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Streszczenie

Postep technologiczny w dziedzinie miniaturyzacji urzadzefi elektronicznych w ostatnich dziesie-
cioleciach stwarza potrzebe glebszego zrozumienia zjawisk fizycznych zachodzacych na poziomie
mikroskopowym. W rezultacie zaczeto bada¢ uktady o niskiej wymiarowosci, takie jak cienkie

warstwy, ktére mozna traktowac jako struktury dwuwymiarowe.

Obiecujacym obszarem w tej dziedzinie jest spintronika, ktéra uwzglednia nie tylko tadunek
elektronu, jak konwencjonalna elektronika, ale takze jego spin. Jednym z kluczowych zagadnien
spintroniki jest oddzialywanie typu spin-orbita, ktére wplywa na zjawiska transportowe, takie

jak efekty Halla czy polaryzacja spinowa w uktadzie.

W ramach niniejszej pracy doktorskiej badano wtasciwosci transportowe uktadéow dwuwymi-
arowych z oddzialtywaniem spinowo-orbitalnym (SO), wykorzystujac metody teorii pola w fizyce
ciala stalego, w szczegdlnosci formalizm funkcji Greena z podejSciem diagramowym. W pracy
analizowane sg oddzialywania SO typu Rashby i Dresselhausa, ze szczegélnym uwzglednie-
niem ich form kubicznych. Badany uktad, dwuwymiarowy gaz elektronowy (2DEG), jest wyko-
rzystywany do modelowania heterostruktur pétprzewodnikowych oraz interfejséw i powierzchni

tlenkéw perowskitowych.

Przedlozona dysertacja doktorska skfada si¢ z cyklu szeSciu artykuléw naukowych, poprzed-

zonych wstepem teoretycznym, uporzagdkowanych w kolejnosci ich publikacji.

W ramach rozprawy rozwazana jest nierownowagowa polaryzacja spinowa wywotana zewne-
trznym polem elektrycznym (CISP) w dwuwymiarowym gazie elektronowym z liniowg i ku-
biczng forma oddzialywania SO typu Dresselhausa. Wykazano, ze w takim uktadzie obec-
nos¢ cztonu kubicznego zmniejsza polaryzacj¢ spinowa. Z kolei, w przypadku magnetycznego
2DEG, przyktadowo, gdy préobka jest umieszczona na podtozu magnetycznym, pojawia si¢ do-

datkowa, odporna na domieszkowanie w uktadzie sktadowa polaryzacji spinowe;j.

W pracy analizowany jest takze anomalny efekt Halla (AHE), charakteryzujacy si¢ przeptywem
pradu fadunkowego w kierunku prostopadlym do zewnetrznego pola elektrycznego, w magne-

tycznym 2DEG z izotropowa i anizotropowg forma kubicznego oddzialywania SO typu Rashby.



Wyniki, jako$ciowo podobne w obu modelach, wskazujg na dominujacg role wktadu do AHE

od stan6éw ponizej poziomu Fermiego.

Ponadto zbadano spinowy efekt Halla (SHE), czyli przeptyw pradu spinowego w kierunku pro-
stopadlym do zewnetrznego pola elektrycznego, w 2DEG z izotropowa forma kubicznego od-
dziatywania SO typu Rashby. Wykazano, ze obecno$¢ magnetyzacji w kierunku prostopadtym
do ptaszczyzny uktadu zmniejsza SHE, zwlaszcza gdy magnetyzacja dominuje nad oddzialy-

waniem SO.

Czes¢ rozprawy poSwiecona jest analizie nieliniowych zjawisk transportowych. Pokazano, ze
w magnetycznym 2DEG z kubiczng formg oddziatywania SO typu Rashby, nieliniowy efekt
Halla mozna kontrolowac za pomocg pola magnetycznego w ptaszczyznie, przy czym wktad od
stanéw z morza Fermiego jest najwickszy, gdy pole magnetyczne i elektryczne sa przytozone
prostopadle wzgledem siebie. Z kolei biliniowy magnetoopdr, wywotany nieréwnowagowg po-
laryzacja spinowa w uktadzie, jest proporcjonalny do wartoSci zaréwno pola elektrycznego, jak

i magnetycznego.

Praca obejmuje takze analize efektéw termoelektrycznych. Poprzeczna odpowiedZ tadunkowa
wywolana gradientem temperatury, znana jako anomalny efekt Nernsta, nie r6zni si¢ znaczaco
zaréwno w uktadzie z izotropowa jak i anizotropowa forma oddzialywania SO typu Rashby.
Zaobserwowana zmiana znaku anomalnego przewodnictwa Nernsta w funkcji potencjatu chemi-
cznego odzwierciedla wspétzawodnictwo pomiedzy oddzialtywaniem SO a magnetyzacja w ukfa-
dzie. Z kolei sktadowa polaryzacji spinowej wywotanej gradientem temperatury (TISP) réwnole-
gla do kierunku sity wymuszajacej, w 2DEG z oddziatywaniem SO typu Dresselhausa, jest
zwiazana z CISP poprzez relacje Motta. TISP przyjmuje wigksze wartoSci przy nizszej ges-
toSci noSnikéw i moze by¢ sterowana za pomoca magnetyzacji i wartoSci oddzialywania SO, tj.

poprzez napigcie bramkujace.

Podsumowujac, niniejsza dysertacja stanowi wktad do zrozumienia wtasnosci transportowych
indukowanych oddzialywaniem spinowo-orbitalnym, ktére odgrywa kluczowa role w projek-
towaniu urzadzen spintronicznych, umozliwiajac tym samym rozwdj technologii przetwarzania

i przechowywania danych.

Struktura niniejszego opracowania jest nast¢pujaca. W rozdziale pierwszym (Chapter 1) przed-
stawiono cel oraz motywacje¢ badan, a takze wprowadzono pojecia charakteryzujace badane
uktady dwuwymiarowe, w tym rozwazane formy oddzialywania spinowo-orbitalnego. Rozdziat
drugi (Chapter 2) zostal poSwiecony opisowi metody, tj. formalizmowi funkcji Matsubary-
Green’a w rezimie liniowej odpowiedzi w podejSciu diagramowym. W rozdziale trzecim (Chap-
ter 3) opisano analizowane w pracy efekty transportowe. Z kolei rozdziat czwarty (Chapter 4) za-

wiera przedruki artykuléw wchodzacych w sktad dysertacji, wraz z komentarzem. Opracowanie



jest zakoniczone podsumowaniem (s. 109), gdzie zebrano najistotniejsze rezultaty badar.



Abstract

Technological advances in electronic miniaturization have driven the need for a deeper insight
into microscopic physical phenomena. This has led to the emergence of low-dimensional sys-

tems, e.g., thin layers that can be considered as two-dimensional structures.

A promising field in this regard is spintronics, which explores both electron charge and spin.
One of the fundamental concepts in spintronics is the spin-orbit interaction impacting trans-
port phenomena such as the anomalous Hall effect, spin Hall effect or spin polarization in the

system.

The dissertation investigates transport properties in two-dimensional systems with spin-orbit
interaction (SOI), utilizing advanced field theory methods in solid-state physics, particularly
Green’s functions formalism with a diagrammatic approach. The author focuses on cubic SOI
forms, Rashba and Dresselhaus types, intrinsically related to the band structure describing prop-
erties of the system itself. The investigated system, a two-dimensional electron gas (2DEG),
is used to model semiconductor heterostructures and interfaces or surfaces of perovskite ox-

ides.

The doctoral dissertation includes a theoretical introduction followed by six articles published

in peer-reviewed journals arranged in chronological order.

Firstly, the dissertation considers non-equilibrium spin polarization induced by an external elec-
tric field in a 2DEG with both linear and cubic forms of Dresselhaus SOI. It shows that, in
such a system, the cubic term of the Dresselhaus SOI reduces the spin polarization. In turn,
in a magnetized 2DEG, e.g., when the sample is placed on a magnetic substrate, an additional
non-dissipative component of spin polarization appears, which is robust against impurities in

the system.

Secondly, the thesis examines an anomalous Hall effect (AHE), which is characterized by a charge
current appearing perpendicular to an applied external electric field, in a magnetized 2D sys-
tem with isotropic or anisotropic forms of cubic Rashba SOI. In both models, the results exhibit

qualitatively similar behavior, highlighting the dominant contribution to the AHE from the states



below the Fermi level.

Moreover, the spin Hall effect (SHE), i.e., a spin current that flows perpendicular to an applied
external electric field, is investigated in a 2D system with an isotropic form of cubic Rashba SOI.
Additionally, the research demonstrates that out-of-plane magnetization in the system suppresses

the effect, particularly when the magnetization dominates over the Rashba SOI.

A significant part of the dissertation is devoted to the analysis of nonlinear transport phenomena.
In a magnetized 2DEG with cubic Rashba SOI, the nonlinear Hall effect can be controlled via an
in-plane magnetic field. The contribution from the states in the Fermi sea reaches its maximum
when the magnetic field is aligned perpendicular to the external electric field. In turn, the bilinear
magnetoresistace, induced by the non-equilibrium spin polarization in the system, exhibits linear

scaling with both the electric and magnetic field.

Additionally, this thesis covers the analysis of thermoelectric effects, such as an anomalous
Nernst effect (ANE) and thermally-induced spin polarization (TISP). ANE, i.e., transverse charge
response evoked by a temperature gradient, exhibits no qualitative difference between isotropic
and anisotropic Rashba models. The anomalous Nernst conductivity reverses with changes in
the chemical potential, indicating the interplay between spin-orbit interaction and magnetization
in the system. In turn, the longitudinal component of TISP in a 2DEG with Dresselhaus SOI
correlates with current-induced spin polarization via a Mott relation. TISP is stronger at lower
carriers densities and can be tuned with a strength of the magnetization and spin-orbit interaction

which is adjusted through the gate voltage.

In summary, this research contributes to understanding spin-related phenomena, crucial for
building the foundation of spintronic devices that drive modern electronic systems, advancing

in data processing and storage technologies.

The structure of the following work is as follows. In Chapter 1, the aim and motivation of the
research are presented, and basic concepts utilized in the thesis, such as cubic forms of spin orbit-
interaction, are introduced. Chapter 2 is devoted to the Matsubara-Green’s functions formalism
in the linear response regime, which constitutes the basic method of the conducted research. In
Chapter 3 the investigated transport effects are introduced. Chapter 4 includes reprints of the
articles comprising the dissertation, each with preface, and the summary is provided at page 109,

where the main outcomes are emphasized.
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Introduction

1.1 Motivation

Undoubtedly, technological progress in the miniaturization of electronic devices over the last few
decades creates the necessity for deeper insight into the physical phenomena at the microscopic
level. An important aspect regarding miniaturization is the size of the system, which inevitably
moves toward low-dimensionality. Furthermore, low-dimensional systems offer an intriguing
platform for physicists, as the quantum mechanical laws governing these systems manifest in
macroscopic behaviors, such as the quantization of the Hall effects in two-dimensional sys-
tem. On the other hand, the physical mechanisms standing behind the Hall phenomena such
as anomalous or spin Hall effects, are govern by the spin-orbit interaction. Spin-orbit inter-
action in solid-state physics can have an extrinsic origin, related to spin-dependent scattering
events on impurities, or an intrinsic one, related to the breaking of inversion symmetry in the

host crystal.

Furthermore, transport properties, including Hall effects, are among the most powerful tools for
characterizing materials. Resistivity measurements, for instance, allow one to extract not only
conductivity information but also, with the aid of theoretical analysis, data on carriers concentra-
tion, scattering processes, and band structure, as well as the identification of phase transitions.
Moreover, applying external forces such as a magnetic field, strain, or a temperature gradient
offers deeper insights into the material, enhancing its potential for application in electronic de-

vices.



On the other hand, transport effects themselves hold significant potential for practical appli-
cations. Exempli gratia, the intrinsic nonlinear Hall effect, due to its sensitivity to spatial-
symmetry breaking, creates possibilities for its use in piezoelectric devices. Furthermore, non-

linear effects that result in a unidirectional response could be utilized in spin-logic devices.

Two-dimensional systems can be realized in semiconductor heterostructures, which are well-
known materials in solid-state physics with established fabrication methods and electronic prop-
erties that can be externally tuned through gating or doping. Additionally, the two-dimensional
electron gas that forms at their interfaces is characterized by spin-orbit coupling, which arises
due to the breaking of inversion symmetry in the underlying material. In recent years, scien-
tists have been particularly interested in the high-mobility two-dimensional electron gas found
at the interfaces and surfaces of perovskite oxides, such as LaAlO3/SrTiOgs, which exhibits in-
triguing physical properties such as metallic conductivity, ferromagnetism, and low-temperature
superconductivity. Moreover, the inversion symmetry breaking at the interface leads to strong
Rashba spin-orbit coupling in the two-dimensional electron gas, making it an excellent platform

for investigating spin-to-charge interconversion effects.

Therefore, the aim of this dissertation is to investigate selected transport effects, such as the linear
and nonlinear anomalous Hall effects, the spin Hall effect, bilinear magnetoresistance, and non-
equilibrium spin polarization in two-dimensional systems (e.g., semiconductor heterostructures
and perovskite oxide interfaces) with different forms of spin-orbit interaction induced by the

breaking of inversion symmetry in the system.

1.2 Two-dimensional electron gas

The observed world around us on the macroscale is undoubtedly three-dimensional (3D). Nev-
ertheless, one can imagine a system with reduced dimensionality, where the motion of particles
is spatially confined in at least one direction. Exempli gratia, in a two-dimensional (2D) sys-
tem!, carriers are free to move in the zy-plane while being confined in the z-direction. Strictly
speaking, the length of the system along the z-axis is smaller than the elastic mean free path of
the electron. In such a scenario, carriers trapped in a potential quantum well (QW) grown in the

z-direction, form a two-dimensional electron gas (2DEG) [1-3].

To mathematically describe the electronic states in a QW, one can solve the eigenvalue problem
by assuming an infinite xy-plane and employing an envelope function with the effective-mass

approximation [4]. The Schrodinger equation then takes the form [1, 5]:

2 2 ) 2

my 022 my, 0y m, 022

'In the case of thin-layer structures with a finite spatial extent in the growth direction, one has in mind a quasi-
2D system.

10



m;, where i = {z,y, z}, represents the components of the effective mass of the electrons in
the conduction band, while V'(z) denotes the potential that forms the QW. The electrons are
confined in the z-direction and move freely in the zy-plane. Thus, the solution can be postulated

in the form:
U(2,y, 2) = dp(z)eh=tikoy (1.2)

and the Schrodinger, eq. (1.1), can be separated into two independent differential equations:

1 0% 1 9\ etk I
I s ikex+ikyy _ Ex ikyr+ikyy 1.3
2 (mx O0x? i my 8y2> ‘ v (1.3a)
h? 0?2
- V() 040 = Beaile). (130
The solutions are:
h? 2 2
E,, = —(k 1.4
= gy Bzt H) (1.42)
h2m? n?
E,, = — 1.4
ot 2m, LY (1.4b)

where n = 1,2,3, ... and, for simplicity, m, = m, = mj. With infinite square-well approx-
imation, the solutions are standing waves in the QW growing along the z-direction. Thus, the
eigenvalues of the electron states in a 2DEG are given by [1, 5]:

h?
E,=— (kK +k E. .. 1.5
s (241 + E. 19
For low carriers concentration, only the lowest band is relevant (n = 1), while the contributions

from higher bands can be neglected.

A 2DEG typically forms at the interface between two different materials, such as semicon-
ductor heterostructures, which are discussed in section 1.2.1. Additionally, a 2DEG has also
been observed at the interfaces and surfaces of perovskite oxides, briefly described in sec-
tion 1.2.2.

1.2.1 Semiconductor heterostructures

In retrospect, Wolfgang Pauli’s 1931 remark? to Rudolf Peierls, stating, "One shouldn’t work on
semiconductors, that is a filthy mess; who knows whether any semiconductors exist", has proven
to be less accurate. The field of semiconductor electronics has since emerged as a groundbreak-
ing area of study with extensive device applications. For instance, the metal-oxide—semiconductor
field-effect transistor (MOSFET) catalyzed a revolution in electronics during the latter half of
the 20th century.

%Letter to Peierls, 29 September 1931; Wolfgang Pauli — Wissenschaftlicher Briefwechsel mit Bohr, Einstein,
Heisenberg u.a. Band II: 1930-1939, Springer, 1985, p. 94.
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Advancements in thin-film fabrication technology enable the deposition of multilayered struc-
tures through growth techniques such as molecular beam epitaxy (MBE) or metallorganic vapor
phase epitaxy (MOVPE) [1, 6]. The semiconductor heterostructure consists of alternating lay-
ers of different semiconductors deposited on top of each other using the epitaxial method, e.g.,

"layer A’ and ’layer B’ as depicted in Fig. 1.1a.

In thermodynamic equilibrium, the differing energy gaps in semiconductor building layers A’
and "B’ lead to a band offset (band gap alignment), causing band bending at the intra-atomic dis-
tance and ultimately resulting in the formation of a quantum well. In an n-doped semiconductor
(a crystal lattice doped with atoms that have one additional valence electron), electrons from the
donors move from the valence band to the conduction band, accumulating in the energetically
more favorable quantum well and forming a two-dimensional electron gas (2DEG). Conversely,
in a p-doped semiconductor (a structure doped with atoms possessing fewer valence electrons
than the atoms constituting the crystal lattice), holes emerge due to the presence of acceptors in
the structure, leading to the formation of a two-dimensional hole gas (2DHG) in the quantum
well created in the valence band [5]. Additionally, in a superlattice, a series of quantum wells is

created, as illustrated in Fig. 1.1a.

The shape of QW can be controlled by applying a front gate bias (an external electric field per-
pendicular to the 2D sample plane) [7] or through doping [1, 5, 8]. For instance, in a GaAs/Ga;_,Al,As
heterostructure, varying the parameter x allows tuning between a symmetric quantum well (for

x = 0) and an asymmetric quantum well (for x # 0), see Fig. 1.1b [8].

(a) sample growth (b)
T direction, z ODEG " 0.40 T T e ooy
E Fermi energy
030:_ Ny = 8+ 10" cm™ 3
Layer B | r\ R
>
0.20F
Layer A y \E/
LayerB |¥ 2% x 010;
Layer A ¢L [ y - ﬁ_ -
Layer B | 0.00 E_GowAlc,.sAsl GaAs GGOJAI‘IO.SAS
x conduction band —400 -200 0 200 400
profile z (A)

Figure 1.1: (a) Conduction band profile of a symmetric quantum well (QW) formed by a potential differ-
ence at the interfaces; in xy-plane a 2DEG forms in the QW; L is the quantum well width and V' stands
for QW potential. (b) Conduction band profile of an asymmetrically doped GaAs/Gag 7Alg 3As quantum
well. For the sake of clarity, the valence band is not drawn on the sketch. Figure (b) is taken from [8]
© (1998) by the American Physical Society

Quantum wells can be realized using semiconductor alloys containing elements from groups I1I
(e.g.,B, Al,Ga,In)and V (e.g., N, P, As, Sb) of the periodic table, such as GaAs, InSb, and InAs,
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collectively known as III-V semiconductor heterostructures. Another group, characterized by
generally wider energy gap, includes II-VI semiconductor heterostructures, such as ZnO, ZnS,
CdS, CdTe, and HgTe’. Semiconductor heterostructures from both groups exhibit sp3-orbital

hybridization, resulting in either a zinc-blende or wurtzite structure [5].

1.2.2 Perovskite oxides interfaces (LAO/STO)

Besides semiconductor heterostructures, another promising materials where 2DEG forms are the
surfaces and interfaces of perovskite oxides, which have garnered significant scientific attention

in recent years [11-15].

Perovskite oxides are insulators in their bulk form, but at the surface and interface of oxide
heterostructures, high-mobility 2DEG emerges, exhibiting intriguing physical properties such
as metallic conductivity*, ferromagnetism, and large spin-charge interconversion effect [13, 17,
18]. Additionally, phenomena such as low-temperature superconductivity and ferroelectricity
have been observed at perovskite oxide interfaces, which are not typically seen in semiconductor

heterostructures [13].

Bulk perovskite oxides have an empirical formula ABO3, where ’B’ represents a transition-metal
atom (an atom with partially filled d-orbital), e.g., Ti, Al, or Ta. The electronic properties of these
materials are influenced by material-dependent interfacial band bending [19]. More precisely, at
the microscopic level, the system’s properties are determined by the balance between transition-

metal d-orbitals, hybridized oxygen p-orbitals, and electronics correlations [15].

It turns out that in order to induce a 2DEG at the interface of perovskite composite, at least one of
the two insulating perovskites must be polar or ferroelectric [19, 20]. One of the most extensively
studied perovskite oxide heterostructures is LaAlO3/SrTiO3 (LAO/STO). Here, the mechanism
behind the formation of the 2DEG is as follows [12, 17, 21, 22]: the polar discontinuity at the
LAO/STO interface, i.e., (LaO)'*/(TiO,)", causes a divergence in the electrostatic potential. To
counterbalance this divergence, a compensating charge +0.5¢ is transferred from the charged
layer of LAO to the charge-neutral layer of STO. These transferred electrons partially occupy Ti

3d-orbitals near the interfacial region, leading to the formation of the 2DEG.

3HgTe is characterized by a zero-energy gap and exhibits a topologically non-trivial phase. In turn, CdTe/HgTe
semiconductor heterostructure provides an excellent platform for studying the properties of topological insulators [9,
10].

“It has been established that LAO/STO interfaces become conductive when the thickness of the polar layer
(LAO) exceeds 3-4 unit cells [16].
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1.3 Spin-orbit interaction (SOI)

In this dissertation, spin-orbit interaction (SOI) plays the leading role. Therefore, a deep un-
derstanding of its nature and physical background is crucial for accurately comprehending the
phenomena discussed. Section 1.3.1 introduces the concept of intrinsic angular momentum, i.e.,
spin. Section 1.3.2 discusses spin-orbit interaction in an atom, and section 1.3.3 provides a brief
review of different types of spin-orbit interaction (SOI) in the solid state. Sections 1.3.4 and
1.3.5 are dedicated to the Rashba and Dresselhaus types of SOI, respectively, focusing on their

cubic forms.

1.3.1 The concept of orbital and spin angular momenta — historical back-
ground

The orbital and spin angular momenta were introduced in the early 20th century, benefiting
from developments in quantum mechanics that allowed for a microscopic description of mag-

netism.

Starting from Faraday’s law, which states that a time-varying electric field, E, induces a magnetic
field, B [23, 24]: 5
B
VXE=——, 1.6
BT (1.6)
one concludes that an electric current circulating in a loop creates a magnetic field. In classical
mechanics, it is known that a rotating object possesses a mechanical moment. Combining these

two statements, one can associate a magnetic moment, g, with a rotating charge, e.

According to the Bohr model of the hydrogen atom, part of the "old quantum theory" proposed
by Bohr and Sommerfeld in the early 1920s (referred to as a "semi-classical approach"), an
electron is treated as a charged particle orbiting the nucleus, and possessing an orbital magnetic

moment, L., related to the orbital angular momentum, 1 [23, 24]:
= SPw=—Srxv=——"
A

with m, representing the electron mass. Quantum mechanics asserts that angular momentum,

1 (1.7)

1, is quantized, as demonstrated by the Stern-Gerlach experiment in 1922 [25]. (e.g., for a hy-
drogen atom 1 = A). Furthermore, to explain the small splitting observed in the hydrogen atom
spectrum, Goldsmith and Uhlenbeck, building on Compton’s idea, introduced a new quantum
number known as spin angular momentum, or simply spin, s, an intrinsic property of the elec-

tron® with a spin magnetic moment, spin [26, 27]:

e
Mspin = ——S = gUBS, (18)
m

By analogy to classical physics, spin is often depicted as a spinning particle. However, it has no connection
to any spatial movement; therefore, to avoid misunderstanding, the spin should be regarded as an intrinsic feature
of the particle itself.
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where g is the g-factor, up = —2% denotes the Bohr magneton, and the spin s = /2 for an

electron.

As a consequence of the existence of orbital and spin angular momenta, ft,,, and ftp;,,, the mag-
netic properties of a material are generally determined by three main effects: (i) electron-electron
interaction, which describes how the electron spins are oriented with respect to each other, (ii)
chemical environment, which specifies how the bonding between neighboring atoms influences
the orbital contribution to the magnetic moment, (iii) spin-orbit coupling, which refers to the in-
teraction (coupling) between spin and orbital angular momenta, describing the tendency of these
momenta to align with each other. These three effects collectively contribute to the magnetic

properties of materials, determining their magnetic behavior and characteristics [24].

1.3.2 Spin-orbit interaction in atom

If an electron moves in an electric field — whether orbiting the nucleus in atomic physics or
traveling through a periodic potential as an itinerant particle in solid-state physics — it experiences
a magnetic field in its rest frame, according to Faraday’s law, eq. (1.6). Since the electron carries
a magnetic moment that interacts with the magnetic field, it implies a direct coupling between

the electron’s spin and momentum, known as spin-orbit coupling (SOC) [4, 28].

The behavior of spin-1/2 fermions in relativistic quantum theory is accurately described by
Dirac’s theory [29, 30]. By taking the nonrelativistic approximation of the Dirac equation, which
is justified by the relatively low velocities of electrons in solids (v ~ 10° m/s) compared to the
speed of light, v < ¢, one obtains the Hamiltonian that describes the spin-orbit interaction [28,
31, 32]:

! 2s-(p><Vth), (1.9

Hsoatom = —W
where m, stands for the free electron mass, c is the speed of light, and V,; represents the Coulomb
potential of the atomic core. The spin angular momentum of an electron can be described with
a vector of Pauli matrices s = ho /2 acting on the spinor wave function of the electron, while
p = hk denotes the electron momentum. Thus, the Hamiltonian (1.9) can be expressed in

a different form as [28, 33]:

2
a-(pXVV):—%a-(kXVV), (1.10)

Hso atom — —
’ 4m2c?

where \g = h/(mc), while \c = 27w\, corresponds to the Compton wavelength of a free
electron, and A = —\2 /4 represents the strength of the atomic SOC.

1.3.3 Spin-orbit interaction in solid state

In crystals, Bloch electrons experience an external potential in their rest frame, V= Vi +V ().

Here, V},; represents the periodic potential of the crystal lattice, while V' (r) denotes an aperi-
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odic component that varies slowly on the scale of the lattice constant, and includes contributions
from impurities, boundaries, confinement, and external electric field. In solid-state physics, the
behavior of carriers is described in terms of the band structure. For semiconductors, the mini-
mum of the energy spectrum typically occurs at a high-symmetry point, allowing the transport
properties of the material to be analyzed using an effective Hamiltonian that describes the sys-
tem near this point. The general form of the effective single-particle Hamiltonian that describes

spin-orbit coupling is given by [34]:
Hopor = Ao - <k x vf/) . (1.11)

Since the impurities are considered to be the source of (extrinsic) spin-orbit interaction (SOI),

then A\ depends on the crystal lattice, and V is the potential due to the impurities.

In turn, when SOI arises due to inversion symmetry breaking in the host crystal, the effective
Hamiltonian (1.11) can be expressed in terms of an intrinsic spin-orbital field, b(k), around

which electron’s spin precesses [34, 35]:

- 1
t
H;Zlat = §b(k) o (1.12)
extrinsic scattering on impurities
(side-jump and skew-scattering)
spin-orbit interactions bulk inversion asymmetry
(SOl Dresselhaus type)
intrinsic
structure inversion asymmetry
(SOl Rashba type)

Figure 1.2: Different types of spin-orbit interaction

Thus, the origin of spin-orbit coupling can be classified into extrinsic and intrinsic types, as
shown in Figure 1.2. Below, the physical background behind different types of SOI is dis-

cussed.

The extrinsic type is associated with scattering processes on the impurities, i.e., side-jump and
skew scattering [32]. In both extrinsic processes, carriers with opposite spins scatter in opposite

directions.

In the side-jump scattering process, depicted in Figure 1.3(a), the electron deflects under the
influence of the field created by an impurity. As it leaves the impurity field, it deflects back,
resulting in a transverse displacement (side step). However, the electron continues to move in its
original direction. The semiclassical interpretation of side-jump processes was first proposed by

Berger [37] in the context of the anomalous Hall effect. In contrast, the skew-scattering process,
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(a) side-jump scattering (b) skew-scattering

Figure 1.3: Extrinsic types of spin-orbit interaction include (a) side-jump scattering process and (b) skew
scattering process. Adapted from [36]

introduced by Smith [38], and shown in Figure 1.3(b), has an asymmetric character and leads to

a change in the electron’s direction of motion.

Intrinsic SOC is related to the internal properties of the system and requires the breaking of
inversion symmetry in the host crystal. In structures such as zinc blende or hexagonal wurtzite,
inversion symmetry is broken within the unit cell, leading to bulk inversion asymmetry (BIA),
which gives rise to the Dresselhaus type of SOC, discussed in Section 1.3.5. On the other hand, in
two-dimensional systems, if the confinement potential along the growth direction is asymmetric
—such as at the interfaces or surfaces of the sample — structure inversion asymmetry (SIA) occurs,

resulting in Rashba-type SOC, see Section 1.3.4.

Asymmetric 2D quantum wells (QWs), where inversion symmetry is broken due to the growth
process, provide a prominent platform for studying spin-orbit interaction (SOI) [39]. Such condi-
tions are observed at surfaces or interfaces of III-V semiconductor heterostructures with narrow
band gaps, like GaAs and InSb, II-VI semiconductor heterostructures with wide band gaps, like
ZnS and CdTe, (Sec. 1.2.1), or at interfaces of perovskite oxides (Sec. 1.2.2), where a 2DEG

forms.

Controlling the strength of spin-orbit interactions is essential for the development of spin-based
devices. The strength of Rashba-type interaction can be manipulated — or even switched off —
using a gate voltage [40—42], or by tuning the doping concentration ratio between the two sides
of the quantum well [43—45]. Modulation doping [1] enhances carriers mobility in 2D systems.
In this technique, the outer layers of a "QW sandwich" are doped, while the central layer remains
undoped. Carriers then diffuse from the adjacent layers into the well, where they remain and can
move freely. This approach contrasts with scenarios where the central layer itself acts as a donor
or acceptor, which reduces carrier mobility due to ionized-impurity scattering [1, 44—46].

On the other hand, the particular form of Dresselhaus SOC in a two-dimensional system de-
pends on the crystallographic grown direction of the quantum well [35, 47] (see Section 1.3.5).
Moreover, the strength of Dresselhaus SOC can be adjusted by selecting different materials or

altering the sample thickness, which correlates with the quantum well width® [48].

®Assuming a quantum well with infinitely high potential, the quantum well width, L, is related to the size
quantization of the electron wavevector along the growth direction, z, see Fig. 1.1(a).
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The Rashba or Dresselhaus SOC strength parameter can be experimentally determined through
various techniques, such as angle-resolved photoemission spectroscopy (ARPES) [49, 50], or
quantum transport measurements, i.e., analysis of Shubnikov-de Haas oscillations [40, 51] or
through magnetoconductance measurements using weak antilocalization phenomena [52, 53].
For example, in InAs quantum well sandwiched by Ing 50Aly.48As/Ing 53Gag 47As, a large lin-
ear Rashba coefficient tuned by the gate voltage in the range of ~ 4 — 10 - 1072 eV m has
been found [40, 51], while for perovskite oxides interfaces like LAO/STO, a comparable value
of approximately =~ 0.5 - 107'* €V m has been reported [42, 54]. In particular, when both
types of intrinsic SOC are present in the system, i.e., Rashba and Dresselhuas SOC, Ho Park
et al. [51] showed that by measuring and analyzing Shubnikov-de Haas oscillations for vari-
ous crystallographic directions, Rashba and Dresselhaus strength parameters can be extracted

separately.

1.3.4 Rashba-type SOI

If a2DEG forms in xy-plane and the inversion symmetry is broken in the z-direction, the Rashba-
type SOC occurs. The effective Hamiltonian describing the k-linear spin splitting of the bands
at the high-symmetry point I in the 2DEG, where the quantum well grows along the z-direction,
takes the well-known form [31, 55]:

H = Hyin + Hrp, (1.13)
where the kinetic energy of the quasiparticels in the 2DEG is described by Hyin = %ao, and
the k-linear SOI term reads as:

Hip = \(kpo, — kyoy) (1.14)

with A standing for the Rashba strength parameter, k = (k,, k,, 0) is the wavevector, oy is the
identity matrix, and o, , are the Pauli matrices acting in the spin space. Eigenvalues of the
Hamiltonian (1.13) are given by B, = £ 4+ \f.

2m

The expectation value of the spin operator for the n-th band is given by:

S gy (). (o ) (0.5 2)).

with W,, standing for the eigenfunction for the n-th band, and for the two-band k-linear Rashba

model described by Hamintonian (1.14), (S)%F takes the following form:
avir _
(S)y" = 5 (£sin ¢, £ cos ¢,0), (1.15)

where ¢ is the angle in k-space, i.e., k = k(cos(¢),sin(¢),0), and n = + corresponds to the
band.
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Figure 1.4: (a) Fermi contours for the k-linear Rashba system, described by Hamiltonian (1.13): (top)
FE, subband for three different Fermi levels, and (bottom) £ and E_ for a fixed Fermi level. (b) Fermi
contours for anisotropic k-cubic Rashba system, described by Hamiltonian (1.17): (top) E; subband for
three different Fermi levels, and (bottom) F; and E_ for a fixed Fermi level. (c¢) k-linear and anisotropic
k-cubed Rashba system: (top left) dispersion relation and indicated Fermi levels "A’, ’B’, ’C’, which
correspond to (top right) Fermi contours for £, (bottom left) Fermi contours for both subbands E for
Fermi level "A’, and (bottom right) E'. for Fermi level *C’. The arrows on the Fermi contours indicate
the expectation value of the spin. The parameters are: A" = 20 meV, B* = 50 meV, C = 80 meV,
A =10 meV, B = 40 meV, C = 80 meV, linear Rashba SOC parameter for (a) A = 2 - 10~ eV m, for
©OA=05-10""eVm, a = 2.14 - 10730 eV m?, and an effective mass for (a) m = 0.05my, for (b)
and (¢) m = 1.14my

Figure 1.4(a) presents the expectation value of the spin, as given by eq. (1.15), marked on the
Fermi contours. Top panel illustrates (S>iR for the subband F, at different Fermi levels, while
the bottom panel presents (S)iR for the both subbands, E., at a single Fermi level. This result,
well-known in the literature, demonstrates that in the k-linear Rashba model, spins are locked
perpendicular to their momenta, k, with opposite spin orientation for the two spin-splitting

states.

Anisotropic k-cubed form of Rashba SOC

The k-linear Rashba spin splitting dominates at low carrier densities, near & = (. However,
in a 2DHG in semiconductor heterostructures, for larger k, the spin splitting is dominated by
higher-order terms, particularly those proportional to k3, due to the HH-LH mixing [31]. Thus,
it is justified to take into account the cubic form of Rashba SOC, especially at higher carrier

densities. Furthermore, recent findings indicate that k-cubed corrections to the Rashba Hamil-
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tonian can lead to a reversal of spin-polarization near the Fermi level in non-centrosymmetric

semiconductors such as BiTeCl [56].

Moreover, using a low-energy tight-binding (TB) three-band Hamiltonian provided for per-
ovskite oxides interfaces LAO/STO and STO surfaces (see Sec. 1.2.2) it has been shown that
the lower bands for d,,/d,, orbitals exhibit a cubic form of Rashba SOI at the I" point [57-
61]. The cubic form of Rashba in LAO/STO structures has also been confirmed in experimental
transport studies [54, 62]. The TB Hamiltonian describing the 2DEG at the LAO/STO interface

consists of three terms [57-61]:
H = Hyin + Haso + Hag, (1.16)

where H rin Tepresents the kinetic term describing free electrons in 2DEG, H aso defines the
atomic-like SOC, and the third term, H R, accounts for the interorbital hopping related to the
mirror symmetry breaking at the interface. Both H Aso and H r contribute to the splitting of the
middle and bottom band pairs. Figure 1.5(a) depicts the low-energy TB model for the LAO/STO

(a) TB model

06 (b) TB model (d) effective model
' 0.402 0.012
ost \ \ [/ | 1. 570398 Y =3Yo = 0.008 \ A =3
' T 20304 2 6,004
0.4 & I T BN WL N A
__ Y /10 -1/20 0 1/20 1/10 -1/10 -1/20 0 1/20 110
>
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L
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Or . . . . . i -1/20 . -1/20
-1/2-1/4 0 1/4 1/2 A/20 0 1/20 A20 0 120
X[ X kX [w/a] kX [7/a]

Figure 1.5: (a-c) The band structure of the conduction states at the LAO/STO interface, obtained using
the low-energy tight-binding model. (d,e) An effective model, described by Hamiltonian (1.17), for the
vicinity of the I'-point, corresponding to (b,c). (c) and (e) show Fermi contours at 4 meV above the bands
minimum for the TB and the effective model, respectively. The parameters for the TB model are taken
from [61]. Figure is adapted from [63]

interface. The bands are formed by d-orbitals, specifically d,,, d,. and d,., originating from the
194 atomic orbitals of the transition-metal atom, Ti. The lowest-energy pair of bands reveals the
k-linear form of Rashba SOC, while the highest-energy bands are characterized by k-linear Dres-
selhaus SOC. In turn, the middle pair of bands corresponds to quasiparticle states determined
by the anisotropic k-cubed Rashba SOC, described by the Hamiltonian [61, 64]:

H = Hyin + Hanicr, (1.17)

20



where the kinetic term H, kin = %ao and the anisotropic k-cubed SOI term reads as:

Honicr = a (k2 — k2) (ky0, — kyou) | (1.18)
where k* = k24 k2, k, = kcos(¢), k, = ksin(¢) and the eigenvalues of the Hamiltonian (1.17)

are given by F = h;:f + /a2kS cos?(2¢).

The Rashba splitting described by Hamiltonian (1.18) is anisotropic in k-space. It is worth
noting that, according to group-theoretical analysis for systems characterized by C'3, and Cy,
point-group symmetry, an effective two-band Hamiltonian can only reveal the anisotropy of the
Rashba splitting in higher-order terms in k£ [65], that can be derived using % - p perturbation
theory [66].

The anisotropic cubic Rashba model, eq. (1.18), is characterized by the anisotropy of Fermi
contours in k-space, as depicted in Figure 1.5(e) and Figure 1.4(b) with the expectation value of

the spin, <S>“imCR, marked on the sketch, where:

o h (isin(gb) - sin(?)gb)7 icos(gb) + cos(3¢>), O) .
2 2,/cos?(2¢) 24/ cos?(2¢)

<S>amCR — h (119)

On the other hand, some experiments suggest the presence of k-linear Rashba SOI at perovskite
oxides interfaces [68, 69]. Furthermore, the construction of the tight-binding model, supported
by DFT-calculated band structure, analyzed in conjunction with weak antilocalization measure-
ments, indicates that the form of RSOI, whether linear or cubic, can be controlled by the filling

of Ti orbitals by carriers [70].

Therefore, it is worthwhile to investigate an effective model that incorporates both forms of
Rashba SOC. The energy dispersion and Fermi contour, along with the expectation value of the
spin, for such a case are depicted in Figure 1.4(c). One can observe that the linear Rashba SOC
dominates at lower energies (referred to as energy level A’), whereas the cubic form modifies
the band structure and spin expectation value at higher energies (referred to as energy level
C).

Isotropic k-cubed form of Rashba SOC

As mentioned earlier, the k-linear form of Rashba spin-orbit coupling (SOC) is not valid for
describing the spin splitting of heavy-hole states with angular momentum 3/2 in a 2D hole sys-
tem [31, 71]. Liu et al. [71] derived from Luttinger-Kohn Hamiltonian [72, 73] an effective

TA different situation occurs for Cs,, point-group symmetry, describing, e.g., surface states at Au(110). In
this case, the k-linear term of the Rashba SOC reveals an anisotropic character due to two independent Rashba
parameters, i.e., Honizr = M kz0oy + Aakyo, cf. Hamiltonian (1.14) [67].
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model for the lowest heavy-hole valence subband with spin-3/2, where the Rashba SOC arises

in a cubic form in the Hamiltonian:

H = Hyin + Hisoon, (1.20)
where the kinetic term is Hy;, = h; r’f 09, and the isotropic k-cubed SOI term is given by:
Hisoorn =ia (K2op — ko). (1.21)

The eigenvalues of Hamiltonian (1.20) are £ = h; :12 + k3. The Rashba SOC strength param-

eter, «, is determined by [71]:

512eF Liv3
o = 5 s
98371 + 1072) (11 — 272)

(1.22)

where 7y, and ~, are Luttinger material parameters®. Hence, « is proportional to the strength of
the asymmetric quantum well potential, F, and depends on the QW width, L,. The effective

mass is expressed as [71]:

(1.23)

2562 -
)

= 4oy —
o (= g o

Figure 1.6(a) presents the energy dispersion for a 2DEG with isotropic cubic Rashba SOC, de-
scribed by Hamiltonian (1.20). Unlike the linear Rashba model, the spin splitting in the cubic

Rashba model is negligible near k£ ~ 0 and increases with the Fermi energy.

Because the effective Hamiltonian (1.21) for the heavy-hole valence subband with spin-3/2 in
2DHG is derived from the Luttinger-Kohn Hamiltonian by the perturbation and truncation proce-
dure to higher orders, the same approach should be applied to the spin operator. This procedure
involves applying two canonical transformations on the 4x4 matrix representing the spinor for
spin-3/2. It is crucial to note that in the isotropic cubic Rashba model, the spin matrices are no
longer Pauli matrices, and the vector of spin matrices in the lowest heavy-hole basis is given by
S =(S,,5,,5.), where [71]:

ek sk

g, — | (1.242)
Slk’i —Sok’y

~ Ska —181]@%

S, = , (1.24b)
: 2
isik7  soky

S, = go—z. (1.24c¢)

8The specific values of these parameters for different materials are collected in [74].
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Figure 1.6: (a) Energy dispersion for a 2DEG with isotropic k-cubic Rashba SOC described by the
Hamiltonian (1.20). Fermi contours for the subbands (b) £_ and (c) E with the expectation value of
the spin indicated by the arrows. The parameters are: A = 0.8 meV, B = 10 meV, C = 50 meV,
a =3.96 - 1072 eV m?, and an effective mass m = 0.123my

Figures 1.6(b), and 1.6(c) illustrate the Fermi contours for the subbands £/ and E,, respectively,
(for the Hamiltonian (1.20)) at three different Fermi energies. At low-carrier densities (Fermi

level ’A’), the expectation value of the spin operator, S, for the n-th band (n = =+)

(S)iseCR — p (—sok sint £ s1k*sin e, sok cos ¢ F s1k* cos ), 0) (1.27)

A

indicated by the arrows, is the same for both bands. For lower energies, (S)i°¢F

is determined
by the term proportional to s,, which is identical for both subbands. At higher Fermi energies,
the spin orientation locks perpendicularly to its momentum, similar to the behavior observed
in the linear Rashba model, where the two spin-splitting states have opposite spin values. This

issue is analyzed in [71].

Experimental evidence supports using the cubic Rashba model for 2D hole systems, such as
strained-Ge/SiGe, rather than the linear model [75]. Additionally, the cubic form of Rashba
SOC has been experimentally observed at the surface of perovskite oxide SrTiO3 and at the
LaAlO3/SrTiOj3 interface [54, 62]. The possibility of describing 2DHG in semiconductor het-
erostructures and 2DEG at the interfaces of perovskite oxides becomes understandable in light
of the investigations provided by L. W. van Heeringen et al. [76]. In their work, the authors
highlighted the similarity between p-level valence states in III-V semiconductors and d-level

conduction states in SrTiOs.
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1.3.5 Dresselhaus-type SOI

III-V semiconductors with a zinc-blende structure exhibit bulk inversion asymmetry (BIA) due
to two nonequivalent atoms in the unit cell. This BIA leads to Dresselhaus-type spin-orbit inter-
action (SOI). The lowest-order contribution to the spin-orbital splitting in the conduction band

of a 3D system is described by the Hamiltonian [31, 77-79]:
Hp = y[(k2 — EDkpo, + (k2 — kDo, + (k2 — k2)k.0.], (1.28)

where 7 stands for the spin-orbit coupling parameter, p; = hk; represents the ¢-th component
of the kinetic momentum (wavevector), and o; are the Pauli matrices with i = {z,y, z}. For
a quasi-2D system confined in the z-direction, representing a symmetric quantum well grown
in the [001] crystallographic direction, the z-component of the wavevector is k, = —id,, and
eq. (1.28) reads’ [31, 79]:

H = Hy,, + Hp, (1.29)

where the kinetic term H kin = %00 and the SOI term reads as:

Hp = Bkyo, — ku0,) + Vkokloy — kykloy), (1.30)

where § = 7 (k2) = ~ (n/L)?, and L is the quantum well width. The first term in eq. (1.30),
proportional to f3, is linear in k and provides the dominant contribution to the Dresselhaus SOI.
The second one, proportional to v and cubic in k, becomes significant at higher Fermi levels,

particularly in wider, highly doped quantum wells. Eignevalues of the Hamiltonian (1.29) are
_ h2k2 + \/BQkQ k2k2(45y — v2k2).

The Dresselhaus SOI in a 2D system strongly depends on the direction of the quantum well

growth [47]. Interestingly, for growth along the [111] direction, considering only k-linear terms
in the Hamiltonian (1.28), the spin orientation at the Fermi contours is the same as for the system
with SIA, depicted in Figure 1.4(a). In contrast, when the quantum well is grown in the [111]
direction, the spins are oriented perpendicular to the Fermi contour in the (001) plane, with the
amplitude varying along the Fermi contour. For a quasi-2D system with the quantum well grown
in the [001] direction, (corresponding to the Hamiltonian (1.30)), the spin orientation is perpen-
dicular to the plane, as depicted in Figure 1.7.

Figure 1.7 presents the Fermi contours for a 2DEG with both linear and cubic forms of Dressel-
haus SOC, as described by the Hamiltonian (1.29). The arrows indicate the expectation values
of the spin, <S>£ that reads:

2 ( Cos( ) (28 + vk? cos(2¢) — vk?) :Fsin((b) (28 — vk? cos(2¢) — vk?) 0)
€ ’ €k )
9 According to the first-order perturbation theory, the n-th power of k. = —id, is replaced by the expectation

value ((—i0,)™). Note that if n is odd, then ((—i0,)™) = 0, thus (k,) = 0. For infinitely-high potential well of
width L, (k2) = (n/L)*.

(S)f =
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where & = /8832 + v2k* + yk? cos(4¢) (48 — vk2) — 43~vk2. The cubic Dresselhaus term
influences the spin orientation, (S)?, at higher energies (contours *B’ and *C’), where the cubic

term becomes more significant, as shown in Fig. 1.7(a),(b).
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Figure 1.7: Fermi contours at three different Fermi levels, denoted "A’, ’B’, and "C’, for a 2D system
with k-linear and k-cubed Dresselhaus SOC, described by the Hamiltonian (1.29). Panels show Fermi
contours for (a) the subband E, (b) the subband E_, and (c) both subbands at energy 'B’. Arrows on the
Fermi contours indicate the expectation value of the spin. The parameters are: A = 20 meV, B = 50 meV,
C =80meV,m =0.05mg, 3=1- 1071 eV m, v =200 - 1073% eV m? (the cubic Dresselhaus term is
set higher than in real materials known in the literature to clearly observe the influence of -y in the system)

Theoretical investigations using k - p method have determined the cubic Dresselhaus SOC term
in GaAlAs/GaAs semiconductor heterostructure to be v = 21.29 - 1073 eV m? [80]. In turn,
experimental determination of the cubic Dresselhaus SOC strength parameter can be conducted
through magnetoconductance measurements using weak antilocalization phenomena [52, 53].
In low-dimensional systems, conductivity is affected by quantum interference effect [81]. Specif-
ically, constructive interference between time-reversed closed-loop electron paths after scatter-
ing events, known as backscattering, results in a weak localization (WL) contribution to the
conductance, decreasing it. The phase difference of 27 in spin states for a pair of time-reversed
backscattering electron trajectories leads to a spin reverse, causing destructive interference (sup-
pressing backscattering). Consequently, a weak anti-localization (WAL) contribution to the con-
ductance appears, enhancing the conductance. However, an external magnetic field can suppress
both WL and WAL quantum corrections to the conductance by introducing a phase shift between
pairs of electron closed-loop trajectories. This results in negative magnetoresistance for WL and
positive magnetoresistance for WAL [53, 81, 82]. Miller et al. [53] determined the linear Rashba
and both linear and cubic Dresselhaus SOC parameters, considering WL/WAL phenomena in
GaAs/AlGaAs semiconductor heterostructure grown in the [001] direction, using magnetocon-
ductance measurements and 2D magnetotransport theory account for spin-orbit interaction. In
these systems, where both Rashba and Dresselhaus SOC are present, a gate-voltage-induced
transition between WL and WAL can differentiate the contributions of each SOC type. Miller
etal. found S ~4+1-10"¥eVmand v~ 30 - 10730 eV m?. Similarly, within magnetoresis-

tance measurements, Dresselhaus et al. found that in GaAs/Aly 3Gag 7As (001) heterostructure
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7 =26.140.9-10730eV m3.

Walser at al. [48], employed time-resolved Kerr rotation to determine the linear and cubic Dres-
selhaus coefficients in (001)-grown GaAs/Aly 3Gag 7As quantum wells. They found v = —11 &
2-1073% eV m?, while the linear Dresselhaus term increased with decreasing quantum well width,
varying from 3 = 1.2- 1073 eVmto 3 = 9 - 107* €V m over a range of 6-30 nm. These v
values are consistent with those obtained through Raman spectroscopy, where  for quantum
wells in GaAs/AlGaAs semiconductor heterostructure ranges from v = 11 - 1073 eV m? to

v = 34.5-1073% eV m3, see in the tabulated values in the Supplementary material of [83].

The cubic form of Dresselhaus SOC is particularly significant in materials with a zinc-blende
structure and an asymmetric quantum well, i.e., in the systems where both Rashba and Dressel-
haus types of SOC coexist [84-89]. When the k-linear forms of both SOC types are balanced,
a unique state known as the persistent spin helix (PSH) state emerges [84, 85, 87, 89]. The
PSH is characterized by a uniaxial alignment of the spin-orbital field along the [110] or [110]
direction, depending on the relative sign between the Rashba and Dresselhaus strength param-
eters. Such uniaxial alignment of the spins suppresses spin relaxation for components parallel
to the spin-orbital field, thus preserving spin precession. Consequently, the PSH state enables
simultaneous manipulation and preservation of spin information by the SO field [89]. However,
the presence of the cubic Dresselhaus term in such a system can disrupt the PSH state [84, 85,
87].
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Method

2.1 Introduction

The theoretical analysis of electron transport in solids in response to external fields can be pur-
sued through various methods. One commonly used approach involves identifying and solving
the transport equation known as the Boltzmann equation [1, 90]. Another method for analyzing
a system response to external perturbations, driving it out of equilibrium, is through the non-
equilibrium Green’s functions formalism [1, 91]. A third widely used approach employs correla-
tion functions, such as the Kubo formula, which includes current-current correlation functions.
In this case, equilibrium Green’s functions can be utilized within the Kubo formula alongside
diagrammatic perturbation theory [1, 90]. The following chapter provides a detailed descrip-
tion of evaluating the Kubo formula using Green’s and Matsubara-Green’s functions formalism

within the diagrammatic technique.

Green’s function

Green’s functions powerful tools for solving inhomogeneous differential equations in both clas-
sical physics and many-body systems [91].

The fundamental definition of the time-ordered (causal) single-particle Green’s function is given
by [90-92]:

i WIT{C\H )} )

Gt =—3 Wl) ’

2.1)
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where |1) represents the ground state of the system, and C), Ci denote the time-dependent
operators (in the Heisenberg representation) with A\ standing for a quantum number, such as
wavevector or spin. The time-ordering operator for operators A(¢) and B(t') is defined as
T{At)B(t")} =0t —t)A(t)B(t') FO(t' —t)B(t')A(t) with the upper (lower) sign referring

to fermions (bosons), and O(t — t’) being the step function.

The Green’s function provides direct information about measurable quantities in physics. Specif-
ically, using Green’s function, one can define the quantum-mechanical expectation (average)

value of an operator OAZ as follows [91, 92]:

O;(t) = —iTr Y O:Gi(t, t + 6t). (2.2)
k

Another type of Green’s function, characterized by poles in only one half-plane, is particularly
useful for evaluating physical responses [91, 92]. To analyze the system response at time ¢ to an
earlier perturbation at time ¢’, one should use the retarded Green’s function, which is non-zero

only for times ¢ > ¢':

i CrL(t)CL () |v)
GO = — Lo — ) WADE . 2.3)
O = =30 = O700)
Alternatively, the advanced Green’s function, which is finite only for ¢ < ¢, can be used:
i CrL(t)CL) |v)
GAN 1) = — Lo — ) A . (2.4)
)= =30 =07 00)

For a given non-interacting Hamiltonian, H, the causal Green’s function can be obtained by
performing a Fourier transform (thus transitioning from the time domain to the energy domain)
as follows [90]:
JUE |
G(e)=|(e+p+idsgn(e) — H| (2.5)
where 1 is the identity matrix, 0 is an infinitesimal quantity, and the sign function, sgn(e), de-

pends on the location of the poles in the complex plane.

Kubo formula

In principle, Kubo formula [93, 94] allows the examination of the linear response to any external

driving perturbation. The ac conductivity in Kubo formalism is given by [90, 91]:
2

i ne
op(q,w) = — [11H,(q, —8as| 5 2.6
Tap(q, w) w[ag(qum 5 (2.6)
where «, § represent cartesian components, 0,5 denotes the Kronecker delta and Hfﬁ(q, w)
is the retarded two-particle current-current correlation function defined with a Fourier trans-
form [91]:
i [~ iy , ,
Hi@(q?w) = _v/ dt elwu t)@(t - t/) (¢| [Joz(_q> t)’jﬁ(q’ t/)] |w>v (2'7)

—00
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where V is the volume of a system, © (¢ —t') stands for a step function maintaining the time order,
and j,(—q,t) and jg(q,t') are current operators. In the zero-temperature limit, |¢)) indicates
the ground state of the analyzed Hamiltonian, whereas for finite temperatures — the trace over

thermal distribution at nonzero temperatures.

It is important to note that each current operator in eq. (2.7), j.(—q,t) and js(q,t'), involves
a product of creation and destruction operator, describing the creation and destruction of two
particles. Thus, the conductivity appears from the correlations between these two processes.
Therefore, one can evaluate eq. (2.7) with a two-particle Green’s function. Nevertheless, for
noninteracting electrons, two-particle Green’s function can be factorized into a product of two

single-particle Green’s functions.

2.2 Diagrammatic perturbation theory in the linear response
regime

The response of a system to an external driving force, such as the quantum-mechanical ex-
pectation value of the charge (or spin) current density operator, as given by eq. (2.2), i.e. [91,
92],
O(t) = —iTr Y OiGi(t, t + dt),
k

is defined with a causal Green’s function, Gi(t,t + 0t) (eq. (2.1)). The ground state involved in
Gx(t,t+ 0t) corresponds to a many-body system, making it challenging to find its explicit form.
In most cases the Hamiltonian for an analyzed system can not be solved exactly'. A commonly
used approach, provided by many-body perturbation theory, involves dividing the Hamiltonian
into two parts [90]:

H=H+YV, (2.8)

where the Hamiltonian H represents the noninteracting system, and V' is a perturbation (describ-
ing the interaction between the perturbation field and the carriers in the system), small compared
to [. In the investigation of transport effects in the linear response regime, the external driving
force, such as an electric field or temperature gradient, is treated as a perturbation, V' = Ha.
Consequently, Gi(t,t + dt) in eq. (2.2) can be expanded in a series with respect to the perturba-
tion Hamiltonian, [ 4(t'), where t < t' < t-+6t, and t’ represents the time when the perturbation
occurs. The Green’s function is then evaluated based on the unperturbed Hamiltonian, H. This

leads the expectation value of the operator O; taking the form [92]:

Oi(t) = —iTr Y~ O;Gi(t,t') Ha(t')Gi(t',t + 6t). (2.9)

Kt/

IStrictly speaking, the phrase "solving a Hamiltonian" is industry jargon. It refers to solving the Schrodinger
equation for the analyzed Hamiltonian. In other words, one seeks the eigenstates of the system.
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Equation (2.9) serves as a starting point for investigating transport effects and can be depicted

using the diagrammatic technique, as shown in figure 2.1. All the diagrams presented are utilized
side-jump skew-scattering

intrinsic contribution
bare bubble

P
~
e N
Vi \
:\
\:7
\ ’
N ’
\\_//

ladder diagrams
e
vertex function

Figure 2.1: Feynman diagrams corresponding to the different contributions

within the Kubo formalism. The Green’s functions correspond to the solid lines, the vertices of
the diagrams represent the response operator, O, and perturbation Hamiltonian, H 4, and the
dashed lines stand for scattering events. The diagram without disorder lines, the bare bubble,
resembles the intrinsic contribution (see also fig. 2.2). Spin-dependent scattering processes, such
as side-jump and skew-scattering, can be included with pairs of mutually conjugated diagrams.
In turn, the role of impurities in the system can be analyzed with the vertex correction, introduced

through the sum of ladder diagrams.

Green’s functions formalism allows obtaining results in the zero-temperature regime, enabling
observation of how included interactions influence the system, where temperature smearing does
not distort the view. Consequently, zero-temperature results provide a valuable starting point for
analyzing the system’s behavior. However, for experimental relevance and practical applica-
tions, it is essential to also consider the system’s thermodynamic properties at finite tempera-

tures.

2.2.1 Matsubara-Green’s functions formalism

The role of the temperature was implemented into the Green’s functions formalism by Matsubara
in 1955 through the imaginary-time formalism [95]. The general formula for the expectation
value of the operator O; in the linear response to an external perturbation, H (iw,,) (fig. 2.2a)
is given by [90, 96]:

Oj(iwnm) = kpT > Tr{O;Gx(ic, + iwm) Ha (iwn)Gx(ien) }, (2.10)

kn
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(a) Gk(i€n —{—iwm) (b) Gk(8+w)

Gk(iSn) Gk(g)

Figure 2.2: Single-loop dlagram (bare bubble) in Feynman dlagrammatlc technique describing the ex-
pectation value of the operator O; in response to external perturbation H 4 in (a) finite- -temperature and
(b) zero-temperature formalism

where 7, j stand for cartesian coordinates and G(ie,, + iw,,), Gk(ie,) are Matsubara-Green’s
functions dependent on Matsubara energies: ¢, = (2n + 1)7kgT withn = 1,3,5,7,... and
wmym = 2mmkgT with m = 1. The perturbation Hamiltonian H A(iwy,) represents the external
driving force that brings the system out of equilibrium.

For electrically-induced transport effects, the driving force is an electric field applied in the j-
direction, represented by a perturbation Hamiltonian describing the interaction of electrons with
the electric field: HE (iw,,) = H ffj (iwm) = ]JA (iwy,) with electromagnetlc vector potential

AF (iwn,) = & (—iE;(iw,,)), where the charge current density operator j; = ei;, and the ve-
108
hok; "
For thermally-induced transport phenomena, one can introduce a sort of inhomogeneous gravi-

locity operator 0; =

tational field [97] that induces heat current flow [98, 99]. The perturbation Hamiltonian for this
case is defined as a coupling of the heat current density operator to an auxiliary gravitational
vector potential amplitude, i.e., for driving force applied in the j-direction: H VT = ]:IX],T =
—jj Ah(lwm) where Ah(lwm) = % (—%) and jjh =3 [f[ — ul, zijlr, with p standing for
the chemical potential, and I denoting the identity matrix. The driving force in this case is
the temperature gradient VT, a statistical force that drives transport as the system approaches

equilibrium through irreversible processes.

To study charge conductivity, one replaces the operator O, with the velocity operator v;. For spin
responses, such as the spin Hall effect or spin polarization, one should consider the spin current
density operator, j’fz, or the spin operator, §;.

Exempli gratia, to find the non-equilibrium spin polarization induced by the external electric
field, the relevant operator is the spin operator, OZ = §;. Then, the formula for the current-

induced spin polarization reads [90, 100]:

E;h
SE (iw,) = kBTe

> Tr{5Gilien + iwm)0;Gilie,) }. (2.11)

mkn

The summation over Matsubara energies, €,,, can be performed using contour integration meth-
ods [90], as illustrated in Fig. 2.3.

31



Figure 2.3: Contour C' in the complex z-plane used for summing over Matsubara energies, . The contour
includes two branch cuts: along z = ¢ and z = € — iwy,

Thus, one postulates that [90, 100]:

27

]{JBTZ §1Gk(15n + lwm)@]Gk(IEn) = —/ %f(2>§ZGk(Z + lwm)@ij(Z) = E, (212)
n C

where contour integral has two branch cuts: along z = ¢ and z = ¢ — iw,,. The parts of the
contour C' where R — oo are equal to zero, and only the four horizontal lines along the branch

cuts remain. The integration over the contour C' leads then to [90, 100]:

C[T0de L A :
L= 1/ %f(&?)sin(g + 1wy, )0;Gk (e + 1)

—00

C[Tde L o .
—1 2—f(€)sl-Gk(5 + iwy, )0, Gk (e — 10)
s
- 2.13

[T de o - : &13
+i — f(e — iwy,)$;Gk(e +10)0;Gk (e — iwp,)

oo 2T

[T de o o :
—i — f(e —iwy,)5,Gk(e —10)0;Gk (e — 1w, ),

oo 2T

where f(e) is the Fermi-Dirac distribution function, treated as a meromorphic function with
poles at odd integers z = ie,. Upon analytical continuation to the complex plane, iw,, —
w + 10, and considering the complex half-planes for the corresponding advanced and retarded
Green’s functions, Gf/ R, one obtains the formula for the current-induced spin polarization,
S5 (w) [101]:

) %f(g) Tr {5:Gi (e + w)0; [Gi(€) — Gid ()] 2.14)

+ 8 [Gi(e) — GR(e)] 9;Git (e —w) },

__eEjﬁ/ %k [ de
n w

where the summation over k is converted into an integral, and for a two-dimensional system
S = f % with k = (k,, k,). The integration over the energy, ¢, can be performed using

Cauchy’s residue integration method (see, e.g., [102, 103]).
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2.2.2 Green’s functions formalism

Figure 2.2b illustrates the single-loop diagram in the zero-temperature regime. In this diagram,
the Green’s functions of the non-interacting system, G (¢ + w) and Gx(¢), are represented by
the solid lines. The vertices symbolize the perturbation Hamiltonian, H, (w), which represents
the driving force, and the operator, O;, which denotes the system response. Applying the Fourier
transform with respect to the time variables on eq. (2.9) yields the formula corresponding to the
diagram [100]:

0,(w) 'T/—dzk/d‘?()c(+ VA A(@)Grle) (2.15)

i(w) =11r —U; £ w w g). .
2m)2 ) 2z K AT

When the perturbation Hamiltonian represents an external electric field, H4(w) = —e0; AP (w)

with the electromagnetic vector potential A¥ (w) = —i2 E;(w), the conductivity tensor, o;;(w) =

jE /E;(w), is expressed by the Kubo-Stieda formula [33, 93, 94] based on the diagram shown in
figure 2.2b, and is given by [104]:

*h [’k [d
7)== / 2n)? / 5 TH{Gile +w),Gi(w)). (2.16)

where Gy, is defined by eq. (2.5).

2.3 Self-energy

In a real system, carriers experience scattering processes such as electron-electron interaction,
electron-phonon interaction, and scattering on disorders due to impurities or defects in the crys-
tal lattice. These processes are captured by the proper self-energy, ¥, which describes how
interactions with the surrounding many-particle system affect the carriers. While the unper-
turbed (zero-ordered) Green’s function, G, does not account for scattering processes, the exact
Green’s function, Gy, incorporates the self-energy. Dyson’s equation, which stands for the defi-
nition of the proper self-energy, includes an infinite-order approximate series expansion for the
Green’s function [1, 90-92, 105]:

G = Gy + GYS(GY + GYSi GGy + ... = G + GG (2.17)

After a straightforward algebraic transformation, since G, G, and X;; are all diagonal in matrix
indices, the relation simplifies to [1, 90-92, 105]:

(G =[G -5, (2.18)

which is used to evaluate the proper self-energy.
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According to Bloch’s theorem, in the nearly-free electron model, an electron moving in an ideal
periodic crystal lattice does not change its velocity due to the interaction with ions (electron-
phonon interaction). In turn, the scattering processes on electrons, i.e., electron-electron (e-e)
interaction, are not considered in the non-interacting gas model. It is related to the fact that the
relaxation time?, 7, for e-e interactions is significantly longer than 7 associated with deviations
in the periodic crystal lattice (mainly due to the Pauli exclusion principle), hence can be ne-
glected in this context [106]. In this thesis, the scattering processes considered are related only
to deviations from the periodicity of the crystal potential due to defects in periodic structure
or impurities. Consequently, the exact Green’s function here is called the impurity-averaged

Green’s function.

Born approximation

Here, impurities are assumed to be randomly distributed, spin-independent, and point-like, giv-
ing rise to short-range interaction. Since the impurities are much heavier than the electrons,
the impurities can be described with a static potential, V'(r), and their collisions are consid-
ered elastic (i.e., the electrons scatter from from an initial state with wavevector k to a final
state with wavevector k’ without losing energy, only changing their momentum, see chapter 8.1
in [90]).

If the mean wavelength of the electron is smaller than the characteristic dimension of the impurity
field, (i.e, the impurity potential is weak and the momentum transfer (k — k') is small), then
the scattering event can be approximated using the lowest-order Born approximation. In this

approximation, only the first-order contribution to the proper self-energy is considered, >, ~
i = 3, [92], see fig. 2.4

* *(0) *(1) *(2) *(3)
S o= O oy Y oY
1 /N FAAN //,' ‘\\\
! + /N + SN+ AN + e
! / \ VA B AV RN
! / \ 2N B ;o LN
/ \ / \ / \
1 L \ L ] \ Ll 1\

Figure 2.4: Zero-, first- and second-order contributions to the proper self-energy, E;(n) forn = {0,1,2}.
Dashed lines represent the scattering amplitude, n;V (k — k'), solid lines correspond to the Green’s func-
tion, Gﬁ, and the crosses denote the impurity

For a two-dimensional system, the self-energy in the Born approximation is given by [28]:

W=y —n &K V2(k — K)G? 2.19
k — k — 1 (27'(')2 ( ) /y ( . )

The electron scatters with probability 1/7 in a unit time, where 7 is the mean free time between the collisions
called the relaxation time [106].
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where n; is the impurity concentration and V (k — k') is the Fourier transform of the single
impurity potential. One assumes that electrons scatter off short-range impurities modeled as
o-function scatters. Additionally, for weak impurity interaction (momentum-independent scat-
tering potential), the real part of the self-energy is negligible. Thus, one obtains [28]:

d*k

Im[%y] = n; V7 / WG,( =il, (2.20)

where I" denotes the relaxation rate, related to the relaxation time, 7, by I' = h/(27).

It is important to note that the scattering events are treated independently of all other impuri-
ties. Consequently, the approach provided above is applicable only at low impurity concentra-

tions.

2.4 Impurity vertex correction

Since the self-energy describes the influence of scattering processes on the carriers themselves, it
turns out that including the interaction with surrounding processes only in the self-energy is not
enough to analyze the transport properties of a system. Therefore, one must consider a correction
that describes the influence of scattering processes on the system response. In the diagrammatic
technique, including impurity scattering processes involves renormalizing the operators at the

vertices of the diagram, as shown in fig. 2.5, thus the name — vertex correction.

As was previously mentioned, the primary relaxation mechanism in this context is scattering on
point-like, spin-independent, and randomly distributed impurities located in points R;. Thus,
assuming a white-noise distribution, the impurity potential can be modeled as J-function scat-
ters: V;(r) = > . Vid(r — R;) which means that impurities are static objects with spherically
symmetric potentials. While the impurity potential vanishes on average®, (V;(r)) = 0, the sec-
ond statistical cumulant is finite and has the form: {|V;(r)|?) = n,;V|?, where n; is the impurity

concentration.

The sketch in figure 2.5a depicts the sum of all ladder diagrams, which are sufficient in the
low-impurity regime and result in the vertex correction. The scattering events are represented
by dashed electron lines connecting the Green’s functions on both sides of the diagram. Each
dashed line represents various scattering events due to a single impurity. After summing all
scattering events, the vertex diagrams are consolidated into a single diagram where the vertex
operator is renormalized with the vertex function. The vertex function appears only at one end

of the diagram to avoid overvaluing the vertex terms [90].

To determine the impurity vertex function, O;, one have to solve the self-consistent equation

3(...) means the ensemble average over disorder configurations.
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S

Figure 2.5: (a) Ladder diagrams for vertex corrections to the bare operator 6;. (b) Diagrammatic rep-
resentation of the self-consistent impurity-renormalized vertex equation for the vertex function ;. The
figure is taken from [107], © 2022 Elsevier

depicted in figure 2.5b. In general, the vertex function in the Matsubara-Green’s functions for-

malism depends on the Matsubara energies [90]:

d
Oi(i€n, 1wm) = 6, + TLZ‘/OQ/ Gk(isn)(’),-(ien, iwm)Gk(ien + 1wm) (221)

(2m)?

In the dc limit, w — 0, and when only the states at the Fermi level, ¢, are taken into account®,
eq. (2.21) comes down to [108]:

) 42k
O =6, + Vg / (2n) Gi (er)OiGy (er), (2.22)

where G, () are advanced or retarded impurity-averaged Green’s functions, X, Y = {A, R}.

“The vertex correction describes the influence of impurity scattering on the transport properties since only the
carriers at the Fermi level are scattered. In turn, the carriers in the Fermi sea, which contribute to the intrinsic part,
are robust against impurity scattering and do not need to be included in the vertex correction.
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Transport phenomena considered in the thesis

3.1 Non-equilibrium spin polarization

The idea of spin polarization dates back to the early days of the spin concept and involves a sce-
nario where spin magnetic moments (or just spins) are oriented in a specific direction!. In mag-
netic material, the exchange interaction between the spins of constituent atoms results in mag-
netic ordering. In ferromagnetic metals, for instance, the majority of spin magnetic moments
align parallel to a selected axis (e.g., spin-up), while less than half align antiparallel (spin-down).
This imbalance creates a non-zero net magnetization, and the terms majority and minority spins
are used to describe that case. If the quantities of spin-up and spin-down are equal, the system
is spin-unpolarized (nonmagnetic).

Spin polarization, i.e., magnetization, can also be induced in nonmagnetic materials by applying
an external magnetic field or through the proximity effect. In the latter case, when a nonmagnetic
material is deposited on a magnetic substrate, the exchange interaction between the spins of the
atoms in the nonmagnetic material (or the spins of carriers in a 2DEG formed on its surface) and

the localized magnetic moments in the substrate induces magnetization in the system.

In the context of current flow, when the spins of the carriers align parallel to a chosen axis, the
resulting current is referred to as spin-polarized current. One of the most promising phenomena

in spintronics is the ability to induce non-equilibrium spin polarization of carriers via spin-orbit

Tt is noteworthy that, while it is impossible to measure all components of spin simultaneously, individual
components can be measured. For example, stating that a "spin-1/2 is in the z-direction" means that the spin vector
lies on a conical shell around the z-axis, with its z-component equal to 71/2 (see, e.g., chapter 2.1 in [109]).
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interaction (SOI) without requiring an external magnetic field. It turns out that, due to the pres-
ence of SOI in the system, a direct current can generate a non-equilibrium uniform spin polar-
ization of the carriers in the system, a phenomenon known as current-induced spin polarization
(CISP) [110]. It is worth noting that CISP is also referred to by various names in the literature,
including the inverse spin-galvanic effect, current-induced spin accumulation, magnetoelectric
effect, and (Rashba)-Edelstein effect. However, all of these terms describe the same microscopic
effect, which is the emergence of non-equilibrium CISP in response to an external electric field
(dc) in gyrotropic media with intrinsic spin-orbit coupling [111]. On the other hand, when the

driving force is a temperature gradient, thermally-induced spin polarization (TISP) arises.

3.1.1 Current-induced spin polarization (CISP)

The theoretical prediction of spin polarization by a charge current was made in 1978 by Ivchenko
and Pikus [112] for bulk-tellurium crystals, attributing this effect to the unique valence band
structure (hybridized spin-up and spin-down bands) in tellurium. In contrast, a distinct micro-
scopic mechanism of CISP in a 2DEG formed in semiconductor quantum wells, associated with
asymmetric spin relaxation, was predicted by Vas’ko and Prima, Edelstein, and Aranov and
Lyanda-Geller [113-115].

(a) e

Ak,

Figure 3.1: Current-induced spin polarization in a 2DEG with intrinsic spin-orbit coupling (a) Rashba
type and (b) Dresselhaus type for a quantum well grown along the [001] direction. The 2DEG is formed
in the xy-plane. Arrows indicate the expectation value of the carriers’ spin related to the SOL. j, denotes
the direction of charge carriers in response to an applied external electric field

The asymmetric scattering mechanism leading to spin polarization of the current is known in
the literature as Elliott-Yafet spin relaxation [116]. This effect plays a crucial role in systems
where spin-orbit coupling is present. In a 2DEG with intrinsic spin-orbit interaction (Rashba or
Dresselhaus type), the spin degeneracy of the bands is lifted. Since the external electric field is
applied in the —z-direction, charge carriers move along the direction of the applied field, and the
Fermi contours are shifted in k-space by Ak,, see fig. 3.1. This results in a non-equilibrium spin

distribution, i.e., ds; # ds;. Consequently, spin-flip scattering processes become unbalanced,
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resulting in current-induced spin orientation along the y-direction for a 2D system with Rashba
SOC, as indicated in fig. 3.1a, and along the x-direction for a 2DEG with Dresselhaus SOC in
a QW grown along the [001] direction, see fig. 3.1b.

D’yakonov and Perel [47, 117] developed another concept for spin polarization of the current,
which involves spin precessional processes. Here, the current-induced shift of the Fermi contour
decouples the carriers’ spin orientation from their momenta, initiating spin precession around the
new expected spin orientation and resulting in an additional spin component. Furthermore, this
mechanism also contributes to the intrinsic spin Hall effect, a charge-to-spin conversion effect
discussed in sec. 3.2.3, which leads to nonuniform spin accumulation at the edges of the sys-
tem [118]. Thus, having common features in their microscopic origins, CISP often accompanies
spin Hall effect [110, 118-120]. Indeed, the first measurements of the CISP were made together
with SHE measurement in a strained semiconductor heterostructure n-InGaAs/GaAs using Kerr-
Faraday magneto-optical detection [110, 119], as well as in AIGaAs/GaAs heterostructure by
angle-resolved polarization detection [120] and spatially resolved scanning Kerr rotation mi-

croscopy [121].

Additionally, another source of the CISP is related to asymmetric in momentum space spin-
dependent carrier scattering by phonons and defects, due to the presence of an extrinsic spin-
orbit interaction in the system. This mechanism does not require spin-splitting the bands and can
dominate at higher temperatures [122—124]. It has been theoretically considered in (001)-grown
quantum wells in semiconductor heterostructures [122, 123] and experimentally observed in
InGaAs deposited on GaAs in the [001] direction with anisotropic spin-orbit field [124]. In these
experiment, the strength and orientation of the anisotropic spin-orbit field were tuned through
the direction of the electron drift momentum, altered by adjusting the voltage applied to the four
contacts at the edges of the sample. The researchers found that strong intrinsic SOC relates to
weak CISP and vice versa. Thus, the mechanism of spin-dependent scattering events must be

considered in such cases.

From an application perspective, an intriguing aspect of non-equilibrium spin polarization is
the coupling of the carrier’s spin with local magnetization in a magnetized system via exchange
interaction. This interaction results in a spin torque on the local magnetic moments [125, 126],
enabling efficient switching of magnetic domains using an electric current without an applied
magnetic field. The control of magnetization via spin-orbit field was experimentally demon-
strated in 2009 by Chernyshov et al. in p-type ferromagnetic semiconductor, (Ga,Mn)As. In the
presence of an external magnetic field and Rashba spin-orbit field (tuned by an external electric
field strength), the transverse resistance, and thus the magnetization, changes its sign with the
electric field strength. Spin torque induced by current flowing in a system with Rashba SOC was

also experimentally investigated in a metallic ferromagnetic system, Pt/Co/AlO,, [127].
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3.1.2 Thermally-induced spin polarization (TISP)

Spin polarization in a system can also be induced by a temperature gradient, namely thermally-
induced spin polarization (TISP). Unlike electrically-induced spin polarization (CISP), where
a mechanical force drives the effect, TISP is driven by statistical forces that induce transport as

the system as a result of approaching the equilibrium through irreversible processes.

In the presence of a temperature gradient, the colder and hotter particles move towards a given
point from different sides. Due to the different density of states in the two subbands within
a 2DEG model with intrinsic spin-orbit interaction, the local distribution of particles with pos-
itive and negative wavevector components differs, resulting in nonzero spin polarization [128].
In a system with Rashba-type SOI, the spin polarization occurs in-plane and perpendicular to the
driving force, while in the case of Dresselhaus-type SOI, it aligns with the driving force. More-
over, in a 2DEG system with Dresselhaus (Rashba) SOI and an out-of-plane exchange field,

a transverse (longitudinal) component of spin polarization also appears.

3.1.3 Key finding in the literature related to the scope of the thesis

Current-induced spin polarization has been studied for a magnetized 2DEG with k-linear form of
Rashba SOI [101], as well as for systems with Rashba, Dresselhaus SOI, and extrinsic spin-orbit

interaction [129].

In the following thesis, CISP in a 2DEG with Dresselhaus spin-orbit interaction, taking into ac-
count also the k-cubic SOI term, is discussed. While CISP for a nonmagnetized 2DEG with the
k-linear form of Dresselhaus, or equivalent case with Rashba SOI, is well-known in the liter-
ature [101, 129, 130] and recalculated here using Matsubara-Green’s functions formalism, the
analytical results and detailed analysis for CISP in a magnetized 2DEG with k-linear DSOI, in-
cluding its correlation with experimental parameters such as quantum-well width, is the novelty
in this area. Moreover, a detailed analysis of the influence of the cubic term on the results in
both a nonmagnetized (with the analytical formulas) and a magnetized 2DEG is examined as an

original contribution to the field [107].

In turn, TISP has been discussed for a 2DEG with the k-linear form of Rashba SOI [98, 131,
132], including scenario with an external magnetic field [128]. However, this work focuses
on TISP in a 2DEG with both k-linear and k-cubic forms of Dresselhaus SOI, considering the

influence of an out-of-plane exchange field.
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3.2 Linear Hall effects

The story began in 1879 when Edwin Hall discovered a "new action of magnetism on electric
current," manifesting as the appearance of a potential that is transverse to the electric current
when it flows through a conductor in the presence of a steady magnetic field applied in an out-of-
plane direction [133]. Nowadays, this phenomenon is known as the ordinary Hall effect and has
become a valuable tool for material characterization, including resistivity or magnetoresistance
measurements, determining conductivity type (p or n), and measuring carriers concentration
in nonmagnetic conductors (metals with valence one, i.e., one electron in the valence shell of
a free atom). Additionally, it has found practical applications as Hall sensors in electronics and

motorization, among others [134, 135].

The empirical explorations that formed the basis of Edwin Hall’s Ph.D. dissertation opened a new
chapter in solid-state physics and established Edwin Hall as the father of a range of phenomena,
including integer/fractional quantum, anomalous, spin, and even non-linear Hall effects. The
common thread among all these phenomena is the transverse current response to an external

electric field.

Paying attention to the Hall effect has been highly fruitful, not only from an application point of
view but also in triggering the discovery of topological phases of matters. It is worth mentioning
the concept of Berry curvature (see p. 43), which not only aids in a better understanding of the
anomalous Hall effect (see sec. 3.2.1) but also enables the definition of intrinsic contributions

to transport properties that are robust against spin-independent impurities in the system.

3.2.1 Anomalous Hall effect (AHE)

Edwin Hall has already noticed that the transverse charge response was "several times greater"
in a plate of iron or nickel (magnetic metals) than in gold, silver, or platinum (non-magnetic
conductors) [136]. This observation sparked interest in exploring the role of internal magnetic

moments, i.e., spin, in transport properties.

The quest to unravel the origins of the extraordinary [137] or spontaneous [38] Hall effect
aroused a vivid discussion within the scientific community during the latter half of the 20th cen-
tury. Initially, Robert Karpulus and Joaquin M. Luttinger [137] proposed that the effect stemmed
from the "spin-orbit interaction of polarized conduction electrons", a phenomenon now recog-
nized as intrinsic spin-orbit interaction that alters the band structure. However, a young Dutch
theorist Jan Smith [38] questioned this idea, arguing that "the only effect which [...] remains
as a possible cause of R, is anisotropic scattering caused by spin-orbit interaction," indicating

on the skew-scattering contribution. Luttinger later acknowledged that skew-scattering could

%additional resistance coming from the anomalous Hall effect
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contribute to the effect but maintained that the intrinsic contribution was still significant [138].
Several years later, Swiss physicist Luc Berger [37] added two cents to the discussion by pointing
out an additional origin — the side-jump mechanism, an extrinsic type of spin-orbit interaction.
This mechanism involves a carrier’s displacement during scattering events caused by phonons

or impurities.

Nowadays, there is consensus that all three mechanisms mentioned above can induce a charge
Hall response in magnetic material, even in the absence of an external magnetic field. However,
the dominant contribution varies depending on different systems and operating regimes. In ex-
periments, the primary mechanisms can often be identified using a scaling relation (scaling-law
or power-law), which relates the transverse and longitudinal resistivity, expressed as p,, o< p2,_.
When a = 2, the intrinsic and side-jump contributions prevail, while a = 1 signifies the domi-
nance of the skew-scattering mechanism (see references in [37, 139] and [140]). Exempli gratia,
the extrinsic mechanism, skew-scattering, dominates in highly-conductive ferromagnets, such as
dilute alloys, whereas the intrinsic mechanism is the leading contribution in metallic ferromag-

nets with moderate conductivity, like pure iron [36, 37].

Intrinsic AHE

In their microscopic theory [137], Karpulus and Luttinger introduced the concept of carriers ac-
quiring an additional contribution to their group velocity, known as the anomalous velocity, vy,
that is perpendicular to an external electric field applied to the system. Specifically, in a 2DEG
with spin-orbit interaction (SOI), the velocity of the carriers reads as v, = vp + v{, where
v) = hk/m represents the velocity of Bloch fermions trapped in a potential well, and v is
the anomalous velocity, which carriers acquire due to the presence of SOI in the system [141].
Therefore, the name anomalous Hall effect (AHE) was adopted, even though the transverse re-
sponse is also influenced by the scattering mechanisms mentioned above. However, the anoma-
lous velocity is solely dependent on the band structure (summed over all occupied band states)

and is thus considered an intrinsic contribution to AHE.

On the other hand, the introduction of topological concepts into solid-state physics, along with
Sir Michael V. Berry’s notion of geometrical phase [142], has allowed for a reinterpretation of
the AHE by linking the anomalous velocity to the Berry curvature, highlighting the topological
nature of the intrinsic AHE [143].

Using the wavepacket motion of electrons in the Bloch band, the contribution to the Hall effect
from the Berry curvature in momentum space was first provided by Ming-Che Chang and Qian
Niu [144] for a 2D periodic system with a strong magnetic field, as well as by Ganesh Sundaram
and Qian Niu [145] for slowly perturbed crystals. With these works, a connection between the

anomalous velocity and the Berry curvature was shown, therefore, utilizing the concept of Berry
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curvature to examine the intrinsic anomalous Hall effect became justified.

The connection between anomalous velocity and Berry curvature is particularly evident when

considering the Kubo formula for intrinsic anomalous Hall conductivity [36]:

gimAR _ o2 Z / (k) = f (En(k))]

nm (3.1)
(U (k) |vi(k)| Uin(k)) (T (k) [v (k)] Un(k))
[En<k> - Em(k)]Q

x Im

with |¥,, ,,(k)) and E,, ., (k) being eignestates and eigenvalues of the Bloch Hamiltonian, H (k),
f(En.m(k)) representing the distribution functions, and {n, m} denoting different bands. The

components of the velocity operator v = %VkH (k) are denoted as v; ;. Noting that [36]:

(U (k) Vi Uyn(k)) = %< (];J(Vk’;}f(;l(ig”(k», (3.2)

the intrinsic AHC can be expressed as [36]:

oA = e - Z / (k) BY (K), (3.3)

where ¢;;, stands for antisymmetric tensor, and B (k) = iVy x (¥, |Vy|V,,) denotes the /-th

component of the Berry curvature for the n-th band.

Equation (3.3) indicates that the intrinsic AHC describes the motion of wavepackets (carriers)
in k-space within the Fermi sea, which endows this intrinsic contribution to the AHC with an
inherent topological character. Moreover, since the states in the Fermi sea do not interact with
impurities (unlike the states at the Fermi surface), this contribution is robust against impuri-

ties.

Berry curvature

In the 1980s, Sir Michael V. Berry systematized and popularized the concept of the geometric
phase, known as the Berry phase. The idea extends from the adiabatic theorem, which states
that a particle moving in a slowly-varying environment and tracing out closed loop?, acquires
an additional phase factor, ~,, which is given by the path integral over the closed loop C' in

parameter space [142, 148]:
Vn = 515 dR - A,(R),
c

where R denotes a set of parameters describing the system. The vector-valued function A, (R) =

1(U,,|VR|V,) is known as the Berry connection or Berry vector potential, with W,, standing for

3For an open path, the phase v is gauge-dependent and accumulates along the path, ultimately canceling
out [147].
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the eigenvector of considered system. Analogous to electrodynamics, one defines a gauge-field

tensor referred to as the Berry curvature, which reads as [148]:
B,(R) = Vr x A,(R).

While considering a 2D system, e.g., xy-plane, in wavevector space, the Berry curvature has

only the z-component (Vi = f% + g)%), namely:
B:(k) =iV x (U, |Vk|¥,) (3.4)

with W,, denoting the eigenvector for the n-th band.

Notably, the gauge-invariance of the Berry phase ensures that it is a physically observable quan-
tity. Moreover, due to its geometric nature, the Berry phase can be expressed in terms of geomet-
rical quantities in the parameter space. For example, when considering the transport properties
of systems, the Berry phase is defined for quasi-particles moving in wavevector space. However,
what makes Berry’s concept a powerful tool in solid-state physics is its close analogy to gauge
field theories and differential geometry. Thus, the idea of the geometric phase factor has proven

to be a fertile concept, shedding new light on already-known phenomena in physics.

Firstly, Michael V. Berry showed that the geometric phase factor can be considered as a special
case of the physical effect of the magnetic vector potential that exists even in the absence of fields,
as predicted by Aharonov and Bohm in 1959 [142, 149]. Here, the Berry phase is the equivalent
of the Aharonov-Bohm phase that a particle acquires when making a loop in magnetic flux, while

the Berry curvature acts like a "magnetic field".

Secondly, with the Berry curvature, one can explain the quantization of transverse conductance,
i.e., the quantum Hall effect (QHE). This requires an alliance between Berry’s concept and topol-
ogy*. Barry Simon initiated this connection [150], interpreting the integers in Hall conductance
(i..,nin oy = n(e?/h)) introduced by Thouless et al. [151] using Berry’s ideas. The key point
is that the integral of the Berry curvature over a closed surface quantizes as integers called Chern
numbers. The Brillouin zone, considered as a closed surface, allows the integration of the Berry
curvature over the entire Brillouin zone, leading to the quantization of the Hall conductance.
It’s worth emphasizing that the effective models examined in this thesis, by assumption, do not

cover the entire Brillouin zone; hence, the evaluated Hall conductance is not quantized.

*nitially, topology was a branch of mathematics, and its concepts have been successfully adapted to solid-state
physics, as evidenced by the Nobel Prize in Physics awarded in 2016 to David J. Thouless, F. Duncan M. Haldane,
and J. Michael Kosterlitz "for theoretical discoveries of topological phase transitions and topological phases of
matter".
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3.2.2 Key finding in the literature related to the scope of the thesis

Thomas Jungwirth et al. [143] studied the anomalous Hall effect in ferromagnetic III-V semi-
conductors doping with Mn (e.g., InAs and GaAs) using the Luttinger theory and the Berry
curvature concept [138, 145], finding good agreement between their approach and experimental
results. Dimitrie Culcer et al. [152] later applied the same approach to a paramagnetic 2D sys-
tem with Rashba SOI. In their work, Culcer and co-authors discussed systems with a zinc-blende
structure, where the BIA occurs. However, they modeled such a system with Rashba Hamilto-
nian, which is appropriate for systems with SIA. Despite this, the results remain valid due to
the similar form of the Berry curvature in both cases — differing only in sign. Consequently,
in systems where both BIA and SIA are present, the opposite sign of the Berry curvature, and
hence the intrinsic AHE, reflect the relative strengths of these SOIs as they vary [153]. In turn,
a theoretical analysis of a 2DEG with SIA provided by Vitalii K. Dugaev et al. [154] demon-
strated the dominant role of the intrinsic mechanism in the AHE within systems exhibiting strong
SOC.

The intrinsic AHC, linked to the non-zero Berry curvature, has already been examined in a mag-
netized 2DEG with k-linear form of Rashba SOI [71, 154].

However, the anomalous Hall effect in a 2DEG with cubic forms of Rashba and Dresselhaus SOI
has not been widely discussed in the literature. Nevertheless, Li and Yi-Ming [155] investigated
the AHE in a magnetized 2DEG with the cubic form of Rashba SOC using the Kubo formula
and Green’s functions formalism, although their analysis focuses solely on the contribution from

states at the Fermi surface, omitting the intrinsic contribution.

This dissertation aims to fill that gap by providing both analytical and numerical results for the
AHC in a 2DEG with isotropic and anisotropic forms of Rashba SOI, with a specific emphasis
on the intrinsic contribution. Additionally, the influence of the cubic form of Dresselhaus SOI
on the transverse response in a 2DEG with k-linear and k-cubed forms of SOI is examined. The

results of this investigation were published in [63, 107, 156].

3.2.3 Spin Hall effect (SHE)

The spin Hall effect (SHE) highlights the use of electron spin in transport, where a charge current
is converted into a transverse spin current with spin polarization perpendicular to the charge and
spin current directions [118]. The SHE originates from spin-orbit coupling within the material.
Due to SOC, electrons with opposite spins bend in opposite directions, resulting in a spin current

flowing perpendicular to the direction of the charge current, as illustrated in figure 3.2(a).

Importantly, SHE can be observed even in nonmagnetic systems, giving rise to what is known

as a pure spin current — a flow of spin without an accompanying charge current. The concept
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Figure 3.2: (a) Spin Hall effect in a paramagnetic system. (b) Measurement of spin current in the inverse
spin Hall effect. Here, M =0 represents a non-magnetic system, and SO indicates a material with spin-
orbit interaction. Figure (a) comes from [135], published with permission of the journal Postepy Fizyki

of electrically-induced spin current flow in a paramagnetic system was first theoretically pro-
posed in 1971 by Mikhail Dyakonov and Vladimir Perel [117, 157], and later named and more
precisely described in 1999 by Jorge E. Hirsch [158]. These early studies focused on extrinsic
SHE, originating from spin-dependent scattering processes, i.e., side-jump and skew-scattering
(extrinsic SOI).

Nevertheless, even without spin-dependent scattering centers, spin accumulation can occur due
to intrinsic SOI related to the band structure (i.e., Rashba and Dresselhaus types of SOI, caused
by inversion asymmetries in the host crystal), leading to what is known as intrinsic SHE [159,
160]. In this case, the mechanism leading to spin polarization of the current is based on spin
precessional processes developed by D’yakonov and Perel [47, 117]. Due to the current-induced
shift of the Fermi contour, the spin orientation of the carriers is no longer locked to their mo-
menta, causing spins to precess around the new expected spin orientation, resulting in an addi-
tional spin component. For example, in the Rashba model (see fig. 3.1a), spins acquire a com-
ponent parallel to the z-axis for £, > 0 and antiparallel to the z-axis for £, < 0, resulting in

a spin current polarized along the z-axis, flowing in the y-direction [159].

Spin Hall effect measurements detect spin accumulation at the sample edges, which results from
SOC-induced spin current flow. When these edges are linked by a conductor characterized by
a low spin-flip scattering rate, the spin current generated by the spin accumulation flows in the
opposite direction to the SOC-induced spin current, facilitating its measurement. The first ex-
perimental observations of the SHE in 2D semiconductor systems>, made in 2004, used optical
techniques to measure electrically induced spin polarization. Kato et al. [119] demonstrated
SHE in GaAs thin film using the magnetooptical Kerr effect, attributing spin accumulation to

spin-dependent scattering effects. Wunderlich et al. [120] fabricated two light-emitting diodes

3 Although the SHE is not limited to semiconductors and was later observed in single-layered crystals such as
graphene [161-163], this discussion focuses on systems where a 2D electron gas forms.
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in (Al,Ga)As/GaAs heterostructure and detected spin polarization at the sample edges using

circularly polarized light, identifying intrinsic SOC as the primary contribution to SHE.

Direct electrical measurement of the SHE in paramagnetic systems is challenging due to the lack
of a transverse voltage associated with pure spin current. However, the first electrical measure-
ments of the inverse spin Hall effect (ISHE) in semiconductor systems, which detected a charge
current generated by a spin current, were conducted in 2006 [164, 165]. The principle behind
measuring ISHE using a double Hall bar device is illustrated in figure 3.2b. First, a spin current,
flowing in the z-direction, is generated by spin injection from a ferromagnet (the green part)
into a nonmagnetic system (the gray part). Then, due to SOI in the system, electrons with op-
posite spins bend their trajectories in opposite directions, resulting in voltage generation in the

y-direction on the right part of the device.

With the spin Hall effect, a new class of spintronic devices emerges, enabling spin manipulation
even in non-magnetic systems without requiring an external magnetic field. Exempli gratia,
a field-effect spin transistor based on spin current — rather than charge flow, as in traditional

transistors — has been proposed [166].

3.2.4 Key finding in the literature related to the scope of the thesis

The intrinsic spin Hall effect in semiconductor systems with Rashba SOI was initially described
by Jairo Sinova et al. [159], where Rashba SOI was assumed to be in k-linear form. Later,
Schliemann and Loss [167] derived the intrinsic SHE in zero-temperature limit for semiconduc-

tors hole systems, where the k-cubed form of Rashba SOI was found.

Here, the finite-temperature results for the intrinsic SOC induced by the cubic form of Rashba
SOC are provided, allowing for an analysis of the temperature dependence of SHE in semicon-
ductor hole systems. Moreover, the explicit formula for the spin Hall angle is derived, and the
influence of the temperature is studied. Finally, the influence of an out-of-plane magnetization

on the SHE is examined. Some of these findings were partially published in [168].

3.3 Thermoelectric effects

3.3.1 Anomalous Nernst effect (ANE)

Among various transport phenomena, the thermoelectric effects are particularly significant, as
they play a crucial role in room-temperature transport measurements. On one hand side, a system
can be subjected to several forces simultaneously, such as electric or magnetic field and thermal
gradient. Secondly, in general, a temperature gradient induces an electrical current, and vice

versa [169]. Consequently, a thermal signal can appear as an additional contribution to transport
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measurements, influencing the results.

In the linear response regime, one assumes that the temperature difference between the hottest
and the coldest edge of the sample is small. This means that the system is exposed to a tem-
perature gradient that is small and uniform across the sample, and the average temperature, 7,
tends to be constant on the scale of the carrier wavelengths. Under these conditions, the current

Ji induced by a driving force X is given by [90]:

ji=)_7-X;, (3.5)

J
where Z% are measurable coefficients that satisfy the Onsager’s relations when the driving forces
are properly defined. Specifically, when the driving force is the electric field, then Xf =

—+V (1) = £V (uu + €V) where y stands for the chemical potential, e is the particle charge,

- T
and V refers to the electric field potential. In turn, for the temperature gradient acting as the

driving force, XJ-VT =V (%)

Thus, the electric (particle) current, jiE , and the heat current, j?, in the presence of both an
electric field and a temperature gradient can be expressed as (see chapter 17.4.3 in [169], chapter
7.9 in [28] or chapter 3.9.2 in [90]):

: V(i) 1

Jf = _UijT+aijvj 7))

: _ V(n) 1
it = —0ij = + iV (T) :

(3.6)

where the first-order kinetic coefficients are: o;; — conductivity tensor, x;; — heat conductivity

tensor, o;; — thermoelectric tensor and &;; — Seebeck coefficient tensor.

The phenomenological reciprocal relations, derived by Lars Onsager®, reflect the time-reversal
invariance of the microscopic equation of motion at the macroscopic level, e.g., 0;; = 0j;,
Kij = kj;. In turn, in the presence of a magnetic field, B, Onsager’s reciprocal relations establish
the following relationships between the first-order kinetic coefficients, i.e., the conductivity, o;;,

heat conductivity, «;;, thermoelectric, «;;, and Seebeck coeflicient, ¢;;, tensors as follows’ [28]:

®The initial extensive works on thermoelectric effects were conducted by William Thomson (Lord
Kelvin) [170-173] in the late 19th century. On behalf of his work, in 1931, a recognized chemist Lars Onsager
derived "reciprocal relations" [174, 175], linking coefficients describing irreversible processes (for more details see
also chapter 4.3 in [173]). Lars Onsager was awarded the Nobel Prize in Chemistry in 1968 "for the discovery of the
reciprocal relations bearing his name, which are fundamental for the thermodynamics of irreversible processes".

"Note, that if a magnetic field is applied to the system, the particle retraces its path only if both the magnetic
field and the particle angular velocity, w, are reversed. If follows from the expression on the Lorentz force that acts
on the carrier moving in a magnetic field, F = gv x B.
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O'ij(B, (.d) = O‘ji(—B, —UJ), (373)
Klij(B, UJ) = Iiji(—B, —(4)), (37b)
a;;(B,w) = Tay;(—B, —w). (3.7¢)

In 1853, Wiedemann and Franz observed that thermal conductivity, K, divided by electrical
conductivity, o, and temperature, 7', yields a constant (known as the Lorentz number) for met-
als [176]. This relation is known as the Wiedemann-Franz law (see also chapter 7.8 in [177] or
chapter 7.15 in [178]):

and is preserved in quite general conditions, i.e., in the linear response regime for non-interacting
electrons, assuming elastic scattering on impurities and phonons [179, 180], and even in strong
magnetic fields [181].

Another significant relation is the Mott rule [180-182], that enables to express a measurable
voltage in response to a temperature gradient, i.e., thermoelectric power, also called the Seebeck
coefficient, S, via the electrical conductivity tensor, o [180-182],

2 7.2
- kT <3lno‘(,u)) | (3.8)
3 e o

where p is the chemical potential. The phrase *Mott-like relations’ in the literature, generally
refers to such connection between the current responses to an electric field and the temperature
gradient [183].

Combining the electric field and temperature gradient with an external magnetic field yields
transverse thermoelectro-magnetic effects [28, 184], such as the Nernst effect. The Nernst effect
can be understood as the thermal counterpart of the Hall effect, where the driving current is

generated by a temperature gradient instead of an electric field.

3.3.2 Key finding in the literature related to the scope of the thesis

The application of the Mott relation, eq. (3.8), to the intrinsic contribution to the anomalous Hall
and Nernst effects, originating from the Berry curvature, was theoretically predicted by Di Xiao
et al. [185] and experimentally verified in Mn-doped GaAs ferromagnetic semiconductors [186],
ferromagnetic metals [187], and half-metallic ferromagnet LSMO thin films [188].
Furthermore, the temperature-dependent sign change of the ANE, experimentally observed in
ferromagnetic semiconductors and half-metallic ferromagnets [186, 188], can be understood in
light of the Mott relation.
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In this dissertation, the intrinsic (non-dissipative) contribution to both the anomalous Nernst ef-
fect and the anomalous Hall effect in a magnetized 2DEG with cubic forms of Rashba spin-orbit
interaction is considered [63, 168]. The sign change of the ANE and the connection between

ANE and AHE via the Mott relation are also analyzed.

3.4 Nonlinear effects

Nonlinear transport effects are characterized by a response current (or voltage) that scales non-
linearly with the driving force (represented by current or voltage). It is important to note that
the nonlinear phenomena considered in this thesis do not represent higher-order corrections in
perturbation theory. They have a different origin than the corresponding linear responses for
particular effects. As a result, the nonlinear effects can be observed even in the absence of their
linear counterparts. Exempli gratia, the nonlinear Hall effect can manifest in systems with time-

reversal symmetry, which should be broken to observe the linear Hall effect [189].

In this dissertation, two nonlinear transport phenomena are investigated: the nonlinear Hall ef-
fect, introduced in section 3.4.1, and the nonlinear magnetoelectric resistance, known as bilinear

magnetoresistance, described in section 3.4.2.

3.4.1 Nonlinear Hall effect (NLHE)

The main idea behind so-called nonlinear Hall effects (NLHE) is that the transverse current
(or voltage) scales non-linearly with the longitudinal current (or voltage) evoked by an external
electric field. Generally, the charge current density, j,, in response to the electric field, E, can

be expressed as a power series [190]:
Ja = OabEy + XaveEbEe + - . -, (3.9)

where a, b, c € {x,y, z} with a # b. Here, o,, denotes the off-diagonal component of the lin-
ear conductivity tensor, and Y. stands for the nonlinear (here quadratic) conductivity tensor.
The presence of higher-order terms (3™, 4™, etc.) was theoretically suggested and investigated
in [191-193]. Subsequently, both theoretical and experimental investigations have explored the
34 ordered anomalous Hall effect induced by the Berry curvature quadruple in topological mag-
netic materials such as the kagome antiferromagnet (FeSn) [194, 195]. Nevertheless, this disser-

tation focuses primarily on nonlinear effects within the context of second-order responses.

The work that can be marked as a milestone in the field of non-linear responses was provided in
2015 by Intii Sodemann and Liang Fu [189]. They suggested that NLHE could be observed in
systems with time-reversal symmetry®, provided that inversion symmetry is broken. Intii Sode-

mann and Liang Fu proposed a simple model for topological crystalline insulators, namely tilted

8The presence of the Hall effect in time-reversal invariant systems is one of the advantages of phenomena
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Dirac cones, where NLHE can be realized. In this model, the tilting of Dirac cones breaks
the inversion symmetry, resulting in a non-zero first-order moment of the Berry curvature, i.e.,
Berry curvature dipole (BCD), which induces the nonlinear Hall response in the system (more
technical details about BCD are provided at p. 53). Due to the intrinsic character of the Berry
curvature dipole, i.e., relation to the band structure modification, the non-linear transverse re-
sponse induced by the BCD is called the intrinsic NLHE. Moreover, in time-reversal broken
systems, an intrinsic-type correction to the Berry curvature was identified, arising at the Fermi

surface from the field-induced positional shift of Bloch electrons [197, 198].

It was demonstrated in bulk WTe, [ 198] that applying an external electric field lowers the spacial
symmetry of the material, thereby inducing a nonlinear response that can be tuned by the elec-
tric field. Further theoretical work [199-201] and experimental research [202] have highlighted
the extrinsic contributions to the nonlinear Hall effect, such as side-jump and skew-scattering
events. For instance, using the example of 2D tilted massive Dirac cones and applying the Boltz-
mann formalism [199, 201], it has been demonstrated that in systems where both intrinsic and
extrinsic contributions are significant, their competition leads to a sign change in the NLHE.
Moreover, by examining the gyrotropic Hall effect in two simple models — namely, a 3D non-
centrosymmetric Weyl semimetal and a strained 2D transition metal dichalcogenide monolayer
— it was found [200] that intrinsic and extrinsic contributions become comparable at frequencies

well below the band-splitting, typically within the terahertz (THz) range.

Consequently, due to the various mechanisms contributing to the NLHE, a key challenge in in-
terpreting experimental results is distinguishing between these contributions. For this purpose,
one can adopt the scaling law [201, 202], which has been successfully applied in the case of the
linear Hall effects. Another approach, proposed by Zongzheng Du et al. [203], involves sym-
metry analysis. In this method, components of the nonlinear conductivity tensor are classified
as either extrinsic or intrinsic based on the specified symmetry point group. Thus, for a de-
fined conductivity tensor, one can classify or predict the NLHE contributions in the analyzed

system.

Another significant aspect of the NLHE pertains to the theoretical methods employed to inves-
tigate the nonlinear response. According to the literature [189, 199-201, 204], one commonly
favored method is the semiclassical Boltzmann approach. In this approach, the distribution func-
tion is expanded in terms of the external electric field, F, i.e., f = fo + f1 + fo + ..., where
fn o< E™.

Alternatively, a quantum description developed by Zongzheng Du et al. [203], employs a di-

agrammatic technique for the nonlinear response regime. Unlike the Kubo formula and the

that extend beyond the linear response regime. Another way to achieve a transverse response in a system with
time-reversal symmetry is by utilizing the spin or valley degree of freedom [118, 196].
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corresponding bubble diagrams in the linear response regime, in the quadratic response, it is
necessary to analyze triangular and two-photon diagrams that represent two inputs and one out-
put. When considering both intrinsic and extrinsic contributions in the weak-disorder limit, this
leads to the examination of dozens of charts.

The case study of the 2D Dirac model [203] reveals that the intrinsic contribution, arising from
the Berry curvature dipole, is fully consistent in both the semiclassical Boltzmann approach and
quantum description using diagrammatic technique. However, the extrinsic contributions, de-
scribing the disorder effects, differ in sign between the two approaches, resulting in distinct total
NLHE. It is noteworthy that the total NLHE in the quantum diagrammatic approach shares the
same sign and a similar behavior with the chemical potential as the intrinsic contribution, but it

has a greater magnitude.

When focusing solely on the intrinsic contribution from the Berry curvature dipole, the analysis
can be limited to this specific quantity (see p. 53). This approach is especially justified in systems
where the intrinsic contribution to the NLHE is predominant, meaning that scattering events can
be safely disregarded. Candidate materials for realizing intrinsic NLHE include low-symmetry
crystals where inversion symmetry can be readily broken, such as the surface of 3D topological
insulators, 2D transition metal dichalcogenides, or 3D Weyl semimetals [189]. Consequently,
a few years after the theoretical proposal of the BCD’s role in NLHE, this idea has been exper-
imentally confirmed in non-magnetic systems, specifically, in a few-layer WTe, in the absence

of an external magnetic field [202, 205].

The experimental setup for NLHE measurements closely resembles that used for linear Hall
effect experiments. Typically, a low-frequency alternating current (i.e., ranging in 10-10 000
Hz) is applied, and the transverse voltage is measured at zero- or double-frequency using a lock-
in technique. This technique involves multiplying the measured signal, f;, in the frequency
domain (convolution in the time domain) by a reference signal tuned to the same frequency,

fr = [ yielding harmonics at f; = 0 and f; = 2f,.

Moreover, the ability to measure the transverse response at zero-frequency in response to alter-
nating current, allows NLHE to find applications in terahertz technology, particularly for high-
frequency rectification processes in broadband, long-wavelength photodetection devices [204,
206]. Additionally, NLHE holds the potential application for strain sensors by leveraging the
strain-tunable (or strain-induced) Berry curvature dipole [207].

Furthermore, quadratic dependence of the charge current density on the external electric field,

Ja = XabbEb2 (b = cin eq. (3.9)), results in a linear relationship between the measured’ off-

NL

diagonal component of the quadratic conductance tensor, o,;",

and the electric field amplitude,

Conductivity and resistivity are considered as the response functions, while conductance and resistance are
the physically measured quantities.
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ie., jo/Ey = oNF = By, and oYL (Ey) = —o L (—E}). In the measurements, the total con-
ductance can have both the linear and the nonlinear parts, i.e., 0., = 0% (E, = 0) + o (Ep).
Thus, the presence of NLHE creates the possibility of obtaining a unidirectional response, where
measuring resistance in opposite directions yields different results. Such a behavior can be lever-
aged in the construction of spintronic logic devices, where lower and higher resistances corre-

spond to logic 0’ and ’1°, respectively.

In addition to its device application, the sensitivity of the Berry curvature dipole to breaking of
the crystal symmetries offers the potential to use nonlinear response for material characteriza-
tion. This can be particularly useful for probing topological transitions, such as the transition
between trivial and topological insulators by applying pressure in BiTel [208] or electrically-

induced topological transition in twisted doubled bilayer graphene [209].

The concept of nonlinear Hall effects can be extended to other phenomena where the nonlinear
response to the driving force takes different forms. Exempli gratia, investigating spin current
rather than charge current reveals the nonlinear spin Hall effect [210, 211]. On the other hand,
applying a temperature gradient instead of an electric field leads to nonlinear thermoelectric
(nonlinear Nernst effect — the response is the charge current) or thermal (when a heat current

becomes the response) transport effects [212-215].

Berry curvature dipole (BCD)

The a-th component of the charge current density can be expressed as an integral of the car-
riers’ velocity, v,, multiplied by their distribution function, f(k), over the wavevector space,
i.e. [189]:
dk
= — —— v, f(k 3.10
o= e [ Gt ®) (310

in d-dimensional system. The electron’s velocity, in turn, is a sum of the group velocity of the

electron wave and the anomalous velocity arising from the Berry curvature, B [189]:

1 0¢e(k) dk.
e = T EabeBp—, 3.11
e R Ok, 1D
where ¢4, is the Levi-Civita symbol, and the canonical momentum of the electron changes in
time in response to the external electric field as % = —%(t). One assumes that the electric

field oscillates harmonically in time with frequency w, i.e., E.(t) = Re{&.™“'} where &, € C.
Since the response up to the second order in the electric field is in one’s interest, the distribution
function is expanded up to the second order, i.e., f(k) = Re{fo + f1 + f2}. Thus, the rectified

and second harmonic components of the a-th component of the charge current density j, =
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Re{j2 + 52}, eq. (3.10), can be expressed as [189]:

o € . e Oe(k
jo = E/keabcb’bé'cff — —/fgﬁ, (3.12a)
2 8
2 _ % /k EabeBoEf — / f20ek) (3.12b)
where for the sake of brevity fk = (d ’)“ and functions fow 2 are components of the dis-
tribution function f(k) expressed in recursive structure, e.g., fy’ = fJ:ijT g}:o with 7 denoting

relaxation time (all expressions detailed in [189]). The second terms in eqs. (3.12) are odd un-
der time reversal and thus vanish, leaving only the first terms in eqs. (3.12), related to the Berry

curvature.

In general, the zero- and second-harmonic response in the a-direction can be written as j° =
XabeEpEF and 72 = Y upeEpEe. According to this analysis, the nonlinear conductivity tensor for
the Hall response reads [189, 216]:

637' 0Bd

2(1 +iwr) S, " 0k, (3-13)

Xabe = —Eade

where f . Jo 8kd represents the Berry curvature dipole'® (BCD). It is straightforward to verifythat
the BCD produces a current orthogonal to the applied electric field, e.g., assuming both applied
fields are in the z-direction (b = ¢ = ), the response occurs only in the y-direction (a = y #
0).

In a 2D system (within the xy-plane), the Berry curvature dipole for the n-th band is given

by [189]: U 5
n __ x Yy n

where i = {z,y}, f stands for the equilibrium distribution function in the absence of external

fields, and B (k) is the Berry curvature for the n-th band.

Key finding in the literature related to the scope of the thesis

Insightful theoretical works, supported by successfully performed experimental measurements
of the nonlinear Hall effect in 2D systems, create a valuable opportunity to explore a 2DEG with

strong spin-orbit coupling of the Rashba type for the nonlinear effects.

Edouard Lesne et al. [217] modeled a 2DEG at the interface of a (111)-oriented oxide het-
erostructure (LAO/STO) in the high-temperature trigonal phase with £-linear Rashba SOI and

a third-order momentum term allowed by crystalline anisotropy [218, 219]. Using this model,

100rigin of the name, Berry curvature dipole, can be considered as an analogy to the electric dipole defined as
the first-order term in the multipole expansion, i.e., the first-order term of a function described the field at some
distance from a point-source.
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they have reported, providing the experimental realization, a nonlinear Hall response induced

by a non-zero Berry curvature dipole.

In turn, Renato M. A. Dantas et al. [220] theoretically analyzed nonlinear transport in both 1D
and 2D systems with linear and cubic forms of Rashba SOI under an external magnetic field.
They proposed analytical expressions that allow the establishment of Rashba SOC parameters
from nonlinear measurements. However, the effective Hamiltonian they investigated includes
both isotropic and anisotropic forms of the cubic Rashba SOI. Due to the differences in spin
spaces [221], the isotropic cubic Rashba term should not be combined with the linear Rashba

term in an unchanged form within a single Hamiltonian.

In this dissertation, the focus is not on exploring nonlinear effects in time-reversal invariant sys-
tems but rather on tuning the nonlinear Hall effect using an external in-plane magnetic field
within a simple model of a 2DEG with a cubic form of Rashba SOI. Specifically, the Berry
curvature-induced nonlinear Hall effect is examined in a 2DEG with the isotropic £-cubed Rashba
SOL

3.4.2 Bilinear magnetoresistance (BMR)

Magnetoresistance (MR), which refers to the change in resistance under different magnetic field
directions, has been a well-known phenomenon in condensed matter physics for decades [177,
222, 223]. In metals, MR typically scales quadratically with the magnetic field, B, in the low
magnetic field regime. Recent research has revealed that in single crystalline metals, the resis-
tance can scale linearly or quadratically with B, depending on the magnetic field direction [224].
Linear dependence on B has also been observed in density-wave materials (e.g., GdSi, SrAly)

at low temperatures and in low magnetic field limits [225].

Nevertheless, an intriguing phenomenon emerges beyond the linear response regime, where
magnetoresistance depends not only on the magnetic but also on the electric field. Experi-
mental findings have demonstrated that in topological insulators (TI) [226-228] as well as in
a two-dimensional electron gas [68, 229], an additional magnetoresistance term can be mea-
sured, where resistance scales linearly with both the external magnetic and electric fields. This
component is named bilinear magnetoresistance (BMR). Due to the unidirectional response
characterizing BMR, its potential applications include the spin-logic devices mentioned in sec-
tion 3.4.1.

The physical mechanism standing behind the BMR can be different. In TIs at higher Fermi
energies, BMR is related to the hexagonal warping effect, leading to the nonlinear spin-to-charge
current conversion [226, 230]. At the lower Fermi energies in TIs, as well as in a 2DEG with

Rashba spin-orbit interaction, a different mechanism is at play [68, 227, 231, 232]. In these
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cases, due to spin-momentum locking'!, shifting the Fermi contours under an external electric
field causes a non-equilibrium spin polarization in the system. This induced non-equilibrium
spin polarization scales linearly with the current along the applied electric field direction. Then,
in the presence of an external magnetic field, one can measure the resistance component that is

proportional to both the electric and magnetic fields.

3.4.3 Key finding in the literature related to the scope of the thesis

The experimental-theoretical work provided by Diogo C. Vaz et al. [68] considers a 2DEG with
k-linear form of Rashba SOI. The mechanism leading to BMR, as introduced in [227], is ac-

complished due to the non-equilibrium spin polarization in the system.

Further experimental measurements of magnetoresistance in a 2DEG formed at the LAO/STO
interface were conducted by Zhang et al. [232]. They have found a BMR signal that scales sinu-
soidally with the in-plane magnetic field angle, attributing this phenomenon to spin-momentum

locking.

In this thesis, the BMR in a 2DEG with an isotropic cubic form of Rashba spin-orbit interaction
in the presence of an in-plane magnetic field is examined. The underlying mechanism leading to
BMR is assumed to be the same as in [68], where a 2DEG with a linear form of Rashba SOI was
under consideration, i.e., BMR is accomplished due to the non-equilibrium spin polarization in

the system.

Tn a 2DEG the spin-momentum locking is related to the presence of Rashba SOI in the system. In the case of
TIL, spin-momentum locking inhomogeneities arise from scattering by spin-orbit structural defects generates [227].
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Articles constituting the dissertation

In the following chapter, the articles constituting the thesis are attended in chronological or-
der, each accompanied by brief comme. All articles are reprinted with the permission of the

respective journals, see App. A.
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4.1 Reprint of the article A-1

In the attended manuscript, entitled "Temperature dependence of spin Hall effect in k-cubed
Rashba model" the spin Hall effect in a nonmagnetic 2DEG with an isotropic form of k-cubed

Rashba SOl is investigated.

The Matsubara-Green’s functions formalism and diagrammatic technique in the linear response
regime are employed to calculate the spin Hall conductivity at finite temperatures. Additionally,

an analytical result for zero-temperature, consistent with the findings in [167], is provided.
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Within the Matsubara Green function formalism and linear response theory we considered theoretically the
temperature dependences of the spin Hall effect for a two-dimensional gas with an isotropic k—cubed form of the
Rashba interaction. We utilize a standard model for treating spin-orbit phenomena in p-doped semiconductor
heterostructures and also for an electron gas formed at perovskite oxides interfaces.
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1. Introduction

The spin Hall effect [1] is one of the hallmarks in the
field of spintronics offering the opportunity to generate
and control spin currents in a pure electrical way [2-7].
The detectors based on the inverse spin Hall effect have
become a standard tool for sensing spin currents and
were instrumental in the discovery of the spin Seebeck
phenomenon [8-10]. Recenty, it was also shown that
the spin currents generated via spin Hall effect can be
large enough to produce sizable spin torque effects (see
e.g. [11-14]).

The underlying physics of the spin Hall effect is very
rich depending on the nature of the intrinsic spin-orbit
coupling of the host material. Impurities and struc-
tural defects are further sources of spin-orbit couplings
that is of prime imporatnce for spin-dependent scatter-
ing phenomena (for review see: [15-17| and references
therein). A proper theoretical description of the funda-
mental physics responsible for the SHE in materials that
are potentially important for spintronics is crucial when
it comes to the control of spin currents driven by spin Hall
effect. Another important issue is the thermal behavior
of the spin Hall effect. The role of finite temperatures in
the theoretical description of spin-orbital phenomena has
been studied in few papers in the context of 2D k—linear
Rashba gas (for example [18-23]). However there is still
lack of a consistent theory of SHE which takes into ac-
count all microscopic mechanisms and describes the spin
Hall effects at high temperatures.

The spin Hall effect at zero-temperature is fairly well
understood in n-doped semiconductor heterostructures
where the simple model describing 2D electron gas with
k—linear Rashba and Dresselhaus spin-orbit interaction
seems to be valid approximation allowing an analyti-
cal description of spin-orbital phenomena. For n-doped
semiconductors the Luttinger Hamiltonian is a suitable

*corresponding author; e-mail: adyrdal@amu.edu.pl

framework. Recently, a large Rashba spin-orbit cou-
pling has been experimentally observed at the interface of
LaAlO3/SrTiOs (LAO/STO) [25]. The interfaces of ox-
ide perovskites such as LAO/STO, where the 2D electron
gas has been recently discovered are attracting a great
attention both experimentally and theoretically. The
transition metal oxides heterostructures show interest-
ing physical properties such as two-dimensional metal-
lic conductivity [26] metal-insulator transition [27, 28],
low-temperature superconductivity and ferromagnetism
as well as its coexistence [29, 30], or large negative mag-
netoresistance [31]. The physics for the formation of
the electron gas is still not settled for all compounds.
One of proposed theoretical models of Rashba 2D gas
in STO based heterostructures utilizes the effective k-
cubed Rashba Hamiltonian [32, 33] which is well known
from the case of heavy-hole model for semiconductor het-
erostructures [34].

In this paper we discuss the temperature dependences
of the spin Hall effect for the k—cubed Rashba Hamilto-
nian. Our results may be suitable for both p-doped semi-
conductor heterostructures and oxide perovskites thin
films or interfaces.

2. Model and methods

The effective Hamiltonian describing electrons or holes
in isotropic k—cubed Rashba gas can be written in the
matrix form [35]:

REE NS
HZ(—?)\ki R ) ®

2m

where k? = k2 +k§, kt+ =k, £iky, and m is the effective
mass of the particle defined by Luttinger parameters. A
is the Rashba spin-orbital coupling parameters which de-
pends on Luttinger parameters, width and the potential
strength of the quantum well - see Ref. [35].

The casual Green function corresponding to the Hamil-
tonian (1) can be written in the form:

Gk(E) = GkOJO + GkTOT + kao_y (2)
with coefficients:

(558)
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Gro = 5(Gr+ + Gy-) (3)
Gre = sin(3¢)(Gr+ — Gi-) (4)
Gry = —c08(30)(Gr+ — Gi—) (5
where Ggr = [¢ + p — Ey + idsgn(e)]™! and By =
h;:ff + M\k? denote the energy eigenvalues; o9 and o,

(o = x,y, z) are unit and Pauli matrices in spin space.

To obtain the spin Hall conductivity and discuss its
temeprature dependence we have used the Matsubara-
Green function formalism [36]. In the regime of linear
response to the external electromagnetic field the spin
Hall current derives from the expression

Ty(lwm) = (6)

ﬁ Z Tr{ 22 Gr(ie, + 1w7,L)HA(1wm)Gk(1en)} ,

where 8 = 1/kgT and HE(iw,) = —j,A,(iwy) is the
perturbation Hamiltonian defined by the y-component
of the current density operator j, = ed, and the y-
component of electromagnetic vector potential Ay (iwp,).
Operator of the spin current density is defined as an
anticommutator of the velocity operator and the z-th
component of spin operator (s, = 3ho,/2), that is
95 = [0g, 8.]4/2 (note that the velocity operators are
defined as o, = 0H/0k,,) and Gi(ie,) denotes Mat-
subara Green function. The equation above leads finally
to the frequency-dependent spin Hall conductivity in the

form [21]:
o eh [ &k [de
oy (w) = (27T) %f(@
x [ﬁza,?(s + )b, [GF () — G (e)]

+ 3 [GR(e) = G0, G (e — w) | (7)
Upon tracing and integrating over € we obtain an expres-
sion for the dc-limit

g% = eihj I:J dkkf/(E+) + fl(E*)
Y 167 m 1+ (\K3/T)2

dk
- [ 3 B — 7B Q

This is our general result for spin Hall conductivity. Here
we should comment that the above expression is ob-
tained in a single-loop approximation which corresponds
to the quasi-ballistic limit. Assuming randomly dis-
tributed point-like impurities we may find that (i) the
relaxation rate I' is the same for both subbands [35], and
(ii) the impurities vertex correction in the ladder approx-
imation vanishes [35, 37].

3. Results and discussion

In the low temperature limit we may find simple ana-
lytical expressions in the form

o9 W kpy —kpo
xY 167 mA kp+kF,
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9 R vy v_ 9
167 m (1 + (\kj, /T)? 1T (Ak%_/FP) ©)
where kp+ and v4 are the Fermi vawevectors and density
of states related to the E+ subband respectively. Assum-
ing I' € /\k:%i we obtain

9 h2 kF+

kp_

s: . _ [ e S el 10
Ty 167 m/\ kF+k‘F_ ( )
This result is consistent with result in Ref. [38].
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Fig. 1. Spin Hall conductivity as a function of carrier

density. Different curves correspond to indicated values
of temperature. The solid blue line corresponds to the
analytical expression (Eq. (10)) obtained in the zero-
temperature limit. In numerical calculations it was as-
sumed that A =3.96-1072° eV m?, I' =5-107° eV.
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Fig. 2. Spin Hall conductivity as a function of temper-

ature for fixed values of carrier density. Other parame-
ters are as in Fig. 1.

Figures 1 and 2 present some numerical results for spin
Hall conductivity obtained based on Eq.(8) and expressed
in terms of carrier density n. In case of the model under
consideration the relations between kpy, n and chemi-
cal potential are simple and can be found e.g. in [38].
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In Fig. 1 we show the spin Hall conductivity plotted as
a function of carrier density for fixed values of tempera-
ture. The analytical result (for 7' — 0) is also indicated.
Fig. 2 presents the spin Hall conductivity as a function
of the temperature for different charge concentrations.

To conclude, we considered theoretically the temper-
ature dependence of Spin Hall effect in 2D electron gas
with isotropic k—cubed Rashba interaction that formed
at the perovskite oxides interfaces. The model under
consideration is a basic model suitable not only for some
group of perovskite oxides but also for p-doped semicon-
ductor heterostructures.
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Discussion

Article A-1 is supplemented with calculations involving the spin Hall angle and spin Hall effect
in a magnetized 2DEG, presented below.

Spin Hall angle

Kubo formula for the longitudinal charge conductivity induced by an electric field applied in the

y-direction in Matsubara-Green’s functions formalism is as follows:

e

W

oy (w) = —

/g%% é%ﬂ@/ﬁ¢ﬁﬂ@m$@+wquﬂd—Gﬂ@H

+Tr {0, [GE () — Gil(e)] 8, Gie (e — w) }] -
4.1)

In dc limit (w — 0) one gets:

ow = |2 [ arkt (8 - £
9@2 5 1 / /
2 [ ek (1 i m) FE)+FE) @)

2 [anw e + @)

which in the low-temperature limit, 7" — 0, leads to:

e’h [6a
Uyy = 87T—F |:H (l{;iy+ — k‘il/,)
90/ 1 1
+— |k 14+ — | +E (14— 4.3
R ( 1%(aki/Iﬁ2) ( 1+(ak3/r)2>] )

h2
+Eﬂﬁu+ﬁuﬂ.

In the low carriers concentration limit, n — 0, where the Rashba SOI plays a less significant
role, the third term in equation (4.3) is the dominant contribution. Therefore, the longitudinal
charge conductivity is given by:

n—0 _
vy

2
) (kiV+ + kzl/,) . 4.4)
In general, the spin Hall angle is expressed as the ratio between the spin Hall conductivity and
the longitudinal charge conductivity: sy = o3 [Oyy-

Figure 4.1 shows the spin Hall angle, 65, as a function of carriers density, n, in (a) for different

Rashba parameter, o, and in (b) for different temperature, 7. Figure 4.1(a) was created using
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Figure 4.1: Spin Hall angle, 65y, as a function of carriers density, n. (a) Osp(n) for fixed Rashba
SOI parameter, «, plotted using zero-temperature formulae, eqgs. (9) and (4.3). (b) sz (n) for fixed
temperature, T', plotted with finite-temperature formulae, egs. (8) and (4.2)

analytical zero-temperature formulas. One can observe a peak in the 055 (n) dependence that
flattens and shifts up to higher n with a decrease in the strength of the Rashba SOI in the system.
The influence of temperature on sy is presented in figure 4.1(b), where temperature smearing
leads to a non-zero spin Hall angle for lower carriers concentration, n — 0, and flattens the peak

in n-dependence, decreasing the fgy value.

Spin Hall effect in a magnetized 2DEG with £-cubed Rashba SOC

The inclusion of an out-of-plane magnetization field in the system modifies the analyzed Hamil-

tonian in the following way:

27.2
H:hk
2m

oo + 1o (k?jmr — kia_) + Mo, 4.5)

where Mo, represents the exchange interaction between the spin of quasiparticles and the mag-
netic substrate or external magnetic field, expressed in energy units (eV). Subsequently, the spin
Hall conductivity (SHC) takes the form:
e L S (28 Ny P ol A RS
(M2 + a28)*/ (M? + a2kS) (M? + a2k +T?) | 7
(4.6)

Sz __
o [
e 160 m

which for M = 0 reduces to equation (9) in the paper.

Figure 4.2 presents the spin Hall conductivity as a function of saturation magnetization, M,
temperature, 7', and chemical potential, x. It is observed that due to the presence of the ex-
change field in the system, SHC decreases, especially in the weak cubic Rashba SOI regime,
i.e., when M, dominates, see Fig. 4.2a, and for lower chemical potential values, see Fig. 4.2¢c. In
Figure 4.2b, Bloch’s law is assumed for the temperature dependence of magnetization preceding
the Curie temperature, T, i.e., M = My |1 — (T/ Tc)3/ 2!, Thus, the magnetization field de-
creases with the temperature up to 7., where the system becomes non-magnetic. This behavior

of M is reflected in the o7 (T') dependence, where SHC is suppressed with increasing M.
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Figure 4.2: Spin Hall conductivity, 037, eq. (4.6). (a) o33 as a function of saturation magnetization, Mo,

Sz
oy
for fixed Rashba SOI parameter, o/ aol./ (b) Ugch, as a function of temperature, 7', for different M value.
For temperature dependence of magnetization field, M, preceding the Curie temperature, 7, the Bloch’s
law is assumed, M = M) [1 - (T/Tc)?’/2 . (¢) Normalized SHC, o33 /032 (M = 0), as a function of
chemical potential for fixed saturation magnetization, M. For non-magnetized system, M = 0, chemical
potential ;1 = 80 meV corresponds to the carriers density n = 41.4-10'! cm™2. Parameters: 7, = 180K,
=5-10"%ev

Summary

The zero-temperature, as well as finite-temperature results for the intrinsic spin Hall conductiv-
ity (SHC) and the spin Hall angle (SHA) in a 2DEG with an isotropic cubic form of SOI, are
provided.

It is worth noting that the analytical calculations provided by [221, 233] show that the vertex
correction due to impurity scattering on isotropic short-range potential vanishes in the analyzed
system. Thus, the spin Hall conductivity in a system with spin-independent impurities repro-
duces its intrinsic value, obtained from a clean system without impurities. This behavior is in
contrast to the model of a 2DEG with a linear form of Rashba SOC [159], where the vertex
correction cancels SHE [234, 235] and thus the intrinsic' spin Hall effect vanishes in the weak

disorder limit.

The influence of temperature on the SHA is similar to that observed for the SHC with respect to
carrier density. As the strength of Rashba SOC increases in the system, the SHA peak is both

enhanced and shifted towards lower carrier densities.

The influence of out-of-plane magnetization on SHE was also investigated. One can conclude
that magnetization suppresses the spin Hall response in the system, especially if magnetization
dominates the cubic Rashba SOI, i.e., for lower Rashba parameter strength and at higher energies

(higher chemical potential).

'Besides, one can refer to the extrinsic spin Hall effect when the leading source of SOI has an external character,
i.e., is related to scattering events on spin-dependent impurities like side-jump and skew-scattering processes. Here,
in a clean limit, the extrinsic processes are not under investigation.
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4.2 Reprint of the article A-2

The article entitled "Anomalous Hall and Nernst effects in 2D systems: role of cubic Rashba
spin-orbit coupling" provides the analysis of the anomalous Hall conductivity (AHC) and its
thermal counterpart, anomalous Nernst conductivity (ANC) in a 2DEG where the isotropic k-
cubed form of Rashba spin-orbit interaction is present. The out-of-plane magnetization field in
the system can arise due to the proximity effect, i.e., the coupling of quasiparticles’ spin with

the magnetic substrate.

It is shown, using Matsubara-Green’s functions (MGF) formalism, that the non-dissipative com-
ponent of AHC, coming from the states in the Fermi sea, is linked to the Berry curvature. Thus,
both approaches to investigate the intrinsic AHC, i.e., MGF formalism and using the Berry cur-

vature concept, are equivalent.

Anomalous Hall conductivity takes the highest value where the cubic Rashba energy, F'r, and
magnetization (in energy units), F, are comparable, i.e., M = k3« (see Fig. 1a, where for
@ = 60 meV, Er ~ Fy ~ 3 meV). When one of these interactions, Rashba or exchange field,

dominates, the anomalous Hall response takes the lower values.

An intriguing feature of ANC is the change of the sign preceding the magnetic phase transi-
tion indicated by the Curie temperature, 7, observed for higher chemical potential, y, and
saturation magnetization, My, Fig. 2b,d. This behavior has already been observed experimen-
tally, e.g., in thin film of LSMO (Lay/3Sr; ;3MnQO3) [188] and ferromagnetic semiconductors like
Ga;_,Mn_As [186].

The sign change of o, with ;1 occurs when the Rashba SOC and exchange interaction are com-
parable. For example, in Fig. 2a, the green dashed line shows a sign change at i ~ 30 meV,
where Er = k3 = M (kp is the Fermi wavevector)’. Regarding the AHC, it reaches its max-
imum when M ~ EpR, which corresponds to the point where the ANC vanishes. This behavior
supports the Mott relation between AHC and ANC, as the Mott relation [186—188] indicates
that ANC (thermal counterpart of AHC) is proportional to the derivative of AHC with respect
to i, eq. (3.8). Additionally, ANC takes negative (positive) values when the exchange interaction
(Rashba SOI) dominates.

2Here, one should take in mind the influence of the temperature on magnetization M = M, [1 —(T/ TC)?’/ 2 ,

as well as the temperature smearing that blurs the ANC dependency.
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Anomalous Hall and Nernst Effects in 2D Systems: Role
of Cubic Rashba Spin—-Orbit Coupling

Anna Krzyzewska, Anna Dyrdat,* Jozef Barnas, and Jamal Berakdar

The anomalous Hall and Nernst effects are considered theoretically for the
model Hamiltonian describing properties of electronic states formed at the
interfaces of semiconductor heterostructures or perovskite oxide junctions
and surfaces. Using the Matsubara Green’s function formalism and linear
response theory we find, among others, substantial intrinsic contributions to
both effects. Additionally, a change of sign in the anomalous Nernst
conductivity occurs for temperatures preceding the magnetic phase

transition.

The anomalous Hall effect!”! (AHE) is a phenomenon which is
widely used for experimental characterization of electronic
transport and topological properties of various systems,
especially two-dimensional ones.”* The long debate on the
physical origins of AHE started already at the end of 1950’s by
the theory proposed by Karplus and Luttinger.!**! Now it is clear
that this phenomenon is due to not only scattering mechanisms
(side jump'® and skew scattering”)) but also due to intrinsic
properties of materials, that are reflected in the topology of
electronic bands (for reviews and further literature we refer to
Refs. [8-11]). The latter contribution to AHE, also called intrinsic
or topological one, is due to states below the Fermi level. The
underlying physics of this contribution became clear when
applying methods relying on the Berry phase.l'*'®! The
topological contribution is significant for systems with a non-
trivial topology of electronic energy bands and is robust to
relaxation processes. Its magnitude may reach much larger
values than the contribution due to spin-dependent scattering
processes. '8 Experimentally AHE is instrumental in deliver-
ing information not only on the magnetization and transport
properties but also on the system topology. For a proper
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interpretation of experimental data a
detailed understanding of the anomalous
Hall conductivity beyond the zero temper-
ature limit is crucial. The thermal counter-
part of AHE, known as the anomalous
Nernst effect (ANE),[*!is also an important
transport phenomenon. ANE appears, for
example, as an additional signal in many
experimental realizations of transport
measurements, thermal spin-orbit tor-
ques, and other thermally induced effects
measured in systems with strong spin—
orbit coupling.***" The anomalous Nernst
conductivity yields information on the
topological properties of the system, too. However, contrary to
the AHE, it depends only on the Berry phase at the Fermi
level.?223 Moreover, the anomalous Nernst conductivity is also a
natural characteristics for determining magnetic fluxes and
transverse entropy flow in Fermi liquids and superconductors.

The physics behind AHE and ANE is especially intriguing in
more complicated structures such as spin glasses, antiferro-
magnets, and other systems with a helical orientation of
magnetic moments. In such a case AHE takes significant values,
even though the net magnetization is zero or close to zero. These
results do not reflect the simple proportionality of AHE signal to
magnetization, and follow from an enhancement of spin—orbit
coupling and a non-trivial topological properties of the electronic
structure.

For spintronics applications low dimensional systems and
heterostructures are of special interest. For instance, metallic
multilayers, semiconductor heterostructures, and van der Waals
heterostructures as well as thin layers of perovskite oxides and
their interfaces were in the focus of research. This letter is
devoted to the anomalous Hall and Nernst effect in magnetized
two-dimensional systems described by the effective Hamiltonian
with isotropic k-cubed Rashba spin—orbit interaction. This model
is not only widely used for the description of p-doped
semiconductor heterostructures, but also (according to some
experimental datal®*)) can be useful for modeling of spin—orbit
phenomena at surfaces or interfaces of n-doped perovskite
oxides.?>2% We will show, among others, that the anomalous
Hall conductivity contains a significant topological contribution,
not included in recent description of AHE within this model.*”!

Model and Method: We consider an effective Hamiltonian that
describes a 2D magnetized electron gas with isotropic k-cubed
Rashba spin—orbit interaction!?*2”-2%);
P 2 3
H= Wao—}—lk(k_(u —ko_) + Mo, (1)

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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with k= \/k2 + k2, ks = (ke £ik)), and o2 =1 (0, £ ic). The
effective mass, m, and Rashba coupling constant, 4, are defined
by material parameters such as the width and the potential of the
quantum well, and Luttinger parameters.”>**! The effective
exchange field M is normal to the plane of 2D electron system
(along the z direction) and is defined in energy units. We are
interested in the temperature dependences of the anomalous
Hall and Nernst effects.

To determine the anomalous Hall and Nernst conductivi-
ties, we use the Matsubara Green’s function formalism and
calculate the linear response of the system to external
perturbations, that is to the electric field and to the
temperature gradient. The general expression for the charge
current in the Matsubara formalism has the following
form!*°';

= % > Tr{j, Gulien + iom) Fia(iom) Gelic) | (2)
k.n

where f=1/kpT (kp is the Boltzmann constant), G(ic,) is the
Matsubara Green’s function corresponding to the Hamiltonian (1)
&, = (2n+ 1)7/B, w,, = 2mmz/p, and stand for Matsubara energies.
The charge current density operator is expressed by the velocity

— 18H
~ hdk,

assume that the driving force (electric field or temperature
gradient) is oriented in the y-direction. Thus the charge current
that appears due to AHE/ANE flows in the x direction. For electric
field as the driving force, the Hamiltonian describing perturbation

operator: 3’; =ev, and 7, (with a=x,y). Hereafter, we

~

reads Ha(iwy) = —JyAf (iwy), where the amplitude of electro-
magnetic vector potential is related to the electric field through the
relation: Af (iwm) = fih%zm). In turn, when the temperature
gradientappears in the system, the perturbation Hamiltonian may
be defined by the coupling of heat current density to auxiliary

= fJYAYT (iwm). The heat current
density operator is defined as the following anticommutator

vector potential,**>? Hy (iw,)

~h ~ ~ . .
Jy =13 {H — 1oo, vy] . (1 denotes the chemical potential) and the

amplitude of the auxiliary vector potential is connected to the

temperature  gradient via  the following  relation:
. o n VT
Ay(iop) = — M) T

Based on Equation (2), after some standard calculations like
summation over the Matsubara energies and analytical
continuation,?”! we obtain the following expressions for the
anomalous Hall and Nernst conductivities:

Tr/n

+9,[GR(e) — GA#)]P, Gl (e — w)]

=3

(2x)
+9,[GR(e) — GR(&]T, G - o]

. e*h
oy =Ju/ By = T e

(jﬁl)(z / %f@) Ffof(S + )y [GF () — GE(e)]

(3)

ay =J/ (=Y, T) = *%Tr dgf(ﬁ)

P )

[FeGl(e+ i [GR(e) — G (o))

(4)
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~1-1
where G]}S/ A(e) [(x +pEileyg — H is the retarded/ad-

vanced Green’s function, respectively, with I' denoting the
relaxation rate. It should be noted that Equations (3) and (4) are
obtained in the single loop approximation.!”) These equations are
adequate since we consider randomly distributed point-like non-
magneticimpurities. In such a case itwas shown that, the impurity
vertex correction does not provide additional contributions to the
transport properties in the k-cubed Rashba model*>** Further-
more, the relaxation rate I' (obtained as the imaginary part of the
self-energy in the Born approximation) is the same for both energy
subbands. Furthermore, we operate within the limit of low
impurities concentration treating I' as a small parameter.
Anomalous Hall Conductivity. Integrating over the angle ¢
(describing orientation of the vector k) and ¢ in Equation (3) leads
to a general formula that should be integrated over k. According
to the standard convention we can split the anomalous Hall
conductivity into two components: oy, = oy, + o}

I _
, where Ty =

ol [f(E;)] corresponds to the states at the Fermi level and o), =
o'ffy [f(E;)] describes the contribution from all states in the Fermi
sea (note that E; [with i=+] denotes the i-th subband). For the
model under consideration, these two contributions have the
following explicit form:

9¢2 M)? , ,
o= /dkkz[f(E+) 4 F(E)]
1 1
- 5
v (M2 +2%K°) +F2> ©)
9¢*MA* F(E-) —f(EL)
offy:——/dkksi;/z (6)
47k (Mz_i_lsz)

In our considerations and discussions on the temperature
variation of the anomalous Hall and Nernst conductivity, we assume
that the carriers time scale is much faster that the magnetization
dynamics which is generally fulfilled away from the magnetic phase
transition and carrier densities such as those considered here. This
allows a parametric treatment of the temperature dependence of the
effective exchange field M (magnetization in the energy units) while
considering transport. This dependence is assumed to follow the
Bloch relation: M= M[1— (T/T)*?] (here M, is the saturation
magnetization, Mo=M (T=0), T is the temperature while T
stands for the Curie temperature).

In the low-temperature regime, after integration over k, we

find
9¢2 M)? Ko, N kv kKo,
o = — _
? dahi (M2 +22KS) + 17 (M2 +2%K8) +12 M2+ %k
K v 1 1 1

7)

MRS 32

[ )

where k.. and v, are the Fermi wave vectors and the density of
states at the Fermi level for the i = =+ subband, respectively. The
first line of the above expression originates from the integrals

VM2 B VM 2K
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related to the product of the retarded and advanced Green’s
functions. This term was already obtained in the earlier study of
AHE in the model under consideration. The last two lines, in
turn, are related to the integrals containing the product of two
retarded or two advanced Green’s functions. This contribution
was neglected in previous calculations. However, in systems with
broken time-reversal symmetry (here due to the presence of
magnetization), this contribution is non-zero and follows from
intrinsic (topological) properties of the system, that is, from the
Fermi-sea states. When the concentration of impurities is small,
I'— 0, the first and second line of (7) cancel each other and only
the term that comes from the ¢’’-component survives. Thus, the
topological terms cannot be neglected. Moreover, in the case of
almost pure systems (quasi-ballistic limit), the topological
contribution to the anomalous Hall conductivity dominates.
This behavior is clearly seen in Figure 1(a and c), where the
anomalous Hall conductivity is plotted as a function of the
saturated magnetization, M, and temperature T, respectively. To
show the role of individual components, we plotted separately o’
and ¢" as well as the total anomalous Hall conductivity. For the
relaxation rates I' smaller than 0.1 meV, the contribution ¢’ is
reduced and the total anomalous Hall conductivity is determined
by the topological contribution. In turn, Figure 1(b and d) show
variation of the anomalous Hall conductivity with the Fermi level
and temperature. These figures show that the magnitude of the
Hall conductivity grows with increasing p.

To conclude this part, we stress that for small concentration
of impurities, the component ¢’ vanishes and the anomalous
Hall effect is described by the topological term. Hence the

() o
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Figure 1. Anomalous Hall conductivity as a function of: saturation
magnetization Mg for fixed values of relaxation rate I (a); chemical
potential p for fixed temperatures T (b); and temperature for indicated
relaxation rates (c) and chemical potentials (d). Other parameters are:
Ao=13.96-10"2eVm?, I =0.005 meV, and m=0.123 m, (with mo being
the electron rest mass). The Rashba coupling constant and effective mass
are chosen based on Refs. [24,25,28,34-36]. The shaded parts of some
curves in (c) correspond to the temperature range where the condition
< kgT is not obeyed.
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anomalous Hall conductivity can be written in the following
general form:

oo =50 [ B ®

where B (k) = iV x (¥;|Vi|¥;) denotes the Berry curvature for
the i-th band and ¥; is the eigenvector of the i-th band that
corresponds to the eigenvalue E;. For the model under
consideration, the Berry curvature has the following explicit
form*¢!;

. 9 MK
Bilk) =+5———3; ©)
(M? +2%k°)

Anomalous Nernst Conductivity. The anomalous Nernst
conductivity within the Matsubara Green’s function formalism
and linear response theory is described by Equation (4).
However, it is well known and already discussed in the literature,
that thermal transport coefficients obtained in the linear
response theory (Kubo and Kubo-like formalism) behave
unphysically when T— 0. Thus, the magnetization currents
should be taken into account to obtain the correct thermoelectric
coefficients, which satisfy the Onsager relations and do not
contradict the third thermodynamic law. This issue has been
explained by Obraztsov®”) and then widely discussed in the
context of quantum Hall effect, Nernst, and spin Nernst effect as
well as in the context of graphene-like 2D materials.*2** To
obtain physically correct results for the anomalous Nernst
conductivity one should add to Equation (4) the component
related to the orbital magnetization current density. Since
calculations of the orbital magnetization are a little bit tedious,
we use the symmetry properties of the thermal kinetic
coefficients, as well the fact that the anomalous Hall conductivity
in the considered model is determined by the topological
component. Namely, the Nernst conductivity, a,,, is related to the
transverse heat conductivity, ., by the Onsager relation!®”:
Bxy = ax,T. In turn, the heat conductivity may be expressed by the

Berry curvature and the entropy density of the electron
25/22:23,46-48),

s 9 - L (10)

Taking into account the explicit form of Berry curvature
given by Equation (9) and the fact that the entropy density
of the electron gas is defined as
Su(k) = —filn(f(En)) — (1 = f(Ea)) In(1 = fi (E,)), one can
easily obtain the anomalous Nernst conductivity. This conduc-
tivity behaves strongly non-monotonous as a function of
chemical potential, which follows from the interplay between
the Rashba and exchange coupling, see Figure 2(a). For a
relatively large value of p, the anomalous Nernst conductivity
decreases. Thus, the most interesting behavior of ANE is
observable for smaller values of the chemical potential, where
the spin—orbit coupling dominates. For higher energies, the
influence of the spin—orbit coupling on the band structure is
negligible, and therefore ANE vanishes. For a small but fixed

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Anomalous Nernst conductivity normalized to otfy = ekg/h,
shown as a function of the chemical potential u for fixed values of the
saturation magnetization My (a) and as a function of the temperature T
for fixed values of chemical potential it (b); saturation magnetization (c);
and Rashba coupling constant A (d). Other parameters are as in
Figure 1.

chemical potential, the Nernst conductivity reaches a maximal
value (positive) at a certain temperature, and then decreases
with increasing T, eventually changing sign. The maximal value
of the anomalous Nernst conductivity is reduced with
increasing p and then changes sign. Furthermore, the
temperature at maximum shifts from larger to lower values
when the chemical potential decreases, see Figure 2(b).
Additionally, for relatively large saturation magnetization of
the system, sign of a,, is reversed at a temperature below the
phase transition from the ferromagnetic state to paramagnetic
one, where M =0 and ANE disappears (Figure 2c,d).

Summary and Conclusions: We considered the anomalous
Hall and Nernst effects in the 2D magnetized electron gas
with k-cubed form of the Rashba spin—orbit interaction. We
showed that both the anomalous Hall and Nernst conductivi-
ties include terms that are determined by the topological
properties of the system. The corresponding topological
contributions are robust against impurity scattering pro-
cesses. Interestingly, the sign of the anomalous Nernst
conductivity can be changed by tuning the temperature. This
change of sign appears below the critical temperature of
magnetic phase transition.
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A-3

4.3 Reprint of the article A-3

The work entitled "Anomalous Hall and Nernst effects in a two-dimensional electron gas with
an anisotropic cubic Rashba spin-orbit interaction" addresses two transverse charge transport
effects, driven by an electric field or temperature gradient. The analyzed model, a 2D system
with an anisotropic form of k-cubed Rashba spin-orbit interaction, applies to both the interfaces

or surfaces of perovskite oxides and semiconductor heterostructures.

In low-impurity concentrations, the anomalous Hall effect exhibits an intrinsic character, where
only the states in the Fermi sea contribute to transport, and AHC can be described with the
Berry curvature. The change in the sign of ANC with temperature, chemical potential, and the
strength of both the Rashba SOC and exchange interaction has been demonstrated. This behavior
of ANC is associated with the interplay between Rashba spin-orbit interaction and exchange
interaction in the system. Furthermore, it has been observed that both investigated effects (AHC
and ANC) behave qualitatively similarly in both isotropic and anisotropic cubic Rashba models,
cf. [156].
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The anomalous Hall and Nernst effects are considered theoretically within Matsubara Green’s function form-
alism. The effective Hamiltonian of a magnetized two-dimensional electron gas with cubic Rashba spin-orbit
interaction may describe transport properties of electronic states at the interfaces or surfaces of perovskite oxides
or another type of heterostructures that, due to symmetry, may be described by the same effective model. In the
quasi-ballistic limit, both effects are determined by the topological (Fermi sea) contribution whereas the states at
the Fermi level gives a negligibly small response. For a wide range of parameters describing the considered

system, the anomalous Nernst conductivity reveals a change of the sign before the magnetic phase transition.

1. Introduction

Spin-orbit interaction is the origin of various phases and phenomena
observed in the physics of solid-state providing pure electric control of
the spin degree of freedom [1]. Nowadays, the spin-orbit driven
transport phenomena, such as anomalous and spin Hall effects, has
become a fundamental tool for generation spin accumulation and de-
tection of spin currents and topological character of quasiparticles
states. Moreover, pure electrical control of the spin degree of freedom is
one of the crucial ideas of spintronics, according to which spin-based
electronics should provide smaller, cheaper and faster electronic de-
vices with high functionality (e.g., data storage and logic operations in
one material) and low energy consumption at room temperatures [2-6].

It is known that spin-orbit interaction strongly depends on the type of
impurities and the crystallographic potential of the host material and is
especially enhanced in low dimensional systems. In such a case the space
inversion symmetry is broken at the surfaces or interfaces what results in an
additional component of the spin-orbit interaction, called the Bychkov-
Rashba interaction [7-10]. This type of spin-orbit interaction, resulting from
structural inversion asymmetry, has been described initially in the context
of a two-dimensional electron gas forming at the interfaces of semi-
conductor heterostructures [8]. For symmetry reasons, Rashba Hamiltonian
is odd in quasiparticle momentum what leads in the simplest approximation
to the well known k-linear dependence. However, in various 2D systems,
terms with a cubic momentum dependence play also an important role. The
so-called cubic Rashba interaction is responsible, e.g., for spin and transport

* Corresponding author.
E-mail address: adyrdal@amu.edu.pl (A. Dyrdal).

https://doi.org/10.1016/j.jmmm.2019.165919

properties of a two-dimensional hole gas formed at the interfaces of III-V
semiconductor heterostructures [11-16]. Recently, the cubic character of
Rashba interaction has also been found in a two-dimensional electron gas at
the perovskite oxides surfaces and interfaces such as LaAlO3/SrTiO5; (LAO/
STO) [17-20].

The thin films or heterointerfaces of perovskite oxides are a diverse
group of materials with intriguing aspects of fundamental physics. For in-
stance, the interfaces of insulating nonmagnetic oxide perovskites reveal
interesting physical properties such as two-dimensional metallic con-
ductivity, large negative magnetoresistance, metal-insulator transition, low-
temperature superconductivity, and ferromagnetism as well as their coex-
istence [21-24]. Moreover, experimental data indicate strong spin-to-charge
interconversion effects governed by spin-orbit coupling [25-28].

Here, we investigate anomalous Hall and Nernst effects in a two-di-
mensional electron gas with anisotropic k-cubed Rashba spin-orbit cou-
pling. Anomalous Hall effect has become nowadays one of the most im-
portant and commonly used experimental tools, delivering information
about magnetization, transport properties, and the system topology [29].
Although the behavior of anomalous Hall conductivity in the presence of
linear Rashba coupling has been investigated intensively, the influence of
the cubed Rashba coupling on it has got much less attention. Therefore, the
purpose of this paper is to provide the theoretical description of the
anomalous Hall and Nernst effects in magnetized 2D electron gas with cubic
Rashba coupling. Since perovskite oxides have become recently very pro-
mising materials for spintronics applications, the effective Hamiltonian
derived for 2DEG at LAO/STO interface is considered. However, the
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0304-8853/ © 2019 Elsevier B.V. All rights reserved.
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presented model and qualitative results may also be applied to other
structures that, due to symmetry arguments, can be described by the same
Hamiltonian.

In Section 2 the effective low-energy Hamiltonian describing electronic
states of 2DEG with cubic Rashba spin-orbit coupling is described. In this
section, the Matsubara Green’s function formalism is applied to the anom-
alous Hall and Nernst effects. The Berry phase approach is also introduced.
The discussion of numerical results is given in Section 3. Finally, Section 4
contains the final remarks and summary of this work.

2. Model and method
2.1. Effective Hamiltonian

The electronic energy spectrum describing STO surfaces and STO/
LAO interfaces has been calculated recently within the tight-binding
approach and DFT modeling [17,18,30-33]. Based on these calcula-
tions the effective Hamiltonian describing the neighborhood of the I'
point in the Brillouin zone has been derived [17-20]. This energy
spectrum is formed by three pairs of bands as presented in Fig. 1(a).
These bands are created by d-orbitals (d,, d., and d;) originating from
b atomic orbitals of Ti. The effective Hamiltonian describing the lowest
pair of bands is formed by d,, orbital and has a form of k-linear Rashba
Hamiltonian with a negative coupling constant. The middle pair of
bands around I' point is described by spin-orbit coupling term which is
not only anisotropic in a k-space but also has a cubic dependence on k
(Fig. 1(b)-(e)). The highest, in energy, pair of bands is characterized by
effective Hamiltonian with k-linear Dresselhaus-like form of spin-orbit
[20]. Since electronic transport characteristics in a system with con-
ventional Rashba term is rather well described, within this article, we
focus only on the transport properties of quasiparticles from the middle
pair of bands. Another word, the aim is to describe transport properties
related to quasiparticle states determined by anisotropic k-cubed
Rashba spin-orbit interaction. The effective Hamiltonian describing the
system under consideration has the following form:

5 _ Wk 2_ 2
H = 5 oo + Al ki — ky || kxoy — kyox | + Mo,
m

1)

where k? = k] + k; and ky = kcos(¢), k, = ksin(#) are the wavevector
components, m is an effective mass of quasiparticle. The Rashba cou-
pling constant is defined as 1 = a®y (f + & — )/A, where a is the lattice
constant for perovskite oxides, y and A stands for the effective hopping
amplitude and energy difference between the d,, orbital and the d,, and
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d,, orbitals, respectively while 3 are the tight-binding parameters
describing the virtual hopping between d-orbital states via p-orbitals of
the oxygen [20,30,31]. The last term in the Hamiltonian describes ef-
fective exchange interaction with parameter M describing effective
magnetization in energy units. The magnetization is oriented in z-di-
rection (out-of 2DEG plain) and depends on temperature according to
the Bloch relation [34]: M = M,[1 — (T/T:)*'?], where M, is the sa-
turation magnetization, My, = M (T = 0), T is the temperature and T
denotes Curie temperature. Here it should be stressed that the above ef-
fective Hamiltonian is unbounded from below for large wavevectors what is
unphysical. Thus the considerations within this model are restricted only to
small quasiparticle densities. Thus, one needs to define the cut-off energy,
E, (and corresponding to it cut-off wavevector) below which the states
might be occupied and require that chemical potential is far below the cut-
off energy, that is 4 < E,. Accordingly, for numerical calculations, the
module of cut-off wavevector, k., is defined as k. = #2/(3mA) and corre-
sponds to the local maximum of the energy dispersion for the lower (i.e.,
E_) branch (see inset in the upper right corner of Fig. 1(f)). Since the cut-off
wavevector depends on the effective mass and Rashba coupling constant,
thus the energy window related to the reasonable changes of the chemical
potential also strongly depend on them. This is shown in Fig. 1(f), where k.
is plotted as a function of the quasiparticle effective mass. Additionally, the
Fermi contours fixed for the same Fermi energy, for different values of ef-
fective mass are shown. Evidently, the anisotropy of energy bands is more
pronounced at higher effective masses.

The casual Green function corresponding to the Hamiltonian (1) has
the following explicit form:

Gx(€) = Groop + GOy + ka gy 2)

with coefficients:

1
Gro = E(Gk+ + Gx-),

3
G = A—"s(sm(@ - sin(3¢))(ck+ -G,
48 ()]
Gyy = /l—ks(sin(qﬁ) + sin(3¢))(G — Gxo)
ky 4 K+ k-) )
M
Giy; = — (Ggy — Gio),
kz ng( k+ k ) ©)
where Gyg. =[e+u—E, +idsgn(e)]™! with the eigenvalues

E. = ¢ + & (& = 7’k?/2m and § = |M? + A%kScos?(2¢)).

(a) TB model (b) (d) effective model (f) .:‘.9282‘4]
06 0.402 0.012 1 4= \ E‘/
40 - ~ [ 2 ETT
0,398 Y=3¥o 0.008 A =3 E o 0% r\ T Ee
0.5 7 0.394 0.004 0.9 3 “ i3 ke
. 004 E X P
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Fig. 1. Band structure of the electronic states at the interface of LAO/STO obtained based on TB model (a)-(c) and effective model for close vicinity of the I' point (d),
(e). The lowest in energy pair of bands originates mainly from the d,, orbital, the middle pair of bands originates from the mixing of d,; and d,, orbitals, whereas the
highest in energy pair of bands is formed mainly by the orbital d,,. Figures (c) and (e) show constant energy contours at 4 meV above the bands minima in TB and
effective model respectively. The anisotropy of energy spectrum in the k-space is seen in both models. Figure (f) presents the cut-off wavevector as a function of the
effective mass, and Fermi contours obtained for selected values of effective mass. The TB model and parameters such as lattice constant a = 4.05 A, hopping integrals:
4 =0.227€V, t, = 0.031 eV, t; = 0.076 €V, parameters A = 0.4 eV, y = 0.02 eV, and atomic spin-orbit coupling parameter Ass0 = 0.01 €V are taken from Ref. [20].
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2.2. Anomalous Hall conductivity

To calculate the anomalous Hall conductivity (AHC), the Matsubara
Green’s function formalism has been used (see e.g. [35-39]). In the
linear response regime, the transverse charge current density induced
by external electric field can be derived based on the following ex-
pression:

e [lwm] =ksT Y, Tr{j, G (ien + iwy)Ha (iwm) G (ien)}.
k,n (7)

where Gy (ig,) denotes Matsubara Green’s function corresponding to the
unperturbed Hamiltonian (1) with ¢, = 2n + V)wkgT, w,, = 2mukgT
being Matsubara energies, and kg is the Boltzmann constant. The charge
current density operator is defined as jAl = eh; where e is the electron
charge and the velocity operator is defined as ¥; = h‘lakil’-l\ . The per-

turbation Hamiltonian FAIA describing the coupling of quasiparticles
with an external electric field is given in the form:

I/'I\A(lwm) = _,};Ay(iwm)s (8)
where the amplitude of electromagnetic field is linked with the am-
plitude of electric field through the well known relation:
A, (iw,,) = —ihE, (iw,)/iw,. The sum over Matsubara energies has been
done using the method of contour integration and analytical con-
tinuation for Green’s function [35]. Finally, the expression for AHC
receives the following form:

Oy (@) =

where GF/4 = [(¢ + u + iTd, — H]' stands for retarded/advanced
Green’s function, I is a quasiparticle relaxation rate (I' = #/27, T — re-
laxation time), u is a chemical potential, and f (¢) denotes the Fermi-
Dirac distribution function. The Eq. (9) is a starting formula for further
numerical and analytical calculations.

2.3. Anomalous Nernst conductivity

The anomalous Nernst conductivity (ANC) can be also found based
on Matsubara Green’s function formalism. One can start from equation
similar to Eq. (7), but with the perturbation Hamiltonian defining as
follows:

Pl (ieom) = =7, Ay (i), 10)

where JAyh is a heat current density operator and A is an artificial
gravitational vector potential amplitude related to the temperature
gradient by the following expression: A (iw,,) = ihV, T (iw,,)/(iw, T) (for
details see e.g. [38,40-42]).

In turn, it is also known that some thermal transport coefficients
obtained within the Kubo-like formalism behave unphysically when the
temperature tends to zero. Thus, to satisfy the Onsager relations, the
magnetization currents should be taken into account. Other words, for
the anomalous Nernst effect, to obtain results satisfying the third
thermodynamic law, one should add to the expression derived from the
Kubo formula an additional term related to the orbital magnetization
current density. In this manuscript, quite tedious calculations of the
orbital magnetization are omitted due to the fact that in the model
under consideration the AHE is determined by the topological compo-
nent. In such a case it is easier to calculate the transverse heat current
conductivity, 8, which intrinsic contribution is expressed by the en-
tropy density of the electron gas, S,(k), and the Berry curvature, #7.
Since the transverse heat current conductivity is related to the trans-
verse heat conductivity by the Onsager relation, 8, = o, T, ANC is

’h d
~= e f 2 (zmz j’ TS ORGEE + )R GEE) ~ G @] + KIGEE) ~ GL @106 - )],
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given by the following expression [43,44]:

=& z = )2J5<k>sn(k>.

(1)

The entropy density for the n-th subband is given by the equation:

Sn(K) = —fi EDIn[fi (E)] — A = fi B))In[1 — fi (Ep)] 12)
and the Berry curvature is calculated from the expression:
Zi(K) = i Vi X (B Vi [%), as)

with ¥, standing for the eigenvector related to the n-th eigenvalue of
the Hamiltonian (1).

3. Results and discussion

Evaluation of the Eq. (9) for AHC and Eq. (11) for ANC allows to
obtain analytical and numerical results. Eq. (9) has to be integrated
analytically over ¢ and next the dc-limit (w — 0) has to be taken.
Moreover, after a long discussion about different origins of AHE and
proper nomenclature related to its different origins (see, e.g., [29]), the
AHC is commonly expressed as a sum of two components:

Oy = O, + o 14)

The first component, o, o f(E+)], is the contribution from the states at

the Fermi level and the second one, o f (EL)], describes contribution
from all states below the Fermi level (so called Fermi sea or topological

©)]

component).

Here we consider the quasi-ballistic limit, that means low impurities
concentration and weak scattering on impurities, which results in
I' - 0. In this case, we found that the component o,ﬁy is a few orders of
magnitude smaller than the contribution from a,g and can be neglected.
Thus, the electronic properties of the system described by anisotropic
k-cubed Rashba model is determined by the quasi-particle states from
the Fermi sea, and:

oll = -3¢ M’1 [ dgdk —0032(245) [f (BD) = F (B

(15)

This result might be verified easily taking into account the fact that the
topological contribution to the AHC may be derived based on the
knowledge of the local value of the Berry phase in the system [45-47]:

jz k
Z f o )2 (K)f (En). a6

The Berry curvature for the considered model has the following
explicit form:

2Kk =F 2i§‘3l<“M/12cos2 (245).

k 17)

Thus, inserting (17) into (16) gives immediately Eq. (15). In turn,
taking into account Eq. (11) the expression for ANC reads:

3eM/1 kB

tyy = S d¢dkM[s X — S, ().

& a1s)

Fig. 2 presents numerical results for anomalous Hall conductivity as
a function of temperature, T, saturation magnetization, M,, and Rashba
coupling constant, 2. The AHC increases slightly with the temperature
reaching a maximum at certain value of T, and next decreasing to
vanish at T equal the Curie temperature (T = Tp), where the phase
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transition occurs, and a system becomes nonmagnetic (Fig. 2(a)-(d)).
Moreover, one can easily see that the maximum value of AHC is shifted
to higher temperatures with increasing the saturation magnetization
(Fig. 2(a) and (b)). For higher temperatures and larger M, the max-
imum of AHC is well pronounced and precedes the magnetic phase
transition. Furthermore, the competition between the strength of spin-
orbit coupling and saturation magnetization is clearly seen in
Fig. 2(e)-(h). AHC increases with the saturation magnetization, reaches
a maximum, and then saturates. In general, for the fixed M, and y, the
absolute value of the anomalous Hall conductivity increases with

I

increasing 4. Note that the chemical potential is fixed with changing the
temperature, that is, the number of quasiparticles may be changed.
With increasing the temperature the magnetization decreases and the
subbands splitting degeneracy also decreases. Moreover, the blurring of
quasiparticles distribution also increases. In consequence, the AHC
decreases with temperature. The AHC behave quite non-monotonous
with the variation of the chemical potential. For the fixed value of sa-
turation magnetization, we observe that AHC increases with increasing
the chemical potential but after reaching maximum it decreases and
becomes zero at T = T (Fig. 3(a) and (b)). Moreover, the maximum of
the absolute value of AHC moves to higher values of u and T if the
saturation magnetization, M, in the system is higher (compare Fig. 3(a)
and (b) with (c¢) and (d)). Note also that the AHC is almost zero when
only one subband is occupied (that is, for Fermi level in the Zeeman
gap). Only when the temperature is sufficiently large, in comparison to
My, the thermal smearing of charge carriers distribution in both bands
leads to nonzero AHC, also for negative values of u, what is seen in
Fig. 3.

Fig. 4 shows the anomalous Nernst conductivity as a function of the
same parameters as for AHC, that is the temperature, T, saturation
magnetization, My, and Rashba constant, 1. For fixed value of chemical
potential (here 4 = 60 meV), and sufficiently large saturation magne-
tization one can observe that the anomalous Nernst conductivity in-
creases almost linearly with temperature and then, for a certain value of
T, decreases abruptly and change the sign to reach well define pick for
temperatures preceding the Curie temperature (Fig. 4(a)-(d)). Both
maxima (maximal negative and positive values) occur for higher tem-
peratures when saturation magnetization, M, is higher (Fig. 4(b)) or the
spin-orbit coupling parameter is smaller, 1 (Fig. 4(d)). Moreover, one
can see very non-monotonous behavior of ANC as a function of both M,
and A (Fig. 4(e)—(h)). When the spin-orbit coupling is sufficiently large
(i.e., it dominates the exchange interaction), ANC takes positive values
and increases with M,. After reaching a maximum, the ANC decreases,
and for a certain value of M, it changes sign and approaches minimum.
Finally, the absolute value of ANC slightly decreases and saturates for
sufficiently large values of M,. When exchange interaction dominates
the Rashba one, the ANC is always negative. This is also very good seen
in Fig. 5 where ANC is presented as a function of temperature and



A. Krzyzewska and A. Dyrdat

Journal of Magnetism and Magnetic Materials 497 (2020) 165919

A/, [1073] ayyfaf, [1073] aylal, [1073]
(a) -15 -1.0 -05 0.0 () 2 0 1 (e) -06 -0.4 0.2 0.0 02 )
e | EEE— DAL RS
201 7 20 027N, 7
[ 1 C _ 00 1
15 | 151 i L
> [ 1 = 2 -02fF
o [ ] o o N [
E 10 1 = E10F % f
> [ ] < R < -0.4F
z ] = 18 | ]
5¢ 3 5H 7 -06f 7
[ 1 £ ] Fis ~_ ]
o) A f) S P T PR T 080,
0 50 100 150 200 50 100 150 200 o 1 2 3 4 5 15 20
(b) TK] (d) TIK] ) Ao (h) Mo [meV]
F Mn[m\ev]:1 T T ] _M.l T |.,. ] 02l T T T 01: T T T T 7
[ 26 ] [ Ao VAR + B F
/‘\5] 4L ——o0t s /] [ 1 0.0k eV 90
- bl I -—-01 —5 0 7% 7] F K F R R
o=t S 0.0 g E <80/ ]
[ i ] 1 -01F 77
0 N 1 ] F K
N "1 o2 4 -o2F e &
3 q 1 -o3fF 3
X b -0.4 - F 3
- - [ 1 -04F &
I ] [ 2] F ]
Lo vnlny ] P P B U e I I B el S
0 50 100 150 200 0 1 2 3 4 5 0o 1 2 3 4 5
TIK] AMAo MAo

Fig. 4. Anomalous Nernst conductivity as a function of temperature, T, and saturation magnetization, M, , (a), (b), (g); temperature and Rashba coupling constant, a,
(c), (d); Rashba constant and saturation magnetization (e), (f), (h). Other parameters are as in the Fig. 2.

aylag, [1073] Ay lag, [1073]

(©

-1.0 -0.5 0.0 -15 -1.0 -05 0.0
. 100—:
80 80
60 60

N
o

L L B
o L L L L L L

50

100
TKI

150 200

U [meV]:

]
e
&)

Axylaf), [1073]
I
o

o 1
|
L
&)

PRI I AN S

50 100 150 200
TIK]

v :
(<}
O T

50 100

T[K]

150 200

Fig. 5. ANC as a function of chemical potential, u, and temperature, T (a), (c).
The cross sections of the plots (a) and (c) at fixed values of u (b), (d). Other
parameters are the same as in Fig. 2.

chemical potential for the two different values of M.

One of the most important features in the behavior of ANC is the
change of its sign, that occurs for temperatures preceding the magnetic
phase transition. The similar sign reversal of ANC as a function of
temperature has been observed experimentally in different oxides ma-
terials (such as LSMO thin layers and SRO crystals) [48,49] as well as in
ferromagnetic semiconductors [50]. In the case of all these experi-
mental data, the intrinsic mechanism has been confirmed as a dominant
one. This behavior seems to be in agreement with our theoretical stu-
dies that show unambiguously that the topological contribution governs
the behavior of both anomalous Hall and anomalous Nernst effect.

I:d

Moreover, this is also consistent with our previous study for the two-
dimensional gas with isotropic cubic Rashba coupling [51].

4. Conclusions

The anomalous Hall and Nernst effect have been studied in the
magnetized two-dimensional electron gas with anisotropic k-cubed
Rashba spin-orbit interaction. It has been shown that the topological
term determines anomalous Hall and anomalous Nernst conductivity.
The contribution from the states at the Fermi level to both con-
ductivities are few orders of magnitude smaller and does not affect the
total system responses. Such behavior of AHE (ANE) in the systems
revealing k-cubic Rashba interaction is distinct in comparison to the
systems with k-linear Rashba coupling where AHE is nonzero only
when the carriers relaxation times are finite and spin-dependent (see,
e.g., [52]). Moreover, the change of sign in ANC has been observed in
temperature dependences. The sign reversal precedes the magnetic
phase transition and has been observed recently in experiments for
magnetic perovskite oxides. The system responses for the model studied
in this paper might be changed when one takes into account scattering
processes (taking corrections related to the vertex correction, skew-
scattering, and side-jump, randomness of spin-orbit coupling, etc.) re-
lated to the impurities with a magnetic moment and spin-orbit cou-
pling. All these processes (that will be studied separately elsewhere)
may modify the contribution from the states at the Fermi level re-
maining the topological contribution unchanged.
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4.4 Reprint of the article A-4

The presented article entitled "Non-equilibrium spin polarization in magnetic two-dimensional
electron gas with k-linear and k-cubed Dresselhaus spin-orbit interaction" provides the analysis
of spin polarization induced by the external electric field in a 2D system of zinc-blende structure
with symmetric quantum well grown in the [001]-direction.

In general, the exchange field in the out-of-plane direction is assumed.The exchange field emerges
when the electron gas forms at the interfaces, e.g., n-type diluted magnetic semiconductor het-
erostructures (n-type DMS). Another possibility is that the magnetization in the 2DEG results

from a proximity effect, i.e., due to coupling with a magnetic substrate.

The Kubo formula within Matsubara-Green’s functions formalism is used to analyze current-
induced spin polarization (CISP) in both non-magnetic and magnetic systems. Specifically, the
influence of the cubic Dresselhaus term on the results is investigated. Additionally, the intrinsic
contribution to the system’s response, namely, the transverse component of non-equilibrium spin

polarization and anomalous Hall effect, is identified.
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ARTICLE INFO ABSTRACT
Keywords: The current-induced spin polarization (CISP) of charge carriers is one of the main mechanisms of spin-to-
Non-equilibrium spin polarization charge interconversion effects that can be used in new spintronics devices. Here, CISP is studied theoretically

k-linear and k-cubed Dresselhaus spin—-orbit
coupling

Semiconductor heterostructures

Berry curvature

Anomalous Hall effect

in symmetric quantum wells growing in [001] crystallographic direction, where both k-linear and k-cubed
Dresselhaus spin—orbit interactions are present. The exchange interaction responsible for perpendicular to plane
net magnetization is also taken into account. The main focus is on the influence of cubic Dresselhaus term
on CISP and the interplay between spin-orbit interaction (SOI) and the exchange field. The analytical and
numerical results are derived within the linear response theory and Matsubara Green’s function formalism.
Apart from detailed numerical results, we also provide some analytical expressions that may be useful
for interpretation of experimental results and for characterization of quantum wells with Dresselhaus SOL
Analytical expressions for the relevant Berry curvature are also derived, and it is shown that the Berry
curvature in magnetic 2DEG with cubic Dresselhaus interaction oscillates in the k-space, while its averaged
value is reduced. We also analyze the temperature behavior of CISP and calculate the low-temperature spin
polarizability due to heat current.

1. Introduction inversion asymmetries lead to spin—orbit interactions of different nature
(depending on gate voltage and growth direction with respect to the

The efficient control of the spin degree of freedom is nowadays one crystallographic axes), and in consequence, to various spin textures

of the most important aspect of solid state physics and cornerstone and spin dependent system responses [15-19]. The Rashba spin-orbit
for further development of spin electronics. The spin-orbit interaction interaction is a consequence of the so-called structural inversion asym-
couples intrinsically orbital and spin degrees of freedom and provides a metry. Here, the confinement potential of quantum well is asymmetric.
variety of phenomena enabling all-electric control of the spin. The spin Importantly, the strength of Rashba coupling can be tuned by the gate

Hall effect (SHE) is probably the most prominent example where the
charge current (i.e., external electric field) in a non-magnetic sample
generates pure transverse spin current (or spin accumulation at the
sample edges) [1-3]. Additionally the electric current flowing through
the sample induces a non-equilibrium spin polarization of charge car-
riers. This phenomenon is known as the Edelstein effect or inverse
spin galvanic effect [4-7]. Both effects after only fifteen years of their

experimental observation [8-11], have become widely used tools for . . . .
. . . . ena, the Rashba spin-orbit coupling focuses enormous attention [21,
generation and control of spin currents and spin accumulation. They

- . - 22]. It is studied not only in semiconductor heterostructures but also
are also strong enough to induce magnetoresistance effects and spin . X X K X X
. in other structures without inversion symmetry, i.e., at the interfaces of
dynamics [12-14].

perovskite oxides, perovskite halides thin films, surface or subsurface
tron gas (2DEG) forming at the interface, serve as a platform for st.ates of germanium Ge[111], gold Au[111], bismu.th Bi[111], and
the spin-to-charge interconversion effects. This is mainly due to well Bi/Ag alloys [111] _[23_29]' The anorr'lalo'us and spin Hall effec.t, as
established methods of fabrication and externally tunable electronic V‘{ell as the .Cuf'rent'mduced Spin POl.arlzatlon have been extensively
properties (via doping, gating or strain). Moreover, structural and bulk discussed within the Rashba 2DEG in the presence and absence of

voltage or doping. In turn, the spin-orbit interaction related to the bulk
inversion asymmetry of the underlying crystal is known as Dresselhaus
spin-orbit coupling [20] and its form depends on the growth direction
with respect to the crystallographic axis. Both Rashba and Dresselhaus
spin-orbit couplings are proportional to odd powers of wavevector k
with the dominant contribution of k-linear and k-cubed terms.
Recently, in the context of spin-to-charge interconversion phenom-

The semiconductor heterostructures, with a two-dimensional elec-
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(u = (10,60} eV m). The linear and cubic Dresselhaus coupling constants are equal respectively fi, = 1-10~'" eV m, and y, = 20-10" eV m’,

m.

external magnetic field, or different types of scattering potentials (see
reviews e.g., [3,30] and references therein).

Here we focus on 2D electron gas with Dresselhaus spin-orbit
interaction, as a basic model describing symmetric semiconducting
quantum wells, and present detail characteristics of the current-induced
spin polarization. In case of quantum wells growing in the [001]
crystallographic direction, build by semiconductors with zinc-blende
structure, the lowest order contribution to conduction band spin-orbital
splitting is given by the following Hamiltonian [19,20]:

#P

=71k} = KDkyoy + (K2 = KDkyo, + (k3 — kD)k 0],

where y is spin-orbit coupling parameter. Since the quantum well is
confined in the z-direction it is assumed for the lowest energy subband
that (k) =0 and (k2) = z*/L?, where L is a thickness of the quantum
well. Accordingly, the dominant contribution to the Dresselhaus spin—
orbit interaction comes from the linear in k term proportional to the
coupling constant f = y(kﬁ). The k-cubed term manifests in wider,
highly doped quantum wells, where its presence, in addition to k-linear
Rashba and/or Dresselhaus term, can have important consequences.
It leads, e.g., to the nonvanishing spin Hall effect in nonmagnetic
2DEG with scalar impurities, and nonzero anomalous Hall effect under
uniform exchange field when two subbands are occupied [31-33].
It plays also an important role in the case of persistent spin-helix
state detuning. Current-induced spin-orbit interaction in 2DEG with
the linear in k Dresselhaus coupling has been studied, especially in
the context of its interplay with linear Rashba interaction [34-36].
However, detailed characteristics of CISP for the model with both k-
linear and k-cubic terms have got less attention [32,33,37]. Thus, we
present results of detailed study of 2DEG with Dresselhaus spin orbit
interaction defined by the above Hamiltonian. We focus, among others,
on the role of the k-cubed Dresselhaus term and the role of temperature
and net magnetization on the system response.

The paper is organized as follows. In Section 2 we introduce the
model and formalism used for description of the non-equilibrium spin
polarization. In Section 3 we consider nonmagnetic 2DEG with linear
and cubic spin-orbit interaction, whereas in Section 4 we analyze in
details the magnetic 2DEG in the presence of linear Dresselhaus SOC as
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effective mass m = 0.05m,, and k, = 10

well as the most general case, i.e., magnetic 2DEG with both k-linear
and k-cubic Dresselhaus terms. We discuss also the relation between the
Berry curvature and anomalous Hall effect, as well as the component
of spin polarization that appears only in the presence of exchange
field. In Section 5 we discuss the thermally-induced spin polarization,
that is related to the electrically-induced spin polarization at the low
temperature by the Mott relation. The final discussion and summary is
provided in Section 6.

2. Model and method

Here we focus on a magnetic two-dimensional electron gas forming
at the interfaces in a symmetric quantum well. In such a case the
Rashba spin-orbit coupling is reduced and the leading source of spin—
orbit interaction originates from the bulk inversion asymmetry. The
model Hamiltonian can be written as follows [18,19]:

A =HN + AP + AM, 1
where the kinetic term, H*'V has the well known form:
AN = ¢,00, (2)

2.2
where ¢, 7’2—:1 with k* = k2 + k2 and m being an effective mass of
quasiparticles. The second term describes spin—orbit interaction of the
Dresselhaus type, which in the case of 2DEG at the surface [001] has

two components, i.e., k-linear and k-cubed respectively:

TP = HP 4 fycP (3)
D= B(kyo, — kyoy), (3b)
HEP = y(k koo — k ko). (30)

The spin-orbit coupling parameters g and y are related to each other,
i.e., p = y(k%), where (k?) is the expectation value of k2 with respect
to the subband wave functions of quasiparticles in the quantum well,
and y depends on the underlying semiconductor bulk material. The
last term in (1), M, describes the exchange interaction between spins
of conduction electrons and localized magnetic moments, i.e., a net
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magnetization M oriented in the z-direction (normal to the plane of
2DEG), and takes the following explicit form:

AM = Mo,. (€]

Here, the exchange energy is given by the parameter M in energy units.
The matrices 6, and o, (where a = {x, y,z}) are the identity and Pauli
matrices acting in the spin space.

The eigenvalues corresponding to the Hamiltonian (1) have the f(il-
lowing form: E, = £;+¢,, where & = [M2 + 2K — kiki(4ﬂy ) /
Fig. 1 presents the energy spectra corresponding to the all cases con-
sidered in this paper, that is: nonmagnetic (Fig. 1(a),(c)) and magnetic
(Fig. 1(b),(d)) Dresselhaus 2DEG in the presence (Fig. 1(c),(d)) and
absence (Fig. 1(a),(b)) of k-cubic correction to the Dresselhaus spin—
orbit interaction. The expectation values of quasiparticles spin are also
presented to emphasize how the out-of plane magnetization and the
cubic Dresselhaus interaction modify equilibrium orientations of spins
at the Fermi contours, and therefore the spin-dependent properties of
2DEG.

The non-equilibrium current-induced spin polarization may be
found in the linear response to the external electric field within the
Matsubara Green’s function formalism [38]:

S;(iw,) = = Z Tr {3,Gy (e, + i0,)H, (0,)Gy(e,) } , 5)
k.n

where = = kT (ky — Boltzmann constant, T — temperature), §; =

ga,- is i-th component of the spin operator, and #, is a perturbation

Hamiltonian describing the interaction of electrons with an external

electric field:

Hy(io,) = —0;A (6)

Here 0, is a j-th component of the velocity operator, and the amplitude
of the electromagnetic vector potential has the following explicit form:
A(iw,) =h Elzl(;)";) Gy (ie,) stands for the Matsubara Green’s functions,
were €, = (2n + 1)7: £ and w,, = 2mz = define Matsubara energies.

Eq. (5), after summation over Matsubara energies, takes the form:

)

where the response function, y;;, also called the spin polarizability, can
be written as follows:

j(iwm)'

S; =)([jeEj,

n d’k [ de
Xij(@)=—= 27 3.7 7K ). )]
Here f(¢) is the Fermi-Dirac distribution function, and:
Tk, &) = Tr {3, |G} (e + 00, (G () - G (e)]
[GR(e) — G ()1, G (e — )] } ©

with Glf =RA defining retarded or advanced Green’s function. The ex-
pression (8) is the starting point for detailed analysis of spin polariza-
tion in our model. Without loosing the generality one can assume that
electric field is oriented in the % direction, and therefore we discuss the
response functions y;,.

In our considerations the main source of relaxation is the scatter-
ing on randomly distributed, spin-independent, point-like impurities.
Accordingly, assuming white-noise distribution, the impurity poten-
tial is given in the form: V(r) > Voé(r — R;) and vanishes on
average, i.e., (Vy(r)) = 0, whereas the second statistical cumulant is
finite (Voo |?) = n; VO2 (n; — impurity concentration). The scattering
on impurity potential is taken into account by averaging the quantum—
mechanical expectation value for spin polarization over impurities
configuration. This has been done, by averaging the combination of
operators in Eq. (9) over impurities configuration, i.e., (§,G¥0;G").
The localization corrections, as vanishingly small in the low impurity
concentration, are not taken into account. Thus, the disorder average
is evaluated here in the ladder approximation, that is (5,GX0,G") =
S{GX)D j(GY ), where S; is the renormalized spin vertex function, and
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Fig. 2. Spin susceptibility ., as a function of (a), (b) chemical potential yu, (c)
linear Dresselhaus spin—orbit parameter f#, and (d) temperature 7. The effective mass
m = 0.05m, and other parameters as indicated.

(GX) = [e — H — 2X]7! is the configurational averaged Green’s
function, that contains the impurity self-energy >X. Information about
derivation of self-energy and spin vertex function, S;, is provided
in Appendix A.

In next sections we study in details the behavior of current-induced
spin polarization in 2DEG with Dresselhaus spin—orbit interaction. In
Section 3 we will focus on nonmagnetic 2DEG, whereas in Section 4
we present results for magnetic systems.

3. CISP in nonmagnetic 2DEG

The non-equilibrium spin-polarization has been studied in details
for Rashba systems, and partially for Dresselhaus spin-orbit interac-
tion [39,40]. However, according to our knowledge, there is still a
lack of detailed studies of CISP for systems with both linear and cubic
Dresselhaus spin-orbit interaction. Thus, for the consistency of this
paper we study the Dresselhaus 2DEG described by the Hamiltonian (1)
for some special limits. In this section we consider the nonmagnetic
case, i.e., we assume that the exchange field M vanishes.

3.1. 2DEG with linear Dresselhaus SOC (f # 0 and y = 0)

We start our considerations assuming that the linear Dresselhaus
spin-orbit interaction dominates whereas the cubic term may be ne-
glected. In such a case the Hamiltonian (1) takes the following form:
H = HX' + H{*P, with eigenvalues: E, = ¢, + k. The corresponding
energy dispersion is presented in Fig. 1(a). In this case, only the x-
component of non-equilibrium spin polarization appears, that is the
component in plane of 2DEG and collinear to the external electric field.
This is also easy to understand when we plot the equilibrium expecta-
tion values of spin for fixed energy and wavevector k (right panel of
Fig. 1(a)). The average spin in each subband vanishes at equilibrium.
When external electric field is applied in the x-direction, the Fermi
contour is shifted. In consequence of spin-momentum locking, triggered
by linear Dresselhaus spin-orbit coupling, one observes a nonzero x-
component of spin density. The Egs. (7) and (8) (i.e., single loop or
’bare bubble’ approximation [38]) leads to the following formula:

/ dick [K2p* + 212

50
PR+ I

————[f(E)) + f(E))]
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Fig. 3. Spin susceptibility y,, as a function of set of parameters. (a)-(c) x,, as a function of chemical potential y, for selected values of parameters g, y, and T respectively; (d)
Jxx as a function of temperature 7' for selected values of chemical potential, and (e) as a function of parameter y for selected temperatures; (f) y,, presented as a function of the
quantum well width for different positions of Fermi level u. (g), (h) The x parameter normalized to x”*, as a function of y and B respectively. Effective mass as in Fig. 2 and

other parameters as indicated.

2
%[f’(E+)—f’(E_)] .

The above equation, in the limit of low impurity concentration and at
low temperatures (i.e., T — 0), takes the following form for x > 0:

+ (10)

m

0(T=0) _ mp - _
ST = ey =5 an
where the relaxation rate, I', is:
r=nv?2Z =r,. 12)

0 2m2
Taking into account the averaging over impurities configuration by the
renormalization of the spin vertex operator (see Appendix A.2) one
gets:

S, =nS°, (13)

where 7 is a numerical factor renormalizing the spin vertex function.
In this case 7 is equal to two (details of calculations are given in the
end of Appendix A). The Eq. (13), in the limit T — 0 and I" — 0, gives
us the final analytical result for non-equilibrium spin polarization in
2DEG with linear Dresselhaus spin-orbit interaction:

mp - _
x m =2s
The non-equilibrium spin polarization, in this case, is indeed p inde-
pendent and constant for specific system (for constant #, m, n;, and
Vo).

When Fermi level lies below the subbands crossing point, that is for

S, =eE (14)

X -

2
the range —gT'; < p <0, the relaxation rate takes the following explicit
form:
"
r-n—~=~» -~ (s)
V2muh? + m2p2 n

where n is quasiparticle density at the Fermi level, i.e., n(y < 0) =
% m2p2 +2m2mu and n* = n(u=0) = m>p*/xh*. In this case the
non-equilibrium spin polarization can be expressed as follows:

S, = 28*%‘ (16)

These results are in agreement with those in the previous litera-
ture [40], and show the linear dependence of the non-equilibrium
spin polarization on the relaxation time, and the spin-orbit coupling
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parameter. Moreover, CISP in such system is oriented in the plane of
2DEG and collinear with the external electric field.

Fig. 2(a) and (b) present the spin polarizability y,, of the non-
magnetic 2DEG when the cubic Dresselhaus spin-orbit coupling is
neglected, i.e., y = 0. Here y,, is plotted as a function of chemical
potential, y, for several values of the coupling parameter . The solid
lines in Fig. 2(a) correspond to the numerical results, obtained based
on Egs. (10) and (13), whereas the dashed lines correspond to the ana-
lytical expressions (Eq. (14) and (16)). The range of negative chemical
potential is very narrow and presented separately in Fig. 2(b). Here,
the numerical results are plotted for two cases, i.e., when (i) I" is a
u-dependent function (as in Eq. (15)), and when (ii) I is treated as a
constant, u-independent, parameter. Note, that in the second case, the
constant value of I" when p changes means that the concentration of
impurities or the impurity potential are variable.

At this point it should be stressed that in general, when chemical
potential approaches the edge of the lower subband (i.e., y — u,,;, and
n — 0), the relaxation rate diverges (according to Eq. (15)) and the
role of disorder increases. In such a case the Ioffe-Regel localization
criterion imposes a constrain on y. Therefore, from the equation u* —
HUpmin = I'(u*) one can find the chemical potential, y*, below which
the states become localized and the conductivity is suppressed. Since
we do not consider in this paper the localization processes, in the
following sections we restrict our considerations mainly to the range
of positive values of chemical potential or far above the bottom of the
lower subband. Accordingly, everywhere we present the u dependence,
the relaxation rate I is treated as a constant parameter independent on
u (i.e., the impurity concentration changes) and we do not determine
u*, below which the conductivity and also the spin polarization is
suppressed. Note, this happens above the bottom of the lower band,
i.e., for chemical potentials larger than the temperature smearing of
Fermi-Dirac distribution function.

Fig. 2(c) shows the spin polarizability as a function of the spin—orbit
coupling parameter f. Thus, y,, is almost a linear function of g. For
sufficiently large values of chemical potential the rate of increase of
Z«x as a function of # does not change, what coincides with Fig. 2(a).
Finally, Fig. 2(d) presents the spin susceptibility as a function of tem-
perature. One can see that y,, is reduced by approximately half when
the temperature increases. The decrease of y,, is abrupt for smaller
chemical potentials, whereas for large chemical potentials it is only
slightly modified.
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3.2. 2DEG with linear and cubic Dresselhaus SOC (f # 0 and y # 0)

In a more general case, when both k-linear and k-cubed terms of
Dresselhaus spin-orbit interaction are nonzero, the Hamiltonian (1) has
the following components H = HX'N + HP + HCP, The eigenvalues
corresponding to this Hamiltonian can be written in the form: E, =
% + §(M 0). The corresponding energy spectrum is presented
in Fig. 1(c). The influence of the k-linear Dresselhaus term on the
electronic states is mostly visible around the subbands crossing point,
i.e. for small values of chemical potential (low carrier concentration). In
turn, the k-cubed Dresselhaus term might be important at larger values
of u, that is for quantum wells with higher electron concentration. Since
the expressions that follow from Eq. (8), as well as the impurity vertex
function are rather cumbersome, (for the details see Appendix A.2),
they are evaluated numerically and presented in Fig. 3.

Fig. 3(a)-(d) present spin polarizability y,., plotted as a function of
chemical potential i (note that I’ is fixed here). Comparing Fig. 3(a),(b)
and Fig. 2(a) one can clearly see how the nonzero cubic Dresselhaus
term modifies the spin polarizability. Namely, for the positive chemical
potentials (two subbands occupied) one observes almost linear drop in
the value of spin susceptibility with an increase in the value of chemical
potential. The modification is also evident in temperature dependences
and for higher values of chemical potentials (compare Fig. 3(c)-(e) and
Fig. 2(d)).

When yk%F < B, the cubic Dresselhaus term in the Hamiltonian can
be treated perturbatively. Performing the expansion of the Green’s func-
tions with respect to #°? one can continue our calculations analytically
(see Appendix B). As a result, in the low temperature regime, one finds
(up to the linear term in y) the final expression in a simple analytical
form. Thus, for u > 0:

S, =25, (1 - 1k§0> : a”n
B
where kp, = v/2mu/h is a Fermi wavevector of a degenerate 2DEG.

Based on this expression, it is clear that the cubic Dresselhaus spin—

orbit coupling modifies the current-induced spin polarization through

the term proportional to the chemical potential, 4. Taking into account

the relation between parameters # and y, the Eq. (17) can be written
1- =K

as:
2s, ( 7 F0> .

These approximate formulas may be useful as they combine CISP with
the quantum well width, L, and Fermi wavevector kp, (or electron
mobility), that is with the quantities provided by typical transport
experiments. The dependence of spin susceptibility on the quantum
well width is presented in Fig. 3(f). The fact that y,, in symmetric
quantum wells can be tuned by u or L seems to be important for
possible applications, making it controllable by external means.
One can also introduce a parameter x defined as:

oo X =0-2.0#0)
Zex(r =0)

Thus, « is a characteristic parameter that describes directly the influ-

ence of cubic Dresselhaus SOC on non-equilibrium spin polarization.

Regarding to the analytical result obtained perturbatively, i.e., Egs. (17)

and (18), one finds immediately the x parameter in the following form:

2
S, = L

x =

(18)

19

2 ¥ g2 L’

14 = pert
FO ﬂ K .

Kk s = (20)
Fig. 3(g),(h) present x normalized to xP''. One can see that the per-
turbative treatment of cubic Dresselhaus spin-orbit interaction leads
to the revalued influence of this term on the total non-equilibrium
spin polarization. The ratio x/kP*"' is a slowly varying function of p,
for 4 > 0 and for small values of spin-orbit coupling parameter y.

In turn, when y — 0 it increases rapidly. Similarly, when y is larger
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than y, =20- 107 eV m3, the linear increase of x with increasing u
becomes visible (see Fig. 3(g)). The cubic Dresselhaus term changes the
spin polarization about 10% — 30% for higher values of y with respect
to the u-independent spin polarization.

4. CISP in magnetic 2DEG

Now, let us discuss the influence of exchange field on CISP. Similarly
as in the previous section we start our discussion assuming that the
cubic Dresselhaus term is vanishingly small, and can be neglected. Then
we discuss the case of magnetic 2DEG in the presence of both linear
and cubic Dresselhaus spin—orbit coupling. We will focus, among other,
on temperature behavior of spin polarization. We assume here that M
varies with temperature according to the Bloch’s law, ie., M(T) =
M, [1 = (T/T.)*?], where My = M(T = 0), and T denotes the Curie
temperature.

4.1. Magnetic 2DEG with linear Dresselhaus SOC (f # 0, y =0)

The Hamiltonian (1) is now reduced to the following form A =
HXIN 4+ AP + AI™ and the eigenvalues take simple form: E,
&, = VP*k*+ M? = ¢, + 4. In this case, we get, in the single loop
approximation, the following expressions:

o _ eEchp (2pr+2r% /
V=57 dkk[ e [f'(E) + f'(E))]
242
5 e, - f’(E_n] , @1
mhy
0_opp [ dik _MP _
S0 = eEyh / o [ 1) - s
2 ! !
_g_[f (E+)+f(E_)]] 02
k

[1+ (/4]

and SS = 0. Note, that in the limit of low impurity concentration,
the second term in expression describing SV vanishes. Thus, the non-
equilibrium spin polarization has two components: The x-component
which survives even if M vanishes, and the y-component that appears
only in the presence of M. Moreover, the y-component, as originating
from the Fermi sea contribution, is independent of relaxation processes
and can be easily linked to Berry curvature.

The detailed calculations show that the impurity vertex function
modifies only the x-component of spin polarization, whereas the y-
component remains unchanged. Thus, one can write:

S,=nS), S,=.5 (23)

As in the previous section, 7 is a factor that comes from the impurity
vertex correction. In this case, n ranges between 1 and 2 and its
value reflects the interplay between exchange interaction and spin—
orbit coupling. When Fermi level crosses only one subband, i.e., it lies
in the energy gap which appears as a consequence of the exchange
interaction, n — 1. Thus, , reflects the fact that the exchange interaction
dominates the spin-orbital one (there is no renormalization of the
spin vertex function when SOC disappears). In turn, n — 2 when two
subbands are occupied, and is equal 2 in the range of u, where the
spin—orbit interaction completely dominates the exchange one. This
behavior is shown in Fig. 4, where the vertex correction, 7, is plotted as
a function of chemical potential ; and spin-orbit coupling parameter f
(Fig. 4(a)), chemical potential and magnetization M (Fig. 4(b)), and as
a function of p and M (Fig. 4(c)). Moreover, Fig. 4(d) presents the cross
sections of Fig. 4(c). The numerical results for 5 are obtained assuming
I' as a constant parameter. This simplification may be not adequate
when u approaches the bottom of the lower subband, where I" and 5
are energy dependent functions (as discussed in Section 3.1).

In low temperature limit, the Eq. (21) and (22) can be evaluated
analytically. Thus, in the low concentration of impurities, the analytical
expressions are presented below, where s, is defined in Eq. (11).



A. Krzyzewska and A. Dyrdat

Il Il
3 4
B 107 eV m]

Bo=1-10""eVm
H=1meV

P R EAVE I R PR R R

0.5

M [meV] M [meV]

Fig. 4. Renormalized spin vertex function # plotted as a function of (a) spin—orbit
coupling parameter f and chemical potential y, (b) magnetization M and chemical
potential, and (c) magnetization and spin-orbit coupling parameter; (d) # as a function
of M for different ratio of p to f,. The other parameters as indicated, whereas the
effective mass, m, is the same as in Fig. 2.

For the S, component of spin polarization one finds:

€ £
S, =13, ek 24)
A Ay,
for u> M,
E_
Sx='75xT (25)
k_
for —-M < u < M, and
Ep+ Ep—
S, = _— - 26
* nsx</1k+ )“k> 26)
2
for —%" 1+t”—22 < u < —M, where e,;:’%.

]
The S|, component is given by the following equations, where s, =

eExh,
8zp °
S, =—s, M- L @7)
for uy > M,

M
Sy =—Sy (1 - K) (28)
for -M < u < M, and

1 1
S,=-s M| — - — 29
) s, (1/6; /1/(_> (29)

for —%” <1 + f—{) <pu<-M. In the above equations, the Fermi
wavevectors take the form 12
ky = [Zm (sﬁ +uUF [E; +2peg + Mz]l/z)] for y > —M, and k* =k,
for u e —%ﬁ 1+ Ig—g ;—M | (see Fig. 12 in Appendix C).

The analytical results given by Egs. (24)-(29) are presented in
Fig. 5. The spin susceptibilities, y,, and y,,, are plotted as a function

A-4
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Fig. 5. Current-induced spin polarizability y,, and y,, as a function of (a),(c) chemical
potential u, for selected values of linear Dresselhaus coupling parameter f and (b),(d)
as a function of temperature T for selected values of y. Solid lines correspond to the
temperature 7' = 50 K and dashed lines correspond to zero-temperature formulas given
by Egs. (24)-(29). The Curie temperature is set to 7. = 180 K. The results include
the vertex correction. The other parameters are indicated and the effective mass is the
same as in Fig. 2.

of chemical potential u for fixed value of M and the temperature
T 50 K (solid lines), as well as in the limit of T — 0 (dashed
lines) (Fig. 5(a)-(c)). In the low impurity concentration regime the spin
susceptibility y,, is robust to impurity scattering processes. Precisely,
we found that y,, does not depend on the relaxation time and impurity
vertex correction. Additionally, one can see that y,, increases rapidly
when only single band is occupied, reaches maximum and next slowly
decreases with increasing u. In turn, y,, is only slightly modified
by magnetization in comparison to the nonmagnetic case when both
subbands are occupied. The main difference between dependences pre-
sented in Fig. 3(a) and Fig. 5(a) is pronounced in the low temperature
regime when chemical potential lies in the range —M < y < M. In this
case the only single subband is occupied and the x-component of the
spin polarization increases linearly with p. This behavior is however
blurred at higher temperatures due to the smearing of Fermi contours
by Fermi-Dirac distribution function. It should be stressed that y,, is
about three orders of magnitude smaller than y,,. Indeed, comparing
sy and s, one finds:

r
-—S
2ep

S, =

y (30)

,
Thus, as long as we keep the limit I' < ¢4, the S|, component of spin
polarization is always negligibly small in comparison to .S, component.

The non-equilibrium spin polarization depends also on temperature.
In general, within the model considered in this paper, the temperature
affects the system response in two ways: (i) by thermal broaden-
ing of Fermi surface, and (ii) by thermal decrease of magnetization.
Fig. 4(b),(d) presents temperature dependences of y,, and Xyx- 1D
numerics, M decreases with temperature according to the Bloch’s law
and the Curie temperature is assumed to be T = 180 K. This is easy
to observe, since y,, approaches 0 above T (where M = 0), and y,,
reaches values observed for the nonmagnetic case.

4.2. Magnetic 2DEG with linear and cubic Dresselhaus SOC (f # 0, y # 0)

In this section we present the most general case in our consid-
erations, i.e., magnetic 2DEG with k-linear and k-cubic Dresselhaus
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Te = 180 K. The magnetization M is dependent on the temperature according to the
Bloch’s law. The effective mass is the same as in Fig. 2 and other parameters are as
indicated. .

spin-orbit coupling. We trace the numerical results and discuss the
behavior of Berry curvature in 2DEG with k-cubed contribution to SOC.

Numerical results: As discussed in the preceding section, the net
magnetization in the system is in general a temperature dependent.
In such a case the impurity vertex function is also temperature de-
pendent via the M(T) dependence. This is shown in Fig. 6, where
the vertex function, 7, is presented as a function of temperature, T,
and zero-temperature magnetization, M,. The parameter  increases
with increasing T, and reaches n = 2 when T = T,. However, since
the presence of k-cubic Dresselhaus term does not change qualitatively
the general dependences of impurity vertex function presented in the
previous subsection (Fig. 5), numerical results for the impurity spin
vertex function when y # 0 are presented only in Appendix D.

Fig. 7 contains the full information about spin polarizability, i.e., the
impurity vertex function is included. The dependence of y,, on the
chemical potential u (Fig. 7(a),(b),(d),(e)) is modified by the cubic
Dresselhaus spin-orbit coupling when u > M. However, the general
dependences do not change qualitatively with regard to the previous
case, when y = 0. Thus, we describe in more details only the depen-
dences for y,,, i.e. the spin polarizability related to the y-component of
spin polarization that are presented in Fig. 7(g),(h),(j),(k). Accordingly,
when only a single subband is occupied, that is when - M < u < M,
Xy« is almost a linear function of u. The absolute value of y,, takes
maximum when ¢ = M, and decreases with further increase of .
As a consequence, .S, component reveals a sharp asymmetric peak at
lower temperatures and for chemical potential ranging in the vicinity of
u = M, whereas it vanishes for largest values of u. This peak is the most
visible when Dresselhaus SOC dominates the exchange interaction.

Fig. 7 presents also the temperature dependences of y,, and y,, for
the fixed range of zero-temperature magnetization M, (Fig. 7(c), (f)
and (i), (1) respectively). The spin polarizability y,, decreases with in-
creasing temperature similarly as in the case of nonmagnetic 2DEG. The
qualitative difference in temperature dependence of y,, with respect to
the nonmagnetic case appears for temperatures preceding the transition
between magnetic to nonmagnetic phase, where spin polarizability
reveals local minimum. In turn, the absolute value of y,, decreases
with temperature for small values of M,,. This local maximum moves to
higher temperature range (close vicinity of T = T.). The absolute value
of y,. reveals the local maximum, that moves from lower to higher
temperatures when M, increases.

Berry curvature, S, and anomalous Hall effect: The y-component
of spin polarization, in low impurity concentration limit, is robust to
scattering processes. That is, the dissipative part of y,, vanishes, and
only nondissipative component remains. This is clearly seen in Eq. (22)

85

Physica E: Low-dimensional Systems and Nanostructures 135 (2022) 114961

describing the magnetic Dresselhaus 2DEG with y = 0. In the weak
scattering limit, I — 0, this equation reduces to:

dk k M
S, = eExh/ —_—

T [F(Ep) = fE)]

Interestingly, the y-component of the non-equilibrium spin polarization
can be expressed directly by the Berry curvature of the n-th subband
B, (k) = Vi xA,(k), where A, (k) = i(,|V\|¥,) is Berry connection, and
|?,—.) are normalized eigenvectors of the investigated Hamiltonian.
For 2D systems Berry curvature has only z-component. Indeed, in the
case of magnetic 2DEG with linear Dresselhaus spin-orbit interaction
one gets:

(31)

2
B, =20 (32)
= 243
k
Combining this result with Eq. (31) one finds immediately:
eE h
= BZf(E,).
5= 5% é/dkk 21(E,) 33)

In the general case, i.e., for the system described by the Hamilto-
nian (1), the Berry curvature can be written in the following form:

B? +£

n = T3 (34)
2.§k

(66— vy - 3770242] .
Berry curvature corresponding to the E, subband is presented in
Fig. 8(a), and (b). The cubic Dresselhaus spin-orbit interaction intro-
duces anisotropy of the energy subbands and therefore anisotropy in
Berry curvature. Moreover, B integrated over angle decreases with
increasing y. B

In Matsubara Green’s function formalism we get the formula for S,
component of non-equilibrium spin polarization that can be expressed
by Berry curvature in the following way:

S, = S,LF(ED1+ S,Lf'(EL]. (35)
where
S E )] =¢eE_ h dszsz E 36
WS (ED] = eE, é Gyt WOBLS(ED (36)
with:

p-vk:
W) = (37)

2P(p - k) = 372K2K21

and S,[f '(E,)] is the dissipative part of S, i.e., it depends on deriva-
tives of Fermi-Dirac distribution:

4k r_ZM(ﬂ_Yki)
Qm)* 482 (I +&)

S, (ED) = —eEch Y, / J'(E,) (38)
n=x

In the limit of low impurity concentration, I — 0, one finds

Sy[f’(E,,)] — 0 and S|, is determined wholly by Eq. (36).

As we mentioned before, .S, component is few orders of magnitude
smaller than the .S, component, and therefore it has a negligible role
in the total non-equilibrium spin polarization. However, the fact that
S, is nonzero and robust to impurities may be important in systems
with higher impurity concentrations. In such a case .S, component
decreases and, in consequence, the amplitudes of both components are
comparable. Additionally, .S, can be important in spin dynamics.

Our study also shows that Berry curvature is decreased by the cubic
Dresselhaus component. Interestingly this has a negligible impact on
S, component of spin polarization (see Fig. 8(c)), but leads to a visible
decrease in the anomalous Hall conductivity (Fig. 8(d)), especially
at higher values of chemical potential, 4. Note, that anomalous Hall
conductivity has been derived in the same approach as CISP. The
numerical results presented in Fig. 8(d) are achieved based on the
formulas given in Appendix E.
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5. Thermally-induced spin polarization

In systems with spin—orbit interaction one can define not only the
spin polarization induced by the electric field, but also the thermally-
induced spin polarization. In such a case the non-equilibrium spin
polarization appears as a system response to heat current (temperature
gradient). At finite temperatures, the spin polarization is calculated as a
linear response to VT'/T. However, to work within the linear response
formalism, one needs to assume that the temperature gradient is small
and uniform across the whole sample, and the average temperature 7T is
basically constant on the scale of the carrier wavelengths. Accordingly,
one can define the spin polarizability ;(5 as:

v,T

S; :)(5 T

The thermal spin polarizability can be determined within the linear
response theory and Green function formalism in a similar way to
the electric spin polarizability, as presented recently [41,42]. On the
other hand, neglecting the non dissipative .S, component, one can
apply the relation between thermal spin polarizability and its elec-
trical counterpart. That is, one can define the so-called Mott relation
between zero-temperature spin polarizability, y;;, and thermal spin
polarizability, ;(5, as follows [41]:

(39)

T

- T kT 40
)(;j——?( 8T) uXij- (40)
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Fig. 9(a),(b) presents the heat current polarizability as a function of
chemical potential for a few different values of linear Dresselhaus
spin-orbit coupling parameter, and for a few different values of M,
respectively. The heat spin polarizability is nonzero only for a well
defined range of chemical potential, that is for —-M < u < M. Moreover
the peak of y7 increases with increasing . It also decreases when M
increases. Thus, similarly to the Rashba 2DEG [41,42], the thermal spin
susceptibility reveals the well defined energetic window 2M, for which
it takes nonzero value, with the peak width and height controllable by
material parameters f and M.

6. Summary and outlook

In this work we have considered the non-equilibrium spin polar-
ization in the two-dimensional electron gas forming at the interface
of symmetric semiconductor quantum wells. Precisely, we presented
analytical and numerical results for the nonmagnetic and magnetic
2DEG in the presence of magnetization oriented perpendicularly to
the plane of the electron gas. We have focused on the role of k-
cubed Dresselhaus interaction on the system responses. As we have
shown, the cubic Dresselhaus term seems to be important for higher
values of chemical potential, leading to the almost linear decrease
of spin polarization with increasing chemical potential. In magnetic
2DEG the cubic Dresselhaus interaction introduces Berry curvature
oscillations in the k-space and reduction of its averaged value. This,
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in turn, reduces anomalous Hall conductivity. We have also studied
the temperature behavior of CISP. Finally, using Mott-like relation, we
calculated the low-temperature spin polarizability due to heat current.
Notably, the thermal spin polarizability reveals the well-defined range
of chemical potential where it is nonzero. Presented numerical results
and analytical expressions may be useful for interpreting experimental
results and further theoretical study of spin-to-charge interconversion
phenomena in semiconductor structures.
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Appendix A. Self-energy and impurity vertex correction

A.1. Self-energy and relaxation time

The impurity-averaged Green’s function, Gf / 4. can be found from
the Dyson equation:

]‘1 _ [GER/A]_' _ sR/A,

| 41
where IR/4 denotes the impurity self-energy. In case of point-like spin-
independent impurity potential the self-energy can be calculated in

Born approximation based on the following expression:

V2 d’k OR
Q@m? K

where n; is the impurity concentration and V}, represents the scattering
potential of the impurities. For the momentum-independent poten-
tial (s-wave scatterers) one can neglect the real part of self-energy,
ie, R ~ —i|Im 2K

Thus, for the nonmagnetic 2DEG with linear Dresselhaus spin—orbit
interaction described by the zero-order Green’s functions:

ZR:n,-

(42)

OR/A

OR/A _ ~OR/A OR/A
G =G oy + G Yo + G e, (43a)
OR/A _ 1 [ 0R/A OR/A
G’ =3 [G+ +o ] ’ (435
—k
0r/A _ Ky [ 0R/A 0R/A
ST [G+ c- ] ’ 439
k
OR/A _ Ky [ 0R/A _ OR/A]
O T2k [G+ - (@30
with GSZA =[e+p— E, +i0%] - (E,. stands for the n-th eigenvalue),

one finds X® ~ —iI's), where I' has the meaning of the relaxation rate,
ie, I'= 1 and 7 is the relaxation time. The relaxation rate evaluated,
based on iE'.q. (42), for nonmagnetic 2DEG for y > 0 and u < 0 is
given by Egs. (12) and (15) respectively. The impurity-averaged Green’s
functions take the following form: Glf /4 = [e=u—-E,+il ]_] .

A.2. Impurity vertex correction

The self-consistent equation presented in Fig. 10 has to be solved to
find the impurity spin vertex function S;:
d’k

o (44

S =8 +nmV} GREp)S,Gler),

where impurity-averaged Green’s functions can be expressed as Glf
X X X X ; ;

Gip% + Gy 0x + Gy 0y + Gy o, Assuming the following form of the

impurity vertex function:

S; = acy + bo, + co, + do, (45)

and inserting it into Eq. (44) one can find the set of algebraic equations
for the coefficients a,b,c,d. This set of equations can be written as
follows:

N Ag—1 By Co Dy a

-z A B, —1 C D b
2 = X X X X s 46
0 A, B, C,—1 D, ¢ (46)
0 A, B, C, D,-1||d

where the coefficients denoted by the capital letters are determined by
certain integrals of the products of Green’s functions, as presented in
the following. In our case for S,, after some algebraic transformations
end evaluation of the integrals one finds the following solution for the
coefficients a — d:

a=0, (47a)
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Fig. 10. Ladder diagrams for vertex corrections to the bare spin operator 3; (upper
line) and the diagrammatic representation of the self-consistent impurity-renormalized
vertex equation for the renormalized spin vertex S;.

h Cy -1
p=2 , (47b)
2(-B,C,+ B, +B,C,+C,— )
-B
c=l y , 47¢)
2(-B,C,+ B, +B,C, +C,— 1)
d=0, (47d)
where:
2
— — 2 d“k 1.4 ~R A AR
B, =Cy=nVj 2n) [GioGio — Gi-Gie] - (48a)
Co=-B,=ny? [ LK AR _GAgR) (48b)
x=TBy=n HOk0Y%kz ~ Ykz%kol -

0 ) @ap
In the limit of low impurity concentration, the integral C, is also
negligible, so the vertex function takes the following form:

n 1 h

= Emﬁx =M% (49)

The factor 7 is the renormalization of the spin vertex function and has
the meaning of 7,/ where 7 is the momentum relaxation time and ,,
is the spin relaxation due to spin-orbit coupling (see also Ref. [6]).
Considering, as an example, the nonmagnetic 2DEG with linear
Dresselhaus SOC one can find # analytically. Thus, combining Eq. (48a)
with Egs. ((43)a—d), one finds the integral B, in the following form:

nVy [ 4’k

AR AR AR AR
» 1 2y [GAGR + GLGR + GAGE + GAGE|

nVE  m(k, +k_) 1

(50)

8I B2m? + 2umh? 2

where relaxation rate, I', and Fermi wavevectors, k,, are defined in
Section 3.1. Accordingly, we get immediately that the renormalization
of the spin vertex function is:

=2. (51)

Appendix B. CISP in the presence of linear and cubic Dresselhaus
SOC. Perturbative approach

Here we present some details of the calculations leading to analyt-
ical expressions discussed in Section 3.2. Assuming that cubic Dressel-
haus interaction is only a small perturbation with respect to the linear
one the Hamiltonian describing our system is: # = HX'V + A2 = H,. In
such a case, one can perform series expansion of the Green’s functions
with respect to HC? given by Eq. (3c). Fig. 11 presents Feynman dia-
grams, including impurity vertex functions, that have to be calculated
in this case. The current-induced spin polarization corresponding to
these diagrams can be written as:

eEch [ d’k [ de [z 50 5w
R e de (T” T TL), 52
! a)/(27r)2/27z: U+ T+ T, (52)

where 71“_3 correspond to diagrams (1)-(3) presented in Fig. 11. After
evaluation of the diagrams we get:
T =T}, + T}, + T}’

15 (53a)

Physica E: Low-dimensional Systems and Nanostructures 135 (2022) 114961

(1) @) H3P (3)
Ghelien + iwm)

Gielien + iwm)

Gulien) Gielien)

Fig. 11. Diagrammatic representation of the conductivity up to first order in cubic
Dresselhaus spin-orbit term.
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Fig. 12. Schematic energy spectrum for magnetized 2DEG with linear Dresselhaus
spin-orbit interaction.

Ti =1 Tr {5,68e + Ve 0Gie | | (53b)
T8 =[/(e + @) - f(o)]

x Tr {ﬁ[Gl’f(s + @)V, w)GQ(e)} , (530)
Ty == fle+ o) T {5,GMe + oV} ie 0)Gi© | (53d)
Ty =Ty + T+ T (54a)
Ty =/@©Tr {515,-"(6, ®)GR(e + 0P

x GRe+o)VFRG, w)Glf(g)} . (54b)
Ty =17+ - fOITr { SR (e, 0)GR (e + )T

X GRe+ 06l e} | (54c)
Ty == fe + ) Tr { SHE G + 0T

X Gl + oV o6he ), (54d)
and
Ty =Ty + T+ T3 (55a)
T4 =1 T { SERE )Gl + )

X V(e 0)GROAPGEE) | | (55b)
Ty =17+ o) - fOITr { SHR (e, 0)GR(e + o)

x W o)GHORGHe) | (550)
Ty =—fe+o)Tr {Sﬁf(e,w)Glf(e + w)

X Vi e.0)GY (g)ﬂCDGQ(S)} . (55d)

One finds that in the limit of low impurity concentration SR =
SA4 = 3 and VR = YA4 = p . Thus, there is no vertex correction
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Fig. 13. The density plots presenting the impurity vertex function, #, in magnetic system with linear and cubic Dresselhaus SOC as discussed in Section 4.2. The effective mass

is the same as in Fig. 2 and the other parameters are indicated.

to non equilibrium spin polarization for the equations containing the
product of two retarded or two advanced Green’s functions. In the low
temperature limit, T — 0, the spin polarization takes the following

form:
(r=0) _¢h OR 04
s )_ZE /(2 g {Tr [5,GIR (e )V, G (ep)]
0 56
+Tr [S,GYR(e YRPGYR (e )V, GIA (e )] (56)
+Tr [S, G (e )V, GO pYH PG (e )| }
where S, = ho, and V, %00 are spin and velocity vertex func-

tions renormalized by scalar point-like impurity potential, and the
impurity-averaged retarded/advanced Green’s function are G0 0A( )=
[ —Hy+ir]” ~! where T is the relaxation rate. The Eq. (56) leads to the
following formula:

dk k

SHT=0 = > [k”h (GAGR -GG
27: @) 7
Ky 4 A RAR , ~ARA | ARAR
ST (6264 -GRGR + it - GiaY)
where GR = [u-E, + ir,] ™" and G4 [u—E,—ily|". Finally

one finds the current-induced spin polarization in the perturbative
approach, which for y > 0 takes the form:

mp
ehE, ———
Y AnIn?

eE.m*yp

SUT=0) _ _ iy
* 2x i3

(58)

Appendix C. Magnetic 2DEG with linear Dresselhaus spin-orbit
interaction

The schematic picture of the energy dispersion curves in magnetic
2DEG with linear Dresselhaus spin-orbit interaction (Fig. 12), as dis-
cussed in Section 4.1. The picture presents Fermi wavevectors k%, k_
that appear in Egs. (24)-(29).
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Appendix D. Magnetic 2DEG with linear and cubic Dresselhaus
spin-orbit coupling: Numerical results for the impurity vertex
function

Fig. 13 presents the numerical results for impurity vertex function
in the most general case considered in this paper, i.e., for magnetic
2DEG with both linear and cubic Dresselhaus spin—orbit coupling. The
results clearly show that the coupling parameter of cubic Dresselhaus
spin—orbit coupling does not affect qualitatively the impurity vertex
function.

Appendix E. Anomalous Hall conductivity

The formalism introduced in Section 2 can be applied to the anoma-
lous Hall conductivity. Thus, the general expression describing the off-
diagonal element of the conductivity tensor within Matsubara Green’s
function formalism has the following form:

0, (iw,) = E Z Tr {0,Gy (e, + i, 4 (i,)G\(e,) } - (59)
k,n

Note that we keep the same notation as in Section 2. Similar proce-

dure as described in this paper for CISP leads to the anomalous Hall

conductivity in the dc limit:

Oy = 0 [f(ED] + 6yx[f’(E¢)], (60)
where
2
ny[f(Ei)]=—% Z/ 2P B:f(E,) (61)
and
, N 3_2 / 42k F_ZM(ﬁz - Prk? — 37/2k§ i)
ol f(ED] = 7 é 2n? 2512{ f:ﬁ T2 fI(E). (62)
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The above expressions are analogous to Egs. (35)-(38) for the y-
component of spin polarization. The dissipative part of anomalous Hall
conductivity vanishes in the limit of I' —» 0 and 0, ~ 0,,[f(E,)].
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Discussion

Anomalous Hall effect

Eq. (61) in A-4, the intrinsic anomalous Hall conductivity (AHC) in a magnetized 2DEG with
k-linear Dresselhaus SOI, can be written as:

7 _ €2M52/dkk2f(E+)—f(E—)

Toy = "o p (M2 + B2k2)3/2"

4.7)

The above result can be compared with the intrinsic AHC for a magnetized 2DEG with a k-linear
Rashba-type spin-orbit interaction, as analyzed in the work by Dugaev et al. [154]. It turns out
that the result aligns in both models (c.f. eq. (4.7) and eq. (25) in [154]). Therefore, one can
conclude that for both types of spin-orbit interaction — Rashba and Dresselhaus — the intrinsic
transverse charge response in a magnetized 2DEG is the same, regardless of the sign, which is

consistent with [153].

In the low-temperature limit, eq. (4.7) is formulated through the analytical expression:

1 1
<K—K) fOI' ILL>M,
(o) _ €M L <
Ohy :mx<<ﬁ—x> for —M < pu< M, (4.8)
(Aﬁ_ﬁ) for —%*<1+M—2><u<—M

If both forms of Dresselhaus SOI are included, i.e., 5 # 0 and v # 0, the intrinsic AHC is
expressed in the form [107]:

2 _ k? -3 2k2]€2
Gay = e*M dkkﬁ(ﬁ Y ) YRRy
2(M2 +52k2)3/2

 2nh f(Ey) — f(E-)]. (4.9)

Summary

Applying an external electric field in (001)-plane to a 2D system with symmetric quantum well
grown in the [001]-direction, modeled by a 2DEG with Dresselhaus SOI, results in an in-plane
carrier’s spin orientation. In a nonmagnetic system, the spins are polarized parallel to the elec-
tric field, and the non-equilibrium current-induced spin polarization (CISP) appears. Figure 4.3
illustrates the longitudinal spin polarizability®, .., plotted as a function of chemical poten-
tial, 41, in the weak cubic Dresselhaus SOI limit, 8k > ~k3, (solid orange and dashed blue
lines), and beyond this limit (solid red and dashed green lines). Solid (dashed) lines represent
cases with (without) the inclusion of the impurity vertex correction. Zero-temperature results

are shown in Figures 4.3a,c, while finite-temperature outcomes are depicted in Figures 4.3b,d.

3Spin polarizability (the response function) is expressed via spin polarization, Sy, as: Xz» = S, /(eE,), where
e — charge of an electron, E, — amplitude of an external electric field in z-direction.
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Figure 4.3: Spin polarizability, x .z, as a function of chemical potential, i, with (a),(b) corresponding to
a nonmagnetic 2DEG and (c),(d) including an out-of-plane exchange field in the system. Solid (dashed)
lines represent outcomes with (without) impurity vertex correction. In (a) and (c), X, is obtained using
a formula derived for the zero-temperature limit, while (b) and (d) display X, for T" = 20 K, calculated
using the finite-temperature Matsubara-Green’s functions formalism. The solid orange and dashed blue
lines present the results in the weak cubic Dresselhaus SOC limit, 3k >> vk3.

Figures 4.3a,b display Y., for a nonmagnetized 2DEG, and Figures 4.3c,d present results for
a magnetized 2DEG. One can observe, that the cubic term of Dresselhaus SOI reduces the CISP
as the chemical potential, y, increases. Moreover, in the limit of weak cubic Dresselhaus SOI,
Lk > 7k3, there is an underestimation of the CISP, which corresponds to an overestimation of
the influence of the cubic Dresselhaus SOC term (this is illustrated by the differences between
the dashed lines and the solid lines in each plot of Figure 4.3). The influence of the impurity
vertex correction on Y, indicates, that the scattering processes at short-range spin-independent
impurities increase the dissipative CISP component (parallel to the applied electric field) up to

twice when spin-orbit coupling dominates the exchange field (Fig. 4.3a,b).

Additionally, in a system with an out-of-plane exchange interaction, a response perpendicular
to the driving force emerges. Specifically, the transverse components of non-equilibrium spin
polarization and anomalous Hall conductivity are identified. The main contribution to both
of these transverse effects originates from the states in the Fermi sea, which makes them non-

dissipative, and having an intrinsic character linked to the Berry curvature.

If a temperature gradient is applied to the system instead of an electric field, thermally-induced

92



A-4

spin polarization (TISP) appears. The dissipative component of TISP, determined by the states
at the Fermi level, is connected through a Mott-like relation with electrically-induced spin po-
larization. The TISP takes non-zero values in the energy gap and can be easily tuned with the
out-of-plane exchange field. In turn, TISP vanishes for higher y, where the cubic Dresselhaus
SOl influences the results; thus, the cubic term does not distinctly modify TISP. Furthermore, the
behavior of TISP is similar to the case of a 2DEG trapped in an asymmetric quantum well, where
Rashba-type SOC occurs. The key difference is that the dissipative component of the spin po-

larization in the Rashba model is not perpendicular but parallel to the driving force [128].
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4.5 Reprint of the article A-5

The manuscript titled "Bilinear magnetoresistance in a 2DEG with isotropic cubic Rashba spin-
orbit interaction" provides analytical results on the magnetoresistance term that scales linearly
with both external electric and magnetic fields in a 2DEG with isotropic cubic form of Rashba

spin-orbit interaction.

The bilinear magnetoresistance (BMR) term is evoked by an effective spin-orbital field that cou-
ples to the electron spin. The spin-orbital field, in turn, originates from the non-equilibrium
spin polarization induced by the external electric field. Here, Green’s functions formalism is
utilized, where the external in-plane magnetic field is treated as a perturbation. This assumption
is justified by the fact that the considered effect, BMR, depends on the presence of Rashba SOI

in the system and is expected to manifest even in a weak magnetic field.

It was found that the BMR signal varies sinusoidally with the angle of the in-plane magnetic
field, reaching its maximum amplitude when the magnetic field is applied perpendicular to the
electric field. Furthermore, the BMR contribution is most pronounced at lower carrier con-
centrations and increases with a stronger Rashba spin-orbital field. Finally, while a stronger
magnetic field enhances the BMR values, observing the BMR effect does not require a large

magnetic field.
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Bilinear magnetoresistance has been studied theoretically in 2D systems with isotropic cubic form of Rashba
spin—orbit interaction. We have derived the effective spin-orbital field due to current-induced spin polarization
and discussed its contribution to the unidirectional system response. The analyzed model can be applied to
the semiconductor quantum wells as well as 2DEG at the surfaces and interfaces of perovskite oxides.

1. Introduction

The magnetotransport is a phenomenon that is known in condensed
matter physics for more than hundred years [1-3]. The associated
magnetoresistance is currently also a hallmark of spin electronics, that
was developed after the discovery of giant magnetoresistance in metal-
lic multilayers at the end of 80’s [4-6]. Nowadays spintronics takes
advantage of spin-to-charge interconversion effects [7-10] that lead to
new magnetoresistance phenomena such as spin magnetoresistance and
various unidirectional magnetotransport effects [11-16].

The magnetoresistance (MR) is typically a quadratic function of
the magnetic field (or magnetization) amplitude. The linear scaling
with magnetic field/magnetization is rather unique and dictated by
specific symmetry requirements. Recently, the linear dependence on the
magnetic field has been reported in single crystals of antiferromagnetic
metals (i.e., TmB,), where MR can be tuned from quadratic to linear
one depending on the orientation of magnetic field [17,18]. It has been
shown in recent years, that the spin—orbit interaction can lead to spin-
currents and non-equilibrium spin polarization, that can coupled to
the external magnetic field or equilibrium magnetization of the system
leading to unidirectional magnetotransport [19-23]. The unidirectional
spin magnetoresistance in general is a consequence of non-equilibrium
spin polarization at the interface of the hybrid structures consisting
of a ferromagnetic thin film and a layer of heavy metal or topologi-
cal insulator. Interestingly, it has been shown that the unidirectional
magnetoresistance also appears in nonmagnetic materials. This effect
is called bilinear magnetoresistance, BMR, as it scales linearly with the
charge current density and external magnetic field. The BMR effect
can be a consequence of the strong spin-orbit interaction in systems

* Corresponding author.
E-mail address: adyrdal@amu.edu.pl (A. Dyrdal).

https://doi.org/10.1016/j.jmmm.2023.171615

with highly anisotropic Fermi contours. This is for example a case of
topological insulators with strong hexagonal warping [19,20]. In this
case the nonlinear spin currents appear in the system, which in the
presence of external magnetic field are partially converted to the non-
linear charge current. Another mechanism was proposed to explain the
bilinear magnetoresistance in systems with isotropic Fermi contours.
This mechanism is related to the non-equilibrium spin-polarization
(also known as inverse spin-galvanic effect or Edelstein effect) that
appears in the system under external electric field and leads to the
effective spin—orbital field that couples to the electron spin. [22]. The
Berry curvature dipole can also give contribution to the unidirectional
magnetotransport.

In this work we analyze the BMR in the 2D system with isotropic
cubic form of Rashba spin-orbit coupling (SOC). Such a form of Rashba
SOC can be found in 2DEG emerging in the semiconductor quantum
wells as well as 2DEG at the surfaces and interfaces of perovskite
oxides [22,24-32]. The detailed description of the model of 2DEG
electron gas in the presence of isotropic cubic Rashba SOC can be
found, e.g., in [33,34].

The paper is organized as follows. In Section 2 we will present
the effective Hamiltonian describing 2DEG with isotropic cubic Rashba
coupling and formalism that will be used to describe transport charac-
teristics. Next, in Section 3, we will derive analytical expressions for
charge current density and non-equilibrium spin polarization in the
absence of external magnetic field. The main results will be presented
in Section 4, where we will present derived analytical expressions for
bilinear magnetoresistance. Next, we will present numerical results.
The general conclusions and summary will be provided in Section 5.
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2. Model and method
2.1. Effective Hamiltonian

We consider the effective Hamiltonian, obtained upon two canonical
transformations from 8 x 8 Luttinger Hamiltonian for p-doped semicon-
ductor quantum wells with structural inversion asymmetry [35,36],
and takes form [33]:

22

a= kK

2m* m

oy +ia(klc, —k3o_)+B-§+B, -8,
where k = /k2 + ki is the wavevector amplitude, m* is the effective
mass. The second therm describes the effect of cubic Rashba SOI [33]
and is expressed by Rashba coupling parameter, «, and k, = (k, £ ik)).
In addition, o, = %(o‘x +ic)), where o, (n = x,y,z) denotes nth Pauli
matrix. Note that, m* and « are material parameters and are defined
in Appendix A. The effect of the external in-plane magnetic field, B,
is taken into account by the Zeeman term, where B = {B,, B,,0} is in
the energy units, that is B = gugb (g - g-factor, uz - Bohr magneton,
b - magnetic field in Tesla), and spin operators are 2 x 2 matrices that
can be written by the identity matrix and Pauli matrices as:

Sa= Y

p=0.x,y,z

5505, 2
where the coefficients 5% are provided in Appendix A.

Finally, the last term in the Hamiltonian describes the coupling
of electron spins to the effective spin—orbital field, B,, that can be
expressed by the non-equilibrium spin polarization emerging due to
the inverse spin-galvanic effect and proportional to the charge current
density (and thus to the external electric field), i.e, B, ~ S ~ j. As the
effective cubic Rashba model considered here is defined by much more
complex spin operators, the coupling between spin polarization and
electron spin is defined by the two coupling constants: J,, that couples
non-equilibrium spin polarization to the part of the spin operator
proportional to the identity matrix ¢,, and coupling constant J; that
couples spin polarization to the part of spin operator proportional to

Pauli matrices o, ,,

By, 3

where S, is a-th component of the non-equilibrium spin polarization.
The coupling constants Ji,; have been derived and presented in Ap-
pendix B. Here we stress that non-equilibrium spin polarization induced
by the charge current in 2DEG with isotropic cubic Rashba SOC has
been studied recently in detail by Karwacki et al. [34]. Here, we will
use the general results for current-induced spin polarization presented
in [34], and adapt them to derive the theoretical description of BMR.

8= JyS,s500 + J 1Sy (5505 + 570,

2.2. Model assumptions

Without losing the generality in our further analysis the external
electric field is applied in the x-direction. This means that current-
induced spin polarization, under zero magnetic field, has only y-
component. We focus on the (unidirectional) bilinear correction to the
magnetoresistance, i.e., we characterize the term in magnetoresistance
that is proportional to the in-plane magnetic field and simultaneously to
the charge current density (electric field). The higher order terms with
respect to B and j, that can eventually appear and lead to additional
corrections in magnetoresistance (e.g., in strong magnetic fields) are
not considered here. Accordingly, we treat perturbatively the terms
proportional to the in-plane magnetic field and spin-orbital field in

Hamiltonian (1), i.e., H = Hy + H,,,,, where:
0= 00+ ia(k o, - Klo.), 4
and the perturbation is defined as:
Hper, = Z bettp 0 5)
p=0.x,y
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where

bero = Bysy + (By + JoSy)sy 6)
befrx = Bxsi +(By+JlSy)Si 7)
betry = Bys) + (B, +J1S))s) (€))

Thus, the
space.

Note, that the effective spin—orbital field is approximated in our cal-
culations by the non-equilibrium spin polarization under zero magnetic
field. This simplification is justified as the additional components of
spin polarization that appear in the presence of an external magnetic
field are a few orders of magnitude smaller than the component which
survives under zero magnetic field. The magnetic field contribution to
the leading term of spin polarization results in higher order terms in
magnetoresistance that are neglected here.

H

pert h1as a form of Zeeman-like term acting in the pseudospin

2.3. Method

To obtain magnetotransport characteristics, we have used
Matsubara-Green’s function formalism within linear response
theory [37] and used the following formula for the quantum-mechanical
average value of the observable, O, corresponding to the operator O,,:

- eEgh
= —lim

0]
w—0 (27[)360

/ ik / def() Tr {0,GE(e + @), af (©)

+ 0, 4%4e)0,GA (e — w)}

o

(9)

where Af"(s) = [Gllf(e) - Gf(s)] and Gl’: /4(¢) is the retarded/advanced
Green function related to the Hamiltonian H,. Derivation of this for-
mula can be found, e.g., in [34,37,38]. The operator corresponding to
nth component of the charge current density is

a el = e L)H()
Ja = = ok,
and spin-polarization should be derived using the spin operators given
by Eq. (2).

10

3. Spin-to-charge interconversion: limit of zero magnetic field

In the first step we consider 2DEG with cubic Rashba SOC under
zero magnetic field. Based on Eq. (9) the general relation between
dc charge current density and spin polarization can be derived. This
relation is starting point for our further consideration of nonlinear
magnetotransport.

3.1. Charge current density

In the dc limit, the charge current density, calculated based on
Eq. (9), takes the following form:

hE,
dk
4rn Ty

3ak?
m

Jx = Lf"(E) = f1(ED)

k3h2 ’ '
+ S (ED+ (ED] an
2m
9a%k3 1
+ 0 (1 + 5 > [/ (Ep) + f/(ED)]
2h (ak3/T)" +1
In the low-temperature limit, the above expression leads to:
. ezhEx 9(12 4 4
K=\ ame Ke-ve R
3a .3 3 oo 2
+;(kF+V+_kF—V—)+2_mz(kF—V—+kF+V+) 12)
902 K _v_ I vy

j

22| (ahd /r)2+1Jr s )
Fe (aky /) +1
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Gyt
Hpere

Hpert

Fig. 1. Feynman diagrams for diagonal conductivity up to the second order perturbation due to bg.

where k., are the Fermi wavevectors [39]:

1 K2 2ma
kF:""E% 1- 1—47rn(?>
R 1/2
1( n / 2ma
+ —5 (%) 1- 1—47[}1(?) + 37zn (13)

with »n denoting the charge carrier density and v, having sense of
density of states:

7 (14)

v, =

3am

h2(1 + ;,_ZkFi

)

In the presence of randomly distributed point-like impurities, the re-
laxation rate, I' = % (r is the relaxation time), takes the form I' =
m V2 (vy +v_) /4 where n; is the concentration of impurities and V; is
the impurity potential.

3.2. Current-induced spin polarization

The non-equilibrium spin polarization, S, in dc limit takes the
form:

ehE,

4”' so/dk{

3ak*
2r

S, =

[f(E) = f1(ED]

Bn /
o ED + FED] }
(15)

ehE, K%, ,
- SI/dk{ m[f (Ep) = f1(ED)]

“(

that in the low-temperature limit can be written as:

X

hE 2
S { 3a (Kb, v, — K v_) + % (KD vy + K3 _v_)

3a
+_
2

1 1
—_— + —
(kSa? + I'2)

T )[f/(E+)+f'(E_)] }

_ehE,

Y7 8xl

h2

m

(K3 vy + k3 v_) +3a (K3 vy — k3 _v) }

+

8zl

4 4
Kpy vy Kp_v_

(16)
+

(g o1 (/1) J

Note that in the above expressions s, are material parameters, that
characterize the material and define the spin operators. Their explicit
forms are provided in Appendix A. Combining (12) and (16) it is
possible to express the spin polarization by the charge current density:

+3a

50550—515;11.
124

S =

y a7

x

97

_ 3a 3 3 1 2 2
where £ = 28 (k) —k}._) + £ (K3, +K2_).
In the limit of y; > y, one finds:

S, = so%jx, (18)
where

82
Jx = 7-¢7Ey 19)

with 7 denoting relaxation time linked to the relaxation rate, I', through
the simple relation I = 1/(27).

4. Magnetoresistance
4.1. Longitudinal charge conductivity in the presence of magnetic field

The current-induced spin polarization determines the spin-orbital
field. Treating the effective field b ; as a perturbation the diagonal
conductivity can be expressed as:

on [

_ Jx 5 GRA A
Oy = E_x = WTr{Uka 0,Gy (20)
where G_:/ R are impurity-averaged advanced and retarded Greens’
functions in the weak magnetic field limit: G_f/ 4= Gf/ Ay Gf/ 4

Hper Gf "y Glf / AHpme / AHpme /4. Note that contributions related
to two retarded and two advanced Green’s functions (see Eq. (9)) have
been neglected, as they do not affect the final results.

Based on Eq. (20) and diagrammatic theory one finds six diagrams,
depicted in Fig. 1, that can be grouped into three terms, according to
the order of perturbation:

en

33

xx
T

(21)

Q

(D1 + D3+ Dysg)

The first diagram, related to the expression D; describes the conduc-
tivity in the absence of b, and is given by:

P kKt v K v
Dy =7’ [% QU’ZF( et )] 22)
n I?+a?ky_ I? 402k},
which in the low-impurity concentration limit, I — 0, leads to:
¢
D, =722, 23
=7 (23)

The second and the third diagrams do not contribute, as D, ; = 0. The
diagrams (4) — (6) lead to D,_g4 that contains B-linear and B-quadratic

terms:
Dy = [B (FF + P2 cos @p)) + Bsinw)s, P/ (24)

with Fs being rather cumbersome functions of k_, v, and «, thus not
shown here.
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Fig. 2. Bilinear magnetoresistance, BMR, as a function of the angle y (the angle between the in-plane magnetic field and %-axis) for different values of magnetic field, b, (a,b).

The amplitude of BMR, ABMR =

BMR(y = 37/2), as a function of carrier density, n, for the indicated values of magnetic field, » (c) and for the indicated values of the quantum

well potential, eF/eF,, (d). ABMR a5 a function of the external electric field, ¢E,, for the indicated values of magnetic field, b, and for the carrier density n=1- 10'2 em™2 (e) and
={1,7.5}- 10" cm=2 (g). ABMR as a function of the in-plane magnetic field, b, for the indicated values of electric field, ¢E,, and for the carrier density n=1-10> cm=2 (f) and
={1,7.5} - 10" em2 (h). The solid lines represent the total formula on BMR, Eq. (26), while the light dashed lines correspond to the formula in the limit y, > y,, Eq. (28),

i.e, for s, =0 and J; = 0. Other parameters are taken from Refs. [26,34] for an STO-surface, i.e.,: eF, = 450 - 10° eV/m, y, = 0.66, 7, = 0.003, L. =

Jy/Jy = —0.23.

4.2. Bilinear magnetoresistance

The magnetoresistance can be expressed in a standard form MR =
(Pxx = P2)/0%,, where p° =1 /o) is the diagonal resistance in the
absence of magnetic field and p,, = 1/(c\ + 6'-®). Note that the trans-
verse conductivity, o Oy (planar Hall effect) is much smaller than o,
and has been neglected here.

The unidirectional (bilinear) contribution to magnetoresistance is
defined as:

BMR = % [MR(y = j) = MR(jy = =))] - (25)
Since the effect of in-plane magnetic field is assumed to be small,
ie, D, >D,, the diagonal resistance can be written as
Pxx = P, (1 = Dy_¢/D;), and BMR can be described as

BMR = — [D,_¢(j, = +/) = Dy_(j, = —j)| /(2D)). Finally, the BMR can
be written in the form:

JBsin(y)
BMR = —=———— (50550 = 5, S51)
e&? (26)
X [Jo55C0 + (Jg + 15051 Cyo51 + I157C1 | -
where
372 5 3y 9a 3 3
Cyo = 2h2(+ )—m(v++v_)—m(kf+v+—kF_v_) (27a)
. 6 _9a 2 3,42
C.v()sl = _ahz 4 (kF— —+kF+ +)
O (ko2 —kpv2) + = 27b)
+m( FaVi— F—V_)+E(V—+V+) (
9a (3 3 3.2 2
Ca = im (kF+ +_k )_;(kF v + kv +)

2 29
+7(kF+—kp_)+ m(kp_\/_—k,:+\/+):| (27¢)
Eq. (26) is the main result of this article.
4.3. The limit: y, >y,

When y; > y,, the coefficients s, > s; and J, > J;. In such
a case the spin polarization and charge current density are given

98

100107 m, m = 1.5m, and

by Egs. (18), (19), whereas the spin-orbital field B, ~ J,S,. The
expression describing bilinear magnetoresistance simplifies to
_JxBsin(y)

eg?
Taking explicit forms of J, Sy, Cy, we finally get the following
formula:

BMR = To53850Cs0- (28)

BMR = 2752 B sin W) 29

2

2 2 4
where 7= 2= (100 +v,) - 202 +12) = L2 +1D)).

4.4. Numerical results

Fig. 2 collects numerical results, obtained based on formula (26).
Figs. 2 (a),(b) present the BMR as a function of the angle y defining
the relative orientation of charge current density and external in-plane
magnetic field (i.e., y defines the orientation of in-plane magnetic field
with respect to the %-axis). Linear dependencies of the BMR signal
amplitude, ABMR, as a function of the amplitude of magnetic field, b,
and electric field, eE,, are presented in Figs. 2(e)-(h). Finally Fig. 2(c)
shows ABMR a5 a function of the carrier concentration, n, for the
fixed amplitude of the in-plane magnetic field b, whereas Fig. 2(d)
presents APMR as a function of » for the fixed strength of quantum
well potential, eF. The presented results reflect the linear dependence
of BMR with respect to both electric and magnetic fields. Moreover,
for the low carrier density, the simplified expressions (18), (19) and
(28) are sufficient to describe the charge current, spin polarization,
and BMR. In Fig. 2, the results obtained from the simplified expressions
are indicated by the dashed lines, whereas the solid lines present the
BMR described by the full expression (26). For higher charge carrier
concentrations, one can note a deviation of the results obtained form
the simplified expression from those based on the full formula. In turn,
the BMR signal decreases with increasing n. Accordingly, the simplified
expression is sufficient in the carrier concentration range for which one
can expect the strongest BMR signal.
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5. Summary

We have studied theoretically the unidirectional magnetoresistance
in a 2D electron gas with the isotropic cubic form of Rashba spin—
orbit coupling under external in-plane magnetic field. The mechanism
leading to the unidirectional magnetoresistance response is here based
on the effective spin—orbital field originated from non-equilibrium spin
polarization. The obtained analytical results indicate that BMR can
be of an order of a few percent in a range of low carrier densities.
The results presented in the manuscript have been derived for the
model Hamiltonian that may be used for the description of electronic
properties of p-doped semiconductor quantum wells as well as for
the description of electron gas emerging at surfaces or interfaces of
perovskite oxides (for a certain energy window). Thus, these results
may be useful for interpretation of experimental data of a relatively
large group of materials. For example, the bilinear magnetoresistance
has been measured recently in LAO/STO [23], where a new scheme
for determining the linear Rashba parameter has been proposed. The
theoretical model provided in our article allows determining the cubic
form of Rashba coupling parameter in such structures, with chemical
potential gated above the Lifshitz point, where energy subbands reveal
strong anisotropy due to cubic Rashba term.
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Appendix A. Linking the effective Hamiltonian (1) to the materials
parameters

This appendix collects explicit forms of the parameters and spin
operators corresponding to Hamiltonian (1). Accordingly, the effective
mass takes the form:

)—1

with the electron rest mass m,, and y,, denoting phenomenological
parameters of the Luttinger Hamiltonian [35,36]. The Rashba coupling
parameter, « is defined by the following expression:

4,2
we 512eF L7y,
9783y, + 107,)(y; = 2r2)

where L, and eF are the width and potential of the quantum well,
respectively. Hamiltonian (1) has been obtained perturbatively based
on 8 x 8 Luttinger Hamiltonian and mapping into the lowest heavy-hole
subbands [33], thus, spin operators are no longer simply expressed by
Pauli matrices ¢,. To obtain proper spin operators one needs to perform

256y2

_ Al
3723y, + 10y,) “.h

m* = myg (J’] +7r -

(A.2)
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the same unitary transformations as that made to obtain Hamiltonian
(1) [33]. The explicit forms of spin operators are listed below:

Sa= Y, Shop (A3)
B=0,x,y,z

X Y _ X — J— 2 2 X — y _ X z

55 = =Soky, sy = soky, sy =5, =s(ki— ky), 5= 2s1kyky, sy = =53 5§

= sZ = 57 =0, sZ = 3h/2. The parameters s, are material parameters
defined as follows:

512eF L4y,m,
0= 5ram v (A.4)
97°h*(3yy + 102)(r1 — 272)
2
3 256)/ s
= S5-—o—— |2 (A.5)
4 3743y, + 10y,)

It should be stressed that in the energy window for which the
considered model Hamiltonian is applicable (i.e., small carriers con-
centration) one finds y; > y, and contribution to the spin-dependent
transport properties proportional to s; is rather small, and can be
negligible (see for example data collected in Tab. I in [34]). In such
a case:

8, ® —spk,00, 8, & 50ky0,

N 3
5, = EUZ (A.6)

Hperl = beffO o (A7)

In this paper, we consider magnetoresistance for the general effective
Hamiltonian, as well as for the simplified model that leads to simpler
analytical expressions applicable in the limit y; > y,.

Appendix B. Estimation of J,, parameter

Under an external electric field, the Fermi contour is shifted in the
momentum space by 4k, = — er—lex. In turn, the diagonal charge current
density is given by Eq. (19) (the leading term), thus one finds the
relation between Ak, and j, in the form Ak, = _:T”g Jy-

Due to the correction originating from the non-equilibrium shift
in the momentum space, the Hamiltonian H, Eq. (4), takes the form
Hy(k, + Ak,) = Hy + Hy,, where:

2
Hy = ;l—mkxAkxo-O +6akk, Ak o, —3a(k; —k3)Ak,o, +O((4k,)%). (B.1)
In turn, the effective spin-orbital field introduced to our theory in (1)
is defined as:

By,\8y = JS)8, = J S50k 00 — J S, 25 kckyo, + TSy (K2 — k2o, (B.2)
By the comparison of terms standing in front of the same Pauli matrices

in Egs. (B.1) and (B.2) one finds:

h2
IS,50 = 3- Ak, (B.3)
—s,1J S, = 3adk, (B.4)
5,8, = —3adk, (B.5)

Accordingly, the above relations indicate that two coupling constants
should be introduced. From the first equality, one finds J = J,,, whereas
the second and third equalities are identical and result in J = J;. Thus
the parameters J; ; reads

27zh —1
Jy=—"—(50S, — 51 S B.6
0 sy (50S50 = 51551) (B.6)
4 3 _
Jy = Fﬂ_a(sosso 5187 (B.7)
51
where
3 3 ) 2
S0 =3a (kF_v_ + kF+v+) + o (kF_v_ + kF+v+)
_.2 2
=kp, + kg (B.8a)
hZ
Sqp =3a (Kp_v_+ K vy) + — (kp_v- + kg, v,)
3 3
=i, =k (B.8b)
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A-6

4.6 Reprint of the article A-6

The manuscript entitled "Nonlinear Hall effect in isotropic k-cubed Rashba model: Berry-
curvature-dipole engineering by in-plane magnetic field" is devoted to the nonlinear anomalous
Hall effect, which is controlled via an in-plane magnetic field in a model describing a magnetized

2DEG with isotropic cubic form of Rashba spin-orbit interaction.

Here the role of both the intrinsic and dissipative components of the linear and nonlinear contri-
butions to the anomalous Hall conductivity (AHC) are investigated. The intrinsic component,
related to the states in the Fermi sea, originates in Berry curvature and Berry curvature dipole

for linear and nonlinear AHC components, respectively.

It was found that in low in-plane magnetic field regime (the value of the in-plane magnetic field
is lower than the out-of-plane magnetization component), the linear AHC is dominated by the
intrinsic part, while for higher values of the in-plane magnetic field, the dissipative component
originating from the states at the Fermi level begins to influence the results. Interestingly, in the
case of the nonlinear component of the AHC, the dissipative component governs the transport

in both regimes.

Furthermore, the intrinsic part of the linear AHC reveals m-periodicity with respect to the angle
of the in-plane magnetic field, while the nonlinear AHC exhibits a 27-periodicity with the in-
plane magnetic field angle. It is worth noting that the AHC is governed by the intrinsic part

when the in-plane magnetic field is applied perpendicular to the external electric field.
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Nonlinear Hall Effect in Isotropic k-Cubed Rashba
Model: Berry-Curvature-Dipole Engineering by In-Plane

Magnetic Field

Anna Krzyzewska and Anna Dyrdat*

The linear and nonlinear Hall effects in 2D electron gas are considered theo-
retically within the isotropic k-cubed Rashba model. It is shown that the presence
of an out-of-plane external magnetic field or net magnetization is a necessary
condition to induce a nonzero Berry curvature in the system, whereas an in-plane
magnetic field tunes the Berry curvature leading to the Berry curvature dipole.
Interestingly, in the linear response regime, the conductivity is dominated by
the intrinsic component (Berry curvature component), whereas the second-order
correction to the Hall current (i.e., the conductivity proportional to the external
electric field) is dominated by the component independent of the Berry curvature

dipole.

1. Introduction

Spin-orbit coupling (SOC) of Rashba type' ! is a consequence of
structural inversion asymmetry in a system and originally has
been studied in the context of semiconductor surfaces and het-
erostructures with asymmetric confining potentials. In the cur-
rent relevant literature, the Rashba spin-orbit coupling usually
means the spin-orbital interaction arising in systems without
the inversion center, that can be described as an effective internal
and odd-momentum-dependent Zeeman-like field acting on the
electron spin.**! Consequently, the spin-orbit interaction leads
to the so-called spin-momentum locking phenomenon, that is,
to a fixed orientation of quasiparticle spin with respect to its
momentum. This, in turn, is responsible for fascinating electri-
cal and optical effects, that are currently a hallmark of spin
orbitronics. In the context of electric transport, especially
important consequences of spin-momentum locking are the spin-to-
charge interconversion effects, such as current-induced spin polar-
ization (also known as Edelstein effect)l'>'¥ and the spin-Hall
effect.!1>1°20 Recently, in the context of spin orbitronics, nonlin-
ear transport effects, that is, bilinear magnetotransport**~>*! and
nonlinear Hall effect (NLHE), are of special attention.
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The NLHE®>% is an intriguing mem-
ber of the family of Hall effects, as it can
arise in time-reversal symmetric systems.
The only condition that is required is the
absence of inversion symmetry.”**”) Similar
to the anomalous Hall effect®'! (AHE),
one can define intrinsic and extrinsic
microscopic mechanisms responsible for
NLHE.?%*% The intrinsic contribution has
a geometric nature, namely, the positive
and negative Berry curvature hotspots
are located in slightly different regions of
the Brillouin zone, leading to the dipole
moment that is called Berry curvature
dipole (BCD).*! This intrinsic contribu-
tion, even originating in case of nonzero Berry curvature, is dif-
ferent from the intrinsic AHE, where the conductivity is robust to
scattering and is dissipationless. This is because the intrinsic
component of NLHE is nonzero only when the Fermi level
crosses the energy bands (i.e., the BCD disappears in the energy
gap), and consequently, the effects of disorder are unavoidable.
The BCD has been reported in topological crystalline insulators
(e.g., the (001) surface of SnTe, Pb,_,Sn,Te, Pb;_,Sn,Se) ***%
Weyl semimetals,?* and transition metal di(‘halcogenides.[28’32’34_36]
In turn, the extrinsic contribution to NLHE is related to spin-
dependent scattering processes, also well known from the theory
of AHE, that is, to the skew scattering and side jump.[28’29’32'36]

In this work, we develop the concept of externally controlled
NLHE. We show that the Berry curvature and BCD can emerge
as a consequence of external magnetic field, which additionally
allows to control the properties of BCD and nonlinear system
response. Such external control of nonlinear (unidirectional)
electronic transport provides an additional degree of freedom
in the design of new spintronics devices. Accordingly, we dem-
onstrate the BCD engineering by external magnetic field and
present a detailed study of the linear and nonlinear Hall response
in 2D electron gas with isotropic cubic form of Rashba spin-orbit
interaction. The Berry curvature in such a system appears as a
consequence of nonzero out-of-plane external magnetic field
or magnetization. In turn, the BCD emerges (and simultaneously
can be controlled) due to an in-plane magnetic field. In conse-
quence, the Hall conductivity contains linear and nonlinear com-
ponents. The linear system response contains the contributions
due to anomalous and planar Hall effects, whereas the nonlinear
Hall response is determined by BCD.

Our proposition of magnetic control of Berry curvature and
BCD is quite general and can be applied to any kind of system
that, under zero external fields, reveals only the lack of spatial

© 2024 Wiley-VCH GmbH
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inversion symmetry. Thus we decided to consider the effective
model describing 2D quasiparticles in the presence of isotropic
cubic form of Rashba SOC. This kind of Rashba spin-orbit
coupling determines the spectra of p-states in p-doped zinc-
blende III-V semiconductor heterostructures (heavy holes in
2DHG).>*"~* Interestingly, the same kind of spin-orbital split-
ting, that is, the same symmetry of low-energy electronic states,
associated with t,, orbitals, is observed for 2D electron gas
emerging at the surface states of cubic perovskites, such as SrTiO;
(STO) and STO-based interfaces, that is, LaAlO;/StTi03.*** The
2D electron gas at surfaces and interfaces of cubic perovskite
oxides attracts large interest, mainly because of its high electron
mobility and enhanced spin-orbit interaction that leads to strong
spin-to-charge interconversion.**~*%! This makes oxide perovskites
attractive materials for spintronics.

This work is organized as follows. In Section 2, we introduced
an effective Hamiltonian describing 2D electron gas with isotro-
pic cubic Rashba SOC. In Section 3, we present semiclassical
formulas describing linear and nonlinear Hall conductivity.
Next, in Section 4.A, we present Berry curvature and BCD as
a function of the in-plane magnetic field and parameters of
the effective Hamiltonian. Section 4.2 contains a detailed discus-
sion of the behavior of Hall conductivity in the in-plane magnetic
field. Finally, Section 5. contains the summary and final remarks.

2. 2D Electron Gas with k-Cubed Rashba SOC

We consider that effective low-energy Hamiltonian of 2D light
electrons (2D heavy holes) with the isotropic cubic form of
Rashba SOCP®3**! akes the following form 1%

h2k?
H= ﬁ{fo + l(l(k3

-k )+Axs (1)
where k? = k% + k2, and m is the effective mass that in the systems
under consideration is described by the following formula *%

25673 )’1 )
) (2)

=l s o

with m, denoting the electron rest mass, and 7;, stands for
the Luttinger parameters. The second term of Equation (1)
describes isotropic cubic Rashba SOC, where k, = (k, + ik,),

6.=31(6,+i6,), and &, are the identity and Pauli matrices.
The Rashba parameter a reads?

B 512¢FLLy2
97° (371 + 107,) (r1 — 22)

3)

where L, is the quantum well width and F is the electric field
describing the asymmetric quantum well potential. The last term
in Hamiltonian (1) is a Zeeman-like term that describes the cou-
pling of electron spin, s, with magnetization and/or external mag-
netic field, that for keeping the generality is denoted here as A
(note that A is defined in the energy units). The spin operators,
s = (5,8,,%,), in this model are defined as follows."™”!

§x = _SOkY&O + 51 (sztA’Jr + kifi,) (43.)
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§Y = Sokx(}o + isl(kz,é'+ b ki(},) (4b)
< 3
Sz = EUZ (4)

and their forms are a consequence of two canonical transforma-
tions that need to be performed on the Luttinger Hamiltonian to
obtain the effective Hamiltonian (1) (for details, see ref. [39]). The
coefficients so; are defined ast®?

o 512eFLiy,my ()
0 9ﬂ6f12(3}’1 +107,) (1 — 272)
and
3 256}/% 2
5 = 12 (©)

47’ 3*(3y, + 10p,)?

The material parameters that characterize different systems
(e.g., surfaces of SrTiOs, interfaces of LaAlO;/SrTiO;, LaVOs/
SrTiOs, and Ge/Sig,Geo 5)!**** have been collected for example
in ref. [47]. Here, following another study,** we chose the param-
eters y; =7, 7, =19 eF =5x 10° eVm ', and L, = 8.3 nm.
As the necessary condition to obtain a nonzero Berry curvature
is to have a nonzero z-component of A, = B, (i.e., a nonzero
macroscopic magnetization oriented out of plane of 2DEG or
out-of-plane component of magnetic field), whereas to induce
and tune the BCD we need in addition an in-plane component
of magnetic field, we introduce the following generalized
notation: A = (B,, B, A,). Here By, denotes the external in-plane
components of magnetic field in the energy units, A, = B,
or A, = M,, where B, and M, denote the z-component of exter-
nal magnetic field and the out-of-plane macroscopic magnetiza-
tion, respectively.

3. Hall Conductivity

Within the semiclassical picture (as provided, e.g., in
refs. [26,30,32]), the charge current density driven by AC longi-
tudinal electric field can be described—in the constant relaxation
time approximation and up to the second order in the electric
field—by the following formula

Jo = Re{j + jo exp(iot) + j; exp(i2at) } )

where the first term describes the rectification effect

0 C3EﬂE*

d? k
— E aﬂ ! ar o
Ja th 1+ T / ayhg + Vg )fO (8)

the second term describes the linear response

/32/ ( a/ir 7 to 1 + iwT aﬂ)fo 9

and the last term is the second harmonic response
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0 € Eﬁ / de lat; l
Y 1+mZ (22 \Faro Bt 1+ o 0%
(10)

In the above expressions, | numerates the sub-bands, f} is
the Fermi-Dirac distribution function for the Ilth sub-band,
{a,,7,6} = {x,7,z}, and Q! is the a-th component of the
Berry curvature calculated for the l-th sub-band.[**!

Q) =V, x A(k) (11)

where A} = i{yy|Vi|y)) is the Berry connection.
Accordingly, in the DC limit, one can write

d2 Vi
Ja=— 7 1’2/ (eaﬁ}, y+rvaa

(12)
ekt Py INEVARY:
+ 1 (euga 0] + 0 00f ) )£
Thus, the Hall conductivity can be written as follows
Oap = O-a/} + 0 +Xa/iyE/ +)(a/iyE7 (13)

Here, 61/5 are the components, which are well known from the

theory of AHE. Thus, the first term describes the contributions
from the electronic states at the Fermi level (dissipative term),
that in the simplest form!*® reads

2
X s, (14)

I —_
Oup =

whereas the second term describes the contribution from the
electronic states below the Fermi level, that is, the Fermi sea
(nondissipative) component. This term is fully intrinsic and
determined by the Berry curvature

oll, = hZ/( e (15)

The third and fourth terms of Equation (13) describe nonlin-
ear Hall response. The third term is fully semiclassical, with elec-
tric susceptibility heaving the form

ezer

dk

A (16)

I
Xapy =

whereas the fourth term has quantum origin and the correspond-
ing electric susceptibility takes the form

X}tIﬁr = CTZ/

where D,; is the BCD which in 2D systems (for which Berry cur-
vature has only 2 -component) reads

62 er
3 Ears B0 fh = “Wh easDls  (17)
1

» Pk
Dfl/f Dl = / (Zﬂ)zfz)akglz (18)
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4, Results

4.1. Berry Curvature and Berry Curvature Dipole

The eigenvalues, E;_., of Hamiltonian (1) take the form

k2 h?

ot Bk — Bky) = &0 (19)

and the corresponding eigenfunctions are

v = (700) (20)

In the above expressions, we introduced the parameters:
&(k) = [9AL + 4k*(B%s} + k*a? — 2a(B,k, — Bck,)s;)]Y?  and

_ +£34,+E(K)
®(k) = 2% (ak +i(B,—B,)s;)"

sponding to the sub-bands E. has the following form:

Accordingly, the Berry curvature corre-

[4B%s? + 12a(B.k, — Byky)s; + 9a’k?] (21)

where B? = B2 + B} denotes the amplitude of the in-plane com-
ponent of external magnetic field. In addition, one usually defines
(B/B, B,/B) = (cosy, siny), where y determines the orienta-
tion of vector B with respect to the x-axis.

Both eigenvalues and Berry curvature are presented in
Figure 1a—d. Figure 1a shows the cross sections of energy bands
E. (solid lines) and Berry curvatures corresponding to these
eigenvalues. The Berry curvatures have also been plotted in
the case, when the coefficient s; is taken into account in the defi-
nition of spin operators (dotted lines). Figure 1b-d shows
selected constant-energy contours and density plots for Berry cur-
vature, QJ, for a fixed value of A, and for different amplitudes of
the in-plane magnetic field, B. One can see that the nonzero in-
plane magnetic field, B, leads to a Fermi contours anisotropy in
the k-space by shifting the energy sub-bands (e.g., in the k, direc-
tion when the in-plane magnetic field is oriented along the y
direction). For higher energies, where the spin-orbit coupling
also plays an important role, the B-field leads to a degeneracy
of the sub-bands. Obviously, the Berry curvature reveals the high-
est signal in the crossing points. Moreover, the positions of posi-
tive and negative Berry curvature hot spots are also more
pronounced at higher energies, and their position in the k-space
is controlled by the in-plane orientation of the magnetic field (as
indicated in Figure 1f~h). Figure 1e presents the BCD calculated
for E, and E_ energy branches, respectively, as well as their
superposition. Importantly, depending on which component,
D;r or D;, dominates, the sum, D,, can change the sign by chang-
ing the chemical potential.

4.2. Hall Conductivity

Now, without loss of generality, we assume that the external
electric field is oriented in the y-direction. Accordingly, the
Hall response is described by the off-diagonal conductivity

Oy = Oy + 0%, + X By + iy Ey- The first two terms describe

© 2024 Wiley-VCH GmbH
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Figure 1. a—d) Berry curvature and e) BCD, as well as f-h) derivative of the Berry curvature with respect to k, plotted in k-space for indicated values of A,
and B. The other parameters are: y; =7, 7,7, =1.9, eF =5x10°eVm ', L, =8.3 nm.

the linear, with respect to E,, system response, that is,

oy, = 0%, + 0%, whereas the last two terms describe the nonlin-

ear (second-order) response, that is, 6% = (rh,, + 1) Ey. All
these components are presented in Figure 2 (where the contri-
butions from each of the subbands are also plotted) and in
Figure 3, where all conductivity components are presented as
a function of the angle, w, and chemical potential, p, for two
amplitudes of the in-plane magnetic field, that is, for B=0.2
and 1.8 meV. These two values of B represent two regimes:
B< A, and B> A,, respectively. Additionally, it should be
stressed that the formalism used here is applicable to the constant
relaxation time approximation. This is a quite reasonable
approach, as Murakami®® showed that the vertex correction to
the velocity operator due to randomly distributed point-like impu-
rities vanishes. We also did not take into account spin-orbital scat-
terers that may lead to skew-scattering and side-jump processes.
Thus, the presented approach allows calculating (in the simplest
possible way)the consistent results for linear and nonlinear Hall
conductivity, emphasizing the effect of external magnetic field.
When B < A,, the intrinsic component, induced by the Berry
curvature, dominates the linear system response. The compo-
nent o3}, does not depend on the orientation of in-plane magnetic
field (described by the angle y, defined as the angle between
x-direction and B-vector), whereas the component %, is a peri-
odic function of y , with the oscillation period equal to . In turn,
the nonlinear conductivity, aﬁly, reveals y-dependent oscillations,
with the oscillation period of 2z. The oscillation period 27 is a
signature of nonlinear with respect to the external electric field
system response. Opposite to oﬁcy, the topological term originat-
ing from the BCD is smaller than the nonlinear contribution
originating from the states at the Fermi level. Both y%,, and

Phys. Status Solidi RRL 2024, 2400123
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;(LIW are nonmonotonous functions of chemical potential. In
Figure 3d, the nonlinear conductivity, o%, and its two compo-
nents are plotted as a function of y for y = 3z/4. From this plot,
one can see that ;(}CYY at first decreases with increasing value of g,
reaches minimum around 9 meV and then increases, crosses 0,
takes maximum around y =20meV, and next it decreases. In
turn, y3,, is originally positive and takes maximum around
u=9meV, then it decreases, crosses zero, and takes minimum
at y=20meV and vanishes with further increase in u. As a
result, o}, is a negative function having a local minimum around
u=9meV and a local maximum around u=20meV.

When B > A,, the two components contributing to aicy, that s,
GLY and agy, are of the same order. Accordingly, o'ﬁcy reveals well-
defined oscillations with a z-periodicity. The component o7
has periodicity of 2z. In addition, y.,, has a local maximum at
w=nx/2 and a local minimum at w=3z/2, which indicates
the presence of not only B linear but also B cubed terms.
This means that when B is strong enough, not only the bilinear
term, B, E,, but also B} E, term should be taken into account to
describe properly oﬁly. For w = 3z/4 the nonlinear contribution
o} is again a negative function, having a local minimum around
1 =9meV and a local maximum around y =20 meV. We note
that we have presented here numerical data only for the chemical
potentials up to 40 meV, as the effective Hamiltonian given by
Equation (1) is valid only for small particle density (small wave
numbers).*#>%

The symmetric part of the off-diagonal conductivity, Aso,, =
(64 (E, = E) + 0y(E, = —E)]/2 = 0%,, for lower in-plane mag-
netic field is determined by the topological component. The
behavior of oY, for isotropic cubic Rashba model has been
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Figure 2. Four components of the Hall conductivity: a) a'xy, b) aj('y, 9] ;(,'(WEy, and d))(,'('WEY plotted as a function of chemical potential 4 and for the indicated
orientations of magnetic field (i.e., for the specific values of the angle y). For all components, the contributions from each of the sub-bands are presented.
Here A, =0.4meV, B=1.8meV, eE,=1eV m~!, T=5x 10> eV, the other parameters are the same as in Figure 1.
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the chemical potential, u c,d,g,h). The parameters are the same as in Figure 1 and 2 unless otherwise indicated on the plots.
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discussed in detail, for example, in another work.P 1]). In turn,
when the amplitude of the in-plane magnetic field increases,
the component o}, becomes more visible and starts to dominate.
Importantly the antisymmetric part of the Hall conductivity
Ap6y, = [04y(E, = E) — 0,y(E, = —E)]/2 = o} can be strongly
modified not only by the orientation and amplitude of in-plane
magnetic field, but also by the change of chemical potential due
to doping or gating. We have shown that the term related to the
BCD is not sufficient to properly describe the behavior of non-
linear system response, as the susceptibilities y%,, and x4, can
have opposite signs. Moreover, for larger in-plane magnetic
fields, ;(LYY deviates from linear in B functional dependence.

5. Discussion and Summary

In this article, we have analyzed theoretically the linear and
NLHEs in 2D systems within the isotropic k-cubed Rashba
model. The analytical results are supported by numerical ones.
We showed that an out-of-plane external magnetic field or mag-
netization leads to a nonzero Berry curvature in the system. We
have also shown that the Berry curvature can be tuned by the in-
plane magnetic field, and this may lead to the BCD.

We have also calculated the linear and nonlinear Hall response
and have shown that in the linear response regime, the conduc-
tivity is dominated by the component due to Berry curvature. In
turn, the second-order correction to the Hall conductivity is dom-
inated by the states at the Fermi level.
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Summary

The subject of this doctoral dissertation is the transport properties of a two-dimensional elec-
tron gas (2DEG) characterized by cubic forms of Rashba and Dresselhaus spin-orbit interac-
tions. The main goal of the thesis was to theoretically investigate the intrinsic contribution to
transport effects arising from the band structure of the analyzed system. The study focused on
non-equilibrium spin polarization in the system, linear and nonlinear spin-orbit driven trans-
port phenomena from the family of Hall effects, along with their thermal counterparts, such as
the Nernst effect and thermally-induced spin polarization. Additionally, the interplay between

spin-orbit interaction and the exchange field in magnetic systems was explored.

The cubic forms of Rashba spin-orbit interaction describe a 2D electron gas that forms at inter-
faces or surfaces of perovskite oxides. Recently, these materials have garnered scientific atten-
tion due to their interesting physical properties, including metallic conductivity, ferromagnetism,
low-temperature superconductivity, and large spin-charge interconversion effect, making them
promising for constructing spintronic devices. Additionally, the isotropic cubic Rashba model
also applies to a 2D hole gas in p-doped semiconductor heterostructures. In turn, semiconduc-
tor heterostructures characterized by symmetric quantum wells exhibit the Dresselhaus type of
spin-orbit interaction. Here, we consider the influence of the cubic Dresselhaus term on transport

properties, particularly significant at higher chemical potentials.

The dissertation is based on six articles published in peer-reviewed journals, preceded by the
introductory part. The introduction to the basic concepts utilized in the thesis provided in Chap-
ter 1, concerns the investigated two-dimensional electron gas and the idea of spin-orbit interac-
tion, focusing on the cubic forms of Rashba and Dresselhaus types. Chapter 2 introduces the
theoretical method used in the investigations, namely Matsubara-Green’s functions formalism
and diagrammatic approach. Chapter 3 is dedicated to the transport phenomena considered in
the dissertation, i.e., non-equilibrium spin polarization, linear anomalous, Nernst and spin Hall
effects, nonlinear Hall effect, and bilinear magnetoresistance. In Chapter 4, the publications that

constitute the thesis are presented along with short summaries.

The spin Hall effect in a magnetized and a nonmagnetized 2D system with an isotropic cubic
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form of Rashba SOI is considered in the article A-1. It was shown that an out-of-plane oriented

exchange field suppresses the spin Hall response.

Articles A-2 and A-3 were dedicated to the linear anomalous Hall and Nernst effects. The anal-
ysis of the intrinsic anomalous Hall effect in a 2D system with cubic forms of Rashba spin-orbit
interaction and out-of-plane oriented magnetization field (sec. 3.2.1) indicates that the contribu-
tion from the states in the Fermi sea related to the Berry curvature dominates in a weak-scattering
regime and when the impurity concentration in the system is low. The anomalous Hall effect is
most pronounced when the strength of the cubic Rashba SOI and exchange interaction are com-
parable. Moreover, the anisotropy of the Fermi contours in wavevector-space in the considered
models does not affect the results qualitatively. The examination of the intrinsic anomalous Hall
effect in a 2D system with both linear and cubic forms of Dresselhaus SOI indicates the main
intrinsic contribution that is robust against impurities and signifies the diminishing influence of

the cubic term on the value of the anomalous Hall effect at higher chemical potentials.

Investigation of the anomalous Nernst effect in 2DEG with cubic forms of Rashba SOI (A-2
and A-3) shows that the Kubo formula is not valid at low temperature as long as the orbital
magnetization current is not considered. However, using the Mott and Onsager relations one
can treat the anomalous Hall effect as a thermal counterpart of the anomalous Hall effect. For
higher chemical potential, experimentally observed change of the sing preceding the magnetic
phase transition indicated by the Curie temperature, was found. It appears when the strength of

the Rashba and saturation magnetization interactions are comparable.

The current-induced non-equilibrium spin polarization (CISP) in a symmetric quantum well
growing in [001] crystallographic direction with both linear and cubic forms of Dresselhaus
spin-orbit interactions was investigated in the article A-4. The study reveals that at higher chem-
ical potential, u, the cubic term of the Dresselhaus reduces the spin polarization in the system
by 10%-30% compared to the p-independent relation that arises when only the linear term is
present. Furthermore, incorporating an out-of-plane exchange interaction, possibly originating
from the magnetic substrate, introduces an additional transverse contribution to the spin polar-
ization from the states in the Fermi sea. Additionally, the scattering processes on short-range
spin-independent impurities do not affect the intrinsic contribution. However, these processes al-
ter the dissipative component of CISP by a factor of 2 when the spin-orbit interaction dominates

the exchange field.

Moreover, in the paper A-4 the analysis of thermally-induced spin polarization (TISP) in mag-
netized 2DEG with linear and cubic forms of Dresselhaus SOI is provided. It was found that the
dissipative component of the TISP, determined by the states at the Fermi level, is linked with
the current-induced spin polarization via Mott relation. TISP is most pronounced in the energy

gap and can be tuned with a magnetization field. Thus, the cubic Dresselaus SOI term, which
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influences the results at higher Fermi levels (higher carriers density), does not modify the TISP

distinctly.

In the manuscript A-5, bilinear magnetoresistance in a 2DEG with an isotropic cubic form of
Rashba SOI and in-plane magnetic field applied is considered. Here, using Green’s functions for-
malism, the analytical results were obtained. The bilinear term of magnetoresistance is evoked
by the non-equilibrium spin polarization in the system and is the most pronounced in a weak

magnetic field regime.

In the work A-6, the role of both the intrinsic and dissipative components of the linear and
nonlinear contributions to the anomalous Hall conductivity (AHC) in a magnetized 2D electron
gas with isotropic cubic form of Rashba SOI is investigated. Two regimes were examined: the
low in-plane magnetic field regime, where the value of the in-plane magnetic field is lower than
the out-of-plane magnetization component, and the opposite situation. It was found that in the
low in-plane magnetic field regime, the linear AHC is dominated by the intrinsic part, originating
in the Berry curvature. In turn, for higher values of the in-plane magnetic field, the dissipative
component, related to the states at the Fermi level, begins to influence the results. Interestingly,
for the nonlinear component of the AHC, the dissipative component governs the transport in

both regimes.

Moreover, utilizing the Zeeman-field engineering concept, it was shown that in the investigated
system, the nonlinear Hall effect can be induced and tuned by the value and angle of the in-
plane magnetic field. Furthermore, the intrinsic part of the linear AHC reveals a m-periodicity
with respect to the angle of the in-plane magnetic field, while the nonlinear AHC, originating
in the Berry curvature dipole, exhibits a 27-periodicity with the in-plane magnetic field angle.
Finally, the AHC is governed by the intrinsic part when the in-plane magnetic field is applied

perpendicular to the external electric field.

The analyzed linear and nonlinear transport phenomena are known in the literature and have
mostly been studied in the systems with linear form of Rashba and Dresselhaus spin-orbit inter-
action. In contrast, the presented thesis contributes to the field by describing these phenomena

in systems where the cubic form of Rashba or Dresselhaus spin-orbit interaction exists.

The cases where the cubic form of SOC leads to different results than the linear form of SOC, as
seen in the case of the spin Hall effect, have been analyzed. Here, in the presence of randomly
distributed spin-independent impurities, the SHE vanishes in a 2DEG with the linear form of
Rashba, but it remains unaffected when the cubic form of Rashba SOC is present (article A-1).
Additionally, there are cases where the linear and different cubic forms of Rashba SOC yield
similar outcomes, such as the anomalous Hall effect described in the papers A-2 and A-3. In

addition, both forms of cubic Rashba SOC, isotropic and anisotropic, are analyzed, and it was
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shown that both lead to similar results in the case of the anomalous Hall and Nernst effects (A-2
and A-3). Moreover, the influence of the cubic Dresselhaus SOC term on transport properties is

presented in a system where the linear form of SOC also exists, see A-4.

In general, the results presented in the dissertation cover transport phenomena described by zero-
temperature analytical formulas, which are important for the conceptual description of a system,
as well as the numerical results for finite-temperatures. Moreover, the analytical outcomes facil-
itate the description of the transport properties of the system with exact expressions, where the
dependencies on system parameters and external forces are directly visible. Additionally, such
results allow the study of the system properties without the influence of temperature smearing.
On the other hand, the numerical results in the finite-temperature regime provide the opportunity
to understand how temperature affects the results, which is significant from both an experimental

and an applied perspective.

However, it should be noted that the results were derived using effective Hamiltonians, describ-
ing only a part of the band structure. On the one hand, the effective Hamiltonian allows for the
description of classes of structures rather than individual systems and aids in identifying the min-
imal set of significant parameters needed to effectively describe the physical system. However, it
cannot accurately model the system at higher carrier concentration, where other bands, not cov-
ered by the effective model, influence the results. Thus, an interesting extension of the presented
results could be achieved using the first-principles (ab initio) electronic structure methods, where
the whole band structure is examined. This approach allows for observing how the other bands,
at higher carrier concentrations, influence the obtained results. Moreover, the first-principles
method based on density functional theory produces outcomes for specific materials, which, at

low carrier concentrations, can be compared with the obtained results.

Another way to extend the presented studies is to include spin-dependent scattering processes,
such as side-jump and skew-scattering, in the considered models. This extension allows for
investigating how phenomena like the spin or anomalous Hall effects are modified, and for com-
paring the results with those known in the literature for systems with k-linear Rashba SOI [154,
236].

Recently, nonlinear effects have become a hot topic due to their sensitivity to breaking spatial
symmetry, which enables potential applications in material characterization and current rec-
tification. Moreover, the unidirectional response offers a promising platform for constructing
spin-logic devices. The thesis covers the nonlinear Hall effect and bilinear magnetoresistance in
systems with a cubic form of Rashba SOC. However, the study could be extended to explore the
intrinsic contribution to the temperature-induced transport effects in the nonlinear regime [214,
215].
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In summary, the thesis contributes to the field of two-dimensional spintronics by characterizing
the transport properties of a 2DEG with cubic forms of the intrinsic spin-orbit interaction. Exist-
ing scientific research primarily addresses the linear forms of Rashba and Dresselhaus spin-orbit
interaction. In contrast, the results presented in the dissertation focus on transport in systems
with the cubic forms of these interactions. Combining the knowledge from the literature with
the thesis outcomes may help to distinguish the form of intrinsic spin-orbit interaction based on
the transport properties of the system, such as linear and nonlinear Hall effects and their thermal

counterparts.
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