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Abstract

The first detailed study of surface-induced undulations in a
liquid-crystalline polymer is presented. By examining the non-
specular diffuse scattering from a 30-layer film of ferroelectric liquid-
crystal polymer it is shown that the layer fluctuations are induced by
the roughness of the film/substrate interface. This is in contrast to the
case of free-standing films wherein thermal fluctuations play the
major role.

Thin, smectic liquid-crystal films are of considerable current interest
since they serve as model systems to study two-dimensional to three-
dimensional crossovcr of inter- and intralayer order. For the most part, these
studies have been on free-standing films. It is equally important to
understand the influence of the interface between liquid-crystal films and the
substrate. Film/vacuum and film/substrate interfaces are known to induce
structural changes which are localized in the interfacial regions. On the
other hand, such interfaces can also induce distinct thermodynamic phases as
well as static undulations which penetrate into the interior of the film. The --

static undulations induced by roughness of the substrate surface has bxen
studied in thin adsorbed films of cyclohexane. It was shown that for very D
thin films the substrate van der Waals interactions constrain the liquid D

surface to follow the static undulations of the substrate surface, while for
thicker films the liquid surface structure is influenced mainly by thermally
induced capillary waves. Early studies in homeotropically aligned smectic-
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imperfections associated with the smectic layer order. Rocking scans
through this diffuse scattering are shown in Fig. 2 for the first three Bragg
peaks of Fig. 1. These scans consist of broad diffuse scattering
accompanied by a resolution limited peak due to specular reflection. It may
be recalled that Davidson and Levelut have reported similar diffuse bands
perpendicular to the OOL axis for bulk samples of polysiloxane liquid-crystal
polymers. These bands were attributed to undulations of longitudinally
correlated rows of mesogens. The widths and amplitudes of the diffuse
peaks of our LB multilayer shown in Fig. I are not consistent with such
longitudinal undulations. We shall show that the diffuse scattering for the
liquid-crystalline polymer is in fact due to static undulations of the smectic
layers induced by the roughness of the substrate surface.

Quantitative analysis of the diffuse scattering of Fig. 2 is similar to
that used by Sinha et al. for solid surfaces.7 For a single rough surface, dth
scattered intensity is given by

12 dXdYeq2C(X'Y)e -i(qxX+qyY)
qz so

X and Y are the Cartesian separations of two points on the surface So with an
average layer normal in the Z direction. C(X,Y) is the surface height-height
correlation function. 'Iis is related to the average roughness across the
sample g(X,Y)=<[z(X,Y)-z(O)] 2>. For many isotropic solid surfaces
g(R=(X2+Y2)112) =AR2h describing so-called self-affine roughness 18. h -
DH-3, where DH is the fractal dimension of the surface. For systems of
finite size (and measurement techniques with limited spatial resolution) g(R)
-- 2o 2 for large R, where 0. is the rms roughness of the surface. A
functional form satisfying these limits is

g(R) = 2 2 11 - e-(R14)2 h.

Sis a long-distance cutoff. Using this form for g(R),

C(R) = a2e-(R/•) 
2 h



F(qz ) was determined by the specular portion of the rocking curves, the

rms interlayer roughness a, and the resolution function of the spectrometer.
The fits are shown as solid lines in Fig. 2. The agreement is excellent for all
three rocking curves. The data for all three quasi-Bragg peaks in Fig. 2 were
fit using only three significant adjustable parameters: a 4 and h.. Their
values obtained from best fits are 3.6±0.12 A. 1327±18 A and 0.25±0.05,
respectively. It should be mentioned that the wide range of qz and qx for the
rocking curve data makes the fits extremely sensitive to the value of h.
Figure 3, which plots the central portion of the 002 rocking curve with fits
for three different values of h, demonstrates this sensitivity.

Thermally induced layer undulations also contribute to the diffuse
scattering from the multilayer. To estimate this contribution, the layer
displacement correlation function was calculated following Holyst6 . Using
the above values of B and K used to estimate L, and air/film and
film/substrate interfacial tensions of 30 dyn/cm and 10 dyn/cm, respectively,
the layer displacement correlation function, < u,, (R)uth (0) > for the center
of a 30-layer film is plotted in Fig. 5. Such thermal induced fluctuations are
not conformal i.e. Cij(R) decays quickly for i~j6 . Hence this estimate
represents an upper limit. For comparison, the layer undulation correlation
function determined by the fits to the data in Fig. 2 is also plotted.

Consider, instead the penetration of static undulations through the
film. As stated above, the large value of the compression modulus in these
liquid-crystal polymer films induces a large smectic penetration depth L. It
is energetically less costly to propagate layer undulations parallel to the layer
normal at the expense of in-plane director splay. Hence substrate roughness
plays a major role in the smectic layer structure. The specular reflectivity of
x-rays from the silicon substrate was measured to characterize its surface
roughness. The substrate consists of a monolayer of octadecyltrichlorosilane
(OTS) chemisorbed to the native oxide of a polished (100) silicon wafer.
This data is shown in Fig. 4. along with the corresponding electron density
profile. The data and fit agree very well with previous results on OTS
coated silicon obtained by Tidswell et al.3 The modeling technique has been
thoroughly discussed in Ref. [3]. The analysis yields an alkyl chain region
with a density p/psi=0.38±0.03 and a thickness of 21±0.5 A, indicative of a
well-formed monolayer with a maximum chain tilt of 22*. As is the case
with homeotropic alignment of bulk liquid-crystal samples by alkylsilanes,



Figure captions:

Figure 1. Specular and off-specular scans for a 29-layer liquid-crystal
polymer film. The latter has been offset by a factor of five for
clarity. Four Bragg reflections (layer spacing c-45.7 A) are
evident in the specular data revealing a well ordered layer
structure. The mosaic of the layer normal is limited to 0.070. The
qz dependence of the amplitude of the subsidiary maxima is
discussed in Ref. [J. The off-specular scan was taken at a
trajectory qx0.0O6qz. Diffuse scattering, sharply peaked at qz of
the Bragg reflections, is evident. The width of these peaks are
similar to the primary maxima of the specular scan, implying that
the associated layer undulations are replicated layer to layer. Inset
shows chemical structure of the copolymer.

Figure 2. Rocking scans across the (a) 001, (b) 002 and (c) 003 Bragg
reflections of Fig. 1. The incident beam in (a) was attenuated to
avoid detector saturation near the peak. Open circles denote
experimental data. Solid lines represent best fits to the model
described in the text.

Figure 3. Enlargement of data and best fits to the 002 rocking curve for
different values of h. Solid line: h=0.25, short dashed line: h=1,
dashed-dot-dot line: h=2. All fits have been convolved with
instrumental resolution. Inset: interfacial undulation correlation
functions determined from fits to the rocking curve data (circles)
and calculated from the model of Holyst for thermal undulations
(triangles). The latter, calculated at the midpoint of a 29-layer
film with K=-xlO-6 dyn, B=2.Sx 109 dyn/cm 2, yair/fim=30 dynlcm
and filmIsubstrate=I 0 dyn/cm. The compressibility of the
interdigitated layer consisting of the side-chain mesogens and
alkyl chains of the silanes, Bo--2.5x 107 dyn/cm2.

Figure 4. Specular reflectivity normalized to Fresnel reflectivity (open
circles) and fit to the model of Ref. [3] (solid line). The
corresponding electron density profile is shown in the inset.
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Abstract
The first detailed study of surface-induced undulations in a

liquid-crystalline polymer is presented. By examining the non-
specular diffuse scattering from a 30-layer film of ferroelectric liquid-
crystal polymer it is shown that the layer fluctuations are induced by
the roughness of the film/substrate interface. This is in contrast to the
case of free-standing films wherein thermal fluctuations play the
major role.

Thin, smectic liquid-crystal films are of considerable current interest
since they serve as model systems to study two-dimensional to three-
dimensional crossover of inter- and intralayer order. For the most part, these
studies have been on free-standing films. It is equally important to
understand the influence of the interface between liquid-crystal films and the
substrate. Film/vacuum and film/substrate interfaces are known to induce
structural changes which are localized in the interfacial regions. On the
other hand, such interfaces can also induce distinct thermodynamic phases as
well as static undulations which penetrate into the interior of the film. The
static undulations induced by roughness of the substrate surface has b&en
studied in thin adsorbed films of cyclohexane. It was shown that for very
thin films the substrate van der Waals interactions constrain the liquid
surface to follow the static undulations of the substrate surface, while for
thicker films the liquid surface structure is influenced mainly by thermally
induced capillary waves. Early studies in homeotropically aligned smectic-



imperfections associated with the smectic layer order. Rocking scans
through this diffuse scattering are shown in Fig. 2 for the first three Bragg
peaks of Fig. 1. These scans consist of broad diffuse scattering
accompanied by a resolution limited peak due to specular reflection. It may
be recalled that Davidson and Levelut have reported similar diffuse bands
perpendicular to the 0OL axis for bulk samples of polysiloxane liquid-crystal
polymers. These bands were attributed to undulations of longitudinally
correlated rows of inesogens. The widths and amplitudes of the diffuse
peaks of our LB multilayer shown in Fig. I are not consistent with such
longitudinal undulations. We shall show that the diffuse scattering for the
liquid-crystalline polymer is in fact due to static undulations of the smectic
layers induced by the roughness of the substrate surface.

Quantitative analysis of the diffuse scattering of Fig. 2 is shiilar to
that used by Sinha et al. for solid surfaces.7 For a single rough surface, the
scattered intensity is given by

4 = - dXdYeqz2C(XY)e-i(qxX+qyY)
q2 So

X and Y are the Cartesian separations of two points on the surface So with an
average layer normal in the Z direction. C(X,Y) is the surface height-height
correlation function. 'Tis is related to the average roughness across the
sample g(X,Y)=<[z(XY)-z(O)] 2>. For many isotropic solid surfaces
g(R=(X2 +Y2)I/2) =AR2h describing so-called self-affine roughness18. h =

DH-3, where DH is the fractal dimension of the surface. For systems of
finite size (and measurement techniques with limited spatial resolution) g(R)
-- 20.2 for large R, where or is the rms roughness of the surface. A
functional form satisfying these limits is

g(R) = 2 0&2 [l - e-(RI4)2h J.

Sis a long-distance cutoff. Using this form for g(R),

C(R) = 0.2e-(R/•)21.



F(qz ) was dtermined by the specular portion of the rocking curves, the

rms interlayer roughness a, and the resolution function of the spectrometer.
The fits are shown as solid lines in Fig. 2. The agreement is excellent for all
three rocking curvei. The data for all three quasi-Bragg peaks in Fig. 2 were
fit using only U,"ee significant adjustable parameters: a 4 and h.. Their
values obtained from best fits are 3.6±0.12 A, 1327±18 A and 0.25±0.05,
respectively. It should be mentioned that the wide range of qz and qx for the
rocking curve data makes the fits extremely sensitive to the value of h.
Figure 3, which plots the central portion of the 002 rocking curve with fits
for three different values of h, demonstrates this sensitivity.

Thermally induced layer undulations also contribute to the diffuse
scattering from the multilayer. To estimate this contribution, the layer
displacement correlation function was calculated following Holyst6 . Using
the above values of B and K used to estimate L, and air/film and
film/substrate interfacial tensions of 30 dyn/cm and 10 dyn/cm, respectively,
the layer displacement correlation function, < ugh (R)urh (0)> for the center
of a 30-layer film is plotted in Fig. 5. Such thermal induced fluctuations are
not conformal i.e. Cij(R) decays quickly for i~j6 . Hence this estimate
represents an upper limit. For comparison, the layer undulation correlation
function determined by the fits to the data in Fig. 2 is also plotted.

Consider, instead the penetration of static undulations through the
film. As stated above, the large value of the compression modulus in these
liquid-crystal polymer films induces a large smectic penetration depth L. It
is energetically less costly to propagate layer undulations parallel to the layer
normal at the expense of in-plane director splay. Hence substrate roughness
plays a major role in the smectic layer structure. The specular reflectivity of
x-ray. from the silicon substrate was measured to characterize its surface
roughness. The substrate consists of a monolayer of octadecyltrichlorosilane
(OTS) chemisorbed to the native oxide of a polished (100) silicon wafer.
This data is shown in Fig. 4. along with the corresponding electron density
profile. The data and fit agree very well with previous results on OTS
coated silicon obtained by Tidswell et al.3 The modeling technique has been
thoroughly discussed in Ref. [3]. The analysis yields an alkyl chain region
with a density p/psi--0.38±0.03 and a thickness of 21±0.5 A, indicative of a
well-formed monolayer with a maximum chain tilt of 22*. As is the case
with homeotropic alignment of bulk liquid-crystal samples by alkylsilanes,



Figure captions:

Figure 1. Specular and off-specular scans for a 29-layer liquid-crystal
polymer film. The latter has been offset by a factor of five for
clarity. Four Bragg reflections (layer spacing c=45.7 A) are
evident in the specular data revealing a well ordered layer
structure. The mosaic of the layer normal is limited to 0.070. The
qz dependence of the amplitude of the subsidiary maxima is
discussed in Ref. t]. The off-specular scan was taken at a
trajectory qx=O.OO6qz. Diffuse scattering, sharply peaked at q. of
the Bragg reflections, is evident. The width of these peaks are
similar to the primary maxima of the specular scan, implying that
the associated layer undulations are replicated layer to layer. Inset
shows chemical structure of the copolymer.

Figure 2. Rocking scans across the (a) 001, (b) 002 and (c) 003 Bragg
reflections of Fig. I. The incident beam in (a) was attenuated to
avoid detector saturation near the peak. Open circles denote
experimental data. Solid lines represent best fits to the model
described in the text.

Figure 3. Enlargement of data and best fits to the 002 rocking curve for
different values of h. Solid line: h=0.25, short dashed line: h=l,
dashed-dot-dot line: h=2. All fits have been convolved with
instrumental resolution. Inset: interfacial undulation correlation
functions determined from fits to the rocking curve data (circles)
and calculated from the model of Holyst for thermal undulations
(triangles). The latter, calculated at the midpoint of a 29-layer
film with K=l xlO-6 dyn, B=2.5x109 dyn/cm 2, yair/.flm= 30 dynlcm
and 71-Im/substrate=l 0 dyn/cm. The compressibility of the
interdigitated layer consisting of the side-chain mesogens and
alkyl chains of the silanes, Bo=2.5x 107 dyn/cm2 .

Figure 4. Specular reflectivity normalized to Fresnel reflectivity (open
circles) and fit to the model of Ref. 13] (solid line). The
corresponding electron density profile is shown in the inset.
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Abstract
The first detailed study of surface-induced undulations in a

liquid-crystalline polymer is presented. By examining the non-
specular diffuse scattering from a 30-layer film of ferroelectric liquid-
crystal polymer it is shown that the layer fluctuations are induced by
the roughness of the film/substrate interface. This is in contrast to the
case of free-standing films wherein thermal fluctuations play the
major role.

Thin, smectic liquid-crystal films are of considerable current interest
since they serve as model systems to study two-dimensional to three-
dimensional crossover of inter- and intralayer order. For the most part, these

studies have been on free-standing films. It is equally important to
understand the influence of the interface between liquid-crystal films and the
substrate. Film/vacuum and film/substrate interfaces are known to induce
structural changes which are localized in the interfacial regions. On the
other hand, such interfaces can also induce distinct thermodynamic phases as
well as static undulations which penetrate into the interior of the film. The
static undulations induced by roughness of the substrate surface has bxen
studied in thin adsorbed films of cyclohexane. It was shown that for very
thin films the substrate van der Waals interactions constrain the liquid
surface to follow the static undulations of the substrate surface, while for
thicker films the liquid surface structure is influenced mainly by thermally
induced capillary waves. Early studies in homeotropically aligned smectic-



imperfections associated with the smectic layer order. Rocking scans
through this diffuse scattering are shown in Fig. 2 for the first three Bragg
peaks of Fig. 1. These scans consist of broad diffuse scattering
accompanied by a resolution linmited peak due to specular reflection. It may
be recalled that Davidson and Levelut have reported similar diffuse bands
perpendicular to the OOL axis for bulk samples of polysiloxane liquid-crystal
polymers. These bands were attributed to undulations of longitudinally
correlated rows of mesogens. The widths and amplitudes of the diffuse
peaks of our LB multilayer shown in Fig. I are not consistent with such
longitudinal undulations. We shall show that the diffuse scattering for the
liquid-crystalline polymer is in fact due to static undulations of the smectic
layers induced by the roughness of the substrate surface.

Quantitative analysis of the diffuse scattering of Fig. 2 is similar to
that used by Sinha et al. for solid surfaces.7 For a single rough surface, the
scattered intensity is given by

1 JdXdYeqc(xY) e -i(qxX+q)Y)

qz So

X and Y are the Cartesian separations of two points on the surface So with an
average layer normal in the Z direction. C(X,Y) is the surface height-height
correlation function. This is related to the average roughness across the
sample g(X,Y)= <[.z(X,Y)-z(O)J 2>. For many isotropic solid surfaces
g(R=(X2+Y2)1/2) =AR2h describing so-called self-affine roughnessl 8 . h -
DH-3, where DH is the fractal dimension of the surface. For systems of
finite size (and measurement techniques with limited spatial resolution) g(R)
-4 2a 2 for la.-po R, where o" is the rms roughness of the surface. A
functional form satisfying these limits is

g(R) = 2ao2 11 - e-(R/4 )2h J.

Sis a long-distance cutoff. Using this form for g(R),

C(R) o(2 e (R14) 2h



F(qz ) was determined by the specular portion of the rocking curves, the

rms interlayer roughness a, and the resolution function of the spectrometer.

The fits are shown as solid lines in Fig. 2. The agreement is excellent for all

three rocking curves. The data for all three quasi-Bragg peaks in Fig. 2 were
fit using only three significant adjustable parameters: a 4 and h.. Their
values obtained from best fits are 3.6±0.12 A, 1327±18 A and 0.25±+0.05,
respectively. It should be mentioned that the wide range of qz and qx for the

rocking curve data makes the fits extremely sensitive to the value of h.

Figure 3, which plots the central portion of the 002 rocking curve with fits

for three different values of h, demonstrates this sensitivity.
Thermally induced layer undulations also contribute to the diffuse

scattering from the multilayer. To estimate this contribution, the layer

displacement correlation function was calculated following Holyst 6 . Using
the above values of B and K used to estimate L, and air/film and

film/substrate interfacial tensions of 30 dyn/cm and 10 dyn/cm, respectively,
the layer displacement correlation function, < uh (R)uth (0)> for the center

of a 30-layer film is plotted in Fig. 5. Such thermal induced fluctuations are
not conformal i.e. Cij(R) decays quickly for i•j6. Hence this estimate

represents an upper limit. For comparison, the layer undulation correlation

function determined by the fits to the data in Fig. 2 is also plotted.
Consider, instead the penetration of static undulations through the

film. As stated above, the large value of the compression modulus in these

liquid-crystal polymer films induces a large smectic penetration depth L. It
is energetically less costly to propagate layer undulations parallel to the layer
normal at the expense of in-plane director splay. Hence substrate roughness
plays a major role in the smectic layer structure. The specular reflectivity of

x-rays from the silicon substrate was measured to characterize its surface

roughness. The substrate consists of a monolayer of octadecyltrichlorosilane
(OTS) chemisorbed to the native oxide of a polished (100) silicon wafer.
This data is shown in Fig. 4. along with the corresponding electron density

profile. The data and fit agree very well with previous results on OTS
coated silicon obtained by Tidswell et al. 3 The modeling technique has been

thoroughly discussed in Ref. [3]. The analysis yields an alkyl chain region
with a density p/pSi--0.38±0.0 3 and a thickness of 21±0.5 A, indicative of a
well-formed monolayer with a maximum chain tilt of 220. As is the case

with homeotropic alignment of bulk liquid-crystal samples by alkylsilanes,



Figure captions:

Figure 1. Specular and off-specular scans for a 29-layer liquid-crystal
polymer film. The latter has been offset by a factor of five for
clarity. Four Bragg reflections (layer spacing c=45.7 A) are
evident in the specular data revealing a well ordered layer
structure. The mosaic of the layer normal is limited to 0.070. The
qz dependence of the amplitude of the subsidiary maxima is
discussed in Ref. [I. The off-specular scan was taken at a
trajectory qx=O.OO6qz. Diffuse scattering, sharply peaked at q: of

the Bragg reflections, is evident. The width of these peaks are
similar to the primary maxima of the specular scan, implying that
the associated layer undulations are replicated layer to layer. Inset
shows chemical structure of the copolymer.

Figure 2. Rocking scans across the (a) 001, (b) 002 and (c) 003 Bragg
reflections of Fig. 1. The incident beam in (a) was attenuated to
avoid detector saturation near the peak. Open circles denote
experimental data. Solid lines represent best fits to the model
described in the text.

Figure 3. Enlargement of data and best fits to the 002 rocking curve for
different values of h Solid line: h=0.25, short dashed line: h= 1,
dashed-dot-dot line: h=2. All fits have been convolved with
instrumental resolution. Inset: interfacial undulation correlation
functions determined from fits to the rocking curve data (circles)
and calculated from the model of Holyst for thermal undulations

(triangles). The latter, calculated at the midpoint of a 29-layer
film with K=l x10-6 dyn, B=2.5x 109 dyn/cm 2, ,air/film=3 0 dyn/cm

and Ifilm/substrate= 10 dyn/cm. The compressibility of the
interdigitated layer consisting of the side-chain mesogens and
alkyl chains of the silanes, B(-=2.5x 107 dyn/cm2 .

Figure 4. Specular reflectivity normalized to Fresnel reflectivity (open

circles) and fit to the model of Ref. 13] (solid line). The
corresponding electron density profile is shown in the inset.
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Abstract
The first detailed study of surface-induced undulations in a

liquid-crystalline polymer is presented. By examining the non-
specular diffuse scattering from a 30-layer film of ferroelectric liquid-
crystal polymer it is shown that the layer fluctuations are induced by
the roughness of the film/substrate interface. This is in contrast to the
case of free-standing films wherein thermal fluctuations play the
major role.

Thin, smectic liquid-crystal films are of considerable current interest
since they serve as model systems to study two-dimensional to three-
dimensional crossovcr of inter- and intralayer order. For the most part, these
studies have been on free-standing films. It is equally important to
understand the influence of the interface between liquid-crystal films and the
substrate. Film/vacuum and film/substrate interfaces are known to induce
structural changes which are localized in the interfacial regions. On the
other hand, such interfaces can also induce distinct thermodynamic phases as
well as static undulations which penetrate into the interior of the film. The
static undulations induced by roughness of the substrate surface has &en
studied in thin adsorbed films of cyclohexane. It was shown that for very
thin films the substrate van der Waals interactions constrain the liquid
surface to follow the static undulations of the substrate surface, while for
thicker films the liquid surface structure is Mnfluenced mainly by thermally
induced capillary waves. Early studies in homeotropically aligned smectic-



imperfections associated with the smectic layer order. Rocking scans
through this diffuse scattering are shown in Fig. 2 for the first three Bragg
peaks of Fig. 1. These scans consist of broad diffuse scattering
accompanied by a resolution linited peak due to specular reflection. It may
be recalled that Davidson and Levelut have reported similar diffuse bands
perpendicular to the OOL axis for bulk samples of polysiloxane liquid-crystal
polymers. These bands were attributed to undulations of longitudinally
correlated rows of mesogens. The widths and amplitudes of the diffuse
peaks of our LB multilayer shown in Fig. I are not consistent with such
longitudinal undulations. We shall show that the diffuse scattering for the
liquid-crystalline polymer is in fact due to static undulations of the smectic
layers induced by the roughness of the substrate surface.

Quantitative analysis of the diffuse scattering of Fig. 2 is similar to
that used by Sinha et al. for solid surfaces. 7 For a single rough surface, the
scattered intensity is given by

S(O)-•z!d~d~q2cmxy)e-i(qxX+qy'Y)

S(4) = 2f ~~

X and Y are the Cartesian separations of two points on the surface So with an
average layer normal in the Z direction. C(X,Y) is the surface height-height
correlation function. This is related to the average roughness across the
sample g(XY)= <[.z(X,Y)-z(O)] 2>. For many isotropic solid surfaces
g(R=(X2+ Y2)1/2) =AR2h describing so-called self-affine roughness 18. h -

DH-3, where DH is the fractal dimension of the surface. For systems of
finite size (and measurement techniques with limited spatial resolution) g(R)
-4 2a 2 for large R, where a is the rms roughness of the surface. A
functional form satisfying these limits is

g(R) = 2" 2 1I - e-(R/4 )2h 1.

Sis a long-distance cutoff. Using this form for g(R),

C(R) = o2e-(e4) 2h .



F(qz ) was determined by the specular portion of the rocking curves, the

rms interlayer roughness a, and the resolution function of the spectrometer.
The fits are shown as solid lines in Fig. 2. The agreement is excellent for all
three rocking curves. The data for all three quasi-Bragg peaks in Fig. 2 were
fit using only three significant adjustable parameters: a 4 and h.. Their
values obtained from best fits are 3.6±0.12 A, 1327±18 A and 0.25±0.05,
respectively. It should be mentioned that the wide range of qz and qx for the
rocking curve data makes the fits extremely sensitive to the value of h.
Figure 3, which plots the central portion of the 002 rocking curve with fits
for three different values of h, demonstrates this sensitivity.

Thermally induced layer undulations also contribute to the diffuse
scattering from the multilayer. To estimate this contribution, the layer
displacement correlation function was calculated following Holyst 6 . Using
the above values of B and K used to estimate L, and air/film and
film/substrate interfacial tensions of 30 dyn/cm and 10 dyn/cm, respectively,
the layer displacement correlation function, < uh (R)uh (0) > for the center
of a 30-layer film is plotted in Fig. 5. Such thermal induced fluctuations are
not conformal i.e. Cij(R) decays quickly for i•J6. Hence this estimate
represents an upper limit. For comparison, the layer undulation correlation
function determined by the fits to the data in Fig. 2 is also plotted.

Consider, instead the penetration of static undulations through the
film. As stated above, the large value of the compression modulus in these
liquid-crystal polymer films induces a large smectic penetration depth L. It
is energetically less costly to propagate layer undulations parallel to the layer
normal at the expense of in-plane director splay. Hence substrate roughness
plays a major role in the smectic layer structure. The specular reflectivity of
x-rays from the silicon substrate was measured to characterize its surface
roughness. The substrate consists of a monolayer of octadecyltrichlorosilane
(O'lTS) chemisorbed to the native oxide of a polished (100) silicon wafer.
This data is shown in Fig. 4. along with the corresponding electron density
profile. The data and fit agree very well with previous results on OTS
coated silicon obtained by Tidswell et al.3 The modeling technique has been
thoroughly discussed in Ref. [3]. The analysis yields an alkyl chain region
with a density p/psi=0.38±0.03 and a thickness of 21±0.5 A, indicative of a
well-formed monolayer with a maximum chain tilt of 220. As is the case
with homeotropic alignment of bulk liquid-crystal samples by alkylsilanes,



Figure captions:

Figure 1. Specular and off-specular scans for a 29-layer liquid-crystal
polymer film. The latter has been offset by a factor of five for
clarity. Four Bragg reflections (layer spacing c=45.7 A) are
evident in the specular data revealing a well ordered layer
structure. The mosaic of the layer normal is limited to 0.071. The
qZ dependence of the amplitude of the subsidiary maxima is
discussed in Ref. 11. The off-specular scan was taken at a
trajectory qx=O.OO6qz. Diffuse scattering, sharply peaked at qz of
the Bragg reflections, is evident. The width of these peaks are
similar to the primary maxima of the specular scan, implying that
the associated layer undulations are replicated layer to layer. Inset
shows chemical structure of the copolymer.

Figure 2. Rocking scans across the (a) 001, (b) 002 and (c) 003 Bragg
reflections of Fig. I. The incident beam in (a) was attenuated to
avoid detector saturation near the peak. Open circles denote
experimental data. Solid lines represent best fits to the model
described in the text.

Figure 3. Enlargement of data and best fits to the 002 rocking curve for
different values of h. Solid line: /=0.25, short dashed line: h=l,
dashed-dot-dot line: h=2. All fits have been convolved with
instrumental resolution. Inset: interfacial undulation correlation
functions determined from fits to the rocking curve data (circles)
and calculated from the model of Holyst for thermal undulations
(triangles). The latter, calculated at the midpoint of a 29-layer
film with K=lxlO-6 dyn, B=2.5x 109 dyn/cm 2, rairlfilm"30 dyn/cm
and 2riimlsubstrate=l 0 dyn/cm. The compressibility of the
interdigitated layer consisting of the side-chain mesogens and
alkyl chains of the silanes, Bo-=2.5x 107 dyn/cm2 .

Figure 4. Specular reflectivity normalized to Fresnel reflectivity (open
circles) and fit to the model of Ref. 13] (solid line). The
corresponding electron density profile is shown in the inset.
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