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LETTERS

Interference of Optical Coherent Transients in Pentaceng-Terphenyl: Femtosecond Beats
Probed by Correlated Fluorescence Fluctuations
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Institut fur Physikalische Chemie der Urersitad Wien, Waringerstrasse 42, A-1090 Wien, Austria
Receied: Naowember 23, 1998; In Final Form: March 11, 1999

By using two-pulse excitation withhase-randomizepulses in an interferometer and analyzing theiance

of the fluctuating fluorescence intensity, femtosecond beatings have been observed in the binary crystal
pentacene/p-terphenyl, P/pTP at low phonon temperatures. The THz oscillations evolve from fluctuating
quantum interferences prepared by the coherent superposition of different, electronic transition dipoles in
spatially different constituents (G104) of the pentacene impurity. The polarization beats can be explained

by a model of uncoupled two-level systems including inhomogeneous dephasing as the predominant coherence
relaxational pathway.

I. Introduction the research of femtosecond coherence and were used in special
h h . ¢ lecul - ical applications and in different energy regimes over the past
In the coherent regime of molecular excitations, optical yeca4& Spontaneous fluorescence that probes the population
techniques, mostly in nonlinear configurations, have revealed ¢ iha excited quantum state is another (quasi-linear) optical

a series of wavelike, periodic phenomena, in the past decade ) seryapie that has been implemented interferometrécéiind
that are elegant, e_xperlmental manifestations of basic molecularana|yzed in theoretical wofid® A different experimental
quantum mechanics. approach to obtaining interferometric information is based on

The use of large frequency bandwidth ultrashort pulses hasipe yse ophase-randomizepairs of pulses. In this experiment
experienced spectacular advances in the study of electroniccoherence Observation by Interference Noise (CGtNthe
relaxation dynamics in condensed, molecular sparse-level siochasticity of the relative phases between the incoming pulses
systems. In the resonant coupling regime these pulses are broagjjves rise to fluctuating quantum interferences in the excited
enough to prepare several molecular (vibrational) electronic gate population, which is driven by the statistical balance
states, simultaneously, so the free evolution of coherent statepetween enhanced absorption and amplified emission, respec-
excitations is a discrete superposition of individual, optical free tively, and consequently controlled by the delay time of the
induction decays (OFIDs) that can be resolved as an oscillatory pyises and the molecule’s intrinsic dephasing process. Thus
modulation, generally referred to as a polarization or quantum znalyzing the fluorescence intensity fluctuations in low-dense,
interference phenomenon. Vibrational quantum beats from poppjer-free atomic two-level systems can yield direct informa-
electronic states of organic dyes in the I_iquid, condensed statetjon not only on dephasing and static level splitfihgut also
were observed by photon-echo experiménfsimp-probe  on wave packet dynamics of diatomic gases, as demonstrated,
measurementsand the fluorescence up-conversion technitjue. very recently, by computer experiments.

In addition, correlation techniques had enormous impact on  |n this Letter the COIN technique has been applied to a low-
temperature, molecular impurity/host solid state system with the
*E-mail: kauffm@ap.univie.ac.at. Faxt43-1-3104597. objective of demonstrating its potential in the measurement of
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Figure 1. Absorption spectrum of P/pTP at 1.8 K. Source from ref
21. Inset shows a scheme with the transition energies of the four sites.

electronic coherence decays in a large organic molecule that,
generally, shows inhomogeneous broadening (IHB) as a result
of static site-energy disorder in the matrix. Since the COIN
signal carrying the coherence is sensitive to intervening, quasi-
continuous, multilevel systems, its decay and intensity are
completely determined by the spread in resonance frequencies
Hence, coherences are, in general, expected to be very short
lived and, even on very short time scales, apparently eroded in
an energy-disordered site ensemble of an organic solid. How-
ever, for some of the very few solids that, fortunately, show
sparse-level structure and a width of IHB smaller than the energy
level splitting, one would assume the coherence to survive on
femtosecond time scales and be probed by COIN.

Il. Experimental Section

To verify this concept, the organic guest/host system chosen
to be a promising candidate for a discrete, multiple two-level
system is a highly dilute sample of the binary crygkéérphenyl
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Figure 2. Modulated delay line traces of correlated fluorescence
fluctuations at different excitation wavelengths (see text for details).
Inset shows the scan to longer delay times.

severalS ™ — §7° as well asS, " — §;° transitions of the

site conformers O10O4. The pulses were sent through a
Michelson interferometer with a variable delay. The relative
phase between the symmetric, collinear pulses was randomized
by heating the air in the stationary arm. Fluorescence was
collected at a 90geometry and detected &fmm = 640 nm by
means of a photomultiplier tube (R 928, Hamamatsu). Fluo-
rescence was, in general, processed through Lock-In technique
(EG&G 7260) with modulation of both arms and sum frequency

(pTP) doped with pentacene (P). The spectroscopic features ofdetection, ensuring that only two-pulse contributions, i.e.,

this system have been studied in det&iBelow 190 K, the
long-wavelengtts,° — §~° transition L, — !A) of penta-
cene splits into very narrow and well-separated absorption lines
at 16 883, 16 887, 17 006, and 17 064 ¢nwhich correspond
to the four possible conformations of P in pTP, labeled as O1,
02, 03, and 04, respectively (Figure 1). The optical dynamics

in P has been extensively studied by picosecond photon-echo

experiments*15continuous wave (CW) optical nutation/OFID
measurement$ site-selective spectroscopland more recently,
in a somewhat different context, by high-resolution, frequency-
domain, single-molecule spectroscdfyThese experiments
have revealed, directly or implicitly, the sites ©04 to be
inhomogeneously broadened (typical widths-20 GHz)}61°
by more than a factor 1000 relative to the homogeneous line
width (T~ 8 MHZz).16:20Both fluorescence and pure dephasing
from the thermalizedS, ™ states of the individual P sites are
typically nanosecond processes at liquid He temperatures.
The P/pTP samples were grown by vacuum deposfidine
concentration of P in the crystal was approximately©lfole/
mole. Pulses (170 fs) from a Ti/S laser-RegA-OPA system
(Coherent Inc.) have been used, which were tunable over the
spectroscopic range of thk, < A pentacene transitions,
including the first vibrational overtone excitation € 1), i.e.,
from 4 = 594 to 576 nm. The spectral fwhm of the pulses has
been~5.5 nm, which is broad enough to simultaneously excite

correlated fluorescence, were measured. For each time delay,
typically, 500 data values were accumulated, analyzed in terms
of their variance, and plotted over the delay time. Data analysis
was performed with standard fast Fourier transform (FFT)
routines.

I1l. Results and Discussion

Typical COIN data accumulated &t= 3.8 K for a series of
pulse excitation center wavelengths, are shown in Figure 2, from
the bottom to the top (curves in parentheses):= 590 nm
(a), 588 nm (b), 585 nm (c), 582 nm (d), 579 nm (e), and 576
nm (f), where the variance of the correlated fluorescence
fluctuations (cf. formulation below) is plotted over the pulse-
to-pulse delay time.

For delayst > 250 fs, i.e., the onset of nonoverlapping,
delayed pulses, pronounced femtosecond oscillations are ob-
served, which show, on time scales up to 2 ps, nearly undamped
behavior. Running one of the experiments € 589 nm) with
larger step sizes to longer time scales allows an additional, low-
frequency oscillation to be resolved (inset of Figure 2). The
slow oscillation regime in the inset shows significant relaxation
and allows a phenomenological picosecond damping time to
be evaluated:T,* ~ 12 ps, the latter value being more than a
factor 1000 shorter than the pure pentacene dephasing time at
comparable temperatutlt is therefore tempting to assume
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LI EEL A N A B laxation affected by inhomogeneous solid-state dephasing and

pulse excitation detuning, a generalization of previous theoretical
oo, trefa.tmentél'l2 has to be formulated. In our experiments the
g oo c‘)c’) minimum delay time considered is longer th_an th(_e temporal
jpieXe) width 6t of the pulses, and the pulses are low intensity (several
““‘““‘4;:“”;0 hundred picoJoule). A multipleyncoupledtwo-level system

" wavenumber fom’] driven by a pair of optical pulses and solved for the diagonal
elements in lowest order of the field provides, therefore, a
realistic approach to modeling linear fluorescence coherences
on femtosecond scales. Using perturbation theory and invoking
the dipole approximation in the interaction Hamiltonian, one
can describe the total fluorescence intendityof a single
Lorentzian pentacene site (transition frequengysubject to
delayed two-pulse) excitation and moderate, homogeneous
dephasing Tp; Ty — o) by!!

intensity

F(r,0,¢) = 2F(w)[1 + cospr + ¢)e "] = 2F,+ F

int
1)

wheret denotes the delay timeg the relative phase between
the pulses, and = w_. — w the detuning of the laser’s carrier
frequencyw, with respect to the molecular transition frequency
w of a distinct pentacene sitéo(w) is the fluorescence after
l ; l , single-pulse excitatiorfiy; is the interference term formed by
400 500 the correlation of the two pulses.

Since we are concerned with interpreting the early picosecond
Figure 3. Results of Fourier inversion of the corresponding curves relaxation of the coherences, we neglect homogeneous dephasing
a—f from Figure 1. as a typicalnanosecondiecay proced$ (e "= — 1) but take
gnto consideration the effect of inhomogeneous broadening.
Assuming (i) the ensemble of singl®; Lorentzians to be
?requency-distributed according to a Gaussian functional#&rm
G(w) O exp[—(w — wi)?20? (with central frequencyw; and
standard deviatiow;) and (ii) the excitation pulses to obey a
Gaussian spectral density function, tt@) 0 exp[—(w — w.)%
207 (width o, center frequency, ), one obtains the overall
fluorescence intensity of sitg; by integrating over the frequency
space, which, after numerous analytic procedures and algebraic
rearrangements, can be solved in closed form

0 100 200 30 1
wavenumber fcm ]

that the relaxing beats, rather, map out some average value o
inhomogeneous dephasing, relatable to the inhomogeneous lin
broadening in the spectral profiles of the individual pentacene
site absorbers.

Fourier inversion of the modulated, time-domain profiles
yields the set of beat-frequency patterns as displayed in Figure
3.

The spectra directly reveal the predominant differences in
the transition frequencies of P sites involved in the coherent
excitation process. The oscillations in curvesozl and b contain
the interferences of the pure electronic sta@s{, while the 2212
curves d, e, and f are derived from supergsitions where the Fi(7#) = [F(t.o.¢) do D 2Fg (1 + € cos + ¢)]
first overtone vibrational state§(™, ~ 268 cnr! aboveS4) @
are involved, with combination§;™* + S™". Curve c corre-  ith
sponds to the intermediate regime where, in addition, superposi-
tions of S* + S° can be observed. The structure of the 2100,
beats is strongly affected by the center frequency of the exciting Fy; = - >
laser pulsesd ) and its relative spectral position with regard o to 0 0,
to t_he molec_;ular trar_lsition freq_uenciesog, n= 1—4_1) of the GiZwL + Uszi
various P sites. While for the interferogram b (Figure 2) the = > 3
beat frequencwss = 58 cntl, corresponding to the O3 04 o+ o,
interference, is the prominent oscillation in the Fourier transform
(spectrum b, Figure 2), the analysis of pattern a reconstructs In our experiment, the femtosecond pulses are, naturally,
beating frequencies with the main components arising from O1/ much broader than the inhomogeneous width of Gitéo, >
02+ 04 and 01/02+ O3 interferences, i.eq14= 181 cnrt, 0i), so from relations (eq 3) followsT; ~ 1/oi andAi ~ wj —
w24 =177 cnml andwiz = 123 cnl, w3 = 119 cntl. In the oL = 0.
asymptotic regime of the experiment (inset, Figure 2) comprising ~ Finally, to formulate the total fluorescence intensity, one has
the slow oscillation as the prominent beat on a time scale of 25t0 sum over the Gaussian decays of those sites that are
ps, FFT recovers the low-energy splitting between sites 01 andcoherently prepared in the pulse-excitation process.

02 aswi; = 4 cnr’l, in addition to the high-frequency -

contributions of sites 01/02 O3 and 01/02+ 04, respec-  F(7,9) = ZFi(r,gz)) = 22 Foil1 +e " cospr + ¢)]

tively. This shows that even for longer delays the interferometric (4)

line in the COIN experiment is stable, thus allowing the entire

set of OFID interferences to be extracted with high precision.  One methodological approach to stabilizing the interferometer
To understand the quantitative relation between the measuredconsists of settingy to be constant (phase-locking), which
variance, molecular electronic coherence, and modulated re-allows the carrier frequency to be eliminafeth the COIN

oiz + 0L2

e—(wi—wL)2/2(0i2+0L2)' T2 o

—o (3)
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experiment the stability control of the phase has been overcomeapproach to performing coherence measurements in the solid
by usingrandomlyphased puls€eX.In this limit the interference state guest/host system pentacene/p-terphenyl. The measured
term in eq 1 becomes a stochastic quantity and vanishes, whemuantity is the correlated fluctuations of incoherent fluorescence
averaged over a uniform distribution of phases, yielding photons, while the information extracted from the interferograms
1/2n f%” Fwoi(t,9) dp = [FL] However, by averaging over the isrelated to molecular coherences. THz-fluorescence oscillations

square of the measured total fluorescences ﬁgz Fiol(T,p) can be interrogated in this solid state system, due to the delicate
dg = F(r)[Jand measuring the fluctuations about the average balance between site energy splitting and moderate inhomoge-
signal (F[J) the variance neous site broadening, on one hand, and the appropriate time-
5 ) bandwidth product of the excitation laser pulses, on the other.
AF(r) = F(r)0~ FO3 ®) The beat patterns originate from the coherent excitation of
depends on the delay time and is of the same order of magnitudeenergetically and spatially different P sites; thus the COIN
as the mean signal itself. Assembling the variané€(r) by observable reflects typical polarization interferences that arise
processing eq 4 in accord with definition eq 5, the multilevel from intrinsicheterodynéeatings between quantum population
COIN signal of pentacene reads amplitudes of, clearlyintermolecularsuperpositions.
1 To close, several remarks concerning the physical background
AF¥(z) Z—ZZFNFOke"z’ZT“2 cos(A ) (6)  of these experiments seem necessary. The interferograms of
2 C P/pTp (Figure 2) derived from correlated (but incoherent)
Here 1M 2 = 1/T2 + UT2 With Ay = Ax — A = ok — . fluorescence intensities provide the first experimental examples

Well-behaved results, in accordance with the linear excitation of an _experlmen_tal Fourier transform of the P/pTp t_ugh-
model, are obtained when using eq 6 as a target function in resolution absorption spectrum (Figure 1). Thus the experiments

preliminary fit-and-compare calculations. By using the central /€ Interesting in that they probe interfering coherences of
SIZO — S and the vibronichl — S, overtone transition different P constituents brought about by static level splitting.
frequenciesy; of the sites O1 04, together with a Gaussian Since tr_'e COIN_S|gnf_;1I IS a con_volu_t|on of the pulse-to-pulse
band shapeG(wi) as inputs anci setting the width of the correlation function with the optical interference response, the
I . . . .
(Gaussian) excitation pulse to match the experimental situation Fourier transform (Figure 3) produces a (shifted) absorption

(fwhm = 5.5 nm), one finds the dotted curves (superimposed spectrum that, clearly, is not as good as the hig.h-resolution
to the noisy experimental data in Figure 2) as typical outputs. spectrum. The fast beats result from the various differences of

The computed curves are in quite satisfactory agreement Withthe 0_1_04 tran5|t!ons, and the phenomen_ologlcal p|coseco_nd
the experiments. Assuming, to a first approach, Ty in eq damping term(s) is (are) caused by the inhomogeneous line
6 to be of equal size for each of the site transition profiles, WidthS; S0, since the absorption spectrum (Figure 1) is known
1T = 172 + UT@ = 2T,*2, data analysis yields a best fit, " detail (line-intensities, freque_nmes_ o_f splittings, IHBs), the

single Gaussian, inhomogeneous dephasing fiste~ 12 ps, results can be reproduced, with little difficulty (cf. smooth, solid

corresponding to a broadened bandwidth of 2.3533 GHz, !me pattern in Flgurg 2). In the fit procedure an average Gaussian
which nicely recovers some average width of inhomogeneous I"omogeneous width has been used, for simplicity, but note

broadening, as resolvable by conventional, high-resolution that the vibronic transitions are not all Gaussiihus, in a
spectroscopy? first approach, the entire set of frequencies spanning up the

To close, we note that far < 200 fs the sequential pulses ~aPsorption spectrum can be recovered from the interferograms,
(61) tend to overlap, so that higher order and convolution effects, althpugh the reduction in the qua_llty of |nf0r_mat|on |s_3|gn|f|cant.
clearly, beyond the linearity of the COIN experiment are Unlike the photon-echo techniquend site-selective hole-
determining the very early time scale of the interferograms. Puming:” COIN interferometry cannot eliminate inhomoge-
Heavily damped amplitudes of ultrafast femtosecond relaxation N€OUS Site broadening, it is therefore not possible to determine
processes, such as the damping of electronically excited,the natural line width of the various pentacene sites.
pseudolocal phonorts,are, probably, concealed in the rising, From the experiments reported here the critical reader may
leading, and trailing edge convolutions of the higher-order claim that nothing new is learned, other than the Fourier time-
correlation regime. Shorter pulses, typically down to 20 fs, domain experiment, analogous to the absorption spectrum, can
which allow one to record the interferogram at shorter delay be done. This criticism is valid as long as one is concerned
times, combined with a systematic lowering of the temperature with discussing the pure optical response in terms of the
to 1.8 K are, therefore, required in forthcoming measurements. theoretical WienerKhintchine theoreni* Accordingly, there
Such studies may help to deconvolve the COIN signal on time was, indeed, no reason to think that the experiment could not
scales<100 fs and to analyze these dissipative processes stillbe done, in the past. From the point of the experimental
in the linear limit but, now, in terms of a more complex feasibility, however, it is not trivial to stabilize the interfero-
Hamiltonian dynamics that has to go beyond the usual param-metric line, in particular, on longer time scales, e.g., in the
etrization in the optical Bloch equation approach. By using measurement of the low-frequency beat (the slow oscillation)
shorter pulses, however, higher frequency contributions will be corresponding to the G102 splitting (Figure 2, inset). Running
contained in the data, because the broader bandwidth will pick interferometric experiments either in the freely propagating
up more widely spaced features in the spectrum. Ultrashort mode o = w,t)?® or in the limit of phase-locked pulseg &
pulses in combination with the COIN interferometry are const}is a difficult enterprise, in general, since the probability
regarded to be a powerful tool to excite and probe vibrational of phase breaks increases with the length of the delay times
wave packet dynamics in large polyatomics. We address thisand thus with the duration of the experiment. By using phase-
point in section IV. randomized pulses, one overcomes the problem of phase
stability, so the COIN experiment is stable on longer times scales
and it works, due to the fact that one measures the (correlated)

In the present Letter the method of Coherence Observationfluctuationsabout theaveragesignal, rather than thaverage
by Interference Noise, COIN, has been applied as a new signal itself!120ur demonstration that Fourier transform optical

IV. Discussion
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absorption spectroscopy on a few-level solid state system can . (3) Fragnito, H. L.; Bigot, J. Y.; Becker, P. C.; Shank, C.@hem.
i i il _ Phys. Lett1989 160, 101.

be done is thus_ exclu_swely related to the feasibility of ra_ndom (4) Mokhtari, A.: Chesnoy, JEEE J. Quantum Electror.989 25,

phase pulses in the interferometer and the absolute signal of,5,g°

the intensity fluctuations that depends, fortunately, on the delay  (5) Debeer, D.; van Wagenen, L. G.; Beach, R.; Hartmann, Shigs.

time and is of the same order of magnitude as the central meangﬁu- Lfgéggg %%21723#V\|/'i<se, I;. Vl\\jI ioslﬁer,dM.é.;\Eing, Cbt.CheLm.

; yS. 86, . Felker, P. M.; Hartland, G. em. Phys. Lett.
of the fluorescgnce amp“t.Ude' . . . 1978 134, 503. Felker, P. M.; Henson, G. F.; Corcoran, T. C.; Connel, L.
The robust, high-resolution COIN technique has the potential | - Hartland, G. V.Ibid. 1987 142 439.

of much broader applications. The method may become a very  (6) Scherer, N. F.; Ruggerio, A. J.; Du, M.; Fleming, G.RChem.
useful technique to measure vibrational wave packet motion Phys.199Q 93, 856. _ _

whose dynamics hardly can be reconstructed from spectroscopy,, g)J_Fg‘;;'_‘%SA CJ_' AT r};_v&gs;;'e\’\gg'aéme”e' G.; Frost, A E.; Fayer,
in the frequency domain. While conventional high-resolution (8) Scherer, N. F.; Carlson, R. J.: Matro, A.: Du, M.: Ruggeriero, A.
absorption spectroscopy is mainly limited to the configurational J.; Romero-Rochin, V.; Cina, J. A.; Fleming, G. R.; Rice, SJAChem.
space prepared by the FrareRondon transitions, coherent Phy(sé)lggiegf’éflfsgha o1 9. o0 261 ff

wave packet propagation in '”“?ratom'c po_’ren?ﬁlab(plores (10) Cho, M.; ’Schefer, N.' IIgp Fleming, G. R.; Mukamel,JSChem.
new domains of nonspectroscopic, optically inactive states. We phys 1992 96, 5618.

anticipate that studies in certain, diatomic molecules would allow  (11) Kinrot, O.; Averbukh, I. Sh.; Prior, YPhys. Re. Lett. 1995 75,

us to probe classical recurrences, but perhaps also quantum3822. . _ . . _
mechanical revival¥ for the detection of the latter, in particular, Ph§,152)19'§e8'°£‘g§' 606'5§Ch'e'°h' W.P.; Averbukh, I. Sh.; Shapiro MChem.
the stable COIN interferometry being an ideal vehicle. Further- (13) mMeyling, J. H.: Wiersma, D. HChem. Phys. Let1973 20, 383.
more, we have propos&dthat COIN may provide a suitable (14) Wiersma, D. AAdv. Chem. Phys1981, 47, 5421.

tool to probe excitation transfer in coupled few-level systems _ (15) Patterson, F. G.; Lee, H. W. H.; Wilson, W. L.; Fayer, Mhem.

: hys 1984 84, 51.
and we note that the method can be applied to quantum state” (16) Orlowski, T. E.. Zewail, A. HJ. Chem. Phys1979 70, 1390,

holography with the objective to map out Wigner-type, quantum- (17) Orrit, M.; Bernard, J.; Personov, R.J. Phys. Chemn1993 97,

state representations of simple molecié#feEinally, we con- 10256. Kador, LPhys. Status Solidi B995 189, 11.
jecture that COIN in combination with pulses of -120 fs (18) Ambrose, W. P.; Basche, Th.; Moerner, WJEChem. Phys1991,
temporal width will allow insight into the coherent onset of 95, 7150.

. . (19) Olson, R. W.; Fayer, M. DJ. Phys. Chem198Q 84, 2001.
processes that determine quantum coftr@nd chemical (20) de Vries, H.; de Bree, P.: Wiersma, D.@hem. Phys. Let1977

dynamics in larger molecules with deeper potentials, too. 52, 399.
Experiments of this kind may be expected to tackle processes (21) L. Kador, University Bayreuth, Germany, personal gift.
such as spreading, damping, and chirpfrd vibrational wave (22) Laird, B. B.; Skinner, J. LJ. Chem. Phys1989 90, 3880.

. . (23) Reilly, P. D.; Skinner, J. LJ. Chem. Phys1995 102 1540.
packet motion and, presumably, establish new approaches for (24) Martin, P. C.Measurements and Correlation Functigr@ordon

understanding ultrafast excited state relaxation dynamics andand Breach Science Publishers: New York, 1968.
funneling into chemical channels. (25) Noel, M. W.; Stroud, C. R., JPhys. Re. Lett 1995 75, 1252;
1996 77, 1913. Blanchet, V.; Bouchenne, M. A.; Cabrol, O.; Girard, B.
; ; Chem. Phys. Lett1l995 233 491. Blanchet, V.; Nicole, C.; Bouchenne,
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