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Abstract
The capabilities of small-angle x-ray scattering (SAXS) and wide-angle x-ray
diffraction (XRD) to recognize structural changes in periodic multilayers were
compared on Fe/Au multilayers with different degrees of structural degradation.
Experimental results have shown that both methods are equally sensitive to the
multilayer degradation, i.e., to the occurrence of non-continuous interfaces, to
short-circuits in the multilayer structure and to the multilayer precipitation.
XRD yielded additional information on the multilayer crystallinity, whilst
SAXS could better recognize fragments of a long-range periodicity (remnants
of the original multilayer structure). Changes in the multilayer structure were
initiated by successive annealing at 200 and 300 ◦C. Experimental data were
complemented by numerical simulations performed using a combination of
optical theory and the distorted wave Born approximation for SAXS or the
kinematical Born approximation for XRD.

1. Introduction

The combination of small-angle x-ray scattering (SAXS) with wide-angle x-ray diffraction
(XRD) is employed as an efficient tool for investigation of the real structure in periodic
multilayers [1]. The complementarity of these two techniques is evident especially if crystalline
multilayers are the subject of the study. SAXS yields information on electron density and
thickness of individual layers, as well as on roughness and morphology of interfaces [2, 3].
XRD better recognizes short-range periodicity, such as inter-atomic distances. Thus, XRD
3 On leave from: The Department of Electronic Structures, Charles University, Ke Karlovu 5, CZ-121 16 Prague,
Czech Republic.
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primarily yields information on interplanar spacing and its fluctuations, which are related to
the degree of the multilayer crystallinity. For a medium bi-layer thickness (� < 100 Å), the
XRD patterns taken near the first Bragg diffraction maximum also contain information on the
mean bi-layer thickness and on the average number of atomic planes within the respective
layer. The mean thickness of the respective layer, which results from the above parameters,
can be directly compared with the thickness obtained from SAXS. Thus, the combination of
SAXS and XRD improves substantially the reliability of the structural model that is especially
useful for highly disturbed metallic multilayers [4, 5].

Since the giant magnetoresistance effect was observed in granular alloys [6, 7], not only
well developed multilayers but also multilayers with a high degree of structure degradation
became interesting for magnetic applications. The granular structure develops either during
the deposition process [8] or afterwards by supplying an external energy to the multilayer
system. For the latter, laser irradiation [9] or soft annealing [10, 11] were used alternatively.
Moreover, successive annealing was applied to modify the size of granules [12–14], as the size
distribution of magnetic granules is believed to play a crucial role for the magnetic properties
of such materials [15].

In a recent paper [16], we showed the effect of interface discontinuity on SAXS. The
interface discontinuity can be regarded as a first step in the multilayer degradation, which
possibly results in precipitation of discontinuous layers after a further temperature treatment.
This work shows evolution of the small-angle and wide-angle diffraction patterns during
multilayer degradation, and compares the sensitivities of SAXS and XRD to the structural
changes in individual stages of the multilayer degradation. As a model system, Fe/Au
multilayers were selected due to a low mutual miscibility of iron and gold at 400 ◦C [17]
and due to a high diffraction contrast of both species.

2. X-ray scattering on highly disturbed multilayers

Symmetrical SAXS (x-ray reflectivity, XRR) is described by optical theory [18], which was
proved to be equivalent to the dynamical diffraction theory [19]. For calculation of reflectivity
curves, the recursive numerical approach [2] is typically employed, that is based on the Parratt
optical formalism [20] taking into account a decrease of the interface reflectivity due to interface
roughness [21]. The multilayer discontinuity decreases the Fresnel reflection coefficients of
individual interfaces and modifies the optical path of x-rays within the multilayer [16]. The
related decrease of XRR at individual interfaces attenuates primarily the Bragg-like maxima
observed in the reflectivity curve. Therefore, the discontinuous interfaces have a similar effect
on the reflectivity curve like changes in the electron density of individual layers if they are
combined with an increase of the interface roughness.

In order to explain phenomena that are observed in the non-specular (diffuse) scattering
on multilayers, the semi-kinematical distorted wave Born approximation (DWBA) must be
employed [22, 23]. The differential cross section of the diffuse scattering,which is proportional
to the scattered intensity, is a product of the intensity of the incoming and outgoing waves and
of a two-dimensional Fourier transform of a correlation function C j (x, y). The index j denotes
individual interfaces. The intensity of radiation at the respective interface is determined by the
Fresnel transmission and reflection coefficients of the successive interfaces in the multilayer
stack. The two-dimensional Fourier transform of the correlation function [23]

F̃j (qx , qy) =
∫

S
dx dy C j(x, y)e−i(xqx +yqy) (1)

is calculated over the irradiated area S. C j (x, y) describes correlation of interface corrugations.
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Figure 1. Model of a multilayer with non-continuous interfaces. Dashed lines show original
positions of interfaces in a continuous multilayer.

For non-continuous interfaces, the integration in (1) is to be performed over the continuous
parts of the interfaces [16]

F̃j (qx , qy) =
∑

k

∫
S

dx dy C j (x, y)e−i(xqx +yqy)�k, j (x, y), (2)

for which �k, j (x, y) is equal to unity (otherwise �k, j (x, y) = 0). The index k labels the
continuous regions of the interface j .

Wide-angle XRD on periodic multilayers with continuous interfaces is described within
the kinematical diffraction theory [1]. Periodic multilayers with non-continuous interfaces can
be regarded as consisting of precipitates of one atomic species, embedded in a matrix of the
other atomic species (figure 1). Thus, the total scattered amplitude can be divided into two
parts, the first one being attributed to the matrix (M), the second one to the precipitates (P).

E =
∫

V
ρE0(�r)ei�q ·�r d�r =

∫
M

ρM E0(�r)ei�q·�r d�r +
∫

P
ρP E0(�r)ei�q·�r d�r . (3)

In (3), ρM and ρP are the electron density of the matrix and the electron density of the
precipitates, respectively. E0 is the respective amplitude of the incoming wave; �r is the
position vector, �q the diffraction vector. Assuming constant amplitude within each precipitate,
the last scattering term can be simplified.∫

P
ρP E0(�r)ei�q ·�r d�r =

∑
j

∫
P

ρP E0( �R j + �r ′)ei�q·( �R j + �r ′) d �r ′ =
∑

j

E0( �R j )ei�q· �R j

∫
P

ρPei�q · �r ′
d �r ′.

(4)
�R j is the position of the j th precipitate; �r ′ denotes the position vector inside the precipitate.

Indeed, the same approach can be applied to the matrix, as the matrix can be understood as a
continuous layer with the precipitates excluded.∫

M
ρM E0(�r)ei�q·�r d�r =

∫
V

ρM E0(�r)ei�q·�r d�r −
∑

j

E0( �R j)e
i�q · �R j

∫
P

ρM ei�q· �r ′
d �r ′. (5)

Consequently, the total amplitude (3) is given by the following scattering terms.

E =
∫

V
E0(�r)ρM ei�q·�r d�r +

∑
j

E0( �R j )e
i�q· �R j

∫
P
(ρP − ρM )ei�q· �r ′

d �r ′. (6)

As usual in the kinematical Born approximation, the integral
∫

ρei�q · �r ′
d �r ′ can be calculated for

isolated atoms and added up over all atomic positions �Pk .∫
ρei�q· �r ′

d �r ′ =
∑

k

∫
ρei�q ·( �Pk+ �r ′′) d �r ′′ =

∑
k

ei�q · �Pk

∫
ρei�q · �r ′′

d �r ′′ =
∑

k

fkei�q· �Pk . (7)
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This corresponds to the well known kinematical representation of a structure factor in terms of
the atomic scattering factors fk . If the amplitude of the incoming wave, E0, is constant through
the whole multilayer (which is safely fulfilled for wide-angle XRD because of negligible
absorption of x-rays in thin samples), the total scattered amplitude can be expressed in terms
of structure factors corresponding to the matrix, which is extended over the whole sample, and
to precipitates having the differential scattering factor ( fP − fM ).

E = E0

{ ∑
Sample

fMei�q · �PM +
∑

j

[
ei�q· �R j

∑
k

( fP − fM )ei�q· �Pj,k

]}
. (8)

Structure factors in (8) grow linearly with the volume of the respective part of the multilayer.
Assuming constant thickness of a flat sample, the structure factors are linearly proportional to
area and, consequently, to the continuity c of interfaces.

E = E0

[
(1 − c)FM(S) + c

∑
j

FP−Mei�q· �R j

]
. (9)

In (9), FM(S) is the structure factor of the matrix and FP−M the structure factor of the
precipitates. Both are calculated for the same area of the sample. In binary multilayers
with non-continuous interfaces studied in symmetrical geometry, the scattering amplitude can
easily be calculated using the formula

E = E0

[
(1 − c)FM + c

∑
j

eiqz j (FA j + FB j eiqtAj )

]
, (10)

where FM is the structure factor of the matrix-like (discontinuous) parts of the sample and the
sum expresses the structure factor of the remaining multilayer. Obviously, for a multilayer
with continuous interfaces (c = 1), equation (10) yields the same structure factor as derived
in [1]

FML =
∑

j

eiqz j (FA j + FB j e
iqtAj ). (11)

z j are positions of the B/A interfaces and tA j the thickness of layer A j . Consequently,
multilayers with non-continuous interfaces can be considered as a specific case of multilayers
with continuous interfaces, in which regions with a well developed multilayer structure
contribute to the total diffracted intensity together with the matrix-like regions.

I = |E0|2{(1 − c)2|〈FM 〉|2 + c2|〈FML〉|2 + 2c(1 − c) Re(〈FM F∗
ML〉)}. (12)

The symbol 〈· · ·〉 means the mean value, the asterisk the complex conjugate and Re the real part
of a complex number. The first and the second term in (12) describes the scattering by matrix
and by precipitates, respectively. The last term in (12) results from mutual coherence of waves
scattered on continuous layers or matrix and on precipitates. A numerical example (figure 2)
illustrates the evolution of diffraction pattern at increasing discontinuity of interfaces. Already
at 20% interface discontinuity, the contribution of the ‘mixed’ term 2c(1 − c) Re(〈FM F∗

ML〉)
enhances considerably the reflection from the matrix. At 40% interface discontinuity, the
reflection from the matrix dominates in the diffraction pattern. The simulations were done
for an Fe/Au (26 Å/25 Å) × 10 multilayer deposited on a 60 Å gold buffer. The size of the
coherent domains (crystallites) in the gold matrix was assumed to be 200 Å. The crystallite
size modifies primarily the shape of the peaks corresponding to the matrix.
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Figure 2. XRD patterns simulated for 20% (a) and 40% (b) interface discontinuity. Total diffracted
intensity (broad solid curve) is composed of intensity diffracted by the matrix (——) and precipitates
(· · · · · ·) and of the cross term 2Re(FM F∗

P−M ) (- - - -). The satellites from precipitates are labelled
by their order.

3. Experimental details

Fe/Au multilayers with the basic parameters (26 Å Fe/24 Å Au) × 10 and (70 Å Fe/21 Å
Au) × 13 were deposited by RF diode sputtering onto quartz glass substrates [25]. Prior to the
multilayer deposition, the substrates were covered with a gold buffer having the thickness of
100 Å. To destroy the original multilayer structure, samples were annealed for 2 h at 200 ◦C in
inert atmosphere, which was argon of 5 N purity. As no substantial changes were observed after
the initial annealing, additional annealing was performed at 300 ◦C (in the same atmosphere).
The successive annealing time was 2 h for the sample with thin iron layers, or 2 and 4 h for
the sample with thick iron layers.

SAXS and XRD experiments were performed on a two-circle diffractometer (Seifert XRD
3003 PTS). Radiation of a 1.6 kW tube with Cu anode was reflected by Goebel mirror to achieve
a high intensity of the primary beam at a sufficient planarity of the incoming wave (needed
for SAXS). A slit located behind the Goebel mirror reduced the width of the primary beam
and decreased slightly its angular divergence. After scattering on the sample, the radiation
was transmitted to a secondary graphite monochromator and diffracted into the detector. To
improve the resolution of the diffractometer, another slit was inserted between the sample and
the graphite monochromator. For SAXS, the first slit had the width of 0.1 mm, the second slit
0.05 mm. For the wide-angle XRD experiments, the slits were wider open (0.3 and 0.5 mm)
to achieve a higher intensity of the scattered radiation, because in polycrystalline multilayers
a low diffracted intensity is always a more critical issue than the angular resolution.

4. Experimental results

4.1. Sample Fe/Au (26 Å/24 Å) × 10

The complementariness of SAXS and XRD is illustrated on parameters of the structure model
obtained using either technique (table 1). For the reflectivity curve fitting, the model of
multilayers with non-continuous interfaces [16] was applied. Each layer was characterized by
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Table 1. Structure parameters of the multilayer Fe/Au (26 Å/24 Å) × 10 before and after annealing
as obtained using a combination of XRR and XRD.

As deposited 2 h/200 ◦C

XRR XRD XRR XRD

t (Fe) (Å) 26.5 25.6 26.5 27.0
t (Au) (Å) 24.0 24.6 22.0 27.8
� (Å) 50.5 50.2 48.5 54.8
d (Fe) (Å) 2.031 2.027
d (Au) (Å) 2.359 2.353
δ (Å) 0.09 0.13
σ (Fe) (Å) 6.5 1.0 7.0 2.0
σ (Au) (Å) 6.5 1.2 8.0 2.4
σsurf (Å) 6.5 9.0
Continuity (%) 90 100 85 80

a continuity, thickness and interface roughness. Electron densities of individual layers were not
refined, as no interdiffusion was anticipated in the Fe/Au system with the very limited mutual
miscibility of species. Symmetrical XRD patterns were fitted by using equation (12). The
‘Thomson-like’ intensity E0 was refined within the scale factor. Individual structure factors
for the residual multilayer FML and for the matrix FM were calculated using the theoretical
approach given in [1]. The parameters, which are typically obtained from the structure model,
are the mean layer thickness t , interlayer distance t (interlayer), fluctuation in the number of
atomic layers within individual layers (discrete roughness) σ , interplanar spacing d and its
fluctuation δ, which is reciprocally proportional to the degree of crystallinity. As the phase
of both structure factors in (12) is related to the substrate, there is no phase shift between
waves scattered on matrix and precipitates. Thus, the last term in (12) does not introduce new
interference effects into the diffraction pattern.

The virgin multilayer Fe/Au (26 Å/24 Å) × 10 had a well developed superstructure with
a regular layer thickness. This particular result was obtained from the reflectivity curve fitting
(figure 3, on the left) and confirmed both by existence of pronounced dynamical Bragg-like
resonant lines [26], observed in the reciprocal space map, and by a small discrete roughness
calculated from the XRD pattern. Another feature, which was observed in the small-angle
reciprocal space map taken on this multilayer, was a high amount of resonant diffuse scattering
(RDS). Strong RDS indicates a high correlation of interface corrugations [3]. The fitting of
the longitudinal scans (�-scans) yielded a lateral correlation length of 210 Å; the corrugations
were vertically correlated through the whole multilayer. The high correlation of the interface
corrugations allows the discrete roughness (i.e., the variation in the number of atomic planes
within individual layers) to be small, although the interface roughness calculated from XRR
(i.e., the variation in the positions of individual interfaces) is high. This phenomenon is
documented in table 1, as the interface roughness σ is much higher from SAXS than from XRD.
The reflectivity curve fitting yielded 10% multilayer discontinuity. No interface discontinuity
was detected by XRD. The XRD pattern could successfully be fitted using a standard multilayer
model assuming continuous interfaces. Individual layers were crystalline having only small
fluctuations δ in the interplanar spacing d (figure 3, on the right).

Annealing for 2 h at 200 ◦C caused extinction of the Kiessig oscillations and broadening
of the Bragg-like maxima in the reflectivity curve (figure 3, on the left) that was interpreted
as a larger fluctuation of the layer thickness. Correspondingly, the Bragg-like resonant lines
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Figure 3. Left: reflectivity curves (◦) measured on sample Fe/Au (26 Å/24 Å) × 10 and the
respective fit (——). Right: symmetrical XRD patterns taken with the same sample (the diffracted
intensities are normalized). Dashed lines show positions of the diffraction lines 111 (Au) and
110 (Fe). From top to bottom: the as-deposited multilayer, the multilayer annealed for 2 h at
200 ◦C and the multilayer annealed additionally for 2 h at 300 ◦C.

disappeared from the reciprocal space map. The interface discontinuity calculated from the
reflectivity curve increased slightly to approximately 15%. In the XRD pattern, a rapid decay
of multilayer satellites was observed after the annealing (figure 3, on the right). This effect
could clearly be attributed to the interface discontinuity, because the calculated vertical size of
coherent domains in the matrix-like regions was 200 Å, which exceeded the buffer thickness
(100 Å) safely.

Annealing for another 2 h at 300 ◦C almost destroyed the multilayer structure. Only the
111 reflection from gold and the 110 reflection from iron were observed in the XRD pattern.
On the other hand, XRR could still recognize the basic periodicity of the original multilayer,
which was 49 Å as estimated from the position of the first Bragg maximum in the lowermost
reflectivity curve (figure 3). However, the reflectivity curve fitting did not yield any other
reasonable parameter, which would characterize the real structure of the multilayer.

4.2. Sample Fe/Au (70 Å/21 Å) × 13

Refinement of the reflectivity curves and the symmetrical XRD pattern (figure 4) yielded
parameters that are summarized in table 2. The differences in the individual layer thickness,
obtained from SAXS and XRD, are within experimental accuracy. A larger difference was
only noted for interface roughness. Nevertheless, the difference in the interface roughness,
calculated from the XRR curve and from the XRD pattern, is smaller than in the previous
sample. This is due to much lower vertical correlation of corrugations in the Fe/Au
(70 Å/21 Å) × 13 multilayer, which was proved by a lower intensity of RDS observed in
asymmetrical SAXS. Fitting of the diffuse scattering (figure 5) yielded the vertical correlation
length of 800 Å, assuming exponential decay of the vertical correlation [3]. The calculated
lateral correlation length was 180 Å for the Au/Fe and 380 Å for the Fe/Au interface. A low
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Figure 4. Left: reflectivity curves (◦) measured on sample Fe/Au (70 Å/21 Å) × 13 and the
respective fit (——). Right: symmetrical XRD patterns measured on the same sample (the
diffracted intensities are normalized as in the previous figure). Dashed lines show positions of
the diffraction lines 111 (Au) and 110 (Fe). The satellites are marked by arrows. From top to
bottom: the as-deposited multilayer, the multilayer annealed for 2 h at 200 ◦C and the multilayer
annealed additionally for 2 and 4 h at 300 ◦C.

Figure 5. Longitudinal (�) scans taken at 2θ = 2.17◦ (the second Bragg maximum in the
reflectivity curve) on the sample Fe/Au (70 Å/21 Å) × 13. From top to bottom: the as-deposited
multilayer, the multilayer annealed for 2 h at 200 ◦C and the multilayer annealed additionally for 2
and 4 h at 300 ◦C.
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Table 2. Structure parameters of a successively annealed multilayer with the original composition
Fe/Au (70 Å/21 Å) × 13 as obtained using the combination of XRR and XRD. The annealing time
and temperature noted in the heading are valid for the respective annealing phase. ρ(Fe1) is the
relative electron density of the uppermost Fe layer, which was affected by oxidation during the
annealing.

As deposited 2 h/200 ◦C 2 h/300 ◦C 4 h/300 ◦C

XRR XRD XRR XRD XRR XRD XRR XRD

t (Fe) (Å) 69.7 63.5 68.1 63.0 69.6 62.9 69.9 61.8
t (Au) (Å) 20.4 24.3 21.6 24.8 20.8 25.9 19.4 25.8
t (interlayer) (Å) 2.2 2.1 2.1 2.1
� (Å) 90.1 90.0 89.7 89.9 90.4 90.9 89.3 89.7
d (Fe, 110) (Å) 2.036 2.031 2.028 2.027
d (Au, 111) (Å) 2.339 2.318 2.319 2.327
δ (Å) 0.076 0.070 0.067 0.040
σ (Fe) (Å) 8.0 4.5 12.0 5.0 11.5 6.5 12.0 6.5
σ (Au) (Å) 9.5 5.0 11.5 5.5 11.0 6.0 13.0 7.5
σsurf (Å) 12.0 16.0 16.0 20.0
ρ(Fe1) 1.0 1.0 0.7 0.6
Continuity (%) 100 100 100 100 100 100 90 90

vertical correlation in thick layers is anticipated because the interface roughness is controlled
rather by crystallization or re-crystallization of individual layers than by transmitting the
roughness from substrate or buffer to the surface.

Successive annealing (2 h/200 ◦C, 2 h/300 ◦C and 4 h/300 ◦C) caused a relaxation of
the lattice deformation in iron, improved crystallinity of all individual layers and increased
the interface and surface roughness. Large d-spacing of iron observed in the virgin sample
indicated a lattice deformation of 4.4 × 10−3 caused by a compressive residual stress. After
annealing the sample for 6 h at 300 ◦C (preceded by 2 h at 200 ◦C), the interplanar spacing of
iron (d110) matched well with the intrinsic value of 2.0268 Å [27]. Thus, the residual stress in
iron relaxed. In our multilayer model, the degree of crystallinity is reciprocally proportional
to the parameter δ, which expresses the width of the Gaussian distribution of the interplanar
spacing. In the course of annealing, the parameter δ decreased to approximately one-half of
its original value, which indicates an improvement of crystallinity. However, the most rapid
crystallization was connected with a steep increase of the interface and surface roughness and
with onset of the interface discontinuity.

Onset of the interface discontinuity was recognized by SAXS and XRD after the same
annealing (6 h/300 ◦C), although the XRD patterns showed much larger changes than the
reflectivity curves (figure 4). The temperature-induced changes in the reflectivity curves were
rather subtle, as they correspond to small changes in the interface roughness and discontinuity.
However, the largest changes in the XRD patterns are related to re-crystallization of the buffer
layer. Consequently, a significant effect in the XRD patterns is an increase of intensity of
the Au 111 reflection. In later stages of the annealing process, intensity and broadening of
this diffraction line corresponded to a vertical size of coherent domains, which is equal to the
buffer thickness. Only the successive annealing for 6 h at 300 ◦C preceded by 2 h at 200 ◦C
caused changes in the XRR curve as well as in the XRD pattern, which could be perceived as
indicators of the multilayer discontinuity. For the XRD pattern, the apparent effect, related to
the increasing multilayer discontinuity, was an increase of the intensity of the Fe 110 reflection.
The final size of the coherent Fe domains was 300 Å. Increasing intensity of Bragg maxima,
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which arise on large coherent crystallites of either multilayer component, implied a decrease
of intensity of superstructure satellites. Thus, the accuracy of structure parameters obtained
from the XRD patterns declined rapidly.

In the reflectivity curves measured on annealed samples, a shift of the edge of the total
external reflection (TER) to lower angles was observed, which was accompanied by occurrence
of a peak immediately behind the edge of TER. This effect was described by Parratt [20]
as the ‘reflection trap’ and explained theoretically by the presence of spongy aggregates of
crystallites (or oxidized crystallites) at the sample surface. Accordingly, the reflectivity curves
taken after annealing up to 2 h at 300 ◦C were fitted using the structure model assuming an
oxidized near-surface iron layer (the relative electron density of the first iron layer was refined
together with other free parameters of the model). After the final annealing, a large decrease
of the Bragg-like maxima was observed that could not be described simply by a decrease of
the electron density (oxidation) of the surface and by an increase of the interface roughness,
but the structure model must have involved a discontinuity of internal interfaces. As the
electron density correlates strongly with the interface discontinuity in the refinement [16], it is
not reasonable to refine these parameters simultaneously, but an appropriate structure model
involving only a few free parameters must be considered prior to fitting. Other indicators of
the interface discontinuity are the increase of the diffuse scattering and the broadening of the
specular peak. Both effects are illustrated on the longitudinal scans shown in figure 5. The
dominant effect is the broadening of the specular peak. This can theoretically be explained by
the decreasing size of the continuous regions (�k, j (x, y) in (2)), which causes concentration
of the diffuse scattering at the Bragg maxima, see [16] for more details.

5. Discussion

Differences in the SAXS and XRD patterns taken on the annealed multilayers can be explained
with the following consideration. At the beginning of the multilayer precipitation, the interfaces
are locally interrupted, but still reflecting. For the small-angle scattering this means that the
dynamical scattering dominates over the kinematical one (scattering on individual precipitates).
Thus, the changes in the reflectivity curve are subtle and can sufficiently be described using
modified Fresnel reflection coefficients [16]. The effect of the non-continuous reflecting
interfaces on XRR is comparable with changes caused by a slightly different electron density in
all layers combined with a higher interface roughness. Fundamental changes in the reflectivity
curve are anticipated when the discontinuous layers turn to precipitates with non-reflecting
horizontal boundaries. XRD recognizes first the changes in the layer crystallinity. Intensity
diffracted by the matrix is particularly enhanced if the matrix becomes coherent through the
whole sample.

Still, SAXS and XRD recognized the interface discontinuity at nearly the same level of the
temperature-induced structural changes, although the XRD patterns change apparently much
more than the reflectivity curves. However, the dominant changes in the XRD patterns are
related to the growth of crystallites and to the relaxation of structure faults in individual layers.
Particularly for multilayers deposited on buffer, for which the composition is identical with the
composition of either layer, the increase of the crystallite size in the buffer has a similar effect
on the diffraction pattern like interface discontinuity. Therefore, the interface discontinuity can
safely be distinguished from re-crystallization of the buffer only if the calculated crystallite size
evidently exceeds the thickness of the buffer layer. The buffer thickness is reliably determined
from the reflectivity curve, as SAXS is not sensitive to the local atomic ordering.

The thicknesses of individual layers and the periodicity of the basic motif were obtained
from XRR and XRD with a similar reliability. As the wide-angle XRD is sensitive to the
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atomic ordering, the XRD pattern contains additional information on the interplanar spacing
and its fluctuation, which cannot be obtained from the reflectivity curves. Thus, XRD can
recognize residual stresses in the multilayer, which are not accessible by SAXS. On the other
hand, roughness of individual interfaces and the interface continuity are better determined from
SAXS, because of its non-sensitivity to the local atomic ordering (to the degree of crystallinity).

The differences between the interface roughness obtained from SAXS (from the reflectivity
curve measurement) and from XRD have already been mentioned in section 4.1. As a
possible reason for these differences, the unlikeness of the respective definition of the interface
roughness was considered. Another reason could be the much smaller lateral coherence length
for XRR than for XRD, which means that XRD probes the interface quality locally. As all
the multilayers were investigated using the same experimental setup (using SAXS and XRD,
respectively), we can expect a constant difference between the interface roughness obtained
from SAXS and XRD, which is in disagreement with our observations. Thus, SAXS yields
a more reasonable information on the interface roughness, because the interface roughness
obtained from SAXS is related to the absolute position of the respective interface, which is not
true for XRD. Another advantage of SAXS appears in late stages of the multilayer degradation,
because SAXS can better recognize bits of the multilayer structure. The XRD patterns taken
on annealed samples are soon dominated by diffraction lines coming from coherent parts of
the multilayer, which overshadow the superstructure satellites. This makes the calculation of
parameters of the multilayer model from the XRD pattern nearly impossible.

6. Conclusions

Diffraction experiments done on Fe/Au multilayers confirmed that combination of SAXS and
wide-angle XRD is an efficient tool to study the real structure of highly disturbed periodic
multilayers. The main advantage of that combination appeared especially in multilayers with
interface discontinuities. XRD and SAXS were similarly sensitive to the early stages of the
multilayer precipitation, although the reflectivity curves and XRD patterns were affected by
interface discontinuity in different manners. This is because XRD recognized better the degree
of crystallinity of the layers and because the re-crystallization starts without any influence on
the interface continuity. At longer annealing time, the effect of the interface discontinuity
on the XRD pattern became rather strong. Thus, XRD could not see remains of a multilayer
structure, which were better recognized by SAXS.

The structural changes in multilayers were induced by successive annealing at 200 and
300 ◦C. The superstructure of the multilayer with thin iron and gold layers (26 Å/24 Å) × 10
was completely damaged after annealing for 2 h at 200 ◦C followed by annealing for 2 h at
300 ◦C. Nevertheless, SAXS could still identify the periodicity of precipitates. The multilayer
with the thick iron layer, Fe/Au (70 Å/21 Å) × 13, survived the annealing for 2 h at 300 ◦C,
which was preceded by annealing for 2 h at 200 ◦C. In both kinds of multilayer, the structural
changes began with re-crystallization of individual layers followed by increase of the interface
discontinuity and ended with precipitation of the layers.
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