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Spectrally resolved femtosecond two-color three-pulse photon echoes:
Study of ground and excited state dynamics in molecules
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We report the use of spectrally resolved femtosecond two-color three-pulse photon echoes as a
potentially powerful multidimensional technique for studying vibrational and electronic dynamics in
complex molecules. The wavelengths of the pump and probe laser pulses are found to have a
dramatic effect on the spectrum of the photon echo signal and can be chosen to select different sets
of energy levels in the vibrational manifold, allowing a study of the dynamics and vibrational
splitting in either the ground or the excited state. The technique is applied to studies of the dynamics
of vibrational electronic states in the dye molecule Rhodamine 101 in methand®00@ American
Institute of Physics.[DOI: 10.1063/1.1651057

I. INTRODUCTION Furthermore, by choosing different wavelengths for the
pump and probe pulses, i.e., in a two-color experiment, dif-
The aim of femtosecond nonlinear coherent spectrosterent sets of energy levels in the vibrational manifold can be
copy in molecule®is to determine various nonlinear opti- excited and probed. The redistribution of electrons within the
cal responses that reflect the dynamics of the inter- and ingiprational manifold is dependent on their position in the
tramolecular motion and to construct physical models of thesnergy ladder and thus changes in the pump and probe wave-
underlying dynamical processes. Time-resolved infrareqengths can be used to study the photo-induced dynamics and
spectroscopy® provides a means of directly accessing SUChcharge transport in the molecule.
vibrational dynamics in the electronic ground state and can | this paper we report the use of spectrally resolved
provide complementary information to Raman spectroscopywo-color three-pulse photon echo experiments in the visible
However these techniques are difficult to apply to excitedspectral range to expand the type of information that can be
electronic states and to complex molecules. Femtoseconghtained from time-resolved vibrational spectroscopy. A pre-
pump-—probe techniques such as transient absofpsigifer  |iminary account of this work was reported recently in Ref.
from the difficulty of interpreting the data at very short times 10. The experiments allow the study of inter- and intramo-
where overlap of the pulses results in a coherence spike fegscular dynamics in both the ground and excited electronic
ture. A similar prOblem arises with conventional femtoseC'states and demonstrate the potentia| of the technique for
ond photon echo techniques such as photon echo peak shiffydying the structural dynamics and interactions in complex
measurementsyhere the initial time behavior of the corre- molecular systems. This multidimensional form of ultrafast
lation function is masked by the rapid free induction decaynonlinear coherent spectroscopy should have application in
of the inhomogeneously broadened system. For complepany areas of molecular science, because of the ability to
molecules much of the interesting dynamiCS occurs at Verbvercome inhomogeneous broadening, remove spectra' con-

short times during the pulse overlap thus making it difficultgestion, and isolate features associated with intramolecular
to selectively excite a single band in a crowded spectrum angbarrangements.

to follow the dynamics which give rise to the spectral width
of the band. Il. THEORETICAL BACKGROUND
To improve the capability of femtosecond nonlinear ™

spectroscopy experiments, more than two laser pulses have We consider the interaction of pulsed optical radiation
been used."#1%"*The multiple laser pulses create a nonlin- with a molecular sample as described in Ref. 1. The polar-
ear polarization involving wave packets of molecular stateszation induced in an isotropic medium by the radiation can
and establish a definite phase relationsloipcoherencebe-  be expressed as a sum of terms involving odd powers of the
tween the different states. The laser pulses can manipulatgectric field:

and probe this coherence, which is strongly dependent on the
molecular structure, electronic vibrational coupling mecha- P=P+ P+ PO =P P @)
nisms, and the molecular environment. By measuring thé=or three short optical pulses with electric fiels, E,, and
nonlinear polarization in the time domain, detailed informa-E; and time delay$;, andt,; the induced nonlinear optical
tion may then be obtained about the molecular dynamicspolarizationPN" generates a signal electric field?

E(t)=[47i ws/Akn(ws)C]
3Author to whom all correspondence should be addressed. Electronic mail:
dvlap@swin.edu.au x PNE(t)sin(Ak€/2)exp(i Ak€/2), 2
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wheref is the length of the sample,the speed of lightAk S, t ¢
the phase-mismatch factor, amfw) the linear refractive ¢ -

index of the sample. Equatiaf®) is derived in the limit of
low optical density and assuming the electric fields are plane
waves with slowly varying envelope. Under conditions of
perfect phase matching the emitted signal electric feid)

is directly proportional to the nonlinear polarization. In non-
linear spectroscopy of isotropic media the lowest-order opti-
cal polarization is the third order. In order to minimize the

influence of higher-order terms and interference between the . 9% |~ gf N gg’ ~ ig, ~ gg,
orders the excitation pulses should be of low intensity. Based 3 [l wls |eoEsleg | o g
on response function theotyhe third-order nonlinear polar- o] [eed |ee] oo’ g9, , [99]  |ow
ization with wave vectok,=k;+k,—k; generated by three e || y lgg
pulses with electric fieldsE;, E,, E; and frequencies 1.|eg , |es
w1, Wy, w3 With optical delay linegconstant phase enve- 99 “Hlag
lope) may be expressed &s ! 4a |
Ry Ry
PO(t,t12,t59)
L . -
e ] o oo el
”N(i/ﬁ)gf dtgf dtzJ' dt;[Ra(ts,tz,t) e[~ i
0 0 0 : "
1 1
+RB(t3vt21tl)]v (3) | "
¢
whereN is the sample concentration. The optical response 9
functionsR, andRg are given by D F
Ra(ts,to,t1)
=[Ry(ts,t2,t1) + Ry (ts,t, 1) JEs(t—tas—t3) Absorption % Luminescence

XEa(t—ta—to) EI (t+1tp—ts—tr—ty)
Xexfd —ios(t—tya—t3)]
Xexg —lwy(t—tz3—1t5)]
Xexfliog(t+t—tz—ty—ty)], (43
Ra(ts,t2,t1)
=[Ri(ts,t2,t1) + Riy(ts,ta,t1) JEs(t—tys—t3)
XET (t—tp—tg—to) Ex(t—tz—to—ty)
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FIG. 1. (i) Feynman diagram$l—4a describing the interaction of three

X eXF{ —i ws(t_tzs_t3)] pulses with two electronic levelsandg. (The “gg,” “ €'g,” etc. represent
. the density matricepgygy, perg, €tc) (ii) Schematic illustration of optical
X exq —lwy(t—tz—to+ tl)] transitions between vibrational levels in two electronic states for generation
. of vibrational population in excitedA,B,C) and groundD,E,F) states(iii)
Xexgiog(t—t—tz—ty)]. (4b) cw absorption and luminescence spe¢@afor 10~* M Rh101 in methanol.

. . . The four peaks represent the excitation wavelength used in Fig. 2.
The processes underlying the third-order nonlinear response P P g 9

functions in Eqs.(4a and (4b) (R—R,y and their complex

conjugatey may be illustrated by double-sided Feynmanrephasing of the polarization for positive delay times rtear
diagrams. These diagrams represent the time evolution of thet;,. The relevant nonlinear response functionsRjeand
density matrix upon sequential interaction with optical fieldsR, . When the first interaction ik, (diagrams 1, #or ks

and free evolution during the time between the(diagrams la, 4athe first and third interactions have the
interactions-'* When the generated signals are measured isame phase and the generated signal is a free induction decay
the phase matching directida=k;+k,— k4, the Feynman (FID). The nonlinear response functions for these pathways
diagrams representing the possible three-pulse interactiorsse R, and Ry, . In the case of an inhomogeneously broad-
are as shown in Fig. 1. The time ordering of the interactionened system the FID would have peaked at negative times;
occurs with the first interaction at the bottom of the diagramhowever, as a result of causality only the tail of the FID
and the signal field at the top. When the first interaction iscontribution is observed in an experimeR, and R, de-

k., the second interactiok, can generate a population in scribe the evolution of the excited state population during the
the excited statédiagram 2 or the ground staté&iagram 3, population timet,; while R, andR,, describe the evolution
and the third interactiok; allows echo formation through of the ground state population durimgs.
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For a two-level system with inhomogengous broad-  E (4,t1,,t,9)~[ 27 € 0/N(@)C]P 3 (@, t10,t3) (9)
ening given by a Gaussian distributionG(w) ) i
—exf — (w—wy)2/T?] (whereT is the 1& half-width) the and the spectrally resolved photon echo signal is then

nonlinear response functions are givert"By '8 Swre Mot t23)°<||~3(3)(>\D t10,t09)|? (10)
Ri(ts,t2,t1) =Ry (ts.ta,t1) where\p is the wavelength detected by the spectrometer.

- When the first and second pulses temporally overlap in
=ex —iwqt;+t3)]exd — yoa(t;+t . ) L) O .
H-lontitt)1exd ~ vt +1s)] the sample, interference creates a spatially periodic intensity

X exf — yit lexd —T3(t,+13)2/4], (58  pattern that generates a population grating. For a two-level
system, a physical picture based on the scattering of the third
Ru(ts, tz,t1) =Ry (ta,t2,t1) pulse from the grating induced by the first two pulses is
) 20 ;
=exf —iwyy(tz—ty) ]exgd — yio(t; +3)] useful?® The spectrum of the scattered signal depends on the

spectrum of the probéhird pulse. The detected spectrum
xexf — yito]exd —T'(ts—t;)%4],  (5b)  can be written in the form

where wq, is the transition frequencyy;,=1/T, and vy, Sp(Apt12,t23) = Swpe(Ap st12:123)
=1/T,, T, is the lifetime of the excited state, afg is the
dephasing time of the transition. +7(Ap tiz t23) ler(Mo). (1)

When the photon echo signal is recorded with a slowmwhere 7(Ap,t1,,t59) is the efficiency of the population
detector, i.e., in a time-integrated measurement, the echo sigrating which is  proportional to [exp(—ty3/7te)

nal may be expressed as —exp(—trd7ised ], Where 7. and 7,5 are the lifetime and
. build-up time of the population grating, respectively, and
S(t12-t23)ocf IPG)(t,t1,t50)|2d 1. (6) I'pr(Ap) is the spectral density of the probe pulse.
0 The time and frequency dependenceR$f)(w,t;,,t3)

In such a time-integrated measurement information about thea" be sensitive to inhomogeneous broadening and to the

) T vibrational energy spectrum because the different spectral
temporal shape of the nonlinear polarization is fostnd : : . .
i . regions can decay with different time constahit/e show
additional measurements such as time-gated or heter

dyne-detecietieastremens re needed. e ool esaed meseurement
An alternative way of obtaining detailed information 9 pump

about the temporal evolution of the nonlinear polarization isprobe pulses make_s it possible to separate the dynamics of
the ground and excited states.

to record the echo signal as a function of frequency or wave- . .
9 d Y For a simple three-level system with a common ground

length using a spectrometer in a spectrally resolved measure- . :
. . N State, the first pulse creates optical coherepgg f between
ment. The frequency-domain nonlinear polarization is deter:

) . . . the ground statdg) and an excited electronic vibrational
mined by Fourier transformation of the nonlinear N : . ;
o . state|e’). Vibrational-electronic coupling resulting from an-
polarization with respect tt

harmonicity of the potential energy surfaces can lead to vi-
~ o brational coherences. in the excited state, which in turn
PO (,t15,t20) = f_mp(3>(t,t12,t23)exqi(Ot)dt. (7) " can allow the transfer of the optical coherengg to the
transition|e)—|g). An echo signal can then be generated by
Fourier transformation of Eq3) and including the response the third pulse at a frequency corresponding to transitions
functions given by Eqsi4) and(5) with three delta function resonant with the probe frequenay,,e at times near

laser pulses givé$ ®pumd 23/ ®probe after the third pulse. Vibrational-electronic
=3 coupling can also lead to echo signals at frequencies corre-
P™(w,t12,t23) sponding to optical transitions not resonant with the probe

pulse, as described in Ref. 10.

o Nut,exfliwstyglexd — it ; .
#128XH1 wataaleXH = 71tzs] In a three-level system with a common ground or excited

X ex (i(wyo— @)+ y1,)%T?) state and transition frequencies, o;, there are two differ-
. . ent quantum pathways, which can interfere, and the time-
X{exf i widltag~tip) Jerfdi(wi— w)/T'+ y1o/ integrated signal versus delay tirbg or t,5 can exhibit os-
T +t1,0/2]0 (1) O (tre) + expd — i wiotost+t10)] cillations (or guantum beajsat the difference frequency
. Aw=|w;—wj|. In a spectrally resolved measurement, the
Xexf —2ystilerfdi(wi—w)/T'+ y12/T photon echo signal is detected for those transitions with fre-
—t,1/2]0(—t1) O (ty9) ®) quencies equal to the detection frequency of the monochro-

mator wp . For the case of coupled oscillators there can be
where® is the Heaviside function. When the two-level sys- multiple quantum pathways having different initiab) and
tem is excited and probed resonantly we can take final frequencies &,;) that lead to the same detection fre-
=w1s. quencywp . The different quantum pathways have different
Under conditions of perfect phase matching and neglectinitial frequencies after the second interaction and hence a
ing absorption, the frequency-domaitime-integrategl sig-  relative phase difference can evolve between them given by
nal field radiated by this polarization is given by (Aw)ty,.%  This phase difference gives rise to quantum beats
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at frequencyAw in the echo signal as a function bf,. Ina  with a pulse duration of about 100 fs. The full width at half

spectrally resolved measurement the detection frequency imaximum of the spectral profile of the output of the two

sharply defined and the beating is more clearly observed b&PAs in the SFG option is about 7-10 nm. FROG measure-

cause of the smaller number of contributing beat frequenciesnents show a minimal amount of linear chirp in the pulses
For a multilevel system the polarization results from afrom the OPAs.

summation(approximately”® of the nonlinear polarization The output of the first OPA is split into two beams,
over n two-level systems: which act as two pump beamk,(andk,), and the output of
the second OPA acts as the probe be&sd).(Three beams

Eéﬁ?’rﬁwltlthS):E |3513)(w,t12,t23). (12)  with time delayst;, and t,3 and parallel polarizations are

aligned in a triangular configuration and focused by a 15 cm
In the usual optical Bloch equations the driving terms for thefocal length lens into the sample. The energy density of each
population of the excited state involve the interaction of twopulse at the sample spot is 1—40/cn?. The signal is mea-
independent applied fields(involving the first-order sured in the phase-matching directiap=k;+k,—k; (or
polarizatiort®?223, The pulse generates coherence betweetk,=2k,—k; and k,=2k,—k, for the two-pulse experi-
the ground and excited states, which can be transferred beaen) and detected by an Ocean Optics spectrometer with
tween levels. In this case, without considering the detailedpectral resolution about 2 nm. The spectra are measured at
interaction of the first two pulses and neglecting the broaddifferent fixed coherence timesg, or population times,; by
ening of the coherence during the transfer, we can replace ttseanning the other delay time.
term N,u‘llzin Eq. (8) with feN,u‘l‘z, wheref is the efficiency The investigated sample is 16M Rhodamine 101
of coherence transfer. (Lamda-Physik in methanol. The linear absorption and lu-
There are three time intervals during which the systenminescence spectra are shown in Fig. 1G. The maximum of
evolves: the time;, between the first and second interac- the absorption band occurs at 570 nm and the maximum of
tions, the timet,5 between the second and third interactions,the luminescence band at 600 nm.
and the time between the third pulse and the detection time.
In a conventional three-pulse photon echo experiment, the&/. RESULTS AND DISCUSSION
time-integrated signal is recorded while one of the two tim
intervals,t,, or t,3, is held fixed and the other interval is
scanned. This allows control over two delay times. Measure-  In a two-pulse photon echo experiment the signal is ob-
ment of the spectrum of the echo signal gives amplitudeserved in the phase-matching directieg=2k,—k;. The
information at each frequency but the slow detection doehird pulse can be considered to temporally coincide with the
not allow the phase to be recorded at each frequency. Consecond and the Feynman diagrams for this interaction are
plete information about the evolution of the system duringdiagrams 2 and 3 of Fig. 1 witty;=0. When the first inter-
the third time interval could be obtained, for example, byaction isk; the second interactiok, can generate popula-
mixing the generated signal field with a local oscillator as ation in the excited statédiagram 2 or the ground stat&ia-
function of time (heterodyne detectionor by mixing the  gram 3, and the second interactids allows the creation of
signal with a local oscillator in a monochromat@pectral an echo. Diagrams A and (Fig. 1) show the possible inter-
interferometry. However, for the purposes of investigating actions of two pulses with the vibrational levels in a simpli-
the dynamics of many molecular processes, the absolutéed four-level system.
phase of the generated signal is not needed and it is sufficient Figures 2a)—2(d) show the echo spectra in thg detec-
to spectrally resolve the generated signal. Because there dien direction versus the delay time between the two pulses
two distinct time periods that can be scanned, each pulse cdar 10~*M Rh101 in methanol at excitation wavelengths of
be considered to interact separately. This is a useful addp47, 560, 575, and 590 nm. Zero delay time is defined as the
tional degree of freedom because the number of quanturime when the maxima of the two pulses overlap. A peak
pathways of the signal that is produced in each situation ishift in time (15 fs for 547 nm and 70 fs for 590 nrof the
different and such a measurement can be helpful for separagpectrally integrated signgdlosed circles in Figs.(2)—-2(d)]
ing the quantum pathways. relative to zero delay time and a redshift of the spectra from
the center wavelength of the laser pulses are observed. These
shifts increase when the excitation wavelength approaches
. EXPERIMENT the wavelength of maximum absorption. The temporal shift

in the spectrally integrated photon echo signal results from

The f.emtosgconcdfs) laser system consists of a mode_- inhomogeneous broadening in the moleculehile the red-
locked Ti:sapphire laser and a regenerative amplifier which

. shift in the echo spectrum results from a transfer of the op-

delivers 80 fs, 1 mJ pulses at a wavelength of 800 nm and g - : N
" ical coherence from the initially excited transitiétiagram

repetition rate up to 1 kHz. The fs beam from the regenera-, .~ _.
) e - . : Ain Fig. 1).
tive amplifier is split into two beams for pumping two inde-
pendent optical parametric amplifigl®PAS. The two OPAs
have several options for frequency generati@econd-
harmonic generation(SHG), fourth-harmonic generation When three pulses with the same wavelength are used,
(FHG) or sum frequency generatiofSFG)] allowing the terms corresponding to all six Feynman diagrams in Fig. 1
coverage of a broad range of waveleng{@s0—2000 nh  can contribute to the generated echo signal. Diagrams A and

oy Two-pulse photon echoes

B. One-color three-pulse photon echoes
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FIG. 4. Simulated photon echo spectrum vs population tiggealculated

FIG. 2. Contour plot of the spectrum of the two-pulse photon echo in thewith Egs.(8), (11), and(12) for a pair of two-level systems. High frequency

directionk,=2k,—k, vs delay between the pulses for four different laser
wavelengthsi(a) 547 nm,(b) 560 nm,(c) 575 nm,(d) 590 nm. The dots

represent the spectrally integrated echo signal. The laser wavelength is in-

dicated by the vertical line.

wge =17 391 cm* (575 nm, frequency differencéw=302 cni* (10 nm,
inhomogeneous widtH'=0.750w, dephasing timey;;=6 ps: (a) y;,l
Yo 1=2001s, wpone= (wger+wge)/2, Ar=0; (b) v, =200fs, y,*
=6 PS, Wprobe= (Wger + wge) 2, AT=0; (0) ¥, '=2001s, v, '=6 ps, wyrope
=wger, AT=50 fs; (d) 7, =200fS, 74 =6 PS, ®pope=(@ge + 0ge)12,
A7=50 fs.

D show the possible interactions of three pulses with the
vibrational levels. Figure 3 shows contour plots of the spec-

tra of the echo signal in the phase matching directign
=k3+k,—k; versus the population timgs for two cases of
the coherence timé;,= — 40 fs(Fig. 3 diagrams al—and
t1,= +40fs(Fig. 3 diagrams b1-H4The laser wavelengths
are 547 nm(Fig. 3 diagrams al, 1560 nm(Fig. 3 dia-
grams a2, bp 575 nm(Fig. 3 diagrams a3, h3and 590 nm
(Fig. 3 diagrams a4, b4Fort,,= —40fs(diagrams 1 and 4
in Fig. 1) or for negative population times; (diagrams la
and 4a in Fig. 1 the FID contribution is expected to be

tion is smaller than the contribution of the photon echo sig-
nal. When the laser wavelength is tuned to the wavelength of
maximum absorptior{575 nm, Fig. 3 diagrams a3, b&e
spectra exhibit a large redshift and broadening, and some
oscillation is observed.

To apply the theory described by Ed8), (11), (12) we
consider a simple two electronic state system with ground
stateS, and excited stat8; (Fig. 1). The excited state con-
sists of two vibrational levelse(,e) corresponding to two

enhanced. In this case the signal intensity is weaker than fdfansition modes with frequencieg e and wge(wge

t1,= +40fs indicating that for this system the FID contribu-

tp,=-401s t,=+40fs
Apuse = 547 NM

t,,=-40fs

t,=+40fs

300
200
100

-100

b:%' ) b2)

530 540 550 560 530 540 550 560 540 550 560 570 540 550 560 570
Detection Wavelength (nm)

570 580 590 600 570 580 590 600 590 600 610 620 590 600 610 620

Population Time to3 (fs)

(S

a4

A

=575 nm Apuse = 590 NM

Pulse

>wge). The frequency difference of the two modes is small
enough that when the laser frequency is centeredwgt (
+ wge)/2 the laser pulse can span the two modes or that
when the laser frequency is centeredwgt, the optical co-
herencep,e is generated mostly in the high frequency tran-
sition mode and this coherence can be transferred via
vibrational-electronic coupling to the lower frequency tran-
sition mode with a small change of coherence properties. The
coherence transfer is possible because the two vibrational
levels are in the same electronic state and have the same
dephasing timeyl‘zl given by the electronic dephasing time
but have different population lifetimeg_,* and y, *.2* Un-
der such conditions we can apply E¢8) and(12) to a pair
of two-level systems that are excited and probed resonantly.
The lifetime of the population grating can be treated as the
recovery time of the ground state that can »&00 ps in
many dye system®,

Figure 4 shows a simulation of two resonant probe
modes around 575 nrf17 391 cm) when the wavelength

FIG. 3. Contour plot of the spectrum of the one-color three-pulse photordifference is 10 nm(302 Cmfl)_ Figure 4a) is for the case

echo in the directiok,=k;+ k,—k; vs the population timé,; for different
laser wavelength&@l, bl: 547 nm; a2, b2: 560 nm; a3, b3: 575 nm; a4, b4:
590 nm and for different fixed coherence timeg (al, a2, a3, a4: at40

fs and b1, b2, b3, b4: at40 fs).

when the wavelength of the probe pulse is mid-way between
the two modes and the two modes have the same but very
short Iifetimey;l= 7’51: 200fs. A broadening of both sides
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of the spectrum can be seen at short population times where Pump: 560 nm Probe: 575nm  Pump: 575 nm Probe: 560 nm
the photon echo has a large contribution to the observed
signal. This simulation corresponds to the case of short ex-
citation wavelength$<575 nn) (see Fig. 3 diagrams al-a2
and b1-b2 for which the lifetime of both excited levels is
expected to be very shof200 f9. When the coherence
lifetime of the lower excited vibrational level is longy{*

=6 ps) a broadening of the spectrum on the long wavelength
side can be sedig. 4(b)]. Figures 4c) and 4d) show the
cases when the low frequency mode is delayed by 50 fs
relative to the high frequency mode, due to coherence trans-
fer, and whenwgp= wger aNd (@ger + wge) /2. These simu-
lations correspond to the case of Fig. 3 diagrams a3-b3 and
Fig. 3 diagrams a4-b4, with the laser wavelength tuned to
long wavelengthg575 and 590 nm Diagram A of Fig. 1
illustrates the simulation and gives an explanation of how
vibrational relaxation in the excited state can lead to a red-
shift of the echo spectrum.

Quantum beat oscillations in the intensity of the echo
spectra are observed when the detection wavelength is close
to or longer than the maximum of the absorptitffig. 3
diagrams b3, bY4 There are two dominant mod€$20 and
220 cm'}) for detection wavelengths of 575 and 580 nm and
four modes(120, 220, 330, and 400 ch) for a detection
wavelength of 600 nm.

o) to3 =+ 140fs

FIG. 5. Two-color three-pulse photon echo spectra vs population time
[(a),(d)] and coherence timiéb),(c),(e),(f)] at fixed values of the other delay
C. Two-color three-pulse photon echoes time for the pump or probe pulse at the absorption maxini&ms nm and

. . on the blue sidé560 nm of the absorption maximum.
Two-color photon echo experiments, which allow the

variation of the probe wavelength, can lead to the selection
of particular transitions. Diagrams B and E in Fig. 1 illustrate
the possible transitions between vibrational levels of twoecho. Also, the signal intensity fdr,<0 is much weaker
electronic states when the pump wavelength is shorter thatan fort;,>0 and the spectral pattern changes only slightly,
the probe wavelength, while diagrams C and F show the casgnd therefore we present here only the casd fg* 0.
when the pump wavelength is longer than the probe wave- When the pump wavelength is 560 nm and the probe 575
length. nm some oscillations are observed with frequencies of about
For a difference of probe and pump wavelengths-as 160, 210, 320, 440, and 580 ¢t The oscillations are
nm (i.e., larger than the spectral bandwidths of the pulses oflearly observed in the intensity versus population time plot
~7 nm) four combinations have been studied for pump andVith spectral window~1 nm(Fig. 7) and the frequencies are
probe wavelengths of 560, 575, and 590 nm. Figure 5 showdependent on the selected detection wavelength. In the spec-
the photon echo spectra for two combinations of pump andrally integrated signal versus population time only one os-
probe wavelength, at 560 and 575 nm, versus the populatiofillation mode(about 260 cm?) with small visibility can be
time at fixed coherence timg,=0 fs [Figs. 5a) and 5d)] seen. When the wavelength of the pump and probe are inter-
and versus the coherence time at fixed population titaes changed the oscillation is not observed clearly except at
=0 fs [Figs. §b), 5(e)], 140 fs[Fig. 5c)] and 100 fs[Fig. some long wavelengtharound 570 nm—see the inset to
5(f)]. Similar spectra are shown in Fig. 6 for two other com-Fig. 5(d)].
binations of pump and probe wavelength, at 575 and 590 nm. An advantage of the two-color photon echoes experi-
In the case when the pump wavelength is longer than 575 nipent is the observation of vibrational relaxation in real time
[Figs. &d) and Ge)] the first interaction only involves tran- @s shown in Fig. 7 for the case of the probe wavelength at
sitions from high vibrational levels of the ground stétia- 575 nm. In the two-color experiment an increasing rise time
grams C and F in Fig.)1 The spectra measured at each of als clearly observed with increasing detection wavelength
range of different coherence timés, and population times [Fig. 7(@] but in the one-color experiment this trend is not
t,5 can give different information because the wavelengths opbservable in the region covered by the laser piifsig.

k, andk are not the same. 7§b)]. We define_ the time difference to reach the _maxi_mum at
o different detection wavelengths as the relaxation time be-
1. Scans of the population time t tween the corresponding vibrational lev&lsThe vibrational

[Figs. 5(a), 5(d) and 6(a), 6(d)] relaxation time increases with detection wavelength at the

As in the case of one-color three-pulse experiments, withrate of about 80 fs/5 nm for the case of Rh 101 in methanol.
fixed t,,<0 there is enhancement of the contribution of the  In the three-pulse two-color photon echo experiment the
FID and with t;,>0 the main contribution is the photon second pulse creates population in the ground or excited
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FIG. 6. Two-color three-pulse photon echo spectra vs population time -200 -100 ° 100 200 300
[(@),(d)] and coherence timib),(c),(e),(f)] at fixed values of the other delay Population Time (fs)
time for the pump or probe pulse at the absorption maxinsid nm and
on the red sidé590 nm of the absorption maximum. FIG. 7. Spectral density of the photon echo taken with a spectral window of

1 nm for different detection wavelengths of 570, 575, 580, 585, and 590 nm
as a function of population time with two different pump wavelengts

. . . . 560 nm andb) 575 nm and the same probe wavelen@HR5 nm).
states perer OF pgrgr) @nd during the time,; this population

ensemble can transfer to lower vibrational levels.

Two extreme cases for the transfer of the population enynq 25 f§Fig. 8b)]. Figure 8a) represents a simulation for
semble can be expectédThe frequency of the ensemble coherence transfer in the excited stffigs. 5a) and 1B)]
relative to the mean frequency of the pump pulses is congpq Fig. 8b) for coherence transfer in the ground stiegs.
served during the transfer and the final frequency distributiorg(d) and 1F)]. The short delay of the coherence transfer in
is related to the initial frequency distribution, or the coher-pe ground statgFigs. 8b) and 5d)] can be seen as a result
ence transfer randomizes the position within the distributionys 53 proad coherence ensemble in the ground state because of
and the specific final frequency is independent of the initiakhe gelocalization of the wave packet in the excited state

frequency. In the first case the transfer has a phase memogyier excitation and the displacement of the tv& ,S,) po-
while in the second case the phase correlation is lost. Thgntial energy surface.

third pulse interacts with this ensemble to generate the echo

signal and its intensity depends on the degree of phase ) )

memory of the efficiency for coherence transfer. For a rigid2- Scans of the coherence time t 1, [Figs. 5(b), 5(c),

molecular structure, such as Rh101, we expect a high degre&€) 2(f) and 6(b), 6(c), 6(e), 6(9)]

of phase memory. Without considering the details of the co- The change of echo intensity for different pump and

herence transfer by the first two pulses, reflected in the termprobe wavelengths reflects the energy relaxation in the rel-

feN,uf2 in Egs.(8) and(12), the number of transition modes evant vibrational ladder. When the wavelength of the pump

to be excited can be large. The third pulse which generateis shorter than that of the prok€igs. 5b), 5(c) and Gb),

the echo signal spans or partially spans the frequency spreddc)] the echo spectrum is enhanced on the long wavelength

of this pulse by interacting with the transition modes. Thereside at longer population times. This enhancement reflects

fore we can consider a large number of transition modeshe dynamics of vibrational relaxation in the excited state, as

involved in the resonant excitation and the excitation of thellustrated in Fig. 1B). By contrast, when the wavelength of

modes can be delayed relative to each other because of tilee pump is longer than that of the probe, enhancement of

time required for transfer. the echo signal occurs on the blue side of the spectrum at
Figure 8 shows simulations for the case of three transifonger population timefFigs. 5e), 5(f) and Ge), 6(f)] indi-

tion modes with the same frequency differendan=260 cating vibrational relaxation in the ground stafeg. 1(F)].

cm 1) for time delays between the modes of 8Qfég. 8a@]  The spectrum of the vibrational modes shows a splitting due
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FIG. 8. Simulated photon echo spectrum vs population tiggealculated -~
from Eqs.(8), (11), and(12) for three two-level systems with high frequency 5 000 il i
wge=17391cm* (575 nm), frequency difference\w=260 cni* (8.6 <7;
nm), inhomogeneous widtl'=0.5Aw, dephasing timey;; =6 ps (a) y;,l 2 »
=200fs, y,,'=4001s, 7,1=6PS, wpyope=wges AT=80 fs; (b) 7' E | |
=6 ps, v, =200s, yg =200 fS, 0 pope= wger , A7=25 fs. g
g.
probably to overlapping of the vibrational modes by the & [™w " rrermseeesset e st Te e T st s —
spectral bandwidth of the probe pulse. In the case of the &% v . . . .
probe at 575 nnfFigs. 5b), 5(c)], two modes are observed f)° 1000 2000 3000 4000 5000 6000

which can be fitted by two Gaussians with a splitting of 270 Popuiation time (f5

cm ' and width 140 cm'. The splitting changes with the FiG. 9. Two-color three-pulse photon echo spectra vs populationtgisp
population time. For a probe wavelength of 560 figs.  to 6 ps[(a)—(d)] for t;,=0 and the spectrally integrated signal plgte,(f)]
5(3)' 5(f)] the splitting is 400 Crﬁl at short population times for different combinations of the pump and probe waveler{géh N probe
(t,s~0fs) and 220 cm® at long population times tgs > Npumps () Nprope=Npumd-

~100fs).

3. Long scans of the population time t  ,5 [Fig. 9] V. CONCLUSIONS

Figures %a)—9(d) show the echo spectrum versus popu-  We have investigated the technique of spectrally re-
lation time for long scans of the population time and a co-solved two-color three-pulse photon echoes and applied it to
herence time;,=0. For a short probe wavelengt60 nm  the study of the dynamics of vibrational electronic states of
the echo spectrum at long population times is similar to thehe dye molecule rhodamine 101 in methanol. The spectrally
probe spectruniFigs. 9a), 9(c)] illustrating the diffraction resolved photon echo signals yield information on the tem-
from the population grating induced in the ground sf&ig.  poral evolution of the third-order nonlinear polarization and
9(f)], and the coherence ensembles generated by the first twbus provide more information than is available from spec-
pulses in high vibrational levels of the excited state have drally integrated techniques such as the photon echo peak
short lifetime. For long probe wavelengtt’s575 nm there  shift method. The photon echo spectra are found to be
is a redshift and broadening of the echo sigibs. 9b), strongly dependent on the wavelengths of the pump and
9(d)] due to transitions from lower vibrational levels of the probe pulses, demonstrating the potential of the technique for
excited state that decay with a lifetime of around 1Qfg.  studying the dynamics of both the ground state and the ex-
9(e)] which is the lifetime of the coherence ensemble. cited state of complex molecules.
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