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We present the mechanisms of a remanent alignment of polarizable molecules dispersed in a solid
silica gel matrix, when submitted to powerful, femtosecond, linearly polarized, optical pulses
emitted from a dye laser. This alignment can be related to third-order nonlinearities of the dopants
through an orientational optical Kerr effect. Its remanence results from the strong interactions the
dopants share with their host matrix, particularly through hydrogen bonds. We expose here the
detailed mechanism of this phenomenon, considering that such a rotation of large chromophores
may not be compatible at first sight with subpicosecond pulse durations. Through several
experiments, we show that this apparent contradiction is solved once analyzed, by the structure of
the excitation pulses, which cannot be simply described as “femtosecond pulses”, but consist of
two temporal components—a femtosecond one and a nanosecond one—playing different but
essential roles in the process. 96 American Institute of Physid$§0021-897@6)00520-§

I. INTRODUCTION remarkable remanence even after the exciting pulse source
eIaas been switched off. We could thus describe the phenom-
enon as an all-optical memory effect, since the photoinduced
ybirefringence is also “read” through a cw He—Ne laser

Solid matrices prepared by a sol-gel process and dop
by various optically active species have proved to be highl
interesting materials for nonlinear optits Within the past
few years, we have shown that such media could present ;heam.

Y/ , p L ; ; ;
original behavior when submitted to ultrashort optical, The ex0|tat|qn pulses are issued from a classical collid-
pulses*® If trapped in a sufficiently dense gel matrix, ordi- Ing pqlse, passively mode-locked dye resonator, and then
nary optically nonlinear chromophores can lead to notabl@mPplified through  several dye stages pumped by a
and persistent birefringences under the influence of linearjféduency-doubled Nd:YAG laser. Several experiments led

polarized, subpicosecond, light pulses—the birefringencé’s .to attribut.e this birefringence to an op-tical Kerr effect
principal axis corresponding to the very polarization direc-taking place in each molecule and responsible for an overall
tion of the pulses. alignment of the dopants towards the direction of the optical

As previously reported, such an alignment of polarizable®Xciting electric field. -
molecules under the influence of ultrashort light pulses can  Moreover, the persistence of this birefringence seems to
be attributed to their third-order nonlinear optical propertiesP€ due to the numerous hydrogen bonds that can be estab-
Moreover, its temporal persistence arises from the strong inished between the doping molecules and their host matrix.
teractions the molecules share with their host matrix. StillHydrogen bonds are sufficiently strong to overcome the ther-
the detailed mechanism of this optical alignment remainedn@l agitation at normal temperature and maintain the mol-
only partially understood, since such a mechanical rotatioffcules in a given position in the absence of any external
of large molecules does not appear to be compatible witgxcitation. Yet they are also weak enough to be broken by
subpicosecond pulse durations. We show here that this ph@owerful light pulses. Between each pulse, new hydrogen
nomenon can be exp|ained by the actual tempora| Structu@OndS can be formed and can freeze in the directions adopted
of the exciting pulses, which appears more complex thary the dopants. Pulse after pulse, these molecular directions
expected due to the generation technique of these ligHend to align towards the polarization direction of light. Once
pulses. We establish that they bear two temporal compothe excitation pulses have been switched off, most molecules
nents, each one playing a different but essential role in thkeep their induced direction. Thus the orientational anisot-
optical alignment process. ropy can remain at a high level for very long times. For
example, images we inscribed in such doped gel matrices
remain legible without ambiguity more than three years after
their inscription.

Both the molecular motion and the conservation of

Polarizable chromophorggnd especially organic mol- photoinduced molecular directions can be described in terms
ecules such as rhodamines or azo-dyespped in the pores of rotational diffusior®’ Yet mechanical rotation of large
of a silica gel matrix can be locally aligned when they aredopants such as rhodamine molecules cannot occur during
subjected to subpicosecond, linearly polarized, opticatypical subpicosecond pulses. Still all our experimental re-
pulsest® This alignment of doping chromophores shows asults showed a clear dependence of the phenomenon on the

Il. OPTICAL MEMORY EFFECT IN DOPED GEL
MATRICES
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optical power and not on the optical energy. For example, no
birefringence could be observed with nanosecond pulses of 100 MW
even 100 times higher energy. This means that the subnano-
second duration of the pulses is an essential parameter of the Femtosecond c;)rr;ponent
phenomenon. On the other hand, the induced optical trans- (A0 T, 10 2 Vim)
mission coefficient appeared to be strictly linear with respect 7
to the pulse energy, which excludes any multiphoton effect.
The solution to this dilemma may be hidden in the real, and
maybe not so simple, temporal structure of the optical pulses
we used.

N\

Light power

Nanosecond
component
(1 1ed, 10 6Vim)

IIl. TEMPORAL STRUCTURE OF THE EXCITATION /

PULSES 0.1 kW
As previously mentioned, these optical pulses are emit- :

ted from a colliding pulse, passively mode-lockeédPM) ]

ring resonator pumped by a cw Ar laser. Obtained at a mean 100 fs

waveleljgth of ?‘bOUt 620 niithe ampllﬂcatlon me,dlum IS a FIG. 1. Schematic representation of the temporal structure of the excitation

rhodamine 6G jet streamthey are emitted at a high repeti- pyjses.

tion rate of 80 MHz for a typical duration of 150—-200 fs. Yet

they still are not energetic enoudgf.1 nJ to produce any

nqplmear gffect on cla_ssmal chromophores, and mugt be ani'()rque. This torque would be strong enough, nevertheless, to
P“f'ed' This amphﬁcaﬂon takes place through four circulat- ttract the molecule towards the direction of the optical elec-
ing dye solution stages pumped by a frequency-double@ic field. Several experiments were carried out in order to

Nd:YAG laser. . ; :
firm this hypothesis.
Thus immediately after their exit from the oscillating contirm his NYPomesis

ring cavity, the pulses essentially show a subpicosecond du-
ration. But this_ i.s no longer the case after they travel througr]V_ EXPERIMENTAL STUDY
the four amplification stages. Each one of these stages is
made of a sulforhodamine 640 solution pumped at 532 nm, For that purpose, the ideal experimental situation would
near its absorption maximuix,,,. Part of the pump energy be of course to use “pure” femtosecond pulges., with no
is lost by radiative deexcitation of the sulforhodamine 640fluorescence nanosecond compohesmitted at the same
molecules in the first amplification stage, which induces awavelength as our excitation pulses.
notable fluorescence signal. Such a fluorescence signal is As reported above, we could easily obtain pure nanosec-
emitted in all directions, and a fraction of it travels in the ond pulses from our laser source by interrupting the femto-
same direction as the amplified subpicosecond pulse. Thisecond pulses issued from the CPM. Then the sole nanosec-
fluorescence radiation is then amplified in the next three dyend fluorescence pulses produced in the amplification stages
stages. The duration of this signal is approximately equal tare used. We showed that such pulses did not induce any
the durationAt of the Nd:YAG pump pulsesi.e., about 8 measurable birefringence.
ns), since typical fluorescence time constants of such dyes On the contrary, it is not possible to produce absolutely
are of the same range ad. pure femtosecond pulses with the same energy as in the two-
Thus the temporal structure of our exciting pulses becomponent exciting pulses, and totally separated from the
comes more complex after being amplified. We can describaanosecond component. Typical response times of optical
it as an ultrashort femtosecond componénith a typical  switches are much too long for that purpose. In the same
energy of 10uJ), on which a much longer nanosecond one isway, optical insulators cannot be used here, since both tem-
superimposedFig. 1). The energy of the longest component poral components are in the same state of polarization.
is typically 5%—-10% that of thdamplified femtosecond We got around this difficulty by superimposing auxiliary
one, but can be made, if required, comparable to it or evenanosecond pulses on our two-component main excitation
higher (up to 100wJ). Still the optical power of the longest pulses. The idea is that these nanosecond auxiliary pulses
component is, of course, much weaker than that of the shortould reveal, by modifying it, the role of the nanosecond
est one, at least by six orders of magnitude. This comparisocomponent of the main excitation pulses. These auxiliary
stands for the corresponding optical electric fields, with apulses were obtained from a circulating sulforhodamine 640
ratio of about three orders of magnitude. reservoir pumped by a frequency-doubled Nd:YAG laser
On this basis, we formulated the following hypothesis,(the same one that also pumps the amplification stages de-
attributing complementary roles to each of the two temporakcribed above They present the same wavelen@20 nm
components. First, the highly powerful, femtosecond compoand duration(8 ng as the nanosecond component of the
nent would induce a strong dipolar moment in each mol-excitation pulses. Auxiliary and excitation pulses are emitted
ecule. Thus a large torque would break the hydrogen @pnd in perfect synchrony but can be independently polarized.
between the molecule and its matrix. Then the nanosecondluxiliary pulses can also be delayed with respect to the ex-
component would induce weaker dipolar moment andcitation pulses by using a delay line.

Duration

10 ns
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Polarizer sole main excitation pulsegonfig. 0. Figure 3 shows that

f Eexcitation superimposing the auxiliary nanosecond pulses reduces the
%‘0 y induced birefringence in three of the four cagesnfigs. 1, 3,
1 ‘ﬁ' o and 4. On the contrary, it enhances the birefringence in con-
‘g:;.,%»é 4 Analyzer figuration 2. Moreover, in all cases, the sign of the photoin-
% = 620 nm e, duced birefringenc@& n remains the same as in configuration

———————Eaxcitation laser ) ’%\ ® 0, as confirmed using a Soleil-Bravais compensator. Let us
Synchronization also note the importance of the temporal offset between aux-

%oﬁ\ iliary and excitation pulses. The delay line mentioned above

s must be adjusted so that the auxiliary pulses reach the

sample in the same time as or slightly later than the excita-
tion ones. No modification in the induced birefringence was

observed when the auxiliary nanosecond pulses were set
ahead of the excitation pulses.

The energy of the auxiliary pulses also plays an impor-
tant role in the process. Figure 3 shows that the modification
(reduction or enhancemegntf the measured birefringence
due to these pulses increases with their energy. This energy
FIG. 2. Experimental setup for the study of the respective roles of the(from 1 ©J up to about 3QuJ) must be compared to the
nanosecond and femtosecond components of the excitation piBes.  typical energies of the two components of the main excita-
polarizers andBS)—beamspIitter. The inset sh‘ows‘ the different configura- jgn pulses: 1QuJ for the femtosecond component angidl
tions for the auxiliary nanosecond pulse polarization.

for the nanosecond one.

The corrective orientation effect of the auxiliary pulses

Doped gel samples were placed between crossed pola?-lso clearly appears when these are switched on some time

izers, so that the light issued from a cw He—Ne probe laser igfter the excitation pulses. Figure 4 shows this effect in the

not transmitted as long as the sample remains isotropicc.ase of configuration 1. Three molecular alignment kinetics

Two-component main excitation pulses were polarized at 458¢ represented n Flgs(aa-—zl(c_): W'th the sole main exci-
from the crossed polarizers to ensure a maximum transmid2tion pulses, with both excitation an_d fiuxmary Pulses
sion signal when the sample becomes anisotropic. Four p&_w!tched on at the same time, and V\.”th dglaye(i.e.,
larization directions of the auxiliary pulses were studiEi. SW't.C.hEd on about 4 min after the main excitation puises
2): (1) parallel to the polarizer placed before the samf: auxiliary pulses, respectively. In the last case, we can ob-

parallel to the main excitation pulse) orthogonal to the S(;r_vi tvr\:lths'utfgmblgunyd a short trfansmng Eenod'durlng
main excitation pulses; arid) parallel to the analyzer placed whic € birefrngence decreases, Tollowed by an increase
after the sample. that asymptotically tends to the kinetics of the case of Fig.

In addition, we noted “0.” the situation where the host 4(b). Let us also note that the same observation was made for

molecules are submitted to the sole excitation pulses. conf|gura_t|ons 3_ and _4’ and tham, on th_e_ contrary, in-
All three laser beamémain excitation pulses, auxiliary cre_ased in configuration 2 when the auxiliary pulses were
pulses, and probe beamwere focused on the sample with a switched on.
spot diameter of about 10gm. Note that the probe spot
must be a little bit smaller than the tvyo others,'ln qrder 0 DISCUSSION
ensure homogeneous detection of the induced birefringences.
Experiments were carried out on a 1-mm-thick, mixed silica/ We can now examine these experimental observations
zirconia gel, with a molar ratio equal to 7:1, doped with from the perspective of the hypothesis we made. The mo-
rhodamine 640 molecules at a concentration of 2*1ol  lecular alignment kinetics obtained in each of the four con-
|71 in the sol® The pore size in such matrices depends di-figurations(Fig. 3 coincide fairly well with the respective
rectly on the size of the dopants, since the gel network growsoles we attributed to the two temporal components of the
around the dopants during the synthesis. We estimate heexcitation pulse.
the average pore size to be nanometric. Thus in configurations 1 and 4, the auxiliary nanosecond
Let us note finally that, considering the size of the opti-pulses tend to align the molecular dipoles along one of the
cal spots on the sample, it is extremely difficult to ensure thaheutral axes of the two polarizers placed on both sides of the
the superposition of the three spots is exactly the same in alample. In doing so, they partly counterbalance the action of
cases studied. For that reason, and also because of slighie excitation pulses and especially their nanosecond compo-
thickness nonuniformities of the sample and of possible exnent that attracts the molecules 45° from the neutral axes.
citation energy fluctuations, we preferred not to quantita-These contradictory tendencies logically result in a decrease
tively compare the experimental results. Thus in the follow-of the induced birefringence, compared to configuration 0.
ing, comparisons between the different experimental Similarly, in configuration 3, the auxiliary pulses oppose
configurations are essentially qualitative. molecular alignment due to the excitation pulses. Here the
We first compared the birefringence measured in each dfvo competitive preferential directions are perpendicular to
the four configurations to the birefringence obtained with theone another, and the resulting birefringence gets weaker.
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On the contrary, in configuration 2, both auxiliary an

d energy carried by the nanosecond auxiliary pulse must reach

excitation pulses are in the same state of polarization anthe sample exactly whetor slightly afte) the femtosecond
they work together. In this case, the induced birefringence isomponent of the excitation pulse liberates the molecules,
larger than that of configuration 0, as confirmed by our meaand before new hydrogen bonds can be formed. In the oppo-

surements.

site case, we observed that the auxiliary pulse alone does not

~ The importance of a temporal quasicoincidence of exciinduce any corrective effect to the molecular anisotropy.
tation and auxiliary pulses in the sample can also be exthjs corroborates the role played by the nanosecond compo-
plained according to our model. The essential part of thggnt of the excitation pulse in the molecular alignment pro-

! T T T T T | T T T T T T 1
5 sof Excitati 1 1 i
s L. Ex citation pulses only 1
&
3 50 Switch 7
2 - on = i
5 40f : i .
= L ?
£ . o =
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g © pulses T
T a0k . - 4
5
= ] "Delayed"’ ilic ¢ 1
2 o ayed" auxiliary pulses _

0 L I L L 1 1 ] 1 1 ) 1 i
0 1000 2000 3000 4000 5000 6000

Number of excitation pulses

FIG. 4. Comparison of the molecular alignment kinetics obtaiiredonfig.
1) with the sole main excitation pulsés), with both excitation and auxiliary
pulses switched on at the same tifle, and with “delayed” (switched on
4 min after the excitation pulse traiauxiliary pulseqc). A transient period
is observed ifc).
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cess. In the same way, this role is also confirmed by the
growing corrective effect induced by the auxiliary pulses
when their energy increases. The molecular alignment is
made easier and quicker when the mechanical torque exerted
by the nanosecond electric field gets larger.

Similarly, the observation of a transient period with de-
layed auxiliary pulsegFig. 4) meets the terms of our hypoth-
esis. In the configuration showed hdoenfig. 1), the auxil-
iary pulses tend to oppose the action of the shear excitation
pulses. This explains why the birefringence temporarily de-
creases. This experiment also clearly establishes that the aux-
iliary pulses(like in the preceding experimentexert a cor-
rective but not directive effect. The excitation pulses always
keep their dominating role in the alignment process, and the
transient period is short; the birefringence rapidly increases
again, reaching the level observed in the case of Hig) 4
(with both excitation and auxiliary pulses

Still one may think that the auxiliary nanosecond pulses
could somehow oppose the molecular anisotropy or even to-

Bentivegna et al.
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tally reverse the evolution of the birefringence. To that endcommon femtosecond sources that can be found in research
the auxiliary pulses should act after the molecules have bedaboratories nowadays, especially at visible wavelengths. All
liberated by the femtosecond component of the main excitathe experiments we described above show that the nanosec-
tion pulses, and while they get aligned by the nanosecondnd component present in the pulses emitted from these la-
component. This alignment takes place during a short perioders cannot systematically be neglected in interpreting the
that can be estimated as a few hundred picoseconds after thenlinear optical effects they induce. This holds not only for
end of the femtosecond compongithhe approximate time the memory optical Kerr effect but also for various other
necessary to break or form a hydrogen bobdt it remains  nonlinearities such as saturation absorption, reverse saturable

difficult to determine precisely. absorption, etc. It is possible that sufficiently energetic pico-
second pulses might be able to induce a memory optical Kerr
VI. CONCLUSION effect in our samples. Further experiments need to be carried

In conclusion, all the experimental observations we gath—OUt in order to confirm this prediction.

ered and presented in this article appear to find a logical and
natural explanation in our hypothesis. To sum up, we estab}SoI-GeI Optics | edited by J. D. Mackenzi€l he International Society for

. Optical Engineering, San Diego, 199%ol. 1328, and references therein.
lished the role of the nanosecond-range component of theSoI-GeI Optics |] edited by J. D. Mackenzi@ he International Society for

femtosecond light pulses used for aligning molecular dipoles optical Engineering, San Diego, 199%0l. 1758, and references therein.
dispersed in the silica gel matrix we studied. This component’Sol-Gel Optics 1I) edited by J. D. MackenziéThe International Society
alone is still not sufficient to get to this result, since the fﬁr Optical Engineering, San Diego, 1994/ol. 2288 and references
doping molecules first need to be liberated from the siIica::forCeg:,'\,a, G. Le Saux, P. Georges, A. Brun, F. Chaput, and J. P. Boilot,
network. This requires a powerful, femtosecond-range pulse opt. Lett. 17, 218(1992.
component. It may seem then that the nonlinear phenomenof¥- Bentivegna, M. Canva, A. Brun, F. Chaput, and J. P. Boilo§dhGel
we describe here in terms of optical memory could not have OPtcs !ll edited by J. D. Mackenziérhe International Society for Op-

. . tical Engineering, San Diego, 1994/0l. 2288, p. 609.
been observed without the type of laser source we use in OUfy gengt, Ann. Phys.(France 6, 561 (1951).

laboratory. Yet this kind of laser remains one of the most’p. Pernot, R. Pansu, B. Levy, and J. Faure, Chem. A 793 (1993.
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