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Surface plasmon and guided modes excitation of cholesteric liquid crystal layer
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The features of optical excitation of surface plasmon and guided modes in nematic liquid crystal layer (NLCL) are
well studied. This problem has never been considered for cholesteric liquid crystal layer (CLCL). There are a lot of
open questions, in spite some considerations have been recently performed. The aim of this work is to answer some
questions by a theoretical study. A series of guided modes and surface plasmon are excited in CLCL at the condition of
attenuated total reflection. The structure we consider has two main differences, compared with the nematic liquid
crystal cell: 1) the twist angle is a function of layer’s thickness; ii) the pitch of the helical structure defines how the
wavelength “sees” the refractive index profile of the liquid crystal layer. These special features presume that the critical
angles for extraordinary modes are different than that of NLCL. We propose to use “effective critical angle” defined in
terms of pitch length. The effective critical angle explains very well the dependence of number of guided modes on tilt

angle and on pitch.
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INTRODUCTION

Some early studies have treated the surface
plasmon polariton (SPP) behavior at the interface
metal layer/nematic liquid crystal (LC). In this
context a series of papers of J.R.Sambles has to be
acknowledged [1- 9], for example. These studies
have been focused not only on SPP features,
defined by the adjacent anisotropic medium but on
the interaction SPP/guided modes in LC layer.
These detailed studies have shown that the coupling
SPP/guided mode is very sensitive to the surface
director tilt profile near to the metal layer. In all
studies nematic LC layer has been used. This is
understandable - the nematic LC have been an
object of great interest because of their application
in LC display - the technology has required a
precise knowledge of all LC characteristics.

Recently, the problem has been formulated in
opposite direction — is it possible to obtain specific
plasmon response by introducing anisotropic
dielectric into the plasmon structure [10-14]. Two
dimensional rotation of LC on a metal surface was
studied in [15] as a first step toward the considering
a cholesteric LC. Such kind of analysis was
completed in [16] but comprehensive study has yet

not been achieved.

Our research [17-19] has focused on the influence
of the parameters of chiral anisotropic layer,
adjacent to the metal layer, on the plasmon
characteristics and on the possibility of controlling
plasmon propagation.

Unlike our previous study, this paper is focused on
the conditions for guided modes excitation in
cholesteric liquid crystal layer and on the
interaction plasmon/guided modes. This is the first
time to our knowledge that such problem is
considered for a chiral anisotropic structure.

THE STRUCTURE

The chosen structure consists in high-index glass
prism with a deposed on gold layer, chiral liquid
crystal layer, and a low index glass substrate
(Fig.1). The prism refractive index must be greater
that the highest index inherent to the LC, whereas
the lower-index glass substrate must have an index
lower than the lowest index inherent to the LC. The
LC is uniaxial and specified by permittivities
parallel and perpendicular to the director — g and
€|, respectively. In such structure there exist a
range of incident angle defined by the critical angle
of high-index prism and the effective index of the
LC and the critical angle of high-index prism and
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in LC layer are excited because of evanescent
optical field.

We suppose g > & | (Ae= g-¢ | ) and the director
is defined by tilt 6 and twist ¢ (Fig. 1). The twist in
CLCL is a function of thickness ¢=f(z). The prism
and the substrate are homogeneous with the
permittivity €1 and €3, respectively.

B = sin™ (&3 /‘91)1/2

i

The incidence angles range over which guided
modes are excited is [20]:

P<B<B (1)

Where B and B3 are critical angles defined as [20]:
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Fig. 1. Configuration of the structure and orientation of
the principle axes of the local dielectric tensor ellipsoid
defined by Euler angles in some chiral molecular layer.

The first critical angle is defined by the lowest
refractive index of the substrate. The second critical
angle is defined by the propagation constant of the
extraordinary mode. For this mode the refractive
index ne depends on o and ¢. While we are
interested on the maximum value of the incidence
angle, the denominator of (3) has to be minimized
for a specific value of a. Thus, the dependence of o
is cancel and the critical angle is a function only on
tilt and twist.

CRITICAL ANGLE OF CLCL
A point worthy of note is that (3) is in the case of

©)

min 81

nematic LC. The question now is: how it is possible
to extend (3) for chiral structure? We propose an
idea to generalize (3) following the physics behind
the light propagation in chiral LC. The optical field
“seas” the twist structure when the pitch p is longer
and compatible to the wavelength of incident light
(A = 632 nm). That why it is important to model
numerically a CLCL with thickness d compatible to
the wavelength. For the case p = d (i.e. ¢ €[0,27]

) the optical field will follow the twist of LC
molecule. Then, the extraordinary mode has some
effective refractive index ne corresponding to the
continuously changed ¢ in the range 0 - 2m.
Consecutively, (3) has to be changed to reflect this
feature. Reasonably, the new form of the

denominator in (3) is:
27
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then the minimization is provided for (4).

NUMERICAL SIMULATIONS

On the purpose to check our model we simulated
guided modes and SPP excitation in nematic and
cholesteric LC layer in the structure shown in Fig.1
for different tilt angle as a function of incident
angle.

The simulations are based on a theoretical model,
obtained by solving Maxwell equations in 4x4
matrix form, for an anisotropic medium [21]. The
reflectance of the layered structure for incident p-
polarized light, is presented in Fig. 2. For the prism
we used permittivity 1 = 4.84 and for the substrate
e3= 2.25. The gold film is with a thickness da, =
50nm. The permittivity of gold is according [22].
The thickness of LC layer is d=620 and the tilt
angle is 0=70°.

The spectra for nematic layer (Fig. 2a) at twist
angle ¢o=n and ¢=2n are the same because the
molecule orientations are identical to the lab
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coordinate system.
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Fig. 2. Reflection spectra of p- polarized light as a
function of incident angle for structures with a) nematic
and b) cholesteric layer. All other parameters of the
structures are identical.
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Fig. 3. a) Critical angle as a function of twist angle for
nematic layer and b) Effective critical angle as a function
of twist angle, corresponding to pitch length, for
cholesteric layer at different tilt angles.
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For cholesteric layer (Fig. 3b) calculation are
performed for half pitch (p/2 - ¢ €[0, 7] ) and for

one pitch (p - ¢<€[0,27] ). The results are

compatible with Fig. 2a because the final
orientations of molecules are identical. For
cholesteric SPP is well observed. The spectra
related to the mode excitation are slightly different,
in spite the final orientations of molecule are
identical, what demonstrate the effect of molecule
continuous rotation “seen” by the optical field.

According to our previous results [19] SPP has to
be observed in the both structures. It is reasonable
to suggest that the guided modes excited in the
nematic LC layer mask SPP. Obviously, the
conditions for mode excitation in nematic and in
cholesteric structures are different. Following the
model for the nematic [20] and our model for
cholesteric layer expressed by (4), we analyzed the
range of incident angle (1). The low limit B is the
same for both structures. However, B, are different
what is shown in Fig.3. The critical angle for
nematic structure is close to 52° at ¢=mn as shown in
Fig. 3a. This defines a wide window of incident
angles (from 33.8° according to (1)) which covers
the plasmon resonance angle (=49°). This explains
the spectra at Fig. 2a — guided modes are excited
and they completely destroy SPP.
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Fig. 4. a) Critical angle as a function of twist angle for
different tilt angles for nematic layer; b) Effective
critical angles as a function of pitch number for different
tilt angles for cholesteric layer.



K. Zhelyazkova et al.: Surface plasmon and guided modes excitation of cholesteric liquid crystal layer...

For cholesteric layer (Fig. 3b) the effective critical
angle, calculated according (3) with modified
denominator (4) does not exists at half pitch p/2.
Hence, there is not a range of incident angles for
which the mode excitation is permitted. That why
the effective excitation of SPP is possible as shown
in Fig. 2b. Moreover, this result confirms the
correctness of our model for cholesteric structure.

Following our model one can expect that at short
pitch length the optical field could not be able to
follow the chiral stricture. The extraordinary modes
will have some average effective n. and the
dependence on twist angle will be blurred. Hence,
one can expect that p reduction increases the
number of critical angles — the chiral structure is
not a limiting factor. Indeed, this is the real
behavior as illustrated in Fig. 4. Reasonably, the
values of critical angles for nematic structure are
symmetric against ¢=270° as shown in Fig 4a,
because the structure is symmetric. For cholesteric
LC layer (Fig. 4b) the behavior is absolutely
different — the number of effective critical angles
increases with pitch number, as expected. It is
worthy to note, that the values of effective critical
angle for extraordinary modes in chiral structure are
lower than the plasmon resonance angle. Hence, the
excitation of SPP in CLCL is more effective than in
nematic LC. Also, the range of incident angle for
which guided mode excitation is permitted, is
shorter than in for NLCL.

CONCLUSION

In this paper we study the conditions for guided
modes excitation in CLCL and the interaction
plasmon/guided modes. For the purpose we
introduce a simple but effective extension of the
model about guided modes excitation in NLCL.
Our model introduces the “effective critical angle”
following the physics behind the light propagation
in chiral anisotropic medium. The correctness of
the model is proved by numerical simulations
regarding the mode and SPP excitation in such
structures. We show that it is more effective to
excite SPP in CLCL. The reported results are for a
fixed tilt angle 6=70° only. However, our study
showed that different guided mode structures and
interaction with SPP can be achieved for numerous
tilt angles what can be used for exploration of

cholesterc liquid-crystal layers parameters.
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BB3BYXXJIAHE HA TIOBbPXHUHEH TVIA3SMOH U HATIPABJIIEMU MOJIU B CJIOM OT
XOJIECTEPUYEH TEYEH KPUCTAJI

K. XKensaskosal, M. Ilerpos®, b. Karpanues?, I'. JIsnkoB?
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(Pestome)

KpM MoMeHTa noOpe ca HM3y4eHH OCOOEHOCTHTE Ha ONTHYHOTO BB30YXKIaHE Ha MOBBPXHMHHM IIIa3MOHU M
HarpasJsieMd MOJIM B CJIOW OT HEMaTHUYeH TeueH KpucTal. Te3n ocoOeHOCTH, 00ade, He ca N3y4YeHH 3a ClIydasl Ha CIION
OT XOJeCTepHYeH TeueH Kpucrai. ChIiecTBYBaT MHOTO NpOOJeMH, CBBbP3aHU pa3lpPOCTPAHCHHETO Ha CBETJIHMHA B
AQHM30TPOIIHA XMpallHa cpella, KOMTO HE Ca pPElleHH, BBIPEKH, Y€ HAIOCIEIbK TaKHBa M3CICIBAHUS C€ MPOBEKAAT.
LenTa Ha Ta3u padoTa € 1a ce OTTOBOPU Ha HSKOU BBIIPOCH Ype3 TEOPETHYHO u3cieaBaHe. MoaenupaHo e Bb30yxnaHe
Ha TOBBPXHHUHEH IJIA3MOH M HAMPABJIIEMH MOJH B CJIOH OT XOJECTHPHUYCH KPUCTA MPU BIJIM HA MAJallaTa CBETIHHA,
[0-TOJIEMH OT BI'bJIA HA MTBIIHO BHTPEIIHO oTpakeHne. ChIECTBYBAT JIBE CHIICCTBCHHU PA3IMUMs HA CTPYKTypara, KOsSTO
pasriexaaMe, OT Ta3u C HeMAaTU4eH KpucTai: 1/ brbia Ha 3aBbpTaHe € GYHKIHS Ha aederHa Ha clios; 2/ CThIIKATa Ha
XeJHMKCa OMpeesst 0 KOJKO CBETJMHATA C ONpEJeSicHa Ib/DKHHA HA BBIHATA € YyBCTBUTEIHA KbM JIOKAJTHHS
MoKaszaTesa Ha MpeYylnBaHe Ha TeuHHWs Kpuctan. ToBa mpejmoyiara, 4e KPUTHYHUST BIBJI Ha BB30YXKIaHe Ha
,,HCOOUKHOBEHHUTE MOJM € Pa3iM4YeH OT ChIIMs 3a HeMaTWdeH cioid. Hue BB3BexkIaHE MOHITHETO ,,eeKTHBEH
KPUTHYEH BIbi", NTe(pUHUPAHO B TEPMHHUTE HA JIBJDKMHA Ha CTHIIKATa Ha Xenukca. To3W BI'bJl OMKMCBAa MHOTO 100pe
3aBUCHMOCTTa Ha Oposi Ha Bb30Y/IEHUTE MO/ OT bI'bjIa Ha HAKJIOHA Ha MOJIEKYJIUTE M OT CThIIKAaTa Ha XEJIMKCA.
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