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Abstract
Main aim of this thesis is to ‘bring the colors’ to one of the most intensively studied
compounds of the dilute magnetic semiconductor (DMS) class – (Ga,Mn)As, here, with
unconventional addition of heavy Bi atoms, creating a new quaternary alloy –
(Ga,Mn)(Bi,As). Taking all those years of theory and experiments behind original ternary
DMS as a reference point in the investigation of this new material, one can reveal its
potential, in particular, in magnetic and magneto-transport areas. The most important
consequence of the thesis is an increased spin-orbit coupling that comes with the addition of
Bi, which manifests itself as increased coercivity, but preserved general resistance behavior,
induced by anisotropic magnetoresistance apparent in magneto-transport measurements
performed in weak magnetic fields.
Here, I’d like to present analyses of a range of (Ga,Mn)As and (Ga,Mn)(Bi,As) thin
layers: with different thickness, dopant concentration, buffer and strain. In the beginning I’d
like to convince that this material, despite having a complex composition, has a high quality
crystalline structure with low defects concentration and homogeneous distribution of the
components; for this purpose high-resolution X-ray diffractometry, secondary ion mass
spectroscopy, transmission electron microscopy and Raman spectroscopy were used.
Magnetic properties were investigated by magneto-optic Kerr effect, superconducting
quantum interference device magnetometry and muon spin relaxation spectroscopy, yielding a
detailed analysis of homogeneous magnetic structure and relatively high Curie temperatures.
All techniques showed that even 1% of Bi can lower the magnetic transition temperature by
up to 20%, but it doesn’t change the magneto-crystalline anisotropy with easy axes along the
in-plane cubic <100> crystallographic directions at the liquid helium temperature for
compressively strained layers and perpendicular anisotropy with easy axis along the out-ofplane [001] orientation for tensile-strained layers. Finally, low-temperature magneto-transport
experiments in weak (± 0.1 T) and strong (± 13 T) fields showed much higher
magnetoresistance, increase of coercive and anisotropy fields and overall higher resistance
upon Bi addition. Spin-orbit coupling influence was estimated with the weak localization
(WL) 2D quantum correction. I hope that presented results will contribute to both spintronic
magneto-memory device concepts, with an enhanced outcome resistance signal, and to the
understanding of the spin-scattering-induced quantum effects in the presence of magnetic
field.
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Streszczenie
Głównym celem mojej rozprawy doktorskiej jest wzbogacenie i rozszerzenie wiedzy
dotyczącej jednego z najintensywniej badanych związków z klasy rozcieńczonych
półprzewodników magnetycznych – (Ga,Mn)As, który, z niekonwencjonalną domieszką
ciężkich atomów Bi, tworzy nowy związek poczwórny – (Ga,Mn)(Bi,As). Na podstawie
istniejącej szerokiej wiedzy eksperymentalnej i teoretycznej dotyczącej półprzewodników
ferromagnetycznych, która posłużyła jako punkt odniesienia w badaniu nowego materiału,
możemy odkryć jego potencjał, skupiając się na badaniach właściwości magnetycznych i
magneto-transportowych. Najważniejszym wynikiem rozprawy doktorskiej jest ujawnienie
zwiększonej siły sprzężenia spin-orbita wywołanej dodaniem atomów Bi, która skutkuje
zwiększonym polem koercji warstw przy zachowaniu ich podstawowych właściwości, a w
szczególności, anizotropii magneto-krystalicznej dominującej w niskotemperaturowych
pomiarach magneto-transportowych w słabych polach magnetycznych.
Wszystkie badania przeprowadzone były na szeregu cienkich warstw (Ga,Mn)As i
(Ga,Mn)(Bi,As) o różnej grubości, koncentracji domieszek (Mn i Bi), buforze i naprężeniach.
Wyniki badań metodami wysokorozdzielczej dyfraktometrii rentgenowskiej, spektroskopii
masowej jonów wtórnych, transmisyjnej mikroskopii elektronowej i spektroskopii Ramana
pokazują, że (Ga,Mn)(Bi,As), pomimo złożonej struktury, ma wysoką jakość strukturalną o
niskiej koncentracji defektów i jednorodnym rozkładzie składników. Właściwości
magnetyczne warstw badane były za pomocą magnetometrii magneto-optycznego efektu
Kerra, magnetometrii SQUID i spektroskopii relaksacji spinowej mionów, które umożliwiły
szczegółową

analizę

anizotropii

magneto-krystalicznej

i

jednorodności

struktury

magnetycznej oraz wyznaczenie stosunkowo wysokich temperatur Curie. Uzyskane wyniki
pokazały, że dodanie już 1% Bi może obniżyć nawet o 20% temperaturę fazowego przejścia
magnetycznego, ale zachowuje anizotropię magneto-krystaliczną, z łatwą osią magnetyczną w
płaszczyźnie warstwy, wzdłuż kubicznych kierunków krystalograficznych <100> w
temperaturze ciekłego helu, dla warstw hodowanych w warunkach naprężeń ściskających,
oraz prostopadłą anizotropią z łatwą osią wzdłuż kierunku [001] dla warstw hodowanych w
warunkach naprężeń rozciągających. Pomiary magneto-transportowe w niskich temperaturach
w słabych (± 0.1 T) i silnych (± 13 T) polach magnetycznych pokazały znacznie zwiększony
~5~

magneto-opór warstw oraz wzrost ich pola koercji i pola anizotropii w wyniku dodania
atomów Bi. Wpływ siły sprzężenia spin-orbita oszacowano w modelu kwantowej słabej
lokalizacji dla dwuwymiarowych warstw ferromagnetycznych.
Mam nadzieję, że przedstawione wyniki rozprawy przyczynią się zarówno do rozwoju
nowych koncepcji spintronicznych elementów pamięci magnetycznych jak i do zrozumienia
zjawisk

kwantowych

indukowanych

rozpraszaniem

magnetycznego.
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Introduction
We’re living in the age of technology – surrounded by a high-tech that monitors our
heartbeat since the moment we’re born till the very last breath. Our memories are stored in the
silicon memory chips, current medium of wealth storage/exchange is predominated by plastic
cards with iron-based particles on magnetic stripes, everyday social interaction to reach for
friends in different city, country and space investigation programs to find life on other planets
– all of this is a result of constant improvement, horizon broadening and merge of formal,
physical and applied sciences. Mathematics and statistics provide unified descriptive tools,
natural sciences let us peak into the nature of phenomena and develop information about
them, while engineering applies that knowledge into practical applications, improving stateof-the-art technology.
A good example of such an interdisciplinary fuse is electronics – a relatively young
field that solved problem with digital information processing and amplification of weak
signals with a strong help from the solid-state physics. Most modern components and circuits
are the result of revolutionary invention of the first transistor by Julius Edgar Lilienfield
(1925 – field-effect transistor, FET, concept patent) and John Bardeeen, Walter Brattain,
William Shockley (1947 – practically implemented point-contact transistor). Despite grim
attitude of Wolfgang Pauli toward semiconductor’s material, smart choice of silicon instead of
germanium, continuous optimization of stacking and cost-effective production has been
reflected in Moore’s law, allowing it to reach the lithography size of 10 nm for commercial
production today, 5 nm – in a nearest future [1] and even 1 nm in a verified concept [2],
though breaking some of the predictions of 7-nm limit.
Alongside many prominent scientists, Adam Brand of Applied Materials in 2013 [3]
estimated that conventional Si or SiGe will take electronics up to 7 nm, but showed doubt in
further technology advancing with this semiconductor. Advanced lithography and topology
approach like Gate All Around (GAA) FETs or vertical tunneling FETs (TFETs) allows for
shorter gates and lower voltages, large-surface FinFET mitigates the effects of quantum
tunneling for now, pushing the draining time for silicon-based electronics further after 2021,
according to the final International Technology Roadmap for Semiconductors (ITRS) [4]. In
other words, most of the world’s major edge logic-manufacturing companies foresee that
despite all the efforts, modern transistor technology, an engine of electronics, will stagnate in
further improving because of the thermal ceiling and because eventually laws of the quantum
physics will catch up and won’t be cost valuable for mass production. Extreme ultraviolet
lithography (EUV) with high-energy ultraviolet radiation, spanning waves of expected
~ 12 ~
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13,5 nm, could be a possible solution to still produce 5 nm silicon chip, as presented by
Samsung, IBM and Global Foundries in 2017 [5].
First alarms were risen when from 20 leading semiconductor companies in early 2000
up until now only four are feeling stable enough to experiment with new technologies and go
beyond 16-10 nm Rubicon – Samsung, Global Foundaries that now owns the IBM factories,
TSMC and, of course, Intel. While gaining success in transistor packaging, they are still
looking elsewhere for long-term plans. That’s why in 2014 almost 3 billion of dollars in IBM
only was dedicated to push new materials that can take us even further, like ferromagnetic
semiconductors, carbon nanotubes, organic materials, etc.
To overcome a gap, creating a bridge between modern and future concepts, solution
should be innovative with a long-term potential, but although realistic enough to be
implemented without drastic change of the production core and substitution existing tech. In
the light of the above-mentioned, alternative choice of semiconductor appeals as promising.
Let’s look, for example, at the second most used material after silicon – germanium.
Historically predominant during the first decade of semiconductor electronics, it’s now
produced in a proportion of 1/50 [6] in comparison to Si for nanowires production, light
emitting diodes (LEDs), solar cell application, fiber optics, etc. Despite having advantages
like higher concentration of free electrons at a room temperature and more prominent
conductivity, high temperature limitations and price were enough to remove Ge from the
market in a favor of Si.
For satellite communications, high-frequency systems, integrated circuits substrates, is
used yet another quite remarkable semiconductor – III-V direct bandgap compound of gallium
and arsenide. Higher mobility, resistivity, dielectric constant and saturated electron velocity,
relative insensitivity to high temperatures and efficient light emission makes it a very
attractive, but only for the niche manufacture because of the expensive cost.
So, in order to claim place in the market, a potential material should prove to be
convenient enough with a potential larger than modern semiconductors to compete. For
example, solemnly GaAs, despite having superior electron mobility, that open the pass for
smaller transistors with lower power consumption and increased performance efficiency, is
just not enough for future investments. But doped with manganese, the semiconductor gains
control over the additional degree of freedom – electron’s intrinsic angular momentum – spin.
Possibility to combine the best of two worlds is an intriguing option: have a flexible
way of material’s properties manipulation through band-gap engineering, long spin lifetime
and possibility of electrical gating as semiconductor’s legacy together with magnetismstemmed non-volatile memory, fast switching, high operating speed, etc.
~ 13 ~
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Separately, each of these fields found its application in today’s electronics. Giant
magnetoresistance and tunneling magnetoresistance in metal-based devices, as a result of spin
tunneling between ferromagnetic plates with an insulating thin layer in the middle, are
commonly found in hard drives systems of modern computers, greatly contributing to data
storage capacity.
While being on an early development stage, semiconductors with spin-based
functionalities are gained much attention [7, 8, 9]. In addition to write/read non-volatile
processes through magnetism, such devices open a pass to preserve coherent spin states in
solid, enabling quantum computing.

~ 14 ~

Chapter 1: Literature review &
the highlights of the crucial facts
First generation of magnetic semiconductors have been around since 1960’s, however
third generation with spin-controlled semiconductor devices based on (Ga,Mn)As appeared
closer to 1990’s and instantaneously gain a lot of attention, remaining quite topical event
today. Among many renown papers, in a historical scale, that’ve largely contributed to the
material’s potential research, was work by Hideo Ohno from 1998 – "Making Nonmagnetic
Semiconductors Ferromagnetic" [10] that raised the question of doping to improve the Curie
temperature (TC). To overcome poor manganese solubility and component’s segregation
during molecular beam epitaxy (MBE) growth in standard for GaAs temperatures TG
(deviating around 600°C), authors offered to lower TG range (~250°C) to achieve up to 12%
of Mn in GaAs, thus increase holes concentration and transition temperature to 110 K.
H. Ohno also suggests that Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction is most
likely responsible for the appearance of ferromagnetism in (Ga,Mn)As, based on the
determination of the p-d exchange between holes and Mn 3d spins. This statement is more
widely highlighted in his collaborative work with F. Matsukura, A. Shen and Y. Sugawara
[11]. Additionally, a concept of a multilayer heterostructure like a resonant tunneling diode
(RTDs) based on the spin-dependent resonant tunneling effect was introduced, which was
important to show a potential of (Ga,Mn)As not only for physics phenomena investigation,
but for developing new functionality toward future electronics.
A year later a more detailed insight was given to electrical spin injection in a
ferromagnetic heterostructure [12], in particular – all-semiconductor, light-emitting spintronic
devices using III-V GaAs-based heterostructures, that showed perspectives of integration of
nonvolatile storage and logic and electrical control of magnetization. An interesting approach
was taken to perform an electrical spin injection in the absence of magnetic field and, later on,
to carry hole spin polarization for >200 nm distances in a forward biased p-n junction
structure, as showed in electroluminescence polarization measurements.
Hole-induced gateable ferromagnetism in magnetic semiconductor (In,Mn)As FETs is
discussed in the article of H. Ohno, et al. [13], pinpointing electric-field control of
ferromagnetism in a thin-film semiconducting alloy. By applying electric fields, thus
externally controlling, they were able to take control over the transition temperature of holeinduced ferromagnetism. Such a manipulation would be very advantageous for spintronics
and magnetoelectronics.
~ 15 ~
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In early 2000, a further push in material’s magnetic utilities was made, bringing into
light domain wall (DW) mechanics, their shape and size in particular, well-rounded in the
work of T. Fukumura [14]. A superconducting quantum-interference device (SQUID)
magnetometry experiments and a scanning Hall probe microscopy at low temperatures were
performed on (Ga,Mn)As/GaAs(001) (Mn = 4.7%) and (Ga,Mn)As/(In,Ga)As/GaAs (001)
(Mn = 4.7%, In = 16%) of 1 µm and 0.2 µm thick respectively, that were grown epitaxially
using molecular-beam epitaxy. Tensile strained films with perpendicular magnetization
domains have conventional for ferromagnetic materials maze arrangement, while
compressively strained films with in-plane magnetization show rather random domain pattern.

Figure 1.1: Experimental (symbols) and computed values (lines) for the ratio of
reorientation and Curie temperature in (Ga,Mn)As as a function of the hole concentration,
showing both the perpendicular to the in-plane magnetic anisotropy transition (solid lines) an
in-plane easy axes reorientations (dashed lines); x denotes the respective Mn concentration
and ɛxx is biaxial in-plane strain. Intellectual property of Sawicki et al. [15].

An insight on temperature dependent magnetic anisotropy in (Ga,Mn)As/GaAs (001)
(Mn = 3%, 5.3%) 400 nm thick layers was given by M. Sawicki in collaboration with
F. Matsukura, T. Dietl et al. [15]. Samples with low hole concentration before and after
annealing were subjected to temperature- and field-dependent SQUID magnetometry
measurements. Easy magnetization axes, as shown in the paper, may flip from perpendicular
orientation to the in-plane one at some point (reorientation temperature, TR) with increased
temperature as remnant magnetization component for the perpendicular arrangement, HFC ||
[001], becomes tenfold larger than the parallel one, HFC || [100]. Magnetization in
temperature-dependent analysis is also drastically influenced by a long-time low-temperature
(lower than TG) annealing, that increases the hole concentration by affecting the relative
~ 16 ~
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population of the light and heavy holes subbands. Dependence of the TR / TC ratio on the hole
concentration for theoretical and experimental data is well-summarized in Fig. 1.1.
Presented studies reflect the theory of magnetic anisotropy and magnetic domains,
specifically in (Ga,Mn)As [16], and in a generalized case of DMS [17]. In particular,
dependence of spin anisotropy of the valence band subbands (heavy hole with total angular
momentum quantum number jz = ± 3/2 and light hole with jz = ± 1/2) on the lattice strain is
discussed, whereas, their population and splitting is driven by applied magnetic field and
temperature. Moreover, as the authors state, typically a 30% contribution to TC originates
from interband polarization (the Bloembergen-Rowland mechanism) involving mentioned
subbands. More on the theory of magnetism and p-d Zener model will be discussed in further
CHAPTER 4: Theory and experiment behind the magnetism.
Magnetic domain propagation and magnetization reorientation of 300 nm thick asgrown (Ga,Mn)As/GaAs (001) (Mn = 3%) was investigated in the work of U. Welp et al. [18]
by magneto-optical Kerr effect. In-plane anisotropy with biaxial easy magnetic axes parallel
to <100> crystallographic directions and a 90° domain walls reversal is visible at low
temperatures, while high temperatures brings the uniaxial [110]/[1̅10] easy magnetic axis and
180° DW switch, as presented in Fig. 1.2.

Figure

1.2:

Magneto-optical

domain

images taken near a corner of the sample
at 15 K (a – f) and at 35 K (g – l) during
magnetization reversal with the external
magnetic field applied along the [100]
direction, as indicated in the figure. The
frame width is 1 mm. The positive
(negative) perpendicular fields defining
the boundaries between the domains are
seen as bright (dark) contrast. Black
arrows indicate the orientation of the
magnetic

moments

in

the

domains.

Intellectual property of U. Welp et al. [18]
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A very comprehensive analysis of magnetic anisotropy in compressively strained
(Ga,Mn)As layers, its influence on transport in dilute ferromagnet and possible spintronic
applications was given by C. Gould, K. Pappert, G. Schmid and L. W. Molenkamp in 2007
review [19]. Origins of strain and magnetocrystalline anisotropy of LT-MBE grown
(Ga,Mn)As/GaAs with dopant concentration in a range of 2% - 9% are discussed among
others. In particular, transition of the anisotropy from [001] out-of-plane for the low-doped
samples at low temperatures to the in-plane complicated interplay between biaxial component
with easy axes along [100] and [010] and uniaxial easy anisotropy along [110]
crystallographic direction is discussed. The authors question the origin of [110] term, as
described in [15], while foreseeing a symmetry lowering from the Td group of zinc-blende to
the D2d one because of the unrelaxed strain from growth, doesn’t predict uniaxial axis. The
origins of symmetry breaking at that time remained unanswered, but many evidences and
complementary measurements validated its existence as a true physical phenomenon.
Additionally, theory behind the shape anisotropy, that arise in patterned micro- or
nanostructures within a narrow rod/nanowire was mentioned.

Figure 1.3: SQUID magnetization hysteresis loop of single-layer (Ga,Mn)As measured at

32° away from biaxial easy axis. Symmetrical double switching of magnetization happens
through successive DW propagations, as shown in the offset.
Intellectual property by C. Gould et al. [19]

Magnetization switching under varying magnetic field and current, as an important
physical parameter to manipulate considering (Ga,Mn)As-based concepts, was discussed in
dedicated chapter. Critical parameters for the magnetization reversal are potential energy of
coherent rotation and domain-wall nucleation/propagation energy. The magnetization rotates
coherently, following the local minimum from 180° to 0° and switches when the applied field
~ 18 ~
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is sufficient to overcome barrier between local minima (Stoner-Wohlfarth model) [20, 21].
Otherwise, it reorients by DW nucleation/propagation. The latter mechanism was visualized
by SQUID measurements for a single-layer (Ga,Mn)As samples with an applied 32° magnetic
field offset from the [100] direction. A two-step transition took place through two 90°
domain-wall propagations, symmetrical at the hysteresis loop with respect to the field sweep
(Fig. 1.3). However, it was underlined that if to align the field along <100> or along 45°
bisection of the easy axes, such a double-switching won’t be visible on SQUID magnetometry
graphs, either because the steps coincide or the projection of magnetization onto the field will
be the same before and after switching.
Furthermore, a current-induced switching of (Ga,Mn)As specifically design Hall Bar
concepts with perpendicular magnetization and (Ga,Mn)As/GaAs/(Ga,Mn)As tunneling stack
with in-plane anisotropy were presented. Due to proper patterning and pre-magnetization of
specific regions, a domain-switching by applied current pulses was demonstrated.
L. W. Molenkamp group also gave an impressive outlook of transport properties,
mechanisms and collective analyses in their overview work [19]. For measurements, a fourprobe (Ga,Mn)As Hall Bar structures resistance as a function of applied magnetic field is
considered. First of all, authors present anisotropic magnetoresistance (AMR), typical physics
phenomenon for ferromagnets, which overlay ordinary magnetoresistance caused by the
Lorentz force. Resistance, in this case, instead of increasing with an applied magnetic field,
fluctuates depending on the magnetic field angle and should be treated rather as a tensor
(Fig. 1.4), leading to the two separate field-dependent components to express electric field (F)
in the Ohm’s law [22]:
𝐹 = 𝜌⊥ 𝐼⊥ + 𝜌|| 𝐼|| ,

(1.1)

where 𝜌⊥ and 𝜌|| are the resistivity with current, respectively, perpendicular and parallel to the
magnetization.
Projection onto the current path gives:
𝜌𝑥𝑥 = 𝜌⊥ − (𝜌⊥ − 𝜌|| )𝑐𝑜𝑠 2 (𝜗)

(1.2)

and for transverse resistivity (planar Hall response):
𝜌𝑥𝑦 = −( 𝜌⊥ − 𝜌|| )𝑐𝑜𝑠(𝜗)sin (𝜗)
where 𝜗 is the angle between magnetization (M) and current (I).
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Figure 1.4: (Ga,Mn)As Hall Bar’s AMR oscillations in a relatively strong rotating magnetic
field (300 mT). The longitudinal resistance (Rxx) as a function of the magnetic field angle
with respect to the current; minima in the graph correspond to magnetization parallel to the
current and maxima – to magnetization perpendicular to the current.
Intellectual property by C. Gould et al. [19]

In (Ga,Mn)As, as in other ferromagnets, Hall effect measurements are dominated by the
Anomalous Hall effect (AHE) and the Planar Hall effect (PHE), which means that resistance
depends on the magnetization of material and the way it affects the carrier deflection via spinorbit coupling together with magnetization direction with respect to the current path (Eq. 1.4).
Alternatively, PHE is called in-plane Hall effect because of the major influence of magnetic
field, applied in the sample’s plane, on the in-plane magnetization direction, and, as a result,
on Hall resistance. Consequently, we may observe similar rotations to AMR on the resistance
vs applied magnetic field graph [23], when 𝜌𝑥𝑦 oscillates around zero with extrema at ±45°
(Fig. 1.5). Results of the analyses for series of such measurements may provide an inside look
into magnetic anisotropy of the ferromagnet, like it was done by Tang et al. [23] for
(Ga,Mn)As Hall Bar oriented along the [110] crystal direction.
In a case of AHE or spontaneous Hall effect, resistivity manifests itself through ordinary
Hall resistivity 𝑅𝑜 𝐵 together with a product of magnetisation M and spontaneous Hall
coefficient 𝑅𝑠 .
𝜌𝐻𝑎𝑙𝑙 = 𝑅𝑜 𝐵 + 𝑅𝑠 𝑀

(1.4)

Last term, in general, might depend on either extrinsic disorder-related material’s
features or intrinsic ones. However, in (Ga,Mn)As it’s believed that the dominant contribution
2
comes from the Berry phase contribution that theoretically yields 𝑅𝑠 ∝ 𝜌𝑥𝑥
[24, 25]

corresponding to “side-jump” scattering.
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Summarizing, magnetization direction is a crucial component that contributes a lot to
the Hall resistivity (Eq. 1.4), in particular for the material with a complicated in-plane
anisotropy.
Moreover, there’s a possibility to introduce an additional anisotropy by proper
patterning of the DMS thin layers which, again, stem from the emerging strains (detailed
description on this phenomenon, as well as its application, will be discussed in CHAPTER 4:
Theory and experiment behind the magnetism and CHAPTER 5: Magneto-transport
properties). Strong spin-orbit coupling together with strong magnetic anisotropy is especially
relevant for devices based on the tunneling principle, like tunneling anisotropic
magnetoresistance [16].

Figure 1.5: Angular dependence of the Planar Hall resistance, which is measured during a
magnetic-field sweep from -0.1 T to 0.1 T along various angles with respect to the current (a);

polar plot of the first and second switching fields versus field orientations (b); Planar Hall
resistance for a family of fixed-magnitude sweeps versus magnetic field orientation (c). The
Hall Bar is oriented along [110] (0°). Intellectual property of H. X. Tang et al. [23]
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material & method of its growth
2.1. Overview of DMS
Dilute magnetic semiconductors have been known since 1980s as a non-magnetic
semiconductor doped with a few percent of transition metal (M) atoms. Ferromagnetic
semiconductors, such as Eu chalcogenides, were investigated even earlier – since 1960’s1970’s, opening the field for an interplay between semiconducting and magnetic properties in
one alloy. Scientists have noticed that with a substitution of a host element site by a transition
metal, a local magnetic moment appears in addition to system’s low-energy degrees of
freedom [17].
Among possible perspective DMS materials appeared several classes based on their
valence group combination – II-VI, IV-VI and III-V. First of them - AII1−𝑥 M𝑥 BVI of zincblende or wurtzite structure with a direct bandgap located at the Г-point of the Brillouin zone,
such as ZnSe or CdTe, with transition metal (M) ions Co2+, Fe2+or Mn2+, for example, is
relatively easy to prepare but hard to dope; as it was shown in the literature [26], none of the
AII1−𝑥 M𝑥 BVI alloys can be grown in a single crystal over the complete composition range
0 ≤ x ≤ 1. These complications were an obstacle for practical applications, however
magnetization mechanism, antiferromagnetic direct exchange between dopant spins in
particular,

made

II-VI

materials

as

excellent

candidates

for

investigation

of

antiferromagnetism, paramagnetism and spin-glass behavior. Another interesting material
from the point of view of the carrier mediated ferromagnetism are the alloys of group IV-VI
VI
DMS with a rocksalt crystalline structure. For AIV
– (Pb,Mn)Te, (Pb,Mn)Se,
1−𝑥 M𝑥 B

(Ge,Mn)Te, similarly a fraction of a host material is replaced with TM ions (Mn, Eu or Gd,
for example), but in this case magnetic ions have partially filled 3d/4f shell. In IV-VI alloys
the bandgap (its minimum is located at the L-point of the Brillouin zone) strongly depends on
the dopant. Again, growth issues, low compatibility with modern electronics and poor
solubility limit possibilities of the application.
For quite a long time, III-V DMS, like (Ga,Mn)As, (In,Mn)As, suffered same fate; the
low solubility of transition metal (1017 cm-3), grown by molecular beam epitaxy (MBE), was a
V
plague, putting ideas for concept devices made from AIII
1−x Mx B on the shelf. However, from

the late 1990-s, a range of growth temperature, regular for GaAs (TG = 400 .. 600°C), was
considerably moderated (TG = 220 .. 240°C) to introduce more dopant in the host zinc-blende
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structure. In a case of (Ga,Mn)As, it’s possible to substitute gallium sites with up to 20%
manganese. Even with this comparatively low values, Curie temperature can be as high as
191 K for layers [27] and 200 K [28] for patterned structures, unlike in II-VI or IV-VI
structures.
(Ga,Mn)As heterostructures with a spin degrees of freedom are very attractive for a
combination of tunneling magnetoresistance and quantum size effects [29]. For example, as it
was calculated theoretically, a groundbreaking enhancement of a tunneling magnetoresistance
(TMR) is expected in (Ga,Mn)As/AlAs double barriers resonant tunneling diodes [30], where
spin-split resonant levels in the ferromagnetic quantum well are used as sharp spin-filter and
energy filter.
Albeit (Ga,Mn)As, a fine representative of III-V DMS, won’t reach peak value of TC
above the room temperature (Tr = 300 K), it’s still on the radars for being a model material for
sp-d interaction analyses, study of peculiar anisotropic magnetic behavior, strongly influenced
by strain and spin-dependent phenomena.

2.2. Growth information
Special contribution to the evolution of III-V class of the DMS materials was given by
an enhanced technique of MBE growth. In order for (Ga,Mn)As to be a ferromagnetic
material, manganese concentration should be > 1%; the most homogeneous solubility of the
TM and resulted high quality material is obtained using low-temperature molecular beam
epitaxy (LT-MBE). Through the years our investigation team have been working with
professor Janusz Sadowski, known expert in the field of growth, specialized specifically in
DMS thin film deposition. All the presented results were obtained on the base of samples,
grown by prof. Sadowski in the MAX-Lab, Lund University, Sweden, so we’re going to
generalize the technical information and growth peculiarities for all the specimens on the
example of one series.
A set of (Ga,Mn)As and (Ga,Mn)(Bi,As) layers has been grown in similar
circumstances by LT-MBE technique at approximately 230°C pseudomorphicaly on GaAs
(001) semi-insulating substrates, with a GaAs or In0.2Ga0.8As buffer, containing 4% and 6% of
Mn, 0.3% and 1% of Bi. The DMS layer thickness is varying in values from 10 nm, 15 nm,
50 nm to 100 nm.
Optimal temperatures for GaAs growth are in the range of 580 – 600°C, but in order to
introduce a transition metal, a non-equilibrium growth conditions should be applied (TG = 200
– 240°C). At such low temperatures, far below the Mn solubility equilibrium level, there’s
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unavoidable concentration of compensating defects that can deteriorate structure quality of the
material, such as arsenic antisites (AsGa) and manganese interstitials (MnI), leading to reduced
hole concentration, lower Curie temperature and generally higher disorder in the lattice [31].
Antisite defects occur when a large concentration of As atoms occupy Ga sites, while
interstitials are formed when Mn is incorporated in the interlattice position rather than
substitute Ga in the lattice. Concentration of latter ones might be large enough to be
considered in the compensation mechanism and influence magnetic properties. Additionally,
there’re gallium vacancies – Ga sublattice point defects, originating from thermodynamical
consideration for the electron part of the energy formation [32]. Vacancies also possibly
participate in the manganese clustering during annealing treatment.
Further challenge comes with bismuth incorporation. Being heavy atom with
significantly larger atomic radius (Ar = 143 pm [33]) then arsenic (Ar = 114 pm [33]), which
substitutes in the crystal lattice, requires an attentive approach and stringent control of
elements flux during the growth. The strain induced by Bi incorporation makes thick
Ga(Bi,As) film energetically unstable forming dislocations eventually, which may badly
impact on the structural as well as optical properties of the material [34, 35]. Weak bonding
energy between gallium and bismuth requires a low growth temperature to prevent Bi
adatoms from evaporating from surface and a low As flux as well to enhance the Bi
incorporation probability.

(b)

Figure 2.1: RHEED diffraction images from the surface of smooth Ga0.94Mn0.06As (001)
layer (a) and schematic diagram for GaMnAs growth (b) [36]. The optimum growth
conditions are close to the line separating regions of single phase and MnAs segregation.
Intellectual property of J. Sadowski et al. [36]
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All this underwater rocks and demands have been fulfilled due to careful manipulation
with elements fluxes, low (only 0.3 and 1%) incorporation of bismuth and thin films thickness
(10 nm.. 100 nm).
To lower the defect concertation and enhance effective Mn and Bi incorporation, the
MBE growth has been done at the optimum conditions with As2 flux, whereas As2/(Ga + Mn)
flux ratio was carefully kept close to the stoichiometric one as set during the preceding growth
of test/calibration samples. The good quality of (Ga,Mn)(Bi,As) and (Ga,Mn)As layers has
been confirmed first by reflection high-energy electron diffraction (RHEED) intensity
oscillations (Fig. 2.1 a, b), throughout the whole top thin layers, and later, with a high
resolution X-Ray diffraction technique, transmission electron microscopy (TEM) and
secondary ion mass spectroscopy (SIMS) (Please, proceed to CHAPTER 3: Structural
characterization).
Fig. 2.1 (a) shows smooth, uniform RHEED [36] image of (Ga,Mn)As film (direction of
e-beam is parallel to the [1̅10] azimuth), grown under optimum conditions, i.e. maximum
substrate temperature, slightly below the MnAs segregation threshold, and close to
stoichiometric supply of the two elements, i.e. relatively low As/Ga flux ratio. A schematic
diagram describing (Ga,Mn)As growth is shown in Fig. 2.1 (b).
After obtaining specimens from LT-MBE, first of all, we remove an indium from the
bottom of the substrate in HCl, during 1 h (at the same time, the surface is also exposed to
HCl). Further on they’re cleaved and part of the samples is subjected to the post growth
annealing.

2.3. Post-growth annealing
Appearance of interstitial compensating defects (Mn ions are forced to the interstitials
positions and act as double donors) is a result of self-compensating mechanism to prevent
drastic increase of the hole density is tightly connected with the low temperature of growth.
Additionally, MnI form antiferromagnetic bonds with Mn in the lattice sites, reducing the
system’s net magnetic moment.
Therefore, in order to improve quality of the layers grown by molecular epitaxy at low
temperatures, a post-growth annealing treatment was applied to most of our samples. Usual
procedure after achieving specimens from prof. J. Sadowski is cleaving them on several
pieces, leaving one of them for further X-Ray diffraction comparison, while others are
subjected to open-air annealing procedure with a main purpose to enhance the structure and
magnetism through outdiffusion of weakly bounded Mn interstitials.
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The annealing experiments of (Ga,Mn)As layers by Zhao et al. [37] have shown that
annealing at a temperature of 190°C has no influence on the concentration of arsenic antisite
defects. On the other hand, the Rutherford backscattering spectrometry results by Puustinen et
al. [38] gave no evidence of Bi diffusing out of Ga(Bi,As) layers during annealing at
temperatures of up to 500°C, however a reorganization of Bi atoms towards Bi-rich GaAsBi
clusters were shown. Thus, all the changes in lattice parameters, as it will be shown further,
are appertained mainly to outdiffusion of Mn interstitials from the films during annealing.
There’re many techniques known in the literature with main idea of procedure being
conducted in temperatures lower than the one during growth (TA < TG < 240°C). Variations
come in environment of annealing (under As-capping [39] for efficient sink for MnI, Sbcapping [40], in nitrogen-reach atmosphere or in open-air, where they’re passivated by
oxidation) and time [41, 42] depending on films thickness and Mn concentration. Most of our
samples have been annealed for 50 or 80 hours at temperature around 180°C in air (see
Table 2.1, Samples scheme).

2.4. Composition and chemical elements
Investigations, that laid a foundation for this work, were done on the series of thin
layers of (Ga,Mn)As and (Ga,Mn)(Bi,As) grown pseudomorphicaly on GaAs substrate with
optional (In,Ga)As buffer. The exact configuration of samples will be presented later, while
here, I’d like to give a quick overview of alloy materials.

•

GaAs

Gallium arsenide, GaAs, (briefly mentioned in the Introduction) is an alloy
semiconductor, combination of gallium (31Ga) and arsenic (33As).
Gallium, a post-transition metal from group III, isn’t widespread in nature as a free
element, being even more rare than gold; for manufacture purposes it’s acquired from
smelting of other metals, like zinc and aluminum. Electron configuration: 3d10 4s2 4p1. This
element is widely used in semiconducting, high-speed electronics, optics, even in jewelry.
Arsenide is a compound of arsenic with a less electronegative element or elements and
is a part of binary metal compound containing arsenic. Arsenic, in its turn, is a metalloid from
group V and electron configuration: 3d10 4s2 4p3. It’s a highly toxic and volatile at higher
temperatures element, making it impossible to use directly, however, different alloys are
widely used in car batteries, ammunition, optoelectronics, production of pesticides and
insecticides.
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Having similar electron configuration and atomic radius, gallium and arsenic blends
well in a crystalline compound with zinc-blende structure and extra degree of control over its
properties by varying the relative amount of elements and a flexibility with doping.
Advantages: this alloy has an advantage over silicon for having a better conductivity
(charge carriers travel about five times faster), offers a wider range of operating temperatures,
faster switching, much higher radiation hardness, generates less noise and have a direct gap,
that allows for emission of photons in lasers and light emitting diodes (LEDs). GaAs is used
in diodes, field-effect transistors (FETs), and integrated circuits (ICs).
Disadvantages: high production cost for small output size of crystal, absence of natural
oxide; lower thermal conductivity (in comparison to Si).
Zinc-blende / sphalerite structure is based on a face-centered cubic (FCC) array of
anions and cations occupying one half of the tetrahedral holes: each atom's nearest neighbors
consist of four atoms of the opposite type, positioned like the four vertices of a regular
tetrahedron (Fig. 2.2).

•

Manganese

Manganese (25Mn) – 3d5 4s2 – is a paramagnetic TM, naturally found in combination
with iron. It’s one of the commonly found and widely distributed elements in earth crust,
therefore widely used – as part of stainless steel, corrosion prevention/deoxidizing alloys in
metallurgy industry, cathode in alkaline batteries and many ferromagnetic systems in
combination with aluminum, antimony and cooper. In (Ga,Mn)As structure manganese ions
with spin 5/2 residue on gallium host sites, providing both holes (3d10 4s2 4p1 is substituted by
3d5 4s2, thus acts as an acceptor) and local magnetic moments. Additionally, it decreases the
band-gap, as was deducted from Franz-Keldysh oscillations in a work of O. Yastrubchak
et al.: from 1.415eV in LT-GaAs to 1.396 eV in Tr in (Ga,Mn)As with Mn content equal to
6.2% [43]. P-d Zener theory explaining magnetism in this DMS will be described in the
CHAPTER 4: Theory and experiment behind the magnetism.
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(a)

(b)

Figure 2.2: Zinc-blende structure of GaAs and plane of GaAs with respect to crystallographic
directions (a), As covalent bonds to neighboring Ga [44] (b).

•

Bismuth

Bismuth (83Bi) – 4f14 5d10 6s2 6p3 – is among heaviest stable elements, it’s a pentavalent
post-transition metal with chemical properties similar to arsenic and antimony. It’s extremely
weakly radioactive (its primordial isotope, bismuth-209, decays via alpha decay with a halflife more than a billion times the estimated age of the universe [45]) and naturally
diamagnetic element, has one of the lowest thermal conductivity among metals (after
manganese, neptunium and, perhaps, plutonium), high Hall coefficient and electrical
resistivity. In the industry, it’s mostly used in chemicals (pharmaceuticals, pigments,
cosmetics), metallurgy (galvanization) and other research. Bismuth addition also decreases
band-gap due to an interaction of Bi 6p bonding orbitals with the GaAs valence band
maximum, which in Ga(Bi,As) case becomes a temperature-insensitive, making this highly
mismatched alloy attractive for possible applications in photonic, thermoelectric and
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spintronic devices. In GaAs the band gap is reduced by about 83 meV per percent of Bi
incorporation [46].
Replacement of As atoms by much heavier Bi atoms results, owing to a large relativistic
correction to the GaAs band structure, in a strong enhancement of spin-orbit coupling,
relativistic quantum-mechanical effect, accompanied by a giant separation of the spin-split-off
hole band. The increased spin-orbit coupling is especially favorable for spintronic materials
where spin precession can be electrically tuned via the Rashba effect. With a Bi fraction
higher than 10% the spin-orbit splitting in some alloys becomes even larger than the band gap
[47, 48]. Because of a direct bandgap and relatively high absorption coefficient, Ga(Bi,As)
can also be considered a candidate material for sub-cells in multi-junction solar cells [49].
But it’s important to keep in mind that Ga(Bi,As) is typically grown with a means of
either metal-organic vapor phase epitaxy (MOVPE) at 390°C-420 °C with bismuth
concertation as high as 22% [50], metal organic chemical vapor deposition (MOCVD) or
MBE [51] at 240ºC-380ºC, though Bi values under 10% are more typical [52, 53]. Growth at
lower temperatures simultaneously with Mn leads to lower solubility of bismuth in GaAs
zinc-blende structure and formation of defects (BiGa heteroantisites, Bi droplets and Bi
pairs/clusters that generate potential trap states for holes, leading to a decrease in hole
mobility by scattering at these states). Incorporating even a small amount of Bi into GaAs is
challenging due to the weak Ga-Bi bonding energy, the large miscibility gap and the large
difference in lattice constant between GaBi and GaAs [34]. As it was stated in a work of
Wang et al. [34], non-incorporated Bi atoms may form a wetting layer to lower the surface
energy, excess Bi atoms can diffuse on the growing surface and form droplets, lowering the
structure uniformity, while incorporated Bi, due to the low solubility, may cause Ga-Bi phase
separation and Bi clustering [34].
However, as it was mentioned earlier, with a small concentration of bismuth and wellestablished growth parameters (correlation between As and Bi flux, smart temperature
manipulation and crystallographic orientation of the layer below) it’s possible to lower the
concentration those defects to minimum.
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2.5. Sample’s scheme
Throughout the course of my PhD work, our team has been focusing on the
investigations of thin layers of (Ga,Mn)As and (Ga,Mn)(Bi,As) of various thickness
(10 .. 100nm), concentration of Mn (4%, 6%) and concentration of Bi (0.3% and 1%), grown
by the low-temperature MBE technique either on semi-insulating (001)-oriented GaAs
substrate or the same substrate covered with a InxGa1-xAs buffer layer (typical samples
structure is presented in Fig. 2.3, parameters are given in Table 2.1). Concentration of indium
for the buffer was around 15%..20%, its thickness varies from 630 nm to 1000 nm for
different set of samples.
Figure 2.3: Scheme of (Ga,Mn)As
and (Ga,Mn)(Bi,As) thin films, grown
using LT-MBE (TG = 230°C).

The buffer was introduced in order to manipulate with magnetic properties, the
magnetic anisotropy in particular, of the top layer through change of strain in the crystal
lattice. Both (Ga,Mn)As and (Ga,Mn)(Bi,As) layers grown on GaAs(001) exhibit compressive
strain due to the fact that their lattice parameters are larger than the one of GaAs. That usually
implies an in-plane anisotropy (could be different in a case of specific Mn content, hole
concentration and other parameters). In a case of buffer presence, where thick relaxed
(In,Ga)As layer is deposited on GaAs, lattice parameters of the top layer are smaller in
comparison to those of (In,Ga)As, which causes tensile strain with easy magnetization axis
lying out of plane (theory behind this phenomenon will be presented in CHAPTER 4: Theory
and experiment behind the magnetism).
After the growth, the samples were cleaved into two parts. One part of each sample was
subjected to the low-temperature annealing treatment, which was performed in air at the
temperature of 180°C during 50-80 h.
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Table 2.1: Basic parameters of samples series
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2.6. Nano-structurization for magneto-transport measurements
Additionally, on some of the annealed samples dr T. Andrearczyk fabricated a micro- /
nano-structures. Stages of the lithography process, carried out on the (Ga,Mn)(Bi,As) and
(Ga,Mn)As layers, are shown on the example of 50-nm thick layers:
✓ Washing: acetone 60ºC → isopropanol;
✓ Removing of surface oxides: mix of HCl:H20 in a proportion 1:2, duration – 1min;
✓ Coating with resist: 200 nm thickness, Allresist positive PMMA e-beam resist 3%
950k-in-chlorobenzene;
✓ Baking of resist: convection oven at 180ºC, duration 1 h;
✓ Electron-beam exposure: scanning electron microscope JEOL JSM-6400 (exposure
was carried out in cooperation with prof. J. Wróbel, IP PAS), dose 300 μC/cm 2,
acceleration voltage 20 kV;
✓ Development: 1 min in Allresist AR 600-56, and next 30 sec in isopropanol;
✓ Oxygen-plasma washing: 1min;
✓ Hard-baking of resist mask: convection oven at 110 ºC, duration 0.5 h;
✓ Wet etching: H20:H2O2 (30%) : citric acid (50%), 20:1:5, determined etching
velocity ≈ 90 nm/min;
✓ Removal of the resist mask: acetone 60 ºC.
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3.1. High Resolution X-Ray Diffractometry (HR-XRD)
•

Foreword on technique & theory

High resolution X-ray diffractometry (HR-XRD) is an important technique for
characterizing quality of the crystalline structure of the measured material through the study
of individual Bragg peaks of single-crystals and thin-film materials. It’s quick and nondestructive high sensitivity technique with respect to small changes of the lattice parameters,
that allows to study epitaxial layers of few nm thickness.
Typical routine applications of HR XRD (example configurational setup is presented in
Fig. 3.1), include reflectivity measurements through various diffraction curves (rocking
curves, 2θ and 2θ/ω scans) and reciprocal space mapping (Fig. 3.2), that allow to identify a
whole spectra of different crystal parameters (Table 3.1).

Table 3.1: Basic XRD criterions and corresponding structural parameters

 2θ)

Lattice parameter (unit cell)
Layer thickness of perfect crystal films
Phase analysis

(χ, ϕ)

Orientation of crystallines (texture)
Mosaicity, crystal size, strain
Unit cell contents
Imaging of crystal defects (dislocations, ect)
Intellectual property
of Physicslab

X-ray diffraction is based
upon the analysis of sample’s
scattered intensity as a function of
outgoing direction. Constructive
interference

occurs

when

the

Bragg’s Law is satisfied (panel on
the left), where 2θ - angle between
the incident and reflected beam
directions, d – distance between the parallel atom planes, usually taken in Miller indices (hkl),
n - an integer (1, 2, 3, ...) and λ is the wavelength of the X-ray beam. Conditions for
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diffraction: reflections together with and X-rays incidence beam, scattered of adjacent crystal
planes, must be in phase. Size of the unit cell, symmetry and information on translation
symmetry elements is obtained from the measured and indexed Bragg angles of the
reflections.
Intellectual property
of Bruker©

Figure 3.1: Typical configuration of diffractometer for reciprocal lattice maps measurements.

Intellectual property
of Bruker©

(a)

(b)

(c)

Figure 3.2: Blue trace shows the end of diffraction vector defined as the difference of
reflected (kf) and incidence (ki) wave vectors; ω- angle of incident between ki and sample
surface, 2θ – angle of detector, qz (qx) – reciprocal space axis perpendicular to the sample
surface (along the selected crystallographic direction parallel to the surface – in our case –
<110>). Scan types disposition together with basic parameters for XRD: rocking curve is a
plot of scattered X-ray intensity versus ω (a); detector scan – scattered X-ray intensity versus
2θ without changing ω (b); coupled scan – of scattered X-ray intensity versus 2θ, but ω also
1

changes in a way that is linked to 2θ, so that 𝜔 = 2 ∙ 2𝜃 + offset measurement (c) [54,55].
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The reciprocal lattice is defined in terms of a Bravais lattice and is connected with a
direct (real) lattice through the Fourier transformation. A lattice plane may be characterized
by a vector perpendicular to it, so that vector’s position projection of any point on the plane
over normal is constant and independent of the point. This constant is the distance of the plane
to the origin, interplanar spacing, described through Miller indices hkl (dhkl).
Reciprocal lattice, similar to direct lattice, describes unit cell whose periodic
translations will be determined by three reciprocal unit vectors a*, b*, c*, that form reciprocal
angles among them α*, β*, γ*. Connection between the interplanar spacing (dhkl), its
reciprocal (Ghkl) and reciprocal vectors:
1

𝐺ℎ𝑘𝑙 = h𝑎∗ + k𝑏 ∗ + l𝑐 ∗ =

(3.1)

𝑑ℎ𝑘𝑙

where h, k, l are integers.
Relations between the real-space basic vectors a, b, c and the reciprocal cell vectors are
as follow:

𝑎∗ = 2𝜋

𝑏×𝑐
𝑎∙(𝑏×𝑐)

,

𝑏 ∗ = 2𝜋

𝑐×𝑎
𝑎∙(𝑏×𝑐)

𝑐 ∗ = 2𝜋

,

𝑎×𝑏
𝑎∙(𝑏×𝑐)

(3.2)

where a, b and c (along growth axis) are the lattice constants with α, β and γ angles inbetween them; 𝑎 ∙ (𝑏 × 𝑐) is the volume V of a real-space unit cell. In other words, vector a*
is perpendicular to the plane consisting of b and c, b* is obtained from the cross product of c
and a, and c* is obtained from the cross product of a and b.
hkl node in the reciprocal space map is obtained through recalculating data from a set of
diffraction curves, measured for hkl reflection. The relations between the instrumental
parameters ω, 2𝜃 and scattering vector (Q) components are given in Eq. 3.3-3.4. Position of a
reflection is described by its scattering vector Q, with magnitude:
|𝑄| = √𝑄𝑥2 + 𝑄𝑧2 =

4𝜋
𝜆

∙ sin𝜃

(3.3)

Here Qx and Qz denote the components of Q parallel and normal to the sample surface,
so that:
𝑄𝑥 =
where

2𝜋
𝜆

2𝜋
𝜆

[cos ( 𝜃 − 𝜔) − cos (𝜃 + 𝜔)], 𝑄𝑧 =

2𝜋
𝜆

[sin ( 𝜃 − 𝜔) − sin (𝜃 + 𝜔)]

(3.4)

is the magnitude of the X-Ray wave vector.

Cubic crystal structure, that has the highest symmetry, is expected to be found in
(Ga,Mn)As layers, similar to GaAs substrate it’s grown upon. However, due to epitaxial
growth of the bigger lattice unit system of (Ga,Mn)As upon smaller one (GaAs), the layers
symmetry lowers. It’s observed, in fact, a tetragonal deformation of the lattice unit. From the
available publications [56] it is known that no case of relaxation of (Ga,Mn)As layers grown
directly on GaAs was observed.
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Thus, unit cell vectors are a = b ≠ c, interaxial angles – α = β = γ = 90°, and interplanar
spacing may be derived from:
1
𝑑ℎ𝑘𝑙 2

ℎ2 +𝑘 2

=

𝑎2

+

𝑙2

(3.5)

𝑐2

Face-centered cubic (FCC) zinc-blende structure allows reflection for all odd, like for
(111) or (311), or all even, like (200), (220) or (222) h,k,l planes and forbids for mixed odd
and even reflections.
Combining 2 reflection measurements, for example, 004 symmetrical reflection (ω is
close to θ) and 224 asymmetrical one (ω is different from θ because the angle between (001)
and (112) should be taken into account) together with the Bragg law, allows to connect the
interplanar distances dhkl of the measured group of planes (hkl) with the parameters of the unit
2
2
cell, so that c = 4 · d004, 𝑎 = √2(𝑑224
− 𝑑004
).

Lattice parameters and misfit strain in all our layers were investigated by
dr. J. Z. Domagała from SL1.3 team using reciprocal lattice mapping and rocking curve
techniques for both the symmetric 004 and asymmetric 224 Bragg reflections of Cu Kα1
radiation.
Fix λ(Cu Kα) = 1.5406Å, hence 𝑑ℎ𝑘𝑙 =

1.5406 Å
2𝑠𝑖𝑛𝜃ℎ𝑘𝑙

.

Strain (ε) is determined from the measured lattice misfit, which is obtained from layer’s
peak positions. The relaxation of lattice strain in epitaxial buffer layers is often accompanied
by layer tilting, resulting in peaks displacement. Bragg peaks of asymmetric reflections are
also displaced in rocking curves as a result of epitaxial strain.
𝑙𝑎𝑦𝑒𝑟

Lattice strain is obtained from

𝑎𝑙𝑎𝑦𝑒𝑟 −𝑎𝑟𝑒𝑙
𝑙𝑎𝑦𝑒𝑟

𝑎𝑟𝑒𝑙

𝑙𝑎𝑦𝑒𝑟

, where 𝑎𝑟𝑒𝑙

is a relaxed lattice

parameter (Fig. 3.3) of the layer and is calculated from Eq. 3.6:

𝑎𝑟𝑒𝑙 =

𝑐11 ∙𝑐+2∙𝑐12∙𝑎
𝑐11 +2∙𝑐12

(3.6)

where 𝑐11 and 𝑐12 are the elastic constants for GaAs, in our case: 𝑐11 = 11.82·1010 Pa,
𝑐12 = 5.326·1010 Pa at room temperature [57]. For the fully strained layer a = asub. In further
results we’ve assumed that elastic constants are the same for the (Ga,Mn)As and
(Ga,Mn)(Bi,As) as for GaAs, and defined lattice mismatch with respect to the substrate,
where 𝑎𝑠𝑢𝑏 = 5.65349 Å for GaAs.
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c

arel

a
Figure 3.3: Schematical depiction of the relaxation of the compressively deformed tetragonal
lattice cell

Measurements of the 004 Bragg reflections allow to calculate the lattice parameters
perpendicular to the layer plane c for all samples studied and, in combination with the
asymmetric 224 Bragg reflections, lead to determination of the in-plane lattice parameter a.
In 2θ/ω scans the most sharpest peak, placed for 2θ ≈ 66.05, corresponds to the
substrate, while the main signal coming from the thin layers above (in a case of
heterostructure) are at lower angles. That wide peak is commonly broader and with noticeable
oscillations extending over a long range of 2θ angle changes. From the observed interference
fringes, a layer’s thickness may be calculated (Eq. 3.7)

𝑑=

λ
2𝑠𝑖𝑛∆𝜃

(3.7)

where ∆𝜃 is the angular difference in-between the interference fringes, i.e. fringes period.
Generally, measured data were automatically fitted to dynamical X-ray diffraction
theory using a software from Epitaxy PANalytical company, by refining the parameters of a
structural model for a well-defined material, thus giving a hint on crystalline quality of the
layer based on the deviation of the experimental and ideal theoretical parameters.

•

Results & explanation

HR XRD characterization of the first set [58] of the investigated (Ga,Mn)(Bi,As) and
(Ga,Mn)As thin layers grown on GaAs revealed that all of them were grown
pseudomorphically on GaAs substrate under compressive misfit strain. Concentration of
dopant was evaluated as 4% for manganese and 0.3% for bismuth. The 004 diffraction
patterns, recorded from both the as-grown and annealed for 80 hours 100 nm thick films are
shown in Fig. 3.4.
The patterns display symmetric diffraction peaks corresponding to the films, with welldefined interference fringes around these peaks, which indicate homogeneous film
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compositions and good interface quality. The film thicknesses, calculated from the angular
spacing of the fringes, corresponds very well to their thicknesses determined and verified
during growth by the RHEED intensity oscillations [59]. Layers composition, lattice
parameters, such as perpendicular lattice parameter c, relaxed lattice parameter arel and the inplane misfit strain, ε (lattice mismatch), are presented in the Table 3.2.
First of all, from the Table 3.2, it’s obvious from lower values of 𝑐, arel and ε after
annealing, that the annealing treatment improves the overall structure quality and reduces the
strain (reason for this was well-described in CHAPTER 2: Post-growth annealing section),
hence for further magnetic measurements we mainly considered only the annealed samples.
Sighs of better structure are also visible from an increase in angular positions of the
diffraction peaks, as shown in Fig. 3.4.
Table 3.2: Lattice parameters, 𝑐

and the in-plain misfit strain for the 100 nm-thick
as-grown and annealed thin films grown on GaAs
𝒄


as-grown

5.6732

5.6640

18.04

80 h 180°C

5.6702

5.6624

15.21

as-grown

5.6700

5.6623

15.03

80 h 180°C

5.6660

5.6602

11.32

An addition of a small amount of Bi (0.3 atomic percent) to the (Ga,Mn)As films
resulted in a comparatively distinct increase in its perpendicular lattice parameters from
5.6700 Å to 5.6732 Å for the as-grown and from 5.6660 Å to 5.6702 Å for the annealed
samples. Simultaneously, we see an increase in the in-plane compressive strain, however,
these changes aren’t sufficient enough to distort a high quality crystalline structure of the
DMS and opens a pass for higher doping. The density-functional theory calculations by
Mašek et al. [60] confirmed the additive linear dependence of the lattice parameter of
(Ga,Mn)As on the concentrations of dopants and defects, and is in agreement with the Vegard
law.
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HR-XRD 004

Intensity (arb. units)

[Mn] = 4%
[Bi] = 0.3%

T = 300 K

as-grown
(Ga,Mn)(Bi,As)
annealed

as-grown
(Ga,Mn)As
annealed

65.5

66.0
2 (deg)

66.5

Figure 3.4: HR-XRD: 2θ/ω scans for 004 Bragg reflections for the 100 nm thick as-grown
and annealed (Ga,Mn)(Bi,As) & (Ga,Mn)As films grown on GaAs.

Further series of the (Ga,Mn)As and (Ga,Mn)(Bi,As) thin layers contained increased
concentration of manganese - up to 6%, bismuth – up to 1%, and were twice thinner – 50 nm.
Additionally, an In0.2Ga0.8As buffer was introduced beneath the thin layer to manipulate with
strain and magnetism. X-ray diffraction scans for the (Ga,Mn)As layers are presented in
Fig. 3.5 (a-d) and Table 3.3, results of the quaternary (Ga,Mn)(Bi,As) films are described in
Fig. 3.6 (a-c) and Table 3.4. Results in both the tables show the tendency in an increase of the
lattice parameters and in-plane compressive strain with their further decrease after an
annealing treatment, that is similar to observations in the previous set of samples. On the other
hand, the (Ga,Mn)(Bi,As) layers grown on the (In,Ga)As buffer layer, with distinctly larger
lattice parameter, were pseudomorphically strained to the buffer under tensile misfit strain. Bi
addition brings higher c and arel; again, the changes are roughly on the second number after
dot, indicating that 1% is still too low concentration to introduce significant distortions to the
structure.
The misfit strain (lattice mismatch) values in the annealed (Ga,Mn)(Bi,As) layers were
calculated from the XRD results and turned out to be 4.6·103 (compressive strain) and
−9.7·103 (tensile strain) for the layers grown on GaAs and (In.Ga)As buffer, respectively.
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On all the reciprocal maps for 2̅2̅4 Bragg reflection peaks from the corresponding
layers are visible – the sharpest distinct one belonging to GaAs substrate, colored in red,
broader one originating from (Ga,Mn)As or (Ga,Mn)(Bi,As) thin film, that is on the same
pseudomorphic line with either the GaAs, or (In,Ga)As in a case of its presence. An
arrangement of layers on the pseudomorphic line, as it was mentioned, means lattice in-plane
parameters fitting of upper film with respect to the one below. Thus, in a case of tensile strain,
ternary and quaternary DMS match the (In,Ga)As buffer, and for the compressively strained
lattice, its parameters are fitted to those of GaAs. Additionally, buffer is positioned together
with the substrate on the relaxation line as a result of strain-relaxation process after annealing,
as for the reciprocal mapping we’ve considered only the annealed samples. Peaks are wellseparated and distinguishable from each other, signaling good crystalline quality.

Table 3.3: Lattice parameters, 𝑐 and

lattice mismatch and vertical strain values for the

50 nm-thick as-grown and annealed thin films of (Ga,Mn)As grown on different buffers and
for the buffer itself.

𝒄

5.6538

( arel – aS )/ aS

(𝑐 − arel )/ arel

as-grown

5.7333

5.7214

120.3

20.8

50h, 180°C

5.7316

5.7211

119.7

18.4

as-grown

5.6481

5.6750

-52.06 (tensile)

-47.4

50h, 180°C

5.6220

5.6650

-83.15 (tensile)

-75.9

as-grown

5.6906

5.6731

34.2

30.8

50h, 180°C

5.6824

5.6688

26.6

30,8
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2𝜃/𝜔 scans for 004 Bragg reflections also confirm the structure perfection statement
through well-defined narrow peaks from the material’s layers. After the annealing (Fig. 3.5 c,
Fig. 3.6 c) all the peaks are getting narrower and sharper, angles in-between substrate and
layer are declining, the interference fringes become less rough.
Additionally, (Ga,Mn)As/GaAs experimental curves were compared to calculated
predictions that foreseen ~ 6.1% of Mn and 50 nm thick top layer; the model fitted quite well
the obtained results (Fig. 3.5 d).

Table 3.4: Lattice parameters, 𝑐 and

lattice mismatch and the vertical strain values for the

50 nm-thick as-grown and annealed thin films of (Ga,Mn)(Bi,As) grown on different buffers
and for the buffer itself.
𝒄

5.6538

( arel – aS )/ aS

(𝑐- arel )/ arel

as-grown

5.7581

5.7456

163.0

21.8

50h, 180°

5.7586

5.7462

164.1

21.6

as-grown

5.6473

5.6869

-76.3 (tensile)

-69.6

50h, 180°

5.6292

5.6797

-97.3 (tensile)

-88.9

as-grown

5.7112

5.6839

53.3

48.0

50h, 180°

5.7032

5.6797

45.9

41.3

~ 40 ~

Chapter 3: Structural characterization (HR-XRD)

~ 41 ~

Chapter 3: Structural characterization (HR-XRD)

Figure 3.5: HR-XRD of the 50-nm as-grown and annealed thin DMS layers: reciprocal lattice
maps of annealed (Ga,Mn)As/GaAs (a) and (Ga,Mn)As/(In,Ga)As (b) in reciprocal lattice
units; 2θ/ω scans for 004 Bragg reflections for the (Ga,Mn)As/GaAs (c). Theoretically
calculated and visualized plot of XRD for annealed (Ga,Mn)As/GaAs with 50 nm thickness
and ~6% Mn content input parameters in comparison to experimentally obtained results are
presented in Fig. 3.5 (d)
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Intensity (cps)

106
105
104

(Ga,Mn)(Bi,As)/GaAs as-grown
(Ga,Mn)(Bi,As)/GaAs annealed
(Ga,Mn)(Bi,As)/GaAs annealed –
projection of a map on 2θ/ω

(c)

103
102
10
1
64.0

64.5

65.0

65.5

66.0

66.5

67.0

𝟐𝜽 (deg)
Figure 3.6: HR-XRD of the 50-nm as-grown and annealed thin DMS layers: reciprocal
lattice maps of annealed (Ga,Mn)(Bi,As)/GaAs (a) and (Ga,Mn)(Bi,As)/(In,Ga)As (b); 2θ/ω
scans for 004 Bragg reflections for the (Ga,Mn)(Bi,As)/GaAs (c) (green line).
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•

Foreword on technique & theory

SIMS is among the most sensitive surface and thin films analytical techniques for
composition detection. It utilizes internally generated beam of ions, focused on the sample, to
generate gas phase ions by electron ionization, that are further transferred across a high
electrostatic potential to mass spectrometer and separated according to their specific mass-to
charge ratio. These ions, detected in proportion to their abundance, are called secondary ions,
hence the name of the technique. An analytical result from this experiment is a mass spectrum
in the form of ion abundance as a function of mass-to-charge ratio.
Analysis consume very little of the sample, making it essentially a non-destructive
technique and is crucial for evaluating even low concentration of the element. Most
noteworthy tasks that SIMS with various instrumentation is capable of doing are:
✓ trace isotopic and elemental compositions with a spatial resolution down to 50 nm;
✓ high sensitivity map of the individual elements in the sample;
✓ depth profiling, molecular analyses and surface characterization.

Figure 3.7: Cameca IMS 6F Secondary Ion Mass Spectrometer (SIMS).
Measurements and analyses were carried by dr Rafał Jakieła, SL 1.2 research group,
Institute of Physics PAS, and confirmed by MSc Małgorzata Trzyna from Faculty of
Mathematics and Natural Sciences, University of Rzeszów.
Photo of the SIMS set-up in the IF PAS facility is given in Fig. 3.7. This photo, together
with equipment specification, is taken directly from the investigation group web-page [61].
The laboratory is equipped with a NEC 3SDH-2 Tandem Pelletron accelerator and a high~ 45 ~
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sensitivity SIMS. The implantation energies ranges are up to 3 MeV with a Primary He++ and
are possible to all ions from hydrogen to uranium (with the exception of noble gases). The
spectroscopy allows to identify virtually all elements with the detection limits from 1016 down
to 1012 ion/cm3. A cesium primary beam was used in the our measurements.

•

Results & explanation

SIMS results for the annealed 50-nm thick (Ga,Mn)As and (Ga,Mn)(Bi,As) epitaxial
layers grown either on GaAs substrate or on 0.63-m (In,Ga)As buffer are presented in
Fig. 3.8. Left Y-axis corresponds to Mn atom concentration per volume unit (cm3), right Yaxis – to the concentration of other components of the ternary/quaternary alloys, X-axis – is a
penetration depth for the corresponding signals.
SIMS analysis have been carried out to determine precisely the composition
homogeneity of the corresponding layers in the investigated samples. Relatively low decline
angle in the end of manganese dopant curve is connected, as we suppose, with an inter-layer
out-diffusion of atoms, mostly into buffer underneath, during the growth process. Another
dropout in a signal, visible per few nanometers near the surface specifically for Mn, is
understood as a result of the post LT-MBE annealing treatment, typical for the III-V DMS,
which resulted in more active atom outdiffusion to the surface in the shallow layers in
comparison to deeper ones, as SIMS technique identify the signal from all atoms – both builtin the lattice and those in inter-lattice positions (interstitial defects). Slightly lower signal
from Ga and As at the beginning of the corresponding SIMS signal curves corresponds to the
surface oxidation distortions.
In conclusion, SIMS confirmed an important affirmation for further analyses – good
stoichiometry of all the components and homogeneity in the deposited dilute ferromagnetic
thin layers of (Ga,Mn)(Bi,As) and (Ga,Mn)As. Moreover, they quantitatively confirm the Mn
content in those layers (previously calibrated during the MBE growth) within the accuracy of
the technique.

~ 46 ~

Chapter 3: Structural characterization (SIMS)

10

22

10

21

(a)

622

10
10

(b)

10

5

10

4

10

3

10

2

10

1

10

0

3

Mn concentration [ at/cm ]

3

10

left axis
Mn

right axis
Ga
As
In

19

10

18

10

17

10

22

10

21

4

10
20
10
10

3

left axis

right axis

Mn

Ga
As
In
Bi

19

10
2
10

18

101
10

17

50

100
10

100
150
Depth [ nm ]

50

100

150

Depth [ nm ]

(c)

622

10
10

(d)

5

10

6

10

5

3

3

Mn concentration [ at/cm ]

10 21
10

20

10

19

10

18

10

17

right axis
4
Ga 10
20
10
As
In
3
10

left axis
Mn

right axis
4
Ga 10
As
In
3
10
Bi

19

10
2
10

10

2

10

1

10

0

SIMS Signal [ c/s ]

10

left axis
Mn

SIMS Signal [ c/s ]

Mn concentration [ at/cm ]

6

SIMS Signal [ c/s ]

10

20

SIMS Signal [ c/s ]

Mn concentration [ at/cm ]

5

10 21
10

10

18

101
10

017

50

100

150

10
10

Depth [ nm ]

50

150
100
Depth [ nm ]

Figure 3.8: Depth profiles of Mn, Bi, In, Ga and As determined with SIMS for the annealed
samples: (Ga,Mn)/GaAs (a), (Ga,Mn)(Bi,As)/GaAs (b), (Ga,Mn)As/(In,Ga)As (c), and
(Ga,Mn)(Bi,As)/(In,Ga)As (d). The Mn concentration in atoms per volume unit is shown on
the left vertical axis and the SIMS signals in counts per second for all the other elements are
shown on the right vertical axis in all the panels.
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3.3. Electron microscopy
•

Foreword on technique & theory

Transmission electron microscopy (TEM) is a very powerful tool for material science,
that operates on many of the same optical principles as the light microscope, but with an
advantage of greater resolution. Images are formed as a beam is transmitted through the thin
layer, resulting in electron interaction with a sample.
Basic components of the electron microscope system are:
✓ electron gun and condenser system, that produces and focuses respectively the
electron beam onto the specimen;
✓ image-recording system together with objective, intermediate and projector lenses,
that serves to focus the electrons passing through the thin layer to zoom and convert
results into the image.
Similar to TEM is a scanning electron microscopy (SEM) technique. While both of
them interact with atoms in the investigated specimen, creating various signals that contain
information about composition and topology, SEM, instead of transmitted through samples
electrons, utilizes reflected or secondary electrons to create image and can achieve a
resolution in a scale of 1 nanometer.
Collision between the electron beam and near

Intellectual property of
Basal Science Clarified

surface atoms in the investigated sample causes
inelastic scattering interaction with the specimen’s
electrons in the outer k-shell of the atom, that are
further pushed out and collected to produce an
image (panel on the right, [62]); these electrons are
called secondary ones. The brightness of the signal depends on the number of secondary
electrons reaching the detector, thus steep surfaces and edges tend to be brighter than flat ones
[63].
Electron microscopy images were carried in the SL.1.4 research group by prof. Piotr
Dłużewski and MSc Anna Kaleta. The observations were done using the JEM2000EX
transmission electron microscope with diffraction techniques and light-dark field imaging,
SEM and energy dispersive X-ray in scanning transmission electron microscope (EDXSTEM). Equipment specification is taken directly from the experimental group web-page
[64].
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• Results & explanation
Measurements were conducted on 50-nm thick ternary and quaternary alloys of
(Ga,Mn)As and (Ga,Mn)(Bi,As) layers grown either on 0.63-m thick (In,Ga)As buffer
(Fig. 3.9 a-c) or on GaAs (Fig. 3.10 a-c), the same specimens that were previously subjected
to HR-XRD and SIMS. From Fig. 3.9 (a, c) and Fig. 3.10 (a) the border between the top layer
(right side of the images) and buffer beneath (left side of the images), indicated in contrast
change, is clearly visible. The heavier atoms are observed – the lighter is the contrast in the
area, as is expected from secondary electrons microscopy signal.
A platinum cup coating, that covered thin films surface in order to protect the specimen
during the measurement, is seen at far right border. A dark grey layer of approximately 5 nm
thickness in Fig. 3.9 (a) and dark grey bubbles in Fig. 3.10 (c) in-between cup and DMS film,
are associated with slight thinning of the film towards the surface and a diffusion of Pt into
the thin film underneath through relatively rough, non-ideal surface. These defects in the first
few border nanometers seem to be of the same origins as a signal drop in SIMS spectroscopy.
Crystallographic directions corresponding to the lattice layers orientation are mapped in
Fig. 3.9 (b) and Fig. 3.10 (b). A cloudy contrast in magnified 10-nm scale images originates
from uneven thickness of the TEM foil. No defects – stacking faults, mosaicity, twins or
dislocations are visible in the area, that can contribute to the origins of the contrast.
In the Fig. 3.9 (c), the (Ga,Mn)(Bi,As) layer is presented on top of (In,Ga)As buffer;
where both the layers of two distinct color hues show perfect zinc-blend structure with an
absence of defects in ~ 80 nm x 40 nm observed area. From the X-ray diffraction analysis
we’ve already established that in the samples with (In,Ga)As buffer, the lattice mismatch and
the strain are considerably larger – up to 2 times – in comparison to those grown directly on
GaAs, that affect uniformity of the structure, contribute to less smooth transition in-between
the composition layers with more defects and, thus, to less flat interface.

~ 49 ~

Chapter 3: Structural characterization (Electron microscopy)

(a)
Pt cup layer

(Ga,Mn)As
DMS film

(In,Ga)As
buffer layer

(b)

100 nm

10 nm

(c)

d1-11 d11-1

(Ga,Mn)(Bi,As)
DMS thin film

In(Ga,As)
buffer layer

+ 1% Bi
Figure 3.9: SEM cross-sectional images of (Ga,Mn)As / (In0.2Ga0.8)As (50 nm thick, 6%
Mn) in 100 nm scale (a) and enlarged to 10 nm STEM (b) with lattice crystallographic
orientation marked on top; (Ga,Mn)(Bi,As) / (In0.2Ga0.8)As (50 nm thick, 6% Mn, 1% Bi) in
10 nm scale is presented in Fig. 3.9 (c).
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(Ga,Mn)As
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GaAs
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(a)

100 nm

(b)

10 nm

d1-11 d11-1

(c)

+ 1% Bi
Figure 3.10: SEM cross-sectional images of (Ga,Mn)As / GaAs (50 nm thick, 6% Mn) in
100 nm scale (a) and enlarged to 10 nm STEM (b) with lattice crystallographic orientation
marked on top; (Ga,Mn)(Bi,As) / GaAs (50 nm thick, 6% Mn, 1% Bi) in 10 nm scale is
presented in Fig. 3.10 (c).
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(a)

Pt cup layer

(Ga,Mn)As DMS film

(In,Ga)As buffer layer

GaAs buffer

(b)
Pt cup layer
(Ga,Mn)As DMS film

GaAs buffer

Figure 3.11: SEM images of (Ga,Mn)As / (In,Ga)As /GaAs (a) and (Ga,Mn)As / GaAs (b)
(50 nm thick, 6% Mn) in 500 nm scale.
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Fig. 3.11 (a) shows misfit dislocations at the interface between GaAs and the strainrelaxed (In,Ga)As layer that, as we suspect, cause a structure deformation in the direction
toward surface, that, among many, resulted in more prominent contrast in (Ga,Mn)As zoomed
images in comparison to smooth transition in-between layers in (Ga,Mn)As/GaAs samples
(Fig 3.11 (b).
Images, taken at various samples spots and in various scales, in general, show highquality structures with minor defects, especially considering the top ferromagnetic layer.
Further, I’d like to show those result with defects present, as we’ve found that few, that all
can be presented here without fear to extend this chapter for additional PhD work. Part of the
defects were a mere artefacts or induced directly by the measurement, as is visible in
Fig. 3.12 (a, b) for (Ga,Mn)As/(In,Ga)As and in Fig. 3.13 (a, b) for (Ga,Mn)(Bi,As) /
(In,Ga)As, shown in contrast to highlight that it’s not affiliated with material.
Structural defects were found primary in the tensile-strained samples with (Fig. 3.14 a)
and without bismuth (Fig. 3.14 b), as expected from X-ray diffractometry, because of higher
lattice mismatch, thus, relatively lower structural quality. In addition to dislocations, all
samples show low concertation of twins near the top, visible at higher magnification
(Fig. 3.15). Surface roughness and scarce defects of the thin film, that were already discussed
earlier, may vary from specimen to specimen, that might be connected with slight difference
in etching time and possible aging of the samples.
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Figure 3.12: STEM images of (Ga,Mn)As / (In,Ga)As / GaAs before (a) and after (b)
scanning the sample. EDX profile was investigated along the scanning line as shown on the
pictures; results of the analyses are compatible with those, obtained from SIMS.
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Figure 3.13: STEM images of (Ga,Mn)(Bi,As) / (In,Ga)As / GaAs before (a) and after (b)
scanning the sample. EDX profile was investigated along the scanning line as shown on the
pictures; results of the analyses are compatible with those, obtained from SIMS.
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Figure 3.14: SEM image of a dislocation found in (Ga,Mn)(Bi,As) / (In,Ga)As / GaAs (a)
and STEM image (Ga,Mn)As / (In,Ga)As / GaAs (b)
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Figure 3.15: STEM image of twin boundaries defects in (Ga,Mn)(Bi,As) / GaAs
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3.4. Raman scattering spectroscopy
•

Foreword on technique & theory

Another non-destructive technique used for the characterization of vibrational structure
and other low frequency excitations in a system was Raman scattering spectroscopy.
Technique utilizes inelastic scattering of monochromatic light to absorb or emit photons and
other excitations, that results in a shift of laser photons, yielding the information on phonon
modes. This transfer is called Raman shift (𝜈̅ , cm-1) or Stokes scatter shift (Fig. 3.16 b), and
could be described as the energy difference between the starting and final vibrational levels:

𝜈̅ =

1
𝜆𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡

−

1
𝜆𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑒𝑑

(3.8)

where 𝜆𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 and 𝜆𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑒𝑑 are the wavelengths of incident and scattered Raman photons
respectively, given in cm.

s

Figure 3.16: Scattering profiles in the energy scale [60] for Rayleigh (a), Stokes (b) and
Anti-Stokes Raman scattering (c)
At room temperature, initial state is the ground state, as thermal population of
vibrational excited states is low. Scattered photons will have longer wavelength and lower
energy then the incident photons. If the photon was already excited (non-zero vibrational
energy state), then this scattering is called Anti-Stokes Raman scattering (Fig. 3.16 c). It
usually creates a weaker spectrum then the Stokes does, however it yields an important
information for vibrational frequencies less than 1500 cm-1. Both scattering technique’s ratio
depends on temperature at any vibrational frequency and both of them give the information on
the same frequency.
It’s important to note that Raman active modes, due to spectroscopic selection rules,
must involve a change in an optical polarizability (α, relative tendency of charge distribution,
distortion of electron cloud of an atom per se):

𝜕𝛼
( ) ≠ 0
𝜕𝑞 𝑒𝑞
where q is a normal coordinate and eq – equilibrium position.
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Entire Raman spectrum is derived from specific lattice vibrations and consists of intense
peak corresponding to the same wavelength as the excitation (elastic Rayleigh scattering), set
of low-intensity, larger wavelength peaks (Raman Stokes shifted) and set of low-intensity
smaller wavelength peaks (Raman Anti-Stokes shifted), as presented on the example of
ethanol in Fig. 3.17 [65].

Figure 3.17: Raman scattering spectra of ethanol for 532 nm excitation wavelength [65]

Potential applications of this technique, among others, include determination of stress
and strain in the material, carrier concentration, identification of structural disorder, etc. A
shift of Raman bands toward either lower or higher wavenumbers through a change in
photons frequency indicates increased or decreased bonds length and a presence of tensile or
compressive strain in films, respectively (Fig. 3.18), [65, 66]. Peaks shape corresponds to
crystalline quality in the sample.
Figure

3.18:

parameters

analysis [65]
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Moreover, Raman scattering could be used as an alternative method to determine charge
carrier concentration by correlating it to the shape of the coupled plasmon-LO phonon mode
line (CPLOM) [67, 68]. Plasmon is a quasiparticle, a result of collective oscillations of free
carrier gas, that in (Ga,Mn)As DMS films corresponds to holes. For p-type GaAs, the
coupling between the electron plasmon and LO phonon mode creates one strong Raman
active CPLOM, moving from the LO to TO energy position mode with increasing hole
density due to a strong hole-plasmon damping. Selection rules are determined by the
deformation potential and Fröhlich electron-phonon interaction [69]. For the n-type material
there’re two CPLOMs: L+ and L- , while the last one remains unchanged at near GaAs TO
frequency, L+ moves in a way of lower wavelength with increasing electron concentration. So,
by analyzing the number of Raman CPLOM we may conclude not only the density of carriers,
but their type as well.
When the carrier concentration is sensibly higher (up to 8.3% of Mn), the intensity of
the unscreened LO mode (ULOM) is decreasing significantly, thus, should also be considered
in the analysis [67]. The relative intensities of these plasmon modes contain the information
about hole density in the sample. Detailed process of theoretical formula deduction is given in
the work by M. J. Seong et al. [61], I’ll write just the final formula that we’ve used in carrier
density estimation:

𝑝=

8𝜀0 𝜀𝑠 𝛼 2 𝜙𝐵

(3.9)

2

𝜉
𝑒[𝑙𝑛(1+ 𝐴 )]
𝜉𝑆

where 𝜀0 – vacuum permittivity; 𝜀𝑠 –static dielectric constant, based on the previous analyses
in this field, namely from scientific groups of M. J. Seong and of O. Yastrubchak, we’ve used
𝜀𝑠 = 12,8; 𝛼 – absorption coefficient, 𝛼 ≈ 1 ∙ 105 𝑐𝑚−1 for the excitation wavelength
532 nm [69]; 𝜙𝐵 – surface potential barrier, that for the same reasons as 𝜀𝑠 , was fixed at the
𝐴

value 0,5 V; e – electron charge; 𝜉𝐴 = 𝐴𝐿 – is the ratio of the integrated intensity of the
𝑃

𝐼

ULOM in comparison to that of CPLOM in the Raman spectra; 𝜉𝑆 = 𝐼 𝐿 – relative Raman
𝑃

scattering efficiencies of the ULOM and CPLOM in a unit volume, which was fixed at 𝜉𝑆 = 2
from the literature [67].
In order to perform Raman analyses, a series of thorough measurements should be
performed in order to obtain a wide range of consequent results for comparison, which means
at least several set of samples with one variable, because all spectra parameters are sensitive
to the local or longrange order of atoms in the compound. Because of the force majeure
consequences we weren’t able to perform them, however this is planned for the nearest future.
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In this thesis, I’d like to present more like introductionary result that will lay base for
the future comparison. In this field we’ve cooperated with MSc Rafał Kuna, who operated the
setup (Fig. 3.19) and supported during the analysis process, and with the ON4.1 research
group that allowed us to perform the measurement at their set-up.

•

Results & explanation

We’ve examined 50 nm thick samples of as-grown and annealed (Ga,Mn)As and
(Ga,Mn)(Bi,As) with 6% Mn and 1% of Bi, grown on different buffers ((In,Ga)As or GaAs);
they’re the very same samples listed in previous TEM and SIMS sections. Historically,
Raman measurements were done in a period after the HR-XRD, but before any other
structural, transport or magnetic characterization.

Figure 3.19: Raman Spectrometer Mono Vista CRS+
Raman scattering was performed in a 𝑧̅(𝑌𝑌)𝑧 backscattering geometry on the (001)
growth surface, where z = [001] is a growth direction, Y = [110]. The 532 nm line from a
semiconductor laser was used as an excitation light source in order to obtain short penetration
depth and avoid overlap with Raman scattering signal from buffer layers. Further, scattered
photons were dispersed by Mono Vista CRS+ spectrometer with charge-coupled detector
(CCD) at room temperature. Results for the annealed and as-grown layers on different buffers
are presented in the Fig. 3.20 (a, b) for (Ga,Mn)As and in Fig. 3.21 (a, b) for (Ga,Mn)(Bi,As).
Cumulative comparison of annealed ternary and quaternary alloys is presented in
Fig. 3.22 (a, b).
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In the 𝑧̅(𝑌𝑌)𝑧 configuration scattering by LO phonons is allowed, while for TO it is
forbidden according to Raman selection rules. However, due to a disorder-induced scattering
in highly-doped films, as the frequencies and linewidths of modes highly depend on Mn
fraction, a numerical aperture of the microscope lens system was affected, giving a rise to a
signal from TO mode, visible on the left side of LO mode in all the figures. That’s why on
comparative graphs TO peaks in samples after annealing become lower and sharper in
comparison to as-grown. Modification changes to vibrational and electronic properties with
Bi incorporation and buffer choice were investigated through line-shape analysis, in particular
CPLOM was fitted with two Lorentzian curves [69], example of the fit process is presented in
Fig. 3.23. Reference peak positions were expected to be around:

• LT-GaAs [68] TO ~ 269 cm-1, LO ~ 292 cm-1;
• (Ga,Mn)As, (Ga,Mn)(Bi,As) (GaAs substrate) [68] TO ~ 267..269 cm-1, LO ~
290..292 cm-1;

• In0.53Ga0.47As [70] TO ~230..235 cm-1; LO ~ 271..276 cm-1;
• Obtained peaks for LO mode with 0.05 precision (limitations of Origin’s “Vertical
cursor” tool), that played a major role in further analyses, were (in cm-1):

• (Ga,Mn)As / GaAs: 291.35 (as-grown) → 291.96 (annealed);
• (GaMn)As / (In,Ga)As: 285.32 (as-grown) → 283.60 (annealed);
• (Ga,Mn)(Bi,As) / GaAs: 291.35 (as-grown) → 291.91 (annealed);
• (Ga,Mn)(Bi,As) / (In,Ga)As: 281.94 (as-grown) → 282.49 (annealed);
The width of a peak in the spectrum is inversely proportional to the phonon lifetime so
that for higher quality crystals the peaks are typically narrow and their width is determined by
the phonon anharmonicity, phonon decay processes in particular. The presence of defects of
any kind will shorten the phonon lifetime and, correspondingly, broaden the linewidth. For all
the investigated layers it was revealed that full width at half maximum (FWHM) and an
amplitude of the LO-mode decreases after the annealing, suggesting an improvement of
crystalline quality and increase in hole density, respectively. As for the shift of the signal after
annealing – in our case differences in LO peak position were at the level of 0.5.. 0.7 cm-1 for
all the samples except (Ga,Mn)As / (In,Ga)As, for which as-grown peak moved 1.72 cm-1 in
the direction of smaller wavenumbers after the annealing, as opposite to the others, which is
quite intriguing. Keeping in mind that layers grown on (In,Ga)As showed slightly higher
lattice mismatch which indicates lower crystalline structure, we may understand wider
FWHM of LO modes peaks for tensile-strained samples. An addition of Bi to the layers
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doesn’t change the FWHM much, as expected, only slightly increased intensity of the LO
lines, which may result from a lower hole density.
For the layers grown on GaAs the difference in peak positions was ~ 0.5 cm-1 to lower
energies for Bi-contained layers in agreement with larger lattice parameters and increased
bond length in those layers. More pronounced redshift of the both optical phonon lines was
observed for the layers grown on (In,Ga)As buffer, resulting from much larger increase in the
bond length in the tensile-strained layers.
We have estimated the hole concentrations in the layers from the detailed analysis of the
Raman spectra, shown in Fig. 3.23 as an example, with the use of Eq. 3.9 and obtained
8.5·1019 cm−3 and 7·1019 cm−3 in the as-grown (Ga,Mn)As and (Ga,Mn)(Bi,As) layers,
respectively, that increased after the annealing to 1.6·1020 cm−3 and 1·1020 cm−3, respectively.
Looking further, these values are in a quite good agreement with the ones obtained from the
Hall effect measured at room temperature.
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Figure 3.20: Raman spectra for the 50-nm thin films of (Ga,Mn)As, grown on GaAs and
(In,Ga)As before and after annealing with vertical offset of obtained curves (a) and asmeasured (b).
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Figure 3.21: Raman spectra for the 50-nm thin films of (Ga,Mn)(Bi,As), grown on GaAs
and (In,Ga)As before and after annealing with vertical offset of obtained curves (a) and asmeasured (b).
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Figure 3.22: Raman spectra for the 50-nm thin films of annealed (Ga,Mn)(Bi,As) and
(Ga,Mn)As, grown on GaAs and (In,Ga)As, with vertical offset of obtained curves on a
wide range of wavelengths (a) and scaled to optical mode peaks (b).
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Figure 3.23: Raman spectra for the 50-nm as-grown (Ga,Mn)As/(In,Ga)As, where open
circles connected with black line represent experimental data, green and red lines correspond
to two fitted Lorentzian peaks for CP-LOM and ULOM, blue line – is their cumulative.
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behind the magnetism
4.1. Components of magnetic energy
Substitutional manganese in III-V DMS, in particular (Ga,Mn)As and (Ga,Mn)(Bi,As),
becomes ferromagnetically ordered below the transition temperature owing to interaction with
spin-polarized holes. Mn ions provide both holes and localized spins, that mediate the carriercontrolled magnetism [71, 72, 73]. Exchange interaction is mediated by holes with non-zero
orbital momentum causing a pronounced s-o valence band (VB) coupling and anisotropy. The
sensitivity of the magnetic properties, such as the TC and the anisotropy, to the hole
concentration allows for tuning those properties by low-temperature post-growth annealing,
photo-excitation or electrostatic gating of the (Ga,Mn)As layers [17].
On a microscopic level, when a single Mn acceptor is introduced into the zinc-blende
host structure of GaAs, a perturbation of the crystal potential occurs, that consists of three
components [74]: long-range Coulomb component, a short range central-cell potential,
corresponding to the electronegativity difference between the host and impurity atom, and a
contribution from the hybridization between Mn d-orbitals and valence As/Ga sp-orbitals
states (mainly As p-orbitals on neighbouring states), that leads to antiferromagnetic exchange
interaction between spins. Each of them contributes a 30 meV to the MnGa acceptor level,
resulting in a total 0,1 eV binding energy. All of them are important to produce a bound state
above the host VB, as only short-range alone couldn’t create it, only broadening a region of
scattering inside the valence band [74]. In its turn, spin-dependent hybridization between the
local and band states, and the exchange part of the Coulomb interaction between localized
electrons and effective mass, contributes to the Kondo coupling [75].
Magnetization M is influenced by several different magnetic energies, such as exchange
energy 𝐸𝑒𝑥 , anisotropy energy 𝐸𝑎𝑛𝑖𝑠𝑜𝑡𝑟𝑜𝑝𝑦 , demagnetization energy 𝐸𝑑𝑒𝑚𝑎𝑔 and Zeeman
energy 𝐸𝑍𝑒𝑒𝑚𝑎𝑛 , that could be expressed through free energy density 𝐸𝑡𝑜𝑡𝑎𝑙 (total free
energy / volume):
𝐸𝑡𝑜𝑡𝑎𝑙 =

𝐸

1

= 𝑉 (𝐸𝑒𝑥 + 𝐸𝑎𝑛𝑖𝑠𝑜𝑡𝑟𝑜𝑝𝑦 + 𝐸𝑑𝑒𝑚𝑎𝑔 + 𝐸𝑍𝑒𝑒𝑚𝑎𝑛 )
𝑉

All of the components are briefly discussed further.
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•

Exchange energy

On a macroscopic level, magnetisation energy is established over all the moments in
some volume V :
𝐸𝑒𝑥 =

𝐴
𝑀𝑠

2

⃗⃗ ) 𝑑𝑉,
∫(∇𝑀

(4.2)

where 𝑀𝑠 is the saturation magnetization and A – exchange constant.

•

Demagnetization energy

In a very thin film demagnetizing forces, coming from the dipolar interaction, play an
important role in the magnetization equilibrium [76]. In a case of perpendicular orientation
(out-of-plane magnetization) magnetic poles arise near the top and bottom film surfaces, that
⃗ 𝑑𝑒𝑚𝑎𝑔 (following the consequence from a
lead to fields of the opposite magnetization 𝐻
⃗ 𝐵
⃗⃗⃗ = 0 → ∇
⃗ 𝐻
⃗ = −∇
⃗ ⃗⃗⃗⃗
Maxwell law ∇
𝑀 ). In the case of in-plane magnetization, the distance
between magnetic poles on the films sides is large enough for the demagnetizing fields to be
neglected.
𝐸𝑑𝑒𝑚𝑎𝑔 = −

𝜇0
2

⃗⃗⃗⃗ ∙ 𝐻
⃗ 𝑑𝑒𝑚𝑎𝑔 𝑑𝑉
∫𝑀

(4.3)

Integral is taken over the whole volume V.

•

Zeeman energy

Zeeman Energy (external field energy) is potential energy of a magnetic material in an
external field, that describes the magnetization ⃗⃗⃗⃗
𝑀 over the full volume V in the external
⃗ 0:
magnetic field 𝐻
⃗ 0 d𝑉
𝐸𝑍𝑒𝑒𝑚𝑎𝑛 = − 𝜇0 ∫ ⃗⃗⃗⃗
𝑀 ∙𝐻

(4.4)

Due to this term, a parallel alignment of the magnetization is energetically dominant
[76].

•

Anisotropy energy

Magneto-crystalline anisotropy in (Ga,Mn)As and (Ga,Mn)(Bi,As) is strain-modulated
and originates from spin-orbit coupling. It could be expressed via three cosines of
magnetization vector directions: 𝛼1 , 𝛼2 and 𝛼3 with respect to <100> axes. Taking into
account cubic symmetry of the crystal and the fact that only quadratic terms of cosines are
allowed, the energy density could be written as:
𝜀𝑎𝑛𝑖𝑠𝑜𝑡𝑟𝑜𝑝𝑦 = 𝐾 (1) (𝛼1 2 𝛼2 2 + 𝛼2 2 𝛼3 2 + 𝛼1 2 𝛼3 2 ) + 𝐾 (2) (𝛼1 2 𝛼2 2 𝛼3 2 ) + ⋯,
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where 𝐾 (1) and 𝐾 (2) are the anisotropy constants of first and second order, the lowest terms
that describe cubic magnetic anisotropy [76].
For positive values of 𝐾 (1) energy minima are along the <100> directions. If third cosine
term 𝛼3 = 0, leading to the second term disregarding, then the magnetisation is in the film’s
plane (001), therefore:
𝜀𝑎𝑛𝑖𝑠𝑜𝑡𝑟𝑜𝑝𝑦 = 𝜀𝐶|| = 𝐾𝐶 cos(4𝜑)

(4.6)

where 𝐾 (1) = 𝐾𝐶 is cubic anisotropy constant in a case of biaxial anisotropy along [100] and
[010], 𝜀𝐶|| – cubic in-plane anisotropy, 𝜑 – magnetization vector angle with respect to the
[100] axis. 𝐾𝐶 is split into the in-plane 𝐾𝐶|| and out-of-plane 𝐾𝐶⊥ component due to the
tetragonal distortion in the crystal, meaning that the in-plane and perpendicular lattice
constants are not equivalent.
Strain, introduced during the growth process due to the lattice mismatch between the
film and the substrate, creates additional distortion, that, in a case of compressive strain, adds
a uniaxial anisotropy perpendicular to the plane:
𝜀𝑈⊥ = −𝐾𝑈⊥ cos 2 𝜃

(4.7)

where 𝜃 is a magnetization angle with respect to magnetic film normal. Negative value of
uniaxial perpendicular anisotropy −𝐾𝑈⊥ manifests itself as a hard axis along the growth
direction.
Uniaxial in-plane (001) anisotropy term 𝐾𝑈|| (Eq. 4.8) may appear in thin magnetic
films of III-V DMS, though it’s forbidden by the symmetry for cubic or tetragonal crystal
structures. It’s speculated to be of either sample’s bulk and surface contribution [76], or of
trigonal distortion caused by uniaxial strain in the film’s plane from non-homogeneous
magnetic ions distribution [77], but most probably uniaxial term results from the preferred
formation of Mn dimmers along the [1̅10] crystallographic direction at the (001) surface
during the epitaxial growth of (Ga,Mn)As layers, as concluded from the ab initio calculations
[78].
𝜀𝑈|| = 𝐾𝑈|| sin2(𝜑 − 𝜑𝑈 )

(4.8)

where 𝜀𝑈|| – is energy density of the in-plane uniaxial anisotropy, 𝜑𝑈 – angle between easy
axis (for this anisotropy) and [100]-direction for positive 𝐾𝑈|| . For 𝜑𝑈 = 45° [110] and [11̅0]
are no longer equivalent.
Magnitudes of 𝐾𝐶 and 𝐾𝑈 terms depend on effective Mn concentration (𝑥𝑒𝑓𝑓 ), carrier
concentration (p), and temperature, leading to the in-plane spin reorientation transition (SRT)
at temperatures when 𝐾𝑈 = 𝐾𝐶 [79]. When 𝐾𝑈 > 𝐾𝐶 [80] (Ga,Mn)As magnetization is in a
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magnetic uniaxial state, and an external magnetic field is required to reveal a presence of the
cubic term, if 𝐾𝐶 components dominates – then biaxial anisotropy dominates.
Total anisotropy energy density for a sample with arbitrary magnetization direction [76]
is a sum over all the terms (Eq. 4.9):
𝜀𝑎𝑛𝑖𝑠𝑜𝑡𝑟𝑜𝑝𝑦 =

𝜇0
1
𝑀𝑆 2 cos2 𝜃−𝐾𝑈⊥ cos2 𝜃 − 𝐾𝐶⊥ cos4 𝜃
2
2
1

− 8 𝐾𝐶|| (3 + cos4𝜑) sin4 𝜃 − 𝐾𝑈|| sin2 (𝜑 − 𝜑𝑈 ) sin2 𝜃

(4.9)

For a thin compressively strained magnetic film with in-plane anisotropy total
magnetostatic energy may be expressed as:
𝜀𝑖𝑛−𝑝𝑙𝑎𝑛𝑒 𝑎𝑛𝑖𝑠𝑜𝑡𝑟𝑜𝑝𝑦 =

𝐾𝑐
sin2 2𝜑
4

+ 𝐾𝑈 sin2 𝜑 − 𝑀𝑆 𝐻cos (𝜑𝐻 − 𝜑)

(4.10)

where 𝑀𝑆 is the saturation magnetization, 𝜑𝐻 and 𝜑 are the angles of H and M to the [100]
direction.
Eq. 4.10 determines the easy-hard axis switching through a K change [80], among other
π/2 rotations between the uniaxial [11̅0] and [110] directions, and π/4 in-plane rotations
between the <100> → <110> directions.
Total anisotropy, in addition to above mentioned components, may also include a
contribution stemming from the sample’s shape.

•

P-d Zener model

Up-to-date the most accurate theory to describe transport, magnetic, thermodynamic and
optic properties for the strongly disordered systems includes Kohn-Luttinger k·p theory of the
valence band and the p-d Zener’s model [72, 75].
Magnetization is calculated from the minimum of free energy density 𝐸[𝑀(𝑟)],
obtained from the diagonalization of a Hamiltonian that consists of p-d exchange interaction
part, 6x6 Kohn-Luttinger Hamiltonian representing the six valence bands of host GaAs and
the term, corresponding to lattice strain:
𝐻 = 𝐻𝑝𝑑 + 𝐻𝐾𝐿 + 𝐻𝑠𝑡𝑟𝑎𝑖𝑛

(4.11)

Main parameter, operated within the model, is a free energy density 𝐸[𝑀(𝑟)] of the
local magnetization 𝑀(𝑟), averaged over the macroscopic area r (neglecting spatial disorder,
natural for alloys [75]). It’s a result of a mean field approximation, that treats influence of
localized Mn spins on charge carriers as an effective field.
𝐸[𝑀(𝑟)] = 𝐸𝑆 [𝑀(𝑟)] + 𝐸𝑐 [𝑀(𝑟)]

(4.12)

where the first contribution, 𝐸𝑆 [𝑀(𝑟)], is a free energy densities of Mn spins in the absence of
any carriers and the second one , 𝐸𝑐 [𝑀(𝑟)] − in a presence of Mn spins, when the dynamics
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of the system’s spins is higher in a presence of carriers in comparison to the opposite
situation.
Further, we can derive:
𝑀

𝐸𝑆 [𝑀] = ∫0 𝑑𝑀0 ℎ(𝑀0 ) − 𝑀𝐻

(4.13)

where M is a spatially uniform magnetization; ℎ(𝑀0 ) − inverse function to 𝑀0 (ℎ), 𝑀0 –
magnetization of the spins in the absence of the carriers at a temperature T in the field h on a
macroscopic level and can be evaluated from the experiment using Brillouin function with a
short-range antiferromagnetic interaction taken into account; H – magnetic field.
Close to the transition point, where H is zero, magnetization is small enough for the
Eq. 4.13 to be inverse proportionally to the magnetic susceptibility of the localized spins as a
function of temperature:
𝐸𝑆 [𝑀] =

𝑀2

(4.14)

2𝜒(𝑇)

Second term of the Eq. 4.13 largely depends on the Zeeman splitting of the bands,
which is proportional to the M, meaning that ferromagnetic order appears at non-zero M at
low temperatures, when E [𝑀] reaches a minimum in a H = 0 scenario.
In order to consider the complexity in the virtual crystal, a Luttinger 6x6 k·p model
should include a p-d exchange contribution, that causes the spin-splitting of the VB:
𝐻𝑝𝑑 =

𝛽𝑠𝑀(𝑟)
𝑔𝜇𝐵

(4.15)

where 𝛽 is the p-d exchange integral, s – Mn2+ spin, 𝑀(𝑟) – magnetization of the localized
spins that carry magnetic moment, 𝜇𝐵 – Bohr magneton, g – gyromagnetic ratio.
A strong influence of the spin-orbit coupling could not be described by the RKKY
approach, thus creates a space for a new model, that should include among many a
Bloembergen-Rowland mechanism of the virtual spin excitation interaction. Such a model
works for both zinc-blende and wurtzite materials.
Spin magnetisation with respect to temperature T and applied field H could be
understood applying a mean-field solution for long-range exchange interaction, in particular, a
TC could be derived as an temperature difference between ferromagnetic and
antiferromagnetic states:
𝑇𝐶 = 𝑇𝐹 − 𝑇𝐴𝐹

(4.16)

where 𝑇𝐴𝐹 corresponds to contribution of antiferromagnetic interactions to the Curie-Weiss
temperature, 𝑇𝐴𝐹 = 𝑇𝑒𝑓𝑓 − 𝑇.
𝑇𝐹 describes the ferromagnetic interaction:

𝑇𝐹 =

2
̃(𝑇
𝑥𝑒𝑓𝑓 𝑁0 𝑆(𝑆+1)𝐴𝐹 𝜒
𝑐 𝐶 )𝛽

3𝑘𝐵
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where 𝑥𝑒𝑓𝑓 – effective spin concentration that hints a presence of antiferromagnetic
superexchange interactions, 𝑁0 – concentration of cation sites; 𝐴𝐹 is a Fermi-liquid-like
parameter that describes carrier-carrier spin correlation; 𝛽 – p-d exchange integral; 𝑘𝐵 –
Boltzman constant; χ̃c is a generalized carrier spin susceptibility, related to the convenient
magnetic susceptibility χc in a form:
𝜒
̃𝑐 = 𝐴𝐹 (𝑔∗ 𝜇𝐵 )2 𝜒𝑐

(4.18)

where 𝑔∗ – band Landé factor, corresponding to the large magnitude of the electron spin
splitting in the presence of magnetic field; 𝜇𝐵 – the Bohr magneton.
or

𝑇𝐹 =

𝑥𝑒𝑓𝑓 𝑁0 𝑆(𝑆+1)𝛽 2 𝐴𝐹 𝜌𝑠 (𝑇𝐶 )
12𝑘𝐵

(4.19) [81].

where 𝜌𝑠 – spin density of states.
In a case of a strongly degenerate carrier liquid, when also neglecting the spin-orbit
interaction, 𝜌𝑠 becomes equal to the total density of states for intraband charge excitations:
𝜌𝑠 = 𝜌 =

∗
𝑚𝐷𝑂𝑆
𝑘𝐹

𝜋 2 ħ2

(where k F is the radius of the Fermi sphere and is called the Fermi

wavevector) [75, 81]. For (Ga,Mn)As 𝑥 ≈ 𝑥𝑒𝑓𝑓 and 𝑇𝐴𝐹 ≈ 0 [72, 81].
Short-range exchange interaction (nearest neighbours) in the Heisenberg model is
described by the Hamiltonian:
⃗⃗⃗𝑗
𝐻𝑒𝑥 = −2 ∑𝑖<𝑗 𝐽𝑖𝑗 ⃗⃗𝑆⃗𝑖 ∙ 𝑆

(4.20)

where 𝐽𝑖𝑗 is the exchange integral, ⃗⃗⃗
𝑆𝑖 and ⃗⃗𝑆⃗𝑗 are the spins at the lattice sites i and j. If the
integral has a positive sign, then a parallel spins alignment is established, hence the
ferromagnetic order takes place. In a case of coupling between neighbour cation sites in
unperturbed zinc-blende structure, Hamiltonian consists of four independent components
[81]: scalar Heisenberg-type coupling and Dzyaloshinskii-Moriya (pseudo-dipole) non-scalar
terms. Latter rise from spin-orbit interaction within magnetic ions, and, while being smaller
than scalar ones, control spin-coherence time and anisotropy.
After the normalization of the ferromagnetic temperature 𝑇𝐹𝑛𝑜𝑟 (Eq. 4.17, 4.19),
expected magnitude of Curie temperature for (Ga,Mn)As may be calculated:
𝑇𝐶 (𝑥) = 𝐴𝐹

𝑥𝑒𝑓𝑓
0.05

𝑁0 (𝐺𝑎𝐴𝑠)

(𝛽𝑁0 )2 (

𝑁0

) 𝑇𝐹𝑛𝑜𝑟 − 𝑇𝐴𝐹 (𝑥)

(4.21) [72]

As it was shown in works of T. Dietl et al. [72, 81], there’s a strong correlation and
dependence of Curie temperature on hole and Mn spin concentrations. A ferromagnetic
alignment is achieved when the Coulomb forces, that cause the exchange interaction, are
screened or minimized. Taking into account Pauli exclusion principle, this requirement can be
~ 71 ~

Chapter 4: Theory of magnetism

achieved when charge carriers are in parallel orientation with respect to each other, in
comparison to antiparallel orientation. Therefore, if the contribution of exchange energy is
larger than the spin-splitting kinetic energy, a long-range ferromagnetic order starts to
dominate. Few major highlights of the presented model are: a strong dependence of 𝑇𝐶 on the
carrier and Mn spin concentration, in other words on Mn percentage of doping, and a presence
of the magnetic anisotropy of the carrier-mediated exchange interaction stemming from a
spin-orbit coupling in the alloy and induced by lattice strain.
Magnetic anisotropy energy for a simplified zinc-blende model could be determined
from the kinetic k·p parameters and p-d exchange energy. In (Ga,Mn)As, the substitutional
Mn is in a d5 high-spin state, with little orbital moment [82], hence the anisotropy is mostly
due to the p-d interactions between Mn and charge carriers, which reside in the host
semiconductor VB, where spin-orbit effects are large.
For (Ga,Mn)As/GaAs layers with a high enough concentration of Mn (≥1%), a
compressive lattice strain forces the easy axes to be oriented along <110> in-plane uniaxial
axes in addition to cubic anisotropy along <100> directions. There’s an energy difference
between [1̅10] and [110], originating from the Mn ions sites positions in the crystal lattice,
that favours the first one to be easier in comparison to the second direction. Such a behaviour
is characteristic of compressively strained (Ga,Mn)As layers with high concentration of
valence-band holes [79].

~ 72 ~

Chapter 4: Theory of magnetism

Compressive strain

Tensile strain

(GaMn)As or
(Ga,Mn)(Bi,As)

(GaMn)As or
(Ga,Mn)(Bi,As)

GaAs

(In,Ga)As

[001]

[001]

[110]
[100]
Compressive strain
(a(Ga,Mn)As > aGaAs)

[010]

Tensile strain
(a(Ga,Mn)As < a(In,Ga)As)

Figure 4.1: Visualization of strain-induced lattice deformation in (Ga,Mn)As and
(Ga,Mn)(Bi,As) samples grown on different substrates (upper left and right schemes).
Magnetostatic free energy surface derived from magneto-transport measurements under
various directions of applied magnetic field at 4.2K. The deepest energy minima indicate the
magnetization easy axes [83, 84] (down left and right figures).
Easy magnetization axes are formed in a way to minimize a carrier’s total energy,
needed to preserve ferromagnetic state for a collective macroscopic magnetization of Mn
moments. This, in particular, is driven by the Fermi level (EF) position in the VB or the
magnetization-dependant exchange splitting [85], hence strongly dependent on the hole
concentration and the temperature that may change their overall orbital momentum. For
example, with low enough Mn doping, thus lower holes concentration, there won’t be enough
carriers to populate the light-hole subband even for compressively strained films thus the
perpendicular anisotropy will dominate with a stronger exchange splitting over the (001)
component. In this situation, the lowest energy for holes-spins coupling is when a heavy hole
subband is at the ground state.
A strong mixing of VB states leads to complications in specifying general parameters
(hole density, temperature, magnetization) of heavy-to-light holes switching mechanism in the
mean-filed model and is possible for each sample case separately.
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Based on the holes concertation, (Ga,Mn)As could show three different behaviours:
•

[Mn] << 1% - in a weak doping regime a distance between the holes bound to the
Mn ions is much larger than the size of bound hole leading to an
insulating/paramagnetic phase;

•

[Mn] ~ 1% - insulator-to-metal phase;

•

[Mn] > 1% - ferromagnetic at low temperatures because the impurities are closer
and long-range Coulomb potentials are screened, leading to imperfect metal with
disorder broadened and shifted bands. Short-ranged interactions are not screened and
move to higher components of Mn binding energy in GaAs, further contributing
significantly to carrier scattering in metallic state. Impurity and host band are merged
into one inseparable band, which tail may contain localized states depending on
concentration and disorder.

Zener model in the mean-field approximation model, as described by Dietl et al.
[72, 86], expects further correlation between TM content and concentration of charge carriers
in (Ga,Mn)As, that in a heavily doped (≥10% of Mn) alloys was predicted to reach a TC up to
300 K with increased effective Mn density. It was one of the approaches to increase the Curie
temperature, the other one being concentrated around the elimination of self-compensating
defects [87]. However, even a combination of this two perspectives, that allowed to reach as
high concentration of Mn as 20%, didn’t produce an expected result, reaching peak of 191 K
and 200 K for thin films and patterned nanowires structures, respectively [27, 28]. In order to
enhance effective doping and achieve those high concentrations, L. Chen et al. optimized lowtemperature growth conditions; furthermore, to remove the donor-active Mn interstitials, he
combined annealing and nanopatterning, that was expected to enhance interstitials
outdiffusion. Afterwards, a nominal concentration of Mn was estimated after annealing to be
around 13% and its effective concentration ~ 8.6%, meaning that part of the Mn is still
compensated by the interstitials and intrinsic antiferromagnetic coupling between Mn spins
takes place.
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Again, it’s necessary to underline that the number of local magnetic moments ≠ the
number of holes ≠ the number of MnGa in GaAs host due to the presence of charge and
moment compensating defects. Some of them, like positively charged MnI, are donor-like
defects, each of them compensates two substitutional negatively-charged MnGa acceptors and
these pairs couple antiferromagnetically because of their strong Coulombic attraction during
growth [88]. The maximum level of achievable carrier density is determined by the selfcompensation mechanism. For (Ga,Mn)As, it’s dominated by compensating donor-like point
defects that remove carriers from the EF and form defect complexes. Until today this, together
with clustering and segregation in heavily doped (Ga,Mn)As (Mn ≥ 20%), is the main
limitation in the further enhancing of TC and reaching room ranges of temperature.

4.2. Magneto-optic Kerr effect (MOKE)
•

Foreword on technique & theory

Magneto-optic magnetometry is a very sensitive method in determining with a
submonolayer resolution magnetic properties of the investigated specimen, magnetic domain
structure, spin density of states, and magnetic phase transition dynamics in disordered
materials as well as in artificially layered structures. Basic objective of the technique is to
establish the polarization of an initially linearly-polarized electromagnetic wave after the
reflection from investigated surface (Kerr effect) or after being transmitted through a medium
(Faraday effect). Both of them originate from the off-diagonal components of the dielectric
tensor ε (material permittivity), that give the magneto-optic material an anisotropic
permittivity. The permittivity affects the speed of light in a material:
𝜈𝑝 =

1
√𝜀𝜇

(4.22)

where 𝜈𝑝 is the velocity of light through the material and 𝜇 – magnetic permeability. This
causes fluctuations in the phase of polarized incident light.
When the light beam electric field 𝐹 hits the magnetic sample, it excites charge carrier
oscillations along the electric field direction and creates electromagnetic wave radiation –
⃗⃗ , a Lorentz-force
reflected electric field with orientation ⃗⃗⃗⃗
𝐹𝑁 . Together with magnetization 𝑀
⃗⃗ and 𝐹 , that leads to a light
gives a rise to a 𝜈𝐿𝑜𝑟 – perpendicular component with respect to 𝑀
rotation with a field direction ⃗⃗⃗⃗
𝐹𝐾 .
Magneto-optic effects, to smaller or larger degree, could be observed in many materials
when the magnetic field is applied: for non-magnetic materials a thickness-dependent Zeeman
splitting of electronic levels increases the spin-orbital momentum degeneracy and is
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detectable through a Faraday effect. For magnetic materials, where the strong-orbit coupling
is way stronger, magneto-optic effects are orders of magnitude larger and s-o interaction
should be included into the Hamiltonian. If to include Pauli’s spin operator into spin-orbit
energy, replace Coulomb interaction with an effective one-body operator Veff and to employ a
Kramers-Kronig relations, one may come to an important assumption that the magneto-optic
effects are proportional to the difference in the transition probabilities of pseudo-right
circularly-polarized and pseudo-left circularly-polarized light (circular birefringence) [89]. As
linear polarization can be decomposed into the superposition of two equal-amplitude
circularly polarized components of opposite directions and different phase, the effect of a
relative phase shift manifests itself as a rotation in the orientation of a wave's linear
polarization.
Advantages of the MOKE technique are:

• high magnetic sensitivity (1014µB);
• suitable for thin layer samples;
• low substrate contribution;
• spatial resolution;
• possibility of magnetic DW observation.
Depending on the orientation between magnetization direction and the incidence plane
together with the reflecting surface, there’re three geometry types of MOKE measurement:
polar, longitudinal and transversal (Table 4.1) [89]. Polar MOKE configuration foresees
magnetization perpendicular to the reflection surface and parallel to the meridional plane.
Transversal MOKE corresponds to a magnetization perpendicular to the meridional plane and
parallel to the surface, and the reflectivity of the light is measured, while in the longitudinal
Kerr effect magnetization vector is parallel to both meridional plane and reflection surface.
Typical scheme of Kerr set-up is presented in Fig. 4.2 (a) with photos of specimen
orientation on the sample’s table Fig. 4.2 (b, c), measurements were performed at the ON1.2
laboratory with a support from dr M. Szot and dr L. Kowalczyk. The MOKE experiments
were performed in longitudinal and polar geometry using He-Ne laser as a source of linearly
polarized light [90]. The laser spot was of about 0.5 mm in diameter and the angle of light
incidence on the sample of about 30 for the longitudinal and 90 for the polar geometry. We
used standard lock-in technique with photo-elastic modulator operating at 50 kHz and Sidiode detector. Magnetic hysteresis loops were measured in the temperature range 6−150 K,
in magnetic fields up to 2 kOe oriented in plane and perpendicular to the layers for the
longitudinal and polar geometry, respectively [91].
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Table 4.1: Explanation of basic MOKE measurement geometry parameters for p-polarized
incident light (electric field polarized parallel to the plane of incidence).
Intellectual property of F. Hoffmann [76]

Out-of-plane
(maximum on
polarization
rotation for

Rotation

Polarization

ellipticity

analysis

Rotation

Polarization

ellipticity

analysis

θ = 0º)

In-plane

In-plane
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(a)

(b)

(c)

Figure 4.2: Schematic diagram of MOKE set-up (a) with sample’s position for different
measurement configurations (longitudinal (b) and polar (c), respectively).
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•

Results & explanation

We have recorded the magnetization hysteresis loops for the (Ga,Mn)As and
(Ga,Mn)(Bi,As) layers by the MOKE measured as a function of magnetic field applied in
different crystallographic directions (Fig. 4.3 – Fig. 4.6, Fig. 4.8) and as a function of
temperature (Fig.4.7) for the as-grown and annealed samples. Nearly rectangular loops,
obtained for both materials, evidence strong magnetization signal and well-defined
preferential axes.
The principle behind the TC analysis with MOKE consists in the strength measurements
of the MOKE signal and further data comparison in a wide temperature range. Our samples
were measured in a temperature diapason starting from 6K up to 160 K with a 5K step as a
function of a sweeping magnetic field. Further, the amplitudes of the obtained hysteresis loops
were plotted versus the temperature to obtain relative TC for selected strained thin films of 10
nm-thick (Ga,Mn)As and 15 nm thick (Ga,Mn)(Bi,As).
Comparison of annealed and as-grown samples of the ternary and quaternary DMS
grown on GaAs is given in Fig. 4.3, Fig. 4.5 and Fig 4.7. Results for both of the alloys,
obtained along the easiest [100] direction (behavior along other axes has similar tendency),
show an improvement of the magnetic properties due to the annealing treatment: an increase
of thin layers TC accompanied with a narrowing of their hysteresis loops, i.e. a decrease in the
film coercivity. For (Ga,Mn)As the measured Curie temperature went up by around 7 K: from
80 K for as-grown to 87 K for the annealed layer (Fig. 4.7 a). For (Ga,Mn)(Bi,As) the
difference seems to be higher – measured range of TC went from 63K to 82K (Fig. 4.7 b).
Three sets of measurements for the layers on GaAs substrate in longitudinal MOKE
configuration were conducted along three main crystallographic direction orientations – [100],
[1̅10] and [110] (Fig. 4.4, Fig. 4.6), as we’ve expected a correlation with (Ga,Mn)As
anisotropy. Indeed, for both as-grown and annealed ternary layers predictions corresponded to
actual results. Keeping in mind that for different sample configurations, the magnitude of
MOKE signal is not directly proportional to the layer magnetization, the easy magnetization
axis were found along the in-plane 100 cubic directions at low temperature and hard axes
with rougher edges and rather tilted shape of the hysteresis – along two magnetically
nonequivalent in-plane 110 directions. It’s worth to mention that [1̅10] direction is being
magnetically easier than the perpendicular [110] one (Fig. 4.4, Fig. 4.6), corresponding to
better rectangular shape of the hysteresis. Such magneto-crystalline anisotropy could be
interpreted in accordance with a characteristics of (Ga,Mn)As films grown under compressive
misfit strain [90, 91].
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Results, obtained from all (Ga,Mn)(Bi,As) analysis together with those of annealed
(Ga,Mn)As, reveal a closure of the hysteresis loop around around 55 K (Fig. 4.5 a, b,
Fig. 4.3 a), that opens again afterwards, and remains so until TC. Such behaviour may result
from temperature dependent magnetic anisotropy of the layers, earlier observed for
(Ga,Mn)As layers grown on GaAs [15, 18, 76]. Throughout whole the process, the amplitude
of the hysteresis, continues to show a Brillouin-like rapid decay for (Ga,Mn)(Bi,As)
(Fig. 4.7 b) and for (Ga,Mn)As graphs, except that the latter exhibits a small temperaturedependent step-like plato (Fig. 4.7 a).
On the other hand, the (Ga,Mn)(Bi,As) layers grown on the (In,Ga)As buffer displayed
clear hysteresis loops while measured in polar MOKE geometry, as shown in Fig. 4.8, and no
magnetic reversal measured in longitudinal MOKE geometry. These results evidence for the
easy magnetization axis along the [001] growth direction, characteristic of (Ga,Mn)As layers
grown under tensile misfit strain. The coercive field for the annealed (Ga,Mn)(Bi,As) layer
grown on the (In,Ga)As buffer was 670 Oe at T = 6 K and it was much larger than the
coercive field of around 80 Oe at the same temperature for the annealed (Ga,Mn)(Bi,As) layer
grown on GaAs. The annealed layers displayed the TC around 135 K. Further these results will
be compared with the SQUID magnetometry giving an insight into more precise analysis,
that, however, in many important points overlap with the results of magneto-optical
investigations.
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MOKE signal

(a)

MOKE signal

(b)

Figure 4.3: Magnetization hysteresis loops of the annealed (a) and as-grown (b) 10-nm
thick (Ga,Mn)As layer grown on GaAs substrate recorded at various temperatures (written
in the figure) with the longitudinal MOKE magnetometry under an in-plane magnetic field
along the [100] crystallographic direction. The curves have been vertically offset for clarity.
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Figure 4.4: Magnetization hysteresis loops of the annealed 10-nm thick (Ga,Mn)As/GaAs
layer obtained while applying magnetic field along [100] (black squares), [110] (red circles)
and [1̅10] (green triangles) crystallographic directions at low temperature (T ~ 6K).
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Figure 4.5: Magnetization hysteresis loops of the annealed (a) and as-grown (b) 15-nm thick
(Ga,Mn)(Bi,As) layer grown on GaAs substrate recorded at various temperatures (written in
the figure) with the longitudinal MOKE magnetometry under an in-plane magnetic field
along the [100] crystallographic direction. The curves have been vertically offset for clarity.
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Figure

4.6:

Magnetization

hysteresis

loops

of

the

annealed

15-nm

thick

(Ga,Mn)(Bi,As)/GaAs layer obtained while applying magnetic field along [100] (black
squares), [110] (red circles) and [1̅10] (green triangles) crystallographic directions at low
temperature (T ~ 6K).
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Figure 4.7: Temperature dependences of the amplitudes of magnetization hysteresis loops
recorded at various temperatures with MOKE magnetometry under in-plane magnetic field
along the [100] crystallographic direction (points) for both the as-grown and annealed
(Ga,Mn)As (a) and (Ga,Mn)(Bi,As) (b) layers grown on GaAs. The solid lines act as a
guide to the eye.
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(Ga,Mn)(Bi,As)/(In,Ga)As recorded at various temperatures (written in the figure) with the
polar MOKE magnetometry along perpendicular magnetic field along the [001]
crystallographic direction. The curves have been vertically offset for clarity.
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Foreword on technique & theory

Basis of superconducting magnetometry is formed upon the principles of BCS
(Bardeen, Cooper and Schrieffer) theory that is realized in the Josephson junctions circuit.
Key point of the concept relies on the long-range coupling of electrons with antiparallel spin
related to lattice vibrations (phonons exchange) close to the Fermi level. These electrons,
called Cooper pairs, are hold together by the meV binding energy over the hundreds of
nanometers, may condensate into the ground state, eluding Pauli exclusion principle, at
extremely low temperatures, just like the bosons. Electrons form a Fermi liquid, for which a
short-range repulsive interactions are irrelevant at a Fermi surface. When the temperature
reaches the critical level when thermal energy is lower than the band gap, material becomes
superconductive and exhibits zero resistivity.
Condensed pairs are coherent on the whole range of k with a same phase factor. From
quantum mechanical consideration, superconducting wave-function can be written as:
𝛹(𝑟) =

1
√2

√𝑛𝑠 (𝑟) 𝑒 𝑖𝜃(𝑟)

(4.23)

where θ(r) is the phase of the superconducting condensate.
When the superfluid density is homogeneous, only the phase of the superconducting
wave-function depends on the position, hence the superfluid current:
𝑒ħ𝑛

𝑛 𝑒2

𝑠
𝐽 = − ( 2𝑚𝑠 ) ∇𝜃 − ( 𝑚𝑐
)𝐴

(4.24)

where A is the magnetic vector potential, ns is the number of superconducting electrons
(Cooper pairs), m – mass of Cooper pairs.
If to put two superconductors together and separate them by a thin insulating barrier, the
difference in the phase of the two superconducting wave-functions will create a Josephson
effect – a current flowing in the junction [92]. Assuming that the Josephson’s junctions are in
a form of a ring, current, flowing around a closed loop, is zero and Cooper pairs have no
momentum. Integrating Eq.4.24 across the loop and applying Stokes theorem, we obtain:
0

ħ𝑐

∮ 𝐴 ∙ 𝑑𝑙 = − 2𝑒 ∮ ∇𝜃 ∙ 𝑑𝑙 = ∫𝑆 𝐵 ∙ 𝑑𝑆 = 𝛷
where 𝛷 – is the magnetic flux.
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The last term arises due to the fact that the Cooper pair wave function, integrated over a
closed loop only differs in phase factors of 2𝜋𝑛, where n is any integer (including zero).
Hence, the magnetic flux 𝛷 in a superconductor ring system has to be multiple of the quantum
flux (flux quantization):
ħ𝑐

Ф = 𝑛 2𝑒 = 𝑛ф0
ф0 =

ℎ𝑐
2𝑒

(4.26)

= 2.0678 ∙ 10−15 T ∙ m2

(4.27)

If a constant current is flowing through the SQUID device, voltage oscillates with phase
difference at the two junctions, which depends upon the change in the magnetic flux.
Intellectual property
of Physicslab

Figure
(2

4.9:

Scheme

Josephson’s

superconducting

loop)

of

DC

junctions
SQUID

magnetometer.

SQUID magnetometry allows to perform crystal characterization, analysis of spin
structure, describes magnetization of a complex magnetic system through phase transitions,
TC, determines easy magnetic axes, spin physics, etc.

•

Results & explanation

SQUID magnetometry analyses were conducted similarly to previously performed
measurements by O. Yastrubchak et al. [68] of 100-nm thick quaternary alloys with 4% Mn
and 0.3% Bi contents (Fig. 4.10), taking into account the results obtained from MOKE
magnetometry. Results confirmed the same magnetic behavior in (Ga,Mn)(Bi,As)/GaAs
(Fig. 4.10 b) as in (Ga,Mn)/GaAs (Fig. 4.10 a), meaning the in-plane easy axis of
magnetization along the <100> in-plane crystallographic directions for compressively strained
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layers and well defined hysteresis loops along it. It was observed that a transition temperature
TC for the as-grown (Ga,Mn)As was 57 K and for the annealed one 70 K. As for the
(Ga,Mn)(Bi,As), TC decreased by approximately 10 K and equaled to 50 K and 60 K for the
as-grown and annealed layers, respectively. Also, it’s easily noticeable while comparing
Fig.4.10 (a) and Fig.4.10 (b), that Bi incorporation extends the hysteresis loop, while further
annealing slightly narrows it, which results mainly from an increase in hole concentration in
the annealed layers [68].
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Figure 4.10: Results of SQUID magnetometry along the in-plane [100] crystallographic
direction vs. temperature applied to the (Ga,Mn)As (a) and (Ga,Mn)(Bi,As) (b) as-grown and
annealed layers after subtraction of diamagnetic contribution from the GaAs substrate.
Magnetization hysteresis loops measured at a temperature of 5 K are shown in the insets.
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(Ga,Mn)(Bi,As) layer with lower thickness (10 nm) and higher dopant concentration
(1% Bi, 6% Mn) was investigated along three main in-plane magnetic directions – [100],
[1̅10] and [110] as a function of temperature (Fig. 4.11). This sample was measured thanks to
cooperation with SL 2.3, that allowed us to see detailed picture of the magnetization changes
along the temperature scans. Measurements were done in two regimes, as indicated in the
figures – at zero field cooling (ZFC) and 1kOe field cooling (FC). While the magnetic
response from the sample in the liquid helium temperature is the highest along [100] among
three, meaning it’s the easiest one, however it’s in close competition with [1̅10] . Its shape is
getting distorted with temperature increase, leading to easy axis reorientation from [100] to
[1̅10] around 17 K up until 70K. The most complicated behaviour is observed along the
[110] direction, which reveals drastic roll-off at 10 K-15 K from the very beginning, however,
at T = 75 K it seems to not only be stabilized, but equalized with rest two axes just before the
TC, suggesting a vanishing of the in-plane anisotropy.
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Figure 4.11: Results of SQUID magnetometry as a function of temperature for the 10-nm
thick annealed (Ga,Mn)(Bi,As) (6% Mn, 1% Bi) layer grown on GaAs.

Overall, the most complete analyses were performed for the 50-nm thick films of
(Ga,Mn)As and (Ga,Mn)(Bi,As) (Mn = 6%, Bi = 1%) grown on different substrates, along the
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main in-plane crystallographic directions and the direction perpendicular to the growth plane.
The results obtained for the annealed layers grown under compressive misfit strain on GaAs
substrate measured under in-plane [100], [1̅10] and [110] crystallographic directions are
presented in Fig. 4.12. The magnetization hysteresis loops measured at a temperature of 5 K,
shown in Fig. 4.12 b and Fig. 4.12 c, clearly indicate that, for both the (Ga,Mn)As and
(Ga,Mn)(Bi,As) layers, easy magnetization axes, as in previous samples, are oriented along
the in-plane <100> cubic directions and hard axes along two magnetically non-equivalent inplane <110> directions in uniaxial anisotropy, with the [1̅10] direction being magnetically
easier than the [110] one.
The (Ga,Mn)As and (Ga,Mn)(Bi,As) layers are characterized by the TC values of about
105 K and 90 K, respectively, as evaluated from the temperature dependences of SQUID
magnetization shown in Fig. 4.12 a.
Distortion of Brillouin-like shapes of magnetization as a function of temperature
reminds a lot the MOKE amplitude changes. We didn’t observe any hysteresis loop closure in
SQUID, as field-dependent measurements were done only at the liquid helium temperature,
but easy axes reorientation, that were suggested earlier from MOKE measurements and
confirmed in SQUID magnetometry, in our opinion, contributed the most to this phenomenon.
The (Ga,Mn)As and (Ga,Mn)(Bi,As) layers, grown under tensile misfit strain on the
relaxed (In,Ga)As buffer layer with larger lattice parameter, have the easy magnetization axis
oriented along the [001] growth direction, typical for tensile-strained (Ga,Mn)As layers. The
SQUID magnetometry results obtained for those layers under a magnetic field applied along
the growth direction, shown in Fig. 4.13, reveal the TC values of about 145 K and 100 K,
respectively. The magnetization hysteresis loops for those layers, measured at a temperature
of 5 K, are shown in the inset in Fig. 4.13. The tensile-strained (Ga,Mn)(Bi,As) layer exhibits
much broader hysteresis loop with respect to that of the compressively strained one and those
of the (Ga,Mn)As layers. Similar results, indicating distinctly larger coercive fields for the
tensile-strained (Ga,Mn)(Bi,As) layers, were obtained by means of magneto-optical Kerr
effect magnetometry applied to thinner, 15-nm thick, layers, as shown earlier.
Comparing magnetization per unit volume (cm3) in compressively strained films, the
highest response of 32.5 emu/cm3 at low temperatures was observed for the 50-nm thick
(Ga,Mn)As layer along the [100] direction, which for 100-nm thick ternary alloy was around
20 emu/cm3. Obviously, lower Mn concentration in the thicker layers (4% vs 6% in the
thinner ones) contributed the most. In the Bi contained layers, magnetization was lowered to
27.5 emu/cm3 in 50-nm thick quaternary alloy along [100], 21 emu/cm3 in the 10-nm thick
films and 20 emu/cm3 in 100-nm thick ones. Along other directions the low-temperature
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magnetization decreases: relatively low difference of around 2-3 emu/cm3 between the [1̅10]
direction with respect to the [100] one, but more sizeable decline from the easiest direction
was observed along the [110] direction: 22.5 emu/cm3 in the (Ga,Mn)As films and 17.5 emu/
cm3 in the (Ga,Mn)(Bi,As) ones of 50-nm thickness. The highest value of magnetic response
among all the layers of 35 emu/ cm3 was observed along the [001] direction for both 50-nm
thick layers of (Ga,Mn)As and (Ga,Mn)(Bi,As) grown on (In,Ga)As buffer. In contrast to the
layers with in-plane magnetization, the influence of Bi addition was not visible in the lowtemperature magnetization for the tensile-strained films, but it distinctly decreased their TC
and increased the width of the hysteresis loop.
Moreover, the step-like hysteresis loop shown in the inset in Fig. 4.13 for the
(Ga,Mn)(Bi,As) layer may suggest the presence of ferromagnetic domains with different
coercive fields and a multidomain magnetization reversal in the layer. Such multidomain
magnetization reversal was previously observed with planar Hall effect measurements for
(Ga,Mn) As layers [93] and (Ga,Mn)As/GaAs superlattices [94].
.
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Figure 4.12: SQUID magnetometry results for the annealed 50-nm thick (Ga,Mn)As and
(Ga,Mn)(Bi,As) layers grown under compressive strain on GaAs substrate measured under a
magnetic field along the main in-plane crystallographic directions denoted in the figure: (a)
magnetization vs. increasing temperature under a magnetic field of 100 Oe, (b) and (c)
magnetization hysteresis loops at a temperature of 5 K. Diamagnetic contributions from the
substrate have been subtracted.
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Figure 4.13: SQUID magnetization vs. increasing temperature for the annealed 50-nm thick
(Ga,Mn)As and (Ga,Mn)(Bi,As) layers grown under tensile strain on (In,Ga)As buffer
measured under a magnetic field of 100 Oe along the out-of-plane [001] crystallographic
direction. Inset: magnetization hysteresis loops at a temperature of 5 K. Diamagnetic
contributions from the substrate and buffer have been subtracted.
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•

Foreword on technique & theory

Muon is an unstable elementary particle, lepton, with relatively long lifetime (among
known unstable subatomic particles only neutron has larger decay lifetime – 15 min), with an
electric charge of 1e (if naturally occurred) and much heavier mass (Table 4.2). Because of
their heavy mass, muons don’t lose much energy in the collisions with electrons and in
comparison to electrons, don’t radiate much energy when penetrating the matter. For example,
muons, occurring in nature, can penetrate Earth surface and are even found in the mines 700
meters underground (deeper than X-Ray or gamma) [95]. Because they’re charged before
decaying, muons lose energy by displacing electrons from atoms (ionization). High
gyromagnetic ratio contributes to exceptional magnetic sensibility.
As a lepton, it doesn’t react with nuclei or other particles through strong interaction. Its
slow decay is mediated by the weak interaction only, contrary to neutron, with the low mass
difference between decay products and initial particle, providing few kinetic degrees of
freedom for decay [96]. Due to this, a maximum violation of parity is present in both weak
decays of pion and muon.

Table 4.2: Important information on polarized (positive) muon particle

𝜇+
+𝑒
𝑚𝜇 ≅ 207 𝑚𝑒 ≅ 0.113 𝑚𝑝 ≅ 105.66 MeV/c

2

𝑠 = 1/2
𝜏𝜇 = 2.197 𝜇𝑠
Gravity, Electromagnetic, Weak
𝜇𝜇 ≅ 3.18 𝜇𝑝 ≅ 8.89 𝜇𝑁 ≅ 4.49 ∙ 10 −26 J/T
𝛾𝜇 ≅ 3.18 𝛾𝑝 ≅ 2𝜋 × 136 kHz/𝑚T

Muons are called a “second generation particle”, as in nature they’re generated when
cosmic rays hit the atmosphere, producing first pions, that in 26 ns decay into muons and
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neutrinos. Muons also belong to the second generation of matter (charged leptons) from the
point of view of the particle’s physics. For experimental cases, because of the large mass and
energy compared to the decay energy of the radioactivity, they’re never produced by
radioactive decay, only in high-energy interactions in normal matter. In a controlled
laboratory environment, particle accelerator facilities for e.g., muons generation can be
described in three main steps [96, 97]:
1) Generation of pions through interaction between proton and atom of C or Be
C (Be)
nuclei

High-energy
(590 MeV) proton

Pion 𝜋 +

2) Pion decay: two-body process, Em = 4.1 MeV (in the pions rest frame), 𝜏𝜋 = 26 ns
(solid black arrows indicate particle’s spin, while a white-body arrows indicate momentum):
𝑝𝜇

𝑠𝜇

Muon µ+

Pion 𝜋 +

𝑠𝑣

𝑝𝑣

Muon neutrino 𝑣𝜇

3) Muon decay: three-body process, 𝜏𝜇 = 2.2 𝜇𝑠 :
𝑣̅𝜇
𝜇+

𝑒+

What we observe in the 3rd step is a consequence of parity violation, that leads to an
anisotropic muon decay, preferential emission of e+ in µ+ spin direction. As positron preserves
the spin direction of its parent muon, it may be seen as a sensitive local magnetic probe on the
micro-scale.
Among the best facilities, known for its stable high-intensity, high-polarized surface
muons beam is Paul Scherrer Institute (PSI) in Villigen, Switzerland, and, in particular, LEM
(low-energy muons) facility. In the experiment LEM utilizes 100% polarized muons within an
energy range 0.5 keV.. 30 keV, in the fields range up to 0.3 T. In addition to thin films, this
technique allows to measure near-surface range and perform multi-layers studies in the
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material with thickness from 1 nm to 300 nm. For thicker materials or stronger fields, lower
temperatures (millikelvin range), PSI provides many other options.
The instrument set-up at LEM facility is given in Fig. 4.14. Further, I’ll give a quick
introduction; more details on the equipment, technique and experiment realization can be
found in the PSI virtual library [97 – 100].

~ 11000 µ+/s; accelerate
up to30 keV

Direction of
muon beam
propagation

Ring
Anode
~ 1.9·108 µ+/s;

L1
Mirror

Figure 4.14: A scheme of the LEM beam line. Intellectual property of PSI [97]
Fully spin polarized muons from the accelerator beamline, with initial momentum
antiparallel to spin, are stopped in a solid gas moderator, where they can be reaccelerated, if
necessary, using a moderator – set of grids at a high voltage [97]. Further on, the beam is
focused using lens (L1) and is deflected by 90∘ with an electrostatic mirror, ensuring selection
of slow muons with a specific energy to move forward. Before hitting the trigger detector,
they pass a spin rotator and additional focusing lens (L2). Spin rotator allows to rotate spin of
the muon horizontally to any angle between ±90º relative to the surface of the sample. In order
to focus diverged beam after the trigger detector, L3 lens and ring anode are used, the latter
focusses the muons onto a sample mounted on the cold finger cryostat (or oven) [97].
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LEM spectrometer set-up allows to measure samples with both in-plane and
perpendicular magnetization using two magnets: WEW (B⊥) that creates a magnetic field in a
range of -350 to +350 mT along the muon beam direction and AEW (B∥) producing the field
of 0 to 25 mT perpendicular to the beam direction. Muons are implemented continuously oneat-a-turn into interstitial lattice sites in the sample and decay with a lifetime of 2.2 µs,
emitting decay positrons preferentially in the direction of the muon’s spin. The probability of
positron emission, W, as a function of the angle between the positron trajectory and the muon
spin, θ, is given by the dependence: W ( )d  (1 + A cos  )d , where A is the asymmetry
parameter averaged over all positron energies. In the presence of a magnetic field at the muon
stopping site the muon spin precesses around the field. By detecting the emitted decay
positrons with several detectors surrounding the sample the time evolution of the muon spin
polarization can be determined. By applying a weak magnetic field of several tens Oe,
transverse to the initial muon spin direction, the muon spin will precess at its Larmor
frequency in a non-magnetic sample. This precession manifests itself as oscillations on the
muon’s decay curve whose amplitude is given by the decay asymmetry in positron emission.
(Ga,Mn)(Bi,As)/InGaAs
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Figure 4.15: Asymmetry spectrum of two positron detectors placed opposite to each other for
the (Ga,Mn)(Bi,As) layer grown on (In,Ga)As, measured under external weak magnetic field
of 75 Oe, at a temperature of 150 K and at a muon implantation energy of 4 keV. The fit is a
single component cosine function with Gaussian depolarization (Eq. 4.28).
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Fig. 4.15 displays a typical muon spin relaxation (µSR) time spectrum measured with
two positron detectors placed opposite to each other for the (Ga,Mn)(Bi,As) layer grown on
(In,Ga)As. A Gaussian distribution is applied in the case of a dense arrangement of randomly
oriented magnetic moments in the sample when their mean is normally distributed (central
limit theorem).
The asymmetry spectrum was obtained under external weak magnetic field of 75 Oe
applied perpendicular to the initial muon spin polarization direction, at a temperature of 150 K
(above the ferromagnetic transition temperature) and at a muon implantation energy of 4 keV
(where the muons stopping distribution is centered in the middle of the DMS layer). The
asymmetry spectrum demonstrates the time evolution of the polarization of muon spins
precessing at the Larmor frequency of about 1 MHz. The asymmetry spectrum has been fitted
with a single component cosine function, where the depolarization is described with the
Gaussian function:

(t ) 2
A(t ) = A0 exp( −
) cos(t +  )
2

(4.28),

where A0 is a maximum observable asymmetry (theoretically A0 = 1/3, practically it depends
on the average over solid angle, absorption in materials, etc., so that A0 = 0.25 - 0.30),  is the
Gaussian depolarization rate, t is time, ω is frequency (depending on the local magnetic field
Bloc:  =   Bloc , where   = 2  135 .5 MHz/T is the muon gyromagnetic ratio) and  is a
phase correction depending on the geometry of positron detectors.
If muons are implanted into a ferromagnetic sample, the internal large magnetic field –
compared to the externally applied weak magnetic field – causes a very quick loss of muon
spin polarization and vanishing muon decay asymmetry. This enables recognizing the
transition from the paramagnetic to the ferromagnetic state and determining the fraction of
sample volume turning into the ferromagnetic state. In case of a homogenous magnetization
the observable decay asymmetry of the transverse field precession will drop to zero. Since the
precession amplitude, stemming from asymmetric emission of positrons, is the principal
quantity carrying interesting information about material, a proper care should be taken to
correctly determine this quantity. For the analysis of the data we have used the program
musrfit [101].
Muons spectroscopy is used in the condensed-matter physics for the investigation of
static and dynamic magnetic properties, such as magnetic fluctuations and phase transitions,
coexistence of phases, magnetic penetration depth, but could also be beneficial for the organic
molecule/polymer dynamics and their environment analysis, and many more.
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•

Results & explanation

Two previous studies of the ferromagnetic (Ga,Mn)As layers performed by other
research groups with the µSR spectroscopy at LEM facility showed discrepant results.
Performed analysis displayed either a spatial magnetic inhomogeneity, with ferromagnetic
and paramagnetic regions, [102] or a homogeneous ferromagnetic order with a 100%
magnetic volume fraction and a rather sharp onset of the ordering at TC [103], depending on
the layer preparation and annealing procedures.
In the present experiments, the investigated samples, containing (Ga,Mn)As and
(Ga,Mn)(Bi,As) layers, were glued with a silver paste onto a Ni coated sample plate
(Fig. 4.16 a) on a cold finger cryostat (Fig. 4.16 b). About 50% of the muons stopped in the
samples (muon beamspot has a full-width-at-half-maximum of about 12 mm). Muons missing
the sample and stopping in the Ni backing are quickly depolarized due to the presence of large
internal magnetic fields inside the ferromagnetic Ni layer and do not contribute to the
precession.

(a)

(b)

Figure 4.16: Photo of the samples positioning on the Ni coated plate (a) and a schematic
representation of the close-up to the sample plate region (b).

Moreover, at low energies of implanted muons, of below 5 keV, a fraction of muons is
being reflected in front of the sample. Some of the reflected muons stop in the radiation shield
of the sample cryostat, where they experience about the same magnetic field as the muons
stopping in the sample. These muons create an additional false signal not originating from the
sample. This false signal was measured, in dependence of the muon energy, using a Ni coated
sample plate. Obtained results have been confirmed by using several simulation programs
together with software, specifically designed in PSI [104, 105]. This false signal has been
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subtracted from the measured one to obtain the decay asymmetry originating from muons
stopping in the sample, further labelled “corrected asymmetry”, Acorr.
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Figure 4.17: Comparison of the corrected µSR asymmetry (in arbitrary units) as a function of
muon implantation energy obtained at a temperature of 5 K, under a weak magnetic field of
75 Oe, applied prior to cooling down, along the DMS easy magnetization axis, for the
(Ga,Mn)As and (Ga,Mn)(Bi,As) layers grown on GaAs substrate, field applied along the inplane [100] direction, (a) and for the layers grown on (In,Ga)As buffer, field applied along the
out-of-plane [001] direction, (b).
~ 102 ~

Chapter 4: Magnetism in thin films (LE-µSR)

Energy dependences of the corrected asymmetry, Acorr, measured on our samples at a
temperature of 5 K under a weak magnetic field of 75 Oe applied transverse to the sample’s
surface, are shown in Fig. 4.17.
Two different magnets on the LEM spectrometer were used in order to apply a magnetic
field along one of the easy magnetization axes of the investigated DMS layers (i.e., the inplane cubic [100] crystallographic direction for the compressively strained layers grown on
GaAs substrate, shown in Fig. 4.17 a, and the out-of-plane [001] direction for the tensilestrained ones grown on (In,Ga)As buffer, shown in Fig. 4.17 b. For comparison, the muon
stopping profiles and stopped fractions as a function of the muon implantation energy
calculated with the program TrimSP [106, 107] are shown in Fig. 4.18.
As can be seen in Fig. 4.18, for all the samples we obtained Acorr ~ 0 up to the muon
implantation energies of 4 keV, i.e. where all of the non-reflected muons stopped in the DMS
layer. This indicates a homogeneous ferromagnetic phase with a nearly 100% volume
fraction. At the energy of 5 keV muons start to penetrate into the non-magnetic substrate,
which leads to the observed increase in Acorr, that being in accordance with previously
calculated thickness of the top film. In the bulk of GaAs the depolarization rate of µ+ in a
weak transverse field is typically ~0.18 µs-1 due to the nuclear dipolar fields of the Ga and As
nuclei, as evaluated from our simulations. This value is approximated at the implantation
energies ≥ 15 keV, where the mean distance of the stopped muons to the interface of the
ferromagnetic layer is ≥ 40 nm (Fig. 4.18 a).
On lowering the implantation energy, i.e. stopping the muons closer to the interface, the
depolarization rate increases by a factor of 3-5. This increase can be attributed to magnetic
stray fields from the ferromagnetic layer and can be deduced from the simulation calculation.
The contribution of the stray fields to the depolarization is rather weak, corresponding to a
Gaussian width of about 2 Oe, which increases to 6-10 Oe close to the interface, as measured
in simulations. This weak stray field effect and its disappearance within ~50 nm from the
interface supports the picture of a single domain and homogeneous ferromagnetic phase [108,
109].
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Figure 4.18: Calculated muon stopping profiles for various implantation energies denoted in
the figure (a) and number of muons stopped in the top 50-nm-thick DMS layer, in the GaAs
substrate layer, and backscattered muons (b). Stopping profiles have been calculated with the
program TrimSP [103, 104].
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For measurements of the magnetic volume fraction, VM, as a function of temperature,
we have chosen the muon implantation energy of 4 keV, at which most of the muons stop in
the centre of the top 50-nm-thick DMS layer (Fig. 4.18 a). The results for all the four samples
are shown in Fig. 4.20, where VM (T), was estimated as:
VM (T ) = 1 −

Acorr (T )
Acorr (T  TC )

(4.29)

where T is temperature, Acorr(T) is the temperature dependent corrected asymmetry parameter
and Acorr(T ≥ TC) is the corrected asymmetry in the paramagnetic phase above TC.
Additionally, in Fig. 4.19 we present the Gaussian depolarization rate as a function of
muon implantation energy, obtained for the investigated samples for the energies ≥ 7 keV
where contributions from reflected muons stopping in the radiation shield can be neglected.
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Figure 4.19: Gaussian depolarization rate σ under a weak magnetic field of 75 Oe as a
function of muon implantation energy at 5 K for the (Ga,Mn)As and (Ga,Mn)(Bi,As) layers
grown under tensile strain on (In,Ga)As. For the layers grown on GaAs the depolarization
rates agree within the experimental errors
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From Fig. 4.20 b we see that the transitions to ferromagnetic state with decreasing
temperature in the tensile-strained DMS layers grown on the (In,Ga)As buffer is rather sharp,
and VM reaches about unity within 10 K. On the other hand, in the compressively strained
layers, grown on the GaAs substrate, the onset of the transitions is much broader, and VM
reaches about unity within 60 – 80 K (Fig. 4.20 a). The latter, more gradual increase in VM on
lowering temperature, may result from the magnetic easy axis reorientations as a function of
temperature in the compressively strained layers, which have been experimentally observed
and theoretically justified for (Ga,Mn)As layers [15, 79, 80].
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Figure 4.20: Magnetic volume fraction VM, defined with Eq. 4.29, as a function of
temperature, measured under the same magnetic fields as in Fig. 4.16, for the (Ga,Mn)As and
(Ga,Mn)(Bi,As) layers grown on GaAs substrate (a) and for the layers grown on (In,Ga)As
buffer (b).
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Importantly, in all the investigated DMS layers a homogeneous ferromagnetic order
with about 100% magnetic volume fraction is observed at low temperature in contradiction to
the previous results by Storchak et al. [102] obtained for their (Ga,Mn)As epitaxial layers.
In the µSR measurements, magnetic volume fraction VM = 0.5 corresponds to the Curie
temperature [110]. Thus, the TC values obtained from the results shown in Fig. 4.20 are about
100 K and 85 K for the compressively strained (Ga,Mn)As and (Ga,Mn)(Bi,As) layers,
respectively, and 140 K and 100 K for the tensile-strained (Ga,Mn)As and (Ga,Mn)(Bi,As)
ones, respectively. These TC values agree fairly well with those of the onset of magnetization
obtained from the SQUID magnetometry measurements (Table 4.3).

Table 4.3: Important information on polarized (positive) muon particle
µSR (K)
(Ga,Mn)As/GaAs

105

100

(Ga,Mn)(Bi,As)/GaAs

90

85

(Ga,Mn)As/(In,Ga)As

145

140

(Ga,Mn)(Bi,As)/(In,Ga)As

100

100
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5.1. Theory behind electron transport in the external magnetic field
•

Energy model

The key feature of a semiconductor, as a material class, is a presence of an energy gap
between zero and 4 eV, and conductivity – between those of insulator and metal, measured at
room temperature. Before proceeding to the models that describe transport in these materials,
a small introduction of main equations and principles is required. First of all, stationary
Schrödinger equation [111], that describes single electron movement in the periodic potential
of a semiconductor crystal:

−

ħ2
2𝑚𝑒

∆𝜓 − 𝑞𝑉𝐿 (𝑥)𝜓 = 𝐸𝜓

in ℝ3

(5.1)

where 𝜓 is the stationary wave function in the Euclidian three-dimensional space ℝ3 , me –
electron rest mass, and E the energy (or the eigenvalue corresponding to 𝜓), 𝑉𝐿 – periodic
electrostatic potential, which is a superposition of the Coulomb potentials generated by
Bravais lattice L atoms.
For all 𝑥 ∈ ℝ3 and 𝑦 ∈ 𝐿, the lattice atoms generate a periodic potential such as
𝑉𝐿 (𝑥 + 𝑦) = 𝑉𝐿 (𝑥). Then the eigenfunctions of (Eq. 5.1) can be presented as Bloch functions:
𝜓(𝑥) = 𝑒 𝑖𝑘∙𝑥 𝑢(𝑥)

(5.2)

k ∈ B (the Brillouin zone) and function 𝑢(𝑥) is 𝑢(𝑥) = 𝑢(𝑥 + 𝑦).
Such a representation [111] asserts that eigenfunction of the Schrödinger equation is the
product of a plane wave 𝑒 𝑖𝑘∙𝑥 and a function having the periodicity of the lattice L. 𝜓
functions are the plane waves which are modulated by a periodic function 𝑢 taking into
account the influence of the atom lattice [111].
Band structure of crystals could be simplified through the one-dimensional KronigPenny model, however three-dimensional cases are meetings with complications, as in the
crystal electrons confront different potentials.
Electron transport results from an additional non-periodic potential in the onedimensional Schrödinger equation that is built-in or applied to the semiconductor V(x):

𝑖ħ

𝜕𝜓
𝜕𝑡

=−

ħ2
2𝑚

∆𝜓 − 𝑞(𝑉 (𝑥) + 𝑉𝐿 (𝑥))𝜓
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Solutions to Eq. 5.3 can be found within several possible models, one of them being a
semi-classical model, that explicitly treats dynamics in the potential V(x) without directly
addressing 𝑉𝐿 (𝑥) and instead introducing consequential energy terms – mean electron velocity
(Eq. 5.4) and effective mass (Eq. 5.5):
1

𝑣𝑛 (𝑘 ) = ∇𝑘 𝐸𝑛 (𝑘)

(5.4)

ħ

(𝑚𝑒∗ )−1 =

1 d2 𝐸𝑛

(5.5)

ħ2 dk2

where the k is (pseudo-) wave vector.
Particles with a positive charge (holes) appear as vacancies in the valence band. At k = 0
we have a set of equations, describing minimum of the conduction band 𝐸𝑐 through effective
electron mass 𝑚𝑒∗ and the maximum at the valence band 𝐸𝑣 through 𝑚ℎ∗ :

𝐸𝑛 (𝑘 ) = 𝐸𝑐 +
𝐸𝑛 (𝑘 ) = 𝐸𝑣 −

ħ2
2𝑚𝑒∗
ħ2
∗
2𝑚ℎ

|k|2

(5.6)

|k|2

(5.7)

Difference between them gives an energy bandgap 𝐸𝑔 = 𝐸𝑐 − 𝐸𝑣 . Assuming that energy
at k = 0 is known, energy can be calculated, which is a basis of k · p method [111].
In a thermodynamic equilibrium, a mean number of charge carriers f(E) in a state of
energy E that considers spin state and Brillouin zone B is described by Fermi-Dirac
distribution statistics:
1

𝑓(𝐸) =

(5.8)

𝑒−𝑞𝜇

1+𝑒 𝑘𝐵𝑇

where 𝜇 – chemical potential, 𝑘𝐵 is Boltzman constant and T – electron temperature.
At zero temperature, Eq. 5.8 can be expressed as:
{

1
0

for 𝐸 < 𝑞𝜇
for 𝐸 > 𝑞𝜇

and

1

𝑓(𝑞𝜇) = 2

(5.9)

The states with energy E smaller than the chemical potential 𝑞𝜇 = 𝐸𝐹 , the Fermi energy
𝐸𝐹 , are occupied, and the states with an energy larger – are empty. Last to be filled are the
states with 𝐸 = 𝑞𝜇.
For non-zero temperature, there is a chance that some energy states above chemical
potential will be occupied due to the thermal excitation [111].With the energy larger than 𝐸𝐹 :
𝐸 − 𝐸𝐹 ≫ 𝑘𝐵 𝑇, Eq. 5.8 may be approximated by means of Maxwell-Boltzmann distribution,
that describes non-degenerate semiconductors:
𝑓(𝐸) = 𝑒

−

𝐸−𝐸𝐹
𝑘𝐵 𝑇

Charge carrier densities in the Maxwell-Boltzmann approximation:
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𝑛 = 𝑁𝑐 𝑒

𝑞𝜇−𝐸𝑐
)
𝑘𝐵 𝑇

(

,

𝑝 = 𝑁𝑣 𝑒

𝐸 −𝑞𝜇
( 𝑣
)
𝑘𝐵 𝑇

(5.11)

where 𝑁𝑐 and 𝑁𝑣 are the effective densities of states in the conduction and valence band,
respectively.
f

Figure 5.1: Energy-dependent distributions in semiconductor.
Intellectual property of Prof. Dr. A. Jüngel [111].

•

Semi-classical Boltzmann model

There’re several kinetic models to describe electron transport in such systems: the
Liouville equation, solutions to which can be found in a high-dimensional phase space ℝ. Its
simplified version with lower dimensional equation – Vlasov equation – describes a single
particle with the force 𝑞𝐹𝑒𝑓𝑓 , where 𝐹𝑒𝑓𝑓 – is the effective electric field. Probability of states
occupation Pr due to convection and the effective field doesn’t change in time:
𝑑𝑃𝑟
𝑑𝑡

= 0

(5.12)

However, in order to take into account short-range interactions (particles collisions,
Q(Pr)), the Boltzmann equation should be considered along trajectories:
𝑑𝑃𝑟
𝑑𝑡

= 𝑄(𝑃𝑟)

(5.13)

or, if to substitute Pr with f(x, k, t) as the probability density of a particle to be in the state
(x, k) at time t, we may obtain a differential equation with respect to t:
𝑞

𝜕𝑡 𝑓 + 𝑣 (𝑘 ) ∙ ∇𝑥 𝑓 − 𝐹𝑒𝑓𝑓 ∙ ∇𝑘 𝑓 = 𝑄 (𝑓),
ħ

𝑥 ∈ ℝ, 𝑘 ∈ 𝐵, 𝑡 > 0

(5.14)

where 𝐹𝑒𝑓𝑓 – is the effective electric field, that depends on the carrier density 𝑛(𝑦, 𝑡), given
functions of external electric field 𝐹𝑒𝑥𝑡 and the interaction force 𝐹𝑖𝑛𝑡 :
𝐹𝑒𝑓𝑓 (𝑥, 𝑡) = 𝐹𝑒𝑥𝑡 (𝑥, 𝑡) + ∫ 𝑛(𝑦, 𝑡)𝐹𝑖𝑛𝑡 (𝑥, 𝑦)𝑑𝑦

(5.15)

Eq. 5.14 together with Eq. 5.15 and the collision operator 𝑄(𝑓)(𝑥, 𝑘, 𝑡) gives a semiclassical Boltzmann equation.
~ 110 ~

Chapter 5: Theory of magneto-transport

Within this model, many-particles model is represented with a single-particle
description, and scattering is assumed to happen instantaneously, that changes only the crystal
momentum of the particles [111]. Particle with properties (x, t) changes its Bloch state k' to
another Bloch state k due to a scattering with a rate P(x, k' → k, t) proportional to the
occupation probability f(x, k', t) and the probability 1 − f(x, k, t) that the state (x, k) is not
occupied at time t [111].
Collisions may originate from phonon scattering, ionized impurity or/and carrier-carrier
scattering. For degenerate semiconductors, like (Ga,Mn)As and (Ga,Mn)(Bi,As), in which the
Fermi-Dirac statistics prevails, the last type of collisions, precisely the electron-electron one,
should be considered in more details. Two approximations could be applied to the collision
operator – low density (Eq. 5.16) and relaxation time (Eq. 5.17) approximation, the latter
describing the average time between two collisions at (x, k).
0

(𝑄0 (𝑓))(𝑥, 𝑘, 𝑡) = ∫𝐵 𝜁(𝑥, 𝑘 ′ , 𝑘)(𝑀𝑓 ′ − 𝑀′𝑓)𝑑𝑘′

(5.16)

where 𝜁(𝑥, 𝑘 ′ , 𝑘) – is the collision cross-section, dependent on the scattering rate of the elastic
collisions, 𝑀(𝑘) = 𝑒 −𝐸(𝑘)/𝑘𝐵 𝑇 – is the Maxwellian function.
1

(𝑄𝑡 (𝑓))(𝑥, 𝑘, 𝑡) = − 𝜏(𝑥,𝑘) (𝑓(𝑥, 𝑘, 𝑡) − 𝑀(𝑘)𝑛(𝑥))

(5.17)

where 𝜏(𝑥, 𝑘) – is the relaxation time, average time between two scatterings at (x, k), n(x) –
carrier density, that depends upon temperature and effective mass.
Being a fundamental representation of transport on macro level in semiconductors, the
Boltzmann model still faces simplifications, approximations and, thus, limitations. Semiclassical nature doesn’t allow to explain quantum phenomena, as particles behavior is
governed by Newton’s laws. For example, the effects of weak localization and weak
antilocalization that occur in the disordered systems [112], such as (Ga,Mn)As and
(Ga,Mn)(Bi,As) at low temperatures, are connected with diffusive chaotic electron motion
leading to random scattering at impurities (coherent backscattering).

•

Drude classical theory

Classical approach to the transport of electrons in different materials was derived by
Paul Drude in his famous kinetic model. Assuming that electrons constantly and
instantaneously elastically scatter at heavy immobile ions (classical ideal gas), their motion
equation can be written as:
𝑑
𝑑𝑡

〈𝑝(𝑡)〉 = 𝑞 (𝐹 +

〈𝑝(𝑡)〉×𝐵
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𝑚

)−

〈𝑝(𝑡)〉
𝜏

(5.18)
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where 〈𝑝(𝑡)〉 is the average momentum of electron in time t, 𝜏 – mean free time in-between
collision with ions (relaxation time), inversely proportional to temperature, B – magnetic
induction.
All other electron interactions, as well as the nature of collisions were neglected.
Velocity and direction of an electron after scattering depends on the local temperature
distribution and is completely independent of the velocity of the electron before the collision,
𝑑

thus electron are treated as billiard balls [113]. In the equilibrium solution (𝑑𝑡 〈𝑝(𝑡)〉 = 0), we
may rewrite Eq. 5.18 with respect to velocity as:
𝑒𝜏

𝑒𝜏

𝑒

𝑒

𝑣̅ + 𝑚∗ 𝑣̅ × 𝐵̅ = − 𝑚∗ 𝐹̅ ,

(5.19)

𝑒𝜏

where 𝑚∗ = 𝜇𝑒 defines the electron mobility.
𝑒

Current density 𝐽, also derived from this model, linearly depends on electric field F and
conductivity tensor 𝜎, in other words – on charge carrier density 𝑛𝑒 and velocity 𝑣 [114]:
𝐽 = −𝑛𝑒𝑣 = 𝜎𝐹
𝜎𝑥𝑥 −𝜎𝑥𝑦
1
𝜎(𝐻=0)
(
𝜎 = (𝜎
)
=
2
2
𝜎𝑦𝑦
1+𝜔𝑐 𝜏 −𝜔𝑐 𝜏
𝑥𝑦

(5.20)
𝜔𝑐 𝜏
)
1

𝜎(𝐻 = 0) is a DC conductivity in the absence of a magnetic field, 𝜎(𝐻 = 0) =
𝑒𝐵
𝑚𝑒∗

(5.21)
𝑛𝑒 2 𝜏
𝑚𝑒∗

, 𝜔𝑐 =

is the electron cyclotron frequency.
Eq. 5.20 describes the current flow in response to an electric field (Ohm’s law). Matrix

form of the conductivity tensor, presented in the Eq. 5.21, explains appearance of the Hall
effect through the off-diagonal terms, as in the equilibrium, a current in the x-direction
requires an electric field with a component in the y-direction.
Resistivity is described as an inverse of the conductivity:
𝜌𝑥𝑥 𝜌𝑦𝑥
1
1
𝜌 = (𝜌
) = 𝜎(𝐻=0) (
𝜌
𝜔𝑐 𝜏
𝑥𝑦
𝑦𝑦

−𝜔𝑐 𝜏
)
1

(5.22)

Resistance is calculated as a product of intrinsic resistivity and length 𝑙 over area S:

𝑅=𝜌
•

𝑙
𝑆

(5.23)

Hall effects

Along with classical resistance that is defined as mentioned above in Eq. 5.23,
conductive samples may be measured in such an orientation when a magnetic field is applied
perpendicular to the current, and a potential difference appears across the sample, transverse
to an electric current.
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Resulting voltage difference is called Hall voltage, and the phenomenon is called
classical Hall effect. While the current flows through the material, applied magnetic field
forces the charge carriers to align along one side of the conductor (Lorentz force – Eq. 5.24).
Such an asymmetric distribution of the charge density across the specimen creates an electric
field opposed to further charge migration, hence an electric potential is established. This will
balance magnetic influence, producing a measurable voltage between the two sides of the
conductor.
𝐹̅𝐿𝑜𝑟𝑒𝑛𝑡𝑧 = 𝑞(𝐹̅ + 𝑣̅ × 𝐵̅ )

(5.24)

where a particle with a charge q is moving with a velocity 𝑣̅ in an electric field 𝐹̅ and a
magnetic induction 𝐵̅ experiences a Lorentz force 𝐹̅𝐿𝑜𝑟𝑒𝑛𝑡𝑧 .
Hall voltage 𝑉𝐻 and coefficient 𝑅𝐻 in semiconductors with one major type of charge
carriers can be defined as:

𝑉𝐻 =
𝑅𝐻 =

𝐸𝑦
𝐽𝑥 𝐵𝑧

𝐼𝑥 𝐵𝑧

(5.25)

𝑛𝑑𝑞

=

𝑉𝐻 𝑑
𝐼𝐵

=

1
𝑛𝑞

(5.26)

Transverse resistivity in such a configuration is denoted as 𝜌𝑥𝑦 , while longitudinal –
𝜌𝑥𝑥 . In the beginning, when applied magnetic field strength 𝐻𝑧 is weak, 𝜌𝑥𝑦 increases sharply
for the ferromagnets however, saturates in higher values, roughly proportionate to 𝐻𝑧 [115,
116]:
𝜌𝑥𝑦 = 𝑅0 𝐻𝑧 + 𝑅𝐴 𝑀𝑧

(5.27)

In (Eq. 5.27) first term corresponds to classical Hall effect, linear in field, that
determines type and concentration of free carriers; for (Ga,Mn)As it dominates in magnetic
field larger than about 1T (𝐵⊥ ~1 T). Second term, proportional to magnetization 𝑀⊥ ,
dominates in lower fields, and is called the anomalous Hall effect (AHE). 𝑅𝐴 depends on
material’s parameters and, in particular, on longitudinal resistivity 𝜌𝑥𝑥 . There’re two origins of
this magnetization-dependent term [117], both are related to coupling between spin and
orbital angular momentum:
✓ extrinsic – disorder-related due to spin-dependent scattering on impurities (the skew
scattering and side jump mechanisms);
✓ intrinsic – closely related to the Berry curvature of occupied electronic states.
In such an experiment, charge carriers acquire an additional contribution to their group
velocity, perpendicular to the electric field, hence, contribute to Hall effects [115]. In the case
of (Ga,Mn)As, spin-orbit scattering plays the major role. Like in classical Hall effect, charge
carrier experiences a transverse force while moving in an electric field; however, this force is
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proportionate to spin current instead of charge current, like in Lorentz force. Conclusively,
there appears a separation of carriers with spin-up and spin-down.
Due to material’s specific anisotropy, samples that exhibit in-plane magnetic anisotropy,
should be measured along the in-plane easy axes to obtain the “clean” detailed signal in low
fields. In a case when spontaneous transverse voltage develops due to the spin-orbit
interaction, in response to longitudinal current flow under an in-plane magnetic field or even
in the absence of an applied magnetic field, such an effect is called Planar Hall effect (PHE).
Physical background stems from nonequivalence of the perpendicular and parallel to the M
tensor components of the resistivity, giving rise to off-diagonal resistivity components [82].
PHE usually goes hand-in-hand with anisotropic magnetoresistance phenomenon
(AMR) [118]. Importantly, the magnitude of PHE in (Ga,Mn)As layers is up to four orders of
magnitude greater than that previously found in metallic ferromagnets, which is called the
giant PHE [119]. Very large magnitude of PHE, observed in (Ga,Mn)As, results primarily
from the combined effects of strong spin-orbit interaction in the valence band of the crystal
with zinc blende structure and the large spin polarization of holes in (Ga,Mn)As.

•

Anisotropic magnetoresistance

AMR, which usually occurs in ferromagnets, is a magnetic-field dependent response of
carriers, resulting in a change of electrical resistance. In particular, transport properties rely on
the angle 𝜃 between the direction of I and magnetization M. In a single domain model, the
AMR components can be described by expressions (Eq. 5.28) [120]:
𝑅𝑥𝑥 = 𝑅⊥ + (R ∥ – 𝑅⊥ ) cos2𝜃 𝐌𝐑
{
𝑅𝑥𝑦 = (R ∥ – 𝑅⊥ ) cos 𝜃 sin 𝜃 𝐏𝐇𝐄

(5.28)

where R⊥ and R|| - are the resistances for I⊥M and I||M, respectively;
Spin-orbit coupling and magnetization are two main reasons of this effect. For
(Ga,Mn)As, to be more precise, it’s combination of host band spin-orbital coupled spin
structure (texture) and scattering of polarized magnetic impurity potentials [118]. In other
words, it is a consequence of an anisotropic combination of spin‐up and spin‐down
conduction bands induced by the spin‐orbit interaction.
In the ferromagnetic (Ga,Mn)As, contrary to the metallic ferromagnets, resistance is
higher when the magnetization is perpendicular to the current with respect to that when they
both are parallel - (R||−R⊥) < 0.
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•

Weak localization

Probability of electron to change a position during time t from point 1 to point 2 could
be expressed as sum of transition amplitudes Ai along all the possible paths and in addition to
2

classical probability ∑|𝐴1 | will include interference term ∑ 𝐴1 𝐴2 :
2

𝑃(𝑟⃗⃗⃗1 , ⃗⃗⃗⃗
𝑟2 , 𝑡) = |∑ 𝐴1 |2 = ∑|𝐴1 | + ∑ 𝐴1 𝐴2

(5.29)

Interference term, as the scattering happens randomly, vanishes for most paths. In a
closed loop (Fig. 5.2), if the paths are identical, 𝐴2 will be reversed in respect to time to 𝐴1 so
that two time-reversed paths will have the same quantum mechanical phases:
|𝐴1 + 𝐴2 |2 = |𝐴1 + 𝐴2 ∗ |2 = 4|𝐴1 |2

(5.30)

Figure 5.2: Feynman path for reflection, constructive interference of two partially
traveling waves.
Without phase-coherence between 𝐴1 and 𝐴2 , Eq. 5.30 transforms into sum of the
squares instead of squared sum, hence, in idealized situation, a perfect coherence between the
pairs for time-reversed paths leads to a twice larger probability of the reflection into the initial
position. This quantum mechanical phenomenon gives rise to a positive contribution to
resistivity and is an important correction to the Drude formula of classical conductivity in the
disordered systems in weak magnetic fields. An external magnetic field breaks time reversal
symmetry, creates phase difference between the two time-reversed paths, reduces the return
probability, and enhances the conductivity.
When perpendicular magnetic field is applied, 𝐴1 → 𝐴1 𝑒 𝑖𝜑 , 𝐴2 → 𝐴2 𝑒 −𝑖𝜑 →
|𝐴1 + 𝐴2 |2 = |𝐴1 |2+|𝐴2 |2 +2|𝐴1 𝐴2 |𝑐𝑜𝑠2𝜑, and the interference term disappears.
In a Drude transport, where conductivity consists of classical terms – individual
probabilities of diffusive paths, weak localization includes products of the amplitudes over
different paths (constructive quantum interference terms averaged over disorder realizations).
In comparison to strong Anderson localization, loops number is small and mostly affects the
material’s behavior in weak magnetic fields. Dephasing occurs via quasi-elastic electron–
electron collisions. Among the key parameter the theory is associated with a phase coherence
time (time over which a propagating wave has constant phase difference, waveform and same
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frequency). Magnetic field dependent correction to the change in the conductivity at weak
magnetic fields [121]:
∆𝜎𝑥𝑥 (𝐵) = 𝜎𝑥𝑥 (𝐵) − 𝜎𝑥𝑥 (0)

=

𝑒2

1

ħ

1

𝜏

ħ

[𝛹 (2 + 4𝑒𝐷𝐵𝜏 ) − 𝛹 (2 + 4𝑒𝐷𝐵𝜏) + 𝑙𝑛 ( 𝜏ф )]
(𝑁𝑂 𝑆𝑄𝑈𝐴𝑅𝐸)𝜋ħ
ф

(5.31)
where 𝛹(𝑥) – digamma function, 𝜏ф and 𝜏 are the phase coherence time and mean-free time
respectively (inelastic and elastic scattering times), D is the diffusion coefficient, where 𝑣𝐹 –
Fermi velocity, 𝐿 = 𝑣𝐹 𝜏 = 𝑣𝐹 𝜇𝑒

𝑚𝑒∗
𝑒

– mean-free path.

This correction is more important for small dimensions, because return probability is
enhanced [122, 123]. In other words, when phase-coherence length 𝐿ф reaches the mean-free
path length 𝐿ф ~𝐿 , or 𝐿~𝜆𝐹 → 𝑘𝐹 𝐿 = 2𝜋 ≈ 1, ( 𝜆𝐹 =

2𝜋
𝑘𝐹

– Fermi wavelength, 𝑘𝐹 – Fermi

wave vector), then a transition between the weak and strong localization occurs.

×𝐵
𝑘𝐹 𝐿 ≪ 1
destructive
interference (WAL)

ф=𝐵∙𝑆

Figure 5.3 Connection between electron’s wave vector k for a constant potential
(Bloch wave), mean-fee path and localization
There’re many approaches to describe weak localization dependent on the material and
its dimensions [124], some of them were already successfully applied for (Ga,Mn)As
characterization [125]. Based on this theory, correction to the semi-classical Boltzmann
conductivity can be described as:
𝑊𝐿,2𝐷
(𝐵⊥ ) =
∆𝜎𝑥𝑥

𝑒2
2𝜋2 ħ

1

𝐵𝑝 +𝐵𝑠𝑜

2

|𝐵⊥ |

[𝛹 ( +
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) − 𝛹 (2 +

𝐵ф +2𝐵𝑠𝑜
|𝐵⊥ |

)]

(5.32),
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which is a particular case of (Eq. 5.31) with a field applied perpendicular to the 2D plane,
phase coherence and magnetic time are generalized independently of the spin sense by 𝐵𝑖 :
ħ

𝐵𝑖 = (4𝑒𝐷𝜏 )
𝑖

(5.33)

where index i stands for different scattering processes: p – elastic, ф – inelastic and so – spinorbit scattering.
Respectively, we have 𝜏𝑝 – momentum relaxation time, 𝜏ф – phase coherence time
and 𝜏𝑠𝑜 - spin-orbit scattering time. Coherence length 𝐿ф and coherence time 𝜏ф are connected
through the diffusion coefficient for the inelastic scattering 𝐿ф = √𝐷𝜏ф , and spin-orbit
scattering: 𝐿𝑠𝑜 = √𝐷𝜏𝑠𝑜 .
Weak antilocalization (WAL) is a very similar effect, however, in this case, when a spin
rotation is going through self-intersecting path, the direction of this rotation is opposite to two
directions around the loop, leading to destructive interference and lower net resistivity.
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5.2. Magneto-transport measurements in weak fields (±1kOe)
After samples preparation and an optional nano-structurization, electrical contacts have
been prepared manually from In balls, cut and gently pressed to the surface with an optional
soldering for better adhesion with surface through melting. Sample’s table contact holes were
also supplied with melted In, and later connected with contacts on the sample using golden
wires. Unless the different pattern foresees it, we place contacts in Hall Bar shape
(Fig. 5.4 a,b).

(a)

Figure 5.4: Contacts Hall configuration on the
surface of the unpatterned sample (a); contacts on

the top of lithography-patterned film surface (b).

(a)

(b)

Depending on the aim, we further place the sample onto the sample’s holder with
different angles of how the current I flows with respect to applied magnetic field H (Fig. 5.5).

Figure 5.5: Various samples holders (top → down) with current flowing perpendicularly to
applied field (𝐼 ⊥ 𝐻 in-plane), under 15º, 30 º,45º difference and 𝐼 ⊥ 𝐻 out-of-plane. Not
shown in here is an additional table with 𝐼 ∥ 𝐻 in-plane, which at the moment of taking photo
was used in the experiment.
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On the Fig. 5.5, cables on the right are typically soldered with those on coil, which is
put onto holder; pins on the left are jointed to the sample’s handle respective pin holes, that
connects upper box contacts outputs and contacts on the sample through inner cables. Fully
mounted holder is later slowly cooled while being immersed into He tank, and, after quickcheck of the contacts resistance in low temperature, we proceed to connect the cables.
Using a low-frequency lock-in technique we’ve analyzed two- and four-point probe
longitudinal magneto-resistance (MR) and Hall resistance as a function of the applied in-plane
and out-of-plane magnetic field, H, at low temperature, THe = 4.2 K.
Measurement set-up consists of:
✓ Current source MeraTronik, that’s voltage controlled (Fig. 5.6 a);
✓ Two interconnected lock-in amplifiers – models “Signal Recovery EG&G 7265”
and “Signal Recovery EG&G 7260”, that further connect with electrical contacts
outputs on sample’s low-temperature insert through voltage preamplifiers
(Fig. 5.6 b, c);
✓ Two voltage preamplifiers models “Ametek Signal Recovery 5186” and “Ametek
Signal Recovery 5113” (Fig. 5.6 d);
✓ Low-temperature insert (Fig. 5.6 e), that has sample mount table (far top right
corner of the figure, not visible) with a removable coil on top (far top right corner
of the figure, not clearly visible), 8 electrical wires hidden inside the stainless steel
pipe (middle part of the figure), serving for resistance measurements, connecting
the sample contacts on the mount table (cold side of the insert) with an external
hermetically sealed BNC connectors (hot side of the insert, left side of the figure).
Each wire shielded.
✓ Liquid He tank;
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(a)

(b)

(c)

(d)

(e)

Figure 5.6: Photos of essential elements of the low-field magneto-transport set-up.
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Electrical contacts outputs of low –
temperature insert (hot side)
Coil
+
-

Sample’s Current

Preamplifier

Preamplifier
Rlim

Vout

Vout

Vin
Vin
Lock-in 7265
Lock-in 7260

Ref In
Osc Out

Current
source
Figure 5.7: Block-scheme of the measurement setup with example connection of the cables.
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•

2-probe resistance measurements method (electrical circuit)

Rlim
I
Lock-in

UG ↑

~

pAmp

S

V ↑US

Figure 5.8: Main elements of the measurement circuit considering resistance evaluation in
two-probes configuration: UG is a source voltage of generator [V]; US is measured (by lockin) voltage [V]; pAmp – voltage preamplifier with adjustable gain; Rlim – limiting resistor, S –
measured sample (2-contacts).

Simplified scheme of the electrical circuit elements for a two-probe resistance
evaluation is presented in Fig. 5.8. Current I from generator is flowing through the limiting
resistor to the sample, which, in addition to its own resistance, has contacts resistance as well.
Sample’s voltage signal is then amplified (gain) and read by lock-in. To control the current
density flowing through the sample and to optimize the current value, 10 MΩ limiting resistor
was used. Choice of the optimal current value must satisfy specific requirements, in
particular, keeping it from being too high to create a sensible current-induced heat at the
sample at low temperatures (Joule’s heating) and, at the same time, preventing current from
dropping too low, so a measurable signal from the sample can still be detected.
Signal with a low amplitude level may be hard to differentiate from the noise
contributed by the surrounding circuitry. In order to distinguish them, a lock-in amplifier may
be used to detect, enhance and measure accurately very small signals, even in the presence of
higher background noise. To realize this aim, the first lock-in multiplies its input by a
reference signal, and then applies an adjustable low-pass filter to the result (demodulation).
The lock-in amplifiers use a phase-sensitive detection to single out the component of the
signal at a specific reference frequency (generated by the lock-in amplifier itself or provided
from the external source/user) with a fixed phase dependence, while noise, at frequencies
other than the reference frequency, is rejected [126, 127].
1

A low pass filter has a noise bandwidth of ∆𝑓~ τ, where τ is the time constant, that
depends on filter’s resistance R and its capacitance C: 𝜏 = 𝑅𝐶 [126]. This means that noise at
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the filter input is filtered with an effective bandwidth equal to the noise bandwidth. The time
constant should be adjusted to provide an optimal balance of responsiveness and stability – so
as the lock-in could respond quickly to real changes in the input signal and be stable enough
for proper measurements. Typical lock-ins reference frequency in current experiments was set
to f = 18.6 Hz, lock-in time constant to τ = 1s.
Before the lock-in amplifier processing, it’s preferable to use a preamplifier, that
converts a weak electrical signal into an output signal strong enough for further lock-in
processing. In addition, preamplifier ensures high internal resistance (100 MΩ) and, due to its
filters, improves signal-to-noise ratio (Fig. 5.9). Both Signal Recovery models, used in a
setup, are high performance, low noise voltage preamplifiers with adjustable gain and high,
low or bandpass filtering, that ensures selective signal amplification, making subsequent
signal measurements easier.
Importance of the low-voltage preamplifiers is illustrated in Fig. 5.9, where we’ve
measured a Hall Bar of the annealed 15-nm thick (Ga,Mn)(Bi,As) layer (6% Mn, 1% Bi)
along the [1̅10] crystallographic direction (black triangles) applying 10x gain (10 times
increased signal) and the [110] direction (red squares) with 100x gain. Larger gain allows to
improve the signal-to-noise ratio and accurately focus on the measured diapason. Here we
definitely observe a 10 times noise increment when the gain is 10 times less. It’s important to
notice, that the sample’s noise doesn’t depend on the crystallographic direction, along which
the measurements were conducted, and isn’t in a focus of current comparison.
Further improvement of the signal might be done by proper adjusted lock-in parameters,
such as Offset and Expand. The first one allows user to choose a fixed value (called Offset)
that can be subtracted from the lock-in output (value that the lock-in displays as a
measurement result). In particular, the Offset function allows to compensate the output to
zero. The Expand function, in turn, gives a possibility to multiply the lock-in output (minus its
offset) by a factor 10, hence, to increase a resolution of the displayed numeric value.
Combination of the Offset and Expand functions was useful while measuring weak resistance
changes as a function of applied external magnetic field. Moreover, the compensation of the
lock-in output to zero (before applying the magnetic field) and then its expanding was a
necessary condition to observe any changes in some cases of very weak magnetoresistance
measurements.

~ 123 ~

Chapter 5: Magneto-transport in weak magnetic fields

hall (ohm)
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Figure 5.9: Dependence of signal-to-noise ratio on preamplifier gain parameter on the
example of Rxy for a Hall Bar of the annealed 15-nm thick (Ga,Mn)(Bi,As) layer (6% Mn, 1%
Bi) measured with a 100x signal gain (red squares) while the H was applied along the [110]
crystallographic direction and 10x gain (black triangles) with a magnetic field along the [1̅10]
direction.

•

Analysis of the 2-probe resistance measurements (Fig. 5.8)

1) Determination of the sample’s current is based upon the second Kirchhoff rule, the
algebraic sum of all the voltages around any closed loop in a circuit is equal to zero:

∑𝑈 = 0
𝑈𝐺 − 𝐼𝑅𝑙𝑖𝑚 −
𝐼=

𝑈𝑆
𝑔𝑎𝑖𝑛

𝑈𝐺 −

(5.34)

=0

𝑈𝑆
𝑔𝑎𝑖𝑛

𝑅𝑙𝑖𝑚

[A]

, so

(5.35)

(5.36)

2) Determination of the sample’s resistance (Ohm’s Law), considering parallel
connection in a circuit:

𝑅=

𝑈𝑆
𝑔𝑎𝑖𝑛∙𝐼

[Ω]
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In our measurements:

𝑅𝑙𝑖𝑚 = 10 MΩ ≫ 𝑅 → 𝐼 ≈

𝑈𝐺

(5.38)

𝑅𝑙𝑖𝑚

In a 2-probe analysis, resistance of the sample’s electrical contacts contributes to the
measured sample’s resistance 𝑅 , hence being a major disadvantage. Typical range for the
samples contacts resistance, measured within the frame of this work, was 𝑅𝐶𝑜𝑛𝑡𝑎𝑐𝑡𝑠 ~ 10 −
100 kΩ. To exclude contacts contribution, we’ve conducted most of our measurements using
a four-probe technique, while a two-probe method was typically used for the current
determination and a cross-type nanopattern longitudinal resistance measurements, due to the
design peculiarities.
Although, current may be measured accurately, avoiding this step, through an
implementation of nano-amperometer. However, it’d mean an additional lock-in, giving three
lock-ins in a set-up in total, two of them dedicated to sample’s voltage detection and one
specifically for current detection, that wasn’t an available option for the time being.

•

4-probe resistance measurements method (electrical circuit)

Rlim
I

Lock-in #2
pAmp
#2

UG ↑

~

V ↑Uxy ≡ UHall

Lock-in #1

S’

pAmp
#1

V

↑Uxx

Figure 5.10: Main elements of the measurement circuit considering resistance evaluation in
four-probes configuration samples (Hall pattern): UG is a source voltage of generator [V]; Uxy
is a transverse (Hall) gained voltage of the measured (by lock-in #2) sample [V]; Uxx is a
longitudinal gained voltage of the measured (by lock-in #1) sample [V]; pAmp #1, #2 –
voltage preamplifiers with adjustable gain; Rlim – limiting resistor, S’ – measured sample (4contacts). Within this method we’re directly measuring resistance of area, shaded in grey,
omitting additional resistance from contacts and contacts pads.
Principle of a 4-probe resistance measurements method is similar to a two-probe one,
with a noteworthy difference being a possibility to measure two pair of sample’s contacts
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simultaneously, in our case – transverse (Hall) voltage Uxy and longitudinal voltage Uxx
signals, both enhanced through preamplifiers and detected with corresponding lock-ins. This
method, as it was earlier mentioned, enables to directly measure a signal response from the
samples, subtracting contacts influence.

•

Analysis of the 4-probe resistance measurements (Fig. 5.10)

1) Determination of the sample’s resistances:

𝑅𝑥𝑥 =
𝑅𝑥𝑦 =

𝑈𝑥𝑥
𝑔𝑎𝑖𝑛1 ∙ 𝐼
𝑈𝑥𝑦
𝑔𝑎𝑖𝑛2 ∙ 𝐼

[Ω]

(5.39)

[Ω]

(5.40)

where I is previously obtained from the two-probe method.
In particular, for Hall Bar geometry there’s a possibility to determine resistivities of the
studied material based upon the dimension parameters of the Hall Bar :

𝜌𝑥𝑥 = 𝑅𝑥𝑥

𝑤∙ 𝑑
𝑙

[Ωm]

𝜌𝑥𝑦 = 𝑅𝑥𝑦 𝑑 [Ωm]

(5.41)
(5.42)

where w is the width, l – the length of the Hall Bar and d – its thickness.

•

Noises in electronics

In any resistivity analysis one may consider an influence of the noises. There’re external
electromagnetic interferences arising from the outside sources and internal noise as a
summation of disturbing energy from natural sources. Interference may be avoided to some
degree with a proper shielding, grounding and filters, current laboratory setup eliminates large
percent of it. Fig. 5.9 demonstrates how a proper adjustment of the equipment’s parameters
allows to minimize noise and obtain well-defined output signal.
Internal noise is harder to eliminate from the outside due to its nature, however, further
it’ll be shown, that at low temperature it doesn’t affect the results in a significant way. Taking
into account highly sensitive nature of the measurements, thermal noise, in particular, may be
analyzed as an example. Thermal noise (Johnson–Nyquist noise) originates from atoms
oscillating with temperature fluctuations when a voltage is applied and a macroscopic current
starts to flow:
𝑈𝐽−𝑁 = √4𝑘𝑇∆𝑓𝑅
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Considering that most of obtained resistances are in the order of kΩ, temperature was
1

always around 4.2 K, and frequency band is an inverse of lock-in time-constant (∆𝑓 = 𝜏 ), we
could estimate 𝑈𝐽−𝑁 to be approximately 1.5 − 15 nV corresponding to resistances in a range
10 − 1000 kΩ. As such a noise value is very low in comparison to the operated voltages, we
may neglect it in general calculations.

•

Results & explanations: weak-fields magneto-transport

We’ve started analyses with 10 nm thick (Ga,Mn)As/GaAs and (Ga,Mn)(Bi,As)/GaAs
layers, of 6% Mn content in the both layers and 1% Bi content in the second one, annealed at
180°C for 50 (Fig. 5.11 – 5.12) [128]. Contacts in this case were done manually, as shown in
Fig. 5.4 a, thus higher than expected Hall resistance values may be observed due to non-ideal
contact placement with respect to each other.
Beforehand, samples are pre-magnetized to negative values ( -1 kOe), then we proceed
to measurements with magnetic field sweeping up and down in the range of ± 1 kOe.
Analyses of both the MR and PHE resistances display broad symmetric double hysteresis
loops in lower magnetic field values up to the recurrence points. After high enough field is
applied, magnetization vector in the layer is forced to be directed along the external magnetic
field and, for example, the longitudinal MR, as shown in Fig. 5.11, exhibits isotropic negative
MR. As it was mentioned earlier, full ferromagnetic order of (Ga,Mn)As spins in low
temperatures above some critical magnetic field value (recurrence point) is characterized by
negative MR due to the suppressed quantum interference contribution to the resistivity caused
by the effect of weak localization.
What is interesting for us, it’s the AMR between the recurrence points. In both MR and
PHR magnetic field sweep causes a rotation of the magnetization vector in the films by 360°
between easy in-plane 〈100〉 cubic directions: [100], [010], [1̅00] and [01̅0], resulting in four
transitions between their low and high values. PH resistance shows extrema at θ = 45 and it’s
cubic equivalents (135, 225 and 315 in agreement with Eq. 5.28). Sharp transitions at
±105 Oe for (Ga,Mn)As and ±145 Oe for (Ga,Mn)(Bi,As), as visible for the H || I
configuration in Fig. 5.11 and Fig. 5.12a, are caused by the magnetization vector rotation by
90° between two perpendicular 〈100〉 easy axes of magnetization: [01̅0] → [1̅00] and [010]
→ [100].
The magnetic field values of those transitions correspond to the coercive fields in the
layers. Their values confirm that Bi addition into (Ga,Mn)As layers results in an increase in
their coercivity, in agreement with the earlier SQUID magnetometry results. Recurrence
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points for both the MR and the PHE results correspond to the in-plane magnetic anisotropy
fields in the layers. For the I || H || [1̅10] configuration these anisotropy fields are around
± 250 Oe and ± 500 Oe for the (Ga,Mn)As and (Ga,Mn)(Bi,As) layers, respectively. For the
I || [1̅10], H || [110] configuration we see higher recurrence point values of ± 700 Oe for
(Ga,Mn)As, and barely reached ± 900 Oe for (Ga,Mn)(Bi,As), indicating the [110] direction
as harder axis.
Full dependency of AMR of both MR and PH response changes with respect to the
external field direction are presented in Fig. 5.13. Distinctly larger magnetic anisotropy fields
for H || [110] indicate uniaxial in-plane magnetic anisotropy between the [1̅10] and [110]
crystallographic directions in both the (Ga,Mn)As and (Ga,Mn)(Bi,As) thin films. The
(R||−R⊥) < 0 dependency, observed in (Ga,Mn)As and discussed earlier, is also found in
(Ga,Mn)(Bi,As).

0.30
(Ga,Mn)As

MR

Rs(H) / Rs(0) (%)

0.25
0.20
(Ga,Mn)(Bi,As)
0.15
Coercive
fields

0.10
0.05
0.00

T = 4.2 K
H || I || [-110]

Anisotropy
fields

-800 -600 -400 -200

0

200

400

600

800

H (Oe)
Figure 5.11: Relative sheet longitudinal resistance RS for the annealed (Ga,Mn)As and
(Ga,Mn)(Bi,As) layers measured while sweeping an in-plane magnetic field, parallel to the
current, in opposite directions, as indicated by arrows. The curves have been vertically offset
for clarity.

The above field values confirm that Bi addition into (Ga,Mn)As layers results in an
increase in coercive and anisotropy field diapasons, while the general shape and behaviour of
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the magnetic response is preserved. Much larger magnitudes of the longitudinal MR changes
and the PHE resistances revealed in (Ga,Mn)(Bi,As) in comparison with plain ternary DMS
films are expected as a result of an enhancement of the spin-orbit interaction caused by Bi
addition.
Sheet resistivity was evaluated on the basis of the conducted analyses and is
summarized in Table 5.1 for the layers of various composition, thickness and optional
(In,Ga)As buffer. There, we’ve considered as-grown samples as a reference point for the
annealed ones. In the case of 10-nm thick layers, distinct (10 times) decrease of (Ga,Mn)As
resistivity is visible after annealing: 6 → 0.6 Ωcm, 1 % of Bi introduces even larger changes
with more than 100 times reduced resistivity to the as-grown samples: ~1000 →1 Ωcm. For
the thicker layers the annealing-induced changes of resistivity are much smaller.
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Figure 5.12: Planar Hall resistance Rxy for the annealed (Ga,Mn)As and (Ga,Mn)(Bi,As)
layers measured while sweeping an in-plane magnetic field, parallel (a) and perpendicular
(b) to the current, in opposite directions, as indicated by arrows. The curves have been
vertically offset for clarity.
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(a)

(b)

Figure 5.13: Dependence of Rxx (a) and Rxy (b), normalized with respect to the
corresponding resistances in the absence of magnetic field, on the (Ga,Mn)(Bi,As) layer’s
orientation in the external magnetic field. All curves were vertically offset.
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Table 5.1: Growth parameters and measured sheet resistivity of thin films
ρ
Ω
4

0

100

-

0.5

4

0

100

80

0.4

4

0.3

100

-

0.6

4

0.3

100

80

0.5

6

0

10

-

6

6

0

10

50

0.6

6

1

10

-

~1000

6

1

10

50

1

6

1

15

-

0.4

6

1

15

50

0.3

6

1

15

-

0.8

6

1

15

50

0.3
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Figure 5.14: Sheet longitudinal resistance Rxx changes as a function of magnetic field
H (Oe) (T = 4.2 K), measured at different field orientations for 15nm (Ga,Mn)(Bi,As) thin
layers grown on GaAs (left planes) and on (In,Ga)As buffer (right panels). All curves were
vertically offset.
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Similar angle-dependent measurements of MR (Fig. 5.14) and PH resistance (Fig. 5.15)
were conducted for 15 nm (Ga,Mn)(Bi,As) layers (6% Mn, 1% Bi), grown on GaAs and
(In,Ga)As substrates. Results achieved for in-plane directions are in good agreement with
previous 10-nm thick layer series, showing the same spin-scattering induced AMR behaviour
in low fields and negative MR in higher external magnetic field caused by suppression of
weak localization.
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Figure 5.15: Sheet Hall resistance Rxy changes as a function of magnetic field H (Oe)
(T = 4.2 K), measured at different field orientations for 15nm (Ga,Mn)(Bi,As) thin layers
grown on GaAs (left planes) and on (In,Ga)As buffer (right panels). All curves were
vertically offset.
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It’s important to notice that often during low-field measurements we were facing a
problem of layers reaching magnetization saturation whether near the field limit of our
measurement set-up, or even beyond it, that results in misleading positive magnetoresistance
after false recurrence points, typically observed for measures along hard axes (for example,
Fig. 5.14, red curves with H || [110]).
Having two alternative buffers allowed us to investigate strain influence on the easy
axis magnetization alignment. As expected, the layers on (In,Ga)As buffer showed out-ofplane magnetization along the [001] crystallographic direction and the dependences are
completely flat when field is oriented along any in-plane axis. In such a configuration the
field strength ± 1 kOe of is too weak to force spin reorientation and to produce any visible
changes on the graph. Signal amplitude for tensile-strained films is ~ 3-7 larger than for
compressively strained ones in Rxx comparison and up to ~15 times larger for the Rxy, which is
expected, as the heights of the Hall voltage hysteresis provides directly the magnitude of the
anomalous Hall resistance.
From Fig. 5.14 and Fig. 5.15 we may also directly observe the effects of the annealing
treatment: reduction of the coercivity 2.5 times, which is in agreement with the former
SQUID magnetization results, vanishing of remnant MR in zero field for planar anisotropy,
better symmetrizing of MR shape for planar anisotropy, decay of the isotropic negative
contribution to MR and general improvement of the curves shape. Sheet resistance values also
decrease after annealing treatment from 4 to 3 mΩcm for the layers on GaAs and from 8 to
3 mΩcm for the layers on (In,Ga)As. Such a difference again visualizes the importance of
annealing and that proper magneto-transport characterization is possible only after the
treatment.
Roughness in the obtained signal curves for the in-plane annealed Hall resistance along
[1̅10] (Fig. 5.15 left panel) predominantly results from the different gain value (x10) applied
instead of (x100), as discussed in previous section.

•

Results & explanations: Hall Bar patterns

To eliminate contribution of manual contacts asymmetric position on the sample, which
to some degree influences resistance, and to measure magnetisation response from one
domain, we’ve patterned Hall configuration using electron-beam lithography and wet etching
on the same annealed 10-nm thick (Ga,Mn)As and (Ga,Mn)(Bi,As) films with 6% Mn and 1%
of Bi, grown on GaAs (Fig. 5.16 – 5.17). Normalized longitudinal MR for the Hall Bars of
100 µm width and 200 µm distance between the voltage contacts, measured under magnetic
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field parallel to the current, is presented in Fig. 5.16. As previously, the same technique of
magnetic field sweeping was applied in the range of ± 1 kOe, that resulted in non-monotonic
behaviour at low fields following Eq. 5.28, superimposed on isotropic negative MR extended
to higher fields [90]. Distinctly larger magnitude of the negative MR observed for the
(Ga,Mn)(Bi,As) layer, likely results from stronger spin-orbit coupling caused by Bi
incorporation into the (Ga,Mn)As crystal lattice. Opposite signs of the peaks at the coercive
field values are likely caused by a different sample’s position on the sample holder and,
hence, different magnetization paths.
Fig. 5.17 presents the planar Hall resistance for both layers measured under magnetic
field perpendicular to the current. While sweeping magnetic field in the wide range, Rxy again
displays the double hysteresis loop with recurrence points at magnetic fields: ±700 Oe for
(Ga,Mn)As and ±900 Oe for (Ga,Mn)(Bi,As), which is similar to results of previous
measurements (Fig. 5.12 b). (Ga,Mn)As Hall resistance shape is much more distorted then in
the previous case but, as expected, its magnitude is enhanced with an addition of Bi.
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Figure 5.16: Relative longitudinal resistance Rxx for the Hall Bars of (Ga,Mn)As and
(Ga,Mn)(Bi,As) layers measured while sweeping an in-plane magnetic field, parallel to the
current, in opposite directions, as indicated by arrows. The curves have been vertically offset
for clarity.
In turn, while sweeping a magnetic field in a narrow range of ±200 Oe, Rxy displays a
single hysteresis loop analogous to the usual magnetization hysteresis loop, as shown in
(Fig. 5.17 b). The hysteresis amplitude increases from about 25 Ω for (Ga,Mn)As to 275 Ω for
(Ga,Mn)(Bi,As). Shape of the curve was also enhanced drastically with Bi addition, resulting
in sharp transition and symmetric, well-defined rectangular form. Here, the magnetic field
scan results in 90° rotations of the magnetization vector between two in-plane 100 directions
and the results are consistent with the expected single-domain structure of the Hall Bar. This
planar Hall resistance can assume one of the two stable values at zero magnetic field,
depending on the previously applied field, which can be exploited in non-volatile memory
elements.
Conclusively, larger magnitudes of both the negative longitudinal MR and the PHE
resistances in the (Ga,Mn)(Bi,As) layer as compared with that of the (Ga,Mn)As, as it was
stated before, manifests confirmation of a large enhancement of the spin-orbit interaction
upon addition of Bi into the Ga(Mn,As) layers.
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Figure 5.17: Planar Hall resistance Rxy for the Hall Bars of (Ga,Mn)(Bi,As) and (Ga,Mn)As
layers measured at the temperature 4.2 K, while sweeping an in-plane magnetic field,
perpendicular to the current, in opposite directions, as indicated by arrows in a large field
(a); and in the narrower range of sweeping magnetic field (b). The curves have been
vertically offset for clarity.
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•

Results & explanations: cross- and ring-type patterns

Investigation of magnetic domain walls (DW) in ferromagnetic nanostructures opens
new possibilities for magnetism-induced spintronic devices, such as magnetic logic gates and
nonvolatile memory cells. However, ambitiously looking, not only magnetic field may be
applied to manipulate structure’s signal, but a spin-polarized electric current, that exerts
torque on localized magnetic moments by spin-transfer [129]. A threshold current for an
activation of the DW motion in (Ga,Mn)As is at least two orders of magnitude smaller than in
classical metallic ferromagnets, as has been shown both experimentally [130] and
theoretically [131], which is a big advantage for this class of materials.
In addition to already described crystalline strain-induced magnetic anisotropy that
leads to either in-plane AMR or perpendicular magnetization, it’s possible to introduce
pattern-induced anisotropy by smart lithography framework [132 – 136]. Appropriate
nanostructurization of thin (Ga,Mn)As and (Ga,Mn)(Bi,As) layers grown under compressive
strain creates an additional degree of freedom that can be used in device operation. It tends to
align the spin magnetic moments along narrow stripes of the cross or ring’s narrow unetched
area, and is caused by misfit strain relaxation perpendicular to the stripe axes. Domain walls
(DWs), are representing regions of inhomogeneous magnetization and separate ferromagnetic
domains of different (homogeneous) magnetization. When charge carriers are passing through
DWs in nanostructures, they exhibit spin-dependent scattering, that contribute an extra
resistance to the total electrical resistance of a nanostructure, in a rate dependent on the spin
misalignment. It has been shown that (Ga,Mn)As epitaxial layers, grown under compressive
strain, demonstrate simple domain structure with large, of the size of hundreds of
micrometers, domains and thin, well-defined DWs [18].
In order to fabricate these nanostructures, we’ve performed patterning on the 10-nm
thick set of (Ga,Mn)As and (Ga,Mn)(Bi,As) thin films, discussed earlier. Fig. 5.18 shows
atomic force microscopy (AFM) image of the cross-like nanostructures together with scheme
representation of the crystallographic axes and corresponding angles between them. Each
stripe’s terminal has a corresponding contact pad, denoted by numbers 1..4, with a soldered
indium ohmic contact on the top. Nano-stripes were measured in two-probes configuration as
a function of applied in-plane magnetic field H directed at various angles 𝛼𝐻 with respect to
the [010] crystallographic direction, schematically shown in Fig. 5.18 – Fig.5.20.
They were designed as two perpendicularly crossed nanostripes, each of them
approximately of 200 nm width and 1 µm length in two configurations, depending on the
stripes orientations with respect to the crystallographic axes of the DMS layer: 𝛼 = 25° (Fig.
5.19) and 𝛼 = 45° (Fig. 5.20).
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General idea behind this design was to create an imbalance between resistance
responses along two the stripes as current was flowing along them due to different angles of
the magneto-crystalline easy axes in the middle segment with respect to the pattern-induced
axes along the stripes. Such a structure exhibits both magneto-crystalline anisotropy of the
parent layer (in the stripe crossing) and pattern-induced anisotropy of the structured layers
with easy axes along the stripes. In other words, when current is flowing along terminals 3-4,
it should overcome only 25º difference between magnetization axis, and while measured will
produce smaller resistance in comparison to one, measured along terminals 1-2 in the same
configuration with 65º difference. Resulted state of higher and lower magnetoresponse is very
stable in time, can be swapped with opposite sign weak magnetic field or spin-polarised
current. Principles of this mechanism functionality was checked via producing such a
structure, that has equal 𝛼 =45° angles to both of the stripes, hence, the resistance response
was expected to be the same for two pairs of terminals. Detailed description of the similar
structure performance along with variety of configurations was presented in the work
by Wosiński et al. [134].

a)

b)

Figure 5.18: Atomic force microscopy image for the cross-shape nanostructure, fabricated
from the (Ga,Mn)As/GaAs and (Ga,Mn)(Bi,As)/GaAs layers a). Main parameters of the
designed cross-like structure, denoted on the AFM image b): the boxed numbers correspond to
current terminals [134]. The angle α, between the 3–4 nanostripe axis and the [010]
crystallographic direction, is 25° here, and the angle 𝛼𝐻 defines the orientation of in-plane
magnetic field H with respect to the [010] direction. The darker contrast corresponds to nonconducting areas etched to the substrate.
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Figure 5.19: Scheme of the central part of the nanostructure shown in Fig. 5.18 under external
magnetic field H, applied at 𝛼𝐻 =25°, illustrating the explanation of remnant MR origin. Thick
arrows symbolize the magnetization vectors of individual ferromagnetic domains. The domain
configuration expected at H=0 after magnetizing the structure with a negative field (a) and
after subsequent magnetizing the structure with a weak positive field (b).
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Nano-rings have a similar, yet simplified theory behind the application. In a ring-shaped
nanostructures with a slit, presented in Fig. 5.21, the flux-closure “vortex” and the “onion”
stable magnetic states develops. Here, instead of five domains and four DWs we’re
manipulating two domains and one DW. Under an in-plane magnetic field, parallel to the slit,
“onion” state of the nanostructure consists of a single DW of either head-to-head or tail-to-tail
type, depending on the previously applied magnetic field. Four contact pads, supplied by
ohmic contacts, are surrounding ring, dividing it conditionally into four parts. Analyzing the
middle segment resistance while letting the current flow along the whole ring, we’re able to
observe and manipulate the DW with means of applied magnetic field. Here, high and low
states are again achieved through the additional contribution resistance that charge carriers
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gain while passing through the DW area. More about principles of nano-rings, realized on the
(Ga,Mn)As/GaAs was given by T. Wosińki et al., [136]. While sweeping the magnetic field
form zero at either direction, a difference in the resistance of about 20..30 Ohm is observable,
which, as we suppose, originates from the resistance difference between the head-to-head and
tail-to-tail states of DW.

a)

b)

Figure 5.21 Left panel: atomic force microscopy image for the ring-shape nanostructure,
fabricated from the (Ga,Mn)As/GaAs and (Ga,Mn)(Bi,As)/GaAs layers. The darker contrast

corresponds to non-conducting areas etched to the substrate. Right panel [136]: schematic
diagram of two “onion” states in the ring-shaped nanostructure with head-to-head a) and tailto-tail DWs b).

Our main goal was to replicate previous experiments with an accent on the influence of
Bi incorporation into DMS on the system, that was expected to enhance the outcome signals.
Manipulating magnetization direction by means of sweeping an external magnetic field results
in a rearrangement of DWs in a central part of the nano-crosses (Fig. 5.22) or in DW
displacement in nano-ring (Fig. 5.23), allowing reaching either of two states that distinguish
themselves by different resistances.
One may notice that in both cases resistance again exhibits non-monotonous nature
displaying double hysteresis loops and tends to reach zero value at zero magnetic field, with
recurrence points at magnetic fields depending on the field orientation, which is expected and
typical for (Ga,Mn)As and (Ga,Mn)(Bi,As) thin films.
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Figure 5.22: Magnetoresistance of the cross-shaped nanostructures along its stripes, while
sweeping an in-plane magnetic field in opposite directions, as indicated by arrows; current
flowing along the measured stripe 3-4 or 1-2 (THe = 4.2 K).
In both the cases – whether it’s a nano-ring, or a nano-cross, we obtained an increase of
spin-orbit coupling, determined be the fact of higher signal amplitude in samples with Bi
doping in comparison to plain (Ga,Mn)As, which may be crucial for detecting domain wall
reorganization. Increased resistance in Bi-doped thin films (at least 2-4 times) allows to better
distinguish difference between high- and low-states, more precise read-out of the signal,
becoming more attractive for spintronic applications.
As it was mentioned, based on our previous work in this field, we expect that the
resistance changes in the magnetic field range of about ±500 Oe for ring- and cross-like
structures result mainly from DWs reorientation under magnetization reversal. Jumps in the
ring MR appear roughly in relatively same coercive field of the (Ga,Mn)As and
(Ga,Mn)(Bi,As) parent layers, though they might originate from the extra resistance of
additional DWs, pinned at the contacts terminals. Resistance decrease, at the same time, is
associated with DW removal from the measured ring segment just before the magnetization
reversal. Unfortunately, contact resistance for the cross-shaped nanostructures was impossible
to subtract and it contributed significantly, that will be resolved with an improved pattern
foreseeing two segments for each contact pad, permitting four-point probe measures.
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Figure 5.23: Magnetoresistance of the middle ring segment of the nanostructures, while
sweeping an in-plane magnetic field, parallel to the slit, in opposite directions, as indicated by
arrows at low temperatures (THe = 4.2 K). Magnified magnetoresistance of the middle
segment of the nano-ring, measured previously by Wosiński et al. [136] under the same input
conditions, is presented on the lower panel.
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5.3. Magneto-transport measurements in strong fields (±13 T)
In order to estimate hole concentration in ferromagnetic materials, one may need to
apply high enough magnetic field to break AHE and reach classical linear U(H) response of
the ordinary Hall effect. Measurements were conducted in the laboratory of dr. K. Dybko and
high-fields laboratory of dr. A. Avdonin on 10-nm thick layers in similar way as magnetotransport analyses before, but in the wider magnetic-field range applied perpendicular to the
layers.
An interesting result we’ve obtained while measuring zero-field resistance as a function
of temperature R(T), presented in Fig. 5.24. The R(T) dependence displays a characteristic
maximum appearing around TC, which is commonly observed for (Ga,Mn)As and often used
to estimate its Curie temperature. It results from the critical spin-disorder scattering of current
carriers by magnetic fluctuations through exchange interaction occurring in ferromagnetic
semiconductors [11, 137]. An extensive theory of this mechanism in degenerate ferromagnetic
semiconductors has been proposed by Nagaev [138] and later discussed for the case of
(Ga,Mn)As in a work of Furdyna et al. [139]. Hole concentration was evaluated from the Hall
effect measurements (Fig. 5.25). In the high field regime magnetization saturates and the
anomalous Hall resistance reaches its limit. By fitting the slowly changing part of the curve,
that corresponds to the classical Hall effect, with a simple linear equation: Y = Intercept +
Slope·X, we may extract the slope, leading to basic transport parameters evaluation:
Constant initial parameters: I = 10-5 A, d = 10-8 m;

𝑤𝑖𝑑𝑡ℎ
𝑙𝑒𝑛𝑔𝑡ℎ

Basic formulas:

• Hall coefficient 𝑅𝐻 =

𝑉𝐻 ∙𝑑
𝐼∙𝐵

• Carrier concentration: 𝑝 =

=

𝑆𝐿𝑂𝑃𝐸∙𝑑
𝐼

1
𝑅𝐻 ∙𝑞

;

;

𝑤

• Sheet resistance: 𝑅𝑆 = 𝑅 ∙ ;
𝑙

• Resistivity: 𝜌 = 𝑅𝑆 ∙ 𝑑 ;
1

• Conductivity: 𝜎 = ;
𝜌

• Hall mobility: 𝜇𝐻 =
• Drift velocity: 𝑢 =

𝜎
𝑒∙𝑝
𝑗

𝑝∙𝑞

• Scattering time: 𝜏 =

= 𝑅𝐻 ∙ 𝜎;

=

∗
𝜇ℎ ∙𝑚ℎ

𝑞

𝐼∙𝑅𝐻
𝑑∙𝑤

;

(𝑚ℎ∗ = 0.7 me).
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Table 5.2: Input parameters for the fitting process
𝒑

𝑹𝑺

𝝈

Ω

Ω

𝝁𝑯

𝒖

𝝉

4.3

~ 1.5

32

31

1.4

38

5.6

2.9

~2

25

39

1.2

29

4.8

3.1

~2

73

14

0.4

31

1.6

2.9

~2

55

18

0.5

29

2.0

Normalized longitudinal magnetoresistance, vertically offset, is presented in Fig. 5.26,
showing typical negative magnetoresistance curves; which are described by three main
components:

• classical linear Boltzman, to which MR may occasionally come in the presence of
very strong magnetic field;

• quantum weak localization effect that gives rise to increased resistance in the
absence of magnetic field and negative MR as a result of magnetic-field-induced
suppression of quantum interference contribution to the resistivity caused by WL;

• positive MR in weak magnetic fields caused by magnetization reorientation from
the in-plane to out-of-plane direction.
This experiment was a fine demonstration of the theory regarding increased
s-o contribution to the transport in (Ga,Mn)(Bi,As) DMS comparing to (Ga,Mn)As, and a first
step to precisely evaluate rate of quantum effects changes with Bi addition. In order to realize
this aim, we’ve applied Dugaev et al. theory [124] of weak localization for two-dimensional
disordered systems (Eq. 5.32).
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Figure 5.24: Zero-field resistance of (Ga,Mn)As/GaAs and (Ga,Mn)(Bi,As)/GaAs thin
films as a function of temperature. Positions of maxima roughly correspond to the TC values
of the films determined from the temperature-dependent SQUID magnetometry
measurements.
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Figure 5.25: Hall voltage measured for (Ga,Mn)As/GaAs and (Ga,Mn)(Bi,As)/GaAs thin
films at two different temperatures as a function of magnetic field applied perpendicular to the
sample’s surface.
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Figure 5.26: Longitudinal normalized MR for (Ga,Mn)As/GaAs and (Ga,Mn)(Bi,As)/GaAs
at two different low temperatures, as indicated in the figure’s legend, measured as a function
of magnetic field applied perpendicular to the sample’s surface.
The curves have been vertically offset for clarity.

5.4. WL quantum correction for 2D disordered systems
Criteria of weak localization theory [140, 141] application: weak disorder 𝑘𝐹 𝐿 > 1,
weak fields µ𝐵 ≪ 1 and low temperature 𝑘𝐵 𝑇 ≪ 𝐸𝐹 . We assume, based on the previous
analyses and the theory, that in the absence/weak fields (Ga,Mn)As and, hence,
(Ga,Mn)(Bi,As) remain close to the weak disorder state. Regime of the low temperatures and
ion-scattering transport, as it was shown earlier, is also satisfied for 4.2 K and 1.6 K.
However, from the very name of the quantum correction model – “two-dimensional” – an
additional issue may appear, as our samples, despite being 10-nm thin, still are considered a
3D structure. Physically speaking, temperature-dependent phase coherence length 𝐿ф (𝑇)
should be larger than the film thickness. Having a background in this field [125], we’ve
estimated that for (Ga,Mn)As 𝐿ф (1.6 𝐾) = 100 nm.
As temperature increases, phonons oscillate faster within a SC and cause increased
scattering. This results in a decrease in the carrier mobility:

𝐿 = 𝑣𝐹 𝜏

(5.44)

Considering that the mean free path is proportional to scattering time and square root of
temperature, and inversely proportional to the scattering probability, we expect the phase
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coherence length in 3D disordered systems to be: 𝐿ф (𝑇) ~ 𝑇

3

−4

→ 𝐿ф (4.2 𝐾) = 50 nm, as

it was shown in work of Andrearczyk et al. [142]. According to the obtained results, the
required condition for 2D theory application is fulfilled, as thickness of the layer is smaller
than the coherence length in either of the temperatures:
𝑑 < 𝐿ф (1.6 𝐾),

𝑑 < 𝐿ф (4.2𝐾)

To avoid any uncertainties, a scaling factor 𝐹𝜎 was introduced to adapt the 2D WL
correction to the 3D sample. Additionally, we should keep in mind that the magnetic length
ħ

𝐿𝐵 (𝑇) = √𝑒𝐵 > 𝑑 for B < 6.6T.
Theory also needs adjustments from the perspective of fitting parameter: Eq. 5.32 is a
correction for the conductivity and we experimentally obtained resistivity. Transformation
should also foresee the scaling factor 𝐹𝜎 :
𝜌𝑥𝑥 (𝐵⊥ ) =

1
1
𝜌𝑐

𝑊𝐿,2𝐷
𝜎
(𝐵⊥ )
+ 𝐹𝜎 ∙ 𝑥𝑥
𝑑

(5.45)

given for weak fields approximation, 𝜇𝐵⊥ << 1, which is fulfilled in the whole range of used
𝑊𝐿,2𝐷
fields. Here, 𝜌𝑐 corresponds to fitted semi-classical Boltzman resistivity and the 𝜎𝑥𝑥

correction, given by Eq.5.32 are mutually dependent on the momentum relaxation time 𝜏𝑝 ;
𝑊𝐿,2𝐷
𝜎𝑥𝑥
(0) < 0, so fitted 𝜌𝑐 is lower than 𝜌𝑥𝑥 (0).

Results of the fitting using C+ and Origin software, are shown in Fig. 5.27 and
calculated parameters – Table 5.3. In the simulations we’ve omitted fitting a part of the lowfield |B⊥|< 0.4T results with AMR formulas, as this complicates calculating procedure and,
often, due to the program limitations, convergence in such a process is unobtainable as too
many unknown parameters are in the equation.
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Figure 5.27: Fitting of the longitudinal MR of 10-nm thick (Ga,Mn)As/GaAs and
(Ga,Mn)(Bi,As)/GaAs as a function of applied perpendicular magnetic field in different
temperatures, as indicated in the figure, with a WL for 2D disordered systems correction
model. Experimental results for |B⊥| < 0.4 T, corresponding to positive MR, have been
omitted.
Table 5.3: Input parameters for the fitting process

𝒑

𝑳ф

𝒌𝑭 𝑳

10

0.7 me

2

100

0.32

10

0.7 me

2

50

0.37

10

0.7 me

2

100

0.23

10

0.7 me

2

50

0.27

Table 5.3 provides basic program parameters, with fixed thickness d, effective mass m*,
carrier concentration p, phase coherence length Lф and disorder parameter 𝑘𝐹 𝐿. Some of the
values were rounded for easier calculations, like carrier concentration and some, like Lф, were
forced to be fixed due to issues with convergence in many-variables fitting equation. Mobility
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values were also taken from the transport measurements and rounded for the better fitting
convergence. We’ve started the experiment with both Lф and Lso as fitting parameters,
however calculated values had an error of about 105 %, showing the limit of parameters for
program to operate with.
Based on this input values, we’ve estimated semi-classical Boltzman resistivity 𝜌𝑐 ,
additional scaling factor introduced to adapt the 2D correction to the 3D sample 𝐹𝜎 and spinorbit scattering length Lso (Table 5.4).

Table 5.4: Calculated parameters, as obtained from the WL fitting of the longitudinal MR of
10-nm thick films (Ga,Mn)As/GaAs and (Ga,Mn)(Bi,As)/GaAs in high fields

𝝆𝒄

(10-2 Ωcm)

𝑭𝝈

𝑳𝒔𝒐

2.1

0.12

52

1.8

0.11

140

3.0

0.13

44

2.5

0.15

70

Few remarks should be added: fitting the experimental curves needs about 10 times
smaller Fσ correction than 1, as expected by theory, that had consequences in disorder
parameter estimations. The product of the Fermi wave vector kF and mean free path L is
smaller than one, indicating the charge transport regime is actually a border between the weak
localization and Anderson localization. We assign this fact as a reason for not perfect
agreement between the weak localization theory and the experiment. The fitted spin-orbit
scattering lengths, Lso, reflects the enhanced strength of spin orbit coupling as a result of Bi
incorporation in both the temperatures. Especially big gap between (Ga,Mn)As Lso = 140 nm
and (Ga,Mn)(Bi,As) Lso = 70 nm, was obtained at 4.2 K, when spin-orbit scattering length of
the latter decreased twice, reflecting shorter spin-orbit scattering time resulting from stronger
spin-orbit coupling.
Influence of weak antilocalization seems to be neglected from the first sight on the
magneto-transport behavior in low fields, however, if to set a Lso term, corresponding to
WAL, to infinity, thus to exclude it’s contribution from the fitting equation at all, we may
observe even higher amplitude of MR curves (Fig. 5.28) given only by high positive WL
contribution to the MR. Changes were especially notable at lower temperature 1.6 K: for
(Ga,Mn)As amplitude was increased up to twice times, while for (Ga,Mn)(Bi,As) – up to 3
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times in comparison to original values, meaning that the presence of strong spin-orbit effect
(low Lso) leads to the weak anti-localization in B = 0 and to a negative contribution to the total
magnetoresistance.
This experiment allowed us to justify Bi influence on the spin-scattering events in the
DMS and to estimate the rate of s-o coupling enhancement. In the future, we hope to get more
detailed insight in the heart of phenomena with larger pool of temperatures and more thin
films with different bismuth doping.

pxx (10-2 Ωcm) changes

6

4

2

0
-10

0

10

B⊥ (T)
Figure 5.28: WL fitting of the longitudinal MR of 10-nm thick (Ga,Mn)As/GaAs (4.2 K,
1.6 K) and (Ga,Mn)(Bi,As)/GaAs (4.2 K, 1.6 K) respectively from bottom to top, as a
function of applied magnetic field. Red dots correspond to the curves fitted with 2D WL
theory, including both Lso (WAL) and 𝐿ф (WL); blue dots represent simulation, using the
same model and parameters, while Lso was set to infinity in order to ‘turn off’ WAL.
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Conclusions
We’ve performed a wide range of thorough analyses of the high-quality homogeneous
thin films of (Ga,Mn)As and (Ga,Mn)(Bi,As), grown on different substrates with means of
LT-MBE and enhanced with post-growth low-temperature annealing.
Good crystalline quality in all the layers was confirmed with HR-XRD diffractometry
technique, homogeneity of the components distribution and proper composition – with SIMS
spectroscopy, low defects concentration, sharp transition between layers and uniform Bi builtin to zinc-blende lattice – with the means of TEM microscopy.
Through magnetization analyses, performed with MOKE and SQUID magnetometries,
together with LE-µSR spectroscopy, we’ve shown that layers, grown under compressive
strain on GaAs and under tensile misfit strain on (In,Ga)As, have complicated magnetocrystalline anisotropy, heavily dependent on the growth parameters. With an addition of Bi
magnetic properties don’t change significantly, following the same strain-created
magnetization axis preferences – along in-plane cubic <100> and uniaxial [110], [1̅10]
crystallographic directions for the films, grown on GaAs, together with out-of-plane
magnetization along [001] crystallographic direction for the layers, grown on (In,Ga)As
buffer. The most notable difference was observed in the Curie temperature, that for the
quaternary compounds, due to the presence of Bi, was consistently lower than that of the
ternary ones. However, spatially resolved low-energy muon spin relaxation spectroscopy
investigations, performed as a function of both the muon implantation energy and
temperature, demonstrated that a homogeneous long-range ferromagnetic spin ordering
develops below the Curie temperature in almost full volume fraction in all the investigated
DMS layers. The obtained results also suggest the appearance of a single ferromagnetic
domain in the layers under a weak magnetic field of 75 Oe and very smooth interfaces
between the layers and the buffer or substrate.
Magneto-transport experiments revealed that (Ga,Mn)(Bi,As) films have a significantly
higher strength of spin-orbit coupling in comparison to (Ga,Mn)As, which manifests itself as
an increase in both the magnitude of negative MR and the PHE resistances. Contribution of
the quantum effects, like weak localization and weak antilocalization, corresponding to spinorbit coupling, was evaluated using a modified quantum correction for 2D disordered
systems, confirming major role of Bi in the s-o interaction. This is especially favourable for
patterned

layers

of

quaternary

alloy,

like
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cross-

and

ring-type

nanostructures.

Conclusions

In such a design, where thin films exhibit both crystalline and pattern-induced
anisotropy, we’re able to manipulate magnetization direction and take an advantage over the
rearrangement of magnetic domain wall(s). Increased resistance with Bi addition creates a
higher difference between contacts pairs resistances, thus enforcing possible spintronic
functionalities utilizing electrically controlled spin polarization of charge carriers.
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and Magnetic Materials Conference OLCMMM, (Wenecja, Włochy, 11.11 – 12.11.2019);
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1. “Magnetic and Magneto-Transport Characterization of (Ga,Mn)(Bi,As) Epitaxial
Layers”, 43rd „Jaszowiec” International School and Conference on the Physics of
Semiconductors (Wisła, Polska, 07.06 – 12.06.2014);
2. “Impact of Bismuth Incorporation into (Ga,Mn)As Thin Films on their Structural and
Magnetic Properties”, International Conference on Extended Defects in Semiconductors
(Goettingen, Niemcy, 14.09 – 19.09.2014);
3. “Effect of Misfit Strain in (Ga,Mn)(Bi,As) Epitaxial Layers on their Magnetic and
Magneto-Transport Properties ”, 44th „Jaszowiec” International School and Conference on
the Physics of Semiconductors (Wisła, Polska, 20.06 – 25.06.2015).
4. “Structural and magnetic properties of Ga,Mn)(Bi,As) thin epitaxial films”, 28th
International Conference on Defects in Semiconductors (Espoo, Finland, 27.07 – 31.07.2015).
5. “Magnetoresistive Effects in Nanostructures Tailored from (Ga,Mn)(Bi,As) Dilute
Magnetic Semiconductor”, 45th „Jaszowiec” International School and Conference on the
Physics of Semiconductors (Wisła, Polska, 18.06 – 24.06.2016);
6. “Combination of magnetic and semiconductor properties in (Ga,Mn)(Bi,As)
nanostructured thin films”, The European Conference Physics of Magnetism 2017 (PM’17),
26.06 – 30.06.2017);
7. „Structural Characterization of the (Ga,Mn)(Bi,As) Dilute Magnetic Semiconductor
Epitaxial Layers”, 47th „Jaszowiec” International School and Conference on the Physics of
Semiconductors (Szczyrk, Polska, 16.06 – 22.06.2018);
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