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The half-leaky guided mode geometry with a thin metal tunnel barrier as one cladding layer is used
to explore the distribution of the director very near to the surface in a hybrid aligning nematic liquid
crystal cell. From theoretical analysis together with numerical modeling, it is shown how the
coupled p-polarized surface plasmon/s-like guided modes excited in the geometry leads to
extremely sensitive to the surface director tilt profile near the metal wall—a sensitivity which is
even higher than that of the surface plasmon resonance alone. The experimental results have fully
confirmed the model predictions. © 2008 American Institute of Physics. [DOI: 10.1063/1.2908224]

Some early studies have explored the surface plasmon-
polariton (SPP) mode at the interface between a silver layer
and a nematic liquid crystal (LC) to probe the phase transi-
tion and the voltage dependence of the director tilt at the
wall of the LC cell.'™ These studies examined only the
SPP mode, even though optical guided modes should also
have been found in some sample. Later, Sambles and
co-workers™” examined both optical guided modes and SPP
in silver-clad nematic LC cells. They thereby obtained infor-
mation about both near-surface and in-the-bulk director pro-
files at the same time.

In a continuation of these studies, Elston and Sambles®’
explored the director profile of a surface stabilized ferroelec-
tric LC cell for which the optical mode spectrum was far
richer, involving the excitation of SPP and two types of
guided modes associated with the low index and high indices
of the LC, respectively. These studies appear to be some of
the earliest to show that the SPP may couple with optical
guided modes through polarization conversion due to the di-
rector geometry.

By using a hybrid aligned nematic LC (HAN-LC) cell
symmetrically clad with silver films we have presented a
study8 exploring this optical coupling between the SPP and
guided modes in much more detail and shows that these
couplings are very sensitive to the details of the near-surface
director profile.

In this present, study the half-leaky guided mode
(HLGM) geometry’ with a thin metal tunnel barrier as one
cladding layer is used. Both theoretical analysis and numeri-
cal modeling show that the coupling spectrum between the
SPP and the optical guided modes excited in this HAN-LC
geometry can also give a high sensitivity to the surface di-
rector tilt profile near the metal layer—a sensitivity which is
higher than that of the surface plasmon mode alone. Experi-
mental results fully confirm our model predictions.

The model of HLGM-HAN-LC cell is shown in the
inset of Fig. 1. As shown in Fig. 1, the director of the LC
lying in plane zox (having twist angle ¢=0°), for a
p-polarized incident beam in plane zoy a SPP is excited hav-
ing in-plane (y direction) momentum which is mainly depen-
dent upon an effective index n, along the z direction. In the
region close to the upper (metal) boundary, the tilt angle is
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closely #=90° and linearly varies with depth ¢ away from the
top wall by a quite small gradient, 60’ =d6/dt<<1. Thus, if
the ordinary and extraordinary refractive indices of the LC
are n, and n,, then in this top area the z direction effective
refractive index at depth 7 is

nUne
\/ng cos?(86'1)% + n2 sin*(86'1)>

(1)

Because 66'tr<<1 in the upper thin region, i.e., Ny ™~ Ny, WE
can still consider that the SPP mode is excited on the inter-
face between a metal and a dielectric with a z direction re-
fractive index 7, which is the average of n, over the SPP
penetration depth fgpp, 10
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where g, and ¢, are the permittivity of the dielectric and real
part of the permittivity of the metal, respectively. Thus, we
should have

Ispp
My = nydtltspp =n, + An, (3)
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FIG. 1. The SPP mode and guided waves at the top-boundary area of a HAN
cell. The inset is a HLGM-HAN-LC cell with a metal tunnel barrier.
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FIG. 2. (a) The model results of the reflectivity (R,,,) in the SPP mode area for two different tilt angle profiles, which are shown in the inset. The parameters
for the modeling are A=632.8 nm, for the top glass plate £;=2.9998, for thin silver film &,,=-17.50+i0.65 with thickness d,,=50 nm, for the SiO, layer
£,=2.665+1i0.002 with thickness d;=30 nm, for LC ¢,,=¢,,=2.3132+i0.0002 and &,,=3.0145+i0.0002 with a thickness d =14.00 um and #1=90.0° at the
top and 6,=0.0° at the bottom, ¢=0° through the cell, for the bottom glass plate &;=2.1418, for the ITO coating &;=3.000+i0.02 with thickness
d;=75 nm. The very thin lecithin layer can be ignored as far as its optical effect is concerned. (b) The optical E-field distribution at the incident angle

B,=74.54°.

An= \ (1 =n2mH) (> +|e! [)(56')? (4)
24772’12 o'"Ye [ m

This 7, determines the wave vector of the SPP mode. For a

pt
cell with a thickness d=12 um and n,=1.517, n,=1.732 for

LC, &’,=-18.0 for silver at A\=632.8 nm, then with no ex-
ternally applied voltage 660’ =/24=0.1309/um and An
=0.000 04, which is a very small change. Even for &6’
=0.292/ um, which corresponds to an applied voltage of
about 1.0 V, An is still only ~0.0002. It is thus apparent that
the SPP alone does not readily distinguish the difference of
such a small tilt angle deviation at the metal boundary.

The SPP will be the highest in-plane momentum trans-
verse magnetic (TM) mode for a relatively thick HAN cell
under no or low externally applied voltage.8 However, for
the HLGM geometry at an incident angle range,9 some
s-type guided modes may also be excited by the p to s con-
version in the upper wall area. The maximum in-plane mo-
mentum of s-type guided modes is mainly dependent upon
the effective index n, (also see Fig. 1). Close to the upper
wall 6=90° and thus ng;=n,. Therefore, for a positive LC
(n,>n,), there is the possibility of s-type guided waves ap-
pearing in the angle range of the SPP resonance. Even
though the intensity ratio of this p-s conversion is only pro-
portional to sin?(86't)cos*(50't) ~ (50't)> and very small,
however, from the excitation of the SPP mode the maximum
field enhancement at the boundary between the metal and the
low index dielectric (see the inset of Fig. 1) should be!!
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If n,=1.517, ny=1.732, ¢, =—18.0, and €], =0.65 (Ag at
632.8 nm), then 7, ~ 130. Thus, the average field enhance-
ment from the boundary to the penetration depth #gpp is about
82. Given that the power enhancement scales as this factor
squared then significant signatures may appear in the SPP
resonance. Thus, we expect the coupling spectrum between
the p-polarized SPP resonance and the s-polarized guided
modes to be particularly sensitive to the near-surface director
tilt profile.

We have used the Berreman 4 X4 matrix to model a
HLGM-HAN cell with geometry of high index glass plate-
silver coating 60° evaporated SiO, layer (for homogeneously

(5)

aligning) HAN LC layer-lecithin layer (for homeotropicaly
aligning) indium tin oxide (ITO) coating low index glass
plate. The parameters of the geometry are given in the cap-
tion of Fig. 2. In the modeling, two tilt profiles have been
chosen. In the first the tilt angle linearly varies from 90° to 0°
across the whole cell, for the second one the tilt linearly
varies from 88° to 87.43° in the area close to the upper
boundary up to 0.40 wm and then it remains the same as the
first profile through the rest of the cell, modeling in effect
something like weak anchoring at the top surface. These two
tilt angle profiles at the top surface are shown in the inset of
Fig. 2(a) as solid and dashed lines, respectively. Two R,
curves, have been computed and shown in Fig. 2(a) as solid
and dotted lines, respectively. It is obvious that the coupling
spectra between the SPP resonance and the s-type guided
modes show significant differences between these two sur-
face tilt distributions, even though the envelope of the SPP
shows no change. At the incident angle 3;=74.54° shown in
Fig. 2(a) by an arrow, at which the coupling of the two types
of mode occurs, the optical field distribution through the cell
has been modeled and shown in Fig. 2(b). It is very clear that
the sharp “hole” in the SPP resonance arises from the cou-
pling between the SPP and guided modes, as shown by the
TM-TE field distribution through the cell and the TM field
enhancement (SPP) at the interface.

To confirm the modeling by experiment, a sample cell
with the geometry mentioned above has been built. Two my-
lar strips with thickness about 12.0 wm are used as the cell
gap spacers and the cell is capillary filled with a nematic
LC (E7, Merck-BDH) at room temperature. High index-
matching fluid is used to optically match the high index glass
prism to the high index top plate of the cell. The experimen-
tal setup is a typical 6-26 rotating system as described
elsewhere.” A p-polarized beam with A=632.8 nm (He-Ne)
incomes on one face of the prism. Then the incident angle
dependent reflectivity signals leaving from a second side
face of the prism are recorded using a detector with a
p-polarizer placed in front of it. Data were taken with volt-
ages applied to the cell of 0.00, 0.50, 0.75, and 1.00 V (rms),
at a frequency of 10 kHz. Two typical R, signals are shown
in Figs. 3 and 4 as the circles for the applied voltages of 0.00
and 1.00 V, respectively.
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FIG. 3. The whole incident angle range of the reflectivity R,,, data (circles)
and fitting result (solid line) for no voltage applied. The inset is the detail of
fitting results and experimental data in the TM-type guided mode region.
The parameters of the sample geometry from the fit are: silver film
Ep,=—17.41+4i0.69, d,,=49.0 nm; LC (E7) s&,=8,,=2.3132+i0.0003,
£,,=3.0145+i0.0003, d; -=14.65 um with twist angle ¢=0.0° (out-of-plane
geometry); SiO, and ITO are same as in Figure 2(a).

Two typical fits for 0.0 and 1.00 V are also shown in
Figs. 3 and 4 as the solid lines. The fitting of the 0 V data
over a wider angle range, including TM-like guided waves
and the SPP mode, is very important for determining the
basic parameters of the geometry. Except for the known the
permittivities of 2.9998 and 2.1418 for the glass plates, the
parameters in the sample geometry from the fits are shown in
the caption of Fig. 3. Continuum elastic theory12 gave the
director profile using elastic constants K;;=11.42 pN, K3
=18.20 pN, and both tilt anchoring strengths of Wy =2.5
X107 J/m? and Wy,=2.0X 1073 J/m? on the top and bot-
tom boundaries. Details of the experimental data (circles)
and theoretical fit (solid line) to the TM-type guided mode
region are shown in the inset of Fig. 3. For the case with
applied voltages the anisotropic dielectric permittivities are
chosen as £=19.50 and &, =5.40 for the E7 at room tem-
perature. The solid line in Fig. 4 is the typical fitting result
for an applied voltage of 1.00 V with the tilt angle profile
through the cell, which is modeled from the continuum elas-
tic theory and used to calculate the fitting result. In the inset
of Fig. 4 details of the tilt angle variations at the upper
boundary area for the case of no applied voltage and 1.00 V
are shown as dotted and solid lines, respectively. From the
inset, it is clear that the surface tilt angle deviates from hori-
zontal (0;=90°) due to the balance between surface anchor-
ing, elastic forces and E-field coupling to the director. If the
surface anchoring force at the upper surface is not strong
enough, thereby letting the surface tilt angle change to 86.0°,
then the tilt profile shown as the dash-dotted line in the inset
with no change in the remainder of the cell may be imagined.
Even though the difference between the two cases is quite
small, the coupling spectrum still distinguishes them, as
shown in Fig. 4 in which the dotted line, which is predicted
from the imagined surface tilt profile shown in the inset as a
dash-dotted line. However, it is clear that the envelope of the
SPP mode does not change at all for both cases. This not
only demonstrates that the coupling spectrum is very sensi-
tive to the surface director profile, but also indicates that the
surface tilt angle profile predicted by the continuum elastic
theory12 is reasonable.

In conclusion, theoretical analysis and numerical model-
ing have shown that for a HLGM-HAN-LC cell with a silver
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FIG. 4. The reflectivity R, data (circles) and model fit (solid) at 1.00 V.
The dotted line is the model coupling spectrum for the tilt angle distribution
shown in the inset by the dash-dotted line. The inset is the detail of the tilt
angle distributions near the upper boundary. The solid line and dotted lines
are for applied voltage of 1.00 and 0 V, respectively, while the dash-dotted
line is an imaginary profile with the surface tilt angle set at 86°.

tunnel barrier and p-polarized incident beam the polarization
coupling spectrum between s-type guided waves and the
p-polarized SPP mode is a very sensitive probe for exploring
the director profile near the wall area. By using this spectrum
very small differences in the director profile near the wall
area can be distinguished, even though the surface plasmon
mode shows no significant changes.

Experimental results from a LC cell mentioned above
have firmly confirmed the analytical and modeling predic-
tions show clearly how the top-surface director profile varies
with low external applied voltages. Because the low-index
plate, for a certain incident angle range, is a better total re-
flector than the metal-coating used in the symmetric
geometry8 then not only is the coupling spectrum excited,
but it also means it is somewhat easier to fabricate the
sample. Further there are less optical parameters in the fitting
procedure making that easier while the coupling effect ap-
pears somewhat stronger because of the lack of the bottom
metal layer. This work can readily be extended to studying
the dynamic behavior'® of the surface director, and it should
therefore prove to be a very powerful tool for surface LC
physics research.
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