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PHOTOINDUCED ORIENTATIONAL ORDER IN DYE-DOPED
AMORPHOUS POLYMERIC FILMS.

Michel DUMONT
Institut d'Optique Théorique et Appliquée, B4t 503, BP 147,
91403 ORSAY cedex, France, fax 33-1-69 41 3192

Abstract This paper is a review of optical ordering processes in amorphous films
containing photoisomerizable dye molecules. Photoinduced Anisotropy (PIA),
Photoassisted Poling (PAP) and All-Optical Poling (AOP) are demonstrated
through basic experiments and interpreted by a common theoretical model.

1. INTRODUCTION

Dye molecules (and particularly azo-dyes) are well known for their properties of photo-
chromism and of anisotropy. Photoinduced anisotropy (PI1A) has been studied for a long
time, in viscous liquids and in polymeric filmsl. In the last ten years a large interest has
been focused on this family of molecules in all possible environments, because of their
potentialities for optoelectronic applications. PIA in polymer films has been first pro-
posed for real time polarization holography2:3, which could lead to image processing
devices (e.g. correlators) and which needs high molecular mobility. On the other hand,
data storage4 requires high stability of the molecular order and the possibility of erasing
and rewriting information. Substituted azo dyes, with an electron donor group (such as
NH; or NRR') and an acceptor group (such as NO»), are strongly polar and optically
nonlinear. Polymer films doped with these molecules can be poled by heating them
around the glass transition temperature (Tg) in the presence of a DC electric field which
is then maintained while the sample is cooled down to room temperature. The molecular
order created at Tg is frozen and the sample keeps a large %(?), leading to electrooptic
applications, such as waveguide modulators, or second harmonic generation (although
major problems are not yet efficiently solved for SHG: reabsorption of 2w, phase
matching and stability). This is Thermally-Assisted Poling (TAP)S.

Recently, two optical poling techniques have been demonstrated, at room tempera-
ture : first, Photo-Assisted Polingd (PAP), in which the order is created by a DC field,
like in TAP, but in which the viscosity of the polymer is overcome by optical pumping
(through photoisomerization). PAP allows patterning of %(2), since only the illuminated
areas are poled (e.g. alternate poling for SHG by quasi-phase matching). Second, All-
Optical Poling™8 (AOP, also named "seeding"), in which a non-centrosymmetric order
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FIGURE 1. a: Photoisomerization of Disperse Red 1 (DR1). b: Spiropyran-mero-
cyanine. ¢: Simplified diagram of azo-dyes levels. The reverse optical pumping
(cis— trans) also exists. d: PMMA-DR1 copolymer used in experiments described
below. Pendant radicals have a large degree of freedom owing to the CH3 spacers.
e: the link to the polymer chain is stronger. f (cross-linking) and g (chromophores
in the main chain) are structures used to stabilized the poling performed at T~T.

is created by the interference of a strong laser beam and its second harmonic. AOP has
the advantage of producing automatic phase matching for SHG in thick samples and of
allowing the orientation of molecules without dipole moment (octupolar molecules)®.

A large effort of research has been developed for designing efficient materials. The
choice of active molecules!0 is the first step, but the choice of the environment is
probably more critical for practical applications. The main goal is to fit the molecular
mobility to the various applications. For stable %(2) materials several routes have been
explored: high Ty polymers, copolymers incorporating active molecules as pendant radi-
cals or in the main chain, cross linking of dyes after poling... (Fig. 1). On the opposite,
plasticizers are added in photorefractive polymers!! in order to increase dyes mobility.
Beside polymers, hybrid organic-inorganic materials (sol-gels) begin to be used!2.13,

In amorphous materials dye molecules are assumed to move independently from
each other. At high concentration, chromophores may aggregate but in general they
loose their optical properties. The orientational behavior is quite different in mesogenic
materials, such as dye-doped liquid crystals (LC)37. This is also the case of LC polymers
in which azo-dye pendant side groups are linked to the polymer chain in alternation with
mesogenic groups!4:15. The optically induced rotation of dye molecules drives a
collective rotation of the whole LC, which can lead to optically switched LC devices.
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Cooperative effects have been also observed in Langmuir-Blodgett (LB) films
constituted of azo-dyes which are mesogenic by themselves!6- These LB films can be
used as anchoring surfaces for LC cells!7: a preliminary illumination of LB coated
surfaces determines easy axes for nematic LC. Azo dye LB films without intrinsic
collective effect have been used for the optical command of LC cells!8. Like in
polymeric environment, the photoinduced rotation of dye molecules is most often based
on photoisomerization, but collective effects modify deeply the dynamics of rotation and
the competition between optical ordering and other anisotropic effects (such as surface
effects) leads to more complicated structures (often biaxial).

In this paper we will focus our interest on photoinduced ordering processes in
amorphous matrices. We will show that PIA, PAP and AOP can be described by a single
model and differ only by the geometry of optical pumping and the symmetry of
reorientation processes.

2. PHOTOQINDUCED ERING ME

The most efficient photochromic anisotropic molecules are azo dyes, characterized by a
double bond N=N between two phenyl rings19. They present two isomeric shapes: trans
(the more stable one) and cis. DRI (fig. 1.a) will be used as an example for describing
orientational ordering of photoisomerizable molecules by a resonant pumping beam, but
other photochromic molecules can be used, such as spiropyrans (fig. 1.b).

Angular Hole Burning (AHB). The delocalization of conjugated ©t electrons along the
principal axis of azo dye molecules makes their polarizability strongly anisotropic (o
>> 0| and oy >> o for the absorption cross section of the n-r band). A linearly polar-
ized light beam selectively pumps molecules parallel to its polarization (probability
o< c0s28). As a part of excited trans molecules may relax to the ground state of the cis
shape (Fig. 1.c), which has a long life time, optical pumping produces an anisotropic
depletion of the angular distribution of trans : this is AHB. In the case of AOP, we will
see that optical pumping contains a cos30 term, producing a non-centrosymmetric AHB.

Angular Redistribution (AR). If AHB is the only mechanism, anisotropy disappears
with the lifetime of cis, when the pump is switched off. Experimentally anisotropy has a
longer life time (guest-host system) and can be permanent (with the copolymer of fig.
1d). This can be explained by a rotation of molecules in the trans—cis—trans photoiso-
merization cycle. This reorientation may occur by spontaneous rotation (thermal angular
diffusion) during the lifetime of the cis state, which has a more spherical shape than the
trans state, as many authors suggested it, but it is more likely to think that rotation is a
consequence of the conformation changes in trans—> cis and cis— trans isomerizations.
When there is no external field (PIA and AOP), the rotation at each pumping cycle is



Downloaded by [Tomsk State University of Control Systems and Radio] at 10:20 18 February 2013

440 M. DUMONT

Dy
O, O‘:"um,

*ojn“' -0
T ’ ‘
hv":,,o' N2 ) )
s o

FIGURE 2. Rotation induced by photoisomerization of azo dyes. a: This scheme
presented by many authors is not realistic since the N=N double bond has no reason
to remain fixed in space. b: A possible model when dye molecules are strongly
linked to the polymer (fig. 1.e). ¢: The most realistic model: molecules are tightly
caged in a small free volume. They progressively push the polymeric environment.
Finally the rotation can be large, but needs a great number of cycles.
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FIGURE 3. Cooperative effect: scheme of the three steps of the mechanism of
rotation of the director of a LB domain, according to Palto e al. 17. a : selective
pumping of molecules doing the smallest angles with Ep. b : Relaxation of pumped
molecules in the direction of the director. c¢ : recrystalization with a titled director.

NO2

random and isotropic with respect to the initial direction in trans, but the result is an ac-
cumulation of molecules in the direction of smallest probability of pumping: AR ampli-
fies and perpetuates the order created by hole burning. When there is a DC electric field
(PAP), AR is no more isotropic: the torque on the dipole moment of molecules obliges
them to rotate in the direction of the field, with some random thermal spreading.

Molecular environment is determinant for the stability of the photoinduced order, since
it permits or not thermal diffusion in the trans state, when the pump is off. It is also
determinant for the kinetics of AR induced by isomerization, as explained in fig. 2. The
amplitude of the average rotation at each cycle depends on the free volume around each
molecule and on its chemical links to the polymer chain (Van der Walls forces, H-bonds,
covalent links, length of the spacer chain ... Fig 1d to g).

In the case of collective effects, like in LC polymers or in some LB films, Palto et
al.16 gave another model: in each domain, the pumping is more efficient for molecules
deviating from the director on the side of the distribution doing the smaller angle with
the pump polarization (like in AHB), but AR tends to bring them back along the



Downloaded by [Tomsk State University of Control Systems and Radio] at 10:20 18 February 2013

PHOTOINDUCED ORIENTATIONAL ORDER IN AMORPHOUS FILMS 441

director. The result is a small tilt of the director which slowly rotates away from the
polarization of light (Fig. 3). Let us notice that isomerization is not necessary in this
mode! (although it could increase the efficiency): when molecules on one side of the
distribution are removed from the mesogenic state for a long time, remaining molecules
tend to reorganize their average direction around a tilted director.

. T RETI EL

3. ral equ

All ordering processes by optical pumping of photoisomerizable molecules can be repre-
sented by two rate equations coupling the angular distributions, np(€2) and nc(£2)
(Q={,0,£}). T and C labels are used by reference to trans and cis states of azo dyes, but
they can refer to the photoisomers of any other molecule. Equations include AHB (Pr(£2)
is the probability of optical pumping), AR (Ryc and Ry) and diffusion 20-22;

1@ _ g Pr(Q) nT(Q)+-1—J' R (2 = Q)nc(Q ) {M) (1-a)
dt T, dt  Jpisr
D — e [ Rrc( @ WPr@)np(@)a - L@ LLD) 1)
dt T dt  Jpig
The T-to-C pumping is made via short living excited levels, but we can neglect their
population. @ is the quantum yield of isomerization (pumped molecules coming back
directly to T are not observable, as far as they do not rotate). It would be easy to take
into account the reverse C-to-T optical pumping by introducing a probability of leaving
C and a redistribution on the arrival in T. All the ordering processes considered in this
paper present an axial symmetry (fig.4). Therefore, the angular distribution of molecules
does not depend on the azimuthal angle ¢. In addition, the angle & is irrelevant if we as-
sume that molecules have an axis of symmetry. For those reasons we will use the for-
malism of order parameters by projecting n(8) and nc(6) on Legendre polynomials Pg:

nt(6,9) =2 (2q+1)T Py(cos8) ; nc(8,0) =LY (2q+1)Cq Py(cos8) (2)

The main interest of this formalism is that few parameters are needed for expressing the
optical susceptibilities (parameters of parity n+1, up to n+1, for 3™ 23 -cf. appendix 1).
Tq and Cy are the usual normalized order parameters multiplied by the density of
molecules in T or in C (Tg =Nt and Cyp=N are the populations of T and C respectively).

3.2. Th 1 Di

In many materials, chromophores are free to rotate and their angular distribution sponta-
neously return to thermal equilibrium after any type of perturbation. It is the case of
many guest-host systems at room temperature and of any material above Tg (TAP). This
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FIGURE 4. First line: Geometry of PIA, PAP and AOP. E; is the polarization of
the pumping light beam and Z the axis of a trans molecule. Second and third lines
represent schematically the effect of hole burning and of angular redistribution on
the angular distribution, nT(6,9) (which is independent of ¢). In PAP, poling is due
to AR in a DC field, while in AOP it is due to non-cetrosymmetric optical pumping.
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process is usually represented by a diffusion equation, which has been developed for the
Brownian motion in viscous liquids. In polymers, the validity of this model is highly
questionable but it is the only simple mathematical expression of thermalization. In the
presence of a DC electric field, E »the thermal diffusion equation for n(8,t) is:

9n _ (DAn-——é—V(nV(U)))= D a[sine(—aﬂmﬁamseﬂ 3)

ot sind 98 90 kT 08

D=kT/{ is the diffusion constant (k: Boltzmann constant; : orientational viscosity) and
U=-y,E cos0 is the energy of the permanent dipole W, in the electric field. The energy
of the induced dipole, (00 ; )E2, is assumed to be negligible. According to Benoit24 the
projection of eq.(3) on Legendre polynomials gives (order parameters: A):

% =-q(q+1)D [Aq + 2—(:—(5(1\“1 - Aq_,)] ; with: X = % (4)
The torque on dipoles introduces a coupling Aq=t1 between order parameters which is
responsible for the thermal poling, when the viscosity is not infinite. The stationary
solution of eq. (4) is the thermal equilibrium depending only on X (n(6,p) e €X 0s8) In
terms of order parameters, the rigorous solution is Ag/Ag =iq(X)/ip(X), where iq is the
spherical modified Bessel function of order q 25. The transient behavior of Aq cannot be
expressed rigorously but a very good approximation can be obtained by neglecting all
A4 with q higher than q,,,. Benoit?4 chose q,,=2 in order to get only two equations (A
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and Aj), leading to a two-exponential solution. This approximation is reasonable for
X < 1 26 (valid in many experimental cases). For higher values of X, higher q,, are
needed and a q,-exponential solution can be obtained numerically.

When there is no DC field, this formalism leads to a simple exponential relaxation
for each order parameter (Tq=[D q(g+D)1'Y). In practice, experimental observations show
non-exponential decays. This behavior is usually explained by the inhomogeneity of the
polymer in which each chromophore has a different free volume and consequently a dif-
ferent diffusion constant. The exponential behavior has to be averaged on the distribu-
tion of D values, but this distribution is unknown. Many authors represent experimental
relaxations by a phenomenological stretched exponential, exp(-(t/t)B), which is generally
better than a bi- or a multi-exponential approximation. In addition it has been proved2?
that the time constants, Tq, vary with time, after a perturbation which has affected the
structure of the polymer (such as a temperature variation or optical pumping switching
off). For the simplicity of algebra, we will use expression (3) and (4) for the diffusion
terms in (1), but we will keep in mind the fact that the dispersion of the values of D (as
well as that of 1. ) impedes any quantitative fitting of transients.

3.3. Equations for Order P
The projection of egs.(1) on Legendre polynomials leads to a set of coupled equations:

T,
—=‘2qu q’+ Zqu q—9(q+1)Dt [Tq*‘uTE(q+1 - l)j] (5-a)

kT 2q+1

dC,
dt

M E( +1-C —I)
E RTCPr' T -v——C +1)Dc| C + 2 3 1 5-b
‘o qmal@+ C[ kT 2q+1 (>-b)

Selective Optical Pumping (AHB). According to the geometry of optical pumping,
Pr(0) can be expressed as a function of different powers of u=cos6. In (5) it becomes the
pumping matrix Prgq which couples order parameters. A term containing cosP6 involves
the integral ﬁx Fy(u) uf Fy(u)du and introduces only couplings Aq=4p; +p-2... In PIA
and in PAP (fig. 4), the pumping beam is linearly polarized (symmetry axis parallel to
the polarization) or unpolarized (symmetry axis parallel to the propagation). A circularly
polarized beam is equivalent to an unpolarized one, for non-chiral molecules. Pr(8) is:
Pr(8)jin=Tp (01 +(0// 61 )cos’®) or Pr(®)c =1,(0, +%(0,— 0, )sin’6) (6)
I, is the pump intensity. Introducing the average cross section and the anisotropy factor:
c= (G//+20_L)/3 4 e= (0//—O'J_)/(O'//+20_L) @)
and setting e=1 for linear polarization and €=-1/2 for circular polarization, one obtains:

Pr(8) = (1 +2e€ Py(cosB)) 8)



Downloaded by [Tomsk State University of Control Systems and Radio] at 10:20 18 February 2013

444 M. DUMONT

Pryq =01,®1c (1+2€eq(q+(2q -1 2q+3)™") o
Pry qz2 = 36eS 1, Prc(q 1) (q+1+1)(2q+1£2)" 2q+1)™'

The coupling Aq=12 creates all even orders, i.e. alignment of molecules, but this
pumping is centrosymmetric.

In AOP, the two linearly polarized pump beams, at @ (strong) and 2 (resonant),
generate three pumping terms (appendix 2). The linear absorption at 2, expressed by
(9), couples orders Aq=12. The two-photon absorption at ® introduces a pumping pro-
portional to v, Ié cos* 0 and couples Aq=t2,+4. Finally, the interference term:

Pryceding = B/ o V12 c0s°8 cosé (10)

represents a non-centrosymmetric optical pumping which depens on the hyperpolariza-
bility B of molecules and which introduces a coupling Ag=t1,+3. It produces a selective
pumping of molecules oriented upward or downward, according to the relative phase ¢
of the two waves and it induces orientation of molecules. The pumping matrix from the
two last terms are calculated with the help of relations:

cos’ 8= 1(3R(cosB) + 2Py(cosB)) ; cos* =5 (7+20Py(cos)+8Py(cosh)) (11)
1 -
|- Pulw) Be(w) Py(u) du=2(2q +1) " (qk00|q 0)* (12)

k00|q' 0) is a Clebsch-Gordan coefficient (#0 if lq-kiSq'<q+k and if g+k+q' is even).
q q qt+k+q

Angular Redistribution (AR). The most difficult problem is the choice of a model for
AR during the transition from one isomeric form to the other. The model must represent
a statistical spreading of the angular distribution and the tendency for permanent dipoles
to be oriented in the direction of the electric field, if there is one. For those reasons, we
calculate the rotation matrices Rng and Rg‘;r. with a phenomenological diffusion model
(like in §3.2), in a fictitious intermediate state?2, This model is thermodynamically
correct and depends only on two adjustable parameters, X* =poE/KT*, where T* is a
virtual temperature, which characterizes the competition between the ordering torque (if
E#0, i.e. for PAP) and the disordering thermal spreading of the distribution, and D*t’,
the product of a virtual diffusion constant by the time spent in the virtual state. This last
parameter measures the average rotation in each elementary process, or, in other words,
the loss of memory of the initial orientation (D*1°<<1 means a very small rotation at
each isomerization and D*1*>>1, the total completion of the thermal equilibrium in the
virtual state i.e. thermal poling, if E#0, or complete disorientation, if E=0).

For PIA and AOP (E=0), Rng- and Rg;rv are diagonal and cannot create order: they
can only destroy it. Diagonal elements are exp{-q(q+1)(D*t*)tc or cT}. The fact that
these matrices are diagonal, if E=0, is more general than this special model. It means
that redistribution is isotropic around the initial orientation and that the probability of
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rotation depends only on the absolute value of the rotation angle o= {6',¢'}-{6,¢}, but
not on the initial or the final orientations. It can be demonstrated that quc and Rg]r are
the projections of Rrc(at) and Rer(@r) on the Legendre polynomial Py(cosat) 20.

Resolution of equations (5) 21,22 : They are reduced to a finite set of coupled equations
by neglecting Tq and Cq for g larger than gy, which is chosen large enough to keep a
good accuracy up to q=4 (for calculation up to x(). The solution of the system of
2q,+1 equations is a sum of 2qp,+1 exponentials which are computed numerically.

4. SOME EXPERIMENTAL RESULTS.

4.1, Probi iqu

Dichroism measurement (Fig. 5) is the simplest method for probing photoinduced aniso-
tropy. Polymer films, deposited on a glass slide, are pumped by a linearly polarized
beam. The absorbance [A =Ln(I/1))] is measured for parallel and perpendicular polar-
izations, when the pump is switched on and off. One obtains (80=0,,-0, ):

An=1(A+2A,)=51Ty+8:Co ; Ay—-AL=807T, +30.Cy (13)

Attenuated Total Reflection (ATR)28:29 (fig. 6) is a powerful method, since it permits the
measurement of the thickness of the film and of the index of refraction in the three prin-
cipal directions (n; perpendicular to the film, ny in the plane of incidence). PIA is stud-
ied by measuring the variations Any , Any and Ang, induced by a polarized pump beam.
Electrooptic effects are measured by applying a modulated voltage, Vg, on the top elec-
trode and by measuring modulations of the reflectivity. The Pockels coefficients are:

s =207 13 (~0;0,0) =-203An(Q) b/Vq (=13 (14)

z = 3 is the poling axis and h is the thickness of the film (1 to 2 um). The measurement
of Ah gives the piezoelectricity of the film. It is important to measure it, since piezoelec-
tricity produces an indirect electrooptic effect (via photoelasticity) which is difficult to
distinguish from the direct electronic Pockels effect 29, With DR1, this correction is
small. For PAP, a DC field, Eg, is added to Eqy and the film is pumped with a circularly
polarized beam, through one of the semi-transparent electrodes. One can observe the
dynamics of poling by recording the modulation of the reflectivity near the TM mode of
largest incidence. The signal is approximately proportional to the modulation of An,:

2n,An, = 23§ (Eg + Eq cosQt) + 33§, (Eg + Eq cosQt)’

15
= (2x(3§)3 + 6x(333)33E0 )EQ cosQt + %x%)”Efl cos2Qt + ... as)

The modulation at 2Q gives x(3), which always exists. }(3)E, is then extracted from the
modulation at €, in order to obtain %(2) which characterizes the poling of the film.
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FIGURE 5. a: Dichroism experiment. b: Absorption spectrum of trans and cis
states of DR130, ¢, d: Record of the optical density for both polarizations, at
480 nm (more sensitive to trans. Pumping by the probe slightly distorts this curve)
and at 360 nm (more sensitive to cis). e, f: Theoretical simulation of y(1).22,

Ellipsometry31,32 gives the same kind of measurements: it is often easier experi-
mentally than ATR, but the analysis of data is more difficult if accuracy-is needed. x(
can be also measured by second harmonic generation in a film submitted to optical
pumping under a corona discharge33.34. The SHG tensor, djj= %x%)(—Z(o;u),m), is
estimated by Maker fringes technique, but this method is not very accurate and is often
based on the assumption that A3z << A} (d33=3d3)), which is true for a low poling.

4.2, Photoinduced anisot (PIA)

When the linearly polarized pump is switched on, An) and AA always begin to de-
crease with a slope which is one third of that of Any and AAy, as predicted by hole burn-
ing theory (with pure AHB - i. e. without AR - n(8) and order parameters can be rigor-
ously calculated2!). But after some time the angular redistribution tends to increase An
and AA) . Their final sign, as well as the time needed to reach the stationary state, de-
pend on the pump intensity and on the average rotation at each pumping cycle20. With
DR1-PMMA copolymer the reorientation is slow (small rotation at each cycle) but a
large permanent anisotropy is obtained. This anisotropy can be rewritten in another di-
rection by a new pumping2!. When the pump is switched off, AA, (or Anp,) rapidly re-
covers its initial value, which proves the absence of photochemical degradation of DR1.

Fig. 5 shows dichroism experiments on PMMA-DRI1 copolymer diluted in PMMA
in order to reduce the optical density (the stability of anisotropy is also reduced). With a
probe at A=480 nm, for which o= 2.5 o¢ , one has Ay < A, and the signal reasonably
looks like the calculated evolution of %(1) in trans22. More interesting is the dichroism
measured with a probe at A =360 nm, which is more sensitive to the cis state: absorption
increases for both polarizations and AA is twice AA], at the beginning, but decreases
and becomes smaller than AA after ~50 s. This inversion of the anisotropy is explained
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FIGURE 6. a: ATR experiment28:29, The polymer film is spin coated on a glass
plate previously covered with a thin metallic layer and which is put in contact with
a half sphere, through which the reflectivity of the sample is recorded as a function
of the incidence angle, for polarizations TM and TE. The position of dips gives the
three indices and the thickness of the film. A modulated voltage applied to the top
electrode (Q=1kHz) and lock-in detections give Pockels, piezoelectric (at ), Kerr
and electrostriction effects (2Q). A DC voltage is applied for poling. b: An exam-
ple of experimental curves. ¢ to f: Photoassisted poling of a PMMA-DRI1 guest-
host film (c) and a copolymer (e) from ref. 6. Experimental curves (r33) represent
the modulated term at Q in (15). d and f are the corresponding calculated curves
(from ref 22); they differ mainly by the diffusion in trans. The increase of r33 when
the pump is switched off is due to oriented cis molecules coming back in trans.

by the evolution of (1) in cis: first, AHB dominates and molecules paralle! to the pump
polarization are transferred from trans to cis, but slowly AR increases the anisotropy in
trans and erases it in cis (there is no more parallel molecules to be pumped). This behav-
ior proves two important features: (1) AR is slow (small rotation at each optical pump-
ing cycle); (2) the transition dipole moment in cis is almost parallel to that in trans be-
fore photoisomerization.

43.P i Poli P

PAP has been observed as well by ATRS as by SHG33. With guest-host DR1-PMMA, a
partial orientation is obtained at room temperature by action of the DC field alone, but
orientation is increased by optical pumping (fig. 6.c). The relaxation after the removal of
the field is much faster in the absence of optical pumping but in both cases it is complete
after a few hours. With the copolymer (fig. 1 d) there is almost no rotation without opti-
cal pumping and PAP produces a permanent poling (fig. 6.¢). The general behavior has
been correctly simulated in both cases (fig. 6.d & €)22 but the shape of transient curves
is not accurately represented since we use monoexponential relaxations. As explained in
§ 3.2, there is a wide dispersion of diffusion constants, from one chromophore to an-
other, and we should have mix “fast” and “slow” molecules in our theoretical model.
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Owing to the short lifetime of the cis state, it is difficult to determine at which step
of the cycle DR1 does rotate. As far as rotation is small at each optical pumping cycle,
the result is almost the same if rotation occurs either in the trans—cis photoisomerization,
or during the cis lifetime, or in the cis—trans thermal relaxation. On the opposite, with
spiropyran, photomerocyanine, obtained by UV pumping, has a long lifetime and ATR
measurements are sensitive to merocyanine only. By applying the DC field during or
after the optical pumping period, a large difference of poling has been observed22.34;
AR induced by photoisomerization is more efficient than thermal diffusion of the photo-
isomer after it has been created. Let's notice that merocyanine is longer than spiropyran,
while cis DRI is shorter than trans: we must not generalize the above conclusion, but we
have proved that rotation can be associated with photoisomerization processes. The
same experiments also demonstrated that rotational mobility slowly decreases, on hours
time scale, after the end of optical pumping, in agreement with Bauer et al. results27,

Some authors2? compared the efficiency of thermal poling and of optical poling.
They found better results with thermal poling, as well for the final electrooptic coef-
ficient as for its long term stability. The first limitation seems to be the small penetration
depth of the pumping light, in high concentration films27. The second limitation is prob-
ably that a proportion of molecules has a too small mobility to be oriented in a reason-
able time. Nevertheless, we have some experimental proofs that, after optimization, the
poling limit could be better by optical means.

4.4. All-Optical Poling (AQP).7-9:36

DR 1-doped films were irradiated by a pulsed Nd-YAG laser beam and its second harmo-
nic (seeding). Periodically the incident 2@ beam was interrupted and SHG was mea-
sured, in order to estimate the degree of poling of the sample. Like in PAP, the copoly-
mer led to higher and much more stable poling than guest-host. The cos¢ dependence, in
(10), has been demonstrated, as well as the competition between poling by the inter-
ference term and one- and two-photon pumping. C. Fiorini36 used a model very similar
to the above one to calculate the poling efficiency as a function of I/, and obtained a
qualitative agreement with experiments. Octupolar molecules have been oriented?, but in
this case photoisomerization didn't exist and poling was due to another mechanism.

5. CONCLUSION.

The formalism presented in this paper is suitable for any type of optical angular hole
burning followed by some rotation of molecules, eventually in the presence of a DC
field, provided there is no cooperative effect. It is particularly well adapted to photoiso-
merization of anisotropic molecules such as azo dyes or spiropyrans. It has been used
successfully for understanding qualitatively all experimental features of PIA, AOP and
PAP. The major remaining difficulty is the use of exponential decays for modeling re-
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laxation processes. AOP and PAP induce a permanent poling at room temperature, in
DR1-PMMA copolymer (D=0) and not in guest-host (D;#0), but the poling is slow
(small rotation at each pumping cycle). A controversy remains: which rotation mecha-
nism is the most efficient ? diffusion in cis or angular redistribution induced by photo-
isomerization ? With DR1, experiments cannot answer to this question. With spiropyran
it has been shown that rotation does exist during the transition to photomerocyanine.

Appendix 1.
Assuming axial symmetry of molecules (Olxx=0tyy=0t; and B,,=B,, =B1) and of the
angular distribution (axis 3) and Aq being the order parameters defined in (2), one has:

153 = %[Ao(a,,+2al) +2A, 0t~ GL)] sxi0 =5 = %[AO(a//+2aJ_) — Ay~ ou)]
Xa= %[3/*1(5//"‘2&) +2A3(l3//‘ 3B_L)]; K= 5= ';‘[Al (ﬁ//+2[3¢) - As(B//— 3B¢)]

Appendix 2. Pumping probability in AOP.
As shown by Charra et al. 7, for a transition T—e resonant at 2 (Wy= 2w), the ampli-
tude of probability of excitation of molecules is (at second order of perturbation) :

(ely)ee fige Epp + (ﬁTe' Em)((ﬁ'r —fie): Em)/(2h(a)0 - “’))

Wre is the transition dipole; prand i are the permanent dipoles in T and e. The probabil-
ity of transition from T to e is proportional to I<ehy>|2:

(B Bro)(EreBo)( 8 o) |(FreEa)(af Eo)
h(wg - ) | 2h(wo — ) |

Pr(T—e) o< |ﬁTe-E2m|2+Re

The first term is linear absorption of 2@ (o o< [y ® lt1, ). The second term is a new in-
terference effect. By recombining matrix elements [l and J1-Jle it can be written as
B (E3oEEg) Where B o< Hre ® L. ® Ap. For rod like molecules (B,=0), if both
beams are linearly polarized, one obtains (10). The last term represents the two-photon
absorption at ® which can be written y,, 1(20 cos* 0 (Yo ||,LTe ® Au|2 is the second order
hyperpolarizability).
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