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Influence of neighboring levels in three-pulse photon-echo processes
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It is the purpose of the present paper to study the dynamics underlying a three-pulse photon-echo process
performed on a vibronic system coupled to non-Markovian baths, when a neighboring level enters into the
global dynamical evolution because of broadband excitation required in these experiments. Particular emphasis
is on the energy gap between the vibronic levels, but also on the fluctuation amplitudes and correlation times
of their corresponding thermal baths. The photon-echo signal appears to be very sensitive to the additional
interfering contributions introduced by the neighboring vibronic level. It is shown that these contributions
associated to the pathways involving different vibronic states are modulated by their corresponding energy gap.
As a consequence, these contributions to the integrated photon-echo signal strongly decrease for large energy
gaps. Also, an oscillating behavior is observed on the time dependence of the photon-echo signal resulting from
the summation of the contributions provided by the individual vibronic levels. Moreover, the influence of the
non-Markovian character of the baths, accountable for inhomogeneous broadening, affects the amplitude and
the time dependence of the photon-echo signal, as well as its dependence with the delay time of the laser

pulses. Of course, for longer times a Markovian dynamical evolution is recovered.
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I. INTRODUCTION

It is well established that dephasing processes have a de-
terminant role in the dynamics underlying most of the non-
linear optical processes [1-7]. With the enormous strides
made in recent years, enabling today a major control of op-
tical and infrared laser fields, nonlinear optical spectroscopy
methods based on multiple pulse coherent excitation offer
interesting possibilities for a comprehensive study of the in-
tricate electronic and nuclear motions taking place in large
molecular systems [8,9]. These methods have proved to be
quite selective for disentangling the time scales of molecular
and collective dynamics of condensed phase. Among these
approaches, photon-echo spectroscopy is probably the one
that can deeply peer an ensemble average to extract micro-
scopic information [10-17]. While in hole-burning and re-
lated spectroscopies, a highly selective excitation is achieved
inside the inhomogeneous broadening, in photon-echo spec-
troscopy, due to the high time resolution, the broadband
pulsed excitation covers the entire inhomogeneous distribu-
tion of states. However, by choosing a convenient sequence
of pulsed excitations and appropriate phase-matching condi-
tions, it is possible to generate a rephasing process which
results in the suppression of the inhomogeneous broadening.

A general configuration in three-pulse photon-echo ex-
periments is made of three short laser pulses with different
wave vectors and frequencies. Then, the field radiated by the
sample in one of the convenient phase-matched directions is
detected in different ways. It can be either integrated over
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time and analyzed as a function of the delay times between
the first and second or second and third pulses or, in the
time-gated condition, measured as a function of time after
the interaction with the last pulse. While traditional two-
photon pulse echo is well adapted to probing fast dynamics
in inhomogeneously broadened systems, it is not really sen-
sitive if a broad range of time scales comes into play. Then,
multiple time variables are required in photon-echo experi-
ments as it is the case in three-pulse photon-echo [11,18,19]
or stimulated photon-echo [20,21].

With this goal in mind, a large number of theoretical de-
scriptions have been dedicated to the analysis of the various
forms of photon-echo spectroscopies. Among them, some are
devoted to particular laser excitation structures and detection
directions, and some to particular processes related to the
internal structure of the molecular systems where the photon-
echo process takes place. Concerning this last class of de-
scriptions, basically two different types of structures are con-
sidered, either involving a small number of discrete levels
[22] or made of two levels coupled to Markovian or non-
Markovian baths. However, because quite often nonlinear
optical processes involve nonresonant transitions, it is ques-
tionable to ask whether a neighboring level, which is not
supposed to be involved in the photon-echo process under
investigation, could influence the photon-echo signal quali-
tatively as well as quantitatively. It is the purpose of the
present paper to describe the contributions of the additional
interfering pathways entering in the global dynamical evolu-
tion resulting from the presence of this additional neighbor-
ing level.

It is our intent, in the present paper, to analyze the internal
dynamics of a vibronic system coupled to non-Markovian
baths, when a neighboring level enters into the global dy-
namical evolution because of broadband excitation required
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in these experiments. For obvious mathematical difficulties,
this description implies the use of the impact limit approxi-
mation which, of course, overestimates the spectral overlap
between the vibronic resonances and the spectral distribution
of the laser pulses participating in the photon-echo experi-
ment. However, as long as the experiment requires a well-
defined time ordering of the three laser pulses, this assump-
tion does not imply any loss of generality because these
overlaps just enter as multiplicative constants in the descrip-
tion. Here, particular emphasis will be on the energy gap
between the vibronic levels, but also on the fluctuation am-
plitudes and correlation times of the thermal baths.

The paper is organized as follows. In Sec. II, because
most of the theoretical descriptions of nonlinear optical pro-
cesses are based on perturbational expansions, we introduce
the basic grounds required to describe the free dynamical
evolution of the vibronic system whose Hamiltonian is made
of a ground state and two excited vibronic states coupled to
non-Markovian baths. Next, in Sec. III, we describe the gen-
eral time evolution under multiple laser excitation underlying
a general four-wave-mixing process. Then, in Secs. IV and
V, we focus on the evaluation of the third-order polarization
created during a general photon-echo process with a particu-
lar emphasis on the three-pulse photon-echo experiment ac-
cording to the usual phase-matching conditions and time-
ordering prescription of the fields specific for this
experiment. Then, Sec. VI is dedicated to the evaluation of
the bath correlation factors for the various pathways which
enter into the global time evolution and correspond either to
transitions involving a single excited vibronic state or to the
interfering terms involving two different excited vibronic
states. Finally, in Sec. VII, the photon-echo signal is evalu-
ated in the case of homodyne detection and numerical simu-
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lations illustrate the influence of the neighboring level ac-
cording to different physical situations.

II. GENERAL DESCRIPTION OF THE MODEL
HAMILTONIAN

The system we want to investigate is made of two vi-
bronic states, say |e;) and |e,), interacting with a bath made
of low-frequency modes. In the present work, the bath is
described by a set of harmonic oscillators which can be of
quantum or stochastic nature. The Hamiltonians of the vi-
bronic system and of the bath are H, and H,,, respectively. In
the following, the interaction between the two vibronic states
and their corresponding baths is described by W. Therefore,
the zeroth-order Hamiltonian of the vibronic and bath parts,
H, is made of

. 1
Hy=E|g)g|+ Ee1|€1><€1| + Ee2|€2><€2| +2 ﬁwk(b;cbk + 5),
k

(2.1)

where the notation |g) stands for the ground state of the total
molecular and bath system, and |e,) and |e,) are two different
excited vibronic states coupled to the baths through the in-
teraction term W given by

w=2 W(l)ﬁk|el><€1|(blt +by) + > W(Z)Bk|€2><€2|(bz +b))
k k

(2.2)

if the coupling strengths are assumed to be factorized in mo-
lecular and bath parts. Then, a matricial representation of the
system-bath Hamiltonian Hy=Hy+W can be done into the
form

E,+H, 0 0
Hy=| 0 E +Hy+ 2 wVB(b+by) 0 (2.3)
0 0 Eez + Hh + Ek W(Z)IBk(bZ + bk)
8:€1:¢2
|
in the zeroth-order representation. Finally, the last term V(z) V,u(t) =— 2 o - [ Ej(wj)e_"“’.i””:.i"’H( E,-E,)
describes the usual interaction between the vibronic system Jj=a.b.c
and the three pulsed laser fields required for the photon-echo - i il
process. It corresponds to +Ej(= )" HIE, = Ey) A (1= T))
(2.5)

V(i) =— - Eg(70). (2.4)

Using the rotating wave approximation (RWA), the laser-
molecule interaction Hamiltonian reduces to the expression

if the laser fields E?j, with j=a,b,c, are applied on the m—n
transition. Here, A,(r—T;) stands for the pulse envelop of
field j. As usual, g is the dipole moment operator and H(E)
represents the Heaviside function.

The dynamical evolution of the total system is conve-
niently described by the Liouville equation of the total den-
sity matrix o). It takes the form
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- (2.6)

where L stands for the zeroth-order Liouvillian and L;(r)
stands for the time-dependent interaction Liouvillian. There-
fore, we have for the zeroth-order and total Liouvillians

Ly=L,+L,+L,,

L=Ly+L.(1). (2.7)

Notice that the vibronic-bath interaction term, which is the
source of the inhomogeneous broadening in the slow modu-
lation limit obtained for a convenient choice of the bath cor-
relation times and amplitude fluctuations defined in Appen-
dix B, has been included in the zeroth-order Liouvillian. On
the other hand, the interaction Liouvillian between the laser
field and the total system will be treated perturbatively. In the
previous relation, the various Liouvillians L,, L;, and L(v are
the Liouvillians associated to the vibronic Hamiltonian H,
to the bath Hamiltonian H,, and to the vibronic-bath interac-
tion W, respectively. Also, L; is the interaction Liouvillian
corresponding to the coupling between the vibronic system
and the laser fields V(7). Finally, I' represents the damping
Liouvillian. Also, it will be assumed, as usual, that the vi-
bronic system and the bath are uncorrelated at the initial time
to. Consequently, their corresponding density matrices can be
factorized, so that o(ry)=p(ty)p,(ty). When the molecule
does not interact with the laser beam, the reduced density
matrix of the vibronic part alone, denoted p(f)=Tr,[o ()],
can be obtained from Eq. (2.6) into the form

p(t) = <e_(i/h)Lu(l_ZO)_F(Z_IO)_(i/ﬁ)(Lb"'L:u)(Z_t0)>bp(t0), (2.8)

where 7, stands for the initial time. This expression can be
simplified using time-ordered exponential operator as [23]

p(t) — e—(i/h)Lv(t—to)—F(r—zO) e—(i/ﬁ)Lb(z—tO)

l~ t=tg
Xexp{— gf dTLV'V(,)(T):| p(ty), (2.9)
0 b

with

L:V([)(T) - e(i/ﬁ)LbTL‘:/,e_(i/ﬁ)LbT, (2 10)

because L/, commutes with L, and I'. When performing the
trace over the bath states, the factor e~ @M= can be omit-
ted because the trace is not altered by a unitary transform, so
that

. it
. l
e Mkyli=to) CXP{— P f dTLﬁv(n(T)}
0

b
i [
= Trb pb(t)exp+ - %J dTLv,V(I)(T) (21 1)
0

and the average can be expressed using the cumulant expan-
sion. Also, we will assume, all along, that the bath remains at
equilibrium during the course of the nonlinear optical pro-
cess. In the previous expression, the symbol Tr, stands for
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the trace over the bath states and p,(¢) is the density matrix
of the bath. Therefore, the density matrix p(r) takes the form

. -t
pli) = ¢ DE-0T o0 exp[— - f ALl ()
0

i~

1 T ! ! ’
T2 de dT'<Lw(1)(T)LW(1)(T )>b]P(to)~
0 0

(2.12)

Due to the structure of the interaction between the vibronic
system and the baths, (L, (7)),=0 and we get, up to the
second order of the bath-system interaction,

p(t) — e—(i/ﬁ)LU(t—tO)—F(t—to)

1 (" T , ,
Xexp|:— EJ dTJ dT’<Lw(1)(T)Lw(1)(TI)>b]p(to).
0 0

(2.13)

Then, we are left with the evaluation of the bath correlation
function C(7, T’)=<L£V(1)(T)L;V(l)(7')>b given by

Cbath( 7, T’) — Trb[e(i/h)LhTL;Ve—(i/h)Lh(T—T’)Lv,ve—(i/ﬁ)Lbeph(tO)].

(2.14)

If we explicit this expression, it reduces to

> L

Cbath( T, T ) = - , w{nkh}{nkh}{nléb}{nlb}
g o )

~(ith)Ly(7=7"
X (e~ WMLy(7-7 )){n,:b}{nlb}{nl:b}{n;{’b}

LW{”;LZJ}{”Z[,}{”kh}{"k;,}pb{nkb}{nkb}(to) (2 1 5)

and assuming, as usual, a Boltzmann distribution for the bath
oscillators in the initial configuration, the bath correlation
function simplifies to

Coun(7:7) = 2 |BiPL(, + eos wy (7= 7') + 11,
k

Xcos ay, (T- ) Iw P Pler) e + [w?
X|ex){es|], (2.16)

where ﬁkh=E,,khnkbe‘(ﬁ‘”k/”)("kb*”2)/ Z, if Z;, stands for the
canonical function of the bath oscillator k;,. Of course, other
type of bath correlation functions can be introduced as well.
As an example, we can mention a model which has been
commonly used in the description of numerous physical pro-
cesses as diverse as nonadiabatic transitions [24-29] and
tunneling [30] or in the description of nonlinear optical re-
sponses [3,31,32]. This model, termed the Brownian oscilla-
tor model, has been quite often used and has proved to be
useful in describing pure dephasing processes resulting from
coupling between molecular systems and their surrounding
baths [8].

While the description introduced here is convenient for
the linear response, it cannot be applied straightforwardly to
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high-order-mixing processes because the bath average pro-
cess cannot be treated so crudely. Then, a more refined ap-
proach is required and will be introduced in the following.

III. DYNAMICAL EVOLUTION OF A
FOUR-WAVE-MIXING PROCESS

As long as we are concerned with the evolution of dy-
namical systems which can be conveniently described by a
finite set of states, their corresponding evolution Liouvillian
can be expressed in terms of exponential arguments involv-
ing linear time dependence only. Then, the multiple time
integrations required to evaluate the polarization can be per-
formed by retaining the pulse overlaps. Even if the evalua-
tion is tedious, in principle, it can be done. However, for
system undergoing more intricate dynamics, as in the case of
systems involving stochastic interactions or memory terms
such as the one we are dealing with, such an approach cannot
be applied and the additional impulsive limit approximation
introduced by Mukamel [8] is required.

Photon-echo [3,5,6,11,33] and other related nonlinear op-
tical processes [34,35] are accounted for by the third-order
perturbation expansion of the density matrix with respect to
the laser-molecule interaction L, (r) obtained from Eq. (2.6).
Then, for the three-pulse photon-echo process we want to
discuss here, the general contribution to a third-order optical
process o'?(7) takes the form

. t 3 )
0'(3)(t) = %f d7'3f def dTlG(t - TS)L;(T3)
h fo lo lo

XG(73— 1)L, (1)G (7, — 7))L, (1)) 0(t0)
(3.1)

and corresponds to the traditional photon-echo in its various
forms. The set of pathways, contributing to the third-order
density matrix element, is listed in Appendix A. They con-
tribute to the evaluation of the third-order polarization in-
duced by the three laser pulses participating in the photon-
echo spectroscopy. Of course, according to the geometry of
the experiment determined by the phase-matched conditions
and energetic and temporal structures of the laser excitation,
not all the pathways contribute significantly. Furthermore,

. J=p-q.r 0 0 ©
l
0'(3)(t)=ﬁ2 > f d@f dtzf dt A, (t-T,
0 0 0

paq.r 7=*1

X ¢ i pp(i=13)=i g0 (1=t5=ta) =y =t3=to=ty Wit mgk k) G(13)Ly ()G (12) Ly (G (1)) Ly 0 (= ).
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FIG. 1. Time ranges required in the definition of the reference
Hamiltonians.

due to the presence of the product of the evolution Liouvil-
lians G(7;— 7)), the bath average is more intricate than for the
linear response and a more refined average procedure can be
applied overcoming the crude well-known factorization ap-
proximation. In the following, we will take advantage of the
impulsive limit, to perform the multiple time integrations. To
this end, we first assume the initial conditions defined at time
to— — with the molecular system in the ground state, so
that p(—)=|g)(g|. The evaluation of p®(r) requires the
change of variables

tl:Tz—Tl, t2:7'3—7'2, and t3:t—7'3, (32)

which is quite convenient for our purpose. It gives the per-
turbation expansion into the form

o) = %f dt3j dtzf dt; G(t3)L!(t—t3)
h 0 0 0

XG(t)L(t = 13- 1,)G(t))L)(t = t3 = t, = 1) o°(= ).
(3.3)

Also, for the sake of simplicity, we factorize the time depen-
dence of the interaction with the laser fields, to leave the
Liouvillian with respect to the laser-system interaction into
the form

v(p)®

Li(0) = 2 At =T [e T4 7 4 c e L
p

with

Lli(p) = [_ ,_i : Ep(wp)v ]3 (34)
where c.c. stands for the complex-conjugate part. Then, the
third-order contribution to the density matrix can be ex-
pressed as

—03) At =T, ~t3-1) At =T, —t3 -1, 1))

i (3.5)

In this expression, the symbol 2; stands for the summation over the three electric fields of the laser beams and X, stands for

J

the summation over their corresponding positive and negative Fourier frequency components. In the previous expressions, the
indices 7;, where j=p, g, or r, stand for the particular combinations of fields that need to be considered for each given pathway
in the Liouville space. Of course, in the framework of the rotating wave approximation only some of them will be required.
In the following, we will explicitly evaluate these contributions.

The evaluation of a given K component of the third-order polarization contributions induced by the laser fields requires the

determination of the matrix elements ai?;(t) and 0'(632)5,(0 can be expressed from the previous expression (3.5). It takes the form
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J=Dsq.r

=53 3

p.q.r 7=*1

X ™ Ipep(i=t3)=imgq(1=t3=to)=im o (1=t3=ty=t ) +i(mky+ gk ko) T G (1)L \G(t)L,(,\G(t))L, o(- )],

where only the combination of field components satisfying
the phase-matched condition chosen in the experiment is re-
tained. In Sec. IV, the polarization term will be evaluated in
the particular case of the three-pulse photon-echo experiment
and applied to the study of the role played by the presence of
nonresonant neighboring levels on the photon-echo signal, of
interest here.

IV. APPLICATION TO PHOTON-ECHO SPECTROSCOPY

Photon-echo spectroscopy refers to a large number of
techniques according to the excitation structure, phase-
matched directions, and detection conditions. They can be as
diverse as two-pulse photon-echo and three-pulse photon-
echo, stimulated photon-echo both, with homodyne or het-
erodyne detection, and even accumulated photon-echo
[36-39]. For our purpose, we will consider a three-pulse
photon-echo experiment. As an example, we can mention the
three-pulse photon-echo technique that has been very effec-
tive as a probe of solvation dynamics [11] because of its high
sensitivity for relatively small Stokes shifts such as in non-
polar systems, and can be easily applied to the infrared re-
gion of the spectrum. Here, we will consider the phase-
matched condition for photon-echo, say, IFPE:—I;¢,+I€[,+I€C,
with probing times 7,, 7}, and T,. In the framework of the
rotating wave approximation, we will first evaluate the con-
tribution given by relation (3.6). Assuming the system to be
unexcited electronically at the initial time, the contribution to
the photon-echo signal results from expression (3.6), and we
are left with the evaluation of the terms

I_‘iejg<<ejg|G(t3)Ll:(p)G(t2)L;(q)G(tl)L;(r)|gg>>a j=12,
(4.1)
which gives rise to the various pathways described in Appen-

dix A, where it is assumed that the model does not support
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f d@J dtzf Ay A(t=T,-13) At =T, — 13- 1) A,(t =T, — 13- 1, - 17)
0 0 0

o(p (3.6)

relaxation processes and, consequently, no decay rate partici-
pates in the dynamics, an assumption satisfied on this time
scale. This implies that relaxations can only occur on a time
scale much longer than the coherent processes contributing
to the photon-echo signal, of interest here.

At first, we must evaluate the different matrix elements of
the Green’s function G(z) participating in the individual path-
ways. Once the contributions of the individual pathways are
explicitly written, the bath average has to be performed. Be-
cause we require the evaluation of both vibronic and bath
populations in the ground and the excited electronic configu-
rations, the bath Hamiltonian will be different not only ac-
cording to the type of pathway, but also according to the time
evolution on a given pathway. Then, we require the introduc-
tion of a reference bath Hamiltonian for each individual
pathway. Remember that the bath Hamiltonian corresponds
to

= H;,g) for configuration g
. HY + W) for configuration ¢; Vi=1,2.

4.2)

To evaluate the contribution associated to the pathways in-
volving a population evolution in the ground configuration
| g), the reference Hamiltonian can be chosen as Hg,g during
the complete time evolution. However, for the contributions
associated to all the other pathways, the system evolves in
the ground configuration during the ¢, period and in one of
the excited configurations during the ¢, period. Therefore, we
have to define two different types of reference Hamiltonians,
say

Ha = H(g),

HY if0<r<t

b
H;(7)=
p(7) H' = HE + W)

according to the choice of the excited configuration or,
equivalently, according to the reference Hamiltonians de-
scribed previously by relation (4.3). The definition of the

(4.3)

lf t1<T<tl+t2+t3 Vi=1,2,

time ranges can easily be understood remembering that the

various #; have been defined from the time ordering 7; as

shown in Fig. 1. For those pathways R involving the popu-
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lation of state |e;) only, H p(7) will be the appropriate refer-
ence Hamiltonian, while for pathways R involving the
ground-state population only, the Hamiltonian H, will be
more convenient. Notice that the evolution bath operators
associated to these reference Hamiltonians are

U,(1)=e "™Hot  for H,,

P
Ub(t)=exp+l—éf dTHﬁi(T):| for Hﬁi(T)Vi=1,2.
0

(4.4)

The first-order contribution requires the evaluation of
Gogeo(11)VeoPyo(to) and =G, oo (11)V g, Py,(to). On this time
scale, both reference Hamiltonian are equivalent. For in-
stance, with H, as a reference Hamiltonian, the first term
gives

Geigeig(tl )O = e_iwc"gtl (Ub(t] ))eieiO(U;(tl ))gg

e
. ‘ i
= ¢ @egh g~ (MH 1y exp{— %f dTW(;ZI)(T)i|
0

X Oe(i/h)Hatl

= 7 %1Gyy (1)
N
Xexp, —Efo dtW (1) |O,

where Gy, (t;) describes the evolution of the bath part only,
O a given operator, and similarly

Ggeigei(tl )O = e_iwge"tl (Uh(ll))ggO(UZ(tl))eiei

— e—iwge‘_tle—(i/ﬁ)Hatl [6)

i (" .
Xexp_{%f dTWEf([z)(T) e MH 1
0

(4.5)

. ] f
= e '/ 1G (1) O exp_{éf dTW(Cf(i;)(T)] ,
0

(4.6)
where W(Of(i})(r) stands for

WE:(})(T) — e(i/ﬁ)HaTW(ei)e_(”ﬁ)HaT. (47)
To the third-order perturbation, the coherence Green’s func-
tion Gf‘,-gefg(t3) appears in all the contributions. For the terms
of R corresponding to pathways going through the ground-
state population, its evaluation is done along the same line as

in Eq. (4.5), and we have
: i .
Geigﬂig(t3)0 = e—zwe,»gstb(a)(@)exp{— ;Lf dr a(',))(r) 0.
0
(4.8)
However, except for these terms evolving through ground-
state populations and coherences only, all the other terms R

will require H B,-(T) or Hp (7) as reference Hamiltonians. Us-
ing H /_;l_(r) as reference }familtonian, we have
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Geigeig(t3)0 — e—iwe,«‘s’t3(Ub(IS))eieiO(UZ(t3))gg

i
gjo dTHﬁi(T):|
i"
X O exp_ —gf dTW(,f_"()I)(T)
0 ]

i "
Xexp. gf dTHﬁ[(T)
0

. i" e.
= e‘”"e;gt3Gb(3i)(t3)O eXP—|:_ %J dTngl()’)(T) ’
0

(4.9)

= e %es'3 exp, { -

where Gy, (13) stands for the evolution of the bath only in
the excited configuration |e;) and

Ggel.gel.(t3)0 = e_iwge"rs(Ub(t3))ggO(UZ(t3))eiei
) i[5
=e "% exp, | - —f dtH (1)
h 0 ’

. 13

l E (e;

Xexp+l£f dTWB,’(I)(T)i|
0 1

. 13
X0 exp_{é—f dTHBi(T):|
0

' i (" o
= e"wge,f3Gb(/3,-)(t3)€Xp+[ ZJ dTW(Bil(’)(T)} ?
0

(4.10)

on account of the notation

i i T / ! e;
W;;’i'()l)(r) =exp_|:%fo dr'Hpg (T ):|W( 2
Xexp+l—if dT'HB,(T')}. (4.11)
ﬁ 0 !

At this stage, we have all the required intermediate quantities
to calculate the contributions to the photon-echo signal. This
will be done in Sec. V.

V. DESCRIPTION OF THREE-PULSE PHOTON-ECHO
SIGNAL

According to the previous evaluation of the third-order
polarization given by Eq. (3.6) and using the rotating wave
approximation, we can evaluate the contribution to the po-
larization in the phase-matched direction kpp=—k,+k,+k.. It
can be expressed into the form
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. Hﬁp
P/(Ei,)E(’)z l J df3f dfzj dty At =T, - 1) At =T, t; - t) A(t =T, —t3-t, - ;)
pr—bcm 1

X eIt i=tmty) i ittt ik hy ) TTryl fhge (em|G(t3)Ly ()G (t2) Ly G () Ly pp(= )[8)]

; q;ﬁp
f dt;J dtzf dty A, (t=T,—t3) At =T, ~t3-1) At =T, t; -1, — ;)
pq bcm 1

o @p(1=13) =i (=13~ 1)+, (1=t3=ty=1) i~ —k ey, )rTrb[Mge <€m|G(l%)L )G(lz)Lv(q)G(tl)Ly(a)pb(_ oo)|g>] (5.1)

where the two contributions are the only ones with the component —lza of the field Ea(t) participating in the phase-matched
direction kpy in the framework of the rotating wave approximation. For the first term, assuming a chronological p-a-r field
ordering, the field E,(¢) participates in the second interaction, while for the second term with a chronological p-g-a field

ordering, it participates in the first interaction. Of course, for each term, the other fields E,(f) and E.(f) contribute twice
because any of their chronological ordering contribute to the same phase-matched direction. Introducing some simplifications
and notations, we get

. Hﬁp
> l
P,(;?E(t) = f d@f dlzJ dt{A(t=T,-3) A (t =T, -t -1) A, (t =T, —t3 -1, — ;)
p r—h c m=1

><e-l‘%’-f3>+"%<’-f3-’2>-l‘“f<’-’M—f'>+f<-ka+kb+k«>"'Trb[ﬁge (enlGUL; ) Gt)L i GDL (= =)]e)]
+ A (t t3)~Ar(t — 13— lz)A (t —l3—1y—1 )e iw (t—tg) i, (1=13—15)+iw, (1—13—1)—1)+i(- -k +k,,+k )r
><Trb[l“gem<em|G(I3)LU(17)G(IZ)L1,)(r)G(tl)Lll;(a)pb(_ :x:)|g>]} (52)

To perform the time integrations, we require the explicit expression of the vibronic density matrix elements. Introducing the
contributions of the various pathways given in Appendix A, the third-order polarization takes the form

. r#p
53
Pﬁz,,)E(f) f dts J dr, f At A (1= T, = 13) Ayt = T, = 13— 1) A1 = T, =ty = 1, — 1,)
p r=b,c
X e i@p(i=13)+iwg(i=13=ty)=iw,(i=13-t=1) +ikp- ’[R“ L1 R(221 R(ljl,l) + R(%“) + R(zjz,z) + R(141’2)+ R(zjz,z) R 22)]
+ A (t=T, - ) At =T, —t3-1) At =T, ~t3-t, — t,)e” i (i=t3)=i,(i-t3=ty)+iwg(i-t3=1y=t)+ikpp- r[R(l L1) ;ka;)

+R(lll)+R(211)+R(222 +R212)+R222) (122)]} (53)

Notice that the sum over m disappears in this last expression independent of the bath variables, they can be factorized in
since it is exphCItly involved in the various terms Rnr]’zu’v) for front of the expression like scalar quantities. AISO, we take
PE

n=1,4 that need to be evaluated. For the sake of simplicity, advantage of the invariance of the trace over the bath states

we just calculate explicitly the first one as an example by the unitary transformation Gy (tg) and by circular per-
mutation of exp_[— f dTng(,)(T)] to reject the bath density

1,11 _ - Sx s oiw -
lePF - g, Melg , Mgel -Epfi, o Ee e,5'3 matrix to the right. Finally, applylng the bath evolution Li

ouvillians Gy(g,)(f2) and Gyg (1) on the left, we get the
expression given below. All the other terms are obtained

XTry) Go(p))(13)Gog,) (1) e <1 Gy g, (1) similarly and are given by

(111) > e - —iw, (t1+3)
. 151 l"‘ M E y7s - E M . E e ' Peig\1M13
i 1k, ¢
Xexp,| — _f dTW(ﬁel()r)(T) Pgqlt0) e g e e
h 0 1 i [t )
—— 1
e ) X\ exp_ hJ;1+12 dTWygi(7)
Xexp_ —%L dTW(Bell(I)(T) . (5.4)
Xexp, |: f d TW(EII(),) (7) ] ,
Because the interaction operators with the laser beams are 0 b
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220 _ L . =N (2,2,2) > e - —iw, (t1+3)
lePE - "’gelﬂezg . Ep”gez R4kPE ll,gezﬂezg Ep”gez . Eall‘ezg . Ere e g\ 11713
L i [ ol —i Lty
E*M .Ee 1welg(t1+t3)e i®, 0,12 i 1Hipt3
al“eg r X exp,| - — d’TW( ([)(T)
ﬁ 1+t
1772

a(l)

i t1+ty ( )
x{ exp_ %f dTW i (7) i [
i Xexp, _%f dTW') (7) ,
0 b

I i [t |
Xexp,| — ) f dTW(Cf(lD(T)
L L+
1+t > N R
1 (1,2,2) _ > > * >
Xexpy| — %J' dTWEf(ll)(T)] R4kPE ~ Mge, l"e]g Epﬂgez : Ea”ezg -E.e” {0 g1 710¢ 13
L z; |: iJz1+t2+t3 )
i (1 X\ exp,| —— dTW il (7)
Xexp, —%JO dTW(;(l,))(T):| , g 11+ ()
L b ;
l' 1
Xexp+l— %Jo dTW(;(zl))(T):| (5.5)
LLy _ - - g s iw, b
R4ka - ”’gell‘elg Ep/"'gel ' Euﬂelg Ee g 11+13)
11+ +t
% exp+|:— L f e dTW(en(T)} for the contributions participating in the phase-matched di-
hl 12 rection kPE— -k +kb+k when the field E participates in the
;[ second interaction, and
Xexp, —%fo dTVV(;(I})(T) .
b
(1,1,1) _ - e Cx i -
RZkPE ”’ge ”“elg p”’elg : Er”'gel : Eae lwge'(tl )
R(zl 1) ﬁ M ,2 . E*ﬁ . E' e_iwelgtl_iwengS . 51
4k geferg " plige; " Falteig T = l
PE e ! ! x{ exp_| — drwgl(),)(r)
i L+t h 0 :
- (e)
X\ expy| — ﬁf, . dTWa(ZI)(T) i [
112 Xexp_ —EJ dTW(e') ) (7) )
. t
Xexp,| — L 1dTW(el)(T) R b
P+ 7l a(l) >
b
(222) _ o o o i R(zlk2 V= ﬁge Heg Epﬁe g’ érﬁee ’ Ec:e_iwge‘tl_iwezgtriweze‘rz
Rllgpl’;‘ - Mgezﬂezg ’ EP”‘gez ’ E(:Mezg : Ere_lwezg(t1+t3) PE = 2 o
i
i (ht2ts X exp_{ f dTW(e')(T):|
i
X exp_|:— %f dTW(gzz()I)(T):| h
1+l [ i (it
i Xexp_| — dTVV(g')(T)
Xexp+ - dTW('B (I)(T) B _h 3|
b [
; 3
Xexp,| — —f dTWj(ZI))(T)
R(l ! 2) T E T E* T E—: _iwﬂ g(tl+t3) _iwe e 12 - ﬁ S
kpp - ﬂge2”‘elg p”gel : aﬂezg s Le 2 e 2°1 i 11+
ey Xexp, ——J dTW(Df(ZI))(T) ,
X LT aaw) () il b
eXp_ h T a(l) T -
|
B t1+t2+l3
Xexp,| - — AW (7 (1,1 _ - = e i _
p+— hﬁl_”z (1)( ) R3kPE _ l-lvge Mg]g pﬂelg . EngEI . Eae lwgel(ll f})
[ e s
i i
Xexp,| — Ef drW' (ZI)(’T):| X exp_{gf dTW(;(II))(T)]
L f 0
i i ;[
Xexp+ - _f dTWEf(ZI)(T) N Xexp+ — —f dTW(eI)(T) ,
L o b h 1+t b
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(2,1.1) _ R . L
RSkPE Mgez”"fzg EP”’elg'Engel 'EZ€ 1Wge 11710, 013
i
{omf ]
i [hes
Xexp,y| — —J dTWif&))(T) )
h 1+t b
(222) _ . - L
Rzka ”’gezﬂezg pﬂezg'Engez’E e ! ge2(t1 13)
X\ exp_ [ f AWy’ (D(T)}
;i
e - N f dTW/(‘fzz()l)(T) )
1+, ,
212 _ - = - - . -
R2]ZPE - Mgglﬂezg . Ep”’elg . Er"l’gez . Eae lwgeztl lwe]gz3 lweleztz
i ("
X\ exp-| o J dTW'3)(7)
0
i l t1+ty
Xexp.| f dTWE)(7)
L 1
[ ;[
Xexpy| — 7 f dTWEf&))(T)
h 1+t
[
4
Xexpy _gf dTVV( (7-):| ,
L 1 )
222 _ - s s
R3kPF ”’gezﬂezg Pl"'ezg r”‘gez’E*e i gez(tl 13)

X\ exp_ |: f dTW(;(zl))(T):|

(Ot
Xexp,| — % f dTWEf&))(T) ,
1 b

1+

[

I
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(122) = > ro= e - —i
RSIEPE - I‘l’gelﬂ‘elg : Epl‘ezg : Er”’ge2 : Ec:e ge1710e 513
i ("
X\ exp_ Z f dTW(Cf(ZI))(T)
0
i t1+12+[3
Xexp,| — %f dTW;(]I))(T) (5.6)
t1+iy b

for the terms contributing to the same phase-matched direc-

tion with the field Ea(t) acting on the first interaction. Also,
the usual notation for the bath average (Q),=Tr,[@p] has
been introduced. The reference Hamiltonian, required for the
evaluation of each individual pathway, is indicated in Appen-
dix A.

Now, we are left with the evaluation of the various bath
correlation factors participating in the dynamical photon-
echo process. In Sec. VI, we will take advantage of the im-
pulse limit approximation, to avoid the complicated multiple
time integrations and evaluate the various correlation factors
associated to the different pathways.

VI. EVALUATION OF THE BATH CORRELATION
FACTORS PARTICIPATING IN THE
THREE-PULSE PHOTON-ECHO

The various bath correlation factors of the contributions to
the three-pulse photon-echo signal can be evaluated from a
second-order expansion with respect to the vibronic and bath
interaction. To this end, we use the series expansion of the
positive time-ordered exponential which is expressed by the
following relation:

de(T)i| —1+E< ) f dTJ dTn 1 f dTlf(Tn)f(Tn 1) (Tl)- (61)

Of course, a similar expansion exists for the negative time-ordered exponential and corresponds to

exp[hﬁ

0

de(T)}_HE( )fdff

JdTlf(Tl)f(Tz) f(7). (6.2)

Then, up to the second order, the bath correlation factors involving two time-ordered exponential operators can be calculated

into the form
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i€ [ ie, [
eXPi()| % drf,(7) |expy 7
t t

a @

dez(T)]

b

|:1 + %f drf, (7 f def drifi(mm)fi(7 2))}
i€2 tﬁl 1 By 2
X [1 + ;f drf(7) - ﬁf def dﬂfz(Tz(n)fz(Tl(z))]

b
= 1+%f del(T)+_f df,(7)
EIGZJ de del T)fz(T)— J deJ dTlfl(Tz(l))fl(Tl(z))— J deJ dTlfz(Tz(l))fz(T1(2)) N
b
(6.3)

and a second-order expansion for the fourth-order product can be obtained similarly,

ie, ('8 ie, ('8 iey 8 ieg (6
eXP+(—)lzlj del(T)]eXPJr(—){fJ dez(T)]eXPJr(—)[ff des(T)]eXPJr(—)[ff de4(T)]
t fa t t b

ie, ("B ie, (6 ies ['#s i, ['& €6 (A '8,
= l+z de](T)+? dez(T)+? de3(T)+z dfy(7) - 42 dr, drifi(m)f>(m)
t ta, la, la, la,

13
a4 a3

g, s, g, g,
61€3J def drfi(n)f5(m) = 1§4f deJ drf () fs(m) = %f def drif>(7)f5()
62€4J deJ drfo(1)f4(m) = ﬁz f deJ drf5(1)f4(m) = J def dnfi(mm)fi(mi2)

ﬁ deJ dr fr(m0)f2(T12) = ﬁzf def drf5(m0)f3(T12) = ﬁzf def drfi(m)fa(T12)

b
(6.4)

These expressions enable us to overcome the crude factorization approximation. In fact, we can generalize these expressions
to a product of N time-ordered exponential operators to get

N . ; N . ' N-1 t t
i€, [P i€, [ A €€, [P B
Hexp+<_>[; f den(T)] =\ 1+ 220 arf(n- 2 S e f dr) f drif,(r)f(m1)
n=1 t ., n=1 ta" n=1 m=n+1 ta,l tam
8, 7
E deJ dnif(m)fu(nie) ) - (6.5)
n= 1 “n ta”

b

We assume that the first-order terms cancel because, in any case, the average value of the interaction can be involved in the
zeroth-order energy by a simple energy-renormalization procedure. Then, we can evaluate the correlation factors of the two
groups of contributions given by Egs. (5.5) and (5.6). However, as previously mentioned, the first group of contributions given

by Eq. (5.5) where the field Ea(t) participates in the second interaction does not participate in the photon-echo process due to

our field-ordering prescription. The second group of contributions given by Eq. (5.5) contains only the ones with the field Ea(t)
acting first as in the case of the experiment we are dealing with. Their corresponding correlation factors are given by the
following expressions:

(z/h)fo‘dTW(e‘ (7_ —iIh)f R W(el)l( 7 t1+yts . ) ,
T AT L = exp ,, - dT dr <W( ! (T)WB (1)(7' Dy + dT dT <WB1(1)(T)

ZkPE 1+t
t1+t2+l3 T
XWEI (D), + f dr f dr (Wil ( )W (,)(T»,,)
t1+iy 1+t
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< (ilh) ftldTWa(]I))(T)e(i/ﬁ)f 1HZd‘rW( (11) 7) —(l/ﬁ)f;1::2+t3d W(B&))(T _([/h f’l*’zd,-w(gz)(r)> .
— b,R
k

—eXpl m(J drfl dr (WD W) (7)), = def dT<W(e'>(T) AN

1+

)+t t+ty t+ytty
_ fo dr Jl AT (WENDWE (7)), — f, drft dr (W DWW (7)),
1

1112

t1+iy 1+ t1+t2+t3 1+
f f A7 (W DWE (7)), + J dr f A7 (W (DWE(7),
1 t

1+ 1

[ ar] v vy, - o arogewgon [ e arongowien,

t1+iy 1+
1+t T
+ f dr J dr (W) (W) ')>b)
! !

(’/ﬁ)f ]dTW(el (D _(’/ﬁ”;l:;ﬁtw W(Fl)(" s ’ VV(EO (e1) (.1 i ! rrywien) (o
pR(L1D = €XP dT dT7'( EI(I)(T)WBI(I)(T Ny + . dr . dr <WBI(I)(T )
t

¢,
3kpg 1+

1+ T
X Wiy (1) + f dffl dr' (Wl (DWg, 1>(T)>b>

1+ 1+

(emIgamm o JIWIIENGE = d T g win (wie » d Wit (7)
e, g1 =eXp ﬁz T (W B n(DWg, (T )+ 7| d7{ g T
t

3kpg 1+

XW(pf,]gl)(T)>b+fl 2 3dTJ dr’ <W (1)(T)W( (1>(T)>h)}

1+ 1+

(z/h)f ]dTW(cz) (7-) —(z/h)f UREEAY W(ez) ) t+1y+13 ) 31 T )
< 1140, By > (222)—6Xp ﬁ2 - dT dr’ < ;221)(T)Wﬂ2(1)(7-,)>h+ dr dT'<W 21)(7' )
0 0

2ka tl+t2

t1+t2+l3 T
XW(EZZ()D(T»;, + J drf dr <WB (7 )Wﬂ (1)(7')}1,)

1141y 1141y

< @A) Fd W2 (7) (z/h)f‘Jr[szWff(zl) -(z/ﬁ)f’ AW () —(z/h) M *’Zdrw(“)(f)> -

_ _ Rr\Z1
" 2kp
1 1 1+t (e Li+ipty e) (e))
=exp| -3 f drf d7' (W 6(21)(7') (1)(7"))b f dTJ dT’(VV( 2 (T)W (11)(7")>b
0 1 t+ty

11+t 1+t 1+t
f drf dr (WA (W (7)), - f f A7 (W (WL (),
t

1+

_f1+2er l+2dT'<W(of(21)(T)ng)(T’)>b+f1+2+3dTJ l+2dr’<W(e”(r)Wif<',§(r)>b+f er dr' (Wt (F YW (D),

l‘1+12 1

1+t t 1+ T

f J dr' (W) (T YW (7)), + f er A7 (WD (DWe (),
t1+lz tl+t2

t1+iy
+ f dr ft dT'<wgf(1,;(T)W§;g,;(T')>b)
n 1
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11+t
> (222>—exp|: ( f dTJ d7"<W('32> T)W(e(,)(T,)>b+f de dT’(W(e(,)(T’)
t

Kk,,L 1+t

t+ipt+t3 T
XWig2y (1) + f dr f
t

1+ 1+

<e(i/ﬁ) fg‘dTWEf(ZI))(T) —(z/h) [etsaw) (o
dT/<W,(§12()1)(T) ngz()I)(T’»b) j|

(irh) f ler(eZ —(z/h)f[1+1’+'3d W(el)(T 11+t e ) () ,
< a(] 1+, >b R(122) = €Xp ﬁ7 dT t a7’ < 2(1)(T)W (1)(’7 )>h + dT d’T <Wﬁz1)(7' )

3kpg 1+

1+t T
XW(EIZ()I)(T»HJ erI

1+ 1+

dr' (W1 (W1 (7 )>,,)} (6.6)

From relations (6.1)—(6.4), these quantities can be straightforwardly evaluated, once the expressions of the bath correlation
functions are known. To evaluate the bath factors entering in the expressions of the contributions associated to the various
pathways described in Eq. (6.6), we note that only two different types of integral arguments are involved. According to
Appendix B, these arguments can be obtained straightforwardly from the generic functions g,(A,B,C,D;\,i,j) and

g,(A,B,C;\,i,j). From their explicit evaluations, the various R quantities in Eq. (5.6) can readily be expressed in terms of

111)

these functions. As an example, we write down the first term R,? * " as

(LL.1) >

ZkPE _Mge ”’elg Ep”‘elg Er”’ge 'Ea

all the other terms being deduced similarly. Notice that the
functions g, and g, are dependent on each one another in the
simple case of a two-level system [8]. In our case, because
not all the arguments of a given exponential depend on the
same state, it is more convenient to straightforwardly evalu-
ate them from the bath correlation functions which can be
obtained from specific type of bath made of quantum or sto-
chastic models. Notice that the baths can be described in
terms of a set of continuous distribution of oscillators de-
scribing the acoustic or optical phonon modes of the sur-
rounding medium. In the case of slow modulation limit,
where the phonon dynamics is slow compared to the magni-
tude of the fluctuations, the bath generates an inhomoge-
neous broadening responsible for the dephasing. Although
this type of bath has been used in a number of works
[27,40-42], its generalization and extension to the simulta-
neous description of both homogeneous and inhomogeneous
broadenings was formulated by Mukamel and co-workers
[2,3,8].

Therefore, in addition to the phase factors which are im-
portant for the rephasing process, the bath correlation factors
evaluated above govern the internal dynamics of the global
vibronic and bath system.

VII. THREE-PULSE PHOTON-ECHO SIGNAL INTENSITY

In most of the problems where vibrational or electronic
dephasings play an active role, the bath correlation function
accounting for these processes usually has an intricate depen-
dence, such as in the case of our concern. In such a situation,
and for short enough laser pulses, the impulsive limit ap-
proximation [8] is quite convenient. Of course, when light

—iwge, (- l';) —(1/B2)[~g1 (0,1, 11101+ 413381, 1,1)+22(0,11,0: 81,1, 1)+ (1 +19,t +1y+3,11+123 8, 1, 1)]

(6.7)

pulses do not overlap, the pulse ordering of the excitation
determines the contributions that need to be considered in the
description. This is mostly the case in the impulsive limit
approximation. Here, the ordering of the pulses has to be
respected because such an evaluation does not account for
the balance of the contributions resulting from the various
pulse overlaps. On account of these comments and assuming
homodyne detection, we will express the intensity of the
three-pulse photon-echo signal into the form

oo
Iippg= J
—0C

where the polarization is obtained from relation (5.3) and

(7.1)

reduces to
. r?&p
,(f) (1) = f dts f dr, f dr,
PE p r=b,c
X{A,(t =T, —1;).A(1 - t3- 1)
XA(t-T, t3—t2—t,)
X e—iwp(z—t3)—iwr(z—t3—zz)+iwa(z—t3—r2—z1)+iI§PE~F

(1,1 1) (2,2.2)

2kpp

(7.2)

><[R R;‘ksz’”+R“:1’”+R§%"”+R
PE PE

(2,1,2) 222) (1 22)
+R2EPE +R3]€P ]}
where only one chronological combination of fields partici-
pate, say field E,(r) interacts first, next E,(¢), and finally

E.(). Introducing the various contributions with respect to
the different pathways given by Eq. (5.6) with their corre-
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sponding bath correlation factors described in expressions
(6.6), we can evaluate the signal intensity.

At this stage, if we introduce the impulsive limit approxi-
mation valid for short pulses, we can avoid the complicated
multiple time integration by greatly simplifying our previous
expression (7.2). Taking advantage of this restriction, we
have

th~T,~T,, t~T,-T, and t3~t-T, (7.3)

With well chronologically ordered nonoverlapping laser

pulses, only the combination of fields Ea(t—Tﬁ,)ﬁEb(t—Tb)

—>Ec(t—T .) is required to describe the three-pulse photon-
echo experiment, and we necessarily have the conditions ¢
-7.=0,T.-T,=0, and T,—T,=0, implying

. r#p
=>(3 l s _: . -
P;;) (l) — _3’C E e iw T ~iwpTp+iw,T +ikpgr
PE h p.r=b,c

(1,2,1)

(2,2.2)
2kpg

2kp

(7.4)

(1,1,1) (1,1,1) (2,1,1)
X[RZEPE +R Ry ARy HR

(1.2.2)

(2,1.2) (2,2.2)
+R2kp5 +R3ka +R3ka ,

where the notation

IC=f dt3f dlzJ dty A (t—-T,-13)
0 0 0

XAt =Ty—t3- ) A(t=T,—t3—t,—1t;) (7.5)

has been introduced. Now, we have all what we need to
perform the numerical simulations to illustrate the influence
of the bath and of the neighboring level on the three-pulse
photon-echo signal. It will enable us to discuss the role of
this perturbating level on the rephasing processes.

To perform the numerical simulations on the time depen-
dence of the three-pulse photon-echo signal, the vibronic
transition frequency has been chosen as W, ¢=20000 cm™!,
while different values are considered for W, g5 AS indicated in
the captions of the figures. The three laser fields are resonant
with the first vibronic transition so that W, o= W) Vp
=a,b,c. Also, the probing times of the pulses are 7,=0, T},
=1, and 7.=3. The dipole moments and field amplitudes,
which are irrelevant multiplicative constants for our purpose,
are all arbitrarily fixed as Mg = Mge, =1 Vi=1,2 and E,=1
Vp=a,b,c.

Finally, the physical parameters of the bath correlation
functions are defined according to the different physical situ-
ations and characterization of different types of bath through
the constants A and Af-i”. In the particular case shown in
Fig. 2, the time dependence of the three-pulse photon-echo
signal is analyzed for different energy gaps between the two
excited vibronic levels. The simulation shows that the signal
is quite sensitive to this energy mismatch. In the case of
resonant levels, say EE]—E62=O cm™!, we observe a mono-
tonic increase in the photon-echo signal which cannot really
be interpreted because the pulse shape is missing due to the
impulse limit approximation used here, followed by a mono-
tonic decrease driven by the inverse bath correlation time
AE}‘) and its corresponding fluctuation amplitude AE}). How-

PHYSICAL REVIEW A 79, 053418 (2009)

Photon-echo signal (arbitrary units)

Time (fs)

FIG. 2. Time dependence of the three-pulse photon-echo signal
in the phase-matched direction EPE=—1€a+1€b+1€C for different energy
gaps E, —~E, =0 cm™' (solid line), 10 cm™! (dashed line), and
30 cm™! (long-dashed line). The values of the bath parameters have
been chosen as Ag‘)=2 cm~! and Ag‘)=4 cm™! for i=1,2 and V\,
while for the crossed bath correlation parameters we have Al(.;‘)
=5 cm™! and A[(-}‘)=12 cm™! for i#j and V.

ever, when there is an energy mismatch, chosen here as E,
-E, =10 cm™! (dashed line) and 30 cm™! (long-dashed

(i1,02.i3)
nkpg

cillating at different frequencies interfere and give rise to
oscillations in the photon-echo signal, as we can see from
Fig. 2. The exponential damping resulting from the dephas-
ing induced by the bath is better represented by the logarith-

mic variation in the photon-echo signal shown in Fig. 3.
)

line), the contributions R of the various pathways os-

Because of the particular values chosen here for A;;’ and
0_
3 57 i
= -
= ||
£ | A,
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o . .
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- 15 D :
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FIG. 3. Logarithmic variations in the time dependence shown in
Fig. 2 for the three-pulse photon-echo signal in the phase-matched
direction £, pp=—k,+k,+k, with the same energy mismatches.
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Photon-echo signal (arbitrary units)

Time (fs)

FIG. 4. Like in the previous Fig. 2, we show the time depen-
dence of the three-pulse photon-echo signal in the phase-matched
direction kpp=—k,+k,+k, for the same three different energy gaps
E,-E, =0 cm™! (solid line), 10 cm™' (dashed line), and 30 cm™
(long-dashed line) considered previously, but with longer crossed
bath correlation times. Here, the corresponding values are Ag‘)
=2 cm™! for i, j=1,2 and VA, Ag‘)zl cm™! for i=1,2 and VA,
and A?‘)=2 em™! for i#j and V.

A()‘) the time dependence is almost exponential because the
bath correlation tlme (A(}‘) ' is much shorter than its Mar-

kovian limit (A()‘ AE}‘) ' and the individual constants
N A()‘)) give the dominant effect over the crossed con-

stalrllts (Am Af])‘), i # j). Of course, the occurrence of oscilla-
tions obtalned for nonresonant vibronic levels generates the
variations observed in the dashed and long-dashed curves.
But, even for these curves, an exponential decay is recov-

ered. Whereas, the previous simulations have been done for

bath correlation times on the order of Aj; (0 1A N if we de-
crease the fluctuation amplitudes of the crossed terms A()‘

with i #j {1 and increase their corresponding bath correlatlon
times Al])‘ , the duration of the photon-echo signal is short-
ened as shown in Fig. 4.

Moreover, the exponential character of the photon-echo
decay is strongly modified due to the appearance of non-
Markovian behavior of the bath and is better emphasized by
the logarithmic representation of the signal, as done in Fig. 5.
Next, by choosing a resonant situation with E, -E, =0, we
analyze the time dependence of the photon-echo signal for
different values of the bath correlation time as sketched in
Fig. 6. Again, for a reasonable range of the bath correlation
times that is not too far from the Markovian limit, the time
dependence of the photon-echo signal exhibits an exponen-
tial decay quite sensitive to the dephasing processes. It is
interesting to note from Fig. 7 that for times longer than the
bath correlation time, the time dependences are dominated
by the decay constants associated to the Markovian limit

"Now, we come to the analysis of the integrated photon-
echo signal for our non-Markovian three-level vibronic sys-
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In[Photon-echo signal]

3 4 5 6 7 8
Time (fs)

FIG. 5. Logarithmic variations in the time dependence shown in
Fig. 4 for the three-pulse photon-echo signal in the phase-matched
direction EPE=—1€,1+1€;,+1€C with the same energy mismatches.

tem. To this end, we analyze the dependence of the inte-
grated photon-echo with the time of delay between the first
and the second laser pulses. Of course, due to the compli-
cated structure of the bath correlation factors, this integration
can only be performed numerically.

Like in previous simulations, the detection is performed
in the phase-matched direction IFPE:—I;¢,+I€,,+I€C. In the Figs.
8 and 9, we exhibit the variations in the integrated photon-
echo signal with the delay time between the two first laser
pulses for different types of baths. For resonant vibronic lev-
els, we observe a monotonic decay of the signal with a com-

Photon-echo signal (arbitrary units)

Time (fs)

FIG. 6. Time dependence of the three-pulse photon-echo signal
in the phase-matched direction IZPE=—13 +I€b+l€ with resonant vi-
bronic levels w, ,=w, =20 000 cm™!. The cases of different bath
correlation times A;; )‘) 4 cm™! (long-dashed line), 8 cm™' (dashed
line), and 20 cm™ -1 (solid line) are considered with A N_2 cm!
Vi,j,\. Other parameters are the same as in previous ﬁgures
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FIG. 7. Logarithmic variations in the time dependence shown in
Fig. 6 for the three-pulse photon-echo signal in the phase-matched
direction kpy; and resonant vibronic levels.

bination of exponentials, each one being characterized by the
decay constants of the individual excited vibronic levels |e;)
and |e,) plus the ones associated to the crossed terms result-
ing from pathways going through levels |e;) and |e,). This
last contribution strongly depends on the bath correlation
factors associated to each individual vibronic level, but also
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FIG. 8. Integrated three-pulse photon-echo signal as a function
of the delay time between the two first laser pulses, 7;,—7,. The
phase-matched direction is kpp=—k,+k;+k.. Three different cases
of vibronic energy mismatches are considered, say We g
=20 000 cm™' with ®,,g=20 000, 19 997, and 19 990 em™!. The
bath fluctuation amplitudes and inverse bath correlation times for
the individual vibronic states i=1,2 are Aff“:Z cm™!, AEZ‘)
=4 cm™, A,(.]).‘)=5 cm™!' and AE;‘)=12 cm™! for the crossed bath
constants i # j. Other parameters are the same as in previous fig-
ures. The three curves with decreasing initial amplitudes correspond
to we]g—w82g=0, 3, and 10 cm™!, respectively.
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FIG. 9. Same variations as in Fig. 8 with different bath param-
eters. For the individual states i=1,2, we have Al(-,?‘)=2 cm™! and
Ag‘)=1 cm~!, while we have Al(-j}-‘)=2 cm™! and AE}.‘)=2 cm™! for
mixed states i # j. Other parameters, as well as identification of the
curves, are the same as in previous figures.

on the correlations existing between the subparts of the bath
acting on the different vibronic levels. All the contributions
are weighted by the overlapping of the spectral resonances
and spectral distributions of the laser excitations. Of course,
for a resonant excitation and isoenergetic vibronic levels,
W, = W, =0 cm™!, the overlapping is maximum and gives
the larger amplitude for the signal. The second and third
curves exhibit interferences resulting from the coherent com-
bination of the signal emitted by the individual vibronic lev-
els. For near-resonant excitation, as in the case of the second
curve obtained for an energy mismatch of W, g~ W g
=3 cm™!, the weight of each contribution is comparable and
the coherent combination gives the larger interferences with
minima quite close from zero. However, for larger values of
the energy mismatch, the individual contributions are
weighted differently and the oscillations start to smooth
down. Subsequently, the minima do not cancel anymore as
can be seen from Figs. 8 and 9. Of course, the oscillation
period is strictly related to the energy mismatch of the vi-
bronic levels. To emphasize the influence of the non-
Markovian baths, we show in Fig. 10 the delay time depen-
dence of the photon-echo signal for two different energy
mismatches, say welg—w62g=0 cm™! for the two top curves
and w,, g—w62g=3 cm™! for the two lower curves. For each
pair of curves the fluctuation amplitudes and correlation
times have been chosen according to the values indicated in
the figure captions. Notice that the non-Markovian effects of
the baths are much more efficient when the energy mismatch
is small.

It is interesting to note that this model involving either
two independent or two correlated baths, according to the
values of the bath parameters, can be applied to physical
systems such as large dimers or even reaction centers where
the spatial extension of the molecular system is large enough
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FIG. 10. We compare the delay time dependences of the photon-
echo signal for two different types of baths and different vibronic
energy mismatches. The two top curves correspond to W, g™ Weg
=0 cm™! with different bath fluctuation amplitudes and inverse cor-
relation times, say Al(-,?‘)=2 cm™!, Ag‘)=4 cm™!, and A,(-)-‘)=5 cm™!,
Af}‘)z 12 cm™! if i#j for curve 1 from the top, while AE,?‘)
=2 cm™}, Ag‘)zl cm™!, and Al(-]}-‘)=2 cm™, AE;‘)=2 em™!if i#j
for curve 2 from the top. Curves 3 and 4 are deduced from curves 1
and 2 respectively, by changing the energy mismatch w, ,—w,,,

from 0 to 3 cm™.

to probe different local surroundings. Another situation could
be the case where the molecular system and bath interactions
could induce different kinds of thermalization processes, due
to particular internal symmetries.

VIII. CONCLUSION

In this work, we have developed a detailed description of
the dynamics underlying a three-pulse photon-echo process
performed on a vibronic system coupled to non-Markovian
baths. The peculiar role of a neighboring level coming into
play due to the broadband excitation has been studied as well
as the influence of the energy mismatch between the vibronic
levels. An oscillating behavior has been observed not only on
the time dependence of the photon-echo signal, but also on
its delay time dependence. These interferences result from
the summation of the contributions provided by the indi-

1 y) 0N)
gl(A,B,C,D;)\,i,j) = {H(A _ D)W(E—A;,A (B-D) _ g—Ai_;‘ (B-0) _

ij
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vidual vibronic levels, but also from contributions associated
to pathways involving different vibronic levels. The influ-
ence of the non-Markovian effects on the photon-echo has
been discussed and the role of possible correlations between
the baths coupled to the different vibronic levels has been
considered as well. The present study opens the way to more
detailed investigations on two-dimensional spectroscopy de-
veloped in recent years [22,43] where the possibility of go-
ing beyond the impulse limit approximation can be consid-
ered, validating the evaluation of the required double Fourier
transformation when the laser pulses overlap.
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APPENDIX A

We give in Table I the different pathways contributing to
the third-order polarization without any restriction due to
phase-matched conditions. Their corresponding contributions
participate in the photon-echo signal.

APPENDIX B

We evaluate the formal expression valid for the various
double time integrals of the bath correlation functions par-
ticipating in the determination of the three-pulse photon-echo
signal. For convenience, it is assumed that the correlation
function itself can be described by the analytical expression

; , AV r
WDW = (A2, (B1)
where 1/ Al(-;‘) and Al(.;‘) stand for the bath correlation times
and fluctuation amplitudes. For the first type of double time
integral defined by the expression

B D
M)y
21(A,B,C,D;\,i,j,) = (Ag”)zf drf dr' eI,
A C

(B2)

we obtain

1
NP AD) 4 AP A0 LD — AYH(A - C)W(e-Afz? B-4)

ij

1
— N B-0 _ | 4 ¢ APA-0) L 1(C - AYH(D - BYH(B - C) [— B+ Cis- A ><B—C>)} +H(A

1 N
- C)H(D—B)|:—B +A+ W(l —eNij

ij

ij

<B-A>)} +H(D -A)H(A - C)YH(B - D) [- D+A
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TABLE 1. Pathways participating in the evaluation of ﬁ@)(t). The symbols (*) indicate the signs of the wave vectors when the rotating
wave approximation (RWA) is considered. Also, the reference Hamiltonians are indicated for each pathway.

H. 7 G(13) Ly, G(t) L G(1)) Ly, p(to)
Rgl,l,l) 8 gey egeg egere;” ejejee; ejererg” €18e18 e1ggg"™ 88
R(lz'z’l) a gey egeig egejer ejexere; e1eze18")
YV gey e1ge1g e1888™ 2888 ggeg”)
R a ges 828 ez888"™
R(12'2’2) B () €868 €2g32€2(+) €2€2€7€) 626’2328(_) €8€28 ezggg(+)
R(ll'l’z) a gey e8e,8 ergese;™ ere e esererg’
R @ ges 828 e888"™ 2888 ggeg"”)
Ry @ ge e1geig e18g8"™
H, 7 G(13) Ly, G(1y) Ly, G(1) Ly, p(to)
Rgl'l’l) Bi g€ 1818 elg€1€1(+) eeie e 3131861“) 8ei18¢€i gelgg( ) 88
Rgl’z’l) a gep e8er8 ergese;”) erejese) eseige; ™)
RYY @ ge, e1geig e1888"™ 2888 ggge,™
RGNV a ge esgesg es888™
R;z,z,z) B 8e; €868 €2g€2€2(+) €2€2€7€) ezezgez(” e8¢, gezgg(')
R§2,l,2) a gey e8e18 egerer” ejexeje ejerge,"
R a ges e28e28 e888"™ 2888 ggger™
Ry a gey e1geig e1888"™

) o) oy ) o)
)(e_Al] (B-D) _ Aij (B—A)):| H(C B) )(6 l] B D) _ Aij (B-0) —eAij (A-D) +eAij (A—C))

A(" A("

+H(D = BYH(B = C)—— (M B-D) _ | _ oA 4-D) AV A-B)) _21(C— AYH(D - BYH(B - C)

A(" e

x| B e 0D A'('?)("‘CU] _H(A—C)H(D—B){B—A+ L Man
AU A,,

(M)y2
) A
—H(D—A)H(A—C)H(B—D){D A+—(eA (A-D) —1)] (—I(AT) (B3)
A, i Aij
if, as usual, H(E) stands for the Heaviside function. Next, the second type corresponding to
B T I~
2:(A,B,C:Ni,j) = (A)? f dr f dr'e N (B4)
A c
is given by
A (Kz A \B-0) _ AP a-0)
gz(A,B,Cﬂ\,l,J) A()‘) B-A+ AO‘) (e l] ij ) . (BS)
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