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4 ¾ -n-Pentyl-4-cyanobiphenyl (5CB) is a room temperature nematic liquid crystal with a high
positive dielectric anisotropy and a high chemical stability. Many experimental results
concerning the elastic and dielectric constants of 5CB are available in the literature, although
there is often no satisfactory agreement between the experimental data obtained by diŒerent
groups, especially as far as the dielectric constants are concerned. Furthermore, no detailed
investigation of the temperature dependence of the elastic and dielectric constants close to
the nematic–isotropic transition temperature TNI has yet been reported. In this paper, we
report the measurement of the elastic and dielectric constants of 5CB, and the temperature
behaviour close to TNI has been investigated in detail. The experiment consists in the
measurement of the director deformation induced by an electric � eld using simultaneously
both a dielectric and an optical method. The simultaneous use of these two methods provides
an indirect check on the reliability of the measurements. Special attention has been devoted
to control possible sources of uncertainty. In particular, the eŒects of � nite anchoring energy
and of � nite pretilt angle have been considered. The temperature dependence of the anisotropy
of the refractive indices is also obtained in the experiment.

1. Introduction A possible reason for these discrepancies is the diŒerent
4 ¾ -n-Pentyl-4-cyanobipheny l (5CB) is a room temper- chemical purity of samples. Indeed, the dielectric permit-

ature nematic liquid crystal with a high positive dielectric tivity is very sensitive to impurities. Furthermore, in a
anisotropy and a high chemical stability. This feature recent paper Murakami and Naito [8] report that the
makes 5CB very interesting for fundamental investi- dielectric constants of 5CB exhibit a slow but appreciable
gations on nematic liquid crystals. For this reason many drift (within a month) probably due to injection of
experimental results on the elastic and dielectric con- impurities from the contacting media (glue, polyimide
stants of 5CB are available in the literature [1–17]. layers …). This degradation phenomenon too could be
However, no detailed investigation of these constants a cause of some observed discrepancies.
close to the nematic–isotropic transition temperature TNI In this paper, we report an investigation of the elastic
has been reported. In this temperature region the bulk and dielectric constants of 5CB with special attention
characteristic constants of nematic liquid crystals exhibit paid to the transition region. The experimental method
a great temperature dependence so that their actual is based on the investigation of the Fréedericksz trans-
value can hardly be extrapolated from measurements ition induced by an electric � eld [3, 7]. The director
at lower temperatures. Furthermore, there is often no distortion is detected by measuring both the capacitance
satisfactory agreement between the experimental data of a nematic cell and the birefringence. The simultaneous
obtained by diŒerent groups, especially as far as the use of these two methods provides two independent
dielectric constants are concerned. These discrepancies measurements of the elastic constants and a check on
are often much higher than the estimated accuracy of the reliability of the experimental measurements. Special
the measurements which is typically of the order of 2%. attention has been devoted to the control of possible

sources of systematic experimental error. In particular,
the in� uence of � nite anchoring energy, of � nite pretilt*Author for correspondence; e-mail: faetti@df.unipi.it
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730 A. Bogi and S. Faetti

surface angle and of the dielectric surface aligning layer equilibrium solution one obtains the three equations [18]:
have been taken into account. To reduce greatly possible
contributions due to degradation or contamination of

d
2

5 P h
m

h
s

dhC 1 Õ c cos2 h

(cos2 h Õ cos2 hm )g(h, hm )D1/2
(2)

the NLC [8], any complete set of measurements has
been made using a fresh sample and maintaining the V

2
5

D

eo e
d
P h

m

h
s

dh
1

1 Õ a cos2 h
total measurement time within a two day period which
is much smaller than the degradation time observed
in [8]. Measurements have been repeated on diŒerent

Ö C 1 Õ c cos2 h

(cos2 h Õ cos2 hm )g(h, hm )D1/2
(3)samples and with diŒerent cells to estimate their repro-

ducibility. The experimental results for both the dielectric
C(hs ) 5 Õ (K11 cos2 hs 1 K33 sin2 hs )h

Ç
s (4)anisotropy and the elastic constants are in a satisfactory

agreement with those obtained by Bradshaw et al. [7].
with c 5 (K33 Õ K11 )/K33 and a 5 (e

d
Õ e) )/ed . hm is the

director angle at the centre of the cell (z 5 d/2 ) and

2. The principle of the experimental method
g(h, hm ) 5

D2a

eo e
d
K33 (1 Õ a cos2 h) (1 Õ a cos2 hm )

. (5)The experimental method is based on the measure-
ment of the response of the nematic liquid crystal to
an external electric � eld [7]. The NLC is sandwiched hÇ s in equation (4) is the z-derivative of the director angle

at the surface with:between two parallel plates covered by thin ITO con-
ducting layers and maintained at a distance d by two
spacers. A thin rubbed polyimide layer is deposed on hÇ (z) 5 C 1 Õ c cos2 h

(cos2 h Õ cos2 hm )g(h, hm )D Õ 1/2
. (6)

the two plates to induce a planar director orientation
with a small pretilt angle hp on both the surfaces. An Equation (2) comes from the solution of the bulk
a.c. voltage at a frequency of 3030 Hz is applied to Euler–Lagrange equation; equation (3) states that the
generate an electric � eld E along the z-axis orthogonal integral of the electric � eld is the applied voltage V and
to the plates. The period of the oscillating signal is much equation (4) is the boundary condition for the equilibrium
smaller than the characteristic response time of the between the elastic surface torque and the anchoring
director � eld and much smaller than the characteristic surface torque C(hs ) 5 Õ W (hs )/ hs . For small values of
relaxation time of ionic charges. Then, the director does hs , the anchoring energy function is well represented by
not follow the oscillations of the electric � eld, but reaches the Rapini–Papoular expression [19]
a static con� guration which depends only on the rms
value V of the applied voltage. Furthermore, the nematic W (hs ) 5

W
2

sin2 (hs Õ hp ) (7)
liquid crystal behaves as an ideal dielectric medium with
no space charges. The director � eld at a given distance z where W is the anchoring energy coe� cient. Equations
from one surface is n ; [cos h(z), 0, sin h(z)] where h(z) is (2)–(4) are a system of three non-linear equations in the
the angle between the director and the surface plane. For three unknown parameters D, hs and hm which are solved
a purely dielectric nematic layer, the dielectric displace- using a numerical iterative algorithm (see for instance
ment D has to be constant everywhere ( D/ z 5 r 5 0 ) [18]). To obtain accurate values of hs , hm and D, proper
and the bulk free energy density is care must be devoted to the numerical treatment of

the contribution (cos2 h Õ cos2 hm ) Õ 1/2 which diverges at
h 5 hm . Once parameters D, hm and hs are obtainedf 5

1

2
(K11 cos2 h 1 K33 sin2 h)hÇ 2

from the numerical program, the optical dephasing Dw
between the extraordinary and the ordinary wave for a

1
D2

2eo (e) cos2 h 1 e
d

sin2 h)
(1 ) transmitted monochromatic beam at normal incidence

is calculated from

where K11 and K33 are the splay and bend elastic
constants and e) and e

d
are the dielectric constants Dw 5

4p

l P h
m

h
s

dhC 1 Õ c cos2 h

(cos2 h Õ cos2 hm )g(h, hm )D1/2

orthogonal and parallel to the director, respectively.
The equilibrium director angle h(z) is obtained by

Ö C n) n
d

(n2) cos2 h Õ n2
d

sin2 h)1/2
Õ n)D (8)minimizing the total free energy per unit surface area

F 5 Ÿ d
0

f dz 1 2W(hs ), where the anchoring energy function
W(hs ) and the surface angles hs are assumed to be the where l is the optical wavelength, and n) and n

d
are

the ordinary and the extraordinary refractive indices,same at both surfaces of the nematic layer. Using the
standard variational approach and looking for an even respectively. At the same time, the eŒective dielectric
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731Physical constants of 5CB

constant e 5 Dd/(eo V ) of the nematic layer is calculated where
from the numerical algorithm. Both these parameters

are measured in our experiment. Optical dephasing n(hp ) 5
n
d

Acos2 hp Õ
n2
d

n2)
sin2 hpB1/2

. (10)
Dw is measured using the Senarmont method [20],

while e 5 C/Co is obtained from the measurement of the
capacitance C of the NLC layer, where Co is the empty

In our experiment hp 1 ß , and Dw(0) 2pDnd/l. In the
cell capacitance. From the comparison between the

same way, e) is obtained from the measurement of
theoretical and experimental behaviours of Dw and e

the dielectric constant at voltages much lower than the
versus V , the unknown bulk and surface constants K11 ,

Fréedericksz threshold where e e) cos2 hp 1 e
d
sin2 hp e) .

K33 , e) , e
d
, Dn 5 n

d
Õ n) , hp and W can be obtained if

For strong anchoring and at voltages much greater than
n) and d are known. The dielectric parameter e is not

the Fréedericksz threshold, e(V ) e
d

Õ a/V , where a is
sensitive to n

d
and n) , while the optical dephasing Dw is a constant coe� cient. Then, a suitable value of e

d
is

weakly sensitive to n) but highly sensitive to the product obtained by a preliminary linear � t of e(V ) versus 1/V
Dn d. Usually, measurements of elastic constants are for V > 4Vt . Starting values of the other parameters
made with the a priori assumption that anchoring is (hp , K11 and K33 ) are obtained by looking at the behaviour
strong (W � ) and hp 5 0. With this assumption, K11 of the curves Dw(V ) or e(V ) close to the Fréedericksz
is obtained from the measurement of the Fréedericksz threshold.
threshold voltage [21] Vt0 5 p[K11 /(Deeo )]1/2, where Figure 1 (a) shows a typical behaviour of the nor-
De 5 e

d
Õ e) is the dielectric anisotropy. However, malized dephasing d 5 Dw/Dw(0) versus V close to the

according to Rapini [22], a � nite anchoring energy or Fréedericksz threshold for some values of the pretilt
a � nite pretilt angle can aŒect the threshold voltage and angle hp and for a strong anchoring. The full line
the accuracy of the measurements of the elastic constants. corresponds to zero pretilt angle. In such a case, the
For this reason, we have introduced hp as a free para- V -derivative of d has a discontinuity at the Fréedericksz
meter and we have made a direct experimental check of threshold Vt0 5 p[K11 /(eo De)]1/2. The main eŒect of a
the validity of the assumption of strong anchoring using � nite pretilt angle is a small apparent reduction of the
the Yokoyama–van Sprang method [20]. In our experi- Fréedericksz threshold—Vt in place of Vto in � gure 1 (b)—
mental conditions, the anchoring contribution is found and a � nite curvature of the d(V ) curve. Approximate
to be completely negligible and the remaining unknown values of parameters K11 and K33 can be obtained from
parameters K11 , K33 , e) , e

d
, Dn 5 n

d
Õ n) and hp can be a linear � t of the experimental data with 0.9 > d(V ) > 0.8

obtained with a satisfactory accuracy from the numerical as shown in � gure 1 (b). The intercept of the straight line
� t of the experimental values of the curves Dw(V ) and with the horizontal line d 5 1 gives a � rst rough estimate
e(V ) with the theory. To reduce greatly the convergence of Vto and, thus, of K11 . The slope of the straight line is a
time of the numerical mean square � tting algorithm, it linear function of K33 /(K11Vto ) which is weakly dependent
is important to have a � rst estimation of the unknown on hp and allows us to obtain a preliminary value for
parameters. In the following subsection we brie� y K33 . The maximum curvature amax of the d(V /Vto ) curve
describe the procedure used to obtain suitable starting for hp < 3 ß is an almost linear function of 1/hp which
values (within 10%) for the free parameters. depends weakly on the other parameters. Then, the

measurement of amax provides a satisfactory estimate of
hp . All these starting parameters are obtained using the

2.1. Preliminary determinations of the unknown bulk
constants

The thickness d 25 mm of the cell gap is measured

using an interferometric method with an estimated
uncertainty lower than of 0.2 mm. The ordinary refractive

index n) of 5CB is taken from Karat and Madhusudana;

the estimated accuracy is better than 0.1% [23]. The
other parameters K11 , K33 , hp , e

d
, e) and n

d
are obtained

from the best � t of curves e(V ) and Dw(V ). A satisfactory

starting value for the birefringence Dn is obtained from
Figure 1. (a) Normalized optical dephasing d 5 Dw(V )/Dw(0)the measurement of the optical dephasing at zero voltage:

versus voltage for some values of the pretilt angle hp . The
full line corresponds to hp 5 0 ß . hp 5 0.5 ß , hp 5 2 ß
and hp 5 5 ß . (b) De� nition of the apparent FréederickszDw(0 ) 5

2p

l
[n(hp ) Õ n) ]d (9 )

threshold voltage Vt in the case hp 5 2 ß .
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732 A. Bogi and S. Faetti

same numerical algorithm which performs the successive scope. At the transition point, a homogeneous nucleation
� ts of the experimental data. Note that, in the literature, of isotropic droplets was observed. The coexistence
the elastic constants are usually determined from the temperature interval of the isotropic and the nematic
measurement of the Fréedericksz threshold with the phase was lower than 0.02 ß C. TNI is de� ned here as the
assumption that the pretilt angle hp is zero. This assump- temperature in the middle of the coexistence interval.
tion can lead to an underestimate of the elastic constants, The nematic samples used in the present experiment
as appears evident on looking at � gure 1 (b) where the showed transition temperatures ranging between 35
apparent threshold Vt is lower than the Fréedericksz and 35.1 ß C.
value Vto . In particular, a pretilt angle hp 5 1 ß leads to The clearing temperature of the nematic LC in our
a 2% apparent reduction of the Fréedericksz voltage, cells showed a very small, but continuous decrease with
which corresponds to a 4% apparent reduction of K11 . time. This phenomenon is probably the same as that

responsible for the dielectric degradation observed in
3. Experimental methods and preliminary observations [8] which was interpreted as due to contamination from

In this section we will describe the methods used to impurities injected from the polymeric layers and the
obtain the average dielectric constant e and the optical glue of the cell. In our experiment we found a drift of
dephasing Dw of the nematic liquid crystal. the transition temperature typically of 0.003 ß C h Õ 1. This

phenomenon could aŒect the measured temperature
3.1. Material, cells and preliminary observations dependences of the elastic and dielectric constants,

The NLC 5CB (K15) was purchased from Merk Ltd. especially close to the clearing temperature. This eŒect
and used without further puri� cation. DiŒerent samples is also evident if one measures the optical dephasing
have been used in our experiments. The cells used to Dw(0) of the nematic liquid crystal at zero electric � eld.
orient the NLC and to apply the electric � eld were from Dw(0) is proportional to the anisotropy of the refractive
the Japanese Company EHC. They are made from two indices which, in turn, is virtually proportiona l to the scalar
parallel glass plates of thickness 1.1 mm maintained at order parameter. Then, a reduction of the transition
a distance d (d 25 mm and d 10 mm) by two thin temperature leads to a continuous drift of Dw(0) which
spacers. A thin square ITO conducting layer having a can be easily detected in our experiment (a 0.001 ß C
1 cm2 area and a resistivity 50 V cm Õ 2 is deposited on drift corresponds to a variation of Dw(0) greater than
the two internal plane surfaces of the cell. A thin rubbed 0.3 ß close to TNI ). In order to take this drift of TNI
polyimide � lm is deposited on the internal surfaces to into account, we measured Dw(0) immediately after the
induce a homogenous director alignment along the measurement of TNI for all the temperatures that would
x-axis in the � lm plane. The Newton interference fringes be used in the successive measurements of the dielectric
of the empty cells were observed with monochromatic and elastic constants. The entire procedure was made
light in order to select cells having a satisfactory within one hour and provided a calibration table DT 5
planarity. Cells with a maximum thickness variation TNI Õ T versus Dw(0). The successive measurements on
lower than 0.5 mm over the whole conducting area were the nematic sample were made setting the temperatures
selected. The absolute value of the thickness in the of the thermostat in such a way as to recover the values
central region was measured by an interferometric method of Dw(0) of the calibration table.
with an uncertainty lower than 0.2 mm. The optical
measurements concerned a small portion of the sample

3.2. T he experimental methods( 4 mm2 ) where the thickness variation is estimated to
The optical dephasing Dw is measured using thebe smaller than 0.05 mm. The nematic liquid crystal was

Senarmont Technique [20]. A schematic view of theintroduced into the cell by capillarity and the full cell
optical apparatus is shown in � gure 2.was observed in the polarizing microscope to control

A He-Ne laser beam is separated into two beams Ithe homogeneity of the alignment and check for the
and II by the beam splitter (BS) and the mirror (M).absence of defects both with and without an electric
The laser beam is polarized by polarizer P1 at 45 ß with� eld. Cells exhibiting defects were discarded. The cells
respect to the extraordinary axis of the NLC layer (N);were inserted in a thermostat ensuring a temperature
it then passes through the nematic layer and a l/4stability of 0.002 ß C and a uniformity of 0.02 ß C over the
plate with the extraordinary axis parallel to the axis ofwhole conducting area. A few measurements very close
polarizer P1 . The outgoing beam is linearly polarized atto TNI were also made using a diŒerent thermostatic
the angle dw 5 Dw/2 with respect to the P1-axis andcell ensuring a stability and temperature uniformity of
passes through a rotating polarizer (RP) which rotates0.001 ß C. The transition temperature TNI was measured
at a constant angular velocity v 5 10 rad s Õ 1. Finallyby increasing the temperature very slowly starting from

34.9 ß C and observing the cells in the polarizing micro- it is focused on photodiode Ph1. The output signal of

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
0
7
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



733Physical constants of 5CB

Figure 2. Schematic view of the optical apparatus for the measurement of the optical dephasing Dw using the Senarmont
technique. BS 5 beam splitter, M 5 mirror, I 5 measurement beam, II 5 reference beam, P1 and P2 5 polarizers, N 5 nematic
cell, RP 5 rotating polarizer, MO 5 step motor, Ph1 and Ph2 5 photodiodes.

the photodiode is:

I1 5 A[1 1 cos (2vt Õ Dw)] (11)

where A is a constant coe� cient and t 5 0 is the time
at which the polarization axes of P1 and RP are
parallel. Laser beam II is a reference beam which passes
through polarizer P2 and the rotating polarizer RP and
is focused on photodiode Ph2. The output signal I2 5
B[1 1 cos(2vt Õ d)] provides an oscillating reference
signal with phase d which can be modi� ed continuously
by the rotating polarizer P2 using the step motor (MO)
(minimum step 0.001 ß ). A computer makes a synchronous Figure 3. (a) Electric circuit used for the measurement of the

capacitance of the nematic cell; (b) equivalent circuit ofacquisition of signals I1 and I2 during an oscillation
the nematic cell. Cs 5 spurious capacitance due to theperiod and calculates the Fourier transform at frequency
connecting wires, Cpol 5 total capacitance of the series ofv/2p and the phase diŒerence dw 5 Dw Õ d. d is set to
two polyimide layers, Cnem 5 capacitance of the nematic

zero using the procedure below. First, the temperature layer, Rnem 5 resistance of the nematic layer.
of the NLC is set to 42 ß C which is far above the
transition temperature TNI . In this condition, the NLC
behaves as an isotropic medium with the optical dephasing
Dw 5 0, and the measured phase diŒerence between I1 through two short wires ( 10 cm length) at points A
and I2 becomes dw 5 d. Then, polarizer P2 is rotated and C. The wires are soldered by indium at the electrodes
until dw vanishes. In this way, possible contributions of the cell to ensure good electric contact. The resistances
due to the small birefringence of the polyimide layers of R1 5 100.0 V, R2 5 136.2 kV and R3 5 100 V are chosen such
the nematic cell (in our experiment Dw 1 ß ) are partially that voltages V1 5 V (D) Õ V (B) and V3 5 V (C) Õ V (B)
removed and the measured phase diŒerence dw is due are of the same order of magnitude. The two voltages
only to the anisotropy of the nematic liquid crystal. The V1 and V3 are alternately sent, using the switch in
sensitivity of the measurement of the optical dephasing � gure 3 (a), to the input of a two-channel digital look-in
Dw is 0.01 ß , while the absolute accuracy is limited by (Stanford Research Systems SR 830) which measures
internal re� ections and has been estimated to be 0.3 ß amplitude and phase of the signals. Due to the low value
[24]. of resistances R1 and R3 , the capacity of the long (1.5 m)

The electric capacity C of the nematic layer is obtained BNC cable which connects point E to the input of the
from the measurement of the real and the imaginary look-in, the input capacity and resistance of the look-in
part of the electric impedance Z of the cell. An a.c. can be neglected. The real and the imaginary parts of
oscillating voltage at the frequency 3030 Hz and with a the impedance of the cell are obtained using equation:
maximum rms value of about 20 V is applied between
points A and B of the circuit in � gure 3 (a) which is Z 5

V1R3 (R1 1 R2 )
R1V3

Õ R3 . (12)
put very close to the nematic cell. The cell is connected
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734 A. Bogi and S. Faetti

Once the complex impedance of the cell is obtained, the are e) (25 ß C) and eiso (38 ß C), respectively. Measurements
were repeated with � ve diŒerent cells of thicknesscapacitance of the nematic layer is calculated using

the equivalent circuit shown in � gure 3 (b). Cnem 5 eCo is d 25 mm and their average values were calculated.
Parameters Co and Cs of these cells were obtained usingthe capacity of the nematic layer and Rnem its resistance,

where Co 35 pF is the empty cell capacity. Cpol is the two standard calibration � uids and setting Cpol 5 110 nF.
The average measured values were e) (25 ß C) 5 6.6 andtotal series capacitance due to the series of the two

orienting polyimide layers, and Cs represents a spurious eiso (38 ß C) 5 11.2 with an estimated accuracy of 1%.
These two dielectric constants together with Cpol 5 110 nFcapacity principally due to the short connecting wires

and typically 1–2 pF. At frequency n 5 3030 Hz, the were used to obtain the cell parameters Co and Cs of
the cells used for the successive measurements.impedance of our cell is almost entirely capacitive. Cpol

is expected to be signi� cantly higher than Co and it Due to the presence of the thin dielectric polyimide
layers in series with the nematic layer, the actual voltagegives a very small contribution to the total capacity of

the cell. For this reason, the value of Cpol has been drop V across the nematic layer is slightly lower
(DV < 0.5%) than the voltage drop Vcell across the cell.estimated using thin cells with thickness d 2 mm and

su� ciently high empty capacity Co ( 400 pF). The Voltage V was calculated exploiting the equivalent circuit
in � gure 3 (b) and using the experimental values of Z,impedance Z of these cells was measured with three

dielectric � uids of known dielectric constants to obtain Co , Cpol and Vcell .
the unknown parameters Cs , Co and Cpol . Measurements
were repeated with four diŒerent cells. We obtained 4. Experimental results

Before starting the experiment, we used the VanCpol 5 110 Ô 30 nF. For the nematic cells used in the
successive measurements (d 25 mm, Cnem < e

d
Co Sprang–Yokoyama method [20] to control the validity

of the assumption of strong anchoring in our experiment.700 pF) the relative capacitive contribution of the poly-
meric layer to the total capacitance is almost negligible Points in � gure 4 show the normalized optical dephasing

d versus 1/(Cnem V ) well above the Fréedericksz thresholdand it is estimated that Cnem /Cpol < 1%. Before making
mesurements we measured the capacity of an empty cell at a temperature T 5 TNI Õ 0.23 ß C close to the nematic–

isotropic transition. Theory predicts that data are wellat the temperatures used for the successive experiments.
The empty cell capacity shows a very small increase represented by a straight line and that its intercept with

the vertical axis is proportional to 1/W. Our experimental( 0.5%) when the temperature is increased from 20 to
40 ß C over a few minutes. This variation of capacity is data are indeed well represented by a straight line which

passes through the origin; the anchoring energy is there-probably due to a dilation of the spacers or of the
polymeric glue, although it shows a complex dependence fore very strong and can be completely disregarded in

our experiment.on the rate of temperature change. The increase in
capacity becomes negligible (< 0.2%) if the temperature Figure 5 shows the eŒective dielectric constant

of the nematic layer versus voltage at temperaturevariation occurs over time greater than a few hours as
is the case in our successive experiments. T 5 TNI Õ 0.23 ß C. The thickness of the empty cell is

d 5 24.8 Ô 0.2 mm. Details of the curve close to theThe introduction in the cell of calibration � uids
could leave a few residual impurities on the surfaces of Fréedericksz threshold are shown in the inset. The full
the cell which could produce small defects of the surface
director orientation or modify the surface anchoring
strength. These eŒects do not perturb appreciably the
measurements of the dielectric constants well below
the Fréedericksz transition voltage, but may aŒect the
Fréedericksz threshold behaviour and the measurements
of elastic constants. For this reason, the measurements
of the director reorientation in the electric � eld were
made without introducing any � uid in the cell, but using
the nematic liquid crystal itself as a calibration � uid to
obtain the unknown cell parameters Cs and Co (Cpol was
set to Cpol 5 110 nF). This procedure requires the pre-
liminary measurement of the dielectric constant of the

Figure 4. Normalized optical dephasing d versus 1/(CV ), wherenematic LC at a low applied voltage (V Vt ) and at two
C is the capacitance of the nematic layer and V the applied

diŒerent temperatures (T 5 25 ß C and T 5 38 ß C) using cells voltage. Measurements refer to DT 5 TNI Õ T 5 0.23 ß C.
diŒerent from those used in the successive experiments. The full line represents the expected behaviour for strong

anchoring.The dielectric constants measured in these conditions
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735Physical constants of 5CB

measured the values of the optical dephasing at a zero
electric � eld. Then, we applied for some time ( 20 min)
the maximum electric � eld ( 1 V mm Õ 1 ). Finally, the
electric � eld was switched oŒsuddenly and the dephasing
was measured. We always found the same optical
dephasing measured before the application of the electric
� eld within 0.3 ß which corresponds to a temperature
variation smaller than 1 mK.

Measurements in � gures 5 and 6 have been repeated
systematically at many temperatures and with three
diŒerent cells. According to the procedure stated in [3, 7],

Figure 5. EŒective dielectric constant e 5 Cnem /Co of the the � nal values of the elastic and dielectric constants
nematic liquid crystal versus voltage at DT 5 TNI Õ T 5 were obtained from the best � t of the experimental
0.23 ß C. The behaviour close to the Fréedericksz threshold

results restricted to the voltage interval V [0.8Vt , 2Vt].is shown in the inset. Points correspond to the measured
The best � t constants obtained in this way diŒer lessvalues, while the full line represents the best � t of the

experimental data. than 0.5% from those which are obtained from a best
� t over the whole voltage range.

line corresponds to the best � t obtained using K11 , The dielectric constants e) , e
d

and the average
K33 , e) , e

d
and hp as free parameters and under the dielectric constant 7 e 8 5 (2e) 1 e

d
)/3 obtained by the

assumption of strong anchoring. The curvature close to experimental � t of the dielectric measurements are
the Fréedericksz threshold is due to a small pretilt angle reported in � gure 7 versus the temperature diŒerence
hp 5 0.12 ß Ô 0.01 ß . DT 5 TNI Õ T . Open circles, crosses and plus signs refer

Figure 6 shows the optical dephasing Dw at the same to three diŒerent cells. Note that 7 e 8 5 (2e) 1 e
d
)/3 is

temperature for the same cell. A detail of Dw close to slightly lower ( 1%) than the extrapolated isotropic value
the Fréedericksz threshold is shown in the inset. For any (broken line). Many measurements have been made in
experimental point we expected the attainment of a the interval 0.05 ß C < DT < 2 ß C in order to characterize
stationary condition. The full line represents the best � t accurately the transitional behaviour. Reproducibility
of the experimental results obtained using K11 , K33 , n) , of measurements is better than 0.5% for e) and 2% for
n
d

and hp as free parameters and e) and e
d

obtained e
d

over the whole temperature range. The estimated
from the � t of the dielectric data. The best � t algorithm accuracy is 2% for both these parameters. Each set of
exploits the double precision Fortran subroutine dleamax measurements with a given cell is well represented
of the CERN library. Due to the � nite electric resistivity (within 0.5%) over the whole investigated temperature
(r 107 V m) of the nematic layer, some heating could
occur especially at the higher applied voltages. To check
this point we selected a temperature very close to the
nematic–isotropic transition (T 5 TNI Õ 0.05 ß C) where all
the physical parameters of the nematic liquid crystal
depend greatly on temperature. In these conditions we

Figure 7. Experimental values of the dielectric constants
versus the diŒerence between the transition temperature
TNI and temperature T . Three complete sets of measure-
ments with three diŒerent cells are represented by the
symbols D , 1 , Ö , respectively. 7 e 8 represents the average

Figure 6. Optical dephasing versus voltage at DT 5 TNI Õ T 5 dielectric constant in the anisotropic phase. The full line
is the best � t of the experimental data with the function0.23 ß C. The behaviour close to the Fréedericksz threshold

is evidenced in the inset. Points correspond to the y in equation (13). The dotted line is the extrapolation
of the isotropic values of the dielectric constants atmeasured values, while the full line represents the best � t

of the experimental data. temperatures below TNI .

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
0
7
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



736 A. Bogi and S. Faetti

interval 0.05 ß C < DT < 15 ß C by the function here, although there is a small systematic diŒerence as
far as the temperature dependence is concerned (see

y 5 A 1 B (DT Õ To )1/2 1 C(DT Õ To ) 1 D(DT Õ To )3/2
� gure 8). Sensibly smaller dielectric anisotropies were
reported in all the other papers [1–6]. In these cases(13)
(except for [3]), the dielectric constants were obtained

where DT 5 TNI Õ T and A, B, C, D and To are suitable
using a magnetic � eld H of the order of 1 T to orient the

coe� cients. Then, function y provides a useful quanti-
tative representation of the temperature dependence of
the experimental data of a single experiment, although
it does not correspond to any theoretical model.
Coe� cients A, B, C, D and To change slightly from
sample to sample. The values for A, B, C, D and To
obtained from the best � t of all the experimental points
in � gure 7 with function y are given in table 1.

Other measurements of the dielectric constants of the
nematic liquid crystal 5CB have been reported in the
literature [1–7]. Experimental data at DT 5 10 ß C and

DT 5 Õ 3 ß C taken (or extrapolated) from references
[1–7] are given in table 2. Data show a somewhat high

Figure 8. Dielectric anisotropy versus the diŒerence betweendispersion, especially as far as the dielectric anisotropy
the transition temperature TNI and temperature T . TheDe 5 e

d
Õ e) is concerned.

full line represents our best � t curve, while points are the
Our experimental values of the dielectric anisotropy experimental values in [7]. The small systematic diŒerence

are in satisfactory agreement with those obtained by between the results in [7] and our results is shown in
the inset.Bradshaw et al. [7] using the same method reported

Table 1. The temperature dependences of the dielectric constants e) and e
d
, of the elastic constants K11 and K33 and of the

anisotropy of the refractive indices Dn 5 n
d

Õ n) , are represented for the whole investigated temperature range by the empirical
function y 5 A 1 B (DT Õ To )1/2 1 C (DT Õ To ) 1 D (DT Õ To )3/2 where DT 5 TNI Õ T denotes the diŒerence between the nematic–
isotropic transition temperature TNI 5 35.1 ß C and the measurement temperature T . Coe� cients A, B, C, D and To that
correspond to the bulk constants e) , e

d
, K11 , K33 and Dn are reported in the columns of this table.

Coe� cient/SI units

Parameter A B C D To / ß C

e) 8.9364 Õ 1.0786 0.14714 Õ 0.01156 Õ 0.16397
e
d

15.222 1.9544 Õ 0.19795 0.00843 Õ 0.16935
K11 1.4017 1.5121 0.004015 Õ 0.004344 Õ 0.18335
K33 1.9632 1.3686 0.2911 Õ 0.02781 Õ 0.05474
Dn 0.09003 0.03821 Õ 0.004513 0.0003604 Õ 0.12483

Table 2. Comparison between our experimental values of the dielectric constants of 5CB and those taken (or extrapolated) from
references [1–7] at the same temperatures. DT 5 TNI Õ T denotes the diŒerence between the nematic–isotropic transition
temperature TNI 5 35.1 ß C and the measurement temperature T . e) and e

d
are the dielectric constants orthogonal and parallel,

respectively, to the director for DT 5 10 ß C; De 5 e
d

Õ e) is the dielectric anisotropy at the same temperature. eiso represents the
dielectric constant in the isotropic phase (DT 5 Õ 3 ß C).

Data source e) (DT 5 10 ß C) e
d

(DT 5 10 ß C) eiso (DT 5 3 ß C) De (DT 5 10 ß C)

[1] 6.85 18.4 11.0 11.55
[2] 6.35 17.6 10.6 11.25
[3] 7.7 20.2 11.8 12.5
[4] 6.8 19.5 11.2 12.7
[5] 6.6 17.7 11.2 11.1
[6] 6.5 18.4 11.3 11.9
[7] — — — 13.3

This work 6.6 19.7 11.2 13.15
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737Physical constants of 5CB

nematic liquid crystal layer parallel (or orthogonal) to
the electric � eld without previous treatment of the surfaces.
The director was assumed to be uniformly oriented
along the magnetic � eld and the dielectric constants e)

and e
d

were obtained using the relation e 5 Cnem /Co .
This procedure is expected to provide experimental values
of e) and e

d
which are systematically overestimated or

underestimated , respectively, due to the actual presence of
two distorted layers of thickness j (K

ii/
Dx)1/2 /H 5 2 mm

close to the interfaces [21]. This could explain the lower
values of De measured in these experiments. However,
the appreciably diŒerent values of the isotropic dielectric Figure 9. Experimental values of the splay elastic constant
constant eiso in [2, 3] (see table 2) suggest that other K11 versus the diŒerence between the transition tem-

perature TNI and temperature T . Experimental resultssources of error are signi� cant. In particular, dielectric
obtained with three diŒerent cells are shown in the � gure.constants are expected to be very sensitive to chemical
For each cell and temperature, two diŒerent values

purity, and the observed diŒerences could be due to
obtained from the dielectric and optical methods are

diŒerent chemical purities of the samples. Finally, the represented with diŒerent symbols. The full line is the
degradation eŒects reported in [8] could also be best � t of the experimental data with function y in

equation (13).responsible for some observed diŒerences.
Figure 8 shows the dielectric anisotropy De versus

DT 5 TNI Õ T . The full line represents our results
obtained using equation (13) and the coe� cients A, B,
C, D and To given in table 1 for e

d
and e) , while the

points correspond to the Bradshaw and Raynes results
[7]. The small systematic diŒerence between the temper-
ature dependences of the two measurements is brought
into evidence in the inset.

To control the reliability of our experimental apparatus
we have repeated the measurements of e) (25 ß C) and
eiso (38 ß C) using a commercial automatic impedance
meter (HP4194A). We obtained a satisfactory agreement
with the previous measurements (within 1%). Another Figure 10. Experimental values of the bend elastic constant

K33 versus the diŒerence between the transition tem-independent check on our experimental values of e
d

was
perature TNI and temperature T . Experimental resultsobtained using diŒerent cells with the surfaces treated in
obtained with three diŒerent cells are shown in the � gure.such a way as to give a homeotropic director orientation
For each cell and temperature, two diŒerent values

[21]. The homogeneity of the homeotropic alignment was obtained from the dielectric and optical methods are
controlled using the polarizing microscope. The parallel represented with diŒerent symbols. The full line is the

best � t of the experimental data with function y indielectric constant e
d

was obtained from the measure-
equation (13).ment of the capacitance at a low voltage (V 5 0.3 Vrms )

using the formula e
d 5 Cnem /Co . Agreement with the

values of e
d

of the full line in � gure 7 was found within 1.5% for K33 ) by function y in equation (13). The full
lines in � gures 9 and 10 represent the best � t of all data1%.

Figures 9 and 10 represent experimental results on using function y in equation (13) with the coe� cients
given in table 1. The diŒerent accuracies of the opticalthe elastic constants K11 and K33 , respectively, obtained

for the three cells. For each cell the two values obtained and dielectric measurements have been taken into
account in making the best � t. Figures 11 and 12 showfrom the best � t of the dielectric and birefringence data are

represented with diŒerent symbols. The best � t parameters the experimental results for K11 and K33 (full line)
compared with those reported in the same paper by theK11 and K33 obtained from the birefringence measure-

ments are more accurate. The expected uncertainties on two sets of authors, in diŒerent laboratories, Bunning
and Faber [7] using a magnetic method (full triangles)the values of K11 and K33 with our experimental method

are 2% and 5%, respectively [7]. In this case, too, the and Bradshaw and Raynes [7] using the dielectric method
(open squares).temperature dependence of each set of experimental data

obtained with a single experimental method (dielectric A satisfactory agreement between these measurements
is obtained. The full lines in the insets in � gures 11 andor optical ) is well represented (within 0.5% for K11 and
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738 A. Bogi and S. Faetti

this feature suggests the presence of some experimental
problem relating to the temperature measurements in
one of the two laboratories and could be the main
reason for the observed discrepancy on the temperature
dependences of the elastic constants. Other authors have
made measurements of the elastic constants of 5CB
or of the ratio K33 /K11 [9–17, 25–27] using diŒerent
experimental methods. Our experimental data for K11
are also in satisfactory agreement with those obtained
by Coles and Sefton [16] using the electric � eld dynamic
scattering technique and by Hopwood and Coles [14]

Figure 11. Comparison between our experimental results for using the Fréedericksz transition method. Some years
the splay elastic constant K11 and the Bunning and Faber ago Hakemi et al. [11] measured the optical turbidity of
results [7] (full triangles) and the Bradshaw and Raynes 5CB and found elastic constants much higher than those
results [7] (open squares). The full line is the best � t of

reported here. More recently [27] Hakemi reanalysedthe experimental data with function y in equation (13).
in detail the turbidity measurements and showed thatThe full line in the inset is the diŒerence between the

Bunning and Faber results and our results; the broken they are greatly aŒected by the sample geometry. By
line is the diŒerence between the Bradshaw and Raynes taking this dependence into account he obtained new
results and our results. values of the elastic constants in satisfactory quantitative

agreement with these reported here. Madhusudana and
Pratibha [12] obtained elastic constants systematically
lower ( 12%) than our values by making measurements
of the magnetic Fréedericksz threshold with homeotropic
and planar samples. We agree with Bradshaw et al. [7]
that this diŒerence is probably because the magnetic
anisotropy Dx that Madhusudana and Pratibha used to
calculate the elastic constants was not measured, but
estimated using an indirect procedure.

Figure 13 shows our experimental results for the
anisotropy of the refractive indices at the wavelength
l 5 6323 AÃ . The uncertainty is estimated to be 1% and
is essentially due to the uncertainty on the thickness dFigure 12. Comparison between our experimental results for

the bend elastic constant K33 and the Bunning and Faber of the cell. The full line corresponds to the best � t with
results [7] (full triangles) and the Bradshaw and Raynes function y in equation (13) with the coe� cients given
results [7] (open squares). The full line is the best � t of

in table 1. A comparison between our best � t line and
the experimental data with function y in equation (13).
The full line in the inset is the diŒerence between the
Bunning and Faber results and our results; the broken
line is the diŒerence between the Bradshaw and Raynes
results and our results.

12 represent the diŒerence between the Bunning and
Faber magnetic results and our results. The broken
lines represent the diŒerence between the Bradshaw
and Raynes dielectric results and our results. The small
systematic discrepancy on the temperature dependence
of the dielectric data is the direct consequence of the
analogous discrepancy of the De values in � gure 8. A
similar kind of discrepancy is present between the mag- Figure 13. Anisotropy of the refractive indices Dn versus the

diŒerence between the transition temperature TNI andnetic and the dielectric data obtained in [7] by Bunning
temperature T . Experimental results obtained with threeand Faber and by Bradshaw and Raynes, respectively.
diŒerent cells are shown in the � gure with diŒerentThese two groups made measurements using the same
symbols. The full lines in the � gure and in the inset are

nematic sample but found appreciably diŒerent values the best � ts of the experimental data with function y in
for the transition temperatures of this sample (35.6 ß C equation (13). Points in the inset represent the experi-

mental values obtained by Karat and Madhusudana [23].and 35.1 ß C, respectively) . According to the authors,
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739Physical constants of 5CB

the experimental results by Karat and Madhusudana experimental results concerning the dielectric and elastic
constants are in satisfactory agreement with the results[23] is shown in the inset. Our results are also in good
of Bradshaw et al. [7], although a small systematicagreement with the data reported by Horn [28]. The
diŒerence is present as far as the temperature depend-satisfactory agreement of our optical data with those
ences are concerned. The experimental results concerningalready reported in the literature has an important
the anisotropy of the refractive indices are in a goodconsequence. Indeed, an important parameter in our
agreement with those reported in [23, 28].experiment is the thickness d of the nematic sample.
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