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We have used terahertz time-domain spectroscopy to investigate the complex optical constants and birefrin-
gence of a widely used liquid crystal mixture E7 in both nematic and isotropic phases �26°C–70°C�. The ex-
tinction coefficient of E7 at room temperature is less than 0.035 and without sharp absorption features in the
frequency range of 0.2–2.0 THz. The extraordinary �ne� and ordinary �no� indices of refraction at 26°C are
1.690–1.704 and 1.557–1.581, respectively, giving rise to a birefringence of 0.130–0.148 in this frequency range.
The temperature-dependent �26°C–70°C� order parameter extracted from the birefringence data agrees with
that in the visible region quite well. Further, the temperature gradients of the terahertz optical constants of E7
are also determined. The optical constants of E7 in the terahertz or sub-millimeter wave range are found to
deviate significantly from values predicated by the usual extended Cauchy equations used in the visible and
near-infrared. © 2010 Optical Society of America
OCIS codes: 000.6850, 040.2235, 120.4530, 140.7090, 160.1190, 160.3710.
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. INTRODUCTION
ue to their relative large birefringence ��n=ne−no� from

he visible to microwave band, liquid crystals (LCs) have
ound a variety of applications ranging from display, tun-
ble optical elements, communication and signal process-
ng, beam steering, etc. [1,2]. In order for LCs to be em-
loyed at a particular wavelength, it is thus essential that
he magnitudes of the extraordinary and ordinary refrac-
ive indices, ne and no, as well as the birefringence of the
C are known. The temperature effects on the optical con-
tants are also of interest.

The LC mixture E7, composed of
-cyano-4�-n-pentyl-biphenyl (5CB), 4-cyano-4�-nheptyl-
iphenyl (7CB), 4-cyano-4�-n-octyloxy-biphenyl, and
-cyano-4�-n-pentyl-p-terphenyl, has been widely used in
C devices due to its large birefringence (�0.2 in the vis-

ble) and wide nematic temperature range (−10°C to
9°C). The optical constants of E7 have been studied ex-
ensively in the past. In the visible (from 656 to 450 nm)
nd at room temperature �25°C�, for example, Li et al. [3]
eported that ne of E7 increases from 1.73 to 1.80, while
ts no also increases slowly from 1.52 to 1.54 ��n

0.21–0.26�. In the near-infrared region, the same group
eported that �n=0.186 at 1.55 �m [4] and �0.191 in the
avelength range from 1.611 to 2.833 �m. The birefrin-
ence of E7 in the mid-infrared region �2–16 �m� can be
pproximated at a constant, �n�0.18, outside the vicin-
ty of vibrational bands [5]. At the CO laser wavelengths
2

0740-3224/10/091866-8/$15.00 © 2
�=10.6 �m�, Wu et al. [4] and Brugioni and Meucci [6]
ndependently determined that ne=1.69 and no=1.49
�n=0.20�. In general, the refractive indices of E7 can be
odeled by the extended Cauchy equation from the vis-

ble to the infrared [4]. The corresponding birefringence
xhibit a general decreasing trend as the wavelength in-
reased over this spectral range. For wavelengths much
onger than the mean resonance wavelength ���

250 nm�, i.e., infrared and beyond, �n is expected to ap-
roach a limiting but appreciable value [5].
In the past decade, terahertz studies ranging from in-

estigations of ultrafast dynamics in materials to medical
nd environmental sensing and imaging have been ac-
ively explored [7–10]. For these and future applications
n terahertz communication and surveillance, quasi-
ptical components [11] such as phase modulators [12,13]
re increasingly in demand. Liquid-crystal-based tera-
ertz devices are attractive in quasi-optical systems pro-
ided LCs exhibit reasonably large birefringence and ac-
eptable transmittance can be found. Indeed, several
inds of LC devices, e.g., phase shifters [14], birefringent
15,16], plasmonic [17], and Fabry–Perot filters [18], po-
arizers [19], phase gratings [20], and Bragg switches
21], have been demonstrated. The LC mixture E7
Merck), with a wide nematic temperature range (−10°C
o 59°C), was the LC of choice in most of these works. At
oom temperature, we showed that there is no sharp reso-
ance for the optical constants of E7 in the 0.2–1.2 THz
010 Optical Society of America
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ange, in which the extraordinary index of refraction, ne,
aries from 1.69 to 1.80, while the ordinary index of re-
raction, no, varies from 1.51 to 1.63. The terahertz bire-
ringence of E7 is thus 0.12–0.21. The corresponding
maginary indices of E7 are relatively small ��0.04� [22].
ndependently, Jewell et al. [18] determined that �n
0.15 (�0.01) for E7 over the same frequency range. In

his work, we use terahertz time-domain spectroscopy
THz-TDS) to conduct a detailed study of the frequency
ependence (0.2–2.0 THz) and temperature dependence of
he complex terahertz optical constants of E7 in both
ematic and isotropic phases �26°C–70°C�. The
emperature-dependent terahertz birefringence �n and
he order parameter S of E7 in this spectral range have
lso been investigated. Further, the temperature gradi-
nts of the terahertz optical constants of E7 are also de-
ermined. It is shown that the optical constants of E7 in
he terahertz or sub-millimeter wave range deviate sig-
ificantly from values predicated by the usual extended
auchy equations used in the visible and near-infrared.

. EXPERIMENTAL METHODS
homogeneously aligned LC cell and a reference cell,

chematically shown in Fig. 1, were prepared in this
ork. The reference cell was constructed by two optical-
rade fused silica windows with thicknesses d1 and d2.
he LC cell was constructed by sandwiching the LC (E7,
erck) between two windows of the aforementioned types
ith thicknesses d3 and d4. The thickness of the LC layer
as controlled with a Mylar spacer and measured by sub-

racting the substrate thicknesses from the total cell
hickness. The LC layer thickness in this work was dLC
0.552±0.002 mm. We achieved homogeneous alignment
f the nematic LC by rubbing the polyimide films on the
ubstrates. The temperature of the LC cell can be varied
ith an accuracy of ±0.1°C. The thickness of each of the
indows employed was found to be �3 mm as measured
ith a micrometer.
To determine the optical constants, we employed a

hotoconductive-antenna-based THz-TDS system de-
cribed previously [23]. Data were taken both in Taiwan
nd Japan; the results are consistent and complementary.
or the frequency range below 0.4 THz and above 1.4
Hz, data taken, respectively, in Taiwan and Japan were
sed in view of the signal to noise performance of the two
ystems. Between 0.4 and 1.4 THz, the data from the two
aboratories were identical within experimental error.
he THz-TDS in Taiwan was purged with dry nitrogen so

ig. 1. (Color online) Simplified sketches of the experimental
onfiguration for transmission of ordinary ray through (a) the LC
nd (b) reference cells. The symbols are defined in the text. The
lue ellipsoids in (a) represent schematically the LC molecules,
hich are homogeneously aligned in the cell.
hat it could be maintained at a relative humidity of
4.0±0.5�%. In the experiments, the reference of the LC
ell was placed in the THz-TDS at the position where the
erahertz beam was collimated. For measurements of the
xtraordinary and ordinary indices of refraction, ne and
o, we rotated the LC cell such that its director was either
erpendicular or parallel to the polarization direction of
he incident terahertz wave.

. EXTRACTION AND ANALYSIS OF THE
PTICAL CONSTANTS

or a monochromatic plane terahertz wave propagating
hrough the cells at normal incidence (see Fig. 1), we can
rite the electric field of the terahertz wave transmitted

hrough the reference cell as

Eref��� = E0���t̃awt̃wa exp�− i��/c�ñw�d1 + d2��

�exp�− i��/c�ña�da + �d��, �1�

here E0��� is the electric field of the incident terahertz
ave. The ratios t̃aw=2ña / �ña+ ñw� and t̃wa=2ñw / �ñw
ña� are the transmission coefficients of the terahertz sig-
al from air to the fused silica substrate and from the
ubstrate to air, respectively; ñw and ña are the refractive
ndices of the substrate and air. Here, the slight difference
n thicknesses, d1+d2 and d3+d4, of the reference and LC
ells is taken into account by the term �d= �d3+d4�− �d1
d2�; da is thickness of a mass of air assumed to have the
ame value as dLC. Similarly, the electric field of the tera-
ertz wave passed through the LC cell can be written as

ELC��� = E0���t̃awt̃w−LCt̃LC−wt̃wa

�exp�− i��/c�ñw�d3 + d4��FP˜

LC���,dLC�, �2�

here t̃w−LC=2ñw / �ñw+ ñLC� and t̃LC−w=2ñLC/ �ñLC+ ñw�
re the transmission coefficients from fused silica sub-
trate to the LC layer and from the LC layer to the sub-
trate interfaces, respectively. The FP˜

LC parameter is the
abry–Perot coefficient for multiple reflections of the

erahertz beam in the nematic LC cell, and can be written
s

FP˜

LC��,dLC� = �
m=0

N

�r̃LC−w
2m exp�− i��/c��ñLCdLC�2m + 1����,

�3�

ith a thickness of dLC, and ñLC is the complex refractive
ndex of the LC. In expressing the transmitted terahertz
ave as in Eqs. (1) and (2), we assumed that the multiple

eflections in the substrates can be ignored. Experimen-
ally, this is done by choosing the measurement time win-
ow such that the multiple reflections are excluded.
Using Eqs. (1) and (2), we can write the transmission

oefficient of the LC cell, normalized to that of the refer-
nce, as
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��� = ELC���/Eref��� = t̃w−LCt̃LC−w exp�− i��/c���d�ñw − ña�

+ dLC�ñLC − ña����
m=0

N

r̃LC−w
2m exp�− i2m��/c�ñLCdLC�.

�4�

xpressing ñLC, ñw, and ña into their real and imaginary
arts, ñLC=nLC+ i�LC, ñw=nw+ i�w, and ña=n0, we can
rite the complex refractive index of the LC as follows:

nLC = n0 + 	arg�T���� − arg
 t̃w−LCt̃LC−w

�exp�− ���d�w + dLC�LC�/c��
m=0

N

r̃LC−w
2m

�exp�− i2mñLCdLC�/c���c/��dLC�

− �d�nw − n0�/dLC, �5�

�LC = �w�d/dLC − ln	T���/���
m=0

N

r̃LC−w
2m

�exp�− i2m��/c�ñLCdLC��t̃w−LCt̃LC−w��c/��dLC�.

�6�

revious studies [14,18] have shown that there is no reso-
ance in the spectral range (0.2–1.2 THz) for either ne or
o E7. It is then expected that its ordinary and extraordi-
ary refractive indices can be fitted by the three-
arameter Cauchy formula [4]

no,e = Ao,e + Bo,e�
−2 + Co,e�

−4. �7�

or several LCs, including E7 at room temperature, Li et
l. [4] determined the fitting parameters. The birefrin-

ig. 2. (Color online) The real refractive indices of E7 are plot-
ed as functions of frequency. The blue circles and the red tri-
ngles are the extraordinary and ordinary refractive indices of
7, ne and no, at 26°C, respectively. The black squares are the
eal refractive indices of E7 in the isotropic phase (at 60°C). The
rror bars are comparable to or smaller than the symbols.
ig. 3. (Color online) Frequency dependence of the birefrin-
ence of E7 measured at 26°C. The error bars are comparable to
r smaller than the symbols.
ig. 4. (Color online) The imaginary refractive indices of E7 are
lotted as functions of frequency. The blue circles and the red tri-
ngles are �e and �o at 26°C, respectively. The black squares are
he imaginary refractive indices of E7 in the isotropic phase (at
0°C). The error bars are comparable to or smaller than the
ymbols.
ig. 5. (Color online) The refractive indices of E7 reported in the
iterature from the near-infrared [4,27], mid-infrared [4], to the

illimeter [28–30] waves together with those of this work in the
illimeter and sub-millimeter wave ranges.
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ence of the LC can then be calculated using Eq. (7).
Next, we consider the temperature effect on the optical

onstants of the LC. Confirming the results of Li et al. [24]
n the visible, we also observed a linear temperature de-
endence of the average refractive indices of E7 in the far-
nfrared (see discussions in Subsection 4.B), �n�= �ne
2no� /3, on temperature, i.e.,

�n�T�� = A − BT. �8�

ig. 6. (Color online) The birefringence of E7 reported in the lit-
rature from the visible [5], near-infrared [4,27], mid-infrared
4], to the millimeter [28–30] waves together with those of this
ork in the millimeter and sub-millimeter wave ranges.

ig. 7. Average refractive indices of E7 versus T-Tc at frequen
xperimental data and the solid lines are the results of fitting.
urthermore, because �n is linearly proportional to S, its
emperature dependence can be written as

�n�T� = ��n�0S = ��n�0�1 − T/Tc�	, �9�

here ��n�0 is the birefringence of the LC at T=0 K, 	 is
material constant which is not too sensitive to the mo-

ecular structure of LCs, and Tc is the clearing point of
he LC [24].

With Eqs. (8) and (9), we arrive at the four-parameter
odel for the temperature dependence of ne and no,

ne�T� = A − BT + �2��n�0/3��1 − T/Tc�	, �10�

no�T� = A − BT − ���n�0/3��1 − T/Tc�	. �11�

n the above two equations, parameters A and B can be
btained by fitting the temperature-dependent �n� for a
iven wavelength, while ��n�0 and 	 can be determined
y fitting �n�T�.
Furthermore, we can derive the temperature gradients

f ne and no from Eqs. (10) and (11) as follows [25]:

dne/dT = − B − 2	��n�0/�3Tc�1 − T/Tc�1−	�, �12�

dno/dT = − B + 	��n�0/�3Tc�1 − T/Tc�1−	�. �13�

hese quantities are of interest in the design of LC de-
ices based on laser-induced thermal effects in LCs [26].
he temperature gradient of the birefringence could also
e significant for many applications based on �n.

0.34, 0.70, 0.98, and 1.40 THz. The open circles represent the
cies of



4
A
F
o
r
i
w
t
f
r
g
T
2

f
r
=
i
i
=
f


s
s
t
3

c
n
w
t
5
t
t
m
fi
a
c
h
f

p
n
a
h

F
d

1870 J. Opt. Soc. Am. B/Vol. 27, No. 9 /September 2010 Yang et al.
. RESULTS AND DISCUSSIONS
. Complex Optical Constants
or the range of 0.2–2.0 THz, the extraordinary �ne� and
rdinary �no� indices of refraction of E7 at 26°C and its
efractive index in the isotropic phase �60°C� are shown
n Fig. 2. Clear anisotropy in nematic phase was observed
ith ne=1.690–1.704 and no=1.557–1.581. The refrac-

ive indices decrease slightly with increasing frequency
rom 0.2 to 2 THz. This general trend is also observed in
ecent study of the terahertz birefringence of the homolo-
ous series of nematic cyanobiphenyls by Lin et al. [20].
he corresponding terahertz birefringence ��n� of E7 at

Table 1. The Fitting Parameters of Eq. (8) for
Frequencies from 0.34 to 1.40 THz

Frequency
(THz) A

B
�K−1�

0.34 1.7787 5.05�10−4

0.41 1.7804 5.03�10−4

0.53 1.7505 4.15�10−4

0.70 1.7235 3.42�10−4

0.80 1.7165 3.24�10−4

0.89 1.7010 2.90�10−4

0.98 1.7006 2.89�10−4

1.10 1.6945 2.78�10−4

1.19 1.6743 2.16�10−4

1.29 1.6674 1.90�10−4

1.40 1.6974 2.96�10−4
6°C is about 0.130–0.148 and plotted as a function of 1
requency in Fig. 3. This is comparable to the reported bi-
efringence of E7 in the microwave range ��n
0.13–0.15�, but somewhat smaller than those in the vis-

ble band ��n=0.21–0.26�. The extinction coefficient of E7
s shown in Fig. 4 with �e=0.010–0.020 and �o
0.028–0.042. In other words, the absorption coefficients

or ordinary and extraordinary waves at 1 THz are
e=5.001 cm−1 and 
o=15.573 cm−1, respectively. Data
hown in Figs. 2 and 4 indicate that there is no sharp ab-
orption feature for E7 in this range. Figure 4 also shows
hat E7 is dichroic with a dichroic ratio, R=
o /
e, being
.11 at 1 THz.
For comparison, we have organized the refractive indi-

es of E7 reported in the literature from the visible [5],
ear-infrared [4,27], mid-infrared [4], to the millimeter
aves [28–30] together with those of ours in the millime-

er and sub-millimeter wave ranges. This is shown in Fig.
. The data from the visible to the mid-infrared can be fit-
ed quite well by Eq. (7). The refractive indices in the
erahertz (sub-millimeter wave), millimeter wave, and
icrowave ranges, however, deviate significantly from the
tting curves. Similarly, the available birefringence data
cross the entire spectrum are shown in Fig. 6. The fitting
urves were calculated using Eq. (7). Clearly the tera-
ertz birefringence of E7 is smaller than that predicted
rom the visible birefringence.

The above observations could be qualitatively ex-
lained. It is well-known that dispersion could vary sig-
ificantly near resonances. Cyanobiphenyls, such as 5CB
nd 7CB, are major components of E7. 5CB is known to
ave broad absorption features near 100, 140, and

−1
65 cm , i.e., �3–6 THz to [31]. In particular, there is a
ig. 8. Birefringence of E7 versus T-Tc at frequencies of 0.34, 0.70, 0.98, and 1.40 THz. The closed circles represent the experimental
ata and the solid curves are the results of fitting.
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road shoulder extending from the sub-terahertz frequen-
ies to the absorption band near �100 cm−1 assigned to
he libration of the rigid molecule around its long axis.
he far-infrared absorption spectrum of 7CB exhibits
imilar profiles with absorption bands near �100, 160,
nd 180 cm−1 [32]. Thus we can qualitatively understand
he deviation of the terahertz refractive indices of E7 from
q. (7), the three-parameter Cauchy equation, as it does
ot take into account these far-infrared resonances.

. Temperature Effect
ollowing Li et al. [24], we used the four-parameter model

A, B, ��n� , 	] to investigate the effect of temperature on

Table 2. The Fitting Parameters of Eq. (9) for
Frequencies from 0.34 to 1.40 THz

Frequency
(THz) ��n�0 	

0.34 0.2257 0.2466
0.41 0.2190 0.2400
0.53 0.2356 0.2495
0.70 0.2376 0.2461
0.80 0.2312 0.2342
0.89 0.2397 0.2306
0.98 0.2333 0.2196
1.10 0.2374 0.2098
1.19 0.2401 0.2163
1.29 0.2424 0.2157
1.40 0.2439 0.2195
0

he refractive index of E7. The measured data on the tera-
ertz refractive indices (ne, no) allow the calculation of the
verage refractive indices ��n�� and birefringence ��n�.
quation (8) is then used to fit the average refractive in-
ices and get the parameters A and B. Results are shown
n Fig. 7. Here, the open circles represent the experimen-
al data and the solid lines are the results of fitting. We
lso list the fitting parameters in Table 1. It can be seen
hat �n� decreases as the temperature increases. The
alue of B is around 10−4/K, consistent with the result of
i et al. [4].
We have also plotted �n as a function of T-Tc, where Tc

s the clearing point (see Fig. 8). Equation (9) is then used
o fit the birefringence and obtain the parameters ��n�0
nd 	, which are summarized in Table 2. The
emperature-dependent order parameter extracted from
n (S=0.58 at 1 THz and 26°C) agrees with values mea-
ured in the visible and near-infrared regions quite well.
his is another indication that the data in the terahertz
ange are trustworthy.

Lastly, we substitute these two sets of parameters sum-
arized in Tables 1 and 2 into Eqs. (10) and (11) and ob-

ain the fitted refractive indices. The experimentally mea-
ured temperature-dependent real indices of E7 at
requencies of 0.34, 0.70, 0.98, and 1.40 THz and the fit-
ing curves (solid lines) are plotted as functions of T-Tc in
ig. 9. The filled and open circles are experimental data

or ne and no, respectively. Above the transition tempera-
ure, i.e., in the isotropic phase, the experimental data are
hown in Fig. 9 as crosses. Below the transition tempera-
ig. 9. Extraordinary and ordinary refractive indices of E7 versus T-Tc at frequencies of 0.34, 0.70, 0.98, and 1.40 THz. The open and
losed circles represent ne and no, respectively. The crosses represent the refractive indices of E7 in the isotropic phase. The solid lines
re the fitting curves. The dashed lines are the average indices at temperatures below T .
c
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ure, the dashed lines show the average indices, �2no
ne� /3, calculated from the fitting results.
The temperature gradients of ne, no, and �n for E7 can

e calculated by using Eqs. (12) and (13) and the param-
ters listed in Tables 1 and 2. These are shown in Fig. 10.
oth ne and �n have negative temperature gradients,
hile that of no exhibits a crossover behavior, i.e., it first
ecreases with temperature around room temperature
nd then increases with temperature. When the tempera-
ure approaches Tc, all of these three quantities change
bruptly as shown in Fig. 10.

. CONCLUSIONS
e have investigated the terahertz optical constants of
7, a liquid crystal (LC) mixture widely used across the
lectromagnetic spectrum for various applications. For
he frequency range of 0.2–2.0 THz, the real parts of the
xtraordinary and ordinary indices of refraction of E7 at
6°C are 1.690–1.704 and 1.557–1.581, respectively. The
irefringence of E7 is 0.130–0.148 in this frequency
ange. The optical constants of E7 in the terahertz or sub-
illimeter wave range are found to deviate significantly

rom values predicated by the usual extended Cauchy
quations used in the visible and near-infrared. We also
how that E7 is dichroic. The imaginary parts of the indi-
es of refraction at room temperature are �e
0.010–0.020 and �o=0.028–0.042. There is no sharp ab-
orption feature for E7 from 0.2 to 2.0 THz. We have in-
estigated the effect of temperature on the terahertz op-
ical constants and �n of E7 in the nematic and isotropic
hases �26°C–70°C�. The nematic-isotropic phase tran-
ition is clearly demonstrated. The temperature-
ependent order parameter extracted from �n agrees
ith values from the visible, near-infrared, and interme-
iate infrared regions quite well. We found that the tem-
erature gradient of ne for E7 is negative, while that of no
hanges from negative at room temperature into a large
ositive number as T approaches T .

ig. 10. (Color online) Temperature dependence of dne /dT,
no /dT, and d��n� /dT of E7 at 0.34 THz. The solid and dashed
urves represent dne /dT and dno /dT, respectively. The dotted
urve is for d��n� /dT.
c
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