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Abstract

The goal of this thesis is to investigate experimentally (Ga,Mn)As - a canonical
diluted ferromagnetic semiconductor, obtained in a quasi-one dimensional
geometry of nanowires by self-assembled molecular beam epitaxy growth
methods. First, simple (Ga,Mn)As nanowires crystallized in two (high and low)
growth temperature limits are analysed. Then, more complex structures consisting
of non-magnetic [(In,Ga)As] nanowire cores overgrown smoothly by magnetic
[(Ga,Mn)As] shells are investigated. Our experimental analysis, based on structural
and magnetic techniques, addresses nanowire shells morphology, crystal quality
and structure, magnetic properties such as magnetic phases emerging at low
temperatures  (superparamgnetism, ferromagnetism) paramagnetic to
ferromagnetic transition temperature and magnetic anisotropy. By modifying
composition and crystallographic structure of the core nanowires, we manage to
tailor the magnetic properties of the shells. Moreover, by exploring the limits of
the core-shell structure in a view of optimum magnetic characteristics, we
identified a need for realization of more complex structures, i.e. core-multi-shell
assembly with inner and outer shells behaving as quantum barriers for carriers.
Thorough experimental characterisation shows that these, more complicated

core-multi-shell structures, exhibit new magnetic properties.

Keywords: Diluted Magnetic Semiconductors, Magnetic Semiconductor Nanowires,
Core-Multi-Shell  structures, Spintronics, Superparamagnetism, Wurtzite

(Ga,Mn)As, Molecular Beam Epitaxy, Transmission Electron Microscopy.
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Chapter 1 INTRODUCTION
1.1 Spintronics

In the age of digital information, technological advances in electronics play the main
role. Permanent increase of amount of transistors on tiny chips resulted in modern
electronic devices with exceptional performance features. The main task for
engineers is to increase performance while decreasing electrical power consumption.
Therefore, during the last 50 years, in accordance to Moore’s law processing speed
and integration density on Si chips has been increasing exponentially, precisely
doubling every eighteen months. The current technology on Si, which is based on 14
nm (end of 2014) channel width, is reaching physical limits. In other words, end of
development of conventional electronics, based on Si is foreseen and new possible
solutions are explored. Spintronics and IlI-V based NWs belong to ones investigated
in this context [Wolf 2001].

Spintronics (spin electronics) is a field of physics where the main attention is focused
on spin phenomena and spin manipulation. Spintronics technology exploits both the
electrons intrinsic spin and its associated magnetic moment as additional properties
to its elementary charge used in solid-state devices. Conventional electronics
enriched by devices exploiting spin shall consume less energy since the energy
required to manipulate spin is smaller than the energy needed to move electron forth
and back [Fert 2003]. Other advantages of spintronics over conventional electronics
are non-volatility, faster operation of devices, increased integration densities, and

new ways of processing information [Bader 2010].
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1.1.1 Ferromagnetic/Semiconductor Devices and Materials

Discoveries, which gave birth to spintronics exploiting spin-dependent electron
transport phenomena in the solid-state devices, were made three decades ago. They
comprise the spin-polarised current injection into ordinary metal from ferromagnetic
metal [Johnson 1985] and giant magnetoresistance (GMR) [Baibich 1988], [Binasch
1989]. The GMR effect is based on intentional controllability of resistance by mutual
magnetisation orientation in two ferromagnetic layers separated by a nonmagnetic
metal layer. GMR based spin-valves have been rapidly industrialised in such form as
read/write heads of hard disk drives. Shortly after that, the effect that is much more
sensitive called tunnelling magnetoresistance (TMR) [Julliere 1975] occurring in
magnetic tunnel junctions (MTJ) was discovered and quickly replaced GMR-based
spin valve devices. TMR is nowadays applied in magnetic random access memories
and Hard Disk Drive (HDD). The main difference between GMR-based spin-valve and

MTJ consists in using thin insulator barrier instead of a metallic one.

Advances in conventional electronics and first generation of spintronics in metals
(magnetoelectronics) are limited by a bottleneck associated with the way in which
the computers manage digital data. Information bits are stored in metal-based
magnetic devices, while logic operations are performed in semiconductor-based
electronic device. In general, non-volatile magnetic memory is the slowest
component; hence, data transfer between these two units takes time and costs
energy. A natural wish to save it and make it faster suggests integrating fast
(preferable) non-volatile memory and data processing into a single device. However,
mainstream semiconductor electronics of integrated circuits, lasers, transistors
exploits Si, GaAs and GaN, which are diamagnetic (non-magnetic), on the other hand,
long term information storage (HDD) are based on magnetic elements such as Fe, Co,
Ni. Moreover, it is very difficult to manufacture hybrid functional heterostructures
combining magnetic and semiconducting elements [Ohno 1998]. An alternative way
is to use materials uniting ferromagnetic and semiconducting behaviour. This
approach should enable transformation from metal-based to semiconductor-based

spintronics.
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In addition to spintronics in metals, the research activity focused on using spin
properties of charge carriers in semiconductors has been extensively exploited during
the two recent decades. As briefly described above, metallic spintronics boasts
commercial applications while the semiconductor one lacks the proper material
eligible for use in the industrial devices. It is mainly because of the low temperature
at which the carriers in the so-far known semiconductor spintronics materials
maintain the spin orientation, which is still well below the room temperature [Dietl,
Ohno 2014]. On the other hand, many novel research results have been acquired in
a laboratory environment and numerous new physical phenomena and functionalities
have been discovered in DFS. Even some concepts discovered first in semiconductor
spintronics have been applied later on in metal spintronics [Dietl 2010], [Ohno 2010].
The combination of semiconducting and ferromagnetic properties leads to numerous
possible benefits in spintronics, e.g. seamless integration with existing
semiconductor technology [Matsukura 1998], [Ohno 1998], controllability of
magnetization by electric field [Ohno 2001], magnetoresistance effects [Mauger
1986] and others.

Materials combining semiconducting and ferromagnetic properties had been
investigated well before the birth of spintronics. The rare earth chalcogenides (Eu:
EuS, EuO) and Cr chalcogenide spinels (CdCr;Ses, CdCr;S4) [Passell 1976] are known
since late 1960s/early 1970s. These first generation true ferromagnetic
semiconductors (FMS) comprising magnetic elements in their chemical formula are
difficult to manufacture, incompatible with conventional electronics and have low
ferromagnetic phase transition temperature (Tc < 100 K) which limits their use in
practical applications, for which FM behaviour much above room temperature is
required. Later on, due to aforementioned disadvantages of rare earth chalcogenides
and spinels, the interest shifted towards diluted ferrmagnetic semiconductors (DFS).
The representatives of a second generation of ferromagnetic semiconductors are,
narrow band-gap IV-Mn-VI semiconductors (Pb,Sn,Mn)Te [Story 1986] and heavily p-
type doped II-Mn-VI ternary alloys (Cd,Mn)Te [Haury 1997] and (Zn,Mn)Te [Ferrand
2001], where the magnetic properties are due to the interactions between the charge

carriers (valence band holes here) and Mn magnetic ions. The third generation of
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magnetic semiconductors is based on IlI-Mn-V ternary alloys such as (In,Mn)As and
(Ga,Mn)As. Both of them reveal a FM behaviour without additional doping (here Mn
plays a dual role of an effective acceptor and source of an uncompensated spin in
the IlI-V semiconductor host). This does not occur in II-VI diluted magnetic
semiconductors (DMS), where Mn is an isoelectric impurity, i.e. additional, heavy
doping with acceptors is necessary to transform II-Mn-VI DMS (semimagnetic
semiconductors) into DFS [Haury 1997], [Ferrand 2001]. As mentioned above, the FM
phase transition in DFS is induced by exchange interaction between localized spins
of transitional metal ions (e.g. Mn in partial substitution of Ga in GaAs) and free
carriers of semiconductor host material. Moreover, the magnetic properties of such
DFS material are dependent on concentration of carriers. This effect was reported
for the first time by Story et al. in 1986 for (Pb,Sn,Mn)Te - IV-VI group narrow gap
semiconductor [Story 1986]. In the case of IlI-V semiconductors, successful alloying
with Mn leading to the IlI-Mn-V solid solution exhibiting low temperature
ferromagnetic phase transition was reported in 1992 for (In,Mn)As [Ohno 1992] and,
in 1996, for (Ga,Mn)As [Ohno 1996]. In the latter case Ohno et al. observed the FM
phase transition at 110 K, for a (Ga,Mn)As layer containing 5,3 % Mn (corresponding
concentration of holes was in the range of 102° cm). Later on, this material became
a subject of intensive research activity supported by theoretical predictions - the
best-known T. evaluations by Dietl et al. [Dietl 2000]. Recently state of the art

spintronics devices based on (Ga,Mn)As have been investigated [Jungwirth 2014].

1.2 Introduction and Motivation

The goal of semiconductor spintronics is to find the material suitable for room
temperature applications. This means that the Curie temperature should be above
400 K for commercial devices and above 500 K for military ones. Though the highest
phase transition T¢ so far is around 200 K for nanostructured (Ga,Mn)As [Chen 2011]
also other high T¢ ferromagnetic semiconductors are found such as Mn doped CdGeP;
[Medvedkin 2000], TiO2 [Matsumoto 2001], (Ge,Mn)Te [Fukuma 2008]. After the
discovery of FM in (Ga,Mn)As in 1996 [Ohno 1996] and a seminal paper by T. Dietl
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[Dietl, Science 2001] predicting the existence of carrier induced FM in many other
semiconductors alloyed with Mn, there has been a lot of reports claiming the
discovery of above-room-temperature ferromagnetism in many semiconductors
doped with Mn and other TM elements. However, all of them have been falsified
shortly afterwards [Zajac 2003], [Kuroda 2007], [Dietl 2010]. The HT FM phase was
verified to be due to the nano-precipitates of TM-rich nanocrystals embedded in the
matrices of semiconducting host materials. Such phase-segregated systems are
called condensed magnetic semiconductors [Dietl 2010]. Nowadays the expectations
for finding TM-doped semiconductor with carrier induced FM properties persisting at
room-temperature are much weakened, in comparison to the enthusiastic attitude
of solid state physics community a decade ago. However, these materials (e.g. DFS)
acquired well-grounded position in the solid-state physics and remain to be the test-

bed for searching for new physical phenomena.

DFS materials possess new functionalities, because of the possibility of tuning their
magnetic properties by the methods routinely used for modifying the electronic
properties of semiconductors. Hence the magnetic properties of DFS can be tuned
by application of electric fields by electrostatic gates [Ohno 2000], [Chiba 2008],
[Stolichnov 2008], [Chiba 2013], pressure [Gryglas 2010] or irradiation with light [Oiwa
2001], [Li 2008], [Rozkotova 2008]. In this context, exploiting quasi one-dimensional
(1D) geometry of nanowires is beneficial since it enhances possibilities of controlling

the electronic properties up to ultimate level of a single carrier [Salfi 2010].

This work aims to obtain and investigate (Ga,Mn)As DFS crystallized in a 1D
geometrical form of nanowire. In the beginning of the thesis, basic properties of
(Ga,Mn)As diluted ferromagnetic semiconductor are described. Then the methods of
preparation of NWs and their main properties are presented. Subsequently, the main
experimental techniques used in this work are discussed (with additional information
placed in Appendix A). In other chapters, five types of NWs are analysed and the
discussion of possible reasons of low FM phase transition temperature in (Ga,Mn)As

NWs is provided.
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1.2.1 Ferromagnetic - Semiconductor NWs

In order to observe FM phase transition in (Ga,Mn)As layers, the Mn content should
exceed 1 st. % [Ohno 1998]. Due to the low equilibrium solubility of Mn in GaAs, such
concentration is acquired by low temperature (LT) MBE growth. This inevitably leads
to the incorporation of substantial amount of point defects (As antisites, and other
discussed further) into the GaAs host lattice [Yu 2002], [Sadowski 2004], [Tuomisto
2004]. Therefore, it is interesting to exploit different growth methods in order to
investigate various possibilities of obtaining material with optimized properties. One
of the recent technological routes is to employ a 1D-NW growth mode, which differs
substantially from the 2D MBE growth of the layers. One of the advantages of 1D
geometry is the possibility to efficiently accommodate stresses in lattice-
mismatched materials grown as radial/axial heterostructures. Furthermore, even
different crystalline structures than those naturally occurring in 3D and 2D can arise
in the 1D case. Core-shell NWs analysed in this work crystallize in ZB or ZB/W
polytypism or in pure hexagonal (wurtzite 2H) phase [both (In,Ga)As core and
(Ga,Mn)As shell], while in 2D and 3D cases both materials occur only in cubic (ZB)
crystalline structure. Thus, the growth of 1D NW structures enables fabricating
heterostructures of a new type, which are impossible to obtain in the planar

geometry.

FM NWs are extensively investigated as building blocks of the future memory devices.
The magnetic domain wall motion/movement along NWs is promising in this context.
It has been demonstraded in metallic stripes [Parkin 2008], as well as in (Ga,Mn)As
planar wires obtained from thin layers by litographical techniques [Yamanouchi
2004]. Manufacturing (Ga,Mn)As in the form of NWs by a bottom-up self-formation
approach, circumventing defects induced when preparing NWs lithographically,

would benefit in controlling their magneto-electronic properties better.

Earlier by my supervisor and later on by both of us, various MBE growth methods of
incorporating Mn magnetic ions into GaAs in the NW geometry were experimentally
investigated. GaAs NWs grow best at HT (550 °C - 650 °C), so the first approach was
to investigate Mn doping limits of GaAs in this HT range [Gas 2013], [Kasama 2015].

It was observed that Mn does not deteriorate the growth of GaAs NWs, even with
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quite high Mn/Ga flux ratio of about 3 %. This is in contrast with attempts of the MBE
growth of GaAs layers exposed to Mn flux at similar HT growth conditions, always
leading to surface segregation of MnAs nanocrystals inhibiting further 2D layer-by-
layer growth [Ohno 1998]. Nevertheless, it has been verified that at high growth
temperatures, Mn can be incorporated into GaAs NWs host only at doping levels
(below 10" cm3) [Gas 2013]. The preferential growth direction of such NWs is <111>
revealing hexagonal cross-section with a catalyst on the top [Gas 2013]. Mn solubility
limits in the GaAs lattice can be increased at non-equilibrium growth conditions by
LT-MBE [Ohno 1998]. LT growth of NWs at about 350°C, only slightly higher than the
temperature used to grow (Ga,Mn)As layers was investigated by my supervisor earlier
[Sadowski 2007]. However, LT is deteriorating the growth of GaAs NWs. Such LT-
grown NWs have irregular shapes and orientations, they are strongly tapered,
branched and have low crystalline quality [Sadowski 2007]. Although the Mn
concentration in the LT-grown (Ga,Mn)As NWs is higher than in the NWs grown at HT,
it is (probably) still below the limit of 1 st. %, which is required to support the FM
state. Furthermore, the growth temperature higher than 300 °C already enhances
the segregation of MnAs nanoparticles/clusters (with ferromagnetic or
superparamagnetic properties), which makes the analysis of magnetic properties of

these NWs very complicated.

The most recent method to achieve high Mn concentration in GaAs:Mn NWs is to
combine the advantages of aforementioned HT and LT MBE growth modes. NWs
prepared in the two-stage method have the form of radial core-shell
heterostructures, with primary Ill-As cores grown at HT followed by (Ga,Mn)As shells
grown at LT. Limited number of attempts to manufacture such core-shell NWs with
pure ZB GaAs cores, by MBE, have been reported previously [Rudolph 2009], [Yu 2013].
The enhanced magnetic response below 20 K was observed, which combined with
recent theoretical predictions of an increase of Tc for (Ga,Mn)As NWs crystallizing in
wurtzite structure [Galicka 2011], [Galicka, Kacman 2013], [Galicka, Shtrikman 2013]

served as a stimulus for further experimental research.



Chapter 1 INTRODUCTION
1 —

1.3 Properties of IlI-V DFS

1.3.1 General features of ferromagnetic state in DFS
Mn concentrations higher than 1 st. % in (Ga,Mn)As solid solution are prerequisite to
reach the paramagnetic-to-ferromagnetic phase transition. Mn ions partially
substituting Ga in the GaAs host play a double role - they provide randomly localized
spins (due to the half-filled inner 3d electronic level with a total spin of 5/2) as well
as free conducting holes (Mn with 4s? outermost shell substitutes Ga3* in covalently
bonded GaAs) mediating the long-range ferromagnetic interactions in DFS (Figure
1.1). Well before the “birth” of IlI-V DFS [1992, 1996 for (In,Mn)As and (Ga,Mn)As,
respectively] the Mn doped II-VI semiconductors had been extensively investigated.
They belong to the class of DMS materials, in which sp-d exchange, i.e. interactions
between sp band electrons of II-VI semiconductor and localized 3d electrons of Mn
ions strongly modify (enhance) the electronic, optical, magnetic (and other)
propertiers [Gatazka 1978], [Gaj 1978], [Furdyna 1982], [Furdyna 1988]. Later on
also in some of these DMS materials, namely heavily p-type doped (Cd,Mn)Te [Haury
1997] and (Zn,Mn)Te [Ferrand 2001], a low temperature ferromagnetic phase
transition with Tc depending on p has been reached. A decade earlier the LT FM
phase transition with Tc related to the hole concentration has been reported for
(Pb,Sn,Mn)Te bulk crystals [Story 1986 and much later for another IV-Mn-VI
semiconductor, namely (Ge,Mn)Te MBE layers [Fukuma 2003]. For the
aforementioned materials (II-Mn-VI and IV-Mn-VI DFS) the low temperature
ferromagnetic phase is attributed to Ruderman-Kittel-Kasuya-Yosida (RKKY)
exchange coupling between localized spins (Mn ions) and free carriers (valence band
holes) [Story 1986], [Haury 1997]. In the RKKY model, the sign of the interaction
between localized moments oscillates depending on the distance between them and
on concentration of carriers. In llI-Mn-V DFS, the concentration of magnetic ions is
significantly higher than that of the free carriers. In consequence, the period of RKKY
oscillations is larger than the mean distance between localized spins, and the RKKY
interaction is mostly FM. In such a case, the system can be described by mean-field
Zener model [Dietl, Ohno 2014]. This model has been sucessfully applied to describe
magnetic properties of zinc-blende DFS such as (Ga,Mn)As and (Zn,Mn)Te [Dietl 2001,
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Ferrand 2001]; e.g. the magnetic anisotropy and Curie temperature dependence on
Mn content and valence band holes density have been derived and agree well with
the experimental results. Even though other above mentioned DFS materials have
been synthesised, (Ga,Mn)As DFS has attracted most of attention of the reseach
community over the last two decades. This is due to the relatively high Tc (nowadays
close to 200 K [Chen 2011]) and commercial applications/availability of GaAs-based
optoelectronic devices. Moreover, in contrast to IV-Mn-VI and II-Mn-VI DFS, where Mn
is an isoelectronic impurity, in (Ga,Mn)As Mn is a shellow acceptor, providing huge
concentrations of valence band holes at Mn concentrations in the percentage range.
One of the consequences of that is high Tc of (Ga,Mn)As, much higher than that of
[I-Mn-VI and IV-Mn-VI (except (Ge,Mn)Te) DFSs. However, due to the low growth
temperature (Tg) (Ga,Mn)As contains significant amount of point defects (mainly As
antisites and Mn interstitials, as shown in Figure 1.1), which have donor character
(both defects are double donors). These defects are partially compensating Mnga
acceptors, thus lowering concentration of holes which changes (deteriorates in the
sense of T¢) the magnetic properties. It is discussed more in the next part how to
minimize their concentrations and, in consequence, how to optimize the magnetic

properties of (Ga,Mn)As.
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Figure 1.1. (a) spin orientation in half-filled 3d shell of Mn ion according to Hund’s
rules. b) fcc zinc blende unit cell of (Ga,Mn)As grown at LT showing the lattice
structure and defects like substitutional (Mnga), interstitial (Mn;) Mn, and arsenic
antisite (Asca).
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1.3.2 LT grown GaAs and (Ga,Mn)As cases

MBE is a versatile method for deposition of layered structures of such materials as
semiconductors, metals, and organics. Use of the ultraclean, highly controllable MBE
technology enabled pioneering creation of thin film heterostructures, remote
doping, high carriers’ mobility structures, semiconductor lasers, radiation detectors,
and many others. Moreover, Nobel prize winning discoveries in condensed matter
physics, such as tunnelling phenomena in semiconductors, quantum fluid with
fractionally charged excitations, fractional quantum Hall effect - all share one - use
of a vacuum growth chamber of the MBE system for the sample preparation [McCray
2007].

Manufacture of FM (Ga,Mn)As with required Mn concentration and hole density is
challenging as Mn solubility in GaAs at equilibrium growth conditions is very low. Due
to that, bulk crystals of GaAs:Mn can be obtained only at doping limit. Two decades
ago it was reported (by Ohno et. al.), that using a highly non-equilibrium growth
technique i.e. LT MBE growth, the (Ga,Mn)As layers at Mn dilution level of 1 st. % -
7 st. % (equivalent hole densities provided a 100 % doping efficiency of Mnga, would
be in the range 2.2x10%° cm3 - 1.5%x10%' cm-3) can be grown [Ohno 1996]. High quality
GaAs is grown at about 600 °C, whereas LT-GaAs and (Ga,Mn)As - below 300 °C. This
has an impact on the crystalline quality of LT grown layers, since ad-atoms are less
mobile on the LT growth surface and can be embedded in the non-equilibrium

positions (such as antisite or interstitial) in the lattice of the growing crystal.

Most important defects occurring in LT-GaAs are As antisites (Asgca maximal
concentration 0.5 at. %) and Mn interstitial (Mn, up to 20 % of a total Mn content).
Both of them are double donors - effectively compensating part of the holes
introduced by substitutional Mn acceptors (Mnga). The first one also deteriorates
optical properties of GaAs, since it introduces trap levels located in the middle of
the GaAs host energy gap. The second one can be located in the vicinity of Mnga and
in such a case it couples antiferromagnetically to substitutional Mn excluding part of
Mnga ions from contributing to the FM phase. Indeed, such a situation is energetically
favourable since Mnga and Mn; have opposite electric charges [Blinowski 2003]. Mn,

has also a prevailing influence on the increase of the (Ga,Mn)As lattice parameter.
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Briefly, both Asca and Mn; are highly undesirable. Depending on the growth conditions
and Mn content, the (Ga,Mn)As layers can be metallic or insulating. The simplified
diagram describing the (Ga,Mn)As MBE growth is shown in Figure 1.2.
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Figure 1.2. Optimal growth temperature (from pyrometer) for (Ga,Mn)As layers of
highest Mn concentration and lowest defect level. Reproduced from [Sadowski 2008].

The optimum growth temperature of (Ga,Mn)As is slightly below the MnAs
segregation line. Too low Ty increases concentration of As antisites, while higher T,
leads to formation of MnAs inclusions. MnAs is unwanted as it forms surface islands
rendering further the 2D (layer by layer) growth impossible. Moreover MnAs is a FM
metal with T¢ around 310 K, thus its presence at the (Ga,Mn)As surface contributes

to the magnetic characteristics of the sample.

1.3.3 Curie temperature (T¢)

“valence band model” and “impurity band models” of FM in (Ga,Mn)As

It should be noted that within the community of DMS, it is still not well established
if Mn induced impurity band is merged with or separated from the valence band of
the GaAs host. In the former case, the significant effects of Mn on the band structure
are typically included only within a mean field, virtual crystal approach. The latter
models consider the Fermi level to be located within an impurity band, which is

separated from the valence band, with either p- or d-orbital character.

11



Chapter 1 INTRODUCTION
1 —

However, a clear separation of valence and impurity bands is not observed
experimentally, except possibly at low Mn concentrations [Keavney 2003],
[Kobayashi 2014]. Both types of models may offer some predictive power,
particularly for showing trends in Tc and electrical/magnetic properties, but the

limitations should be carefully considered in each case [Edmonds 2015].
Critical temperature

FM phase in DFS is well described by Zener model [Dietl 2000], [Dietl 2001]. It is
equivalent to RKKY model in the case of semiconductors. This model allows
determining correctly the FM transition temperature for (In,Mn)As, (In,Mn)Sb,
(Zn,Mn)Te, (Ga,Mn)As.

The hole mediated mean field model (virtual crystal approach) is only valid when the
Mn states are hybrydized with the valence band. In this approach the paramagnetic
to ferromagnetic phase transition also known as critical temperature (Tc) in
(Ga,Mn)As mainly depends on such factors: concentrations - Xxefr - active
substitutional Mnga and p - active holes: Tc~xq¢ X p'/3, where p = XMng, — 2(Xmn,
Xasg,). The formula indicates requirements for high Tc: the concentration of
substitutional Mnga should be as high as possible and interstitial Mn; as low as
possible. From the second formula, the highest p concentration is obtained for high
concentration of substitutional Mnga and low concentration of defects (Asca, Mn)).
The price for increasing substitutional Mnga is the need to decrease T; which results
in increase of Asga defect concentration. Apparently both requirements are in
contradiction, which leads to an optimum maximum concentration of around 12 st.
% of Mn. Mn concentration higher than 10 % can be obtained only for very thin layers
(2D growth) as further growth realizes in appearance of unwanted MnAs islands (3D

growth).

1.3.4 Coupling (Exchange interactions)
Any model used to describe the origin of FM of DFS needs to consider the relevant
magnetic interactions. Weak strength of a direct dipole-dipole interaction does not
allow explaining electrons spin interactions [Ashcroft 1976]. The origin of FM is due

to the interplay between spin degree of freedom, Hund’s rules (repulsive Coulomb
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interactions between electrons, Pauli Exclusion Principle precluding two electrons
with the same spin to appear in a given quantum state) and the Fermi statistics
[Jungwirth 2006].

In the absence of carriers, the spins of magnetic ions can be coupled by
superexchange mechanism. The sp-d Zener or RKKY mechanism is responsible for
carrier-mediated spin-spin coupling of partly occupied conduction or valence sp
bands in extrinsic semiconductors or metals. Appearance of electrons or holes from
non-isovalent doping of magnetic insulator can lead to double-exchange coupling
mechanism. Sufficiently large overlap between d wave functions in itinerant carrier

system can cause domination of Stoner-like mechanism [Bonanni 2010].

Relations between exchange interactions are shown in Figure 1.3. Superexchange
and double exchange interactions describe DMS being on insulating side, while the

RKKY/sp-d Zener models describe DMS with metallic character.
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Figure 1.3. Comparison of exchange interactions. The solid (dashed) lines represent
the main (enlarged) region of application. Adopted from [Duan 2005].

1.3.5 Anisotropies

Magnetic anisotropy fields belong to basic micromagnetic parameters of a

ferromagnet.

A large scatter of experimental results concerning micro magnetic parameters of
(Ga,Mn)As found in literature reveals the growth issues related to disorder. As

already mentioned in the paragraph 1.3.2, the concentration of donor-like defects,
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compensating Mnga acceptors is hard to control and strongly depends on the MBE
growth conditions. This scatter also reflects the possibility to tune intrinsic
properties of (Ga,Mn)As by varying growth temperature, hole and Mn densities,

orientation or type of substrate on which the (Ga,Mn)As layer is deposited.

The anisotropy fields are related to the energy required to coherently rotate
magnetic moments of the entire ferromagnet. They can be determined from external
magnetic fields required to reorient the magnetisation of a ferromagnetic sample in
magnetization or magneto-transport measurements, or from the field dependent
resonant frequencies in magnetization dynamics experiments [Khazen 2008], [Zemen
2009], [Wang 2005], [Liu 2006].

Magnetic anisotropy constant (K) or in other words volume anisotropy energy density
determines energy required to align magnetic moments from the easy axis to the
hard one. Reproducible and systematic trends of magnetic anisotropy (K) for
optimally and consistently synthesized (in the sense of maximum T¢, e.g. minimum
compensation for given Mnga content) series of bare (Ga,Mn)As epilayers on

GaAs(001) substrate are shown in Figure 1.4 a [Nemec 2013].
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Figure 1.4. (a) Dependence of magnetic anisotropy constants on nominal Mn doping
at 15 K. Ky, K¢, Kout uniaxial, cubic, out of plane anisotropic constants respectively.
Adopted from [Nemec et al., 2013]. Visualisation of strain effects: (b) (Ga,Mn)As layer
under biaxial compressive in-plane strain, (c) (Ga,Mn)As layer under biaxial tensile in-
plane strain. Magnetization is in red, shape anisotropy - blue.

Magnetic anisotropy in (Ga,Mn)As(001) layers consists of three components: two

acting in plane and one out of epitaxial layer plane. The out of plane component Kout
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is a sum of a thin-film shape anisotropy, magneto crystalline anisotropy due to the
strain caused by the lattice mismatch between the substrate and the layer. When
(Ga,Mn)As layer is grown on the GaAs substrate, the epilayer is under compressive
strain and Kout favours magnetisation to lie in plane for most of the Mn doping range
and high concentration of holes (see Figure 1.4 (a), (b)). However, the epitaxial
strain can be changed from compressive to tensile by using a substrate or relaxed
epilayer with the lattice parameter slightly larger than that of (Ga,Mn)As, e.g.
(In,Ga)As substrate or (In,Ga)As buffer layer. To impose the compressive stain in the
(Ga,Mn)As epilayer grown on relaxed (In,Ga)As buffer, the concentration of In should
slightly exceed concentration of Mnga, since both Mn and In increase the lattice
parameter of resulting ternary alloy [(Ga,Mn)As and (In,Ga)As, respectively] in the
similar way. Below T¢, tensile strain in the (Ga,Mn)As forces Kout to flip sign (with
respect to the compressive strain case) and the film turns into an out of plane
ferromagnet [Abolfath 2001], [Dietl 2001], [Yamanouchi 2004], [Rushforth 2008],
[Cubukcu 2010].

The cubic ZB crystal structure of the semiconductor is mirrored in cubic
magnetocrystalline anisotropy Kc. Additional uniaxial anisotropy component Ky along
diagonal in plane occurs [Kopecky 2011], [Mankovsky 2011], [Birowska 2012]. Its origin
is still debated. There are suggestions that it is due to some anisotropy in Mn
distribution in (Ga,Mn)As ternary alloy caused by the anisotropy of (Ga,Mn)As surface
during the MBE growth [Birowska 2012]. Another explanation point on the presence
of very diluted stacking fault defects in (Ga,Mn)As epilayers [Kopecky 2011]. There
is also an alternative hypothesis stressing the inherent anisotropy of the (Ga,Mn)As
surface, i.e. the presence of ripples oriented along [110] direction of (Ga,Mn)As(001)
surface, which can possibly be inherited by the layer below in form of slight

structural anisotropy [Piano 2011].

The magnitudes of the anisotropy constants K¢, K. of in-plane magnetized (Ga,Mn)As
layers depend on Mn concentration, and temperature. At low Mn doping, the cubic
anisotropy, K. dominates and the easy magnetisation axis aligns along the main
crystal axes [100] or [010]. At moderate Mn doping the magnitudes of K., Ky are

comparable, the two equilibrium easy axes are tilted towards the [110] direction,
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but fluctuate in temperature as ratio K./Ky decreases with temperature [Wang 2005].
The origin of the magnetocrystalline anisotropies is the spin-orbit coupling of the
valence band holes mediating the ferromagnetic Mn-Mn coupling [Zemen 2009],
[Jungwirth 2014].

Typical values of anisotropic constant K for (Ga,Mn)As in plane - out of plane
configurations are in the ranges between 5000 erg/cm3 to 50000 erg/cm? (500 J/m3
- 5000 J/m3) [Slupinski 2002], [Sawicki 2006].

Shape anisotropy

When the magnetization M inside a ferromagnetic body meets the surface, it has to
stop suddenly. This situation realizes in creation of magnetic monopoles on the
surface acting as sources of demagnetizing field inside an object and magnetic field
outside. The demagnetizing field can be an extremely complicated function of
position for a ferromagnet of arbitrary shape. A simple form is obtained for
ellipsoidal ferromagnet, where demagnetizing field Hq is uniform [Blundel 2003],
[Szewczyk 2012]. For the long cylindrical rod parallel to z, the demagnetizing tensor
has the lowest component along z direction, resulting in magnetisation to align along
the rod even in absence of magnetocrystalline anisotropy. This effect is known as
shape anisotropy, since an easy magnetisation axis is created due to the shape. In
the case of magnetic nanowire, it is expected to observe the easy magnetisation axis

along the NW. In the case of magnetic layer, the easy axis should be found in plane.

1.4 Nanowire heterostructures

1.4.1 Crystal structures of Si and GaAs
In this work, two different substrates are exploited for growing NWs: either Si or
GaAs. Si has four valence electrons in outermost orbital and creates tetrahedrally
coordinated covalent bonds. Si crystallizes in the diamond crystal structure (fcc).
GaAs consists of elements from IlI-V groups of periodic table and in tetrahedrally
arranged compound, each atom makes 4 covalent bonds. In the bulk form, GaAs

crystallizes in the sphalerite (ZB) phase. It is also possible to describe both structures
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by hexagonal unit cell by so-called surface hexagonal coordinate system. This system

is useful in description of different polytypes [Feidenhans’l 1989].

The lack of centre of inversion in GaAs unit cell results in polar surfaces of (111) and
(111), meaning that along space diagonal of the cubic cell (the [111] direction)
surface can terminate in two arrangements: by group Ill atom (Ga) or by group V
atom (As). To distinguish both cases, the planes are labelled as GaAs(111)A and
GaAs(111)B respectively. NW growth on both surfaces is possible. The influence of

GaAs substrate orientation on the NW growth is discussed later.

1.4.2 Zinc-blende-wurtzite polytypism
Under ambient conditions bulk semiconductors such as arsenides, phosphides, and
antimonides of aluminium, gallium, and indium occur in the cubic zinc-blende (ZB,
3C) crystal structure with the space group 215/F43m (TZ). Highly anisotropic needle-
like crystals such as NWs tend to grow in [111] direction of ZB structure.
Tetrahedrally coordinated ZB GaAs in the body diagonal direction possess a fixed
stacking ABCABC... . Each of the letters A, B, C corresponds to a bilayer of atoms,
each consisting of an anion and a cation layer. The periodicity is defined by three
bilayers (ABC). However, when GaAs is manufactured in the geometrical form of NW,
the studies of crystalline structure show deviancies from the bulk counterpart - a
high amount of twin-plane defects along body-diagonal growth direction [111] occur
[Mikkelsen 2004], [Johansson 2006], [Wacaser 2006]. The formation energy for a twin
plane can be very small, hence the faults are difficult to avoid even in bulk crystals
grown from the melt [Wacaser 2006]. Moreover, former growth experiments of
freestanding GaAs wires revealed that the manipulation of growth temperature could
lead to the formation of the hexagonal wurtzite (W, 2H) structure with space group
186/P63mc (Cg,) [Hiruma 1993], where the atoms are still tetrahedrally coordinated.
NWs of W structure grow along hexagonal c-axis parallel to [0001]. In this direction,
W GaAs possesses a fixed stacking sequence ABAB..., because of tetrahedra bond
rotation by 60°. The periodicity is reached after two bilayers (AB). The W and ZB
crystal structures share some similarities in terms of atomic arrangements. In both

cases, each atom forms four bonds with the nearest neighbours, and it is only the
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third nearest neighbour, which distinguishes the crystal structures with tetrahedrally

bonded atoms.

Not only growth temperature, but also IlI-V NW surface of facets shows influence of
ZB/W energetic stability in theoretical and experimental studies [Hilner 2008],
[Leitsmann 2007]. Moreover, nucleation processes and growth kinetics further
influence the atomic arrangement of freestanding 1D objects [Biermanns 2011], [Dick
2010]. In recent years, considerable progress has been achieved in growing structures
of pure ZB or W as well as regions of intermixing through stacking faults [Dick, Caroff
2010], [Shtrikman 2008]. Recent developments of aberration corrected TEM setups
enable thorough investigations of NWs, hence fluctuating stacking was found and
some ordered structures identified with such stacking sequence’s: 4H (ABCB... )
[Soshnikov 2008] or even 6H (ABCACB...) [Mariager 2007] in GaAs and other IlI-V NWs.

Stacking faults

A close packed lattice and the close packed planes are under consideration in a
simple model of perfect spheres (a sphere resembles bilayer) as shown in Figure 1.5.
This could lead to various stacking sequences and could even initiate a change in the
crystal structure. ZB and three most typical hexagonal crystal structure stacking
sequences are shown in Figure 1.5. These are so called polytypes [Kackell 1994].
Here the stacking sequence is alternating only in one direction as in IlI-V NWs along
the [111] growth direction, while keeping bilayers unmodified [Shtrikman 2009],
[Kriegner 2011].
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