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The temperature dependence of specular-reflectance spectra of obliquely incident light re-
flected by a single-domain sample of a cholesteric liquid crystal in the wavelength range

covering the first- and second-order Bragg reflection bands has been studied.

The sample

was a mixture of 4,4’ bis(z-hexyloxy)azoxybenzene and optically active 4, 4’bis (2-methylbutoxy)

azoxybenzene.

The spectra of this sample are consistent with the Oseen-DeVries spiraling

dielectric-tensor model and reveal that local dielectric tensors are ellipsoids of revolution
to within our limits of resolution. Increasing the temperature increases the libration of the
molecules and hence decreases the order parameter. This causes a decrease in eccentricity
of the dielectric tensor which, in turn, produces readily measurable changes in the Bragg re-

flectance spectra.

The observed changes are roughly in agreement with those predicted by

assuming that the Maier-Saupe theory for temperature dependence of the order parameter in
nematic liquid crystals also applies to cholesterics. We find it necessary to include a ther~

mal-expansion coefficient to fit the data.

DESCRIPTION OF EXPERIMENT

The specular-reflectance spectrum of light re-
flected by a thin single domain of a mixed choles-
teric liquid crystal has been measured at six dif-
ferent temperatures. The temperatures ranged
from 69.4 to 93.5°C. The transition to the iso-
tropic phase occurs at 95 °C. At temperatures
below about 65 °C part of the mixture crystallizes.
The mixture contained 56. 81% by weight of 4, 4’
bis (z-hexyloxy) azoxybenzene, which has a nematic
phase, and the rest was optically active 4, 4'bis
(2- methylbutoxy) azoxybenzene (MBAB) (see Fig.
1). The MBAB does not have a liquid-crystal
phase by itself but it imparts a cholesteric twist
to the nematic. 2

This liquid-crystal mixture differs from some of
the cholesterol-derived cholesteric liquid crystals
of recent commercial interest in that there is al-
most no change of the pitch of the spiral periodic
structure with temperature in our mixture. We
are interested in the temperature variation of the
magnitude and dispersion of the axes of the local
optical dielectric tensor, rather than gross changes
in the periodicity of the structure.

The apparatus used to measure the sample was
similar to that described in our earlier papers?
except that the sample was confined between a
fused-quartz optical flat and the optically flat sur-
face of a fused-quartz hemisphere (as shown in Fig.
2) rather than between two glass prisms. The new
arrangement allowed us to vary the azimuthal an-
gle and angle of incidence of the light with respect
to the sample easily without changing the sample,
although these parameters were held constant in
the experiments reported here.

The optical flat and the hemisphere were both
rubbed on lens tissue in the “y” direction, normal
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to the plane of the incident and reflected light

pbeams (see Fig. 2). This caused the major axis

€55 Of the optical dielectric tensor of the liquid crys-
tal adjacent to the two surfaces to be aligned in the
y direction (see Fig. 3). The €,, axis coincides
with the local preferred direction of the molecules
shown in Fig. 1.

Figure 4 shows the image of blue light reflected
at 45° from the sample. The image was photo-
graphed at the opaque mask. The aperture in the
mask selects the area of the sample where reflec-
tance is to be measured (see Fig. 2). The bright
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FIG. 1. Two types of molecules in the cholesteric-

liquid-crystal mixture.
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spots on Fig. 4 are from light totally internally
reflected in the hemisphere at the location of two
bubbles adjacent to the sample area. The striped
pattern comes from periodic, sawtooth variation
in pitch of the sample. There are sudden steps,

or Grandjean-Cano®* discontinuities, where the
number of turns of the dielectric tensor as it
spirals from one surface to the other, as shown

in Fig. 3, changes by one-half. The discontinuities
are the approximately straight, slightly jagged
‘lines between light and dark areas. The pitch vari-
ation occurs because the flat and the hemisphere
are not absolutely parallel, and there is room to
accommodate more turns of the helix at the thicker
side than at the thinner one. The discontinuities
projected on the mask make a contour map of the
sample thickness. The color of the monochromat-
ic light for Fig. 4 was chosen so that it was near
the wavelength for second-order Bragg reflection
by the periodically varying dielectric sample. The
pitch is such as to yield strong Bragg reflection on
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FIG. 3. Oseen-DeVries model of spiraling dielectric
tensors in flat single domains of cholesteric liquid crys-
tals.
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ratus for measuring reflectance spec-
trum of a single domain in a liquid-crys-
tal film with oblique light.
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one side of each stripe but on the other side the
pitch is too long to give much Bragg reflection.

We were able to demonstrate the validity of the
Oseen-DeVries®® model for the dielectric tensor
in this cholesteric liquid crystal. According to
this model, one principal axis of the dielectric
tensor is always parallel to the sample surfaces
and it spirals with constant pitch about an axis
normal to the surfaces. The axes of the tensor
are of the same magnitude everywhere in the crys-
tal (see Fig. 3). In addition, we have demonstrated
that the other two principal axes of the dielectric
ellipsoid are equal or differ by less than 2 or
3% in these samples. This verification came

FIG. 4. Image of acholesteric-liquid-crystal sample
on the opaque mask. Two air bubbles, four Grandjean-
Cano discontinuities, and the aperture centered between
two discontinuities are visible.
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about through our success in matching the
observed spectra with spectra computed on the
basis of the model. Only a poorer match was
obtainable when we altered the model so that the
pitch was nonuniform or so that the two minor
axes of the dielectric tensor were nondegenerate.
Poorer fits were also obtained when the tensor
axes were assumed to vary appreciably in magni-
tude with distance from the surfaces.’

with intensity measured down from the center of each
graph, is reflectance measured with polarizer and an-
alyzer in the o direction so that the electric field is nor-
mal to the plane of the incident and reflected rays. The
sample temperature, the number of full turns of the
spiraling dielectric tensor from surface to surface, and
the sample thickness in microns are indicated on the
figures. Structure in observed R,, spectrum between 1.6
and 2.0 u~! is experimental noise.

Some of the observed reflectance spectra are
shown in Fig. 5. Below each observed spectrum
we show a spectrum computed by the 4X4 matrix
technique® ® using the Oseen-DeVries model and
fitted dispersion curves for the two unlike dielec-
tric-tensor components. Loss of spectrometer
resolution and a small amount of optical absorption
by the sample probably account for the differences
in intensity observed at the high-frequency end of
the spectra. The 4X4 matrix technique can be
applied to absorbing media but it becomes con-
siderably more expensive to make computations
because of the necessity of using complex numbers.
The frequencies of spectral features are not ap-
preciably affected when absorption is small, as in
these examples. There is also some frequency-
dependent random noise in the observed spectra.
For brevity, spectra are shown at only the two ex-
treme temperatures and one in the middle. Spec-
tra were measured at six temperatures.

The optical dielectric dispersion curves that
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FIG. 6. Points are from optical dielectric dispersion
curves computed from Eq. (7) to give the best fit to the
observed reflectance spectra at six different temperatures.
Curves are best fits consistent with Eqs. (3), (5), and (6).

gave the best fits to the data are shown in Fig. 6.

In addition to the reflectance spectra it is necessary
to know the sample thickness, the number of turns
of the dielectric tensor from upper to lower sur-
face, and the refractive index of quartz in order to
get these curves. Sample thickness was obtained
by a simple computation from measurements of

the frequencies of 10-15 interference-fringe minima
observed with monochromatized light of various
wavelengths impinging normally through the optical
flat on bubbles of air in the sample near the small
region where reflectance was measured. Since the
flat and the hemisphere were not absolutely parallel,
the thickness was measured at two points, and
thickness at the sampling point was obtained from
interpolation. Measurements at three points was
unnecessary because the Grandjean-Cano discon-
tinuities showed the direction of steepest slope of
the sample thickness.

The easiest way to determine the number of half-
turns was to count the number of fringes between
appropriate features in the two Bragg reflection
bands in the observed spectra. One more fringe
appeared for each additional half-turn. A wrong
estimate of the number of half-turns gave obviously
erroneous dispersion curves when attempts were
made to fit the data. Another technique for getting
the number of half-turns in the flat samples which
gives an approximate result and is useful for an
initial estimate, is to obtain the cholesteric pitch
of another sample of the same material by measuring
Grandjean-Cano discontinuities in a sample confined
between a rubbed flat and a rubbed weak spherical
lens. The number of half-turns is then the thick-
ness of the flat sample divided by half that pitch. 2
The result is usually correct within half a turn.
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The dielectric dispersion curve of fused quartz
was obtained from a formula in the nternational
Critical Tables (Ref. 9) and is shown in Fig. 7.
Its temperature dependence is negligible.

INTERPRETATIONS

The purpose of this section is to present an over-
simplified model to give an intuitive understanding
of the thermal variation of the observed spectra.
The model is able to describe the observed spectra
extremely well with a minimum of parameters, but
it should not be taken too literally.

Two more or less independent factors contribute
to the temperature dependence of the dispersion
curves (see Fig. 6). One is the thermal expansion
of the liquid crystal. Although it produces a small
effect, good fitting of the data with the semiempir-
ical model to be described required its inclusion.
The other factor is a sort of mean square degree
of disoreintation of the individual long molecules
in any one region from the “directrix.” The direct-
rix describes their average or preferred direction
and coincides with the major axis of the dielectric
tensor in that region. The amount of such disorien-
tation can be approximately described by an order
parameter S which is unity for perfectly parallel
molecules and zero for perfectly disordered ones.!®
In defining such an order parameter we are im-
plicitly ignoring bending of the molecules and the
fact that there are two types of molecules. We are
pretending that they are all identical ellipsoids of
revolution whose dielectric properties and mech-
anical properties have coincident axes of symmetry
Although this is quite a crude model it works re-
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FIG. 7. Dispersion curves of €}; at 69,4 °C obtained
from Eqs. (3), (5), and (6) and parameters in Table I,
The outer curves are obtained assuming S=0.65, and the
inner curves are obtained assuming S=0.75. Note that
dispersion of the €]; curve is closer to that of benzene
when $=0. 75 than when S =0, 65,
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markably well, at least for this material. The
theory of Maier and Saupe'™*? for nematic liquid
crystals is based on the concept of such an order
parameter.

We will suppose that the density of the liquid
crystal can be described by the formula

pzpc[1+a(Tc-T)]’ (1)

where p, is the density just below the temperature
of transition to the isotropic phase 7., and @ is the
thermal-expansion coefficient.

We will also suppose that if the order parameter
S is unity, then each principal axis of the optical
dielectric tensor is related to the density through
the Lorentz formula'®:

(el -1/ (e} +2)p. (2)

In doing this we are ignoring the anisotropy both
of the dielectric tensor and of the thermal expan-
sion. If we define one component of the same di-
electric tensor just below the critical temperature
as ¢; (still setting the order parameter at unity),
then (1) and (2) can be combined to give

i~ eg+3[alT,-T)(E+¢-2)]. (3)

The order parameter S is defined by the equa-
tion'?

S=+% @cos?6-1), (4)

where 0 is the angle between the directrix and the
long axis of the ellipsoid for any one molecule. It
is not difficult to show from this definition, to-
gether with the assumption of negligible correla-
tion for values of § among neighboring molecules,
that the dielectric tensor is smeared out to a more
nearly isotropic shape according to the formulas

en= €5~ $2+S)eh + (1 -9)e ], (®)
€= 5[(2-28)€d, + (1 +2S)e3, |, ©

TABLE I. Two almost equivalent sets of parameters.

S (69.4°C) 0.650 0.750
S (77.0°C) 0.583 0.672
S (84.7°C) 0.543 0.627
S (89.8°C) 0.468 0.540
§ (91.7°C) 0.428 0.494
$ (93.5°C) 0.406 0.468
a 0. 000 62 0. 00063
Ay 0.0703 0.0919
Ay 2. 0464 2, 0655
Agy 0.0148 0. 0372
Ayt 2,736 2,727
Apph 0.2598 0.2563
Ay 2.3852 2.3647
Ay 0.5851 0.5285
App 2.760 2,757

0.9

0.8
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| | | 1 | | 1
0.93 0.94 0.95 096 0,97 0.98 0.99 1.00
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FIG. 8. Order parameter S as a function of relative
temperature. The solid line is recomputed from the
Maier-Saupe theory, neglecting thermal expansion. The
dotted line is obtained from the theory using expansion
properties of PAA, The two sets of unconnected points
are obtained from our experiments assuming two differ-
ent values of S at 69.4°C: triangles for $=0,65 and cir-
cles for $=0,75. Dashed line is through points obtained
from refractive indices of 4, 4’ bis (ethoxy) azoxybenzene
(Ref. 11).

where we have chosen the subscript 2 to represent
the unique axis of the tensor, as shown in Fig. 3.

Equations (3), (5), and (6) define the thermal de-
pendence of the dielectric tensor in terms of a
constant o and a temperature-dependent order
parameter S. The success of the model is mea-
sured by seeing how good a fit can be obtained to
all the data without attributing any other tempera-
ture dependence to €;;; that is, assuming that there
is one temperature-independent dispersion function
for €, = €5 and another for ¢,.

We find that the model is quite good. We do not
come up with one unique value of S at any one tem-
perature, however, because we do not know what
the dispersion curves €?; are, and almost identical
results can be obtained by fitting different curves
of Svs T with different dispersion curves (see
Table I and Figs. 7 and 8). However, if the theory
is approximately valid, reasonable dispersion
curves should be obtained for ¢;. It is unreason-
able to expect ¢, = €3 to be less dispersive than
fused quartz for red and yellow light as it appears
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to be if $=0.65 at 69.4 °C (see Fig. 7). It is
likely that its dispersion is more like that of pure
benzene, since both molecules have two benzene
rings. Using S=0.75 at 69.4 °C gives a dispersion
curve for €, more similar to that of benzene. s
Thus the upper set of points in Fig. 8 and the inner
two dispersion curves in Fig. 7 are probably the
best choice, assuming that the model is meaningful.
We found it convenient and sufficiently accurate
to represent the dispersion of the dielectric-tensor
components ¢; by the following classical harmonic
oscillator dispersion function, which contains a

far-infrared and a near-ultraviolet resonance term:

€= = (A /v + Ay +{Ay/[1 - 0/ALP . (D)

The parameters S, «, and A;; that yielded some
of the curves in Figs. 7 and 8are given in Table I
The second column in Table I is the one we regard
as the best choice.

1t is clear from Table I that the fitted value of
the expansion coefficient @ is practically indepen-
dent of the choice of order parameter S. Although
we have no independent measurement of @ for our
liquid-crystal mixture, the value obtained is about
the same as that for many similar organic liquids.

As stated at the beginning, the pitch of the cho-
lesteric spiral is relatively independent of tem-
perature in this material. The pitch only varied
from 0. 763 i per full turn at 69.4°C to 0. 712 p
at 93.5°C (see Figs. 5). All measurements were
made at regions approximately halfway between
two Grandjean-Cano discontinuities, and hence the
numbers probably represent unstrained values of
the pitch.

In Fig. 8 we have also plotted the order param-
eter of 4, 4’ bis (z-ethoxy) azoxybenzene as a func-
tion of relative temperature. The data are from
a graph in a paper by Saupe12 and are derived from
refractive-index measurements on the nematic
phase of that material by Chatelain and Germain.
Although there are wide variations in the curves
of S vs T/T, for various compounds,'®*? the mod-
erately good agreement between that curve and the
one we adopted as the best' choice for our choles-
teric liquid crystal of somewhat similar compounds
may lend further credence to our choice.

There are few other measurements of order pa-
rameter based on optical data. The order param-
eter curve for the nematic compound plotted by
Saupe from optical measurements agrees quite well
with a curve for the same compound obtained from
NMR data.'? This agreement supports the approxi-
mate validity of the rigid-molecule model, at least
for the nematic material, which is essential to the
concept of a single order parameter.

In addition to the experimental curves of S vs
T/T, in Fig. 8 we have plotted two curves obtained
from the Maier-Saupe theorym‘lz for nematic liquid
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crystals. The solid curve was obtained ignoring
the effect of thermal expansion at the nematic to
isotropic transition and in the nematic range. The
dotted curve is from Maier and Saupe!®!? using
expansion properties of PAA (para-azoxyanisol),!!
showing the marked effect of small expansion
terms on the theoretical results. Inclusion of ex-
pansion improves somewhat the agreement with
experimental data. Expansion terms for most
nematic and cholesteric liquid crystals are about
alike.
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APPENDIX: DETAILED FITTING PROCEDURE

The final parameter-adjustment procedure used
to fit the experimental reflectance curves was the
following. We always specified the values of €;;
at four wave-number values: v=1.1, 1.6, 2.0,
and 2.3 ¢, and interpolated between those values
with the four-parameter dispersion function

€= = (Ay; /V)P+Ag+ {A3i/[1 - (V/Au)z]} . (A1)

[The four A ,; parameters were written explicitly
in terms of the four values of €;; and v with com-
plicated analytic expressions that we will omit.
The apparent inconsistency of Eqs. (7) and (Al)
with Egs. (3), (5), and (6) turned out to be negli-
gible. ]

First, a set of such values of €;; were obtained
by trial and error for each spectrum such that
wave numbers of computed spectral features
matched the observed ones to within about 0, 001
u™. These “raw” values of €;; are shown by the
points on Fig. 6.

Then we adjusted the two values of €; at each of
the four wave numbers, a value of the expansion
coefficient @, and five of the six values of S using
Egs. (3), (5), and (6) with a nonlinear least-squares
fitting program to get the best fit of “derived” val-
ues of €;; to the “raw” values. The dispersion
curves from these “derived” values of €;; are the
continuous curves in Fig. 6. Finally, reflectance
spectra computed from these “derived” values of
€;; were compared with the observed spectra to be
sure the fits were still reasonably good. It is these
“derived”’ curves, and not the “raw” fitted curves,
that are shown in the lower parts of Figs. 5. Al-
most identical sets of “derived” values of €;; were
obtained for quite a wide range of choices of one
of the values of S. Consequently, it was unneces-
sary to show a different set of curves like those
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in Fig. 6 for different assumed values of S at
69.4°C.

We also tried introducing a single small imag-
inary damping term —iyv/Ay; in the denominator
of the oscillator term in brackets in Eq. (Al). We
found that when the dimensionless damping param-
eter ¥ was 0.004 +0. 0005, the computed intensities
were the same as those observed at all tempera-
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tures, within experimental uncertainty. The com-
putations took much more time with complex di-
electric terms, and the frequencies of observed
spectral features were not appreciably affected by
such small damping. Consequently, nearly all the
fitting was done ignoring optical absorption, Ab-
sorption was ignored in obtaining the computed
spectra in Figs. 5.
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Effect of Pressure on the Electron Mobility in Solid Helium’
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The effect of pressure on the mobility of the cavity-localized electron in solid helium has

been studied to a pressure of 6660 atm.

No delocalized electron state has been detected at
this pressure below the melting point of the solid.

It is shown that the results are consistent

with the presence of electron bubbles at the highest pressures investigated. The nature of
possible charge-trapping mechanisms that might account for the results is discussed.

INTRODUCTION

The study of properties of excess electrons in
liquid'~® and gaseous®® helium has received much
attention during the past decade. The localized na-
ture of the excess electron has been demonstrated
both experimentally and theoretically. Its config-
uration as a bubble has been well established. With
several exceptions, relatively little has been inves-
tigated in solid helium in which the electron is also
localized. Keshishev, Mezhov-Deglin, and Shal’ -
nikov® made preliminary measurements which have

established a lower limit for the mobility of elec-
trons in *He crystals. Cohen and Jortner” have ex-
tended theoretical considerations initially made for
the liquid and gas phases to the problem of excess
electrons in solid helium.

Within a broad range of helium densities the ex-
cess electron is self-trapped in a cavity whose
radius is several times the interatomic distance.
The cavity is the minimum free-energy configura-
tion in helium associated with a weakly attractive
long-range electron—helium-atom polarization po-
tential and a strong short-range electron-atom re-
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FIG. 4. Image of acholesteric-liquid-crystal sample
on the opaque mask. Two air bubbles, four Grandjean-
Cano discontinuities, and the aperture centered between
two discontinuities are visible,



