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Time-domain spectroscopy is used to study the complex permittivity of two types of liquid crys-

tals: heptylcyanobiphenyl (7CB) and octylcyanobiphenyl (8CB). The variation of the dominant re-

laxation frequency values of both 7CB and 8CB as a function of temperature are very similar,

showing no inhuence of the smectic structure in 8CB. The experimental relaxation measurements

in the nematic phase agree qualitatively with the existing theory.

INTRODUCTION EXPERIMENTAL SETUP

In a recent article' we applied for the first time the
time-domain spectroscopy (TDS) technique to study the
dielectric behavior of a liquid-crystalline material. The
advantage of TDS over other steady-state methods re-
sides in the fact that it is fast and can cover a wide fre-
quency range (100 kHz —10 CrHz) with a single measure-
ment. With the development in data acquisition and sig-
nal analysis, the precision of the permittivity values
obtained with the TDS technique is certainly comparable
to those derived from the more traditional frequency-
domain methods.

Dielectric measurements have been used to gain im-
portant information on the characteristic properties of
liquid crystals. In most cases, however, experiments
were carried out at low frequencies (mainly in the kHz
range) and have concentrated on the static permittivity.
Information on the dynamical behavior which can be ob-
tained from measurements of the complex permittivity
as a function of frequency is rather limited. Many liquid
crystals show dielectric relaxation phenomena in the
megahertz and the low gigahertz range. This is, of
course, exactly the range of frequency which can be
covered by a single measurement with the present capa-
bilities of the TDS. ' '" Earlier, ' we demonstrated this
possibility with complex permittivity measurements on
8CB (octylcyanobiphenyl), mainly in the isotropic phase.
In this article we present the re;suits of a complete set of
measurements for 8CB as well as for 7CB (heptylcyano-
biphenyl). Results for the complex permittivity (parallel
and perpendicular to the director in the mesomorphic
phases) are reported for large temperature ranges, cover-
ing the isotropic and nematic phases for 7 CB as well as
isotropic, nematic, and smectic-2 phases for 8CB.

The measurements were taken using, a Hewlett-
Packard 181 TDR (time-domain reflectometry) system,
which includes a 1105A/1106B tunnel diode pulse gen-
erator, a two-channel broadband (dc18 CsHz) sampling
amplifier type 1430 C, and a display memory oscillo-
scope type 181 A. A Nuclear Data system 4420 was
used for data acquisition and processing.

Although the TDR measurements are carried out in
the time domain, the analysis is however, simpler, more
precise, and broadband if they are converted to the fre-
quency domain. ' As discussed in the previous work, '

the TDR configuration best suited to obtain dielectric
spectra over a wide frequency range, is the total
reflection from a thin sample with an open termination.
The complex permittivity e* for the above configuration
is given by

c Vo Re*=e' —je"= . x cothx,
jcod Vo+R

where e' and e" are, respectively, the real and imaginary
parts of e', and Vo and R are the Laplace transforms of
the incident signal Vo(t) and the reflected signal r(t) in
the time domain. x=jcode*' /c, with d the length of
the sample and co the angular frequency; c =1/(L, C, )'
is the speed of light, and C„I., are, respectively, the
geometric capacitance and inductance per unit length of
the line. Although Eq. (1) has been used with success
for moderately to strongly polar liquids, " it is more ap-
propriate to use a difference equation' ' for liquids with
low dielectric constants, as in the present case. One uses
the diff'erence between the reflection r, (t) from a stan-
dard dielectric of known e, , and the reflection r (t) from
the unknown dielectric of permittivity e*. The
difference is given by
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with f =x cothx. An important advantage in this case
is essentially that Vo(t) —r(t) reaches equilibrium faster
than Vo(t)+r(t), and, as a consequence, experimental
truncation (due to the finite time window) of the denomi-
nator in Eq. (2) can, to a large extent, be avoided. Using
air as standard greatly simplifies Eq. (2) with e,*=1 and

In our previous work on 8CB we did not use a mag-
netic field for the orientation of the director, and as
such, most data were obtained for the isotropic phase
and some for the e~ in the nematic phase with surface
alignment. For the present work, we used an external
magnetic field to orient the sample and were able to ob-
tain detailed information on e~ and

e~~
in the meso-

phases. In our experiments we used two diff''erent
configurations which are schematically represented in
Fig. 1. In the first one given in Fig. 1(a), the radial elec-

tric field in the coaxial cell is always perpendicular to
the direction of the magnetic field and thus the cV

(nematic) or SmA (smectic-A) phase results for e~ are
obtained. In the second case the measured permittivity
e* is an average value, given by

e*= ( e~ + e~~ ) /2 .

From a combination of the results for both
configurations, values for e~ and e~~ can thus be obtained
separately. Magnetic fields as large as 0.4 T were used
in order to arrive at uniformly oriented samples. For
the measurements in the SM A phase, the samples were
cooled from the nematic phase in the presence of the
magnetic field.

The sample cell is a short section of a standard 3.5-
mm precision 50-0 coaxial air line. The length of the
sample is determined by the electrical length of the inner
conductor of the cell. Its calibration by using known al-
cohols (ethanol and butanol) gives a length of 7.80 mm.
The discussion on the choice of the sample length is
given in the previous paper. ' The dielectric sample is
placed between the two conductors of the coaxial air line
with the inner radius of 1.5 mm and the outer radius of
3.5 mm.

The temperature of the sample was regulated by
means of a Aow of water at constant temperature
through a jacket around the outer wall of the sample cell
(Fig. 1). The temperature of the water was controlled
with a Lauda type RC-20 temperature regulator. The
sample temperature was measured with a calibrated
thermistor. The temperature stability of the sample over
the measuring time was +0.02'C. The 7CB and 8CB
liquid-crystalline compounds were obtained from BDH
Chemicals Ltd. (Poole, Dorset, United Kingdom) and
used without further purification.

-wate RESULTS AND DISCUSSION

WYIPYPE/AFEEEEEEYi.+magnet pole

bxxxM copper ~~~ p.v.c. &-' -::--::&sample

FICr. 1. Schematic diagram of the setup for measuring the
orientation dependence of the complex permittivity e* in the
mesophases. (a) Configuration for the perpendicular com-
ponent of e . (b} Configuration giving results for e equal to
the sum of half the perpendicular and half the parallel com-
ponent.

We have measured the dielectric properties of 8CB
and 7CB over the temperature range between 25 and
60'C. The nematic-to-isotropic transition temperature
for both compounds is around 42'C and thus in the mid-
dle of the measured temperature range. Figure 2 gives
typical e'(co) and e"(co) results as a function of the fre-
quency f =co/2m. for 7CB. The results for SCB are quite
similar to the ones given in Fig. 2 for 7CB. It can be
seen from Fig. 2 that a large dielectric relaxation occurs
in the low MHz range. From Eq. (1) it is possible to cal-
culate the static dielectric constant eo by taking the limit
co ~0.

In Fig. 3 we have compared our E'p data for 7CB with
values from the literature. There is very good agreement
for the whole temperature range with the data by Davies



36 DIELECTRIC-RELAXATION STUDY OF. . . 5769

oo
0
0
0

7CB T=30 C

17.5

+
+

P
Qg

7CB

10—
.EA~+LXXX~

kkk 0
ok
ko

k
P

s ~ ~ ~ ~ ~ y ~ o ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

~ E.g

2
(E,", +e,")

15.0—

12.5—

0
E"
0.8-

~ ~ ~ ~ oo ~y

~&II+ El j
1

10.0— &is
0 chc

0

oooo
0 0

0 0
0 0

0.0— 0 00
0 o

kko
o &a

~ ~ Q~o~s ~

6 8
r+PI V inc

leg g (Hx3

7.5—

5.0

8
0~o

0 400
I l

30 40
I

50 60

T ('L)FIG. 2. Frequency dependence of the real and the imagi-

nary parts of the complex permittivity for three different condi-
tions of 7CB.

et al. ' (the pluses) and also with the data by Lippens
et al. ' (the open triangles) for T&35'C. Two data
points below 3S C for eI~ and e~ by these authors deviate
systematically. A similar comparison for our 6p data of
8 CB is made in Fig. 4. With the exception of the de-
rived e~~ data, our new results are systematically about 2
or 3% lower than the data by Thoen and Menu' (the
solid curves) and also our earlier results' (the pluses).
This discrepancy is of the order of the accuracy of the
TDS method and can be caused, e.g. , by some systematic
calibration differences. Sample purity may also play a
role. Data by Druon and Wacrenier' agree for e,, and
for e~, but are systematically too low for e~~. Recently,
dielectric results for SCB have also been published by
Buka and Price. ' A comparison with their ep values is
very difficult because their results suffer from an unex-
plained downward shift of 4'C for the transition temper-
atures in comparison with the rather well-established
literature' values ( T&t =40.5 'C and T&& =33.5 'C).
Their reference to s up ere o olin g in this respect is
unjusti6ed for the nematic- —smectic- A transition be-
cause this transition was shown to be second order. If
we arbitrarily shift the Buka-Price data up by 4'C,
reasonable agreement with the data in Fig. 4 is obtained
for E'p in the isotropic phase as well as for e~, but the re-
sults for ei are close to 10% too low.

In Fig. 2 it can be observed that a dominant relaxa-
tion mechanism is present in the low MHz region. It
can be shown ' that successively better approximations
for the logarithmic distribution function of relaxation

times G (inc) can be obtained from e"(co), e'(co), and
their derivatives with respect to ln~. The following ex-
pressions ' are of interest to us here:

2e"(co )
0 7n.(eo —e„)

1 d e'(co)
1 d ln-

T

G
2 gg( )

d e (co)

~(&p —& ) d( lnco)

(4)

(6)

Gp is usually called the normalized loss function. If
sufficiently detailed and accurate e'(co) and e"(co) results
over a large frequency range are available, the above ex-
pressions should be very useful in determining difFerent
relaxation regimes. We have applied this method to our
TDS results for 7CB and 8CB. In Fig. S the quantities
Go, G„and G2 [defined in Eqs. (4)—(6)] are plotted as a
function of frequency for one temperature in the isotro-
pic phase and one in the nematic phase (ei ) for the case

FIG. 3. Temperature dependence of the static dielectric
constant (e;, ) of 7CB in the isotropic phase and in the nematic
phase. Open circles are results obtained without a magnetic
field, and data with magnetic field always perpendicular to the
electric field [see Fig. 1(a)] are indicated with vertically half-
filled circles. Solid dots are data with magnetic field in the
plane of the electric field [see Fig. 1(b)). The derived results
for e~~ are given with horizontally half-filled circles. The open
triangles are data by Lippens et al. (Ref. 15). The pluses are
results by Davies et al. (Ref. 14). T» is the nematic-isotropic
transition temperature.
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FIG. 4. Temperature dependence of the static dielectric
constant (e;, ) of 8CB in the isotropic, the nematic, and the
smectic-A phases. Open circles are results obtained without a
magnetic field, and data with the magnetic field always perpen-
dicular to the electric field [see Fig. 1(a)] are indicated with
vertically half-filled circles. Solid dots are data with the mag-
netic filed in the plane of the electric field [see Fig. 1(b)]. The
derived results for a~i are given with horizontally half-filled cir-
cles. The solid curves represent data by Thoen and Menu (Ref.
16). The pluses are data by Bose et al. (Ref. 1). The open tri-
angles are data by Druon and Wacrenier (Ref. 17). T~I is the
nematic-isotropic transition temperature and T» is the
nematic —smectic- A transition temperature.

of 7CB. In this figure it can be seen that for higher fre-
quencies peaks appear for the higher derivatives, indicat-
ing weak relaxation mechanisms in that frequency range.
From Fig. 5 it is also clear that the relaxation frequency
of the dominant mechanism can be very well localized in
this way. A full analysis of all the data has been carried
out in this manner. In Fig. 6 (for 7CB) and Fig. 7 (for
8CB) we have plotted the relaxation frequency fR for
the dominant relaxation as a function of 1/T. A com-
parison is also made with the limited results from other
sources. In general, there is satisfactory agreement, with
the exception of the results by Davies et al. ,

' for the
perpendicular component of 7CB, which are substantial-
ly larger. The results by Ratna and Shashidhar for the
parallel component of 8CB are also on the high side.

In Fig. 8 a comparison has been made between our
7CB and 8CB data for the relaxation frequencies. The
data are plotted with the same scale factors for 1/T, but
in such a way that the 1/T values for the XI transitions
of both compounds coincide. Since their T~l values
differ by about 1 C, this represents a small shift. Some
striking observations can be made from this comparison.
First of all, one sees, apart from a very small difference

0
9
lo f~H. i

FIG. 5. Frequency dependence of the quantities Gp G ] and
G2, defined in Eqs. (4)—(6), for 7CB at one temperature in the
isotropic phase (T=46'C) and at one temperature (T =30 C)
in the nematic phase for the case of the perpendicular com-
ponent of the complex permittivity.
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FICi. 6. Temperature dependence of the dominant relaxa-
tion frequency for 7CB. The meaning of the circular symbols,
representing our data, is the same as for Fig. 3. The pluses are
results by Davies et al. (Ref. 14), and the open triangles are by
Lippens et al. (Ref. 15).
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FIG. 7. Temperature dependence of the dominant relaxa-
tion frequency for 8CB. The meaning of the circular symbols,
representing our data, is the same as for Fig. 5. The pluses are
results by Bose et al. (Ref. 1), the open triangles are by Druon
and Wacrenier (Ref. 17), and the squares by Ratna and
Shashidhar (Ref. 22).

in the isotropic phase, almost identical results in the
liquid-crystalline phases. The presence of the smectic-A
phase in 8CB does not make any difference with the re-
sults for 7CB which has only a nematic phase. Ap-
parently, the occurrence of the Sm-A layering does have
little influence on the dynamical behavior of the dipoles.
Another observation is the continuous slope change
below T~i. It therefore does not make much sense to
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FIG. 8. Comparison between the relaxation frequencies of
7CB and 8CB. A small shift in the temperature scales has been
imposed in order to make the isotropic to nematic transition
temperatures coincides.

define distinct activation energies for the nematic and
the smectic-A phases because f~ is not linear in I/T.
That is, however, what Druon and Wacrenier and also
Buka and Price tried to do on the basis of a few data
points in each phase. As will be pointed out further, the
dominant factor behind this continuous slope change
below T&1 is related to the presence of the nematic po-
tential, and the temperature dependence of the nematic
order parameter.

The analysis of the high-frequency relaxation mecha-
nism on the basis of Eqs. (4)—(6) clearly shows the pres-
ence of several peaks both in the isotropic as well as
mesomorphic phases (see Fig. 5). In the case of the iso-
tropic phase in 7CB we find three relaxation frequencies:
39, 225, and 550 MHz at 46'C. The higher relaxation
frequencies, i.e., 225 and 550 MHz are carried over into
the perpendicular component of the nematic phase (Fig.
5). We also observed that within the measured range of
temperature these high relaxation frequencies are in-
dependent of the temperature in the isotropic phase as
well as the nematic phase of 7CB.

The analysis of the high-frequency relaxation mecha-
nism in 8CB reveals a similar situation. We again find
three relaxation frequencies in the isotropic phase of
8CB, i.e., 34.3, 225, and 600 MHz at 44.7'C. The three
relaxation frequencies are similar to the frequencies of
7CB at 46'C. We notice again that the higher relaxation
frequencies of 225 and 600 MHz go over to the perpen-
dicular component of 8CB in the nematic phase and are
independent of temperature within the measured temper-
ature range.

Since the secondary relaxation peaks are obtained by
using Fourier transform of the time-domain records,
there certainly exists the possibility that they could be
artifacts resulting from the transformation time frequen-
cy. The two possible sources of error are truncation er-
ror in the numerical transform or spurious reflections
from a mismatch in the coaxial line system. We did not
observe any reflection peak arising from the impedance
mismatch in the time-domain record. In order to cover
the whole frequency range of interest for 7CB or 8CB
with a single experiment, we had to compromise on an
optimum length (7.8 mm). Under these conditions we
could get a maximum time window ~ of about 7 ns free
of spurious reflections. We were thus able to cover a
difference curve r, (t) r(t) down to 5 ——6% of its origi-
nal value. To approximate the contribution of the
remaining area for t & y we added an exponential tail to
the difference curve, which at long times varies as
exp(

tlat,

), whe—re r, is the time constant for charging
the sample with static permittivity eo and length d
through the resistence of the tunnel diode pulse genera-
tor. We have tested the extrapolation procedure by
starting at different points between 6 and 7 ns and found
in all cases very good internal consistency.

The parallel components of both 7CB and 8CB possess
only one relaxation frequency. The Cole-Cole plot for
e~~ (co) in 7CB (Fig. 9) clearly shows a Debye semicircle.

The theory proposed by Martin, Meier, and Saupe
for the dielectric relaxation in the nematic phase gives
good qualitative agreement with the experimental values
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(Fig. 6). The relaxation times (r~~ and v'~) in the nematic
phase are given in terms of retardation factors

g~~
and g~

as ~~~
——g~~v.o and ~~=gjyo, where ~0 is the molecular re-

laxation time in the isotropic phase, extrapolated to the
temperature of interest. The retardation factors depend
on q/kT, the strength of the nematic potential, where q
is the potential barrier height, k is the Boltzmann s con-
stant, and T is the absolute temperature. The retarda-
tion factors can be calculated for various values of q /kT
or S, the order parameter, as a function of the reduced
temperature TV /T~l V&I where TNI is the nematic-
isotropic transition temperature and V is the molar
volume. The calculated values of the principal relaxa-
tion frequency both for the parallel as well as perpendic-
ular components in 7CB are plotted as a function of 1/T
and compared with the experimental values in Fig. 6.
The theoretical curve calculated on the basis of the
theory of Martin et al. lies somewhat lower than the
experimental points for the parallel component, but
gives nearly the same temperature variation. The calcu-
lated curve of f~ for the perpendicular component of
7CB agrees quantitatively better with the experimental
values for the low-temperature range. Also, the theory

does not account properly for the increased curvature of
the experimental points close to the nematic-isotropic
transition temperature. This is probably due to the fact
that the theory overestimates the value of the nematic
order parameter near the nematic-isotropic transi-
tion. ' ' Martin et a1. also predict for the nematic
phase two subsidiary relaxations at higher frequencies.
The strength of the subsidiary relaxations for the parallel
component is so small that it is not expected to be ob-
servable experimentally. Indeed, we find a single relaxa-
tion frequency for the parallel component in both 7CB
and 8CB. Figure 9 shows that a Cole-Cole plot for

e~~~
(co) in 7CB is a Debye semicircle, in conformity with

the theory.
For the perpendicular component in 7CB, the theory

of Martin et al. predicts two subsidiary relaxation fre-
quencies at around 100 and 250 MHz close to the
nematic-isotropic transition temperature. The strength
of these secondary relaxations is calculated to be about
10% and 1% of the principal relaxation frequency.
These high-frequency relaxations are very weakly tern-

perature dependent. The experimentally observed subsi-

diary relaxations in the perpendicular component of the
nematic phase in 7CB are temperature independent
within the measured temperature range and are situated
at around 225 and 600 MHz, respectively (Fig. 5), some-
what higher than the predicted values of Martin et al.
Of the three di6'erent relaxation mechanisms in the per-
pendicular component of e'(co) below T~l, the dominant
low-frequency relaxation can be related quite well with
the principal relaxation mechanism predicted by the
theory of Martin et al. Although the relaxation fre-
quencies of two secondary relaxations are somewhat
higher than the ones predicted by Martin et al. their
temperature dependence is very similar to the theoretical
calculation. The existence of the higher-frequency relax-
ations in the isotropic phase, not predicted by Martin
et al. , may result from the persistence on a short-
range level of su%cient nematic order. As can be seen
from Fig. 5, the secondary peaks in the isotropic phase
are much lower than those in the nematic phase. It
could also be that the secondary relaxations observed in
the nematic as well as isotropic phases are associated
with intramolecular motions of the molecules.

Finally, Wacrenier et al. observed a low-frequency
relaxation in the perpendicular component of 7CB, com-
parable to the relaxation frequency of the parallel com-
ponent of 7CB. This relaxation frequency is not predict-
ed by the theory of Martin et al. We do not observe
such low-frequency relaxation mechanisms in our experi-
mental results. We believe that the e~ results of
Wacrenier et al. were probably caused by an incom-
plete orientation of the sample, as suggested by Kresse.

SUMMARY AND CONCLUSIONS

We have carried out dielectric measurements on 8CB
and 7CB over a large frequency range in isotropic as
well as mesomorphic phases. The experimental data re-
lating to e~~ give a single relaxation time, in conformity
with the theory and other experimental measurements.
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Of the three different relaxation mechanisms in the per-
pendicular component of e'(co) below Tzt, the dominant
low-frequency relaxation can be related quite well to the
principal relaxation mechanism predicted by the theory
of Martin et al. The two high-frequency relaxations
are temperature independent within the measured range
of temperature and appear at frequencies different from
the frequencies predicted by the theory of Martin
et aI. From a comparison of the dominant relaxation
frequency values for 7CB and 8CB in Fig. 8, we can ob-
serve that the occurrence of a smectic phase in SCB has
no noticeable influence on the temperature dependence
of its relaxation mechanism. In the case of e~ we also do
not find the low-frequency relaxation observed by

Wacrenier et ah. Since TDS enables one to obtain in-
formation over a large frequency range rapidly and at in-
tervals as small as one desires it is ideally suited for the
decomposition of the relaxation frequencies.
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