
PHYSICAL REVIEW A VOLUME 43, NUMBER 12 15 JUNE 1991

X-ray studies of the surface and bulk structure of the isotropic and nematic
phase of a lyotropic liquid crystal
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We have used x-ray specular reflection to study the structure of the air —liquid-crystal interface of
the lyotropic liquid crystal formed from binary mixtures of cesium perfluoro-octanoate (CsPFO)
and water. In the isotropic phase the surface is coated with a monolayer of CsPFO separated by
layers of water from one or more smectic bilayers of CsPFO. As for the case of thermotropic liquid
crystals, the isotropic-to-nematic phase transition has no effect on the surface structure, and as the
temperature is lowered towards the nematic —to —smectic-A transition temperature, the number of
surface-induced smectic layers increases dramatically (e.g. , approximately 100 layers were ob-
served). Theoretical modeling of the reflectivity excludes the possibility that the surface bilayers are
arrays of micelles. X-ray scattering from critical smectic short-range order in the bulk, studied by
tuning the spectrometer away from the spec'ular condition, indicates that the scattering is funda-
mentally different from short-range smectic order in thermotropic systems.

INTRODUCTION

A major incentive for the study of phase transitions in
liquid crystals is the belief that systems whose macro-
scopic observables have the same symmetry should
display similar, or universal, critical behavior, indepen-
dent of their microscopic, or molecular properties. '

The critical, and near-critical, properties in the vicinity of
the phase transition between the nematic and smectic-A
phases have been extensively studied in this context.
Most of this work has been done on single-component
systems in which the liquid-crystalline phase transitions
occur as a function of temperature, i.e., thermotropic
liquid crystals. Although some of these measurements
agree with the de Gennes —McMillan Landau model of
the nematic —to —smectic-3 phase transition, the existing
models have not been able to explain all of the observed
features.

More recently, nematic and smectic- 3 liquid-
crystalline phases have been identified in two- and three-
component systems in which the stable phases appear to
be made up of small anisotropic molecular aggregates, or
micelles. ' Since water is commonly one of these cherni-
cal components, these systems are broadly referred to as
"lyotropic. " To a first approximation, the micelles are el-
lipsoids of revolution that can have either the prolate or
the oblate form. It is not clear whether the transition
from the nematic to smectic-A phase involves an order-
ing of the anisotropic micelles, or whether there is a mi-
croscopic transformation in which the micelles aggregate
into a lamellar structure similar to the L phase observed
in lecithins and other surfactants. Since phases of lyoto-
pic systems have the same macroscopic symmetry as
those of thermotropic systems, but with very difFerent in-

terparticle interactions, a comparison of properties of the
two systems may be useful in developing new insights
into the fundamental nature of the nematic —to —smectic-
A (N —'Sm-A) transition.

The binary system of cesium perAuoro-octanoate in
water (CsPFO), investigated by Boden et al. , has been ex-
tensively studied by a variety of techniques. One of its
main advantages as a model system is that it exhibits
liquid-crystal phases over a wide range of concentrations.
This is in contrast to most other micellar systems, in
which the liquid-crystalline phases occur only in mixtures
containing a third component, often an alcohol or
"cosurfactant, " and over a limited range of concentra-
tions. ' The phase diagram for the CsPFO-H2O system'
is reproduced in Fig. 1. At the highest temperatures the
system forms an isotropic micellar phase which first
transforms on lowering the temperature into a nematic
phase and, upon further cooling, into a smectic-3 phase.
On the basis of nuclear-magnetic-resonance (NMR) stud-
ies of the orientation of DzO, Boden et al. conclude that
the nematic phase of CsPFO-D2O solutions consists of
oblate micelles in which the ionic groups on the outside
shield the interior Auorocarbons from the D2O. They es-
timate that the ratio of major to minor diameters is about
3 to 5. For all the D20 concentrations reported in this
phase diagram the temperature range of the nematic
phase is about 7 C.

For concentrations exceeding approximately 42% by
weight of water, NMR, " light scattering, ' magnetic sus-
ceptibility, ' and x-ray scattering' studies indicate that
the nematic —to —smectic-A transition is accompanied by
very large pretransition efFects, strongly suggesting a
second-order transition. According to the phase diagram
shown in Fig. 1, there is a tricritical point at approxi-
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phase of thermotropic systems.
A second purpose of this article is to present x-ray

specular refIection results from the free surface of
CsPFO-H20 solutions as a function of temperature in
both the isotropic and nematic phases. These measure-
ments unambiguously demonstrate that there is smectic
order at the surface for temperatures at which the bulk
phase is isotropic. Detailed analysis of the data suggests
that the surface is coated with a monolayer of CsPFO
which is separated from subsurface layers of CsPFO by a
layer of water. In the nematic phase, as T~ s ~ is ap-
proached from above, the number of coherent surface
layers increases' to approximately 100.

SAMPLE PROPERTIES

FIG. 1. Phase diagram of solutions of CsPFO and H20 from
Ref. 9.

mately 42% by weight H20, and for lower water content
the transition is first order. On the basis of electrical con-
ductivity studies, Boden et al. ' suggest there is not a
dramatic change in either the size or the shape of the mi-
celles at the nematic —to —smectic-3 transition; however,
on the basis of x-ray scattering studies they argue that
there is a significant change within the srnectic- 3
phase. "

In the first paper describing the liquid-crystalline
phases of CsPFO solutions Boden et al. demonstrated
that the nematic phase of CsPFO could be aligned by an
external magnetic field. Unfortunately, the observed x-
ray patterns' suggest that the magnetically induced
alignment is not as complete as in thermotropic sys-
tems. ' This is, in part, a consequence of the fact that the
anisotropy in the diamagnetic susceptibility of the
CsPFO micelle is significantly smaller than that of most
thermotropic liquid-crystal molecules. As a result, it has
been dificult to carry out quantitative x-ray measure-
ments of the bulk critical properties of the
nematic —to —smectic-3 transition of CsPFO. Recent ex-
periments on thermotropic systems, using a free-surface
geometry, have demonstrated that in both the nematic
and isotropic phases the free surface induces nearly per-
fect orientational alignment of the bulk nematic phase
below the surface. ' ' One of the purposes of this paper
is to describe results on the critical properties of the
nematic phase of CsPFQ-HzO solutions in which the
director is relatively well aligned by such a free surface.
Unfortunately, small amounts of H20 that were lost
by evaporation on passing through the
nematic —to —smectic- 3 transition caused minute changes
in concentration. Since this made it dificult to locate
T~ s ~ precisely, the results on the critical properties
are only semiquantitative. Nevertheless, we will present
results demonstrating that critical diffuse scattering from
the bulk nematic phase below the surface is qualitatively
different from critical diffuse scattering in the nematic

The present experiments were carried out on samples
of between 50% and 60% H20 by weight. They were
prepared by pipetting approximately 2 ml of solution
onto a 76.2-mm-diam glass substrate that was mounted in
a sealed temperature-controlled sample cell. According
to Boden et a/. T& s z =30'C and Tz I=37'C for
concentrations of approximately 60 wt. %%uoH20 . Both
transition temperatures increase by about 1.2'C for each
1% decrease in HzO concentration. Consequently, eva-
porative losses of only 0.016 ml of HzO (approximately
0.8% by volume) are sufficient to increase the transition
temperatures by 1'C. Since this was typical of the varia-
tions that occurred whenever the sealed cell was opened
to the laboratory atmosphere, it was not possible to
preselect the transition temperature for a given sample to
better than 1 C.

The sample cell consisted of inner and outer cans
whose temperature could be controlled independently.
The windows of both cans were Kapton. In order to
maintain the necessary temperature homogeneity of the
inner cell these windows were coated with several hun-
dred angstroms of gold. The temperature of the glass
substrate was cooled approximately 1 C below the rest of
the cell by a thermoelectric device to minimize condensa-
tion of water elsewhere. The region between the sub-
strate and the thermoelectric device was coated by a thin
layer of silicon vacuum grease.

X-RAY CONSIDERATIONS

The x-ray experiments were carried out at the National
Synchrotron Light Source on beam line X22b. The gen-
eral features of x-ray reAectometers capable of measuring
specular reflectivity from a horizontal liquid surface have
been described elsewhere. ' The present liquid spec-
trometer utilized two Ge(111) crystals. The first crystal
monochromatized the incident beam (A, =1.710 A) and.
the second crystal was tilted to deflect the incident beam
downward to achieve the desired incident angle a with
the surface. The sample is lowered by the amount neces-
sary to intercept the incident beam.

Figure 2 illustrates the kinematics of the refIectometer.
Following the second Ge(111) crystal, the beam makes a
vertical angle a with the horizontal. The distance L be-
tween the second monochromator and the center of the
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FIG. 2. Kinematics of the liquid surface reAectometer fol-
lowing the second monochromator as discussed in the text. The
beam ko incident on the sample at an angle e from the horizon-
tal strikes it at a horizontal distance L, and a vertical distance
h =L tan(a) from the center of the monochromator. The
detector D is located at a horizontal distance L from the center
of the sample, at a horizontal angle P from the plane of in-
cidence. It can be raised or lowered such that the vertical angle
between the detected radiation and the horizontal is P. The
vertical displacement of the detector is L [tan(p) —tan(a) ]. For
specular reflection a =P.
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FIG. 3. X-ray scattering intensity as a function of Q,
through the points Q~=0 with Q =0.0 A (o } and Q, =0.02

o

A ( 8 ) for T —T& s ~ =7.0 C. The difference between the
two scans is interpreted as the specular reAection.

sample is approximately equal to 650 mm and the sample
is mounted on an elevator that maintains h =L tan(a).
The incident beam is defined by a slit just before the sam-
ple. A detector slit D, followed by a Na(I) scintillation
detector, is mounted at the end of an output arm an equal
distance L from the sample. The vertical angle p and the
horizontal angle P can be adjusted independently to select
the wave-vector transfer Q between the incident and scat-
tered wave. Taking ko ——(2' lk),

Q„/ko =cos(P)sin(P),

Q /ko=cos(P)cos(P) —cos(a),

Q, /ko =sin(P) +sin(a ) .

Neglecting the small angular divergence of the incident
beam, the resolution of reflectometer for disuse scattering
is primarily determined by I. and the size of the detector
slit. Near the specular condition a =p and / =0, the cor-
responding full widths at half maximum are b,g, =0.01A, Ag =0.03 A ', and Eg =sin(a)b. g, . Typically
a 1 —1.5' and Eg (1.65 —2.6) X 10 A '. Since
the physical condition for specular reAection requires
p=a, the zy resolution appropriate to specular reflection
b,g,'"' ' is primarily determined by the angular spread of
the incident beam and the flatness of the surface. As the
resolution appropriate to difFuse scattering b, g, depends
on the angular acceptance of the detector, it was typically
more than ten times larger than Ag,""' '. The transverse

resolution b,g is the same for both specular and diffuse
scattering.

The intensity measured when the reAectometer is set to
the specular condition is the superposition of specular
reAectivity and critical diffuse scattering from the bulk.
Fortunately, near the specular condition the diffuse
scattering S (Q) is usually a slowly varying function of Q
and Q and can be separated from the specular reflection
by detuning the reAectometer slightly from the specular
condition along either Q or Q . The specular signal is
obtained as the difference between the signals measured
at the specular condition and the detuned condition. Fig-
ure 3 shows the measured intensity for scans along Q,
with Q =Qz =0 (0 ) and an os-scan in which Q =0.02
A ' and Q =0 ('7) for T —Tz s ~ =7.0 C (T
+ Tt —sm-A )

EXPERIMENTAL RESULTS

We have measured both the specular reflection R (Q, )

from the surface and diffuse scattering S(Q) from the
bulk as a function of temperature for a mixture of CsPFO
and 58% H20 by weight. The specular refIection signal,
divided by the theoretical Fresnel reAectivity for an ideal
flat surface, R (Q, )/RF(Q, ), is shown in Fig. 4 as open
circles for five temperatures within the nematic phase and
one temperature 35.84'C in the isotropic phase. ' Since
the nematic —to —smectic- 2 transition temperature for
this sample is approximately 28 C, none of these data are
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FIG. 4. Normalized specular refIectivity results
R (Q, )/RF(Q, ) for five different temperatures in a CsPFO solu-

tion containing 58% H20 by weight. The temperatures, from

top to bottom, are five in the nematic phase, 30.06'C, 31.01'C,
32.78 C, 33.72'C, 34.34'C, and one in the isotropic phase,
35.84 C. The nematic —to—smectic-2 transition temperature is

approximately 28 C. The solid line through the data illustrates
the reflected intensity predicted by a model of the surface that is
discussed in the text, Eq. (2) with 4 (Q) given by Eq. (8).

very close to the transition temperature.
A feature common to the present CsPFO reAectivity

profiles and previous ones taken on thermotropic liquid-
crystal systems is a peak at Q, =2'/D, where D is the
smectic repeat distance. Since D for this concentration of

0
CsPFO is known to be approximately 50 A (correspond-
ing to a peak at 2m/50 A=0. 1256 A '), the first peak
must arise from surface-induced smectic layering. ' The
weaker peaks at the second-harmonic positions are typi-
cally not observed in thermotropic systems except when
there is strong competition between monolayer and bi-
layer smectic ordering. Interference between reAections
from the smectic layers and reAection from the liquid-
vapor interface produces asymmetries in the reAectivity
profiles. For the CsPFO system, as seen in Fig. 4, there is
always a dip before the first peak. In contrast, this asym-
metry is reversed for thermotropic liquid crystals.

In all cases in which the free-surface geometry has
been used for thermotropic nematic —liquid-crystal mea-
surements, the surface-induced smectic order induced full
homogeneous alignment of the director in the bulk phase
below the surface, i.e., along the surface normal. ' ' '

Figure 5(a) illustrates the difuse x-ray scattering distribu-
tions S(Q) typical of the thermotropic nematic phase in

2

OS

50

X

FIG. 5. (a) Schematic illustration of typical diffuse scattering
observed from the nematic phase of thermotropic liquid crys-
tals. (b) Schematic illustration of the diffuse scattering from the
bulk of CsPFO and the five scans used in measuring it: arc scan
Q~=6X10 A, Q, +Q, =Qo=(0. 125 A ); os scan Q =0,
Q, =0.02 A, and radial scans at Q, /Q, =tan(y) for y=15',
30, and 45, respectively.

both the present reAection geometry and in a transmis-
sion geometry in which the director is aligned by an
external magnetic field along the z direction. The inten-
sity is distributed in reciprocal space as a Aat ellipsoid
whose minor axis is along the director. On cooling to-
wards Tz s ~ the ellipsoid condenses around

Q, =2ir/D and the reciprocals of the half widths along
and perpendicular to z define the correlation lengths

g~~

and gi, respectively. In the present studies of CsPFO we
find that the diC'use scattering from the bulk difFers from
that of thermotropic phases in the following way: instead
of being distributed as a Aat ellipsoid, it is distributed
along a nearly spherical surface. The intersection of that
surface with the Q -Q, plane is illustrated in Fig. 5(b).
As in the thermotropic case, on cooling towards Tz
the intensity condenses at Q, =2'/D. The data in Fig. 6
illustrate this for CsPFO at three temperatures.

Data from the os scan are shown, as V in Fig. 3. Since
the width of the arc scans is significantly broader than 15'
for most of the temperatures studied, there is little
difFerence between the os scan at Q =0.02 A ' and the
15' radial scan whose peaks correspond to Q„=(0.125
A ') Xtan(15 )=0.003 A . In Fig. 6 we present results
for the arc scan, and radial scans at 15, 30', and 45'. Fig-
ure 6 shows data for T=30.06'C, 32.78 C, and 35.84 C.
The first two temperatures are in the nematic phase and
the highest is in the isotropic phase. The sketch in Fig.
5(b) was motivated by the anticipation of the observation
that the radial scans in Fig. 6 are all peaked at approxi-
mately 0.125 A '. The scans were all taken at a small
ofFset Q~=0.0006 A to minimize the efFects of the
much stronger specular reflection at Q =0. The sharp
resolution limited peaks at Q =0 in the arc scans of Fig.
6 are a remnant of the specular reAectivity. For lower

temperatures, the difFuse intensity condenses around

Q =Q =0, Q, =0.125 A ', and the separation between
the sharp central peak and the disuse background is sub-
tle; however, the shape of the central peak is well charac-
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terized and it can be separated quantitatively. The ar-
rows in the Fig. 6 arc scans indicate the positions where
the radial scans cross the arc.

Except for the central peak originating from the specu-
lar reAectivity, the intensity distribution along the arc
scan in Fig. 6 for the isotropic phase is nearly constant.
We cannot be certain whether the slight variation is due
to the bulk scattering function S(Q) or whether the
geometry of the reAectometer gives rise to this variation.
In the nematic phase, local smectic fluctuations induce
excess difFuse scattering above what is present in the iso-
tropic phase. By measurin~ the intensity of the diff'use
scattering at Q, =0.125 A, Q =0, and Q„=0.02 A
the isotropic to nematic transition temperature can be
determined. This is illustrated by the data in Fig. 7,
which were obtained at this Q vector while cooling the
sample at a rate of approximately 4'C per hour. The in-
tensity, essentially constant above 34.5 'C, increases
dramatically below that temperature, indicating the onset
of critical bulk scattering.

Finally, we would like to emphasize that all of the vari-
ations that we have described, in both the bulk and spec-
ular results, are reversible as long as the sample is not
cooled below T& s~ ~. Furthermore, even if the sample

is cooled below Tz s ~ the results are also reproducible
on heating the sample up into the isotropic phase and
then recooling. We thus rule out the possibility that in-
tensity distribution along the arc is due to a nonequilibri-
um mosaic distribution of nematic directors as was ob-
served in some of the earliest experiments on partially
aligned thermotropic nematic phases.

ANALYSIS OF SPECULAR REFLECTIVITY

In the limit that Q, ))Q, the theoretical expression for
R (Q, )/RF(Q, ) can be expressed in terms of the deriva-
tive of the average electron density (p(z) ) at any height z
along the surface normal

R(, ) ' f" P" ."'d =i+(Q, )l' (2)
R~(Q, ) p„—~ Bz

In the absence of the theoretical guidance our attempts to
model the observed data for R (Q, )/RF(Q, ) are some-
what empirical. However, guided by the fact that peaks
observed in R (Q, )/RF(Q, ) mean that the surface im-
poses a density modulation which decays with distance
from the bulk, we tried two simple models. Both were
able to represent the data satisfactorily, and hence are
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FIG. 6. Diffuse scattering from the bulk of CsPFO; the scans are described in Fig. 5(b). The left column (a) shows arc scans at
T =35.84'C, 32.78'C, and 30.06 C from top to bottom. The three remaining columns show radial scans, at the same temperatures,
of type (b) 15', (c) 30, and (d) 45'. For most temperatures the os scan illustrated in Fig. 5(b) is indistinguishable from the 15 radial
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where I (z) models the z dependence of the averaged form
factor for the structure of an individual layer (i.e., the
layer form factor). The first layer is centered at z =d, d,
and the amplitude of successive layers, separated by
b,z=d, decays as exp(nd/g). Since I (z) describes devia-
tions between the average electron density in the bulk p
and the local density averaged over a plane at constant z,
(p(z) ), the model must have the property that

f I (z)dz =0. Thus we take

g (z —dI ) g (z +dI )
1(g)= g(z)—

2 2

where

FIG. 7. Diffuse scattering as a function of temperature from
bulk CsPFO at Q, =0.125 A, Q» =0, and Q„=0.02 A

(p(z) ) [1—erf(z/o, i ) ]=(1+Ao)
p- 5 2

[ 1 —erf[(z —do ) /o. ,2] ]
0 2

(3)

The two models difFer in how we represent the layered
structure. The first one assumes the surface imposed lay-
ering can be represented by an electron density variation
having the form

not unique: however, both have certain features in com-
mon, which are likely to be there for any successful mod-
el and therefore give a reasonable indication of the sur-
face structure of the sample.

One feature common to both models was an expression
to describe the increase in (p(z)) from zero for z~0,
above the surface, to the bulk value p, fa'r below the sur-
face. For simple liquids a form of the type
p„[1—erf(z/o )]/2 has proven adequate. However, fits
to the present data are significantly improved if the ex-
pression used for electron density near the surface first
rises to a value that is larger than p before decaying to
p . Consequently, we have modeled the near surface re-
gion with a form that, near z —=0, first rises to a value of
(1+Ao)p over a range of bz =—o', i and then, over a re-
gion hz =—o,2, decays to p

1 —z /2og(z)= e
(2m.cr )'

2i A, Q s—in (Qdr/2)

—Q (o &+o.i)/2 igd,

(1—P)
(8)

where P=e " &+'~. Although this model has ten pa-
rameters, which seems to be a lot, it has to describe a
fairly complicated surface structure. As we will indicate
below, the significant physical result is not the particular
values of the parameters, but rather those features of the
model surface profile which are insensitive to the details
of the model.

The solid lines in Fig. 4 represent fits ' of the data to
the form for 8 ( Q, ) /R~( Q, ), which is obtained on substi-
tution of this result into Eq. (2) (see Table I). Figure 8

displays the near surface structure of (p(z))/p„ for
these fits. The horizontal lines in Fig. 8 indicate the elec-
tron density of Tefion (—CF2—CF2—), 1.46p„, and the
electron density of H20, 0.8p . The first thing to note
about this model for the electron density is that the width

The form of @(Q, ) may be calculated from the sum of
Eqs. (3) and (4)

(p(z)) (p(z)) + (p(z))
p~ p~ g p~

which 1s

2 /2 —Q o /2 igd

T (C) A0 cri (A) o I (A) do (A)

TABLE I. Parameters obtained by fitting

o. , (A)

the data of Fig. 4 to Eq. (2) with 4(Q) given by Eq. (8).

d (A) d (A) d& (A) g' (A)

35.84
34.34
33.72
32.78
31.01
30.06

1.27
1.19
1.21
1.25
1.40
1.49

11.19
10.36
10.02
9.37

10.38
10.65

4.20
4.00
3.89
4.06
4.08
4.08

9.76
9.70
9.53
8.50
8.72
8.64

—88.8
—78.0
—69.6
—59.6
—61.6
—67.6

49.5
49.7
49.4
50.0
51.4
52.4

16.6
18.1
17.9
18.5
17.5
17.1

4.64
5.09
5.47
6.28
6.53
6.53

4.79
6.82
7.48
9.22
9.00
9.00

89.2
118.3
126.3
145.6
220.7
258.7
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structure at the third-harmonic position. The solid line (

represents the best fit of the data to the model of the surface de-
scribed by Eq. (3). The line ( . . . ) represents the best fit of the

E . 9). The linedata to the models of the surface described by q. . e
( ———) illustrates the best fit for the model described by Eq.
(3) to data limited to the range Q, ~ 0.3 A

0
of the first peak ( approximately 12 A) is just about equal
to the length of the CsPFO molecule, 12.4 A, ' and is
about half that of the subsequent peaks (approximate y
28 A). This implies that the surface is coated wit a
monolayer of CsPFO, while the thickness of the layers
below the surface is comparable to that of bilayers. e
fact that the peak electron density at the surface is very
close to that of the neat fluorocarbon polymer TeAon,
while that of the first minimum is close to the electron
d 't H 0 suggests that the surface consists of a rela-ensi y

33tively dense surfactant monolayer.
I principle additional data at larger Q, should im-

prove the spatial resolution of the real-space profile. ig-
ure 9 shows R(Q, )/RF(Q, ) data for CsPFO at
T —T =—1.6 C, which were collected in order toN —Sm- A

n Theshow the structure at the third-harmonic position. e
solid line in Fig. 9 illustrates the best fit that we were ab e
to obtain using Eq. (8) and the full range of the data.
A reement with the mam peak at Q, =0.=—0. 125 A is satis-
factory, but shapes obtained from the model for

g
r the

structure at the second- and third-harmonic positions de-
viate from the data. This discrepancy might be a conse-
quence of the assumption that the form factor is the same
for all layers. Additionally, since the surface would be
expected to reduce the mean-square fluctuations in the
layer position (u ), there should be a depth-dependent
Debye-Wailer factor, which we did not include in the
analysis.

As we mentioned above, the fit that gives rise to this
articular real space profile is not unique. In order to

determine which features of the real-space density are not

modeled by the following form, which allows the correla-
tion lengths for the harmonics to difFer:

(p(.))
p~

3= g B„sin
L n=1

2~(z —z„)
exp( —z/g„) .L (9)

An analysis of the data with all 12 of the parameters free
suggests t a $ 2 3h t L

&
=L =L and z =z =z3. We therefore

fit th data while imposing L, =L2 =L, and z, =z2 =z3,
which reduces the number of parameters by 4 and clear y
shows that g&) g2) g'3. The dotted line in Fig. 9 illus-
trates the best fit obtained using this form and the real-
space density corresponding to this model, Eq. (9). The
solid and dashed lines in Fig. 9 indicate the best fits ob-
tained using Eq. (8) and employing the full range of data
and only Q, (0.3 A ', respectively. The real-space den-
sities corresponding to these two models are illustrated
by the solid and dashed lines, respectively, in Fig. 10 and
the dotted line is the real space density corresponding to
the fit using Eq. (9). We believe that the difference be-
tween these curves represents the uncertainty in the con-
clusions that we can draw about the electron density in
the real-space surface profile.

For all three fits, the width of the local maximum in
the electron density at the surface is approximately half
the width of the interior local maxima, as would be ex-

ected for a surface monolayer of CsPFO. We believepec e
that almost any model chosen to represen e
would indicate this feature. The minimum electron den-
sity for all of visible oscillations to be close to the value
for H20 in all three fits. This suggests that the CsPF
layers are well defined and separated by layers of relative-
ly pure H20. However, since the amplitude of t e
minimum electron density obtained from the model based
on Eq. (9) is slightly larger than the density for pure HzO,
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FIG. 10. The electron density profile (p(z) ) /p„obtained
from fitting the data in Fig. 9. The solid ( ) and dashed
———) lines correspond to the model describe y q.db E . (3)for

fits that include all of the data, and only data, for & ~0.3 A
respectively. The dotted line (. . -) represents the profile for
the model descn e y q.l d 'b d b Eq. (9). The horizontal lines indicate at
1.46 the electron density of TeAon, and at 0.80, the electron den-
sity of H, O.

FIG. 11. Temperature dependence of the surface penetration
length g for two solutions of CsPFO. The values indicated by
solid circles () correspond to the data displayed in Fig. 4

h' h T =28'C the values indicated by open circles {o )w ic N —sm-3
correspond to data from a sample containing slightly more H&O
in which TN s

we cannot rule out some small interpenetration of the
CsPFO into the water layer. The peak in the electron
density of the surface layer is somewhere between 1.28p
and the density of the bulk fluorocarbon Teflon, approxi-
mately equa to . p1 1 t 143 . We do not know what density to
expect for a fully formed layer of CsPFO, but on the basis
of the fact that CsPFO is a strong surfactant we think it
reasonable to conclude that the surface is a relative y
dense monolayer. If this is the case, then considering
that all three models result in approximately the same
peak electron densities for the surface monolayer and the
near surface bilayers, we believe that the latter are rela-
tively well-formed bilayers rather than smectic arrays o
micelles.

Fi . 8) ob-In addition, since the near surface profiles (Fig. o-
tained from the fits shown in Fig. 4 are nearly identica,
we conclude that the near-surface smectic order is not
very sensitive o e't' t the occurrence of the isotropic-to-
nematic p ase ransih t sition in the bulk. The surface
penetration lengths g, Eq. (4), and/„Eq. 9, are essential-
ly identica an we1 d believe these values are independent
of the model. The temperature dependence of the corre-
lation lengths corresponding to the all of the fits in Fig.
are plotte in ig. a1 d

' F' 11 s solid dots. There is a systematic
increase with decreasing temperature, but it is not very
dramatic since the lowest temperature in this data set is
about 2'C above T&

We obtained more information on the penetration
len ths from a separate sample which contain g yed sli htl
more HzO; in this sample Tz sm ~ ———33.2 C. e pThe o en
circles in Fig. 11 illustrate the temperature dependence o
g extracted from specular refiectivity data over a narrow
range of ~ . The critical nature of this transition is clear-Z'

ly illustrated by the fact that, for the lowest temperature
scan (T =32.93 C), the principal peak is at least ten
times sharper than the sharpest peak shown in Fig. 4.
The data are consistent with a form like Qog-t
where r —= ( T/T& s z

—1); however, in view of the
problems with slight evaporation,

~ ~

was not well
determined and the errors on the exponent can be as
large as +0.2.

ANALYSIS OF BULK DIFFUSE SCATTERING

As shown by Figs. 5 and 6, the bulk diffuse scattering
from the nematic phase of CsPFO-HzO solutions is quali-
tatively different from that from thermotropic nematic
materials. Nevertheless, we attempted to analyze the
data in terms of a model in which the fluctuations could
be described by the convolution of the usual anisotropic
Lorentzian

1

I+/ (Q —
Q ) +g ~QXn

and a Gaussian director distribution function

2—0G(Q)dQ= 2~f exp sin(0)d8
0

Xexp( —0 /2cr„)sin(8)dodg,

S(Q)= f dASo(Q —Qon)G(Q) .

The efFects of the reAectometer resolution were also in-
cluded in the analysis. In this model, condensation of the
diffuse scattering around the point Q, =0.125 A ' as
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T~ Tz sm ~ could be reAected in both a decrease of the
parameter o.„,representing the width of the arc scan, and
increases in the correlation lengths gl and gt.

Figure 12 illustrates a fit of this model to data for
T=32.8 C. In order to simultaneously display the fits
for the radial scans at g= 15 and 30', the data are plotted
as a function of Q, . Table II lists o.„and the correlation
lengths gl and gi obtained from fits for two sample tem-
peratures and compares them with the penetration
lengths g obtained from the specular refiectivity for the
same sample. Surprisingly, the bulk correlation lengths
obtained from these fits are nearly twice as large as the
surface penetration lengths in contrast to the case for
thermotropic systems for which the two lengths are typi-
cally equal. ' Theoretically, the surface-induced smectic
order must penetrate into the bulk a distance that is equal
to or greater than the bulk length, and the discrepancy
is most likely a manifestation of the model. For example,
although the longitudinal bulk correlation length

g~~
is

greater than the surface penetration length g, the mea-
sured half widths of the radial bulk diffuse scans are equal
to, or greater than, the widths of the surface peak.
Therefore, the fact that the fit values of

g~~
are larger than

the surface values for g is probably an artifact of the
Gaussian broadening of the Lorentzian form for
So(Q —Qon). The model predicts that the peak of a radi-
al scan is broadened by some weighted average of the
term gi~QXn~ in the denominator of Eq. (10) and that
the fitting procedure drives gl to larger values in order to
reduce the calculated half width. For example, the solid
line in Fig. 13 illustrates the best fit to data from an os
scan [see Fig. 5(b)] at T =30.1 C using the above model

TABLE II ~ Typical parameters obtained from the best fits of
the model described by Eq. (10) to the bulk diffuse scattering.
The last column corresponds to the surface penetration length.

32.1

30.1

o.„(deg)

40
30

Q041

29.1

65.1

Qoki

9.5
22. 1

Qok

16.2
26.3

when the Gaussian smearing is neglected, i.e., o.„ is
forced to be 0. The fit is not as good as that obtained
when o.„ is allowed to vary, but the resulting parameter
Qog~~=18. 5 is shorter than the surface length, corre-
sponding to the fact that the half width of the bulk scan
is actually broader than that of the specular reAectivity.
This value should be compared to Qo(~~=65. 1, which is
obtained when u„ is allowed to vary. The effect of the
Gaussian broadening is illustrated by the dashed line in
Fig. 13, which shows the result from the same model
when o „=30' and Qo(l = 18.5.

Since the anisotropic Lorentzian model, averaged over.
an angular distribution of n, is inconsistent with theoreti-
cal models relating the surface penetration depth to the
bulk correlation length, and in the absence of theoretical
guidance, we considered the simplest generalization of
this model by adding terms with higher powers of
~QXn~ to the denominator of Eq. (10). In fact, terms of
order ( ~ Q X n

~
) do improve the quality of the fits to crit-

ical scattering from thermotropic systems. Fits to any
functional form for So that falls off sufficiently faster than
I/~QXn~ will probably allow a satisfactory fit with
shorter values for Qual, even when convolved with a
Gaussian.

1
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C)

O ~,
Xg
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~ 1Q
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I I I I
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Q (A ")
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FICy. 12. Diffuse scattering as a function of Q„ from the bulk
of a CsPFO solution containing 58% H20 by weight at
T=31.0 C. The scans are as follows: arc scan at ~Q~ =Qo and

Q =6X10 A (E), and radial scans at 15' ( ) and 30' ( ~ ).
The solid lines are fits to the model of Eq. (10).

FIG. 13. The solid line ( ) is the best fit of an anisotrop-
ic Lorentzian model, Eq. (10), to the bulk diffuse scattering data
( ) at the peak of the os scan [see Fig. 5(b)] for Q„=Q» =0 as-

suming no angular distribution of n. The dashed line ( ———)

uses the same correlation lengths as the solid line, except that
the Gaussian width of the distribution for n is taken to be 30'.
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FIG. 14. (a) A possible model for the critical smectic Auctua-
tions in the nematic phase of a micellar nematic phase. (b) Du-
plication of the sketch presented by de Gennes representing re-
gions of smectic-2 Auctuations, i.e., "cybotactic groups" in
thermotropic nematic phases.

Figure 14(a) illustrates one possible physical model that
would explain the observed properties of the thermal
diffuse scattering. Since the thickness of the micelles is
primarily determined by the length of the CsPFO mole-
cule, this parameter cannot vary much between micelles.
Similarly, as the space between micelles is also not likely
to vary much, there is certain to be a peak at 2rr/D,
where D is the rnicelle-micelle distance along the normal
to the broad surface. The diffuse scattering indicates a
Gaussian-like distribution of this direction. On the other
hand, the data require that the scattering from any
domain decrease faster than a 1/q power law in the
directions transverse to the local director. Furthermore,
since this fact is true at the highest temperatures, it can-
not be explained by a temperature-induced increase in the
lateral size of the rnicelles. One possibility is that there is
a significant inhomogeneity in either the lateral dimen-
sions of the micelles or the interrnicellar distance. Gauss-
ian statistics for either of these variables would give rise
to a Gaussian decrease in the scattering transverse to the
local direction. This is qualitatively different from the
generally accepted picture of critical smectic fluctuations
in thermotropic systems [Fig. 14(b)] in which the director
fluctuations are less important and the transverse correla-
tion function decrease is much closer to being exponen-
tial. "

associated with maintaining the H20 concentration were
responsible for variations in T& s ~ that restricted our
ability to make high-precision critical measurements.
Nevertheless, we were able to demonstrate smectic wet-
ting of the nematic surface to approximately 100 layers.

The observed specular reflectivity can be described by
models for the electron density that assume a surface
monolayer of CsPFO, followed by a layer of nearly pure-
H20. Data taken at the largest angles, and consequently
with the highest resolution, indicate that the electron
densities of the subsurface bilayers are comparable to
that of the surface monolayer. Since it is likely that the
surface for such high concentrations of CsPFO is a uni-
form rnonolayer, the fact that the peak electron densities
of the subsurface bilayers in the model profiles are so
close to that of the surfactant monolayer effectively ex-
cludes the possibility that the subsurface bilayers are pla-
nar arrays of loosely packed micelles.

Since surface-induced smectic order induces bulk
orientational order in the nematic phase, we were able to
study diffuse x-ray scattering from critical smectic fluc-
tuations in a well-oriented lyotropic nematic phase. The
principal result was the demonstration that the scattering
is qualitatively different from that of thermotropic sys-
tems.

The major limitation to this study was the difficulty in
maintaining the chemical composition of the CsPFO-
H20 solutions. This was principally caused by the large
free volume of our sample cell. Alternative systems, such
as one in which the chemical potential of the H20 is
maintained, should be considered ' however, the
amount of time necessary to achieve equilibrium could be
unacceptably long. Other geometries with little or no
free volume in which one studies the order induced by a
solid surface might be practical; but there are other tech-
nical problems there, too. These technical difficulties
aside, it would be interesting to carry out studies similar
to those presented here on other lyotropic systems.
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