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X-ray scattering experiments within the region of total external reflection as well as grazing-incidence-
diffraction measurements from Langmuir-Blodgett films are shown. All measurements are explained quantita-
tively using the distorted-wave Born approximation~smallqz regions! or a simple kinematic scattering theory
~largeqz regions! for layered systems. Since rather imperfect systems are investigated, strong vertical corre-
lations between the roughnesses of the organic layer interfaces were found for two samples consisting of 9 and
11 layers, respectively, of cadmium-arachidate on silicon~100! surfaces. This conformal roughness does not
stem from the substrate but from defects and holes of the first transferred layer. The model of self-affine rough
interfaces yields consistent parameters compared with grazing incidence diffraction experiments and no hints
towards a cadmium-arachidate island formation are observed.@S0163-1829~96!07331-6#

I. INTRODUCTION

Organic multilayers currently play an important role in
thin-film technology research. Possible applications for these
films are coatings of glass fibers for light transmission, high
speed optical control elements in microelectronics, improve-
ment of surface quality of mirrors, and detectors for organic
molecules as biosensoric devices.1–3 In analogy to the
molecular-beam-epitaxy~MBE! layer-by-layer growth of
semiconductor materials, the Langmuir-Blodgett~LB!
technique4 can be used to prepare organic multilayers of
well-defined thickness and composition. These layers are
transferred to a solid substrate, e.g., a silicon wafer, from the
liquid subphase by repeating a simple dipping procedure.
This technique leads one to expect that imperfections will be
transferred completely from one layer to the next. In this
paper we focus on this special topic of correlated or confor-
mal roughness in LB films, which is of decisive importance
for the preparation of high-quality organic multilayers.

Whereas the structure and phase transitions of Langmuir
films on water surfaces have been the focus of many works
during the last decade~for a review see Als-Nielsenet al.5!,
the detailed lateral structure of LB films on solid substrates is
less understood. Only a few diffuse x-ray scattering studies
of this topic exist.6–8 Since the diffuse scattering theory for
layered systems was worked out in great detail during the
last two years~see below! now a more quantitative descrip-
tion of the interface structure of LB films becomes possible.
Questions concerning the degree of conformality of the or-
ganic layers, the detailed morphology of the interfaces, and
the possible evolution of the roughness from the substrate to
the top layers~smoothing or amplifying tendencies! will be
addressed in our study. Recently Gibaudet al.9 have found
evidence of self-affine rough interfaces in a LB film. This
important result leads one to suspect that even in systems
consisting of ‘‘pencil-like’’ molecules a certain amount of
disorder exists so that statistical models are applicable for a
new class of interfaces. The aim of the present work is to

shed some more light on this point in connection with the
above-mentioned roughness correlations.

It is well known that x-ray scattering is a powerful and
nondestructive probe for investigating thin films. X-ray re-
flectivity has become a common tool for determining density
profiles of thin films and multilayers.10–15The nonspecularly
scattered diffuse intensity, on the other hand, is mainly sen-
sitive to the lateral structure of rough interfaces, in particular
to the respective height-height correlation functions. The dif-
fuse scattering cross section of a single surface was calcu-
lated using the distorted-wave Born approximation
~DWBA!.16–18 Later these results were extended to layered
systems including the effect of vertical correlations between
the interfaces.19,20 Recently it was shown that diffuse x-ray
scattering data from evaporated Si/Ge and MBE CoSi2 layers
can be quantitatively explained using the DWBA on the ba-
sis of a particular data analysis.21–23

In this paper we present x-ray scattering experiments on
two LB samples. It is shown that the LB preparation tech-
nique yields highly correlated interface structures. After the
Introduction, the scattering theory and a discussion of corre-
lation functions are briefly presented. Then a description of
the sample preparation and the experimental setup follows.
Furthermore the measurements and the corresponding fits are
shown and compared with the results of grazing incidence
diffraction ~GID! investigations. A discussion, conclusions, a
summary, and an outlook finish this paper.

II. SCATTERING THEORY

A. Specular reflectivity

We assume a sample consisting ofN layers j51,...,N.
The refractive indexnj of layer j is nj512d j1 ib j with the
dispersion dj and the absorptionbj . Then the Fresnel-
reflection and -transmission coefficients for each~smooth!
interface are r j , j115(kz, j2kz, j11)/(kz, j1kz, j11) and
t j , j1152kz, j /(kz, j1kz, j11), respectively,

24 with kz, j the z
component of the wave vector in mediumj , which is deter-
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mined by the law of refraction:kz, j5ki~n j
22cos2 ai!

1/2.
Throughout this paper thez axis is directed perpendicular to
the surface,x is the lateral direction in the scattering plane,
andy denotes the out-of-plane direction. The glancing angle
of incidence isai andki5kf52p/l5k1 is the modulus of
the incoming wave vector~l is the x-ray wavelength!.

The ratioXj of the amplitudesRj andTj of the outgoing
to the incoming electromagnetic waves in layerj , which lies
between the positionszj11 and zj ~layer thickness
dj5zj112zj !, can be calculated with the well-known Parratt
recurrence relation:10,24

Xj :5
Rj

Tj
5e22ikz, j zj

r j , j111Xj11e
2ikz, j11zj

11r j , j11Xj11e
2ikz, j11zj

. ~1!

If a semi-infinite substrate is assumed,RN1150 follows and
the reflected intensityI is obtained with Eq. ~1! via
I5I 0uR1u

2. The amplitude of the incoming x-ray wave was
set toT151.

The recurrence formula~1! not only works for simple
layer systems but also for arbitrary electron density profiles
z(z). For this purpose the profile has to be sliced into very
thin layers of uniform density. The accuracy and the amount
of computation time of this method are then determined by
the number of layers that are used to approximate the actual
density profile.

Small roughnesses~compared with the respective layer
thickness! of the interfaces can be included in the description
in another way. In this case the Fresnel reflectivitiesr j , j11
for smooth interfaces are replaced in Eq.~1! by the coeffi-
cientsr̃ j , j11 for rough interfaces. An analytical solution can
be found for the tanh-refractive index profile between layerj
and j11 leading to the expression13,25,26

r̃ j , j115
sinh@~p/2!1.5s j~kz, j2kz, j11!#

sinh@~p/2!1.5s j~kz, j1kz, j11!#
G~s j ,kz, j ,kz, j11!.

The factorG(s j ,kz, j ,kz, j11) is always set to 1 in the case of
hard x rays and roughnesses up tosj'100 Å.27 It is impor-
tant to mention that the tanh profile is very similar to an
error-function profile with a Gaussian probability density and
root-mean-square~rms! roughnesssj ~Ref. 28! because for
the explanation of the diffuse scattering data a Gaussian
probability density has to be assumed.16,19

B. Diffuse scattering

Lateral information about the interfaces of a layer system
can be obtained by analyzing the diffuse nonspecularly scat-
tered intensity. Whereas in principle the calculation of the
reflected intensity is exact~solution of the Helmholtz equa-
tion with the Parratt formalism, see Sec. II A!, the diffusely
scattered intensity can only be calculated using various kinds
of approximations. In the case of hard x rays and glancing
angles of incidence and exitai and af , respectively, the
formulation of the DWBA is used. The roughnesses lead to a
nonzero probability for a transition from a state with wave
function uCi& to a wave functionuCf& with k iÞk f , which
means that the interface roughnesses cause all nonspecular
scattering contributions. A calculation of the transition ma-
trix elements finally leads to the following expression for the
cross sectionds/dV of the diffuse scattering~for details see
Refs. 19, 20, and 29!:

S ds

dV D
diff

5
Gk12

8p2 (
j ,k51

N

~nj
22nj11

2 !~nk
22nk11

2 !* (
m,n50

3

G̃j
mG̃k

n* expH 2
1

2
@~qz, j

m s j !
21~qz,k

n*sk!
2#J Sjkmn~qx ,qz, j

m ,qz,k
n !, ~2!

with the structure factor

Sjkmn~qx ,qz, j
m ,qz,k

n !5
1

qz, j
m qz,k

n* E
0

`

@exp$qz, j
m qz,k

n*Cjk~x!%21#cos~qxx!dx. ~3!

Due to the rather coarse resolution perpendicular to the scat-
tering plane, an integration over the out-of-plane wave vector
transferqy was already performed to obtain Eq.~3!. The
lateral roughness structure of the interfaces in thex direction
is taken into account by the autocorrelation functions
Cj (x)5Cj j (x) and the corresponding cross-correlation func-
tionsCjk(x) between interfacesj andk. The illuminated area
of the sample is denoted byG, q j

m5(qx ,q z, j
m )T is the mo-

mentum transfer within each layer, and dynamical effects are
taken into account by the factorsG̃ j

m5G j
m exp(2 iq z, j

m zj ).
The respective expressions forG j

m andq j
m can be found in

the papers of Holy´ et al.19,20or Schlomkaet al.21 Note that a
Gaussian probability density of all roughness distributions
was assumed to obtain Eqs.~2! and ~3!.

C. Correlation functions

Interface roughness is characterized by two quantities:
The vertical widths ~rms roughness! and the particular lat-
eral structure. Since the x-ray beam averages over the coher-
ently illuminated area~several micrometers! a statistical de-
scription of the lateral structure via correlation functions is
straightforward. For interfacej at the vertical position
zj ~R!5zj1f j ~R! the height-height~auto! correlation func-
tion Cj ~R! is defined by

Cj~R!:5^f j~r !f j~r1R!& r.

Here R5r2r 8, r5(x,y)T, and r 85(x8,y8)T are vectors
within the surface and̂ &r means the average over the (x,y)
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plane. The functionfj ~R! is the height fluctuation of the
interface j , which has the average heightzj and the lateral
position R. The rms roughness then iss j5ACj (0); the
mean valuêfj ~r !&r of the fluctuating part vanishes.

It has turned out that for many isotropic solid surfaces,
Cj ~R! can be represented by the correlation function of a
self-affine fractal surface:16,30–33

Cj~R!5s j
2e2~R/j j !

2hj, ~4!

with a lateral cutoff~correlation! length jj and the Hurst
parameterhj .

34–36The quantityjj describes the length scale
on which the interface begins to look rough: ForR,j j the
surface is self-affine rough whereas forR.j j the surface
looks smooth. The Hurst parameterhj is restricted to the
region 0,hj<1 and defines the fractal box dimension
Dj532hj of the interface.34 Small values ofhj describe
jagged surfaces whileh'1 leads to interfaces with smooth
hills and valleys.16,21,30

In the present work the fractal correlation function defined
by Eq. ~4! is taken for all interfaces. This function was in-
troduced to describe semiconductor or metal surfaces. As
already mentioned in the Introduction, Gibaudet al.9 were
able to explain their data assuming self-affine rough inter-
faces in LB films. Our investigations strongly support this
finding ~see Sec. V B!. Nevertheless, other correlation func-
tions might be more appropriate. Sto¨mmeret al.6,7 propose a
model where single molecules of one layer are arranged lat-
erally in domains. This domain model has the advantage that
the microscopic structure is easily included in the theory.
Another ansatz for the microscopic structure of LB films of
polymers was given by Feigin and Samoilenko.37 Their slab
model is able to explain some features of the diffuse scatter-
ing but a dynamic treatment of the scattering from LB films
on the base of these models has not yet been achieved.

It is important to note that an x-ray scattering experiment
does not yieldCj ~R! directly but the respective structure
factor @see Eq.~3!#. For smallqz values and small rough-
nessessj the exponential in the structure factor can be ex-
panded and yields directly the Fourier transform of the cor-
relation function, termed the power spectral density.19,21,38

In the past four years, a large body of work has been
published concerning correlated or conformal
roughness.39–46 It turns out that a transfer of an imperfection
to the next layer seems to be nearly unavoidable and that
preparation techniques such as MBE yield samples with a
very high degree of vertical roughness correlations.23

Vertical correlations between different interfacesj andk
are statistically described by cross-correlation functions,

Cjk~R!:5^f j~r !fk~r1R!& r .

It is quite clear that in general vertical correlations between
the interfaces at the positionszj andzk should be a function
of the spatial roughness frequency.47–49 Therefore we have
used two models for the cross-correlation functions:

~i! The diffusely scattered intensity of the first sample
~9-layer LB film! was calculated with the ansatz21

Cjk~R!5
sjsk

2
@e2~R/jj!

2hj1e2~R/jk!
2hk#e2uzj2zku/j',jk, ~5!

usingdifferentjj andhj for each interface. The lengthj', jk
is the vertical distance over which the correlations between
layersj andk are damped by a factor of 1/e. No correlations
are present in the casej', jk50. Nearly perfect correlation
means thatj', jk is much larger than the respective layer
thicknessuzj2zku. In this work, a single parameterj' for all
vertical correlation lengthsj', jk was used. To decrease the
number of free parameters and to model a simple roughness
evolution the values of the parameterssj , jj , andhj of the
LB interfaces were linearly interpolated between the first and
last layers~see Sec. V B!.

~ii ! Since the results for the first sample reveal only weak
evidence for a roughness evolution inside the LB film~see
Sec. V B 1! the data of the second sample~11-layer film!
were explained with the cross-correlation function33,40,41

Cjk~R!5sjske
2~R/j!2he2uzj2zku/j', ~6!

and fixed valuesj andh of the lateral roughness parameters
for all interfaces of the LB film. Equation~6! means a strong
restriction because the replication of the roughness is now
independent of the spatial frequency~constantj'! ~Ref. 50!
and no lateral roughness evolution is allowed.

III. SAMPLE PREPARATION

Two cadmium-arachidate~CdA! LB films consisting of 9
and 11 layers, respectively, were prepared on Si~100! wafers
~see Fig. 1!. First a Langmuir trough~for the detailed experi-
mental setup see Ref. 51! was filled with ultraclean water
and afterwards a monolayer of the CdA molecules was
spread on the surface. Their polar Cd head groups are lying
on the water surface and the unpolar hydrocarbon chains are
directed outwards. Right after the spreading of the CdA mol-
ecules onto the water surface no in-plane order is present.
Increasing the lateral pressureP by decreasing the area of
the CdA molecules with a step motor driven barrier leads to
a decrease of the intermolecular distances. Depending on the
molecular interactions a great variety of phases may
occur.52–54 For P.25.9 mN/m a crystalline ordered phase
occurs. Only the crystalline phase can be transferred to a
solid substrate. During the compression of the CdA mono-
layer, the surface tension was monitored with a Wilhelmy
balance.55,56 The crystalline phase was indicated by a rapid

FIG. 1. Left: LB film on a Si/SiO2 substrate. TheY structure
with the characteristic distance of 55 Å between the Cd bilayers is
shown. Right: sketch of the cadmium-arachidate~CdA! molecule.
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change in the observed surface tension as a function of the
film area.

Before transferring the films on the Si substrates, a pro-
cedure using ultraclean water and a subsequent drying in an
oven at 100 °C was applied to clean and thin the native oxide
layer. Time-dependent specular reflectivity measurements
show that the oxide layer was totally removed right after the
cleaning and a stable SiO2 film with a thickness of about
d'16 Å builds up with a time constant oft'90 h.51,57After
the time t@t the oxide layer thickness remains constant.
Whereas the Si/SiO2 interface of both samples is rather
smooth, the roughnesses of the oxide layers are quite differ-
ent ~soxid53 and 12 Å, see Tables I and II!. A reason for this
might be that the two substrates originate from different wa-
fers. Specular reflectivity measurements have shown that
these uncleaned wafers were covered by nonuniform layers
of rather large roughness. Obviously the cleaning procedure
to remove these layers has corroded the surface of the second
substrate much more. However, the fact that the roughnesses
of both substrates are quite different has opened the possibil-

ity to check whether the LB film is able to smooth a vertical
roughness or whether observed roughness correlations are
only stemming from replicated imperfections of the internal
layer structure of the adsorbed molecules.

The transfer of the LB films was done by a simple dipping
technique moving a Si wafer up and down. While the layers
are transferred the lateral pressure is kept constant by mov-
ing the barrier. This guarantees that the crystalline phase is
always present during the sample preparation. Because the
bare Si/SiO2 wafer is a hydrophilic substrate, the polar Cd
heads of the CdA molecules are lying on the SiO2 surface
after the first transfer. Then the second layer is transferred
with its hydrophobic part, i.e., the carbon chains, on top of
the first one. Now the polar Cd heads are directed outwards
and every further transfer will produce a layer stack with
alternating orientation of the CdA molecules in the above-
mentioned manner~see Fig. 1!.

With this technique the two investigated CdA LB films
consisting of 9 and 11 layers, respectively, are prepared. The
particular structure of the layer system that is caused by the

TABLE I. Results of the fits for the nine-layer CdA LB film. The first column shows the layer and the
respective interface. Values in brackets were not varied during the fit. Note that the parameterss, j, andh of
the interfaces 3–5 are connected with a linear interpolation to the parameters of the interfaces 2 and 6@see
Fig. 4~a!, the CH-chain/air interface is denoted by number 1#.

Layer/interface dj ~Å! dj3106 sj ~Å! jj ~Å! hj

Si/SiO2 ~`! ~7.56! 563 6006400 ~0.5!

SiO2/Cd 1664 5.660.5 3.061.0 7006200 0.460.1

Cd/~int. 6! 1.760.5 11.062 3.661.0 3906120 0.2560.05

Cd/~int. 2! 2.460.5 9.061 3.261.0 3406100 0.560.2

CH chains 5361 2.861.0

CH-chain/air 2068 2.461.0 1565 4006200 0.360.1

j'5700 Å6200 Å

TABLE II. Results of the fits for the 11-layer CdA LB film. The first column contains the layer and
respective interface. Values in brackets were not varied during the fit. Note that the parametersj andh are
assumed to be equal for all LB film interfaces. In the low-density regions only the roughnesses were varied;
the dispersion, thicknesses, Hurst parameters, and correlation lengths of the regions~a! to ~e! were assumed
to be equal@see Fig.4~b!#.

Layer/interface dj ~Å! dj3106 sj ~Å! jj ~Å! hj

Si/SiO2 ~`! ~8.79! 1.560.3 ~1000! ~0.5!
SiO2/Cd 1664 6.260.3 12.060.3 ~1000! ~0.5!
Cd/CH-chain 6.060.5 10.160.6 2.7560.5 235630 0.7760.03
CH-chain/@int. ~a!# 24.860.2 4.460.7 4.060.5 235630 0.7760.03
Low-density regions

~a! 4.160.4
~b! 6.960.6
~c! 2.8060.05 0.0361.0 5.360.5 235630 0.7760.03
~d! 4.160.3
~e! 3.860.3

CH-chain/Cd 26.660.1 7.162.0 7.160.5
Cd/CH-chain~top! 1.560.2 16.562.0 3.260.2
CH-chain~top!/air 23.360.3 5.160.7 3.860.4

j'59000 Å63000 Å
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hydrophobic-hydrophilic head-chain structure of the CdA
molecule is calledY type. Therefore both investigated
samples areY-type CdA LB films.

IV. EXPERIMENTAL SETUP
AND SCATTERING GEOMETRY

A. Setup

The x-ray experiments were performed both~i! using a
12-kW rotating anode generator~Rigaku Ru 200! with cop-
per target and a three-crystal diffractometer51,58and~ii ! at the
wiggler beamline W1 at HASYLAB, Hamburg.14,59

The x rays from the copper target of the rotating anode
generator were collimated by a first slit. Then a Ge~111!
monochromator selects the characteristic CuKa lines from
the spectrum. A second slit only picks out the CuKa1 line
with a wavelength ofl51.54056 Å, which impinges onto
the sample. The accuracy of the step motors, which control
the incidence angleai and the scattering angleF:5a i1a f ,
is 0.001°. The detector unit contains a Ge~111! analyzer and
a third slit in front of a NaI~Tl! ~Canberra! scintillation
counter. Vacuum tubes as well as lead shields around the
system were installed to increase intensity and to reduce
background radiation~for details see Refs. 51 and 58!. The
resolution in the region of small incidence and exit angles
within the scattering plane isdqx'2qz31024 and dqz'7

31024 Å21 parallel and perpendicular to the surface. The
detector is wide open in the out-of-plane direction, which
means that the resolutiondqy is rather coarse@integration
overqy , see Eq.~3!#.

The GID experiments and the diffuse scattering measure-
ments from the 11-layer sample were performed at the ex-
perimental station ROEWI at beamline W1 at HASYLAB
~for a detailed description see Ref. 59!. Here a 32 pole wig-
gler is the x-ray source. The synchrotron radiation impinges
onto a Si~111! double-crystal monochromator and afterwards
on a gold mirror to suppress higher-order harmonics. For the
diffuse scattering measurements the x-ray beam was colli-
mated by two slits of the size 0.532 mm2 in front of the
sample to determine the incident angleai and two slits of the
same size in front of the detector to define the exit angleaf ,
respectively. The obtained resolution in the region of total
external reflection then isdqx'qz31023 and dqz'4

31023 Å21. Again a NaI~Tl! ~Canberra! scintillation
counter was used for the diffuse scattering experiments. The
GID experiments were done with a position sensitive detec-
tor ~Braun!. To get a better resolution for the GID experi-
ments the widths of the slits in front of the sample were
decreased to 0.531 mm2. This yields a resolution of
df'0.07° in the direction of a GID detector scan. For all
synchrotron measurements a wavelength ofl51.659 Å was
used.

B. Scattering geometry

Figure 2 shows the paths of the various scans in reciprocal
space within the scattering plane. The momentum transfer
q5k f2k i5(qx,0,qz)

T is given by qx5ki~cosaf2cosai!
'ki /2(a i2a f)F andqz5ki~sinaf1sinai!'kiF ~see Fig. 3!.
Therefore a reflectivity (a i5a f) corresponds to aqz scan
with qx50. A rocking scan is performed by rotating the

sample at a fixed detector position. Thus the incidence angle
ai varies and the scattering angleF5a i1a f is constant.
Rocking scans are~nearly! qx scans at a fixedqz position. By
performing a detector scan, which means a scan with fixed
angle of incidenceai and varying scattering angleF, theqx
andqz components of the scattering vector are changed si-
multaneously. The path of this scan in reciprocal space is a
parabola~see Fig. 2!. A longitudinal diffuse scan is a near-
specular scan. The incidence angleai is slightly out of the
specular condition, i.e.,a i22da i5a f . In reciprocal space
this scan lies on a straight line, which is inclined at an angle
dai against theqz direction. All four different scan modes
were performed during the measurements of the two LB
samples. Due to geometrical restrictions, the marked area in
Fig. 2 is not accessible with the experimental setup of an
in-plane diffuse scattering experiment. The GID experiments
also include an out-of-plane momentum transferqy and the
marked area now can be accessed by these scans.

FIG. 2. Scans in reciprocal space (qx ,qz). The region below the
solid line is not accessible with the setup of this work. The dashed
line is a rocking scan with a scattering angleF5a i1a f51°. The
dashed-dotted line represents a reflectivity~a i5a f , qx50! and the
inclined dashed-dotted line is a longitudinal diffuse scan with an
offsetdai50.03°. The path of a detector scan with incidence angle
ai50.5° is given by the dotted line.

FIG. 3. Scattering geometry. The wave vectors of the incident
and scattered x rays arek i andk f , with the incidence and exit angle
ai andaf , respectively, and the scattering angleF. The momentum
transfer is defined byq5k f2k i5(qx ,qz)

T.
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V. MEASUREMENTS, RESULTS, AND DISCUSSION

A. Data analysis

A procedure that is widely used to analyze x-ray reflec-
tivity data is subtracting an off-specular longitudinal diffuse
scan from the measurement and refining the obtained true
specular data16 using the models described in Sec. II A. The
resultant reflectivity is taken to yield the average density
profile %(z) of the sample~layer thicknesses, rms rough-
nesses!. We also analyze our data in this way as a first step to
check the layer structure of the LB films, particularly to con-
firm the characteristicY-type structure~Fig. 1!.

In a second step, the diffusely scattered intensity is in-
cluded in the analysis. The reflectivity, i.e., the whole inten-
sity for a i5a f , and the diffuse scattering~several rocking
curves, detector, and longitudinal diffuse scans! were mea-
sured and fit simultaneously. A detailed description of this
data analysis technique is given by Schlomkaet al.21 and
Stettneret al.23 To obtain estimates for the errors, the fit
parameters were changed manually until significant devia-
tions between measurement and calculation occur.

The calculation of the full expression for the diffuse scat-
tering cross section given by Eqs.~2! and ~3! is very time
consuming. Therefore we used two major approximations:
~I! For smallqz values and small roughnesses, the exponen-
tial in the integral of Eq.~3! was replaced by the first two
terms of its Taylor series. Then the integral is the power
spectral density and a very effective computation of Eq.~2!
becomes possible. Simulations show thatuqzsu'1 is a real-
istic limit for the validity of this approximation.23 ~II ! For
large qz values Eqs.~2! and ~3! reduce to the kinematical
approximation~simple Born approximation! for multilayers
~see, e.g., Sanyalet al.40 or Phanget al.44!. Because allG j

m

factors in Eq.~2! can be set to one or zero, respectively,
again an effective computation of the diffuse scattering is
achieved. But the region of very small incidence and exit
angles, where dynamical effects dominate the scattering, has
to be excluded from the analysis.

B. Measurements and fit results

The following slab model is used for the vertical structure
of the LB films @see Figs. 4~a! and 4~b!#. The CdA molecule
was divided into two slabs of constant electron density: The
Cd head group is slab number 1 and the two hydrocarbon
chains are slab number 2~Fig. 1!. The touching Cd head
groups were combined to regions with uniform electron den-
sities. Between the hydrocarbon chains of each layer a low-
density region was introduced to model the intermediate re-
gion of the two bilayers@see Fig. 4~b!#. Furthermore between
single slabs, rms roughnesses were assumed to smear out the
density profile. To reduce the number of free fit parameters,
the same thicknesses and electron densities were used for
layers of equal composition.

An evolution of the roughness from the bottom to the top
was taken into account in the following manner: The vertical
rms roughnesssj and the lateral parametersjj andhj of each
interface were determined by a linear interpolation formula
from the values of the first and last LB layers. IfpP[s,h,j]
is a roughness parameter then the respective valuepj of the
j th interface is calculated viapN2 j5pN1(p22pN) j /
(N22) with j50,...,N22. Therefore the structure ofN21

interfaces is described by only six free parameterss2,h2,j2
andsN ,hNjN . A linear increase was chosen for simplicity.
More realistic models yield power laws with certain growth
exponents~see, e.g., Ref. 60!.

1. LB film with 9 layers

The first investigated sample is the LB film with 9 CdA
layers. All measurements were done with the rotating anode
laboratory source.

The total reflectivity was measured to a wave vector
transfer ofqz51.4 Å21. It turns out that the reflected inten-
sity in the regionqz.0.7 Å21 is purely diffuse. Figure 5
shows the true specular intensity~open circles!, which was
obtained after subtracting an off-specular longitudinal dif-
fuse scan withdai50.05°. The distanceDqz50.113 Å21 be-
tween the Bragg peaks corresponds to the Cd-Cd distance of
2p/Dqz555 Å, i.e., to the thickness of one bilayer. This is a
direct proof of theY structure of the CdA LB film~see Sec.
III !. The rapid oscillations~Dqz50.025 Å21!, which corre-
spond to a length ofd5251 Å, are caused by the total thick-
ness of the layer system. The line in Fig. 5 is a fit to the data
with a density profile, which is shown in the inset. Note that
this fit was not obtained on the base of a slab model as

FIG. 4. Density profiles for the fits of the data:~a! The slab
model that was used to fit the data of the nine-layer LB film. The
Cd bilayers and the bilayers of the CH chains were assumed as
slabs with uniform electron density. The numbers at the bottom
give the respective numbers of the interfaces that were varied in the
fit. Note that for the top and bottom of the thin Cd bilayers the same
roughness parameters are assumed~perfect correlation!. ~b! Slab
model for the fit of the 11-layer CdA LB film. Because of the wide
q region of the measurement the fit is sensitive to thin regions~a! to
~e! of lower electron density between the touching hydrocarbon
chains.
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discussed above. An arbitrary density profile was sliced into
very thin layers of uniform density and the true specular
intensity was calculated using the formulas of Sec. II A. The
Cd bilayers~highest electron densities! as well as the single
Cd layer on the substrate can be clearly seen. Furthermore
the density profile reveals that there is a certain amount of
disorder in this LB film because the~vertical! structure of the
hydrocarbon chains differs slightly from bilayer to bilayer.
With a completely regular structure a fit of this quality was
not achieved~see below!. Particularly the damped modula-
tions in the vicinity of the first Bragg peak of the LB film
cannot be explained with a more perfect layer structure of the
sample.

More detailed information about the interfaces was ob-
tained by measurements and fits of the diffuse scattering.
The symbols in Fig. 6 show the reflectivity61 as well as three
longitudinal diffuse scans with different offsetsdai50.05°,
0.10°, 0.40°. Figures 7 and 8 show three detector scans with
fixed incidence anglesai50.20°, 0.80°, 1.60° and eight rock-
ing curves ~transverse scans! within the region
0.050<qz<0.229 Å21.

With the above explained regular slab model the fits
~solid lines! in Figs. 6–8 were obtained. The results for the
interface and layer parameters are given in Table I. Figure
4~a! shows a sketch of the assumed vertical structure of this
sample. The numbers~1! to ~6! represent the different inter-
faces. Note that the top and bottom of the thin Cd bilayer
interfaces are assumed to be perfectly conformal, i.e., the
interface parameters are the same. Also a low-density region
between adjacent hydrocarbon layers does not improve the
quality of the fits@Figs. 4~a! and 4~b!#. Because of the as-
sumed regular layer structure there are some deviations be-
tween the fit and the measured reflectivity in Fig. 6. But the
reflectivity ~strictly speaking the true specular plus diffuse
intensity atqx50! is only one curve in a rather large set of
data and the aim is a good simultaneous fit ofall curves.
Furthermore a theory that correctly takes into account the

diffuse scattering of a density profile as given in the inset of
Fig. 5, is too complex for an effectivex2 minimizing com-
puter program.62

The structure of the three longitudinal diffuse scans in
Fig. 6 is well reproduced by the fits. Their pronounced
modulations indicate strong vertical correlations between the
roughnesses of the different layers. This is supported by a
mean value ofj'5700 Å @model ~i! in Sec. II C, see Eq.
~5!#. Since this value is 3 times larger than the total LB film
thickness ofd5251 Å the vertical roughness correlations are
rather perfect. The deviations between the fits and the mea-
surement for very smallqz values stem from a background
caused by the primary beam. The modulation amplitudes and
periods are nearly independent from the chosen offset angle
dai . This indicates that shorter wavelengths~'2000 Å! of
the roughness spectrum seem to be transferred in a nearly

FIG. 5. True specular reflectivity~symbols! and the best fit
~line! of the CdA LB film with nine layers obtained at the rotating
anode laboratory source with a wavelength ofl51.54 Å. The inset
shows the corresponding dispersion profiled(z). The peaks indicate
the locations of the Cd bilayers.

FIG. 6. Total reflectivity~specular and diffuse! and three longi-
tudinal diffuse scans for different offsetsdai50.05°, 0.10°, 0.40°
for the nine-layer CdA LB film. The measurements~symbols! were
performed with a rotating anode and the best fit is given by the solid
lines. For clarity all curves are shifted down by one order of mag-
nitude on the intensity scale.

FIG. 7. Detector scans for three different incidence angles
ai50.20°, 0.80°, 1.60° for the nine-layer CdA sample. The mea-
surements are given by the symbols and the best fit is given by the
solid lines. For clarity all curves are displaced with respect to one
another by one order of magnitude on the intensity scale.
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undamped fashion from the bottom to the top through the
whole LB film39 and supports the assumption of a frequency
independent vertical correlation parameterj' .

The detector scans shown in Fig. 7 are also explained
satisfactorily. Only the scan with the incidence angle
ai50.20° shows significant deviations between measurement
and fit. This incidence angle is less than the critical angle of
the Cd-Cd layers and less than the critical angle of bulk Si.
Therefore, the penetration depth of the x rays is rather small
and the scattered intensity mainly stems from the topmost
layers. In this region the difference between our simplified
slab model and the density profile obtained from the true
specular data~see inset of Fig. 5! is remarkable. Therefore
these deviations between fit and measurement are not sur-
prising. For larger angles of incidence the calculation yields
very good fits. The same statement holds for the eight trans-
verse scans that are shown in Fig. 8. The larger theqz value
the better the agreement between measurement and fit. The
vertical lines in the inset of Fig. 8 indicate theqz locations of
the scans.

One can see that the slab model is able to explain the
whole data set quantitatively. The observed deviations be-
tween measurement and fit are caused by oversimplifications
in the model. Since the introduction of intermediate regions

of very low density between adjacent hydrocarbon chains did
not improve the fit for this sample, we believe that the dis-
crepancies do not result from the decomposition of each CdA
layer into only two boxes, but rather from the assumption of
equal densities for all CdA head groups and hydrocarbon
chains, instead of a more realistic density profile as indicated
in the inset of Fig. 5.

2. LB film with 11 layers

The second sample, a LB film with 11 layers CdA, was
measured using the surface x-ray scattering diffractometer at
the W1 beamline at HASYLAB~see Sec. IV A!.

Figure 9 shows the total reflectivity~specular plus diffuse!
together with a longitudinal diffuse scan with angular offset
dai50.05°. Note that for clarity the longitudinal diffuse scan
is displaced by one order of magnitude on the intensity scale.
Again in a wide range~hereqz.0.53 Å21! the reflected in-
tensity is purely diffuse and the oscillations indicate strong
vertical roughness correlations. Because the measurements
were done at a synchrotron radiation source it was possible
to perform transverse diffuse scans~rocking curves! for
rather largeqz values. Figure 10 shows three rocking curves
for qz50.331, 0.402, and 0.792 Å21. Whereas in the lower
two curves a narrow, resolution limited specular peak is vis-
ible, the curve atqz50.792 Å21 shows only a broad diffuse
maximum.63

Due to the large region in reciprocal space that is covered
by the scans we have used the kinematical approximation in
the calculations. The fit is given by the solid lines in Figs. 9
and 10. Of course they cannot explain the regions where
dynamical effects dominate the scattering, i.e., the regions of
very smallqz values and the regions of very small incidence
and exit angles, respectively. Another consequence of the
rather large momentum transfer is that the calculations are

FIG. 8. Transverse scans at differentqz positions for the nine-
layer CdA sample. The measurements are given by the symbols and
the best fit is given by the solid lines. For clarity all curves are
displaced with respect to one another by one order of magnitude on
the intensity scale. The inset shows the first part of the reflectivity.
The vertical lines mark the positions where the transverse scans
were taken.

FIG. 9. Total reflectivity~specular plus diffuse! and a longitu-
dinal diffuse scan with offsetdai50.05° for the 11-layer CdA LB
film. The measurements~symbols! were performed at the wiggler
beamline W1 at HASYLAB and the best fit is given by the solid
lines. For clarity the curves are shifted by one order of magnitude
on the intensity scale. The inset shows the correspondingd(z) pro-
file with the narrow Cd peaks.
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now more sensitive to the very thin intermediate regions of
low density as shown in Fig. 4~b! @interfaces~a!–~e!#. Table
II gives the results for the interface parameters obtained from
the best fit to the measurements. Since there was almost no
evolution of the~lateral! roughness within the 9-layer LB
film the fit was obtained by assuming the samejj and hj
values for all LB interfaces and using model~ii ! of Sec. II C
for the roughness correlations.

Again the calculations are able to explain the data quan-
titatively. The parameterj'59000 Å is much larger than the
total layer thickness, indicating strong vertical correlations of
the roughnesses within the 11-layer LB film too. Note that no
correlation between the substrate roughness and the LB in-
terfaces was assumed. The inset of Fig. 9 shows the resultant
density profile. Although the strong diffuse scattering signal
for largeqz values is a proof of a certain amount of disorder
in the film, the distance of the main Bragg peaks in the
reflectivity corresponds to the Cd-Cd distance of 55 Å, i.e.,
the thickness of one bilayer ofY-type CdA.

3. GID experiments

To investigate the crystalline structure of the 11-layer LB
sample, GID experiments were performed. In Fig. 11 a high-
resolution measurement of the two strongest GID reflections
can be seen. They were obtained by integrating over a region
of Dqz50.22 Å21 along rods perpendicular to the surface
and they were identified as the~1,1! and ~0,2! reflections of
an orthorhombic unit cell with lattice vectorsa~10!55.01 Å
anda~01!57.81 Å. Weak higher-order reflections atqr52.05
Å21 andqr52.51 Å21 @qr52kisin~f/2! is the GID momen-
tum transfer# were also observed@~1,2! and~2,0! reflections#.
It is well known from other experiments that this orthorhom-
bic in-plane order on Si substrates exists@see atomic force
microscopy~AFM! experiments by Schwartzet al.64 and the
diffraction measurements by Tippmann-Krayer65# whereas
CdA LB films on water show a hexagonal structure.53,54We

were mainly interested in the spatial extentL i of the ordered
regions of our layer system. Therefore the GID experiment
was performed with rather high resolutiondf . Two Gauss-
ians with full width at half maximumh were fitted to the
reflections of Fig. 11 and the broadening of these peaks can
be calculated viahi5~h22hres

2 !1/2 with the known resolution
hres of the diffractometer. The fit yieldshi50.315°60.008°.
Using the Scherrer equation66

L i5
0.94l

cos~f/2!

1

h i

with l51.659 Å and the GID scattering anglef of the re-
spective reflection leads to a value ofL i5265 Å for the
width of the laterally ordered regions. To investigate the
crystallinity perpendicular to the surface, Bragg rods along
qz at the positions of the~1,1! and ~0,2! reflections were
measured. The~111! and ~113! reflections were found as
weak modulations of the Bragg rod of the~110! reflection.
From the widthh' of the~113! reflection~h'52.15°! a value
of L'542 Å for the size of the crystalline ordered regions in
thez direction is obtained. This is smaller than the thickness
of one bilayer and again indicates that the disorder in the
structure of this system is concentrated in thez direction
perpendicular to the surface.

C. Discussion and conclusions

Tables I and II give the parameters that are obtained for
the two samples. For the Si substratesdSi57.5631026 ~l
51.54 Å! and dSi58.7931026 ~l51.659 Å! ~Ref. 67! and
jSi51000 Å, andhSi50.5 were assumed. The calculations
are rather insensitive to variations of the substrate parameters
hSi andjSi and therefore realistic values were used. The den-
sities of the Cd layers are always significantly lower than the
value given in the literature67 ~dCd'831026 compared to the
literature value ofdCd'2031026 for l51.54 Å! whereas the
densities of the chains are not quite different from the known
values~dchain'3.031026 compared todchain'3.531026 from
textbooks!. The reason for the discrepancy between the mea-

FIG. 10. Three transverse scans at rather largeqz positions for
the 11-layer CdA sample. The measurements are given by the sym-
bols and the best fit is given by the solid lines. For clarity all curves
are displaced with respect to one another by one order of magnitude
on the intensity scale. Note that the asymmetry of the curves only is
caused by the scattering geometry.

FIG. 11. ~1,1! and ~0,2! GID reflections of the 11-layer CdA
sample. The small horizontal line shows the instrumental resolution.
The solid lines are Gaussians that were fitted to the data~symbols!
to obtain accurate values for the peak widths.
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sured dispersions for the Cd layers in our films and the ideal
value is that these Cd bilayers are very thin~'5 Å! and the
density contrast to the hydrocarbon chains is rather large,
which yields narrow peaks in thed profile. Therefore even
the small observed roughnesses of onlys'3 Å tend to smear
out the profile and lead to a decrease of the average electron
densities of the Cd layers by about a factor of 2. Furthermore
Tables I and II reveal that the roughnesses of the Cd/CH
chain interfaces are considerably smaller than the rough-
nesses of the CH-chain/air and intermediate layer
interfaces.68,69

To get a structural model of the interfaces of our CdA LB
films we have to discuss several possibilities. First of all our
measurements rule out a rather regular island formation on
top of the last layer as observed by AFM measurements of
other groups.64,70Maybe the reason is that these authors have
used other substrates and other preparation conditions. We
can definitely exclude an island formation. Islands of the
same material on top of a layer system would yield a longi-
tudinal diffuse scattering signal that isout of phasewith the
specularly reflected intensity29,71quite similar to the intensity
that is scattered from a surface grating in nonspecular
directions.72,73 Furthermore no evidence for a regular struc-
ture on the topmost surface is found in the transverse scans.
A nearly periodic structure would yield at least broad first-
order satellite peaks lying under the diffuse scattering stem-
ming from the random roughness.74 But for both samples the
observed behavior clearly shows that the longitudinal diffuse
scattering isin phasewith the specular intensity andno in-
dications for satellites are found in any of the transverse
scans~see Figs. 6, 8, 9, and 10!. This means that the diffuse
scattering is caused by random roughness and not by a for-
mation of a rather regular island arrangement.

The most prominent feature in the diffuse scattering ex-
periments is the strong vertical correlation of the rough-
nesses of the interfaces in both samples~j'5700 and 9000
Å!. Although the differences of the substrate roughness were
quite large~soxid53 and 12 Å, respectively; Sec. III! the
structures of both organic multilayers are very similar. This
can only be explained if already the first transferred CdA
layer very effectively damps the substrate roughness. This
means that the first layer prevents a propagation of the oxide
roughness into the LB film. Therefore the observed strong
vertical correlations in both filmsdLB film! stem from the rep-
lication of roughness of the various LB interfaces. The cal-
culations reveal that the source of the conformal roughness is
the first LB layer, i.e., the layer that has smoothed the sub-
strate, which seems to contain a certain amount of holes or
defects. Vertical roughness correlations in LB films were
also found by Barberkaet al.75 But in contrast to our mea-
surements for CdA with perfect roughnesses correlations of
all LB interfaces, their measurements for Cd stearate yield a
restriction of vertical correlations to less than three bilayers.

The strong vertical correlations together with the obtained
density profiles~see insets of Figs. 5 and 9! show that there
is nearly no crystalline order in thez direction. Additionally
the small value ofL'542 Å that is obtained from the analy-
sis of the Bragg rods alongqz ~see Sec. V B! is an indepen-
dent hint that the crystalline order in these films is purely two
dimensional. Note that this does not mean that the layer
structure itself is absent. The sharp Bragg peaks that are

observed in the reflectivity of both samples indicate that the
bilayer spacing of 55 Å is unaffected. However, this layer
structure seems to be perturbed by holes and other defects,
which cause a conformal transfer of the roughness from one
layer to the next as shown in Fig. 12. As already mentioned,
the high degree of vertical correlations can only be explained
if these defects are assumed to be already present in the first
CdA layer. Apparently the preparation of this first layer is
crucial for a homogeneous well-ordered film structure be-
cause no tendency of smoothing holes and other imperfec-
tions within the organic multilayer stack was obtained from
the explanation of the data of the 9-layer sample. Although
the fit results show a weak tendency of smoothing the lateral
‘‘jaggedness’’ fromh650.25 ~strongly jagged interface! at
the bottom toh250.5 ~less jagged interface! at the top of the
film, the error bars for this parameter are large. The vertical
rms roughnesses of the LB interfaces showno significant
smoothing with increasing layer number.

We have chosen a self-affine fractal model for the de-
scription of the interface structures~see Sec. III C!. Gibaud
et al.9 explain their data with a roughness exponent ofh50.5
and assuming no lateral cutoffj, i.e.,j5` ~or at least aj that
is larger than the spatial extent of the coherently illuminated
surface area, i.e., larger than several tens of micrometers!.
Whereas our results for the 9-layer film also yieldh50.5 for
the topmost surface we cannot confirm this value for the
11-layer LB film. The major difference between our analysis
and that of Gibaudet al.9 is that we have used a full scatter-
ing theory for the explanation of our data whereas Gibaud
et al. model the scattering of the whole layer stack by the
scattering from a single interface. Therefore our fit results are
much more sensitive to the individual roughness parameters,
particularly toj andh. The value ofh50.77 for the 11-layer
CdA LB film shows a less jagged surface compared to the
result for the first sample. However, this number is an aver-
age over the whole film because theh values of individual
interfaces were not varied in the fit. The additional bilayer
may yield a surface that is less jagged than the interface
below because the 9-layer sample shows the weak trend that
h slightly increases with the number of bilayers. Also the
assumption ofj5` is not confirmed by our measurements.
For the 9-layer sample we found a value ofj'350 Å for all
interfaces with no remarkable tendency from the bottom to
the top of the film, which is consistent with the strong verti-
cal roughness correlations. This means that the lateral corre-
lation lengthj seems to be unaffected by the layer by layer

FIG. 12. Sketch of the defect structure of the investigated LB
films. Because of defects strong vertical roughness correlations oc-
cur and the crystalline order in thez direction is strongly perturbed.
Note that the Cd-Cd distance is nearly unaffected by these pertur-
bations.
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LB preparation technique. The second sample yields a
slightly smaller value ofj5235 Å for the cutoff length. Tak-
ing into account the error bars of approximately 100 Å that
were obtained for the first sample, a value ofj'300 Å seems
to be typical for CdA layer systems.76 This is a rather short
length scale and much smaller than the coherence length of
the incident beam.

The size of the laterally ordered~crystalline! regions was
determined from the GID measurements to beL i5265 Å.
This is in agreement with the value obtained forj from the
diffuse scattering data. It should be clearly mentioned that
the parameterj doesnot have the meaning of a domain size
in the fractal modelj only corresponds to the domain size if
a regular arrangement is assumed. Transferring this situation
to a layer consisting of two-dimensional crystalline domains
that are present at the interfaces too may lead to the conclu-
sion thatj now corresponds to the mean size of the domains.
Note that the domains that are discussed here are different
from the island structure, which was ruled out before.

From the length of the orthorhombic lattice vectors and
the obtained value ofL i or j we calculate that approximately
40340 CdA molecules are ordered in small domains within
the layers. Their size is comparable with AFM measurements
of Chi et al.77 who found domains ofj;100 Å on top of
fatty acid multilayers.

In general we can say that our experiments confirm the
basic result of Gibaudet al.9 who were able to explain their
data assuming self-affine rough surfaces within LB films.
Although our values forh and particularly forj are quite
different, the fractal correlation function model is indeed ap-
plicable. It should be noted that all fits of the diffuse scatter-
ing for one sample are obtained with models that do not have
very many parameters compared with the number of data
points and the degree of complexity of the obtained curves.
Therefore we conclude from the quality of the fits and the
comparison with the results of the GID experiments that we
can describe the interfaces of our investigated LB films with
the self-affine fractal model. On one hand this is surprising
because this form of a correlation function is typical for the
growth of semiconductor and metal surfaces. On the other
hand the LB film preparation technique may lead to a statis-
tically rough interface because the long hydrocarbon chains
that are oriented in thez direction may be slightly tilted in
random directions, yielding slightly different heights of the
molecules of the next layer. Because the projected length of

one molecule depends on the cosine of the tilt angle this does
not affect the observed average layer thickness unless the tilt
becomes rather large.

VI. SUMMARY AND OUTLOOK

In summary, we have presented a detailed characteriza-
tion of the interface structure of CdA LB films with x-ray
scattering experiments. The combination of GID investiga-
tions and measurements in the region of total external reflec-
tion yields a consistent picture of the samples. The interfaces
are found to be self-affine rough with a rather small correla-
tion length ofj'300 Å, which is in the same range as the
domain sizeL i of the two-dimensional crystalline structure.
Furthermore a very high degree of conformal roughness was
detected. Since the two substrates have rather different
roughnesses and the structures of both films are indeed quite
similar, we can rule out that the source of this conformality
is simply a replication of substrate roughness. This leads us
to suspect that defects within the first organic layer are deci-
sive. They were transferred in a nearly undamped manner
throughout the whole LB stacks. The quality of the organic
multilayer seems to depend strongly on the quality of the
first prepared layer on the Si substrate. There is no healing
mechanism at room temperature that smooths defects or
holes within CdA LB films. However, we found that one
CdA layer is able to damp very effectively a rather rough
substrate morphology.

In future work, a systematic temperature-dependent dif-
fuse x-ray scattering study of LB films would be of interest
because it might be possible to heal most of the defects by a
subsequent annealing of the film. These experiments together
with the analysis technique presented in this paper would
provide a better understanding of the growth mechanism and
the defect structure of LB films on solid substrates.

ACKNOWLEDGMENTS

The authors would like to thank A. Doerr and L.
Schwalowsky for fruitful discussions. One of us~V. N.! was
partly supported by the Deutsche Forschungsgemeinschaft
under Contract No. Pr325-1.

1V. K. Agarwal, Phys. Today41 ~6!, 40 ~1988!.
2H. Fuchs, H. Ohst, and W. Prass, Adv. Mater.3, 10 ~1991!.
3M. Stelzle, Ph.D. thesis, TU Mu¨nchen, 1992.
4K. B. Blodgett and I. Langmuir, Phys. Rev.51, 964 ~1937!.
5J. Als-Nielsen, D. Jacquemain, K. Kjaer, F. Leveiller, M. Lahav,
and L. Leiserowitz, Phys. Rep.246, 251 ~1994!.

6R. Stömmer, J. Grenzer, J. Fischer, and U. Pietsch, J. Phys. D28,
A216 ~1995!.

7R. Stömmer, U. English, U. Pietsch, and V. Holy´, Physica B~to
be published!.

8Z. Li, W. Zhao, J. Quinn, M. H. Rafailovich, J. Sokolov, R. B.
Lennox, A. Eisenberg, X. Z. Wu, M. W. Kim, S. K. Sinha, and

M. Tolan, Langmuir11, 4785~1995!.
9A. Gibaud, N. Cowlam, G. Vignaud, and T. Richardson, Phys.
Rev. Lett.74, 3205~1995!.

10L. G. Parratt, Phys. Rev.95, 359 ~1954!.
11F. Abelés, Ann. Phys.~Paris! 5, 596 ~1950!.
12L. Névot and P. Croce, Rev. Phys. Appl.15, 761 ~1980!.
13J. Lekner,Theory of Reflection~Martinus Nijhoff, Dordrecht,

1987!.
14H. Dosch,Critical Phenomena at Surfaces and Interfaces (Eva-

nescent X-Ray and Neutron Scattering), Springer Tracts in Mod-
ern Physics Vol. 126~Springer-Verlag, Berlin, 1992!.

15R. W. James,The Optical Principles of the Diffraction of X-Rays

5048 54V. NITZ et al.



~Ox Bow Press, Woodbridge, 1982!.
16S. K. Sinha, E. B. Sirota, S. Garoff, and H. B. Stanley, Phys. Rev.

B 38, 2297~1988!.
17R. Pynn, Phys. Rev. B45, 602 ~1992!.
18D. K. G. de Boer, Phys. Rev. B49, 5817~1994!.
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