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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 ay® 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 Physic§DOI: 10.1063/1.1412571

I. INTRODUCTION a net permanent polar orientation of molecules. This tech-
. ) ) nigue possesses some of the following advantages: phase

Controlling and manipulating the external degrees ofmatching for SHG can automatically be achieved, and mi-

freedom of atoms and molecules are a central subject igygpatterning of the molecular polar orientation can be sim-

modern physics and chemistry. In studies of condensed ma{ﬂy achieved by scanning the focal area in the polymer
ter, scanning probe microscopes enable selection and mgémple.

nipulation of individual atoms and moleculesn chemistry In a resonant optical excitation process, however, it ap-

researchers have aimed at control of the spatial orientation cgears to be difficult to control the symmetry of bulk samples
molecules because it allows for studies of orientational ef-

fects in chemical reactiorfsThe control can be achieved by using this all-optical poling due to the material absorption,

. . s and it is also difficult for the SHG conversion efficiency to
applying a strong static electric field for molecules possessBeneﬁt from phase matching achieved automatically in large
ing permanent dipole momentsr by introducing a strong

laser field for neutral moleculd® propagation distancéd.In 1977, Fiorini et al. reported a

Dual-frequency coherent laser excitation at fundamentarlwnreson"’mt all-optical poling of bulk rods of pgiply-

and second harmonic frequencies has been shown to pe”ﬁﬂethylmethacrylaﬁe (PMMA)-grafted para-nitroaniline us-

the achievement of large polar orientation efficiency in"d @ 30 ps pulse laser of a Nd:YAG at 1064 and 5321ﬁm.
azodye-doped polymefOne breakthrough with such an all- Repently, we successfully ach|eyed nor)resonant all-optical
optical poling technique is that it leads to an automatic mo_pol|n93 of azodye-doped PMMA films using a femtosecond
lecular organization with a period satisfying the phase_laser,l_ in which phase-matched SHG in thick polymer films
matching conditions for second harmonic generat®HG). was first demonstrated at three wavelengths of 1500, 1320,
Additionally, using appropriate combinations of the writing and 1300 nm, respectively. In this article, we experimentally
beam polarizations, all-optical poling enables full control of demonstrate optical control of the symmetry of azodye-
the molecular polar order, which permits complete all-opticaldoped PMMA thick films using the nonresonant optical-
tailoring of the symmetry of polymer materidi§ The physi-  Poling technique. During the writing process, samples were
cal mechanism of all-optical poling consists of two pro- irradiated simultaneously by coherent superposition of the
cesses: orientational hole burning and reorientation of500 nm fundamental and 750 nm second-harmonic light of

azodye molecule$°Under the phase-coherent excitation of & femtosecond laser. Three kinds of noncentrosymmetries of
a fundamental light along with its second-harmonic light,the polymer films were optically tailored using appropriate
orientational hole burning of azodye molecules occurscombinations of the writing beam polarizations. The charac-
through the interference of two-photon absorption at the funteristic kinetics of the photoinduced molecular polar orienta-
damental frequency and one-photon absorption at the dodion and the tensor analysis were performed by monitoring
bling frequency. Orientational hole burning is followed by a SHG of the films. The quadratic dependence of SHG on film
reversetrans—cis—transisomerization, which finally leads to thickness showed that g(® grating satisfying the phase-
matching condition for SHG was optically induced in the

dAuthor to whom correspondence should be addressed; electronic maiF.)OIymer films, ind?cating this nonresonant aII-opticaI poIing
jhsi@photon.jst.go.jp can be used to tailor the symmetry of bulk samples.
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FIG. 1. Absorption spectrum of an azodye-doped PMMA filmh and ex- '9
perimental setugb). _g
=
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The samples in this study were prepared by dissolving to Time (min.)
a 15% mass ratio purified disperse re@R1) and medium  FiG. 2. Growth and decay processes of the photoindyé®tof a 73 um
molecular weight PMMA in telrahydorofuran. The films film.
were spin deposited onto glass substrates, and dried for sev-
eral hours at 160 °C. Films with different thicknesses were
prepared by adjusting the viscosity of the solution and thdll. RESULTS AND DISCUSSION
revolutions per minute of the spin coater. According to thea pependence of SHG on film thickness

absorption spectra of the films shown in Figa)l we know o )
that the absorption band peaks at 480 nm, and the film BY adjusting the delay device, we measured the depen-

sample is almost transparent at wavelengths larger than G%Ence of p_h_otoinduced SHG on the temporal correlatior_] of
nm. the two writing beams, and observed that all-optical poling

As shown in Fig. 1b), a Ti:sapphire laser system with an of _the films could have been performed only \_/vhen tr_\e .twc.)
optical parametric amplifiefOPA) which emitted 150 fs la- writing beams were at a coherent superposition. This |nd.|—
ser pulses at a repetition rate of 1 kHz was used for a"_caFed that aII—optlca! .pollr?g resulted from the cohereqt exci-
optical poling of the films, and the wavelength of the light tgtlon of the two writing lights for azodye molecules in the
from the OPA could be tuned from 300 to 3000 nm. Theﬂlms._Flgure Zzshows_the growt_h and decay processes of
average power of the laser was about 50 mW at wavelengt otoinducedy of a f"”_‘ with thlzc)kness of 7_3‘m' It can
ranging from 1300 to 1500 nm. A writing beam for all- € foqnd that_ the photomdgge/d rea_ches Its saturation
optical poling was split from the source beam and passeéfalue_In 10 min for the condition described above. . .
through a time-delay device and 2 plate to control the Figure 3 shows the dependence of the SHG Intensity
path length and the polarization of the beam, respectively.
Another beam separated from the source beam was fre-
quency doubled by a KDP crystal, which served as another
writing beam, and is denoted the 2vriting beam. The two
collinear writing beams whose wavelengths were set at 1500
and 750 nm were introduced into the film sample through a
6-cm focal-length quartz lens. In order to get circularly po-
larized writing beams, a dichromati¢4 plate was placed in
front of the lens. We achieved time superposition of pulses
between the two writing beams by adjusting the time-delay
device and observing the optical Kerr effect of LC®uring
the optical-poling process, the two writing beams were intro-
duced simultaneously into the film sample; during the probe,
the 2» beam was blocked by a shutter and only théeam
remained incident. The SHG signal of thebeam was de-
tected by a photomultiplier and observed and averaged by an
oscilloscope. Thay beam passing through the sample was —r v —————y
blocked by a heat-absorbing filter placed behind the sample, 1o ) . 100
and allows only the SHG signal to pass through it. Typical Film Thickness (um)
fluences of the two writing beams at the sample wefe5 . . L
malent for the o beam and 0.03 mU/GTIor the 2 beam, s & 1oebecey e e SHC lensly us fim ks, Log-log s
respectively. film thickness squared.

:

slope=1.87

SHG Intensity (arb.units)

E
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versus film thickness, where both and 2» writing beams

were y polarized and all of the measurements were mad (a) Ho A ] 1b)
after the photoinduceg(®) of the films increased to their

saturation values. It can be seen from Fig. 3 that the SHC

signals increase proportionally to the square of the film

thickness. It is well known that for a thick film with thick- y
ness of larger than SHG coherent lengtie coherent length

of these films is about 12..um), the quadratic thickness

dependence of the SHG intensity occurs only in the phase z 10 N <
matched condition. A peak conversion efficiency of 2% was
observed for the 10xm film and a fundamental light inten-
sity of 9 GW/cnf incident on the sample. Obviously, this
high conversion efficiency benefitted from quasiphaseFIG. 4. Photoinduceg® symmetry for linear writing beam polarizations:
matched SHG in the thick film. We also observed that the@ schematic of the angular distribution probability of molecules inthg
SHG intensity of the films departed from the quadratic lengtrc T =Uie T3 PO TREson B0 BER e taton of he
dependence when the thickness of the films was larger tha@adout-beam polarization and the analysing polarizer.

90 um. This probably is due to the group velocity mismatch

between thew and 2v» writing beams. The group velocity

mismatch causes the writing pulse to displace against the

2w writing pulse as they propagate along in the film. Thisut 15 SHG, and the data were obtained by rotating simulta-
reduces the effective interaction length and decreases theygsly polarization of the linearly polarized readout beam
optical-poling efficiency. and the analyzing polarizer.

For case(1), Eqg. (1a) gives a result as shown in Fig.
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B. Control of the noncentrosymmetry of azodye- 4(a), where preferential direction of azodye molecules varies
doped polymers by dual-frequency coherent sinusoidally withz between+y and—y, and this means that
excitation the magnitude of the photoinduced® varies sinusoidally

Quantum interference between the writing fields at fre-With z Figure 4b) shows a polar map of the measurement
quencies and 20 results in a selective polar excitation of for the photoinducegt®) of a 40.5um thick film. From the
the individual moleculed.Such a dual-frequency coherent figure, we can see that as predicted by B the photoin-
excitation breaks the initial centrosymmety of the material ducedy® exhibits axial symmetry along the writing beam
leaving a new distribution of moleculé¥,(M) exhibiting ~ Polarization directior(y). _
polar order. _ The results pred|cted_by I_qub)_ for case 2 are shown in

We let z be the propagation direction and the optical Fig. 5@), where preferential direction of molecules rotates in
polarization vectors lie in the—y plane. It is well known thex—y plane periodically witre, and the magnitudes of the
that different polarization combinations for the writing Photoinducedy(® remain at a constant alorg Polar maps
beams at frequencies and 2v can induce different angular ©Of the measure¢®) of a 0.1 um thick film and a 40.5.m
distribution of molecules. We demonstrated control of thethick film are shown in Figs. ®) and Sc), respectively.
angular distribution of azodye molecules in polymers byFrom the figures, we can see that the polar maps of these two
three different polarization combination as follows) both ~ films show very different characters: the thin film with a
w and v writing beams werg polarized;(2) the w writing thickness of O.J,u,m_exhlblts a p_olar_map similar to Fig(l3).
beam and the @ writing beam had the same circular polar- The tensor analysis for the thick film shows that the photo-

ization; (3) the w writing beam and the @ writing beam had inducedx(z) has a radial symmetry because preferential di-
opposite circular polarizations. rection of molecules rotates in the-y plane periodically

For cases1), (2), and (3), the angular distribution of with z. These data are in agreement with the results predicted
molecules in the plane transverse to the propagation dired EQ. (1b) [see Fig. §a)].

tion can be written, respectively, 4s Figure 6a) shows the results predicted by Edc) for
case(3), where perferential direction of molecules with three

dN, . " ; lobed rotates in th&—y plane periodically witte. Polar map

g QR sir ®HQ" sind}explidkz) +c.c., (13 of the measureg(?) of the 0.1um thick film is shown in

dN | Fig. 6(b). The p_hotoinduce(;(/(z) of the 40.5um thick film
—P—{Qé®}expiAkz)+c.c., (1p)  has similar radial symmetry as shown in Figc)5

dQ As described above, in all cases, the photoindug&d

dN . is sinusoidally modulated along the propagation direction
d—sz{Qe'3‘I’}exp(iAkz) +c.c., (1c0  with the period necessary for phase-matched SHG. However,

unlike the case of linear writing polarizations resulting in a
where® is the azimuthal angle, and the compl@s include  modulation of the photoinduceg® amplitude, in the case
the radial overlap integral. of circularly polarized writing beams, the only direction of

Tensor analysis of the photoinducg® symmetry of  the molecular ordefy(® axis) is modulated, with no ampli-
the polymer films was achieved by studying the polar mapsude variation.
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beams weregy polarized. In all these measurements, the po-
@) " [ |- b) larization of the readout beam was linear polarized, and the
readout power was kept at 6.5 mW.

According to the tensor analysis described in Sec. Il B,
the enhancement effect of SHG can be explained as follows:
for case (1) optical poling with linear polarized writing
beams induced &® whose magnitude varied sinusoidally
with z. In caseg2) and(3), the magnitude of(® induced by
-1.0 the circular polarized writing beams did not vary within

o s o0 o 1o other words, compared with cag&) more molecules for

I (arb.units) caseg2) and(3) can be induced in the polar order and take
part in the contribution of®. In addition, Etileet al. pre-
sented a theoretical analysis for all-optical polihnGhey
el ~_]( concluded that for a circular reading beam polarization the
. 3 whole y(?) is phase matched for SHG, which enables a larger
/= A\ conversion efficiency than in all-optical poling with linear
. polarization, where only part 0§ is phase matched.

To compare SHG intensities of the films with that of a
Y-cut quartz with a thickness of 1 mm, we also measured the
SHG intensity ratio for the 73m film I¢/l,, wherelg and
oy | 8 I, are the SHG intensities of the film and the Y-cut quartz for
the same readout power, respectively. The maximum of the

-1.0 -OI-S(arbOL‘l(:)its) 05 10 SHG intensity ratio between the film.and the .quargzl,lq,
S was measured to be 345 for cade written by linearly po-
FIG. 5. Photoinduceg®’ symmetry for the writing beams with the same larized writing beams.
circular polarization(a) schematic of the angular distribution probability of In addition, it should be mentioned that at present we
molecules in the<—y plane at differeng; (b) and(c) polar rgpresentations of cannot give a C|ear interpretation for the mechanism Of this
the measured SHG for the 0.1 and 4@u® films, respectively. nonresonant all-optical poling. Here, we only present two
possibilities for the mechanism: simultaneous multiphoton
excitation and stepwise multiphoton excitation. In simulta-
C. Enhancement of SHG using circularly polarized neous multiphoton excitation, nonresonant optical poling can
writing beams be achieved by simultaneous three-photentw+w) and

. ... two-photon(w+2w) excitation on the same electronic level
We also observed that when polarizations of the writing . . o

. - °S; . In the stepwise multiphoton excitation, the azodye mol-
beams were changed from the linear polarization to the cir= : . .

o : ecules are first excited from theans to cis form through

cular polarization the saturated SHG signals were enhanced .. .

o . _multiphoton absorption, such ast w+w or w+2w. Then, a
even at the same readout condition such as the same linear

polarization of the readout beam and the same reado r§sonant all-optical poling can be achieved by simultaneous

power. Casé?) in which both writing beams had the Samelt'wo-pho'ton(m(’u) and qne-photor(Zw) excitation on the
: o . . electronic levelS; of thecis form because azodye molecules
circular polarization lead to the largest SHG intensity. The

saturated SHG intensities for cag@s and(3) were 2.9 and \?\}it:]htehgfr;?]rsr?o?rive a redshift absorbtion band compared
1.6 times of that of cas€l) in which bothw and 2v writing '
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IV. CONCLUSION
In summary, we experimentally demonstrated all-optical

o by control of the noncentrosymmetry of azodye-doped PMMA
films by nonresonant dual-frequency coherent excitation.

(a) 05 . N oy Tailoring of the symmetry of polymer materials was
= \ \l/ achieved using appropriate combinations of the writing beam
E 00 </ polarizations. The tensor analysis of the photoinduced non-
) centrosymmetry was performed. An enhancement effect of
~" 05 s [/‘ \l N SHG was observed in the films induced by circularly polar-
i/ ized writing beams. The quadratic dependence of SHG on

.0 the film thickness showed this nonresonant all-optical poling

o o5 oo o5 1o can be used to tailor the symmetry of bulk samples.
I, (arb.units)
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