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Control of the noncentrosymmetry of thick polymer films by nonresonant
all-optical poling
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All-optical control of the noncentrosymmetry of azodye-doped polymer films was demonstrated by
nonresonant dual-frequency coherent excitation. Three kinds of noncentrosymmetries of the
polymer films were optically tailored using appropriate combinations of the writing beam
polarizations, linearly polarized, and circularly polarized light. The tensor analysis of the
photoinduced noncentrosymmetry was performed by monitoring second harmonic generation
~SHG! of the samples. The quadratic dependence of SHG on film thickness was observed, indicating
that ax (2) grating satisfying the phase-matching condition for SHG was optically induced in the
polymer films and that this nonresonant all-optical poling can be used to tailor the symmetry of bulk
samples. ©2001 American Institute of Physics.@DOI: 10.1063/1.1412571#
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I. INTRODUCTION

Controlling and manipulating the external degrees
freedom of atoms and molecules are a central subjec
modern physics and chemistry. In studies of condensed m
ter, scanning probe microscopes enable selection and
nipulation of individual atoms and molecules.1 In chemistry
researchers have aimed at control of the spatial orientatio
molecules because it allows for studies of orientational
fects in chemical reactions.2 The control can be achieved b
applying a strong static electric field for molecules posse
ing permanent dipole moments,3 or by introducing a strong
laser field for neutral molecules.4,5

Dual-frequency coherent laser excitation at fundame
and second harmonic frequencies has been shown to pe
the achievement of large polar orientation efficiency
azodye-doped polymers.6 One breakthrough with such an al
optical poling technique is that it leads to an automatic m
lecular organization with a period satisfying the pha
matching conditions for second harmonic generation~SHG!.
Additionally, using appropriate combinations of the writin
beam polarizations, all-optical poling enables full control
the molecular polar order, which permits complete all-opti
tailoring of the symmetry of polymer materials.7,8 The physi-
cal mechanism of all-optical poling consists of two pr
cesses: orientational hole burning and reorientation
azodye molecules.9,10 Under the phase-coherent excitation
a fundamental light along with its second-harmonic lig
orientational hole burning of azodye molecules occ
through the interference of two-photon absorption at the f
damental frequency and one-photon absorption at the d
bling frequency. Orientational hole burning is followed by
reversetrans–cis–trans isomerization, which finally leads to
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a net permanent polar orientation of molecules. This te
nique possesses some of the following advantages: p
matching for SHG can automatically be achieved, and
cropatterning of the molecular polar orientation can be s
ply achieved by scanning the focal area in the polym
sample.

In a resonant optical excitation process, however, it
pears to be difficult to control the symmetry of bulk samp
using this all-optical poling due to the material absorptio
and it is also difficult for the SHG conversion efficiency
benefit from phase matching achieved automatically in la
propagation distances.11 In 1977, Fiorini et al. reported a
nonresonant all-optical poling of bulk rods of poly~poly-
methylmethacrylate! ~PMMA!-grafted para-nitroaniline us
ing a 30 ps pulse laser of a Nd:YAG at 1064 and 532 nm12

Recently, we successfully achieved nonresonant all-opt
poling of azodye-doped PMMA films using a femtoseco
laser,13 in which phase-matched SHG in thick polymer film
was first demonstrated at three wavelengths of 1500, 13
and 1300 nm, respectively. In this article, we experimenta
demonstrate optical control of the symmetry of azody
doped PMMA thick films using the nonresonant optica
poling technique. During the writing process, samples w
irradiated simultaneously by coherent superposition of
1500 nm fundamental and 750 nm second-harmonic ligh
a femtosecond laser. Three kinds of noncentrosymmetrie
the polymer films were optically tailored using appropria
combinations of the writing beam polarizations. The char
teristic kinetics of the photoinduced molecular polar orien
tion and the tensor analysis were performed by monitor
SHG of the films. The quadratic dependence of SHG on fi
thickness showed that ax (2) grating satisfying the phase
matching condition for SHG was optically induced in th
polymer films, indicating this nonresonant all-optical polin
can be used to tailor the symmetry of bulk samples.
il:
5 © 2001 American Institute of Physics

P license or copyright, see http://jap.aip.org/jap/copyright.jsp



t

s
s

er
th
h

fil
6

n

al
ht
he
gt

se

el
fr

th

50
h
o

se
la

ro
be

y
a
p
ca

en-
of

ng
wo
di-
ci-
e
of

sity

lots
the

4896 J. Appl. Phys., Vol. 90, No. 10, 15 November 2001 Si, Qiu, and Hirao
II. EXPERIMENTS

The samples in this study were prepared by dissolving
a 15% mass ratio purified disperse red 1~DR1! and medium
molecular weight PMMA in telrahydorofuran. The film
were spin deposited onto glass substrates, and dried for
eral hours at 160 °C. Films with different thicknesses w
prepared by adjusting the viscosity of the solution and
revolutions per minute of the spin coater. According to t
absorption spectra of the films shown in Fig. 1~a!, we know
that the absorption band peaks at 480 nm, and the
sample is almost transparent at wavelengths larger than
nm.

As shown in Fig. 1~b!, a Ti:sapphire laser system with a
optical parametric amplifier~OPA! which emitted 150 fs la-
ser pulses at a repetition rate of 1 kHz was used for
optical poling of the films, and the wavelength of the lig
from the OPA could be tuned from 300 to 3000 nm. T
average power of the laser was about 50 mW at wavelen
ranging from 1300 to 1500 nm. A writing beamv for all-
optical poling was split from the source beam and pas
through a time-delay device and al/2 plate to control the
path length and the polarization of the beam, respectiv
Another beam separated from the source beam was
quency doubled by a KDP crystal, which served as ano
writing beam, and is denoted the 2v writing beam. The two
collinear writing beams whose wavelengths were set at 1
and 750 nm were introduced into the film sample throug
6-cm focal-length quartz lens. In order to get circularly p
larized writing beams, a dichromaticl/4 plate was placed in
front of the lens. We achieved time superposition of pul
between the two writing beams by adjusting the time-de
device and observing the optical Kerr effect of CS2 . During
the optical-poling process, the two writing beams were int
duced simultaneously into the film sample; during the pro
the 2v beam was blocked by a shutter and only thev beam
remained incident. The SHG signal of thev beam was de-
tected by a photomultiplier and observed and averaged b
oscilloscope. Thev beam passing through the sample w
blocked by a heat-absorbing filter placed behind the sam
and allows only the SHG signal to pass through it. Typi
fluences of the two writing beams at the sample were;1.5
mJ/cm2 for the v beam and 0.03 mJ/cm2 for the 2v beam,
respectively.

FIG. 1. Absorption spectrum of an azodye-doped PMMA film~a! and ex-
perimental setup~b!.
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III. RESULTS AND DISCUSSION

A. Dependence of SHG on film thickness

By adjusting the delay device, we measured the dep
dence of photoinduced SHG on the temporal correlation
the two writing beams, and observed that all-optical poli
of the films could have been performed only when the t
writing beams were at a coherent superposition. This in
cated that all-optical poling resulted from the coherent ex
tation of the two writing lights for azodye molecules in th
films. Figure 2 shows the growth and decay processes
photoinducedx (2) of a film with thickness of 73mm. It can
be found that the photoinducedx (2) reaches its saturation
value in 10 min for the condition described above.

Figure 3 shows the dependence of the SHG inten

FIG. 2. Growth and decay processes of the photoinducedx (2) of a 73mm
film.

FIG. 3. Dependence of the SHG intensity vs film thickness. Log–log p
with a linear fit of slope near 2 display SHG intensity dependence on
film thickness squared.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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versus film thickness, where bothv and 2v writing beams
were y polarized and all of the measurements were m
after the photoinducedx (2) of the films increased to thei
saturation values. It can be seen from Fig. 3 that the S
signals increase proportionally to the square of the fi
thickness. It is well known that for a thick film with thick
ness of larger than SHG coherent length~the coherent length
of these films is about 12.5mm!, the quadratic thicknes
dependence of the SHG intensity occurs only in the pha
matched condition. A peak conversion efficiency of 2% w
observed for the 105mm film and a fundamental light inten
sity of 9 GW/cm2 incident on the sample. Obviously, th
high conversion efficiency benefitted from quasipha
matched SHG in the thick film. We also observed that
SHG intensity of the films departed from the quadratic len
dependence when the thickness of the films was larger
90 mm. This probably is due to the group velocity mismat
between thev and 2v writing beams. The group velocity
mismatch causes thev writing pulse to displace against th
2v writing pulse as they propagate along in the film. Th
reduces the effective interaction length and decreases
optical-poling efficiency.

B. Control of the noncentrosymmetry of azodye-
doped polymers by dual-frequency coherent
excitation

Quantum interference between the writing fields at f
quenciesv and 2v results in a selective polar excitation o
the individual molecules.7 Such a dual-frequency cohere
excitation breaks the initial centrosymmety of the mater
leaving a new distribution of moleculesNp(M ) exhibiting
polar order.

We let z be the propagation direction and the optic
polarization vectors lie in thex–y plane. It is well known
that different polarization combinations for the writin
beams at frequenciesv and 2v can induce different angula
distribution of molecules. We demonstrated control of t
angular distribution of azodye molecules in polymers
three different polarization combination as follows:~1! both
v and 2v writing beams werey polarized;~2! the v writing
beam and the 2v writing beam had the same circular pola
ization; ~3! thev writing beam and the 2v writing beam had
opposite circular polarizations.

For cases~1!, ~2!, and ~3!, the angular distribution of
molecules in the plane transverse to the propagation di
tion can be written, respectively, as14

dNp

dV
5$Q1Q8 sin2 F%$Q9 sinF%exp~ iDkz!1c.c., ~1a!

dNp

dV
5$QeiF%exp~ iDkz!1c.c., ~1b!

dNp

dV
5$Qei3F%exp~ iDkz!1c.c., ~1c!

whereF is the azimuthal angle, and the complexQs include
the radial overlap integral.

Tensor analysis of the photoinducedx (2) symmetry of
the polymer films was achieved by studying the polar m
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of its SHG, and the data were obtained by rotating simu
neously polarization of the linearly polarized readout be
and the analyzing polarizer.

For case~1!, Eq. ~1a! gives a result as shown in Fig
4~a!, where preferential direction of azodye molecules var
sinusoidally withz between1y and2y, and this means tha
the magnitude of the photoinducedx (2) varies sinusoidally
with z. Figure 4~b! shows a polar map of the measureme
for the photoinducedx (2) of a 40.5mm thick film. From the
figure, we can see that as predicted by Eq.~1a! the photoin-
ducedx (2) exhibits axial symmetry along the writing bea
polarization direction~y!.

The results predicted by Eq.~1b! for case 2 are shown in
Fig. 5~a!, where preferential direction of molecules rotates
thex–y plane periodically withz, and the magnitudes of th
photoinducedx (2) remain at a constant alongz. Polar maps
of the measuredx (2) of a 0.1mm thick film and a 40.5mm
thick film are shown in Figs. 5~b! and 5~c!, respectively.
From the figures, we can see that the polar maps of these
films show very different characters: the thin film with
thickness of 0.1mm exhibits a polar map similar to Fig. 4~b!.
The tensor analysis for the thick film shows that the pho
inducedx (2) has a radial symmetry because preferential
rection of molecules rotates in thex–y plane periodically
with z. These data are in agreement with the results predic
by Eq. ~1b! @see Fig. 5~a!#.

Figure 6~a! shows the results predicted by Eq.~1c! for
case~3!, where perferential direction of molecules with thre
lobed rotates in thex–y plane periodically withz. Polar map
of the measuredx (2) of the 0.1mm thick film is shown in
Fig. 6~b!. The photoinducedx (2) of the 40.5mm thick film
has similar radial symmetry as shown in Fig. 5~c!.

As described above, in all cases, the photoinducedx (2)

is sinusoidally modulated along the propagation direct
with the period necessary for phase-matched SHG. Howe
unlike the case of linear writing polarizations resulting in
modulation of the photoinducedx (2) amplitude, in the case
of circularly polarized writing beams, the only direction o
the molecular order~x (2) axis! is modulated, with no ampli-
tude variation.

FIG. 4. Photoinducedx (2) symmetry for linear writing beam polarizations
~a! schematic of the angular distribution probability of molecules in thex–y
plane at differentz; ~b! polar representation of the measured SHG for t
40.5mm film, where the data were obtained by simultaneous rotation of
readout-beam polarization and the analysing polarizer.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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C. Enhancement of SHG using circularly polarized
writing beams

We also observed that when polarizations of the writ
beams were changed from the linear polarization to the
cular polarization the saturated SHG signals were enhan
even at the same readout condition such as the same l
polarization of the readout beam and the same read
power. Case~2! in which both writing beams had the sam
circular polarization lead to the largest SHG intensity. T
saturated SHG intensities for cases~2! and ~3! were 2.9 and
1.6 times of that of case~1! in which bothv and 2v writing

FIG. 5. Photoinducedx (2) symmetry for the writing beams with the sam
circular polarization:~a! schematic of the angular distribution probability o
molecules in thex–y plane at differentz; ~b! and~c! polar representations o
the measured SHG for the 0.1 and 40.5mm films, respectively.

FIG. 6. Photoinducedx (2) symmetry for the writing beams with opposit
circular polarizations:~a! schematic of the angular distribution probability o
molecules in thex–y plane at differentz; ~b! polar representations of the
measured SHG for the 0.1mm film.
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beams werey polarized. In all these measurements, the p
larization of the readout beam was linear polarized, and
readout power was kept at 6.5 mW.

According to the tensor analysis described in Sec. III
the enhancement effect of SHG can be explained as follo
for case ~1! optical poling with linear polarized writing
beams induced ax (2) whose magnitude varied sinusoidal
with z. In cases~2! and~3!, the magnitude ofx (2) induced by
the circular polarized writing beams did not vary withz. In
other words, compared with case~1! more molecules for
cases~2! and ~3! can be induced in the polar order and ta
part in the contribution ofx (2). In addition, Etiléet al. pre-
sented a theoretical analysis for all-optical poling.7 They
concluded that for a circular reading beam polarization
wholex (2) is phase matched for SHG, which enables a lar
conversion efficiency than in all-optical poling with linea
polarization, where only part ofx (2) is phase matched.

To compare SHG intensities of the films with that of
Y-cut quartz with a thickness of 1 mm, we also measured
SHG intensity ratio for the 73mm film I s /I q , whereI s and
I q are the SHG intensities of the film and the Y-cut quartz
the same readout power, respectively. The maximum of
SHG intensity ratio between the film and the quartz,I s /I q ,
was measured to be 345 for case~1! written by linearly po-
larized writing beams.

In addition, it should be mentioned that at present
cannot give a clear interpretation for the mechanism of t
nonresonant all-optical poling. Here, we only present t
possibilities for the mechanism: simultaneous multipho
excitation and stepwise multiphoton excitation. In simul
neous multiphoton excitation, nonresonant optical poling c
be achieved by simultaneous three-photon~v1v1v! and
two-photon~v12v! excitation on the same electronic lev
S1 . In the stepwise multiphoton excitation, the azodye m
ecules are first excited from thetrans to cis form through
multiphoton absorption, such asv1v1v or v12v. Then, a
resonant all-optical poling can be achieved by simultane
two-photon ~v1v! and one-photon~2v! excitation on the
electronic levelS18 of thecis form because azodye molecule
at the cis form have a redshift absorbtion band compar
with the trans form.

IV. CONCLUSION

In summary, we experimentally demonstrated all-opti
control of the noncentrosymmetry of azodye-doped PMM
films by nonresonant dual-frequency coherent excitati
Tailoring of the symmetry of polymer materials wa
achieved using appropriate combinations of the writing be
polarizations. The tensor analysis of the photoinduced n
centrosymmetry was performed. An enhancement effec
SHG was observed in the films induced by circularly pol
ized writing beams. The quadratic dependence of SHG
the film thickness showed this nonresonant all-optical pol
can be used to tailor the symmetry of bulk samples.
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