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Diffusion model of photoaligning in azo-dye layers
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The model of the rotational diffusion of the azo-dye molecules under the action of polarized uv light was
used to explain the formation of the photoinduced order in azo-dye layers. We consider both the approxima-
tions of negligible and strong molecular interaction during the process of the reorientation under the field of a
polarized light. We constructed an experimental setup, based on a photoelastic modulator, that allows accurate
in situ measurements of the phase retardatiafi thin film as a function of the exposure timg, and exposure
powerW (W/cm?). A good agreement with experiment was observed. Fitting the experimental alitygs
for different power value§V, we can estimate the coefficient of rotational diffusi®@nazo-dye order parameter
S(texp), and other parameters of the rotational diffusion model.
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[. INTRODUCTION The pure azo-dye layers can also be used as photoaligning
. .. agents in liquid crystal displag CD) cells[1-3,19,20. The
_Recently, we have shown the possibility of obtaining thermal and uv stability of the photoaligned azo-dye layers is
high-quality, noncontact photoallgrjment layers using thenigh and can be considerably improved after thermo-
azo-dye structurefgl—3|. Photochemlcal 'stable azo-dye Iay_— polymerization of azo-dyes layef&0]. The azo-dye layers
ers are an example of pure reorientation of the absorptioynipit a sufficiently high anchoring energy of liquid crystal
oscillator of the azo-dye molecules perpendicular to the poyith the substrate, which makes them one of the most attrac-
larization of the activating uv light. The azo-dye moleculesy;,e photoaligning materials for LCD technologg1].
that have their transition dipole moments parallel to the di-

rection of the polarized light will most probably get the ex-
cess energy, which results in their reorientation from the ini-
tial position. This process can be described statistically as a
diffusion motion of the dye molecules under the action of the Azobenzene sulfuric dye SD, used in the experiment, is

polarized light [4,5]. This results in an excess of chro- gqnin Fig. 1. When the azo-dye molecules are optically

mophores with the absorption oscillator perpendicular to th%umped by a polarized light beam, the energy absorbed for

polarization of the uv light. Hence, a thermodynamical €AqUlthe transformation is proportional to the square of the cosine

librium in the new O“?”te.d state will be egtabllshed_ (_Zonse-el the angled characterizing the orientation of dye molecule
quently, the anisotropic dichroism and optical retardation are
photoinduced permanently and the associated order param-
eter as a measure of this effect can be very large in some o
these materials. The photochemical mechanisms, such a
cross linking, photodegradation, and ewas-transisomer-
ization are most likely avoided in this cagk#6].

In this paper we will discuss the model of rotational dif-
fusion of the azo-dye molecules under the action of polarized
uv light and show that experimental time behavior of photo-
induced birefringence in the azo-dye thin films can be well
described by this model. Previous theoretical investigations
of azo-dyes photoinduced birefringence were mostly based

Il. DIFFUSION MODEL

A. General consideration
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on taking into account the photochemical transformations
such as cross linking in polyinyl)cinnamate derivatives
and photodegradation in polyimid€a-14 or cis-transpho-
toisomerization process in azobenzene side-chain polymer:

SO3zNa
HO N
N\

N

NaO3S

QOH

[15-17. A similar model has already been applied to de- COOH
scribe the photoinduced birefringence in azo-dye Langmuir

Blodgett films[18]. Azo-dye absorption oscillator (chromophore)

FIG. 1. The sulfuric azo-dye SD. Under the action of polarized

light the SD molecules tend to reorient perpendicular to the polar-

*On leave from Shubnikov’s Institute of Crystallography, Russianization of the activated light. The absorption oscillator is parallel to
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with respect to the polarization vector of ligtfig. 1). In in very dilute systems with azo-dyes, e.g., in special polymer
other words, this probability distribution is nonuniform and films having a small amount of azo-dye molecules. Depen-
has an angular dependence. Therefore, the azo-dye malent on the sign of the paramet&rthe molecular orientation
ecules that have their transition dipole moments parallel t@ccurs either at the angle=7/2 (A>0) or 6=0, 7 (A<O0).
the direction of the polarized light will most probably get the Equation(3) includes also the light power (W/cn?), the
excess energy, which results in their reorientation from theabsorption coefficientr (1/cm), and the molecular volume
initial position. This gives an excess of chromophores in ay,, absolute temperatufg, and Boltzmann constait The
direction at which the absorption oscillator is perpendiculaparameterr is the relaxation time—the time of “cooling” of
to the polarization of the uv lightFig. 1). azo-dye molecule and its surroundings. During this time

If rotating molecules are at every instant of time in athe azo-dye molecule absorbs the energy of light, overcomes
thermal equilibrium, and the rotation takes place in the fieldthe potential barrier between two orientational states when it
with a potential energy) =®kT, whereT is an absolute tem- interacts with its surroundings, and then “cools down” to the
peraturek is the Boltzmann constant, anbl is relative po-  new state. In polymers with a small concentration of azo-dye
tential energy, the equation of Brownian orientational diffu- molecules, the absorption coefficiemis much smaller than
sion, also known as the Boltzmann-Smoluchowski equationin the case of pure azo-dye film, and therefore the parameter
can be used to describe the process of the orientational diy is also small there. The parametet)=®kT
fusion, e.g., optical Kerr effect in initially isotropic liquids =1/2aV,,7co¢ 6 plays the role of a certain potential which
[4,22,23 or rotatory diffusion of solutions of rod-like mac- tends to make the azo-dye molecule rotate due to the light
romoleculeg24]. For rod-like azo-dye molecules with a cy- action, and can be considered as the change of chemical
lindrical symmetry the only coordinate will be a polar angle potential per one molecule related to the corresponding
¢, the angle between the molecular absorption oscillator anghange of the free energy. The process of such a reorientation
the direction of the polarization of the activating ligtig.  can be considered as isothermal. During this process the free
1). The potential energy) =®kT of the activating light will  energy of the azo-dye molecules changes due to the light
also be the function of the angteonly, i.e.,®=®(6) and the  action, and the thermal energy is scattering. We should point

equation of orientational diffusion ig,22,23 out that the change of the free energy takes place for the
2 9/ o 1o reoriented molecules only. After this' rec.)rienta'tion the mol-
LI _< _) =——, (1)  ecules are not affected by light again, i.e., this free-energy
g% 90\ 90/ Dt change per one molecule is a constant value. Only the quan-
tity of reoriented molecules increases with time, and this is
A laVyT described by the variation of the angular distribution func-
(I)=—00520,A:—. (2) tion f
2 KT .
Here, we assume that the potential enefglyT is propor- B. Estimation of the “cooling time” 7 in the diffusion model

tional to the light intensity at the direction of the absorption  ynfortunately, the parameter cannot be exactly calcu-
oscillator, i.e., the number of photons absorbed by azo-dygyted due to the complicated nature of the numbered interac-
molecule. The energy of photons is not wasted on the changgns and molecular kinetics, butshould be much smaller

of the molecular conformation or luminescence, and is rethan the time of light exposure to enable the azo-dye mol-
sponsible for the rotation of the azo-dye molecule from itsecyles to get to a new orientational state. Parametan be
initial random position to the direction perpendicular to thegstimated from the experiments on photoaligning.kTf

activating light polarizatiori1]. ~10%°J (room temperatupe A~1CP 1/cm, |
The order parameter is determined as the thermodynamic 15-2 w/cn?, v, ~1072° e, then 7~ 1074—1073 s for A
average(P(0)) ~0.1-1. The latter limits of the parameters values have been

found from the experimental dafd]. We assume, that the
characteristic molecular size is about 20—3QFg. 1) and
estimate the absorption coefficient from the measured optical
P P densityD (D ~ 0.2 for azo-dye layer thickness of 10 nf].
(P,) :f P,(6)f(6,t)sin6dé f f(6,t)sinode. (3)  The values of the coefficiet~0.1-1 provide the best fit-
0 0 ting of the experimental curves by the diffusion mo¢ete
the results beloy The time » may be dependent on the
Here, the probability density functiof(6,t) describes the thermo-conductivity of substanae heat capacitg,, density
movement of molecules in two dimensions, i.e., in a certairp, and characteristic size of sampleon which the distribu-
plane, where the anglé characterizes the orientation of dye tion of temperature becomes homogeneous:L2c,p/ .
molecule with respect to the polarization vector of the acti-Since p~1 g/cn?, ¢,=1.6 Jg'K™, «x=~0.1WnTtK™
vating light. The orientation of the azo-dye molecule in the[1], we obtain the estimate~10* s for L=~2 um.
perpendicular plane is not controlled by light. The value - ) S
f(0,t)d@ is the number of molecules whose axes are located - Diffusion model in case of negligible intermolecular
within the polar angleg,6+dé) at the unit spherdg25]. Interaction
Equations(1) and (2) are correct if there is no interaction Assuming the azimuthal symmetry of the molecular dis-
between azo-dye molecules. Such a situation can take pla¢ebution, we can write

P,(6) =3(3 cos 6- 1),
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FIG. 2. The distribution functiomp(u), u=cosé of the azo-dye
molecules for various values of the parameteproportional to the
intensity of the activated light2).

f=1(6,t) = p(u,t)/2, u=cosé.

Equation(1) can be rewritten as

(1 -ud) - Pplou? - 2udpldu + Ap(3u? — 1) — Au(1 — u?)dplau

=1/Ddpléu, (4)
where
p(u,00=1, p(-u,t) =p(u,1), (5
T 1
ff(e)sin 0d0:fp(u)du: 1, (6)
0 -1
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If A<1, p(u,t) can be expanded in a series of Legendre
polynomialsP,(u) [4] as

o

p(u,t) =1+ > a (t)P(u) = 1 —A/3[1 - exH— 6Dt)]Px(u).

n=1
(10

The relative order parameter is obtained fr@npand(10)

as
2A[ F( t)]
s=~—|l-exg-—|/[,

15 Trise

or the saturation value of the order parameter is directly pro-
portional to the intensity of the activating light(2). The
responserise) time

(11

1 mran

7'rise:a"’ KT (12

whereD=kT/6mna,, is a diffusion coefficienty is the vis-
cosity, a,, is the characteristic size of the molecule or mo-
lecular cluster. The size of the clustay, can be dependent
on the densityor concentrationof the free and photoaligned
azo-dye molecules and can be considered as the effective
radius of gyrationthe effective hydrodynamic radiy$26].
In this casea,, is a function of the exposure energy; however,
in the approximation of noninteracting azo-dye molecules,
we shall not take this dependence into account. The relation
(12) states that the rise time of the effect is independent of
the intensity of the activating light.

Looking for the kinetics of the the process of the induced
birefringence, we get

d_S _ 2A 4AD
dt =0 157'rise_ S

: (13

states the initial, symmetry, and normalization condition, re4.e., the rate of the induced order parametsfdt|,-, is di-

spectively.
The saturatedt— =) solution of the probleni4) and(5)
for A>1 andt>1/D

p(u) = V2A/ 7 exp(— AL?/2), u=~ 1/\@. (7)

We have also solved the proble@) and (5) numerically,

and showed that the functigs(u) indeed comes very close

to the 6 function forA>1 andt>1/D (Fig. 2
p(u) — &(u) = 80— 7/2). (8)

The perfect orderd=/2, u=0 in our case takes place

rectly proportional to the relative intensity of the activated
light.

D. Introduction of new potential to allow for intermolecular
interactions

In the general case, particularly for dye films, we should
take into account the interaction of dye molecules among
themselves in the process of the rotational diffusion. This
interaction cannot be neglected when the molecular concen-
tration is high[27]. We may use the approximation of mean
field acting as the thermodynamic averd@eg(6)). Thus, the

when the absolute value of the order parameter is maximagffective potential, in which the dye molecule stays, can be

S,=-1/2. Then, the saturatdd— =) value of the relative
order parametes=S/S,(0=<s=<1) can be obtained fron®)

and(7)

1
s=1-31- exgd-A2)] / A J exp(— Au?/2)du, (9)
0

for sufficiently large values oA>1.

written in the form

U =3laVy7cog 6+a(P,)P,(6), (143

wheree is a phenomenological constant. The poterttidla)

is the “mean-field” approximation, similar to that proposed
in the Maier-Saupe mod¢R8]. The amplitude of the mean
field is proportional to the order parame&r(P,), while the
function P,(#) makes the interaction potential orientation de-
pendent29].
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- 0<0<n light E;g, Oriented along axig, and effective molecular field
[P .‘7; Ee (in the planeyz). The initial isotropic distribution ofh
N '0 ¢« for zero values of the effective field and light intensity is
AN\ R shown in Fig. 8a). The light action induces the rotation of
P~ Eighe 42" ’ dye molecules mainly in the plane [Figs. 3b) and 30)]. In
<~ J the planexz the director distribution is either isotropic if
/// > E.#=0 [Fig. 3b)], or anisotropic if an effective field is
¥ presen{Fig. 3(c)]. The existence o4 can be related to the
existence of an anisotropic substrate, boundaries of indi-
o X b vidual areas in the film, or some other defects creating an

orienting force.

z 050sx Z 0505 We shall assume, first, that the potentialn the equation
i / ; / - of diffusion is given by Eq.(14g, and the initial function
fo(6)=1/2,i.e., isotropic. Thus, taking into accou¢®) and
(149, the equation for the functiof(#,t) can be written in

the form
Pf 1 3a d . _1af
T (ar e | gronam=g%. as

The solution of Eq(15) can only be found numerically in
the whole time interval fromi=0, whenf(6,0)=1/2 andS

=0, up tot—-oo, when certain limits forf and S have to be
observed. We can analyze analytically several limit cases
which qualitatively show various possibilities of the time
behavior of functiorf(6,t) and the order parametéP,(6))|;.

E. Kinetics of order parameter S in diffusion model

1. The case: 5%, A=0, (P,)|i-.=0

We find the solutiorf(4,t) = fy+ &(6,t), wheres< f,. Us-
ing (5) we obtain the following results:

€) f) T
2
FIG. 3. Distributions of azo-dye molecules, oriented in two 1‘7_5=‘9_5_3ifocos zgf P.Ssinodeo (163
planes, as the functions of relative light intensitytemperaturd, Dat 96> KT 2 ’
0

and effective fieldE.. The empty and filled arrows correspond to
the torques created by polarized light and effective fi&drder

parameter(a) A=0, T>T,, E.z=0; S=0, isotropic orientation ixz 8(60,t) = exp(— \t)y(6), (16b)
plane;(b) A#0, T<T., E.=0; S#0, isotropic orientation irkz
plane.(c) A#0, T<T, E¢# 0; S# 0, anisotropic orientation inz y(6) =Ccos ¥, (160

plane.(d) A=0, T<T,, E¢# 0; S# 0, anisotropic orientation iRz
plane.(e) A# 0, T<T,, Egx is weak;S+ 0, isotropic orientation in 8af
xzplane.(f) A#0, T>T,, Eeff is strong;S+# 0, azo-dye molecules N\ = D<4 + _°> ' (16d)

are oriented along axig. 5KT
If initially, because of the molecular interaction and action 8C 8flal
of a certain effective electric fielHq, the dye molecules are (Pl exp{— D<4 - 5kT t (169
oriented at a fixed anglé, with respect to the polarization of N
light, then Eq.(144 should be modified wheref,=3, a<0. -
Thus, we see fron§l6) that the phase transition occurs
U = 21aVy 70060+ a(P,)P,(6— ) — xEci?cOS(6— 6p), below the temperatur@.=2fg|al/5k, so that(P,)|..=S

(14b) #0 at T<T,, since the order parameter increases with time

at these temperatures in accordance with Etfe). At
where y is the positive dielectric anisotropy. Accordingly, T>T,, the magnitudéP,)|; ... approaches zero by the expo-
when =0 before the moment=0, the initial function nential law with characteristic tim&./[4D(T-T.)], which
fo(6)=1(0,0) is not isotropic in this case, and must be foundbecomes largg¢slowing down of relaxationwhen the tem-
from the equation of diffusion with potentig@ll4b), where perature approaches the phase transition point. This situation
I=0. Figures &) and 3f) show different mutual orientations for t— o is illustrated by Fig. 8). Numerical calculations of
of the directorn (in the planesxz and yz), polarization of the relative order parametsifor T>T,, when the light was
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FIG. 4. Relaxation of the relative order parametdor various
values of parameters anda/kT. The time scale is given in relative
units 7=tD. The results are obtained by numerical solution1%).

switched off, are shown in Fig. 4 by two curves: fafkT
=-5.4,s(t) is rapidly decreasing with time; fa/kT=-5.7,
the described slowing down of ttsét) curve is observed.

2. The case: KT, A=0
We shall find(P,)|;_,..=S# 0. Now, we have

ks

f:f0(9)+5(0,t), S:f szosin 6de.
0

17)

After the substitution of17) to (15), the equation for func-
tion fy(0) is

m

ﬁ+i f —Esinzej P,fysin6do || =0
9% 90| O 2kT 20 o
0
(18)
which has the solution
0
a asS
fO:exp<— k—TSP2> C1+C2J dxexp(G_PZ(x)> .
0
(19

Taking into account Eq$3) and(19), we obtain the equation
for the order paramete®

a
S= in o doP - —SP
Jsme 0 2exp< KT 2)
0

a_spz(x)) .

KT 20

4
X Cl+sz dxex
0

In the caseC;=1/[7 exp(—aSR/kT)sin # dg, andC,=0, we
can obtain from th&20)

PHYSICAL REVIEW E 69, 061713(2004
5257( T.- T)]

48
S=_——|1+4/1+

751 120\ T,
T.- T)

T /°
From Eg.(21), we see that the first-order phase transition
takes place which occurs not exactly at the temperafire
but at a slightly different temperatufi@ (it can be calculated
thatT* =1.09- T,). The situation folA=0 atT<T,, when a
certain weak anisotropy is present in plaxe is shown in

Fig. 3(d).
Functions(6,t) =y(#)exp(—At) is found from the equation

~0.128 + 1.4( (21)

m

N Py a d|dP
-2y, 29 ZyJszosineda
0

- —y=—+ — <
DY 562 " kTa0| 20

+ fof P,y sin6de
0

(22)

For relatively smallS, we obtain the following results from
Eq. (22

y(6) = C cos 2,

S CE O P Ao

D T 5\KT
Thus, we see thah depends on temperatura(T=T,)
~0.54 D, and the value ok increases with temperature de-

creasing Eq. (23) includes the higher powers &when the
order parameter is largle

23(a

3
H) k_T) <. (23)

3. The case: KT, and A#0, but A and S are small at+» «

Since, in this case, the favorable director orientation is
perpendicular to the light polarization, it is convenient to use
Eq. (14b), wherefy=7/2, E.4=0, and A>0. Using Eqs.
(3) and(18), we can find that

1

fo=

w

fsin 0d0exp{(— a—S+lA>P2}
kKT 3
0
xexp{(—a—S+EA>P2]
kT 3

S= gj sin 6 doP,f,.
0

(243

(24b

Using Eqgs.(24), we obtain the relation

S~1 56<SS+ 1A)S— i(5s+ 1A)Z— L
g b 3 35 3 15 "
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T.-T Though in expansions used the parameterand B are
e= T <1. (25 assumed to be small, the obtained results are approximately
¢ correct when magnitud®-A| ~ 1, and we have the estimate
For the small values of andA, Eg. (25) has the solution . ]
S~:(B-AY if1>|B-A>0.1. (28)
S~0.128+1.4+0.7 ‘A, (269
Equation(28) shows that, for sufficiently large values Bf
and Eq.(22) results in the value the value ofS is positive, i.e., the molecular orientation is
N determined by the effective with respect to the absorbing
5= 0.54+0.3+2.5-A. (26b) molecule external field. However, for sufficiently large val-

ues ofA the order paramete&is negative, i.e., the molecular
If & is larger thamA, then we see froni25) that S~ \7s/5,  orientation is defined by the light action. These situations are

with a correction of the order of/e. Equation(26a shows  illustrated schematically by Fig.(§ and 3f). For a weak
that the saturation value &considerably increases with the effective field the molecular orientation is induced by the

increase of the parametér Equation(26b) shows the faster light exposure[Fig. 3e)]; for a strong effective field, the
increase of the order paramet8mwith time for the higher light is noneffective, and the molecular orientation is dictated

values ofe andA. by the fieldE.q [Fig. 3(f)]. _

The described situation is shown in FigicB where a If the difference[B-A| is small, i.e.,(B~A)— +0, then
weak effective field is included to produce th@rientation ~We obtain from Eq(27) that
of director by the light action. The corresponding numerical S~0.128+0.7B-A). (29)

results for the time dependence of the relative order param-

eters(t) are shown in Fig. 4. IT <T,, then the characteristic When the valu¢B—-A) changes its sign and@-A) — -0, we
relaxation time ofS decreases and the saturation valuesof obtain, instead of Eq29), the new solution of Eq(28)
increases for smaller temperatures, and in this case the pa- ey
rameter fa| /kT becomes large(Fig. 4). After switching the S=-5V3(A-B). (30)

light off, the order parameter rapidly becomes equal t0 thg-q,ationg29) and(30) show that the light-aligning process
saturation values defined by temperature. cannot reorient the dye molecules at weak light intensity: the
threshold for light intensity is determined by the relati&n
F. Effect of external field to the order parameter =A.=B. The value of order parameter changes by a jump,

In the films consisting of azo-dye molecules, the initial @nd the change in sign of the order parameter takes place at
macroscopic orientational ordering is absent, due to the prdghis threshold.
cedure of preparation of the films, even at low temperatures
(at T<Ty). In fact, such a film is frustrated on many small G. Approximation of “frozen” potential
fations which are ocoasional n the plane of the.fim. This. - /Nen the value of the relative expostre energy2) s
means that the distribution function of molecular orien.tationr?Ot small anq the |n|t|ql isotropic angular distribution fu.nc-
f(6,t)=const1/2 before the light action. During the light tion fo=1/2 1S highly dlstqrted, we ha\_/e to use numerlcal
' S : methods to find the solutions of the diffusion equatidn
exposure, finite sizes of the ordered areas are favorable f

Bne of the interesting possibilities here is to consider the
more rapid macroscopic ordering of the film, but the bound- ap

) ) . molecular interaction potential in the form
aries between differently oriented areas can slow down the
process of photoaligning. We do not include these compli- a

cated features of a real film into the model consideration to b= §A cos' 9+ k_-|-<P2>P2(0)' (313
simplify the solution of the problem. In the case where such

azo-dye areas with initial occasional director orientations ex- a

ist, we should use the equation of diffusic) with potential D =—(P,)'P,(6), (31b)
(14b) and nonisotropic distributioy(6) # const. The initial KT

director orientationd, and _effective fieldEe; can be fixed, where (318 and (31b) corresponds to the exposure process

e.g., by the area boundaries. =~ _ and relaxation, respectively, ar@) is the “frozen” order
Let us suggest that an effective field tends to align theparameter during the relaxation procéas-0)

director at the angl@=6,=0, while the light action is ori-

enting the director at the angle=/2. If T=T,, then for (PY = (P = (Py)(tos), (32
sufficiently small values oE.4 and| from Eq. (1) and po-
tential U given by Eq.(14b), we can obtain the order param-
eter S from the equation

and te,,=t,s-exposure time. This means that the coefficient
a/kT(P,)! before the ternP, in (31) remains constant during
the relaxation of the order parameter. The saturated value of
£S~ 156 -(55+3(B-A))*- =(55+ 2(B- A))? the order parametetP,)|; ... increases with the exposure
—1(B-p) 27) time, as the coefficiena/kT(P,)" becomes larger for the
15 ’ higher values ofrexp. The situation is really confirmed in
wheres= (T,-T) /T, <1, B= xE¢t?/ kT <1. our experimentsee below
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Ill. EXPERIMENT ' : % 15 2

The purpose of our experimental investigations was to Time t (us)
measure uv light-induced birefringence, which is propor- FIG. 6. Typical time dependence of the transmitted light inten-

S\L;mal todqn order'paramﬁter ﬁf a phOanhngfg .SUbStar:jcesityl. The experimental data are shown by squares, the fitting curve
€ used in experiment the p otosenSItlye sulluric: azo- y%y solid line. The experiment was made using the setup shown in
SD (Fig. 1. The azo-dye was dissolved inN, Fig. 5

N-dimethylformamide at a concentration of 1 wt % and then
spin-coated on ITO-coated glass substrate at 3000 rpm f
30 s. The coated substrate was cured for 15 minTat
=45 °C. This procedure provides a thin, homogeneous soli
dye film onto the ITO-glass surface. For accuratesitu
measurement of small, thin film phase retardaia setup
has been constructedrig. 5 [30,3]. It was based on a
photoelastic modulator to measure the phase retardati
value with an accuracy of +0.001 rad. SD birefringence wa;
measuredn-situ during the uv irradiation proceg§ig. 5).

%ry squares. The peak phase retardation can be fixed by
eans of PEM controller. The sample retardatiowas de-
ermined by fitting the experimental data usi(@y) (solid
line in Fig. 6, other parameters were approximately known
from the experimental conditions and were corrected during
Ot'tI1e fitting procedure. The residual birefringenégs was
gneasured before and after the experiment; the former was
subtracted from the experimental data to obtain the absolute

The bump beam for inducina of optical anisotropy in SDvalue of 6. T_he_ change oﬁr?SQUring_the time of the experi-
pump inducing bl I Py ! ment was within the error limits. This procedure allows us to

film was provided by AT laser (\=457 nm, which has a measure the phase retardation value more accurately than in

linear polarized light at the output with the pow&W . '
=10 mW/cn?. The output power was controlled by a special Fhe method based on measuring the first and second harmon-

set of attenuator platg®\T). The probe beam, which comes ics of photodetector signalsee Ref. 30 and references

from He—Ne lasen\=632.8 nm, passed through crossed therein.

Glan-Thompson polarizer® and A, the substrate with SD

film, mounted on a rotatory staglRS), and photoelastic IV. DISCUSSION

modulated by PEM with a frequenc§2=50 kHz and de- _ ) )
tected by semiconductive photodeteotbe). To explain the experimental dependence of the photoin-

The time dependendét), recorded during several periods duced birefringence, we suggest the model of the rotational

. : diffusion of the azo-dye molecules under the action of a po-
of light modulation, was transferred to computer for further . . .
treatment. In an ideal case, the PEM modulates the lig rized uv I'ght’ which we have descrlbed abagec. 11 0.
according to the following lay30]: he phqtomduced phase re_tardahoﬁzZa-rAnd/)\_ ((_1
~10 nm is the azo-dye layer thickne3s;632.8 nm is di-
lig= %[1 - cog 8+ Ay cogOt)], (33)  rectly proportional to the relative order parameseof the
azo-dye layer
where () is a modulation frequencyy, is peak- ands is
sample phase retardation. In experiment, due to a residual 5= ZWA”d:k (35)
birefringence of PEM, nonideal polarizers, and multiple re- N '

flections the background signal exists, and the registered si “herek i Hicient tional to th isot fth
nal is usually shifted in time. Due to these reasons, the fol- erex Is a coetticient proportional to the anisotropy ot the
molecular polarizability of the azo-dye moleculg?].

lowing formula was used to describe the experimental data: The dependence of the phase retardation versus exposure
| =1y +1o3{1 - co§ 5+ Ay cogQt + a1}, (34)  time for different powersV of pump Ar" laser is shown in
Fig. 7. The size of the uv irradiated spot on the substrate was
where in addition tq33) I, is a background intensity, an 2 mm in diameter. The thickness uniformity was controlled
incident intensity, andy,, a phase shift. The typical experi- by measuring the phase retardation in different points of the
mental dependence of the transmitted light is shown in Fig. &ample. The difference in phase retardation does not exceed
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FIG. 7. Dependence of the photoinduced phase retardatmn
exposure timee,, for various powerd/V of the activated uv light. FIG. 9. Dependence of the initial rate of the photoinduced phase
Solid lines indicate the numerical solution of the diffusion model retardation increas@ls/dt),.o on powerW of the activated uv light.
(4) and(5). Solid lines indicate the numerical solution of the diffusion model
(4) and(5).
the experimental error of £0.001 rad. The monotonous in-
crease of the photoinduced phase retardatioiiom zero k=0.01, C=A/W=0.1 n¥/W, D =0.000 26 &

level att=0 (isotropic statg up to the saturation valué, (36)
(anisotropic statewas observed. The experimental values

are in good agreement with the results of our numerical calsing these data, we can determine the relative order param-
culations, using the modé#) and (5), shown in Fig. 7 by eters(9) and(11). For example, the relative order parameter
solid lines. The saturation photoinduced phase retardatioaccording to the saturation level for irradiation powafr
level was found to be proportional to the power of uv illu- =8.8 mW/cnt is s=0.67 and forw=2.0 mW/cnf-s=0.3
mination W, which is in qualitative agreement with our ana- (Fig. 8). The saturation value of the phase retardatiig
lytical estimationg9) and(11) and the results of the numeri- shows a nonlinear increase with the power of the activated
cal calculationgFig. 8). The initial rate of the increase of the uv light beam(Fig. 8). The linear proportionalitys=W is
photoinduced birefringence should also establish a linear desbserved only for sufficiently small values of \(¥ig. 9).
pendence(13). The derivatives(dé/dt),—, were calculated However, the exact numerical solution of the diffusion model
from experimental datéFig. 7). The numerical results, fol- (4) and(5) provides much better agreemésolid line in Fig.
lowing from the model of orientational diffusion of the azo- 8).

dye molecules in the field of a uv-polarized lighy and(5),

arein good agreement with our experimenta| ({atmd lines B. Relaxation of the order parameter, taklng into account the

in Figs. 8 and 9for molecular interaction

If we neglect the molecular interaction, the diffusion

T model(4) and(5) describes only the experimental data con-
3 %7 cerning the process of saturation of the order parameter with
c 00064 time (Figs. 7-9: the saturation value increases for the higher
-% ; power (Fig. 8) as well as the rate of the saturatidrig. 9).
B 0.005] However, after switching the activated light off, the model
3 0004; predicts the exponential relaxation of the order parameter
g " with time. Such a rapid decrease contradicts the experimental
%’1 0.003 results, which show a new finite saturation level for a long
5 1 o experiment time (F|g. 1@. The gxpenmental data in Fig. 10 show thgt,
B 0007 theory after switching the light off, the normalized phase retardation
8 0001 relaxes to a certain nonzero level dependent on temperature.
@ ] The saturation level decreases with temperature, which is in
0.000L¢ . ; . . good agreement with our estimatiof(®sl) and the results of
0 2 4 6 8 the numerical calculationg=ig. 4). Taking into account the
Exposure power W (mW/em? ) ‘ experimental data in Fig. 10, we evaluated the param@ters

and a for the diffusion model(3) and (14a: T.=453 K,
FIG. 8. Dependence of the relative saturation phase retardatiol® =5kTc~3.1x 10720 J.
855t 0N powerW of the activated uv light. Solid lines indicate the ~ We have measured the relaxation dependencies of SD
numerical solution of the diffusion mode#) and(5). azo-dye samples for the same intensity of light, but different
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FIG. 10. Dependence of the normalized photoinduced phase re-

tardation of azo-dye on time at various temperatures. The exposure f|G, 11. Relaxation of SD azo-dye layer birefringentaifter
energy was 40 mJ/cfrand the exposure time was 6 min. switching off the activated light for different exposure timigg
shown in Ref[33]. The results of the numerical approximatigi)
exposure timegFig. 11). The sample was illuminated by and(31) using the frozen potentigB1) are shown by solid lines for
linear polarized light during some timg,,,), and after this A=0.1 anda/kT=-5.5,
the uv source was switched off, but the registration of the
phase retardation was continued up to the time when changjield is switched off. We constructed an experimental setup,
ing of the phase retardatiofiwas not observed. The results based on a photoelastic modulator, that allows to make ac-
for different illumination times are shown in Fig. 1B3]. curatein situ measurements of the phase retardatiar thin
The above-mentioned mod&k) and(5) (molecular interac-  film as a function of the exposure tintg,, and exposure
tion is neglectegland the modified interaction potentid@4b)  power W (W/cn¥). Fitting the experimental curves(tey)
cannot explain the order parameter relaxation, observed ifor different power valuesV, we can estimate the coefficient
our experimentFig. 11). Thus, we decided to use the ap- of rotational diffusionD, azo-dye order parametéitey),
proximation of the “frozen” potentia(31g and (31b) and  and other parameters of the rotational diffusion model. A
make a fitting of the experimental curve by solving the prob-good agreement with experiment was observed even in the
lem (1) and(31) in numerical calculationgsolid lines in Fig.  case of negligible molecular interactiafi the initial rate of
11). It can be seen that for a certain valuesAsf0.1,a/kT  the birefringencels/dt|-, is proportional to the illumination
=-5.5, the approximation of the frozen potentidll) pro-  power;(ii) the birefringence increases with the exposure time
vides a good coincidence between the theory and experimeghd comes to the saturation lewi); (3) the saturation value
(Fig. 1. of birefringenced,, increases with the intensity of the acti-
vated light and is well described both by the analytical and
V. CONCLUSION numerical estimates.
To find nonzero values of the order parameter of the azo-

The model of the r.otat|onal dlffu_s;lon of th_e azo-dye mol- dye layer after relaxation, we used the approximation of the
ecules under the action of a polarized uv light was used tQ

explain the formation of the photoinduced order in azo-dye rozen potential, which “remembers” the final value of the
e . averaged order parameter at the moment when the light is
layers. A diffusion mechanism was proposed by us and doeilvitched off. A good agreement with the observed experi-
not involve any photochemical or structuralltrar_1sformatic.>nmental valué was found. The diffusion model of azo-dye
Of. azo-dye mqlgcules. T.he model uses the cﬁffusmn E.’quat'opeorientation in polymer matrix is in progress and will be
with the specific potential, which characterizes the interac- ublished elsewhere
tion of the molecule and the activated light. We consider bothD '
the approximations of negligible and strong molecular inter-
action during the process of the reorientation under the ac-
tion of a polarized light. A certain critical temperature phase
transitionT, was predicted: fol <T, the order parameter of This research was partially supported by RGC Grants
the azo-dye layer relaxes to nonzero value when the lighHtKUST6004/01E and HKUST6102/03E.
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