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Smectic layering at the surface and smectic fluctuations in the bulk can be studied simultaneously

by x-ray specular reflectivity and scattering measurements. There is a peak in the angular depen-
dence of the specular reflectivity due to surface-induced smectic layering that penetrates into the
bulk as exp( —z/g~~) where

g~~ is one of the nematic critical correlation lengths. This is illustrated by
measurements of the liquid-crystal materials octyloxycyanobiphenyl (8OCB) and butyloxybenzyl-
idene octylaniline (40.8), In both cases the critical divergence of the intensity of the peak in the
specular reflectivity is weaker than g~~, suggesting unexpected surface physics. The absolute value of
the critical part of the density pair correlation function is determined by comparison to the Fresnel
reflected intensity. Different geometries of the x-ray spectrometer are also discussed.

I. INTRODUCTION

Although x-ray reflection from material surfaces is well
known, there have been relatively few attempts to use the
phenomena as a general technique for characterizing sur-
faces. ' In fact, classical techniques that have been em-
ployed at optical wavelengths are generally applicable in
the x-ray range, with the advantage that the surface struc-
ture is probed on the scale of angstroms rather than mi-
crons. Current developments in the field of x-ray optics
testify to the accuracy of this assertion. " In this paper
we describe a series of experiments carried out at the syn-
chrotron facility HAS YLAB (Hamburger Synchrotron-
strahlungslabor, Deutsches Elektronen-Synchrotron) in
Hamburg, Germany, on the x-ray reflectivity from the
surface of the nematic phase of liquid crystals. ' ' The
techniques developed for these experiments are generally
applicable to any liquid surface. ' ' The principle phys-
ics addressed in this paper concerns the smectic-like order
induced by a free surface of a nematic liquid crystal. The
important feature of the nematic to smectic-A phase tran-
sition is the critical divergence of the smectic susceptibili-
ty within the nematic phase. ' By simultaneously measur-
ing the surface density profile and the critical scattering
from the bulk, one can extract the absolute value of the
critical fluctuations.

The two materials studied, octyloxycyanobiphenyl
(8OCB) and butyloxybenzylidene (40.8), have the phase
sequence isotropic to nematic to smectic A. ' ' The
transition temperatures ( Tt&, T&„) are approximately
(80'C, 67.1'C) for 8OCB and (79'C, 63.5'C) for 4O.8. In
both cases the isotropic-to-nematic transition is first order
and the nematic-to-smectic- A is second order; however,
they differ in that for 4O.8 the smectic layer spacing d is
essentially equal to the length of the molecule, while for
8OCB, the molecules overlap each other to form bilayers.
The layer spacing is approximately 1.6 times the length of
the individual molecules.

Classical treatment of the interaction between bound
electrons and electromagnetic radiation at frequencies
large compared to the electron binding energies obtains an
x-ray dielectric constant @=1—proA, /~, where p is the
electron density, ro the classical electron radius e /mc,
and X the x-ray wavelength. '

Because e & 1, x rays incident on the surface at glancing
angle tb; will be refracted toward the surface at angle tb';.

By Snell's law, cosP; =v'e cosP,'. Defining a critical angle

P, by cos P, =—e and utilizing that the angles are small,
i.e., P, =1, pro/sr, an approximate alternative form of
Snell's law is P; =P,' + tb, .

If P; is less than the critical angle P„tb,' is imaginary
and, if one neglects scattering and absorption, the incident
beam will be 100% reflected. If the discontinuity in the
dielectric constant at the surface is sharp, the falloff in re-
flectivity with increasing P; can be calculated from the
Fresnel formulas RF(P; ) of classical electromagnetic
theory. Neglecting absorption, and for small P;,

RF(p; ) =

The effects of either a rough surface or a gradual surface
profile will be discussed below. Nevertheless, whether the
surface profile is sharp or not, an elementary property of
classical optics is that for any flat surface the incident and
reflected angles are equal to one another, and the reflected
wave is in the plane defined by the incident wave vector
and the surface normal. This is equivalent to the state-
ment that if k; and k, are the incident and reflected wave
vectors, respectively, then Q=k, —k; is normal to the
surface. Alternatively, the scattering cross section for
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specular reflection from a flat surface (i.e., the x-y plane)
can be described as being proportional to a two-
dimensional 5 function 5(g„)5(g»). This property of
specular reflection allows it to be unambiguously separat-
ed from all other scattering processes.

The Fresnel reflectivity can be expressed in terms of the
wave-vector transfer Q=2k sing; and its critical value

Q, =2k sing, . For Q » Q„Eq. (1) becomes

2 2

(1')R»(g) =

For incident angles P; that are large compared to the criti-
cal angle P„ the effects of a gradual surface profile can be
understood in terms of the reflection coefficient for an
electromagnetic wave incident on an infinitesimally thin
slab of dielectric material, as given, for example, by War-
ren '

5E . p(z)dz=4~ir p exp(igz),
Ep

(2)

where p(z)dz is the number of electrons per unit area in
the slab of thickness dz at height z. Since the refraction
of x rays is negligible for P; »P, and since the absorption
is also not important for the materials and wavelengths of
interest, the amplitude of the wave reflected from the
graded surface is obtained by simply summing the ampli-
tudes from successive thin layers. For a semi-infinite
sample it is convenient to do one integration by parts to
obtain

E
Ep

4~rop( oo )
+(Q)=-

Q
2

2

4Q2
4(g), (3)

where p( oo ) is the density far from interface and

4( Q) =p( oo )
' f exp(igZ)dz .

dz
(4)

For an infinitely sharp surface, &P(g) is unity and Eqs. (3)
and (1') are consistent. The reflected intensity R (P;) is
thus related to the reflectivity predicted by the Fresnel
theory RF(g) by

~

C&(g)
~

=exp

If Q, /o « 1, Eq. (6) is applicable for all Q. For Q & Q„
and in the absence of either scattering or absorption, the
energy cannot propagate into the bulk of the material re-
gardless of the value of o.. In this case, the reflectivity is
essentially 100%%uo, independent of the density profile. For
larger values of Q, structure, such as oscillations in the
density profile due to smectic-like layers at the surface of

= i+(Q)i', Q»g, .
F

In the special case that the derivative of the surface densi-

ty is a Gaussian, e.g.,

—&dP 2p(oo )
' =(t» /2')'~ exp( —o z'/2),

dz

a nematic liquid crystal, will result in a peak in N(g), and
thus a peak in the observed reflectivity, for Q=27t/d,
where d is the smectic layer spacing.

II. SPECTROMETER CONFIGURATIONS

The schematic of an x-ray spectrometer that is capable
of scanning the wave-vector transfer component Q, per-
pendicular to the liquid surface is shown in Fig. 1(a).
Two slits S

&
and S3 are located at the same height, equal

distances L from the sample center. A scan in Q, is ob-
tained by varying the incident angle P; and correspond-
ingly the sample height H, =L tang;. We shall shortly
describe in detail how the horizontal synchrotron beam
can be bent downwards at any arbitrary angle P;. Here it
suffices to mention that the effect is obtained by the ap-
propriate tilting of a monochromator crystal, cf. Fig. 2.
At the same time, a monochromatic beam is extracted
from the "white" synchrotron radiation spectrum. If the
slit S3 is not at the same height as S&, an in-plane trans-
verse wave-vector component Q» is selected. It is there-
fore possible by varying the incident angle, the sample
height, and the slit height of S3 to set the spectrometer
for an arbitrary in-plane wave-vector transfer ( Q», g, ) and
still maintain a horizontal liquid surface as demanded by
gravity. S3 can also be moved horizontally, that is, per-
pendicular to the drawing plane of Fig. 1(a), and a general
three-dimensional wave-vector transfer Q=(g„,g», g, ) is
determined.

The resolution implied by finite slit openings is illus-
trated in Fig. 1(b). The central ray of incident and scat-
tered wave vectors k; and k, is shown. The uncertainty
5P; for the incident angle implies that the end point of
possible incident wave vectors is distributed along the vec-
tor X; with a certain characteristic width of k5$;. Simi-
larly, the end point of possible scattered wave vectors k,
are located along X, and the actual wave-vector transfers
are distributed within the shaded parallelogram spanned
by X; and X, . To be more precise, if the k; and k, dis-
tributions are boxlike, that, is constant along X; and X„
respectively, and zero outside, then any wave-vector
transfer to a point inside the parallelogram will be accept-
ed by the spectrometer, while points that fall outside will
be rejected. Alternatively, one might assume Gaussian
distributions along X; and X, for k; and k, . In that case,
the spectrometer resolution function that describes the ac-
ceptance probability for various wave-vector transfers can
be described by a two-dimensional Gaussian characterized
by equal probability ellipses, where X; and X, are conju-
gate diameters.

The parallelogram in Fig. 1(b) indicates a long, thin
resolution function corresponding to a situation where
5P, »5P;, obtained by relaxing the slit height of S3. Our
experimental results showing perfect smectic layering at
the surface imply that the corresponding cross section is a
5 function in the transverse components Q„and Q». The
effective Q, resolution for specular reflection is therefore
not the total length of the parallelogram ( AA') but rather
the section indicated by (5, ) in Fig. 1(d).

In the bulk nematic phase, critical smectic fluctuations
with correlation ranges gz and g~~ occur deep below the
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FIG. 1. (a) Schematic illustration of the spectrometer. When the incident angle P; is varied, the sample height H, is adjusted so

H, =L tan((;. With S~ and S3 at the same height, a P; scan is equivalent to a longitudinal scan with the wave-vector transfer normal

to the liquid surface. (b) The angular resolution 5P; and 5P, for the incident and scattered beams k; and k„respectively, obtains the
wave-vector resolution depicted by the two heavy lines X;=k5$; and X, =k5$, . The convolution of the two obtains a resolution

volume in reciprocal space with the cross-sectional area represented by the shaded parallelogram. (c) The kinematics of the low-

resolution spectrometer. The shaded ellipse represents the half height contour for the critical scattering from the bulk nematic liquid

crystal. The specular reflection is confined to the vertical Q, axis and the heavy line that is centered on the ellipse indicates the posi-
tion in reciprocal space of the peak due to the surface layers. Even though the incident and scattered angles are not equal (P;&P, ),
the finite resolution allows specular reflection. The spectrometer settings for this drawing correspond to the smallest value of Q, for
which the critical bulk scattering can be detected. The center of the resolution volume is at Q» =0, Q, =2k sin(P;) =Qo —b, Q, and

the end is at Q»= —b, Q», Q, =QO. (d) Detail of the resolution volume. The intersection of the resolution volume with the Q, axis,
i.e., 5„is the effective longitudinal resolution for specular reflection.

surface but still within the irradiated volume of the sam-
ple. The cross section for this bulk scattering is indicated
in Fig. 1(c) by the elliptical, half-height contour ellipse
with diameters

g~~
and gt along the Q, axis and Q»

axis, respectively. This illustration is for the case when
the spectrometer is set for Q»=0. The intensity of bulk

Sp j

FICx. 2. The incident beam is bent downwards by the angle P;
by tilting the monochromator M by the amount a. The "boxes"
behind S& and S& indicate ionization chambers monitoring the
beam intensity.

scattering is then proportional to the overlap of the reso-
lution function and the bulk cross-section ellipse.

The third wave-vector transfer dimension, perpendicu-
lar to the plane of the figures is readily included in the
discussion. From this the following occurs.

(i) Relatively fine Q, resolution for specular reflection
may be obtained even if the slit height of S3 is relaxed so
long as the illuminated portion of the surface is sufficient-
ly flat.

(ii) The ratio of specular reflection to bulk scattering
depends on the resolution and improves with narrow reso-
lution.

(iii) The bulk scattering intensity may be determined
separately by setting the spectrometer at a finite value of
Q» (or Q„) such that the signal for specular reflection at
Q =Q» =0 is outside of the resolution volume. By scan-
ning Q» (or Q„) at fixed Q„one may by extrapolation ob-
tain the bulk intensity contribution at zero transverse
wave-vector transfer and thereby separate surface from
bulk scattering. An example is shown below in Fig. 14(b).
Since the Q» resolution is always very high, one can also
subtract off nonspecular reflection by scanning along Q,
at a very small offset Q».

The bending of the "white" incident beam downward to
any arbitrary glancing angle P; is illustrated in Fig. 2.
The white, horizontal synchrotron beam is incident from
the left on the slit S&. The box behind S& indicates an
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FIG. 3. A spectrometer configuration having a tilted
analyzer crystal is used to obtain a resolution function in which
the contributions from input and output sides are equal.

ionization chamber for monitoring the beam intensity
after S&. The beam is then Bragg reflected from a perfect
Si or Cxe crystal in the (111) or (220) orientation. The
reciprocal-lattice vector r, normal to the reflecting planes
and of magnitude 2m. /D, D being the lattice spacing, is at
angle a with horizontal. The Bragg scattered beam is
consequently bent downwards by an amount P;=(rlk)a,
where k =2m/A, is the magnitude of the wave vector. The
Bragg angle is composed of the horizontal part 0; and the
vertical part P;. In principle, this Bragg angle, and there-
by the wavelength, varies if 0; is kept fixed and P; is
varied Sinc.e 8; ~~/; in practice, the wavelength shift is
very small and since the synchrotron spectrum is smooth,
the corresponding intensity variation is negligible. This is
monitored by the ionization chamber after a second slit
S2. In principle, S2 can be wide open since the angle P; is
completely determined by the tilt angle a and 6P; is deter-
mined by the heights of S& and the electron beam 20 me-
ters upstream. However, it is convenient to have a narrow
slit S2 just in front of the sample to provide a well-
defined beam "footprint" on the sample surface and also
because, in practice, the height setting of H2 gives a more
accurate determination of P; than the goniometer setting
a. A slight error in a does not matter in that case because
the counting time is determined by the S2-monitor rate.
In the measurements reported here, S2 was left wide open.

The transverse, out-of-plane (i.e., horizontal) resolution
is determined by the smaHer of the two slit widths of S&
and S2, by the electron beam width (which are all of the
order of 1 mm), and by the large distance (20 m) from the

slits to the source. If the direction of the detected beam is
determined solely by the slit S3 shown in Fig. 1, then the
dominant contribution to the Q„resolution will be de-
rived from the widths of the footprint on the sample sur-
face together with the slit width of S3 relative to the dis-
tance L from sample to S3, which is much shorter than
the distance from sample to source. However, if a narrow
Q„resolution is desirable, one can use a tilted analyzer
crystal similar to the monochromator crystal, as shown in
Fig. 3.' The Q„resolution in this nondispersive
geometry is then determined by the Darwin widths of the
two perfect crystals. Furthermore, if the Q„resolution
should not only be narrow but also have a very steep fall-
off (which may be useful in separating bulk scattering
from surface scattering), one can use multibounce crys-
tals. Here a groove is cut through a perfect crystal and
three successive Bragg reflections take place, two from
one face at the entrance and exit of the groove and one
from the other face in the middle of the length of the
groove.

Typical dimensions for both high resolution using an
analyzer crystal and low resolution using a slit to define
the scattered beam direction are given in Tables I and II.

III. EXPERIMENTAL RESULTS

A. 8OCB high-resolution experimental results

The surface reflectivity of octyloxycyanobiphenyl
(8OCB) was measured using the high-resolution spectrom-
eter described above. Figure 4 is a schematic drawing of
the liquid-crystal oven. The samples were deposited
on the surface of a glass flat, approximately 57 mm in
diameter, that had been treated with a surfactant,
N, N-dimethyl-X-octadecyl-3-aminopropyl-trimethoxysiyl
chloride (DMOAP), in order to insure alignment of the
long molecular axis normal to the glass surface. The
amount of material (1 g) was chosen such that when heat-
ed into the isotropic phase it would form a broad flat
drop, approximately 50 mm in diameter and 0.2 mm deep.
By repeated slow cooling and heating through the
nematic-to-smectic- 3 transition it was possible to obtain a
surface that is flat over most of the sample. The x-ray re-
flectivity measurements to be described below are the best
demonstration of this result.

The glass flat is mounted inside a sealed copper can
with a glass window on top to view the sample and beryl-

TABLE I. Spectrometer parameters (high-resolution parameters). The distance, defined in Fig. 3, between the slit Si and the
monochromator Lo ——140 mm for all configurations. In addition, for configurations 12.83 there was a slit 0.3 mm high by 20 mm
wide, 3500 mrn before slit Sl. Si refers to a channel-cut crystal with three successive reflections. All slit dimensions are expressed as
height times width.

6.82
7.83

Sl
(mm X mm)

0.02x 2
0.1 x0.7

Monochromator
and analyzer

crystals

'Ge(111)
Si(111)

Oo

(degrees)

13.642
14.221

(A)

1.540
1.537

L
(mm)

575
545

LD
(rnm)

600
545

S3
(mm X mm)

1.0x 10
0.1x3.6'

'Effective width due to width of channel in analyzer crystal.
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TABLE II. Spectrometer parameters (low- and intermediate-resolution parameters). See Table I for definitions.

Measurement

8OCB 12.82
8OCB 3.83

40.8 12.83

Sl
(mm g mm)

0.1X0.7
0.1 X 0.2
0.1 && 0.7
0.1 && 0.7
0.1 0& 0.7

Monochromator

'SI(111)
'Si(440)
'Si(220)
'Si(220)
'Si(111)

Op

(degrees)

14.211
23.651
14.257
23.651
14.221

(A)

1.536
0.768
0.943
1.536
1.537

L
(mm)

575
575
575
575
620

S3
(mm && mm)

7 X4
4 ~0.2
4 &&0. 2
4 x02
0.2X0.7

Glass Liq. sample

HeaterHeater

! I / I ~ Heating wire
/

L ~x ray window

. 1

l ii si 7 l

LGlass flat
Heater

Thermistors
Heater
Teflon support

FICx. 4. Side view of the liquid-crystal oven used for reflec-
tivity studies. The walls were made of copper. The sample cov-
ers a 2-in-diam area and the thickness is typically 0.2 mm.

lium or Kapton x-ray windows on the oven sides. Visible
inspection of the isotropic-to-nematic phase transition, to-
gether with x-ray measurements of critical phenomena,
indicate that the sample temperature was homogeneous to
better than a few millikelvin. The temperature of the
oven was controlled by an electronic feedback circuit and
varied by less than 10 mK over periods of the order of
hours.

The solid line in Fig. 5(a) is the x-ray reflectivity of an
8OCB sample at 50 mK above the nematic-to-smectic-3
transition temperature T&z as a function of normalized
wave vector K = Q, /Qo measured with the high-
resolution spectrometer listed as "6.82" in Table II. The
quantity Q, =(4m /A, ) sing; and Qo ——2w/d, where
d =31.6 A, is the layer spacing in the smectic-3 phase of
8OCB. As mentioned above, with high resolution the
only significant intensity to be detected is when the spec-
trometer is aligned exactly for specular reflection. Since
the precision of the various goniometers is such that tilt
of either the monochromator or analyzer was invariably
accompanied by slight rotations compared to Darwin
widths, each of these scans was taken by repeated optimi-
zation of the analyzer rotation and sample height for
varying values of Q, .

The dashed line in Fig. 5(a) is the Fresnel reflectivity
RF(Q) for a flat surface with an abrupt discontinuity in
the dielectric constant. The absolute value of the Fresnel
reflectivity was measured to be greater than 90%%uo below
the critical angle P, . In calculating RF(Q), absorption
was included by considering a complex dielectric constant:
The real part is given by

pA,
2

mc

and the imaginary part e" can be expressed in terms of the
adsorption length l

for P ~P, (10a)

or

10'

~ 105

o 10~

I- 10'

~ 10'

~ 10'
Z.'
LLI

z
10 '—
10.0—

I

(a)

(b}—

~ 10-
CL

0.1—

oo

0
0

I l I

0.25 0.50 0.75

K = Q&/Qo

I

1.00 1.25

FIG. 5. (a) High-resolution longitudinal scan of the reflected
intensity from the surface 8OCB at T —T~~ ——0.05'C. The g,o
scale is normalized to go ——0. 199 A . The dashed line is the
calculated Fresnel reflection law. (b) Reflected intensity vs

Q, /Qo divided by the Fresnel law. The solid line for
T —T» ——0.05 C, open circles for T —T» ——2. 8'C, and trian-
gles for T —T» ——11.06'C.

For small P; =P the Fresnel reflectivity, Eq. (1), is then
given by

(P —P)'+ (e"/2P)'
(P+P)'+ (e"/2P)'
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1 dpo

p( oo ) dz

where

e(z —zo)B, exp
az

X sin[Qo(z —zo)]

z —zo

for P & P, . (10b)

The effects of absorption are only noticeable very near to
the critical angle (P=P, ). The solid line in Fig. 5(b)
displays the result of dividing the measured reflectivity of
Fig. 5(a) by RF using $, =0.152 and e'"=1.16X 10
The open circles and the triangles display similar results
for T —Tzz ——2.8 and 11.06'C, respectively.

The half width at half maximum of the temperature-
dependent peak at Q, =Qo or K = 1 is found to be equal
to I/g~~(T), where g~~(T) is the longitudinal correlation
length of the critical fluctuations as previously measured
in bulk 8OCB. ' The combination of this, together with
the fact that the signal is only observed for the precise
specular reflection conditions, shows that the peak is due
to smectic layers parallel to the sample surface and
penetrating into the bulk of the nematic phase, one bulk
correlation length.

It is interesting to note that for Q, &0.8Qo the reflec-
tivity is equal to the Fresnel value independent of tem-
perature. Furthermore, for Q, & Qo, the reflectivity falls
below the Fresnel value rather sharply, with only a slight
temperature dependence. The reflectivity line shape,
modeled by assuming the average of the electron density
over the x-y plane, can be written as the sum of two
terms: p(z)=po(z)+p~(z). The intuitively obvious form
for the first term is taken to be

103 —104

lK~ )02

O

I—104

O(3

~ )0'
Z
LIJ

Z
)0

—102

—103

102

)01 10'

0.9 1.0

o, rQ,

FIG. 6. High-resolution, specular reflectivity data for 8OCB
near the peak due to the surface layers. The open circles refer to
the left scale and the solid circles to the right scale. The solid
lines are calculated from the model described in the text with
the parameters in Table III. The temperatures T —T~& are (a)
0.10'C, (b) 0.21'C, (c) 0.40 C, and (d) 1.80 C.

0, ifz(zo
e(z —z,)=,

C)
@)(Q)=

2

Q+Qi
erf

v 2o.
Q —Qi—erf

20'

dp) (oz)=C& (mz) ' exp — sinQ, z,
p( m)) dz 2

(12)

where C~ is defined to ensure I p 'dp&/dz =1. It fol-
lows that

A second term is necessary to describe the transition from
the Fresnel reflectivity for Q & Qo to the lower reflectivi-
ties at Q & Qo. A form which represents the data very
well is

(15)

with C
&

' ——erf( Q ~
/~2o ).

The solid lines in Fig. 6 represent the results of non-
linear least-square fits of the measured results for four
different temperatures to the above functional form con-
voluted with a Gaussian resolution function. The full
width at half maximum (EQ, ) of the resolution function
was obtained by measuring the peak line shape near, but
just below, T&z, b, Q, =(1.7X 10 )Qo. The temperatures
and other parameters in the fits are described in Table III.

@(Q) =+o(Q)+ +)(Q),
where

B,
+o( Q) = +i exp( —iQzo )

2

(13)

TABLE III. Results of nonlinear least-squares fits to the
high-resolution data on 8OCB. The parameter zo was fixed at
0.25d.

and

X kiiQo —1

(Q. —Qo C~t
—~

&iiQo+1
( Q +Qo )4'([+ '

(14)

T —TNA

('C)

0.10
0.21
0.40
1.80

0.043
0.065
0.067
0.099

k(~Qo

450 +30
275 +15
145 +7
45.4+7

Qo/~

100 +80
18 +7
16 +8
7.7+ 1.8

10
5
7
3

Qi/Qo

1.001
1.05
1.04
1.03
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The best fit values of g~ ~( T) agree, within experimental er-
ror, with values previously published' for the critical
correlation length in bulk 8OCB. The value for zo, the
origin of the exponentially damped oscillations, was held
fixed at 0.25d. In real space this value of zo locates the
maxima in po exactly d/2 away from the surface as de-
fined by the maxima in dp&/dz. Nonlinear least-squares
fits in which zo is allowed to vary freely converge around
zo-0.25d; however, the fact that the 8~ and zo are high-
ly correlated, results in random variations that we do not
believe to be meaningful. In fact, zp 0.25d is necessary
to obtain asymmetries in the peak line shapes that are
shown in Fig. 6. An example of a best fit keeping zo
fixed at 0.5d is shown in Fig. 7. Clearly zo ——0.25d is a
better choice.

This particular choice for the representation of p&

emerged as the simplest parametrization of a model which
could reproduce both the agreement with the Fresnel law
for Q/Qo &0.8 and the falloff at larger Q. In particular,
the simple Gaussian form that was used to represent ei-
ther the structureless surface of water' or the N& term
used to describe the surface of the isotopic phase of dode-
cylcyanobiphenyl (12CB) (Ref. 26) does not provide a
good fit to the present data. In the absence of a more
basic model, the above form has the advantage that it pro-
vides a quantitative representation of the fact that the ex-
ponentially decaying po term described by Eq. (11) does
not accurately describe the smectic oscillations near the
surface. Furthermore, we believe that the form for p,
given by Eq. (12) does indeed provide an accurate repre-
sentation of the quantative features of the physical sur-
face.

In view of the fact that the falloff in &b&(Q) occurs in
the vicinity of Q =Qo =Q~ its precise shape is partially
obscured by the peak in @o(Q). In particular, without
precise measurements in the tails of @(Q), the best that

can be done is to set a lower limit to the Gaussian
penetration length, 1/cr. Furthermore, where the peak is
relatively intense, the numerical results for 8, and g

~

are
insensitive to the precise value of o. Figure 8 displays the
values of Qo/cr as obtained from fits to the data sets
described in Table III. In addition, we also display results
from other data sets that were less complete than the
above (and thus not otherwise included here) but which
were adequate to set lower limits on Qo/a. One can see
from Fig. 8, that although the Gaussian penetration
length 1/o. is continually driven to larger and larger
values as T approaches Tzz, its precise value is rather un-
certain. The solid line is the best fit to the exponential
correlation length g~~Qo as obtained from critical scatter-
ing from the bulk of 8OCB. ' Since the falloff of p, in
real space is dominated by the Gaussian form, while the
falloff in po is governed by the longer-range exponential,
the density oscillations described by p& are considerably
more localized at the surface than those described by po.
Nevertheless, as T approaches Tzz, the p& oscillations ex-
tend deeper and deeper into the sample.

The 7 values reported in Table III were based on the
assumption that the statistical weight for each point was
given by Poisson statistics. The fact that the 7 values for
these fits are significantly larger than unity is a quantita-
tive demonstration that either the empirical form is not
strictly correct, or that there are other statistical uncer-
tainties beyond the counting statistics. Both of these are
likely to be true. Nevertheless, in view of the fact that
very small systematic errors will make sizable contribu-
tions to data sets like this, which encompass large dynam-
ic ranges, these values for g are not unreasonable.

This particular model, while not necessarily unique,
does illustrate our contention that the only way to obtain
a functional form that will be flat out to Q, —Qo and then
fall off rather abruptly for Q, & Qo is to include spatial
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FIG. 7. Effect of varying the phase of the two terms that
make up 4(Q). The data are the 8OCB data in Fig. 6(a) but the
solid line is the best fit, keeping zo fixed at a value of 0.5d.

FIG. 8. The Gaussian penetration length Qp/cr for 8OCB as
a function of T —T~&. The open circles are the results of the
fits to the data shown in Fig. 6. The open squares are from less
complete data sets from which it was not possible to obtain
upper error limits. The solid line represents the published
values for g~~Qo (Ref. 18).
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oscillations in the electron density that are localized to the
vicinity of the surface. The model-independent physical
significance of this is that the exponential decay included

he 4 (Q) term breaks down in the vicinity o t e sur-
face. Furthermore, since the surface structure responsi e
for the principle features of the model for 4,(Q persist to
much higher temperatures than the critical phenomena as-
sociated with the bulk, one cannot ignore the possibility of
surface phases with separate critical properties from that
of the bulk.

B. 8OCB low resolution

We shall now consider the situation when the resolution
for the scattered radiation is relaxed by removing t e
analyzer crystal and using a slit S3 with a rather open

12.82). First we shall give a qualitative discussion t en
present some data, and finally explain how the data are
analyzed quantitatively.

Figure 1(c) shows the scattering diagram in reciprocal
space. The heavy lines, downwards and upwards at angle

re resent the incoming and the specular reflected wave
vectors, respectively. The high slit height 3 o s i 3 a
distance rom eL f the sample implies that the dashed out-
going wave vector at angle P, =tt;+4/, wi a so e
detecte,d, Ap —Y /2L. Since the scattering is elastic, this
process as ahas a wave-vector transfer component in t e

d todirection, ~y, a, b, Q as well as the z component AQ, ad e o
the central ray. Inspection of Fig. 1(c) immediate y ea s
to

~Q,
~Ps=

2y
I

Qp Qp p

b. Q» b,Q, b, (h,

Qp Qp 2

(16)

since Pp is defined such that 2kgp Qp.
The short side of the resolution parallelogram is given

by the angular divergence 5P; of the incident beam as

k6$, The thickness of the resolution parallelogram along
the z axis is thus indicated in Fig. 1(d) by 5, /Qp
=2 k/Qp)5$; =6/;/Pp. The high effective resolution for
specular reflection in this low-resolution geometry is quite
remarkable. The selection rule that confines specular re-
fl t' t the z axis together with the small tilt Pp o t e
long resolution parallelogram, results in a width 5, / a

nly twice the width of the incident beam 6P;.is ony w
s sec-There are three contributions to the scattering cross

tion: simple specular reflection confined to the z axis and
decaying with increasing Q, roughly as (Q, Q, , re
tion from the smectic layering at the surface confined to
the z axis and peaking at Q, =Qp with a a wi o
(g~~) ', and finally the scattering from critical smectic
fluctuations in the bulk peaking at Q, =Qp, Q»=
half widths (g~~)

' and (gt) ' along the z and x,y direc-
tions, respectively. It is evident from g.f Fi . 1(c) that this
1 tt ontribution is expected to be roughly constanta er c
in a Q, scan for

~ Q, —Qp ~
& AQ plovtde a

b Q» « (gt ) ', and rapidly vanishes outside this interva .
Experimental data obtained with the conditions liste
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FIG. 9. A longitudinal scan (i.e. , a Q, scan) froman from 8OCB at
T —T» ——0. 164'C with the low-resolution spectrometer illus-
trated in ig. c. eF . 1( ) Th lower dashed line is the calculated
Fresnel reflection law normalized to the intensity of
Q /Qp —0.8. The expected widths g~~ and b, Q, are indicated.z

in Table II at entry 12.82 are displayed in Fig. 9. From
Table II one obtains the values of b, Q, =0.122Qp,
AQ»=0. 0030Qp, and 6, =0.004Qp. The data in Fig. 9
were taken at T —T&z ——0. 164'C. From either the pub-
lished data for g~~(T) (Ref. 18) or the high-resolution scans
like that in Fig. 6, g~~Qp=250. Similarly, the publishe
d bt ~ ~~ ——29 ' Thus we have the necessary con-data o tain
dition for the critical scattering from the bulk to be con-
stant, i.e., +ypJ ((((1 and we see that the data in Fig.

intervalhave the expected flat plateau in the interva

surface layers at Q, /Qp = 1 also has the full width at half
maximutn of 2(g'~~Qp) '=8X10 that is expected when
6, «2/g~~. Finally, these two contributions are superim-
posed on a sloping "Fresnel background" as indicated y
the dashed line calculated from Eq. (1).

For this spectrometer, as for the high-resolution spec-
trometer, the relative intensity between the surface peak at
Q, /Qp ——1 and the Fresnel background measures the am-
plitude B,. However, now the critical scattering from the
bulk obscures the part of the specular reflectivity from
which it would be possible to determine the gaussian
penetration depth o.. In analyzing data such as those in
Fig. 9 for different temperatures, we therefore estimated o'

from Fig. 8 and used the fact that the exponentia
penetration length is equal to g~~(T), which is available
from the published literature. Nonlinear least-squares fits
were then carried out for the data in the vicinity o the
peak, with the only free parameter being B,. Best-fit
values of B, versus temperature are listed in Table IV and
plotted in Fig. 10 along with the high-resolution results
f T bl III. The solid line is the best power-law fit torom a e . e
the displayed data: B,=0.81(T—T~~ )
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TABLE IV. The results of nonlinear least-squares fits to low-resolution data for 8OCB. The correla-
tion lengths g~~ and g, were taken from Ref. 18 for bulk 8OCB. Since the critical scattering form the
bulk masks the falloff in 4&(Q) near Q=Qo, the fit is insensitive to the value of the Gaussian penetra-
tion length. Approximate values for Qo/o are taken from Fig. 8.

0.011
0.017
0.022
0.028
0.034
0.044
0.052
0.088
0.164
0.284
0.553
1.105

1746
1279
1064
895
780
648
575
395
253
171
106
64.7

kiQo

142
110
94.8
82.5
73.7
64.6
58.0
42.5
29.6
21.6
14.6
9.8

ooQo
3

1.07 X 104

1.01 X 104

0.75 X 10
0.55 X 104

0.43 X 104

0.31 X 10'
0.26 X 10
1.32 X 10'
0.60X 10'
2.97 X 10'
1.24X10'
0.51 X 10

0.174 X 10
0.182 X 10—'
0.188X 10-'
0.189X 10—'
0.189X 10-'
0.188 X 10—'
0.197X 10
0.199X 10-'
0.203 X 10-'
0.204 X 10-'
0.203 X 10-'
0.204 X 10-'

Qo/o

10
10
10
10
10
10
10

110
50
20.0
14.3
7.7

B,

0.022+0.001
0.024+0.001
0.026+0.002
0.028+0.002
0.031+0.002
0.032+0.001
0.033+0.001
0.039+0.002
0.046+0.002
0.054+0.002
0.063+0.003
0.073+0.002

' ~ =ooQo /[4Ir (Qo(~~ )(Qoki ) l.

roVp S(Q)— (18)

It is also evident from the data of Fig. 9 that the bulk
critical scattering relative to the Fresnel intensity deter-
mines the absolute value of the amplitude of the critical
smectic fluctuations. It is essentially only a matter of
determining the effective volume V contributing to bulk
critical scattering. A ray incident at angle P; and specu-
larly reflected at a depth z below the surface is attenuated
due to absorption by the amount exp( —2z/l sing;), where
l is the absorption length. By integration over z, the ef-
fective depth is therefore (1/2) sing;. The irradiated area
is the cross-sectional beam area A divided by sing;. The
effective scattering volume is therefore simply V =Al/2.

The differential cross section do. /dA due to density
fluctuations 5p(r) in the volume V of the electron density
around its average value p„ is

dQ
=roV f (5p(r) 5p(0) ) exp(iQ. r)d r

Ig(P;, P, ,P, )

&&dP;dP, dg, . (19)

Since the cross section is expressed in terms of wave vec-
tor Q rather than (P;,P„g, ) it is convenient to carry out
the folding integral in Q space rather than angular space.
The relation between the volume element in Q space and
that in angular space can be inferred from the kinematics
in Fig. 1,

where the last equation defines the scattering function
S(Q).

When the spectrometer is set for the central ray bein~
incident at p; and scattered to angle p, in plane and Ij'j,

out of plane, the recorded intensity Iq is the folding of the
cross section with the resolution function

d Q =(k Q cosP;)dP; dP, dg, . (20)

0.10

Bs

0.01

1 I
j

111 li

0.1

I I I ] I I III

1.0
T-TN~)( C)

) I I t «ii

The parallelogram is an area element in Q~-Q, space.
Denoting the short side by X; and the long side by X,
with lengths k 5P; and k 5g„respectively, we find the
area to be

k 5$; 5P, sin(2$) =2(k sing)(k costi))5$; 5P,

= Qk (cosg)5$; 5$, .

The out-of-plane component is of course k 5g, and there-
by the volume element is as given by Eq. (20).

Finally, from the definition of P, =A. (p,„)ro/n, using
Eq. (la),

FICx. 10. The results obtained for B, from fits of the high-
resolution data shown in Fig. 6 (solid circles) and low-resolution
data like those shown in Fig. 9 (open squares). The solid line
represents B,=0.81(T—T~~ )

(p..ro)'= RF(Q),
16m.

(21)

and on substitution into Eq. (18), one obtains the follow-
ing expression for the bulk intensity at Qo:
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Q4
bulk(Q ) Fresnel(Qz )

16~
(k Q cosP)

2

x f g(Q —Q')S(Q')d'Q', (22)

with the values of g~~ and gt and c versus temperature as
determined in Ref. 18. The only unknown parameter in
Eqs. (22) and (23) is therefore cro, which has the dimension
of volume. A least-squares fit to the data obtains the
values of ooQo given in Table IV and plotted in Fig. 11.

The physical significance of o.o is better appreciated
upon taking the Fourier transform of S(Q). We define
the dimensionless distance s by

2 2
gtz Qos—:x +y + 2~

(24)

where g(Q —Q') is the resolution function in reciprocal
space. For S(Q) we take the form used in Ref. 18,

S(Q)=~o[ I+K~~(Q. —Qo)'+AQUA I+&ktQt )]

(23)

C. 8OCB, transverse scans, wavelength dependence

So far we have only shown longitudinal scans to sup-
port the model of surface smectic layering accompanied
by critical scattering from the bulk. Figure 12 displays
transverse out-of-plane scans at two different wave-
lengths. The spectrometer parameters are listed in Table
II under entry 3.83. The height of slit S3 is maintained
relatively open at 4 mm; however, its width is reduced to
0.2 mm. As illustrated in Figs. 12(e) and 12(f), the Q, -Q»
cross section of the resolution volume is still approximat-
ed by a long thin parallelogram, as in the case of Fig. 1(c).
The scans in Fig. 12 are in the Q„direction, or normal to
the Q, -Q~ plane, at fixed values of Q, /Qo=1. 0 [Figs.
12(a) and 12(c)] and Q, /Qo=1. 04 [Figs. 12(b) and 12(d)].
The latter choice is motivated by looking at Fig. 5—here
the wave scattered from the surface layering and the ordi-
nary Fresnel wave interfere destructively and the total sur-
face scattering, confined to the Q, axis, is therefore very

In s space, where the critical fluctuations are isotropic,
one obtains the correlation function

p,„'(5p(r) 5p(0) )
3

~OQ 0 l
—21TS

s exp cos(Qoz) .
4~'(Qpg~ ~ )( Qogt ) Qokt

(25)

The quantity in square brackets is a measure of the abso-
lute value of the density-density correlation function. It is
also listed in Table IV. It is essentially independent of
temperature with an average value around 0.0020.
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FIG. 11. The amplitude ooQO of the critical scattering from
the bulk of 8OCB as a function of T —T». The solid line has
the slope —1.32 that was previously measured in a transmission
geometry (Ref. 18).

FIG. 12. Transverse out-of-plane scan along Q„as a function
of the angle P= Q„/[k cos(P; )] for 8OCB at T —T~q
=0.585 C. The x-ray wavelength for (a) and (b) is A, = 1.543 A
and for (c) and (d) X=0.943 A. For (a) and (c) the spectrometer
is set such that the resolution volume is centered at Q~=0 and
Q, /Qo ——1 [see Fig. 1(c)] and the scan shows both the critical
scattering from the bulk and the surface peak. For (b) and (d)
Qz=0 and Q, /Qo ——1.04. From the data in Fig. 5 one can see
that the specular reflection is nearly zero and these scans are
essentially only the bulk critical scattering. The signals from the
bulk at Q, /Qo ——1.0 and at Q, /Qo= 1.04 are equal; however,
the ratio of specular to bulk varies with wavelength. The inter-
sections between Q, —

Q» and Q, —Q„cross sections of the reso-
lution parallelogram and the scattering are shown for A, = 1.543
A (e) and A, =0.943 A (f). The heavy line indicates the specular
reflectivity and the crosshatched region indicates the bulk
scattering. As discussed in the text the ratio of specular reflec-
tion to bulk would be independent of wavelength were it not for
irradiated volume effects.
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FICx. 13. Results of nonlinear least-squares fits for the trans-
verse bulk correlation length g~ vs T —T~~ for 8OCB from data
like those in Fig. 12 for k =0.77 A (circles), k =0.94 A

0

(squares), and A, =1.54 A (triangles). The solid line is the previ-
ously published result for g, (Ref. 18).

weak and the scattering even at Q„=kg=0 is therefore
due to bulk critical fluctuations. Data such as those in
Fig. 12(b) are therefore particularly useful to obtain the
transverse correlation range gz. A least-squares fit to the
cross section given in Eq. (23), properly folded with the
resolution function, gives g~ versus temperature as shown
in Fig. 13 compared to previous bulk data (solid line)
from Ref. 18. The agreement is excellent.

We shall now discuss the wavelength dependence of
surface scattering relative to bulk scattering. The surface
scattering is indicated by the solid line in Figs. 12(a) and
12(c). The data in Figs. 12(b) and 12(d) provide a very ac-
curate determination of the bulk intensity so that the
separation into surface and bulk contribution at

Q, /Qp= 1.0 does not depend on an analysis of two super-
imposed line shapes. The conditions for the data for
X=0.943 A in Figs. 12(c) and 12(d) are identical to those
for A, =1.543 A in Figs. 12(a) and 12(b), except that we
here have used another set of monochromator planes,
Si(220), and have changed the tilt accordingly.

The bulk scattering relative to the surface scattering is
considerably enhanced at the small wavelength, by a fac-
tor of about 3.3. The reason is of course that the smaller
wavelength radiation penetrates deeper into the bulk and
therefore picks up more effective volume.

For a quantitative discussion two effects must be con-
sidered. The first is the wavelength dependence of the ef-
fective Uolume for bulk scattering, in relation to the effec-
tive area for specular reflection. We have argued above
that the effective volume for bulk scattering is the cross-
sectional beam area 3 times half of the absorption length
1(k). The effective area for surface scattering is

3/P; —3/1, . Thus the ratio of bulk scattering to surface
scattering should vary as A, l(k). A second point to con-
sider, but which proves to be unimportant, is the k depen-
dence of the effective overlap of the resolution function
with the specular reflection and with the bulk critical
scattering. This is illustrated in Figs. 12(e) and 12(f) for
the identical slit configurations used at X=1.543 and

0

0.943 A. The shaded areas indicating bulk scattering
overlap in the Q»-Q, plane are independent of k, but in
the Q„-Q, plane, the resolution width varies as k or 1/k.
Altogether the bulk scattering overlap varies as 1/A, .
However, the surface scattering overlap, indicated by the
heavy bar also varies as 1/A. because the resolution paral-
lelogram is steeper at shorter wavelengths. We conclude
that there is no A, dependence due to resolution effects in
the ratio of bulk-to-surface signal. The measured ratio of
bulk-to-surface signal is expected to vary as A. l(A, ) or as

since the measured l(A, ) varies approximately as
For the wavelengths in Fig. 12 the ratio is

(0.943/1. 543) =2.7, to be compared with the experi-
mental value of 3.3. In view of the experimental uncer-
tainties, we believe this agreement is reasonable.

In concluding this section we have demonstrated by
transverse scans with appropriate slit widths that the bulk
scattering is due to critical smectic fluctuations in the
bulk with a finite width (g~Qp) in contrast to the surface
smectic layering which as essentially the infinite correla-
tion of the surface. This interpretation has been con-
firmed by the wavelength dependence of the bulk signal
relative to the surface signal.

D. 40.8 intermediate resolution

The geometries used for the study of 8OCB were rather
extreme: very high resolution obtained by narrow slit
heights and a channel-cut, perfect analyzer crystal, or low
resolution obtained by a slit aperture in S3 which was
several millimeters either in one or both directions. The
entire study of both bulk and surface properties
throughout the nematic region can be carried out at an in-
termediate resolution with no analyzer crystal but with S3
slit dimensions of a few tenths of millimeters in both
directions.

The most important consequence of this is that the
Q»-Q, projection of the resolution function is changed
from the long thin parallelogram of Fig. 1, tilted at angle
P; to the Q, axis, to a more symmetric figure with the
symmetry axis approximately parallel to the Q, axis.

The material butyloxybenzylidene octylanine (40.8) was
studied using this configuration. The principle difference
between 40.8 and 80CB is that in 40.8 the smectic layer
spacing d is essentially equal to the length of the mole-
cule, while for 8OCB the molecules overlap each other
and the layer spacing is approximately 1.6 times the
length of the individual molecules. Data shown in Fig.
14 are for a temperature 0.5'C above the nematic-to-
smectic-3 transition temperature. The filled circles in
Fig. 14(a) are a longitudinal scan on the Q, axis with
Q„=Q» =0. The open circles below are a similar scan but
with the out-of-plane wave vector misset, Q„/Qp=0. 05.
The later data represent the longitudinal bulk scattering.
Notice the logarithmic intensity scale. The two peaks ap-
pear to have approximately the same widths: a direct
demonstration that the penetration depth of surface smec-
tic layering equals the bulk correlation range. The solid
lines are least-squares fits of the model described in the
preceding sections. The data for Q„/Qp ——0.05 determine
the bulk correlation range g'!!Qp:93 and the opQp ——256.
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FIG. 14. Intermediate-resolution data for 40.8 at T —Tzz ——0.5'C. (a) Q, scans at Q„=O (filled circles), corresponding to the
sum of the specular reflection and the bulk critical scattering and at Q /Qo=0. 05 (open circles), which is only the bulk signal. (b) Q„
scans for Q, /Qo ——1.0 in which the specular and bulk are clearly separable.

The data for Q„/Qo ——0 determine the penetration depth

g~~Qp =99, the surface amplitude 8, =0.095, and the
Craussian depth Qo/cr =7+3, assuming the phase
zo ——0.25d as for 8OCB. The quality of both fits is very
good. The data in Fig. 14(b) are a transverse out-of-plane
scan similar to those of Fig. 12 for 8OCB. The bulk and
surface scattering are clearly separated into a broad and a
narrow, resolution-limited peak. These data then deter-
mine the transverse bulk correlation range g&Qo ——11.2.

The three types of scans displayed in Fig. 14 contain all
information on the free surface of a liquid crystal in the
nematic phase. The reflected waves from the surface and
the smectic surface layering interfere giving rise to an
asymmetric line shape for the total surface scattering. Its
width determines the penetration depth of surface layer-
ing, its height determines amplitude of the surface-
induced smectic order. The bulk scattering is dominated
by the critical scattering from smectic-2 fluctuations in
the nematic phase characterized by the longitudinal and
transverse correlation ranges g~~Qo and g'tQo, respectively,
as well as the absolute magnitude of the density correla-
tion function as expressed by the parameter croQo Data.
sets such as those in Fig. 14 were taken at a number of
temperatures and the best-fit values of model parameters
discussed above are listed in Table V and displayed in Fig.
15. The dashed lines are the results previously obtained
for the critical scattering from the bulk of 40.8 in a
transmission geometry, ' except that in that experiment
the absolute value of opQo was not measured. Best fits to
the displayed data obtain croQo ——130(T—T~~ )

As with 8OCB, measurements of the bulk properties in
the two different geometries agree. The gaussian penetra-
tion length and the amplitude B, are also similar to those
of SOCB and the best fits obtain Qo /cr =5.0( T
—T~g) "- and B,=0.10(T—T~g)+ ' -+' ' Al-
though the critical exponents 6 and v~~ and v& are essen-

tially equal for 8OCB and 40.8, the "exponents" for B,
are significantly different.

IV. DISCUSSION

The principle purpose of this manuscript is to present
experimental results demonstrating that the x-ray reflec-
tivity of nematic liquid-crystal surfaces display features
indicative of surface-induced smectic order. These
features are unambiguously distinguished from all other
scattering processes by the existence of a two-dimensional
selection rule, e.g., Q„=Qr =0. The most striking prop-
erty of this order is the fact that it penetrates into the
bulk exponentially with a characteristic length that is
equal to the parallel correlation length g~~, for critical fluc-
tuations. In addition to the sharp peak, the x-ray reflec-
tivity displays characteristic deviations from the Fresnel
reflection law. We demonstrated above that the total re-
flectivity could be modeled by R (P) =RF(P)

~

4& ~, where
+=NO++I. The first of these No, the Fourier transform

T —TKA

(C)

0.019
0.094
0.134
0.254
0.510
2.006

ooQo
3

25 870
3640
1554
682
284

45

4((Qo

933
332
233
145
91.8
31.7

ki Qo

113
46
30
21 ~ 1

13.6
5.06

Qo /o

a
12.45
8.6
7.67
6.27
3.56

B,
0.056
0.076
0.082
0.088
0.095
0.112

' Could not be determined because of high uncertainty.

TABLE V. The results of nonlinear least-squares fits for the
intermediate-resolution data from 4O.8.
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FIG. 15. Temperature dependence of the parameters ob-
tained from nonlinear least-squares fits of the intermediate-
resolution data for 40.8 as listed in Table V. The dashed lines
through the data represent previously published results (Ref. 19)
for the amplitude and slope, g~~ and g&, and for the slope of
o'pQp. The solid lines are fits to the data as discussed in the text.

of the exponentially penetrating surface oscillations, is
theoretically motivated and the only adjustable parameters
that were not previously known are the amplitude of the
oscillations, B„and the phase factor, zo, that defines the
phase of the oscillations relative to the surface.

The second, or N&, term was represented by an ad hoc
form that was simply taken because it was capable of
representing the data. On the other hand, the functional
form of N& has features that are essential to any full
theoretical representation of the surface layers. For exam-
ple, from Figs. 8 and 15 one can see that the Gaussian
penetration length Qo/o of N~ is at least two to three
times smaller than the exponential penetration length g~~

of 40. The implication is that although the simple ex-
ponential decay of the No term does describe the main
peak in the reflectivity it is not adequate to describe the
amplitude of the real-space smectic oscillations near the

surface. We believe that the counterintuitive temperature
dependence in which B, approaches zero as T approaches
Tzz is a reflection of the interplay between these two
terms. One consequence of this is that the amplitude of
the smectic order parameter near to the surface is not just
equal to B, but is actually the amplitude of the real-space
oscillations that are represented here by the sum of the +0
and N~ terms.

An alternative approach that has recently been applied
to the interpretation of antiferroelectric layering at the
surface of a different type of liquid-crystal material as-
sumes that the surface fixes the position and orientation
of the surface molecules and then calculates the electron
density profile near the surface from models of the molec-
ular form factor. For both 80CB (Ref. 29) and 40.8,
such a calculation obtains amplitudes for the Fourier
component of the electron density at Qp of the order of
0.1. It is interesting to note that the amplitudes for the
real-space electron density oscillations associated with the
N& term are of the same order of magnitude. Since in
8OCB, for T= T&z, B, is considerably smaller than 0.1,
the current model for +& is in reasonable agreement with
the molecular model near to Tzz. For 8OCB, at higher
temperatures, B, approaches 0.1 and the predictions from
the molecular model must be compared to the density ob-
tained from the sum of the +o and +~ terms. Since the
reasonable agreement that can be obtained is very sensitive
to the poorly determined phase zo, detailed comparisons
are not warranted. A similar situation prevails for 4O. 8
over the entire measured temperature range. Nevertheless,
the chosen phase factor, zo-0. 25d, can be justified by in-
spection of the molecular models.

Finally, we have made a direct comparison between the
diffuse critical scattering from the bulk and the specular
reflection from the surface. Since the latter follows the
Fresnel reflection law whose value is known absolutely in
terms of the Thompson cross section of the electron, this
obtains a measure of the absolute value of the critical
cross section. We have interpreted this to obtain an abso-
lute value for the critical part of the density-density corre-
lations.
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