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Nematic bend-splay elasticity near the nematic —smectic-A transition
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Magnetic-field-induced bend-splay deformation experiments are presented which show that the linear
Frank-Oseen theory of nematic curvature elasticity is valid near a continuous nematic-smectic-A transition
where smectic fluctuations dominate the bend elasticity. The results are compared with the Chu-McMillan
criterion for the limit of linear response based on the smectic-A superconductivity analogy. It is shown that
the success of the linear theory may be due to the unexpectedly small values of the longitudinal and
transverse correlation lengths found in recent x-ray experiments.

I. INTRODUCTION

f, = —2'K»(divn)'+ —2'%22(n. curln)'

+-2'K»(n&& curln)2 ——;X,(n ~ H)'. (2)

Kyy K22 and K,3 are, r espe ctive ly, the splay,
twist, and bend elastic curvature coefficients of
the Frank-Oseen theory, ' which describes the pre-
ferred nematic orientation through the use of the
unit vector n(r). X, =x,

~
-X~ is the anisotropy of

the diamagnetic susceptibility. The contribution
due to smectic fluctuations and their coupling to
the director n(r) is given by"

2

f.= loni' 2+Ill'+
2M —, +

2 l(~r -2q.6n)ql',

where the change in sign of n at T = T, induces a
continuous NA transition if we take P &0. Thus
below T, the smectic-order parameter g grows
continuously from zero. It is given by the complex
number

The linear theory of nematic curvature elas-
ticity' has been tested near a continuous nematic-
smectic-A (NA) phase transition by means of a
magnetic deformation experiment. This theory
had been tested earlier" for the nematic far from
any smectic transition, but this is the first test
of it in the regime where smectic fluctuations
dominate the curvature elastic properties. In this
regime the difference in the free-energy density
functional between the distorted and undistorted
nematic in a magnetic field H has been predicted
by de Gennes' to be

f=f. +f. ,

where f„ the unrenormalized contribution due to
distortions of the preferred nematic orientation
axis, 1s

&„(t)=(2M„n) ' ',
&, (t) = (2M,n)-",

where

(~)

(6)

n = n, t = ln(T T,)/T, ]—
M~ also enters the so-called penetration depths
A 2 3 for twist and bend distortions given, respec-
tively, by

x, =q, '(M K„P/lnl)'t',

~, = q,-'(M,Z„P/lnl)'".
(6)

(9)

Equation (3) is strikingly similar to the Ginzburg-
Landau free-energy density functional for a super-
conductor. ' This fact led de Gennes to the by. now
well- known superconductivity- smec tie-A. analogy.
We will discuss our experimental results in the
light of this analogy.

A central feature of the analogy and the one we
have focused on in the study reported here is re-
lated to the superconducting Meissner effect. It
is well known that supercurrents near the surface
of a superconductor shield the interior from an
applied magnetic field and produce B= 0 at in-
terior points more than a few penetration depths
from the surface. The Meissner effect follows
since the penetration depth is typically only a few
thousand angstroms. In superconductors a pre-

the magnitude of which is the amplitude of the
smectic density wave originally introduced by
McMillan' to describe the smectic layering. u
is the normal component of the layer displacement
and describes spatial distortion of the layers
whose equilibrium separation is d= 2m/q, . 1/2M„r
are related to the temperature-dependent parallel
and perpendicular coherence lengths of the smec-
tic fluctuations
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cursor to the Meissner effect has been found'
above T, in the form of a fluctuation enhancement
of the diamagnetic susceptibility.

Recently the analog of this fluctuation dia, —

magnetism has been found in the suppression of
bend and twist curvature fluctuations above the
nematic-smectic-A transition. In the work re-
ported here we show that the nonlinear regime
which dominates the superconducting fluctuation
spectrum for all but the lowest magnetic fields
is absent from the liquid crystal even at very large
bend distortions. These results are discussed
in terms of the criterion for the onset of the non-
linear regime predicted by Eq (1).-(3).. In Sec. II
we introduce this criterion and compare it with
the analogous superconductivity criterion. In
Sec. III we describe the experiment and the re-
sults and in Sec. IV we discuss the results in light
of the superconductor analogy.

II. THEORY

5K2, = (w/6) kTd (~i/~ ii),

6K„=(w/6)kTd '~„&

(11)

(»)

Just above the superconductor. ng transition fluc-
tuations in the Cooper pair density are expected
to enhance the diamagnetic susceptibility X as a
precursor to the Meissner effect." Schmid' has
calculated this fluctuation contribution in the
Ginzburg-Landau approximation in the limit of
weak fields. He finds

5X= {I/6w)(e/kc)'k T( =(w/'6)4, 'k T$ „, (10)

where foL is the temperature-dependent coherence
length and 4, is the flux quantum. In a series of
definitive experiments Gollub et al. ' have detected
and measured this fluctuation diamagnetism as a
function of both temperature and magnetic field.
These experiments, although establishing the
qualitative correctness of Eq. (10), have also
shown that the Ginzburg-Landau approximation
breaks down everywhere except very near T, in
the limit of weak field.

The liquid crystal analog of the fluctuation dia-
magnetism that precedes the full Meissner effect
in superconductors is the fluctuation enhancement
of the bend and twist elastic curvature coefficients
of the nematic as a precursor to the full expulsion
of bend and twist distortions in the smectic A.
This happens because bend and twist distortions
in the smectic do not preserve the smectic layer
spacing g, and therefore couple to the lower-
order layer dilation elasticity. The expressions
for the divergence of the bend and twist elastic
coefficients analogous to the diverging diamagnetic
susceptibility given in Eq. (10) are'

~nx curln~ «(I/3wg)(d/$~~$~)

and for twist

I n ' curln
I «(1/3wg) (d/g'),

(14)

where g= 0.4683. Physically this means that the
layer dilation induced by the bend or twist over a
region bounded by a loop of linear dimensions
equal to an appropriate correlation length t$~ for
twist and ($„$~)'~' for bend] must be much less
than that which would be relaxed by an edge or

where g„and $ are given in Eqs. (5) and (6).
Comparison of Eqs. (11) and (12) with Eq. (10)
reveals that the smectic layer spacing d is analo-
gous to the flux quantum 4,. Physically these
are related as follows. The line integral of the
scaled magnetic vector potential A/C, around a
closed loop in a superconductor measures the
flux enclosed in units of the flux quantum, simi-
larly the line integral of the scaled director n/d
around a closed loop in a smectic A measures
the layer dilation in units of the layer spacing and
therefore counts the equivalent number of line
discontinuities in the layer structure. We will
employ this interpretation below in the, discussion
of the limit of linear response. Both light scat-
tering and magnetic field deformation experi-
ments" have shown that the bend and twist co-
efficients do diverge as the nematic-smectic-A.
transition is approached from above as predicted
by Eqs. (11) and (12). Furthermore, a combina, —

tion of x-ray scattering measurements of $„and
light scattering measurements of 6K33 have re-
cently confirmed that 6K,3 does in fact diverge as
$~~ to within a constant of order unity, " in agree-
ment with Eq. (12). So it appears that, at least
in the linear approximation, the superconductor-
smectic-A analogy predicts the observed behavior.
But for superconductors Gollub et al.' found that
the regime of linear diamagnetic response extended
only to very low fields, which raises the question
of whether we may also. expect nonlinear ela.stic
response for relatively gentle bend or twist dis-
tortions in liquid crystals. To answer that ques-
tion it is necessary to examine the limit of validity
of the weak-field calculation of Schmid. ' He found
the limit of the linear response regime to be given
by

(13)

which means physically that the flux linking a loop
of radius equal to the coherence length must be
much less than a few flux quanta. Chu and McMil-
lan" have derived an analogous liquid crystal cri-
terion for linear bend and twist elastic response
based on a Landau expansion' equivalent to Eq.
(3) . They find for bend
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screw dislocation in the layer structure. In the-
experiment reported here we originally thought
we would be able, as we shall show, to mag-
netically induce a bend sufficiently large to violate
the inequality (14); yet we observed no breakdown
of the linear elastic theory of Eq. (2). The im-
plications of this are discussed in Sec. IV, where
an explanation for the unexpected success of the
linear theory is given.

III. EXPERIMENT

The experiment performed is an extension of
the usual bend Freedericksz transition experi-
ment" to magnetic fields far beyond the threshold
value H„given by

(16)

where D is the sample thickness. Above H, the
initial bend distortion appears. The geometry
of this experiment is illustrated in Fig. 1, where
the means of detection is also shown, namely the
optical detection of the distortion induced bire-
fr ingence.

The magnetic-field-induced director distortion
can be calculated in the regime of linear response
by finding the director configuration n(r, H) that
minimizes the Frank-Oseen free-energy functional.
Therefore, the object of the experiment is to de-
termine whether the field-induced birefringence,
as measured by the phase shift 5(H) between the
extraordinary and ordinary rays, is consistent
with any field-induced director distortion that
minimizes Eq. (2) for reasonable values of the
elastic and optical coefficients. Any failure of
Frank-Oseen theory to explain the data in this way

would mean a breakdown of the linear theory it-
self, assuming that one can effectively rule out
other explanations such as field-dependent bound-
ary conditions, temperature gradients, etc. To
analyze the 5(H) data in this way, it is necessary
to set forth the predictions of the Frank-Oseen
theory for the experiment described by Fig. 1.

A. Data analysis

For the geometry of Fig. 1 we assume by sym-
metry that Eq. (2) may be written as

f, =-,K»sin 8 —+ , K» c-os 8 ———,X,H sin 8,1 ' 2 ~ 1 2 l 2 ~ 2

2H, t
'i' 1+K'q sin'gH= 'J (18)

where

K'=—K /K, —1,
q=sin'8. , 8.=8(D/2). (2o)

For a sample of thickness D the birefringence
induced by a finite bend-splay distortion gives

where 8 is the angle between the distorted and
the undistorted director and 8(0) = 8(D) = 0 are the
boundary conditions. The undistorted director
is parallel to the z axis and 8 is along the y axis
as shown in Fig. 1. Minimizing f, with respect
to the function 8(z) generates an Euler equation
which may be integrated once since f, does not
contain z explicitly. The resulting first-order
differential equation has solutions 8(z) x 0 only for
H) H, givep in Eq. (16). Integrating the Euler
equation over half the sample thickness and mak-
ing a variable change gives
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FIG. 1. Schematic il-
lustrating geometry of the
magnetic deformation and
light scattering experi-
ments. The undistorted
nematic director' n is
a,long the z axis; at right
angles to the magnetic
field. The dashed orienta-
tion of the polarizer cor-
responds to the light scat-
tering experiment.
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rise to a phase shift between the ordinary and
extraordinary rays given by'

2m
"' fly' p

(n,'cos'8+ n20sin'8)'~' (21)

we have a distortion that may be detected optically
through the field-dependent phase shift 5(H), the
light intensity at the photodiode being given by

(22)

where X=6328 A (He-Ne laser), n, is the ordinary
index of refraction, n, is the extraordinary index
oi refraction, and 8=8(z, H). Thus for H &H,

Making use of the Euler equation allows us to
rewrite Eq. (21) as

I ~ 2 l/2
2mnoD 1+%'ri sin'g t

' ' 1+%'q sin'g5=
A ., (1+ vq sin'P)(1 —q sin'g) ~, 1 —q sin'g (23)

where

v = (n, /n, )' —1. (24)

Equations (18) and (23) are coupled integral
equations which relate the observed phase shift
5(H) to the applied magnetic field H. The exact
experimentaltechnique for measuring 5(H) vs H
is described below. Four unknown parameters
K', H„D, and v couple Eqs. (18) and (23) in a
nonlinear way and must be fitted self-consistently.
%e have reduced the number of adjustable pa-
rameters in the fit by independently measing n,
and n, as a function of temperature on an Abbe
refractometer, thus determining v. The results
are shown in Fig. 2. The nonlinear least-squares
fitting procedure used is a modification of Mar-
quardt's compromise. " It allows us to determine

the parameters K', H„and D at each temperature
at which the relationship 5(H) is experimentally
determined. The best fits were taken to be those
that minimized the square of the standard devia-
tion defined as

(r'= Q [5; —5(H, )j' (25)
i=1

where N is the number of data points and P is the
number of adjustable parameters (P=3). Since 5

is related to H through the implicit variable q(H),
it is necessary to determine the set (g, (H);) for
each set of trial parameters (K', H„D} by fitting
Eq. (18). After this preliminary procedure one can
calculate 5;(H, ) and thus determine o'. We will
not go into the technique used for adjusting the
.parameters after each iteration because it is a
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FIG. 2. The ordinary
index of refraction Np
and the birefringence N
-Np vs temperature over
the nematic and smectic-
A ranges. TNt and TNA
are the nematic —isotropic
and nematic —smectic-A
transition temperatures,
respectively. N, and Np
data were taken with the
aid of an Abbe refracto-
meter augmented by an
orientable polarizer on the
eyepiece. The liquid crys-
tal was homeotropically
aligned between the prisms
with the aid of the sur-
factant XZ2-2300 (see Ref.
j.7).
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FIG. 3. (a) 0/7t. is the root-mean-square deviation 0. of the phase-shift data from the best-fit curve Isee Eq. (25)]
normalized by 7t, the phase shift between successive extrema in I(H) [see Eq. (22)]. T-T~ is the interval in temper-
ature above the nematic-smectic-A transition T, . Examination of deviation plots (not shown) indicates that the aim
arise almost entirely from random deviations of the data, 6;, about the best-fit curve 6(H;).. (b) Percent deviation of
the film thickness D from the average value D where T, is the nematic —smectic-A transition temperature. The fitted
value of D should be independent of temperature in the linear regime.

straightforward generalization of the Marquardt
method.

This fitting procedure yields best values for K',
H„and D at each temperature for which 5(H) is

experimentally determined. Figures 3-5 display
these results as a function of AT =T —T„where
T, is the NA transition temperature determined
separately by the disappearance at T, of the light
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FIG. 4. Fit parameter
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where T, is the nematic-
smectic-A transition
temperature. Consistency
with the linear theory and
the superconducting
analogy requires that K'
be independent of film
thickness and that it tend
toward minus one as T-
T goes to zero.
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scattered by the bend-twist director mode. ' The
light scattering geometry is illustrated in Fig. 1.
Figure 3(a) shows the root-mean-square deviation
of the data from the best-fit curve as a function
of AT. These deviation data are plotted in units
of m, which is the phase shift between successive
extrema of the transmitted light. Only the extrema
of the I(H) data were used in the fit because of the
envelope superimposed on the I(H) fringes due to
many spurious effects; that is, I, of Eq. (22) is
actually very weakly field dependent but not enough
to significantly affect the positions of the extrema.

The question of whether the results displayed in
Figs. 3-5 imply any deviation from the linear
elastic theory of nematics will be discussed in
Sec. IV.

B. Samples and apparatus

The liquid crystal used in this experiment was
4-n-pentylphenylthiol-4'-n-octyloxybenzoate (SS5),
which has nematic, smecticA, smectic C, smectic
8, and biaxial smectic B phases. Its purity has
been estimated" to exceed 99.9%%uo. Homeotropic
alignment of the director was achieved through
the use of the surfactant XZ2-2300,"and was
verified conoscopically under the polarizing micro-
scope. Two samples of nominal thickness 100 and
200 p were studied.

Enclosing the sample in an aluminum block in-
side a vacuum allowed for temperature control
of better than 0.0005 K. The gradients near the
center of the window where the laser beam passed

through the sample was determined experimentally
to be ~0.008 K/mm. Pinholing the input to the
photodiode reduced the sample portion of the beam
to approximately one-tenth of its total cross sec-
tional diameter of -1.0 mm. Thus the portion of
the sample studied is isothermal to within 0.0001
K. To avoid domains of reverse tilt, the sample
director was aligned approximately 0.2 off the
perpendicular to the magnetic field, with a pre-
cision of 0.025', by making use of a 3-m optical
lever and the observation of tilt domains that form
at the Freedericksz transition when the director
is within 0.1 of the perpendicular.

The photomultiplier tube of Fig. 1 collected
light scattered by bend-twist director fluctuations.
The dc output of the photomultiplier and the spec-
tral distribution were both measured. The dis-
appearance of the bend-twist mode on decreasing
temperature signaled the NA transition and al-
lowed a measurement of T, to within ~0.002 K.
Such measurements of T, were made frequently
during the course of the experiment and T, was
found to decrease at a rate of 0.005 K/day.

The I(H) measurements were made at each tem-
perature by ramping the magnetic field very
slowly, typically 0.5 g/min near H, to 10 g/min
far from H„ to ensure the quasistatic distortion
of the director. The ramp was stopped periodical-
ly to detect any lag between the director and field.
Ramping the field down showed no observable
hysteresis. The magnetic field ranged from 0 to
0.6 T and was measured with a precision of 0.25%%uo
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by a Bell 620 gaussmeter. This information was
input to the x axis of an x-y recorder. Photodiode
2 detected I(H) and its output was displayed on the

y axis of the recorder. Thus the I(H) vs -H-
fringes were displayed on the x-y recorder.
Photodiode 1 was used to detect any drift of Ip,
which was always negligible. Finally, the values
of H, for 6; = im were found from the positions of
the maxima and minima of I(H) vs H as indicated
in Eq. (22) and the data set 6; =in vs H; were fitted
in the manner described above.

IV. DISCUSSION

In this section we discuss the implications of the
results displayed in Figs. 2-5 making use of the
superconductivity analogy. Nonlinear diamagne-
tism arises above the superconducting transition
when the field-induced magnetization ceases to
depend linearly on field owing to the suppression
of superconducting fluctuations by the field. Anal-
ogous behavior above the smectic-A transition
arises when the elastic-restoring torque of the
medium ceases to depend linearly on the bend,
n&& curln, or twist, 6 ~ curln. In superconductors
nonlinearity becomes manifest in a field-depen-
dent susceptibility y(H), . which is measured di-
rectly. ' The experiment described in the previous
section, on the other hand, is not a direct mea-
surement of torque vs bend.

The nonlinearity would instead be detected in-
directly by a failure of the Frank-Oseen theory to
correctly account for the functional form of an
imposed nonuniform bend. Competition between
the homeotropic boundary conditions and the mag-
netic field results in a nonuniform director dis-
tortion 6(z) for H&H„hence the nonuniform bend
cos6(z) d0/dz [see Eq. (17)]. The nonuniformity
of the bend would, in the nonlinear regime, intro-
duce z dependence into the bend coefficient K,3,
since in that regime K33 is bend dependent. Such
a spatially dependent K,3 is not included in the
linear theory; therefore, Eq. (18) and (23) should
fail to account for the observed results. If, on the
other hand, the linear theory is to give a satis-
factory account of the 6(H)-vs-H data, the fits of
these data to Eqs. (18) and (23) must meet the
following conditions.

(1) Equations (18) and (23) should fit the 6(H)-
vs-0 data to within the experimental uncertainty.

(2) The best-fit value of the film thickness D
should be independent of temperature, i.e. , of
AT=—T —T .

(3) The best-fit value of the parameter K'
=-K»/K» —1 should be independent of film thick-
ness D and should tend toward the value -1 as
AT —0. The latter condition arises because K33

diverges upon approaching the NA transition,
while Kyy does not.

(4) The fit parameter H, should diverge with

K» as indicated in Eqs. (12) and (16), assuming
that X, depends only weakly on temperature near
the NA transition. In the first approximation X,
is proportional to the birefringence An shown in
Fig. 2. Both X, and hn are expected to scale as
the nematic-order parameter, which is nearly
saturated far below the nematic-isotropic transi-
tion. Finally, the quantity H,D should be inde-
pendent of film thickness as indicated in Eq. (16).

Beginning with the first condition, Fig. 3(a)
shows that the root-mean-square deviation of the
phase-shift data, f6;}, from the best fit is on the
average less than % of m, the difference in phase
shift between adjacent extrema of the I(H)
fringes. A sampling of deviation plots revealed
no apparent systematic deviation of the data, (6,},
from the fitted curve 6(H). Furthermore, with
the possible exception of a few points nearest T„
Fig. 3(a) exhibits no apparent systematic increase
of v/m as ~T approaches zero. We conclude that
Eqs. (18) and (23) in fact fit the data to within

- rather small experimental uncertainty. The ques-
tion remains, however, whether the best-fit pa-
rameters P, K', and II, meet the aPxioxi cri-
teria for being reasonable imposed by conditions
(2)-(4).

Figure 3(b) reveals that the film thickness is
independent of ~T to within an average of less than
1% for both samples studied, thus satisfying the
second condition. The average thicknesses found
were 90.4+0.8 and 185.1+0.8 p, which is consis-
tent with less accurate mechanical measurements.
This result is not only consistent with the linear
theory but also indicates that the boundary con-
ditions were not violated by the strong distortions
applied.

Figure 4 indicates that the fit parameter K'

=K»/K» —1 satisfies both conditions under state-
ment (3). First, it is seen that K is experimental-
ly independent of sample thickness. Second, it is
clear that the ratio K»/K» decreases rapidly with
AT as the NA transition is approached. The ex-
panded version shows that the data are consistent.
with lim» pK'= —1 as expected.

Figure 5 shows that II,D appears to diverge as
T —0, in agreement with the first of the two con-
ditions set forth in statement (4). Furthermore,
Fig. 5 shows that except for a small systematic
deviation the relationship H,D vs AT is very nearly
the same for both films studied, in substantial
agreement with Eq. (16) and therefore the second
condition of statement (4).

We conclude that the overall agreement between
the data and the linear theory is excellent.
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TABLE I. Evaluation of the Chu-McMillan criterion [see Eq. (28b)] for linear elastic curv-
ature response at various reduced temperatures t =—(T —T~)/T~, where T~.is the nematic-
smectic-A transition temperature. According to Eq. (28b) linear response requires that
numbers in column 4 be much less than 1.

10't (a/H, ), (»»~) max [37( g(( ~~~&~/dD)(H/H ) sin~ ],„

0.199
0.577
0.878
2.28
4.098
8.33

17.5
35.7

0.560
0.979
2.29
4.60
9.25

21.2
46.1

2, 10
3.40
3.99
4.88
5..80
8,17
6.00
6.31

1.69
2.59
3.10
4.30
4.89
5.29
4.52

D =185.1 p

0.999 993
0.999 998
0.999 999
0.999 997
0.999 998
1.000 00
0.999 994
0.999 999

D =90.4 p,

0.987 32
0.999 55
0.99945
0.999 89
0.999 92
0.999 97
0.999 96

6.77
3.27
1.77
0.61-
0.33
0.18
0.05,
0.02

2.48
2.04
0.79
0.43
0.34
0.07
0.04

' To evaluate this expression we have used Eqs. (29) taking (~~ =d =25 A (~)/)~=5 and &

=0.67. (H/H~)m» and (sino~)m, „came from the present work.

Such close agreement was not expected. To see
why, we evaluate both sides of the inequality of Eq.
(14). This inequality sets an upper limit on the
bend distortion in the linear regime where the
bend is given by

m H cos 0 —cos 0
~n && curln~ =——,, cos6 (26)

D H, 1+K'sin'0

and H/H, is given by Eq. (18).
Applying this to Eq. (14) gives

need experimental values of d, $„, and $~ at tem-
peratures in the range of our measurements. All
three of these quantities come most directly from
x-ray measurements. Presently, however, there
are no published x-ray data on 8S5, so we pro-
ceed by making the only reasonable assumptions
that one can make in the absence of experimental
data, namely, that the smectic layer spacing d
is comparable with the length of a molecule,
-25 A for 8S5, and that

H cos'6 —cos'6 1 d
cos8 «

D H, 1+&'sin'6 3&g (~i'~

)Of
U (29a)

(29b)

(m/D)(H/H, )sin6 «(1/3mg)(d/$~~$, ) (28a)

or

3m'g(&~~$ /dD)(H/H, )sin6 «1. (28b}

Equation (28) gives the criterion for the linear
regime. Numerical evaluation of the left-hand
side of Eq. (28a) requires only input from the ex-
periments reported here; however, in order to
evaluate the right-hand side of this inequality we

At the center of the film the bend vanishes (6 = 6 )
because d6/dz changes sign. At the boundaries,
where 0 = 0, the bend is greatest and is given by
~n&&curln~ = (m/D)(H/H, )sin6 . Therefore, at the
boundaries Eq. (27) becomes

where $'„- d, and $'„/$~ is comparable with the
length-to-width ratio of the molecule; i.e., -5 for
8S5. The exponent v, which takes on the mean
field value of —,

' in superconductors, is known to
be closer to the critical value of .

3 in liquid crys-
tals. Using these values of d, $', ~, and $', and
v, we can estimate the right-hand side of Eq.
(28a) with the a, id of Eq. (29). Finally the left-
hand side of Eq. (28a) is determined by our own
experiments and we are able to evaluate the left-
hand side of Eq. (28b) for values of reduced tem-
perature and H/H, spanned by the experiments.
For the maximum experimental value of H/H, at
several given reduced temperatures the results
are shown in Table I, where the right-hand column
is the left-hand side of Eq. (28b). Clearly there
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is a wide range of reduced temperature (nearly a
decade) where nonlinear behavior would be ex-
pected but in fact did not materialize.

The well-known stripe instability" appeared at
reduced temperatures just below the lowest ones
listed in Table I (-10 '), thus limiting the experi-
ment to t ~ 10 4 and suggesting that the stripe in-
stability signals the onset of nonlinear behavior.

Although the success of the linear theory in ex-
plaining these experiments may seem surprising,
recent x-ray data" suggest that perhaps it is to be
expected. These data show that although our esti-
mates of g/F~~ and v were close to the x-ray-de-
termined values, the longitudinal coherence length

amplitude $~~ is actually only about one-fifth of
the smectic layer spacing d. Thus our estimates
in Table I of the left-band side of Eq. (28b) may
be high by an order of magnitude. This would ex-
plain the results.
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