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Optical reorientation of nematic liquid crystals in the presence of photoisomerization
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The optical reorientation of nematic liquid crystals doped with azo dyes is studied. It is shown that in the
presence of absorption both thrans andcis isomers enhance significantly the optical torque; they contribute,
however, with opposite signs to the net enhancement and tend to cancel each other’s effect. The anomalous
angular dependence of optical reorientation reported by Zoletka. is explained by considering the photo-
inducedtrans-cisequilibrium.[S1063-651X98)03510-7

PACS numbdps): 61.30—~v, 42.65.Vh

[. INTRODUCTION ticular system, the absorption-induced torque changes sign as
the angle between the wave vector of the light beam and the

The reorientation of nematic liquid crystalsILC’s) by  director is varied; namely, it is negative for small angles and
optical fields was investigated extensively in the gastin  becomes positive above a critical angle. Such behavior dis-
transparent materials, the observations can be fully undeagrees with theoretical predictions as well as with observa-
stood with the help of classical electrodynamics and the startions on anthraquinone dyes. Considering the symmetry
dard continuum description of liquid crystals. The electro-properties of the nematic phase, one expects that the ratio of
magnetic field exerts a torque on the liquid crystal moleculeshe absorption-induced and dielectric torgtienhancement
due to their anisotropic molecular polarizibility; this torque factor”) is independent of the direction of light propagation.
is balanced by the elastic and viscous torque associated witthe anomaly found by Barnikt al. indicates, on the con-
the spatial nonuniformity and rotation of the nematic direc-trary, a pronounced angular dependence of the enhancement
tor. In the presence of light absorption, however, puzzlingfactor.
new effects were discovered that could not be interpreted In a very recent publication, we suggested that the ob-
within the framework of the macroscopic phenomenologicalserved angular dependence of the absorption-induced torque
theory. It was found that when small amounts of absorbingn azo dye doped NLC's is caused tmans-cisphotoisomer-
dyes are added to NLCypically less than 1% the optical ization[11]. The basic point of our model is th&ians and
torque increases significantly, in some cases by more thagis forms of azo compounds can be regarded as two separate
two orders of magnitud¢2-5]. The strength of the addi- dye dopants that contribute with different strengths or even
tional absorption-induced torque is highly dye specific andsigns to the overall optical torque. It was demonstrated ear-
does not show any direct correlation with the absorption cofier that the photoinduced equilibriuigis concentration de-
efficient of the system. For some dyes the absorptionpends on the angle of incidence of the light bddr]. As a
induced torque was found to have the same sign as the dtonsequence, the net optical torque, which is a superposition
electric optical torque, while for others the signs areof the contributions from the two isomers, also depends on
opposite. this angle.

In order to explain the effect described above, molecular The aim of the present paper is to investigate in detail the
models were worked od6-8]. The common starting point process of optical reorientation in the presence of photoi-
of the models is the fact that in the presence of absorptiosomerization and to provide further evidence of the proposed
the orientational distributions of the ground-state andmechanism. In Sec. Il, a simple relation is given for the
excited-state dye molecules are not axially symmetric aroundquilibrium cis concentration as a function of the beam
the director. Due to this asymmetry, the molecular mean fielgpropagation direction. The relation is verified experimentally
associated with the dye molecules exerts an effective torquir an azo dye. In Sec. lll, measurements of the enhancement
on the director. In Ref[6], the change of the dye-host inter- factor for the same dye are presented as a function of the
action energy upon excitation was considered as the maiangle of incidence. It is found that the enhancement factor is
source of the absorption-induced torque. In R&.it was  a linear function of thecis concentration, as expected from
shown that the difference between the rotational mobility ofthe suggested model. Theans and cis enhancement factors
the ground-state and excited-state molecules can contributee deduced separately from the data; the former has a large
also to the enhancement of the optical torque. The modelsegative, the latter has a large positive value. For compari-
successfully describe the basic experimental facts and ason, another azo dye was investigated too, which does not
count for the order of magnitude of the observed enhanceshow photoisomerization. In this case, no angular depen-
ment. Recently, it was shown that the same idea can be aplence of the enhancement factor was found.
plied even to dye-doped isotropic liquids, in which a similar  To provide further verification of the role dfans-cis
amplification of the optical Kerr effect was four€l]. transitions in optical reorientation, we carried out an experi-

On the other hand, Barniét al. reported observations in a ment in which the equilibriuntis concentration was regu-
NLC doped with azo dyes, which seem to contradict thelated independently from the reorientation procesc. 1\V).
existing modeld10]. These authors found that, in their par- In the experiment, an ordinarily polarized component was
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superposed on the reorienting beam. Although dhay in In order to find out howpc and p; depend on the light
itself did not cause any director reorientation, its presenc@ropagation direction, let us first consider a single dye dop-
modified thecis content within the illuminated area and thus ant. The dissipated energy per unit time and volume is
influenced the enhancement factor. By increasing the
strength of the ordinary component, even a change of sign of D=hwNp, ()
the enhancement factor was achieved. This observation pro- is th itati babilit it i M )
vides a strong support of our idea about the mechanism opnerep IS the excitation probability per unit ime. viacro
optical reorientation in azo dye doped NLC's. scopically, the dissipation is given as

In Sec. V, we discuss the possible reasons for the opposite _ > oy =2
signs of the enhancement factors found for the two isomers. D=gowee’eE", @
We point out that changes of the geometrical shape of thghere ¢” is the imaginary part of the dielectric tens@is
dye molecule duringrans-cisphotoisomerization can be the the effective field strength, anglis a unit vector along the

source of the observed behavior. electric field. The components ef', as for any tensor in a
NLC, can be written asj;=¢" &; + (e[ —&’)nn; wheren

is the director, i.e., the symmetry axis of the system. There-
Most azo dyes have two stable configurations. In the enfore ee"e= e + (e[ —&])cos¥ where ¥ is the angle be-

ergetically more favorabldrans form, the two chemical tween the directon and the polarization directioe. Insert-

bonds attached to the central nitrogen group are parallel tihg this expression into Eq4) and comparing it with Eq.
each other, resulting in an elongated form of the molecule. If3), one finds

the cis form, the angle between these bonds is 120° and the

II. PHOTOINDUCED trans-cisEQUILIBRIUM

molecule adopts &-like shape. The two isomers differ in p=[fi+(fH—fL)co§llf]E2 with f, =¢7/N#,
their absorption spectra. In addition, their orientational order
in NLC’s are different too, namely, thigans form is signifi- fi=g[/NA. (5)
cantly more ordered than thes one[12)]. ) _ o
In thermal equilibrium the molecules are in theans Returning to the azo dyes, in the limit of low concentra-

form. Light irradiation converts a fraction of the molecules fions and low light intensity levels we can regard the two
to the cis form [13]. In a previous publicatiorf12], we  iSOmers as independent dopants and assume that their orien-
showed that the equilibriurais concentration and other pa- tational distributions correspond to a thermal equilibrium. In
rameters can be deduced from simple transmission measurUs case the above argument can be applied separatply to
ments. Here, we follow a slightly different approach, which@ndpr, hence
is more suitable for our present aim, i.e., the determination of —[c, +(c|—c, )co2W]E?
the angular dependence of the fraction of tieisomers. Pc=leLm(C=CL : ©

The starting point of the discussion is the rate equation for 2

L . =[t, +(tj—t,)cogV]E>.

the number ofis isomers per unit volume\: pr=[t +(4—ty) ]
The c andt coefficients depend on molecular parameters and
the orientational order of the isomers, but they are indepen-
dent of the dye concentration aXd Equation(6) could have
been also derived from microscopic considerations by aver-
HereNy is the number ofransisomers per unit volumegye ~ 29ing over the orientational distributions; the present argu-
and p; are the probability that ais or atrans molecule is  Ment is, however, more general.
excited within a unit time, respectivelfs .t and® ¢ denote Inserting Eq.(6) into Eq. (2) we find
the quantum efficiency of ais-transor trans-cistransition,

NG
gt =~ Ne(pe®ert 1/m)+Nrpr&rc. oY)

respectively, finallyr is the thermal relaxation time fais- Xz X 1+gcosV )
trans transitions. We writeNc=NX and Nt=N(1—X) S 7 L hcodw
whereN is the total number of dye molecules per unit vol-
ume andX is the fraction ofcis molecules. From Eql), in ~ with
steady state
s At oyt h_A(t\\_tl)+C\\_CL
S . pr®rc oAt +c, 9T 0 T Atj+c,
X Thmglr W XST 0 G Fpcdrc
To/ T PTPTctT PcPrc and A=®rc/Dcr.
Uro=prPrctpcPrc- (2 X,q gives the saturatedis concentration for an ordinarily

polarized beam; it is independent of the light propagation
7o is the characteristic time for the formation of the steady-direction.
statecis concentration. It decreases as the light intensity is To verify the angular dependence X§, predicted in Eq.
increased,; in the limity/7<1 the fraction of theisisomers  (7), and to determine the values gfand h, we carried out
approaches the saturation valdg. In typical reorientation pump-probe experiments on a guest-host system, containing
experiments the light intensity is high enough to saturate th®.3% 4 -dimethylaminopheny{1,4-phenylenebigazg]-3-
number ofcis isomers. chloro-4-heptyloxy benzeneR@) in the nematic mixture



4600 I. JANOSSY AND L. SZABADOS PRE 58

0.3% R4 in E63 18
A =514 nm A
0.3% R4 in E63
1.25 d=100pm A
A TS, 16 A =514 nm
X Tod Tt
- v
£ 120 N X' 14
x
1.2
1.15 A X X %
K X —— theoretical curve with g=10.1 and h=3.52
X
1.0
o 20 40 60 0 0.05 0.10 0.15 0.20
Angle of incidence (degree) cos®w

FIG. 1. Transmission of the probe beam, normalized to the ini- FIG. 2. Comparison of the theoretical curMeq. (7)] with the
tial transmissionT, at different angles of incidence of the pump experimental points. To calculate tHeangle, the refractive indices
beam. Pump power 6 mW, spot radius 1 mm. Angle of incidence obf E63 were usedn,=1.52 andn=1.75.
the probe beam 45°.

. . . nesirt 3

E63. A homeotropically aligned cell was prepared with a cosV = 7 R NP
sample thickness of 10@m. An Ar laser beam was split to nNe—(ng—ng)sin’B
a pump and a probe beam. The former was unfocused, the . ) i
latter was focused to the center of the pump beam and suf-h€ fitted curve in Fig. 2 corresponds to E@), with the fit
ficiently attenuated to avoid its influence on the photoisomerParameterg=10.1 andh=3.52. o _
ization process. The probe beam had a fixed angle of inci- From these measurements alone, it is not possible to
dence and was polarized in the plane of incidence. It&letermineXqq. As discussed in Ref.12], one can obtain
transmission was measured without the pump beam, witfh€ full set of parameters if further measurements are
pump at extraordinary and with pump at ordinary po|ariza_p<::rformed WI'.[h ordinarily pqlarlzed probe beam. Here we do
tion, for various propagation directions of the pump. not repeat this rather soph|st|cateq procedure; we adopt the

The transmission of the probe Ts=Toe~ 2 whereT, is value X,,4= 0.26, that was reported in R¢fL2] for the same
the transmission of an undoped sampiejs the sample 9uest-host system.
thickness,a, gives the attenuation of the probe beam along
the z direction (normal to the platés a, can be given as a Ill. MEASUREMENT OF THE ENHANCEMENT FACTOR
linear superposition of the contributions from the two iso-
mers:

(11)

In transparent materials, the optical torque is

= 2.2 .>. > > >
aZ:XaC+(1_X)aT (8) Fopt—SO(ne no)(n E)nX E (12)

The additional absorption-induced torque can be given in the

The measurements without a pump correspondXte0, form

those with ane-polarized pump taXg, and those with an
o-polarized pump tX,4. Denoting the corresponding trans-

missions byT;, Tg, and T,y we have Ta= 7l opt, (13

where 7 is the enhancement factor. As explained in the In-
troduction, for a single dye dopant should be independent

of the direction of light propagation. In the presencerahs-

cis photoisomerization, we can regard again the two isomers
as separate dyes, which give independent contributions to the
absorption-induced torque. The enhancement factor can be
written as

TT:T067 aTd, TS: TTei(aciaT)XSd,
Tord= TTe*(“C* at)Xorgd 9
From these relations we obtain

X /X InTg/T+ 10

S INT o/ T n=Xnct(1-X)pr=nr+(nc— 70X, (14

In Fig. 1 the measured transmission ratios are shown. Awshere 7 and 7 characterize the strength of the absorption-

expectedT,q/ T+ was found to be independent of the beaminduced torque for theis and trans isomers, respectively.
propagation direction. On the other hafdy/T+ varied ina  zc and »; have no angular dependence, Buand thusy
systematic way as the angle of incidenge,was increased. depend on thel angle between the director and the polar-
In Fig. 2, we plot theXs/X,,4 values, deduced from the ization direction. If the light intensity is sufficient to saturate
measured transmissions. THe angle was calculated from the cis concentration X=Xg), the angular dependence pf
B, as is
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FIG. 3. Experimental setup used to measure the enhancememe fitted curves correspond to Eg2); the phase shift between the

factor.P: polarizer;A: analyzer; BW: birefringent wedg®: detec- two curves is 62.2°.

tor. The focal length of thée1 andL2 lens was 27 and 10 cm, . .
g =712 (n2—n?)?/\cniK; where K5 is the bend elastic

respectively. . . : . - .
constant |4 is the input intensity andlis an averaging fac-
tor:

n=nr+(nc— 77)Xs, (195
12 1 o
whereXg is given by Eq.(7). = (ad)? 1- §+1/azd (1—e )|, (18
z

To determine the enhancement factor, one has to compare

optical reorientation in a doped and an undoped sample Urkor an undoped sample=0 and f=1, hence theA®,
der the same geometrical conditions. In previous works,_th%hase shift measured in this case, at an inteigiig
Z-scan method was used to measure quantitatively the direc-

tor reorientatior[14,15. In the present work, we applied a AD, =ksin(28)sin Bm) d3Tol . (19
pump-probe method, in some aspects similar to the one re-

ported in[16]. The experimental setup is sketched in Fig. 3.From Eqgs.(17) and(19) one finds

The optical torque was induced by an Ar laser, and focused

on the sample with lenis1. The probe beam was the 633-nm 7= A®/fly _ (20)
line of a He-Ne laser; at this wavelength the investigated Ad, /1,

guest-host mixtures were transparent. The probe was polar- ) ) ] -

ized in 45° with respect to the plane of incidence and fo-For finite beam sizes, the input |'nten5|tllejsandlu can be
cused with the len&2 on the center of the illuminated re- replaced by the corresponding input powels, and P,
gion of the sample. Behind the sample, a movabldencez can be calculated from the measurk®’s as
birefringent wedge was placed, followed by an analyzer, AD/FP

crossed to the polarizer. The detector signal was recorded as n= - d g
a function of the wedge position, with and without the pump AD, /Py
beam.

In plane-wave approximation, the intensity at the detector, " Fig- 4, experimentally recorded curves are shown. The
data points were fitted with the function

(21)

is
I =(Ag—28)Sir?(qé+d/2) + 6, (22)
| =AgSir?(qé+ d/2), (16)
where the factors accounts for the depolarization of the
beam.é was significant only in the distorted state, indicating
that the main source of depolarization was the finite beam
size. We note that—in linear approximation—depolarization
does not effect thA ® values, provided that the probe beam
é’ﬁ properly centered within the distorted region. Thel
values, necessary to calculdtevere determined from trans-
mission measurements.
In Fig. 5 the  values are shown for thB4 dopant as a
) ) 3 function of the angle of incidence of the pump beam. In the
AdD=(1+ n)ksin(2B)sin( By)dTofl g, (17 dyed sample typical intensities at the center of the beam were
around 50 mW/mrfy so complete saturation of thés con-
where,, is the angle of incidence of the probe bednis a  centration was ensured. In Fig.gis plotted as a function of
factor that depends on material parameters of the plost Xg, calculated according to E¢7) with the g andh values

where ¢ is the position of the wedge, amglis a constant
depending on the wedge angk®. is the phase difference
between thee and o components of the probe beam behind
the sample. Tha ® difference between thé values in the
undistorted and the reoriented samples was calculated in R
[16]. For a homeotropic layer, in the linear approximation it
is
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FIG. 7. Normalized phase shift as a function of the polarization
reported in Sec. Il. As can be seen from the figure, the preangle of the input beam. Input powers were in the range 0.1-0.2
dicted linear relatioEq. (15)] is satisfied, with the values mW. The fitted curve corresponds to E@6).
7c=610, nr=—450.

For comparison, we carried out the same measureme®Ump beam was extraordinarily polarized; its propagation
with the dye dopant Disperse Red 13{4-(2-chloro-4- direction determine&s and thusy. In this section, we dis-
nitrophenylaz®-N-ethyl-phenylamingethano). With this  cuss the effect of a superposed ordinarily polarized compo-
dye no photoisomerizaﬂon can be obser\[éﬁ]_ In accor- nent. It is evident that the presence of @amy modifies the
dance with our expectations, no significant angular variatiorirans-cisequilibrium. Thus we expect that although an ordi-
of » was found in this caséFig. 5); 7 has a large negative nary component in itself does not induce director reorienta-
value through the range qg ang|es studied. A S||ght de- tion, |t Should inﬂuence the Optica| torque eXerted by Ghe
crease ofy was observed as the incidence approached to thgay through changing the value s and therefore the en-
normal direction. This fact might be due to the increasinghancement factor. i
difficulty to measure in the linear regime in the linfit— 0. We consider a light beam, with an electric field
The experiments clearly show, however, the striking qualita= g e+ Ee,, wheree, ande, are the polarization vectors

tive difference in the behavior of isomerizable and non-for thee ray ando ray, respectively. Taking into account that
isomerizable dyes.

IV. CONTROL OF THE ENHANCEMENT FACTOR
BY AN o-RAY

According to our suggestion, the angular dependence of
the enhancement factor is a consequence of the variation of
the equilibriumcis fraction with the light propagation direc-
tion. In the experiments described in the previous section, the

50

-100

-150

0.3% R4 in E63

— =+ g -n)Xg

0.25

FIG. 6. 7 as a function of theis fraction, Xg. Xg was calcu-

1, = 850
fy = -410
0.30 0.35 0.40
X

lated using Eq(7) with X,,4=0.26,g=10.1, anch=3.52.

0.45

e, is orthogonal to botim ande,, one finds from Eq(4) that

the dissipated energy is an independent superposition of the
dissipations of the components. The same must hold for the
excitation probabilities, hence

pc=[c, +(cj—c,)cosP¥]EZ+c EZ,
pr=[t, +(tj—t, )co$W]EZ+1t, EZ. (23

Inserting the above expressions into E2), we find after a
simple calculation

N 1+ gcos¥ cos® .
= with tan® = )
ST 1 hco2w coL0 ore
(24)
The enhancement factor is therefore
1+gcosS¥ cos®
7= 07+ (nc— 177) Xord (25

1+hcodV cog®

For dopants withg>h (like R4), the superposed ray de-
creases theis concentration and shifty towards negative
values. An experimental verification of this effect is shown
in Fig. 7. In the experiment\® was measured as a function
of the polarization angle of the pump bea@,, at an angle
of incidence 3=48° (¥=67.5°). In agreement with our
considerations, th® phase shift changed from positive
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values to negative ones as tlg angle was increased. No ization there are basically three different molecular fields
similar effect was observed in the case of the undopedonnected to the dye. The first two are the fields created by
sample. the ground-statérans and cis isomers; the third one is the

A somewhat simplified quantitative interpretation of the molecular field of the excited-state moleculéSor simplic-
data can be given if we substitute tie angle in Eq.(24)  ity, we assume that the excited states of trens and cis
with the angle at the entrance face of the sample,@g.(In  isomers is identical.From the observed signs aefc and ¢
reality, the ratio ofE, to E,, which define®®, changes to a ©One can deduce that the molecular field of the trans ground-
certain extent along the beam path, becauseotrey ande  state molecules is stronger than that of the excited molecules,
ray are differently attenuatedWe can, furthermore, neglect Which is, in turn, stronger than the field of tieés ground-
the effect of interference between theay ande ray, which ~ state molecules.
leads to an optical torque component in the plane of inci- The sequence of the decreasing magnitude of the molecu-
dence and rotates the director out of this plane. This torquér field may be related to a corresponding decrease of the
component oscillates spatially along the beam path, theredrientational order of the different configurations of the dye
fore, the director deformation caused by it is much smalleimolecule. Although the explicit relation between the orien-
than the one caused by teaay. In addition, it can be seen tational order parameter of a dopant and the associated mo-
that such rotations of the director have only a quadratic effedecular field is complicated, it is evident that a significant
on A®, hence they do not influence the results obtained irflecrease of the order is accompanied with an important re-
the linear regime. In this approximatiod® is proportional ~ duction of the molecular field. The large difference between

to 1+ 7(0,) and to the input power of theray, Pyco$®,.  the dye order parameters of the ground-staams and cis

From Eq.(25) isomers ofR4 were reported in Refl12]; for \=514 nm,
they are 0.78trans) and 0.25(cis). The reason for the small
A®/Pycog0; order parameter in the case of this isomer is a conse-
quence of its geometrical shape; the elongateds mol-
1+gcos¥ cosO, ecules are much more effectively oriented in the nematic

=C|1+nrt(nc— ”T)Xord1+ h co2W o0 | host than the more spherelikis isomers.

In connection with the orientational order of the excited
(26) molecules, we note that the excited state is formed in two
. . - . steps. First, an electronic transition takes place with fixed
The fitted curve is shown in Fig. 7. The only fit parameter,, vjear coordinates. This process is followed by a fast con-
was the constarC; the other parametgrﬁc, 775 Xord: 9 . figurational relaxation of the nuclei towards a new equilib-
andh were set equal to the values obtained from the previous; position. As can be seen, e.g., from the energy diagrams

measurements. We th|n_k that the rez_isonable agreement t1%'ported in Ref[13], in terms of configurational coordinates

Nfe excited state is stabilized near half-way betweertrtires
andcis configurations. It seems therefore plausible to assume
that its order parameter is also intermediate between the
V. DISCUSSION trans andcis order parameters, hence the associated molecu-
The experimental findings presented in Sec. 11l show thaE’lr field stre_ngth Is significantly I_ovyer than that of thrans,
; ; ut much higher than that of thes isomer.
azo dyes can induce very strong optical torque. Taas . . .
; It was pointed out in Ref.8] that change of the rotational
andcis enhancement factors 8%, furthermore the enhance- . . . oon
X friction occurring at excitation can also cause an enhance-
ment factor of DR13, are comparable with the values mea- X . iy
. . . —ment of the optical torque. If the rotational diffusion constant
sured for the most effective anthraquinone dyes at similar

dye concentration§16]. In addition, it was found that the Is lower in the _ground state _thar_1 in the excited state, an
. o enhancement with negative sign is expected. In the case of
optical torque, generated byans and cis isomers are of

fzo dyes, a sequent®, ,ns<Dey<Dqjs (D: rotational dif-

validity of the model discussed in this paper.

opposite signs, namely, negative for the former and positive " ¢ )
for the latter isomer. In the presence of photoisomerizatio usion constantcould also expllaln the observed signsigf
d 7. Such a sequence might be also connected to the

the resultant enhancement is significantly reduced becau 2 rresponding aeometrical shanes of the dve molecule
the contributions from the two isomers tend to cancel eaclf P 99 . Shapes. y )
From a macroscopic point of view, the angular depen-

other.

According to the theoretical modd]6,8], the absorption- Qence (.)f the enhan_cement factor can Iead_ o a number of
induced torque is associated with the molecular field create%;err?sﬁ']n% nve oiptr|]ca| phenromli?ar, etsirﬁ)emsllyr:/n t}hﬁ ca;se
by the dye dopants. Without ilumination, this field is axially ¢ ek.c da geo |s 9 do’fi °C°“t Sd o ezels tkg,o serva ;’ﬂs 0
symmetric around the director. In the presence of excita’cionjh'sth In _v:ere atretz_a y Lepor € gmoho 0S Q{ODIZJ, :
the axial symmetry is broken and the molecular field exert €Ir interpretation, however, ocanguiar depen-

dence ofy was introduced, without clarifying the physical

an effective torque on the director. If the rotational mobilities hanism behind it. Th lar d d derived i
of the ground-state and excited-state molecules are equal, gheechanism benind it. The anguiar depencence derived in our

difference between the molecular field strengths of the twdaper may help to anal_yze the optical reori_entation process in
electronic states determines the magnitude and the sign ggo-dye doped NLC's in a more systematic way.

the torque. When the ground-state molecular_ field is stronger ACKNOWLEDGMENT
than the excited-state one the enhancement is negative; in the
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