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A method for spectral simulations in systems of very large dimensionality via semiclassical
molecular dynamics is introduced and applied to the spectroscopy of iodine isolated in solid Kr, as
a prototype of spectroscopy in condensed media in general. The method relies on constructing
quantum correlation function§(t), using initial value propagators which correspond to the zeroth-
and second-order approximations in stationary phase of the exact quantum propagator. The first is
used for treating modes with high thermal occupation numbers, the lattice modes, while the second
is used for treating the guest mode. The limits of validity of the bare propagators are tested vs exact
treatments of gas phasg &nd shown to be quite broad. The mixed order simulations are then used
to reproduce the structurel— X emission, the structurele&— X absorption, and the intensities

in resonant Rama(RR) progressions of matrix isolateg, lconnecting spectroscopic observables to
molecular motions. Decompositions of the supersystem correlations into system and bath are used
to provide perspectives about condensed phase spectroscopy. The system correlation can be
regarded as the sampling function for the decaying bath correlation, which in turn is a summary of
the many-body dynamics. ThHe«— X absorption spectrum is determined by the coherent ballistic
motion of the excited state density: Upon stretchingplishes the cage atoms out of overlap in
position density, an€(t) never recovers. Due to the compressive nature of the cage coordinate in
the A— X transition,C(t) decays more gently, after being sampled three times. RR spectra, which
are reproduced with adiabatic dynamics, sample the complete history of the many-body correlations,
however, due to the breadth in space-time of scattering into high overtones, the sampling is coarse
grained. The specific dynamics that cont@(t) cannot be described as dissipative. 1996
American Institute of Physic§S0021-96006)00647-7

I. INTRODUCTION neous$ contributions. The artificial distinction between these
two contributions, which differ by their fluctuation time
That spectroscopy in condensed media is most naturallgcales, can be eliminated in stochastic models that smoothly
treated in terms of quantum correlation functions, has beebridge the two limits.~® Such treatments have been extended
well entrenched in the literature on condensed matteto nonlinear spectroscopies, to Raman and beyBttrough
physicst? The seminal review article by Gordon has perhapsmultiple time correlation functions, as systematically devel-
been the most influential in introducing the framework tooped in the monograph by Mukam@élSuch Brownian os-
systems of chemical interebtand in sowing the seeds of cillator models have been implemented in simulations that
time-dependent treatments of gas phase spectroscopy, tlend themselves to microscopic interpretations, as exempli-
“semiclassical way to spectroscopy” of systems of low di- fied in the recent treatment of fluorescefteiesonant
mensionality, spearheaded by Heller and co-workérEx-  Ramant® and impulsive stimulated Ram#rspectra of J in
act evaluation of quantum correlation functions in condensetlquids. Moreover, the model is useful in codifying real-time
media is not feasible, since the time-development of a quambservables in ultrafast spectroscopies, of which third-order
tum Hamiltonian of large dimensionality is not possible. Tononlinear spectroscopies represent the more important class,
proceed, a system—bath separation is made, in which thas recently outlined in a rather comprehensive reviefhe
reduced dimensionality of the system affords a more rigorformalism also connects time-resolved nonlinear spec-
ous treatment of its dynamics, while the bath representing alroscopies to solvent spectral densiti€syhich in turn may
other degrees of freedom is treated through abstractions uske extracted from molecular dynamics simulations, or from
ful for various phenomenology. Where the conditions of ainstantaneous normal mode analySet short, within the
weak coupling between system and bath prevail, correlatioframework of linear response theories, spectral observables
functions can be pieced together as ensemble averaged intémn- condensed media can be related to quantum correlation
actions at short time and linear dissipation at longer timesunctions of a system coupled to a bath, and then indirectly
through the well refined tools of quantum dissipativerelated to molecular motions and forces.
processe8. By construct, the information content of such Three fundamental aspects are less than satisfactory in
treatments remains limited to characterization of line shapethe present state of treatments of condensed phase spectros-
in terms of statidinhomogeneoysand dynamicalhomoge- copy, as described above. These d&:the requisite but
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artificial distinction between system and ba(h), the indirect Our goal is to develop a direct connection between spec-
connection between observables and the underlying molectroscopic observables and molecular dynamicsiéscribing
lar mechanicsc) the necessary assumption of linear re-the time evolution of the quantum many-body amplitudes,
sponse in making such connections. The latter approximatiowhile retaining the full description of the underlying nonlin-
obviously hinges upon the assumption of small perturbaear classical dynamicd.he approach will be formally devel-
tions, which is not easily justified in the case of electronicoped. Here, we give an intuitively clear framework for the
transitions. Consider, for example, the dissociative excitationlevelopment, by considering progressively refined injections
of a solute molecule in condensed phase. The early timef quantum mechanics in an otherwise classical simulation.
evolution of the system, which is solely responsible for theTo this end, consider as a target the familiar correlation func-
frequency domain spectra, now might be dominated bytion, C(t), which arises in linear spectroscopy
highly nonlinear and specific molecular motions—processes ) ]
that cannot be contained in a language limited to dissipation CO=(h(r;0)¢(r;0))
or averaged dynamics, and may not even be related to spec-
tral densities obtained from equilibrium configurations of the = < w(r;O)f drolf(r,fo§t)¢o(fo;0)>, 1)
solvent. Classical mechanics provides a more natural lan-
guage for describing such nonlinear phenomena. The nearlyherer represents the vector of all position variables, and
quantitaﬂve reproduction of time domain Spectra] observlhe time evolution of the initial state, a canonical Boltzmann
ables in recent pump_probe studies of photo_distribution at thermal equilibrium, is given by the propaga-
dissociation/recombinatioli, vibrational relaxation, and tor «(ro.r,t).? In a strictly classical simulation, in which the
electronic predissociatiotf,in cryogenic matrices, serve as swarm of trajectories plays the role of a wave packet, the
our inspiration that a similar approach may be feasible inPropagator can be expressed as
::eatlng frequgncy domam spectra. While tlhe core qf such sy (1o i) = O[1 — 1 (rg.poit)], )
eatments relies on solving coupled classical equations of
motion for hundreds of particles, in simulating experimentalwhere r(r,,p,;t) obey classical equations of motion with
observables, quantum considerations are incorporated inmitial conditionsry, py. While the molecular motions are
plicitly through initial conditions and by taking appropriate well described, what is missing in such a treatment is infor-
ensemble averagé$:*? It is, for example, possible to ac- mation about phases associated with quantum amplitudes. As
count for the coherence of the radiation fie{dkirp) used in  a zeroth order approximation, we may consider the inclusion
the preparation and interrogation of nonstationary states inf phases that result from action integrils
such classical simulatiorf Quite clearly, the molecular mo- _
tions that shape the time domain observables must also de- ©O(r,ro;t)=8[r—r(ro,po;t)Je~ 'S, (©)
termine the frequency domain spectra. Then, to the exte
that the nuclear motions can be represented by classical dy-
namics, it should be possible to simulate spectra and to in-
terpret their features in terms of properly “dressed” molecu- S(t)=JC|dt; [T;() =Vl (4)
lar dynamics from which quantum many-body correlation
functions may be constructed. In this paper we present suclthere the integration is limited to classical paths, the sum-
a treatment. The core of the approach relies on moleculamationj is over all particles, and the potential experienced
dynamics, where no seperation between system and bath liy thejth particle is a function of coordinates of all particles.
required, and no assumption about linearity of dynamics isThis simple fix may appear crude. Yet, it proves to be useful
necessary. The formulation uses semiclassical propagators @ven at cryogenic temperatures for treating what may be re-
constructing many-body correlations, and is closely relatedjarded as bath degrees of freedom: Modes which have high
to methods advanced recently in treatments of gas phashermal occupation numbers)=kT/Aw=1 (o being a
spectroscopy> 2’ and has already been suggested by Caaharacteristic frequency of motipn
and Voth as a possible means for describing quantum time Missing in (%) is the interference among members of
correlation functions in condensed meéfaVe will special-  the trajectory ensemble, since one trajectory is propagated at
ize to the analysis of the spectroscopy gfidolated in rare a time. The exact quantum propagator is a sum over all
gas matrices, complementing the prior time domain studiepaths, which can be thought of as a current flow through
of the same, and enabling comparisons with both experiphase spac€. The current density peaks on the classical
ments and other theoretical treatments of this prototype. Wepath, the path that minimizes action, and decays away from it
should point out at the outset that this is a prototype of conthrough interferences. Thus an improved approximation to
densed phase systems in general, not limited to matrices. Ghe quantum evolution can be obtained by weighting the
the time scales of relevance, the dynamics of a guest/hostassical trajectories according to their instantaneous quan-
system are the same as that of solute—solvent interactions itnm current density at the classical path. The semiclassical
liquids, albeit of reduced configuration space. Moreover, thé/an Vleck propagator accomplishes this by assigning
cryogenic temperatures provide a more demanding test foveights based on the curvature of the action space at the
accurate representation of the quantum aspects of the undelassical point$* With the Van Vleck propagator cast in an
lying dynamics. initial value representatigfi—28

here
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K<2>(r0,r,t)=f de\/ddr—:)t)é[r—r(ro,po;t)]eis(””l,
0
(5

the weight of a trajectory is given as the sensitivity of posi-
tion at timet to initial choice of momentunpy. While this
form is well suited for simulations, it requires the computa-
tion of N?/2 elements of the matrix of second derivatives,
and adds significant overhead if all coordinates were to be
treated within the same order of approximation. As will be
shown, this is not necessam?), which corresponds to sec-
ond order in the stationary phase approximation of the full
guantum propagator, can be shown to be exact for short
times®? k9 corresponds to the zeroth order in the stationary
phase approximation, and can be expected to be useful for
describing nearly classical degrees of freedom, modes for
which n=1. We will show that mixed order simulations,
where the bath degrees of freedom are propagated according
to (3) while the solute degrees of freedom are propagated
according to(5) are quite adequate for most spectroscopic
applications in condensed media. Moreover, since spectro-
scopic observables in condensed media reflect relatively
short-time dynamics, the bare propagatai%) and « can FIG. 1. The three electronic potential energy curves,pivhich are used in
be used without further uniformization. This iS to be con-the paper, are illustrated alomg The lattice potentials are illustrated by a
trasted with gas phase applications in which long-timerepresentative coordina@. Zero-phonon excitation results when potentials
propagations are required, and accordingly dressed propagagn_g all lattice coordi_nates are i_dentical in the ground a_nd excited elec-

. o tronic states, exemplified by, while phonon sidebands will result when
tors, usually frozen Gaussiaftsare used for stability and the this does not hold, as in the case\by.
possibility of regenerating the time dependent wave packets.
The variety of existing methods, such as the cellular method
of Heller?* the Herman, and Kluk propagatdrwhich in-
volves propagation with frozen Gaussighshe integral ex-
pressions advanced by K&yand the Gaussian filters sug-

the B state, spanning nearly the entire bound part of the
. . potential and extending well into its dissociation continuum

gest\c/evd by Cao dand t\f/}oﬁ’?,sre all dﬁ;lgn.edsfor tTIIIS pl;]rpose. (see Fig. 1 The loss of structure is taken as an indication of
€ expand on he above outline in Sec. 1l, WHere Wewg o orqpjc dephasing” of the vertically prepared state on

meth tges?neﬂmcvg eq”?ﬁons fO[r 'mp'eme]f“r?]“?:i‘x ‘i’f lthtet e time scale of 100-200 fs. In contrast, in time domain
ethod. ce we use the spectroscopy of ma solate tudies, when a nonstationary superposition of vibrational

iodine as our instrument for developing the subject, in Sec. I.states is prepared in th@ state, the population density is

we succmctly review the relevant expgrlmental data and thel([Jbserved to preserve its coherence until predissociation, on a
prior theoretical treatments, and provide a more concrete ®fime scale of 5-10 p¥ These studies establish that tBe

gosfcljonm(z‘t;hne 'SSUEZ‘ T.?] te;;éhel\a/ccu?ci;); Fzzrva(;::)g%ate potential parameters are preserved in matrices, and that
pproximations  used, | ' w S| “both vibrational relaxation and predissociation are quite in-

d.|menS|onaI problgms for Wh'.Ch. exact treatments are POSfficient. Time resolved measurements on the same transition
sible. The absorption and emission spectra,oisblated in

. . in the liquid phase are extensi¥eThe combination of re-
solid Kr are presented and analyzed in Sec. V. As an exI quid p X ! inat

) “laxation and predissociation now occurs on a time scale of
ample of nonlinear spectroscopy, the RR spectra of matrix

. . . OPE . <1 ps®
:f]OlSaetgd\%”W'” be given in Sec. VI followed by conclusions In condensed media, excitation gfih the visible spec-

trum leads mainly to emission over the formally non allowed
A (P p,) = X(*S g +) andA(PIL,,)—X(*24+) transitions.

In rare gas matrices, this emission is structured, and the vi-
The visible absorption spectrum of molecular iodine,bronic progression, although broadened, is assigh&t*?
which gives it its purple color, is dominated by the Analysis of the Franck—Condon factors establishes that save

B(3H0u)<—X(129+) transition®* The highly structured gas for a~200 cnt? red shift in electronic origin, the potential
phase spectrum of this transition is one of the best cataparameters—equilibrium bond lengths in tA¢A’ and X
logued, used as a wavelength calibration standfamd.con-  states, the harmonic frequency, and the anharmonicity of the
densed media, for,ldissolved in liquids® or solids®’ the X state—are virtually identical to that of the free
structure collapses completely, leaving a broad absorptiomolecule®”#! The observed spectrum in matrix Ar was simu-
envelope. The breadth of the absorption reflects the fact thdated by Messina and Coalson, using the time dependent
the Franck—Condon region occurs on the repulsive wall oHartree method® Good agreement with experiment was

Il. SYSTEM
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found in this linear chain model, with the Ar lattice repre- summarize the instantaneous forces operative upon the ver-
sented by 25 coupled harmonic oscillators. tical transition, but fail to impart information about kine-
Resonant Roman(RR) spectra of J isolated in  matic coupling. To be clear, consider the dynamics following
matrices’**® and in liquids such as Cgl Xe, and excitation. Initially, a multidimensional wave packet which
hexane'’® show progressions with as many a5 over-  is non stationary only along, is created. The packet soon
tones. In addition to the coherent RR progression, a broadvolves along th&; modes which are coupled to As the
continuum arising from incoherent fluorescence duringl—I coordinate moves toward its stretched excited state mini-
population relaxation is observ88While the intensity dis- mum, it has to push the cage atoms out of the way. The rate
tribution in the RR progression is similar in liquid and solid of momentum transfer in this process depends not only on
phases, the relative ratios of intensities in the RR progressiopotentials but also on masses. The heavy | atoms may dis-
vs the continuous background are quite different, the conplace the cage atoms in one collision, sending shock waves
tinuum emission being almost two orders of magnitudeinto the lattice?**° In contrast, if the impurity were much
larger in rare gas matricd8 The solid state RR spectra were lighter than the host atoms, say, a hydride, then the lattice
first analyzed by the semiclassical wave packet formalismwould respond sluggishly under the cumulative effect of
by Kono and Lynrf®® They accounted for the intensity dis- many collisions. If the former case were to prevail, the decay
tribution of the progression by incorporating a phenomenoof the correlation function would be complete prior to
logical exponential damping, which had to be adjusted toccompletion of the molecular vibrational period, and a struc-
account for the excitation profile. Schwentrm¢ral. have ex-  tureless spectrum would result. Subject to the same poten-
tensively discussed the RR spectra gfboth in liquid and  tials, in the case of the light impurity, many recursions along
solid state, with respect to their information content on ul-r would occur prior to motion along bath coordinates. This
trafast dynamicé’/ and have carried out similar one- would produce a modulated correlation function, and accord-
dimensional simulation¥® The nonmonotonic decay of in- ingly sharp ZP lines. Clearly, even in this most favorable
tensities in the RR progression was thought to indicate thagase for system-bath separation, the details of the dynamics
electronic predissociation plays a role on ultrafast timedictate the spectra, and the validity of treatments under as-
scales, a contention supported in recent liquid phas€umptions of linear response, or averaged-out dynamics, are
simulations;®! but contrary to direct measurements in the questionable.
solid state’? Quite recently, simulations of RR spectra were  Even if the transition dipole were localized on the impu-
presented by Jungwirtt al. for |, in Ar and Xe clusters, ity coordinate, the more common case in electronic transi-
using the method of classically-based separable poteffials.tions is one in which potentials along bath coordinates vary
In this variant of the time dependent Hartree methods, clagwith electronic states. In our example, we may expect the
sical trajectories are first calculated, then a one-dimensiondtKr interactions to depend on the electronic state,pahd
wave packet is propagated on the mean classical potential f least the nearest neighbor I-Kr potentials to be sensitive to
all other degrees of freedom. Despite the approximations inthe sudden change in the molecular charge distribution in
herent in the averaging over dynamics, the limitation to finitegoing from say, & to all state. This is represented by
size clusters, and the absence of nonadiabatic effects, th&(Q) in Fig. 1. Now, upon the vertical transition, the many-
method has yielded results that are in qualitative agreemefody wave packet will instantaneously evolve not only along
with the condensed phase experimefts. r, but also alongQ;. This ballistic motion is the earliest
We will constrain our attention to these three spectracomponent in solvation dynamics, to be contrasted with the
The A— X emission, theB« X absorption, and the RR scat- picture of inertial solvation accepted in thermal liquids>®
tering of |, isolated in solid Kr. To set the stage and the The absorption spectrum now contains phonon sidebands, or
scope of the rest of the paper, we preview the issues at stakeguivalently, solute—solvent combinations modes are di-
Consider thB«— X transition of molecular iodine, which rectly prepared. It is no longer obvious how to separate
is illustrated in Fig. 1. The correlation functions that describemodes into system and bath. The safest route is to consider
the spectra in condensed media are functions of all degredBe system as a whole. Curiously enough, since the total
of freedom;r along I-I, and{Q;} along then other coordi- Hamiltonian neither dissipates nor dephases, such terminolo-
nates. Within the Born—Oppenheimer separatedJies, which are germane to treatments of reduced Hamilto-
Hamiltonian, the system evolves on potential energy surfacedians become less meaningful. The possibility of treating the
which are also functions of all coordinates. The many-bodysystem as a whole leads us to new perspectives.
potentials are nevertheless related to pair potentials, to I-I,
I—Kr, and Kr—Kr interactions, in a yet to be specified man-, vETHOD
ner. A vertical transition in which only the guest potentials
change, i.e.,V(r')#V(r") while V(Q/)=V(Q{) for all We start this section by recasting the correlation function
Q;, corresponds to zero-phon¢nP) excitation®® Sharp ZP  of (1) in a density matrix formalism, appropriate for thermal
lines play an important role in solid state photophysics, andonditions in many-body systems. We then relate the semi-
have accordingly been studied extensivEl\While the de- classical propagator&®) and «(? to the exact quantum
scription of potentials, illustrated by(Q’) in Fig. 1, is  propagator, using known derivations. We then introduce
necessary to produce ZP transitions, it is not sufficient tovarious methods of implementation for calculating correla-
produce sharp lines. The potentials, through their gradientgion functions. We make the following assumptions through-
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out: (a) the solutions are dilute such that solute—solute intersince trajectories may be defined either by their endpoints or
actions can be neglectedh) the electronic excitation is by their initial conditions, we may change variables from
localized on the solute coordinate, consistent with the facfinal positions to initial momenta

that the host is a dielectric of large band gép,the Condon
approximation, that the transition dipole is independent of
nuclear coordinates(d) adiabatic dynamics over Born—
Oppenheimer separated surfaces prevails. For clarity, the for-
mulation is developed in one-dimension, although the impleto retrieve the propagataé® of Eq. (5). The general expres-

9X(Xg,Po)

dPo ’ (19

dx=dpg

mentation is in many dimensions. sion for correlation functions can now be stated as

The correlation function of Eq1) may be cast in a more dx’ |12 gy |12
useful form c(t):f f dx’dp’f f dxgdp"f dx| — =
=IO 0 dps| |dpg

C(t)= EI e PEi(yi(x;0)eMameelt . (x:0)) X p(xh Xl €l (S~ S+ =) w2

=Tt pge(X",X";1)] X 8(X¢ —X) 8(x{ —Xx), (11)

:f dxf dx’f X (X" X0 p (X X ) i X X01) where the integration over all initial momenta replaces the
gUA AP SO summation over all paths. The expressidd) can in prin-
6) ciple be evaluated by box integration over all initial condi-
tions:x4, Xg., Po. Pg- There are two difficulties associated
in which g ande label initial and final electronic states, and with such a procedure. First, for proper statistics a large
the correlation is between coherent states evolving on theumber of initial momenta and positions should be sampled
excited and ground electronic surfaces. In the density matrieven for one degree of freedom; second, the trajectories rep-
notation, the trace over electronic off-diagonal matrix ele-resent delta functions and therefore the correlation integrals
ments is required, with the initial distribution given as the can only be achieved through an appropriate uniformization.
equilibrium density matrix on the initial electronic state, These difficulties can be circumvented by taking advantage
pir(X",X";0)=po(x’,x"), and iy and . are the time propa- of the time reversal symmetry of classical trajectories. The
gators on the ground and excited electronic surfaces. Thaace in Eq.(6) implies that at timet only trajectories that
statement is exact if we identifi as the Feynman propaga- terminate on the diagonal in thé,x” plane contribute to the
tor which connectg’ to x in time't along all possible path®  correlation functior{see Fig. 2a)]. Given time reversibility,
it is possible to start from the endpoints of trajectories, i.e.,
(X x;t) = (x'|e"THUA|x) = fXD[X(t)]eiS(x(t))/ﬁ. @ from the diagongk{=x{’, and to aIIow.the. paths to terminate
x' at random positions. Now, the contribution of such trajecto-
. . . _ ries to the correlation function is obtained by weighting the
we (_:Iass_|fy the se_mlclassmal methOdS z_accordmg to the Hinal positions with the smooth distribution function
proximation to Wh'Ch the path |r_1tegra| IS taken. After the p(Xg,%g), as shown in Fig. @). This procedure already pro-
usual d|scret|zat|0n of p_aths n tlme,.and expandhi a vides a significant savings in computation, and yields better
Taylor series at the stationary phase: statistics since the two-dimensional sampling of initial con-
1 d2s ditions required in forward-time propagation is reduced to
S=Syt =2, ——— - (8)  the one-dimensional sampling of the diagonal in #iex”
2 i dXide .
plane. The roles of start and end points are now exchanged,

if only the zeroth order in the expansion is retained, i.e., théS indicated in Fig. @). Henceforth, the subscripf will
first term in Eq.(8), the «%) propagator in Eq(3) is ob- imply the initial conditions for reverse-time propagation. The
tained. Keeping both terms in E(B), the Van Vieck propa- Ccorrelation function(11) now reduces to

gator, is obtainetf 52 112 112

!
dx{

dpo

dx/
dpg

112 C(t):C(—t)ZJ fdpgdpéf dXo

2
d°s eliS(x.xo)/ti—ivml2]

dxy dx

K2 (X, Xo:t) = (L2mih) V2D,

X p(x! X! ei(sél—s’c’l)/mi(u”—y’)w/z' 12
1/2 P(t t) (12
e[iS(x,xo)/ﬁ—im/z], 9)

d
:(1/27Tiﬁ)1/22 d_)z) Note, that since the trajectories could have reached the diag-
onal with an unspecified momentum, in the time-reversed
where the summation is over all classical paths that lea@mplementation, the limits of integration of both momentum
from X, to X in time t; and v is the Maslov index which is and coordinate are from « to . Accordingly, the evalua-
updated by one for every zero crossingdaf/dx,.52 This is  tion of Eq. (12) with proper statistics remains a formidable
a boundary value problem, incommensurate with moleculatask. Quite generally, two different limits, for which practical
dynamics treatments which solve for deterministic equationgpproximations yield satisfactory results, prevail. These are
of motion based on initial values. For short propagationsthe high temperature limit, where strictly classical paths are

J. Chem. Phys., Vol. 105, No. 23, 15 December 1996

Downloaded—-12-Feb-2004-t0-128.200.47.19.-Redistribution-subject-to-AlP-license-or-copyright,~see=http://jcp.aip.org/jcp/copyright.jsp



M. Ovchinnikov and V. A. Apkarian: Spectra of |, isolated in solid Kr 10317

(x"+x")
po(X’',X")=ex _’BVT ex

2m(X’ _XH)Z
_ T

(14
where 8=1/kgT is the inverse temperature. Substitution of
Eq. (14) in Eq. (13), changing the index in position distribu-
tion fromt to 0, and regrouping terms, leads to a more trans-
parent form forC(t):

X" C(t)=J fdpo dXo pei(Xo,Po)

p[ 2m(x; —x})?
X ex B2
b) _BV(M)2 —Lz(x'—x”)z in which the first factor acts as the filter for initial conditions,

2 e B while the second factor acts as the continuous spatial func-
tion used for correlating the trajectories. The combined ef-
fects of the filter function and the correlating function illus-
trated in Fig. 2b), mimic the initial statement of the
problem, illustrated in Fig. @). Although the approxima-
tions that led to this final form seem drastic, and while it is
clear that the result converges to the correct limifTas,
we show in the next section that the limit of validity of Eq.
(15) extends toT ~#A w/kg .

ei(sgl—gc’l)/ﬁ, (15)

FIG. 2. (a) A typical pair of classical trajectories that contribute to the In the zero-temperature limit. since the system is initially
correlation function is shown in’,x” space. In Eq(11) each pair of tra- ’

jectories is started from the arbitrary poij,xg that belongs to the initial In an eigenstate, Only the final state evolves. Itis now natural

distribution po(x’,x") shown as contours. The trajectory contributes to the {0 think in terms of wave packets, a@{t) is most directly
correlation function only at the crossing points with the diagonal as dictatedpbtained by substituting‘(Z) in Eq. (1)
by the delta functions in Eq11). The time reversed notation of E[.2) is

shown in parenthesis. The trajectories are now started from the diagonal and 12
(t)= dpo dXo

iSei/h—ivm/2
correlated using the initial densipg(x’,x"). (b) lllustration of the approxi- ~ C Wo(Xo) Po(Xp) €' >e 1 me,
mation of Eq.(15). The part of the density matrix which depends only on 16
the averageX’ +x")/2 is used to filter the initial distribution of trajectories (16)

on_the dia_gonal_. The off-diagonal part is used to corretatandx” for each here Xt represents the trajectory evo'ving on the final state
pair of trajectories. potential, beginning from the distribution given by the zero-
point wave function on the initial state. The latter also plays
the role of a smooth correlating function. The time depen-
considered; and the zero-temperature limit, where the initiaflent weights are computed using the auxiliary equation of
state is stationary and therefore propagation on only the findnotion

dx;
dpo

state is required. d23 V" dx,
In the high temperature limit, the contribution to the cor- i ﬁ‘]’ where J= W (173
0

relation function is dominated by classical trajectories. We
may therefore resort to using!® which is equivalent to with initial conditions

giving unit weight to all trajectories in Eq12). Further, we dJ
note that only whemp, andp; are similar will the correlation Jo=0 and Myl = 1, (17b
between the trajectories on the excited and ground state be 0

non negligible. Accordingly, we replace the double integrawhere |J|*2 is the weight of the trajectory, and the zero
tion over independent momenta, by a single integration ovegrossings ofl is used to update the Maslov index. Noleis
the dummy momentunp; and usep(py) as a momentum an oscillatory function. For harmonic potential&, is a con-
correlation function. Thus in the high temperature limit stant, and therefor& oscillates with a fixed amplitude. In the
C(t) reduces to case of anharmonic potentials, the oscillation amplitude
o grows, leading to an exponential growth in the weight of a
C(t)=f f dpo dxo p(Po)p(X{ X! )€ Sa=S/m  (13)  trajectory.
Equationg15) and(16) represent the final forms used in
The initial density matrix in the present treatment acts aur implementation to spectral simulations in the many-body
the smooth function used to correlate the trajectories. Theystem. The guest degree of freedom,in this case, is
standard method of obtaining the density matrix for an arbitreated through Eq16), while the bath degrees of freedom,
trary multidimensional system is by using an inverse Wigner~ 100 rare gas atoms, are treated through(E§). It is easy
transform of the classical phase space distrib§fion to show that Eq(16) is exact in the case of harmonic poten-
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TABLE |. Parameters used in the simulations.

Potential parameters

Potential Type Parametetd, cm™1)
-1 (X)? Morse D.=12550,x,=2.65,3=1.871 =
-1 (A)? Morse D.=1840,x,=3.10,3=2.147 c
I-I (B)? Morse D.=4503,x,=3.016,3=1.850 2
I-Kr (isotropig® LJ 0=3.74,e=2335
I-Kr (2)° Morse D.=287,%,=3.733,8=1.49
I—Kr (IT)¢ Morse D.=126,x,=4.30,3=1.540
Kr—Kr® LJ 0=3.58,6=199.5
“Reference 64.
PReference 65.
‘Morse fit to parameters given in Ref. 66.
) ) ) ) 2
tials. In anharmonic potentials, both expressions are only 2
valid for short times. Yet, the time scale over which the g
correlation functions retain accuracy is sufficiently long for s
our application. In his introduction of the cellular method, 3
the recognition that the initial value Van Vleck propagator is &
accurate for times longer than previously thought has been I | |

1
8000 7000 6000 5000

the important discovery by Helléf, as pointed out by
Miller.?® Since our prescriptions rely on the bare propaga-
tors, we establish the limits of their validity prior to imple-

® (cm™)

FIG. 3. The correlation functioftop panel and the spectrurfiower panel

mentations. of the A— X emission of gas phase iodin@ray line calculated using the
second order semiclassical propagator, 8d) of text; (back line exact

IV. IMPLEMENTATION IN ONE-DIMENSIONAL solution obtained by wave packet propagation. The semiclassical calculation

SYSTEMS involves the propagation of>410* trajectories for the first 5 fs and 40

L o trajectories for the remaining 300 fs.
We test the limits of validity of both zero-temperature

and high-temperature approximations@ft) given in Sec.

I, by considering theA— X emission and th&«— X absorp-

tion spectra of free iodine, the same transitions which willln order to obtain accurate values for the correlation function
later be treated in the many-body system. The Morse poter@it the first time step,=At=1 fs in our case, it is necessary

tial parameters used in these simulations are given in Table10 ~ sample an  inital momentum range  of
Pmax=—Pmin=mAX/At. In nearly harmonic potentials it is

A.The A—X emission at 0 K useful to keep the full set of trajectories to allow a sharp
We evaluate Eq(16) by identifying ¢o(X,) as the vibra-  definition of later rephasings. However, quite generally, in
tional ground state of tha(°I1,,) electronic state of iodine. anharmonic potentials and for relatively short propagation
The classical trajectories, , their weights|dx,/dpo|*2, and  times, it is possible to discard a large fraction of these tra-
the associated classical actioB8s, are computed on the final jectories without compromising the accuracy of the correla-
state of the transition, th¥(*X ;) ground electronic state. tion function.
Initial positions and momenta are chosen from a uniform  The computed correlation function for tide— X transi-
40 X 40 grid. The limits of integration over initial positions tion is shown Fig. ). A total of 4 X 10* trajectories were
is well defined, suffice that they encompaggX,). The lim-  propagated in the first 5 fs, and“1@ajectories were retained
its of integration over initial momenta must include a repre-for the subsequent 500 fs. The fact that there is no disconti-
sentative ensemble of trajectories that contribute to the comuity in C(t) at 5 fs ensures that we have not removed any
relation function through final positions. The range of contributing trajectories. The number of trajectories can be
relevant momenta depends on the target time. At early timggeduced to as low as 800 fox5 fs and 160 fort>5 fs
although the dynamics is uninteresting, the number of conwithout a significant effect on signal-to-noise ratio when
tributing trajectories is large. This can be understood by notenly early time dynamics,<<0.5 ps, is of relevance. Indeed,
ing that the relevant range of integration in momentum spacas we will see, this is the time scale of relevance in the
is given as condensed phase.
Ap~AX/At, (19) A compar?son of the semicl_assical _correlati_on function,
and the resulting spectrum obtained by its Fourier transform,
whereAx is the width of ;. Despite the fact that as—~0  with those of an exact quantum calculation, is shown in Fig.
the number of contributing trajectories diverges asdihce 3. The exact solution is obtained by wave packet propaga-
the weights of trajectories are zerotat0 and grow ag at  tion, by solving the time dependent SchHimger equation
early time, the resulting correlation function is well behaved.using the now standard FFT algorithfi{sSThe comparison is
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quite satisfactory. The correlation functions, which are illus-
trated for the time of completion of the first recursion, show
deviations due mainly to discarding 80% of the initial trajec-
tory ensemble. The effect of this on the spectrum is rather
subtle, appearing as small deviations at the high frequency
end. Note, the spectral resolution is dictated by the propaga-
tion time of 1 ps, and the negative intensities in the spectrum
are the result of boxcar apodization in the Fourier
transform®®

B. The A— X emission at finite temperature

Next, we consider the low temperature limit of validity
of correlation functions constructed according to ELf),
which is based strictly oa{®), and should generally be valid
at high temperatures. We consider the same spectrum as
above, but now forT=150 K (Aw/2kg=60 K in the A
statg. The initial conditions for the trajectorieg, and py,
are now obtained by Monte Carlo sampling of the classical
phase space distribution

Emission Intensity

V(X)+%”- (19 - 1 al ||‘.“ i“I”llll..l.

9000 8000 7000 6000 5000

Pc= EX[{ -B

-1
For a given choice oy, pg, a pair of trajectories is propa- ® (cm)

gated, one on thA potential and one on thé. The pairs are . .

. FIG. 4. The gas phase spectrum of #theX emission of iodine at 150 K.
then correlated accordlng tO.E(jl.S). The SpeCtrum' gener- g top spectrum is obtained using the zeroth order propagato(15gf
ated from a swarm of 300 pairs of trajectories propagated fofext, by propagating 300 pairs of trajectories for 1 ps. The stick spectrum is
1 ps, is shown in Fig. 4. For comparison, the exact stickobtained by using exact frequencies and Franck—Condon factors of the vi-
spectrum is also shown. Progressions arising from the therb_rational eigenstates on the excited and ground potential energy surfaces.
mal populations irv=0,1,2 in theA state, are clearly evi-

dent in both spectra. The comparison is quite IMPressivgjy marix of an oscillator in contact with a thermal b&th,

given the conceptual simplicity of the method: Correlation ofby using the scaled temperatufy, in Eq. (19)

classical trajectories that carry phases given by action inte- . ’
w

grals over classical paths. T :ﬁ_w
Next we consider an initial temperatuiiess 10 K, where o 2kg
the classical phase space distribution is unphysical. The & herew is the harmonic frequency of the initial state, and
sults of the simulation are shown in Fig. 5, along with the.l. is the real temperature. Note that now, wHen—~kgT '
i . ' Bicl:
_exact_stlck spectrum._The_ Proper Fr_anc_k—Condon envelop ontributions to the spectrum from vibrationally excited ini-
is retrieved, and the vibrational spacing in the central part o ial states will appear. Indeed thie— X thermal simulation

;{/Cii Sspgfci;]uems 'Se;?lzrricits' :o(iv:leevregasgg da':'l_hheilg?;m?g)ils'rt]otggwith T,=60 K is essentially indistinguishable from the ex-
9 P P ' act T=0 K spectrum. It should be cautioned that this fix

understood by noting that the classical swarm evolving O&annot be rigorously implemented in many-body systems,

e e agey by Mone Catlo samoing from nomal e af e
y Proj ent scaled temperatures. Such an artificial initial distribution

gst:]nbultlon ion|t2?6:[risl;attie(ihiadeidnail‘[iear:g F'r?') r::s\llccretﬁt ioth will lead to unphysical time evolution since initially the sys-
r?tcniszs (r:a iSnt diutgb ;Sng ticit ?’ a cr) eiti ﬁ rStem is not at classical equilibrium. Instead, as in our previous
quantum zero-po stribution, a ighter SUPErposItion CoM;, 1ations of solid state dynamics, we resort to a scaled

posed of only few members in the central part of the packe .
is simulated by the swarm. That the envelope is accuratelyemloer":lture based on the Debye frequency of the ldfiite.

represented is due to compensation of the correlating func- .
tion exg — 2m(X’ — X")%BA]in Eq.(15) for the contraction of C. The B—X absorption at 0 K
the initial distribution [see Fig. 2b)]—the position- The time scale over which Eq16) retains its accuracy
momentum uncertainty is retained. This feature of the therdepends on the extent of anharmonicity of potentials. The
mal correlation(15) makes it well suited for treating bath reason for this is well understodd.Since in anharmonic
degrees of freedom. potentials the weight of a given trajectory grows exponen-
For a one-dimensional systems, the unphysical situatiotially with time, conservation of total flux implies that at long
considered above can be avoided by using the quantum detimes few trajectories represent the entire packet—the major-

-1

, (20)
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FIG. 6. The correlation functioftop panel and the spectrurfiower panel

FIG. 5. The gas phase spectrum of theX emission of iodine at 10 K. The  of the B«—X absorption of gas phase talculated by the semiclassical
top spectrum is obtained using E45), by propagating 300 pairs of trajec- method[Eq. (16) in text]. The calculation involves the propagation of 6.4
tories for 1 ps. The stick spectrum is obtained by using exact frequencie 10° trajectories for the first 5 fs and 1.28.0° trajectories for the remain-
and Franck—Condon factors of the vibrational eigenstates on the excited ar@d 1.2 ps.

ground potential energy surfaces.

necessary to regenerate the wave packet. For this transition,
. the correlation function in the initial 300 fs can be accurately
ity of the members of the swarm cancel out through destruc- . ) : .
tive interference. The fewer the working trajectories thecalculated b_y using as few as 800 trajectories for the first 5 fs
) . apd 160 trajectories after that.
poorer is the representation of the wave packet. In the case 0
the A— X transition, although the final state is a Morse po-
tential, the vertical transition terminates deep in ¥hpoten-
tial where anharmonicity is relatively small. In contrast, the  The computed correlation function and the spectrum of
B« X absorption involves a transition that straddles the disthe B« X transition with the high temperature meth(®),
sociation limit of the final state. Part of the initial packet is are presented in Fig. 7. The initial conditions were chosen
projected into the continuum, and part remains in the boundrom a thermal distribution at 80 K, at which the classical
region (see shaded region in Fig).IThis extreme of anhar- phase space distribution approximates the quantum zero-
monicity provides a rigorous test of the time scale of validity point distribution on theX state. The initial decay of the
of the bare semiclassical treatments. correlation function, which gives rise to the correct Franck—
The zero-temperaturB« X absorption spectrum using Condon envelope, is reproduced. On the other hand, the
Eq. (16) is shown in Fig. 6. The details of the calculation are method fails to reproduce the structure of the spectrum be-
the same as in th&— X treatment, except the number of low the dissociation limit. This marks the limitation of the
trajectories is now augmented by an order of magnitude. Thetrict use of«{?). The interferences in the evolving wave
greater number of trajectories is needed to accurately reprgacket, which produce the structure in the spectrum, is not
duce the dynamics up tb=1 ps. Judging from spectra ob- adequately represented. Also, spectral congestion due to ab-
tained by transforming the time correlation function for eversorption fromv =1 occurs. The higher resolution required to
increasing time scales, it is possible to conclude that the firstort out the different progressions requires several periods of
800 fs of the dynamics is accurately reproduced. This corremotion on the initial state for which methods based on bare
sponds to the termination of the first recursicee Fig. 6. propagators fail. Note, the differences between this case and
When a longer segment of the time file is Fourier trans-that of theA— X transition are the extent of the nonlinearity
formed, an artificial modulation of the spectrum appears. Irof dynamics, and the higher frequency of the oscillator in the
order to reproduce the nodal pattern after the first recursiorfinal state. This clearly shows the necessity of propagating
and to continue the simulations for subsequent periods, it isuch modes througk‘®.

D. The B« X absorption at finite temperature

J. Chem. Phys., Vol. 105, No. 23, 15 December 1996

Downloaded—-12-Feb-2004-t0-128.200.47.19.-Redistribution-subject-to-AlP-license-or-copyright,~see=http://jcp.aip.org/jcp/copyright.jsp



M. Ovchinnikov and V. A. Apkarian: Spectra of |, isolated in solid Kr 10321

These electronic state dependent potentials allow a natural
treatment of non-ZP-transitions, and consideration of the ef-
fect of instantaneous forces along guest-host coordinates.

x 10

The initial conditions for the simulations are sampled in
s the following manner: The,lcoordinate is selected from a
% grid that spans ity =0 wave function, the,l momenta are
o sampled randomly from a box distribution; the Kr coordi-
nates and momenta are sampled from a thermal lattice equili-
55T T T T brated about the particular state of the guest by interrupting a
0 102030 300 400 500 600

thermal simulation of the initial state. Then, for a given set of
initial conditions, a pair of trajectories are propagated, one
on the initial state and one on the final state. The classical
action associated with each coordinate is computed, as well
as the time-dependent weight of trajectories along the I-I
coordinate according to Eq17). To construct the many-
body correlation functions, first, the pairs of trajectories are
correlated: TheJ trajectory on the final state is correlated
with its initial state stationary wave function according to
Eqg. (16) and the Kr trajectories are correlated according to
Eg. (15); then, the ensemble average is constructed by sum-
ming over all trajectories

time (fs)

Emission Intensity

!
18000 20000 22000 24000

o (cm-1) 1
C(t)= NE [(Rlz(t)Rlz(o»H (Rir,i(H)Rk,i(0))
FIG. 7. The correlation functioftop panel and the spectrurlower panel tray :
of the B« X absorption of gas phase iodine at 50 K. The thin line and thick
gray line are the spectra obtained using @d), by propagating 300 pairs of x @l (Sx=Sa)/h
trajectories for 800 and for 100 fs, respectively. The dashed line is the
spectrum obtained by the classical reflection approximation.

=< 7,1l Z’Kr,i<t>> , (21)

T

in which (- - - )1 denotes the ensemble averageNbfrajec-
V. MANY-BODY SPECTRA toriesZ andZ_"(t) is used to designate thg correlation fpr a pair
of trajectories. The spectra are obtained by Fourier trans-
The spectral simulations of isolated in a matrix of Kr  forming C(t) and weighting the transform by or by w® in
are carried out in mixed order; Is treated in second order in case of absorption or emission, respectively.
the T=0 K approximation, the lattice atoms are treated in L )
zeroth order, with an initial thermal density at the scaled™ The A— X emission in solid Kr
temperature of 45 KDebye temperature= 72 K).%° The A total of 400 pairs of trajectories were propagated for
initial conditions are obtained by Monte Carlo sampling, and800 fs to simulate the,I(A— X) transition. The real part of
the classical trajectories are propagated using moleculahe calculatedC(t) and the associated emission spectrum are
dynamics’* A cell of 108 Kr atoms, subject to periodic shown in Fig. 8. The spectrum, its envelope and widths of
boundary conditions, is used. is placed in a double substi- individual vibronic lines, are in good agreement with the
tutional site created by the removal of a nearest neighbor pajsublished experimental spectra in solid > While the
of Kr atoms. Lennard-Jones potentials are used to descritegreement is gratifying, the more valuable aspect of the treat-
Kr—Kr interactions, and Morse potentials are used to dement is the possibility to decompose the many-body correla-
scribe 1-1 interactions in the various electronic states. Firsttion function into its constituent contributions. This is done
we consider zero-phondP) absorption and emission spec- in Fig. 9, in which, in addition to ReC(t)], we also show
tra by using the same |-Kr potentials in the initial and finalthe ensemble averages of thepbsition correlation function,
electronic statdsee Sec. )l In these simulations, as in the C[ri,(t)], the collective bath(lattice) position correlation

prior simulations of pump—probe observablés? the I-Kr  function, C[Rg(t)], and the position correlation funtion of a

interactions are modeled by Lennard-Jones potentials Suihearest neighbor Kr atom |y|ng a|0ng the molecular axiS,
able for Xe—Kr(see Table)l We then consider a treatment c[R,,(t)]. These real functions are defined as

in which the L—Kr potentials depend on the electronic state

of I, by constructing the three-body potential from the an-  C[R, (O1={R(DR.(0)))1, (229
isotropic I-Kr fragment§®7273This construct is described 2 20

in the Appendix, along with the justification for using isotro-

pic pair potentials in the excited state. The need for using  C[Rg(t)]=( [ (Rk(t)R(0));) , (22b)
anisotropic potentials to describe the ground state has al- ! T

ready been demonstrated in the analysis of the spin—orbit

transition of atomic iodine isolated in solid Kr and X&. C[Rk (1) 1= {{Rxr(t) Ry, (0))) 7. (229
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Re(C(t)
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FIG. 9. Decomposition of the correlation function for the- X emission of
| . \ I, isolated in solid Kr: Solid black line—the real part of the supersystem
1200 1400 1600 autocorrelation function, RE€(t) ]; dashed line—the,lposition autocorre-
wavelength (nm) lation function,C[R, (t)]; solid gray line—the collective bath position au-

tocorrelation, C[Rg(t)]; dashed gray line—the position autocorrelation
FIG. 8. The correlation functioftop panel and the spectrurlower panel function of an individual Kr atomC[R(t)].
of the A— X emission for } isolated in solid Kr.

Franck—Condon region. Since we have developed our for-

malism in position representation, the momentum correla-
These are nearly classical measures, in that they do not ifions are mainly formed in the ensemble averaging of phases,
clude phase information. With this decomposition@ft),  or in the cross correlation among trajectories. To move, the
we proceed to interpret the spectrum of Fig. 8 in terms of theyacket needs to develop momentum, which it does by con-
molecular mechanics. version of potential into kinetic energy; and the path integral

The envelope of the emission spectrum in Fig. 8 containgf the momentum forms the phase of the packet. Since the

no information about the many-body dynamics. The width ofnpise due to thermal initial conditions is much smaller than
the envelope of~1000 cm* is determined by the initial the momentum derived from the steep difference potential
decay inC(t), which is complete at~25 fs. During this  gradient, the momentum correlations survive the ensemble
period, the collective bath correlation remains constant, agveraging. In this ballistic phase of dynamics the packet
seen in Fig. 9, while along the toordinate, the wave packet eyolves coherently, without scrambling of the momentum-
ballistically moves out of the Franck—Condon region. Thisposition correlations. The initial decay is not permanent. The
is, in part, by design. Since a strictly ZP transition is beingstructure in the spectrum is the result of the fact that the
considered, at=0 the only active force is along the I-I supersystem, molecule and host, will rephase twice prior to
coordinate. Indeed, it is difficult to distinguish the first decaycomplete loss of correlatiofsee Fig. 9.
in C(t), the first 50 fs, of the free molecule from that of the Information on the many-body dynamics is contained in
molecule embedded in the solidompare Figs. 3 and)8  the individual vibronic line shapes in the spectrum of Fig. 8.
with the consequence that their spectral envelopes are neailywe characterize the vibronic lines by only a width, then
identical. A careful comparison of RE(t)] shows that in  this would be determined by the permanent decay time of
the many-body simulation the modulation is slightly dampedc(t). Note that this decay is not the result of energy redis-
due to the ensemble averaging, or equivalently due to thgibution. It can be seen in Fig. 9 that the position corre-
cross correlation among the members of the trajectory emation shows nearly complete recursions at everg00 fs.
semble. This effect is rather Small, Ieading to an almost UNThe amp"tude of these recurrences, which is a measure of
noticeable broadening of the spectrum B%gT. Figure 9  the |, vibrational energy content, decays only 5y10% on
also illustrates that the initial decay @[ R,,(t)] lags behind  the simulation time scale of 1 ps. Neverthelg36t) decays
C(t). This is a realization of the fact that for an anharmonicto zero near the third recurrence, ndar400 fs, and the
potential the phase velocity of the packet is faster than itspectrum does not contain any information past this time.
group velocity. The quantum correlation function is a time- Figure 9 makes it clear that the permanent decag @) is
dependent measure of the joint momentum-position overlaghe result of correlation loss in the collective bath coordinate,
between the initial and final stateghis initial decay results in Cg(R(t)). By choice of potentials, a system—bath separa-
from the loss of overlap as the packet moves out of thaion can be made for this case, where the supersystem corre-
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lation function is given as the product of the free molecule
correlation and the bath correlation

c<t>=c.2<t><H Z'Kr,i<t)> =C\,(UCaarfD). (23

! T

Now, C,(t) acts as a function that sampl€g(t) with a %: AN
characteristic period of 200 fs. The sampling period is, how- o
ever, too long for a detailed measure of the bath correlation
function. Only two recursions survive, the bath correlation
function is only sampled twice prior to complete decay, and L L 1
therefore a variety of approximate expressions may repro-
duce the line shape. It may, for example, be possible to make
the stochastic ansatz f@g(t) of a Gaussian decay at early
time, and an exponential decay at later time, to reproduce the
line shape, Yet, this would neither fit the simulated function
nor would it contain the proper physics. The function is de-
scribed by an initial nearly flat induction period 6100 fs,
a sudden decline near 200 fs, followed by a decaying tail that
extends to 400 fs. These stages of the loss in the bath
memory correspond to the inertial period, coherent excitation
transfer and redistribution, steps that can be entirely under-
stood by the underlying molecular mechanics.

Consideration of the typical host atom correlation func-

Emission Intensity

1 1 1 1

tion is helpful in understanding the mechanism of the bath 18000 20000 22000 24000

decay. First, we note that while the collective memory de- ® (cm™)

cays, any one atom may show partial coherence and will

maintain a terminal nonzero correlation. The depicted atonfrIG. 10. The correlation functiofiop panel and the spectruriower pane)
in Fig. 9 suffers a head-on collision at the completion of theof the B« X absorption of } isolated in solid Kr =45 K). The classical

. . . . . reflection approximation for the same spectrum is shown with the thick gray
first pe”Od of motion byﬂ on theX surface, while durlng line in the lower panel. The shift in maxima of the two spectra is the result

the first 200 fs it is nearly unaffected by the ongoing dynam-of solvation in the matrix.
ics. In the initial state the system was at equilibrium on the
A surface, in which the ,l equilibrium bond length,

R.=3.1 A, is substantially longer than that on the final decay to 6<10°3, which is close to the observed value.
state,R.=2.7 A. Thus, upon the vertical transition froMito 1,5 " the overall decay can be understood in terms of the
X, the oversized initial cage cavity gently implodes on yimensionality of the problem, the result of the displacement
[,(X). The depicted Kr atom is set into a sluggish motion ¢ many atoms in the dynamics. An analysis of the time
initially and guﬁers a gentle collision qnly aftey Stretghes dependent number of participarits coupled modesis use-

out to the original Franck—Condon region,tat200 fs, i.e.,  /'in constructing statistical models, its deduction fof2d)
after a full period of nearly harmonic motion along I-1 0N pinges on separability of coordinates, an issue to which we
the X surface. This collision deflects the Kr atom outwards, ot ;rn below. The main points from the above are: The sig-

such that at=400 fs, the molecule can fully stretch and a 5,re of the many-body dynamics is contained in the spec-
nearly complete recursion occurs in theplosition correla- 5| |ine shapes of the individual vibronic lines, which are
tion. The process repeats, and the Kr correlation settles t05iny determined by the functional form of the decay of the

~0.75, indicat_ing that the fin_al lattice _relaxat?on i; rr_1i_nor collective memory in positionsC[Rg(t)]. Moreover, the
and that the single atom position density retains significanfaih correlation function is not a simple decay.
overlap with its original value. The decay of the bath corre-

lation is simply the result of there being many such partiallyB- The B« X absorption in solid Kr
displaced atoms. To see this, let us make the assumption of \wity initial conditions sampled from a lattice equili-

separability, which is certainly valid at long time brated around,(X), we propagate trajectories in pairs, now,

C[Ra(t)]=C[R/ ()], (24) on theX andB surfaces. A total of 400 pai_rs of traj_ectories
were propagated for 1 ps, and the correlation functions were

in which n is the effective number of participants in the bath, constructed as above. R&(t) ] and the associated spectrum

i.e., the effective number of Kr atoms that behave as thdor the B« X transition in solid Kr are shown in Fig. 10. As
depicted atom. At=400 fs, when the,l position correlation in the experiments, a structureless spectrum which is well
is nearly 1, and the single Kr atom correlation, although at aapproximated by the nondimensional classical reflection, is
minimum, has a significant value &f Ry, (t)]=0.6; assum- obtained. The comparison shows that as a result of solvation,
ing n=10, the bath correlation function would be predictedrelative to the free molecule spectrum, the many-body spec-
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10324 M. Ovchinnikov and V. A. Apkarian: Spectra of |, isolated in solid Kr

trum is redshifted by~200 cni'!. This is consistent with

experimental estimates of the reduction in electronic offgin. 1 |-

A decomposition of the correlation function, shown in Fig. Y

11, indicates that in this case, as the wave packet moves out :

of the Franck—Condon region, the many-body correlation de-

cays to zero prior to recursion along the I-I coordinate, and

does not recover. In contrast with the— X transition, which

leads to a gentle cage implosion, in this case the cage is

driven out along an explosive coordinate. The nonlinearity of

the dynamics is quite clear from thg position correlation,

the first recursion of which now occurs with a large disper-

sion in time stretching from 350 to 1000 fs. This should be

contrasted with the nearly harmonic motion along thed-

ordinate in the case of th&— X transition shown in Fig. 9. 0 200 400 600

Now, it is not possible to establish a meaningful value for the time (fs)

characteristic time of energy flow from the molecule to the

lattice. Trajectories initiated near the dissociation limit loseFIG. 11. Decomposition of the correlation function for BeX absorption

their energies instantaneously, while those in the bound ref I2_in solid K_r: Solid black Iine—the_real part of th(_e_supersystem au_tocor-

gion decay on the time scale of many picoseconds, as denlf:le_latl_on function, 'RKI_(t)]; da_shed Ilne—thez_lposmon al_Jt_ocorreIatlon
. . . . . unction, C[R,_(t)]; solid gray line—the collective bath position autocorre-

OnStrate_d in time domain StUdlé%'The non“neamy of dy' Iation,C[RB(t)z]; dashed gary line—the position autocorrelation function of

namics is more severe for the portion of the packet creategh individual Kr atomC[Ry(t)].

above dissociation, as already described in detail through the

analysis of similar dissociative trajectory dafaThis very

efficient energy transfer has no direct signature in the spec- ) o . i
trum. Note, this analysis hinges on the separability of coordinates,

Due to the very steep gradient on tBestate, the initial on the assumption that t.he many.—body co_rrella.tion functior_w is
decay inC(t) due to the ballistic stage of motion along | the product of. correlation funct|o.ns of individual coordi-
occurs within~10 fs. In this period the free molecule and nates._The chmce of “g(_)od.” coordmates,_ones that are sepa-
many-body correlation functions are indistinguishablerable' is crucial for applications such as time dependent Har-
(compare REC(t)] in Figs. 6 and 10 The spectral envelope tree treatments. However, as all model treatments of many-

contains no information about environmental effects. The enbOdy dynamics, the validity of approximations are difficult to

vironmental effect is the loss of structure in the spectrum €St We can address this issue here, through various decom-

which results from the decay of the bath correlation functionP0Sitions of the data. The nonseparability arises from the fact
to zero upon the first stretch of the I—I bond, near 200 fs:[hat the ensemble average of coupled degrees of freedom is
prior to the first recursion along I-I, which starts at 350 fg.not the product of ensemble averages
Although the simulation fixes the bath decaytat200 fs,
based on the experimental spectrum we can only establish <H C[RKr,i(t)]> 7&1:[ (Cl[R,i(t)])- (26)
that this occurs sometime between 20 and 350 fs. The origin T
of this rapid decay in the overall correlation is strictly me- A plot of n(t) vst is shown in Fig. 12, along with the
chanical. Due to the large mass of the | atoms, the neareguantities in the inequality of Eq.26). The inequality is
neighbor atoms faithfully respond to the stretch of the | particularly severe at early times, where nonsensical values
bond in theB state. The cage deforms, and the bath correlaef n>100 are observeldee Fig. 129)]. At later time, where
tion function permanently decays due to the loss of overlagthe Kr atoms are set into large amplitude motion, the as-
in position density. A nearly classical treatment of the dy-sumption becomes sensible. The coherence minimum, near
namics would have been sufficient to reproduce this spec350 fs, involves only 5 to 6 cage atoms. They represent the
trum. atoms which are overdriven by the stretchingnholecule,
The decomposition of Fig. 11 shows that the individualand which bounce back after hitting the second solvent shell.
Kr position correlation contains a coherence dip, and doe#t long time, n(t) reaches a constant value of 18, which
not decay to zero. Its terminal value settles-d1.4, implying  corresponds to the number of nearest neighbors in a double
a large permanent displacement. This is sufficient to destrogubstitutional site, and represent the number of atoms that
the overall correlation function because of the number ofare permanently displaced. With the terminal value of the
participants in the displacement. The number of Kr atomsingle atom correlation of 0.4, the bath correlation decays to
that are typified by the depicted neighbor may be extractedx 108, Figure 12Zb) makes it clear that the inequality of
according to Eq(24) from the logarithmic ratio Eq. (26) persists throughout the simulated dynamics, how-
ever, the differences past the first 200 fs are not significant,
only because the magnitude ©{t) is now very small. Thus
()= In{C[Rg(t)]} (25 the assumption of separability is poorest at the earliest time,
~In{C[Ry ()]} where small amplitude but collective coordinates of the bath
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the top panel, and the inequality of E@6) is shown in the lower panel.

FIG. 13. Decomposition of the bath correlation function for Bre- X tran-
sition showing the role of phases. Top panel—zero-phonon excitation, with
are excited. Upon Stretching the cage coordinate, which ha& decomposition of the complex autocorrelation functiGg(t), and the

. . - . . position autocorrelatiorCg[ R(t) ]. The difference between these two func-
preV'PUSW been identified as ﬂ&] mOde.’ past ItS. hajrmonlc tions is the result of ensemble averaging of phases. Bottom panel—nonzero-
amplitude, the packet along this coordinate splits into Manyhonon excitation, the complex autocorrelation and the position autocorre-

independent components, and a picture of isolated atomiltion nearly follow each other.
motions becomes the more useful coordinate to consider.
The first crossover point from collective dynamics to isolated ) . .
atomic motions, or the breakup of the cage packet, coincide§NCe in the bath. Note, however, the final decay to zero in
with the decay of the bath correlation function near 200 fs. Ca(D)] and Cg(R(t)) coincide neat~250 fs. Once again,
What role do phases play in shaping the spectrum? Tthe posmor_l correlation function, or the displacement of th_e_
address this issue, in Fig. 13 we compare the bath positiof€arest neighbors, leads to the permanent decay. The origin
autocorrelation,Cg[R(t)] defined with the exclusion of o_f th_|s behavior is also mechanical in natgr_e_. In the ZP ex-
phases in Eq(22b), with a decomposition of the complex citation, as the I-I bond starts to stretch, initially some mo-
bath correlation function: mentum develops on the nearest Kr atoms. Soon afterward,
the | atoms start pushing their neighbors against the lattice
_ . potential, and no kinetic energy develops during this dis-
CB(t)_<(H <RKr(t)RKr(O)>1)eXp[|; [Ss.5(t) placement not until the recoil of the | atoms. Upon their
recoil, the cage atoms are repelled by the lattice, and now for
—Sy j(t)]t/hw (27) the first Fime they evolve freely and dgvelop momentum. At
’ T the recoil stage, the momenta come into play, and momen-

L | . , . . tum redistribution in the bath can potentially play an impor-
into its real and imaginary parithe indexj in EQ.(27) runS a4 role in determining the correlation function. In this case,

over all Kr atomg. The real part of the bath correlation y,q 455 of position autocorrelation preempts this role.
shows a partial phase coherence, as evidenced by the damped

oscillations and the anticorrelatidithe negative portion of C Th oh BeX ab .

the function before it returns to zeranclusion of phases & nonzero-phonon - B.—X absorption

leads to a structured bath correlation, and a somewhat faster Using the same methodology as above, we simulate the
initial decay. The imaginary part of the function clearly B« X absorption in solid Kr, but now using the potential
shows that phases develop with the transfer of momenturnonstruct described in the Appendix. In the excited electronic
from the stretching,lto the bath. Since the initial guest—host state, the same potentials as before are used. However, the
impact parameters are strictly from a thermal distribution,initial conditions are sampled from the ground state in which
the ensemble averaging effectively damps the phase cohehe anisotropic Kr—J potential is used. The difference in
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10326 M. Ovchinnikov and V. A. Apkarian: Spectra of |, isolated in solid Kr

excited and ground state potentials along the I-Kr coordinat®ill forego the line shape information contained in the full
now implies that the vertically created wave packet is subjectreatment and be satisfied by the integrated intensities under
to forces not only along I-I but also along I-Kr coordinates.the lines. To this end, it is sufficient to project the excited
Nevertheless, the initial decay @(t) is dominated by the state density on final scattering states, the vibrational eigen-
ballistic evolution along -1, since the gradient of the differ- states of J, without considering further time evolution on the
ence potentialV (Vg—Vy), along the internal coordinate of final state.

the guest is much larger than along the guest—host coordi- As before, the mixed order simulations are used, and the
nates. The first 20 fs o€(t) is identical to the ZP case, RR spectrum for scattering into thg(d =n) eigenstate is
accordingly the spectrum is identical. Experimental absorpevaluated as

tion spectra cannot distinguish between these two cases. The

collective bath correlation is shown in Fig. (b2, to be com- ()= wﬁwZ e~ BEk
pared with the ZP-excitation case. The decaZiiR(t)] is k

now complete in~120 fs, the system memory is shortened

by a factor of in comparison to the ZP case. The real part of X ({ri}))dt
the complex bath correlation function now shows a strictly
coherent phase evolution. Its decay is controlled by the po-
sition autocorrelation of the bath. The phase coherence sur-
vives the ensemble averaging, since it too is strictly the result
of the ballistic motion along the guest—host coordinate. Quite — wiw f eletc (t)dt
clearly, a system—bath separation along a guest—host divi- " "

sion is inappropriate in this case. Presumably, a better choigg, effect, it is assumed that in the terminéktate, the 4 and

of coordinates in terms of normal modes of the differencek; wave functions are separable. The initial state for time
potential, could lead to a more reasonable separation. HOVY)'ropagation is now given as

ever, as we pointed out above, as the dynamics evolves the
separable coordinates will also evolve. Such considerations Pn(R’,R"{ri",ri"};0)=ho(R") 5 (R") po({ri’.1i"}).
are of no consequence in the present treatment. The domi- (29)
nant mechanism for the decay of correlations remains thgve first carry out the simulations for ZP excitation. Thermal
same: The loss of position autocorrelatid®g[R(t)], af- initial conditions for Kr coordinates are sampled, ang- 0
fected by the impulsively initiated plastic deformation of the of |, is used for the distribution along the I-I coordinate.
cage. The shortening of memory in this case is simply thepairs of trajectories are then propagated and correlated as in
result of the difference potential topology. In the groundthe thermal absorption simulations, but now the evolving
state there now are minima along the collinear approach. Agacket along the,lcoordinate is projected on the stationary
a result, Kr atoms are localized along the immediate line ofibrational eigenstates of the molecule. A total of 5000 pairs
impact, and the collision time is shorter than before. of trajectories are used in these calculations to reproduce the
correlation functions for the final scattering channels.

In Fig. 14 we showC,(t), the RR correlation function
for scattering into theth vibrational state of matrix isolated

According to the Kramers—Heisenberg expression foi,. As the wave packet evolves on the excited state, it devel-
Raman scatterinf, the Raman process with excitation reso- ops correlations with th&X state vibrations. An important
nant with theB«— X transition, can be regarded as: Optical aspect to note from these plots is the spread in time over
excitation fromX(v=0) in a thermal lattice to th& state, = which correlations with high overtones last. For example,
time evolution of the system on th& surface, and radiation while the correlation for the fundamental RR peak decays in
of the evolving density back to thé state. The spectrum can 20 fs, scattering into the tenth overtone starts nead and
then be constructed as a three-time correlation funcfion. decays neat=50 fs. The 50th, overtone has a correlation
This would be accomplished in the present method by propaunction that starts near=20 fs and decays near 150 fs,
gating a pair of trajectories on both excited and ground surprior to decay of the bath correlation. The correlation func-
faces, then, at finite time intervals, allowing the excited statdion for the 80th overtone startstat 40 fs, and terminates at
trajectory to spawn new trajectories on the ground state the~160 fs. The latter limit is determined by the decay of the
continuing propagation on both excited and ground statesath correlation(see Fig. 13 The nonlocality in space and
The Fourier transform of the triple correlation, after en-time of scattering into high overtones implies that observa-
semble averaging, yields the RR spectrum. While the recip&on of a given transition does not lead to a sharp determina-
is clear, the execution of this procedure is computationallytion of either the location of the evolving wave packet or the
intensive. Now, instead of the 400 pairs of trajectories usediming of the event. Thus, while thBRR scattering samples
for the simulation of the linear spectra, if 100 trajectoriesthe full history of the quantum many-body time correlation,
were spawned by the excited state trajectory, 80 000 trajed¢he sampling is coarse grained
tories would be required to generate the RR spectrum. While  The relative intensities within an overtone progression is
this is feasible by virtue of the relatively short time scalesthe more useful quantity to compare with experiment. These
required to generate the coherent Raman spectra, here, waee illustrated in Fig. 15, as a function of excitation wave-

[ etuirankolu®

2

2
=wlw f e T pn(R",R"{r/ r/};t)]dt

2
(28)

VI. MANY-BODY RESONANT RAMAN SPECTRA
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FIG. 14. Resonant Raman correlation functions| &gt)], for scattering
into thenth vibrational level of } isolated in solid Kr.

Resonant Raman Excitation Profile

length. The peak of the absorption spectrum in the simula-
tion occurs at 19 500 cit, at which wavelength a slow
decay in the progression intensities is observed. A sharp
break in the progression occurs when the excitation is far
from the band center, in preresonaat<18 000 cm !, and
post-resonantp>22 000 cm !, spectra. As the excitation
energy is raised above the absorption maximum, at
0>21000 cm?, the intensities in the progression show
modulation. Such modulations observed in the experiments
have been suspected to originate from a partial recurrence of
the excited state wave packétThis is not the case. As
already discussed in tHg«— X absorption, the correlation of FIC_S. 15. Intensities of resonant Raman progressions as a function of exci-
the system decays much before any recursion can occur. TH&O" wavelength.
modulation arises from internal diffraction due to momentum
resonances between the evolving packet and the nodal pat-
tern on the excited vibrational eigenstates in ¥hpotential.  correlation functions obtained are directly compared with the
This appears at high excitation energies, where the pack&P spectra, in Fig. 14. As already discussed, the bath corre-
acquires a large momentum immediately upon moving awayation function now decays sooner,tat 120 fs as compared
from the potential wall. Observation of internal diffraction in to 250 fs in the case of ZP excitatiésee Fig. 13 While this
the gas phase is usually limited to bounftee transitions, produces the desired effect, only intensities of RR overtones
where the evolution on one surface is strictly transiédf.  abovev =30 are reduced. A comparison of the predicted
While it should also be present in transient preparations oprogression intensities by the two different treatments and
bound—bound transitions, unless gated on an ultrafast timeecently obtained experimental data is shown in Fig. 16 for
scale, this modulation would be masked by the Franck-excitation wavelengths of 488 and 514 nm. The predictions
Condon pattern of stationary states. Quite striking is also thef the simulations are quite similar for overtones 14, and
result that overtones up =80 are predicted to be observ- in good agreement with experiment. Both treatments deviate
able, although it is to be expected that these high lying overfrom the experiment for overtones 15—22, overestimating the
tone transitions will be broad due to the short coherence timetensities in the 514 nm data while underestimating them in
of the final states. Experiments show overtones upt025. the 488 nm data. Such a deviation would be expected if the
This discrepancy may suggest that the assumption of zerged shift of theB« X absorption were overestimated. Thus,
phonon excitation is a poor one. if the absorption maximum were closer to 488 nm, and there-
The simulations were repeated using the electronic statiore 514 nm were significantly further from the peak, then a
dependent I-Kr potentials described in the Appendix. Thesofter decay of intensities would result in the former, and a
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12 broaden, now due to the reduction of coherence times in the
. 488 nm final vibrational states, and blend with the incoherent fluo-
rescence background. We reserve a more quantitative analy-
sis of experimentis-avis theory to the future, here, we suf-
fice by introducing the computational method and by noting
its qualitative agreement with experiments, without adjust-
ment of parameters.

Overtone Intensity

VII. CONCLUSIONS

O:""I""I"'
0 10 20

30 40 50 ; ; ; ;
Overtone Number We .have outlined a semiclassical method for dlrgctly
connecting spectral observables to molecular dynamics in
1.2 many-body systems, appropriate for treating spectroscopy in

514 ) . .
nm condensed media. The method relies on the simultaneous use

of the bare, initial value, semiclassical propagataf$) and

>
% 0.8 «?) (the Van Vleck propagatdrin constructing correlation
E 06 functions that correspond to particular observables. Efficient
g [ and practical implementation of the method is possible with
§ 0.4 two approximate constructs of linear correlation functions,
© 02 from which others can be pieced together. These are the
: zero-temperature approximation, Ef6), and the high tem-
S perature approximation, E@15), which are appropriate for
0 10 20 30 40 50 ) . .
Overtone Number treating modes of low and high occupation numbers, respec-

tively. The limits of validity of these constructs were dem-
FIG. 16. Comparison of the experimental and calculated overtone intensitiegnstrated in one-dimensional treatments to be quite broad.

in the Resonant Raman spectrum pfdolated in solid Kr. Circles represent Then the mixed order simulations were successfully applied
the experimental results. The dashed line is zero-phonon transitions, the

solid line is the non-ZP-transition obtained using the potentials in the Ap-t0 the spectroscopy of the prototypical system of matrix iso-
pendix. lated L. In this application, it was sufficient to propagate
only the b internal coordinate using‘®, while the 106 host
atoms are propagated usiné’). Propagation of all degrees
steeper decay would result in the lat(see Fig. 1h Indeed, of freedom with the VVan Vleck propagator would be compu-
the absorption profile of,lis distorted from what would be tationally intensive, since now, the weights calculated
expected based on thB< X transition alone, due to the through Eq(17) would require the evaluation of the Hessian
contribution from theB”(}I1,) — X absorption. At 488 nm, matrix at each time step. Such a treatment is seldom neces-
the absorptions t8 andB” are comparable, while at 520 nm sary. Usually, based on thermal occupation numbers, it
the B state absorption is-4.7 times stronger than that of should be possible to breakdown a system into two subsets
B”.34 Both states are Raman active, and population willfor the mixed-order treatment, to enable simulations of con-
evolve on both. Given the similarity of the repulsive walls of densed phase systems, or large molecules, in an intuitively
the B and B” potentials, the dynamics on the short time obvious way and without sacrificing dynamical details. The
scales relevant to RR would be expected to be similar. Howshortcoming of the method in its present form is its limita-
ever, due to their shifted spectra, the RR excitation profilesion to short time, or to low resolution spectroscopy, since
from the different surfaces will be different. A correction the number of required trajectories scale exponentially with
strictly due to the shift in the electronic absorption maxi-time. This can in principle be remedied by frequent regen-
mum, would improve the agreement between simulation anérations of the evolving wave packets, by now propagating
experiment. Contrary, to the conclusions, based on approxisaussians as opposed to delta functions. The practicality of
mate analyse¥, and in agreement with the recent conclu- this approach in many-body systems remains to be shown.
sions of the simulations by Jungwirth and GerPengither There are many different theoretical approaches for
predissociation nor recursions need be invoked to match thigeating spectroscopy, or quantum dynamics, in condensed
data within experimental error. However, a quantitative treatmedia: The generalized Bloch equations of Redfflthe
ment should necessarily consider contributions from Bhe generalized two-level systems coupled to a bath or the spin-
andB” surfaces. boson formalisni® the time dependent self-consistent
Finally, even in the nonzero-phonon excitation treat-methods*>°28! methods based on mixed quantum/classical
ment, the RR progression is predicted to contain intensity ugimulations? Green’s function methods in state
to v=50. The experiments show an apparent sudden termirepresentatiof® and time propagation of centrofsare
nation neaw =25 (see Fig. 16 Given the discussion of the among the examples. By nature of the problem these are all
nonlocality of the RR scattering process, it can categoricallyapproximate methods, invariably based on treating the quan-
be stated that the sudden termination of the progression isim mechanics of a small subsystem accurately, and intro-
unphysical. We believe that higher overtones simplyducing the rest of the system in an average way: Through an
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influence functional, or coupling to a bath with its character-phonon sidebands are observed near the Franck—Condon
istic spectral densit§. Such reductions are highly useful, origin.g®

however, in treating real systems it is difficult to assess the TheA— X emission provides an interesting contrast with
validity of the approximations made in the abstractions. Theghe B« X absorption, now the transition is to a strictly bound
reductions also define the language for describing the odfinal state, the molecule oscillates with very slow energy
servables. For example, the all familiar terminology offlow to the lattice, and the molecular position density shows
dephasing and dissipation in describing spectral line shapggany recursions. The supersystem correlation however de-
in condensed media, are derived from the Bloch equations, ifdys after the second recursion, a result of there being many
which the subsystem is coupled to a bath through phenorfarticipants in the ungoing dynamics. This is a case where
enological decays of the off-diagonal coherence, and the ddissipative quantum dynamics may be a good picture, and in
agonal population. Adherence to such language generatédct the treatment of Messina aqd Coalson through the time
unnecessary confusion as illustrated by the discussions abo@?pe”q%‘t Hartree method provides a corroboration for this
relative magnitudes of; and T, even in systems subject to analysis.” Yet, the bath correlation is not a simple decay, it
microscopically reversible dynamié&The presented formu- CONSISts of a_flatts_lgéjuctlon period, in origin equivalent to
lation enables treating the system as a whole, and directif?ertia solvatiorr,®™ followed by a decline representative
ties the observables to the fundamental molecular propertidd Pallistic motion in phase space, followed by a tail that can
of interatomic forces. In a strict sense, the supersystem nef€ fittéd to an exponential. The latter stage is associated with
ther dephases nor dissipates, rather, after an initial prepar.Isp-e engagement of many particles in the ongoing dynamics,

tion of a coherence, phases and energies redistribute. Fgose fo a picture of randomization in phase space. Due to
|

systems prepared far from equilibrium, the early stages of th e low frequengy qf the,loscillator, only the decgymg por-
C o e : on of the function is sampled b@(t) and hence little error
redistribution proceed via highly specific motion through. . : : :
hase space. and onlv in the later stages does the picture |8fmade in analyzing the spectral line shapes by Lorentzians
fnd mirz) i n f z nerai 9 ; r Ipti n or voigt profiles. There simply is not enough information in
andomization—or phases, ~energies, - or - correlations—, o experimental absorption and emission spectra to con-
becomes meaningful. Spectra measure the initial stages Qruct the correct bath correlations
the evolution of the coherence, through quantum correlations '

hich he ioi . o b The situation is quite different in RR spectra, which
which represent the joint position-momentum overlap e'sample the full evolution of£(t), and the reproduction of

tween the initial and the time evolving state. For an initial pp hrogressions may be regarded as the true test of the treat-

preparation far from equilibrium, only the ballistic stage of hen: Calculation of (1), the correlation function for scat-

motion in phase space is measured. This stage of “soVagying into thenth overtone, shows that inversion of spectra

tion” will usually be governed by highly nonlinear dynam- 5 optain information about correlation functions, and there-

ics, a language absent in most treatments, but one thgre underlying dynamics, should be practiced with caution

emerges naturally in the present semiclassical approach. jnce due to the spread in space and timEg(t) extensive
Several important lessons are learned from the analysigonyolution occurs. Based on approximate analyses, the RR

of the spectra of matrix isolated.|The broad structureless gpectra of 4 in condensed media have been interpreted to

absorption band in th&—X transition commonly invokes contain signatures of ultrafast nonadiabatic dynarfi€ur

the notion of ultrafast electronic dephasing. This is not th%nalysis, in accord with those of Jungwirth and GerBer,

case. The spectrum could have been reproduced througdhows that based on intensities in the RR progressions, there

nearly classical molecular dynamics, i.e., with the neglect ofs no need to invoke nonadiabaticity. The same has also been

phases but by proper inclusion of initial distributions andshown in time domain measurements in sofitigjth impor-

ensemble averages. The information content in this spectrumiant differences between solid and liquid phase dynaffics.

is quite limited, the absence of structure simply implies thatThe main difference between liquid and solid state RR spec-

the many-body correlation function decays prior to any rera is the ratio of the sharp-to-diffuse intensities, and the

cursion along the I-I coordinate, sometime between 20 andpectral composition of the diffuse backgrodficdh quanti-

350 fs. In frequency domain spectroscopy, this is the conditative analysis of these details is left for the futf®.

tion for validity of the classical Franck principle. In time

domain spectroscopy, the same limit can be reached by usingCKNOWLEDGMENTS

pulses shorter than any dynamical recurrences in the system,

which is the key to successful simulations of ultrafast pump—I i Tthe supp;)gdrtgézfﬁe)l:i)gzl?élur)der a; ler|1||vers||(ty R(las(;aargh
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result of loss in position overlap of the cage atoms driven byallocation of COMDULEr rESOUICes

the stretchingd bond. This is a kinematic effect. Subject to P '

the same forces, if a light impurity were considered, we PPENDIX

would expect significantly more structure in the bound parfb‘

of the excited state potential. This indeed is the case, for The |-Kr pair potentials have been characterized by mo-

example, for theB—X transition of matrix isolated G lecular beam scattering measureméft< The interaction is

where a structured vibronic progression with well resolvedanisotropic due to the open shell structure of atomic iodine.
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4 4
~ B V(12(B)=Kr)= 3[Vs(ry) +Vp(ry)]
os 4 3
>
{ 2 + 3[Vs(ra) +Vy(ro)]l. (A3)
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tions, we leave the excited state potential as before, namely
7 using Xe—Kr pair parameters. However, in treating the
46 ground state we use EGAL) with Morse fits to the experi-
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74 used in the present treatment are shown in Fig. 17. Note the
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1 In the excited state the minimum occurs only in thgeom-
etry (well depth of 321 cm?).
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