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We measured the angular dependence of the Oth, +1st, and +2nd optical diffraction orders from a 50 wm
thick transmission grating recorded in a UV-curable holographic polymer-dispersed liquid crystal (HPDLC)
made from commercially available constituents. The analysis was performed for two orthogonal polarizations
of the probe beams. The emphasis was laid on the temperature dependence of the grating anisotropy. Above the
nematic-isotropic phase transition, the grating is optically isotropic. At lower temperatures the grating strength
for the optical polarization perpendicular to the grating vector decreases with decreasing temperature, while for
orthogonal polarization it increases with decreasing temperature. As a consequence, a regime of diffraction
with strongly overmodulated gratings is observed. Our investigations indicate that the anisotropy of the
refractive-index modulation scales with the optical anisotropy of the liquid crystal medium forming the phase-
separated domains. We further demonstrate that light scattering effects, which are profound only in the nematic
phase, must not be neglected and can be taken into account via a Lorentzian line-shape broadening of the
probing wave vector directions in the framework of the diffraction theory for anisotropic optical phase

gratings.
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I. INTRODUCTION

Holographic polymer-dispersed liquid crystals are electri-
cally switchable photonic media with large potential for ap-
plications in devices such as optical interconnects, beam
steering elements, lenses with switchable focus, mirrorless
lasers, image capture elements, and various kinds of reflec-
tive flat panel display devices [1-11]. They are fabricated by
photopolymerization of a mixture of photocurable monomers
and liquid crystal (LC) in the interference field of two or
more laser beams. During the initial stage of photopolymer-
ization, inhomogeneous illumination causes the monomers to
diffuse to bright and the LC molecules to diffuse to dark
regions of the optical interference pattern. When some spe-
cific level of polymerization is reached, unmixing of the
components takes place, resulting in formation of phase-
separated LC domains which are periodically distributed in
the polymer network [12-15]. Investigations by scanning
electron microscopy (SEM) show that, depending on the
composition of the mixture, kinetics of the phase separation
process and the periodicity of the optical pattern, holographic
polymer-dispersed liquid crystal (HPDLC) gratings exhibit a
wide range of morphologies, from a well-defined stack of
alternating planes of LC-rich regions (in the form of LC
planes, spongelike LC regions, or LC droplets) separated by
layers of a pure polymer, up to a three-dimensional (3D)
interconnected porous network that hardly reveals any no-
ticeable spatial periodicity [16-25].
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rich planes (s polarization) (see Fig. 1) [21,26-44]. For
structures with a droplet morphology this property is related
to the elongated shape of the LC droplets, which in combi-
nation with appropriate surface anchoring leads to the nem-
atic director field with preferred direction perpendicular to
the holographic planes [12,45,46]. For structures exhibiting
nondroplet morphologies the alignment of LC is explained
by a scaffolding effect of the polymer network, which is
attributed to planar anchoring of the LC at the surface of
polymer filaments present in the LC-rich regions [4]. On the
contrary, in the recently discovered sliced gratings (POLIC-
RYPS) the alignment is ascribed to homeotropic anchoring
of the LC molecules at the LC-polymer interface [47-50].
Therefore no general rule regarding the alignment and the
associated anisotropy seems to exist. Besides this it was
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Despite a broad diversity of their morphologies, practi- ;‘;Eg;gatl on
cally all HPDLCs are strongly optically anisotropic. For direction
transmission gratings the diffraction efficiency is usually
much larger for polarization perpendicular to the LC-rich FIG. 1. Schematic drawing of the HPDLC transmission
planes (p polarization) than for polarization along the LC- grating.
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shown experimentally that even when using the same poly-
mer compound, alternation of the LC compound and/or
modification of the glass substrates can drastically change
the polarization dependence of diffraction properties [51].

Characterization of HPDLC structures is typically per-
formed on samples with a thickness of about 10 um and a
grating spacing of around 1 um. The optical diffraction ef-
ficiency is usually measured at a fixed orientation of the grat-
ing with respect to the probe beam. The incident angle of the
probe beam is selected so that the diffracted beam has maxi-
mal intensity, which in general is assumed to correspond to
the Bragg angle. However, due to the extremely large
refractive-index modulation of the HPDLC media this as-
sumption might be wrong. Even at such relatively small
sample thickness the grating strength can be overmodulated,
leading to considerably reduced diffraction at the Bragg
angle. The term overmodulation signifies that due to the en-
ergy exchange between the transmitted and the diffracted
beams the amplitude of the diffracted wave is reduced by the
backflow of energy into the transmitted wave. Consequently,
the modulation is actually larger than assumed and maxima
of the diffraction efficiency can appear far off the Bragg
angle [52]. On the other hand, in 10 um thick samples the
conditions for thick Bragg gratings are often not fulfilled, so
that the conventional analysis based on two-wave coupling
theories might be doubtful [53]. These problems can lead to
various misinterpretations, which can be avoided only by
performing a thorough angular analysis of the diffraction
properties around the Bragg angle.

An additional complication arising in HPDLC systems is
the presence of diffuse light scattering, which appears due to
random size and orientation of the phase-separated LC do-
mains [54]. The diffuse scattering can be accompanied also
by holographic scattering (HS), which is generated by dif-
fraction from parasitic gratings formed during the photopo-
lymerization process [55]. These features cause additional
difficulties in evaluating the refractive-index modulation
from the measured values of the diffraction efficiency.

To resolve the origin of the optical anisotropy of gratings
recorded in HPDLC and to elucidate some of the above-
mentioned complications in determining their basic optical
parameters, we performed a systematic study of the diffrac-
tion properties of UV-curable transmission gratings made
from commercially available constituents. The emphasis was
laid on the temperature dependence of the grating anisotropy.
At each investigated temperature we measured a complete
angular dependence (i.e., the so-called rocking curve) of the
intensities of the Oth, +1st, and +2nd diffraction orders. The
measurements were performed for p- as well as for
s-polarized probe beams. The obtained data were analyzed in
the framework of the theories of Kogelnik or Montemezzani
and Zgonik (MZ) for light propagation in isotropic and in
anisotropic optical gratings, respectively [56,57]. The scatter-
ing effects, which are profound only in the nematic phase,
were taken into account via a Lorentzian line-shape broad-
ening of the probing wave vector directions in the MZ
theory. As a convenient simplification we found that, particu-
larly in case of overmodulated gratings, the grating strength
parameter can be evaluated quite accurately by considering
only the positions of the minima in the rocking curve instead
of fitting the entire curve.
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II. EXPERIMENTS

A. Sample preparation

We used a material composition similar to that reported in
the literature [4,58]. The samples were prepared from the UV
curable emulsion containing 55 wt % of the LC mixture
(TL203, Merck), 33 wt % of the prepolymer (PN393, Nema-
tel), and 12 wt % of the 1,1,1,3,3,3,3-hexafluoroisopropyl
acrylate (HFIPA, Sigma-Aldrich). Standard cells made from
two glass plates separated by d=50 um thick Mylar spacers
were filled with the optically isotropic mixture by means of
the capillary flow. The samples were cured in the interfer-
ence field of two expanded beams from an argon ion laser
operating at a wavelength of Ayy=351 nm. The writing
beams entered the sample symmetrically with respect to the
sample normal, so that an unslanted transmission grating
with the grating spacing of A=1.2 um was recorded. The
total intensity of the s-polarized writing beams was
6 mW/cm? (Fig. 1). Holographic exposure time varied be-
tween 10 and 40 s. After holographic recording the samples
were postcured by illumination with only one of the two
writing beams. The postcuring times were in the range from
90 to 120 s. According to our previous experience these were
about the optimal conditions to obtain stable gratings with a
high overmodulation of the diffraction efficiency and a suit-
able level of diffuse scattering. All the samples had rather
similar optical properties. To perform a detailed analysis of
the temperature dependence of the diffraction features we
selected the sample which was recorded for 35 s and post-
cured for 105 s. This sample was afterward analyzed also by
dynamic light scattering (DLS) and SEM. The angular width
of the diffraction peaks was probed by the sample that was
recorded for 13 s and postcured for 120 s. All the samples,
which were postcured for 90 s and more, were optically
stable for several months, while for lower postcuring times
the diffraction intensities decreased by sample aging in the
time scale of days. The sample postcured for 105 s was se-
lected for detailed optical analysis also because it was previ-
ously studied by small angle neutron scattering (SANS),
which will be reported in a separate paper.

The TL203 nematic liquid crystal mixture used for our
gratings has a positive optical anisotropy with n,=n—n
=0.201, where n; =1.529 is the ordinary and n;=1.730 is the
extraordinary refractive index. Consequently, the refractive
index in the isotropic phase is expected to be n;~{(n;¢)
=1.599. The TL LC compounds are composed of pentyl cy-
anobiphenyl (5CB) mixed with fluoro- and chloro-
substituted mesogens [1]. The bulk nematic-isotropic (NI)
phase transition of TL203 is at 77 °C. The prepolymer sys-
tem PN393 is an ethylhexyl acrylate based mixture with a
refractive index n,=1.473. The fluoro-additive (HFIPA),
which is presumed to mediate anchoring properties at the
polymer-LC interface [23], has the refractive index ng
=1.319. All data are given for A=589 nm.

B. Analysis of the diffraction properties

The sample was mounted to a heating stage, the tempera-
ture of which was controlled with an accuracy of +0.2 °C.
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The heating stage was placed on a precise rotation stage with
its rotation axis parallel to the y axis of the grating (Fig. 1).
Diffraction properties of the sample were probed by a He
-Ne laser beam with the wavelength of A=543 nm and an
optical power of P=1 mW. The beam was expanded with a
collimator, after which it passed a pinhole with the diameter
of 2 mm and then it was sent to the sample. Three silicon
photodiodes were used to simultaneously detect the intensity
of the transmitted beam (Oth diffraction order) and the inten-
sities of the two selected diffracted beams. The photosensi-
tive area was circular with an acceptance angle of around
0=2°

To measure the angular dependence of the diffracted light
at a fixed incident angle of the probe beam with respect to
the sample, one of the photodiodes was mounted on a gonio-
metric arm which was rotated around the sample. Also in
these measurements the rotation axis was parallel to the y
axis of the grating (Fig. 1), while the acceptance angle of the
detector was reduced to @=0.3°.

To identify the NI phase transition temperature the sample
was at first slowly heated from room temperature to T
=90 °C and the intensities of the Oth and the +1st diffraction
orders were measured at a fixed orientation of the sample
with respect to the probe beam. In the nematic phase all the
intensities strongly vary with increasing temperature, while
at 7,=68+0.2 °C they stabilize and do not change upon fur-
ther heating. We hence assume that the NI phase transition in
our gratings takes place at 68 °C, which is 9 °C below the
bulk transition temperature of the pure LC compound. Simi-
lar and even larger downshifts of the transition temperature
are characteristic for many HPDLC systems and are attrib-
uted to the presence of prepolymer ingredients and other im-
purities within the LC droplets [29,47,58,59]. After identifi-
cation of T, the angular dependence of the diffraction orders
was measured at selected temperatures. In order to test for
the reproducibility of the results and to rule out any possible
hysteresis effects, we performed several cycles of cooling
and heating between 7=40 °C and 7=80 °C. The results
from various cycles were nearly identical.

C. Structural analysis

At first we performed a nondestructive investigation of
the sample structure by the DLS technique. DLS probes the
dynamics of thermally induced orientational fluctuations
within the LC domains. As shown in our recent paper, analy-
sis of the DLS response provides information on the size and
shape of the LC domains and on viscoelastic properties of
the LC medium within the domains [58]. In PDLC and HP-
DLC systems the fluctuation dynamics is typically composed
of two relaxation modes. The faster of them is associated
with intradroplet or intrapore fluctuations and the slower
with orientational diffusion of the average droplet orientation
induced by irregularities of the polymer-LC interface and/or
interdroplet coupling [60,61]. From the dispersion relation of
the fast mode we found that the average size of the LC do-
mains in our sample is 0.5X0.9X0.9 /.LIIIS, where the first
number corresponds to the size perpendicular to the LC-rich
planes, while the last two values give the dimensions parallel
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to the LC-rich planes. The details of the corresponding pro-
cedure are described elsewhere [58]. Our DLS study also
signifies an interconnected structure of the LC domains
within the LC-rich regions, which is in accordance with the
scaffolding arrangement proposed for similar formulations
[4]. Both DLS modes exhibit a profoundly nonexponential
relaxation dynamics, which signifies a strongly polydisperse
nature of the morphological features.

To prepare our sample for the SEM imaging, one of the
glass plates was detached and the grating was immersed into
isopropanol to extract the LC material from the polymer net-
work. The extraction procedure was performed in several
steps. In each step the sample was at first immersed for few
a seconds, then isopropanol was evaporated, and after this
the extraction effect was analyzed with optical polarization
microscopy. Before the immersion and during the initial
stages of the extraction, a profound optical birefringence of
the material was detected. The two eigenpolarization direc-
tions are parallel and orthogonal to the grating vector K,,
respectively (Fig. 1). By prolonged immersion the material
becomes optically isotropic. Nonetheless, parallel lines asso-
ciated with the grating structure are still clearly visible under
the microscope and also the diffraction effects can still be
observed. However, measurements of the angular depen-
dence of the diffraction intensities show that the remaining
grating is optically thin. This indicates that during the im-
mersion procedure most of the bulk polymer network is
etched away together with the LC material, so that finally
only a distinct interfacial film in contact with glass plates
remains. The SEM image of this remaining polymer film
reveals a periodically undulated surface structure without
any signs of the droplet morphology. We attribute this struc-
ture to a layer of a polymer material which is much more
robust than the bulk of the HPDLC medium. It is evident that
in such cases SEM does not give relevant morphological
information on the HPDLC gratings. Similar experience with
UV curable HPDLC materials has been reported also by
other groups [4,24]. As shown recently by Hsiao ef al., more
relevant information on the grating morphology can be
achieved by using bright-field transmission electron micros-
copy (BFTEM) instead of the standard TEM technique [62].

III. RESULTS AND DISCUSSION
A. Angular dependence

Figure 2(a) shows angular dependencies of the intensity
of the Oth and the =Ist diffraction orders measured 3 °C
above T,. The rotation angle 6 is given with respect to the
normal incidence of the probe beam. The intensities are
given relative to that of the incident beam, renormalized for
reflection losses at normal incidence. Vertical dashed lines
denote Bragg angle incidence. The results obtained for s- and
for p-polarized beams are almost identical. This indicates
that the grating is optically isotropic, i.e., the amplitude of
the refractive-index modulation is independent of the polar-
ization state of the optical beam.

To compensate for various kinds of optical losses, the
diffraction efficiency # is customarily defined as the ratio
between the intensity of a selected diffraction order and the
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FIG. 2. (Color online) The dependencies of the Oth and the st
order diffraction intensities on the rotation angle of the sample in
the isotropic phase (a) and in the nematic phase (b). Thin solid lines
in (a) are fits to Eq. (3). Vertical dashed lines denote the Bragg
angle position. Note that the external angles are given.
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sum of the intensities of all other diffraction orders. In our
case only the nearby orders give important contributions,
which means

L_rl
I+1,+1,°

Ne1 = (1)
where [, denotes the intensity of the forward diffracted beam
and 7, the intensities of the 1st order diffracted beams. Such
a definition is reasonable if the denominator in Eq. (1), i.e.,
the sum of detected intensities Is=1y+1_;+1,; is a smooth
function of 6. The values of I5(6) are shown by thick solid
lines in Fig. 2(a). One can notice that Ix(6) is relatively flat
everywhere except in the Bragg angle regions, in which it
experiences a dip of around 10% with respect to the average
value. This suggests that optical losses are slightly larger for
diffracted than for transmitted light. A strong decrease of Iy
for 6>25° is an artifact which appears because the incident
beam was partially blocked by the walls of the heating stage.

The diffraction efficiency of a lossless isotropic volume
phase grating with the thickness L, which refractive index n
is described by

n(z) = ng+ny cos(K,z), (2)
is given as [52,56]

sin®Vi? + §2

1+ &1 ° ®

n(v,§) =
where v=mn,L/(\ cos §) is the grating strength, and &
=AOwL/A is a measure for the deviation from the Bragg
condition, i.e., Af=6— 6. The values of @ in these relations
are associated with the beam propagation within the HPDLC
medium. The Bragg angle is given by 2nsin 63=N/A,
where \ is the wavelength of the probe beam in free space. A
fit of the experimental data shown in Fig. 2(a) to Egs. (1)—(3)
results in »,=1.89+0.03 and vp=1.8410.03, while the ob-
tained values for grating thickness and grating spacing are
L=30.5+0.4 pm and A=1.20+0.02 wm. The obtained value
of L is 40% smaller than the thickness of the plastic spacers.
Such a huge difference cannot be attributed to the shrinkage
of the cell during photopolymerization. We believe that it is
mainly a consequence of the formation of surface layers of
pure polymer, which takes place due to hampering of the
photoinitiator at the surfaces. A presence of these surface
layers was revealed by the SEM analysis. The obtained value
of ny is 1.52+0.01, which coincides with the average value
of the refractive index calculated by simply taking into ac-
count the volume fractions of the constituents: (n)=c,n
+epnptcepeny=1.524 (for A=589 nm).

Figure 2(b) shows the angular dependencies of the Oth
and the *1st diffraction orders measured at 7=42 °C, which
corresponds to a temperature deep in the nematic phase of
the LC domains. Several profound differences with respect
to the results obtained for 7>T, can be noticed. First of all
the diffraction features are strongly anisotropic, i.e., the re-
sults obtained for s- and for p-polarized beams are com-
pletely different. For the s-polarized beam the shape of 7, ;(6)
is similar as in the isotropic phase, but the maxima at 65 are
significantly lower and the side lobes are less profound. For

P
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FIG. 3. (Color online) Angular dependencies of the Oth and the
1st order diffraction intensities measured by rotating the arm with
the detector around the sample at a fixed orientation (6= 6p) of the
grating with respect to the probe beam. Solid lines are fits to the
Lorentzian function. The narrow dashed line around the Oth order
direction indicates the intensity measured without the sample and
corresponds to the unperturbed probe beam.

the p-polarized beam double maxima appear at the side
lobes, about 5° off 65, while a near plateau is observed at 5.
These diffraction properties signify a strong overmodulation
of the grating. We emphasize that by simply searching for the
maxima of /.y, a determination of the Bragg angle will be
completely wrong.

The second important difference with respect to the iso-
tropic phase is that the sum of the detected intensities /s is
strongly reduced. For s polarization the sum intensity (Iy)
averaged over the angle drops to around 30% and for p po-
larization to around 15% of their value in the isotropic phase.
This reduction is attributed to diffuse light scattering, which
is strongly anisotropic as well. Diffuse light scattering is an
intrinsic property of HPDLC structures, which is related to
the randomness of the polymer/LC phase separation process.
So far only the so-called POLICRYPS gratings were re-
ported to show practically no diffuse light scattering [47-50],
while most other HPDLC media typically exhibit quite pro-
found light scattering phenomena.

The third difference between the nematic and the isotropic
phase is that /s shows strong variations with the rotation
angle 6. For s polarization the dips in /5(6) increase to about
20% of the (Is) and are shifted from 6 toward < 6. For p
polarization several minima and maxima occur which re-
semble the dependence of (). This again signifies that at-
tenuation is apparently stronger if optical power is redirected
from the transmission to the diffraction direction. To support
this explanation we measured the angular dependence of the
diffracted intensities at a fixed orientation of the sample with
respect to the incident beam. A result achieved for
p-polarized light at 7=25 °C and 6~ 6y is shown in Fig. 3.
The corresponding diffraction peaks were fitted to Lorentz-
ian line shapes, which resulted in the linewidths of T,
=1.29+0.03° and I', ;=1.45+0.04°. Both of these values are
significantly larger than the width of the unperturbed probe
beam, which was 0.5°.
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Light scattering reduces the intensities of the detected
beams and for that reason it is usually considered to play a
similar role as optical absorption. For isotropic gratings the
effect of absorption is commonly taken into account as an
exponential reduction factor in front of the Kogelnik’s for-
mula for the diffraction efficiency of a lossless grating (Eq.
(3)) [35,52,54]. However, in the case of asymmetric propa-
gation of the pump and the probe beams in anisotropic media
the role of absorption in the diffraction theory becomes more
complicated [57].

In contrast to absorption, light scattering produces also a
broadening of the wave vector span of the propagating
waves. This means that besides the diffraction of the incident
beam one has to take into account also the diffraction of
scattered waves. For a finite detection angle this produces a
smearing of 1(6) for all the diffraction orders. For incoherent
scattering the resulting effect can be described as a superpo-
sition of the scattering intensities corresponding to a multi-
tude of the independent plane waves.

In our samples light scattering is strongly concentrated
along the forward direction, which is in agreement with rela-
tively large size of the LC domains as revealed from the DLS
measurements. At room temperature the full width at half
maximum (FWHM) of the transmitted beam is 2.6 times
larger than the width of the incident beam, and a central peak
corresponding to the unperturbed probe beam cannot be re-
solved at all (Fig. 3). According to these findings we suggest
a model for the diffraction efficiency which combines the
optical anisotropy of the refractive index modulation with
the broadening of the probing wave vector directions. As
usual for HPDLC gratings, also in our case due to the sym-
metry, one of the eigenaxes (z axis, see Fig. 1) of the optical
dielectric tensor is parallel to the grating vector K, while the
other two are parallel and perpendicular to the glass plates,
respectively (Fig. 1). Therefore the optical dielectric tensor is
given as

0 1
e=| 0 €y 01|+]0 €y 0 | cos(K,z),
0 1
0 0 €., 0 €.
4)

where the first term represents an average and the second a
periodic modulation. If we neglect the above-mentioned dif-
ference between the apparent absorption constants of the
pump and the signal waves, then the corresponding diffrac-
tion efficiency has exactly the same form as the one of Eq.
(3), but with different definitions of the grating parameters
for different polarizations. Namely, the corresponding rela-
tions for the s-polarized beam are [57]

WLSi.V LAk
VS = ? §Y = 2 (5)
2\ \r’sT).ycos 0,

and for the p-polarized beam we have
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. 7L(e! cos 0, - &l sin? 0[,), _ LAkg, ©)
r 27 cos 6, P2

where Ak=|ko—k.,+K,| is a mismatch between the optical
wave vectors and the grating vector. If the Oth and the +1st
diffraction orders experience the same refractive index, then
in the vicinity of 6 the above given definition of & becomes
analogous to Kogelnik’s definition, i.e., é&=A6wL/A [63]. In
our experiments this approximation is reasonable, because
the value of 6, inside the medium was always less than 18°.
Consequently, with p-polarized light the average refractive
index of the probe and the signal beams 7 was always very
close to \r# and we probed predominantly the component

. of the modulatlon For the same reason we neglected in
Eq (6) also the terms associated with a walk-off between the
wave front and the energy propagation directions.

Most of the wave vectors within the probing wave vector
span {k;} are associated with a slightly shifted diffraction
angle with respect to the unperturbed incident beam, as well
as by an equally shifted sample rotation angle needed to
satisfy the Bragg condition. The superposition of the corre-
sponding scattering intensities is consequently given as

(8) = foa (sm V2 +[E- 88a)]?
7 1 +[é- o¢(a) P17

where 6&(a)=mLa/A is associated with the angular shift «
and O is the acceptance angle of the detector. The normal-
ized distribution of the probing wave vectors directions de-
scribed by f(«) is defined in a way that all the k; within the
range f(a)da have the same diffraction direction 6g;(«)
=6po—a, where g, is the Bragg angle for the unperturbed
incident beam. Because angular broadening in the direction
orthogonal to K, does affect the Bragg condition, f(a) has to
be calculated by reducing the corresponding two-
dimensional (2D) profile of the {k;} to one-dimensional (1D).
The resulting function can in general be quite complicated;
however, in our model we take f(«) with a Lorentzian line
shape. The Lorentzian line shape was chosen on the basis of
the measurements of angular spread of the diffracted beams
(Fig. 3), which had shown that angular dependence of the
diffracted peaks can be very well fitted by the Lorentzian
function.

Due to the smearing effects the maxima of 7(6) [defined
according to Eq. (1)] are always below 1 and the minima are
significantly above 0. For grating strengths v<< /2, in addi-
tion, positions of minima are shifted to the values of 6 sig-
nificantly differing from the nonsmeared case. However, for
v> /2 (overmodulated situations), minima for the non-
smeared and the smeared case appear nearly at the same
values of 6. This feature allows us to simplify the analysis by
considering values of 6 associated with the minima of 7(6)
instead of fitting the entire rocking curve. The minima,
which are closest to 65, are most relevant. Their position on
the ¢ axis is given by the condition

Vil + & =N, (8)

)f( a)da, (7)

0/2

i.e., by concentric circles with radius N7 in the v-¢ plane.
Here N=1,2,3 denotes the appropriate interval of v, namely
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FIG. 4. (Color online) Angular dependence of the Ist order dif-
fraction intensity for p-polarized light at 7=66 °C. The solid line is
a fit to the angular broadening model. The dotted line is a fit to the
MZ theory. The dashed line is a simulation according to the MZ
theory made by using the value of the grating strength as deduced
from the positions of the minima in the experimental curve [Eq.

®)]

(N-1)m<v<Nm, which is resolved from comparison with
other minima in the rocking curve.

The results of various fitting procedures are illustrated in
Fig. 4, which shows the diffracted intensity I_;(6) for

p-polarized light measured at 7=66 °C. At first we calcu-

lated the value of v corresponding to the Lorentzian angular
broadening model. The corresponding fitting curve, which
shows the best agreement with the central part of the experi-
mental data in the region of 65, yields v;=2.61. The obtained
value of the angular spread is I'; =1.27°. Then we calculated
the grating strength v,,, which according to Eq. (8) best co-
incides with the positions of the minima in the measured
rocking curve. From this it follows »,,=2.75+0.2. The simu-
lated dependence of 7(v,,, ), corresponding to Eq. (3) and
Eq. (6), is shown as a dashed line in Fig. 4. Finally we made
also a standard fit to the MZ theory which gave vy,
=2.64%0.2. In the last two cases light scattering was taken
into account only as a reduction factor in front of Eq. (3).
Due to the smearing effects the last two curves do not match
the data in the Bragg angle region well, but their behavior in
the side lobes and especially the positions of the minima
with respect to the 6 axis are very close to the corresponding
experimental data.

B. Temperature dependence

For T<T, and s-polarized light the diffraction efficiency
at the Bragg angle 7(6p,) monotonously decreases with de-
creasing temperature. For a p-polarized beam, on the con-
trary, a profound nonmonotonous dependence is observed.
This is attributed to the rapid increase of the grating strength
v, which leads to overmodulation. An interesting feature is
that on the other hand the value of 6 is independent of the
temperature, which means that the grating pitch A does not
change with decreasing temperature.
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The main features are illustrated in Fig. 5(a), which shows
the rocking curves observed for a set of selected tempera-
tures. In the isotropic phase 7(6) shows only one strong
maximum, and the curves obtained at different temperatures
are nearly identical. Below 7. side maxima start to increase,
and between 67—66 °C they become higher than the central
maximum. At even lower temperatures the behavior is re-
versed again. Most of the observed features can be explained
if one plots the graphs of Eq. (3) for increasing values of v
> /2. For comparison, Fig. 5(b) shows the graphs simu-
lated by taking the values of v,, deduced from positions of
the minima in Fig. 5(a). A good qualitative agreement with
experimental data is evident, but due to the smearing effects
related to light scattering the amplitude of modifications on
the vertical axis is significantly lower in the experimental
than in the theoretical curves, in particular at the lowest mea-
sured temperature.

Figure 6 summarizes the results on the evaluation of the
grating strength v as a function of temperature. The values in
different regions were obtained by different fitting proce-
dures. For T>T.. the rocking curves were either fitted to Eq.
(3) or evaluation of v via the method of the minima [Eq. (8)]
was carried out. For T<<T. and the s-polarized beam, a fit
corresponding to the angular broadening model was per-
formed. For an s-polarized beam this is the only relevant
method, because for v<<7r/2 the positions of the minima in
the 7(6) are considerably shifted due to the smearing. For the
p-polarized beam v> /2 and so also values deduced from
the minima positions are relevant. For 7> 55 °C the agree-
ment between the two methods is very good, while for T
<55 °C the angular broadening model gives somewhat
higher grating strengths. As both models are associated with
several approximations, it is difficult to decide which of the
obtained values are more realistic. However, as a steep jump
of the grating strength v, at 55 °C is difficult to explain, we
believe that for our sample the minima method provides
more realistic values than the broadening model.

To be able to judge the importance of light scattering
phenomena at various temperatures, Fig. 7 gives the tem-
perature dependence of the sum of detected intensities (/)
averaged over the measured angular span. In the isotropic
phase the sample is practically transparent and therefore,
(Iy)~1, while below T, the values of (Is) monotonously
decrease with decreasing temperature. The decrease for
p-polarized light is around two times larger than for
s-polarized light. At 42 °C nearly 90% of the incident power
of the p-polarized radiation is scattered out from the detec-
tion directions, while the remaining 10% exhibit diffraction
properties as shown in Fig. 2(b). This feature is not very
suitable for practical purposes, but on the other hand it pro-
vides a wealthy resource of interesting phenomena related to
light scattering in periodically mediated random media. The
inset of Fig. 7 shows the detected effect of temperature on
the broadening of the Oth diffraction order peak. In the iso-
tropic phase the shape of the peak is practically equivalent to
the unperturbed probe beam (Fig. 3), while in the nematic
phase it is much broader. The broadening effect is attributed
to light scattering.

Light scattering effects in periodic media are relatively
rarely studied, and from this point of view HPDLCs repre-
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sent unique materials in which diffraction effects due to pe-
riodically modulated scattering can be as high as the usual
phase grating effects. On the other hand, in any real applica-
tion, scattering should be minimized, which can be achieved
by using smaller grating spacing A and consequently smaller
droplet size. Scattering effects can be reduced also by de-
creasing the thickness of the sample. However, in this respect
one should take into account that the validity of the two-
beam coupling approximation (thick grating regime) [Egs.
(3), (5), and (6)] requires (L/A)>10 [53]. The main reason
that we decided to study 50 wm thick samples was a com-
parative investigation of their structural properties by SANS
measurements, which will be reported in a separate paper. In
addition to this we wanted to demonstrate various effects
related to overmodulation of the grating strength which are
usually overlooked.

A comparative analysis of the temperature dependencies
of the 2nd and the Ist diffraction orders showed that in the
isotropic phase the values of v, are more than one order of
magnitude lower than the values of »,. In the nematic phase
a ratio of v,/v, slowly increases with decreasing tempera-
ture, but it always remains below 0.2. This signifies that
optical dielectric tensor modulation of our gratings is sinu-
soidal, which supports a description given by Eq. (4). The
details of this study will be reported elsewhere.

Let us finally make an attempt to calculate the values
of € and &' [see Eq. (4)] for our grating. In the iso-
tropic phase we obtained v,=1.89+0.03, v,=1.84+0.03, and
nos=n¢,=1.52+0.01. From Egs. (3)-(6) then it follows that
&), =£.=2.3120.02 and &) =& =0.032£0.001. The modu-
lation &' is a consequence of the refractive-index mismatch
between the polymer rich and the LC-rich regions. If one
assumes that the LC-rich regions are composed only of the
LC material and the fluoro-additive, then according to the
volume fraction of the compounds the refractive index of
these regions is expected to be n;.=1.549 (at A=598 nm).
On the other hand, if the polymer-rich regions were layers of
a pure polymer their refractive index would be n,=1.473.
The expected modulation for this extreme case is slf=0.l 15.
The obtained 3.6 times lower value indicates that the ingre-
dients of our sample are still quite far from being completely
unmixed and separated into slices, which is in agreement
with the profound light scattering and other observed phe-
nomena.

In the nematic phase the obtained values of &%, which
enter the fitting procedure mainly via the refraction
law relating the values of € inside and outside of the
sample, are more uncertain. For instance, at 7=42 °C we
find 82),:2.4310.46 (angular broadening model) and 82
=1.54+0.38 (average value from the angular broadening and
the minima model). Consequently, for the s-polarized beam
associated with v,=0.86+0.08 using Eq. (5) one obtains
s)',y:0.0ISi0.00?a. This reduced modulation with respect to
the isotropic phase is attributed to the alignment of the LC
material along the direction of the grating vector K,,. For that
reason the refractive index in the LC-rich regions for
s-polarized light becomes governed by the value of n, in-
stead of the n, so that a mismatch with the polymer-rich
regions is lower. The effect on p-polarized light is the oppo-
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FIG. 5. (Color online) (a) Angular dependence of the measured
Ist order diffraction efficiency # calculated according to Eq. (1) for
p-polarized light at various temperatures. (b) Simulations of the
associated MZ dependence using the values of the grating strengths
as deduced from the positions of the minima in the experimental
curves [Eq. (8)]. Vertical dashed lines denote the Bragg angle

position.
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FIG. 6. (Color online) Temperature dependence of the grating
strength for p-polarized (solid symbols) and for s-polarized (open
symbols) light. The data were obtained from the fits to the MZ
theory (squares) and from the fits to the angular broadening model
(diamonds) or extrapolated from the positions of the minima in the
rocking curves (circles).

site. In this case the extraordinary refractive index of the
liquid crystal n; comes into play and therefore a mismatch

with the polymer-rich regions is increased. From

Yp

=6.44+0.47 and Eq. (6) it follows 8;z=0.12i0.02.

In HPDLCs gratings the relations &’ ~¢

0 1l
yy and e, =&

are usually valid, which means that these media are more or
less optically uniaxial [37,39]. Therefore the average optic_al
anisotropy of the medium is given as n,=n—n, =( \e"sgz

0 . .
—V’syy). Analogously one can define the modulation aniso-
tropy
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FIG. 7. (Color online) Temperature dependence of the sum of

detected intensities for p-polarized (solid symbols) and for
s-polarized (open symbols) light averaged over the angular span.
Squares correspond to the data obtained during cooling and circles
to the data obtained during heating. The inset shows angular spread
of the Oth diffraction order in the isotropic and in the nematic phase
measured by rotating the arm with the detector. For easier compari-

son the data are rescaled to the same maximal intensity.
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In our experimental geometry n;, is practically pro-
portional to the grating strength anisotropy, i.e., one can take
ny o~ (N(v,—vy)/Lm) [Eqgs. (5) and (6)]. At T=42 °C then it
follows that n; ,=0.031+0.003. This is about six times lower
than the value of n, for the pure LC compound at room
temperature.

Because 7, , is proportional to (v,—v;), the main features
of the temperature dependence of the n;, can be extracted
simply from Fig. 6. One can notice that the graph in Fig. 6
reveals typical characteristics of the temperature dependence
of the optical anisotropy n, of the LC media. From this simi-
larity we conclude that n;, is proportional to the optical an-
isotropy of the material forming the LC domains. Unfortu-
nately this suggestion cannot be directly tested, because the
medium within the LC domains is quite different from a pure
LC material used for the mixture. This difference is evident
from the considerable shift of the transition temperature and
a strong increase of the viscoelastic constants as resolved
from the DLS measurements.

As a warning against the conventional method to resolve
the HPDLC anisotropy only from measurements of a differ-
ence between the diffraction efficiencies for p- and
s-polarized beams at fixed orientation of the sample, we
would like to point out the following properties of our
sample. According to the usual definition of the diffraction
efficiency [Eq. (1)], at T=42 °C and in Bragg angle orienta-
tion, our grating has the diffraction efficiencies 7,(65) ~0.3
and 7,(6g) ~ 0.7 [see Fig. 2(b)]. This observation would typi-
cally be associated with the opposite grating anisotropy as
found from the corresponding values of &!. On the other
hand, if one defines 7 as the ratio of I, and the incident
intensity, the values will decrease to 7,(6)~0.04 and
7,(65) ~ 0.2, while the associated anisotropy in favor of the
s-polarized light will even increase. This is because light
scattering effects are also strongly anisotropic. Even if the
grating thickness L would be reduced to 10 um, the grating
for the p-polarized case would remain overmodulated and a
corresponding value of 7,/ 7, would still be misleading.

IV. CONCLUSIONS

Our results show that above the nematic-isotropic phase
transition temperature HPDLC media are optically isotropic.
This indicates that the polymer matrix is isotropic, which
means that no unidirectional ordering of the polymer mol-
ecules due to diffusive flow or stretching effects is developed
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during the photopolymerization. Nonetheless, such an orien-
tationally isotropic polymer network is able to induce a pro-
found alignment of the LC domains in the nematic phase. As
an isotropic polymer surface is associated with an azimuth-
ally degenerated anchoring condition, the alignment cannot
be explained only with the strong anchoring of the LC mol-
ecules in contact with the polymer filaments [4], but in ad-
dition, also a profound morphological anisotropy of the LC
domains is necessary to support preferential orientation via
the elastic forces.

The observed temperature dependence of the optical
modulation anisotropy of our grating suggests that this an-
isotropy simply scales with the optical anisotropy of the ma-
terial forming the LC domains. This signifies that the LC
alignment, which is built up at the isotropic-nematic phase
transition, does not exhibit any strong perturbations with de-
creasing temperature. However, because the LC alignment is
not perfect, the increase of the LC anisotropy is associated
with increase of light scattering. This is governed mostly by
the mismatch of the LC orientation in neighboring domains.
The scattering effects are coupled with the diffraction effects
and for that reason a standard analysis of the grating proper-
ties is not applicable.

Our results show that for finite detection angles the ob-
served rocking curves cannot be explained by simply adding
a reduction factor to the standard description of the phase
gratings. This is because light scattering produces not only a
decrease of the light intensity, but also a profound angular
smearing of the diffraction features. A more appropriate
analysis can be made if one treats the scattering as a source
of incoherent broadening of the angular span of the propa-
gating waves. However, this rough approximation neglects
holographic scattering phenomena and other coherent scat-
tering effects. As a convenient simplification for the experi-
mental analysis, we found that for partially smeared rocking
curves some of the relevant parameters can be deduced if one
focuses only on the positions of the minima in the rocking
curves instead of fitting the entire curves. Although being
very approximate, our models can serve as a basis for devel-
opment of a more thorough theory of diffraction features of
periodically modulated scattering media.
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