
VOLUME 2g, +UMBER 10 4 SEI rEMaER 1972

Rev. Lett. 26, 1616 {1971).
5E. Valeo, C. Oberman, and F. %. Perkins, Phys.

Rev. Lett. 28, 340 (1972); D. F. DuBois and M. V.
Goldman, Phys. Hev. Lett. 28, 218 (1972).

N. Rynn, Hev. Sci. Instrum. 35, 40 (1964).
7E. I" Gonzton, Micgosgave

Measurements
{McGraw-

Hill, New York, 1957), p. 404.

8The xr~easured temperature increase due to classical
heating is small and does not affect classical power
losses appreciably.

F. %. Perkins and J. Flick, Phys. Fluids 14, 2012
(1971).

J. M. Dawson and C. Oberman, Phys. Fluids 5, 517
(1962), and 6, 394 (1963).

Dynamical Behavior of a Nematic Liquid Crystal just above
the Nematic-Isotropic Transition from Spin-Lattice Relaxation

S. K. Ghosh and E. Tettamanti
Istituto Eisico, Ujggvezsiti dell'Aquila, I.'Aquila, Italy

and

P. L. Indovina
I.abo~ato~i di SVsica, Istituto Superpose di Salita, Roma, Italy

(Received 12 July 1972)

We report here the proton spin-lattice relaxation time P'&)cF measured in P-methoxy-
benzylidene P-n butylaniline at two frequencies in a temperature range of about 25'C just
above the nematic-isotropic transition. %'e have determined the corre1ation time for
critical fluctuations, T'cF, using a simple extension of the Bloembergen-Purcell-Pound
theory which relates ~CF and (&&)cF. The temperature dependence vcF is in good agree-
ment with the de Gennes theory and with experimental resu1ts of Stinson and I itster.

The dynamical behavior of a nematic liquid

crystal just above the nematic-isotropic transi-
tion temperature T, is of great interest from both

experimental and theoretical standpoints. Exper-
imental studies show clearly that this is a weak
first-order transition' (low latent heat) while both

the static and dynamical behaviors of the isotrop-
ic phase close to T, demonstrate characteristics
of a second-order transition' having a critical
temperature T~ & T„T*is usually within I'C of

T, . This behavior strongly suggests that this
phase would be about to undergo a second-order
transition at T* with the lowering of temperature
unless it were intercepted by a first-order transi-
tion at T,. As a result, many characteri. sties of
the low-temperature phase persist above T„al-
though to a lesser extent, just as in a magnetic
transition. ' For example, the long-range order
characteristic of the nematic phase persists no

longer above T, but the short-range order does.
Suggestions of the existence of this short-range
order were made earlier by Blinc et al.4 and by

%cger and Cabane. ' Litster and Stinson' and,

more recently, Chu, Bak, and I in' have demon-

strated the short-range-order effects in a nemat-

ic system very convincingly. Theories"" based
on Landau's theory of second-order transitions"
have been very successful in explaining these re-

suMs.
We report in this Letter studies on the dynami-

cal behavior of the nematic liquid crystal p-meth-
oxybenzylidene p nbut-ylaniline (MBBA) in the
isotropic phase close to T, from proton spin-lat-
tice relaxation. Our results are in good agree-
ment with the Landau-de Gennes theory '8 and
with experimental results of Stinson and Litster, ~

obtained by a light-scattering technique. Attempts
were made earlier, with limited success, to cor-
relate the dynamical behavior and the nuclear re-
laxation time T, or T, (or linewidth). '" The
main problem of such a correlation is to deter-
mi.ne the true contribution of critical fluctuations
characteristic of dynamical behavior to the total
spin relaxation tine T, or T2 which is measured
experimentally. Since even in the nematic phase
many aspects of molecular dynamics are close to
those of an isotropic liquid, such as rotation
about the molecular axis and random translation-
al motion of the centers of gravity of molecules,
it i.s expected that the experimental T, should not

be solely due to critical fluctuations, but rather
should have two contributions in general. As a
result, we can write

(1/l', ).~~
= (1/&, )cF + (1/T, ).,
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tively, contributions to the experimental 1/T,
from critical fluctuations and other sources ex-
pected to be present. A similar separation is al-
so possible for T,. Neither of the above two con-
tributions may be negligible in comparison with
the other in the neighborhood of T„but it can be
safely assumed that (1/T, ) L-„&&(1/T, )o both at T
=T* and at some T =-T, &T, . T, must be detex-
mined experimentally and is expected to be 20 to
30 C above T,. As we shall see later, it is con-
venient to determine (1/T, ), at T* A. reliable
value of (1/T, ), at T* can be obtained by extrapo-
lating the plot of (1/T, ),+, versus T made from
close measurements just above T,. Then, with a
reasonable assumption on the T dependence of
(1/T,)„(1/T,)&F versus T can be determined us-
ing Eg. (1). Extending the Bloembergen-Purcell-
Pound (BPP) theory, "'"we show below that (1/
T,) CF is given by Eq. (4), a,ccording to which (1/
T~)cF ls maximum for (UTcF —0.62, where Tcp ls
the correlation time of crlticRl fluctuations Rnd

co is the operating angular frequency. Hence the
separation of (1/T, )c„ from (1/T, )~, becomes un-
ambiguous if (1/T, )&F shows a maximum.

According to the theory of the dynamical behav-
ior, any traceless second-rank tensor quantity
can describe the short-range order and its fluc-
tuations. The dipole interaction is such a tensor,
which is most convenient for oux purpose since
proton relaxation is expected to be of dipolar ori-
gin. Then, following the BPP theory, "we can
write

vals in a range of about 25'C above T, (= 43'C) us-
ing the three-pulse null methods" at two radio
frequencies, 14 and 60 MHz. The null point mas
determined by observing the echo signal with a
homodyning rf background to maintain linearity.
Further improvement mas achieved using least-
squares fits with a linear relation fox echo am-
plitudes versus time, by means of a desk comput-
er. Such a linear relation was found to be pretty
good for echoes around the null point as shown by
the correlation coefficient (usually much better
than 0.99) of the least-squares fits. At least two
to three points on each side of the null point giv-
ing the best least-squares fits mere used. Er-
rors in such fits were within 1 to 2%. Data points
shown in Fig. 1 are averages of six measure-
ments, three for sample temperatures varying
from low to high, and three from high to low;
the error bar included in the figure shows a typi-
cal error of such averages. Since me are inter-
ested here in absolute values of T„a fern checks
mere made to ensure the correct 180' adjustment
for the first pulse by measuring T, mi. th the three-
pulse growth method. " Agreement between the
two methods mas good mithin experimental error,
suggesting that the 180' adjustment was accept-
able, and no correction factor mas intxoduced.
The temperature gradient over the sample vol-
ume mas better than 0.25'C mhich was the limit
of our measuring equipment.

( C
1 v 47cF

(-F 1+OP TgF 1+4 TCF
(4)

mhere C is a constant, independent of T, involv-
ing dipole-interaction parameters.

To determine (1/T, )cF from (1/T, ),z„we mea-
sured T, for protons in MBBA at close T inter-

where the E are dipole-interaction tensor com-
ponents in spherical harmonics; the components
m =+1 and + 2 contribute to T„mhile in T, an ad-
ditional contribution comes from the component
m =0. Equation (2) follows also from the de Gennes
theory' which further states

TcF = Tcpe x(Wp/ )T/( —TT*)&,

mhere 8' is activation energy of viscosity or mo-
lecular self-diffusion, and y is an unknomn param-
eter to be determined experimentally. In the mean-
field theory such as that of Maier and Saupe, "y

~e then get 3

60 MHZ ~

6
0 MHz

,Tc, , %,(„C),
+0 50 60 70

(&/T~)e+t versus T for protons in MBBA.
Both 14- and 60-MHz data are shown. The left ordinate
is for 60-MHz data and the right one for l4-MHE data.
The dashed lines shower computed curves obtained using
Eq. (5) for best T+ {marked}. The points indicated on
the dashed lines, corresponding to experimental points,
were used tc compute (1/T ~}cF following Eg. {1)(see
text for details).
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FIG. 3. Log-log plot of 7'cF ' exp(W/T) versus T —T*
with 1'~=42.5 C and 8' =S.OX 10~'K for 14-MHx mea-
surements. Solid line, least-squares fit using the rela-
tion 7'cF 'exp(W/T) =(7'cF } '(T -T+)~, which follows
from Eq. (3).

FIG. 2. (I/T&}cF versus T for various choices of T*
as obtained from N-MHE measurements. Vertical
scales for the two extreme lines are shifted as shown

by arrows, each by one division,

First, let us consider our 14-MHz data as
shown in Fig. 1. (1/T, ), at T ~ is determined by
extrapolating the curve of (1/T, ),+, versus T
since, as we have discussed earlier, (1/T, ), =(1/
T,),z, at T =T* can be found from other sources'
but, as will be discussed below, we can deter-
mine it independently.

We have assumed here the T dependence of (1/
T~)0 to be

where K is a, constant independent of T, and 5' is
the activation energy of molecular self-diffusion.
Such a relation follows from the BPP theory"
when the relaxation process is governed by diffu-
sion effects, as in a simple liquid, and when ~v

«1, where y is the correlation time for this pro-
cess and is ~1/D (D is the coefficient of molecu-

lar self-diffusion). We have also measured D by

the spin-echo technique in the same temperature
range of T» yielding D =D, exp(- W/T), with W

=(3.00+0.01)x103'K. With this value of W and

units (1/T, ), at T* as described earlier, K was
determined.

Then, using Eqs. (5) and (1), we determine (1/
T,)c„as a function of T, which shows a clear
maximum (at 51 C) as is expected from Eq. (4).
The maximum does not shift in T with reasonable
choices Of I*. %e have tried different T* start-
ing from 39'C to 42. 't5'C at intervals of 0.25'C
without noticing any appreciable shift of the maxi-
mum, Three such choices Of T* are shown 1n

Fig. 2. Using ~vcF =0.62 we compute g cF at
51'C. Then, using (1/T, )CF as determined above
and Eq. (4), 7c„at other temperatures can be ob-
tained unambiguously. 7 c~ values thus deter-
mined for various choices of 7.'* have been fitted
with Eq. (3) by the method of least squares. The
best fits are obtained for T~=42.5'C with y =1.06
+0.04, and the results are shown in Fig. 3.

To have an additional check on our observa-
tions, we measured T, at 60 MHz, another fre-
quency available with our spectrometer. Experi-
mental results are shown in Fig. 1. From these
data, (1/T, )cp was determined as a function of T
following the procedure described already with
T*=42,5'C obtained from the 14-MHz data. No
maximum was observed for (1/T, )cF versus T in
the range of our study, as is expected. Even
then, an independent set of 7.CF versus T could
be obtained from these data using one point coin-
cident with Eq. (4); the coincidence was made un-

ambiguous using v CF for this point determined
from 14-MHz data. The least-squares fits of
this set of c„7with Eq. (3) yield y =0.97+0.06,
in good agreement with the 14-MHz data and sug-
gesting the essential correctness of our approach.

Values of (1/T, )cF determined at two frequen-
cies suggest that the factor C in Eq. (4) is fre-
quency dependent. This frequency dependence is
of opposite nature to that observed for (1/T, ),.
Neither of these frequency dependences is yet un-

derstood properly. Limitations in applying the
BPP theory to details were also noticed earlier,
even for simple liquids, but the general features
are right. " In view of this fact, the general
agreement of our experiment and a simple exten-
sion of the BPP theory seems good. It 18 parti-
cularly gratifying to note the good agreement be-
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tmeen the TCF determined by us and those by
Stinson and I itster, not only in their T depen-
dence but also in their magnitudes (our values
are about a factor of 2 shorter).

In conclusion, we mould like to point out that
assuming the experimental T, or T, to be totally
due to critical fluctuations, as has been done by
Cabane and Clark" for P-azoxyanisoie (PAA),
may not be completely justified even for N'~ reso-
nance for reasons noted earlier. The omission of
other sources of T, may be the reason for miss-
ing the T-dependent exponential part of vcF (7 in
their notation). In fact, some doubt has also been
expressed by Dong, Forbes, and Pintar" in a re-
cent study on the same system. Our preliminary
study on PAA shows that (1/T, ), for protons is
more complex than that observed in MBBA, and
studies are under may to understand the sources.
It is to be noted that although our sample is not
very pill'6 (T —43 C), we expect that 1mpurlt1es
do not have appreciable effect on our observa-
tioIls except oII ellllallclllg 'tile (I/Tl)0 pal't of EII.
(1). In fact, it has been shown earlier"' that
7cF does not depend sensitively on impurities.
Purer samples mill improve the determination of
the (1/T, )c„ from (I/1', )e~, ~

Finally, we mould like to point out the impor-
tant advantage of using proton resonance in the
type of studies reported here. As we have noted
earlier, the main problem here is to determine
(1/T, )cF from (I/T, ),z, unambiguously. Such an
unambiguous determination is possible when (1/
T,)cF shows a maximum as expected from Eg. (4),
For this puxpose, it is essential to vary the ex-
perimental frequency, mhich can be done con-

veniently mith proton resonance.
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