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Coherent Control over Liouville-Space Pathways Interference in Transient Four-Wave Mixing
Spectroscopy

Maxim S. Pshenichnikov, Wim P. de Boeij, and Douwe A. Wiersma

Ultrafast Laser & Spectroscopy Laboratory, Department of Chemistry, Materials Science Centre, University of Groningen,
Nijenborgh 4, 9747 AG Groningen, The Netherlands
(Received 11 March 1996

A novel interference effect in transient four-wave mixing is demonstrated. The phenomenon is based
on phase-controlled Liouville-space pathways interference and observed in the heterodyne-detected
stimulated photon echo. Changing the phase difference between the first two excitation pulses from
m/2 to 0 leads from no signal to maximum echo signal. A Brownian oscillator dynamical model is
successfully used to analyze the effect and simulate the experimental data. The relation between this
time-domain interference effect and dephasing-induced resonance in four-wave mixing spectroscopy is
elaborated. [S0031-9007(96)00451-6]

PACS numbers: 42.50.Md, 78.47.+p

One of the most remarkable phenomena in cw four-waveoherent Raman spectroscopy. In view of this fact it seems
mixing spectroscopy concerns the effect of dephasing oanlikely that dephasing-induced interference effects play a
an initially unpopulated excited-state resonance [1-3]. Irrole in time-domain four-wave mixing spectroscopy.
this experiment the coherent Raman signal is monitored In this Letter we report on the observation of a novel
as a function of frequency difference between the excitdephasing-induced interference effect in phase-locked
ing light fields. When the frequency difference equals arstimulated photon echo. The phenomenon is demon-
excited-state splitting, one might expect, intuitively, thestrated on a dye solution at room temperature. We
Raman signal to reflect the combined resonance. Howshow that in such a non-Markovian dynamical system,
ever, this turns out not to be the case, unless the systemlisouville-pathway interference effects are important in
perturbed by collisions which induce dephasing on the opgenerating the nonlinear polarization and that it is possible
tical transitions. The effect, denoted as PIER-4 (pressurde exercise phase control over this effect.
induced extra resonance in four-wave mixing), was first The pulse sequence used [Fig. 1(a)] is that of a stimu-
reported by Bloembergen and co-workers on sodium iated photon echo [7]. In such an experiment two ultra-
the gas phase [1] and later also demonstrated for con-
densed phase molecular systems by Hochstrasser and co- E,k Ejk (a) E.k, E,.k,
workers [2]. v -

Dephasing-induced resonances can be grasped most eas- ;2 Virtual Conventional
ily in terms of interference between different Liouville- gchn o echo
space pathways which describe the generation of the rel- . J _
evant third-order optical polarization responsible for the Ltz [
four-wave mixing signal. It can be shown that, in the
absence of collisions, the different excitation pathways in- (b)
terfere destructively with one another and that no net po- @ @ @ I @
larization is generated [1]. When, with increase in pres- : i
sure or temperature, dephasing effects become important, d @ @ @ @ @ cE
the Liouville-space pathways are no longer equivalent,
and, as a result, a finite nonlinear optical polarization is @ @ @ @
generated. 1l v

Interestingly enough, when this coherent Raman exper- @ @

iment is performed in the time domain using two time-FIG 1. Pulse sequence for heterodyne detection of stimulated
coincident short optical pulses of different color—short | = “= 0 () and the basic Liouville pathways used for a

compared to the inverse transition linewidth—the exciteterturbative description of the third-order polarizati®f with
state resonance is always found, irrespective of whethavave vectork; — k; + k; in a two-level system with ground
the system experiences pure dephasing or not [4,5]. Thig) and excitedle) states (b). All pulses are supposed to be
essential difference with the cw case is that for pulsed excie!l séparated in time.  The symbols in open circlgg, @,

tation th temh fime t | iably withi etc.) denote the density matrix elements which characterize the
ation they system has no ime to evolve appreciably wi IrEystem evolution after each subsequent perturbation (arrows).

the pulse duration [6]. Relaxation towards the steady statghe diagrams | and Il describe the conventional echo while Ili
is thus essential for destructive interference effects in cvand IV lead to virtual echoes.
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short pulsesE; and E, excite the system, which is then was ignored. This contribution, however, turns out to be
probed by a third puls&; at the so-called waiting tim&.  essential for the interference effect in phase-locked photon
The generated third-order nonlinear polarizat®¥? sub-  echo.
sequently emits a transient coherent signal, photon echo, To calculate the HSPE signal, which is proportional to
in the phase-matched directidny. Crucial to the inter- all applied optical fieldsS « RegPPE}), we need a dy-
ference effect is the fact that the wave vectors of the fieldesamical model. For this we take the Brownian oscilla-
E; andE; are identical. tor (BO) model which has been described extensively in
The nonlinear polarization, induced by the excitationthe literature [8]; we therefore just mention a few points
pulses, can be described using the four basic Liouvillerelevant to the experiment. In the BO model, the inter-
space diagrams [8] depicted in Fig. 1(b) [9,10]. In a sim-action of a two-level system with the heat bath is medi-
ilar fashion to the pressure-induced resonance case [Gjted by a so-called Brownian oscillator, whose correla-
interference occurs between two pathways that drive théon function M(r) characterizes the dynamical properties
system from the ground statg)(g| to the excited state of the system-bath interaction. For instance, for a homo-
le){e| via a coherent superpositidg){e| [diagram | in  geneously broadened system¥(r) = §(¢), while for an
Fig. 1(b)] orle)(g| [diagram IIl in Fig. 1(b)]. Since pho- inhomogeneously broadened systéfifr) = 1. Next to
ton echo is a degenerate four-wave mixing effect, the evod(¢) there are two other important parameters needed to
lution of the system in the ground state needs to be takecalculate the polarization. The first oneAs which is a
into account as well [diagrams Il and IV in Fig. 1(b)]. measure of the coupling strength between the optically ac-
In case of an inhomogeneously broadened system, these chromophore and its environment (bath). The second
so-called rephasing diagrams | and Il generate a polarizamportant quantity isA, the reorganization or solvation
tion which peaks after the third excitation pulse [Fig. 1(a)].energy. In the so-called high temperature lintand A
This signal is the well-known conventional stimulated pho-are connected by the relation~ A%/ /2kpT; [8]. This
ton echo [11]. In the Bloch model, for instance, the tem-limit is often applied in a first-order theoretical descrip-
poral profile of the photon echo signal is proportionaltion of solution optical dynamics. So, onde A, and
to exd—(r + t12)/T> — (t — t12)*/2T3], whereT, isthe  M(r) are known, the induced polarization in any linear
phase relaxation time arfd is the inhomogeneous dephas- or nonlinear experiment can be calculated. Here we do
ing time [7]. The nonrephasing diagrams lll and IV lead tonot assume a particular form of the correlation function,
the so-calledirtual ech[12]. Its temporal profile is given but, for the sake of mathematical simplicity, we take the
by exd—(t + t12)/T, — (t + t12)*>/2T3][7]. Mathemat- correlation function not to be short compared to the time
ically, the virtual echo has the same shape as the conveseales oft;; andz, (but noT). We also assume the exci-
tional one, but its maximum occursats —1, — T3/T, tation pulses to be short compared to the inverse width of
i.e., beforethe last excitation pulse. Because of causalitythe chromophore spectrum (impulsive excitation). With
only the tail(r = 0) of the virtual echo following the third these assumptions, the HSPE signals can be readily calcu-
excitation pulse can be measured, as depicted in Fig. 1(dated. The resulting expressions for the phase difference
Because the conventional and virtual echoes are emittedl;, and ¢34, being 0 and=/2 are given in Table I. De-
in the same directiork,, they can, in principle, interfere. spite the rather severe assumptions made, we will see that
By heterodyning the resulting electric field with a fourth this theoretical framework captures all important features
pulse,E4, both the temporal shape and the phase of thef the experiment.
resulting polarization can be determined. The described Figure 2 shows the schematics of the setup used for the
pulse sequence [Fig. 1(a)], known as heterodyne-detectexkploration of the interference effect in HSPE. The 13 fs
stimulated photon echo (HSPE), was first proposed by Chtaser pulses, derived from a home-built cavity-dumped
et al. as a probe for solvation dynamics [9]. However, in(CD) Ti:sapphire laser [13], are split and fed into two
their analysis the virtual echo contribution to the signalidentical Mach-Zehnder interferometers MZI-1 and MZI-
2. Since phase fluctuations should be minimized, each
TABLE I. The expressions for the HSPE signals for dif- interferometer is actively stabilized by a feedback loop
ferent phase settings in the impulsive approximation. Here[14]. Briefly, after the interferometers each pulse pair
Sp = exg—A2/2(r}, + 13 — 2M(T)t1nt34)] is the conven- s dispersed through a monochromator. Because of the
tional echo, Syr = exd—A2/2(i, + 134 + 2M(Dtiat)]  interference between two stretched pulses, the resulting

the virtual echo, a = co{[At.(1 — M(T))]}
B = 1/2siM2Aru[1 — M(T)]} the Sﬁase factors due 1o POWer spectrum becomes modulated by(eas+ ¢),

the bath relaxationA the coupling strength of the system-bath Wherer is the time separation between the pulses arisl

interaction, and\ the bath reorganization energy. their phase difference. The monochromator output is used
as a feedback signal that drives a piezotransducer in one
Phases ¢12=10 $12=7/2  of the interferometer arms to compensate for any phase
b =0 a(Sp + Sur) B(SE — Svr) drift. In .th|s manner the delay between the copropagating
bys = 72 —B(Sk + Svg) a(Sp — Svp) pulses is set withint10 attosecond accuracy. This

arrangement also allows for locking the phase differences
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¢12 and ¢34 at any value during a scan of the delaysor The solid lines in Fig. 3 are the fits to the echo signals
t34 [10]. The echo signal is generated by focusing the twacalculated on the basis of the expression given in Table |I.
beams containing the pulse paits-E, andEs-E4 into a  To perform these calculations we nedd which was
100 um jet of a dye solution at room temperature. Asestimated from the width of the absorption spectrum to
solvent we use ethylene glycol, while the dye moleculebe abou270 cm™!. The reorganization parametgtthen
is 3, 3'-diethylthiatricarbocyanine iodide (DTTCI). This equals175 cm ™! when we assume the high temperature
dye molecule is chosen because its absorption spectrulimit of the BO model to hold. The finite pulse duration
matches nicely that of the laser. The HSPE signal isvas taken into account by convolution of the computed
detected by a silicon photodiode and processed by a loclsignals with an apparatus response function. At this
in amplifier. point, the only unknowns are the value of the correlation
Figure 3 displays phase-locked HSPE signals for foufunction M (T) at the selected waiting times and an overall
different phases and at different waiting times. In thissignal amplitude (the same for all 16 curves). Considering
experiment, the delayss between pulse€; and E4 is  the approximations made, the correspondence between
scanned, while the delay, between pulseg; andE, is  theory and experiment is remarkable and leaves no doubt
fixed at a certain value. It should be noted that similarabout the basic gasp of this interference effect.
signals were observed at different delays Inspection Table | shows that the HSPE signals for the combina-
of Table | shows that the detected HSPE signal is theion of phase factorésd, = 7/2, ¢34 = 0) and(¢, =
sum of two different contributions: the conventional echo0, ¢34 = 7/2) exist only when the bath reorganization
and virtual echoes (both heterodyne detected), which arenergy A is finite or, to put it differently, that the ex-
generated via different excitation pathways. ¢if, = 0,  cited chromophore induces a reorganization of the solva-
these contributions add constructively (Fig. 3, left panels),
and an enhanced echo signal results. Wien= /2, 0.2

a phase shift ofr occurs between the conventional and (a)//Q\JT=165 fS| AR

—
S

virtual echo signals. The resulting destructive interference
leads to suppression of the echo (Fig. 3, right panels).
The echo signal completely vanishesTat= 200 ps. By

this time, the real and virtual echoes have merged in time,
which happens when the system has lost all phase memory
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[10]. Two “echoes” have become indistinguishable, and & I =2013S|

complete destructive interference occurs between equal ¢ /\’\ 0.0
amplitude but oppositely phased Liouville pathways. In = . 02
contrast, for shorter waiting times, the interference is 74

incomplete because the real and virtual echo fields peak

at different times. Waiting-time dependent HSPE signals 00
for ¢p1o = 7 /2 thus clearly exhibit the transition from a 0.4
partly inhomogeneously to a homogeneously broadened 0.0 —
system with increasing time. The observed narrowing & 3 \/’ T2
of the signals with time is caused by the same effect. § 04| — ¥ M 04_§
There is another aspect of the HSPE signals that deserves § 00 A T=2ps A 00 &
attention. As Fig. 3 shows, just by changing the phase 5 \/ N a
difference between the first two pulses hy/2, one B 04 ; .'-" : P 0.4 ﬁr
switches from the case of full constructive to complete- & | N |T=20 ps o 00S
destructive interference. This presents a prime example < \ iaad o
of coherent control of a nonlinear optical polarization. 504 e — 0.4 i

5 00 /\ T=200 ps 00 g/

CD Ti:Sapphire Fhetngiote . y

13 fs, @ 790 nm T -100 -50 0 50 100 -50 0 50 100
- Iy Delay between pulses 3 & 4, t5, [fs]

Sample
MZI-1 P FIG. 3. Heterodyne-detected stimulated photon echo for phase
L2 912 1 settings ¢, = 0, ¢34 =0 (), 1o = 7/2, P34 =0 (b),
|l1 A\ $12 =0, ¢3a = 7/2 (), and 1, = 7/2, ¢3 = 7/2 (d).
The delay between pulsg, and E, is 40 fs while the pulse
MZl-2 N energies are~0.15 nJ. The numerical simulations shown as
tyq. Bay solid lines yielded the following values of the correlation func-
tion: M(165 fs) = 0.36, M(2 ps) = 0.21, M(20 ps) = 0.09,
FIG. 2. Schematics of the experimental setup. and M (200 ps) = 0.

4703



VOLUME 76, NUMBER 25 PHYSICAL REVIEW LETTERS 17JNE 1996

—_

pathways. Active control of the relative phases of the

o
4

z sy /\ ) excitation pulses allows for switching between construc-
§_ o~y At 0 5 tive and destructive interference. This technology is also
g g of a special interest to coherent control experiments in
@@\ LI chemistry, where Liouville-space pathway interference is
-100 0 100 0 100 an important option [18].
Delay between pulses 3 & 4, t5, [fs] We thank F. de Haan for providing us with software

FIG. 4. High-intensity heterodyne-detected stimulated photo for efficient data collection, handling, and fitting. We
echo signals af’ = 200 ps. Phase settings aré, = /2, I}ire_also grateful to R: Szip6cs and K. Ferencz _for
b =0 (@) and ¢ = 7/2, by = 7/2 (b). The delay design and manufacturing of the femtosecond optics.

between pulse, and E, is 40 fs while the pulse energies The investigations were supported by the Netherlands

are~1nJ. Foundation for Chemical Research (SON) and Physical
Research (FOM) with financial aid from the Netherlands
Organization for the Advancement of Science (NWO).
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