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OPTICAL PREPARATION OF POLYMERS 
FOR PHASE-MATCHED FREQUENCY DOUBLING 

Jean-Michel NUNZI, Fabrice CHARRA, Celine FIORINI and Paul RAIMOND 
Commissariat a 1’Energie Atomique, Ltti - Technologies Avancdes, 
DEIN, Service de Physique Electronique, Groupe Composants Organiques, 
Saclay. F91191 Gif sur Yvette, France 

Abstract: The nonlinear optical process which permits  the optical 
preparat ion of centrosymmetric materials f o r  frequency doubling i s  
described in te rms  of an orientational hole-burning ef fec t  induced 
through non-zero E resonant six-wave mixing. A permanent all-optical 
poling i s  achieved by seeding preparation under backward and forward  
geometries in a n  azoaromatic acrylic copolymer. The frequency doubling 
second order  susceptibility reaches 90 pm/V, as large as using t h e  more 
classical corona poling technique. This of fe rs  a new molecular 
engeneering route  to t h e  control and optimization of phase-matched 
oriented microstructures f o r  frequency conversion and also f o r  
electro-optic organic devices. 

3 

1. INTRODUCTION 

The multi-functionality of organic materials which i s  given by organic 

synthesis diversity as well as physico-chemical tailoring opens new directions 

in t h e  control and optimization of material properties f rom t h e  molecule t o  

t h e  device. A major  technical problem which is a recognized question of 

molecular engineering is the  practical realization of devices for  frequency 

conversion, with an aim at building a compact blue laser  source. 

In a general description, nonlinear optical properties of mater ia ls  including 

frequency conversion are discribed in te rms  of susceptibility tensors  x ( ~ ) .  
They a r e  t h e  successive te rms  in the  expansion of mater ia ls  polarization P 

with respect t o  powers of fields: 

The f i r s t  t e rm describes the  linear index of refraction. The second te rm 

describes second harmonic generation, electro-optic effect ,  parametr ic  mixing 

and optical rectification. The third te rm describes third harmonic generation, 

optical Kerr  e f fec t  and all the  so-called third order  effects .  F i r s t  and th i rd  

order  te rms  ~ ( l )  and x ( 3 )  are non-zero in a l l  materials. However, t h e  second 

order  t e r m  is  zero in all materials exhibiting inversion symmetry. Obviously, 
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86 J.-M. NUNZI ET AL. 

with inversion symmetry, polarization must change sign simultaneously with t h e  

electr ic  field. This implies t h a t  x'') = 0. In order  t o  build devices f o r  

frequency doubling, with x( ' )  * 0, molecules have thus t o  be organized into 

noncentrosymmetric s t ructures .  The polar orientation of molecules i s  essential 

in order  t o  achieve noncentrosymmetric assemblies of molecules. 

IJk 

i l k  

2. POLAR ORIENTATION 

Polar ordering i s  not a universal tendancy of molecules. I t  i s  naturally 

achieved by means of the  short  range interactions between molecules which take 

place in some specific supramolecular assemblies such as crystals ,  

Langmuir-Blodgett films, liquid crystals  and ferroelectrics. Those e f fec ts  

have already been reviewed with t h e  aim at optimizing the  related nonlinear 

optical propert ies  [I]. 

Polar orientation i s  not spontaneous in dispersed media such as liquid and 

polymer solutions. I t  i s  usually achieved using the  so called electr ic  field 

poling method. I t  can be performed with molecules having a s t rong  permanent 

dipole moment p. Molecules align their  dipole moment parallel t o  t h e  applied 

electr ic  field Eo (figure la ) ,  in order  t o  minimize rotational energy 

-pE cos 8. Star t ing from a n  isotropic solution, th i s  leads t o  a net  molecular 

orientation which, under thermal equilibrium gives a n  average angle 

<cos 8 > = p E  /kT with respect t o  the  field direction. 

0 

0 

b l  

Figure 1: (a) Electric field poling of molecules. (b) Optically induced 
anisotropy in molecular solutions. 

No polar orientation i s  achieved by monochromatic optical f ie lds  E They 

change sign periodically at r a t e s  as high as 10 Hz. They thus  only induce 

optical anisotropy in molecules which have a n  anisotropic polarizability a 

(a -a +O). Molecules align their  induced dipole moment aEo in t h e  same 

direction as t h e  polarization of the  electric field E ( f igure lb), in order  

t o  minimize the  rotational energy - - a E  cos 8. Star t ing f rom an isotropic 

solution, th i s  leads t o  a net molecular alignment which, under thermal 

0' 
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POLYMERS FOR PHASE-MATCHED FREQUENCY DOUBLING 87 

2 2 equilibrium gives a n  average angle <cos 8 )  a aE /kT with respect t o  the field 

polarization. No polar orientation is achieved because t h e  net  e f f e c t  i s  

quadrat ic  in field. Indeed, the  field itself has  no polarity. 

3. OPTICAL NON-CENTROSYMMETRY 

The discovery t h a t  combinations of optical f ie lds  could exhibit polarity opens 

up new possibilities f o r  t h e  optical handling of molecules 121. Let  u s  f igure  

a s tandard situation in  which an optical field exhibits polarity. This i s  t h e  

coherent superposition of a field Ew at a fundamental frequency w with i t s  

harmonic E at frequency 20 as pictured in f igure 2. Polarity of th i s  

combination appears  in i t s  non-zero average cube <E > where t h e  subscript t 

represents  the  average over time. As each component is oscillating, <E>t=O. 

3 
20 

t 

I I 

0 1R 1 3 R  2 
Time Periods 

I I I I 

Fiaure 2: (a) Time evolution of fields E0 at fundamental (continuous 

line) and EZW at harmonic frequency (broken line). (b) Coherent 

superposition of the fields Ew+EZw exhibiting polarity. 

3 Sign of t h e  polarity <E >tis determined by the  relative phase between w and 20 

beams, I t  i s  pictured in f igure 3 in which the  cube of E0 + Ezw is represented 

along t h e  propagation coordinate in a dispersive medium with n2W-nw= 0.05. 

Since in condensed mater ia ls  propagation speed i s  different  f o r  fundamental 

and harmonic frequencies, optical polarity a l ternates  between positive and 

negative extrema. In dispersive materials with index n(w), the  periodicity i s  

A/2(nh-nw) were A is  the  fundamental wavelength. I t  i s  t h e  periodicity 

necessary to achieve quasi phase-matching f o r  frequency doubling [31. 
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88 J.-M. NUNZI ET AL. 

-5 ’ 

. . ’  

0 6.28 12.56 18.84 25.12 31.40 

OPTICAL PHASE 
Figure 3: Cubic interference E3 between E (dashed 

line)propagatingatdifferentspeedswithO.O5indexdifferenceinsidea 
dispersive material. Optical phase is given for the harmonic wave in 
multiple of R. 

(dotted line) and E w 2W 

4. NONLINEAR OPTICAL INTERACTION 

The observation of second-harmonic generation in optical f ibers  prepared by a n  

intense light at 1064nm [41 or with a simultaneous seeding light at double 

frequency (532nm) [51 revealed the  possibility of inducing a x(’) by light in 

a centrosymmetric material. I t  i s  the  f i r s t  application of a mechanism 

involving t h e  non-zero average of the  third power of t h e  optical field 

<E3>t+0. In order  t o  build the  molecular engineering rules  which permit 

control of t h e  effect ,  i t  is necessary t o  identify processes by which 

mater ia ls  record <E3> 
t‘ 

3 <E > ef fec ts  can be viewed as six-wave mixing proceses [61. Many processes 

such as t h e  nonlinear electric field induced second harmonic generation permit 

t h e  recording of <E > [21. In the case of a solution of molecules excited 

under resonant conditions, they f ind another simple description. The origin of 

the  nonlinearity can then be pictured in terms of a hole burning into the  

distribution of molecular orientations [71 (figure 4). Indeed, a molecule 

which i s  i r radiated at resonance with fields E and E respectively at 

fundamental and harmonic frequencies, experiences a polar combination of one 

and two photon absorptions. The time-averaged rate of absorption contains a 

polar te rm which is  third order in the  field Ew+EZw. I t  is  

3 

w 20’ 
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POLYMERS FOR PHASE-MATCHED FREQUENCY DOUBLING 89 

* I .  fi = -2iw(p-p )E E E + cc. where p is the  second-order polarizability. Under 
20 0 0 

stat ionnary conditions, the  resonant excitation at energy 2hw stat is t ical ly  

resul ts  in a n  induced second-order polarizability f3 =Aprfi/dhw where Ap i s  

the  second-order molecular polarizability difference between excited and 

ground states and t i s  the excited-state lifetime. The average induced 

second-order polarizability tensor i s  thus: 

ind. 

'ind. = 2fi-'t P"(E~~E:E: + E ~ ~ E ~ E ~ )  (2) 
where f3 i s  t h e  imaginary (absorption) p a r t  of B. The average <(3 > over 

random orientations is  non-zero even in isotropic solutions because i t  behaves 

as a n  even order  tensor  of rank 6 .  The overall frequency doubling process i s  

f i f t h  order  in field; i t  can be described by a x ' ~ ) .  For a density N of 

molecules, t h e  optically induced second-order susceptibility is, neglecting 

the  local field fac tors ,  Xind.- N<pind.>or. /~O. I t  i s  modulated following t h e  

spat ia l  dependence of the  field product given in f igure 3. I t  i s  a situation 

of optically-induced quasi phase-matching [31. Unlike usual quasi 

phase-matching techniques, there  is no simultaneous induction of a n  index 

gra t ing  181. This i s  a n  advantage over periodic poling techniques because 

index grat ings can have deleterious scattering e f fec ts  on the  signal. 

ind. or. 

(2) - 

Polar excitation 

Figure 4: Hole burning into the distribution of molecular orientations 
(arrows). The polar dual-frequency absorption selectively excites the 
moleculesorientedto the topofthe figure (dottedarrows). This yields 
a net second order susceptibility, innegative print, as a result of the 
non-centrosymmetric unexcited molecules. Relaxation back to a 
centrosymmetricstateprocessesviade-excitationormolecularrotational 
diffusion into the matrix. 

5. OPTICAL PREPARATION OF PLASTIC MATERIALS 
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90 J.-M. NUNZl ET AL. 

The f i r s t  experimental observation of a n  optical selection of molecular 

orientations i s  t h e  t ransient  picosecond induction of non-centrosymmetry 

recorded using phase-matched frequency doubling in a solution of t h e  polar 

molecule 4-diethylamino, 4’-nitrostilbene in tetrahydrofuran [91. The same 

procedure w a s  also applied t o  the  orientation of non-polar molecules such as 

t h e  triphenyl-methane dye ethyl-violet which exhibits octupolar symmetry [lo]. 

I t  a lso permits  t h e  orientation of ionic molecules which, owing t o  their  

conductivity in solution, cannot be oriented using s t a t i c  e lectr ic  f ie ld  

poling [HI. A complete understanding of the optical orientation processes has  

been recently developped f o r  solutions of the  highly nonlinear azo-dye 

disperse r e d  1 (131. Unlike the  electric field poling in  which molecules 

undergo electr ic  field assisted rotation as pictured in f igure  1, t h e  optical 

selection of orientations corresponds t o  a bleaching of molecules ( f igure 4). 

A cause of reIaxation of t h e  induced non-centrosymmetry i s  thus  recovery of 

th i s  bleaching. However, in liquid solutions, loss of orientation has  been 

identified as t h e  fas tes t  relaxation process [7]. I t  i s  re la ted t o  viscosity 

and i t  completes within a nanosecond, leading to isotropy. Orientational 

diffusion can be damped by the incorporation of molecules into solid matr ices  

such as glassy polymers [l]. For this  purpose, we used a random acrylic 

copolymer with nonlinear 4-nitro, 4’-amino, diazobenzene chromophores graf ted  

as pendant side groups (figure 5) [121. 

Fizure 5: A c r y l i c  copolymer w i t h  d i s p e r s e - r e d - l  t y p e  nonlinear pendant  
g r o u p s  (x=0.35). 

In th i s  polymer, t h e  induced non-centrosymmetry lifetime whose evolution i s  

diplayed in  f igure  6 i s  increased by more than 11 orders  of magnitude with 

respect  t o  liquid solutions. Indeed, t h e  bleached azobenzene chromophores 

undergo a trans t o  cis isomerisation which reduces their  f r e e  volume. I t  

enables a net  reorientation of the  excited molecules during their  cis lifetime 
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POLYMERS FOR PHASE-MATCHED FREQUENCY DOUBLING 91 

[131. Hence, t h e  anisotropic excitation leads t o  a long lived change in t h e  

distribution of orientations which is  frozen a f t e r  back cis to trans 

re laxat ion [141. 

*. % 
4 %  

3.0- 

2.5- 2) 10.3 .. .* * t  & 0 500 1000 1500 2000 . t$3 @ 
2.0- z ~@o@e% 0 

a -  -T+3&87pz*% 1.5- *#;? 

g- 
.* . . .  

1.0- 

0.5- .* 
+’ preparation + + relaxation + . .  

0.04 I I I I I 
-100 -50 0 50 100 150 

TIME I s e c l  

Figure 6: Time evolution of the x ( ~ ’  susceptibility grating in a 0.7pm 
copolymer filmspin-coated ona fuseds i l i casubs t ra te .  I t  isinducedby 
a mode-locked YAG laser delivering 33psec pulse; at 1064nm at lOHz 
repetition rate. Orienting beamfluence is lGW/cm for the fundamental 
and 50MW/cm for the harmonic beam. It is probed in a non-colinear 
phase-matched geometry by the second harmonic of a lGW/cm beam at 
1064nm, during (close circles) and after (open circles) lOOsec 
preparationbyorientingbeams. Theinsetshowstheevolut ionona longer 
time-scale . 

2 
2 

Chromophores in th i s  example where oriented in a non-colinear geometry, with 

separated fundamental and harmonic preparation beams as well as fundamental 

test beam. I t  i s  the  phase-conjugation geometry [151 pictured in f igure  7a 

which permits  analysis of the  temporal, polarization and intensity dependances 

with a large signal-to-noise ratio. 

II 

a1 &q i 
b l  

2 w ’  ......A .......... - 
Figure 7: (a) Beam arrangement for the backward non-col inear 
phase-matched geometry of phase conjugation, (b) and for the forward 
colinear seeding geometry. Unprimed and primed frequencies correspond 
respectively to preparation and test beams. Polarizations were set 
parallel in these experiments. 
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92 J . -M.  NUNZI ET AL 
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Larger  nonlinearities have been achieved in t h e  same polymer using an 

electric-field poling procedure [161. Since i t  appears in f igure  6 t h a t  

saturat ion i s  not attained a f t e r  a few minutes of preparation, and as 

non-colinear configurations a r e  unstable with respect t o  microscopic 

fluctuations in the  optical path length [171, larger  nonlinearities are 

expected f r o m  the  more mechanically-stable forward  colinear seeding 

configuration pictured in f igure 7b. Another optimisation of t h e  seedind 

process i s  obtained by careful1 control of t h e  relative intensities and phases 

of the preparation beams 1181. This i s  what appears in f igure  8 where t h e  

optically induced SHG nonlinearity adds during 2 hours, up t o  a n  order  of 

magnitude nonlinearity gain with respect t o  the non-colinear experiment in 

f igure 6. The 90 pm/V nonlinearity achieved by all-optical poling i s  t h e  same 

as t h a t  achieved using the  more classical corona poling technique. This 

implies a n  orientation ra t io  <cos 8 )  close to  0.2 and a n  electro-optic 

coefficient r close t o  10pm/V at  1.3pm, but in a direction parallel t o  the  

subs t ra te  1161. 

3 

33 

I I I I I I I I I I 

' s\'$ :.cE"+. .% * *\*... "%f@~*%~&+&@ - 
0 s o  &** 8 

*f 
e* 

preporotion + f relaxation + i 
+: 

0 - = 1  I 1 I I I I I I I 

6. CONCLUSION 

The possibility of inducing a long-lived optical orientation in organic 

mater ia ls  opens a door t o  t h e  microscopic control of organized s t ruc tures  

suitable f o r  frequency conversion. The ra t io  of oriented molecules in seeded 

plast ics  is now close t o  0.2. I t  i s  the same magnitude as t h a t  achieved using 
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POLYMERS FOR PHASE-MATCHED FREQUENCY DOUBLING 93 

corona or electrode poling DC field techniques. The magnitude of the induced 

x(’) close to  90 pm/V is the largest achieved by seeding preparation of 

optical materials [19]. A breakthrough with this technique is the possibility 

of inducing a large r33 electro-optic coefficient in a direction parallel t o  

the  substrate, unlike with corona poling which is perpendicular. The major 

practical breakthrough is the possibility of inducing a phase matched 

orientation over large distances, up to  tenth of centimeters, in a 

straightforward manner. Experiments a re  now in progress in order t o  improve in 

this direction, with an aim at orienting molecules in a plastic fiber. With 

the use of organic materials, we have the possibilities offered by molecular 

engineering t o  tailor their optical properties in order t o  achieve the 

optimization of phase-matched materials for  frequency conversion devices. 
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