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The polarization structure of light transmitted through a
homeotropic cell filled with a nematic liquid crystal (NLC) has
been found to be characterized by the availability of polarization
singularities which arise owing to the interference of characteristic
modes in the anisotropic substance. Stokes polarimetry has been
used to measure the polarization-resolved conoscopic images. For a
homeotropic cell, the parameters of polarization singularities in the
angular distributions of polarization ellipses have been calculated
analytically. The results of theoretical calculations agree well with
experimental data.

1. Introduction

Optical properties of liquid crystals (LCs) are known
to be very important for their numerous applications
[1-3]. As a rule, LCs are used as an anisotropic
medium, where the anisotropy is governed by its
orientational structure, the latter being sensitive
to external fields and to a change of boundary
conditions.

Similarly as it is in other anisotropic materials, the
polarization of light propagating in LC varies owing
to the anisotropy of the latter. In an LC cell placed
between crossed polarizers, these anisotropy-induced
polarization changes reveal themselves in variations
of the transmission coefficient. A significant number
of experimental methods developed for studying the
orientational structures in LC cells are based on this
effect.

For instance, the known method of crystal rotation
[4] involves the analysis of the angular dependence of
LC-cell transmission in the configuration with crossed
polarizers. Such a dependence can be considered as a
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one-dimensional cross-section of the more general (two-
dimensional) conoscopic image.

Conoscopy is successfully used for studying the LC
systems. In particular, it is applied to revealing the
biaxiality of NLCs [5,6] and measuring the pretilt angle
[7,8]. The conoscopic images of hybrid NLCs cells were
also studied in work [9].

From the fundamental point of view, the problem
of detailed study of the polarization structure, which
conoscopic images originate from, naturally arises. In
other words, the matter is about the analysis of
the dependence of a light polarization state after the
light transmission through LC cells on the angles of
incidence. We will study the two-dimensional angular
distributions of Stokes parameters, which describe the
field of polarization ellipses; the latter can be referred to
as a polarization-resolved conoscopic image.

Nye [10-12] was the first who demonstrated that
the so-called polarization singularities are important
elements which characterize the geometrical structure of
polarization fields. In particular, these include C-points
(the point of circular polarization) and L-curves (the
curves of linear polarization).

In work [13], the theory of singularities has
been applied to analyze the angular dependence of
polarization (the polarization state of the electric
induction vector) for the plane-wave characteristic
modes of anisotropic crystals, including dichroic and
chiral ones. In work [14], this analysis was extended —
by applying the 4 x 4-matrix formalism — to include the
case of bianisotropic crystals.

Experimental results and the results of calculations
obtained in work [15] testify that, when a linearly
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polarized Laguerre-Gauss beam with a vortex on its
axis propagates in an anisotropic crystal, there appears
a complicated structure of polarization singularities.

In this work, we study the polarization structures
that arise owing to the interference of four characteristic
modes of a homeotropic NLC cell excited by a plane
wave incident upon the cell. The method of Stokes
polarimetry was used in order to measure the field of
Stokes parameters which was presented in the form of
a distribution of polarization ellipses. We also present
the analytical results obtained for the characteristics of
polarization singularities and compare the results of our
calculations with experimental data.

2. Experimental Part

In our experiments, we used a homeotropic planar NLC
cell 110 pm in thickness. The thickness spread was
checked taking advantage of the interference technique
and did not exceed £1 pm. The cell was filled with
nematic E7 which is characterized by the ordinary
refractive index n, =~ 1.5217 and the extraordinary one
ne ~ 1.7472 in the optical range.

A coherent continuous single-frequency He-Ne laser
with the wavelength A\ = 0.633 um and an emitting
power of 10 mW was used as a radiation source. The
experimental installation, whose scheme is presented
in Fig. 1, was a modification of typical installations
destined for studying the polarization distribution over
the transverse cross-section of light beams [15,16].

Light emitted by the He-Ne laser was collimated by
lenses L1 and L2. Polarizer P1 was used to set the
orientation for the polarization vector of the electric
field of a linearly polarized wave. In experiments with
circularly polarized light, polarizer P1 was followed by
a quarter-wavelength plate.

Microobjective L3 was used to produce a divergent
light beam. Microobjective L4 and lens L5 collimated
the beam after its having transmitted through NLC cell
NLC'. Further, the beam was analyzed by a Stokes-
analyzer (a quarter-wavelength plate and polarizer P2).

To determine the parameters of light polarization,
we measured the intensities of four linearly polarized
components with azimuths of 0, 7/4, 7/2, and 37 /4:
I(0), I(w/4), I(n/2), and I(3m/4), respectively; as well
as the intensities of right- and left-circularly polarized
components: I and I_, respectively. The values of the
measured intensities were applied to calculate the Stokes
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Fig. 1. Scheme of the experimental installation (see notations in
the text)

parameters by formulas [17]

So = I(0) + I(r/2) = \/S2 + 57 + 53 (1a)
S1 =1(0) — I(w/2) = Sy cos 2x, cos 2¢,, (1b)
Sy = I(m/4) — I(3m/4) = Sy cos 2xp sin 2¢,, (1e)
Sz =1, — I_ = Sysin2y,, (1d)

where the Poincaré sphere is parametrized in terms of
the polarization azimuth ¢, (0 < ¢, < m) and the
ellipticity angle x, (—7/4 < x, < 7/4).

The geometrical characteristics of the polarization
ellipse are the polarization azimuth ¢,, which sets the
orientation of the long semi-axis of the ellipse in the
plane that is perpendicular to the wave vector, and the
ellipticity €e11, whose amplitude is the ratio between the
lengths of the short and long semi-axes of the ellipse.
From Egs. (1), one can see that those characteristics
are coupled with the Stokes parameters in the following
manner:

¢, =2"targS, S=5;+iSs, (2)

Eol = —tEXp, Xp =2 'arcsin(S3/S). (3)

In our installation, the required intensities of the field
polarization components were fixed by a CCD-chamber.
The data obtained were processed by a computer, and
the Stokes parameters for every pixel were calculated by
formulas (1).

The geometrical image of the distribution of Stokes
parameters in the plane of a CCD-chamber is a two-
dimensional field of polarization ellipses, with every
ellipse being characterized by the polarization azimuth
and the ellipticity which are calculated by formula (2)
for every pixel. The results obtained are discussed in
Section 4..

3. Polarization Singularities

3.1. Transmission matric

Consider an NLC cell with thickness d, sandwiched
between two substrates, the normals to which are
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Fig. 2. Cross-section of the NLC cell in the plane of light incidence

directed along z axis: z = 0 and z = d. The general form
of the dielectric tensor of NLC is [1]

e=c I3+ Asd®d, (4)

where d is the NLC director, Ae = ¢ — ¢, and I3 is
the unitary 3 x 3-matrix. For the overwhelming majority
of known nematics, the anisotropy is uniaxial, and the
eigenvalues of tensor (4) are equal to the ordinary and
extraordinary refractive indices, n, = /el and n, =
/F€|; respectively, where 11 is the magnetic permeability
of the NLC.
Let the external medium be isotropic, with the
dielectric constant ¢,, and the magnetic permeability
m- Figure 2 shows that there are two plane waves
in the half-space z < 0: an incident wave {Einc, Hinc }
and a reflected one {Eyen, Hyen}. The transmitted wave
{Et;,Hi,} and the reflected one are excited by the
incident wave and propagate in the parallel direction
in the half-space z > d. Therefore, the field outside the
cell can be written down as

E‘z<0 - Einc(l;inc)ei(k“‘c'r) 4 Ereﬂ(f{reﬂ) i(Kyef1* r)
E‘Z>d = Etr(l’;tr)ei(ktr'r)’

where the wave vectors kinc, kyefi, and kg, owing to the
boundary conditions

P(z) - [El:=040 — El.=0—0] = (6a)
=P(2) - [El.=at0 — Elz=q-0] =0,
P(z) - [H|.=0+0 — H|.=0-0] = (6b)

= P(i) . [H|z:d+0 - H|z:d—0} = Oa

where P(z) = T3 — Z ® Z is the projector operator onto
the cell plane (z —y plane), lay in the plane of incidence.
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Another consequence of the boundary conditions (6)
is that the tangential components of the wave vectors
are equal. Assuming that the incidence plane is the
coordinate plane x — z, we obtain
ko = kmky = ko X + k2, € {inc, refl, tr}, (7)
where ky /kvac = Nm = \/HUm€m is the refractive index
of the external medium, kv, = w/c = 2w /) is the wave
number in vacuum, k, = ky, sin i, and kS“C) = kgr) =
—k?eﬂ) = k€08 Bipe.

The vector amplitudes of the electric fields of plane
waves are

a); (8)
ey(ka) =7 (9)

The solution of the transmission problem has the
form of a linear relation between the components of the
incident and transmitted waves

(tr) (inc)
E Il =7 E \g ;
Egj;r) EinC)

where 7 is the transmission matrix. The main difficulty
consists in calculating this matrix.

Mathematical details, which are relevant to the
exact solution of the transmission problem for uniform
anisotropic media and the general theory of polarization-
resolved images, can be found in work [18]. Below,
we repeat in brief only the basic results obtained for
a homeotropic NLC cell in the case where d = z.
In this case, the transmission matrix is diagonal, and
the following expressions for its elements (transmission
coefficients) can be derived [18]:

Eo(ka) = B Ve, (ka) + E(Ve, (k
er (ko) = ki (k(“) % —ky 2),

(10)

T = diag(ts, ty), oy = 2im Ny Lcos OineT,,. L, (11a)
Te = 24m Nt COS 9inc coS 0, — z[q(e)] sin 0, x
[(Hmmnony,' cos@mc) + (ny'q{?)?], (11b)
Ty = 2/m N ! ¢0os Bine cos 8, — i[q (O)] sin 0, X
[cos? O + (an ¢, (1lc)

where

o : 2
qg ) = \/ng — n2, sin” Oy,

q§e> = nongl\/ng —n2, sin? fiye
and 0o = ¢ kyacd.
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3.2. C-points and L-curves

It is convenient to characterize the state of polarization
in terms of the circular components of vector amplitudes

E(k) = Eie; (k) + E_e_(k),
FEy = 2_1/2 (EH + iEJ_) = ‘Ei| eXp{i(bi}v

(12a)
(12b)

where v2e (k) = e, (k) + ie, (k). The main axes of the
polarization ellipse are directed along the unit vectors

el (k) = cos¢, e,(k) + sing, e,(k) and e (k) =
—sin ¢, e, (k) + cos ¢, e, (k).

The polarization azimuth (2) and the ellipticity
parameter (3), whose signs are different for the right

and left polarizations, are determined by the formulas

T R ETRT (13)
For the Stokes parameters (1), we have

S1=2ReE]E_, S;=2ImEE_, (14a)

Ss = B4 — [E_|2, So=|E4?+|E_°. (14b)
If |E,|] = 0, the wave is circularly polarized, and

the phases ¢, and ¢, are indefinite. Therefore, such
a polarization singularity can be regarded as a phase
singularity of the complex Stokes field S = S; + iS55.
The points, where |E,| = 0 and &, = v, will be referred
to as C,-points.

In the case of linear polarization, the equality |E| =
|E_] is valid, and the sign of polarization is indefinite.
The curves of linear polarization are called L-curves.

The transmission matrix

T (p,¢) = exp(—id a3)7T (p) exp(ip 03),
p=rtg Oine, @ = dinc,

where T, = C¢TC!, ¢ = 271/2 (} _Z.Z>, and o3 =

diag(1,—1), describes a conoscopic image on the plane,
for which p and ¢ are the polar coordinates (the
corresponding Cartesian coordinates are x = p cos ¢ and
y = psing), and r is the scale factor dependent on the
aperture.

Let the incident wave be linearly polarized along
the vector cosv, €,(Kinc) + sint, e,(kine). In this
case, BU™) = exp(—vp)| Einc|, and, for the transmitted
wave, we have

U, = [(tz +ty) + (tz — ty) exp(—?im/J)] exp(—ivi,),
(17)
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where U, = 2E™) /| Eyne| and 1 = ¢ — 1.

The C-points are located on circles, whose radii are
found from the equation
R(p)Re(tst;) = [tz] - [ty|cosd = 0. (18)
For weakly anisotropic NLCs, the J-phase difference
slightly differs from the phase taper § ~ 6. — d,. From
Eq. (18), it is evident that § = 7/2 + 7k, where the
number £ = 0,1,... , N — 1 enumerates circles, ranging
their radii py, in ascending order.

From the expression for the amplitude

U (s 6)2 = 21 [1 + cos2{eo — v(~DFa}],  (19)
mtﬁ+uﬁ,tmaﬁﬂ7 (20)

it becomes clear that every circle contains two pairs of
C-points with the azimuthal angles
o) =, £ 7/2 4+ v(—1)*a. (21)
It can be demonstrated that the C-point index, which

is twice lower than the topological index of the complex
field S [19], is calculated by the formula

Ic = 2 sign [Im(amquayqf;)]x:% = (22)
2 Y=y
v, .

= 5 sign [Im(ap\lll, 8¢\I/V)} p=p

Accordingly, the following result is obtained:
1 —1)k

to=—1o,80)  =51% (23)
2 pP=pk 2

The effect of the alternation for the polarization and C-
point index signs is illustrated in Fig. 3 (panels b and d,
respectively).

We can derive an analytical expression for the
discriminant Dy, the sign of which determines the type
of a C-point according to the classification by the
number of straight rays N¢ crossing the singularity [20].
The discriminant looks like

Dy = (Ri/It} +1)?+a? -1,
Ry = (p0,R) ,

P=Pk

a1 = (pdy0)
P=Pk

If Dp > 0, then No = 3, and the C-point will be

of the star or monstar type, depending on I = —1/2
or I = +1/2, respectively. It is easy to see that, at
Ic = —1/2, the derivative R; is positive, so that such
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Fig. 3. Angular polarization patterns are shown as the fields of polarization ellipses in the plane with coordinates = pcos¢ and

y = psin ¢. The lemons and monstars are depicted as rhombs and triangles, respectively. Curves correspond to L-curves. Incident light

is polarized linearly. Grayed ellipses correspond to the right polarization of light

points are always of the star type. The monstar type
arises if the amplitudes of the transmission coefficient
gradients are large enough. For example, let R; <
—2|t|%. In cells that are thick enough, all C-points with
k> 1 and Ic = +1/2 will be monstars. If £ = 0 (the
conditions are close to normal incidence), then Dy, < 0,
and C-points are always of the lemon type, which is
characterized by the equalities No =1 and I = +1/2.
The equation
Im(t.t,)sin2¢p = 0 (26)
describes L-curves. There are evidently two straight
lines ¢ = ¢, and ¢ = ¢, + 7/2, where the polarization
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vectors of the incident and transmitted waves are
parallel to each other: ¢, = ,. The other L-curves
are circles, the radii of which are the solutions of the
equation § = 7k with £k = 1,... ,N — 1. It can be
demonstrated that ¢, ~ 1, for even k’s and ¢, = 1, +2¢
for odd omes. It is also evident from Fig. 3 (panels
a and c).

4. Comparison of the Theory with Experiment
While making theoretical calculations, the value of

aperture-dependent scale factor (see Eq. (16)), which
determines the radii of circles containing C-points, was
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taken to be 7 mm. This factor depends on the angle of
the beam divergence aperture: the smaller the divergence
angle of the beam, the smaller are the radii of the
circles, on which the C-points are located. If the value
of the quantity rtan 6i,. (see Eq. (16)) is less than that
of po (see Eq. (18)), the C-points cannot be resolved
experimentally; it is the case close to normal incidence.

In Fig. 3, the angular polarization structures,
both experimentally measured (panels a¢ and c¢) and
theoretically calculated (panels b and d), are depicted.
The presented patterns illustrate the alternation effect
for the topological sign of C-points, which is described by
Eq. (23). In full accordance with the theory (Eq. (23)), at
the center of the polarization-resolved conoscopic image
(Fig. 3) there are four C-points of the lemon type. On
the next circle, where the gradient amplitudes for the
transmission coefficients start to increase, there appear
C-points of the star — according to Eq. (18) — and
mounstar — according to Eq. (24) — types. It should be
noted that the polarization structure does not change
as the polarization azimuth of incident light varies, but
only rotates by the angle equal to the azimuthal one (see
Eq. (21)).

The L-curves in the theoretically calculated angular
polarization patterns (Figs. 3,b and 3,d) form two
coordinate axes, which rotate together with the
azimuth, and concentric L-circles, which separate circles
containing C-points. In the experimentally obtained
patterns, the L-curves do not form a continuous grid
of straight lines and circles. Instead, the grid of L-
curves decays into a set of closed contours (Figs. 3,a and
3,¢), which is explained by the inhomogeneity of the LC
cells, as well as by the influence of the light scattering
by director’s fluctuations, which gives rise to a change
of the light polarization state after light having been
transmitted through the LC cell.

5. Conclusions

The angular distributions of polarization ellipses, which
reflect the polarization structures — the origin of
conoscopic images, — have been obtained. On the basis of
the exact solution derived for the transmission problem,
the characteristics of the polarization singularities in
those distributions have been analyzed theoretically.
In particular, C-points were demonstrated to form
symmetrically located radial structures, and the
topological index of C-points was shown to alternate its
sign while crossing the boundaries of those structures.
The comparison of theoretical results with experimental
data evidences for good agreement between them.
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KYTOBA TIOJIAPU3AIINHA CTPYKTYPA
ITPOITYCKAHHA TOMEOTPOITHOT
KOMIPKI1 HEMATHKA

P.I" Bosk, O./]. Kuceavos, 1.0. Bylinui, M.C. Cocxkin
PesowMme

SuaiiIeHo, MO NOoNApHU3aIiiiHa CTPYKTypa CBITJIA MICIA TPOXOJ-
2KEHHSI TOMEOTPOITHO OPI€HTOBAHOI KOMIipPKH, 3aII0BHEHOI HEMATH -
uuM pigkum kpucrasom (HPK), xapakrepusyerbcs HasgBHICTIO IO~
JSIpU3alilHUX CUHIYJIIPHOCTEH, AKi BUHUKAIOTh BHACJIIOK iHTEp-
depenIiil BjIacHUX XBWJIb aHI30TPOIHOIO cepejioBuilia. Bumipro-
BAHHS IIOJISIPU3ALINHO PO3A1IEHIX KOHOCKOIIYHUX 300paskeHb Oy-
JIO BUKOHAaHO 3a JOIOMOIOI0 METOJy CTOKC-nossspumMerpil. [lys
TOMEOTPOITHOI KOMIPKH XapaKTEPUCTHKU IOJIIPU3AMIAHUX CUHIY-
JIIPHOCTEN B KYTOBHUX PO3IOAIIaxX eJIICiB mmossipu3anil 06unciIeHo
anajiTu4yHO. ITokazaHo, 1110 PE3yJIbTATH TEOPETUIHUX PO3PAXYHKIB
Ho6pe y3romKyIOThCSI 3 €KCIIEPUMEHTAJILHIMI JAHUMH.
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