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Light-induced second-harmonic generation in an octupolar dye
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Quasi-permanent light-induced second-order susceptibility y® of octupolar molecules is demonstrated. The
octupolar molecule Ethyl Violet was oriented in a solgel matrix by a purely optical poling technique. The
method consists of a seeding process based on a nonclassical holographic process with coherent two-frequency
mixing. The growth of the induced y® is monitored in real time by frequency doubling of the fundamental

beam in the sample.
of the induced y®.

Most molecular systems considered so far as candi-
dates for use in quadratic nonlinear optics have been
inspired by the molecular diode template as exempli-
fied by the para-nitroaniline prototype donor—acceptor
molecule. This perspective was recently enlarged! by
the proposal of multipolar systems for nonlinear optics,
initially based on the recognition of the full tensorial
nature of B, which is reflected in the following irre-
ducible decomposition: B = Bj—1 ® Bj—3, where Bj_1
and Bj—3 are, respectively, the dipolar and the octupo-
lar contributions to 8. Nondipolar noncentrosymmet-
ric systems, exhibiting, for example, trigonal (e.g., Ds;)
or tetrahedral (e.g., Ty) symmetry are indeed com-
patible with a nonzero 8 tensor. The 8 tensor is then
reduced to have only a B;—3 component, and all ob-
servable physical quantities of a dipolar nature such
as the molecular permanent dipole moment u cancel.
This precludes the use of a dipolar coupling scheme
to achieve transient as well as permanent macroscopic
orientation of octupolar molecules for measurements
or material fabrication purposes. One recently re-
vived approach, following the pioneering experiments
of Terhune et al.,? enables systematic solution mea-
surements to be made in a noncoherent regime. It has
shown the giant nonlinearities associated with octupo-
lar systems such as propeller-shaped organometallic
molecules with nonresonant B’s of the order of 800 X
1070 esu (=3 X 10748 Cm ™32 V~2)3 One crucial goal
is the permanent macroscopic orientation of octupolar
molecules, which is a prerequisite for the practical ex-
ploitation of these systems in materials and devices.
We show here an original technique that overcomes
this problem, using purely optical means and based on
a nonclassical holographic process with coherent mix-
ing of two-frequency fields.*~” In the case of dipolar-
type molecules, it has been shown that all-optical
encoding of noncentrosymmetry can give orientation
efficiencies comparable with those in the standard
corona poling technique.®

The all-optical method is based on two essential
properties of the time-averaged tensorial product (E3),
where E = E, + E,, is the total field that results from
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The polarization dependence of the signal is used to demonstrate the octupolar symmetry
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the coherent superposition of two fields, namely, E,, at
the fundamental frequency » and E,, at the second-
harmonic frequency.® First, (£%) has a nonzero
cubic average, and second, its irreducible tensor
decomposition has a component with octupolar sym-
metry.l® Coupling of the (E2) field tensor with a
molecule is thus permitted even in the absence of a
dipole. Microscopically, the process was identified
to be an orientational hole burning in the initially
isotropic distribution of molecules.’? Furthermore
a noncentrosymmetric orientation of the molecules
in a self-phase-matched structure can be achieved,
resulting in a nonvanishing macroscopic second-order
susceptibility y®. Recently, after demonstrating
the possibility of photoinducing a transient y® in a
solution of donor—acceptor conjugated molecules,®!* we
reported what we believe is the first noncentrosym-
metric transient orientation of octupolar molecules in
solution, enabling us to investigate both the dynamical
b?gagior and the symmetry properties of the induced
X2

We report here the quasi-permanent all-optical
poling of a prototype octupolar guest—host system.
The guest octupolar molecule is Ethyl Violet, a trip-
henylmethane dye, which is embedded in a standard
tetramethoxysilane polymeric solgel matrix. The
mechanism is discussed, and the octupolar symmetry
is demonstrated by polarization analysis.

We make use of the experimental setup described
previously.! The source is a @-switched mode
locked Nd3":YAG laser delivering 25-ps pulses at
1064 nm. The coherent second-harmonic writing
beam was obtained by frequency doubling with a KDP
crystal. The seeding process consists of simultaneous
irradiation of the sample by the two coherent copropa-
gating beams at frequencies w and 2w. The sample
was at normal incidence to these two collinear writing
beams. The light-induced noncentrosymmetry was
probed by generation of second harmonic (SH) inside
the sample. To monitor the growth dynamics of the
induced y@ grating, we periodically stopped the seed-
ing process for probing. For this purpose an RG630
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Schott filter was inserted in front of the sample,
leaving only the w beam incident. The SH signal
was detected by a photomultiplier tube after spatial
filtering. The experiment was entirely computer
controlled.

The sample was a spin-coated 1.3-um thin film of
a silica-gel matrix doped with Ethyl Violet (10% by
weight), which has octupolar symmetry and an ab-
sorption maximum peaking at 580 nm. The optical
density at 532 nm was 0.5, and the film was of good op-
tical quality. Figure 1 shows the growth of the light-
induced y® as a function of time. The energy in each
beam was ~700 ud for the fundamental beam and
~2 ud for the SH seeding beam, with beam diame-
ters at the sample location of 600 and 400 um, re-
spectively, corresponding to fluences of 10 GW/cm?
and 25 MW/cm?, respectively. Both beams were po-
larized vertically. The generated SH signal was ana-
lyzed parallel to excitation, i.e., vertically.

As a result of the holographic nature of the
multifrequency-field process, the relative phase A®
between the w and 20 writing fields strongly influ-
ences the efficiency of the light-induced orientation
process. More precisely, the induced x@? can be
written as

Xk = xe cos(AD + Akz)exp[—(a/2)z], (1)

where )(é%f) o IIEgE;w I, @ is the absorption coefficient at
frequency 2w, Ak = 2k, — ks, is the spatial dispersion
factor related to the wave-vector mismatch, k&, and ks,
are the wave vectors at frequencies w and 2w, E, and
E5, are the complex field amplitudes, and z is the
propagation coordinate and its origin is taken to be at
the front face of the sample.

Experimentally, we controlled the relative phase Ad
between the w and 2w writing beams by tilting a
BKY7 plate with known thickness and index dispersion
between 1064 and 532 nm. We measured the depen-
dence of the SH intensity as a function of A® af-
ter 30 min of preparation, as shown in the inset of
Fig. 1. The experimental results show good agree-
ment with the theoretical curve (solid curve in the inset
of Fig. 1) derived from Eq. (1) after solution of the wave
equation.® The fit yields a coherence length of ~6 um,
in agreement with the value derived from the absorp-
tion spectra by use of Kramers—Kronig relations.

The growth dynamics of the induced y® are plot-
ted in Fig. 1 for optimized relative phase between the
seeding beams. The gradual growth of the induced
x? and its saturation after a few minutes’ process-
ing are similar to the behavior observed in the case
of the uniaxial molecule Disperse Red One (DR1; see
Fig. 2 for the molecular structure). At saturation, the
induced second-order susceptibility is dss = y?/2 =
0.6 pm/V. This value was determined from the SH
intensity and the beams’ fluences after resolution of
the wave equation.® After the preparation process no
significant decay of the signal was observed after tens
of minutes. Unlike in the case of DR1,? for which the
permanent orientation can be described in terms of a
trans/cis photoisomerization process following the se-
lective polar excitation of the molecules, the nature
of the photoisomerization process remains to be clari-

OPTICS LETTERS / Vol. 20, No. 24 / December 15, 1995

fied in the case of Ethyl Violet. However, macro-
scopic orientation possibly occurs through breaking of
the molecule-to-matrix bonds and subsequent reorga-
nization following the orientation-selective excitation
process.'?

More important in view of the particular symmetry
of Ethyl Violet is the symmetry analysis of the radi-
ated SH signal. Figure 2 shows a polar plot of the
vertically polarized signal amplitude. This amplitude
is derived from the square root of the signal intensity.
The plot shown in Fig. 2 was obtained from a vertically
polarized w-reading beam as a function of the in-plane
rotation of the sample. The cases of both the uniaxial
molecule DR1 and the octupolar molecule Ethyl Vio-
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Fig. 1. Experimental growth (negative times) and free
evolution (positive times) of the induced ds;. The inset
shows the experimental dependence of the SH signal
intensity (in arbitrary units) on the relative phase A®
of the w and 2w writing beams. The origin of A® was
arbitrarily taken for normal incidence of the writing beams
on the BK7 plate. The signal intensity was recorded after
a 30-min preparation of the sample. Growth and decay
dynamics are measured with A® = 25°, corresponding to a
maximum signal. The solid curve in the inset shows the
theoretical fit.
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Fig. 2. Molecular structure and polar representation of
the vertically polarized SH signal amplitude as a function
of the in-plane rotation of the sample. The cases of both
the uniaxial molecule DR1 and the octupolar molecule
Ethyl Violet are shown. Solid curves correspond to the
expected theoretical dependences.
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let are shown for comparison. The vertical direction
corresponds in both cases to the seeding polarization
axis. These two systems exhibit drastically different
features. Indeed, as shown below, analysis of the ra-
diated SH signal provides a unique insight into the ten-
sorial nature of the induced second-order susceptibility
and thus reveals the nature of the light—molecule in-
teraction.

The macroscopic polarizabilities of an assembly of
noninteracting molecules are obtained from the corre-
sponding microscopic ones after averaging over all pos-
sible orientations. In the case of frequency doubling,
the second-order susceptibility y® is related after sta-
tistical averaging to the hyperpolarizability B8 of the
molecules according to

X2 = fQ N(Q)Bass(@)dQ, )

where N (Q) is the density of molecules oriented in a di-
rection ) and where A is a given direction in the (x, y)
plane of the film. Baaa(Q) = (A -i)(A - j)(A - K)Bij,
with the implicit repeated index summation conven-
tion. The projection factors depend on the Euler an-
gles (0, ¢, ) between the laboratory and molecular
reference frames. d{} is the normalized element of the
solid angle. For the sake of clarity, local field effects
are not explicitly mentioned and may be considered in-
cluded in the B expression.

Ethyl Violet exhibits Ds; symmetry, which-
leads to the following expression for the B ten-
sor’: B(—2w; 0, w)=B;;i(i®i®i—i®j®j— j®
J®i—j®i®j).

A general treatment is given in Refs. 10 and 11. In
the present case the preparation process preserves the
symmetry along the vertical axis (axis x in the labo-
ratory frame), so the angular distribution N () will
not depend on the azimuthal angle ¢. Thus N(Q) =
N (0, ) can be expanded in spherical harmonics':

0 l
NQ)=N@O,¥) =D D AmYm@,¢).  (3)
=0 m=0

Equations (2) and (3) permit the calculation of the
macroscopic component of the induced susceptibility
x? for a given writing polarization direction A, deviat-
ing by an angle 6 from the vertical direction x, leading

to
@) 5 4
XAAA & (ﬁ\/477/7 Asgp + 7\/27r/105 A32>

X (cos3 5 — % cos 6). 4)

In the case of a uniaxial molecule, 8 is reduced to
a single coefficient, namely, B(—2w; 0, w) = B;;i(i ®
I ® i), so N({)) is simply a function of the tilt angle
0:N(Q) = N(0). The expected dependence for X(AzA)A is
then

PIE: <\/47T/ 7 Ago)(cos3 8)
+ %(\/47r/3 Ajo — 47T A30>(cos 8). (5
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It can be seen from Fig. 2 that in the case of DR1 the
contribution of cos® 8 appears experimentally to be
negligible, so the dependence on cos & is sufficient to
describe the symmetries of the induced y®.

The best-fitting curves (solid curves) in Fig. 2 are
derived from relation (4) for the octupolar Ethyl Violet
molecule and from relation (5) for the uniaxial DR1
molecule.

In conclusion, we have demonstrated quasi-
permanent light-induced second-order susceptibility
x? in a polymeric solgel matrix doped with the
octupolar Ethyl Violet molecule. It can be interpreted
in terms of the holographic recording of an interfer-
ence pattern induced by the coherent interference of
dual-frequency fields. The possibility of patterning
a long-lived second-order susceptibility by all-optical
means opens up a new avenue for the breaking of cen-
trosymmetry in organic media, especially in the case
of molecules without a permanent dipole. Indeed,
in such cases, polar orientation is impossible by con-
ventional electric poling techniques. Furthermore,
optical poling is a simple technique giving exactly
the micropatterning of the induced order required for
phase matching without any need for the complicated
technology required for periodic electrode shaping.
The octupolar symmetry of the induced y® has
also been confirmed. The combination of octupolar
molecules and all-optical poling opens new directions
for the design of devices for frequency conversion.

We are most grateful to B. Lebeau for synthesis and
spin coating of the solgel thin films.
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