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First, F must be independent of ¢. Second, there must be a particular relation between F and G.

With these restrictions
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The equations for n(k,?) and for f are identical in form with that obtained from the linearized Vlasov

equation, with the substitution of F for f,. Viewed from the x-v,-v

phase space, F is just the spatial

average of f. As long as only the original instability frequency is present a modified linear disper -
sion relation is valid, and f is of the usual linearized form. Any other functional form of f(g'V @, &)
will lead to a density perturbation with frequency contributions at all the cyclotron harmonics, but
donimantly for those values of » such that the resonant denominator | w-nw, +iy,| is smallest.

We have now essentially proven our original hypothesis of cyclotron harmonic generation. As the
electric field grows, the 372 and ¢ of a particle have an oscillation plus a net drift. Examining the
equation for W we see that nonlinear orbit effects will become important when the change in k7 or the
change in ¢ is of order 7. We can obtain a conservative upper bound on the electric field required for

this effect by approximating all cosines and sines by 1, and the time integral by 27/w..

Then gE2rk/

mw2=7 or, alternatively, 2q®/m(v®=1/k*R? where R® is the mean-square orbit radius. More care-

ful analysis, given elsewhere, yields a slightly smaller energy ratio.?

For flute modes, k°R?is usual-

1y much greater than 1 so that nonlinear effects are indeed important.

If the plasma contains several linearly unstable wavelengths with comparable energies, the effect of
each £ component is less, and it is uncertain, by simply examining the Hamiltonian, whether cyclo-
tron generation will take place. The computer simulation studies indicate that the effect is still there
but not as dominant. If there is a component of % parallel to the magnetic field, and k)/k, < 1, parti-
cles would still have the above type of perpendicular motion and cyclotron generation should still occur.

*Work performed under the auspices of the U. S. Atomic Energy Commission.
13. A. Byers and M. Grewal, University of California Lawrence Radiation Laboratory Report No. UCRL-71870,

1969 (to be published).

%S, E. Bodner, University of California Lawrence Radiation Laboratory Report No. UCRL-71884, 1969 (to be pub-

lished).
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The frequency and temperature dependence of proton relaxation times have been mea-
sured for the nematic liquid-crystal and isotropic liquid phases of p-azoxyanisole and
p-azoxyphenetole as well as for the “neat” mesophase of sodium stearate, Self-diffusion
coefficients were determined by the proton-spin-echo method. The anomalous effects
found are interpreted in terms of collective long-range-order fluctuations in the nematic
region and a residual order in the isotropic liquid.

In this Letter we report a study of the frequen-
cy and temperature dependence of proton spin-
lattice (7,) and rotating frame (7, ,) relaxation
times for three liquid crystals [p-azoxyanisole
(PAA), p-azoxyphenetole (PAP), and anhydrous
sodium stearate (NasSt)] in the nematic and iso-
tropic-liquid regions, Earlier!™® it was suggest-
ed that thermal fluctuations of the nematic order

might contribute to the nuclear spin relaxation
rates in nematic liquids in addition to transla-
tional diffusion which contributes to the relaxa-
tion in ordinary liquids. The observed values of
T, and T,, reported here are shown to be a re-
sult of the former relaxation mechanism. The
anomalous values of T, persist up to 15°K above
the nematic-isotropic liquid transition tempera-
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ture (T ;,) demonstrating the existence of nematic
clusters in the isotropic liquid. Measurements
of self-diffusion coefficients, hitherto not report-
ed for a liquid crystal, are given for the isotrop-
ic-liquid phase of PAA and the “neat” mesophase
of NaSt.

Theory. —The anisotropic nematic phase is
characterized by the existence of long-range or-
der in the orientation of the principal molecular
axes. The centers of gravity of the molecules
are not fixed, and in addition, each molecule is
free to rotate around the principal axis, the av-
erage direction of which will be specified by a
unit vector f. Since T is normally nearly paral-
lel to the direction of the applied magnetic field

H(t) = —{6”206712 (t) 3112122

+(25°=in 2 on  (OHE, Ly +1, 1y ]+ coc +1mOL0my () +40m , (8) ]+, Olom o (t) -

ﬁo a rotation about 1 does not greatly reduce the
magnetic dipolar interaction between the close
pairs of benzene-ring protons in PAA and PAP.
This residual interaction gives rise to the well-
known characteristic doublet spectrum in the ne-
matic region. Thermal fluctuations in the nemat-
ic long-range order, however, produce a space
and time dependence of 1,

f=T0+6R(E, 1), 1)

which modulates the dipolar interaction between
the proton pairs on the benzene ring and gives
rise to spin relaxation. The relevant terms in
the dipolar-interaction Hamiltonian up to the low-
est order in 871 expressed in the laboratory frame
are

F oy + 1 L) 1 +4n,Olon, (8)=i0n ,(t) ]

iony (t) 1, 0y, +c.c.), (2)

where R is the proton pair distance and c.c. stands for the complex conjugate of the term preceding it.
As suggested by de Gennes,” the orientational order fluctuations can be treated in the long-wavelength
limit by the elastic continuum theory of Frank.? Introducing Fourier components,

7, (0) =-‘1; [RE, t)e’@"Tav,

(3)

one finds that the free energy of deformation AF of a nematic-liquid crystal is

AF =30, q{Kn(an:qx' "‘”q},ﬂy')z ‘*'Kzz(”qx,qy'_nq},,qx')z +K33(”qX,ZQZ’2 '”lq},/zqz #)
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where the K;; are the Frank elastic constants, Ax=x,-x| is the anisotropic part of the diamagnetic

susceptibility, and the “saddle splay” term* is set equal to zero.

To illustrate simply the general fea-

tures of the nematic phase we set K, =K,,=K,, =K. In the Landau-Khalatnikov approximation,® where
each long-wavelength Fourier component ﬁq of the orientational order fluctuation relaxes exponential-
ly towards equilibrium with a g-dependent time constant 7,, one has

“=(1/n)(Kq® + AxH?),

where 7 is an orientational average of the six Leslie viscosity coefficients,®

(5)

The relaxation times T,

and T, associated with the order waves are determined by the spectral densities of the autocorrela-
tion functions of the space parts of H(t).” The autocorrelation functions are constructed by summing
over all values of ¢ and hence are not simple exponential functions of time. In the approximation that

,°=1, the spectral density J*(w,) of (5@ 61i(£)) ,, at frequency w,=yH, is the only nonzero term in the
expressions for T, and 7,,. One obtains

J(”(%)=“1;ff.lp(q)(|nq|2>av ~t/Tae ~1volq%at, (6)

where p(g) is the density of order wave states. The ensemble average of lnqlz may be readily seen
to be

RT
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and Eq. (6) may be written as follows:
kT 1/2 J’uo x”zdx
T2mPK32 ) WP+ (x +7)? ®

BT n'/? sin{3 tan™Y(w,/7)} ©)
T 21K32(wy? +7?)' /% sintan™Y(w,/7)]’

J(l)(wo)

where » = AxH?/n and p has been set equal to V/
873, Equation (9) reduces in the limit » < w, to
the result given by Pincus,?

J(l)(wo) OC(.UO—I/Z,
whereas in the opposite limit that » > w,
J(l)(wo) OCwO—I.

From the well-known expressions” for T, and
T,, one obtains

- St

T, '=2T,,"" R I (w,). (10)

Thus one expects T, and T,, to depend on w, and
T,#T,,- For the general case where n,°<1 and
the elastic moduli K;; are retained, the spectral
densities J'°(2w,) and J‘¥’(2w,) are nonzero; and
T, and T,, dependon the order parameter 3[(3x,°)?
-1} and T,, depends on w, =yH,. The autocorre-
lation function (6n6n(7)),,, for values of T not too
short, goes as 7 ~'/2 which is markedly different
from the usual behavior in liquids.

Experimental, —Proton T, and 7,, measure-
ments were performed on carefully evacuated
samples at w,/27 =42 and 7T MHz and w,/27 =33
and 21 kHz using a conventional NMR spectrome-
ter. Diffusion coefficients along ﬁo were deter-
mined using the single-shot, variable-gradient,

1052, T (42MHz)-0 |02
SN T (7TMH2)-+ ]
R T\p(335kHD) -8 ]

\ ]
Lo D-o
1
F 1 4
_SOLID'nI NEMATIC LIQUID o —
\ o ‘o
. 6 R
) 5
- o] —
= yé’*‘\ 7 J S
= 100 — a 0=
- E ‘,J'\’\ 1 &
- AA a
A N
o
AA‘!A
o 4
a

ot g L 10°

-30 -20 -I0C O 10 20 30 40 50 60 70
T-TM["C]

FIG. 1. Proton relaxation times 7'y and Ty, and the
self-diffusion coefficient D for PAA versus T-T,.

spin-echo method.

The results for PAA and PAP are shown in
Figs. 1 and 2, respectively. In both liquids T,
is much shorter than T, in the nematic range and
T, at 7 MHz is shorter than T, at 42 MHz. The
usual relaxation-rate theory” for liquids yields

T,”'=T,,"'=C1,, 11)

where C is a constant and 7. the correlation
time (w,7,<1). In PAA T, is smaller than T,
in the isotropic liquid up to T =T ), +15°K demon-
strating the presence of nematic short-range-
order clusters.®? The results given in Fig. 3
clearly show that the total relaxation rate in the
nematic phase is of the form A +B(w), i.e., a
sum of a frequency-independent relaxation rate
A and a frequency-dependent part B(w) which is
associated with the fluctuations in the nematic
order previously discussed. For perfect nemat-
ic ordering parallel to the applied field, B(w)

= (9y*12/8R%)J (w,) with J'?(w,) given by Eq.

(9). However, the nematic order parameter
3[(,%?-1] is about 0.7, J*’(2w,) contributes to
T, and J*°(2w,) and J*?(2w,) contribute to

T, ~'. From Fig. 3 one finds A~0.8 sec™* for
PAA and 0.55 sec™! for PAP, whereas B(w) var-
ies as w,” 7 with the same factor of proportion-
altiy for PAA and PAP and $<n<1.

The temperature dependence of T'; in the nemat-
ic phases of PAA and PAP follows that given by
Eq. (9): T,xT~'n~'2 except in the vicinity of
T »r» The decrease in T, near T ,, may be due to
the presence of liquidlike regions in the nematic
phase for which the self-diffusion coefficient D
is practically the same (~10 7% cm?® sec™!) as in
the isotropic liquid where it is given by D =D,
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FIG. 2.

Proton relaxation times T'; and Ty vs T=T
for PAP,
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FIG. 3. Tyand Ty, vs v;~'=2m/w, for PAA and PAP.

xexp(—AE/RT) with AE =7.3 keal mole™* and D,
=T7.7x1072 cm? sec ™! (Fig. 1). On account of the
dipolar fine structure and short 7', of the -CHj,
group protons it is difficult to measure D in the
ordered regions, but its value appears to be
quite different from D in the isotropic-liquidlike
defect region at the same temperature.

In the isotropic liquid, 7', is determined by
translational diffusion except close to the melting
point where the frequency dependence of T'; sug-
gests the presence of an additional contribution
arising from the existence of nematic clusters.

The reorientation times for molecules within
such clusters are determined by the rotational
diffusion time of the cluster as a whole or by the
lifetime of such a cluster, whichever is shorter.
These correlation times have to be shorter than
107* sec in view of the disappearance of the ne-
matic doublet fine structure in the isotropic li-
quid.

In contrast to PAA and PAP, NaSt exhibits a
variety of solid-solid and mesomorphic phase
changes.® The intramolecular dipolar interac-
tions are here averaged out by rotations around

972

the longitudinal hydrocarbon-chain axis and the
relaxation rates should be at higher tempera-
tures determined by the diffusion-modulated in-
terchain interactions rather than by order fluctu-
ations. Measurements of the proton-spin-lattice
relaxation time and the self-diffusion coefficient
in the high-temperature smectic “neat” phase
(stable between 224 and 294°C) have indeed shown
that T, is determined by translational diffusion.
The self-diffusion coefficient parallel to H, is
rather large (~10 ~® cm?/sec) and its temperature
dependence is given by D =D exp(-AE /RT) with
D,=2 cm?® sec”! and AE =14 kcal mole,

*Based on work performed under the auspices of the
U. S. Atomic Energy Commission.
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