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Abstract—A new approach to the study of the structural quality of crystals is proposed. It is based on the use
of X-ray standing-wave method without measuring secondary processes and considers the multiwave inter-
action of diffraction reflections corresponding to different harmonics of the same crystallographic reflection.
A theory of multiwave X-ray diffraction is developed to calculate the rocking curves in the X-ray diffraction
scheme under consideration for a long-period quasi-one-dimensional crystal. This phase-sensitive method
is used to study the structure of a multilayer lead stearate film on a silicon substrate. Some specific structural
features are revealed for the surface layer of the thin film, which are most likely due to the tilt of the upper

layer molecules with respect to the external normal to the film surface.
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INTRODUCTION

Currently, the study of organic films on solid sub-
strates is of particular interest in view of the possibility
of using them as components of hybrid systems.
Organic molecules have various properties, because
they perform all functions in living systems; at the
same time, modern technologies provide many possi-
bilities for the directed synthesis of these molecules.
Inorganic materials are widely and successfully
applied in different fields of industry, including elec-
tronics and acoustooptics, and their well-developed
growth technology makes it possible to obtain crystals
with high structural quality. Thus, hybrid systems
based on a combination of organic materials and clas-
sical inorganic substrates are promising elements for
various new-generation devices.

Organic films and crystals are generally character-
ized by large interplanar spacings. Correspondingly,
special methods and approaches should be developed
to study the structural characteristics of organic com-
ponents. The functional properties of organic films are
known to depend on the degree of their structural
quality. Therefore, it is important to develop and adapt
phase-sensitive methods for studying hybrid systems
which could yield detailed information about small
deviations of structure from periodicity.

In this paper we propose a method for studying
crystal structure quality similar to the X-ray standing-
wave method without measuring secondary processes
[1—4], which uses multiwave interaction of diffracted

beams corresponding to different harmonics of one
reflection (i.e., different orders of reflection from one
set of crystal planes).

Using the proposed adapted X-ray phase-sensitive
method, we investigated a multilayer lead stearate film
deposited on a silicon substrate by the Langmuir—
Blodgett technique.

The Langmuir technique makes it possible to
obtain periodic organic structures with a high degree
of perfection on solid substrates while controlling the
film deposition accurate to one monolayer. It is
known that Langmuir lead stearate films can form a
lamellar texture with a long axis oriented perpendicu-
lar to the substrate. In this case, the periodic arrange-
ment of layers of lead ions along the normal to the sub-
strate is observed with a high probability.

Our purpose was to analyze the possibility of apply-
ing the proposed method to study the real structure of
thin organic films. In this paper we report the experi-
mental conditions and measurement results, present
the theory and calculation results, and discuss the data
obtained.

SAMPLES

An organic film in the form of a periodic system
composed of 80 lead stearate layers was formed on a
silanized silicon substrate by the Langmuir—Blodgett
technique. Lead stearate monolayers were obtained on
the surface of aqueous subphase and transferred onto
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Fig. 1. Schematic of the scanning geometry in the reciprocal space used in the experiment: (a) Ewald construction and (b) X-ray

diffraction scheme.

a solid substrate using a KSV 5000 system (KSV
Instruments, Finland). The subphase was pure water
(with a resistivity of 18 M€2 -cm) prepared in a Sim-
plicity 185 system (Millipore), with added Pb(NO,),
in a concentration of 3 X 10~ mol/L, pH = 7.2. The
room temperature was maintained constant at a level
of 20.0 = 0.5°C. A solution of stearic acid in chloro-
form (concentration 0.7 mg/mL) was deposited on the
aqueous subphase surface using a microliter syringe,
after which the monolayer was compressed to a pres-
sure of 25 mN/m using two symmetric mobile barri-
ers. The thus formed monolayer was transferred onto
a silanized (100)Si substrate. The substrate silaniza-
tion was performed according to the procedure
described in [5]. The samples for study were obtained
using Si substrates with different roughnesses (no
larger than 10 A).

EXPERIMENTAL

The sample was studied by different X-ray methods
and the X-ray standing-wave method at multiwave
diffraction. Experiments were performed on an
automatic SmartlLab Rigaku X-ray diffractometer
equipped with a 9-kW X-ray source with a rotating Cu
anode.

In the first stage, PbSt, samples on Si substrates
were studied by the X-ray reflectivity method in order
to estimate the degree of structural quality of the
structures fabricated and refine the parameters of their
layer model (thickness, nonideality of interfaces, and
depth homogeneity). Based on these data, structures
of highest quality were selected for further study. Pre-
viously, methods for forming Langmuir—Blodgett
films from PbSt, on Si substrates were developed when
studying the thermal stability of these systems in [5].
Vol. 61
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Since the X-ray reflectivity curves reported in [5] are
similar to our dependences, they are omitted here. It
was also shown in [5] that these multilayer Langmuir
films have a rather high structural quality and are ther-
mally stable at temperatures comparable with room
temperature (up to ~60°).

X-ray diffraction experiments were performed in
the (+n—m) scheme of double-crystal X-ray diffrac-
tion in the horizontal geometry using a system of slits
before the detector, which provided an angular resolu-
tion of 0.025°. The radiation from the source was col-
limated by a channel cut Ge monochromator with
double 220 reflections, the X-ray characteristic line
CuK,, was used. The beam transmitted through the
monochromator was limited by a 0.05-mm slit (in the
diffraction plane) installed before the sample. The dif-
fracted X-ray intensity was recorded by a Nal detector.

The dependences of the reflections from the PbSt,
film were recorded in both symmetric and asymmetric
geometries. Different reflection orders from the
planes parallel to the surface were used. The spacing
between these planes was maximal and corresponded
to the [001] direction, i.e., the ¢ axis of the model unit
cell.

Figure 1 shows schematically, using the Ewald con-
struction (Fig. 1a), the experimental scanning geome-
try. During the measurements, the sample was fixed
on a standard holder for studying plates, while the
X-ray source and detector were rotated around a cir-
cle. The receiving slits made it possible to implement
different angular scanning modes in the experiments,
the so-called 6—26 and w scanning modes (Fig. 1b),
which are widely used in high-resolution X-ray dif-
fractometry [6].

The symmetric (strong) reflection was recorded
using 6—20 scanning in the direction of the H,, vector
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(Fig. 1) in the vicinity of reciprocal lattice point H,,
(m is the integer corresponding to the reflection
order), i.e., in the narrow angular range near the Bragg
angles of the 00/-type reflections.

The asymmetric (weak) reflection was recorded by
 scanning along the H, H,, arc (Fig. 1) practically
perpendicular to the H,, vector at a small deviation
from the reciprocal lattice point H,,; this situation also
corresponds to angular deviation from the exact Bragg
position for the 00/ reflections, but at a fixed sum of
the angle of incidence (0,) and the acceptance angle
(6)), which is equal to the double Bragg angle of the
reflection chosen.

Let us now consider the recording of a weak rock-
ing curve by an example of (003) reflection. To mea-
sure the weak (003) reflection at the strong (001)
reflection, the source is oriented at the Bragg angle of
the (001) reflection, ® = 6; = 0, and the detector is
oriented at the angle 6, made by the reflected beam
with the crystal surface, so that 6,= 26,y; — 0, where
0003 is the Bragg angle of the (003) reflection. Then the
rocking curve is measured as a function of angle w in a
narrow angular range near the Bragg angle of the
strong (001) reflection.

This geometry of the experiment is simple and con-
venient: it can easily be adapted for any combination
of strong and weak reflections of the (00/) type by
choosing the corresponding angles for the source and
detector orientations during scanning in the 6—20 and
o modes. We investigated four different combinations
of strong and weak reflections: (001, 002), (001, 003),
(002, 003), and (003, 002). The total analysis of all
cases yields much more information than any single
case; in particular, one can draw a more accurate con-
clusion about the displacement of atomic layers near
the surface.

Since the interplanar spacing along the diffraction
vector (d = 50 A) exceeds the CuK,, wavelength (A =
1.54 A) greatly, the Bragg angle for the first-order
reflection is small: 6,,, = 0.8827°. The small value of
this angle, on the one hand, increases the reflection
amplitude for a unit length along the normal to the
film surface. On the other hand, it reduces the differ-
ence of the Bragg angles between neighboring reflec-
tion orders.

In view of the aforesaid, the angular width of
reflections increases. Due to this, one can record a
very weak asymmetric diffraction into a neighboring-
order reflection, for example, (002), if the Bragg con-
dition is satisfied for the main reflection (e.g. (001)). If
the reflection occurs simultaneously into several
beams, one deals with a special case of multiwave dif-
fraction, in which the diffraction into the strong
reflection is rather high and is implemented dynami-
cally, whereas the diffraction into weak reflections
occurs kinematically but with formation of an X-ray
standing wave (XSW) in the crystal.
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This case was described in [1—4] and referred to as
the X-ray standing-wave method without secondary
radiation. To experimentally implement this method
for typical perfect crystals (with lattice parameters
~5 A, for example, Si, Ge, GaAs, etc.), one must spe-
cially orient a crystal under study by rotating it around
two axes [7, 8]. Under these conditions, one always
uses the reflections whose reciprocal lattice vectors
make some angle. Here, this method is implemented
for the first time for parallel reciprocal lattice vectors
corresponding to different orders of a set of (00/)
reflections.

A weak reflection is known to stem from a thin sur-
face layer of crystal and be affected by the phase of the
strong reflection amplitude. For this reason, the rock-
ing curves always have an asymmetric character of a
dispersion curve with a minimum and a maximum at
both sides from the center of the strong reflection. If
the planes in the surface layer are displaced with
respect to their position in the ideal crystal lattice, this
displacement directly manifests itself in the angular
dependence of weak reflection and can be determined
by comparison with the results of numerical calcula-
tion.

This feature of the XSW method was theoretically
discussed for the first time in [9] and described in
detail in review [10]. The use of the new modification
of the XSW method for Langmuir lead stearate films
makes it possible to study the structure of the film sur-
face layer without a complex alignment of the crystal
and use different combinations of strong and weak
reflections from an immobile sample.

Some multilayer structures, including Langmuir
films on solid substrates, were investigated in [11—13].
Note that the possibility of multiwave X-ray interac-
tion was disregarded in these studies, and they were
aimed mainly at determining the influence of surface
roughness on the main reflection.

Despite the fact that the weak-reflection intensity
is fairly low in comparison with the strong reflection,
it could be measured using a laboratory X-ray source.
Hence, this method can be widely used to study Lang-
muir films of different types.

RESULTS

Figure 2 shows the angular dependences of the
reflections recorded for the first two cases. Strong
reflection 001, weak reflection 002, and weak reflec-
tion 003 are presented in panels a, b, and c, respec-
tively. One can see that the number of photons is insuf-
ficient for measuring the third curve, as a result of
which the statistical noise is pronounced. However,
one can conclude that the asymmetry of the 003
reflection curve has the same sign as in the case of
reflection 002. Note also that the asymmetry of the
weak reflection curves is incomplete: the minimum is
much weaker than the maximum.

Vol. 61 No.3 2016
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Fig. 2. Experimental dependences of diffraction reflections from a multilayer lead stearate film: (a) symmetric reflection 001 and
(b, ¢) weak asymmetric reflections 002 and 003, respectively, near the Bragg position for the 001 reflection.
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Fig. 3. Experimental dependences of diffraction reflections from a multilayer lead stearate film: (a, b) the symmetric 002 and 003
reflections, respectively, and (c, d) weak asymmetric 003 and 002 reflections near the Bragg positions for the 002 and 003 reflec-
tions, respectively.

Figure 3 shows the curves for the last two cases. that observed for the first case: the maximum is on the
Two strong 002 and 003 reflections are presented in  left and the minimum is on the right.
Fig. 3a and Figs. 3b, the weak 003 and 002 reflections
are shown in Fig. 3c and Fig. 3d, respectively. An
interesting fact is that weak-reflection curve for the
third case has a very weak dispersion, whereas the sim- The Bragg diffraction of X rays occurs in any object
ilar curve for the fourth case has a dispersion opposite ~ with a periodic change in electron density if the Bragg

THEORY
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condition 2dsin® = mA (d is the period; A is the radia-
tion wavelength; and m is an integer, referred to as the
reflection order) is satisfied. Having entered a crystal,
a plane wave generates a set of new plane waves whose
wave vectors differ by reciprocal lattice vectors. If the
wave vector of the incident wave is k,, additional plane
waves with wave vectors k,, = k, + h,,, where h,, is the
reciprocal lattice vector with a number m, can be gen-
erated.

The Bragg condition is equivalent to the elastic
scattering condition when the moduli of the wave vec-
tors of the incident and reflected waves are equal:
Kk, |>= [k. In a long-period quasi-one-dimensional
crystal, one can select a set of reciprocal lattice vectors
with identical directions but different moduli corre-
sponding to different reflection orders h,, = m#hn,
where n is the unit vector along the period direction. In
the case under consideration, it coincides with the
direction of external normal to the crystal surface; 4 =
27t/c (c is the crystal period in the chosen direction)
and m = %1, 2, etc.

The Bragg condition cannot be satisfied exactly for
two reciprocal lattice vectors with different m values.
However, there may be a situation where the Bragg
condition is satisfied well for one reflection order and
poorly for another order. This situation is not imple-
mented in conventional three-dimensional crystals,
because their lattice period is approximately equal to
the X-ray wavelength. Nevertheless, it may occur in
multilayer long-period (for example, organic) struc-
tures in which Bragg angles are small and the angular
distance from one reflection order to another is small
as well.

Three-wave diffraction in a one-dimensional
structure is coplanar; i.e., all plane-wave vectors lie in
the same plane. In this case, the unit polarization vec-
tors of the electric field can be chosen so as to provide
the existence of two systems of noninteracting waves.
However, if the diffraction angles are small, that radi-
ation polarization barely changes and affects the
observed angular dependence curves only slightly.
Therefore, one can approximately consider the scalar
amplitudes of the radiation electric field.

It is known that, in the case of very small diffrac-
tion angles (comparable with the total external reflec-
tion angle), one must take into account specularly
reflected waves. Let the diffraction angles be large
enough to neglect the influence of specularly reflected
waves. We will consider a three-wave case where an
incident wave with a wave vector k,, being reflected
generates a strong wave with a wave vector k, and a
weak wave with a wave vector k,,,.

If all three waves are formally considered strong,
the equations for their scalar amplitudes take the
form [14]
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(0g +2eY0)Ey = XogoEg + Xo, B\ + XopE s
(O('n+28Yn)En =Xn0EO+X00En+X E (1)

(O(‘m + 2£Ym)Em = XmOEO + anEn + XOOEm

Here it is assumed that the wave vectors in the crystal,
being refracted, get an additive —Ken, K = 27t/ v, =
ko./K = sin(0p) (the z axis is directed antiparallel to n),
Yn = knz/Ka Ym = kmz/Ka Qy = Oa

o, =(k,+h,)’ /K> —1=-2sin20,)A8,  (2)

Ar,
Xij =-——"F(k; _kj),

1114

I (3
F(h) =" /i)W, ()Y exp(ihry).
k I=1

Here the subscripts i/ and j take values of 0, n, and m;
V, is the volume of crystal unit cell; r, = e2/mc? is the
classical electron radius; and F(h) is the Fourier trans-
form of electron density in the unit cell. A calculation
starts with selection of a group of identical atoms,
which are enumerated by subscript k. The Fourier
component of electron density, f;, (h), and Debye—
Waller factor W), (h) for an individual atom are identi-
cal in this group. However, the atoms differ in geomet-
ric position, which is taken into account by the second
sum over /, where ry is the coordinate of the /th atom
in the kth group.

Angle AO is assumed to be small; it is chosen so as
to make the total angle be © = 0, + A8, where 6, is the
Bragg angle for the nth reflection. It is noteworthy that
parameter a,, is not arbitrary in this case, because the
sample is not rotated and has not an additional degree
of freedom. This parameter must be expressed in terms
of a,,.

Let us demonstrate this simple calculation by an
example of n =001 and m = 002. In this case, h,, = 2h,,
Therefore,

o, = (Ko +2h,)’ /K* =1 =(4koh, +4h;) /K’
=20, + 2h. /K> =201, + 8.

Here we use the relation 4, = 2Ky,. The formulas for
the other three cases can be obtained in the same way:

(n=001,m = 003) 0L, = 30, + 48Y;,
(n=002,m =003)0,, = (3/2)at, + 375, (5
(n=003,m = 002)a, =(2/3)a, —(8/9)7s.

Parameter y, in each formula corresponds to the Bragg
angle for the strong reflection; therefore, it has differ-
ent values.

It follows from (5) that a, may be close to zero,
while the a,, value is always large in comparison with
X,. Correspondingly, the E,, value is much smaller
than £, and E, and it can be calculated within the per-
turbation theory, neglecting the influence of the weak

4
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value on the strong ones. First, we will consider the
first two equations of system (1) without the term con-
taining £,
2e7,Ey) = XooEy + Xo,E
(O('n + 28’Yn)En = XnOEO + XOOEn'

This system has a solution only if its determinant is
zero. This condition yields the equation for parameter €:

(Xoo —2&79) (X — 287, — ) = X 0 X, (7

The solutions to this equation and the amplitude ratios
have the form

(6)

1/2
28, =xp+x,* (x2 +(x, — x,,)z) ,
R.=En_ 2€1,Y0 — Xoo (8)
Y UE Xop
where xo = Xoo/2v0, X, = (X9 — @,)/2V,, X* =
X,0X0./YoY,- For the second diffracted wave, the
amplitude ratio is obtained from the third equation of
system (1):
E XmO + anRl,Z

F,==n= . 9)
2 E, o, +2¢€,Y, — Xy

The above theory suggests that the crystal is perfect. If
the crystal is deformed or partially damaged, one must
consider a more complex theory in which the diffrac-
tion in different parts of crystal occurs differently. This
more complex theory, in particular, introduces into
consideration the concept of thickness of the surface
layer in which efficient reflection occurs.

If the Bragg condition is exactly fulfilled, total
reflection arises only when the crystal thickness
exceeds extinction length L,,, which is defined as [15]

)2

= Myolv,
e /2"
TRe (XOanO)
For a weak reflection, Bragg condition is satisfied
poorly because |a,,| > X;,. One can show that in this

case only a thin surface layer of crystal is involved in
reflection; the thickness of this layer is approximately

L = 7\’('YO|'Ym|)I/2

ot |

(10)

(1)

The information about the thickness of the crystal sur-
face layer from which reflection occurs is valuable to
take into account the peculiar defect structure of crys-
tal, which is in the following. Let the crystal lattice be
perfect in deeper layers. Then the strong reflection is
formed in these layers and the X-ray standing wave in
the crystal has a periodicity of these layers.

However, the external layer, to which the weak
reflection with subscript m corresponds, can be shifted
along the normal to the surface from the position that
it would have in a perfect crystal. If the displacement
is u, it can be taken into account by slightly changing
formula (9), as was shown in [1, 10]:
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E

=m _
E,
Additional phase @, is introduced in complete analogy
with the theory of XSW method [9, 10].
Since there are two solutions, the total field is their
superposition with coefficients a,,, which determine

the degree of excitation of each solution. They are
found from the boundary conditions for strong waves:

XmO + anRl,Z eXp(i(pn)
O, + 281 5Ym — Xoo

, O, =hun(12)

1,2

al + (12 = 1, a]RICI + a2R2C2 = 0, (13)
C1,2 = eXp(l‘Kgl’zT),
where T is the crystal thickness.
The solution to this system has the form
_ 1
AT RCGRC,)
16150, y (14)
e - RC(RCY)
2 = 1= -
1= RC\(R,C5)
Respectively, the strong-reflection amplitude is
B, = a,R, + a,R, =M_ (15)
R2C2 - Rlcl

It follows from (8) that R,\R, = —(Yo/V)(X,0/Xon). If
X0 = Xy, and v, = —vy, R R, = 1. The reflection coef-
ficient for the second reflection is B,, = a,F, + a,F,
(functions F; and F, were defined in (12)).

Note that, if |a, | > 2levy,|, X5, Weak corrections
can be neglected in the first approximation. Then B,,
can easily be expressed in terms of B,

— XmO + anBn eXp(l(P)

B, =
o

(16)
m

This approximate formula explains the form of the
angular dependence for the weak reflection. Far from
the region of the first strong reflection, coefficient B,
is close to zero; thus, we have an almost constant
reflection, which changes weakly and monotonically
with a change in parameter a,,.

However, the second term in the numerator of for-
mula (16) plays an important role in the region of the
first strong reflection. The real part of complex coeffi-
cient B, is known to change sign at the center of the
reflection region and have different signs at its bound-
aries. Specifically for this reason the angular depen-
dence takes a dispersion form. The presence of an
additional phase factor changes the form of the disper-
sion curve.

DISCUSSION

Based on an analysis of the compression isotherm
and the structural data in the literature, we con-
structed a unit-cell model (Fig. 4a). The lead stearate
unit cell is known to be pseudo-orthorhombic (mono-
clinic, with angles close to 90°) [16]. Hydrocarbon
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Fig. 4. (a) Model of the unit cell of a lead stearate film on
a solid substrate and (b) the model of a multilayer periodic
lead stearate film. The change in the structure of the sur-
face layer of multilayer film, caused by the inclination of
the upper layer molecules with respect to the external nor-
mal to the film surface, is schematically shown.

chains are oriented perpendicular to the substrate
plane and the unit-cell parameters may slightly vary
depending on the film formation conditions [17]. The
experiment aimed at determining the double angle of
diffraction reflection 001 revealed that parameter ¢ =
50 A under chosen conditions of lead stearate film
deposition. The crystal has 40 periods; thus, it is a
multilayer film with a thickness of about 2000 A
(Fig. 4b).

The chemical formula of lead stearate is
(CH;(CH,),,C0OO0),Pb; correspondingly, the crystal
has 111 atoms per unit cell. The model atomic coordi-
nates in the unit cell were used to calculate the struc-
tural factors describing the phase relations in the case
of X-ray scattering by a single unit cell.

The formulas described in the previous section
were used to calculate the theoretical curves of diffrac-
tion reflection coefficient in the strong and weak
reflections for all four experimental configurations.
The curves are relatively wide; therefore, the incident
beam can be considered flat and monochromatic,
because the width of the spectral line Cuk,; of X-ray
tube and the angular range of crystal reflection are
small in comparison with the diffraction reflection
coefficient curve.

For this reason, the calculation was performed in
the approximation of the incident plane monochro-
matic wave. The Fourier components of polarizability
(diffraction parameters) were calculated using the
program described in [18]. It is noteworthy that the
crystal does not have a center of symmetry and the
replacement of X,, with X;,, and vice versa may lead to
different results. However, it turned out that the real
parts differ only slightly, while the imaginary parts do
not affect the result. Figure 5 shows the calculated
curves of diffraction reflection coefficient for the
strong reflections 001, 002, and 003. The 001 curve is
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Fig. 5. Theoretical dependences of the diffraction reflec-
tion coefficient of a multilayer lead stearate film for strong
symmetric 001, 002, and 003 reflections.

shown as it is, while the 002 and 003 curves are multi-
plied by factors of 4.56 and 8.92, respectively, to make
the peak values of the curves coincide. As follows from
Fig. 5, the shape of the curves for all reflections
changes only slightly, as one would expect, because
the film thickness is smaller than the extinction length
(10).

Figure 6 shows the curves of diffraction reflection
coefficient in weak reflections for all four experimen-
tal configurations. The designation of the vertical axis
in the four fragments is as follows: the subscript indi-
cates a weak reflection and the superscript indicates a
strong reflection. The bold lines are the curves calcu-
lated taking into account the additional phase (i.e.,
using formula (12)), and the thin lines are the curves
calculated for an ideal crystal (from formula (9)).

A comparison of the theoretical and experimental
data shows that the experimental curves are neverthe-
less broadened and distorted by instrumental func-
tion; however, this distortion is insignificant. In par-
ticular, the half-width of the strong reflection 001 in
the experimental curve is 0.03°, whereas the half-
width of the theoretical curve is 0.02°. One can easily
see that the consideration of additional phase signifi-
cantly improves the agreement between calculated and
experimental curves. In the cases of 002 (001), 003
(001), and 003 (002), the curve dispersion sign is the
same both for the phase taken into account and for the
ideal film. However, the shape of the curve with phase
taken into consideration is much closer to the experi-
mental curve.

It is of interest that, for the 002 (003) combination,
considering the phase makes it possible to correctly
describe the dispersion of the curve, which is close to
experimental; at the same time, it has opposite sign for
the ideal crystal. In the above designation, the weak
reflection stands first, while the strong reflection is in
parentheses. Thus, a comparison of experimental
Vol. 61
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Fig. 6. Theoretical dependences of the diffraction reflec-
tion coefficient of a multilayer lead stearate film for weak
asymmetric 002 (001), 003 (001), 003 (002), and 002 (003)
reflections. A weak reflection stands first in designations,
and the strong reflection (near the Bragg position of which
the dependence is shown) is in parentheses.

curves with calculated ones shows that the film
obtained is not ideal but strained. One can estimate
only the surface layer strain, to which weak reflection
curves indicate. Strong reflection curves do not con-
tain such information.

A comparison of the results suggests that the layer
of lead ions in the film surface region, being averaged
over the zone exposed to the X-ray beam, is shifted
along the vertical axis so that an additional phase (;t/4)
arises for the 001 reflection. In other words, the dis-
placement is u = ¢/8 along the external normal direc-
tion. The displacement is determined accurate to the
lattice constant; therefore, another possible version is
u = —7¢/8. The phases for the 002 and 003 reflections
are, respectively, 7t/2 and —3m/4.

This shift of lead ions in the surface layers can be
explained in one of two ways. First, the film surface is
inhomogeneous in the lateral plane; i.e., there is
roughness comparable with the lead stearate bilayer
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thickness. The hydrophobic tails of the last lead stea-
rate layer make an angle of 40° with the external nor-
mal to the surface (the angle between the hydrophobic
tails of molecules and the substrate is 50°, as is shown
in Fig. 4b). However, the high roughness of the upper
layer would lead to a change in the dispersion curve
profile with a change in the sample area exposed to the
X-ray beam; however, this was not observed experi-
mentally. The second (most likely) reason is the incli-
nation of lead stearate molecules at the bulk sample—
air interface. The angle between lead stearate hydro-
carbon tails in the upper-layer model presented in
Fig. 4b corresponds to the approximation of a single
molecule located beyond the crystal. Thus, one can
conclude that the surface-layer structure differs from
the structure of the layers in the film bulk.

A signal averaged over the exposed areca was
recorded in our experiment. Therefore, an additional
study must be performed to unambiguously determine
the mechanism of deterioration of the structural qual-
ity of surface layers in the case under consideration

Note also that the theory cannot explain the almost
complete disappearance of dispersion in the weak
reflection curve for the 002 (003) combination. At a
phase of ;t/2, the real part of amplitude B,, in formula
(16) does not contribute to the curve; however, there is
a contribution from the imaginary part. Correspond-
ingly, the calculated curve is symmetric, but the devi-
ation of the maximum from the background is rather
large. The cause of this discrepancy is unclear and
calls for additional study.
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