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Kossel diagram of an aligned cholesteric phase
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The selective reflection of light by the cholesteric phase has been examined using the Kossel technique. The
Kossel diagram observed for an aligned monodomain sample, viewed down the helicoidal axis, using crossed
polarizers, consists of a single bright annulus. Within this annulus two features are visible—a bright central
ring and a pattern of four spiral arcs. When the analyzer is rotated from the crossed to the uncrossed position,
one diagonally opposite pair of arcs remains stationary and the other pair rotates around the ring until it
becomes superimposed on the stationary pair. The handedness of the spiral pattern is related to the chirality of
the phase and offers a direct way of experimentally determining the twist sense—a cholesteric phase with a
right-handed twist giving a clockwise spiral pattern. The presence of the more intense central ring and the
spiral “extinction” pattern are in accordance with the analytical modeling of the selective reflection of cho-
lesteric phases by Oldarei al. [S1063-651X99)02802-Q

PACS numbegs): 61.30.Eb

INTRODUCTION pitch, wavelength, incidence angle, polarization state of the
incident beam, and a range of analyzer conditions.

It was the iridescent effects produced by the selective re- In parallel with these experimental investigations there
flection of light by cholesteric phases that prompted the syshas been a succession of theoretical treatments, dating from
tematic study of thermotropic liquid crystals a century agothe early models of Oseefl3] and de Vries[14] and
[1]. Some indication of the complexity of the optics involved the subsequent, work of Taupiii5], Fergason[2], and
is given by fact that anything approaching a complete anaBerremar]{3-5|. These theoretical studies culminate with the
lytical treatment of this effect has only recently emerged. analytical treatments of Dreher and Me[é6] and Oldano

There have been a number of different experimental apet al. and Miraldiet al.[9-12]. In these later treatments, the
proaches aimed at understanding the selective reflection atate of the light in the sample is described as a superposition
light from cholesteric liquid crystals. The earliest and sim-of Bloch wave eigenmodes. Light of a particular frequency
plest of these used a “straight through” geometry to inves-and incidence angle will, in general excite four eigenmodes.
tigate the light transmitted and reflected normal to theEach of these represents an elliptically polarized ray travel-
sample, i.e., along the helicoidal axis. Studies of this kinding through the medium with a periodicity which matches
were carried out by Fergas¢@] and Adamset al. [3] who  the environment it experiences. However, these modes are
showed that, under these conditions, the sample acts aspaired and within each pair the only difference is that the
circularly polarizing filter and that an unpolarized incident components of the wave vectors along the helicoidal axis
beam is resolved into two circularly polarized componentsdiffer in sign while the perpendicular components are the
one of which is transmitted and the other reflected. same. Hence for any specific frequency and incidence angle,

Later investigations examined the situation with singlethere are only two truly independent modes. The Oldano
domain samples and with obliquely incident light. For ex-approach derives the wave vectors for these two modes.
ample Berreman and Scheffpt,5] examined the situation For each mode there are two possibilities. If the wave
where the incident beam of plane polarized light strikes thesector is real, the mode is stable and is transmitted. Alterna-
specimen at 45° and where the light reflected at 45° is monitively, if the wave vector is complex the mode is unstable
tored. They varied the temperature and hence the pitch of thend is reflected. Either of these conditions can apply to either
cholesteric phase and explored the relationship betweeof the two independent modes giving three distinct combina-
wavelength and pitch. They observed the first- and secondions.
order Bragg reflections and found that there was fine detail (1) Both wave vectors are realn this case the wave
within these which depended on the polarization conditionspropagates without attenuation, the light is transmitted and
Both reflection bands appeared to be divided into three comthere is no reflection.
ponentswhich corresponded to different polarization states  (2) One of the wave vectors is real and the other is com-
which were more distinctly separated for the second ordeplex.One of the modes is therefore transmitted and the other
reflection. Recent more comprehensive treatments of Sugitaflected with geometry corresponding to a Bragg reflection.
et al. [6] and Takezoeet al. [7,8] and Miraldi et al. [9,10] (3) Both wave vectors are compldgr) If there is no mode
and Oldancet al.[11,12 explored the effects of varying the mixing, both modes are reflected independently with geom-

etries corresponding to Bragg reflections and all of the inci-
dent light is reflected(b) If there is mixing of the eigen-
* Author to whom correspondence should be addressed. Electronimodes, complete reflection occurs but the geometry does not
address: Helen.Gleeson@man.ac.uk correspond to Bragg reflection.
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FIG. 1. The Stability chartredrawn from Oldaneet al). The
axes in the figure aren (=nsin 6, wheren is the refractive index (@) Director
and @ the angle of incidengeand reduced frequency\2p, wherex
is the wavelength ang the pitch of the cholesteric phase. The
unshaded region indicates where both modes are transmitted. In the
lightly shaded regions one mode is transmitted and the other selec-
tively reflected. In the heavily shaded regions, both modes are re-
flected. (In the solid black regions both modes are reflected and
there is mode mixing.The region of this chart of relevance to this
investigation is shown in the rectangular box.

Both Dreheret al. and Oldanoet al. have laid out the
ranges of incidence angles and wavelength for which these
various conditions apply on stability charts. The Oldano
et al. form is shown in Fig. 1. FIG. 2. The geometry of optical Kossel line production. In the

This paper reports a study of the selective reflection oKossel diagram technique a highly convergent beam of light from
light from cholesteric liquid crystals using the Kossel dia- the laser is incident on the sample. Most of this light passes through
gram technique which is better known in the context of lig-the specimen, but rays incident at the Bragg angle are selectively
uid crystals in the study of blue phases. Half a century aftefeflected. They are imaged by the objective lens and the Kossel
their discovery for x ray$17], the optical analogs of Kossel diagram is focused in the back focal plane. In this experiment a
lines were used in the study of the liquid crystal blue phase§'ng|e domain chqlestgrlc sample. was used with |t§ hehcmda} axis
[18]. Blue phase structures have repeat distances in the vi§rallel to the optic axis of the microscopi@) To a first approxi-
ible wavelength range and they selectively reflect light undefation the Kossel diagram is a single annular ring showing where
broadly similar general conditions to those involved in thethe incident a}nd reflected rays are in apcqrdance W't.h a first order
Bragg reflection of x rays from crystal structures. The Kossefr299 reflection from the periodicity within the specimen. How-
lines given by the blue phases have been used extensively Fycr. € situation is more complex than this and the change of
their study in the examination of their structural Symr‘netrieﬁpolarlzatlon_state across_the_ ring gives the fine detail _dls_cussed
. - ater. (b) defines the polarization directions and angle of incidence
(i.e., their space groud49,2Q), order parameter®1], and in this experiment.
the phase of the blue phase struct[28]. In the work pre-
sented here we are concerned with the Kossel diagrams pro- o S _
duced by aligned cholesteric phases and in particular, thEespect to the viewing direction. The image created by these
zero-order reflection band at the position indicated by thdines in the back focal plane is called the Kossel diagram.

rectangular box in Fig. 1. Two lasers were used, a visible laser diode operating at
670 nm and an lon Laser Technology 450 ASL tuneable
EXPERIMENTAL APPARATUS Argon laser which gave intense radiation at two wavelengths

(488.0 and 514.5 njn These lasers were coupled to the re-
The geometry of the Kossel diagram technique employediection arm of an Olympus GHMJ metallurgical reflection
here is shown in Fig. 2 which also defines the polarizatiormicroscope using a short length of fiber optic bundle. The
states referred to throughout the paper. The general arrangight was focused onto the sample using an Olympusx100
ment of our apparatus is outlined in Fig. 3. Monochromaticoil immersion objective with a numerical aperture of 1.3,
light is generated with a laser and then made to converge oallowing a wide range of incident angle to be generated. In a
the sample using a high numerical aperture objective of @ample with refractive index of the order of 1.566, this al-
microscope. The selectively reflected light can then be collows a total angular range of up to 110°. In order to maintain
lected using the same objective and the Kossel lines arthe temperature stability of the sample, the objective was
brought to a focus in the back focal plane. In general, Kossehlso heated using a Linkam TMS90 temperature controller
lines appear as projections of circles onto a plane givingvith a stability of +0.01 °C.
either circles, ellipses or straight lines, depending on the ori- The Kossel diagram was imaged using a CCD video cam-
entation of the corresponding reciprocal lattice vector withera with resolution of about 640 by 480 pixels. The video
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FIG. 3. Apparatus for the production of optical Kossel lines. A

sketch showing the principal features of the apparatus used to ob- FIG. 4. The observed Kossel diagram. A Kossel diagram of the
tain optical Kossel diagrams. The light from the laser source icommercial thermochromic material TM533 at a temperature of 1.4

reflected in the half-silvered mirror and is focused onto the speci-C above the smectié— cholesteric phase transition, obtained

men in a highly convergent beam. The specimen is contained paVith crossed polarizers. Note the features within the annular ring,
tween a glass slide and cover slip. the brighter central ring, and the pattern of four spiral arcs super-

imposed on both inner and outer regions of the annulus.

images were then digitized using a DIPIX Technologies DISCUSSION
P360F frame grabbdr23] and image processing software U

[24] both installed into 486 IBM-compatible personal com-  The data obtained in our experiment using the Kossel
puter. technigque corresponds to the region of the stability chart
noted in Fig. 1. In this region of the stability chart, the first-
order reflection band has a relatively narrow central part
MATERIALS where both modes are reflected, and broader, more or less

The commercially available thermochromic mixture symmetrical areas where there is reflection of only one of the

TM533 (Merck UK Ltd) [25] was used. This provided a WO modes. At first sight therefore, we would expect, the
convenient temperature-dependent cholesteric phase whidjensity profile across a reflection to have the form shown in
reflected across the whole visible spectrum. The sample wag9: @ Wwith a central, relatively sharp spike with flat shoul-

held between a glass slide and cover slip which had beef{ers: For unpolarized incident light and with no analyzer,
treated with polyvinyl alcoholPVA) and rubbed to produce this is more or less the case, but when linear or circular

a planar alignment. The sample was approximatelyufo- polarizers and/or analyzers are used the situation is more
thick ' complex because of the change in polarization state across

the reflection band. For example, if therr geometry is used
we would expect an intensity profile of the form shown in
Fig. 5b).
RESULTS The intensity with which the possible modes are excited
The Kossel diagrams obtained are shown in Fig. 4. Thelepends on the polarization state of the incident light and if
most striking feature of these diagrams is the detail visiblean analyzer is inserted, the portion of the reflected light
within the annulus; the central more intense ring and thavhich passes through it depends on its type., linear or
superposed darker spiral bands on both the inner and outeirculan and orientation. There is therefore a wide variety of
parts of the annulus. The detail observed within the annulupossible experimental conditions which can be explored.
was dependent on the polarization state of the incident an8ome of these are described in the paper by Miratdil.
detected light. When a polarizer, but no analyzer, was used,[d2]. The situations which are of concern here involve lin-
single pair of dark spiral arms was seen. When crossed pearly polarized incident light with the two orthogonal polar-
larizers were used, a pattern of four spiral arcs was seen arigation directionss and 7 as defined in Fig. 2. The intensity
this pattern was found to rotate bodily when the crossed poprofiles across the reflection bands when observed with a
larizers were rotated together. If the polarizer was held stapolarizer but no analyzer for these two conditions are shown
tionary and the analyzer rotated on its own out of the crosseth Fig. 6(@. The corresponding situations with plane-
position, one pair of the spirals on opposite sides of the ringpolarized analyzers added in the crossed and uncrossed po-
remained stationary and the other pair rotated in the samsitions are shown in Figs.(B) and €c). The two profiles
sense as the analyzer and ultimately merged with the statioshown in Fig. §b) correspond to the two perpendicular sec-
ary pair when the two polarizers were in the parallel positiontions across the observed Kossel annulus shown in Fig. 7 at
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FIG. 5. The intensity profile of the reflection band. At a position corresponding to the rectangular box drawn on Fig. 1 the zero-order
reflection band has two parts: the central region where both modes are selectively reflected and the shoulders where only one mode is
reflected. At first sight, one might expect the intensity profile across the band to have the form sh@vwith a central peak and two
shoulders of equal intensity. However, as sketcheg)nbecause of the change of polarization state across the band and because the central
two mode region has a different polarization state to the adjoining parts of the one mode fegi@mzed at the bottom of each skekch
the observed intensity profile is more complex and depends on the orientations of the polarizer and analyzer used. For incident plane
polarized light, the observed intensity is a function of the modes excited by the incident light and the components selectively transmitted by
the analyzer. The intensity profiles expected for linear polarizers #laewith no analyzepsare shown in the sketches labeledand 7.

The profiles expected for combinations of crossed and parallel polarizers are shown in the sketches{abetetiando-, o-o. Note that

the incident plane polarized light excites the central two mode band in the orthogonal sengeXdtess and converselyr exciteso. In

practice the situation is further complicated by the fact that the sample is a finite number of pitches thick. This has the effect of modulating
the experimentally observed profiles giving traces of the form shown in Fig. 6.
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FIG. 6. Results of the Miraldét al. study. These six figures have been redrawn from the paper by Metlhli [12]. These workers
obtained a remarkable level of correspondence between the experimental and theoretical intensity profiles with the two sets of patterns being
virtually indistinguishable. Note that the sinusoidal modulation of these profiles is a function of the thickness of the experimental sample cell.
The number of pitches of the helicoidal structure in the sample thicKmé¢ssh was constrained to be an integer or half integer, because of
the epitaxial alignment of the upper and lower surfaces of the samvpkethe only parameter allowed to refine in their treatm@nhProfiles
of the intensity across théirst-orde) reflection band using incident plane-polarized light and no analyzer.#Thed ¢ directions are as
defined in Fig. 2(b) Intensity profiles for crossed polarizers in ther and -0 geometries. These correspond to the sections of the Kossel
annulus shown in Fig. 7 at the 9 o’clock and 12 o’clock positions, respectit@lyrofiles for uncrossed polarizers in thewr and o-o
geometries. These correspond to the sections of the Kossel annulus shown i@Fagtiee 9 o’clock and 12 o’clock positions, respectively.

the 9 o’clock and 12 o’clock positions. The two profiles
shown in Fig. 6c) correspond to similar sections across the
Kossel annulus shown in Fig.(@. Note that for a plane-
polarized incident beam the central region of the reflection
band is plane polarized in an orthogonal sense to the incident
beam(i.e., 7 excitation gives ar polarized central band and
converselyo excitation gives ar central zong

The central bright ring.The central, more intense ring,
occurs where both modes are reflected. One would therefore
expect to find that the profile of the reflection observed
would have the simple two step form shown in Figa)5and
the annular ring would have a more intense central band.
This is more or less the case, but the situation is complicated
by the polarization state of the light. If crossed polarizers are
used, spiral “shadows” are superimposed on both the central
ring and on the outer part of the annulus as discussed below.

The spiral pattern.In general, the light selectively re-
flected by the cholesteric structure is elliptically polarized.
FIG. 7. The origin of the spiral arm pattern. This diagram shows’o‘ccord.Ing to.the treatment of Oldaret al. the orientation of
the polarization state at different parts of the Kossel ring. For clar-t_he major axis of the _elllps_e rotates as we trgverse the reflec-
ity, the central, more intense baridorresponding to the region tON band, from a radial alignment on the inside, to a tangen-
where both modes are reflecidtas been omitted. For crossed po- ial alignment on the outside, as shown in Fig. 7. This figure
larizers the combined effect of the components of the modes ndéXPlains both the spiral detail obtained using crossed polar-
excited by the incident beam and the components subsequently rizers and the change in appearance of the spiral pattern when
moved by the analyzer gives rise to the pattern of four spiral armsthe analyzer is rotated. There are two stages in this explana-
The regions within the rectangular boxes correspond to separaféon.
experimentaland theoreticalinvestigations with crossed polarizers (2) It is only when the incident beam is unpolarized that
by Oldanoet al. shown in Fig. 6b). the elliptical modes can be fully excited. If the incident beam
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FIG. 9. The relationship between the chirality of the cholesteric
phase and the sense of the spiral pattern within the Kossel annulus
observed crossed polarizers. A left-handed cholesteric phase gives a
Kossel pattern which spirals outwards in an anticlockwise sense
whereas a right-handed cholesteric phase gives a Kossel pattern
which spirals outwards in a clockwise sense. The Kossel technique
therefore offers a direct method for determining the handedness of a
cholesteric phase in contrast to the classical method which involves
the formation of compensated mixtures with cholesteric phases of
the opposite chirality.

the horizontal components have not been excited.

(2) If an analyzer in the crossed position is used, then the
horizontal components of the array are extinguished and the
pattern of four spiral arms is created, Fighg If the ana-
lyzer is rotated out of the crossed position, one pair of arms
rotates as shown in Fig(® until, when the parallel position
is reached, the spiral arcs become superimposed.

If we ignore the central, more intense bafubrrespond-
ing to the region where both modes are reflegtdte pattern
observed for parallel polarizers is the same as the pattern
observed using the polarizer alone.

The relationship between the handedness of the choles-
teric twist and the sense of the spiral arc pattefine sense
of the spiral arc patterfi.e., whether it spirals outwards in a
right-handed or left-handed waydepends in the way in
which the polarization state changes across the reflection

FIG. 8. The effect of uncrossing the polarizers. If the analyzer isband and this is a consequence of the handedness of the
rotated from the crossed to the uncrossed position, one opposite paiholesteric phase. In order to determine how the sense of the
of spiral arms remains stationary and the other rotates until it bespiral detail within the Kossel ring is related to the handed-
comes superimposed on the stationary pa@rA representation of ness of the cholesteric sample, the classical “compensated
the modes excited when the incident beam is plane-polaigéd  mixture” method was used. A contact preparation of TM533
no analyzex. The 9 o’clock and 12 o’clock radii correspond to the \wgs made with the Merck chiral dopant C15. The latter
separate experimental and theoretical investigations by Miraldigrms a left-handed cholesteric phase when mixed with non-
et al. for the o and 7 situations, respectively, shown in Figlad  chjral nematic phases. It was found to cause the pitch of the
(b) The modes transmitted with crossed polarizer and analyzer. ThfFM533 to increase, i.e., it unwinds the helicoidal structure.
_9 o’c_:lock and _12 o’clock radii correspopd to the co.nditions Shownance we infer that the TM533 mesophase is right-handed.
n Fig. 6b) with 7o and o-m geometries, respectivelyc) The | o hears that right-handed cholesteric phases give Kossel
modes transmitted with polarizer and the analyzer in the 45 p05|ﬁr]gs in which the detail spirals outwards in a clockwise
tion. .
sense and conversely, left-handed cholesteric phases would
be expected to give patterns which spiral outwards in an
is plane polarized, some of the components are missing. Hnti-clockwise sensgThis relationship must be implicit in
can be seen from Fig.(8 that the locus of the positions the Dreher and Oldano treatments and we intend to explore it
where the major axis has a particular orientatjeertical in  in a future publication. The Kossel diagram therefore offers
this sketch is a pattern of two spiral arms. The annulus a direct and totally unambiguous way of determining the
observed using a plane polarizer and no analyzer, therefotlgandedness of a cholesteric phéshkich does not make any
contains two dark spiral arms, indicating the regions whereassumptions about the behavior of chiral dopgardsright-
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handed cholesteric phase giving a left-handed spiral patterano et al. The relationship between the handedness of the
(Fig. 9. spiral pattern and the chirality of the cholesteric phase offers
a direct way of determining the sense of twist of a cholesteric

CONCLUSION phase.

The Kossel diagram obtained from an aligned sample of
the cholesteric phase viewed with crossed polarizers, is a
single annular ring. Within this ring there are two features, a
central ring, and a pattern of spiral arcs. Both of these fea- The authors would like to thank the EPSRC and the MOD
tures are compatible with the analytical treatment of the sefor financial suppor{Grant No. GR/H/9586)) and William
lective reflection of light from helicoidal structures by Old- Deakin for useful and enthusiastic discussions.
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