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Mixed-order semiclassical dynamics in coherent state representation:
The connection between phonon sidebands and guest—host dynamics
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The formalism of mixed-order semiclassical molecular dynamics in coherent state representation is
developed and applied to calculations of quantum time correlation functions in extended systems.
The method allows the consistent treatment of a selected number of degrees of freedom to second
order in the stationary phase approximation, through the Herman and Kluk propagator, while the
rest of the system is treated to zeroth order, using frozen Gaussians. The formulation is applied to
calculate the absorption spectrum, of Bie- X transition of C} isolated in solid Ar a spectrum that
shows zero-phonon lines and phonon sidebands with relative intensities that depend on the excited
state vibrational level. The explicit simulation of quantum time correlation functions of the system
consisting of 321 degrees of freedom, reproduces the spectrum and allows its interpretation in terms
of the underlying molecular motions. Details of the dynamics of a chromophore coupled to lattice
phonons are discussed. €998 American Institute of Physids§0021-96068)50106-7

I. INTRODUCTION of Cl, isolated in solid A This spectrum shows extensive

. . gponon activity, in the form of excitation dependent phonon
That spectral observables in condensed media are mo . . . .
Sidebands, and our analysis allows a direct dissection of the

naturally treated in terms of time-dependent quantum Correﬁ]olecular mechanics underlving the spectrum
lation functions is well recognized. In systems of large di- ying P '

mensionality, due to the large densities of states of relevance, There hgs begn cgn.s]derable recent interest in apphpa—
tions of semiclassical initial value methods to problems in

the Franck—Condon analysis of transitions among eigen . .
y J elg pemlcal dynamics. The core of such treatments rely on the

states becomes impractical. In contrast, the time-dependeﬁ f th lock 23 which . h
picture leads to compact notation, and gives a more transpaﬁ'—Se of the Van Vleck propagatorwhich approximates the

ent insight regarding observables. As a corollary, it is morgiU@ntum time propagator to second order in stationary phase,
natural to relate spectral features to processes, rather th&hd can be rlgorougly%geveloped In various representations
states. For example, in the case of electronic transition@S Shown by Gutzwiller” The most widely used version of
which concern us in this paper, the absorption spectrum calfl€Se trajectory based methods is the Herman and ¢k

be thought of as the real part of the Fourier transform of thé;)ropagato_?, which develops in the coherent representation
quantum correlation functiorC(t):l of Gaussian bases, and was devised as a refinement of

_ Heller's frozen Gaussian approximatiéfGA),* by demand-
C(t)=(yg{ah)le” " yg({a})), (1) ing proper asymptotic behavior in the limit—0. Various
in which y4({q;}) is the initial state wave function of all implementations of the HK propagator have been demon-
coordinates{q;}, propagated by the excited state Hamil- stratedlln appl-lcatmns rangéng from model bogng state and
tonian,H.. Note in Eq.(1) we have neglected the transition Photodissociation problents? to spectral analysis,” to cu-
dipole function from consideration, a consideration that doeghulative  reaction probabilitiel, to transition state
not change the conceptual framework of the developrhent’®€sonances; to  tunneling;®**** and  nonadiabatic
To render a realistic simulation of condensed phase systemdynamics:*~*® These studies are limited to two- or three-
the evaluation of Eq(1) requires the computation of time- dimensional systems, devised for rigorous tests of the utility
dependent wave functions of hundreds of degrees of freedf these classical trajectory-based methods in reproducing
dom. The exact time propagation of quantum Hamiltoniangluantum expectation values. In that respect, perhaps one of
of such large dimensionality is not tractable. However, giverthe more rigorous tests is the case of “deep” tunneling dy-
that condensed phase spectra commonly relate relativej@mics, which has been demonstrated to be fully retrievable
short time dynamics, semiclassical initial value metfiotls at least in the tested case of a one-dimensional Ekhart
may be employed within their limits of validity to provide an potential*® Although the unique advantage of semiclassical
accurate, atomistic interpretation of observables. We recentlipitial value methods in treating systems of large dimension-
provided such an analysis, in terms of mixed-order semiclasality has been recognized, and methods have been formally
sical molecular dynamics in coordinate representation, televeloped and suggest¥d:® beside our work"?° the only
analyze absorption emission and resonance Raman spectrsguch example is that of Brewest al** who simulated the
including quantum interferencé$pf matrix isolated iodine. photodetachment spectra of Ar with up to 15 coupled
Here we develop the same concept in coherent state reprdegrees of freedom. Their particular implementation, in
sentation, and apply it to the electronic absorption spectrunterms of the cellularized frozen Gaussian approximation
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(CFGA), propagates all degrees of freedom equivalefitly, 1 _ i 172
through the HK propagator, and constructs correlations using(t) = : de{z (M ppT Mgq—2i yiM g+ 2% Mpq H .
the cellular dynamics algorithm of Hell@r. (4)

We are interested in the explicit treatment of hundreds of
degrees of freedom in which the uniform second-ordewhere the matrices are defined along the trajectories as
propagation of all coordinates is neither practical nor neces-
sary. We have previously shown through model calculations 4 :ﬂ M :% M :% M :%
that a consistent treatment of large systems is possible by @ dgo” PP dpy’ TP dpy” P9 dag
dividing coordinates according to their thermal occupation, ®
reserving the second-order propagation to coqrdinates of Io‘é(nd measure the sensitivity of final momentum and position
thermal occupancy while treating the rest with the zeroth-

: with respect to their initial choices. The calculation of the
order propagatof” This general strategy was also suggestediapijity matrices involves the solution & coupled equa-
by Sun and Miller in their contemporaneous wofiNote, in

: . X . tions of motion:
coordinate representation, zeroth-order propagation simply

implies the calculation of classical trajectories and weighting  d

them by the action accumulated along the classical path. g; Mep= = Vaa(Po.do.t)Mgp, (6a)
Since classical trajectories represent delta functions in phase

space, the construction of correlation functions from such

swarms requires some thought, and we suggested the use of g Mpa= ~Vaqq(Po.Go,t)Mgq; (6b)
the initial thermal density matrix for this purposeSuch

considerations do not arise when using coherent bases in the g 1

propagation. As we expand below, in the present, we achieve dat qu:ﬁ Mpps (60)
a consistent mixed-order treatment by the combination of

HK and FGA propagators which can be extended to initial d 1

states at 0 K. Further, in contrast with delta functions, the at qu=a Mpgs (6d)

Gaussian basis has the advantage of a significantly more ef-
ficient sampling of systems of large dimensionality, allowingith initial conditions,Myq=1, M4p=0, M pq=0, M,,=1;
a stafcisticall_y relia_lb_le representation_ of time—dependent wavend whereVyq(Po,do,t) is the Hessian matrix of second
functions with a finite number of trajectories. derivatives of the potential with respect to coordinates calcu-
lated at positiorg .
The initial conditions for integration of the HK propaga-
Il. METHOD tor is accomplished through Monte Carlo sampling of the
quantum wave function by Gaussians, the statistics of which
The HK propagator is the initial value Van Vleck propa- is the single most important consideration in reaching con-
gator given in the coherent representation of Gaussian basesrgence by this method. Proper sampling is ensured by de-
The |p,q) basis functions of then-dimensional coordinate manding that the contribution to the integral be approxi-

spacex=(Xy,Xy,...,X,) are defined as mately equal for each of the trajectories. For example, if one
is interested in the correlation functidd(t) = (¥ (t)|(0))
<p'q|x>:e—y(x—q)ze(i/ﬁ)p(x—q), ) which arises in linear spectroscopy, the required algorithm

can be expressed as

the states are Gaussian in both coordinate and momentum '
space, centered at vectops and g, with the vector y C(t)=f d"pod”go{ ol Py » G I(Po, G t) €17 S(Po-do. 1
=(v1,Y2,---»¥n) defining the Gaussian widths. The HK

time propagator is given by X{Po, Yol o)
e(i/ﬁ)ﬁt:f dnpodn(:lomt ,qt>\](po,qo,t)e(i/h)S(po,qO,t) = 2 J(po,qo,t)e(”ms(po'%*‘)
p(Po.do)=I(Po.dol o)
X(Po, ol 3 (Polpy,ar) )
(¥olpo,qo)”

where the integral is performed over the initial conditions of

the trajectorieqy, qg; the phase space coordinates of theWhile this gives perfect sampling &t 0, as time progresses,
classical trajectories after timé are given asp;, 0; the magnitudes of the weights of the trajectofidd)| grow
S(pg.do,t) is the action along the classical path; andexponentially at a rate determined by the extent of the anhar-
J(po.Yo,t) is the weight of a trajectory that defines its con- monicity in the system, and compromises the statistics. This
tribution to the overall wave function. The computationally can be understood by noting that the wave function at a point
intense part of the implementation is the evaluation of thex is given as a statistical sum over all contributing trajecto-
weights of trajectories, which are obtained through time-ries, then the statistical error due to this sampling can be
dependent monodromistability) matrices: estimated to vary ad > (|J(t)|YN¥2, whereN is the num-
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ber of contributing trajectories. At=0, the magnitudes of the weights from their propagation. The above accomplishes
weights are unity. As time progresses, the method breakihe mixed-order propagation, HK for the system degrees of
down due to the exponential growth |[df(t)| when the error  freedom while using Heller's original frozen Gaussians for
becomes comparable to the wave function itself|Jit)| the bath degrees of freedom, where the widths of all Gauss-
increases tenfold for a given trajectory, then the number ofans correspond exactly to the zero vibrational wave function
trajectories must be increased by a factor of one-hundred, tim each mode. Note, however, the molecular dynamics is
maintain the original statistical error. This constitutes thepropagated in the full multidimensional space: all degrees of
main limitation of the HK propagator in multidimensional freedom are coupled and no assumption of separability is
systems, and for long propagation times. The valugl¢t)|  made.
provides an internal indicator for nonconvergence. The HK propagator, Eq(3), is exact for coupled har-

For multidimensional systems, it is advantageous tamonic oscillators, and remains a good approximation for a
propagate dynamics in the coordinates of normal vibrationalimited time for anharmonic oscillators. To the extent that
modes, as opposed to Cartesian coordinates commonly usdte HK propagator describes the system, the propagator in
in MD simulations. In our particular application, simulations Eq. (10) is exact for a system linearly coupled to a harmonic
in a solid at cryogenic temperature, the initial motions of thebath, for Hamiltonians of the form:
majority of degrees of freedom are nearly harmonic. It is 2
therefore natural to choose mass weighted normal vibrational  {—p_ +> 1 24 O 24T .

_ vib st 2 |5 Pt aFfiagdla . (1D

modes of the ground electronic surface as the principle co- i

ordinates. This allows the choice of the Gaussian widihs tQqte that in this implied separation of degrees of freedom,
correspond to those of the zero-point vibrational wave funcine characteristic frequencies of the system are much higher

tion: than those of the bath. Then, where the mean-field approxi-
e mation of the coupling by its time avera@g (gsyd 1=(f;),
YiTon (8) is applicable, Eq(10) becomes rigorously exact.

It is easy to verify, using E(6), that the weight correspond-
ing to propagation of such Gaussians in one-dimensiondl!: SYSTEM AND IMPLEMENTATION

harmonic potentials equals 1. The initial wave function in  Tphe target spectrum for this implementation is Bie- X
Eq. (2) is then described by the zero coordinate-momentunansition of molecular chlorine isolated in solid Zr\While
coherent state: this same transition in the case of iodine shows no structure,

¥o=10,0)=10,0;0,0...;0,0. (9) and was the SL_iject of our prior analy$isn the case o_f Gl

_ ) o the spectrum is composed of sharp zero-phonon lines, ac-

The normal-mode coordinates also provide criteria for Schompanied by phonon sidebands to the blue of each. The
dividing the system into modes to be propagated to secongbjative intensity of zero-phonon and phonon sideband de-
order and zeroth order, through the HK and FGA propagapends on the Glvibrational quantum number in the upper
tors, respectively. Only for the sake of convenience we willstate. Near the origin of the transition, neat 2, the side-
refer to these as system and bath coordinates, otherwise, Wand is imperceptible. Near the dissociation limit the zero-
emphasize that any of the coordinates may be involved in thghonon lines blend into the continuum of sidebands, and can
subgrouplng_. Indeed, the extent of anharmonicity or the_exno longer be identified. Quite clearly the coupling between
tent of coupling to the chromophore, may be more meaningthe chromophore and the lattice is dynamical in nature, not
ful criteria for the subdivision, and in practice it is easier t0he result of the difference between excited and ground-state

make decisions after an initial run. Choosingdegrees of  c|_Ar potentials. To further concentrate on this purely dy-
freedom as system, and the réstn degrees of freedom as pamical activation of sidebands, in our treatment we will

bath, correlation functions can be devised as assume the same Ar—Cl potentials in bdttandB states of
N the molecule; further, we will assume that the same pairwise
C(t):f IT dp, oda (0,00 p¢,a)I(Po, G, t) €™ SPo-do.t additive Lennard—Jones potentigis=3.41 A, e=116.4 K
i=1 describe both Ar—Ar and CIl-Ar interactions. The ground
X{Pg,do|0,0) and excited states of Chre taken to be Morse functions:
n Veic=De[1—exp(— B(r —re))]? (12
= f IT dpidai o0,0/p;,qr) with parameterdD,=25500 cm?, 8=1.947 A°1, andr,
=1 =1.988 A in the groundX state, andD,=3145cm?, B
X Jgyd Po, o, 1) €1MSPo.d0.0 _(0,0]¢ { Po.o|0,0). =2.39A andr,=2.396 A in the excitedB state’® We

reemphasize that the only difference between excited and
(10 ground electronic states of our system is due to the difference

The sampling of the Gaussiafithe integration is done in  in the C}, potential, all other interactions being the same.

n-dimensional space; and the weightg, are calculated In the simulations the Glmolecule is inserted into a

from thenXn blocks of the total monodromy matrices. For double substitutional site of 83X 3 unit cells of Ar, by

the rest of theN-n degrees of freedom, the initial conditions replacing a nearest-neighbor pair of Ar atoms with molecular

for the Gaussians are taken to ®@ with no contribution to  Cl,. The simulation box is treated subject to periodic bound-
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ary conditions. The minimum potential-energy configuration 70 T

of the doped lattice is determined via Monte Carlo simulated o PureAr

annealing, and the lattice constant is adjusted for O pressure.
The choice of the double substitutional site is justified ex-
perimentally, based on vuv spectroscopy of Cl atoms after
photodissociation of Glin Ar.?® This choice is also consis-
tent with energetic consideratioASWe verify that the mini-
mization of the CJ/Ariy; system, in comparison to
Cl,/Arq06 shows that the energy gain is less than that of the
cohesive energy of an Ar atom.

Once the potential energy is minimized, the vibrational
normal modes are determined by diagonalization of the ma-
trix:

N(w)

1 2V(X)

Aj=———
g mimj 5Xi5Xj

13

The resulting density of states of the doped solid and that of
the neat Ayrgg cell are shown in Fig. 1, along with the bulk
density of state&® In the finite system, the tail of the acous-
tic phonon distribution is absent, the lowest acoustic phonon
frequency of the undoped cell being 19 ¢cin The insertion
of Cl, in the solid breaks the degeneracies of modes in the
pure solid, leading to a broader dispersion of frequencies
[note, the ordinates in Figs(d and Xb) are different. In
addition, the impurity generates local modes, both high-
frequency modes outside the Debye limit and resonant
modes within the density of states. The origin of these two i
different groupings is obvious. The substitution involves the 1.5 -
removal of a nearest neighbor pair of Ar atoms with a spac- _
ing of 3.762 A, and replacing them with a Gholecule with S i
a bond length of 1.988 A. This creates negative pressure
along the molecular axis due to the loose fit, and high pres-
sure perpendicular to it, all modes involving motion along
the molecular axis are softened while modes involving mo- [
tion perpendicular to the molecular axis are stiffened. The ol ol
lowest-frequency mode in the doped solid is now at 0 10 20 30 40 50 60 70
12 cm, and involves motion of the molecular center of @ (cm™)
mass along the molecular axis.

The system dynamics is propagated in normal-mode COEIG,' 1: (a) The density o_f'the vibratioqal states of the purglattice with

. : . . . _periodic boundary conditions. The stick spectrum represents the number of
ordinates; while the pOtentlal ent_argy_, forces, ;fmd the H_essm\ﬂbrational normal modes per 2 crhinterval. The dashed line is the calcu-
are calculated using pair potentials in Cartesian coordinatested density of phonon states for bulk &Ref. 28. (b) The density of states
The algorithm therefore involves matrix transformation of for the same lattice doped with £I(c) The maximum amplitude of the
coordinates at each time step. The numerical algorithm ighono_ns during the 2lps' propagation of the system on_ t_hg excite(_i'electronic

. . . . . otential surfacgCl, is in the B electronic stajewith initial conditions
written with complete generality regarding coordinates to bElf:)orresponding to the minimum of the potential energy of the ground state
treated as system or bath. (Cl, in the X electronic state

With the chosen Glpotentials, vertical projection of the
v =0 wave function of GJ(X) onto theB state repulsive wall
leads to a very broad absorption spectrum, spanning then artificial initial wave function on G) a Gaussian centered
range 16 000—27 000 cmh. The dissociation energy of the at 2.17 A, with a width ofy=72 A2, While this choice
B state is~19 000 cm%. Consistent with this, the structure guarantees vertical access to the structured region of the
in the experimental excitation spectrum is limited to thespectrum, it will clearly not produce the proper Franck—
range 16 000—19 000 cm, i.e., is limited to only a small Condon envelope. Note, the published experimental spec-
range of the vertically accessible region. Accordingly, if wetrum also suffers from this shortcoming, it is recorded in a
were to sample the proper ground-state wave function gf Cllimited range and it has not been normalized to the incident
for our initial distribution, most of the trajectories would laser intensity#? In both simulation and experiment the in-
contribute to the uninteresting structureless part. To maintaiformation regarding line shapes and relative intensities of
proper statistics in the region of interest, while keeping thezero-phonon lines and phonon sidebands is reliable.
size of the trajectory ensemble manageable, we sample from The most obvious decomposition into system and bath is

N(w)

R e T B IR L e e B e e S

Amplitude:

max

80
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FIG. 3. The ratio of the intensity of the phonon sideband to the intensity of
zero-phonon lineS, as a function of vibrational quantum number. Circles
show the result of this work, while triangles are from the experintBief.

22).

correlation function is given as the product of system and
bath, C(t) =Cgy{t) - Cpar(t). The fact that the mean bath
correlation does not decay to zero during the simulation time
implies that recursions will survive to give sharply structured
spectral features.

The extent of participation of the different modes in the
ongoing dynamics can be discerned from their vibrational
amplitudes. This will clearly vary from one trajectory to an-
other, depending on the sampling of initial conditions. A

18000 i o X . .
representative analysis is provided by running a single tra-

jectory, starting from the 0,0 coordinate in all degrees of
FIG. 2. () Real part of the correlation function obtained by running 2000 freedom. The maximum amplitudes reached in the course of
classical trajectories on the excited state of the system, along with the maga 2 ps run in such a trajectory is shown in Figc)1It can be
“hitUde OLThte ba‘,ft‘_ CO"‘:?“?” fUIUCJCtiAC‘Beel telx)tt (g)bAbsorPFi(": Spefwumt‘?f seen that a large number of modes, spread over the entire
B ) e o b ol Coulted b Fourer Larslameli. spectrum, are coupled 10 the chromophore excitation and
vibrational frequencies of the free Cinolecule, shifted by the solvation Participate to a different extent in the ongoing dynamics.
energy of 70 cm'. The arrow indicates the dissociation energy of the free What should be obvious from Fig(d is that the excitation
molecule. of the various phonon modes is not spectrally selective, nor
can it be broken down in terms of local and bulk phonons.
For example, the local modes near 68 ¢mand 74 cm are
the choice of the mode involving the Ghternal vibration as  not excited. We will provide an analysis of these motions
system, while the rest of the modes are propagated as bathelow.
i.e., n=1. The correlation function shown in Fig(a& is The spectrum shown in Fig(ld is obtained as the Fou-
obtained from an ensemble of 2000 trajectories, propagateder transform of the correlation function shown in FigaR
for 2 ps. This correlation function was compared with thatusing a Gaussian window: &xp(t/7)?], with r=1.4 ps. The
obtained with only 1000 trajectories. While in the first 1 ps observed zero-phonon linewidths are determined by this win-
the two results are essentially identicdhe simulation is dow. The spectrum quite closely reproduces the experiment.
converged near the end of 2 ps, statistical noise-010% is  In particular, the relative intensities of the phonon sidebands
observed. Clearly, the Gaussian representation of this 32tb zero-phonon linesy,, as a function of vibrational state in
-dimensional wave function with only 2000 trajectories is Cl,(B) is well reproduced, as shown in the comparison of
not reliable past 2 ps. Fig. 3. The relative intensitys, is a a measure of the dy-
Also provided in Fig. 2a) is the magnitude of the bath namical coupling between guest and host degrees of freedom
correlation function defined as or the electron—phonon coupling strengthNote that, if
standard mixed quantum-classical formalisms were used,
C(t)bath:U dpedaoe(0,0|p: .Gt bat » then a vibration-dependent coupling could not be produced,
due to the implicit assumption of separability between quan-
where the integration is over bath coordinates, and whichum and classical degrees of freedom made in such ap-
represents the mean response of the bath to the chromophgmaches. Quite clearly, no such assumption is made here.
excitation. This is a measure of the involvement of the lattice  The extent of coupling of a given mode, as judged from
motions in the ungoing dynamics. In a mean-field approxi-the vibrational amplitudes seen in Figcl, can be used as a
mation, which is not made in the simulations, the overallcriterion to include them in the system patrtition, to treat them

frequency (cm™)

14
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TABLE |. Vibrational spacings of G[(B) in matrix versus free molecule. 22000
Simulation Experimerit Theoreticdl 21000
v AG(v) matrix: AG(v) matix AG(v)free A
1 244 251 =
2 232 235 240.1 §20000¢
3 222 225 229.2 =
4 212 217 218.3 19000
5 204 201 207.4
6 183 193 196.5 18000
7 175 184 185.6 L P
8 165 170 174.7 ! : ! . L :
9 158 162 163.8 1.5 2 2.5 3 03'5 4 4.5 5
10 143 150 152.9 R(A)
11 128 136 142

FIG. 4. Sudden excited state potentisblid curve, obtained by stretching

ig iﬁ ﬁi gé; the CI-ClI distance while keeping the lattice at its ground-state equilibrium
) position, compared to the assumed free molecule potdiigashed curve
14 104 105 109.3

*AG(v)=G(v)—G(v—1), the difference between energies of zero-phonon
lines.

bErom Ref. 22. section of theB potential the solid-state spacings are closer
“Energies based dB state potential assumed in the present simulatises ~ than what would be expected based on the free molecule
text). potentials used in the simulations, implying a softer poten-

o in cnt® uni : . e RN
Values in cm - units. tial. This can be well rationalized by the comparison in Fig.

4, in which the suddeB potential obtained by stretching the
by the HK propagator. We carry out a second simulation C1—Cl internuclear distance while keeping the lattice at its

now with n=3, in which we include the strongly coupled ground state equilibrium position, is compared with that of

modes at 65.2 and 46.5 cthas part of the system. Within the free molecule. When the bond is stretched, initially
the statistical noise, the correlation function obtained fromtn® molecule experiences attraction from the axial Ar atoms

such a simulation, and the associated spectrum, is indistifhat are held back by the lattice struc_ture. On_ce the molecular
guishable from the=1 simulation. We conclude that rather PONd length reaches the nearest-neighbor distance of the lat-
than anharmonicity of the bath coordinates, the shear numb&F€: the interaction with the axial atoms of the cage becomes
of them is responsible for not reaching convergence after $Pulsive. However, in this range zero-phonon lines cannot
ps. Thus the more profitable approach for accuracy in thioe |d_ent|f|_ed, n_e|ther in expe_rlment nor in simulations. Th_us
case is the increase of the trajectory ensemble, rather than tffe€ vibronic shifts can be mainly understood by the effective
partitioning of system and bath. The computational effort, inPOtential, a static equilibrium property.

our present algorithm, increases ag{ 1)N2. To reduce In contrast, and by design, the generation of the phonon
the statistical noise at the end of the 2 ps propagation to 108idebands and their relative intensities are strictly dynamical
an ensemble of- 100 000 trajectories is required. properties. To illustrate this we choose two trajectories from

With the satisfactory simulation of the targeted vibronic € ensemble for dissection, and plot them along the CI-Cl
spectrum in its full dimensionality, we proceed in the nextcoordinate in Fig. &). The trajectory shown with the dashed
section to a discussion of the information content in such afjn€ Starts deep in th& state potential, while the solid tra-
analysis, and further clarify the nature of the dynamics thal€ctory starts near the dissociation limit. The first contributes

justifies the treatment. to the red side of the spectrum, while the second contributes
to the continuum on the blue side. We also show the bath
IV. DISCUSSION correlation functions associated with each of these trajecto-

ries. The bath correlation function for an individual trajec-

The vibrational assignments of the simulated zero+ory is simply the correlation of the Gaussians projected onto
phonon lines along with the indication of the positions of thethe bath degrees of freedom.
same in the free molecule are indicated in Figh)2 The
vibronic origin in the simulation is shifted by 70 ¢rh This C(t)patr=(0.0lPt. Ge)patn- (15
shift can be entirely ascribed to solvation of the minimum ofFor the low-energy trajectory, the bath correlation function
the upper state, due to the larger internuclear distance afecays in the first 200 fs te-0.7, and stays at this level for
Cly(B). Indeed, when the Ginternuclear distance is fixed at the rest of the simulation period. This simply translates to
its B state value and the lattice energy is minimized a solva-~70% contribution to the zero-phonon line for this trajec-
tion energy of 72 cm* is obtained. The experimental shift is tory. In the case of the high-energy trajectory, the bath cor-
200 cmi1.22 This discrepancy is not surprising, since in the relation function decays to nearly zero within300 fs, prior
present we have used isotropic Ar—Ar pair potentials to deto recursions along the Cl-CI coordinate as can be seen from
scribe the CI-Ar interactions in both excited and groundFig. 5a). This trajectory therefore exclusively contributes to
states, which we know to be an inaccurate description of théhe continuous background on the blue side of the spectrum,
Cl,—Ar complex® More interesting are the differences in and does not produce zero-phonon lines. The distinction be-
relative spacings, which are collected in Table I. In the mid-tween the dynamics in these two cases is clear. The large
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FIG. 5. Two representative trajectoriésolid line, at high energy, dashed
line, at low energychosen from the ensemble of 2000 used for the spectral
calculation. The bottom graph shows the time propagation of CI-Cl inter-
nuclear separation. The top graph shows bath correlation functions associ
ated with these trajectories.
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amplitude motion in the second case impulsively drives the time (fs)

syst_em, preempting any pe_”0d|C|ty n t_he coherence, Ofig ¢ Representative normal vibrational modes of the system associated
equivalently, any recursions in the collective overlap of thewith the trajectories of Fig. 5: time-dependent amplitudes are shown in the
position-momentum bases. left panel, while displacement vectors describing the modes are shown in the

We next investigate representative phonon modes driveﬁg:;gj’;‘ﬂ";iv”iﬁ;gg'rej represent atoms in the plane of the paper, while
. . . . . present atoms a plane below.

by these two trajectories. Such a set is collected in Fig. 6,
showing the displacement vectors of each mode on the right
panels and the trajectories in the left panels. The low-energgnharmonic, the results of being driven to amplitudes beyond
trajectories, shown in dashed lines, are highly harmonic. Irtheir harmonic limits. The 12.9 cit mode, in its first cycle,
fact, in all cases these motions correspond to those of disshows a frequency significantly higher than the weak excita-
placed oscillators, in which the potential minima are shiftedtion case(dashed ling Since the wave vector of the mode is
by some small value from their original positiofthe zero fixed by the lattice dimensions, higher frequency in this case
line in all cases corresponds to the minimum of the potentiameans ultrasonic motion or a shock wave that quickly dissi-
energy when Glis in theX statg. The displacement of these pates. We note that this mode involves center-of-mass mo-
oscillators is in response to the shift in the, Qotential  tion of Cl,, and would not be directly excited if the absorp-
minimum of ~0.27 A in the excited state. In this regime, the tion occurred at strictlyf = 0. Not surprisingly, the amplitude
coupling between molecular and lattice modes is strictly lin-in this mode is relatively small, since it is activated by initial
ear, and the sidebands can be understood in terms of Franckhkermal noise. The three modes that show the largest ampli-
Condon factors between the displaced oscillators, betweetudes involve motions directly coupled to the chromophore.
linearly related normal modes of the ground state and excite@he 65.2 and the 46.5 cmh modes involve the cage atoms
state. In this region of the spectrum there is discrepancy imround the belt of the GImolecule, and constitutes local
the comparison with experiment of the sideband to zeromodes that are stiffened by the repulsive wall of the com-
phonon line. The fact that the experiment shows less of @ressed molecule. Both of these modes are initially driven by
sideband than the simulation is somewhat surprising sincthe attractive part of the G+Ar potential: when the CI-CI
the simulation assumed identical CI-Ar potentials in initial bond stretches the Ar atoms are pulled in toward the molecu-
and final states. lar belt. Attractive coupling will in general produce a large

In the case of the high-energy trajectories, the observedmplitude motion, as observed in these cases. The 24.8 cm
behavior is quite different. The amplitudes in each casenode is effectively the cage shell motion, directly driven by
(solid lines in Fig. 6 are significantly larger than the shift in the impurity. In contrast, the 58.1 ¢th mode is indirectly
minima, indicating that in addition to being displaced, theexcited, through phonon—phonon coupling, and can be seen
modes are impulsively driven. Further, the motions are nowo buildup amplitude~1.2 ps after initial excitation. That
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