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The temporal behavior of optical response functiC@RF9 reflects the quantum dynamics of an
electronic superposition state, and as such lacks a well-defined classical limit. In this paper, we
consider the importance of accounting for the quantum nature of the dynamics when calculating
ORFs of different types. To this end, we calculated the ORFs associated with the linear absorption
spectrum and the nonlinear two-pulse photon-echo experiment, via the following apprdagties:
semiclassical forward-backward approa¢®); an approach based on linearizing the path-integral
forward-backward action in terms of the difference between the forward and backward(Ba#rs;
approach based on ground state nuclear dynamics. The calculations were performed on a model that
consists of a two-state chromophore solvated in a nonpolar liquid. The different methods were found
to yield very similar results for the absorption spectrum and “diagonal” two-pulse photor(iexho

the homodyne-detected signal at tirtwet, after the second pulse, whetgis the time interval
between the two pulsgsThe different approximations yielded somewhat different results in the case
of thetime-integratedpohoton-echo signal. The reasons for the similarity between the predictions of
different approximations are also discusse®@5 American Institute of Physics

[DOI: 10.1063/1.1843813

I. INTRODUCTION poral behavior of ORFs computed via this approximation

. . . reflects equilibrium fluctuations in the nuclear dynamics on
Many experimental and theoretical studies over the las d y

o {he round electronic state surface. Taking the classical limit
two decades have been targeted at elucidating the structu g 9

e . .
; o . of other equivalent forms of the quantum-mechanical ORF
and dynamics of liquid solutions. The development of ul- ) S .

. : . : leads to different prescriptions. Indeed, a variety of alterna-
trafast lasers, in particular, has given rise to many new nonfive ropagation schemes have been discussed in the litera
linear time-domain techniques which are capable of directl% prop Igd' lusi i th ited
probing solvation dynamics on the femtosecond time e "guflulglﬂg exclusive —propagation on - the ~ excite

e, 2" propagation that alternates between the

scale’™ The measured spectroscopic signals are often eXs_urfac ’ i ad7 :

pressed by optical response functiddRF9, which can be ground and ?ﬁ(ﬂted surfac 'é,.and propagathn on an aver-
given in terms of material multitime dipole correlation 29€ surfacé: ~ However, it is not clear which, if any, of
functions® The temporal behavior of the ORFs reflects thet€Se strategies will work best for a given system.

time evolution of the system in an electronic superposition N @ Series of recent papers, we have explored the use of
state, which lacks a well-defined classical limit. Unfortu- 2" @pproximate scheme which is based on linearizing the

nately, with the exception of a few simplified models, thep_ath-integral forward-backward action with respe(it to the
exact calculation of the corresponding quantum-mechanicdfifference between the forward and backward patrwe, _
dipole correlation functions remains far beyond the reach oftS Well as other researchers, have found that the resulting
currently available computer resources. approximations are computationally feasible, and yield rather
Several approximate methods for calculating ORFs ir@ccurate results, in a varitgt%/2 of contexts, including vibra-
anharmonic many-body systems, such as liquid solutiondional —energy relaxatioft, * nonradiative ~electronic
have been suggested in the paSE°Most of those methods  relaxatiort®?® the calculation of reaction rate constaffs,
are based on treating the nuclear degrees of free@@F) ORFs?*? and nonadiabatic dynamié$?*
in a classical-like manner. However, a straightforward imple- ~ An alternative approach can be based on the semiclassi-
mentation of a classical treatment for those DOF leads to &al initial value representatiofC-IVR) method’'~**which
nonunique procedure, due to the lack of a well-defined clashas also been found to be rather reliable in a variety of ap-
sical limit. More specifically, the form of the actual classical plications, including the calculation of spectroscopic
limit that one ends up with depends on the form of the ex-observabled®** A calculation based on the full blown
pression for the quantum mechanical ORF that one chooségplementation of the SC-IVR approximation is not feasible
to start with®°12-14171%0r example, a commonly used ap- in the case of condensed phase systems, mainly due to the
proach is based on using one particular form of the quantumhighly oscillatory nature of the integrand. Several ap-
mechanical ORF, whose “classical limit” happens to dictateproaches have been proposed in order to make the calcula-
that the nuclear dynamics is performed on the potential sution more manageable, including the semiclassical cellular
face that corresponds to the ground electronic state. The terdynamics method of Mukamel and co-workér§, the
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mixed-state propagation approximation proposed by Loring N P2
and co-worker§®*° the mixed-order semiclassical approach  H.(p,§) = >, 2—‘— +V,(0), (2)
proposed by Ovchinnikov and co-workéfs!®434* and j=1 M
methods based on Filinov and generalized Filinovyhere =g, e, §=(dy,....dv, P=(P1,....pn), and

filters ***>*1%*An alternative, and rather different, approach (m .. my) are the coordinates, momenta, and masses of
has been recently proposed by Makri and co-worketSIn _ the corresponding nuclear DQBoldface and capped sym-
this so-called forward-backward initial value representation,g|s for vectors and operators, respectively, are used
(FB-IVR) method, the forward and backward propagators, agnhroughout the text We also assume thatwey ke T> 1,

well as the operator between them, are treated 8gle  \yhere f,w,, is the energy gap between the bath-free elec-
propagator. This makes the calculation more manageable, bggnic states T is the absolute temperature, akg is the
cause the partial cancellation of the forward and backwargsqjizmann constant.

paths usually results in mildly oscillatory integrands and  as is well known, the absorption line shape is given by
tames the rapid increase in the prefactor of the semiclassicghe Fourier transform of thquantum-mechanicalipole au-

propagator. This approach is particularly suitable for calcuygcorrelation function, which for the model described above
lating ORFs within the framework of the Condon approxi- jg given byt

mation, where the dipole operator is assumed to be indepen- .

dent of the nuclear DOF, and where the dipole correlation () = if dte et (t) (3)

function only involves time propagators. Recent applications 27 ) s ’

that demonstrate this include the calculation of the photo-

electron spectrum of;1in the gas phase by Batista and Where

co—workers‘f? the ca!culat?on of thg absorption spectrum'for )= Z—lTr{e—ﬁl:lgeil-]et/he—ilrlgt/ﬁ}' (4)

I, molecule interacting with a chain of argon atoms by Kiihn 9

and Makri®® and the calculation of the resonance RamarHere, B=1/kgT, Ti[---] corresponds to tracing over the

spectrum of anj molecule in liquid xenon by Ovchinnikov nuclear DOF an(zngr[e—BHg] is the partition function at

and co-workers? the ground electronic state. The functidt) is the sought
The primary goal of the present paper is to explore theafter linear ORF, which stores the desired information on

importance of accounting for the quantum nature of the dysplute-solvent interactions.

namics when calculating ORFs of different types. To this  Similarly, the signal in the homodyne-detected 2PE ex-

end, we present a systematic comparison between thgeriment is known to be given Bﬁ

FB-IVR approximation and simpler semiclassical approxi- _ 2

mations, in the case of the linear and nonlinear two-pulse |2pelt,to) = [R(t, )%, )

photon-echa2PB ORFs in a nonpolar liquid solution. We whereR(t,t,) is the corresponding nonlinear ORF:

hope that such an analysis will shed light on the sensitivity of

different experimentally relevant quantities to quantum dy-R(t,to) = Z'Tr{e”

namical effects. The remainder of this paper is organized 'rhere,to andt are the time intervals between the two pulses,

the fpllov_ving way: A survey Of. the theory, _the VariOl.JS 4P~ and between the second pulse and the time of the measure-
proxmatlons, and the assumpuong underlylr_lg them, is g've'}lnent, respectively. It should be noted that 2PE signals mea-
n Sec. Il The resu!ts obtained via the Varlous approximayg, o j liquid solutions are typically “smeared” over an ex-
tions for the absorption spectrum and 2PE signal, in the ca nded time interval, rather than given by a sharp echo at

of a two-state chromophore solvated in a nonpolar I|qU|d:to (as in crystalline and glassy hostThe results of 2PE

solut:on., are reported a’?d glscgsseo:\}n Sec. lll. The ma”&xperiments are therefore often reported in terms ofirthe
conclusions are summarized in Sec. IV. tegrated echpwhich is given by

,Blzlge(i/h)I:let()e(i/h)lzlgte—(i/h)l:lete—(i/h)lilgto}_ (6)

I (to) = f dt/R(t,to) 2. (7)
Il. THEORY 0

A. Optical response functions

We consider a system with two electronic states, whose . . o
overall Hamiltonian is given by B. Semmlgssmal approximations
for the optical response functions
RN - A numerically exact calculation of the quantum-
= Hg|g>(g| +Hele) el - E(t)(“eg|e><g| +'“ge|g><e|)' @) mechanical ORFs in Eq$4) and (6) is not possible in the
general case of many-body anharmonic systems, such as lig-
Here, g and e correspond to the ground and excited elec-yid solutions. In this section, we review three different ap-
tronic statesE(t) is the (classical driving electromagnetic  proximate schemes which give rise to more feasible routes
field, and{w;} are the transition dipole momer{@ssumed to  for calculating those ORFs.
be constant vyithin thAe Condon approximajiomhe nuclear A widely used computational scheme for computing
HamiltoniansHy andH, are assumed to have the following ORFs is based on the so calleignamical classical limit
general form: (DCL) approximationl,&25 which leads to the following ap-
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proximate expressions for the linear and 2PE response funand the photon-echo sigrfat? It is based on thewigner

tions: averaged classical limi(WACL) approximatior?.5 One way
of deriving this approximation is by linearizing the forward-
JpcL(t) :(ZgC')‘l J f dq dpe Hg(@p) bgckward action in t.he corresponding .path integral expres-
sions for the ORF, with respect to the difference between the
- forward and backward patti.The WACL approximations
Xexp| %f dt'Ug(t") (8) for the linear and 2PE ORFs are given by
0
1
and Jwact(t) = 2 ddodpopw(Qos Po)
Roc(t,tp) = (Z§! -1f f dadpeAHo(@P) N
pet(tto) = (Zg) qdp xexpl i | dt'Uy(t')/h (11)
0
i ltol i
xexp %f dt'Ug(t") - Z sgrto) and
0
[tol+t i (ol , ,
X f dt'Ug(t') | (9) Rwact(t,to) = dq dppy(9,p)exp ), dt'Ug,(t')
[tol
. o . . i [tol+t

The sampling of the initial state in Eg&8) and(9) is based - — sgrty) dt'Ug(t) |, (12)
on theclassicalBoltzmann distributiore @)/ ZE4, which h Ito

corresponds to thground state potential surface. Impor- i i i

tantly, Uy(t) =V qq(t) 1=V [d4(t)] corresponds to the vertical respectively. Herep,(q,p) is the Wigner—Weyl transform of
energy gap between the two electronic states, and its tim@® initial density operator

evolution is dictated by that adi4(t), which is governed by

classical dynamics on the ground state potential. pw(Q,p) = Zélj dA exp(—ip - A/}
JocL(t) and Ry (t,tg) can be computed fronequilib-
rium classical molecular dynamid¢#/D) simulations on the x{q +A/2|e-ﬁﬁg|q ~A/2) (13)

ground state potential surface. At the same time, BBjsand
(9) do not correspond to a unique classical limit of E@S.  with A=(A4,...,Ay), and the temporal behavior b, (t') is

and (6), as was previously pointed out by severaldictated by classical dynamics on theeragedpotential sur-
,8,9,11,12,18,38,39,5% : : i
authors’ n argument that is often made in fgce:

favor of the DCL approximation is that the absorption line
shape of a chromophore in liquid solution is usually inhomo-  Vg,(q) = %[Vg(q) +Ve(Q)]. (14)
geneously broadened, and is therefore insensitive to the un-
derlying dynamic§.’13’14More specifically, if the lifetime of
the linear ORF ishorterthan the characteristic time scale of
the nuclear DOF, thedpc (t) can be replaced by its inho-
mogeneous limit:

The third computational scheme to be considered is

based on the semiclassical FB-IVR approximation, recently

proposed by Makri co-workerS:**~**The ORFs in Eqs(4)

and(6) are particularly suitable for this approximation, since

they only involve time-evolution operators, which is the re-
o Cher _H(.0) i sult of employing the Condon approximation. Within the

Jinn(t) = (Z5) dq dpe ™" exp ~U(@)t],  (10)  FB-IVR approximation, one treats the product of time-

evolution operators in Eq94) and (6) as a single time-

which is indeed insensitive to the dynamics. However, thisevolution operator, and approximate it by the corresponding

argument is not valid in the case of nonlinear optical experisemiclassical Herman—Kluk propagat8f' The FB-IVR ap-

ments, such as photon echoes, which are specifically deroximations for the linear and 2PE ORFs are giver*t)§/

signed to expose dynamical effects by eliminating inhomo-

geneous broadening. In those cases, one may argue that, at Jeg(t) =

least in the limit whereV, and V. are not too different, it

does not matter which surface the system is propagat@d on. - )

However, to the best of our knowledge, no systematic analy- X (Po,dole el py, g) € SabdPodo/h (15

sis of the validity of this argument has been performed. Inand

fact, the popularity of of the DCL approximation in actual

calculations of ORFs in liquid solutions is probably best ex- -1

plained by its relative simplicity, as well as by its extensive  Res(t,to) = (2—7%? ddedpoD(Po,do)

use in the earlier literature on spectroscopy in low- R

temperature host&>° _ _ X{Po,qole PM|py, gy " S2rEPObO) (16)

The second computational scheme to be considered has
been proposed in the past for calculating the absorption lineespectively. Herelp,q) corresponds to a coherent state of
shape®# nonradiative electronic relaxation rate constafts, the form

Z_l
(ZjTghW daedpoD(Po,do)
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N/4 1
(X|p,q) = (—) (detv)”“eXP{— ~(x=a)"yx-q)
T 2

[
+op-(x- 17
Pyl q)} : 17)
with y=vl1, wherel is the identity matrix andy is a positive
constant® The corresponding FB actions are given by

t
Sipddo,Po) = fo [p-q-Hgy(p,a)]dr

0
+J [p-q—Hep,q)]dr (18)
t

and

tg to+t
Sme(qo,po):fo [p-Q—Hg(p,q)]dﬁf [p-q
1

0
to

—He(p,q)]d7+ [p-q-Hy(p,q)ldr

tott

0
+f [p-q—Hep,q)]dr. (19
to
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merical implementation of those schemes is similar to that in
Refs. 15, 16, 20, and 21.

[ll. APPLICATION TO A NONPOLAR
LIQUID SOLUTION

In this section, we present the results obtained for the
linear and 2PE response functions via the various approxi-
mations surveyed in Sec. Il in the case of a two-state chro-
mophore in a nonpolar liquid solution. The goal of this
analysis is to estimate the accuracy of the approximations, as
well as the sensitivity of different observables to the quan-
tum nature of the underlying dynamit§:°1345"%8he cal-
culations were performed for a model that constituted of a
single two-state chromophore in a 2D liquid solutfdn.
Twenty five solvent atoms were included in a 2D simulation
cell with periodic boundary conditions, in order to minimize
the relatively high cost of computing the FB-IVR approxi-
mation. The potential energy surfaces of the ground and ex-
cited electronic states are assumed to be pairwise additive,
such that

V=2 0,(r) + 2 (M)
k

k<j

(21)

g; and p; are the coordinates and momenta at the endiere,r,is the distance between the chromophore andtine
of the corresponding forward-backward propagations, angolvent atom; and,; is the distance between tikéh andjth

D(pg,qe) Iis the familiar
prefactor’®!

Herman-Kluk semiclassical solvent atoms. It should be noted that the chromophore-

solvent interactions in the excited state are assumed to be

The statistical weights of trajectories in the WACL and different from those in the ground state, whereas the solvent-

FB-IVR approximations are dictated by,(qo,po) and

(Po. dole™Pa|py, 0/ Zy, respectively. In practice, it is neces-
sary to resort to additional approximations in order to com
pute those wights in the case of a liquid solution. One pos-

sibility is based on replacing p,(do.po) and

(Po. toleP9|py, 0/ Zg by their high-temperature limit. The
high-temperature approximatidrlTA) of p,,(dg,pg) reduces
to the corresponding classical Boltzmann distribution. The

explicit expression for the HTA ofpy,dole™9|py,qs)/ Zg,

which lacks a well-defined classical analog, can be found i

Refs. 15, 45, and 47.

An alternative approach can be based on a local hal
monic approximatioLHA).?>?!In the case of WACL, this

corresponds to expanding, in (q+A/2/ePq-A/2), to

r_

solvent interactions are the same in both states.
The actual pair potentialsy, ve, andvs were adopted

from Ref. 13, where they were used for analyzing ORFs in

nonpolar liquid solutions, within the context of the DCL ap-
proximation. More specifically, the pair potentialg v, and

vs are assumed to have the form of Lennard-Jaihds po-
tentials:

oo (2]

(22)

hnd we assume thaiy=vs, with LJ parameters that corre-

spond to liquid argon, namelye/kg=119.8 K and o
=3.405 A.v, is assumed to be similar t,, except for the
fact thato,=(1+\) oy, with A=0.06% We also assume that
the chromophore mass is equal to that of the solvent atoms,

second order around, and explicitly solving the resulting and corresponds to the mass of an argon atom. MD simula-
Gaussian integralcf. Refs. 20 and 21 for a more detailed tijons were carried out at a temperatdre128.2 K and den-
discussioin The same approximation can be employed in thesity ,=0.0604 A2 (the corresponding reduced LJ tempera-
case of the FB-IVR approximation, by using the following tyre and density are given by*= ksT/€,=1.07 andp*

identity:

(Po.GolePalpy,qp) = f dqdA(po,dola + A/2)

x(q + A/2]e P q — A/2)(q
- A/2|p1,q),

followed by a LHA for<q+A/2|e‘ﬁﬁ'g\q—A/2> and explic-

(20)

=p0o5=0.7, respectively

The initial sampling of the coordinates in the case of the
LHA-WACL and LHA-FB-IVR approximations was per-
formed via a PIMD simulatior® Each DOF was represented
by a six-bead necklace, and the corresponding classical equa-
tions of motion were integrated by using the velocity Verlet
algorithmfio'61 The system was equilibrated over®1me
steps, each of length 151072 (in reduced units by attach-
ing a two-element Nose—Hoover chain to each of the

itly solving the corresponding Gaussian integrals. The nubead$*®! The parametety was set to &/ 42 in the FB-
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) o FIG. 3. The integrated two-photon-echo signal for a two-state chromophore
FIG. 1. The absorption spectrum of a two-state chromophore in liquid soiy |iquid solution, as a function of,. Shown are the exact, DCL, LHA-
lution, as obtained via the DCL, HTA-WACL, LHA-WACL, HTA-FB-IVR,  \wACL, and LHA-FB-IVR approximationgthe HTA-WACL and HTA-FB-
and LHA-FB-IVR approximations, as well as at the inhomogeneous limit. |yR approximations are indistinguishable from the LHA-WACL and LHA-
FB-IVR approximations, and are therefore not shown expligitly

IVR simulations. Converged results for the DCL, WACL,

and FB-IVR approximations were obtained by averagingthe guantities considered, only the integrated 2PE signal is

over 1010 traj_e ctories. . . . observed to be somewhat sensitive to the quantum nature of
The absorption spectra for this model, as obtained vigy o underlying dynamics

the DCL, HTA-WACL, LHA-WACL, HTA-FB-IVR, and The fact that using the HTA and LHA gave essentially

LHA-FB-IVR approximations, as well as at the inhomoge- ;o ntica results for all quantities considered, implies that the
fiuclear DOF can be treated as classieal far as the initial

neous limit, are shown in Fig. 1. The absorption line shape i
observed to be dominated by inhomogeneous broadenlngamp”ng is concerngdThe observation that the absorption

\;Vr?cljcki]nlr?orrnn?)gzsetggsb§52if%éaa;s;mllilséltghba(la;\évseepnrgzﬁz'z gLspectrum is insensitive to thguantumnature of the under-
§ lying dynamics is due to the fact that, for the model consid-
by the HTA-WACL, LHA-WACL, HTA-FB-IVR, and LHA- ying dy . L '

L - . . ered, the line shape is inhomogeneously broadened, and re-
FB-IVR approximations are similar, and deviate only slightly A ; :
. ; ;o = 7 flects initial sampling rather than the subsequent time
in comparison to the prediction of the DCL approximation. . . )

) ) . . evolution. It should be noted that this conclusion may not
Those observations are consistent with the expected insensi-

- . . : necessarily hold in cases where the ORF is sensitive to
tivity of the linear absorption spectrum to dynamics, as well . . . A -

. o . bound intramolecular vibrational dynamic$his possibility
as to quantum effects in the initial sampling.

The diagonal homodyne-detected 2PE signal at time is suggested l?y the findings in -Ref. 18, where the DCL and
~to, Lpelto,to), is given in Fig. 2, as obtained via the DCL, WACL approximations of the linear ORF were compared

LHA-WACL, and LHA-FB-IVR approximations. The inte- """ (he exact quantum-mechanical result in the case of a
. : ) . two-state harmonic diatomic molecule bilinearly coupled to a
grated 2PE signal is shown as a functiontofn Fig. 3, as

obtained via the DCL, LHA-WACL, and LHA-FB-IVR ap- harmonic ba}th. The authors of Ref. 18 haye foupd that the
Lo . . . DCL approximation was unable to capture vibronic structure
proximations. The results obtained for the diagonal and inte:

grated 2PE via HTA-WACL and HTA-FB-IVR essentially in the absorption spectrum, and that the WACL approxima-

coincide with the LHA-WACL and LHA-FB-IVR results, re- tion was able to ca}pture the vibronic structure |_n some cases,
. . but failed to do so in other cases. At the same time, the recent
spectively, and are therefore not shown explicithselty, to)

.work of Ovchinnikovet al., who used the FB-IVR method in

Is seen to be completely insensitive to the type of APPTOXI der to compute the nonlinear ORF that corresponds to the

mation used in order to describe the dynamics. On the other

rad the DL approumationof e egrates 2Py, (oo KT SPectu ol xenn, seeme
is noticeably different from the WACL and FB-IVR approxi- 99 D y

mations, which give very similar predictions. Thus, from all capture the vibronic structure.
' 9 y P ' ’ It is important to note the complete insensitivity of the

diagonal 2PE signalypdty, o), to the quantum nature of the
underlying dynamicécf. Fig. 2). A similar behavior has been

0.8 ? II?ISI;A-WACL previously pointed out by Shemetulskis and Loring, who
205l A LHA-FB-IVR found that the DCL and WACL approximations gave essen-
< tially identical predictions forJpg(tg, o) in the case of a fluid
& 04r ] consisting of dipolar soft spheréghose authors have attrib-

uted this insensitivity to the fact that the decay gfdto,to)

reflects inertial motion of solvent molecules, and is therefore
0 0.05 0.1 insensitive to the dynamics dictated by the potential energy

t, (reduced units) surfaces. The fact that in our case, the prediction of FB-IVR

for l,pe(ty,to) is essentially indistinguishable from the pre-

F:IG- 2. Ihre; Pnoﬁﬁo?é’lf;dzgeﬁtzi tth-ﬁ:xtnog-rzctTfé ;i(g:ftale aw 'EI(VZOL-StatQIiction of the DCL and WACL approximations seem to rein-

gn:joTSR—lgB—IVR C;l:)proxirl:ﬁati(),n:{thg HTA-WACL and HTA,—FB—IVR ap—’ force th_e validity of this argument. However, it ShOU_|d be
proximations are indistinguishable from the LHA-WACL and LHA-FB-IVR €Mphasized that our results also show that the off-diagonal

approximations, and are therefore not shown expligitly component of the 2PE signal, which contributes to the inte-
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