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Study programme: Physics

Specialization: Physics of Nanostructures

Prague 2014



motto:

Nullus est liber tam malus, ut non aliqua parte prosit

This work would be never finished without kind support of many people.
In the first place, I would thank to my supervisor Václav Holý for his helpful
advices and for sharing his extensive knowledge. At the most, I would appreciate
his patience that, indeed, fulfilled the definition from the vocabulary: ‘Content
to wait if necessary; not losing one’s temper while waiting.’

Also, I would express my gratitude to my colleague Zdeněk Matěj for every-
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Kĺıčová slova: (Ga,Mn)As, RTG difrakce ve vysokém rozlǐseńı, intersticiály, di-
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Preface

Since the second half of a previous century, the semiconductor electronics has
been enormously and continuously flourishing in the means of a performance
and a usage diversity. Essentially, its success in both categories has been driven
by the advancing miniaturization. Till now, the technology concept which uses
a transistor as an active element persists from its very beginning. Obviously,
current semiconductor devices cannot be shrunk neither to infinitesimally small,
nor behind atomic dimensions.

It seems that a call for the performance improvement will not quiet, moreover,
the need of a lower power consumption becomes more and more urgent. The
spintronics, introducing the spin degree into the devices, is one of several tries to
meet these demands. Completely new concepts of the information processing and
storing require new materials which allow to handle with spin polarization as well
as with classical charge currents. The ferromagnetic semiconductors, exhibiting
the magnetic ordering and semiconductor behaviour, are very promising materials
for such a purpose.

Obviously, the structural information on the ferromagnetic semiconductor ma-
terials is crucial for their further theoretical studies. In this thesis, we study a
structure of the (Ga,Mn)As, which is an archetypal diluted ferromagnetic semi-
conductor, by means of the x-ray scattering. The magnetism is brought into
this system by the magnetic impurities, manganese atoms, incorporated in the
GaAs host lattice. The exact position of the impurities and a possible presence
of other lattice defects affects both the magnetic and the charge-carriers trans-
port properties. The aim of our work is to test capabilities and limitations of
x-ray methods for the investigation of these impurities and defects in (Ga,Mn)As
epitaxial layers.

There are two main objectives of this thesis. Firstly, being experimentally
methodological, we want to develop a reliable approach using the High-resolution
x-ray diffraction to determine the impurity occupancy of the non-equivalent lat-
tice sites. In other words, to determine the degree of the sample perfectness
relatively to the structure intended by technologists. These structural parame-
ters are directly related to the functional properties of the material, therefore it
is desired to develop a non-destructive and commonly available probing method
for the routine samples characterization in order to feedback the technological
process.

The second objective, being of a principal nature, is to experimentally answer
the question which of the theoretically considered impurities positions in the host
lattice are occupied. There are still doubts if the occupancies of two specific in-
terstitial defects in different crystallographic positions are equal, or one of them
is more favoured and/or the presence of the latter is completely suppressed. An-
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other important aim is to answer the question how the annealing process, which
is often the final technological step of the material preparation, affects the de-
fects distribution in the lattice. It is just such density decrease of certain defects
suspected from the magnetic improvement of the material after the annealing
treatment.

We organize the text of the thesis as follows. Depicting the current state of the
art, we start with the introductory chapter. There, we describe briefly the tech-
nological development of the (Ga,Mn)As material together with some theoretical
predictions. The final properties are essentially susceptible to the condition of
the sample preparation. And since this is connected with the investigated struc-
tural information, we include some related aspects of the growth technique into
the text. Finally, we summarize the current experimental findings of various
techniques capable to reveal the structurally related information on (Ga,Mn)As.

The measured diffraction patterns by the High resolution x-ray diffraction are
interpreted by the comparison with the numerical simulation of the experiment.
Since we use the dynamical theory of the diffraction for such simulations, we de-
scribe its basics in the next, theoretical, chapter. Here, we focus on the derivation
of exact formulas used in our later calculations considering the most often system
of the (Ga,Mn)As epitaxial layer on the GaAs (001) substrate.

In the third chapter, we describe the (Ga,Mn)As material from the structural
point of view. Here, we discuss the relation between occupancies of the partic-
ular lattice positions and the scattering power of the material with respect to
the scattered-wave direction relatively to the incident primary x-ray beam. From
that, we derive the measurement strategy and expected sensitivity to the occu-
pancies. The influence of the local structural distortion due to the presence of
the non-native atoms in the GaAs lattice is discussed, as well.

Since the main experimentally method used in this work is the High resolution
x-ray diffraction, we dedicate the forth chapter to the experiment description. The
one of the thesis aims is the development of a routine laboratory characterization
procedure. Therefore, we describe thoroughly the laboratory equipment and the
diffraction measurement using the specific High resolution diffractometer. The
advantages of various measurement approaches are discussed in order to suggest
the most robust measurement strategy.

Further, we introduce the sample set dedicated for the experimental demon-
stration of the laboratory High-Resolution x-Ray Diffraction method described
in previous chapters. Here, we present a laboratory measurements. We interpret
these results by the fitting of experimental data with the theoretical simulation.
The optimization procedure is introduced and discussed. The obtained most
probable densities of the Mn atoms in different lattice positions are presented
together with their uncertainties. We discuss some limitations of our interpre-
tation, mainly the most controversial assumption of the theoretical occupancy-
predeterminated lattice expansion.

In the sixth chapter, we verify the speculation on the surface degradation
during the annealing. We performed this experimental proof with the x-Ray
Absorption Spectroscopy measurement. We show that during natural ageing and
annealing, the Mn oxide layers is formed on the surface. In the contrary, the
rinsing in HCl successfully removes this oxide away.

The seventh chapter introduce the anomalous diffraction techniques, which
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use the significant change of the scattering power of certain element within the
small energetic range around its absorption edge. Here, we discuss how this
phenomena is manifested in the diffraction contrast of the Mn atoms in various
lattice positions. With no apriori assumptions on he samples studied in the
previous chapter, we interpret the synchrotron measurement of them obtaining
some parameters to be compared with previous results.

Focusing to the annealing process in the fourth chapter, we postulate a the-
oretical model of the mobilized-impurities migration. We formulate the drift-
diffusion equations describing the local change of the impurities density when the
material is exposed to the air-ambient heating. The solution of these equations
represents the change on the structural level of the (Ga,Mn)As induced by the
heating. Therefore, the resulted model is discussed with the intention to inter-
pret, later, the experimentally determined occupancy changes after the annealing
treatment.

In the next chapter, we drive our attention to the analysis of the our samples
annealing. Using the theory introduced in the previous chapter, we seek for
the drift-diffusion equations solution comparable with the previously obtained
structural information on the samples in various annealing states. This allows
to estimate very roughly the parameters controlling the atom migration within
the annealing temperatures. We discuss the relevance of our annealing model
consisting of a migration of mobile defects in the internal electric field.

Our focus turns from the diffraction to the x-ray reflectivity in the tenth chap-
ter. Here, we present a short study of (Ga,Mn)As/AlGaAs multilayer samples.
The specular x-ray reflectivity curves, measured on samples with different Al con-
tent, are fitted with the numerically simulated data. From the comparison, the
depth profiles of the average electron density follows. Since the mean electron
density in the AlGaAs is well predictable, we speculate on the determined depth
profiles of the densities using AlGaAs constituent layer as a referential one. Al-
though the unit cell in the (Ga,Mn)As constituent layer is undoubtedly larger
with respect to GaAs, we show that the mean electron density in (Ga,Mn)As can
be larger or smaller than that in GaAs. From the exact experimental values we
are able to estimate the ratio of the Mn in substitutional and interstitial lattice
positions.

In last chapter, we study the spatial distribution of the elastic strain in pat-
terned uniform (Ga,Mn)As micro-bars epitaxially bounded with a GaAs sub-
strate. The elastic strain field manifests in the diffracted intensity distribution
in the reciprocal space. We compare the data for several samples measured at
the synchrotron facility with the numerical simulation. These consists of a strain
field calculation in the arbitrary shaped micro-bar and of a diffraction experiment
simulation using the calculated strain field.

Finally, last pages of this thesis text summarize and synthesise all generated
conclusions.
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Chapter 1

Overview of Gallium Manganese
Arsenide research

In this introductory chapter, we want to summarise the state of the art in Diluted
Magnetic Semiconductor (DMS) research with emphasis on Gallium Manganese
Arsenide ((Ga,Mn)As). We will introduce the basics of the theoretical back-
ground to make clear the motivation for the finding new DMS materials that are
promising for the spintronics applications [1], for instance, non-volatile memory
devices [2–4] or low-voltage transistors [5, 6]. Besides the introduction to last-
decades findings on properties of the new materials, we will briefly describe the
preparation of the (Ga,Mn)As material using Molecular Beam Epitaxy (MBE)
technique. Together with that, we will mention the difficulties of such a growth
and consequences for resulting samples. Since the main topic of this thesis is the
structural analysis, we will make an overview of commonly used experimental
methods for the structural investigation of (Ga,Mn)As. x

1.1 Diluted magnetic semiconductor

The standard semiconductor transistors, whose density on a chip still more or less
obeys the predictive Moore’s law [7], cannot keep going smaller forever as their
size is physically limited. Moreover, a contemporary architecture of separated
logic and memory elements limits the speed of devices because information has
to be transferred between them via metal wires. Even if people were happy with
the speed and the size of their computers and smart phones, such devices would
spent a lot of electricity on calculating, on storing information and consequently
on cooling of heated chips. Those are several reasons why the need of new concepts
of electronic devices has arisen. There is a hope that such an answer can be given
by the spin transport electronics (SPINTRONICS). Its development could lead
to power saving high speed devices, moreover, devices whose functional and non-
volatile storing capability could be integrated together.

The roots of the spintronics can be identified with the discovery of the Giant
Magnetoresistance effect in 1988 [8, 9]. The concept including the spin degree of
freedom into the electronics, which is based on the charge carriers current [10], in-
duced the searching for the appropriate materials. Such materials that offer both
a semiconductor behaviour and a ferromagnetic ordering are ferromagnetic semi-
conductors, e.g., certain metal oxides doped by Mn, Cr, Fe, Co or Ni [11, 12]. The
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reasonable approach, apparently, is to build on basics of a conventional semicon-
ductor electronics in order to keep the compatibility with the current technology.
In other words, a new material is derived from the well known and widely used
non-magnetic semiconductor material that is improved by the introducing some
magnetic ions into its lattice. Such a material is known as DMS. The dilution is
related just to those magnetic ions carrying the magnetic moments whose mutual
interaction is indirect and it is mediated by the charge carriers.

The attention was firstly drawn to DMS based on II-VI type of semiconduc-
tors, e.g., (Cd,Mn)Se and (Hg,Mn)Te [13, 14], and on IV-VI type, e.g., PbSnMnTe
[15]. Those materials are substitutional solid solutions, which form stable phases
even for higher atomic concentration of a magnetic element. Studying of such
compounds led to a better understanding of the magnetic ordering mechanisms
in DMS, but their Curie temperature was very low.

The DMS based on III-V semiconductors would be for its compatibility opti-
mal for the integration of the DMS into the at least experimental devices [16–18].
Those semiconductors, e.g., GaAs or InAs, are commonly used for optoelectron-
ics and a high-speed electronics. In the contrary to the previously mentioned
ternary alloys, the main problem is the low solubility of a magnetic element in
the III-V compounds. The magnetic dopant atoms tend to segregate and to create
incoherent binary-phase clusters in a semiconductor matrix [19, 20].

This evident obstacle was overcome using a non-equilibrium crystal growth
technique, i.e., Low-Temperature Molecular Beam Epitaxial (LT-MBE) growth.
The substrate is heated below the usual growth temperature and the meta-stable
phase is obtained. Consequently, no segregation of dopant is observed and all
magnetic ions are incorporated into the semiconductor lattice. Obviously, this
technique produces additional crystal defects, such as vacancies and anti-sites
(cations in anionic positions and vice versa).

The first adept for the LT-MBE growth of III-V DMS was the InAs as it
seemed to be suitable choice for its relatively small bond energy. Being doped by
the Mn atoms, the (In,Mn)As was prepared [21, 22]. The ferromagnetic ordering
for Curie temperature below 7.5 K was observed in the p-type DMS [23]. These
works were followed by the successful growth of p-type (Ga,Mn)As with Curie
temperature (TC) being 60 K. [24].

1.2 Gallium Manganese Arsenide

Since its first preparation, the DMS material research focused on the (Ga,Mn)As.
It is sometimes denoted as Ga1−xMnxAs, where x corresponds to the atomic frac-
tion of Mn ions at the expense of Ga. After 12 years of intensive growth opti-
mization, the Curie temperature has been risen to 180 K [25], but it is still far
below room temperature. Last progress in this field indicates that this material
will not be practicably usable for the future commercial spintronics devices be-
cause it is necessary to cool it strongly. Nevertheless, it became an archetypal, or
model, DMS material for its compatibility with a contemporary semiconductor
technology and for its relatively high Curie temperature. Such a temperature is
sufficiently convenient for the experimental devices testing spintronics concepts.

The GaAs has a zinc-blend crystal structure. Each Ga atom is surrounded
by four As neighbours forming a tetrahedron and vice versa. The Mn atoms,
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incorporated into this structure during the growth, sit in the Ga (substitutional)
positions bringing the local magnetic moment 5µB. In addition, these atoms act
as acceptors due to the lack of 4p valence electron. The infrared spectroscopy
experiments [26, 27] and the photoluminiscence experiments [28, 29] indicate that
the substitutional Mn is the a moderately shallow acceptor. The details can be
found in the review [30].

As we mentioned above, the non-equilibrium LT-MBE growth produces point
defects in GaAs. It is assumed that the major defect in pure GaAs is an As
anti-site due to the As overpressure during the growth. Some Ga sites are oc-
cupied by As atoms, and from the ideal crystal’s point of view, they are located
in ’wrong’ places. They bring two extra electrons per defect, i.e, As antisites are
double donors. In low-temperature GaAs (LT-GaAs), they cause n-type conduc-
tivity. In case of p-type (Ga,Mn)As, they compensate the holes partially. If the
material is heated up to 450 ◦C, the As anti-sites diffuse close together and form
As precipitates. Therefore, their density in the surrounding lattice decreases [31].
Unfortunately, the (Ga,Mn)As would be destroyed by the simultaneous segrega-
tion of substitutional Mn forming Mn precipitates [21, 32]. Still we can decrease
the anti-site density already during the LT-MBE growth using As dimers instead
of As tetramers in the MBE chamber [33].

In addition to the brief structure description, there are two non-equivalent
interstitial spaces surrounded also by four Ga (or As) atoms forming tetrahedrons.
It was shown that Mn atoms are incorporated also to these interstitial positions
during the deposition [34]. From the theoretical calculations, it follows that each
such interstitial Mn, being double donor, compensates two substitutional atoms
[35]. Moreover, it orients its magnetic moment anti-parallelly to the moments of
the substitutional atoms [36]. Since, the net magnetic moment is decreased [35].

The number of interstitials is very low for a low total Mn content [34]. For
total Mn content of 2%, almost all Mn ions are expected in the substitutional
positions[37].

Similarly to the anti-site, the Mn in the interstitial positions can be isolated
by the annealing, as well. It results in the improvement of the (Ga,Mn)As in
sense of a higher TC. The annealing increases a net magnetic moment and also a
charge carrier density. However sometimes, the latter increase is not considered
as an improvement as it pushes the material close to a semi-metals. Firstly,
the temperature can be comparable with the low-temperature growth for which
the substitutional Mn atoms are stable[38] and the material does not degrade to
GaAs with Mn clusters. Secondly, the Mn in interstitial positions diffuse towards
the free surface of the material, where they are passivated by the oxygen creating
Mn-rich oxidized layer. It is assumed that the mechanism is jumping of atom
between the neighbouring interstitial positions [39]. The annealing procedure
is necessary in particular for samples with higher total Mn content where the
many of interstitial defects are created and nearly all substitutional Mn atoms
are compensated.

On the other hand, if the annealing of (Ga,Mn)As is performed at higher tem-
peratures compared with those of LT-MBE, Mn atoms tends to segregate forming
Mn-rich clusters [32, 40–52]. Generally, it does not matter if the (Ga,Mn)As pre-
cursor is grown by LT-MBE [32, 40–42, 46, 47] or it is ion-implanted GaAs with
Mn [43–45]. These cited works mostly agree on two types of clusters. Firstly, for
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the annealing temperatures around 500 K, the abundant smaller (≈ 6 nm) tetrag-
onal clusters having a zinc-blend structure are observed. In fact, it is not certain
if it those are pure zinc-blend MnAs, or they are just Mn-rich nano-regions of
(Ga,Mn)As with extremely low content of Ga. Their crystal lattice is fully coher-
ent with the surrounding host lattice. These clusters exhibit weak ferromagnetic
behaviour, i.e., small coercivity, but with TC well above the room temperature
(360–400 K) [43, 44, 49, 52]. Secondly, for the annealing temperatures around
600 K, the larger (≈ 20 nm) spherical clusters of a pure metallic MnAs are
observed. These clusters corresponds to the hexagonal NiAs-type phase, often
labelled as α-MnAs. These clusters coherently embedded in host GaAs lattice
are ferromagnetic with TC around 310–320 K [40, 45, 47]. However, the annealing
temperature is not determinative on the type of the clusters, but the defect den-
sity and the placement of Mn atoms in the precursor lattice has its role, as well
[41]. Nevertheless, the materials with segregated Mn although being magnetic
are not DMS at all.

The ferromagnetism in zinc-blend DMS can be described by the Zener model
([53, 54]), which was originally proposed for transition metals. This description
allows to explain and successfully predict the Curie temperature of acGaMnAs
from the effective Mn density (ceff) and the carrier (hole) density (p) [55]:

TC ∝ ceffp
1/3 . (1.1)

Such a relation has been experimentally observed [56–58]. The effective Mn
density is the density of magnetically uncompensated substitutional Mn atoms,
i.e., the difference between those in substitutional and interstitial position. In
addition, the interstitial Mn atoms together with other structural defect affect
(decrease) the density of the holes p.

The DMS materials are interesting mainly due to their magnetotransport
properties. Just these properties decide on a potential use of such a material. And
just these properties, being measured and compared to theoretical predictions,
can affirm or reject our picture, or model, of the (Ga,Mn)As. The description
of such a phenomena as temperature-dependent resistivity, (anisotropic) magne-
toresistance, (anomalous) Hall effects are beyond the intention of this work. The
details can be found in reviews [30, 59].

1.3 Growth and preparation of (Ga,Mn)As

Of course, the making of the sample itself is crucial for the future properties of
the sample. We are not going to describe details of this art, but we will briefly
mention the basics of (Ga,Mn)As preparation as some of those facts are important
and sometimes limiting in the structural characterization of (Ga,Mn)As layers,
which is the topic of this work.

Molecular Beam Epitaxy is a usual method for the making of the new ma-
terials, especially for epitaxial, i.e., monocrystalline, layers on monocrystalline
substrate. It allows to control many parameters, such as ratio of fluxes of the
individual molecular beams, substrate temperature, deposition rate and many
others. The optimal parameters are not exactly known when tailoring new mate-
rial. This wide tunability allows to control precisely the final composition (dop-
ing level) and thickness. Another advantage is the possibility of monitoring the
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growth by the reflection High-Energy Electron Diffraction during the operation.
The MBE experimental setup is illustratively shown in Figure 1.1.

Figure 1.1: The MBE device Veeco in the MBE Laboratory in the Institute
of Physics of the ASCR. The picture was taken from http://department.

fzu.cz/surfaces/mbe/soubory/veeco/veeco.htm

For certain parameters controlling the deposition, the non-equilibrium growth
can be enabled. Such a growth is necessary for the successful obtaining of the
(Ga,Mn)As epitaxial layer. The main controlling parameter is the substrate tem-
perature. Its influence on the resulted structure is schematically depicted in the
Figure 1.2, which was adopted from Reference 17. To keep the stable temperature
of the substrate can be tricky task. For instance, the temperature change of the
substrate during LT-MBE deposition has been reported, and it was caused by the
changing absorption/emission characteristics of the growing epitaxial layer (also
called epilayer) [60].

Usually, the growth is operated with low ratio of arsenic to gallium to suppress
the incorporation of the As antisite defects [33]. (Ga,Mn)As epilayers grown with
As2 dimers exhibit better structural, electrical, and magnetic properties than
those grown with As4 tetramers [33].

It was demonstrated that as-grown samples can be improved in term of Curie
temperature by a post-growth annealing when exposed to ambient air [34, 39].
During such an annealing, the interstitials diffuse through the (Ga,Mn)As lattice
towards the free surface. There, they are passivated and create a thin Mn-rich
oxide layer [61–63].

Very similar results were obtained when annealing was performed with an
amorphous arsenic capping layer [64, 65]. The difference is that the Mn intersti-
tials form then MnAs with the arsenics in the capping layer. Since, the mechanism
of the passivation is little bit different.

http://department.fzu.cz/surfaces/mbe/soubory/veeco/veeco.htm
http://department.fzu.cz/surfaces/mbe/soubory/veeco/veeco.htm
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Figure 1.2: A schematic phasediagram of (Ga,Mn)As taken from Refer-
ence 17. It shows also the temperatures for that the material is ‘destroyed’ by
the MnAs clusters formation. The insulating (Ga,Mn)As is probably (almost)
fully compensated by the high defect density. The border between the metallic
and the insulating growth depends on other parameters, as well, e.g., if the
film is grown with As2 or As4 ([33]).

The surface of GaAs material naturally oxidise. The typical thickness of just
such oxidized layer is 2–3 nm [66], further details can be found in [67]. The study
of the (Ga,Mn)As layer using the x-ray standing wave fluorescence (XSWF) shows
that there is 3 nm thick Mn-rich surface layer after four hours of annealing at
200 ◦C [62]. Moreover, the Mn is in random crystallographic positions, which
probably indicates Mn oxide [62]. The thickness of this surface layer is notice-
ably comparable with the thickness of a naturally oxidized surface. Taking into
account that the surface of the just deposited film oxidise immediately after the
removal from the growing chamber, the surface is always more or less oxidized.
The angular-dependent x-ray photoelectron spectroscopy study in Reference 25
indicates that the Mn interstitials are passivated below the thin native oxide. It
means that interstitials do not migrate just above the surface, but the oxygen
diffuse towards them into the film where they react together.

The annealing of as-grown samples is greatly improved by the removing of the
surface oxide from the (Ga,Mn)As film by the HCl etching. This leads to higher
TC. Moreover, the TC indicating the quality of the film, reaches its maximum
value in shorter annealing time, if the long-term annealing procedure is replaced
by the multiple short-time annealing combined with subsequent surface etching
[25]. This etch-assisted annealing procedure has led to the highest achieved TC

for (Ga,Mn)As. It seems to be reasonable that the surface with access to an
oxygen is capable to passive the nearby diffusing Mn ion, and after a certain time
the barrier slowing and finally stopping this process is created. The rinsing in
HCl refresh again this oxidizing capability.
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1.4 Experimental techniques for sample charac-

terization

The magnetic properties of resulted material are strongly affected by the real
positions of the magnetic ions in the lattice [34]. Therefore, it is crucible task to
determine their position and quantify their concentration since it gives the useful
feedback between the theory and the technology. On the other hand, the presence
of the magnetic ions is manifested rather weakly in the structure analysis as their
concentration is usually low. Here, besides the brief remark on measurement
of magnetic properties, we summarise the experimental techniques used for the
structural investigation of (Ga,Mn)As thin films.

For most of the methods, it is impossible to discriminate the different Mn
positions in the lattice [68] as they are only element sensitive, and thus, unable
to resolve chemical bonds or the neighbourhood of the measured atoms. For
instance, this is the case for x-Ray Fluorescence (XRF), Electron Probe Micro-
analysis (EPMA) or Secondary Ion Mass Spectrometry (SIMS).

In contrast, it is possible to determine the decrease of the Mn content in
interstitial positions from the transport Hall measurement of the charge carrier
density before and after the annealing [37, 39]. These measurements gives directly
information on the TC, as well [37]. Let us remind that the substitutional Mn
ions act as acceptors while the interstitial Mn ions act as double donors. Since,
the decrease of the carrier density due to the annealing is equal to the half of the
removed interstitials. Moreover, the concentration of the Mn in interstitial and
substitutional positions can be estimated for the as-grown sample if the total Mn
concentration is measured by complementary measurements such as SIMS. To
do this estimation it is necessary to assume that all interstitial Mn ions diffused
out during the annealing, but this is valid or certain only for thin or very low
doped epilayers.

Similarly, the distributions of Mn ions in different lattice sites can be studied
by x-Ray Absorption Spectroscopy (XAS) methods at the MnK-edge [69]. The
x-Ray Near-Edge Structure (XANES) technique confirms that the majority of
Mn atoms are in the substitutional positions [69], but experiments fail to quanti-
fy exactly the interstitial density from the XANES data. On the other hand, the
interstitial and substitutional Mn atoms can be discriminated by the Extended
x-Ray Absorption Fine Structure (EXAFS) method. The particular concentra-
tions can be estimated taking into account the known total Mn content. It can
be determined by other methods, for instance again, SIMS. The EXAFS data
also proved the expansion of the lattice due to the presence of the substitutional
and interstitial Mn ions. However, to distinguish the different types of intersti-
tial atoms, it is behind the limit of XAS because of the very similar scattering
amplitudes and phases of Ga and As.

The concentration of Mn in particular lattice positions can be determined by
diffraction techniques using Transmission Electron Microscopy (TEM) together
with TEM Energy Dispersive x-Ray (EDX) microanalysis [70]. In this TEM
diffraction method [70], the intensities of weak diffraction maxima are measured,
for instance, (002) maxima, which allows to obtain the difference of those two in-
terstitial occupancies. The absolute values of the concentrations can be estimated
using values of the total content of Ga and Mn, being determined by EDX.



1.4. Experimental techniques for sample . . . 14

The concept of weak diffraction maxima measurement can be also used for x-
ray diffraction, in particular in the High-Resolution x-Ray Diffraction (HRXRD)
method. This is nondestructive and nonlocal, in contrast to TEM. This HRXRD
approach was demonstrated on a set of (Ga,Mn)As samples with various total Mn
concentrations in Reference 71. The authors show that the ratio of substitutional
and interstitial Mn densities varies with the total Mn concentration. This ratio
is determined from the change of the intensity diffracted from (Ga,Mn)As with
respect to the calculated intensity of the diffraction for a pure GaAs. Such a
change is caused by the contributions of substitutional and interstitial atoms
to the (Ga,Mn)As structure factor. The effect of the local lattice distortion
around the Mn atoms, the As interstitials, the Ga vacancies and the As anti-
site defects are introduced in their model. However, it does not follow from the
paper if the authors consider only one type of interstitial Mn atoms or both types
with the same concentration. The theoretical estimations of the difference in the
Mn densities in different lattice sites are not unambiguous. In the paper [72],
the authors claim that the probability of the Mn occupying different types of
interstitial positions is nearly the same, whereas other results indicate that the
energetic difference between the Mn interstitials in As and Ga tetrahedra is large
enough to suppress the presence of the latter [39].

A measurement of the diffracted-intensity dependence on the photon energy
belongs to an x-ray methods. It is performed within the energies around the MnK
absorption edge, anomalous diffraction. From this dependence, it is possible to
determine the difference of the densities of Mn atoms placed in non-equivalent
interstitial lattice positions [73].

Other x-ray based method for the investigation of the lattice positions of Mn
atoms in (Ga,Mn)As is the x-Ray Standing-Wave (XRSW) method. It uses the
effect of an x-ray standing wave produced by the diffraction process in the GaAs
substrate. The standing wave excites a fluorescence of the Mn atoms. From the
incident angle of the primary radiation, the particular lattice positions of the
fluorescing Mn atoms can be deduced [62, 74]. From the XRSW data, it follows
that the density of Mn interstitial atoms, indeed, decreases during annealing,
however, a quantitative determination of the Mn density profile is practically
impossible.

Using Scanning Tunneling Microscopy (STM), it is possible to map electronic
states across the sample surface. In other words, it is possible to discriminate
different impurities, and therefore, directly visualize the surface composition of
(Ga,Mn)As samples[75]. Much more comprehensive information on the samples
can be obtained from the sample cross-section, for which the cleaved surface
is studied by STM, being denoted as Cross-Sectional Scanning Tunneling Mi-
croscopy (XSTM). For instance, this technique can be used for the imaging of
the embedded MnAs nano-clusters in surrounding GaAs lattice [40] as well as
for the direct visualization of the acceptors, i.e., substitutional Mn, distribu-
tion in the lattice [76–88]. It is possible to reveal the presence of defects up to
several atomic layers [84]. The XSTM is capable to discriminate isolated sub-
stitutional atoms and anti-site defects [81] as well as substitutional-vacancy and
substitutional-anti-site complexes [85]. Moreover, it is possible to detect isolated
Mn atoms in all crystallographic positions [86, 87] or pairs of two substitutional
and/or substitutional-interstitial Mn [88]. The direct imaging gives clear imagine
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on the presence of various defects in the samples, however, this method is local
and only semi-quantitative.

Finally, a crucial parameter of the (Ga,Mn)As samples is the TC, often consid-
ered to be the synonym of the (Ga,Mn)As quality. Its being routinely determined
by the Superconducting Quantum Interference Device magnetometry from the de-
pendence of the measured magnetic moment with respect to temperature [24, 89].
The measured saturated magnetic moment allows to estimate the effective Mn
density ceff [37]. With the information on the total Mn content, it is possible to
estimate both the substitutional and the interstitial densities.

More detailed information on the local magnetic moments is reachable by the
x-Ray Magnetic Circular Dichroism (XMCD) method. In fact, XMCD spectrum
is a differential XAS signal for the magnetization being parallel and antiparallel
to the helicity of the primary circularly polarised x-ray radiation. It allows to
separate the contributions of the spin and orbital origin to the magnetic moment.
Such a measurement of Mn L2,3 XMCD spectra determined a net magnetization
of around 4.5µB per Mn atom, and the antiferromagnetic coupling of the nearest
neighbour interstitial-substitutional pairs at 22 K for the un-annealed sample was
detected, as well [90].

Prospects

We emphasised the obstacles to overcome for a successful growth the (Ga,Mn)As
epitaxial layers. The most significant parameter indicating the ‘quality’ of the
film is the TC, and this parameter is strictly related to the density of the impurities
in the material. Therefore, the structural characterization in the mean of defect
densities is very important for the technology feedback and the preparation of
the material.

We summarized methods capable to determine or to indicate the presence of
the impurities in the sample. Some of them are limited by their localness, e.g.,
STM or XSTM. Some of them are destructive, e.g., SIMS, XSTM, or TEM,
and thus, they are not convenient for the post-growth characterization. Some
powerful methods demand the availability of the not so accessible facilities, e.g.,
EXAFS, XANES, XMCD, XRSW, anomalous diffraction. These methods needs
synchrotron radiation facility, because of a necessary tunability of a primary-
radiation wavelength or a quality of a primary beam in means of an intensity or
a divergence. Some of the well accessible methods are completely insensitive to
crystallographic positions of the impurities, e.g., XRF, EPMA, SIMS.

On the other hand, there is a need of easily accessible, non-destructive, and
non-local method for a routine laboratory characterization of the produced sam-
ples. The HRXRD fulfils all these requirements, therefore we are motivated in
the development of such a characterization method using HRXRD. In the further
chapters, we describe the measurement procedure of the (Ga,Mn)As samples and
the basic well-established theory convenient for the simulation of the diffraction
experiment. We derive the relations describing the influence of the impurities den-
sities on the diffraction intensity, i.e., how the presence of the impurities in the
different crystallographic positions is pronounced in the diffraction experiment.
The experimental data treatment is described, and whole suggested characteri-
zation approach is demonstrated on a set of (Ga,Mn)As samples.
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Chapter 2

Dynamical theory of diffraction

The main method of the investigation studied and used in this thesis is HRXRD.
Although some information, such as the layer thickness or the lattice parameter,
can be extracted almost directly from the measured data [91], majority of the
structural parameters are pronounced indirectly in the distribution of the collect-
ed signal in the angular space. For the further analysis one has to be able to
compute a numerical simulation of diffraction curves which should be compared
with experimental data subsequently. From this comparison, some parameters
connected to the atomic arrangement can be determined if the theoretical struc-
tural model is correct.

The thin epitaxial layers diffracts kinematically as their thickness is much
smaller than the extinction length [92]. Usually, the substrate is a material with
similar lattice parameters to the layer, and consequently, it diffracts within the
similar diffraction conditions. However, the large substrate crystal diffracts dy-
namically. Due to the similar diffraction conditions, we measure the result of the
interference of waves in the layer and in the substrate [91]. The substrate diffrac-
tion has to be treated dynamically. This processes and the interference of the
waves from the layer/substrate can be easily described by the dynamical theory
of diffraction. Its basics are reminded in this chapter and the final formulas for
the diffraction curve simulation are derived step by step.

Firstly, we describe the electromagnetic wavefield in periodic medium, per-
fect crystal. Then we add boundary conditions for electromagnetic intensities at
interfaces in the material. Finally, the exact formulas for the calculation of the
diffracted intensity is derived.

2.1 Wavefield in a material

The spatial propagation of the electromagnetic wave field is described by the time
independent Wave equation

(∆ +K2)E(r) = V̂(r)E(r) (2.1)

following from the Maxwell’s equations. The wave field is represented by the
electric intensity E(r), the time dependent term eiωt is omitted. The monochro-
matic radiation of a wavelength λ is described as a sum of plane waves with the
vacuum wave vector K = 2π/λ. The amplitudes of magnetic component of the
wave field H and electric intensity E are connected via Maxwell equation, for
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non-magnetic material we can write H =
√
ε0/µ0/K(k × E), where ε0 and µ0

are the permittivity and the permeability of the vacuum. The k-vector is the
wave vector giving the direction of the electromagnetic wave propagation.

The scattering potential V̂(r) in case of a non-magnetic material can be writ-
ten as

V̂(r) = grad div −K2χ(r) , (2.2)

where the χ(r) is the dielectric susceptibility and it is related to the local electron
density.

If we insert the form of the scattering potential (2.2) into Equation 2.1 using
the vector identity curl curl = grad div −∆, we obtain

K2E(r)−∇× (∇×E(r)) = −K2χ(r)E(r) . (2.3)

The electron density in the crystal is a periodic function with the translation
symmetry, which allows to rewrite the dielectric susceptibility as a Fourier series

χ(r) =
∑
g

χgeig·r, (2.4)

the summation goes over all reciprocal lattice points g.
The wave field E(r), propagating through the crystal, has the same transla-

tion symmetry as the crystal. Therefore, we search for the solution in the form
of Bloch waves

E(r) =
∑
g

Egeikg ·r , (2.5)

where kg = k0+g. The k0 is the vector from the first Brillouin zone corresponding
to the non-scattered wave. With the explicit form of the electric intensity (2.5)
it is possible to simplify the term ∇× (∇×E(r)):

∇× (∇×
∑
g

Egeikg ·r) = ∇× (i
∑
g

kg ×Egeikg ·r) = −
∑
g

kg × (kg ×Egeikg ·r) .

(2.6)
Using Fourier series for the susceptibility in Equation 2.4 and the electric

intensity (2.5), the wave equation (2.3) can be rewritten as

K2
∑
g

Egeikg ·r +
∑
g

kg × (kg ×Egeikg ·r) = −K2
∑
g′

χg′e
ig′·r

∑
g

Egeikg ·r

= −K2
∑
g

∑
g′′

χg′′−gEgeikg′′ ·r .

(2.7)

This leads to the homogeneous system of equations for unknownEg corresponding
to all possible g-vectors of the reciprocal lattice:

K2Eg + kg × (kg ×Eg) = −K2
∑
g′′

χg′′−gEg . (2.8)

We restrict ourselves to the case of the coplanar geometry which means that
scattering process takes place only in the diffraction plane that is perpendicular
to the surface of the crystal. In case of S-polarization geometry, the electric
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intensity vector is parallel to the surface and perpendicular to the diffraction
plane. There, it stays perpendicular to the wavevector and the double vector
product kg×(kg×Eg) can be simplified to −k2

gEg. Generally, this simplification
is not possible for the P-polarization geometry, in which the electric intensity
vector is within the diffraction plane and the electric wave does not have to be
strictly transverse. It is beyond this brief introduction how the double vector
product is treated in P-polarization case, and it is derived in [91]. There is also
shown that the exact formulas for S-polarization are sufficiently approximative
also for the P-polarization case, if incidence and exit angles of the primary and the
diffracted beams are much larger than the critical angle (conventional diffraction).
The polarization factor C is introduced into the formulas in a way that the
susceptibility χg is substituted by χgC. Here, C = 1 for S-polarization and
C = | cos(2θ)| in P-polarization case. The scattering angle 2θ is the angle between
wave vectors k0 and kg.

Usually we measure the diffracted signal in the vicinity of the certain Bragg
position corresponding to the reciprocal lattice point h. Therefore, only diffracted
waves Eh and transmitted wave E0 are present in the crystal. Considering only
these two non-zero terms in Equation 2.8, we obtain a system of two equations(

k2
0 −K2(1 + χ0)

)
E0 = K2χ−hCEh , (2.9)(

k2
h −K2(1 + χ0)

)
Eh = K2χhCE0 . (2.10)

We define the length of the wave vector in material k ≡ nK using the refractive
index n =

√
1 + χ0.

The demand of the non-trivial solution of a homogeneous system is the zero
determinant. This leads to the condition for the wave vectors k0 and kh = k0+h,
which is called dispersion equation:

(k2
0 − k2)(k2

h − k2) = K4χ−hχhC
2 . (2.11)

The all waves are refracted or reflected at the interfaces, where the suscepti-
bility changes. The in-plane component of the wave vectors stays constant in any
depth of the sample. This is another condition for (k0)-vectors, which together
with Equation 2.11 fully determines the permitted wave vectors. A geometrical
interpretation is depicted in Figure 2.1. We search for the intersections of the
sample surface normal and the dispersion surface, these points are origins of the
vectors k0 and kh pointing to the points 0 and H, respectively.

Let us introduce a coordinate system defined in Figure 2.1. The wave vectors
are

k0 = (K sin θB − q1 , K cos θB − q2) , (2.12)

kh = (−K sin θB − q1 , K cos θB − q2) , (2.13)

where q1 and q2 are unknown coordinates of the origins of the wave vectors. They
lie on the sample surface normal, which is described by the equation

q2 = −q1 tanφ+ p . (2.14)

The asymmetry parameter φ is the angle between the sample surface normal
and the diffraction vector h. It is defined as a positive number if the incidence
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Figure 2.1: Coordinate system q1q2 in reciprocal space. The direction of the
vacuum wave vectorK0 is a known input parameter, the length of the vector is
K. The deviation angle η from the Bragg position is negative for the situation
in this picture. The asymmetry φ is a tilt of the sample-surface normal with
respect to the axis q1, i.e., coordinate system q1q2 is rotated for value relatively
to the coordinate system of the sample having z-axis perpendicular to the
surface.

angle of the primary beam is smaller than the exit angle of the diffracted beam.
The asymmetry parameter is negative for the opposite case. The parameter p is
connected with the known wave vector of the primary beam K0, whose origin is
located at the sample surface normal, as well, and it ends in the 0-point.

We define η as the angular deviation of the primary beam wave vector from
the kinematic diffraction position. The vector K0 and coordinates of the 0-point
can be easily written in q1q2-coordinates:

0 = [K sin(θB) , K cos(θB)] , (2.15)

K0 = (K sin(θB + η) , K cos(θB + η)) . (2.16)

If we combine the coordinates of the K0-vector origin (0−K0) with the surface
normal equation (Equation 2.14). The parameter p can be expressed as

p =
2K

cosφ
sin

η

2
sin
(
θB − φ+

η

2

)
. (2.17)

The dispersion equation Equation 2.11 in new coordinates

K2χ−hχhC
2 =

(
q2

1 + q2
2 − 2Kq2 cos θB − χ0K

2
)2 − 4q2

1K
2 sin2 θB (2.18)

can be rewritten as the quartic equation for the variable q1 in the form

q4
1A

2
1 + q3

12A1A2 + q2
1(2A1A3 +A2

2−A2
4) + q12A2A3 = K2χ−hχhC

2−A2
3 , (2.19)
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where parameters Aj are

A1 =
1

cos2 φ
, (2.20)

A2 = −2p tanφ+ 2K cos θB tanφ , (2.21)

A3 = p2 − 2Kp cos θB − χ0K
2 (2.22)

A4 = 2K sin θB . (2.23)

The quartic equation can be easily solved, for instance, by the non-iterative
Ferrari method (e.g., described in Reference 93). The solution give us four possi-
ble couples of k0j and khj vectors. That means eight allowed plane waves prop-
agating through the crystal. The amplitudes E0j and Ehj are bound together by

Equation 2.9, from which we compute ratios cj =
Ehj

E0j
.

We focus on a conventional diffraction case, where the incidence and the exit
angles are much larger than the critical angle, and therefore, the asymmetry pa-
rameter is rather small. In such a case, only two non-scattered and two diffracted
waves are strong [91]. It is sufficient to take into account only four waves defined
by two pairs of the wave-vectors k0 and kh. Those are just such k-vectors that
their origin is located near the origin of the coordinate system q1q2.

The wave field in two beam approximation propagating through the crystal
taking into account only four possible strong waves is

E(r) =
2∑
j=1

E0je
ik0j ·r +

2∑
j=1

Ehje
ikhj ·r , (2.24)

which is sufficiently approximative also for P-polarization case.

2.2 Boundary conditions

An investigated sample is not an infinite medium, moreover, we assume that the
sample consists of some homogeneous layers separated by flat interfaces parallel
to the surface. The surface is, in fact, an interface between the top layer and the
air surrounding the sample. The electromagnetic wave field in such a homoge-
neous medium is described in the previous section. The ratio of amplitudes of
the non-scattered and the diffracted waves can be calculated in every layer. The
amplitudes in neighbouring layers are connected via boundary conditions follow-
ing from the Maxwell equations. And thus, the lateral components of electric and
magnetic intensities are continuous within the interface.

Since the electric intensity for the S-polarization case is directly parallel to
the surface, it is parallel to any interface from the definition. Using H =√
ε0/µ0/K(k × E), we can express the lateral component of the vector H as

H‖ =
√
ε0/µ0kz/KE. From the continuity of the lateral components of elec-

tromagnetic intensities, it follows the condition for the amplitudes of the waves
present at the interface between medium A and B∑

j

EA
j eikA

j ·r =
∑
j

EB
j eikB

j ·r (2.25)∑
j

kA
zjE

A
j eikA

j ·r =
∑
j

kB
zjE

B
j eikB

j ·r , (2.26)
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while r is within the interface. These conditions can be also used for P-polarization
case (see Figure 2.2), where just the vector H = H‖ is parallel to the interface.

It can be expressed as H‖ =
√
ε0/µ0/KE. Together with the lateral component

E‖ = kz/KE it leads to the same equations (2.25 and 2.26).
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Figure 2.2: The Lateral components of the electromagnetic intensities for
the S-polarization (left) and the P-polarization case (right) are relevant for
the boundary conditions at the interface between material A and B. Lateral
component of the wave vector is continuous at the interface, as well.

The amplitudes EA,B
j are spatially constant within the interface. The lateral

component of the wave vectors of non-scattered waves differs from that of diffract-
ed ones. Therefore, there are just two different oscillatory terms in those sums.
It allows us to reformulate conditions by separating prefactors of both oscillatory
terms in Equation 2.25 and Equation 2.26:∑

j

EA
0j =

∑
j

EB
0j

∑
j

cA
j E

A
0j =

∑
j

cB
j E

B
0j (2.27)∑

j

kA
0jzE

A
0j =

∑
j

kB
0jzE

B
0j

∑
j

kA
hjzc

A
j E

A
0j =

∑
j

kB
hjzc

B
j E

B
0j. (2.28)

In case of the conventional diffraction, we can expect a very similar z-component
of wave vectors k01 and k02 (consequently also kh1 and kh2). The difference is so
small that Equation 2.28 is approximatively identical with Equation 2.27. Recall-
ing the form of the wave field for the conventional diffraction and the two beam
approximation in Equation 2.24), we can write

EA
01 + EA

02 = EB
01 + EB

02 (2.29)

cA
1 E

A
01 + cA

2 E
A
02 = cB

1E
B
01 + cB

2E
B
02. (2.30)

2.3 Simulated diffraction on layered sample

Let us describe a sample under investigation as a system of N layers numbered
from the bottom layer (1st) to the top layer (Nth) as it is depicted in Figure 2.3.
There is a semi-infinite substrate (labeled as the 0th layer) below the most bottom
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layer. The kth layer is characterised by the reciprocal lattice vector hk, the
thickness of the layer T k, and the susceptibility of a material, where only Fourier
coefficients χk0, χkh, χk−h are relevant for the further computations. The wave
vectors kkgj of four waves (g = 0,h and j = 1, 2) can be calculated separately for
each kth layer by solving Equation 2.19.The amplitude ratios

ckj =
Ek

hj

Ek
0j

=
k2

0/K
2 − 1− χ0

χ−hC
(2.31)

can be obtained from Equation 2.9.

k

hh0 −,,χ

1
T

N
T

k
T

1

,, hh0 −
χ

0

,, hh0 −
χ

N

hh0 −,,χ

Vacuum

Nth layer

kth layer

1st layer

0th layer (substrate)

Figure 2.3: The sample is considered to be a stack of N homogeneous layers
on semi-infinite substrate. Each layer in the stack is defined by its thickness
and Fourier coefficients of dielectric susceptibility.

Let us define wave amplitudes Ek
gj just below the top boundary interface of the

kth layer. Therefore, amplitudes at the bottom of this layer are Ek
gje

ikkgjz(−Tk).
The absorption of the electromagnetic radiation is included via the imaginary
part of the vertical component kkgjz. This imaginary part is negative for the
waves going from the surface towards to the substrate and it is positive for the
waves going in the opposite direction. The amplitudes in the kth layer can be
expressed by the amplitudes in the lower layer (k − 1) using Equation 2.29 and
Equation 2.30:

Ek
01 = eikk01z

(ck−1
1 − ck2)Ek−1

01 + (ck−1
2 − ck2)Ek−1

02

ck1 − ck2
(2.32)

Ek
02 = eikk02z

(−ck−1
1 + ck1)Ek−1

01 + (−ck−1
2 + ck1)Ek−1

02

ck1 − ck2
. (2.33)

There are only two waves in the substrate, the transmitted wave going deeper
to the substrate and the corresponding diffracted wave. Let us label such waves
by index j = 1. The amplitude E0

01 is only one unknown variable in the substrate
because diffracted wave amplitude is c0

1E
0
01. All other amplitudes are zero as those
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waves are not present in the substrate. For the numerical evaluation, the unknown
amplitude E0

01 can be set to any arbitrary value that, in fact, acts as a scaling
factor. From the ‘known’ amplitudes in the 0th layer, we can iteratively calculate
the amplitudes in all layers up to the last Nth layer. After the application of
the boundary conditions in Equation 2.29 and in Equation 2.30 to the surface
interface, we obtain the amplitudes of the incident wave (Ei) and the diffracted
wave (Ef ) above the sample:

Ei = EN
01 + EN

02 , Ef = cN1 E
N
01 + cN2 E

N
02. (2.34)

Usually, we measure a total energy flux of an electromagnetic field in the
direction of the diffracted beam. It is being normalized to the total energy flux
of a radiation hitting the sample. Therefore, we calculate the total energy fluxes
ratio of the diffracted and the incident beam through the irradiated sample area:

R =

∣∣∣∣E2
f sinαf

E2
i sinαi

∣∣∣∣ . (2.35)

The calculated dependence of the diffractivity R on the disorientation from the
Bragg position is called simulated diffraction curve.

Finally, the polarization of the incident beam has to be taken into account.
The measured diffractivity is averaged over both polarizations

R =
RS +RP

2
, (2.36)

where the RS and RP are the diffractivies calculated for S and P polarizations,
respectively. This is valid for not polarized radiation that is produced by labo-
ratory x-ray tubes. Usually, there are some optic elements in the incident and
the diffracted path of the beam, and they change the ratio of polarization com-
ponents in the radiation. For instance, the incident beam can diffract four times
on perfect crystals in Bartels monochromator [92], which is often used for High-
Resolution experiments. In that case the polarization factor cos 2θB,mono for the
monochromator crystal has to be included. Then, the calculated diffractivity is

R =
RS +RP cos4 2θB,mono

1 + cos4 2θB,mono

. (2.37)

Summary

We followed the basics of the Dynamical theory of diffraction as it is introduced
in Reference 91, and we rephrased the formulas to final form that gives, to our
feeling, comprehending and clear prescription for the simulation of the diffraction
experiment. Now, we can calculate the diffraction curve for the case of several
layers on semi-infinite substrate.

Here, there is no definite presumption on a structural model. We just assume
the stack of crystalline layers with similar structure. The structural model is
introduced in chapter 3. The simulation has to be scaled to be comparable with
the experimental data. It can be scaled to correspond the known primary beam
intensity, or it can be scaled by the arbitrary value to fit the experimental data (see
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chapter 5). Next step is to find somehow the parameters of proposed structural
model to make the simulated curve matching the experimental curve (chapter 5).
In chapter 3, there will be discussed the sensitivity and the ambiguity of such
found parameters.
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Chapter 3

Influence of defect density on
diffracted intensity

It was shown in chapter 1 that not only the amount of Mn ions incorporated in
GaAs lattice determinates the magnetic and electric properties of the (Ga,Mn)As
material, but a donor/acceptor role of the Mn ions is crucial. We present the x-
ray method for the determination of the Mn content in particular lattice sites in
the crystal.

The intensity of the diffracted beam is given by the scattering power of the
elements, from which the material is composed, and it is also given by the location
of the atoms in the lattice. The detection of Mn ions and other point defects is
complicated by the fact, that the presence of a relatively small amount of Mn
ions in the lattice affects the scattering rather weakly. It is very advantageous to
measure those diffraction maxima, which are weak for GaAs. Then, the presence
of other ions or defects is more pronounced in the measured intensity [70, 71].
We showed in [94] that it is possible to determine the occupancy of donor Mn
ions in two non-equivalent positions from the measurement of the optimal set of
diffraction maxima. The method is explained and discussed in this chapter.

Initially, we introduce a structural model for (Ga,Mn)As and GaAs material.
As a basic structural characteristic, we mention the prediction on the average
lattice parameter of (Ga,Mn)As. We derive the structure factor for (Ga,Mn)As
and we discuss how it is affected by the particular defect densities. Showing the
influence of the structural local distortion due to the impurity presence, we correct
the structure factor for this effect. Finally, we see which diffraction maxima has
to be measured for the reliable determination of the defect densities.

3.1 Structural model of (Ga,Mn)As

The (Ga,Mn)As forms a zinc-blend structure, and it can be described as a GaAs
lattice, where some of Ga atoms are substituted by Mn atom (see Figure 3.1).
Let us the symbol csub denote the probability of finding a Mn atom in a randomly
chosen Ga lattice position. We call those atoms in substitutional positions as the
substitutional Mn atoms (or ions). In fact, that probability is just the occupancy
of Mn atoms in the substitutional position. These Mn atoms act as acceptors in
the GaAs material [30, 57].

The solubility of the Mn in GaAs lattice is very low, it is necessary to grow the
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Figure 3.1: (Ga,Mn)As face-centred unit cell. The fractional coordinates of
four lattice points in the unit cell are (0, 0, 0), (0, 0, 1

2
), (1

2
, 0, 0) and (0, 1

2
, 0).

The basis is formed by Ga atom (or substitutive Mn, As) and As atom relative-
ly shifted by (1

4
, 1

4
, 1

4
). Each Ga atom (red) is surrounded by four neighbouring

As atoms (blue) and vice versa. Smaller spheres in the picture indicate the
interstitial positions where the Mn atoms can occur. The site in the centre
of the As tetrahedron (light green) is shifted by (1

2
, 1

2
, 1

2
) from the Ga lattice

site, whereas the shift of interstitial position inside the Ga tetrahedron (dark
green) is (−1

4
,−1

4
,−1

4
).

material at low temperatures in order to incorporate more Mn atoms in substitu-
tional positions. There are a lot of defects in the material as a consequence of the
non-equilibrium growing conditions,LT-MBE [95]. The major defect known in
LT-GaAs is so called anti-site defect [96, 97]. It is a situation when the Ga sites
are occupied by As atoms, it is also present in (Ga,Mn)As [81], and we denote
this occupancy by canti.

Besides the substitutional positions, the Mn atoms can be located also in in-
terstitial positions of the GaAs lattice. There, they have the role of double donors
[34]. The creation of these interstitial double-donor defects is probably due to the
auto-compensation process during the growth [34]. In contrast to substitutional
Mn, which is relatively stable, the amount of the metastable interstitial Mn atoms
(interstitials) can be decreased by means of a post-growth annealing [38]. There
are two non-equivalent interstitial positions in the GaAs lattice [35, 72]. They
are located in the centre of hypothetical tetrahedrons formed by the Ga or the
As atoms as it is depicted in Figure 3.1. The symbols for occupancies at those
positions are cint,Ga and cint,As, respectively. From the theoretical predictions, it
follows that the positions inside the As tetrahedra is energetically little bit more
preferable [72] (few meV).

The occupancy is usually called (atomic) concentration in the literature.
Sometimes, the term ‘concentration’ can be misleading as it can evoke the ratio
between the number of all Mn atoms and the number of the Ga lattice positions.
But, this quantity we strictly call ‘total concentration’ denoted by ctotal. The
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multiplicity of the Ga lattice site and both interstitial sites in the unit cell is the
same (four), therefore we can write

ctotal = csub + cint,As + cint,Ga . (3.1)

3.1.1 Assumption on lattice parameter

The next difference between latices of the GaAs and the (Ga,Mn)As is in the their
relaxed lattice parameters. For a cubic material the only one lattice parameter is
relevant. It is aGaAs = 5.65325 Å for the GaAs [98]. Firstly, the lattice parameter
changes due to the presence of low-temperature defects. Secondly, the lattice
parameter value rises with the amount of the incorporated Mn into the lattice
[24]. The approximative formula for the dependence of the (Ga,Mn)As lattice
parameter aGaMnAs on a composition follows from the theoretical calculations in
Reference 99:

aGaMnAs = aGaAs + 0.02csub + 0.69canti + 1.05(cint,As + cint,Ga) (Å) . (3.2)

We should keep in mind that there is no free standing crystal of (Ga,Mn)As. In
practice, the (Ga,Mn)As material is in the form of epitaxial layers fully strained on
substrates or other strained layers. The cubic lattice is then elastically deformed
and its symmetry is lower. The calculated aGaMnAs is the lattice parameter of a
relaxed (non-deformed) lattice. Usually, (Ga,Mn)As is grown on the top of the
cubic GaAs(001), i.e., the lattice plane (001) of the GaAs is parallel to the surface
[100]. For the whole work, we focus just to this case.

Then, the (Ga,Mn)As lattice is tetragonally distorted, and lattice parameters
in the basal plane (001) are the same as in the substrate (a = aGaAs). The second
tetragonal lattice parameter (c) can be calculated using the theory of elasticity

c =
−2C12

C11

(a− aGaMnAs) + aGaMnAs . (3.3)

We assume that the elastic constants of (Ga,Mn)As Cjk do not significantly differ
from those of the GaAs: C11 = 11.90·1011 dyn/cm2 and C12 = 5.34·1011 dyn/cm2

[98].

3.2 Structure factor

The intensity of the x-ray diffraction maximum with Miller indices (hkl) is pro-
portional to the absolute value of the square of the structure factor Fhkl defined
as

Fhkl =
∑
j

fj(Q) e−2πi(xjh+yjk+zj l) , (3.4)

where the summation goes over all atoms in the unit cell. Each atom at a position
with fractional coordinates (xj, yj, zj) is represented by the atomic scattering
factor fj, which depends on the length of the scattering vector Q [92]. The
scattering vector is defined as a difference of the wave vectors of the incident
(Ki) and the diffracted (Kf) radiation: Q = Kf −Ki. [92].
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From the Laue condition, it follows that the scattering vector coincidences
with a reciprocal lattice vector in the diffraction maximum hkl [92]. This al-
lows to express the length of the scattering vector by Miller indices and the lat-
tice parameters. We assume that (Ga,Mn)As structure is tetragonally distorted,
therefore we can explicitly write

Q = |h| = 2π

√
h2 + k2

a2
+
l2

c2
. (3.5)

The structure factor for a pure and perfect GaAs can expressed using frac-
tional coordinates introduced in Figure 3.1 as

FGaAS
hkl = 4(fGa + fAse

−iπ/2(h+k+l)) . (3.6)

The subscripts within the atomic scattering factors denote the corresponding
elements. This expression for the structure factor is valid only when indices h,
k and l are all odd or all even. Only such a diffraction maxima are allowed
as a consequence of the cubic face-centring. Any other diffraction maxima are
forbidden having the zero structure factor. Later, we compare the GaAs structure
factor with that one modified by the presence of Mn in various positions.

The phase factor of As atoms in Equation 3.6 can have four possible values
according to their hkl indices. We recognize three groups of the diffraction max-
ima. If the sum of hkl indices is divisible by 4, the phase factor is +1 and the
Ga and As atomic factors are summed. In other words, there is a constructive
interference of the waves scattered by Ga and As atoms and the diffraction max-
ima is called strong. If h + k + l ≡ 2 (mod 4), then the phase factor is −1 and
the scattering power is proportional to the difference of the atomic factors, but
their values are very similar. In such a case, we talk about the weak diffraction
maxima. Let us call the intermediate diffraction maxima those with odd Miller
indices. Here. the phase factor is ±i, and for those, the scattering power is higher
than for the weak and lower than for the strong diffractions.

3.2.1 Averaged structure factor

Individual cells in the (Ga,Mn)As crystal are not all the same. Since, we are not
able to write simply the structure factor FGaMnAs

hkl as it should be different for
every cell. We work with a concept of randomly occupied sites by point defects
or randomly substituted Ga atoms with the given probability (occupancy). It
can be assumed that the diffracting volume is large enough to contain all possible
configurations of such unit cells. Therefore, we measure the diffracted signal that
is averaged for a statistical ensemble of all possible configurations. The measured
intensity,

I ∝ 〈|FGaMnAs
hkl |2〉 = |〈FGaMnAs

hkl 〉|2 + Cov(FGaMnAs
hkl , FGaMnAs

hkl ) , (3.7)

can be expressed as a sum of two separated terms. First one, coherent, is given
by the averaged structure factor, which can be computed from the occupancies.
The second covariance term corresponds to a diffuse scattering that produces
an intensity distributed between Bragg peaks. The diffusely scattered intensity
changes very slowly in the scanned area in a reciprocal space in the vicinity of
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the reciprocal lattice points. Therefore, the diffuse scattering intensity can be
included in a constant background. This allows us to consider the measured
intensity to be diffracted by averaged (Ga,Mn)As crystal.

In the first approximation, the fractional coordinates of the sites stay the
same because there is assumed no local distortion of the unit cells. The atomic
scattering factors are replaced by the averaged ones, i.e., by the sum of atomic
factors for different elements weighted by their corresponding occupancies. In
contrast to the GaAs, here we have partially occupied also interstitial positions.
Therefore, two additional terms are included in the structure factor formula.

The averaged structure factor for (Ga,Mn)As can be written as a correction
to the GaAs one:

〈FGaMnAs
hkl 〉 = FGaAs

hkl + 4
[
canti(fAs − fGa) + csub(fMn − fGa)+ (3.8)

+cint,AsfMne−iπ(h+k+l) + cint,GafGaeiπ/2(h+k+l)
]
.

The first two correction terms express the presence of the anti-site defects and
the substitutional Mn, respectively. The last two terms add the scattering con-
tribution of the Mn interstitial atoms inside the As and the Ga tetrahedra, re-
spectively. The measured intensity is apparently affected by the presence of the
defects, and thus, their occupancies can be determined from the measurement
of several diffraction maxima. The appropriate hkl indices have to be chosen
for the measurement, for which the influence of the defects to the intensity is
emphasized.

Considering temperature vibrations of atoms, B is an exponential prefactor
equivalent to the 8π2

3
×mean squared displacement. It defines the isotropic Debye-

Waller (D-W) (in accordance with Reference 92) factor

DWF = e−B( sin θ
λ )

2

, (3.9)

which multiplies the calculated structure factor. The temperature vibrations
cause the random shifts of atoms from their averaged positions, i.e., from the
ideal-lattice positions. On the other hand, atoms are displaced also statically
due to the non-uniformity of individual unit cells. For instance, the presence of
Mn atoms changes the lattice parameter of averaged crystal lattice. However,
the variation of individual unit-cells volume is pronounced in the whole crystal.
Formally, the averaging in order to express the coherently scattered intensity is
equivalent to that of D-W [101]. Therefore, the determined prefactor B from the
experiment can be overestimated as it is affected by the static disorder, as well.

3.2.2 Diffraction maxima types

The phase terms in Equation 3.6 and Equation 3.8 can have only four possible
values (±1,±i) for any allowed combination of hkl indices. The distinction of
three diffraction maxima types (strong, intermediate and weak), introduced for
the GaAs, stays also for the (Ga,Mn)As. The intensity of hkl maxima of one
diffraction type decreases with the longer scattering vector in the same way as
the atomic scattering factors. Let us discuss how the anti-site defects and Mn
ions located in the lattice affect the structure factor. And consequently, how they
affect the diffracted intensity with respect to the diffraction maxima type.
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Figure 3.2: Dependence of the diffracted intensity on defect concentra-
tion canti (a), csub (b), cint,As (c) and cint,Ga (d). The diffracted intensity of
(Ga,Mn)As is normalized to the intensity of non-defected GaAs crystal. It
is assumed that there is only one type of defects for each plot (a)–(d). The
concentration of the rest defects is zero. The different maxima types are rep-
resented by (002) and (006) for the weak, (004) the strong, (115) and (135) for
the intermediate diffraction type. The curves for the maxima (002) and (006)
coincide in the plot (a) as it follows from Equation 3.10.

The scattering factor of As atoms is approximately for 10–20 % larger than
that of Ga atoms (see Figure 3.3). The presence of the As anti-site atoms increases
the average scattering power located at Ga lattice points. Therefore, the intensity
of the strong and the intermediate diffraction maxima increases. Nevertheless, if
we take into account that only few percent (less than 5 %) of the Ga sites are
occupied by the As atoms, the change of just such intensity is below one percent,
and it is hardly measurable (see Figure 3.2).

On the other hand, the intensity of the weak diffraction maxima decreases
due to the destructive interference. If we express the relative contribution due
to the presence of anti-site defects to the structure factor, it can be simplified in
case of weak diffraction to

4canti(fAs − fGa)

FGaAs
hkl

= −canti . (3.10)

It depends only on the concentration of the anti-site defects and values of the
atomic factors do not play any role. The relative decrease of the diffracted inten-
sity will be for the small concentrations approximately 2canti, which practically
means below 10 %.

The Mn atoms in substitutional positions affect the intensity similarly, but
in opposite way because the Mn atomic factor is smaller than that of Ga atoms
(for about 20–25 %). The intensities of the strong and the intermediate diffrac-
tion maxima are only slightly decreased whereas the weak diffraction intensity
increases approximately for 10–30 % for the Mn atoms at 3–5 % of the Ga lattice
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sites. This effect is stronger than for the As anti-sites because the atomic factor
of the Mn substantially differs from that of the Ga. On the other hand, those of
the Ga and the As are similar. The contribution of the Mn substitutional atoms
to the structure factor is

4csub(fMn − fGa)

FGaAs
hkl

= csub
fMn − fGa

fGa − fAs

, (3.11)

where the nominator and the denominator are negative numbers. Since, the
structure factor is increased. It strongly depends on atomic factors of all three
elements.

The last considered defects are the interstitial Mn atoms in two non-equivalent
positions. Those atoms do not substitute any atom, but they are added to orig-
inal GaAs lattice. Therefore, their contribution to the structure factor does not
depend directly on the atomic scattering factor difference. It is, roughly said, pro-
portional to their concentration (occupancy). The phase terms in Equation 3.8
are equal to +1 in case of strong diffraction maxima. There, the waves scattered
at both interstitial positions constructively interfere with the waves scattered by
atoms at GaAs lattice sites. The structure factor is a simple sum of the atom-
ic factors multiplied by the corresponding occupancies. And the change of the
structure factor is proportional to the sum of concentrations of the Mn atoms
in both interstitial positions cint,As + cint,Ga. Here, their individual contributions
cannot be discriminated. In contrast to the substitutional atoms, the interstitial
Mn atoms with the concentration assumed around 3 % increase the intensity of
the strong diffraction maxima approximately for 10 %.

The intermediate diffraction maxima are also affected by the presence of the
Mn interstitials. The phase shift of the waves scattered by the Mn atoms in the
As and Ga tetrahedra is opposite to the phases of waves scattered by Ga and
As, respectively. Their presence effectively decreases the scattering power of the
Ga and the As lattice sites, and this decrease is again proportional to the cint,As

(resp. cint,Ga). The resulted intensity is smaller than in case of no interstitial
atoms independently on which type of the interstitial position is occupied.

On the other hand, there is a subtraction of the interstitial concentration in
case of the weak diffraction maxima. The relative contribution to the structure
factor is proportional to the cint,As − cint,Ga:

4(cint,As − cint,Ga)fMn

FGaAs
hkl

= (cint,As − cint,Ga)
fMn

fGa − fAs

. (3.12)

The small difference of the atomic factors in the denominator makes the weak
diffraction sensitive to the difference of the occupancies of Mn atoms in non-
equivalent interstitial positions. If those occupancies are equal or similar, the
weak diffraction maxima stays unaffected. As the interstitial position in As tetra-
hedron is more energetically favourable [72], we expect larger occupancy cint,As

than cint,Ga. This would lead to the decreased intensity because the denominator
in Equation 3.12 is negative.
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Figure 3.3: The dependencies of the atomic factors of Ga, As and Mn on
the scattering vector length Q (left plot) is shown. The coefficient for the
atomic scattering factors were taken from Reference 102. The Q-values for
several diffraction hkl maxima for GaAs crystal are indicated by vertical lines.
The shape of curves is similar for all elements. The right plot shows their
relative values with respect to the Ga atomic factor, this depict how the relative
scattering power changes with hkl.

3.2.3 Same maxima types with different scattering vector
length

The dependencies of the individual atomic scattering factors on the scattering
vector Q (shown in Equation 3.4) describe how the scattering power of consid-
ered elements differs for various hkl indices. Although the curves describing these
dependencies look very similar, the relative scattering power of As and Mn relat-
ed to the Ga atomic factor changes approximately for 10 % with the increasing
scattering vector length. This makes Equation 3.8 for various hkl linearly inde-
pendent with respect to the occupancies of the different elements. Theoretically,
it allows to discriminate the contribution from the As and the Mn atoms located
at the Ga sites. Nevertheless, it can be said for the case of the strong and the
intermediate diffractions that this effect is very weak because quite small changes
of the atomic factors are multiplied by the small defect concentrations. The
change of the atomic factors ratio causes the intensity change below one percent
compared with the hypothetical case of constant atomic ratio for any diffraction
maxima.

This is not valid, apparently, for the weak diffractions as it can be seen in
Figure 3.2. The denominator in Equation 3.11 and Equation 3.12 is the difference
of the similar atomic scattering factors, i.e., a small number which is nearly the
same for all hkl indices. To evidence this, see the left plot in Figure 3.3). The
relative contribution of the Mn atoms in any positions to the weak diffraction
maxima is scaled with the atomic scattering factor of the Mn. In other words,
the normalized intensity for the weak diffractions follows the dependence of the
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atomic scattering factors on the hkl indices.

3.2.4 Local structural distortion

The substitutional atoms (Mn and As) affect their neighbourhood differently in
comparison with Ga atoms in the perfect GaAs structure. Also the atoms ‘insert-
ed’ to the interstitial space bring new additional interactions with their closest
atoms. The attractive and repulsive forces between the neighbouring atoms push
some of them from their ideal lattice positions of the GaAs crystal. This local
structural distortion results in the change of the volume of the neighbouring unit
cells and in the change of the fractional coordinates of pushed atoms.

The lattice parameter of the (Ga,Mn)As described in the Sect. 3.1.1 are noth-
ing but the averaged unit cell diameters. The random distribution of the foreign
atoms, modifying the perfect GaAs lattice, enters into the scattering process via
their different scattering power, which was described above. In addition, it makes
the positions of the scattering centres (atoms) random, as well. This static disor-
der affects the diffracted intensity mainly of the weak diffractions as it is shown in
detailed studies of InGaAs semiconductor alloys [103, 104]. Although these works
calculate the scattering factors for the TEM diffraction, the local distortion of
GaAs lattice due to the presence of the In atoms is similar to our case of anti-site
atoms. For the detailed information on the static disorder, one can study the
diffusively scattered intensity distributed between the Bragg positions, which can
be found in [105].

3.2.5 Atoms shifted from their regular positions

We do not intend to determine the static disorder in crystals using diffraction
techniques, which is thoroughly described somewhere else [106, 107]. We just
want to quantify approximatively and to include simply the influence of the local
structural distortion on the diffracted intensity. Similarly to the random distribu-
tion of atomic factors in Equation 3.7, we express how the displacement of atoms
around randomly distributed defects affects the coherent scattering part.

It is expectable that positions of the neighbours in several closest coordination
shells around the interstitial or the substitutional atom are the most influenced.
The positions of more distant atoms stay practically unaffected. We will take
into account only atoms in the first and the second coordination shells, and we
will consider the change of the positions only radially with respect to the position
of the defect. The local distortion of the GaAs lattice around inserted atom
into the interstitial space is predicted and quantified by the theoretical ab initio
simulations in Reference 72. The predicted atom distances are in agreement
with the experimentally observed bond lengths for the interstitial site [108]. The
interstitial Mn atom in the interstitial position inside of the As tetrahedron pushes
radially away the four closest As atoms (the first coordination sphere) by 0.7%
(denoted as ξint

4As) and the six closest Ga atoms (the second coordination sphere)
by 1.5% (≡ ξint

6Ga) of their original distance from that interstitial position. On
the other hand, the distance of the four closest Ga and the six closest As atoms
is increased by 2.74% (≡ ξint

4Ga) and 0.5% (≡ ξint
6As) from the occupied interstitial

position inside of the Ga tetrahedron, respectively.
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The theoretical ab initio predictions claim that there is no change in bond
length if Ga is substituted by Mn [109]. Although, it was experimentally shown
by XAS that the Mn-As bond is about 2–3 % longer than that of Ga-As [69,
108, 110, 111]. There is no agreement on the shift of the Ga atoms in the second
coordination sphere. The radial shift of the second closest neighbours by approx-
imately 0.5 % is reported in Reference 108 whereas no change of bond length
with respect to bulk GaAs value was observed in Reference 110. We will take
into account only shift of the atoms in the first coordination sphere using average
value ξsub

4As = 2%.
In the literature, there is no definite answer concerning the influence of the

anti-site As atoms on the shift of the neighbouring atoms. Unfortunately, one can
hardly measure this quantity with the XAS because it is not possible to separate
the signal corresponding to As-As from the stronger signal corresponding to Ga-
As bonds. Therefore, we have to rely only on ab initio calculations, which produce
different results for the repulsion shift of atoms in the first coordination sphere:
4% ([112]), 8% ([97, 113]), 9% ([114]), and 13% ([115] where also the shift of
the 12 Ga atoms in the second coordination sphere was calculated as 2%). The
repulsion for anti-site atoms found in the literature is so dispersed that we can
hardly fix it to certain value. Let us denote formally the radial repulsive shift of
4 As atom in the first coordination sphere due to the anti-site atoms as ξanti

4As and
the unambiguity of this parameter will be discussed later.

Let us write the fractional coordinates of the atoms in the first coordination
spheres relatively to the atom, from which they are repulsed, i.e., directions of
the repulsion

rint
4Ga = −rint

4As = rsub
4As = ranti

4As =


( 1

4
, 1

4
, 1

4
)

( −1
4
, −1

4
, 1

4
)

( 1
4
, −1

4
, −1

4
)

( −1
4
, 1

4
, −1

4
)

, (3.13)

where rint
4Ga and rint

4As correspond to 4 atoms around the interstitial position in
the Ga and the As tetrahedron, respectively. The minus sign indicates that local
arrangement of the closest neighbours for two non-equivalent interstitial positions
is spatially inverted (see Figure 3.1). The relative positions of the 4 As atoms
around the Ga lattice site, being identical to Mn substitutional positions and As
anti-site positions, are represented by rsub

4As and ranti
4As , respectively.

The influence of the Ga substitution on the atoms behind the first coordina-
tion sphere is not known nor theoretically predicted, therefore the second closest
neighbors with relative positions rint

6Ga and rint
6As are considered only for the inter-

stitial positions in As and Ga tetrahedrons:

rint
6Ga = rint

6As =



( 1
2
, 0, 0 )

( −1
2
, 0, 0 )

( 0, 1
2
, 0 )

( 0, −1
2
, 0 )

( 0, 0, 1
2

)
( 0, 0, −1

2
)

. (3.14)

The spatial arrangement of the neighbours in the second coordination sphere
around both interstitial positions is the same only the elements differ.
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We defined r
int(sub,anti)
4(6)Ga(As) as a relative positions of all neighbouring atoms with

respect to specific defect of GaAs perfect crystal lattice. All particular positions
for each lattice position type (i.e., Ga and As lattice sites and interstitial positions
in the centres of Ga and As tetrahedrons) are fully equivalent.

3.2.6 Structure factor corrected to local distortion

We include the effect of the atom repulsion on the structure factor only in the
first order approximation. In order to estimate its influence very roughly, let us
make two assumptions. Firstly, let us assume that the concentration of all defects
is very low. Therefore, the probability of finding just one defect in the first and
the second coordination shell of the Ga (or As) atom is much higher than the
probability of finding more of them there. According to this, the displacement of
the atoms caused by two or more defects located close to each other is neglected.
Secondly, we assume no interaction between single Mn atoms during the growth,
i.e., the relative positions of any two Mn atoms are completely random. Therefore
the displacement of the distorted atoms does not correlate with the positions and
with the types of the rest of the atoms included in the structure factor.

The Ga and As atoms far from the defects stay in undistorted lattice positions.
Their contribution to the averaged structure factor is not changed. The affected
atoms are pushed away in the direction relative to the defect. Their contribution
to the structure factor is changed due to the change of their phase. The magnitude
of the displacement of all atoms around the defect in the same coordination shell
is the same. If we concentrate on one GaAs lattice site, we can conclude that
the probability of the displacement in all assumed directions are equal due to the
symmetry of the crystal. The averaged position of such atoms stays the same but
the averaged phase changes. We can average the term containing the phase shift
due to the displacement independently:

d
int(sub,anti)
4(6)Ga(As) = 〈exp(−2πi(h, k, l) · rint(sub,anti)

4(6)Ga(As) ξ
int(sub,anti)
4(6)Ga(As) )〉 . (3.15)

The averaging goes over all possible values of r
int(sub,anti)
4(6)Ga(As) , which are allowed di-

rections of the repulsion.
Then, the local distortion can be included directly in the undistorted model

as a correction, using the probabilities given by the appropriate defect concen-
trations:

〈FGaMnAs
hkl,distorted〉 =〈FGaMnAs

hkl 〉 (3.16)

− 4fGa(1− canti − csub)

×
(
4cint,Ga(1− dint

4Ga) + 6cint,As(1− dint
6Ga)

+6csub(1− dsub
6Ga) + 6canti(1− danti

6Ga)
)

− 4fAse
−iπ/2(h+k+l)

×
(
4cint,As(1− dint

4As) + 6cint,Ga(1− dint
6As)

+4csub(1− dsub
4As) + 4canti(1− dsub

4As)
)
.

The repulsion of Ga atoms due to the interstitial atoms are represented by the
third line in Equation 3.16 where the first term can be ascribed to the interstitials
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in Ga tetrahedrons (the first coordination sphere). The second term comes from
the repulsive force of the interstitials in As tetrahedrons (the second coordination
sphere). The sixth line of that equation is similar, but the roles of anti-sites are
interchanged. The fourth and the seventh line represent the repulsion of the
second and the first coordination sphere, respectively, around the substitutional
atoms (and anti-sites).

The effect of the local distortion is simulated in Figure 3.4 where the change
of the calculated intensity due to this first order correction is depicted. We can
see that this effect is very small (around 1%). Anyway, the repulsion distances
found in the literature seems quite reliable as they are in agreement with the
experiments. Therefore, it is not a problem to include this correction into the
simulation of the diffraction measurement with certain values of the repulsion.

0 2 4 6 8
−1.6

−1.4

−1.2

−1

−0.8

−0.6

−0.4

−0.2

0

c
sub

 (%)

|F
(c

)/
F

(0
)|2 −

1 
(%

)

(b)

0 2 4
−0.4

−0.3

−0.2

−0.1

0

0.1

0.2

0.3

c
int,As

 (%)

(c)

0 2 4
0

0.2

0.4

0.6

0.8

1

1.2

1.4

c
int,Ga

 (%)

(d)

 

 

(002) (004) (115) (135) (006)

Figure 3.4: Influence of the distortion correction with respect to individual
defect concentrations. Simulations are made for the presence of only one type
of defect: the substitutional Mn atoms (left), the interstitial atom in As tetra-
hedral position (middle), and the interstitial atom in Ga tetrahedral position
(right).

3.2.7 Neighbourhood of anti-site defect

Figure 3.5 shows that the influence of the local distortion due to the presence
of the anti-site defects is quite important, and its change of the intensity is dra-
matical for the higher anti-site concentration. Moreover, we do not know exact
values for the atoms shifts because there is not an agreement in the literature
and all values come from theoretical predictions without any experimental proof.
It is obvious that we cannot include this correction in this form. Luckily, we can
estimate the limit of the anti-site defects concentration. The defect concentration
was the long-ago important question also for pure GaAs when the LT-GaAs was
being studied, as well. The major defect in LT-GaAs is the anti-site defect, whose
concentration is around 1020 cm−3 ([96, 97]). There are 4.42 ·1022 atoms in a cm3

volume of GaAs [98], half of them is gallium atoms, i.e., possible lattice sites for
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Figure 3.5: The influence of the distortion due to the anti-site concentration
for several diffractions (different colours) and different repulsion factors taken
from the literature (solid line (ξanti

4As = 4%) and dashed line (ξanti
4As = 13%)).

The change of intensity is related to calculated values without a distortion
correction.

As anti-site defects. Since, their typical occupancy is approximately 0.5%. There
are the similar finding also in (Ga,Mn)As material where the anti-site occupancy
are determined to be below 1% [74, 85, 116, 117].

During the (Ga,Mn)As growth, the system tends to reach the compensation of
the substitutional Mn by introducing of donor-like defects. This is some kind of
self-compensation effect [118]. The forming of anti-site double donors compensate
the acceptors (substitutional Mn), this is enough to get full compensation for low
Mn concentrations. Consequently, the low number of double donor interstitial
defects are present [117]. On the other hand, for the higher Mn content incorpo-
rated into original GaAs matrix the self-compensation is driven by the forming
of the more interstitials. This mechanism predominates the compensation due
to the anti-sites and the concentration of the anti-sites stays below 1% and it is
affected by the higher content of the Mn only very weakly [117].

Even for the most pessimistic case considering the strongest predicted repul-
sion around anti-site atom, we can see from Figure 3.5 that such concentrations
below 1% does not change intensity very much. But, we have to admit that this
change is comparable with the influence of the anti-sites on the structure factor
without distortion represented by Equation 3.10. It seems that only one possi-
bility how to deal with this problem is to abandon the effort of the determining
of the anti-site density from the measured data. Then, if we are not interested in
this value, we can proceed our data repeatedly using local distortion correction
with different theoretical repulsion factors. This gives us some uncertainty in all
determined parameters, i.e., in the concentrations. Briefly said, it will increase
our error bar of our results.
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3.2.8 Iso-intensity surfaces
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Figure 3.6: The distribution of the calculated intensity in the 3D space on
Mn concentrations. Each point represents the intensity for the corresponding
concentrations of Mn in all considered lattice positions. Only a few iso-intensity
surfaces are plotted for clarity for each diffraction. The numbers within the
planes indicate the intensity change with respect to the intensity of pure GaAs.
The distributions of intensity are plotted for weak diffraction maximum (002),
strong (004) and two intermediate diffraction maxima (115) and (117).

If we restrict ourselves to determine three free parameters: csub, cint,As and
cint,Ga assuming that the concentration of anti-site atoms is below 1%, we can
extract desired parameters from the measured intensity of several diffractions.
Previously, we show the intensity change with respect to certain defect concen-
tration where other two defect types were not present. It is obvious that there
is some correlation between those free parameters. In other words, the certain
intensity change can be achieved by several values of free parameters in the simu-
lation. To visualize this correlation, let us imagine 3D space of parameters. Each
dimension is represented by one of our free parameter. Now, we can calculate
the intensity for all possible values of csub, cint,As and cint,Ga (it is a vector in
our parameter space, in fact). In Figure 3.6, we can see that points with the
same value of the calculated intensity form some iso-intensity surfaces, let us say,
planes. If we measure the intensity in our experiment, we can identify the correct
iso-intensity surface for the measured diffraction. This itself does not give us
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the exact values of concentration. We need to measure more diffractions and to
identify iso-intensity surface for each diffraction. The values of concentration, we
are searching for our sample, is given by the intersection point of those identified
surfaces. In practice, every measurement is done with an error, so the result is
not the point in 3D parametric space, but it is rather a small object. The most
probable value will be the centre of the object, the variance will be given by the
size of the object.

The visualization of the iso-intensity surfaces for many diffractions gives us
the hint which set of diffraction maxima to measure. We have to choose those
diffractions for which the iso-intensity surfaces are mutually not parallel. Let us
say that the set of diffractions maxima (002), (004), (115) and (117) is good choice
for that. We should note that in practice we will not work with intensities of the
peaks, but with whole diffraction curve that should be compared to the simulated
profile. This calculation is described in chapter 2. The resulted structure factor
introduced here enters there as an input dependant on the free parameters.

Conclusion

Here, the structural model of (Ga,Mn)As was introduced. We showed how the
structure factor is affected by the different scattering power of impurities in GaAs
lattice. As well, we derived the correction of the structure factor for the displace-
ment of the atoms around these impurities.

In conclusion, we introduced a theoretical recipe for the determination of the
concentration of Mn in three non-equivalent lattice positions. We got to know the
limits of this approach, mainly that the as-grown samples are assumed to be self-
compensated by the interstitial Mn. The experimental problems and the main
interpretation of the real experimental data will be described in next chapters.
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Chapter 4

Description of HRXRD
measurement

We dedicate this chapter to the x-ray diffraction measurement and collected data
processing. We start with the description of the used experimental equipment for
the HRXRD. All x-ray laboratory measurements are carried out with the X’Pert
Panalytical Multi Resolution Diffractometer in High-Resolution mode. We men-
tion the parameters of the used instrument. With that, we thoroughly describe
the optic elements of the diffractometer. Later, the measurement procedure is
introduced and discussed. And, the treatment of raw collected data from which
we obtain the final diffraction curves is depicted.

4.1 Experimental equipment

Generally, the experimental setup for the diffraction experiment consists of several
distinguishable parts. The x-ray radiation is generated in the x-ray source that is
the x-ray tube in case of laboratory experiments. The generated radiation goes
through optical elements forming the incident beam path. Here, the radiation can
be made partially monochromatic by the monochromator device. Usually, there
are some optical elements in the incident beam path, which define a spatial and
an angular distribution of the x-ray beam impacting the sample. The sample
emits a diffracted radiation that is detected by the detector in a defined position.
We are interested in the angular distribution of the intensity of the radiation
diffracted by the sample. But, the beams coming from the finite sample, from
the sample holder (and possibly other elements) approach the detector from the
several directions. We use another optical elements inserted in diffracted beam
path to define rays that can finally reach the active component of the detector.

We describe briefly all functional components of the instrument (diffractome-
ter), and we mention the specifications of such components in the diffractometer
used for our experiments.

4.1.1 x-ray tube

The x-ray tube is evacuated, and generally, it consists of an anode and a cathodic
filament. The electrons thermally emitted, usually, from the tungsten filament are
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accelerated by the anode-cathode voltage. At the same time, they are focussed
to the target on the anode (focus).

Shortly said, the electrons impacting the anode can bounce out the anode
electrons from the inner atomic shells of an atom. This results in an emission of
the gamma quantum due to the intra-atomic transition filling back the free empty
shell. It produces characteristic radiation, whose wavelengths correspond to the
energetic difference of the electron states acting in these transitions. There are
more allowed jumps between the higher and the lower energetic states, therefore,
there are more possible wavelengths of the gamma quantum with higher or lower
probability of being emitted. These discrete wavelengths are specific for different
materials. The metals, such as Cu, Mo, Co, or W, are widely used in the x-ray
tubes. Usually, the doublet Kα1,2 is used for the highest emission probability.

This is not the only one way how the x-ray radiation is generated in the
anode. Also, it is being emitted due to the deceleration of the impacted electrons
in the material as the accelerated charge emits the electromagnetic wave. This
radiation is called Bremsstrahlung, and it has a continuous emission spectrum
with the smallest wavelength corresponding to the energy of impacted electrons.

The envelopes of x-ray tubes, usually made of glass or ceramic, have berylli-
um windows through which the generated radiation goes out with the minimal
intensity loss.

We used PW333/00 Ceramic Tube Cu LFF that is a tube with the copper
anode. The maximum operating power is 2.2 kW, the maximum voltage and
the maximum current are 60 kV and 55 mA, respectively. The recommended
maximum settings is 40 kV and 55 mA. We operate this tube with settings 40 kV
and 35 mA. This enhances the lifetime of the tube at the expense of the smaller
intensity of the primary beam.

The transmission of four different beryllium windows (14 mm in diameter and
300 µm thick) is 94 %. The line-like focus of the tube (12 mm× 0.4 mm) can be
viewed by two Be windows as a spot when operating in a point-focus mode. The
other two windows allow to keep the focus being line when operating in line-focus
mode, our configuration. The take-off angle of the x-ray radiation is 0◦–12◦.

The manufacturer announces the spectral purity being less than one percent.
The spectral purity is ‘the relative intensity of characteristic foreign lines to Kα
line measured with a β-filter (attenuator suppressing the Cu Kβ) at 40 kV’. This
quantity increases for another less than percent per 1000 hours of tube life. In
practise, it means that the tungsten from the filament contaminates the surface
of the anode, and it starts to produce the W characteristic radiation, as well.

The tube is cooled by the water with flow of 3.5–5 l per minute with maximum
pressure 0.8 MPa. The tube operates in surrounding temperature 5–40 ◦C.

4.1.2 Incident beam path

The radiation coming from the beryllium window is not collimated, only limited
just by that window. The focus of the tube is oriented vertically. The x-ray
beam is going through several optical elements in the incident beam path as it is
depicted in Figure 4.1.

There is a component called Goebel mirror just behind the x-ray tube. It is
parabolic multilayer that converts a divergent x-ray beam leaving the tube to a
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Figure 4.1: Sketch of the experimental setup. We measure the intensity
distribution of the diffracted beam in angular space (αi, 2θ). The x-ray radi-
ation generated in the x-ray tube approaches through the incident beam path
(Goebel mirror, Soller slits and Bartels monochromator) the sample. There
is a channel-cut monochromator in the diffracted beam path increasing the
resolution.

monochromatic quasi-parallel beam. This process is provided by the reflection
of the x-ray beam on the multilayer. This multilayer is parabolically curved in
horizontal direction. It collects the radiation from the line focus of the tube that
is identical to the focus of the parabola. It is not curved vertically. The period
of the curved multilayer is locally changing to keep the constructive interference
of the reflected beam on individual sub-layers.

As a consequence of the parabolic curvature, the mirror significantly decreases
the divergence in the horizontal direction, often called as equatorial. It is in the
plane where our detector moves, i.e., the diffraction plane defined by the primary
beam direction and the direction of the diffracted beam. The divergence in the
vertical direction, perpendicular to the diffraction plane, is not controlled by the
x-ray mirror. We call vertical divergence as axial.

The x-ray mirror increases the intensity per unit area of the x-ray beam above
value produced by the x-ray tube itself. This is because of the collimating the
divergent beam into a parallel beam. Our diffractometer has x-ray mirror de-
signed to diffract Kα radiation. The manufacturer claims that intensity of the Kβ

radiation is reduced to a level below 0.5 % of its original value.
The mirror in our experimental setup accepts the divergent x-ray beam from

the line focus in angular range approximately 0.8◦. The divergence in the hori-
zontal direction is significantly decreased by passing through the mirror whereas
the vertical divergence remains unchanged.

The vertical divergence is limited by the Soller slits behind the Goebel mirror
in the incident beam path. Those slits are multiple metal sheets equidistantly
positioned and horizontally oriented. The divergent beam has to pass through
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the gaps between those sheets. The beams being too declined from the right
direction hit the sheets, and they are attenuated. Our configuration allowed to
pass the beam with the smaller vertical divergence than 0.04 rad and 0.02 rad.

The last optical element is the high resolution monochromator (Bartels monochro-
mator) that reduces the Kα1,2 doublet to the single Kα1 line with the well defined
angular shape of the beam. This is very important for the high resolution mea-
surement when we are interesting in the precise shape of the experimental diffrac-
tion curves.

The monochromator consists of the two U-shaped single nearly-perfect crys-
tals. The both incident beams for Kα1,2 doublet is two times diffracted on the first
crystal. However, the beam with Kα2 wavelength, fulfilling the Bragg condition
on the first crystal, exits in the inappropriate direction. It is not able to fulfil the
same condition on the second crystal. Only the beams with wavelength Kα1 with
proper direction can survive the passing through. The angular profile of resulted
beam is sharpened by the four-times diffraction.

The crystals are usually made of germanium using diffraction Ge (220) or Ge
(440). The symmetric Ge monochromator is cut to have (110) surfaces accepting
the incident beam. To increase the intensity of the monochromatic beam it is
possible to cut these surfaces inclined relatively to the (110) planes. The beam
coming from this asymmetric monochromator has a higher angular divergence.
We can use both types in our setup. The manufacturer specify the angular
divergence for the symmetric Ge(220) 4-crystal (12 mm wide) should be less than
0.0039◦ while the asymmetric variant has angular divergence less than 0.0053◦

with the 2.5 times higher intensity then the symmetric one.
Besides the optical elements described above, there is a system of additional

slits, foils, and masks to define the incident beam (see Figure 4.2). The first slit,
sometimes called anti-scatter slit, is located just behind the x-ray tube in the
incident beam. This is the vertical slit limiting very roughly the divergence of the
beam passing into the x-ray mirror. By the choice of this slit (1/16

◦
,1/8
◦
,1/4
◦
,1/2
◦

and 1◦), we can define the irradiated area of the parabolically shaped multilayer
in the x-ray mirror. This results in a defined width of the parallel beam produced
by the mirror.

The height of the beam, i.e., the size in the vertical direction, is controlled
by the mask located between the anti-scatter slit and the x-ray mirror. We can
use mask with the 2, 4, 10 or 20 mm window height. The horizontal size of the
window is large enough not to affect the beam size. We have to keep in mind
that the height of the window is not reproduced in the vertical size of the beam
exactly because the beam is still divergent in the vertical direction.

Anywhere in the incident or diffracted beam path, there can be inserted at-
tenuating foil to decrease the intensity of primary or diffracted beam. In our
case, it is inserted between the Soller slits and the Bartels monochromator. This
optional attenuation is present in order to decrease the intensity of the detected
radiation to levels safe for the detector if the beam in the diffracted path is too
intense, e.g., when the intense substrate peak is being measured.

Finally, we can set the beam size in both directions with tunable cross-slits
mounted behind the Bartels monochromator. The gap between the movable metal
stops is defined by the micro-metric screws.
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Figure 4.2: Optical elements in the incident beam path in detail. The x-
ray radiation is generated in the tube on the very right. The beam is then
passing through an anti-scatter slit and a mask to the x-ray parabolic mirror.
Consequently, the parallel beam is going through Soller slits and optionally
through an attenuating foil into the Bartels monochromator. It leaves the
incident beam optics through a tunable cross-slits and approaches the sample
on left out of the picture in the direction of the red arrow.

4.1.3 Diffracted beam path

There are not so many functional components in the diffracted beam path. The
last component finalizing the journey of the x-ray beam is the detector. Generally,
it counts the number of photons going through its the window to the active
element of the detector.

There are several types of the detectors, e.g., sealed proportional detectors or
scintillation detectors, based on the different detection technique of the passing
gamma quantum. Basically, we distinguish between energy dispersive and non-
dispersive detectors, that are (not) able to resolve the wavelength of the counted
gamma quantum. Usually, we do not need this ability for the standard diffrac-
tometry in the limits of the Compton elastic scattering. Lastly, we can divide
detectors according to the dimension in which they are able to resolve the position
of the passing photon (position sensitive detectors), i.e., those simply counting
photons passing through the window (0D), linear detectors (1D), or area detectors
(2D).

There is a proportional detector in our x-ray instrument. It consists of a
cylindrical chamber having its axis in the direction of the incoming beam. The
active area is behind the beryllium rectangular window (20 mm × 24 mm). The
detection gas is a mixture of xenon and methane. The photon entering through
the window into the chamber can ionize the inert detection gas along its path.
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This results in an electric current between the metal wire (anode) located along
the cylinder axis and the inner coating of the detector (cathode). From the
electric current the number of photons in the chamber is deduced.

Our detector is possible to measure the fluxes of one photon per second, it
safely works in the linear regime to the 1 million counts per second (cps). Above
this flux level of detected x-ray beam, the detection starts to be very non-linear,
i.e., there are less successfully detected photons than it is flowing through the
chamber. Finally, for more higher fluxes, the detector is completely saturated
giving non-representative results. We have to measure in the range of the linear
regime which can be ensured by the insertion of the attenuating foil somewhere
in the incident or in diffracted beam path.

We have a choice to have no other optical components before the detector. In
such a case we collect all x-ray beams approaching the window of the detector,
i.e., beams coming from the different parts of the sample with different directions
as well as the radiation scattered by the sample holder and possibly other objects
in the diffractometer. If we overlook this, we can use the fact that the detector
window covers the angular range over one degree. It is advantageous for the
aligning of the sample and searching for diffraction maxima in the angular space.

For the high-resolution in the angular space, we use the multiple diffraction
on the analyser crystal in front of the detector. It cuts off the x-ray beams being
deviated from the desired direction of the detection. The analyser crystal is a
channel-cut germanium crystal, where the x-ray beam is three times diffracted
(Ge (220) diffraction). The final beam passed through the analyser is declined
for 6◦ (offset of the analyser) in the horizontal direction from the original path.
The acceptance of our crystal is 12 arcseconds that is the angular resolution of
the system in the diffracted beam path.

Practically, one needs to align sample with low angular resolution because
there can be only rough knowledge of the diffracted beam directions, for instance,
roughly estimated lattice parameters. In such a case, we use no analyser crystal to
align sample properly. We use the advantage of detecting the intensity integrated
over the relatively wide range of diffraction angle (1◦). When the sample is
aligned, one wants to switch to high resolution for the HRXRD measurement.
Our instrument carries two detectors with and without analyser crystal. It is
capable to switch between them, i.e., to choose if the diffracted beam path (b) or
(c) is active as depicted in Figure 4.3.

4.1.4 Control of experiment

As we mentioned above, we are interested in the intensity distribution in the
angular space (αi, 2θ). The angles correspond to the incidence angle of the x-ray
beam impacting the sample and the diffraction angle, respectively. We restrict
ourselves to a coplanar diffraction where the diffraction plane is perpendicular to
the surface. Then, the third important angle is the azimuth of the sample, which
is the orientation of the intersection line of the surface and the diffraction planes
on the sample.

We have several motors, we can control during the experiment. The desired
three angles are derived from some of these motor positions. Some motors are
only for the proper sample alignment having no direct influence on the angles αi,
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Figure 4.3: Real experimental HRXRD machine. The red lines schematically
guides the beams in incident beam path (a) and in the diffracted beam paths
(b, c). The blue labels describe the functional parts of the instrument. The
motors that can be controlled by the user are indicated by the yellow signs,
and their movement direction by yellow arrows. The sample is located roughly
in the centre of the photo, being mounted on the sample stage.

2θ and the azimuth.
The sample is mounted vertically on the sample holder, ideally in such a

way, that any rotation of the sample will keep the central point of the sample in
the axis of the incident x-ray beam. The sample stage allows movement of the
sample holder in all three spatial directions relatively to the intersection point
of all rotation axis. These motors are labelled X, Y and Z as it is depicted
in Figure 4.3. It is assumed that mentioned intersection point of sample-stage
rotation axis is just in the centre of the incident beam. To align properly the
sample, we have to set X, Y and Z motors to move the central point of the
sample surface into this intersection point. For the clarity, see Figure 4.4.

The sample stage has three motors controlling the rotation of the sample
holder and consequently the sample. The first one is the ω-motor which rotates
whole sample stage along the vertical axis, i.e., perpendicular to the diffraction
plane. If sample is properly aligned, this ω-motor corresponds to the αi angle
except of some offset.

The second rotation allowed by the sample stage is the rotation of the sample
holder around the strictly horizontal axis, and it is performed by the ψ-motor.
The whole sample stage is rotated by the ω-motor. Therefore, it defines the
azimuthal orientation of the axis for the ψ-motor rotation, as well. This motor
serves to adjust the sample surface perpendicular to the diffraction plane because,
generally, the sample holder surface and sample surface do not need to be parallel.
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Figure 4.4: All rotation axes of the diffractometer are depicted. There is just
one intersection point of all axes, the sample holder can be moved relatively
to this point to adjust a sample properly.

It depends on the mounting of the sample and its shape.
The last motor defining the azimuthal orientation of the sample is the φ-

motor. It is mounted on the arm controlled by the ψ-motor that inclines the
ψ-axis. Therefore, the axis of the φ rotation is perpendicular to the ψ-axis.
Concurrently, the angular deviation of the φ-axis with respect to the static ω-
axis is 90− ψ.

The diffracted beam path is controlled by only one motor 2θ corresponding
to the diffraction angle.

After the successful adjustment of the sample, we can set the inner offsets of
the motors to identify the ω motor with the incident angle and the φ with the
azimuthal deviation from the certain crystallographic direction.

4.1.5 Available modes for line scans

The control software allows to move the motors positions manually for the align-
ment or for the setting the starting position before the measurement program is
executed. There are two basic possibilities how to measure a diffraction curve.
We can collect the detected intensity during the simultaneous movement of some
motor or pre-set motors combination (continuous mode). Or, we can measure the
intensity without movement in some certain defined points (step mode), usually,
equidistantly distributed along the angular path of some motor (or motors com-
bination). We call both these measurements as scans (or line scans) revealing an
intensity distribution along one dimensional path in the angular space of motors
movement. The path in the angular space is for both modes the same, except of
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a later mentioned q-scan available only in the step mode.
For the step mode, all motors are stopped during the count rate collection. In

fact, they are automatically correcting and oscillating to keep the desired position.
Although, there should be no vibrations due to the simultaneous movement of the
motors, it is ensured also for the step mode as it is claimed by the manufacturer.

Figure 4.5: Comparison of the two basic measurement modes. The blue
curve is an arbitrary chosen curve with gaussian-like peaks of different width.
Assuming this curve to be real distribution of the intensity, we simulated the
intensity obtained using the step mode (green points) and the continuous (red
points) measurement with the same step. The resolution function is much
smaller than the chosen step, being the same for both modes. The part of the
curve with the thinner peak is enlarged in the inset.

There are two cases where it is not possible to use the continuous mode.
Firstly, we can decide not to wait in each step for the same counting time, but to
measure at each point as long as it is necessary for the collection of defined counts.
However, this acquiring time is limited by the maximal time that is set by the
user. It allows to increase the statistics of the low intense peaks and to measure
relatively quickly high intense peaks. But usually, the time consumption due to
the separation of the movement and intensity detecting is larger than for any
continuous scan. Secondly, if we want to measure scan that cannot be achieved
by the constant movement of two motors, e.g., due to the changing step of one or
both motors, the step-mode measurement is necessary. This is the case of q-scan,
i.e., the scan along the straight line in a reciprocal space.

On the other hand, the continuous mode is much faster because the motors
are moving with constant speed while the count rate is being detected. There is
no wasted time due to the static measurement or due to the aligning precisely
just to the calculated position after each step. This aligning in step mode is an
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iterative process controlled by the internal electronics of the instrument.
If there are no disturbing vibrations due to the movement and if the motors are

well synchronized, the quality of the collected data does not significantly differ for
both modes. We show the simulation of both types of measurement on the model
curve in Figure 4.5. It is obvious that both modes describes the curve equally
when the step is small enough compared with the width of the features present
in the curve. If we assume that the resolution is smaller than step, the step mode
describes the curve by the interpolated values at equidistantly distributed points.
In contrary, the continuous mode integrates the curve between these points and
places the normalized integrated value between the neighbouring points, i,.e., in
the centre of the measured interval.

Unfortunately, if we use too large step with respect to the width of the peak,
none of these modes is possible to describe the peak profile sufficiently. This
happens very often when the very narrow peak of almost perfect crystal of the
substrate is measured. If this peak is not measured with a finer step than the
rest of the curve, one has to be very careful in the data interpretation because
the peak seems to be less intense than it is, in fact.

The line scans can be also measured for the φ- and ψ-motors movement,
but they are not relevant for our coplanar diffraction measurement taking into
account how we defined our angular space. These scans are useful for the sample
(re-)adjustment.

To measure the intensity distribution in some area of the angular space we
have to perform a sequence of the line scans mutually shifted in the angular space.
This measurement we call the map and it can be performed automatically by the
software as so called two-axis measurement.

4.2 Measurement procedure

We described our diffractometer, the movement of its motors and a capability
of various scanning modes. There are three aspects we want to explain that are
connected with the successful obtaining of the diffraction curves. The first is
the sample adjustment being general task. Its proper performing is crucial for
the collecting of quality data with not skewed intensity. Secondly, the diffracted
intensity is distributed along straight lines in the reciprocal space whereas basic
scans allow to measure the distribution of intensity along the straight lines in
the angular space of the motors. Since, it is essential to introduce the relations
between those two spaces. From those, we are able to suggest the measurement
procedure. Lastly, there is a specific obstacle complicating the measurement
along Crystal Truncation Rod with our diffractometer. Although its origin is not
completely understood, it seems that the reason lies in some imperfectness of the
motors continuous movement when we decrease their step to the lowest limits
of the machine. This can be just particular problem of our diffractometer type
being observed with several similar machines.

4.2.1 Sample adjustment

When we described the sample stage and the optical elements of the diffractome-
ter, we assumed that the central point of the sample surface is positioned exactly
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in the intersection point of all rotation axes (see Figure 4.4). This is a necessary
condition for the correct interpretation of the motors positions in the angular
space.

Generally, the measurement usually starts with the adjustment of the diffract-
ed beam path with the arm carrying the detectors. It is connected with the po-
sition of the x-ray tube focus, in case of our diffractometer, it can and it has to
be tuned to the proper position, as well. We assume that all optical elements
are adjusted by the manufacturer and there is no reason why they should be
misaligned during the operation time of the diffractometer. On the other hand,
the temperature change in the x-ray tube can cause the movement of the tube
focus in time.

This happens mainly with the change of an operational current and voltage,
i.e., when the diffractometer is awaken from the stand-by mode or non-operating
state with the lower energy consumption. If the temperature in the tube is stable,
which is given by the temperature and the flow of the cooling water, the x-ray
tube focus should stay tuned. However, this depends on the construction of the
cooling circuit and sometimes this stability is not perfect. For instance, it can
be just one central cooling circuit attending several diffractometers that change
their operational regime sometimes, going on, off, standby, or saving mode. One
should check sometimes the intensity of the direct x-ray beam going through the
optical elements and to realign the focus if necessary.

The focus can be moved by the micro-metric screw in the direction of the
cylindrical tube axis that is oriented horizontally. The aim is to move the tube
focus to the position of the parabolic mirror focus that the Goebel mirror works
properly. As we are interested in the tuning of the incident beam path, we select
the diffracted beam path with the open detector moved to the direct beam. It is
setup with no optical elements in front of the wide window of the detector having
the angular acceptance approximately 1◦. The direct beam is very intense, so
the attenuation foil has to be inserted to prevent the saturation of the detector.
We tune the focus to obtain the highest possible intensity in the detector which
means that the incident path is aligned.

Then we switch the diffraction path to the high-resolution mode which is the
detector with channel-cut monochromator in front of it. The 2θ-scan across the
direct beam should reveal a symmetric narrow peak (in our case with 0.0030◦

full width in a half of maximum (FWHM), typically). The centre of the peak
corresponds to the zero 2θ, and we set the offset of the 2θ motor to satisfy this.

Now we can move the sample mounted on the sample holder approximately in
the desired crystallographic orientation into the direct beam using X−, Y - and
Z-motors. The cross-slits vertical gap and the mask are chosen to produce the
beam of a vertical size being the same or rather smaller than the width of the
sample, being mounted vertically. This ensures that no x-ray radiation passes
around the sample sides. The horizontal gap should be tuned to a certain value,
which depends on the sample length (the horizontal length). Usually, we choose
the horizontal beam size to be sure that whole beam is impacting the sample
during the all diffractions measurement. If this is not valid, one has to correct
the measured intensity for the direct beam loss due to the passing of x-ray beam
around the sample. The correction is possible, but it is not sure that the beam
is homogeneous. Therefore, the intensity flux missing the sample has not to be
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necessarily proportional to the corresponding area around the sample. Usually,
we select the horizontal beam size H = L tanαi for the sample length L and the
lowest expecting incidence angle αi of all measurements.

When the both beam paths optics are ready, we have to move and to tilt the
sample to satisfy two conditions. Firstly, the surface plane has to be perpen-
dicular to the diffraction plane that is the horizontal plane where the detector
moves. This is fulfilled if the specularly reflected beam (low αi = 2θ

2
) stays in

the diffraction plane. We search for such a ψ-motor position where the intensity
of the reflected beam by the sample is the highest. At the same time, we adjust
the ω-motor to correspond the desired incident angle αi for the fixed detector
position. One has to take into account that occasionally some of the direct beam
is passing around (above) the sample and the sample holder can reflect the beam,
as well. Both produce some intensity increase that should not be confused with
the reflected beam by the sample surface.

Secondly, the central point of the sample surface should be in the intersection
point of the 2θ-axis and the primary beam axis, which coincides with the inter-
section point of the ω-, ψ- and φ- axes. This has to be reached by the alignment
of the X-, Y -, Z-motors. Usually, the beam is a little bit smaller then the sample
diameters, therefore X- and Y - motors can be set with rather low precision. If
the first condition is fulfilled, the sample at zero incident angle should shade the
half of the primary beam (if no beam is passing around the sides of the sample),
therefore the optimal Z has to be carefully found.

The effect of the all three motors being aligned (ω, ψ and Z) are bound
together. All of them have to be in optimal positions to satisfy both conditions
introduced above. This can be achieved by their iterative adjustment consisted
of Z-movement in the direct beam (αi=0) and ω− and ψ- adjustment in the
reflected beam (2θ ≈ tenths of degrees, i.e., above the critical angle as far as the
reflectivity is sufficient).

Finally, one has to align the azimuthally the sample (φ). It is found by using
some asymmetric diffraction. Ideally, we switch to the open detector set to the
expected 2θ value and the motor φ is optimized.

In practice, the measurement of each diffraction within one sample is accom-
panied with the fine adjustment of all motors (ω, ψ, φ and 2θ, as well) to reach
the maximal intensity of particular diffraction. Firstly, we align the motors de-
termining the sample orientation using the open detector. Finally, we switch to
high-resolution and after 2θ optimization we realign previous motors precisely.

There are several reasons why one cannot use the very first alignment of the
ψ and φ for any diffraction measurement. Firstly, the crystallographic planes
nominally parallel to the surface are not parallel perfectly. Often, there is a small
tilt called miscut. It can be in any direction, therefore, it can lead to misalignment
of several motors. Secondly, the φ-rotation axis is perpendicular to the sample
holder surface. This is not usually perfectly parallel to the sample surface because
of the sample shape or the way of mounting on the sample holder (see Figure 4.6).
Therefore, the change of the azimuth affects the real incident angle αi. Both
effects causes the need of realignment near every diffraction position, but in the
vicinity of a certain position, it is possible to move just in the angular (ω, 2θ)-
space (measurement).

The high-resolution works with steps 0.0001◦ in ω and θ and the angular res-
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Figure 4.6: Difference of the φ-rotation axis and normals to the sample
surface and to the crystallographic planes nominally parallel to the surface.
The tilt of the crystallographic planes (miscut) is exaggerated.

olution in 2θ is definitely smaller than 0.0030◦ (obviously from the primary beam
measurement). The intensity is distributed only along the Crystal Truncation
Rods (CTRs), which are infinitesimally thin in theory. In measured data, they
seem to be thicker according to the resolution of the instrument. The smallest
step of the ψ and φ motors are 0.01◦. Fortunately, the relatively high axial diver-
gence of the primary beam and the high axial acceptance of the crystal analyser
guarantee that such motors steps are sufficient for the alignment.

4.2.2 Relation between angular and reciprocal space

Let us now connect the angular space (αi(≡ ω), 2θ, φ) with the reciprocal space
(Qx, Qy, Qz) which is native for the crystallography. The length of the scattering
vector Q,

|Q| ≡ Q =
4π

λ
sin θ ,

(
θ ≡ 2θ

2

)
, (4.1)

is given by the diffraction angle 2θ and wavelength. It is for all our laboratory
measurement the wavelength of the copper Kα1 radiation:

λ = 1.54056 Å . (4.2)

The coplanar diffraction makes thing much easier because the azimuth of
the sample φ corresponds to the rotation of the reciprocal space along the axis
identified with the normal to the sample surface. For the certain convenient
azimuth φ, let us define the Qx axis being in the direction of the incident beam
and the Qy to be perpendicular to the diffraction plane. Now, we can forget the
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φ and the Qy for a while, and we can introduce the bounding between spaces
(ω, 2θ) and the cut in reciprocal space (Qx, Qz):

Qx = Q sin(ω − θ) =
4π

λ
sin(θ) sin(ω − θ) , (4.3)

Qz = Q cos(ω − θ) =
4π

λ
sin(θ) cos(ω − θ) . (4.4)

The Jacobian of the transformation from the angular coordinates (ω, θ) to the
Cartesian coordinates (Qx, Qz) in reciprocal space is

|J | = 2π

λ
sin 2θ . (4.5)

The differentials dQx and dQz express the position change in reciprocal space
caused the infinitesimally small step in the angular space:

dQx =
4π

λ
[sin θ cos(ω − θ)dω + (cos θ sin(ω − θ)− sin θ cos(ω − θ)) dθ] , (4.6)

dQz =
4π

λ
[− sin θ sin(ω − θ)dω + (cos θ cos(ω − θ) + sin θ sin(ω − θ)) dθ] .

(4.7)

If we want to change the coordinate system due to the change of the azimuth
φ, it would be related to this system as

Q′x = Qx cosφ , Q′y = Qx sinφ , Q′z = Qz . (4.8)

The control software allows to perform the ω-, 2θ-, and ω/2θ-scans. Their
paths through the reciprocal space are depicted in Figure 4.7 for several different
positions, i.e., diffraction maxima of GaAs where the scans can be performed. In
the same figure, we can see that not all of the (hkl) diffractions are reachable.
It is obvious that some points of the reciprocal lattice are more distant from the
origin than the maximal possible length of the scattering vector, e.g., GaAs(-4-
46). Another limitations comes from the coplanar geometry and the fact that
incident, nor the diffracted beam cannot go through the thick non-transparent
sample (Brag diffraction geometry). For instance, GaAs (333) cannot be reached
in coplanar geometry because the diffracted beam would be directed deep into
the material. These conditions define the borders of the area achievable are in
reciprocal space (see Figure 4.7).

In case of the ω-scan, we measure the intensity during the ω-motor constant
movement, and all other motors are motionless. The diffraction angle is kept
constant, therefore, the path of this scan through the reciprocal space is always
the arc centred at the origin of the reciprocal space. In fact, we watch beams
with the exit angle changing in opposite way as the incidence angel changes with
ω.

Unchanged position of the 2θ-motor settle the condition dθ = 0 in all points
of the scan, which applied to Equation 4.6 and Equation 4.7 gives the direction of
the scan in a certain point in the reciprocal space. The direction is fully defined
by the

dQx

dQz

= − tan(ω − θ) . (4.9)
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Figure 4.7: Cut through the reciprocal space. Some points from the recip-
rocal lattice of GaAs are plotted by the red points (orientation: (110)||Qx

and (001)||Qz). The labels of the lattice points are coloured with respect of
diffraction type: the strong (black), the intermediate (dark grey), and the weak
(light grey). The cyan arcs limits the space reachable with the diffractometer
(Bragg geometry). The bigger arc is limitation due to the longest achievable
scattering vector. The smaller arcs on the left and the right correspond to the
lowest incidence angle and the lowest exit angle of the beam, respectively. The
ω- (red), 2θ- (green) and the ω/2θ-scans (blue) with range of 10◦ are plotted
through the diffractions (-2-24), (004) and (224). The grey elongating curves
are these scans in full possible range.

The 2θ-scan keeps the constant incidence angle of the approaching x-ray beam
while the arm with the detector is constantly moving (2θ-motor). From Fig-
ure 4.7, it can be viewed that the path shape of the 2θ-scan strongly depends on
the ω value. From the condition dω = 0, we can similarly to the previous derive
the direction of a tangential vector of the path in the reciprocal space

dQx =
4π

λ
(cos θ sin(ω − θ)− sin θ cos(ω − θ)) dθ

=
4π

λ
(cos θ sin(ω − θ)−Qz) dθ , (4.10)

dQz =
4π

λ
(cos θ cos(ω − θ) + sin θ sin(ω − θ)) dθ

=
4π

λ
(cos θ cos(ω − θ) +Qx) dθ . (4.11)

Easily, we can express this tangential direction in the extremal points for the
lowest exit angle of the diffracted beam (a condition 2θ = ω) and for the longest
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diffraction vector corresponding to the backscattering (a condition θ = π
2
):

dQx|2θ=ω = 0 , dQz|2θ=ω =
4π

λ
dθ , (4.12)

dQx

dQz

∣∣∣∣
θ=π

2

= tan(ω) . (4.13)

Sometimes, it is useful to imagine the tangential direction of the 2θ-scan when
we plan the maps measurement in the vicinity of symmetrical diffractions as they
are measured quite often (a condition ω = θ):

dQx

dQz

∣∣∣∣
ω=θ

= − tan θ (4.14)

During the ω/2θ-scan both motors ω and 2θ are moving with a constant speed,
but the second one is two times faster as the first one. The value of so called
offset (between both motors) defined as the ω− 2θ

2
is preserved during the motion.

Both angles of the incidence and the exit are increasing with the same rate. This
produces the path in the reciprocal space being the straight line which is going
through the origin if it is elongated. The inclination of this straight line from the
Qz-axis is equal to the ω/2θ offset. This follows from the condition dω = dθ:

dQx

dQz

= tan(ω − θ) , ω − θ = const. (4.15)

The special case of this scan is for the zero ω/2θ-offset which is called sym-
metrical ω/2θ-scan or θ − 2θ-scan. Its path is identical with the Qz-scan going
through the origin, it differs only by the non-equidistant distribution of measure-
ment points in the reciprocal space.

From chapter 2, we know that we are interested in the intensity distribution
along the CTRs, parallel to the Qz-axis. From Figure 4.7, it is clear that except
of the symmetrical diffractions (here 00l), located on the Qz-axis, we are not
able to measure along CTRs using the previously described basic scans. For
such cases, there is implemented a suitable scan in the control software. The Q-
scan allows to measure intensity along straight line in the reciprocal space with
equidistantly distributed measurement points. User has to move motors manually
to positions corresponding to the centre of the desired line in reciprocal space.
Then, the inclination with respect to Qz-axis, the length and the step length in
the reciprocal space has to be given to the control software. It calculates the
sequence of the ω and 2θ positions corresponding to the measurement points and
it measures along this linear path in step mode of the diffractometer. However,
for the reasons explained below, we will use the different approach to measure
the intensity distribution along the CTRs.

Let us say that because of some reasons discussed below, we want to measure
the 2-dimensional distribution of the intensity in the reciprocal space (intensity
map) instead of the Q-scan measurement that reveals the intensity only along
straight line. We want to cover the area including the path of the rejected Q-
scan. There are simulated paths of several two-axis measurements in Figure 4.8.
For this illustrating simulation, let us assume that we have epitaxial layer on
GaAs with the height of the unit cell about 1% larger. The lateral dimensions
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Figure 4.8: Simulated paths in the reciprocal space for a two-axis measure-
ments in a vicinity of different diffractions. The black circles shows the sub-
strate and the layer peak position. The black line indicates where the intensity
to be collected is distributed. The coloured lines corresponds to the contin-
uous line scans being run in the (ω, 2θ/ω)-map (blue), (ω, 2θ)-map (red) and
(2θ, 2θ/ω)-map (green) measurement. There are no Qx and Qz values along,
though the scaling of the axis was chosen to keep the units in both equal.

of the epilayer unit cell is identical with those of the substrate, obviously. The
positions of the layer peaks are defined by Qlayer

z = Q
GaAs(substrate)
z with the equal

Qx coordinates. Our task is to measure the intensity distribution along the CTR.
We want the range in Qz to be three times more than the distance of the lay-
er/substrate peak. Usually, it is a sufficient range to see the thickness oscillations
vanishing in the background.

For the simplicity, let us simulate an equally defined map measurement for
several diffractions (asymmetric (−3−35), (±±15) and (±2±24)) and symmet-
ric (004)). We have to remark that the azimuth of the sample is set with (110)
direction being parallel the approaching x-ray beam with zero ω angle. Therefore,
(−|h|−|h|l) can be denoted as grazing incidence asymmetric diffractions whereas
(+|h|+ h|l) as grazing exit asymmetric diffractions. This should be not confused
with the expressions grazing incidence/exit used for very low incidence/exit an-
gles. To show covering areas, we performed virtually
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the measurement of the (ω, 2θ/ω), (ω, 2θ), and (2θ, ω/2θ) -maps
running continuous ω, ω, and 2θ -scans with
defined ranges 1.6◦, 2◦, and 2◦, controlled
by the 2nd axis 2θ/ω, 2θ, and 2θ/ω within
the range of 4◦, 4◦, and 4◦. Results are
plotted by the blue, red, and green colour lines

in Figure 4.8, respectively. The angular steps are not important for the illustra-
tion.

One can see that maps cover the different areas in the reciprocal space. Their
shapes differ, as well, due to the different tangential direction of the scans in
the positions of various diffractions as described above. It is necessary to use
large ranges for both the continuous scans and the control scans to fulfil the
condition of containing desired part of the CTR. Obviously, there would be
mostly the background in such measured maps. Useful information would be
only in very small measured points and such a measurement would be extremely
time consumptive or time wasteful.

The simple solution is obvious, we can decrease the area of the map, but we
can measure more of those maps in various positions to cover the demanded area
in the vicinity of the CTR. Anyway, we have to choose the best combination of
the continuous/control scanning axis to obtain a convenient shape of the resulted
map, as closer to the ideal rectangular shape with one side parallel to the Qz-axis
as it is possible. Then, we can run several such map measurements, whose result
are to be merged into one map that can be possibly trimmed to obtain a regularly
shaped intensity map.

For the user’s convenience, the control software allows to create so called
user batches that is the sequence of pre-defined measurement scans and the com-
mands for the motors movement to the desired position. This allows to pack
the measurement of several maps into one job executed by the control software
automatically. It also allows to run iterative loops capable to increment any of
the motors positions and to repeat the measurement scan. This leads to the
possibility to measure the high number of maps almost automatically if we are
able to define wisely the movement of the motors in between. The extreme case
but the most effective approach is to measure only line scans with certain small
(unfortunately uniform) movement of the motors in the loop.

After the finished measurement scan, the control system move the motors to
the positions corresponding to those just before the measurement. This defines
the centre of the measured scan, as well. Let us say that we demand the small
movement along the CTR. This formulates the condition dQx = 0, which sub-
stituted into Equation 4.6 bounds together the movement of the main motors
as

− sin θ cos(ω − θ)dω = (cos θ sin(ω − θ)− sin θ cos(ω − θ)) dθ . (4.16)

The length of the scattering vector Q is always incremented with the increasing
Qz along the path parallel to the CTR. We express the dependence of the step
dω using the change of 2θ-motor as

dω =

(
1− tan(ω − θ)

tan θ

)
dθ . (4.17)
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There is a practical obstacle that the ratio dω/dθ changes along the movement,
which cannot be included in a batch loop. We have to set a certain value of this
ratio to be constant for all iterations of that loop. However, if we measure very
small area in the reciprocal space where the variation of the motors position is very
small, the calculated ratio is nearly constant. Therefore, if we use the constant
ratio calculated in the central point of the interesting area, the curvature of our
path is quite small. If there is any, it can be compensated by the range of the
continuous measurement scan. The range can be now definitely much smaller
than for two-axis measurement. Such a loop measurement produces the intensity
map covering the narrow strip around the CTR.

Similarly to the simulated paths in Figure 4.8, we simulated the path cor-
responding to the loop measurement described above. Again, the continuous
measurement scan is the same for all diffractions, and it is ω-scan with range of
0.8◦. Inside the loop, the 2θ-motor moves within the range of 4◦ with a constant
step. The step in ω direction is given by the expression in Equation 4.17 calcu-
lated in the central point of the desired map. The simulated paths are shown in
Figure 4.9 together with previously two-axes measurements simulations for the
comparison.

(−1−15)

���
�� �
�

(004) (115)

(−2−24)

�	��
����

(−3−35) (224)

Figure 4.9: Simulated paths in the reciprocal space for the iterative batch
measurement in a vicinity of different diffractions. The black features have the
same meaning as in Figure 4.8. The red lines correspond to the continuous
ω-scans being run in the iterative batch. The grey lines corresponds to the
same two-axis measurements showed in Figure 4.8.

We can see that here we can control the shape of the measured area in contrary
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to two-axis measurements. The length of the strip along the CTR is defined just
by the range of the 2θ-motor. The width of the strip is tunable through the range
of the continuous measurement scan. It can be decreased significantly to measure
only the area where the detectable intensity is expected. The most convenient
type of a continuous scan has to be selected, i.e., the scan with the local tangential
direction perpendicular to the CTR as much as possible.
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Figure 4.10: Comparison of the real experimental intensity maps for the
merged multiple two-axis measurement (on the left) and for the loop batch
measurement (on the right). The vicinity around Ga (224) was measured
for different samples of (Ga,Mn)As on the GaAs substrate. The intensity
expressed by the colour is in a logarithmic scale. The red dashed lines indicates
the borders of individual maps being merged. The black dashed lines show the
shape of the right map being shifted and scaled onto the left map.

Figure 4.10 compares the real experimental data obtained by two different
approaches described above. First, several (ω, 2θ/ω)-maps being measured shifted
along CTR are merged to the resulted intensity map. Second, the (ω,Qpseudo

z )-
map is reconstructed from plenty of ω-scans being also shifted inside the loop.

4.2.3 Snakes in reciprocal space

The theory says that in case of absence of any diffuse scattering all diffracted
intensity is distributed along the infinitesimally narrow CTRs. We are interested
just in the coherently scattered waves. Any diffusively scattered intensity is
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assumed to be small and moreover included in the constant background. Since,
it should be sufficient to measure line scans along these CTRs. Usually, this is
possible if we are able to manipulate with the motors with steps at least as fine
as the virtual CTRs finite width given by the resolution function. In such a case,
the correct measurement along the CTRs is just a question of the proper sample
adjustment and the precise direction of the line scan in the reciprocal space.

The final resolution is affected mainly by several factors. The analyser in front
of the detector defines the angular acceptance of the detector in high resolution
mode. It is very sensitive to the direction of the registered beam in the diffraction
plane (horizontal) because it coincides with the plane where the diffraction on
the analyser crystal is assumed. However, the beams being slightly deviated in
the axial direction, i.e., having some wave-vector component perpendicular to the
horizontal plane, still fulfil the Brag condition on the analyser crystal and they
can pass through. Another broadening of the resolution function comes from the
non-zero horizontal divergence and relatively high axial divergence of the primary
beam.

For our diffractometer, the smallest possible steps of ω- and 2θ motors, being
0.0001◦ and 0.0002◦, respectively, are sufficient to move continuously across the
CTR. And it is sufficient to see that the virtually finite width of CTR is several
tens of the motors smallest steps (in FWHM). This can be observed in our
measurements (see, for instance, Figure 4.10 or Figure 4.12). However, there
is an apparent discrepancy between our observations and expectations arising
from the theory. We measured whole intensity maps in the vicinity of several
diffractions for several samples. We visualise some of those maps in Figure 4.11.
No matter if they are recalculated to the reciprocal space, the intensity seems to
be distributed not along straight CTRs, but the intensity maxima coming from
the thickness oscillations follow some zigzag path looking like snakes laying along
the CTRs.

We are not aware of any theoretical reason for such zigzag paths whereas this
happens for all samples and the periodicity of these path deformation is related
rather to the position in the reciprocal space, i.e., motors positions. And, it is
independent on the samples, therefore, we adhere that it can be ascribed to the
instrument imperfectness. For unchanged sample mounting, the deformed shape
of the intensity distribution is perfectly reproducible. We presume that it is a
result of going just to the limits of the motors. The quite high resolution makes
the truncation rods virtually very narrow, then the motors are not able to reliably
follow them. Only several smallest steps of the motors is enough to pass across
the CTR.

It does not matter if the cause is in the imperfectness of the motor encoders or
the non-reliability of the stepper motors themselves. We just want to eliminate its
influence on the collected data. Figure 4.12 shows the typical measurement of the
intensity distribution around the CTR. Although the highest intense maximum
corresponding to the substrate and the second most intense maximum belonging
to the epitaxial layer lay on the same straight line, the thickness oscillations are
partly out from this line.

The distributed intensity is virtually shifted from the CTR in the direction
perpendicular to that CTR. It is impossible to follow this zigzag path instantly
during the measurement, but we can measure a whole map. As we are interested
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just in the intensity distribution along the truncation rod, we can make projection
of the intensity to the CTR, i.e., the integration of the registered intensity with
respect to Qx-axis. This projection corresponds to the meaningful diffraction
curve.

On the other hand, if we measure just line scan intended to go along CTR,
we miss several times the CTR during the zigzag movement along that. The
measured map is formed by the multiple line scans relatively shifted to each
other, therefore, we can extract single line scan from the map. The difference
between the projection and the single scan is demonstrated in Figure 4.12. Some
thickness fringes in that line scans are less intense. Sometimes, it may change the
shape of the diffraction curve significantly. If we miss the layer peak during the
scan, the data would not be reliable pretending the smaller intensity of the layer
peak and the interpretation will give the unreal results.

It is obvious that using the single line scans for the diffraction measurement,
in case of our instrument, is not reliable enough. The zigzag path of the scan
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Figure 4.11: Measured intensity maps in the reciprocal space for two differ-
ent samples (left and right insets) in the vicinity of the two different diffraction
maxima ((002) in the bottom and (004) in the top insets). The red straight
lines are guide along the path claimed by the diffractometer to be Qz(≡ θ/2θ)-
scans. This illustrates that some intensity is missed during the line scan mea-
surement. However, the deformation of the CTRs is only virtual. Just, the
path of the line scan is deformed and it is not straight line in the reciprocal
space.
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in the reciprocal space is unpredictable. This is the reason why we thoroughly
described the reciprocal space map measurement of atypically narrow maps in
the Qx direction covering the vicinity of the truncation rods. Projection of these
maps to the Qz-axis can be considered as the diffracted curve which can be used
for the data interpretation via the fitting of the simulated diffraction experiment.

There are other two relatively easy approaches that can bring back the sin-
gle line scan measurement back into the game. Both are based on the virtual
broadening of the truncation rods to avoid the danger of missing it during the
scanning motor movement. Firstly, we can increase the divergence of the incident
beam by using different Bartels monochromator. Let us say the monochromator
with asymmetrically cut crystal where the diffraction takes place on the planes
not parallel to the surface, e.g., asymmetric Ge(220) Bartels monochromator in
our diffractometer. Unfortunately, in our case this broadening showed to be not
sufficient.

Secondly, we can increase the angular acceptance of the detector to cover a
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Figure 4.12: The measured intensity map in the vicinity of the symmetrical
(004) diffraction in the angular space (left upper inset) and in the reciprocal
space (right inset). The diffraction curve can be obtained by the projection of
the measured intensity to Qz-axis or by the extraction of the intensity along
Qz(≡ θ/2θ)-axis denoted by the red straight line. The projection (blue curve)
and the extracted Qz-scan (red curve) both normalised are compared in the
left bottom inset. The difference is apparent just from the intensity maps, the
red line obviously does not follow the path with the highest intensity.
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wider strip elongated along 2θ-direction in the reciprocal space. However, we
would like to collect the intensity in the strip elongated along Qx, i.e., perpen-
dicularly to the Qz-scan direction, but this is not possible. Then the angular
acceptance has to be tuned in such a way that we still collect the intensity from
the truncation rod, even we are not going perfectly along it. Concurrently, it
cannot be so much wide to cover too large part of the CTR in the Qz direction.
It would lead to the broadening of all features in the diffracted curves, in other
words, the instrumental function would be too large. For instance, the thickness
oscillations would be smeared out from the diffraction curve then.

The technical realisation of this concept is problematic because we can hardly
tune the analyser crystal to achieve the higher angular acceptance in 2θ. Then,
the analyser crystal, which provides the detector with real angular resolution,
can be replaced by the receiving slit with a desired window size in the horizontal
plane. This size defines the angular acceptance, but another inconvenience arises.
Now, the detector is not purely angular resolving. It collects the intensity of all
beams that can pass through the receiving slit into the active part of the detector.
The source of the diffracted radiation (the sample) is not point-like. Since, its
finite dimensions affect the angular acceptance as well as the slit size.

Figure 4.13 compares the diffraction curve around (004) (Ga,Mn)As/GaAs
maxima obtained by the map projection and the single scan (map extraction)
with the diffraction curves measured using the open detector with receiving slits
of various slit size. One can see that the single scan with the analyser crystal
undervalue the intensity of the thickness fringes. We performed the Qz-scans
along the truncation rods with the open detector and the receiving slits, labelled
1◦, 1/2◦, 1/4◦, 1/8◦ and 1/32◦. These labels correspond only to the slits size
with respect to the sample/detector distance. And therefore, it is only a very
approximative angular acceptance. From these demonstrations, it follows that
correctly selected receiving slit can lead to the equal diffraction curve as that
one obtained by the map projection. On the other hand, measurement with
largest slit size of the receiving slit produce the diffraction curve significantly
different. In that diffraction curve, the substrate peak keeps its broadness as in
other measurements, but the whole diffraction curve seems to be underlain by
the very broad peak centred on the substrate peak position. It seems that all
features (peaks) in the curve have changed shape with slowly decreasing tails and
that one broad peak can be ascribed to those tails of the substrate peak. The
convolution function which can allow to transform the reliable diffraction curve
obtained by the map projection into this curve is completely unclear. Obviously,
it is desirable to avoid such measurements with too large slits size. Unfortunately,
there is no guide for the selection of proper slit size and it will definitely differ
for the measurement in different locations of reciprocal space. All in all, such a
line scan measurement has to be finally verified redundantly by the regular map
measurement.

Let us see how this approach works with some asymmetrical diffraction max-
ima, for instance, (224) (Ga,Mn)As/GaAs. Figure 4.14 demonstrate such mea-
surements. The upper centred inset shows the diffraction curves measured in the
grazing incident/exit coplanar geometry. Both curves (red and magenta) were
obtained from the reciprocal space maps projection depicted on the left and right
of the inset. It is not surprising that both curves equals except for the scale and
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Figure 4.13: The measured intensity map of the symmetrical (004) diffraction
shown in the left inset allows to synthesize the corresponding diffraction curve
by its projection of intensity to Qz-axis.Or, it is possible to extract the Qz-scan
going through the substrate maxima (red line in the map). These diffraction
curves are compared with the Q-scans measured with the open detector with
various receiving slits (right inset). The inserted receiving slits are labelled RS
with the very roughly approximative width of the slit in the angular space.

noise obviously. To increase the statistic of the measured points we can merge
both curves (blue points) and the result (blue curve) is to be compared to the line
scan measurements obtained by the open detector with various receiving slits.

The line-scans measured in grazing incident coplanar geometry (ω < θ, in our
notation Qx < 0) exhibit similar behaviour as the diffraction curve in Figure 4.13
obtained with the largest slits size. The features in the vicinity of the substrate
peaks are smeared out by the tails of the substrate peak profile for any slit size.
Moreover there is some parasitic peak (streak) on the right side of the substrate
maximum.

On the other hand, the diffraction curves obtained in the grazing exit coplanar
geometry (ω > θ, in our notation Qx > 0), are very close to the desired profile
of the map projection. Here we can see the uniform broadening of all peaks and
details for the measurement with the larger slit size because the narrow diffracted
beam is registered by wider window in the certain 2θ range. For the smaller slit
size measurement, the substrate peak is very sharp and the thickness oscillations
are pronounced very well. The sharpness of the thickness fringes in case of the
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Figure 4.14: The comparison of the measurement asymmetric diffraction
(224) in the grazing incidence (red) and exit (magenta) coplanar geometries.
The projections of the measured maps (left and right top insets) in both geome-
tries are compared in the central top figure, the normalized diffraction curves
are corresponding as it is expected. The blue points represent the diffraction
curve synthesised by merging both projection to get a better statistics. This
curve is compared with the Q-scans measured with open detector with different
receiving slits.

map projection is worse due to the higher step-size of the map measurement.
The grazing exit arrangement has two substantial advantages, the beam im-

pacts the sample with the high incident angle, which allows to use the large
beam size in both directions and it whole hits the sample. On the other hand,
the diffracted beam leaving the sample has very small cross section in a horizontal
direction, i.e., the sample appears being a point-like source from the view of the
detector and the angular position of the detector better corresponds to the an-
gular direction of the registered beam, which is more desirable for open detector
arrangement.

Let us compare the measured diffraction curves with open detector for the
symmetric (004) maximum and asymmetric (224) maximum in both grazing ex-
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it/incidence geometries. If we recall the paths of 2θ-scans in the reciprocal space
depicted in Figure 4.7, we can note that a smearing is as more manifested as the
tangential direction of the 2θ path is more inclined from the CTR. The open
detector integrates the intensity along the 2θ path in the approximative range
controlled by the slit size. It seems to be more advantageous that tangential
direction to be at most parallel to the CTR as it is possible.

Conclusion

We thoroughly described the diffractometer with its optical elements. We showed
several ways how to measure the diffraction curve that is the intensity distribution
along CTR. The relations between the motors positions and positions in the
reciprocal space were clarified. Finally, we discussed the experimental obstacle
due to the imperfectness of diffractometer motors.

However, we can say that the meaningful diffraction curve can be obtained
by the map measurement with successive projection of the registered intensity to
Qz-axis. The other way how to reach the same data is the line scan measurement
along CTR with the open detector. But, the appropriate slit size has to be chosen,
unfortunately, its dependence on the position in the reciprocal space is rather
unclear. And therefore, the results are not reliable if they are not confronted
with the map measurement.
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Chapter 5

Interstitial density determined by
HRXD

In this chapter, we demonstrate our method of the interstitial density determina-
tion described in chapter 3. We used the etching-enhanced annealing with short
annealing times to achieve inhomogeneously distributed interstitial atoms in the
epitaxial layers, as well. The inhomogeneous density profile of interstitials is
manifested in the x-ray diffraction data by the change of the shape of diffraction
curve. Just this, we observed for one such sample.

Firstly, we describe the samples under investigation and their evolution due
to the surface cleaning or the annealing. Further, we introduce the experimental
data that are measured by the procedure thoroughly described in chapter 4. Using
the theory from chapter 2 supplied by the structural model from chapter 3, we
describe the numerical procedure for the experimental data fitting. Finally, we
discuss the results of that fitting.

5.1 Samples

All samples were prepared in the Institute of Physics, ASCR, by the MBE method.
The etching, annealing, and magnetometry measurements were performed there,
as well. The samples stemmed from the same wafer. The (Ga,Mn)As layer with
100 nm of nominal thickness and Mn content of 14% was grown on undoped GaAs
buffer with a thickness of 150 nm. The buffer was deposited on a GaAs(001) semi-
insulating substrate 0.5 mm thick, the (001) planes are parallel to the surface.
The deposition was performed by the MBE method. The buffer layer was grown
just for the smoothing of the possibly rough substrate, and it should not differ
from the material of the substrate. Therefore, it is not possible to recognize the
buffer layer. We consider the samples only as epitaxial (Ga,Mn)As layers on the
GaAs substrate.

After the deposition, the wafer was cleaned in Oxygen plasma and HCl acid,
and it was cleaved into several parts. We had a chance to study two of those
parts (denoted as A and B). The first one we labelled the as-grown control sam-
ple A-1 with a Curie temperature below 6 K. The second part stemmed from
the same wafer was annealed in air for 24 hours at 160◦C. This sample, with
the Curie temperature increased to 142 K, we denoted as B-1. After the charac-
terization by the HRXRD the results indicated, as described below, that not all
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Substrate 
A-1 

B-2 B-1 B-3 
1 h 80 h 

24 h 

(Ga,Mn)As 

surface oxide 

20x 

30 sec 

Deposition 

Figure 5.1: Schematic description of the samples. We assume that each
etching makes the epitaxial layer thinner, and each annealing decrease the
total amount of interstitials in the sample and makes thicker the surface oxide.

of the interstitial Mn atoms diffused out during the annealing. Most likely, the
passivation of the surface by Mn oxide inhibited the diffusion process. To make
evident that the remaining Mn interstitials in the epitaxial layer are still mobile,
the sample B-1 was rinsed in HCl for 30 s to remove the surface Mn-rich layer
and subsequently annealed at 160◦C for one hour. This cleaning-annealing pro-
cedure was performed 20 times, and the resulted sample we label as B-2. After
the HRXRD characterization, which showed the inhomogeneity of the intersti-
tial density profile, we annealed it for 80 hours at 160◦C without any preceding
surface cleaning to demonstrate the homogenisation of the layer again (labelled
as B-3). The evolution of the samples is schematically depicted in Figure 5.1.
Table 5.1 summarizes the samples again.

5.2 Measurement

We performed HRXRD measurement on the samples A-1, B-1, B-2 and B-3 in
order to determine the particular densities of the interstitials (cint,As and cint,Ga)
and possibly their depth dependence.

All measurements were performed in three steps, firstly the samples A-1 (Fig-
ure 5.2) and B-1 (Figure 5.3) were measured. The data for each sample were
collected for one sample mounting in a limited time in order obey the planned
x-ray machine-time schedule. The one or two days long measurement was con-
trolled by the automatic pre-programmed batch, which ran a map measurement
around several selected diffraction maxima. The batch was able to automatically
align the motors to centre the map onto the substrate peak, however sometimes,
the aligning scans missed it, maybe due to the thermal instability of the sample
and/or x-ray equipment. Therefore, some map measurements failed completely
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Sample preceded treatment note

A-1 deposition, surface cleaning as-grown sample, TC ≈ 6 K

B-1 deposition, surface cleaning,
and annealing (24 h)

annealed sample, TC = 142 K

B-2 20×
(
surface cleaning

(rinsed in HCl for 30s)
and annealing (1 h)

) inhomogenous,
derived from B-1

B-3 annealing (80 h) homogeneity restored,
derived from B-2

Table 5.1: Overview of studied samples A-1, B-1, B-2, and B-3. The anneal-
ing temperature was 160◦C. The surface cleaning was performed by rinsing in
HCl for a short time (≈ 30 s).

−1 0 1

−4

−2

0

2

(002)

−31 0 18

−6

−4

−2

0

2
(113)

−3 0 5
−10

−5

0

5

10
(004)

−29 0 44
−15

−10

−5

0

5

(−1−15)

���
� �
� �
�
� 	
�
��

��������������� ��� �

−0.1 −0.05 0 0.05 0.1
�!"�#�� ��� �

in
te

ns
ity

 (
ar

b.
 u

.)

$&%('�'#)�*,+�-/.�0�12*(3#4657*#)84�%#$&'#97-;:&<�=

(002) 
(113) 
(004) 

(−1−15) 

Figure 5.2: Measured data for sample A-1. Intensity maps for maxima
(002), (113), (004) and (-1-15) were measured, the diffraction curves were
obtained by the projection of the collected intensity to Qz axis. The qx and qz
coordinates are relative positions in reciprocal space relatively to the substrate
peak position.

and there are no usable data from such measurements. We selected a combina-
tion of maps with unique |h|, |k|, and |l|. The measured maps were converted to
the diffraction curves by the projection of the intensity to the Qz-axis. We ob-
tained four usable diffraction curves for both samples, consisting of strong (004),
weak (002), and two intermediate asymmetric diffractions.

The first experiment has an aim to determine the interstitial densities test-
ing the hypothesis that interstitial density decreases almost to zero after the
annealing. The results showed that the total decrease of the interstitial concen-
tration was rather small and the expectations of their total removal was not met.
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Figure 5.3: Measured data for sample B-1. Here the maps around asymmet-
rical diffraction (115) and (117) were successfully measured.
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Figure 5.4: Measured data for sample B-2. Only three maps were successfully
measured, the measurement around the (115) diffraction failed and its data are
not usable.

Therefore, we extended our experiment for another annealing step. In order to
withdraw as many interstitials from the layer as it was possible, we used the cycli-
cal annealing combined with the etching described above. The etching ensured
the decrease the influence of the surface onto an inhibition of the interstitials
removal. Then, the sample B-1 underwent the cyclical etch-annealing procedure
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Figure 5.5: Measured data for sample B-3.

(B-1→B-2) changing to a sample B-2.
We changed a measurement strategy little bit to make the measurement faster

because of limited time of x-ray machine. We kept the very important weak
diffraction (002) in the measured set, but in order to measure more intense
diffractions we used the symmetrical (004) and the asymmetrical (224) strong
diffractions complemented by the one intermediate asymmetrical diffraction. The
decision comes from the fact that the D-W factor plays important role in the right
interpretation of the intensities and two strong diffractions carrying very similar
information on the defect densities allows to stabilize the D-W factor optimization
during the fitting procedure.

The intermediate (115) diffraction was chosen as a good compromise of three
aspects. Firstly, its diffraction vector is relatively long, which is suitable for
the D-W factor determination. Secondly, we expected the good intensity/noise
ratio that we saw for the measurement of the first sample set. Finally, recalling
the iso-intensity surfaces plot in the Figure 3.6, it carries more complementary
information to the strong diffractions when comparing, for instance, with (117)
diffraction.

We measured the selected intensity maps (Figure 5.4), but unfortunately, the
measurement of asymmetrical (115) failed during that measurement session. We
interpreted the data only from successfully measured maps bearing in mind that
this could limit the ability of the defect densities estimation from the intensities.
However, we were able to compensate partially this limitation by combining with
the other samples measurements that we will describe later.

Several months later, the sample B-2 was annealed again without any surface
treatment (B-2→B-3) and it was finally measured being labelled as a sample B-
3. Four diffraction curves for (004), (224), (002) and (115) were acquired. The
experimental data is plotted in Figure 5.5.
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5.3 Data treatment and fitting procedure

The projection of the measured intensity map is not so straightforward as it seems.
One has to realize that maps are formed by the plenty of continuous scans. And
therefore, each point in the map corresponds to the intensity collected from the
small area of the reciprocal space that is not a rectangle with the edges parallel
to the Qx(z)-axis, i.e., the points do not form the regular grid in the reciprocal
space.

One has to split the qz-axis into uniform bins which can be addressed by
the coordinates of the measured point in the reciprocal space. The collected
intensity in each point are summed in the appropriated bin, where the counts
are normalized to the number of contributing points. Therefore, the width of
the bins has to be large enough to be addressed by some points (theoretically
at least one). If the width is too large, it leads to the smearing of the final
curve. Anyway, the intensity points are due to the motors instability little bit
shifted from their original positions (uncertain qz) and together with the finite
instrumental function it results in the broadening of the narrow features in the
obtained diffraction curves. The thickness minima are slightly less shallow and
narrow substrate peak is broadened, the intensity of its very top is not reliable.
Therefore, we exclude the intense points of the substrate peak affected by this
from the fitting, and such points are indicated in Figure 5.6.

The other artefact of the map projection is the increase of the noise. The
noise is present in all measured points. If the qx-range of the map is large, there
are much more points contributing with the noise that its level can exceed the
integrated signal. One has to decrease this range as much as it is possible just
to eliminate the snakes(see in subsection 4.2.3), i.e., integrate only meaningful
information.
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Figure 5.6: Diffraction curve with emphasised points having the different
roles during the fitting procedure. Green points are close to the background
signal and such data are intended for the background calculation. Magenta
points correspond to the top part of the substrate peak, these points are ex-
cluded from the fit. Blue points define the substrate peak shape and they are
used for the scaling factor calculation. Grey area represents the error bar of
the measured data, i.e., the uncertainty of the measured intensity within the
level 3σ. The whole measured diffraction curve is plotted in red colour.

The simulated diffraction curves following from the theory described in chap-
ter 2 is normalized to the primary beam, i.e., the intensity is between 0 and 1.
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For the comparison with the experimental data, one has to multiply the simula-
tion by the proper scaling factor. The simplest choice seems to be to multiply
it with the intensity of the primary beam, moreover, when the cross-section of
the primary beam is small enough to hit the whole sample. Although it is not
problem to measure the intensity of the primary beam, this usually does not lead
to the obtaining of the reliable scaling factor. The agreement of the measured and
the simulated substrate peak is only in the order of magnitude. The sample does
not have to be perfectly flat, the beams with non-zero axial divergence can also
participate on the registered diffracted signal and/or detected primary intensity.

The second very often used choice is to just fit the scaling factor during the
fitting procedure as the free parameter or to calculate it using the least square
method to get the best match of the simulated and the measured data. This
approach is much more suitable as it does not rely on the experimentally measured
primary intensity, which can produce some systematic error. The disadvantage is
the instability of the fitting procedure, i.e., if we are not close enough to correct
solution, the scaling factor can be completely wrong to satisfy the minimization
of the χ2. This can appear when the simulated layer peak has different qz position
comparing with the measured one. In such a case, the underestimated scaling
factor decreases the χ2, which complicates the move other parameters closer to
optimal values.

To remove this instability, we focus on the features almost independent on the
other parameters, and it is the shape of the substrate peak. From the assumption
that simulated substrate peak should be identical with the measured one, we can
calculate the scaling factor. This is valid if the layer peak is far enough from the
substrate peak, i.e., it does not affect the substrate peak profile. If it is not true,
then this approach degenerate to the scaling of the whole simulation diffraction
curve onto the measured one, which is not wrong at all. In fact, the substrate
peak profile is always changed by the presence of the thickness oscillations, but
its variation is rather small.

In practice, we have to take into account that the very top of the measured
substrate peak is not reliable due to the reasons mentioned above. On the other
hand, the rest of the measured peak should match with the simulation. For the
scaling factor calculation we use the region of the substrate peak with excluded
point on the very top as it is depicted in Figure 5.6.

We can distinguish three different contributions to the measured signal. First
one is the coherent scattering part that is just calculated in our simulations. The
second one is the diffuse scattering, which is prevalent between the brag peaks.
And here, in the vicinity of the Bragg peaks, it is being of unknown magnitude,
but it is assumed to changing very slowly. Since, it can be included in the constant
background as a constant contribution to the signal in all points of the particular
diffraction curve. The third contribution can be ascribed to the noisy background
radiation which is constant, as well.

We are searching for the constant representing the last two contributions to
the acquired signal. Again, we have to choice to measure it or to fit/calculate
it. The measurement should be far enough from the Bragg peaks not to see
the coherently diffracted radiation, i.e., where the diffraction curve is constant.
Usually, we do not measure as far since we are interested in the both peaks and
their vicinity covering several other thickness oscillations.
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The calculation of the background is analogous to the scaling factor calcula-
tion. We can use the whole range of the diffraction curve, which can bring the
instability into the fitting procedure, or we can define such points where the co-
herently diffracted signal is low. Usually, such regions are borders of the measured
qz-range.

Following Chapter 15 in [119], we define the χ2 function of N fitted parameters
p1, ..., pN , scaling factor a and the background b as

χ2(a, b, p1, ..., pN) =
∑
j

(af(xj, p1, ..., pN) + b− yj)2

σ2
yj

, (5.1)

where the parameters p (e.g., layer thickness, concentrations, D-W factors, in-
strumental function parameters) are used for the calculation of the simulated
diffraction profile f . The measured profile is described by the pairs (xj,yk) which
corresponds to the relative qz position and measured intensity, respectively. The
uncertainty of the intensity is expressed by the appropriate σyj values. The
counting of the x-rays photons is the Poisson process that implies the σ being the
square root of the measured counts (as measured, i.e., before any normalization).
In order to fit the simulated curve to a measured data, we have to find optimal
parameters to minimize the χ2 value. We assume that such optimal parameters
are the physical properties of the sample we want to determine.

Both discussed parameters, the scaling factor and the background, can be
calculated separately after each calculation of the simulated curve in the fitting
procedure. The form of the χ2 allows to express optimal values of both param-
eters analytically using the least square method. For the minimal χ2 should be
its gradient equal to zero, therefore its component in a and b directions in the
parametric space should be zero, as well:

0 =
∂χ2

∂a
= 2

∑
j

af(xj, p1, ..., pN) + b− y)

σyj
f(xj, p1, ..., pN) + b− y) , (5.2)

0 =
∂χ2

∂b
= 2

∑
j

af(xj, p1, ..., pN) + b− yj
σyj

. (5.3)

This leads to the set of two linear equations, which can be solved each time
the new simulated profile is calculated. Such a direct calculation of two unknown
parameters effectively decrease the number of the fitted parameters and makes
the fitting procedure faster.

Finally, let us remark that the sums goes every time over all relevant measured
points, which generally should be all measured points. We mentioned above that
not all of measured points are considered to be reliable (the very top of the
substrate peak), such points should be excluded from the sum in Equation 5.1.

When we solve the set of equations 5.2–5.3, we can take into account that
there are also some points that do not play any significant role in the first or the
second equation, or eventually, we are undoubtedly convinced that they should
not play any role. In other words the particular partial derivation of the sum
over such points is (or should be) almost zero. Since, we can set this term to
be zero from the definition doing no harm to the least square method principle.
As a consequence, we can use for the sum in Equation 5.2 and Equation 5.3 just
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those points that we dedicated for the calculations of the scaling factor and of the
background, respectively. Such two distinct regions are depicted in Figure 5.6.

If we want to fit simultaneously M diffraction curves, we have to make clear
how the appropriate χ2 function should look like. Let us say that Equation 5.1 de-
fines the individual functions χ2

1(a1, b1, ...), ..., χ
2
M(aM , bM , ...). Now we can define

the merged χ2 seemingly too generally as

χ2 =
M∑
m=1

wmχ
2
m, (5.4)

where w1, ..., wM are weights changing the importance of particular diffraction in
the simultaneous fitting procedure.

There is no mathematical reason why these all weights should not be equal to
one. In fact, the direct and statistically right choice is w1 ≡ ... ≡ wM ≡ 1, which
changes the χ2 to the simple sum. Then the importance of each point is given by
its calculated uncertainty σy.

The question is what is the importance of the measured data that contain
some essential information, but they are measured with a shorter counting time.
This increases the relative uncertainty of all measured points. Or, if the data
comes from a naturally weak intensity effect (e.g., a weak diffraction), the rela-
tive importance of such data are low comparing with the other. One can tune
manually the weights to increase the importance of such data, but it is not clear
how to set the weights. We suggest to set such optimal weights that the goodness
of fit (particular χ2

k divided by the number of degrees of freedom) is the same
for all individual fitted data (diffraction curve k). This formulates the demand
that any diffraction curve are fitted as good as others. The change of the weights
to fulfil this demand effectively changes the uncertainties of intensities of the
particular diffraction curve. However, it is not easy and sometimes possible to
implement this during-runtime changes of uncertainties into preprogrammed min-
imizing algorithms as in our case. Then, one has to change the weights manually
again but now with the exact guide how to do it.

We formulated the recipe how to calculate the background and the scaling
factor for the one particular diffraction curve fitting. This stays the same also for
the simultaneous fitting of M diffraction profiles, the calculation of pairs (a1,b1),
..., (aM , bM) has to be performed separately for the appropriate diffraction curve.
We can assume that the background which includes the diffuse scattering part
differs for each curve. The scaling factor can differ as well due to some not prop-
erly corrected geometrical factors of the measurement and it is, in fact, the same
reason why we do not use the measured primary intensity for the scaling factor.
The substrate peak is a perfect reference for the scaling factor computation. Nev-
ertheless, the different scaling factor correcting possible small misalignments of
the sample/diffractometer should be random and should not show any tenden-
cy according to a diffraction vector length. If the values of the scaling factors
follows the exponential decrease with a larger diffraction vector, it indicates the
wrong Debye-Waller factor for the substrate and the scaling of the simulated
curve brings the systematic error as a consequence.

We implemented the simulation procedures into the MATLAB software [120].
It is capable to fit several diffraction curves for several samples simultaneously.
In order to achieve the maximal versatility of our program, we enabled to define
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Figure 5.7: Graphical output during the fitting procedure for the demon-
stration. All diffraction curves for all samples are fitted simultaneously. There
are 35 parameters (the blue text output on the right), some parameters of the
model are shared between the samples, some parameters are just now fixed.

the sample as a stack of the arbitrary number of layers with the arbitrary number
of pre-defined parameters. It allows to share some parameters (or whole model
layers) between the different model samples as the simultaneous fitting has sense
only if some fitting parameters are the same for the different diffraction curves
and/or different samples. All properties of model samples are converted to the
vector of parameters to be optimized. The output of the simulation being redi-
rected to the minimizing procedure can be set in the form of χ2 directly or it
returns the vector of the measured and the simulated values to be evaluated by
the minimizing procedure itself. We used both the MATLAB bult-in minimizing
SIMPLEX algorithm [120] and the external script NLSQFIT [121] implementing
the Levenberg–Marquardt method ([122]). For the demonstration, Figure 5.7
shows the output of a graphical interface reporting the best solution during the
fitting procedure.

Considering the (Ga,Mn)As as the GaAs material modified by some defects,
the model layer of GaAs is defined as a group of several parameters. Firstly
by the thickness of the layer, but if the layer is the lowest one in the stack,
it is considered to be a substrate, therefore its thickness assumed to be semi-
infinite. Basic parameters defining the densities of the defect in the layer are
csub, cint,As, cint,Ga and canti. Besides this, our code is extended for the analogical
(Al,Ga,Mn)(As,P) material modification.

Other options are related to the unit cell dimensions of the material. We can
set the layer to be strictly epitaxial, when the lateral parameter is automatically
taken from the layer below, or we can set and/or fit the relaxation of the unit
cell. The vertical dimension of the unit cell is calculated using elastic constants
for GaAs (which can be also changed/fitted for particular layer, if it is necessary).
Of course we can ask the script to calculate the lattice parameter using the defect
concentrations (possibly with arbitrary expansion coefficients) and the Vegard’s
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law for the Ga(As,P) modifications. The value of relaxed lattice parameter can
be controlled directly by own parameter, which allows to separate the fitting of
the position and the intensity of the layer peak.

An option is available switching on/off if the local distortion is considered in
the calculation. The arbitrary repulsion factors can be given for the first and the
second coordination sphere around particular defects.

The last parameter B is an exponential prefactor. The D-W prefactor for the

pure GaAs strictly thermal we kept at the value BGaAs = 0.595 Å
2

taken from

Reference 123, although there is a quite large uncertainty in the range 0.5 Å
2
—

0.8 Å
2

in the literature ([123–126]). We tested that this value well satisfies the
exponential decrease of the substrate peak intensity with the elongating diffrac-
tion vector and therefore the scaling factor do not substitute the badly guessed
D-W factor for the substrate.
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Figure 5.8: Schematic picture of a samples representation in the fitting pro-
gram. The sample is stacked from the model layers, which are defined sep-
arately and independently on the sample. Samples can share some model
layer (e.g., substrate) and layers can share some parameters (e.g., D-W fac-
tor). Some properties are defined by several parameters. The thickness for the
lowest layer is omitted as it is assumed to be the semi-infinite substrate.

Any parameter can by connected with the other model layer, then its val-
ue is shared. Figure 5.8 schematically shows how the several model layers are
predefined containing many parameters. For each diffraction curve simulation
the sample is considered to be stacked from arbitrary number and order of those
model layers.

To fit our experimental data we defined four samples with the same amount of
the substitutional and anti-site atoms. The D-W prefactor value obviously corre-
lates with other parameters in case of very small number of measured curves. One
needs to have more measured diffractions with the significantly different diffrac-
tion vector length. Therefore we linked the D-W prefactor between all samples
to be the same value, which allowed to cancel such a correlation. The higher
number of the different diffraction vector lengths was available and the prefactor
value had not to be arbitrary value to satisfy the fitting of just one sample. Of
course this is given by the assumption that the mean squared displacement is
the same in all samples, although we assume the different densities of the present
defects in the same time, i.e., different disorder.
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To justify our approach we have to say that firstly we fitted all data with the
unique D-W prefactors for individual samples. The resulting D-W factors were
very similar with larger fitting error than their differences. There were no tenden-
cies to see the decrease of the mean squared displacements with the annealing,
i.e., lower disorder with smaller amount of the defects. So the differences were
interpreted as a random noise coming from the fitting. We fell that to approxi-
mate all samples with the same D-W prefactor (the same disorder) is the better
solution, while there is not enough measured data to determine the unique D-W
prefactors for all samples.
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Figure 5.9: All measured diffraction curves (red) fitted with the numerical
simulation (blue) for all samples. The substrate peak defines the origin of the
relative position in the reciprocal space qz. The curves are vertically shifted
for the clarity.

The parameters of the layers were used for the calculation of the structure
factors F0, Fhkl and F−(hkl) as described in chapter 3. The diffraction curves are
simulated according chapter 2 using the layer thickness, unit cell diameters and
dielectric susceptibilities, which are related with structure factors via

χhkl = − reλ
2

πVcell

Fhkl (5.5)

where re is the classical electron radius and the Vcell is the volume of the unit cell.
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5.4 Fitted experimental data

The final fitted experimental data are plotted in Figure 5.9. Firstly, we were
not able to find the match of the simulated and the measured diffraction curves
for sample B-2. Although the layer peak fitted quite well, the closest thickness
oscillations to the layer peak had different intensities, i.e., the measured diffrac-
tion profile exhibited different asymmetry than that measured one. There was no
chance how to control this asymmetry with the given parameters except consider-
ing the sample B-2 to be vertically inhomogeneous. This possibility seemed to be
reasonable as the sample underwent the etch-annealing procedure, which could
induce some inhomogeneity. We tried to model the (Ga,Mn)As layer with two
stacked sublayers in order to decrease the number of fitting parameters. Those
sublayers differed only by the interstitial density. Figure 5.10 compares the pre-
vious single layer solution with the model of the layers.

The other approach we tested was to model the layer by the stack of many
sublayers whose densities would obey some analytic function (e.g, error func-
tion). We wanted to have the vertical profile of the densities distribution to be
the smooth function not just by the step-like function represented by the two
layer. Unfortunately, we failed to find the appropriate profile function with small
amount of parameters, all attempts resulted in solutions which were not unam-
biguous. The data are not sufficiently good to allow such a profile fitting. The
approximation of two homogeneous layers is the best description we can achieve
from three measured diffractions.

Finally the χ2 minimum was found for the canti = (0 ± 1)%, i.e., the density
of the anti-site defects is below one percent. Unfortunately, the csub correlated
with other densities so strongly that we received practically the same χ2 and
identically fitted curves.

Obviously, the fitted particular interstitial densities are bounded with the
csub value and we are not able to determine them all together from the fitted
data. Therefore, we performed individual fits for the several fixed csub values,
and just such result is plotted in the Fig. 5.11, i.e., the optimized cint,As(Ga) values
plotted with respect to arbitrary fixed csub. We observe that the fitted values
are scattered along the straight lines with the dispersion corresponding to the
experimental data quality. We can obtained the linear dependences by the linear
interpolation of the fitted values.

Although we cannot determine the substitutional density, we can able to make
qualified very rough estimation of its value. As we mention in chapter 1, it was
not observed the csub density higher than 10% seeming that this is the maximal
solution limit. From the Currie temperature of the sample A-1, we can deduce
that the as-grown sample is almost compensated. Almost each two substitutional
Mn atoms should be compensated by the one anti-site or the interstitials defect.
Still, there should be some slight prevalence of the substitutional Mn atoms as
there is magnetic ordering in very low temperatures. The total Mn concentration
is estimated around level of 14% from the Mn flux during the deposition. This
leads to a very rough estimation of the csub being somewhere between 7%—9%.
This estimation was finally supported by the different experiment within the same
sample (chapter 7), the concentration of the substitutional Mn was determined
by anomalous x-ray diffraction method as (8.2± 1.1)% [73].
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Figure 5.10: The experimental diffraction curves for sample B-2 (red colour).
The numerical simulation was performed for the models with one homogeneous
layer (green) and for two homogeneous sublayers (blue), as well. The curve
profile around the layer maxima is asymmetric more than that corresponding
to the single homogeneous layer. Model describing the epitaxial layer as two
homogeneous sublayers is possible to follow such an asymmetry. The simulated
diffraction curves are indicated by the points equidistantly along qz in the
left inset for the lucidity. The right insets are zoomed parts of the left inset
defined by the dashed rectangles in appropriate colour. The minima of the
thickness fringes are not so well pronounced as in simulations probably due to
the convolution with instrumental function.

The range for the csub is quite large, even though we can estimate the oth-
er concentration with smaller uncertainty from the plotted dependence in Fig-
ure 5.11 taking into account the interval defined by the probable csub value.
Within this interval of the interest we estimate the mean value of the partic-
ular interstitial densities together with the size of the corresponding uncertainty
region, these quantities we define as the most probable values of cint,As and cint,Ga

and their uncertainties, respectively.
Apparently there is a difference between the cint,As and the cint,Ga densities,

which favours the Mn atoms sitting in the centre of the arsenic tetrahedron.
Anyway, we can test the hypothesis saying that the energetic difference of both
interstitial sites is too small to exhibit the prevalence of the occupancy of one
particular site.
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Figure 5.11: The optimized values of the interstitial densities resulted from
the fit with fixed csub finished with practically the same χ2 value. The opti-
mized values of cint,As (circles) and cint,Ga (squares) are scattered around the
straight (dashed) lines. The uncertainty of the linear interpolation is shown
by the semitransparent areas with appropriate colour. The real value of the
substitutional concentration should lie between 7 and 9 percent giving us the
range of the interest in the plot. From this region we estimated the most prob-
able values of the densities and their error bars that are depicted in the right
part of the plot.

For now we can forget the estimation of the csub and let us optimize interstitial
values for the fixed pairs of the (csub, canti). We repeated the fitting procedure for
several pairs of fixed parameters forming a grid in a parametric space. Just only
samples A-1, B-1 and B-3 were selected for this fitting for the better experimental
data quality and the proved vertical homogeneity of the samples.

The Figure 5.12 visualises the dependences of the optimized interstitial den-
sities on the csub for several fixed canti values. Still, the fitting favours the cint,As

density for the higher csub concentrations. We can apply the condition that den-
sities in both non-equivalent interstitial positions equals (cint,Ga = cint,As). This is
valid for just for certain pairs (csub, canti) laying on the straight lines. This allows
us to interpolate those lines obtaining the linear relation between such allowed
values of csub, canti, cint,Ga(= cint,As).

We can plot the allowed triplets csub, canti and now cint,Ga + cint,As points in a
space of the fixed parameters (Figure 5.13). We know that csub and canti should
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Figure 5.12: Interstitial density in both non-equivalent positions optimized
for the fixed values of the substitutional Mn density and the anti-site defects
density. Although the χ2 decreases with the decreasing canti, the optimization
was performed for its fixed several values. The optimal densities are linear
function of the fixed csub. If the occupancies cint,As and cint,Ga were equal,
the real values would lie on the dot-dashed interpolation line, in other words,
the optimal densities cint,As ≡ cint,Ga would be determined by the value of the
(csub,canti)-pair.

−2 −1 0 1 2 3 4 5 6 7
−8

−6

−4

−2

0

2

4

8.2
7.2

6.5

3.9
3.2

2.6
1.9

1.2

3.1
2.4
1.8

1.1
0.4

2.3
1.6

0.9
0.3

���������
	��

���
��

���
A−1

B−1

B−3

Figure 5.13: Allowed (csub,canti)-pairs fulfilling the condition cint,As = cint,Ga

for three samples following from the fitted simulations (triangular marks with
numbers indicating the total concentration of the interstitials). If the occupan-
cies cint,As and cint,Ga were equal, the optimal values would lie approximately on
the interpolating (solid) lines. The samples should have the constant densities
csub and canti because all of them stemmed from the same wafer. Then the
interpolating lines should intersect in just one point (cross marks), moreover it
should be in the point inside of the plot (in probable range of densities). This
is not fulfilled, therefore the assumption of the equality is not valid. Coloured
numbers shows the extrapolated total interstitial density for appropriate sam-
ples.
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be the same in all samples as these defects are not affected by the annealing.
So if the assumption cint,As = cint,Ga was true, the interpolated (and possibly ex-
trapolated) dependencies for all samples should intersect in just one point giving
the real densities of the substitutional Mn and the anti-site defects and we would
have known also the interstitial densities in all samples. Although the extrapo-
lated dependencies more or less intersect each other in just one point, this point
corresponds to the negative occupancies, which is apparently not possible.

As a conclusion we see that the interstitial site in the centre of the As tetra-
hedra are indeed preferred and this is valid for all measured samples.

Figure 5.14: The summed interstitial densities cint,As + cint,Ga (crosses) and
their decrease (asterisks) after the annealing are displayed. The uncertain-
ty (semitransparent areas) of the linear interpolation (dashed lines) is rather
smaller due to the fact that these sums are controlled by the value of the lat-
tice parameter due to the fitting procedure. The guessed csub between 7 and 9
percent allows to estimate the most probable values shown on the right.

Similarly to the obtaining of the particular interstitial densities, we can esti-
mate the summed interstitial densities in all samples and their decreases after the
annealing. Again, we plot the demanded quantities as a dependence on the fixed
substitutional density, and from the rough guess of the csub, we can estimate the
most probable values. This is done in Figure 5.15.

All previous calculations were done assuming the relation between relaxed
lattice parameter of (Ga,Mn)As and the defect densities defined by Equation 3.2
derived in Reference 99. However, this is just only the theoretical prediction,
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Figure 5.15: The changes in both interstitial densities (∆cint,As and ∆cint,Ga

plotted as triangular marks) after the annealing. The final estimated values
coming from the csub guess are shown on the right. The uncertainty is small
only for the A-1→B-1 annealing due to a better data quality.

which do not have to be necessarily correct. To leave this assumption we tried
to separate the structure factor and the lattice parameter calculation, i.e., the
layer peak intensity and the layer peak position should be no more connected.
As the only one guide to calculate the lattice parameter is Equation 3.2, we have
to make the lattice parameter to be the completely free and the independent
fitting parameter, while everything other stays the same. As a result the lattice
parameter is controlled only by the peak position and we obtain the mismatch of
the relaxed lattice parameters of (Ga,Mn)As with respect to GaAs substrate.

Unfortunately, we experienced that the number of measured diffractions is too
low and the data quality is not good enough to obtain reliable fit with the removal
lattice parameter calculation. The parameters starts to correlate extremely with
D-W factor and also the χ2 minimum along the canti parameter is much more
shallow which makes the uncertainty of the canti much bigger (up to 4%). In
contrast to the previous case here the fitting procedure were able to find optimal
parameters for the arbitrary values of the csub and the D-W prefactor.

We tried to repeat the fitting procedure for the several fixed values of csub and
the fixed D-W prefactor optimized in previous approach. Of course, the sam-
ple B-2 was disqualified from such a final fitting procedure while the measured
diffraction data (namely the number of diffraction) did not allow to find any reli-
able solution, in other words all parameters were correlated. We used the optimal
values of the interstitial densities cint,As and cint,Ga from the previous approach as
a starting point for the fitting with the free lattice parameter. Although it seems
that there are several comparable local minima of χ2 if we used the arbitrary
starting points, the optimal values from these fits (denoted as c∗int,As and c∗int,Ga)
are very close to the previous results as it is shown in Figure 5.16. Moreover, it
is sufficient to start with the comparable summed interstitial density to find the
same χ2 minima giving the same c∗int,As/c

∗
int,Ga ratio.
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Figure 5.16: Comparison of the optimized particular interstitial densi-
ties obtained by the fitting procedure with lattice parameter calculation
(cint,As(Ga)) and with the lattice parameter considered to be free and inde-
pendent (c∗int,As(Ga)). Estimated final values using the csub guess are compared
on the right.

Although this approach did not give us the reliable values due to the inade-
quate experimental data, it showed that the optimal values found with the lattice
parameter condition are not in conflict with the approach neglecting the peak po-
sition. In other words, the applied condition for lattice parameter do not move
forcibly the χ2 minima systematically somewhere else.

The correlation of the interstitial densities with csub stayed similar, but there
is one qualitative difference between those two approaches. Figure 5.12 indicates
that the increasing fixed parameter canti drive both the particular interstitial
densities to the lower values, which is obvious as the total lattice expansion has
to be constant. In contrast, the optimized values c∗int,Ga(As) tend get closer for the
higher canti, if the lattice parameter constrain is removed, which is depicted in
Figure 5.17. So it seems that for the higher content of the anti-site defects both
approaches are not in agreement. And we assume that the more physical relevant
approach is to avoid using the theoretically calculated expansion coefficients,
although the lattice expansion due to the Mn presence seems to be estimated
quite well. It is the expansion factor related to the anti-site defect, which forms
serious doubts about its correctness. However, we have not sufficient experimental
data to spare such a constraint, but at least for the low canti content expected in



5.4. Fitted experimental data 86

6 6.5 7 7.5 8 8.5 9 9.5 10

0.5

1

1.5

2

2.5

3

���� ����� �
	
� �
���������� ���� ����� ��	

� ������������� ���� ����� ��	
� �
����������� ���������� �
	

� �
�����������
� �� ����� �
� � �� ����� ��� � �� ����� ��� � �������� �
�

 "! �

# ! �

# ! �

� 	�$�%'& �)(

 c
in

t,A
s(

G
a)

 (
%

)

Figure 5.17: The comparison of the particular interstitial densities c∗int,As(Ga)

obtained from the fit with the fixed csub and several fixed canti parameters.
The lattice parameter is free parameter not calculated from the concentrations,
i.e., the layer peak position was fitted independently. The linear interpolation
together with the defined range of the interest for csub allow to estimate the
most probable values of the c∗int,As(Ga). The results showed on the right exhibits
the tendency to bring closer values of cint,As and cint,Ga with increasing fixed
canti parameter.

rich Mn samples this leads to reliable values of the interstitial densities.
All obtained values are summarized in Table 5.2 for all samples. The vertical

profiles of the summed densities are depicted in Figure 5.18.
The thickness parameter T results from the fit being controlled by frequency

of the thickness oscillations. The decrease of the thickness for B-1→B-2 is appar-
ently due to the etching for 20 times, the average decrease of the thickness due
to the rinsing in HCl for 30 seconds was 0.8 nm. This value corresponds also to
the difference between the thicknesses of the samples A-1 and B-1. Most proba-
bly, this is the thickness of a thin oxidized layer at the surface corresponding to
the Mn-rich layer after annealing. On the other hand, there is another decrease
of the thickness after B-2→B-3 annealing without preceding etching. Therefore,
this decrease should be explained rather by the surface degradation (oxidation)
during the prolonged time before the final annealing. The last decrease is smaller
than expected, as well. Again this could be due to the surface change during the
ageing of the sample.
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Sample A-1 B-1 B-2 B-3
top bottom

T (nm) 103.9(2) 103.0(2) 87.0(2) 84.4(1)
22(4) 65(4)

cint,As (%) 2.6(3) 2.2(3) 1.9(8) 2.0(8) 1.5(4)
cint,Ga (%) 1.3(4) 0.8(3) 0.4(8) 0.4(9) 0.6(4)

∆cint,As (%) -0.4(1) -0.3(7) -0.2(8) -0.4(7)
∆cint,Ga (%) -0.5(1) -0.4(7) -0.4(7) +0.3(7)

cint,As + cint,Ga (%) 3.8(2) 3.0(2) 2.3(6) 2.4(4) 2.2(2)
∆(cint,As + cint,Ga) (%) -0.9(2) -0.7(6) -0.5(3) -0.2(4)

c∗int,As (%) 2.6(4) 2.2(5) 1.5(6)
c∗int,Ga (%) 1.4(5) 0.8(4) 0.6(5)

Table 5.2: Determined parameters for all samples, the numbers in brackets
correspond to the uncertainty of the last digit on the level of 3σ (equally to
±3σ). The canti concentration was estimated below 1%, the density of the sub-
stitutional Mn was guessed to be csub ≈ (8 ± 1)%. For homogeneous samples
A-1, B-1 and B-2 was successfully estimated the particular densities of inter-
stitials with no assumption on the lattice parameter (denoted as c∗int,As(Ga)).

Figure 5.18: Depth profiles of the summed interstitial density determined for
all samples. The uncertainty region is indicated by the coloured semitranspar-
ent areas around the most probable profile. The depth profile for the sample
B-2 is estimated from the two sublayers model of the epitaxial (Ga,Mn)As
layer.

Conclusion

We introduced the first set of (Ga,Mn)As sample. On them, we demonstrated
the measurement and experimental data fitting. From the fitting procedure, we
obtained the interstitial densities in both particular interstitial positions. We
discussed the reliability of our approach and uncertainties of the estimated pa-
rameters.

In conclusion, we found that each annealing process decreased the summed
interstitial density and the cyclical short annealing combined with the surface
etching produced the inhomogeneous sample that was successfully modelled by
the two stacked homogeneous sublayers. Unfortunately, those are the poorest
experimental data for this sample with the highest number of free parameters,
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which increased horribly the uncertainties of all determined parameters. Never-
theless the shape of the profiles depicted in the Figure 5.18 are given by the model
being homogeneous or step-like function. Then one has to uncertainty interpret
better as a vertical shift of a whole profile towards higher or lower densities.

The same is valid for the profile of the inhomogeneous B-2 sample, whose
vertical profile is estimated by the step-like function. The uncertainty of the step
height is much lower than it can be seemed from Table 5.2 as it was determined
from the asymmetry of the thickness oscillation, i.e., just this step-like profile is
the best solution with the uncertainty of the step height below 0.5%, the whole
profile shift is uncertain much more. To avoid misinterpretation of the uncertainty
region for the sample B-2 in Figure 5.18 one can assume the uncertainty of the
shift being the larger height of both uncertainty regions.
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Chapter 6

Surface Mn oxide evidenced by
XAS

We decided to support our presumption that during the annealing the Mn-rich
oxide layer within the surface is created, which is assumed to be responsible for
a drawing of mobile interstitials from the layer. In order to show this, we mea-
sured XAS near Mn absorption edge using a grazing incidence surface-sensitive
geometry.

The method is based on a measurement of the fluorescent radiation intensi-
ty when a sample is irradiated by the x-ray radiation with energy close to the
absorption edge of certain element. In contrast to the fluorescence of the free
atom, here the atom neighbourhood changes the shape of the absorption spectra.
Moreover, if we set the incident angle of the primary x-ray beam close to the
critical angle, we can tune the penetration depth and therefore we can see the
depth dependence of this effect.

We introduce the second set of (Ga,Mn)As sample, for which we present exper-
imental data obtained by XAS measurement. Having no ambition of the detailed
spectroscopic study, we simulated the significant features in XAS spectra that
can be ascribed to Mn oxides. We show that the annealing forms the surface
oxide whereas the etching completely removes it.

6.1 Samples

Sample preceded treatment note

A-1 deposition, surface cleaning
and natural ageing

as-grown sample, TC ≈ 6 K

A-2 surface cleaning,
annealing (1 h)

derived from A-1

A-3 surface cleaning derived from A-2

Table 6.1: Overview of studied samples A-1, A-2, and A-3. The annealing
temperature was 160◦C. The surface cleaning was performed by rinsing in HCl
for a short time (≈ 30 s).

The as-grown sample was prepared by the MBE method in the Institute of
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Substrate 
A-1 A-2 

A-3 

1 h 

(Ga,Mn)As 

surface oxide 

Deposition 

Figure 6.1: Schematic description of the samples A-1, A-2, and A-3. We
assume that each etching makes the epitaxial layer thinner, each annealing
makes thicker the surface oxide.

Physics, ASCR. The etching, and the magnetometry measurement of that sample
were performed there, as well. We used the control as-grown sample A-1 studied
in 5 to prove the presence of the surface Mn oxide layer by the XAS. During this
experiment, it was etched in HCl and annealed for one hour at 160◦C(labelled as
A-2), and finally, the surface layer was removed by another etching (sample A-3)
and immediately measured before the surface can oxidise again. This treatment
is summarized in Table 6.1 and schematically depicted in Figure 6.1.

6.2 Experimental prove of Mn oxide forming

The XAS measurements have been carried out at the ANKA synchrotron source
in Karlsruhe, Germany. X-Spec ionization chambers from Oxford-FMB were used
for the intensity monitors and a five-element germanium detector from Canberra
for the detection of the fluorescence energy. The used peaking time of the detector
electronics was 500 ns. We measured the dependence of the intensity of the Mn Kα

fluorescence line as a function of the energy of the primary x-ray beams for various
angles αi below and above the critical angle αc of total external reflection, αc ≈
0.38◦, for the used energy, around 6.5 keV (K-L3). The surface sensitivity of the
XAS measurement is achieved by the fact that by increasing αi, the penetration
depth, and consequently the depth from that the fluorescence signal is collected,
increases from a few nm for αi < αc to several µm.

To observe the influence of the etching and annealing on the surface, we did
the XAS measurement for three modifications of sample A showed in Figure 6.2.
Firstly, the original as-grown sample A-1, which was several months old and
therefore some natively grown oxide on the top of the layer can be expected.
Secondly, the as-grown sample A-1 was etched and annealed for one hour at
160◦C to create the Mn-rich surface layer, i.e., the sample transformed to A-2.
There was no additional ageing of this sample, and it was measured immediately
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Figure 6.2: Experimental XAS spectra for the samples A-1–A-3 measured
at various incidence angles αi: 0.2◦ (blue), 0.3◦ (green), 0.5◦ (red), and 1◦

(cyan). The curves are very similar but their shapes closely above the absorp-
tion edge differ significantly. These areas bordered by the red dashed rectangle
are magnified in the insets.

after annealing. Since, there should be no oxide layer due to the natural ageing
of the sample. Finally, the surface layer was removed by another etching (sample
A-3) to show the absence of the oxide after the etching. Again, the sample was
measured immediately.

The measured spectra have the very similar shape, only the intensity of the
sharp peak just above the absorption edge and the shape of the spectra approx-
imately 100 eV far from that peak significantly differ. We want just to roughly
compare the MnO amount in different samples, for which it is sufficient to quanti-
fy a signal contribution ascribable to the Mn oxide. With no ambition of a deeper
analysis, in contrary to pre-edge XANES studies [127, 128], we focus only on the
100 eV wide region just above the absorption edge. There, we try to fit the mea-
surement with the superposition of the theoretically calculated XAS spectra for
all considered Mn neighbourhood arrangements. Initially, we introduce theoreti-
cal basics of anomalous diffraction approach. It extends the theory in chapter 3.
However, we feel to mention it here as it is not so related with HRXRD method
bundled by chapters 2–5. Finally, we interpret the experimental data and we
compare the results with previous ones.

The selected parts of the XAS spectra are displayed in Figure 6.3. The mea-
sured spectra were qualitatively compared with the results of ab initio XAS sim-
ulations using the FDMNES code [129]. We calculated the XAS spectra for Mn
substitutional atoms, Mn interstitial ions in two nonequivalent positions, and for
two Mn-oxide phases, namely, cubic MnO (manganosite) and orthorombic MnO2

(groutelite) (see Figure 6.3 - right inset). The measured spectra have been fitted
to a weighted average of the spectra simulated for various Mn positions. From
the data, it follows, indeed, that the Mn-rich layer at the surface consists of Mn
oxide similarly to results found in Reference 62.
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Figure 6.3: Selected parts of the measured XAS spectra closely behind the
absorption edge. The experimental data (circles) measured at various incidence
angles αi (i.e., for various penetration depths of the primary beam) are shifted
vertically for the clarity. The weighted sum of the calculated theoretical spectra
fitting the experimental data are plotted by solid lines, while the MnO and
the MnO2 contributions of the fits are emphasized by red and blue areas,
respectively. The very right inset shows the calculated spectra for both Mn
oxides and Mn in various lattice positions using FDMNES code. The spectra
are normalized to fit the axes, the percentages within the labels denote the
ratio of their maximum and the MnO2 maximum.

The presence of the Mn oxide can be clearly identified in the as-grown sample,
this native oxide layer is very thin as the significant XAS signal from the MnO
(recognizable by the sharp peak approximately at E = 6.55 keV) was obtained
only for the smallest angle of incidence (see Figure 6.3). After the removal of the
native oxide by etching and subsequent annealing, the oxide layer was thicker than
in the previous case since the intensity of the signal from the MnO is present also
for the larger penetration depth, i.e., for the larger angle of incidence. Finally,
from the fits of the simulated spectra to experimental data, it follows that there
is no Mn oxide at all after the final etching of the sample.

We fitted these XAS signals with weighted sum of all theoretical spectra shown
in right inset of Figure 6.3. Although we obtained the weights of spectra rep-
resenting Mn in various crystallographic positions, we do not dare to interpret
them as corresponding relative occupancies. Those spectra are very similar and
these individual weights have very large error bar. On the other hand, they sig-
nificantly differ from the spectra of Mn oxides. And therefore, it is possible to
affirm their presence quite reliably.
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Conclusion

We presented an experimental XAS spectra measured on the second (Ga,Mn)As
sample set. The significant features in the spectra were ascribed to the Mn oxides.
We shown the evidence of the surface oxide formation during the natural ageing
of the sample and during the annealing, as well.

We showed that Mn-rich oxide layer is being created during the ageing of
the material at normal temperature (sample A-1) when a native oxide is formed.
And obviously, the interstitials located within the surface cannot avoid of just
such oxidation. Such oxide layer is very thin even after the months of ageing.
The sample A-2 demonstrates that such oxide layer grows very quickly during
the annealing and the Mn oxide is located in the larger depth compared with the
native oxide. The etching removes all oxide from the surface (sample A-3). This
all indicates that the model of the surface container in the drift-diffusion problem
is can be identified with the continuously oxidizing surface layer.
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Chapter 7

Mn densities determined using
anomalous diffraction

Here, we present a short study of two (Ga,Mn)As layers using anomalous diffrac-
tion. The two probed samples are examined in chapter 5 (A-1 and B-2). Initially,
we introduce the theoretical basics of the anomalous diffraction approach. It ex-
tends the theory described in chapter 3. However, we feel appropriate to mention
it just here as it is not part of the laboratory HRXRD method thoroughly intro-
duced by chapters 2–5. Finally, we interpret the experimental data obtained by
anomalous diffraction measurement, and we compare them with those estimated
in chapter 5.

We showed in chapter 3 how the structure factor of (Ga,Mn)As is affected by
the presence of the different elements in the crystal lattice being different from
the pure GaAs material. Simply said, the csub, cint,As(Ga) and canti densities are es-
timated from the difference of the measured diffracted intensity originating from
the layer and theoretical diffracted intensity expected from the layer being just
GaAs, i.e., we compare the experimentally measured amplitudes of the structure
factor with calculated ones. From the shape of the diffraction curve, it is not
possible to say anything about nature of the defect and similarly the intensity is
affected only by the product of the particular defect density and its scattering
power. To remove the correlation between different defect types, i.e., to distin-
guish their contribution to the intensity, one has to measure several (better many)
diffractions and the agreement of the measured and the calculated amplitudes of
the structure factors has to be found simultaneously for all of them.

There are some severe obstacles complicating the interpretation. Firstly, some
diffraction maxima types carrying the complementary information are affected
rather weakly (strong and intermediate maxima) recalling the Figure 3.2. This
can be in principle overcome by the very accurate measurement, but it cannot
be guaranteed in practice. Secondly, there are some addition influences on the
measured intensity, which change the expected intensity from the calculation for
various diffraction in different way. The D-W factor can be estimated indeed, but
we have to measure one or rather more additional diffraction maxima to do this.

The local distortion introduced in chapter 3, although being relatively weak
effect, shows that the influence of the repulsion between the closest neighbours is
comparable with the influence of the element substitution in case of intermediate
diffraction maxima. Therefore, we are partially reliant on the correctness of the
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estimated repulsion factors in the literature. Unfortunately, if the higher amount
of anti-site defect are in the layer, the correct interpretation turns to be impossible
due to the uncertainty of the appropriate repulsion factor.

Though we are able to improve the removal of the correlation by the pre-
sumed relation between the defect densities and the relaxed lattice parameter of
(Ga,Mn)As (Equation 3.2, the reliability of the determined densities are given by
the reliability of the estimated theoretical expansion coefficients. Evidently bet-
ter, it is to measure just such amount of diffraction maxima that it is possible to
avoid using of this formula, and also that it is possible to eliminate the influence
of the mistaken measurements, e.g., due to some accidental misalignment.

However, there is a way how to increase the contrast of the Mn density con-
tribution to the measured diffracted intensity. If we were able to change sig-
nificantly the scattering power of the Mn atoms in the lattice, the dependence
of the diffracted intensity on the Mn densities (similar to those in Figure 3.2)
would also change. Then we would be able to identify the Mn contribution to
the scattering from the intensity difference of the same diffraction maximum mea-
surement for various scattering powers of Mn. Actually, we are not able to change
the atomic scattering factor f of any element, but fortunately, it differs natural-
ly for the different energy E (or wavelength λ related by a conversion formula
λ = E−1 × 12398.54 Å/eV) of the x-ray radiation, of course, not exclusively.

7.1 Anomalous dispersion of atomic scattering

factor

The significant change of the atomic factor is in the vicinity of the absorption edge
of the certain element (anomalous dispersion) if we tune the energy of the probing
radiation close to the energy of the intra-atomic transition energies. Then, the
various scattering power of the particular element takes place in the diffraction
process while the contribution of other elements stays unaffected. The influence
of different energies around Kα (K-L3) absorption edge of the Mn is showed in
Figure 7.1.

The irradiated single atom elastically scatters the electromagnetic radiation in
every direction and the distribution of the wave amplitudes into the directions can
be described as a function of the scattering vector length (∝ sin(θ)

λ
). The atomic

scattering factor of a certain element is usually and sufficiently approximated by
the summed series of the exponential decayed function of the scattering vector
length. We use the approximation

f 0

(
sin(θ)

λ

)
=

5∑
j=1

aje
−bj( sin(θ)

λ )
2

+ c (7.1)

with the theoretically calculated factor in Reference 102. Namely, aj, bj, and c
values are obtained from the implementation atominfo [131].

Finally, the atomic scattering factor can be written as

f

(
sin(θ)

λ
, λ

)
= f 0

(
sin(θ)

λ

)
+ f ′(λ) + if ′′(λ) (7.2)



7.1. Anomalous dispersion of atomic scattering factor 96

6400 6500 6600 6700
−12

−10

−8

−6

−4

−2

0

2

4

���

� � �

���

���

	�


��������

��� �
��

0 1 2 3 4 5 6
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

Ga

As

Mn

(0
02

)
(0

04
)

(2
24

)
(1

11
)

(2
20

)

(1
13

)

� ������� �

��
�! "

Figure 7.1: Energy correction terms f ′ and f ′′ of the scattering factors for As,
Ga, and Mn elements are plotted in the left inset. There is a significant change
of fMn around 6.5 eV corresponding the Mn Kα (also K-L3 [130]) absorption
edge, while atomic factors of other elements follows the normal energetic dis-
persion behaviour, i.e., slow continuous decay with increasing energy. The
right inset shows the atomic scattering factors relatively to that of Ga. All
of them are corrected for the energetic dispersion for several selected energies
indicated by the differently styled black lines in the left inset.

i.e., function of a scattering vector length corrected for the energy dispersion
[132]. We used the dispersion corrections extracted from the calculated values in
Reference 133. Here, they are introduced as f (0, λ) = f1(λ) + if2(λ). Since, we
can obtain the correction terms as

f ′ = f1 −
5∑
j=1

aj − c and f ′′ = f2. (7.3)

Recalling the formula for the averaged structure factor 〈FGaMnAs
hkl 〉 (Equa-

tion 3.8) and consideration that the diffuse scattering can be neglected in case of

(Ga,Mn)As, we can calculate the ratios

∣∣∣〈F (Ga,Mn)As
hkl 〉

∣∣∣2
|FGaAs
hkl |

2 . It should correspond to the

relative intensity diffracted on the (Ga,Mn)As with respect to that diffracted on
the GaAs. Such calculations for individual defect densities being 1% are plotted
in Figure 7.2.

As we introduced the correction of the structure factor due to the local lattice
distortion around the defects, we used the resulted formula Equation 3.16 to
obtain the corrected calculated curves in Figure 7.2. Evidently it plays significant
role just in case of intermediate diffraction maxima, whether no role in case of
strong maxima. The weak diffraction maxima are affected by this correction only
for the canti density, obviously for the large (but completely uncertain) repulsion
acting on anti-site neighbours.

From the calculated dependences (
F(Ga,Mn)As

FGaAs
)2 versus energy, it follows that
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Figure 7.2: The calculated change of the intensity diffracted on (Ga,Mn)As
relatively to that one corresponding to GaAs with respect to energy of the
probing radiation. The calculation are shown for two of weak ((002) and
(222)), intermediate ((113) and (111)) and strong ((220) and (224)) diffraction
maxima. The calculations are made with the 1% defect density individually for
csub, canti and cint,As(Ga). All curves are also calculated with the consideration
of the local distortion (lighter colours) to demonstrate its influence.

only the weak diffractions are sufficiently sensitive for the determination of the
Mn densities in particular crystallographic positions. The intensity ratio change
for the intermediate diffractions is very small (below one percent) and moreover
the distortion correction cannot be neglected. Similarly, the strong diffractions
are affected rather weekly and there is no chance to discriminate the contribu-
tions from the non-equivalent interstitial positions. Concluding these calculations
we can concentrate experimentally on the weak diffractions neglecting the local
lattice distortion correction. We can simplify the structure factor of (Ga,Mn)As
to the form of

〈FGaMnAs
weak 〉 =4 [fGa − fAs + csub(fMn − fGa)+ (7.4)

canti(fAs − fGa) + (cint,As − cint,Ga)fMn] ,

which differs for various weak diffractions only by the different atomic scattering
factor of Mn due to the different scattering vector length, i.e., there is different
contribution of the Mn to the intensity. However, the main contrast is due to
the significant change of atomic factor with the energy, while its decay of with
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the decreasing scattering vector length is the same. Although relative values fMn

fGa

(see Figure 7.1) changes for different weak diffraction maxima, this difference
practically only changes the scaling of the dependences in Figure 7.2 and in
Figure 7.3.
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Figure 7.3: The calculated change of the relative intensity with respect to
energy. The calculated curves for two of weak ((002) and (222)) are shown for
the 1%, 2%, and 4% defect density (different colour saturation) individually
for csub, canti and cint,As(Ga) (distinguished by the colours).

For all calculated dependencies in Figure 7.3 we can see that the presence
of the anti-site just shifts the relative intensity, while the contribution from Mn
densities shifts the relative intensity but the shape of the dependence changes with
the different concentration, as well. This leads to the conclusion that Mn densities
can be interpreted from the experiment independently on the presence of the anti-
site by the fit of the calculated dependences on the experimentally obtained data.
We should be able to determine the concentration csub and the difference of the
densities cint,As − cint,Ga, as it apparently follows from Equation 7.4.

7.2 Anomalous diffraction experiment

We measured the sample A-1 and B-2 introduced in chapter 5. The anoma-
lous x-ray diffraction experiment was performed at the ID01 beamline at ESRF
in Grenoble (France). We used the energies within the range 6.4–6.7 keV. The
reciprocal (Qx, Qz)-space maps describing the distribution of the diffracted in-
tensity in the vicinity of the GaAs/(Ga,Mn)As (002) diffraction maxima were
measured for each energy. The linear detector positioned in the scattering plane
allowed to collect data for each map during one symmetrical ω/2θ-scan.

The example of such a measured map is shown in Figure 7.4, from which it
is possible to obtain the distribution of the intensity along the truncation rod by
the integration of the intensity along Qx-axis.

There is a obvious reason why we consider the relative intensity of (Ga,Mn)As
maxima related to that of GaAs, although one would intuitively interpret just
the dependence of the absolute intensity change corresponding to the layer with
respect to energy of the probing radiation. The energy change during the ex-
periment involving the monochromator and other optic adjustment can change
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Figure 7.4: Reciprocal space map around weak (002) maxima for the sample
B-2 measured at E = 6.4 keV (left). The maximum positioned at higher Qz

coordinates corresponds to the GaAs diffraction peak, whether the (Ga,Mn)As
diffraction maximum lies below at lower Qz. The narrow streak going through
the substrate maxima is caused by the resolution of the linear detector being
an experimental artefact. The integrated intensity along Qx-axis is plotted in
the right subfigure.
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Figure 7.5: The experimental ratios of maximal intensity of the layer and the

substrate peaks (
I(Ga,Mn)As

IGaAs
) for the samples A-1 and B-1 with respect to the en-

ergy E of the probing radiation. Each point is represented by its most probable
value (marks) and the corresponding uncertainty (error bars). Experimental
data are fitted by the theoretical fits (solid coloured lines).

the experimental conditions as intensity of the primary beam or the instrumental
function. The intensity of a substrate peak is a perfect natural reference for the
intensities obtained from the diffraction on the layer. Both measured maxima are
affected by the same experimental conditions.

The (Ga,Mn)As layer is very thin, therefore the diffraction can be treated
kinematically. Then the maximum intensity of the layer peak is proportional to
the layer thickness T and absolute value of the averaged structure factor squared.
On the other hand, the substrate is large crystal and the intensity maximum of
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its peak is generally proportional to the |FGaAs|n, where the exponent n ∈ 〈1, 2〉
(n = 1 for pure dynamical and n = 2 for kinematical diffraction). The absorption
of incident and diffracted waves by the substrate passing through the very thin
(Ga,Mn)As film can be neglected. The ratio of the measured maximal intensities
of the layer and the substrate peak can be described by the

I(Ga,Mn)As

IGaAs

= CT 2

∣∣F(Ga,Mn)As

∣∣2
|FGaAs|n

, (7.5)

where the prefactor C is ratio of proportionality constants corresponding to

I(Ga,Mn)As ∝ T 2
∣∣F(Ga,Mn)As

∣∣2 and IGaAs ∝ |FGaAs|n. Since the prefactor contains
the dependence on the Bragg angle, it changes very slowly in small energy range
we performed our measurements. Being the same for both samples A-1 and B-2
we can treat it as a multiplicative constant of minor interest being an arbitrary
fitting parameter.

The measured intensity ratios were fitted by the theoretical dependences based
on Equation 7.4, which are plotted in Figure 7.5. The finite energy resolution
of 1 eV was taken into account which smeared little bit the sharp peaks of the
theoretical dependencies as they are depicted in Figure 7.2. The csub density
was assumed to be the same in both samples consistently with the assumption
in previous chapters. The antisite defect density is equal in both samples, as
well, and being impossible to determine however just with the same multiplica-
tion effect on the dependencies, it was included in arbitrary parameter C. The
fitting was performed for all values of n, fortunately, these values affects the re-
sults only very slightly and it is included in the uncertainty of the optimized
parameters. From the simultaneous fitting of both measured dependencies, we
obtained the optimized values of density cA-1

sub ≡ cB-2
sub = (8.2 ± 1.1)% and dif-

ferences of occupancies in non-equivalent interstitial positions for both samples
(cint,As − cint,Ga)A-1 = (1.6± 0.3)% and (cint,As − cint,Ga)B-2 = (2.4± 0.3)%.

The results are compared with those obtained by the HRXRD method inchapter 5
with and without constraint of theoretical expansion coefficients in Table 7.1.

cint,As − cint,Ga

A-1 B-2
anomalous diffraction 1.6(3) 2.4(3)

HRXRD with exp. coeff. 1.3(6) 2(1)
HRXRD free of exp. coeff. 1.2(7)

Table 7.1: The comparison of the difference of the occupancies in the crystal-
lographic non-equivalent interstitial positions determined by several methods.
The value in the brackets corresponds to the uncertainty in the last digit of
the most probable value.

Although there is an overlap between values determined with different ap-
proaches within the ranges of the uncertainty, it is rather due to the large uncer-
tainty regions than due to the agreement of the most probable values. Anyway,
both approaches shows similarly larger difference for the annealed sample. Un-
fortunately, it was not possible to evaluate the B-2 data from HRXRD without
considering of some expansion coefficients and the uncertainty of the difference
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obtained with that consideration is extremely large. On the other hand, the csub

was reliably determined and result fully justifies our rough guess in the chapter 5.

Conclusion

We introduced the theoretical basics for the anomalous diffraction technique. We
showed the sensitivity of the weak diffraction to the difference of interstitial den-
sities in non-equivalent lattice positions. In contrary to approach demonstrated
in chapter 5, we were able to determine the substitutional content of Mn in the
samples.

This method can be possibly improved by the fitting of the whole measured
diffraction curve, when the structure factor of the (Ga,Mn)As entering into the
diffraction simulation is being optimized. Similarly to approach described in
chapter 5, assuming known structure factors for GaAs substrate would allow
to scale the intensity using the whole substrate peak as a reference. Although
this can remove the additional parameter n which bring some uncertainty , the
evaluation of many diffraction curves is quite time consumptive. From the results
it follows that here used much simple approach led to the reliably precious results,
as well.

There are several advantages of the anomalous diffraction approach in con-
trast to the HRXRD measurements. Firstly, the influence of the anti-site defects
is distinguishably separated from the influence of Mn content on the measured
intensity. However, it is not possible to determine the anti-site density. This
advantage is so important because we are not able to include lattice distortion
into the calculation due to the uncertainty of the repulsion acting on anti-site
neighbours. This is closely related with the second main advantage allowing to
interpret data with no a priori assumptions arising from the unverified theoret-
ical calculations. Besides the repulsion factor we can dispense with the relation
between the relaxed lattice parameter and the defect densities.

The large number of the measured points (i.e., peak heights for many diffrac-
tion curves) eliminate also the chance to misinterpret the mistaken measurement,
because all points should lie on some theoretically allowed dependence. Therefore
the mistaken measurement (e.g., due to some instrumental misalignment) can be
clearly identified and removed from the evaluation. The evaluation of the D-W
factor is not necessary, as well, because it scales all results in the same way and it
can be included in the arbitrary multiplicative constant. However, this approach
demand the ability to tune the wavelength, which is not accessible in standard
laboratories and the experiment has to be performed at some synchrotron facili-
ty.
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Chapter 8

Diffusion of interstitials

The post-growth treatment of the deposited (Ga,Mn)As epitaxial layers is for
their final magnetic properties as important as their well controlled growth itself
as we showed in chapter 1. The increase of the Curie temperature of (Ga,Mn)As
layers is reached after the annealing procedure. Previously, we mentioned that
the annealing time can be rapidly decreased using the etching enhanced annealing
[134]. It is widely accepted that the improvement of the magnetic properties is a
consequence of the removal of the Mn interstitials from the as-grown (Ga,Mn)As
layer [34, 39], those interstitials are passivated within the sample surface by cre-
ating Mn rich layer (oxide [34, 39] or MnAs [64, 65]) [61–63]. For the migration
of the interstitials towards the surface it is necessary to increase their mobility
which is achieved by higher temperature during the annealing process.

Here, we introduce a detailed numerical model of the migration of interstitials
in the material. This model is described by the diffusion and the drift of intersti-
tials [65]. We discuss the mobility parameters of the migrating interstitials and a
possible concentration gradient of Mn in the (Ga,Mn)As layers. This theory will
be used for the simulation of the annealing in chapter 9.

Initially, we define the drift-diffusion (D-D) equations. Further we introduce
the boundary conditions for mobile particles at both air/layer and layer/substrate
interfaces. On the surface, we postulate the hypothetical surface container that
removes interstitials from the system. Later in the chapter, we suggest how to
solve the formulated D-D equations. Finally, we briefly remark the two concurrent
migration concepts for interstitials.

8.1 Drift-diffusion equations

There are two non-equivalent interstitial positions for double donor Mn (in the
centres of the As or Ga tetrahedrons). The lowest energetic barrier (0.7–0.8
eV) for the jump of the Mn from the one type of interstitial position is the
interstitial position of the other type [39]. Let us step out from the microscopic
mechanism and let us consider the migration of these interstitial Mn ions in
the (Ga,Mn)As material as a movement in the continuum. We are interested
in the spatial distribution of the interstitial density n(r) and in the change of
this quantity in the time (in fact, n ≡ n(r, t)). The charge of the migrating
interstitials being the double donors is −2|e|. The migration is then driven by
the inhomogeneity of the concentration (density) which is related to the diffusion.
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Secondly, it is driven by the electrostatic force acting on charged interstitials
which is related to the drift in the electrostatic potential φ ≡ φ(r, t). We can
write D-D equations for the interstitials [65]:

dn

dt
= ∇ · (Dn∇n+ 2µnn∇φ) ≡ −∇ · jn , (8.1)

where Dn is the diffusion constant of interstitials and µn is their mobility. Ac-
cording to the continuity equation we can define flux jn of the interstitials (it
is commonly denoted as the flux, although strictly speaking it is the flux of the
particle density).

The electrostatic potential φ fulfils the Poisson equation

∆φ = −%
ε
, (8.2)

where ε is the permittivity of the surrounding material, here assumed to be prac-
tically GaAs. The charge density % is superposition of the charge densities of
the interstitial Mn double-donors, homogeneously distributed substitutional Mn
acceptors with the constant density csub, and finally, holes present in this p-type
semiconductor:

%(r, t) = −e(csub − 2n(r, t)− p(r, t)) . (8.3)

If other charged defects are present in the material, e.g., As antisites, the appro-
priate term should be added to Equation 8.3 or the density csub can be treated
as the ’effective’ density including the terms coming from the other defects.

The holes described by their density p ≡ p(r, t) obey the drift-diffusion equa-
tion, as well:

dp

dt
= ∇ · (Dp∇p+ 2µpp∇φ) ≡ −∇ · jp . (8.4)

The holes diffusivity Dp and their mobility µp is of course much higher than in
case of interstitials.

The diffusivity is related to the mobility by the Einstein relation [135]

Dn,p =
µn,pkBT

qn,p
, (8.5)

where T is the thermodynamic temperature, kB the Boltzmann constant, and the
q is the charge of corresponding particle (qn = 2|e| and qp = |e|, recalling the
charge of the electron e).

8.1.1 Laterally homogeneous (Ga,Mn)As layer

Let us restrict ourselves to the case of (Ga,Mn)As layer usually deposited on a
GaAs substrate. The lateral homogeneity of the layer is assumed as it should
be obviously fulfilled by the proper sample. The thickness of the deposited film,
typically below 1 µm, is much smaller than diameters of the sample, usually
millimetres. Therefore, we can neglect what is going on near the sample borders.
We can concentrate on the majority of the material. For that, we can consider
the layer being laterally infinite since the distance to the border is quite large.
Due to this lateral symmetry, we can consider just one-dimensional model, where
all variables change only in the direction perpendicular to the surface. It means
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vertically as referenced to the sample. In this direction, we define z-axis with the
origin located at the interface between the layer and the substrate. The thickness
of the film is denoted as H, therefore the position of the sample surface is for
z = −H, the situation is depicted in Figure 8.1 for the clarity.

Substrate 

(Ga,Mn)As 

ambient air 

Surface (Mn-rich) layer 

z 

z = 0 

z = −H 

Figure 8.1: Schematic sketch of the (Ga,Mn)As single layer. Axis z is point-
ing toward the substrate, the origin is located at the layer/substrate interface.
The thickness of the (Ga,Mn)As layer is H. The surface of the sample (the
surface oxide layer) is located at coordinates z = −H.

The drift drift-diffusion equations 8.1 and 8.4 can be rewritten in one dimen-
sion as

dn

dt
=

d

dz

(
Dn

dn

dz
+ µnn

dφ

dz

)
≡ d

dz
(−jn) , (8.6)

dp

dt
=

d

dz

(
Dp

dp

dz
+ µpp

dφ

dz

)
≡ d

dz
(−jp) , (8.7)

and similarly, the Poisson equation changes its form to

d2φ

dz2
= (csub − p− 2n)

e

ε
. (8.8)

We can see that all three equations (8.6, 8.7 and 8.8) are bound together via
the local densities of the holes and the interstitials. One has to solve the system
of three differential equations to obtain the evolution of the density profiles of
interstitials in time.

8.1.2 Boundary conditions

We have to add some spatial boundary conditions to the system of the non-linear
differential equations describing the drift-diffusion. Taking into account that the
layer is not electrically charged, we can demand the zero electric field deep in
the substrate, i.e., far below the layer/substrate interface. This results in the
boundary condition for the electrostatic potential

dφ

dz

∣∣∣∣
z→∞

≡ 0 . (8.9)
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The GaAs substrate is not charged, the holes and the interstitials both being
positively charged can migrate to the substrate due to the diffusion, but obviously
they cannot migrate very far from the interface as there is no external electric field.
Each positively charged particle going into the substrate will produce the lack of
the positive charge in the layer, causing the electric field pulling these particles
back to the layer. The equilibrium between the diffusion into the substrate and
the drift force keeping the charged particles in the layer will produce the gradient
of their concentration within the layer/substrate interface partly smearing this
interface. This means, if there is no electric current going through the sample,
then there is no fluxes of the charged particles deep in the substrate. We will
obtain the boundary conditions for jn(p):

jn|z→∞ ≡ 0 , jp|z→∞ ≡ 0 . (8.10)

8.1.3 Surface container

On the other side of the layer, near the surface, the situation is more complicated.
We know that interstitial Mn near the surface are passivated by the oxygen. The
interstitials do not diffuse just to the very surface to be in a contact with the
surrounding air, they are oxidized close to the surface by the oxygen diffusing
in the opposite direction, i.e., into the layer [25]. The formation speed of the
Mn-rich oxide layer depends on the local concentration of the interstitials and
also on the amount of the oxygen ready to react with them. The oxygen has to
go through the native oxide at the very surface and it has to go through more and
more growing oxide layer. It would be very complicated to model this process and
we do not know the diffusivity of the oxygen. Moreover, it can be presumed that
this value is strongly dependant on the local density of the previously oxidized
atoms. The rate of the reaction is unclear, as well.

To avoid this complications, we will consider the vicinity of the surface be-
ing the infinitesimally thin layer with the limited ability to trap the interstitials
located there. Let us call it the surface container. It means that our model mate-
rial consists of this container bordering on side the area, where the drift-diffusion
equations introduced above are valid. This area is the main (Ga,Mn)As layer
together with the substrate thick enough to consider it as semi-infinite.

The interstitial, being positively charged with charge 2|e|, is passivated by the
oxygen which results in a creation of two holes in order to maintain the charge
conservation. Therefore, the general property of the container is removing the
‘free’ interstitial ion from the system at the expense of the releasing two holes
back to the system. This property formulate the equality

2jn|z=−H ≡ −jp|z=−H (8.11)

at the border of the area (z = −H) bounding together the fluxes of holes and
interstitials flowing into/out of there.

A specific property of the container given by the chosen phenomenological
model formulates just the flux jn(p) at the border z = −H. We emphasize the word
phenomenological as the parameters used in any model can be hardly compared
to theoretical microscopic/macroscopic quantities, though they can be intuitively
associated to them.
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We will formulate the several conditions which should be fulfilled by the model
of the container. The exact mathematical prescription of the container has to
based on them. The first requirement is the limited capacity of the container,
it can absorb only certain amount of the interstitials. Let us label this capacity
as NS,max. The capacity corresponds to the possible maximum number of the
trapped Mn ions per unit area. When the container is completely filled up, no
other particles can be drawn from the system, then the (density of) flux of the
particles is zero.

Secondly, as the number of trapped ions in unit area is denoted as NS, its
increment in time has to be defined dNS

dt
. The interstitials removed from the

migration area are stored in this container. The transfer from the migration
area to the container is represented by flux jn|z=−H , i.e., the number of particles
going through unit area per unit time inside the container. No other migration of
particles through the interface of the container is allowed. The drift and diffusion
are not valid here, the interface act as a sink for interstitials and source for
holes. The spatial continuity of the fluxes is then requested. Apparently, the
flux jn|z=−H ≡ jnS is equal to the increment of the trapped ions per infinitesimal
time:

jnS =
dNS

dt
=⇒ NS,max =

∫ ∞
−∞

jnS(t) dt . (8.12)

Thirdly, we request the inhibition of the trapping with the growing amount
of the trapped interstitials. This corresponds to more difficult diffusion of the
oxygen and the interstitials into already oxidized layer. The number of trapped
particles per time has to be decreasing function with respect to filling of the
container for any constant arrangement of other parameters discussed further:

∀NS, N
′
S : NS,max > NS > N ′S > 0⇒ jnS(NS) < jnS(N ′S) , (8.13)

jnS(NS,max) = 0 . (8.14)

The fourth and the last demand grows from the consideration that the number
of reacting interstitials should be proportional to the number of the interstitials
located in the vicinity of the container, i.e., on the border of the migration area.
There for the container should fulfil the condition

jnS(t) ∝ n|z=−H(t) . (8.15)

There is no serious reason which mathematical formulation fulfilling condi-
tions Equations 8.12–8.15 of the model container to choose. We will adopt the
prescription suggested in Reference 25. The number of trapped particles per sec-
ond, i.e., flux into the container, is linearly proportional to three quantities: the
density of the interstitials in the vicinity of the container, the free space in the
container and the scaling constant:

jnS(t) = S0

(
NS,max −NS(t)

NS,max

)
n|z=−H(t) . (8.16)

The scaling constant S0 is the trapping rate of the empty container in units
of [m · s−1]. It can be unclearly associated with the rate of the oxidization reaction
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and the diffusivity of the oxygen into the sample. Therefore, we can assume
that it should be roughly the same for any sample although it is not clear, if
it is somehow dependant on the composition of the (Ga,Mn)As, the roughness
of the surface and other possible parameters. As it is not possible to estimate
this phenomenological parameter theoretically, it has to be adjusted from the
comparison of the numerical simulations of the diffusion with the experimentally
determined density profiles of the interstitials after annealing (diffusion).

The capacity of the container NS,max can be estimated at least from other
experimental results, such ones are published in Reference [62]. There, the thin
(Ga,Mn)As layers were studied using XRSW. In this work, the (Ga,Mn)As layers
were being annealed at 200 ◦C for 4 hours to reach the fully annealed state. The
authors determine the total Mn density in the 3-nm-thick surface layer, from
which we calculated the areal density of the Mn considering the 3-nm-thick layer
as our infinitesimally thin (in fact, 2-dimensional) model container. This result

(N
[62]
S ≈ 4× 1019 particles/m2) can be used for the estimation of NS,max.

8.2 Numerical computation of D-D equations

Apparently, it is not possible to solve the D-D equations (Equations 8.6–8.7)
bounded view Poisson equation 8.8 analytically, we have to solve this system of
non-linear differential equations numerically.

Let us say that our system is heated to 160 ◦C, for that such temperature the
diffusivity of the holes is Dp ∼ 10−3 m2/s [136]. The estimation of the diffusivity
of interstitial Mn in (Ga,Mn)As is published uniquely, we found just study of
the diffusivity, which was performed by the resistivity measurements during the
annealing [39]. From the temperature dependence of the interstitial diffusivity

described in that work we extracted the diffusivity D
[39]
n ≈ 1.4× 10−21 m2/s.

8.2.1 Bounded D-D equations

Usually, it is not problem to implement these D-D equations using built-in solvers
for non-linear differential equations with boundary conditions, e.g., MATLAB or
COMSOL multiphyscs. Let us outline the implementation in Matlab, where the
solver for initial-boundary value problems for parabolic-elliptic PDEs in 1-D is
available (function pdepe). It uses the spatial discretization of parabolic equation
in one space variable (algorithm can be found in Reference 137). The similar
solver should be available in other computing languages and tools.

The general form solved by pdepe is the system on N equations indexed by k

ck

(
x, t, u1, ..., uN ,

∂u1

∂x
, ...,

∂un
∂x

)
∂uk
∂t

= sk

(
x, t, u1, ...un,

∂u1

∂x
, ...,

∂uN
∂x

)
+ x−m

∂

∂x

(
xmfk

(
x, t, u1, ..., uN ,

∂u1

∂, ..., ∂uN
∂x
x

))
, (8.17)

where x is the spatial coordinate, t is the time and exponent m is defined by
the symmetry of the problem (m = 0 in our case, which corresponds to the slab
symmetry). Functions ck, sk and fk operating with the N variables u1,...,N(x, t)
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are defined by the user. The D-D equations rewritten in form of user defined
functions are:

c1 ≡ 1, s1 ≡ 0, f1 = Dn
∂u1

∂x
+ µnu1

∂u3

∂x
, (8.18)

c2 ≡ 1, s2 ≡ 0, f2 = Dp
∂u2

∂x
+ µpu2

∂u3

∂x
, (8.19)

c3 ≡ 0, s3 = (csub − u2 − 2u1)
e

ε
, f3 = −∂u3

∂x
. (8.20)

The first line corresponds to Equation 8.6 and u1 is associated with the n. The
second line similarly corresponds to Equation 8.7 with the varible u2 ≡ p. Fi-
nally, the third line represents the Poisson equation (Equation 8.8) and u3 is the
electrostatic potential φ.

The boundary conditions are by the solve required in the form

P (x, t, u1, ..., uN) +

+Q (x, t, u1, ..., uN , ) f

(
x, t, u1, ..., uN ,

∂u1

∂x
, ...,

∂un
∂x

)
= 0 (8.21)

with user-defined function P and Q defined on the borders, i.e., for points xmin ≡
−H and xmax →∞. Our boundary conditions are then straightforwardly rewrit-
ten as

P1|x=−H = jnS(t), Q1|x=−H = +1, (8.22)

P1|x→∞ = 0, Q1|x→∞ = +1, (8.23)

P2|x=−H = jpS(t) ≡ −2jnS(t), Q2|x=−H = +1, (8.24)

P2|x→∞ = 0, Q2|x→∞ = +1. (8.25)

The boundary conditions for the Poison equation demand the zero electric inten-
sity deep in the substrate (−dφ

dz
). The electrostatic potential is not unambiguous

as any constant can be added without consequences. We use the boundary con-
dition at x = −H for the calibration of if the electrostatic potential setting its
value as arbitrary value φ|x=−H there. These conditions we rewrite as

P3|x=−H = u3 − φ|x=−H , Q3|x=−H = 0, (8.26)

P3|x→∞ = 0, Q3|x→∞ = +1. (8.27)

One has to assume the starting density profile p0(z) for the interstitials. The
starting local density of the holes can be estimated by the relation

p0(z) = csub − 2n0(z) , (8.28)

which fulfils the charge conservation and condition that sample is no charged.
However, this density profile obviously does not support the thermodynamic equi-
librium state, in which we would expect the holes at the very beginning of the
simulation. This does not matter very much as the very mobile holes start to dis-
tribute to the state of the thermodynamic equilibrium very soon in the numerical
simulation, therefore this estimation is sufficient.
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8.2.2 Solving D-D equations for particles with incompa-
rable diffusivities

Unfortunately, the large difference in the diffusivities of the holes and the inter-
stitials (about 19 orders of magnitude) makes the solving of the D-D equations
finally tricky. Taking into account that annealing process takes several hours and
the largest time step in numerical calculation has to be very small due to the high
diffusivity of the holes, one would have to do large number of calculations. In fact,
to make all calculation in a reasonable time exceeds the capability of nowadays
computers and the computation time is much higher than the annealing time. To
evade these long time calculations we suggest following procedure.

We are interested in the migration of the interstitials, therefore we have to
solve the Equation 8.6. As we mentioned above, the movement of the holes is
incomparable faster than that of the interstitials. Holes move as fast as they are
able to spread themselves in the sample with the spatial distribution correspond-
ing to the thermodynamic equilibrium before the interstitials move significantly.
From the point of view of the slow Mn interstitials the holes are each time in the
thermodynamic equilibrium. In other words, we do not need to simulate the evo-
lution of the hole density in time, it is enough to calculate the thermodynamically
equilibrated density profile of holes in the time scale relevant for the interstitial
movement.

The simultaneous solving of two D-D equations can be replaced by the two
’independent’ D-D equations being solved independently. We can solve just the
D-D problem for the interstitials while the thermodynamic equilibrium solution
is used for the holes density used in Equation 8.6 and Poisson equation condi-
tion. Not being interested in hole movement in time, we will transform the D-D
Equation 8.7 for the holes to the form reached in the thermodynamic equilib-
rium, i.e., the state where is no change of the local density. This is substanti-
ated by the fact that all other parameters in the system change so slowly that
there is enough time to reach this state, in fact, we will obtain the solution for
p(t) : t→∞ , n(t) = const.. The stable hole density is expressed by dp

dt
= 0:

0 =
d

dz

(
Dp

dp

dz
+ µpp

dφ

dz

)
≡ d

dz
(−jp) , (8.29)

This condition means that the flux of the holes are constant everywhere in
the space. It is either a stationary case of an electric current flow for non-zero
flux, or a static case for zero flux. There is no electric current in our sample,
the boundary condition for the holes deep in the substrate stays the same (zero
flux). As we are in the different time scale where no interstitials are being trapped
and no additional holes are created. We have to replace the boundary condition
for the holes in the vicinity of the surface by the zero flux, as well. Let us say
that this replacement is just formal because we have the zero flux everywhere not
needing any such boundary conditions.

We can write

jp ≡ 0 =⇒ Dp
dp

dz
+ µpp

dφ

dz
= 0 , (8.30)

which describes an expected state from many semiconductor-textbook examples.
The diffusion, aiming to uniformly spread particles in the space, is are in equi-
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librium with the drift, trying to distribute those charged particles to screen the
spatially stable electric charge.

Now the time dependence disappeared from the equations and we have the
system of two differential equations Equation 8.30 and Equation 8.8 (Poisson) for
the spatial variables p and φ.

To find the unique solution we have to add a condition on the total charge
in the sample which is zero. For the time dependent D-D equations it is silently
hidden in the starting values of both holes and interstitials densities. Here we
have to formulate it as∫ ∞

−H
p(z) dz = csubH −

∫ ∞
−H

n(z) dz ≡ Np . (8.31)

The problem formulated above is identical to the charge density computation
of p-n junction without external electric field which can be found in plenty of
textbooks. The general case of steady state calculations in one-dimension can be
solved, for instance, by Gummel’s method [138]. The solution of such a problem
is much less demanding on computing power than the solving of two bounded
D-D equations.

8.2.3 Final remarks on calculation method

If we summarize above described calculation methods. We have two choices. We
can simply solve the two bounded D-D equations simultaneously, which is easy
to implement. However, usual solvers are not able to tune the computation time
step in that such wise way to increase the calculation speed reasonably.

The second approach concentrates on the D-D equation for interstitials eval-
uating their density profile in time, while the density of the holes are calculated
separately for each change of the interstitial density profile. This can be achieved
by the static state calculation of the holes distribution. It needs obviously more
complicated implementation.

We can modify the second approach realizing that the spatial distribution of
the holes is not very far from the thermodynamic equilibrium. For some iterative
methods can be advantageous to set the starting density profile of the holes for
such a separate calculation equal to the last known density profile. This decrease
the number of iterations which enhance the speed of the calculation.

It is possible to evade the implementation of the static state density calcu-
lation, as well, although we can preserve the separation of the D-D equations
solution. Then it is necessary to evolve the density of the holes solving separated
D-D Equation 8.7 until the holes stop migrating, and this has to be done for all
points in time when solving the D-D Equation 8.6 for the interstitials. In fact,
this is what we would wish from the built-in solver to change wisely the time step.
By the word wise we mean the possibility of fast rescaling from the time steps
relevant for the holes to the time steps relevant for the interstitials. Usually, the
built-in solvers have already the possibility to automatically rescale its time steps
relatively to amplitudes of the change in a system, the Matlab solver pdepe is
capable to do this, as well. Unfortunately, the incomparable difference between
time step in our case is not convenient for such solvers. By the separated solving
of D-D equations. with different time scales, we are able to partially substitute
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this missing property of the solver. However, we have to realize that, inside of
the run of the solver computing the interstitials migration, we have to execute
another solver repeatedly. We have to conclude that each initialization of the rel-
atively advanced solver takes so many times that the resulting calculation time
is not comparable with the approach calculating the static state density.

However, it is possible to use a dirty trick to keep the implementation simple
and to reach the best calculation time. We operate with the certain value of
diffusivity of the holes. Recalling the Einstein relation between a diffusivity and
a mobility of a particle, it is evident from the static state Equation 8.30 that the
final distribution of the particles is not dependent on the diffusivity value itself.
It does not matter if the diffusivity of the holes is higher or lower. Its value does
not affect the result of the interstitials migration. This is true if the holes are fast
enough to reach the thermodynamic equilibrium in time, i.e., in the smaller time
than the time step relevant for the computation of the interstitials migration.

For the purpose of the computation, we can decrease the value of diffusivity for
holes to such a minimal value when preceding condition is still fulfilled. It brings
nearer the time scales of both D-D equations. Therefore, a numerical solving of
both bounded D-D equations can be performed with the time step convenient for
the holes, which are now unnaturally slower. As we previously said, the result is
not changed but the calculation time is significantly decreased. It is necessary to
adjust the optimal value of the hole diffusivity individually because it depends on
the properties of the particular solver. We recommend to verify the consistency
of such obtained results with the results coming from the clean method or with
results obtained for higher diffusivity coefficients of the holes.

8.3 Diffusion only

Here, we make only a small remark on the drift included in our model. Usually it
is spoken only about the diffusion of the interstitials in the (Ga,Mn)As when one
is searching in the literature. If we want to omit the drift of the interstitials just
for the comparison of the obtained results of the simulation with the solution of
the full D-D equations, we have to modify our model as follows.

Our model should be restricted only to the interstitials, drift current will be
removed and the continuity equation

dn

dt
=

d

dz

(
Dn

dn

dz

)
≡ d

dz
(−jn) , (8.32)

has to be solved.
We are not interested in the electrostatic potential although it plays its role

for the diffusion of the interstitials to the substrate. Actually, this process is well
described just by the D-D equations, which results in a limited penetrated depth
of those interstitials. This can be hardly explained just by the diffusion.

First possible argument, defending simple diffusion process, can claim that the
diffusivity can be connected with other point defects in the material, i.e., it can be
increased due to the presence of some defects, such as vacancies. And therefore,
the interstitials are not as mobile in the low-defect GaAs as in (Ga,Mn)As. Al-
though the diffusivity can be different, the low penetration depth is also observed
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for the sample with low-temperature GaAs buffer layer between the (Ga,Mn)As
film and the substrate. There we can expect the same amount of the defects.Since,
We can assume that the diffusivity is similar in the LT-GaAs as in the (Ga,Mn)As.
This argument fails.

Second possible argument claiming that diffusivity can be so low that the
interstitials have not enough time to penetrate deeper into the substrate is not
valid. If the diffusivity is so small, interstitials would not have enough time to
migrate towards the surface. Moreover, the inhomogeneity of the (Ga,Mn)As
would be regularly observed which does not happen.

So, it is quite certain that both the diffusion and drift forces are present.
Therefore, the migration of the interstitials into the substrate has to be de-
nied intentionally in simple diffusion model. It formulates the boundary condi-
tions setting the zero flux of the interstitials through the film/substrate interface
(jp|z=0 = 0). We can restrict ourselves spatially only to the layer (z ∈ 〈−H, 0〉).
The model for our container defining the second boundary condition stays the
same.

Summary

We introduced the drift-diffusion model for the interstitials that consists of D-D
equations with boundary conditions at both borders of the layer, i.e., surface and
layer/substrate interface. The model presumes the behaviour of the interstitials
near the surface that can be modelled by the hypothetical surface container.

As the solving of the D-D equations turned out to be little bit tricky, we
suggest the implementation of this task for a particular solver. Finally, we made
remark on the different concept of the interstitial migration, a simple diffusion.
However, both approaches have to be tested by the comparison with experimental
data (chapter 9).
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Chapter 9

Simulation of annealing
procedure

In this chapter, we use the theory from chapter 8 for the simulation of the anneal-
ing. The simulated density profiles of interstitials are compared to the interstitial
density determined in chapter 5. We simulate both the long-term annealing and
consecutive etching-enhanced long-term annealing of sample B-1. From chapter 5
we know that sample B-2 has some gradient in the depth profile of interstitial
density. We search for the parameters of the drift-diffusion model to match the
profiles resulted from the x-ray diffraction and drift-diffusion calculation, i.e.,
annealing simulation.

We start by the initial guess of the diffusion-model parameters. They are
guessed from previously reported experiments or taken from the literature. Fi-
nally, we show the optimized values of those parameters. They were tuned to the
qualitatively and also as much as possible quantitatively replicate the experimen-
tally obtained profiles.

9.1 Initial guess at D-D model parameters

The motivation for the (drift-)diffusion simulations arose from the unambiguous
experience with the vertical inhomogeneity of the sample B-2 that was found to be
homogeneous before the cyclical etch-annealing treatment. Actually, the anneal-
ing combined with the etching of the oxidised surface were primarily performed
to achieve the fully annealed sample possibly free of any interstitials. As we saw,
the decrease of the interstitials was not dramatic as we expected, moreover the
distribution of the interstitials became inhomogeneous in such a way that there
were lower interstitial density near the surface. Now we assume that the anneal-
ing times were coincidentally so short together with the frequent surface cleaning
that such a density profile can be achieved. As the inhomogeneous distribution
reminded a concentration gradient due to some flow of the interstitials through
the surface interface, it was good opportunity to study the annealing process.

Later, we were interested if the inhomogeneity is not a result of some degrada-
tion of the sample, e.g., the formation of some stable interstitial complexes deep in
the layer or the formation of some new defect which is not further affected by the
annealing. As we saw in the previous section, the final long annealing makes the
layer vertically homogeneous again and the interstitial density decreased again,
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thus the larger decrease was expected.
We used the theory described in chapter 8 for the simulation of the annealing

in order to obtain the qualitatively same interstitial profiles as we determined by
the HRXRD in the previous section. The D-D model contains three unknown
parameters (NS,max, S0 and Dn) which had to be estimated to get match simulated
and determined profiles.

Firstly, let us guess the capacity of the model container NS,max from the de-
crease of the summed interstitial density during A-1→B-1 (denoted as ∆cA-1→B-1

int ).
The resulted sample was determined to be homogeneous, therefore, we assume
that the surface container was at least severally saturated; the flow into that was
low. And the mobile interstitials just redistributed themselves to reach thermody-
namic equilibrium, i.e., homogeneous distribution. The decrease of the interstitial
density can be expressed in units of particles per volume as

∆cA-1→B-1
int = (−0.9± 0.2)% = (2.0± 0.4) · 1020 cm−3 , (9.1)

which multiplied by the layer volume give the amount of interstitials removed
during the annealing from the layer. The D-D solving of the laterally homoge-
neous layer is one-dimensional problem, therefore we are interested in the number
of removed interstitials per unite area of the surface:

NA-1→B-1
S = ∆cA-1→B-1

int TB-1 = (2.1± 0.5) · 1015 cm−2 . (9.2)

The value of NA-1→B-1
S corresponds to the container filling after the A-1→B-1

annealing and it can be good estimation of the container capacity at least in
order of magnitude. This quantity is comparable with the suggested value for the
container capacity N

[62]
S ≈ 4× 1015 particles/cm2 in chapter 8 , whose estimation

is based on the experimental results in Reference 62.
Our simulation consisted from three steps. Firstly, the determined density

profile of the sample A-1 was taken as a starting point and the drift-diffusion
during the A-1→B-1 annealing was simulated. Then the density profile obtained
from that simulation was taken as the starting point for the simulation of the
etch-annealing procedure. Each time the surface container was emptied and the
thickness of the model layer was decreased for 0.8 nm, then the one hour annealing
was simulated and its result was used for the next iteration. Such a computation
ran 20 times to obtain the simulated density profile for the sample B-2. Finally,
the 80 hours long annealing was simulated with the partially filled container
remained from the B-1→B-2 process.

The question arose how to qualify the match of the resulted profiles with
those obtained from the diffraction method. It is hard to define suitable criteria
to evaluate just such match, e.g., χ2 function. In principle, it should be possible
to optimize numerically to fit the experimental diffraction data, which means to
solve the D-D problem for all samples with certain diffusion parameters and to
use an obtained solution for the diffraction curves simulation.

Unfortunately, this approach is extremely slow due to the time consuming cal-
culations of D-D solution, and moreover, the sensitivity of the diffraction profiles
to the diffusion parameters is very problematic. The average interstitial densi-
ty in the sample is crucible for the match of the diffraction data, on the other
hand the layer inhomogeneity changing the intensity of the thickness oscillations
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affects the χ2 rather weakly. Therefore, any local optimization method tends to
fit firstly the layer peak and this can drive the solution towards nearly arbitrary
inhomogeneous density profiles. Such solutions are close to local minima of χ2

function and the match cannot be further meaningfully improved. We assume
that such a fitting can be successful only for the good guess of the starting param-
eters being close the global optimum. The other option could be to use some of
enhanced global fitting methods (e.g., genetic algorithm), which are usually much
more demanding on the number of function evaluations. However, here just one
evaluation is so time consumptive that this task can be hardly performed with
available calculation capacity.

We would be satisfied with just a qualitative agreement, which means that ho-
mogeneous profile for samples B-1 and B-3 are more acceptable though possibly
shifted than the inhomogeneous profile going closer to the determined level of the
interstitial density. Therefore we performed D-D simulations A-1→B-1→B-2→B-3
for many sets of the diffusion parameters Dn, NS,max and S0, covering all possible
combinations of values on the discrete grid within the limit of several orders of
magnitude around the expected values. Then we manually evaluated the results
as more or less satisfying in order to get closer to the most probable values of the
diffusion parameters.

The lowest limit for the container capacity we set to NA-1→B-1
S , obviously the

container has to be able to store at least such an amount of the interstitials.
Hereafter, we searched for the diffusivity value around 10−21 m2/s being inspired

by the D
[39]
n found in Reference 39. The phenomenological S0 is hard to guess

and evidently the wider range of the orders of magnitude has to be checked.
Though we can speculate little bit considering that too low value would lead to
the removal of the insufficient number of interstitials, for each considered (Dn,
NS,max) we can find very quickly the lowest S0, which allows at least any change
within the scale of annealing times.

On the other hand, S0 increased above certain value causes the complete deple-
tion of the interstitials at the boundary of the region where the D-D is considered.
This corresponds to the situation that all interstitials are passivated instantly as
they come closer to the surface. Actually, this can be viewed as unconstrained
continuous flow of the interstitials from the system, and we experienced the nu-
merical problems when we tried to solve the D-D equations with S0 above such a
high limit. Anyway, the high S0 values leads to extremely inhomogeneous density
profiles below the surface, if the total decrease of the interstitials should more or
less correspond to the densities determined by the HRXRD.

We can guess very roughly the time scale of the fastest interstitial removal
from the system, which can be similar to the time scale of the free flow of the
interstitials through the layer and out of the layer. Let say the order of magnitude
of such S0 can be roughly compared with an averaged speed of the interstitial
ion on the journey through our whole 100 nm thick sample that would last whole
annealing (24 hours). The removal rate S0 should be approximately 10−7 m

24×3600 s
≈

10−12 m/s to absorb such a flux.
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9.2 Guess at D-D model parameters from D-D

simulation

From the manual evaluation of the obtained simulation we selected those bringing
the best agreement of the simulated profiles and the depth profiles determined
by HRXRD. And similarly to the previous step we repeated the simulations on
the finer grids around all triads of diffusion parameters being good candidates in
the mean of previous evaluation. This highly time consumptive searching allowed
us to find a satisfactory solution of the D-D equations qualitatively correspond-
ing to the determined interstitial densities. Using this procedure, we found the
following values: µn ∼ 2 × 10−18 m2 · V−1 · s−1, Dn ∼ 4 × 10−20 m2 · s−1, and
S0 ∼ 3 × 10−13 m · s−1. The diffusion coefficient estimated from our simulations
is approximately 30 times larger than D

[39]
n .

If we used the published value of the diffusion coefficient in our model, we
would not be able to explain more or less simultaneously both the observed inho-
mogeneity and the decrease of the total amount of the interstitials. Unfortunately,
there is a lack of published values of the interstitial diffusivity in (Ga,Mn)As for a
detailed comparison, anyway, there is a large discrepancy between them. For in-
stance, in Reference 64, the value D

[64]
n ≈ 2.1×10−23 m2 · s−1 is smaller by several

orders of magnitude than the values extrapolated from the results in Reference 39
for the same annealing temperature as in Reference 64(210◦C). Our diffusivity is
much higher although out annealing temperature is lower (160◦C).

The comparison of the simulated concentration profiles and the profiles deter-
mined from the HRXRD measurements are shown in Figure 9.1. The uncertainty
of the HRXRD results that evidently affects also the initial values for the simula-
tion, allows us to estimate the diffusivity only very roughly. For the demonstration
of the sensitivity of the profile on the diffusivity value, we included also the sim-
ulation results for 10 times larger and 10 times smaller diffusivities in Figure 9.1,
the latter value being close to that in Reference 39.A higher diffusivity leads to
a more homogeneous concentration profile, whereas a smaller diffusivity yields a
highly inhomogeneous profile.

The optimized value of the maximum container capacity following from the
numerical simulation of the diffusion is NS,max ∼ 3× 1019 particles/m2.

Finally, from the diffraction data of sample B-3 it follows that the layer was
homogenized again during the final 80-hour annealing (B-2→B-3); the thickness
of the crystalline layer is smaller even without the etching procedure, most proba-
bly, due to the strong oxidization of the surface during the long time delay before
the final annealing. Therefore most probably, we were not able to estimate the
state of the surface container before the final annealing and this we consider to be
a reason why the simulated and the measured profile of the interstitial concentra-
tion in the sample B-3 could not be compared. The HRXRD measurement of the
sample B-3 indicates that the inhomogeneity in the previous sample state (B-2)
was not caused by the formation of any immobile defects during the annealing,
because the inhomogeneity disappeared after the annealing.

Concluding our observations from the numerical simulations, we formulate the
interpretation of the annealing process in (Ga,Mn)As layers, very often identified
with out-diffusion of the interstitials. The highly mobile holes reach very quickly
an equilibrium state in which their diffusion flux is compensated by the drift flux.
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d

Figure 9.1: Depth profiles of the interstitial concentration in sample A, B-1,
B-2 and B-3. The concentration profiles determined by HRXRD are represent-
ed by the black solid curves with coloured semitransparent areas indicating the
uncertainty of the profiles. The profiles obtained from the diffusion simulations
for the interstitial diffusion constant Doptimal

n = 4× 10−20 m2/s are plotted by
solid coloured lines; the concentration profiles simulated for 10 times smaller
and 10 times larger values of the Mn diffusion constant are plotted by dashed
and dotted and dashed lines, respectively. The initial concentration profile for
the A-1→B-1 simulation is given by the concentration of Mn interstitials in
sample A-1. The starting density profile for the simulation of every following
annealing comes out from the result of the preceding one.

This stable state is the result of two driving forces: the compensation of the
local charge unbalance and the uniform distribution of the particles driven by the
diffusion. If the diffusion of the holes was neglected, it would be equivalent to the
situation when the holes would perfectly screen the charge of the substitutional
Mn ions. In this case, of a perfect screening, the Mn interstitials would not feel
the electric field and their migration would be driven only by the diffusion.

The calculated profiles of the interstitial densities including and neglecting
the diffusion process of the holes are compared in Figure 9.2. The excess holes
near the surface, caused by the passivation of the interstitials, diffuse deeper
into the layer leaving the space below the surface negatively charged. On the
other hand, the bottom part of the layer starts charging positively as more holes
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Figure 9.2: Depth profiles of the Mn interstitial concentration following from
the numerical simulations for a post-growth annealing of sample A-1 (the A-
1→B-1 process). The solution of the drift-diffusion equations (solid lines)
is compared to the solution neglecting the drift and including only diffusion
(dashed lines). The time evolution of the depth profile is represented with the
time step of 2 hours by the different colours. The dotted line shows the initial
concentration profile of uniformly distributed interstitials.
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Figure 9.3: The simulated depth profile of interstitial concentration (circles)
and the holes (squares) after 2 hours of the post-growth annealing A-1→B-1.
The calculated fluxes caused by the diffusion (blue) and the drift (red) are
illustrated by the arrows indicating the direction and the magnitude of the local
flux. The arrows have different scales for the holes and for the interstitials.
For the interstitials, the arrows for the diffusion flux are 10 times magnified
with respect to the arrows representing drift flux for clarity.

arrive here by the diffusion. This charge unbalance produces an electric field
acting on the interstitials. The resulting electrostatic force acts on the interstitials
in the same direction as on the holes since both particle types are positively
charged. However, in contrast to the holes, the surface layer acts as a sink for the
interstitials and consequently the interstitials diffuse to the surface. The effects
of drift and diffusion are superimposed creating the resulting density profiles of
the holes and interstitials shown in Figure 9.3.



9. Conclusion 119

Conclusion

We guessed the initial values for diffusion-model parameters from the experimen-
tal results in chapter 5 and chapter 7. Some parameters were taken from the
literature. The D-D equations were solved with varying diffusion-model parame-
ters. And, we optimized these parameters to reach the correspondence of solved
and experimentally determined depth profiles of interstitials.

In conclusion, from our simulations, it follows that the drift flux of the inter-
stitials is larger than the diffusive flux. As Figure 9.2 demonstrates, the diffusion
of the interstitials itself produce an inhomogeneous layer with a large concen-
tration gradient. Such a large inhomogeneity was not observed by HRXRD; the
(Ga,Mn)As layers are usually homogeneous even for the samples in which the
annealing was stopped before reaching the best possible improvement of their
magnetic properties. On the other hand, the model including both migration
processes of the interstitials and the holes produces a small gradient of the in-
terstitial concentration and the number of the interstitials in the layer after the
annealing is smaller than in case of the diffusion alone. Therefore, we consider
that the main process responsible for the interstitial migration is the drift driven
by the rapid diffusion of the holes.
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Chapter 10

(Ga,Mn)As/AlGaAs multilayers
studied by x-ray reflectivity

Here, we present briefly one of our minor x-ray experiments, which is related
to the (Ga,Mn)As topic. Though it does not overcome an extent of usual char-
acterization methods, we feel appropriate to mention these experimental results
although their deeper physical interpretation would need other complementary
experiments/information on the samples.

Originally, it was performed as a characterization measurement in order to
support other experimental work [139]. The aim was to determine (or to verify)
the amount of Al content in the multilayers. However, it turned out that the
accuracy of the results was not very high. On the other hand, we got very
precisely the relation between electron density variation in the periodic part of
the samples. Here, we focus on the interpretation of this result.

Firstly, we describe the x-Ray Reflectivity (XRR) experiment. Then, we
propose the interpretation of resulted parameters. Finally, we see that it allows to
estimate roughly the ratio of substitutional and interstitial Mn in the (Ga,Mn)As
sublayers.

There is a several interest on super-lattices (denoted also multi-layers), which
consist of alternating magnetic and non-magnetic both semiconducting layers.
It was theoretically shown that such a semiconductor magneto-resistance sys-
tem could by used for making of spin-filters, spin-valves and magnetic tunnel
junction [140]. Moreover, according to prediction in Reference 141, if the holes
were confined in the magnetic quantum-wells, it would lead to the significant
increase of the Curie temperature. Just such increase was indeed observed in
(Ga,Mn)As/GaAs super-lattices, when the thickness of the paramagnetic GaAs
spacer was below 10 monolayers [142].

10.1 Experiment

We examined the series of four (Ga,Mn)As/AlGaAs super-lattices samples fab-
ricated at the Nottingham University in UK by the MBE growth ([139], where
they are denoted as Mn340–Mn343). The intentional doping level was 2.25% of
Mn in magnetic layers. Just such level was chosen in order to decrease the num-
ber of interstitial defects, i.e., to incorporate the Mn atoms mainly into the Ga
substitutional lattice positions as it is expected for such a low doping [34, 37]. As
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well, this low doping level allowed the higher growth temperature, which should
significantly reduce the anti-site defect formation.

���
��
�
�

top capping layer

bottom capping layer

GaAs substrate

(Ga,Mn)As/AlGaAs multilayer

AlGaAs 1.1 nm

2.2 nm�	��


Al content: 0%, 20%, 30%, 40%
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Figure 10.1: Schematic picture of the samples. Finally, we have to assume
two distinctive capping layers to obtain the reliable fit.

The super-lattice consists of 50 magnetic/paramagnetic bilayers grown on
GaAs substrate. Each bilayer was formed by 8 monolayers of magnetic (Ga,Mn)As
(2.2 nm) and 4 non-magnetic AlxGa1−xAs monolayers (1.1 nm) with Al content
x = 0%, 20%, 30% and 40%. Here we denote the samples as AlX, where X
is a nominal percentage concentration of aluminium. The whole super-lattice is
covered by a non-magnetic low-temperature capping layer(s) to protect the super-
lattice from the oxidation. The sample description is summarized in Figure 10.1.

We performed the XRR measurement in order to obtain the depth profile
of the electron density in the sample. The measurement was carried on the
laboratory diffractometer Panalytical X’Pert MRD. We used the x-ray parabolic
mirror behind the x-ray tube to produce the parallel beam. The divergence in the
plane of reflection (equatorial) was limited by the divergence slit (labelled as 1/4◦)
reducing the effective area of the mirror. The axial divergence was controlled by
the 0.04 rad short Soller slits, and beam-size in the plane of reflection was defined
by the 2mm-mask.

The proportional detector was mounted behind the graphite monochromator.
The axial acceptance was given by the short 0.02 rad Soller slits. The equato-
rial acceptance in the plane of reflection was limited by the 0.27◦ parallel plate
collimator and just only its one central pass was selected by the reflectivity slit.

We measured the intensity of the specular reflectivity R(αi = αf) up to 5.5◦,
measured reflectivity curves are plotted in Figure 10.2. Here, the total reflection
plateau is not flat, which results from the geometry of the experiment. For
the samples with aluminium, there are super-lattice maxima with the frequency
corresponding to the bilayer thickness. In case of no aluminium, these super-
lattice maxima changes into the weak modulation, as the contrast is given by the
mean-electron density difference between the bilayer constituents. Actually, this
difference is quite small between the GaAs and (Ga,Mn)As.

A slow modulation of the whole reflectivity curve comes from the capping layer
thickness. Apparently, the high-frequency thickness oscillations corresponding to
the thickness of the whole periodic part is not observable in the measured data,
the angular step is too big to pronounce them.
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Figure 10.2: Experimental reflectivity curves (red dots) fitted with the nu-
merical simulations (blue curves) for all samples. There is the region αi → 0
with the experimental artefact (primary beam) which is not relevant for the
fitting procedure (lighter colours). The sharp peaks corresponds to the super-
structure periodicity. The resulted modulation of the electron density within
one bilayer is plotted in the insets, the step-like shapes of curves depict the
discrete homogeneous thin layers entering into the numerical calculation.

Assuming the following model, we fit the experimental reflectivity curves by
the numerical simulations based on the dynamical scattering theory. In this case,
only refracted and reflected waves are propagating in a material [91].

Let us remind the definition of refractive index n ≡ 1− δ + iβ, which can be
written in alternative form [133]:

n ≡ 1− r0

2π
λ2
∑
q

ρqfq(0) . (10.1)

Here, r0 is the classical electron radius and λ the wavelength of the radiation. The
summation goes over all atom types in the material. Present atoms of the element
q with a density ρq have a forward-scattering factor fq(0) = f 0

q (0) + f ′q + if ′′q . The
term f 0

q (Q) is a Fourier transformation of the electron density of the isolated
single atom q, the latter two terms correspond to dispersion corrections [92]. The
forward-scattering factors of the majority of elements for energy range 50–30 000
eV are tabulated in Reference 133.

As found in the literature, the XSTM technique, performed on the various
(Ga,Mn)As/GaAs super-lattices, shows the diffusion of the Mn atoms into the ad-
jacent GaAs spacer layers [83]. Therefore, one can expect the smoothed electron
density profiles. Obviously, it is not advantageous to describe the (Ga,Mn)As/AlGaAs
bilayer as two homogeneous layers with well-defined interfaces. Here, the as-
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sumption of some interface roughness is not well relevant because we expect the
interfaces rather perfectly smoothed than just rough. The model of a continuous
electronic density in the whole bilayer seems to be the most physically relevant
assumption. Let us the bilayer thickness denote as L. We define the refractive
index n(z) as a function of depth z in the whole periodic region within the range
of 50L described generally by the Fourier series

n(z) = 1− (δ − iβ)GaAs

(
δ0 +

∞∑
j=1

δj cos

(
2πj

L
z + φj

))
. (10.2)

The refractive index of GaAs, or better its difference from unity ((δ − iβ)GaAs)
corresponding to the electron density of GaAs is used as a reference. In fact,
β introduces the absorption into the refractive index via f ′′, and generally, it
should be written as another Fourier series separately. However, the absorption
of studied compounds derived from GaAs should not differ significantly. We are
completely insensitive to the modulation of absorption in the multilayer. There-
fore, we keep the β for GaAs in the definition, but further we talk just about
depth profile of δ quantity in the sample. Then, the δ0 is related to the relative
average electron-density in the bilayer, ρj and φj are amplitudes and phases of
the Fourier coefficients, respectively.

The numerical realization of the simulation consists in the assumption of the
large number of thin flat homogeneous layers with the electron density according
to the formula 10.2 inside the periodic region. The rest of the sample (a substrate
and capping layers) is described by the stack of thick homogeneous layers. The
roughness is considered for the interfaces above, between, and below the capping
layers.

The experimental reflectivity curves together with their theoretical fits are
plotted in Figure 10.2. The optimized parameters for all samples are summarized
in Table 10.1. We have to assume two capping layer to find reasonably good
match with the experimental data. Since we see only two intensity satellites cor-
responding to the super-lattice periodicity, just the first two Fourier components
are sufficient to describe the electron density in the periodic region.

Exception was the sample Al00, for which the density modulation was de-
scribed by only one Fourier term to obtain the unique solution. However, the
relative density varies very slightly in this super-lattice, so the contrast is very
weak.

The density profiles for all samples are visualised in Figure 10.3. Our model
contains several layers, in which the parameters are determined. The thickness
and the density of the capping layers have quite large uncertainty complicating the
compare the depth profiles of the different samples, because these uncertainties
accumulate. However, we can interpret the bilayers parameters, which are quite
reliable.

The pairs of capping layers are probably not very important and unfortunately
we have no details on the growth finalization. Let us overlook the tendency of
increasing mean density in the top capping layer with the higher Al content and
let us overlook that there is no similar tendency for the bottom capping layer at
all. Probably, we are trying to describe a single vertically inhomogeneous capping
layer by many parameters. This produce cumulated uncertainty affecting also
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sample Al00 Al20 Al30 Al40
nominal cAl (%) 0 20 30 40

top capping layer
rms roughness (nm) 0.4(2) 0.8(2) 0.8(3) 0.8(2)

thickness (nm) 2.6(3) 3.2(2) 3.2(3) 2.8(2)
δ0 (%) 73(9) 76 (5) 80(1) 84(5)

bottom capping layer
rms roughness (nm) 0.8(6) 0.3(1) 0.2(1) 0.7(1)

thickness (nm) 2.6(7) 8.1(7) 7.1(8) 6.9(2)
δ0 (%) 105(6) 99(3) 103(5) 102(4)

multilayer
rms roughness∗ (nm) 0.5(2) 0.3(2) 0.4(1) 0.2(1)

period L (nm) 3.36(1) 3.32(1) 3.30(1) 3.41(1)
δ0 (%) 103(2) 98(5) 99(4) 97(4)
δ1 (%) 0.05(9) 2.5(3) 3.8(4) 5.5(4)
δ2 (%) — 0.6(3) 0.7(5) 0.7(4)
φ1 (rad) 5.66(1) 0.70(1) 0.73(1) 4.41(1)
φ2 (rad) — 1.50(1) 5.97(1) 2.47(1)

Table 10.1: Optimized parameters of the stacked samples resulted from the
fitting of the reflectivity curves. The root mean squared (rms) roughness for
the multilayer (denoted by the ∗ is the roughness of the interface between the
multilayer and its closest capping layer.

the determined mean density of the multilayer. Therefore, we will focus on the
optimized parameters for the periodic area.

10.2 Interpretation of relative electron densities

The unit cell of GaAs contains 4×(31+33) electrons belonging to Ga (with atomic
number N = 31) and As (N = 33) atoms. The number of electrons in unit cell
decreases by 18 for each Ga atom substituted by the Al (N = 13). Similarly Mn
atom (N = 25) decrease this number by 6 while each As anti-site defect adds two
electrons. Each interstitial defect fully contributes to the number of electrons.
The real part of the forward-scattering atomic factor f1 is approximately equal
to N . However, for our interpretation, it is necessary to include the dispersion
correction, which is about 2%–4% of N value. We use f element

1 values tabulated
in Reference 133.

From the fitting, we obtained the relative value of the δ with respect to that
of a GaAs. For AlxGa1−xAs, we can write this ratio as

δAlGaAs

δGaAs

=
V ucell

GaAs

V ucell
AlGaAs

4(1− x)fGa
1 + 4fAs

1 + 4xfAl
1

4fGa
1 + 4fAs

1

, (10.3)

where x is an Al occupancy of Ga lattice sites, and V ucell
... is the volume of a unit

cell of a particular material.
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Figure 10.3: Depth profiles of the relative δ are plotted for all samples. Here,
this change can be approximatively viewed as a relative electron density with
respect to a pure GaAs. The top part of the samples is depicted showing
the both capping layers and several periods of the super-lattice. The resulted
values for the interface roughness are used to smear the step-like profiles of
homogeneous layers. We assumed the density to have the shape of the error
function near the interface. The smeared grey areas indicate the uncertainty
of the determined most probable profiles. The relative-density profile of the
one bilayer is plotted in the insets. Here the uncertainty region is smaller as
individual parameters describing the bilayer are more accurate.

Similarly, we can express the relative δ for (Ga,Mn)As

δ(Ga,Mn)As

δGaAs

=
V ucell

GaAs

V ucell
(Ga,Mn)As

4(1− csub)fGa
1 + 4fAs

1 + 4(csub + cint)f
Mn
1

4fGa
1 + 4fAs

1

(10.4)

The δGaAs is modified by the presence of substitutional and interstitial Mn atoms.
Here, we should remind that cint ≡ cint,As +cint,Ga, therefore, a double multiplicity
of the interstitial lattice sites are hidden in this definition and not present in the
prefactor in Equation 10.4.

Taking into account that all layers are epitaxially strained on the substrate,
the relative volume of unit cells is exactly the ratio of the vertical lattice param-
eters of the layer (a⊥) and the substrate (aGaAs). The relation between a⊥ and
the relaxed lattice parameter a of the layer follows from the elasticity theory. De-
noting f the lattice mismatch between the layer and the substrate relaxed lattice
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parameters (a = (1 + f)aGaAs), we can write

a⊥ = a− 2
c12

c11

(aGaAs − a) =

(
1 +

2c12 + c11

c11

f

)
aGaAs ≡ (1 + Cf)aGaAs , (10.5)

where c11 and c12 are elastic constants of the cubic materials, finally summarized
in the material constant C for the simplicity.

Generally both quantities f and C varies with the concentration of the alu-
minium and the manganese. Those are

aGaAsfAlGaAs = x× 0.0078 Å , C =
22.64 + 0.76x

11.88 + 0.14x
(10.6)

for the AlxGa1−xAs [143]. However, the C(x) dependence is not very important.
We processed all numerical calculations with C(x) being replaced by the C(0),
as well; the numerical difference was few orders of magnitude smaller than un-
certainties of the final values. Therefore, all further calculations can be treated
with the approximation of the elastic properties identical to whose of the GaAs,
although there is no principal need of this approximation.

On the other hand, the elastic constants for (Ga,Mn)As are not known, but
it is assumed that their difference from those of GaAs is negligible taking into
account the very low Mn concentration. The exact relation of the a(Ga,Mn)As and
the Mn content is much more important but much more problematic, as well.
Here, we keep the unknown function f(Ga,Mn)As ≡ f(Ga,Mn)As(csub, cint)

Anywhere in the periodic area, the relative electron density as well as rela-
tive δ can be expressed as a weighted sum of two different contributions: pure
(Ga,Mn)As and pure AlGaAs. The weights are given by the level of (Ga,As)Mn/AlGaAs
intermixing. Including the possible presence of anti-site defects, we can write gen-
eral expressions for the relative δ of the pure (Ga,Mn)As

δ(Ga,Mn)As

δGaAs

=
1 +

fMn
1 −fGa

1

fGa
1 +fAs

1
csub +

fMn
1

fGa
1 +fAs

1
cint +

fAs
1 −fGa

1

fGa
1 +fAs

1
canti

1 + C(f(Ga,Mn)As + fLT)
(10.7)

and of the pure AlGaAs

δAlGaAs

δGaAs

=
1 +

fAl
1 −fGa

1

fGa
1 +fAs

1
x+

fAs
1 −fGa

1

fGa
1 +fAs

1
canti

1 + C(fLT + x× 0.0078 Å)
. (10.8)

The growth low-temperature conditions are the same for both materials in the
bilayer. Therefore, both the concentration (canti) of the anti-site defect and corre-
sponding expansion (fLT) should be identical in both materials. However, in our
case, the anti-site concentration is reduced due to the higher growth temperature,
therefore the anti-site terms can be omitted.

10.3 Estimation of substitutional-interstitial ra-

tio

From the determined density profiles of the bilayers in Figure 10.3, we can see
that amplitude of the density modulation increases with the higher Al content.
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Obviously, the number of electrons in the unit cell decreases while the unit cell
diameters tend to increase. Realizing this, we can assume that maximum of
the density profile (and δ) corresponds to the pure (Ga,Mn)As material and the
minimum to the pure AlGaAs. Therefore, the difference of those extremes can
be expressed as

∆ ≡
δ(Ga,Mn)As

δGaAs

− δAlGaAs

δGaAs

=
1 +

fMn
1 −fGa

1

fGa
1 +fAs

1
csub +

fMn
1

fGa
1 +fAs

1
cint

1 + Cf(Ga,Mn)As

−
1− fAl

1 −fGa
1

fGa
1 +fAs

1
x

1 + Cx× 0.0078 Å
,

(10.9)

Determined differences ∆ obey this formula for all samples except Al00. Ap-
parently, we are not able to simply decide if the maximum of the relative density in
the bilayer corresponds to the GaAs or the (Ga,Mn)As because there is no signifi-
cant decrease usually provided by the presence of an aluminium. The (Ga,Mn)As
has definitely a larger volume than GaAs, but the decrease of the density caused
by the expansion can be compensated by the presence of a larger amount of the
interstitials, which can possibly lead to the increase of the density.

All multilayers were grown within the same conditions, therefore, we can
assume that pure parts of the bilayers should be almost identical. Since, we can
search for identical parameters csub, cint, and f(Ga,Mn)As that suit for all samples
simultaneously at the most.
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Figure 10.4: Experimental ∆ for samples Al(20,30 and 40). The concentra-
tions csub, cint are optimized to fit the experimental data (black points with
errorbars). Both positive (blue) and negative (red) values of ∆ for sample Al00
are plotted. The green curve corresponds to our model with fitted parameters.
The vicinity of the experimental points are plotted in the insets showing the
difference in detail. It is evident that the model curve approaches the positive
∆ value for sample Al00.

Unfortunately, all these parameters are completely correlated, and we are
not able to determine them. Since, we are only able to determine allowed pairs
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(csub,cint) while some expansion of the lattice is assumed. We assumed the ex-
pansion between zero and the estimated lattice parameter from Equation 3.2.
From the fitting of the to differences (∆) of the extremes in the experimentally
determined bilayer depth profiles (Figure 10.4), we obtained such allowed pairs
of (csub,cint).

Figure 10.5: Calculated Mn concentrations (csub, cint, and csub + cint) for all
possible values of relative Mn substitutional content. All points are numeri-
cally allowed in the transparent areas. Probably the most relevant solutions
are given by the intersection of the uncertainty area and the horizontal line
corresponding to the intended doping level.

The numerically allowed (but not necessarily possible) concentrations are a hy-
perbolic function of the ratio csub

csub+cint
∈ 〈0, 1〉 (i.e, the share of substitutional Mn

on the total Mn content). We plot the numerically allowed concentrations with
respect to an arbitrary share of the substitutional Mn on the total content (Fig-
ure 10.5). The uncertainty region of this dependence is formed by all possible
hyperbolas calculated for various expansion of the lattice.

The additional information on the total Mn content in the sample, for in-
stance, from the SIMS, allows to determine from Figure 10.5 the Mn fraction
incorporated in the substitutional positions. Here, we can estimate the total con-
tent by the intended doping level of the growth (2.25%). It allows to very roughly
estimate that there are 48%–70% of the Mn atoms in the substitutional lattice
positions.

Let us go back to sample Al00, for which the extremes of the relative density
profiles are not yet identified with the GaAs or (Ga,Mn)As part of the bilayer.
From the Figure 10.4, we can see, that the case of positive ∆ more suits to our
model. Therefore, we can conclude that the relative density (or δ) is higher
than that of GaAs. In other words, the minimum of the relative density profile
corresponds to the (Ga,Mn)As part of the bilayer.

Concurrently, there are HRXRD measurements of these samples published
in Reference 139, where the experimental diffraction curves are fitted with the
bilayer model of non-defected AlGaAs (i.e., obeying the Vegard’s law for pure
GaAs/AlAs) and GaMnAs. From this work, the mismatch between the (Ga,Mn)As
in the bilayer and the substrate follows as f(Ga,Mn)As ≈ 1.13%. Considering the
Mn content on the intended doping level, it corresponds to the 74% of Mn atoms
being substitutional when calculated using Equation 3.2. Here, the theoretical
formula predicts the substitutional share from the lattice expansion due to the
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presence of the Mn atoms in the GaAs lattice and guessed total Mn content. It
corresponds to our estimated upper limit on the substitutional share. Neverthe-
less, the theoretical lattice-expansion formula is rather predictive than a general
rule. Therefore, the qualitative agreement that a majority of Mn atoms are in
the substitutional positions is quite satisfying.

The author in Reference 139 measure the diffraction on the same samples, here
Al(00,20,30,40), using HRXRD. There, the experimental intensity distributed
along CTR in the vicinity of GaAs(004) maxima is fitted. Shortly said, the fitted
lattice mismatch is converted to the Mn concentration using Vegard’s law and
the model of a hypothetical cubic MnAs [144]. Unfortunately, this approach is
not consistent with the theoretically prediction on lattice parameter as a function
of particular Mn concentrations. However, using the empirical approach [144],
author estimates the Mn content as 2.7%–3.0% regarding the particular sample,
being aware that it can be slightly overestimated. On the other hand, author de-
termined the effective Mn concentration, i.e., csub−2cint, from the magnetometry
measurement as 1.9% for the sample Al00. This number corresponds to 87%–95%
of Mn in substitutional positions assuming the total concentration between the
overestimated value and the intended doping level. These numbers are slightly
higher than our estimated interval, even if we consider a higher total Mn content
inspired by the Reference 139.

Conclusion

We presented the XRR measurement of (Ga,Mn)As/AlGaAs multilayers. From
the experimental data, we obtained relatively uncertain electron-density profiles
in the sample. However, the density variation in periodic part is determined quite
accurately and reliably.

Concluding our experiment, we were able from the reflectivity measurement
estimate, however only very roughly, the share of the substitutional Mn on the to-
tal content. The resulted numbers are physically relevant, i.e., numerical allowed
solutions contains those with the total Mn content matching the expected doping
level. Moreover, the agreement of our model with the positive value of ∆Al00

indicated the lower electron density of the Mn richer part of that super-structure
bilayer.

The estimations showed the prevalence of the substitutional Mn at the expense
of those in interstitial positions. Taking into account that each interstitial Mn
atom compensate two substitutional atoms, we find the bottom limit at csub

csub+cint
>

2
3
≈ 67% for the (Ga,Mn)As to be magnetic. However, this value is close to the

border of our estimated interval. But the samples are magnetic, indeed [139].
Since, it seems that our values for substitutional share are still underestimated.

However, the agreement with the different experiment was just qualitative,
showing the minority presence of the interstitials. Actually, there are some ex-
pectations which do not need to be satisfied. We really do not know, how the
inter-mixing affects the central part of original sublayers in the bilayer. Proba-
bly, the composition there does not correspond to the nominal values due to the
inter-diffusion. This experiment could by definitely improved, if the bilayer are
thicker, and the volume with the gradient of the properties are negligible.
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Moreover, we do not really know, if there are any other defects present in
the AlGaAs. We do not know if the consideration of the same defect level in
whole bilayer is correct. Unfortunately, we have just three points in our statistic,
i.e., Al20, Al30, and Al40. Figure 10.4 shows the experimental points in the
detail. From such low points we cannot decide if there is any tendency, i.e., if the
tangent of the dependence differs from that given by our model. Also, we are not
completely sure that all original (Ga,Mn)As layers are identical.

Particularly for the (Ga,Mn)As study, we dispensed with the expansion for-
mula Equation 3.2. We used just AlGaAs as a reference, since we used the well
known properties of the AlGaAs alloy.

These experiment can be considered as a demonstration of the x-ray reflectiv-
ity capability, being complementary technique for other methods. There are only
few assumptions necessary for the interpretation. Finally, we do not need any
theoretical predictive formulas on the lattice parameter, we just need to measure
the vertical mismatch between the layers and the substrate. These values can
be obtained experimentally, e.g., from the x-ray diffraction. It is very helpful to
know the relative amount of constituting elements from the SIMS, for instance,
or the estimation from the growth conditions.

The main advantage is a relatively straightforward interpretation allowed by
the additive contribution of the elements to the local number of the electrons. Not
sensitive to the microscopic geometry of the material, but the method is sensitive
to mainly to the vacancies, interstitials, and substitutions of the elements with
quite different atomic number.

Unfortunately, it is demanding on the sample construction and quality. For
the simple interpretation, it is convenient to stack the layers from the known
reference material and the studied one. The stacking of layers, the electron density
contrast and the very low roughness is crucial for such a reflectivity measurement.
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Chapter 11

(Ga,Mn)As microbars

Here we present an experiment whose aim was to verify calculations of a strain
distribution in (Ga,Mn)As micro-bars, which were lithographically fabricated on
the GaAs substrate. Our x-ray experimental work supported the study of the
magnetic anisotropy controlled by the strain published in Reference 145.

Firstly, we introduce the two sample sets of microfabricated arrays of (Ga,Mn)As
micro-bars. Further, we describe the calculation of the strain distribution in these
micro-bars. As the investigation method is x-Ray Diffraction (XRD), we describe
the theoretical basics necessary for the simulation of diffraction measurements of
micro-bar periodic arrays. Finally, we present both the strain calculations and
experimental diffraction data, compared to each other.

11.1 Samples

Two sets of patterned (Ga,Mn)As epilayers grown on GaAs substrate were stud-
ied, no sample was annealed before patterning and neither later. The samples
were grown at the Institute of Physics ASCR, the microfabrication was performed
by the Microelectronics group at Cavendish Laboratory (Cambridge). The first
set of samples denoted as F077 with the nominal Mn concentration of 2% and
the layer thickness of 500 nm were patterned into 25 mm2 arrays of stripes in-
tended to be oriented in two different crystallographic directions: along the [1-10]
(F077#10 and F077#11) and along [100] direction (F077#12).

The Atomic Force Microscope (AFM) measurement revealed the stripes to
be 1 µm wide, 100 µm long, and separated by 1 µm gaps. Thus, the lateral
periodicity L = 2 µm. In the direction along the micro-bars, we approximatively
consider the sample being uniform neglecting the gaps (relatively small in contrast
to long micro-bars). The fabrication was done by electron beam lithography and
wet chemical etching using a solution of phosphoric acid and hydrogen peroxide.
Etch depth determined by the Atomic Force Microscopy (AFM) is summarized
in Table 11.1.

The samples in the second set denoted as F127 with the nominal doping level
of 7% Mn were the epitaxial layers 200 nm thick. The samples were patterned
into arrays of 1 µm wide stripes separated by the 1 µm wide gaps, as well.
The samples F127#10 and F127#11 have micro-bars oriented along the [1-10]
crystallographic direction. The demonstrative micrograph of the last of this set
labelled as C127#12 as obtained by the Scanning Electron Microscopy (SEM),
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sample layer Mn content∗ etching depth micro-bars
thickness∗ direction

(nm) (%) (nm)

C077#10 500 2 1250–1300 [1-10]
C077#11 500 2 620–650 [1-10]
C077#12 500 2 600 [100]

C127#10 200 7 180 [1-10]
C127#11 200 7 600–750 [1-10]
C127#12 200 7 700–1100 [100]

Table 11.1: The summary for the both sample sets with the etching depths
determined by the AFM. The possible ranges of the etching depths corresponds
to the lateral non-uniformity of the sample. The parameters denoted by the
asterisk are estimated from the growth of the layers based on the long-term
calibration.

Figure 11.1: Micrograph for the sample C127#12 obtained by the SEM. The
same place observed with different magnification is shown.

its micro-bars are parallel to the [010] direction. The fabrication was done by
electron beam lithography and dry chemical etching, as well, the final etching
depth estimations by AFM are summarized in Table 11.1.

11.2 Strain field computations

The relaxed lattice parameter of (Ga,Mn)As material differs from that of GaAs.
This difference can be described by the mismatch

f =
arelaxed

(Ga,Mn)As
− aGaAs

aGaAs

(11.1)

which is connected somehow with the defect densities in the (Ga,Mn)As. Usually,
the mismatch is quite small and the thickness of the layers epitaxially grown on
the GaAs substrates are small, as well, therefore the strain induced by the sub-
strate on the film can absorbed elastically and no misfit dislocations are necessary
to be formed; the layer is pseudomorphic.

The lattice of a homogeneous epitaxial layer has no chance to relax laterally as
it is ‘glued’ to the substrate, only the unimportant volume near the edges of the
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sample can partially relax in the lateral direction. Therefore, the lateral atomic
periodicity follows that of the substrate. This compress strain results in the in-
crease of atom distances in the vertical directions, i.e., lattice spacing. However, if
we similarly to the sample edges create such free ‘edges’ in non-negligible amount,
it would affects the large volume allowing to relax the (Ga,Mn)As laterally, as
well. The patterned micro-bars are just such system following this idea.

Assuming just the linear elastic deformation in the (Ga,Mn)As and partially
in the top part of the substrate due to the third Newton’s law of motion, it should
be possible to use the classical theory of the elasticity to find the equilibrium
distribution of the strain in the micro-bar. We treat the both materials as an
anisotropic continuum with the certain elastic stiffness tensor C, which is for a
cubic symmetry fully defined by c11, c12 and c44 independent components. Those
are well known being

c11 = 11.90 · 1011 dyn/cm2 , (11.2)

c12 = 5.34 · 1011 dyn/cm2 , (11.3)

c44 = 5.96 · 1011 dyn/cm2 (11.4)

for the GaAs [98].
We do not have the exact values for the (Ga,Mn)As and moreover they would

be dependant on the defect densities in the material, however we can assume that
they do not differ very much from those for GaAs, whose values can be taken as
a sufficient approximation.

The equilibrium condition is defined by the

−∇ · σ = F , (11.5)

where F denotes volume forces and σ is a stress tensor (through σ = C · ε related
to a strain ε). The details can be found in Reference 146. For the solving of the
partial differential equations defined by Equation 11.5 we use a solver based on
finite-element method (FEM) implemented in COMSOL Multiphysics software
(Structural Mechanics Module) [146].

There are three last points concerning to the strain calculation. Firstly, the
continuum media is assumed to be GaAs. The part corresponding to (Ga,Mn)As
differs from the rest by the a priori pre-set initial strain, which should be equiv-
alent to the mismatch of the (Ga,Mn)As with respect to the GaAs substrate.
However, we do not need to use this certain and possibly not yet known value,
while we can use the arbitrary number. Considering linear elasticity the finally
calculated results scales linearly with this number, as well. Therefore, we can use,
for instance, mismatch of 1% and the scaling can be performed later according
to the match with the diffraction data.

Secondly, obviously there are some boundary conditions. We do not calculate
numerically the strain field in whole sample but apparently only in the periodic
part, i.e in one micro-bar and the half of the gap around it in both directions.
Therefore some constraints has to be added to express the periodicity on the
vertical borders of our area. No lateral deformation of the substrate on the
borders can be a sufficient condition, which respects the symmetry of the problem.
Moreover, the micro-bars are long enough (100 µm) not allowing any relaxation
in the direction parallel to them, therefore we can fix the deformations in that
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direction and only the two-dimensional problem concerning the strain field in the
micro-bar cross-section has to be treated. Laterally we are now focused only on
the direction perpendicular to the micro-bars, vertically we can restrict ourselves
just into the certain depth of the substrate, where the strain field induced from
the micro-bar is negligible. We experienced that for such a depth suits the one as
ten times larger as the height of the micro-bar. No deformation in such a depth
will be the boundary condition there.

Lastly, considering the sample to be a continuous medium, the relation to the
crystallographic orientation was seemingly lost. However, the model assumes the
anisotropy of such medium, but apparently the most suitable coordinate system
does not need to coincide with the crystallographic orientation. Not necessarily
but probably, one denotes the lateral direction perpendicular to the micro-bars
to be x-axis and intuitively vertical direction as z-axis. Then the y-axis will be
parallel with the micro-bar and perpendicular to its cross-section. For samples
#10 and #11 we can use the elastic stiffness matrix as defined since x ‖ [100],
y ‖ [010], z ‖ [001], but for the samples #12 the crystallographic directions [100]
and [010] are rotated in the plane (001) for 45◦. For these particular case we have
to transform the stiffness matrix to reflect the anisotropy of the material in our
(x, y, z)-coordinates.

For the case of x ‖ [−1−10], y ‖ [1−10], x ‖ [001], we use the stiffness matrix

C =



c11+c12
2

+ c44
c11+c12

2
− c44 c12 0 0 0

c11+c12
2
− c44

c11+c12
2

+ c44 c12 0 0 0
c12 c12 c11 0 0 0
0 0 0 c44 0 0
0 0 0 0 c44 0
0 0 0 0 0 c11−c12

2

 (11.6)

for the elastic continuum.
The software from the proposed shape of the micro-bar calculates the equilibri-

um distribution of the strain. Actually, we are interested in the local deformation
u = (ux,uy ≡ 0,uz) being related to the strain via ε = (∇u;∇·u), which is also
outputted. The distribution of the displacements ux and uz will take place later
in the simulation of the diffraction experiment.

11.3 Simulation of x-ray diffraction experiment

on micro-bars

The micro-bars dimensions are very small and the absorption and the secondary
extinction can be neglected in such small objects. Therefore, we can treat the
diffraction kinematically. We can assume that the coherence of a probing syn-
chrotron radiation is large enough to let the waves, which diffracted on the indi-
vidual perfectly distributed spatially periodic objects, interfere together. If the
assumption of the perfectness is correct, which should be fulfilled by the micro-
fabricated patterned layers. This interference manifests by the concentrating the
diffracted intensity only along the side crystal truncation rods (satellites), in oth-
er words the constructive interference takes place periodically in the reciprocal
space in the direction perpendicular to the periodicity in the real space.
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C077#10 (224)
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Figure 11.2: Selected part of the measured distribution in the reciprocal
space around the (224) for the sample C077#10. The whole intensity map
showed in the inset with the indication of the magnified window by the red
rectangle. The satellites can be distinguished even in small map, however in
the selected view they are clearly visible. From the separations of the dashed
guiding lines following some satellites we verified the spatial periodicity being
L = 2 µm.

From the experimental data, which are in detail shown in Figure 11.2 we can
conclude that the periodicity in the reciprocal space is observable. The intensity
distribution between the satellites is due to the smearing from the convolution
with the instrumental function. Partially, there can be possibly the contribution
to an inter-satellite intensity due to some aperiodicity, as well. However, we are
satisfied just with the obtaining of the envelope curve of the intensity concentrated
in the satellites. The shape of this envelope curve approximates the distribution
of the satellites intensities quite well.

If the coherence of the probing radiation was worse, such an interference
would not be observed and we would see the diffraction on the individual object
spreading intensity continuously along the reciprocal space. The signal would be
strengthen by the superposition of intensities from all irradiated objects. Inter-
pretation of the diffracted data would be equivalent. For the calculation of the
diffracted intensity we follow the theory described in Reference 91.

From the later numerical evaluations of the strain field it follows that the
strain is much less than unity. Therefore, the Takagi approximation assuming the
spatially constant structure factor, i.e., neglecting its variance in whole sample
[91]. We know from chapter 3 that strong diffraction maxima are affected very
weekly by the defect densities. Some phase change inside of the structure factor
due to the unit cell distortion is not probable. It could be induced by the strain,
which is however small. Then the dielectric susceptibility χh(r) ≡ χh for the
appropriate reciprocal GaAs lattice vector h.

The diffracted intensity Ih should follow the following proportionality

Ih(q) ∝
∑
H

δ(2)
(
q‖ −H‖

) ∣∣∣∣∫ dr3Ω(r)χh(r)eih·u(r)e−iq·r
∣∣∣∣2 , (11.7)

where the integration goes over the periodic volume. The relative position q =
Q− h in the reciprocal space from the substrate peak position. The summation
over the discrete satellites relative positions Hm =

(
2π
L
m, 0, 0

)
together with the

delta function arrange the non-zero intensity only to the satellites.
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The shape function of the crystal Ω(r) is unity in the material and zero ev-
erywhere else. The pre-calculated deformation within the elasticity theory cor-
responds in our assumptions to the displacement u(r) of a whole unit cell from
its reference position, i.e., where it would be located if all material was just the
unstrained pure GaAs.

In a case of the coplanar diffraction the diffraction plane (qx, qz) is perpendic-
ular to the micro-bars to observe the satellite maxima. In our coordinate system
concluding the previous considerations we can write

Ih(q) ∝
∑
m

δ

(
qx −

2π

L
m

)
|χh|2

∣∣∣(Ω(r)eih·u(r)
)FT
∣∣∣2 , (11.8)

which concludes that the shape of the envelope function continually interpolating

the discretely distributed intensity is given by the expression
∣∣∣(Ω(r)eih·u(r)

)FT
∣∣∣2,

i.e., the function following the diffracted intensity distribution of just one stan-
dalone virtual micro-bar.

We can speculate how the intensity distribution would evolve if the number of
the micro-bars increased from the aperiodic limit case of one standalone micro-bar
to the infinite number of them. The envelope function would be constant, but it
would be gradually modulated due to the interference. Finally the intensity would
be concentrated just into the satellites. Of course, the intensity will proportionally
grow with the squared number of the micro-bars. The sense of this speculation
reveals in the interpretation of the influence of the probing radiation coherence.
The number of the coherently irradiated micro-bars is analogical to the overall
number of micro-rods in our speculation. The diffracted intensity of micro-bars
more distant than the coherent length will be summed together as there is no
interference. Concluding, if all micro-bars are identical and perfectly periodically
spaced, there is not qualitative difference for arbitrary coherence length.

The substrate, being a large crystal, does not diffract kinematically and it
is not included in the proportionality in Equation 11.8. There is a contribution
of only small part of substrate, feeling the strain field induce by the micro-bar,
close to the surface. Actually, increasing the volume (i.e., considered depth) of
the unstrained substrate embedded in the model increase the intensity of the
substrate peak, treated in the kinematical approximation. However, we are not
interested in the substrate peak intensity at all, therefore we do not have to derive
any correction. In the simulated intensity map we just replace the substrate peak
intensity with the arbitrary value to match the experiment.

If the elastic properties of the (Ga,Mn)As are considered to be identical with
those of GaAs, what are the quantities we want to determine from the compar-
ison with the experiment? Firstly, there are uninteresting parameters just to be
determined in order to get the match with the experimental data and they can be
determined very easily. Those are the instrumental function smearing the intensi-
ty in the map being determined from the substrate peak shape and the mismatch
of the layer, which scales linearly the displacements and consequently resizes the
whole simulated map. Tough the latter parameter is physically relevant, it can
be obtained much easier just from the XRD measurements before the patterning.
Here we have to scale the simulated map to fit the experimental one, while this
scaling factor is the ratio between the real mismatch and that one used in the
displacements calculations.
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Figure 11.3: The demonstration of the shape function influence in the sim-
ulated diffraction maps. Three demonstration calculations for the different
simple shapes of the micro-bar similar to those in sample C077#11 (different
columns). The first row shows the calculated distribution of the total displace-
ment for particular shape. The second and the third rows shows the simulated
intensity maps for (004) and (224) diffractions, respectively. The most inten-
sive point corresponds to the substrate peak, simulated map was convoluted
with instrumental function arisen from the real measurement.

However, the valuable information which can be obtained from such an ex-
periment is the shape of the micro-bars. The shape represented by the shape
function Ω(r) appears not only directly in the expression for the intensity cal-
culation, but indirectly, as well. Apparently, it plays non-negligible role in the
calculation of the strain field distribution in the micro-rod. For the illustration, we
performed some strain field calculation for the three distinctive and simple shapes
of the micro-wires for the virtual nominally identical sample to C077#11. The
Fig. 11.3 shows the differences in shapes, calculated displacements and simulated
diffraction maps for micro-bars being ideally etched, under-cut and over-cut.

If the GaMnAs was completely relaxed, i.e., no strain (which is not zero or
constant displacements field), we would see only the Fourier transformation of
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the shape function giving all maps the same appearance. The very weak straight
streaks visible for all demonstrative micro-bar shapes in (004) maps (Fig. 11.3
corresponds to the facets, being perpendicular to them.

To ease the implementation and to make simulation of the diffraction map
faster, we can use the commonly implemented discrete two dimensional Fast
Fourier Transformation (FFT). Anyway, we have the displacement ux and uz
calculated discretely, therefore if we transform them into equidistant discrete
grid (xi, zj) with the lateral spacing ∆x and ∆z, we can obtain

Ienvelope(qxi, qzj) ∝
∣∣FFT

(
Ω(xi, zj)e

i(hxux(xi,zj)+hzuz(xi,zj)
)∣∣2 (11.9)

on the equidistant grid (qxi, qzj) in the reciprocal space.
The spacing in the reciprocal space is given by the steps ∆qx = 2π

L
(i.e.,

prescribed) and ∆qz = 2π
Detched+Dsub

. The etching depth Detched corresponds ac-
tually to the micro-bar height and it is also prescribed by the sample, where-
as the depth Dsub from which the substrate is included into the calculation is
an arbitrary parameter to set minimally to the depth, where the strain field is
negligible. The spatial grid has to be oversampled in the vertical direction to
omit the FFT artefacts arising from the fact, that there is no vertical periodici-
ty (∆z � 2π/(desired range in qz)).

11.4 Experiment

Both sample sets were measured using coplanar high-resolution x-ray diffraction
in at the synchrotron facility ESRF in Grenoble (beamline ID10B). The photon
energy of a probing radiation was 7.95 keV.

From Equation 11.8, it follows that the measurement of the diffraction maxi-
ma (00l) will be sensitive only to the shape function and the vertical component
of the deformation, while the measured intensity distribution around any asym-
metrical diffraction maxima will be affected also by the deformation in lateral
direction. Apparently, the measurement of both a symmetrical and an asym-
metrical diffraction it allows to filter out the ux and also to obtain the complete
information. Therefore, we measured an intensity map around (004) diffraction
for all samples being azimuthally oriented to have the micro-bars perpendicular
to the diffraction plane. The asymmetrical maps for the samples #10 and #11
were measured at the (224) diffraction, whereas the (044)-maps were measured
for the samples #12 to keep the micro-bars perpendicular to the diffraction plane.

The evaluation of the measured maps were as follows. We started with the
model of a rectangular cross-section of the micro-bar for all samples. The lat-
eral periodicity L and etching depths Detched are taken from the reliable AFM
measurements. Although the layer thickness determination is quite easy with
x-ray diffraction/reflectivity, we did not have a chance to measure samples before
the microfabrication. Therefore, we relied on the estimation from the calibrated
MBE growth, which is quite reliable considering from our long-term experience
(compare the nominal thickness with that determined by XRD in chapter 5).

From this model we calculated the strain field distribution in the micro-bar,
which were then used for the diffraction simulations. The calculated intensity
maps were convoluted with the two dimensional instrumental function, whose
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Figure 11.4: The visualisation of the calculated strain field distribution in
all samples. The dashed line denotes the interface between (Ga,Mn)As and
GaAs.

shape was optimized to obtain the substrate peak spot matching with that in
experimental data being elliptical. Simultaneously the mismatch f (i.e., magnify
ratio of the calculated map) was optimized to achieve the best match with the
measured intensity map. Actually, it was sufficient to set just such value to move
the most intensive spot of the layer peak area to the identical position with the
experiment.

Such finalized simulated maps were compared with the experimentally ob-
tained intensity maps for both diffractions, for instance, in Figure 11.5 and in
Figure 11.6. The qualitative evaluation of the match was done by eye, all features
should be in agreement with those in the experiment: the intensive spots shapes
and positions, the directions and curvatures of streaks, frequency of the thickness
oscillations. For the quantitative comparison, the projection of experimental and
simulated maps were made to both qx and qz axis. However, this comparison is
only informative. It overemphasized the most intensive features, whereas we were
interested in the overall visual match. The shape of the micro-bar in the model
was manually updated on the basis of such a comparison.

The strain field was recalculated for the updated micro-bar shape and the
diffraction experiment simulation and its evaluation was iteratively repeated until
the satisfactory agreement was achieved. It showed that the instrumental function
and the mismatch as needed no update after the first estimation. There is just
one guide how to change the micro-bar shape for the further iteration and it is the
direction of the streaks being perpendicular to the facets of the micro-bar. The
diverging streak indicates the curvature of the facet. Nevertheless, the finding of
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#10 #11 #12

C077 (9.6± 0.2) · 10−4 (8.0± 0.2) · 10−4 (9.7± 0.2) · 10−4

C127 (3.7± 0.1) · 10−3 (3.9± 0.1) · 10−3 (3.8± 0.1) · 10−3

Table 11.2: The mismatch f of the (Ga,Mn)As layer for all particular samples
(columns) of both sample sets (rows). The higher mismatch of the samples
C127 corresponds to the fact that the Mn content is nominally higher (7%)
than in samples C077 (2%).

the final satisfactory shape is a question of trial and error.
The final cross-sections of micro-bars for all samples resulted from this op-

timizing procedure are depicted in Figure 11.4 together with the calculated dis-
placements ux, uz. The determined mismatch parameters are summarized inTable 11.2.
The simulated diffraction maps together with those experimentally obtained are
shown for all samples in Figures 11.5, 11.6 (C077#10), 11.7 (C077#11), 11.8
(C077#12), 11.10 (C127#10), 11.11 (C127#12), 11.11 (C127#12), all attached
at the end of chapter.
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Figure 11.5: Comparison of the measured (upper left) and the simulated
(upper right) intensity (004)-maps. There are two maxima corresponding to
the reciprocal lattice points of the GaAs substrate (qz = 0, qx = 0) and the
(Ga,Mn)As layer (negative qz, qx = 0). The left bottom and the right bottom
subfigures shows the intensity projection to the qz and the qx axis, respectively,
for both simulation (red) and the experimen (black).

The remarkable agreement of the measured and the simulated diffraction maps
shows that the model of the lattice deformation as elastic continuum, which can
be treated by the mean of linear elasticity theory, is quantitatively relevant in
determining the strain field distribution, i.e., the local relaxation of the lattice.
The micro-bars have usually a trapezoidal cross-section seeming to be over-cut
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C077#10 (224)
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Figure 11.6: Measured intensity map (upper left) for the asymmetrical (224)
diffraction compared to the simulation (upper right). Similarly to the Fig.11.5
the bottom left and the bottom right subfigures compares the intensity pro-
jection of the maps to the qz and the qx axis, respectively.

probably by the wet etching. The slopes of the facets are for few degrees larger
then it is typical for the patterning process.

However, the SEM did not observe such a significant shape determining it
being rather rectangular. Nevertheless, the streak directions originated in the
direct influence of the shape on the diffraction indicates such a shape clearly.
We explain this discrepancy by the different sensitivity of both methods. If we
accept that the SEM determines the shape of the micro-bar surface, whereas
the diffraction technique is sensitive to the crystalline core of the micro-bar, we
explain it by some degradation of the rectangle upper corners. So the over-cut
can be explained better by the degradation during the etching, which can leave
a non-uniform amorphous coating on the micro-bars.

The interpretation of the experimental data are complicated by the qualita-
tive evaluation and the manual trial and error like updating of the model. In
principle, it is possible to define some quantitative criteria evaluating the match
of measured and simulated data giving some goodness-of-fit value, which can be
used for automatic update of the model. However, such criteria have to reflect the
importance of the weak but significant features. Moreover, the automatic update
would need more extensive implementation, which is behind our intentions, here
we manually changed the model in the graphical front-end.

We have to admit, that in contrast to our technique which a priori assumes
that linear elasticity is valid here, moreover that elastic constants are available,
it is possible to determine the strain field just from the diffraction data by the
mean of the well sophisticated phase retrieval method. Simply said, it is based on
the complicated searching for diffraction waves phases, whereas their amplitudes
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we measured. The consecutive transformation of the found solution between the
spatial and the reciprocal space back and forth allows to apply some specific con-
strains on the solution in both spaces, which should lead to the optimal solution.
Just such work performed on the same samples was published in Reference 147.
The authors successfully found the unknown phases, i.e., just the strain field in
the micro-bar. If we compare the results, we can see that their micro-bar shape
stayed the rectangular in contrast to our finding. Here arises a question if the
discrepancy comes from some imperfectness of our model (e.g., different elastic
constants, inhomogeneous mismatch) or it is due to the some limitation of the
phase retrieval used there (e.g., allowed degrees of freedom for the support, which
corresponds to our cross-section), which is hard to resolve.

Conclusion

We described the calculation procedure allowing to obtain the strain distribution
in the relaxed micro-bar. The theoretical basics for the interpretation of XRD
data, we described, as well. It was used for the comparison of the calculated
strain distributions and XRD measurements. It turned out that this comparison
allows to determine the cross-section of crystalline core of the micro-bar.

The determination of the micro-bar cross-section was demonstrated on sev-
eral samples with different etching depth, different crystallographic orientation
of the spatially periodic micro-bars, and different mismatch of (Ga,Mn)As. The
agreement of the experimental data and those being calculated from the resulted
micro-bar cross-section is quite well, definitely better than for the initial rectan-
gular cross-section.

The facet directions are supported by the weak streaks in the diffraction maps
originated directly in the cross-section shape. Therefore, we dare say that the
discrepancy with the literature is given by the certain ambiguity of the phase
retrieval solution.

Accompaniments

the attached large figures follow on next pages
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Figure 11.7: Experimental data compared to the simulation for C077#11.
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C077#12 (004)
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Figure 11.8: Experimental data compared to the simulation for C077#12.



11. Accompaniments 145

C127#10 (004)
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Figure 11.9: Experimental data compared to the simulation for C127#10.
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C127#11 (004)
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Figure 11.10: Experimental data compared to the simulation for C127#11.
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C127#12 (004)
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C127#12 (404)
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Figure 11.11: Experimental data compared to the simulation for C127#12.



148

Summary

As we introduced in the preface of this thesis, there are two main objectives of
our work, methodological and principal.

Regarding to the first objective, we suggested a routine characterization method
of epitaxially deposited (Ga,Mn)As layers on a GaAs substrate. Its capability is
to determine the defect density in crystallographically non-equivalent positions.
We discussed the sensitivity of the method to different defect types. Unfortunate-
ly, the diffraction contrast between Ga atom and its substitutive, Mn, is too weak
to determine the Mn substitutional concentration reliably. On the other hand,
its correlation with other densities is rather small in the mean of contribution
to the diffracted intensity. Therefore, a quite large uncertainty of the probable
substitutional density does not affect very much the most probable values of oth-
er defect densities together with their uncertainties. However, the substitutional
content cannot be estimated with this method and the information on that has
to be supplied by some other complementary method.

The experimental procedure consists of the diffracted-intensity distribution
measurement in the vicinity of the several diffraction maxima. From these in-
tensity maps, the diffraction curves, i.e., intensity along the so called crystal
truncation rods, are extracted. In case of some specific samples, we showed
that for a reliable fit a minimum of four diffraction maxima has to be measured.
From the calculations of structure factors and the discussion on the concentration
sensitivity, it follows that all three diffraction maxima types (weak, strong, and
intermediate) have to be included in the measurements. Of course, the higher
number of measured maxima decrease the uncertainties of final determined den-
sities. Also, one has to keep in mind that the Debye-Waller factor affects the
measured intensity. Therefore its desirable to choose the diffraction maxima of
the same type with large difference of the scattering vector length in order to
identify and remove the Debye-Waller contribution.

Generally, the weak maxima, where the waves diffracted on the Ga and As lat-
tice site are in antiphase, emphasizes the difference between both non-equivalent
interstitial lattice sites. Also, there is a strongest contribution of substitution-
al Mn. On the other hand, the strong diffraction maxima corresponds to the
constructive interference of the waves diffracted by all atoms, i.e., all atoms con-
tributes fully with their scattering power to the final detected intensity. Similarly,
the intermediate diffractions resulted from the interference of the waves diffract-
ing on Ga and As lattice sites having a phase difference ±π

2
. Since the density

of all defects is rather small and the relative change of the intensity occurring
through their presence is roughly proportional to their density, the intensity is
affected quite weakly. Nevertheless, the intensity is measurable with the smaller
uncertainty than the expected effect.
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The evaluation of the experiment is performed by the fitting of the theoreti-
cal simulation to the measured diffraction curve simultaneously for all measured
maxima. Be the means of the dynamical theory, it is possible to calculate the
theoretical diffraction curves. The sample is modelled by a homogeneous layer or
a stack of such layers with optimizing parameters corresponding to four densities:
Mn in substitutional and two non-equivalent interstitial positions and As anti-site
substituting Ga atom.

However, there are several uncertainties and maybe daring assumptions. First-
ly, the theoretical relation between the relaxed lattice parameter of the (Ga,Mn)As
and the concentrations of particular defects has to be assumed. To omit this re-
lation, it would be necessary to measure many more diffraction maxima, which
is not a principal obstacle. Then, the lattice parameter can be an arbitrary
parameter meeting the experimental position of the layer peak.

Secondly, there is an assumption of attractively or repulsively influenced
neighbourhood around the defect. For the low defect concentration, it is pos-
sible introduce the simple correction of the undisturbed structure factor. Here,
the repulsion of the closest atoms around the Mn in all crystallographic positions
are known from some published experiments. Unfortunately, there is no agree-
ment on the certain value representing the repulsion of As atoms around the As
anti-site defect. Moreover, theoretical works predict the stronger repulsion than
around other defects. From our simulation, it seems that this correction plays
some role also for anti-site defects but we are not able to apply it. If the layer
contains some anti-site defects, its more safe to go through the fitting procedure
for both limits of suggested repulsion factors, and to increase the uncertainty
of the fitted parameters with respect to the solution shift due to the different
considered repulsion.

Here we are turning our focus to the second objective of the thesis. We used
the approach summarized above for the characterization of the as-grown and the
annealed (Ga,Mn)As thin layer. Except of the annealing, both samples were iden-
tical, therefore only the interstitial densities were assumed to be different. From
the fitting procedure, it followed that the overall interstitial density decreased
after the annealing treatment, indeed. Both samples exhibited the prevalence of
the interstitials located in the centre of the tetrahedra formed by the As atoms;
their occupancy was (2.6 ± 0.3)% for the as-grown and (2.2 ± 0.3)% for the an-
nealed sample. Nevertheless, the other interstitial sites were occupied, as well
((1.3± 0.4) – as grown, (0.8± 0.3) – annealed).

To our surprise, the annealed sample contained relatively a lot of interstitial
defect still. Only 23% of interstitial atoms were removed from the (Ga,Mn)As
system. Therefore we extended our experiment for another annealing treatment,
but this time we used the sequential etch-annealing procedure. The later charac-
terization revealed the further decrease of the interstitials by another 13%–18%
of the original amount. For this sample, the resulted interstitial densities were
(1.9–2.0± 0.8)% and (0.4± 0.9)% inside of As and Ga tetrahedra, respectively.

On these two samples, i.e., the as-grown and the etch-annealed, we perform
the anomalous diffraction experiment. From the measured diffraction maxima for
many energies of the x-ray primary beam, we were able to quantify the substitu-
tional content represented with the occupancy (8.2±1.1)%. This method allowed
to determine the difference of both interstitial occupancies in As and Ga tetrahe-
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drons; (1.6± 3)% for that as-grown and (2.4± 0.3)% for that etch-annealed. The
obtained values are comparable with those determined from the high resolution
diffraction in range of the error. In contrast, the anomalous diffraction allowed to
estimate these numbers without any apriori assumed relation between the lattice
parameter and the particular densities.

Finally, the etch-annealed sample was treated by the long-term annealing
without any preceding etching, and the same characterization procedure reveal
the further decrease of the overall interstitial density. This time, only the 5% of
the very original interstitial content was removed from the system.

We re-evaluate all the data for all samples with no lattice-parameter constrain,
i.e., with arbitrary lattice parameters. Unfortunately, the data for the etch-
annealed sample were not good enough to obtain a reliable fit. Nevertheless,
with the justified assumption that the presence of anti-site defect is suppressed,
we were able to estimate the interstitial occupancy inside of the arsenic and
gallium tetrahedra for the as-grown, the annealed, and the long-term annealed
sample. The resulted values did not differ from those previously determined.

Going back to the etch-annealed sample, the unintended consequence of the
etching-enhanced annealing was the vertical inhomogeneity of the layer. This was
manifested by the changed shape of the diffraction curve, namely, the asymmetry
of the side maxima around the layer peak. This shape was successfully fitted using
a model of two homogeneous layers. The results indicated the lower interstitial
concentration close to the surface. On the other hand, this sample after the
long-term annealing was, evidently, homogeneous again.

In order to understand the annealing process more clearly, we introduced the
model describing the migration of the interstitials. Commonly the migration
process is considered to be diffusion of the particles in fact. It is known that
annealing causes the increase of the Mn content close to the sample surface. The
reason why the interstitial atom is capable to travel through the whole (Ga,Mn)As
layer towards the surface, but the diffusion into the substrate is limited, is its
charge. Inspired by this, we considered the migration of the charged interstitials
together with the migration of the free charge carriers, holes.

The known fact that annealing changes the sample only in ambient air or with
the arsenic capping layer was earlier explained by the formation of the Mn oxide
or MnAs within the surface, i.e., the charged particle is neutralised. With the
charged state, the electrostatic force repulsing other interstitials disappears, as
well. The surface processes are relatively complicated and can be hardly quanti-
fied with our knowledge of this material. Therefore we assumed some hypothetical
surface container accepting the flux of the charged interstitials, trapping them,
and releasing the holes for each trapped particle. As a result, the migration was
described by the drift-diffusion, rather than just only diffusion.

Firstly, we wanted to verify the assumption that Mn oxide is formed within the
surface during the annealing, and the assumption that etching clearly removes all
of the oxide. From the x-ray absorption spectroscopy around the Mn absorption
edge, we deduced following. A virgin sample with some thin native Mn oxide on
the surface was etched and annealed. After that, the presence of the rich Mn
oxide being also slightly deeper was revealed. On the other hand, the etching
successfully removed the whole oxide layer from the surface.

From the x-ray diffraction, the depth profiles of the interstitial density in all
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samples were available. Actually, all samples except that etch-annealed were ho-
mogeneous. The depth profile of the inhomogeneous etch-annealed sample was
approximated by the step-like function, which followed from the model of two
stacked homogeneous layers. We performed many simulations of the anneal-
ing treatment, i.e., solving the drift-diffusion equations for both the interstitials
and the holes. The homogeneous depth profile corresponding to the as grown
sample was considered as a starting density for the simulation. The sequential
etch-annealing was treated by the periodical removal of the surface area with
emptying of the surface container. All simulations were compared with the pre-
viously determined depth-profiles of the interstitial density. We emphasized the
qualitative match of the profiles, i.e., we applied a criteria of homogeneity and
inhomogeneity of appropriate depth profiles. From the qualitatively sufficient
solutions, we chose the quantitatively best one.

The unknown parameters, which we wanted to guess by the comparisons, were
the capacity and the trapping rate of the surface container. Though, the capacity
can be roughly estimated since it corresponds to the maximal possible decrease
of the overall interstitial density, i.e., decrease in the sample where further an-
nealing does not improve the magnetic or transport properties. The trapping
rate, we defined as purely phenomenological quantity, and its value can be hardly
interpreted. Nevertheless, we tuned these parameters together with the unknown
but essential interstitial diffusivity, or mobility, parameter. Finally, the optimal
container capacity corresponded to the expected value, indeed, at least in order
of magnitude. The optimal diffusion coefficient we estimate approximatively to
4 × 10−20 m2 · s−1. If we compare this value with the published value obtained
from the transport measurements, our diffusivity is about 30 times larger. Unfor-
tunately, there is a lack of diffusivity values in the literature. However, the other
diffusivity did not lead to the qualitative match neither for any arbitrary values
of the other parameters.

The annealing process taken place in (Ga,Mn)As is often considered to be just
simple diffusion. We showed the internal electric field is important, as well. In our
picture the holes, being very fast, redistribute themselves neither uniformly, nor
perfectly screening the interstitial charge, but into the state corresponding to the
thermodynamic equilibrium because their time scale is incomparably different.
Thus, there is a competition between the tendency of charge screening and the
tendency of uniform distributing. However, the interstitials are slow, they feel
both their concentration gradient and the electrostatic force. While for holes
both forces are in equilibrium, the interstitials are driven by both forces towards
the surface. There, they are trapped, i.e., their density locally decreases at the
expense of the holes creation.

In this thesis, we presented two other experiments. First one was the x-
ray reflectivity measurement of the (Ga,Mn)As/AlGaAs multilayer. From the
specular reflectivity, we were able to determine the depth profile of the electron
density. Although the whole profile is quite uncertain, i.e., possible shifted to the
higher or lower densities, the depth profile in the repeating bilayer consisted of
(Ga,Mn)As and AlGaAs layers is determined reliable because of the high density
contrast and the periodicity itself. Therefore, we used the AlGaAs constituent
as a reference, and from the density difference between both constituents, we
estimated the number of electrons in the (Ga,Mn)As unit cell. Finally, this
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number formulate the ratio between the substitutional and the interstitial Mn
atoms in the unit cell. Our result of the substitutional Mn prevalence was in
qualitative agreement with an expectation.

The last presented experiment is the high-resolution diffraction on the pat-
terned (Ga,Mn)As micro-bars. Here the epitaxial fully strained (Ga,Mn)As layer
deposited on the GaAs substrate was lithographically micro-fabricated to the pe-
riodic long stripes. It allows the (Ga,Mn)As to relax partially into the formed
gap between the micro-bars. The inhomogeneous strain field together with the
cross-section shape of the micro-bar determinate the distribution of the diffracted
intensity in the reciprocal space. We measured the intensity map in the vicinity of
two diffraction maxima, symmetrical and asymmetrical. The experimental data,
we compared with the experiment simulation. For this purpose, we calculated
the strain distribution in the micro-rods by the mean of finite element method.
We assumed the validity of the linear elasticity. We determined the mismatch
of relaxed (Ga,Mn)As lattice parameter related to the substrate lattice parame-
ter. We were able to sufficiently fit the experimental intensity maps with those
simulated. The cross-section shape giving the best agreement, we considered to
be the real shape of the crystalline core of the micro-bar. This proved that lin-
ear elasticity is valid in the (Ga,Mn)As, and therefore, it together with a finite
element method can be used for the strain field computation.

All demonstrated methods can be applied for other material in the future,
as well. The laboratory x-ray method for the interstitial density determination
is possible to extent to other similar materials, for instance, (Ga,Mn)(As,P).
However, every additional impurity increases the number of parameters we want
to determine. Therefore, the adaptation of method should be mainly in the higher
number of measured diffraction maxima. However, the described theory stays the
same. The structure factor has to be constructed in a similar way as here.

In this thesis we studied the (Ga,Mn)As with the x-ray high resolution diffrac-
tometry, the x-ray absorption spectroscopy, the anomalous diffraction, and the
x-ray specular reflectivity. From these experiments, it was possible in several
ways to determine the occupancy of the Mn in substitutional positions and both
crystallography non-equivalent interstitial positions. We showed that there is
prevalence of the interstitials in the tetrahedrons formed by the As atoms. And
finally, we formulated the migration picture of the interstitials during the anneal-
ing treatment.
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K. Ploog, “Micromechanics of MnAs nanocrystals embedded in GaAs,”
Phys. Rev. B 72, 115206 (2005).

[52] D. W. Rench, P. Schiffer, and N. Samarth, “Structural and magnetic char-
acteristics of MnAs nanoclusters embedded in Be-doped GaAs,” Phys. Rev.
B 84, 094434 (2011), arXiv:arXiv:1105.4669v1 .

[53] C. Zener, “Interaction between the d-Shells in the Transition Metals. III.
Calculation of the Weiss Factors in Fe, Co, and Ni,” Phys. Rev. 83, 299–301
(1951).

[54] C. Zener, “Interaction Between the d Shells in the Transition Metals,” Phys.
Rev. 81, 440–444 (1951).

[55] T. Dietl, “Zener Model Description of Ferromagnetism in Zinc-Blende Mag-
netic Semiconductors,” Science (80-. ). 287, 1019–1022 (2000).

[56] T. Dietl, “Hole-mediated ferromagnetism in tetrahedrally coordinated semi-
conductors,” Phys. Rev. B 63, 195205 (2001).

[57] T. Dietl, “Ferromagnetic semiconductors,” Semicond. Sci. Technol. 17, 377–
392 (2002).
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Local Concentrations of Mn Interstitials and Antisite Defects in GaMnAs,”
Phys. Rev. Lett. 93, 086107 (2004).

[71] I. Frymark and G. Kowalski, “Mn impurity lattice location in the ferromag-
netic zincblende gallium manganese arsenide layer structure,” J. Phys. D.
Appl. Phys. 38, A160–A163 (2005).
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