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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 (n,) and ordinary (n,) 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.

1. INTRODUCTION

Due to their relative large birefringence (An=n,-n,) from
the visible to microwave band, liquid crystals (LCs) have
found a variety of applications ranging from display, tun-
able optical elements, communication and signal process-
ing, beam steering, etc. [1,2]. In order for LCs to be em-
ployed at a particular wavelength, it is thus essential that
the magnitudes of the extraordinary and ordinary refrac-
tive indices, n, and n,, as well as the birefringence of the
LC are known. The temperature effects on the optical con-
stants are also of interest.

The LC mixture E7, composed of
4-cyano-4’-n-pentyl-biphenyl (5CB), 4-cyano-4’'-nheptyl-
biphenyl (7CB), 4-cyano-4'-n-octyloxy-biphenyl, and
4-cyano-4"-n-pentyl-p-terphenyl, has been widely used in
LC devices due to its large birefringence (~0.2 in the vis-
ible) and wide nematic temperature range (-10°C to
59°C). The optical constants of E7 have been studied ex-
tensively in the past. In the visible (from 656 to 450 nm)
and at room temperature (25°C), for example, Li et al. [3]
reported that n, of E7 increases from 1.73 to 1.80, while
its n, also increases slowly from 1.52 to 1.54 (An
~0.21-0.26). In the near-infrared region, the same group
reported that An=0.186 at 1.55 um [4] and ~0.191 in the
wavelength range from 1.611 to 2.833 um. The birefrin-
gence of E7 in the mid-infrared region (2—16 um) can be
approximated at a constant, An~0.18, outside the vicin-
ity of vibrational bands [5]. At the CO4 laser wavelengths
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(A=10.6 um), Wu et al. [4] and Brugioni and Meucci [6]
independently determined that n,=1.69 and n,=1.49
(An=0.20). In general, the refractive indices of E7 can be
modeled by the extended Cauchy equation from the vis-
ible to the infrared [4]. The corresponding birefringence
exhibit a general decreasing trend as the wavelength in-
creased over this spectral range. For wavelengths much
longer than the mean resonance wavelength (\*
~250 nm), i.e., infrared and beyond, An is expected to ap-
proach a limiting but appreciable value [5].

In the past decade, terahertz studies ranging from in-
vestigations of ultrafast dynamics in materials to medical
and environmental sensing and imaging have been ac-
tively explored [7-10]. For these and future applications
in terahertz communication and surveillance, quasi-
optical components [11] such as phase modulators [12,13]
are increasingly in demand. Liquid-crystal-based tera-
hertz devices are attractive in quasi-optical systems pro-
vided LCs exhibit reasonably large birefringence and ac-
ceptable transmittance can be found. Indeed, several
kinds of LC devices, e.g., phase shifters [14], birefringent
[15,16], plasmonic [17], and Fabry—Perot filters [18], po-
larizers [19], phase gratings [20], and Bragg switches
[21], have been demonstrated. The LC mixture E7
(Merck), with a wide nematic temperature range (-10°C
to 59°C), was the LC of choice in most of these works. At
room temperature, we showed that there is no sharp reso-
nance for the optical constants of E7 in the 0.2-1.2 THz
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range, in which the extraordinary index of refraction, n,,
varies from 1.69 to 1.80, while the ordinary index of re-
fraction, n,, varies from 1.51 to 1.63. The terahertz bire-
fringence of E7 is thus 0.12-0.21. The corresponding
imaginary indices of E7 are relatively small (<0.04) [22].
Independently, Jewell et al. [18] determined that An
=0.15 (=0.01) for E7 over the same frequency range. In
this work, we use terahertz time-domain spectroscopy
(THz-TDS) to conduct a detailed study of the frequency
dependence (0.2—2.0 THz) and temperature dependence of
the complex terahertz optical constants of E7 in both
nematic and isotropic phases (26°C-70°C). The
temperature-dependent terahertz birefringence An and
the order parameter S of E7 in this spectral range have
also been investigated. Further, the temperature gradi-
ents of the terahertz optical constants of E7 are also de-
termined. It is shown that the optical constants of E7 in
the terahertz or sub-millimeter wave range deviate sig-
nificantly from values predicated by the usual extended
Cauchy equations used in the visible and near-infrared.

2. EXPERIMENTAL METHODS

A homogeneously aligned LC cell and a reference cell,
schematically shown in Fig. 1, were prepared in this
work. The reference cell was constructed by two optical-
grade fused silica windows with thicknesses d; and ds.
The LC cell was constructed by sandwiching the LC (E7,
Merck) between two windows of the aforementioned types
with thicknesses d3 and d,4. The thickness of the LC layer
was controlled with a Mylar spacer and measured by sub-
tracting the substrate thicknesses from the total cell
thickness. The LC layer thickness in this work was d;¢
=0.552+0.002 mm. We achieved homogeneous alignment
of the nematic LLC by rubbing the polyimide films on the
substrates. The temperature of the L.C cell can be varied
with an accuracy of +0.1°C. The thickness of each of the
windows employed was found to be ~3 mm as measured
with a micrometer.

To determine the optical constants, we employed a
photoconductive-antenna-based THz-TDS system de-
scribed previously [23]. Data were taken both in Taiwan
and Japan; the results are consistent and complementary.
For the frequency range below 0.4 THz and above 1.4
THz, data taken, respectively, in Taiwan and Japan were
used in view of the signal to noise performance of the two
systems. Between 0.4 and 1.4 THz, the data from the two
laboratories were identical within experimental error.
The THz-TDS in Taiwan was purged with dry nitrogen so

d d,+Ad
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Fig. 1. (Color online) Simplified sketches of the experimental
configuration for transmission of ordinary ray through (a) the LC
and (b) reference cells. The symbols are defined in the text. The
blue ellipsoids in (a) represent schematically the LC molecules,
which are homogeneously aligned in the cell.
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that it could be maintained at a relative humidity of
(4.0£0.5)%. In the experiments, the reference of the LC
cell was placed in the THz-TDS at the position where the
terahertz beam was collimated. For measurements of the
extraordinary and ordinary indices of refraction, n, and
n,, we rotated the LC cell such that its director was either
perpendicular or parallel to the polarization direction of
the incident terahertz wave.

3. EXTRACTION AND ANALYSIS OF THE
OPTICAL CONSTANTS

For a monochromatic plane terahertz wave propagating
through the cells at normal incidence (see Fig. 1), we can
write the electric field of the terahertz wave transmitted
through the reference cell as

Eref(w) = Eo(w)fawfwa exp[— l((‘)/c)ﬁw(dl + dQ)]
Xexp[-i(w/c)n,(d, + Ad)], (1)

where Ey(w) is the electric field of the incident terahertz
wave. The ratios Z,,=2n,/(R,+7,) and %,,=27,/(7,
+7,) are the transmission coefficients of the terahertz sig-
nal from air to the fused silica substrate and from the
substrate to air, respectively; 77, and 77, are the refractive
indices of the substrate and air. Here, the slight difference
in thicknesses, d;+dy and ds+dy, of the reference and LC
cells is taken into account by the term Ad=(d3+d4)-(d;
+ds); d,, is thickness of a mass of air assumed to have the
same value as dj¢. Similarly, the electric field of the tera-
hertz wave passed through the LC cell can be written as

Eyc(w) = Eg(0)f 4t -1ctLo-wtwa

X expl— i(w/c)i,(ds + dg) [FPLo((w,d1c), (2)

where Zw—ch 2ﬁw/(ﬁw+ﬁLC) and ?LC—w =2ﬁLC/(ﬁLC+ﬁw)
are the transmission coefficients from fused silica sub-
strate to the LC layer and from the LC layer to the sub-

strate interfaces, respectively. The FPLC parameter is the
Fabry—Perot coefficient for multiple reflections of the
terahertz beam in the nematic LC cell, and can be written
as

N
FPyc(0,dic) = > (2, exp{—i(wlo)[fipedic(@m + D)),
m=0

3)

with a thickness of dic, and 71 is the complex refractive
index of the LC. In expressing the transmitted terahertz
wave as in Egs. (1) and (2), we assumed that the multiple
reflections in the substrates can be ignored. Experimen-
tally, this is done by choosing the measurement time win-
dow such that the multiple reflections are excluded.

Using Egs. (1) and (2), we can write the transmission
coefficient of the LC cell, normalized to that of the refer-
ence, as
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T(0) = Erc(0)/Eyed ) = 1 ctro-w €Xp{-i(w/c)[Ad(7, - 71,)
N

+dyc(fire - )1} D) FHE, expl- i2m(wle)fiyedycl.
m=0

4)

Expressing 711,¢, 7, and 77, into their real and imaginary
parts, nyc=nyc+ikLc, N,p=hy,+ik,, and 77,=ng, we can
write the complex refractive index of the LC as follows:

nic=ng+ | arg(T(w)) - arg (ﬁ;_chLc—w

N
Xexp[- w(Ad k, + dycric)le] D, 7o

m=0
Xexp(— i2mﬁLCdLCw/c)) c/(wdyc)

- Ad(n,, - nolldyc, (5)
N
Kk = kpAdldye - In| [T(0)| | D 720,
m=0

xexp[- i2m(wlc)icdycl | [fw-Lctro-wl ( |¢/(wdic).

(6)

Previous studies [14,18] have shown that there is no reso-
nance in the spectral range (0.2—-1.2 THz) for either n, or
n, E7. It is then expected that its ordinary and extraordi-
nary refractive indices can be fitted by the three-
parameter Cauchy formula [4]

Nye=Aye+By N2+ C, N4 (7)

For several LCs, including E7 at room temperature, Li et
al. [4] determined the fitting parameters. The birefrin-
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Fig. 2. (Color online) The real refractive indices of E7 are plot-
ted as functions of frequency. The blue circles and the red tri-
angles are the extraordinary and ordinary refractive indices of
E7, n, and n,, at 26°C, respectively. The black squares are the
real refractive indices of E7 in the isotropic phase (at 60°C). The
error bars are comparable to or smaller than the symbols.
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Fig. 3. (Color online) Frequency dependence of the birefrin-

gence of E7 measured at 26°C. The error bars are comparable to
or smaller than the symbols.
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Fig. 4. (Color online) The imaginary refractive indices of E7 are
plotted as functions of frequency. The blue circles and the red tri-
angles are «, and «, at 26°C, respectively. The black squares are
the imaginary refractive indices of E7 in the isotropic phase (at
60°C). The error bars are comparable to or smaller than the

symbols.
4'0 _"" 1 ey LA K R LY | L R | L R SR S | LEEL | ]
3.8 - —n(fittingRef[4])) A
36l ——n (fting Ref4) ]
T 1 (data Ref[4]) ]
34 1 (GaaRef)
a2l -n(fittingRefl21) ]

[ - o (fiting Ref[21])
30l o n(ataRef21)
28 % 1 (dataRefl21]) ]

[ o n(dataRef[2224])
26 A n(@aRef2224) ]
24| o n (This work) =

= 2ol 4 n (This work) 1
20[ ]

C n ]
18 |- e @ © 4

r = =i = = —— SRR, —————— A ]
16 3 p——

3 e ]
141 n, ]
12 4
g0l o 00 A I 1 i ! g ]

10" 10

10° 10 10 10
Wavelength (um)
Fig. 5. (Color online) The refractive indices of E7 reported in the
literature from the near-infrared [4,27], mid-infrared [4], to the

millimeter [28-30] waves together with those of this work in the
millimeter and sub-millimeter wave ranges.
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Fig. 6. (Color online) The birefringence of E7 reported in the lit-

erature from the visible [5], near-infrared [4,27], mid-infrared
[4], to the millimeter [28-30] waves together with those of this
work in the millimeter and sub-millimeter wave ranges.

gence of the LC can then be calculated using Eq. (7).

Next, we consider the temperature effect on the optical
constants of the LC. Confirming the results of Li et al. [24]
in the visible, we also observed a linear temperature de-
pendence of the average refractive indices of E7 in the far-
infrared (see discussions in Subsection 4.B), (n)=(n,
+2n,)/3, on temperature, i.e.,

(n(T))=A - BT. (8)
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Furthermore, because An is linearly proportional to S, its
temperature dependence can be written as

An(T) = (An)oS = (An)y(1 - T/T,)P, 9)

where (An), is the birefringence of the LC at T=0 K, B is
a material constant which is not too sensitive to the mo-
lecular structure of LCs, and T, is the clearing point of
the LC [24].

With Egs. (8) and (9), we arrive at the four-parameter
model for the temperature dependence of n, and n,,

n(T) =A - BT + (2(An)y/3)(1 - T/T,)", (10)

n,(T)=A - BT - ((An)/3)(1 - T/T,)". (11)
In the above two equations, parameters A and B can be
obtained by fitting the temperature-dependent (n) for a
given wavelength, while (An); and B can be determined
by fitting An(T).

Furthermore, we can derive the temperature gradients
of n, and n, from Eqgs. (10) and (11) as follows [25]:

dn/dT = - B - 2B(An)/[3T.(1 - TIT,)'F],  (12)

dn,/dT = - B + B(An)y/[3T.(1 - T/T,)*A]. (13)
These quantities are of interest in the design of LC de-
vices based on laser-induced thermal effects in LCs [26].
The temperature gradient of the birefringence could also
be significant for many applications based on An.
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Fig. 7. Average refractive indices of E7 versus 7-T, at frequencies of 0.34, 0.70, 0.98, and 1.40 THz. The open circles represent the

experimental data and the solid lines are the results of fitting.
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Table 1. The Fitting Parameters of Eq. (8) for

J. Opt. Soc. Am. B/Vol. 27, No. 9/September 2010

Frequencies from 0.34 to 1.40 THz

Frequency B

(THz) A (K

0.34 1.7787 5.05x 10
0.41 1.7804 5.03x10™*
0.53 1.7505 4.15%x10™
0.70 1.7235 3.42%x10™*
0.80 1.7165 3.24x10*
0.89 1.7010 2.90x 10
0.98 1.7006 2.89x 10
1.10 1.6945 2.78 X104
1.19 1.6743 2.16x10*
1.29 1.6674 1.90x 104
1.40 1.6974 2.96x10™*

4. RESULTS AND DISCUSSIONS

A. Complex Optical Constants

For the range of 0.2-2.0 THz, the extraordinary (n,) and
ordinary (n,) indices of refraction of E7 at 26°C and its
refractive index in the isotropic phase (60°C) are shown
in Fig. 2. Clear anisotropy in nematic phase was observed
with n,=1.690-1.704 and n,=1.557-1.581. The refrac-
tive indices decrease slightly with increasing frequency
from 0.2 to 2 THz. This general trend is also observed in
recent study of the terahertz birefringence of the homolo-
gous series of nematic cyanobiphenyls by Lin et al. [20].
The corresponding terahertz birefringence (An) of E7 at
26°C is about 0.130-0.148 and plotted as a function of

012 |
i

5 986
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" " n s n n N
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014

012 -

-38 25 20 15 A8 5
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frequency in Fig. 3. This is comparable to the reported bi-
refringence of E7 in the microwave range (An
=0.13-0.15), but somewhat smaller than those in the vis-
ible band (An=0.21-0.26). The extinction coefficient of E7
is shown in Fig. 4 with «,=0.010-0.020 and «,
=0.028-0.042. In other words, the absorption coefficients
for ordinary and extraordinary waves at 1 THz are
@,=5.001 cm™! and a,=15.573 cm™!, respectively. Data
shown in Figs. 2 and 4 indicate that there is no sharp ab-
sorption feature for E7 in this range. Figure 4 also shows
that E7 is dichroic with a dichroic ratio, R=a,/a,, being
3.11 at 1 THz.

For comparison, we have organized the refractive indi-
ces of E7 reported in the literature from the visible [5],
near-infrared [4,27], mid-infrared [4], to the millimeter
waves [28-30] together with those of ours in the millime-
ter and sub-millimeter wave ranges. This is shown in Fig.
5. The data from the visible to the mid-infrared can be fit-
ted quite well by Eq. (7). The refractive indices in the
terahertz (sub-millimeter wave), millimeter wave, and
microwave ranges, however, deviate significantly from the
fitting curves. Similarly, the available birefringence data
across the entire spectrum are shown in Fig. 6. The fitting
curves were calculated using Eq. (7). Clearly the tera-
hertz birefringence of E7 is smaller than that predicted
from the visible birefringence.

The above observations could be qualitatively ex-
plained. It is well-known that dispersion could vary sig-
nificantly near resonances. Cyanobiphenyls, such as 5CB
and 7CB, are major components of E7. 5CB is known to
have broad absorption features near 100, 140, and
165 cm™1, i.e., ~3—6 THz to [31]. In particular, there is a

014 -
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and - 4
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Fig. 8. Birefringence of E7 versus T-T, at frequencies of 0.34, 0.70, 0.98, and 1.40 THz. The closed circles represent the experimental

data and the solid curves are the results of fitting.



Yang et al.

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

Frequency

(THz) (An), B

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

broad shoulder extending from the sub-terahertz frequen-
cies to the absorption band near ~100 cm™! assigned to
the libration of the rigid molecule around its long axis.
The far-infrared absorption spectrum of 7CB exhibits
similar profiles with absorption bands near ~100, 160,
and 180 cm™! [32]. Thus we can qualitatively understand
the deviation of the terahertz refractive indices of E7 from
Eq. (7), the three-parameter Cauchy equation, as it does
not take into account these far-infrared resonances.

B. Temperature Effect
Following Li et al. [24], we used the four-parameter model
[A, B, (An)g, B] to investigate the effect of temperature on

1% | 0.34THz -
iz}
168 E
164 | o
160 | .__.—.___,_._«‘. il
15 |
152 | 4
B3 -5 20 15 W S5 0 5 10 15
SR i/ S—
176 - 0.98THz
i =
168 | \ i
164 _
=
i | ¢__._——0——/"'/. |
152 .
3B 0 25 -0 15 10 5 0 5 10 15
T,
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the refractive index of E7. The measured data on the tera-
hertz refractive indices (n,, n,) allow the calculation of the
average refractive indices ((n)) and birefringence (An).
Equation (8) is then used to fit the average refractive in-
dices and get the parameters A and B. Results are shown
in Fig. 7. Here, the open circles represent the experimen-
tal data and the solid lines are the results of fitting. We
also list the fitting parameters in Table 1. It can be seen
that (n) decreases as the temperature increases. The
value of B is around 10~%/K, consistent with the result of
Liet al. [4].

We have also plotted An as a function of T-T',, where T,
is the clearing point (see Fig. 8). Equation (9) is then used
to fit the birefringence and obtain the parameters (An),
and B, which are summarized in Table 2. The
temperature-dependent order parameter extracted from
An (S=0.58 at 1 THz and 26°C) agrees with values mea-
sured in the visible and near-infrared regions quite well.
This is another indication that the data in the terahertz
range are trustworthy.

Lastly, we substitute these two sets of parameters sum-
marized in Tables 1 and 2 into Eqgs. (10) and (11) and ob-
tain the fitted refractive indices. The experimentally mea-
sured temperature-dependent real indices of E7 at
frequencies of 0.34, 0.70, 0.98, and 1.40 THz and the fit-
ting curves (solid lines) are plotted as functions of 7-T, in
Fig. 9. The filled and open circles are experimental data
for n, and n,, respectively. Above the transition tempera-
ture, i.e., in the isotropic phase, the experimental data are
shown in Fig. 9 as crosses. Below the transition tempera-

116 0.70THz

152

176 140THz-

172

- T

1.64 - @

T,

Fig. 9. Extraordinary and ordinary refractive indices of E7 versus 7-T, at frequencies of 0.34, 0.70, 0.98, and 1.40 THz. The open and
closed circles represent n, and n,, respectively. The crosses represent the refractive indices of E7 in the isotropic phase. The solid lines
are the fitting curves. The dashed lines are the average indices at temperatures below T,.
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Fig. 10. (Color online) Temperature dependence of dn,/dT,

dn,/dT, and d(An)/dT of E7 at 0.34 THz. The solid and dashed
curves represent dn,/dT and dn,/dT, respectively. The dotted
curve is for d(An)/dT.

ture, the dashed lines show the average indices, (2n,
+n,)/3, calculated from the fitting results.

The temperature gradients of n,, n,, and An for E7 can
be calculated by using Eqgs. (12) and (13) and the param-
eters listed in Tables 1 and 2. These are shown in Fig. 10.
Both n, and An have negative temperature gradients,
while that of n, exhibits a crossover behavior, i.e., it first
decreases with temperature around room temperature
and then increases with temperature. When the tempera-
ture approaches T, all of these three quantities change
abruptly as shown in Fig. 10.

5. CONCLUSIONS

We have investigated the terahertz optical constants of
E7, a liquid crystal (LC) mixture widely used across the
electromagnetic spectrum for various applications. For
the frequency range of 0.2-2.0 THz, the real parts of the
extraordinary and ordinary indices of refraction of E7 at
26°C are 1.690-1.704 and 1.557-1.581, respectively. The
birefringence of E7 is 0.130-0.148 in this frequency
range. 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. We also
show that E7 is dichroic. The imaginary parts of the indi-
ces of refraction at room temperature are «,
=0.010-0.020 and «,=0.028—0.042. There is no sharp ab-
sorption feature for E7 from 0.2 to 2.0 THz. We have in-
vestigated the effect of temperature on the terahertz op-
tical constants and An of E7 in the nematic and isotropic
phases (26°C—70°C). The nematic-isotropic phase tran-
sition is clearly demonstrated. The temperature-
dependent order parameter extracted from An agrees
with values from the visible, near-infrared, and interme-
diate infrared regions quite well. We found that the tem-
perature gradient of n, for E7 is negative, while that of n,
changes from negative at room temperature into a large
positive number as T approaches T,.
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