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A model describing the temperature effect of liquid crystal~LC! refractive indices is derived and
confirmed by experiment. Two single LC compounds~5CB, 5PCH! and two mixtures
~MLC-6241-000 and UCF-35! with different birefringence values were used to validate the model.
This model fits all the experimental data well. For a low-birefringence LC mixture, if the operating
temperature is far below its clearing point, the temperature-dependent refractive indices can be
approximated as a parabolic form. This prediction is also experimentally validated. In addition, a
linear relationship between̂n2& and temperature is found. ©2004 American Institute of Physics.
@DOI: 10.1063/1.1757034#

I. INTRODUCTION

Liquid crystal~LC! has been used extensively for direct-
view and projection displays, tunable photonics, and nonlin-
ear optics.1–4 Most of the LC devices use the electric-,
thermal-, or optical-field-induced refractive index change to
modulate light. LC refractive indices are determined mainly
by the molecular structure, wavelength, and temperature.
Several models,5–10 such as the single-band model,5 three-
band model8 and extended Cauchy model,10 have been de-
veloped to describe the wavelength-dependent LC refractive
indices. The three-band model is particularly useful for un-
derstanding the origins of the refractive indices of single LC
compounds, while the extended Cauchy model is more ap-
propriate for LC mixtures. As the wavelength increases, both
ne ~refractive index for the extraordinary ray! andno ~refrac-
tive index for the ordinary ray! decrease, and then gradually
saturate in the near-infrared region.5

Temperature also plays an important role in affecting the
LC refractive indices. As the temperature increases,ne be-
haves differently fromno . The derivative of ne ~i.e.,
]ne /]T) is always negative. However,]no /]T changes from
negative to positive as the temperature exceeds the crossover
temperature.11 For elevated temperature operation of a LC
device, temperature-dependent refractive indices need to be
modeled accurately. Some semi-empirical models12–14 have
been developed for describing the temperature effect on the
LC refractive indices. However, a comprehensive model
would be much more desirable.

In this article, we derive a model for describing the
temperature-dependent LC refractive indices based on the
Vuks equation.15 For low-birefringence thin-film-transistor
~TFT! LC materials with a high clearing point~.100 °C!,
the temperature-dependent LC refractive indices have a para-
bolic form. In Sec. II, we show the derivation processes for
the temperature-dependent refractive indices. In Sec. III, the
experimental method for measuring the refractive indices is
briefly described. In Sec. IV, we validate the models by fit-
ting the experimental data of four LC compounds and mix-

tures with different birefringences. Excellent agreement be-
tween theory and experiment is obtained. We use the
experimental data of MLC-6241-000 (Dn;0.085,Tc

;100 °C) to validate the parabolic model. This model fits
the experimental data very well when the temperature is far
from the clearing point. Finally, a linear relationship between
^n2& and temperature is discussed.

II. THEORY

The classical Clausius–Mossotti equation16 correlates
the dielectric constant~«! of an isotropic medium with its
molecular polarizability~a! at low frequencies. Replacing
«5n2, the Lorentz–Lorenz equation16 correlates the refrac-
tive index of an isotropic medium with molecular polariz-
ability in the optical frequencies. In principle, these two
equations are derived for isotropic media and are not suitable
for anisotropic liquid crystals in which dielectric constants
(« i ,«') and molecular polarizabilities (a i ,a') are all aniso-
tropic in the nematic phase.

Vuks made a bold assumption that the internal field in a
LC is the same in all directions and gave a semi-empirical
equation correlating the refractive indices with the molecular
polarizabilities for anisotropic materials:15

ne,o
2 21

^n2&12
5

4p

3
Nae,o . ~1!

In Eq. ~1!, ne andno are refractive indices for the extraordi-
nary ray and ordinary ray, respectively,N is the number of
molecules per unit volume,ae,o is the molecular polarizabil-
ity, and ^n2& is defined as

^n2&5~ne
212no

2!/3. ~2!

In Eq. ~1!, ne and no are coupled together so that the rela-
tionship between the refractive indices and the corresponding
molecular polarizabilities is not clear. To reveal this relation-
ship, we should decouplene from no by solving Eq. ~1!.
Substituting Eq.~2! to Eq. ~1! and separatingne andno , we
obtain10a!Electronic mail: swu@mail.ucf.edu
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, ~4!

where ^a& is the average polarizability of the LC molecule
and is defined as17

^a&5
ae12ao

3
. ~5!

WhenN^a& is small, Eqs.~3! and ~4! can be expanded
into a power series. Retaining the first two terms, we derive10
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. ~7!

Birefringence of a LC material is defined asDn5ne2no .
Subtracting Eq.~7! from Eq. ~6!, we obtain

Dn'
&pNS~ge2go!

12 4
3pN^a&

. ~8!

The average refractive index of a LC is defined as

^n&5
ne12no

3
. ~9!

Substituting Eqs.~6! and ~7! into Eq. ~9!, we derive

^n&'
3&

4
1
&pN^a&

12 4
3pN^a&

. ~10!

Substituting Eqs.~8! and ~10! back to Eqs.~6! and ~7!, the
refractive indices have the following simple expressions:

ne5^n&1 2
3Dn, ~11!

no5^n&2 1
3Dn. ~12!

In theory, bothne and no are functions of wavelength and
temperature. The wavelength effect has been addressed ex-
tensively. Here, we focus on the temperature effect. Accord-
ing to our experimental data and fitting results, the average
refractive index^n& decreases linearly as the temperature
increases:11

^n~T!&5A2BT. ~13!

Equation~13! has a negative slope. The value ofB is around
1024 K21.

On the other hand, birefringence is dependent on the
order parameterS. Based on Haller’s approximation, the or-
der parameter can be approximated asS5(12T/Tc)

b. Thus,
the temperature-dependent birefringence has the following
form:18

Dn~T!5~Dn!o~12T/Tc!
b, ~14!

In Eq. ~14!, (Dn)o is the LC birefringence in the crystalline
state~or T50 K), the exponentb is a material constant, and
Tc is the clearing temperature of the LC material under in-
vestigation.

Substituting Eqs.~13! and ~14! back to Eqs.~11! and
~12!, we derive the four-parameter model for describing the
temperature effect on the LC refractive indices:

ne~T!'A2BT1
2~Dn!o

3 S 12
T

Tc
D b

, ~15!

no~T!'A2BT2
~Dn!o

3 S 12
T

Tc
D b

, ~16!

At the first glance, Eqs.~15! and ~16! seem to have four
fitting parameters. As a matter of fact, parametersA and B
can be obtained from fitting the temperature-dependent
^n(T)& data at a given wavelength, and parameters (Dn)o

and b can be obtained by fitting the temperature-dependent
Dn data. Thus, once we have measured the temperature-
dependentne andno , we rearrange the data into^n(T)& and
Dn(T) and parameters@A, B#, and @(Dn)o ,b# can be ob-
tained fairly straightforwardly.

For direct-view and projection LC displays, the LC mix-
ture employed usually exhibits a low birefringence and high
clearing temperature (Tc.90 °C). Under the condition that
T!Tc , the (12T/Tc)

b term in Eqs.~15! and ~16! can be
expanded into a power series. Keeping the first three terms,
we obtain

ne~T!5Ae2BeT2CeT
2, ~17!

no~T!5Ao2BoT1CoT2, ~18!

where Ae5A12(Dn)o/3, Be5B12(Dn)ob/3Tc ,
Ce5(Dn)ob(12b)/3Tc

2, Ao5A2(Dn)o/3,
Bo5B2(Dn)ob/3Tc , andCo5(Dn)ob(12b)/6Tc

2. Equa-
tions ~17! and ~18! indicate that the LC refractive indices
have a parabolic relationship with temperature for the low-
birefringence and high-clearing-point LC material when the
operating temperature is far from the clearing point. Forne ,
the placket of the parabola is downward, whereas forno , the
placket is upward.

III. EXPERIMENT

We measured the refractive indices of 4-cyano-4-n-
pentylbiphenyl ~5CB!, 4-cyano-4-n-pentyl-cyclohexane-
phenyl ~5PCH!, a high birefringence LC mixture~UCF-35;
Dn;0.35) formulated in our laboratory, and a commercial
low-Dn TFT LC mixture ~Merck MLC-6241-000; Dn
;0.085; Tc5373.72 K) using a multiwavelength Abbe re-
fractometer~Atago DR-M4! at l5450, 486, 546, 589, 633,
and 656 nm. For the LC samples studied, theirne or no is
outside the measurable range of the Abbe refractometer at
l5450 and 486 nm. Thus, we will have fewer experimental
data for these two wavelengths. The accuracy of the Abbe
refractometer is up to the fourth decimal. For a given wave-
length, we measured the refractive indices of 5CB, 5PCH,
MLC-6241-000 and UCF-35 from 10 to 60 °C. The tempera-
ture of the Abbe refractometer is controlled by a circulating
constant temperature bath~Atago Model 60-C3!.
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To validate the four-parameter model, we use the model
to fit the experimental data of 5CB, 5PCH, MLC-6241-000,
and UCF-35 measured atl5546, 589, and 633 nm. Excel-
lent agreement between the four-parameter model and the
experimental data is obtained. To validate the three-
parameter parabolic model, we fit the model with the experi-
mental data of MLC-6241-000. The agreement is also excel-
lent.

IV. RESULTS AND DISCUSSION

A. Validation of the four-parameter model

Although the four-parameter model has four unknowns,
A, B, (Dn)o , and b, they can be obtained by the two-step
fittings. In experiment, we measured the refractive indices
(ne andno) using Abbe refractometer at six wavelengths in
the temperature range from 10 to 60 °C. Once the refractive
indices are measured, birefringence and average refractive
index can be calculated. The first step is to use Eq.~13! to fit
the average refractive index data and obtain parametersA
andB. The second step is to use Eq.~14! to fit the birefrin-
gence data and extract (Dn)o andb. Finally, we plug these
two sets of parameters into Eqs.~15! and~16! to calculate the
refractive indices and compare the calculated results with the
measured ones. We use four different materials: 5CB, 5PCH,
MLC-6241-000, and UCF-35 to validate the four-parameter
model. At room temperature, the birefringences of UCF-35,

5CB, 5PCH, and MLC-6241-000 are 0.35, 0.2, 0.12, and
0.085, respectively, atl5589 nm, and their clearing tem-
peratures are 368.3, 306.6, 325.9, and 373.7 K, respectively.
Excellent agreement is obtained between the calculated re-
sults and experimental data of these four different materials.

Figure 1 depicts the temperature-dependent average re-
fractive indices of 5CB, 5PCH, UCF-35, and MLC-6241-000
at l5589 nm. Circles, upward-triangles, squares, and
downward-triangles represent experimental data for 5CB,
5PCH, MLC-6241-000, and UCF-35, respectively, while
solid lines are fitting results using Eq.~13!. The fitting pa-
rameters for these four materials are listed in Table I. The
average refractive index decreases linearly as the tempera-
ture increases. In the isotropic phase, the refractive index
also decreases linearly with the increased temperature. Near
the isotropic temperature, there is a sudden decrease in re-
fractive index because of the second order phase transition
which results in a density fluctuation.19 The filled circles and
triangles in Fig. 1 are the isotropic refractive indices for 5CB
and 5PCH, respectively. They also decrease linearly with in-

FIG. 1. Temperature-dependent average refractive index^n& of 5CB, 5PCH,
MLC-6241-000, and UCF-35 atl5589 nm. Open circles, upward-triangles,
squares, and downward-triangles are average refractive indexes^n& of 5CB,
5PCH, MLC-6241-000, and UCF-35, respectively. Solid lines are fittings by
using Eq.~13!. The fitting parameters are listed in Table I. The filled circles
and triangles are isotropic refractive indices for 5CB and 5PCH, respec-
tively.

FIG. 2. Temperature-dependent birefringence (Dn) of UCF-35 ~open
downward-triangles!, 5CB ~open circles!, 5PCH ~open upward-triangles!,
and MLC-6241-000~open squares! at l5589 nm. The four solid lines are
fitting curves usingDn5(Dn)o(12T/Tc)

b, whereTc is clearing point. The
fitting parameters are listed on Table I.

FIG. 3. Temperature-dependent refractive indices of 5CB atl5546, 589,
and 633 nm. Squares, circles, and triangles are experimental data for refrac-
tive indices measured atl5546, 589, and 633 nm, respectively. Solid lines
are fittings using the four-parameter model@Eqs.~15! and~16!#. The fitting
parameters are listed in Table II.

TABLE I. Fitting parameters for the average refractive index^n& and bire-
fringence (Dn) of four LCs atl5589 nm.

LC

^n& Dn

A B ~K21! (Dn)o b

5CB 1.7674 5.7931024 0.3505 0.1889
5PCH 1.6795 5.0731024 0.1703 0.1512

MLC-6241-000 1.6233 4.0031024 0.1224 0.2234
UCF-35 1.8187 5.3231024 0.5727 0.2719
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creasing temperature in the isotropic state, but the slope is
slightly different from that of the nematic state.

Figure 2 depicts the temperature-dependent birefrin-
gence of 5CB, 5PCH, MLC-6241-000, and UCF-35 atl
5589 nm. Circles, upward-triangles, squares, and
downward-triangles are experimental data for 5CB, 5PCH,
MLC-6241-000, and UCF-35, respectively, while solid lines
are fitting results using Eq.~14!. The fitting parameters for
these four materials atl5589 nm are also listed in Table I.
Through fittings, we obtain parameters (Dn)o andb.

For a full color display, we need to know the refractive
indices at the three primary colors. Figure 3 depicts the
temperature-dependent refractive indices of 5CB atl5546,
589, and 633 nm. Squares, circles, and triangles are experi-
mental data measured atl5546, 589, and 633 nm, respec-
tively, and solid lines are fitting results using the four-
parameter model. The agreement is excellent. In an isotropic
phase, the optical anisotropy disappears~i.e., ne5no) re-
gardless of wavelength. The fitting parameters for the four-
parameter model are listed in Table II. As shown in Fig. 3,
the agreement between the four-parameter model and experi-
mental data is excellent.

Due to the shorter molecular conjugation, 5PCH has a
lower birefringence than 5CB, however, its clearing tempera-
ture is higher. Thus, similar to 5CB, 5PCH has been widely
used in many commercial LC mixtures. Figure 4 depicts the
temperature-dependent refractive indices of 5PCH atl
5546, 589, and 633 nm. Squares, circles, and triangles are
the experimental data measured atl5546, 589, and 633 nm,

respectively, and solid lines are fitting results using the four-
parameter model. Above the clearing point (Tc5325.9 K),
the optical anisotropy vanishes so thatne5no . The fitting
parameters for the four-parameter model are listed in Table
III. Excellent agreement between the four-parameter model
and experimental data is achieved.

Figure 5 depicts the temperature-dependent refractive in-
dices of MLC-6241-000 and UCF-35 atl5589 nm. Circles
and squares are measured refractive indices of MLC-6241-
000 and UCF-35, respectively. Solid lines are fitting results
using the four-parameter model. The fitting parameters for
the four-parameter model are listed in Table I. Excellent
agreement is achieved between the four-parameter model
and experimental data.

Summarizing, the four-parameter model fits very well
with all the four LC materials we studied, although their
birefringence values span a wide range. It is an accurate
model to describe the temperature effect on the refractive
indices of liquid crystals.

B. Validation of the parabolic model

For a low-Dn, high-Tc LC compound or mixture, the
four-parameter model can be reduced to a three-parameter
parabolic model. To validate the parabolic model, we chose
two LC mixtures: MLC-6241-000 (Dn;0.085) and UCF-35
(Dn;0.35); their clearing temperatures are 100 and 95.3 °C,
respectively. Figure 5 depicts the temperature-dependent re-

TABLE II. Fitting parameters for the average refractive index^n& and bire-
fringence (Dn) of 5CB atl5546, 589, and 633 nm.

l ~nm!

^n& Dn

A B ~K21! (Dn)o b

546 1.7751 5.8131024 0.3594 0.1862
589 1.7674 5.7931024 0.3505 0.1889
633 1.7601 5.7531024 0.3389 0.1855

FIG. 4. Temperature-dependent refractive indices of 5PCH atl5546, 589,
and 633 nm. Squares, circles, and triangles are experimental data for refrac-
tive indices measured atl5546, 589, and 633 nm, respectively. Solid lines
are fittings using the four-parameter model@Eqs.~15! and~16!#. The fitting
parameters are listed in Table III.

TABLE III. Fitting parameters for the average refractive index^n& and bi-
refringence (Dn) of 5PCH atl5546, 589, and 633 nm.

l ~nm!

^n& Dn

A B ~K21! (Dn)o b

546 1.6837 5.0931024 0.1719 0.1473
589 1.6795 5.0631024 0.1703 0.1491
633 1.6684 4.8231024 0.1682 0.1487

FIG. 5. Temperature-dependent refractive indices of UCF-35 and MLC-
6241-000 atl5589 nm. Squares and circles are experimental data for re-
fractive indices of UCF-35 and MLC-6241-000, respectively. Solid lines are
fittings using the four-parameter model@Eqs. ~15! and ~16!#. Dashed lines
are fittings using the three-parameter parabolic model@Eqs.~17! and ~18!#.
The fitting parameters for the two models are listed in Tables I and IV,
respectively.
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fractive indices of MLC-6241-000 and UCF-35 atl
5589 nm. Circles and squares are measured refractive indi-
ces of MLC-6241-000 and UCF-35, respectively. Solid lines
are fitting results using the four-parameter model and dashed
lines are fitting results using the three-parameter parabolic
model. The fitting parameters for the three-parameter para-
bolic model are listed in Table IV. For MLC-6241-000, the
fitting parameters (Ae , Be , Ce) for ne are (1.6495, 2.00
31025, 9.2531027) and (Ao , Bo , Co) for no are
(1.6343, 7.5031024, 7.2131027), respectively. For UCF-
35, the fitting parameters (Ae , Be , Ce) for ne are (1.0367,
20.0069, 1.0031025) and (Ao , Bo , Co) for no are
(1.8276, 0.0019, 3.2431026), respectively.

At room temperature, the birefringences of MLC-6241-
000 and UCF-35 are around 0.085 and 0.35 atl5589 nm,
respectively. In Fig. 5, the three-parameter parabolic model
~dashed lines! fits the experimental data of the two materials
very well and almost overlap each other with the four-
parameter model when the temperature is far from the clear-
ing point. In the three-parameter model, we predict all the
Ae,o , Be,o andCe,o coefficients should be positive. From this
viewpoint, the three-parameter parabolic model fits the ex-
perimental data of MLC-6241-000 better than that of
UCF-35 because one of the fitting parametersBe for UCF-35
is negative although its value is relatively small. To explain
this discrepancy, we need to review the assumption made
during the derivation of Eqs.~17! and~18!. The two assump-
tions made there are:~1! the LC birefringence is low, and~2!
T!Tc . Under these conditions, the four-parameter model
can be expanded into a power series, which leads to the

three-parameter parabolic model. However, the birefringence
of UCF-35 is quite high, so that the power expansion is less
accurate. Consequently, the fitting results for UCF-35 are
less satisfactory. Thus, the three-parameter parabolic model
is more suitable for the low-birefringence LC materials while
the operating temperature is far from the clearing tempera-
ture.

C. Temperature effect on Šn 2
‹

From Eq. ~2!, ^n2&5(ne
212no

2)/3. Based on the Vuks
equation, we derived a relationship between^n& and ^n2&:

^n&

^n2&12
'
&

4
. ~19!

Equation~19! can be rearranged as

^n2&'2&^n&22. ~20!

Substituting Eq.~13! into Eq. ~20!, we derive the following
equation:

^n2&'~2&A22!22&BT. ~21!

Letting C5(2&A22) andD52&B, we rewrite

^n2~T!&'C2DT. ~22!

Equation ~22! predicts that^n2& decreases linearly as the
temperature increases.

Figure 6 depicts the temperature-dependent^n2& of 5CB,
5PCH, UCF-35, and MLC-6241-000 measured atl
5589 nm. The open circles, upward-triangles, squares, and
downward-triangles are the experimental data of^n2& for
5CB, 5PCH, MLC-6241-000, and UCF-35, respectively. The
solid lines are fittings results using Eq.~22!. The fitting pa-
rameters are listed in Table V. Similarly tôn&, ^n2& de-
creases linearly as the temperature increases. The difference
is that ^n2& decreases faster than^n&. Comparing Eq.~22!
with Eq. ~13!, the slope of Eq.~22! is larger than that of Eq.
~13!. From the fitting results, indeed, the slope of^n2& is ;3
times larger than that of̂n&.

FIG. 6. Temperature-dependent average squared refractive indices^n2& of
5CB, 5PCH, MLC-6241-000, and UCF-35 atl5589 nm. Open circles,
upward-triangles, squares, and downward-triangles are average squared re-
fractive indiceŝ n2& of 5CB, 5PCH, MLC-6241-000, and UCF-35, respec-
tively. Solid lines are fittings by using Eq.~22!. The fitting parameters are
listed in Table V.

TABLE IV. Fitting parameters for the three-parameter parabolic model@Eqs.~17! and ~18!#. l5589 nm. The LC mixtures studied are MLC-6241-000 and
UCF-35.

Materials

ne no

Ae Be ~K21! Ce ~K22! Ao Bo ~K21! Co ~K22!

MLC-6241-000 1.6495 2.0031025 9.2531027 1.6343 7.5031024 7.2131027

UCF-35 1.0367 20.0069 1.0031025 1.8276 0.00194 3.2431026

TABLE V. Fitting parameters for average squared refractive index^n2&.
LC: 5CB, 5PCH, MLC-6241-000 and UCF-35 atl5589 nm.

Coefficients

Materials

5CB 5PCH MLC-6241-000 UCF-35

C 3.1603 2.8218 2.6250 3.3958
D ~K21! 2.0431023 1.6231023 1.2131023 2.0431023
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IV. CONCLUSIONS

We have derived a four-parameter model for describing
the temperature effect on the refractive indices of liquid crys-
tals based on the Vuks equation. Four different LC materials
with different birefringences are used to validate this four-
parameter model. Excellent agreement between the experi-
mental data and theory is obtained. For a TFT LC material
with low birefringence and high clearing point, the four-
parameter model can be simplified to the three-parameter
parabolic model. The three-parameter parabolic model fits
well with the experimental data of MLC-6241-000, which is
a low-birefringence and high-clearing-temperature LC mix-
ture. The three-parameter parabolic model fits the experi-
mental data very well when the temperature is far from the
clearing point. Thus, the three-parameter parabolic model is
more suitable for describing the temperature effect on TFT
LC materials with a low birefringence and a high clearing
point. Finally, we find that̂n2& also decreases linearly as the
temperature increases.
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