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Reorientation gratings in polymer dispersed liquid crystals
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A mathematical model for the description of phase and amplitude modulation of a light beam normally
impinging on a thin film of polymer dispersed liquid crystal controlled by a transversal electric field is
presented. We introduce here also a simplified model to deal with the particular case of a laser beam diffracted
by the superposition of sinusoidal amplitude and phase gratings. Approximations are introduced and results are
discussed in an examplg51063-651X98)12809-X]

PACS numbes): 42.70.Df, 42.65.Hw, 61.30.Gd, 78.20.Bh

I. INTRODUCTION field is transversely applied: it does not dependzaand it
In the fields of data storage and holographic materialsdoes not have a component. When a light beam impinges

there has recently been growing interest devoted to polymer}Ormally on thez=0 plane it can be split into two compo-

dispersed liquid crystal§PDLCS, a dispersion of liquid nents, an extraordinary one with electromagnetic field paral-

crystal micrometer sized droplets in a polymeric binfB lel to the electric one and an ordinary beam along the per-

Droplets appear as optically uniaxial spheres randomly ori_pendlcular direction. They undergo different scattering

N - : losses.

ent.ed. When their SIze 1S closg to V's'ble light wavelength, Assuming that the number of droplets per unit volule
owing to the refractive index mismatch with the surroundmgiS not hiah. so that we are in sinale scattering regime. the
medium, droplets produce a strong light scatte{idgt]. A sample 'Eqra’ns arency for the trangsmitted am giitudge ca,n be
PDLC film can be sandwiched between two ITO coated con>o'P P y P

: o expressed as
ducting glasses so that a low frequency electric field can be
applied through it. Reorientation of the droplet directors T=exp —N,doy/2) 1)
causes normally impinging light to “see” only the ordinary vEmse

refractive index of the liquid crystals; hence, if it equals theUS(E) is the sample scattering cross section, i.e., the droplet
polymeric binder one, scattering also disappears for larg@cattering cross section, averaged over the sample length
droplet diameters. Light _scatteri_ng for visible and infraredand E is the transversely applied electric field. When the
wavelengths can be avoided using small dropl@s with jmpinging light polarization is parallel to the applied electric

diameters of the order of 100 nm. In this configuration thefe|q we have an extraordinary beam. In a previous paier
material behaves as an anisotropic medium with optical ang,e have shown that for (E)=0c® we can write
S S

isotropy controlled by the applied electric field. In a previous

paper we have shown that the temperature grating, generated (An)2 (Np—Ng)? 2 Np—ngo 4

An? 3 An 15

in a dye doped PDLC by the interference of two pump laser ot=30g(2kR)?
beams, gives rise to the superposition of an amplitude and a

p

phase grating that can be detected by a probe beam. In this An

paper we study the creation of the same superposition of +%UG(2kR)Z[ ~ oz (—13nge— 15n4,+28np) S

gratings generated in a PDLC film by the reorientation effect P

of a sinusoidally modulated electric field. This electric field An2 -

can be due again to the interference of two laser beams. It +4ﬁ St |, 2
P

can be the electric field of the pump beams, and in this case

it can be parallel or perpendicular to the grating axis, de- . . o R2 i
pending on light polarization. It can also be due to the re—WherGR Is the droplet radiusye = 7R" is the droplet geo

. . . A —_~metrical cross sectiok=27/\ is the impinging beam wave
sponse of the polymeric matrix to the illumination gradient, : L -
A g . . . 'number,n, is the polymer refractive indexAn=ngy.—Nyo,
and in this case it will be perpendicular to the grating axis. P Lo
; “and for the droplet refractive index dependence on the drop-
Both these cases are described by our model, once attenti

is paid to taking the liquid crystal dielectric anisotropy at the%l[,S order parametegy they hold[9]:

correct frequency. 5 a1 2 . .
Ngo=— NoF 5 N3 (ng—nH(1-Sy) |, ©)]
Il AMPLITUDE MODULATION w Ne
We consider a thin layer of PDLC between the plames n.n
=0 andz=d whered is the sample thickness. An electric Nge= — S~ —, (4)
V2 (5—nd)Sy+ 5 (n3+2n3)
*FAX: +39(081)239.1821. Electronic address: whereF(60,m) is the complete Legendre elliptic integral of
vicari@NA.INFN.IT the first kind andh, andn, are the ordinary and extraordi-
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FIG. 1. Optical phase shift for a light beam normally impinging  FIG. 2. Amplitude modulation of a light beam normally imping-
on a PDLC film undergoing modulation by a transverse sinusoidaing on a PDLC film undergoing modulation by a transverse sinu-
electric field with amplitude 1 \iim. Triangles are for the extraor- soidal electric field with amplitude 1 Wm. Triangles are for the
dinary beam, while circles are for the ordinary beam. Solid lines areextraordinary beam, while circles are for the ordinary beam. Solid

the sinusoidal approximation. lines are the sinusoidal approximation.
nary refractive indices of the liquid crystal, respectively. For ~Sf— 7 N 5 S, 35 |2 (eg— 1)?
the droplet order paramet&; we use 12 127" 325 |3 4e]
2 2 a2
e;+1l)(e;—1
Su(Ss) = SuofeXH ~C1S) +exi ~ Co(S- 1)1, (§) _ % arcta,( feal> @
€3 €3~

whereC,; andC, are sample-related parameters taking into\yhen the impinging light polarization is perpendicular to the

account the dependence of the alignment of liquid crystagpp”ed electric field we have an ordinary beam, and for
molecules inside each droplet on the valueSgf C, takes as(x)=a(0) we have
S

into account the lowering of the droplet order parameter

when an electric field begins the droplet reorientation, while o 1 ) An\?2 (np—ndo)2 2n,—ng, 4
C, takes into account the rise of the order droplet parameter 9s =5 oc(2kR) —) An2 3 An + 1—5}
near the saturation. If unknown, they can be put equal to P
zero, which is equivalent to considering a constgnt For 1 ) An
the sample order paramet@?,(cos 9)),=S; we use the ex- +5 06(2kR) 212 (SNget ONgo— 14n) S
pression
g ©
1 3e+1 3 (3e+1)(e+D) e, +1] CET
57376 e T3 S Py -
€a €a €a where the symbols have the same meaning as before.

Ill. PHASE MODULATION
wheree, is a dimensionless reduced electric field given by

[10] In a previous papdrL0] for the total optical phase shidt,

of a light beam traveling with angléwith thez axis we have
written

emEy o) @) 27 doye
®,= P (10)

= n
"\ cosg "

vic is the volume fraction of liquid crystal in the sampke;  where\ is the wavelengthd is the sample thickness, ad
is an elastic constant per unit surfg@e units of Newton per s given by
square metgrtaking into account the torque, which, after the

field is switched off, produces relaxation of the droplets to Nge— V3ot (N3— N3, Ss cOS 6
their original orientationg, is the polymer dielectric permit- on=ngyq - —— : (11
tivity, and ¢, and e, are the extraordinary and ordinary lig- VNGt (Nge—NGo)Ss cos’ 6

uid crystal dielectric permittivities, respectively. They de- : . .
pend on the applied electric field frequency and, in theApplylng the same model, for the total optical phase shift

visible range, are the squares of the refractive indices. Staticc):f a normally impinging light beam, we write
values can usually be used to a good approximation for qua- ®=Kkdvdn, (12
sistatic frequency values, up to about 1 kHz. For

(P4(cosd))y=S we use the expressids] where for an extraordinary bea#n is given by
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FIG. 3. Optical phase shift for a light beam normally impinging ~ FIG- 4. Amplitude modulation of a light beam normally imping-
on a PDLC film undergoing modulation by a transverse sinusoidai"d on @ PDLC film undergoing modulation by a transverse sinu-
electric field with amplitude 1.5 \im. Triangles are for the ex- Soidal electric field with amplitude 1.5 . Triangles are for the
traordinary beam, while circles are for the ordinary beam. SolideXtraordinary beam, while circles are for the ordinary beam. Solid

lines are the sinusoidal approximation. lines are the sinusoidal approximation.

is used to take into account the finite size of the incoming
beam.T(Ey) and ®(E,) are given by Eqgs(1) and (12).
Under this assumption the diffracted beam has a very simple
analytical expression. With our sinusoidal approximation the
Sno=+[n3,(2+Sy) +n2(1-S,)1/3 (14)  ratio between the first order diffracted povwrand the input
powerW; is given by the simple analytical expressidii]

Sne=[2n34(1—Sy) +n3d1+2S))1/3, (13

while for a normally impinging ordinary light beam we write

IV. SINUSOIDAL GRATINGS

wiw [ T(E9+ T T(Eo)_T(O))2

2
5 )Ji(@(Eo>)+( 2

If a light beam impinges on a thin film of PDLC influ-
enced by a transversal electric field that is locally variable, )
the complex amplitude of both its extraordinary and ordinary X[Jo(P(Eo))— J2(P(Eo))]", (19
components can be computed by means of the model we _ _ _ ) )
have introduced so far. Usual Fraunhofer diffraction theoryvhereJ; is the first kind of Bessel function of order
can then be used to get the far field signal. This procedure,
though completely defined, can be difficult to realize. We V. DISCUSSION AND CONCLUSIONS
introduce here a simplified model to deal with the particular . o
case of a laser beam diffracted by a PDLC undergoing sinu- 1° have an idea of the accuracy of our approximation we
soidal modulation by an electric field described by consider an example. A PDLC sample of thickness

=10um is described by the following set of parameters:
E(x)=Eq(1+sin gx)/2. (15) droplet radiusR=0.6 um, liquid crystal refractive indices
n,=1.511 andn,=1.736, polymer refractive index,
For our purposes the electric field can be a high frequency=1.53, glass refractive indexy=1.53, ¢/€,2=18 and
field of electromagnetic origin, such as the one generated by, /e,= 10, droplets per unit volumé,=0.5x 10 m~3,
two crossed pump laser beams, as well as a static electrifematic to isotropic phase transition temperatuFg,
field, such as the one generated by sinusoidal illumination in

a photoconductive polymeric matrix. 2-
We assume the incident probe beam to be a plane waw
Its amplitude just behind the film is 1.5
A=AU(L2—|x])U(L/2—y]) (16) 14
T(Eg)+T(0)  T(Eq)—T(0) ® 051
X + sin gx
2 2 .
®(Ep)(1+singx 03
xexpi DE(LTSINGX) s ]
2
-1
whereA, is the incident amplitude, and the functidhde- E (Vi)
fined by

FIG. 5. Maximum optical phase shift for a light beam normally
U(x)=0 V x<Q0, (17)  impinging on a PDLC film versus the transverse electric field value.
Triangles are for the extraordinary beam, while circles are for the
Ux)=1 V x=0 (18 ordinary beam.
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FIG. 6. Amplitude modulation of a light beam normally imping-
ing on a PDLC film versus the transverse electric field value. Tri-

angles are for the extraordinary beam, while circles are for th
ordinary beam.

FIG. 7. Ratio between the diffracted and the incoming beam
owers versus the amplitude of the transverse sinusoidal electric
ield. Triangles are for the extraordinary beam, while circles are for

the ordinary beam.

=54.5°C, liquid crystal order parameterS|r_sss-c  we reportT(E,) versusE,. Again crosses denote the ex-
=0.611, K4=44 N/n?, S4=0.7, C;=1, andC,=14. In  traordinary beam and circles the ordinary one. We see a quite
Fig. 1 we show a comparison between the phase shift aggular behavior with a transition between 1 and 1.5/
computed point by point and by our sinusoidal approxima-which is the reason why we chose these values for Figs. 1-4.
tion. The electric field is the one given in EQ.5). Triangles A more intricate behavior is shown by the diffracted beam.
denote the optical phase shift of an extraordinary beam, lintn Fig. 7 we see that around the transition the extraordinary
early polarized in the plane determined by the propagatiomeam is higher than the ordinary one; nevertheless, a further
director, in our case theaxis, and the direction of the trans- increase in the electric field results in a strong prevalence of
verse electric field. Circles denote the phase shift of the orthe ordinary diffracted beam.

dinary beam, linearly polarized in the plane determined by In conclusion, we have introduced a mathematical model
the propagation director and the direction perpendicular t@ble to describe the amplitude and phase modulation of a
the electric field. Solid lines are the results of our sinusoidalight beam normally impinging on a PDLC film undergoing
approximation. The maximum applied electric fieldEs  the action of a transverse electric field. Analytical expres-
=1 V/um. In Fig. 2 we see the comparison of the amplitudesions are given, bounding these quantities to the parameters
modulation by the same electric field. The symbol meaningdescribing the material and to the electric field. Furthermore
here and in the following, is the same as before. We see thahe case of a sinusoidal modulation of the electric beam has
the sinusoidal approximation gives a reasonably accurate déeen studied. We have shown in an example that the result-
scription of both the transparency and phase shift. Thisng beam modulation by the PDLC is similar to the superpo-
agreement is also better for a transverse electric figJd sition of an amplitude and a phase sinusoidal grating. Within
=1.5V/um, as can be seen in Figs. 3 and 4. In this paper wehe approximation of actual sinusoidal beam modulation by
have also given an analytical expression {E,) and the PDLC, we have given an analytical expression for the
®(Ep) so that no numerical simulation is required. In Fig. 5first order diffracted beam and we have discussed it in an
we report® (E,) versuskg for our sample, while in Fig. 6 example.
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