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Photopolarimetric characterization of the transition between two turbulent states
in a nematic liquid crystal film
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This work was aimed at the photopolarimetric characterization of the transition between two dynamic
scattering modes that take place in a planarly aligned nematic liquid crystal sample, under the effect of an
external low-frequency electric field. The time evolution of the degree of polarization and the behavior of the
radiation entropy of the transmitted light allow us to interpret the transition between two turbulent states, or
dynamic scattering modes, as a decay from a two-dimensiq2&)) to a (3D) turbulence.
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PACS numbses): 61.30-v, 83.70.Jr, 42.25.Ja

[. INTRODUCTION NLC layer subject to an alternating external voltage The
first instability of the basic unstructured director field occurs,

During the past decade some progress has been achievas a result of two forces: a pure dielectric restoring torque
in understanding the formation and the dynamics of electrodue to the negative dielectric anisotropy and a force exerted
hydrodynamic patterns in nematic liquid crystaiSLC’s) on the bulk fluid due to the charges separation produced by
[1-3]. In particular, the transition between the two turbulentthe positive conductive anisotropg0]. Just above a certain
states called dynamic scattering mod@&SM's) has at- threshold voltage/, (for our sampleV,;=6.8V) the insta-
tracted the interest of a large number of scientjigts8]. In bility produced by the occurrence of both forces leads to a
this paper the ellipsometric characterization of thisperiodic pattern of convective roll structures connected with
turbulence-turbulence transition, which takes place in a hoperiodic distortion of the director. The hydrodynamic motion
mogeneously aligned nematic sample under the action of ais not visible directly but becomes manifest because of the
external electric field is reported. Up to now, to our knowl- anisotropy in the index of refraction. Whew, is further
edge, the measurements were effected detecting the intensitycreased transitions to more complicated spatiotemporal
of the transmitted light during the formation of the dynami- states are observgtil—13. The various bifurcations lead to
cal patterns. the different patterns that are strongly influenced by the pres-

The ellipsometric technique allows a further characterizaence of defects. When a second threshold voltsgeis
tion of the DSM1-DSM?2 transition. This technique pro- reached(for our sampleV,=28V) a transient bimodality
vides either information on the depolarization and on thefrom a first turbulent regim¢DSM1) to a second turbulent
decoherence effects of the polarization states of the transmitegime(DSM2) occurs[14].
ted light, because of the random variations of the field direc- We characterized the DSM states by studying the polar-
tor. The effects of decoherence and of depolarization of théation of the transmitted light by a Division of Amplitude
transmitted light were monitored recording the time behavioPhotopolarimeteDOAP). The DOAP allows the simulta-
of the Stokes parameters of the radiation and the time evaieous measurement of the Stokes parameters, usually de-

lution of the degree of polarizatioR [9]. noted by Sy,S,,S,,S;, representing the different possible
states of polarization of a quasimonochromatic wai/g).
Il. EXPERIMENT The direct measurements of the Stokes parameters permit us

to determine the degree of polarizatiBn
The experiment consists of the application of an alternate
3 S, 2112
> (— } : (1)

electric field (freg=70Hz) across a planarly aligned NLC

film. The main purpose is the observation of electrohydrody- P &S,

namic instabilities. The sample cell, as shown in Fig. 1, con-

sists of two semitransparer(sputtered ITQ electrodes, P varies from zero for unpolarized light to unity in the case
which are spaced by a Mylar mask 3én thick. Both sur-  of totally polarized light and assumes intermediate values for
faces of the cell are coated by polymeric fillRCM-72) that

is mechanically rubbed to induce a mean molecular orienta- Glass plate
tion parallel to the surfacgshe x direction. The cell is filled

by the nematogen compound MBBA.
Electrohydrodynamic convectiofEHC) originates in a

O film
P " ACM72 film

* Author to whom correspondence should be addressed. Electronic
address: Strangi@fis.unical.it FIG. 1. The nematic liquid crystal cell.
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FIG. 2. The experimental setupl andP2 linear polarizers\2 M

half-wave retarder\4 quarter-wave retardek, convergent lensf( 0.0 ! w Lo : i i i i |

=300 mm),R1 andR2 quarter-wave retardergyl andwW2 Wol- 0 1020 30 40 R 0 60 70 & 90 100
laston prismsD1,D2,D3, andD4 linear detectors, beam splitter time (s)

(BS) and diaphragntDF). The dotted rectangle surrounds the DOA

Photopolarimeter. FIG. 4. The degree of polarizatioR of the light transmitted
versus time. The applied voltage wdg=32.0 V root mean square,
the incident light was linearly polarized perpendicularly to the pla-
rﬂar anchoring direction and the oven temperature 24.0 °C.

partially polarized light. The degree of polarizatiBrmay be
viewed as an order parameter indicating the degree to whic
the wavefield is ordered.

In Fig. 2 is shown the DOAP that has been implemente

in our laboratory. This device was originally conceived byquarter-wave retardev4, which allows us to obtain any po-

Azzam([16]; it is capable of measuring S|mulltaneously theIarization state. A thermostatic bath guaranteed a temperature
four Stokes parameters and thus can work with totally polar-

ized light as well as with partially polarized light. The key stability of better than 0.1°C.

. o ; o S The light beam is focused on the sample by the Iens
element is a polarizing beam splitter that divides an |nC|denh:300 mm); the resulting spot size is approximately 250
beam under measuremeninto a reflected beam, and a ' gsp PP y

transmitted beant; the intensities in two orthogonal trans- pm. The large aregL00 mr) photodiode1, D2,D3, and

verse direction of the reflected and transmitted beams arlé).4’ which operate in photovoltaic mode, generate the elec-

. . tfic signalsi1,12,13,4 that are acquired by a 16-bit multi-
measured by Wollaston prisnW1 andW?2, which are fol- . . .
lowed by thg linear phot%detectofsl D2,D3,D4. The in- function board(Mlcro_star Laboratories DAP 128§, a per-
strument has a fast resportéienited onI’y b),/ thé speed of the sonal computer provides the data storage and elaboration.

photodetectons it has not any moving parts and does not Following AZZ‘?‘m[lﬁ] the p_ahbratmn of the DOAP was
require modulation. effected for 11 different positions of2 and\4 that corre-

The light source is a 2-mW He-Ne lasex+ 632.8 nm), spond to three linearly polarized states and eight circularly

. . . . ; olarized states. After the calibration, the photopolarimeter
the light intensity can be adjusted by means of a variabl :
. . ; was tested rotating a quarter-wave retarder placed between
attenuator that consists of two linear polariz&s andP2.

o . X ._the source, opportunely polarized, and the DOAP obtaining
The calibration of the instrument requires at least three I|n—the curve shown in Fig. 3, where the ellipticity is reported vs
the quarter-wave retarder rotation angbe As comparison

the experimental ellipticity is plotted together to the theoretic

ellipticity ey

arly polarized states and one circularly polarized state;
herefore we use a half-wave retarde2 followed by a

ellipticity
¢ theoretic ellipticit]

o
(5]
T
T,
e,

tan 1 i sin 2d @
ery=1an 3 arcsi .
B (1+1 cos 4D +sir? 2) 12

(0]
>
500 . ;
=S Equation (2) was calculated by means of the normalized
= Stokes parameters, given as functiondof17].
o
-0.5
ll. TRANSITION BETWEEN THE TURBULENT STATES
DSM1-DSM2
-1.0 { . L ki
2 d 3 4 The application of a low-frequency electric field across
I(rad) the cell give rise to the formation of well-known electrohy-

drodynamic patterns. Our interest was turned to the DSM
FIG. 3. Atest run, the ellipticite of a light beam transmitted by ~regimes. Observations have already shown in early time that
the quarter-wave retarda# as a function of the rotation angfeof ~ there are two different kinds of DSM in planar orientation of
its optical axes. In other wordg} is the angle between the optical the NLC, the DSM1, and the DSM2 states.
axes ofA2 and the optical axes of4. We characterize both states by measuring the time evolu-
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FIG. 5. The same as Fig. 4 but with the incident light polarized "
along the planar anchoring direction. 0.5-
P
tion of the degree of polarizatioR of the transmitted light 0.4

during the transition DSMEH:DSM2. The mean reason for
this measurement is related to the depolarization effects o 03
the turbulent regimes. '

In fact, the decorrelation of the phases and amplitudes o %2 D,SM]
the wave-field components is responsible for the depolariza M DSM2
tion of the probe beam. When the parameters of the externe 01 \ |
perturbation were increased slightly above the threshold fo 0 TV
the DSM1-DSM2 transition, an incident linear polarization L ‘ L ‘ o ‘
state along ther direction was selected, i.e., orthogonal to 0 10 20 30 40 50 6 70 80 90 100

time(s)

the direction of anchorage of the molecules. The time evolu- )
tion of degree of polarizatioR is shown in Fig. 4. As can be

seen in the DSM1 regime the transmitted light by the sampIeP°'6'
is only partially depolarized R=0.2) with respect to the
condition of absence of electric fieldP(y-)=0.55). Hold-

ing constanty, and maintaining unaffected all the other ex-
perimental conditions, after a certain time interval that de-
pends onV, (approximately 10 sec &/y,—V,=4V) the 03l
DSM2 occurs. During the transie® monotonically de- DSMI
crease and when the DSM2 spreads all over the cell the ligh
is nearly totally depolarizedR<<0.03).

04

0.6
0 10 20 30 40 50 60 70 8 90 100
0.5 .
p (c) time(s)
04 FIG. 7. A comparison among different applied voltage. Below
the DSM1-DSM2 thresholdV,=28 V [Fig. 7(@)]; Vo=35V [Fig.
03 7(0)]; Vo=40V [Fig. 7(c)].
02 D,SMI The behavior we have described is essentially due to the
' DSM2 fact that the small hydrodynamic loops that are responsible
01 | for the DSM1 regime cause a massive motion of the molecu-
W. lar director that remains predominantly in tkez plane, i.e.,
0.0 ; T , ~ the plane that contain the unperturbed direction of the direc-

0 20 40 60 80 100 tor. For this reason the fluctuations of the refraction indexes
time(s) have still a certain degree of correlation, while in the DSM2

regime the hydrodynamic loops become randomly oriented

FIG. 6. The same as Fig. 5 but with the incident light circularly in the sample and the variations of the refraction indexes

polarized. show a lowest degree of correlation; the direct consequence
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of this fact is the total depolarization of the light. On the S
other hand, if the incident polarization state lies alongxhe
direction, i.e., parallel to the plane containing the original AP AR AN xR A
undistorted orientation of the molecular directBris practi-
cally zero both in the DSM1 and in the DSM2, as we can see
in Fig. 5. This confirms that, also in the DSM1, along the
direction there is a total absence of coherence in the fluctua- |
tions of the field director. f
These considerations find a subsequent confirmation in
the measurement shown in Fig. 6, that has been effected witt .,
circularly polarized light. Considering that circularly polar- "
ized light average the informations over all directions, the 4
value of P during the DSML1 is intermediate to those mea- 5ol .. ‘ : ‘ ‘ ‘ ‘
sured with light linearly polarized along theandy direc- 0 1020 30 40 50 6 70 8 90 100
tions. As shown in Figs. (8-7(c), whereP is reported for (@ time (s)
different value ofVy and light polarized along, the degree
of polarization strongly depends on the applied voltage, in 970; )
particularP decreases whe¥l, increases in both the DSM1 S *MM A
and DSM2 regimes. Lo DSM?2
A point of further interest is to characterize the polariza- 985~
tion of optical waves propagating through a scattering me-
dium [18,19 and the entropy production during the DSM1-
DSM2 transition. In trying to understand depolarization, itis 980
useful to consider two main approacH&g]. The selective |
absorption of polarization states is the first approach. The ‘
second approach preserves total flux and induces depolarize 955
tion by decorrelation of the phases and amplitudes of the
electric field components; it is essentially an entropic effect
arising fr_om the irreversible evolution of the polarization 050 = === "50 70 80 90 100
state during the DSM. (b) fime(s)
The radiation entropy defined following von Neumann is ‘

analytically related to the degree of polarization of the field; k. 8. The radiation entrop versus the time. Below the

note that the radiation entropy with which we will be con- psM1—-DSM2 thresholdv,=28V [Fig. 8a)]. Above the thresh-
cerned here is of a different nature than the spectral entropyd v,=35 V [Fig. 8b)].

derived from Planck’s formulf21]. The radiation entrop$
in the von Neumann measure is associated to the coherenggnstant. In Fig. &) we show thasS further increase during

0.70

|
|
|
|
|

matrix W [22]: the DSM1-DSM2 and reaches a saturation levg{P
=0).
W)= —tr{W(InW)]; 3
S(W) [WiinWJ: ® IV. CONCLUSIONS
it takes a simple analytical expression wheMj& 1, which In this work is reported the photopolarimetric character-
is the case to be considered here: ization of the dynamic scattering modes that take place in a
planarly aligned nematic liquid crystal samgBBA) un-
S(P)=—In[c(P)], (4) der the effect of an external alternate electric field. The study
was effected by measuring the Stokes parameters of the light
with transmitted by the turbulent sample.

These measurements have been performed by a Division
of Amplitude Photopolarimeter that provide the Stokes pa-
rameters of the radiation. The degree of polarizatois a
) o ) ) suitable parameter for the characterization of the different
It is worth mentioning thafi) the entropy in Eq(4) depends by jent dynamical regimes. Our principal conclusion is that

only onP and not on the detailed state of polarizati6iit  p grastically depends on the orientation of the polarization

C(P):%(l‘l' P)(1+P)/2(1_P)(1_P)/2. (5)

satisfies the inequalities plane of the light impinging on the sample.
During the DSM1, if the direction of polarization is nor-
S(P=1)<S<3(P=0). (6)  mal to the direction of the planar anchoring, the light is only

partially depolarized P=0.2) with respect to the condition

The quantityS calculated for the same data of Figga)7  of absence of electric fieldRy—¢)=0.55). In the DSM2 the

and 7b) is shown in Figs. @) and 8b). We can observe in light is totally depolarized; in fact, during the
Fig. 8(a) that when the voltage is switched on, belvly, the  DSM1—DSM?2 transitionP decreases rapidly. On the other
radiation entropy sharply increases and subsequently remaih&nd, if the direction of polarization lies along the direction
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of the planar anchoring, the light is totally depolarized alsotially in the plane that contains the direction of anchorage.
in the DSM1 state and the time behaviorPfloes not reveal Only after the transition to the second dynamic scattering
any trace of the turbulence-turbulence transition. regime, the orientation of these elementary vortexes could be

That is, in the dynamic regime DSM1 the turbulent struc-isotropic in the space, so that only in the DSM2 the turbu-
tures remain predominantly in thez plane and it may be lence is fully structureless. Therefore we could consider the
viewed like the overlap of many elementary vortexes, inDSM1—DSM2 like a transition from a structured 2D turbu-
which the fluctuations of the field-director happens essenlence towards a structureless 3D turbulence.
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