Measurements of phase changes in crystals using

Ptychographic X-ray imaging

Maria Civita

October 2016



Declaration

I, Maria Civita, confirm that the work presented in this Thesis is my own. Where information has

been derived from other sources, I confirm that this has been indicated in the Thesis.



Abstract

In a typical X-ray diffraction experiment we are only able to directly retrieve part of the information
which characterizes the propagating wave transmitted through the sample: while its intensity can be
recorded with the use of appropriate detectors, the phase is lost. Because the phase term which is
accumulated when an X-ray beam is transmitted through a slab of material is due to refraction [1, 2],
and hence it contains relevant information about the structure of the sample, finding a solution to
the “phase problem” has been a central theme over the years. Many authors successfully developed a
number of techniques which were able to solve the problem in the past [3, 4, 5, 6], but the interest
around this subject also continues nowadays [7, 8]. With this Thesis work, we aim to give a valid
contribution to the phase problem solution by illustrating the first application of the ptychographic
imaging technique [9, 10, 11, 12, 13, 14] to measure the effect of Bragg diffraction on the transmitted
phase, collected in the forward direction. In particular, we will discuss the experimental methodology
which allowed to detect the small phase variations in the transmitted wave when changing the X-ray’s
incidence angle around the Bragg condition. Furthermore, we will provide an overview of the theoretical
frameworks which can allow to interpret the experimental results obtained. More specifically, we will
also discuss a new quasi-kinematic approximation which was recently developed by Gorobtsov and
Vartanyants [2] in order to highlight the potential for future applications of the methodology described
in this work. In particular, this new theory, used in conjunction with the experimental technique here
presented, will permit to investigate further the effects related to the phase of the transmitted beam,
thus allowing to study the structure of strained crystals as well as to fully determine the phase of the

structure factor.
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Chapter 1

The phase problem

In 1912 Friedrich, Knipping and von Laue [15] gave evidence for both the wave nature of X-rays
and the space lattice of crystals, when performing an experiment in which they used an X-ray beam
to illuminate a crystalline sample. By placing a photographic plate downstream from the sample, as
shown in Fig. 1.1, they were able to record the diffraction pattern resulting from the experiment and to
understand that positions and intensities of the imprinted dark spots were related to the inner structure
of the crystal. While giving evidence to the phenomenon of X-rays diffraction, this experiment also
showed an important limit: the amplitude of the diffraction pattern was easily accessible through the
experiment, but the phase information was completely lost. The main consequence related with the
loss of the phase information was that measured intensities alone could not lead to a unique crystal

structure [16], hence the phase problem started to be a central theme in X-ray crystallography.
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Figure 1.1: Experimental setup of Friedrich, Knipping and von Laue in 1912 as described in [16].
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Figure 1.2: Construction of a 2D crystal structure from the convolution of a lattice and a basis as
described in [1]. In this sketch we show how a crystal can be described as a regular repetition in

space of a basic structural motif, which is defined as the crystal unit cell. In this figure the unit cell is
described by the basis and is identified by vectors al and a2.

1.1 Theoretical background

In order to give more clarity around the phase problem formulation it is necessary to introduce the
physical quantities involved in an X-ray scattering experiment. A more detailed description of the
theoretical framework required to fully comprehend the different aspects involved in the solution of
the phase problem will be provided in the following Chapters, however here we aim to present a brief
qualitative introduction to this subject.

The structure of a crystal can be described as a regular repetition of basic elements in the three
spatial dimensions. In this view, a crystalline structure is defined by specifying the lattice and by
associating a basis, composed by either atoms or molecules, to each point in the lattice, as shown in

Fig. 1.2 [1]. In a three-dimensional space the lattice is specified by a set of vectors as
R = niaji + ngaz + nzas (11)

where vectors al, a2, a3 define the unit cell and ny, no, n3 are integers. In the real space, the lattice is
usually defined as direct, while its Fourier transform takes the name of reciprocal lattice. The function
associated to the basis, which describes the atomic structure contained in each unit cell, is the electron
density p(R). This quantity is a periodic function of R and can be represented with a triple Fourier

series

1 —2miH-
p(R) = v ZFHe( ZmiH-R) (1.2)
H



where V is the volume of the unit cell and H represents the reciprocal lattice vector [16]. The Fourier
coefficient Fy represents the structure factor correspondent to the reciprocal lattice vector H and can

be obtained by integration over the unit cell volume as
Fu = /V p(R)e2HER) gy (1.3)

In its polar form the structure factor can be written as
Fy = |Fgles (1.4)

where |Fy| is its amplitude and Sy represents its phase. By substituting Eq. 1.4 into Eq. 1.2 we can

obtain the electron density function in the form
1 3 —2miH-
p(R) =37 > | P elifm—2miHR) (1.5)
H

which highlights how clear knowledge of both amplitude and phase of the structure factor are necessary
in order to fully determine p(R).

As stated at the beginning of this Chapter, the intensities |Fg| are directly determined during a
scattering experiment, in fact they correspond to the maxima of the diffraction pattern collected in the
far field, downstream from the sample. We can so conclude that by knowing both the phase and the
amplitude of the structure factor we can determine the electron density p(R) which, used in Eq. 1.3,
allows to completely determine the nature of the diffraction pattern and consequently the structure of
the crystal [16]. However the nature of the experiment leads to a loss of the phase information and as a
consequence one could use arbitrary phase values S and associate them with the measured intensities
| Fz| so to obtain multiple density functions p(R.), all consistent with the collected diffraction pattern.
This is what we commonly define as the “phase problem”.

In crystallography, the missing phases are usually derived by self consistency with known physical
properties of the crystal, that the electron density is real and mostly confined to the cores of the atoms
in the unit cell. The development of computational "direct methods" in the 1950’s led to a revolution
in crystallography because it allowed direct inversion of diffraction patterns to atomic-resolution real-

space images of the crystal structure [17, 18].



Over the years many authors made important contributions to the solution of the phase problem.
A first attempt was made by Patterson in 1934 [19] who modified Eq. 1.5 by replacing the amplitude
and the phase of the structure factors by the squared amplitudes proportional to the experimental
diffracted intensities. By mapping the maxima of the Patterson function one could determine the
position of the interatomic vectors in the crystal and hence determine the crystalline structure in those
cases where a strong diffraction spot was present. This method helped to solve the phase problem
for crystals which presented “heavy atoms” or for simple structures, but showed its limits for more
complex structures [16].

After this first contribution, other methods were developed to experimentally measure the structure
factor and its phase. In order to contextualize the work described in this Thesis, a section summa-
rizing few milestones reached in solving the phase problem will be presented at the end of Chapter 3,
after providing the theoretical apparatus which is needed to comprehend the physical concepts which
these papers are based upon. In this context, this Thesis project presents an innovative experimental
technique which uses ptychography [9, 10, 11, 12, 13, 14] to measure the effect of Bragg diffraction on

the transmitted phase, collected in the forward direction.

1.1.1 A possible reformulation of the phase problem

In recent years, a series of articles by Emil Wolf presented a new theoretical approach to the solution
of the phase problem. In his papers [7][8], Wolf explained that in order to measure the phase of
the structure factor, and hence solve the phase problem, the problem itself needed to be reformulated
following a different approach. In particular he suggested a new method which could be used to measure
the correlation function of an X-ray beam, a quantity that already contains both the amplitude and
phase information, provided that the beams used in the experiment are spatially coherent.

In order to approach the problem in a new way he started his analysis by considering the mutual

coherence function of a fluctuating field V (r,¢) at point P, which can be written in the form

F(r17r277-) = <V*(I‘1,t)V(I‘2,t+T)>, (1'6)

where r is the position vector which identifies point P at time t. By assuming that the field is

statistically stationary [20] one can calculate the Fourier transform of the mutual coherence function



as

W(rl,rg,w):/ [(ry,re,7)e7dr, (1.7)

oo
which represents the cross-spectral density function of the field. This quantity can also be obtained

through the frequency-dependent field

W(ry,ro,w) = (U*(r1,w)U(re,w)) (1.8)

w

where the average is calculated over the ensemble {U(r,w}[20, 21]. The cross-spectral density function
of the field W(ry,ro,w) can at this stage be assimilated to the averaged intensity at frequency w of
the field at point P(r) in the form

W(ry,ro,w) = I(r,w). (1.9)

At this stage Wolf’s formulation linked the intensity to the spectral degree of coherence of the field

fluctuations relative to points P;(r1) and Ps(rz)

W(ry,ra,w)
\/W(I‘l, ro, w)W(rl, ro, w)

p(ri,ra,w) = (1.10)

which can be zero in case of spatial incoherence or one (in modulus) for a complete spatial coherence
at frequency w of the field at the two points Pj(r1) and Pa(rs). The author carried on his theory
establishing a relationship between u(ry,re,w) and the phase difference of the field relative to the two
points in the form

p(ry, ro,w) = ellorz@) =Wl (1.11)

In this way the coherence theory developed by Wolf [7, 8] established a link between the intensity,
which can be experimentally measured, and the phase difference between the field in two points.
Wolf theoretically applied his equations to a Young’s interference experimental setup, sketched in
Fig. 1.3, where an opaque screen with two small openings, placed at Q1(r1) and Q2(r2), is illuminated
by a quasi monochromatic beam. In this configuration the resulting interference intensity is collected

on a screen B placed parallel to A so to collect the interference pattern. At this stage Wolf expressed
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Figure 1.3: Young’s interference experimental setup as described in [7].

the average intensity collected at point P(r) on screen B as

I(P) = IV(P) + IP(P) + 2/ IO (P)/ 1D (P) |u(Q1, Q2,w)|  cos [B(Qr, Qz.w) =] (1.12)

where 3(Q1,Q2,w) is the phase of the spectral degree of coherence p(ry,ro,w) and § is the phase
difference associated to the path difference between points Q1(r1) and Q2(rz2) at screen A and P(r)
on screen B. He concluded that by repeating the intensity measurements for several values of § one
could use Eq. 1.12 to the retrieve the amplitude and phase of u(ry, ro,w).

In his 2010 paper [8] Wolf applied this theory to solve the phase problem when performing an X-ray
experiment, here described in Fig. 1.4. He considered a spatially coherent and quasi-monochromatic
X-ray beam hitting a crystalline medium, with the consequent generation of the transmitted and
reflected beams. Imagining to use again screen A and B as described above, he applied Eq. 1.11 so to
obtain

Uso (rso, rs1,w) = /%50 (rs1,%) (1.13)

where @ is the mean frequency of the incident X-ray beam, rsy and rs; are the transmitted and
reflected beams directions and ¢s, represents the phase of the forward-transmitted beam.

The author concluded stating that measurements of the phase ¢s, (rs1,w) of the spectral degree of
coherence pug, (rsg,rs1,w) for all directions of incidence sy and scattering s; could be used to solve the
phase problem [8].

While not providing any experimental evidence to the theory presented in his papers, Wolf’s work
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Figure 1.4: Experimental setup as described in [8]. A quasi monochromatic X-ray beam hits a crystal
generating a forward-diffracted beam traveling in the rs( direction and a reflected beam traveling along
s1. In his paper Wolf described a method to determine the phase of the spectral degree of coherence
s, (rSo, r's1,w) at a pair of points Q1 (rs,) and Qa(r1).

inspired this Thesis project at a very early stage. In particular, we decided to develop an experimental
technique which used the phase relationship between the reflected and transmitted beams in order to
measure phase variations generated by Bragg diffraction. In fact, we based our experiments on the
belief that the generation of the reflected beam has a perturbative effect on the forward transmitted
wave, which in our view was another way of representing an idea close to the one described by Wolf.
However, we highlight that the results presented in this Thesis cannot be discussed in relationship to

that of Wolf’s, given the substantially different theoretical approach that we used.

1.1.2 A new experimental technique developed with the use of ptychogra-
phy

The experimental technique presented in this Thesis work was developed in order to retrieve the phase
of the transmitted beam in forward diffraction. While this methodology will be fully discussed in later
chapters, here we summarize the key aspects involved in the project.

In order to detect the phase changes due to Bragg diffraction effects, we used a setup which allowed
to measure the forward diffracted intensity while rocking our sample at different angles on and off the
Bragg condition, as described in Fig.1.5.

The main challenge in performing the experiments presented in this work was being able to finely

detect the phase changes for different rocking angles, given that we were due to deal with relatively
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Figure 1.5: Schematic representation of the setup used for the experiments presented in this Thesis
work. The sample was mounted in the Laue geometry on a 3D moving stage which allowed for it
to be rocked at different angles on and off the Bragg condition. The corresponding rocking curves
were measured with the use of the detector in the reflection geometry D;. Furthermore, in order to
perform ptychographic measurements, which require the collection of multiple diffraction patterns at
overlapping beams positions projected on the sample, at each rocking angle the sample was also moved
respect to the beam so to perform a circular scan. The forward diffracted beams intensities where then
measured with detector Ds.

small quantities which could be easily affected by noise and detection errors. In order to retrieve
accurate results we decided to use ptychography [13], a powerful imaging technique which proved to
have a phase sensitivity as good as 0.005 rad [22]. The adoption of this method allowed to obtain
curves representing the transmitted beam’s phase shifts as a function of the rocking angle A6.

In conjunction with this experimental technique, in the following Chapters we will also discuss the
theoretical framework which would allow to relate the phase of the structure factor to the phase shift
of the forward transmitted beam. While highlighting the fact that the main purpose of this Thesis is
to test and develop the experimental technique which can be used to measure the transmitted beam’s
phase shift with the use of ptychography, we will discuss two main ways of interpreting the obtained
results. The first one is an approximate interpretation of the quasi-kinematical regime! in which we
used kinematical equations to describe the dynamical effect which originates the phase shift through
the interaction between the diffracted and forward transmitted beam. We will show in later Chapters
that this fitting allowed to obtain a substantially correct description of the experimental curves, but
the lack of a fully developed theoretical apparatus failed to provide an equation which could be used
to obtain the phase of the structure factor. For this reason, in order to verify the validity of our
experimental results, we will also discuss a second method? developed by Shabalin, Gorobtsov and
Vartanyants and which was used to fit a set of our experimental curves in the dynamical diffraction

regime [23]. Finally, we will also illustrate a new quasi-kinematical approximation which was recently

LThis subject is going to be discussed in Chapter 6.
2The dynamical fitting will be discussed in Chapter 4.



developed by Gorobtsov and Vartanyants [2] in order to provide a more customized theoretical frame-
work to the regime in which the experiments presented in this Thesis were performed. We believe that
the combined use of this innovative theoretical apparatus, together with the experimental techniques
described in this Thesis, will allow further investigations in the near future with the possibility to
find immediate applications in the investigation of strained crystal structures and in the complete and

direct determination of structure factors.



Chapter 2

Kinematical diffraction theory

In this section a basic description of the scattering process will be provided, in a first approximation
where we will neglect thermal effects and deformation factors. Starting from the most elementary
scattering object, the electron, this Chapter will expand in order to illustrate the kinematical theory
that applies to more complex scattering configurations. At the end of this overview, a description of
the scattering geometry used in the experiments discussed in this Thesis will be provided, with the

aim of giving a theoretical background to the results presented in the following Chapters.

2.1 Scattering by one electron

The scattering of an X-ray beam by a free electron is classically described by saying that the electric
field of the incident wave impresses a force on the electronic charge causing its acceleration and the
radiation of a scattered wave [1]. The scattering event can be either elastic or inelastic. In the former
case, the wavelength A of the scattered wave, and hence its energy, is the same as the incident one.
On the other hand, in the inelastic scattering case the energy of the incoming wave can be partially
transferred to the electron, so that the scattered wave is consequently characterized by a lower energy.
This scenario, which is commonly described as the Compton effect, may be used to obtain unique
information on the electronic structure of materials, but it is not going to be discussed in this Thesis,
where we will mainly focus on the elastic scattering.

In order to describe the elastic scattering of an X-ray by a free electron, one must determine the

10
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Figure 2.1: Schematic representation of an X-ray scattering experiment. The incoming beam is char-
acterized by the flux ® which is proportional to the amplitude of the electric field |Em\2 and to the
speed of light ¢. The scattered intensity is proportional to the amplitude of the scattered electric field
|Eraql” collected by the detector as described in [1]. Figure replicated following [1].

differential scattering cross section

do 1
(@) - @OZQ (2.1)
where I, is the number of scattered photons recorded in a detector in the time unit, ®¢ is the flux of
the incident beam and A is the solid angle covered by the detector, as shown in Fig. 2.1 [1]. This
quantity is defined as a measure of the scattering event efficiency. At this stage one can rewrite the
differential scattering cross section by highlighting the dependency of the flux of the incoming beam
and of the number of scattered photons to the respective electric fields intensities. In particular the

two terms can be developed as

D o ¢ |Ein|* /hw 02)

ISC X C (RQAQ) |E7‘ard|2 /hw

where c is the velocity of light and hw represents the energy associated to the wave propagating with
cyclic frequency w [1]. By using the quantities as presented in Eq. 2.2, the differential scattering cross

section becomes

do |Eraql” R2
ao\ _ i 2.

The radiated field can be described by noting that when the electron is hit by the incoming beam, it

starts vibrating becoming a source of spherical waves which are then consequently radiated in the R

direction. By keeping this into account, it is possible to write that the scattered field is a function of

11
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Figure 2.2: Scattering of an X-ray by an electron. In the classical description of this phenomenon, the
incoming beam is a plane wave with an associated electric field which is responsible for the electron’s
vibration (blue arrows). The incoming beam propagates along the z direction and its electric field is

polarized along the x axis (€). On the other hand, the scattered wave at an observation point X is

spherical with a polarization along €. From geometric considerations one can write that sin ¥ = —¢. ¢

where the minus sign accounts for the 180° phase shift between the incoming and scattered waves as
shown in [1]. Figure replicated following [1].

the polarization ¢ as E,qq o ¢e’*f/R [1], as described in Fig. 2.2.
In order to evaluate the radiated field at an observation point X, it is necessary to develop the
formulation of the scattered electric field further, by also taking the observed acceleration in the

electron’s vibration into account. One can then write
Erqq (R, 1) —%aw (') sin ¥ (2.4)

where — sin ¥ = (cos 90° + W) = é-¢’ which, with its negative sign, expresses the m phase shift between
the incoming and scattered beams. Term a,(t') represents the acceleration which, by referring to the
classical relationship F' = ma, can be written as the ratio between the force impressed on the electron

and its mass in the form

au(t') = BT —eBe 0O —eByemh (2.5)
m m m

where t' =t — R/c represents a time instant earlier than the observation time ¢ and Ej,, = Ege ™! is

the electric field associated to the incoming beam [1].

12



It is now possible to write the ratio between the scattered and incoming electric fields as

Era /2 ikR
w o (F > %sin\ll, (2.6)
i m

which must result as a dimensionless quantity. In order to correct the equation in this sense, it is
necessary to introduce factors which would give [(e?/m) * A] = [meters]. This result can be achieved

by noting that the classical electron radius, or Thomson scattering length, can be written as

e? °
=(——5]=282x10°4A 2.7
e (47‘(’60771(22) i 27)
so that Eq. 2.6 can be written as
E..q(R,t ekl
# ——r S fe-e? (2.8)

which leads to
do 9 1a
— . 2.
< dQ) re |€- €] (2.9)

representing the differential scattering cross section of an electromagnetic wave by a free electron
[1]. Factor |¢-&|* denotes the polarization of the X-ray source and has a primary importance when
conducting a scattering experiment. According to the type of the X-ray source chosen to perform the

experiment, the polarization factor P! can have different values

1 synchrotron — o :  wertical  scattering plane
L2
P=le- &' = cos? U synchrotron — m: horizontal scattering plane - (2.10)
% (1 + cos? \I/) unpolarized source

In order to calculate the total scattering cross section, one can integrate Eq. 2.9 over all possible
angles. Given the rotational symmetry of the system, the average value of the polarization factor over

the unit sphere results as 2/3, so that one can obtain that the total cross section is op = 4wr2 x 2/3 =

n the experiments conducted for this Thesis work a o polarization was used, so that we assumed a polarization
parameter of P = 1. However, it is worth mentioning that measurements were at times performed in intermediate
polarization states which would have required to apply a correction factor to the polarization parameter. A complete
estimate of the polarization condition would require the development of a further theoretical apparatus which, while
being outside of the scope of this Thesis work, would represent a valuable next step to this research project.

13



Figure 2.3: Schematic representation of the scattering from an atom as discussed in [1]. In the case
of elastic scattering, one can write that [k| = |k’| = 2r/A. Furthermore the phase difference between
the two volume elements, one at the centre of the atom and one at position r is given by the scalar
product between the wavevector k and r . In addition to that, the phase difference between the two
scattered waves is given by —k-r. This can be explained by following what was described in the case of
the single electron, where the second volume element at position r is located at the observation point
X, so that it has a wavevector k’ (in the plane wave approximation) and a 180° phase shift respect
to the element at the centre of the atom. By combining the two phase shifts one can conclude that
A¢ = (k — X') - r. Figure replicated following [1].

0.665 x 10~2*em? which is a constant value, independent from energy [1].

2.2 Scattering by a single atom

When considering the scattering by a single atom one can think to extend what described in the
previous section to a system composed by Z electrons of distribution p(r). In order to derive the
scattered radiation field, we can describe how the phase of the incoming beam changes while interacting
with two volume elements located at the centre of the atom and at position r, as shown in Fig. 2.3.

The phase difference between the two waves scattered by the volume elements can be written as
Ad(r)=(k—-k) - r=Qr (2.11)

where Q = k — k' is the scattering vector [1]. By following geometric considerations one can further

expand the formulation of the scattering vector as
. dr
Q| =2|k|sinf = Tsm@ (2.12)
where the elastic process is taken into account.

14



At this point that we can derive the total scattering length of the atom by superimposing all the
contributions from the different atom’s scattering elements of unit volume dr and position r. By

recalling that the phase factor associated to each scattering event is €’Q, one can write that

1 Q) = 1. / p(r)ei QT dr (2.13)

where —r.p(r)dr is the contribution to the scattered field by each volume element and fy(Q) =
[ p(r)e!QTdr is the atomic structure factor [1]. For different values of the scattering vector Q, the
structure factor changes varying between Z and 0. In particular, in the approximation of a spherical
atom where we neglect all chemical bonds, we find that Q — 0 so that f°(Q =0) = Z, while for
Q — oo we get that the scattered waves coming from the different scattering volumes are out of phase,
so that f(Q — oo) = 0.

It is worth noting that the structure factor is also function of the energy of the X-ray wave hitting
the atom. In fact, when the incoming beam’s energy hw is much lower respect to the atomic binding
energy (i.e. for electrons in the K shell), the electronic response to the external electromagnetic field is
much reduced. On the other hand, when the size of the atom is bigger so that we find electron in more
external shells (i.e. L, M, etc.), so that they are less tightly bound, we see that the scattering effect
is more relevant. In case hw is higher respect to the atomic binding force, the electrons behave as if
they were free, otherwise we expect a reduction of the scattering length which is denoted by the real
factor f’. Furthermore, an additional imaginary term ¢ f” can be introduced to complete the structure

factor formulation, so to also take the dissipation of the system into account [1]

F(Q,w) = f9(Q) + f'(hw) + f" (hw). (2.14)

The two additional terms f’ and f” are also known as dispersion corrections to the structure factor.
This structure factor formulation also applies to more complex systems, as in the case of crystal
structures. To this purpose, it is worth highlighting that the weight the dispersion corrections have
on the calculation of the structure factor also varies according to the geometry of the system. In
particular, for centric crystals most of the reflections are not much affected by these additional factors

[24].
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Figure 2.4: Schematic representation of the scattering by a molecule as discussed in [1]. Here the
molecule is composed by three atoms and the scattering vector Q is described within the scattering
triangle generated by the incoming and scattered beams. Figure replicated following [1].

2.3 Scattering by one molecule

In analogy with what discussed for the scattering by one atom, the effect seen when an incoming X-ray
beam illuminates a molecule can be described as an extension of the simpler case, as illustrated in Fig.
2.4. In particular the molecule can be considered starting from the atoms which compose it, so that
one can say that the total form factor of a molecule is given by the superimposition of the atomic form

factors in the form

ProlQ) = 3 Q)X (2.15)

where j represents the j-th atom in the molecule [1]. Following what discussed in the previous section,
the multiplicative term —r. needs to be included in the formulation when considering the intensity in

absolute units.

2.4 Scattering by a crystal

Intuitively, the X-ray scattering by a crystal can be also treated in analogy with the previous sections,
by saying that the total scattering amplitude is a superposition of elementary factors. Before looking
into this definition more closely, it is worth discussing the nature of the crystalline structure, also
highlighting the conditions upon which the X-ray diffraction can be observed.

As previously mentioned in Chapter 1, a crystal can be described by associating a basic element

to a regular lattice structure. After defining the origin of the lattice, one can use vectors to define
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Figure 2.5: Schematic representation of a 2D molecular crystal as discussed in [1]. Here we see that at
each point in the lattice corresponds a molecule. The lattice is defined by vector R,, and the distance
between each lattice plane is given by d. In order to specify a particular family of planes, once can use
the 3D Miller indices (h, k, ) which identify a set of points on the a; axes defined as (a;/h,as/k, as/l).

For different families of planes, the spacing d is defined by d = ﬁ, where a is the elementary

lattice parameter. In this 2D figure, assuming that |a;| = |as| = a, we can assume to look at the
family of planes defined by the Miller couple (1,0), so that d = a. Figure replicated following [1].

the elementary unit of the crystal, which is commonly known as unit cell. The unit cell is defined as
primitive, as shown in Fig. 2.5, when the modulus of its the defining vectors is minimum. In other
cases the unit cell can be defined as non-primitive or non-conventional when it is defined by vectors
with a higher modulus or different orientation. In the following discussion, a crystal defined by a
primitive unit cell will be considered.

In the 3 dimensions, the lattice defining the crystalline structure can be identified by a set of vectors
in the form

R, =nia; + ngaz + nzas

where n; are integers and a; are the basis lattice vectors. We can now use this quantity to define the

scattering amplitude of the crystal
Fcrystal Z f zQ-r]- Z eiQ-Rn (216)
n

where we are neglecting the factor —r, and where the first term represents the unit cell structure
factor, which in case of scattering by a molecular crystal is defined by Eq. 2.15, while the second term,

known as lattice sum, represents the crystalline structure composed by N unit cells [1].
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It is worth noting that the lattice sum is a superimposition of phase elements rotating in the unit
circle. In case

Q- R, =27 X integer (2.17)

each term in the sum becomes real and equal to one, so that the sum of all elements is N, the total
number of unit cells in the crystal. On the contrary, when this condition is not satisfied the sum will
be of order unity. At this stage, in order to understand when Eq. 2.17 is satisfied, we need to introduce

the concept of reciprocal lattice, which is a geometrical construction defined as

H =haj + ka; + la3 (2.18)
where (h, k,[) are integers and
ai =2ty A T k) 8 T2 ey e (2.19)

where ve = a; - (ag X ag) is the volume of the unit cell. We can now calculate the product between

the reciprocal and direct lattice vectors to obtain

H-R,, = 27(hny + kng + Ing) = 27 X integer, (2.20)

which gives the same result as that of Eq. 2.17, so that one can write that the condition upon which

the lattice sum equals the number of unit cells in the crystal is that

Q=H. (2.21)

This result implies that the crystal structure factor Fer¥s*(Q) is not vanishing only if the scattering
vector Q coincides with a reciprocal lattice vector [1]. This equation is known as the Laue condition
for the observation of X-ray diffraction and one can show its equivalence to the Bragg’s Law, which
states that scattering of X-rays by a crystal happens when the constructive interference of waves takes
place in the form

mA = 2dsind, (2.22)
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Figure 2.6: Schematic representation of the equivalence between Bragg’s Law and Laue condition as
discussed in [1]. The scattering by the (0,1) family of planes in the real lattice is represented in the
reciprocal space, where we see that the amplitude of the scattering vector is |Q| = 2xw/d. Figure
replicated following [1].

where m is an integer, d is the spacing between lattice planes and 6 is the incidence angle.

The equivalence between the Laue condition and the Bragg’s Law is also highlighted in the re-
lationship between the direct lattice and the reciprocal one. In particular a set of crystallographic
planes identified by a combination of Miller indices is represented in the reciprocal space by a point
in the reciprocal space. Furthermore the reciprocal space vector |Hyy,| is perpendicular to the planes

identified by (h, k,1) and its modulus is |Hpx| = % where dp; = By considering the

a 1
Virrere 1

geometries described in Fig. 2.6, one can note that the Laue condition implies that |Q| = [Hpr| = th“M
so that we can write
|Q| =2 k|sind, real space (2.23)
Q| = di’};, reciprocal  space
where we are assuming the case of elastic scattering so that |k| = |k’'| = 27/A. By equating the two

relationships one can then obtain

A= 2dhkl sin 0

which is the Bragg’s Law for m = 1.

In more detail, the lattice sum can be analyzed in one dimension by developing the sum of all phase
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terms as
SN(Q) — 271:7—1 £iQna

_ sin(NQa/2)
1SN (Q)l = s

(2.24)

where the lattice vector is defined by R,, = na, where n is an integer and « is the lattice constant, and

where the the sum is developed in the geometrical series

N-—-1
Sy = Zk”:1+k+k2+...+kN‘1:

n=0

1—kN

— (2.25)

The lattice sum becomes N when the Laue condition Q = H is satisfied, while when this condition is

not fully achieved one can write that

1SN (Q)1* = Na* > 6(Q — Hy) (2.26)

Gh

where a* = 27 /a. Similar considerations apply to the two and three dimensions cases so to obtain

1Sn(Q)]* - NA* Y. 6(Q —H), 2D

(2.27)
1Sv(Q)* = Nvi Y 6(Q — H), 3D

where A* and v} are the reciprocal space area and the volume, respectively [1].
At this stage we can develop the other element which composes the crystal scattering amplitude:
the unit cell structure factor. By recalling Eq. 2.16, the unit cell structure factor can be written in

the form

Ff = Z f(H) et (2.28)

which refers to a face centered cubic crystalline structure and where the Laue condition is taken into
account. In this geometry, vectors r; represent the position of the four atoms at the vertices of the
cubic unit cell, while the reciprocal lattice vector is H = (%’r) (h,k,1). In the case where all atoms in
the unit cell are the same, the atomic scattering factor f(H) is a constant which can be taken outside

from the sum, so that one can write

Fleo = f(H) Y™ = f(H) (1 + Ry gimlhtl) e”“*’”) (2.29)
j
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which gives

fee 4 hkl gl even or all odd
Fg = f(H) x : (2.30)

0 otherwise
The result shows that for a fcc structure the {100} reflection is forbidden because it would lead to a
vanishing structure factor, while reflections {111} and {200} are allowed [1].
At this stage we can summarize the presented results by saying that when a 3D crystalline sample
is fully illuminated by an X-ray beam, the differential cross-section, defined as the ratio between the
number of X-rays scattered in the time unit into the solid angle dQ2 and the incident flux per solid

angle unit, can be written as

dO' 2 2 %
(E) = r2P|F(Q)> Nv'd(Q — H). (2.31)

By integrating the cross-section over angle § and by multiplying the incident flux ¢g, one can obtain
the integrated scattered intensity as
Aol

Isc = (bOTgP |F(Q‘2 N?S’LHQQ

(2.32)

where v, = a® is the volume of the unit cell in the real space and 1/sin26 is known as the Lorentz

factor [1].

2.5 X-ray reflection and transmission by one atomic layer

When an X-ray beam hits a layer of unit cells, a reflected and a diffracted waves are generated. As a
first step in describing the quantities needed to define the resulting waves, one need to start considering

that for X-rays the refractive index is written in the form

n=1-0+iB (2.33)
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where we see that its real part is less than unity, which implies that the phase velocity of the wave
traveling in the material ¢/n is larger than the speed of light ¢? [1]. The imaginary part of the refractive
index f is associated to the absorption taking place in the material and is usually much smaller than
d, which usually is of order 10~° in solid materials. If we consider that the electromagnetic field

associated to a traveling wave in air can be written, for the one dimension approximation, in the form
Y(z,t) = hoet == (2.34)

when we consider the presence of a medium we can write

¢(Z, t) _ ¢Oei(k(1—6+i,8)z—wt)
(2.35)
w(z7 t) — ,(/}OEi(szwt)efik(Szefkﬂz

which shows that ¢ is related to the phase shift of the wave transmitted through the material, while 3
has the effect of modulating the field’s amplitude.
We can now write the equation for the transmitted wave in the case of an X-ray beam hitting a

thin layer of unit cells in the form

T = A(1 —igy) ~ e~ 90 (2.36)
where we are assuming that there is no absorption and where A is the incoming X-ray beam and

B )\Pat fO (O)Ted

2.37
siné ’ (2.37)

g0

which depends on d, the thickness of the medium, on p,;, the atomic number density, and on the unit
cell structure factor in the forward direction Q = 0 [1]. A sketch representing this diffraction geometry
is presented in Fig. 2.7. It is worth noting that factor sin # was introduced to take the change in the
medium thickness into account when modifying the incidence angle and that in this configuration §

can be defined as

_ 27 pas fO(0)7

5 2 ,

(2.38)

where k = 27/ \.

2This statement does not violate the law of relativity because the phase velocity does not carry any information. Tt
can be shown that the group velocity of the wave traveling inside the material is indeed less than ¢ [1].
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Reflection and Transmission

A R=-igA

T=(1-igy)A

Figure 2.7: Schematic representation of an X-ray beam A incident on a layer of unit cells, as formulated
in [1]. The scheme shows that the transmitted wave T travels along the incoming beam’s direction,
while being affected by a phase shift. The reflected wave R is obtained by considering the complex

reflectivity factor —ig, where g = )‘S’.l’;‘jgd as also discussed in the text. Figure replicated following [1].

The reflected beam can be calculated by imposing continuity between the incoming beam and the

two generated waves. In particular one can write the three waves in the form

A= ae’rr
R = age’rr (2.39)
T = ape’*tT
so that the continuity boundary conditions translate to
ar+ar =ar
(2.40)
arky +arkr = arkr
By noting that the wavenumber in vacuum is k¥ = |kj| = |kgr| while in the medium it is nk = |k|, one

can develop the boundary conditions equations taking the k parallel and perpendicular components

so to obtain

arkcosO + apk cos 0 = arnk cos ¢’

(2.41)
—(ar — ag)ksinf = —nksind’
From the two equations one can derive the Snell’s law®
cosf = ncosf’ (2.42)

3When 6’ = 0, Snell’s law leads to the definition of the critical angle 6. = /2§ which gives the limit for which we
observe total external reflection, under the condition 6 < 6.
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and the Fresnel equations

r=aorn _ 0=0
— ay ~ 0+0’ (2 43)
t=oar — 20
— a; ~ 0+06’

which define the amplitude reflectivity and transmittivity factors [1]. The reflectivity factor r can be
further developed by noting that the wavevector Q = 2ksinf = 2kf and that Q. = 2ksin . = 2k6..

In this way one can write that

r(q) = Z " Z, (2.44)
where we consider
=85 (@)0  r-g=(2)0 o
and where
¢ =q?+1-2ib, (2.46)
which also takes the absorption term b, = ((29—13)2 B into account [1].

In the case that refraction effects can be neglected and that the diffracting layer is thin (Qd < 1)

[1] one obtains
Z_47rpred Apred

= = 247
" Q sin 6 ( )
which is the factor shown in Fig.2.7 as r = —ig with g = 2/;:?1. By recalling Eq. 2.37 we can note that
| Fol
= 2.48
90 = Fal? (2.48)

where Fyy and F' are the unit cell structure factors in the forward and reflected directions, respectively.
In the end, it is worth mentioning that diffraction experiments can be performed in different

geometries. In particular, Fig. 2.8 illustrate the symmetric Bragg and Laue reflection geometries.

2.6 Reflection from a set of atomic layers

The total reflected wave from a crystal can be described by considering the effect given by a number
of atomic layers. In particular, here we show that the total reflected wave can be obtained as a
superposition of the waves reflected by each plane. If we consider that the reflectivity for each layer is

given by g, we can calculate the total contribution given by N layers in case where Ng < 1 by adding

24



Bragg geometry Laue geometry

/" |Q=mH(1+§)

¢ =k-k'=mH
akY, Q m

I \/ LIJ‘\ K by
‘ dt r

Figure 2.8: Schematic representation of the symmetric Bragg and Laue reflection geometries as dis-
cussed in [1], where the angle formed between the exit beams and the crystallographic planes is the
same as the incident one. Here we consider a parallel and white incident beam which is reflected
by a perfect crystal with a relative wavelength band £ = (AA/\). This effect can be explained by
noting that even a perfect crystal, free from the presence of defects, does not reflect a collimated beam
perfectly, with an infinitely sharp response, but it introduces an intrinsic width £. As a result of this
effect, we have a variation of the scattering vector, so that Q =mH(1 + ). In the Laue reflection
geometry, we see that both the reflected and transmitted waves exit the crystal from the same surface.
The experiments that will be discussed in the following Chapters were realized using this geometry.
Figure replicated following [1].

all the reflected amplitudes and by considering the phase factor introduced by each j-th layer e@% as
N-1

rn(Q) = —ig Y €/(@I200), (2.49)
§=0

where d is the distance between planes and where term 2gg refers to the fact that each layer is traversed
twice in the T and R direction [1]. By noting that a stack of layers in the direct space is equivalent to
a line of points in the reciprocal space at multiples of H so that Q=mH = m2x/d, we can calculate

the reflectivity factor for a small deviation of the scattering vector, so that

Q=mH((1+¢) (2.50)
where
_AQ AR AX
= = T (2.51)
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The sum of the phase factors introduced by the reflection from N layers can be now written as

N-— N—-1
0i(Qd—2g0)j _ Z ei2m(mE—go/m)j (2.52)
=0 j=0

=

J

which is a geometrical series that can be summed as

N-1 .
) ) 1— ez27rN(mffgo/7r)
i2m(mg—go/m)j _
¢ Y= AT gEmmE—germ (2.53)
§j=0
so that we can obtain
. sin (TN [m€ — 9o/T]) i(N—1)m(me—go/m)
r = —jg— e 2.54
N(é.) g sin (7T [m§ — 90/77]) ( )
where the reflectivity amplitude is
sin (7N [m& — go/ 7
()] = g 2tV o/7) (2.55)

sin (7 [mg — go/m])

as discussed in [1]. It is worth highlighting that this equation will be used in this Thesis to provide an
approximation for the experimental results fittings.

The kinematical theory discussed so far was developed under the assumption of a perfect and thin
crystal, where multiple scattering events between the transmitted and reflected waves are neglected.
This approximation can be acceptable if the thickness of the crystal is small enough so that the reflected
and diffracted beams exit the sample before multiple scattering events can take place. However, in
order to establish the limits of this approximation, we also need to develop the dynamical theory of
X-ray diffraction which describes in more detail what are the effects caused my multiple scattering.

This subject will be discussed in the following Chapter.
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Chapter 3

Dynamical theory of X-ray diffraction

The theory developed in the previous Chapter was based on the underlying assumption that each
individual diffraction event inside the crystal acts independently. Away from this approximation, one
can show that many complications can occur. For this reason, in order to give a more complete
description of X-ray scattering by perfect crystals, we need to discuss the dynamical theory of X-ray
diffraction. In this Chapter an overview of the main topics covered by this theoretical approach will
be provided, so to give a more detailed description of the physical effects involved in the experiments
presented in the following Chapters. Once again, we will neglect the effects of thermal and deformation

factors.

3.1 Dynamical diffraction regime

In order to describe the dynamical diffraction regime we can analyze what happens when an X-ray
beam is used to illuminate a perfect crystal of a given thickness Nd. By recalling what was previously
discussed in Chapter 2, we know that when an X-ray beam is incident at an angle 6 that satisfies Bragg’s
Law, it will be reflected at the same angle 6 as shown in Fig. 3.1.a. Because the angular direction is
maintained, the diffracted ray will continue to satisfy Bragg’s Law and therefore will diffract a second
time (blue point in Fig. 3.1.a ) inside the crystal. In the end, the reflected beam will also travel in the

direction of the original incident beam, so similarly it will generate other diffraction events. Under this
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Figure 3.1: Dynamical diffraction schematic representation. (a) The incident beam interacts with the
specimen at different crystallographic planes. The diffracted beam is composed by waves diffracted
from different loci inside the crystal. (b) Schematic representation of the diffracted beam obtained
when scattering from all planes is taken into account.

condition, we can suppose that if the whole crystal is perfect and is illuminated with an X-ray beam,
multiple diffraction events will take place throughout the crystal. As a result, we can assume that all
the generated waves will interfere with each other so to originate a total diffracted wave, as shown
in Fig. 3.1.b. This process was described by Ewald during the early part of the 20th century [25].
This theory, in which the diffraction is so strong that it affects the intensity of the primary beam, is
referred to as dynamical regime. At this stage, we can acknowledge that, in a first approximation, the
assumptions made to develop the kinematical model can only be applicable if the diffracting crystal is
so thin that dynamical effects do not have enough space to occur.

An effect related to dynamical diffraction is the Borrmann effect or anomalous transmission [26],
for which the intensities of transmitted beams are different when considering thin and thick crystals.
In particular, for thin crystals we note that when varying the X-ray beam’s incidence angle, a drop in
the transmitted beam can be observed in correspondence of the Bragg angle, as shown below in Fig.
3.2.c. This can be explained by noting that the conservation of energy implies that the generation of
a diffracted beam at the Bragg condition affects the transmitted wave by lowering its intensity. The
Borrmann effect can be observed when repeating the same experiment for thick crystals. In this case
when meeting the Bragg condition, the transmitted intensity shows a peak which apparently violates

the conservation of energy. In a very first attempt to explain this effect, one can say that part of
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Figure 3.2: Anomalous transmission schematic. A thin (a) and a thick (b) crystals are illuminated in
the Laue geometry. (c¢) Transmitted intensity for the thin and thick crystals versus the rocking angle.
When the Bragg condition is met we observe a drop in the transmitted beam for the thin crystal
and a peak for the thick one. It is worth noticing that in both cases the intensity of the transmitted
wave is lower than the incoming one. This is can be explained by taking photoelectric absorption into
account and remembering that I; = Ipe ot where pq is the absorption coefficient an t is the thickness
of the crystal. We can assume that in case (a) pot < 1, while in case (b) uot > 10. Figure replicated
following [26].

the incoming beam travels inside the crystal along the crystallographic planes and emerges on the
exit surface. On the other hand, a more detailed description of the Borrmann effect was given by
Batterman and Cole, who explained that the forward diffracted beam is generated by the presence of
a standing wave pattern whose nodes coincide with the atomic sheets, thus prevent for photoelectric

absorption to take place within thick crystals [26].
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3.1.1 Theoretical background

In order to give a more formal description to the Borrmann effect and more in general to dynami-
cal diffraction effects, we need to develop some preliminary notions which are going to be useful in
understanding the following sections.

The first aspect that it is worth highlighting is how a crystal can be described as a periodic dielectric
constant. This can be done by including this information in the definition of the structure factor.

By recalling what stated in the previous Chapter, we can write the structure factor for the (hkl)

reflection, given the reciprocal lattice vector H =haj + ka3 + laj as

Fy = / p(I‘) 6(1'271'H~1r-)d,0
Vv

where V is the volume of the unit cell. If we assume that there are n atoms in one unit cell and that
each one of them can be considered as a rigid sphere, Fig can be obtained by the sum of discrete

quantities in the form

Fi = 3 fuetesinn )

where f,, is the atomic scattering factor of the nth atom.
The electric field E in a dielectric material causes the bound charges (atomic nuclei and their
electrons) to separate thus inducing a local electric dipole moment. The electric displacement field D

can be defined as

D=cE+P (3.2)

where €g is the vacuum permittivity and P is the polarization factor. In a linear, homogeneous and

isotropic dielectric P depends linearly on E so that we can write
P =¢xE (3.3)

where  is the electric susceptibility of the materiall. At this point the electric displacement field
becomes

D=¢E+ P =¢kE (3.4)

IThe electric susceptibility is related to the electron density p and to the electron radius r. by the equation x =
—reX2p/7 (1, 2).

30



where kK = 1 + x is the dielectric constant, which can also written in the form

P
=14+ —. 3.5
K + «E ( )

At this stage we want to relate the dielectric constant, which is a function of polarization and electric
field, to the structure factor so to really provide a complete description of the crystal. This step can

be done by first relating it to the electron density p (r) in the form

2
K =12 p () (3.6)

where 7, is the electron radius?. After introducing the symbol I’

TeA?
Coav?

we can rewrite the dielectric constant as a Fourier series in the form
k(r)=1- FZ Fpel7i2mHT), (3.7)
H

It is now worth recalling that the atomic scattering factor is also a complex quantity in the form

Fu=Y (f+af + iAf”>n 2 — N (Fy + ZFH)n el2mHD) (38)

n n

where Af and Af" are the dispersion correction corrections that also take resonance and absorption
into account, as discussed in the previous Chapter and as recalled by Batterman and Cole [26], who
noted that the importance of this two additional factor resides in the fact that for the case of hkl = 000

the dielectric constant is still complex in the form
po=1-T [Fy +iF, | (3.9)

where F, and F, are real quantities. It is worth noticing that the linear absorption coefficient is

2This equation can be derived after considering P = p (r) ex where e is the electron charge and z is the amplitude
electron motion induced by a sinusoidal electric field E [26].
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Figure 3.3: Construction of the 2D Ewald circle as discussed in [1]. (a) A reciprocal lattice is shown
for points given by H =haj + ka, with h = 1 and k = 2. (b) We define a circle of radius k=AO where
k represents the incoming wave vector. The scattered wave is also represented by vector k' which in
this case has equal modulus of k. The scattering vector q is once again given by q = k — k' and is
represented by a chord in the circle. (c¢) By superimposing (a) and (b) we obtain the Ewald circle,
where point O is the reciprocal lattice origin. Figure replicated following [1].

related to the imaginary part of the average dielectric constant

o = —TF, . (3.10)

Before developing further the theory which is going to be used in the following sections, it is worth
introducing a useful graphical tool which is going to be helpful in describing the effects related to
dynamical diffraction: the Ewald circle [1].

Let us consider the 2D case where the lattice points are given by H =haj + ka3 and where, in the
case h = 1 and k = 2, the resulting Hyy, vector is the one shown in Fig. 3.3.a. We can now define a
circle where a monochromatic incident radiation k = AO can be scattered to any wave vector k' = AB
terminating on the circle of radius k, as presented in Fig. 3.3.b. The Ewald circle is obtained in Fig.
3.3.c, where vector k is on the origin of the reciprocal lattice O. It is worth noticing that the scattering

vector Q is a chord in the Ewald circle and that, as previously mentioned, it is obtained from the
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Figure 3.4: Multiple scattering in the Ewald circle as discussed in [1]. Figure replicated following [1].

incident and scattered wave vectors. We can furthermore note that the Laue condition, Q = H, is
fulfilled for all reciprocal lattice points falling on the circle and that by positioning a detector in the
direction of the corresponding K vector, we can observe a diffraction peak.

If two or more reciprocal lattice points fall on the Ewald circle we have the condition of multiple
scattering, as shown in Fig. 3.4. In this case, in order to consider the Hy reflection, we can rotate
the crystal and the detector so to maximize the corresponding peak along the k' direction. However,
even in this configuration we will have additional contributions given by H; . In fact, because H; is
on the circle, the incident beam will also be scattered to kj,t. This means that inside the crystal k;,,
is scattered to k' by the reflection Hy — Hy, so that an additional intensity may appear along the K
direction.

It is worth noticing that the thickness of the Ewald circle is related to the bandwidth of the incident
radiation Ak. In the case of a white beam, all reflections will be observed within the circles of radius
equal to the maximum and minimum k vector in the beam, as shown in Fig. 3.5. Furthermore, we
can note that all the reciprocal lattice points in the white area enclosed by the bigger circle will reflect
simultaneously [1].

Similar results can be obtained when considering the three dimensional case, which leads to the

construction of the Ewald sphere.
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Figure 3.5: Ewald circle for a beam containing wave vectors from ki, t0 Kmae as discussed in [1].
Figure replicated following [1].

3.1.2 Dynamical diffraction in the Laue geometry

The quantities introduced so far are now going to be used in order to describe the main aspects involved
in the dynamical theory of X-ray diffraction. We can start noting that under the assumptions that
the electric and magnetic fields can be expressed as sums of plane waves, that the crystal’s magnetic
behavior is similar to that of empty space and that the conductivity o is zero at X-ray frequencies, we

can write Maxwell’s equations in the form

(a) VXE=—p%t
(3.11)

a9
() VxH=2% =B

where D = ¢kE is the electric displacement field [26]. If we now consider that an incoming beam
of wave vector K interacts with the crystal so that a scattered wave is generated by the Fourier
components of charge density described by the reciprocal lattice vector H (|H| = 1/d where d is the

spacing between crystallographic planes), then we can write the scattered wave vector as

Ky =Ko+ H (3.12)
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which is equivalent as to say that the momentum is conserved after the scattering event. It is worth

noticing that the wave vector K is complex so that it can be written as
K=K —iK’ (3.13)

where the imaginary part describes absorption [26].

At this point one can use the plane wave approximation for both magnetic and electric fields, apply
it in equations 3.11 a and b, and together with the expression provided for the dielectric constant in
Eq. 3.7, it is now possible to come to a solution. The fundamental set of equations describing the field
inside the crystal can be reduced to a set of two when considering the case of only one active reflection
inside the crystal. They can be written in the form

[k*(1-TF) — (Ko -Ko)|] Eo — k*PTFyEp =0, (3.14)

—k?PTFpEy + [k2 (1-TF) - (Kg- KH)} Eg=0
where P is the polarization factor (P = 1 for the o polarization and P = cos26 for the 7 one) and k is
the vacuum value of the wave vector [26]. In order to solve this set of two equations it is possible to

study the determinant of the associated matrix and set it to zero in order to avoid trivial solutions:

k% (1 -TFp) — (Ko - Ko) —k?PTFyEy
=0 (3.15)

—k*PTFy Ey k2 (1-TF) — (Ky-Kpg)

where F; are the structure factors of the corresponding reflections. It is worth noticing that the terms
on the principal diagonal of matrix 3.15 represents the difference between the square of the wave
vectors K; inside the crystal and the square of the vacuum value k% corrected by the factor (1 — T'Fp)
[26]. If this difference is zero, there is no unique solution for the set of equations. For this reason, it

is now possible to say that this difference is the most important parameter in this problem. In order
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to better understand these terms it is possible to define two new parameters®

(a) & =(Ko-Ko)""? —k(1-iI'F)
(3.16)

(b) &n=Ku Ku)'?—k(1-iI'R),

where & represents the difference between the wave vector inside the crystal Kq and the vacuum value
corrected by the average index of refraction?[26]. If we now rewrite Eq. 3.15 introducing these new
parameters, we find

1
foby = ikzPQI‘QFHFﬁ (3.17)

which is commonly known as dispersion surface and where term Fi; is the structure factor for the
{m} reflection®. At this stage we can say that all the solution of Maxwell’s equations will need to
exist within this surface.

The important role of these new elements becomes clearer when considering the Ewald’s sphere
construction. The main difference with what described in the previous sections is that we need to take
the wave vector correction into account. If in the normal case the centre of Ewald’s sphere is given by
the Laue point, whose distance from the origin of the reciprocal lattice is k, now we need to change
the radius of our sphere so that it becomes k — ( — %FFO) as shown in Fig. 3.6.a. This translates
in a change of the sphere’s centre which moves to point Q. In order to find the dispersion surface we
need to draw two spheres of radius k — (1 — %FFO) centered around points H and O, as illustrated in
Fig. 3.6.b, which respectively represent the {hkl} reflection and the origin of the reciprocal lattice. As
expected these two spheres will meet at point Q. If we now draw the two vectors Ko and Ky departing
from points O and H respectively, we can observe that they will meet the two spheres in two distinct
points as shown in Fig. 3.6.b. The two points represent the difference between the wave vectors Ky
and Ky and the k — (1 - %FFO) term; in other words they represent &, and &g. It is now easier to
visualize the dispersion surfaces as the hyperbolic sheets drawn in Fig. 3.6.c. Point A showed in Fig.

3.6.b lays on one of the hyperbolic sheets and so it is a possible solution of our problem.

31t is possible to write for each equation 2k¢ = (K - K) — k% (1 — I'Fp) and by writing the righthand side term as the
product of the sum and difference one can obtain 2k€ = 2k [(Ko . Ko)l/2 —k (1 — %FFQ)]

4This can be observed by recalling that the index of refraction is n = /k.

5Even though we assumed that only the {hkl} reflection was operative, the presence of this structure factor is
reasonable since in our system we assume that the wave with wave vector Ky is scattered by the backside of the atomic
planes back into the K direction.
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Figure 3.6: Construction of Ewald’s sphere and dispersion surface retrieval. (a) If compared with the
vacuum case, the Ewald’s sphere has a shorter radius which takes the correction factor (1 — %FFO) into
account. Point O represents the origin of the reciprocal lattice, while point H is the {hkl} reflection.
(b) In order to find the two factors & and £y we need to graphically apply equation 3.16 which
corresponds to subtracting quantity k (1 — %I‘FO) from vectors Ky and Kg. Point A is a valid tie
point from which wave vectors can be drawn to O and H to represent permitted solutions of Maxwell’s
equations. (c¢) The dispersion surfaces are hyperbolic sheets and can be defined as the locus of tie
points. We can identify two branches: the one closer to the Laue point, L, is commonly called «
branch, while the other one is the § branch. It is worth noticing that the polarization parameter P
affects the definition of the dispersion surfaces, so that we will have a set of two branches for the o
polarization and another set for the 7 polarization (P = 1 for the o polarization and P = cos26 for
the 7 one). Figure replicated following [26].
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Figure 3.7: Absorption associated with each tie point. The two curves relative to the a and 8 branches
are shown for different tie points and are derived as a difference from the upper curve set to the value

&y = %k:FF(;/. If confronting with equation 3.18 one can observe that the different behavior is contained

within term —K(/)/ cos 8 where K(l)/a #+ K(l)'ﬁ . The diameter points are tie points that are in the Bragg
condition configuration; this will be explained later in the text. Figure replicated following [26].

There are few considerations that need to be done at this point. The first is related to the geometry
of the problem under examination which is in the Laue case, as shown in Fig. 3.2. The Bragg geometry
will be treated later in this Chapter, however we can already anticipate that similar considerations
to the ones done so far can also apply to this new case. In particular the dispersion surfaces will be
oriented in a different way so to account for the fact that in this geometry the diffracted beams exits
from the same face that the incident beam enters.

Another aspect worth highlighting is that the dispersion surface is a complex quantity and this can
be explained by remembering that the wave vectors are also complex. For this reason one can derive

the real and imaginary parts of £, in the form

(@) & =Ko—k(1-iTF)
(3.18)

(b) & = —KgcosfB+ LkT'Fy,

where f is the angle between Ko and K [26]. This result shows us that the real and imaginary
parts of &y are closely related to those of Ky. For this reason one can conclude that the absorption
process is strictly related to 53 and that it is function of the excited tie point as shown in Fig. 3.7.

In order to better understand the meaning of tie points it is necessary to investigate what happens
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when an incoming beam hits the entrance surface of an extended crystal in the Laue geometry. To
start, we need to set boundary conditions for both wave vectors and fields. One can easily write the

boundary conditions for the amplitudes of incident and diffracted fields as

(a) :EZ = EOQ —+ EOB
(3.19)

(b) OIEHa—i-EHﬂ,

where the conservation of energy is imposed. When considering wave vectors, geometrical consider-
ations need to be done. In the reciprocal space that we have described so far, we can imagine the
incident wave vector kj, as entering the Ewald sphere somewhere, point P, and ending at the origin O
of the reciprocal lattice as shown in Fig. 3.8.a. The direction followed by k¥ is perpendicular to the
physical entrance surface of the crystal, line SS. If point P coincides with the Laue point L it means
that the incidence angle is the Bragg one, but in the case they are different it is possible to estimate
the deviation from the correct Bragg angle as A§ = LP/k where, as previously mentioned, % is the LO
distance. It is now possible to see that when the incoming wave enters through point P, it crosses the
dispersion surface in two points, A and B in the figure; these are the tie points relative to the entrance
point P at the a and S branches, respectively. Starting from these tie points, we can finally draw the

two vectors Ko, and Kgg which satisfy the boundary condition at the entrance surface

(a) Koo =ki—PA
(3.20)

() Kos =kj — PB.

If for simplicity we now consider the case where the perpendicular to the entrance surface SS is
parallel to the line LQ, we find a difference configuration that is shown in Fig. 3.8.b. In the case the
tie points on the hyperbolas are also lying on LQ, this meaning that the incident angle is exactly the
Bragg angle, we find that the distance between these two points is the minimum distance between the
two branches. This distance is known as diameter D of the hyperbola and for this reason the two tie

points are named diameter points. An expression for D can be written in the form [26]

D = kT |P||Fg|secOp. (3.21)
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Figure 3.8: Tie points in dispersion surfaces. (a) Schematic representation of how to select a couple
of tie points by using the entrance point P. Vector PO represents the outside incident wave vector,
while AO and BO are the inside incident wave vectors. (b) Tie points for the case where the normal
vector to the entrance surface SS is parallel to LQ. If the entrance point corresponds with L the Bragg
condition is fully satisfied. Points Ajand Byare called diameter points. Figure replicated following
[26].

It is worth noticing that Fig. 3.8.b also shows how different tie points on the dispersion surface
characterize the ratio of the field amplitudes. Following Batterman and Cole’s analysis [26] one can

write
& 2&o _ kPT'Fy

Ey  kPTF; 2y

7 (3.22)

which represents the ratio of the field amplitudes for each tie point. For points well off the Bragg
condition, such as Pjor P4, we see that one of the two components vanishes and this can be explained
by saying that either £ or £y goes to zero. In the case of diameter points the ratio of the field
amplitudes is equal to one.

Another important phenomenon that takes place is the Pendellésung that is one of the consequences
of the gap between the two branches of a dispersion surface. The waves emerging from each tie point
travel inside the crystal with slightly different wave vectors. Thus, at some locations within the crystal
they can superpose constructively or destructively. The oscillation between the two conditions is known
with the name of Pendellosung effect for crystals (Pendellésung from German means solution of the
pendulum). This effect can also be seen if one calculates the time average of the Poynting vector
Py = %9? [E x H] that shows how the flux of energy changes when two tie points are considered. The
solution obtained by [26] is

S+ =S, + SB + Sag, (3.23)

where S, and Sg are the effective energy flows associated with a tie point on the o and 3 branches
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and are independent from the depth inside the crystal, while S,z is an oscillating term that has
a sinusoidal dependence. Its value is related to the difference (Koo — Kog) and by looking at the
geometrical construction of Fig. 3.8.a, this quantity is the distance between the coupled tie points and

lays on the normal direction to the surface SS. The Pendellosung period can be written in the form

1
P = Kow —Kop) (324

and in the case of the symmetric Laue case at the Bragg angle, 1/P is simply the diameter of the
hyperbola of the dispersion surface of Eq. 3.21 [26, 27]. Following the geometrical construction of
Fig. 3.9, one can notice that S, and Sg are perpendicular to the hyperbola at the tie points A and
B. The different directions of the two vectors show that the two energy flows are directed above and
below the atomic planes. In the case when L is the incidence point, the two vectors lay on line LQ this
meaning that the energy flows along the atomic planes. The coupling vector S,z orientation changes
as a function of the depth so that it cancels the two S, and Sg contributions in the primary beam
direction sy or in the diffracted beam direction sy with a period P 6. For this reason, if the crystal
is very thin with respect to a Pendellosung period there is no diffracted beam and hence we do not
observe multiple scattering effects. When the thickness of the crystal reaches one-half of P, we have
that at the Bragg angle all the energy flows in the diffracted beam direction. If we move from the
Bragg condition this energy gets smaller so that we can understand that with respect to the varying
0 angle around the Bragg, we can find a changing integrated intensity for the diffracted beam. When
the crystal gets as thick as the Pendelldsung period, there is again no diffracted beam.

After multiple interactions within the crystal, the generated waves reach the exit surface. In this

case we can write the boundary conditions for the fields intensities in the sy and sy directions

(@) [By|" = Enal* + [Bupl*
(3.25)

012 2 2
(0)  |E§|” = [Eoa|” + [Eop|™,

which mean that the fields just inside the boundary equals the fields just outside. For what concerns

the boundary condition on the wave vectors, it is possible to easily conclude that in the case of Laue

0s, are unit vectors defining the incoming and diffracted beams directions.
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Figure 3.9: Here we show the averaged energy flow associated with tie points A and B. Pointing’s
vectors S, and Sg for the flow of each point are perpendicular to the real part of the dispersion curve
at that tie point [26]. Figure replicated following [26].

diffraction where the exit surface is parallel to the entrance surface, kf of the exit wave is the same as
ki at the entrance.

It is now possible to understand what happens in terms of diffracted and forward diffracted inten-
sities. For the diffracted intensity given by either the « or 8 branches, it is common use to derive the

rocking curve that can be written as a function of 6 as [26]

Iy 1 1 6_({;3;(1? \P\>

IO _11-’-7’]2 ’

(3.26)

where n = (Afsin20) / |P|T ‘F;{ , t is the thickness of the crystal, v is the angle between the surface

and the incoming beam, and P is the polarization state as defined above. For a given polarization
state (o or ) the shape of the rocking curve can be retrieved for different crystal thicknesses, as shown
in Fig. 3.10. In the case of a thin crystal the factor pot tends to zero so that the exponential part

disappears from Eq. 3.26
Iy

1 1
Iy, 21472

(3.27)

where we are considering the two « and (8 contributions together (this explains why we see 1/2 instead of
1/4) [26]. Similar considerations can be done for the thick crystal which corresponds to condition pgt >
10 where the corresponding peak will result less tall. It is worth noticing that these different behaviors
for thin and thick crystals are in accordance with what predicted by considering the Pendellsung
effect.

The forward diffracted or transmitted beam is of great interest since it shows the effect of the
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Figure 3.10: Rocking curves for crystals in the Laue geometry. The taller curve is relative to a thin
crystal while the lower one describes the case of a thick crystal. Figure replicated following [26].

anomalous transmission, if the proper conditions are met. In this case we can define the intensity ratio

between the exit wave in the sq direction and the incoming beam as [26]

2
e _ _mot |P|
IfO _ 1 1 ¥ 7 e 7 (13: f1+n2>7 (328)
]0 4 A1+ 772

where if we consider the thin crystal case pot — 0 we get for each polarization state

2 2
Ig 1 n 1 U
—=—|l-——] +- |1+ ——] . 3.29
Iy 4( «/1+n2> 4( V1+7? (329
The first term represents the o branch while the other term represents the 8 branch. The two curves
can be graphically composed as shown in Fig. 3.11.a. As expected, in the case of thin crystals the
transmitted intensity has a dip for a range of angles around the Bragg angle. If we now study the case

of a thick crystal we will get a different curve that shows the anomalous transmission peak as in Fig.

3.11.b.

3.1.3 Dynamical diffraction in the Bragg geometry

The dynamical diffraction regime in the Bragg case can be readily described starting from what was

already discussed for the Laue geometry. In particular, the change in geometry applies to the way tie
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Figure 3.11: Forward diffracted beam representation. (a) The two components of the o and 5 branches
are used to derive the forward diffracted beam integrated intensity for the case of a think crystal. (b)
Curves are shown for different thicknesses. A peak results for the thick crystal, this accounting for the
case of anomalous transmission. Figure replicated following [26].

points are located on the dispersion surfaces and this implies a change in the way the diffracted waves
can be calculated.

In order to describe how the Laue geometry differs from the Bragg case, we can start referring to
Fig. 3.12 and note that the former is described by the vertical surface, from which we see the entry
point P;. As previously discussed, the vector entering the surface from point P; meets the dispersion
surfaces in two tie points, namely A; and Bj in the figure. If we now imagine to rotate the entry
surface away from the Laue geometry towards the Bragg one, we can see that the entry point will also
move accordingly. In particular point P; will translate to P, which represents the boundary condition
between the Laue and Bragg geometry for which we have that P»As is perpendicular to kg [26]. If
we now imagine to rotate the surface more so to reach the symmetric Bragg geometry, we get to point
Ps3, which gives as a result two tie points A; and Bs on the same branch of the hyperbola. This
represents a major difference between the two geometries, give that in the Laue case, tie points were
always placed on both branches. Furthermore, we can note that over the angular range between the
two positions P, and P; we do not have intersections with the dispersion surface, thus implying the

non existence of propagating solutions. This configuration represents the “total reflection” region [26].
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Figure 3.12: Schematic representation of the transition between the Laue and Bragg geometries as
described in [26]. The left perpendicular surface represents the Laue geometry, while the Bragg case is
represented by the horizontal one. The figure shows how the consequence of illuminating the crystal in
the Bragg geometry is that the two tie points lie on the same branch of the dispersion surface (green
and red points on the vector originating from point Ps). More details can be found in the text. Figure
replicated following [26].

We can now look more closely to what happens in the Bragg case by referring to Fig. 3.13. Here
we show the incident vector k and the diffracted exit vector k¢, relative to the Bragg configuration
associated to entry point P;. As previously discussed, the two resulting tie points 77 and T» lie on
the a branch of the dispersion surface and here we see that both of them have an associated energy
flow vector (S; and Sz). It is worth noticing that in this geometry the exit vector k¢, crosses both the
entry and exit surfaces and that the energy vector Sy, associated to tie point Ts, also flows outward
across the exit plane [26]. The meaning of this effect is that the flux associated to vector Sy does not
contribute to the generation of the diffracted beam, so that tie point 75 is not excited. This result,
also discussed by Authier [27], can be summarized by saying that in the Bragg geometry case, only
one tie point gives a physically meaningful contribution.

In order to retrieve the field amplitudes associated to each tie point, we can note that in this

geometry we have

Ej = Eoj, Ej =Ey; (3.30)

where both terms are associated to the only one excited tie point j. By referring to Eq. 3.16 and 3.22,
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Figure 3.13: Tie points in the Bragg geometry as presented in [26]. Here we see that tie point Ty, in
green, does not provide a meaningful contribution to the generation of the diffracted wave, because its
associated energy flow vector Sy flows across the crystal’s exit surface. In the region delimited between
points P, and P3 we do not have any vector intersecting the dispersion surfaces: under this condition
we have the “total reflection” region. Figure replicated following [26].

one determine the reflection coefficient as

Enx 2_§OFH_ / 2 N\ P
<F0> *ngFfﬁ*W (77 +(n?-1) ) Ty (3.31)

where 7/ = (bA@sin20 + 1T Fy(1 — b)) / |P| \b|% r (FHF;I)% [26]. It is worth noticing that for a cen-

trosymmetric crystal we have Fy = Fg so that the reflection coefficient becomes

2 2
Efl” _ |Emjl

B |Eol”

= [bl|of = (%~ 1)%] 2 (3.32)

At this stage we can discuss another relevant aspect related to the Bragg geometry: the extinction
depth. In the previous section we showed that for the Laue geometry, multiple scattering events
can be observed in the dynamical diffraction regime if the thickness of the crystal is larger than
the Pendellosung length. In the Bragg geometry we can make similar considerations related to the

extinction depth. In particular, the attenuation of the wavefield associated to the extinction effect is
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related to factor 5(/)' as described in Eq. 3.18, which in the case of a non absorbing crystal becomes
& = —K, siné, (3.33)

given F(;/ = 0. Furthermore we can note that term £y can be written as a function of 7’ in the form

1 1 1 1
S0 = Sk IPI[bl* T (FuFg)* |n' & (o +b/ b)) | (3.34)
which becomes
1 1
§o= ShIPITFu [if + (> = 1)*] (3.35)

for b = —1 and Fg = Fjg [26]. Here we see that outside the total reflection range |n| = 1, & is real,

while it has real and imaginary parts for —1 < n < +1

& = 3k |PITFunf

N (3.36)
&= 3k|P|TFy (1—n7)?
By combining equations 3.33 and 3.36 one can obtain the extinction factor
" 1
exp (—47TK0 : r) = exp { [—27#@ |P|TFy (1—n%)2 /sin 9} z} , (3.37)

[N

where z is the crystal thickness [26]. If we now note that the average value of term (1 - 772) is 7 in

the —1 < n < 41 range, we can write the average extinction factor as
2
exp 77k|P|FFH/sin9 z. (3.38)

3.1.4 Dynamical diffraction and sample’s thickness

After showing the main aspects of both the kinematical and dynamical theories, we can now discuss
how the two relate to each other.

We started this Chapter by noting that dynamical diffraction effects become measurable when the
crystal is thick enough so to allow for multiple scattering to take place. In this view, it was also stated

that the kinematical theory approximation can be sufficient to describe diffraction by thin crystals.
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We can now be more precise and say that the results of the dynamical theory tend asymptotically
towards those of the kinematical theory when the crystal thickness is much less than a certain length,
called Pendellosung distance in the Laue geometry and extinction distance in the Bragg geometry [27].
By following Authier’s formulation, which is equivalent to those presented in the previous sections, we

can write that this length can be written in the form

Aoz)‘\/’YOh/H‘: WVV70|’YH| (339)
P\/XHXH Te)\P\/FHFg

where 79 = cospp and yg = cosy are the cosines of the angles between the normal to the crystal
surface and the incident and reflected directions, respectively [27]. This equation shows how this
characteristic length is related to the wavelength and polarization of the X-ray beam as well as to
the unit cell’s structure factor. We can also distinguish the meaning that this distance has in the
two geometries. In particular, the Bragg extinction length represents the depth inside the crystal at
which the amplitude of the incoming X-ray beam is attenuated by a factor of e, while the Pendellosung
oscillation period is the coordinate z in the crystal at which the incident beam is scattered, back and
forth, into the diffracted one [28].

In order to define the theoretical framework in which we need to discuss the experimental results
presented in this Thesis work, it is then useful to calculate the Pendellosung parameter in relation to
the thickness of the samples used. In doing so it is also worth mentioning that all experiments where
conducted in the Laue geometry by using synchrotron — o X-ray beams, thus having a polarization
factor P = 17. A summary of the calculated Pendellssung lengths is presented in Table 3.1, which
shows how the thicknesses of the samples were small respect to the respective dynamical parameters.
As a consequence, we could use the equations derived for the kinematical theory to define a way to
obtain an approximate fitting for our experimental results, which will be discussed in Chapter 6.

In order to obtain a more detailed fitting to the experimental results, it is possible to use the
equations derived in the dynamical theory, whose validity still holds in the kinematical regime. In the
following Chapter we will discuss a new formulation of dynamical theory which was developed with
the use of Takagi-Taupin equations [27, 29, 30], in order to illustrate the dynamical fitting which was

performed by Vartanyants, Shabalin and Gorobtsov [23] for one of the Au nanocrystal dataset and

7As previously discussed, this is a simplified assumption which does not take intermediate polarization states into
account. A more detailed definition of the polarization state would require the development of an ad-hoc theoretical
apparatus which falls outside the scope of this Thesis work.
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. T . Pendellésung
Sample Thickness [KeV] Reflection length [um]
Au 100 nm 8.7 {111} 2.07
Si 4-8 um 7.4 {111} 17.03
{111} 9.34
InP 4um 9 » {220} v 8.84
- {200} . 13.98

Table 3.1: Table summarizing the Pendellésung lengths calculated for the samples used in the exper-
imental work analyzed in this Thesis. The calculation was performed by following Eq. 3.39 with the
use of [28].

that will be presented in Chapter 6.

3.2 Different approaches to solve the phase problem

Following Patterson’s first attempt, as briefly discussed in Chapter 1, many authors successfully de-
veloped different approaches to solve the phase problem. After introducing the main concepts of
kinematical and dynamical diffraction in the previous sections, we can now present a selection of these

milestones which allowed to experimentally measure the structure factor and its phase.

3.2.1 Structure factors measurements through the analysis of Pendell6sung
fringes

In order to experimentally determine the X-ray structure factor of crystals many authors used the
Pendellésung method [3, 31, 32, 33, 34, 35]. This method considers the incident X-ray beam as a
spherical wave and uses the dynamical theory of diffraction in order to take into account the energy
exchange between diffracted and transmitted waves [3]. In particular the theoretical formulation of
the method describes how the energy is transferred back and forth between the two beams, as the the
wave fields travel through the crystal. The oscillation of the wave fields of both beams is characterized
by a spatial periodicity within the crystal which acts as an intensity modulation.

In Kato and Lang’s experiment [3], an X-ray beam was used to illuminate a wedge-shaped crystal
in the Laue geometry, so that the emerging plane waves could have different wave vectors. As a

consequence interference fringes could be measured outside the crystal. A schematic representation of
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X-ray beam

Figure 3.14: Kato and Lang’s experimental setup as described in [36]. A wedge-shaped crystal (S)
is illuminated by an X-ray beam, collimated through a set of slits. Downstream from the sample
an additional slit placed at P only allows the diffracted beam to reach the recording film F. In this
arrangement, specimen and film can be moved back and forth together (see arrow in the figure), so to
record on the same film a diffraction topograph from a large area of the crystal.

the setup is provided in Fig. 3.14.

In this configuration, the sample was moved with respect to the beam so to illuminate the crystalline
specimen at different thicknesses, while always recording the diffraction pattern on the same film,
downstream from the sample. The result of the measurement were contrast images showing fringes
which could be explained by considering the extinction phenomenon taking place when the thickness
of the sample being illuminated was close to the Pendellsung length.

In order to give a theoretical description to the interference fringes, the authors defined the wave

vectors of the plane waves emerging from the crystal following [36] as

K = Ko+ 2rg + Ao{(y — (12 + 1) )ve/ cos by + (y + (4 + 1)3 v/ cos b, }

(3.40)
K¢ =Ko+ 278 + Ao{(y + (> +1)F)ve/ costy + (y — (4% +1)%)va/ cos by}
where Ay is linked to the structure factor by
Ay = ko K ‘Q/JIH‘ (cosBy/ cos 90)% (3.41)

where 1/1}{ is the H-th order Fourier coefficient of the polarizability, hence proportional to the structure
factor [3]. Other parameters in the formula are y, which shows the angular deviation of the incident

beam from the Bragg angle and angles §, and ¢, representing the distance between the diffracted beam
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Figure 3.15: Experimental results from Kato and Lang’s section experiment for the Silicon 440 re-
flection. Diffracted (a) and primary-beam (b) patterns. The figures show the complementarity of
structure between diffracted and primary transmitted beams: the light fringes in (a) correspond to the
dark fringes in (b). Figure extracted from Kato and Lang’s original article [3] and reproduced with
permission of the International Union of Crystallography.

and the unit vectors v, (normal to the incident surface) and v, (normal to the exit surface), respectively.
Being the difference between the two vectors AK normal to Kél) and K(gz), the authors concluded
that as they traced the interference pattern away from the sample, the fringes moved parallel to the
direction of the wave vectors. In such configuration, a recording film perpendicular to the reflected

beam could collect the fringes whose spacings were given by

A =21/ |AK]

/ 1 (3.42)
A= M 0] (1 4+ 92) cos B, cos o)}

where ® is a geometric factor and y is a parameter. In this way Kato and Lang showed how the fringe
separation was related to the X-ray wavelength, to geometrical factors and to the structure of the

sample through the factor

w}i‘ A picture showing the experimental results obtained by Kato and
Lang can be found in Fig. 3.15.

Other experiments were conducted by using this approach in the following years. In particular Hart
and Milne [4] used the Pendellésung fringe method to measure the atomic scattering factor. In their
formulation the authors calculated, in the Laue case, the minima of the intensity field of the Bragg

reflected wave and linked those values to the positions of the fringes, for different orders.
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The authors started from Kato and Lang’s description, in the symmetric Laue case, of the intensity

field of the Bragg reflected waves in the spherical wave case which can be written as
Iy = An? Ay cosec?0{ Jo(moAy )} (3.43)

for a section pattern, as presented in [3]. In the formula A represents a constant, 6 is the Bragg angle,
Jo is the zero order Bessel function and p is the distance measured inside the crystal along the net
plane from the X-ray entrance surface [4]. In order to highlight the dependence of Eq. 3.43 to the
structure factor, quantity Ag can be written as

Ay seoso (3.44)

1
P(xgxH)?2

where P? is the polarization and where quantity

2
(xmxu)? = LWH'7

— (3.45)

shows dependency on the classical electron radius r. and on the Fpy structure factor for the h-order
Bragg reflection from the unit cell of volume V [4]. In order to only consider fringes not too close to
the entrance surface of the crystal, the authors developed the intensity field formula further by using
the asymptotic form of the Bessel function so to obtain

™

Iy = 2rAANG o Leosec®O(moAgt + 1

). (3.46)

At this stage the authors modified the intensity equation so to take into account the fact that the
incident beam that they used to illuminate the sample was essentially unpolarized. In order to do so
they included both principal polarization components, so that the intensity filed equation could be

written as
1

’ . 1 . Q
In=A {sin?n (-2 4= 20| sin® 7 ( -Z + — 4
" {sm ﬂ(Ag +4>+\COS 6] sin W<A6r+4>} (3.47)

where A§ and A7 are the values obtained for P = 1 and P = |cos 20|, respectively. Hart and Milne

then showed that the minima of Iy occurred near the fringe orders defined as in the scheme

8The polarization factor was further discussed in Chapter 2, where a complete definition was provided in Eq. 2.10.
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N

_ 1 .. =
0<ng <3N minima  near No =1—
minima near ng =1+ i

for k odd (3.48)
12K-1)N<ng<i(2K+1)N )
minima near ng=10— i

for k even

where [ is an integer and 7 is the fringe order which is related to the crystal thickness by

t=ngAZ = nTAT = ngAg (3.49)

where A represents the polarization-averaged value of Ag [4].

Their experiment was performed by using a ribbon beam of X-rays to illuminated a wedge-shaped
crystal, mounted on a slide which allowed to obtain section patterns at known positions in the specimen.
Pendellosung fringes were then photographed on nuclear emulsion plates and position patterns were
obtained at each observation position with Mo Kal and Ag Kal radiations. Following the X-ray
experiment, the wedges were cut at the exact places where section patterns were recorded in sections
parallel to the Bragg planes. At that point the crystal thickness was also directly measured with
a microscope. The spacing of the fringes together with the measured crystal thickness, allowed the
authors to successfully determine the atomic scattering factor with an internal consistency of better

than 0.1% [4].

3.2.2 Phase problem solution with the use of X-ray standing wave fields

Another approach was presented by Bedzyk and Materlik [5], who gave evidence to the relationship
between the phase of the structure factor to that of the X-ray standing wave field.

In their paper the authors started noting that in the dynamical diffraction regime, when an X-
ray plane wave is diffracted by a thick single crystal, a standing-wave field is established inside the
crystal itself as a result of the interference between the incident and diffracted plane waves. According
to the dynamical theory of diffraction, the standing-wave pattern® exists inside the crystal and is

characterized by nodal planes parallel to the sample’s atomic planes [26]. As observed by the authors

9The standing-wave pattern was described at the beginning of this Chapter.
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Figure 3.16: Experimental data fittings for the Ga K « fluorescence, As K-RRS-8 and GaAs {111}
reflectivity as function of angle 0 at E; = E{}* — 6eV. The measured phase from the As K-RRS-3 yield
was (111 = 27(—0.090 £ 0.003), while for the Ga K « fluorescence £111 = 27(—0.093 £ 0.002), both
in accordance with the predicted values. Figure extracted from [5] and reproduced with permission of
the American Physical Society.

[5], in the reflection geometry there is a relationship between the phase of the diffraction planes and
that of the standing wave-field; in particular they observed that the relative phase between the two
could be finely tuned by adjusting the incidence angle in proximity of the Bragg condition. The
authors also noted that for incident angles well below the Bragg reflection, the standing-wave field was
in counter phase respect to the diffraction planes, while for angles well above the Bragg condition there
was a correspondence between the field antinodes and the Bragg diffraction planes. Furthermore, the
relative movement between the standing wave field and the diffraction planes could be observed by
monitoring the fluorescence from atoms occupying positions within the periodicity, as also noted by
Batterman in his previous work on Ge fluorescence [37]. Following the X-ray standing wave technique
the authors showed that the phase of the structure factor could be measured for any thick perfect
crystal by recording the fluorescence radiation emerging from the scattering element. In particular
they experimentally determined the (111) and (200) structure factor phases for GaAs.

Starting from the description of the structure factor as a superposition of the coherent x-ray scat-

tered waves emerging from the N atoms contained in the lattice unit cell

FH = |FH| exrp (ZﬁH)

N , . , (3.50)
Sy [F9CH) + () + i, (D) s, (FD) D,y (H)

Fy
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where s,,(H) = exp(2miH - ry,) is a geometrical phase factor and D,,(H) is the Debye-Waller temper-

ature factor for the n-th atoms, the authors defined the GaAs structure factors [5] as

FE (H)+f5, (H)E£ ), (H)

Jga ()=, (H)
F&a )+ G, (H)—f4, (H)—f}  (H)

(a) B+(111) = Farctan {fﬁ)\s(H)ﬂ“fﬁxs(H)ﬂnga(H)}

(3.51)
(b) B:E(QOO) = Farctan [ :| .

In the above equations fU(H) is the atomic form factor which accounts for the elastic scattering in
the “free electron approximation”, while f;(H) and f,: (H) are anomalous dispersion parameters which
describe the absorption processes leading to incoherent scattering [5].

The experiment was conducted by varying the incident photon energy which proved to affect the
value of the structure factor phase near the absorption edges. The authors showed that changes in
the S factor were determined by the atoms positions within the unit cell. By combining the phase
measurement with the measured change in absorption, it was possible to determine the fl (H) and

f (H) parameters which allowed to solve the phase problem by determining Sy . A figure summarizing

the experimental fittings from Bedzyk and Materlik’s measurements is shown in Fig. 3.16.

3.2.3 Phase shift investigation in X-ray forward diffraction

In order to solve the phase problem, Hirano and Momose [6] proposed another method which was
based on the use of an X-ray Bonse-Hart interferometer, as shown in Fig. 3.17. In their experiment
they investigated the structure of a diamond crystal slab by looking at the phase shift of the diffracted
and forward diffracted waves and verified the consistency of their results with the dynamical theory of
X-ray diffraction.

The authors described the phase shift of forward diffracted X-rays in the case of perfect crystals
by following the dynamical theory. They described the effect saying that the forward scattered X-rays
produced in the transmission direction acquire a phase shift while traveling inside the crystal. This
can be explained by noting that this phase is related to the refractive index which is complex and can

be written as
A2r,
27V,

n=1—-a=1- Fy (3.52)

where 7. is the electron radius, V. is the volume of the unit cell and Fj is the crystal structure factor

in the {000} reflection [6]. When the incident beam reaches the Bragg condition, multiple scattering
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Figure 3.17: Schematic representation of Hirano and Momose’s experimental setup. The incident
monochromatic X-ray beam travels through a Bonse-Hart LLL-interferometer (triple-Laue case) com-
posed by three parallel wafers which act as X-rays half mirrors and which are called beam splitter “S”,
mirror “M” and analyzer “A”. When the X-ray beam incident upon the S mirror satisfies the Bragg
condition, the splitter creates two coherent beams which travel in the interferometer and recombine
at the A wafer level, producing two outgoing beams, O and H, traveling in the forward and reflected
directions, respectively. Two detectors are then used to measure the resulting intensities. It is worth
noting that the sample is inserted in the interferometer on a moving support which allows its rotation.
Figure reproduced following [6].

takes place in the crystal and the refractive index formulation is corrected, according to the dynamical

theory, as
r’FyFg  \1P?

A= —Tove Agsm(20p)

(3.53)

which shows dependency on the Bragg angle 6g, on the offset angle from the diffraction condition A6,
on the polarization factor P and on the structure factors Fj, and Fj of the hkl and hkl reflections,
respectively [6]. The authors also noted that, as a consequence to Eq. 3.53, the phase shift caused by

a diffraction correction could be written as

0 = 2mRe(An)t/\

§=_= TzFHFﬁ A3 p? t
T 2| 4w2V2 A0sin(20p)

(3.54)

where we see the dependency from the real part of the refractive index and from the thickness t of the
crystal.
In the experiment, a diamond crystal slab was mounted on a rotating support and inserted in a

triple Laue-case X-ray interferometer, which was placed at an angle that allowed the generation of two
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Figure 3.18: (a) Rocking curve measured on the diamond sample without the use of the LLL interfer-
ometer. (b) Measured intensity of the O-beam. (c) Theoretical curve for the O-beam plotted following
Eq. 3.56. Figure extracted from [6] and reproduced with permission of the American Physical Society.

coherent internal beams. Inside the interferometer only one beam crossed the sample, while the other
acted as a reference beam. When reaching the interferometer exit surface A, the two internal beams
recombined to generate two outgoing beams, O and H, whose intensities where measured with the use
of external detectors. The authors noted that while the reference beam passed through air (n ~ 1),
the object beam was affected by the sample’s refractive index (n ~ 1 — o + An(A#)) so that the phase

difference between the two could be written as

2nRe [—a + An(A6)] ¢

v(a0) = :

(3.55)

By neglecting the X-ray absorption by air, the O-beam intensity could be expressed in the form

I(AG) = 1+ T(A) + 2¢/T(A0) cos [(AD))] (3.56)

where T'(Af) is the transmittance of X-rays at the diamond crystal and which shows that the phase
dependent term cos [)(A)] can be obtained by measuring the T(Af) and I(Af) [6]. Fig. 3.18 shows

the experimental results compared to the theoretical curves.
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Chapter 4

Quasi-kinematical diffraction

approximation

We concluded the previous Chapter with the definition of the dynamical parameter which allows to
see the limit under which the dynamical theory tends asymptotically to the kinematical one [27]. This
parameter, defined in Eq. 3.39, represents the Pendellosung and extinction lengths in the Laue and
Bragg geometries, respectively. We then observed that the samples used to conduct the experiments
discussed in this Thesis were all thin if compared with their respective Pendellosung lengths. For
this reason we could argue that the experimental results could be discussed, in a first approximation,
with the use of the kinematical equations developed in Chapter 2, which were written by taking the
scattering by multiple crystallographic planes into account. However, the need for a rigorous theory
which could be applied to this specific regime, brought us to collaborate with Vartanyants, Shabalin
and Gorobtsov [23] who performed a second fitting based on the use of dynamical equations for one
of our experimental datasets. The outcome of this collaboration will be discussed in Chapter 6, but
here we present the theory at the basis of this result by following the steps illustrated by Gorobtsov
and Vartanyants in their recently published paper [2]. In addition to that, we will further deepen this
theoretical apparatus by discussing an innovative quasi-kinematical approximation, also presented in
[2], which represents a further development respect to what discussed in this Thesis. In particular the

authors decided to refine the dynamical equations that were used to fit our experimental results so to
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make them fully consistent with the fact that our experiments where performed in a quasi-kinematical
regime, where the sample’s thicknesses were small respect to their respective Pendellésung lengths.
At the end of this Chapter we will compare the simulated curves obtained with this new theory to
those calculated in the fully dynamical limit, in order to highlight the consistency between the two
techniques.

In order to define the theoretical framework at the basis of the equations used in [2], the first section
of this Chapter will provide the Takagi-Taupin (TT) [29, 30] formulation of dynamical diffraction as
discussed in [38]. The following section will then explore how the dynamical theory can be modified with
the use TT equations, so to then define the theoretical apparatus which could be used to implement
the fitting of the results obtained for the Au nanocrystals measurements, as it will be later discussed
in Chapter 6. In the end, we will also discuss the recently developed quasi-kinematical approximation,

also presented in [2].

4.1 Preliminary considerations

Before deriving the main equations which can be used to describe the diffraction theory in both the
dynamical and quasi-kinematical limit, it is worth highlighting how the structure of the crystal affects
the phase of the diffracted beam. In particular, in Chapter 2 we already discussed the phase shift
which applies to an incident wave passing through a slab by noting how this depends on the material’s
refractive index n. In this section we want to be more precise and show how this phase shift changes

for non periodic and periodic media and how this quantity can be related to the structure factor.

4.1.1 Phase shift in non periodic media

For materials with a non periodic structure we can write the refractive index for is X-rays as

n:\/1+X0:1+% (4.1)

where o, which represents the zeroth Fourier component of the susceptibility x(r,w), is assumed to
be xg < 1. This quantity can be written in the form xo = —7.A\2p/7 as discussed in Section 3.1.1

following [1, 2]. By considering the refractive index formulation that we just defined, we can write the
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phase shift associated to a wave passing through a slab of a non periodic medium as

Eoui(d) = Ein(z = 0)e¢(d)

o(d) = 2kt = (L

(4.2)

where d is the medium thickness and « is the direction cosine v = cos(n - k), where n s the vector

normal to the entrance surface, as shown in Fig. 4.1 [2].

4.1.2 Phase shift in periodic media

The phase shift for X-rays passing through a periodic medium is different from the above under a
specific condition. In particular we note that when the X-ray beam’s incident angles are close to the
Bragg angle, an additional correction 4,, is applied to the refractive index [2, 27]. This factor can be

written, for angles far from the Bragg condition |Af| > |xu|/sin20p, in the form

_ P’xuxa
470 (A0 — b,c5) sinfp

On (4.3)

where 0,y is the angular correction due to refraction and which shows a dependency on the rocking

angle Af as well as on the structure factor, given that the susceptibility can be expressed as [2]

XH = —FFH, Xig = —FFH (4.4)

where I' = 7,A2/7V as discussed in Chapter 3. It is worth highlighting the formulation of this refractive
index correction factor holds in both the Bragg and Laue reflection geometries.

By noting that the phase shift for non periodic media is proportional to the medium refractive
index, we can apply §,, to Eq.4.2 and see that the dynamical phase correction given by the interaction
between the transmitted and diffracted waves is proportional to the crystal thickness and to product
of the structure factors FyFg, while it is inversely proportional to the deviation from the Bragg
angle [2]. As we noted above, Eq. 4.3 is valid for angles far from the Bragg condition, so the formulas
obtained so far cannot be used to describe the experimental results presented in this Thesis, which were
obtained for a range of angles close to . In order to propose a solution to this problem, Gorobtsov

and Vartanyants developed a quasi-kinematical approximation theory, starting from the dynamical
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diffraction theory formulated with the use of the Takagi-Taupin equations [2].

4.2 Takagi-Taupin equations

In defining the Takagi-Taupin equations, we can start referring to Maxwell’s equation and note that

one can write the wave propagation equation for the electric field E(r,w) inside a crystal in the form

A
(A + k%) E(r,w) — grad - divE(r,w) = kaﬂj (r,w) (4.5)

w
where j (r,w) is the current density introduced by the electromagnetic field, as discussed in [38]. This

quantity can be defined as a linear function of the electric field
ji(r,w) = /dr'ai;C (r,r' w) By (v w) (4.6)

which is written in accordance with the linear electromagnetic wave theory, and where o (r,r’,w) is
the factor representing the non-local tensor of the conductivity of the crystal, whose main contribution
derives from the elastic Thompson scattering [38]. The tensor of the conductivity can be further
developed as

o (1,7 W) By = 0 (r,w) 86 (r — 1) (4.7)

where ;5 is the Kronecker symbol defined as

0 if i#j
dir, = (4.8)
1 if i=j

as also discussed in [38]. We can now use this quantity to write the crystal susceptibility as x(r,w) =
(4mi/w) o (r,w) and use it together with Eq. 4.7 so to rewrite the right-hand side of the wave propa-

gation equation defined in Eq. 4.5 as

7_] (r,w)=x(r,w)E(r,w), (4.9)
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where we note that in the case of a perfect ideal crystal, x is a periodic function which can be written

with the use of a Fourier expansion in the form

i id) (4
XD () = 37 xji @ el (4.10)
h

where we are neglecting the w dependence and where h =27H, where H is the reciprocal lattice vector
[38].

At this stage one can consider the case of a weakly deformed crystal by introducing two functions:
the deformation vector u(r), which accounts for the atomic displacement in the crystal respect to the
perfect lattice structure, and the Debye-Waller correction e ="' (*) which describes the X-ray attenuation
consequent to the atoms thermal motion [38]. In this context, the crystal susceptibility can be written

as

x(r) = x ¥ (r —u(r)) (4.11)

where we are considering the case of relatively small displacements, and its Fourier components become
X (r) = i e W) (4.12)

which also include the Debye-Waller correction factor [38]. With the use of Eq. 4.12 we can now write

the solution of Eq. 4.5 in the form

E(r) =Y Ep(r)e’sr (4.13)
h

where w is still being neglected and where kg represents the diffracted wavevector, which can be
related to the incident wavevector by kg = ko + H [38]. In order to define the amplitudes Ex(r),
we can note that in case of small crystal deformations, where relative displacements ul(r) are small

respect to interatomic distances

<1, (4.14)

o’
Bmk

they vary on length scales of the order of the extinction/Pendelldsung distance Ag, which are much

longer respect to the X-rays wavelengths [38]. In this configuration we can write

2 Bu(r) = > e €) e i (1) (4.15)
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(b)

crystal

Figure 4.1: A crystal of thickness d is represented in the Laue (a) and Bragg (b) geometries, as
described in [2].

which includes quantities

oafg = k?{k_gkg
o
_ — (s
os = (37 (4.16)
k
SH = Tkn]

xum (r) = X%@H,efi(HfH')u(r)efW(r)

and where the second derivatives of Eg(r) are neglected. The amplitudes defined in Eq. 4.15 represent

the Takagi-Taupin equations in weakly-deformed crystals [38, 29, 30|, which also define the wave field

in a perfect crystal for u(r) = 0 and e~V = 1.

We can now write the total wave field in a crystal by using the two-wave approximation as

E(r) =

Z [eOSEOs(z)eikOr + eHSEHS(z)eikHr] , (4.17)
S

where s is the polarization index and €ps and e represent the polarization unit vectors [38].
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At this stage the TT equations can be written for the incident and diffracted wave-fields as

e = 35 [xooFos () + xon e W By, (2)] (4.18)

W) — Jn[(x g — o) Bga(2) + xmoPe'®® W E By, (2)]

with
6() = H -u2)

~Yo,n = cos(n - ko )

(4.19)

where ¢(z) is defined as also shown in [39] and where n is the vector normal to the crystal entrance
surface, as shown in Fig. 4.1, and where we are considering a fixed polarization s [38, 2|. It is worth
highlighting that because in the X-ray wavelengths regime the crystal susceptibility is small, in Eq.
4.18 we are considering that only the waves that satisfy the Bragg condition |ag| ~ |x x| give a valid
contribution. The parameter o was used in the equation to account for the deviation from the Bragg
condition a = (k% — k3) /k3 ~ —2sin203A0 [2]. Furthermore, in Eq. 4.18 we are also assuming that
the displacement and thermal factors only depend on the penetration spatial coordinate z inside the
crystal, while dependency on the other two dimensions along the crystal are neglected [38]. In addition
to that we note that the equation also includes the polarization factor P, which was previously defined
in Eq. 2.10.

In the case were we are only considering the photoelectric scattering in the dipole approximation
and the strongest elastic scattering, the crystal susceptibilities in Eq.4.18 are complex and can be
written as Xoo = XHH = X0, XoH = X—# = Xg and xmgo = X [38]. In terms of scattering geometries,
described in Fig. 2.1, we note that the direction cosines «g are different for the Laue and Bragg
cases. In particular vg > 0 for both geometries, while v > 0 in the Laue case and vy < 0 for the
Bragg one[2]. Also the electric wavefield boundary condition are different in the two cases, in fact we

can write

for the Bragg geometry and

EOS(O) = E;nv EH.S(O) =0 (421)

for the Laue case, where we assume that the amplitude of the incoming beam is E" = 1 [2, 38].

In order to complete the set of general equation which define the theoretical background which we
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are going to refer to in this Chapter, we also need to define the reflectivity factor in the two different

scattering geometries. By following the discussion in [2] we can write

Eg (0,A0)]°
B Af) = |’YH| ‘ H )
Pr ( ) 70 EO (0

e (4.22)

in the Bragg case and

Pk (A0) = ’L—H |Ex (0, A0)? (4.23)

in the Laue geometry.

4.3 Kinematical & dynamical solutions

At this stage we can define the solutions to Eq. 4.18 in the kinematical and dynamical regimes.
In the kinematical approximation we can assume that the transmitted wave does not depend on

the diffracted beam’s amplitude Ep(2) so that Eq. 4.18 can be written as

dEos .
dz“ = i60Fos(2), (4.24)
where dg = kxo/ (270) and which has solution [2]
Egut = &% = exp (idres(d) — pod/27) (4.25)

where the phase shift due to refraction ¢,.y can be obtained from Eq.4.2 as

Exod
brep(d) = Re [yod] = 2’;00. (4.26)

We note that the phase shift defined in Eq. 4.26 does not take multiple scattering into account and
it is not related to the rocking angle of the incident beam respect to the medium surface. For this
reason, in order to find a way to describe how the coupling between the transmitted and diffracted

waves affect the phase shift, we need to move beyond the kinematical regime.
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A solution of Eq. 4.18 can be written in the dynamical regime in the form
E§"“ (d, AO) = exp (idres — pod/270 + iddin (d, AO)) (4.27)

where we are adding a dynamical phase shift

d

Gdin (d, AO) = —AioRe /dz'PlR(z/, A6) (4.28)
0

which includes term C; which is related to the polarization and thermal factors in the form

I —
P, =P (1 + Zw> e W), (4.29)
Re\/XuXn

as discussed in [2]. In this additional phase factor we can recognize the extinction/Pendellosung

distance Ag and note the scattering amplitude R (z, Af) which was defined by [2] as

R(z,A9) =

_ 1 |:Eh (Z’ A9):| 6iHu(z)
VBY

NN (4.30)

where factor 5 changes in accordance to the reflection geometry. In particular we note that 8 = vo /vy
for the Laue geometry and = o/ |vu| in the Bragg case [2]. Furthermore, the structure of the crystal
is represented in Eq. 4.30 with the use of parameter Y = | /xuxg = |Y|exp (i®y ), which in case of a
centrosymmetric crystal with a monoatomic lattice becomes Y =1 [2].

At this stage we can obtain a formula for the dynamical phase shift factor in the case of thick and
perfect crystals, for which we have that the scattering amplitude R does not depend anymore on the
crystal thickness,

ain (4, 80) = —5LRe [Py (80) (4.31)

where we see a clear dependency on the rocking angle Af as discussed in [2]. This equation is an
important result and was used by Gorobtsov and Vartanyants to run a number of simulations for
crystals of different thicknesses. In particular the authors also helped in the fitting of one of the
experimental datasets presented in this Thesis work, by using this formula in order to show how the

phase of the transmitted beam varies respect to the rocking angle Af, as it will be later discussed in
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Chapter 6.

4.4 Quasi-kinematical approximation

As we already discussed in the previous Chapters, the dynamical theory of diffraction is always valid
and only tends asymptotically to the kinematical one when the crystal is thin with respect to the
extinction/Pendellosung distance. For this reason, by fitting our experimental data with the use of
dynamical diffraction equations we are obtaining a result which is substantially correct. However,
Gorobtsov and Vartanyants noted in their paper [2] that one can be more precise by defining another
set of equations which are assumed to be valid in a quasi-kinematical regime for crystals of thicknesses
under Ag.

They started their formulation from the result obtained in the kinematical regime, as discussed in

Eq. 4.25, and added a phase term |day, (2, Af)| < 1 to obtain
Ey(2,0) =~ ei00dgidayn (2,40) (4.32)

In order to retrieve the function defining the additional dynamical phase term, they used Eq. 4.32 to
solve the Takagi-Taupin equations written in Eq. 4.18 and obtained

2 _ 2 ) .
Sugn (0,00 = - XD Ly (Y], (1.33)

where Q (Af) = Q (Af) d/2 , which includes the momentum transfer factor Q (Af) = (2/Ao) [y (Af) + iyo)
[2]. Tt is worth highlighting that in the definition of this equation, the authors assumed that for a per-
fect crystal u(z) = W (0) = 0. We also note that term y (A6) is a dimensionless parameter which

defines the angular deviation from the Bragg position

sin20p - A9 L Xor 1£5)

y(A0) =+/p , 4.34
(80) = V5 Re\/Xuxa — 2v/BRe\/XuXn (4349
while factor yo describes the attenuation of X-rays due to photoelectric absorption
==
Yo = Xoi ( B) (4.35)

2v/BRe\/Xuxa
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as described in [2].
The dynamical phase term 4y, is a complex parameter so that only its real part gives a contribution
to the phase shift due to diffraction dg,,, (2, A0) = Re[0ayn (d, AB)]. With the use of Eq. 4.33, one

can find that the phase of the transmitted wave can be written in the form

P/ d 71 9 sin 2 . ~sinQ
Opayn (d, A) = 5 <A—O> X {(1 —p?) |1 —cosQ a — 2psinQ a [ (4.36)
Im/XaXa
where p = —ﬁ\/% [2].

At this stage the authors defined how the dynamical correction factor changes respect to big or
small angular deviations from the Bragg angle 6. In particular they noted that for big Af one can

get
P2xux g (kd)

AG) ~ —
6dyn (d> 6) 4vpsin20p (AG - eref)

(4.37)

note starting from Eq. 4.33, where 0,..¢ is the refraction correction angular term and where the the
term in the square brackets and the imaginary part of Q(A#) were neglected [2]. One can note that
Eq. 4.37 agrees with Eq. 4.3 which described the phase shift in periodic media, under the condition
of large angular deviations from the Bragg angle.

In order to retrieve the phase contribution for small 2 (A), the authors noted that when 2 (Af) —
0 one can get from Eq. 4.33

Sayn (d, A) — —%12 (fo)Q [gg - z} (4.38)

(1)2 _ P’xuxg(kd)®

here 2t
e B
where 8%0VH

. Furthermore they obtained the phase of the transmitted beam as

Sy (.80) =2 (f) {a-mven+amw-3 (2]} (139)

which is the expression that was used to perform the simulations which were then compared with the
results obtained in the dynamical regime, as shown in Fig. 4.2'. After comparing the results obtained

in the quasi-kinematical approximation with the dynamical theory ones, the authors highlighted that

IThe parameters used for the Au {111} solutions are: Energy = 8.5KeV, g = 18.04°, 40 = 0, vy = 0.808,
Xor = —8.31 x 1075, x0; = 6.87 x 1076, xp, = —6.83 x 1075, xg; = —6.83 x 107%, Re, /XHXT = —6.83 X 1073,

Im,/XEX7 = 6.83 x 1076, Ag = 610nm [2].
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Figure 4.2: Comparison between the dynamical and quasi-kinematical approximation simulation for
the Au {111} reflection in the Laue geometry for a set of crystal thicknesses (d = 0.2,0.4,0.6A). (a)
Shows the simulations obtained for the reflectivity function pgr (Af), while (b) collects the results for
the simulated phase of the transmitted beam. In both (a) and (b) the dynamical theory simulations are
represented with full lines, while the quasi-kinematical approximation results are shown with dashed

lines. In order to quantify the error between the two simulation, Gorobtsov and Vartanyants defined a
s d,00) = Gayn(d, A0 o . .
function € = Sayn » )( dQZ;) (@,40) and found that the quasi-kinematical approach can be used with
yn(d,

an error of less than 5% up to Au crystals with thickness d ~ 0.8A¢ [2]. Figure adapted from [2].

this new theoretical framework can be applied when [dgy,, (2, Af)| < 1 . This condition implies that
the maximum crystal thickness allowed in this regime is defined by
V2

2 L dmaz = = A 4.40
i )

so that the quasi-kinematical approximation is only valid if the crystal thickness is below Ay.
In order to give a complete description of this new approximation regime, one can also define the

reflectivity function by noting that the amplitude of the diffracted wave can be written as

By (d, AG) = iE0ein=e—i® <81;Q> (4.41)

which includes factor g = k(é‘f’yi:") and where EY = Pkdxp/(2vwm) [2]. At this point one can

substitute the diffracted field in equations 4.22-23 and obtain

pr (A0) = 1 |},

—_— 4.42
Yo 02 (4.42)
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It is worth noting that with the use of Eq.4.41 we can write the dynamical correction factor as a

function of the amplitude of the diffracted beam as

P2 (d\*1
Sayn (d, A0) = ==L | = | & [L+in(A0) By (d, A9)], (4.43)
2 \Mh/) Q
which includes the angular parameter n (Af) = P(lz:iyslx;; e W0mdei2 (2],

This recently developed theoretical framework already represents a “next step” respect to the work
developed within this Thesis project. We however decided to include a detailed description of this
innovative quasi-kinematical approximation to show the potential of future developments following
the publication of this Thesis work. In particular the complete formulation of this theory will allow,
going forward, to have more flexibility when investigating the effects of diffraction under different
conditions (i.e. different samples’ thicknesses in and out of the dynamical regime) without using
drastic approximations which could potentially affect the precise definition of the crystal’s structure

factor.
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Chapter 5

Ptychography

In this Chapter the main aspects of the imaging technique that was used to perform the experiments
presented in this Thesis work will be discussed.

Ptychography is an imaging method which was initially proposed by Hegerl and Hoppe in 1970 [40],
who also named it starting from the greek word ’'ptycho’, which means ’to fold’, to describe that at
the basis of this method there is a convolution operation between two functions (that is two functions
folding together in mathematical terms). From the early stages of its development, it was clear that
ptychography could have been a useful tool to solve the phase problem, but the limits in the computing
power in the early 70s did not allow a real application. For this reason it was only recently that this
powerful tool has been further developed and used as an imaging method. The pioneer in the field was
John Rodenburg who, together with his collaborators, proved in the late 90s the effectiveness of this
method and provided the first inversion algorithm [9, 10, 11, 12, 13].

The X-ray ptychography method is based on the use of a confined and coherent beam, the probe,
to scan an extended object at different positions. The resulting set of diffraction patterns is then
collected in the far field and used to retrieve the sample’s complex-valued transmission function. The
probe position is controlled so to always assure an overlap region between two contiguous positions.
In contrast to what happens in traditional Coherent X-ray Diffraction Imaging (CXDI) methods [41],
ptychography allows to use the additional information contained in the overlap regions to remove
the support constraint in the real space, when reconstructing the sample using iterative inversion

algorithms [13]. The redundancy of the collected dataset together with the knowledge of each scanning
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position, enables to reconstruct the phase of the sample without being limited by its size and at
the same time allows to clearly separate the two contributions of sample and illuminating probe.
Ptychography can also be defined as a phase sensitive imaging technique because it measures the
phase of one part of an object relative to other parts with high sensitivity. This new method has seen
rapid development over the past few years and it has been used in many fields, from imaging computer
chips [42] to biological samples [43, 44, 45]. Particularly, a phase sensitivity as good as 0.005 rad was
also demonstrated [22]. A further development seen in recent years was to remove the requirement of

perfect coherence in the beam, as discussed in [14].
5.1 Theoretical principles of ptychography

The idea at the basis of ptychography is to use an highly focused and coherent beam, the probe,
to scan an extended object at different positions and to then collect the resulting diffraction patterns
in the far field. The scanning probe must move onto the sample in such a way that there is always
an overlap region between two contiguous illuminating positions. This causes a redundancy in the
datasets which helps to retrieve the phase of the object without the requirements to oversample the
diffraction patterns in the Fourier plane and to have a sample of finite extent within the coherent
beam. This method has proved to be successful not only in the X-rays regime, but also at optical [46]
and electron microscopy [47] wavelengths.

The phase problem is solved with the aid of iterative inversion algorithms which transform and
update functions back and forth between the real and Fourier spaces. In particular, the redundancy in
the collected data is used to update an object function in the real space, so that there is no requirement,
for a real space constraint (defined region of space where the real object exists).

A wide range of numerical algorithms was developed in order to implement the reconstruction of
both amplitude and phase of an illuminated sample. In this Thesis work we will focus our attention

on the PIE, ePIE and Difference Maps algorithms.
5.2 Ptychographic Iterative Engine (PIE)

The PIE algorithm was the first one to be implemented by Rodenburg and his coworkers [48] and

it assumes, as well as all the following methods do, a multiplicative relationship between the object
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x-ray pinhole
source
aperure sample Fraunhofer

plane

Figure 5.1: Schematic representation of the setup used by Rodenburg and coworkers in 2007, extracted
from his publication [11]. In this case the beam was focused with a pinhole and the sample was mounted
on a 2D piezo stage which moves on the yz plane. For each probe position a diffraction pattern was
recorded by a CCD camera at the Fraunhofer plane (far field). Figure reproduced with permission of
the American Physical Society.

and probe complex wave-functions to create the exit-wave

¢(r) = O(r)P(r) (5.1)

where O(r) is the object function and P(r) the probe or illumination function and where r is the
spatial coordinates vector. In thier paper, Rodenburg et al. pointed out that this relation is generally
accurate for thin objects. It is also assumed that O(r) or P(r) can be moved relative to one another
by various distances R. When using this method, the illumination function P(r — R) needs to be
known. In the following description it will be considered the case of the probe moving with respect to
the object, but the result would not be different if moving the object function instead. In order to use
this method it is necessary to know all the illumination functions as well as all the scan positions, and
of course all the diffracted intensities collected in the far field.

The whole method followed by the algorithm is graphically shown in Fig. 5.2 and it can be described
by several steps.

1. The algorithm starts with a guessed (g) object function in the real space O, ,(r) at the Oth
iteration.

2. It is then necessary to multiply the current guessed object function by the illumination function
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Figure 5.2: Schematic representation of how the PIE algorithm works on four overlapping probe
positions (circles) illuminating a region of an extended object (central square). Figure replicated
following [11].

P(r — R) at the current position R, so to produce a new guessed exit wave function
Pgn(R) = Ogn(R)P(r — R). (5.2)

3. The guessed exit wave is then Fourier transformed to obtain the corresponding function in the

diffraction space, indicated by the reciprocal space coordinate k.

P,k R) = Z[yn(R)] = |9, (k,R)| e R, (5.3)

It is worth noticing that this function is a guessed version of the diffracted exit wave, since it is
obtained starting from a guessed object function in the real space. Because the transformed exit wave
is complex, it can be decomposed in both amplitude and phase.

4. Being the dataset composed by a series of diffracted intensities, it is now possible to replace the

guessed amplitude of the transformed exit wave with the recorded one
Ve (k. R) = [k, R)| 0o (T (5:4)

where |1p(k, R)| is the modulus of the diffracted intensity.

5. At this point it is possible to inverse transform the modified exit wave, so to obtain a new



improved guess in the real space
Yen(k,R) = F 7! |9, . (k, R)|. (5.5)

6. The guessed object function in the real space is then updated by

Pc-R)|  P'r-R)
|Praz(r — R)| (\P(r — R)\2 + a

Og+1.n(R) = Ogn(R) + ) X B (Yen(k, R) =g n(k,R)) (5.6)
where « and § are opportune parameters and | Py,q.(r — R)| is the maximum value of the illumination
function. The value « is used to prevent a division by zero in the case that the modulus of the probe
function assumes that value. The constant 8 controls the feedback in the algorithm and can assume
values in the range between 0.5 and 1. At lower values of 8 the importance of the object function’s
newest estimate is increased, whereas the previous estimate results more relevant when this parameter
assumes higher values.

7. The algorithm continues by moving to a contiguous position, for which there is an overlapping
illumination region with the previous one.

8. All steps from 2 to 7 are repeated until the sum squared error (SSE) is small enough

(00 R)P — 15y R’

SSE: N ’

where N is the number f pixels in the array representing the wave function.
The concept underneath this algorithm is similar to other iterative phase retrieval algorithms. For
the case where 8 = 1 and a = 0, and the function |P(r — R)| is a mask, or support function, this

method has many similarities with the well known Fienup algorithm [49].
5.3 Extended Ptychographic Iterative Engine (ePIE)

As the name suggests the ePIE algorithm is an extension of the PIE algorithm where the require-
ment for an accurate model of the illumination function is removed [12].
For this new version of the algorithm it is necessary to have initial guesses for both the object and

probe wave-functions, labelled Og(r) and Py(r) respectively. At the starting stage of this method the
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Figure 5.3: Flowchart of the ePIE method. At j=0 initial guesses at both the sample and probe
waveforms are provided to the algorithm. Figure reproduced following [12].

Buess using —
update function 2

object guess is considered as just free-space and the probe function is considered as a support function
whose size is approximately given by the intense region of the probe wavefront. Each diffraction pattern
then is considered with the update of both the object and probe guesses at each step. The result is a
much quicker rate of convergence.

If compared with the PIE method, this new extended version consists on following the steps de-
scribed above, with the exception of the sixth one, where is a significant change in the use of update

function, which is modified and applied to both object and probe functions.

C g+1, (I{’) : g (I{’) 7n( 2) X 6 (wc ”(117 I{') d}g, (l:7 I{‘)) (E 8)
" " ‘ng L(I R)|ma:1 ’ "’
1 g+1 ”(I:‘) l g, L(I{‘) j n( B 2) X« (1/)57”(1:’ I{’) dqu”(l: I{')) (5 ‘c‘)
‘ ’ ‘ | 9, l(I )|ma'p l

5.4 Difference Map method

The Difference Map method was initially defined in 2003 for CDI by Elser [50] and then widely
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adopted by Thibault for ptychography [51, 52]. The DM algorithm solves those problems that can
be expressed as the search for the intersection point between two constraint sets. The exit waves 1;
(“views” on the specimen) definition helps to relate the two intersecting constraints.

The Fourier constraint which relates the calculated amplitudes to the measured intensities can be

written as

L= |7 (), (5.10)

while the Overlap constraint imposes that each view can be decomposed into probe and an object
functions:

¥;(r) = O(r)P(r — 1j). (5.11)

As it was for the PIE and ePIE algorithm, this method is based on several steps.

1. At the beginning it is necessary to produce an initial guess for the illumination function P(r)
and construct an initial state vector , 4 = {91 (r),¢2 (r),...,¥n (r)}, where N is the number of probe
positions, formed following Eq. 5.11.

2. The method goes on with the update of both object and illumination functions

_ 2 B )y (r)
Zj |Py(r — I'j)|2

Oy (r) (5.12)

_ 2 05+ ry)dy (r+13)
Zj |Og(r — I'j)|2

using a small number of alternate applications of equations 5.12 and 5.13 and thresholding the guessed

Py (r) (5.13)

object functionO, (r) to maintain all amplitudes smaller than 1.
3. Once we have arrived at this point all views contained in state vector are also updated by using

the difference map update function

Gjnt1 = Yjn (v) +pr (2P (r = 15) Og (r) = 1jn(r)) = Py (r —15) O (r) (5.14)

where pr the projection of each views onto the Fourier space constraint set, obtained by replacing the
calculated amplitudes with the corresponding experimental diffraction intensities, while keeping the

computed phase values.
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Figure 5.4: Difference Map algorithm flow-chart replicated following [53].

4. The previous 2 and 3 steps are iterated until convergency is reached

Errornir = [[ng1 — ¥ull 2 (5.15)

There are few big differences between the Difference Map method and ePIE. One is that the former
is a parallel method which updates the object and probe functions simultaneously for the entire set
of views, so that also the Fourier projection pr can be calculated in a parallel fashion. This does not
happen in ePIE, where all updates and projections are calculated serially. Another difference is in the

way the state vector is updated in the DM method.
5.5 Artifacts introduced in the reconstructed phase

In this section, artifacts introduced in the reconstructed objects will be discussed. In particular we will
focus on the phase-wrapping phenomenon, which arises with the use of a any inversion algorithm, and
on the introduction of phase ramps, which is particularly relevant when dealing with ptychographic

reconstructions.
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Figure 5.5: (a) A linear phase profile varies between +8 radians, thus exceeding the [—, 7] range. (b)
The reconstructed linear phase is only defined in the range [—, 7], so that for phase values |¢| > 8 we
see resulting jumps of +27.

5.5.1 Phase wrapping

The phase wrapping is a common artifact introduced by inversion algorithms, as discussed in [54],
and is related to the fact the reconstructed phase is is only defined in the range [—7, 7], so that the
unwrapping operation is required for the interpretation of the underlying physical quantity, which
in the case of our experimental results was the projected index of refraction. In particular, one can
observe that reconstructed phase profiles generally show jumps of +2x, as shown in Fig. 5.5, which
the unwrapping process corrects.

A widely used approach for the unwrapping process is to estimate phase differences (gradients)
between two neighboring pixels [54]. In this way one can define a phase gradient field that is then used
to reconstruct the unwrapped phase. It is also assumed that the phase difference between two adjacent
pixels satisfies Nyquist’s criterion, so that the discrete gradient |A¢| = |¢; — ¢;—1| should always be
less than 7, or half a cycle if we make the assumption that a 27 interval corresponds to a complete
phase cycle [54].

If we consider the one dimensional case, which can be described by the extraction of a line of phase
values from a matrix, we can imagine to estimate the phase by integration of the phase differences
from point to point while constantly adding an integer number of cycles that minimizes the phase
difference [54]. In particular, we can refer to the example illustrated in Fig. 5.6.a, where a jump of

amplitude 0.75 occurs between the third and fourth phase values so that it violates the condition that
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(b) 0.25 05 0.75 10 125 15

Figure 5.6: 1D phase unwrapping. (a) Wrapped phase values. The phase jump of -0.75 cycles does
not respect Nyquist’s criterion which demands for the maximum value allowed for a phase jump to be
0.5. (b) Unwrapped phase values obtained by adding a complete cycle to the last three values in (a).
The unwrapped result is a phase ramp. It is worth noticing that adding a cycle corresponds to adding
27 to the phases. Figure based on [55].

the maximum allowed gradient has to be less than 0.5 (half a cycle). In this case it is possible to adjust
the phases by adding one full cycle to the last three values as shown in Fig.5.7.b. The result is a linear
phase ramp without discontinuities, since the gradient between two adjacent phase values is constant
in the whole line [55].

In two dimensions the problem needs to be addressed in a slightly different way. Because we are
now moving in two directions, we need to make sure that the result should not depend on the chosen
integration path. In other words we need tho say that the phase field is a conservative vector field
where the integration from one point to another point is path independent [54]. By referring to the
irrotational property of conservative vector fields, one can calculate the curl of the vector gradient over
a closed loop and have as a result zero

V x Vé =0, (5.16)

where ¢ is our phase field and V is the gradient operator defined as

g, 0,
V= (g )

as also discussed in [55]. The assumption that the field is irrotational means that if we consider four
adjacent phase values, the summation of the phase gradients over a close loop is equal to zero, as
illustrated in Fig. 5.7. What stated above is always true for the unwrapped phase field, so that one
can say that because the result of the integration does not depend on the chosen path, the unwrapped

gradients completely specify the associated field.
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Figure 5.7: Calculation of phase gradients for a set of four adjacent points. Here we assume to move
within the points in clock-wise order and to calculate the associated gradients. If 3+ | §; = 0 the
phase field is called irrotational. Figure reproduced based on [55].

(a) (b) (c)
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Figure 5.8: 2x2 array of wrapped phase values. (a) The loop integral calculated clockwise starting from
value 0.0 gives as a result value +1. In this case we calculate 6; = 0.2 — 0.0 = 0.2, and similarly we
obtain d; = 0.3, 63 = 0.3 and §4 = —0.8 that violates Nyquist’s criterion. In order to unwrap this set
of values we should need to add one cycle to 0.0 so that it becomes 1.0 and 64 = 1 — 0.8 = 0.2. In this
way 01 + d2 + 03 + d4 = +1. If we now consider to start from value 0.0 and to recover the unwrapped
phases by using the calculated gradients, we can get either (b) or (c), where d is considered with
negative sign. This result shows that when the wrapped phase field is not irrotational, the unwrapped
solution is not unique. Figure based on [54] and [55].

Unfortunately this is not the case for the wrapped field, in fact as shown in Figure 5.8, the closed
loop integrals of wrapped gradients can give non-zero solutions so that these fields are not conservative
[55]. In these cases the curl applied to the gradient field gives as a result a vorticity, or 'residue’,
whose meaning is that we do not have a unique solution because the obtained result becomes path
dependent as shown in Fig 5.8.b-c. The reasons for a non-conservative phase field can for example be
undersampling or noise and where the former can be controlled, while the latter is difficult to eliminate.

Because only one unwrapped solution is the true one, finding a correct unwrapping strategy is a
problem of great importance. During the years many approaches have been proposed and among them,

Goldstein [54] implemented the branch-cut method in 1988. It is based on calculating the gradients
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Figure 5.9: 4x4 matrix of wrapped phase values as discussed in [54]. In the central part we can extract
a 2x2 array of residue +1. If this 4x4 system is part of a complete wrapped phase field, we can imagine
to center a 3x3 searching box around the +1 residue and to move it around in the complete array to
look for other non-zero residues. When one is found, the two are connected by a cut. Figure replicated
following [54].

and their respective residues in the way we showed above and it is expected that they can only assume
values £1 and 0. The sign associated to the calculated residues is of great importance, in fact Goldstein
made a clear distinction between positively or negatively charged residues. The core of his method is
to introduce branch-cuts to connect positive and negative charges in such a way that a cut is 'charge
free’. These cuts serve as a barrier for the integration so that no net residue can be included in the
unwrapping process and the spreading of general errors is avoided. Local errors in the immediate
vicinity of residues may still occur. Those pixels that are at the opposite edges of a cut will certainly
see a phase discontinuity of more than half a cycle, but the goal of the method is to minimize the total
length of cuts so to minimize the total discontinuity. In this way the inconsistency of the solution is
avoided and a final unique unwrapped field is achieved independent of integration path.

Let us consider the case of a two dimensional field of noisy phase measurements of which Fig. 5.9
shows a 4x4 extract. As already mentioned it is possible to calculate the residues of 2x2 pixels sub
systems and in this case there is only one point where the residue is +1. If we now imagine to move in
the complete phase field, we can imagine to place a box of size 3x3 around this residue and to scan the
full matrix until another residue is found. When the residue is found, it is connected to the starting
one with a line, or cut. If the cut is uncharged, it is considered complete so that the next residue is
selected and same steps are repeated. If a residue is not found, the size of the box is increased to 5x5
and same steps are taken. In the end, all of the residues lie on cuts which are uncharged, so that no
global errors are allowed. Where the residues are sparse, they are connected by cuts as shown in Fig.
5.10(b). Where they are very dense as in Fig. 5.10(c), whole areas are isolated so that the algorithm

"gives up". In this case it is not possible to obtain an optimum solution, however we can get a good

82



(a) (b)

m— e
ot =, T
e
o I
i
r_ .
. -
A ol
S— p -
- .
. = el
o B 'r‘uﬂ'-h J—
WPOSITIVE RESIDUES  © L 2r  3r  drmdans  EPOSITIVE REsIDUES © . 2r __'!' Arradiens g ooeimIVE RESIDUES O v 2 3 A radians
BNEGATIVERESIDUES o 150 360 540  720degress WNEGATVERESIDUES 5 459 350 540 7To0degress BINEGATIVERESIDUES 199 390 540 720 degrees
WWALLS SI0MAL PHASE WwaLLS SIGNAL PHASE

Figure 5.10: Wrapped and unwrapped phase maps. (a) Residues have been calculated by choosing the
closest 27 multiple. In this map, two cycles in phase are represented by one revolution of the color bar.
(b) Same region of (a) but where cuts are in place before unwrapping, so to avoid global errors. (c)
A different region in the phase map showing a high density of residues. The area is entirely isolated
from phase estimation because no reliable phase can be calculated in this region. Figures extracted
from [54].

approximation over most of the matrix, and where it is not the user is warned by the density of the
branch cuts [54].

A practical approach to use when performing the analysis of experimental data is to discard part
of the reconstructed object so to only focus on the area around the sample. The definition of a region
of interest is a crucial step because the total field of view of an object reconstruction also includes
peripheral areas where the signal to noise ratio is very low. In terms of phase unwrapping we can
expect that these areas are going to be extremely problematic and no matter how careful we can be
when applying our method, they will generate errors that will propagate to other regions. This is
in accordance with what showed in Fig. 5.10(c), because if there is a region where the unwrapping
algorithm gives up, we can’t expect that this is not going to affect the final result in the reconstructed
phase. For this reason it is wise to cut the reconstruction defining a proper region of interest before
unwrapping the phase, so that we can simplify the algorithm’s task and we are sure to obtain a better

result.

83



5.5.2 Phase ramps

Phase ramps are an effect that can be described by considering the Fourier transform relationship
between the object and the collected diffraction pattern [56]. These artifacts represent a recurring
problem when treating ptychographic reconstructions as discussed in [53, 57|, but they also represent
a common issue which affects other imaging techniques [58, 59].

The introduction of phase ramps can be explained by recalling the Fourier transform property
which identifies a shift in the real space with an additional phase factor in the complex space. In
particular one can write

Flg(z —a)] = G(g)e”?™ (5.17)

and apply this transformation to a 2D spatial distribution of light u(z, y, 0), characterized by an angular

spectrum @ (v, 3,0), to obtain
Flu(z — ',y —y,0)] = i(a, §,0) e 2mi(ee+5) (5.18)

which shows the generation of a linear phase ramp [60]. By recalling that the ptychographic method
requires the use of multiple diffraction patterns, collected at overlapping probe positions, we can
understand that the presence of phase ramps in the reconstructed object functions are particularly
common when this imaging technique is used.

In order to remove the phase ramp from the experimental data presented in this Thesis, we used the
method described in [59], which implied the definition of a region of interest around the reconstructed
object. Within this region, we then drew masks around the reconstructed sample so to identify empty
areas where the phase ramp was the most relevant contribute, as shown in Fig. 5.11.b. The phase
information contained within each mask was used to correct the phase ramp affecting the object
reconstruction. A result showing the sample after the phase ramp removal step is presented in Fig.
5.12.

The algorithm that we used to remove the linear phase ramps was based on the image registration
method described in [61] and was completed by the phase ramp removal technique commented in [59].
In particular, in order to perform our data analysis we used a MATLAB routine developed by Manuel
Guizar-Sicairos, which we applied to the reconstructed objects regions defined by appropriate masks,

as discussed above.
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Figure 5.11: Phase ramp removal example. (a) Shows the phase ramp which affects the reconstruction
of a gold nanocrystal sample obtained with the difference map method, described in [51, 52]. (b) In
order to remove the phase, we drew masks around the reconstructed object so to select empty space
areas where the phase was the most relevant contribute. The phase information contained in these
regions was then used to correct the phase ramps following [59].
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Figure 5.12: Phase of the reconstructed object after the phase ramp removal procedure [59].
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The script was able to retrieve the phase correction factors by using a cross correlation function.
The main steps of this approach can be described by considering the alignment of two figures, which
we can define as two square matrices of complex values. In this case, one figure serves as a reference
for the alignment of the other one. The correlation function was computed in the Matlab algorithm

asl

CC = fftshift (F [Imagercr]) * conj (f ftshift (F [Images))), (5.19)

where F[I'mageycs,2] is the Fourier transform of the input image and where the fftshift function
shifts the F-transformed matrices so to move their zero-frequency components to the centre of the
array [62]. In order to retrieve the phase shift correction factors, the script computed the 2D inverse

Fourier transform of the C'C function

CC' = if ft2 (if ftshift (CC)) (5.20)

where if ftshift is a function used to swap the quadrants of the C'C' matrix [62]. At this point the
method calculated the maximum value of CC’ to obtain the shift value which was needed in order to
align I'mages respect to the reference one I'mage, .

In the specific case of our data analysis, the reference image was given by

Image,er = if ftshift [mask x abs (Object)], (5.21)

while the second image was defined as

Imagey =if ftshift[mask x Object] (5.22)

where the Object array represents the output of the ptychographic reconstruction process and the
mask matrix was identified by selecting areas in the reconstructed image, as discussed in Fig. 5.12.

With the use of these inputs, the cross correlation function allowed to determine the phase shift factors

IThe script also required to specify an upsamplig factor which is used to define the registration precision. In particular
we used an upsampling factor of 20, which means that the images where registered within 1/20 of a pixel, as discussed
in [61].
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(z',y") which were able to correct the phase ramps as

i (a, B,0) e~ 2mi(ea’+8y") 2miea’+8Y) _ g (a, B,0). (5.23)
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Chapter 6

First experimental results: gold

nanocrystals

6.1 Ptychography on gold nanocrystals

For our first attempt to measure the phase of the forward diffracted beam at different rocking angles
we decided to use gold nanocrystals, which are characterized by a relatively not complex crystalline
structure. In fact, this material is composed by a regular repetition of cubic unit cells containing 4 Au
atoms positioned at each corner.

In this Chapter we will present in details the experimental method, based on ptychography, which
we used to measure the intensity of the forward diffracted beam. Furthermore we will also discuss
the phase shift curves obtained with the aid of two fitting methodologies: an approximate kinematical
fitting and a more detailed dynamical one, developed within our collaboration with Vartanyants,

Shabalin and Gorobtsov [23].

6.1.1 Experimental setup

The experiment was conducted at the coherent small-angle X-ray scattering (¢SAXS) beamline at the
Swiss Light Source, Paul Sherrer Institute in Villigen, Switzerland. The experimental setup, shown

in Fig. 6.1, was composed of several components precisely aligned with the aid of an X-ray camera.

To focus the beam we used a 75 micron diameter Fresnel Zone Plate (FZP) made of Au with 100
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Figure 6.1: Lateral view of the experimental setup. A Fresnel zone plate is used to focus the beam.
The Au nanocrystals were placed at the focus with their {111} crystal planes oriented at the angle ap
with respect to the incoming beam. A 2D detector is placed in the forward direction and another 2D
detector in the direction of the Bragg reflection.

nm outermost zone width, and 1 micron thickness. A central stop of 30 micron diameter was placed
upstream the FZP to block the zeroth diffraction order. Downstream of the FZP we used a 20 micron
pinhole serving as order sorting aperture (OSA) to select the first diffraction order. The focal length
of the zone plate was 52.66 mm at the energy of 8.7 KeV.

Our sample consisted of a random array of 250 nm gold nanocrystals with cylindrical shape, grown
on a 100 nm thick SigN4 membrane. The scanning electron microscope (SEM) analysis confirmed the
size of the crystals and showed a mutual spacing of approximately 1 micron. The Au nanocrystals
were oriented with the {111} crystallographic planes normal to the substrate. By rotating the sample
membrane to an angle of ap = 1.86 deg, we aligned the Au {111} reflection, with Bragg angle 5 = 18
deg. The sample was mounted downstream at the focus of the FZP which was illuminated with a
coherent beam, forming the ptychographic probe. The expected beam size for this experiment is equal

to the FZP outermost zone width of 100 nm, but a more precise estimation can be done by analyzing
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Figure 6.2: Reconstructed probe’s intensity linear profile (a) and amplitude (b).

the reconstructed probe profile (Fig. 6.2). The beam size can be retrieved by measuring the FHWM
in the probe linear profile and by multiplying it by the pixel size at the sample plane which for this

configuration is around 31nm.
Az

npimdct

Pl sample =

(6.1)

where z is the sample-detector distance, in this case 7.2m in the forward direction and n is the recorded
data array size, 192 for us. The result is a beam size of around 110nm which is consistent with what
expected.

In order to collect the diffracted and transmitted intensity distributions while scanning the sample
across the probe, we used two Pilatus detectors. As shown in Fig. 6.1, a Pilatus 2M detector was
placed at 7.2 m from the sample in the transmission direction, while a smaller Pilatus 100k was placed
at the reflected Bragg direction at an angle 205 = 36 deg and at a distance of 1.03 m.

We started our experiment by finding a crystal at the precise Bragg angle at which our reflection
detector would collect the highest intensity (as shown in Fig. 6.3), then we defined a series of angles
centered around the Bragg angle and we performed a ptychographic acquisition at each of them. The
rocking curve showing the integrated intensities measured for a set of nine scans around the Bragg angle
can be observed in Fig. 6.4. Once defined the rocking curve, we performed a series of ptychographic

acquisitions by circular-scanning the sample.
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Figure 6.3: Recorded intensity on the Pilatus 100k detector. In (a) the Bragg angle is detected, while
in (b) the weaker intensity confirms that we are off the Bragg condition.
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Figure 6.4: Rocking curve for a set of scans. The peak of the rocking curve is located at the Bragg
angle which here is shown in lab coordinates at approximately -2.01 deg.

6.1.2 Data analysis

Each ptychographic data sets consisted of a series of 458 acquisitions of 0.5 sec in a grid of concentric
circles with a radial step size of 0.05 microns covering a field of view of 1.2x1.2 microns [45]. Pty-
chographic reconstructions, shown in Fig. 6.5, were performed with the use of the difference map
algorithm described in [51, 52]. One can notice that the obtained phase images were affected by a
linear phase ramp which was corrected, in a following step, with a removal method based on the search
of gradients, as described in Chapter 5 [59]. It is worth noticing that the presence of the linear phase
ramp was also a consequence of the fact that the field of view of each reconstruction also included other
structures as well as the edge of the sample support, as shown in Fig. 6.5. For this reason, we defined
a region of interest around the crystal in order to only concentrate the data analysis on that portion
of the reconstructed phase. The following step of our data analysis consisted on the comparison of the
different phases obtained for each rocking angle. To this purpose, we wanted to extract a linear phase
profile from each reconstruction. However, before being able to do so, an alignment step was necessary
so to make sure that the phase was extracted at the same position for each reconstruction. In order

to correct the drifts which affected the ptychographic reconstructions, we used a sub-pixel registration
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Figure 6.5: Sample’s reconstructed phase. The initial phase reconstruction presented a large field of
view, which included both the crystal and other structures, including the sample support (line on the
right). In order to conduct our data analysis, we decided to define a region of interest around the
sample as shown in Fig. 6.6. Each pixel in the reconstructed image corresponds to a size of 31.2 nm.
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Figure 6.6: Phase ramp removal. In order to remove the phase ramp we drew masks around the crystal
after defining a region of interest. The figure already shows the outcome of the data analysis where the
phase ramps is removed. The next step of the data treatment was to extract the linear phase profile
for each reconstruction obtained at different rocking angles. To this purpose we defined a line across
the sample (here shown in blue) and used its coordinates to retrieve the phase profiles shown in Fig.

6.7.
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Figure 6.7: Phase profiles obtained after the phase ramp removal and alignment procedures. Each
line in the graph corresponds to a different rocking angle around the Bragg condition (9 scans in
total). The figure allowed to quantify the phase difference between the area inside the crystal and its
surroundings, which resulted to be of approximately 0.18 rad. Furthermore here we can appreciate the
elevated phase sensitivity which we could achieve with the use of ptychography. In fact we were able
to differentiate the phase values obtained for different illumination angles within an interval of c. 0.03
rad.

method based on [61]. After the alignment step we were able to extract the linear phases from each
reconstruction and we obtained the combined profiles shown in Fig. 6.7. Here we observed a phase
shift between the Au particle and the surrounding area of about 0.18 rad, which is the expected value
for a crystal thickness of 102 nm, assuming a refractive index of § = 4.0 x 1075 for Au at 8.7 keV
[63]. More importantly, we observed that this phase shift varied slightly for different rocking angles
0 around the Bragg angle 6. In order to finely measure the resulting phase shifts inside the crystal,
which appeared to be of approximately 0.03 rad as shown in Fig. 6.7, further analysis were needed. In
particular we wanted to make sure that the noise outside the crystal was negligible if compared with
the phase shift inside the crystal itself. For this reason we wrote a Matlab routine to draw boxes of
same sizes outside and inside the crystal, as shown in Fig. 6.8. We then used the phase values in each
box to estimate the mean value and the standard deviation. In this way it was possible to calculate
the error which affected the reconstructions and to define error-bars which helped to establish if the

phase shift inside the crystal was bigger than the noise or not. As a result we obtained a curve of
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Figure 6.8: Boxes used to calculate the mean value and the standard deviation of the phase inside and
outside the crystal. In order to make sure that the phases contained within each box were comparable,
we used boxes of equal size both inside and outside the crystal.

the phase shift as a function of the rocking angle 6 showing nine points, one for each measurement,

with their relative error-bars, as shown in Fig. 6.9. The phase value for each scan (identified by the

correspondent angle) was calculated as

phaseqy.1 + phaseqy o + phaseq, 3 + phaseqy a

phaseq, = phaseqy, . — 1 (6.2)
where phase,, . is the average phase calculated in the box inside the crystal and phase,,; are the
phases calculated in the four boxes outside the crystal. The error-bars were calculated for each scan

by combining the standard deviation of the phase in each box following the formula

1 1 1
E€tot = \/Sg + EE% + EE% + EE% + *3421 (63)

where ¢;are the squared standard deviation inside and outside the crystal.

A comparison between the linear phase profiles and the phase shift curve is presented in Fig. 6.10.

95



Phase [rad]
=
e
>
S

g , \ L . ,
225 22 215 21 205 2 195 19 18 18
Theta [deg]

Figure 6.9: Error-bar plot showing the phase shift. The error-bars are represented for each scan with
an amplitude of +¢e4,;; the biggest error bar has an amplitude of +e,,; = 0.02 rad. The plot is centered
around the Bragg angle position, here corresponding to c. -2.01 deg in lab coordinates. Here we can
see that the maximum phase shift between the on and off Bragg conditions is around 0.03 rad, as
previously shown in Fig. 6.7. More details about the fitting procedure will be provided in the next
section of this Chapter.

6.1.3 Data fitting

In order to fit our experimental results we decided to use the equations derived in Chapter 2 for
the kinematical regime, where in a first approximation we decided to neglected thermal effects and
deformation factors.

As we already discussed, a kinematical approximation is legitimate in this experimental environment
because the sample’s thickness of 100nm is much smaller respect to the correspondent Pendellosung
distance, as shown in Table 3.1. However, it is worth mentioning that a pure kinematical theory
neglects the interaction between the transmitted and diffracted waves, which is the dynamical effect at
the basis of the phase shift that we were able to measure with our experiments. For this reason here we
propose a fitting based on the equations developed in Chapter 2, in an approximate quasi-kinematical
regime which would allow to relate the transmitted beam to the diffracted one.

In this approximate environment, we considered that the forward diffracted wave can be obtained

by the complex sum of the incident and reflected beams

Yr(Q) =v1(Q) + ¥Yr(Q) (6.4)
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Figure 6.10: (a) Linear phase profiles for different angles around the Bragg reflection and (b) transmit-
ted beam’s phase shifts as a function of the rocking angle Af = § — fg. The two figures both confirm
that the overall phase shift around the Bragg condition can be estimated as c¢. 0.03 rad.
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where ¥ (Q) = ¥ (Q)T (Q) and where, in analogy with Eq. 2.53, we can decompose the complex
amplitude of the scattered beam by only considering the phase contributions from each diffracting
plane, as

1 — etV

Yr(Q) = ¢¥1(QR(Q) = v1(Q)a 1

e (6.5)

where N is the number of planes being considered, « is a complex parameter which can be used to
adjust the fitting to experimental data and d; are the positions of the planes in the crystal'. The term
d is the 111 plane spacing, which is 0.235 nm for gold.

By using this set of equations, we wanted to describe how the generation of the reflected beam has
a perturbative effect on the forward transmitted wave. As a result, we were able to achieve a fitting

of the experimental curve by using the equation

T(Q)=1+aR(Q) (6.6)

where with the use of a real fitting parameter a = —0.013, we could obtain the curve shown in Fig.
6.11 (green lines).

The result discussed so far helped us understand the mechanism at the basis of the phase effect that
we were able to detect. However, our approximate fitting, while being able to track the experimental
curve, fails to give a complete and detailed theoretical description of the phase shifts that we were
able to observe. For this reason we started a collaboration with Vartanyants, Shabalin and Gorobtsov
[23], who performed a second fitting based on the dynamical theory of X-ray diffraction [27]. In this
model the complex wave field on the exit surface of the crystal was obtained with the use of Takagi-
Taupin equations [29], which were solved following the approach described in [2] in analogy with the
simulations presented in Chapter 4, which also referred to Au samples in the {111} reflection in the
case of ¢ polarization. The resulting fitting curves for the rocking curve amplitude and the transmitted
wave phase are presented as blue lines in Fig. 6.11, where we note the consistency with the approximate
quasi-kinematical fitting previously described. It is worth mentioning that the TT formalism used by
Vartanyants, Shabalin and Gorobtsov also compensates for the fact that while rocking the sample at

different angle we could not consider anymore the geometry of a symmetric Laue reflection.

Here we considered a polarization factor P = 1, corresponding to the o polarization of the X-ray beam that was
used to perform the experiment. Because this measurement was conducted while maintaining the X-ray beam always
perpendicular to the gold nanocrystal’s surface, the polarization factor could be considered as P = 1 for the entire length
of the experiment.
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Figure 6.11: (a) Rocking curve of diffracted intensity and (b) transmitted phase shift including both
the our customized quasi kinematical fitting and the dynamical fit curves obtained with the theory
described in Chapter 4[2]. The parameters used for our customized fitting were @« = —0.013 and
N = t/d = 426, where t = 100nm is the sample thickness. The dynamical diffraction fitting is
discussed in the text.
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In their recent paper, Gorobtsov and Vartanyants [2], also discussed the validity of the Ptycho-
graphic method used to perform these measurements. In particular they investigated the nature of the

object function by noting that in a typical ptychographic experiment one can write the exit wave as

Yegit (r —1j) = /G (r — 1)y, (v — ') dr’ (6.7)

where v, (r) = P (r) is the incident wave, or probe, r;j is the position of the beam on the sample and
G is the Green function [27] describing the propagation of X-rays in a crystal [64, 2]. By recalling the
equations developed in Chapter 5, we can note that the exit wave can also be written as ez (r — rj) =

O(r)P(r —rj) so that we can obtain

Of(r)= /G (r—r')dr (6.8)

which shows that the object function is defined by the Green function of the crystal. This equation
highlights several aspects related to the validity of our experimental method [2]. In particular, the
relationship between the exit wave and the Green function tells us that the phase of the transmitted
beam is completely defined by the sample structure and it is not affected by the incoming beam shape.
Furthermore, the possibility to extend the results obtained with the ptychographic method can be
extended to all beam shapes if the variations of the incident wave are smaller if compared to those of
the Green function [2]. In particular, Gorobtsov and Vartanyants highlighted that the Green’s function

variations reach at most the size of the Borrmann fan [27]

sin 20
Yovn

dBOTT"”L(lTLTL - d (6-9)

which for our Au nanocrystal of thickness d = 100 nm is dporrmann = 70 nm [2]. In order to asses
if our experimental results were affected by the incoming beam’s shape, we then need to verify that
the crystal lateral size was bigger than this quantity. Given that the gold nanocrystals used in our
experiments had a lateral size of 250 nm, well above the Borrmann fan, we are able to confirm that
our reconstructions were not sensitive to the shape of the incident wave.

For the sake of clarity, we highlight how the reduced size of the samples used in our experiments

implies a system which does not have a fully translational theory, for this reason the analysis showed
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above would require the use of a two-argument Green function, so that Eq. 6.7-8 should be function
of G (r,71").

Further considerations can be made regarding the divergence of the beam. As discussed in [2], in
order to establish if this factor is going to affect the experimental results, we should verify that the

following conditions are satisfied

Py r—
2dsin(20p) (610)

4
6)\/)\ < 4dsizg 0’

where 66 is angular divergence of the incoming beam and 0A/A represents the wavelength spread.
Following the results obtained, Gorobtsov and Vartanyants confirmed that for experiment conducted on
Au {111} crystals at 8.5KeV, the two conditions are comfortably met at third-generation synchrotron
facilities?. In addition to that, we however acknowledge that the results presented so far are not based
on a complete boundary conditions analysis, which would be required in order to fully present the
theory around the Borrman fan and the beam’s divergence. At this stage, we can understand that
the development of a complete boundary condition analysis would be necessary in order to refine the
theoretical apparatus presented so far and that this certainly can be seen as a next step to this Thesis
project.

It is worth highlighting that the dynamical fitting obtained for the experimental dataset discussed in
this Chapter is also consistent with the recently developed quasi-kinematical approximation described
in Chapter 4. In fact, as previously discussed, the simulations which compared the dynamical and
quasi-kinematical fittings showed an overall agreement, with an error of less that 5%, for crystals
with a thickness up to d ~ 0.8Ag [2]. We can confirm that this condition is fully satisfied for the
experimental results presented in this section, so that we can confidently assume that the curve that
we presented also describes, with a good approximation, the quasi-kinematical regime as defined by

Gorobtsov and Vartanyants.

2The experiments conducted on gold nanocrystals were performed at the energy of 8.7KeV. From calculations we
found that the impact of this change in energy does not impact on the validity of this statement.
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Chapter 7

Design and preparation of new

samples

After being encouraged by our results on gold nanocrystals, we decided to test our experimental
technique on other samples characterized by a different crystalline structure. In particular, it is worth
highlighting that the FCC crystalline structure of gold nanocrystals is composed by conventional unit
cells which only contain 4 atoms, disposed at the corners of the cubic unit cell volume. For this reason
one could argue that the detection of the transmitted wave phase shift could have been facilitated by
the use of a crystal with a rather elementary structure. In order to test the validity of our method we
then decided to prepare new samples with a higher number of atoms in the unit cell and, in one case,
by the presence of different elements. As a consequence we decided to use Si and InP, having both a
FCC crystalline structure with 8 atoms in their unit cells. A schematic representation of the different
unit cells is discussed in Fig. 7.1. In addition to that, we also wanted to avoid the problems that we
encountered when performing the Au nanocrystal experiment. In particular, the fact that the crystals
where deposited on a thin membrane, made the sample extremely easy to break. For this reason, in
order to have more robust samples, we produced structures by etching crystalline wafers. Finally, given
that we already knew the geometry of the experimental setup to be used, we designed our samples so
to arrange for the beam to be perpendicular to the block at the chosen Bragg conditions. In this way,

also the distance travelled by the incident beam was well-defined.
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Figure 7.1: (a) 3D view of the conventional unit cell for the FCC lattice. In this structure there are
8 atoms distributed as shown: the yellow dots represent atoms at the vertices of the cube, while the
green ones are at the centre of each facet. (b) 3D view of the Au conventional unit cell. Here we
consider 4 atoms whose spatial coordinates are shown in the figure. (c) Top view of the Si unit cell.
The coordinates are shown by each atom and the various shades refer to a different y-level. (d) Top
view of the InP unit cell, where the two components are shown in green and yellow, respectively. The
choice of placing the In at (0,0,0) is arbitrary and it might affect the results of the structure factor
calculation as it will be later discussed in the text.
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110

Figure 7.2: Schematic representation of our design. After identifying the [111] crystallographic di-
rection, we considered its perpendicular set of planes (black bold line and white lines). In order to
simplify the experimental setup, we cut a series of pillars (orange rectangles-top view) in such a way
that the incoming beam at the Bragg angle (blue arrow) would already be perpendicular to the pillars’
facets. ©p represents the Bragg angle.

7.1 Sample’s design

The first samples that we worked on were the Si ones and we started from a {110} monocrystalline
wafer. The starting idea for our samples was to obtain crystalline pillars by etching the wafer. Further-
more, because we wanted to observe the Bragg condition relative to the (111) plane of Si, we prepared
our pillars in such a way that a beam almost perpendicular to the pillars’ facets would have been able
to easily reach the requested angle. It is worth noticing that for the {110} wafer, both transmitted
and {111} Bragg reflected beams lie in the same plane as the wafer itself. A graphic representation of
this design is shown in Fig. 7.2. In order to define the orientation angle of our pillars we calculated

the position of the (111) plane respect to the [110] direction using the geometrical formulal!

cosp = Vi -V
(7.1)

_ —1 ViV,
¢ = cos (7|v1\'|vz|>

1Eq. 7.1 only applies to unit-lenght vectors.
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Figure 7.3: Lateral and top views of our samples. (a) We designed a set of Si pillars with same height
(10 microns) and lateral profile (4 microns) but different thickness (from 2 up to 32 microns). The
15x15 mm dimensions refer to the size of the mask that we used to draw the pillars. On each sample
we replicated the pillars series several times in order to have a backup from production defects or
eventual damages during the experiment. (b) Here is an example of how to perform a ptychographic
acquisition of a single pillar.

where Vi = 1x+1y+0z and V2 = 1x+ 1y + 1z so that the resulting angle between the two directions
was of 35.26 degrees. At this point it was necessary to determine the Bragg angle for the {111}
reflection and in order to do so we needed to also take into account the energy that we were planning
to use during our experiments. We estimated that the resulting {111} Bragg angle at the energy of
8.7 KeV was of around 13 degrees. By combining these two angles, we determined the inclination for
our pillars which resulted in 12 degrees respect to the [110] normal direction.

The single sample consisted on a silicon support with a set of equally spaced Si pillars at the top, all
with different thicknesses (from 2 up to 32 microns) but same width (4 microns) chosen to match the
piezo scan range. The reason for including a series of differently sized pillars was to observe how the
phase shift changed with the sample’s thickness. Because the pillars were of much smaller dimensions
respect to the size of the whole wafer, we cut the wafer into equally sized squares and replicated the
design several times. Also, within the same piece of wafer, we replicated the series of pillars in order to

have a backup in case of damages. The whole concept of our design is shown in Fig. 7.3. The resulting

design can be described as a comb whose teeth are of same width but of different thicknesses. The idea
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that we wanted to implement was to have a sample which, mounted perpendicular to the X-ray beam,
would have allowed us to easily find the Bragg reflection and to change the position on the sample by
moving from one pillar to another by simply shifting in one direction. The ptychographic acquisitions
was to be performed on a single pillar at once, by illuminating its facet and collecting the resulting
diffraction pattern in the far field.

A similar design was also used for the InP samples with the difference that in this case we used
a 100 wafer with the idea of performing the experiment by collecting diffraction patterns from three
distinct reflections coming from the (111), (220) and (222) planes. In this case we decided to incline
the pillars by 17 degrees respect to the [100] direction, but bearing in mind that the execution of this

experiment would have requested a change in the setup for each reflection.

7.2 Clean room production

The first step in preparing the sample was to cut the wafer into squares of equal sizes. The reason for
doing so was to have a number of backup samples, mostly justified by the fact that the etching process
that we wanted to use to cut our pillars is difficult to control. On one side we were not totally sure
about how to set the etching time and having a number of spare samples would have allowed us to
make few tries. What we wanted to achieve was to etch pillars 10 microns tall out of the substrate and
the risk was of either etching too much, thus destroying the sample, or not enough having too short
pillars. Having an height of around 10 microns was important for us because our idea was to perform
ptychographic acquisitions close to the top of the pillars, staying far from the support so to avoid
reflections that would have affected the diffraction patterns. Another reason for having more samples
was that, even after setting the correct etching time, it usually happens that different samples put
together inside the etching chamber will be etched in a different way because the flux of the etching
gas is not perfectly homogeneous.

In order to produce our samples we used the clean room facilities available at the London Centre
for Nanotechnology (LCN) which were easily accessible for us. The machine used to cut the wafer
consisted in a vacuum chamber where the sample had to be mounted on a magnetic support. The

magnets and the vacuum were used to secure the sample so to avoid movements that could have affected
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Figure 7.4: Starting point of the sample’s preparation. (a) The 110 Si wafer is mounted on a support
and inserted in a vacuum chamber where a compressed air saw will cut it into squares. (b) The
resulting squares of 1x1 cm.

the precision of the cut. The whole system was software assisted so that we could easily decide the
size of our squares, which in the end were of around 1x1 centimeters, as shown in Fig. 7.4.b. After
cutting the wafer, another very important thing was to remember the orientation of the wafer for each
square. As shown in Fig. 7.4, the orientation of the wafer was identified by a cut on one side of the
wafer itself, so before disassembling the original wafer we marked each square to remember were the
[110] direction was.

The following step in our production process was to prepare the squares for the electron-beam
lithography, which would have allowed us to draw the masks that we wanted to use for our pillars.
After removing the marked squares from the support we washed them with acetone and then we let
them dry on a hot plate. At this point we were ready to put the e-beam resist on each square. In
order to make sure that is was uniformly distributed on the samples’ surface, we used a machine
called spin coater, where the samples were processed once at a time. Spin coating is a commonly used

practice to achieve high-precision lithography. It consists on rotating the sample so that the interaction
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Figure 7.5: Photoresist deposition. (a) A single square obtained from the Si wafer. (b) E-beam resist
deposition with the use of a spin coater.

between the viscous and centrifugal forces permit to obtain a uniform photoresist film of controllable
and reproducible thickness. By using the spinner for the same amount of time for each square, we
were sure to have the same photoresist coating on all samples.

After this stage we were finally ready to implement our design by using the e-beam lithography.
This system operates by using a focused electrons beam which scans the sample and allows to draw
custom shapes by interacting with the electron sensitive resist. Again, it is a software assisted procedure
where the user interface allows to navigate the various samples mounted on the support in order to
decide where, on each sample, to draw the masks pattern. In order to better visualize the pillars,
we also decided to include a cross shaped mark of around 150 microns. Next to this cross we drew
on a line the series of equally spaced pillars as shown in Fig. 7.3.a. After processing the samples
with the e-beam we had to develop the resist with a solvent whose purpose was to keep the masks
exposed to the electrons beam, while dissolving the rest of the coating. This step was done separately
for each Si square by washing the pieces in the hot solvent at a temperature of around 80 degrees for
approximately 40 seconds. After developing the samples we dried them out with a hot plate and then

we checked on the optical microscope the presence of the masks. These steps are illustrated in Fig.
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Figure 7.6: (a) Samples mounted in the e-beam system support. (b) After developing the processed
photoresist, we checked the masks with an optical microscope.

7.6.

At this point we were finally ready for the last step: the plasma etching. In this part of the
production process we used a machine which used a high speed flow of appropriate gas to attack the
exposed silicon substrate in order to obtain our pillars. The masks impressed on the surface allowed
to preserve the shape of our pillars but the choice of the appropriate etching recipe, to be used for the
correct amount of etching time, was of primary importance. As illustrated in Fig. 7.7.a, the etching
process itself is too aggressive and by only using it to process our samples we would have ended up
with pyramid shaped pillars, this meaning that the masks would not have been able to endure for the
whole etching period. Instead, in order to protect the masks and obtain the block-shaped pillars, we
combined the deposition of C4Fg with SFg etching cycles.

In developing the InP samples we had to modify the etching recipe and this proved to be a not so
easy step since we did not have any previous experience in etching this material. We chose to process

the samples by having steps of Oy deposition followed by CHy /Hy etching cycles, also trying different
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Figure 7.7: Etching process. (a) Etching itself is extremely aggressive so that the masks would not be
able to persist. (b) If we combine deposition and etching, we can control the shape of the sample. Each
etching cycle is visible on the pillar’s edges and for our recipe of SFgwe estimated a 0.1-0.5 microns
etch per cycle.

etching times, starting from 30 minutes up to 2 hours. The result gave us pillars 11 microns tall after
etching for 30 minutes. As shown in Fig. 7.8.c the InP etching was more difficult and as a result
we had a massive presence of debris all over the sample when the processing time was too long. We
compared samples obtained at different etching times, from 30 minutes up to 2 hours and we could see
that after 30 minutes we had debris covering the surface of our samples, while after 1 hour we started

losing the shape of our structures.
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Figure 7.8: Etching results. a) and b) refer to the Si sample, while ¢) and d) show the result for the
InP samples. ¢) For etching times longer than 30 minutes, the samples were full of debris. We saw
that after one hour we completely lost the shape of our samples as a consequence of a too aggressive
etching. d) InP pillar obtained after 30 minutes. By comparing it with b) we can see how the InP
etching process was more difficult to control, as the shape of the pillar is less precise.
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Chapter 8

Si and InP: experimental results

In order to test the robustness of the experimental technique described in the previous Chapters, we
decided to perform similar measurements with the use of crystals characterized by more elaborated
unit cell structures. For this reason, we designed new Si and InP samples as described in Chapter
7. However we decided that more meaningful results would have been obtained when measuring
crystals of different thicknesses and for different crystallographic reflections. The outcome of these
new measurements will be discussed in this Chapter where, to the contrary of what presented for the
Au nanocrystals dataset, we will only adopt the fitting that we developed with the use of kinematical
equations, in what we defined as an “approximate quasi-kinematical regime”.

The experiments on the new samples were conducted at the 34ID-C beamline of the Advanced
Photon Source (APS) facility at the Argonne National Labs in Illinois, USA. In order to adapt our
experiment to a beamline different from the one used for gold nanocrystals, we had to change the
setup. In particular we did not use Fresnel Zone Plates to focus our beam, but KB mirrors which are a
more common setup for that beamline. At APS the white beam horizontal slit was located 27.5m away
from the hutch, acting as a secondary source set to 150um to define the coherence as explained in [65].
Inside the experimental chamber we had the coherence-defining JJ slits whose aperture was adjusted
several times during the experiments in accordance with the samples’ thicknesses. Fig. 8.1 shows the
part of the setup which controls the beam size. The focus size for a coherent beam is diffraction-limited
by the JJ entrance slits width d as fs;.. = AD/d where D is the distance between the JJ slits and the

focusing point. Further geometric considerations can be used to define the focal angle angle ¢, which
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Figure 8.1: Experimental setup: lateral view of the setup that was used to control the beam size. The
source was 27.5m away from the sample and the associated optics, where the longitudinal coherence
was set through another set of slits of 150 microns aperture. The JJ slits were used to modify the
aperture d, so that the angle ¢ changed accordingly.

is obtained by combining the JJ slits aperture d and the distance D’ between the pinhole and the focal
point as ¢ = d/D’.

The JJ slits size was used to control the rocking curve obtained when performing scans at different
angles, in total similarity with what we did in our previous experiment. In this case, as it will
be described in later sections, the rocking curves were measured using a scintillator detector which
collected the beam reflected from the sample. In order to finely tune our setup, before performing the
complete set of ptychographic scans we paid attention to the the rocking curve symmetry. In particular
we adjusted the JJ slits size in the horizontal direction so that the angular spread of the rocking curve
would have been bigger than ¢. It is worth noticing that, as shown below in Fig. 8.2, the width of the
rocking curve is related to the sample’s thickness, so for this reason we measured different curves for

different samples.

8.1 Si samples

A complete schematic representation of the experimental setup which was used to perform the new
set of measurements is shown in Fig. 8.3. In this case we used KB mirrors which were followed by

a 40 microns pinhole positioned 2.8cm downstream. The sample was mounted on a 3D piezo stage,
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Figure 8.2: Rocking curves simulations. Theoretical rocking curves are represented for different sam-
ple’s thicknesses. It is worth noticing that the intensity peak corresponds to the Bragg angle.

positioned 3.5cm away from the pinhole, where the silicon structures were attached flat to the support.
In assembling the setup, we wanted to have the beam parallel to the sample’s support, so that it could
hit the pillars facets perpendicularly. We were able to perform our measurements in this geometric
configuration and we obtained a resulting beam size of approximately 1 micron at the energy of 7.4
KeV. Behind the sample’s stage we positioned a scintillator inclined by approximately 30 degrees in the
horizontal plane, as represented in Fig. 8.3. This device was used in a similar way to the Pilatus 100K
detector which was part of our setup during the gold nanocrystals experiment. In fact, in order to get
the correct Bragg angle position we defined a range of angles and then rotated the sample accordingly.
We then illuminated the sample moving at all angles and we measured the reflected beam intensity
collected by the scintillator. The result of this acquisition showed the rocking curve, where the correct
position of the Bragg angle corresponded to the highest intensity.

Downstream of the sample we used a 1.7m flight tube to reduce air scattering and then a 1xImm?
beam stop which partially blocked the direct beam that had not been diffracted by the sample, so
to protect the detector from damages. The diffraction patterns were then collected using a Medipix
detector with a single module of 256x256 pixels of 55 microns size.

Before using our Si samples, we performed several ptychographic acquisitions on a test pattern in

order to retrieve the probe. Once obtained a good illumination function, we mounted the Si sample
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Figure 8.3: Top view schematic representation of the experimental setup. The scintillator was coplanar
with the sample stage and was positioned at an angle of around 30 degrees. In order to attenuate the
scintillator’s photons counts, so to prevent damages, we used aluminum foils which we had to add or
remove manually. In this schematic representation the beam direction is assumed from left to right.

Figure 8.4: Photos from the beamline. (a) shows the portion of the setup upstream the sample while
(b) is the downstream section.
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Figure 8.5: (a) Test sample layout, where the green square shows the 36 spokes siemens star that we
used as test pattern. (b) Amplitude of the reconstructed probe obtained from the test pattern.

and performed a set of measurements. During the data analysis step, we used the probe retrieved with
the test pattern as an initial probe guess for our reconstructions. It is worth noticing that the beam
could not be considered stable during the whole beamtime. For this reason we had to move back to
the test pattern and measure again the probe few times during the whole experiment. This step was
necessary in order to use the correct probe for the reconstruction of data acquired at different times
during the experiment.

By following the same approach used in Chapter 6, we could obtain a precise estimate of the beam
size starting from the amplitude of the reconstructed probe. In particular we derived the linear profile
of the probe’s intensity and measure its FWHM which in this case corresponds to 50 pixels, as shown
in Fig. 8.6. At this point, by applying the equation pizsgmpie = (Az)/(npizqe:) we observed that the
pixels size at the sample’s stage was of around 22nm'. By multiplying the pixel size by the FWHM
we obtained a beam size of 1.1 micron, which is consistent with what expected in this configuration.

It is worth highlighting that the shape of the probe obtained in this configuration is different from
what we showed in Chapter 6 for the gold nanocrystals experiment. In fact, in that case the probe
was round shaped while in this case we had a square probe. The explanation for this difference can
be given by observing that we used different focusing devices for the two experiments: the use of FZP
implies a round probe, while the JJ slits-KB mirrors cascade results in a square one. Furthermore, we

noticed that by adjusting the JJ slits aperture we could also modify the probe size, as shown in Fig.

LThe values used in this formula are: n = 256 pixels, pixqe; = 55microns, z = 1.93m and A = 1.675A.
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Figure 8.6: Probe intensity: linear profile.

8.7.

8.1.1 Si pillar: 4x4 microns

In this section we will discuss the experimental results obtained for the 4x4x10 microns® Si pillar.
Later in the Chapter we will also discuss similar results obtained for the 4x8x10 microns® Si pillar. It
is worth mentioning that both measurements were performed under the same condition, in particular
for both acquisitions we set our JJ slits apertures to 10x60microns? (HxV).

In performing this experiment we wanted to improve our fitting results and for this reason we
performed a larger set of scans on and off the Bragg angle. In complete analogy to what we did for
the gold nanocrystals experiment, we made sure to center our scans around the Bragg angle which for
this sample was the one correspondent to the {111} crystallographic reflection. By following Bragg’s
law, we calculated the theoretical Bragg angle for this configuration at the energy of 7.4 KeV, which
resulted in 15.49 degrees. As discussed in the previous section, we used a scintillator in order to set
the correct angular position of our acquisitions, which for this series corresponded to 7.987 degrees in
lab coordinates, as it will be later shown in the fitting curves presented at the end of this section.

As previously discussed in Chapter 6, the reconstructed pillars were affected by phase ramps, as

shown in Fig 8.8, and due to the large number of ptychographic scans that we performed for each
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Figure 8.7: The JJ slits - KB mirrors cascade. (a) This schematic representation shows that the JJ
slits aperture is set with a couple of values for the horizontal and vertical dimensions. Typical values
are 30x60microns® (HxV) so to have a rectangular aperture. The KB mirrors cascade is represented
with two lenses of different focal lengths, where the first lens KBjdefines the vertical dimension while
KB, defines the horizontal one. The typical focal lengths are 220mm for KB; and 110mm for KB,.
This 2:1 ratio has the effect of modifying the shape of the probe which results squared. (b) Starting
from a 30x60microns? (HxV) JJ slits aperture we obtain a square probe and then a square pattern in
the far field. (c) Starting from a 20x10microns?JJ slits aperture we have once again square probe and
diffraction patterns in the far field, but the size will change respect to case (b) as shown in the scheme.
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Figure 8.8: Phase of the reconstructed object showing (a) linear phase ramps and (b) after the phase
ramp removal process.

series, we also had considerable drifts. As shown in figures 8.8.b and 8.9.a, even after a first phase
ramp removal step, the reconstructions were still affected by a residual ramp. In order to correct it we
had to align the reconstructions and then run a second step of phase ramp removal by drawing custom
masks around each pillar, as already discussed in Chapter 6.

It is worth highlighting that we found the phase ramp removal process particularly difficult for
pillar samples. In fact, on the contrary to the Au nanocrystals case, where we had the sample at the
center of a large field of view which allowed to draw masks completely surrounding the object, here
we could only use a portion of the space. In particular with only three masks, one at each side of the
pillar, we found it difficult to completely remove the phase ramp. Once obtained the best phase profiles
that we could get, here shown in Fig. 8.9.b, we followed the same steps described in Chapter 6 and
extracted the phase shift values by defining blocks inside and outside the pillar where we calculated
the average phases. In this case we only had 4 boxes so that, for each angle, we could estimate the

phase as

phaseqy,1 + phaseqy o + phaseqy 3

. , (8.1)

phaseq, = phaseqy,c —

where phase,y ¢ is the phase calculated in the box inside the pillar. At this point we could also extract

the error-bars by taking into account the standard deviations ¢; of the phases calculated in each box,
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Figure 8.9: (a) Shows a set of phase reconstructions obtained for the Si pillar; each element of the
series corresponds to a different illuminating angle. Here we also show the corresponding linear phase
profiles. As one can notice despite showing an improvement respect to the phase shown in Fig. 8.8,
the reconstructions here presented still present a residual phase ramp. For this reason, a second step
of phase ramp removal was necessary in order to obtain the profiles shown in (b) which combines the
linear phases of the entire set of 15 acquisitions (the legend shows the angular lab coordinates of each
scan). It is worth noticing that the phase ramp removal procedure was much more complex respect
to what we observed for the gold nanocrystals experiment. This can be explained by noticing that in
this case we could only have phase removal masks drawn on three sides of the sample (left, right and
top of the pillar) instead of using the whole space surrounding it. This, in our opinion, affected the
overall quality of the data analysis.
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Figure 8.10: Fitting curves for the Si {111} sample with a thickness d = 4um. (a) Rocking curve and
(b) phase shift fittings obtained for o = —0.01¢?™ and N = 12.77 - 103, where the lattice parameter
for Si is a = 543.09pm. The angles are presented in the lab coordinates, where g = 7.987°, here
highlighted by the green dashed line. The error-bars are represented for each scan with an amplitude
of +g;.¢; the largest errorbar shown here as an amplitude of +g;,; ~ 0.25 rad.
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following the formula

1 1 1
Ctot = \/gg —+ 68% + §€% + 683 (82)

The fitting curves were in the end calculated by only following the quasi-kinematical approach that
we intuitively derived from the kinematical equations discussed in Chapters 2 ad 6. Relating to this,
it is worth remembering that the thicknesses of all samples discussed in this Chapter were still well
below the correspondent Pendellssung lengths®?. The fitting result for the complete set of scans is
shown in Fig. 8.10. The result shows a good fitting of the theoretical phase on the right side, while
the initial scans on the left don’t seem to follow the theoretical curve. As previously anticipated, the
6th scan in the series was affected by artifacts which could not be corrected, thus resulting in a large
deviation from the theoretical curve. Overall, this measurement allowed to detect a total phase shift
of approximately 0.3 rad.

It worth highlighting that the phase profile obtained for this sample presents a 7w phase shift if
compared with the previous curves obtained for the Au nanocrystal experiment. For this reason we

needed to use a complex fitting parameter
a = ape'® (8.3)

where ¢ = 7. A simulation showing how the additional phase factor affects the phase shift profiles
is shown in Fig. 8.11. We believe that this additional phase term was due to the geometry of the
experimental setup, which was different respect to the one used for the Au nanocrystal experiment,
as shown in Fig. 8.12. It is worth highlighting that the use of a complex fitting parameter requires a
theoretical justification that the simplified approach used to fit our experimental data does not allow to
define. During the data analysis conducted to retrieve the forward transmitted beam’s phase profiles,
the fitting parameter was tuned so to obtain curves which would come close to the profiles predicted by
our approximate fitting theory. We acknowledge that at this stage we are not able to provide a detailed

explanation for the nature of o, which certainly represents a limit to our approximate quasi-kinematical

2Here we neglected thermal and deformation factors and considered a factor P = 1, consistent with the ¢ polarization
of the X-ray beam used at APS. It is worth noticing that these considerations will also apply to all the data fittings
presented in this Chapter and that in doing so we used a simplified approach which did not take into account the
intermediate polarization states corresponding to the measurements conducted when collecting data under different
rotation geometries. In fact, when the scintillator position was moved out of the horizontal plane, as it will be later
discussed for the InP {220} and {200} reflections, the resulting intermediate polarization state would have implied a
correction to the polarization factor, whose complete determination would have required the development of a theoretical
apparatus which is outside the scope of this Thesis work.
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Figure 8.11: An additional phase component affects the transmitted wave’s phase by shifting its profile
in different ways. It is worth noticing that this effect is different in the Bragg’s angle region where the
zero-crossing point moves every time. On the other hand, off the Bragg condition the zero-crossings
remain always the same.
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Figure 8.12: (a) Lateral view of the ¢cSAXS setup. (b) Top view of the 34-IDC setup.
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Figure 8.13: (a) Silicon pillar phase reconstruction before the phase ramp removal procedure and (b)
after. (c) Phase linear profiles. The values in the legend are the angular lab coordinates of each scan.

fitting approach.

8.1.2 Si pillar 4x8 micron

Our experiment continued with a set of ptychographic scans performed on a nearby Si pillar of same
width (4 microns) but a larger thickness of 8 microns. We did not change the setup because we
were still interested in the {111} reflection and also the probe and the beam size were, with a good
approximation, the same. In conducting the data analysis we followed the same steps as above with
similar intermediate results. As one can notice from Fig. 8.13.c, few reconstructions could not be
corrected as they presented phase jumps and still residual ramps. In order to work on the theoretical
fittings, we had to remove the faulty reconstructions and concentrate on the best ones. In this way we
obtained the final fittings using 10 scans instead of 15. The final fitted results for both rocking curve
and phase shift are shown in Fig. 8.14.

In this case, while the rocking curve fitting is still a good approximation of the theoretical one,
the experimental phase shift results seem to follow the theoretical phase shift only around the Bragg
angle. Off the Bragg condition we still have a good fitting on the right side because the experimental
results follow the theoretical curve, despite having values higher than expected, while the left side is

still not as good. Overall, we were able to measure a total phase shift of 0.34 rad.
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Figure 8.14: Fitting curves for the Si {111} sample with a thickness d = 8um. (a) Rocking curve and
(b) phase shift fittings obtained for o = —0.01e!™ and N = 25.55-10°, where the lattice parameter for Si
is @ = 543.09pm. The angles are presented in the lab coordinates, where 5 = 7.9819°, corresponding
to the green dashed line. The error-bars are represented for each scan with an amplitude of t¢;.; the
biggest error bar had a size of +e4,; ~ 0.69 rad.
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Figure 8.15: (a) Scintillator position for the {111} reflection. In this case we can see that the scintillator
(black tube) lays on the sample’s plane. (b) For the {200} reflection the scintillator is inclined respect
to the sample’s plane.

8.2 InP samples

We continued our investigation performing a similar experiment on InP pillars. As previously discussed
in Chapter 7 the sample’s layout is similar to the one used for the silicon wafer. We etched a 100 InP
wafer and we modified the angular position of the pillars to 17 degrees with respect to the 100 normal.
The main difference with the Si sample was that, while always having a set of different thicknesses for
each pillar series, this time we also had 2 different lateral sizes: one of 4 microns and another of 6. In
this section we will only present results for the 6 microns InP pillar of 4 microns thickness, but this
time we will also refer to different Bragg reflections.

This experiment was once again performed at the 34ID-C beamline at APS, so for this reason the
setup was the same that we used for the Si case, as shown in Fig. 8.3. The only difference with the
previous setup was that we had to change the scintillator position in order to capture the different
reflections, as shown in Fig. 8.15.

Before performing acquisitions on the InP sample we used again the test pattern in order to
obtain an appropriate probe to use in our reconstructions. Because we also tried to used different JJ
slits apertures, we performed acquisitions on the test pattern for each one of them. Once again we
expected a beam size of around 1 micron but a more precise estimate could be obtained by analyzing
the reconstructed probe, whose intensity is shown in Fig. 8.16.

For this experiments we used an energy of 9 KeV and by following the same procedure described in
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Figure 8.16: (a) Reconstructed probe’s intensity linear profile and amplitude (b). The FWHM is of 50
pixels.

the previous section we measured a beam size of around 939 nm, which agreed with our expectations.

8.2.1 InP: {111} reflection

The first reflection that we wanted to analyze was the {111} because in that case the scintillator was
laying on the sample’s plane. The Bragg angle for this reflection was of around 11.66 degrees and the
scintillator was placed at around twice this angle respect to the sample. In analogy with the previous
set of measurements, we used the scintillator in order to derive the precise position of the Bragg
reflection and to define a set of angles around it. For this new acquisition series, we set the JJ slits to
10x50 microns? (HxV). It is worth noticing that because our pillar was larger than the one analyzed
in the Si case (6 microns versus 4 microns for the Si), we had to perform much longer scans. This
affected our reconstructions because as the scans took much longer to perform, we had considerable
drifts which we then needed to correct during the data analysis process. Fig. 8.17 presents the phase
reconstructions before and after the phase ramp removal steps.

In order to be consistent with the data analysis and to be able to compare the results obtained
for different angles, it was necessary to define the same region of interest for each scan. Because the
sample drifted downwards during the set of scans, we concentrated the analysis on the edge of the

pillar. In total analogy with what we did for the Si samples, we corrected the phase ramps and we
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Figure 8.17: InP pillar reconstructions for the before (a) and after (b) the phase ramp removal.

aligned the reconstructions in order to correct all drifts. The complete set of 9 scans is shown in Fig.
8.18. A larger plot summarizing the linear phase profiles is presented in Fig. 8.19.

Contrary to what happened in the Si case, the phase profiles were not flat inside the crystal and
also their width was different in few cases. This can be explained by the fact that the beam was
fluctuating during the extremely long time of our acquisitions. We went on with the data analysis in
total analogy with what we did for the Si case by drawing boxes of equal size, inside and outside the
pillar, and by calculating the average phase and the error for each angle. The experimental results were
then compared to the theoretical profiles obtained in the quasi-kinematical approximation defined in
Chapter 6, as shown in Fig. 8.20.

The phase fitting shows very large errorbars which are consisting with the noise already showed in
the linear phase profiles. However it is worth noticing that the phase shift profile is symmetric respect
to the Bragg angle and that the experimental phase values are close to the theoretical curve around

0p. Overall we were able to measure a total phase shift of 0.64 rad.

8.2.2 InP: {220} reflection

In order to perform acquisitions of the {220} reflection we had to slightly modify our experimental
setup by changing the scintillator inclination with respect to the samples’s horizontal plane. As shown
in Fig. 8.21, the sample was designed in such a way that for the {111} reflection the beam (red arrow
in the figure) only had to hit the pillar’s surface perpendicularly.

In order to collect the {220} reflection, we had to change the ¥ angle from zero to the appropriate
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Figure 8.18: (a) Series of phase reconstructions, each one corresponding to different illuminating
angles, after correcting for phase ramps and shifts. One can notice that the region of interest has been
considerably reduced respect to the complete field of view shown in Figure 8.17. (b) Linear phase
profiles extracted for each phase reconstruction.
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Figure 8.19: Phase profiles for different angles.
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Figure 8.20: Fitting curves for the InP {111} sample with a thickness d = 4um. (a) Rocking curve and
(b) phase shift fittings obtained for a = —0.027¢'™ and N = 11.8- 103, where the lattice parameter for

InP is a = 5.8687A. The angles are presented in the lab coordinates, where 65 = 14.769°, here shown
with the green dashed line. The error-bars are represented for each scan with an amplitude of +e;.;
the biggest error bar has a size of te;,; >~ 0.56 rad.

{110}

Beam

Figure 8.21: Top view of the sample layout. The pillars are designed in a way that the {111} reflection
could be found by just hitting the pillar perpendicularly. For this reason, in this configuration, the
scintillator lays on the sample’s plane. When we wanted to collect other reflections we had to incline
the scintillator at the appropriate O angle. It is worth noticing that the [100] in plane direction is at
45 degrees.
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Figure 8.23: Fitting curves for the InP {220} sample with a thickness d = 4ym. (a) Rocking curve and
(b) phase shift fittings obtained for & = —0.017¢‘™ and N = 19.32-10%, where the lattice parameter for

InP is a = 5.8687A. The angles are presented in the lab coordinates, where 65 = 19.749 here shown
on the green dashed line. The error-bars are represented for each scan with an amplitude of +¢;,; the
biggest error bar has a size of +&;,; ~ 0.69 rad.
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angle. The way we found it, was to first set the scintillator at twice the {220} Bragg angle, which at
the energy of 9KeV is 19.27 degrees. Then we also changed the ¥ angle to the correspondent Bragg
angle as well. At this point we started tilting the sample’s stage in both the ¥ and ¢ angular direction.
At this point we launched theta scans and used the scintillator to record the reflected intensity so to
obtain the correct position of the Bragg reflection in lab coordinates.

In performing this set of acquisitions we kept the JJ slits aperture to 10x50 microns? and launched
a set of 10 scans around the Bragg angle. After performing the usual steps of phase ramp removal,
alignment and average phase calculation, we were able to obtain better reconstructions and in fact the
phase profiles, shown in Fig. 8.22, are less noisy.

It is worth highlighting that we can still see that the phase profiles are not flat inside the pillar.
This is an important result because it demonstrates that what we found for the {111} reflection was
not an artifact due to bad reconstructions but a real structure.

We went on conducting our data analysis by performing the quasi-kinematical fitting of our exper-
imental results, as shown in Fig. 8.23.

Again the resulting rocking curve fitting was accurate, while the phase shift one was almost sym-
metrical with larger deviations from the theoretical curve happening off the Bragg, at both sides.

Overall we were able to measure a total phase shift of ¢. 0.62 rad.

8.2.3 InP: {200} reflection

In performing this last set of acquisitions we modified the JJ slits aperture by opening the horizontal
slits to 15 microns. Moreover, we also changed the scintillator inclination to 8 = 45 + 0, where the
Bragg angle is 13.49 degrees. After performing the set of procedures explained in the previous section,
we found that the position of the Bragg peak.

We performed a set of 12 ptychographic scans around the Bragg angle and after correcting for

phase ramps and lateral shifts of the sample, we obtained the linear phase profiles shown in Fig. 8.24.

In this case we can see that there is some noise that could not be corrected because in this case
the reconstructions were not as good as before, maybe again due to the long scans and the implied
difficulty in considering the beam stable for such a long time. However, despite a small phase ramp

still persistent, we can still see that there is a phase structure inside the pillar and in particular it
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[Pixel]

Figure 8.24: Linear phase profiles for the {200} reflection. The legend shows the complete set of
angular positions.

looks like this structure is more evident around the Bragg condition and tends to fade off Bragg.

At this point we went on with our analysis by drawing once again our boxes inside and outside the
pillar in order to retrieve the average phase and the errorbars measures for each angular scan. The
result is presented in Fig. 8.25.

In this last case the phase shift profile fitting presents once again considerably big error bars, but
the shape of the experimental curve is symmetrical and seems to mimic the shape of the theoretical

one. Overall the total experimental phase shift that we measured was of about 0.29 rad.
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Figure 8.25: Fitting curves for the InP {200} sample with a thickness d = 4um. (a) Rocking curve and
(b) phase shift fittings obtained for o = —0.028 and N = 13.63-10%, where the lattice parameter for InP

is a = 5.8687A. The angles are presented in the lab coordinates, where g = 58.985°, corresponding
to the dashed green line. The error-bars are represented for each scan with an amplitude of +e;,; the
biggest error bar has a size of +e;,; ~ 0.25 rad.
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Chapter 9

Conclusions

With the use of the Ptychographic imaging technique [13] we measured how the phase of an X-ray
beam transmitted through a thin crystal changes when a diffracted beam is generated inside the sample
for different rocking angles. A first experiment conducted on Au nanocrystals allowed to observe a
phase change which was found to agree with both a quasi-kinematical approximate model and the fully
dynamical theory of diffraction, evaluated numerically for the specific sample thickness, as discussed
in Chapter 6. Given the rather elementary unit cell structure of gold crystals, we decided to test
the robustness of our experimental technique by performing a second experiment on more complex
crystalline structures. In particular we wanted to see if the outcome of our measurements would have
been negatively affected by an increasing number of atoms within the unit cell and by the presence of
different elements. For this reason we designed and produced new Si and InP samples, by following
the steps described in Chapter 7. In order to perform a second series of experiments we re-designed
our experimental setup, in order to adapt it to a different synchrotron facility', by also using different
geometries which allowed to measure Bragg diffraction from different crystallographic planes. As a
result we were able to measure the phase shift of the transmitted beam as a function of the rocking
angle in full analogy with what we achieved for the Au experiment. A table summarizing the measured
phase shift amplitudes, together with the relative errors is presented in Tab. 9.1. This summary allows
to see that in all cases we were able to measure the phase shift of the forward diffracted beam and,

by referring to the profiles discussed in Chapters 6 and 8, we can also note that bigger errors were

IThe Au nanocrystal experiment was conducted at the cSAXS beamline at the SLS facility, while the Si and InP
measurements were performed at the 34ID-C beamline at the APS synchrotron.
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- ad Epax €pin Average £
Sample Thickness Reflection rad] radh {rod frad] AvefAd
Au 100 nm {111} 0.0290 0.0140 0.0032 0.0055 18.97%
4pm {111} 0.2983 0.1270 0.0539 0.0694 23.27%
Si
8 pm {111} 0.3422 0.3477 0.0490 0.1311 38.31%
{111} 0.6479 0.2823 0.1251 0.1740 26.86%
InP 4 pm {220} 0.6219 0.3482 0.1216 0.1974 67.17%
{200} 0.2939 0.1257 0.0876 0.1075 17.29%

Table 9.1: Here we present a summary of the phase shift values measured during our experiments. A®
is the maximum amplitude of the phase shift, while €,,42.min represent the maximum and minimum
sizes of the error bars calculated for each phase point. Furthermore here we also show the average
error-bar value obtained across the entire set of angular positions defining the rocking scan for each
phase shift profile. By comparing this value with A® we can have a measure of the errors in the
measured phases.

commonly associated to scans at angular positions well off the Bragg condition. An explanation for
this effect can be given by considering that the lower intensity of the scattered beam off the Bragg
angle implies a lower signal-to-noise (SNR) ratio which does not allow to correctly retrieve the phase.

A different aspect of the work illustrated in this Thesis is relative to the fitting of the experimental
curves. As already discussed, thanks to the collaboration with Vartanyants, Shabalin and Gorobtsov
[23], we were able to show a rigorous fitting obtained with the use of dynamical diffraction [38, 2], as
discussed in Chapter 4. However, we also proposed an approximate fitting based on quasi-kinematical
considerations, which proved to substantially agree with the more accurate dynamical theoretical
apparatus. Encouraged by this result, we decided to apply this same fitting to the other experiments
conducted on Si and InP, as discussed in Chapter 8. In order to establish the accuracy of our fitting

methodology, we decided to add an additional phase contribute 1 defined as

T(q)=1+aR(q)e™ (9.1)

as shown in Fig. 9.1. This empirical method allowed to determine that the fittings could be considered
correct within a phase interval of ¢ = 0 & 0.4 rad?.
In conclusion, through this Thesis work we could demonstrate the high accuracy of the phase that

can be measured using the ptychography approach. We believe that this quality arises directly from

2Similar results were obtained for the InP {220} and {200} reflections.
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the high coherence of the X-ray beam used. In fact, the beam traversing the crystal is coherently mixed
with the beam that passes around it, resulting in a deviation of the diffracted beam. The pattern of
these deviations is reconstructed as a phase image self-consistent for all positions of the sample probed
by scanning and the resulting phase is very accurate.

We believe that this experimental technique can find numerous applications if supported by an
accurate theoretical apparatus. To this purpose, in this Thesis we dedicated a section to discuss a
recently formulated quasi-kinematical approximation, developed by Gorobtsov and Vartanyants [2].
This theory allows to relate the phase shift of the forward diffracted beam to the phase of the unit
cell structure factor, so we can expect that the use of our experimental method, supported by the
quasi-kinematical equations would allow to directly solve the phase problem. In fact, as also discussed
in Chapter 6, the successful dynamical fitting performed on our experimental curves would also be
consistent with the results obtained in the quasi-kinematical regime. For this reason we believe that
our experimental technique is already accurate enough to provide meaningful results. Going forward,
the potential for this experimental and theoretical combination would allow to finely investigate the
structure of strained crystals, as well as to detect the structure factor of complex and multi component

materials.
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Experimental setup of Friedrich, Knipping and von Laue in 1912 as described in [16]. . .
Construction of a 2D crystal structure from the convolution of a lattice and a basis as
described in [1]. In this sketch we show how a crystal can be described as a regular

repetition in space of a basic structural motif, which is defined as the crystal unit cell.

In this figure the unit cell is described by the basis and is identified by vectors al and a2.

Young’s interference experimental setup as described in [7]. . . . . .. ... oL
Experimental setup as described in [8]. A quasi monochromatic X-ray beam hits a
crystal generating a forward-diffracted beam traveling in the rsy direction and a reflected

beam traveling along s;. In his paper Wolf described a method to determine the phase

of the spectral degree of coherence ps, (rso, rs;, @) at a pair of points Q1 (rs,) and Q2(r1).

Schematic representation of the setup used for the experiments presented in this Thesis
work. The sample was mounted in the Laue geometry on a 3D moving stage which
allowed for it to be rocked at different angles on and off the Bragg condition. The
corresponding rocking curves were measured with the use of the detector in the reflection
geometry Di. Furthermore, in order to perform ptychographic measurements, which
require the collection of multiple diffraction patterns at overlapping beams positions
projected on the sample, at each rocking angle the sample was also moved respect to
the beam so to perform a circular scan. The forward diffracted beams intensities where

then measured with detector Do. . . . . . . . . . ...

140

1

2
6



2.1

2.2

2.3

2.4

Schematic representation of an X-ray scattering experiment. The incoming beam is
characterized by the flux ®y which is proportional to the amplitude of the electric
field \Em\z and to the speed of light c¢. The scattered intensity is proportional to the
amplitude of the scattered electric field |E’md\2 collected by the detector as described in
[1]. Figure replicated following [1]. . . . . . . . . ... . ... .. .. .. ...
Scattering of an X-ray by an electron. In the classical description of this phenomenon,
the incoming beam is a plane wave with an associated electric field which is responsible
for the electron’s vibration (blue arrows). The incoming beam propagates along the
z direction and its electric field is polarized along the x axis (¢). On the other hand,
the scattered wave at an observation point X is spherical with a polarization along é’.
From geometric considerations one can write that sin ¥ = —¢ - ¢ where the minus sign
accounts for the 180° phase shift between the incoming and scattered waves as shown
in [1]. Figure replicated following [1]. . . . . . .. . .. ... .. . ..
Schematic representation of the scattering from an atom as discussed in [1]. In the
case of elastic scattering, one can write that |k| = |k’| = 2z/A. Furthermore the phase
difference between the two volume elements, one at the centre of the atom and one at
position r is given by the scalar product between the wavevector k and r . In addition
to that, the phase difference between the two scattered waves is given by —k-r. This can
be explained by following what was described in the case of the single electron, where
the second volume element at position r is located at the observation point X, so that
it has a wavevector k’ (in the plane wave approximation) and a 180° phase shift respect
to the element at the centre of the atom. By combining the two phase shifts one can
conclude that A¢ = (k — k') - r. Figure replicated following [1]. . . . ... .. ... ..
Schematic representation of the scattering by a molecule as discussed in [1]. Here the
molecule is composed by three atoms and the scattering vector Q is described within the
scattering triangle generated by the incoming and scattered beams. Figure replicated

following [1]. . . . . . . .
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2.5

2.6

2.7

2.8

Schematic representation of a 2D molecular crystal as discussed in [1]. Here we see that
at each point in the lattice corresponds a molecule. The lattice is defined by vector
R, and the distance between each lattice plane is given by d. In order to specify a
particular family of planes, once can use the 3D Miller indices (h, k, ) which identify a

set of points on the a; axes defined as (a;/h,a2/k,as/l). For different families of planes,

the spacing d is defined by d = ﬁ, where a is the elementary lattice parameter.
In this 2D figure, assuming that |a;| = |az| = a, we can assume to look at the family of

planes defined by the Miller couple (1,0), so that d = a. Figure replicated following [1].
Schematic representation of the equivalence between Bragg’s Law and Laue condition
as discussed in [1]. The scattering by the (0,1) family of planes in the real lattice is
represented in the reciprocal space, where we see that the amplitude of the scattering
vector is |Q| = 27/d. Figure replicated following [1]. . . . . . . .. ... ... ... ...
Schematic representation of an X-ray beam A incident on a layer of unit cells, as formu-
lated in [1]. The scheme shows that the transmitted wave T travels along the incoming

beam’s direction, while being affected by a phase shift. The reflected wave R is obtained

Apred

sin 0

by considering the complex reflectivity factor —ig, where g = as also discussed in
the text. Figure replicated following [1]. . . . . . . . . ... ... ... ... ... ...,
Schematic representation of the symmetric Bragg and Laue reflection geometries as
discussed in [1], where the angle formed between the exit beams and the crystallographic
planes is the same as the incident one. Here we consider a parallel and white incident
beam which is reflected by a perfect crystal with a relative wavelength band £ = (AM/A).
This effect can be explained by noting that even a perfect crystal, free from the presence
of defects, does not reflect a collimated beam perfectly, with an infinitely sharp response,
but it introduces an intrinsic width £. As a result of this effect, we have a variation of
the scattering vector, so that Q =mH(1 + ¢£). In the Laue reflection geometry, we see
that both the reflected and transmitted waves exit the crystal from the same surface.

The experiments that will be discussed in the following Chapters were realized using

this geometry. Figure replicated following [1]. . . . . . . . ... ... ... ... ....
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3.1

3.2

3.3

3.4
3.5

Dynamical diffraction schematic representation. (a) The incident beam interacts with
the specimen at different crystallographic planes. The diffracted beam is composed by
waves diffracted from different loci inside the crystal. (b) Schematic representation of
the diffracted beam obtained when scattering from all planes is taken into account. . . .
Anomalous transmission schematic. A thin (a) and a thick (b) crystals are illuminated
in the Laue geometry. (c) Transmitted intensity for the thin and thick crystals versus the
rocking angle. When the Bragg condition is met we observe a drop in the transmitted
beam for the thin crystal and a peak for the thick one. It is worth noticing that in
both cases the intensity of the transmitted wave is lower than the incoming one. This is
can be explained by taking photoelectric absorption into account and remembering that
I; = Ipe ot where pig is the absorption coefficient an t is the thickness of the crystal.
We can assume that in case (a) ot < 1, while in case (b) pot > 10. Figure replicated
following [26]. . . . . . . ..
Construction of the 2D Ewald circle as discussed in [1]. (a) A reciprocal lattice is shown
for points given by H =haj + ka3, with h = 1 and k = 2. (b) We define a circle of
radius k=AO where k represents the incoming wave vector. The scattered wave is also
represented by vector k' which in this case has equal modulus of k. The scattering
vector q is once again given by q = k — k and is represented by a chord in the circle.
(¢) By superimposing (a) and (b) we obtain the Ewald circle, where point O is the

reciprocal lattice origin. Figure replicated following [1].. . . . . . . ... ... ... ...

Multiple scattering in the Ewald circle as discussed in [1]. Figure replicated following [1].

Ewald circle for a beam containing wave vectors from Kpin t0 kmas as discussed in [1].

Figure replicated following [1]. . . . . . . . . . .. .
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3.6

3.7

3.8

3.9

Construction of Ewald’s sphere and dispersion surface retrieval. (a) If compared with the
vacuum case, the Ewald’s sphere has a shorter radius which takes the correction factor
(1 — %FFO) into account. Point O represents the origin of the reciprocal lattice, while
point H is the {hkl} reflection. (b) In order to find the two factors £ and £y we need to
graphically apply equation 3.16 which corresponds to subtracting quantity & (1 - %FFO)
from vectors Ky and Kg. Point A is a valid tie point from which wave vectors can be
drawn to O and H to represent permitted solutions of Maxwell’s equations. (c) The
dispersion surfaces are hyperbolic sheets and can be defined as the locus of tie points.
We can identify two branches: the one closer to the Laue point, L, is commonly called
« branch, while the other one is the 5 branch. It is worth noticing that the polarization
parameter P affects the definition of the dispersion surfaces, so that we will have a set
of two branches for the o polarization and another set for the 7 polarization (P =1 for
the o polarization and P = cos26 for the 7 one). Figure replicated following [26]. . . . .
Absorption associated with each tie point. The two curves relative to the a and [
branches are shown for different tie points and are derived as a difference from the upper
curve set to the value §g = %kFF(;l. If confronting with equation 3.18 one can observe
that the different behavior is contained within term — K cos 8 where K, # K, (/)/5 . The
diameter points are tie points that are in the Bragg condition configuration; this will be
explained later in the text. Figure replicated following [26]. . . . . ... ... ... ...
Tie points in dispersion surfaces. (a) Schematic representation of how to select a couple
of tie points by using the entrance point P. Vector PO represents the outside incident
wave vector, while AO and BO are the inside incident wave vectors. (b) Tie points for
the case where the normal vector to the entrance surface SS is parallel to LQ. If the
entrance point corresponds with L the Bragg condition is fully satisfied. Points Apand
Bpare called diameter points. Figure replicated following [26]. . . ... ... ... ...
Here we show the averaged energy flow associated with tie points A and B. Pointing’s
vectors S, and Sg for the flow of each point are perpendicular to the real part of the

dispersion curve at that tie point [26]. Figure replicated following [26]. . . . . . . . . ..
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3.10

3.11

3.12

3.13

3.14

Rocking curves for crystals in the Laue geometry. The taller curve is relative to a
thin crystal while the lower one describes the case of a thick crystal. Figure replicated
following [26]. . . . . . . . .
Forward diffracted beam representation. (a) The two components of the o and
branches are used to derive the forward diffracted beam integrated intensity for the
case of a think crystal. (b) Curves are shown for different thicknesses. A peak results
for the thick crystal, this accounting for the case of anomalous transmission. Figure
replicated following [26]. . . . . . . . .. ...
Schematic representation of the transition between the Laue and Bragg geometries as
described in [26]. The left perpendicular surface represents the Laue geometry, while the
Bragg case is represented by the horizontal one. The figure shows how the consequence
of illuminating the crystal in the Bragg geometry is that the two tie points lie on the
same branch of the dispersion surface (green and red points on the vector originating
from point Ps). More details can be found in the text. Figure replicated following [26].
Tie points in the Bragg geometry as presented in [26]. Here we see that tie point T3,
in green, does not provide a meaningful contribution to the generation of the diffracted
wave, because its associated energy flow vector S, flows across the crystal’s exit surface.
In the region delimited between points P, and P53 we do not have any vector intersecting
the dispersion surfaces: under this condition we have the “total reflection” region. Figure
replicated following [26]. . . . . . . . .. ...
Kato and Lang’s experimental setup as described in [36]. A wedge-shaped crystal (S)
is illuminated by an X-ray beam, collimated through a set of slits. Downstream from
the sample an additional slit placed at P only allows the diffracted beam to reach the
recording film F. In this arrangement, specimen and film can be moved back and forth
together (see arrow in the figure), so to record on the same film a diffraction topograph

from a large area of the crystal. . . . . . . .. ... ...
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3.15

3.16

3.17

3.18

4.1

Experimental results from Kato and Lang’s section experiment for the Silicon 440 re-
flection. Diffracted (a) and primary-beam (b) patterns. The figures show the comple-
mentarity of structure between diffracted and primary transmitted beams: the light
fringes in (a) correspond to the dark fringes in (b). Figure extracted from Kato and
Lang’s original article [3] and reproduced with permission of the International Union of
Crystallography. . . . . . . . e
Experimental data fittings for the Ga K « fluorescence, As K-RRS-8 and GaAs {111}
reflectivity as function of angle 0 at E; = E,?s — 6¢eV. The measured phase from the As
K-RRS-f yield was 8111 = 27(—0.090+£0.003), while for the Ga K « fluorescence 111 =
27(—0.093£0.002), both in accordance with the predicted values. Figure extracted from
[5] and reproduced with permission of the American Physical Society. . . . . ... ...
Schematic representation of Hirano and Momose’s experimental setup. The incident
monochromatic X-ray beam travels through a Bonse-Hart LLL-interferometer (triple-
Laue case) composed by three parallel wafers which act as X-rays half mirrors and which
are called beam splitter “S”, mirror “M” and analyzer “A”. When the X-ray beam incident
upon the S mirror satisfies the Bragg condition, the splitter creates two coherent beams
which travel in the interferometer and recombine at the A wafer level, producing two
outgoing beams, O and H, traveling in the forward and reflected directions, respectively.
Two detectors are then used to measure the resulting intensities. It is worth noting
that the sample is inserted in the interferometer on a moving support which allows its
rotation. Figure reproduced following [6]. . . . . . . . . ... ... ... ... ...
(a) Rocking curve measured on the diamond sample without the use of the LLL inter-
ferometer. (b) Measured intensity of the O-beam. (c) Theoretical curve for the O-beam
plotted following Eq. 3.56. Figure extracted from [6] and reproduced with permission

of the American Physical Society. . . . . . . . . ... ... oL

A crystal of thickness d is represented in the Laue (a) and Bragg (b) geometries, as

described in [2]. . . . .
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4.2

5.1

5.2

5.3

5.4
5.5

Comparison between the dynamical and quasi-kinematical approximation simulation
for the Au {111} reflection in the Laue geometry for a set of crystal thicknesses (d =
0.2,0.4,0.6Ap). (a) Shows the simulations obtained for the reflectivity function pg (A6),
while (b) collects the results for the simulated phase of the transmitted beam. In both
(a) and (b) the dynamical theory simulations are represented with full lines, while
the quasi-kinematical approximation results are shown with dashed lines. In order to
quantify the error between the two simulation, Gorobtsov and Vartanyants defined a

s d,00) = bayn (d,A0 o .
function € = | ~2dun ( o )( v ng) (.26) and found that the quasi-kinematical approach can
yn(d,

be used with an error of less than 5% up to Au crystals with thickness d ~ 0.8A¢ [2].

Figure adapted from [2]. . . . . . . . . .. L

Schematic representation of the setup used by Rodenburg and coworkers in 2007, ex-
tracted from his publication [11]. In this case the beam was focused with a pinhole and
the sample was mounted on a 2D piezo stage which moves on the yz plane. For each
probe position a diffraction pattern was recorded by a CCD camera at the Fraunhofer
plane (far field). Figure reproduced with permission of the American Physical Society. .
Schematic representation of how the PIE algorithm works on four overlapping probe
positions (circles) illuminating a region of an extended object (central square). Figure
replicated following [11]. . . . . . . . . . . o
Flowchart of the ePIE method. At j=0 initial guesses at both the sample and probe
waveforms are provided to the algorithm. Figure reproduced following [12]. . . . . ...
Difference Map algorithm flow-chart replicated following [53]. . . . . ... ... ... ..
(a) A linear phase profile varies between +8 radians, thus exceeding the [—m, 7] range.
(b) The reconstructed linear phase is only defined in the range [—, 7], so that for phase

values |¢| > 8 we see resulting jumps of 2. . . . . ... L
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5.6

5.7

5.8

5.9

5.10

1D phase unwrapping. (a) Wrapped phase values. The phase jump of -0.75 cycles does
not respect Nyquist’s criterion which demands for the maximum value allowed for a
phase jump to be 0.5. (b) Unwrapped phase values obtained by adding a complete cycle
to the last three values in (a). The unwrapped result is a phase ramp. It is worth

noticing that adding a cycle corresponds to adding 27 to the phases. Figure based on

Calculation of phase gradients for a set of four adjacent points. Here we assume to
move within the points in clock-wise order and to calculate the associated gradients. If
Z?:l d; = 0 the phase field is called irrotational. Figure reproduced based on [55]. . . .
2x2 array of wrapped phase values. (a) The loop integral calculated clockwise starting
from value 0.0 gives as a result value +1. In this case we calculate 6; = 0.2 —0.0 = 0.2,
and similarly we obtain d» = 0.3, J3 = 0.3 and d4 = —0.8 that violates Nyquist’s
criterion. In order to unwrap this set of values we should need to add one cycle to 0.0
so that it becomes 1.0 and §; = 1 — 0.8 = 0.2. In this way ;1 + 6o + d3 + 04 = +1.
If we now consider to start from value 0.0 and to recover the unwrapped phases by
using the calculated gradients, we can get either (b) or (c), where d4 is considered with
negative sign. This result shows that when the wrapped phase field is not irrotational,
the unwrapped solution is not unique. Figure based on [54] and [55]. . . . . .. ... ..
4x4 matrix of wrapped phase values as discussed in [54]. In the central part we can
extract a 2x2 array of residue +1. If this 4x4 system is part of a complete wrapped
phase field, we can imagine to center a 3x3 searching box around the +1 residue and to
move it around in the complete array to look for other non-zero residues. When one is
found, the two are connected by a cut. Figure replicated following [54].. . . . . . . . ..
Wrapped and unwrapped phase maps. (a) Residues have been calculated by choosing the
closest 27 multiple. In this map, two cycles in phase are represented by one revolution
of the color bar. (b) Same region of (a) but where cuts are in place before unwrapping,
so to avoid global errors. (c¢) A different region in the phase map showing a high density
of residues. The area is entirely isolated from phase estimation because no reliable phase

can be calculated in this region. Figures extracted from [54]. . . .. ... ... ... ..
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5.11

5.12

6.1

6.2
6.3

6.4

6.5

6.6

Phase ramp removal example. (a) Shows the phase ramp which affects the reconstruction
of a gold nanocrystal sample obtained with the difference map method, described in
[61, 52]. (b) In order to remove the phase, we drew masks around the reconstructed
object so to select empty space areas where the phase was the most relevant contribute.
The phase information contained in these regions was then used to correct the phase
ramps following [59]. . . . . . . .

Phase of the reconstructed object after the phase ramp removal procedure [59]. . . . . .

Lateral view of the experimental setup. A Fresnel zone plate is used to focus the beam.
The Au nanocrystals were placed at the focus with their {111} crystal planes oriented
at the angle ap with respect to the incoming beam. A 2D detector is placed in the
forward direction and another 2D detector in the direction of the Bragg reflection.
Reconstructed probe’s intensity linear profile (a) and amplitude (b). . . . . ... .. ..
Recorded intensity on the Pilatus 100k detector. In (a) the Bragg angle is detected,
while in (b) the weaker intensity confirms that we are off the Bragg condition. . . . . .
Rocking curve for a set of scans. The peak of the rocking curve is located at the Bragg
angle which here is shown in lab coordinates at approximately -2.01 deg. . . . . . . . ..
Sample’s reconstructed phase. The initial phase reconstruction presented a large field of
view, which included both the crystal and other structures, including the sample support
(line on the right). In order to conduct our data analysis, we decided to define a region
of interest around the sample as shown in Fig. 6.6. Each pixel in the reconstructed
image corresponds to a size of 31.2 nm. . . . . ... oL
Phase ramp removal. In order to remove the phase ramp we drew masks around the
crystal after defining a region of interest. The figure already shows the outcome of the
data analysis where the phase ramps is removed. The next step of the data treatment
was to extract the linear phase profile for each reconstruction obtained at different
rocking angles. To this purpose we defined a line across the sample (here shown in blue)

and used its coordinates to retrieve the phase profiles shown in Fig. 6.7. . . . . . .. ..
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6.7

6.8

6.9

6.10

6.11

Phase profiles obtained after the phase ramp removal and alignment procedures. Each
line in the graph corresponds to a different rocking angle around the Bragg condition
(9 scans in total). The figure allowed to quantify the phase difference between the
area inside the crystal and its surroundings, which resulted to be of approximately 0.18
rad. Furthermore here we can appreciate the elevated phase sensitivity which we could
achieve with the use of ptychography. In fact we were able to differentiate the phase
values obtained for different illumination angles within an interval of c. 0.03 rad.
Boxes used to calculate the mean value and the standard deviation of the phase inside
and outside the crystal. In order to make sure that the phases contained within each
box were comparable, we used boxes of equal size both inside and outside the crystal.
Error-bar plot showing the phase shift. The error-bars are represented for each scan
with an amplitude of +g,,; the biggest error bar has an amplitude of +¢;,; = 0.02 rad.
The plot is centered around the Bragg angle position, here corresponding to c. -2.01 deg
in lab coordinates. Here we can see that the maximum phase shift between the on and
off Bragg conditions is around 0.03 rad, as previously shown in Fig. 6.7. More details
about the fitting procedure will be provided in the next section of this Chapter. . . . . .
(a) Linear phase profiles for different angles around the Bragg reflection and (b) trans-
mitted beam’s phase shifts as a function of the rocking angle A§ = 6 — 0. The two
figures both confirm that the overall phase shift around the Bragg condition can be
estimated asc. 0.03rad. . . . . . . ...
(a) Rocking curve of diffracted intensity and (b) transmitted phase shift including both
the our customized quasi kinematical fitting and the dynamical fit curves obtained with
the theory described in Chapter 4[2]. The parameters used for our customized fitting
were « = —0.013 and N = t/d = 426, where t = 100nm is the sample thickness. The

dynamical diffraction fitting is discussed in the text. . . . . .. . ... ... ... .. ..
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7.1

7.2

7.3

7.4

7.5

7.6

(a) 3D view of the conventional unit cell for the FCC lattice. In this structure there
are 8 atoms distributed as shown: the yellow dots represent atoms at the vertices of
the cube, while the green ones are at the centre of each facet. (b) 3D view of the Au
conventional unit cell. Here we consider 4 atoms whose spatial coordinates are shown
in the figure. (c) Top view of the Si unit cell. The coordinates are shown by each atom
and the various shades refer to a different y-level. (d) Top view of the InP unit cell,
where the two components are shown in green and yellow, respectively. The choice of
placing the In at (0,0,0) is arbitrary and it might affect the results of the structure factor
calculation as it will be later discussed in the text. . . . . .. .. .. ... ... ... ..
Schematic representation of our design. After identifying the [111] crystallographic
direction, we considered its perpendicular set of planes (black bold line and white lines).
In order to simplify the experimental setup, we cut a series of pillars (orange rectangles-
top view) in such a way that the incoming beam at the Bragg angle (blue arrow) would
already be perpendicular to the pillars’ facets. © g represents the Bragg angle. . . . . .
Lateral and top views of our samples. (a) We designed a set of Si pillars with same
height (10 microns) and lateral profile (4 microns) but different thickness (from 2 up to
32 microns). The 15x15 mm dimensions refer to the size of the mask that we used to
draw the pillars. On each sample we replicated the pillars series several times in order
to have a backup from production defects or eventual damages during the experiment.
(b) Here is an example of how to perform a ptychographic acquisition of a single pillar.
Starting point of the sample’s preparation. (a) The 110 Si wafer is mounted on a support
and inserted in a vacuum chamber where a compressed air saw will cut it into squares.
(b) The resulting squares of 1xlcm. . . . . . . ... ... ... ..
Photoresist deposition. (a) A single square obtained from the Si wafer. (b) E-beam
resist deposition with the use of a spin coater. . . . . . . . . ... ... ... .......
(a) Samples mounted in the e-beam system support. (b) After developing the processed

photoresist, we checked the masks with an optical microscope. . . . . . . . . .. ... ..
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7.7

7.8

8.1

8.2

8.3

8.4

8.5

8.6

Etching process. (a) Etching itself is extremely aggressive so that the masks would not
be able to persist. (b) If we combine deposition and etching, we can control the shape
of the sample. Each etching cycle is visible on the pillar’s edges and for our recipe of
SFewe estimated a 0.1-0.5 microns etch per cycle. . . . . . . ... .. ... ... ...
Etching results. a) and b) refer to the Si sample, while c¢) and d) show the result for
the InP samples. ¢) For etching times longer than 30 minutes, the samples were full
of debris. We saw that after one hour we completely lost the shape of our samples
as a consequence of a too aggressive etching. d) InP pillar obtained after 30 minutes.
By comparing it with b) we can see how the InP etching process was more difficult to

control, as the shape of the pillar is less precise. . . . . . . . . ... ... ... ......

Experimental setup: lateral view of the setup that was used to control the beam size.
The source was 27.5m away from the sample and the associated optics, where the lon-
gitudinal coherence was set through another set of slits of 150 microns aperture. The
JJ slits were used to modify the aperture d, so that the angle ¢ changed accordingly. .
Rocking curves simulations. Theoretical rocking curves are represented for different
sample’s thicknesses. It is worth noticing that the intensity peak corresponds to the
Bragg angle. . . . . . ..
Top view schematic representation of the experimental setup. The scintillator was copla-
nar with the sample stage and was positioned at an angle of around 30 degrees. In order
to attenuate the scintillator’s photons counts, so to prevent damages, we used aluminum
foils which we had to add or remove manually. In this schematic representation the beam
direction is assumed from left to right. . . . . . . .. ... ... 0oL,
Photos from the beamline. (a) shows the portion of the setup upstream the sample
while (b) is the downstream section. . . . . . . . .. ... L L
(a) Test sample layout, where the green square shows the 36 spokes siemens star that
we used as test pattern. (b) Amplitude of the reconstructed probe obtained from the
test pattern. . . . . . . ..o e

Probe intensity: linear profile. . . . . . . . . .. ...
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8.7

8.8

8.9

The JJ slits - KB mirrors cascade. (a) This schematic representation shows that the
JJ slits aperture is set with a couple of values for the horizontal and vertical dimen-
sions. Typical values are 30x60microns? (HxV) so to have a rectangular aperture. The
KB mirrors cascade is represented with two lenses of different focal lengths, where the
first lens KBjdefines the vertical dimension while KBy defines the horizontal one. The
typical focal lengths are 220mm for KB; and 110mm for KBy. This 2:1 ratio has the
effect of modifying the shape of the probe which results squared. (b) Starting from
a 30x60microns? (HxV) JJ slits aperture we obtain a square probe and then a square
pattern in the far field. (c) Starting from a 20x10microns?JJ slits aperture we have
once again square probe and diffraction patterns in the far field, but the size will change
respect to case (b) as shown in the scheme. . . . . .. ... ..o oo L.
Phase of the reconstructed object showing (a) linear phase ramps and (b) after the phase
ramp removal ProCess. . . . .. .. Lo
(a) Shows a set of phase reconstructions obtained for the Si pillar; each element of the
series corresponds to a different illuminating angle. Here we also show the corresponding
linear phase profiles. As one can notice despite showing an improvement respect to the
phase shown in Fig. 8.8, the reconstructions here presented still present a residual phase
ramp. For this reason, a second step of phase ramp removal was necessary in order to
obtain the profiles shown in (b) which combines the linear phases of the entire set of
15 acquisitions (the legend shows the angular lab coordinates of each scan). It is worth
noticing that the phase ramp removal procedure was much more complex respect to what
we observed for the gold nanocrystals experiment. This can be explained by noticing
that in this case we could only have phase removal masks drawn on three sides of the
sample (left, right and top of the pillar) instead of using the whole space surrounding

it. This, in our opinion, affected the overall quality of the data analysis. . . . . ... ..
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8.10

8.11

8.12
8.13

8.14

8.15

8.16

8.17
8.18

Fitting curves for the Si {111} sample with a thickness d = 4um. (a) Rocking curve and
(b) phase shift fittings obtained for « = —0.01e!™ and N = 12.77- 103, where the lattice
parameter for Si is a = 543.09pm. The angles are presented in the lab coordinates,
where Op = 7.987°, here highlighted by the green dashed line. The error-bars are
represented for each scan with an amplitude of +e;4; the largest errorbar shown here
as an amplitude of &4y ~0.25rad. . . . . . . . . ...
An additional phase component affects the transmitted wave’s phase by shifting its
profile in different ways. It is worth noticing that this effect is different in the Bragg’s
angle region where the zero-crossing point moves every time. On the other hand, off the
Bragg condition the zero-crossings remain always the same. . . . . . . .. ... ... ..
(a) Lateral view of the ¢cSAXS setup. (b) Top view of the 34-IDC setup. . . . . ... ..
(a) Silicon pillar phase reconstruction before the phase ramp removal procedure and (b)
after. (c) Phase linear profiles. The values in the legend are the angular lab coordinates
of each scan. . . . . . . ..
Fitting curves for the Si {111} sample with a thickness d = 8um. (a) Rocking curve and
(b) phase shift fittings obtained for a = —0.01e!™ and N = 25.55- 103, where the lattice
parameter for Siis a = 543.09pm. The angles are presented in the lab coordinates, where
O = 7.9819°, corresponding to the green dashed line. The error-bars are represented
for each scan with an amplitude of +¢;,¢; the biggest error bar had a size of +¢&;,; ~ 0.69
rad. .. e
(a) Scintillator position for the {111} reflection. In this case we can see that the scintil-
lator (black tube) lays on the sample’s plane. (b) For the {200} reflection the scintillator
is inclined respect to the sample’s plane. . . . . . . . ..o oo
(a) Reconstructed probe’s intensity linear profile and amplitude (b). The FWHM is of
5O pixels. . . e
InP pillar reconstructions for the before (a) and after (b) the phase ramp removal.

(a) Series of phase reconstructions, each one corresponding to different illuminating
angles, after correcting for phase ramps and shifts. One can notice that the region of
interest has been considerably reduced respect to the complete field of view shown in

Figure 8.17. (b) Linear phase profiles extracted for each phase reconstruction. . . . . . .



8.19
8.20

8.21

8.22

8.23

8.24

8.25

Phase profiles for different angles. . . . . . . . . ... Lo
Fitting curves for the InP {111} sample with a thickness d = 4um. (a) Rocking curve
and (b) phase shift fittings obtained for a = —0.027¢!™ and N = 11.8 - 103, where
the lattice parameter for InP is a = 5.8687;1. The angles are presented in the lab
coordinates, where g = 14.769°, here shown with the green dashed line. The error-
bars are represented for each scan with an amplitude of +e;,; the biggest error bar has
asize of e ~ 056 Tad. . . . . .. L e e
Top view of the sample layout. The pillars are designed in a way that the {111} reflec-
tion could be found by just hitting the pillar perpendicularly. For this reason, in this
configuration, the scintillator lays on the sample’s plane. When we wanted to collect
other reflections we had to incline the scintillator at the appropriate ¥ angle. It is worth
noticing that the [100] in plane direction is at 45 degrees. . . . . . ... ... ... ...
InP phase profiles for the {220} reflection. The values in the legend refer to the angular
lab coordinates of each scan. . . . . . . ... o
Fitting curves for the InP {220} sample with a thickness d = 4um. (a) Rocking curve
and (b) phase shift fittings obtained for & = —0.017¢*™ and N = 19.32 - 10®, where
the lattice parameter for InP is a = 5.8687;1. The angles are presented in the lab
coordinates, where 0p = 19.749 here shown on the green dashed line. The error-bars
are represented for each scan with an amplitude of +e;,;; the biggest error bar has a
size of £epor =~ 0.69rad. . . . . . L
Linear phase profiles for the {200} reflection. The legend shows the complete set of
angular positions. . . . . . .. L L
Fitting curves for the InP {200} sample with a thickness d = 4um. (a) Rocking curve
and (b) phase shift fittings obtained for & = —0.028 and N = 13.63-103, where the lattice
parameter for InP isa = 5.8687;1. The angles are presented in the lab coordinates, where
fp = 58.985°, corresponding to the dashed green line. The error-bars are represented
for each scan with an amplitude of +&;,;; the biggest error bar has a size of +e;,; >~ 0.25

rad. .. e e
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9.1 Si(a) and InP (b) phase shift fittings for the {111} reflection. The green lines refers to

additional phase contributes of +0.4rad.. . . . . . . . . . ... oL



List of Tables

3.1

9.1

Table summarizing the Pendellosung lengths calculated for the samples used in the
experimental work analyzed in this Thesis. The calculation was performed by following

Eq. 3.39 with theuse of [28]. . . . . . . . .. .. ..

Here we present a summary of the phase shift values measured during our experiments.
A® is the maximum amplitude of the phase shift, while &,,44.min represent the maximum
and minimum sizes of the error bars calculated for each phase point. Furthermore
here we also show the average error-bar value obtained across the entire set of angular
positions defining the rocking scan for each phase shift profile. By comparing this value

with A® we can have a measure of the errors in the measured phases. . . ... ... ..
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