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ln this Letter, we have investigated the way in
which electron motion in the field of an obliquely
propagating Langmuir wave feeds back on the
wave to affect its evolution. In the trapping
regime, we found that the amplitude oscillations
disappear as the angle of propagation increases.
%hen a transition is made between the trapping
and stochastic regimes, we found a significant
decrease in the asymptotic (t = ~) wave amplitude.
Simulations verify this decrease and indicate
that, it is observable at any time greater than five
bounce periods. The methods we used can be
applied to a variety of other problems in which
there is a transition from regular to stochastic
behavior and the field evolution is of interest.
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A novel geometry in which it is possible to do x-ray diffraction from a horizontal sur-
face of fluids is applied to liquid crystals. A large-diameter drop of octyloxycyanobi-
phenyl (SOCB) on a glass plate treated for homeotropic alignment yields perfect align-
ment of the smectic-A layers at the top surface over an area of several square millime-
ters. The surface in the bulk nematic as well as in the isotropic phase was found to con-
sist of smectic-A. layers with a penetration depth equal to the longitudinal smectic-A. cor-
relation length ( ~~

- (T -Tz~) ~~ determined previously.

PACS numbers: 61.30.Eb, 61.10.Fr, 61.30.Jf, 64.70.Ew

In spite of the large number of recent experi-
mental' and theoretical studies' the nematic to
smectic-A (N-A) phase transition is not well
understood. The smectic-A phase has the inter-
esting property that positional correlations of

the layers do not have true long-range order but

rather exhibit algebraic decay with a tempera-
ture-dependent exponent g.' Recent x-ray-dif-
fraction studies have confirmed this result';
however, difficulties in controlling the mosaic
spread of the smectic layers precluded meas-
urements that are required for quantitative evalu-

ation of current proposals regarding the behavior
of gas T —TAN. '

Some years ago one of us (P.S.P.) showed that
if the effects of surface tension can be neglected
the combination of a free surface and a parallel
planar rigid surface with homeotropic alignment
would naturally expel mobile defects. ' This
geometry thus suggested the possibility of a
practical solution to the mosaicity problem. We

report here the first x-ray-diffraction study of
the horizontal free surface of a nematic liquid

crystal. ' In addition to sharp peaks, with unde-
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tectably small mosaic spread for T &T», we
have observed the existence of smectic layers
at the free surface for temperatures above TAN.

'
The present manuscript is primarily concerned
with the appearance of smectic ordering for T
) TAN ~

The experiment was carried out at the synchro-
tron radiation laboratory HASYI AB at Deutsches
Elektronen Synchrotron DESY in Hamburg. Fig-
ure 1 displays the experimental geometry neces-
sitated by the requirement that the fluid sample
be kept horizontal. A monochromatic beam of
wave vector k is extracted from the polychro-
matic synchrotron spectrum by Bragg reflection
from Si(111)planes of a triple-bounce channel-
cut crystal M. The Bragg angle is 8», and Type

=-2k sin0», . The monochromatic beam is bent
downwards through an angle 6I, by tilting the
monochromator by an angle y =(k/v», ) 9, . Hori-
zontal smectic layers with layer spacing d will
give Bragg reflection of this beam when Q, =—(2~/
d) = 2ksin9, =2~», y. Note that in this particular
geometry the Bragg condition is independent of
wavelength in the small-angle approximation. An

analyzer system symmetric with the monochro-
mator obtains a horizontal beam that is detected
in the position-sensitive detector (PSD). For a
given setting successive channels of the PSD
probe a line of reciprocal space making an angle
y/cos8», with the longitudinal, vertical direction.
By scanning the monochromator tilt an entire
plane in wave-vector transfer space is probed.
The transverse wave-vector transfer component
perpendicular to this plane is probed by rotating
the analyzer crystal around a vertical axis.

We now discuss the scattering as obtained from
the liquid crystal octyloxycyanobiphenyl (BOCH)
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held 0.020 C above the nernatic to smectic-A
transition temperature for bulk BOCB, T AN

= 67.350 'C. Results for six different monochro-
mator tilts are shown in Fig. 2(a). For each
monochromator tilt setting, the intensity versus
analyzer rotation was measured to be a sharp
peak, less than 0.001 broader than the combined
Darwin widths of the monochromator and analyzer
(-0.0023'). This implies a very sharply peaked
cross section in the transverse wave-vector
transfer Qi. The narrow width of each PSD
spectrum in Fig. 2(a) is indeed consistent with
this statement. If we take the cross section as a
delta function in Q~ [the intrinsic width, AQi
a(30000 A) '], the peak intensity I,(y) of each
PSD spectrum represents the dependence of the
cross section on the longitudinal wave-vector
transfer n„folded of course with the longitudinal
resolution function. Such data are shown in Fig.
2(c). The width u of the peak, 0.0116', is at
this temperature only slightly larger than the
resolution of 0.00SO'. Finally, the data in Fig.
2(b) of the peak channel versus tilt shows that
the scattered beam peaks in the direction of
specular reflection (line s) rather than that ex-
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FIG. 1. Schematic illustration of the geometry for
x-ray diffraction from a horizontal Quid surface. The
slit S is 0.1x 0.8 mm, l 0= 575 mm, l

&

= 620 mm, the
wave vector k = 4.0786 A ', and the Bragg vector for
Si(111)vg f f 2.0039 A '. Source-to-slit distance is
20 m.

FlG. 2. (a) PSD spectra for different monochromator
tilt angles. (b) Comparison between observed peak
channel vs tilt and expected value if wave-vector trans-
fer is normal to surface, that is, specular reQection
(full line), and along the surface as in a mosaic crystal
(dashed line). (c) Peak intensity vs tilt. Correction for
resolution width (0.0090') yields a longitudinal correla-

0
tion range of (~l -6000 A at a reduced temperature of 5.9
x10 5.
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FIG. 3. (a) Temperature dependence of the peak in-
tensity. The open circles are the raw data and the solid
circles are the result of correction as described in the
text. (b) Temperature dependence of the (4Q, ) ' for

The solid line is calculated by convolution of
the resolution function with a Lorentzian with reciprocal
of half width at half maximum of (II(T ) as measured in
the bulk nematic, Ref. 1.

pdcted from a mosaic crystal (line m), again
indicating an extremely sharply peaked cross
section in Q~. With increasing temperature, the
following features were observed: (i) I,(y) de-
creases and the width so increases but a peak re-
mains even into the isotropic phase. Data are
shown in Figs. 3(a) and 3(b). (ii) The width of
each PSD spectrum remains as narrow as those
in Fig. 2(a.) and the widths of analyzer rotation
scans remain Darwin limited. The free surface
of 8OCB acts as a. temperature-dependent optical-
ly flat mirror for incident angles around 1.4 .

In obtaining these data the height h was adjusted
to b = l,(T»,/k) y at each monochromator tilt set-
ting y and also the analyzer rotation was opti-
mized at each setting. We shall now discuss and

analyze these observations.
Item (ii) implies that the delta-function charac-

ter in Q~ is maintained at all temperatures where-
as (i) implies a peak in the longitudinal direction
q, =—(Q —Q,) .z which we take to be of Lorentzian
form with a temperature-dependent width $,

0(Q) = ~o,(@)[1+(~.q, )'] 'd(QJ, (1)

0= Aexp[-s(iso+ 5. ')], 5. =(~/&)", (3)

i.e., the penetration depth is simply identical to
the correlation range of the bulk nematic phase. '
The scattering cross section, Eq. (1), is obtained
from the Fourier transform of Eq. (3), and we
infer a,(bt) o- $ ~~'~(bt) ' ' The.cross section
must be folded with the instrumental resolution
before comparison with experimental data. In

Fig. 3(b) the full line shows the inverse width of
a Lorentzian peak of width $ ~i

' folded with a tri-
angular resolution function corresponding to a
tilt width of 0.0090'; c.f. Fig. 2(c). If we note
that the comparison between this theoretical ex-
pectation and the observed widths does not in-
volve any adjustable parameters the agreement
must be said to be strikingly good. It was there-
fore somewhat surprising to find that the unfolded
peak intensities, Fig. 3(a), do not vary as (bt) '"~

=(bt) '4'but rather as (bt) ".One possibility,
pointed out by B. Halperin, is that the boundary
condition might be so strong, i.e., g, so large,
that the linear theory represented by Eq. (2) is
not applicable. In that case g would be expected
to decrease from its surface value to a value
within the linear range of the theory, in a. dis-
tance much less than $ ~~. This would have the
effect of adding a broadened background to the
line shape. We have not yet carried out detailed
measurements of the tails of the peak.

In summary, we have demonstrated the feasibil-
ity of using synchrotron radiation, in a novel
geometry, to study x-ray diffraction from the
horizontal surf ace of fluid samples. Structure
observed in specular reflection can be correlated
with the propagation into the bulk of positional
molecular order imposed by the surface. " In
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n being a constant and Q the reduced tempera-
ture (T —T~N)/TzN. The Lorentzian line shape
and the width parameter g, may be derived from
the phenomenological free energy,

(2)

of the smectic order parameter g.' In the Landau
or mean-field approximation A(6t) is taken to
vary linearly with Q, yielding a spontaneous
smectic phase below T AN and critical fluctuations
above T J,N with a longitudinal correlation range
P„=(y/A)""~M '". More generally g„=g,(M) "~~

and for bulk 80CB previous x-ray scattering stud-
O

ies have determined $ = 3.3 A and vi~
= 0.71.' Un-

der the assumption that the free surface is equiv-
alent to a boundary condition of g = g, at z = 0, the
z dependence of g is found by minimizing E:



VOLUME 48, +UMBER 16 PHYSICAL REVIEW LETTERS 19 APRIL 1982

the nematic phase of 8OCB the propagation length
coincides precisely with the correlation length
previously measured in bulk samples. We have
also demonstrated that smectic-A samples with
vanishingly small mosaic spreads can be obtained
with the free-surface technique. Subjects for
future research include (a) detailed line-shape
studies of both roelting from the smectic-A to the
nematic phase and the temperature-dependent
intensity in the nematic phase; (b) quantitative
comparison between the intensities due to smectic
layering at the free surface and specular reflec-
tion due to the small but finite value of the x-ray
index of refraction mismatch between the liquid
crystal and air—this should be observable at
smaller 0, and would provide an absolute meas-
urement of the smectic-& order parameter; and
(c) in the vicinity of the smectic-A to smectic-8
phase, measurements in the specular direction
along z, but at finite values of Q~, should obtain
information on structural correlations within the
surf ace layers. "
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