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Validation of a modified four-parameter model describing temperature

effect on liquid crystal refractive indices is being reported in the present

article. This model is based upon the Vuks equation. Experimental data

of ordinary and extraordinary refractive indices for two liquid crystal sam-

ples MLC-9200-000 and MLC-6608 are used to validate the above-mentioned

theoretical model. Using these experimental data, birefringence, order pa-

rameter, normalized polarizabilities, and the temperature gradient of re-

fractive indices are determined. Two methods: directly using birefringence

measurements and using Haller’s extrapolation procedure are adopted for

the determination of order parameter. Both approches of order parameter

calculation are compared. The temperature dependences of all these param-

eters are discussed. A close agreement between theory and experiment is

obtained.

PACS numbers: 78.20.–e, 78.20.Ci, 78.20.Fm, 77.84.Nh

1. Introduction

Liquid crystals (LCs) are important for fundamental research and for their
applicability in display technology. Liquid crystals are best known for their appli-
cation in displays; besides it they are widely used in liquid crystal thermometers
[1], tunable microlenses [2], light modulators [3], switchable devices [4], light shut-
ters [5], and many more.

The refractive indices of a liquid crystal are mainly determined by molecu-
lar structure, operating wavelength, and temperature. Various theoretical models
[6–9] have been developed to establish the wavelength and temperature depen-
dence of LC refractive indices. In our earlier work we have developed a modified
four-parameter model [10] which describes the temperature dependence of ordi-
nary refractive index (no) and extraordinary refractive index (ne). The validation
of this model is made here by fitting the theoretical values with experimental data
of refractive indices. In order to validate this theoretical model, the refractive
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indices (ne, no) data of two liquid crystal samples MLC-9200-000 and MLC-6608
have been used. Refractive indices measurements of these liquid crystal samples
were carried out in the temperature range of 288–328 K by Li et al. [11] at a
wavelength of λ = 589 nm. Using the refractive indices data, it is possible to
determine some other relevant parameters such as birefringence (∆n), order pa-
rameter (Q, S), normalized polarizabilities (αe/〈α〉, αo/〈α〉), and the temperature
gradient of refractive indices (dne/dT , dno/dT ).

The order parameter indicates the percent of the mesogenic molecules aligned
in parallel with the director. Two procedures are discussed for the determination of
order parameter. The first one is a simple procedure solely based on birefringence
measurements [12]. This procedure consists in the following steps: measurements
of birefringence ∆n, determination of ∆no using extrapolation, and calculation
of order parameter. The second procedure employed for the determination of
order parameter is Haller’s extrapolation method [13]. In this method the well-
-known relation given by Vuks is used [14]. Temperature dependent experimental
results of all these parameters are linked with the theoretical value. It turns out
that the relationship between the theoretical values and experimental data agrees
fairly well.

2. Theory

2.1. Modified four-parameter model
For an anisotropic liquid crystal there are two principal refractive indices, ne

and no for the extraordinary and ordinary rays, respectively. Vuks made a bold
assumption that the internal field in a crystal is the same in all directions. With
this assumption, he derived the following equation for anisotropic medium [14]
which relates ordinary and extraordinary refractive indices to the corresponding
polarizabilities:

n2
e,o − 1
〈n2〉+ 2

=
4
3
Nπαe,o, (1)

where αe and αo are molecular polarizabilities, N is a number of molecules in a
volume unit and 〈n2〉 is the mean value of the square of refractive index given by
the following equation:

〈n2〉 =
n2

e + 2n2
o

3
. (2)

Based on this equation, earlier we have presented the following expressions [10]
for ordinary and extraordinary refractive indices as a function of

√
〈n2〉 and the

birefringence (∆n = ne − no):

ne =
√
〈n2〉+

2
3
∆n, (3A)

no =
√
〈n2〉 − 1

3
∆n, (3B)

To describe the temperature dependence of birefringence, Haller’s approxima-
tion [13] is commonly used
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∆n = ∆no

(
1− T

Tc

)β

. (4)

In Eq. (4) ∆no is the LC birefringence in the crystalline state (or at T = 0 K),
β is a material constant, and Tc is the clearing temperature of LC material under
investigation. Using the experimental data of ne and no, we find that

√
〈n2〉 de-

creases linearly with temperature, so it can be written as√
〈n2〉 = A + BT. (5)

Substituting values of ∆n and
√
〈n2〉 from Eqs. (4) and (5) in Eqs. (3A) and

(3B), the modified four-parameter model [10] is obtained. This model describes
the temperature dependence of LC refractive indices

ne = A + BT +
2
3
∆no

(
1− T

Tc

)β

, (6A)

no = A + BT − 1
3
∆no

(
1− T

Tc

)β

, (6B)

Equation (6) contains four unknown parameters. These four parameters can be
easily obtained by fitting the experimental data of

√
〈n2〉 and ∆n. A fitting curve

of temperature dependent
√
〈n2〉 using Eq. (5), gives the value of A and B. ∆no

and β are obtained by fitting the experimental data for ∆n to Eq. (4) written in
a logarithmic form

log ∆n = log ∆no + β log
(

1− T

Tc

)
. (7)

2.2. Determination of order parameter
The first approach of the order parameter determination uses Haller’s ap-

proximation, according to which the order parameter can be approximated as
Q = (1− T/Tc)β . Using this equation with Eq. (4), Eq. (3) can be written as

ne =
√
〈n2〉+

2
3
∆noQ, (8A)

no =
√
〈n2〉 − 1

3
∆noQ. (8B)

After subtraction of Eqs. (8A) and (8B), we find the following relation for the
order parameter (Q):

Q =
∆n

∆no
. (9)

This method is very simple and can be directly applied to the birefringence data
rather than to refractive indices.

In the second approach, the orientational order parameter is calculated using
the Vuks hypothesis [14]:

S

(
∆α

α

)
=

n2
e − n2

o

〈n2〉 − 1
, (10)

where ∆α denotes the anisotropy of molecular polarizability α.
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In order to determine the order parameter (S), Haller’s extrapolation method

is followed. In this method, the term log
(

n2
e−n2

o
〈n2〉−1

)
has been plotted as a function

of log(1 − T/Tc). This plot comes out to be linear and can be extrapolated to
T = 0 K. The intercept at T = 0 K where the complete ordering occurs (i.e.
S = 1), gives the value of ∆α/α. Substituting this value in Eq. (10), we find the
required order parameter. The above-mentioned second procedure is used very
traditionally for the evaluation of order parameter .

2.3. Normalized polarizabilities and temperature gradient of refractive indices

The normalized polarizabilities for extraordinary and ordinary rays are given
by the following equations:

αe,o

〈α〉 =
n2

e,o − 1
〈n2〉 − 1

, (11)

where 〈α〉 is the mean polarizability given by 〈α〉 = (αe + 2αo)/3. Ratio of nor-
malized polarizabilities can be expressed as

αe

αo
=

n2
e − 1

n2
o − 1

. (12)

The temperature gradients for liquid crystal refractive indices (ne, no) can be
found out from Eqs. (6A) and (6B):

dne

dT
= B − 2β∆no

3Tc

(
1− T

Tc

)β−1

, (13A)

dno

dT
= B +

β∆no

3Tc

(
1− T

Tc

)β−1

. (13B)

At a critical temperature, dno/dT jumps from negative to positive. This
transition temperature can be called as the cross-over temperature (Tco). Equation
dno/dT = 0 is solved to find out the value of this cross-over temperature.

3. Results and discussion

The clearing temperatures for two liquid crystal samples MLC-9200-000 and
MLC-6608 are 362 K and 363 K, respectively. The modified four-parameter model
has four unknown constants A, B, ∆no, and β. These constants are obtained by
fitting experimental data of

√
〈n2〉 and ∆n. The fitting parameters for these two

samples are listed in Table.
The results from measurements and continuous curves of modified four-

-parameter model for ordinary and extraordinary refractive indices are presented
in Fig. 1. As the temperature increases, the extraordinary refractive index de-
creases sharply while the ordinary refractive index decreases initially but grad-
ually increases near the clearing temperature. Behavior of ne and no for MLC-
9200-000 and MLC-6608 is found to be similar as in the case of other organic
liquids [12, 15, 16]. Figure 2 depicts the temperature dependence of experimental
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TABLE

Values of calculated fitting parameters for
√
〈n2〉 and ∆n

of MLC-9200-000 and MLC-6608 at λ = 589 nm.

LC sample
√
〈n2〉 ∆n

A B [K−1] ∆no β

MLC-9200-000 1.6307 −4.22× 10−4 0.1235 0.2288

MLC-6608 1.6341 −4.41× 10−4 0.1177 0.2163

Fig. 1. Temperature dependence of refractive indices (ne, no). Stars (∗) represent the

experimental data of (ne, no) for MLC-9200-000 and open circles (◦) are the (ne, no)

experimental data for MLC-6608. Solid lines are the fitting curves using four-parameter

model.

results and theoretical curves of birefringence ∆n. Birefringence decreases grad-
ually as the operating temperature increases. A similar nature is found for both
the LC samples. Near the clearing temperature, the two refractive indices are
the same (i.e. ne = no). Therefore, the birefringence becomes zero, when the
temperature reaches up to a certain value equal to Tc.

Usually, the birefringence is considered as a measure of order parameter in
a liquid crystalline phase. The order parameter behaves in the same manner as
the birefringence does. It decreases as the operating temperature increases and
becomes zero as the temperature approaches Tc. A comparison of order param-
eter values obtained in two different ways is presented in Fig. 3 for MLC-9200-
000 and in Fig. 4 for MLC-6608. These results are obtained using two methods:
from birefringence measurements and Haller’s extrapolation method. Zywucki and
Kuczynski [12] have suggested that the results of order parameter determination
using different procedures may differ. Here also, we find a different temperature
dependence of order parameter. The difference between the results obtained by a
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Fig. 2. Temperature dependence of birefringence ∆n. Stars (∗) and open circles (◦)
are experimental data of ∆n for MLC-9200-000 and MLC-6608, respectively. Solid lines

are the fitting curves using Eq. (4).

Fig. 3. Temperature dependence of order parameter (Q, S) for MLC-9200-000. Stars

(∗) represent the experimental data of Q, using birefringence measurements. Open

circles (◦) are the experimental data of S, using Haller’s extrapolation method. Solid

lines are the fitting curves using Eqs. (9) and (10).

simple procedure based on birefringence measurements and using Haller’s extrap-
olation method does not exvceed ≈ 4.0%.

The variation of ratio of normalized polarizabilities αe/αo with tempera-
ture has been plotted in Fig. 5. The ratio αe/αo decreases with an increase in
temperature. It is clear that when the temperature becomes equal to Tc, the bire-
fringence vanishes, i.e. both the refractive indices are no more different. Therefore,
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Fig. 4. Temperature dependence of order parameter (Q, S) for MLC-6608. Stars (∗)
represent the experimental data of Q, using birefringence measurements. Open circles

(◦) are the experimental data of S, using Haller’s extrapolation method. Solid lines are

the fitting curves using Eqs. (9) and (10).

Fig. 5. Temperature dependence of the ratio of normalized polarizabilities αe/αo. Stars

(∗) represent the experimental data of αe/αo for MLC-9200-000 and open circles (◦) are

the experimental data of αe/αo for MLC-6608. Solid lines are the fitting curves using

Eq. (12).

Eq. (12) confirms that near the clearing temperature the value of αe/αo becomes
one. The temperature dependence of −dne/dT and dno/dT is shown in Fig. 6 for
MLC-9200-000 and MLC-6608. The calculated values of cross-over temperatures
(Tco) for MLC-9200-000 and MLC-6608 are 352.25 K and 354.44 K, respectively.
The extraordinary refractive index decreases with increasing in temperature, there-
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Fig. 6. Temperature dependence of refractive indices temperature gradients dne/dT

and dno/dT . Dashed lines are the fitting curves for MLC-9200-000 and solid lines are

the fitting curves for MLC-6608 using Eq. (13A) and (13B).

fore its negative temperature gradient (−dne/dT ) remains always positive for both
the LC samples. However no decreases initially but near the clearing temperature
it increases, so its temperature gradient dno/dT changes the sign from negative
to positive value. The dno/dT is negative when the temperature is below Tco,
whereas it becomes positive when the temperature is above Tco.

4. Conclusion

The modified four-parameter model, explaining temperature dependence of
liquid crystal refractive indices and different theoretical equations for other rel-
evant parameters are used to check out the experimental results. Discrete ex-
perimental points and the fitting curves are plotted in the same graph for each
parameter. This four-parameter model fits the experimental data very well. It can
also be seen that all other experimental results are in good agreement with theory
and the literature data. The fitting parameters are obtained by giving the linear
fit to the experimental data of

√
〈n2〉 and ∆n. Two methods for the determination

of order parameter in liquid crystals are compared. The first method yields that
the order parameter can be calculated directly from the macroscopic quantity —
the birefringence. Knowing the value of ∆no (birefringence for crystalline state
i.e., at T = 0 K), the order parameter can be obtained from the ratio ∆n/∆no.
Haller’s extrapolation method is being used in the second approach for calculat-
ing the orientational order parameter. It is concluded that the order parameter
computed from different procedures must not necessarily be identical. It has been
found that dne/dT remains always negative. This means that ne must decrease as
temperature increases. However, dno/dT changes its sign near the cross-over tem-
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perature. This implies that no may decrease or increase depending on operating
temperature.
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