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INVITED ARTICLE

Optical measurements of orientational order in uniaxial and biaxial nematic liquid crystals

H.F. Gleesona*, C.D. Southerna, P.D. Brimicombea, J.W. Goodbyb and V. Görtzb

aSchool of Physics and Astronomy, University of Manchester, Manchester, UK; bDepartment of Chemistry, University of York,

Heslington, York, UK

(Received 17 January 2010; accepted 20 April 2010)

The use of optical methods to study the orientational order in nematic liquid crystals is both convenient and
powerful. Some of the earliest approaches made use of measurements of the refractive index anisotropy, following
the methodology of Halle [1] to measure the order parameter, P2h i. This method is reviewed briefly and some
typical areas of application are presented. Raman spectroscopy is a second approach discussed in this paper.
Although technically a more complex methodology, Raman spectroscopy has the significant advantage that in
addition to being able to measure P2h i it is also possible to determine P4h i. A review of current approaches is
presented. Very recently, it has been shown that polarised Raman spectroscopy can be employed to determine
biaxial order parameters in liquid crystals. The methodology is described, and data are presented for such
measurements on a series of bent-core nematic materials that could exhibit the elusive biaxial nematic phase.

Keywords: orientational order parameters; polarised Raman spectroscopy; biaxial order

1. Introduction

The dynamic orientational ordering of the constituent

molecules within liquid crystal phases, particularly the

nematic phase, is the defining property of a liquid crystal,
and has thus been the subject of extensive study. One of

the most popular approaches to the measurement of

orientational order in liquid crystals has been to examine

the optical properties of the system, and this paper

reviews two of the key methods that have been adopted

to determine the order in nematic liquid crystals using

optical techniques. The first methodology considered

relies on the determination of the birefringence of a
material, and has the merit of being based on a simple

measurement using apparatus available in many

laboratories. However, this approach can determine

only the simplest information relating to order and

the apparatus used may often have significant restric-

tions, making it unsuitable for materials which exhi-

bit liquid crystallinity at high temperatures, or which

are difficult to align. The second method described in
this review paper is based on polarised Raman scat-

tering, which in principle allows much greater detail

of the order in a liquid crystal system to be deter-

mined. However, this approach requires rather more

expensive apparatus, in addition to detailed compu-

ter fitting of the results, in order to obtain the order

parameters from the data. This paper describes the

basis of the two approaches and provides results giv-
ing examples of each technique.

Central to the studies of order in liquid crystals is

the statistical analysis which allows the orientational

order of the system to be quantified. The widely

accepted Maier–Saupe (MS) theory [1] successfully pre-

dicts many of the features of the nematic phase that are

observed experimentally, including the first-order tran-
sition between the disordered and ordered states. The

orientational order parameter, S, is defined in

S ¼ 1

2
3 cos2 b� 1
� �

; (1)

where the angular brackets indicate a statistical aver-

age and b is the Euler angle, which describes the

orientation of the molecular symmetry axis with
respect to the director. The Euler angles used in this

paper are defined in Figure 1.

Following the work of Maier, Saupe and others [2, 3],

Humphries et al. developed a pseudo-potential for rod-

like molecules [4] and deduced self-consistency equations

which allowed the temperature dependence of the order

parameters associated with the first two Legendre poly-

nomials to be determined:

P2 cos bð Þ ¼ 1

2
3 cos2 b� 1
� �

(2)

and

P4 cos bð Þ ¼ 1

8
35 cos4 b� 30 cos2 bþ 3
� �

: (3)
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The calculated order parameters, plotted as a function

of the reduced temperature, T=TNI, where T is the
temperature and TNI is the nematic-to-isotropic

phase transition temperature, are shown in Figure 2.

In the calculations, l is a fitting parameter which

describes the ratio, u4h i= u2h i, where uLh i ¼
P

n

uLL:n rð Þh i,

the average of the expansion coefficients of the

pair-potential over all intermolecular separations. It is

perhaps easiest to see the role of uLL:n rð Þh i, given that

the pseudo-potential between a molecule and the director

is given by

U ¼
X
L:n

uLL:n rð Þh i PL cos bð Þh iPL cos bð Þ: (4)

This theoretical description facilitates an understanding

of the interactions governing the orientational and sym-

metry properties of the liquid crystal phase formed
from a system of anisotropic molecules. It also allows

the development of methods for quantitative measure-

ment of the orientational order of liquid crystal phases.

In order to provide a quantitative description of the

molecular organisation in a liquid crystal phase the

components of the relevant distribution function must

be determined. A nematic liquid crystal exhibits only

orientational order and the appropriate orientational
distribution function (ODF), f a,b,�ð Þ, contains terms

which describe the angular distribution of the director

about a defined coordinate system (in which a, b and �
are the Euler angles relating the molecular and labora-

tory frames, see Figure 1). For a phase with uniaxial

symmetry formed from cylindrically symmetrical mole-

cules, the normalised ODF can be simplified to an

expansion containing the set of Legendre polynomials:

f bð Þ ¼ 1

8p2

X
LðevenÞ

2Lþ 1ð Þ PL cos bh iPL cos b: (5)

α'zz

α'yy

α'xx

α

β
γ

nx

ny

nz

Figure 1. The rotational degrees of freedom of a uniaxial
molecule in a nematic liquid crystal phase and the Euler angles,
a, b and �, relating the molecular and laboratory frames.

P4

P2

NI

Figure 2. The calculated values of the order parameters P2h iand P4h i as a function of the reduced temperature, T/TNI. The
different curves are for l¼ 0.15, 0.20 and 0.25 (red, green and blue, respectively), where l is the fitting parameter defined in the text
(colour version online).

950 H.F. Gleeson et al.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
5
6
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



The tensorial properties of the anisotropic medium

offer a means of determining the components of the

ODF, and therefore allow quantification of the orien-

tational ordering of the system. The many techniques

available are described in various papers in this special

volume, and here we concentrate only on optical meth-

ods for deducing the orientational order parameters.

2. Optical methods for determining orientational

order parameters in uniaxial systems

2.1 Refractive indices

The anisotropy in liquid crystals results in the system

exhibiting birefringence, and for a uniaxial nematic sys-

tem this results in two measurable refractive indices, no

and ne, which are the refractive indices probed perpendi-

cular to and along the director, respectively (also denoted

by n? and njj). In a nematic liquid crystal the birefringence

is readily observed to increase with decreasing tempera-

ture, a consequence of the evolving order parameter, see

Figure 3(a). In a uniaxial nematic phase the principal

refractive indices can be expressed as

n2
i � 1

n2 þ 2
¼ N siih i

3e0
; (6)

where siih i is the average polarisability component along

the principal refractive index direction, ni, N is the num-
ber density, eo is the permittivity and n2 denotes the

square of the average refractive index of the system,

n2 ¼ 1=3 n2
e þ 2n2

o

� �
. The average polarisabilty along

each of the principal axes is a function of both the polari-

sability anisotropy and the statistical orientation of the

mesogenic molecules. Hence, for cylindrically symmetric

molecules forming the uniaxial nematic phase, the sec-

ond-rank polarisability tensor allows quantification of
the first term in the ODF through measurement of the

two principal refractive indices, n? and njj, via

n2
jj � n2

?

n2 � 1
¼ S�s

s
; (7)

where S ¼ P2 cos bh i, s is the average polarisability

and �s ¼ sjj � s?
� �

. The order parameter is extrapo-

lated by assuming that its temperature dependence is

of the form, S ¼ 1� T
TNI

� �a

. A graph of log

�
n2
jj�n2

?

�
�

�n2�1
�
�	

versus log 1� T
TNI

� �
should be linear, with an intercept

at absolute zero of the desired scaling factor, thus
allowing the order parameter to be determined from

refractive index measurements. The details of this

technique have been described by Zeminder et al. [5].

Refractive index measurements are usually carried out

using an Abbé refractometer, a prism arrangement
which contains the liquid crystal sample in a thin film

between two prisms of high refractive index. The inci-

dent light undergoes total internal reflection for specific

angles of incidence and polarisations; measurement of

the critical angles allows the parallel and perpendicular

components of the refractive index to be determined. It

is important that the liquid crystal sample is uniformly

aligned, producing a well-defined geometry for accu-
rate measurements to be achieved. This technique read-

ily gives measurements of the order parameter, P2h i, in

nematic liquid crystals, see Figure 3(b). This has the

merit of being simple and relatively accurate. However,

the method assumes a straightforward relationship
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Figure 3. (a) Refractive index data and (b) the associated
value of P2h i for some typical nematogens, demonstrating the
uniformity of value of the order parameter as a function of the
reduced temperature, irrespective of the birefringence of the
system. The parameter T* is the nematic-to-isotropic
transition temperature, and the uncertainty in deducing P2h i
is approximately 5%. All of the mixture names (E7,
MLC–6204, ZLI–2008–100 and ZLI–1695) are as used by
Merck Ltd, and 5CB is the nematogen 4-n-pentyl-40-
cyanobiphenyl (colour version online).
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between the polarisability and the permittivity (i.e. the

refractive index at optical frequencies). For anisotropic

systems, however, this relationship is not straightfor-

ward, as the internal field experienced by a molecule is

the sum of the macroscopic field and an average neigh-

bouring field. Vuk’s approximation, used here, is sim-

ple but assumes an isotropic internal field, necessarily
leading to some error. There are also experimentally-

related limitations to this methodology. The operating

temperature range of most Abbé refractometers is lim-

ited to below 100�C due to the optical components in

direct contact with the liquid crystal. It is also necessary

to align the liquid crystal sample to obtain sufficiently

accurate measurements of each of the refractive indices;

since the liquid crystal sample is a bulk sample (several
tens of microns across) this can be difficult to achieve.

There are many examples in the literature of the use

of refractive index anisotropy to determine order para-

meters. Most recently this method has been used to

determine orientational order parameters in the induced

SmAd phase [6], and to examine the critical behaviour at

the isotropic–nematic and nematic–smectic A phase

transitions [7]. It has also been used successfully for
examining changes in order caused by the inclusion of

photochromic dyes in a nematic mixture, although in

this case it was not possible to measure any photo-

induced changes in order [8]. Figure 3 shows both the

refractive index data and the associated order para-

meters calculated for some typical nematogens which

exhibit a wide variation in birefringence. It can be seen

from Figure 3 that, as indicated, only P2h i is available,
and we now move on to consider an optical methodol-

ogy which also allows the determination of P4h i.

2.2 Polarised Raman spectroscopy

Polarised Raman scattering spectroscopy (PRS) has the
potential to be extremely powerful in probing the orien-

tational order of liquid crystals. Raman scattering is the

inelastic scattering of light from the rotational and vibra-

tional modes of molecules; significant work has been

published regarding the characteristics of the particular

Raman active modes of mesogenic molecules. In parti-

cular, it has long been recognized that measurement of

the anisotropy of the Raman scattered light can allow
the measurement of the order parameters, P2h i and P4h i.
Indeed, along with X-ray scattering [9, 10], neutron

scattering [11] and ESR spectroscopy [12], it is one of

the few techniques which allows information to be gath-

ered on the higher rank order parameters.

Typical measurements of the Raman spectrum of

the liquid crystal 4-n-octyl-40-cyanobiphenyl (8CB)

are shown in Figure 4, for orientations of the light
parallel and perpendicular to the director of the sam-

ple. The anisotropy in the scattering intensity is clear.

The seminal work of Jen et al. [13] has comprehen-

sively demonstrated the measurement of uniaxial

order parameters in 40 methoxybentylidene 4-butylari-

line (MBBA) by means of the depolarisation ratios, and

this work has found wide application by others [14–18].

In this section we review how the two uniaxial order
parameters, P2h iand P4h i, are determined and extend

the treatment to show how it is possible, in principle,

to determine biaxial order parameters in nematic liquid

crystals using PRS.

The scattered intensity of light re-radiated from a

material is proportional to the square of the induced

1180 cm–1

Aromatic C-H
 in plane 

deformation

1283 cm–1

C-C stretch of
biphenyl link

1606 cm–1

C-C stretch of
aromatic rings

2227 cm–1

C-N stretch

C8H17 CN

SmANemIso

40.8°C 32.7°C 

Figure 4. Raman spectra measured for 8CB (shown inset) for parallel and perpendicular orientations of the director with
respect to the incident and scattered light.
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dipole moment and, for Raman scattered light, is

proportional to the square of the differential polarisa-

bility, I / @a
@qk

� �
qk¼0


 �2

. Since the molecular vibra-

tional bands are anisotropic in a liquid crystalline

medium, the scattered intensity can be used to deduce
the ordering of the system. The approach has been

described elsewhere [16, 17]. Briefly, the scattering

from a molecule can be expressed by transforming

the differential polarisability tensor (with derivatives

along the primary axes of the molecule defined as a0xx,

a0yy and a0zz) into a particular frame of reference by

expressing the scattering as a function of the Euler

angles and the incident polarisation direction of the

light with respect to �. It is most convenient to define

two orthogonal geometries where the coordinate axes

lie parallel and perpendicular to the director, a planar

cell geometry (with the molecular director in the plane

of incidence) and a homeotropic cell geometry (with

the molecular director perpendicular to the plane of

incidence), respectively. As the observed intensity is

simply proportional to the square of the electric field

contributions for each of the geometries, and these

contributions are further governed by the orienta-

tional distribution function (ODF), it can be seen

that the observed intensity is of the form [16, 17]

Ij;i �ð Þ ¼ Io

ð
a

ð
b

ð
�

f a; b; �ð Þ Ej;i a; b; �ð Þ
� �2

dad b d�: (8)

The subscripts, i and j, define the orientation of the

polariser and analyser with respect to the director of

the monodomain liquid crystal sample. Experimentally,

the ODF can only be approximated by expressing the
exact function as a Fourier transform in terms of the

Wigner rotation matrices [19]. The rank of the tensorial

properties monitored by an experiment dictate the mea-

surable order parameters, and therefore the limit to

which the ODF need be expanded. Since the Raman

intensity is proportional to the square of the second-

rank differential polarisability tensor, the measurement

is actually of the second- and fourth-rank functions. The
full expansion would yield a total of 34 terms but, as is to

be expected, the symmetry of the system allows the

expansion to be simplified. A useful discussion of the

symmetry relations is reported by van Gurp [19] and by

Zannoni [20]. These can be summarized as follows for a

non-polar non-chiral nematic system:

� The system is symmetric with respect to a 180� rota-

tion, restricting any expansions to even values only;
� In general, measurements of Raman bands are

uniaxially symmetric, hence the measurement is

not sensitive to any terms associated with a rota-

tion about the Euler angle �; and
� The sample is assumed to have mirror symmetry in

the xz, yz and xy planes.

The observable order parameters are then reduced to

the averages of generalised Legendre polynomials:

P200 ¼
1

2
3 cos2 b� 1
� �

;

P220 ¼
1

4
1� cos2 b
� �

cos 2a;

P400 ¼
1

8
3� 30 cos2 bþ 35 cos4 b
� �

;

P420 ¼
1

24
�1þ 8 cos2 b� 7 cos4 b
� �

cos 2a;

P440 ¼
1

16
1� 2 cos2 b� cos4 b
� �

cos 4a: (9)

The notation is such that the subscripts L, m and n in

PL,m,n represent the conditions under rotations of a, b
and �, respectively, and a consequence of the symmetry

is that L, m and n must have even values. Furthermore,

the Raman bands themselves generally have uniaxial

symmetry, i.e. azz > axx ¼ ayy

� �
, so that all order para-

meters associated with a rotation about � are zero, and

therefore only terms with n ¼ 0 are non-zero in this

approach. These expressions allow the ODF to be

expressed up to fourth-order contributions [19],

f
�
a; b
�
¼ 1

8p



1þ 5

2

�
P200

�
ð3 cos2 b� 1

�

þ 15
�
P220

��
1� cos2 b

�
cos 2a

þ 9

8

�
P400

�
3� 30 cos2 bþ 35 cos4 b
� �

þ 135

2

�
P420

��
�1þ 8 cos2 b� 7 cos4 b

�
cos 2a

þ 315

4

�
P440

��
1� 2 cos2 bþ cos4 b

�
cos 4a

�
:

(10)

In addition to allowing the conventional uniaxial order
parameters P200h i and P400h i to be determined, these

functions in principle also show that some of the order

parameters associated with biaxality can be deter-

mined. The most robust way of determining any such

order parameters is to consider the integral Equation

(8) and to fit the Raman scattering intensity for specific

bands, determined as a function of angle of the incident

polarisation vector, related to Equations (11) and (12):
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Ijj �ð Þ ¼ I0

ð
a;b;�

f bð Þ Ejj a; b; �; �ð Þ
� �2

dad sin bd�; (11)

I? �ð Þ ¼ I0

ð
a;b;�

f bð Þ E? a; b; �; �ð Þð Þ2dad sin bd�: (12)

However, it is noteworthy that past practice has gen-

erally relied on measurements of the depolarisation

ratio, R �ð Þ ¼ I? �ð Þ
Ijj �ð Þ, only at specific values of � rather

than for the whole angular range, together with an
assumption that one of the critical parameters relied

on in the usual simplifications, r, is constant at all

temperatures and hence can be determined simply in

the isotropic phase, where by definition all the orien-

tational order parameters are zero. This approach has

been used to determine some of the order parameters

in nematic liquid crystals quite successfully and, in

addition, measurements of the depolarisation ratio R

have been exploited to determine some of the more

subtle smectic phase transitions. However, while using

the simplified approach gives reasonable values for-

P200h iit has not given reliable results for P400h i, in some

cases even returning negative values. We have dis-

cussed this phenomenon in [21], and will consider it

in more detail in the sections following.

2.3 Experimental measurements of order parameters
using PRS

This section focuses on measurements of the orienta-

tional order parameters for bent-core nematogens, sys-

tems of considerable interest due to their potential for

exhibiting the elusive biaxial nematic phase. However,
data are presented initially for a uniaxial system, 8CB, to

demonstrate the effectiveness of determining the full

angular distribution of the depolarisation ratio in

Raman scattering to measure the order parameters

[21]. Importantly, this approach also allows the differ-

ential polarisability parameter, r, to be a variable rather

than a constant (a common assumption in previous

work), in order to measure P200h i and P400h i effectively,
resulting in values that offer good agreement with the-

ory. This approach demonstrates that previous anoma-

lous measurements of P400h i (including cases where it

appeared to take a negative value) are a consequence of

assuming that the differential polarisability, r, is a con-

stant that can be determined in the isotropic phase,

whereas its value strongly depends in fact on both the

phase and temperature of the system.
In all of the measurements described in this review

article we have used a Renishaw 1000 Raman micro-

scope to determine the Raman spectra. The system is

designed to guide a polarised laser beam into a polarising

microscope and focus it on the prepared sample. A

significant advantage of this arrangement is that the

liquid crystal sample can be held in a conventional hot

stage and the texture viewed, ensuring that measure-

ments are made only in areas of uniform alignment.
The scattered laser light passes through a series of holo-

graphic notch filters, which remove the Rayleigh scat-

tered portion of the light before reaching the analyser.

This light is spectrally resolved and falls on a charge-

coupled detector which measures the intensity of the

Raman light. The laser source is an argon-ion laser

operating at 514 nm, and a power of around 10 mW is

used to illuminate the sample; this power is reduced
considerably by the optical system before it is incident

on the liquid crystal. The incident laser polarisation ratio

is 1 : 100 and is focused on to the sample by a 50� long

working distance objective lens. The system allows for a

resolution of 0.5 cm–1 in the Raman-shifted light. The

apparatus has been designed to minimize the effect of

instrumental parameters on the polarisation state of the

incident and scattered light [22], since such factors can
contribute as much as 8% to the measured Raman

intensities. Our choice of back-scattered geometry,

together with the use of the 50 � objective lens (numer-

ical aperture¼ 0.55), has been shown to have a negligible

effect on the polarisation state of the light, an important

consideration for the measurements considered here.

The measured depolarisation ratio for the phenyl-

stretching mode of 8CB is shown in Figure 5(a),
together with the line of best fit to the data. This fit

allows extraction of the parameters P200h i, P400h i and r,

which take values of 0.42� 0.05, 0.21� 0.05 and –0.150

� 0.015, respectively, at a temperature of 38�C. These

values are in excellent agreement with those of Jones

et al. [16, 17]. If we follow the approach of analysing the

data obtained only for two specific points, as is quite

common in the published literature, the value of P200h i
does not change significantly, but that for P400h i is

reduced by a factor of around 2, offering very poor

agreement with theory, in contrast to the approach

followed here (see Figure 5(b)) [21].

The fitting procedure followed in our work has built

on that published by Jones et al. [16, 17]. A w2 mini-

mization fitting routine was applied to the depolarisa-

tion ratio with P200h i, P400h i and r as fitting parameters.
The solid line in Figure 5(a) shows the best fit, which

reproduces all of the characteristic features observed

experimentally. The difference between the value of r

measured in the isotropic phase and the value deduced

from the fit is quite significant, particularly in determin-

ing the value of P400h i [23]. Indeed, it is clear from our

investigations that the assumption that r is constant

and can be measured in the isotropic phase is the source
of the reported measurements of P400h i that are much

lower than predicted by theory.
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2.4 Measurements of order parameters in bent-core
nematic materials

The first bent-core molecules reported to exhibit liquid

crystal phases were produced by Vorländer in 1929 [24],

work which was not followed up until 1991 when

Matsunaga et al. [25] synthesized a number of bent-
core materials, leading to the discovery of a set of liquid

crystal phases (the B-phases, or banana phases) unique

to systems with this geometry. More recently, nematic

liquid crystalline phases formed from bent-core materi-

als generated huge excitement when, in 2004, they were

reported to exhibit biaxial order [26, 27]. We were moti-

vated by the potential for measuring the biaxial order

parameters in bent-core nematic liquid crystal materials
using PRS, taking advantage of the fitting procedure to

deduce the various order parameters.

The existence of biaxial ordering in a nematic

liquid crystal phase is crucially dependent on the pre-

sence of molecular biaxiality. Consequently it is

important to consider both the molecular symmetry
and how this symmetry is reflected in the probe used to

infer the ordering of the system. In determining the

biaxiality experimentally there are two possible sce-

narios; either using an individual biaxial probe, or

alternatively using a collection of probes forming a

biaxial unit. It is the latter approach that is used for

bent-core molecules, where the distribution of poten-

tial Raman probe groups can be used to model a
biaxial unit. The molecular biaxiality is defined by

the molecular bend angle, O, defined in Figure 6.

For the molecules we have considered, we have

examined two independent scattering units (the phenyl

stretch mode), each positioned along one of the mole-

cular arms. Assuming that the scattering units are

independent, the intensity can be described by sum-

ming the electric field contributions from each arm,

D
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n 

ra
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, R

Figure 5. (a) The experimentally measured depolarisation
ratio for 8CB at a temperature of 38�C, together with the best
fit profile for the data, and (b) the order parameters P200h i and
P400h ideduced for the data across the nematic temperature

regime together with theoretically generated data with values
of l¼ 0.15 (solid red line); l¼ 0.20 (green dashed line); and l¼
0.25 (dotted black line). It is seen that this provides a robust
method for measuring both P200h i and P400h i, yielding values of
each in excellent agreement with theory (colour version online).

α'zz
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α
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γ

Ω

nx
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Figure 6. A schematic of the model employed for the bent-
core molecules used in this study, showing the rotational
degrees of freedom. Each of the molecular arms contains
an independent scattering unit. This model is important,
whether determining order parameters in either the
uniaxial or biaxial phases. The bend angle is defined by the
parameter O, while a, b, and � shown are the Euler angles
given in Figure 1 .
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where in each case the angles are those defined

previously.

The presence of phase biaxiality is defined by the

symmetry breaking associated with a hindered rotation
about the Euler angle, a, and consequently the order

parameters describing a two-fold rotational symmetry

about a (reflected by mj j ¼ 0; 2; 4). Provided a uniaxial

Raman active mode is used, so that the molecular

biaxiality is defined by the bend angle, the orientational

distribution function, O, can be expressed as a function

of a and b only, see Equation (8). In the definition of

f(a, b), P200h i and P400h i are uniaxial order parameters,
while P220h i, P420h i and P440h i define the phase biaxial-

ity. In order to measure all of the order parameters by

the fitting technique, it is important to note that there

are now five order parameters, with the differential

polarisability parameter, r, and the molecular bend

angle, O, as fitting parameters. It is, therefore, clear

that it is necessary to consider additional experimental

geometries to reduce the potential for degeneracy in the

fits if the order is to be properly determined. This is

difficult in the bent-core molecules, since for the sys-

tems we have studied [23], it has been impossible to date

to obtain good homeotropic alignment. This approach
has nonetheless been used, together with small-angle X-

ray scattering to allow us to report all of the order

parameters in compound d shown in Figure 7 [28], in

which both data sets indicated a uniaxial-to-biaxial

nematic transition around 35�C below the nematic-to-

isotropic transition temperature.

Although using the approach of fitting to the

depolarisation ratio can, due to degeneracy, be pro-
blematic in determining experimentally biaxial order

parameters, it is, nonetheless, possible to model the

expected depolarisation ratio for different values of

P200h i, P400h i, P220h i, P420h i and P440h i. This is demon-

strated in Figure 8, which shows how the depolarisa-

tion ratio, measured for a sample with planar

alignment, varies for differing degrees of phase biaxi-

ality. In Figure 8(a) there is assumed to be no biaxial
order and the effect of adding biaxial terms appears

to squash the profile. The dominant biaxial term is

P220h i which, when taking non-zero values, appears

(a) (b)

(c) (d)

(e) (f)

N N

O
O O

O O
OC12H25C12H25O

203°C 184°C192°C 143°C 138°C 104°C

Iso Nem SmC SmX SmY SmZ Crys

N N

O
O O

O O
OC12H25C9H19O

210°C 182°C 157°C 149°C 91°C

Iso Nem SmX SmY SmZ Crys

N N

O
O O

O O
OC12H25C9H19O

F
F

210°C 197°C 186°C 155°C 150°C 100°C

Iso Nem SmC SmX SmY SmZ Crys

N N

O
O O

O O
C5H11 OC12H25

215°C 160°C 91°C

Iso Nem SmX Crys

N N

O
O O

O O
C7H15 C7H15

222°C 173°C 151°C

Iso Nem SmX Crys

232°C 164°C 149°C

N N

O
O O

O O
C5H15 C7H15

Iso Nem SmX Crys

Figure 7. A series of bent-core oxydiazole molecules used in the studies described; (a) and (e) are also reported by Achayra
et al. [27] and Madsen et al. [26], respectively, and we ourselves have reported the data for (d) [28].
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to decrease significantly the peak-to-peak amplitude
of the depolarisation ratio (see Figure 8(c)). The two

fourth-rank contributions, P420h i and P440h i, influ-

ence different parts of the distribution; P420h i
increases the minima around 0� and 180� while redu-

cing the oscillatory feature around 90� and 270�,
whereas P440h i only affects the oscillatory feature.

The influence of each is sufficient that, provided the

degeneracy can be broken by providing additional
information, it should be possible to use this

approach effectively in determining the biaxial

order parameters in bent-core systems.

While there are too many fitting parameters to deter-

mine effectively the biaxial order parameters (if they

exist) in all six of the oxadiazole bent-core molecules

shown in Figure 7, it has nonetheless proven possible to

determine the uniaxial order across the nematic range by
assuming no biaxiality, i.e. fitting only for P200h i, P400h i
and r. In all cases, the experimental approach was as

described previously, and the C–C stretch of the aromatic

rings at 1606 cm–1 was used as the Raman probe (this is
the strongest scattering peak for the bent-core molecules).

While neglecting any possible contribution from the biax-

ial order will clearly increase uncertainty, this additional

assumption does not significantly affect the uncertainty

in determining the uniaxial order parameters, which is

around �0.05 [23], and these data are presented in

Figure 9. A similar experimental approach has been

used to study the de Vries SmC* phase [29] and has
recently [30] allowed the order parameters in a series of

smectic-A materials with transitions to tilted phases to be

examined, in that case differentiating unequivocally

between the SmC*a phase and a de Vries SmC* phase.

Polarised Raman Scattering has also been effectively

used to determine changes in biaxiality in an anti-ferro-

electric system [31], although the biaxiality was inferred

from the anomalous behaviour of the P4h iorder para-
meter rather than by introducing biaxial terms in the

analysis. The potential for measuring order parameters

in a variety of liquid crystalline systems is clear.

(a) (b)

(c) (d)
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Figure 8. The modelled depolarisation ratio, R, for varying degrees of assumed phase biaxiality; (a) P200h i ¼ 0.53, P400h i ¼ 0.23,
P220h i ¼ P420h i ¼ P440h i ¼ 0; (b) P200h i¼ 0.53, P400h i ¼ 0.23, P220h i ¼ 0.12, P420h i ¼ 0 and P440h i ¼ 0; (c) P200h i¼ 0.53, P400h i ¼ 0.23,
P220h i ¼ 0.12, P420h i ¼ 0.08 and P440h i ¼ 0; and (d) P200h i¼ 0.53, P400h i ¼ 0.23, P220h i ¼ 0.12, P420h i ¼ 0.08 and P440h i ¼ 0.08.
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3. Summary

This review has outlined the importance of using optical

techniques to determine orientational order parameters
in nematic liquid crystals. New data have been presented

for P200h i deduced for a variety of nematogens with very

different refractive indices, and for both P200h i and

P400h i for a series of bent-core oxydiazoles. It is clear

that Polarised Raman Scattering offers a very promising

technique for determining biaxial order parameters in

nematic liquid crystals, as the depolarisation ratio data

P200

P400

(a)

(b)

Reduced temperature (T-TNI)

Reduced temperature (T-TNI)

Figure 9. The uniaxial order parameters P200h i and P400h i determined for the oxidiazole systems described in Figure 7. The
uncertainties in all cases are�0.05. The molecules in Figure 7 are described by the symbols as (a) orange triangle, (b) purple star,
(c) red circle, (d) blue triangle, (e) blue square and (f) blue cross; (a) and (e) are also reported by Achayra et al. [27] and Madsen
et al. [26], respectively, and we ourselves have reported the data for (d) [28] (colour version online).
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generated for specific values of the different possible

uniaxial and biaxial order parameters demonstrate.

This experimental approach is complementary to other

techniques such as NMR and polarised IR measure-

ments. It probes the same biaxial order parameters as

NMR, but does so without the presence of the high

magnetic fields necessary for NMR. The samples used
in Raman scattering can be held in standard liquid

crystal devices with glass substrates (although for the

systems considered here it was important to use very

high temperature alignment layers and glue) whereas

for polarised IR measurements specialised substrates

are required. Further, the use of the Raman microscope

for the measurements presented here ensures that only

well-aligned areas are considered as the sample quality
is readily evaluated via polarising microscopy. In sum-

mary, the use of PRS in studying biaxiality in liquid

crystals has considerable promise as an additional tech-

nique which can contribute to a full understanding of

biaxial order in liquid crystal systems. Nonetheless, in

order to fully exploit this method of probing biaxiality

in the future, it will be necessary to probe more than one

sample geometry, thereby removing the degeneracy that
is inherent in fitting such a large number of variables

(some of which are related) to a single set of experimen-

tal data. We will report on such measurements for the

biaxial smectic-A phase shortly.
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