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Wave packet interferometry for short-time electronic energy transfer:
Multidimensional optical spectroscopy in the time domain
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We develop a wave packet interferometry description of multidimensional ultrafast electronic
spectroscopy for energy-transfer systems. After deriving a general perturbation-theory-based
expression for the interference signal quadrilinear in the electric field amplitude of four
phase-locked pulses, we analyze its form in terms of the underlying energy-transfer wave packet
dynamics in a simplified oriented model complex. We show that a combination of optical-phase
cycling and polarization techniques will enable the experimental isolation of complex-valued
overlaps between a “target” vibrational wave packet of first order in the energy-transfer codpling
characterizing the one-pass probabibtyplitudefor electronic energy transfer, and a collection of
variable “reference” wave packets prepared independently of the energy-transfer process. With the
help of quasiclassical phase-space arguments and analytic expressions for local signal variations, the
location and form of peaks in the two-dimensional interferogram are interpreted in terms of the
wave packet surface-crossing dynamics accompanying and giving rise to electronic energy transfer.
© 2003 American Institute of Physic§DOI: 10.1063/1.1519259

I. INTRODUCTION ecules in solutiot:*° The current state of progress in the
Advances in controllin® or monitoring the interpulse field is exemplified by Jonas and co-workers’ recent two-
ﬂ|men3|onal Fourier-transform study of electronic transitions

delays within sequences of femtosecond laser pulses wit Y ) :
suboptical-period accuracy have triggered the developmerif @nother solvated laser dfén addition to Incorporating a
ber of technical improvements, those experinfemizy

of new electronic interference spectroscopies in which théUm L€ : _
signal is quadrilinear in external fields bearing preciselyreveal additional information about nonresonant effects be-

specified optical phase relationships to one andkffeThe — cause they employ an external reference field that does not
power of these techniques for elucidating chemical dynamicgass through the sample. There have been parallel advances
|ieS in generating Coherent Signa's that are direct'y propori.n heterodyne'detected multidimensional Vibl’ational Spec—
tional to the overlap between multipulse target and referencoscopy of both solvated chromophoreand neat liquids?
nuclear wave packetén a pure-state descriptipror to a Theory has guided all of these developments. The phase-
multipulse density matrix incremeifin a mixed-state treat- locked heterodyned photon echand the closely related
mend. This feature stands in contrast to more standardhree-pulse phase-locked pump—probe absorpiias sug-
homodyne-detected four-wave mixing spectroscopies, whicgested by Chet al*2 Tanimura and Mukamé&! analyzed the
measure quantities proportional to the absolute-valueprospects for multidimensional vibrational spectroscopy
squared of the corresponding overlap or density matrix infrior to its successful implementation. Theoretical studies by
crement and do not require phase-controlled pulse seMetiu and Engéf prefigured the original experiments on
quences. It also differs from ultrafast pump—prbaed time-  linear interference spectroscopy with phase-locked pdiées.
resolved fluorescenfespectroscopies, which are linear in a Despite the experimental progress and the contributions
density matrix increment butilinear in each of two external from theory in elucidating the physical content of ultrafast
pulses(pump and probe or gatand which to first approxi- electronic interference measurements, much work remains to
mation monitor time-dependent nuclear probability densitieshe done toward interpreting these signals in terms of the
rather than overlaps between distinct amplitudes. The lattainderlying molecular processes. In this context, it is desir-
two examples additionally require a compromise betweemble to seek detailed pictures of many-body condensed-phase
time resolution(pulse duration and frequency resolution dynamics similar to those that have emerged from relatively
(spectral selectivityin at least one of the pulses, whereassimpler pump—probe experimetftand time-resolved coher-
amplitude-sensitive interference spectroscopy approaches gt anti-Stokes—Raman scatterifig-CARS) signals from
ideal realization with pulses short enough to freeze nucleaghromophores in low-temperature matri¢éghe most illu-
motion on the fastest time scales. minating interpretations in each case have been wave packet
The experimental study of amplitude-sensitive nonlinearjescriptions akin to those originally devised for linear
electronic spectroscopy was initiated by Wiersma and COzpsorptior® and resonance Ramdrdata®20-23
workers wit_h their measurement of phase-locked heterodyne- |, previous research that helped develop wave packet
detected stimulated photon echdpbHSPB from dye mol-  nictyres for multidimensional interference experiments, we
analyzed the ability of nonlinear wave packet interferometry
dElectronic mail: cina@oregon.uoregon.edu measurements equivalent to the pl-HSPE to prepare and
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measure superpositions between differently handed states sensitive spectroscopies will represent a significant qualita-
the double-well potential of a chiral molecifft More re-  tive advance. It has been clear for some time that coherences
cently, we have shown that nonlinear wave packet interferbetween electronic states, and hence the nuclear amplitude in
ometry has the capacity to reveal the complex-valued overthose states, can influence the course of electronic energy
laps between a given short-pulse-generated target waweansfer® Moreover, there is every reason to believe that
packet on an excited potential energy surface of a polyatomitational attempts to control the energy transfer process exter-
molecule and an exhaustive collection of variable referenc@ally in real time will benefit from the development of ex-
wave packeté>?® Among other uses, this form of wave perimental methods for directly tracking donor-excited and
packet interferometry could serve as a diagnostic tool foacceptor-excited nuclear wave packets.
quantum contrél and molecule-based quantum information Our model energy-transfer complex is a simple one ame-
processing® nable to detailed analysis. It comprises a pair of interacting

Here we make a detailed study of multidimensionaltwo-level chromophores whose electronic transition dipole
time-domain electronic interference spectra for a model commoments are fixed in space. Donor and acceptor chro-
plex supporting electronic energy transfer, and interpret theimophores each support a single intramolecular vibration. We
form in terms of the amplitude dynamics of the nuclear wavetouch on the issue of inhomogeneous broadening of the elec-
packets on and between donor-excited and acceptor-excitdgonic transition frequencies, but defer until later the incor-
electronic potential energy surfaces. The ultrafast dynamicgoration of important features such as multiple intra- and
of electronic energy transfer in photosynthetic light- intermolecular vibrational modes, orientational disorder,
harvesting complexe?s", J-aggregategq and various model electronic dephasing, and thermal congestibBy illustra-
complexed'~3*has been the focus of intensive investigation.tion with this model complex, we show that nonlinear wave
This prototypical process in chemical dynamics was depacket interferometry, together with the tools of optical
scribed by Fester in an insightful heuristic treatmetitA  phase control and polarization spectroscopy, is directly sen-
more rigorous treatment, which generalizes the original desitive at the amplitude level to the dynamics of internuclear
scription by incorporating electronic coherence and inter- agnotion accompanying and giving rise to energy-transfer
well as intramolecular motion was later put forward by surface-crossing transitions. It has the capacity to monitor
Rackovsky and Silbeé§ and Soules and Duk¥:>¥While the the basic process of electronic-nuclear state entanglement
focus in prior studies has mostly been on donor- andhat underlies energy transfer, and ameliorates a long-
acceptor-state population dynamics or nuclear probabilitpperceived shortcoming of conventional measurements on
densities(proportional to the square and higher even powerdWo-electronic-state systerfi.
of the transfer matrix elemen), we show here that wave
packet interferometry measurements are sensitive to the
nuclear probability amplitudéinear inJ) for electronic en-  |l. BASIC THEORY
ergy transfer. _ . o

The desirability of obtaining amplitude-level dynamical e consider a dimer complex whose Hamiltonian,
information for energy-transfer systems stems in part from H=|0YHo(O|+|1)H(1|+|1"YH{(1'|+]2)H (2|
general considerations similar to those that make such infor-
mation valuable in the simpler context of light-induced HI{L WL+ [} (D)

nuclear motion within a single electronic state: There is nacomprises four electronic level)) =|g,0,) with both mol-
more complete description of the time development of a sysecules unexcited|1)=|e,g,) with the “donor” excited,
tem following interaction with an arbitrarily shaped resonant|1’)=|g,e,) with the “acceptor” excited, and2)=|e,ep)
laser pulse than that given by the excited-state nuclear waugith both molecules excited. The corresponding nuclear
function (or density matrix incrementFor instance, while it Hamiltonians,

is possible, in principle, to predict the future behavior of a
molecule in a given electronic stater stateg from knowl-
edge of the molecular Hamiltonian and nuclear wave func-
tion(s) at some instant, the same is not true starting from th&uith potential energy surfaces,
Hamiltonian and an initial spatial probability density alone.

Pa P
a
i=5m T o T 7i(da:b), (2

2
It can also be argued that, as the most complete possible y0=m—w(qg+Q§)- 3
description of the state of nuclear motion, the time- 2
dependent nuclear wave function should be uniquely sensi- Mw? .
tive to parameters defining what may be an only approxi- Y1~ €1t —5—((Ga—d)"+qp), 4
mately known molecular Hamiltonian. The predicted )
proportionality between the wave packet interferometry sig- _ Mmo™ > )2
. . .. V1’_61’+ (qa+(qb d) )l (5)

nal and the energy-transfer matrix element is a vivid example 2
of the latter feature of amplitude-sensitive measurements. M2

Within the specific context of energy-transfer systems, v,=e€,+ T((qa—d)2+(qb—d)2), (6)

for which many conventional experimental methods have
been crafted to monitor the change in population of donogovern the motion of one intramolecular vibration in each
and acceptor electronic states, the application of amplitudechromophore. The equilibrium position of a vibrational mode
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Be= pa(| 1){0[+[2)C1"]) + po(| 17)€0] +[2)(1]) + H-C(-é)

allows transitions in which the exciton number changes by
one. For our purposes, it is important that the molecular di-
poles be nonparallel, so that pulses of different polarization
can selectively address either the donor or the acceptor.

The experimental observable will be the portion of the
population of a specific excited electronic state that is
quadrilinear in the field amplitudes(i.e., proportional to
ArABACAp)  immediately following the four-pulse
sequencé® To calculate that population, it is sufficient to
have the perturbative wave function,

[W(t))=[t—tp](1+D)[ta](1+C)[tu]

X(1+B)[tpl(1+A)[ta—to][W(to)),  (10)

FIG. 1. Schematic contour plots of potential energy surfaces for electronidn Which the molecular evolution Operatﬁ?sare written as
ground state, donor excited state, acceptor excited state, and two-excit¢it ] = exp(—iHt) and pulse overlap has been negleé[?e‘ﬂhe

state. The minimum of energy in each potential is at the corresponding sit —
energy, as in Eq3)—(6). A sketch of the spatial path for a possible con- 6perators| A, B, G andD are pulse propagatof%,

tribution to the target wave packet is also shown. . f @
—I

| = ocdT[—7'-|-'[|]V|(7')[7'—'[|], 1y

whose forms are simplified by neglecting energy transfer

is displaced by a distanakwhen the host molecule is elec- during the pulses and adopting the rotating wave
tronically excited. The site energy of the two-exciton state isapproximatiorr?
typically e,=e;+ e, .44 In calculating the amplitude in each of the excited states,

Figure 1 shows a contour plot of the four site potentialwe take note of the fact that an odd number of laser—
energy surface® A state change from 1 to'd—energy molecule interactiongone or threg are required to reach
transfer from donor to acceptor—is expected to proceed efeither of the one-exciton states, while an even nunitveo
ficiently at positions where, = v,, . This intersection occurs or four) are needed to reach the two-exciton state. For the
along a diagonal lin@,=0q,— (e;— €;-)/mw?d whose loca- nuclear wave function in the acceptor-excited state, we find
tion depends on the site-energy difference between donor |y, (t))=(1'|[t—tp]{D[ty+ty+t,] +[tg]Clt,+t,]
and acceptor moieti€é.As energy transfer ensues, an en-
tangled state develops through the procelds]y,) FltattwIBltp]+[tgtty +t]A
— | D)) +|17)|¢). While the transferred population,
<¢|1,|><|p1,>>, i|s o>flen ineasured, and some information about * Dlta]Cltw]BLtp] + DItalCltw oA

the time evolution of the probability density};,(q.,9s)|?, +D[ty+1t,IB[t,]A

has already been obtained from ultrafast experiments, there

does not yet appear to have been a direct determination of +[_td]c[tW]B[tp]A_}|0>|n°>' (12

the entangled state itself, or in particular, of the transferredimilar expressions can readily be found for the nuclear
amplitude| ). probability amplitude in the other electronic statés.

We shall see that wave packet interferometry with opti- ~ Since we are interested in the amplitude for 1" elec-
cally phase-locked ultrashort-pulse sequences can reveal tii@nic energy transfer of first order i we need to examine
complex-valued overlap of a “target” wave packet describ-the contributions tgy;,) that are first and zeroth order i
ing the energy-transfer amplitude with a collection of refer-The former are possible target wave packets while the latter
ence wave packets of specified structure. The ultrashogre available as reference states. Keeping contributions to the
pulses that generate the target and reference wave packdtee evolution operator that are zeroth and first ordes,ih
will bg part of a phase-controlled sequence, so we treat t_he [t]=[tlo+[t]1, (13
evqlunon of the system under the time-dependent Hamll—We can rewrite Eq(12) as
tonianH(t)=H+V,(t), where

|1 (1)) =[A1)+B1)+|C1) +[D1)+|(IA) 1)

V(t)=—m-E/(t), 1=A,B,C,D (7) I8 e D
+ )+ Y+ )
describes the interaction with one of four pulses, [(98)2)+[(9C)2) +1(ID)a)
+[(DCB)1/)+|(DCA)1/)+|(DBA);/)
E()=gA(t—t)codQ(t—t) + D)), 8

+|(CBA)1/)+|(JDCB);/)+|(DCJB);:
each of which has a well-defined polarization, envelope I ) )+l 1)

function, arrival time, carrier frequency, and phase. The in- +[(JDCA)1/)+|(DCJIA) 1)+ |(IJDBA) /)

tervals between pulses are referred td gstg—ta, ty,=tc
—tg, and,ty=tp—tc.*® The electronic dipole moment op- +[(DBJIA)1)+[(JCBA)1/)+|(CBIAL),

erator, (14
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which uses the short-hand notation der the first of these, the acceptor-state amplitude reduces to

(DCIB)1 ) =(1'[[t—tp]oDltaloCltu] 1Bt 1ol0) e}, [we@)= [(4),) + [UB)) + |WC)) + |UD))
(15

and so forth. \ \ ‘\
In order to calculate the interference populat®n , we A
B c D

must identify the quadrilinear contributiofigo (/| ,/): a

sum of four terms that are zeroth order ih (e.g., 2

Re(DCB)y |(A),/)) and twelve terms that are first orderJdn

(e.g., 2 R{DCB),/|(JA)1/)).>* But the situation can simplify

considerably when we take account of laser polarization, as 4 (Dxchy) > + I DxBxAy) > + ‘ CxBxAy) >
each of the amplitudes in E@l4) depends on the relative

orientation of the field polarizations and molecular dipole D D C
moment operators. R — D

] ) I i I i
Ill. CASE STUDY A A A

We consider a simple example illustrating some basic
features of interference measurements of energy transfer: the + |(JDxCxBx) > + I(DxCxJBx)l'>
dimer is assigned a well-defined internal and lab-frame

geometry—as in a cryogenic matrix, macromolecular crystal, \ :D
or layered structur&—with m,= ui and uy= uj along the C
space-fixed xand y axes, respectively. Themr-polarized —Q—> \
pulses can drive the transitions ___.__>E C —_
B B (19

] E a
1 2 The resulting quadrilinear contribution /. (t)|¢1(t))
specifies the interference contribution to the acceptor-excited
state population:
0 €E&—> 1 (16)
P1/(AyBLCxDy) =2 RE[((Ay)1/|(ID,CiBy)1/)

+{(A)1//(DxCxIBy)11)

+ <(DxCxAy)1’|(J Bx)1r>
I 1 +{(DxBA)1/|(IC1/)

(17) +<(CxBxAy)l’|(JDx)l’>}' (20)

while y-polarized pulses drive the transitions

Target amplitude on the acceptor state of first ordel in As expected, this signal contains no terms of zeroth order
can result from energy transfer following excitation of thein J.

donor state by an-polarized laser pulse: It is useful to consider specific values of the relative
9" optical phases of the pulses. Under a generalization of the
J phase-locking scheme developed by Scherer and co-workers

for linear wave packet interferometry with phase-locked

0 1 pulse pairs;? it is possiblé to make sequences of the form

(8) comprisingpairs of pulse-pairsAB and CD for which

X-pulse (18)
i . ®B:¢)A+thp+¢pi (I)D (I)C+thd+¢d! (21)

Preparation of a reference wave packatroth order inJ)

that can interfere with this "Ltarget requires onéor threg  respectively. The phase shifi,(¢y) is termed the locking

y-polarized pulses and twr ng x-polarized pulses. The angle of theAB (CD) pulse pair at the locking frequency

former casdwith a total of threex-polarized pulses and one (,({1y). The interpulse-pairphase shifts need not be con-

y-polarized pulsgis suitable for our purposes, as it affords atrolled, so for our purposes angles suchdas— ®gz may be

wide variety of reference packets with both modes of vibra-formally assumed to sample a full range of values from 0 to

tion set in motion. This feature is useful in generating over-27r over many laser shotg.

lap with a target state whosa mode is set moving after Expressiong7), (8), and(11) show that parts of a pulse
short-pulse excitation of the donor and whdsenode mo-  propagator which induce upward transition@roportional
tion is initiated by energy transfer. to 10|, |1")(0],

We consider four different polarization combinations: exp(—i®,). Parts ofl that induce downward transitioripro-
A,B,C,Dy, A;B,C,Dy, AB,C,D,, andA,B,C,D,. Un-  portional to|0)1], [0)(1’],
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phase factor expP;). As a result, we see that the last two ings provide some interesting overlaps, but we do not pause
terms in Eq.(20) are not phase controlled and hence averagéo analyze them here. The analysis of this section has fo-
to zero over many repetitions. Using the optical phd@ds  cused on isolating a particular contribution &/, the

we find that quadrilinear acceptor-excited state population. Section V will
. . address some practical issues associated with meadeying
P1/(bp,pa) =2 Reexp—idp—idq) itself, by polarized fluorescence for example, in the presence
X(<(Ay)1’|(‘] D,C,B,)1/)© of possible quadrilinear populations in the other excited

states 1 and 2.
+((DyxCyAy) 1/[(IB) 1) V) +exp( iy
i) (A)1/[(DyCIBY:)O), (22 V- ENERGY-TRANSFER WAVE PACKET DYNAMICS

in which the superscrip0) designates the overlap with both A quasiclassical analysis of phase-space trajectories can
pulse pairs in-phasé.e., ¢,= b4=0). While three distinct |nd|cat¢ when the overlag,/|&;/), expepmgntally |solable.
overlaps can contribute to the interference sig@a) for an ~ according to Eq(24), should be nonvanishing. A schematic
arbitrary choice of the phase-locking angles, it is possible tjrajecyory for the dominant portions of the target wave packet
combine signals with different phase shifts in order to isolate €1} 1 Shown in Fig. 2. We specialize to energy-transfer

the combinations waiting times equal to half a vibrational periog,= 7;,/2
=m/w, in order to allow time for only one crossing of the
((A1/[(IDLCB) 1)V +((DyCA)1/[(IB) 1) intersection between the (q,,9,) andvy:(d,,q,) surfaces,
and show the average valuesasfode and-mode position
—1pL(00+P, I - Z) _le,(Z,o) and momentum that should result when the energy-transfer
4 2" 2 2 transition from 1 to 1 occurs afterat,, in state 1. After the
- surface-crossing transition, tlemode trajectory sweeps out
+iP1,(O,§ ] (23 an anglewr(1— «) about @Q,,q5) =(0,0); this istwice the

angular displacement about the same origin that would have

and occurred if energy transfer had not taken pl&t® Mean-
1 while, the b-mode undergoes an angular displacement by

0 _= _ K m(1— @) about @Qqy,q,)=(wd,0) after energy transfer.
<(Ay)1,|(DXCXJ B1) 4 { P1(00 Pl,( 2’ 2) A schematic diagram of the phase-space motion for the
- - reference wave packét, ) is shown in Fig. 3. In order for

+iP1'<§,0)—iP1'(0,§)] the target and reference wave packets to overlap signifi-
cantly, their phase-space coordinates must nearly coincide.
(24)  Comparison with Fig. 2 indicates that sizable overlap should

Combining signals with different values g, and ¢4 by the occur for
prescriptiong23) and(24) is an example of “phase cycling” B a
in optical spectroscopy°® Equation(24) illustrates a key tp=|m+1=3] 7. (27)

prediction of our analysis, that nonlinear wave packet inter-

ferometry with pairs of pulse pairs is capable of isolating theand

full complex overlaf® (ay/|&/)=((A,)1/](DxCxIB)1/)® a
between a given energy-transfer target Ly={ N+ 5| 7vip. (28
|&1)=exp(i®g)(1’|[ty]1B,|0)[no), (25  wherem andn are non-negative integers.

It is possible to obtain a closed-form expression for the
gsolable overlag24) in the short-pulse limifpulse duration
much less than the inverse absorption bandwidth or inverse

generated by first-order energy transfer duripg and the
members of a collection of variable reference wave packet

|y ) ={expi®g)(1'|CI[ —tgloD I ta+ twttploA, Franck—Condon energyAnalytic forms are given in Appen-
dix B for the target(B5) and referencé€B7) wave packets;
X[—tp]o|0>|n0>}|¢p:¢d:0' (26) from the commutation properties of harmonic oscillator cre-

The C and D pulse propagators are reassigned to the referdtion and annihilation operators, we find their overlap

ence wave packet in Eq6) in order to highlight the corre- <al|§1'>=<(Ay)1'|(DxCxJ BX)1,><0>
spondence between Eq25) and (18); some phase factors

have been introduced in both bra and ket to render the target —iJ
wave packet independent gf and ¢,. Notice that the ref-
erence state evolvebackwardsin the two-exciton state

4
area areg areg areg

o
2

X ei(fl/—ﬂp)tp+i (eqr —62+Qp)td

duringty.
The remaining polarization combinations of immediate Tyin/2 ) 5
interest are considered in Appendix A. A complete scan of X JO drexpi(ey — €))7+ 5%€'"
interpulse delays would also include the two interleaved
pulse sequenceSCBD and ACDB; these alternative order- X (e'%+e 19l—1)+ §%e 19T— 267, (29

Downloaded 02 Jan 2003 to 128.223.84.43. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpoljcpcr.jsp



J. Chem. Phys., Vol. 118, No. 1, 1 January 2003

N
qa (X.tw \“‘
3 wd H mda
' N - alty,
db/\ emmme. ..l
(1 b a)tw “.‘
, ' ! g
“ od q,

FIG. 2. Phase-space trajectories for éhmode(above andb-mode(below)
of a target wave packet prepared byapolarizedB pulse. 11 energy

transfer is shown occurring aftert,, of motion in the donor-excited state.

q a et AN T .
wd Looqy,
ty
counter-clockwise
dy bttt
= tp+ tw
wd 0
qb

FIG. 3. Phase-space trajectories for samode(above andb-mode(below)
of a reference wave packet preparediy C,, andD, pulses. The last two
pulses operate in reverse order, with an intetyabf backward evolution
between them.

Wave packet interferometry 51

1.5 T N
Re

&

-
N
o
"
0.5 ()
\
] :\\
j
N
,ﬂm,' * I\l‘l\l‘l\‘l“
e
0
1 -5 \ 4 T
S
N
i
1444
’/
-
-
O
.
0.5 <
0 %\
0 0.5 15

FIG. 4. Calculated interferogram for the case of equal site energies,
=¢€;,, and energy-transfer waiting timg,= 7,;,/2. The sign and size of
both the real part and the imaginary part are physically meaningful, giving
the complex-valued overlag29) [divided by J(u/2)*areq areg areg
aregyp] as a function of the intrapulse-pair delays and ty. Positive
(negative contours are given by solittlashedl lines spaced by 0.008 373,
with a maximal(minimal) value +(—)0.125 594.

The pulse areas, argaand dimensionless displacement,
are as defined in Appendix B.

A. Calculated interferograms

For chosen parameter values, E29) can be evaluated
easily by numerical integration. We take=8.3x10 * a.u.
=2mc(182.17 cmY), m=99000 a..=53.917u, d
=0.3a.u=0.158 75 A (5°=0.369 765 Erc/w, whereEgc
=mw?d?/2 is the Franck—Condon enelgyBoth phase-
locking frequenciegsee Eq.(21)] are chosen to match the
vertical transition energy for donor excitatiorlf=4
=e¢e1+Egc). Figure 4 shows the calculated two-dimensional
(2D) interferogram for the case of equal site energigs
=¢€,. The interferogram for a downhill case wi#,=¢€;
—2Egc is shown in Fig. §°

The locations of maximal interference signal are in
qualitative accord with the quasiclassical predictions of Eqgs.
(27) and (28) for both equal-energy and downhill cases. For
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of equal site energies can be attributed to the finite time
required for the quantum mechanical target wave packet to
leave the potential-crossing line at the Franck—Condon point.
The fringe structure in the 2D interferograms of Figs. 4
and 5 reveals amplitude-level information about the form
and dynamics of the corresponding target wave packets. The
rates of change witht, and t; of the phaseTl
=—iIn{ay/|& ) are given in Eq(C7) [or (C9)] and Eq.(C8)
[or (C10)], respectively(see Appendix € The last term on
the right-hand side of both EgEC7) and(C8), involving the
position matrix elements{ay/|qy,—dp|€1/) and (aq/|da
—0al &), respectively, would vanish if the reference wave
packet were the same as the target within a constant factor, as
would be expected at the signal maxima in the limit of qua-
siclassical target-state dynamidS> ).
The fringe structure of the peaks in Fig. 4 corresponds to
dl'ldtp=—dl'ldty=—-0.53w at the signal maxima, and
these values imply

(@1/|0a—0al &1/)=—(ar/|dp— bl é17)

~0 53<a1’ €17 oi27(0.0779
' wd

m

for the case of equal site energies. The phase derivatives at
the signal maxima in Fig. 5 ar@l'/dt,=—7.53» and

'l 9ty4=0.14w. Equations(C7) and (C8) in our case of
downhill energy transfer then yield

(@1/|0a— 04l &1/)=—(a1/|Ap—qp|é17)

(aq/| &)
mwd '

a smaller(but still non-negligible deviation from quasiclas-
sical behavior than in the equal-energy case.

=0.14

B. Target and reference wave packets

In order to clarify the relationship between the experi-
mentally measurable overldjy,/|£;/) and the spatial form
of the target and reference wave packets, we have calculated
the target wave packet using H®5) and the reference with
which it interferes at intrapair delays producing maximal
overlap using Eq(B7). These are shown in Figs. 6 and 7 for
the case of equal site energies and Figs. 8 and 9 for downhill
energy transfer. The target wave packet plotted as a function
of (0,,qp) is seen to bear a discernible resemblance to any
single peak in the corresponding interference signal plotted
with respect to {g,t,) (i.e., transposed about the diagonal

FIG. 5. Calculated interferogram for the case of downhill energy transferfrom our Figs. 4 and j especially in the equal-energy case.

Same parameters as in Fig. 4 except=e;—2Er:. Also shown is the

While this vivid correspondence is a feature of the two-

absolute signal intensity, in which the temporal locations of certain satellitq ;jhration model. it serves to illustrate that the 2D interfero-

peaks are readily discernible.

the equal-energy interferogram, maxima || &,/)| are
ty=(m+1—0.155/2)r,
+0.155/2)r;, . Maximal signals in the downhill interfero-
gram occur farther “off diagonal,” whent,=(m+1

—0.5/2)7, and ty=(n+0.5/2)r,,. The deviation of the
effective energy transfer timer,;,/2 from zero in the case

found wh

en

and

grams are sensitive records of the energy-transfer surface
crossingamplitude

Sources for detailed features in the wave packet interfer-
ometry signals of Figs. 4 and 5 can be identified in the cor-
responding target amplitudes of Figs. 6 and 8, respectively.
For instance, the temporally varying signal oscillation fre-
quency observed in Fig. 4 can be attributed in part to the
spatially varying local de Broglie wavelengths seen in Fig. 6.
The equal energy interferograffig. 4) exhibits small satel-
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FIG. 6. Real and imaginary parts of the target wave packet for the equal

energy case. Equatior(B5) is plotted as (q,,qp|ér) divided by FIG. 7. Real and imaginary parts of the reference wave packet for the equal
J(ul2)aregr,,/d. Contour lines of the same sign are spaced by 0.013 151energy case att{,ty)ma=(0.9225,1.0775),;, Equation(B7) is plotted as

and take maximalminimal) values+(—)0.197 261. Locations of potential {0a.Op| 1) divided by (u/2)%area areg areg /d. Contours of the same
minima for donor-excited(1) and acceptor-excited () states are also Sign are spaced by 0.10227 and take maxintalinimal) values
shown, as is the line of intersection betwegnand v, . +(—)1.534 11.

vi=vq, Crossing region in the vicinity of d,,qp)

lite peaks near t,ty)=(m+0.5n+0.5)7;,. Phase-space =(3d/2,d/2) as the packet reaches the outer turning point,
diagrams make it clear that reference wave packets prepareshd resonant energy transfer ensues. Both of these processes
with these delays$not shown will overlap the small trailing  contribute to the trailing region of target probability ampli-
region of target amplitude neaq{,q,)=(2d,0) that is vis- tude near ¢,,q,)~(2d,0) in Fig. 8 and the corresponding
ible in Fig. 6. This trailing region of target probability am- satellites in the interferogram. The downhill interferogram
plitude arises from nonresonant electronic energy transfemas additional satellite peaks negg t4) = (m,n) 7, . These
late in the waiting period. The wave packet launched by theeome once again from both nonresonant electronic nutation
B, pulse reaches the outer, turning point on the donor- [near @.qp)=(0,0)] and resonant transfé¢for (q,,dy)
excited surface after half a period, and amplitude transfer car- (d/2,—d/2)] when theB, wave packet is in the Franck—
occur because the wave packet lingers there for a tim€ondon region. The resulting contributions to the target
~2m/Egc, which is only slightly longer than the local elec- wave packet evolve as a leading region of probability ampli-
tronic nutation period 2/(vy— vq)~27/4Ec. tude that is localized betweenqy{,qy)=(0,2d) and

There is also a series of satellite peaks neart() (da,qp) =(—d/2,5d/2) by the end of the waiting period.
=(m+0.5n+0.5)7,;, in the downhill interferogram of Fig.
5. These derive only in part from electronic nutation at they. DISCUSSION
outer a-mode turning point[with local period 27/(vq
—vq1)~272Ec, somewhat longer than in the equal-energy
casq. In the downhill case, the edge of the donor-excited In Sec. Ill and Appendix A, we determined the contribu-
wave packet prepared by th&, pulse still penetrates the tions toP;,(ABCD), that are isolable by phase cycling un-

A. Measuring P,
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der various polarization combinations. Whig, is indepen- 3
dently observable in the sense of being the expectation value
of the Hermitian operatojd’)(1’| (or the quadrilinear con-
tribution to that quantity, we still need to consider how it
could be measured in practice.

One strategy would be to monitor the time- and
frequency-integrateg-polarized emission from '1-0. But o
any quadrilinear contribution to the population of the two- ~ 1
exciton state 2 could give rise tppolarized 2-1 emission o
that would obscure the sought-for signal. This complication
can perhaps be overcome by the simple expedient of spec-

trally filtering the y-polarized emission. While we have as- °
sumed thate,= €, + €4 in our calculations, this is an ines-
sential choice not strictly obeyed in practice. In actuality, the
peak frequency of relaxed emission from the acceptor chro- -1
mophore will depend slightly on whether the acceptor mol-
ecule is or is not electronically excited. Thyspolarized 3
emission fromP,, and P, should be spectrally distinguish-
able.

Spectral filtration of the emitted light may not be neces- )

sary in the case of downhill energy transfer, however. In this
casex-polarizedemission can serve as an independent mea-
sure of the relevant contribution t8, under A,B,C,D, . 5
With these polarizations, the amplitudes that overlap to pro- ~g 1
duce a quadrilinear contribution to the population of state 2 T
result from the electronic transitions

0
B ~ D
I and \ not phase locked ‘ |
A = -1
(30 3
Abs
— ~ @%
c \D 21 {({{& N )
I A and expl-ith,+ 0} \,\( \
——é h . s
B 3 1 @\ o
(3 o 1
Do ~C o
I A and \ exp{-i(9,- oy}
-—q ‘
B - 0 1 3
q./d
(32 2

FIG. 8. Same as Fig. 6, but for the downhill case. The absolute value of the

L ) . target wave packet is also plotted in order to emphasize the spatial locations
The phase structure of each term is indicated; there is Nngx jocal maxima in the probability amplitude due to nonresonant electronic

contribution toP, of zeroth order inJ. nutation and resonant transfer from the edges of the nuclear wave packet.
We showed in Sec. Il that phase-cycling selection of theBoth of these secondary energy-transfer mechanisms proceed efficiently at

. . ' . . the inner and outer turning points of motion in the donor-excited potential

signal proportional to expfi¢,+idy) could be used to ex-

tract the single overlag(A,)1/|(DxCxJBy)1/)® from the

other contributions td?;, . Expression(32) shows, though, _ _

that a portion ofP, with the same optical phase could make tion, P1(A;B,C,D,), to see whether an exp(¢,+idqy)

an additional contribution tgy-polarized emission. State 2 term exists there as well. It happens that two contributions to

can also emit withx polarization, and we can check the phaseP,(A,B,C,D,), those arising from overlaps between the

structure of the quadrilinear-emitting donor state popula- amplitudes,
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(ap|é1)l, + o, = (Mol (OJAJ[ —ty—ty,— Sty —talo
and A \ XDy tq]oCyl L' W1'|[ty+ Styla

S — XB,[1,10/0} o)
B D (33 = (nl{O| AT~ tp— ty— 8tu—tao

X Dx[td]ocx[ 5tw]0| 1/>

\ X(1'|[twl1Bxl tplol0Y o)
and A =(av|é)l,- (36)

<—8B
— > The effective reference wave pacKef;,) of Eq. (36) fol-
c D lows a phase-space trajectory that lies off the Franck—

(34  Condon shell for the internal vibration of the donor, increas-
) ) ing the dimensionality of the accessitdenode phase space
both carry an exptify—i¢g) phase factor; so phase selec- from one to two. This is a step toward providing an exhaus-
tion of thex-polarized emission would not generally give an tye set of reference wave packets to interfere with the target
unobscured view of the exp{¢,+idg) contribution toP,.  packet. To gain a second dimension in thmode space may
But the overlag33) and(34) involve backwardenergy trans-  require additional optical transitions to access state-0 or

fer from the acceptor to the donor. If the acceptor site energyiaie-1 surfaces during reference state preparation.
is sufficiently far below that of the dondas in our downhill

case, where the acceptor-excited Franck—Condon point is if<- Echolike versus nonecholike signals

self Egc below the intersection energy between andv,), When experiments of the kind considered here are car-
the backwards transition cannot occur for energetic reasonged out on chromophores in low-temperature solids, it will
and the corresponding contribution g vanishes. Thus for he necessary to consider the effects of inhomogeneous
the downhill case, the exp(i¢,+igy) component o, can  proadening. As a result of differences in local environment,
be determined as the sole contributionxtpolarized emis-  the site energies;, €;,, ande, in Egs.(3) through(6) may

sion having this phase signature. Having been detelyary with location in the sample. This spatial inhomogeneity
mined independently, thi®; contribution can be unam- in the site energies could affect the nonlinear wave packet
biguously removed from thg-polarized emission without interferometry signal from a bulk samgi&ut in energy-
spectral filtration, leaving the sought-for overlap transfer systems, the effects of inhomogeneity would depend

((A))1/|(DxC,JIB))1/)(? as the only remaining signal. on the degree of correlation between donor and acceptor en-
ergy shifts.
The simplest situation would entail perfect correlation
B. Prospects for state determination between donor and acceptor site energies, so éhate;

+ e, €1, =€1/+ 8¢, and e,=¢€,+25¢. In this case, the

The collection of reference wave packé$) available  single overlap(24) that is isolable undeA,B,C,D, polar-
underA,B,C,D, polarization is limited to botte-mode and  jzation depends on the site-energy shift as

b-mode Franck—Condon energy sheliee Fig. 3. The in-

terpair delayt,,= ,;,/2 places the targef25) on the same ((Ay)1/](DyCIB,) 1) O cexpfi Se(t, —tq)}, (37
energy shell, allowing sizable overlap. Since reference I N
packet formation occurs first on thg, surface(where only and the overlap that is isolable undB, C,D polarization

gp is displaced and then orw, (where bothg, and g, are [see Ea(A3)] goes as

displacedl, the prospects for determining overlaps with an ((By)l/|(DXCXJAX)1,>(°)O<exp[—i5e(tp+td)}. (39)
exhaustive collection of reference packets—including many

with average energypff the Franck—Condon shell—might In this limiting situation, we would naturally identify the
appear dim. But measuring overlaps between target wavverlaps(37) and (38) as arising from echolike and non-
packets witht,, slightly different from r,;,/2 and on-shell ~€cholike signals, respectively; the former overlap suppresses
reference packets can be nearly equivalent to measurirfﬁe effects of(correlated inhomogeneous broadening along
overlaps between targets with= 7,,/2 and off-shell refer- thets=t, diagonal and the latter does rfdt.

ence wave packets. Dynamical considerations come into play as well, how-
To exhibit this equivalence we note that ever. The semiclassical criterjd7) and(28) suggest that the
overlap((Ay)1/|(DxCyJ B 1) can be nonzero when the
[ty+ Styli=[ Stuloltwls+ [ Stwliltwlo (35)  delay difference in Eq(37) takes on values
N . e t,—tg=(m—n+1- ib s 39
(see Ref. 52 For slight increments in waiting time, the sec- p~ta=( @) Tuiy 39
ond term in Eq.(35 can be neglectedunless e;— €y, some or all of which may appear off the diagonal. On the
=4E., a still greater energy difference than in our down- other hand, Eq(A7) indicates tha((By)1,|(DXCXJAX)1,>(°)
hill case, and can be nonzero when
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D. Related theoretical work

Szas et al % very recently made a theoretical study of

2D photon echo spectroscopy on an excitonic two-site model
system somewhat related to the present investigation. As a
step toward a full analysis of vibrational and electronic co-
herence effects in photon echo signals from conjugated poly-
mers, they considered the frequency resolved time-dependent
third-order polarization from a purely electronic equal-
energy two-site(four-leve) system. The formal treatment
and specializing conditions differ in several respects from
those adopted here. S=oet al. found that the positions of
off-diagonal peaks in the frequency domain interferogram
carry information on the energy-transfer coupling strength,
the relative heights of four characteristic peaks reflect the
angle between the site-localized transition dipole moments,
and the peak shapes depend on the ratio of homogeneous to
inhomogeneous dephasing. Consistent with the conclusions
of the present study, they concluded that theterodyne
detected frequency domain signal carried more structural
and dynamical information than itthomodyne detected
time-domain counterpart.

In an earlier and more general study, Zhagl > also
analyzed two-dimensional electronic spectroscopy from
small aggregates coupled to a vibrational bath. Like those of
Szaset al.,®® the specializing conditions of Zhare al. are
rather different from ours, and the possibility of coherent
vibrational motion is suppressed. Emphasizing the structural
information content of these methods, they showed how vari-
ous 2D techniques could provide information on intermo-
lecular coupling strengths and patterns. Their study did not
dwell explicitly on the possibility of separately addressing
donor and acceptor moieties with differently polarized
pulses’’ Interestingly, Appendix F of Ref. 39 contains ex-
pressions for the contributions to various 2D four-wave mix-
ing signal of first order in the electronic coupling constant

E. Relationship to time-resolved CARS

Nonlinear wave packet interferometry measurements of
the kind suggested here and elsewf&feshare some ex-
perimental and theoretical features with ultrafast time-
resolved coherent anti-Stokes—Raman scattering measure-
ments recently made by Karavistas all’ The tr-CARS
measurements did not involve electronic energy transfer,
but—like wave packet interferometry—are sensitive to co-
herently excited electronic transitions and nuclear dynamics
in a low-temperature mediumyIn an cryogenic argon ma-

FIG. 9. Real part, imaginary part, and absolute value of the reference wavg|x)v where quantum mechanical wave packet motion is ob-

packet for the downhill case at,t) max=(0.75,1.25),;, . Note the quasi-

served to play a significant role. Similar samples, along with

classical coherent-state structure of the reference wave packet. Plotting pgolecular beams, could naturally be studied by wave packet
rameters are the same as in Fig. 7.

tp+td:(n+ a)’Tvib.

This time can be sufficiently shofe.g., forn=0) that the
nonecholike signal arising from the overlap in E@8)
would not be suppressed by inhomogeneous dephasing.

intereferometry measurements as well.

Electronic dephasinpr decoherengeeffects of the kind
observed by time-resolved CARS will undoubtedly come
into play in nonlinear wave packet interferometry measure-
ments as well. Because of the nearly harmonic nature of low
temperature host lattices, both time-resolved CARS and
wave packet interferometry experiments on chromophores in
solid matrices should be valuable testing grounds for quan-
titative models of electronic decoherertée’®

Downloaded 02 Jan 2003 to 128.223.84.43. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 118, No. 1, 1 January 2003 Wave packet interferometry 57

F. Concluding remarks APPENDIX A: ALTERNATIVE POLARIZATIONS

Our analysis of nonlinear wave packet interferometry for - Here we summarize the interference signal under alter-
an energy-transfer complex illustrates the potential power ohative polarization conditions for the oriented model system
this form of multidimensional electronic spectroscopy for considered in Sec. Ill. Under polarizatioAgB,C,Dy, the
observing coupled electronic and nuclear dynamics of manyamplitude in the acceptor-excited state through first order in
body condensed molecular systems at the amplitude level. becomes
Our calculations for a simple model complex show that this

form of ultrafast multidimensional electronic spectroscopy— ¥/ () =[(By)1) +[(JA) 1) +[(IC) 1) +[(ID)1/)
along with the tools of polarization spectroscopy and optical +](D,CyBy) 1)+ |(DxByA) 1)

phase control—has the capacity to measure not just the evo-

lution of electronic populations and nuclear probability den- +|(CByAY) 1) +|(IDCiA11)

sities, but the time development of nuclear wave functions +|(D,C,JA) 1) (A1)

accompanying energy-transfer surface-crossing transitions.
Further research along the lines initiated here can adcompare Eq. (19)]. The four-pulse contribution to
dress the important issues of multiple intra- and intermolecu¢1(t)|¢1.(t)) gives the interference signal
lar modes, electronic dephasing, thermal effects, orienta-
tional disorder, and for gas phase samples, rotational Pl’(AxBnyDx)ZZRe{<(By)1’|(JDxCxAx)l’>

dynamics and congestion. The neglect of vibrational dissipa- +((By)1/[(D,CIA) 1)

tion specifically, a prerequisite for the onset of incoherent

energy transfer as described byr&er theory, is in keeping +<(Dxcx|3y)1’|(‘]Ax)1'>

with our specialization to very short-time dynamice., be- +((D}ByA)1/|(3C1)

fore the initial nonequilibrium vibrational distribution in the

donor-excited state has decayed to quasithermal equilib- +<(CxByAx)l’|(JDx)1'>}’ (A2)

rium). The amplitude-level dynamics studied here may no , . .
longer be readily discernible once the regime ofrdfer which can be compared to EQO). As in Sec. Ill, we can

i identify the optical phase-structure of the terms in E&R)
trans_fgr ensues, but wave packet mterfe_rometry could be @ 5rder to determine which portions of the signal are isol-
sensitive means for observing teesetof incoherent hop-  4pje by phase cycling. The last two overlaps in curly braces
ping and the decay of donor—acceptor electronic coherencge not phase locked because the pulses within each pair
W|th increasing transfer intervals. In th|S ConneCtion |t isinduce transitions in the same direction in one Of the over-
worth mentioning that while the treatment given in this papenapped states or in opposite directions in each of the over-
is based on a pure-state description of the energy-transfesipped statefe.g., in the fourth overlap of EA2), A, and
complex, the approach is also directly applicable to isolated, both induce upward transitions in the three-pulse wave
or condensed-phase systems with population distributed overacket, whileC, drives an upward transition in the one-pulse
thermally occupied levels. This generalization is accom-wave packet and, drives a downward transition in the
plished formally by the elementary step of summing withthree-pulse wave pacKefThe last two overlaps in EqA2)
Boltzmann weight over the initially populated energy statesare therefore expected to average to zero over many repeti-

of the complex plus batf. tions, and the signal becomes
In the interest of conceptual and computational simplic- P _oR . .
ity, we here assumed weak energy-transfer couplintgss 1($p, ba) =2 Relexpli by —i dg)
than w). Weak coupling should not be a requirement for in- X({(By)1/[(IDCLA) 1) ?

terwell coherence to be observed by wave packet interferom-

(0)
etry, however, and it might be anticipated that stronger cou- +<(DXCXBy)l’|(JA><)1’> )

pling would lead to more intense(if less simply +exp(i gp+idy)
interpretable interference spectroscopy signals. Further nu- ©
merical studies of wave packet interferometry in the strong X((By)1/[(DxCIA)1)™}, (A3)

e e s T oty .0, pozstocompare E22i. Agan 1
i - o umeri vatl P roves possible to isolate a single overlap,

here (but not the basic theoretical expressipnse laser ((B,)1/|(DxC,JA) 1)), by combining signals with differ-

pulses that are arbitrarily abrupt on the vibrational timegninyranulse-pair phase shifts. In the single overlap isolable
scale, it will be necessary to further investigate the practicafom gq. (A3), electronic energy transfer takes place during
consequences of nonzero pulse duration and finite spectrg|e intervalt,+t,; this differs slightly from the situation
bandwidth. We have specialized to pulse sequences with @ith Eq. (24). More significantly, as is discussed in Sec. V,
few specific polarization combinations that are sensitive tghe overlap isolable from EqA3) may exhibit nonecholike

the nuclear wave function arising from energy transfer to thebehavior under some regimes of inhomogeneous broadening,
acceptor-excited potential energy surface. Future studies cam issue that could be the subject of an in-depth investiga-
include pulse sequences of arbitrary polarizafibn. tion.
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For the two remaining polarization combinations, nothe short-pulse limit of thé, pulse propagato{ll) and the
single overlap is strictly isolable by phase cycling. With po- free-evolution operator of first-order ih given in Ref. 52,
larizations A,B,C,D,, the quadrilinear portion of the we find
energy-transfer signal becomes

P1(¢p. ba) =2 Re[expli by —i dg)
X(((Cy)1/|(IDB,A) 1)
+((DxCyBy) 1/[(IA)1)'?)
Xexp —i¢p—ipa)
X(((DyCyA)1/|(IBy)17)

J ty . )
&)= %are@f dre Hrtw=7e H170,0).  (B1)
0

The target wave packéB1l) is assumed to originate from the
vibrational ground state of the electronically unexcited com-
plex; areg= [dt A (t) is the integrated pulse envelope.

We can use harmonic-oscillator creation and annihilation
operators to go further with EqB1). Adopting the usual
definitions g,=(2mw) Y(a’™+a), p,=i(mw/2)¥¥a’

+{(CyByA) 1/|(ID) 1) )} (A4)  —a), Gp=(2mw) YAb"+b), py=i(mw/2)"*(b’—b), and
introducing the corresponding phase-space translation opera-

And finally, under polarizatio®,B,C,D, , we find tors To(a)=explea’—a*a) and T,(B)=exp@b —p*b),®

. . we have

P1/(¢p, ba) =2 Re{explid,+idg) ,

X(((Dy)1/[(IC,BA) ) H1=Ta(A)(Hot e0)Ta(9), gl
+((Dy)1/|(CyBIA) 1)@ Hy =Tp(8)(Hot er)TH(S), (B3)
X exp(—idp+idg) Ho=Ta(8) To(8)(Ho+ €2 TH(S) TL(S). (B4)
X({(DyCxAQ)1/[(IBy) 1)@ From relationgB1)—(B4) and some operator algeBtit fol-

0) lows that

+<(DyBxAx)l’|(JCx)l’> )} (AS)

J .
£, =— M_are%e*wz*'flfvib/?

When (for which interpulse delays, if anya sum of two 5

overlaps in Eq(22), (A3), (A4), or (A5) that is isolable by
phase cycling reduces to a single overlap can only be deter-
mined by a detailed analysis of the nuclear dynarffics.
Let us consider the wave packet dynamics associated A

with the single overlap((B,)1/|(DxCxJA)1)(?, that is +6(1—e“Nal
isolable by combining signal#\3) with different phase lock- Lo
ing angles. This overlap is equivalent to that between refer- +8(1+€“Nb'}[0,0). (85
ence and target wave packets resulting from the sequencesphe dimensionless displacementds: (mw/2)¥?d, and the
electronic transitions waiting time has been set tg,= 7,;,/2.

+ In the short-pulse limit, the reference wave paci&8)
C prepared from the vibronic ground state remains a quasiclas-

sical coherent state of the form
B A

e

Tyib/2 ) Do
Xf drexpli(e; —e)7—2i 6’ sinor
0

3
area areg areg e p'p 1 IdlaglH2ta

|a1'>:_i<%

(AG) XefiH1r(tp+tw+td)eiH0tp|0,0>. (BG)

respectively. Phase-space diagrams for the reference paC'ﬁélations(B:%) and (B4) plus some operator manipulations

can be dra_wn which are analogous to those in Figs. 2 and %and the choice,,= 7,;,/2) lead to the more explicit expres-
If we specialize to the case with energy-transfer intetyal gjgn

+1,,= 7in/2 just large enough to ensure one crossing of the

donor—acceptor intersection, then coincidence between tar- | (M ’ _ €1/ Tib
get and reference phase-points requires ay) =i 2 area, areg areg ex ! 2
Tyib Tyib @ +i(Qp—e1)ty—i(Qqg+ €1 — €x)tg+ 6%/t
tP:aT’ th(l—a)T, tg= n+§ Tyip - ) ]
— 6% % —28%+ 5(1—-e'“t)al

(A7)

+8(1+e )b’ [0,0). (B7)

APPENDIX B: TARGET AND REFERENCE

WAVE PACKETS ) )
The inner product of EqgB5) and(B7) leads to the experi-

Here we derive analytic expressions for the tarngef-
erencé wave packet defined by E@25) [Eq. (26)]. Using

mentally isolable complex overlap, EQ9), that is plotted in
Sec. IV.
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APPENDIX C: INTERFEROGRAM FRINGE Contributions from the short-pulse limit of the pulse propa-
STRUCTURE gators(11) have been included in EGC6); y, is the arbi-

In order to better understand the local fringe structure of@Y initial phase attached taj, 0| No)- The wave function
the peaks in the 2D interferograms presented in Sec. IV it i§C) iS the position-space representation of E&yr).
useful to consider the first derivatives with respectand Writing the target-reference overlap in terms of a com-
t, of the complex overlap between the tar¢2%) and refer-  PleX phase(ay/|£;/)=exp(I), leads to the sought-for time
ence (26) wave packets. In the short-pulse limit adoptedderivatives
there, the reference wave packétough not the targgpre-

242
pared from the vibrational ground state is a minimum- E: —Qpten+ maw"d
uncertainty Gaussian wave packét, ity 2
11) o Mo o 2w (a1/|dp—0plé17)
<Qa,Qb|6¥1'>ZEXD{_T(Qa—Qa)z—T(Qb_%)z —mo?de o) (apléy (C7)
,_ L . ar mw?d?
+iPa(da— o) +iPp(dp—p) +iy |, == Qg er—epm ‘;
d
C1 —
) o ) ( ) 24 _iwtd<al’|qa_qa|§1’>
whose time evolution is governed by the quasiclassical mo- +tMmo”de TRED . (C8)
tion of the average values of the position and momentum
expectation values As could have been anticipated from Fig. 3, the derivative
(ay/|Qal ar) with respect td4(t,) is sensitive to only the dondacceptor
Qa=—F—7——=d(1-coswty), (C2  vibration. The interferogram fringe structure yields informa-
(av]ay) tion on the spatial form of the target energy-transfer ampli-
_ Aay|paay) tude through the last term on the right-hand side of EQ%)
a="7_ 1.y — Medsinotg, (C3  and(Cs).
(avrlar) Our closed-form expression fd,/|&;/) gives equiva-
_ A{ay|aplayr) B lent alternative forms for the delay derivativesIafBy dif-
9= ey =d(1—cosw(ty+tp)), (€4 ferentiation of Eq(29) we obtain
_ _(ay|pples) ar H | €Y ot _
=————=mwdsine(t,+t,), C5 == P )t +wse DR
Po= oo (btty) © R algy  rearte
and the(comple® phase (C9
T 3 and
Y="Yo— E_i In ) areg areg areg |+t
£= =i —a<a1,|§l,>mtd =Qg+ e —e— wde “NR
—Qtgt dp— dg— oty — e (tgtt,+tp) + ety aty (aqr]é1r) i st 10
mwd? )
+ 7 (sin 2wty—sin 20(t,,+1,)). (Co6) where, in both cases,

Jo%drexpli(ey — e+ @) 7+ 6%/ 07( ot e e 1) + %107 267)

R=10 - . . . c11
Jo%drexpli(ey — ey) T+ %7€l o+ e Wl — 1) + 5% 17— 262 (€19

Since the same rati® appears in both Eq$C9) and (C10), and the integrand in the numerator of EG.11) simply
contains an extra factor exp(r), we have the remarkable result

gl oty ttg)

9 1
T | Qeteretioe (avléi) ey = o2

0
Qptep—i Rp)wl’lgl')fl’fl'fz

:<a1’|§1’>el,elr+w,52+w- (ClZ)

The rate of change of the interferogram along either time axis specifies the complex-valued interference signdiffieoemia
energy-transfer complewith the acceptor and two-exciton site energies increased by one vibrational quantum. We have used
the first equality in Eq(C12) as a consistency check on theandt fringe structure of the calculated interferograms presented

in Sec. IV.
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1The expression fofy,) is the same as Eq12), but with (1] instead of
(1’| on the right-hand side. The nuclear wave function in the bi-excitonic
state is given by|y,)=(2|[t—tp{D[ty]C[t,+1tp]+D[ty+1t,]B[t,]
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—7))exp(—iH,7)(1|+|Lexp(—iHNexp(—iH . (t—7))(1'|)}. Notice that the
first-order evolution operator carries a phase factor= e~ ™2 associated
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acceptor-state population.

51This result has the special implication that after{&)t,, of motion in the
1’ state, thea-mode target trajectory reaches a phase-point lying on the
Franck—Condon energy shell; the phase-space location of the target-state
a-mode will hence be accessible to a reference wave packet aftertgome
interval of (backward$ motion in state 2. This interesting elementary fea-
ture of the transferred amplitude’s motion in an energy-transfer system
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