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Optical Kossel line study of an aligned monodomain sample of a cholesteric phase:
Temperature evolution of the Kossel diagram
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In the preceding paper, the optical Kossel diagram of an aligned monodomain sample of a cholesteric phase
was studied. The Kossel diagram reported was a single annular broad ring containing fine detail which
depended on the polarization conditions of the incident light. With crossed polarizers there was a pattern of
four spiral arms and a central more intense band. The pattern was shown to be consistent with the analytical
treatment of the selective reflection of light by the cholesteric phase of Olelaab This paper extends the
investigation to explore the way in which the appearance of the Kossel ring changes with the temperature and
hence the pitch of the sample. Measurements of key positions on the Kossel rings and the features contained
within them are shown to be in good agreement with theory. The measurement of the pitch of the cholesteric
phase from the Kossel diagrams is also descrip8#l063-651X%99)03302-4

PACS numbdps): 61.30.Eb, 78.20.Ci, 78.20.Fm

INTRODUCTION to measure the helical pitch directly from the Kossel ring as

well as deducing the ordinary and extraordinary refractive

The optical Kossel technique offers a method of studyingndices of the system in special circumstances. Measure-

the structures of materials with repeat distances of the ordgnents of the refractive indices and pitch of the system stud-
of visible wavelengths. Such systems include the cholesterid have been made using conventional techniques and these

phase, the twist grain boundary phases, and the blue phase8'® compared with measurements made directly from the

and I1. In the preceding papét] we described a Kossel line Kossel diagrams of the aligned cholesteric system. Hence,

study of an aligned single domain sample of a cholesteri¢h® way in which the Kossel diagrams may be used to mea-

phase at a particular temperature. The helicoidal axis of th&Ure the refractive indices and pitch of a system is described.

sample coincided with the axis of the microscope used to
form the Kossel diagrams. The Kossel diagram was com- EXPERIMENT
posed of a single annular ring and when viewed between

crossed polarizers fine detail comprising four spiral arcs an The apparatus used to generate the Kossel diagrams has
p prising piral i een described in detail elsewhd@. The geometry of
a more intense central band was observed. This fine det

. S . o ossel line formation in the case of cholesteric liquid crys-

and the way in which it varied as the polarization state of th&,q js shown in Fig. 1. Monochromatic light of wavelength
incident light and the or!entatlon of the an_alyzer Were 838 nm was generated with an Argon ion laser and made to
changed appeared to be in full agreement with the earlieggnyerge on the sample using a high numerical aperture mi-
experimental and analytical studies of the reflection of “ghtcroscope objective. The selectively reflected light was then
by cholesteric structures by other workers, particularly bycollected using the same lens. The Kossel diagram is the
Dreher and Meief2], Sugitaet al. [3], Takezoeet al. [4],  diffraction pattern which is observed in the back focal plane
Miraldi et al.[5], and Oldancet al. [6]. of the microscope objective. In general a Kossel diagram
This paper describes the way in which the fine structure otonsists of a family of lines, each of which corresponds to a
the Kossel ring changes with the temperature of the samplgarticular Bragg reflection. The lines appear as projections of
Variation in temperature results in concurrent changes in theircles onto a plane, giving either circles, ellipses, or straight
helical pitch, refractive indices, and birefringence of the chodines, depending on the orientation of the corresponding re-
lesteric material. The temperature variation of the helicakiprocal lattice vector. In the case reported here only one

pitch is generally significant, while that of the refractive in- reflection is involved, the first-order Bragg reflection from
dices and birefringence is minor. The Kossel diagrams of theéhe helicoidal repeat in the cholesteric structure. Since the
aligned sample therefore also vary with temperature, providsample is aligned with its helicoidal axis parallel to the optic
ing a more general test of the degree to which these experaxis of the microscope, this results in a single centrally
mental observations fit their theoretical description. It is inplaced annular ring. If the experiment was concerned with a
principle possible to make quantitative measurements frorgingle incident wavelength and a single value of refractive
Kossel diagrams of liquid crystals, as has been done extelirdex, a single Kossel ring at the Bragg angle would result.
sively for blue phasefr]. In particular, it should be possible The broadening of the reflection from a line into an annulus

arises from the variation of refractive index with the polar-

ization state of the light.
* Author to whom correspondence should be addressed. Electronic The liquid crystal sample studied was the thermochromic
address: Helen.Gleeson@man.ac.uk mixture TM533 provided by Merck, Ltd[9]. The sample

1063-651X/99/562)/18286)/$15.00 PRE 59 1828 ©1999 The American Physical Society



PRE 59 OPTICAL KOSSEL LINE STUDY OF AN ALIGNBD . .. 1829

)\ozﬁp and AN=Anp,

\ \\ / / wherep is the pitch of the cholesteric helin=is the aver-

\ . / age refractive index of the material, ana is the birefrin-
Incident Cone of

light diffracted light gence. The fitted refractive indices were then used to deter-
mine the pitch of the system to withint2 nm from
T~ / measurements oky. The temperature of the sample was
again maintained using a hot stage with an uncertainty of
b Helical =0.1°C.
> pitch
Direction of i ¥ Repeat THEORETICAL BACKGROUND
optic axis and .~~~ distance
helicoidal axi o . . . . .
clheoidarans Director " Modeling the selective reflection of light by cholesteric

structures has proved to be a difficult mathematical problem

FIG. 1. The geometry of Kossel line formation for cholesteric and there has been a succession of papers dealing with this
liquid crystals. The sample is illuminated with a highly convergentsubject, culminating in the analytical approaches adopted by
cone of monochromatic laser light via the high numerical aperturddreher and Meief2] and Oldancet al. [6]. In these treat-
objective. The selectively reflected light is then collected using thements the state of the light within the sample is described as
same objective lens and the pattern which is brought to a focus i@ superposition of two Bloch wave eigenmodes, each repre-
the back focal plane is the Kossel diagram of the system. In generagenting an elliptically polarized ray traveling through the me-
a Kossel diagram consists of a pattern of lines, with the shapes adium with a periodicity that matches its local environment.
conic sections, each of which corresponds to a particular Braggvhere a mode is “stable” it is transmitted, and where it is
reflection from the periodic structure of the sample. For the speciatynstable,” it is reflected. The map showing the ranges of
case of a monodomain cholesteric sample viewed down the helicojnei . i
dal axis the Kossel diagram consists of a centrally placed annulus a{ggss nt\(,:\,% %;?Lemﬁg?{e(asn(fjorw i\r’]ieéin?;g );\)N(()) rBﬁgZﬁtl\?vgsve(? are
shown. stable or unstablé.e., where selective reflection occursas

been called the stability chart. Two differe(liut more or
was held between two glass substrates that had been treaigdg topologically identicaforms of this plot have been pro-

for homogenous alignment, providing a well aligned sampleposed_ In the Dreher and Meier forfi#l, the parametem is
of the cholesteric material with the helicoidal axis normal to lotted against the reduced wavelengtid, wherem is de-

the substrates. The sample was held in a Linkam THMS 60Q - q by the equatiom= x sin@, u is the refractive index

hot stage and the temperature controlled by a Linkam_TM%ndd is the periodicity of the system. Oldamo al.[6] used
91 controller to an accuracy af0.1°C. The Kossel dia- a slightly different form of the chart, when®? is plotted

grams were r_ecordeq using a CCD camera connectgd to dagainst the reduced frequeney, defined ap/2\ (p is the
c%r|r1puter elcjwpped with afran&g gra}bt;er, W?\'Ch made it pOS[f)itch of the helicoidal structure and the periodiaitys half
sible to make measurements directly from them. the pitch for cholesteric systems he Kossel diagrams pre-

In order to examine the quality of measurements mad‘%ented here are discussed in terms of the Oldano plot, repro-

fr_on;] thedKo?seI .d'agr?jms It v¥a1§Mn5e§§§szry to dmea:sur_:_ahtf}ﬁjced in part in Fig. 2. The experimental observations shown
pitch and refractive indices of independently. The;, Fig. 3 correspond to the series of vertical sections through
refractive indices of the material were found to within 0.5% 4 irst order reflection band

by meas.uri.ng the angle of total internal Fef'eC“O” of mono- The variation in appearance of the Kossel ring predicted
chromanc light from a homoge_neously aligned sample Sandfrom the stability chart can be summarized as follows. The
WIChe?l tzjetwgeln ngqrﬁlass rﬁ) rnsms, Wh(;)se dtempe_raturef Waﬁrevious investigation of the Kossel diagram at a single tem-
qontrode .to ' " I e;c]ec nique use go. etermine re raCf)erature[l] is represented by the vertical section through the
tive index is essentially the same as used in an ABAC- oo ction band labeledX in Fig. 2. This lies within thew,

tc;rzggeg I\élgegzurerr:jeg;sooof thetrefrl?cnve indices \t/yeref m?r?leange where the reflection band has three distinct parts, the
a -, an -+ nm fo aflow compensation Tor g5 ter regions where only one of the eigenmodes is re-
dispersion of the thermochromic material. The refractive iN-tocted and a central region where both are reflected

dex of the material between these wavelengths was found by At higher o, values (beyond those investigated in this

fitting Sellmeier's equation study) the first order band divides into three with the two
outer single mode bands diverging from the central band

n2=1+ AN where mode mixing has occurred. For the bands correspond-
A\2— )\i’ ing to the second and higher order reflections, this splitting is
present over the whole, range of the reflectiongg].
to the experimental data, wherte and A\, are fitting con- At lower values ofw, the central two mode ban@vhich

stants,n is the refractive index, andl is the wavelength of corresponds to the central more intense ring within the an-
the light. The cholesteric pitch was determined from the renulus narrows and eventually becomes a line of zero width
flection spectra at normal incidence which, for a sample ilfor normal rays(i.e., whenm=0). In contrast, the two one
luminated by white light, comprised of a broad band centrednode shoulders only narrow slightly and the reflection band
at Ao and of widthA\. The spectral features are defined byis still broad atm=0. When thew, value is about 0.3, the
the equations half width of the band approaches its radius and the central
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FIG. 2. Part of the stability chart of Oldarei al. [6]. In the form of the stability chart used by Oldarbal, the vertical axis isn?
(wherem=nsiné, nis the refractive index, and; is the incidence angleThe horizontal axis is the reduced frequengy, defined to be
p/2\. There are four distinct areas shown in the ch@tThe unshaded areas, where both modes are diadhlewhere the wave reflections
have real roofsand where there is no selective reflectidi). Regions shown in light shading where one wave is stable and the other is
unstable(i.e., there is one real and one imaginary joshere one mode is reflected and the other is transmitt@dRegions shown in dark
shading where both modes are unstable and where they are reflected indepefdjeRédgions shown in solid black where both modes are
reflected and where mode mixing occurs. Note that the stability chart is not universal in the sense that the positions of the various boundaries
depend on the value of the corresponding refractive indices. The dashed lines on the figure correspond approximately to the experimental
limits of the investigation reported here, limited in the horizontal direction by the material and wavelength of light used, and in the vertical
direction by the numerical aperture of the apparatus. The labeled solid vertical lines mark approximately the positions on the chart
corresponding to various Kossel diagrams in Fig. 3.

hole in the Kossel annulus disappears giving a solid circleet al. [6], but not shown explicitly on the stability chart, is
The appearance of the fine detail within the Kossel ring dethe polarization state of the light. In the preceding pdpgr
pends on the polarization conditions used, as described in thewas demonstrated that the observed pattern of four spiral

preceding papelrl]. arms on the Kossel annulus, viewed under crossed linear
polarizers, is compatible with both these analytical ap-
RESULTS AND DISCUSSION proaches. It further agrees with the earlier experimental in-

vestigations reported by these authors using conventional re-

The Kossel diagramgzigure 3 shows the appearance of flection studies with parallel beams of incident light.
the Kossel diagrams recorded over a range of temperatures As the incident ray becomes closer to the norinal, as
within the cholesteric sample. The section of the transmisthe value ofm? approaches zejpthe single mode reflection
sion band across the stability chart which corresponds to cechanges from more or less linear to elliptical and ultimately
tain of the Kossel diagrams is indicated by the appropriatét becomes circularly polarized. This leads to the observed
label on Fig. 2. Note that because Fig. 2 is drawn for aoss of contrast of the spiral arms as viewed with crossed
system with refractive indices that differ from the systempolarizers apparent in the micrographs shown in Fig. 3.
studied experimentally here, the positions marked that corre- The pitch and refractive indice3he refractive indices of
spond to specific Kossel diagrams are only approximatethe thermochromic material are shown in Fig. 4. It is inter-
There is clearly a gratifying degree of correspondence beesting to note the slight increase in the refractive index par-
tween the overall appearance of the observed annuli and tralel to the director on approaching the sme#iphase from
patterns implied by the stability chart. Note that the positionghe cholesteric which is apparent in Fig. 4. This effect, not
of the boundaries$i.e., both the position and the thickness of mirrored in the refractive index perpendicular to the director,
the reflection bandin the stability chart depend on the val- is due to the pretransitional influence of the underlying
ues of the refractive indices and birefringence of the cholessmecticA phase. The occurrence of cybotactic groups would
teric phase at each temperature. The narrowing of the innehave a larger influence on the parallel refractive indices than
more intense ring as the two mode region narrows with dethe perpendicular ones, as observed. Figure 5 shows the pitch
creasingw, and the disappearance of the central hole in theof the cholesteric sample as a function of temperature as
Kossel annulus at a value af,~0.3 occur as expected. measured from the selective reflection spectra. The diver-

The Kossel band in the stability chart becomes progresgence of the pitch as the cholesteric to smeétighase tran-
sively wider asw, increases. The apparent narrowing of thesition is approached is evident at low temperatures.
observed Kossel rings for high, values is an artifact caused Due to the seminumerical nature of the theory of Oldano
by the limited numerical aperture of the objective lens, cut-et al. they do not obtain an analytical relation between the
ting off the higher angle part of the ring. The limit is marked pitch and the locus of the edges of the reflection band, which
approximately by the horizontal dashed line in Fig. 2. would allow pitch measurements to be made directly from

A factor discussed by Dreher and Mej@] and Oldano the Kossel diagrams. However, analysis of their theoretical
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FIG. 4. The refractive indices of TM533 as a function of the
(@) 2.0°C, 323nm () 23°C, 314nm (H 2.5°C, 310nm temperature above the cholesteric to smeAtiphase transition,
measured at wavelengths of 488, 514, and 670 nm. The temperature
range shown is well below the isotropic phase transition tempera-
ture.

=cos6, wheref is the angle of light propagation to the layer
normal, the Bragg's law relationship may be rearranged to
give

(g) 2.7°C, 306nm (h) 3.0°C, 301nm (i) 3.6°C, - 1
ncosf=—.

FIG. 3. The experimental Kossel diagrams. The temperature and @r
pitch (deduced from selective reflection spettese indicated for T TSP o .
each of the diagrams. Note the following.,) the pattern of spiral Hen<_:e, substituting in ca=y1-sin” ¢ andm=nsin¢ one
arcs disappears progressively as the pitch decre@sdsnds to obtains
zerg—this occurs as the polarization state of the single mode
shoulders progresses from linear to elliptical to circul@. The 5 o 1 5 \?
inner, more intense ring, narrows as the two mode region narrows m==n=— F_n T2 @
with decreasingy, . (3) The central hole in the Kossel ring disap-

pears at an, value around 0.3(4) The Kossel ring appears 10 ; o hare is 4 linear relationship betwesa and\ 2/p? with
narrow at highm values. This is an artifact caused by the limited é ”radient of—1. Fiqure 6 shows the stability chart redrawn
numerical aperture of the objective lens used marked by a horizon- 9 . 2 2g PR y
- with variables\ </p~ andm?. Fitting Eq.(1) to data extracted
tal dashed line in Fig. 2. . o .
from the stability plot it is found that the higher frequency,
B o ) lower angle edge of the primary reflection band provides an
stability plot, reproduced in Fig. 2, suggests that the infor-gyceient fit withn?=e, , the relative dielectric permittivity
mation can be represented in a simpler form. To firstyemengicular to the molecules. This is in keeping with the
approximation the behavior of the reflection angle of light of gjectric field of the light being perpendicular to the molecular
a specific wavelength is given by Bragg’s law

450 -
A=2ndsing, xx
E w00
whereN\ is the wavelength of the incident light in free space, g 1
n the relevant refractive index of the materidlthe repeat ) "
distance(half the helical pitchp), and ¢ is the conventional % 250 ] x
Bragg angle of the light. At normal incidence the valuenof = ]
will be n, or n, on either edge of the band corresponding to g £
first-order reflections. Further, Bragg’'s law will be obeyed ié 1 %
for the ordinary ray at other angles of incidence. However, © 3007 o
the value of the refractive index for the extraordinary ray will 1 XXXXXXXXXXXXXX
vary with angle away from the normal incidence condition, ] o
so that Bragg's law as written above with a single valua of 250 S A A

will not describe the situation.

It is instructive to redraft the stability plot produced by
Oldanoet al.in a form where the application of Bragg's law  FIG. 5. The temperature dependence of the cholesteric pitch of
is more apparent. Replacing=p/2w,, d=p/2, and sinp  TM533, determined from the reflection spectra at normal incidence.

Temperature above the S 4o Ch transition (°C)
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FIG. 6. A portion of the Oldano stability chart redrawn with variables that show Bragg's law more clearly, according(19. Ege
straight lines are fits to Eq1) with fitting parameters as indicated.

director at this edge of the reflection band. At the alternative The parametem is readily measured from the Kossel
edge of the reflection band the situation is more complexdiagrams by taking the radial position of the edges of the
since the extraordinary refractive index varies with angleannuli in the diagrams and scaling the result such that the
Nonetheless, the intersection of the outer edge of the banddius of the diagram is equivalent to the numerical aperture
with the horizontal axis corresponds to the case of normabf the optical system. Figure 7 shows a plonat (measured
incidence and thus gives a value for the square of the exrom the Kossel diagramsversusi?/p? (with p deduced
traordinary refractive inder, . Further, Bragg's law implies from the selective reflection spectraccording to Eq(1) for

that the line corresponding to reflection of the ordinary raythe thermochromic material TM533. Clearly both the edges
should have a gradient 6f1 in Fig. 6, which it does. The of the bright annulus and the edges of the second band struc-
gradient of the second line, corresponding to the outer edgeire within the annulus all follow straight lines. Further the
of a Kossel diagram, i.e., the extraordinary refractive indexgradient of the line corresponding to the ordinary refractive
does not have a gradient efl, as may be expected since it index fits well to—1. The slight deviation from the straight
will deviate from Bragg’s law. line fit that is apparent for the system can be attributed partly

1.5

m?=2.697-1.017(A/p)>

0.5
m?=2.273-1.029(A /p)*
n
04— L L N L D L L L
1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8
(Mpy

FIG. 7. A plot ofm? versus\?/p? according to Eq(1) for TM533. The straight line fits lines corresponding to the outer and inner edges
of the Kossel diagram were constrained to pass thrmﬁgand n§ on thex axis, as would be expected from HG).
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to the fact that the refractive index of the material is slightlydeduce the pitch of the system with no knowledge of the
different for all the points, due to the temperature changeefractive index of the sample, provided dispersion is negli-
used to vary the pitch. The fitted values of the refractivegible. This is possible since the valuesrof at for the first-
index aren=1.507 andn=1.642 for the lower and upper and second-order reflection orders are related to the pitch and
lines, respectively. illuminating wavelength by Bragg’s laf\Eq. (1)], modified

It is instructive to consider the uncertainties that can conto include a factor of 4(2) for the second-order reflection
tribute to the graph presented in Fig. 7. The influence of theondition. The equations for the first- and second-order con-
temperature dependence of the refractive indices has alreadjtions can be thus subtracted to remove the dependence on
been mentioned and makes only a small contribution to theefractive index from them, allowing the pitch to be deduced
uncertainty of the data. However, Fig. 7 presents a graph afirectly.
data derived from two different experiments and the major
source of uncertainty in the gradient and intercept values CONCLUSION
arises from the uncertainty in temperature between the two
different experimentém is derived from the Kossel diagram,
whereasp is determined from selective reflection experi-
ments, Fig. 5 The temperature in each case is known to
+0.1°C, as has already been mentioned. This extrapolates
an uncertainty in the gradient of the graph00.05, a sig-

Observations of the variation of the Kossel diagram with
temperature and hence the pitch of an aligned monodomain
sample of a cholesteric phase, viewed along the helicoidal
{:Bds, appear to be in complete qualitative and convincing
(quantitative agreement with the analytical treatments of
nificant deviation from Bragg’s law. However, this uncer- Dreyer and Mele_r_and of Qldarmt aI.We stress the us_e_ful-
ness of the stability chart in portraying the complexities of

tainty is relevant only to the comparison of the two different . . ; . .
data sets. If Kossel diagrams alone are used to deduce tl%lge selective reflection process in a readily comprehensible

pitch of the system, a gradient efl can be assumed for the orm. Methodg OT making quantitative measurements of the
first-order reflections. Then. measurementstaf from the pitch of a helicoidal system from the Kossel diagrams are

position of the inner edge of the Kossel annulus can be use%ISO described, providing a way of deducing these param-

to deduce a value of the pitch, provided the ordinary refrac—emrS experimentally that does not require a complete knowl-

tive index is known. Since the wavelength of the illuminat- edge of the refractive indices of the system.

ing light is known to a high accuracy, this allows the pitch to ACKNOWLEDGMENTS

be deduced directly from the Kossel diagram measurements

and a knowledge oh,. Alternatively, if the illuminating The financial support of the EPSRC and the DERA is
wavelength was changed such that the second-order reflegratefully acknowledgedGrant No. GR/H/95860 The au-
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