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Preface

X-rays have been proven to be a powerful and reliable tool in studying a large
diversity of micro- and nanoscale objects. The wavelength of X-rays is a perfect fit to
the typical sizes of basic structures used in all modern technologies and science:
crystallographic lattice in semiconductor thin films; biological molecules in protein
crystallography; nanoscale objects like quantum dots and quantum wires in opto-
electronics; and many others. This fact initiated the intensive development of var-
ious measurement techniques and instrumentation to satisfy the large variety of
requirements coming from scientific and industrial communities. Information on the
intrinsic structure of samples is further obtained from the detailed analysis of the
scattered and detected X-ray intensities, which demands robust theoretical methods
for data interpretation. The experimental data obtained from modern X-ray equip-
ment contains a large amount of information hidden in the fine structure of the
measured X-ray spectra. This fine structure became measurable due to the essential
progress in the development of X-ray optics, detectors, and X-ray sources. Expla-
nation of some effects observed in conventional laboratory X-ray measurements
requires fundamental investigations which are on the leading edge of a modern
science. From another perspective, the application of X-ray methods in production
processes requires highly automated and robust analytical tools. Thus, the growing
complexity of both experiments and structure of the samples constantly stimulates
the further development of the theoretical methods for data analysis.

There are multiple X-ray techniques used for sample evaluation, each of which
is suitable for different kinds of the structures. For example X-ray Bragg
diffraction probes samples possessing a crystallographic structure and character-
izes the structure on a broad scale, from micro-crystallites in polycrystalline
materials to the properties of coherent epitaxial samples averaged over large areas.
For the latter case of epitaxial structures, X-ray diffraction in a high-resolution
mode is used. The information obtained from X-ray diffraction patterns recon-
structs the sample morphology, helps in structure determination and phase iden-
tification, and may comprise such parameters as crystallinity, mosaicity,
crystallographic lattice mismatch, lattice strain status, residual stresses, lattice
defects, and many others. The specular X-ray reflectivity characterizes surface and
subsurface amorphous or crystalline layers in view of their electron density pro-
files, layer thicknesses, and interface roughness. The X-ray small-angle scattering
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method exposes valuable information on the distribution and characteristics of the
non-uniformities inside or on the surface of the sample. In grazing-incidence
mode, this technique explores the lateral surface structure of the studied speci-
mens. The pair-distribution function method permits us to obtain the interatomic
distances for amorphous, crystalline, and quasi-crystalline materials. The impor-
tant trend in recent decades is the simultaneous usage of several techniques for
characterization, which deliver comprehensive and concise information on the
sample structure. However, this approach requires consistent theoretical models of
data interpretation for each technique used. This monograph covers the main X-ray
techniques used in the material researches, including high-resolution X-ray dif-
fraction, specular and off-specular X-ray reflectivity, grazing-incidence small-
angle X-ray scattering, and residual stress analysis. This book presents the unified
microscopic approach for a theoretical description of experimental data obtained
by various techniques and thus can be used both as a guidance for the development
of new interpretation methods in X-ray analysis and as a handbook for students
studying the theory of condensed matter and interaction of radiation with the solid
state matter.

In addition to the practical aspect of data analysis, the interaction of X-rays with
matter plays an important and fundamental role by demonstrating the effectiveness
of quantum electrodynamics and scattering theory for the investigation of mac-
roscopic systems. The Hamiltonian describing the interaction of X-rays with atoms
has a simple form and contains a small physical parameter proportional to the ratio
of the amplitude of Compton scattering of photon on the free electron to the
average interatomic distance. As a result, the macroscopic Maxwell’s equation for
transmission of X-rays in a medium can be derived from first principles after
averaging the exact equations of quantum electrodynamics over the microstates of
electrons, and without the use of phenomenological material equations. The
deduced effective potential of the interaction of X-rays with matter is small enough
to successfully use the mathematical methods of the perturbation theory for the
scattering problem. This fundamental property of the X-ray optics is not suffi-
ciently covered in the existing literature, and the aim of this book is to illuminate
all the theoretical details of the interaction of X-rays with nanoscale objects. The
manifestation of the mentioned property of X-ray optics is observed in high-
resolution experiments, which are intensively used for the study of thin films and
nano-objects possessing a complex structure.

The monograph consists of seven chapters dedicated to different application
techniques and fundamental aspects of X-ray scattering from atomic systems. In
the Chap. 1, the equations of X-ray optics describing the propagation of a classic
wave field in a medium are derived from the Schrodinger equation for the system,
which takes into account the quantum properties of both atomistic medium and
electromagnetic field. Numerous approximations are discussed, which are used in
analytical methods for X-ray optics including calculation of X-ray polarizability.
The important aspects of the theory of X-ray scattering from macroscopic objects
are considered in the Chap. 2. The relations between the temporal scattering theory
of real experiments and the stationary scattering theory with boundary conditions
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used in the data interpretation are established. The method of the distorted-wave
Born approximation (DWBA) widely used in scattering theory is presented for
different sample structures and experimental geometries. The Chap. 3 deals with
the method of X-ray reflectivity (XRR) from the multilayered samples with rough
interfaces. The theoretical profiles of the specularly reflected X-ray intensity are
calculated on the basis of a self-consistent approach for the transition layers at the
boundaries of lamellae. The original method of eigenwaves is derived, which
simplifies and accelerates the calculation of XRR intensities from the periodic
multilayered structures. The basic principles of the high-resolution X-ray dif-
fraction (HRXRD) from the perfect crystalline samples are explained in the
Chap. 4. The critical issues of HRXRD are discussed in the details: the transition
from kinematical to dynamical theory of X-ray diffraction, the method of eigen-
waves for superlattices, the grazing-incidence diffraction (GID), the diffraction
from surface nanostructures, and others. The Chap. 5 is dedicated to X-ray diffuse
scattering from imperfect surfaces and interfaces. The statistical approach is used
to account for the fluctuations of the macroscopic parameters of the sample on the
basis of DWBA method. The analysis of the accuracy delivered by different zero
approximations for DWBA is performed for the geometry of XRR and grazing-
incidence small-angle X-ray scattering (GISAXS) techniques, which are both
intensively used for morphology characterization of modern surface nanostruc-
tures. X-ray diffraction from the crystals with defects is presented in the Chap. 6,
where the attention is paid to the formation and relation between coherent dif-
fraction intensity and diffuse scattering intensity, which is caused by scattering
from the statistical ensemble of crystallographic defects. The statistical theory of
X-ray diffraction in imperfect crystals is derived, which is applicable for GID case
also. The analytical method for simulation of diffuse X-ray peaks caused by the
defects is described. This method is applicable for an arbitrary density of the
defects existing in the crystal and is comparable in accuracy to the timeconsuming
Monte-Carlo calculations. Finally, the Chap. 7 is devoted to the important appli-
cation of X-rays for residual stress analysis in solid bulk materials, coatings, and
polycrystalline samples. The various models of grain interaction are discussed with
regard to their applicability limits, and the covariant method of X-ray intensity
averaging over the grain distribution is proposed.

The authors are indebted to Prof. V. G. Baryshevsky and Prof. L. I. Komarov
for cooperation and innumerable scientific discussions over the years devoted to
quantum theory of interaction between radiation and matter.

We also thank all our colleagues in numerous software projects, especially
A. Kozlovski, A. Zhylik and M. Rusetsky, who assisted us with the numerical
simulations and interpretations of experimental data. We are also thankful to
Dr. T. Ulyanenkova for valuable support in the proof reading of the manuscript.

Minsk, Belarus Andrei Benediktovitch
Minsk, Belarus Ilya Feranchuk
Karlsruhe, Germany Alexander Ulyanenkov


http://dx.doi.org/10.1007/978-3-642-38177-5_3
http://dx.doi.org/10.1007/978-3-642-38177-5_4
http://dx.doi.org/10.1007/978-3-642-38177-5_5
http://dx.doi.org/10.1007/978-3-642-38177-5_6
http://dx.doi.org/10.1007/978-3-642-38177-5_7

Contents

1 Basic Principles of the Interaction of X-Rays with Matter:

Quantum Electrodynamical Analysis ...................... 1
1.1 Equations of X-Ray Optics. . .. ....... ... ... ... 1
1.2 Average Current Density and X-Ray Polarizability . ......... 10
1.3 Scattering Factors . .. ........ ... ... ... .. .. ... ... 18
1.4 Numerical Calculation of Debye—Waller Factor . ........... 34
References . .. ... ... .. 50
2 The Theory of X-Ray Scattering from Macroscopical Objects. ... 53
2.1 The Stationary and Temporal Approaches to X-Ray
Scattering Process . . . .. ... 53
2.2 Approximate Methods for the Solution of Stationary
Scattering Problem .. .......... ... .. .. . .. . .. 63
References . .. ... ... .. . .. 69
3 X-Ray Reflectivity . ........... .. .. .. .. ... . .. ... .. .. ... 71
3.1 Experiment Geometry and Basic Parameters of XRR. ... ... .. 71
3.2 Reflection of X-Ray Radiation from Rough Surface ......... 81
3.3 X-Ray Reflectivity from Multilayered Structures. . .......... 101
3.4 Characterization of Samples Using Experimental XRR Data. ... 113
References . . .. ... .. .. 117
4 X-Ray Diffraction in Ideal Crystals. . . ... .................. 119
4.1 Kinematical X-Ray Diffraction Theory. . ................. 120
4.2 Basics of Two-Wave Dynamical Diffraction. .. ............ 125
421 Amplitude Ratio. . .......... ... ... ... ... .... 134
4.2.2 Anomalous Absorption and Extinction. . .. .......... 137
423 Group Velocity. . ... ... 140
4.3 Dynamical Diffraction in Multilayers and Superlattices . . . . . .. 141
4.4 Grazing Incidence and Extremely Asymmetric Diffraction . . . . . 154
4.5 X-Ray Diffraction from Lateral Nanostructures. . ... ........ 160
References . . .. ... .. 167

ix


http://dx.doi.org/10.1007/978-3-642-38177-5_1
http://dx.doi.org/10.1007/978-3-642-38177-5_1
http://dx.doi.org/10.1007/978-3-642-38177-5_1
http://dx.doi.org/10.1007/978-3-642-38177-5_1#Sec1
http://dx.doi.org/10.1007/978-3-642-38177-5_1#Sec1
http://dx.doi.org/10.1007/978-3-642-38177-5_1#Sec2
http://dx.doi.org/10.1007/978-3-642-38177-5_1#Sec2
http://dx.doi.org/10.1007/978-3-642-38177-5_1#Sec3
http://dx.doi.org/10.1007/978-3-642-38177-5_1#Sec3
http://dx.doi.org/10.1007/978-3-642-38177-5_1#Sec4
http://dx.doi.org/10.1007/978-3-642-38177-5_1#Sec4
http://dx.doi.org/10.1007/978-3-642-38177-5_1#Bib1
http://dx.doi.org/10.1007/978-3-642-38177-5_2
http://dx.doi.org/10.1007/978-3-642-38177-5_2
http://dx.doi.org/10.1007/978-3-642-38177-5_2#Sec1
http://dx.doi.org/10.1007/978-3-642-38177-5_2#Sec1
http://dx.doi.org/10.1007/978-3-642-38177-5_2#Sec1
http://dx.doi.org/10.1007/978-3-642-38177-5_2#Sec2
http://dx.doi.org/10.1007/978-3-642-38177-5_2#Sec2
http://dx.doi.org/10.1007/978-3-642-38177-5_2#Sec2
http://dx.doi.org/10.1007/978-3-642-38177-5_2#Bib1
http://dx.doi.org/10.1007/978-3-642-38177-5_3
http://dx.doi.org/10.1007/978-3-642-38177-5_3
http://dx.doi.org/10.1007/978-3-642-38177-5_3#Sec1
http://dx.doi.org/10.1007/978-3-642-38177-5_3#Sec1
http://dx.doi.org/10.1007/978-3-642-38177-5_3#Sec2
http://dx.doi.org/10.1007/978-3-642-38177-5_3#Sec2
http://dx.doi.org/10.1007/978-3-642-38177-5_3#Sec3
http://dx.doi.org/10.1007/978-3-642-38177-5_3#Sec3
http://dx.doi.org/10.1007/978-3-642-38177-5_3#Sec4
http://dx.doi.org/10.1007/978-3-642-38177-5_3#Sec4
http://dx.doi.org/10.1007/978-3-642-38177-5_3#Bib1
http://dx.doi.org/10.1007/978-3-642-38177-5_4
http://dx.doi.org/10.1007/978-3-642-38177-5_4
http://dx.doi.org/10.1007/978-3-642-38177-5_4#Sec1
http://dx.doi.org/10.1007/978-3-642-38177-5_4#Sec1
http://dx.doi.org/10.1007/978-3-642-38177-5_4#Sec2
http://dx.doi.org/10.1007/978-3-642-38177-5_4#Sec2
http://dx.doi.org/10.1007/978-3-642-38177-5_4#Sec3
http://dx.doi.org/10.1007/978-3-642-38177-5_4#Sec3
http://dx.doi.org/10.1007/978-3-642-38177-5_4#Sec4
http://dx.doi.org/10.1007/978-3-642-38177-5_4#Sec4
http://dx.doi.org/10.1007/978-3-642-38177-5_4#Sec5
http://dx.doi.org/10.1007/978-3-642-38177-5_4#Sec5
http://dx.doi.org/10.1007/978-3-642-38177-5_4#Sec6
http://dx.doi.org/10.1007/978-3-642-38177-5_4#Sec6
http://dx.doi.org/10.1007/978-3-642-38177-5_4#Sec7
http://dx.doi.org/10.1007/978-3-642-38177-5_4#Sec7
http://dx.doi.org/10.1007/978-3-642-38177-5_4#Sec8
http://dx.doi.org/10.1007/978-3-642-38177-5_4#Sec8
http://dx.doi.org/10.1007/978-3-642-38177-5_4#Bib1

Contents

5 Diffuse X-Ray Scattering from Imperfect Surfaces

and Interfaces . ... ....... .. ... .. ... ...
5.1 Statistical Approach for X-Ray Scattering from

Imperfect Structures. . .. ... .. ..
5.2 Diffuse Scattering from Roughness in XRR Geometry. . ... ...
5.3 X-Ray Diffuse Scattering from Rough Interfaces

in Multilayered Structures . .............. .. ...
5.4 Grazing-Incidence Small Angle X-Ray Scattering . . . ........
References . . . ... .. ..

X-Ray Diffraction from Crystals with Defects . . . ... ... ... ...
6.1 X-Ray Polarizability of Crystal with Defects . .............
6.2 Dynamical X-Ray Diffraction in a Crystal with Defects. . . . . ..
6.3 Effective Potential and Applicability of Kinematical Theory. . . .
6.4 One-Dimensional Defects (Dislocations). . .. ..............
6.4.1 Parallel Edge Dislocations at Interfaces. ............
6.4.2 Parallel Edge Dislocations in Graded Layers .........
6.4.3 Parallel Dislocations Lines Perpendicular
to Sample Surface . . .. ... ... ... .. L.
6.5 Two-Dimensional Defects (Stacking Faults) . . .............
References . .. ... ... . . . ..

X-Ray Diffraction Residual Stress Analysis in Polycrystals . . . . ..
7.1 X-Ray Stress Measurements . . . .. .....................
7.2 Grain-Interaction Models . ... ...... ... ... ... ... .. ...
7.2.1 VoigtModel. . ........ ... ... . . . e
722 ReussModel ........ ... ... .. ..
7.2.3 Hashin—Shtrikman Boundaries for Rigidity Modulus . . . .
7.2.4 Self-Consistent Model of Eshelby-Kroner ... ........
7.2.5 Grain Interaction in Thin Film. Vook-Witt
and Inverse Vook-Witt Models. . . ................
7.3 Residual Stress Analysis as a Particular Case of Powder
Diffractometry. . . .. ... ...
7.4 Residual Stress in Macroscopically Isotropic Materials.
X-Ray Elastic Constants. . . . ...............u.uuun....
74.1 VoigtModel. .. ....... ... ... ..
742 ReussModel ...... ... .. ... .. .. .
7.4.3 Eshelby-Kroner Model. . . ......................
7.5 Residual Stress in Macroscopically Anisotropic Materials.
X-Ray Stress Factors . . .. ........ ... ... .. .. ...
7.5.1 VoigtModel. .. ... ... ... ... .. . ..
752 ReussModel ...... ... .. ... .. .. . ..


http://dx.doi.org/10.1007/978-3-642-38177-5_5
http://dx.doi.org/10.1007/978-3-642-38177-5_5
http://dx.doi.org/10.1007/978-3-642-38177-5_5
http://dx.doi.org/10.1007/978-3-642-38177-5_5#Sec2
http://dx.doi.org/10.1007/978-3-642-38177-5_5#Sec2
http://dx.doi.org/10.1007/978-3-642-38177-5_5#Sec2
http://dx.doi.org/10.1007/978-3-642-38177-5_5#Sec3
http://dx.doi.org/10.1007/978-3-642-38177-5_5#Sec3
http://dx.doi.org/10.1007/978-3-642-38177-5_5#Sec4
http://dx.doi.org/10.1007/978-3-642-38177-5_5#Sec4
http://dx.doi.org/10.1007/978-3-642-38177-5_5#Sec4
http://dx.doi.org/10.1007/978-3-642-38177-5_5#Sec5
http://dx.doi.org/10.1007/978-3-642-38177-5_5#Sec5
http://dx.doi.org/10.1007/978-3-642-38177-5_5#Bib1
http://dx.doi.org/10.1007/978-3-642-38177-5_6
http://dx.doi.org/10.1007/978-3-642-38177-5_6
http://dx.doi.org/10.1007/978-3-642-38177-5_6#Sec1
http://dx.doi.org/10.1007/978-3-642-38177-5_6#Sec1
http://dx.doi.org/10.1007/978-3-642-38177-5_6#Sec2
http://dx.doi.org/10.1007/978-3-642-38177-5_6#Sec2
http://dx.doi.org/10.1007/978-3-642-38177-5_6#Sec3
http://dx.doi.org/10.1007/978-3-642-38177-5_6#Sec3
http://dx.doi.org/10.1007/978-3-642-38177-5_6#Sec4
http://dx.doi.org/10.1007/978-3-642-38177-5_6#Sec4
http://dx.doi.org/10.1007/978-3-642-38177-5_6#Sec5
http://dx.doi.org/10.1007/978-3-642-38177-5_6#Sec5
http://dx.doi.org/10.1007/978-3-642-38177-5_6#Sec6
http://dx.doi.org/10.1007/978-3-642-38177-5_6#Sec6
http://dx.doi.org/10.1007/978-3-642-38177-5_6#Sec7
http://dx.doi.org/10.1007/978-3-642-38177-5_6#Sec7
http://dx.doi.org/10.1007/978-3-642-38177-5_6#Sec7
http://dx.doi.org/10.1007/978-3-642-38177-5_6#Sec8
http://dx.doi.org/10.1007/978-3-642-38177-5_6#Sec8
http://dx.doi.org/10.1007/978-3-642-38177-5_6#Bib1
http://dx.doi.org/10.1007/978-3-642-38177-5_7
http://dx.doi.org/10.1007/978-3-642-38177-5_7
http://dx.doi.org/10.1007/978-3-642-38177-5_7#Sec1
http://dx.doi.org/10.1007/978-3-642-38177-5_7#Sec1
http://dx.doi.org/10.1007/978-3-642-38177-5_7#Sec2
http://dx.doi.org/10.1007/978-3-642-38177-5_7#Sec2
http://dx.doi.org/10.1007/978-3-642-38177-5_7#Sec3
http://dx.doi.org/10.1007/978-3-642-38177-5_7#Sec3
http://dx.doi.org/10.1007/978-3-642-38177-5_7#Sec4
http://dx.doi.org/10.1007/978-3-642-38177-5_7#Sec4
http://dx.doi.org/10.1007/978-3-642-38177-5_7#Sec5
http://dx.doi.org/10.1007/978-3-642-38177-5_7#Sec5
http://dx.doi.org/10.1007/978-3-642-38177-5_7#Sec6
http://dx.doi.org/10.1007/978-3-642-38177-5_7#Sec6
http://dx.doi.org/10.1007/978-3-642-38177-5_7#Sec7
http://dx.doi.org/10.1007/978-3-642-38177-5_7#Sec7
http://dx.doi.org/10.1007/978-3-642-38177-5_7#Sec7
http://dx.doi.org/10.1007/978-3-642-38177-5_7#Sec8
http://dx.doi.org/10.1007/978-3-642-38177-5_7#Sec8
http://dx.doi.org/10.1007/978-3-642-38177-5_7#Sec8
http://dx.doi.org/10.1007/978-3-642-38177-5_7#Sec9
http://dx.doi.org/10.1007/978-3-642-38177-5_7#Sec9
http://dx.doi.org/10.1007/978-3-642-38177-5_7#Sec9
http://dx.doi.org/10.1007/978-3-642-38177-5_7#Sec10
http://dx.doi.org/10.1007/978-3-642-38177-5_7#Sec10
http://dx.doi.org/10.1007/978-3-642-38177-5_7#Sec11
http://dx.doi.org/10.1007/978-3-642-38177-5_7#Sec11
http://dx.doi.org/10.1007/978-3-642-38177-5_7#Sec12
http://dx.doi.org/10.1007/978-3-642-38177-5_7#Sec12
http://dx.doi.org/10.1007/978-3-642-38177-5_7#Sec13
http://dx.doi.org/10.1007/978-3-642-38177-5_7#Sec13
http://dx.doi.org/10.1007/978-3-642-38177-5_7#Sec13
http://dx.doi.org/10.1007/978-3-642-38177-5_7#Sec14
http://dx.doi.org/10.1007/978-3-642-38177-5_7#Sec14
http://dx.doi.org/10.1007/978-3-642-38177-5_7#Sec15
http://dx.doi.org/10.1007/978-3-642-38177-5_7#Sec15

Contents xi

7.5.3 Eshelby-Kroner Model. . . ...................... 306
7.5.4 Vook-Witt and Inverse Vook-Witt Models. . ......... 307
References . . . ... .. e 309


http://dx.doi.org/10.1007/978-3-642-38177-5_7#Sec16
http://dx.doi.org/10.1007/978-3-642-38177-5_7#Sec16
http://dx.doi.org/10.1007/978-3-642-38177-5_7#Sec17
http://dx.doi.org/10.1007/978-3-642-38177-5_7#Sec17
http://dx.doi.org/10.1007/978-3-642-38177-5_7#Bib1

Acronyms

AFM
ASF
DDT
DWBA
DWF
EAD
GA

GID
GISAXS
GIXRD
GTR
HRXRD
IR

iVW
MDWBA
MEW
ODF
PDF
QD
QED
QW
RDS
RSM
SCA
TER
VW
XEC
XFEL
XRR
XSF

Atomic force microscopy

Atomic scattering factor

Dynamical diffraction theory

Distorted-wave Born approximation
Debye—Waller factor

Extremely asymmetric diffraction

Genetic algorithm

Grazing-incidence diffraction
Grazing-incidence small-angle X-ray scattering
Grazing-incidence X-ray diffraction

Grating truncation rod

High-resolution X-ray diffraction

Irreducible representation

Inverse Vook—Witt model of grain interaction
Modified distorted-wave Born approximation
Method of eigenwaves

Orientation distribution function
Pair-distribution function

Quantum dots

Quantum electrodynamics

Quantum wires

Resonant diffuse scattering

Reciprocal space map

Self-consistent approach

Total external reflection

Vook—Witt model of grain interaction

X-ray elastic constants

X-ray free electron laser

X-ray reflectivity

X-ray stress factors

Xiii



Chapter 1

Basic Principles of the Interaction of X-Rays
with Matter: Quantum Electrodynamical
Analysis

Microscopic analysis of various processes arising due to the interaction of X-rays
with condensed matter was considered in many papers, especially in the fundamental
monograph [1], where the basic principles of X-ray optics were described. However,
since that time a series of advanced techniques for X-ray structure characteriza-
tion have been actively developed, such as the diffraction near the absorption edges
[2], diffraction in the ferromagnetic materials [3], methods using the high-intensity
radiation from the X-ray laser [4], and others.

Traditionally, the anisotropic correlative effects as well as the nonlinear processes
due to the interaction of the intensive electromagnetic field with media are more
essential in the optical range of wavelengths and there is a huge number of reviews
in this field (for example, [5—8] and references therein). For the analysis of these
processes, the microscopic equations of quantum electrodynamics have to be used,
which imply the quantum properties of both the electromagnetic field and the matter
are taken into account.

At the same time, in the basic books on the X-ray scattering by the inhomogeneous
structures interaction of the radiation with matter is based on the simplest model
where electrons are considered as classical oscillators [9, 10]. However, the progress
in experimental and theoretical physics demands to consider this interaction on the
basis of the first principles of quantum electrodynamics in order to analyze the limits
of the conventional approximations. The main goal of this chapter is the systematic
investigation of these problems.

1.1 Equations of X-Ray Optics

X-rays are the unique instrument for investigation of the structure of materials, and
it is extremely important for the great number of high-technological processes. The
advantages of X-ray applications are conditioned by a series of essential factors:
(1) small wavelength providing the resolution compared with the characteristic size

A. Benediktovitch et al., Theoretical Concepts of X-Ray Nanoscale Analysis, 1
Springer Series in Materials Science 183, DOI: 10.1007/978-3-642-38177-5_1,
© Springer-Verlag Berlin Heidelberg 2014



2 1 Basic Principles of the Interaction of X-Rays with Matter

of the electron density distribution in atoms; (ii) a weak interaction of X-ray beams
with the matter providing non-destructive characterization of the objects; (iii) simple
and universal form of this interaction which is important for the solution of the
inverse problem when the electron density distribution in the investigated medium is
reconstructed on the basis of the X-ray scattering profiles; (iv) possibility to describe
the evolution of X-ray wave field in a medium on the basis of the perturbation theory
applied directly to the microscopic equations of quantum electrodynamics.

Let us consider the main approximations used on the way from quantum elec-
trodynamics to the macroscopic Maxwell’s equations for electromagnetic field in a
medium [8, 11]. The start point is the Schrédinger equation for the total state vector
|®(t) > that corresponds to the whole system, the non-relativistic quantum medium
and the quantized electromagnetic field:

0 s
iho |P(0) >= H|() > (1.1)

with the Hamiltonian that has the following form in the Coulomb gauge (see, for
example, [7]):

N,
N N (1 A
H=HM+Z[ﬁ[ 22 pAr) + °(A<r,)>}
J

eoh A A A
_2_U,H(rj)] + Zhwka;'saks = Hy + Hygr + Hp;
ks

{rj})

l\)|"§>

=2

N 2mhc? , ,
A=Y exslarse™ + ajf e ;
ks ka

H(r)=[V x Al; (keg,) = 0. (1.2)

Here ep, m are the electron charge and mass, respectively; interaction between X-
ray field and atomic nuclei can be neglected; 7 is the Plank constant; ¢ is the light
velocity; ayg (a,‘;) is the operator of annihilation (creation) of the photon with the
frequency wy = ck, wave vector k and polarization e; A(r) and H (r) are the
operators of the transversal vector potential and magnetic field, correspondingly;
rj, o;/2 are the coordinate and spin of jth electron; N, is the total number of
electrons; Hy; is the Hamiltonian of the medium with the potential energy operator
U ({r j}) which corresponds to the Coulomb interaction between electrons and nuclei
and provides the stable state of medium. Operator Hyr is the Hamiltonian of the
electron interaction with the quantum field, the term proportional to the magnetic
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field is included in order to consider the anisotropic ferromagnetic materials; A R 18
the Hamiltonian of a free electromagnetic field.
Conventional approach for description of the interaction between X-rays and
medium corresponds to the Maxwell’s equations for the classical electromagnetic
field coupled with the Schrodinger equation for the electron subsystem. Sometimes
the latter one is also considered in a semiclassical way. This system of equations is
the theoretical basis for so-called X-ray optics approach [1]. It is possible, however,
to deduce these equations directly from the Eq. (1.1) for the state vector of the whole
system if the adiabatic perturbation theory [12] is used, and that allows to define the
limits of the semiclassical approximation. Figure 1.1 represents schematically the
sequence of the transformation that should be done in order to pass from the quantum
electrodynamics to the X-ray optics approach.
The canonical transformation of the field operator [13], being applied to the Hamil-
tonian (1.2), separates the time dependent classical field A(r, ¢) from the radiation

component A g(r) defined by the quantum fluctuations of the electromagnetic field
relatively to the selected classical field [8]:

A + + 2
UR (t) — H eck.raksfczxakx — H eck.vaksefc;rakx efl/zluks 0] ;
ks ks

Chs (1) = ups (e U AUk = A(r, 1) + Ag(r);

2

A _ 2mhe ikr—iwgt % —ikr4iwgty.

(r,1) = v epslugse + uye IE
ks

n 2mhc? : :
Agr(r) = Z oV exslagse™ + aljse_’k']. (1.3)
ks

Fig. 1.1 Schematic repre-
sentation of importance of
different approximations for
light and X-ray optics

optics T ' |
of light

field-matter interaction
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and canonical transformation of other operators in the Eq. (1.1) leads to the following
equations:
Hr(t) = U (0 HRUR(1)
= Hg + D hwrlacrs () + anscify (1) + |ugs (0171

ks

~ O s d : )
iU 5-Ur = iho: +ih D s (ay e K — iy (tagse"™*")
ks

: —iwgt Wty 2
—iwg (s (Dag,e ™ + up (Dagse' ) — iwg|ugs (1))

1 7
+§(ﬂks(t)ul’§s(t) — ligs Ouks O] tiks = o (14D

The Schrodinger Eq. (1.1) is then transformed to:

ih%hl/(t) >= H®)|¥ () >;
(1) >=OUL W (1) >;

= LS ihli ) h 15
(1) = E%l klitks (Dupg (£) — tg (Dugs (1)]. (1.5)

Here the time-dependent Hamiltonian H (¢) is a functional of the undefined compo-
nents uy(t) of the classical field in the medium and it has the following form:

H(t) = Hy + Hyur(t) + Hg;

A

N,
A ¢ 1 R
Hyur®) = [%[ — 2% (A0 + Ar(r))

J

e? A eoh A
+ A D+ Ar(r) | = o (H ) + HR(rj»]

—ih Y (ks (D e %" — fif (Dage™*). (1.6)
ks

In the Hamiltonian of interaction H. MR(t), the part ﬁ]j,l r (1) defines the adiabatic
evolution of the quantum medium under the influence of the classical electromagnetic
field with the Fourier components uy; (¢). Actually, these values define the displaced
equilibrium positions for the quantum oscillators corresponding to the quantized
field modes. Semiclassical approximation is defined by the wave function of the
system with the radiation field being in the ground (vacuum) state relatively to the
new equilibrium positions:

At = Ay + H (1) + Hg:
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WO (1) >= W) >= Wy (1) > |0 >; Hgl0 >=0;

) . A
lhaﬂllM(l) >=[Hy + HX,IR(t)”lpM(t) >3

N,

A S0 o .

Hjy (1) IZ[%[—2?P1’A(’7J)
J

e% 2 E()ﬁ
+c—2A rj, 0] — %G’jH(rj,t) ) (1.7)

To investigate the stability of this state, the first order approximation relatively to
the radiation field operators [12] has to be considered:

W @t) >~ W (1) > +¢P @) >; <vD@o)|w.() >=0, (1.8)

where the first order correction includes the excited states of the quantized electro-
magnetic field and it is orthogonal to the zeroth-order state vector. As the result, the
state vector |l1/(1) (t) > satisfies to the equation:

[ih% - ﬁ@)(t)]w“)(r) >=HY 0w Q@) >;
N, eo
A (@) = Z[—%ﬁjAR(rj)
j
e2 h
0 " €o q
+WA(1‘]J)AR("]) - %UjHR("j))]

—ih > (ks (e H — iif (Dagge™*). (1.9)
ks

The zeroth order state vector (1.7), being substituted into the Eq.(1.9), make
it possible to calculate its projection onto the state vector < W, (¢)| defining the
medium evolution in the selected classical field. The quantum radiation processes
are neglected in the zeroth approximation, therefore the normalization condition for
the corresponding state vector is conserved during the time < vONO O @) >=
const:

< U HD @)Wy (1) > [0 >= 0;

27h .
Z[, |2 ek T (1) + ihuw)e'%’]awo >=0;
ks wiV ‘

Ne
Jis () =< Wy (0] D_ T (0 71y (1) >;
J
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2
Ji0 = 2p;— L A1) +z [a, x kJ. (1.10)

The zeroth order solution (1.7) will be stable relatively to the quantum fluctuation of
the electromagnetic field if the coefficients at the first power of the creation operator
are equal to zero, i.e. when the Eq. (1.10) is satisfied [12]. Thus, the Fourier compo-
nents of the classical field are expressed through the microscopic current J ;(¢) of
the electrons in the medium:

. i |2mwh .
Ugs (1) = ﬁ‘/ wk—veksJks(t)eM"”- (L.11)

Following to the method described in [8], this approximation results in the con-
ventional form of Maxwell’s equations for the transversal classical field. The first
derivative of the vector potential holds:

10 27h . o
_ ;EA('.’ 1) = Z w:V eks{[l;tkselkrflwkt + azseﬂkﬂrwkt]
ks

ikr—iwgt

+iwglugse —uf e krtiey o (1.12)

and using the expressions (1.10) and (1.11) along with the relation
kyky,
ZeZseZs = O — 2 =l
N

the first term in (1.12) is transformed to:

4 N
< WM(I)|ZZ£I {[eopj ——A(rj,t)] sin(k(r —r;))
J

+@([0'j xk]cos(k(r—rj))}lI/M(t)> (1.13)

The expression (1.13) becomes a zero because of the presence of the odd function
under the sum over k.

The second term in the Eq. (1.12) represents the classical component of the electric
field operator after the transformation (1.3). Thus, the Eq. (1.12) defines the conven-
tional relationship between the vectors of the electric field strength and the vector
potential for the classical transversal field:

_ 1 0A(r, 1)

S = B, (1.14)
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The differentiation of the expression (1.14) results in the following formula for the
derivative of the vector potential:

2 jkr—iwyt * —ikr+iwgt
{k [uksel iwg +”kse i zwk]

1 9?A(r,1) 2mhe?
2 ot T Z wrV Chs
ks

w . o . _: 2y
+i—§[uksé’lkr iwgt Mltse zkr+ka’]}_ (1.15)
C

Finally, the inhomogeneous equation for the vector potential of the classical elec-
tromagnetic field can be found by taking into account the definitions (1.3) and (1.11):

1 0%A(r, 1) Am
a2 o2 - —7Jt(r,f);

1
Ji(r, 1) = E[Jl(rs D+J @0l VI =0;

AA(r,t)

N, 2
L (r€0 €
Ji(r, 1) =< ¥y (1)] E ZL [—p'——A(r',t)]cos(k(r—r-))
% V{ m" me J /

+ig([0'j x k]sin(k(r — rj))}|!I/M(t)>. (1.16)

Expression (1.16) for the current density can be symmetrized due to commutativity
of the operators under the sum. Equations (1.14) and (1.16) define the propagation of
the transversal classical field in the medium. In the framework of Coulomb gauge, the
longitudinal part of the electrical field E;(r, ¢) is defined as the gradient of the scalar
potential (r, t) which is the sum of Coulomb potentials V({r j}) of all charged
particles averaged over the vector state ¥y, (¢) > of the medium. This results in the
macroscopic equation [14]:

VEl(rst):47rp(rst)v Aso(rst):_"'ﬂ-p(rvt)s

E/(r,t)=—Vo(r,t); pr,t) = eoz <y —r)¥y@®)>. (1.17)
J

In the neutral medium the charge density should be represented as a divergence of
the vector that is used to denote as (— P). Then the integral charge over the medium
volume is reduced to the surface integral and equals to zero [14]:

/p(r, HdV = —/VPdV = —?{ Pds = 0. (1.18)

The physical meaning of the vector P follows from the formulas:

/rp(r,t)dV = —/rVP =
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—%r(PdS) +/(PV)rdV = / Pdv. (1.19)

Thus the dipole polarization vector P (r, t) for the electron subsystem can be calcu-
lated microscopically as follows:

Ne
P(r.t)=e Yy < Wy rjdr —r)|@y)>. (1.20)
j

In general case the polarization vector P(r, t) can be expressed through the average
electron current by means of the following equation:

OP(r,t) e
i—_— =

Ne
o = o 2= el H O — v (1) >
J

+ < W18 —r)Ir HONY, (1) >,
riHO — HOr; = [r;H O, (1.21)

with the Hamiltonian H© defined by formula (1.7). Calculating the commutator in
(1.21), the vector P (r,t) and its Fourier transformation P (r,w) can be expressed
in the following way:

Pt _ Jo0: Prw) = S I, w);
ot v

N,
1 AN n
Jor 1) =5 <O DT 00 =) + 00 —r T j1¥m (@) =;
J

2

A ey . e eoh
= —pi— LAt —[oi xV,], (1.22
Jj="1pj = ~CAG. 0+ 2o x Vil (122)
with J(r, t) as the average electron current in the medium. In neutral medium the
average current is equal to zero if the external field is absent. Vector potential A(r, 1)
is the only characteristic of the field in the Hamiltonian H?. Therefore in the con-
sidered case of linear electrodynamics J(r, w) should be proportional to A(r, w)

and is represented in the following form (see below Sect. 1.2):
w?

Julr,w) = 4—x(W)A(w), (1.23)

™

with the medium polarizability x(r, r’, w), which is the integral tensor operator

X(WA W), :/dr’xﬂ,,,(r,r/w)A,,(r/,w). (1.24)



1.1 Equations of X-Ray Optics 9

This value can also be expressed as a sum of the operators ¥ and ' that define the
transversal (1.16) and longitudinal parts of the average current, respectively. Finally,
all physical fields in the medium are expressed through the vector potential:

E(r,w) = %“’A(r, w) — Vo(r,w) = iﬁ[l — Y (WIAW);

D(r,w)=E(r,w)+47P(r,w) = —[1 + X U (Ww)]A(W);
H(r, ) =[V x A(r, w)], (1.25)

where D(r, w) is the electrical displacement vector. Thus the use of the vector poten-
tial A(r, t) is sufficient for the description of X-ray scattering in condensed media.
The formulas (1.7) and (1.16) construct the system of the coupled Schrodinger-
Maxwell’s equations which is the basis for the description of the field-medium inter-
action in X-ray optics.

In accordance with the analysis above, these equations are applicable when the
off-diagonal matrix elements of the operator HWD(t) in (1.9) are negligible for the
processes under consideration. These elements correspond to the transitions between
quasi-energy levels of the medium in the classical field A(r, r) [8], which lead to
the creation of new quanta of the electromagnetic field. The additional shift of the
levels of the quasi-energy caused by these transitions can be evaluated by taking
into account the second order of the adiabatic perturbation theory on the operator
AD (¢) [12]. The diamagnetic term ~ A(r ;, t) in the current density (1.16) is known
to define the main contribution to the interaction between X-rays and medium [1].
Therefore, the relative shift of the quasi-energy level €, caused by the transitions
of the quantum electromagnetic field to the excited one-photon states (quantum
electrodynamics effects) is defined by the following dimensionless parameter:

M, (k)

27h eOA(r],t)
QEDNZZZwkv( |€f||hwk+€f’—€f|

ik f

MY, (k) =< i le*iwl > (1.26)
The characteristic energies of the electrons are essentially less than the energy

of photons |er| < hwy if the wavelengths of X-ray range are considered. In this
assumption, the classical field has the amplitude

c
AO ~ TEO’
w

with Eg as the amplitude of the electric field strength, and w is the characteristic
frequency of the field, and the parameter (1.26) can be estimated as

22
ey Eg
2ma?|es|

47Te0ne
§oED & 2 M ?

(1.27)
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Here n, is the electron density in the medium and the following estimation for the
matrix elements M ; (k) is used:

M (K) (1P
Zp

2
Wi

The first factor in (1.27) has the same value as the X-ray susceptibility of the
medium in the classical Maxwell’s equations [1]. Therefore, the quantum effects
for the electromagnetic field might be essential only if the classical field creates the
medium ponderomotive [15] energy U, = e(% E(z) /2mc?, which is comparable with
the electron energy |e r|. This condition can be fulfilled, for instance, in the ultrashort
pulses from the X-ray free-electron laser [4].

1.2 Average Current Density and X-Ray Polarizability

The fundamental principles of the quantum electrodynamic shows that the semiclas-
sical approach based on the solution of the system of coupled Schrédinger-Maxwell’s
equations describes the interaction of X-rays and medium with an accuracy suffi-
cient for the most of the applications. These equations follow from the formulas
(1.7), (1.16):

) A e
ihawM(t) >=[Hy + Hyp(O¥n (t) >;
N 1 e
~e 0 A
LTOEDS H% (28400
j

2
e eoh
+C—(2)A2(rj,t):| - %ajH(rj,z)]. (1.28)

1 9?A(r,1) 4«

AA(r,t) — 2 o — —TJ,(r, t); VA(r,t) =0, (1.29)

where J; is the transversal component of the average current

N,
1 £y A A
Jor.0) =5 < U0 D 1T 00 =) + 00 —r )T ¥m (@) >
J

2
A €0 60 eoﬁ
i=—pi— —A@r;,t — i V.]. 1.30
Jj mp_] me (7 )+2m[0'JX rlo ( )
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Further simplification of this system of nonlinear equations is possible due to the
weak interaction of the X-ray wave-field with the medium, which makes possible
the usage of the perturbation theory over the operator I:I/f,, z () for the solution of the
Eq.(1.28). In general case, the medium state vector is defined by the series over the
full set of the eigenfunctions |¥ > of the Hamiltonian Hy:

() >= > CrWy > e K" HylWy >= Efl¥y >;
!
N, ]32
. ; . -
Hy = Zg +U{rD; ¥y >=¥s({r;H>. (131
J

Here index f includes the whole set of the quantum numbers of the multi-electron
system in the potential field U ({r;} created by the Coulomb interactions between
the electrons and the nuclei in the medium.

In the text below, the principal assumptions are briefly discussed, which are used in
order to calculate the average current (1.30) on the basis of the solution of Eq. (1.31)
[1]. There is no necessity to use any particular form of the potential field U ({r ;} and
wave functions in (1.31), if the problem is considered in the framework of the linear
response theory [16, 17]. The substitution of the expansion (1.31) into the Eq. (1.30)
leads to the formula, which defines the evolution of the coefficients C 7 (¢):

. OCy(1) L(E—E )t
lhTZ—ZMff/([)Cf/([)eh f f R
f/
M (1) =< WelH o (0| Wpr>. (1.32)

The standard "adiabatic switch-off" condition is used here for the interactions within
the limit t — —o0 [16, 17]:

Mg (1) = Mpp (e’ v — 0,
and the system is assumed to be in the ground state when the field is absent:

©)
Cf = 6 fo.

Using these approximations in the first order of the perturbation theory, the expres-
sion for Cy is obtained:
: t .
Cr~ sty [ Mupret BB g,
—00

i
[Py (1) >~ ¥ > e 7 E!
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. X t .
DI / Moty > eh Er—Fomifd gy (133)
170 -
The formulas (1.33) are then used in the wave function (1.31), and the current (1.30)
can be calculated with an accuracy of the first order on the electromagnetic field. The

average current is supposed to be zero without field and is caused by the transitions
of the system into the excited states:

Ne .y '
Jurty=>" / < WA r' 1 — ) AN e dr dr |9y >
g 7T

2
A7 , e
Tﬁ(r, rt—1t) = —m—‘l{é(r — S = )86t — 1),

o Z e%(Ef_EO)(’/_’)ﬁi6(r —rpl¥y >< lI/f|ﬁf\5(r’ —ry)
0
+%e_%(Ef_E°)(’/_’)ﬁf\5(r/ —r)|¥y >< lI/f|f)//;5(r —rjk
o) = Lpi 4 v 1.34
V= Put %([0‘,/ X VD (1.34)

The transversal part of the current is appeared because it is proportional to the
transversal vector potential A (r’, w).

The substitution of the expression (1.34) into the Maxwell’s Eq. (1.29) demon-
strates that the linear response of the medium is defined by the integral operator
71{ )l\ (r, t —t") which has a cumbersome functional dependence on the multi-electron
wave functions:

Yr({r;}) =< {rj}|¥y>.

Hereinafter, we change to the Fourier representation over the time variable in the
Eq.(1.29):

2
4
AA(r, @) + A w) = = ], (r, w);
C C

A(r, 1) = /de(r, w)e (1.35)

The Fourier image of the current holds:

Ne N
Top(r, w) = cZZ/dr/ < W TH (. 1 W) AN, w) [ W >
j o1

TH 1 w) = —rold(r — r )60 — r)djid.
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B Z 2(Ey — Eo)
20 (Ef — Eo)? — (hw +iv)?

x DS —r )Wy =< WedhSG —r)}, (1.36)

where ryp = e(z) /mc? is the classical electron radius. The first term in the operator

]A"}i )l\ (r, r’w) is not related to the transitions of the atoms in the medium to the excited
states, however, it corresponds to the coherent scattering of the electromagnetic field
from the electrons with coordinates {r ;}. This process is defined by the amplitude of
the elastic Compton scattering (—rp) of the photon on the free electron at zero angle
[18]. The second term is also defined by the coherent scattering of the electromagnetic
field but this time through the virtual transitions of the electrons to the intermediate
states with the energy E r. In the optical wavelength range, this term solely defines
the contribution to the system linear response. For the X-rays, it becomes essential
near the resonance, when the photon energy almost coincides with the transition
energy E ¢ — Eg ~ hw [1], which makes possible the following substitution:

2(Ey — Ep) N 1
(Ef — E0)? — (hw+iv)2  Ef— Eg— hw—iv’

After the solution of the Eq.(1.35), the dependence of the vector potential
Ax(r', {r i}, w) on the electron coordinates averaged over the state vector [¥p >
has to be taken into account. In order to separate the calculation of the electromag-
netic field from the procedure of the averaging over the electron coordinates, the
relationship below is used. This relationship has been proved in details in the theory
of wave scattering from an arbitrary system with the large number of the scattering
centers [19, 20]:

< WIT N, 1 (), @) AN, (1), w) W >=

=< WP, 1 {rjh w0) ¥ > Ay, w). (1.37)

Here the renormalized scattering operator F di (r, r’, w) includes all non-coherent and
inelastic processes at a single scattering center. In particular, such renormalization of
the amplitude for the scattering of the electromagnetic wave by free electron leads to
the complex scattering amplitude with imaginary part defined by the total scattering
cross-section accordingly to the optical theorem:

(=ro) = f(0);  f'(0) = —ro; f"(0) = ﬁdz(w), (1.38)

where o; is the total cross-section of the Compton scattering of photon by free
electron (Klein-Nishina formula) [21]:



14 1 Basic Principles of the Interaction of X-Rays with Matter

1443 280
or(w) = 2mrE] ;35[51(+—J2“;) —In(1 +28)]
In(1+25) 1438 1 , hw
T R (1+2ﬂ)3}, b= (1.39)

The renormalization procedure for the part of the scattering operator related to
the intermediate transitions to the excited states is defined by the substitution [20]:

1 1
Ef—E()—hw—il/:Ef—E()—hw—iFf/Z’

(1.40)

where Iy is the total width of the excited state of the system with the energy E ;.
Actually, this value includes transitions from the level to all possible states and is
connected with the total cross-section of the inelastic photon scattering at the bound
electrons.

Hereinafter, the medium is considered as an unlimited continuum, which does
not restrict the generality of the further analysis.The most interesting for the appli-
cations, the macroscopic non-homogeneities of real medium (layered structures,
defects, deformed crystals and others), can be described within the framework of
the conventional scattering theory [19]. In this approach, each macroscopic element
of the investigated object is considered as unrestricted and variation of the medium
properties at different parts are considered either as small perturbations (for example,
[22-24]) or by means of the boundary conditions sewing together the solutions of the
Maxwell’s equations for different parts of the medium (for example, [9, 25]). In the
case of the continuous medium, the Fourier representation over the space variables
can be used for the Egs. (1.35)—(1.37):

2
4
KAk, w) — %A(k, w) = {Jxk,w);

kA(k,w)=0. A(r, 1) =/dkde(k, w)etter=wn (1.41)

and the linear response function can be written in the form:

N N,

1 il
Tl w) = e / dk’;ZZ) FI (e K w) Ay(K', w);

F\ G Kw) = £O) {< Wole!™ 0710 > 616,

m
_;4) Ef—Ey—hw—ily)2

x < Woldde Ry > < w0 |0 >} (1.42)
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For further calculation of the average current (1.42), the state vectors |[¥ ¢ > should
be defined as the solutions of the Schrodinger Eq. (1.31) for multi-electron system.
The adiabatic and one-electron approximations are used here, which are explained
in many text books (for example, [26, 27]). The one-electron states are described
by the wave functions which satisfy to the Schrodinger equation with self-consistent
periodic potential and the Bloch theorem:

Vo (r + 1) = e, o (r), (1.43)

where n = lja + bb + I3¢; [; =0, £1, &2, ... is the vector of translation decom-
posed over the vectors a, b, ¢ of the basic crystal cell. These wave functions corre-
spond to the zone energy spectrum €, (k), where index « is the number of zone and
K is the quasi-momentum vector restricted by the first Brillouin zone [26]. The total
number of different quasi-momentum vectors is equal to the number of the basic
cells N due to boundary conditions [27]. All the formulas below can also be applied
to the homogeneous medium in the limits a, b, ¢ — oo.

Due to the translational symmetry the wave functions can be normalized as fol-
lows:

1/}04,5(") = %J’a,n(");
/ o (r)Pdr = / (Gan(P)Pdr = 1, (1.44)
22

where £2 is the volume of the basic cell (V = N£2).

In the considered representation, the sum over electron coordinates in the expres-
sion (1.42) in the ground state of a crystal is reduced to the summation over the
filled zones taking into account the normalization condition on the total number of
electrons. As for example, for the one-particle operators it means:

oce

10) = X < Wl @100 2= 3 guse [ 2000 a(rrdr
j K

1 ) occ ) .
= 2 g [ Ot
n oK

oce occe

> / okl Par(P)dr = /Q 9ol Pak(P)7dr = N, (1.45)

where g,, ,, are the numbers of the filling up (multiplicity of degeneracy) of the energy
levels in zones, gq,,, = 2 in the case of the ideal non-polarized crystal and it varies
within the limits 0 < g, , < 2 in solid solutions or crystals with defects, N, is the
total number of electrons in the crystal.
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The integrations in the matrix elements (1.45) are based on the following rela-
tionships [26]:

S-S 50—
n H

2m)3 - N
1(Q) = ( ‘7;) ;MQ—H); /Q Garli (e g o (r)dr,  (1.46)

where H are the crystal reciprocal lattice vectors.

Let us consider in details the main contribution to the average current which is
defined by the non-resonant scattering from electrons and is described by the first
term in the Eq. (1.42). By taking into account the relation (1.46), the current is:

1
T e w) = e 5 £O) DL F(H) Ak + H. w);
H

_ l iHr |7 2
F(H) = N; /Q Goke T o (r)dr. (1.47)

Here F(H) stands for the cell scattering factor of the crystal basic cell, normalized
by the total number N, of the electrons in the elementary cell:

l oce N
FO) =+ Z/ Gon = o = Ne. (1.48)
Q
[N 7
By the definition, the function
1 occe 5 )
AOEEDD / okl Pa s ())> = D F(H)e (1.49)
K 2 H

describes the space distribution of the electron density in the cell. The transition to
the constant electron density N = 1, £2 — oo, N, = o0, N,./§2 — n, corresponds
to the homogeneous medium:

Ik, w) = ene f(O) Ak, w). (1.50)

Substituting the average current into the Maxwell’s Eq (1.41), the above equations
are reduced to the commonly used form:

2
KRAk,w) - 5 O H, Ak + H,w) = 0;
C
H
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© © © 4mc?
eH,w)y=6go+x“(H, w); x“(H,w)= wz—gf(O)F(H), (1.51)

where £ (H, w) and X(e)(H ,w) are the Fourier components of the non-resonant
part of the X-ray dielectric constant and susceptibility, respectively. To calculate the
resonant part of the scattering operator in (1.4 1), the sum over the electron coordinates
is separated into two parts:

Ne N, Ne N,

Z zei(k’rl—krj) = Zei(k/—k)n Z Zei(k/rl—krj)
Jo n Jjol
Ne Ne
+ Z z zzei(k'(rﬂrn’)fk(rfrn))’ (1.52)
1

non'#n

where N, includes summation over the electron coordinates in a single basic cell and
the summation over the translation vectors n, n’ transfers it to the whole crystal.

In the framework of the Hartree approximation, the state vector of the system is
defined by the simple product of the one-electron wave functions. In this case, the
nonzero probabilities for the transitions to the excited states ( f) present only for the
terms with n = n’. The terms with n # n’ are accounted due to the correlation and
exchange effects which are rather small for the non-relativistic atoms. They may play
animportantrole, for example, in the resonant X-ray spectroscopy [2], however, in the
majority of applications this contribution to the X-ray susceptibility is neglected [1].

The scattering operator is defined by the transitions to the levels of unfilled energy
bands Ey — €4(k); Ef — €q, (k1) with the energy width v, (k1) that takes into
account various processes of atom decay from the excited state:

oce

12 1 (0 —
O Ky ok S S
n oK

mf (O)MER5 (kM (k)

a1,K|]

€ (K1) — €a(K) — Iw — i')/m (K1) )

(1.53)

ap,K]

The matrix elements from the operator of the current M, 3‘:; (—k) are alsoreduced
to the integrals over the single basic cell:

ML (k) = /9 Gk (DD KD o (r)dr. (1.54)

Using the expression (1.46), the resonant contribution to the average current can be
found:
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1
2
Tk, w) = e f0) ;:MMM, H)A\(k + H, w);

occ mM(O}t)l’%filL (_k)Ma,n (k + H)

1 A
F,\(k,H) = —— ALEL , (1.55
wale, Hy = =35 ng“’“azm e (1) — eaR) — ho — iy ()’ )

which represents the anomalous contribution to the X-ray susceptibility of the crystal
[28]:

2
w
Ak, w) — = ZEL’A(k, H,w)A\(k + H,w) = 0;
H

(kA(k,w)) =0;
el e, H,w) = e (H, )5, 5 + X1\ (k, H, w);
4rc?
Xa(k H.w) = == fO)Fy (k. H). (1.56)

1.3 Scattering Factors

The elastic scattering of X-ray radiation from the electrons of a crystal contributes
mainly to the X-ray susceptibility, which is determined from the scattering amplitude
in the formula (1.47):

occe

_ l iHr )7 2
F(H) = N; /Q Gake T e i (r)dr. (1.57)

If the direct experimental measurement of the scattering amplitude could be pos-
sible, the expansion (1.47) would permit to unambiguously calculate the function
pe(r) = 22070 JowlVa, «(r)|?, which is the main goal of X-ray structure analysis
[29]. However, the measurement of the intensity of the scattered radiation allows
to find the modulus |F (H)| only. The values F(H) are complex in general case,
therefore the theoretical calculation of the scattering amplitude is necessary on the
basis of preliminary model of the electron density which is defined more exactly by
fitting the experimental data by means of iterative retrieval procedure [30].

In the considered here quantum description of the system, the electron density
modeling is based on the choice of some approximation for the wave functions
1[1&, (1) corresponding to the zone spectrum of the electron in a crystal. In the practi-
cal crystallography [29], the commonly used approach is based on the strong coupling
approximation [31], which neglects the overlapping of the wave functions of elec-
trons from different atoms. This approximation takes into account the fact that the
main contribution to the amplitude is defined by the scattering from the electrons
of the internal shells, the characteristic sizes of which are essentially less than the
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distance between the atoms. Thus, the overlapping of the electron wave functions
from different atoms is exponentially small and the electron density does not depend
on the quasi-wave vector k:

- - 1
[P, (P)? = [0a(r)|%; 5 ggm = Gas (1.58)

where the values g, define the populations of the electron states in the isolated atoms
of the basic cell.

Introducing the variables R, and &, for the coordinates of the atom nucleus in the
basic cell and the set of quantum numbers for the filled electron states in this atom,
respectively, and the sum over the index « includes the summation over both R, and
&4, the scattering factor can be represented as follows:

occ

F(H)= > ngfa/QeiH'Hpga(r—Ra)|2dr, (1.59)
Ry

where ¢, (r — R,) are the normalized one-electron wave functions corresponding
to the isolated atom. Within the considered in this chapter accuracy, the limits of
integration in (1.59) can be expanded to the infinite volume. We also introduce the
atomic scattering factors (ASF) F,(H):

F(H) =Y F,(H)e"R; Fu(H) = / M7 pa(rydrs

occ

pa(r) =D ge,loe, (). (1.60)
&a

which are directly connected with the electron density p, (r) of the atom situated in
the point R,. They are expressed through the one-electron wave functions @¢, (r) of
the isolated atom and normalized by number of electrons N, in this atom:

F,.(0) = Ny; ZNa = N,. (1.61)

The accuracy of this approximation is defined by the overlapping integrals I,
for the wave functions of electrons from different atoms, and the correction to the
scattering factor (1.59) is defined by the parameter:

AF(H) ~ |Lap|: lap Z/wza(r)%b(r — Ry + Ry)dr, b #a, (1.62)

which is connected with the characteristic width of the one-electron zones [31].
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Another important renormalization of the coherent scattering factors is stipulated
by the oscillations of the atomic nuclei:

R, =R +¢,, (1.63)

where the value ¢, describes the deviation of nucleus from the equilibrium positions
R‘(lo). In the quantum solid state theory the parameter (, is expressed in terms of
operators of the phonon creation and annihilation [32].

The observed value of the scattering factor, being the function of the crystal
temperature 7', is defined by the average on the phonon statistical distribution:

F(H.T)=5p {ﬁpw, Y Fa(H>e"H<R5°)+<a)} S aed

a

When the phonon spectrum w, (k) (p stands for the various branches of the
spectrum) is known, the averaging gives an additional factor, called Debye-Waller,
in the scattering amplitude of each atom [31]:

o WalH.T).

This factor takes into account the decrease of the elastic scattering amplitude due
to the probability of the inelastic processes of the phonon excitation in a crystal. If
the Boze-Einstein statistics for the phonon distribution is used, this factor can be
represented in the form [32]:

= )
FH,T) = ZFa(H)e’HRﬂ e WalH.T),

a

Wa(H’ T) e Z B/l I/H;JH% (165)
v

where M, is the atomic mass, H,,, (1 = 1, 2, 3) are the projections of the reciprocal
lattice vector on the basic vectors of the elementary cell; the tensor B, , does not
depend on the atom but does on the integral characteristics of the crystal:

coth Bp(k:,) . hwp (k)
By, = mﬁz/“”wm) m Gy ==l (1.66)

The values eﬁ (k) are the projections of the polarization vector for the phonon branch
p on the basic vectors of the elementary cell; kp is the Boltzmann constant.

Another approximation for the scattering factors used in (1.60) is the calculation
of ASF for isolated atoms [29]. In this approximation, the expansion of the plane
wave [33] is used in formula (1.60):
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[o)e]

eHr =" ()" @'+ 1)jy (Hr) Py (cos HF). (1.67)
I'=0

The expansion is performed over the spherical Bessel functions ji(Hr) and the
Legendre polynomials Py (cos Hr) depending on the angle between the vectors H
and r. Using this model, the ASF is represented in the following form:

Fq(H) = Fis(H) + AFqn(H);

sin Hr
Fis(H) = 47T/,0(r)

rdr;
H

unoccupied oo

Rt = [ 33 gelee 000,00

fu I'=1
x () Q' + 1) jy (Hr) Py(cos Hr)dr. (1.68)

The completely occupied (closed) electron shells in any atom contributes only
to the spherically symmetric part of the electron density p(r), and therefore the
isotropic part F;s(H) of ASF is defined by the scattering from all atomic electrons.
In general case, it exceeds essentially the anisotropic contribution A Fy,;, to ASF which
includes the summation over unfilled shells only. Overlapping of the wave functions
from different atoms in a basic cell is important only for these electrons [29] and the
contribution A F,, should be taken into account together with the correction A F (H)
from the expression (1.62).

Thus, the basic part of the X-ray susceptibility consists of the scattering factor
which is the sum of ASF for the individual atoms. Each ASF is the Fourier image of the
spherically symmetric part of the atomic electron density. Unlike to the expression
(1.68), in the standard X-ray applications, the ASF is usually considered as the
function of the parameter s related to the transmitted scattering wave vector Q as:

ino
Q=k —k; Q=dns;s= % (1.69)

where ) is the radiation wavelength, and 26 is the scattering angle. The parameter s
is more useful for the practical applications because of with a rather good accuracy
it has a variation range in the limited interval for any atom 0 < s < 6 AL Using
these notations, the ASF is written as:

sindmsr

Fis(H) = Fo(s) = /oo p(r) rdr. (1.70)
0

In order to calculate ASF from (1.70), it is necessary to choose the approximation for
the electron density p(r) in multi-electron atoms (ions). The most fundamental one
is the Hartree-Fock approximation for the one-electron wave functions [34], when
the wave functions are taken in the form of tables [35]. These tables are not very
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convenient for the practical usage, and it is very difficult to use this approach for
account of various corrections to ASF as well as for the atomic excited states and
variation of the electron configurations for atoms or ions in the external field.

In certain applications, the Thomas-Fermi model for ASF calculation, which
implements the electron density as a universal function in the whole range of the
nucleus charge Z, and number of electrons N, [36, 37], is satisfactory [29]. How-
ever, this model does not take into account the shell oscillations of the electron
density and its behavior at small and large distances, and as a result does not provide
a sufficient accuracy for ASF calculation. Therefore, the analytical interpolation of
the Hartree-Fock data directly for the function Fy(s) is mostly used. The typical form
of the interpolation is:

4
Fo(s) = Zaje_bfsz +c, 0<s <2,
=1

with a set of the parameters a;, b;, ¢ which are individual for every atom or ion and
are chosen by numerical fitting of the Hartree-Fock data in the interval 0 < s < 2
[38]. By means of several additional parameters, this interpolation was generalized
in work [39] for the interval 2 < s < 6. The results of interpolation are represented
as the tables for the parameters corresponding to all atoms and some ions [29].

This approach is used in various software packages for calculation of the X-ray
susceptibility (for example, [40, 41]). Unfortunately this interpolation does not refer
to the wave functions and hence limits the ability of the physical interpretations.
Moreover, this method does not allow to calculate the above mentioned corrections
to ASF.

Recently a new model for ASF approximation was suggested in the works [42,
43] based on the analytical interpolation of one-electron wave functions by means
of the parameter set, which is interpreted as the effective charges of the electron
shells. This approach makes possible to calculate numerous characteristics of the
isolated atoms (ions) by using the universal analytical formulas, in a similar way as
in Thomas-Fermi model. The accuracy of this approach is comparable with the one
by the Hartree-Fock approximation. Analytical wave functions of the model describe
correctly the shell oscillations and the asymptotic behavior of the electron density
and therefore can be used for the calculation of various corrections to ASF.

As mentioned above, the main approximation for quantitative description of multi-
electron atoms is based on the Hartree-Fock model. All the electrons move in the
field of the self-consistent potential, which is calculated together with the wave func-
tions from the system of integro-differential equations [34]. There exist also other
numerical approaches for calculation of the electron structure of atoms, for exam-
ple, the method of effective potential [44] or suggested recently algorithm for the
direct numerical solution of the Schrodinger equation [45]. However, the analytical
approximations for the atomic wave functions are still of big interest for many appli-
cations [46, 47]. This approximation may be obtained by applying the interpolation
for the numerical results with a number of fitting parameters for each orbital [48].
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There exist effective analytical models for the atoms, which implement the wave
function of each electron as the Coulomb orbital [49] with phenomenological values
of effective charges or quantum defects (for example, [50]). These parameter [42] are
calculated in the framework of the operator method for solution of the Schrédinger
equation and an accurate analytical approximation for ASF is found. However, the
parameters of this approximation are individual for each atom or ion and the addi-
tional pre-calculated tables have to be used. In the paper [43], the generalization of
the shell model was suggested which allows a calculation of the effective charges
for any atom or ion by means of the universal formula. This approach results in the
effective analytical approximation for ASF and gives the possibility to calculate the
above mentioned corrections.

Here we consider briefly the microscopic basis for this model. The one-electron
Hamiltonian of the atom can be written in the following form (the Coulomb system
of units with e = i = m = 1 [49] is used in this paragraph):

52
N D; Z —o;
H, = =+ - . 1.71
Z( 2 i ) ( )

i

The eigenfunctions and the eigenvalues correspond to the solutions of the
Schrddinger equation for the hydrogen-like atom with different screening constants
o; for every electron. This model was used successfully in the very first papers on the
quantum mechanical description of the atom (for example, [51, 52]). The accurate
Hartree-Fock functions are shown to be very close to the Coulomb functions [48],
however, the model is not widely used as a Thomas-Fermi one for calculation of the
atomic characteristics. The reason is the operator (1.71), which is derived not from
the initial Hamiltonian of atom and thus no method exists to calculate the empiric
parameters o; for the atoms or ions. Different solutions for these problems were sug-
gested, for example, in the paper [53] the operator (1.71) was obtained by means of
virial theorem and in the paper [42] the effective charges were calculated on the basis
of the operator method. However, in both cases the parameters o; were calculated
for each atom and shell by individual numerical algorithm.

Unlike the other approaches, the considered here model defines the values Z, 77 for
any electron and any atom (ion) by the universal analytical formula, which depends
on the nucleus charge and occupations of the one-electron quantum levels. To prove
this statement, we start from the Schrodinger equation for the non-relativistic atom
with N-electrons and nucleus charge Z:

HaWa(X) = EAWA(X);
N N-1

Hp = (P _ 2 _z 1.72
A—Z<7—;>+ZZ|,j_,i|~ (1.72)
i=1

j>i i=1
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Here the state vector depends on 4N variables, which are the electron coordi-
nates and spins X = (x1,x2,...xn);X; = (r;,s;), and the quantum numbers
A=A, A, AN N = (g, L mg, ).

The general scheme of the operator method [54, 55] is used for the solution of
the Eq.(1.72), i.e. as a first step the orthonormalized set of the model functions
Ya(X, £24) depending on the variational parameters £2,4 has to be chosen. The
different sets 14 (X, §£24) should be used for the different quantum numbers A [54,
55]. The corresponding to A wave function to be found is expanded over the model
functions 14 (X, £24):

WAX) = 0a(X. 24) + D Caatha (X, 24). (1.73)
A£A

The energy of this state and the coefficients of the expansion (1.73) are derived from
the system of nonlinear algebraic equations including matrix elements of the initial
Hamiltonian:

Ex=Hpp+ Z HinCpoa;

A£A
Hypa, =< ba(X, Q)| Haltba, (X, 24) >;
Caa=—[Hyn —Haal '(Hya+ D, HyaCa.al. (1.74)
AyEA#A

In according with the reference [54, 55], the successive iterations of the Eq. (1.74) are
converged even for the arbitrary choice of the zero approximation functions 14 (X).
Therefore, these functions are chosen here in the form of a simple product of the
one-particle Coulomb orbitals [48]:

)\ma,\'
YaX, 24) = [ x(2n x);
Ai
¢Ai (Z/\,'a X)) = Cn,l,mRnl(Vi’ Zn,l)Ylm(oiv ©®i)Xs:
)\UIHX
Ai=(@.lms): D 1=N, (1.75)
Ai

where Ry (r;, Z, ) are the hydrogen-like radial wave functions corresponding to the
charge Z, 1; Y1 (i, ¢;) are the spherical harmonics and x; are the spin functions of
the electron, C,, ; » is normalization coefficient.

Similarly to the Thomas-Fermi model, such a choice of the function means that
the exchange interaction is neglected but the Pauli principle is taken into account
because of the quantum numbers of all electrons are different. Parameter \,qy is
defined by the number N of the electrons and N # Z for ions. In accordance
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with [56], this choice of the zeroth order wave functions leads to a good accuracy
for calculation of the atomic characteristics and permits to take analytically into a
account the correlation and exchange corrections.

We choose the quantum numbers J\; in accordance with an order of occupations
of one-electron states, and the increasing sequence of the integral numbers (\; —
i; Amax — imax) is associated with this sequence. Then the zeroth approximation
for energy depends on the set of variational parameters O {Z;} and is defined by the
formula:

Umax Y

EQUZY =Y < én(Zi 0l = Zlion Zin) >

r
i=1

N

imax Imax

+ DD < o0 (Zix1). 6y,(Z). x2)

i=1 j>i

" ||¢>A (Zi,x1), o (Zj, x2)>.

(1.76)

This expression was used in the paper [54, 55] for the numerical calculation of the
effective charges in the zeroth approximation of the operator method. It is possible
to find analytically the approximate variational solution for these values, too. The
problem only is a right choice of a sufficiently good approximation for the matrix
elements of two-particle operator. Here, the following fact is used: for the hydrogen-
like orbits their average radius is defined mainly by the principal quantum number
and depends weakly on other quantum numbers, and thus the following estimation
gives a very good accuracy:

< Oy lymys P Pny 1 my 51 > K< Ony by mo,sa |7 Py loma sy >, 101 < n;

< ¢n1,11,m1,31 |r|¢n1,ll,m1,s1 >~< ¢n2,lz,m2,32|r|¢n2,l2,m2,sz >, ifny =ny. (1.77)

This estimate introduces the following one-particle approximation for the matrix
elements of two-particle operator:

Vaia =< On, Ol |r] Pl L2V 2 ViR oY1 b |¢/\ >, ifn; <nj; (1.78)

ra|
1 1 1 .
Vo, % gl< Oxl—lon >+ < dr;l—lon; >, ifni =n;. (1.79)
r r

Formula (1.79) has a simple physical interpretation: for each electron in the atomic
layer with the principal number 7 ; all the electrons from internal layers withn; > n;
give the identical (equal to unity) contributions to the nucleus charge screening that
corresponds to the result of the classical electrodynamics for spherically symmetric
charge distribution. At the same time, each additional electron in the same layer
(with n; = nj) contributes to the screening with the value equals to 1/2. After
the symmetrization on the coordinates of the electrons in the layer, the coefficient



26 1 Basic Principles of the Interaction of X-Rays with Matter

in (1.79) becomes equal to 1/4. In this electrostatic approximation, the Hamiltonian
of the zeroth order takes one-particle form. The approximation (1.78)—(1.79) for
the matrix elements can be essentially improved if the dependence of the screening
charge of every electron on its orbital momentum is also taken into account. This
dependence is found in a general form with some undefined numerical coefficients
if the symmetry of the group SO (4, 2) for atomic Hamiltonian is used [57]. Then
the following approximation for the diagonal matrix elements of the two-particle
operator can be used:

A a B l(l+1)
vm].—(l sa <¢)\| Slox, >, mi<njs (180)

5 1 L+ 1) 1
Vi, = 16[(1+ +ﬁn—.)<@f|ﬁ|¢”>

1

+ (1 - +5M) < b1~ I, >}, ni=nj, (181)
6 ”j ry

with still undefined parameters « and (3, which will be discussed below.

Besides, a small modification of the screening coefficient 1/4 — 5/16 for the
electrons in the same layer corresponds to well known variational solution for the
effective charge in two-electron atom [49]. In the result, the following expression
defines the energy of the state with the given set of the quantum numbers in zeroth
approximation of the operator method:

Ly
P~ Zny
E(O)(Z» N)a ~ Zgnlms < Rn,l(Zn,la r)|[_ -= ]|Rn,l(zn,l9r) >=
)\ 2 r
_Zgnlnﬂ 2 27
n—1 n;—1
nl =7Z- Z Z Z Z Inilymysy B,
ni= 1l1 =0 m=—Is1==%1
[z S it ]
=0mi=—Is1==%1
a l(l+1) y l(l+1)
nl=1— - ; =1
Fom.l @it P +6+6 n2

Nmax n—1 1

2.=2.2.2 2 18y

A n=1 1=0 m=—I s=%£1
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where the occupation numbers gp;,s = 1 for the filled and gp;;,s = 0 for empty
one-electron states. These numbers are normalized by the condition:

Nmax Imax [

2. 2.2 2 gums=N. (1.83)

n=1 =0 m=—1 s==%x1

In general case, the nonzero values g,;,,,s are defined by the occupations of one-
electron states for the considered atom or ion. Parameter /3 is calculated uniquely by
satisfying the formula (1.82) to the asymptotic expression for the energy of neutral
atom in the limit Z — oo (for example, [58, 59]):

E = —0,768745Z"/3. (1.84)

In order to find this asymptotic expression, the sums over n, [ in formulas (1.82) and
(1.83) have to be replaced by the integrals and the terms with the maximal degree of
Z have to be extracted:

1/3
Nomax A 3, /;E(O)(Z,Z)%2122/3Z7/3 1+iﬁ+lﬁ2 . (1.85)
2 28 107 " 50

By comparing the formula (1.85) with the expression (1.84) the value 3 ~ 0, 417472
is calculated. Thus, the only undefined parameter not depending on Z in the Hamil-
tonian (1.73) is the value «, which makes the correction of the screening value
due to the presence of equivalent electrons. The mean squared radius of atoms
ra = v < r? >, being an important for many applications [34], proves to be most
sensitive to the value a parameter. In the considered model the parameter o was
chosen provided the function r4(Z) is the best approximation for the same func-
tion calculated on the basis of Hartree-Fock model [60]. Finally, the value found is
a ~0,576.

Thus, the wave functions (1.75) with the effective charges calculated from the
analytical formulas (1.82) make it possible to estimate in a simple way and with a
good accuracy the numerous characteristics of atoms and ions with arbitrary Z and
N. Below the comparison is given for some physical values calculated using the
analytical formulas with the numerical results of the Hartree-Fock [60] and Thomas-
Fermi [58, 59] models.

Figure 1.2 shows the dependence of the total energy of the neutral atoms on
the nucleus charge and Fig. 1.3 shows the functions r4(Z) for all mentioned above
models. The relative deviation of the analytical results from the Hartree-Fock model
is not exceeding 3 %.

Figures 1.4 and 1.5 show the radial distributions of the electron density for several
atoms. The analytical approach interpolates well the Hartree-Fock numerical data in
the entire range of the radial coordinate and shows the correct asymptotic behavior
of the density at small and large distances.
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Hartree-Fock results 0.62
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Fig. 1.3 Mean squared radius
of neutral atoms as the func-
tion of nucleus charge: solid
line correspond to operator
method and dashed line to
Hartree-Fock results

Figures 1.6 and 1.7 refer to ions of He and Li series, respectively, and demon-
strate the high precision of the ionization potentials I P(Z, N) = E;n;(Z, N) —
E.;(Z, (N — 1)) calculated in the framework of the considered model.

The considered interpolation for the wave functions delivers the analytical expres-
sions for the isotropic part of ASF (1.70) for any ion or atom. In the one-electron
approximation the isotropic electron density is defined by the population numbers g,,;
of the atom or ion shells and the normalized radial wave functions Ry;(Z,;, r/ap) cor-
responding to the Coulomb orbitals with the effective charges Z,;, ap = 0.529177A
is the Bohr radius:

1 2
) = D gl R (Z, v/ ap) . (1.86)

nl

The integral (1.70) from this equation can be calculated analytically in the following
form [61]:
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Fo(s) = 2 g Fut&, @); - & = ==, q = 4msap, (1.87)
nl
where the partial ASF values Fy,; (&, g) are defined by the formula:
o 3(n —1—Dln+D!
Fo(&usq) = _fnl+ n
n—Il—1n—I—1 £k1+m d2l+1+k+m
1
X . (1.88)
! Im! 20+1+k+m ¢2 2
£ L Ql+k+ DL+ m+ Dkm! d€ 2 1g

The explicit formulas for ASF of atoms from the periodical system is listed in the
paper [42], for example, for atoms of Ne and Ca:
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Fig. 1.6 Absolute values

of the ionization potentials
for He series: solid line is
operator method; stars are
Hartree-Fock results

Fig. 1.7 Absolute values

of the ionization potentials
for Li series: solid line is

operator method; stars are
Hartree-Fock results
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(1.89)

The graphical dependence of ASF calculated from formula (1.87) vs parameter
s = sin /) is shown in Fig. 1.8 for the atoms of Si, Ba, Cu and Mn37 ion. These
simulations approximate the Hartree-Fock numerical values with high accuracy [29].
The formulas above can also be applied for the ions with core in the internal shell,
which is important in the case of the interaction of the femto-second pulses from
X-ray free electron laser (XFEL) with the matter [4]. Figure 1.9 demonstrates a good
coincidence of the analytical results with the numerical ones [62].
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Fig. 1.8 Comparison of ana-
lytical (/ines) and numerical
(dots) results for ASF of Si,
Ba, Cu atoms and Mn3" ion

Fig. 1.9 Comparison of
analytical (solid line) and
numerical (dotted line) results
for calculation of ASF for
internal shells of ions C with
core hole

The one-electron functions (1.75) accounts for the corrections (1.62) to the scat-
tering factor of the basic cell because of the overlap of the wave functions of electrons
in the external shells from the different atoms. The following procedure for the cal-
culation of this correction in the crystals with the diamond-type basic cell (C; Si; Ge)
can be considered [42]. In order to take into account the influence of the neighboring
atoms, the states with the lowest energies should be found using the linear combina-
tions of the wave functions of 4 electrons from the external shell (n0; n1) from each
atom. As a result, the lowest levels are found to correspond to the collective states,
where all electrons have parallel spins and are described by the following set of the
functions [29]:

1
1= 3 [Ruo¥oo + Rau1(—v2Y11 + Y10)1;
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1
Py = E[RnoYoo + Y11 (V2Y11 = Y1i0)];
1
Py = E[RnoYoo + Ry (—V2Y11 = Yi0));
1
Vs = 3[RuoYoo + Ry1 (V2Y11 + Yi0)], (1.90)

where Y}, are the spherical harmonics and R,; are the radial wave functions of the
external electrons corresponding to the isolated atoms. Thus, the external layer gives
the following contribution to the electron density:

4
1
pn(r) = 2161 = —[Rig + 3R ],
j=1

that differs from the analogous value in the isolated atom:

1
0 2 2
= IR+ R

Figure 1.10 shows the change of ASF of each atom due to the influence of other
atoms in the elementary cell:

AFo(s) = Fu1(&n1, q) — Fuo(€no0. 9), (1.91)

with n = 2 for C, n = 3 for Si, n = 4 for Ge. In spite of rather small correction
to the absolute value of ASF, it could be essential for the analysis of the forbidden
reflections [63].

The direct approximation for the wave function can also be important for the analy-
sis of the changes in the electron density due to the effect of external or inter-crystal
fields [42]. For instance, the additional Hamiltonian of the spin-orbit interaction for
atoms (C; Si; Ge) in the ground state under the action of the magnetic field = directed
along z axis is defined as [49]:

Fig. 1.10 Correction to ASF AFg
due to the influence of the
neighboring atoms (C - solid
line, Si - dashed line, Ge -
dotted line)
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6H = A(LS) + pp(L. +28.)7, (1.92)

where A > 0 is the constant of the spin-orbit interaction for two external p-electrons
with the total orbital L and spin S momenta, 1 p is the Bohr magneton. This operator
does not change the effective charges of the radial wave functions but effects on the
angular distribution of the electron density. Eigenfunctions of the operator (1.92)
are defined by its diagonalization with the eigenfunctions of the operators LS-
|Mp, Mg >. Then the ground state follows from the following linear combination:

|®g >=c1|1, =1 > +¢3]|0,0 > +c3| — 1,1 >;

_ 20 _ L350
“‘ﬁ(lﬂ 95)’”‘¢§(1 95)’

_ L 25Y. . _ HBE
3 = ﬁ(l ¢ 95), g=H= (1.93)

These wave functions account for the anisotropic part in the electron density and
for the anisotropic contribution (1.68) to ASF which is proportional to the second
Legendre polynomial considered as the function of the angle 6 between z axis and
vector H:

AFn (H) = —Qszmcos 0) fon(5);
Fnls) = /0 PR G s pardrs g = draps. (19)

where Js,5(qr) is the Bessel function.

Figure 1.11 shows the functions f;,(s) for atoms Si and Ge. When the exter-
nal magnetic field is strong, the anisotropic part of ASF is comparable with the
anomalous dispersion corrections and may bring the important information on the
inter-crystalline fields.

Fig. 1.11 ASF correction in
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1.4 Numerical Calculation of Debye-Waller Factor

Debye-Waller factor (DWF), see Eq.(1.66), gives an essential contribution to the
X-ray susceptibility. Most of software packages [40, 41] calculate DWF on the basis
of the Debye model for the phonon spectrum [31] and the phenomenological values
of the Debye temperature ®@p of the crystals. However, the experimental value of
®p is known for relatively few crystals [29]. When the experimental value of ®@p
is unknown, the average value of the Debye temperatures of the crystals for all
atoms in the basic cell is used without a sufficient theoretical argumentation. Thus,
the development of a method for the evaluation of ®p for arbitrary crystals is an
actual problem. Moreover, some diffraction experiments require calculations of the
DWEF taking into account the anisotropy factors and different branches of the phonon
spectrum. The experimental density of the phonon states [64] are known for only a
few materials; the situation for most crystalline structures however is unclear. Here
we consider the method for simulation of the force matrix for an arbitrary crystal,
which realizes both the evaluation of ®p and the microscopic calculation of DWF
with good accuracy [42].

In the case, when DWF is characterized by a single parameter ®p, the harmonic
oscillations of atoms in a crystal cell result in attenuation of the elastic scattering
amplitudes by the value of DWF. In the isotropic approximation, this factor for the
atom with the index p in the crystallographic unit cell is defined by the formula:

2
e Wp = ¢~ BrMs™, (1.95)
Here s = % and the main contribution to the temperature coefficient B(T') is

supposed to be introduced by the acoustic branch of the phonon spectrum, so the
result can be presented in the following way [32]:

3h? ! e
W, (T) = —/ xcoth (2= ) dx (1.96)
2M kB0 Jo 2T ’
where xp is the Boltzmann constant and the Debye temperature is defined by the
expression:
hukp 6r2\ '
Op = ; kp={— . 1.97)
KB .Q()

This is a result of linear interpolation of the dispersion law for acoustic phonons
w(k) =~ uk within the Debye sphere with the radius kp, which depends on the
volume of the unit cell of the crystal £2¢. Thus, in the considered approximation, the
value @p or its related sound velocity u is the only parameter influencing DWF.
From the microscopical point of view, the parameter u should be found from the
dispersion equation for the phonon frequencies defined by the harmonic force matrix
of the crystal. Because the approximation of pairwise interactions is satisfactory for
the real density of atoms in crystals [27], a realistic two-particle potential [65] can be
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used for the construction of the force matrix. The distance between two neighboring
atoms in the crystal cell is different from the equilibrium distance in the molecule
consisting of the same atoms. However, according to the researches in chemical
crystallography, this difference is small due to the fact that the atomic binding in the
crystals is mainly defined by the same external electron shells as in the molecules
[66]. Thus, since a model potential approximates the electron term of two bound
atoms in some neighborhood of the equilibrium distance Ry, it can also be used for
finding the force matrix elements at distances corresponding to the atomic positions
within the unit cell of a real crystal. In the approximation of pairwise interaction, the
element of the force matrix is defined by the following formula [27]:

R,; — R R R
qu Kpg [( rq 0174) 5ij + Opq nlpqn?q} : nPd — P4 (1.98)
Rpq Rpq rq

Here upper indices in the force matrix enumerate the different atoms in the cell
and lower ones correspond to the atomic shifts from their equilibrium positions
in Cartesian coordinates; x4 and Rgp, are the harmonic force constants and the
equilibrium distance in the molecule corresponding to the atom pair with indexes
(pg), respectively; vector R p, is the real distance between these atoms in the crystal
cell.

In this section, we use the Debye interpolation for the phonon spectrum and
neglect the anisotropy effects. This means that the standard dispersion equation for
the acoustical phonon branch [27] should be averaged over all directions in the space
of phonon wave vectors as well as over different directions in the unit cell of the direct
space. If the approximation of the nearest neighbors is used for the force matrix of
the crystal, the average sound velocity can be estimated by the following simple
formula:

U= —-—-:; an = ) V= — 1% . .
342 0T o B

Here ag represents the average size of the unit cell; the summation is over all different
pairs of nearest neighbor atoms in the cell, where ¢ is anumber of such a pair; v4 2By is
the oscillation frequency in cm™~" for a pair of atoms with the index p; the numerical
coefficient 1/3 in the formula (1.99) is due to averaging over all the directions.
Substituting the expression (1.99) into the definition of Debye temperature (1.97), a
universal correlation between ®p and v can be found:

hc
3«/_53

The formula (1.100) corresponds to the known interpretation of the Debye temper-
ature of the crystal; its value is proportional to the characteristic phonon frequency.
In a standard unit system the numerical coefficient in the formula (1.100) is close to
unity:

Op = — (67230, (1.100)
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OplK]~ vlem™!]. (1.101)

If a recipe for the calculation of the harmonic frequency for any given pair of atoms
is known, then this formula can be used for a simple evaluation of the Debye tem-
perature of an arbitrary crystal. The elastic constant x4 describing the interaction
between the identical atoms in two-atomic homo-nuclear molecules and the harmonic
approximation for interatomic potential V (R) are expressed as [67]:

KA = (2mrAc) My,

1
Va(R) ~ —EO—G—EKA(R—RO)Z. (1.102)

Here the interatomic potential V (R) corresponds to the ground electron term with
the binding energy Ey at equilibrium distance Ry; v4 is the principal oscillation
frequency of the homo-nuclear molecule in cm™' composed from two identical
atoms with the mass My; c is the velocity of light. Theoretical calculations of the
constant k4 ab initio with a spectroscopic accuracy for homo- and hetero-nuclear
molecules requires some complicated quantum-mechanical calculations of electron
terms [68]. However, so-called realistic potentials for atom-atom interaction like the
Lennard-Jones potential, can provide a sufficient accuracy for statistically averaged
macroscopic characteristics of molecular gases [65]:

Ba aa

RZ T R6 (1.103)

Va(R) =
The parameter 34 corresponds to the repulsive part of the potential at small distances,
and the constant a4 is proportional to the product of squared dipole moments of inter-
acting atoms and simulates the Van der Waals attraction at large distances [49]. The
Lennard-Jones potential does not provide the detailed description of electron terms
in the entire range of the interatomic distance [68], and therefore it can not be used
for precise evaluation of the dissociation energy of the molecule. Nevertheless, it
describes quite well the behavior of real potentials near their minima [65], which are
of special interest for us in the scope of the harmonic approximation. The above men-

tioned characteristics of the harmonic potential are expressed through the constants
a4 and G4 as

23, 71/6 2 4/3
R0A=[ﬂ} . Eoa=——A. g =36a4 [O‘—A} L (1.104)

Actually, the temperature factor in structure amplitudes is the result of statistic aver-
aging and therefore the fine details of the potential are not essential. With analogous
accuracy the values acy4 and (34 can be used for a two-atom potential in order to eval-
uate the Debye temperature. However, the experimental data received both from the
cross-sections and from the oscillation spectra are known for a relatively small set
of different atomic pairs. Therefore the general recipe for the estimation of a4 p and
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(Bap for arbitrary interacting atoms A and B must be provided. Such a general recipe
can be derived from the scaling dependence of the interaction potential established
in the framework of statistic theory of atom [69]. A repulsive part of the potential for
two different atoms (ions) has been calculated as a geometric average of interaction
potentials Vzgrep )(R) and Vge” )(R) taken from the independent pairs AA and BB
of identical atoms:

VI Ry = VP RIVIP(R). (1.105)

These correlations fitted well the experimental data in a large range of interatomic
distances [69].

Considering the Eq.(1.105) independently for large and small interatomic dis-
tances, the values a4 g, 4 p for interactions between different atoms can be evaluated
by means of the simple formulas based on the same averages:

Ba = BaBp; aap = Jasap. (1.106)
Substituting the Eqgs. (1.106) into the formulas (1.103) and (1.104), we deduce

the combinative rules for the evaluation of potential parameters for hetero-nuclear
diatomic molecules:

1/2
My + Mp
Roap = vV RoaRop; VAB = [VAVB } ;

2/ M Mg
MaMp
Eoap = VEoaEop;  kap = Qmcvap)uap; pap = ————, (1.107)
Ma+ Mp

using the experimental data for the homo-nuclear molecules. Here v4 and vp are the
principal oscillation frequencies of the molecules A» and B;; v4 g corresponds to the
molecule AB and the difference in the reduced masses for homo- and hetero-nuclear
molecules is taken into account.

Certainly, these combinative rules are semi-phenomenological due to the choice
of the model potential and the lack of a sufficient theoretical ground for the expres-
sion (1.105). The effectiveness and accuracy of these relations can be investigated
by applying them to diatomic molecules with known parameters. Table 1.1 lists all
the necessary parameters for diatomic homo-nuclear molecules from the reference
book [67].

The comparison of the calculated binding energy E( presented in the table with
the energy of dissociation [67] is rather formal in our context. This is because the
Lennard-Jones potential is not a good model for the electron term for all interatomic
distances. In fact only the parameters v and R are important for the presented model
since they exactly define the behavior of the potential in the harmonic approximation.
The parameters for molecules, marked by the symbol (¥), are absent in [67] and
we calculated these values by means of the combinative rules (1.105) based on
experimental data for materials containing these atoms along with other ones.
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Table 1.1 Parameters of diatomic homo-nuclear molecules [67]

o

Atom v,cm™! Eoy, eV Ro, A
H 4401 4.48 0.74
He 1861 2.36 1.04
Be* 1343 13.32 1.39
B 1051 3.02 1.59
C 1854 6.21 1.24
N 2358 9.76 1.10
) 1580 5.12 1.21
F 916 1.60 1.41
Ne 14 0.00 3.10
Na 159 0.72 3.08
Mg 190 0.05 3.89
Al 350 1.55 247
Si 510 3.21 2.25
P 780 5.03 1.89
S 726 437 1.89
Cl 560 2.48 1.99
Ar 26 0.01 3.76
K 92 0.51 3.90
Ca 241 0.13 4.28
Sc 42 1.65 2.40
Ti* 489 1.30 2.17
V* 552 248 2.09
Cr 475 1.56 2.17
Mn 110 0.23 2.59
Fe 218 1.06 2.04
Co 365 1.69 3.20
Ni 286 2.36 2.96
Cu 264 2.03 2.22
Zn* 329 1.78 3.41
Ga* 219 1.40 2.43
Ge* 336 2.82 2.16
As 429 3.96 2.10
Se 430 3.16 2.17
Br 325 1.97 228
Kr 24 0.02 4.03
Rb 57 0.49 3.79
Sr* 202 5.82 3.05
Y* 282 1.62 -
Zr* 423 12.05 8.41
Nb 280 11.89 2.36
Mo 370 4.89 -
Tc - - -
Ru* 338 3.41 2.17
Rh* 363 2.92 2.09
pd* 91 0.73 3.16

(continued)
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Table 1.1 (continued)

Atom v,cm™! Eoy, eV Ro, A
Ag 192 1.66 2.59
Cd* 164 0.08 428
In 142 1.01 2.86
Sn* 315 1.99 278
Sb 272 3.09 2.34
Te 251 2.68 2.56
I 214 1.54 2.66
Xe 30 0.02 436
Cs 29 0.39 4.47
Ba* 150 11.26 3.25
La* 257 2.50 2.83
Ce* 886 2.50 274
Pr* 240 11.59 -
Nd - 16.02 -
Pm - - -
Sm - 7.20 -
Eu* 166 11.43 -
Gd* 216 16.84 -
Tb 248 1.32 -
Dy - 13.13 -
Ho 251 0.82 3.11
Er - 14.50 -
Tm - 6.49 -
Yb 162 0.17 2.89
Lu 246 10.11 2.63
Hf 330 13.11 2.44
Ta 365 13.15 2.36
W 385 9.04 -
Re 290 - -
Os 260 - -

Ir 279 6.16 2.36
Pt 218 6.35 228
Au 191 2.30 247
Hg 36 0.07 3.30
Tl 102 0.90 3.07
Pb 161 0.82 3.03
Bi 156 3.09 3.07
Po 155 1.90 -
Th 249 - -

U 207 7.61 -

Figures 1.12 and 1.13 show the comparison of experimental [67] parameters of
heteronuclear molecules with their theoretical values, calculated according to the
combinative rules of (1.105). X-axis at these pictures represents the experimen-
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tal values and y-axis defines the theoretical values. Thus, ideal correspondence of
experiment and theory should result in situation of all the points on a single straight
line.

To prove the described above theory, about two hundred different molecules
described in [67] have been examined. Despite the large variation in the range of
absolute values for real molecule parameters, the evaluation of these values using
the combinative rules is rather effective: the mean square error is 3 % when estimat-
ing Rp and 8 % for v. The largest deviation reaches 30 % and are related to a few
molecules with the hydrogen atom, for which the statistical evaluations are not a good
approximation. The formula derived can also be used for a rough estimation of the
dissociation energy; the mean square error for this parameter is about 25 % because
of the above mentioned reasons. The corrections to the parameters considered for
interacting ions can be estimated in the framework of Thomas-Fermi model [69].
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Table 1.2 Comparison of the theoretical &, and experimental ©,,, Debye temperatures

Crystal Cell 05", K o K £
min max

Cu f.c. 304 342 264 0.101
Ag 212 220 192 0.059
Au 155 190 191 0.051
Ca 220 230 241 0.034
St 148 171 202 0.118
Al 375 428 350 0.069
Th 145 170 249 0.225
Pb 68 105 161 0.301
\ 300 413 552 0.215
Nb 252 301 280 0.006
Ta 230 245 365 0.212
Ni 375 476 286 0.196
Rh 315 370 363 0.029
Pd 263 280 91 0.498
Ir 285 - 279 0.011
Pt 225 248 218 0.041
Li be.c. 277 430 351 0.004
Na 146 180 159 0.012
K 100 163 92 0.177
Rb 58 85 57 0.113
Cs 42 54 29 0.247
Ba 115 - 150 0.132
Cr 405 485 475 0.033
Mo 360 388 370 0.005
w 270 384 385 0.081
Fe 355 467 218 0.307
C Diamond 1800 2242 1854 0.043
Si 505 685 510 0.077
Ge 211 400 336 0.048
Sn 260 - 315 0.096
Be h.c.p. 1000 1376 1343 0.061
Mg 290 342 190 0.249
Zn 200 305 329 0.132
cd 120 172 164 0.058
La 132 152 257 0.288
Gd 152 - 216 0.174
Tl 96 100 102 0.020
Ti 342 430 489 0.118
Zr 250 288 423 0.223
Hf 213 - 330 0.215
Re 275 310 290 0.004
Co 385 - 365 0.027
Ru 400 426 338 0.100

(continued)
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Table 1.2 (continued)

Crystal Cell oy, K o K €
min max

Os 250 256 260 0.014
B Tetragonal 1250 - 1051 0.086
In 78 129 142 0.157
Sn 163 258 315 0.199
Hg Rhombohedral 37 100 36 0.311
As 224 285 429 0.255
Sb 140 200 272 0.231
Bi 62 120 156 0.263
U Orthorhombic 200 - 207 0.017
Ga 125 240 219 0.091
Br 110 - 325 0.494
I 106 - 214 0.338
LiH Bl 815 - 1525 0.303
LiF 650 685 602 0.052
LiCl 463 - 515 0.053
LiBr 387 - 458 0.084
Lil 331 - 411 0.108
NaF 439 - 382 0.069
NaCl 270 300 301 0.027
NaBr 200 243 249 0.058
Nal 151 198 217 0.109
KF 321 333 299 0.058
KCl1 218 - 227 0.020
KBr 152 - 178 0.079
KI 115 200 152 0.018
RbF 238 - 260 0.044
RbCl 176 - 187 0.030
RbBr 128 - 136 0.030
Rbl 108 - 111 0.014
CsF 184 - 200 0.042
AgCl 130 143 352 0.441
PbS 230 - 414 0.286
PbSe 168 - 278 0.247
PbTe 139 - 203 0.187
MgO 750 890 553 0.194
CsCl B2 166 - 141 0.081
CsBr 119 - 98 0.097
Csl 93.6 - 78 0.091
TIC1 125 - 283 0.387
TIBr 114 - 192 0.255
Agl B3 120 183 203 0.145
GaAs 314 - 306 0.013
GaSb 233 - 248 0.031
ZnS 300 - 504 0.254

€aver = 0.135
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The Table 1.2 gives acomparison between experimental Debye temperatures @f)xp
and values calculated with the formula (1.101). Practically all calculated values of
@g’ are within £10 % of experimentally reported Debye temperatures determined
by different methods [29]. Figure 1.14 is a graphical representation of the Table 1.2
in the coordinates (©5,"; @11

The presented method for microscopic simulation of the harmonic potential for
arbitrary pair of atoms gives arecipe for an accurate calculation of DWF. The accuracy
is provided by the optical branches of the phonon spectrum and anisotropy of DWF
in the crystals with the polyatomic unit cell. The anharmonic effects are neglected in
this case and the interaction between atoms in neighboring cells are only taken into
account when calculating DWF.

In general, every force matrix element includes four components (I, X, Y, Z),
which are described as follows:

(I'): Contribution of the atoms situated in the same unit cell. These elements
of the force matrix are denoted by Fla]ﬁ . Here lower indices correspond to usual
Cartesian components (7, j = 1, 2, 3) and upper ones enumerate s atoms in the same
cell (o, B =1, ...,s). The unit cell is assumed to consist of s; atoms of one type, 52
atoms of other type etc., where s1 + 52 + - - - = 5. The distance between some atom
with number « and all the atoms of the same type in the cell is expressed as:

3
1 _ aj B1y2 .2
Ral,ﬂ1 - Z(xi _xi ) ai ’

i=1

where the dimensionless atom coordinates x; are measured in fractions of the corre-
sponding basic vectors a; of the crystal. In the framework of the considered approx-
imation, the only least distances are kept and the number of them defines the coor-
dination number for this type of atoms [27]:
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Ly 1=<h<s; 1=<a=<s; 1=/ =h

The analogous procedure delivers the distances and the coordination numbers for
atoms of different types:

qu

apfyr LS p S 5pi 1< By < lpg,

where [, is the number of atoms of the type ¢ closest to the atom of the type p. A
one-cell contribution to elements of the force matrix is calculated by the Eq.(1.98):

. B ' _
rl.f’jf’ = I = b (] — X (7 - x?q)a,‘aj[Rgzﬂq] 2. (1.108)
Here  p, are the harmonic constants for the interaction between atoms of type p and
q, calculated by means of the Eq. (1.107).

(X,Y,Z): 3 contributions from atoms in neighboring cells. The distance to these
atoms can be found by coordinate translations by one of the basis lattice vectors:

3, 3,
XR —/(x“” B o122 (x5 — x)2a2 4+ (57 — xy2a2;

YR, = \/(x‘“" — 262 4 (57— x0T = 12a2 4 (57 — x{)2a;

ZR =G — e T - a4 (T x)

— 1)2a3,
here the same approximation of the nearest neighbors has been used. If the pair of
atoms of selected type has been already encountered in the group I" of the initial
cell, then the same pairs in the groups (X R), (Y R), (ZR) are taken into account only
when the inequalities ({S}R)]? ; R”" 5, 1S} = X. Y., Z are fulfilled. After such
a selection procedure, the addﬁlonal contrlbutlons to the force matrix are calculated
as follows:

ap, 0, « « « « _
X i = kg O = X = GG = X7 = aia [(XRN 17

apBa _ @p g V(P g N pqg -2,
Vi = hpg (T =X = 0i0) (" = x —5;2)aza1[(YR)a)5q] ;

ap,f « a « a )
Zi ;" =hpg (" —x = 0ia) (" —xt - 5./3)a,‘aj[(ZR)[’;Zﬂq] ,

(1.109)

with ¢;; as the Kronecker symbol.

The next step is the calculation of the phonon eigenfrequencies. Taking into
account a translational symmetry of the crystal in the equations for small atomic
oscillations in the conventional way [27], the equations of motion for the phonon
variables 5? P (k) and frequencies are:
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M = D e — g +

ﬁq J
LS e g 4
ﬂt] J
1 Z ¥ ﬂp(€ _f Bq —tk1a1) + Tr{}. (1.110)

aq j

here the symbol Tr{} means that the analogous terms with matrices Y, Z should be
also included, and k; are the projections of the wave vector on the corresponding
basis vectors of the unit cell. We should also note that in general the force matrices
in the equations are not symmetrical on all indices. For example, the element X 1+
defines the interaction between atom of the type 1 in selected cell and atoms of the
type ¢ in the displaced cell. Vice versa, only that atoms of the type g from the basis
cell, which are interacting with atom of the type 1 in the displaced cell, contribute to
the element X %71

The approximate solution for the Eq. (1.110) is built taking into account the fact,
that the main contribution in the integrals over the phonon energy in the DWF is
defined by the range of small values of k in the vicinity of the extremum of each
phonon zone. The principal character of this contribution can be explained by the
maximum value of the state density because of the phonon group velocity becomes
zero in this range [27], and the exponentials in the Eq. (1.110) can be expanded
into the series by k. Besides, the acoustic branches of the phonon spectrum can be
extracted by using new variables, namely the coordinate of the center of mass of the

cell: |
Ri=22 My &7
P Qp

where M is the total mass of the cell; M, is the mass of the atom of the type p, and
the relative coordinates are:

Ap ap ap_
pi"=&" —Ri: E,MPE

ap

The last relation means that the number of independent equations is equal to 3(s-1)
but three other components of the variable (for example, with index «, = 1) depend
on the rest and thus can be found from the equation

p}z—— M, Zpl (1.111)
p ap#l

In order to find the motion equation for the center of mass, all the Eq. (1.110) are
summarized by justifying to accuracy O (k?):
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MR —k“lzzz[ xR

ap ﬂq]

lklal ZZZ[XGP By (yq Bp 7] ?‘I + Tr{}. (1.112)

P ap ﬁq]

The equations for the relative variables can be solved in the approximation of the
independent oscillations which is also used in the theory of small vibrations of
molecules [68]. In this case, the coupling of various oscillations is taken into account
only through the coordinate of the mass center. Then the average deviation of each
atom from its equilibrium position is equal to zero relative to the center of mass of
the unit cell. Using this fact, the equations of motion for relative coordinates are as
follows:

Mpw?p;" = —Mpw? R + Z[ phy o (X“” g x 5”)]p,

BqsJ

k |
! 1“1 SUx e - xR, 4+ T (1113)
Bq.J

Physically the approximation used means that only the average force acting to
selected atom from the side of all neighbors is taken into account. For the case of
small &, the optical frequencies w( Doy =1, 2, 3 can be found from the Eq. (1.113).
The number of such optical branches is 3(s — 1) and for atoms of the type p they
degenerate with the multiplicity 3s,, (for the first one the multiplicity is 3(s; — 1)).
These branches of the phonon spectrum are defined by diagonalization of p matrices
of dimension (3 x 3), which result in the following equations for the eigenfrequencies
and orthonormalized polarization vectors e; (p):

)\l/

P .
w;)l/)z M—p, ZDU i
ph=> | s xn e xe et 1.114
n=2 |0 ( + )+ Tr{}|. (1.114)

By»J

The acoustic branches then can be found from the Eq.(1.110) by substitution of
the relative coordinates by the center of mass. Then the spectrum of the acoustic
eigenfrequencies is defined by the acoustic 4-rank tensor depending on the force
matrix and the vector k [49]. As a result, there exists an anisotropy of the sound
velocity in different directions of propagation even in cubic crystals. However, by
the definition, the DWF depends on the constant 2-rank tensor which is determined
by the symmetry of the crystal only and does not depend on the vector k [49] because
of the averaging over the k during the integration on the phonon variables. This fact
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allows the use of an averaging procedure over all the directions of k in the dispersion
equation. Mathematically this corresponds to the following substitution:

/ flwk) k> dkd 2 ~ / fl< w(k) >1k>dkd$2,

<wk)>=I1;, I= i/wz(k)d:z.
4

Then the Eq. (1.110) transform to:

szR _ k> al ZZZ[XQP By n onq /jp]Rj

Ap By.j

]

i,m

12M
ap ‘9 #1,m

x Z[D Z X7~ XR;
- E53p 3D AR

Poap#l Bym
x > pg 1 Z[ng T X[R; + Tr). (1.115)

and the problem is again reduced to the diagonalization of the symmetrical (3 x 3)
matrix. The solution for the optical frequencies is then found in the form

kag
m V7

and defines three acoustical phonon branches. In this parametrization, the normalized
vectors of polarization e;, and eigenvalues ¢, no longer depend on k:

< za ZAU ]a’
at PRI RS e

WY (k) = v=12,3; a0 = (£20)"?

Qp Bq.J
5 3 U
ap By#Lm

% Z[Dqlrl Z[Xﬁq o X/ir 7"]Rj
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—kl—Z > X

P oap#l fg.m
x DD KT = X T
Vrol J
b =4 (1.116)
ao

To derive a final formula for DWF, the general definition of the Debye-Waller
factor is used for the atom with number ¢ in the unit cell [29]:

_ L ?
DWEF, =e Zi,j Bijq’q]; Blt’] = ZHW”J (1.117)
t

Here the projections of the transmitted wave vector ¢; should be calculated in the
coordinate system connected with unit cell

2m B
611'2711‘; d= \/1191 +13g5+1505|

where d is the interplane distance for the given reflection defined by Miller indices
l;; n; are the minimal integers for this reflection; g; are the standard basis vectors
of the reciprocal lattice. In this definition, tensor W;; does not depend on the atom
number and is the characteristics of the crystal as a whole [32]:

20 v dk ,
Wij = 2h zzei ej/ )3 f(wp)’ (1.118)
(p) v

where the summation is performed on all optical and acoustic branches and f is the
function of the Bose-Einstein distribution:

1 2
fw = w |:1 + exp hw/kpT — 1:|'

Below we split the general expression for W into two parts related to optical W° and to
acoustic W oscillations. The above-mentioned expansion on small k corresponds to
the Einstein approximation when the optical frequencies are considered as constants
in the Brillouin zone [27]. Then taking into account the multiplicity of the optical
branches, W? is calculated as:

1 vp v v
- ﬁZs;,Zel.f’ej”f(wp). (1.119)
)4 14
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The frequencies and vectors of polarization for optical branches have been defined in
the Eq. (1.114). Index s}, means that the value (s; — 1) should be substituted instead
of 51 for the atoms of the type 1.

The acoustic contribution to the DWF can be found in the following form

1 20 [*o kM
W-‘]‘-——Ze”e” 0/ dk
0

DY) - ia”jay 2 apcy
1/3
exp (hkagc, [ kpT~/ M) R (ﬁ) / (1120)
exp (fikage, /kgT~/M) — 1 20 ' ‘

By analogy with Debye temperature, three different parameters are introduced for
each polarization of the acoustic phonons:

haokpc,
@I/ = —’
kg M

and finally the acoustic part of DWF is:

Fig. 1.15 The value B'(T) T T T T T
in the Debye-Waller factor
for the atom of (a) As and
(b) Ge in the crystal GaAs
(®p = 210K) as a function of
the temperature. The dashed
line presents the results of
[64], obtained on the basis
of the experimental phonon
spectrum; the solid line is

a calculation by the present
algorithm; the dash-dotted
curve represent the optical
phonon spectrum
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1
wWé = i e’ e L/ x dx coth x_@,, ) (1.121)
Yo 2kp - MY, Jo 2T

The formulas (1.118)—(1.121) establish the algorithm for calculation of the Debye-
Waller factor for X-ray susceptibilities. By this algorithm, the Fourier components
of the susceptibility for crystals are calculated by using the symmetrical tensor W,
which includes only 6 components in the most general case. To illustrate this result,
the Debye-Wallers factors for the atoms of As and Ga in the crystal GaAs have
been calculated. Figure 1.15 demonstrates a good agreement between the DWF
temperature dependence calculated by proposed method and the phenomenological
dependence found on the basis of the experimental density of the phonon states [64].
The optical part of the DWF, usually not taken into account in the standard program
packages [40, 41], seems to be an important part of the total DWF value, as Fig. 1.15
illustrates, too.
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Chapter 2
The Theory of X-Ray Scattering
from Macroscopical Objects

Nowadays the X-rays are widely used for non-destructive quantitative and qualitative
characterization of the materials used in modern electronics, optics, semiconductor
industry, lasers, sensors, and many other applications on micro- and nano-level. Most
of the X-ray techniques are based on the investigation of the spectra of the elastic
scattering of X-ray radiation, when the photon frequencies w of the incident and the
scattered beams are equal, and thus the wave vectors of the incident beam (k¢) and
the scattered beam (k) are connected as:

w
lkol = lki| =ko = — = —
c

where )\ is a wavelength of X-ray radiation and c is the speed of light.

Thus, the information on the sample structure (electron density distribution) is
contained solely in the profile of the angular distribution of the scattered X-ray
radiation. The final goal of each X-ray method is the solution of the inverse scat-
tering problem, i.e. determination of the sample structure from the scattered X-ray
intensity profile. In the real applications, however, the intermediate stage delivering
the solution of direct scattering problem is necessary, which includes the theoret-
ical calculation (modeling) of the profile of the scattered X-ray intensity on the
basis of microscopical model for the studied sample. In this chapter, the theoreti-
cal approaches used for the solution of the direct problem of X-ray scattering from
microscopical samples, and the methods used for the solution of this problem on the
basis of Maxwell’s equations are considered.

2.1 The Stationary and Temporal Approaches to X-Ray
Scattering Process

In Chap. 1, the physical principles of X-ray optics under the condition of elastic scat-
tering of X-rays in continuous media have been discussed. In the reality, however, the
physical samples have a certain dimension and may consist of microscopical objects
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Fig. 2.1 Schematic represen-
tation of the scattering process
in stationary theory

Fig. 2.2 Schematic represen-
tation of the scattering process
in temporal theory

with various characteristics. To obtain the information on the investigated structure of
sample, the inverse scattering problem has to be resolved: to determine the relation-
ship between the X-ray intensity recorded by detector and the specifics of the X-ray
interaction with investigated material during the transmission of radiation through
the object. According to the formal scattering theory [1], there are two principal
formulations of this task, which differ by the conditions for the Maxwell’s equation
for the wave fields. The first formulation corresponds to the stationary scattering
theory, represented in Fig.2.1. The incident beam is considered as monochromatic
plane wave with infinite front, and the scattered wave at a large distance from the
scatterer is described by the spherical wave with the amplitude depending on the
scattering angle 26. This approach is utilized in the majority of monographs and
handbooks dedicated to X-ray methods (for example, [2—6]) to establish the relation
between the solutions of Maxwell’s equations in continuous media and the wave
field of the scattered X-ray radiation.

In real experiments, however, the quasi-monochromatic X-ray beams are used,
which have limited duration and spatial distribution. These physical conditions cor-
respond to the temporal theory of scattering [1], which is schematically shown in
Fig.2.2. The aim of this chapter is to establish a relationship between the results
obtained in both approaches, and the analysis of the applicability conditions for
them.
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Within the stationary theory, the Maxwell’s equations for the vector potential
determining the scattering of the wave field from the sample are obtained from the
general Eq.(1.56) for infinite medium (the formulas below assume the summation
over the repeating Cartesian indices):

k> — kDA k, w) —k§ wa(k, H,w)A,(k + H,w) = 0;
H
(kA(k,w)) = 0;

X (e, H, w) = X' (H, )0 + X8 (e H,w),  (2.1)
where the contributions of Compton x and resonant y(“) scattering are defined by
formulas (1.51) and (1.56), respectively. Let us assume the shape of the sample as
follows: S(r) = 1, if the point r belongs to the sample, and S(r) = O for the points
in vacuum. If the sample under investigation consists of several elements possessing
different microscopical characteristics, then each element has a specific shape func-
tion Sp(r), X-ray polarizability Xftbu) and the set of the reciprocal space vectors Hjp.
For convenience reason, Eq.(2.1) is transformed into coordinate representation:

Au(r,w) =/Au(k,w)e"k’dk; (VA(r,w)) = 0;

A+ k%)AH(r, w) + ‘A/W(r)A,,(r, w) =0, (2.2)

with the potential VH,,y(r) of the interaction of the sample with radiation, which is
the integral operator:

Vi (1, W) A (1, W)

= k&Zsbv)Z/XEf’J(r —r1, Hy, w)A, (r1, w)e' 7 dry;
b H,

Xu(r —ri, Hp, w) = /X,UU(kv H,, w)eik(r_rl)dk
= X' (Hp, )dud(r —r1) + / X\2) (k, Hp, w)e™ "V dk. (2.3)

In the next step, the expression for the Green function GEB,) (r —r', ko) of the

Helmbholtz equation [7] is used:

A+KDGCOr =1 ko) = 6,u,0(r —1');

ju%
7 — /
elk0|f r'|

GO —r' ko) =0, : 24)

Ydxir — 1|

and the solutions of Maxwell’s equation in vacuum are defined (\7 =0):
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(A + kDAL (r.w) = 0; (VAL (r, w)) =0;
4O

ko,s

(r,w)) = e®We®r: ko =kon; (eWko)=0; s =1,2. (2.5)

Here the unity vector n defines the direction of the propagation, and the unity
vectors e, (e(Ve®) = 0 define two orthogonal polarizations of the incident wave
(Fig.2.1). Equation (2.2) is then transformed into integral form:

H s
ezk0|r r'|

Apus(r,w ko) = eDelor + / Vi (P Ay 5 (r', w)dr'. (2.6)

dr|lr — r'|

The expression (2.6) describes the distribution of the wave field for an arbitrary
ratio between the distance to the observation point |r| and the linear dimension
of the sample L, which is assumed to be not essentially exceeding the absorption
length of X-ray radiation |r'| < L, ~ 1072 = 10~3cm (Fig.2.1). Using the optical
representation [8], there are two limiting cases in this distribution : (i) » < L,
which corresponds to the Fresnel diffraction (near-field or diffraction zone), and
(i) r > L., which corresponds to the Fraunhofer diffraction (far-field or wave
zone). There exists also an approach, which uses the rational Fourier transformation
continuously connecting these both limiting cases [9].

In the case of Fresnel diffraction, the resulting intensity of the scattered radiation
depends both on the scatterer characteristics and the distance between the radiation
source, the sample, and the detector. For some applications, this scheme allows to
obtain the supplementary information on the shape of the sample, however, this
requires a high flux X-ray radiation from synchrotron sources [10]. At the laboratory
conditions, the distances between the sample and the detector are |r| ~ 10+ 100cm,
|r| > |r'| ~ L, therefore the Fraunhofer diffraction is realized, and the scattered
intensity distribution is determined by the sample properties and not by the position
of the X-ray source or detector. In this case, the asymptotic expansion for the Green
function can be used:

ikolr—r'| ikor koa?
e ~ e e*lkll' [1 + 0(%)}’](1 = kO;a (27)

r —r'| r

where a is a characteristic linear size of the scattered volume of the sample. As a
result, the wave field (2.6) is decomposed into superposition of the plane wave and
the diverging spherical wave, which is used as boundary condition for the stationary
scattering theory (Fig.2.1):

elk()r

As(r,w, ko) = e®e*or 1T (kg k1) —;

drr

19 ko. k) = [ 70, 28)
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where T®) (ko, k1) defines the amplitude of the vector potential of the scattered wave
field. Taking into account the relation between the vector potential and the magnitude
of the electric and magnetic fields [5]

E(r.w) = —i~Ay(r,w); Hy(r,w) = [VA,(r, w)],
C

and standard definition of the Poynting vector for the energy flux density of the
electromagnetic field we obtain:

S = -[E,r,o)H,(r,w)]. (2.9)
4

Then the differential cross-section of the radiation with certain polarization into
solid angle d<2 and in the vicinity of direction k is delivered by the ratio of the
energy flux of the scattered into the detector aperture 72d$2 wave to the energy flux
density of the incident wave:

do® ) (k1Ss¢)

_ in2 ) 2 g i T®
= = 0151T" (ko, k)| 015 = k1T . 2.10
a9 = koSo) © @me o |7 (ko, k1)|7; 01 1 (2.10)

Because of the elastic scattering satisfies the condition |kg| = |k{|, the expression
obtained depends only on the direction of incident kg = kong and scattered k| =
kon1 waves. This dependence is conveniently parametrized by the scattering angle
26 and the momentum transfer q:

20 =kik; g =k, — k; g> = 4k sin® 6. 2.11)

Within the framework of the stationary theory, the expression (2.10) is used for
the calculation of the observed profiles of the scattered X-ray intensity (see, for
example, [4]).

How this result is related to the real experiments (Fig. 2.2), when both the incident
and the scattered beams are not described by plane or spherical waves and have a
certain spatial and temporal dimension? The applicability condition for the stationary
theory and the relation between both approaches follows from the formal scattering
theory [1], based on the solution of the Eq. (1.16) for time-dependent vector potential
A(r, t). This equation is represented in the form, similar to the one of Eq.(2.2):

1 9% - )
A= o5 )Aue ) + V@ A = 0;

(VA(r, 1)) =0, (2.12)

with operator VW,(r, t):
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. 1 o?
Vu(r,H)A,(r,t) = ——= — Sp(r
;1,1/( YAy (r, 1) 2 912 Zb: (1)
x Z/X,(Z}(F —ri Hy t — 1) Ay (ry, )™ dr dy;
H)

Xuw(r, H, 1) = / X (k, H, w)e ¥ =D dkdw. (2.13)

Due to the linearity, the solution for Eq. (2.12) is obtained as the superposition of

the solutions for the stationary Maxwell’s Eq. (2.6) with the coefficients C;\sﬂ) (k,w)
to be found:

Aur,t) = Z/dkdwc@(k, W) Ay (r, w, ke ! (2.14)
)

The coefficients of the expansion in Eq.(2.14) have to be found from the initial
conditions: 0
AN, D=0 = AL (r), (2.15)

where AE\O) (r) is a vector potential, corresponding to the wave field of the beam
conditioned by the monochromators and slits (collimators), see Fig.2.2. The most
prominent advantage of X-ray techniques is their non-destructive character in the
majority of applications when using standard incoherent sources of X-rays. The
usage of the coherent X-ray radiation from X-ray lasers [11] leads to the destruction
of the investigated object, and the analysis of X-ray scattering in this case requires
special methods [12], which are not considered in this book. Thus, the structure of
the function AE\O) (r) is considered below in the assumption of the incoherent X-ray
beam. Each X-ray photon corresponds to the the wave packet created by the optical
beam path after the X-ray source. The vector potential of the wave field of the beam
in vacuum is expressed as a product of the wave packets of the unique photons:

ALO) (r) = Z /dkdwefts)(k)G(S)(k — ko)d(k — w/c)eik(r_r")
s=1,2

2d .
2 / dne 3= ()G (i = o), (@ — wo))e ™ T/
s=1,2 ¢
(2.16)

Here ny is the unity vector along the direction of the wave vector k, |k| = w/c, the
phase e~/""a/¢ corresponds to the wave packet of photon with index a, the values
G® ((nx — np), (w — wp)) define the probability amplitudes for the plane wave with
frequency w, wave vector k = nyw/c and polarization eff) (k) in the wave packet.
In the typical experiment, the function G is distributed around the frequency wo

of the monochromator ng, ko = now/c. The dispersions of the frequency Aw and
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the direction of the wave vector An are conditioned by the monochromator and
slit (collimator), respectively (Fig.2.3a). The single photon wave packet (2.16) is
represented as follows:

AV ()= D" TS (ko) FO (r — 1)
s=1,2

FO®r) = c/dqldqu“)(qL,qz)e””;
wo 1
g1 Z?(nk —no); gz = E(w —wo); z |l ko. @2.17)

The function F®) (r) describes the spatially localized wave packet with the length
Az & ﬁ in the direction of X-ray beam and with the width Ar; =~ m in the
perpendicular direction (Fig. 2.3b).

The energy flux of the photon beam (2.9) consisting of wave packets (2.17) is

. (s)
calculated by neglecting the term ~ | ]Z) I;(x) | & |An|:

2
CL) A / .
So = _472 > > ko€ e N FO(r — r) FO*(r — ry)e®ota=m) - (2.18)

a,s b,s’

where the summation is performed over the initial coordinates of all wave packets of
single photons. By averaging over the coordinates of the particles within the beam,
the expression (2.18) is transformed to:

2

chwo
0= 205 k)
S/

47

N

x /drldr/]F(s)(r —r)FS* @ — P =g ), (2.19)

(a) (b) IF,(r-r,)I°

Ar =c/oAn

\ Az=C/A®

In-n,|

r

Fig. 2.3 a The probability density |G (k — ko), (w—wp)) |2 in the coordinates of variables of the
incident beam: the frequency w, the incidence angle . b The function |F®) (r)|?, describing the
distribution of the wave field intensity in the coordinate space
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where p, is the photon density within the beam; the function g(ry, r}) accounts all
possible correlations in the distribution caused by the properties of X-ray source.
Moreover, the beam might be partially coherent, when the wave packets corre-
sponding to different photons are overlapped, and the averaging of the phase factor
exp{ikor} over the distribution of the particles within the beam results in non-zero
value. These conditions are satisfied for high flux beams, used in modern free electron
X-ray lasers [11, 13]. In the laboratory experiments considered in this monograph,
the correlation of photons in the beam is not essential for the description of the scat-
tering problem. This statement is valid, if the overlapping of the wave packets is
negligible in the expression (2.17), and the following inequalities are fulfilled:

lza — 2ol = Azy [(ra —rp) Ll = Ary, (2.20)

restricting the photon density value inside the beam:

2
~ |20 — 21 (rg — 2 = X0 Ay Anp? 221
Pph Rz — 2l g —rp)L|™ " < 3 w|An|”. (2.21)

These inequalities correspond to the following condition for the brightness B [11]
of X-ray source:

B <721054%

Aay Aoty ph
= ¥ |: , (2.22)
0

mm2s mrad? 0.1%bandwidth

where \g = 27c/wy is the wavelength of X-ray radiation in A, Aay, Aay are the
angular width of the beam in radians in the direction perpendicular to the propa-
gation direction. In modern laboratory X-ray instruments used for non-destructive
characterization, the condition (2.22) is fulfilled, and the energy flux of the incident
beam is:

2 2
W 2 . ) 2
So= 22 azy Kol FOr = r) ~ Koppy 2 §S / drdFOr —ro  (2.23)

and corresponds to the propagation of non-overlapping wave packets of single pho-
tons. In the absence of correlations, the summation over all photons can be replaced
by the integration with the photon density ppy,.

The initial condition (2.15) has to be fulfilled for each wave packet independently,
which makes possible the calculation of the coefficients (2.14) by using (2.15) and
the orthogonality of the solutions (2.6) for the stationary Maxwell’s equations:
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CY (k,w) = /dr/dqdw’ZA;s(r,w, k)

x e ()G (q — ko)d(g — ' /c)e' 1T
=Gk — ko)d(k —w/c)

+ / dr / ar' / dgdw' / e (g)G) (g — ko)d(g — w'/c)

—iklr—r'
x er-raf e Vi (rA% (r,w)=C 4+ C
drlr —pr| v st = IR

(2.24)

The second term in the expression above takes into account a possible influence of
the scattering potential on the formation of the wave packet. By integrating over r,
this term is written as:

Cy = / dr’ / dgdw' " / SN (@)GY) (g — ko)d(g — ' /c)

eiq(r’fr,,) kN Ak 1
X mVuy(r )AV’S(" ,UJ)

eikor'=ra) .
~ / dr/We/(f)(ko)F(s)(r/ — 1)V, (FAS (). (2.25)
2

The value ~ I%j‘u (r,) contributes to the process in the case of long-range scattering
potential [14], which has a non-zero magnitude at the position of X-ray source. For
the X-ray scattering processes considered here, this contribution in (2.24) can be
neglected. The coefficients found are then substituted in (2.14), that results in:

Aulr.ty =" / dkdwe™" {Gm(k — ko)e e (k — w/c)

] . eiklr=r'l
x [ (ke +/dr’mvw(r’my,s(r/,w)]}
=AQ . )+ AP 0. (2.26)

The first term in this expression:
AOr 1) = /dkd (k= 2) G (k — koyel) KT
PG Z we ~) Gk — koyeye

= D Tt o® () FO (2 — 24 —ct, (r —ra) 1), (2.27)
s=1,2
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describes the propagation of free wave packet corresponding to the photons, which
did not undergo the scattering at the time 7 localized near the point r (t) = r, + ctnyg
(Fig.2.4).

The second term in the expression (2.26) describes the distribution of the scattered
wave field in the space. In the limits of large distances from the scatterer r > r/,
the asymptotic (2.8) can be used for the solution of the stationary problem, which
results in the following equation:

1) ~ (s) rye
PYICND ~z/dkdwTus (k.k%)

kr

drr

% e*iwtfikra(s (k B f) G(S)(k — ko)
C

. X N ikor
— Z e ikora=icon ) (o g VE T FO[(r — ct)ng — ra]. (2.28)
rt H 4y

This expression describes the wave field as a spherical segment (Fig.2.4) with the
radius r(#) = c(t — ty); to = (nor,)/c and thickness Ar ~ c¢/Aw, and centered
at the position of the scatterer. The calculation of the energy flux transmitted by the
scattered wave field (2.28) and the summation over the coordinates r, is carried out
similarly to Egs. (2.9) and (2.23):

k

SO~ 2100 G2 0,17 (ko k1)|2/dra|F(s)[(r —ctng —rgll*. (229)
(47r)?

The differential cross-section of the scattered intensity, being calculated as the

ratio of the flux density of the scattered radiation to the flux density of the incident
photons, is found to be equal to:

o (Sample) ~
S % &/ r.=-cin, ™ Flr-cny(t-t,)]

F[rn,-cny(t-t,)]

Fig. 2.4 The transformation of a single-photon wave packet during the scattering process
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da'(s) _ }’2 (klssc) _

ds (koSo)  (4m)?
[dra| FO1(r — cting — r,]?
[dra|FO (r —rq —ctng) >

sin? 01| T (ko, k1)|?

(2.30)

In a standard X-ray experiment with the laboratory sources, the temporal length of
the photon beam is considerably larger then the duration of the single-photon wave
packet, therefore the integrals in the expression (2.30) are canceled, and the formula
for the cross-section in the temporal scattering theory coincides with the result (2.10)
for the stationary scattering theory provided the condition (2.21) for the flux density
of photons is fulfilled.

2.2 Approximate Methods for the Solution of Stationary
Scattering Problem

The intensity of the scattered X-ray radiation registered by the detector, being nor-
malized to the intensity of the incident radiation, is defined by the differential cross-
section of the scattering from the sample of finite dimension, and is given by the
formula (2.10):

do®

I .2 () 2, S
i @ " 0151 (ko, k)| 015 =k T, (2.31)

with the amplitude T(S)(ko, k1), which is calculated within the framework of the
stationary scattering theory:

T\ (ko k1) = / e RV () Ay (F w)dr (2.32)

The amplitude of the scattering depends on the vector potential A, s(r’, w), which
in turn is found from the integral Eq. (2.8). Provided that the scattering potential is
weak, the iteration method can be used for the solution of this equation, which result
in the Born series for the vector potential:

Aus(r,w, ko) = AO LA

1S S

) ik eibolr=rl (s) ikor’
— S) IKor / S) LKor /
=e,’e +/47r|r—r/|V/W(r e, e dr'+.... (2.33)

As a result, the scattering amplitude in the first order of Born approximation is:

T} (ko k1) = / dre=MIT D, (r)e® ekor (2.34)
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Using the definition (2.3) for the scattering potential, the expression for the cross-
section of X-ray scattering in Born approximation, called also kinematical scattering
theory, is written as:

T ko, k1) = k(%Z/dre—”‘l'Sb(r)
b

X Z/drlef’y)(r —ry, Hy, u})el(f)ei(k(H'H")’1
Hy

= k%ZZ/der(r)e_i(q_H”)’

b Hy

x [e/(f)X;(f)(Hb, w) + XL“V),b(ko + Hy, Hy, w)eW];

do.(s)
dQ  (4n)?

4

sin® 01T (ko, k1) %, (2.35)

where ¢ = k| — ko, xf); X/(f,,) , are the Compton and resonant contributions into
the sample polarizability, defined by formulas (1.51) and (1.56), respectively. The
Eq. (2.35) for the scattering cross-section is valid under the condition of the con-
vergence of the perturbation series for the vector potential (2.33). This condition
implements the restrictions for the linear dimension of microscopical elements of
the investigated sample [5]:

c

Ly < LZXI = (2.36)

w0, )|

where the value L{*' is called an extinction length.

For the monochromatic radiation used in most of laboratory X-ray experiments,
the observed X-ray intensity is parametrized by four angular variables. These vari-
ables define the unity vectors ng = 5ko and n; = ﬁkl, which in turn define the
directions of the propagation of the incident and scattered waves, respectively. Thus,
in general case the scattering is described by the 4-dimensional hyper-surface in the
space of these variables. The modern diffractometers (Fig.2.5) allows to vary the
mutual positions of the sample, X-ray source and detector in broad limits, and repre-
sent the X-ray measurement results as one-dimensional (profiles) or two-dimensional
(maps) sections of this hyper-surface.

The different application areas of X-ray structure analysis utilize various sec-
tions of the hyper-surface (scattering geometry) and different models for investi-
gated structures to analyze the measured data. The Born approximation is a basic
one for numerous applications, and it requires the averaging of the expression (2.35)
over the characteristics S, Hp, X(b ) of the microstructure of investigated object. The
replacement of the averaging of the recorded X-ray intensity during the experiment,
which occurs in real X-ray experiment, by the averaging over the statistical ensem-
ble of sample microstructure parameters corresponds to the ergodic hypothesis [5].
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Fig. 2.5 Modern multi-purpose X-ray diffractometer SmartLab® (Rigaku Corporation) for non-
destructive investigation of material structure

The mentioned averaging depends on the correlation properties of microstructure
parameters and is specific for each unique application.

The most widely used applications of X-ray analysis based on the Born approx-
imation and listed below are of their own the large domains of X-ray science with
a long publication record. Therefore, the only references to the monographs and the
critical reviews are given in the list, without detailed introduction in these applications
(some of them are discussed in the next chapters).

e Powder X-ray diffraction: phase identification and crystal structure determination
of powders and polycrystalline materials [15].

Structure analysis and determination of organic and biological objects [16].
X-ray residual stress and texture analysis in polycrystals [17, 18].

Small-angle X-ray scattering: shape and distribution determination of the
nano-sized objects [19].

Pair-distribution function determination of crystalline, polycrystalline and amor-
phous materials [20].

The applicability limits of the kinematical scattering theory can be essentially
extended by using the distorted-wave Born approximation (DWBA) [1]. The princi-
pal idea of this approach is based on the possibility to find an exact solution of the
stationary Maxwell’s Eq. (2.8) for some models of the scattering potential. Denoting

the model potential as V,jﬁ“ (r) and assuming the known solutions of the stationary
Maxwell’s equations, the following expressions can be used as a start point:

(A+K+ VDAL (r.w) =0

0%
. /
ej:lk0|r—r |

M AE ¢, w). (2.37)

)
Amlr —r'| M kops

A;jj’s(r, w) = el(f)eikr—l—/dr/
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There exist two sets of solutions, which correspond to the ingoing and outgoing
spherical waves at large distances from the scatterer. These solutions are connected
by a simple relationship [7]:

A () =A%) o W), (2.38)

and both are used for the sequential approximations of DWBA. When the complete
set of the solutions for (2.37) is known, the Green function can be found [21]:

A+ KGN @ 1)+ VPG () = 6,00 — 7). (2.39)

0%

To establish the DWBA scheme for the Fraunhofer diffraction, the asymptotic for
the Green function at r >> r’ is enough instead of the concise expression (2.37). This
asymptotic is calculated from Eq. (2.39) in the integral form using the formula (2.4)
for Green function of the Helmholtz equation:

GCMr,ry =600 =1, ko)

uv uv
0 (M
—/drlc,ﬁﬁ(r — k) VM DGO,
eikolr—r’\

(U] / _
G/W (r—r', ko = —5;uzm-

(2.40)
As a next step, the iteration scheme for the solution of Eq. (2.40) is constructed:
G/(%)(r, r) = G;(I,Ol/)(r —r' ko)
- /dncg’g(r —rL k) VDG (=1 ko) 4+
(2.41)

and the asymptotic expansion (2.7) for function GLO,,) (r —r', ko) isused at r > r':

GCM @ ¢y~ —§ etor e~ikir’
py R " anr

eikor ) A (M eik0|r1—r’\

Sn— [ drie g™ s~ -

A 4y / ! 1y (r1) " Ax|\r — r'|

r

ki =ko—. (2.42)
r

The fact of the preservation of the wave field in the transverse direction with the
accuracy ~ | X0|2 < 10719 [2] is taken here into account, too. Therefore, the only
transverse part is selected in (2.42), which is carried out [22] by the substitution of
the Kronecker symbols by transverse tensor £, ,, (k):
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k) = 5, — kv _ ) (ke (k 2.43
(k) = Gy = =57 = D e (R)e) (o). (2.43)

N

The function of the wave field distribution with certain polarization is represented
as:

GMS) (r 1y ~ —) (—k ethor ) (_fp)eikr’
) R —e (— l)m e, (—ki)e

+/drle(s)(—kl)e_iklr‘\A/(M)(rl)M +... (244)
A Av 4r|r —r’|

The asymptotic expression for Green function follows from the formula (2.43) and
definition of the function A;;/j ,(r,w) in formula (2.37):

elk()r

Gl r') % e (k) —[A) (. )"
eik()r -
= —el(f)(—kl)mA_k’y’s(r, w). (2.45)

The iteration scheme for the solution of the stationary Maxwell’s equation is con-
structed as follows:

(A+kg+ VI @) + Vi (1) Ag s (r. w) = 0, (2.46)

which assumes the consideration of the additional scattering potential ‘A/W (r) within
the limits of the perturbation theory. Using the definition (2.39), Eq.(2.46) in the
integral form reads:

Atps(r,w) = AL (r,w) — / ar'G\NY YD () A s (' w)

M, "
~ AT (rw) — / dr'GN i, r) VA (@ w) 4
(2.47)

In the same way as in Born approximation (2.33), the plane and spherical waves
are distinguished in (2.47) by using (2.8) and (2.45):

Fig. 2.6 The choice of the K,
potential in case of DWBA for
diffuse X-ray scattering from
rough surfaces and interfaces
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) eikor
A s (r, ) ~ e o)™ + 2 — x [ / dr'e= RV G AL (1, w)

+ / dr'el (—knAY @, w)\z,p(r/)A;‘_;J ', w) + - }
(2.48)

Finally, the expression for the scattering amplitude in DWBA approximation is found,
which generalize the formula (2.34):

T(YDWBA(kO’kl) _/dr/ “HrID AL (0 w)

/ dr'e?) (kAR | (W), ()AL) (1, w),
(2.49)

and permits to calculate the scattering cross-section in correspondence with (2.31).
The necessity of usage of the waves A(_J;c)l . for the calculation of the matrix ele-
ment with perturbation operator is known also in optics, where they are used for the
description of the electromagnetic radiation from the atoms in refractive media (reci-
procity theorem [8]). The scattering potential V) and the perturbation potential 1%
are chosen in dependence on the application, and here several examples are given
for some recognized X-ray techniques:

e Diffuse X-ray scattering from the surface and interface roughness [23]. The poten-
tial VM) represents the sample with ideally plane surface/interface, and V defines
the scattering potential of the roughness (Fig.2.6).

e Grazing-incidence small-angle X-ray scattering (GISAXS) from the nano-objects
located on the surface or embedded in the bulk samples [24]. The potential V)
corresponds to the ideally uniform sample, and V describes the nano-objects
(Fig.2.7).

e X-ray dynamical diffraction theory in crystals [3]. This theory utilizes the two-
wave approximation, which corresponds to the selection of V) in the form of
the scattering potential of the perfect crystal (1.51) with accounting of only two
Fourier components of X-ray polarizability x (0, w); x(H, w). The potential 1%
defines the scattering potential of various defects inside the crystal [25] (Fig.2.8).

Fig. 2.7 Scattering potential \k\ /,k/
i - o
-~

of DWBA for GISAXS appli-
cation
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Fig. 2.8 X-ray dynamical
diffraction theory as zeroth
approximation of DWBA

for the description of X-ray
scattering from crystal defects
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Chapter 3
X-Ray Reflectivity

The general calculation of the scattered from the sample X-ray intensity requires
the solution of the Eq.(2.1). However, the geometry of the experiment has to be
also taken into account, because of the mutual arrangement of the X-ray source, the
sample and the detector as well as the shape of the sample influence the observed
results. Depending on the experimental geometry, X-rays can be used for probing of
different properties of the investigated sample, and there are numerous experimental
setups, which realize various X-ray application techniques. The special case of the
experimental geometry, which is proved to be effective for investigation of the sample
surface and subsurface layers is X-ray specular reflectivity or simply X-ray reflectivity
(XRR) that is the main goal of this chapter.

3.1 Experiment Geometry and Basic Parameters of XRR

In this case the incident and reflected waves constitute the grazing angles with the
sample surface (Fig.3.1).

We define here the coordinate system x, y by the sample surface (horizontal plane)
and by the axis z as an inward normal to this surface. By the definition, in the X-ray
specular reflectivity the interaction of the incident radiation with the elements of the
scattered potential S, (r) in formula (2.2) involves solely a zeroth harmonics of X-ray
polarizability (1.56), which is proportional to the electron density n, of the sample
element:

ek, 0,w) = £ (0, )65 + ijﬁ(k, 0, w);

4rc?
[ One:

fO) = /O +if"©0);  f(0)=—ro; f'(0) = A%Gz(w), (3.1

90, w) =14+ x“0,w); x90,w) =

where o, is a cross-section of the elastic Compton scattering (1.39).
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Fig. 3.1 The experimental z
geometry in the case of X-ray
reflectivity

The anomalous contribution Xfﬁ(k, 0, w) into X-ray polarizability is described
by formula (1.56). In general case, it is a tensor depending both on the frequency
and the direction of the vector k. However, the interaction of X-ray radiation with
atoms of the sample is dominated by the scattering from atom’s inner shells, which
have a spherically symmetric electron density distribution. Therefore, in the most of
the practical applications the anisotropy of X-ray polarizability can be ignored [1]
and the scalar refractive index for the description of the scattering properties of the
uniform media is used.

1
nPw=cw =1+xw);: nw=1++id~1+ FX@);

27c?

2mc? ’ ’ ” %
B = Fne[f O+ Af (W], 6= nelf7O)+Af W] 3.2)

W2

The main contribution to the real part of the refractive index is given by the value
n =140 < 1;8 < 0, and thus for X-rays the uniform media is optically less
dense than vacuum, which results in a wave phase velocity v,;, = ¢/(1 + 3) > ¢
[2]. At the same time, the group velocity of the X-ray beam in the media is less than
the speed of light.

Vgr = c[%(wn/)]_l ~c(l+f) <ec. (3.3)

The values Af'(w) and Af” (w) are the real and imagine parts of the correction
for anomalous dispersion, respectively. These values become essential at the charac-
teristic frequencies, which are close to the absorption edges of the atoms composing
the media [1]. The characteristic frequencies are defined by the energies of electron
ionization for different shells of the atom. The correction for the anomalous disper-
sion can be calculated by using formula (1.56) and one of the approximation for the
wave function of the electrons in the atom [1], however, in practice the databases
are used for this purpose, which utilize the experimentally measured cross-sections
of X-ray radiation from the atoms (for example, [3]). The typical dependence of the
anomalous dispersion correction on the frequency is shown in Fig.3.2.


http://dx.doi.org/10.1007/978-3-642-38177-5_1
http://dx.doi.org/10.1007/978-3-642-38177-5_1

3.1 Experiment Geometry and Basic Parameters of XRR 73

201 Af"

Af'

—
AP

41 si

Af'

-12 44— r1T—T—T
10 11 12 13 14 15 16 17 18 19 20
Energy, keV

Fig. 3.2 Frequency dependence of the correction for the anomalous dispersion near the K-edge of
the silicon atom and L-edge of the germanium atom

The calculation of the scattered X-ray intensity and the analysis of the experimen-
tal data for XRR has been presented in numerous monographs (see, for example,
[4-7]). Therefore, we make an emphasis in this chapter to the theoretical aspects
of the solution of the scattering problem in XRR geometry and some specific cases
discussed in recent publications [8—16]).

The calculation of X-ray scattering from the ideally smooth surface corresponding
to the plane z = 0 (Fig.3.1) is a basis for the further analysis of the reflection from
the imperfect samples. In most cases, this problem is reduced to the solution of
the one-dimensional wave equation assuming the infinite size of the sample in the
directions (x, y). However, real samples have always a finite size and therefore we
present here an analysis based on the scattering theory utilizing the DWBA approach
considered in the previous chapter (2.37). The results of this analysis are used in
next sections for the description of X-ray scattering from imperfect surfaces. The
scattering potential has the form, following from the relation (3.2) and the definition
(2.3) (see Fig.3.1):

VM (r, w) = Kx(W)H (2), (3.4)

and the perturbation potential depends on the sample size in lateral plane and the
X-ray beam size:

V(r,w) = —k3xw)S(r);

S—HlHZx HZX HI:y HI:'V
r=H)|1-H| — —x 5 tx 5 5 )
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The sample with the surface at z = 0 and the edges L,, L, is considered here. The
shape function is defined by the Heaviside functions (H(u) = 1, u > 0; H(u) =

0, u < 0), where the value L, is chosen as minimal from L, and L,(Cb)/sin #, and
Ly = min{L,, L(b)} Here L(b) L(b) are the linear dimensions of the cross-section

of the incident beam, and Lx, y defines the beam spot on the plane z = 0 (Fig.3.1).
First of all, we consider the solution with the potential (3.4), and the Maxwell’s
equation (2.37) is transformed to:

(A+ K+ Xx@H@DAL ) (r.w) =0, (3.6)
with the boundary condition for the wave impinging the sample:
A (r w) ~ W (k) & F TR 7 o0y s =1,2 (3.7)

The coordinate system is positioned in the way that the plane y = 0 coincides
with the plane of the beam incidence composed by the vector k and the normal

N to the sample surface, i.e. k, = 0, k, = kocosf, k; = ,/ko k2 = kosin6.

The polarization vector e (k) lies in the incidence plane (mw-polarization), e@ (k)
is perpendicular to the incidence plane (o-polarization), see Fig.3.3.

The variables in the Eq. (3.6) are separated and the general solution is represented as
a combination of plane waves (Fig.3.3):

A(+) = ¢®) (k) ¢l ka3 k) L RE) () gy oI Kix kD) o

A(-‘r) T(s) (s)(k )el(kxmx%-k m2) 7> 0;

k. =kocost' k. = —kosinb'; kym = kon cos 01, kyw = \/kin? —k2,,, (3.8)

with undefined amplitudes R, T®). The coefficient at the reflected wave within
media R,(,f ) s equal to zero due to the asymptotic condition for A;:”s) caused by the

Fig. 3.3 Wave propagation z
sketch for the X-ray scattering -y
process from the surface N
AL
89(k) ~ K
k k

o
/////////////// 00000, x
km
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absence of the convergent waves far from the sample. As the next step, the continuity
condition for the lateral components of the electrical and magnetic fields [17] is used
at the boundary of two media (z = 0):

E\ ;|;—0 = E3 7|;=0; Hir|;=0 = H> 7|;—0. 3.9

Using the relationship (2.9) between wave fields and vector potential, the boundary
conditions for functions (3.8) for o-polarization are written as:

0
= A yleo- (3.10)

Al,y|z:() = oz

0
Al yl=0=A =0, —
1.ylz=0 2.ylz=0 2
Due to the validity of the condition (3.10) in each point on the surface, the x-dependent
phase coefficients are equal each to other when substituting (3.8) into (3.10), and

therefore the lateral component of the wave vector is preserved:

1
ky = ki, = kym; 0 =10"; cosf) = ;cose;

K, = —kz: ke = kov/n? — cos? 0. (3.11)

The Eq.(3.11) means that the scattering of X-ray from the ideal surface occurs
exclusively for the angle equals to the incidence angle (specular reflection). For o-
polarization, the conditions (3.10) lead to the following equations for the amplitudes
(the solutions are the Fresnel coefficients [17]):

1+ R?P =7 k,(1 — R?P) = &y, TP

k; — kg sin —«/n* —cos?

R® =y = _ :
kz +kzm sin@—i—vnz —cos2 4
2% 2sin 6
TO = fp= % _ o . (3.12)

k; +kzm  sin@ + vn? —cos2 6

For 7-polarization, the results are slightly different:

Al xlz=0 = A2 x|z=0;

0

0 0 0
(z-A1x — I Ay )l=0 = (—Az,x - —Az,z)
X

1
0z 0z Ox (-13)

z=0

2
(1 R(l)) sin 6 sinbi . 4 g0 kom ind, + cos- 0 7O,
sin f ko

k.n? — ko

RO _
kon? + ko,

=rr+ O(Ix(W)D
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2k.n?

7 —
kon? + ko,

=tr + O(Ix(W)). (3.14)

For the electromagnetic radiation of the wavelengths in X-ray region the magni-
tude of |x(w)| ~ 107>, and therefore the Fresnel coefficients of the reflection r
and transmission ¢ are independent on the polarization and defined by the formulas
(3.12). This statement follows from the fact of the conservation of the transversality of
X-ray wave field in media with the same accuracy (Sect. 2.2). Figure 3.4 demonstrates
the behavior of the intensity of the reflected and transmitted waves (proportional to
|rF(sin @) |2 and |¢F (sin @) |2, respectively) for silicon and germanium crystals. As fol-
lows from the Eq.(3.12), the reflection coefficient is only essential within a narrow
diapason of the incidence angles compared to the critical angle of the total external
reflection 6,:

sinf ~ 0 ~ 0. =/2|B| ~ 10 %rad, (3.15)

and the parameter 3 follows from Eq. (3.2).

Thus, adopting the above used approximations, the interaction of X-ray radiation
with a matter in case of XRR does not depend on the polarization, and as a conse-
quence the incident wave can be considered in the calculations as fully polarized one
in the direction perpendicular to the incidence plane, for example. The scattering
problem for the potential (3.4) is then reduced to the scalar case:

Fig. 3.4 Functions
|rp(sin0)|% and |¢7 (sin 0) |
for silicon (8 =

—0.76 107%; 5 = 1.73 1077)
and germanium (6 =
—1.451075;6 =4.321077)
crystals at X-ray wavelength
A= 1.54nm

2
log,o|r|” a
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A;:r) — e(z)(k)eik"xEH_)(Z);
E(+) (Z) — [eikzz + rFefikzZ]H(_Z) + tFeikszH(Z). (316)

The solution of the Eq. (3.6), corresponding to the convergent wave, is found from
the formula (2.38):

Ay = AL = P (ke EC @);
E(f) (Z) — [eik;,,,l —+ r;eiik;’”z]H(Z) + t;’;eikzzH(_Z);
A, k, -k,

zm *
s rp =

_Tam - . (3.17)
ke + K, ke + K,

*
tp =

The Green function of the wave Eq.(3.6) after the separation of the polarizations
[8-10]:

(A+ K+ x@H@NGE, 1) =6 —r');
1 : /
Gr,r')= —2/ dp P e, (z,7). (3.18)
4 p1<ko
The Green function g, (z, z) of the one-dimensional wave equation is constructed
by using the standard methods of the differential equation theory [8-10, 18]:

L EWQEOCHE - 2)

gk.(z,7) =
h 2pzmtp

—EMEED*()H(z - ). (3.19)

To calculate the observed differential cross-section of X-ray scattering (2.10), the
integral representation (2.6) has to be used:

: s
elk()|r r|

A = et s [ VDT ED ). (3.20)

4r|r — r’|

with the potential taken from (3.4). The use of the latter formula is motivated by the
transition in the formulas above to the asymptotic representation at r >> r’. However,
for the considered here sample model this condition is not fulfilled because of the
function E™)(z’) is found using the boundary conditions for the potential, which
are unlimited in the tangential plane. Thus, the application of the formula (2.10) for
wave field (3.20) leads to the contradiction with the formal scattering theory [19]. To
avoid this contradiction, the conditions have to be found at which the contribution to
the wave field from the perturbation potential (3.5) becomes negligible. In this case,
the calculation of the cross-section within the asymptotic scattering theory using
(2.10) is equivalent to the calculation of the intensity of the reflected wave with the
boundary conditions (3.16). The general equation for the wave field in the framework
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of DWBA approach (2.47) and after separation of the polarizations is written as:

Ar(r) = eP U (r);
eik0|r—r’|

U (r) = [eikr + / —V(M)(Z/)eikxx’E(-i-)(Z/)dr/
4rlr —r’|

- / G(r, r)V " (rdr', (3.21)

with Green function (3.18), and the formula (3.21) can be further transformed into:

) eikolr—r’| o
W (r) = e 4 / ———— VM) ED ()dr!
rlCSJ_ 47r|r _rl

2
_ kOX(w) dpj_/ eipl(rfr’)eikxx'
4m? p 1 <ko rLDSJ_

x HZgW (2. 2V ED () — gp. (2. e B e ldr’,  (3.22)

where S L= ZXI:y and gﬁg) (z, 7) is a Green function for one-dimensional equation
for free wave field: )
l . /
¢V, 2) = e, (3.23)
4 2p

Z

The first two terms in (3.22) correspond to the standard treatment of XRR as one-
dimensional problem [5—12]. The last term describes the contribution of the Fresnel
diffraction from the sample edges [2], which is usually neglected. The conditions
at which this contribution is negligible have to be considered thoroughly using one-
dimensional integral over variable x in (3.22):

0 . / . ’
I(ky, L) = / dx' e ke=poIx 4 / dx' el ke=P)x" (3.24)
L —00

This integral is a generalized function [20], which integrates a smooth function related
to the averaged wave vector in our case:

1 00  (kx—kyp)?
N dice % Ik, L) (3.25)
mAk o X X9 . .

Here the value k.o defines the “center” of the wave package and Ay is the width of
package (see 2.1). Changing the integration sequence in (3.25), the expression can
be simplified:

J(L) =
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(0.¢] , 5
J(L) = 2/ dx’ cos[(kyo — py)x'le” A0/
L

R ;’jz[ - (LAk—iq/Ak)_ (LAk—i—iq/Ak)}
= e () e ()] 6

where g = kyo — px and

®(z) = i/Ze—fzdt
T o

is a probability integral [18]. In real experiments, the transverse size of the sample
L >0.1cm, Ay = koAf > 103 ecm™!, and as result LA, > 1; LA; > |q|/A.
That is a reason to use an asymptotic for the function @(z) in (3.26) [18], and the
contribution of the edge effects into wave field (3.22) is found to be an exponentially

small value:
q2

L o a0t g, (3.27)

A/ TLA

In those parts of the expression remaining after the integration of the wave field
(3.22), the further integration is performed over the limited area, which makes pos-
sible to utilize the asymptotic of Green function:

J(L) ~

ikor

We(r) ~ %+ C T (k1 k) k= koo
47r r

o0
T(ky, k) = k3 x(w) _dr) / dz e i gtk (D) (71, (3.28)
rlCSL 0

and using the formula (2.10) for calculation of the differential cross-section of X-ray

scattering:
do

1
10 = W|T(k0’ k1)|2. (3.29)

Here the fact of the independence of the cross-section on the polarization is taken into
account and the condition sin f; = 1 is fulfilled with the accuracy ~ |x|. For XRR
experiments, the radiation scattered (reflected) into angles defined by z < 0, corre-
sponding to k1 = (k11 ki, = —,/k% — k% ) attracts most of interest. Substituting
(3.16) into (3.28), the differential cross-section is found:

do  kjIx@)*  |tp> 165in? (ke — kix)Ly/2 sin? kiyLy/2
ds? N (477)2 |kzm - klzl2 (ky — klx)2 k%y ’

(3.30)

Using the asymptotic relationship from [21], which is valid with an accuracy (3.27):

sin? Ax
2

= TAS(x), A> 1, (3.31)
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and the relationships ké X0 = kfm —kf, k, = —ki;, the formula (3.30) is transformed
to the following form:

do  |kgm —k*|tr|? - -
5= Z"’+LXLY6(I<X — kix)d(ky — k1y). (3.32)

Finally, from the expression (3.12) for the Fresnel coefficients [7] and the equation

 dkydkyy

as2
kOkz

for the solid angle, the integral cross-section of the scattered photons registered by
the detector in the plane perpendicular to the wave vector of reflected wave k is
obtained:

k -~
op = k—z|rF|2LxLy. (3.33)
0

By the definition [21], the scattering cross-section is normalized to the incident flux,
whereas the XRR applications [7] deal with the reflectivity: the intensity of the
reflected radiation normalized to the intensity of the incident beam:

RO =320 = IrrPFy(0);
LYL
. ZXI:y
Fb(a) =Sin Gw, (334)
LYL

where the factor Fj(6) is independent on the characteristics of the reflecting media
and defined by the geometrical dimensions of the X-ray beam and the sample. As
a rule, the beams of the sizes essentially less than the sample size are used in XRR
technique, thus the conditions are fulfilled:

)
sin 0, =

<0 LY < Ly,

X
which implement the factor F,(6) to be equal:

sin 0

Fp ) = sinfp’

0 <0y, Fp@@) =1, 60>0.

Taking into account a small angle divergence 65 < 6, of X-ray sources in XRR
experiments, the averaging procedure results in the following modification of formula
(3.34):
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Fig. 3.5 X-ray reflectivity |Ogm\ R@© )‘2
calculated for the same sample 1
parameters as in Fig.3.4,

but with geometrical factor
(0s = 0.56, = 0.256.)

A

IRO)|* = |rr|? Fy(0);

_ 1 05\ 2 0
Fb(9>%—(9+—s) L0 < 2

2040, 2 2

_ 0 6 _
Fp(0) ~ = ?S <0 <6y Fp@=1,0>0. (3.35)

Figure 3.5 shows how the reflectivity is deviated from the Fresnel reflection after
accounting of geometrical factors.

3.2 Reflection of X-Ray Radiation from Rough Surface

The modeling of the sample surface as an ideally flat plane used in previous section
is a very limiting approximation for the description of real samples. This approx-
imation is valid in the case when the linear dimension / of microscopic (atomic)
heterogeneities on the surface are small comparing to the lateral wavelength of X-
ray beam \| &~ /0. ~ 102 nm. However, the majority of the samples investigated by
XRR technique possesses the mesoscopic heterogeneities ; > A, so called rough-
ness, which is implemented during the sample growth and treatment (Fig. 3.6). This
imperfection modifies the intensity of the specularly reflected X-ray wave and yields
the radiation scattered at the angles different than incidence angle and known as
diffuse X-ray scattering.

Theoretical description of specular and off-specular (diffuse) X-ray scattering
from rough surfaces and interfaces is of special importance for the analysis of modern
semiconductor and other nanoscale devices. As it has been demonstrated in one of
the pioneering work in this field [22], the imperfection of surfaces and interfaces is
not comprehensively described by only root mean square of the roughness amplitude
o0; the roughness correlation length L. and fractal dimension (3 — /), where 4 is a
Hurst parameter, have to be considered, too.

The most effective method for calculation of X-ray scattering from rough surfaces
is proved to be distorted-wave Born approximation (DWBA), which is extensively
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Fig. 3.6 Scattering of X-ray
radiation from the surface
possessing roughness. The
intensity of the specularly
reflected R(#) and transmitted
T (0) waves are modified due
to the scattering of radiation
at different then specular
angles (diffuse scattering) 0
and are expressed through the

scattering Emplitude T(%c, P < // s //
for various wave vectors p in

a final state

k

described in literature (see, for example, [7]). For zeroth approximation of DWBA,
either the specular reflection from perfect plane interface (Fresnel reflection) or the
reflection from interface modeled by transition layer with profile delivering an exact
solution [11] are usually used. The roughness correlations are taken into account in
the first-order DWBA on the deviation of real scattering surface from the model one.

The diffuse X-ray scattering leads to the reduction of the intensity of specular
(coherent) reflection due to the conservation of the radiation flux. To calculate this
loss, typically the semi-phenomenological Debye-Waller Fpy = exp(—2k2202) or
Nevot-Croce [23] Fyc = exp(—2k,k.,, %) factor is used, which, however, depends
not on the roughness correlations but solely on the parameter 0. However, the reflec-
tion coefficient from rough surface, as shown in [8-10, 22], depends also on the
roughness correlations. This dependence is described by second-order DWBA, and
both Fpw and Fyc are derived as limiting cases for the magnitude of roughness cor-
relation. The re-normalization of the coefficient R () in [8—10] has been performed
with the accuracy of the 2nd order DWBA on the imperfection of the surface. As a
result, the specular reflection coefficient depends both on the parameter o and on the
roughness correlation. For the large scattering angles, the phenomenological “expo-
nentiating” operation was applied to R;(6), which calculated the first and the second
DWBA approximations by expanding the exponent into series. In real experiments,
however, the exponential behavior of Ry(f) at large angles has not been observed
[24]. For example, for long correlation length L. roughness, the X-ray scattering
is close to the one from perfect surface, where R (6) is decayed as Ry(#) ~ 672
with the increase of scattering angle. Moreover, the above assumption is not self-
consistent: any re-normalization of the Fresnel reflection coefficient is equivalent to
introduction of transition layer at interface [11], whereas the solutions for perfect
interface are used for calculation of the corrections for reflection coefficient and dif-
fuse scattering intensity. Another semi-phenomenological description of exponential
behavior of reflection coefficient at large scattering angles 6 has been done in [24].

The main goal of the present section is description of the method for calcula-
tion of specularly reflected intensity from rough surfaces and interfaces without
any phenomenological assumptions. It is based on the solution of the X-ray scatter-
ing problem from transition layer with arbitrary profile A(z) has been reported [13],
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which delivers analytical expression for reflection and transmission coefficients from
profile A(z) with a high accuracy. The self-consistent approach for the specular and
diffuse scattering for high order DWBA was then formulated in [16].

In accordance with the previous section the polarization effects are negligible for
X-rays and thus the propagation of electromagnetic wave with arbitrary polarization
is described by the solution ¢ (r) of the scalar wave Eq. (2.2):

[A4 k3 + V(P)]gr(r) =0, (3.36)

with standard asymptotical boundary conditions, which correspond to the scattering
on the unlimited in the direction x surface [11]:

r(r) ~ é* + Rk, p) ¢'P", p, <0, z > —o0,
br(r) ~ Tk, p) e'?", p, >0, z = oo, (3.37)

where k is the wave vector of incident and p of scattered (p? = k(z)) waves, respec-
tively; R(k, p), T (k, p) are the amplitudes of the reflected and transmitted waves;
the condition p | = k, defines the case of specular reflection and p | # k is the
case of diffuse scattering [22].

The angle 6 ~ 0, = /]x] < 1, corresponding to effective interaction length
I ~ \0~!, plays an essential role in the scattering from surface. Because of the value
of I exceeds essentially the atomic dimension, the interaction potential between
X-rays and semi-infinite media is determined from the expression [11]:

V(r) = kjx(w)Hlz — z0(x, y)], (3.38)

where H[z — zo(x, y)] is the Heaviside function with random function argument
z0(x, y) defining the surface roughness (Fig. 3.6). The ideal, perfectly smooth surface
corresponds to zg = 0.

The main problem in the solving of the Eq.(3.36) is that the function ¢ (r) is a
complex non-linear functional of random function zo(x, y). This fact does not permit
to construct a closed equation for function (¢ (r)) averaged over the distribution
z0(x, ¥). The common solution for this problem in X-ray reflectometry is based on
the proportionality of the amplitude of specular (coherent) reflection to entire sample
surface ~ S. At the same time, the amplitude of diffuse (incoherent) scattering is
proportional to ~ +/S and is small even for large roughness, that makes possible to
take it into account by DWBA [11]. The potential (3.38) can be written in the form:

V(r) = Vo(2) + £Vi(r) = Vo(o) + £k X HIz — 20(x, y)] = Vo(2)},
Vo(2) = KX (W) A, (3.39)
where V(z) is one-dimensional coherent potential of transition layer, taking into

account the influence of roughness on specular reflectivity; the dimensionless func-
tion A(z) defines the profile of this layer [11], and by definition A(z) — 0, z —
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—00, A(z) = 1, z — o0. The formal parameter £ is introduced to order the terms
of the perturbation series on their smallness, and in the final expressions it will be set
to & = 1. Using potential (3.39), Eq.(3.36) is transformed to the integral equation:

or(r) = 0 — € / dr G, F)Vi () e (). (3.40)

The zeroth approximation (b}co) (r) is derived from the equation with potential Vj(z):

[A+ K+ Vo@lel (r) = 0, ¢V (r) = &7 (2), (3.41)

and boundary conditions for one-dimensional wave equation are:

dZ
[@ + kz2 + k%xA(z):| oK (2) =0, k; = \/]ﬁ’

1, (2) ~ €5 4 RO (k) 7%, 2 — o0,
o, (@) ~ TO (k) ™12, ki, = /K2 + k3. 2 — o0, (3.42)

which deliver the zeroth approximation R (k.) for the specular reflection coeffi-
cient. The Green function G (r, r’) satisfies the following equation:

(A + K+ Vo@)Gr(r,¥) =6(r — 1)), (3.43)

and according to general theory of differential equations can be expressed [8—10]
through two fundamental solutions of the Eq. (3.42):

aK', o
Gi(r,r) Z/k e T e (2,2, K, = \/’fkf

/L|<k 47‘1’2

i @) (22)

W , z1 = min(z,7’), z2 = max(z, 2),

g (z,7) =
dey dp_i

W=0p_,  —= — /
Pk Pk

(3.44)

Using Eqs. (3.42)—(3.44) and iteration scheme for approximate solution of the
Eq. (3.40), the formal series of DWBA approximations can be obtained for the scat-
tering amplitude T (k, p). The square of this amplitude delivers in the differential
cross-section of X-ray scattering in half plane z < 0 [8§-10]. The explicit expressions
for the terms of this series up to the second order of potential V;(r), i.e. parameter
&, are:

Tk, p) ~ TOWk, p)+ TV (k, p) + TPk, p) + ...
TO Uk, p) = RO (k) 2m)*6(p, — k1);
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RO (k) = / dze* Vo).
Tk, p) = /dre“l’f’”)' S V1@,

dk’ /
(2)(k p) = /drdr // . kJ- l(k —k)r l(PJ_—kL)r
<

X % @i er, vy Vi) ep. (@), (3.45)

where R()(k.) is the specular reflection coefficient from the interface with profile
A(z). The observed differential cross-section of X-ray scattering is calculated in
accordance with general formula (2.10):

do 1

-5 = a2 Tk, »I), (3.46)

after averaging (...) over the ensemble of random functions zg(x, y). In zeroth
approximation, the only specular reflection ~ |R(?) (k,)|? is obtained from Eq. (3.45).
The diffuse scattering [22] is caused by the fluctuations of the scattering square ampli-
tude, i.e. appears in the first-order DWBA ~ &2((|T D (k, p)|?) — (TD (k, p))|?).
Thus, its contribution to the cross-section has the same order as the term depending
on the second order DWBA ~ & 2RO (k;) (T(z) (k, p)), and therefore, for calculation
of the scattering cross-section both contributions have to be taken into account. The
validity conditions for presented approach coincide rather with the validity area of
DWBA than one of perturbation theory. Concerning the validity of DWBA conver-
gence, it might be defined by the ratio of the spectral intensity of specular reflection
to diffusely scattered intensity [11]. This is small because of the cross-section of
X-ray scattering from averaged potential V(z) is proportional to the square of sam-
ple surface S, whereas scattering from fluctuations depends on the roughness rms,
correlation length and scattering angle.

To use formulas (3.44)—(3.46), the analytical expression for the profile of zeroth
approximation A(z) has to be chosen, and then the explicit expression for ¢y, (z) has
to be found. In meantime, definite distribution model for the ensemble of random
functions zo(x, y) has to be selected. It is widely used (for example, [8§-10]), the
perfect plane interface is selected as zeroth approximation, which is a typical choice
for DWBA applications:

A(z) & Ap(z) = H(2),
oV @) = (€% + rpe ) H(=2) + (M H ), (3.47)
where rr and ¢ty are the Fresnel reflection and transmission coefficients for ideal
surface (3.14) . For this choice of initial profile, the first- and second-order DWBA

corrections for specular reflection coefficient, accounting roughness correlations, can
be calculated [8—10]. For small scattering angles, the specular reflection coefficient
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varies in dependence on roughness correlations within the limits:
re(k) (1 —20°k%) < Ry(k) < rp(ky)(1 — 202k k1) (3.48)

At small scattering angles k;0 < 1, the calculations of [8—10] are completely
microscopical. They demonstrate that reconstruction of transition layer, which influ-
ences the reflection coefficient, depends both on averaged roughness and roughness
correlations. However, at larger scattering angles the formula for specular reflection
(3.48) fails, and accounting of high order terms in (3.40) is necessary, which is diffi-
cult to realize in practice. Commonly accepted approach to solve this problem is an
additional phenomenological assumption about terms in parentheses in (3.48), which
are supposed to be the first terms in the expansion over parameter k,o of Gaussian
exponent (“exponentiating” operation). The latter makes a re-normalization of the
reflection coefficient:

re(k;)e” VPV < Ro(ky) < rp(ky)e”VNe;

— _2052k2 _ _952
e VoW = 72k g Ne = g2 kR (3.49)

Depending on the correlations, this exponent reduces to Debye-Waller (¢ ~"2W) or
Nevot-Croce exponent (e ~"¥C) [8-10]. Let us note that in the same approximation
the Fresnel transmission coefficient should be also re-normalized [7]:

172
tr(ky) = tp(kp)e T kekam?® (3.50)

This simple re-normalization describes well experimental data, when measured
sample possesses a roughness of small amplitude. However, for larger o values,
the observed R;(k;) may considerably differ from exponential one. Therefore, for
large roughnesses the alternative phenomenological approximation has been pro-
posed [24], which introduces additional parameter, a maximal roughness amplitude.
This approach is proved to describe well experimental data from sample with very
rough surface, as shown in [24]. Nevertheless, the solution of the following problem
remains actual and demanded: is a microscopical description of the reflection from
imperfect surface possible for arbitrary scattering angles by low orders DWBA and
without any additional assumptions?

The physical reason for necessity of the re-normalization of specular reflection
coefficient is the conservation of the photons flux. The emission of the diffuse
X-ray scattering is compensated by the reduction of the intensity of specular reflec-
tion [8-10]. The calculated intensity of diffuse scattering depends on the DWBA
order applied, therefore the corrections for R (k.) also vary in each higher DWBA
approximation. These corrections, however, can not be summed up in general case,
which causes the phenomenological modeling of R (k) in conventional theories.

The key point of the proposed self-consistent approach is to do not fix the profile
of the transition layer initially, but to consider
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AV(2) = Ak, 2) (3.51)

as a variational function changing with DWBA order and depending on k.. This
additional degree of freedom can be used for transformation of differential cross-
section of X-ray scattering, simulated on the basis of DWBA. The physical meaning
of variational profile dependence on k. is conditioned by the dependence of averaged
within the higher DWBA orders surface potential on the projection of correlation
length onto the incidence beam.

Assume that differential cross-section of X-ray scattering (3.45) is calculated
with the accuracy up to the second order of £. Then performing an averaging over
ensemble of random functions zg(x, y), it is expressed as:

d 1
% = Tk p)*:
Tk, p)I* = (ITO(Alky, D)) + ETP (Al DD
+ 2E2R[T O* ({ Ak, DINTP (Alks, D))
+ TV K, p)12) — TV (K, p))I1. (3.52)

All the terms in this expression are the functionals of the profile A(k;, z). This
profile can be chosen in such a way that the sum of all terms in specular reflection
(p1 = k1), except first one, equals to zero:

{EUTD (AU, NP+ TIT Dk, p)I*) — KTV ke, )T}
+2R(T O* (A ko, DDIET D (A, D)D)
+ TP (Alkz, DD M (p, =k 1) = 0. (3.53)

The solution to this functional equation delivers the function A(k, z), which is a
profile of the transition layer, and the specular reflection coefficient is:

Rky) ~ TO(k,, (Alhs, 2))), (3.54)

with already performed re-normalization. Thus, the scattering cross-section for all
exit angles is separated into coherent specular and incoherent diffuse scattering.

In order to realize the algorithm (3.51)—(3.54) the principle problem has to be
considered: the analytical solution of the zeroth-order Eq. (3.43) for arbitrary profile
A(z) should be found. This solution has been proposed in Refs. [13, 16] on the basis
of the following analysis.

Let us consider the wave field E (z) of monochromatic X-ray beam reflected from
the substrate with one-dimensional transition layer on the top is defined by equation:

2
[j? + 4%+ V<p(z)] E(z) = 0. (3.55)
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As before the z-axis is assumed to be perpendicular to the surface of substrate;
the in-plane component of the wave vector is conserved and the normal z-component
is defined for the convenience as k; = g = ko sin 6; function ¢(z) determines the
normalized potential of transition layer with amplitude V = k(%x(w), the conditions
p(—00) = 0 and ¢(oc0) = 1 are fulfilled.

The integral form of equation (3.55) with the Green function (3.23) is:

o0
. . \%4 . .
E(2) = A" + Be " 4 - elqz/dz/‘ewZ P(Z)E@)
l
q Z
Z
+e 0 / dz'e % p(VE) T . (3-56)

—00

Direct iterations of this equation with constants A and B following from the
boundary conditions result in Born series of perturbation theory. If one uses in the
integral part of the Eq. (3.56) the wave field corresponding to the ideal interface

Eo(2) = [€'9 + rpe " H (—z2) + tre P H(2): p*> =¢>+V, (3.57)

the Rayleigh approximation (re-normalized Born approximation) for the reflection
coefficient Rp(g) from the interface with transition layer can be calculated in the
following form [25]:

oo
d .
RB(q)zrp/dzd—fez“ﬂ. (3.58)
_w ’

This formula is widely used for solution of the inverse problem [5] because in this
case the density profile is simply connected with the Fourier transformation of the
reflection coefficient. However this approximation is not available for all values of
the system parameters. Especially it concerns to phase of the reflection coefficient.

Self-consistent approach [12] for solution of Eq. (3.56) assumes the use of another
approximate form Ey(z) for function E(z) and finding of parameters for this form
by Eq. (3.56). Specifically, in Ref. [12] function E((z) has been taken as the solution
of the wave equation for sharp interface with variable position zg of interface. This
solution improves essentially the perturbation theory, but does not eliminate the
ambiguity in reflection and transmission coefficients because of dependence on the
self-consistency mode and it does not allow to calculate the successive corrections
for zeroth approximation.

It is possible to formulate another self-consistent ansatz for E(z) [13, 16]. Let us
redefine the potential function and solutions in the following way (Fig.3.7):

0(z)=H(GEZz—0)+ A X2)H(c —2)H(z + 0)
E(z) = H(—z — 0)[e'?* + Re™'%7]
+u(z)H(oc —2)H(z+ 0) + H(z — 0)T€'P?. (3.59)
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Fig. 3.7 Sketch of the scatter- Re™ !
ing wave fields and potential D — !
of the transition layer !
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Here H (z) is the Heaviside function; \(z) is a potential function varied from zero
to unity inside the transition layer located between the planes with coordinates £o
(in general case can be chosen as ¢ — 00); coefficients R and T in function E(z)
are the exact coefficients of reflection and transmission. By definition, function E (z)
describes the transmitted wave at z = +oo if the condition is satisfied:

pr=q¢*+V ==Kk, (3.60)

The function u(z) is defined within the interval |z| < ¢ and satisfies the boundary
conditions at z = %o, as follows from the discontinuity condition for the solution:

u(o) =Te'?;  u(—o) = Rel9% 4 ¢, (3.61)

Substituting (3.59) into (3.56), we derive the equation:

a
. : Vv . '
Ael9% 1 BT 4 Telqz /d{e_”’g)\(é)u(g)
l
q —0a
o
+/d§e—i‘1§Te”’5 = R < —0
o
o

, 4 Vv ; j
R 7 / dge A (©u(€)

Z 00
—i—/dgeiq{Teipf +eiqz/d§e’iq£Teip§ = TP >0

g Z
o0

A% 4 Be'9% 4 2L eiqz/dge_ique"l’5
iq

[
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e / e ENEU(E) + ¢ / dee MENE)u(E)
=u(z); —o<z<o. (3.62)

Equating the coefficients at fast-oscillating exponents in both parts, the constants are
found to be A = 0; B = R, whereas the reflection and transmission coefficients
and the function u(z) should be defined from the equations:

(o

/ dEeTENEU(E) = 0;

—0

Rt gitrrar . L
2q(p+q) 2iq

o

vT : Vv .
- pilpmq)o o T —ig¢ —1-
T + 352 / dée EN©uE) = 1;

VT

el (P=)0 yigz
2q9(p —q)

u(z) = Re 1% 4
+ % / defe 1O H(E — 2) + e MO H (2 — OINOu(E). (3.63)

The system of Egs. (3.62) for function u(z) along with boundary conditions (3.61)
is the exact consequence of primary integral equation. However, the advantage of it
is the implicit form of fast oscillating terms in equations, that permits to solve the
integral equation for function u(z) within the limited interval, and latter function is
parametrized mainly by the potential function A(z). To approximately calculate the
self-consistent values R(g) and T (¢), some model form (ansatz) for function u#(z) has
to be chosen. This model function is expected to satisfy the following conditions: (i)
its variation is mainly determined by potential function, (ii) it satisfies the boundary
conditions (3.61), (iii) it does not include any additional parameters. The simplest
representation of u(z), fulfilling the mentioned conditions, is:

uo(2) = M2)Te'P? + [1 — A(z)](Re 9% + £'9%). (3.64)

Ansatz (3.64) is the basic expression of the self-consistent approach and it can be
considered as the zeroth-order iteration for solution of integral Eq. (3.62). The substi-
tution of this ansatz into Eq. (3.63) results in self-consistent equations for calculation
of reflection and transmission coefficients through the potential function:

P_iVKqu() Vup+qhﬂn=iVKQ@;
q(p+q) 2q
4VKGQ@RW)+VL@—qhﬂD=1+iVK®X

2q q(p—q) 2g
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K@) = /dzeirzx\(z)[l -2 Lur)= /dze”z)\(z)/\’(z), (3.65)

from which the result for zeroth-order approximation follows:

_ Dr, _Dr,
R@)=—53 T@) =
Dr=iVKQq)L(p —q)(p+q)— KO)L(p+q)(p —q)]

—2qVL(p+q)(p—q);
y
Dr = Z{VAK*(0) — KQq)K (~29)] +44%);

A=iVIK(=29)L(p+q)(p—q) — KO)L(p —q)(p +q)]
+2qVL(p—q)(p+q). (3.66)

Equation (3.66) confirms the fact, that self-consistent calculation of reflection and
transmission coefficients permits to express them directly through the density profile
of transition layer, though this relation is more complicated than for Born approxima-
tion. The successive approximations for coefficients can be easily found because of
Eq. (3.63) is obtained from the exact integral equation for function u(z). The proce-
dure for finding 1" (2) is the following: the Eq. (3.62) is iterating and new solutions
are substituted into expressions for reflection and transmission coefficients. It was
shown for series of potentials [13], that these iterations converged very quickly and
zeroth approximation was proved to be very accurate and sufficient for experimental
data interpretation.

The presented self-consistent approach (SCA) for solution of Maxwell’s equations
is a direct analogue of operator method for Schrédinger equation, which is proved
to be effective for the solution of many problems of quantum mechanics [26]. The
coincidence of the zeroth approximation with the exact solution in limiting cases,
where the analytical methods can be used, is shown in Ref. [26] to be an important
feature of any uniformly suitable approximation. For studied here case with arbitrary
potential, such analytical results can be found in two limit cases. The first one is
the region of incidence angles less than critical angle of total external reflection
(g% < |V|), where the equation p = /g2 + V = ik is fulfilled. For real potential,
the integrals for SCA are represented as K (q) = K*(—¢q); L(g) = L*(—gq), and
substitution of these equations into Eq.(3.66) demonstrates the fulfillment of the
SCA zeroth approximation to the exact condition in considered angular range:

RO)> =1, ¢*<|V]. (3.67)

In the second limit case of large incidence angles (g% >> |V|), one can use the
following estimations for integrals:



92 3 X-Ray Reflectivity

: e ) igoy/
K(q) = —é /dze“ﬂx(z) L) |: L@~ el—z(") + 07

[

o— / dz\*(2) | . (3.68)

—0

Lip—gq) = LD

Substituting these expressions into the Eq. (3.66), the reflectivity is written as:

g

1% )
RO(g) = 7 / dze¥ N (2),

—a

i.e. for large value of ¢, SCA zeroth approximation is equivalent to Born approxi-
mation (3.58), which is asymptotically exact at large angles.

Thus, the proposed ansatz is believed to be a uniformly suitable approximation for
electromagnetic wave field, scattered from one-dimensional graded interface, since
it satisfies to all the limiting cases and its successive approximations converge to the
exact solution.

As an example, Fig. 3.8 compares the results of various methods for the Epstein
profile [27] widely used to model the transition layer in reflectometry:

1
vE(R) = 7 [1+ tanh(z/oE)]. (3.69)
An exact formulas for coefficients are well-known for this case (see, e.g., Ref.[11]):

_q+p I'ligop) I'’l=i(g +poe/2],
g —pI'(=igog) T'?li(q —p)oe/2] "’
_q+p I'[=i(g+ p)og/2]
Te(q) = - - ,
2p I'(—iqop)l(—=ipoE)

Re(q) =

(3.70)

and integrals from Eq. (3.65) are also expressed analytically for this potential:

2
7TO'EI"

= Fsinh(rogr/2)’
wopr(1 +iogr/2)

L) = = anGrogr2) (3.71)

K(r)

Let us use the ansatz (3.64) for solution of the Eq. (3.43):

or. (2) = ATV = 1 [1 — A@NRDV ek 4 eikedy, (3.72)
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Fig. 3.8 Reflection (decimal logarithmic scale) and transmission coefficients and their phases (in
radians) calculated by various methods for the Epstein profile

with the coefficients being the functionals of the profile A(z) and amplitude of the
potential A = k(z)x(w):

In this case the specular reflection and transmission coefficients in (3.72) are
expressed through the potential amplitude A in and integrals (3.71) with function
A(2):

DR(kz) . DT(kz) A
Alky) Alky)
DR(kz) = iA[K(zkz)L(kzm - kz)(kzm + kz)
— K(O)L(kzm + kz) (kzm — kz)] — 2k, L(kzm + kz) (ko — kz);
A(kz) = iA[K(_zkz)L(kzm + kz)(kzm - kz)
- K(O)L(kzm - kz)(kzm + kz)] + ZkzL(klz - kz)(klz + kz);
Dr(k;) = A’[K*(0) — K (2k;) K (—2k;)] + 4k2. (3.73)

RO(k,) = TO®k,) =

Accordingly to the self-consistent algorithm described by formulas (3.52), (3.53)
the profile A© (z) in the first DWBA order is defined by the following condition:
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(VA9 )y =

/ dre' P TGt (D[(HIz — 20(x, D) — AP @)pr.(2) =0.  (3.74)

and the solution for the profile AO () is:
A0 (2) = (H[z = z0(x, ).

Thus, in the first DWBA order self-consistent approach leads to the simple result:
the specular reflection from rough surface depends on the potential of transition
layer, which is calculated by the averaging of real potential over the surface. In this
approximation A© (z) doesn’t depend on the roughness correlation:

1 o

AV@) = — / dxdyHI[z — z0(x, y)] = / dzof (o) Hlz —z0].  (3.75)
SJ_ SJ_ —00

Here S is the flat area of the surface, and the ergodic hypothesis [28]

dxdy
S

=dzof(20)

is used in order to substitute the averaging over roughness amplitudes with the dis-
tribution function f(z¢) instead of integration over the surface.

As for example, assuming the Gaussian distribution of roughness amplitudes on
the surface, the profile of the transition layer is expressed through the error func-
tion [23]:

: /Z dz ez?)/zf’z—cb(i) (3.76)
o2 J—o00 0 o2 T

When the second-order DWBA is considered (3.52), the correlation of roughness
[22] has to be taken into account in the averaging of Eq.(3.53). For homogeneous
surface and standard definition of the correlation function can be used:

AQ(z) =< H[z — z0(x, )] >=

([zo(r1) — zo(rL + R1I?) = g(RL). (3.77)

In order to analyze quantitatively effect of roughness correlation one should
choose some model for the function g(R ). There are several models for the rough-
ness correlations that are used in reflectometry: widespread fractal model [22] or
terrace model for interface [29]. Slight difference between the results on the basis
of these models is appeared in the diffuse (non-coherent) scattering [29]. However,
it proved not to be important for analysis of specular reflection. Therefore for defi-
niteness the fractal model is considered here and further:



3.2 Reflection of X-Ray Radiation from Rough Surface 95
) B ( Ry )2h
g(R1) =20"{1—¢ ‘i« : (3.78)

where two parameters: /& as the fractal dimension and L. as the correlation length
are used for fitting of the specular reflection profile. Figure 3.9 illustrates the differ-
ences between the statistical properties of the surface with various values of these
parameters.

The X-ray scattering cross-section from potential (3.39) with accuracy up to £2 is
obtained by averaging of Eq. (3.52) on Gaussian distribution of the random function
zo(x, y) and with the correlation function (3.78):

do  k*|x|? 2.
E = TSJJT(k, ) 21
Tk, p)I* =3(p, — k)UTQ ey, (AD (D)) + EB(k,)

+ 282 RIT V% (ke { AV DX TP (k1) + EK (k, p).  (3.79)

where S| is the surface area of the sample. All the terms in (3.79) have a clear
physical interpretation and are calculated as described below. The function

7Ok, (AV () = / ” dze™* AV ()1 (2) (3.80)

—00

is the amplitude of specular reflection from the profile A (z). The additional con-
tribution of the first order B(k;) into specular amplitude is caused by the difference

Fig. 3.9 The characteristic forms of the surface with different values of the correlation length L,
and fractal dimension &
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between function A (z) and profile (3.76), which is taken as error function A0 (7).
The latter does not depend, by definition, on the roughness correlation.

Bk;) = / dz¢* 1 (A0 () — AV (@), (2). (3.81)

The term 7@ (k) in (3.79) corresponds to double scattering of wave field within
media [8-10] and is calculated as the second-order correction in the solution of
Eq.(3.53). The term K (k, p) is a single incoherent scattering depending on the
root-mean-square fluctuation [(V2) — (V)?] of the scattering potential (3.51) after
averaging over the correlated roughness distribution.

7@ k) = / dk,
k

k dRJ_el(kJ- k)R |
|k |<k

dz dz

x ot (@ )wk; 4 )w,ké (Z)SDkz ()
X [/ dal/ dagW(al,az,RJ_)H[Z/—al]H[z—az]
HAO ) — AV HAO () — A“)(z’)]} . (3.82)

1 8] 00 , 00 0o
Kk, p) = m/ dZ/ dz /dRJ_/ dd]/ da
—00 —00 —00 —00

X W(al, ap, RJ_) X ei(pL_kL)RL
x ¢t , (H[Z — arlg; (e-p, D H[z — arlpr, (). (3.83)

The functions ¢y, (z) are the solutions of wave Eq. (3.42) with profile AD (), and
two-dimensional distribution of the roughness amplitudes W (ay, az, R}) is:

1
V2g(R1)
_L e—(a1+a§>/202] , (3.84)

W(ay,az, R1) = 1 [ e*(a]+a2)2/4026*(a17a2)2/2g(RJ_)

20

with correlation function g(R ) from (3.77).

The differential cross-section (3.79) describes both specular (p; = k) and
diffuse scattering K (k, p), when the transverse component of wave vector is not
preserved. The term K (k, p) is a non-zero for p; = k, and variational profile
AW (z) has to be calculated taking in consideration this term in Eq.(3.53). To pro-
ceed with the simulations, the number of quanta N (n) registered by detector in the
direction of unit vector n = (k) / k, —k_/ k), which corresponds to specular reflec-
tion, is calculated. The value of N(n) depends on the width of angular cone A2
covered by detector :
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N =i [ dn' g )52
/ Az A% /
f(n—n") =exp —5—2)“—5—2' i A=m—n). (3.85)
x ¥

Here Iy is an incident beam intensity; f(n — n’) is the detector instrumental function
assumed to be a Gaussian,; the unit vector n’ defines the direction of the wave vector p.
Because of in reflectometry experiments the detectors with small angular resolution
(0x ~ 0y < 1) are used, the integration over n’ in Eq.(3.85) is carried out in the
plane perpendicular to n. The differential cross-section (3.79) is related, however,
to the sample surface [22], and therefore the variations of the wave vector and the
vector A are connected as:

Gx =k Ay, gy = kA,. (3.86)

Substituting (3.79) into (3.85), the number of photons scattered by the incident at
angle 0 to the sample surface beam and detected in the direction of specular reflection

is (€ = 1)

k4 x|?

N(O) =No— 5~ [|T<0><kz,{A<”<z>})+B(k>|+

Z

q% ‘1%

2RIT V% (hy, A AV (DT P (k)] + / dgie ©% PRg@ pl. 3.87)

where No = IpSk;/k is a number of photons at the sample surface in time unit, and
pL=ki+qi; p.= kK2 —pi.

For any profile A" (z), the main contribution to (3.87) in the region of small
scattering angles is given by term ~ |T© (k,, {A(D (2)})|?. However, for scattering
angles larger than total external reflection angle > 6. = +/[xol, the specular
reflection coefficient decreases drastically, and correlation effects, being included in
Eq. (3.87), become essential. The profile AWM (2) has to be selected in a way that the
sum of the following terms is equal to zero for all k:

2T O* (k,, {AV @DIBk) + TP (k1) + | Bk
@

2
_9x__
+ / dgie % PR Kk, p)=0. (3.88)
Then the number of detected photons (3.87) is:

N(a) = No|RO (k, {AV ()12, (3.89)



98 3 X-Ray Reflectivity

where the specular reflectivity R§0) is calculated from (3.73) and depends on the
amplitude of coherent scattering (3.75):

k2X 0 1 0 1
TT( (ke (AP (D)) = =k RO (k, {AD ().

To qualitatively consider the correlation effects in X-ray reflectivity, the measured
[24] X-ray reflectivity (Fig.3.10) from rough Sig ¢5Geg 35 surface is analyzed. The
X-ray polarizability of sample is xo = —1.99 x 107> +i5.27 x 1077, and X-rays
with wavelength Cu K, have been used. The scanning angle 6 is in degrees, and
intensity is normalized to unity.

The theoretical surface profile A (z) is chosen accordingly to (3.76) as an error
function, if Gaussian roughness distribution and first order DWBA are assumed. The
analytical function <p,(£) (z) and reflection coefficient |R§0) k., {A©(2)})|? have also
been calculated and are shown by dash line in Fig. 3.10. The fit obtained demonstrates
a good agreement for the angles 6, > 6 > 6. and roughness o ~ 45.0 A. For qual-
itative analysis of reflectivity curve, an additional parameter 6, has been introduced
to distinguish different regions of scanning angles. This parameter determines the
range, where the specular reflection from averaged interface profile dominates over
the diffuse scattering, i.e. interval, where the intensity drops exponentially:

0, ~ — (3.90)

2
IR
T A A T AT T AT

20 (deg)

Fig. 3.10 The fitted by self consistent approach experimental reflectivity from Sig 5Geg 35 sample
with large roughness [24]. For the fitting of the entire area of scattering angle, the formula (3.87)
has been used with the following parameters:oc = 45 10\, h=2v= kzacdxéng = 0.012. For
comparison the dashed line shows the reflected intensity re-normalized by conventional Nevot-Croce
factor. The vertical lines distinguish the angle areas with different behavior of X-ray reflectivity
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For the angles 8 > 0,, however, the intensity decreases as power function, and
therefore the re-normalization |R§0) (k;, {AD ()])]? due to second-order DWBA
corrections is essential. To determine a profile A" (z) accounting correlations, the
Eq. (3.88) has to be solved. As the solution for this equation is convenient to obtain
directly a specular amplitude instead of profile A1 (z):

TOU AV = [ dze a0 ) (391)

—00

where function gp,(i)(z) is the solution of wave equation for considered profile of
transition layer.

The solving of cumbersome integral equation is simplified due to following rea-
sons: (i) the accuracy up to the second order of ¢ is required, and (ii) the angular
region 6 > 0, is considered, where reflection coefficient is small independently on
profile shape. In this angular region:

o) @) ~ ) (2) & el (3.92)
and terms of Eq. (3.88) are:
TO Uk, AV @) ~ TO U, {4V D)) — BO(k2),

w .
Bk, ~ BO(k,) = / dze™* AW (2)p0 (2). (3.93)

—00

Then Eq. (3.88) is resolved with respect to B©(k,), and the expression for scattered
amplitude is obtained assuming £ = 1 and with mentioned above accuracy:

TO U, AV D)) = 1T Ok, (AQ @D+

2
q? 9y

2RITO* (k,, {AQ @)D RP (k)] + / dgie ©% PE Rk p)1'2 (394

where R® and K correspond to profile A©(z). The correction AWV (z) for zero-
order profile is calculated using Fourier transformation of (3.93), and generally it
depends on both z and k.

Similarly to Refs. [8—10], the approximation (3.92) for function <p,(£) (z) is used for
calculation of amplitudes (3.94). Moreover, the influence of amplitude R is negli-
gible at considered angles because of exponentially decreasing T V* (k). Averaging
K (k, p) over roughness distribution with function (3.78), the following expression
for X-ray intensity in the direction of specular beam is:

k5|X|2 00 0

N@©®) =Ny} |RD9)?
O =No| IR O)F + 735 ax |




100 3 X-Ray Reflectivity

282y2 252y2
« e KRX? /A8y /4[e—k§az(1—g(m)) _ e-kggz]]. (3.95)

For the angles 8 > 6,, the dependence of specularly reflected intensity on the
incidence angle is mostly governed by the second term in (3.45) and decreases as
power function:

N(@@) ~ NO%. (3.96)
The tiny oscillations within the area between 1° and 2° of exit angle, may be associ-
ated with the interference with the weak waves reflected from the interface between
film and Si substrate that were not considered in this section (see Sect. 3.3). The large
roughness of the surface has been artificially created by large-scale gratings on the
surface, which are supposed to be random. However, some ordering of this grating is
probable, which causes the oscillating behavior of reflectivity curve. Another effect
influencing the behavior of curve is seen in the region 6 < 6., where the decrease of
reflection coefficient occurs. As it was described by formula (3.35) this effect is due
to effective reduction of sample size L, at small scattering angles comparatively to
illuminated by X-ray beam of size L, area Lj/ sin . This effect is taken into account
by modification of (3.95) with the function F},(0) defined in (3.35):

Nesr(0) = N(B)Fy(0). (3.97)

The formulas (3.96) and (3.97) has been used to fit experimental data in Fig. 3.10.
For convenience reasons, the vertical lines separate the regions of qualitatively dif-
ferent behavior of reflectivity curve. The best fit is found for 0 = 4.5nm, h = 2.
The additional parameter has been introduced regulating the contribution of diffuse
scattering (second term in (3.96)) into total intensity:

v =k?0.8,0,L* = Le (3.98)
B o C_Scoh' ’

The physical meaning of this parameter is the ratio of the illuminated by X-rays
sample area, where the correlations are essential, to the tangential coherence area
Scon, Which is set up by angular resolution of detector [7]. The fitting in Fig.3.10
is obtained at v, ~ 0.012. The specular X-ray reflectivity depends on correlation
length through dimensionless parameter (3.98), which also contains the detector
parameters 6y, 6y. The draft value of L. in considered experiment is found to be
L. ~ 70nm which follows from d, & d, = 0.1 0.

For X-ray reflectometry, one more characteristic parameter has to be considered:
the angle 64, after which reflectivity depends dominantly on detector noise, back-
ground, geometrical factors, measurement dynamical range, beam size, parameters
dx, 0y, etc. The non-exponential behavior of the reflection coefficient due to corre-
lation effects in the intermediate angular region ; > 6 > 0, is observable when the
condition is fulfilled [24]:
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1
0, = — < ¥by,. (3.99)
koo

The value 6, depends on the dynamical range of used in experiment detector. There-
fore, the roughness amplitude, at which the correlations can be observed in the
reflection coefficient, depends also on experimental conditions:

1
—_— 3.100
o > kofa ( )

For smaller roughness amplitudes, Nevot-Croce factor is satisfactory for data fitting.
The upper limit for ¢ is defined by the applicability of DWBA, i.e. spectral den-
sity of the specular (coherent) beam is higher than one of the diffuse (incoherent)
intensity [11]:

1

ko,

o<

(3.101)

For considered here experimental data, (3.101) results in ¢ < 7nm .
Thus, the detailed analysis of the reflectivity profile allows one to measure both
the electron density in the sample and a series of characteristics of its surface.

3.3 X-Ray Reflectivity from Multilayered Structures

The prominent abilities of the X-ray reflectivity technique are strongly demanded for
investigation of non-uniform samples consisting of the stack of thin layers separated
by the pronounced parallel interfaces and grown on the thick substrate (Fig.3.11).
The multilayers, consisting of the large number of thin layers, make up a wide class of
samples in semiconductor and nanotechnology industries. X-ray methods are proved
to be very advantageous for investigation of these structures (see, for example, [4-7]).
However, an increasing demand for the X-ray methods from industry and science
emphasizes the problem of algorithm improvements, both in acceleration and preci-
sion aspects. This task is especially important when the experimental data from com-
plex samples have to be quickly, robustly and accurately fitted by theoretical models.

As it was shown in the previous section, provided the condition (3.27) is fulfilled,
the dimensions of the sample (x, y) are treated as infinite, which ensures the conser-
vation of the transversal component of the wave vector k| through the entire depth
of the sample. As a result, similarly to the case of a single surface the solution for
vector potential is found from (3.21), (3.41):

Ar(r) = ee* 17 o (2), (3.102)

where the function ¢y, (z) satisfies the scalar wave equation:
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Fig. 3.11 The sketch of multilayered structure investigated by XRR method: d;, j = 1,2...L
are the thicknesses of layers; 7, R; are the amplitudes of coherently scattered waves inside each
layer. The interfaces between the layers possess the roughness with root mean square o, j =
L2...(J+1

d2
{P + kz2 + V(r)] @k, (z) =0;

k, =ko sin 6. (3.103)

The coherent scattering only is taken into account when the interaction of the
wave field with each interface is considered in XRR. Therefore, the imperfection
(roughness) of the interfaces is accounted according to the relationships (3.51)—
(3.53) for the transition layers at boundaries. The scattering potential in (3.103) is a
function of sole coordinate z (Fig.3.12):

J

V() = V@ =R D 00a @A @+ @I — 4N, (.104)
j=0

where x j(w) is a polarizability of the material composing j-th layer; x;11(w) is a
polarizability of the substrate material; xo(w) = 0 is a polarizability of the vacuum;
Aj(z) is a profile of the transition layer between j and (j + 1) layers, normalized
according to the conditions (3.39). Evidently the XRR investigation of the multilay-
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Fig. 3.12 Characteristic shape of the coherent scattering potential for X-ray reflectivity from mul-
tilayered structures with imperfect interfaces

ered structure is very effective, if the total thickness of multilayered stack is less than
absorption depth of X-ray radiation:

J
1
D= d; <Ly =——— ~ 10 nm, 3.105
jZZI‘ j < Labs 2o x (@) nm ( )

where d; is a thickness of j-th layer. The entire structure may consist of up to
thousands layers. We assume that the root mean square of the interface roughness
o0 j, which defines the thickness of the transition layers A ;(z) at each interface is less
than the thickness of the layers themselves:

Oj ~ 0j+1 <dj. (3.106)

In general case, the solution of Maxwell’s Eq.(3.104) for calculation of X-ray
reflectivity in multilayers was firstly reduced to the system of recurrent Parratt equa-
tions in [30]. Advanced method based on the transfer matrices [31, 32] for solution of
these equations, delivered convenient formalism for theoretical interpretation of the
experimental X-ray data . For periodical structures, using the powers of the transfer
matrix for the interface boundary conditions, the time of calculation could be con-
siderably reduced [33, 34]. However, this technique requires the calculation of high
powers of matrices, which is also time-consuming procedure because of the num-
ber of numerical operations exponentially increases with the number of multilayer
elements. Itis especially important in the case of reflectivity from periodical multilay-
ered structures (superlattices). There are several approximated methods for reduction
of calculation time, for example, kinematical approach and single-reflection approx-
imation [7], but they do not provide sufficient precision for thick multilayers and
superlattices with large number of layers.

The method proposed in [14, 15] utilizes the possibility to express the Bloch
eigenwaves of one-dimensional periodical infinite layer stack through the solutions
of X-ray scattering problem within the single basic element composing the super-
lattice period. The combination of Parratt’s recursive equations for basic element of
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superlattice with the eigenwave approach allows one to achieve the best performance
of simulation technique.

To derive Parratt’s equations, the expression (3.104) for the wave field inside /-th
layer and outside of transition layers associated with /-th and (I + 1)-th interfaces
is used provided the condition (3.106) is fulfilled. The solution of this equation
is represented as a linear combination of the plane waves with amplitudes 7;, Ry,
spreading in the positive and negative directions of axis z, respectively (Fig.3.12):

kzj = koy/sin? 0 + xj (w). (3.107)

The scattering of the waves at each interface is considered to be based on the boundary
conditions (3.47) with respect to the phase shift conditioned by the position of the
interface. Defining the coordinate of the j-th layer with respect to the entrance
boundary of the interface as

j
2= d. (3.108)
=0

the following relationship between the wave amplitudes in neighbor layers can be
derived using formula (3.47):

i1 Tjre RUVa = Tje ™% 4 Ryrjoy et
tj+1,jRj+1eikZ(j+l)Z’ = Tjrj+1’j€_ikz-/z-/ + Rjeikz./z/’ (3.109)
which is the system of 2J equations for the amplitudes of waves within the layers.
The reflection r; 1 ; and transmission ¢; 1, ; coefficients at interface between j-th
and (j + 1)-th layers are expressed through the Fresnel coefficients, re-normalized
in accordance with the formulas (3.49) and (3.50) provided the root mean square of
roughness o satisfies the inequality (3.101):

ki — kg 2
J T K2GAHAD =202k ko).
Tifl,j = e jhe v(./+1)’

kzj + kz(j+1)
2k;;
kej +ko(j+1)

o2

tisl) = o7 tkej—he(jn)? (3.110)

In some applications of XRR [5], the structures with the roughness amplitude
compared to the layer thickness are studied. In this case, the re-normalized reflection
and transmission coefficients can be calculated from the formulas similar to the
expressions (3.38), provided the corresponding projections of the wave vector and
the amplitudes of the scattering potential in neighbor layers are used:
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o, D
A0 I T
Dy =iAj1,j[K2kyj) Lkz(jy1) — kzj)(kejt1) + kzj)
— KO)L(kz(j+1) + kzj) (kz(j4+1) — kzj)]
— 2k L(ky(jv1) + ki) (kz(1y — kzj)s
A =iAjp1 j[K(=2kg) Lkyj+1) + kzj) (ko (1) — kzj)
— K(O)L(kz(j41) — kzj) (ke i) + kzj)]
+ 2k L(kz(jv1) — ko) (ke(jr1y +kz))s

Dy = A7 IK?(0) — K (2k;j) K (=2kj)] + 4k;j)*;

Ajr1,j = KD+ = x;1. 3.111)

)

Tl =

The profiles of the transition layers A;(z) at the interfaces, which are required
for calculation of integrals L(g), K (¢) in (3.38) can be either selected using various
models allowing the analytical calculation of the integrals [13, 16], or found using
a self-consistent approach (3.88). Parratt derived [30] a most effective way to solve
the equations system (3.109) by implementing the system of the recurrent equations
for new variables:

Rj sk
X;= T/{&’"aﬂx; Xo = Ro; Xy41=0. (3.112)
The boundary condition X;; = O corresponds to the reflected wave inside

substrate, and the reflection coefficient Ry from the entire structure is equal to X
assuming the amplitude of the incident wave in vacuum equals to unity (Fig.3.11).
The Eqgs. (3.109) are transformed to the simple form:

rij+1 + Xjpre Hkairndin
1+ I‘jJ.,.]Xjeyszdf

X;= (3.113)

Figure3.13 demonstrates the measured reflection curve from the multilayered
structure and the simulated curve fitted on the basis of the Eqs. (3.113). The theoretical
simulations reproduce the oscillations of X-ray reflectivity accurately, and thus the
following characteristics of the sample can be evaluated: the layer thicknesses, the
electron density depth profiles, and roughness of the interfaces. The X-ray reflectivity
can also be simulated using ansatz (3.72), (3.73) and potential (3.104) for the entire
sample structure instead of separate calculations for each interface. The result of
this approach (Fig.3.13) delivers the same accuracy as Parratt’s formalism does,
however, requires less computing time. The use of ansatz is especially effective
for the structures with imperfect interfaces, for which the condition (3.106) is not
fulfilled. The application of the Eqgs. (3.113) in this case requires a large number of
the transition layers for modeling of the electron density variation at the interfaces,
and thus increases the computation time of reflectivity curve essentially.
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Fig. 3.13 X-ray reflectivity from multilayered structure consisting of three layers on Si O» sub-
strate. The refined layer parameters are: TaxOs5(dy = 2.77nm;o; = 0.74nm); Ta(dy, =
17.08 nm; 0o = 0.38nm); Ni Fe(d3 = 15.34nm; 03 = 0.59 nm); for substrate 04 = 0.44nm.
The model of the transition layer with error function profile has been used for data fitting. The
simulated curves calculated by Parratt’s formalism and by ansatz (3.72) are not distinguishable on
the plot

There is a special class of multilayered structures called superlattices, the struc-
tures consisting of the periodically repeated N times sets of L layers (Fig.3.14),
where the number N can be in the range N ~ 100. Such a superlattice represents an
one-dimensional crystal, which yields the superlattice peaks in the reflected X-ray
intensity at certain angles of observation [7]. The simulation of the reflection curve
for superlattices using Parratt’s equations (3.113) requires for each reflection angle
~ (4)N*L mathematical operations, and computation time increases exponentially
with the increase of the number of superlattice periods. This fact complicates essen-
tially the solution of the inverse problem of the structure refinement from the fitting
of X-ray measured and simulated curves. The method of eigenwaves (MEW) has
been developed [14, 15] to overcome this obstacle.

Within the framework of MEW, each superlattice layer (Fig. 3.14), is determined
by two indices: the layer number within the basic period j = 1, 2. .. L and the period
number [ = 1,2 ... N. The thickness of the basic period is

L
d=>dj,
j=1

where d; are the thicknesses of layers composing a basic period. The general solution
of Maxwell’s equations for the layer with indexes j, [ is

Ei(x,2) = ™0, (2);
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and z-component of the wave vector k;, doesn’t depend on index / because of the
periodicity of lattice. Transmission 7'j; and reflection R;; coefficients in the neigh-
boring layers are connected because of the boundary conditions for the wave field at
the interfaces. In the result the (2 x 2) transfer matrix M can be introduced, which
defines the transformation of transmission and reflection coefficients for the first
layers of the neighbor basic periods of superlattice:

Ty = MuTy + MRy Rigyny = Mo Ty + MRy (3.115)

If the phase of wave field is defined in accordance with the Eq.(3.114), then the
transfer matrix does not depend on index / numbering the superlattice periods because
of the Bloch’s theorem for the wave field in the periodical medium [35]. This fact
makes it possible to use the product of matrix M for calculation of full transfer matrix
of superlattice. Such an approach reduces the calculation time in comparison with
the direct solution of recurrent equations [33, 34]. However, methods of eigenwaves
simplifies this solution even more because it expresses the total reflection coefficient
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in analytical form. To derive this form, the two-component eigenvectors A®) =
(T®, R®)Y: s = 1,2 of matrix M has to be introduced:

MA® = \A®);

My + My (M1 — Mx)?
A2 = i\/ + Mi2M>y;
2 4
As — M
RO =y, 7@ = 28— Ty, (3.116)
12

The wave fields determined by coefficients (3.116) create a basis of eigenwaves in
infinite periodical layer stack. It should be stressed that the eigenvalues \; » are
complex-valued and eigenvectors A) are non-orthogonal because of the matrix
M includes the imaginary parts of the medium polarizability and therefore it is
non-Hermitian. The values 7) represent the amplitudes of eigenwaves if they are
excited in the finite stack by the incident plane wave. To find these amplitudes 7,
the boundary conditions have to be used at the interfaces superlattice/vacuum and
superlattice/substrate.

To find the eigenwaves of the system, the transfer matrix M has to be calculated
for basic multilayer structure (j = 1, ... L) of the superlattice. By the definition, this
matrix gives a relation between the coefficients 71 (.+1) = 12,15 Ri,(.+1) = T21
and parameters 71, Ry for the wave fields ¥; ;. The solution of this problem can
be found on the basis of the recurrent Eq. (3.109) for this structure. However to use
these equations for calculation of matrix M, the boundary conditions (3.112) for X ; :
X1 =0; Ry = 0; Tp = 1 have to be changed. In the considered here case the initial
transmission and reflection coefficients are not directly related. The most convenient
way to calculate the transition matrix M seems to be matrix method [31, 32].

The recurrent Eq.(3.109) being resulted from the transformation of vectors
(T1j; Ryj) are represented then by matrices:

i 1 el =ken)zj iy sem i The(in)z)
P b1 \ g e Kitheaenz o gmitke k)3 ’
. ikyjzj ke
B ey je Y (3.117)
j= ik,iz; —ik;izi . :
i+t j \Tjt1je ™ e 7

The matrices B ' have to be used at both interfaces of basic period to eliminate the

phase in the matrix M at the interface between the neighboring basic periods. Then
the total transformation of the vector (771; R;1) results to the transition matrix:

M=B1A;_1AL_>...A2B. (3.118)

Then the eigenvalues )\ > and their eigenvectors follow from the Eq. (3.116), if
the elements of the matrix M in Eq. (3.118) are used. The equations for amplitudes
resulting from the boundary conditions for wave fields at the surface of superlattice
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and at the interface between superlattice and substrate are then written as

1+Ry@) =T 1+ R =TVA+v1) + TP 4 1);
kzo[l — Ro(0)] = k1[T1,1 — R1,1]

=k [TV —v) + TP - )], (3.119)
Tope™ N = Ty ™17 + Ry pe™*1%,;
kzstubeikZSNd = kzL[TN,LeikzLd - RN,Le_ikzLd], (3.120)

where the value k.3 = ko+/ sin? 6 + Xs (w) corresponds to the substrate.
To satisfy the continuity conditions (3.120) for wave fields at the interface between

bottommost basic layer and substrate, the amplitudes Ty ; and Ry, ; have to be
expressed through the amplitudes 7 1 and Ry, by means of the matrix:

My =A;_1Al_>...A2By. (3.121)

The amplitudes within the arbitrary [-period of the superlattice are expressed
through the amplitudes inside the first period by the following analytical formulas:
Ty = )\gl—l)T(l) 4 )\51—1)712);
R = 1/1)\(1[71)7"(1) + Vz)\gil)T(z);
R = (ML—I)MTI,I + 1/(1,2)(ML—1)22R1,1;
T = (ML—I)HTI,I + V(1,2)(ML—1)12RZ,1’ (3.122)
where [ is assumed to be equal N when the amplitudes are substituted in Eq. (3.120).

Then the analytic formula for reflection coefficient Ro(¢) from the superlattice
can be found:

kall —vi+ Py(1 —12)] —kzoll +v1 + Pn(1 +12)]

Ro(0) = — :
o® ko[l — v+ Py(1 = v2)] + kpoll +v1 + Pn(1 +12)]
» (Al )N (kas — ke ) (TRt (kg + ko )RS emikerd
N=—\|+ . —;
A2 (kzs — kzL)TIE2)elk1Ld + (kzs + kzL)Rf)eilkd‘d

12 . .
R(L’ )= (Mp_1)a + v, (Mp_1)2;

1,2 p -
TL( P = (M- + va2y(Mr-1)12. (3.123)

Figure 3.15 demonstrates the simulated X-ray reflectivity curves from the multi-
component superlattice (Al As/GaAs/InAs/GaSb)4o onthe GaAs substrate, where
the layer thicknesses are equal to (10/20/5/10)49 nm, respectively. The comparison
of required computer time for both straightforward Parratt’s approach (zp) and the
eigenwaves technique (7)7) as the function of repetition period is presented on the
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inset in this figure. In some cases the calculation time for single simulation is reduced
from several seconds (7p) to the fraction of seconds (7).

At first sight, this reduction seems to be not principal for real applications because
of absolute computation time is relatively short. However, in most cases, the treat-
ment of X-ray experimental data from real superlattices requires the fitting of many
parameters (thickness, roughness, electron density, lattice mismatches, etc), which
often are very approximately known from growth conditions. Moreover, possible
aperiodicity of superlattice structure and large number of layers in the stack even
aggravate the situation. The effective fitting procedures minimizing the cost function,
e.g. genetic algorithms or simulating annealing, also require tens of thousands single
simulations to find a non-ambiguous solution. In this case, the speeding up of calcu-
lations by using method of eigenwaves plays essential role in software performance.

Calculation time is also important for simulation of diffuse X-ray scattering caused
by rough interfaces in superlattices. Distorted-wave Born approximation used for
calculation of diffuse scatter, expresses the diffuse intensity /(6, 6r) through the
matrix elements of potential v, describing the rough interfaces, and incident ¥;, at
angle 0 and reflected ¥,,,; atangle 0 # ¢ wave fields calculated for ideal superlattice
(see, for example, [7]):

10,07) = | < WinO|V W (07) > %

Each wave field contains the set of 2N L amplitudes 7; (), R;(0) or T; (0 ), R; (0¢),
and the application of analytical formulas (3.123) instead of numerical solution
of Parratt’s equations reduces considerably the simulation time for calculation of
diffusely scattered intensity in dependence on angles ¢ and 6.

It seems for the first sight that Eqs. (3.122) for amplitudes are valid for the case of
ideal superlattice periodicity only. At the same time the superlattices with regularly
(due to strain, for example) or irregularly (due to non-stability of growth conditions)
fluctuating basic periods are quite a typical samples in nano-coating and semicon-
ductor science and industry. The deformation of superlattice period can be taken



3.3 X-Ray Reflectivity from Multilayered Structures 111

into account directly by Parratt’s equations, however the averaging over the period
fluctuations is complicated task [36].

In the framework of eigenwave method, this effect can be taken into account by re-
normalization of the transfer matrix of basic period as, for example, the averaging of
atomic vibrations in dynamical diffraction theory results in the Debye-Waller factor
for X-ray susceptibility. In the case of the fluctuating period the transfer matrix
MD and two-component vector A; = (1;, R;) both depend on the period number /,
therefore the recurrent formula containing these vectors in two successive superlattice
periods can be introduced instead of Eq. (3.116) for eigenvalues.

MDA = Agyy. (3.124)

To introduce a parameter for description of above-mentioned fluctuations, the
transfer matrix M© has to be re-interpreted on the basis of formal scattering theory
[37]. From this point of view, the matrix elements can be considered as elements of
scattering operator N (z) defined with the functions of initial i and final f states:

~ ~ 2I+1 N N .
MDyip = (8)if = / dze k@G, (7 — 1d)kiETID, (3.125)

<l

The matrix elements (3.125) are shown above to be independent on indices /, in the
case of ideal superlattice. In real superlattices, the period thickness has a statistical
fluctuations d;, and thus z; = Id + §;, 6; < 1. As a result, the transfer matrix
obtains an additional random phase coefficient

M DYip = (M)ipel 6k, (3.126)

which is absent in matrix M, corresponding to ideal periodicity. The coherent part
of the transfer matrix can be derived by averaging over the statistical distribution of
random phases, in the same way as for coherent polarizability of crystal [38]:

(M(l))if =< (M)i/'ei(k'_kf)51 > + (V(l))if;
VO)ip = MD)ip— < (Mp)ipe! G0 >, (3.127)

with V® as the incoherent scattering potential. In particular case of negligible verti-
cal correlation of interfacial roughness (which sometimes can be essential for inter-
pretation of diffuse X-ray scattering [39]), the coherent part of matrix elements
in (3.127) obtains an additional factor, which does not depend on /. Assuming the
Gaussian distribution of period fluctuations with root-mean-square o4, and averaging
the Eq. (3.127) over the fluctuations, we arrive at:

< (M) >= 72900 (), . (3.128)
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The exponential factor reduces the amplitude of elastic scattering of the wave field
by superlattice basic period analogously to Debye-Waller factor for crystallographic
unit cell derived for X-ray polarizability of the crystal [38]. This result causes the
re-normalization of matrix elements (3.116):

_ 2 2
< M11 >= Mll; < M12 >= M12€ 1/205(kzp+kz1) ;

< My >= Ma; < Moy >= Myje~"/27alker+ka)? (3.129)
Then the analytical solution of Eq. (3.124) for the coherent eigenwaves is
Al = (\)'A®
with eigenvalues \;, determined from the similar to (3.116) equation:
<M>A® =)\AY, (3.130)

Figure 3.16 shows how the parameter o4, taking into account the fluctuation of
superlattice period, influences the formation of the coherent superlattice peaks. The
experimental measurements (dots) from superlattice (W /Al> O3)ga on the Si sub-
strate with the nominal layer thicknesses (1.2/1.9)¢4 nm have been taken in conven-
tional # — 26 geometry using knife edge collimator and anti-scattering detector slit at
CuK,, radiation. The first simulation (dashed) is carried out on the eigenwave basis
for superlattice with constant periodicity and taking into account interface roughness
by Nevot-Croce exponent (this curve is equivalent to Parratt’s simulations):

- —2kjkj107
Fialj = rje1je U

where the parameter o, is the root-mean-square (rms) of interface roughness.

Fig. 3.16 Measured (dots)
and simulated by MEW

with Nevot-Croce exponent . 104 1
(dashed line) and by MEW ‘§ 10?4 1
with averaged fluctuations 5 10°] ]
(solid line) X-ray reflectivity 3 )
from (W /Al O3)e4 superlat- ; 0 3
tice on the Si substrate :’% 1x10° 4 1
£ 10°4 4
107 4 4

<,




3.3 X-Ray Reflectivity from Multilayered Structures 113

The value o, has been roughly fitted as 0.25nm and equal for all interfaces, and
the reflectivity has been convoluted with resolution function describing the limited
angular resolution of detector. The second simulation (solid line) is done by using
eigenwave method with integral period fluctuations (Eq. (3.128)) with the same o =
0.25nm. In both cases, the same roughness rms o, and o, influences the amplitude
of superlattice peaks in different way, however, the latter approach explains the
experiment better. It should be noted, that Fig.3.16 represents only the qualitative
fit; the influence of incoherent matrix (\7(1)) if in recurrent Eq. (3.124) on the phase
of the transfer matrix can be taken into account to reach better fit on the wings of
superlattice peaks.

3.4 Characterization of Samples Using Experimental XRR Data

The information about bulk properties and interface morphology of multilayered
nanostructures and thin solid films can be extracted from XRR data refinement. The
typical refinement procedure consists of iterative sample modeling with respect to the
fitness of experimental data to the theoretical curves simulated in the framework of
certain physical processes. The sample model for XRR simulations depends usually
on the following physical parameters: electron density and thickness of film or layer
in multilayers and roughness of interfaces between layers.

The important part of iteration process is the fitting algorithm, which minimizes
the discrepancy between theory and experiment. Commonly used classical optimiza-
tion procedures as calculus-based search and gradient (hill-climbing) methods like
simplex and others show acceptable performance but remain unreliable due to, for
example, a tendency to be trapped in local extrema or the necessity to know the
explicit form of derivatives of minimized function to reach high efficiency of con-
vergence. The random search methods assume the stochastic search of extremum in
parameter space and do not have any aimed strategy of solution finding. The recently
invented simulated annealing technique is successful in many applications but has
some disadvantages in search strategy, e.g. systematical loss of information obtained
in previous iterations.In contrast, the genetic algorithms (GA) developed during the
recent decade combine the advantages of stochastic search with intelligent strategy
of solution finding. These algorithms mimic the main features of the Darwinian the-
ory of evolution operating on the basis of “struggle for life”” and “survival of fittest”
principles. The successful applications of GA in science and engineering [40—42]
have demonstrated this technique to be robust and effective.

Figure 3.17a shows measured (open dots) and simulated (solid lines) X-ray reflec-
tivity at wavelength A = 0.154056 nm from gold and magnetite thin solid films on
MgO substrate. The sample model consisting of the sequence Au/Fez04/MgO with
the nominal thicknesses 55nm/120 nm/substrate and some roughness at the inter-
faces between the layers has been used for fitting of simulated by the described
above formalism X-ray reflectivity to the measured curves. The fitted parameters
were the thicknesses of the layers 4, and tr.,0, and the roughnesses of the sam-
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Fig. 3.17 a Measured (open dots) and fitted (solid line) X-ray reflectivity from Au/Fe304/MgO
sample; b Convergence of x> function for various optimization techniques recorded during the
fitting of X-ray reflectivity data in panel (a). The iteration scale of simulated annealing and simplex
techniques is reduced to genetic algorithm generations scale by adjustment of computation time

ple surface and the interfaces. Different optimization methods used to fit [42] this
data (classic genetic algorithm, simulated annealing, simplex, and extended genetic
algorithm) resulted in acceptable fitness of curves with slight difference in refined
parameters which, however, is within the precision of experimental data. The values
of thicknesses and roughnesses are found to be f4, >~ 53.8nm, tr.,0, = 146.3nm,
Osurf = 0.78nm, 0 py/Fes0, = 0.10m, 0Fey04/mgo ~=0.3nm. However, the effec-
tiveness of methods is evidently different, as follows from the Fig.3.17b showing
the cost function x> convergence diagrams for each used technique. To adjust the
time scales of algorithms, the iteration scales of simulated annealing and simplex
methods are brought into correspondence to genetic algorithms generations scale by
multiplying them by ratios of computation times G4 /fs4 and tGa/tsy - Diagrams
show that extended genetic algorithm finds the best available solution faster than
other methods.

Another example of how XRR data fitting helps to recognize the difference in
depth structure between two similar samples grown by different technologies is given
in Ref. [43] for ZnSe thin layer on GaAs substrate. Two samples grown by molecular
beam epitaxy differed in initial growing conditions; the first was prepared by Se-
treatment of a GaAs substrate, and the second one was exposed to Zn before growth
of the ZnSe film. The structure and morphology of the interface between the ZnSe
film and GaAs substrate were investigated by XRR technique. Fitting the experimen-
tal data indicated the presence of a Ga, Se3 transition layer between the ZnSe film and
GaAs substrate for the Se-treated sample, confirming that Zn-treatment during the
growing process improves the interface quality. Furthermore, the simulations indi-
cated that the concentration of the Ga,Se3 was less than unity. From this, we propose
that the transition layer is discontinuous e.g. possesses an island like morphology.

The X-ray reflectivity was measured at beamline 17C of the Photon Factory of
KEK (Tsukuba, Japan). To enhance the electron density contrast between the epitaxial
layer, the transition layer and the substrate, the reflectivity measurements were carried
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Fig.3.18 Experimental (dots) and simulated (solid lines) X-ray reflectivity profiles from Se-treated
ZnSe/GaAs sample at different wavelengths, A = 1.300 A (a), and 0.9795 A (b)

out using synchrotron radiation both near and far from the Se K absorption edge.
The experiment was carried out in air using a grazing incidence X-ray diffractometer.
X-ray wavelengths of 1.3000 A, 1.1800 A, and 0.9795 A were selected by a Si(111)
double-crystal monochromator. These three wavelengths were below the absorption
edges of all the structural atoms, between Ga and As absorption edges, and above
the Se K absorption edge (the Se K-edge : 0.97977 A), respectively. The size of the
incident beam was 0.1 mm (vertical) x 8 mm (horizontal). The reflected beam was
collimated by a vertical 0.2 mm (vertical) slit and a 0.6 degree (horizontal) Soller slit
in front of a Nal scintillation counter.

The solid lines in Fig.3.18 show the best fit to the experimental data using the
theory presented in previous sections. The values for film thickness and surface
roughness were found by fitting as follows, ¢z, 5. = 700 £ 7 A, o, =10=%1 A for
the Se-treated sample (we don’t show here the results for the Zn-treated sample,
the reader is referred to [43]). The fitted values for the oxide layer thickness and
top density are 7, = 17.3 A, prop = 0.74. We identified, with some certainty, the
presence of GapSes within the Se-treated sample, for which the fitting procedure
gives the values for concentration of GapSe3 within the transition layer Cgg,se; =
(84.4 £ 5) % and thickness 7G4y5¢, = 6 & 1 A.

The application of XRR technique to the wide class of thin film structures called
superlattices is demonstrated in [44]. Specular X-ray scattering has been used to probe
the mesoscopic structure of interfaces within two, thirty-period Mo/Si superlattices,
grown on a silicon (sample 1) and glass (sample 2) substrates by ion beam sputtering.
The data are evaluated qualitatively and quantitatively on the basis of a distorted-wave
Born approximation, which includes a correlating behavior of interface roughness in
both the lateral and vertical directions (see Chap. 5 for more details). Different initial
conditions of the substrate’s surface result in distinguishable characters of roughness
replications in the direction of growth. The average value, lateral correlation and
fractal dimension of roughness are found to be different in both samples, which leads
to differences in the reflective properties of multilayer mirrors. The X-ray reflectivity
intensities were measured using a high-resolution X-ray diffractometer (Advanced
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Thin Film X-ray System ATX-G, Rigaku Corporation). X-rays with wavelength A
= 0.15405nm (CuK,,) are generated from a Cu rotating anode (50kV, 300 mA),
collimated by a parabolic multilayer mirror and monochromated by a channel cut
Ge(111) asymmetric monochromator. A divergent (0.1 x 10mm) slit was used to
control the exposure area on the sample surface, while a parallel pair of slits (0.2 x
15 mm) was used to limit the output signal. Quantitative estimations of the sample
parameters were determined from the iterative sample modeling with respect to fitting
of the experimental X-ray data to the theoretical curves. The detailed numerical
analysis has been performed with specular reflectivity (§ — 26 scan).

A large number of superlattice peaks in the reflectivity curve measured from sam-
ple 1, shown in Fig.3.19a by open dots, is indicative of abrupt interfaces within
this specimen. The theoretical simulations (same figure, solid lines) confirm this
fact, giving the best agreement with experiment for relatively small roughness with
root-mean-square value of og; ~ 0.5nm for silicon layers and o7, ~ 0.2nm for
molybdenum layers. The inter-diffusion layers within this sample are found to be of
the thickness #y7o—on—si ~ 1.2nm and t5; _on—nmo ~ 0.8 nm, and the basic Mo and Si
layers are of thickness #37, ~ 3.5nm and tg5; ~ 3.7 nm, respectively. These findings
confirm the nominal values expected from the growth conditions. The presence of
asymmetry in the inter-diffusion layer’s thickness is in agreement with other studies
on Mo/Si multilayers and can be explained by a difference in the ease of imbedding
a heavy Mo adatoms into amorphous silicon rather than light Si atoms into poly-
crystalline Mo structure. The reflectivity data from sample 2 are shown in Fig. 3.19b.
The imperfect layer boundaries of this sample cause the preferential attenuation of
high orders of superlattice reflections. The values of interfacial roughness obtained
by data fitting in this case, os; ~ 0.9nm and oy, ~ 0.6nm, are twice as large as
those obtained for sample 1. This is consistent with the general characteristics of the
reflectivity curve. The thickness of basic and inter-diffusion layers are found to be
nearly the same as for the sample on a crystalline substrate.

" (a)]

Intensity

und sl i i il il

®,deg

0,deg

Fig. 3.19 Specular X-ray reflectivity curves measured in # — 26 scans for samples 1 (a) and 2 (b).
The measurements are depicted by open dots and the simulations are shown by solid lines. The
attenuation of superlattice peaks in sample 2 indicates poor quality of interfaces



3.4 Characterization of Samples Using Experimental XRR Data 117

The X-ray characterization of thin solid films and multilayers is even more effec-
tive when performed in the combination of two X-ray techniques, the X-ray reflec-
tivity and diffuse scattering measurements (Chap.5). This combination delivers a
synergy, which allows to characterize the interface (surface) morphology and bulk
structure of samples and interfaces. The simultaneous fitting of specular and off-
specular data gives precise information on surface and buried interface smoothness.
The X-ray reflectivity measurements being simulated taking into account the dif-
fuse component and simultaneously with diffuse scans, give proper values of film
thickness, interface and surface roughness, layer density. Whereas the analysis of the
diffuse scans reproduces the lateral structure of surface and interface.
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Chapter 4
X-Ray Diffraction in Ideal Crystals

The reflection phenomena, discussed in the previous chapter, are inherent for
radiation of arbitrary wavelength. The microscopic physical parameter controlling
the reflection process is the homogeneous part of the susceptibility, in the case of
X-rays it is the zeroth harmonics of values (2.3) and (1.56). The part of the suscepti-
bility which has a variation on the atomic length scale is specific for the radiation of
wavelengths of magnitude Angstroms: X-rays, neutrons and electrons. This part of
susceptibility represents the atomic arrangement inside a sample and, as described in
the Eq.(2.1), causes the certain distribution of the diffracted electromagnetic field,
containing an information about the spatial atomic ordering. The diffraction experi-
ments, aiming for the reconstruction of the atomic spatial structure, are most easily
performed using X-rays: comparing to neutrons there are widely available high-
intensity sources of X-rays, and comparing to electrons X-rays interact weakly with
the matter that simplifies drastically the sample preparation procedure and evaluation
of the diffraction results.

The information about the atomic arrangement, however, is incapsulated in the
diffracted intensity distribution in an indirect way. In order to obtain this information,
the specific treatment based on the trial and error fitting algorithms is required. This
task can be simplified essentially when the Born approximation (2.34) is valid, and
the simulation of the diffraction process under this assumption is called kinematical
diffraction theory. In the cases when the anomalous scattering can be neglected,
according to (1.49) and (1.51), the intensity distribution as a function of q is just a
square modulus of the Fourier transformation of the electron density. Due to the wide
validity range of the kinematical approximation, the analysis of X-ray diffraction data
is much easier than e.g. the analysis of the electron diffraction patterns for which the
whole series (2.33) is usually required.

The Born approximation implies that the scattering process happens for the pri-
mary wave only, and the secondary scattering of the scattered wave can be neglected.
This is true provided the diffracted wave amplitude is small compared to the primary
one, that occurs when the dimension of the coherently scattering crystal is smaller
than the extinction length. For the large crystalline objects, the solution of (2.1) is
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obtained on the basis of Bloch waves, and generally small values of X-ray suscepti-
bility enable to restrict this basis to two waves only in most cases. Such an approach
is called dynamical diffraction theory, and it enables a detailed description of the
finest effects of X-ray diffraction from thick crystals.

There is a vast amount of journal articles [1] and monographs [2—4] devoted to
both kinematical and dynamical diffractions. This chapter is intended (i) to present
the basic equations of two-beam dynamical diffraction theory, that assists to bet-
ter understanding of the dedicated monographs [2, 4], (ii) to discuss the crossover
between kinematical and dynamical diffraction, (iii) to formulate an application of
the dynamical diffraction method for investigation of the multilayered structures
and (iv) to consider specific geometrical configurations, where the length scale at
which the dynamical effects are formed is significantly reduced (grazing incidence
diffraction, or GID).

4.1 Kinematical X-Ray Diffraction Theory

The distribution of the diffracted radiation can be described by means of the differ-
ential cross-section, the general expression for which is given by Eq. (2.10), where
the quantity T® (kg, k1) can be found from the integral equation (2.8). This integral
equation is expressed in the form of the infinite series (2.33). If the scattered wave is
significantly weaker than the primary wave (a quantitative criterion will be deduced
below), only the first term in the series (2.33) can be considered. This assumption is
known as first Born approximation, and in the domain of X-ray diffraction it is usu-
ally called a kinematical approximation. The resulting expression for the differential
cross-section is given by (2.35).

Let us consider the Compton contribution to susceptibility in the sum (2.35), and
restrict ourselves to a single reciprocal lattice vector H and a single object with shape

S(r):
2

do® .
g /drS(r>e—'<‘1—H>’ L@

1
dQ — (4m)?

sin? 015kg | x (H , »)|*

The commonly used X-ray detectors do not make a difference between the polariza-
tion states, hence the detected cross-section is a sum of cross-sections corresponding
to each polarization:

do do® do®

ae = ae T a2

where Pj > are the probabilities of the corresponding polarizations in the incident
X-ray beam.

The polarization of incident wave is characterized with the respect to the dif-
fraction plane, a plane which contains the wave vector of incident wave k¢ and the
diffracted wave k1. The polarization state for which the polarization vector is per-
pendicular to the diffraction plane is called o polarization (from German senkrecht, or
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sagittal to the diffraction plane); polarization state for which polarization

vector is parallel to the diffraction plane is called m polarization (from parallel).
In the framework of kinematical diffraction, the expressions for cross-sections for
both polarizations are equivalent except for a factor sin” 0,. Using the definitions
01 = kﬂ‘\m = ke we obtain sin 0}, = 1 and sin 0, = cos 26, here 20 is angle
between kg and k. In a case of a linearly polarized wave with polarization vector
making an angle v to the diffraction plane, the expression sin? ¥ + cos? ¥ cos® 20
is obtained for the polarization factor > _ sin? 6y,. For the unpolarized X-rays

(sin® ) = (cos? ¥) = 1/2 and the result is:

2

d 11 220 ‘
g + cos / drS(rye~i@—Hr| (4.2)

o k4 H 2

The maximum magnitude of the cross-sections of X-ray scattering is reached when
the condition ¢ — H is satisfied, or

ki —ko=H, (4.3)

and this vector equation (or 3 scalar equations) are called Laue equations. Rewriting
the Eq. (4.3) as k; = H + ko and taking square from the left and from the right sides
and taking into account k% = k% = k%, the Bragg condition is obtained:

2koH + H? =0, (4.4)

or, in terms of angle 26:
. 20p . A
2k051nT=H; dsinfp :nz. 4.5)

Here 26 is the angle satisfying the Bragg condition; kg = 2w /A; H = 2nn/d; A is
the X-ray wavelength; d is the distance between the crystallographic planes, defined
by the vector H (Fig.4.1).

The simplicity of the basic equations for the kinematical theory (4.2) and (4.3)
makes it possible to develop fast and reliable methods for determination of the

Fig. 4.1 Basic vectors and
parameters used for character-
ization of the X-ray diffraction
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crystalline shape and structure parameters, and most of them rely on the specific
properties of Fourier transformation [5, 6]. To define the range of the applicability
of kinematical theory, two examples are considered here. Assuming a crystal has
a shape of a ball of radius Ry, the reflectivity |R|2, or the ratio of total diffracted
intensity to the total intensity impinging on the sample, according to (2.10) is found

to be:
Jde§g

IR|* = 2
7 Ry

, (4.6)

where nR(z) is the illuminated by the beam area of the sample. Since the diffracted
intensity can not be larger than intensity impinging the sample, the criterion |R|> < 1
gives alimitation for the sample size for applicability of the above presented formulas.
Assuming the ball size is large enough, the cross-section j—g as a function of k at
a fixed k¢ drops-off quickly, and thus the main contribution to (4.6) comes from the
exit beam angle regions where the deviations of k| from (4.3) are small. The value
k1 can be represented as ki = H + ko + k, where it is assumed that k( satisfies
the condition (4.4), and the vector k describes the deviation of k; from the exact
condition (4.3). Due to the condition k% = k%, the end of vector k| must lie on a
sphere, however, for small deviations we can approximate it by a tangential plane
and describe by vector k satisfying « - (H + ko) = 0. This approach is called a
tangential plane approximation. By selecting a coordinate system with z axis along
H + ko, the vector k has two components only. Within the same approximation, the
solid angle where X-ray intensity is diffracted is expressed as:

J0 = d/cx;i/cy
k()

, 4.7)

and for the total cross-section of X-ray scattering, the following result is obtained:

do 1 1+ cos?20p
/dﬂ— K \x(H, 0)?

A2~ (4n)? 2

X /d/cxd/cy

Since k has no z component, the integration of S(r) over z results in the length of

2
(4.8)

/ dxdydzS(r)e™ ¥ +Kyy)

the ball in the direction of z equals to 2,/ (R(% — x2 — y2). Using the identities from
the theory of Fourier integrals [7]:

/ dkedky fi i, P = Q) / dxdylf (v, P,

feok, = / dxdyf (x, yye i ket 9)
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the following expression is derived:

do 1 1+cos®20p , 5
dQ— = k2\x(H,
/ a2~ @n? 2 olx(H. )l
x 4(27)? / dxdy(R§ — x* — y?). (4.10)
x24+y2<R2

By calculating the integral (e.g. in polar coordinates), the value for reflectivity is:

1 + cos?20p
IR = ————K5|x (H,®)R, (4.11)
and the condition |R|2 < 1 leads to:
R ! (4.12)
0 << —————. .
kolx (H)|

The size of the crystal at which X-ray reflectivity exceeds a unity and hence
kinematical theory breaks down depends significantly on the object shape and the
orientation of the vectors ko, k{1, H with respect to the crystal, i.e. the geometry of
the diffraction experiment. In order to demonstrate this fact, a crystal of a rectangular
parallelepiped shape is considered here with the dimensions Ly, Ly, L,. Assuming
the axes of the coordinate system are parallel to the parallelepiped edges, and the
origin is located in the center of the upper facet, and the z axis being parallel to the
facet normal, the Eq. (4.2) is modified to:

do 1 1+cos?26
a2~ @Gn? 2
Sinz(%c — Hy)Ly/2 Sinz(CIy — Hy)Ly/2 SiHZ(QZ —H;)L;/2
((gx — Hy)/2)? ((gy — Hy)/2)?  ((q: — H)/2)?

kgl x (H, w)|?

(4.13)

The assumption L,, L, >> 1/ko generally contradicts to the conditions used for
deriving (4.1), however, applying the same reasoning as in Sect. 3.1 used for deriva-
tion of Eq. (3.27), and utilizing the Eq.(3.31), the X-ray scattering cross-section
is:

do B 1 14 cos?20
A (4n)? 2

k| x (H, o)

sin?(q. — H:)L./2

2 2Ler8 x_HXS —H
x (2m) y8(q L ) ((q: — H;)/2)?

(4.14)

In order to calculate the X-ray reflectivity, the Eq. (4.14) has to be integrated over the
directions of k1. Due to the delta-functions present in (4.14), the integration is per-
formed without tangential plane approximation. The direction of k1 is parametrized
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Bragg planes

X

Fig. 4.2 The definitions of the angles and the axes used for the analysis of the X-ray diffraction at
the rectangular sample

in terms of the angles 6, 260 x associated with the detector position: the detector
arm is first rotated for the angle 6, toward the —y direction and then rotated within
the plane constructed by the current detector arm and the y axis by the angle 260y
(Fig.4.2). In this parametrization, the vector k| has following form:

k1(64,20x) = ko(cos 20y cos B, — sin 20, cos 260x sin ). 4.15)

The value of the solid angle corresponding to k1 is expressed through d6;, d26y as

= cos20xd6,;d20yx  (4.16)

s — 40ad26x | 0k1 (64, 265) k(6. 261) 2
K 30, 320x

Finally, the expression for the total cross-section of X-ray scattering is:

/dQ do 1 14 cos?26

— = kdlx (H, w)>2m)?LyL
19 G 2 RlH PO LiL,
X /cos 20x d6,d20x 5 (ko cos 260 cos Oy — koyx — Hy)

sin?(q. — H:)L./2
((q: — H:)/2)?

x 8 (—ko sin 26y — koy — Hy)

1 1+4cos?26 , 5
= k, H,
1 in?(q, — H,)L,/2
X (2ﬂ)2LxLy . sin (QZ Z) 22/ , (417)
cos20x sinf; ((g; — H;)/2)
where the property of delta-function §(f(x)) = ‘T(;(,(;z‘)’l) (here xq is the root of

equation f(xo) = 0) have been used, and in the last line it is implied that g, =

\/k(z) — (kox + Hx)* + (koy + Hy)* — ko, and the values of angles d6,, d20x satisfy
the Laue Eq.(4.3) for lateral components: kg cos 20x cos0; — koxy — Hy = 0 and
—ko sin 20 — koy — Hy = 0. For calculation of X-ray reflectivity, the Eq. (4.17) has
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to be normalized to the beam illumination area on the sample, with the normalization
coefficient Ly Ly sin wj,, where wjj, is the angle between ko and XY planes. Using
cos 20x sin 6 = sin wgy, the X-ray reflectivity is:

1 14 cos?26
IR|> = r 2 kG| x (H , w)|?
1 sin®(g; — H;)L./2

x(271)2_ — —H)/2)2
sin wip sin woue (¢ )/2)

(4.18)

When the exact Bragg condition is satisfied, the last term of (4.17) yields L% and
from the condition |R|?> < 1 the inequality follows:

L o—e [ sin Wiy SiN Woyl . (4.19)

kol x (H)|

By comparing the Egs. (4.19) and (4.12), there two peculiarities are observed: (i)
the limitation for L, value only is derived, the values Ly and L, are assumed to be
infinite. Hence, the lateral dimensions of the parallelepiped can be infinitely large,
however, if the parallelepiped is thin enough the kinematical theory can be applied.
This observation delivers the recipe for the construction of the dynamical theory [8]:
the object can be divided into thin lamellas, and the scattering in each lamella is
calculated kinematically, and the calculations are reduced to one dimensional prob-
lem of the re-scattering of radiation between lamellas. This was the basic idea of
Darwin’s extinction theory [9] and a similar approach is used for the description of
electron diffraction [10], where dynamical effects are strong. (ii) In comparison with
the Eq. (4.12), there is a factor /| sin wj, sin wey:| Which depends on the geometry of
the diffraction experiment. When the Bragg condition is satisfied for either kq or k
making the shallow angles with the sample surface (extremely asymmetric diffrac-
tion), the enhancement of the dynamical effects occurs. The highest contribution of
the dynamical effects is expected when both angles wj, and wg, are shallow. This
case is referred to as grazing-incidence diffraction (GID), and the diffraction at these
conditions demonstrates additional dynamical effects [11].

4.2 Basics of Two-Wave Dynamical Diffraction

The limitations on the sample thickness (4.19) for application of kinematical dif-
fraction theory follows from the fact that in the kinematical theory the diffracted
wave neither reduces the amplitude of the primary wave nor undergoes diffraction
itself. In order to overcome this limitation, both the primary and the diffracted waves
should be treated on an equal basis. In the dynamical diffraction theory (DDT) such
a nonperturbative solution of equation (1.56) is constructed as a linear combination
of the incoming and the diffracted waves [2]. This simple approach proves to be
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correct in the most of the experiments. The validity of this solution of the nonper-
turbative problem follows from the small value of X-ray susceptibility that makes
the secondary waves effects negligible. The DDT is suitable for X-rays, however,
for the similar scattering in photonic crystals or in case of electron diffraction it can
not be applied directly [10]. To illustrate this fact, we consider the example of a
semi-infinite crystal. The equation to be solved is (1.56):

2 w?
k _c_2(1+X0) Ak, )

2
w
— 5t ) D Xk, —H, @) Ak + H, ) = 0;
H
kuky
k2
XM,)L(ks Hv (1)) = X(kv Ha C())(S'u’)h;

(kA(k, w)) = 0; oy = 5;4,11 -

1
x(k, H, ) = x©O(H, ) + gx;%L(k, H, ), (4.20)

where the anisotropic part of susceptibility (1.55) is assumed to be negligible. The
background of this assumption is the summation in (1.55), which is performed over
all electron states. Because of the electron wave functions of the filled electron
shells are spherically symmetric, the contribution from the filled shells results in
isotropic susceptibility. The only anisotropic contribution can be expected from the
upper unfilled shells, however, for all but light atoms the relative fraction of these
electrons is low and, in addition, their contributions are attenuated due to the large
spread of wave function and the integration with the oscillating exponents in (1.54)
results in lower values compared to the internal shells. The isotropic properties of
the atoms in X-ray scattering process are implied in the most of the calculations,
e.g. in the determination of the symmetry of forbidden reflections. In some cases,
the anisotropy of the atomic form-factors breaks the symmetry and is exposed in
weak quasi-forbidden reflections [12, 13]. These situations are usually analyzed in
the framework of the kinematical theory.

Let us consider the wave field which is excited by the incoming wave with
the wave vector ko. Since the diffraction effects are strong for the wave vec-
tors close to the Bragg condition (4.4), the vector k( is assumed to be near the
Bragg condition for the reciprocal lattice vector H. We consider here only the
part of susceptibility corresponding to H: x(k, —H, cko), x (k, H, cko), i.e. so
called two-wave approximation is used. The analysis is restricted to the vicinity
of the Bragg peak, thus the susceptibilities are implied to be independent on k:
x—H = x(ko, —H, cko), xg = x (ko, H, cko). Equation (4.20) shows the coupling
between wave fields A(k), A(k+ H), A(k — H), A(k+2H), A(k —2H)..., and
the frequency @ = ckp is omitted in arguments of the functions below:
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) o o’
k — 6_260 Au(k) - ?X—Htu,v(k)Av(k + H)

(,()2
- C_ZXHtu,u(k)Av(k - H)=0;

2 2
((k T H? - %60) Ak + H) — %X_Htlw(k + H)A,(k +2H)

(1)2
- C_QXHIM,U(k +H)A, (k) =0;

2 2
((k —H)* — %60) Autk — H) — %X—Htu,v(k — H)A, (k)

2
- ‘;’—meu,u(k — H)A,(k — 2H) = 0;
a)2 a)2
((k Y2H) - 0—260) A +2H) = 2ty (k +2H)A, (k + 3H)
2
- %xmu,u(k +2H)A,(k+ H) = 0
CL)2 (,()2
((k —2H)? - C—Zeo) Ak —2H) =~ x_piyo(k — 2H) Ay (k — H)

2
10}
- CTXHtM»V(k —2H)A,(k—3H) =0;

. 421

with g = 1 + xo as a dielectric constant of the medium.

By omitting the special case of the simultaneous excitation of multiple Bragg
reflections [4], the vector ko being in Bragg condition with vector H is far from
the Bragg conditions for the vectors —H,2H, —2H, .. ., and thus the contributions
A(k—H), A(k+2H), A(k—2H)... can be neglected and the system of two matrix
equations describes the problem:

, @ w?
k=704 x0) ) Auth) = 5 x-ntuv k) Ay (k + H) = 0;

2 2
((k + H)? - C;%(l + Xo)) Atk + H) — Cs—szfu,v(k + H)A,(k) =0. (4.22)

Using the notations:

2
X (k) = (k2 - ‘5—2(1 n xo)) :

2
X(k+H) = ((k + H)? — ‘;)—2(1 + Xo)) , (4.23)
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and evaluating A, (k 4+ H) from the second line of (4.22) and substituting it in the
first line:

XHX-H

(X )ty v (k) — P m

tw,o (K)to,c (k + H)tr,u(k)) Au(k) =0, (4.24)

where an additional projector #, , (k) is implemented before A, (k) in order to get
more symmetrical expression (this insertion is justified by the fact that A, (k) is
transversal). The matrix on the left hand side of (4.24) preserves the transversality of
the vector A, (k), and thus can be considered as a 2x2 matrix acting on the vectors
transversal to k. Then the Eq. (4.22) is formulated in the coordinate-free form as:

0,
o XHX—H A
( ()__“X<k+H>)]2
+ XHX-H
At X(k+ H)(k+ H)

s(k+H), ® (k+H), =0, (4.25)

where I is a two dimensional unitary operator acting in the space of the vectors

transversal to k, ® denotes diad (outer) product, and the equalities 7(a) = I— “L%

with 7 as the two-dimensional unit operator and (k+ H), = (k) - (k+ H) are used.
The expression B-A = 0is fulfilled only in the case when det 8 = 0, which gives an
equation for possible values of k: the dispersion equation. For the two-dimensional
matrices, in according to Cayley-Hamilton theorem, the determinant is expressed
through the matrix traces as:

2 2
det = M (4.26)

The matrix B has a structure of kind Cy fz + C>v ® v, and the direct calculation of
the traces results indet 8 = 2C((C; + C» vz). Finally, an application of these results
to (4.25) yields the following dispersion equation:

o' xux-m H oy @ mxen (e (k+ H))?

[X(k)_c_“X(k—}-H) A X(k+H) kK2(k+ H)?

] =0. (4.27)

The dispersion Eq.(4.27) is factorized into product of two equations. Each of them
corresponds to independent polarization states, which can be treated separately reduc-
ing the order of the dispersion equation. Indeed, the starting Eq. (4.22) is a system of
4 equations (2 equations corresponding to 2 polarization states for each of the waves
A(K), A(k + H)) and each equation contains the unknown value k2, thus a 8th
order equation has to be solved. However, due to the approximation of the isotropic
susceptibility (4.20), it is factorized into two 4th order Eq.(4.27). Otherwise, the



4.2 Basics of Two-Wave Dynamical Diffraction 129

polarizations are not separated in (4.27) and a 8th order dispersion equation describ-
ing both polarization states simultaneously has to be considered.

Both polarizations (or in mathematical terms, the eigenvectors of B corresponding
to zero eigenvalue) can be found directly from the Eqs. (4.27) and (4.23). Assuming
the first multiplier in (4.27) to be equal zero, the corresponding polarization vector
e1, as follows from (4.25) is equal to:

k+H),  (k+H), -e; =0.
This condition is fulfilled for the vector % since it is orthogonal to both k and
(k 4+ H), . Note, that assuming k to be close to kg and k + H to be close to k, we
come to the definition of o polarization given above, and notation e; = e, can be
used. The second polarization vector, named e, should be orthogonal to the vectors
k and e, and can be constructed as a vector product of them:

k x (k+ H) k x e,
= 7 =—", 4.28
T kxk+mH)] T (4:28)
Dispersion equation (4.27) for both polarizations can be written down in a similar
way:

XK)Xk+H)—Q;=0,s=o0,7
4

13
Qs = G xux-nC;, (4.29)
c? 1 for o larizati 430

s = (]1:2((1;;2;)22 ~ cos? 205 for 7 P° arization. (4.30)

Here k is assumed to be close to the Bragg condition for & polarization. Since the
dynamical theory is advantageous near the Bragg condition, the quantity Cj, is treated
below as a constant equals to cos2 20 B.

Let us discuss the solutions of the dispersion Eq. (4.29). The unknown quantity
is a wave vector k inside the crystal. In the most problems of DDT one deals with
the diffraction from the plane-parallel layered crystal structures [3]. In this case it is
convenient to represent the vector in the following form:

k:—Nu—!—k()H, kOH =tA(N)-k(), 4.31)

where N is a crystal surface normal. The reason for the equality of the lateral compo-
nents of the wave vector in a vacuum and in the media is the same as for the specular
reflection law (3.11): in order to fulfill the boundary conditions at the crystal surface,
the exponential pre-factors have to be equal for the waves in a vacuum and in the
medium. Hence the dispersion equation is a 4th order equation in term of u:
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2, .2 »? 2 2 w?

u” + kO — —e€ || (w+ H)" + (k0|| +H)) " — —e|—0s=0, (432
2 2

where the z axis is chosen inwards the sample and opposite to the outward surface
normal, H|, = 7(N)- H. In general case, the solution of the quaternary Eq. (4.32) can
be found using Ferrari-Cardano formulas. However, these formulas are cumbersome,
require multiple checking of appropriate roots, and do not provide an insight in the
physics of the process. In two special cases, the Eq. (4.32) is reduced to the biquadratic
one and is solved exactly. Assuming H, = 0, the solution is:

»? L) 2 L) 2\?
Uiy =+ c—zeo—z(kou+kw)j: 2 (=) + ..

kiyy=koy+H);i=1...4 (4.33)

This case corresponds to the grazing-incidence diffraction and will be considered
in this chapter separately. Another biquadratic case is H|| = 0, where using the
re-definition u = u. — H;/2, the biquadratic equation for variable u. provides the
solutions:

H?  ? ) w? H.

- . _ 2 2 =z

Uis =% | 7=+ e —ky £,/ H; (62 €0 ko)+Qs 5
i=1...4. (4.34)

This case corresponds to the symmetric diffraction, when the crystallographic planes
corresponding to the reciprocal lattice vector H are parallel to the crystal surface.
In fact, the X-ray diffraction in this case can be also considered as refraction from
a periodic stack of the atomic layers in a way similar to the Sect.3.3. The prob-
lem reduces to a one-dimensional second order linear differential equation with the
periodic potential similar to the Kronig-Penney model, which is exactly solvable
provided the reflection and transition coefficients of a single layer are known [14].
Thus, the symmetric diffraction case can be solved analytically beyond the two-wave
approximation.

In other cases, when H; # 0 and H| # 0, to avoid the use of bulky Ferrari-
Cardano formulas for the solution of (4.32), the approximation utilizing the neglect
of the quantities containing some small parameter has to be used. The natural small
parameter in X-ray scattering process is X-ray susceptibility, and further results are
accurate up to the first non-vanishing order in X-ray susceptibility.

By considering the Eq. (4.32) in the case when the diffraction is “switched-off”
xH = X—H = 0, this expression factorizes into two equations describing the propa-
gation of two plane waves which do not interact with each other. The first multiplier
in (4.32) corresponds to the refracted incident wave, and the obvious solution of the
uncoupled dispersion equation is:
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Fig. 4.3 The dispersion sur- |
face for two-wave diffraction. aU,
The actual value of the wave |
vector in the media is deter-
mined by in-plane component
of the incidence wave vector.
The roots uy, uy, usz, and ug
correspond to the incident,
the specularly reflected inci- B
dent, the diffracted, and the el
specularly reflected diffracted

waves, respectively

2
w
Udirect, uncoupled = Y. Y= ?(1 + xo0) — k(z)H- (4.35)

By “switching-on” the diffraction, the solution is found in the form of the dispersion
surface for the refracted incident wave with addition of a small correction § [15]:

urs =Y + 81,5, (4.36)

then the dispersion equation is modified to:

(6 + 281500 [82, + 281500 + H) +a] =0, =0, @37)

Here the parameter « is introduced describing the deviation from the Bragg condition
as
« = 2y H; + 2koy - H)| + H>. (4.38)

This formula differs from the Eq.(4.4) by the refraction correction in variable yy.
In the region far from the Bragg condition |c|/ ké ~ 1 and this value is much
greater than 8; ;, which corresponds to the considered diffracted wave. Assuming
81.5ko < a, 815 <K ko, the Eq. (4.37) is modified to:

Os
51,s far from Bragg ~ — ~ IXH'szs (4.39)
AT
and thus the correction to yy is proved to be negligible. Satisfying the exact Bragg
condition @ = 0 and assuming § < ko we get:

O
31,5 exact at Bragg ~ m ~ |xH ko, (4.40)
z
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and thus §; s corresponding to the incoming wave is always a small quantity, and the
assumption 61 y < ko in each of multiplier in (4.37) can be used, which simplifies
the dispersion equation to the quadratic one with the roots:

—ayp + Sign(M(eyo))y/ayg + Os(a + 4y (o + Hz))
o +4yo(yo + H)
uys = Yo +981s. (4.41)

l,s =

Both limiting cases (4.39) and (4.40) follow from the Eq.(4.41). The root of (4.32)
which tends to ug = —yp in (4.35) describes the specularly reflected incident wave,
see Fig.4.3. This wave is far from the Bragg condition, and according to (4.39) it
can be written with the accuracy ~ | xg |2k as:

U5 = —Y0. (4.42)
A similar analysis can be performed with the second multiplier in (4.32) which

describes a free propagation of the diffracted wave. The solution corresponding to
the “switched-off” diffraction is:

2
1)
Udiffracted, uncoupled = Ty — H;, ym = \/C_Z(l + x0) — (ko + H)?, (4.43)
and looking for the solution in the form
us s =yyg — H; + 83,& (4.44)
and introducing the deviation parameter o
ay = —2ypH, — 2ko - H| — H)| + HZ, (4.45)
which is close to —« near the Bragg condition, the Eq. (4.32) is modified to:
(83, + 28350 — H +an | [+ 25.7m] - 0, =0, @46)

and finally results in:

—apyn + SignW(apym)Job vy + Os(en + 4y (yy — H))
oy +4yu(yn — Hy)

53,5 =

uzs =yy — H; + 63,.&‘7
uqs = —yg — H;. (4.47)
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The wave fields existing in the crystal under diffraction process are the sum of
coupled waves A; s(k) and A; ;(k + H) corresponding to all dispersion equation
solutions i for polarization states s = o, 7. The relationship between them follows
from (4.22):

Aiskis+H) = Viy- Ai(kiy), (4.48)
Vig = Visi(kis + H),
Vis = w—ZZXH; = w—zz)(HX(ki’S),
c X(kis+ H) c O

where the expression (4.29) has been taken into account. The amplitudes A; ; (k; s)
are determined by the boundary conditions, and in general case the wave field in the
crystal is:

A1) = D7 Ay R (14 (BTG, ) e, (4.49)

i,s

Here the solution for the dispersion equation u;  is taken from the formulas (4.41),
(4.42), and (4.47); the expressions for the amplitude ratios \A/,-,s (4.48) and the polar-
ization vectors (4.28) are substituted, accordingly.

The dispersion equation and the amplitude ratio is usually analyzed in different
ways for various diffraction geometries, which depends on the mutual disposition of
the main vectors: the incident wave vector ko, the surface normal N, the reciprocal
lattice vector H for the considered crystallographic planes and the diffracted wave
vector k; = k + H (Fig.4.4). For practical applications (except grazing incidence
diffraction) the coplanar geometry is mainly used when all these vectors are in the
same plane. In this case the in-plane wave vector has only one component connected
directly with the angles w;,, and w,,,; between sample surface, incident and diffracted
beams respectively (Fig.4.4):

Fig. 4.4 Various coplanar geometries that are used in the dynamical diffraction theory: Bragg case
(left) and Laue case (right)
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k) — ky =kocoswiy, ky+ Hy = kocoswoy. (4.50)

Let us discuss below some properties of the wave field (4.49) focusing on the
structure of transmitted and diffracted wave close to the Bragg conditions.

4.2.1 Amplitude Ratio

The ratio of the amplitudes of the diffracted and incident waves shows directly how
strong the diffracted wave is. For example, the root u; s (4.41) in the absence of
diffraction corresponds to the incident wave (4.35). The diffraction process imple-
ments a correction (4.36) and according to (4.49) the incident wave Ainc(r,t) =
Al ek tursi—on e g accompanledby the diffracted wave A gige: (1, t) = e’H’V, 5°
Ajnc(r, t). Thus, the value Vl,s can be used as a measure of the diffraction effects.
For the root u g, the quantity X (k) = 2y061,5 + 5%’5, and with the above-mentioned
accuracy in terms of | x g |, the following expression for the amplitude ratio is derived:

o’ 29081,
—5 XH

Vi = — ik + H). (4.51)

The amplitude of the diffracted wave is proportional to the deviation §; s of the dis-
persion surface from the non-disturbed position due to the diffraction phenomenon.
Here several limiting cases are considered.

i. Large deviations from the Bragg condition, from (4.41) and (4.39) it follows:

XH
Vs, far from Bragg ~ 6_7 ~ |xul, (4.52)

and the diffracted wave is | x| times weaker than the incident wave.
ii. Exact Bragg condition, from (4.41), (4.40), and (4.29) it follows:

Vis,at Bragg ~ \/ n \/)/() + A . (4.53)
Cs

Hence, at exact Bragg condition the diffracted wave has the same order of magnitude
as the incident one. As follows also from (4.53), at the Bragg condition the diffracted
wave amplitude is independent on the magnitude of x g . This situation is typical for
perturbations theory in the presence of degenerate states [16]: even infinitesimally
small perturbation leads to the rearrangement of the eigenstates of the system into
correct linear combinations of the degenerate states. In the case of diffraction, two
degenerate states are the waves satisfying the dispersion equations X (k) = 0 and
X (k+ H) = 0 at the same value of the wave vector k, and the perturbation is caused
by the spacial periodic susceptibility .
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The maximal peak value (4.53) is independent on the magnitude x g, however,
the peak width is proportional to it. Let us consider a simplified case which enables
to get an analytical representation of V; ;. Under the following conditions:

e o < yo(yo + H;), which is true close to the Bragg condition;

e Yo > 0,y + H; < 0, that corresponds to the case of the reflection (Bragg)
geometry when the diffracted wave moves in vertical direction
opposite to the incident wave;

e xu = (x—H)*, QOsisreal and J(x9) = O, that corresponds to the case of no
absorption,

e o polarization, than 7(k + H) = 1,

Equation (4.53) converts into:

o’ Y0 4Q(yo + H>)
Vie = — —— | Sign(h 2| =0 Y
1, 2 XHZQ(VO+HZ) gn(NM(a)), o ‘ ”

- a) . (4.54)

— a) . (4.55)
If the value of « is smaller than

[l40(y + H)
Gedge = ‘V“T ~ Ixnl. (4.56)

the quantity in brackets equals to i /oegdge — a? — « and its modulus square is agdge.

The deviation parameter « is a function of wave vector ko of incoming wave
(4.38), which is described by means of the angle w;, between the wave vector of the
primary beam and the crystal surface, see Figs.4.2 and 4.4. In this parametrization,
the variable o becomes a function of wjy, the explicit form is obtained by substitution
k) = % cos wyy into Eqs. (4.35) and (4.38). In the range of —dedge < & < Qedge the
modulus square of the diffracted to the incident amplitudes ratio does not depend
on the incident angle wj;, . It means that the intensity of the diffracted beam remains
equal to its peak value. This phenomena is known as Darwin’s table, as shown in
Fig.4.5. The width of the “table” is 2aeqge and is proportional to |x g |. The weaker
the diffraction effect quantified by | x g7 |, the more narrow is the region wherein total
radiation is diffracted.

On the top of the Darwin table, the X-ray reflectivity |R|> equals 1, which is
explained by the presence of the imaginary part in the variable u s in this region,
which means that waves can not propagate inside the crystal and total incident radi-
ation comes out into diffracted wave. The imaginary part of u; ; denotes the band
gap for X-ray photons, and the situation is similar to that for the conductive electrons
in the solids [17]. The band gap for weakly bound conductive electrons takes place

w? Cx%0 40y + H;)
Vi, =—yg——22C" | Sion(R 2 _ | I=P Y
L = TG0 1 i \ O E ) ‘ Y0
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at the edge of Brillouin zone, the Bragg condition (4.4) is nothing but equation in
terms of k describing the plane, which separates two Brillouin zones.

At the edge of Darwin table the variable | V] |2 has a kink as a function of «, and
its first derivative is discontinued. This behavior is of the same nature as Van Hove
singularities near the edge of the band gap [17]. When the X-ray absorption is taken
into account, the kinks at the edges of Darwin table become smoothed and the table
becomes asymmetric, see Fig.4.5.

The function V3 , corresponds to root (4.43) and refers to the propagation of the
diffracted wave. From (4.46) and (4.48), the expression for this function is derived:

2

A 1) I .

Vi, = —2XH—t(k + H). (4.57)
C 2)/083”

Here the deviation parameter appears in the denominator, and the behavior of the
function is inverse to that of (4.51). The function V3 , possesses a Darwin’s table,
like behavior at Bragg condition, and in the region far from the Bragg condition it
grows according to:

2
V3,s,far from Bragg ~ C_za_H ~ L (4-58)
o” X-H  |xHl
This inverse behavior (see upper curve at Fig. 4.5) can be explained as follows: for
the root u3 ; the wave with the wave vector, which is close to k + H, is considered
as a primary wave (4.43) and the wave with the wave vector, which is close to k,
can be interpreted as a wave emerged due to the diffraction, corresponding to the
reciprocal lattice vector —H of the primary one. The amplitude ratio of the waves
close to k and to k + H is %‘5’ and this ratio describing the diffraction of the wave

k + H behaves as predicted by the Eq. (4.51).
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4.2.2 Anomalous Absorption and Extinction

The imaginary part of the wave vector describes the attenuation of the wave in
medium. Under the no absorption condition xg = (x—pg)* and in the exact Bragg
condition, the quantity §; ¢ being an addition to k, due to the diffraction, is purely
imaginary, see (4.40):

w? IxH|

81,s exact at Bragg = e —————
2o + He)

The depth Lpage, ¢ at which the wave is attenuated e times is 1/381 5. To compare
this length parameter with the length L, characterizing the validity limitation of the
kinematical theory (4.19), the following values are set yg = ko sin w;,, H;, — yo =
ko sin w,y; (here kg = w/c) assuming the absence of the refraction effects:

Lirage,c = 250 @n S @oul_ ;- (4.60)

kol x (H)|

(4.59)

In the kinematical theory, the parameter L, emerges as a thickness of a slab at
which the reflectivity |R|? exceeds unity, i.e. the diffracted wave becomes more
intense than the incident one. In the dynamical theory, the maximal amplitude of
the diffracted wave normalized to the primary wave is given by (4.53) and results in
|R|?> = 1. The attenuation (4.59) in non-absorbing crystal means that the primary
wave is transformed into the diffracted wave. Thus, the wave attenuation occurs
not due to the absorption but due to the transformation into the diffracted wave,
and the characteristic length scale at which this transfer takes place is Lpragge. Not
surprisingly, this length scale equals to the thickness of a slab L, for which the
diffracted wave amplitude becomes comparable with the primary wave amplitude,
as given by the kinematical theory. This phenomenon of the coherent attenuation is
called extinction, and when the crystal is absorbing, both attenuation mechanisms
act together, Fig. 4.6.

As a next step, the situation yp + H; > 0 at Bragg condition is considered. In
this case, the diffracted wave propagates in the same direction as a primary wave and
exits the crystal plate at the opposite side of the entry plane (transmission or Laue
geometry). Under this condition, the parameter (4.40) is real, and the corresponding
length scale, equal to (4.60) has the meaning of the length at which the primary wave
is transferred back and forth into diffracted wave. This effect is called Pendellosung
taking its origin from a mechanical analogy: primary and diffracted waves in Laue
geometry have the same behavior versus z as two weakly coupled pendulums behave
in time, the energy flows back and forth from one to another (Fig.4.7).

In the Laue case, the diffraction phenomenon influences the absorption property
of the material. The physical background for this effect is the change of the structure
of the wave field interacting with the crystal comparing to the plane wave used in
the calculation of the absorption. The absorption of the wave field (4.49), which
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is a superposition of two waves alternating in space with the period of the order
of the interatomic distance, can be higher or lower than one for the plane wave
field. The situation is similar to the phenomenon of the electromagnetically induced
transparency [18], where the absorption of the media is changed due to the creating
the atomic quantum mechanical wave functions in the superposition state.

The absorption coefficient is calculated straightforwardly from the imaginary part
of the wave vector component parallel to the sample surface normal, by taking the
imaginary part of u; ; from (4.41), (4.42), and (4.47). The final imaginary component
is composed of the parts caused by the following contributions:

e )0, Yy have imaginary part since their definitions (4.35) and (4.43) contain com-
plex value yxo, the imaginary part of which describes the absorption in the region
far from the Bragg condition;

e o, oy depend on yp, yg as follows from (4.38) and (4.45);

e O;in(4.29)ducto xg # (x—ng)*.
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The susceptibility y g is a complex value due to two reasons:

i. summation in (1.60); evenif all F,, (H) are real, the total F'(H) will be in general
a complex value. However, for the real F,(H), the value y g x* H is real, too;

ii. absorption, which is contained in the anomalous dispersion correction (1.55);
the single atom form factor F,, (H) is complex itself, and F (H) is complex in general,
too.

The part of the susceptibility xg which is contributed by the summation (1.60)
of the real parts F,(H) is traditionally denoted as X% and by summation of the
imaginary parts as i X}I. In general, both are complex values and

XH =X +iXpy “.6)
x—m = xR ixhy # G

When a single Bragg reflection is considered, the relative phase difference ¢ =
¢1 — g between X?I = |X5|ei¢R and X;I = |X;I|ei‘/’1 enters in the final expressions,
so the phase ¢/?® is often set to 0 by means of shifting the origin in (1.66). This origin
choice is different for various reciprocal lattice vectors, and the attention must be paid
when using tabulated susceptibilities in the case if a wide scan containing several
Bragg reflections is simulated [19]. To a get a simple analytical estimations for the
mentioned above values, the following assumptions for the imaginary part of u; s are
considered:

e H, = 0: a symmetric Laue geometry, this assumption makes « to be a real value,
e ¢r = 0: appropriate origin minimizing ¢g is used, ¢ = 7,
which is the case for centrosymmetric crystals,
e o = (: exact Bragg condition,
° X(I) < X(lf, Xllq < XIE: absorption is assumed to be weak,

in the first order of Xé from roots u1 5, usz s (4.47), (4.41):

2

o)
220y

~
Sug =

I I ~ CSX}i
(X0 £ Csxg) =S| 1+ i . (4.62)
0

Thus, under the Bragg diffraction condition the absorption for one wave is increased
and for other is decreased. The values for Xé and X}, are obtained from the same
expression (1.60), the difference between them is due to the phase and the Debye-
Waller factor. For the reflections with even indices of f.c.c. materials [2], the phase
factor is equal to unity, and anomalously low absorption takes place. This is called
Borrmann effect, which being observed experimentally was one of the first convinc-
ing experiments confirming dynamical diffraction theory.
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4.2.3 Group Velocity

The presented above analysis is dedicated to the stationary state of X-ray wave
field in the crystal. In recent decade, an essential progress has been achieved in the
construction of X-ray sources of femtosecond pulse duration and in the pulse-probe
experiments with the same timescale resolution [20]. These developments demand
the theory for X-ray pulse propagation in the crystals at the diffraction condition.

Considering the interaction of X-ray radiation with atom in the framework of
perturbation theory, the equations describing the propagation of X-ray radiation in the
crystal are linear (1.56) and resulting time structure of the diffracted pulse Agisi (7, )
is obtained using the Fourier representation:

Adin(r. 1) = / PhidoR(ko, ki, ) An(ko, @)@, (4.63)

where R(ko, k1, ») is a matrix which connects the primary and the diffracted plane
waves treated on the basis of the plane wave dynamical diffraction theory, A, (kg, @)
is a Fourier decomposition of the incident pulse. The calculations based on this
approach show the change of the space-time pulse shape and other effects [21-23].
Below the influence of the Bragg diffraction condition on X-ray pulse propagation
is discussed. The parameter characterizing the rate of the pulse propagation in dis-
persive media is a group velocity:

w
vy (k, w) = % (4.64)

where the variables @ and k are connected via the dispersion equation (4.29):
Dk, w) = X (k, 0)X (k + H, ») — Oy

2 ? 2 w?
= (k - 6—2(1 + Xo)) ((k+ H)" — 6—2(1 + Xo)) - Q0s=0. (4.6

In the Eq. (4.65), the frequency is taken as w = w(k) and by differentiating (4.65)
over k:

I 30(1;60)
a9
Ugr(k, a)) = ﬁ = —m (466)
Jw

For calculation of the derivatives in (4.66), only a non resonant part of susceptibility
(1.51) is taken into account and approximation x ~ 1/w? is used.
The value v, being a function of k|, at a fixed w is:

_ kX(k+ H)+ (k+ H)X (k)
v (k) =c S X+ B+ XE) (4.67)
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In the region far from the Bragg condition, the function vy, tends to the value of
the speed of light, however under the Bragg condition one can expect a significant
deviation of this behavior. For the calculation of (4.67), the solutions of the dispersion
equation are used. At the Bragg condition, both terms X (k + H) and X (k) are
small, and the expression (4.67) has a structure like 0/0 and expansions over small
parameters like o, QO must be treated with caution. We use here the exact solution
(4.34), which is valid for the symmetric case, and the results obtained will be general
in the sense that the reference system is chosen in such a way that z|| H and thus the
Eq.(4.34) is utilized. The group velocity is decomposed into two components: one
parallel to the plane for which e is normal, and one along e;:

_ ke u; X(k+ H) + (u; + H)X (k)
(k) = - ece XA T TRE) (4.68)

The magnitude of vy, ;, being calculated on the basis of the equation (4.34), decreases
when approaching the Bragg condition. At the value of the parameter o, equal to

a0, = + (H2 — W /g) ~ £2/ 05 ~ degge. (4.69)

the z component of the group velocity equals to zero in the absence of the absorption.
Because of at the selected choice of the coordinate system and by satisfying the
Bragg condition yp = H/2, the considered region coincides with the Darwin table
as follows from Eq. (4.56). Thus, under the Bragg condition, the pulse propagation
in the direction of the reciprocal lattice vector decelerates down to zero, i.e. the pulse
gets “entangled” within the crystal. This is also a manifestation of the fact that Bragg
diffraction is essentially a multi scattering effect; to be formed, the stationary state
(4.49) needs a large number of the re-scattering processes. The simulations of the
formation process of Bragg curve from a time-limited pulse [24] show clearly: while
the smooth tails appears in time of the order of L.,;/c, the curved part near the
Darwin table needs much longer time, and the kink at the edge of the Darwin table
appears only in asymptotic.

4.3 Dynamical Diffraction in Multilayers and Superlattices

The analysis presented in the previous sections deals with the structure of the wave
field in the crystal, and in two wave approximation it has the structure presented
by formula (4.49). The parameters, required in (4.49) for the comprehensive wave
field determination are: the amplitudes A; ; and the in-plane component of the wave
vector k). All other values are calculated based on the vector k||, as shown in the
Eqgs. (4.41), (4.42), and (4.47) for u; ; and in the Eq. (4.48) for the amplitude ratios

Vi s, and in the Eq. (4.28) for the polarization vectors. The unknown values A; , k|,
are defined by the wave which enters the crystal. This wave satisfies to the Maxwell’s
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equations within the localized media volume on the border of the crystal. To make
the Maxwell’s equations be valid in the entire space, the wave fields have to fulfill
the boundary conditions.

To apply Maxwell’s equations at the boundary S between two media, (1) and (2),
the lateral t and the normal n to the boundary field components have to be preserved
continuous (3.9):

E\:|ls = E>ls; Diuls = Dyyls; (4.70)
H],r|S = H2,r|S; Bl,n|S = BZ,n|S-

The vector potential A in the Coulomb gauge has been used in previous sections as
a fundamentals of theoretical models. The potential is a key variable in the quan-
tum mechanical Hamiltonian (1.2) as well as this parameter serves to describe the
electromagnetic field in the framework of gauge theory, which is the basis of stan-
dard model of fundamental interactions. The connection between A and directly
observable fields in (4.70) in vacuum is straightforward:

Eyye = Dyye = — TN, Vd) (4-71)

However, the situation is changed if the medium is involved into consideration, see
the derivation of Eq. (1.15). Using expressions (1.15), the boundary conditions (4.70)
can be formulated for the vector potential A, and to derive them in a compact matrix
form, the following projectors have to be introduced:

. k®k . kQk
I—=5= i ="5

P,=I-N®N, P,=N®N.

f(k) =

4.72)

As a next step, two vector relations are constructed by means of summing up the
equations for E; = P -E, D, = P -Dand H; = P -H, B, = P - B in (4.70):

A+ P(k,N)-% - A = const (4.73)

k x A = const,

here the product ¥ - A should be understood as (1.24), and a combined projector is
introduced:

A

P(k,N)= P, -i(k) — P, - (k). (4.74)

The typical case of the boundary condition problem is the application of (4.73)
to the plane interface between two crystal slabs, which is a basic model for X-ray
diffraction from the multilayered crystalline structures. Within the framework of a
two-beam case, the wave field in each medium is written as in Eq. (4.49). To formulate
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the relation between amplitudes AZOS’Z)

form is used:

in the crystals 1 and 2, the following matrix

)] (1 (2) (2)

Sl .3 l/ A/A ;! / - Sl J l// J”A i1 //7 (4.75)
where the repeated indices i, s mean the summation i,i’,i” = 1...4; s,s5',5" =
o, . The boundary conditions (4.73) have to be fulfilled at each point of the plane

ik(l'z)rH

interface, which is possible only in the case when the exponential factors e "l

ikl +H D) . . -
and e "Il are equal at both sides of the interface. Thus, the conditions for
the lateral components of wave vectors are:

K =k =k (4.76)
H(l) HY =H).

The first condition results in the same conclusions as for X-ray reflectivity (3.11). The
second condition in the case of crystalline media means that only in the materials
with the same in-plane reciprocal lattice vectors the diffracted waves are coupled
through the boundary conditions, i.e. in-plane lattice parameters are the same, or in
other words, the interface is pseudomorphic. If this is not the case, the diffracted

wave with the in- plane wave vector kl(ll) + H ‘(ll) excites a new wave with the wave
vector kl(| ) k(l) Y which undergos a diffraction at the reciprocal lattice vector

—H® in turn resultlng in a wave with the in-plane vector kl(ll) + H |(|1) H |(|2),
Each successive wave moves away from the Bragg condition, and the theory for this
case is considered in details in [25, 26].

As follows from the similar logics as above, the boundary conditions (4.73) for the
waves with different in-plane wave vectors have to be considered separately. Using
Eq. (4.49) and the first equation in (4.73), which is a consequence of electric field
boundary conditions (4.70), and considering the factors with the same etkir II, the
formula is derived:

S (T4 P N - G T+ 0D)) el @.77)

i’ SH

-3 (f_|_ BU, Ny - P+ 1% V<2>/)) @ 4@

and the same for k| + H

(1 5 1 1D ¢t 1) ¢ 1 1
S (0D 4 PR+ HO N 00+ x D) oAl @g)

i
i,s

Z(V@/ + PUT, + HON) - PV + 1O D) - e, A%,

i’ Y
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From the second equation in (4.73), which is a consequence of magnetic field bound-
ary conditions (4.70), and considering the factors with the same ¢'I1”11, the following
formula is obtained:

1 1 1 2 2 2
Sk xeVal) =S kD, x e, AP (4.79)

,S Il LA
i,s i’,s'

and analogous one for k|| + H||:

1 (1 1 1
30 (k) ) L0 o) a5
i,s
2 2 52 (2) 2)
= 2 (K2 HO) < 3 e2AR

i’,s’

The equations above are assumed to describe a pseudomorphic case, and the boundary

plane was assumed tobe at z;, = 0.1If z;, # 0, each amplitude Al(‘lx’z) in Egs. (4.77) and

. (1.2
(4.79) has to be multiplied with the exponent ¢'"“is “* and in Egs. (4.78) and (4.80)
p p q

.. (1,2) (1,2)
by the exponent ¢! T The boundary conditions in the form of (4.75) are
obtained from Egs. (4.77)—-(4.80) in the following way: by introducing a combined
index v ={(1,0); (2,0); (3,0); (4,0); (1,7); 2, w); (3, 7); (4, )}, the formula
(4.75) is written as:
(D 4 _ ¢2) 42
SpvAy =847, (4.81)

Now let us consider a scalar product of each equation with the corresponding two

non-collinear vectors e,(f), el(f) , the definitions of which will be specified later. Using

the following notations:

El, k,(1,2 - 51.(1,2 1,2) ¢ 1,2) vy (1,2 1,2
WP RO = (g P2 Ny - P T+ 1 P 0D)) el

El, k+H, (1,2 ~ (1,2 b 1,2 1,2) (1,2 1,2) ¢ 1,2
WKL) (90D 4 pk(MD 1+ 1D Ny (P00 4 P D) el
(4.82)

Wl(}M., k,(1,2)) _ kgl,Z) « es}l,Z)

M., k+H,(1,2 1.2 5(1,2) (1.2
wM- k+H,(1,2)) _ (kg )+H(1,2)) x (V12 (12D

the 8 x 8 matrix S,(Lljvz) is constructed from following rows:
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WELE.2) )
W EL KHH.(1.2) )
WML EA2) ,0)

WML KHHL(1.2) (@)
S;(Ll,’vz) = vl;,(El., k.(12)) (1) (4.83)
v
WL k+H,(1,2)) ‘ 61(72)
WM. k.(1.2) ‘91(;3)
yy O ke (1.2) _824)_

The boundary conditions in the form (4.81)—(4.83) can be applied for an arbitrary
diffraction geometry in two-wave case, including the non-coplanar diffraction geom-
etry [27] (the wave vector of incoming wave ko, vectors H and N are non-coplanar)
and arbitrary deviations from the Bragg condition [28]. However, for most of the
practical cases, the simplifications based on the coplanar geometry and/or vicinity
to the Bragg peak can be made for the formulas derived above.

For the vector W,(,El" k‘(l‘z)), the magnitude of the summand ﬁ(kgl’z), N) -

( Xél’z)f + )(EII’? \7‘,(1’2)) compared to value I is estimated below. The quantities

2)

X0, xg are small values, hence the term with Xél’ can be safely neglected. As

it was shown in the previous section, the order of magnitude of V, is about 1 at
the Bragg angle (4.53), therefore the whole summand with the projector P can be
neglected at the Bragg condition. In the region far from the Bragg angle, the terms
for which v corresponds to the roots describing in asymptotic the incoming wave
(4.41) and (4.42), the quantity VV is of order | x g | (4.52), therefore for this roots the
part with the projector Pis negligible.

In the case of the roots, corresponding to the diffracted wave (4.47) in the region
far from Bragg angle, the value Vv isof order 1/|x g | (4.58), therefore the summands
with / and P become of equal importance. Summarizing, at the Bragg condition the
summand with P is about | x| times smaller than I, but far from the Bragg angle the
part pP. X—H \7,, has to be preserved. This contribution has been analyzed in [28], that
demonstrated the essential discrepancy between dynamical and kinematical theories
in the region far from the Bragg condition in the case if this term is abandoned.
Keeping further the focus on the angular range near the Bragg condition, the summand
with P is neglected, which simplifies WﬁEl" k.(1.2)) significantly:

Wf)E].,BraggZ k,(1,2)) — e,()l’z). (4.84)

Considering the vector Wl(,El" k+H.(1.2) , the same analysis shows that in the Bragg
condition the summand with P can be neglected. Far from the Bragg condition, the
terms with v corresponding to the roots which describe in asymptotic the incoming
wave terms V, and P X—H, are of equal importance. In the vicinity of Bragg range,
the simplification results in:
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ElL.B sk+H, (1,2 >
W,() ragg 1.2) _ l)(1,2) _egll)_ (4.85)

For the vector Wf,M" k. (1.2) corresponding to boundary conditions for the mag-
netic field, by representing the wave vector in the form of (4.31) and using the
condition (4.76), this vector is split into two parts:

W(M k,(1,2)) _ W(M k.(1,2)) + W(M k.(1,2))
=k x e"? —ullIN x el (4.86)

(M., k,(1,2)) . (EL.Bragg: k.(1.2)) g

Here the term W is a vector product of k| and W,
Eq. (4.84). Because of this term is a linear combination of the boundary conditions
for the electric field, it does not contain new information and can be 0m1tted So far
as expression (4.84) is valid, a reduced vector can be used instead of W k (1.2,

w M- Brees k(12D _ (12 o g(1.2), (4.87)

The same logics, being applied to W‘()M" k+H.(1.2) and (4.85), results in:

W(M , Bragg; k+H ,(1,2)) (u(l 2) + H(l 2))N « (V(l 2) ‘()1,2))_ (4.88)

To further simplify the matrix S (4 83), the choice of eé ), eg) and the con-

ditions under which S, , can be composed of 4 matrixes of size 4 x 4 are discussed
below. The expression

(6.0) glom)\ (12
1,2 S S
SE2 = ( o) S<m>) : (4.89)

can be simplified in such a way that S©™) and S would be a zero 4 x 4 matrices. In

this case, the polarizations o and 7 are treated separately. For the vectors e( ) = =e€ls

(1

and e, = ez, the scalar product is calculated based on the formula (4.28):

(kin-H)kir, H, ko)
\kix 2| H k16|

€€l = (4.90)

where (a, b, ¢) is the scalar triple product. This value is equal to zero in the case of
a coplanar geometry and for i = 1. The Eq.(4.90) is proportional to u;  — u1,4,
which is close to zero with the accuracy | x g | for the roots in the vicinity of the Bragg
condition. This choice of e(l) makes the first rows of matrices S and §%) to
be equal to zero in two important cases: (i) coplanar geometry (exact zero value),
and (ii) non-coplanar geometry but all roots u; s are close to each other, that occurs
under the GID condition. In this chapter, the focus is kept on these two cases only.
Other scalar products have the following properties:



4.3 Dynamical Diffraction in Multilayers and Superlattices 147

® ¢, - €, equals unity for coplanar geometry, close to unity in GID case
k2+u- u:
. Il iimlij . . .
® ey - ey is —————— for coplanar geometry; and close to unity in GID
ViR

case.

For coplanar geometry this product is close (up to | x g |) to unity fori, j = 1,3 at

Bragg condition (4.41), (4.47).

Summarizing, under the approximations made above
1. in coplanar geometry, and close to the Bragg condition:

S1%7 =111, 1) 4.91)
S = (1 err - 2. 1 €17 - esx).

ii. in GID condition:

S\%7 =57 = (1, 1,1, 1), (4.92)

and Sf”l o) S(o ™) — (0,0, 0, 0). In a similar way, the choice e = =ik, +H)-

ej s and eb =i(kyr+ H) - ey, results in:
i. coplanar geometry, and close to the Bragg condition:

S = Vi, Voo, Vg, Vi) (4.93)
S(n”) = Viz, VoaxP2,1, V3 n, VarPai),

where R R
. ttkir+H) e ) (ttki+H)- e
Pii = (( Jj.m A) ],n) (( 1,m - ) l,n) (4.94)
£tk + H) - e x|
is the geometrical factor;
ii. GID condition:
(Y s)
S0 =W, Va5, Vas, Vay), s=o,m,
and S, (" ) — é‘;’n) = (0,0, 0, 0). In order to nullify two remaining rows of the

matrlces $.9) and $@7) the choice of the vectors 81(13})4) is reverse to that above,

namely e(a3) = ej  and egf) = e . The product (N x e; ) - €1 7 is equal to zero for
coplanar geometry and is proportional to u; , — uy 5 in general case. By selecting
el(,4) = f(k1 + H) - e 5 and e,(f) = i(k1, + H) - €1, the matrix under GID

condition is:
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1 1 1 1 4.2)

§6:9(1.2) _ Vis Vas V3 Va,s
Y ujs ujz.s U3z s Uug.s ’
(“l,s + HZ)VI,S (”2,3 + HZ)VZ,S (M3,s + HZ)V3,S (“4,s + HZ)V4,S
(4.95)
and in coplanar geometry close to the Bragg condition:
1 1 1 1 2
g@0)1.2) _ Vi Voo V3o Vio
Y Uo U2,542,1 U35 U4.5q4,1 '
(10 + H)Vio (2.0 + H)Vaor21 (U306 + H)Vie (Uao + H)Vaora
(4.96)
(1,2)
1 ez -€x 1 el x-esx
Si(;r,n)(l.Z) _ Vix V2.711?2,1 Vix V4,n1~34.1
Ul,n U2,74q2,1 %% 4 Uq,rqa,1
Uiz + H)Vig oz +H)Vanian sn + H)V3n (uan+ H)Vanian
4.97)

where p; j; Pi.j, qi.j; qi.j» ti.j; Ti,j are the geometrical factors of order of unity
that are made of various scalar products of the polarization vectors and are not
essential for further analysis; this quantities become closer to unity as roots approach
each other. The matrices ™) and §®7) are equal to zero.

In the case of GID, all the values in (4.95) are of the same order and equally
important. However, in the coplanar case close to the Bragg angle, the Eqs. (4.96)
and (4.97) can be further simplified. The roots u, and u4 correspond to the specularly
reflected waves and are far from the Bragg condition. The waves corresponding to
these roots are weak, about |y g | in magnitude, and the same is about V>, V4. The
amplitudes Ay, A4 in the boundary conditions can be neglected keeping the same
accuracy. Neglecting 2nd and 4th columns in (4.96) and (4.97), the transformations
result in 4 equations for 2 unknowns, and by taking into account the approximations
u1 & u3 X yp in the vicinity of Bragg angle, the first row of (4.96) and (4.97) is
found to be proportional to the third one, whereas the second row is proportional to

the forth one. Finally:
1,2
NS S (4.98)
Y Vl,x V3,s ’ ’

In the calculations below, the boundary conditions are assumed to be applicable
separately for 7 and o polarizations, i.e. ™) and $®™) are approximated as
zeros. The GID case is considered as a most general one, and the coplanar case is
automatically obtained by omitting the reflected waves, which means the elimination
of the 3rd and 4th rows and 2nd and 4th column in the matrices S (see (4.95)—(4.98)).
The boundary conditions written in the form of (4.81) enable to find the wave field
inside the multilayered crystalline structure. The difference in the crystallographic
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structures of the layers composing the whole multilayered structure can be caused
either by different elemental composition of the layers or by the gradient lattice
deformation of a single layer due to the external forces. In order to determine the
wave field, the Eq. (4.81) has to be applied to each inter-layer interface, including
the interface between vacuum and the first layer and the interface between the last
layer and the substrate [29]. The wave field in vacuum is:

Avae,s (1) = (%7 4 Age™ T 4 Ape* ) e (4.99)

kO = k) + uoe;, KB = k) — uoe;, kD = ky+H) —uge.,

w? ?
M0=‘/—2—k‘2, UH =\/—2—(k + H\)?,
C C

where (0), (R), (H) stand for the incident, the reflected and the diffracted waves,
respectively. To keep the boundary conditions for the interface between vacuum and
the first layer in the form of (4.81), the amplitude of the incident wave (equal to unity),
and the amplitudes Ar and Ay are combined into a vector AW = (1,0, AR, An).
The matrix @, corresponding to the same sequence of boundary conditions as was
used for (4.95)—(4.97), has the form:

10 1 0
SO _ L?O (1) _(;0 (1) , (4.100)
0 uyg 0 —UH

and the boundary condition at the interface between vacuum and the first layer takes
the following form:
S AW = g 4D, (4.101)

For the wave fields inside the layers lying in the depth of the crystal, the initial
phase depends on the choice of the origin of the coordinates. Using the convention
from [30], the wave field for nth layer with X-ray susceptibility taken in two-wave
approximation, is written in the following form:

.y (n) . n . ~
A (py = ZAlgr;)elk,.Jr (1 4 G HP r—r)+ig, Vi(z)) ey, (4.102)
i,s
X ) = xg" 4 xgg T gy Oy i,

The phase ¢, is then chosen as a phase of the diffracted wave and the susceptibility
is supposed to be continuous:

n—1

on = Z HDa", (4.103)
=1
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where d® is the thickness of the /th layer. Using these conventions, the boundary
conditions for the interface between nth and n 4 1th layer take the following form:

s F(")(Zn) CA® — gt F("H)(Zn) CACHD (4.104)
. (n)
F (z) = diag(e").

For the interface between the last layer (Nth) and the substrate, the fact should
be taken into account that in the substrate the wave field corresponding to the root
with the negative imaginary part (leading to the growing amplitudes) does not exist.
The roots of the dispersion equation can be combined in pairs corresponding to the
direct and the reflected waves, which results in the number of roots with positive
imaginary part to be equal to that with the negative imaginary part [30]. Thus, the
vector of the amplitudes in the substrate has the form Alsub) — (A(ISUb), Aésub), 0,0)
and the boundary conditions are:

SN FM (zy) - AN = glub) . psub), (4.105)

where the vector of amplitudes for the substrate has been modified to include the
. (sub) . (sub

phase factors: A®U) —= (e“‘(l ZW’Aisub), et zsub AESUb), 0, 0). By applying the

expressions (4.101) and (4.104) to each inner interface, and using the formula (4.105),

we arrive at:

ASS) = Xy Xy (SO 0L AW, (4.106)
Xn — (S(n+l))—l . S(n) . F(n)’ XN — (Ssub)—l . S(N) . F(N)

. (n)
F = diag(e'™i d").

Thus, four equations (4.106) for four unknown variables AR, Ay, AESUb), Ags“b)
determine comprehensively the electromagnetic wave field.

A wide class of the multilayered systems are the superlattices, which were already
considered in Chap. 3. The method of transfer matrix, used in the reflectivity case
for the solution of the boundary conditions can be applied to diffraction case, too.
However, this calculation involves more bulky expressions due to the higher order of
the matrices. The theory presented below assumes that the superlattice consists of the
repeating N times basic period, each composed of L crystalline layers. The propaga-
tion of the wave field inside the basic period of the superlattice is described precisely
by the matrix M, which structure follows straightforward from the Eq. (4.106):

Mp=Xp - Xi—1...-X1; Xp=@S*EH)=1.g® F (4.107)

Let us now introduce the normalized four-components eigenvectors ¥* and eigen-
values Ay, enumerated in a natural order of the solutions for the equation:
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4
ML =005 s =140 D (W) @) =1
i=1
Al < 22| < |A3] < |A4]. (4.108)

The matrix My is not self-conjugated due to the absorption in the crystals, and
therefore its eigenvectors do not satisfy the conditions of completeness and orthogo-
nality, making the eigenvalues complex-valued. The method of eigenwaves (MEW)
technique using these eigenwaves is realized in the same way as in the reflectivity
case. Firstly, the wave field in the topmost layer of the basic period has to be rep-
resented as a linear superposition of the eigenvectors with coefficients defined by
continuity of the vacuum wave field vector at the sample surface:

AP = ZA gy s A0 = s AN = s ZA P (4.109)

The evolution of wave field through N periods of the superlattice is calculated alge-
braically:

FO @y - ANTD = )V . 4D Z(Aw)NA v, (4.110)

w=1

The condition of the continuity at the interface between the superlattice and the

substrate has to be applied to the 4-vector A(LN) , determining the wave filed amplitude
in the bottommost layer of the stack (4.8):

Sy FP Gy - ANV =81 FD(zp ) - AVTY;
Squp - A = 57 . FD 7 )y - AN @.111)

As a result, the system of equations for 8 unknown values (Ag, Ay, Ay, A‘i”zb ) is
written as:

S7" Squp)ij AT = ZW AW
(87 S)ZJA(””C) ZA v (4.112)

The orthogonality condition for eigenvectors (4.108) can not be used for the solu-
tion of these equations (see discussion after Eq. (4.108)). However, this system can
be solved in a general form, if four components of four eigenvectors are considered
as (4 x 4) matrix:
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s 7\S
v — (¥);.

Then the values A can be excluded from the Eq.(4.112) using the reverse matrix
vl

4
(S 80 ALY =" )TN @) TS Sy jr AR (4.113)

s=1

In order to avoid the exponentially increasing terms, the normalized matrix can be

defined:
4

~ A ~ ~
(Q)ij = Z(f)N<W>f(w—l>S-, (4.114)
s=1 %

and Eq. (4.113) is written then in the following form:

1 4 A Al A AA_ 1A
A(vac) — )L_NZAsub; 7 = SO—IS1 Qsl_lssub» (4_115)

1

and the exponentially increasing value (A;)~" is canceled in the expression for
amplitude Ap:
_ InZy —ZpZy

Ay = .
2Ly — Z12Zy

(4.116)

Thus, the following problems of X-ray diffraction simulation are solved on the
basis of MEW: (i) the time of calculation depends no longer on repetition period N,
(i1) numerical algorithm operates with only finite values (Fig.4.8).

Fig. 4.8 Sketch of the wave
fields for crystalline superlat-
tice

VADYAD RO %y hy d

AATACL % by d

N periods

Ay ATl % h d,

A A
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Fig. 4.9 X-ray diffraction 10° - - - e - -
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Figure4.9 shows the spectrum for the superlattice with crystalline
layers (Ge/Si/Sip.3Geg.2)100 With the thicknesses (30/20/10) nm, respectively, on the
Si substrate. The curve has been simulated both by the recursive method [30] and
MEW. Evidently, the results are undistinguishable because both methods are exact.
However, MEW decreases drastically the calculation time 7y in comparison with
time 7g, required for the recursive method, especially for the multi-periodic super-
lattices (insert on Fig.4.9). Method of eigenwaves permits to naturally introduce an
important integral characteristics of superlattices, viz. root-mean-square fluctuation
oy, of basic period. The fluctuations are usually caused by imperfections of the inter-
faces or/and by the statistical fluctuations of sample growth conditions (temperature,
etc). Similarly to reflectivity case (3.129), MEW takes into account the period fluc-
tuations by Debye-Waller factor in non-diagonal elements of the averaged transition
matrix (M L):

((ML)ij) = (Myp)je/20ik* (=)’ 4.117)

The period fluctuations result in the damping effect for SL-peaks in the same way
as it was described in Chap.3 for reflectometry. Moreover, the intensity damping
factor of SL-peaks depends considerably on the harmonic order of peaks. The intro-
duction of this parameter improves the fitting accuracy of experimental data by theory.
The alternative methods for calculation of X-ray diffraction are not adapted for such
a parametrization [30]. The SL-peaks are formed due to the interference of waves,
scattered from one-dimensional periodical SL structure, and therefore the intensity
in peak maxima is proportional to the periods number N and does not depend on the
fluctuation period [7]. However, the spectral width of the peaks decreases propor-
tionally to the non-diagonal matrix elements (4.117), and the integral photon number
decreases, too. Therefore, the success of the fitting of experimental measurements
from the superlattice with fluctuating period essentially depends on convolution of
theoretical intensity with the instrumental function of the detector.
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Fig. 4.10 Convolution of the 10?4 i i i j I
simulated X-ray diffraction
from (Ge/Si/Sip.8Geo.2)100 10°4 ]
superlattice with detector
apparatus function for various 10 ]
fluctuations of the basic super- 5
lattice period, o7, = 0 (solid S
line), o, = 1 nm (dots) ‘g 1075 3
2
£ 10°4 .
107 4 3
10°
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Figure4.10 illustrates the effect of SL period fluctuations on the convoluted the-
oretical intensity simulated for the superlattice used in Fig.4.9. The solid line and
dots correspond to the values o7, = 0 and o7, = 1 nm, respectively. When the value
Ap is found, the reflectivity (in case of diffraction called diffractivity) (4.6) can be
found. The diffracted intensity is calculated based on (2.10) and (4.99), taking into
account that the sectional area of incidence beam is Ly Ly sinwin = LxLy|ugl/ko
and of diffracted beam L L sin woue = Ly Ly|ug|/ ko, we obtain for reflectivity:

IR = |ApP |22 (4.118)

4.4 Grazing Incidence and Extremely Asymmetric Diffraction

In Sect.4.2, the expressions for the extinction length (4.60) and the region of the
Darwin table 2aqge have been derived:

/| SIN Wi SIN Wey| 4 sin woyt
LBragg,e = > 2Oledge =2 [|l——]
kolx (H)| sin wip

The following approximation is assumed to be valid at Bragg condition: yg =
ko sin win, Yo + H; = ko sin wyy;. At the grazing incidence or exit angles of X-ray
beam, the extinction length tends to approach zero, which means that X-ray wave
field in the crystal is confined into a thin under surface region. This fact enables
to perform a sensitive depth-resolved study of the sample surface properties [31],
demanded by technology in recent decades. The extinction length, however, does not
reach an exact zero value as well as the Darwin width is not equal to infinity. The
reason preventing this behavior is a natural parameter called the angle of the total
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external reflection (TER) (3.15). The extinction length takes the extreme value when
the specular reflection and the Bragg diffraction condition occur simultaneously. At
these conditions, the approximate solutions (4.41), (4.42), and (4.47) of the disper-
sion equation are no longer valid, since the diffraction corrections §; s are of the same
order of magnitude as the values yo(yx) and the higher orders of §; s in (4.37) and
(4.46) can not be neglected. Thus, the dispersion equation of a higher order has to be
solved, and physically that means a larger number of the waves are interacting with
each other.

There are several widely used geometries which combine the effects of X-ray
specular reflection and Bragg diffraction. Here we consider two of them used often
in the practice: extremely asymmetric diffraction (EAD) and grazing incidence dif-
fraction (GID). The former uses a coplanar geometry at which the incidence (or exit)
angle is close to the angle of total external reflection [11], Fig.4.11. The latter uses
a non-coplanar geometry, at which the diffraction vector lies close to the surface
plane (the diffracting crystallographic planes are almost perpendicular to the crystal
surface), the incident angle and the exit angle of the diffracted wave are close to the
angle of total external reflection [32], Fig. (4.12).

The dispersion equation in the case of EAD has a specific feature [33], which is
discussed below. The transformations resulted in (4.37) are valid in this case, and
the correction § satisfies the equation:

(53, +2510] [87, + 251000 + H) +0] - 0, (4.119)
=81, + 8] 2H, + 87 (@ + 4H.y0) + 281 syt — Q5 = 0.

Fig. 4.11 EAD geometries:
grazing incidence (left) and
grazing exit (right)

Fig. 4.12 The sketch of GID A,
geometry @}{\

Bragg planes corresponding to H
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However, the estimation (4.40) and the solution (4.41) are no longer valid for EAD.
Indeed, in case of grazing incidence angle and large outgoing vector the value of yy
is close to zero. As a result, in the first term the parameter Bf,s can not be neglected
as done with the term 28; ;). The correction § is a small quantity comparing to H,,
thus the value 8‘1"5 can be omitted because of its smaller order than Sf”s 2 H, however,
all other terms are of the same order as the latter term. In the limiting case, when
the deviation from the Bragg condition « and yy are equal zero, the estimate for the
correction § is written as:

Qs

2
~ 3ko. 4.120
2. [ xH|3ko ( )

~ 3
8EAD, exact at Bragg ™~

The correction §, being a small quantity, is | x 7 |’% times larger in EAD case than in
the ordinary Bragg case (4.40). The simultaneous effects of specular reflection and X-
ray diffraction results in a stronger alternation of the dispersion surface comparing to
the alternation caused by both phenomena acting independently. There is a common
rule, which is applicable in this case: the higher the degree of the degeneracy of the
states under perturbation, the larger the effect of the perturbation is.

Under the grazing incidence EAD condition, there are 3 waves which are close to
the Bragg condition: the incident wave, the reflected wave and the diffracted wave.
In the solution (4.32) for dispersion equation, there are 3 roots to be selected, two of
them are close to the values £y (4.35) and one corresponds to yg — H; (4.43). The
fourth root corresponding to the specularly reflected diffracted wave can be taken
as —yy — H; (see (4.47)), and this wave can be excluded from the consideration.
Another way to solve the dispersion equation is to formulate it with the notations
10, vH from the Egs. (4.35) and (4.43) in the form:

[ =] [+ H0? = vE] - 0o~ @.121)

[u2 - Voz] [+ H) = yu] 2y — Qs =0, (4.122)

where the approximations of u as a small quantity and (u+ H;) + yg as 2yg are used,
which results in a 3rd order equation providing 3 roots in the vicinity of the Bragg
condition. The boundary conditions have to be written for all 3 waves described above
[29]. The specularly reflected diffracted wave is weak, about | x i | in magnitude, and
the same is true for V4. The amplitude A4 in the boundary conditions can be omitted
with the same accuracy, too. By neglecting the 4th column in the expressions (4.96)
and (4.97), there are 4 equations for 3 unknowns variables. In the vicinity of the
Bragg condition, the roots u1, u>, u3 are much smaller than H, due to the grazing
condition, and the 4th row in expressions (4.96) and (4.97) is proportional to the 2nd
one, and thus the 4th row can be discarded from the calculations. The geometrical
factors p; j; pi.j» qi,j; Gi,j» i, j: 7i,j in the Eqgs. (4.96) and (4.97) are close to unity
provided the roots are close to each other, and the result is:
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1 1 1
SE = Viy Vay Vas | (4.123)
Uy,s U2 U3

Using the expression for the wave in the vacuum as in (4.99) and combining the
amplitudes into a vector A®Y) = (1, Ar, An), the matrix S is written in the form
of:

1 10
sw=1lo0o 0 1]. (4.124)
uy —ug 0

We use here the physically reasonable assumption of damping wave in the sub-
strate, which correspond to the incoming wave with the dispersion equation root
possessing the positive imaginary part, the vector of the amplitudes inside the sub-
strate has a form AC*?) = (A 4, 0, 0). Applying the boundary conditions (4.106),
we arrive at 3 equations for 3 unknown variables Ar, An, A1 s. At the grazing inci-
dence EAD condition, the wave vector corresponding to the specularly reflected wave
is changing due to the diffraction process, which results in a small zigzag feature in
the reflectivity curve shown in Fig.4.13. Due to the refraction phenomena, a spike
in the diffracted intensity appears at the angle of the total external reflection, which
is similar to the Yoneda wing discussed in Chap. 5.

The grazing exit EAD case can be treated in a similar way as grazing incidence
EAD case. The dispersion equation is simplified to:

2y0 [u — Vo] [(u + Hz)2 - J/;zl] -0, =0, (4.125)

providing 3 roots corresponding to the incident, the diffracted and the specularly
reflected diffracted waves, all of which are close to the Bragg condition. In the bound-
ary conditions, the specularly reflected wave, being far from the Bragg condition, is

Fig. 4.13 Diffracted inten- 10°

sity (black line) and reflected coxiorl

intensity (gray line) at EAD 10"

condition. The inset shows 5010

the variation of the reflected 102

intensity at the region corre- 0K

0

sponding to the Bragg peak.
The curves are simulated for

Si (224) crystal with 8° mis- 4
. 10

cut of crystallographic planes

with respect to the sample .

surface, CuK-« radiation, and 10

o polarization )

2
IRF, 11

00 02 04 06 08 1.0 1.2 1.4
o, , deg
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omitted and thus the second column in the expressions (4.96) and (4.97) is discarded.
In the vicinity of the Bragg angle, the values u; ; + H; are small, and the values u; s
are close to — H,, therefore the 1st and the 3rd rows are almost proportional to each
other. Discarding the 3rd row:

1 1 1
S}j*” — Vi Vi Vi . (4.126)
(ul,s + Hz)Vl,s (MS,S + Hz)V3,s (u4,s + Hz)V4,s~

By neglecting the reflected wave in a vacuum and combining the amplitudes into a
vector A® = (1, Ay, 0), the matrix S™ is written as:

1 0 0
sW=(o 1 1}. (4.127)
0 —ug uy

In the substrate, there are two damping wave fields corresponding to the incident
and specularly reflected diffracted waves, and the vector of the amplitudes has the
form AC"P) = (A, 0, Asy). Applying the boundary conditions (4.106) formu-
lated with the matrices (4.126), (4.127), there 3 equations for 3 unknown variables
Ag, A1, A4 are finally obtained.

After all the amplitudes are found, the reflectivity (4.118) can be calculated, which
approaches the unity at the Bragg condition. The amplitude of the diffracted wave
Ap, however, can be larger than the amplitude of the incident wave, which assumed
to be equal unity, due to the factor |u g /ug|. This factor describes the ratio of the
incident and the diffracted beam sectional areas. In the case of grazing exit EAD the
sectional area of the diffracted beam is Ly Ly|ug|/ko, which is essentially smaller
than that of the incident beam Ly Ly|ug|/ko. Thus, the intensity of the diffracted
beam is amplified in |ug/u | times, and this effect of the geometrical magnification
is used in the applications of EAD geometry for X-ray optical elements [2].

In the case of GID, all 4 waves, incident, reflected, diffracted and specularly
reflected diffracted, are close to the Bragg condition. In the dispersion Eq. (4.121),
the values yyp, vy, H; are small, and the 4th order equation has to be solved [32]. An
analytical solution (4.33) is available for important case H; = 0:

2 2
YotV 1 2 .
ui,s=i/¥i/z(yg—y§,) + Q5 i=1...4 (4.128)

By considering the case of yg = yy, and in terms of the small angle wj,:

u = tkoy/ @2 + x0 £/ 0s. (4.129)

Comparing (4.129) to (3.11) and (3.15), two critical angles [32] can be introduced:
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which clearly indicates the synergy effect of reflection and diffraction phenomena at
GID condition.

As shown above, the correction to the dispersion surface at Bragg condition for
non-grazing geometry is of the order of | x g |k (4.40), and at EAD condition (4.120)

the correction is | x g | %ko, whereas at the GID condition, using (4.128) and (4.129),

the correction can be estimated as | x| %ko. The boundary conditions for GID case
have to be formulated for full 4 x4 matrix as in (4.95) and (4.100), according to the
general scheme described in Sect. 4.3. However, the application of the matrix method
for the multilayered systems under the GID condition in the form of (4.106) faces
certain numerical difficulties when the incidence angle of X-ray beam lies in between
6.1 and 6. 5. In this region, the matrices F" contain the growing and decaying
exponents, which leads to large and small addenda in the matrix elements and the
calculations require a high numerical accuracy. The required precision is different for
different angle regions and grows exponentially with the layer thickness. A recursive
algorithm has been proposed in [30], which overcomes this precision problem. In
this method, the waves are divided into groups, one with increasing and one with
decreasing exponents, the boundary conditions are formulated separately for each
group, and the recurrence relations establishing the coupling between the groups of
waves in adjacent layers are set up. The proper simulation of GID intensities from
multilayered samples possessing rough interfaces requires the accounting of X-ray
diffuse scattering accompanying the coherent signal diffracted from the structure
[34]. In this case, the matrix formalism becomes more sophisticated and needs a
prove of convergence of the algorithm as described in [34].

The grazing incidence diffraction is a non-coplanar technique, and there are sev-
eral ways to perform the measurements. The incident wave vector is uniquely defined
by two angles, e.g. the angle wj, between the wave vector k¢ and the sample surface
and the angle 6 between the projection of k¢ on sample surface and the vector H
[35]. In Fig.4.14, the dependence of the diffracted intensity /p on this two angles
is demonstrated, where 6p is an angle corresponding to the exact Bragg condition.
The direction of the diffracted wave is determined by the expressions (4.99). The
parametrization of vector kg by angles wip, 6 — 0p shows that u i becomes negative

when:
2

Pin (4.131)

0—0p < ———,
2sin 20

where the assumption of small angles wj,, & — 0p has been used. Figure4.14
demonstrates the behavior of the diffracted X-ray intensity described above, whereas
Fig.4.15 shows the section of Fig.4.14 at 0 = 6p. Atthe GID condition, the reflected
wave is modified due to simultaneous diffraction, as shown in Fig.4.16, where two
gaps correspond to two critical angles (4.129).
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4.5 X-Ray Diffraction from Lateral Nanostructures

In recent years the technological progress has opened up possibilities for fabrica-
tion of high quality semiconductor lateral nanostructures. This fact has stimulated
considerable experimental and theoretical activity in the field of mesoscopic sys-
tems. Quantum wires (QW) and quantum dots (QD) exhibit novel optoelectronic
properties which can be realized in modern semiconductor lasers and modulators,
x-ray optical elements and fiber communication devices. Significantly lower thresh-
old current densities of semiconductor quantum wire lasers in comparison with the
same characteristics of a respective quantum well structure improve the performance
of devices considerably. Besides the up-to-date fabrication technologies for defining
the vertical stacking, such as molecular beam epitaxy and metal organic chemical
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Fig. 4.16 Reflectivity at GID —— at GID conditions
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vapor deposition, nanolithography and wet-chemical and electron beam etching pro-
cedures have been developed to define the lateral confinement of low-dimensional
surface nanostructures. However, no one of them can produce a perfect structure.
The real structure imperfections, as strains in crystallographic lattice and fluctua-
tions of the wire shape, influence the device-relevant physical properties crucially.
Therefore, the developing of methods for the structural characterization of samples
play an important role in modeling of real nanostructures.

X-ray techniques take a special place among other methods due to their non-
destructive nature and their sensitivity to lattice strains induced during the prepara-
tion process [36—39]. Lateral surface gratings, such as quantum wires, give rise to
structured X-ray diffraction pattern. Both for coplanar and grazing incidence geome-
tries, equidistant diffraction maxima appear due to the lateral periodicity of the wires.
These maxima have a fine structure which reflects the detailed geometrical shape of
the wires and the strain status of the crystallographic lattice. In principle, the diffrac-
tion curves of GID from nanostructures contain direct information on the shape and
strain distribution within the QW, providing the possibility of a complete study of a
sample by a single method.

We use the distorted-wave Born approximation [37] for a theoretical description
of the diffraction process on the multilayered surface and buried gratings. To take
into account the double-diffraction effects, the perturbation theory was extended
up to second order, by analogy with [40]. This approach was already used for the
calculation of conventional X-ray reflectometry pattern in the Chap. 3.

The lattice and wire imperfections cause diffuse scattering accompanying the
coherent component of the output intensity. The incoherent component contains cer-
tain information about QW shape fluctuations, and interface [41, 42] and lattice
imperfections [43]. Although this component is clearly visible in some of the exper-
iments presented here, we simulate the theoretical intensities in the coherent approx-
imation to distinguish the principal features of the applied method.

The scattering of X-rays from lateral nanopatterns is described by the wave equa-
tion (we consider here o -polarization of X-rays)
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(a) m-th layer (b) q[001]
. - . ———————— 11004)

q[110]

Fig.4.17 aSample model of free-standing lateral nanopattern and detailed GID experimental setup
with all relevant angles depicted, b sketch of the reciprocal space showing the measured reciprocal
space points and the corresponding geometry

(A4 KDY (r) = V). (4.132)

The incident wave @ with vacuum wave vector K being scattered by an optical
potential V originates the wave ¥ (r) which can be written in general as

Y(r)=@(r) —{-/dr’ Go(r, YV Hw ') (4.133)

with Go(r, r’) as the Green function of the free particle. By using the Heisenberg
representation of quantum mechanics we express the solution of Eq. (4.132) in the
complete orthogonal basis of solutions for the wave equation

A+ KO =iy O, (4.134)

where (O (r) is the distorted wave scattered by the potential V;. This wave is
considered further as the initial state for the scattering by the perturbation potential
V, = V —V).Following perturbation theory, the eigenfunction ¥ (r) can be expanded
as the series

v =v O +y V) + @)+ ... (4.135)

where high-order approximations to ¥ (r) are calculated by means of the recursion
formula

v (r) = / dr'G(r, rYVarHv D) (4.136)

with G1(r, r’) as the Green function of a particle interacting with the potential V.
Let us now consider the multilayered gratings (Fig.4.17a) which can be buried

within the structure, in general case. The non-perturbed potential within layer m

Vl(m) is chosen to be proportional to the mean electric susceptibility of this layer

v = —K2 0™y = 62 ) + xS 2™ ). (4.137)
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Here the susceptibilities Xé;") and Xé?) correspond to regions a and b (Fig.4.17a),
respectively, which can be filled by materials with different refractive properties. The
Heaviside functions .Qém)(r) and .Q,Sm)(r) describe the geometrical configuration
of layer segments and are expressed by the Heaviside function of grating shape
£25G(r, z) and the function QI(V'I"L) (z) defining a vertical multilayered structure.

2y = Wy, 220 (2);
2"y = (1 — W), )20 @). (4.138)

We have chosen the perturbation potential V; in the form:

(m) _ 2 ih(r—u™ (m) (m) ~(m) 2, (m)

v = 2 [ o 4y 2" | =~k ), @4139)
Here we introduced the susceptibilities of regions a and b of layer m for grazing
incidence diffraction on reciprocal lattice vector k. The vector functions u ™ (r) =

(m) (r)+ Au (r) are the atom displacement functions describing the elastic defor-
matlon of the lattice structure and consisting of an undisturbed part &, (m) (r) originated
during the epitaxial growth and displacements Au (r) caused by grating-induced
periodic distortions during the etching process

Due to the periodicity, the susceptibility XG ] D of layer m can be expanded into
the series

: (m) -
XGip(r) = M) z @ (4.140)
with Fourier components

D/2
(m)
~(m)( ) = / dx efiHrHefihAu(’")(r)Q‘gm)(r)
-D/2
m D2

+Xh$ / dx ¢ HrI =AU 0 Q) (1), (4.141)
-D/2

where the vector H = D =L e, is the reciprocal grating vector and e, is the unit vector
in the x-direction. The reciprocal grating vector describes the grating truncation rods
(GTR), the two-dimensional diffraction pattern formed by the scattering process
on the periodic grating mesostructure. The position of GTRs in reciprocal space is
defined by the condition for the scattering vector Q| = K — Koy = b + H (Ko
and K are wave vectors of incident and diffracted waves, respectively).

Here we drop the cumbersome explicit expressions for the diffracted wave ampli-
tudes and refer the reader to the monograph [3]. For a simulation of the wave ampli-
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tudes, perturbation theory has been developed up to second order (4.135) giving a
DWBA of second order. In this way the mutual interaction between the diffracted and
reflected wave fields as well as the Umweganregung between the diffraction processes
forming different GTRs are taken into consideration. The grating structure acts as
transmission media both for incoming and outgoing (diffracted) waves. The changes
in the intensity profile caused by such a two-fold diffraction may be considerable in
comparing with the theoretical treatment based on the first order distorted-wave Born
approximation. The structure amplitude of layer m corresponding to the reciprocal
lattice vector h is composed of the scattering amplitudes of different GTRs:

SYV(Q) =42 D" 8(Q) — hy — H)S{" (0., (4.142)
H

where the amplitudes S ,%;(Q ) are defined by

Zm+1
i (m) .
Si(zml)i(Qz) — pthzam—ug; @m) / dz X}E’"}; (z)e'(Qe—h)@=zm) (4.143)

Zm

~ (m)

The values x;, 1@ for the freestanding wires (Fig. 4.17a) are calculated by Eq. (4.141),
neglecting the second term. Formula (4.143) represents the contribution of one layer
to the scattering amplitude of one grating truncation vector H. To evaluate the total

layer scattering amplitude, we replace the periodic grating shape function .Q,Em) (r)
and grating-induced displacement function U (r) = exp(—ihAu" (r)) by their
Fourier transforms:

U™y => U@, 2me =Y el @t 4144
H H

Upon substituting the expression (4.144) into Eq. (4.141), the layer scattering ampli-
tude for freestanding wires is derived from (4.143):

i () = x> / dz e G 20 L) (4.145)
H/

In the case of buried gratings (overgrown by other plane layers), this function is
modified to

S0 = Gy~ 3 [t oel) e
H'#H

+ [ dz e iU G (4.146)
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The first term in Eq. (4.146) is proportional to the compositional contrast x;, , (m) _ X ;lzn)
between the segments of the (a) real and (b) “inverted” wires. The second term
describes the scattering on the mean virtual layer with the susceptibility (x, (m) )
averaged over the grating period.

In the quantum wires, the lattice displacements are expected mainly in the ver-
tical z-direction and lateral x-direction, neglecting the strain fields along the wires
(y-direction). Thus choosing the reciprocal lattice vector k& to be perpendicular to
displacement vectors #™ (i.e. parallel to y-axis), the diffraction process is insen-
sitive to the strain distribution within sample because all the vectors U (",1;0 vanish.

In our case this situation corresponds to diffraction on (220) reflection (transverse
scans, see Fig.4.17b), and from GTRs we obtain information about the shape and
composition of wires. Conversely, longitudinal scans from the strong (220) reflec-
tion include information on both the shape and the strain. According to the theory
developed above, the combination of longitudinal and transverse scans gives a com-
plete knowledge about the strain profile, shape and composition of free-standing and
buried quantum wires. Moreover, the separation of the information in different types
of scans simplifies the analysis of diffraction curves and eliminates ambiguity during
the fitting of experimental data.

The coherent intensity of diffracted waves scattered by layer m to the position of
the GTR in reciprocal space is proportional to

w¢M<Qa==—Kaﬂwmwyw@gbnﬁ>+Rx”sr«¢r»nﬁ>

Here the transmitted and reflected wave amplitudes TO( h) and R0 h ) of incident and
diffracted waves are calculated on the ba51s of the Fresnel formalism for an undis-
turbed potential Vj. The values qzo ™) and qzl ™) are determined from

WK -KYS P =KD AR, G
where the z-components of the wave vectors of incident and diffracted waves in layer
m are related to the mean layer susceptibility (scattering by potential Vi) by

Ky = K2 00™) = K7

i Ke" = K2 (") — K2 (4.149)

I’

As mentioned above, the diffuse component of X-ray scattering was not taken
into account in our simulations. Some contribution of diffuse intensity is evident in
the measured diffraction curves [37] as a broadening of the peak bottoms and side
wings that causes a slight discrepancy between theory and experiment. Certainly, the
incoherent scattering brings valuable information on structure imperfections, and
this topic is discussed in the Chaps. 5 and 6.
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Fig. 4.18 In-plane scans
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Figure4.18 demonstrates the GID experimental and simulated results [37] for the
sample, schematically shown in Fig.4.17a. The 5 nm thick Gag 97Ing03As single
quantum well has been grown on the GaAs (001) substrate, and capped by a GaAs
layer with a nominal thickness of 20 nm. The pattern, a one dimensional grating
along the [110] direction with a periodicity D = 250 nm and a nominal wire width
of #op = 95 nm, was created by lithography process.

The diffracted intensities have been measured from (220), (220) and (200) Bragg
reflections, performing both ¢ - and g,-scans. Figure4.18a, b and ¢ show the lon-
gitudinal (220), transverse (220) and (200) ¢ -scans, the experimental (dots) and
theoretical (lines) curves. Here we show the diffracted intensities recorded for only
one exit angle o ¢ corresponding to the value g, = 0.044 A1, The (220) diffrac-
tion curves at different incidence angles «; (Fig.4.18a) show a visible contribution
of diffusely scattered intensity appearing as wide wings at both sides of the crystal
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Fig. 4.19 Finite Elements Method calculation of the displacements §x (a) and §z (b) of the free-
standing nanopattern (quantum wires). The limits of the contour bands are given in units of 10~ nm

truncation rod. Their appearance is a consequence of the trapezoid shape of the wires
but their intensity is caused mainly by the defects located at the wire side walls. The
transverse scan across the 220 reciprocal lattice point shown in Fig.4.18b provides
a unique possibility to investigate the geometrical parameters of the quantum wires
because of the insensitivity to the strain profile of the sample. Finally, the GTRs of
the weak (200) Bragg reflection (Fig.4.18c) give a measure of the scattering con-
trast between the base compound of the wire (GaAs) and the single quantum well
(Gagp.97Ing 03As) embedded into the wire. The diffraction pattern from this reflection
is also sensitive to the strain profile. The phase shift induced by the single quantum
well and the interference between surface and quantum well scattered waves produce
an anharmonic modulation of GTRs, typical for (200) reflection.

Thus, by measuring and evaluating X-ray diffraction curves in various geometries
including GID, we are able to comprehensively characterize the complex semicon-
ductor nanopatterns possessing both vertical and lateral structures (quantum wires
and quantum dots). Whereas the transverse scans make it possible to study sepa-
rately the shape of the QW, the longitudinal scans across the (220) Bragg reflection,
being sensitive to the strains, allows a check of the validity of the displacement pro-
file simulated by a finite elements method (Fig.4.19). From the whole set of X-ray
measurements, the shape and dimensions of nanopattern elements can be deducted
as well as the crystallographic lattice strain status of embedded quantum wells is
evaluated, too.
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Chapter 5
Diffuse X-Ray Scattering from Imperfect
Surfaces and Interfaces

In the Chap. 2, the description of the interaction of X-ray radiation with media (X-ray
optics) has been shown to be based on the solution of wave Eq. (2.2)

(A+ DAL, w) + Vi lpr), Sp(r)]A,(r, w) = 0. (5.1)

The scattering potential is obtained by the averaging of the Hamiltonian over
the microscopic condition of the media. The potential is defined by the formula
(2.3) and linearly depends on the distribution of the electron density p(r) inside the
sample and on the shape of macroscopic elements S, (r) (containing the number
of macroscopic scatterers) inside the investigated sample. In the previous chapters,
these values were defined by simple functions depending on few parameters, which
are modeling the structure of the sample (atomic concentrations, relaxation degree
of the crystallographic layers, etc) and the boundaries between the sample elements
(interfaces, layer thicknesses). This approach, however, describes the real samples
not accurately enough for some applications. Having the same microstructure, dif-
ferent samples may have various macroscopic fluctuations from real model, e.g.
the randomly located atomic and electron density fluctuations, the defects of the
crystallographic structure, the irregular shape of the boundaries between the sample
elements caused by the growth conditions. All these distortions of structure have to
be taken into account in the analysis of scattered X-ray intensity profiles.

The various aspects of X-ray scattering from imperfect media possessing uni-
form and crystallographic structures have been considered in numerous monographs
and reviews (for example, [1, 2]) In present chapter, the general statistical approach
based on the distorted-wave Born approximation is used for accounting of structure
fluctuations. This approach is further applied for calculation of diffuse X-ray scat-
tering under the reflection condition from the boundaries between different media
(layers) possessing the roughness, and for simulation of X-ray scattered intensity
under grazing-incidence small-angle condition (GISAXS) from the samples with
macroscopic non-uniformity.
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5.1 Statistical Approach for X-Ray Scattering from Imperfect
Structures

To evaluate the physical structure of the investigated sample by using experimental
X-ray scattering data, the direct problem must be effectively resolved, i.e. the X-ray
scattering intensity has to be accurately calculated based on the sample model para-
metrized by physical parameters. The very detailed modeling of the imperfections
of structure requires a large number of parameters, which practically cannot be iden-
tified due to the limited resolution of X-ray detector and optics, which averages the
scattering from the fluctuations. Therefore, the statistical approach is proved to be
most effective in description of X-ray scattering from imperfect structures.

Here we remind the basic principles of the statistical description of the scattering
problem. Despite of any sample has a deterministic structure, the irregular character
of fluctuations p(r) Sp(r) makes it possible to consider the sample as a statistical
ensemble, each element of which differs from others by the distribution of fluctuations
over the sample volume. The whole ensemble can be characterized by the set of
stochastic functions {p(r)} and {S‘b (r)} and then the statistic distributions @ (p, S‘b)
are modeled instead these functions.

All further calculations are based on the ergodic hypothesis (see, for example, [3]):
for the physical value M[p(r), Sp(r)] depending on p(r) and Sp(r), the averaging
over the random fluctuations of these functions can be substituted by averaging over
the ensemble of stochastic functions p, Sp:

M{p(r), Sp(r)] = / dpdSyM(p, Sp)P (B, Sp). (5.2)

The essential advantage of the statistical approach is a small number of parameters
modeling the principal qualitative features of the fluctuations in real samples (see
Fig.3.9). Another advantage of this approach is a natural estimate valid for all macro-
scopic systems consisting of N elements: the relative fluctuations £ = o/ < M >
for the observed physical value are of order ~ 1/+/N [4]. This fact makes it possible
to derive an approximate solution of the Eq.(5.1) and any observable characteristic
of the system as a series on parameter £ by using the DWBA (Sect.2.2).

The general scheme of the expansion of the Eq. (5.1) assumes the scattering poten-
tial and wave field to be the functional of the stochastic functions:

A +kg + Vi, SSHIAL(r, w, {5, Sp}) = 0. (5.3)

The part of this equation which is determined by the average values of the functions
over statistic ensemble due to linearity of the scattering potential is:

Valp(). Sy ()] =V, (5. So1) = V(71 (86
p(r) = 1{p},  Sp(r) = {Sp). (5.4)
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In the scattering theory, this component of potential is called “coherent” [S] because
of its amplitude is proportional to the whole number of the scattering centers N. The
wave equation with this potential:

(A +KB4+Vulpr), Ss(MA,(r, w) = 0;
Ay (r,w) = Ay(r,w, {5, Sp)), (5.5)

determines the propagation of the coherent wave [6] with non-zero amplitude after
averaging over the statistical fluctuations of sample parameters. This equation has
been considered in Sects. 3.2, and 3.3 for the description of X-ray optical reflectivity
and diffraction. Despite of the small magnitude of the amplitude of the coherent
potential, which depends on the X-ray polarizability |y| ~ 107>, the influence
of this amplitude on the wave scattering in the media depends on the relationship
between sample size L and extinction length L., = (k| XD~ or finally on the
parameter koL |x/|. For majority of real samples, this parameter becomes a unity and
therefore the propagation of the coherent wave in media should be considered beyond
the perturbation theory, for example as X-ray reflectivity and dynamical diffraction
processes are treated. The incoherent component of the wave field:

ANC(r,w) = Ay(r,w, (5, Sp)) — Au(r, w), (5.6)

after the averaging over the fluctuations appears in the quadratic terms of wave
parameters which are proportional to the density matrix of the scattered radiation [7]:

My, (r, 1) = Ay (r, A5, SeD AL, (5, Sp)). (5.7)

Therefore, after the averaging of expression (5.1) over the statistical parameters
of media, the wave equation for coherent wave (5.5) is bound to the equation for the
density matrix of wave field, which depends both on the averaged value (5.4) and on
the correlations of the fluctuations of the scattered potential. The theory describing
the evolution of wave field in fluctuating media has been developed in work [8] and the
statistical approach for X-ray dynamical diffraction theory in imperfect crystals was
derived based on this theory (see, for example, [9] and citation therein). Within the
framework of this approach, the Eq. (4.1) describing the diffraction of coherent wave
in ideal crystal are connected to the equations defining the variation of the radiation
intensity caused by the scattering from the defects of crystallographic structure. Thus,
the final equations describe the redistribution dynamics of the coherent intensity into
incoherently scattered waves during the propagation of the radiation inside crystal.

However, the information derived by such approach is oversampled because of
the X-ray scattered intensity is recorded by detector placed outside the studied crys-
tal. Therefore, an alternative approach is used for accounting of incoherent scatter-
ing in the detected intensity. In this approach, the averaging over the fluctuations
of media is performed not in the Eq. (5.1) but directly for the cross-section of the
observed X-ray intensity (2.31) at the detector position placed at far distance from
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the investigated sample. For the wavelengths region corresponding to X-rays, the
use of non-perturbative theory for the solution of (5.1) is only necessary for coherent
wave due to small amplitude of the scattering potential. All the incoherent channels
of the scattering can be taken into account by DWBA approach. The accuracy of the
approximation in each order of DWBA is defined by the contribution of the sequen-
tial approximation. The algorithm utilizing this fact was proposed in [10] for the case
of X-ray reflectivity (see also Sect.2.2), where the influence of incoherent processes
on the formation of coherent wave was accounted by self-consistent choice of the
coherent potential of the scattering.

The method proposed in [10] can be formulated in a general form for scattering
problem described by Eq. (5.1) for arbitrary scattering potential. To construct the
zeroth approximation of DWBA, the coherent non-stochastic potential V. is intro-
duced and the Eq. (5.3) is written in the following form:

(L+EVIYAN>=0; L=A+k+Ve V=V -V, (5.8)

where V. can be an integral operator in general case.

Here, the symbol |A) > is introduced for the state of electromagnetic field
described by the solution of wave Eq. (5.3). This equation corresponds to the state
A >= e, exp(ikr) in vacuum for the incident wave with wave vector k and polar-
ization ey, thus the state index is defined by parameter A\ = (k, es) (Fig.5.1). The
formal parameter ¢ is introduced for ordering the terms of the series on the fluctuation
component of the scattering potential ~ 1/4/N and the value £ = 1 is assumed in
final expressions.

For the solution of wave equation in zeroth approximation of DWBA, the method
is used which delivers the vector of wave field |A. » > not using the kinematical
theory and with accuracy ~ |y|? for arbitrary sample size. The following notations
are used for this solution (Fig.5.1):

Fig. 5.1 The states of the

electromagnetic field in the

statistical approach to the

scattering problem ’)\> e

€, X
Kk N

S(r) %) 145)
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A4k + VAL, >=0;
|Aj,\ >=|A > _éOVc|Aj)\ >3 |A;)\ >= |\ > —GSVCLA;/\ >;
LoGo={A+KkGo=1; LE={A+i2+ V)6 =1
+

A AN>< Al 4 A7 >< AL)\|
=3 P gy Bt tal )

0 kg — k> —i0 S ko—kz—O
The solutions |Aci , > correspond to divergent (convergent) spherical waves at

large distance from the scatterer (see Sect.2.2), the Green functions Go and G cor-
respond to the wave equations in vacuum and in media with coherent potential,
respectively.

The DWBA series for the solution of Eq.(5.8) with asymptotic of the divergent
wave and with the accuracy up to the terms of the second order of £ is written as:

|Ay >= A > —[GoV. + GV — EGVIGV + .. 1|1AT, >. (5.10)

Using the asymptotic of Green function (2.45) at large distances from the scatterer:

R eikor R eikor
Go=— Al G=-— AL, 5.11
0 4rr <Al 47y = C')" ( )

the radiation flux can be found, which is scattered without change of the frequency,
and the differential cross-section (2.31) can be derived, which has to be averaged over
the ensemble of stochastic functions (5.3). Substituting the vectors (5.10) into (2.31),
the expression for the differential cross-section of scattering with required accuracy
is found, which corresponds to the transition of electromagnetic wave between the
states |\ >— |\ >

do(N. ) 1

N (4n)?

ITN, V2= [To(N, VI + 26/TF N, VTV, N}
+ E(TIN, VP = 27T (N, VLY, V)

sin? 01| T (N, V)2,

To(N. ) =< N|Ve|Af, > nu/m—«ugxmv VolAS,

TV VR =1 < AL IVIAL, > I

|v1|A+A ><AMI|vl|AaA
k3 — k3 —i0

MMM:E: Aex

Al

(5.12)

All the amplitudes in (5.12) depends on the choice of coherent potential in the
Eq.(5.8). The coherent peak in the scattering cross-section is defined by the first
term in Eq. (5.12), and the value of parameter )\, for scattered wave corresponding
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to this peak depends on the experimental setup and sample model. For instance, in
X-ray reflectometry the coherent peak corresponds to the specular reflection under the
condition of the conservation of the projection of wave vector to the sample surface
k{)” = k. In the case of two-wave diffraction, the coherent peak is determined by
the vector with lateral component k= k| + H, and the amplitude of this peak
becomes essential if the vector k is located near the Bragg condition.

The basic idea of the self-consistent approach is in the choice of the potential V. in
such a way that it contains the contributions of further after the zeroth terms of DWBA
into coherent peak. This fact permits to obtain the equation for coherent potential,
the form of which changes in dependence on the accuracy, required for accounting
of fluctuations. A similar approach has been developed for uniformly fitted solution
of Schrddinger equation and several other quantum systems (see review [11]).

To satisty all the above-mentioned requirements, the potential V. and correspond-
ing vectors |Af y > have tobe selected in the form providing the sum of all corrections
to the coherent peak to be zero in each order of approximation. For the terms with
quadratic order of fluctuations, the condition has to be satisfied (£ = 1):

R{< )\|\7€+|Ai% >< A;A6|\71|AiA >+
{IT1 (NG, M2 = 20T (\g, M T2 (Ay, M} = 0. (5.13)

The detailed form of Eq. (5.13) with substituted amplitudes:

(< NVFIAL, >< AD, VAL, >} 41 < A7y V1Al > P
—2M{< A[VFIAT, =< A IViGV|AT, >} =0. (5.14)
Y ) ,

By re-defining the coherent potential:

~

V.=V +X. (5.15)

and in the absence of correlations in fluctuation potential, the term Vi \71+ =

‘71 X \71 = 0. Therefore, the only first term remains in Eq.(5.14), which leads
to the following result: the coherent potential coincides with the averaged scattering
potential of media (X = 0) in this order of approximation:

<

Ve = (5.16)

However, the correlations exist in real samples and the coherent potential has to
be re-normalized due to the re-scattering processes, which change also the coher-
ent wave |A:r_ y > in wave Eq.(5.9). To calculate the correlation contribution of

X into coherent potential (5.14), the following non-linear equation in coordinate
representation is used:



5.1 Statistical Approach for X-Ray Scattering from Imperfect Structures 177
X(r)AL (r)
1
= ﬂ/dr A~ *, K@, r) = Xt ()X NAL ()AL (r)
/dr (K(r,r)— XT(r")X@HG(r, r)A+)\(r)

J=< ANV +XF|AY, > (5.17)
Ao

Here K(r,r') is a two-points correlation function of the fluctuations of scattering
potential:

R, r) = VEa V() — V)V (). (5.18)

Because of the pole existing in a spectral expansion of the Green function [12]:

6 / diey ALY (FAT, ()
213 k3 — ki +i0
dk

@2m)? 0~k

—= A (AL, () |:P — —ms(kg—k%)}, (5.19)

both the real and the imaginary parts of the coherent potential are re-normalized.
The imaginary part of the potential takes into account the weakening of the coherent
wave due to the scattering from the fluctuations the media.

The Eqs. (5.9) and (5.17) are the system of self-consistent equations for the coher-
ent potential and corresponding coherent wave under the assumption of two-point
correlations in the fluctuations of the scattering potential. Despite this expression
is obtained within the framework of DWBA of the second order, the contribution
of the correlations is not necessarily to be small, being summed up over all order
of DWBA series. For the selected above form of the potential, the additional terms
created in the further orders of the expansion (5.9) vanish for two-points correla-
tions. The further correlations to the self-consistent coherent potential are related
to the three-points correlations. Within the validity of the discussed here approach,
the Eq.(5.17) is equivalent to the equation Bethe-Salpeter for effective scattering
potential [13], which is used in [8] for propagation of radiation in fluctuating media.

The solution for the Egs. (5.9) and (5.17) can be found by the iteration method.
The convergence of the iteration solution (5.22) is defined by the contribution of the
correlations into coherent potential, which can be estimated as follows. Assuming
the size of fluctuations to be small comparing to the extinction length for used X-ray
radiation, the scattering from each particular fluctuation is described by kinematical
theory, which means [14]:

2
e L
—k—fnf <1 Ly~ Q)" (5.20)

mc
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wheren ¢, L ¢, §2y are the electron density, the average linear size and the volume of
fluctuation, respectively. The correction for the coherent potential caused by inco-
herent scattering from fluctuations is then estimated as:

~

Al V+ O = V(1 +&):

ng ,Lys$2
5~(f>2 N~(f)2 2L (521)
e e LRf

Here n, and L are electron density and linear size of the whole sample, N is the
average number of fluctuations, and Ry is an average distance between them. All
these values depend strongly on the character of fluctuations. For example, for X-ray
reflection from rough surface with root mean square of roughness amplitude o and
average distance between repeating roughness profiles (lateral correlation length)
L.:

2

LL.

For the X-ray diffraction in crystal possessing dislocations [1], characterized by
length L4, cross-section Sz and volume density C, the corresponding parameter is:

(Sde)4/ 3

Provided the condition £y < 1 is satisfied, the first non-zero corrections for the
potential and for the equation for coherent wave are written as:

XOraf Ve
% dr /Ac‘jfo)(r/)lé(r, AT A )
/dr K(r.rGr.rhAT D))
(Lo+ VAT =0; Jo = /drese*"’"w—(r)A:fgo) (r);
Lo+ V() + XO@pa Ve =o. (5.22)
The cross-section of coherent scattering is then calculated by formula:

d05(>\/ ’ )\) _
dNy  (4m)?

sin? 01, < \IIV () + XD oa > 2 (5.23)

where the contribution of the re-scattered from fluctuations radiation into coherent
peak is taken into account.
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As was demonstrated in the work [10] for X-ray reflectivity from rough surfaces
and interfaces, the self-consistent potential permits to avoid the terms in calculation
of coherent peak, which tend to increase in magnitude with the increase of the
scattering angle. To exclude such a non-physical behavior, the phenomenological
procedure of “exponentiating” has been used in [15, 16], which is not applicable for
large roughness or high scattering angles (see also Sect.3.2).

The cross-section of incoherent (diffuse) scattering at \' # )\6 is defined by
two-point correlation functions of the potential:

dope (N, /\)| sin291s
aN NEN T Tam?

[/dr/d,- A (0)( )A_*(O)(r)K(r r)A+(0)(r)A+*(0)(r)

29 [Jo/dr/drA W OKRE G A @ )“ (5.24)

Using for the functions A+( ) (r) the solutions of the wave equation corresponding
to the ideal interface, the formula (5.24) becomes equivalent to the expression for
the cross-section of incoherent scattering from rough interface obtained in [16] with
the DWBA method.

5.2 Diffuse Scattering from Roughness in XRR Geometry

The theory presented in the previous section is applied below for the description of
incoherent X-ray scattering from rough surfaces and interfaces in X-ray reflectivity
technique. The real surfaces are not ideally flat and have non-uniformities, which
result in the dependence of electron density and X-ray polarizability on both z- and
lateral x- and y-coordinates. The most common imperfection in XRR technique
is a roughness of the surfaces and interfaces [17]. The presence of the roughness
redistributes the scattered X-ray radiation at grazing incident/exit angles.

To simulate the scattered X-ray intensity in this case, the certain model for the
statistical distribution of roughness has to be selected. First of all, we consider here the
scattering from single surface, for which the recognized fractal model of roughness
is used [15]. This model is applicable for most of the surfaces investigated by XRR
method, however, some samples reveal different from fractal behavior like stepped
staircase one in some semiconductor structures [18].

To implement the fractal model of roughness, the general structure of the scattering
potential is considered here. Assuming the axis z is perpendicular to the sample
surface as shown in Fig. 5.2, the dependence of X-ray polarizability x on coordinate
is expressed as:

x(r) = xoH[z — zo(x, y)I, (5.25)
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Fig. 5.2 X-ray scattering
from rough surface, the angles
« and [ correspond to the
incidence and exit beams,
respectively. R(«) is the
amplitude of specular reflected o
wave; T («, (3) is the amplitude N\
of diffusely scattered waves; 7/ // /7// //
015 is the angle between

polarization vector of the

incident wave and scattered

wave vector

where x( is a polarizability of the uniform media, H(z) is a stepwise Heaviside
function, and zo(x, y) is a function describing the real shape of the investigated
surface.

The physical background of the model with sharp surface/interface as in expres-
sion (5.25) requires additional explanations. At the border of two real media there is
a ultra-thin transition layer created by the atomic structure of surface and the char-
acteristic dimension of this layer is comparable with the wavelength )\ of X-ray. For
the XRR technique, however, the essential information on the sample is localized
in the X-ray intensity scattered at small angles comparable with critical angle of
total external reflection & ~ e ~ 1072 = 1073. Thus, the non-uniformity with the
dimension (mesoscopic scale) is only effective:

A
Ax ~ Ay ~ A\, ~ — ~ 10 =+ 10’ nm, (5.26)
Qe

which is substantially larger than atomic non-uniformity (microscopic scale). There-
fore, the transition layer composed of the electrons of the surface atoms in the poten-
tial (5.25) can be neglected.

Thus, the three-dimensional wave equation for each transversal component of vec-
tor potential of electromagnetic field with effective scattered potential V (r) should
be considered for the scattering from rough surfaces and interfaces:

[A+k§+ V()]A(r) =0
V(r) = kéXOH[z —zo(x, VI; ko =w/c =27/ (5.27)

The resulting wave field A, (r) is a functional of zo(x, y). The wave is scattered at
different angles to the sample surface, in opposite to the reflection from ideal plane
surface. The intensity of specular reflection | R(cv)|* of the coherent scattering (5.23)
is proportional to the sample surface area. Therefore the amplitude of specular peak
is essentially higher than the amplitudes of the waves scattered at other than specular
angles. This off-specular scattering constructs the profile of X-ray diffuse scattering
IT (v, 3)|* shown in Fig.5.2 and described by incoherent scattering in Eq. (5.24).
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In the fractal model of roughness [15], the surface is assumed to be spatially
uniform and the average value of the function < zo(x, y) > does not depend on x
and y. Therefore, the plane of the surface can be selected to satisfy the condition
< zo(x, y) >= 0. The one-point distribution function of the roughness amplitudes
P(a) defines the probability density to find the roughness with amplitude zo = a ,
and it is also independent on the surface coordinates. For most of the applications,
the Gaussian distribution is chosen for it:

1 2,52
P(z0) = ——e ¢ /277 5.28
(z0) = (5.28)

where the parameter o is the root mean square of the roughness amplitude.

In accordance to formulas (5.23) and (5.24), the intensity of the scattered radiation
depends on the two-points correlations of scattered potential, and one parameter o
is not enough to describe correctly the scattering from rough surface. To average
the intensity over the random function z(x, y), the correlation between functions
zo(x1, y1) and zg(x2, y2) in two different points of the surface has to be taken into
account. Because of spatial uniformity, this correlation function C(x, y) depends
solely on the distance between these points:

< zo(x1, y1)zo(x2, y2) >=C(x,y) = C(R),
R=x>+y> x=x1—x, y=y -, (5.29)

where the correlation function is normalized as C(0) = o2.
In general case, the profile of X-ray diffuse scattering depends on the function
C(R), and the work [15] introduces this function in the form:

R
C(R) = o2~ RIL" = 52¢, (L—) , (5.30)
C

with physical background based on the fractal model of roughness. This model is
most widely used up to date for the description of X-ray diffuse scattering from rough
surfaces and interfaces [19].

Thus, the surface of real nanostructures is characterized by root mean square of
roughness o, correlation length L., and Hurst parameter /, related to the fractal
dimension of roughness D as D = 3 — h. The evaluation of the samples possessing
the rough surface and/or interfaces is reduced to the fitting at these parameters to
minimize the difference between measured and simulated X-ray specular and diffuse
intensities.

There are several useful characteristics of two-point random function Z(R) =
[zo(x1, ¥1) — zo(x2, y2)], its average value and its dispersion are:

Z(R) =0; Dy =2[c> — C(R)] = 201 — Cy]. (5.31)
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The two-point correlation function of the distribution of roughness amplitudes
W(ai, az, R) corresponding to parameters (5.31) depends solely on the distance
between surface and can be found by using general theory of Gaussian fluctuations

[4]:

W(ay, a2, R) = Pi2(ay, a2, R) — P(ay) P(az)

a2+a2—2COalaz 2tal
S P e e
2ro (1— Cg)
o0
/ dajpWay, az, R) = 0. (5.32)
—00

Further we discuss the results obtained by different methods for calculation of
X-ray diffuse scattering from single rough surface within the model (5.28)—(5.31),
which permits to evaluate the accuracy of approximation in dependence on the para-
meters of the roughness.

The most simple approach is the Born (kinematic) approximation, when the scat-
tering potential V (r) in Eq. (5.27) is calculated using perturbation theory. In this
case, the zeroth approximation for the initial and final states is described by plane
waves, and according to the formula (5.12) the intensity cross-section is calculated
for the surface zo(x, y) as integrals over the sample volume

do B Sil’l2 0 1s 2

A,  l6m2

/ dre 2"V (r)

k4xo|? sin® @ X L,
= % / dre Q" H[z — zo(x, y)] / dr'e' " H[Z — z0(x', )],

(5.33)
where Q = p — k is the wave vector transfer of the scattering process (Fig.5.2).

Using the fact of the fast X-ray wave field attenuation in the media, the integrals
over coordinates z and z’ in expression (5.33) can be calculated:

4 2 in2
dO'B :k0|XO| s Hls/dr”/dr/le_iQZ[ZO(x’y)_ZO(x/’y/)]e_iQR’ (534)
d.Qp 167T2Q% S S

where Q; is a normal component of the wave vector transfer, the integration area S
is defined by the smaller of the quantities: the square of the interface S| in the plane
(x, y) or the incident beam footprint on the same plane S, (3.5); R =r| — ri‘.

To obtain the value of the observed cross-section, the expressions (5.34) have to
be averaged assuming the functions zo(x, y), zo(x’, y") as random values aj, ap with
the distributions (5.28) and (5.32). As a result, the following expression is obtained:
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Fig. 5.3 The typical experimental geometry for measurement of X-ray diffuse scattering. The
angles « and (3 are the incident and the exit angles, respectively; the cross-section of the incident
beam S, = Ly Lp2; the angular aperture of the detector AQp = Ap1 A /kg; the polarization
vectors of the scattered photons e| = e,; e = er; the beam footprint on the sample S = L, L, =
Sp/ sin

dé d k4| xo|? sin® @
o __ 495 __ Kolxol7sin O /dal/daz/du/dr;
dQP de 167T2Q% S S

¢710:(@1=02) o IOR [ p(q1) P(ap) + W(a, a2, R)].  (5.35)

In case of X-ray scattering, the size of the scattered surface is larger than wavelength,
and the condition SQﬁ > 1 is satisfied. Therefore, the integration in (5.35) can be
extended to infinity and the substitutions derr/H =dRdp; p=(r|+ r]l)/2 can
be used.

To obtain the relationship between the cross-section and the intensity registered
on detector normalized by incident flux, the kinematical relations between incident
and scattered beams have to be used (Fig.5.3). For typical for XRR incidence and
exit angles o ~ 3 ~ 4/[xo| and for both polarizations:

sin? 0 ~ 1; p, = —/k — p2 ~ —kosin 3.

Within the same accuracy, the integration over the detector surface perpendicular to
the vector p can be replaced by the integration over the components of this vector in

plane (x, y):

. dpidpy _ dpydp: _ dpydpy |@ L 49,d0x
K3 K3 k' dpe k}sinp

2, (5.36)

The differential cross-section is concentrated in a narrow diapason of Oy, Q and
therefore the number of photons registered by detector depends on the instrumental
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function @(Q,, Q) of the detector and on the angular aperture of the incident
beam. The incident beam in high-resolution XRR technique is usually conditioned
very precisely and can be considered as monochromatic. Then the observed X-ray
intensity in the reciprocal space point Q,, Qy normalized by the incident X-ray flux
is expressed as:

. _ 1 [d0do; / : do 537
B(Qx, QZ)_S_b/]((Z)STﬁ (QX_QX’Qy_Qy)m. 637

By substituting the expression (5.36) into (5.37) and integrating over variable p,
the following expression is obtained:

kg 1xol*
1672 Q2 sin Fsin«

/dal/daz/dRe"'Qé(al—“ﬂe—fQ’R[P(al)P(az)+ W(ai, a2, R)]. (5.38)
S

TB(QX? Qz) = /dQ/de;cdj(Qx - Q;v Qy - Q/y)

As has been discussed in the Sect.3.2 for X-ray reflectivity, the non-physical
behavior of (5.37) at v, 3 — 0 is caused by the incident or scattered beam footprints
(Fig.5.3) which may become larger than the sample size L,. Therefore, for small
angles «, 3 < +/[xo] in the expression (5.38) the multipliers Fp(a), Fp(B) have
to be used, which depend on the divergence of the incidence beam and the aperture
of the detector. The analytical formula for instrumental function F(6) is given by
Eq. (3.35), however, in the considered here situation it is obsolete because of failure
of Born approximation at «, 5 — 0.

For the detectors with high resolution on both Q, and Q, (point detector), the
instrumental function can be selected as Gaussian profile:

1 242 _p2a2
@(Qx, 0y) = 3¢ 03/245% g=05/24y

with resolution elements A, , which are essentially smaller than the typical varia-
tions of AQy y for X-ray diffuse scattering. Thus, integrating over a; and ap with
Gaussian distributions (5.28) and (5.32) and over coordinates, the following analyt-
ical expression for intensity is derived:

kgIxol®
402 sin (3 sin a

Tp1(Qx. Q2) = /dQ;dQ;qﬁ(Qx — 0, 0y = 0))

eI + 5 /0 RAR[2ZCR — 11J5(Q) R)}

k31x0/?

2 > 2
= Xm0 A, / RAR[e%C™ —1]J0(10«|R) |-
87 Q2 sin #sin « 0

(5.39)
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where Jy is Bessel function of zeroth order; the intensity is measured in the plane

0, =0, Q) =,0%+ Qg = |Q«|; the integral over R converges due to the

asymptotic of the correlation function C(R — o0o0) — 0, and
Oy = ko(cos B —cos); Q, = ko(sin 3 + sin ). (5.40)

The following approximations can be used for small incidence and scattering
angles:

o = arcsin 2 + arctan % ~ 2 &;
2ko 0. 2ko 0.
.0 0 o 0
B = arcsin - —arctan o=~ 5 — = 00 = 0r + 0c (5.41)

For kinematical scattering, the relation between Q and Q is [19]:

0
104 < 55 (542)

and introducing the dimensionless variable u = R/L ., we finally obtain the formula:

Ix0l*k _ 0202
202 Ton°
2m(Q; 0% — 4k O3)

—0%2A2 2 [ Q202 Co(u)
X ye “x/ TS L A ALY udule®z7 0" — 11Jo(|Qx|Lcut) i ;
0

Tp1(Qyx, Q) =

Cow) = ™" (5.43)

The first term in (5.43) corresponds to the coherent peak and doesn’t contain
any additional information on the sample surface comparing to the specular peak
in X-ray reflectivity. The second term is associated with the diffuse X-ray intensity,
which is a subject of this section. The expression (5.43) describes the scattered
X-ray intensity approximately due to used Born formula and the conditions Q% >
k(2)|X0|, 00, +2koQx > k(2)| Xol|, however, this expression defines the conditions
at which the surface parameters L. and i can be evaluated. For example, as follows
from Eq. (5.43) the intensity of X-ray diffuse scattering increases when using detector
with the slit registering the photons with all Q values:

1 _29p2
P(0x) = —26 Q"/ZA-".
A 2T

In this case, the integration over Q) can be performed in (5.38), and as a result:
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Ix0l%kg o
Tp2(Qx, Q2) = e %0
T ark Q202 - 4k50%)
oo
[vzwe—Qf/M?JrzAch / dule27°C0W _ cos(|Qy|Leu)t.  (5.44)
0

As follows from the analytical estimate (5.44) and the kinematical estimate (5.42),
the X-ray diffuse intensity may deliver the information on the structure of sample
surface under the following conditions:

~ 2koo>. (5.45)

Figure 5.4 shows the calculation of X-ray diffuse intensity using formula (5.44)
from the Sig ¢5Geq 35 sample with the parameters described in the figure capture.
The intensity profile is a slowly decreasing function of the tangential component Q
of the wave vector transfer in the kinematical approximation, which is applied for
this simulation.

The intensity increase on the edges of available Qy interval is due to mentioned
above geometrical factor of the beam footprint enlargement. The Born approxima-
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Fig. 5.4 X-ray diffuse scattering intensity calculated by using Born approximation (5.44) for
Sip.65Gep.3s sample with the rough surface described by the distribution function ¢ = 1.5nm,
h =1, Q. = 0.6nm. The X-ray wavelength A\ = 0.154nm; ko = 27/X\; xo = —1.99 107> +
i5.27 1077; A, = 6 1079 nm~!. The intensities T12(0x); 1041 < Qg/Zko correspond to the
values L,y = 1 wm Lo, =2 pm
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tion, however, doesn’t allow to describe important physical effect observed in the
experiment and called Yoneda wings [20]. The work [15] and further investigations
(seecitations in [ 19]) prove this and other specific effects [21] are caused by the refrac-
tion of incident and scattered waves inside media. All these dynamical processes can
be explained by using DWBA. In most of the publications, dedicated to theoretical
studies of diffuse X-ray scattering beyond the kinematical Born approximation, the
only first order of DWBA is used. As a zeroth approximation for Eq. (5.27), the wave
fields for the scattering at the plane border z = 0 are considered, which corresponds
to the choice of the perturbation operator in the form:

V(r) = Vo) + Vi(r) = kjxoH (2) + kjxo{Hlz — 20(x, )] — H(@)}.  (5.46)

The use of only first order DWBA for calculation of diffuse X-ray scattering has
been shown [16, 22] to don’t provide the conservation of whole radiation flux. There-
fore, the formulas for diffusely scattered intensity involving second order DWBA
have been derived. These equations take also into account the transition layer for the
calculation of the specular reflection, which influences the diffuse scattering, too.

The non-perturbative solution of the wave equation for ideal interface corresponds
to the potential Vj(z) in (5.46) and is delivered by the waves (3.16) and (3.17) with
Fresnel reflection and transmission coefficients:

k = (ky; k; = kosina); p = (py; pz = —kosin (3);

AV = @ (e n B0 );

E(F0@) = [ 4 rp(k)e " 1H (=2) + tr (ke H (2);
(=0x _ 4 (+0 _ (2 —i (+,0) .

A * = AT,V = e (—p)e ’p"r"E_pZ (2);

ES(2) = [e77% 4 ri(p)e P 1H (=2) + tp(p)e™ P H(2);
2kz kz B kzm

trpky;) = ——, k,) = ——,
F(ky) ke + ko rr(k;) ke + Kom

kom = koy/sin? & + X0, pzm = —koy/sin? 8 + xo. (5.47)

The theory presented in previous section (see also [10]) proves that multiple scat-
tering from the roughness results both in the diffusely scattered waves and modifies
the form of coherent potential V.(z) # Vo(z) in (5.9). The transition layer modifies
the corresponding solution of zeroth approximation, too.

In the Sect. 3.2 the influence of the dynamical effects (multiple scattering) on the
profile of the specularly reflected beam has been discussed. In this section, the profile
of the diffusely scattered intensity is calculated basing on the formula (5.24) for
incoherent scattering. Several simplifications related to XRR geometry can be done,
for example, at small scattering angles the polarization of waves doesn’t influence
the scattering cross-section and all wave fields in (5.24) can be considered as scalars,
i.e. sin? 015 = 1. Another simplification follows from the fact that the multiple
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scattering changes the dependency of coherent potential on the coordinate z only,
and the coherent wave fields in (5.24) can be selected as plane waves in transversal
direction:

Ag\+) N A;{“L)(r) — eik”r” EIE-F)(Z);
A(x_) N Agj)(r) — CPIT] E;,f)(z). (5.48)

The functions E ,gi) (z) satisfy to one-dimensional wave equation following from

(5.9):
2

d
Tt V@ + k3 — ki] EF () =0, (5.49)

with asymptotic behavior corresponding to divergent (+) and convergent (—) waves.
To calculate the diffuse scattering cross-section for coherent potential V,(z), the
approximation (5.16) can be engaged, which results in the following expression
assuming model (5.28) for roughness distribution:

‘ua=%m<ﬂu—mumn>=%m/ daP(@)Hlz —al

k2XO : —a? /202

0 a’)2 2 _ 12 .
= dae =kyxo®(z/0) = kyxo(2);
\/_ 0X / 0X

() = dxe 2. (5.50)

1 t
V2T /—oo
In this potential, opposite to Vp(z) in (5.46), the transition layer is taken into

account for the formation of coherent wave. The Green function (5.19) is re-defined
as:

GR,z,7) =

[an O
k¢ — k3 +i0
R =r —l‘i‘. (5.51)

2m)3

The expression for the cross-section of diffuse scattering can be derived from the
general formula (5.24) for incoherent scattering by using new variables:

/
r+r

R=ry—r; p= ,
Il > P B

dop(p.k) _ kglxol*S
e, —  (4m)?

(M1 — 2R[M2]);
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My = / dRdzdz'e  ORE, (VES (K (2, 7'y REF (B ()

J .
M, = ?O/depdzdz/eﬂQ"p

xe!PITRDRIZE () K (2.2, R)G(R, 2. 2) B (2):

K(z, Z/, R) =/ dal/ dayW(ai, azR)
X[H(z —ay) — @(z/oNI[H(Z —ax) — @7 /o)),  (5.52)

where the distribution function W (aj, az R) being defined in Eq. (5.32).

The integration over p in the second term of (5.52) results in the proportionality
of this term to (@) and its contribution solely into the peak corresponding to the
specular reflection. The influence on the diffuse scattering cross-section is related to
the re-normalization of specular reflectivity, which was considered in Sect. 3.2.

To calculate the X-ray scattering cross-section, the order of integration over the
variables a and z has to be changed, which results in:

dop(p k) kiixolS > =
op(p, k) _ olxol /dR/ dtll/ dayW(ay, az, R)
de 1672 —00 —00

Xsz>kz (al)F*pz, kz(az)e_iQR;

Fp k(@) = / dzE, (D)[H (z — a) = ®(z/0)]E (2). (5.53)

The comparison of the expression (5.53) with the analogous kinematical one (5.39)
demonstrates the fact, that dynamical effects in diffuse scattering are caused by the
deviation of the incident and scattered coherent wave fields from the plane wave
along the sample surface normal. In general case, the solution of the Eq. (5.43) with
coherent potential V. (z) has a cumbersome form. Therefore, in most of applications
the additional approximation is used, which is the ignorance of the transition layer in
V. (z) caused by the coherent scattering from the roughness. Thus, the solution (5.40)
is utilized corresponding to the ideal surface V.(z) = kg x0H (), and the functions
Fy, . (a) are:

a . .
Fyoi(@) = —H@tr (k)1 (p2) / dzefkenzoipons
0

+H(—a) / dale™% + rp(po)e PN + rp (ke T
a

= H(a)tp(k)tr(p) K (kym — pzm) + H(=a)[K (k; — p;)
+rr(p)rr(k;) K (=k; + pr) +rr(p) K(k; + p;) +rp(k;) K(=k; — p)l;
et — 1

K(g)=i
(5.54)
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Each term in the matrix element (5.54) has a physical meaning related to the
additional reflection and transmission of the incidence and scattered waves from
the distortions of the surface [21]. Because of this expression has still a complicated
structure, the modified DWBA (MDWBA) is frequently used which makes it possible
to analytically average over the roughness amplitudes:

Fp. (@) ~ F, (a) = tp(k)tp (p)K (KL, — D).
kzm + k;m
2 9

K., = Nk} = (5.55)

and which corresponds to the following substitution for the wave field in a vacuum:
e rp (ke & tp (k) etKon. (5.56)

This approximation is valid for large values of k,, whenrr — 0; tr — 1; k;, —
k. For the small values of k., the calculation of the matrix element (5.55) is performed
in the vicinity z ~ o, where the relationship (5.56) is satisfied due to conservation
of the flux:

/

k
Irel? + kZ—:wF =1. (5.57)

The conservation of the flux doesn’t depend on the approximation choice for the
transmission and reflection coefficients, and remains valid also for transition layer if
a self-consistent approach is used, as described in Sect. 3.2.

Assuming the validity of (5.56), the averaging over the roughness amplitudes with
the distribution (5.32) is performed in a similar way as for kinematical model, and
by accounting the geometrical factors the diffusely scattered intensity is calculated
for one-dimensional detector by the following formula:

k§1xo0l* Ax
8n2 sin asin 5| Q|2

o0 I
x/ dx[e€mC@ _ 1]cos(| Q. |x))
0

—_02 2
TD(QXs QZ) = |tF(kZ)|2|tF(pz)|2€ Qim0

2lx0l* Ay Lok sin asin 3 022
= (4 zm
772|(kz + ko) (p; + pzm)|2|sz|2
S /
x/ du[eQz%nUzCo(u) — 1]cos(| Oy |Lew):
0

OQm = Pim — kezm = _kO(\/Sin2 B+ xo0+ \/Sinz a+ Xo),
k, = ko sina; p, = —kg sin 3, (5.58)

which differs from the kinematical formula (5.37) by the transmission coefficients
and re-defined normal component of the momentum transfer.
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Fig. 5.5 The calculated Q, profiles of X-ray diffuse scattering using MDWBA for the sample
parameters from Fig.5.4. The intensity Tp(Q,) is calculated at Qo = 0.6 nm~!

Figures 5.5 and 5.6 shows that dynamical effects change the profiles of X-ray
diffuse scattering essentially. For the incidence and scattering angles close to the
critical angle of total external reflection, the transmission coefficient has a maximum
(Sect.3.3) and the scattered intensity has a peak called Yoneda wing [20]. Thus, the
expression (5.57) describes well the qualitative dynamical effects in the scattered
X-ray diffuse intensity.

For evaluation of a real experimental data, the important issue is how strong is the
influence of used approximation on the accuracy of obtained quantitative values for
roughness parameters. Another question is whether expression (5.55) remains valid
for large amplitudes of the roughness. Figure 5.7 shows the relative corrections to
the intensity of diffuse scattering for different roughness amplitudes:

0
AF = Fy, (@) — F”, (a)

= H(—a)[(K (k; — p;) — tp (k) tr (p)K (KL, — PL))

+rr(p)rr(ky) K (=k; + p;) +rr(p) K (k; + po) + rr(k;) K(=k; — p2)],
(5.59)

that demonstrates the validity of MDWBA for entire diapason of root mean square
roughness amplitude observed in the most of real samples. Thus, the main contribu-
tion into diffuse X-ray scattering from rough surface is delivered in the case when
the incident and scattered beams have a maximal path in the media.
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Fig. 5.6 The simulation of X-ray diffuse scattering Q. profiles using MDWBA for the sample
parameters from Fig.5.4. The intensity Tp(Q;) corresponds k; = 0.3 nm~!; Q, > k;; O =
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Fig. 5.7 The X-ray diffuse scattering Ip(c) calculated from formula (5.58), and the corrections
£ (o) coming out of MDWBA applicability area for different o. The sample parameters from Fig. 5.4
are used at Q.0 = 0.6 nm~ !, 0 =2-10"3nm!
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To take into account the coherent potential for the construction of zeroth
approximation for wave field, we consider here the self-consistent DWBA. The
potential is formed at the boundary transition layer with the thickness ~ 20 and
the electron density profile (5.50). Then the wave fields in matrix element F),_ . (a)
in Eq.(5.53) are defined by analytical expressions (3.59) and (3.64):

Ef (@) = AT (k)e* 4 [1 = N@IR(k)e %5 7);
E,*(2) = AT (p)e”Pme + [1 = MIR(p2)e P + e P=],  (5.60)

with the transmission 7T (k;) and reflection R(k;) coefficients following from the
Eq. (3.66).

Figure 5.8 compares the simulated X-ray diffuse intensity by self-consistent
DWBA and by approximation (5.58). The difference between them is due to the
essential deviations of reflection and transmission coefficients from Fresnel coeffi-
cients rr and fr as well as due to the complicated dependency from the roughness
amplitude comparing to the exponential factor in (5.58). The decrease of X-ray dif-
fuse intensity in self-consistent approach is explained by the fact, that some waves
scattered from roughness contribute to the coherent (specular) peak. The decrease of
the intensity in this peak is slower with the increase of | Q| than the decrease provided
by Debye-Waller factor (see Sect.3.4).

In practice, the modified DWBA explains the experimental data with satisfactory
accuracy. The figures below demonstrate the evaluation results for thin SiO; layer
on silicon substrate [23]. Three samples were made by thermal oxidation of Si(100)
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Fig. 5.8 X-ray diffuse intensity /(o) simulated by self-consistent DWBA and by formula (5.58).
The sample parameters from Figure 5.4 are used, and Q.0 = 0.6nm~', Qg = 2- 103 nm~';
L.=2um
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Experiment Simulation
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Fig. 5.9 In the left panel, the w/2® scans are presented from the samples 1, 2, and 3 (a, b, and
¢, respectively) for offsets 26 = 1.5°, 1.2°, 1.0° and 0.8°. The theory is given by solid lines and
the experiment is shown by open dots. The curves are scaled by different factors for clarity. The
right panel shows the measured (left column) and simulated (right column) reciprocal space maps
around (000) reciprocal lattice point for samples 1, 2, and 3 (a, b, and ¢, respectively)

wafers. An thick oxide layer of nominal thickness 45 nm was grown on sample 1 by
flowing O, over the sample. For sample 2, the Si wafer was first dipped in etching
solution for two minutes and then thermally oxidized. Sample 3 was prepared in the
same way as sample 2, and then the SiO; layer was striped off. All three samples
are expected to have different character of surface roughness, which was a subject of
X-ray investigations performed by XRR technique and diffuse scattering measure-
ments. Figure 5.9 shows the w/260 scans for samples 1, 2 and 3 (left panels), which
were analyzed simultaneously with the reflectivity data, i.e. with respect to thickness,
roughness and film density being optimal for the refine fits of both scan types. The
experimental (open symbols) and simulated (solid lines) scans demonstrate accept-
able coincidence for different values of offset 26 = 0.8°, 1.0°, 1.2° and 1.5°. The
right panel shows the simulated and experimental reciprocal space maps around (000)
reciprocal lattice point for samples 1, 2 and 3 (maps a, b, and c, respectively). The
agreement between the simulated maps and the experimental measurements is also
rather good. The roughness root mean square and lateral correlation length values
(o, A) for the samples are found to be (0.4, 200), (4.1, 10), and (2, 11) nm for samples
1, 2, and 3, respectively.
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Fig. 5.10 Atomic force microscopy images of surface of samples 2 and 3 (panels (a) and (b),
respectively). The sample 2 exhibits the large-scale roughness similar to island-like morphology.
The roughness of sample 3 is approximately twice smaller as of the sample 2 one

Finally, the atomic force microscopy (AFM) studies confirmed the morphology
of Si0,/Si surfaces deduced from the X-ray experiments for the samples 2 and 3
(Fig.5.10a, b, respectively). The scale of roughness and jaggedness is close to the
values of lateral correlation length and rms roughness obtained from the simulation
of specular reflectivity and diffuse scattering from investigated samples. We do not
show the AFM image for sample 1 because of nearly smooth SiO, film surface in
this case.

5.3 X-Ray Diffuse Scattering from Rough Interfaces in
Multilayered Structures

X-ray diffuse scattering in XRR geometry is a sensitive instrument for characteriza-
tion of interfaces between different media. Even more information is available from
diffuse scattering intensity measured from multilayered systems possessing multi-
ple interfaces as shown in Fig.5.11. The application of these structures for modern
technologies has been discussed in the Sect. 3.3.

The diffuse scattering from multiple interfaces is incoherent in general case, which
results in blurring the features of X-ray scattering from single interfaces. The excep-
tion is a case of layer deposition in multilayered sample, which implements the
correlation between amplitudes and position of the roughness in different interfaces.
These correlations can be investigated by using X-ray diffuse scattering.

The theory of X-ray diffuse scattering from multiple interfaces is based on the
DWBA with zeroth approximation for wave fields corresponding to Maxwell’s equa-
tion for the structure with ideal boundaries (see, for example, [21-24] and citation
therein). In this paragraph, the applicability of theory described in Sect.5.1 and var-
ious approximations for calculation of X-ray intensity are discussed.
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Fig. 5.11 Schematic rep-
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The Maxwell’s Eq.(5.3) for arbitrary vector potential is written as follows (in
XRR geometry, the polarization of the radiation can be neglected):

(A 415+ V(r)A@r) = 0;

N
V(r) =kj D _Ixi — Xi-11Hlz = zi(x, )], (5.61)
i=1

where the functions z; (x, y) describe the surface of i-interface between the layers
with X-ray polarizabilities y; and x;_1, and xo = 0 corresponds to vacuum, and x
is an X-ray polarizability of the substrate (Fig.5.11).

Assuming the roughness of different interfaces is not overlapping, the coherent
scattering potential (5.16) can be distinguished for each interface and the Eq.(5.61)
is then written as:

{A+K§+ Vo@) + AV(N}A(r) = 0;

N N
Vo(2) = D Vi(2); AV(r) =kj > [xi — xi-1llHIz — 2 (x, )] = X (@)}
i=1 i=1
Vi(2) = k§ < Hlz — zi(x, )] >= kgAi(z = Z0),
(5.62)

where the function \; (z — z;) defines the shape of the transition layer for i-interface
and, assuming the Gaussian distribution of roughness amplitude, is:

Ne—F) =Ty e = dxe ™2 (5.63)

1 t
gi V2T Loo
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Here the values z; and o; characterize the average position and root mean square
of roughness amplitude at i-interface, respectively, and thus the layer thickness is
(Fig.5.11):

di=ziy1—2i > oi+oi—1; 21 =0.

In the first DWBA approximation for potential AV (r), X-ray diffuse intensity is

calculated by Eq.(5.24) with wave fields following from the equations of zeroth
approximation with transition layers at interfaces:

AP ) =M EP ) AD () = PIMED (2);
[A+K -k + Vo@IEF () = 0. (5.64)

The wave fields E ,Ei) (z) in (5.64) for multilayered structure with the potential Vj(z)
from (5.61) can be found using formulas (3.107)—(3.113) and are written as:

N
E7 @) = DTt + Ry lhepe *%;
j=0
N
Ey () = ES) @) = D ITj(pe)e 9% + Ry (pey)e1;
j=0

ke = ko\/m; Pzj = —ko\/m’ (5.65)

with the coefficients defined by recurrent Parratt’s Eq. (3.109) with the layer bound-
aries corresponding to the values z;:

To=1; Xo = Ro; Xy =0;

rij1 + Xjpie 2k din
b= 2ik;;d; ’

Ltrjjr1Xjvre

(ke 1y —ke)Z .
Tivr = Lj+1 <€l( RARE Till +rj1j X0
JrLJ

R; = TjX je 2k, (5.66)

The reflection r; j;1 and transmission 7; ;11 coefficients at each interface are
calculated by Fresnel’s formulas (3.110) with Nevot-Croce factor in case of abrupt
interfaces and by using formulas (3.111) for self-consistent model of the transition
layer.

The calculation of the matrix element in Eq. (5.53) for non-overlapping interfaces
is similar to the case of a single boundary. Based on the analysis of the approximations
performed in previous section, the substitution A;(z) = H(z — z;) in perturbation
operator (5.61) can be done, which results in the following expression for matrix
element through the functions of random values {a;}:
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N

Fp r,({a;}) = ZFj(aj); Fi(aj) = (xj+1 — x)[H(—aj)M; + H(aj)M;1];
=0

Mj =Tjk;)Tj(p;;) K (kyj — pzj) + Tj(ke))Rj(pzj) K (kyj + pzj)+

+Tj (pzj)Rj (kzj)K(_kzj - pzj) + Rj (kzj)Rj (pzj)K(_kzj + pzj)§

el — 1
K(g) = —
lq
(5.67)
The squared modulus of this matrix element is equal to:
N N
|Fp k. (@i D> =D D" Fi(a)Fila)), (5.68)
j=0 =0

and has to be averaged using two-point correlation functions for distribution of
amplitudes Wj;(a;, a;) containing the relation between the roughness at different
interfaces. The general form of these functions follows from (5.32):

/ 2
_a12+uj2272Clja]/aj “12 _L

2
4 J
2‘7i‘7l(l_c[2,‘) _ 2 2:7%

1 1
Wi = e

27'('0'1‘0'[ /(1 _Clzj)

There are several models of the correlation functions C;; for the roughness ampli-
tudes at different interfaces, which are applied in dependence on the interface types
(see [21, 24, 25] and citation therein):

Uncorrelated (random) model is recommended for thick (>50nm) layers,
where the correlations between interfaces are eliminated during the growth process.
Using the fractal correlation functions as (5.30) for each interface:

(5.69)

R; .
J )Zh.l

—(=
Clj = 6lejv C] = 0‘2.6 Le,j ; R] = \/()C] —x;)z + (y] - y;)z (570)

J

Full correlation model assumes the full identity of the interface profiles, which
may happen in the layers of superlattices (periodically repeating sequence of lay-
ers). Using the fractal model of roughness, the correlation function is selected as in
Eq.(5.30) and is written:

(B yon

Cy = 02T Ry = (s — % + Gy — (5.71)
Ming correlation model provides the intermediate case between two above-

mentioned, which is parametrized by vertical correlation length A and Hurst fractal

parameter h:
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_ [\2h
Ciy = JORHC;(Ripe ) (5.72)

Holy-Baumbach model implements the gradual increase of the roughness ampli-
tude with increment . from smaller values at the substrate to layer ones at the sample
surface:

(A Ry )2h
Cj = O'N[l + (N — max(l, j))]e ‘e (5.73)

The calculation of the average in Eq. (5.70) is a cumbersome task even for Gaussian
model of the lateral and vertical correlations because of different functions appear-
ing in the matrix element (5.67) and corresponding to the positive and the negative
values a;. Therefore, in practical calculations the assumption M; = M is used
in (5.67) and the integration over the amplitudes with Gaussian distribution is per-
formed analytically. The necessity to estimate the accuracy of this approximation
was mentioned in [21], and the estimation for a single surface has been presented in
Sect.5.2. The equality M; = M corresponds to MDWBA, when the relationship
(5.56) is used near the boundary:

Tje'*% + Rje ™% = T e0+0i 4 R\ ekt (5.74)

Figure 5.7 demonstrates the validity of this approximation in a wide range of k;o
due to the conservation of flux (5.57). The condition (5.74) is valid when the values
k;; are substituted by real values Jik;;, which excludes the exponentially growing
terms in the expression for X-ray intensity.

By averaging over the roughness amplitudes in MDWBA, the diffusely scattered
X-ray intensity from the sample consisting of N layers is (one-dimensional detector
with open aperture in Q direction assumed):

k(Q)Ax N N
Tp(Qx, Q) = m ZZ(XHI = X0 (Xj+1 = X))
1=0 j=0
3.3 (m)'\2 ()'\2
S 3 GG Xp(1/20(0; 0 + @O i |
J m) o) J ’
m=0n=0 Q/Zl Q 2

I = L”/ dx{exp[Qg’;” 0" Ci1(0)] — 1) cos O Li'x.  (5.75)
0

Here, the indices (Jj, /) correspond to the summation over the layers, and the indices
(m, n) enumerate the combmatlons of the reflection and transmission coefficients in
matrix element (5.67); L is a correlation length in correlation function Cj;. The
function G and variable Q are defined as:
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Fig. 5.12 Q. scan of X-ray diffuse scattering for the sample consisting of 20nm Sip ¢5 Geg 35
layer on Si substrate with X-ray polarizability x; = —1.99 - 107 +i5.27-1077; x, = —1.51 -
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The full X-ray intensity is then written as a sum of (5.75) and X-ray specular
reflectivity from multilayered structure. Using the Gaussian instrumental function
for detector as in (5.44):

1 2 2 .
Ts<Qx,QZ)=—2|Ro<kzo>|2e Qe/28%; kg =kosina = Q./2,  (5.77)
iy

Nirs

the reflection coefficient Ry (ko) from the entire structure is delivered by the solu-
tion of Parratt’s equations (5.66). Figure 5.12 demonstrates X-ray diffuse scattering
profiles for different models of the vertical correlations of interface roughness and
the shape of the transition layer for Sig ¢5Geg.35 20 nm layer on the Si substrate.
The analysis of diffuse X-ray scattering from periodic multilayered structure
(superlattices) is a special case of XRR applications, which is widely used in modern
technologies (Fig.3.14). For these samples, the dynamical effects become apparent
both in specular reflectivity (superlattice peaks in the reflection coefficients as in
Fig.3.15) and in diffuse scattering. As a result, X-ray scattering profile has a com-
plex structure described in Ref. [21]. The widely used representation of the measured
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and simulated X-ray intensity is a reciprocal space map in coordinates (Q,, Q) as
shown in Fig. 5.13. The fitting of the whole map or multiple sections from such a map
is a robust method to characterize the correlations of interfacial roughness within the
multilayered samples .

The example below demonstrates the effectiveness of diffuse X-ray scattering
studies in investigation of the morphology of Mo/Si superlattices [26]. Two Mo/Si
multilayers consisting of 30 bi-layers with a total thickness of approximately 300 nm
were prepared by ion beam sputtering on an Si wafer (sample 1) and a partially
crystallized polished ceramic glass substrate (sample 2), each 2 inches in diameter.
The X-ray reflectivity and diffuse scattering intensities were measured using a high-
resolution X-ray diffractometer (Advanced Thin Film X-ray System ATX-G, Rigaku
Corporation). X-rays with wavelength A = 0.15405 nm (CuK,, ) are generated from
a Cu rotating anode (50kV, 300 mA), collimated by a parabolic multilayer mirror and
monochromated by a channel cut Ge(111) asymmetric monochromator. A divergent
(0.1 x 10mm) slit was used to control the exposure area on the sample surface,
while a parallel pair of slits (0.2 x 15mm) was used to limit the output signal. The
diffuse X-ray scattering was measured via w/26 scans with 26 fixed in the interval
1.4° = 7°. Area mapping around the (000) reciprocal lattice point was used for qual-
itative analysis and separate w-scans were used for precise fits. The recorded diffuse
intensity can be used to determine the mesoscopic in-plane structure of surfaces and
interfaces, lateral correlation of roughness, and the fractal dimension of jagged sur-
faces. Moreover, the distribution of diffuse intensity in reciprocal space may reflect
the vertical correlation of interface roughness, if present. In this case, the incoherent
wave fields may interfere constructively creating a halo around the specular beam.

The reciprocal space maps around the (000) reciprocal lattice point give a qual-
itative insight into the principal characteristics of interfacial roughness. The mea-
sured intensity maps shown in Fig. 5.14a, c for Samples 1 and 2, respectively, permit
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Fig.5.14 Measured (left column) and simulated (right column) reciprocal space maps around (000)
reciprocal lattice point for multilayers grown on Si wafer (a, b) and glass (c, d) substrates [26]. The
resonant diffuse scattering sheets are clearly visible on both experimental maps. Bragg-like lines
and peaks are denoted on the intensity map from the Sample 1

judgement about the common features of multilayers. First, a greater proportion of
diffusely scattered intensity in the total reflectivity for Sample 2 indicates a larger
value of roughness rms for this sample. Secondly, the interfacial roughness in both
samples has a correlated nature indicated by the distribution of diffuse scattering
as resonant diffuse (non-specular) scattering sheets. These banana-shaped stripes of
concentrated diffuse intensity intersect the truncation rod, coinciding in Fig.5.14
with the specular beam line, at equidistant points defined by the Bragg condition
for the superlattice stack. The confinement of intensity to resonant diffuse scattering
(RDS) sheets reflects the degree of the vertical replication of roughness, with the
width of stripes in the horizontal direction being determined mainly by the lateral
correlation of roughness. The slight upwards bending of the RDS at the edges is
due to the refraction of X-rays in the stack. The large vertical width of the RDS in
Fig.5.14c gives evidence of poor (partial) roughness replication in Sample 2, whereas
the high roughness conformity of Sample 1 results in strong confinement of RDS
in Fig.5.14a. In addition to the RDS stripes, the Bragg-like resonant lines can be
observed in Fig.5.14a. These lines are approximately parallel to the edges of the
measurable area. They arise due to the dynamical effects of multiple specular reflec-
tion and extinction of the scattered radiation and can be explained on the basis of the
concept of Umweganregung [19]. The location of these ridges is determined by dou-
ble diffraction when the incident or exit wave occur in a Bragg-diffraction condition.
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The maxima located on the Bragg-like lines appear when both the incident and exit
angles satisfy the X-ray diffraction condition simultaneously. Bragg-like lines up to
second order, and some Bragg-like peaks, are designated in Fig.5.14a. Almost all
of these dynamical effects are absent in the data from Sample 2, where the interface
imperfections suppress multiple scattering. The panels (b) and (d) in Fig.5.14 show
the simulated maps for both samples after the final refinement.

The diffuse X-ray scattering from Sample 1, presented in Fig.5.15a as a set of
rocking curves recorded at different values of 26 and drawn as open dots, contains the
information about lateral character and vertical conformity of the interface rough-
ness. For the simulated intensities (solid lines), only the diffuse X-ray scattering
components are depicted, for the sake of clarity. The 26 positions of the w-scans
are chosen to cross the resonant diffuse scattering sheets of Fig.5.14. The sample
parameters, refined from the fit procedure, show that the lateral correlation length
of the interfacial roughness A; = 70nm is shorter for Sample 1 than for Sample 2
grown on the glass substrate, Ay = 250nm. The Hurst parameter is close to unity
(i.e. the roughness of the interfaces has a Gaussian nature) and the vertical correla-
tion of roughness reaches 50 nm, approximately 1/6 of the total multilayer thickness,
consistent with strong confinement of diffuse intensity in RDS sheets. According
to the theoretical model used, the lateral correlation length and the Hurst parameter
were assumed to be the same for all interfaces.

The diffuse scattering data from Sample 2 are shown in Fig.5.15b. The values
of interfacial roughness obtained by data fitting in this case, og; ~ 0.9nm and
oMo ~ 0.6nm, are twice as large as those obtained for Sample 1. The thickness of
basic and inter-diffusion layers are found to be nearly the same as for the sample on
a crystalline substrate. The incoherent scattering, however, is comparable with the
absolute magnitude of the specular beam, which smoothes the latter on the back-
ground of the diffuse intensity. The greater proportion of diffuse scattering in the
detected intensity for this sample is again consistent with a large total roughness
refined from simulations. A large value of lateral correlation length (A ~ 250nm)
and a small value of Hurst parameter (2 ~ 0.6) points to a jagged roughness profile
with relatively long-distance repetition in the lateral direction. The difference in the
fractal dimension of interfaces in Samples 1 and 2 can probably be attributed to the
initial morphology of the respective substrate’s surface. This fact along with the dif-
ferent primary substrate roughnesses, 0.4 and 1 nm for Samples 1 and 2, respectively,
causes the discrepancy in the replication character of interface profiles in the vertical
direction. Contrary to strongly conformal profiles within Sample 1 (£, ~ 50nm),
vertical correlation of roughness in Sample 2 is found to be £, ~ 5.5 nm, which only
slightly exceeds the approximate distance between interfaces.

5.4 Grazing-Incidence Small Angle X-Ray Scattering

The general scattering theory presented in the Sect. 2.1 affirms that the comprehensive
information on the investigated by X-rays sample is contained in the distribution
of scattered X-ray intensity in three-dimensional reciprocal space defined by three
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Fig. 5.15 w/20-scans from
Sample 1 (a) and 2 (b) for
different fixed values of 26.
The theoretical data are given
by solid lines and experiment
is represented by open circles.
The numbers mean the 26
values and the curves at dif-
ferent 26 offsets are rescaled
for clarity

Intensity , a.u.

(b)

Aw, deg

components of wave vector transfer Q. The specular reflectivity considered in the
Sect. 2.1 corresponds to the one-dimensional projection of this space onto the axis
Q. The resulting X-ray intensity profile contains the information on the distribution
of electron density along z-axis. The diffuse X-ray scattering discussed in previous
section is a two-dimensional Qy, Q. section of the reciprocal space which gives
access to the sample characteristics in x, z plane. Finally, the analysis of the three-
dimensional landscape of the scattered X-ray intensity delivers the information on
the three-dimensional structure of nanoscale objects (size, shape, spatial ordering,
etc) located onto or near the surface of the investigated samples.This X-ray technique
called grazing-incidence small angle X-ray scattering is widely applied nowadays
for investigation of samples with nanoscale patterns on the surface, such as wires,
dots, pillars and others. There are many publications dedicated to the theoretical
background and experimental results of GISAXS method (see, for example, [27]
and citation therein). Therefore, in this section we make a short outline of some
peculiarities of GISAXS analysis and simulation within the framework of general
scattering theory as well as discuss the accuracy of approximations used for this
analysis.

The kinematical variables describing experimental geometry of GISAXS are
shown in Fig.5.16, where k and p define the wave vectors of the incident and the
scattered beams, respectively. For GISAXS, the use of two-dimensional detector is
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Fig. 5.16 The experimental geometry of GISAXS measurements using two-dimensional detector

very effective for recording of the scattered X-ray intensity. The variables o; and
ay define the angles of vectors k and p to the sample surface, respectively, and the
angles 2¢; and 26y are the in-plane angles with respect to the normal to the detector
plane. The components of the wave vector transfer are then expressed as:

0=p—k
p; = —kosinay; py =kocosaysin20y; py = kocosafcos2fy;
k; = kosincy;; ky = ko cos ; sin20;; k, = ko cos o cos 20;. (5.78)

In many cases, the angles are defined with respect to the plane constructed by the
incidence beam and the normal, which corresponds to #; = 0 and the expression
(5.78) is simplified to:

p; = —kosinay; py =kocosaysin20ys; py = kocosaycos2fy;
k; = kosinay; ky = 0; ky = ko cos ;;
Q. =ko(sina; +sinay); Qy =kpcosaysin20y;

Oy = ko(cos ay cos 20 f — cos ;). (5.79)

The specular reflection corresponds to the angles o; = ar, 20; = 20 and its
intensity is essentially higher than the diffuse scattering into other directions, and
therefore the GISAXS profile is analyzed with the cut out specular spot. In the
processes of the scattering from the surfaces, the intensity of the scattered radia-
tion decreases rapidly with the increase of the scattering angles. Thus, the typical
observation angles in GISAXS technique are of the order /[x] ~ 1072 rad. The
scattering angles can be expressed directly through the detector coordinates (x4, z4)
and detector-sample distance D:
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Fig. 5.17 Typical structure of the samples investigated by GISAXS technique. The transition layer
may occur both at z > 0 (inclusions), and at z < O (supported islands)
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The main purpose of GISAXS technique is an investigation of the spatial cor-
relations and the morphology of the compact nano-objects. These objects can be
located both on the top of the sample surface and as inclusion in under-surface area
(Fig.5.17). Both these cases are considered on the basis of the same theory imple-
menting the boundary layer with positive and negative coordinates z and with the
scattered potential Vg (r) different than the substrate potential V (r).

For the simulation of X-ray intensity in GISAXS geometry, the statistic approach
and DWBA with potential Vg (r) are used, similarly to the diffuse X-ray scattering in
XRR geometry. As described in the Sect. 2.1, firstly the solutions of the zeroth approx-
imation (5.9) for coherent waves are found, which are defined by the Egs. (5.48) and
(5.49). For GISAXS intensity, the diffuse scattering from the surface roughness is
neglected, and the coherent potential is constructed from the potential Vj(z) of the
ideally flat substrate with polarizability yo and average potential Vs(z) of the tran-
sition layer:

sina; = %"; §in20; = (5.80)

Ve(2) = Vo(2) + Vs(2) = ki xoH (2)+ < Vs(r) >, (5.81)

where the scattering potential of objects is averaged both over their shapes and over
the positions of their centers on the substrate S.

The majority of works reporting the simulation of GISAXS profiles don’t con-
sider the transition layer created by the potential of nano-objects when constructing
the zeroth approximation of DWBA. However, the theory of X-ray diffuse scattering
(Fig.5.8) affirms that the re-normalization of the reflection and transmission coeffi-
cients in self-consistent approach is of the same order as incoherent part of potential
and influences essentially the calculated scattered X-ray intensity. This fact of the
importance of transition layer has been emphasized for GISAXS in [28].
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To calculate Vg(z), the following expression for the scattering potential for N
nano-objects is used:

N
Vs(r) =kox1 Y 2(r — Ry):;

n=1

X1=xs,if 2<0; x1 =xs—x0,if 2> 0, (5.82)

where £2(r — R,) is a dimensionless function defining the size and the shape of the
object, located in the position R,,. All nano-objects are assumed to be composed of
the same material with X-ray polarizability x s, and the condition z < 0 corresponds
to the supported islands and z > 0 describes the inclusions within the substrate.

In opposite to diffuse X-ray scattering in XRR, where the integral characteristics
of the roughness are modeled, the scattering potential in GISAXS implements the
parameters of the function £2(r) and the coordinates R, as random values. The
spatial shape of nano-objects is modeled by simple geometrical forms (truncated
sphere, parallelepiped, tetrahedron, etc), which are selected basing on the results of
supplemental studies or growth conditions. In the simulation of GISAXS intensity,
the form-factor of the nano-object F'( Q) is more convenient parameter to fit than the
function £2(r); the former is expressed through the latter as:

Q@) = L/dQF(Q)efQ’; F(Q) =/dr.Q(r)e‘iQr, (5.83)
(2m)3

being justified by the volume vy of a nano-object as F(0) = vo. Below we explicitly
write the form-factors of truncated pyramid and sphere frequently used as a model
of nano-objects shape [27]:

Truncated pyramid with square basis of size 2R, the height 4 and inclination
angle o

sianstinQsze_inz. R —R_ z (5.84)
0.0y PR tan o ’

h
F(Q):4/ dz
0

Truncated sphere with radius R and height % (here J; is a Bessel function):
2 iQ;(h—R) h J R )
F(Q) _ e / dZRz I(QII Z)eleZ;

(O 0 (o

R.=VR*—7% Q)= ,/01+ 03 (5.85)

For more examples of nano-object shapes see the review [27]. The parameters
of form-factor §; = (R, h, «, ..) are the random values with independent distribu-
tion functions p(&;), characterized by the average values ¢ and dispersions D¢. The
statistic nature of the potential (5.82) is related to the random positions of the nano-
objects. The selection of the distribution function for variable R, parameterizes the
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fitting of GISAXS data, too. For small concentration of nano-objects satisfying the
condition for the surface density ps:

psQf = psklxol® < 1, (5.86)

the scattering from each object occurs independently, and therefore the one-particle
distribution function P(R ) is only essential.

However, for many of nano-size objects used in modern technology the condition
(5.86) is not satisfied, and thus the two-particle distribution function P12 (R, Ro)
has to be considered, which is related to the correlation function g(Ry — Ry)). By
the definition [4], the value psg(R|)d Ry provides the probability to find the second
nano-object near the position d Ry on the distance R from the first nano-object.
Here, we don’t consider the special cases of ordered nano-objects [27] and assume
the uniform distribution of objects:

dR
P(R)dR; = T” = const. (5.87)

For the correlation function, the models are used which are parametrized by corre-
lation length L. and oscillation period D, describing the partial far-distance ordering
in the position of nano-objects. The frequently used functions g(R|) and interference
function S( Q) are given in [27] as:

1. Debye hard core model (applied for small density pg):
gR) =0, 0< Ry <L¢; gR)=1, Rj > Lg;
SQp =1+ps/San[g(Ru)— 1]ef @1k

J1(Q(L
=1- ZWpS%; 2rpsL? < 1. (5.88)

C
I

2. Oscillation Zhu model [29] (effective for large ps ):

2R
R) =1— e Ri/Lc L.

9(Ry) e cos <

S(Qp=1- psL?D?[ D — i2nLe
2 [(D. —i27L¢)? + Lgngﬁ]s/z
Dc + i27TLC ] )
i ' ; psD < 13 De < Le. (5.89)

[(D; +i2mL¢)* + L2D? Qﬁ]s/z ¢ c ¢
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3. Paracrystal model [30] ( applicable for dense position of nano-objects with
far-distance ordering):

1—¢*(Q))
S = ;
Q0 = T30 —26(0;) c0s 0 D
$(Q)) = exp[-T Q] L]. (5.90)

In some practical cases, the good fitting results of GISAXS patterns are obtained
using the weighted mixture of several models described by different £2; (r) and p; (&;),
[27]. The averaging of (5.82) with uniform function (5.87) results in the following
scattering potential of the transition layer:

N
Vs =k 2 P(Rap) [ ARy < 20~ Ry >

n=1
= Bxips / dry < 2(r) >= Kx15105M2), (5.91)

where 5| is an average square of the nano-object’s cross-section, and the profile \(z)
of the transition layer depends on the type of the nano-object’s localization:

\z) = +[H(z £ h) — H()], (5.92)

where signs (&) refer to the supported islands and the inclusions (Fig.5.17), and &
is an average height of the nano-object.

Thus, the solution of the wave equation with potential (5.81) in zeroth DWBA
approximation corresponds to the reflection problem from bi-layered structure and
is delivered by formulas (5.64) and (5.65):

(A + k3 + Ve(2)}A(r) = 0;
A0 =B @ AP () = PHED @)

2
E(7 (@) = D17 (k)™ + Ry (e *%);

j=0
2
Ey (@) = ES) @) = D ITj(pe)e” 9% + R;(pzj)eP);
j=0
Ve(@) = kglx151psA@) + xoH (2)]- (5.93)

To calculate the X-ray scattering cross-section from nano-objects in the first order
of DWBA and on the basis of formula (5.24), the only transmission 77 (k;1) and
reflection Rj(k;1) coefficients for transition layer are required:



210 5 Diffuse X-Ray Scattering from Imperfect Surfaces and Interfaces

01 (ko —ki- 20020 ko, +ki2)z0 ,2ikch
Ty (ks1) = 2 pitkor 1)20; Ri(k;1) = — 7 o Koz tki2)z0 ,2ik1;

diki.h 2k kjz — ki

. Jz .
s ljl=————, rjj=—7"—"——;
kjz + ki kjz+ ki

ko. = ko sin a;; ki = koy/sin? oy + X1; ko = koy/sin® oy + X0,
po; = —kosinay; pi; = —ko,/sin2 afr+X1; pr = —ko,/sin2 ar+xo (5.94)

with zo = —h; ¥1 = XsS|ps corresponding to supported islands and zo = 0; X1 =
(Xs — x0)S| ps + Xo to the inclusions. The parameter 5 ps = I1g defines the portion
of the sample surface occupied by nano-objects, and thus ITg is a “porosity” of the
layer filling.

The specularrod at @ = p| — k| =~ 0 is determined by the squared modulus of
the reflection coefficient Ro(ko;):

B =1+4+rgre

2ikihy
%eﬂkoﬂo. (5.95)

Ro(koz) =

Inreal GISAXS experiments, however, the detector is protected from intense specular

beam by beam stopper [27] to avoid the distortion of X-ray pattern at non-specular
angles.

The GISAXS pattern at p|| # k| is found from formula (5.24) for X-ray intensity

cross-section resulted from the matrix element (5.93) and potential (5.82) (p;; < 0):

dog(p.k) _ kghxal?
e,  (4r)?

| D M(Qy, ke, et C1RII s
J

M;(Qy. k;, pz) = Ti(k;)T1 (p) F(Q), k; — pz)
+T1 (k1) Ri(p1) F(Qy, kz + pz) + Rtk )T (p1) F(Q), —k; — p2)
+Ry (k1) R1(p1) F(Q), —k; + pz),  (5.96)

where F(Q), Q) is aform-factor as in (5.83) for the selected model of nano-object.

Using the statistical approach, this cross-section has to be averaged both over the
shape parameters of nano-object with distribution p(&;) and over the position R j|
with correlation function g(R|). By utilizing the relations for averaged values [4],
the GISAXS intensity is written as [27]:

dog(p, k) kgIx11>N
< >=
ds2, (4m)2
—| < M(Q. ks, p2) > P+ < M(Qy. ks, p2) > 1PS(Q], (5.97)

[< IM(Qy, ks, p)I* >
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Fig. 5.18 GISAXS pattern in (Q;, Q) coordinates for the sample consisting of Pt balls (xs =
—1.04-107* +i1.02 - 10~2) located on MgO substrate (yo = —2.3 - 107> +i2.44 - 10~7). The
model parameters are: R = 0.5nm; og = 0.03nm; D, = 2[Tnm; L, = 0.1 - D.; IT = 0.5;
ps = 8nm~>

where the brackets < .. > mean the averaging over the parameters of the shape;
the interference function is defined by Eq. (5.89); the term proportional to §( Q) is
already included in specular reflection coefficient (5.95).

The expression (5.96) and (5.97) permit to simulate GISAXS intensity as two-
dimensional pattern or one-dimensional profiles, corresponding to different scans
in a real space. The statistical characteristics of all nano-objects are modeled by the
same distribution function, i.e. the mono-disperse approximation is used. Figure 5.18
shows the typical GISAXS pattern from the sample described in the caption. The
quantitative values of the sample parameters can be evaluated from the fitting of the
selected sections of GISAXS pattern to the measured data. The examples of such
sections are shown in Fig.5.19.

Even without accurate data fitting, the estimate for the physical sample parameters
can be obtained from the peak position on the presented profiles. The most intense
peaks are the Yoneda wings described in previous sections. From these peaks the
following parameters can be identified: (i) the oscillation period of the correlation
function D ~ é—’; is determined from the peaks at O, ~ 1 nm~'; (i) the correlation
length L~ Alz, where A; is a half-width of the Yoneda peak. Finally, (iii) the
average geometrical size of the nano-object R ~ Ll where A is a half width at
full maximum of the highest peak on Q,-scan, is determined, too. The review [27]
describes the multiple models for GISAXS evaluation with high accuracy, and the
reader is referred to this work for further details.

Here we provide two practical applications of GISAXS technique for investigation
of nano-scale objects used in modern technologies [31]: Fe;O3 nano-particles and
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Fig.5.19 a Qy-scanat O, = 0.8 nm~'andb Q,-scan at 0y,=20 nm~! for the sample described
in Fig.5.18

Si nano-pattern (dots). The self-assembled iron oxide nano-particles synthesized by
a high-temperature solution phase reaction and the silicon dots produced by an ion
bombardment have been investigated by using atomic force microscopy and grazing-
incidence small-angle scattering technique. Both methods delivered the consistent
results on the estimate for the particle size and shape and primary knowledge on the
ordering of the objects. A distorted-wave Born approximation approach has been used
for X-ray data fitting. In the case of the silicon dots, the dense long-range particle
distribution over the whole sample surface is found, whereas FeO nano-particles
exhibit the short-range correlations. Both results are consistent with the local AFM
investigations (see details in [31]).

The Fig. 5.20 shows the AFM phase image from FeO nano-particles. The images
display relatively uniform distribution of the objects with the certain amount of gaps
not filled by the particles. The X-ray measurements in grazing-incidence geometry
(Fig.5.21a) show the side wings revealing the characteristic lateral ordering present-
ing in the sample. Using the information obtained from the AFM studies, i.e. close

Fig.5.20 AFM images of FeO nano-particles: a phase forward scan overlayed with the topography
scale, b zoomed area around the gap on the left panel
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Fig. 5.21 GISAXS reciprocal space map from FeO nanoparticles on Si substrate (a) measured and
(b) simulated by DWBA at incidence angle 0.36°
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Fig. 5.22 Selected Q; and Q sections of measured GISAXS reciprocal space map fitted by the
sample model described in the text. In the typical fitting procedure, up to the 10 sections have been
involved

packing structure of the particles and assuming the electron density of the particles
and substrate are known, the Q-elongated peak below the side wings points to the
value of the particle’s diameter. For the measured at the incidence angle 0.36° X-ray
data presented in Fig.5.21a, several Q, and Q, sections (Fig. 5.22) have been fitted
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Fig. 5.23 a AFM image of silicon nano-dots; b GISAXS reciprocal space map from Si nano-dots
measured at incidence angle 0.22°
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Fig.5.24 Selected experimental (dots) and fitted (solid lines) sections extracted from the reciprocal
space map on Fig.5.23

on the basis of a single sample model and joint cost function by using a least-square
minimizing algorithm and varying the following sample parameters: particle radius
value r, its root mean square o, and lateral correlation length A. The good fits were
obtained when using the uniform parameter distribution and spherical shape of the
objects. The radius of nano-particles r = 3.0 &= 3.1 nm found from the data fitting
correlates well with independently fitted value of the correlation period A = 7.3 nm
and with the value estimated from AFM investigations. The model of the uniform
(not gaussian) radius distribution ascribes the large dispersion of parameter, assum-
ing the equal probability for all values in the limited interval. The full reciprocal
space map simulation of GISAXS scattering from the sample with fitted parameters
(Fig.5.21b) replicates all the qualitative features presented on the experimental map.
The AFM studies of silicon nano-dots (Fig. 5.23a) demonstrate an evident paracrys-
talline structure, for which X-ray investigation methods fit best of all. The GISAXS
reciprocal space map (Fig. 5.23b) measured at incidence angle 0.22° shows satellite
maxima extended along Q. direction. The best fit has been obtained using paracrystal
model for cylindrically shaped nano-dots. The radius and the height of the cylinders
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are found to be r = 9.4 £2.2nm and 7 = 8.3 £ 0.8 nm, respectively; the correla-
tion length A = 41.5nm estimates the size of the domain, where particles position
correlates in the long-range order, and the correlation period D = 10.2nm gives
an average distance between the centers of the dots. As in the case of FeO nano-
particles, the set of the O, and Q, sections (Fig.5.24) of the reciprocal space map
have been fitted simultaneously on the basis of the unique sample model and common
cost function. The results obtained for the particles parameters confirm the values
received from the AFM studies, however, deliver more detailed information on the
particle’s shape and correlation averaged over the large sample area.
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Chapter 6
X-Ray Diffraction from Crystals with Defects

In the Chap.4, the X-ray diffraction from perfect crystals has been considered in
details, however, the real crystals always posses the defects. The distribution of the
diffracted X-ray radiation depends on the type of the defects and their concentration,
which is manifested as: (1) attenuation of coherent scattering potential x iy due to
static Debye-Waller factor, and as a result, the diminution of the diffracted intensity
calculated by formulas in Chap.4. This intensity is called further coherent because
of it is formed by the diffraction on the crystallographic lattice and is not sensitive
to microstructure. Being formed by a whole volume of the diffracted sample, the
coherent intensity shows up as sharp peaks similar to delta-functions (4.14); (2)
additional broad component of X-ray intensity called diffuse scattering. In opposite
to coherent component, the distribution of diffuse X-ray scattering is determined by
the defects type, in particular by the displacement field created by defects.

The diffuse X-ray scattering from defects is proportional to Fourier transform of
strain fields created by the defects. The strongly localized strain fields caused by
point defects result in a broad distribution of diffuse scattering and diminish weakly
the coherent intensity. In opposite, the extensive defects like dislocation lines, which
have slowly decreasing strain fields and distort the crystallographic order in large
area, result in diffuse intensity concentrated near reciprocal lattice point and diminish
essentially the coherent peaks. The two-dimensional defects (stacking faults) sub-
stantially re-distribute the diffracted intensity and require a special consideration.

In this chapter, the incident X-ray beam is assumed to illuminate a large gauge
volume, and the resulting X-ray diffraction intensity originates from the interaction
of X-rays with a big statistical ensemble of atoms, which undergo the influence of
defects. There is no need in intense X-ray sources for investigation of such systems,
and laboratory equipment is used effectively for studies, however, the results obtained
deliver the statistically averaged characteristics of the defect ensembles. By using
highly intense X-ray beams in synchrotrons or XFELs, the strain field of particular
objects without averaging can be investigated (coherent X-ray diffraction [1], high-
resolution 3D X-ray diffraction [2]). There is also an alternative approach to the
analytical one described in this chapter, which utilized the numerical modeling of

A. Benediktovitch et al., Theoretical Concepts of X-Ray Nanoscale Analysis, 217
Springer Series in Materials Science 183, DOI: 10.1007/978-3-642-38177-5_6,
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the statistical systems on the basis of Monte-Carlo method [3, 4]. In the most cases,
the results obtained by the analytical statistical methods are valid and confirmed
experimentally on microscopic level.

6.1 X-Ray Polarizability of Crystal with Defects

The distortion of crystallographic structure caused by defects is described using
the displacement fields created by these defects. Being periodic in the absence of
defects, the origin of the crystallographic unit cell makes a shift from the initial state
n=1Ilha+Dhb+3c; [; =0,%£1,+£2,..., to the point » + u(n) in the presence of
defects, where u(n) is a total displacement field of all defects.

The displacement field of a defect is defined by the equations of microscopic elas-
ticity theory [5]. The solutions of these equations are found either analytically [6]
or by using a finite elements method. For the macroscopic approach, the displace-
ment fields are supposed to be small and slowly changeable within the elasticity
limits. In the case of large deformations of crystallographic lattice, the calculations
based on the molecular potentials and quantum mechanics methods are necessary.
The contribution of the domains with large deformations into X-ray diffraction is
small indeed, because of the disordered area with weak correlations between atomic
positions does not contribute to the diffraction signal. Thus, the macroscopic elastic
theory is suitable for calculation of the displacement fields investigated by X-ray
diffraction. Using this approximation, the wave function of electrons in the distorted
crystal is assumed to be periodic with the correction for deformation, and deviates
from the one for perfect crystal (1.49) by the vector u(n):

Vo +n +um) = e, . (r), (6.1)

and the expression for current (1.42) will be modified, too. The periodicity of wave
function (1.49) leads to the expansion of X-ray polarizability x,, (k,w)(r) into a
sum over the vectors of reciprocal lattice > ety A (k, H,w) and makes possible
a direct transition to Fourier representation (1.57). In the presence of displacement
fields, the additional multiplier appears, which varies slowly with variation of coor-
dinate r. Here we return back to coordinate representation (1.36) and consider a first

term in (1.36):
Ju(r, )@ =

N

Ne
—rocZZ/dr’ < Wold(r —r)dr —r)djidArr', w)| ¥y > =
T

occ

1 ~
—10CAR(r, @) D D oo n(r —n + u(m)l?

n o,k

(6.2)
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The value >, >2% % ok |Ua.r(r —n 4+ u(m))|? is an electron density of the
crystal >, % p(r —n+u(n)), where p(r) is an electron density distribution inside a
crystallographic unit cell. To sum up over n in (6.2), the Poisson summation formula
is used:

> b —n—um) = Z/d3 Qe 10" /d3r’p(r’ —n —un))e' 2’
=> / d3 Qe 1 Qrmn-um) p( @), (6.3)

and the definition (1.49) has been applied. Assuming a small variation of the displace-
ment fields inside unit cell and small deformations |r| > |u(n)|, the approximate
expression u(n) =~ u(r) is used in further calculations. By utilizing (1.47), the X-ray

polarizability for the elastic scattering in deformed crystal X(I;)’def differs from the

one for ideal crystal X(If,)’id by multiplier ¢/ %) For the part of X-ray polarizability
related to the anomalous dispersion, the use of (1.55) and (6.1) results in:

Xdef(r) — ZeiHu(r)XiIge_iHr~ (64)
H

To numerically calculate X-ray polarizability using (6.4), the distribution of the
displacement fields u(r) created by all crystal defects has to be known. Within
the framework of linear elasticity theory, the displacement field of a single defect
doesn’t depend on the presence of other defects, and total displacement is defined
by the superposition of all displacements:

u(r) =Y ua(rin ), 6.5)

a,t

where the summation is performed over all defects types «, located in the nodes
n; o. As introduced in [7] by Krivoglaz, we use the random values c,, describing the
defects in atomic positions n:

1 defectis at site n

~ 0 defect is not at site n. (6.6)

Cn

The knowledge of the distribution of these values defines the statistical properties
of the defects and permits to calculate the average values of any physical parameter
depending on defects. In general case, the values ¢, and ¢, are inter-dependent,
which happens when the positions of the defects are correlated. However, first of
all we calculate the X-ray intensities in the assumption of non-correlated defects,
viz. supposing all the defects are of the same type and distributed uniformly. The
distribution function in this case is conditioned by the probabilities depending on a
single parameter ¢, which has a meaning of the probability of the defect to be found
in the atomic position:
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Plen=1)=c, 6.7)
Plea=0)=1-c. (6.8)

The propagation of X-rays in a crystal with defects depends on the following parame-

ters: (1) the average polarizability, which includes the Debye-Waller factor (¢! H#()),

and (2) average correlation function g(r, '), which is g(r, r') = (eiH(”(’)_”(’/))).
The averaging procedure [7] by using (6.7) and (6.5) results in

<e[ P cns(n)r> — <Heicns(n)r> — H<eicns(n),>
n n

=[]t ™ + (1 =c)- 1) = e2n In[1e(e>r —1)] (6.9)
n

where s(n), is equal to Hu(r; n) for Debye-Waller factor and to H (u(r; n) —
u(r'; n)) for correlation function. In Eq.(6.9), the assumption of non-correlating
defects has been used, which allows the averaging of each multiplier e/“»*™r in the
product [ [, separately. There is another assumption of the smallness of ¢, which is
always valid because of the displacement fields created by defects are considered as
a perturbation with respect to the perfect crystallographic structure. Using this fact,
the approximate expression can be used:

(€M~ X c(e* ™M —1) (6.10)
By changing to the continuous integration limits and using p = ¢/ Q2:
(e HU®)y — o drpe ) -1y
<eiH(u(r1)—u(r2))> — efd3r’ﬂ(€iH("('1;r/)_u(rz;'/)_l). (6.11)

Because of the value Hu(r; r’) is small, the integral in (6.11) can be expanded into
series, which results for Debye-Waller factor:

(e Hu)y n JH @) g~ (Hur)?) (6 12)

(u(r)) = / &Er'pu(r;r’), (Hu(r)?) = / d*r' p(Hu(r; r'))>.

This expression can also be obtained assuming the random nature of the displace-
ment field in the point 7 with Gaussian normal distribution, which is used in some
works [8, 9]. The central limit theorem is used as a basis for this assumption, which
states that the random value being a sum of a large number of independent and equally
distributed random values has a normal distribution. For the crystal defects this is
true if the density of defects is high and the displacement fields attenuate slowly.
The displacement field u(r) is in reality a the sum of random values >, c,u(r; n).
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Provided the slow attenuation of the displacement fields, the number of terms in this
sum contributing to certain position is large enough and the condition of central limit
theorem is fulfilled. If the theorem is not applicable or there is a divergence in (6.12),
the exact expressions (6.11) have to be used.

The existing correlations between the positions of defects change essentially the
pattern of the diffracted X-ray intensity. To calculate the Debye-Waller factor and
correlation function in this case, the averaging has to be done:

<Heic,,s(n)> = MHeiHC"S("), (6.13)
n n

where M means the mathematical expectation of arandom value. Omitting the vector
notations in indices and using:

e =1+cai, a;p = (e — 1), (6.14)
the expression (6.13) is calculated using the methods developed in [7, 10]:
M2t = M1+ cia). (6.15)
i

To realize numerically the expression (6.15), the following values have to be calcu-
lated:

M Z CiCjCk- QOO (6.16)
ijo.k

which in turn depend on the average values Mc;c jck.... For two-points correlations:
MC,'C]' =5ij +C2(1 —i—w,-j), (6.17)

where the first term stands for coincident nodes i and j, w;; = w);—j| is a pair
correlation function. The coincidence of nodes has to be taken into account in all
expressions:

MCiCjCk = 6ijkMCi + (5ijM/CiCk + 5ikM/CiCj + (5jkM/CiCj + M/CiCjCk, (6.18)

where M is applicable for random values from different nodes. For the random vari-
able taking a value 0 and 1, the statement ¢! = ¢; is valid. Below we express the
multi-lateral correlations through the pair correlations using Kirkwood approxima-
tion:

M'cicicr = (1 +wi)) (1 + wip) (1 + wjp), (6.19)

and the expression (6.15) is modified to:
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Me2k 5k — MH(] +ciaj) =1+ ZO&,‘MC‘,‘ + ZaiajM’c,-cj
j i

i i<j
+ Z Oé,'OszékM/CiCjCk =+ ... (6.20)
i<j<k
This series can be represented as cumulant expansion:
Ty
MH(I +ciag) = Xzt at
i
T = ZMC,‘O(,’
i
T = Zaiaj(M/CiCj — (MC,')Z) = Zczaiajwij
i#]j i#j
T3 = z aiajakM/c,-cjck —-3N1, — Tl3 = Z a,-ajakc3(3wijwik + wjjwikw jk)
i#j#k i#j#k
(6.21)
where the small magnitude of Mcy = ¢ and the approximation »; \<inoiy

% > | i iy ATC taken into account. As follows from (6.21), each term corresponds
to the correlations between the groups (clusters) consisting of a single (no correla-
tions), two (pair correlation), three and so on defects. Figure 6.1 shows schemat-
ically the term 73, where three diagrams on the left side correspond to the terms
Zi##k aiajajc3(w,-jwjk + wjrwix + w;jw;ik), and the connection between all
three vertices corresponds t0 3, . ; QOO W Wik W

The connections between two vertices only (three-particle cluster is split into
one-particle and two-particle) or non-connected vertices (three-particle cluster is
split into three one-particle ones) are taken into consideration in terms 73 and 71, i.e.
T3 accounts only non-reducible three-particles connections.

In the same way, the contribution of clusters of higher order into cumulant expan-
sion is found, being represented by a n-times integral. By analogue with the group
expansion for non-ideal gas [11] they have to be considered if the correlation function
w;; becomes not negligible. In this case the contribution of N-particle cluster (N is
a full number of dislocations in a sample) becomes essential.

SNl A

Fig. 6.1 Schematic representation of the connections between defects described by the term 73 in
Eq.(6.21)
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6.2 Dynamical X-Ray Diffraction in a Crystal with Defects

The transmission of X-rays in a deformed crystal with defects is determined by the
Eqgs.(1.41, 1.53, 1.57) and (6.4):

2
AA() + S5 (14 30 O e 1) Ar) = 0, (6.22)
¢ H

where the argument of function w is omitted and o-polarization is assumed for
simplicity (X-rays are supposed to be monochromatic). Similarly to Chap.5, the
far distance approximation is considered, and two-wave diffraction concept is used,
which implements the wave field:

A(r) = e, (Ao(r) + A (r)e't"), (6.23)
and Eq. (6.22) is split into two differential equations:

(A + k(1 + x0)Ao(r) + ke "D x g Ay (r) =0
(A42iHV — H? + k3(1 + xo)An(r) + kge "Dy _pgAg(r) =0. (6.24)

Both amplitudes Ag(r) and Ay (r) contain the rapidly oscillating part eikor , where
ko = —N~ + ko, is a wave vector of the incident wave, here we use the notations
of Chap.4 (4.31). Thus, for slowly varying functions A() (r) and A g (r) we obtain:

(A +2ikgV)Ao(r) + kg "D\ g Ay (r) =0
(A+2ikgV + ) A (r) + ke H O\ g Ag(r) = 0. (6.25)

The reduction of these formulas for the ideal crystal is straightforward: assuming
eHu(r) — 1 and solutions as Ag(r) = Age'%, Ay(r) = Ape'’?, we arrive back
at (4.41). As discovered in the Chap.4, for high incidence angles the value §2 is
negligible in comparison with d, which corresponds to the neglecting the second
derivatives A with respect to kV. The Eq. (6.25) with omitted A are known as Takagi-
Taupin [12] equations and widely used for description of X-ray scattering from bent
and deformed crystals [13]. For grazing-incidence geometry, however, the second
derivatives should be accounted and therefore they are remained in (6.24) to cover
also GID case.

The function ¢!#%") in (6.24) is a random value, and thus the wave fields in
crystal Ag(r) and Ay (r) are random values, too. The observed quantity is an X-ray
intensity I (k;,, k,y:) registered by detector in the direction k,,, and averaged over
all defects of a gauge volume. To calculate this intensity, the distribution of two-point
correlation function (A g (r1)Ag (r2)*) on the crystal surface should be known [14].
The variable (Ag (ri)Ag(rp)*) is called the second statistical moment of the field,
and to calculate it at the sample surface, the following requisites have to be found:
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(1) an equation describing its evolution inside the crystal, (2) the first moment of
the field (A g (r)), which is an average (coherent) wave field in crystal. To find both
requirements, the method developed in the radiative transfer theory in random media
[15] is used here, which represents the Eq.(6.24) in a operator form [14]:

(Lo — V)A(r) =0,

Lo— (2 + k2(1 + x0) kte™" xu
ke Wx_m A+2HV —H?+k(1+x0))’
v

_ 0 k3xH f(r) _ (Ao
= (kéx_Hf*(n 0 ) A_(AH(r)) (6:26)

e—W — (eiHu(r))’ f(r) — eiHu(l') _e—W

k]

here L is an operator of diffraction from uniform crystal with static Debye-Waller
factor e=" in two-wave approximation, V describes the fluctuating scattering prop-
erties of the crystal with defects, and (V) = 0. The expression for evaluation of
coherent wave field [15] (A(r)) = 0 is found from:

(Lo — Veit) (A(r)) =0, (6.27)

which reduces the problem to the finding of effective potential V. By comparing
the Eqgs. (6.26) and (6.27), the effective potential is defined as:

(VA(r)) = Verr(A(r)). (6.28)
To find Vi, the field source Q is introduced in the right part of (6.26):
A=GQ,G=(Ly—V) !, (6.29)

where G is a Green function of operator Ly — V: (Lo — V), G(r,r') = 6(r — r').
By averaging (6.29) and assuming the source Q independent on defects distribution:

(A4) =(G)0. (6.30)

In a similar way, from (6.27) follows:
(A) = (Lo~ Ve ™' Q. (6.31)
and comparing (6.30) and (6.31), the operator expression for Vs is finally obtained:

Vetr = Lo — (G) ™. (6.32)
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The equation for coherent wave field (6.27) with effective potential (6.31) is called
a Dyson equation, by analogue with the physics of elementary particles, and the
effective potential Vi is named a polarization [16] or mass [15] operator.

To make an averaging procedure in (6.32), this expression is expanded in a series
over V. For this purpose the operator equalities are used (AB)~! = B~!A~! and
(1+A)~ =302 (—A)"

Vet = Lo — (G) ™' = Lo — ((Lo(1 — GoV) ") ' = (VGoV) +...  (6.33)

here G is a Green function for diffraction operator for averaged crystal and (V) = 0.
The next after (V GoV) terms have an order of V? and higher. Generally, the terms
with the order higher than two are neglected. If necessary, the diagram technique and
cumulant expansion for higher orders can be used [14, 16].

For the correlation function I'(ry,ry) = (A(r1)A(r2)*), the equations are
obtained in a similar manner, i.e. the analogue of (6.26) for non-averaged corre-
lation function is a product of Eq. (6.26):

(Lo — V)1(Lo — V)3A(r1)A*(r2) =0, (6.34)

where indices 1 and 2 mean the operator action on the coordinates | and r», respec-
tively. The equation for I'(r1, r») is found in the form:

LIDLE* — Kip)Typ =0, (6.35)

with intensity operator Ko, Whiph describes the influence of random deformations
on correlation function 'y2, L) = Lo — Vetr. Finally, we obtain for K7:

K = Lgeff)Léeff)* — (G1G2)_1 =
LDLED* _ (Lo = V)7 (Lo — V)3 = (Vi Va)+... (6.36)

The equation for the correlation function of wave field (6.35) with intensity opera-
tor (6.36) is called Bethe-Salpeter equation, by analogue with relativistic quantum
mechanics. Similarly to (6.36), the terms in (6.33) with higher than second order
of V are neglected, otherwise they can be found by diagram method and cumulant
expansion [14, 16].

To calculate the effective potential (6.32) and intensity operator K> (6.36), the
Green function Go(r, r'); ; of the operator Lg has to be known. By the definition, the
Green function must satisfy the condition:

Logz)Go(r, i =6 —r')d;;. (6.37)
The definition of Green-function used in this section is slightly different than the one

used in [13, 17], where the scalar Green function of the differential equation of the
second order is used. This equation is obtained from (6.25) by using Takagi-Taupin
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formalism and by excluding the amplitude of the diffracted wave. The wave fields
in a crystal are then found based on the Green theorem, which is reduced to the
contour integrals containing the magnitudes of the wave fields on the boundaries. In
this section, we consider the matrix Green function for the operator Lg. The method
proposed here is universal and not based on the Takagi-Taupin approximation.

Let us consider the crystal with the plane surface and introduce a coordinate
system with axis z along the inward normal to the surface z > 0. The function
Go(r, r') is expanded into in-plane waves:

1
Go(r.r')ij = ar )2/ A’k e G (k) (. 2, (6.38)

where k|| lies in the plane XY, ko = k)| + e;0, 70 = \/k(z)(l + x0(2)) — kﬁ. Using
the definition of J-function:

1

(27)2/ ke 1= = 5, —r), (6.39)

the condition (6.37) is fulfilled only if the equation is satisfied:

Lof (kDG (k2. ) = 6(z — )33 (6.40)
Here Lo; ]) (k))) is an operator resulted from the action of Lo ) on vector ekor fi@):
Lof fi(@e®or = %o Lo (ky)) £ (2). (6.41)

Thus, the problem is reduced to the one-dimensional Green function G(Z) (kD(z.2)
and to the integration over k). The mixed representation of the Green function, as
a function of the Fourier component k| for in-plane and (z, z’) for out-of-plane,
fits well for the problems, which have a translational symmetric nature within in-
plane direction. For one-dimensional Green function, the operator LOS') (k) can be

written as: 5 k2
+ 2 -
Lof? (ky)) = iz i i " . (6.42)
ke Wx-m dzz + 2+«

There are several assumptions used below for derivation of Green function. We
exclude here the case of grazing incidence/exit and thus neglect the second derivatives

d . The operator (6.42) is not self-adjoint in general case because of the imaginary
parts in X-ray polarizability x g, x—m. For such operator, the complete system of
eigenfunctions consists of the eigenfunctions of this operator and the ones of the
adjointto it operator (6.42) [18]. Neglecting the imaginary part of X-ray polarizability
(k}e™Vxu = kje=" x_m = x) and the refraction effects (yo = 0), the boundary
conditions (4.98) become exact. We assume also the crystal to be uniform and
semi-infinite, which result in self-adjoint LOS) (ky)):
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d
@ 2o xH(2)
Lo;7 (k) = N , 6.43
0ij () (XH(z) 2i'yhdiz+a ( )
where H (z) is a Heaviside function. The Green function can be expressed through
the complete system of the eigenfunctions of the operator Lo®, namely satisfying
the condition:

Loi? AV (2) = pA” (2). (6.44)

and functional completeness:
/ dpAP @AV (&) =8z~ )by (6.45)

The Green function is expressed as:

(p) (Pt
AP () AD* (1)
G = / dp———1— > i (6.46)

which is derived from (6.40) by substitution of (6.44, 6.45).

The eigenfunctions (6.44) are found by a similar algorithm, described for the
diffraction from multilayered structures in Chap. 4. For simplicity, we consider here
the Laue geometry: v9 > 0, vy, > 0. The boundary conditions comprise the presence
of incident wave and the absence of diffracted wave on the infinite distance 7 — —o0.
At the boundary z = 0 the incident and diffracted waves are continuous:

(») Pk vpe1E v ettt
70 — -
A(f) (Z) =] (6 0 )H(—Z) + v ( Ulvz(eli-%‘lzvlg"MZZ) )elul(p)ZH(Z)

V2 —V]
ui(p) = 20— P GOt m) = V4012 + (@0 + Py — p10) 2
- 450vn
ua(py = 270 =P Q0O+ ) + V401 % + (@0 + pn — pro) 2
- 4507n
2
e W' (6.47)

To fulfill the completeness of eigenfunctions, the solutions with the boundary con-
ditions have to be also used, comprising the presence of the diffracted wave and the
absence of the incidence wave at 7 — —o0:

0 eiuzz_eitqz ]
(02) _ o _ =T iuy(p)z
AR @) = uz(ezmhz)H( )+ Vz( . )e DI @E).  (6.48)

V2=V


http://dx.doi.org/10.1007/978-3-642-38177-5_4

228 6 X-Ray Diffraction from Crystals with Defects

The coefficients v (p) and 1> (p) are determined from the normalization of function.
The eigenfunctions of self-adjoint operator have to be orthogonal:

00 / *
[ R dzAl,) (AL () =d(p—p)). (6.49)

To prove this fact, the integration limit on z is substituted by a large number L tending
to infinity, (6.47) is substituted into (6.49) and the expression is integrated. The terms

. , . , .duy(p) o
containing ¢! “1(P)=u1(PNL pd i W2(P)=u2(P)L cap be replaced by &' @ P~FIE
cdup(p) . . . .
ande' a» PP )L, respectively, due to the properties of §-function. The expressions

including ¢’ @1(P)=u2(P)DL and similar terms result in rapidly oscillating functions
and don’t contribute to the final result. Furthermore, we use the equalities:

1— —ikL 1
lim —— — 76(k) — iP—,
L—o0 ik k

S(ak) = @ (6.50)

la| ’

where P means the integration in the sense of eigenvalue. As a result, the terms at
iP— give zero value, and at 6(p — p’) the value 87 is obtained. In a similar

way, for (6.48) the value 87y, is calculated at §-function and from (6.49) follows:

1 1
, U = .
V810 V8T

The system of functions derived is complete, that is proved by satisfying the condi-
tion:

v = 6.51)

o0 k k
/_ N dpA) @A (&' + A% @%@ =@ -Dd;. (652)
For the region z,z’ < 0, the expressions (6.47) and (6.48) along with (6.51) lead

directly to (6.52). For the region z, z > 0, the integration is more cumbersome and
performed in the following way. First of all, due to the validity of viv, = —;#2, the

terms containing e’ (12-122) pecome zero in (6.52), and only the terms containing
¢i"1:=2) and ¢*2=%) remain. Then, we split the Eq. (6.52) into two integrals with
1P and "2(PE=) and introduce the substitutions & =ui(p)and & =
uy(p), respectively. After the transformations involving Egs. (6.47),(6.48) and (6.51),
the coefficient 1/27 at ¢'$@=2) is obtained for elements 11 and 22 in (6.52) and zero
coefficient for elements 12 and 21, which proves the validity of (6.52).

As anextstep, the Green function can be calculated from (6.46). The calculation of
integral over p is ambiguous because of unclear way of integration in the vicinity p =
0. The method of integration is selected in dependence on the asymptotic of Green
function, whether it is retarded or advanced. To derive the method of integration,
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Fig.. 6.2 The illustration of @ T 47'<0
the integration procedure for
Eq. (6.46) Imp
Re p=
! e i
T 5 2Z>0

the integration over real values p is transferred into complex plane (Fig.6.2). We
introduce the contour, which contains the real axis and is closed at the complex
infinity. Provided the integrand tends to zero at complex infinity, the contour integral
coincides with unknown integral on the real axis. The value of contour integral is

determined by the residues in singularities, which are found from integrand (6.46).
Using (6.47), (6.48) and (6.51), for the region z, 7/ < 0:

125 (=2)
(2.7) _ dp —471_’)/082“/0 0
Gij = — 1 gia (z—7) 5 (653)
P 0 a4 T
and for the region z, 7’ > 0:
(z.2) _
Gz‘j =
2 iuy(z—2) iug (z—7 . .
viype''2 +0e'"! iuy(z—7') _ zuz(z—z’))
I
p 4m(yo + U%’yh) o (eiul(z—z’) _ eiuz(z—z’)) V20 1 ET) el 2(E=2)
Yh
(6.54)

In the expression (6.53), the only pole is p = 0, whereas in (6.54) additionally to
p = 0 the denominator equals to zero at:

ayo £ 2iX. /Y0
Y — Vh '

(6.55)

These values of p correspond to Bragg condition, and u1(pg) = u2(pp), vi(pp) =
v2(pp). The matrix in (6.53) becomes zero and the singularity in (6.55) disappears.

The following procedure of integration around pole p = 0 is accepted depending
on the behavior of (6.53). Because of G1; describes the Green function of plane
wave and at z —z’ > 0 the integrand of G tends to infinity in upper semi-plane and



230 6 X-Ray Diffraction from Crystals with Defects

to zero in a lower semi-plane, the contour of integration has to be closed in lower
semi-plane and vice versa at z — 7’ < 0 (Fig. 6.2). For retarded Green function, the
perturbation in position z” influences the wave fields in area z > z/, which happens
when the pole is located in a lower semi-plane. Thus, to perform the integration in
(6.53) and (6.54) the replacement has to be done:

dp
/ / p+ie (6.56)

where € is an infinitesimal value pointing the direction of the integration path. It has
a meaning of the absorption leading to the wave decay at +oo.

For the residue in the position —ie and at z — z' > 0, the integration is executed
in a negative direction of a real axis and thus the result is multiplied by —1, which
calculates (6.53) as:

1
(z,2) 2i,
Gy =( 00 1 z))H(Z_Z/)- (6.57)

2iyp

For expression (6.54) at large p, which corresponds to the essential deviation from

.. »
Bragg condition, we have vy — 0, u; — Zingr U2 = W and as a result:
@.2) _ 1
ol 21(’YO+U1’7h)
v eluz(g*@ )+ . eiul(Z*Z/) . , . ,
i 0 v (ezu|(z—z ) _ la(z—2 ))
B 1
X . ’ . ’
2., z—2Z Z—Z
" (em(z—z’) _ eiug(zfz/)) v G pygeln2 @)
Th
x H(z — 7)), (6.58)

where all values are calculated at p = 0. At large deviations from the Bragg con-
dition, the variable v; — 0, and (6.58) is reduced to (6.57). The difference between
(6.58) and (6.57) is essential in the domain where v; ~ 1, i.e. near the Bragg condi-
tion.

The validity of the statement (6.40) is proved by direct substitutions. Atz # z/, the

operator LO(Z) produces zero when Green function acts on (6.58) and (6.57) due to

the structure of Green functions composed of eigenfunctions LOEJZ.) corresponding to
eigenvalue p = 0. Atz = 7/, the Green functions are discontinued in a singular point,

where operator LO(Z) results in -function. The final expression for three-dimensional
Green function is delivered by (6.38).
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6.3 Effective Potential and Applicability of Kinematical Theory

The solution of the Egs. (6.33) and (6.36) is not straightforward, even considering
only the first order terms in (6.27) and (6.35). The operator Ve is an integral operator,
if the approximation (6.33) is used:

v ;A(r)«;:Q/d3r/ (fOfEN*)Go(r )2 (f)fE))Gor.r21 \ [ Ao
eff oSN (FO* £ Golr, 1 (fO* FNGo(r, 11 ) \ Au) )

0 = k{XHX—H. (6.59)

There are two types of terms in the Eq. (6.59): (1) the average values ( f (r) f (r')*),
(f(r)f(r"), ... describing the displacement fields of the defects and the properties
of statistical ensemble of defects, and (2) Green functions Go(r, r’);;, describing the
X-ray dynamical diffraction process. The value

glr, ¥ = (f(r) f(r)*) = (H@r7uCD) _ =2V (6.60)

is called the correlation function of the crystallographic lattice [7]. The averaging over
the ensemble of defects is performed in the way, similar to one used for Eq. (6.11).
Assuming non-correlated defects, we obtain:

g(r,r") = exp (/ drsp(ry) (e H@rr)—uttirg) _ 1)) —e 2V, (6.61)

For the points r and r’ separated by a large distance, the displacement fields are
determined by the defects groups located in the vicinity of these points. For large
distance, the displacement fields can be assumed independent each of other, and the
integral in (6.61) is represented by the sum of integrals around the points r and r/, i. €.
[drs ~ fr;’vr Pry+ erNr/ d’ry, each resulting in Debye-Waller factor W. Thus,
the correlation function (6.61) demonstrates the feature typical for all correlation
functions describing the near ordering: tends to zero at far distances. In opposite case,
when r and r’ are located close each to other, the correlation function is modeled
by Gaussian. To prove this fact, the expansion u(r; rg) — u(r’; ry) ~ aué;r;[”)Ari
can be used assuming the Ar = r — r’ is smaller than variation of the displacement
fields. Expanding the exponent up to the second order:

Hi(Eij>Arje—%HiHj(fikejl>AVkArl _ €_2W (662)

gr.r)y =¢
where tensor (¢;;) describes the average deformation of the crystal caused by the
average displacement fields from the defects, the tensor (e;x€;;) characterizes the
root mean square deformation of crystal due to the fluctuating displacement field:
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(€ij) = / Pryp(ry) 2L (6.63)
’ 8"]‘
ou(r;ry); Ou(r;ry);
oy 3 J
(51k€/l) /d rsp(rs) 8rk or, .

In opposite to correlation function (6.60), the non-diagonal elements of the matrix
(6.59), containing the functions (£ (r) f (r)), have to be averaged with respect to the
sum of the displacement fields. As a result, the function becomes a fast oscillating
and tends to zero for the points r and r’ located both on far distances each from other
and close each to other.

To calculate the effective potential (6.59), the correlation function of defects
g(r, r") and Green function have to be known, which are found by using the theory
of differential equation [19]. The explicit form of Green function clearly displays
the reason to abandon the non-diagonal elements of matrix (6.59). These elements
contain the terms G(r, r')21 and G(r, ') 12, which describe the creation of the dif-
fracted wave from the direct one, and vice versa. The mentioned functions contribute
essentially near the Bragg condition (see (6.58)), and tend to zero otherwise, whereas
G(r,r")11 and G(r, r’)o; are transformed into Green function of wave in a vacuum
(6.57) when moving away from Bragg point.

How important is the accounting of dynamical effects in the effective potential? In
general case, the Eq. (6.27) is a three-dimensional integro-differential one, however,
assuming the correlation function (6.61) and Green function both depend on the
r —r’ only:

gr,r')y =gr —r), (6.64)
Go(r, r’),-j = G()(I‘ — r’)ij, (6.65)

the problem is simplified significantly. Whereas the assumption (6.64) means
the uniformity of the displacement fields in a sample, the Eq.(6.65) is valid for
Takagi-Taupin approximation, as follows from Sect. 6.2. The effective potential then
becomes a diagonal integral operator with the kernel:

- 3, (Vir—r) 0
Veff o = /d r ( 0 Var—r)
(6.66)

Vitr —r’) = Qg(r —r'YGo(r — r')an, Va(r —r') = Qg(r — r')*Go(r — r')11.
(6.67)

The action of this operator on the displacement field is a convolution of operator
kernel with a field, and in the Fourier space the action boils down to simple multi-
plication:
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Vi Age'® = Vy(k)Age'*", (6.68)
VaARe* = Vy(k)Ape'*,

/ Are *r g(r)Go(r)a,

0
Vit = 555

Va(k) =

ay / d’re=™* g(r)* Go(r.

Thus, the effective potential leads to additional X-ray polarizability:
Xoeir(R)ii = =V (k) / k. (6.69)

This polarizability is different for direct and diffracted waves x 0. (k) 11 7 X0efr (k)22
and possesses the dispersion Xoefr = X0efr(k)-
Furthermore we use isotropic Gaussian distribution for the correlation function:

r2

gor) =e Y. (6.70)

As demonstrated in (6.62), the Gaussian distribution is parametrized by value I;
meaning the distance where correlation function drops down essentially and called
correlation length. Using the Green function (6.38), we obtain:

2

Vo (ko) = /dzd2kue—%<ku—"w)zlﬁe“kz<kn>—k0z>ze_ﬁ GOtk (). (6.71)

Q2
@2m?*
There are two kinds of functions in this formula, which vary in different scales
when integrating over kj|. The first kind is a correlation function, which decreases
at deviations k|| — ko ~ 1/I4, and the other is one-dimensional Green function
Gizl) (k)| (z) tending to the asymptotic value in vacuum at deviations of the order of
Bragg peak width. To emphasize these two scales in (6.71), the parametrization of k
through the angle variables of deviation from Bragg condition is used:

k = ko(cos(wp + &) cos(d), cos(wo + @) sin(¢), sin(wg + ©)). (6.72)
Let us assume that wo corresponds to Bragg condition and to vector ko in (6.71)

simultaneously. If the deviations @ and ¢ are small, and the diffraction is coplanar,
the following formula is obtained with the accuracy o(w, ¢):

ko si . -
Vatko) = %/ die™24d s (6.73)
)2

-2
x / dzef0eos032, 21 GO (a)(2), a = 243 sin 2050,
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where d2k|| is expressed through the small angles @, <5 The Green function is con-
veniently written through the parameter « in this case (see Chap.4), which doesn’t
depend on & at small & and ¢ allowing the integration over the variable ¢ in (6.73).
By integrating over z using (6.58), the final formula for effective potential is written
as:

2 .
Va(ko) = —Ql‘éfis?‘z—“” [ dze s 624
7

y Y0.f (Tko cos wo@ + w1 (a)lg) + v1 () >yn f (ko cos wo@ + ua()1ly)
2iv0(Y0 + v1(a)?yn)

Fkl) = e~ 2K (1 —erf (z%))

In the integrand of (6.74), there are evidently two scales of variation over w. The
exponents appeared due to Gaussian correlation function decrease at deviations:

’

1
G~ 6.75
Y rola (6.75)

The expression appeared due to Green function tends to the asymptotic vacuum value
"(k%;owo”) at deviation (see Chap. 4):
@~ IxHl (6.76)

Thus, the expectable criteria is obtained: the dynamical effects are important in the
effective potential if the correlation function decreases at the scale of order of the
extinction length:

1

L~ L,. (6.77)
kolxH|

In the most of practical cases, the defects structure has a correlation function which
decreases faster and the dynamical effects are negligible. To estimate the magni-
tude of the effective polarizability comparing to periodical X-ray polarizability, the
Eq.(6.74) is used:
Xoett(ko)22 ~ i|xHkola ~ iii, (6.78)
e
notably a similar ratio of correlation length to the extinction length is obtained. The
imaginary potential reflects the fact of transfer of coherent intensity into diffuse one,
and the imaginary effective polarizability describes this decrease of the coherent
intensity.
Thus, the effective potential, being a correction for coherent potential due to
displacement fields of defects, is essential for the correlation length larger than the
extinction length. The dynamical effects have to be also taken into account at this
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condition. For the specific case of grazing-incidence diffraction, the geometrical
factors have to be introduced, too. The extinction length can drop down many times
in this case, which softens the conditions (6.77) and (6.78).

The presence of the displacement fields always originates the diffuse scattering,
which contains a valuable information on the distribution of defects. To calculate
the intensity of diffuse scattering 7 (r), the correlation function I'(ry, r7) has to be
determined from Bethe-Salpeter Eq. (6.35). We represent here this equation as:

.= FiZ + GlGé(Vl Vz*) iZ + GlGﬁ(Vl V;)GK;;(V] V2*>Fi2 + ..., (6.79)

where Fi‘,z = A.(r1)A:(rp)* is a correlation function for the coherent amplitude
found from (6.27) and the Eq. (6.36) has been utilized. Each subsequent term differs
from the previous one by operator G1G%(V;V;"), which influence is proportional
to ly/L., as follows from (6.33). Assuming this parameter small, the formula for
intensity is obtained:

I(r)y=T(r,r) =

C(r,r)+ / drid’raGo(r, r)Go(r, 1) (V(r)V (r) )T (ry, r2)°
(6.80)

By the analogue with X-ray reflectivity, the detector recording X-ray intensities is
placed on a large distance from the sample.Then the asymptotic expression for Green
function (5.11) can be used and for this reason we return back from matrix form
(6.26) to (6.22). For example, in two-wave approximation the value (V (r1)V (r2)*)
becomes:

(VrDV(r)*) = Qg(ri, re ™2 4 ce). (6.81)

Finally, the formula for intensity using (5.11) takes the form known as distorted-wave
Born approximation DWBA:

I(r) =

/ Prid®raAs) () A ) (g1, 1) HOTD o) A Ac(r),
(6.82)

167272

where each wave field has to be represented as a sum of incident and diffracted waves
with corresponding exponents, and the rapidly oscillating exponents are omitted due
to two-wave approximation. When the dynamical effects can be neglected in the
wave fields of non-perturbed system, the kinematical expression is valid:

I(r)~ /d3r1d3r23iq(rl_r2)g(rl, r), q = kour —kin — H, r/r= kout/k0~
(6.83)
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6.4 One-Dimensional Defects (Dislocations)

The intensity of diffuse X-ray scattering is calculated from the correlation function
of the displacement fields of defects, which is conditioned by two properties: (1)
type of defects, and (2) physical properties of the defects ensemble. The type of the
defect defines the displacement fields u(r; ry) of a single defect, which is included in
correlation functions (6.60) and (6.11). The properties of the ensemble are described
through the density of defects p(r) and correlation function of the defects positions
w(r, r'). The analysis of X-ray diffuse scattering measured near several Bragg reflec-
tions permits to determine the type of defects, their density and correlation properties.
This procedure is very well established for dislocations [20-22].

The dislocations are the frequently occurring type of the defects in crystallo-
graphic materials. In the polycrystalline samples, the known distribution of dis-
locations allows to microscopically describe the plasticity properties [23]. In the
semiconductor heteroepitaxial structures, the presence of dislocations influences the
electronic properties of the devices. The evaluation of the distribution and the sta-
tus of the dislocation is therefore an important part of material characterization in
modern technology [24, 25].

We consider initially the ensemble of infinite line dislocations, which is used as
a model for the line profile analysis in polycrystalline materials [20, 21] as well as
for HRXRD analysis in heteroepitaxial structures [22]. The analysis of dislocation
loops is similar to the case of point defects and described in details in [7, 26].

To solve the problem, the displacement field of a single dislocation has to be found,
which is calculated using the continuous theory of elasticity [5]. The displacement
field u(r) has to satisfy the condition of equilibrium:

&uy

B, S 6.84
Ox;0x; ( )

Cijkl

and to the boundary conditions: the disruption of the displacement fields by value of
Burgers vector b in the path around dislocation line and the absence of forces at free
surface:

fdu = —b, ai./nj|5 = 0, (6.85)

here c; jx; is a stiffness tensor and o is a stress tensor. The solution of this problem for
the case of infinite anisotropic media was proposed by Eshelby [27] and generalized
by Stroh [23, 28, 29]. The solution for isotropic media with half-plane boundary is
reported in [30], and the displacement fields in an explicit form are given in [22].
These fields are represented by a sum of the displacement field in infinite media, the
displacement field of the image dislocation relatively to free surface, and additional
surface term.

Thus, both the displacement fields and the integration method in (6.60) depends
on the arrangement of dislocations, which can be:
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Fig. 6.3 The arrangement of dislocations considered in the section: a on the surface of the film-
substrate interface, b in graded structures, ¢ threading dislocations

e parallel dislocation lines in the plane parallel to the sample surface. The model
describes the boundary between epitaxial film and substrate. The density of dislo-
cations has a dimension m~! (number of lines per length unit, which they intersect
in the direction perpendicular to dislocation lines), Fig. 6.3a.

e parallel dislocation lines distributed within the layer. The density of dislocations
has a dimension m~2, Fig. 6.3b. This model describes partly relaxed layers with
the gradient of the dopant concentration;

e parallel dislocation lines which are perpendicular to the crystal surface. The density
of dislocations has a dimension m~2, Fig.6.3c. This model describes the thread-
ing dislocations and the influence of dislocations on the line profiles of X-ray
diffraction from polycrystalline materials.

6.4.1 Parallel Edge Dislocations at Interfaces

In the epitaxial growth of the materials possessing a crystallographic lattice mis-
match, the accommodation of the lattice strains may occur in different ways [31].
In the initial stage of growth, the lateral crystallographic structure of film replicates
the structure of the substrate. The film accumulates an essential elastic energy and
internal stress may achieve Gigapascals, which is close to the limit of plasticity.
Further growth over the critical thickness results in misfit dislocations with Burgers
vector with the lateral component, which releases the elastic strain in the film. The
dislocation line of the misfit dislocation lies along the interface between the layers
(substrate), which have different lattice constants in a bulk state. The direction of the
dislocation line follows the crystallographic axes [23], and as a result, the array of
parallel dislocation lines appears.

First of all, we discuss the importance of coherent scattering and dynamical
effects in the presence of misfit dislocations. Assuming the non-correlated defects,
the Debye-Waller factor (DWF) is expressed as in (6.11):
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(eiHu(r)> _ eW(z) _ epfdx(eiHu(x,z),l). (6.86)

The spatial dependence of the displacement fields of a single dislocation u(x, z) is
parametrized solely by the layer thickness d. Representing the displacement field as
bup(x = x/d, 7 = z/d), where b is a Burgers vector, the Eq. (6.86) is written as:

WD — (pdd@) (6.87)
(Zs(z):/di(eihHu(i,Z)_]). (6.88)

The dependence of DWF on the thickness is universal, and the type of dislocations and
Bragg reflection influence the function ¢(z), which varies slowly within the layer. The
DWEF value decreases exponentially with increase of thickness and concentration of
dopants. To prove this fact, the convergence of integrand in (6.88) is analyzed below.
Despite of discontinuity in the displacement fields by Burgers vector, the value
e!PHu(E.2) 5 continuous because of in the singular points the phase of exponent
changes its value by 27n. When integrating around zero, the integrand has a finite
value, and at x — oo the displacement fields are decreased as (the singularity is at
x =0):
(6.89)

up, (x,2) 25 2 .

x—o0o by (2 0 1+2(1—2a)z)
7-r 9 ’_— 9

X

oo b 1
up, (x,7) — X (o, —,0),
- Yis X

x—o0 by ( 1 2(1+3(1 - 2a)z))
_— .

up, (x,2)

’

7 7x2’ x3
Here uy, is a displacement field due to i-component of the Burgers vector, the symbol”
is omitted, a = ﬁ and v is a Poisson ratio. Expanding the exponent in (6.88) at
large x, the terms with 1/x are canceled when integrating over symmetric limits and
the value of integral is finite.

Figure 6.4a shows the dependence of ¢(z) for edge dislocations in fcc crystal with

Burgers vector %[1 10] and dislocation line [110] for Bragg reflection (224). Debye-

z/d P
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Fig. 6.4 The dependence of Debye-Waller factor from (a) thickness and (b) Bragg reflection
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Waller factor remains almost constant inside film (0 < z < 1) and decreases deep
into substrate. The same behavior is observed for other types of dislocations.

With the increase of the Bragg reflection order, DWF decreases. The contribution
from the area of large x values in integral (6.88) is proportional to the reflection
order. Figure 6.4b demonstrates the function ¢(z = 0.5) for reflections multiple to
(224) H, = pH, and the function is very close to linear, which again confirms the
largest contribution into integral from large x.

Using the known dependence of DWF on dislocation density and thickness, the
coherent scattering can be estimated. To characterize the relaxation status of crystal-
lographic lattice, the macroscopic relaxation degree is introduced:

ap — ds

al(o) —ay

R (6.90)

where a;, ag are the lattice constants of layer and substrate, respectively; al(o) is a lat-

tice constant of layer in a bulk state. The value R = 0 corresponds to pseudomorphic
layer and R = 1 to fully relaxed one. The difference between a; and a, supposed to
be small. Assuming the difference between the length of N cells of substrate Na; and
N cells of layer is compensated by pNa; dislocations with misfit relieving Burgers
vector by, the following relation is obtained:

CZ(O) —a
I s
R=— e=——. (6.91)

€ g

The relationship between the layer thickness and the density of dislocations is pre-
determined from the microscopic premises for creation of dislocations in strained
crystallographic layers. There are different models [24, 25] of this process, for exam-
ple, in the model of Mathews and Blakeslee the relaxation happens after the critical
thickness d., and changes according to the law:

R(d) = H(d — dey) (1 _ ‘%) . 6.92)

The critical thickness is calculated from the pre-condition that the energy required
for spread of dislocations is less than the energy released during development of
dislocations. The equation for critical thickness estimation is:

b d
—In f ~ €. (6.93)

cr

The real process of dislocation propagation is complex and includes the interaction
and reproduction of dislocations and other effects. As a result, the critical thickness
measured in the experiments is larger than one calculated from (6.93), see Fig.6.5.
The parameter pd is higher than unity if the essential relaxation exists (Fig.6.5)



6 X-Ray Diffraction from Crystals with Defects

240
104 eea-
bl - -
e
08
1
1 ° 2
! [ |
06 !
1
]
« |
0.4
1
]
]
02,
h e 224
' 404
I
0.0 Y
T T T T T T T T T T T 1
0 200 400 600 800 1000 1200
d, nm

Fig. 6.5 Dependence of relaxation degree and pd on the layer thickness for Ing gsGag 94 As/GaAs
evaluated from (224) and (004) Bragg reflections [32]. The dash line corresponds to (6.92) at
critical thickness (6.93). The solid line represents the fitting of (6.92) with critical thickness as
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Fig. 6.6 Experimental reciprocal space maps for the Ing osGag 94 As/GaAs samples of thickness:
200nm (a), 500 nm (b), 1200nm (c). In the case (b), the onset of the diffuse scattering is marked

with dashed line [32]

and according to (6.87) the Debye-Waller factor reduces drastically the coherent
intensity. Thus, the distribution of the diffracted X-ray intensity is dominated by
coherent component for the thickness below critical one and by diffuse component
afterwards. The co-existence of both components in a similar proportion is only
possible in a narrow diapason near critical thickness (Fig. 6.6).

Furthermore, the diffuse X-ray scattering is calculated by using (6.83). Using

correlation function (6.83), we receive from (6.61):

d rd o0 .

R R R B
—00

(6.94)

g(i, Z~]7 Z~2) = exp [de[(de, Z~11 Z~2)] _ €2W, o= /di/(eihH(u(i—j”z~2)_u(—}”z~1)) _ 1)’
(6.95)
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Fig. 6.7 The real and imaginary parts of w(x, z1 = 0.5, Zo = 0.5) (6.95) in wide (left panel) and
narrow (right panel) diapasons of x. The dash line in a left panel shows asymptotic 2¢(0.5). The
dash lines in a right panel show the limits (6.63) for real and imaginary parts

where the dimensionless distances X, z (6.87) are used. The convergence of integral
(6.89) follows from the asymptotic (6.95). Figure 6.7 shows the function a(%, 71, 22)
for edge dislocations in fcc crystal with Burgers vector %[1 101, dislocation line [110]
and Bragg reflection (224). At large values of x, the function (X, 71, 72) tends to
¢(z1) + ¢(z2) and taking into account (6.61), the correlation function tends to zero.
At small values of x, the real part is approximated by quadratic function, and the
imaginary part by linear one (see Fig.6.7), which follows from (6.62) and (6.63).
For small deviations, the difference of the displacement fields is:

ou(—x',2) . n ou(—x',2)

ai/ X az 5Z’ AZ == Z~2_Z~1~ (6.96)

u(i_i/v Z~2)_u(_-£/’ Z~1) ~
The average deformation in (6.63) is calculated by analytical integration over X':
~ ~ v ~ ~
cxx = phy HOH( = 2), €z = ———pb HOH(1 - 3). (6.97)

The deformation €., is harmonized with (6.90) and (6.91) as well as the connection
between ¢y, and €, is given by Hook’s law. In the real samples, the dislocation lines
along [110] providing the deformation €, coexist with dislocation lines of the same
density in perpendicular direction providing the deformation €y, = €y. Assuming
these two dislocation systems independent, the general correlation function and DWF
are obtained as a product of correlation functions and DWEF, respectively, for each
system of defects (6.10), and finally for the component ¢, = —% pby.

The formula for root mean square deformation (¢;x€ ;) is written:

<. ')_/d)z/auiauj (698)
W= | 0% 0% '
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The analytical integration results in cumbersome expressions, for example, the

4 2N 2
term [ dx’ (W) for u related to Burgers vector with component b, is:

L (Ous (=% D\
Jor () -

2 ?GEE+1DQE45) —9) —2D)Z* +20E + DEEE +3) +6) — 9 —2(E+ D? 222 +2+1)
& 87z — DE + 1)°

(6.99)

The correlation function g(r1, ry) = g(x1, z1; X2, z2) for considered here defects
depends on the difference of in-plane arguments x = x; — x> and doesn’t depend
on these arguments itself, which is a consequence of the in-plane uniformity. In the
direction z, the sample is non-uniform, however, using approximation (6.96) the
correlation function can also be written as g(ry, r2) = g(x1 — x2,21 — 22,2) in
the direction z, where z = (z1 + z2)/2 is an average depth at which the correlation
function is investigated. The closer the points r| and r, the better the approximation
is (see Fig.6.8).

The applicability area for (6.96), (6.62) and (6.63) is determined by the parameter
pd. For X-ray intensity (6.94), the region makes the largest contribution, where the
correlation function has a maximum. As follows from Figs. 6.7 and 6.8, the expansion
(6.96) is valid up to values w(X, z1, 22) ~ —1, corresponding to correlation function
e~" _Provided the parameter pd is large enough, the contribution of this region is
crucial. The integration limits on x; — x2 and z; — z2 can be extended to the infinity
and the integration results in:

d dz B (q—q(o))iwi;' @q-¢);
—_—¢ 2 , (6.100)
0 +/detw;;(z)

0
q,~( ) = €ijHj, wij = HiHi{eki€r5),

I(q) =

where the constant terms are omitted. The resulting distribution of X-ray intensity
is close to Gaussian. For some estimates, the value w;; (z) can be replaced by maximal
value w;; (0) at the sample surface, i.e. on the maximal distance from the defects [22].

As follows from (6.100) and (6.98), the typical width of the peak is »/p/d. How-
ever, for the materials with large values pd, the width of experimental peaks is much
narrower than /p/d [22, 33]. The reason for such behavior is the presence of cor-
relations in the position of dislocations.

The correlations are formed due to different reasons related to the dynamics of
dislocations, for instance, the periodic position of dislocations minimizes the elastic
energy [5, 34]. The dislocations tend to glide to the periodic arrangement, however,
the placement of the glide plane different from the interface plane or interaction
with other defects prevents from this process. Because of the complexity of this
dynamics, the correlation of the positions of dislocations is described empirically by
pair distribution function.
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The expression for correlation function is defined by cumulant series (6.21). The
analytical summing of all terms in this series is complicated task and, therefore, the
Monte-Carlo modeling of correlation function has been proposed [3, 33, 35, 36] to
calculate the intensity distribution. The analytical methods, however, also play an
important role is some special cases, for example, for the case of large parameter pd.
In the continuous limit of (6.21) with only 77, 7> remained, the correlation function
g(x, z1, 22) is:

g(x,z1,22) =

epdfdx a(X—3",21,22) + 2p2d2

Jdx'dx" wx'—x")a(X—X",Z1,Z)a(F—X" Z1,Z2) (6.101)
Using the approximation (6.96), the exponential function in (6.101) is expanded up
to the second order of . The omitted terms (73 and others) contain the functions
of higher than second order of 7= 8" . The resulting expression has a form of (6.62),

and the average of deformatlon remalns as in (6.97), but the root mean square of
deformation changes from (6.98) to:

dx’ Ou;(F — %',2) Ou; (¥ — %', 7)
gen) = [ £ ~ _ 6.102
(€ikejr) / A o (6.102)
dx'dz" ;o Oui(E =X, 2) 0uj(F —F,7)
+/T”w(x —*) %y 0% '

In the integrand, the displacement fields drop down at the scale of d. The correlation
function w is essential on the scale of several average distance between dislocations,
i.e. 1/pd « 1. Thus, the assumption about the faster decline of w than the decline
of the displacement fields is valid:
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Fig. 6.8 The real (left panel) and imaginary (right panel) parts w(0, Z1, z2) (6.95). Near the line
Z1 = 22, the function depends on the difference of arguments (iso-lines are perpendicular to lines
21 —22)
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wkx —x")~ s’ —x") / w(x)dx. (6.103)

The substitution of (6.103) into (6.102) shows that the root mean square deformation
(€ike€jr) (uncorn) calculated in non-correlated approximation (6.98) is related to the one
with correlations (€€ jl)(co") given by (6.102) as:

(corr) _ r{

(€ike€jr) eixe j) e (6.104)

r=1 +p/w(x)dx. (6.105)
The parameter r has a physical meaning when the dislocations on a large area are

considered: r is a ratio of the dispersion of dislocations number to their average
number [22, 33]:

r= M(N_—MN)2 (6.106)
MN
The pair density of distribution function p(xy, x2) is derived from (6.17):
pG1,x2) = po(x1 — x2) + p*(1 + wix — x2)), (6.107)
and for the average values on the interval L we obtain:
MN = pL, (6.108)

L2 L2
MN? :/ /2 dxl/ 2dxzp()cl, x2) = pL + szz + pL/w(x)dx.
—L —-L/

Substituting (6.108) into (6.106), the expression (6.105) is obtained, and for non-
correlating dislocations » = 1. Provided the probability to find a dislocation in a node
doesn’t depend on other dislocations, the number of dislocations on fixed interval
is determined by Poisson distribution, for which dispersion equals to average value
and according to (6.106) r = 1. In the presence of correlations, the dispersion
of dislocations number decreases and » < 1, and the width of the X-ray diffuse
peak /rp/d becomes more narrow. Using the definition (6.105), the decrease of
r can also be explained: the correlation function for small values of x is negative
(two dislocations placed face to face are un-probable), and with the increase of x
it tends to zero, which result in a negative value of integral. The detailed review
of the influence of correlation function on the shape of X-ray peak is presented in
[3, 35]. In the limiting case of periodical arrangement of dislocations typical for
the heterostructures with large value of lattice misfit, the parameter r tends to zero.
In this case, the approximation (6.103) is invalid and all terms in (6.21) have to be
considered. The calculation of correlation function from the displacement field of the
entire array of dislocations [5] is a proper method in this situation. The periodicity
of the displacement fields causes the satellite peaks around Bragg peak and due to
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finite value of Debye-Waller factor the coherent contribution should be taken into
account. The detailed analysis and the experimental results for this case can be found
in [3, 37].

6.4.2 Parallel Edge Dislocations in Graded Layers

One of the mechanism to reduce the density of parasitic threading dislocations in the
growth of heterostructures possessing essential misfits, is a creation of intermediate
layer called a virtual substrate. This layer is composed of the solid solution with
graded concentration of dopant through the layer depth. As a result, the dislocations
appear within the entire thickness of the layer and glide less interacting each with
other [31, 38].

The relaxation of graded epitaxial films occurs in the same way as in the case of
abrupt boundary between the materials with large misfit by creation of misfit disloca-
tions parallel to the interface. In this growth mode, the dislocations are characterized
by areal dislocation density, in opposite to linear dislocation density used in previous
section. The areal dislocation density is the number of dislocation lines per unit area
in the plane perpendicular to the dislocation lines. For a (001) oriented cubic crystal,
there are two orthogonal sets of parallel dislocation lines, whose directions we take
as x and y axes. For each set of dislocations, the density is,

1 dac(2)

= — 6.10
byax(z) dz ( 2

p(2)

where ay (z) is the lattice spacing in the plane of interface in the direction perpen-
dicular to the dislocation line, and b, is the Burgers vector component that provides
the relaxation. Here the z axis is along the normal to the plane of the interface.
For typical gradient layers, e.g. virtual substrates, the dimensionless parameter pd?,
where d is the layer thickness, varies between 10! and 103. The static Debye-Waller
factor e is negligibly small and the dynamical X-ray scattering effects can be
neglected. Thus, we can restrict ourselves by kinematical theory. The relaxation of
the graded epitaxial films can also be characterized by the relaxation parameter R(z)
defined with respect to the substrate and the analogue of (6.90) is:

a(z) —al

R(@) = ————,
a¥ @) —a”

(6.110)

where a)(cs) is the substrate lateral lattice parameter, a,(co) (z) is the lateral lattice para-

meter which the film would have if at depth z it were completely relaxed. The value
a)(f)) (z) for a two-component solid solution alloy A, Bj_, can be found from concen-
tration c(z) at depth z, e.g. using Vegard’s law: a)(co) (z) =c(@as +[1 —c(z)]ap.In
this case it follows from (6.109) that dislocation density, relaxation and concentration



246 6 X-Ray Diffraction from Crystals with Defects

profiles are connected analogously to (6.91) by

by [y p(zdZ

k@)= ec(z)

(6.111)

where € = (a4 — ap)/ap is the crystal lattice mismatch between materials A and B
and. The difference of the lattice parameters a4 and ap is assumed here to be small,
ek 1.

The displacement of atoms from their positions in ideal periodic lattice taken as
a reference consists of two contributions. One is the displacement with respect to
the substrate in a fully pseudomorphic layer. For the two-component solid solution
alloy A, Bj_y, the displacement gradient is proportional to the concentration c(z)
of the component A and can be written, using Vegard’s law and assuming isotropic
elasticity, as [39]

dl()dz = ez (6.112)

1—v

where v is the Poisson ratio. The z-component (6.112) is the only non-zero component
of the displacement uP.

The other contribution to the displacement is due to displacement fields of the
misfit dislocations. The correlation function g in the approximation of non-correlated
dislocations (6.61) is then written as:

g(x,z1,22) = exp[T (x, 21, 22)1, (6.113)
where J
T(X,Zuzz):/ dz' p(z)7(x, 21,22, 7)) (6.114)
0
and ~
T(x,21,22,2) =/ dx' (e H G +x. i) —ut 2] gy (6.115)
—0Q

Despite of the large value of the parameter pd?, the direct usage of approximation
(6.96) leads to the divergent expressions. In the framework of formula (6.96), the
imaginary part of the function 7(x, z1, z2, z') is linear over x and ¢ and describes the
deformation (6.63):

Im7(x, 21, 22, 7)) (6.116)
o / - / -

[ v [P, onei) ]
s X 0z1

and leads to shift of the peak center according to the average strain of the layer lattice,
while the real part describing the root mean square deformation (6.63) is quadratic
over these distances:
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Re 7@ (x, 21,22, 7)

= — [w11x2 4+ 2wipx( + wzgg‘z] . (6.117)
Here it is denoted
1 00 0 /’ : NN 2
wi(z,2) = —/ dx (g 22BN 6.118)
2 ) ox’

the functions w12(z, z’) and w2 (z, 7') are defined similarly by making derivatives
over z instead of the derivatives over x’. The quadratic form of the real part of T
in the case of uniform relaxed layers leads to anisotropic Gaussian shape (6.100)
of diffracted peak with the minor axis parallel to the diffraction vector H. The real
part Re 7 is denoted in (6.117) as Re 7 to indicate the expansion quadratic over x
and (.

The expansions (6.116) and (6.117) are accurate enough to calculate the X-ray
diffraction peaks from uniform relaxed films with misfit dislocations located at the
interface. However, for dislocations distributed in the film we find that the coeffi-
cients w;;(z, z') (here i, j = 1,2) diverge at 2’ — z as w;;(z,2') |z — z’| -1
see (6.99). As a result, this approximation leads to an erroneous divergence of the
integral (6.114), while in an accurate calculation the integral converges. The same
problem arose for uniformly distributed dislocations in Ref. [40]. In this latter case
the contribution to the correlation function from small separations was estimated
and used to re-normalize the contribution from the upper limit of the integral. Since
this upper limit was an ill-defined crystallite size, its change was not important, see
below. In the present case, however, the contribution from the lower limit is essential
and the upper limit is a well-defined film thickness.

The singularity of the function w;;(z, z') at z — z appears since the expansion
(6.117) becomes invalid. In the limit 7/ — z, numerical calculations show that the
real part Re 7(x, z1, z2, Z') is well approximated by the expression

Re ™V (x, 21, 22, 7))

~ Vx2 + %lag + a) cos(2¢) + a sin(2¢)], (6.119)
where ¢ = arctan((/x) and the coefficients a;(z,z’) (i = 1,2,3) remain finite

at 77 — z and decrease as the distance |z -7 | increases. Re 7 is denoted in this

approximation as Re 71, to indicate that it is linear over /x2 + 2.

One of the methods to determine the values a; (z, z'), w; i (z, 7’) is to numerically
calculate the function of four arguments 7(x, z1, z2, z') and to fit its real part to the
sum Re (7(V 4 7)) given by Egs. (6.119) and (6.117) [41]. The result of the fit is
three functions wj;(z, ') (i, j = 1, 2) and three functions a; (z, 2)(i = 1, 2, 3). w;j
decrease to zero at 7 — z, while g; are maximal in this limit and decrease when the
distance ’z - z" increases.
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The imaginary part Im 7(x, z1, 22, ') is well approximated by Eq. (6.116), and
the integrals can be calculated analytically, analogously to (6.96):

Im 7(x, 21, 22, 2') & —i [0 (z. 2)x + 6q2(z. 2)(]., (6.120)
where
56x (z, Z/) =HbyH(z — Z/),
- 2v /
0q.(z,7) = —EHbeH(z—z). (6.121)
The accuracy of this approximation increases with the decreasing x and (.

‘We now substitute (6.120) and (6.121) into (6.114), and combine the result with
(6.112), to obtain the wave vectors defining the local peak position,

4x(2) = Qxby / dz'p(2), (6.122)
0

1+v
ec(z).
1—v

_ 2 <
7-(2) = —I—VQbe/ dz'p(z) — 0.
— ;

Finally, collecting the equations above, we can represent the X-ray scattering
intensity as

d [e'e)
1(gx. qz) = / dz / / dx d¢et 10 @l +g:~:(2)]¢)
0 —0
d
Xexr)[ / dZ/P(Z/)ReT(x,Z,C,Z’)}, (6.123)
0

where, in the approximation that we described above, Re 7 = Re (T(l) + T(z)), the
two contributions are given by Eqgs. (6.119) and (6.117), and we write their arguments
as z, (instead of z; = z and 2o = z + (.

High-resolution X-ray diffraction is a standard tool to measure the relaxation in
epitaxial films. For uniform layers, a comparison of the diffraction peak positions on
the reciprocal space maps (RSMs) taken in a symmetric and in an asymmetric reflec-
tion provides the lattice parameter of the film and the degree of relaxation [41-43].
The problem becomes more complicated for layers containing the lattice parameter
gradients due to concentration variations. Instead of separate peaks from uniform
layers on the RSMs, one observes in the graded layers a continuous intensity distri-
bution. The work [41] demonstrates the determination of the concentration and the
dislocation density profiles from RSMs of graded epitaxial films without assuming
any relations between these profiles and using the RSM intensity distributions only.

The scans of constant g, of the intensity distribution 7 (g, g;) on a RSM usually
have well defined maxima (see Fig. 6.10), whose positions we denote as g; max (qx)-
Equation (6.122) approximately give, in the parametric form, the line g; max (g ). The
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Fig. 6.9 Experimental reciprocal space maps from the sample containing graded InyGaj_yAs
layer for 224~ (a), 004 (b), 224" (¢) Bragg reflections and from the sample containing graded
GaAs;_, P, layer for 224~ (d), 004 (e), 224" (f) Bragg reflections

fitting of the experimental RSMs can be simplified by defining this line on the exper-
imental map and substituting corresponding values g max, ¢x max instead of g;, ¢y
into (6.122). Then, combining the two equations (6.122), one can directly express
c(z) through ¢;max, ¢xmax- The value of z is obtained, in the current approxima-
tion for the dislocation density p(z), by numerically solving the first Eq. (6.122). We
denote by z* this value of z. That allows us to reduce the search from two unknown
functions, ¢(z) and p(z), to the search of just one unknown function.

We can also make arough estimate of the intensity 7 (¢; max, ¢x max)- Letus assume
that the most essential contribution into diffraction intensity when integrating (6.123)
over dz is given by a small vicinity of the point z*. This assumption works better
as the dislocation density increases and the integrand, as a function of z, becomes a
sharp peaked function. Then, we can write

d
/ dz 14— T @I+~ G(210)
0

%/ dz exp Ii (qu(Z)x 4 dq:(2) C) (z — Z*)]
0 dz dz

~ 27§ (dq" @, 4 9@ g) . (6.124)
dz dz
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Fig. 6.10 Example of reciprocal space maps from graded samples, a In,Ga;_,As/GaAs and
b GaAs;|_,P,/GaAs, (224) reflection [41]. The blue line shows the positions of local maxima
¢x max (¢z max) used for linking profiles ¢(z) and p(z) during data fitting procedure [see Eq. (6.122)
and subsequent discussion]

In this approximation, the integration over dx d( is reduced to the one-dimensional
integration in the direction normal to the line ¢, max (¢zmax)- If we make further severe
approximation, assuming that w;; and a; are constants, we arrive at a notably simple

relation B
dq;(z")
dz

I (gxmax; gzmax) X 1/ X l/P(Z*)- (6.125)

Qualitatively, Eq. (6.125) states that, the smaller is the dislocation density, the larger is
the thickness of a sublayer contributing to diffraction intensity. However, Eq. (6.125)
only qualitatively describes the experimental data, and can be used to obtain the first
approximation for further fit of the dislocation density profile. By performing the
comprehensive fitting of reciprocal space maps based on (6.123), the depth profile
of the dislocation density can be obtained (Fig.6.11).

Another example of the application of experimental HRXRD method and suc-
cessful theoretical interpretation of measured reciprocal space maps (Fig.6.12) is
reported in [42] for three samples grown on different substrates and therefore pos-
sessing different relaxation status and dislocation structure. Three reverse-graded
Sig»Geop g relaxed buffers were grown on (001), (011) and (111) silicon substrates
(see detailed design of the samples in [42]). The measured and simulated on the basis
of the presented in this section theory maps demonstrate a good agreement and prove
the validity of the evaluation approach.
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Fig.6.11 Results of fitting of reciprocal space maps for sample In, Ga;— As/GaAs (left) and sample
GaAs|_,P,/GaAs (right) [41]. a Contour plots of experimentally recorded (blue solid lines) and
fitted (red dashed lines) intensity distribution from reflection 224~ . The step of iso-intensity contours
is 1091, b Concentration and relaxation depth profiles. ¢ The fitted misfit dislocation density (full
line), black squares denote points p(z;) which were used for fitting. The dashed line corresponds
to dislocation distribution according to model [44, 45]

6.4.3 Parallel Dislocations Lines Perpendicular to Sample Surface

The model of parallel dislocations lines, which lie perpendicular to the surface
describes the threading dislocations penetrating heteroepitaxial structure and have the
dislocation lines perpendicular to the interfaces of heteroepitaxial layers and sample
surface. The density of threading dislocations influences essentially the functional
properties of electronic devices built of semiconductor heterostructures. The typical
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Fig. 6.12 Experimental and simulated reciprocal space maps (a, b) (224)~ in grazing-incidence
angle geometry for the (001) sample; (¢, d) (224)* in grazing-exit angle geometry for the (011)
sample; (e, £) (135)7 in grazing-incidence angle geometry for the (111) sample

example is III-nitrides (AIN, GaN and InN), for study of which the X-ray diffraction
is widely used [46, 47].

This model is also applicable to the description of dislocations inside the crystal-
lites of polycrystalline materials. The real distribution of dislocations in polycrystals
is sophisticated: the dislocation lines are distorted, collected into groups near the
crystal walls, the size of crystallites fluctuates, etc. The analysis of the diffraction
line profile based on the above model is nevertheless very effective [20, 21]. The
accurate analysis of used approximations and the comparison with numerical Monte-
Carlo simulations has been presented in [36], and below we use the results of this
work.

The essential feature of all the above-mentioned systems is a correlation of the
dislocation positions formed during the movement of the dislocations, which tend
to reduce a full elastic energy [48]. To determine the correlation function, the terms
T1 and 7> in (6.21) have to be taken into consideration. The polycrystalline samples
differ from semiconductor epitaxial structures with defined thicknesses by existing
distribution of crystallites over the shape and size. Due to this fact, the displacement
fields ininfinite media are utilized in further theoretical calculations. In the correlation
function, the dislocations with various directions of Burgers vector have to be taken
into account. For example, for screw dislocations there are two Burgers vectors
+b,, which result in the displacement fields of the opposite signs. The modeling of
the dynamics of dislocations [48] demonstrates the tendency to correlation for the
dislocations of opposite signs to reduce the elastic energy and thus to create so-called
dipoles. The fact of the compensation of the displacement fields by the dislocations
of opposite signs is used in a restrictedly random distribution proposed by Wilkens
and widely used in a line profile analysis [49]. As a result, we obtain using (6.21):

Ty (r)+Tx(r)

gry=e
1 5 O (r) @ duy (r') (@
Ti(r) = ) ;paHkHl/d r g axj XiXj
1 Aup (r) @ u;r'") B
Ty(r) = =5 > papsHicH) / / a*r'a*r” "axl_ lan was(r' —r")xix;,

a.f
i j=1,2kl=1273 (6.126)
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where « and (§ means the type of dislocation (Burgers vector) and integration is
performed in XY plane. We assume here that the system is uniform and correlation
function depends solely on difference r. The imaginary part of 77 is eliminated due
to compensation of average deformations caused by the dislocations of the oppo-
site signs. The density of dislocations is supposed to be high enough and thus the
expansions (6.96) and (6.63) have been utilized. To complete the integration in 77,
the polar coordinates are used, where the derivatives of the displacement fields are
written as in (6.3):

dur () v(@)f

8)6,’ r’

, (6.127)

where the tensor v(gb),((?) depends on the dislocation type, and finally:

/

2T
T1<r>=—§ZpQHka,~n,~r2 / (@) v(e);; / d—r (6.128)
o 0

Here n is a unit vector in direction r, and in the expression (6.128), the integral
over r’ diverges both on upper and lower limits. The divergence on the upper limit
is conditioned by the size of crystallite L, which varies for different crystals and
depends on the shape of crystallite. The divergence on the lower limit is related to
the approximation (6.96) and to the expansion of exponent. Because of the upper
limit L is badly defined, we can use for the lower limit the distance r,,, below which
the expansion of the exponent is invalid:

Hu(ry —ry) —u@ry;ry) ~ Hor/ry, ~ Hbr/ry, ~ 1,

and for 77:

L
Ti(r) = __Zpale:/ kll]i’ 2In —— Hor Guij = HyHninj,

2w
B = /0 dov() v(e)),  (6.129)

where in accordance with line profile analysis, the geometrical G and elastic E terms
are distinguished.

To calculate 73 in (6.126) with the same accuracy, the approximation (6.103) is
used, which leads to the integral similar to (6.128). As a lower integration limit,
the distance can be used where the approximation (6.103) fails: the characteristic
radius R of the correlation function w,s. For correlation function, the following
expression is obtained:
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Ti(r) + Th(r) =

— szlijr In H_br Za: E,?,l-jpn +In R_c Z;pﬂp@Eklij dr/wa[j(r/) ,
a,f

27
Eg) = /0 dov(@)v(d)]) . (6.130)

This formula doesn’t depend on the size L if the multipliers at logarithms in (6.130)
are compensated, which is equivalent to the existance of dislocations with opposite
Burgers vectors in pairs [36]. Let us consider the screw dislocations «, § = +b, —b
assuming the equal densities of dislocations of opposite sign pyp, = p—p = p/2,
where p is a full density, and the absence of correlations between dislocations of
the same sign wypyp = w_p—p = 0. To satisfy the compensation condition, the
following equation has to be fulfilled:

g/dr/w+b_b(r/) =1, (6.131)

here the equalities E,Zf"j*b = —E;?H’ = —E,gf?.*b = —Ey;; are used. By the
definition of correlation function, the formula (6.131) means the probability to find
a dislocation of the opposite sign at arbitrary distance from the original dislocation
equals unity, or alternatively, the dislocations with the opposite signs create the pairs.
In this assumption, the equation is obtained:

g(r) = e 5rOu Euir® In iy (6.132)

To apply this expression for correlation function to line profile analysis, the exper-
imental conditions have to be accurately considered. In X-ray diffraction experi-
ments, the crystallites of various spatial orientations are irradiated and contribute to
the detected intensity /,,(q):

In(q) = /d39.f(g)1cr(f(g) “qer), (6.133)

where g means formally the orientation of crystallites (for example, three Euler’s
angles), f(g) is the orientational distribution function (the portion of crystallites
with orientation g), f"(g) is a rotation matrix corresponding to orientation g, I..(q)
is an X-ray intensity diffracted by a single crystallite (all crystallites are assumed to
be identical), and g, is defined in a coordinate system of a crystallite, details see in
Chap. 7. The distribution of X-ray intensity I (T (9)-qr) decays rapidly with change
of orientation and the value f(g) can be fixed to constant within the diffraction peak
area. Thus, the integration of (6.133) is equivalent to integration of /..(q) over the
sphere in reciprocal space with the radius equal to the module of wave vector transfer
(Fig.6.13a).
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Fig. 6.13 The physical principles of X-ray diffraction measurements from polycrystalline materials
(a) and coherent epitaxial structures (b)

If the peak width is small, the sphere can be replaced by plane (tangential plane
approximation, [50]) and for X-ray intensity we obtain:

1(Q) =10 = / &r / dqudgye® g(r) =
= /dzeiqlzg(x =0,y=0,2); Q=H +g¢q, (6.134)

here z-direction is along H. Thus, for line profile analysis, the one-dimensional
correlation function is required:

» H H H;H;

1 2~ 21, R
— o 2PH Gy Erije Ing - ~(p)
’ klij H4

9(2) (6.135)

To calculate the integral (6.134), the integration area z > R./HDb has to be
included where the logarithm is negative and the integral diverges. This area doesn’t
fulfill the assumption r < L, R, made for derivation of (6.132) and the correlation
function drops down rapidly at these conditions. Therefore, for large values of r
the modification of logarithmic term is necessary. The function f(z) has to tend to
In Ifgz for small z, to be positive and to tend to zero at large z. For restrictedly random
distribution, the proper expression has been proposed by Wilkens [51], which is bulky
and unclear, however, is frequently used in literature. The works [36, 46] introduced
a simple function satisfying all above mentioned requirements:

R.+ Hbz

f(x) =In Hbz

(6.136)

The correlation radius R, can be represented as M/, /p, where M is called a cor-
relation radius measured in the units of average distance between dislocations. The
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Fig. 6.14 Deformation stacking faults in fcc materials. The axis z is along < 111 >

parameter C ~ G,(ji)j Eyy;j is called a dislocation contrast factor and it depends both
on the dislocation type and Bragg reflection. This dependence permits to identify
the dislocations type and density [20] and correlation radius M using several Bragg
reflections data [52].

6.5 Two-Dimensional Defects (Stacking Faults)

Stacking faults are the two-dimensional defects observed in crystalline [47] and poly-
crystalline [53] materials and influencing their mechanical and electrical properties.
The X-ray diffraction methods are sensitive to this type of defects and characterize
them comprehensively [54, 55].

X-ray diffraction from crystalline structures containing stacking faults has been
studied by Landau [56], Henricks and Teller [57], and further in the work [50, 58-61]
and other. For the numerical data evaluation, several programs have been developed
including DIFFaX [62], which is used in other line profile analysis software [54, 63].

The example of deformation stacking faults in fcc material is shown in Fig. 6.14.
To calculate the correlation function and Debye-Waller factor, the displacement fields
created by a single defect have to be determined. In opposite to the defects considered
in the previous sections, the displacement fields of the stacking faults are found from
the geometrical consideration and not from the equations of the elasticity theory
(6.84). Particularly, the presence of the defect in the point z leads to the shift of all
upper layers by vector uq. The displacement field is then presented as:

u(z,z) =uoH(z — 7). (6.137)

Assuming the positions of stacking faults non-correlated, the Debye-Waller factor is
determined from (6.11):
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eW _ effooo dzp(eiHuOH(Z*z/)fl) N eLZP(eiHuO -1 N eNd(eiHuo -1 7 (6138)
here L, is a characteristic size of the sample in stacking direction, p is a density of
stacking faults and N, is an average number of defects in the sample. The number
of defects is assumed to be large enough to satisfy a statistical approximation on the
defects ensemble. Therefore, the coherent scattering is absent unless the condition
Hu = 0 is fulfilled. The expression for correlation function follows from (6.61):

uO 7722

2]
\11*22‘—1)|21—22|_ (6.139)

iH
9(z1,22) =

Using (6.83) and geometrical consideration of defects, the scattered X-ray intensity
is calculated as:

1(q) =6(q)) / dze'% g(z). (6.140)

The factor d(q)) shows that the broadening of the diffraction peak occurs in the
direction of stacking, and in perpendicular to this direction the presence of stacking
faults is not evident from the diffraction data. In the case of fcc materials, see Fig. 6.14,
the translation by vector 3uq is equal to the lattice period and e¥H%0 = 1. This
fact initiates three possibilities ¢/ H#0 = 1, ¢2™/3 ¢=27/3 the realization of which
depends on the Bragg reflection H, see [53, 64] for details. For e!ff*0 = 1, the
stacking faults don’t influence the scattering process, which remains coherent. For
e'Huo — o*27/3 ysing (6.140) and integrating with infinite limits, we obtain:

w V3 3
I(q)—5(qH)(qZ_q0)2+w2, q0=E—p. w=_p, (6.141)
where the peak has a Lorentzian shape, gg is a peak shift and w is a peak width.

The approach presented above is based on the fact that stacking faults are described
by the displacement field derived from the geometrical consideration. However, in
many cases the appearance of stacking faults leads to the sequence of layers, which
is not described by the displacement fields (6.137). Moreover, the expressions (6.11)
and (6.61) are based on the assumption of low concentration of defects c, see Eq. (6.7).
For some materials, the sequence of the layers is variable [65], which means the high
concentration of stacking faults. In such a case, the stacking faults are described by
the probability to observe a particular sequence of layers [57, 58, 60, 62].

The estimate for Debye-Waller factor (6.138) remains valid. For fluctuating poten-
tial V in (6.26), the scattering operator at each atomic layer k% pi(r —ri)A(r,t) is
chosen and L is a operator of propagation of X-rays in vacuum. The formula (6.61)
in kinematic approximation is then transformed to:
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N N
1<QZ>=Zz<fnf,:ie"9<'"—’%>), fo = / Ao 2. (6.142)

n=1n'=1

here f, is a form factor of n-th layer, r,, is a location of n-th layer and N is a full
number of layers.

The averaging in (6.142) is performed over all possible sequences of layers. This
averaging is conveniently realized using Markov chains [65]. Let us assume that
there are m types of layers, and the rule of stacking is determined by probabilities
m;; of the layer of type i to be followed by the layer of type j [62]. In the deformation
faults in fcc shown in Fig. 6.14, there are three types of layers: A, B and C. Denoting
by « the probability of stacking fault, the probability for layer A to be followed by
layer A is zero, by layer B is 1 — «, and by layer C is «. The matrix 7;; has a form:

0 1—-a «
mij = a 0 1—al. (6.143)
l—a « 0

In the absence of the correlation between the defects positions, the sequence of lay-
ers forms a Markov chain with probability matrix 7;;. The matrix 7;; has a property
> jTij = 1 (a stochastic matrix) which leads to the fact that one of the eigenvalues
equals 1 and corresponding eigenvector o; obeys »; o;m;j = 0. This vector cor-
responds to the stationary state of Markov chain, the state which is obtained after
a large enough number of steps. The probability Py, s, . s, to have a sequence of n
layers where the first layer is in a given state s, the second is in state s»,..., the n-th
is in state s, in a stationary chain is given by:

Py sy 5y = 0515y 59Ts3 53+ W51 s, (6.144)

The averaging in (6.142) can be performed with help of (6.144):

(fifye@m=ry (6145
= Z Ps1 82 ... 8y fs1ei¢(n)f;:,

si=l..m,...sp=1...m

— PS] P fSIei(d)slsz‘l'(bsz.g +~~+(b:n,lsn)fs*
E n

S1yeens Sn

_ iGgy s [ Osys iP5, s *
= D 0y fuTsne Pramg, pel P g el P fE L (6.146)

here ¢p(k) = i Qry, ¢;j = i Qor;; is a phase gained by the scattered wave due to
the sequence of layers i — j, r;; is a stacking vector between layers of type i and j.
Introducing the matrix 7;; = ; ; ¢'%ij [62] the summation in (6.145) can be converted
to matrix multiplication:
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(fifyye' ) §:mﬁT“1> (6.147)

The substitution of (6.147) into (6.142) and summing over n, n’ in infinite limits
results in:

I =gi(l— T)lglf; +cc.— frfi, gi = oiF;. (6.148)

For simplicity, we consider the case when all r;; have the same value in the stacking
direction, thus 7;; is represented as:

T =) 1) = mjet i, (6.149)

Here the variable Q. is represented as ?, where / means the Miller index in the
direction z, the parameter d is a crystallographic interplane distance along z. For
the case of deformation fcc stacking 7;; has the form:

Q e%(l — Q) ¢*¥a
Ti=| e %a 0 eF(l-a)l- (6.150)
e%(l — Q) e_%ﬂa 0

The intensity (6.148) can be expressed in an explicit way if eigensystem of (6.149)
is introduced [60, 61]. The matrix (6.149) is in general not symmetric, hence it has
different left and right eigenvectors and eigenvalues are the complex quantities:

1, (Ra) _ (@) ,(R.)
T)je! e, (6.151)

elgL,a)Ti\j\ _ v(a)elgL,a),

v(a) — |v(w)|e27riab(“).

Thus, the vectors TH can be represented as:

M
Tl_‘j‘ => U(“)ei(R’a)e;L’a). (6.152)

Taking into account the properties of eigenvectors, the inverse matrix (1 — 7) l.;l is

e{R,a)e('L,a)

M
(1—T)l.f1.1=z : S . (6.153)

1 — |U(a)|e—2ﬂ'l (I—p@)
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and the substitution of (6.153) in (6.148) after some algebra results in:

sin@n(l — ¢'@))
zm=zﬁ(@%+;%——7;——-

- —_ A
« Lor(M, V(a)), (6.154)

™

here J-function like dependence on g is hidden in form factors of layers and
Lor (x, ) is a Lorentz function:

v

o)

The weights for symmetric and asymmetric parts wé‘yﬁ)n, wggy)m and Lorentzian width
(av) .
Y'Y are:

Lor(x, ) = (6.155)

@) = Re(Gre RV, v t!
Sym j 2 /v(a
V@

W@ = I (Gre R o) p ) 2TV IV

(6.156)

asym — i J J 1— |U(D‘)| ’
@ _ 1=
21/ @]

The sine functions in the Lorentzians can be expanded near integer 1 values:

1) =
M lmax

> 2 ( o+ i =1 — ¢>(°‘))) Lor(l — Ip — ¢, 4). (6.157)

a=1lp=—lpax

Thus, using the physical approach described in this section, the shape of the diffrac-
tion peak in Bragg reflection / is a sum of the symmetric and asymmetric Lorentz
functions, which is in agreement with experimental data [54].
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Chapter 7
X-Ray Diffraction Residual Stress Analysis in
Polycrystals

In the previous chapters, the X-ray analysis has been applied to the samples with
the electron density distributed uniformly in a macroscopic volume: the constant
value for XRR analysis and three-dimensional periodic function in case of HRXRD
analysis. These samples are usually grown with a predicted design to realize certain
physical or mechanical properties of a final structure. The natural materials, however,
possess in most cases the mixed structure, consisting of a large number of crystallites
of various shape and size with random distribution over the sample volume. This kind
of physical structure is called a polycrystalline form and it occurs in the majority of
existing samples.

The non-destructive X-ray studies explore the properties of polycrystals, which
influence the macroscopic characteristics of the products made of polycrystalline
materials. There are different methods of X-ray analysis described in numerous
monographs: the powder diffractometry performs the chemical and structural analy-
sis of the material [1] and determines the grain size [2] and microstructural imperfec-
tions, the texture X-ray analysis studies the preferable orientations of the crystallites
[3], X-ray stress analysis evaluates the residual stresses and strains in the samples
[4, 5].

The chapter deals with the residual stress analysis, and the theoretical concepts
described in previous chapters are used here to interpret the X-ray residual stress
measurements. The first section introduces the basic physical definitions used fur-
ther in X-ray stress analysis. The most difficult part of the theoretical interpretation is
adescription of the elastic interaction between crystalline grains which influences the
microscopic properties of the crystallites. The second section presents the approxi-
mations and models used for solution of this problem. The third section considers the
powder X-ray diffractometry in a connection with X-ray stress analysis. The forth
section deals with the macroscopically isotropic samples, and the expressions for
X-ray elastic constants are derived. The covariant methods and vector parametriza-
tion of the rotation space group are utilized to simplify the operations with tensors.
Finally, the macroscopically anisotropic material are discussed in the fifth section of
this chapter.

A. Benediktovitch et al., Theoretical Concepts of X-Ray Nanoscale Analysis, 265
Springer Series in Materials Science 183, DOI: 10.1007/978-3-642-38177-5_7,
© Springer-Verlag Berlin Heidelberg 2014
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7.1 X-Ray Stress Measurements

The residual stresses are defined by the distribution of the forces and the moments of
forces, which exist in an equilibrium state in the polycrystals. The stresses influence
the mechanical properties and the fatigue life of a material under external exposure.
The residual stresses are the result of the elastic or plastic deformation of crystallites,
and the distribution of the stress in a volume is distinguished by the several scales,
o = o7 + or; + or7 [4]: (1) macroscopic, where the stress oy is averaged over
the large number of grains, (ii) mesoscopic, where oy is an average stress inside
grain, and (iii) microscopic, where o;y; describes the fluctuation of local stress
inside a crystallite around value o;;. The mechanical properties of the sample are
defined mostly by macro-residual stress oy, the evaluation of which by X-ray stress
measurements involve the calculation of o;; and o7 as well (Sect.7.2).

The real microstructure of polycrystals is very complex. For the description of
areas with coherent crystallographic structure, there are different spatial scales and
naming conventions for micro-objects exist: crystallite, subgrain, dislocation cell,
cell-block, grain and others [6]. Depending on the material, these objects have various
relationships. In this chapter, we are not focusing on any particular material and
therefore use the words crystallite and grain as synonyms.

In according to elastic theory [7], the stress tensor o;;(r) in the position r is a
symmetric tensor of a second rank which defines the force density F; acting on the
square dS; = n;dS as follows:

Fi(r) =0ij(r)n;dS, i,j=1,2,3, (7.1)

where 7 ; are the components of a normal vector to the square 4§ and the repeating
indices are summed up accordingly.

In general case, the components o;; (r) have different values in different crystal-
lites, however, the averaging over all grains results in a macro-residual stress:

oij = (04 (r)), (7.2)

which has to be evaluated in the most of the practical applications and is a target of
the residual stress analysis.

Thereafter, we consider the basic principles of X-ray diffraction stress analysis
for polycrystals with uniform and isotropic distribution of the crystallites [4, 5, 8].
The stresses o;; in the sample lead to the variation of the interplane distances inside
the crystallites, and the value djy; for the plane {hkl} depends on the orientation of
grain in a polycrystal (Fig.7.1).

The linear dimension of the grains in polycrystalline materials is essentially less
than the extinction length of X-rays, and according to (6.77) the X-ray scattering
from a single grain is described by a kinematical diffraction theory. The position of
the diffraction peak for the radiation with the wavelength ) is determined by Bragg
law:
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dI'\kl

(o) (c)

Fig.7.1 X-ray diffraction from polycrystalline sample to measure residual stress inside the sample

2dpir Sin O = A, (7.3)

where angle 6y, is a Bragg angle for reflection hkl. Assuming the value d}(l(,)()l and

Bragg angle 9,(1(,)()1 are known for the investigated crystal under the non-stressed condi-
tion, the measurement of the position of the diffraction peak 6;; delivers the elastic
deformation of corresponding crystallographic planes:

0)

0)
i — d
M= I (G — 09 cot 01). (1.4)

(0)
dhkl
This value is a component of the strain tensor ¢;; (), which depends on the coordinate
and is connected to the stress tensor by Hooke’s law [7]:

€j(r) = sijr(ryow(r), (7.5

where s;ji;(r) is a local compliance tensor, which may vary both inside grain and at
the grain boundary (Sect. 7.2). In a primitive model of uniform and isotropic polycrys-
tal consisting of the isotropic grains [5], the averaging over the coordinates in (7.5)
establishes the relationship between the measured average strain tensor ¢;; = (¢;; (r))
in sample, the evaluated macroscopic stress tensor o;; and the compliance tensor
Sijxi» which is referred to the whole polycrystal but for uniform sample contains two
parameters Sy, 1/2S, [7] only:

Oikdj1 + 6116 jik

> i| ok, (7.6)

1
€ij = (Sijki(r)ow (r)) = Sijrow = |:515ij5kl + 552

These parameters are expressed through the Young modulus E and Poisson ratio v
as:
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Fig. 7.2 The coordinate systems used in X-ray diffraction residual stress analysis in polycrystals
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(7.7)

Each of three tensors in (7.6) has a simplified form in various coordinate systems
used for residual stress analysis (Fig.7.2).

The coordinate system S is related to the sample as a whole, and the axis z(i = 3)
coincides with the normal to the sample surface. In the coordinates S, the components
of the macroscopic stress tensor o;; are initially defined. The laboratory coordinate
system L is set to merge the direction of the axis z’ and reciprocal lattice vector H
of crystallites, corresponding to the Bragg angle 26,;;. This direction in a system
S is defined by the unit vector y(¢, ¢); Q = Qy = 27Ty/ hkl with angles i) and
¢ (Fig.7.2). The definition of the vector y is possible by other parameters, which
can be more convenient for interpretation of the measurements from the samples
with preferred orientations, see Sect.7.3. The experimentally measured strain (7.4)
defines the component of strain tensor ehlg = 63L3 in a coordinate system L.

Finally, the crystallographic coordinate system C is defined by the crystallo-
graphic axes of crystallites, and the stiffness tensor is set in this coordinate system.
Assuming the uniform and isotropic sample model (Sect.7.2), the parameters S lc and
S2C are equal for all grains and calculated from the crystallographic parameters of a
crystal composing a crystallite. They also coincide with the macroscopic parameter
S1 and > of polycrystal in Eq. (7.6).

In isotropic polycrystal, the components of the strain tensor (7.6) in system S are
expressed through the value 633 by three components of the rotation operator T( y)
(Fig.7.2):

Z/;l = 633 =T (}’)611 13(.)’) (7.8)

which is the same as vector (y) is the system S:

T3 (y) = Ti3(y) = (sint) cos ¢, sin 1) sin ¢, cos ). (7.9)
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Using the Egs. (7.6)—(7.9), the relationship between the measured by X-ray dif-
fraction strains and components of the residual stress tensor is:

1
e%f = ESZ sin® Plon cos? ¢+ o128in2¢ 4 022 sin® ¢ — 033]

1 1
+ ESZ sin 2¢[o13 cos ¢ + 023 sin @] + Sy (011 + 022) + 033(552 + S1).
(7.10)

The Eq.(7.10), named often as fundamental equation of X-ray stress analysis,
contains 6 unknown components of the stress tensor. They can be found as a solu-
tion of the system of linear equations obtained from the measurement of strain at 6
different angles v and ¢. The values of the diagonal and non-diagonal components
of the strain tensor may differ essentially, and thus even small errors in the measured
positions of the diffraction peaks make the analysis unstable. Therefore, another ana-
lytical methods utilizing the specific features of Eq.(7.10) are used for the treatment
of X-ray data. The most commonly used technique is a sin” ¢ method, introduced
for the first time in [9].

The method is based on the fact, that the boundary conditions of the sample shape
are not essential for uniform and isotropic macroscopic polycrystal. Therefore, the
coordinate system S is approaching the system P of the stress tensor [7], where
oij = 0;0; j: 0i = o;; and thus tensor contains the diagonal elements only. In
this case, the dependence of the function €”X! on sin® ) at fixed ¢ is defined by a
straight line (Fig. 7.3a). Thus, the interpolation of several measurements carried out
at different sin? ) and ¢ = 0 and ¢ = 7/2 by a straight line makes it possible to
calculate values 011 and 02> from the inclination angles of the line. The intersection
of the line with the ordinate delivers the value 033.

As follows from (7.10), the presence of non-diagonal components in o5, i.e. the
deviation in the directions of the axes of S and P systems, leads to the dependence of

efpﬁf on the sign of the calculation angle . This fact results in elliptical form of the

curves EZIZ (sin?), which allows to calculate the values o3 and 023, too (Fig.7.3b).

For anisotropic and non-uniform polycrystals, the method described above does
not permit to calculate the components of the stress tensor, however, the curves
ehw’f; (sin*1)) are helpful to investigate qualitatively the distribution of the stresses in
the sample, for example, presence of stress gradient or texture (Fig. 7.3c, d).

The quantitative residual stress analysis in case of essential deviations from sin® ¢
law assumes the averaging of (7.6) by using microscopic models (microstress) for
separate grains and their elastic interaction (7.2) as well as the consideration of texture
of polycrystalline sample (7.3). In general case, the resulting equations contain a
complicated relationship between the microscopic compliance tensor of separate
grains and components of macroscopic tensor S;j; referred to the whole sample. In
the framework of macroscopically isotropic model and in the presence of anisotropy
inside grains, the Eq.(7.10) can be used to interpret the experimental data:
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Fig.7.3 Typical shapes of the function €, (sin~v) for the measurement of strain by point detector:

a linear function in case of diagonal stress tensor, b elliptical function in case of non-zero o3 and
023, ¢ oscillating function in the presence of texture, d parabolic function in case of strong gradient
of 0;j(z) toward the normal to the sample surface

akl L hki

o = 552 sin? Ylog cos? ¢+ o132 8in2¢ + 097 sin? ¢ — 033]

1 1
+ ESélkl sin 2¢[o13 cos ¢ + 023 sin ¢] + S{lk[((fll + 022) + 033 (ESgkl + S{lkl) .
(7.11)

Here the coefficients Sé‘kl and S{‘kl depend on the diffraction vector and can be
considered as phenomenological X-ray elastic constants [2] (see Sect.7.4 for more
details).

There are several improved techniques of X-ray measurements, which optimize
the study of residual stresses in polycrystals. The grazing-incidence X-ray diffraction
(GIXRD) s used for the investigation of stress gradients in surface layers and coatings
[8]. At small incidence angles « near the critical angle of total external reflection a,
the diffraction peak is formed in the grains located in the depth, which depends on
the incidence angle (Fig.7.4).

The depth, where 63 % of the full intensity of diffraction peak is formed, is called
informational depth 7 and for thick layer it is expressed as [2]:
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Fig.7.4 In GIXRD geometry,

the incidence «; and exit o s

angles for the reflection hkl \V
differ from the impinging

angle « and leaving angle (08 20—
(20 — «) due to the refraction
effect

@ sin arsin(260 — ) 47rﬁ (7.12)
o) = N = — .
g Wsina+sin0— ] KT N

where (3 is an imaginary part of the refraction index n = 1 — § — i3 (see Chap. 1).
By varying the incidence angle of X-rays, the stress can be measured from differ-
ent distances in-depth from the surface. At the angles comparable with o, where
sin? a, = 26, the refraction of both incident and exit beams becomes essential
(Fig.7.4), which results in the angular shift of the diffraction peak at 26 with respect
to the Bragg angle 26"* in formula (7.4). The corrections for refraction change also
the informational depth and have to be accounted for the reconstruction of stress
gradients [10]. The formulas for the corrections are:

hkl _ . L B+(04)_ _ B, (20 — 04).
20" = () + ap(a); tana; = oo tanoy = —cos(ZG )’
7'/(04) = T(a)m§
Bi(a) = %[\/(sinz o — 26)2 + 432 £ (sin® o — 26)]"/2. (7.13)

The transition layer at the surface sample caused by roughness (Chap.3) also
distorts the informational depth and the corresponding corrections have to be applied
for calculation of stress gradients [11].

The Eqgs. (7.10) and (7.11) are used above for the experimental geometry, which
measures the shift of diffraction peak at fixed indices (hkl), i.e. by varying the
direction y(2)) of the diffraction vector Q atfixed length Q. However, these equations
are valid for the case of different indices, when the angle whkl is connected to the
Bragg and the incidence angles as:

Y= gkl — o, (7.14)
and varies from one diffraction peak to another without rotation of sample. This

approach is called multiple ikl stress evaluation and is used in GIXRD geometry to
evaluate stress gradients [10, 12]. The Eq.(7.11) is applied in this case in the form
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[12]:

1 . .
egkl = ESé'kl[ao sin® ’(/)hkl + 74 sin 21/)th] + S{’kl (o11 +022);
0y =011 cos’ ¢+ o1281in2¢ 4+ 022 sin® @; Ty = 013€08 ¢ + oo3sin¢g. (7.15)

For determination of the values o4, 74 and (o + 022) at fixed ¢, it is enough
to measure the strain for 3 reflections. However, the equation system obtained can
be badly defined or has no any exact solution due to big difference between o4 and
74. Therefore, in practice the multiple measurements are performed and the stress is
calculated by fitting the strain for all reflections on the basis of formula (7.15) [10].

The presented above technique of X-ray diffraction stress measurements is com-
monly used and utilizes a point or linear X-ray detectors, which record the scattered
X-ray signal in the diffraction plane corresponding to the angle ¥ (Fig. 7.2). Recently
the two-dimensional detectors became popular for residual stress measurements [13].
In that case, the diffraction signal from the uniform polycrystal is exposed as Debye
rings with the radius defined by the reflection (hkl) and with variation of the angle
along the Debye ring between 0 and 27. The detection of X-ray signal out of the
diffraction plane introduces another degree of freedom in the relative arrangement
of the coordinate systems and this fact requires the modification of the Eq.(7.11) for
residual stress analysis. The derivation of a new equation for two-dimensional data
is done in [13]. This technique offers an extended opportunities for stress analysis in
the samples with large size of grains and highly textured materials.

Independently on the X-ray measurement technique used for stress analysis, the
results are strongly influenced by the selected model of grain interaction and the
distribution of grains in a sample, as reflected in the Hooke’s law (7.5). This important
issue is discussed in the following sections.

7.2 Grain-Interaction Models

The stress and strain inside the single crystallite (grain) are connected by the Hooke’s
law. The Bragg peak, however, is formed by the signals coming from the number of
grains with different rotation angle « (Fig.7.2). Within this set of grains, there are
different magnitudes of microscopic strain and stress observed, which differ from
the macroscopic values to be evaluated. Therefore, the relation between the strain
€ij(g) ) ina single grain (coordinate system (.5)) having orientation g and the macro-
scopically averaged stress tensor (o ;) (5) has to be established. This relationship will
help to find the dependence between macroscopic stress in a sample and measured
experimentally by X-ray diffraction strain. Within the framework of linear elasticity
theory, this relationship is expressed as:

e (9) = Aiju(@)iou)®. (7.16)
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The coefficients A;jx;(g) depend non-linearly on the orientation of grain g and on
the stiffness tensor of grain cl(/ck)l

The problem of calculation of macroscopic parameters of the sample consisting
of non-uniform areas has a long history [14]. The determination of averaged elastic,
dielectric, electroconductive and thermoconductive properties have a similar mathe-
matical formulations in linear theory. The elastic properties of polycrystal are found

from the equations of the elastic equilibrium with the boundary conditions:

njle =i njlr, (7.17)

j 1 2 1
——cikji(r)— =0, M,( Ir = ul( )IF,U,»(]-)

where c;y; (r) is a stiffness tensor, which varies from one crystallite to another when r
varies, I" is a boundary between regions (1) and (2) with the normal n. The boundary
conditions for electrostatics in media have similar form:

0 ¢ 1 2 6] 2)
8—Xi€ij(r)aTj = 0, Qﬁ( )|F = QS( )|F7 Dj nj|[‘ = Dj nj|rv (718)

where €;; is a permittivity, ¢ is a potential and D; is an electric displacement field. By
substituting ¢;; for the tensor of electroconductivity and D; for the current density,
we obtain the equations for electroconductive properties of material. By substituting
¢ for the temperature and ¢;; for the tensor of thermal conduction, and D; for the
heat flux, we obtain the equations for thermoconductive properties, and so on. Thus,
the methods developed for one branch of physics can be transformed to another.
With regard to the elastic properties, however, the mathematical background is more
complex due to the involvement of tensors of higher rank and vectors u; instead of
the scalar ¢.
There are following approaches to the solution of above-mentioned problem:

e Exact solutions for certain models, for example, the exact solution of the Eq. (7.17)
for adjoined isotropic spheres with similar properties in isotropic surrounding, so
called composite sphere assemblage [15, 14]. The number of these models, which
allow an exact solution is relatively small.

e The methods based on the expansion into series over small parameter. The small
parameter can be concentration of particles in composite material [14, 16], the
anisotropy degree of the crystallites in a sample [17], and so on. In case if the para-
meter is not small, the series can be used for qualitative analysis [18]. An equivalent
formulation of this approach is a chain of the equations Born-Bogolubov-Green-
Kirkwood-Ivone [19].

e The methods for determination of lower and upper boundaries of the macroscopic
parameters [14, 18]. These methods are based on the variation principle: the exact
solution of the Egs. (7.17) and (7.18) minimizes the energy.

e Self-consistent methods, where the ansatz for (7.17) and (7.18) is constructed
as follows: the interaction between particles is substituted for the interaction of
separate particle with effective media, the properties of which have to be found.
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The effective permittivity has been found by Bruggeman [20] using this method.
For the elastic properties of polycrystalline materials, the self-consistent methods
are based on eigenstrain approach [21], where the Eshelby problem is solved for
the stress initiated by the inclusions [22]. Based on this approach, Kroner proposed
a self-consistent method for calculation of elastic properties of polycrystals known
as Eshelby-Kroner model [23].

e The method based on the simplified models of grain interaction. Instead of solution
of (7.17), the ad hoc assumptions are used for distribution of stresses and strains in
grains [24]. As a result, the boundary conditions (7.17) are broken, however, the
proper selection of model allows to obtain a good fit between experimental data
and theory.

e A numerical solution of (7.17) and (7.18) and further averaging of the prior found
fields. This approach is frequently used for optical properties of metamaterials [25].
In opposite to the artificial metamaterials, where the fragments are designed ini-
tially, the polycrystalline samples obey many random parameters. For the numeri-
cal solution of (7.17), the shape and crystallographic orientation of each crystallite
have to be known. The method of finite elements is proved [26, 27] to show a good
agreement with analytical methods.

Hereafter, we consider the frequently used models and methods for solution of
Eq.(7.16).

7.2.1 Voigt Model

The first grain-interaction model has been proposed by Voigt in 1910 [28]. This
model assumes that all crystallites have the same strain ¢;; independently on their
orientations. As a result, the microscopic strain equals to the averaged macroscopic
one:

6 @ = ;). (7.19)

Thus, the stress tensor in crystallite with orientation g is calculated by formula:
s s s
o)) = e @), (7.20)

where cfjs,gl (9) = ngjg?kk,ll, (g)cf,?k,l, is a stiffness tensor of crystallite with orien-
tation g 1n coordinate system (5). To derive the relationship (7.16), the macroscopic
stress tensor (o; j)(s) has to be determined. For determination, the Eq.(7.20) has to
be averaged over crystallite orientations g with respect to the orientation distribution
function (ODF) f(g), (see more detailed discussion on ODF and transformation

TGO in the Sect.7.4):
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S S S
(0:)) = Copter), (7.21)

S _ [ 53 (sc
Cijki —/d gf(g)T,,,”,kk,”,(g)c -
Using (7.19), (7.21) and (7.16), the following statement is obtained for Voigt model:
Al = (€™ (7.22)

In this model, the tensor AV ikl is independent on the crystallite orientation g, which

results in a linear character of sin? 1) even in the presence of texture.

The Voigt model is a pretty rough approximation for grain interaction, where the
boundary conditions of the elasticity theory (7.17) are deliberately not satisfied. The
strains are continuous at the boundaries of crystallites, however, the stresses suffer
the discontinuity (7.20). The totally opposite situation occurs in a Reuss model.

7.2.2 Reuss Model

The Reuss model [29] assumes all the crystallites have the same stress o;; indepen-
dently on the orientation. As a result, the microscopic stress of a single crystallite
equals to the macroscopic one averaged over the whole sample:

S s
017 (g) = (0}}). (7.23)
The strain tensor of a crystallite with the orientation g is:
S s s
e (9) = s5u @), (7.24)

where Sz(]Sk)z (g9 = l(lsjcl?kk,”,(g)sl.(,i,)k,l, is a compliance tensor of crystallite with

orientation g in a coordinate system S. By comparing (7.24) and (7.16), we conclude:
l/kl(g) = s,jk](g) (7.25)

where tensor A 5. 1 depends on the crystallite orientation g, which leads to the non-

linearity of sin® 1) in the presence of texture.

The Reuss model is similarly rough as the Voigt one: the boundary conditions of
the elasticity theory are not fulfilled. In opposite to the Voigt model, the stresses are
continuous at the crystallite boundaries and the strains (7.24) are discontinuous.
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7.2.3 Hashin-Shtrikman Boundaries for Rigidity Modulus

The models of Voigt and Reuss describe the limiting cases of grain interaction. The
microscopic mechanical elastic constants binding (o;;) and (¢;;) are shown in [30]
to satisfy the inequality:

KR<Kk <KV, GR<G<GY. (7.26)

Here K and G are real values of macroscopic bulk and rigidity moduli, and
KR GV-R are the values found by Voigt and Reuss models.

The result (7.26) can be illustrated by analogue with the electrical conductivity
[16]. In the Reuss model, all grains have equal stress value, which by analogue with
(7.17) and (7.18) corresponds to equal current in all conductors. Thus, the Reuss
model is analogous to the sequential connection of the conductors, which results in
the highest resistance value. The Voigt model corresponds to the equal voltage on all
conductors, and thus is analogous to parallel connection, which gives the minimal
resistance. For any other types of connection, the resulting resistance will have an
intermediate value between the ones mentioned above.

Despite both Voigt and Reuss models are very approximate, the expressions (7.25)
and (7.22) do not depend neither from the grain shape nor from their mutual locations.
Is it possible to obtain more accurate limits and to identify which information about
the crystallites is required for this purpose, we analyze below the Eq. (7.17) following
the work [18].

Let us split stiffness tensor ¢;xj;(r) into sum of constant tensor Cjj; which we
define later and tensor dc;x;; (r) which varies from crystallite to crystallite:

cikj1(r) = Cigji + dcixji (r). (7.27)

The Eq.(7.17) is then expressed as:

2
Cikﬂm’/‘j + fi(r) =0, fi(r) = %50%1'1(")2—2- (7.28)
The structure of this equation is similar to one of (6.26): there is a constant differential
operator Cjj jl% analogous to Lo in (6.26) and a fluctuating term. Based on the
Eq. (7.28), we have to find the averaged effective parameters of the physical system,
and therefore use the methods similar to the ones described in the Sect. 6.2, namely
represent (7.28) in an integral form:

wir) = ui () + / & G (r, ) £, (7.29)
2

Cii
ikjt kaax;

Gjm(r, r') +dimd(r —r") =0,
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where G (r, r') is a Green function of the elasticity theory [7, 21]; and the arbitrary
solution of the uniform equation u; (r)(?) is chosen to satisfy the boundary conditions
at the border of polycrystal. Then the Green function has to satisfy the condition:

Gimr,rlrer =0 (7.30)

at the boundary of the polycrystal. By integrating and using (7.29) and (7.30), we
arrive at:

,0G;;i(r,r") Ou, (r')
ui(r) = u;(r)© —/d3r éTécjknl(r’) o (7.31)

To calculate the strains, the Eq. (7.31) has to be differentiated:

0Gij(r,r")

/ /
jkn n ) 32
By, Ocjknt (r')en (r') (7.32)

(1) = ey ~ [ &'

where due to the symmetry of the stiffness tensor with respect to the transposition

of indices ! 5¢ixn () 22 = §¢ it (F ) ens:
J x| J

aiijybij = aijbij)- (7.33)
The expression (7.32) can be written as:
e=€eY —T:dc:e (7.34)

where symbol : means the convolution over two indices, and I is an integral operator
[18]:
0Gj(r,r")

By £. (7.35)

mwnm=/fﬂ

Using this equation, the expression (7.16) can be re-written in an operator form. By
reversing (7.34):
e=1+T:8c)":e?, (7.36)

where 1 is a unity tensor of 4th rank. We assume that the strain ) at the boundary of
polycrystal is uniform (the general case is discussed in [18]), then the macroscopic
strain (€) is equal to e©:

(e) = €. (7.37)

I The parenthesis near underlined indices mean the symmetrization operation, a ju = %(a,- ki +
ajik). In these notations, the symmetry of stiffness tensor relatively the transposition of indices has
aform c;jx = ¢ jyu = cij = c(ijky» where the latter equality means the symmetry with respect
to the transposition of index pair.
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Applying the Hooke’s law, we obtain for macroscopic values:
(o) =Cp: €9, (7.38)

and for microscopic values:
o= (C+Jdc):e. (7.39)

After averaging (7.39) and using (7.36), the expression for macroscopic stiffness
tensor is:
Cy=C+(c:1+T:50)7"), (7.40)

and the relationship (7.16) is found to be:
A=Q1+T:507":C;) (7.41)

Within the accuracy of approximation (7.17), these expressions are exact. How-
ever, similarly to the case of (6.33), for the calculation of (7.40) and (7.41) the
operators have to be found, which are inverse to the non-local integral operators.
This is a challenging problem, and the models of Voigt, Reuss and Eshelby-Kroner
are the approximate methods to calculate (7.40) and (7.41).

In the same way as in (6.33), the inverse operators can be represented as an
expansion into series, and thus (7.40) is written as:

Cy=C+ (0c)—(6c:T :dc)+... (7.42)

The first two terms in (7.42) correspond to the Voigt model, whereas the same
formula, being constructed not from stiffness tensor C but from compliance tensor
S, will correspond to Reuss model. In both approximations, there is no need to know
the shape and mutual arrangement of the crystallites, however, for the calculation of
the subsequent term in the series this information is necessary. Indeed, the operator
I' is non-local, and therefore for calculation of the third term in (7.42) the value
(dc(r1)dc(ryp)) must be known, which is a correlation function of the second order
for the elastic properties of polycrystal. To calculate further terms in the series, the
correlation functions of higher order must be simulated. In general case, the series
(7.42) is divergent, and the special summation techniques have to be applied for the
final calculation [18].

Using the derived above equations, the expressions for upper and lower limits of
the macroscopic stiffness tensor Cj; can be obtained. To isolate the operator I', the
equation (7.34) is re-formulated as [18]:

e '+ :6=€9, F=dc:e (7.43)

This equation for fluctuating stress parameter o can be considered as a consequence
of the minimization of the functional:
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0F[o c:6¢c':5 &&:T:&
o1 _ ﬂa:/}ﬁc'c 7.2 za—ax@) (7.44)

oo

Alternatively, using (7.43) the functional F[a] is:

5 e® . c- )
F[a’.] — _/d3r0 € _ /d3r € € _ O . € (745)
2 2 2

C_CM .6(0)
2 ' ’

=ve®:

where Eq.(7.38) is used and V is a volume of the polycrystal.

As follows from (7.44), the exact solution of (7.43) delivers the extremum of
the functional F[&]. If the value d¢~ ! is positive definite, 2 the extremum will be a
minimum [18]. For any probe field & pobe, the following inequality is satisfied:

—C — CM : 6(0).

F[&probe] = Ve® ! 5

(7.46)

By reduction of F [&pmbe] to the form Ve©® : % - €9 the Eq. (7.46) delivers the
upper limit for C ;. Using a similar algorithm for the compliance tensor S, in case
of negative definite value d¢~ !, we obtain [18]:

C—Cu . o

F[&probe] =< Ve B . ,

(7.47)

from where the lower limit for C, is received. To explicitly calculate both limits,
the following probe field is used:

Fprobe = D, 00O (r), (7.48)
n

where the sum is performed over all grains of polycrystal, and the field inside each
grain is assumed to be constant. The function ®,, (r) describes the shape of n-th grain:
®, (r) equals to 1 inside grain and to 0 outside. The coefficients o, are determined
by the minimization of the functional F, which for the field (7.48) is:

2 To clarify whether the tensor is positive definite, the special representation (7.121)
is used (see Sect.7.4). In this representation, the positive definition corresponds to
C = (3kc, 2min(ue, p1L), 2min(ue, p1.)), and negative definition to C = (3K, 2 max(pic, (L),
2 max (fc, f1..)), respectively.
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~ o, 0c\ 5,
F[G,] = Vn“+a (7.49)

T [dPrid’ry©,(r))0u(r)l(ri,r) : oy — .0
+ z > — ; V.o, €.

n,m

With respect to the coefficients o, the expression (7.49) is a quadratic form
of type % Zn,m AnmGnOm + D, buoy. It can be easily found that the extremum is
% >, buon™, where 6, * is asolution of the equation >, @ym0m ™ +b, = 0. Applying
these expressions to (7.49), the extremum of the functional is found to be:

1
F = -3 Zn V,o,k e, (7.50)

Vube, a4 zm/d3r1d3r2®n(r1)®m(r2)1"(r1,rz) comt = Ve,

As follows from (7.50), due to the operator I' the expression for o,* is non-local
and requires the correlation function for the grain shape. The function I is calculated
on the basis of Green function with the boundary conditions (7.30). The functions
I' and I'* calculated for infinite crystal can be connected for fluctuating o. By
neglecting the condition (7.30), the additional term appears in (7.31), which includes
the integral over the surface:

i (r) = u;(r)©® (7.51)

3 laG?f(r,r’)N , 5 ~ .,
—/d r Tajk(r)+/d SnkGij (r,r)Ujk(r )
k

In case of uniform boundary conditions, the averaged values (o) and (€) are also
uniform, and we can assume the value (o) uniform, too. In the integration of (7.51)
over the surface, the contribution from (&) is compensated [18]. By using the Gauss
theorem and replacing the displacements by strain, the expression analogous to (7.34)
is obtained:

e=e? —_T%: (5 — (). (7.52)

Substituting this expression in (7.50) and applying the translational invariance, we
arrive at:

Vide,' 1 Ga+V Y / d*p fum (P)T™(p) : 5" = (7.53)
m
V,e® 1 v, / & pI(p) : (7).

1
fum(P) = 1 / d*r@,(r)0,(r + p),
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where f,,, is a correlation function of the grain shape.

In the case of spherically symmetric correlation function fy,,,,(p) = fum(p), the
expression (7.53) can be essentially simplified, and the explicit solution is obtained
on the basis of Eshelby tensor. To derive this formula, the Green function of the
infinite media is represented as an expansion through the plane waves, and from
(7.29) follows:

i ()= / (211)(3';)2 e*P Mij(n) = (Cijimin)) ™, k=kn,  (7.54)

where M;;(n) is a Chirstoffel tensor (acoustic tensor). Using formula (7.35), the
integral in (7.53) is expressed as:

M (n) i
/d3pfnm(,0)rlp/k(p) Z/d2n ((2’;)3 ng)nk/pzdpkzdk/dznpfnm(p)e kpnn,
(7.55)

The integral over the directions n,, is conveniently calculated in spherical coordinates
with the axis z along n, and further integration over k by using

(x)=—

(L cosLx  sin Lx)
lim
X X

and integrating over p by using

x6'(x) = =6(x), /a S(x)dx = %Sign(a)
0

modifies (7.55) to the expression:

/ &p fum (DTS (P) = Eipjic fum 0), (7.56)

where |
Eipjk = 7— / d*nM;j(m)n pyny. (7.57)

This simple formula is a consequence of the spherical symmetry f;,,(p) of the
grains. The similar results is obtained [18, 31] for the grains of elliptical shape, where
the tensor E is:

(7.58)

aara3 ) M j(m)n pyni
Eipjk =

47 (n? al + r12a2 +n 013)3/2

where the coordinate system coincides with the ellipse axes, and ay, az, a3 are the
lengths of the semi-axes. The dimensionless tensor E : C is called an Eshelby tensor
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[21] which is used for calculation of strain fields for the inclusions inside the sample
[22]. Substituting (7.58) into (7.53) and utilizing the equality f,;, (0) = 6pm Vi/V,
the following expression is found:

Oe,' +E): 55— E: (6% =€, (7.59)

from where the relation between the fluctuating stress o, and the average value ()
follows:

Gt =B,: (Y +E: (), B,=c,'+E)7". (7.60)
By averaging this formula, the connection between (o*) and average strain is
obtained:

(Y=01—(B): E)"":(B):€?, (B) =Z%Bn. (7.61)

n

The expressions (7.60) and (7.61) connect the fluctuating stresses o}, with the
average strain €© Thus, the functional (7.49) minimized on the class of the func-
tions (7.48) can be expressed through the quadratic form of € according to (7.50).
Comparing this result with the equation (7.46), the upper boundary for macroscopic
stiffness tensor in case of positively defined dc;; I (or lower boundary in case of
negatively defined dc;, ') is:

Cus=C+(1—(B):E)"":(B). (7.62)

These estimates for the boundaries of the macroscopic rigidity modulus have been
proposed by Hashin and Shtrikman [32]. Due to taking into account the correlation
properties of the grains by Eshelby tensor, the boundaries are found to be more
narrow than the ones provided by Voigt and Reuss.

Using the Eq.(7.48) as a model solution of the Eq.(7.17), the relation (7.16)
between the strain in the grain with the orientation g and the macroscopic stress on
the basis of (7.52), (7.62), (7.60), and (7.61), we obtain:

Aps(@) = —E: (B(g): {1+ E: (Cus—C)}—{Cus—CH]: Cy.
(7.63)

7.2.4 Self-Consistent Model of Eshelby-Krioner

The tensor C in the expressions (7.27)—(7.52) can be chosen in an arbitrary way,
except of the case when using (7.46) and (7.47) the boundaries for macroscopic
stiffness tensor C 7 have to be determined. In this case, the positive (negative) definite
difference dc¢,, is required for each grain n. To find the model solution of (7.17) or
to minimize the functional (7.44), the tensor C has to be defined. The easiest way
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is to set tensor C equal to the macroscopic stiffness tensor Cj;, and then (7.37) and
(7.38) are written as:

C=Cy, ()=C:(e)=C:e? (7.64)
This assumption sets the value of () to zero because of:
(0)=((C+dc):e)=C:V+(5)=C:e. (7.65)

As a next step, we minimize the functional (7.44) on the class of probe functions
(7.48), and again obtain the formulas (7.59)—(7.61). Using (7.60) and (7.43), the
strain of the n-grain is equal to:

€, = 50;1 B, €Y =+ E:dc,) " :e?. (7.66)

The requirement of the average strain from (7.66) to be equal €@ leads to the
equation:
(A4 E : ey =1. (7.67)

This tensor expression is a system of equations for the determination of the compo-
nents of the tensor C. Indeed, the tensor C defines the tensor E through the Eqs. (7.54)
and (7.58), and this relationship is non-linear in general case. The number of indepen-
dent parameters in averaged tensors (the left part of (7.67) and macroscopic tensors
E and C) is equal. For example, the tensors are described by two parameters in case
of macroscopic isotropy (absence of texture), see details in Sect.7.4. As a result, the
expression (7.67) contains as many independent equations as the number of inde-
pendent components in tensor C. Due to the procedures of convolution in (7.54)
and of integration in (7.58), the relationship between E and C is non-linear and
cumbersome. As a consequence, the system of equations (7.67) is also non-linear.
In a simple case of microscopic isotropy and cubic symmetry of the crystallites, the
formula (7.67) leads to the cubic equation (7.147), see [23, 21].

The equations analogous to (7.67) can be obtained in another ways, for example,
the macroscopic Hooke’s law (7.65) satisfying to (6*) = 0 results in the following
equation, according to (7.61):

(B) = ((0c,' + E)"hy = 0. (7.68)

For the crystallites of the same shape having equal Eshelby tensors, the equation
(7.68) is equivalent to (7.162). However, if the tensor E varies from one crystallite
to another E = E,, the formulas (7.68) and (7.67) give different results. This situa-
tion occurs in case of morphological texture [33, 34] with the grains of anisotropic
elliptical shape in different orientations.
The relationship (7.16) for the considered model follows directly from (7.66) and
(7.64):
Arx(9) =1+ E :6c(g)": 8. (7.69)
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The frequently used method of the derivation of equation (7.67) is based on the
model of the inclusions inside the infinite matrix [22, 23]. This approach substitutes
the problem of grain interaction by the model of the grain of spherical (elliptical)
shape included into infinite effective media, called matrix. The stiffness tensor of
matrix is assumed to be equal to the stiffness tensor of polycrystal, which has to be
found. To solve this problem, the strain inside n-th grain has to be determined. The
parameter dc(r) in the equation (7.28) has the following form:

Se(r) = 5¢,0,(r). (7.70)

To determine the strain in n-th grain, the equation (7.28) has to be solved, which
also can be reduced to the formula (7.32). The sample is supposed to be infinite and,
therefore, the Green function of infinite media is admitted. By analogue with (7.54)
and (7.55), the integral is modified to:

M(- i(n)
(T ipk0¢ jkim€im) (r) =/d2" (;;)3 np)Nk
x / d*r'5¢jrmem (r') / K2 dketkn =", (7.71)

We assume here that the strain inside n-th grain is uniform and the grain has a
spherical shape, and the integral over k is presented in the form of [31]:

/ Kdke =) = 2 / dke =) = _V225(n(r — r')). (7.72)

The integral over r’ is easy to calculate in spherical coordinates with the axis z along
the vector n:

/ dAr'vismr —r)) = 7(R* — (nr)?), (7.73)

here R is a radius of grain. The expression obtained has a physical meaning of the
square of disc formed in the space of r’ by the intersection of the sphere with the
radius R and the plane defined by the equation n(r —r’) = 0. Finally, for the function
(7.71) we obtain:

M ;(n)
(Tipjkdcjkimem) () =/d2” (27;)3

x (=m)VE(R? — (nr)?) = E : 6c : €. (7.74)

1 p)NKOC jkimEim

This formula shows that for the spherical grains the strain inside the grain is uniform.
The dependence on the radius r disappears when the section of the grain by the plane
isacurve of the second order, i.e. sphere and ellipse. By substituting (7.74) into (7.32):

€, =€V —E:dc,: e, (7.75)
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The formula (7.66) follows immediately from the expression above, that confirms
the equivalence of the approaches based on the variational principle and effective
media.

The expressions similar to (7.75) and (7.66) exist also in the electrostatics, for
example, the external field causes the uniform field in sphere or ellipsoid [35]. The
calculations based on (7.57) result for the sphere with the permittivity ep in the
tensor E:

—3ij. (7.76)

The tensor analogous to the tensor Eshelby E : C in this case is equal to %c& |
and it is called the tensor of depolarization or demagnitization in electrostatics and
magnetostatics, respectively [36]. As follows from (7.66), the electric field E inside
sphere with permittivity €; and the electric field E in the media with permittivity
€o are connected as [35]:

RI))

=—F 7.77
2€0 + €1 0 ( )

E,

The algorithm of the calculation of the properties of composite random media using
the method of effective media and the expressions (7.77) and (7.67) has been proposed
by Bruggeman [20]. This technique is successfully applied for calculation of optical
properties of the composite and nanostructured materials [16].

7.2.5 Grain Interaction in Thin Film. Vook-Witt and Inverse
Vook-Witt Models

The considered in the previous sections grain interaction was assumed to take a
place in a sample with a large number of grain in all spatial directions. The statistical
methods used for calculation of physical parameters are based on this assumption.
The important class of the investigated by X-ray stress method samples are thin films
and coatings. The number of grains in a lateral direction of film is statistically large
enough, however, in the direction of a surface normal it can be small. The entire
thickness of the film often contains a single grain [5, 37, 38], and thus the system
is rather two-dimensional than three-dimensional. The methods described above are
therefore not applicable for coatings in general case.

The averaging over all directions is no longer possible because of the evident
anisotropy, which complicates the calculation of the Eq.(7.16). For these samples,
the simple phenomenological models of grain interaction are used, which take into
account the difference of physical properties in lateral and normal directions.

The frequently used model of such type is a Vook-Witt model [39, 40], which
adopts the Voigt model in lateral direction (equal strains), and the Reuss model (equal
stresses) in the normal direction. Introducing z axis along the normal to the film, the
strain and stress tensors in n-th grain are expressed as:
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{e11) (e12) - . - {o13)
en = | (e12) (e2) - |, on= . < o) |, (7.78)
: - (013) (023) (033)

where the symbol - means the component is being not fixed by the model but found
from the elasticity theory.

The strain and stress fields (7.78) can be found from the exact solutions of the
elastic equations (7.17) in a certain geometry of the polycrystal. By considering the
polycrystalline film as a stack of the parallel infinite plates, the Eq.(7.78) satisfies
the boundary conditions (7.17), and the uniform inside the plates strain fields are the
solutions of the differential equation (7.17). To find the relation (7.16) based on the
assumption (7.78), we formulate the Hooke’s law for n-th grain:

O, =Cp: €y, (7.79)

which expresses the strain €, and the stress o, in the grain through the average
values (€) and (o). Keeping in mind the symmetry of the tensors, the formula (7.78)
contains six undefined variables:

€113, €n235 €133, 0n11>%n12> On22,

and the relationship (7.79) gives six equations, accordingly.

To present the following expressions in a simple form, the coordinate free covari-
ant notations [38, 41] are introduced instead of the indices. The assumptions (7.78)
can be re-written as [38]:

H||Z€=HH1<6), HJ_:O'ZHJ_I(O'), H||+HJ_=1, (7.80)

where the tensor of 4th rank IT|| means the projection of the 2nd rank tensor on the
plane with the normal n. The projection of the vector onto the plane with the normal
n is performed by the projector ¢, see (4.20). The projection of the 2nd rank tensor
is then written as:

INj:e=t-e-t, t=1-nQ®n, (7.81)

or in the index form [38]:
;0 =ikt jn (7.82)
1 1
=§(5ik5jl +6udjr) — 5(5ik”j”l + dunjng + djkning + 6 jning)
+ ninjngng,

1
Mijia =5 Gidje + 0udje) = Mijjjg-
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Here we took into account the fact of the symmetry of the projected tensors over the
indices k and [, which leads to the symmetrization of the projector, see (7.33). To
explicitly find the tensor (7.16), the Eq. (7.79) is written in the following form:

II:o,+I, :0,=c¢,:II:€,+¢c,: I : €. (7.83)

Using the model (7.78) and Hooke’s law for the averaged values (7.38), the tensor
(7.16) for the n-th grain is:

Ay=cp:(j:cp—cy M) i(ep: My — My : Cyp). (7.84)

To use (7.84), the macroscopic stiffness tensor Cys has to be determined, which
follows from the averaging of (7.84):

(1+ﬂ1HJ_)ZCM=a2H||, (7.85)
a=(c,:I:¢c,—c¢p: l'IL)_1 1 Cn),
B=(c, : ()| : ¢, — ¢y :HJ_)_I).

In general, there no operator exists, which is inverse to the projectional one, and in
(7.85) the operator 143 : IT | also has no inverse one. Thus, the operator Cp; cannot
be determined from (7.85), and we use for this purpose the expression analogous to
(7.83) with the compliance tensor s,,. After some transformations, we obtain formula
analogous to (7.85) but with Sy, and using Cy; = S;Il obtain:

y:I; :Cy=1A+6:1), (7.86)
y=(sn My isy —s, T~ 1sp),
O=(s,: (Il :s, —58,: HH)_I).

This equation does not define Cj; unambiguously similarly to (7.85). However,
the operators 1 + 3 : IT| in (7.85) and ~ : IT in (7.86) are the projectors onto
different subspaces, which complement each other. Therefore, the sum of (7.85) and
(7.86) with arbitrary coefficient k defines the function Cp; unambiguously:

Cy=0+8:M+ky: M) " :(a: M +k[1+6:H]). (7.87)

The expressions (7.84) and (7.87) comprehensively determine the relationship
(7.16). These formulas do not contain the parameters, which describe the correlation
properties of the grain locations, as the tensor E in equations (7.69) and (7.63) does.
In this sense, the Vook-Witt model is similar to the models of Voigt and Reuss: the
mutual influence of grains is not considered, and the resulting expressions depend
only on the fraction of grains with certain orientations and do not depend on the
morphology of the polycrystal. The strain inside the grain is uniform.
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Both Voigt and Reuss models are the limiting cases of grain interaction. The Vook-
Witt model with Voigt approach in a lateral direction and Reuss approach in a normal
one, is also a limiting case of the grain interaction. The reversed case of Vook-Witt
model with Voigt model in a normal and Reuss model in a lateral directions has been
proposed in [37] and is called inverse Vook-Witt model:

H||ZO'=H||:<0'>, HLIGZHL:(Q. (7.88)

By comparing (7.88) and (7.80), the expressions (7.84)—(7.87) in the models of
Vook-Witt and inverse Vook-Witt differ by the substitution of IT | for IT|; and vice
versa. In opposite to Vook-Witt model, there is no system exists for which the strain
and stress fields found by the inverse Vook-Witt model are the exact solutions [38].

The intermediate cases between Vook-Witt and inverse Vook-Witt models are
proposed in [37] to describe the grain interaction by a linear combination of former
ones. The alternative approach for the intermediate cases is Eshelby-Kroner model for
the elliptical grains [5, 38]. The variable parameter, which makes a balance between
both limiting cases is a ratio of semi-axes of the ellipsoid. Generally speaking, the
model designed for the bulk polycrystal is not applicable to the thin polycrystalline
film. However, in the limiting cases, the Eshelby-Kroner model becomes effectively
two-dimensional. For the oblate ellipsoid (a; = a2 >> a3, axis z along normal to the
surface), the Eshelby-Kroner model transforms into Vook-Witt model [5] and is an
exact solution. The opposite limiting case of the stretched ellipsoid a; = az << a3
in the Eshelby-Kroner approach coincides with the infinite cylinder model, which
being a two-dimensional model gives different results than the inverse Vook-Witt
one [5].

7.3 Residual Stress Analysis as a Particular Case of Powder
Diffractometry

The real microstructure of the polycrystals is very complex [42]. X-ray diffraction
provides the results of X-ray scattering from a large volume of the sample, and
this fact leads to a contribution of numerous factors into the detected X-ray profile.
The practical data treatment of the recorded X-ray intensities assumes the use of a
simplified sample model parametrized by the effective physical variables [2].

The typical model assumes the polycrystal as consisting of a large number of the
crystalline blocks (grains). Each grain has a certain shape, size and orientation of
the crystallographic lattice, and may contain the defects of a crystallographic lattice,
for instance, dislocations. Due to different reasons (plastic deformation, thermal
expansion, etc.), the polycrystal may have the macroscopic residual stresses.

Using the results of previous chapter, the intensity of the diffracted X-ray radi-
ation from the polycrystal can be calculated. The dynamical effects are neglected
here, because of due to the disorientation of the grains, the typical scale of the cor-
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Fig.7.5 The sketch for calcu-
lation of the auto-correlation
function of the grain shape
(7.92)

relation function (6.60) given by the correlation length /; is less than the size of the
grain. This estimate is taken with a certain reserve, because of the presence of the
defects diminishes the parameter /;. The size of the grains is essentially less than the
extinction length, and thus the diffraction can be treated as kinematical, according
to (6.77). The general expression for the intensity in this case is (6.83):

1(Q) = / dr1d®rye eI gpy ), (7.89)

here Q = kour — ki, is a momentum transfer, g(r1, r) is a correlation function
of polycrystal, H is a reciprocal lattice vector of the excited reflection. We omitted
the constant coefficients in the expression because of in the most of the cases the
relative intensities are evaluated within a single diffraction profile. The effects of the
instrumental and resolution functions are also neglected, which can be accounted by
the special functions [2]. Assuming the disoriented grains, the correlation function
of the whole system consists of the sum of the correlation functions of the grains:

=3 / dPridPrye @ I g () 100, (r)O,(ry).  (7.90)
n

Here the sum is taken over all grains of polycrystal, H, is a reciprocal lattice vector
corresponding to the average lattice of n-th grain, g, is a correlation function inside
n-th grain, ®,(r) is a function describing the shape of n-th grain, which is equal to
unity inside the grain and to zero outside. The defects are supposed to be distributed
uniformly inside the grain, and the influence of the grain shape on the strain field is
neglected. Under these conditions, the correlation function depends on the relative
distance p = r; — r», and using the integration over the variables r; and p, we
obtain:

e =y, / &’ pe! Q=M g, (p) / I’ri©,(r)O,(ri —p). (791
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The integral over r as a function of the distance p is an auto-correlation function
of the grain shape: it is a volume of the intersectional area, which is created by
the original and the shifted by vector p grains (Fig.7.3). According to (6.60), the
correlation function in the presence of several independent types of defects is a
product of correlation functions for each defect type. As follows from (7.91), the
influence of the grain shape can also be represented by a correlation function:

1

o= / PO, (r)On(r1 — p). (7.92)

where V,, is a volume of n-th grain.

The values g,(p), gv(p), and H,, vary from grain to grain. However, the grain
shape and volume, the defects inside the grain and the orientation of grain are statis-
tically independent, and these parameters can be averaged separately:

1(Q)=>V, / &> ple' C~HDP) (g, () (gv (P)n). (7.93)

The number of the grains in the sample is usually large and, therefore, the dis-
tribution functions can be introduced for the parameters. For the sake of simplicity,
the distributions of grain shapes [43] and defects [44] are omitted here. The distrib-
ution of the grain orientations (texture) is described by the orientational distribution
function [45] f(g):

3 dVyg
f@d g=—=, (7.94)
Vv

where g is a set of three parameters describing the orientation of crystallographic
lattice of grain with respect to the sample, dVj is a total volume of grains, which
have an orientation within the interval g, g + dg and V is a volume of polycrystal.
The isotropic distribution of grains corresponds to f(g) = 1. Taking into account
(7.94) the Eq.(7.92) becomes:

1Q)=V / & pdg f(g)e @@y (p). (7.95)

where g(p) is a product of the averaged correlation functions (g, (p)){gv (p)»), the
constant multiplier V is omitted in further calculations.

For the orientation of the grain g (parametrization of the rotation group [46]), the
Euler angles are frequently chosen. In this parametrization, the law of the parameters
composition is quite complex. Therefore we use further the vector parametrization
of the rotation group known as Gibbs vector [41, 46]. In this parametrization, the
rotation is parametrized by the vector ¢ with the direction defined by the axis of
rotation and with the length equals to tan ¢p/2, where ¢ is a rotation angle. The
rotation matrix is expressed through ¢ as [41, 46]:
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1—¢2)d;; + 2¢ic; + 2eiric
Ty(e) = S (7.96)

where €y is the antisymmetric Levi-Cevita pseudo-tensor. The vector parametriza-
tion is outstanding among other parameterizations because of its elegant composition
law, which enables to express two successive rotations with parameters ¢! and ¢®
as a single rotation with the parameter ¢(!? [41, 46]:

Ty Tja(e ) =Tye((¢?, V) = T (1), (7.97)

< o (1)> D 4@ 4@ x ()
o= —cDe®

Additionally, the vector parametrization has the following convenient properties:
Ti;({0,0,0}) = &;j: T(e)™' = T(—c). (7.98)

Using this parametrization, the formula (7.95) is written as:

d3C i(Q—H(c
1(0) = / i [ 1Oy ), (7.99)

Here 1/72(1 4 ¢2)? is a weight function for invariant integration over the rotation
group [41], the corresponding weight function for parametrization through the Euler
angles is sin §/872 [47].

The dependence of the reciprocal lattice vector H (c¢) from the grain orientation
¢ is conditioned in the following way. The vector H is defined by Miller indices
in the coordinate system C, and due to the stresses of II type it varies both for
direction and module from grain to grain. Assuming the small magnitude of strains,
the components of vector HY) corresponding to the average crystallographic lattice
of grain with the orientation ¢ can be represented as:

HD =T ENHO ), HO@)=HOU —eye)) +5H (¢), (7.100)

ey(c) = , 5HL(C)=€(C)'H(O)—H(O)EH,

here H® corresponds to a non-deformed lattice, and vector § H | (c) is perpendicular
to HO.

To calculate (7.99), the vectors @, H and p have to be defined in the same
coordinate system, say in the system L. The parameter ¢ in (7.99) then characterizes
the transition from the coordinate system C to the system L, and it is denoted here
¢L©) The grains, which satisfy the Bragg condition H ©)(¢) = Q, are characterized
by the parameter ¢“©) equals to:
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Fig. 7.6 The sketch for the
coordinate system «, c}H), cé”)
defined by (7.102) in the
space of the parameters of the
rotation group

nxe tan2(n+e,) +n x e
c(a) = (tan gez, )= 2( 2 ° (7.101)
2 1 + ne; 1+ ne;

where unit vector n is chosen along H'©), the vector y is replaced by the vector e.
from the coordinate system L (Fig.7.6). The transformation (7.101) has an evident
meaning of the sequences: (i) the rotation around axis n x e, perpendicular to vectors
n and e; is applied, which transfers n into e,, (ii) the rotation at arbitrary angle «
around e; is executed.

To integrate over d>c in (7.99), the new coordinate system with the axis z along
¢(«) is introduced in the parameter space ¢ (Fig.7.6):

D

c(a, ¢, V) = e(a) + (P (

Dn s e, +cPm+e) x (nxey), (7.102)

where variation of the parameter « corresponds to the grains in the Bragg condition,
which differ by various « angles around H || Q; the crystallites with the parameters
cil D and cg ) are deviated from the Bragg condition. Using the Eqgs. (7.100) and (7.96)
and assuming small strains and deviations from the Bragg angle, the expression (7.99)
in the chosen coordinate system is written as:

an 5 .an
160 = [ L2925 el o) o) (7.103)
y - 7'('2(1+C2)2 c s 1 &2 .

. . an-_.an
x /dxdydzel(Q_HO(l_EH(C)))Ze’HOK[(X’y)’(Cl 4o )]g(x,y,z).

Here J is a Jacobian of the transformation, K[(x, y), (cill), céll))] is a bilinear form

on (x,y) and (cgll), cg‘) ), and its coefficients depend on nr and are of the order of

unity.
When integrating (7.103) over x and y, the fact of a large width of the texture
ODF, which is broader than the diffraction peak, results in the estimate:

sl > 1/H1,. (7.104)
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The largest contribution in (7.103) is made by the values (05”), cgl)) which are less

than 1/HI; and, therefore, all the terms containing (cgll), cg‘) ) can be assumed to

i HoK[(x,y),(c\"c

an ) :
be constant except of the exponent e 2 )1, This turns the integral over

(ci”), céll)) into delta-function of x, y, and the intensity is proportional to Fourier
image ¢(0, 0, z), that corresponds to (6.134), see Fig.6.4.3. Alternatively, to inte-
grate over (cill), cgm), the integral over x, y can be replaced by a delta-function,
according to criteria (7.104). In other words, the Bragg condition is re-written as
0(Q — H(c)). The Jacobian, the weight function and other terms cancel each other,
and the expression can be obtained:

1(yQ) = / daf(c(w) / dze' (@~ Hol=cu ez 0, 7). (7.105)

Thus, the measured X-ray intensity is a sum of intensities from all grains with the
orientations different by the angle o from the vector H.

The residual stress analysis requires the measurement of the intensity maximum
in the direction y. The position of the maximum of (7.105) is calculated by using a
cumulant expansion:

1(y0) =/daf(c(a))/dzg(0, 0, 2)e!(Q—H0z i lemz =3 My Koe? =i Hg Koz

(7.106)
K> =(e5) — (en)?, K3 = (e3y) — 3{e3 ) en) + 2en)’,
@ Zfdaf(C(a))eﬂ(C(oz))”
" [daf(c(a)

The correlation function g(0, 0, z) is usually symmetric, and therefore the second
term in the cumulative expansion does not influence the diffraction peak position.
Provided the third and further odd cumulative terms decrease slower than correlation
function, the position of the maximum Q,, is defined by the first cumulative term:

Om = Ho(1 — (en)). (7.107)

This equation is equivalent of (7.4).

With the known relationship between the strain and the macroscopic residual
stress in the grain, the residual stresses in the sample can be determined on the basis
of (7.107). This basic expression for the X-ray stress analysis has been derived using
several physical assumptions. For the traditional metallic samples these assumptions
are valid in the majority of the cases, however, when analyzing the modern materials
possessing the strong texture or intentionally designed nanoscale structure, the above
described approximations have to be carefully validated.
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7.4 Residual Stress in Macroscopically Isotropic Materials.
X-Ray Elastic Constants

The polycrystal is macroscopically isotropic when all crystallite orientations are
equiprobable (absence of texture) and all directions inside macroscopical polycrystal
are equivalent. The mechanical elastic properties are then defined by two parameters,
for example, by bulk and rigidity moduli. The macroscopically isotropic case is
realized in the absence of texture in the models of Voigt, Reuss and Eshelby-Kroner
for spherical grains®. In the models of Vook-Witt and inverse Vook-Witt, even in the
absence of texture there is an anisotropy due to the operators IT, and II}, which
distinguish the normal direction to the surface.

To determine the stresses by X-ray method, the position of the diffraction peak in
the direction y has to be related to the macroscopic stress (o; j)(S). As follows from
(7.107), the peak shift defines the value:

HY . [dae(e(a)) - HO
2nrHO?

{en(y)} = 7T/d’OlﬂH(C(Oé))) = . (7.108)

where the braces mean the averaging over the grains contributing to diffraction. The
connection between the stress and the strain in coordinate system S is given by the
Eq.(7.16). To write the expression (7.108) in the coordinate system S, the fact of
the coincidence of the direction of vector H® and y due to the Bragg condition is
used (see also the logic of the derivations from (7.105) to (7.107)). Using (7.16), we

obtain:
JdaAijuc()

5 (o), (7.109)
Yis

{en (M)} = yiy;

or in indexless form:

 Jdode@) - o), (7.110)

et} =y®Yy o

To perform the integration over the angle «, the components of the 4-th rank
tensor A have to be transformed from the coordinate system C into the system S,
which is done by four times convolution:

A® T(SC)T(SC)T(SC)T(SC)A(C)

l]kl ]] kk' A ’k’l’ (7111)

The operation requires the transformation of 81 components resulting in the cum-
bersome expressions. To make the results compact, the Voigt notations are used [4],
which take into account the symmetry property c;jx = C(ijxl = Cijkl) = C(ijkl)-
In the result, the 4-th rank tensor is represented as symmetric 6 x 6 matrix, which
has 21 component. This number is equal to the number of parameters, required to

3 The statements for Eshelby-Kroner model (7.69) are also valid for Hashin-Strickman model (7.63).
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describe the elastic properties of crystal with a lowest monoclinic symmetry. The
cubic crystal has 3 independent components, and the transformation (7.111) con-
tains the exceeding number of operations in this case. Below the transformation of
(7.111) is described, which takes into account the high symmetry of the tensor [48].
We separate the isotropic part of the tensor, which is not undergoing to the transfor-
mations, and the averaging over the orientations is thus reduced to the truncation of
the anisotropic components.

From the point of view of the group theory, the 4-th rank tensors form the rep-
resentation space of the rotation group, and it can be decomposed into irreducible
representation (IR) spaces [49]. In the case of a lowest triclinic symmetry, the stiffness
(compliance) tensor is decomposed in:

2 IR with weight [ =0 (scalars): o5, s =1,2 (7.112)
4 IR with weight [ =2 (deviators): dgm, d = 1.4,m = —2,..,2
1 IR with weight [ =4 (nonor): n,,, m = —4, .., 4.

The basis tensors o5, 04.m, 1, can be calculated with the help of the Clebsch-Gordan

coefficients le s jaumy Starting from the circular vectors:
1 1
=D _ i 0 _ 1 _ i
e - (_15170)7 € - (07 05_1)’ e - (131’0)7 (7113)
V2 V2

which are the IR of weight/ = 1:

00 1,m’ 0,0 @) ) (" 1" _
Tlpgrs —C])i,,;l’m,Cl)i,;OVOCLi;l!jep ej e el ) = 0,40, (7.114)

i,j,i'\i’m=-1,0,1, p,q,r,s =1,2,3.

The basic tensors (7.112) possess a completeness property (any stiffness or compli-
ance tensor can be expanded using them) and are mutually orthogonal:

0520 =055/, Odm:0 = Odd Omm’s MMy = O’ » (7.115)
050y, =0, osn,, =0, damun,, =0,
where the symbol :: means the convolution over 4 indices: a::b* = ai.,'klb;.“j il
The IR decomposition highlights the symmetry properties of the compliance ten-

sor and separates its isotropic and anisotropic parts, e.g. the stiffness tensor for cubic
system has the form:

2
C =(C11 +2Cn)o + 75(3 +2A)Ca402 +4(A — DCam,,  (1.116)

1 14
Ne =y N_4+ ?"70‘*‘774 )
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where the Voigt notations are used, A = is the Zener’s anisotropy factor. In
isotropic case A = 1, the anisotropic part 7). disappears.

The rotation transformation in the subspace of IR of weight/ is performed by using
the angular momentum matrices. For the rotation described by the vector parameter c,
the expression is [41]:

Cu—Cp
2C44

T;1(yl1)’ —p2ecJ arctanc (7.117)
l ! ) l
P, (—=icJ ' /c .
_ Z Pl - nn)/ )e—sz arctanc’ Prln (x) = H (x + im/),
m=-I m'=—1l,m'#£m

where J is the vector (Jx, Jy, J;) composed of the matrices of angular momentum.
Besides the transformation of tensors from one coordinate system into another, the
multiplication of tensors and the inversion are the important operations for calculation
of the tensor A on the basis of Egs. (7.22), (7.63) and (7.69). Using the Voigt notations,
these operations are reduced to the multiplication and inversion of 6 x 6 matrices. This
approach, however, does not take into account the symmetry of the tensor. Using the
expansion (7.112), the tensors o, 02, 17, are shown below to create a closed group
with respect to the operation of multiplication (convolution over two indices), which
is written as:
lo1 o2
01|01
o3| 0

n:| 0

(7.118)

SE oS

309

SESI

)
S
4

7
<.

Thus, for the macroscopically isotropic media consisting of the grains with a cubic
symmetry, the 4-th rank tensor is expanded into tensors o, o2 and 7,.:

a={a, a2, ay} =a101 + a0 +aym,. (7.119)

The averaging over the orientations is then reduced to the truncation of anisotropic
part:
(a) = {ay, a2, 0}. (7.120)

The necessity to use the special representation of tensors occurs also for the energy
functionals (7.44) and (7.45). The inequalities (7.47) and (7.46) make the restrictions
to the tensor characteristics determining the system energy and not to the components
of the stiffness tensor. The elastic energy of the unity volume of sample € : C : €/2
is a quadratic form with respect to the strain €. Because of the elastic energy can not
be negative, this quadratic form is always positively defined. To understand which
values are restricted by the inequalities for elastic energy, the Voigt notations are
used and the 6 x 6 stiffness matrix is presented on the basis of eigenvectors:
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(€)=D"NCp C=D evi®ey. (7.121)

here )\, are the eigenvalues, e, ; are the eigenvectors, and the summation over i
corresponds to the degenerated eigenvectors. The positive definition means A\, > 0,
and the inequality (7.46) is equivalent to the inequalities for eigenvalues )\S < )\SM .
Thus, the inequalities (7.47) and (7.46) constrain the eigenvalues of the tensors.

The representation (7.121) is also convenient due to the simplification of the
multiplication table (7.118). For example, using the expansion for the crystals with
a cubic system [18]:

a = 3k, 2u, 21") = 3k + 2uly + 241/ ¢3, (7.122)

2 3
Ci=01, (= EUZ-'_ZT’C’ 3= EUZ - 21,

which coincides with the expression (7.121), the analogue of the above table is written
as:

(7.123)

The relation between the expressions (7.122) and (7.119) is simple:

a=f{ay,ax, ay} = 3k, 2, 21") = al,a—2+3ﬁ,a—2—@ . (7.124)
! J5 1005 5

and the product of the tensors and the inverse tensor are:

a b= 9kqkp, Aiaiip, 4t 1}), (7.125)
a”' = (1/3k, 1/2p,1/244)).

The inverse relation between representations is found to be:

4+ 64/

V5

Thus, the products of the tensors and the inverse tensor are calculated conveniently
using the expression (7.122), and the averaging and the transformation between
different coordinate systems using the expression (7.119) are simplified. The similar
expressions can be constructed for low symmetry tensors, too [50].

As follows from (7.22), (7.25), (7.63) and (7.69), the formula for tensor A, for
n-th grain contains the isotropic tensors only (Cy; and E) and the stiffness tensor
of n-th grain ¢,. Applying the tensor operations of summation, multiplication and

a=(Gr2p,20) ={a1, a2, ap} = [3&, cAp = (7.126)
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inversion for isotropic tensors and tensor ¢;,, the resulting tensor can be presented in
the form of (7.119). The tensor A, in the coordinate system C is then written as:

AO = (A, A2, Ay}, (7.127)

and for the grains composed of the same material, the formula (7.127) does not depend
on the orientation of the grain. Because of the isotropic tensors o1 and o are not
modified with the transformations between the coordinate systems, the integral in
(7.110) is calculated as:

JdaA(e(a)) 1 - (SO)
—————=Ajo1 + Ao+ A, N.=—[daT (a)n. (7.128)
2w 21
~(SC) . . .
where T is the symbol meaning the transformation of the tensor components
either by (7.111) or (7.117).

To calculate the tensor 77, we use the basis IR with the weight [ = 4, where the
transformation is performed by the matrices (7.117). For calculation of (7.117), the
parametric vector ¢5¢) has to be defined as a function of angle . The expression
(7.101) presents the transformation from the coordinate system C to the system L,
and in a way similar to (7.101), the parametric vector ¢S can be found, which
corresponds to the transition from L to S:

¢S = XY (7.129)
1+e,y

As aresult, the parametric vector ¢S (@) is obtained as a combination of the sequen-
tial transformations from the system C to the system L, and then from L to S:

(SO () — (SL) L(LO) (XY Y, MXE 7130
(@) = (¢, ¢ () <1+ezy,an2ez,l+nez. (7.130)

In this expression, the only transformation depending on the angle « is the one cor-
responding to the parametric vector tan 5e;. This fact helps to calculate the integral
over «, using the diagonal form of the matrix J; and the formula (7.117):

7% (tan %ez) = S eine. (7.131)

From this equation, for the matrix of transformation in the space IR with the weight
| = 4, we obtain:

1 ~(SC e; X nxe
27 " 1+4e,y "\ 1+ ne;

and for 7). the following formula is found:
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— @ [ €z XY @ [ nXxXe;
=n,T — T, / 7.133
fle =T "n0 (1 +ezy) On (1 +”ez) flen ( )

where the coefficients 7)., , defining the value 7. in the expansion over the basis 1,/
in (7.112) are taken from the equation (7.116). To calculate the function (7.110) with
the values (7.128) and (7.133), the direction of vector y in coordinate system S and
the orientation of the reciprocal lattice vector in the system C have to be fixed:

y = (sin(y) cos(¢), sin(1)) sin(¢), cos(1))), (7.134)
1
n=Gaar kD

The matrices y @y : o2 and y ® y : 77, are found to be proportional each to other.
The Eq.(7.110) can then be presented in a universal form by using X-ray elastic
constants (XEC), which leads to the Eq. (7.11) with:

1
SD 0 (10A1 — 254, 4+ 34, (5T — 1)) : (7.135)
1

1
2S£hkl) == (2¢§A2 —3A,(5T — 1)) .

where the dependence on the Miller indices ikl of the reciprocal lattice vector is

given by the invariant I'":
e e

(h? + k2 +12)?

(7.136)

Below we consider XEC for polycrystals of a cubic symmetry for various models
of grain interaction.

7.4.1 Voigt Model

According to (7.21) and (7.22), the tensor (7.116) has to be averaged and then
inversed. Using formula (7.119), the averaging is carried out by (7.120):
2(C11 — C12) +6Cyq ]
,0p .
V5

By using the relationship (7.122) and the representation (7.124), the inverse tensor
is found with the help of (7.125):

(€ = HCn +2C), (7.137)

- ( 1 5 5 )
(€)' = , , .
Ci1 +2C12" 2(C11 — C12 +3Cas)’ 2(C11 — Ci2 +3Cas)
(7.138)
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In the formula (7.135) for XEC, using the Eqgs. (7.119) and (7.126), we obtain the
expression (7.138) in the form of (7.119), and from (7.135):

2C44 — C11 — 4C
5 — 44 11 12 ’ (7.139)
2(C11 +2C12)(C11 — C12 +3C44)

1 5
—S = .
2 2(C11 — C12 4+ 3Cy4)

These expressions are independent on the Bragg reflection hkl.

7.4.2 Reuss Model

The X-ray elastic constants have a simple form if using the components of the
compliance tensor S. The tensor A coincides with the compliance tensor, and in the
form of (7.119) is written as:

4(S11 — S12) + 3844
25

Substituting this equation into (7.135), we obtain:

A =S = [Sn + 2812, ,2(811 — S12) — S44] . (7.140)

SPD — 515 4 SoT, (7.141)

1
S = S11 = S12 =380 S = Su1 — Si2 = Su/2.

7.4.3 Eshelby-Kroner Model

The Voigt and Reuss models are the limiting cases of the grain interaction. The
previous section considered the narrower than those two bounds for the bulk elastic
modules. The transfer of the results obtained in this section to the XEC bounding has
to be done with a caution. The values of XEC are determined by the averaging over
the angle o and not by the averaging over the orientations. As a result, the equation
(7.135) contains the dependence on the anisotropic part and on the Miller indices.
Nevertheless, several general conclusions can be made on the basis of the estimates
for the boundaries of the macroscopic elastic modules. For simple case of rotationally
symmetric biaxial stress state, and from the expression (7.135) for (7.11) we obtain:

len@)) = (%A] + (3sin’1p —2) 2542 + ign(l - 5F))UH. (7.142)
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As follows from the expressions (7.118) and (7.120), the component a; = 3k is
not mixed with other components in tensor operations, and for all the models the
equality A; = m is satisfied. Thus, according to (7.142), the sin® ¢) plots for
all models in case of rotationally symmetric biaxial stress cross the same point at
sin ) = 2/3.

The inclination angle of sin? ¢ plot is defined by the parameters A and Ay Using
the representation (7.122), the following relationship is received:

2
len ()} = (%A +30 sin2 ) — 2)(ua(1 — 3T) + 3r,,/A)) o). (7.143)

The definition (7.136) shows that the inequality is satisfied: 0 < I' < 1/3, which
means the values 1 — 3I" and 3I" are always positive. To determine the limits of the
function sin” v, the variation limits of ;14 and 1/, have to be found. Assuming the
strain fields are uniform inside the grain (7.48), the macroscopic compliance tensor
depends on the tensor A as:

2 2
S = Grs, 25, 2p5) = (A) = (3ka, §(2MA +31y), g(zﬂA +31y)). (7.144)

The boundaries for macroscopic elastic moduli are defined by the boundaries of
parameters g and pg. As follows from (7.144), the limits for ug determine the
limits of the linear combination 24 + 31/,, and thus constrain the limits of the
function sin? ¢ only at I' = 1/5. However, the models defining the boundaries of
the macroscopic moduli are frequently considered to constrain the sin” ¢ plot, too
(Fig.7.7).

Within the approximation of strain uniformity inside the grain (7.48) and spherical
symmetry of the correlation function of grains (7.53), the Eshelby-Kroner model

(a) (b)
—— Voigt

Reuss

2.0x10° - - -HS

- - -Hs, 4.0x10™4

E-K

4.5x10"" 4

1.5x10° 4

3.5x10"" 4

1.0x10° o
5.0x10* 3.0x10"" 4

004 251074
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.
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;2
sin‘y A

Fig. 7.7 a sin® ¢ plot for Cu sample possessing the residual stress of 200 MPa, the Bragg (200)
reflection, for the models of Voigt (V) and Reuss (R), and for the boundary models of Hashin-
Strickman (HS) and Eshelby-Kroner (E-K). b The dependence 114 at fixed C; and C for the same
models. The models determining the boundaries for macroscopic moduli constrain the parameters
14 and //A; for HS model, the tensor A from (7.63) has been used
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satisfies the equation (7.43), which is due to the self-consistency of the tensor C in
the Eq. (7.67). In the case of macroscopically isotropic media, spherically symmetric
correlation function of grain shape and the cubic symmetry of the crystallites, this
equation can be essentially simplified [21, 23]. In that case, the tensor E is found by
the analytical integration of (7.57), and for the representation (7.122) we obtain:

E— ( 1 2(4Cy — Cr) 2(4Cy — C2) )
3C11" 15C11 (C11 — C12)  15C11 (C1i — Ci2)

_ 1 3kc + 6uc 3kc + 6uc
3kc +4uc’ 15kcpe +20p2 15kcpc +20p2 )

(7.145)

To calculate the expression (7.67), the representation (7.122) is used again for
multiplication and inversion of tensors and the representation (7.118) for the aver-
aging. As a result, the following equation is derived:

( _ M’ (7.146)
—6kc —4uc + 3k

 6(kc +2pc) (34 (ke (ne +2m) + dppc) — g (9kc + 8uc + 4p))
(9rcpc + 6prc + 8u2C + 12ppuc) (6kc i + ke pe + 12pcp’ + 8/1%~) '

 6(kc +2pc) (34 (ke (ne +2m) + dppc) — g (ke + 8puc +4p))
(9kcpc + 6prc + 8uZ + 12ppuc) (6kcp’ + ke + 12uc i’ + 8pk)

) —(0,0,0),

where the parameters ¢ and ¢ characterize the macroscopic tensor C, the parame-
ters x, p and 1’ describe the stiffness tensor of the crystallite with a cubic symmetry.
The system (7.146) contains 2 independent equations, and taking into account the
positiveness of values x¢, pic, &, i and g/, we have:

ke = K, (7.147)
; 1 ,» 3 ) 3
pe + g Ok +awpe — Sk +4pp'ne — Jrpp = 0.

The parameter ¢, which has a physical meaning of a bulk modulus, has the same
value for both Voigt and Reuss models, and thus k¢ = & is an exact solution. The
cubic equation for pc has a single positive root, and the expression (7.147) defines
comprehensively the tensor C. When tensor C is known, the XEC are found by
substituting (7.69) into (7.135):

UKD — 9% —a+ 0T, %sgh"’) = 3a— 30T, (7.148)
5@ke +4uc)
6 (9'€CHC + 6pkc + 8,u2C + 12MMC) ’
15 (1 — /) (ke 4 2pc) BGrc + 4pc0)
(9f<ccuc +6prc +8u + 12uuc) (61 (ki +2u¢) + e O +8uc)).

a =

b=-—
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7.5 Residual Stress in Macroscopically Anisotropic Materials.
X-Ray Stress Factors

In the presence of texture or direction-dependent grain interaction, the relation
between strain {ey (y)} and macroscopic stress in polycrystal can not be presented
by Eq.(7.11). To confirm this fact, the changes implemented by a macroscopic
anisotropy in the equations (7.108) - (7.136) are considered below. The relation-
ship between the strain {egy (y)} and the macroscopic stress in polycrystal (7.110)

becomes: fd Felan At
_ . af(c(a c(a)) )
ferM}=y®y: Tdaf(c@) o)),

(7.149)

The ODF function f(¢) is a function of the orientation of the system C relatively to
the system S. The parametric vector (7.130) depending on the vector y and angles
1, ¢ is an argument of ODF, and the right part of (7.149) may have different kinds
of dependency from the angles ¢/ and ¢. This means the non-linearity of sin® 1)
plot, and the XEC provided by (7.11) and (7.136) are not sufficient for proper data
interpretation. In this situation, the expression (7.149) is written in the form:

leu(M)=F(y): (o), (7.150)
B [dafeSO@)Ae(e)
Fy)=y®y: Tdaf @@y

and the functions F(y) defined in the coordinate system S are called X-ray stress
factors (XSF).

As follows from (7.150), to calculate XSF, the tensor A, which characterizes
the grain with the orientation ¢(«), has to be found in the coordinate system S.
For macroscopically isotropic models, the tensor A in the coordinate system C is
equal for all crystallites independently on their orientations. Mathematically it is
a consequence of the fact that the macroscopic tensors C and E are the isotropic
tensors, which are independent on the coordinate system. In the case of macroscop-
ically anisotropic polycrystal, the macroscopic tensors are generally anisotropic. As
a result, to calculate the tensor A, the operations with the anisotropic tensors have
to be carried out in different coordinate systems. The final product of these tensors
is not expressed through the tensors themselves, and the analogue of (7.118) can not
be constructed using a small number of basic elements. Below we discuss the XSF
calculation algorithms for different grain interaction models.

7.5.1 Voigt Model

In accordance with (7.21) and (7.22), the tensor (7.116) has to be averaged and then
inverted. The averaging is carried out with an accounting of ODF as described in
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the Eq. (7.21). After these procedures, the tensor A being equal for all crystallites is
derived in the coordinate system S, and by the reduction of the integral over « the
XSF are:

Fy=y®y:( (7.151)
Here the value (¢)~! is constant and XSF are independent on Akl. The dependence
on the angles v and ¢ is contained in the term y ® y. As a consequence, the plot
of residual stress versus angles ¢ and ¢ depends quadratically on the trigonometric
functions, but in general case differs from (7.11).

7.5.2 Reuss Model

In the Reuss model, the tensor A is equal to the compliance tensor of a crystallite
(7.25). Because of the expression for the tensor A does not contain the operations
with macroscopic tensors, the expansion (7.119) can be used, which results similarly
to (7.128) in:

~ (SC)

Jdaf(® ) [daT™ ()n.
[daf (S (a)) ’

F(y)=y®y: (5101 + 802+ S,

(7.152)
S1 =801 =811 +2512,

4(S11 — S12) + 38
Sy = 8oy = —1 2\1/23 S, =(A—1)Su.

This formula can be applied in an analytical form in the important case of the
textured materials described by axial or spherical components [51, 52]. The ODF
in this case is modeled by simple functions describing the grain groups, which have
allocated orientation and the distribution of the directions, for example, ODF in a
form of:

Tr(T (cp)~'.T(c)) — 1

f(c,,,c):NeSCOS“’,cosw= 5 ,

(7.153)

here ¢, is a vector-parameter specifying the primary orientation, N is anormalization
constant, 1/S describes the spread of the directions, Tr is a trace of the matrix. Using
the explicit form of the matrix (7.96), we obtain:

1 +¢cp

[A++c2)

cosw/2 = (7.154)
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and utilizing the expressions for ¢SO (@) in (7.130), the ODF dependence on the
angle « is:

cosw = cos2(0*/2) cos(ax + & + 2 arctan b/a) — sin>(6*/2), (7.155)

14+ny—c,n Cpn
y— +ny pny b= p(n+Y) cos2(9*)=nT(Cp)y7

Ja+m+y?  Ja+S)m+y?
sin(Bp — @) sin(¢p/2) sin(y/2)
c0s(65/2) c0s(t/2) + cos(Bp — 6) sin(65/2) sin(1/2)”

tand/2 =

where Op and ¢p are the angles defining the unity vector in the coordinate system
C along the reciprocal lattice vector (Fig.7.2).
The analogous relationships can be found for axial components, with ODF:

flep. €)= NeS cosw = f,Tn,, (7.156)

where f, is a vector of primary fiber direction in the coordinate system S, n), is a
primary fiber vector in the coordinate system C, N is a normalization coefficient, and
1/S defines the characteristic distribution of the directions. By utilizing the explicit
form of the transformation matrix (7.96) and using the expressions for ¢S () in
(7.130), the following formulas are derived:

cosw = cos 0, cos 0, + sin @y sin 6, cos(ar + 6 7), (7.157)
fint
0, = , 0, = , tandy = —,
costy =nnp, costly = f,y, tandys Finie
n=(-e®e) T(—2% .
1 = z z 1+ e, ps
y X e;
=1- -T - f.
fi=( e ®e;) (1+ezy) fp

In both axial and spherical component cases, the dependence of ODF on the angle
ais expressed as ek1¢03(@Hk2) Similar to the Eqs. (7.130)—(7.131), the transformation

~(SC .
matrix T( )(a) in (7.152) has a form ¢'"“. By using the equation:
27 ) )
/ da@kl COS(O&-sz)—lm(! — 2’/T€lmk21m(k1), (7158)
0

with 7, being a modified Bessel function of m-th order and applying (7.158), (7.157)
and (7.155), we obtain for (7.152):
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Fiy)=y®y: <510'1+5202 (7.159)
16
@ [ e:xy B (Sw)e'™ 4y ((nxe; )
S T 5 / T, ’ ol ).
0 b (1 +ezy) @)\ T+ ne, )

Here the notations of (7.133) have been used, and the angles w, ¢ for the spherical
components are:
w = cos>(0*/2), ¢ =6+ 2arctanb/a,

and for the case of axial components:
w=sinfysinb,, ¢ =0dy.

This formula can be generalized for S tensor of arbitrary symmetry [53].

The expression (7.159) demonstrates the transition from XSF to XEC. From one
hand, the relation between the measured strain and the stress (7.11) takes a place in
a case of the isotropic material. As follows from (7.159) and (7.152), in isotropic
case A = 1, the anisotropic part S, = 0 disappears along with the term of texture.
From the other hand, in the limit of the isotropic ODF, the value S tends to zero,
the functions ;(Sw) tend to zero, except of Ip(Sw), and we obtain the expression
(7.133), which results in (7.11).

7.5.3 Eshelby-Kroner Model

In the presence of texture, the Eq.(7.67) becomes very cumbersome. In opposite to
the isotropic case, where the simple analytical expression (7.145) exists, the relation
between E and C in anisotropic polycrystals is given by cumbersome integrals
(7.57) and (7.58). The averaging procedure involves ODF, which again complicates
the calculations comparing to the isotropic sample, where the equation (7.120) is
valid. As a result, the expressions (7.67) become a system of non-linear equations,
where the analytical solution similar to (7.147) is not possible.

The appropriate solution for the textured polycrystals is a construction of the
iterative procedure based on (7.67) for calculation of the tensor C [33, 34]. For
example, the Eq. (7.66) is re-written as:

€V = L [(A+E:de,)™ ) —1]: €9, (7.160)

where the second term in the right side equals to zero for the exact solution of (7.67).
By expressing the strain €©) through the stress (o) using the macroscopic compliance
tensor S = C~!, the following equation is obtained:

S=S+[(1+E:dc,) y—1]:8. (7.161)



7.5 Residual Stress in Macroscopically Anisotropic Materials. X-Ray Stress Factors 307
Based on this equation, the iterative scheme can be constructed as follows:
SOHD — 0 L f(A+ E™ :de,)y —1]: 8™, (7.162)

where E™ is calculated using C™ = S™ ™" The coefficient f is determined
empirically: the small values of f provide the convergence, however, require longer
iterations, whereas the large values of f make the iterations unstable. Using (7.69)
and (7.150), the expression for XSF is:

fdaf(c(sc)(a))(l + E: (i(SC)(a)c _ C))fl g 63
Jdaf (eSO @) 25, (1163)

F(y))=y®y:

with macroscopic tensors E, C, § = C~! being defined in the coordinate system S
and stiffness tensor of a separate crystallite ¢ being defined in the coordinate system
C.

7.5.4 Vook-Witt and Inverse Vook-Witt Models

Unlike the above discussed models, the Vook-Witt and inverse Vook-Witt models
implement the macroscopic anisotropy in the absence of texture.* The basic expres-
sions (7.84)—(7.87) contain the anisotropic tensors IT | and IT;, which distinguish
the direction of a surface normal among others (Fig.7.8 and 7.9).

The presence of texture incorporates another source of a macroscopic anisotropy.
Basing on the formulas (7.150) and (7.84), the following expression is obtained for
XSF:

Fy)=y®y: (7.164)
JdafeSO@)e(@) : (M) :e(@) —e(@) : M)~ (e(@) : T — M1 : Cyyp)
[daf (eSO ) ’
c(a) = ]A,(SC) (a)c.

Here the macroscopic tensors are defined in the coordinate system S, and the stiffness
tensor of a separate crystallite ¢ in a coordinate system C.

4 A similar situation occurs in Eshelby-Kroner model with the elliptical grains possessing a certain
orientation [5].
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Fig. 7.8 sin® 1 plot for Cu sample with symmetric biaxial stress 200 MPa, for (420) Bragg reflec-
tion for Voigt (V), Reuss (R), Eshelby-Kroner (E-K), Vook-Witt (VW), and inverse Vook-Witt
(IVW) models. The axial texture with half-width 1/S = 20 degree is included in the simulations,
and f » coincides with the normal n), in the direction (111). The dashed line shows the value
Jdaf (€9 (@), which is proportional to the intensity of reflection at fixed 1 and ¢
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Fig. 7.9 sin? ¢ plot for Cu sample with symmetric biaxial stress 200 MPa and for Bragg reflection
(200) in the absence of texture for Voigt (V), Reuss (R), Eshelby-Kroner (E-K), Vook-Witt (VW)
and inverse Vook-Witt (iVW) models. The morphologic texture inherent in Vook-Witt and inverse
Vook-Witt models leads to the non-linearity even in the absence of the orientational texture
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