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Abstract. The optical properties of the liquid-crystal analogue of the Abrikosov phase, thg TGB
phase, have been examined for the first time using the Kossel technique. The Kossel diagrams
observed between crossed polarizers each consist of a bright annulus on which a darker spiral
pattern is superimposed. Identical patterns have been reported and explained previously for the
chiral nematic phase and the results presented here indicate that the optics of the@f&3B are
analogous to those of the cholesteric phase. Both the pitch and handedness of thehEG8have

been measured from the Kossel diagrams. The pitch of the material was found to be approximately
linear with temperature, ranging from around 550 nm at the f@&BSmGC; phase boundary to

450 nm at the TGR-to-isotropic phase boundary.

1. Introduction

Kossel lines have an interesting history. Very early in the study of x-ray diffraction it was
noticed that patterns of dark lines occurred in transmission photographs taken with divergent
beams of monochromatic x-rays [1]. These were shadows of Bragg reflections and are formed
as shown in figure 1. Since Bragg reflections occur in families of cones whose axes are normal
to the reflecting planes, Kossel lines have the form of conic sections: circles, ellipses and
hyperbolae, depending on the scattering geometry. The relative positions of Kossel lines can
be very sensitive to the repeat distances in the sample and values for the unit-cell dimensions
determined from them accurate to one part iR h@ve been claimed.

Reflected x-ray Kossel lines, rather than their shadows, can also be observed, especially
in situations where fluorescent x-rays are produced within the crystal. In the conventional
geometry of x-ray diffraction studies, a collimated, approximately parallel beam of mono-
chromatic radiation is used (figure 2(a)). The diffraction pattern given by a single crystal
consists of an array of spots each of which corresponds to the Bragg reflection from a particular
family of planes. If, however, the x-rays used have a wavelength close to an absorption edge of
one of the atomic species present in the crystal, fluorescent x-rays are produced (figure 2(b)).
Because this occurs within the crystal itself, the geometry of the diffraction effects is totally
different. It can be treated as if there were a point source at the centre of the crystal. Patterns
with a similar appearance are relatively common in electron diffraction studies and are known
as Kikuchi lines.
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Figure 1. A representation of the first observations of Kossel lines as shadows in the pattern of
transmitted x-rays, showing where Bragg reflection has weakened the transmitted beam.
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Figure 2. The production of x-ray Kossel lines by fluorescent x-rays. (a) In the usual geometry
for x-ray diffraction studies a collimated beam of incident x-rays is used and each set of planes in a
Bragg reflecting position gives rise to a narrow parallel diffraction beam. (b) If the wavelength of
the incident x-rays is close to an absorption edge of one of the atomic species present in the crystal,
fluorescent x-rays are produced. These can be treated as if they arise from a point source at the
centre of the crystal. The divergent light gives rise to Kossel lines.

Half a century after their discovery for x-rays, the optical analogues of Kossel lines were
observed in studies of the liquid-crystal blue phases [2]. These structures have repeat distances
in the visible wavelength range and they selectively reflect light under similar geometrical
conditions to those for the Bragg reflection of x-rays from crystal structures. The Kossel lines
observed from blue phases have been used primarily in the study of the structural symmetries
of these systems [3-5], though quantitative structural measurements have also been made [6].
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The optical conditions for the observations of Kossel lines in liquid-crystal systems at visible
wavelengths are, unsurprisingly, different from those for the x-ray case. Monochromatic light
may be generated using a laser and then made to converge on the liquid-crystal sample using a
microscope and a high-numerical-aperture objective. The reflected light may then be collected
using the same objective and the Kossel lines observed in the back focal plane as bright lines
on a dark background. In this optical arrangement the Kossel lines appear as the projections of
circles onto a plane giving either circles, ellipses or straight lines depending on the orientation
of the reciprocal-lattice vectors to the viewing direction. The image created by these lines in
the back focal plane of the objective is called a Kossel diagram. Each position on the Kossel
diagram is directly related to the directional parameters of the collected light, i.e., the incident
and azimuthal angle relative to the objective.

Inaddition to its application to the helicoidal blue phases, the Kossel diagram technique has
been used to study aligned samples of chiral nematic liquid crystals [7]. Amonodomain sample
with the helicoidal axis parallel the microscope axis results in a Kossel diagram consisting of a
bright annulus, the width of which is related to the birefringence of the system. The technique
can be applied to any helicoidal structure, including chiral smectic phases, though the chiral
tilted phases exhibit a more complex optical structure than the chiral nematic phase, so analysis
of the Kossel diagrams is correspondingly more complex. Twist grain boundary (TGB) phases
form a novel class of smectic phases with helicoidal structures that have been observed in many
highly chiral liquid crystals [8, 9]. In the TGBphase, screw dislocations occur periodically
through the planes of the smectic-A phase, resulting in a helical macrostructure which retains
blocks of the smectic-A layered arrangement. The k@Base is the liquid-crystal analogue of
the Abrikosov phase [10], and the frustrated structure is usually stable over only a few degrees.
There have been rather few discussions of the optical properties of TGB phases [11-13]. This
paper reports a study of the optical properties of the X@Base of the liquid-crystal material
14P1MT7 [14] (also known as AS425 [14b]) using Kossel diagrams. The Kossel diagrams are
used to deduce the handedness of the structure and to determine accurately the pitch variation
across the TGRB phase range.

2. Experimental apparatus

The apparatus used to produce Kossel images in this work has been described previously
in several papers [15, 16]. A visible laser diode emitting at a wavelength of 670 nm was
used as the light source. The laser was coupled to the reflection arm of a Olympus BHMJ
metallurgical reflection microscope. The monochromatic light was focused onto the sample
using an Olympus 100 oil immersion objective with a numerical aperture of 1.3, allowing

a total angular range of incident light of up to 1@ the sample. In order to maintain the
temperature stability of the sample, the objective was also heated using a Linkam TMS90
temperature controller with a stability @f0.01 °C. The Kossel diagram image, generated

in the back focal plane of the objective, was imaged using a lens and CCD video camera,
giving a Kossel diagram image resolution of about 30800 pixels. The video images were
digitized using a frame-grabbing card and image-processing software both installed onto a 486
IBM-compatible personal computer.

The radial position of a point on the Kossel diagram is directly proportional to the sine
of the angle at which light enters the objective, even for high-numerical-aperture systems
[16]. Hence, direct measurements may be made from the Kossel diagrams. This property was
checked and the Kossel diagrams calibrated using a reflecting diffraction grating, having well
defined angles of diffraction. Details of the calibration have been given elsewhere [16] and the
numerical aperture of the optical system using thex1 80 immersion objective was found to
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Figure 3. The chemical structure and phase sequence of the compound 14P1M7 [14] used in the
experiments. The numbers denote temperatures in degrees centigrade. The brackets and reverse
arrows in the phase sequence indicate monotropic phases.; $r#h antiferroelectric phase,

SmG is ferrielectric and SmCis ferroelectric. The structure of the phase Sm€still open to
question.

be 123+ 0.01. The material studied here was the compound 14P1M7 [14b] provided by Hull
University, shown in figure 3, which exhibits a TGBhase below 100C. This material was
chosen for study because of the relatively low temperature at which thg p@dse occurs, the
upper temperature limit being determined by the temperature to which the objective lens could
be heated safely. The slight differences in transition temperatures reported for the material
studied here (synthesized with the batch code AS425) and 14P1M7 are attributed to different
optical purities of the two batches of the material.

3. Theory of oblique-angle selective reflection from cholesteric helices

The optics of the TGR phase has not, at this stage, been completely described theoretically.
However, to a first approximation, it seems reasonable to assume that at wavelengths of the
same order as the helical pitckk@00 nm) the discrete nature of thg Blocks ~20 nm) will

not significantly affect the optical properties of the phase. Hence the work carried outin recent
years considering the optical properties of the cholesteric phase may be used to describe the
essential properties of reflection from the T&Bhase.

Much of the early work considering the selective reflection of light from cholesteric helices
at oblique angles primarily involved computer simulations [17, 18]. However, in more recent
work, Oldano and co-workers [19, 20] have derived solutions on a more analytical basis using
the fact that the electric field vector of the light in the liquid crystal takes the form of a Bloch
wave. Any wave travelling in a periodic medium takes on the periodicity of the medium
and is a Bloch wave. Hence, this wave may be considered as an infinite Fourier series. In
different papers, Oldano and co-workers determine the coefficients of this Fourier series by
either calculating the determinant of an infinite matrix using various approximations, or by
considering only the largest components of the Fourier series [21].

To summarize their results, Oldaatal find that light of a certain frequency and incidence
angle will, in general, excite four modes which represent elliptically polarized light travelling
through the medium. However, for each of the modes, one of the other modes differs only
in the sign of its wave-vector component along the helical axis. Hence, these two modes are
complimentary and only two truly independent modes exist for any specific frequency of light
and incidence angle. The wave vectors for these two modes are derived and a humber of
possibilities found: firstly, both wave vectors are real in which case the two modes propagate
without attenuation (figure 4(a)); secondly, one or both wave vectors are complex and the
modes are attenuated, corresponding to a reflection of light into the complimentary mode
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Figure 4. Representation of the various modes that occur in a helicoidal structure.

and fulfilling the Bragg condition (figures 4(b) and 4(c)); finally, both the wave vectors are
complex, giving reflection, but the usual Bragg condition is not fulfilled (figure 4(d)), and there
is a mixing between the modes.

For the purposes of discussion, a material-independent reduced parameateay be
defined for the incidence angle such that

m =nj Sine[c = Nglass Sineglass =

wheren,;, andn,g,, are refractive indices in the liquid crystal and glass slide of the sample
cell respectively ané,. andf,,,, are the angles of propagation of the light. For the frequency
of the light the situation is more complex. Oldagioal define a reduced frequeney,, as

w 14

2gc  2xn
wherew is the angular frequency of the lightjs its wavelength in free spaceis the speed of

light, p isthe pitch of the helix in the mesophase anslthe chirality. The theoretical behaviour
of the solutions of Maxwell’'s equations in the helicoidal structure may then be summarized
by a stability plot, or map of the solutions, illustrating the various optical properties of the
helical structure as a function of the reduced parameters (figure 5). Since the Kossel diagram
technique exploits monochromatic light incident on the sample from many angles, a radial
cross section through the Kossel diagram is directly related to a vertical cross section of the
stability plot (the line CD in figure 5). Conversely, a reflection spectrum is equivalent to a
horizontal cross section through the stability plot (the line AB in figure 5).

Oldano and co-workers [20] discuss the polarization properties of the modes in some
detail. In a previous paper, the various theoretical discussions of selective reflection from
chiral nematic liquid crystals were used to explain the polarization-dependent details that
were observed in the Kossel diagrams of aligned helicoidal structures [7]. The details are
not repeated here, but the Kossel images of aligned chiral nematic samples each comprise
a bright annulus with a superimposed dark spiral structure. An intense central ring within

W, =
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Figure 5. A theoretical stability plot showing the reflection properties of the cholesteric helix as a
function of frequency and incidence angle (after Oldahal [19, 20]). The line AB represents a
frequency spectrum taken at fixed incidence angle. The line CD represents a radial section through
a Kossel diagram image at fixed frequency.

the bright annulus may also be observed when both modes are reflected. The handedness of
the spiral pattern observed is related to the chirality of the phase with a right-handed twist
resulting in a left-handed spiral pattern. The presence of the more intense central ring and the
spiral ‘extinction’ pattern are in full accordance with the analytical modelling of the selective
reflection of cholesteric phases by Oldaial

4. Results and discussion

The sample of 14P1M7 was placed between glass slides which had been treated with rubbed
polyvinyl alcohol (PVA) to promote planar alignment. The PVA alignment causes the helix
of the TGB, phase to align perpendicular to the sample cell surfaces, parallel to the viewing
direction. Kossel diagram images, shown in figure 6, were taken at a range of temperatures
across the TGRB phase of 14P1M7. As may be seen from figure 6, the Kossel diagram images
consist of annuli, as would be expected for a helicoidal structure aligned along the viewing
direction and reflecting the incident light. Comparing the appearance of the Kossel diagrams
to that expected from the stability plot (figure 5) it may be seen that the Kossel diagrams
correspond to reduced frequencies arowpd- 0.4. In such a comparison, the radial position
in the Kossel diagram corresponds to the vertical distance along a line such as CD in figure 5.
The dark central region of the Kossel diagram indicates transmission of light by the helicoidal
structure. The bright annulus indicates reflection of one or other of the modes, or of both.
In figure 6(a), where the central dark region of the Kossel diagram has almost disappeared,
w, ~ 0.3. Quantitative analysis of the data allows pitch measurements to be determined from
the Kossel diagrams, avoiding the dispersion problems associated with such measurements
from reflection spectra. This point is considered in more detail below.

Comparing these Kossel diagrams with those of a monodomain chiral nematic liquid
crystal, TM533 [7, 22], as shown in figure 7, it can be seen that optics of the, TibBse
appears to be identical to that of the cholesteric material. Qualitatively, the Kossel diagrams
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Figure 6. A series of Kossel diagram images taken from the RGBase in 14P1M7 at a range
of temperatures from (a) just below the TBo-isotropic transition to (i) just above the TGB
to-SmG, phase transition in steps off°C. The images were taken at a wavelength of 670 nm.
Notice the spiral bands on the larger annuli.

of figures 6 have poorer contrast than those in figure 7. This is a consequence of the quality of
the monodomain sample studied; it is far easier to produce uniform monodomain samples of
cholesteric liquid-crystals than of any smectic liquid-crystal phase.

4.1. Kossel diagram reflection band spirals

The superposition of darker spiral bands upon the broad reflection band due to the helicoidal
structure of the TGR phase is evident in the Kossel diagrams shown in figures 6(f) to 6(i).
The spirals display opposite handedness in the fBssel diagrams to that in the chiral
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(8 2.8°C, 304 nm (b) 25°C, 310 nm (6) 2.3°C, 314 nm

(d) 1.9°C, 327 nm (e) 1.6°C, 341 nm (f) 1.3°C, 360 nm

Figure 7. Kossel diagrams of TM533 at a range of temperatures above the phase transition from the
smectic-Ato the cholesteric phase. Below eachimage, the temperature above this phase transition is
shown, together with the helicoidal pitch measured from the reflection spectra at normal incidence.
The Kossel diagrams were recorded with 488 nm light.

nematic system (figures 7(d)-7(f)). It can be concluded from direct observation that 14P1M7
has a left-handed helicoidal structure across the f @lgase, while TM533 has a right-handed
helicoidal structure. Sraj@t al [14a], report 14P1M7 to have a right-handed T{8ructure,
though contact measurements [24] confirm the result of a left-handed structure for this system,
deduced from the Kossel diagrams. No spirals are observed in figures 6(a)-6(e) or 7(a)—
7(c) since the structures in those cases reflect almost completely circularly polarized light.
The ellipticity of the polarization, which gives rise to the observation of the spiral structure,
becomes more pronouncedasincreases.

4.2. Pitch measurements from Kossel diagrams

The form of the Kossel diagram obtained from a helical structure such as the DGB
cholesteric phases depends directly on the helical pitch, the refractive indices and the
wavelength of the light used. The Kossel diagrams can therefore be used to deduce various
physical properties of the system, including the helicoidal pitch. The advantages of using
this technique for measuring the helical pitch include the possibility of probing beyond the
visible wavelength range and not having measurements distorted by the natural dispersion of
the material.

The way in which pitch measurements may be made from the Kossel diagrams has been
described in detail elsewhere [7]. The reflected light obeys Bragg’s law for reflections either
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Figure 8. The refractive indices of 14P1M7 as a function of temperature in theaT@®ise.

at normal incidence or for the ordinary ray. In terms of the parameters employed in this paper,
Bragg’s law may be written as

1
ncosd = —
on

wheren is the refractive index of the materidl,is the angle of light propagation with respect
to the layer normal and, is as defined previously. Substituting in

cosh = /1 —sirfe and m = nsind

leads to equation (1):

1 22
m2=n2—ﬁ=n2—?. Q)

The parametem can be measured directly from the Kossel diagrams, once the images have
been calibrated. The inner edge of the annulus is the one chosen for the measurements as
thenn is n,, the ordinary refractive index, and equation (1) is exact. The situation at the outer
edge of the annulus is more complicated as the extraordinary ray does not obey Bragg’s law.
Equation (1) was used to derive pitch measurements in the T@Bse of 14P1M7 from
the Kossel diagrams. The refractive indices of 14P1M7 were found to within 0.5% from the
angle of total internal reflection of monochromatic light from an aligned sample held between
two glass prisms. The temperature was controlledt@l °C and the data are presented in
figure 8. The variation of the refractive indices is almost linear across the temperature range
of the TGB, phase and there is no evidence of any pretransitional phenomena.

Figure 9 shows the pitch measurements deduced from measurements of the position of
the inner edge of the Kossel diagrams apdThe graph illustrates that the T@Bhase pitch
varies by approximately 20% across the 4.2 K temperature range of the phase. Evidence of
slight pretransitional divergence in the pitch may be seen near the transitions to both the SmC
phase and the isotropic phase, though in general the dependence is approximately linear. The
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Figure 9. The pitch of the TGR phase deduced from measurements of the inner edges of the
annuli (figure 6) and the refractive index (figure 8) across the temperature range of the phase.

absolute values of the pitch are similar to those reported for otheraT&yBtems [12, 13],
though the uncertainties quoted here are significantly smaller than those in reference [12].
The data presented in figure 9 can be compared with the pitch measurements reported by
Srajeret al [14a] who also studied 14P1M7. Their pitch measurements were deduced from
selective-reflection data and an assumption of the average refractive index of the material
as approximately 1.6. The measurements reported here agree qualitatively with those in
reference [14a], being approximately linear with temperature, though they differ in their
absolute value and in the slight pretransitional phenomena observed in figure 9. We believe
that the difference in the absolute value of the pitch may be attributed to the differing optical
purities of the different batches of the material studied, since previous measurements on chiral
nematic materials [7] have confirmed the validity of this technique of measuring pitch. The
slight pretransitional divergence observed here is a result of using the temperature-dependent
refractive index values in deducing the pitch and so would not be observed in data derived
from temperature-independent values of refractive index.

5. Conclusions

Spiral features identical to those reported for a chiral nematic material have been observed in
the Kossel diagrams of a TGBphase, confirming the identical optical properties of the two
mesophases. The handedness of the spiral pattern was employed to deduce that 14P1M7 has
a left-handed helicoidal structure in the T@PBhase. Pitch measurements were made from

the Kossel diagrams of the system by considering the position of the inner edge of the Kossel
annulus. The advantages of this method of deducing the pitch over measurements made
from selective-reflection spectra [23] include the fact that only one refractive index needs

to be measured, and that the use of monochromatic light ensures that no dispersion effects
occur. Furthermore, measurements of the pitch from selective-reflection spectra suffer from
experimental error introduced because the light is generally not at normal incidence, a factor
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which does not contribute here. The pitch of the TGihase was observed to increase as the
temperature decreases and, though the variation was approximately linear, the accurate pitch
measurements presented allow us to conclude some evidence of pretransitional divergence
close to the bounding phase transitions, not previously remarked upon.
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