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Abstract—This paper reviews the extended Cauchy model
and the four-parameter model for describing the wavelength
and temperature effects of liquid crystal (LC) refractive indices.
The refractive indices of nine commercial LCs, MLC-9200-000,
MLC-9200-100, MLC-6608, MLC-6241-000, 5PCH, 5CB, TL-216,
E7, and E44 are measured by the Multi-wavelength Abbe Re-
fractometer. These experimental data are used to validate the
theoretical models. Excellent agreement between experiment and
theory is obtained.

Index Terms—Cauchy model, four-parameter model, liquid
crystal display (LCD), liquid crystal (LC) refractive indices,
temperature gradients, three-parameter parabolic model.

I. INTRODUCTION

THIN-FILM transistor liquid crystal display (TFT-LCD)
has been commonly used in direct-view, e.g., cellular

phones, notebook and desktop computers, and televisions,
and large screen projection displays [1], [2]. The fundamental
light modulation mechanism of a LCD is electric field-induced
molecular reorientation which, in turn, causes refractive index
change. The refractive indices of a liquid crystal (LC) are
mainly determined by the molecular structure, wavelength,
and operating temperature. To achieve a full-color display
three primary colors (red, green, and blue) are needed. As
the wavelength increases, the refractive indices decrease. The
decreasing rate depends on the LC molecular structures. On the
other hand, for a front or rear projection display, the thermal
effect originated from the lamp heating raises the LC panel tem-
perature to 50 C–60 C. To design the LC panels for projection
displays, we need to know the intended operating temperature.
As the temperature increases, the extraordinary refractive index
decreases monotonously, but the ordinary refractive index could
decrease or increase depending the crossover temperature of the
LC employed. Therefore, the wavelength- and temperature-de-
pendent refractive indices are fundamentally interesting and
practically important for optimizing the display performances
and other photonic devices employing LCs.
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Several physical models have been developed to describe
the wavelength and temperature dependencies of LC refractive
indices [3]–[8]. Each model has its own merits and incom-
pleteness. For instances, the Vuks model [3] correlates the
microscopic molecular polarizability to the macroscopic re-
fractive indices, but the wavelength and temperature effects are
not described explicitly. The single band model [5], [6] gives
an explicit expression on the wavelength and temperature de-
pendence for birefringence, but not for the individual refractive
indices. The three-band model [7] describes the origins of the
refractive indices for single LC compounds but requires three
fitting parameters for each LC compound. If an LC mixture
consists of a dozen different molecular structures, it would be
too complicated for the three-band model to describe the LC
refractive indices of the mixture quantitatively.

Although the original Cauchy equation [9] was intended for
the isotropic gases and liquids, it has been attempted to fit the
wavelength-dependent refractive indices of some anisotropic
LCs [10], [11]. The fitting results are reasonably good except
that the physical origins of the Cauchy coefficients are not clear.
Recently, the extended Cauchy equations [12], [13] were de-
rived based on the three-band model for fitting the refractive
indices of anisotropic LCs [6], [7]. The extended Cauchy equa-
tions are applicable not only to single compounds but also to
LC mixtures. Good fittings are found in the off-resonance re-
gion. If the LC birefringence is low, then the three coefficients
in the extended Cauchy model can be reduced to two and the
fitting process is simpler. To describe the temperature effect of
LC refractive indices, a four-parameter model has been derived
based on Vuks equation [3]. If the LC clearing temperature is
high, the four-parameter model can be further simplified to the
three-parameter parabolic model [14].

In this review article, we briefly present the extended Cauchy
model and the two-coefficient Cauchy model for describing the
wavelength effect of the LC refractive indices. We also discuss
the four-parameter and three-parameter parabolic models for
describing the temperature effect on the refractive indices of
LCs. In Section II, we review the derivation processes for these
models. In Section III, the UV absorption spectra and refractive
indices of four commercial TFT LC mixtures: MLC-9200-000,
MLC-9200-100, MLC-6608, and TL-216, were measured. To
find the boundary value of birefringence below which the two-
coefficient Cauchy model works equally well as the three-coef-
ficient Cauchy model, the refractive indices of five more LCs:
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E44, E7, 5CB, 5PCH, and MLC-6241-000 were measured. In
Section IV, we validate the physical models by fitting the exper-
imental data of these LC mixtures. Excellent agreement between
theory and experiment is obtained. Finally, the temperature non-
linearity of LCs is discussed.

II. THEORY

The aligned LC exhibits anisotropic properties, such as op-
tical, dielectric, and elastic anisotropies. In a homogeneous cell,
the LC exhibits two refractive indices and , depending on
the incident light polarization. If the incident light is linearly po-
larized light parallel to the LC directors, i.e., extraordinary ray,
the corresponding refractive index is . On the other hand, if
the incident linearly polarized light is perpendicular to the LC
directors, i.e., ordinary ray, the corresponding refractive index is

. Birefringence is defined as . Except for some
special molecular structures [15], most LC compounds and mix-
tures possess a positive birefringence, i.e., .

For active matrix display applications, the LC cell gap is
usually in the 3–5 m range. The detailed selection depends on
the balance between response time and manufacturing yield. A
narrower cell gap leads to a faster response time, but the manu-
facturing yield could be sacrificed. In addition, a smaller cell
gap would require a higher birefringence to satisfy the min-
imum requirement. A high birefringence LC tends to have
less photo and thermal stability. For most transmission-type dis-
plays developed so far, the required LC birefringence is around
0.10–0.15. For reflective displays, the incident light traverses
the LC layer twice [16] so that the value can be reduced
by nearly half. Other desirable parameters include low viscosity,
modest dielectric anisotropy, proper elastic constants, and good
material stability for long-term operation.

Wavelength, temperature, and molecular constituents play
key roles in determining the LC refractive indices. Here, we
discuss the wavelength and temperature effects.

A. Wavelength Effect

The major absorption of a LC compound occurs in two spec-
tral regions: ultraviolet (UV) and infrared (IR). [17], [18] The

electronic transitions take place in the vacuum UV
(100–180 nm) region whereas the electronic transi-
tions occur in the UV (180–400 nm) region. If a LC compound
has a longer conjugation, its electronic transition wavelength
would extend to a longer UV wavelength. In the near IR region,
some overtone molecular vibration bands appear. [17], [18] The
fundamental molecular vibration bands, such as CH, CN, and

, occur in the mid and long IR regions. Typically, the os-
cillator strength of these vibration bands is about two orders of
magnitude weaker than that of the electronic transitions. Thus,
the resonant enhancement of these bands to the LC birefrin-
gence is localized [17], [18].

The three-band model [6], [7] was derived based on the
LC absorption spectra by taking the three main electronic
transitions into consideration: one transition (the

-band) and two transitions (the - and -bands).
In the three-band model, the refractive indices ( and ) are

expressed as follows [6], [7]:

(1a)

(1b)

The three-band model describes the origins of refractive indices
of LC compounds. However, a commercial mixture usually con-
sists of several compounds with different molecular structures
in order to obtain wide nematic range. The individual ’s are,
therefore, different so that (1) would have too many unknowns
to describe the refractive indices of a LC mixture.

To model the refractive indices of a LC mixture, we could ex-
pand (1) into power series because in the visible and IR spectral
regions, . By keeping up to the terms, we derive the
extended Cauchy model [12], [13]:

(2a)

(2b)

Although (2) is derived based on a LC compound, it can be
extended easily to include eutectic mixtures by taking the
superposition of each compound [13]. From (2), if we measure
the refractive indices at three wavelengths, the three Cauchy
coefficients ( , and ) can be obtained by fitting the
experimental results. Once these coefficients are determined,
the refractive indices at any wavelength can be calculated.
From (2), the refractive indices and birefringence decrease
as the wavelength increases. In the long wavelength (IR and
millimeter wave) region, and are reduced to and ,
respectively. The coefficients and are constants; they are
independent of wavelength, but dependent on the temperature.
That means, in the IR region the refractive indices are insen-
sitive to wavelength, except for the resonance enhancement
effect near the local molecular vibration bands [5].

Equation (2) applies equally well to both high and low bire-
fringence LC materials in the off-resonance region. For low
birefringence LC mixtures, the terms are insignificant and
can be omitted. Thus, and each has only two parame-
ters [18]. The two-coefficient Cauchy model has the following
simple forms [13]:

(3)

By measuring the refractive indices at two wavelengths, we can
determine and . Once these parameters are found, we
can calculate the and at any wavelength of interest.

B. Temperature Effect

The temperature effect is particularly important for projection
displays. Due to the thermal effect of the lamp, the temperature
of the display panel could reach 50 C–60 C. It is important to
know the LC properties at the anticipated operating temperature
beforehand. The thermal nonlinearity of LC refractive indices is
also very important for some new photonic applications, such as
LC photonic bandgap fibers [19], [20] and thermal soliton [21],
[22].
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Several physical models have been developed to describe the
temperature effect of the LC refractive indices. The classical
Clausius–Mossotti equation correlates the permittivity of
an isotropic media with molecular polarizability as follows
[23]:

(4)

In (4), is the molecular packing density, or number of
molecules per unit volume. In the optical frequency regime, we
substitute and obtain the Lorentz–Lorenz equation [23]:

(5)

For an anisotropic LC, there are two principal refractive indices,
and . In principle, each refractive index should be related

to its corresponding molecular polarizability, and . An
early approach replaces both in (5) by and by
[3]. However, this approach does not fit the experimental results
well. Vuks made a bold assumption that the internal field in a
crystal is the same in all directions. With this assumption, Vuks
derived the following equation for anisotropic media [3]:

(6)

Equation (6) is different from (5) in two aspects: 1) the term
in the denominator of (5) is replaced by
while the term in the numerator is replaced by and 2)
the is replaced by . Vuks validated (6) by using several
anisotropic crystals such as naphthalene, diphenyl, anthracene,
and phenanthrene [3]. From our earlier work, we found that
is linearly proportional to as [24]

(7)

It is easy to validate (7) since both and are macro-
scopic observables. Equation (7) has been validated by the ex-
perimental data of several LC materials [24]. Thus, the Vuks
isotropic local field assumption is self-consistent.

Based on the Vuks equation, the following expressions for
and can be derived [24]

(8a)

(8b)

Birefringence is defined as the difference between the extra-
ordinary and ordinary refractive indices, and the
average refractive indices is defined as .
Based on these two definitions, and can be rewritten as
follows [14], [25]:

(9a)

(9b)

By comparing (8) with (9), we find the expressions for and

(10)

(11)

Here, is themolecularpackingdensity(ornumberofmolecules
perunitvolume)whichisequal to ;where is theLCden-
sity, is the Avogadro number, and M is the molecular weight.
The term in the denominator of (10) and (11) is much
smaller thanoneand theaverage polarizability isnot sensitive
to the temperature [24], [30]. Thus, the average refractive index is
mainly determined by the LC density while the birefringence by
the order parameter S and the LC density. However, (10) and (11)
donotdisclose thedetailed temperatureeffectson and .To
describethetemperaturedependentbirefringence,Hallerapprox-
imation has been commonly employed [26]

(12)

In (12), is the LC birefringence in the crystalline state (or
), the exponent is a material constant, and is the

clearingtemperatureoftheLCmaterialunderinvestigation.From
the measured experimental data, we found the average refractive
index decreases linearly with increasing temperature as [14]

(13)

Equation (13) can also be approximated from (10) by assuming
that , is insensitive to the temperature, and
density linearly decreases with increasing temperature. Sub-
stituting (12) and (13) back to (9a) and (9b), we derive the four-
parameter model for describing the temperature dependence of
the LC refractive indices [14]

(14a)

(14b)

Although (14) has four parameters, we can get and
respectively by two-stage fittings. To obtain ,

we fit the average refractive index as a
function of temperature using (13). To find , we fit the
birefringence data as a function of temperature using (12). There-
fore, these two sets of parameters can be obtained separately
from the same set of refractive indices but at different forms.

Fordirect-viewandprojectionLCdisplays,theLCmixtureem-
ployed usually exhibits a low birefringence and high
clearing temperature C . If the operating temperature
is much lower than the clearing temperature, i.e., , the

term in (14a) and (14b) can be expanded into power
series. Keeping the first three terms, we obtain

(15a)

(15b)
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where , ,
, ,

, and .
Equations (15a) and (15b) indicate that the LC refractive in-

dices have a parabolic relationship with temperature, provided
that the operating temperature is far from . For , the placket
of the parabola is downward and, however, for the placket is
upward.

From (14), we can derive the temperature gradient for and
, respectively [25]

(16a)

(16b)

In (16a), both terms in the right-hand side are negative, indepen-
dent of temperature. This implies that decreases as the tem-
perature increases throughout the entire nematic range. How-
ever, (16b) consists of a negative term and a positive
term which depends on the temperature. In the low temperature
regime , the positive term could be smaller than the
negative term resulting in a negative . As the tempera-
ture increases, the positive term also increases. As approaches

, jumps to a large positive number. In the interme-
diate, there exists a transition temperature where .
We define this temperature as the crossover temperature for

. To find , we simply solve from (16b) [25].

III. EXPERIMENT

We have selected seven LC mixtures, MLC-9200-000,
MLC-9200-100, MLC-6241-000, MLC-6608, TL-216, E44,
E7 and two LC compounds (5CB and 5PCH) as examples
to validate the physical models we derived. The first five LC
mixtures are commonly employed for TFT-LCD applications.
MLC-9200-000 and MLC-9200-100 are Merck two-bottle
mixtures. These two mixtures have very similar physical prop-
erties except for different birefringence. MLC-9200-000 has

and MLC-9200-100 has . By mixing
these two bottles in a proper fraction, birefringence in the
0.085–0.114 range can be formulated. The mixture MLC-6608
has a negative dielectric anisotropy, . It is a rep-
resentative mixture for vertical alignment. Lastly, TL-216 is
a high birefringence LC mixture used in a
color-sequential liquid-crystal-on-silicon (LCoS) projection
display [27]. We measured their UV absorption spectra and
refractive indices. The UV absorption spectra affect the mate-
rial’s photostability and birefringence. The measured refractive
indices are used to validate the abovementioned theories.

A. UV Absorption Spectra

The UV absorption spectra of MLC-9200-000, MLC-9200-
100, MLC-6608, and TL-216 were measured at C
by dissolving each LC mixture into a UV transparent LC host
MLC-6815. To avoid detector saturation, the guest LC mixture
was controlled at 1 wt %. We used the dual channel Cary 500 UV

Fig. 1. UV absorption spectrum of 1 wt% MLC-9200-000, MLC-9200-000,
MLC-6608, and TL-216 dissolved in a UV transparent MLC-6815 mixture.
Measurement was made atT = 23 C. The dashed, dashed-dot, black solid, and
grey solid lines are UV absorption spectra of MLC-9200-000, MLC-9200-100,
MLC-6608, and TL-216, respectively. Cell gap d = 6 �m.

spectrophotometer and quartz cells for the UV measurements.
The quartz substrates were sputtered with alignment layers
for achieving homogeneous alignment, but no indium–tin-oxide
conductive electrode was deposited. The cell gap was controlled
at m.

Fig. 1 depicts the UV absorption spectra of 1 wt %
MLC-9200-000, MLC-9200-100, MLC-6608, and TL-216
dissolved in MLC-6815. The dashed, dashed-dot, black solid
line, and grey solid line represent their UV absorption spectra,
respectively. In Fig. 1, MLC-9200-100 has a longer resonance
absorption wavelength than MLC-9200-000. This explains why
MLC-9200-100 exhibits a higher birefringence
than MLC-9200-000 . MLC-9200-000 and
MLC-6608 have similar resonance absorption
peaks so that the two LC mixtures have a comparable bire-
fringence, but their dielectric anisotropy has opposite signs.
Among the four mixtures studied, TL-216 has the longest
absorption wavelengths. Thus, TL-216 has the highest bire-
fringence among these LC mixtures investigated. However,
its UV stability is the worst among these four. UV stability
is especially important to LCoS projection display where the
ultra-high-pressure lamp emits harmful UV contents. Although
UV and blue cutoff wavelength filters are used to remove the
harmful UV contents, any residual transmitted UV light could
degrade the long-term stability of the LC materials or alignment
layers [28]. Whichever fails first will deteriorate the LC panel’s
overall performance and limit the projector’s lifetime.

B. Refractive Indices

We measured the refractive indices of four low birefringence
TFT LC mixtures [MLC-9200-000 ( ; K),
MLC-9200-100 ( ; K), MLC-6608
( ; K; ), and MLC-6241-000
( ; K)], three high birefringence LC mix-
tures [TL-216 ( ; K), E7 ( ;

K), and E44 ( ; K)], and two
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TABLE I
MEASURED REFRACTIVE INDICES (n AND n ) OF MLC-9200-000 AT � = 450, 486, 546, 589, 633, AND 656 nm AT DIFFERENT TEMPERATURES. THE DATA

WITH AN ASTERISK ARE FITTING VALUES USING THE EXTENDED CAUCHY EQUATION (EQ. (2)) BECAUSE THESE VALUES ARE TOO SMALL TO

MEASURE FROM OUR ABBE REFRACTOMETER

TABLE II
MEASURED REFRACTIVE INDICES (n AND n ) OF MLC-9200-100 AT � = 450, 486, 546, 589, 633, AND 656 nm AT DIFFERENT TEMPERATURES. THE DATA

WITH AN ASTERISK ARE FITTING VALUES USING THE EXTENDED CAUCHY EQUATION (EQ. (2)) BECAUSE THESE VALUES ARE TOO SMALL TO

MEASURE FROM OUR ABBE REFRACTOMETER

LC compounds [5CB ( ; K) and 5PCH
( ; K)] using a Multi-wavelength Abbe
refractometer (Atago DR-M4) at , 486, 546, 589, 633,
and 656 nm. The accuracy of the Abbe refractometer is up
to the fourth decimal. For a given wavelength, we measured
the refractive indices of these LCs from 15 Cto 50 C with
5 C interval. The temperature of the Abbe refractometer is
controlled by a circulating constant temperature bath (Atago
Model 60-C3). The LC molecules are aligned perpendicular
to the main and secondary prism surfaces of the Abbe re-
fractometer by coating these two surfaces with a surfactant
comprising of 0.294 wt % hexadecyletri-methyle-ammonium
bromide (HMAB) in methanol solution. Both and are
obtained through a polarizing eyepiece. The measured data of
MLC-9200-000, MLC-9200-100, MLC-6608, TL-216, E44
and E7 are listed in Tables I-VI, respectively. The data with an
asterisk in the top right corner stand for the calculated values
using the extended Cauchy equations since these values are too
small to measure using our Abbe refractometer.

IV. RESULTS AND DISCUSSIONS

In this section, we will use the experimental data of four LC
materials to validate the models we derived in Section II. We
will discuss the wavelength effect and temperature effect, re-
spectively.

A. Wavelength Effect

Fig. 2 depicts the wavelength-dependent refractive indices
of MLC-9200-000 and MLC-9200-100 at C. The
open and filled circles represent the experimental data of
and for MLC-9200-000, and the open and filled triangles
are the corresponding and for MLC-9200-100, respec-
tively. The solid and dashed lines are fittings using the three-co-
efficient ((2)) and two-coefficient Cauchy model [see (3)], re-
spectively. Table VII lists the fitting parameters. In Fig. 2, all
the solid and dashed lines fit the experimental data very well
and the dashed lines almost completely overlap with the solid
lines. It means the three- and two-coefficient Cauchy models fit
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TABLE III
MEASURED REFRACTIVE INDICES (n AND n ) OF MLC-6608 AT � = 450, 486, 546, 589, 633, AND 656 nm AT DIFFERENT TEMPERATURE. THE DATA WITH

AN ASTERISK ARE FITTING VALUES USING THE EXTENDED CAUCHY EQUATION (EQ. (2)) BECAUSE THESE VALUES ARE TOO SMALL TO

MEASURE FROM OUR ABBE REFRACTOMETER

TABLE IV
MEASURED REFRACTIVE INDICES (n AND n ) OF TL-216 AT � = 450, 486, 546, 589, 633, AND 656 nm AT DIFFERENT TEMPERATURE

the experimental data of MLC-9200-000 and MLC-9200-100
equally well. From Table VII, we find the fitting Cauchy co-
efficients and are considerably smaller than the and

for both MLC-9200-000 and MLC-9200-100. This indicates
that the magnitude of the term is much smaller than that of
the term and can be ignored. For low birefringence LC ma-
terials, the two-coefficient Cauchy model works equally well as
the three-coefficient one.

Fig. 3 depicts the wavelength-dependent refractive indices of
MLC-6608 and TL-216 at C. MLC-6608 is a negative
LC mixture; its dielectric anisotropy is . The open
and filled circles and triangles represent the experimental data
of and for MLC-6608 and TL-216, respectively. The solid
and dashed lines are fittings using the three-coefficient ((2)) and
two-coefficient Cauchy models ((3)). The fitting parameters are
listed in Table VII. In Fig. 3, the dashed lines almost completely
overlap with the solid lines; both models fit the experimental
data of MLC-6608 very well. However, there are some differ-
ences between the fitting curves using the three- and two-coef-

ficient models for TL-216. The fitting error of the three-coeffi-
cient Cauchy model is one order smaller than that
of the two-coefficient Cauchy model . Here, the

deviation is defined as the sum of the squares of observed
values minus expected values and then divided by the expected
values. In Table VII, the Cauchy coefficients and are con-
siderably smaller than and for MLC-6608, however, the
coefficient is comparable to for TL-216. This indicates
that both the three- and two-coefficient Cauchy models fit the
experimental data of MLC-6608 well, but the three-coefficient
Cauchy model fits the data better than the two-coefficient
Cauchy model for TL-216. Thus, for TL-216 the term is
comparable to the term and cannot be ignored.

In Fig. 4, we show the wavelength-dependent refractive
indices of E44, E7, 5CB, 5PCH, and MLC-6241-000 at

C. The birefringence of E44, E7, 5CB, 5PCH and
MLC-6241-000 is 0.258, 0.217, 0.177, 0.116, and 0.086, re-
spectively, at and C. The open and filled
pentagons, circles, squares, upward- and downward-triangles
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TABLE V
MEASURED REFRACTIVE INDICES (n AND n ) OF E44 AT � = 450, 486, 546, 589, 633, AND 656 nm AT DIFFERENT TEMPERATURES

Fig. 2. Wavelength-dependent refractive indices of MLC-9200-000 and
MLC-9200-100 at T = 25 C. Open and filled circles and triangles,
respectively, represent the experimental data for n and n of MLC-9200-000
and MLC-9200-100. Solid and dashed lines are fittings by using the
three-coefficient [see (2)] and the two-coefficient [see (3)] Cauchy models,
respectively. The fitting parameters are listed in Table VII.

are the and of E44, E7, 5CB, 5PCH and MLC-6241-000,
respectively. The solid and dashed lines are fittings using the
three-coefficient ((2)) and two-coefficient ((3)) Cauchy models.
The fitting parameters are listed in Table VII. From Fig. 4,
the three-coefficient Cauchy model fits the experimental
and data for all five LCs well. However, the two-coeffi-
cient Cauchy model does not fit the experimental results of
E44, E7, and 5CB so nicely as the three-coefficient Cauchy
model because these three LCs have a higher birefringence.
For 5PCH , the two-coefficient Cauchy model
fits the experimental and data fairly well although the
three-coefficient Cauchy model has slightly better fitting. For
MLC-6241-000, the fittings by the three- and two-coefficient
Cauchy models overlap each other, similar to the other low
birefringence LCs. From Figs. 2, 3, and 4, we found a boundary

Fig. 3. Wavelength-dependent refractive indices of MLC-6608 and TL-216 at
T = 25 C. Open and filled circles and triangles represent the experimental data
of n and n for MLC-6608 and TL-216, respectively. While solid and dashed
lines are fittings using the three-coefficient [see (2)] and two-coefficient [see (3)]
Cauchy models, respectively. The fitting parameters are listed in Table VII.

value of birefringence below which the three-
and two-coefficient Cauchy models fit the LC refractive indices

and equally well. However, for a high birefringence
LC the three-coefficient Cauchy model must be

used.
In summary, the two-coefficient Cauchy model can be used

for describing the wavelength effect of low birefringence
LC mixtures, no matter they are positive or

negative materials. Since the two-coefficient model has
only two parameters, it is more convenient to fit with experi-
mental data. However, for a LC mixture with high birefringence

, the three-coefficient Cauchy model should be
used because the term is comparable to the term
and cannot be neglected. Based on our experimental results
of a dozen LC compounds and mixtures, can be
treated as the division between the two-coefficient and three
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TABLE VI
MEASURED REFRACTIVE INDICES (n AND n ) OF E7 AT � = 450, 486, 546, 589, 633, AND 656 nm AT DIFFERENT TEMPERATURE

Fig. 4. Wavelength-dependent refractive indices of E44, E7, 5CB, 5PCH,
and MLC-6241-000 at T = 25 C. The open and filled pentagons, circles,
triangles, upward- and downward-triangles represent the experimental data of
n and n for E44, E7, 5CB, 5PCH, and MLC-6241-000, respectively. While
solid and dashed lines are fittings using the three-coefficient [see (2)] and
two-coefficient [see (3)] Cauchy models, respectively. The fitting parameters
are listed in Table VII.

-coefficient Cauchy models. In addition, using the extended
Cauchy model we can extrapolate the infrared refractive indices
based on the data measured in the visible spectral region. The
extrapolated results agree well with those measured directly
[29].

B. Temperature Effect

Equation (14) describes the temperature-dependent refractive
indices. Although the four-parameter model has four unknowns:

, , , and , they can be obtained by the two-step fit-
ting processes. In experiment, we measured the and using
Abbe Refractometer at six wavelengths in the temperature range
from 15 to 55 C. Once the refractive indices are measured, bire-
fringence and average refractive index can be calculated. The
first step is to use (13) to fit the average refractive index data and

Fig. 5. Temperature-dependent refractive indices of MLC-9200-000 and
MLC-9200-100 at � = 589 nm. Open and filled circles and triangles,
respectively, represent experimental data of n and n for MLC-9200-000 and
MLC-9200-100. Solid and dashed lines are fittings using the four-parameter
[see (14)] and the three-parameter parabolic [see (15)] models, respectively.
The fitting parameters for the two models are listed in Tables VIII and IX,
respectively.

obtain parameters and . The second step is to use (12) to fit
the birefringence data and extract and . Finally, we plug
these two sets of parameters into equations. (14a) and (14b) to
calculate the temperature-dependent refractive indices. The cal-
culated results are then used to compare with the measured ones.
We use the four LC mixtures: MLC-9200-000, MLC-9200-100,
MLC-6608, and TL-216 as examples to validate the four-pa-
rameter models. At room temperature and nm, the
birefringence of MLC-9200-000, MLC-9200-100, MLC-6608,
and TL-216 is 0.085, 0.114, 0.083, and 0.213, and their clearing
temperatures are 362, 363, 363, and 353.3 K, respectively. Ex-
cellent agreement is obtained between the calculated results and
the experimental data.

Fig. 5 depicts the temperature-dependent refractive indices
of MLC-9200-000 and MLC-9200-100 at . The
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TABLE VII
FITTING PARAMETERS OF MLC-9200-000, MLC-9200-100, MLC-6608, TL-216, E44, E7, 5CB, 5PCH, AND MLC-6241-000 FOR THE THREE- AND

TWO-COEFFICIENT CAUCHY MODELS. T = 25 C. THE CAUCHY COEFFICIENTS B AND C ARE IN UNITS OF �m AND �m , RESPECTIVELY

TABLE VIII
FITTING PARAMETERS FOR THE AVERAGE REFRACTIVE INDEX hni (EQ. (13))

AND BIREFRINGENCE �n (EQ. (12)) OF MLC-9200-000, MLC-9200-100,
MLC-6608, AND TL-216 AT � = 589 nm

open and filled circles and triangles are the measured and
for MLC-9200-000 and MLC-9200-100, respectively. The

solid and dashed lines are fittings using the four-parameter
model ((14)) and three-parameter parabolic model ((15)),
respectively. The fitting parameters for these two models are
listed in Table VIII and Table IX, respectively. As shown in
Fig. 5, the four-parameter model fits the experimental data of
MLC-9200-000 and MLC-9200-100 very well in the whole
nematic range. The three-parameter parabolic model fits the ex-
perimental data of MLC-9200-000 and MLC-9200-100 equally
well when the temperature is not too close to the clearing point.
This is because both MLC-9200-000 and MLC-9200-100 have
a relatively low birefringence while having a high clearing
temperature.

Fig. 6 depicts the temperature-dependent refractive indices of
MLC-6608 and TL-216 at nm. The open and filled
circles and triangles are experimental data for and of
MLC-6608 and TL-216, respectively. The solid and dashed lines
are fittings using the four-parameter model ((14)) and the three-
parameter parabolic model ((15)), respectively. Table VIII and
Table IX list the fitting parameters using these two models. In
Fig. 6, the four-parameter model fits the experimental data of
MLC-6608 and TL-216 very well in the whole nematic range.

The three-parameter parabolic model fits the experimental data
of MLC-6608 equally well when the temperature is not too close
to the clearing temperature. However, there is still a noticeable
difference between the four- and three-parameter models for
TL-216. To explain this discrepancy, we need to review the as-
sumption made during the derivation of (15a) and (15b). The
two assumptions made there are: 1) low LC birefringence, and
2) . Under these conditions, the four-parameter model
can be expanded into power series that leads to the three-param-
eter parabolic model. However, the birefringence of TL-216 is
relatively high and the clearing temperature is relatively low so
that the power expansion is less accurate. Consequently, the fit-
ting results for TL-216 are less satisfactory. Thus, the three-pa-
rameter parabolic model is more suitable for low birefringence
LC materials with operating temperature much lower than .

Fig. 7 depicts the temperature dependant [see
(16a)] and [see (16b)] for MLC-9200-000 and TL-216.
The black and grey solid lines represent the calculated
curves for MLC-9200-000 and TL-216, respectively, while
the dashed lines represent the calculated curves.
The crossover temperatures of MLC-9200-000 and TL-216 are
around 80.1 and 52.7 C, respectively. In Fig. 7, we find the

for both LC mixtures remain positive throughout
their nematic range. That means , the extraordinary refractive
index decreases monotonously as the temperature increases in
the entire nematic range. However, changes sign at the
crossover temperature [25]. The is negative when
the temperature is below whereas becomes positive when
the temperature is beyond . This implies that , the ordinary
refractive index, decreases as temperature increases when the
temperature is below but increases with temperature when
the temperature is above . This tendency is clearly observed
from Figs. 5 and 6. As the temperature approaches the clearing
temperature, both and increase dramatically
as depicted in Fig. 7. We also calculated the crossover temper-
atures of MLC-9200-100 and MLC-6608 and results are found
to be 75 C and 81.7 C, respectively.



60 IEEE/OSA JOURNAL OF DISPLAY TECHNOLOGY, VOL. 1, NO. 1, SEPTEMBER 2005

TABLE IX
FITTING PARAMETERS FOR THE three-PARAMETER PARABOLIC MODEL (EQ. (15)). � = 589 nm. THE LC MIXTURES STUDIED ARE MLC-9200-000,

MLC-9200-100, MLC-6608, AND TL-216

Fig. 6. Temperature-dependent refractive indices of MLC-6608 and TL-216 at
� = 589 nm. The open and filled circles and triangles represent experimental
data of n and n for MLC-6608 and TL-216, respectively. Solid and dashed
lines are fittings using the four-parameter [see (14)] and the three-parameter
parabolic [see (15)] models. The fitting parameters for the two models are listed
in Tables VIII and IX, respectively.

V. CONCLUSION

We have derived and compared the three- and two-coefficient
Cauchy models for describing the wavelength effect on the re-
fractive indices of LCs based on the three-band model. If the LC
birefringence is larger than 0.12, the three-coefficient Cauchy
model should be used. On the other hand, if the LC birefrin-
gence is smaller than 0.12, the term can be ignored and
the two-coefficient Cauchy model works equally well as the
three-coefficient Cauchy model. Most of TFT LC mixtures de-
veloped for direct-view and projection displays have a relatively
low birefringence. Thus, the two-coefficient Cauchy model is
adequate. We have also derived and compared the four-param-
eter and three-parameter parabolic models for describing the
temperature effect on the refractive indices of LCs based on
the Vuks equation. The four-parameter model fits the experi-
mental data very well in the whole nematic range. These four
parameters can be obtained by two-stage fittings. The four-pa-
rameter model can be further simplified to the three-parameter
parabolic model if the operating temperature is much lower than
the clearing temperature. The three-parameter parabolic model

Fig. 7. Temperature gradient for n and n of MLC-9200-000 and TL-216 at
� = 546 nm. Black and grey solid lines represent the calculated dn =dT [see
(16b)] curves for MLC-9200-000 and TL-216, respectively, while the dashed
lines represent the calculated �dn =dT [see (16a)] curves. The cross-over
temperature for MLC-9200-000 and TL-216 are around 80.1 and 52.7 C,
respectively.

works well for the four selected LC mixtures. Finally, the tem-
perature gradients of LC refractive indices are presented. The

remains negative throughout the nematic range. On the
other hand, is negative when the temperature is below
the crossover temperature but becomes positive when the
temperature is beyond . This indicates that , the extraordi-
nary refractive index, decreases monotonously as temperature
increases throughout the nematic range whereas , the ordi-
nary refractive index, could decrease or increase with temper-
ature depending on where the cross-over temperature is. Both

and change dramatically as the temperature
approaches the clearing temperature.
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