Quantum interferencein organic solid
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Abstract: We demonstrate high contrast quantum interference between
one-photon and three-photon absorption pathways in an organic solid at
room temperature. Illumination of a thin polymer film activated with
fluorescing dendrimer chromophores of large three photon absorption cross
section with two simultaneous femtosecond pulses at near-IR frequency o
and its third harmonic UV frequency 3w results in a spatia interference
fringe pattern observable by eye.

© 2005 Optical Society of America

OCI S Codes: (190.4180) Multiphoton processes; (270.1670) Coherent optical effects

References and links

1
2.

3.

10.

11.

12.

13.

14.

15.

16.

17.

M.O. Scully, and M. S. Zubairy, Quantum Optics (Oxford University Press, 1996).

E.A. Manykin, and A. M. Afanasev, "On one possibility of making a medium transparent by multiquantum
resonance,”" Sov. Phys. JETP 25, 828-830 (1967).

P. Brumer, and M. Shapiro, "Control of unimolecular reactions using coherent light," Chem. Phys. Lett. 126,
541-546 (1986).

C. Chen, Y-Y.Yin,and D. S. Elliott, "Interference between optical transitions," Phys. Rev. Lett. 64, 507-510
(1990).

L. Zhu, V. Kleinman, X. Li, S. P. Lu, K. Trentelman, and R. Gordon," Coherent laser control of the product
distribution obtained in the photoexcitation of HI," Science, 207, 77-80 (1995).

G. Xing, X. Wang, X. Huang, R. Bersohn, and B. Katz, "M odulation of resonant multiphoton ionization of
CHjsl by laser phase variation," J. Chem. Phys. 104, 826-828 (1996).

S. A. Rice, "Interfering for the good of a chemical reaction”, Nature 406, 422-426 (2001).

M. Drobizhev, A. Karotki, A. Rebane, and C.W. Spangler, "New dendrimer molecul es with record large
two-photon absorption cross-section,” Opt. Lett. 26, 1081-1083 (2001).

M. Drobizhev, A. Karotki, Y. Dzenis, and A. Rebane, Zhiyong Suo and C.W. Spangler, " Strong cooperative
enhancement of two-photon absorption in dendrimers," J. Phys. Chem. B 107, 7540-7543 (2003).

M. Drobizhev, A. Karotki, M. Kruk, Yu. Dzenis, A. Rebane, Z. Suo, and C.W. Spangler, ""Uncovering
coherent domain structure in a series of ©-conjugated dendrimers by simultaneous three-photon absorption,”
J. Phys. Chem. B 108, 4221-4226 (2004).

C.Y.Ye V. A. Sautenkov, Y. V. Rostovtsev, and M. O. Scully, "Fast optical switching via stimulated
Raman adiabatic passage," Opt. Lett. 28, 2213 -2215 (2003).

M. Bajcsy, A. S. Zibrov, and M. D. Lukin, " Stationary pulses of light in an atomic medium," Nature 426,
638-641(2003).

A. P. Heberle, J. J. Baumberg, K. Koeler "Ultrafast coherent control and destruction of excitons inquantum
wells," Phys. Rev. Lett. 75, 2598-2601 (1995).

A. Hache, J. E. Sipe, and H. M. Driel, "Quantum interference control of electrical currentsin GaAs," |EEE J.
Quantum Electron. 14, 1144-1154 (1998).

M. Albota, J.-L. Bredas, S. Marder, J. W. Perry, and W. W. Webb, "Design of organic molecules with large
two-photon absorption cross sections,” Science 281, 1653-1657 (1998).

B. H. Cumpston, S. P. Ananthavel, S. Barlow, D. L Dyer, J. E. Ehrlich, L. L. Erskine, A. A. Heikal, S. M.
Kuebler, 1.-Y. S. Lee, D. McCord-Maughon, J. Qin, S. R. Marder and J. W. Perry, "Two-photon
polymerization initiators for three-dimensional optical data storage and microfabrication,” Nature 398, 51-54
(1999).

G. S. He, P. P. Markowicz, T.-C. Lin, and P. Prasad, "Observation of stimulated emission by direct three-
photon excitation," Nature 415, 767-770 (2002).

#7242 - $15.00 US Received 25 April 2005; revised 20 July 2005; accepted 25 July 2005
(C) 2005 OsA 8 August 2005/ Vol. 13, No. 16/ OPTICS EXPRESS 6033


mailto:rebane@physics,montana,edu

18. C. W. Spangler, Z. Suo, M. Drobizhev, A. Karotki, and A. Rebane, “New organic dendrimers with greatly
enhanced multi-photon absorption for photonic applications,” in: Organic Nanophotonics, F. Charra, V. M.
Agranovich, and F. Kgjzar, eds. (Kluwer Academiv Pub., Dadrech, 2003), pp.139-153.

19. R. N. Dixon, D. W. Heang, X. F. Yang, S. Harich, J. J. Linand X. Yang, "Chemical "Double dlits":
Dynamical interference of photodissociation pathways in water," Science 285, 1249-1253 (1999).

20. R.J. Gordon, L. Zhu, and T. Seideman, "Using the phase of light as a photochemical tool," J. Phys. Chem. A
105, 4387- 4394 (2001).

Quantum interference arises if atom or molecule undergoes a transition from one state to
another in more than one way at the same time [1]. In multi-photon absorption, quantum
interference can take place if the same optical transition is excited by either one short
wavelength photon or three long wavelength photons [2]. An intriguing property of such two-
color quantum interference is that it offers a possibility to exert control over the tota
transition probability via adjusting the relative phase between the two wavelengths. This
enables new interesting physical effects and potential applications including suppression of
absorption in opticaly thick medium, coherent control of chemical reactions, precise laser
clock synchronization, new type of phase-sensitive detection, and others.

One of the main challenges for implementing these ideas is finding or creating materials
where quantum interference is strongly pronounced. Furthermore, to produce practical
devices based on the quantum interference effect, the relevant medium needs to be a solid,
and should function preferably at room temperature.

Interference between alternative molecular excitation pathways was demonstrated recently
by ionizing a gas of small molecules with an intense optical pulses of frequency o, and
simultaneously with third harmonic pulse of frequency 3m, such that the same molecular
transition is excited by absorbing one 3w-photon or three m-photons [3-7]. Here we show that
by designed a special organic nonlinear-optical solid fluorophore we can increase the
efficiency of the three-photon absorption by several orders of magnitude, up to the point
where the quantum interference and the associated quantum fringe pattern becomes easily
observable, even with an unaided eye. The nonlinear-optical material consists of thin polymer
film activated with fluorescing dendrimer molecules [8], which we synthesize to exhibit
record large value of three-photon absorption cross-section, owing to cooperative
enhancement effect [9-10]. Quantum interference in an organic solid at room temperature may
facilitate practical ultrafast quantum molecular switches [11] and quantum memory devices
[12].

Consider an IR beam of frequency o crossing at a small angle with a UV beam of
frequency 3w, as shown in the inset of Fig. 1. A conventional optical sensor or detector, if
placed at the intersection of the two beams, is unable to reveal any interference between the
UV- and IR wavelengths because the quantum transitions responsible for the absorption of the
different frequency photons terminate in different final states (a). The interference can take
place if we use, instead, as the detector a nonlinear optical medium, in which the same final
state is reached by absorption of one UV photon and three IR photons (b). The population of
the final state becomes a coherent superposition of the two excitation amplitudes, and will
display a pattern of interference fringes, which are analogous to the classical Y oung double
slit experiment. In principle, one could detect the interference fringes by measuring the
fluorescence emitted from the excited state, provided that the efficiency of the excitation is
adequate.

Although the principle of the two-color quantum interference is rather straightforward,
practical implementation of the above proposed experiment has not been feasible, so far, due
to the fact that the efficiency of the multi-photon absorption processes in most known
materials is very small. Previous demonstrations of the quantum interference were achieved
through indirect highly sensitive detection methods involving either ionization of atomic- and
molecular gases [4-7], or by measuring photo-induced current in semiconductors [13,14].
Low probability of simultaneous absorption of three photons in previous experiments implied
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tightly focused, very high intensity excitation beams, which also precluded direct observation
of the quantum interference fringes.
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Fig. 1. Main figure: experimental set up. A thin film of compound 1generates 3rd harmonic at
415 nm with efficiency 1%. Compound 2 absorbs simultaneously UV and IR, and produces
visible fluorescence at 560nm wavelength. Inset: a, conventional detector observes no
interference between frequency o and 3w because these IR and UV wavelengths are absorbed
independently from each other. b, Interference appears if a special detector (compound 2) is
used, which is capable of absorbing, in the same eectronic transition, both UV and IR
wavelengths.
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In recent years, organic synthesis, assisted by much improved understanding of the
underlying structure-property relationships, has enabled a variety of new compounds with
enhanced nonlinear-optical properties [15-17]. Here we take advantage of a novel type of
branched organic molecules, which we have created to maximize the efficiency of muilti-
photon absorption [8, 18]. Figure 2 shows two compounds that we have synthesized for the
purpose of this experiment: a three-arm G-0 dendrimer based on bis-diphenylamino stilbene
(BDPAYS) repeat units (compound 1), and four-arm G-0 dendrimer, where four BDPAS arms
are attached to bis-diphenylamino di-styryl benzene (BDPADSB) core (compound 2). Figure
2 shows the one-photon- and three-photon absorption spectra of compound 2, where the last
has peak value, 65=1.5 107 cm® & photon?, which is one of the largest values obtained
previously for any kind of molecular system. We point out that the maximum transition
wavelength of the three-photon absorption coincides with the maximum of the one-photon
spectrum, which indicates that both types of transitions take place between the same initial
and final states.

The unusually large nonlinear-optical cross section of these molecules derives from two
circumstances. First, the particular linear chromophores (BDPAS and BDPADSB) are known
as efficient three-photon absorbers [18]. Second, and most important, the molecules with the
distinctive two-dimensional dendritic (branched) structure of the type shown in Figure 2,
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display strong electron delocalization between the branches, which leads to cooperative
enhancement (compared to the sum of the individual chromophores) of electronic transition
dipole moments, both in ground state, as well as in excited electronic state [8-9]. By
synthesizing such structures, we have recently achieved a profound enhancement of both two-
and three-photon absorption cross section for femtosecond pulses in near-infrared range of
wavelengths.

Figure 1 shows the scheme of the experimental setup, in which we use the 1245 nm output
of a femtosecond optical parametric amplifier (pulse duration 100 fs, pulse energy 0.1 mJ and
repetition rate 1 kHz) as the source for the frequency w, whereas the third harmonic at 415 nm
serves as the frequency 3w . The tripling of the frequency is accomplished by passing the
1245 nm beam through a 40-um thick film of neat gel of self-soluble three-arm stilbene
dendrimer (compound 1 in Fig. 2). The UV pulses are generated collinearly with the IR beam,
their energy is about 1%, and their duration is about the same as that of the IR pulses. The
first dielectric beam splitter separates the IR from UV by transmitting the IR wavelength and
reflecting the UV wavelength. The second beam splitter combines the two beams at a small
angle, and brings them to a common 0.4 mm diameter spatial spot on the sample. The exact
temporal overlap between the UV- and IR-pulse is achieved by fine adjusting the optical
delay inthe UV arm of the interferometer (Fig. 1).

= = = (=]
8 8 F B Wavelength, nm
£ b ™ ™ ™
E zlu - ] 1 ] I |
= T — 0.5
i)
] L
=
a2 m
E 1.5
7 ol | i
=
- Compound 1
A - y I - 0.3
5 1.0- - LY I
o L
@
[77]
ﬁ R2=0(CH,CH.0)H
o L -
£ 0.5 - =
2
3 . Q¢ !
& L
"2
£ m
= 0.0 i 1 i | i 1 1 | i 1 L 0.0
400 500 600 700 800
Wavelength, nm

Fig. 2. Absorption spectrum (right vertical scale and lower horizontal scale) and chemical

structure of three-arm G-0 dendrimer based on bis-diphenylamino stilbene (BDPAS) repeat

units (compound 1), and four-arm hybrid G-0 dendrimer based on bis-diphenylamino di-styryl

benzene (BDPADSB) core with attached BDPAS branches (compound 2). Maximum molar

extinction is, £(420nm)=1.1 10° M* cm™ and £(420nm)=2.5 10°> M* cm?, for the compound 1

and 2, correspondingly. Black sguares present three photon absorption cross section of

compound 2 (left vertical scale and upper horizontal scale for laser wavelength).
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Fig. 3. Image of the fluorescence when UV pulse (a) or IR pulse (b) is applied alone. c,
Interference pattern observed when both UV and IR pulses are applied simultaneously. d,
Vertical intensity profile of the three images (along dashed lines). Dashed curve, estimated
pattern of maximum contrast interference.

Our sample is prepared by spin-coating a 3-um-thick film of polystyrene, activated with
the compound 2 a concentration of 6 10° M, on a flat glass substrate. A thermo-€electrically
cooled digital CCD camera (Xillix) was used to capture and quantify the intensity of the
fluorescence signal. Figure 3 shows the spatial pictures of the fluorescence emitted by the

sample, when the film is illuminated with UV pulses of incident energy, R, =0.5nJ, and IR

pulses of energy, P =8ud. The intensity of the fluorescence from our chromophore

molecules is strong enough to be observed directly by eye through a ssmple microscope lens
used for image magnification.

When the two pulses are applied simultaneously, then the intensity of the fluorescence
shows a clear pattern of dark and bright fringes (Fig. 3(c)), which can be seen even with
unaided eye A strong low-pass filter, which cuts off all residual UV light in the IR arm of the
interferometer, ascertains that no conventional (optical) interference contributes to this picture
As a further check, we change the angle between the beams, and make sure that the fringe
spacing behaves as,
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As expected for quantum interference, in our experiment D is determined by the frequency of
the transition, whereas for conventional (optical) interference D would be given by the
frequency of the illuminating light.

The spectroscopic properties of the fluorescence emission, such as spectrum, quantum
yield, etc. arein the current compound, as in most organic solids, largely independent whether
the absorption involves one-photon process or three-photon process. Therefore, we can
assume that the intensity of the fluorescence signal in our experiment is at al times directly
proportional to the population of the excited state. We can make use of this fact to obtain
some quantitative insight into the expected contrast of the interference fringes by noting that
when the UV pulse aone is applied, then the fluorescence is proportional to the intensity of

the UV pulse, F, =< R, (Fig. 3a), while when the sample is illuminated with the IR pulse
alone (Fig. 3(b)), then the emission is proportiona to the third power of the incident IR
intensity, F, o< P>. (Note that, while the physical diameter of the two beams is about the

same, the cubic dependence on the intensity makes the IR-excited fluorescence spot in Fig.
3(b) smaller than the corresponding UV-excited spot in Fig. 3(a).). When both the UV pulse
and the IR pulse are applied simultaneously, then the emission is proportional to the
superposition of the corresponding one- and three-photon excitation probability amplitudes,

which can be expressed as,
. 2
Fo o< ‘\/ Fov +€°4 FIR‘ ' 2

where ¢ is the relative phase. Now, by taking the measured ration between the maximum
fluorescence signals, F ;™ / Fr =3, we plot the maximum contrast interference (dotted

linein Fig. 3(d)), that could be obtained under ideal conditions. Obvious experimental factors
that can reduce the contrast of the quantum interference are, for example, large difference of
pulse propagation velocity in polymer for two wavelengths, a non-uniform distribution of the
pulse amplitude thought the sample thickness, random spatial orientation of the molecular
dipoles in the polymer material relative to the polarization of the light, etc. It is noteworthy
that, even without taking any of these factorsinto account, the observed fringe contrast is till
amost 20% of the absolute maximum value. This finding is even more remarkable because
ultrafast sub-picosecond dephasing of electronic coherence, which is very typical to organic
solids at room temperature, does not appear to much deteriorate the high contrast of the
quantum interference fringes. The fact that the quantum fringes occur with high contrast in a
solid at room temperature indicates that the three-photon transition occurs, at least in our
material, between the same electronic-vibrational states as the corresponding one-photon
transition. In this case the interference is occurring as an instantaneous process, and will not
be affected by fast loss of coherence or relaxation of the excited state of the molecule.

A key feature for future applications of the quantum interference effect consists in the
possibility of using the relative phase between the aternative excitation paths to switch
between different desired outcomes of the processes. This effect was recently exploited to
demonsgtrate active control over the outcome of some elementary chemical reactions in gas
phase [19-20]. Our experiment indicates that quantum interference effect could be used to
control photochemical reactions in large organic molecules and even in organic solids. The
structural advantage offered by the solid medium is an important factor in developing
practical quantum interference devices, such as recently proposed ultrafast optical switches
[11] and optical quantum memory based on slow light [12].
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