantum coherence
not due to the trivial loss of phase space overlap in the sys;

tem coordinate, between th@ and P-packets, is evident decays in 400 fs, in excellent agreement with the experiment.

: . In the second case, the coherence survives for 4 periods
from the pump-probe data. The classical cross-correlatio

between two such packets corresponds to the coincidence 8 200 fg. Although this signal is difficult to establish experi-

. . . . o mentally, due to the strong interference observed in the
signals obtained in two different measurements. This is whag rong-field FWM signal(see Fig. 9, it provides a useful
is represented by the shaded stripe in Fig. 9, and reproduceé 9 g g > 1t p

: . 4 . . . reference for mechanistic analysis. The spread of the
in the classical simulations of Fig. 11. In Fig. 12, the coher- _ .
. forward—backward phasé&Q; ,=AS; ,(mod), associ-
ent states of the swarm are shown as circles after forward— : . ; . S
. . ; - ated with the two different preparations is shown in Fig. 14.
backward propagation for one period. Their phase angle dis-

persion, i.e., dephasing of the system coordinate, is well this representation, decoherence is marked by the 2

L : spread of the accumulated angle. Note, the forward—
within the angle spanned under the probe pulse width—th ackward propagation is carried out for the universe
widths of the observed recursions are dominated by the Iasir

pulse duration. As such, the classical projection contained i chromophore- environment), and as such the time propa-

the angle bracket i26) remains near unity. This leaves the gation is unitary, and the classical action is reversible. Irre-
irrevergible phasesA S, which accumtﬁ.ate through the versibility sets in because the projector sandwiched between
—b>s

many-body action and the HK prefactdy_, as the sources the forward and backward propagator(24) is local, |t_ acts
. . . on the chromophore but not the bath. Had we carried out a
for the decay of the correlatio26). A rapid growth inJ . : . ) S
o . . . Jump in all coordinates, the time reversed ket in Fig. 12
would signify the onset of classical chaos. The simulation

show thatJ; _,, grows by a factor of-2 in the first period of WQ.Uld havcla. regained all of its energy to terminate at the
o ! . ., initial conditions of the forward-bra. With this in mind, we
motion; but it returns to near unity by the second period,

after the molecule reaches the harmonic part of the potentia?.Omment on the features observed in Fig. 14.

On the time scale of relevance, the role of the prefactofa) In the first 200 fs, the evolution is coherent, despite the
(which arises as a second order correction to the stationary  fact that significant energy is lost to the latticee Fig.
phase approximationis secondary. The rapid decay of the 11). This initial motion is completely reversible in the

PROOF COPY 015417JCP



PROOF COPY 015417JCP

12 J. Chem. Phys., Vol. 120, No. 17, 1 May 2004 Bihary, Karavitis, and Apkarian

n BRI RT rebounds from its collision with the second shell, the
) ’ . i information lost to the secondary bath modes is com-
509><570| EENETE ’ e ’j: municate.d to the chromqphore. The irreversibility is
: o ; now set in by the multiplicity of coupled modes, and
therefore through the dispersion of histories of evolu-
tion in the environment®

42, 1
o

VI. CONCLUSIONS

We have presented a set of measurements that allow the
dissection of vibrational decoherence in the model system of
I, isolated in solid Ar. Many of the important conclusions
can be drawn with operative definitions that are based on
experiments alone. On the ground electronic state, TRCARS
measurements show that the vibrational coherence decays
after hundreds of periods of motiqd0 ps neaw =7), es-
tablishing that the weak coupling limit, in which decoher-
ence is rate limited by the dephasing of the system. Elec-
tronic dephasing between thé and B-states occurs on the
time scale of 100 fgbased on intensities of overtones in the
resonant Raman progressjpion a time scale shorter than
any intramolecular or intermolecular vibrational period. The
presented six-wave measurements overcome the electronic
dephasing time window, and allow probing of vibrational

g coherences on the exciteB-state. This is accomplished
0 500 1000 1800 2000 through a parametric six-wave mixing scheme that yields the
t(fs) amplitude level cross-correlation between a pair of packets
) o launched on theB-state. For the particular pair of packets
FIG. 14. The dispersion in phase angle due to accumulated many-bod . . .
action. The correlations are for the set of trajectories for which the energ;gelfacted’ the COhe[ence SurV'V?S for one recursion, during
loss as a function of time is given in Fig. 11. which the~2000 cm ! of energy is lost of the cage. The rate
of energy loss is established through pump—probe measure-
ments through the same resonances, which show that the
forward—backward sense. The bath modes that havelassical vibrational coherence lasts long after collapse of the
accepted the energy are evolving deterministically—quantum coherence. Classical simulations are used to repro-
they are doing work. duce the pump-probe data, while semiclassical simulations
(b) In the high-energy collision, the phase angle spread isre used to analyze quantum decoherence in the strong cou-
triggered by the collision d@t~250 fs, and decoherence pling limit.
is complete by the time the molecule reboundst at The various observables, and the role of measurement on
=400 fs. While the same events are discernible in theobservables, are defined through time circuit-diagrams,
low-energy collision, the magnitude of the spread inwhich highlight quantum coherence as a measure of the re-
angle is significantly smaller, and decoherence is deversibility of quantum dynamics around a closed circuit. The
layed tot=1.5 ps. The quantitative difference betweendiagrams also provide the recipe for the computation of ob-
the two events is the extent of the anharmonicity of theservables through semiclassical simulations and underscore
immediately driven modes. In the high-energy colli- the rationale for forward—backward implementation. Deco-
sion, the solvated chromophore potential develops derence occurs because the measurenm@néparation and
shelflike outer branclisee Fig. 1 due to the near can- interrogation are carried out through local projectors that act
cellation between the intramolecular attraction and in-on the system coordinates, while time reversal invariance is
termolecular repulsion. As the molecule stretches, itreserved for the unitary evolution of systerbath. The
drives the cage modes to sufficiently large amplitude tosimulations, using the HK propagator for the system and
sample the anharmonic part of their interactions. Thefrozen Gaussians for the bath, are in excellent agreement
strong anharmonicity of chromophore and driven cagewith the experiments. In this strong coupling limit, on the
modes leads to the large dispersion of the accumulatetime scale of relevance, the decay can be exclusively as-
guantum phase by the different members of the eneribed to the dispersion of the many-body classical action
semble. In the lower energy collision, both chro- accumulated after forward—backward evolution. The disper-
mophore and cage modes are more harmonic, as suckion arises from the driven anharmonic bath coordinates,
the collective dynamics retains quantum coherenceavhile the strong dissipation re-enforces classical coherence
over several periods. on the system. Although the measurements are local to the
() In the low-energy collision, the decoherence is trig- system, information about the bath is passed on through the
gered shortly after 1 ps. This is the time associated witlquantum phase dictated by the many-body action, which de-
the recoil of the primary cage atoms. As the first shellscribes the entanglement of the system with the bath.
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