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Introduction
The spintronics [1], or the spin-electronics, is a popular name to a wide range of physical fields extended from the basic theoretical and experimental research, through the
applied sciences, to commercialized daily-life products from the IT industry. In addition to the common electronics that relies on a transport or a storage of an electric
charge, the spintronics primarily benefits from the spin degree of freedom – usually of
an atom, a charge carrier or a molecule – and provides or promises to provide novel
electronic devices that aim to outstrip the present-day electronic concepts in terms
of the operation rate, energy consumption, integration of more functionalities in one
device, storage capacity, or even quantum computation [2].
Since the turn of the 19th and during the most of the 20th century, the spintronics,
and its closely related magnetic recording, focused on the magnetic data storage and
treatment – relying mainly on the relation between the magnetic field, magnetization
of a ferromagnetic material and the laws of the electromagnetic induction. The field
gained a completely new dynamics (and a new name) with the discovery of the giant magnetoresistence and the practical usage of the anisotropic magnetorestistence
in the magnetic reading in late 1980’s, benefiting from relativistic spin-orbit effects.
From a broader perspective, spintronics has developed concepts of manipulation of an
ensemble of spins by an electric field, spin-polarized or even unpolarized charge currents [3–5]. Spintronics effects can be used to create, manipulate and detect flow of
spin (pure spin currents) [6] and to operate spin qubits for quantum computation [7].
Paradoxically, the spintronics attracted the greatest attention as a result of the rapid
and massive development of the classical electronics and information technology at the
beginning of the new millennium. The sustainability of the doubling of the processor
operation rate and the data storage within each second year, known as Moor’s law
for the information technology, is a more and more challenging task mainly due to
the emergence of quantum mechanical effects in nm-sized transistor gates or due to
the energy consumption and heat losses. It is commonly argued [8] that new device
concepts, new materials apart from the silicon or even a new paradigm is needed in
order to maintain the astounding development of last decades for the upcoming ones.
As the spintronics promises new concepts of a fast and non-volatile data storage and
entirely new paradigms of spin-based logic devices, many eyes are fixed on the magnetic
and semiconductor spintronic research.

i

Spintronics in non-magnetic semiconductors

The robust memory effect of ferromagnetic systems is what the spintronic concept of
non-volatile data storage has always relied on. The modern relativistic spintronic effects
enable the reading and control of the magnetization state via spin-polarized currents
with much higher sensitivity or in orders of magnitude shorter time-scales than the
conventional ones. The hard-drive reading heads using the giant magnetoresistance or
the non-volatile magnetic random-access memories (MRAMs) benefiting from the spin
transfer torque are two examples of a practical industrial realization of such concepts
in our daily lives [3].
Semiconductors. Perhaps not being so visible, the non-magnetic materials played
and still play a key role of a nucleation center of new spintronic effects and proofof-concepts for follow-up magnetic devices. The simplicity, high crystal quality, wellknown fabrication techniques and the possibility of the optical investigation are the
5

reasons why the semiconductors such as silicon or GaAs are important playgrounds
for many spintronic ideas. For example, the spin Hall effect (SHE), one of the central
phenomena in the present-day spintronics, has been first observed by optical means in
GaAs [9, 10]. Similarly the spin-galvanic effects [11], the spin-orbit effective magnetic
fields [12] or emergence of the persistent spin helix [13] were studied in various conditions in GaAs-based structures mostly by optical approaches. Another benefit of the
semiconductor system is a possible usage of the optical orientation which is commonly
viewed as one of the most trustworthy technique of the spin injection [14].
The high quality semiconductor crystals grown by the molecular beam epitaxy
(MBE) are the ideal candidates for investigation of mechanisms that limit the life-time
and the transport of spins since the doping, disorder, carrier density or layer structure
can be easily controlled here. The accessibility of high-mobility low-dimensional systems
formed in remotely doped semiconductor heterostructures gives also the opportunity
to study low-scattering (or even ballistic) transport regimes that are hardly accessible
in other materials such as metals. Thanks to the purity of semiconductors, the spintransport parameters allow us to perform a non-local spin-detection and a non-local
manipulation, which makes them suitable for the novel spin-based logic concepts [15].
Besides the hypothetical Data-Daas spintronic transistor [6] that has not been realized
yet, the SHE transistor [16] is an example of a demonstrated functional spin-logic
element, operating with pure spin currents.
In addition, the understanding of spin-dynamics in non-magnetic semiconductor
could be of significant importance for the devices based on diluted magnetic semiconductors [17]. This concept represents a fusion of properties of semiconductors (logic
operations) and the magnets (non-volatility).
Metals. One of the most unexpected stories of a practical application of a spintronic
effect discovered in semiconductors is possibly the SHE. Being studied for several years
in GaAs and other semiconductors [18], it gained the reputation of a subtle, purely academical phenomenon. However, after the observation of the orders of magnitude larger
spin Hall angle (ratio between the input and output currents in a SHE measurement) in
gold, platinum and other metals [19], the SHE was reconsidered as a potentially excellent generator and detector of pure spin currents for many applications. For example,
a new concept for MRAMs employs the SHE in order to trigger the magnetization
reversal of a ferromagnetic memory bit [20].
Although it may seem that the spin-related phenomena are rather weak in semiconductors due to the weak spin-orbit interaction, it has been shown recently that spin Hall
angles reaching even the same order as in metals can be observed in GaAs [21]. The
described regime relies on the transition of conduction electrons from the Γ to L-valley
using a large drift electric field. This transition increases significantly the spin-orbit
interaction and confirms again that the semiconductors should not be omitted in spintronics.

ii

Thesis aims and outline

The thesis aims to benefit from the versatility of MBE-grown semiconductor structures
and study the spin-dynamics in a variety of layered systems. A special attention will be
paid on the local and non-local detection of spins and the spin-transport parameters.
Having in mind the application potential of spintronics, the experimental investigation
is also done with regard to the recently proposed concept of the spintronic polarimeter [22,23]. In this device, the spin-momentum of photons of circularly polarized light is
6

converted to spin-polarized photo-carriers using the optical orientation. The resulting
spin-polarized charge current of the photo-carriers is transformed to a measurable transverse voltage that is proportional to the density of optically injected spins. Another
application-oriented motivation initiated the investigation of undoped GaAs/AlGaAs
hetero-interfaces where unexpectedly superior spin-transport parameters were found.
The first chapter of the thesis summarizes not only the theoretical background necessary for further explanations and reasoning but it also aims to put it into a wider
spintronic context. First, we introduce the spin from basic relativistic considerations
and describe its most important interactions relevant for our work – the interaction
with magnetic and electric fields. Then, we discuss the fundamental spintronic effects
employed in order to generate or detect spins both optically and electrically in a semiconductor. Finally, we focus on the spin-dynamics such as the spin-conserving time
and length-scales with and without the presence of electric and magnetic fields. We
introduce the spin drift-diffusion equations and review the spin-transport parameters
typical for various semiconductor systems.
The second chapter covers the main used experimental techniques, methods for
the analysis and a number of experimental setups and arrangements. The text is
divided into sections that describe successively the optical, electrical and terahertz
(THz) spectroscopy approach. We also provide here numerical results of simulations of
a spin-transport in a Hall-cross arrangement.
The third chapter reviews the MBE growth of used wafers, discuss the specifics of
their layer structure and provide their electrical transport parameters inferred from an
electrical characterization. Then, we describe the lithographical designs patterned on
the surface of samples in order to create the desired electrical devices, and comment
briefly on the followed technological procedure.
The experimental work and its results are presented in the fourth chapter. First, we
focus on the study of samples containing undoped GaAs/AlGaAs heterointerfaces which
are investigated using the optical, electrical and THz techniques. Here, we show first the
most important results concerning the observed exceptionally long-range spin-transport
and long spin life-times. The observations and inferred parameters are then confirmed
by two independent measurements. Afterwards, we proceed to a more detailed investigation of spin-decay mechanisms and the particular processes of the spin-polarization
that occur in our system. The study is completed by a set of measurements regarding
the stability and spin-polarizability of the steady-state spin-system with respect to the
optical excitation.
The next experimental study investigates a doped GaAs-based structure at room
temperature in terms of the polarimeter functionality. We show first the diffusion
regime of the device, then we discuss the effect of an applied electric field and, finally,
we perform a highly spatially resolved measurement of the spin-responses of a Hallcross. The third experimental study is done on a GaAs-based sample that contains
a quasi-lateral pn-junction and examine the effect of the depleted zone on the spintransport and strength of the inverse spin Hall signal. The results from two latter
studies can contribute to the concept of solid-state spintronic polarimeters.
For better clarity we include in the thesis appendices which describe several practiceoriented particularities that are referred to in the main text. One can find here a detailed description of the optical bridge, definition and determination of many experimental aspects of laser Gaussian beams or specific technological recipes of the device
fabrication.
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Kužel’s group at Institute of Physics, AS CR, v.v.i., Prague, Czechia – the author participated during the measurements and provided feed-backs from other experiments.
The data from Sec. 4.2 were acquired in a tight collaboration with Dr. James Haigh
during author’s several stays in Hitachi Cambridge Laboratory, Cambridge, UK. Here,
both collaborators contributed to the work equally. The author wrote all manuscripts
of mentioned papers with supervisor checks by prof. Tomáš Jungwirth and prof. Petr
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1. Theoretical background
This chapter will cover the theoretical basis for the interpretation and data discussion
that follow in the forth chapter. The following text aims not only to directly summarize
expressions and principles that are going to be referred further in the thesis but also to
provide a wider context for a reader. This is why the particular topics are sorted into
three sections according to the usage and application of the discussed phenomena.
The first section focuses on the definition of the spin degree of freedom from the
relativistic Dirac equation – the only proper introduction of this quantity. It will also
cover its two main interactions which one can observe in semiconductor systems such
as GaAs: the Zeeman and spin-orbit interaction. A few paragraphs will be designated
to the spin-orbit fields – the effective magnetic fields that occur (not exclusively) in
semiconductors as a consequence of the relativistic nature of electronic states and are
modified due to the structure or crystal inversion asymmetry.
The second part includes the concepts that are related to the optical and electrical
ways of the generation and detection of spin-polarization in a semiconductor system.
We describe the effects that will be employed in our experimental work: the optical
orientation, the magneto-optical effects and the spin Hall effects. Naturally, we do not
cover all possible approaches since they go beyond the scope of the thesis. However, in
order to provide a basic overview, we list the other main concepts in a brief paragraph
at the end of the section.
The last section covers the dynamical aspects of a spin ensemble – namely its spin
life-time and spin-decay mechanisms that are most important in semiconductors, and
the dynamics in electric and magnetic fields. The concept of a spin life-time of a spin
ensemble is extended from the usual frame, limited to undoped spin-polarized system,
to a case of n-doped semiconductors. The spin transport is described using the concept
of the spin current and the semiclassical theory of spin-orbit coupled spin and charge
currents – the spin drift-diffusion equation. Finally, we overview the existing literature
to get the context of the typical spin-transport parameters in a number of semiconductor
system.
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1.1

Spin and its interactions

The spin degree of freedom is, as a purely quantum-mechanical entity, introduced by
the Dirac equation [24], which reads in its general form

∂ψ(x, t)
βmc2 + cα · p̂ ψ(x, t) = i~
,
∂t

(1.1)

where ψ(x, t) is a four-component wave-function of a particle of rest mass m, c is
velocity of light, p̂ = −i~∇ is the quantum momentum operator
 and the matrices
 α
0 σi
1
0
and β are defined as follows: α = (αx , αy , αz ) and β = 0 −1 , with αi = σi 0 , σi
are the corresponding Pauli matrixes [24] and 1 = ( 10 01 ). The wave-function ψ(x, t) =
(ψ1 , ψ2 , ψ3 , ψ4 ) = (ψ+ , ψ− ) is called bi-spinor and its four components are usually
stacked to two two-component wave-functions – spinors ψ+ and ψ− , corresponding to
the particle and anti-particle character of the wave-function, respectively.
In order to reveal the spin magnetic moment and its interaction, which are the key
concepts of this thesis, electric and magnetic potentials, φ and A, must be added to the
general equation 1.1, that, after being rewritten to equations for both spinors, leads to
i~∂t ψ+ = cσ(p̂ − eA)ψ− + (eφ + mc2 )ψ+ ,
2

i~∂t ψ− = cσ(p̂ − eA)ψ+ + (eφ − mc )ψ− ,

(1.2a)
(1.2b)

where σ = (σx , σy , σz ) is the vector of Pauli matrices.

1.1.1

Zeeman interaction

The existence of the spin and its interaction with a magnetic field, B = ∇ × A, follows
directly from the non-relativistic approximation of Eqs. 1.2. Considering i~∂t ψ− ≈
1
(mc2 + eφ)ψ− , Eq. 1.2b turns into ψ− ≈ 2mc
σ(p̂ − eA)ψ+ and shows that the particlelike components of the bi-spinor are the dominant ones in the limit of low velocities
with respect to c. Placing this expression to Eq. 1.2a, we get, after a rearrangement,
an equation equivalent to the phenomenological Pauli equation [24]


1
∂ψ+
e~
2
2
i~
=
(p̂ − eA) −
σ · B + eφ + mc ψ+ .
(1.3)
∂t
2m
2m
From the comparison with the energy of a classical magnetic moment in magnetic
field, the second Zeeman term ĤZ of the Hamiltonian (expression in square brackets in
Eq. 1.3) directly introduces the spin Ŝ = ~/2σ, or spin magnetic moment µs = − |e|
m Ŝ,
as a quantum-mechanical operator operating in a two-dimensional Hilbert space, whose
basis is generated by the two eigen-vectors of σ, spin ”up” ( 10 ) and spin ”down” ( 01 ).
The Zeeman interaction leads to a spin-dependent energetic splitting of pure quantum states (or sub-bands in a crystal), which has two consequences for the experimental
work. First, the spin-splitting causes spin-polarization in the system, as one spin subsystem has different occupation probability due to the different energy. This effect is
not, however, usually used to directly generate a net spin-polarization, since it would require inaccessibly large fields.1 Nevertheless, the application of magnetic field collinear
with the orientation of spins is employed to stabilize the nuclear spin-polarization (see
Sec. 1.3.3) or increase the electronic spin-life time (Sec. 1.3.2).
1

For instance, a system of electrons in bulk GaAs or in a GaAs/AlGaAs quantum well with electron
density n ≈ 1018 cm−3 or ≈ 5 × 1011 cm−2 , respectively, kept at temperature of 10 K would require
the magnetic field of 28 or 17 T in order to create a spin polarization of only ∼ 1 %. These fields are
commonly inaccessible in laboratories.
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The second consequence of the spin-split quantum levels is the Larmor precession
of a spin system in a mixed quantum state, i. e., when the vector of the magnetic
field and the quantization axis for the spins are noncollinear. Considering the magnetic field applied along the z-axis, the spinor describing a spin oriented in x-axis
is not the eigen-vector of ĤZ and represents a mixed state, expressed as a linear
combination of the pure eigen-states of ĤZ , |→i = |↑i + |↓i. The eigen-states have
form |↑i = ( 10 ) exp[−iEz t/(2~)] and |↓i = ( 01 ) exp[+iEz t/(2~)], where Ez is the eigenvalue of ĤZ , and the expectation values of hσx i + i hσy i = 21 h→| σx + iσy |→i =
cos(Ez t/~) + i sin(Ez t/~). This harmonic precession of the spin in mixed state in an
external magnetics field is equivalent to the classical Larmor precession and, thus, we
consistently define Ez = gs µB B = ~Ω, where gs is the electron g-factor, µB = e~/(2m)
the Bohr magneton and Ω the Larmor frequency. As gs is a parameter highly sensitive
to the electron band-structure (e. g., |gs | = 0.44 in bulk GaAs at low temperature [25],
but it can decrease significantly in low-dimensional GaAs systems or at higher temperatures due to the renormalization of the band-gap [26]), the gs is often measured
as a fingerprint of the spin-system. The spin-precession in internal effective fields, the
spin-orbit fields, is discussed further in Secs. 1.3.2 and 1.3.3.

1.1.2

Spin-orbit interaction

The spin-orbit coupling term appears, among the other corrections to the Hamiltonian,
if set of Eqs.1.2 is solved in the order of 1/c2 , and reads [24]
ĤSO =

e~
1
σ · (v × E) =
p̂ · (Ŝ × ∇V ),
2
4mc
2m2 c2

(1.4)

where we consider E = −∇φ and V = −|e|φ. From the comparison of the first
expression in Eq. 1.4 with the Zeeman term in Eq. 1.3, we see that the expression
(v × E)/(2c2 ) corresponds to an effective magnetic field. Indeed, some approaches look
at the spin-orbit coupling as an interaction of the spin-magnetic moment with this effective magnetic field in the particle’s moving frame, that results from the relativistic
transformation of a part of an electric field present in the rest frame [27]. A non-zero
electric field is, thus, needed in a system in order to achieve the coupling between the
spins and the orbital momentum. In case of isolated atoms, we can use the spherical
potential and spherical coordinates, and then [28]
ĤSO =

1 1 dV
Ŝ · L̂ = λSO Ŝ · L̂,
2m2 c2 r dr

(1.5)

where λSO is the strength of the interaction and L̂ = r × p̂ the operator of the orbital
momentum of the particle. This is also why this interaction is referred to as the spinorbit interaction (SOI).
Spin-orbit interaction in solids. In solids, the SOI is induced by multiple effects
which can be grouped depending on the symmetry of the system. The contribution
which is independent of symmetry and, thus, is present in every semiconductor or
other solid, originates from the interactions of electrons in valence band (p-orbitals
for most semiconductors) with the average electric field of the nucleus and the other
electrons. Evaluation of this contribution usually employs the Kane model and the k · p
approximation [24, 28] and explains the origin of the SO-split band in the dispersion
of holes. However, this, disregarding the electron-hole interaction, does not affect the
electrons in the conduction band.
If we focus now on the conduction band only, all the other contributions to the SOcoupling require a breaking of its spatial symmetry, which follows from basic symmetry
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arguments. In the absence of the external magnetic field, the time inversion results
in ε↑ (k) = ε↓ (−k). Here, ε↑,↓ are electron energies for two spin sub-systems and
k = p̂/~ is the electron wave-vector. If the system has also an inversion center, then
ε↑ (k) = ε↑ (−k). Combining both observations, we state that both spin-subsystems with
same k have the same energy, hence, the SOI must be averaged to zero. This happens
in semiconductors lacking the inversion asymmetry, such as silicon, if no (external
or internal) magnetic field is applied. The degeneracy of spin sub-bands, however,
disappears in systems where the inversion symmetry is broken.
There are, in practice, four major ways to break the spatial inversion symmetry
globally [24, 27]: (i) if the system incorporates a structural inversion asymmetry (SIA)
– achievable, for instance, in an asymmetric confining potential in a triangular quantum
well (QW), or by applying electric gate voltage or asymmetrical doping on a symmetric
QW, (ii) if the constituent material directly has a crystal with bulk inversion asymmetry (BIA) – GaAs or other zinc-blende materials, for example, or (iii) in case of
a system lacking an inversion center of chemical bonding at an interface of two materials, leading to the interface inverse asymmetry (IIA). As these contributions act as
a spatially homogeneous symmetry breaking, they usually lead to a global “coherent”
effect, expressed often in terms of effective magnetic SO-fields (discussed in more details in the next paragraph). Besides these mechanisms, the SOI can be also induced by
a local variation of the crystal potential due to the crystal disorder, defects of the lattice
and/or doping atoms. Such a disturbance of the crystal potential is, however, considered as random and is reflected rather in the spin-dependent scattering (see Sec. 1.2.4)
and spin-decay mechanisms (Sec. 1.3.2) than in the coherent precession of spins, typical
for the above mentioned contributions.
Effective magnetic SO-fields. The SOI that originates from the mechanisms cited
in (i) and (ii) is usually referred to the Rashba SOI and the Dresselhaus SOI, respectively. Since the IIA contribution has the same symmetry as BIA contribution in
(001)-grown III-V semiconductors [27,29], we show the effective magnetic SO-field only
for SIA and BIA mechanism of generation of the SOI.
We take as an example (001)-grown GaAs and define the coordinates x, y and z
along its crystal axes [100], [010] and [001], respectively. The bulk GaAs has the crystal
symmetry corresponding to the point group Td at the Γ-point, where the expression for
the Dresselhaus (BIA) contribution to ĤSO , derived using the k · p approximation and
the Kane model [28], reads


ĤSO = Ĥ3D = γD σx kx (ky2 − kz2 ) + σy ky (kz2 − kx2 ) + σz kz (kx2 − ky2 ) ,
(1.6)
where γD is the cubic Dresselhaus coupling coefficient related to the bandstructure of
the material, reaching usually values between 8 − 30 eVÅ3 in GaAs [27]. If the inplane electron motion is of interest (for example in QWs), the SOI has much richer
composition and can be expressed when we average Eq. 1.6 over the z-axis (hkz i = 0
but kz2 6= 0) as follows [27, 28]
(cubic)

ĤSO = ĤBIA + ĤSIA + ĤBIA

,

(1.7a)

ĤBIA = βD (kx σx − ky σy ),

(1.7b)

ĤSIA = αR (kx σy − ky σx ),

(1.7c)

(cubic)

ĤBIA

= γD (kx ky2 σx − ky kx2 σy ),

(1.7d)

where αR and βD = −γD kz2 are the Rashba and linear Dresselhaus coupling coefficients. If the 2D system has an inversion symmetry (i. e., belongs to the point group
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D2d ), it does not satisfy the requirement (i) in the above paragraph and αR = 0.
Otherwise, if the symmetry of the QW is broken by an applied/built-in electric field,
asymmetrical doping or asymmetrical layer composition (e. g., the point group C2v ),
αR reaches, similarly as βD , usually units of meVÅ [12, 29, 30]. The interesting point
is that αR , unlike βD , can be thus intentionally tuned in a range of meV by an asymmetric doping or gating [13]. The cubic contribution from BIA (Eq. 1.7d) is necessary
to involve only in case of very narrow-bandgap semiconductors, high temperatures or
highly doped QWs [27, 29, 31], which does not apply to the focus of this thesis. It is
worth to note that some literature uses 45◦ -rotated definition of axes (x0 k (11̄0), y 0 k
(110) and z 0 k (001)) where ĤBIA = βD (ky0 σx0 + kx0 σy0 ) [12, 29].
(a)

(b)

ky∥(010)

(1̅ 10)A̅

(c)

ky

(110)
kx

kx∥(100)

kx

γD ≠ 0

αR = 0
βD ≠ 0

αR ≠ 0
βD = 0

(d)

ky

(e)

ky

(f)

kz∥(110)

ky∥(1̅ 10)A̅

ky∥(001)
kx

kx

(112̅ )A̅
kx∥(1̅ 10)A̅

αR = β D

β̅D ≠ 0

α̃ R ≠ 0
β̃D ≠ 0

Figure 1.1: Spin-orbit fields in 2DEGs with respect to the growth direction.
(a-d) The SO-fields in (001)-grown systems corresponding to the Rashba (a), linear (b)
and cubic Dresselhaus (c) fields, and the sum of (a) and (b) provided αR = βD (d) – the
situation leading to the persistent spin helix. (e) The linear Dresselhaus field in (110)grown 2DEGs, the Rashba field is identical to (a). (f ) The Rashba (red arrows) and linear
Dresselhaus fields (dashed grey arrows) in (111)-grown samples.

Since we can consider the effect of SOI described by Eq. 1.7 uniform in the system,
as mentioned above, it is useful to rewrite it into a form of an effective magnetic field
BSO generated by the SOI. Following the form of the Zeeman term in Eq. 1.3, we get

ĤSO = ĤSIA + ĤBIA = −gs µB σ · BSIA (k) + BBIA (k) ,
(1.8a)




αR
βD
−ky
kx
BSIA (k) =
,
BBIA (k) =
.
(1.8b)
kx
gs µB
gs µB −ky
The orientation of the effective fields with respect to k-vectors is plotted in Fig. 1.1(a,b),
together with the cubic Dresselhaus SO-field (Fig. 1.1(c)), which can be introduced
analogously to Eqs. 1.8. The sum of the Rashba and linear Dresselhaus fields becomes
especially interesting if αR = βD (see (Fig. 1.1(d)). In these conditions, the effective
field is oriented in the same direction for all possible k-vectors, which leads to a special
state, called persistent spin-helix [30, 32], and we will refer to it in Sec. 1.3.2.
More exotic growth directions different from (001) are of interest since their symmetry results in special characteristics of the effective fields [29]. In (110)-grown QWs, the
SO-field, corresponding to the linear ĤBIA = β̄D kx σz , is oriented in the z-direction only,
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lacking any in-plane component (see Fig. 1.1(e)). However, the in-plane SO-field is not
completely eliminated, since BSIA has exactly the same in-plane form as in Eq. 1.8b.
The (111)-grown QWs exhibit, on the other hand, ĤSIA and ĤBIA having the identical
form as Eq. 1.7c but with different coupling constants, and they can be expressed as
ĤSO = (α̃R + β̃D )(kx σy − ky σx ) (Fig. 1.1(f)). This is especially attractive because if
the parameters are tuned so that α̃R = −β̃D , the SOI can be significantly suppressed.
The effect of the SO-fields on the spin-transport is discussed in Sec. 1.3.2.
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1.2

Generation and detection of spin polarization

This section will focus on ways to create and detect the spin-polarization in a semiconductor system and explains their physical background. A special attention is paid to
the optical orientation – the well established optical spin-injection method, and the detection via the spin Hall effect and via the polar Kerr effect, as they are the techniques
used in the experimental part of this thesis.

1.2.1

Definition of spin polarization

The term spin-polarization is often subject of ambiguity and it can refer to many physical quantities. The most general definition of the spin-polarization PX with respect to
the quantity X [33],
Xλ − X−λ
P(X) =
,
(1.9)
Xλ + X−λ
is expressed using the spin-resolved components λ of the quantity X. λ is usually
depicted by ↑↓ symbols representing the spin “up” and “down” with respect to a quantization axis. While in ferromagnets the quantization axis is the orientation of the
magnetization and ↑↓ denotes the carriers with majority and minority spins, in semiconductors we refer rather to quantum numbers mj of carriers with the quantization
axis (conventionally denoted z) oriented along the propagation vector of the incoming
light or along the orientation of the external magnetic field. The physical quantity X
can represent the density of states at the Fermi level (mainly in ferromagnets), the
carrier density (often in semiconductors), the conductivity, the current density or even
the intensity of emitted light.
(a)

(b)

E

(c)

E

EF

EF

DOS

DOS

E
EF

DOS

Figure 1.2: Sketch of different regimes of the spin-polarization. (a) An equilibrium spin-polarization induced by a splitting of spin sub-bands (grey and red regions) due
to the exchange-interaction typical for ferromagnetic metals. The horizontal axis represents the density of states corresponding to the sub-band. (b) An analogous situation to
(a) in a non-magnetic semiconductor: the equilibrium spin-polarization is generated here
by the Zeeman interaction with an external magnetic field. Note that the Fermi level EF
is constant and the same for both spin sub-systems in (a,b). (c) A non-equilibrium spinpolarization in a non-magnetic semiconductor induced by a spin-injection into the system,
using the optical orientation for instance. EF is spin-dependent here due to the different
spin density of spin sub-systems, leading to an equilibration by a spin-decay mechanism.

We distinguish two kinds of the spin-polarization – the equilibrium and non-equilibrium one. The equilibrium spin-polarization is generated by a spin-splitting of two
spin-subbands and one Fermi level is defined in such a system. Such a band-splitting
is typical for ferromagnets due to the exchange interaction [34, 35] ((see Fig. 1.2(a)), or
can be generated by the Zeeman interaction as discussed in Sec. 1.1.1 (see Fig. 1.2(b)).
The non-equilibrium spin-polarization is related to the original meaning of the term
spin-injection. The spin-injection refers to such processes, where spin-carriers with
one predominant spin orientation are injected to a system where no spin-splitting of
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band type

|J, mJ i

wave-function

conduction

|1/2, 1/2i
|1/2, −1/2i

light holes

|1/2, 1/2i
|1/2, −1/2i

heavy holes

|3/2, 3/2i
|3/2, 1/2i
|3/2, −1/2i
|3/2, 3/2i

|S ↑i
|S ↓i
√
−1/
√ 3[(X + iY ) ↓ −Z ↑]
1/ 3[(X − iY ) ↑ +Z ↓]
√
1/√2(X + iY ) ↑
1/ √
6[(X + iY ) ↓ +2Z ↑]
−1/
√ 6[(X − iY ) ↑ −2Z ↓]
1/ 2(X − iY ) ↓

Table 1.1: The angular and spin parts of wave-functions corresponding to the Bloch states
in GaAs. |Si, |Xi, |Y i and |Zi are the wave-functions corresponding to the s, px , py and
pz orbitals, respectively.

sub-bands is necessary. This takes the system out of its equilibrium state and two
quasi-Fermi levels for both spin-subsystems have to be defined (see Fig. 1.2(c)). Such
an injection is typically created by employing the techniques mentioned in this section.
Alternatively, the spin-polarization can arise from a non-equilibrium state of a system
with the SOI.2 The non-equilibrium spin-polarization in a system without spin-split
bands has also an important characteristic: both spin-subsystems tend to the equilibrium unpolarized state via various spin-relaxation mechanisms (these spin-dynamics
are discussed in detail in Sec. 1.3.2).

1.2.2

Optical orientation in semiconductors

The optical orientation [37], also known under more modern name optical spin-injection,
is a well established method of generation of a non-equilibrium spin-polarization mainly
in direct band-gap semiconductors, such as GaAs, using the absorption of circularlypolarized light. As it is independent of the electrical properties of contacts or the
material itself, the method is considered as one of the reference credible techniques and
many newer methods of spin-injection took it as a standard for their own verification
[14, 38]. Although the optical approach is not promising as a spin-generator/detector
for the real industrial applications due to its experimental and spatial complexity, it
remains one of the strong analytical tools for experimentalists.
The fundamental idea of the optical orientation is based on the conservation of
the angular momentum of circularly-polarized light (or, to be more accurate, of the
photon spin momentum [39]) when the light gets absorbed in a semiconductor and the
momentum is transferred to the spin momentum of the photo-excited carriers. We
illustrate the process on bulk GaAs whose band-structure at low temperatures (10 K)
is plotted in Fig. 1.3(a), left panel. Here, the band-gap is Eg = 1.52 eV and the
splitting of the SO-split band is ∆SO = 0.34 eV at the center of the Brillouin zone. The
relative probability of the allowed optical transitions, that follow after the absorption
of a photon with the spin s = ±1, are defined by matrix elements of the corresponding
transition hψf |Ds | ψi i, where |ψi,f i ≡ |J, mJ i are the Bloch functions of the initial and
final states with their corresponding total angular momentum J and its projection to
2

Such a non-equilibrium state can be generated by an applied electric field. The resulting nonequilibrium spin-polarization due to the charge current is known as the Edelstein effect [36] and it
is reviewed briefly in Sec. 1.2.5. The spin Hall effect is another representative of the generation of
non-equilibrium spin-polarization due to the applied charge current (see Sec. 1.2.4).
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Figure 1.3: Selection rules for absorption of circularly polarized light. (a) The
schematics of the band-structure of a bulk direct gap semiconductor (left panel), showing
the conduction (Ec ), heavy-hole (EHH ), light-hole (ELH ) and SO-split band (ESO ). The
corresponding optical transitions (red arrows) for absorption of circularly polarized light
(photons carry the spin momentum = 1) between the conduction and valence band. The
labels on the arrows depict the relative probability of the transition. Note that the absorption of light leads to the spin-polarization P = 50 % in the system if ~ω < Eg + ∆SO .
(b) The selection rules for a 2DEG where the degeneracy of the light and heavy holes band
is lifted. In this case, the polarization can reach 100 % if the transition from the heavy
holes band are only involved.

z-axis mJ , and Ds the dipole operator corresponding to the helicity (spin) of the light
s. If we denote the wave-functions with the symmetry of the s, px , py and pz orbitals
as |Si, |Xi, |Y i and |Zi, respectively, we can express the angular and spin parts of the
Bloch states as listed in Tab. 1.1 [28, 40]. Similarly, we can express D± ∝ (X ± iY ) for
both helicities of the light. Now it straightforwardly comes from the orthogonality of
the p-orbital wave-functions and from Tab. 1.1 that the ratio of relative probabilities of,
for instance, transitions from the band of heavy (|mJ | = −3/2) and light (|mJ | = −1/2)
holes to the conduction band after an absorption of photon with s = +1 is
|h1/2, −1/2 |(X + iY )| 3/2, −3/2i|2
= 3.
|h1/2, 1/2 |(X + iY )| 3/2, −1/2i|2

(1.10)

The relative probabilities of the other allowed transitions (∆mJ = ±1) are depicted as
labels with numbers in Fig. 1.3(a), right panel. We can conclude from it that if the
bulk GaAs is illuminated with circularly polarized light whose energy hν > Eg but also
hν < Eg + ∆SO , we generate 3× higher concentration of photo-carriers with one spin
than with the other one. Using Eq. 1.9, the spin-polarization in terms of spin-resolved
photo-carrier densities n↑↓ then reads |Pn | = |(n↑ − n↓)/(n↑ + n↓)| = |(1 − 3)/(1 + 3)| =
50%. This is, however, only a theoretical value for an idealized optical-orientation
process. In reality, due to experimental limitations (such as the depolarization of light
outside and inside the sample), the value achievable in most experiments is rather
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40 % [34, 37, 40]. The same selection rules and the same maximal Pn are also valid for
transitions from shallow impurities [41, 42]. The value of Pn naturally decreases as hν
approaches the energy of transitions from the SO-split band and rapidly tends to zero
for hν > Eg + ∆SO = 1.86 eV (in terms of wavelengths: λ ≈ 670 nm) [34, 40].
The physical picture changes if the light/heavy holes degeneration in the center
of the Brillouin zone is lifted (Fig. 1.3(b), left panel). This can be achieved by an
application of a large electric field (at a pn-junction [16, 22], for example) due to the
Stark effect [43], by involving strain [24, 44], or in low-dimensional structures like a
two-dimensional electron gas (2DEG) [45]. If hν is then tuned to generate transitions
only from the sub-band with the highest energy (sub-band of heavy holes in case of
2DEG – Fig. 1.3(b)), the theoretical value of Pn = 100 % is possible. Indeed, the
experimental value of 80 % was observed in narrow multiple QWs at 4.2 K [46].
The reciprocal process, i.e, the recombination of spin-polarized carriers accompanied
by the circularly polarized photoluminescence, is commonly used to optically detect the
spin-polarization in semiconductors [37]. The technique can also implement the timeresolution which makes it a powerful experimental tool to examine the dynamics in
occupation of spin-resolved states or bands in semiconductor bulks or QWs [47].

1.2.3

Magneto-optical detection

The circularly polarized photoluminescence method, mentioned above, is an example
of a “destructive” spin-detection technique because the spin-polarized photo-carriers
have to recombine first to generate the spin-resolved optical output. However, the
spin-polarization can be also detected in a non-destructive way benefiting from the
magneto-optical effects [48]. All the magneto-optics resides in an interaction of light
with a material which is subjected to a magnetic field, causing a Zeeman splitting of
states with opposite angular momentum in the material. The source of the field can be
of both an external (e. g., an electromagnet) or an internal nature (magnetization of a
magnetically ordered material or spin-polarization of carriers). One of the benefits from
the non-destructive nature of magneto-optical detection is, especifically for spins, that
it can be easily combined with a time-resolved setup and, thus, the spin-polarization
and its time-evolution can be probed at any time independently of the recombination
time.
Short review of magneto-optical effects. The magneto-optical effects are usually
sorted to two groups according to the experimental geometry [48]: (i) the Faraday
geometry, where the light propagation vector l lies along the orientation of the magnetic
field (l k B), and (ii) the Voigt geometry, where the light propagates perpendicularly to
the magnetic field (l ⊥ B). The interaction of the light and its polarization states with
the magnetic field results in different complex indexes of refraction ñ = ñ0 + iñ00 for
two orthogonal polarization modes (depicted +,−). These orthogonal modes are called
normal modes and, due to the unequal symmetry in both geometries, form a different
polarization basis.
In the Faraday geometry (i), the normal modes are the right and left-handed circular
polarization and the difference in the real part of their index of refraction (ñ0+ − ñ0− 6= 0)
leads to unequal speed of propagation of both modes. Since we can decompose a linearly
polarized probe light into this basis, the effect results in a rotation of the polarization
plane – the effect is called the magnetic circular birefringence or the Faraday effect. The
difference in the imaginary part of ñ± results, on the other hand, in different absorption
of the normal modes, which adds an ellipticity to the linearly polarized probe light –
the magnetic circular dichroism.
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In the Voigt geometry (ii), the normal modes are the orthogonal linear polarizations
with respect to the magnetic field. If ñ0+ − ñ0− 6= 0, the effect is called the magnetic
linear birefringence (or the Cotton-Mouton effect or Voigt effect), the ñ00+ − ñ00− 6= 0
refers to the magnetic linear dichroism. The effect in the Faraday geometry are odd
in magnetization (i. e., the change in sign if the magnetic field is reversed), while the
Voigt geometry provides effects even in magnetization.
Polar Kerr effect. In the following experiments, we use the polar Kerr effect, which
is an analogues to the Faraday effect in reflection geometry, and we look at this phenomenon in more detail. By combining the Maxwell’s equations for a media we get the
wave equation for the electric field E
− ∇2 E + ∇(∇ · E) = −

1 ∂2D
,
c2 ∂t2

(1.11)

where D = ε̂E is the displacement vector of the media with the effective permittivity
tensor ε̂ = ε̂(ω, m), dependent on the light angular frequency ω and the media magnetization m. For E in a form of a plain-wave E = E0 exp(−iωt + ik · r), Eq. 1.11
becomes
n2 E − ñ(ñ · E) = ε̂E,
(1.12)
if we consider ñ = (c/ω)k. Now we look closer at the special case of the symmetry of
the polar Kerr effect, i. e. l k B k ẑ with respect to the ẑ-axis. Here, the effective
permittivity tensor reads


εxx εxy 0
(1.13)
ε̂ = −εxy εxx 0  .
0
0 εzz
The composition of ε̂ is understandable in terms of the symmetry of the Lorentz force
present in the system in the Faraday geometry. For B k ẑ, the Lorentz force is proportional to the product v × B (v is the velocity vector of charged particles) acting on
the electrons is in-plane, which produces the off-diagonal elements σxy and σyx = −σxy
in the conductivity tensor σ̂ [49], analogously to the classical Hall effect. Considering
the relation between the effective permittivity and conductivity tensors ε̂ = ε̂0 + iσ̂/ω
(where ε̂0 is the permittivity tensor in vacuum and σ̂ is conductivity response of all
the system to a perturbing electric field) [50], the origin of the off-diagonal elements in
ε̂ is justified. It can be also shown that εxy = iQmz is odd in the ẑ-projection of magnetization (Q is a complex coefficient called Voigt or magneto-optical parameter) [51].
Considering futher that k · E = 0 (E is a transverse wave), Eq. 1.12 with our form
of ε̂ turns to a set of equations
(ñ2 − εxx )Ex + εxy Ey = 0,

(1.14a)

2

(ñ − εxx )Ey − εxy Ey = 0,

(1.14b)

ñ2± = εxx ± iεxy .

(1.15)

whose two solutions are
The transmitted normal modes are the circularly polarized modes, obtained when the
corresponding ñ2± substitutes ñ2 in Eqs. 1.14, resulting in E± ∝ (Ex ∓ iEy ) exp[−iω(t −
ñ± z/c)]. The reflected modes (that are related to the polar Kerr effect) can be derived
when the normal reflection coefficient r± = (ñ± −1)/(ñ± +1) is applied to the incoming
light Ei , i. e., Er± = r± Ei [49, 50]. The effect on the originally linearly polarized
incoming light is described by
r+
= Φ + iΨ,
r−

Φ = −Im

iεxy
,
ñ(ñ2 − 1)
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Ψ = Re

iεxy
,
ñ(ñ2 − 1)

(1.16)

where Φ is the rotation angle of the polarization plane and Ψ is related to the gained
ellipticity [48].

1.2.4

Spin Hall effect

The spin Hall effect (SHE) [52] and its counterpart, inverse spin Hall effect (ISHE), are
among central spintronic phenomena in non-magnetic materials. The SHE borrows the
terminology from the classical Hall effect and shares many analogues with it, but, unlike
it, the SHE resides in the coupling between charge and spin currents due to the SOI.
When a charge current is flowing through a non-magnetic material (semiconductor,
metal or even superconductor), one or several of the spin-dependent deflection mechanisms, discussed in following paragraphs, generate a transverse flow of carriers with
opposite spins propagating in opposite directions, as depicted in Figs. 1.4(a,b). The
relation between the orientation of spins, the electric current and spin flow obeys [53]
jŝ = αSH (ŝ × je ),

(1.17)

where the vector jŝ is the flow of carriers with spin oriented along the unit vector ŝ
– so called spin-current, je the vector of the charge current and αSH the spin Hall
angle, a dimensionless coefficient related to the SO-coupling constant λSO (αSH usually
reaches 10−4 − 10−2 in GaAs at a wide range of temperatures [19, 22] ). If the sample
has a physical boundary, the corresponding accumulation of spin is generated there.
However, the spin-accumulation, analogously to the charge accumulation in the classical
Hall effect, does not rise infinitely but it is limited by an opposing effect. In case of the
SHE it is the spin-diffusion, discussed in more detail in Sec. 1.3.4. The reciprocal effect,
the ISHE, converts a longitudinal pure spin current (i. e., a spin flow unaccompanied
by any flow of charge) into a transverse charge current or an accumulation of charges
at boundaries, limited by a measurable electric field, exactly as in case of the classical
Hall effect (see Fig. 1.4(c)).
These two spintronic phenomena have rapidly developed from academical problems
[52] to practical spintronic effects that find their utility in many scientific and industrial
areas as experimental tools or proof-of-concept devices [18]. The SHE is commonly
used, for example, to generate [9, 10, 54] and the ISHE to detect [55, 56] pure spin
currents in semiconductors and metals, the SHE in heavy transition metals can trigger
magnetization reversal in an adjacent ferromagnet [57, 58], serves as a terahertz (THz)
wave radiator in electrical sub-nanosecond time-resolved experiments [59], and even
played a fundamental role in proving the functionality of the spin-transistor concept
[16]. We note, however, that some experiments [22, 60–62] employ a spin-polarized
charge current instead of the pure spin current or the unpolarized charge current. This
is usually the case of the spin injection using the ferromagnetic junctions or the optical
orientation and it generate the SHE and ISHE simultaneously, resulting in both the
spin and charge-accumulation at opposite sides of the sample (Fig. 1.4(d)). Since the
effect is worth to distinguish from the SHE and ISHE3 , it is rather addressed as the
spin-injection Hall effect [22] or spin-dependent Hall effect (SDHE) [60].
Origins of the spin Hall effects. From the microscopic point of view, the SHE,
ISHE and SDHEs share the same SOI-based origin with the anomalous Hall effect
(AHE) [63], the understanding of which was developing during a few last decades and
some aspects are still subjects of discussion. Here, we only briefly sketch the basic
3

It even differs from the anomalous Hall effect (AHE) [63], which would seem the most related phenomenon. The AHE is, however, defined for an equilibrium spin-polarization (as defined in Sec. 1.2.1),
nevertheless the non-equilibrium spin-polarization is typical in the above-described situations.
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central considerations. In the presence of impurities in a crystal, the Hamiltonian ĤSO
(Eq. 1.7 on page 12) gets an additional term due to the relativistic transformation
of the perturbation of the lattice potential as anticipated in Sec. 1.1.2 and the total
Hamiltonian reads [22, 64]
~2 k 2
∗
+ αR (kx σy − ky σx ) + βD (kx σ x − ky σ y ) + ηSO
σ · [k × ∇Vimp (r)] + Vimp (r),
2m∗
(1.18)
where m∗ is the effective electron mass in the material, Vimp is an impurity potential
modeled using uncorrelated δ-function scatterers with potential V0 and density Nimp ,
∗ ≈ 5.3 Å2 [64] is the strength of the SO-coupling in GaAs. If one makes an
and ηSO
experiment where the Hall conductivity σSH = αSH σxx is evaluated with respect to the
varying longitudinal conductivity σxx , three main contributions can be distinguished
according to their dependency on σxx and other parameters. These contributions differ
in their microscopic mechanism and are related with different terms in Ĥ [19]: (i) the
skew scattering, (ii) the intrinsic mechanism and (iii) the side-jump.
The skew scattering mechanism (i) is called extrinsic as it corresponds to the fourth
term in Ĥ which depends directly on V0 . It relies on the spin-dependent scattering
probabilities, the same principle as the Mott scattering in relativistic physics [19, 65]
and is schematically depicted in Fig. 1.4(e). The skew scattering contribution to σSH
is proportional to σxx , depends on Nimp and k-vector at the Fermi level kF [53]. This
component tends to dominate over the others in bulk GaAs and in the usual level of
disorder [19, 22].
Ĥ =
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Figure 1.4: Symmetry and origins of the spin Hall effects. (a) The spin accumulation at the boundary of a “wire” (spins are depicted by red arrows) generated by the spin
Hall effect if there is a longitudinal charge current applied. (b) The direct spin Hall effect:
a charge current (black arrow) is driven through a bar, a spin accumulation at its sides
(small red arrows) resulting from the SO-induced spin-dependent deflection of carriers with
spin up and down, and the transverse pure spin current (dashed red arrow) that tends to
equilibrate the spin accumulation by the spin-diffusion. (c) The counterpart of the direct
SHE: the charge current is here generated by the inverse spin Hall effect from a pure spin
current. (d) A combination of both effects if a spin-polarized charge current is applied –
referred as the spin-dependent Hall effect. (e-g) Different SO-based mechanisms which the
SHE originates from. The skew scattering (e) and side-jump (f) are different types of the
spin-dependent scattering from charged impurities (the electric potential of the impurity
is depicted by circles) and the intrinsic spin-dependent deflection (g) is the effect based on
the intrinsic SO-induced spin-splitting of spin sub-bands in systems with the BIA or SIA.

The intrinsic mechanism (ii), on the other hand, originates from the spin-subband
splitting due to the SOI and is related to the second and third term in Ĥ (Fig. 1.4(g)).
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This contribution is independent of σxx , V0 or Nimp and its magnitude is controlled
basically by SO-coupling coefficients and the interplay between the BIA and SIA components in the model Hamiltonian (Eq. 1.18). The intrinsic mechanism governs in
case of very large SO-coupling (for instance in a 2D hole-gas [10]) when the spinsplitting of spin-subbands is much larger than the disorder broadening, i. e., αR kF and
βD kF  ~/τ where τ is the scattering relaxation time [16].
The side-jump mechanism (iii) resides somewhere between the extrinsic and the
intrinsic one and its origin is still partly under discussion. It is often generated (but
not exclusively) by the SO-coupled parts of the particle wave-function which scatters
on Vimp which is not itself SO-coupled (last term in Ĥ) [19]. During this scattering, the
k-vector of the wave-packet does not change while the center of the packet is displaced
in physical space (see Fig. 1.4(f)). This is also the historic origin of the terminology of
the mechanism. The contribution is dependent on Vimp and kF , but is independent of
Nimp and σxx [53].

1.2.5

Other methods

Naturally, the effects described so far are not the complete list of techniques employed
to generate and detect the spin-polarization, but they are closely related to the experimental work presented in this thesis. However, we conclude this section by a short
referenced enumeration of other important effects and techniques of the spin generation
in semiconductors, often accompanied by an inverse effect used for spin detection.
A fully electrical way to generate and detect spin-polarized carriers is via spin
polarized currents driven through ferromagnetic contacts deposited with a thin insulating barrier on top of the semiconductor [53, 55, 62]. The electrically injected spinpolarization reaches typically a few %. Inversely, one can detect spin accumulation by
sensing variations of the electrical potential at an adjacent ferromagnetic contact [62].
Another electrical technique relies on the Edelstein effect [36] where the spinpolarization is induced by an applied electric field. When the current is driven through
the sample, states with k-vectors along the current are more populated than the ones
with the opposite k-vectors. If the spin sub-bands are split by the SOI (resulting in the
Rashba texture in the case of 2DEGs, for instance), the imbalance in the occupation
of states in k-space leads to spin-polarization. The inverse Edelstein effect, also known
as the spin-galvanic effect [11], is the generation of electrical current due to a different occupation of spin-split sub-bands. In addition, if spin-polarization is injected
to the system by the optical orientation, these effects lead to a generation of a pure
spin-current, without any accompanying charge-current [66].
The pure spin-currents can be also generated from a ferromagnetic layer using an
electrically induced precession of the magnetization, so called spin-pumping [67]. We
also have to mention the whole field of the spin caloritronic where the spin-related
effects induce or are induced by thermal gradients [68].
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1.3

Spin dynamics and manipulation of spins

When spin-polarization is injected into a system, it is subjected to interactions that
can induce spin-dynamics before it is finally detected. The dynamics due to external
or internal magnetic fields and the decay of a spin-ensemble is phenomenologically
described by the Bloch-Torrey equations [33], conventionally used in the field of nuclear
magnetic resonance. If we consider the magnetic field B(t) = B0 ẑ + B1 (t), composed of
the static field B0 oriented in the ẑ-direction and the generally oscillating field B1 (t),
the equations get the usual form
∂Sx
Sx
+ Ds ∇2 Sx ,
= γ(S × B)x −
∂t
T2
Sy
∂Sy
+ Ds ∇2 S y ,
= γ(S × B)y −
∂t
T2
∂Sz
Sz − Szeq
+ Ds ∇2 Sz ,
= γ(S × B)z −
∂t
T1

(1.19a)
(1.19b)
(1.19c)

where Si and Sieq are the projections of an average non-equilibrium and equilibrium spin
density to the coordinate axes, S is the vector of the average spin density4 , γ = gs µB /~
the gyroscopic factor, T1 and T2 the spin-relaxation and the spin-dephasing times, and
Ds the time-independent spin diffusion coefficient (Ds is scalar for isotropic or cubic
system).
The Bloch-Torrey equations combine three aspects of the spin-dynamics that we
examine in more details in this section. The first term on the right side represents the
precession of spins in transverse components of B (reviewed in Sec. 1.3.3), the second
one describes the decay of spins (Secs. 1.3.1 and 1.3.2) and the last one is related to
the diffusion aspects of the spin-transport (Sec. 1.3.4).

1.3.1

Spin relaxation-times

Unlike the electric charge, projection of a spin and spin-polarization are not nondissipative quantities and, therefore, they decay with a characteristic time, generally
called the spin relaxation-time Ts . Although the decay processes can be rather complex,
the evolution of an initial non-equilibrium ẑ-projection of spin Sz,0 is often described
by an exponential function
(1.20)
Sz (t) = Sz,0 e−t/Ts ,
which solves the decay terms on the right side of Eqs. 1.19 for Ts ≡ T1 or T2 , correspondingly. The difference between these two time parameters is sometimes overlooked
as T1 is easier to calculate and T2 easier to measure, however, it is of importance for
some applications in spintronics [28,33]. The T1 is the longitudinal spin-relaxation time
– the time needed for a longitudinal non-equilibrium spin-polarization (S k B) to reach
the equilibrium, i. e., the time of thermal equilibration of spin population with the
lattice. The T1 processes are always connected with an energy transfer – usually by
phonons. On the other hand, the T2 is the transverse spin-dephasing time, which represents the time that it takes for an ensemble of transverse spins (S ⊥ B), initially
precessing in phase, to irreversibly loose their phase synchronicity. The reason can be
4
S is sometimes called “spin-polarization”. However, we designate this term to P (defined in
Sec. 1.2.1) which refers to a portion of projections of electronic spins oriented to the chosen direction with respect to the rest of the population. The way how the quantities are related depends on the
definition of P . If it is defined with respect to the concentration of spin-oriented (in direction ŝ) and
total number of carriers n: S = ~P nŝ/2.

23

temporal or spatial variations of B or the g-factor due to the different k -vectors of carriers of spin (the latter is, however, often inhibited by the motional narrowing 5 ). For
localized electrons, the spatial variations play an important role and may notably affect
T2 . These changes in phase are, nevertheless, reversible (and are used in the spin-echo
experiments) and therefore it is sometimes correlated with T20 . Another quantity is
then introduced: 1/T2∗ = 1/T2 + 1/T20 as a combination of irreversible and reversible
spin-relaxation times [27]. Although the discussed differences are robust, in case of
a mobile electron spin-polarization in GaAs in a weak magnetic field, it is observed
that T2∗ ≈ T2 ≈ T1 and, therefore, it is commonly labeled as Ts . We do the same in the
experimental part of this thesis.
Besides these concepts, there are four major mechanisms that induce the electronic
spin-decay in GaAs: (i) the Elliott-Yafet mechanism, (ii) the Dyakonov-Perel mechanism, (iii) the Bir-Aronov-Pikus mechanism and (iv) the hyperfine mechanism. We go
through them briefly in the next paragraphs. A review of the numerical values of Ts ,
together with transport-related parameters, follows in Sec. 1.3.5.
Elliott-Yafet mechanism. This relaxation mechanism is related to the electron
scattering from impurities/ions and phonons. In presence of the SOI, the Bloch states
for spin ‘up’ and ‘down’ are not the correct eigenstates of σ z operator, but they consist
of an mixture of ‘up’ and ‘down’ wave-functions
ψk↑ (r) = [ak (r) |↑i + bk (r) |↓i]eik·r ,
ψk↓ (r) =

[a∗−k (r) |↓i

−

b∗−k (r) |↑i]eik·r ,

(1.21a)
(1.21b)

where the complex coefficients ak and bk reflect the lattice periodicity. In spite of
the mixture character, we can still call Eq. 1.21 spin states ‘up’ and ‘down’ as usually
|bk |  |ak | ≈ 1 [33]. The states are degenerate and interrelated by the spatial inversion
and time reversal. The SOI itself does not lead to a spin-relaxation, however, it does in
combination with a momentum (spin-independent) scattering from impurities and/or
phonons [27]. Another, less important contribution applies to a system where the
wave-functions are not spin-coupled and form the pure eigenstates of σ z . Here, if
the impurity potential is not spin-dependent, the scattering cannot induce any spinrelaxation. However, as we discussed in Secs. 1.1.2 and 1.2.4, every impurity potential
∗ σ · (k × ∇V
Vimp leads to a spin-dependent SO-potential VSO = ηSO
imp ). The scattering
due to the SO-coupled potential then causes a spin-relaxation of conduction electrons.
This effect is more pronounced for impurities with large atomic number Z and scales
as ∼ Z 2 [28].
Although there are advanced approaches to calculate spin-relaxation rate 1/Ts due
to the Elliott-Yafet (EY) mechanism [27, 28, 33, 37], we can cite here the most used
ones: the Elliott relation useful to get a very rough estimate, and a realistic calculation
for III-V semiconductors [33]:
1
(∆gs )2
≈κ
,
Ts
τp

2  
1
∆SO
Ek
1
=A
,
Ts (Ek )
Eg + ∆SO
Eg τp (Ek )

(1.22a)
(1.22b)

where τp (Ek ) is the momentum scattering time at energy Ek , Eg the energy band-gap,
∆SO the energy splitting of the valence band and ∆gs = gs − gs,0 is the shift of the
5

The motional narrowing [33] is the inhibition of phase change due to random fluctuations, characterized by the correlation time τ̃ . It can be shown that the phase-relaxation time τφ is related to the
spin-rotation frequency ω̃ as 1/τφ = ω̃ 2 τ̃ . In the studied cases, τ̃ ≡ τp .
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electronic g-factor from the vacuum value (gs,0 = 2.0023), i. e., ∆gs ≈ −2.44 in GaAs
at low temperature. The original Elliott relation (κ = 1) is usually multiplied by an
empirical factor κ = 10.
From Eqs. 1.22 we see several dependencies of this spin-relaxation rate. It is proportional to the momentum scattering, which is consistent with the intuitive idea that
every scattering event can flip the spin with some probability (in GaAs, electron has
to experience statistically ∼ 105 scatterings before one spin flips [28]). The EY mechanism is more effective for narrow-gap high SO-coupled semiconductors. The evolution
with temperature is dependent on the particular material and originates from τp (T ):
for metals and degenerate semiconductors it is constant at low T and 1/Ts ∝ T at
higher T√, while in non-degenerate semiconductors, such as we use in most of our work,
1/Ts ∝ T .
Dyakonov-Perel mechanism. Carriers in systems that lack the spatial inversion
center are subjected to the effective SO field BSO (k) = BSIA (k) + BBIA (k), as we
have shown in Sec. 1.1.2, and their spins perform precession around it with the Larmor
frequency Ω(k) = γBSO (k), (γ = gs µB /~), characterized also by an average magnitude Ω. The spin-dephasing is here induced by the distribution of the k-dependent
(anisotropic) magnitude and orientation of Ω(k), together with the momentum scattering with momentum relaxation time τp . The case of Ωτp . 1 is usually considered
for this mechanism. In this regime, the total spin-polarization can be viewed as a sum
of individual spins of carriers that make a random walk in the k -space. Between two
scattering events, a spin with one particular k acquires the phase δφ = Ωτp , before it
scatters and changes its k-vector – this represents one step in its random walk. During
p
a time t, the carrier accomplishes t/τp steps and gets the total phase φ(t) ≈ δφ t/τp .
If we assign Ts to t when φ(t) = 1, we get the first estimate of the dephasing rate due to
the Dyakonov-Perel (DP) mechanism (which is the classical motional narrowing result
– see footnote 5 on page 24):
1
= Ω2 τp .
(1.23)
Ts
We see immediately from Eq. 1.23 that the DP mechanism is inversely dependent
on τp than the EY one. This is due to the fact that in the former mechanism the decay
of spin is happening during the ballistic transport due to the spin-dephasing and is
limited by the scattering events; the decay of the latter one is done at the instant of
the scattering process itself. The efficiency of the DP mechanism is also related to the
strength of the SO-field, i. e. to the magnitude of k and the coupling coefficients βD
and, more interestingly, αR which can be controlled by external means like doping or
gating (see Sec. 1.1.2).
A more accurate expression can be obtained using a tensor describing the dephasing
rate 1/Ts,ij , whose diagonal (ii, i = j) and off-diagonal (ij, i 6= j) components read
[28, 33]



1
1
∗
∗
= τp,l
Ω2 − Ω2i
and
= −τp,l
Ωi Ωj ,
(1.24)
Ts,ii
Ts,ij
∗ of the order l is defined by 1/τ ∗ =
where the effective momentum scattering τp,l
p,l
R1
W
(θ)[1
−
P
(cos
θ)]d(cos
θ),
W
(θ)
is
the
rate
of
momentum
scattering
under
the
anl
−1
gle θ and Pl is the Legendre polynomial whose order l is the power of k in Ω(k). One
can get the explicit expression for the dephasing-rates by inserting Ω(k) correspondingly to the studied system. For example, the bulk GaAs with the linear Dresselhaus
SO-field gives
1
128 γD 3 3
=
m Ek τp (Ek )
(1.25)
Ts (Ek )
315 ~8
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for scattering from charged impurities [33]. Since τp ∼ T 3/2 , also 1/Ts ∼ T 3/2 . A more
interesting case is a 2DEG where the growth orientation does matter, as we have seen
in Sec. 1.1.2. In case of (001) grown samples
1
1
1
,
=
=
Ts,k
2Ts,⊥
Ts,0

(1.26)

with the spin-dephasing time Ts,k for in-plane spins and Ts,⊥ for out-of-plane spins,
and taking 1/Ts,0 = 4m(kn2 )2 /(~4 )βD Ek τp for the Dresselhaus SO-field and 1/Ts,0 =
4m/(~2 )αR Ek τp for the Rashba one (kn2 is the square of the expectation value of the
out-of-plane component of k). We see that the out-of-plane spin-polarization dephases
twice as fast as the in-plane one.
For the (111)-oriented 2DEG, the relation is almost the same as in Eq. 1.26
1
1
4
,
=
=
Ts,k
2Ts,⊥
3Ts,0

(1.27)

but it is worth to remind that according to Sec. 1.1.2, the magnitude of the sum of
SO-fields can be tuned to zero if particular doping or gating conditions are met. Then,
1/Ts,0 → 0 and the DP mechanism can be significantly suppressed [69–71].
The (110)-grown case is especially important since the Dresselhaus SO-fields are
oriented out-of-plane and the Rashba ones vanish in a symmetrically doped QW, without any other external operation of tuning [72–74]. The out-of-plane spin-polarization
thus do not feel any precessing field and the corresponding spin-dephasing rate due to
the DP mechanism is zero:
1
1
,
=
Ts,k
4Ts,0

1
Ts,⊥

= 0.

(1.28)

In general, the DP mechanism is often the leading spin-decay process in bulk
medium gap semiconductors, for instance GaAs, at T > 5 K [33], and below this
temperature the EY becomes more important. The DP mechanism is especially pronounced in QWs due to the presence of a large confining electric field, leading to a high
αR .
Bir-Aronov-Pikus, hyperfine and other mechanisms. The Bir-Aronov-Pikus
spin-relaxation mechanism (BAP) relies on the exchange interaction between electrons
and holes, governed by the exchange Hamiltonian Ĥ = AŜ · Jˆ∗ δ(r), where A is the
exchange integral, Ŝ the electron-spin operator, Jˆ∗ the angular operator for holes and r
their relative position. The hole spin-relaxation time is generally very small comparing
to the electronic one (it often reaches Tsholes ≈ τp , i. e., the order of ps) due to the strong
SOI in p-orbitals. Thus, the holes get quickly unpolarized and represent a spin-sink for
electronic spins. When electrons scatter on holes, their spin can be exchanged with holes
via the exchange interaction which forms the spin-decay channel for this mechanism. As
the BAP spin relaxation rate depends in general on the hole concentration, 1/Ts ∼ p,
it is pronounced only in heavily p-doped semiconductors at low temperatures [27, 33].
It can be also efficient in case of the photo-injection into undoped semiconductors due
to the simultaneously generated electrons and holes but it is often still dominated by
the DP mechanism, especially when the photo-carrier pairs are spatially separated [33].
The hyperfine spin-decay mechanism is related to the interaction of electronic spins
with nuclei which carry a magnetic moment (such as in GaAs, unlike more common
isotope of silicon) and leads to spin-dephasing due to temporal and spatial variations of
the nuclear magnetic field. Since the effect is not strong enough to affect significantly
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the conduction electrons in GaAs, it plays an important role only in case of localized
electrons (bound on donors or confined in quantum dots) [33].
The spin-dephasing due to the k-dependent g-factor is also more important for the
localized electrons [45] and is easy to recognize by varying magnetic field:
1
≈ (µB B)2 (gs2 − gs 2 )τp ,
Ts

(1.29)

where we again trace the motional narrowing regime (the decay mechanism is limited
by the scattering events).

1.3.2

Spin life-time and rate equations

The spin relaxation described by the exponential decay (Eq. 1.20) adds an important
dynamic effect to a system of optically injected spins. Indeed, the spin-polarization P0
due to the optical orientation (Sec 1.2.2) is not anymore constant but rather a function
of the characteristic times discussed in this section.
Undoped semiconductor. After that non-equilibrium spin-polarization has been
generated in an undoped semiconductor via the optical orientation, it decays not only
due to the spin-relaxation, characterized by Ts , but also due to the recombination of the
excess photo-carriers with the electron-hole recombination time τ . This is why a new
quantity is introduced: the spin life-time or the spin-decay time τs , defined by
1
1
1
= + .
τs
τ
Ts

(1.30)

The dynamics of photo-created (excess) electron density ne and density of photoinjected spins ns = n↑ − n↓ obey the rate equations [37]
∂ns
ns
= GP0 − ,
∂t
τs
∂ne
ne
=G− ,
∂t
τ

(1.31a)
(1.31b)

where G is the photo-carrier generation rate and P0 the initial spin-polarization (P0 ≡
Pn = 50 − 100 % derived in Sec. 1.2.2). It immediately follows that in the steady-state
(∂ns(e) /∂t = 0)
ns = GP0 τs

and ne = Gτ,

(1.32)

which allows us to express the spin-polarization in the undoped system under spinrelaxation and recombination processes as follows


P0
ns
τs
1
P =
= P0 = P0
≈ P0 /2
ne
τ
1 + τ /Ts 

P0 Ts /τ

if τ  Ts ,
if τ ≈ Ts ,

(1.33)

if τ  Ts .

The steady-state spin-polarization P is here independent of G, i. e. the intensity of
light. The spin-polarization saturates at P0 if the spin-decay channel is less efficient
than the recombination, and P is proportional to the ratio Ts /τ if the decay of spins
is faster than the decay of photo-carriers.
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n-doped semiconductor. If a system contains an equilibrium concentration of unpolarized electrons n0 , the situation changes. The life-time of photo-excited electrons
or holes τ (the recombination time) is not anymore relevant as a hole recombines with
any of electrons from the electron sea, not only with the photo-excited ones (being
spin-polarized). In other words, one recombination event does not necessary mean loss
of one spin. The relevant characteristic time is now τ ∗ = (n0 + ne )/G = n/G (compare
with Eq. 1.32), which represents the life-time of electrons with concentration n in the
conduction band [37]. The equation 1.30 keeps its validity if we substitute τ → τ ∗ .
The expression of P now depends on its definition. If it is defined with respect
to the spin-polarization of all conductive electrons (dc regime), i. e. P = ns /n, we
substitute ne → n and τ → τ ∗ in Eq. 1.33, and it again holds P ≤ P0 for all cases. In
condition of a low generation rate (ne  n), P ≈ ns /n0 ∝ G is also proportional to
the intensity of light.
For the purpose of an analysis in the experimental part, we also determine the ratio
of ns /ne , i. e., the spin density in the system over the photo-carrier density. This
ratio is useful if the used experimental technique is sensitive to the spin-polarization of
photo-created carriers (for instance the lock-in ac technique, described in Sec. 2.2.2).
Following the results above, we get
(
P0
if τ ∗  Ts ,
ns
1
τ∗
τs
(1.34)
≈
= P0 = P0
ne
τ
1 + τ ∗ /Ts τ
P0 Ts /τ if τ ∗  Ts .
In the first case of high illumination (n  Ts G, n0  ne , τ ∗ ≈ τ ), the density of spins
is smaller than the density of photo-carriers and the value saturates at the degree of
polarization of the optical orientation P0 . In the second case of low generation rate
(n  Ts G), the density of spins can exceed the photo-carrier density (since Ts /τ can
be > 1 if τ ∗  Ts ) which is the unique feature of doped systems.

1.3.3

Spin dynamics in magnetic fields

The spin dynamics in transverse magnetic field – the precession of spin – is already
directly expressed in the first terms in Eqs. 1.19 and introduced in Sec. 1.1.2. The study
of spin precession represents an irreplaceable source of information about the examined
system. It depends on whether the experimental method is or is not time-resolved.
Time-resolved spin-precession. The time-resolved magneto-optical setup (see the
pump-and-probe technique in Sec. 2.1) is an example of a powerful method of direct
visualization of the electronic
spin-precession. The inferred gs gs = ~Ω/(µB B) or

gs = ~/µB ∂Ω(B)/∂B is then a key fingerprint of the sensed particles and gives
indications about the nature of the system. For instance, as gs is strongly bandstructure dependent, it helps to determine the material where the sensed particles are
located [75], the shape and level of confinement in QWs [25,76], temperature [26], type
of spin-carriers [77] or whether they are bound or free [78, 79]. The measurements of
g-factors can be also used in order to determine the nuclear magnetic field and, thus,
the degree of nuclear and electronic polarization (see Sec. 2.1.5 for the description of
the technique).
Spatially-resolved spin-precession. The spin-precession in time is also reflected
in the spatial domain if the spin-carriers are mobile. The technique, besides the spatial
resolution, needs a quasi time-resolution – the measurement must be performed in one
time delay after a fast spin-injection, provided by a pulse-laser, for instance. The precessions in space have been studied mostly in order to map the structure and symmetry
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of the SO-fields [30]. Moreover, if the SIA and BIA SO-fields are tuned in a (001)-grown
QW so that their coupling coefficients αR = βD , it leads not only to the suppression of
the DP spin-relaxation mechanism (discussed in Sec. 1.3.1), but also to a k-independent
spatially homogeneous precession in one specific direction [12, 13, 30, 32]. This special
regime is called the persistent spin helix and is related to the particular texture of the
resulting SO-field depicted in Fig.1.1(c).
Time-integrated spin-precession. The effect of spin-precession of time-integrated
spin-dependent signals in a transverse magnetic field is often called the Hanle effect. At
time t after a spin-injection of the initial average spin S0 into an unpolarized system, its
z-component Sz (t) becomes Sz (t) = S0 cos(Ωt) exp(−t/Ts ) if the recombination is neglected. The time-independent average
signal from the system under a continuous spinR∞
injection is then the integral of Sz = 0 W (t)Sz (t)dt, where W (t) = τ −1 exp(−t/τ ) is
the time-distribution of photo-carrier lifetimes, which gives [37, 45]
Sz (B) =

Sz (0)
,
1 + (Ωτs )2

Sz (0) =

S0
.
1 + τ /Ts

(1.35)

The right term of Sz (0) is the same expression as for P in Eq. 1.33. The Hanle method
is commonly used in order to measure the characteristic times for a spin system from
a B-dependence of Sz if time-resolved techniques are not available.

1.3.4

Spin transport

The contribution of the spin transport to ∂S/∂t is expressed in last two terms in
Eqs. 1.19. The spin diffusion and spin drift are usually introduced by the semiclassical
theory of SO-coupled charge and spin currents [80–82]. Let again be −je /e the density
of flow of charge (je is the charge current density) and jŝ the density of flow of spins,
carried by electrons, oriented along the unit vector ŝ (the spin current). If we do not
(0)
take the SOI into account, the currents j(0) , jŝ are related to the diffusion and an
electric field E in the conventional way
(0)

j(0) /e = µnE + D∇n

and jŝ = −µnESŝ − Ds ∇Sŝ ,

(1.36)

where Sŝ = ŝ · S is the component of S in the direction ŝ, D and µ the diffusion
coefficient and mobility of carriers and Ds the spin diffusion coefficient. The presence
of the SOI couples the currents via the spin Hall dependent effects [53]
(0)

j/e = j(0) /e − αSH ŝ × jŝ

(0)

and jŝ = jŝ + αSH ŝ × j(0)
e /e,

(1.37)

which, by combining Eqs. 1.36 and 1.37, gives the phenomenological formulas
j/e = µnE + D∇n + αSH µE × S + αSH Ds ∇ × S

(1.38a)

jŝ = −µnESŝ − Ds ∇Sŝ + αSH µn(ŝ × E) + αSH Dn[ŝ × (∇n)].

(1.38b)

The first two terms on the right side in Eq. 1.38a represent the standard drift-diffusion
contribution to the charge current. The third term is the AHE (if S is an equilibrium
polarization) or what we call SDHE (if S is a non-equilibrium polarization). The forth
term represents the ISHE (if a charge diffusive current is missing). Vice versa, the two
first contributions in Eq. 1.38b are the drift-diffusion terms for spin-current and the
third and fourth ones the SHE originating from the charge current generated by drift
and diffusion of charges, respectively.
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The drift-diffusion equation for S is basically the continuity equation for jŝ with the
additional precession and spin-decay terms
∂Sŝ
Sŝ
= 0.
+ ∇jŝ + Ω × S +
∂t
τs

(1.39)

If we disregard the small terms with αSH (which is typically  1), the drift-diffusion
equation corresponds to the phenomenological Bloch-Torrey equations (Eqs. 1.19).
The solution of Eq. 1.39 depends on the dimensionality of the problem and on the
initial conditions [83]. The solution for a Gaussian spin-injection profile (S(∆r) =
S0 exp[−(∆r)2 /σ02 ], where ∆r is the radius vector with the origin in the center of the
distribution – the point of the injection – and ws is the Gaussian (1/e) half-width) after
the time ∆t after the instant of the spin-injection to an infinite 2D plane reads [27,83–86]
!


Ns
∆t
(∆r + vd ∆t)2
S(∆r, ∆t) =
exp −
cos (Ω∆t + φ0 ) .
(1.40)
exp −
πws2
ws2
τs
Here, Ns = πσ02 S0 is the total number of injected spins, vd = µE the drift velocity
vector of spin-carriers in the electric field E and φ0 the initial absolute phase of the
ensemble of spins. The ws (∆t) is the Gaussian (1/e) half-width at time ∆t, expressed
as
ws2 = σ02 + 4Ds ∆t.
(1.41)
using Ds (∆t) – the time-dependent spin diffusion coefficient at time ∆t.
Spin diffusion coefficient. The original theory of the spin drift and diffusion, presented in the above paragraph, does not distinguish between the spin diffusion coefficient Ds and spin-carrier (electron) diffusion coefficient D, assuming that the spin is
transported by the carriers thermalized in equilibrium. However, it turned out that
Ds = D is only a first approximation since in some spin-injection experiments Ds significantly exceeded D, especially for the injection via the optical orientation [87–89].
The further experimental works showed that the probable explanation can reside in
the consideration of hot electrons [84, 90]. These are the photo-excited electrons whose
energy is higher than the energy expected from the Fermi-Dirac distribution fF (E, T )
at given energy E and the temperature T of the lattice. Until the electrons come back
to the equilibrium distribution and transfer their excess energy to the lattice (the thermalization), their D can be notably enhanced with respect to the equilibrium one. The
thermalization process lasts typically for hundreds of ps or units of ns [84, 86]. This is
why Ds is explicitly used in Eqs. 1.36 and 1.38 and its time-dependency is emphasize
by the calligraphic version of the symbol, Ds , in Eq. 1.41. When the photo-excited
carriers reach the fF distribution, their diffusion constant is the equilibrium one, D,
and one can use the identity D = Ds .
The equilibrium D is related with µ by the classical Einstein relation [91]
µ=

eD
,
kB T

(1.42)

where kB is the Boltzman constant. Eq. 1.42 is valid for a non-degenerate semiconductor, i. e., when kB T  EF where EF is the Fermi level. This condition is not
guaranteed for doped semiconductors especially at low temperatures. In such a case,
it is useful to use the generalized Einstein formula [92]
µ=

eD Γ(b + 5/2) Fb+1/2 (ηF )
,
kB T Γ(b + 3/2) Fb+3/2 (ηF )
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(1.43)


R∞
where Γ(x) is the Gamma function [93], Fj (x) = 0 ζ j / 1 + exp(ζ − x) dζ is the Fermi
integral of the order j with the reduced Fermi energy ηF = (EF − EC )/(kB T ) and the
energy of the bottom of the conduction band EC . The factor b depends on the type of
scattering involved and has the value of 3/2 for scattering from static defects.
For a given 3D concentration of carriers in the conduction band n3D , ηF is found
from the common expression [91]
Z

∞

n3D =

DOS 3D (E)fF (E)dE = C(kB T )3/2 F1/2 (ηF ),

(1.44)

Ec

√
where DOS 3D = C E is the 3D density of states with C = 1/(2π 2 )(2m∗ /~2 )3/2 . The
Fermi integral F1/2 (ηF ) can be solved numerically or using an analytical approximation
[94].
Characteristic lengths. The characteristic spin lengths, i. e., the distance over
which the spin ensemble is transported with the (1/e)-loss of the spin-polarization,
are of importance since they define the length-scale for the functionality of spintronic
devices. Although in the vertical spin-transport through layered “sandwich” structures
composed of thin films (such as the tunnel junctions or MRAM bits), the requirements
on this scale are not usually higher than a few tens of nm [3], at least two orders
of magnitude larger values are necessary in the lateral spin-logic devices due to the
resolution of the nanotechnology (e. g. the Datta-Das transistor or the SHE-based
transistor) [16, 18, 95, 96].
There are two main spin-conserving length-scales: the spin diffusion length ls and
the spin drift length ld , which are defined for Ω = 0 in a steady-state
R ∞ (∂S/∂t = 0)
in Eq. 1.39 or, in other words, for the time-independent solution 0 S(∆r, ∆t)d(∆t)
in Eq. 1.40. Then, the spin-polarization decays as ∼ exp(−∆r/li ), where li = ls or
ld depending on which transport regime dominates (the transitional regime is derived
in [27]). The lengths ls and ld have then the meaning of traveled distances at which
the spin-polarization decays to 1/e:
ls =

1.3.5

p
Ds τs

and

ld = |vd |τs = µ|E|τs .

(1.45)

Typical spin-transport parameters in semiconductors

The spintronic lateral logic devices used in the fundamental research serve often as
proof-of-concepts for the further application, and their potential utility in practice is one
of the goals of their study. From this perspective, it is not only necessary to transport
the spins from one functional element to the other one of a lateral logic device (for
example to travel through a gated channel as proposed in the Datta-Das transistor), i.
e., to guarantee a sufficiently large ls(d) with respect to the size of the elements. There
is also a demand for a fast transfer of the spin which would enable a higher-speed
operation. The desired long-range and high-rate nature of the spin transport puts
the requirement simultaneously on long τs and high µ (∼ Ds ), according to Eq. 1.45.
Nonetheless, the achievement of both favorable characteristics in the same spin system
has been a major challenge, as it is reviewed hereafter.
In high-quality undoped bulk GaAs, such as grown by the molecular beam epitaxy
(MBE), there is small quantity of defects and magnetic impurities. Together with the
s-orbital character of the conduction band, which implies a weak SO-coupling, the main
spin-relaxation mechanism at wide range of temperatures is the DP mechanism and it
is not highly efficient in this case. In case of the optical spin-injection, the process that
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limits the spin life-time τs is then the photo-carrier recombination6 which occurs at
time-scales of τ ∼ 100’s of ps [97].
The limitation due to the recombination can be overcome by introducing equilibrium carriers via impurity doping. The equilibrium electrons are now involved in the
recombination process, preserving the original spin-polarization in the way described
in Sec. 1.3.2. As a result, τs can reach values up to the order of 10−100 ns [97, 98]
for electron concentration n ≈ 1016 cm−3 , which corresponds to the metal–insulator
transition. The long spin life-times are achieved, but on the other hand, at the cost
of the reduced mobility µ ∼ 103 cm2 V−1 s−1 [99, 100]. Here, the spins are transported
over long distances ls ∼ 8 µm and ld ∼ 50 µm but in the time-scale of 100’s of ns.
The problem can be approached from the other side by employing 2DEGs formed
in GaAs/AlGaAs (001)-grown QWs and heterojunctions where µ can reach ∼ 105 −
106 cm2 V−1 s−1 . However, the reported τs of the highly mobile electrons are typically7
of the order of 10’s−100’s of ps in a wide range of electron concentrations [27, 45, 103]
due to the strong confining electric field, resulting in a higher SO-coupling and, thus,
a more efficient DP spin-relaxation. Although the spin propagation is fast in these
structures, the ls or ld are constrained to ∼ 10 − 100 nm that are the dimensions
over which the spin transport cannot be be observed directly (still an indirect Doppler
velocimetry-based technique can be used [104]).
The enhanced DP spin-relaxation mechanism can be suppressed in 2DEGs grown
in extraordinary directions (111) and (110) (see Sec. 1.3.1). In the studies where the
spin transport and coherence times were measured, there are reported τs ∼ 1 ns and
a medium mobility µ ∼ 104 cm2 V−1 s−1 [71,73,74,105]8 . A similar approach in conventional (001)-oriented 2DEGs consists of tuning the system to the persistent spin helix
regime (see Sec. 1.3). Here, a vertical gate is used to suppress the SO-fields, similarly
to (111)-grown samples. The observed characteristic parameters are τs ∼ 1 ns and
µ ∼ 104 − 105 cm2 V−1 s−1 .

6

We recall that 1/τs = 1/τ + 1/Ts according to Eq. 1.30.
τs  1 ns in (001)-grown QWs are reported in a vast majority of studies. There are, however,
several observations of τs ∼ 1 − 10 ns of electronic spins in (001)-grown QWs at low temperatures and
low or no doping levels [101,102]. Nevertheless, in these cases, the spin-polarized electrons are reported
to be localized at impurities and/or on potential imperfections of the confinement and their mobility
is thus orders of magnitude lower than the usual µ in QWs. This is also why the spin-relaxation is not
here due to the DP mechanism but rather due to the hyperfine interaction and dispersion of g-factors,
as reviewed in Sec. 1.3.1. At higher doping levels, when the electrons become more delocalized, the τs
decreases again to 100’s of ps due to the more efficient DP spin-relaxation [73].
8
Recently, a study of (110)-grown 2DEGs has reported more favorable spin-transport characteristics,
making the (110) growth orientation promising for the spin-logic devices [72].
7
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2. Experimental methods
The experimental work presented in this thesis is performed on a complex electro-optical
setup which has been designed in order to integrate a wider variety of experimental
methods, including the time and spatially resolved magneto-optical measurements in
the near-infrared optical range in magnetic field and with phase-sensitive electrical
sensing or biasing of the sample. The time-resolved techniques in the THz range were
available in a separate setup providing supportive measurements of charge and spintransport parameters.
In this chapter, we go through the employed parts of the setup with a special
emphasis on the spatially resolved and spin-injection ones which have been designed
and completed by the author within his doctoral studies. We also describe the detection
of the SHE and the evaluation of αSH , perform a simulation of a charge and spindependent response of a Hall cross, show the basic idea of determination of µ from the
THz measurements and introduce the resonant spin amplification technique.
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2.1

Optical techniques

The optical approaches are the keystones of our experimental methods. The timeresolved magneto-optical technique, both the spatially-resolved and unresolved, played
a crucial role in the investigation of spin life-time and spin-transport in the undoped
GaAs/AlGaAs interface (Sec. 4.1), and the time-independent optical spin-injection,
again local and non-local one, was the principal technique in the study of the SHEbased polarimeter (Sec. 4.2) and the SHE in a system containing a lateral pn-junction
(Sec. 4.3).

2.1.1

Time-resolved magneto-optical setup

This experimental setup relies on the so called pump-and-probe Kerr rotation technique
[45,106–108], in which two temporally delayed ultra-short optical beams are used. The
first pump beam, after being absorbed in the sample, changes the physical state of the
system – in our case, the light is circularly polarized and injects optically the spinpolarized photo-carriers via the optical orientation (see Sec. 1.2.2). The second probe
beam is time-delayed with respect to the first one and probes the state of the system at
the set time – it is linearly polarized and reads the total spin-polarization via the polar
Kerr effect in our case (Sec. 1.2.3). The probe beam is expected to cause a negligible
change of the physical state of the sample comparing to the pump beam – it has usually
smaller intensity, different spectral distribution or different polarization.
x
y z
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arrangement for local experiments
optical bridge
electromagnet
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sample
lenses

polar.

probe
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chopper

telescopes
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Figure 2.1: Setup for the time-resolved magneto-optical experiments. The modular part of the setup, depicted by the grey dashed rectangle, can be replaced by another
arrangement shown in Figs. 2.2 and 2.4. See the main text for a detailed description.

Optical setup. The sketch of the setup is shown in Fig. 2.1. As a light source it
was used a Ti:Sapphire femto-second tunable laser [109] which provided 150 fs long
pulses at the repetition rate 80 MHz (i. e., the time separation ∆t0 = 12.5 ns between
the subsequent pulses) with time-integrated light power P > 1 W. The light was then
divided by a beam-splitter (BS) to the pump and probe optical paths whose relative
length could be varied by a delay-line. This way a relative time-delay between the pump
and probe pulse was created, covering the delays ∆t = −0.5 − 3.5 ns (see the sketched
pulses in Fig. 2.1). After being resized and collimated by telescopes, the polarization of
the pump and probe beams was set to circular and linear diagonal states, respectively,
and focused with a converging lens (10D) under the angles of incidence < 1◦ and ∼ 7◦
to the sample surface. The size of the spatially overlapped light spots was ≈ 25 µm
34

(see App. A for the details on the pin-hole technique of spot-size determination). While
the pump pulse reflected from the sample surface was blocked in order to prevent the
scattered light to influence the detection, the probe beam was collected by another
converging lens and finally analyzed by an optical bridge detection technique [106].
Here, the light is split by a polarizing BS into two branches whose light intensity
depends on the angle of the polarization plane of the incoming light. By measuring
both intensities by silicon photo-diodes one can calculate the rotation of the polarization
plane by the angle θK (induced by the polar Kerr effect) with a high precision – in our
experimental conditions the resolution was θK < 0.1 µrad. The detailed numerical
recipe is presented in App. B.
Optical parameters and sample-space. The time-integrated laser powers of the
pump and probe beams were set to ratio 10:1 and the pump power was tuned between
∼ 20 µW to 5 mW, corresponding to 3 × 10−2 − 8 µW/(µm)2 . The wavelength was
set in the range of λ = 810 − 820 nm. Most experiments were done at Ppump = 5 and
Pprobe = 0.5 mW for the pump and probe beam, respectively, and at λ = 815 nm. The
quality of the circular polarization of the pump beam was ≈ 90 % and the extinction
coefficient for the linear polarization of the probe beam reached ∼ 10−4 (see App. C for
more details on the polarization states). The electrical signal from the optical bridge
was measured by a phase-sensitive lock-in analyzer in order to increase the signal/noiseratio (see Sec. 2.2.1), the intensity of the pump beam was, therefore, harmonically
modulated by a chopper wheel operating at frequency f1 ≈ 2 kHz at which the analyzer
was locked-in.
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Figure 2.2: Setup for the spatially and time-resolved magneto-optical studies. (a) The modular part of the setup that replaces the corresponding part of the spatially unresolved setup in Fig. 2.1. The detailed description is provided in the main text.
(b) A schematic illustration of the spatially-resolved non-local optical excitation (pump
beam) and detection (probe beam) of spin-polarized carriers in a studied GaAs-based structure. The black arrows depict the possible tilting of the pump beam using the piezo-driven
movable mirror.

The sample was placed on a cold-finger in a He-closed-cycle cryostat equipped with
an optical access (through a fused silica window), operating at temperatures from 300 K
down to 10 K. The cryostat was located between poles of an electromagnet providing
the maximum magnetic field of 500 mT in the sample’s in-plane orientation.

2.1.2

Time and spatially-resolved magneto-optical setup

The arrangement that involves also the spatial-resolution in addition to the abovedescribed time-resolved setup is displayed in Fig. 2.2(a) – it replaces the dotted area
on the sketch of the original setup (Fig. 2.1). Here, the pump and probe beams are
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not accessing the sample under different angles of incidence but they are joint again
by a non-polarizing BS, after the polarization state is set for both beams. The light
is then focused on the sample using a high quality near-infrared (NIR) objective with
magnification 20× and the numerical aperture NA = 0.4, resulting in ≈ 2 µm wide
spots on the sample’s surface (see App. A for the scanning knife method). The piezotilting mirror used in the pump path allows us to vary precisely the angle of incidence
and, thus, move the pump spot on the sample with respect
to the probe one and change

their relative distance ∆x see sketch in Fig. 2.2(b) . Taking into account the NA of
the objective, the accessible range of ∆x = 0 − 25 µm. We note that the additional
relative time delay of the pump and probe pulses due to the tilting of the angle is
< 100 fs and, therefore, negligible with respect to the intentional time-delay of the
delay-line. After their reflection from the sample, both pulses travel back through the
objective and are reflected by another BS to the optical bridge where they are analyzed
as described above.
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Figure 2.3: Spectral filtering of the excitation and detection laser light in the
spatially-resolved setup. (a) The measured spectral transmittance of used spectral filters F1 , F2 and F3 , placed at marked position within the spatially-resolved setup (compare
Fig. 2.2). (b) The spectral composition of the excitation light at sample (labeled as pump),
and detection light at sample (probe) and in the optical bridge (probe in bridge) if all three
filters are used at shown positions.

Spectral filtering. One of the main contributors to the noise in the detected probe
signal in the optical bridge is the pump intensity, which, being modulated at f1 , is
detectable by the lock-in analyzer. It must be efficiently blocked out before entering to
the optical bridge. In the setup without the spatial resolution, the pump light reflected
from the sample surface is simply mechanically blocked by a screen and only scattered
pump light could eventually enter the bridge. However, this approach is not possible
in the spatially resolved setup and the effective blocking of the pump light is generally
a major challenge in this kind of setups. As a solution of this problem, either the sample
is accessed with the pump and probe beams from opposite sides of the sample and the
pump light is thus reflected to the opposite direction and “blocked” this way [110], or
both beams access the sample from the same side but they are filtered with respect
to their orthogonal polarization or their different spectral distribution. The latter
mentioned method relies either on the usage of the optical parametric oscillator in
combination with the second harmonic generation in order to provide different spectra
of both beams [111], or the spectrum of the original laser beam can be filtered by a pair
of spectrally disjunctive but close enough filters [30].
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The approach in our setup is based on the filtering of the original spectral distribution of the laser by two complementary disjunctive spectral filters – high quality
sharp-edge band-pass interferometric filters with transmittance shown in Fig. 2.3(a).
Once the pump beam is filtered by the filter with the transmittance F1 , its intensity
can be suppressed by many orders by the filter F2 before the entrance to the optical
bridge. As we do not want to suppress also the probe beam (we remind that Pprobe
at the sample should be smaller than Ppump ), it is practical to filter the probe beam
before it hits the sample with a similar filter F3 ≈ F2 .
In the experiment, we used Ppump = 2.5 mW and Pprobe = 0.5 mW with the
resulting spectral distribution depicted in Fig. 2.3(b). As a part of the pump intensity
lies below the band-gap of GaAs at T = 10 K, it is expected that the optical orientation
of the electrons in the conduction band originates also from the transitions from free
and bound excitonic states [41, 42].

2.1.3

Continuous-wave optical spin-injection

The setup sketched in Fig. 2.4(a) was used for the electrical measurements of steadystate spin-polarized current via the SHE. The optical spin-injection was provided by
a continuous wave (cw) laser light, generated either by a cw tunable Ti:sapphire laser
or by a cw diode laser with λ = 870 nm. The intensity of the laser was modulated
by a chopper operating at the frequency f1 ≈ 2 kHz and its polarization was first set
to linear diagonal by a polarizer and a λ/2-plate. A photo-elastic modulator (PEM)
served as a modulator of the polarization state – by changing gradually the retardation
of the horizontal and vertical polarization components from −π/4 to π/4, the resulting
polarization was switching between the left and right-handed circular state at reference
frequency f2 = 42 − 50 kHz (see App. D). The light was collected by a NIR objective
with magnification 20× or 50× and formed a ≈ 2 µm or ≈ 1 µm wide spot on the
sample surface. The sample was again kept in the same cryostat as described above
and connected to the electrical contacts and wiring to enable the electrical detection.
The objective was placed on a high precision piezo-stage allowing us to move the light
spot with a resolution much smaller than the size of the spots. As the studied samples
had a micro-lithographical design of the surface, the real position of the spot with
respect to the structures had to be known. In order to “navigate” the spot on the
design, an illumination by a bulb light was guided into the cryostat by a BS through
the same optical path. After the reflection from the sample, both beams, the laser and
the bulb light, were again collected and redirected to a charge-couple-device (CCD)
camera by another BS. An example of a detected image is shown in Fig. 2.4(b). The
relative intensities of both beams were regulated by spectral filters and a polarizer.
The wavelength was set accordingly close to the optical band-gap of GaAs at given
temperature, i. e., λ = 870 nm at room temperature (RT) and λ = 800 − 850 nm
at 10 K. The realistic quality of circular polarization was ≈ 90 %. The laser power
was used in the range P = 80 nW to 100 µW. The double modulation of intensity
and polarization of the laser light allowed us to distinguish between the charge and
spin-related contributions in the detected electrical signals, as reported in Sec. 2.2.1.

2.1.4

Resonant spin amplification

The pump-and-probe magneto-optical technique presented so far is based on scans of
the delay-line with a fixed in-plane magnetic field which results in the variation of the
time-delay ∆t between the pump and probe pulses. If the spin system has τs > ∆t0
(∆t0 is the delay between two pump pulses), there is a mixture of the spin-populations
created by the present and the preceding excitation pulses. This technique cannot
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Figure 2.4: The setup for the continuous-wave optical spin-injection. (a) The
arrangement of the modular part of the setup in Fig. 2.1, designed for the time-integrated
electrical measurements of optically injected spin-polarization. (b) An image from the
CCD camera of the surface micro-lithography on a sample using the objective with magnification 20× and the illumination by the bulb. A Hall-bar structure is located in the center
of the image where the radial trenches meet. The laser light is switched off.

distinguish between these two spin sub-systems and measures the total spin signal from
both sub-systems. However, if ∆t is fixed and the magnetic field is scanned instead,
the sub-systems can be suddenly disentangled because of their different “history”. The
average spin signal from the system created by the former pulse changes its phase by
a larger value with respect to the system created by the latter one if the magnetic field
is slightly changed. The different dependence on the in-plane external magnetic field
B is therefore the principle on which the resonant spin amplification is based [97].
Consider a spin system generated by subsequent excitation pulses with the timeseparation ∆t0 , characterized by the spin life-time τs > ∆t0 . Then, the total spin signal
S detected at the steady-state is a sum of all contributing laser pulses, [97]
X
S(∆t, B) =
Ae−(∆t+n∆t0 )/τs cos [gs µB B(∆t + n∆t0 )/~] Θ(∆t + n∆t0 ),
(2.1)
n

where A is the amplitude of the signal generated by one pulse, n = 0, 1, 2, . . . is the index
of the n-th preceding pulse and Θ(x) is the Heaviside step function1 which guarantees
that only preceding pump pulses contribute to S at any particular delay ∆t. The
populations generated by the different pulses can be recognized in the total signal S
according to their frequency of the signal oscillations in varying B (see the argument
in the cosine term in Eq. 2.1). This way, the amplitudes of spin systems originating in
different instants of excitation can be studied.

2.1.5

Degree of polarization of electrons from nuclear magnetic field

In materials where the nuclei have a magnetic moment (e. g., GaAs), the hyperfine
interaction can transfer spins from electrons to nuclei (see Sec. 1.3.1). The nuclei
usually preserve their polarization by many orders longer time than the electrons do
since the spin-transfer via the electron-nucleus hyper-fine coupling or the other nuclear
spin decay channels are very inefficient comparing to the electronic ones. The typical
time-scale of the nuclear polarization process through a steady-state spin-polarized
electron system is in the order of minutes or tens of minutes (see our experimental data
in Sec. 4.1.7). After that time, the spin-polarization of nuclei is in equilibrium with
(
1

We use the following definition of the Heaviside function: Θ(x) =
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0 for x < 0
1 for x ≥ 0

.

the spin-polarization of electrons and, thus, saturated. The other way around, as the
electron-nucleus spin-transfer is slow with respect to the life-times of optically injected
carriers, the effect of spin-polarized nuclei on spins of photo-electrons is only through
the nuclear magnetic field that adds to the external one.
The nuclear magnetic field Bn generated by nuclei that are spin-polarized to the
degree Pn reads [37]
Bn = bn hPn i ,
(2.2)
where Pn = Pn Î is the vector of the nuclear spin-polarization oriented along the unit
vector of the nuclear spin Î and bn = −8.5 T is the magnetic field that would be
generated by fully spin-polarized nuclei. The hyperfine coupling between nuclei and
electrons with the degree of the spin-polarization Pe leads to a slow transfer of electronic
spin to the nuclear one, which can be described by an exponential function [112],


Pn (t) ∝ Pe 1 − e−t/Tn ,
(2.3)
which characterizes the nuclear “charging” with the characteristic time Tn  τs . If the
nuclear system is kept in an electronic system with steady-state spin polarization Pe
for time longer than Tn , Pn saturates and gets into the equilibrium with Pe . Then, Bn
from Eq. 2.2 is oriented along the external magnetic field B and its saturated value can
be expressed in terms of Pe as follows [113, 114]:
Bn = f b∗n

B · Pe
B,
B2

(2.4)

where the degree of the average spin-polarization of electrons, Pe = Pe ŝ, is oriented
along the unit vector of the electronic spin ŝ (Pe = 1 for fully polarized electronic
system), b∗n = −8.5 T is the effective magnetic field generated by the spin-polarized
nuclei2 and f ≤ 1 is a phenomenological leakage factor that takes into account possible
processes of nuclear spin-relaxation other than the hyperfine coupling with electrons.
Eq. 2.4 holds for B  1 mT when the nuclear dipole-dipole interactions are negligible.
Since the electronic spins precess in the total magnetic field Btot = B + Bn , the
degree of the steady-state spin polarization of electrons can be determined by measuring
their precession Larmor frequency Ω = γBtot . To calculate Pe using Eq. 2.4, the leakage
factor f and the angle between B and injected Pe must be known. The leakage factor
represents how significant the other nuclear spin-decay channels are with respect to the
nuclear-electronic coupling. If there is only the spin channel between the electrons and
nuclei, f = 1, if the other channels dominate (e. g., the spin-relaxation by unpolarized
holes, paramagnetic impurities or the quadrupolar relaxation), f → 0. It is usually
expressed as [114]
τ∗
f= ∗ n ,
(2.5)
τn + τn
where τn and τn∗ are, respectively, the nuclear spin-relaxation times due to the coupling
with electrons and due to the other mechanisms. Although the value of f can vary
depending on a particular semiconductor system and experimental conditions, for rough
estimates we used f = 0.1, as reported in GaAs at electron densities ∼ 2−5×1016 cm−3
and at low temperatures [37, 112, 114].
2
The value of b∗n = −8.5 T is valid for Pe . 0.5 and it decreases to −5.4 T for fully spin-polarized
nuclei (i. e., for Pe = 1). This comes from the fact that a spin of a nucleus is a 5 level system (while
electronic spin is a 2 level system) and its total magnetic moment is not a linear function of the degree
of electronic spin-polarization Pe [115]. The factor b∗n therefore describes the slope of this dependence
and varies with Pe .
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2.2
2.2.1

Electrical techniques
Measurements with lock-in

The measured electrical signal, both the output from the photo-detectors used in the
optical detection, and the electrical voltages sensed directly from contacts on samples,
are weak with respect to noise and electrical disturbances in the whole experimental setup. To increase the signal/noise-ratio and get rid of the majority of electrical
artifacts, it is very convenient to employ a phase-sensitive harmonic amplifier – the
lock-in.
The operation of a lock-in is described in detail in Refs. 116,117. Consider, in brief,
a harmonic (modulated) signal Vs cos(ωs t + θs ) and a corresponding reference signal
Vr cos(ωr t + θr ). The phase-sensitive detector performs a product of these signals and
applies a low pass filter that suppresses all time-dependent components. The result is
generally zero unless ωs = ωr which means that all unwanted contributions and noises
at frequencies 6= ωr are removed. This is why the lock-in significantly increases the
signal/noise ratio. The used type of amplifier employes two phase-sensitive detectors
phase-shifted by π/2 and, thus, provides two-component readings X and Y :
X = Vs cos(∆θ − θ0 )

and Y = Vs sin(∆θ − θ0 ),

(2.6)

where ∆θ = θs − θr is the phase of the signal with respect to the phase of the reference
signal and θ0 is a user-defined angle that allows us to set deliberately the decomposition
of the total signal amplitude R = Vs = (X 2 + Y 2 )1/2 between X and Y .
Modulation of beams. The above-described setups provide two modulators – the
chopper and PEM – and two corresponding reference signals at f1 and f2 . For the
optical detection, we used mainly only the chopper modulation of the pump beam (see
Fig. 2.1), the PEM modulation was used only in order to exclude the role of nuclear
polarization (see the experimental chapter). Our intuition could advice to modulate
directly the probe beam, however, it empirically increases the noise by at least an order
of magnitude in the time-resolved arrangement (most likely due to the time-dependent
illumination of the photodetectors). The same modulation was used in the time and
spatially-resolved arrangement, although many other approaches were used in order to
maximize the signal/noise ratio.3 The cw (time-independent) measurements were, on
the other hand, done always with the double (chopper and PEM) modulation of the
excitation laser (compare Fig. 2.4). It enabled us to distinguish the signals related
to charge (photo-)currents at f1 and the spin-related signals at f2 . The capability to
decouple the charge and spin contributions to the total signal turned very useful in case
of high spatial resolution (see Sec. 4.2).
Choice of phase. The values of readings in Eq. 2.6 (with the knowledge of ωr )
represent a total information about the harmonic signal at the input to the amplifier.
However, this signal can differ from the signal generated at the photodetector or at the
sample contacts, generally due to the wiring, the capacitance in electronic amplifiers in
photodetectors and other elements in setup that can add a phase-shift. It means that
with the setting of θ0 = 0 the component X does not necessarily give the amplitude
of the signal in phase with the modulation of light. It is needed to define θ0 so that
3
The tested modulation techniques included the modulation of the probe beam, modulation of both
beams at different frequencies f1a , f1b with the measurement at the sum frequency f1a + f1b [118],
and the cascade double-lock-in technique [118] with the previous modulation configuration or with
a simultaneous chopper and PEM modulation of the pump beam. All the approaches have led to
a worse signal/noise ration than when the single modulation of the pump beam have been used.
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X is in phase with the light excitation since only in this case we do not disturb the
signal X with the time-retarded artifacts whose amplitude is then represented by Y .
The artifacts can arise, for example, from temperature-induced changes of the system
after the absorption of the excitation pulse. In the time-resolved measurements θ0 was
determined from the signal generated by the pump light, scattered or reflected from
the sample surface. For the time-independent electrical detection, the θ0 was defined
so that X had the maximal amplitude.

2.2.2

Electrical detection of spin-polarized currents

The spin-polarized current was detected via the spin-dependent Hall effects (or spininjection Hall effect) introduced in Sec. 1.2.4 in a classical Hall cross (HC) geometry
depicted in Fig. 2.5(a). Consider a doped GaAs sample (with the equilibrium electron concentration n0 and conductivity σ) with a Hall cross pattern on its surface
which is homogeneously illuminated by circularly polarized light in the central area
of the HC. The absorption of the light generates both photo-carriers (concentration
of photo-excited electrons is ne ) and spin-polarization in z-direction. The density of
spin-polarized electrons in the conduction band in the steady-state is then ns and its
ratio ns /ne can be expressed in terms of the spin-polarization of photo-carriers P0 and
the recombination and spin-relaxation times, as discussed in Sec. 1.3.2. If we apply
an electric field Ex along the x-axis or create a gradient of ns , the y-component of
generated electric field Ey = jy /σ is, according to Eq. 1.38a,


αSH
∂ns
Ey =
µEx ns + Ds
.
(2.7)
σ
∂x
The first component is again the drift contribution of the spin-polarized current, the
second one is the diffusion spin-polarized current.
It is practical to directly measure the photocurrent Ipc – the electrical current associated with the optically excited carriers – using the lock-in detection at the chopper
reference frequency f1 since it can reveal the response of the device to the excited
charges and gives the estimate of ne . In terms of Ipc = µEx ne b, where b is the width
of the channel (Fig. 2.5(a)), the drift component of the Hall voltage Vy measured in
y-direction is then
Vy = αSH

Ipc ns
Ipc P0 Ts
Ipc P0
= αSH
= α̃SH
,
σ ne
σ τ
σ

(2.8)

where we followed Eq. 1.34 in order to express ns /ne in approximation of low illumination, and α̃SH = αSH Ts /τ is an effective spin Hall angle.
The diffusion-related component of the transverse voltage requires a gradient of
ns . This can be created by the optical spin-injection using a laser spot of the size
∼ b. The real spatial distribution of the intensity along the direction x is the Gaussian
function G(x)4 , thus it generates the diffusion current ∼ ∂G(x)/∂x ∝ Vy . Therefore
the Hall voltage detected on a HC, if a gaussian light spot is scanning the channel in
the x-direction, is an odd function of x with profile shown in Fig. 2.5(b).

2.2.3

Response function of a Hall cross

The drift contribution to Vy in Eq. 2.8 is expressed for a uniform spin-polarization or,
in other words, for a large spot with the size > b situated over the HC. However, if
4

See the definition of the Gaussian function in the paragraph above Eq. 1.40 on page 30. The
Gaussian distribution is an ideal solution of laser equations [119], however, the real spot can have
a moderately different profile due to imperfections of optical elements.
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Figure 2.5: Design of Hall crosses for the detection of the drift and diffusion spin-currents with indicated dimensions. (a) Schematics of the detection of
a spin-polarized charge current – detected as the photocurrent Ipc , composed of the charge
component jx and the spin component js,x . The transverse electric field Ey and charge
current jy are generated via the SDHE. In case of the drift-related current, Ex represents
the longitudinal drift electric field. The spot size is depicted by the red circle. (b) The
principle of the detection of diffusion spin-polarized charge currents. The laser spot excites
non-homogeneous electron population ne with the Gaussian spatial distribution having
its center positioned at x0 (yellow function), which is proportional to the distribution of
spin density ns . The spin-polarized charge current is ∝ ∇ne (red function) that generates
detectable transverse voltage Vy .

the spot size gets < b, the Vy becomes a function of the position of the Gaussian spot
G(x, y) with respect to the HC. The position-dependent response of the HC on a δfunction-like magnetic flux is called the response function for the given HC geometry.
Such a response function can be revealed experimentally via the classical Hall effect
(induced by the Lorentz force in an external magnetic field) using magnetized tips in
the scanning probe microscopy [120]. This way a point-like external magnetic field
can be applied on the cross and the response function is measured as Vy by scanning
the tip over its surface. In practice, the collected signal is not only a convolution of
the real spatial distribution of the magnetic field generated by the tip and the real
response function of the HC, but it is also the sum of two contributions. First one
is, indeed, related to the Lorentz force and the transverse Hall voltage. The second
one is, however, directly the transverse potential difference due to the local change of
conductivity underneath the tip because of its capacitive coupling to the conductive
electrons in the channel [121–123].
A small circularly polarized light spot scanning over a HC is expected to create
an analogous situation. The spot locally spin-polarizes the conduction electrons in the
channel which induces the transverse voltage via the SDHE similarly to the locally
acting Lorentz force in the experiment above. The light spot simultaneously excites
photo-carriers that locally increase the conductivity – this has an analogous effect
as the capacitive coupling of the tip. The local change of conductivity deforms the
current-lines and, thus, creates a non-zero potential difference if the spot is placed
asymmetrically with respect to the center of the HC.

Simulation of Hall cross response. Such a situation can be simulated by solving
the Poisson equation with a drift current flowing in the x-direction and a scanning
Gaussian beam with full 1/e-width 2σ0 (see the definition of page 30) which increases
locally the electron conductivity by ∆σ. The SDHE can be added to the simulation
as a local current source in y-direction, following Eq. 2.7. The Ex was chosen so that
the drift component dominates the transport as it is justified in the corresponding
experiment (Sec. 4.2). If αSH = 0 and ∆σ 6= 0, the model simulates the charge-related
contributions to Vy , while if αSH 6= 0 and ∆σ = 0, we get the pure spin-dependent
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Figure 2.6: Simulation of Vy = V1 − V2 collected at the transverse contacts of
a HC. The modeling is based on a numerical solution of the self-consistent 2D Poisson
equation and the drift equation in the calculated potential. The dimensions of the HC were
chosen to match those of the real device used in Sec. 4.2, i. e., b = 2 and c = 0.5 µm (see
Fig. 2.5). The perturbation is inserted locally by a light Gaussian spot with 2σ0 = 0.5,
1, 1.5 and 2.5 µm as indicated on the panels. The light spot induces a local (Gaussian)
change of the electric conductivity ∆σ and adds the tranverse current jy = αSH P jx , where
the polarization P follows again the Gaussian distribution. The black (white) lines depict
insulating trenches and form the HC. The external drift Ex is applied horizontally and,
similarly to αSH and ∆σ, is chosen so that the results are normalized to unity. (a) The
distribution of electric potential in presence of the spot with 2σ0 = 1 µm whose position is
depicted by the red circle. The current lines (arrows) and equipotentials (white lines) are
deformed around the spot. It leads to Vy = V1 − V2 6= 0. (b) The detected voltage Vy with
respect to the position of the spot with ∆σ 6= 0 and αSH = 0. This situation corresponds
to the real measurement at the chopper reference frequency f1 and is generated only due to
the local increase of σ. The dashed lines are the lines of equal contribution to Vy . (c-f ) The
voltage Vy with respect to the spot position if ∆σ = 0 and αSH 6= 0 which corresponds to
the measurement of the PEM frequency f2 . The response with an inner structure appears
only if 2σ0 < b, otherwise we can describe the HC as a point detector.
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contribution, i. e., the response function for the given Gaussian beam. The results
of such simulation for different spot sizes with respect to channel width are shown in
Fig. 2.6 with a more detailed description. We see that the simulation confirms the
above-discussed conclusions: the local change of σ by the spot deforms the steady
state potential and current-line
distribution Fig. 2.6(a) which leads to Vy 6= 0 even

if αSH = 0 Fig. 2.6(b) . However, for αSH 6= 0 and ∆σ = 0, Vy is generated via the

SDHE5 Fig. 2.6(c-f)
 . If 2σ0 > b, the HC acts as a point detector of the laser spot
position Fig.2.6(f)
, however, for 2σ0 < b the HC reveals its inner complex response

Fig. 2.6(c,d) .
The disentanglement of the charge and spin (or magnetic field) related contributions
is a question of more elaborate data treatment and analysis in case of scanning magnetic
probe microscopy [123]. On the other hand, if the double modulation technique for
the optical spin-injection is used together with sufficiently strong light focusing, the
two components are expected to be distinguished directly experimentally – they should
appear straightforwardly as the detected values on the lock-ins set at the corresponding
frequencies f1 or f2 . We show this in the experimental part in Sec. 4.2 and in Ref. 60.

2.2.4

Electrical characterization

Many of the studied samples and wafers had to be electrically characterized before or
during the spin related experiments. In order to get the parameters µ, σ and n, the
conventional conductivity and Hall experiments were done at RT or ∼ 4 K on majority
of patterned samples. The low temperature was provided in an open cryostat equipped
by a superconductive magnet (generating magnetic filed up to 3.5 T) inserted into
a cryogenic storage dewar filled with liquid helium. The longitudinal and transverse
voltages Vz (B) and Vy (B) were detected on a double HC structure (see the coordinates
and HC in Fig. 2.7(a)) with respect to the external magnetic field B oriented in the
x-direction and applied current Iz . From basic considerations [124] and if the electron
conductivity dominates (n-doped structures), the transport parameters µe , σe and ne
for the conduction electrons are
σe =

aIz
,
bVz (0)

RH =

Vy (B)
,
BIz

µe =

σe RH
,
rH

ne =

rH
.
eRH

(2.9)

The RH is the Hall coefficient and rH the Hall factor dependent on the relative concentration of ionized impurities (with respect to the total impurity density) which is
close to unity for our doping range and low temperatures [125]. The specific values are
reported in Sec. 3.
Optically induced conductivity. Besides the doped samples which could be easily
characterized separately by the above described technique, there are undoped structures designed for the spin-transport experiments reported in Sec. 4.1. These samples
did not manifest any measurable conductivity at any temperature in dark but, nevertheless, a non-zero conductivity was observed under the optical excitation. As it will
be discussed further in the experimental part, it was crucial to determine the transport
parameters of such excited state directly in the same experimental conditions that were
used in the optical experiments. Such an in-situ electric characterization was done directly in the optical cryostat using the arrangement shown in Fig. 2.7(b). The sample
5
We note that the sensing at f2 can indeed suppress the contribution of charge-related effect to the
detected signal. In fact, a small local steady-state increase of conductivity is still present at the spot
position due to the change of local carrier density even in case of the spin-polarized transport realized
at f2 . This variation is, however, negligible and does not change the results in Figs. 2.6(c-f) if ∆σ 6= 0
is added accordingly to real experimental parameters.
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was oriented so that B was applied out-of-plane with respect to the sample surface and
the light excitation was guided using a reflection on a small prism. The size of the spot
was set accordingly to illuminate all the “active” area of the double HC structure (see
the red circle in Fig. 2.7(a)). The corresponding data are presented in Sec. 4.1 together
with the optical results.
(a)

c

y

(b)

a

x z

b Vy

jz

z y
x

Vz

Figure 2.7: Sample Hall bar design and experimental setup for electrical characterization using the classical Hall effect. (a) The double Hall cross structure
designed in order to measure σ, n and µ of a doped or undoped sample. In case of the
undoped one, the dimensions are a = 7, b = 14 and c = 2 µm, the red circle depicts
the area illuminated by laser light. (b) Setup for electrical characterization in the optical
cryostat. Due to the spatial orientation of the external magnetic field, the sample had to
be illuminated using a reflection on a small prism.

The photo-excitation of an undoped sample creates an electron and hole photoconductivity which does not meet the assumption done in Eq. 2.9 and the two last
expressions are not valid in this case. If we carry out the same transport experiment,
the measured conductivity σ = σe + σh is a sum of conductivities of electrons and holes,
respectively. If we are interested in the parameters of the electronic sub-system and
both sub-systems have approximately the same concentration (ne ∼ nh ), we can write
for the conductivity and the Hall coefficient [124]
σ = σe (1 + β −1 )

and

RH =

rH
rH 1 − β 2
=
α,
2
ene (1 + β)
ene

(2.10)

where β = µe /µh is the ratio of electron and hole mobilities in their sub-systems, reaching typically β ≈ 10 in GaAs at low temperatures [126, 127]. Under these conditions,
we use rH = 1.1 − 1.6 [125]. We get for µe the expression
µe =

1
σe
=
σRH ≈ σRH .
ne e
rH α(1 + β −1 )

(2.11)

The last fraction in Eq. 2.11 reaches values 0.8 − 1.2 for considered range of rH . We
can, thus, disregard it and include it to the estimate of the error of this approximation.
Quantum Hall effect. The formation of a 2D QW and a 2D charge transport can be
proved by measuring the quantum Hall effect (QHE) and the corresponding Shubnikovde Haas oscillations (SdHO) [44] which are observed only in low-dimensional systems
subjected to an out-of-plane magnetic field (i. e., an analogous configuration used for
the classical Hall effect). The origin of the effects is related to the formation of Landau
levels and the edge states which, in case of a 2D system, lead to a non-dissipative charge
transport regime at particular B due to the forbidden back-scattering. Such a regime
is manifested by a zero longitudinal resistance and a plateau in the transverse Hall
resistance Ry with respect to varying B on top of the linear dependence due to the
classical Hall effect [44],
h 1
1
=
(2.12)
Ry = 2
e nL
G0 n L
45

and occurs at
BnL =

nh 1
,
2e nL

(2.13)

where G0 is the conductance quantum, h the Planck constant, n the electron density
and nL = 1, 2, 3 . . . is the index of Landau levels.
Since the QHE and SdHO are only the characterization tools and are not the subjects of our interest, we do not go further into details in the description.6 However, we
mention the conditions that have to be met in order to observe the QHE. There are
two main limiting parameters, the temperature and the disorder, that turn to
µ>

1
B

and

T 

~ eB
.
kB m∗

(2.14)

The condition on the left side is a transcription of the requirement on a completion of at
least one cyclotron orbit within the scattering-time7 or, in other words, the requirement
that the half-width of the Landau level is smaller than the energetic spacing between
them.8 The expression on the right side is the comparison of the thermal energy and
the energy spacing of the Landau levels. In reality, both these conditions combine and,
as a result, the zero longitudinal resistivity and clearly distinct quantum Hall plateaux
for the edge states are observed only at T . 1 K and µ & 105 cm2 V−1 s−1 , and no
manifestation of these effects is usually seen at T > 10 K in GaAs and magnetic field
of the order of Tesla’s.

6

A brief and illustrative introduction into principal aspects of the QHE and SdHO in 2D, 1D and
0D devices can be found, for instance, in Ref. 44. A full derivation and complex description of the
effects and various related subjects are provided in well established Refs. 128–130.
7
The requirement on the completion of at least one cyclotron orbit is described by ωc τp > 1 where
ωc = eB/m∗ is the cyclotron frequency and τp is the scattering time. By rewriting the expression
τp = µm∗ /e in terms of electron mobility µ, one gets the inequality on the left side in Eq. 2.14.
8
We note, on the other hand, that non-zero disorder is required in order to see the manifestation of
the QHE in the dependence Ry (B). The presence of a weak disorder leads to localized states between
the delocalized states at the Landau levels and allows the Fermi level to pass continuously from one
Landau level to the other. This continuous transition is reflected to plateaux in Ry (B) of a finite
width [129].
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2.3

THz techniques

The THz spectroscopy is of great importance for the study of (free) carrier dynamics
in semiconductors [131]. We benefit from one of its applications and employ it in order
to confirm the validity of electrical parameters and dynamics inferred mainly from the
measurements of the spin-dynamics and direct electrical characterization (discussed in
the previous section).
One of the main differences between the THz and the visible or infrared range
spectroscopy is the ability to measure directly the electric field E of the wave, instead
of its intensity I ∝ (EE ∗ )1/2 , which preserves the information about its phase. This is
because of the significantly slower variations of the THz field in time with respect to
the optical one. A typical duration of a THz pulse is in the ps time-scale and it has
a spectral distribution ∼ 0.1 − 1 THz (magnitude range), which covers a significantly
wider spectral range in terms of ∆ω/ω with respect to optical and NIR pulses [131].
The measured time evolution of the THz pulse can be then transformed to the frequency
domain via the Fourier transformation. As the studied interaction of THz radiation
with our samples is related to the free carrier absorption, the dynamic and static
conductivities, σ(ω) and σ, of a transient electron sub-system can be deduced as well
as its static mobility µ. We describe these methods in brief in the following paragraphs.

2.3.1

Setup

Although a very similar pump-and-probe experiment is done here comparing to the
NIR-range time-resolved experiments (Sec. 2.1), the THz setup, sketched in Fig. 2.8,
has to implement three time-synchronous light beams, instead of two. The first beam
excites the system (the pump beam), the second one generates the THz pulse that
probes the system (the probe) and the third one probes the THz probe beam (the THz
gating beam). The rest is similar as in the already described pump-and-probe setups.
delay line

wavelength
transformation
800/400 nm
pump

laser

hermetic box

THz emitter

THz gating
delay line

probe
cryostat
sample
optical bridge
sensor

delay path
THz gating

Figure 2.8: Setup for the THz measurements. The red lines depict the NIR laser
beams (λ = 800 nm), the orange area is the THz radiation. The black and gray segments
denote mirrors and beam-splitters. The architecture is described further in the text.

The Ti:sapphire pulse laser amplifier is used to generate highly energetic pulses with
repetition rate 5 kHz (i. e., the time between the subsequent pulses is ∆t0 = 200 ms) at
λ = 800 nm. A part of the laser intensity is guided into a delay-line (∆t = 0 − 0.6 ns)
and after passing through an eventual second harmonic generation (if it is the case,
then λ = 400 nm) the pump beam is pointed on the sample surface covered by a 3 mm
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aperture. The sample was kept in a cryostat providing the temperature of 18 K. The
second beam, divided from the original one, is delayed by a constant delay of ∆t = 3.74
or 9.58 ns with respect to the first one in order to extend the delay range. Then, it is
focused on a 1-mm-thick (110)-oriented ZnTe crystal where it generates the THz pulse
via the optical rectification.9 The pulse is focused to the sample by a parabolic mirror
where it interacts with the excited electronic system (the interaction is described by
the Drude theory, summarized below). The THz pulse is then collected and focused
on another ZnTe crystal where it gets detected. All the space where the THz pulse
propagates had to be evacuated to avoid its absorption on water vapour.
The phase-sensitive detection of the THz pulse happens in the ZnTe crystal via
the electro-optical sampling by the third NIR laser pulse (THz gating beam), separated from the probe beam before it hits the THz emitter crystal. The electro-optical
effect, known also as Pockel’s effect, is another non-linear optical effect where the
polarization of light is phase-shifted due to the presence of an electric field in a noncentrosymmetrical crystal (sensor). As the THz field can be considered static with
respect to the duration of the fs-pulse, one can detect the intensity of the electric field
of the THz pulse at the instant when the sampling beam enters the crystal by measuring the change of its polarization state. This happens in the standard above-described
optical bridge. The pump beam is again chopped at the frequency f1 so that the signal
from the optical bridge could be read by a lock-in. Since the sampling pulse is delayed
with respect to the THz one using a second delay line, the time-evolution over the
entire duration of the THz pulse can be reconstructed.

2.3.2

Treatment of transient spectra

The studied interaction of the THz pulse with the sample was its absorption on the
free carriers in the system under the optical excitation. According to the Drude theory
of conductivity [91, 131], the complex dynamic conductivity reads
σ(ω) =

σ
1 − iωτsc

and

σ=

ne2
τsc ,
m∗

(2.15)

where τsc is the scattering time and σ the dc (static) conductivity. The transient
conductivity ∆σ(ω), i. e., the change of the dynamic conductivity due to the excitation,
can be expressed from the Fourier transform F of the time-dependent electric fields of
the THz pulse, i. e., E(ω) = F[E(t)] and ∆E(ω) = F[∆E(t)] as
∆σ(ω)
1 + ñ 1 ∆E(ω)
=
.
en
z̃ eφ E(ω)

(2.16)

Here, we denote E(ω) the reference spectrum for the unexcited sample and ∆E(ω) the
difference (transient) spectrum between the excited and unexcited sample, n the initial
electron density, ñ the THz refractive index for GaAs, z̃ the vacuum wave impedance
and φ the photon fluence absorbed in the sample. The fraction on the left side in
Eq. 2.16 is the transient conductivity per unit charge, which is basically also the mobility. It can be understood as a yield-mobility product ξ(t)µ(ω), where µ(ω) is the THz
mobility spectrum and ξ(∆t = 0) = 1 is the quantum yield which describes the decay
of transient photo-excited carriers in time [86, 132].

9

The optical rectification generally refers to the creation of a dc or low-frequency electric polarization
in a non-centrosymmetric crystals when an intense NIR laser fs-pulse propagates through them. It can
be shown in details that this non-linear optical effect produces a THz pulse [109, 131].

48

3. Technology and preparation of
structures
The section will cover the layer structure of the materials used in the experimental
part of the thesis, their electrical characterization with an example of corresponding
data analysis and a brief commentary on the technological processes that have been
employed in order to create the desired Hall bar surface patterning of the samples.
Since the technological and wafer growth aspects are not the focus of this thesis,
the following text intends only to summarize the resulting samples and illustrate the
main steps in their preparation. Naturally, it does not reflect the real amount of work
required to grow new structures and developing new fabrication ways. Especially those
wafers containing the quasi 2D pn-junction reaching moderate electron mobilities of
the order of 104 cm2 V−1 s−1 were a non-trivial achievement.
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structure

T (K)

n (1011 cm−2 )

σ (10−3 Ω)

µ (104 cm2 V−1 s−1 )

pn-structure (n-region)

300
4.2

6
8

0.17
2.0

0.2
1.6

pn-structure (p-region)

300
4.2

170
130

0.14
0.1

0.06
0.05

inverted n-doped 2DEG

300
4.2

2
3

0.3
0.9

0.5
1.7

undoped interface (illum.)

20

0.5

1.5

20

Table 3.1: Electrical characteristics of the used MBE-grown wafers. The 2D
electron density n, the sheet conductivity σ and the electron mobility µ, measured at
temperature T employing the techniques described in Sec. 2.2.4, are shown for the materials
used for the fabrication of samples for the experimental part. The “pn-structure” denotes
carbon (“p-region”) and silicon doped layers (“n-region”) in wafer containing the quasi 2D
pn-junction (used in experiments in Sec. 4.3), the low temperature data were measured
after a short illumination by an infrared light emitting diode; the “inverted n-doped
2DEG” is the bottom n-doped GaAs/AlGaAs interface – so called inverted 2DEG (used
for measurements at RT in Sec. 4.2); and “undoped interface” stands for a representative
of wafers containing the undoped GaAs/AlGaAs heterointerface which performed a nonzero conductivity only when illuminated by the excitation laser light (used in Sec. 4.1).
The last mentioned sample was electrically characterized during the optical experiments
and the data come from Sec. 4.1.

3.1

Materials

The samples used in the following experiments are based on the GaAs and AlGaAs material grown by the molecular beam epitaxy (MBE) technique in the form of layered heterostructures. The MBE prepared wafers can be sorted into four main groups, depending on their layer composition, electrical characteristics and purpose (see Fig. 3.1): (i)
the pn-structures containing a 2DEG and a quasi-lateral pn-junction, (ii) the inverted
2DEG structure derived from (i) by etching out the p-doped layers, (iii) the inverted
2DEG, n-doped from the bottom side, and (iv) the undoped single GaAs/AlGaAs interface, allowing for a formation of the long-lived electron sub-system due to the surface
states (more details follow in Sec. 4.1).
Concerning the experiments designed to study or employ the spin Hall effect, the
structures of type (i) were the principal goal for the studies of the effect of the pnjunction on the spin-transport and detection of optically injected spins at low temperature. Such a material has been used in a few preceding works [16, 22] for the purpose
of very local optical spin-injection and non-local spin-detection rather than for a study
of the SHE itself. In order to access a possibly different regime of the spin-transport,
a higher low temperature electron mobility was desired.1 Since the pn-junction performed good rectification characteristics only at low temperatures, the measurements
of the SDHE-related effects at RT were done on derived structures containing the bottom doped 2DEG only without the p-doped part (ii, iii). The wafers containing the
undoped GaAs/AlGaAs heterointerface were used in the all-optical investigation of the
long-lived electron sub-system which was demonstrated to form at the interface due to
surface states and perform superior spin-transport characteristics. Especially in case
of the all-optical experiments, there was a number of other samples with different layer
composition (namely, a standard top-side doped 2DEG with insulating bottom super1

The low temperature mobility reported in the cited works was ∼ 3 × 103 cm2 V−1 s−1 [16, 22].
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lattice (SL), a sample containing only the SL, many alternation of the design (iv), ect.)
or a different provider to cross-check the consistency of the reported conclusions.
(a)

pn-structure

GaAs 16×δ-C
GaAs

p-GaAs:C

9×1011 cm-2

GaAs

inverted 2DEG

AlGaAs

GaAs

∼500 μm

GaAs substrate

(d)

GaAs

90 nm

2DEG

AlGaAs 16×δ-Si

673 nm

125 nm
2DEG

pn-structure (n-part)

GaAs

4 nm

GaAs substrate

GaAs

(b)

90 nm

2DEG

AlGaAs 16×δ-Si

(c)

50 nm

6×1011 cm-2

9×1011 cm-2

673 nm
4 nm

∼500 μm

undoped hetero-interface

GaAs

d = 800 nm

steady-state long-lived el. sub-system

89 nm

del

50 nm
AlGaAs AlGaAs:Si 6×1012 cm-2 529 nm

AlGaAs

100 nm

GaAs

GaAs

100 nm

GaAs substrate

3 nm
∼500 μm

GaAs substrate

∼500 μm

Figure 3.1: Layer composition of the used wafers. The light grey layers are the
epitaxial GaAs of the semi-insulating GaAs substrate, dark grey layers the Alx Ga1−x As
barriers, the dotted lines or areas depict δ-doped or bulk doped layers providing the carriers
to the 2DEG (blue layer), to the bulk p-conductance (red layer), or to fill the surface states
(the topmost δ-doping). Layers are not to scale.

After a successful growth of a wafer, the structure was first electrically characterized
at low and room temperatures by the methods explained in Sec. 2.2.4. An overview on
the electrical parameters of the primarily used materials is shown in Tab. 3.1. Looking
at the low temperature electron mobilities of the wafers, they are, apart from the
undoped GaAs/AlGaAs heterointerface, of the order of 104 cm2 V−1 s−1 and lower.
This might not be expected from a 2DEG at first glance since the remotely doped QWs
usually perform µ > 105 cm2 V−1 s−1 at low temperatures [27]. However, the requirement
on the pn-junction in the wafer (i) forces one to invert the order of the standard Si
doping layer and the QW – to the so called inverted 2DEG
see the Si-doping layer

below the QW in the growth direction in Fig. 3.1(a-c) . In these systems, unlike the
standard 2DEGs, considerably lower mobilities are reported [133–137].2 In spite of these
limitations, the electron mobility in the pn-structure reached ∼ 2 × 104 cm2 V−1 s−1
which is one order of magnitude higher value than reported in the similar structure
studied in Ref. 22, anticipating a possible different regime of the spin-transport. In
experiments performed at RT the mobility is restrained dominantly by the phonon
scattering and both the standard and inverted 2DEGs show usually the same µ as the
bulk (of the order of 103 cm2 V−1 s−1 ).

2

The origin of this decrease of µ in the inverted 2DEGs is not yet clear enough; one of the likely
explanation reported in the cited references is the smearing of the dislocations and impurities from the
doping layer to the QW which is grown after the doping layer.
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3.1.1

Heterostructure GaAs/AlGaAs with lateral pn-junction

The heterostructure containing the quasi-lateral pn-junction with µ ∼ 104 cm2 V−1 s−1
was the most technologically challenging wafer whose growth followed the optimized
layer structure shown in Fig. 3.1(a). The substrate temperature was kept at ∼ 580 and
640 ◦ K for the growth of the n-doped and p-doped layers, respectively. The doping
was realized via a sequence of 16 δ-layers of Si (one δ-layer has nSi = 9 × 1011 cm−2 )
or C (nC = 6 × 1011 cm−2 ), each one stacked between an AlAs/GaAs/AlAs lateral SL
(of thicknesses 6/8/6 or 6/5/0 atom monolayers), respectively.3 The doping resulted in
a formation of 2DEG and p-conductive GaAs layer (blue and red layers in Fig. 3.1(a))
which are characterized in the next paragraph. The AlGaAs spacer between the last
SL and the 2DEG is 5 nm. The topmost layer of 10 nm of GaAs was p-doped with
C (nC ∼ 1019 cm−3 ) and served as both the capping layer preventing the wafer from
oxidation and the provider of carriers that fill the surface states.
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Figure 3.2: Electrical characterization of pn-junctions at room and low temperatures. (a) The I/V characteristics of two nominally similar samples (black and red
curves) measured at room temperature (dashed curves) and at 4.2 K with a short illumination by an infrared LED (solid curves). The differences in data for the samples are explained
by unintentional variations in the technological preparation. (b) The Shubnikov-de Haas
oscillations in the longitudinal resistance measured at low temperature as a function of
the out-of-plane magnetic field B. The dashed lines depict BnL at which Rx should reach
minima according to Eq. 2.13. (c) The corresponding transverse Hall resistance Ry as
a function of B. The vertical dashed lines are identical as in (b), the horizontal ones show
the resistance of quantum Hall plateaux in terms of the quantum of conductivity G0 , as
expected from Eq. 2.12.
3

For a sketch of such a SL with x = 1 see Fig. 3.3(d) on page 54 where the set of layers is shown
without the doping. The doping δ-layer would be in the middle of the central GaAs layer.
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Every pn-structure has been characterized electrically to get the feed-back for the
MBE growth. An example of such measurements is shown in Fig. 3.2. At first, the wafer
was lithographically prepared: the top p-doped layer was removed from a part of the
sample surface and the p and n-doped layers in both regions were electrically contacted
(see the sketch in Fig. 3.5(d) on page 59). The I/V characteristic of the pn-junction
is plotted in Fig. 3.2(a) for measurements at room and low temperature (dashed and
solid curves, respectively). At first glance we see that the junction shows a dramatic
change in its rectification (the asymmetry with respect to Vbias ) with temperature – it
performs a very weak or even no rectification at room temperature, while it provides
good diode-like characteristic with a rectification down to ∼ −7 V at 4.2 K after a short
illumination by an infrared LED. We also observe that there is a small change in the
slope at Vbias < −7 V for two different samples from the same wafer (black and red
curves). It is explained by possible differences in the sample preparation (especially in
the etching out of the top p-doped layer) or in subtle differences in the illumination
(geometrical factors, imprecision in the duration of the illumination). This aspect was
observed also in the studied sample (see Fig. 4.28(d) on page 104) where the laser
excitation differed in many factors from the LED illumination.
A typical example of the determination of the charge-transport parameters using
measurements of the SdHO and QHE at 4.2 K is shown in Fig. 3.2(b) and (c), respectively. Accordingly to the comments in Sec. 2.2.4, we observe oscillations of the
longitudinal resistance Rx in the range 2 − 4 kΩ instead of full drops of Rx to zero
at this temperature. The magnetic field BnL of the minima of the oscillations provide the electron density in the 2DEG, n ≈ 8.0 × 1011 cm−2 , using Eq. 2.13. Correspondingly, we distinguish the quantum Hall plateaux at BnL which occur precisely at
Ry ≈ (nL G0 )−1 Ω. The slope of the linearly dependent classical Hall effect component
in Fig. 3.2(c) gives the same value of n ≈ 7.9 × 1011 cm−2 . Following the method in
Sec. 2.2.4 using the classical Hall measurement and considering the geometry of used
Hall-bar, one can infer σ ≈ 2.0 × 10−3 Ω−1 and µ ≈ 1.6 × 104 cm2 V−1 s−1 . At zero
temperature, the QHE should be observable at B > 0.6 T (using Eq. 2.14), the shift
of the field when the oscillations are observable in our case (B > 1 T) emphasizes the
impact of the temperature spread of the Landau levels. No 2D quantum effects and low
µ were found for the p-conductive layer (see Tab. 3.1) which suggests that the transport
is mediated via a bulk conductance and/or the doping layer itself.

3.1.2

GaAs layers with remote doping

These structures are derived from the pn-structures by replacing the p-doped GaAs
layer by an undoped Alx Ga1−x As barrier, x = 0.3, (depicted in Fig. 3.1(c)) or by etching out the top layers (Fig. 3.1(b)). They provided only a moderate mobility at low
temperature and the bulk-like mobility at room temperature where the SDHE measurements were done. The electrical parameters of the formed 2DEG are summarized
in Tab. 3.1.
The wafers with the inverted 2DEG were grown at GaAs substrate at temperature
610 ◦ K and doped from the bottom Alx Ga1−x As layer (x = 0.3) via the bulk Si doping
(50 nm with nSi = 6 × 1012 cm−2 ) followed by a 15 nm thick AlGaAs spacer. Since
there was no doping in the upper layer, the 10 nm of capping layer was undoped.

3.1.3

Samples with single GaAs/AlGaAs heterointerface

The wafer containing the undoped GaAs/Alx Ga1−x As heterointerface is the main structure for the all-optical experiments. The system shows no measurable conductivity at
room and low temperature without the illumination. The conductivity is provided when
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the system is subjected to the excitation laser light as will be discussed in Sec. 4.1. The
optically generated long-lived electron sub-system is created by the built-in electric field
due to the interplay between the uncompensated surface states and the barrier that
prevent the photo-carriers from the free propagation within the structure (see Sec. 4.1.1
for more details).
(a) standard 2DEG + SL
AlGaAs

1×δ-Si

1×1012 cm-2

(b) standard 2DEG

GaAs

AlGaAs

200 nm

AlGaAs:Si
3×1012 cm-2

2DEG
600 nm

20×SL: GaAs/AlGaAs

114 nm

GaAs

∼500 μm

800 nm

∼500 μm

GaAs substrate

(d)

(c) SL only

600 nm

20×SL: GaAs/AlGaAs

114 nm

∼
∼

Ec
GaAs

AlxGa1-xAs

GaAs substrate

150 nm
50 nm

2DEG

GaAs

GaAs substrate

GaAs

∼3 nm

GaAs

∼500 μm

1× SL

Figure 3.3: Layer composition of reference wafers. (a) A wafer containing the
standard top-doped 2DEG and an insulating superlattice (SL) between the substrate and
the 2DEG, (b) a similar sample with a 2DEG only and (c) a sample with a SL only.
(d) A detailed view on the layer structure (bottom panel) and the conduction band profile
Ec (top panel) of a few sequences of the GaAs/Alx Ga1−x As/GaAs set of layers in the SL.
The Al content x = 0.3 was used for insulating undoped SLs and x = 1 was chosen for the
δ-doping using SLs. The color legend is same as in Fig. 3.1. Layers are not to scale.

The growth of these wafers was the most direct way to facilitate the experimental
identification of the origin of the signal, i. e., to localize the optically generated electron
sub-system. The GaAs/Alx Ga1−x As/GaAs layers were grown at substrate temperature
570 ◦ K with several chosen x = 0.2, 0.3, 0.41, 0.51 and 1.0 and with different thicknesses
of the upper GaAs layer, d = 0, 159, 586 and 800 nm (zero means here that the AlGaAs
surface was covered only by a few monolayers of GaAs to prevent it from the oxidation).
Among the alternations of the original structure, there was also a reference sample
lacking the AlGaAs barriers replaced by GaAs, i. e., only 1 µm of GaAs was deposited
on the substrate. All structures were undoped.

3.1.4

Other reference structures

The investigation of the optically generated electron sub-system required a large set
of reference samples in order to discover its location within the structures. Besides
the already mentioned alternations of the GaAs/AlGaAs undoped hetero-interfaces,
wafers containing a conventional (uninverted) 2DEG have been grown. The high-µ
heterostructures are very often equipped with a doped or undoped lateral SL located
between the 2DEG layer and the substrate [138] (see the dark grey stacked layers in
Fig. 3.3(a)). The purpose is both the electrical and chemical insulation (migration of
charges and diffusion of impurities) from the substrate and the compensation of possible
dislocations or other disorder.
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Such a typical 2DEG structure with an undoped SL (a sequence of 20× repeated
set of layer with x = 0.3 sketched in Fig. 3.3(d)) was grown in order to provide measurements of the investigated effect on a representative typical high-µ commonly used
system (Fig. 3.3(a)). The growth conditions were the same as in the case of the inverted
2DEG described in previous paragraphs. Other reference samples are the variations of
the former one. An analogous wafer with the 2DEG but lacking the SL was grown at
the same conditions (Fig. 3.3(b)) and the identical wafer with the SL but lacking the
2DEG completed the set (Fig. 3.3(c)).
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3.2

Fabrication of devices

The fabrication of proper Hall-bar devices is the crucial step for a successful measurement of the SDHE. Here, we review in brief the technological process and the design
of the surface patterning.

3.2.1

Technological processes

The fabrication of a lateral device with a given design comprises three main phases: the
creation of a mask from a resist, the etching or the metalization of the defined structures
through the mask, and the contacting of a conductive layer. A typical technological
process for a standard Hall-bar is schematically sketched in Fig. 3.4 and described in the
corresponding caption. Detailed recipes with specific ingredients and parameters are
listed in App. E. As the majority of the used technological procedures is standardized
and covered by literature [139, 140], we highlight and briefly comment here on some
particularities of our approach only.
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Figure 3.4: Device fabrication procedures in steps. (1) Surface oxides and impurities on GaAs wafer (the grey layer on the orange rectangle) are first removed in an acid
solution or in oxygen plasma and then (2) the surface is coated by a photo- or electronsensitive resist (blue layer). After its drying, the resist is exposed (3) through a metallic
mask using a UV Hg lamp or by a highly focused (< 10 nm) electron-beam (light blue
area) and washed out (4) in a corresponding developer. In case of a metalization, a metal
layer is deposited (5) thermally on top of the sample. The metal on top of the resist is
removed (6) in an acetone bath and, finally, the metal contact on top of the GaAs surface
is micro-bonded (7) by Al micro-wires to a chip-carrier. In case of etching, the sample
covered by the developed resist is subjected (8) to a direct ion plasma bombardment (Ar+
in our case) and/or a chemical etching gas agent (SiCl4 ) – the dry etching, or is immersed
in an acid solution (diluted H3 PO4 in our case) – the wet etching. Finally, the resist is
removed (9) in acetone, resulting in a design etched into the sample surface (10).

Electron-beam and optical micro-lithography. The strong side of the electronbeam lithography using a scanning electron microscope (SEM) is the accessibility of
designs of dimensions below the diffraction limit of the standard UV photolithography
using Hg lamps (∼ 400 nm). However, it is its weak side in the same time since the
scanning of the e-beam is time-demanding – the exposition times of larger designs in
range of mm2 can easily reach tens of hours and more. Therefore it is convenient to
combine both methods: to use the photolithography for larger parts of the design as
the exposition is done in one shot in tens of
 seconds regardless of the size see the dark
grey trenches or contacts in Fig. 3.5(a,b) , etch or metallize the sample, and then to
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use the e-beam nanolithography
to expose the small µm-sized parts the brighter grey

trenches in Fig. 3.5(b) . This multi-phase lithography needs to match both expositions
spatially with precision in the µm-range. The cross matching-marks are etched for this
purpose – see the big crosses highlighted by white dashed circles in Fig. 3.5(a).
The matching of two nano-lithographical designs have to be usually much more
precise. An example is the Hall-bar design and the mask for the partial removal of the
top layers from the pn-structure in order to create the n-region (see the darker region
in Fig. 3.5(b) or the position of the pn-junction as the contrast line in Fig. 3.5(c)). The
pn-junction is positioned here with the precision ∼ 100 nm to the distance of 2 µm
from the first left Hall cross in the Hall-bar. Another set of smaller crosses is created
for this purpose (inside the white circles in Fig. 3.5(b)).

Dry and wet etching. The wet etching (i. e., the etching using an acid solution)
of the large trenches through a resist mask is usually straightforward – besides the
undercutting the only aspect is to etch sufficiently deep trenches into the substrate to
insulate completely the created channels. Similarly the dry etching (i. e, the plasma
etching using an ion bombardment and chemical etching agents) was employed to create
the small µm-sized structures of trenches since it does not suffer from any undercutting
effects or other deformations of the design – see for instance the smallest structures in
Fig. 3.5(c) that are 200 nm thin and still perform an excellent sharpness and keep their
dimensions accordingly to the exposed mask.
Much more challenging task is the wet etching4 of the top layer p-doped GaAs layer
from the pn-structure – see Fig. 3.5(d) and compare with Fig. 3.1(a). The depth of the
etching had to be set with precision < 10 nm and similarly there was a requirement
on its lateral homogeneity in order to provide the least disturbed 2DEG possible. This
turned to be a challenging task especially at the boundary between the unetched (pregion) and etched area (n-region) where the etching showed a faster progress most
likely due to a catalysis by electro-chemical processes originated from the presence of
the built-in electric field. This issue has been solved by modification of the composition
of the etching solution (see App. E).

Metalization and contacting. The contacting of the conductive layers from the
surface was done by the thermally induced diffusion (the “annealing” in He atmosphere)
of the AuGeNi or Au/Cr alloys evaporated on the surface (see big triangle pads in
Fig. 3.5(a)). The annealing parameters are set so that the diffusion profile into the
material is deep enough to contact electrically the 2DEG or p-doped layer (schematically
depicted by the gey triangles in Fig. 3.5(d) for the pn-structure). Alternatively, indium
contacts can be deposited manually by a soldering iron on the surface. Conveniently, it
simultaneously triggers the diffusion of In atoms into the material if the temperature of
the iron is correspondingly set. This approach was used mainly to provide contacts on
the undoped structures with the single hetero-interface where the size of the contacts
was not limited by any Hall-bar design.
The evaporated metallic pads were then bonded by a sonic micro-bonder with Al
micro-wires to a chip-carrier which provided a standardized electrical interconnections
to the experimental setups. The wiring was done manually in case of the In soldering.
4

We employed the wet etching since it has been found that the dry etching affects significantly the
surface and ruins the mobility of the 2DEG underneath it. It is due to the ion bombardment which
both increases the surface roughness and leaves some residual ions implanted into the material.
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3.2.2

Design of devices

The Hall-bar designs patterned on some of the investigated samples are depicted in
Fig. 3.5(e,f). A SEM image of the Hall-bar on samples containing the lateral pnjunction is shown in Fig. 3.5(c) and the corresponding sketch with indicated dimensions
(b = 1 µm) in Fig. 3.5(e). An electric bias, Vbias , can be applied between the pand n-region which triggers the pn-depletion front to propagate through the transport
channel (red and blue dashed lines in (d) and (e)). The sample was used for experiments
described in Sec. 4.3.
The samples derived from the pn-structure, i. e., the wafer with the p-doped layer
completely etched out and wafer with the inverted 2DEG, were patterned by the Hallbar designs depicted in Fig. 3.5(e) and Fig. 3.5(f) by solid lines, respectively. The
dimensions were b = 2 µm for the former one and a = 2, b = 1 and c = 0.3 µm for the
latter one. The sample were studied in Sec. 4.2.
The main structure investigated in Sec. 4.1 was the wafer with the undoped heterointerface. The alternations of this structure, which served as control or support samples,
are described directly in the corresponding experimental section. Most of the specimens were unpatterned except the sample used in order to determine the electrical
characteristics of the optically generated electron sub-system. This particular sample
was patterned by the design depicted in Fig. 3.5(f) with the outer trenches sketched by
the dashed lines. The dimension, a = 14, b = 7 and c = 2 µm, were chosen to fit the
∼ 25 µm-sized laser spot, centered over the two Hall crosses.

58

(a)

(b)

200 μm

20 μm

p-region

(d)

n-region

Vbias
xd

p-GaAs

Vbias<0

GaAs

(c)
2 μm

2DEG
AlGaAs + δ-Si
GaAs substrate

p-region

n-region

(e)
p-region

depletion

(f)

n-region

Vx

xd
2 µm
HC 1
6 µm
HC 1

HC 2

HC 3

Vy

b

HC 2
a

b

c

450 nm

Vbias

Vbias

Figure 3.5: Images and Hall bar designs of the used samples. (a-c) The SEM
micro-images of a Hall-bar structure fabricated from the pn-structure. The black dashed
rectangles depict the area that is zoomed-in in the following image, the white circles indicate
the matching cross-marks. The n-region, i. e., the area with the p-doped layer etched out,
is visible as the darker region in (b). (d) A sketch of a side-view on the pn-device with
the p- and n-conductive layers (red and blue layers), being contacted (grey triangles) and
with an applied a bias Vbias between them. Depending on Vbias , the pn-depletion front is
propagating from the intrinsic position (red dashed line) to a more expanded one (blue
dashed line). (e) A simplified sketch of the Hall-bar design patterned on the pn-structures
with the corresponding dimensions and the used numbering of the Hall-crosses. The grey
rectangles represent the etched insulating trenches. The position of the pn-front is marked
correspondingly to (c). (f ) A sketch of the Hall-bar design used for the samples containing
the inverted 2DEG (solid trenches) and the undoped GaAs/AlGaAs heterointerface (the
dashed outer trenches), with depicted detection of the longitudinal and transverse voltages.
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4. Experimental results
In this chapter we go through the experimental results on a variety of already introduced
samples and using the presented techniques. In general, we show how much the spintransport can change within a set of similar GaAs-based heterostructures that differ
mainly in doping levels, mobility and the layer composition.
We start from the samples containing the undoped GaAs/AlGaAs heterointerface
where a long-lived electron sub-system forms as a result of an interplay between surface
and bulk charged states and the AlGaAs barrier that prevents the photo-excited carriers from their free migration in the sample. This steady-state configuration is probed
by optical, electrical and THz means in order to identify the nature of the spin-related
signals originating from the sub-system. We found that such a system preforms superior spin-transport characteristics and enables a non-local detection of spins at low
temperatures. This is explained by a suppression of both the DP spin-relaxation channel, otherwise typical in this type of structures, and the recombination of photo-carriers
by the efficient optically generated “doping” – the steady-state electron population.
A completely different spin-transport regime is observed in the doped GaAs-based
structures at low and room temperatures. Contrary to the undoped samples, the DP
spin-relaxation mechanism is found to be an efficient decay channel that guarantees
that the spins are electrically detected locally at the same point where they have been
injected optically.
Apart from the analysis from the point of view of the basic research, a number of
application-oriented studies were done. Being motivated by the lateral spin-logic devices, the promising long-distance and high-speed spin-transport in the undoped structures was examined from the perspective of its optimization. Similarly, the electrically
detected spin signals using the SDHEs were studied with respect to the drift-enhanced
regime and the presence of an expandable depleted zone due to the lateral pn-junction.
These results can find their utility in a spintronic polarimeter device – the new concept
of solid-state detector of polarization of light.
The chapter is divided into three sections: the first one focuses on the undoped
structures and long-lived electron sub-system, the second one on the room temperature
electrical measurement of spin-currents in a polarimeter device, and the last one covers
the SDHE measurements in the presence of the pn-junction at low temperatures.
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4.1

Long-range and high-rate electronic spin-transport

The transport of spins over a long spin-conserving length-scale and at a short time-scale
is one of the substantial requirements on the way towards spin-based lateral logic devices. As we have argued in the overview in Sec. 1.3.5 on the spin-transport parameters
in many types of semiconductor structures, the achievement of both favorable length
and time-scales still remains a major challenge. In order to suppress the spin decay
channel through the photo-carrier recombination, equilibrium carriers have to be introduced to the system via the impurity doping. This, however, immediately decreases
the carrier mobility due to the scattering. On the other hand, the remote doping, used
with success in high mobility 2DEGs, creates a high electric field and a high degree of
confinement which strengthens the SO-coupling and spin relaxation. There is no clear
candidate which would fit fully in the requirements among the conventional approaches.
Our approach is based on an undoped bulk GaAs, which would guarantee the superior electron µ, and the photo-recombination spin decay channel is blocked by a spatial
separation of photo-excited electron-hole pairs. The carriers are driven in a weak builtin electric field to opposite sides of a GaAs layer, creating an effective “doping” this
way. This is reminiscent of experiments on the type II QWs where the photo-carriers
get separated due to the specific bandstructure. In these systems, however, the spintransport characteristics do not achieve outstanding values either (τs ∼ 1 − 6 ns and
µ ∼ 104 cm2 V−1 s−1 , reported in Refs. 141, 142).
In this section, it will be shown experimentally that even more superior spintransport characteristics can be reached in an arguably most simple heterostructure:
an undoped heterointerface of GaAs/Alx Ga1−x As. First, we explain the mechanism of
the photo-carrier separation, then we demonstrate using the time-resolved polar Kerr
effect technique that the spins can survive unusually long in such and many similar
structures. Adding the spatial resolution to the optical detection technique, we report
our observation of the long-scale diffusive transport of spins. The experimental observations are then confirmed by two independent measurements of the electron (spin-carrier)
transport characteristics. After that, the attention is focused on the understanding of
the complex spin-polarization process which takes place in this electronic sub-system.
Finally, we determine the achievable degree of spin-polarization of the sub-system and
study its stability with respect to the optical excitation pulses.

4.1.1

Carrier separation and formation of excess electron population

The following experiments have been done on various samples of different structures,
layer compositions and doping levels, described in detail in Secs 3.1.3 and 3.1.4. Although large spin life-times were observed on many of them, we focused our attention on
the most simple structure: the undoped single hetero-interface of GaAs/Alx Ga1−x As.
Its composition is recalled in Fig. 4.1(a). The idea of the electron-hole separation is
presented directly on this structure due to clarity reasons. We note that, despite the
orientation of the sketch, it is referred to as a “vertically” oriented sample, i. e., with
its surface oriented upwards (Fig. 4.1(c)). Accordingly, we use the term “above” and
“below” the hetero-interface or the “upper” and “bottom” GaAs layer with respect to
the barrier to address the carrier population (layers) located on the left and right side
of the AlGaAs barrier sketched in Fig. 4.1(a), respectively.
Surface and bulk charged states. The mechanism of electron-hole separation is
based on the presence of the built-in electric field generated by a charged surface and
bulk impurity states. The states on the GaAs surface and their notable role in the
structure growth and the device engineering have been reported for many decades
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[124, 143]. The Fermi level pinning and the band bending are common manifestations
of charged surface states and are usually taken into account when designing the doping
and layer composition of GaAs-based structures.
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Figure 4.1: Separation of photo-carriers due to charged surface and bulk states.
(a) The sketch of the typical layer composition and thicknesses of used samples with the
top layer of thickness d (not to scale). The wavy curves on the right side of the barrier
emphasize the disproportionality of the sketch. (b) The corresponding band diagram
showing the band bending before the illumination (solid curves) due to the negatively
charged surface states (square with the negative sign) and ionized residual impurity states
in the bulk (squares with the positive signs); EF is the Fermi level. After the illumination
by the pump light (with energy hν), the electron-hole pairs are created (e, h letters in
circles) and submitted to the built-in electric field, resulting in a migration of photo-holes
towards the surface and photo-electrons towards the barrier; this also partially suppresses
the band bending (dotted curves). The formation of the steady-state electron population
near the interface is depicted by its quasi-Fermi level EQF . (c) The vertical orientation of
the structure to which the main text addresses.

Our estimated values of the density of surface states nsurf ≈ 1011 −1012 cm−2 and of
bulk impurity states (unintentionally introduced during the growth) nbulk ≈ 1015 cm−3
are based on matching of numerical band calculations with electrical properties of grown
structures and are in a reasonable agreement with the typical reported values [144,145].
As the Fermi level EF in our samples is surface-pinned near the valence band, the
surface states are negatively charged by electrons provided by bulk impurity states that,
thus, become positively charged (see square symbols in Fig. 4.1(b)). The thickness
w of the space-charge region affected by the resulting band bending is estimated as
w ≈ nsurf /nbulk = 1 − 10 µm for considered values of nsurf and nbulk . This indicates
that the epitaxial layers deposited on the substrate are affected by the presence of the
built-in electric field.
Illumination of the sample. The steady-state electric field is present in dark. When
the sample is illuminated, electron-hole pairs are created and the built-in electric field
tends to separate them: holes are attracted towards the surface and electrons are forced
in the opposite direction. The photo-carriers start to fill the charged surface states and
the charged bulk impurity states and, thus, suppress the original electric field. If an
undoped GaAs without any AlGaAs barrier is first considered, the photo-carriers can
propagate freely to fill all the states and, therefore, the electric field is suppressed
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completely and the system does not exhibit any separation mechanism for the newly
photo-generated carriers.
However, if the AlGaAs barrier is present in the depth d = 800 nm (d < w), there is
a non-zero density of positively charged bulk impurity states that are located below the
barrier. As the barrier insulates electrically the regions with negatively and positively
charged impurity states (the upper and bottom GaAs layers), there is never possible
complete suppression of the built-in field, unlike in the sample without the barrier. We
demonstrate the incomplete suppression in case of the illumination by two different
wavelengths used in our experiments.
When the sample is illuminated by the near-infrared light (λ ≈ 800 nm) with the
penetration depth ≈ 1 µm, the electron-hole pairs photo-generated below the barrier
are electrically insulated from the surface. In this region, the photo-electrons fill all
the impurity states but the photo-holes cannot migrate through the barrier to fill the
surface states (the second opposite surface is separated by a 0.5 mm thick substrate) and
remain in this location. The photo-holes generated in the upper layer (left GaAs layer in
Fig. 4.1(a)) fill all the surface states but only a part of the generated photo-electrons fills
the bulk impurity states available in this layer. The remaining photo-electrons in the
upper and photo-holes in the bottom GaAs layer generate the uncompensated electric
field. Therefore, the remaining photo-electrons in the upper layer tend to localize in
the potential minimum near the upper barrier interface (left interface in Fig. 4.1(a))
and form a long-lived steady-state electron subsystem with the quasi Fermi level EQF .
A similar scenario occurs when violet laser light is employed (λ = 400 nm, penetration depth ≈ 20 nm). Due to the electrical insulation of the upper layer by the barrier,
the photo-electrons generated near the surface cannot cross the barrier to fill the positively charged bulk impurity states remaining below the barrier. The built-in field is
again not completely suppressed and a long-lived steady-state electron population near
the upper barrier interface is created.
The electron-hole separation for both excitation wavelengths was confirmed by the
THz spectroscopy (see Sec. 4.1.4 further in the text), namely the presence of a vertical
electric field as well as the long-lived electron sub-system with τ in the time-scale of
hundreds of µs.

4.1.2

Observation of long spin life-time by polar Kerr effect

Single hetero-interface and reference samples. The discussion in the preceding section explained how an efficient optically-generated doping can be created at an
undoped hetero-junction and, as a consequence, why one could expect spin life-times
longer than those in an undoped bulk without any barrier. To demonstrate this expectation experimentally we perform the time-resolved polar Kerr effect measurements employing the pump-and-probe technique described in Sec. 2.1.1 on a GaAs/Alx Ga1−x As
sample containing a single undoped hetero-interface with x = 0.3 (of the layer composition shown in Fig. 4.1(a) and Fig. 4.2(a) – the structure (I)). The experiment was
carried out at 10 K with the spot sizes ∼ 25 µm and pump and probe laser power
P = 5 and 0.5 mW, respectively. The in-plane magnetic field of 500 mT was applied
in order to induce the spin precession.
An example of a typical Kerr dynamic signal1 is plotted in Fig. 4.2(b) in blue
points. Apart from the sub-nanosecond dynamics of additional components (they will
be discussed in detail in next sections), the Kerr signal shows a long-lived spin system
whose decay is so slow that it survives the time separating the subsequent pump pulses
1

The terms “Kerr dynamic” or “Kerr signal” refer to the time-evolution of the size of the Kerr
rotation angle by which the polarization plane of the probe pulse is rotated due to the magneto-optical
interaction with the spin-population (Sec. 1.2.3).
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Figure 4.2: Kerr dynamics from studied and reference samples. (a) Sketches of
the layer structure of the studied (I) and reference (II-IV) samples. (b) The Kerr rotation
signals for the samples measured at T = 10 K, pump power P = 5 mW and spots size
∼ 25 µm. The two bottom curves are rescaled by the indicated factors, all curves are
vertically shifted for clarity. The fits (red curves) are based on Eq. 4.5 for two-components
signal. The non-zero signal in (I) at ∆t < 0 are due to the long-lives spin system whose
τs ≈ 21 ns is longer than the repetition time between the subsequent pulses. Inset: The
dependence of the precession frequency Ω on the in-plane magnetic field B. The fit gives
gs = (0.45 ± 0.01), identifying the spin-carriers as free bulk electrons.

(t0 = 12.5 ns) and even contributes to the total signal with a component at ∆t < 0. On
top of that, the amplitude of the signal at ∆t < 0 is more than 1/2 of the amplitude
at ∆t = 3.5 ns. From that observation we can conclude without any detailed analysis
that a spin system with a long τs > 10 ns is excited in this structure which fulfills the
prediction from the previous section.2
In order to analyze the data more quantitatively we use Eq. 1.40 and assuming that
there is no significant out-diffusion within the spatial scale of the spot size, we disregard
the spatially-dependent terms, i. e.,


∆t
S(∆t) = A exp −
cos (Ω∆t + φ0 ) ,
(4.1)
τs
where A is the amplitude of the Kerr signal proportional to the total number of de2
We note that the Kerr dynamics were obtained as a difference between the dynamics corresponding
to the excitation with σ+ and σ− circular polarization. However, the qualitatively same results were
measured using the PEM instead of making the differencial dynamics. The PEM was not usually
employed since it significantly increased the noise. The same results with and without PEM prove that
the long-lived spin signals are not related to the nuclear polarization.
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tected spins Ns . By fitting Eq. 4.1 to the data3 for ∆t > 1 ns in Fig. 4.2, we get
the corresponding spin-life time τs = (21 ± 2) ns. This is much longer time-scale then
what would be expected in an undoped GaAs bulk unless the electron-hole separation
mechanism is present there.
To stress more the unique τs of this system, we perform identical measurements at
the same experimental conditions on different reference samples, whose layer structures
are sketched in Fig. 4.2(a). The structure (II), i. e., the epitaxial GaAs of a thickness
corresponding to the GaAs/AlGaAs/GaAs layers of the sample (I), grown on a semiinsulating GaAs substrate shows a very damped spin dynamics with the characteristic
time τs ≈ 70 ps. The substrate itself (IV) shows a similar spin-decay with τs ≈ 350 ps.
Both these spin-decay processes are strongly related to the electron-hole recombination
which, indeed, occurs at the time-scale of 100’s of ps, depending on the compensation
level and other parameters of the growth [97].
The physical picture by which we illustrated the electron-hole separation allows
us to create the long-lived electron sub-system at the upper GaAs/AlGaAs heterointerface only. So, a verification of the explanation that can be suggested is to check
whether the long τs disappears if there is no upper interface in the sample. Therefore,
another reference sample (III) lacking the top GaAs layer was examined and, indeed,
no fingerprints of the long-lived electron accumulation are observed. The spin-decay
time is again on ∼ 100 ps time-scale.
One of the reasons why the in-plane magnetic field is applied is, besides an easier
data treatment, the determination of the g-factor of the observed spin-population. gs
can be obtained from the direct fit by Eq. 4.1 (we recall that Ω = gs µB B/~) but even
more precise method is to measure Kerr dynamics
for various magnetic fields and infer

it from a fit then, gs = ~/µB ∂Ω(B)/∂B . Results of such a measurement are plotted
in the inset in Fig. 4.2, giving gs = (0.45 ± 0.01), which is a fingerprint of free electrons
in a bulk GaAs at low temperatures (compare with Sec. 1.3.3). Therefore, we conclude
that the built-in electric field is weak enough not to confine the excess electrons to
a QW. This is in agreement with the observed long τs , since otherwise, if the excess
electronic sub-system was strongly confined into a triangular quantum well, we would
expect highly efficient DP spin-relaxation mechanism and much shorter τs , as is typical
for 2DEGs.
Hetero-interfaces embedded in complex structures. Although the creation of
the long-lived electron sub-system might seem observable under very specific electrostatic conditions, the effect was found in many similar structures and appeared to be
rather robust against changes of sample parameters. To demonstrate this, a consistent
set of measurements on samples of different x-composition of aluminum in Alx Ga1−x As
layer and of various thicknesses d of the top GaAs layer are shown in Fig. 4.3. Here,
we see that the long-lived sub-system survives in a wide range of x and d. Within
a factor of 3, the τs holds the enhanced values for all sample compositions, except the
most extremal ones: if the top GaAs layer is completely removed (d = 0) which is
consistent with the results from Fig. 4.2(b)(III), and if the barrier is composed only of
AlAs (x = 1).
The amplitude of the Kerr signal A depends more strongly on d and x. This is,
however, consistent with our physical picture if we consider that A is proportional to
the total number of detected spins and, thus, to the density of electrons accumulated in
the long-lived sub-system. The sub-system is a result of a self-consistent electrostatic
3

The fits shown in Fig. 4.2 comprise, in fact, also the fast-decaying component at ∆t < 1 ns using the
two component fitting formula from Eq. 4.5. We do not go into the details about the other components
in the Kerr signal in this paragraph for clarity reasons.
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Figure 4.3: Spin life-times τs and amplitudes |A| as functions of the x-composition of
aluminum in Alx Ga1−x As (for d = 800 nm) and the thickness of the top GaAs layer d
(with x = 0.3). The data were measured at T = 10 K, P = 5 mW and spot size ∼ 25 µm.
The gray lines are guides to the eye.

process which is determined by the boundary conditions, for example the potential
height of the barrier or its distance from the surface states. Especially the increase
of A with decreasing d (in Fig. 4.3(b)) is a strong argument supporting the discussed
origin of the long-lived spin system. It shows clearly that the signal does not originate
from the whole top GaAs layer (the signal related to spins of electrons bound to bulk
impurities or to residual free carriers would scale roughly linearly with d), but instead
it is the effect of spin-polarized electrons accumulated in a significantly thinner layer
(of thickness del . 200 nm). The increase of A at d = 200 nm is likely due to the
change of the confinement potential so that the system accumulates a larger density of
carriers.
Surprisingly, the discussed effect has been also observed in much more complex
systems – comprising conventional remote doped QWs with 2DEG and undoped superlattices (SLs) underneath them (see the typical layer composition in Fig. 4.4(a) –
structure A). The SLs are the classical approach in heterostructure growth to get rid of
impurities, crystal perturbations and residual charges originating from the GaAs substrate [44]. It usually comprises a large number of narrow (a few nm thick) GaAs/AlAs
QWs stacked one on top of the other. Considering the small layer thickness, such
a repetitive structure could be represented as an effective barrier of x ∼ 0.5 and a similar mechanism of electron accumulation and formation of a long-lived sub-system can
happen here if the electrostatic boundary conditions are appropriate.
Indeed, the Kerr dynamics measured on the structure of type A contains again
a typical characteristic of a long-lived spin system, together with a shorter lived compo
nent4 see Fig. 4.4(b)(A) . A fitting of the data at ∆t > 1.5 ns gives the corresponding
τs ≈ 10 ns. Consistently with our understanding, Kerr dynamics without the long-lived
component and the short τs ≈ 100 ps was observed in the reference sample (structure
B) containing the 2DEG but lacking the SL. Inversely, in the structure C, containing
only the SL in a similar depth as in the structure A, the long-lived spin system is again
recovered. This confirms the key role of the undoped GaAs/AlGaAs interface for creation of the steady-state electronic sub-system and its unexpected spin characteristics.
We note here, that the effect was found on samples provided by three different MBE
growth chambers and is not uniquely linked to one wafer provider.
The observation of the spontaneous accumulation of partly spin-polarized photo4

The short-lived components will be addressed in following sections. The fits in Fig. 4.4(b) are
based on Eq. 4.5 which is composed of two exponential terms with different τs .
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Figure 4.4: Kerr dynamics from hetero-interface embedded in complex structures. (a) Sketches of the samples under investigation, containing A: a 2DEG and a SL
underneath it, B: a 2DEG only and C: a SL only. (b) The Kerr rotation signals for the
studied samples with corresponding fits (red curves) using Eq. 4.5. The bottom curve is
divided by the indicated factor and all curves are shifted vertically for clarity.

excited electrons at a upper interface of a SL is also of importance for the optical studies
of systems containing QWs and 2DEGs. These heterostructures usually contain a SL
which is viewed as a technological layer intended only to improve the crystal quality
and which should not obscure the optical experiment done on the upper parts of the
sample. However, our measurements show that the SL can indeed affect the total
optical signal from such a sample and, furthermore, it can even dominate the signal
from the QW. Having this perspective in mind, some earlier optical studies of QWs
should be revisited [25, 138, 146–148].

4.1.3

Long-range and high-speed spin-transport

The long spin life-time demonstrated experimentally in the previous section is not
sufficient for realizing lateral spintronic logic-device. In principle, a similar spinconservation time-scale can be observable from a (rather rare) system of residual electrons bound strongly on bulk impurities [101]. Such electrons, whose wave-functions
are strongly localized in space, do not contribute to the sheet conductivity of the sample. As it has been already discussed, a high speed operation requires, in addition to
the long spin-conserving length-scale, also the fast spin-transport, driven by drift or
diffusion. Localization of spin-carriers has been ruled out in our case by the data in
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Fig. 4.3(b). In addition we provide a direct demonstration of a free spin-carrier character. For this we employ the spatially and time-resolved pump-and-probe technique
(Sec. 2.1.2).
Spatially resolved Kerr dynamics. The sample under investigation was the same
specimen as used in Fig. 4.2(a)(I), i. e. a single undoped GaAs/Alx Ga1−x As heterointerface (with x = 0.3 and d = 800 nm), kept at the same physical conditions (T =
10 K, B = 500 mT). The time-delayed pump and probe pulses (again ∆t0 = 12.5 ns,
∆t = −0.5 − 3.5 ns) were focused to ≈ 2 µm wide spots with P = 2.5 and 0.5 mW,
respectively, and spectral-filtered as described in Sec. 2.1.2. The relative distance between the pump and probe spots was varied in x-direction by ∆x by tilting the pump
beam using a piezo-tilting mirror – see the sketch in Fig. 4.5(a).
The Kerr rotation signals with respect to ∆x are plotted in Fig. 4.5(b). The first
indication of an efficient spin-diffusion is apparent from the decay of the signal with time
at ∆x = 0. The spin-decay time is here notably shorter than the real τs measured using
the larger spot (with size ≈ 25 µm) in the previous section—compare, for example, the
ratio S(∆t = 3.5 ns)/S(∆t = −0.5 ns) for both signals. This implies that the decay
of the signal at ∆x = 0 is only partly due to spin relaxation and that a significant
contribution comes from the out-diffusion of the photo-injected spins from the area of
the laser spot.
Indeed, with increasing ∆x, the character of the dynamic Kerr signal changes. It
acquires a nearly time-independent amplitude between ∆t = 1 and 3 ns for ∆x = 11 µm
and for larger ∆x it even increases with time. Apart from the signal that contributes
from the previous pulse (signals at ∆t ≤ 0), the signal at ∆t = 0 is practically zero for
all ∆x > 0 and the amplitudes are acquired during a certain non-zero time interval. It
is a proof of the diffusive spin-transport: certain time is needed for the photo-injected
spin to travel the distance ∆x.
The amplitudes of the Kerr rotation signal at ∆t = 1, 2 and 3 ns as a function
of ∆x are plotted and compared with the spatial distribution of the laser light in
Fig. 4.6(a). Without any detailed analysis, the data again illustrate that the spin
signal is transferred over more than 10 µm in time intervals as short as nanoseconds.
Determination of the spin-diffusion coefficient. A more quantitative information on the spin life-time τs and diffusion coefficient Ds of the photo-electrons, and on
the corresponding spin diffusion length ls , can be obtained by fitting our spatially and
time-dependent data to the solution of the two-dimensional spin diffusion equation (we
recall Eqs. 1.40 and 1.41 on page 30) for a 1D cross-section in x-direction and no drift
component,
!


Ns
(∆x)2
∆t
S(∆x, ∆t) =
exp −
exp −
cos (Ω∆t + φ0 )
(4.2)
πws2
ws2
τs
with
ws2 = σ02 + 4Ds ∆t.

(4.3)

Here, we recall that Ds (∆t) is the spin-diffusion coefficient which is generally timedependent. By fitting Eq. 4.2 to the measured spatial spin-distribution at various ∆t
(as shown in Fig. 4.6(a)), we obtain the dependence ws2 (∆t), plotted in Fig. 4.6(b).
This dependence is clearly linear for ∆t > 0.4 ns, indicating that Ds is constant in
time in this interval and, therefore, represents the intrinsic value Ds for this system.
From the slope of ws2 (∆t) for ∆t > 0.4 ns we obtain Ds = (90 ± 10) cm2 s−1 . The
larger slope of ws2 (∆t) for ∆t < 0.4 ns is likely caused by the transient cooling of hot
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Figure 4.5: Spatially resolved Kerr dynamics. (a) A sketch of the spatially resolved
pump-and-probe optical experiment. Circularly polarized pump and linearly polarized
probe pulses are relatively time-delayed by ∆t and focused to 2 µm sized spots. The spots
can be spatially separated by ∆x by tilting the incident pump beam. The magnetic field
B is applied in-plane along the pump-probe separation direction. The sample was kept at
temperature 10 K. (b) Kerr rotation dynamics measured by the spatially resolved pumpand-probe technique for several ∆x. The ∆x-dependent increase of the signal in time is
a signature of diffusive spin-transport. The non-oscillatory envelopes (grey dashed curves)
are calculated for from Eq. 4.2 using the transient Ds∗ and intrinsic Ds for ∆t < 0.4 ns
and ∆t > 0.4 ns, respectively. The data were vertically shifted and upper two curves were
divided by indicated factors for clarity.
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Gaussian function is the profile of the pump laser spot, having 2σ0 ≈ 2 µm. (b) The square
of the Gaussian width ws (∆t) as a function of ∆t. The linear trend of ws2 at ∆t > 0.4 ns
is fitted using Eq. 4.3 (red solid line). The non-linear evolution of ws2 at ∆t < 0.4 ns is
approximated by a linear function (red dashed line).

non-thermalized electrons [84]. For the purpose of the following fitting procedure we
approximate this region by a linear function, characterized by an average transient
Ds∗ = (310 ± 30) cm2 s−1 .
Using Ds and Ds∗ for their respective ∆t regions, we apply Eq. 4.2 to determine τs
from the time-resolved dynamics (Fig. 4.5(b)). For clarity, we show only the envelope
functions without the cosine factor. We obtain τs = (20 ± 10) ns which is in an
excellent agreement with the more precise determination of this quantity in the previous
section. The corresponding
spin-diffusion length (compare the comments and Eq. 1.45
√
on page 31) ls = Ds τs = (13 ± 1) µm.
The mobility of the spin-carriers can be firstly estimated using the Einstein relation
µs = eDs /(kB T ). Considering the temperature of the experiment T = 10 K, we get
µs ≈ 105 cm2 V−1 s−1 . This value classifies our single hetero-interface sample to the
category of higher mobility structures, confirming its superior spin-transport characteristics µs , Ds and ls comparing to the previous attempts in semiconductors (see the
discussion in Sec 1.3.5). Nonetheless, in order to make a more sophisticated estimate
of µs (following the discussion in Sec. 1.3.4) one has to determine the concentration of
the long-lived sub-system via another experimental approach.

4.1.4

Study of electronic transport by THz spectroscopy and dctransport

As it has been seen in the previous paragraphs, additional spin-carrier transport parameters are needed in order to verify the validity of the Einstein relation or to cross-check
the conclusions made from it. We employed two approaches to accomplish such characterization of the excited long-lived electron sub-system: the direct dc-transport mea71

surements and the THz spectroscopy. The former mentioned method, unlike the latter,
requires a direct electric contacting of the sample and a non-zero sheet dc-conductivity.
The contacting is described in Sec. 3.2 and the photo-conductivity in the next paragraph. The used sample was the identical piece as measured in the spatially and time
resolved Kerr rotation studies.
Overall conductivity upon illumination. In dark, all undoped samples, both
the structures containing the hetero-interface and the reference bulk/substrate specimens, show no measurable dc-conductivity. On the other hand, a non-zero conductivity
should be another consequence of the presence of the steady-state long-lived electron
sub-system. Indeed, the sample with the barrier showed a sheet conductivity of the
order of 10−3 Ω−1 per square under a local illumination by the laser spot, which was observed only during the illumination – the conductivity disappeared when the laser light
was blocked. This experimental observation excludes the persistent photo-conductivity
effects.5
On contrary, any measurable conductivity of all the reference samples structures

(II-IV) from Fig. 4.2(a) was not found under the same (or other) illumination conditions. Therefore, the observed σ is not assigned to the substrate and/or to the GaAs
layer below the barrier, but it is related to the top GaAs layer. Consistently, when an
insulating trench of depth > d was etched between the electrical contacts, the sample
became insulating. This implies that the measured conductivity is due to the long-lived
electron sub-system, accumulated at the top GaAs/AlGaAs interface. This conclusion
is also supported by the fact that each observation of long τs by the magneto-optical
approach on a sample was correlated with the non-zero sheet conductivity measured
on the same sample, and vice versa. The other way around, if no conductivity upon
the illumination was found, it always implied no observation of long τs (i. e., for the
GaAs substrate and other reference samples).
Dc-transport characterization of illuminated sample. The conventional Hall
and dc-transport measurements were done on the sample containing the hetero-interface
(x = 0.3 and d = 800 nm) following the method described in Sec. 2.2.4 and using the
Hall cross (HC) design patterned on the surface and the corresponding optical setup,
as sketched in Fig. 2.7 on page 45. The sample was kept on a cold finger in the optical
cryostat providing temperatures T = 18−100 K, subjected to the out-of-plane magnetic
field of up to B = 500 mT. The central part of the HC was illuminated by the laser spot
with corresponding size ≈ 25 µm with λ = 815 nm. The electrical contacts were used
to measure the longitudinal voltage along the channel Vz and the transverse “Hall”
voltage Vy as a function of the magnetic field.
Examples of measured Vy as a function of B and Vz as a function of the longitudinal
(drift) Iz are shown in Fig. 4.7(a) and (b), respectively. The corresponding 2D carrier
density n, dc-conductivity σ and mobility µ are calculated from the fits of the data
following the method discussed in Sec. 2.2.4. The dependence of n and µ on the
5

The persistent photo-conductivity is a term related to the excited conductivity of an insulating
undoped semiconductor structures due to the photo-excitation of a specific kind of impurities at low
temperatures. In GaAs/AlGaAs heterostructures it originates from excitations of so called DX-centers
[44] – additional energy levels of Si donor atoms in AlGaAs crystals. After the excitation of the DXcenters, they provide free charge carriers to the conduction band and change their configuration so that
the trapping-back process is not available. Therefore, the photo-conductivity is of a persistent character
and lasts for tens or hundreds of minutes even without any continuous illumination (in case the sample
is still kept at lower temperature than the temperature equivalent to the excitation energy of the DXcenters). However, it can be find only in GaAs/AlGaAs heterostructures doped with silicon. In our
undoped structures there are no DX-centers expected. And indeed, the observed photo-conductivity
disappears when the light is blocked, which disproves such a mechanism.
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temperature is plotted in Fig. 4.7(c) and (d), respectively. The wavelength of the laser
was tuned accordingly to the temperature change of the GaAs band-gap. The evolution
of n shows that the excitation of the excess electronic sub-system is efficient up to 80 K
above which a decrease of n is observed. We also obtain the value of n ≈ 5 × 1010 cm−2
at T = 18 K and according to its independence of T < 80 K we consider it as the
density of electrons accumulated in the long-lived sub-system.
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Figure 4.7: Classical Hall characterization of illuminated sample and determination of µ. The experiments are done at T = 18 K with the illuminated center of the
HC by laser light of P ≈ 5 mW, spot size ∼ 25 µm. The laser λ = 815 nm at 18 K and was
tuned accordingly with the temperature change of the GaAs band-gap. (a) and (b) An
example of measured dependencies of the transverse and longitudinal voltages Vy and Vz
on the out-of-plane magnetic field B and the longitudinal charge current Iz , respectively.
(c) and (d) The evolution of n and µ with respect to the temperature, as calculated from
Eqs. 2.10 and 2.11 on page 45.

The temperature dependence of µ shows a weak maximum near 60 K and slightly decreases below this temperature. This is the typical behaviour of µ(T ) for bulk electrons,
constrained by the scattering from ionized impurities – which confirms our expectation
from the long τs that the long-lived electronic sub-system is not strongly confined into
a triangular QW.
Moreover, comparing the shape, the position and value of the maximum of µ(T ), we
estimate that the concentration the of residual ionized impurities is of the order of 1014 −
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1015 cm−3 [127]. The ionized impurities probably originate from the uncompensated
residual background impurities from the growth discussed in Sec. 4.1.1. The inferred
concentration is in agreement with our original estimate nbulk ∼ 1015 cm−3 . The value
of the measured µ(T = 18 K) ≈ 2 × 105 cm2 V−1 s−1 is consistent within a factor of 2
with the µs determined from the spatially-resolved Kerr dynamics.
Investigation of the heterointerface using THz spectroscopy. The THz spectroscopy can bring important insight into the transport processes in semiconductors.
We employed it in order to get an additional experimental confirmation for the presence
of the built-in electric field which separates the photo-electron-hole pairs, and to verify
the value of electronic µ obtained from the spatially resolved Kerr dynamics and the
dc-transport experiments.
The sample containing the hetero-interface and a reference GaAs sample (structures
I and II from Fig. 4.2(a), respectively) were placed into the cryostat in the THz setup
described in Sec. 2.3 and kept at T = 18 K. The excitation (pump) wavelength was
λ = 800 or 400 nm at various fluences. The THz spectra ∆E(ω) and dynamic conductivities ∆σ(ω) were calculated from the time-dependent transient THz wave-form
E(t), according to Eq. 2.16 and the description in the respective section.
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Figure 4.8: Time dependence of the representative value of the photoconductivity spectra (imaginary part at ω = 0.6 THz). Data correspond to photoexcitation
at fluence generating the carrier density of 2.6 × 1013 cm−2 and wavelength 800 nm (closed
symbols) and at fluence generating the carrier density of 5.7 × 1013 cm−2 and wavelength
400 nm (open symbols), and to the GaAs/AlGaAs/GaAs sample (black symbols) and the
reference sample containing the GaAs epilayer on the GaAs substrate (red symbols). The
photoconductivity at ∆t = 20 ps is normalized to unity.

The first experimental evidence of a different electron-hole recombination dynamics
due to their separation in the built-in field is the time decay of the imaginary part of
∆σ(ω) at ω = 0.6 THz for moderate photon pump fluence in the GaAs/AlGaAs/GaAs
sample – see Fig. 4.8, black symbols. Data for the reference sample without the barrier
are plotted in red symbols. Comparing both samples, we observe a significantly slower
decay of the signal in the sample containing the barrier, which indicates that the recombination process is dramatically changed when the AlGaAs barrier is present. This
supports the picture of the built-in electric field affecting the electron-hole recombination channel by separating electrons and holes. Measured data for photo-excitations at
800 nm and 400 nm (solid and open symbols, respectively), with the respective light
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penetration depths of ∼ 750 nm and ∼ 20 nm, also show similar time dependence of
the THz conductivity which is a signature of the homogeneity of the electric field and
of the similar efficiency of this mechanism for both excitation wavelengths.
Further evidence is provided by analyzing the fluence dependence of the THz spectra. Fig. 4.9(a) shows an example of the spectra for ∆t = 3.7 ns from the reference
sample with excitation at λ = 800 nm. We observe that the amplitude of the conductivity decreases with increasing pump fluence which is the characteristics of a dominant
electron-hole recombination mechanism in bulk GaAs [109, 149]. However, this trend
is not observed in the sample with the barrier (Fig. 4.9(b)) which could be another
indication about less efficient electron-hole recombination, or even a different type of
recombination through deep levels.
Nevertheless, considering the life-time of electron-hole pairs in sub-ns time-scale
seen in Fig. 4.8, we conclude that although the electron-hole recombination is obviously affected by the built-in electric field, the electron-hole separation of this part
of photo-carriers is not efficient enough to fully suppress recombination of all photogenerated carriers. Therefore, a majority of them recombine in sub-ns time-scale and
only a minority part of them is expected to contribute to the fully separated long-lived
electron sub-system. Together with the particles, spins are transferred into the accumulated sub-system. Consistently, the unseparated sub-system contributes with its
sub-ns life-time to the Kerr signal in Fig. 4.2(b) (blue points, data for ∆t < 1 ns).
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Figure 4.9: Dependence of the imaginary parts of conductivity spectra on the
excitation fluence. The data were taken at T = 18 K, with excitation wavelength
λ = 800 nm, and at ∆t = 3.7 ns. (a) The usually observed trend with the fluence in bulk
GaAs, demonstrated here on the reference sample without the AlGaAs barrier. (b) The
sample containing the barrier performs THz spectra that are independent of the fluence,
which is an indication of a strongly affected electron-hole recombination process by the
presence of the built-in electric field. Dashed curves are guides for the eye.
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The THz spectra measured with the excitation λ = 400 nm, shown in Fig. 4.10, show
an opposite trend – the amplitude of ∆σ(ω) increases with increasing pump fluence.
It again indicates that the recombination process is strongly affected by the built-in
electric field. The reason why there is a difference in the trend with respect to the
excitation wavelength is probably due to the different absorption length: ∼ 750 vs.
20 nm for λ = 800 vs. 400 nm.
Moreover, the imaginary part of the THz conductivity in Fig. 4.10 becomes negative at low frequencies and, correspondingly, the real part of the conductivity exhibits
a maximum at a finite frequency, as required by Kramers-Kronig relations [150]. This
is a signature of another sub-system with a high mobility contributing to the net signal. The observation suggests that the highly mobile long-lived electron system is
present before the arrival of the next pump pulse (separated from the preceding pulse
by 200 µs) and, therefore, it exhibits a fully suppressed electron-hole recombination.
After being temporarily disturbed by the pump, this long-lived transient electron system leaves a trace in ∆σ(ω) in the form of a negative Drude term in measured spectra.
The presence of this steady-state highly mobile electron layer is fully consistent with
the observation of the transient effective electron doping near the upper GaAs/AlGaAs
interface in the time-resolved magneto-optical experiments.
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Figure 4.10: Two Drude terms in the THz conductivity spectrum. (a) The
real and (b) the imaginary parts of the complex conductivity spectrum for the sample
containing the AlGaAs barrier at T = 18 K and ∆t = 9.6 ns with excitation at λ = 400 nm
for different fluence. The negative values of the imaginary part of ∆σ(ω) is a signature
of a long-lived highly mobile steady-state sub-system that is perturbed by the excitation
pulse. Such a perturbation is observable as a transient decrease of µ, i. e., as a negative
Drude term. The solid and dashed curves are fits by two Drude terms from Eq. 4.4.

To quantify the mobility of the long-lived electron system we fitted the THz spectra
by a sum of positive and a negative Drude terms (see Eq. 2.15 for a single Drude
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absorption term),
τsc,S
τsc,L
e
e
∆σ(t, ω)
− ξL ∗
,
= ξ(t) ∗
en
m 1 − iωτsc
m 1 − iωτsc,L

(4.4)

where τsc,S and τsc,L , and ξ(t) and ξL are the carrier scattering times and quantum
yields of the respective positive and negative Drude terms. From the fits we obtain
for the long-lived electron system τsc,L = 3.3 ± 0.7 ps which corresponds to a carrier
mobility µL = (1 ± 0.2) × 105 cm2 V−1 s−1 . This value is consistent, within a factor of 2,
with the mobilities obtained from the dc Hall measurement and agrees well with the
mobility reported from the spatially-resolved optical spin transport measurement using
the Einstein relation.
The mobility of the short-lived component is µS ≈ 1 × 104 cm2 V−1 s−1 , corresponding to τsc,S ≈ 310 fs. The low-mobility term is related to the short-lived sub-system
where the electron-hole electrostatic coupling is stronger (or the system has even the
excitonic character) which affects the transport characteristics. Consistently with the
temperature dependence of µ in Fig. 4.7(b), the high-mobility term in the spectra
disappears at T & 50 K and then only the low mobility part remains.
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Figure 4.11: Discussion of experimental estimate of µs and del . The calculations
are done for the temperature set to T = 10 K. (a) The dependence of the Fermi energy EF
on the assumed thickness d¯ of the studied long-lived electronic sub-system. The thermal
energy kB T is plotted by the blue line. (b) The electron mobility µ calculated from the
original and the generalized Einstein relations, using Eqs. 1.42 and 1.43, respectively, with
¯ The dark grey and white zones depict the values of d¯ which are not consistent
respect to d.
with the observation from Fig. 4.3(b) and with the determination of µ from the THz
experiments, respectively. The light grey zone is the interval of the plausible real values of
del , depicted also by the arrow.

Discussion on the estimate of µs from Ds . The knowledge of n allows us to
analyze the relation between µs and Ds more precisely, following the discussion in
Sec. 1.3.4. The Einstein relation (Eq. 1.42) keeps its validity only if kB T > EF (n),
otherwise the generalized Einstein formula (Eq. 1.43) shell be used. We first check the
mentioned condition, then we calculate the generalized version of the relation.
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The condition kB T > EF (n) is safely satisfied at high (RT) temperatures or in
very low doped semiconductors at lower temperatures. In our case, we have only the
information about the sheet 2D density of carriers because the Hall effect measurement
is a planar technique. The 3D density is related to the 2D density by the thickness of
the conductive system, i. e., n2D = n3D del . Since del has not been determined from
any direct measurement though we estimate del . 200 nm indirectly from data in
Fig. 4.3(b) , we evaluate the position of EF (n3D ) relative to the bottom edge of the
conduction band EC as a function of an assumed thickness d¯ = 20 − 800 nm. The
comparison of EF − EC and kB T is shown in Fig. 4.11(a). We see that the Einstein
relation is valid for d¯ & 100 nm.
We plot µs obtained form the Einstein relation (Eq. 1.42) and the generalized Einstein relation (Eq. 1.43) in Fig. 4.11(b) by the blue and red curves, respectively, for the
temperature of the spatially resolved experiments T = 10 K. We see that the generalized Einstein ratio significantly differs from the ratio 1.42 for d¯ < 100 nm. Taking the
value of carrier mobility with its bounds of uncertainty, µ = 1.0 ± 0.2 × 105 cm2 V−1 s−1 ,
obtained from the previous experimental approaches, we get also the lower estimate to
the del & 50 nm. This is fully consistent with our observation of the bulk-like properties
of the electronic sub-system.

4.1.5

Discussion of spin-relaxation mechanism

The sample containing the AlGaAs barrier exhibits uniquely fast spin-transport over the
distance ls ≈ 13 µm due to the high µ and long τs . Naturally, a question can be raised
whether these parameters can be tuned to even more superior values. Considering the
bulk character of the transport at low temperatures, µ cannot be probably enhanced
too much [127] (compare Fig. 4.7(b)). Regarding the second parameter, τs , almost an
order of magnitude longer spin life-times have been observed in doped bulk GaAs [98]
– however, we note that in this case the doping level is around the metal-insulator
transition and the corresponding µ is limited to ∼ 103 cm2 V−1 s−1 . Nevertheless – can
τs be even improved in our high-µ samples? In this section we provide a brief insight
into the mechanism of the spin-relaxation and a related discussion on the limiting
factors of the spin life-time.
The most relevant spin-relaxation mechanisms are reviewed in Sec. 1.3.1. The
theory predicts the DP to dominate in a mobile system of carriers in a GaAs bulk
semiconductor, while the EY mechanism is generally inefficient in large-gap materials
like GaAs. Now we provide the experimental confirmation of this assumption. The
EY and DP mechanisms can be distinguished according to their dependency on the
temperature. Such an analysis can be done with the data plotted in Fig. 4.12(a).
Here, the spin-relaxation rate, 1/τs , was measured on the sample with the barrier in
B = 500 mT and with the excitation λ = 815 nm. And indeed, if we compare the fits by
the corresponding theoretical dependencies of the EY and DP on the temperature (EY:
τs−1 ∝ T 1/2 and DP: τs−1 ∝ T 3/2 ), we observe a clear match with the DP mechanism,
while the EY mechanism is inconsistent with the data.
We examine the behaviour at low temperatures in more detail in Fig. 4.12(b) where
τs is plotted as a function of temperature. We see that the data follow well τs ∝ T −3/2
at T > 20 K. The last point at 10 K differs significantly, however. This “saturation” of
τs is an indication that another spin-relaxation mechanism starts to play a role at the
temperature where we measured the majority of our results above. There are two main
groups of the remaining mechanisms: the BAP affecting the mobile electrons via the
interaction with unpolarized holes, and the spatial/time variation of effective magnetic
fields or g-factors that relaxes spins of electrons localized at interface impurities.
As discussed in Sec. 1.3.1, the BAP mechanism is efficient in highly p-doped ma78
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Figure 4.12: Temperature dependence of spin life-time and different spinrelaxation mechanisms. The data were measured on the sample containing the barrier
with B = 500 mT and fs-laser pulse excitation at λ = 815 nm. (a) The evolution of the
spin relaxation rate τs−1 as a function of T . The red solid curve shows the fit by the theoretical temperature dependence of the DP mechanism, τs−1 ∝ T 3/2 , the grey dashed curve
shows the fit by the theoretical expectation for the EY mechanism, τs−1 ∝ T 1/2 . (b) The
spin life-time τs as a function of temperature. It shows the good agreement with the DP
spin-relaxation mechanism for T > 20 K. At T = 10 K there is an expected contribution
of another spin-decay mechanism. It is discussed in the main text that the mechanism is
efficient for localized electrons.
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terials where the probability of electron-hole exchange interaction is higher. However,
it can be also present in undoped photo-excited GaAs bulk materials since the density
of photo-generated electrons and holes is the same. We can comment on the contribution of the BAP mechanism by considering its dependence on the hole concentration
p: τs−1 ∝ p. In our case of the photo-excitation of carriers, p can be varied by the laser
excitation power. Such dependence has been measured in the same experimental conditions and on the same sample as in Fig. 4.12 and the data are plotted in Fig. 4.13(a).
There is no apparent ∝ p−1 trend observed, τs appears to be independent of P up to
a non-monotonous variation of a factor less than 2. We can conclude from this that
the BAP mechanism is not expected to play a dominant role at T ∼ 10 K.
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Figure 4.13: Spin life-time as a function of pulse-laser excitation power and
magnetic field. The sample containing the barrier was measured at 10 K, in magnetic
field of 500 mT and at λ = 815 nm. (a) The dependence of τs on the laser power in the
whole spot (top axis) and the power per µm2 (bottom axis). Up to the non-monotonous
variation of the factor < 2 the data are independent of the power and, thus, the density of
photo-generated holes. The red line is the fit by a constant function. (b) The dependence
of τs on the magnetic field. The data follow the fit by a constant function (red line). The
τs increased by the factor of 2 comparing to the τs reported by now is commented in the
main text.

All the remaining spin-relaxation mechanisms can be efficient in case of electrons
localized (partially) at impurities, otherwise the motional narrowing would smear and
average out the local variations of inhomogeneous magnetic fields or g-factors (see footnote 5 on page 24). It means that at T ∼ 10 K the free electrons from the long-lived
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sub-system start to be influenced by the local variations of B or gs and, therefore, at
least a part of the system starts to be slightly localized. However, the transport characteristics have shown that this effect is not strong enough to diminish µ. Indeed, the
stronger localization effect destroys usually τs and µ to values by orders of magnitude
smaller comparing to our numbers ∼ 20 ns and 105 cm2 V−1 s−1 [98, 101]. Although the
localization effect is weak, it shows clearly that our electronic system at 10 K “lies”
just between two regions of effective spin-relaxation mechanisms. At T > 20 K the DP
becomes efficient due to the thermal increase of k-vectors and τs is reduced by an order
of magnitude within a few tens of K, while at T < 10 K τs is expected to be affected
by the increasing spin-relaxation mechanisms due to the local variations of B and/or
gs as the localization becomes stronger at lower temperatures. This implies that the
spin sub-system has been studied at the most favorable conditions with respect to its
spin-transport characteristics.
Many samples, including control samples identical growth parameters, have been
measured and provided very similar characteristics. However, there were some exceptions. One of them was a nominally identical sample kept at identical experimental
conditions to the previous measurements (Figs. 4.12 and 4.13(a)) whose τs was observed
to be at least twice as long as the conventional ∼ 20 ns. An example of data taken from
this sample is shown in Fig. 4.13(b). The measured τs ≈ 50 ns is only by a factor of
4 shorter than the longest spin life-time measured on optimally n-doped bulk GaAs –
which have, we recall, a low µ ∼ 103 cm2 V−1 s−1 . We explain the observation by a different density of impurities, which changes the efficiency of the DP mechanism. However,
it suggests that the discovered long-lived sub-system is a complex phenomenon and it
indeed deserves to be explored further more in the future.
The time τs in Fig. 4.13(b) is plotted as a function of the in-plane magnetic field.
One of the possible spin-relaxation mechanisms efficient for the localized electrons is
the dispersion of g-factors which causes a dispersion of precession frequencies, Ω =
gs µB B/~, and the corresponding spin-dephasing. The contribution of the mechanism
can be assessed by varying B – the effect of the dephasing should increase in higher
B. As it can be seen in Fig. 4.13(b), this is not the case. We can then conclude that
the mechanism that starts to play the role at 10 K is likely related to the hyperfine
interaction with the nuclear spins or the anisotropic exchange of bound-electrons [98].

4.1.6

Discussion of spin-polarization process

Separation of components in Kerr dynamics. The Kerr dynamics obtained as
the differential signal from the detectors in the optical bridge had usually a rather
complex structure – see an example in Fig. 4.14(a). Here, we can distinguish at least two
exponential decay components characterized by decay times τs,1 and τs,2 , amplitudes
A1 and A2 and precession frequencies Ω1 and Ω2 . The total signal S is then fitted as
a sum of these components by the expression




∆t
∆t
S(∆t) = A1 cos(Ω1 ∆t)exp −
+ A2 cos(Ω2 ∆t)exp −
+
τs,1
τs,2


(∆t + ∆t0 )
+A2 cos(Ω2 (∆t + ∆t0 ))exp −
.
(4.5)
τs,2
The third term in Eq. 4.5 describes the contribution of the spin-polarization originating
from the previous pulse (we recall that the time separation between the pulses is ∆t0 =
12.5 ns). The presence of the non-zero signal at ∆t < 0 allowed us to determine
τs,2 more precisely. An example of fitting of the whole Kerr dynamics by Eq. 4.5 is
plotted by red solid curve in Fig. 4.14(a), as well as the corresponding two decoupled
components in Fig. 4.14(b).
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In the preceding sections, we have analyzed only the long-lived contributions to the
Kerr dynamics represented here by the second component (note that τs,2 , A2 and Ω2
in Fig. 4.14 corresponds to τs , A and Ω in the previous sections). However, an analysis
of the short-lived component provides us with a deeper insight into the generation
and dynamics of the spin-polarization in the long-lived electronic sub-system. In the
following paragraphs we will therefore focus on the interplay of these two components
and the corresponding sub-systems.
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Figure 4.14: Analysis of the multi-component Kerr dynamics. The example of
data is taken from Fig. 4.4(b), structure (A) which exhibited a two-component character.
(a) The total Kerr signal (points) with the two-component fit by Eq. 4.5 (red curve).
(b) The decomposition to the corresponding two contributions A1 (∆t) and A2 (∆t) – short
and long-lived sub-systems (black and blue curves, respectively).

Spin-polarization process. The long-lived component in Fig. 4.14(a) was attributed to the spin polarization of the free long-lived electron system located near the
upper GaAs/AlGaAs interface, which was originally created by the electron-hole separation due to the built-in electric field. According to the observations in the THz
experiment (see Sec. 4.1.4), the free electrons have dramatically increased electron-hole
recombination time τel ≈ 200 µs  τs,2 and, thus, form a steady-state excess electronic
population. Note that a non-zero contribution to the THz spectra was detected after
a time comparable to the separation of subsequent pump pulses ∆tTHz
≈ 200 µs –
0
see Fig. 4.10 and the related discussion. This population acts as a transient effective
n-doping. The spin polarization is injected into the sample via spin orientation by the
circularly polarized pump light. When new spin-polarized electrons and holes are generated in the effectively n-doped region, the holes loose their spin rapidly and recombine
with any electron in the system in time τ , which allows to retain the spin polarization
injected in the system for times longer than τ . The measured τs,2 is then unaffected by
the photo-carrier life-time τ , similarly as reported in equilibrium n-doped bulk GaAs
samples [100, 102].
The short-lived component is related to the spin-polarized photo-created electronhole pairs outside the region with the effective n-doping. The THz experiments show
the presence of a residual electric field after the arrival of a pump pulse (we refer to
the observation of changes in electron-hole recombination dynamics in Fig. 4.8). This
field can be present in the system already in the steady-state together with the long82
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Figure 4.15: Spectral dependence of amplitudes of a two-component Kerr dynamic. The maximum of the long-lived component A2 is shifted by ∼ 1 µm to the lower
energies which is a signature of the significant contribution of trionic excitations. The
amplitudes of the long-lived component are multiplied by the factor c = −9 due to clarity
reasons.

lived electron subsystem and/or can be restored by disturbing the electron-subsystem
by the pump pulse. The residual (or restored) electric field is not strong enough to
suppress completely the electron-hole recombination and results in τ < 1 ns (that is
still longer than in the reference GaAs sample, see in Fig. 4.8) which is consistent with
the measured spin life-time of this component τs,1 < 1 ns (which is clearly limited by
τ ). However, there is an evidence of another possible contribution to the short-lived
signal associated with the effectively n-doped region and with an exciton-trion spin
injection into it.
As the laser wavelength is set at or even below the GaAs bandgap, a possible spin
injection channel is also through the exciton-trion generation. This mechanism is only
effective if there is an excess electron population present in the system (i.e. in the form of
an equilibrium or light induced n-doping), as described in details in Refs. 77,101. When
a spin polarized exciton is photo-created in the region of excess electronic subsystem,
it can either recombine within a mean time τ (and contribute to the short-lived spin
component in Fig. 4.14(a)), or bind another free electron to form a negatively charged
trion. As the wavefunctions of both electrons in the trion are overlapped, the electron
has to have an opposite spin due to the Pauli exclusion principle. This means that the
trion formation pumps effectively a spin polarization to the electronic sea. As the hole
spin is already unpolarized before the trion life-time (which is comparable to τ [77]),
the trion recombination involves each of the oppositely spin-polarized electrons with
the same probability and, therefore, it does not affect the spin polarization of the excess
electronic sea.
This mechanism is evidenced by the observation of different spectral dependencies
of the short-lived (possibly excitonic) contribution (amplitude A1 ) and free electron
contribution (amplitude A2 ) in Fig. 4.15, which agree with the findings reported in
Ref. 101. The maximum of A2 is shifted to lower energies by ∼ 1 meV due to the
contribution of directly excited trions that have lower formation energy. The formation
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energy of trions is significantly distinct from the excitonic formation energy in systems with reduced dimensionality where the splitting is of the order of units of meV,
depending on the confinement and material [77, 151–153]. In bulk GaAs the trionic
and excitonic transition are more overlapping and their splitting < 1 meV is harder to
observe [152, 154].
Summarizing this discussion, the observed long spin life-time τs,2 is associated with
the excess steady-state electronic subsystem which has life-time roughly τel ≈ 200 µs
and carries the spin polarization with the spin life-time τs,2 ≈ 20 ns injected via spin
polarized photo-carriers. The contributions with considerably shorted τs,1 are related
to the electron-hole pairs or excitons that do not transfer directly their spin to the
excess electronic system and their spin life-time is thus limited by their recombination
time τ < 1 ns. The possible presence of the spin-polarization also via the trion formation would be an evidence of two physical aspects: i) the formation of trions is only
effective if there is an effective steady-state n-doping in the form of our excess electronic
sub-system, and ii) the electronic sub-system is probably at least weakly constrained
spatially which agrees with the mechanism of its creation assuming its accumulation
at the top GaAs/AlGaAs interface (discussed in the previous sections). The confinement is not, however, too strong to diminish the long spin-decay time by the strong
SO-related spin-dephasing mechanisms typical for QWs.
Saturation of the long-lived electron sub-system. We have seen so far that
the majority of the optically injected spins are lost due to the direct electron-hole
recombination and only a portion of the originally generated spins contributes (either
directly or via the formation of trions) to the long-lived electron sub-system. From the
example studied in Fig. 4.15, the ratio between the number of spin-polarized electrons
which recombine directly and the “captured” ones in the long-lived sub-system can
reach ∼ 10. This observation can be a signature of a saturation regime of the subsystem with respect to the optical spin-injection rate.
This is indeed what we observe experimentally when the laser power is varied by orders of magnitude, as shown in Fig. 4.16. Both the amplitude A2 of the long-lived component of Kerr dynamics, which is proportional to the total number of spin-polarized
electrons in the long-lived sub-system, and the carrier density in the sub-system inferred from the Hall transport measurements are independent of the laser light power
P within the experimental error. Although there is a small variation up to the factor
of 2 of A2 , it does not increase with increasing P which would be a signature of an
unsaturated regime. The independence of µ on P also indicates that the transport
characteristics cannot be much improved by tuning the density of steady-state carriers
(which is sometimes the case in bulk and 2D GaAs structures because of the free-carrier
screening effect [124, 155]).
We verify now the consistency of the saturation regime with the inferred steadystate and photo-generated carrier concentrations. The density of long-lived electrons
n2D ≈ 5 × 1010 cm−2 accumulated at the AlGaAs barrier is a result of a self-consistent
electrostatic process. The maximum density of electrons (and their spins) which can be
stored in the accumulated sub-system is related to the density of charged surface states
and we consider it fixed at given experimental conditions. The 2D density of photogenerated carriers created by one laser pulse in the region of the long-lived
electron


sub-system (we take del = 200 nm) is ñ2D = ñ3D del = 1.2 × 1012 × P mWµm−2 cm−2 ,
following App. F. The density ñ2D is calculated for the whole range of P ’s and displayed
as the top axis in Fig. 4.16. The dashed vertical line shows the condition when ñ2D =
n2D . We see from this that all data-points of A2 were measured at conditions when
ñ2D > n2D which means that the laser generates much more spins (spin-polarized
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electrons) than can be injected into the sub-system. Considering the already observed
τs,2 & ∆t0 , the saturation regime is then not surprising.
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Figure 4.16: Power dependence of the density of the long-lived electron subsystem. The measured quantities are plotted as functions of the laser power P and
the corresponding 2D photo-carrier density ñ2D , calculated from the 3D density using
del = 200 nm. (a) Amplitude A2 of the long-lived component of Kerr dynamics measured
at T = 10 K and a fit by a constant function serving as a guide for the eye. (b,c) The
2D electron density n2D and the corresponding electron mobility measured by the classical
Hall transport experiment at T = 18 K. The black and red points are the data taken upon
the excitation with the pulse and cw laser, respectively. The vertical dashed line represents
the condition when ñ2D = n2D .

The measured steady-state electron density n2D in the electron sub-system shows
the saturation regime (i. e., it is independent of P ∝ ñ2D ) also at even lower photoexcited densities when ñ2D < n2D . From this observation one can estimate the lower
bound of the life-time of an electron in the long-lived sub-system τel , considering that the
total photo-electron density generated by N pulses during the time t ≤ τel is higher than
n2D ≈ 5 × 1010 cm−2 . For the repetition rate of the pulse laser ∆t0 = 12.5 ns and the
lowest ñ2D ∼ 109 cm−2 for P ∼ 10−3 µW(µm)−2 , we get τel ≥ ∆t0 N = ∆t0 n2D /ñ2D ≈
600 ns. This is consistent with the findings provided by the THz spectroscopy which
implied that the long-lived sub-system is present in the sample as long as 200 µs after
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the first pulse. The same results for the pulse and cw laser excitation show that the
duration of the pulse is not relevant, since τel  ∆t0 . It is also a behaviour expected
in the saturation regime.

4.1.7

Determination of the degree of spin-polarization

We have seen in the previous paragraphs and Fig. 4.16(a) that the electron sub-system
is saturated at all measured excitation powers in terms of its spin-polarization. In
other words, the spin-polarization of the long-lived sub-system keeps the same value
independently of the number of spin-polarized photo-carriers newly created by a pump
pulse in the vicinity of the GaAs/AlGaAs barrier, suggesting that more spins cannot be
transferred into the sub-system. This means that in the steady-state the degree of the
spin-polarization of the sub-system should be theoretically the same as the polarization
of the photo-carries, i. e., P0 ≈ 50 %. In the next paragraphs we make a rough
experimental estimate of the spin-polarization Pe of the sub-system by measuring the
effect of the nuclear field on the electronic spins and compare it with this expected
value.
The method is described in Sec. 2.1.5 – the electronic spin generates via the hyperfine interaction the nuclear spins polarization resulting, after a sufficiently long time,
in an equilibrium between both systems. The spin-polarized nuclei generate a nuclear
magnetic field Bn that adds to the external one (B). By measuring the precession
frequency of the electronic spins we can infer the steady-state degree of polarization of
electrons Pe in the long-lived sub-system following Eq. 2.4 on page 39.

Kerr rotation (a. u.)

1.0
58 min

0.8

43 min

0.6

28 min

0.4
13 min

0.2

7 min

10.5

11.0
∆t (ns)

11.5

Figure 4.17: Effect of the nuclear field on Kerr dynamics. The data are collected
at 10 K, 500 mT and αinc = 6.7◦ from the sample with the barrier whose nuclei have been
polarized to the saturation by the excitation light with the helicity σ− . The time labels
indicate the duration in the laboratory time of the excitation with the helicity switched to
σ+ . The window of ∆t is shifted due to the swapped pump and probe optical paths (see
the main text for details). The vertical dashed lines emphasize the effect of the increasing
nuclear field on the precession frequency, resulting in different phases of the curves.

The data were measured at 10 K on the sample containing the barrier, laser power
5 mW, pump:probe power ratio 5:1 and at the fixed (B = 500 mT) or sweeping magnetic
field (0 − 500 mT). According to Eq. 2.4 a non-zero component of the electronic spin
must be oriented along B (oriented in-plane with respect to the sample). To ensure
that the angle of incidence of the pump beam αinc (angle between the surface and the
pump propagation vector) is not too close6 to 0◦ we had to swap the roles of pump and
6

The standard setup provides αinc < 1◦ .
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probe beams in the standard time-resolved pump-and-probe setup (see Fig. 2.1). This
resulted in αinc = 6.7◦ ± 0.5◦ and in the shift of the range of accessible ∆t from the
original ∆t = −0.5 − 3.5 ns to ∆t = 9 − 13 ns.
Since the hyper-fine spin transfer channel is a significantly slower process with the
characteristic decay time τn , in our case of the order of tens of minutes (compare to
the other spin-relaxation channels for electrons, resulting in τs ≈ 20 ns in our systems),
the process of polarization of nuclei can be measured successively in the laboratory
macroscopic times. The data showing the gradual change of the Larmor precession
frequency (Ω = γBtot ) due to the increase of the total magnetic field Btot = B + Bn
experienced by the electrons are plotted in Fig. 4.17. Here, the x-axis indicates the
duration of the illumination by the pump beam with the helicity σ+ of the sample
whose nuclei have been already fully saturated with the illumination σ− . We observe
that the nuclear polarization process lasts at least as long as ∼ 60 minutes.
A more precise conclusion can be drawn from Fig. 4.18 where Btot inferred from the
Larmor frequency is plotted as a function of the laboratory time.7 A clear saturation
for both pump helicities σ+ and σ− occurs at t ≈ 60 min. This time is roughly
one order of magnitude longer than values reported in literature for n-doped GaAs
(n ≈ 2 − 5 × 1016 cm−3 ) [112, 156]. Considering that charging times longer than tens
of minutes are reported in undoped GaAs [157], our data provide a signature of a low
density of our spin-polarized electron sub-system. Indeed, the 3D concentration of
the long-lived sub-system is in the order of ∼ 1015 cm−3 for del = 50 − 200 nm and
n2D ≈ 5 × 1010 cm−2 .
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Figure 4.18: Determination of the spin-polarization of electrons from the saturated nuclear field Bn . The dependence of Btot = B + Bn on laboratory time for
both helicities σ+ and σ− (open and closed symbols, respectively), measured on the sample whose nuclei have been polarized to the saturation with the opposite helicity. The red
curves are the fits by Eq. 2.3. The red arrow depicts the saturated value of 2 × Bn . The
data were measured with αinc = 6.7◦ .

The value of Bn of the saturated nuclear polarization is depicted in Fig. 4.18 by the
red arrow and can be determined precisely if we apply Eq. 2.3 to both data curves (we
7

We note that the Larmor frequency was obtained using fits by Eq. 4.1 from the long-lived signal
(∆t = 9 − 12.5 ns). This guarantees that we detect the nuclear polarization only from the region
populated by the long-lived electron sub-system and not from the rest of the bulk.
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note that Bn is parallel or antiparallel to B for the excitation by σ− or σ+ ). Considering
the error bars, the fits give Bn = 5.1 ± 0.5 mT. In order to determine Pe from Bn and
αinc using Eq. 2.4, the leakage factor f has to be known. In fact, f is the aspect that
usually complicates the analysis since its value has to be estimated in similar types of
experiments [112, 113]. We used a value f = 0.1 that has been originally determined
for n ∼ 2 − 5 × 1016 cm−2 at 77 K [114] but it has been used by other authors for lower
temperatures as well [112].
However, f is not fully independent of the temperature or the electron density. The
leakage factor represents how efficient the electron-nuclei spin-transfer is with respect
to the other spin-decay channels for the nuclear spin in terms of the corresponding
characteristic times τn and τn∗ , respectively (see Sec. 2.1.5 and Eq. 2.5). For decreasing
density of spin-polarized electrons the spin-transfer is proportionally longer, i. e., τn
increases and f decreases correspondingly. Similarly, it has been reported that f tends
to increase for decreasing temperature of the lattice [113]. In order to make a conclusive
estimate of Pe , we first determine the upper bound of f and then we use a more
conservative estimate of it.
The minimal 3D density in the electron sub-system is n3D = n2D del ≈ 2.5 ×
1015 cm−3 which is a 10× smaller value than the value for which the leakage factor
f = 0.1 was determined [114]. Therefore, we expect τn to increase 10× (compare with
the 10× longer time of the saturation process of Bn in Fig. 4.18) and correspondingly f = 0.01 using Eq. 2.5. Than, taking αinc = 6.7◦ , we get the upper bound of
Pe < 50 ± 5 %. We emphasize that this is the value for the most extreme choice of
parameters.
A more conservative estimate of Pe of the order of 10’s of % is obtained if we
consider the central value del ∼ 100 nm and take into account that the measurements
are done at a lower temperature of 10 K. We also have to consider that the nuclei
are surrounded for hundreds of ps by the photo-excited carriers with the injected spinpolarization P0 = 50 % which is another contribution to the nuclear polarization. The
spin-polarization of the long-lived sub-system is then Pe ≈ ζP where P is the measured
value of the spin-polarization and ζ = 0.5 − 1 depending on the particular value of P .8
Disregarding the choice of f , the inferred Pe is always smaller than the degree
of polarization P0 = 50 % of photo-carriers introduced via the optical orientation.
Although Pe of the order of tens of % is a signature of an efficient spin-injection into
the long-lived electron sub-system, it does not still reach the theoretical value of P0
expected for the saturation regime. The reduced efficiency of the spin-transfer from the
photo-carriers to the long-lived sub-system could be explained by the disturbing effect
of the excitation pulse on the stability of the sub-system. Such an optically induced
perturbation of the electrostatic confinement of the sub-system is the subject of the
following experimental investigation.

4.1.8

Disturbing effect of excitation pulses

The first signature of a disturbing effect of the pump excitation pulses on the steadystate long-lived electron sub-system is provided by the THz spectroscopy, namely by
the data in Fig. 4.10 showing a dramatic effect of the excitation on the mobility of the
electrons.
Another explicit confirmation of this behaviour can be provided by the resonant spin
8
In the first approximation, the measured value P inferred from the polarization of nuclei is the
weighted arithmetic mean of Pe and P0 , i. e., P = [P0 τs,1 + Pe (∆t0 − τs,1 )] /∆t0 if we consider that
the electron density of the long-lived sub-system is significantly smaller than the density of the photoinjected electrons. We recall that τs,1 is the spin life-time of the short-lived spin component and is of
the order of hundreds of ps. Then Pe = ζ(P )P where ζ(P ) = (∆t0 − P0 τs,1 /P ) / (∆t0 − τs,1 ).
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amplification (RSA) technique. The conventional pump-and-probe magneto-optical
measurements discussed in the previous sections detect the total spin-polarization in
the system – it means that if there is a remaining spin-polarization from the previous
pulse, it adds to the spins created by a new excitation pulse and the original spin subsystem is indistinguishable from the new one. However, the RSA technique allows us
to study the spin-population generated by a given pump pulse separately from the spin
populations generated by the other pulses even if they mix together. It is due to the
fact that a different instant of origin of the spin ensemble is reflected in the different
dependence of the Kerr signal on the magnetic field – see Sec. 2.1.4 for more details.
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Figure 4.19: Exemples of the Kerr dynamics with the excitation by lower
pulse repetition rates. The data are measured on the sample containing the AlGaAs
barrier using the pulse picker at 10 K, B = 500 mT with the time separation between
the unsuppressed pulses ∆t0 = 125 ns (pulse picking ratio 10×, plotted by the black solid
curve) and 1 µs (80×, red dashed curve). The energy per pulse is set to 140 µJ·cm−2 . The
non-zero signal at ∆t < 0 is a signiture of a significant contribution of the previous pulse
suppressed by the pulse picker (separated by ∆t0 = 12.5 ns). See the main text for the
discussion.

If we want to analyze the disturbing effect of a single excitation pulse on a steadystate electron sub-system, it would be a proper experimental approach to first excite
the sub-system with a pulse or a set of pulses that do not disturb the sub-system too
much and then use one strong excitation/disturbing pulse and analyze the changes in
the sub-system. It is reasonable to assume that the disturbing effect is related to the
energy carried by the pulse (and hence the density of photo-generated carriers), which
means that it would be useful to vary the intensity of some pulses with respect to the
other ones in the excitation laser. This could be accomplished by an insertion of a pulse
picker into the optical setup.
A pulse picker is typically used in order to reduce the repetition rate of the laser
pulsing [158]. It suppresses the intensity of all pulses except the every n-th one – such
a regime is called the pulse picking ratio n×. For instance, the pulse picking ration 2×
means that every first pulse is suppressed while every second one is unchanged. If the
original ∆t0 = 12.5 ns, the new time-separation between the pulses is 2∆t0 = 25 ns.
The used pulse picker provided the ratios 2×, 10×, 20×, . . . 160×, which correspond to
the accessible ∆t0 = 25, 125, 250, . . . 2000 ns. However, the intensity of the suppressed
pulse is not zero but it is reduced by a factor > 30 with respect to the unchanged
pulse.9 The reduced pulse can be assumed to cause a negligible effect in systems that
9

The upper bound the intensity of the suppressed pulse with respect to the unsuppressed one is
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Figure 4.20: Dependence of the Kerr signal amplitude on the pulse repetition
rates at negative time-delays. The data is measured at 10 K, 500 mT, with the timedelay set to ∆t = −10 ps and with the energy per pulse indicated in the legend. A2 stands
therefore for the spin signal generated in the steady-state electron sub-system just before
the arrival of the next excitation pulse. The dependence for ∆t0 > 125 ns does not follow
the exponential decay, ∝ exp(−∆t0 /τs ), but shows even an increasing trend with increasing
∆t0 . The evolution does not depend on the energy per pulse.

react linearly to the intensity of the excitation. Nonetheless, this is not our case as we
have seen in data in Fig. 4.16 (our system is expected to be saturated).
Indeed, the important role of the suppressed pulse on the Kerr dynamics is clearly
shown in Fig. 4.19 where we plotted the dynamics measured with the pulse picker set to
pulse picking ratios 10× or 80×. If the suppressed pulse was neglected, the conclusion
would be that τs > 125 ns or even > 1 µs, respectively. This is very unlikely according
to the value τs ≈ 20 ns inferred consistently in previous sections. If τs was truly as long
as 1 µs, the amplitude A2 measured at negative time-delays (∆t < 0) should decrease
exponentially with increasing ∆t0 as A2 ∝ exp(−∆t0 /τs ). The evidence that it is not
the case is shown in Fig. 4.20. Here, we observe even an opposite trend – except the
point at ∆t0 = 25 ns, A2 increases with increasing ∆t0 . One can make two conclusions
from this observation: (i) the suppressed pulse is still strong enough to generate spinpolarization in the sub-system which is then independent of ∆t0 , and (ii) the increase
of A2 for longer ∆t0 (which means lower repetition rate of the unsuppressed excitation
pulses) is a signature that the strong excitation pulses cause reduction of A2 and, i. e.,
the possible disturbing effect on the sub-system.
Although the pulse picker is not usable as a pulse divider, we can benefit from its
feature in order to vary the relative intensity of subsequent pulses for the purposes
of the RSA technique. Following the data in Fig. 4.20, we choose the pulse picking
ratio 2× as it provides the largest amplitude of the Kerr signal at negative time-delays.
Similarly, in order to improve the signal/noise ratio in the results shown below, we
perform the RSA experiments at a higher energy per pulse 140 µJ·cm−2 . The data
in Fig. 4.20 show that there is no dramatic difference in the characteristic trend with
found using a fast diode detector and an oscilloscope. [158]
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Figure 4.21: Kerr signal as a function of the in-plane magnetic field – the RSA
technique. The data (black curves) are measured at (a,b) ∆t = 500 ps, (c,d) ∆t = 150 ps
and (e,f ) ∆t = −400 ps. The right panels show zoom views on the data plotted on the
left panels (the zoom is depicted by the grey rectangles). The fits by Eq. 4.6 are plotted
by the red curves. The amplitude of the oscillations at the higher or lower frequency are
Ã2 or A2 for the corresponding ∆t, respectively. All data were measured with the energy
per pulse 140 µJ·cm−2 and have been normalized to the arbitrary units.
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Figure 4.22: Signal generated by the previous pulse with respect to the timedelay. The data were measured at identical experimental conditions as data in Fig. 4.21.
The amplitude Ã2 at ∆t < 0, i. e., before the arrival of the strong unsuppressed excitation
pulse, follow the dependence described by Eq. 4.7b (red dashed curve) but it deviates
strongly from it after the pulse arrival (∆t > 0). This is an evidence of an important
disturbance effect of the unsuppressed pulse on the steady-state electron sub-system. The
grey line is a guide for the eye.

respect to the energy per pulse.10 The in-plane magnetic field was varied in the range
0 − 500 mT and the Kerr amplitude was measured at many time-delays ∆t, including
the negative ones. The rest of the experimental conditions were the same as in the
other magneto-optical measurements. An example of results from the RSA technique
for three ∆t’s are plotted in Fig. 4.21.
The data were analyzed by the method described in Sec.2.1.4. Since we observe only
two dominant frequencies in the RSA Kerr signals, we consider only the contributions
from the two subsequent pulses – the unchanged and the suppressed one that precedes
it.11 Following Eq. 2.1, the data in Fig. 4.21 are fitted by the two-component formula
S(∆t, B) =A2 (∆t) cos [gs µB B∆t/~] Θ(∆t)
+Ã2 (∆t) cos [gs µB B(∆t + ∆t0 )/~] Θ(∆t + ∆t0 ),

(4.6)

where ∆t0 = 12.5 ns is the time-separation between the pulses, Θ(x) is the Heaviside
step function and A2 (∆t) and Ã2 (∆t) are the time-dependent amplitudes of the Kerr
signal generated by the unsuppressed and suppressed laser pulses, respectively. If we
apply Eq. 4.6 to the data at several ∆t’s, we obtain the ∆t-dependence of A2 (∆t) and
Ã2 (∆t). In case of no disturbing effect present in the system, the amplitudes should
We note that the energy per pulse 14 µJ·cm−2 corresponds to the typical excitation power P =
5 mW with the pulse time-separation ∆t0 = 12.5 ns used in the majority of the magneto-optical
measurement presented in the previous sections.
11
We recall that the spin ensemble generated by each pulse contributes to the RSA curve with
a different frequency in B due to the different instant of the origin of the ensemble (compare Eqs. 2.1
and 4.6).
10
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follow the standard exponential decay
A2 (∆t) = A2 (0) exp [∆t/τs,2 ]

(4.7a)

Ã2 (∆t) = Ã2 (0) exp [(∆t + ∆t0 )/τs,2 ] ,

(4.7b)

where A2 (0) and Ã2 (0) are the initial amplitudes of the Kerr signal generated by the
unsuppressed and suppressed pulse, respectively. As it can be seen in Fig. 4.22, the
evolution of Ã2 (∆t) does follow Eq. 4.7b (plotted by the red dashed curve) only at
∆t < 0, i. e., before the arrival of the unsuppressed strong excitation pulse. However,
Ã2 (∆t) abruptly falls down when the strong pulse arrives at ∆t = 0 and remains
reduced at ∆t > 0.
This is a direct evidence of a strong disturbing effect of the excitation pulse on
the steady-state electron sub-system. It fully agrees with the findings of the THz
spectroscopy (Sec. 4.1.4 and Fig. 4.10). Is is also consistent with the dependence
observed in the data in Fig. 4.20 which also gives an idea about the mechanism of the
disturbance. As the Kerr signal from the steady-state system increases as the repetition
rate of the strong unsuppressed pulse decreases, it suggests that the disturbance scales
with the power of the laser pulse, i. e., with the heat or density of photo-carriers
pumped into the system. It seems reasonable that a higher density of photo-charges
affects the electrostatic “boundary” conditions in the sample and, thus, changes the
self-consistently formed profile of the built-in electric field. Such disturbance of the
confining electric field could affect the mobility of the long-lived accumulated electrons,
which is, indeed, observed by the THz spectroscopy (compare Fig. 4.10).
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4.2

Spin Hall effect-based polarimeter

One of the fields where the SHE and its inverse counterpart have proved their utility
is the SDHE-based polarimeter. This is a recent proposal [22, 23, 60] of a new concept
of polarimeters, based on spintronic effects. bringing new advantages with respect to
the conventional polarimeters and connecting the fully spintronic phenomenon with the
polarimetry in one applied conceptual device. This experimental section will focus on
some aspects of the SDHE studied in the polarimeter arrangement.
Since their invention in the beginning of the 19th century, a majority of the conventional polarimeters use still the same basic ideas – the plane of the polarization (or its
rotation) of linearly polarized light is measured using a rotating polarizer or a polarizing
beam splitter (birefringent prisms or wedges ect.) [159]. Although modern automatic
instruments implement also the Kerr modulator operating at high frequency [160],
they still contain either a macroscopic moving/rotating element or a spatially extensive
optical setup. Such instruments provide the high precision but usually operate at second time-scale and their dimensions are macroscopic which is not suitable for applications requiring a micro-electronic integration, high-rate operation or even simultaneous
imaging-like detection by a high number of integrated sensors (as an analogue to the
CCD or CMOS chips for cameras).
The proposals of solid state polarimeters are therefore desirable. Apart from the
concepts of chiral devices which detect the circularly polarized light by its different
absorption with respect to the particular sample design [161, 162], it has been reported
recently that the circularly polarized light can be converted to the electrical voltage via
the spin-dependent Hall effects (SDHE) [22, 60]. Here, the spin-momentum of photons
is transferred into the spin-polarized photo-carriers via the optical orientation, which
can create a spin-polarized current detected by the SDHE in a Hall bar structure. Such
an approach does not require, in principle, any moving or macroscopic element, detects
the helicity of the light in orders of magnitude shorter time-scale and is suitable for a
chip-like integration.
In this section we show that the SDHE-based polarimeter works at room temperature and study its sensitivity in three experimental regimes: (i) In the diffusive regime,
the spin current is generated from a nonuniform spatial distribution of spin-polarized
photo-carriers along the transport channel after local absorption of circularly polarized
light. (ii) In a drift-dominated regime, the sensitivity is highly amplified due to the
applied longitudinal bias. (iii) Finally, in measurements with the laser beam focused
to a ∼ 1-µm-sized spot comparable to the HC size, the highly spatially resolved regime
reveals the response function of the HC.
Material and method. All experiments were done at room temperature on samples
described in Chap. 3, i. e., on moderately n-doped GaAs/AlGaAs structures that
exhibited the bulk conductance at room temperature. The samples were patterned in
to the micro-lithographical Hall bar designs (Figs. 3.5) with the channel widths 1 µm
(sample A) and 2 µm (sample B). The setup is described in detail and sketched in
Sec. 2.1.3. Circularly polarized light emitted by a cw diode laser at λ = 870 nm was
used to generate the spin-polarized photo-carriers via the optical orientation. The light
was focused on the sample surface by an objective to a 1 − 5 µm wide spot which
was positioned by a piezo-stage. We emphasize that the intensity and the polarization
state of the light were modulated by a chopper and a PEM at reference frequencies
f1 = 2 kHz and f2 = 42 kHz. This allowed us to decouple the charge and spin-related
contributions to the detected electrical signal (see the discussion in Secs. 2.1.3, 2.2.1
and 2.2.3).
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4.2.1

Diffusive regime

According to Eq. 2.7 on page 41 the electric field Ey , detected at the transverse contacts
of a HC if no longitudinal electric bias is applied, can be still generated by the diffusive
spin-polarized charge-current. Such a situation is created if the circularly polarized
light spot, having the Gaussian spatial profile of charges and spins, ne (r) and ns (r) =
Pz ne (r) (Pz is the degree of polarization of the optical spin-injection in z-direction),
respectively, is positioned on the HC (see the 1D cut in x-direction for a spot with
FWHM = 2 µm in Fig. 4.23(a), black curve). The diffusive spin-current and the
corresponding transverse charge current or electric field is Ey ∝ Ds ∇ns and thus a
point-like SDHE-detector moving in the x-direction would detect the signal plotted by
the red curve in Fig. 4.23(a). And the other way around, the red curve is also the
response of a static HC on the spot moving along the x-axis.
1
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Figure 4.23: Detection of the diffusive spin-polarized charge currents in the
sample A. (a) A simulated Gaussian profile of the optically injected spin polarization
density ns with FWHM = 2 µm (black curve) and the corresponding diffusive spin current
proportional to ∇ns (red curve). (b) The experimental Hall voltages measured with no
electric bias applied at f2 and HC 1 (red curve) and HC 2 (blue curve) as a function of
a 1D displacement of the light spot (FWHM ≈ 2 µm and P = 15 µW). Background: a
comparative sketch of the HCs on the sample design.

In Fig. 4.23(b) we can compare the expected signal with the voltage Vy experimentally detected at f2 on the transverse contacts of the HC 1 (red curve) and 2 (blue
curve) on the sample A. Here, a 2 µm wide spot (2× the width of the transport channel)
of the continuous laser power P = 15 µW is scanned across two HCs in the x-direction
with no bias applied. As the transverse Hall voltages Vy are sensed at a frequency corresponding to the helicity oscillation between σ+ /σ− , we detect only the signals related
to the spin dependent Hall effect. Note that the signals reflect the expected spatial
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dependence and that the positions of zero Hall signals, located in centers of the HCs,
are separated by ∼ 2 µm. This is in agreement with the design of this sample, as seen
in Fig. 3.5(f) and in Sec. 3.2.2. The strong anti-symmetric dependence of the signal on
the spot position with respect to the HC is also observed in the control 2D scan of the
spot over the HC structure, plotted in Fig. 4.24, measured in the same experimental
conditions. The line of the zero signal is roughly vertical and located at the center of
the HC.
Comparing the data to the already reported SDHE due to the diffusive spinpolarized charge currents on Alx Ga1−x N/GaN heterostructures [163], we observe this
effect at a 1000× smaller length-scale. Our results show that the SDHE-based polarimetric device can, in principle, detect signals of the order of µV with no biasing at
room temperatures even with the µm-range resolution.
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Figure 4.24: 2D response of a HC on diffusive spin-polarized charge currents.
The Hall voltage is measured at f2 and HC 1 with respect to the 2D position of the spot
for the same parameters as in Fig. 4.23(b). The inversion asymmetric signal is an evidence
of the diffusive nature of the measured SDHE.

4.2.2

Drift-dominated regime

The drift component of the spin polarized charge current, described by the first term
in Eq. 2.7, Ey ∝ µEx ne , adds up to the diffusive term when applying electric bias
along the channel. The relative contribution of the diffusive and drift components to
the detected spin dependent Hall signal varies with the laser power and the applied
electric bias. The overall SDHE signal can be enhanced due to the linear dependence
of the drift component on Ex which makes the drift-dominated regime appealing for
experimental investigation.
A fully drift-dominated regime can be achieved by attenuating the laser power
20× to 700 nW, and by applying a sufficiently large electric bias. These conditions
were set in the same experimental arrangement as used in the previous experiment
and the results are shown in Fig. 4.25. A linear dependence of the Hall voltage on
the bias current is measured in this plot at the point of maximal diffusive signal at
P = 700 nW. The absence of any off-set from the origin gives an experimental evidence
that the diffusive contribution is completely suppressed under these conditions. The
measured linear behavior up to 10 µA of bias current confirms that the experiment
is in the linear-response regime described by Eq. 2.7 and indicates that the sample
remains below the saturation threshold. Indeed, the dc electric field between the left
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Figure 4.25: Amplification of the SDHE via the drift spin-polarized charge
currents. A typical dependence of the Hall voltage at HC 1 (sample A) on the drift current
applied along the transport channel for σ+ /σ− helicities and for light power P = 700 nW.
The absence of an offset is a signature of the drift-dominated regime at these experimental
conditions.

and right HCs that corresponds to maximal bias current I = 10 µA was ∼ 150 V/cm,
compared to the much higher saturating electric field of Esat ∼ 1 kV/cm reported for
low doped bulk GaAs [61]. We anticipate that the saturation regime with respect to
Ex , originating likely in the dramatic increase of the DP spin-relaxation mechanism, is
observed in the experimental conditions in Sec. 4.3.
In the next experiments we will study the spatial responses of the HCs in the
fully drift-dominated regime and show the fundamental difference between the signals
detected at two reference frequencies f1 and f2 . In order to accomplish measurements
with both larger and smaller laser spot sizes with respect to the channel width we use
the sample B with the channel width b = 2 µm in all following measurements.
First we investigate the case with a laser spot defocused to FWHM ≈ 2.5×b = 5 µm
of low power P = 80 nW, scanned over the transport channel. The Hall signal (the
transverse voltage Vy ) detected on HC 1 at the PEM frequency f2 is displayed in
Fig. 4.26(a). The response is clearly spatially symmetric which confirms the dominant
drift component of the spin current. Moreover, the signal reflects the 2D Gaussian
function of the light intensity distribution without any inner structure and its size
roughly corresponds to the FWHM of the light spot. Thus we can conclude that the
HC is acting as a point detector for this FWHM/HC size ratio.
Note that measurements in the drift dominated regime in bulk semiconductor and
in quantum wells have been also recently reported in Refs. 61, 164. Our results highlight that the transition from the diffusive to drift regime can dramatically amplify the
sensitivity of the polarimeter device based on the spin dependent Hall effect. In particular, the unfavorable anti-symmetric shape of the signal with vanishing Hall voltage
for spot centered at the HC, which is a characteristic of the diffusive regime, is absent
when applying the strong drift current.
In order to demonstrate the strength of the double modulation technique used in
these experiments we measured the longitudinal voltage Vx between the HC 1 and 2 at
both reference frequencies. The data measured at the PEM frequency f2 are plotted in
Fig. 4.26(b). The data keep the size and circular symmetry of the Vy signal and show
two extrema with opposite sign. This is fully consistent since Vx should also reflect
the SDHE signal for the following reason: when the spot is generating locally the Hall
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Figure 4.26: 2D response of a pair of HCs on the drift spin-polarized charge
currents. The sample B is biased at I = 10 µA and scanned with a light spot of size 5 µm
(2.5× the width of the channel) and power P = 80 nW. (a) The variation in the transverse
Hall voltage Vy measured at the PEM reference frequency f2 . (b) The longitudinal voltage
Vx measured at frequency f2 between the HC 1 and 2. (c) The voltage Vx sensed between
the HC 1 and 2 at the chopper frequency f1 . Insets: Sketches of polarities of Hall voltages
with respect to the spot position (red circles). The centrosymmetric response of Vy is a
signature of the drift-dominated regime. The significantly different shapes and amplitudes
of responses Vx detected at f1 and f2 report on the importance of decoupling of the charge
and spin-related effects, respectively, using the double modulation lock-in technique.
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signal at HC 1, HC 2 is in dark and thus the potential at HC 2 is roughly zero. If the
spot is placed on top of HC 2, the measured longitudinal voltage switches sign. Also
consistently, the separation of the two extrema (≈ 6 µm) corresponds to the separation
of HCs 1 and 2 (see Fig. 3.5(e)).
In Fig. 4.26(c), the longitudinal voltage drop Vx between HC 1 and 2 is measured
at the chopper reference frequency f1 . The signal is therefore correlated with the
photoexcited carriers that contribute to the variation of the conductivity between the
HCs. We see a clear change in the character of the response which is spread here over
the entire length of the Hall bar (∼ 6 µm) and reaches almost 4 orders of magnitude
higher values of Ex . This charge-related effect is the signal which would be added to
the SDHE signal if the charge and spin-related effects were not decoupled by the double
modulation technique. The charge-related effect has a significant contribution also to
Vy which we investigate with higher spatial resolution in the following paragraphs.

4.2.3

High spatial resolution

The apparently homogeneous and spherically symmetric response of the HC illuminated
by the defocused light spot, discussed in the previous paragraphs, changes and reveals
its inner structure when the spot size is decreased by focusing it to 1/2 of the width
of the channel. In this spatially sensitive regime we resolve regions with higher Hall
response which correlates with the simulated response function of the HC, discussed
and plotted in Sec. 2.2.3 and Fig. 2.6.
In the experiment, the channel of sample B was biased with the current I = 10 µA
and one of the HCs was scanned by the spot of a diameter 1 µm (b = 2 µm) and
laser power P = 80 nW, with the spatial step size 200 nm. The transverse voltage Vy
measured at this HC at chopper and PEM reference frequencies f1 and f2 is shown
in Fig. 4.27(a,c). The signal at frequency f1 reflects local photo-induced changes in
the carrier density and thus changes in the photo-conductivity. This affects locally the
current density and creates asymmetric potential distribution across the channel and,
therefore, produces a non-zero transverse voltage Vy . The effect is strongly dependent
on the position where the conductivity is changed with respect to the HC design and
increases at its corners.
Note that a similar observation was made in doped quantum wells using conventional
non-magnetic scanning tunneling microscope (STM) tips as local electric gates [121,
123]. Our experimental finding is also in agreement with the numerical simulation, the
output of which is shown in Fig 4.27(b). A Poisson solver is used here to calculate the
potential difference at Hall contacts, as described in Sec. 2.2.3. In these simulations
we use the real parameters from the experiment. The FWHM of the Gaussian spot
profile is set to 1 µm. The bias and the laser fluence is chosen in order to reproduce the
same strength of the signal Vy and the experimentally observed variation of the overall
conductivity by ∼ 10 % if the sample is in dark and under the illumination by the
spot. Comparing the data with the simulation we observe that not only the two-fold
symmetry but also the approximate size of the features agree between the theory and
experiment. The outer rings in the experimental data, not seen in the theory, are likely
due to light scattered at trenches or due to complex interference effects.
The signal measured at frequency f2 (see Fig. 4.27(c)) is correlated only with the
spin-dependent Hall signal. It reveals the inhomogeneous response of the HC, confirming that the laser spot of size of 1/2 of the channel width gives us a sufficient resolution
to measure optically the HC response function. The data also highlight that in a polarimeter device with highly focused incident beams one would need to take the HC
response function into account in order the maximize its sensitivity.
Apart from higher order complexities, the measured two-fold signal, shown in
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Figure 4.27: SDHE signal with a high spatial resolution in sample B. The
experiments are measured with the spot of diameter 1 µm and power 80 nW, the channel
is biased with I = 10 µA. The simulations are done using Eq. 2.7 on page 41 with the
same spot size and parameters inferred from the experiments, described in more detail
in the main text. (a) The Hall voltage Vy sensed at reference frequency f1 , related to
photo-induced changes in conductivity and (b) the corresponding simulation at the same
frequency. (c) The Hall voltage Vy sensed at PEM frequency f2 with the corresponding
simulation (d). The data reflect the same symmetry as the simulated signals and highlight
the different nature of the charge and spin-related contributions.

Fig. 4.27(c), is in agreement with our simulations (see Fig. 4.27(d)). Again the same
scanning Gaussian profile was used in the modeling and represents the steady-state
spatial distribution of spin-polarized photo-carriers ns (r) = Pz ne (r), where we take
the degree of polarization Pz = 0.5. According to the observations from Fig. 4.26, we
consider this regime fully drift-dominated and, thus, use only the drift (first) term in
Eq. 2.7 on page 41.
If we set the value of the (inverse) spin Hall angle (SHA) αSH = jy /(jx Pz ) [ji is the
charge current density in the i-direction and jx Pz is the spin-polarized charge current in
x-direction, js,x ] so that the simulation returns the same values of Vy compared to the
experimental data, we infer αSH ≈ 2 × 10−3 . This value agrees well with the previously
reported SHAs for bulk GaAs [165–167].
Our experiments revealing the HC response function can be viewed as an optical spintronic analogue of the previously employed magnetic force microscopy (MFM)
technique [121–123, 168]. In the latter approach, a local flux of magnetic field and
the ordinary Hall effect were used instead of our local optical spin injection and the
relativistic, spin dependent Hall effects. We point out that our optical experiments
are broadly consistent with these earlier MFM measurements. We also recall, however,
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that in our case the resolution is limited by the wavelength of the incident light. On the
other hand, in the MFM experiments, the magnetic tips are usually electro-statically
coupled to the conductive channel which adds additional signals due to the affected
current distribution. This problem is circumvented in our optical measurements by
using the distinct modulation frequencies for the light intensity and polarization, and
the lock-in detection of the respective charge and spin dependent signals.
In this experimental section, we have seen that the µm-sized SDHE-based polarimeter can operate at room temperature in two modes: the diffusion and drift-dominated
regimes. Adding the drift was found to significantly enhance the SDHE signal and the
sensitivity of the polarimeter. In experiments with the high spatial resolution with
respect to the Hall cross dimensions we demonstrated that the response function of
the HC plays an important role. Our optical experiments are in a broad agreement
with the MFM measurements, however, we benefited the decoupling of the charge and
spin-related effects by using the double modulation technique. The SHA inferred from
our data agrees with the values reported in earlier studies in GaAs.
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4.3

Spin Hall effect in a lateral pn-junction

We have demonstrated experimentally (and by Eqs. 2.7 and 2.8) that the drift component of the SDHE signal can dramatically increase the detected voltage by applying
bias along the transport channel, giving us the access to the low intensity detection
regime. The applied electric field between the source and drain is, however, limited by
the Joule heating of the current I flowing thought the device which scales as ∝ RI 2 (R
is the resistivity of the device). Typically, we used current densities of 1 − 10 µA/µm,
depending on R. In the previous experiments, we kept the optimal bias current near
the upper limit to maximize the detection signal.
In the following experiments we apply a large electric drift field only locally in
order to overcome the Joule heating limitation. The semiconductor devices of choice
that contain a significant drop of the electro-chemical potential within a small region
are the pn-junctions. Here, the high and local electric field is within the depleted zone
of the junction [124]. If charge-carriers are optically injected into this region, the photoelectrons and holes are split and accelerated in the high electric field in the opposite
direction, corresponding to the photo-diode or photo-cell regime [124].
In order to accomplish SDHE polarimetric measurements using a HC design, we
have to move from the bulk to the lateral structures. Besides the geometrical constrains
set by the planar technology of our devices, the quasi-2D lateral pn-junctions have
another advantage over the 3D bulk systems: the width of the depleted zone can be
extended by the bias Vbias applied over the pn-junction by a more than one order of
magnitude larger range than in the 3D case.12 While in bulk systems the width of the
depletion region is usually of the order of tens or hundreds of nm and the depletion
front can be shifted on the same length-scale, the depletion in the 2D structures can
reach the order of µm and, more importantly, can be expanded in space to a few tens of
µm, depending on the composition of the pn-junction [169, 170]. It means that if a set
of HCs is located near a 2D pn-junction, the SDHE signal collected on them and the
sensitivity of the device are expected to be controllable by a small variation of Vbias .
In this section we show experimentally that the concept is viable and that the
sensitivity of the device can be controlled by Vbias . We distinguish two transport regime:
the normal regime when the area of the HC is not affected by the depletion zone and the
depleted regime when the pn-front is extended over the entire length of the transport
channel. In both regimes the SDHE signal is highly tunable due to the non-linear
relation between Vbias and the local drift field. The spin-transport parameters also
strongly vary due to the non-linear change in the carrier density at the HC with Vbias .
Material and method. The SDHE experiments were performed on the sample with
the MBE-grown layer composition and the surface micro-lithography described in detail
in Secs. 3.1.1 and 3.2.2. The heterostructure allowed us to apply a bias between the p
and n-doped regions and control this way the propagation of the depletion-front of the
quasi-lateral pn-junction. The expansion was observed by a set of three HCs located at
distances of 2, 5 and 8 µm from the position of the unbiased pn-front in the transport
channel with the width of 1-µm.
The setup with the double modulation of excitation light was identical as used in the
previously discussed experiments and described in Sec. 2.1.3. The Ti:sapphire cw laser
at λ = 850 nm was employed as the source of the excitation light which was focused
to 2 µm-sized light spot on the sample surface. All experiments were done at 10 K
since the pn-structure showed good rectification only at low temperatures. In order to
It is also due to the fact that in bulk the depletion width xd ∝ (Vbias )1/2 , while in the 2D pnstructures xd ∝ Vbias .
12
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obtain a similar SDHE voltage detected in the undepleted regime at Idc = 10 µA see
the inset in Fig. 4.28(b) for Vbias > 1 V comparing to signals reported in previous
Sec. 4.2, the light power was set to 100 µW.

4.3.1

Effects of the pn-junction

We start with the observation of the propagation of the pn-front. As anticipated above,
the range of the expanding depleted region with the increasing reverse bias Vbias is
detected by sensing the dc longitudinal voltage Vx between HCs along the Hall-bar
(Fig. 4.28(a) and the sketch herein). We observe that for Vbias > −8 V the potential
drop is located at the pn-junction. However, when Vbias is set below -8 V (higher negative values), Vx increases significantly to potential differences of the order of hundreds of
mV due to the expansion of the depleted zone through the bar. These values represent
more than 10× higher potential drop along the Hall-bar than in the case of Vbias > 0,
if we set the maximal current to Idc ≈ 10 µA flowing through the device – compare
with the I/V -characteristic plotted in Fig. 4.28(d). The characteristic was measured
simultaneously with the data in Fig. 4.28(a), i. e., with the light spot at the HC 2.
This illumination together with minor differencies in the fabrication of the pn-junction
are probably the reasons why the I/V -characteristic of the sample shows a slightly
different rectification at Vbias < −7 V than the characteristics of similar devices from
the same wafer measured in the characterization setup (see Fig. 3.2(a)).
The advancing propagation of the depletion zone over the Hall-bar is monitored
by Vx , measured between different HCs. The potential drop between the HC 1 and
HC 3, VHC1−HC3 , features two changes of its slope for the reverse bias: first, the signal
increases rapidly when the edge of the depleted zone expands over the HC 1, and
second, when the edge passes over the HC 3 and exits the bar. While the slope after
the second change is associated directly with the depleted regime, the slope between
the first and the second one is, in addition, affected by the propagation of the depletion
edge and represents the transition regime (the observation is also discussed further in
the following text). Consistently, the potential difference VHC1−HC2 shares the same
evolution when the edge passes over the HC 1, but the second change in slope occurs
exactly at the HC 2. Analogously, VHC2−HC3 increases when the edge expands into the
HC 2 and indicates its exit through the HC 3. The observation allowed us to indicate
the position of the depletion edge with respect to a given HC as a function of Vbias
(vertical dashed lines in all Fig. 4.28).
In order to measure the SDHE voltage Vy , collected at the three HCs at reference
frequency f2 (see Fig. 4.28(b) and the inset in Fig. 4.28(a)), the circularly polarized light
spot is positioned over the corresponding HC which generates locally a spin-polarized
current via the optical orientation. The SDHE signals Vy are enhanced abruptly when
the edge of the depleted zone expands to the corresponding HC, as the spin-polarized
photo-current is dramatically increased by the presence of the high potential drop
(Fig. 4.28(c)). The positions of these steep changes in Vy correspond well with the
depletion characteristics seen in Fig. 4.28(a). These successive switchings on the HCs
correspond to a signal amplification by a factor of ∼ 30 at the fixed amplitude of
Idc = 10 µA (compare the inset in Fig. 4.28(b)).
When the depletion-edge passes over a HC, the corresponding Vy tends to rather
saturate even if Vx and, thus, the photo-current increases further. This behaviour in
similarly high electric fields has been already reported in Ref. 61. Here, the saturation
is explained by the reduction of the spin-life time τs due to the enhancement of the
DP relaxation mechanism for higher k-vectors of photo-carriers (see Sec. 1.3.1), which
plays even a more important role in our higher mobility system.
The motion of the depleted zone edge can be also observed in the comparison of
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Figure 4.28: Electric ac and dc signals with the propagating pn-front. (a) The
dc longitudinal potential drop Vx , measured between the HCs indicated in the panel, as a
function of the overall bias Vbias . The bias values corresponding to the situation when the
pn-front is propagating through each HC are depicted by the vertical dashed lines. The
laser spot was positioned on the HC 2. Inset: The scheme of the electrical detection of Vx ,
Vy , the dc current Idc and the ac photocurrent Ipc (sensed at the reference frequency f1 ).
(b) The SDHE voltages Vy detected at the corresponding HCs at the reference frequency
f2 with respect to Vbias . The laser spot was positioned on the corresponding HC for each
measurement. Inset: The detail of the dependence for Vbias > 0. (c) Ipc as a function
of Vbias for different laser spot positions. Inset: The sketch explaining the role of the
propagation of the depletion front to the overall Ipc . (d) The dependence of Idc on Vbias ,
i.e., an I/V characteristic of the pn-junction, with spot located on the HC 2. The horizontal
dashed lines represent the maximal current amplitude flowing through the device (±10 µA).
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Figure 4.29: Dependence of the SDHE voltage on the degree of the circular
polarization of light. (a) The SDHE voltage Vy (black points), measured at the HC 2
and Vbias = −10 V, and the calculation of the degree of the circular polarization (DCP) of
light absorbed by the sample (red curve) as functions of the rotation of the plane of linear
polarization of the excitation light by a λ/2-plate located in front of the PEM. (b) The
voltage Vy plotted with respect to the DCP. The linear trend is a check of the SDHE nature
of the measured signals.

the bias conditions where Vy and Ipc start to increase significantly (Figs. 4.28(b,c)).
The abrupt amplification of Vy tends to occur at higher Vbias than the increase of Ipc .
The effect is well apparent in measurements at the HC 3. This relative shift can be
explained if the spin drift length, ld = Ex µτs (see Eq. 1.45 on page 31), is smaller than
the size (FWHM) of the light spot, where Ex = VHC1−HC3 /6 µm is the average electric
field in the Hall bar in the depleted regime. Following the inset sketch in Fig. 4.28(c),
the strong contribution to Ipc occurs when the depleted zone edge expands over the
illuminated area. The spin-polarized carriers, however, loose their spins before they
reach the region that the HC is sensitive to (a square of a size of 1 µm centered at the
HC) and do not contribute to the SDHE signal. The Vy is amplified when the depleted
zone is expanded further towards the HC, causing a relative shift between Vy and Ipc .
The discussed effect is not strong in measurements at the HC 1, since the HC 1 is
located close to the physical edge of the planar pn-junction. In order to get a rough
estimate of τs , we use the values of µ ≈ 1.6 × 104 cm2 V−1 s−1 , FWHM ≈ 2 µm and
Ex ≈ 105 Vm−1 , giving τs < 13 ps. This magnitude of τs supports the assumption of
the efficient spin-relaxing mechanism, discussed in the previous paragraphs.
Since the experiment combines the optical and electrical approach with a spatial
resolution on a partly depleted patterned sample, the data have to be collected and
analyzed carefully. Many opto-electrical artifacts can appear13 and lead to misinterpretations. This is why every measurement of the SDHE was checked by several test
measurements – the most important is shown in Fig. 4.29(a). In the linear response
regime, the SDHE voltage should scale with the degree of the spin-polarization of photocarriers and, thus, with the degree of the circular polarization (DCP) of the excitation
13

The most common parasitic signal is caused by the antenna effect from the PEM whose head
operates at high voltages at the reference frequency f2 and emits the electro-magnetic radiation at f2
to the space. The radiation may be caught by the wiring and interpreted by a lock-in as the real signal.
There is no universal method known to the author how to shield the head to avoid the antenna effect.
Other possible parasite signals come from the scattering of the excitation light in trenches of the Hall
bar design.
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Figure 4.30: 2D response of the HC 2 with respect to the pn-front position. The
voltage Vy is measured at HC 2 and (a) Vbias = −10 V (depleted regime) and (b) Vbias =
+1.1 V (normal regime) with respect to the 2D position of the circularly polarized laser
spot with the size ∼ 2 µm. The map shows the local character of the measured signals and
no observable non-local (drift/diffusion) contributions. Insets: Sketches of the Hall-bar
device (not to scale) and 1D sections along the red line over the 2D maps.

light. The DCP was therefore changed from −1 to 1 using a remote-operating rotator
of a λ/2-plate placed in front of the PEM. The rotation of the plane of polarization of
the excitation light with respect to the optical axis of the PEM leads to the successive
harmonic variation14 of the DPC as shown in Fig. 4.29(a) – red curve. We see that
the experimental data (an example of data measured at the HC 2 and Vbias = −10 V
is plotted by points) follow well the dependence of DCP on the tilt of the λ/2-plate
confirming that they originate from the SDHE only. The linear scaling of Vy is plotted
When the plane of polarization of the light is tilded by 45◦ with respect to the optical axis of the
PEM, the PEM switches the helicity of the light at f2 . However, if the plane is oriented parallel to the
PEM axis, then there is no relative phase-shift of the orthogonal polarization components of light caused
by the PEM and the polarization keeps linear with DPC = 0. At any “incoming” angle between these
two extrema the optical output of the PEM is a polarization switching between two opposite elliptical
modes whose |DPC | < 1. Since the tilt of the plane of polarization is doubled with respect to the tilt
αλ/2 of the λ/2-plate and the PEM is two-fold symmetric, the DPC scales as cos(4αλ/2 ). For more
details on DCP, its definitions and the operation of the PEM see App. D.
14
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explicitly in Fig. 4.29(b).

4.3.2

Spatial resolution and spin life-time

The analysis of the dependence of Ipc on Vbias from Fig. 4.28(c) suggested indirectly
the expectation of ld < FWHM at Vbias ≈ −8 V and inferred τs of the order of tens
of ps. Now we confirm this observation thanks to the spatial resolution provided in
our setup. The 2D spatial responses Vy measured at the HC 2 with the laser spot
of FWHM ≈ 2 µm scanning over the surface of the Hall bar at biases Vbias = −10
and +1.1 V are plotted in Fig. 4.30(a) and (b), respectively. Consistently with the
expectation from the previous discussions, we do not observe any signatures of nonlocal spin-contribution from the drift component even at the high electric drift field
Ex ≈ 105 Vm−1 at the HC 2, corresponding to Vbias = −10 V. Again, we infer that
the detected signal is still highly localized at the detection point within the laser spotsize even at high electric fields which confirms from this direct measurement that τs
is indeed of the order of 10’s of ps. The contribution of a longitudinal diffusive spin
transport is not observed – it would contribute to the 1D profile of the SDHE signal
with an odd symmetry with respect to the center of the HC, as shown in Fig. 4.24 in
the previous section.
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Figure 4.31: Dependence of the SDHE voltage in a Hanle experiment with
respect to the position of the depletion front. The voltage Vy is plotted with respect
to the in-plane magnetic field B at (a) Vbias = −10 V in the depleted regime and (b) at
+1.1 V in the normal (undepleted) regime. Notice the vertical scale.

A well-established technique to determine τs of spin-polarized carriers is the Hanle
experiment (see Sec. 1.3.3). We tried to use this method in order to provide the third
independent evidence of short spin life-times in our system, however, it provided only
a rough estimate. The application of an in-plane magnetic field larger than ∼ 200 mT
significantly affected the objective (focusing the excitation light) by shifting the piezostage spatially due to the magnetic interaction despite of its nominal non-magnetic
composition. The shift of the objective, resulting in a shift of the light spot position,
caused a change of the detected signal and made our Hanle data harder to interpret.
However, we can still use the Hanle technique in the other way around: to disprove
the case of long τs . According to Eq. 1.35 on page 29, if τs was of the order of 100’s of ps,
the Hanle spin signal, i. e., Vy (B), should decrease to 1/e with respect to Vy (0) within
B1/e of the order of a few 100’s of mT.15 However, we see from the Hanle experiment
15

In exact numbers, taking τs = 100 ps ←→ B1/e ' 340 mT, τs = 200 ps ←→ B1/e ' 170 mT and
τs = 300 ps ←→ B1/e ' 113 mT.
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shown in Fig. 4.31(a) and (b), where Vy is measured at the HC 2 at Vbias = −10 and
+1.8 V, that the Hanle curves with such half-width B1/e are not observed (note the
vertical scale). In spite of the mentioned limitation of this technique we can state that
the upper bound of τs reaches tens of ps. This is again in agreement with the previous
observations.
The inferred order of magnitude estimate of τs is not surprising for an n-doped
2DEG at low temperatures [27,171] where the DP spin-relaxation mechanism dominates
dramatically due to the higher µ and stronger 2D potential confinement (see Sec. 1.3.1).
The efficient DP mechanism is also supported by the observation of the saturation effect
of Vy in high Vbaias , i. e., high electric fields Ex , in Fig. 4.28(b). From the application
point of view, the short τs might not be desired for the concepts of spin-based transistors
or other spintronic logic elements where the spin-conservation length-scale is important
for their functionality. However, the short τs and corresponding short ld guarantee the
local detection of spin-polarized light even at high drift fields which are convenient for
the operation of a SDHE-based spintronic polarimeter. The locality of the detection not
only increases its efficiency by avoiding the spins from drifting out from the detection
area but also allows for the simultaneous operation of many detectors close to each
other, a favorable feature for the spintronic polarimetric devices.

4.3.3

Spin Hall angle

The change of the carrier concentration, associated with Vbias dependent depletion also
affects the spin-transport characteristics. Namely, the spin Hall angle αSH is expected to
decrease with decreasing carrier concentration according to Ref. 165. To demonstrate
this, we need to infer αSH from Eq. 2.8 on page 41 in the undepleted and depleted
regime. The corresponding σ in both regimes is inferred from Fig. 4.32 which displays
the evolution of Idc as a function of Vx , i.e., the I/V characteristic of the Hall bar. It
clearly shows the high conductive normal regime, unaffected by the pn-junction, with
σnormal = 1.2 × 10−3 Ω−1 . When the depleted zone edge is expanding through the
Hall bar, the conductivity gradually reduces. When the edge exits completely the Hall
bar at Vbias < −1.2 V the conductivity saturates at σdepleted = 9.0 × 10−5 Ω−1 at
Vbias < −1.2 V. We use these two values of σ to describe the corresponding regimes.
According to Eq. 2.8, the proper determination of αSH requires also the evaluation
of the ratio Ts /τ , i. e., the ratio of the spin relaxation-time and the photo-carrier
recombination time. Here, we use the approximation τs ≈ Ts since the system is an
n-doped system and the spin life-time is not limited by the electron-hole recombination
time [21, 86]. However, as the recombination time τ is not known experimentally, we
first evaluate the effective spin Hall angle α̃SH from Eq. 2.8
α̃SH = αSH

Vy σ
τs
=
.
τ
Ipc P0

(4.8)

In order to evaluate Eq. 4.8, we use Vy , Ipc from data in Fig. 4.28 and σ = σdepleted
and σnormal corresponding to the fully depleted and undepleted regimes at Vbias = −12 V
and Vbias = +1.3 V, respectively. We assume P0 = 1 for both the depleted and
undepleted regimes, which is the theoretical maximum of the degree of the optically
injected spin-polarization in 2DEGs at the instant of the photo-generation [37, 46, 47].
We then get the following lower bounds of α̃SH :
depleted
α̃SH
= (2.7 ± 0.6) × 10−3

and

normal
α̃SH
= (7 ± 2) × 10−2 .

(4.9)

The observed decrease of the effective SHA by one order of magnitude in the depleted regime is consistent with the expected behaviour from Ref. 165, where the same
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Figure 4.32: The dc current Idc as a function of the dc longitudinal voltage drop
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get the corresponding electrical conductivities σnormal and σdepleted (fits are depicted by
the green lines). Inset: A detail for Vx > −50 mV.

suppression of αSH is reported over one order of magnitude change in concentration.
Considering σnormal /σdepleted ≈ 10, the carrier concentration in our case also changes
depleted
with respect
by one order of magnitude. In addition, the relative reduction of α̃SH
to the normal regime competes with the drift effect on the SDHE signal upon the depletion, suggesting that further optimization of transport parameters could bring even
a more efficient amplification of the electrical SDHE signal in the depleted regime.
Values of αSH reported in bulk and low dimensional systems similar to ours do
not usually exceed 10−2 [22, 62, 165, 166]. Our values of αSH = α̃SH τ /τs are consistent
with this order if τ < τs ∼ 10 ps, which would be an indication of highly effective
photo-carrier recombination. These values of τ can be found in GaAs systems at
low temperatures, especially if trapping processes are significant [133–137]. In these
reports, the trapping processes are studied with respect to the temperature of the MBE
growth. If the growth temperature is ∼ 200−300◦ C (compared to the standard 600◦ C),
there is a significantly larger number of detects which act as traps or recombination
centers. The low temperature grown sample is not our case. However, considering the
medium mobility ∼ 104 cm2 V−1 s−1 of our 2D n-region compared to the high mobility
2DEGs (where µ > 106 cm2 V−1 s−1 ), our structure seems to be highly affected by
the remaining Si impurities from the Si n-doped AlGaAs barrier which was grown as
the layer preceding the 2DEG interface. This swapped order of doped AlGaAs and
GaAs layers containing the 2DEG, compared to the standard high µ 2DEGs, is called
the inverted 2DEG (we recall Sec. 3.1) and it has been demonstrated experimentally
[172–175] that µ > 105 cm2 V−1 s−1 are only hardly achievable in these structures due
to the diffusion of Si in the growth direction towards the 2DEG layer. The physical
image of the high density of Si impurities in the transport channel is consistent with
the observed low τ and the corresponding highly efficient recombination.
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Conclusion
The thesis covers the author’s complete scientific path from theoretical and methodological concepts and numeric simulations, through technological steps in the preparation
of materials and the fabrication of lateral devices, to the focus of the thesis – the experimental investigation of spintronic devices using a broad range of methods, including
the spatially and time-resolved magneto-optical techniques or the electrical detection
via the spin Hall effects. The work in its several phases has been or is about to be
published in four papers and presented at a number of scientific conferences (see more
details in Sec. iii).
We studied the parameters of the spin-transport of optically generated spins, such
as the spin life-time, the spin diffusion constant or the spin Hall angle, in various
GaAs/AlGaAs-based heterostructures with a different level of doping, layer composition
and at low and room temperatures. It has been shown experimentally that completely
different spin dynamics and regimes of the spin-transport can be achieved if one or
more of these parameters are varied. Most importantly, we discovered that the spintransport at a vicinity of an undoped GaAs/AlGaAs hetero-interface provides superior
spin-transport characteristics compared to previous studies. Contrary to this longrange and high speed spin-propagation, we also observed a highly localized response
of optically injected spins in doped samples at low and room temperatures. In this
opposite regime we demonstrated an enhancement of the spin-dependent Hall signal
by increasing the electric drift field using a direct longitudinal bias or a local effect of
a depletion front near a lateral pn-junction.
Long-range and high-speed spin-transport. We have also shown how and why
the superior spin-transport parameters (the spin-life time exceeding 20 ns and the
spin-diffusion to distances more than 10 µm in times as short as nanoseconds) can be
obtained in the undoped GaAs/AlGaAs interface. The origin is the spatial separation
of photo-carriers due to a built-in electric field generated by an interplay between the
surface states, the bulk impurity states and the AlGaAs insulating barrier. A considerable attention has been paid to the confirmation of the explanation which is proved by
many cross-check measurements, including, apart from the spatially and time-resolved
magneto-optics, the THz time-resolved spectroscopy and the direct electric characterization. The central observation is accompanied by a number of additional investigations
that report on the Dyakonov-Perel relaxation mechanism as the dominant spin-decay
channel, on the degree of spin-polarization of the long-lived system of spins, its stability with respect to the particular layer composition and the effect of the excitation
pulses, or on the nature of the optical spin-injection. Our work also suggests that
some previous studies of the spin-dynamics in conventional QWs containing an insulating superlattice between the conductive layer and the substrate should be revisited.
We have demonstrated that the long-lived optical spin-signals can originate from any
GaAs/AlGaAs interface in the structure, and can mix with the spin-signal from the
QW and, possibly, lead to a misinterpretations.
Spintronic polarimeter based on SDHE. We have developed the idea of the
SDHE-based spintronic solid-state polarimeter proposed in earlier studies. Here, the
degree of the circular polarization of studied light is converted in a Hall-bar device to
a transverse electric voltage using the SDHEs. We have shown that this concept is
realizable even at room temperature and can detect the excitation light power of only
tens of nW. We have demonstrated that the detected signal can be amplified by more
111

than two orders of magnitude by applying a longitudinal electric drift field. The results
were robustly measured thanks to the double light modulation technique that allowed
us to disentangle experimentally the charge and spin-related effects. The observation
was complemented by a spatially resolved study of the charge and spin-related responses
of a Hall-cross which represents a fully spintronic determination of a response function
of the device.
SDHE on a planar pn-junction. We have shown that a large, bias-controlled
expansion of a depleted zone in a quasi-lateral pn-junction can be employed in order
to amplify the SDHE signals by more than one order of magnitude with respect to
the unbiased case. Unlike the experimental arrangement summarized in the previous
paragraph, the increase of the electric drift in the depleted zone is here highly local
and the overall resistivity of the sample is not affected. The low-dimensional nature
of the sample enhances the Dyakonov-Perel spin-relaxation channel and reduces, as
a result, the spin life-time and the corresponding spin drift-length. This property of
the system is favorable for its polarimeter functionality since it guarantees the local
detection of the locally photo-generated spins even in a high electric field reaching the
order of 105 Vm−1 . Furthermore, consistently with the literature, the depleted and
undepleted regimes showed different spin Hall angles or spin life-times. This also gives
some perspectives of a further optimization of such a spintronic polarimeter.
Having in mind the applied potential of spintronics, we believe that the presented
results are of interest not only within the basic spintronics research but also represent
a contribution to concepts of novel spintronic devices. The discovered regime of the
long-range and high-speed spin-transport at the undoped interfaces could be a promising basis for proof-of-concept lateral spin-logic devices, such as spin-transistors or spin
valves, due to the spin-conserving length-scale exceeding 1 µm. Although the long-scale
low-speed spin-transport has been already observed in doped bulk GaAs, the high-speed
character of our systems might bring an important aspect to concepts of high-rate spinlogic devices. The spintronic solid-state polarimeter is, on the other hand, a preferably
local detector converting locally the spin-momentum of photons to electric charge. The
combination of the drift and depletion amplified SDHE-signals in our samples together
with the local character of the detection guaranteed in wide range of electric fields is
promising not only for a single spintronic detector but also for a imaging-like spintronic
polarimeter grids.
Naturally, the work presented here covers the first phases of our research and opens
a number of doors for future investigations, ideas and concepts. The highly mobile
long-lived spin-system could be particularly useful in the context of the drift-related
effects. So far we have studied only the diffusive nature of the spin-transport but
a large in-plane electric field may provide a significantly different spin-dynamics and
allow us to investigate spatially dependent effects, such as the effect of the spin-orbit
fields or the persistent spin-helix. Another perspective for the future work is to shift
the system from 4.2 K to higher temperatures. According to our observations, the
system was studied in conditions close to the optimum. However, it also suggests that
the reduction of the spin life-time with increasing temperature could be compensated
by the increase of the mobility and the thermally enhanced spin diffusion coefficient.
A demonstration of similarly superior spin-transport length and time-scales at higher
temperatures would be the next step towards applications of spin-based transistor and
logic devices.
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[132] Kužel, P. & Němec, H. Terahertz conductivity in nanoscaled systems: effective
medium theory aspects. J. Phys. Appl. Phys. 47, 374005 (2014).
[133] Fukumoto, K., Yamada, Y., Koshihara, S.-y. & Onda, K. Lifetimes of photogenerated electrons on a GaAs surface affected by nanostructural defects. Appl.
Phys. Express 8, 101201 (2015).
[134] Gupta, S. et al. Subpicosecond carrier lifetime in GaAs grown by molecular beam
epitaxy at low temperatures. Appl. Phys. Lett. 59, 3276–3278 (1991).
[135] McIntosh, K. A., Nichols, K. B., Verghese, S. & Brown, E. R. Investigation of
ultrashort photocarrier relaxation times in low-temperature-grown GaAs. Appl.
Phys. Lett. 70, 354–356 (1997).
[136] Prabhu, S. S., Ralph, S. E., Melloch, M. R. & Harmon, E. S. Carrier dynamics of
low-temperature-grown GaAs observed via THz spectroscopy. Appl. Phys. Lett.
70, 2419–2421 (1997).
[137] Smith, P. W. E., Benjamin, S. D. & Loka, H. S. Tailoring of trap-related carrier dynamics in low-temperature-grown GaAs. Appl. Phys. Lett. 71, 1156–1158
(1997).
[138] Rizo, P. J. et al. Optical probing of spin dynamics of two-dimensional and bulk
electrons in a GaAs/AlGaAs heterojunction system. New J. Phys. 12, 113040
(2010).
[139] Baca, A., Ashby, C. & Engineers, I. o. E. Fabrication of GaAs Devices. Materials,
Circuits and Devices Series (Institution of Engineering and Technology, 2005).
[140] Gentili, M., Giovannella, C. & Selci, S. Nanolithography: A Borderland between
STM, EB, IB, and X-Ray Lithographies. Nato Science Series E (Springer Netherlands, 2013).
120

[141] Mino, H., Yonaiyama, S., Ohto, K. & Akimoto, R. Dresselhaus field-induced
anisotropic spin propagation in ZnSe/BeTe type-II quantum wells. Appl. Phys.
Lett. 99, 161901 (2011).
[142] Mino, H. et al. Optically induced long-lived electron spin coherence in ZnSe/BeTe
type-II quantum wells. Appl. Phys. Lett. 92, 153101 (2008).
[143] Wieder, H. H. Problems and prospects of compound semiconductor field-effect
transistors. J. Vac. Sci. Technol. 17, 1009–1018 (1980).
[144] Yablonovitch, E., Skromme, B. J., Bhat, R., Harbison, J. P. & Gmitter, T. J.
Band bending, Fermi level pinning, and surface fixed charge on chemically prepared GaAs surfaces. Appl. Phys. Lett. 54, 555–557 (1989).
[145] Pashley, M. D., Haberern, K. W., Feenstra, R. M. & Kirchner, P. D. Different
Fermi-level pinning behavior on n- and p-type GaAs(001). Phys. Rev. B 48,
4612–4615 (1993).
[146] Ruan, X., Luo, H., Ji, Y., Xu, Z. & Umansky, V. Effect of electron-electron scattering on spin dephasing in a high-mobility low-density two-dimensional electron
gas. Phys. Rev. B 77 (2008).
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Ĥ
Idc
Ipc

Description
amplitude of oscillations of Kerr dynamics
dimensions of Hall-bar structures
angle of incidence of the pump beam on the sample surface
spin Hall angle, effective spin Hall angle
magnetic field (often external)
nuclear magnetic field
spin-orbit field due to the SIA and BIA
spin-orbit effective magnetic field
thickness of the upper GaAs layer
thickness of the long-lived electron sub-system
particle diffusion coefficient
spin-diffusion constant, time-dependent spin-diffusion constant
transient spin-diffusion constant
3D density of states
time-delay of pump and probe laser pulses
time-delay of pump and pump laser pulses
displacement in the x-direction
energy of the spin-split band
electric field
Fermi energy
energy of the bandgap
reduced Fermi energy
modulation frequencies of intensity and polarization of light
Fermi–Dirac distribution
Fermi integral of the order j
electronic g-factor
optical generation rate (photo-carriers per unit time)
quantum of conductivity
gyromagnetic ration (= gs µB /~)
Dresselhaus cubic, linear and Rashba coeffcient
Γ function of Γ point in the reciprocal space
Hamiltonian
dc current
photocurrent
128

Symbol
jc , jŝ
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Appendices
A

Determination of laser beam width

The laser radiation is described by the general Hermite-Gaussian modes [176]. Taking
the first, Gaussian, solution of the wave-equations, we get the approximation by Gaussian beams. At every point in their optical path, the transverse profiles of the electric
field E and the optical intensity I are the Gaussian functions:
 2


 2
r
2r2
r
E = E0 exp − 2 , I = |E|2 = I0 exp − 2 = I0 exp − 2
(A.1)
w
w
wI
√
where r is the radial coordinate, w and wI = w/ 2 are the 1/e-half-widths of the
corresponding Gaussians, and E0 and I0 are prefactors independent of r.
(a)

(b)
1.0

x

2R = 100 µm

IR/I

0.8

x

I

y
z

0.6

50 µm

0.4

w

25 µm

0.2

FWHM

0.0

x

10 µm
0

20

40

60

80

100

w (µm)

Figure A.1: Determination of the laser beam width. (a) A sketch of the scanning
knife method – the beam is partially blocked by a non-transparent screen and the integral
transmitted intensity is detected and evaluated with respect to the position x of the screen.
(b) The pinhole method – the ratio of the intensity IR of light transmitted through a
pinhole with radius R and the total intensity I is evaluated with respect to the beam
1/e-half-width w.

Scanning knife method. The technique employs a non-transparent screen with a
sharp edge (for example a razor blade) on a 1D positioning stage oriented in the x-axis
(see Fig. A.1(a)). The screen moves in the direction perpendicular to the optical path
of the laser and blocks it partially or fully depending on its position. The integral
transmitted intensity of the laser beam is measured with respect to the position of the
screen and is expressed as
"
√ !#
Z ∞Z x
2
x02 +y 02
πw
2x
I(x) =
e−2 w2 dx0 dy 0 =
1 + erf
,
(A.2)
4
w
−∞ −∞

Rξ
where erf(ξ) = 2π −1/2 0 exp −t2 dt is the error function. By fitting Eq. A.2 to
experimentally measured data one gets w or wI . The full width at half maximum of
the distribution of E (FWHM) and of I (FWHMI ) are related to these quantities as
follows
√
√
FWHM = 2 ln 2 w = 2 2 ln 2 wI ,
(A.3a)
√
√
FWHMI = 2 ln 2 w = 2 ln 2 wI .
(A.3b)
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Pinhole method. The laser beam of the integral intensity I is centered on a pinhole
with radius R. The ratio of the transmitted intensity IR to I is then
RR


2πrI(r)dr
IR
2R2
0
= R∞
= 1 − exp − 2 .
I
w
0 2πrI(r)dr

(A.4)

By comparing the experimental value of IR /I to Eq. A.4 one gets w and the corresponding FWHM (Eq. A.3) of the beam. Eq. A.4 is plotted for several common R in
Fig. A.1(b).

B

Optical bridge

The optical bridge is an optical method to measure small rotations of the polarization
plane of linearly polarized light which is convenient particularly for magneto-optical
experiments [177] (see our usage of the bridge in setups in Fig. 2.1 and 2.2). Our
arrangement of the optical bridge is sketched in Fig. B.1(a).

(a)

lock-in
AL

PD A

B

(b)

±

B0
B1

B

s

p

f1

45°

α
α1
A0 A1 A

GT

λ/2
probe

Figure B.1: Usage of the optical bridge. (a) Sketch of a possible bridge arrangement
(see the main text for the meaning of labels). (b) Decomposition of a plane of linear
polarization of a vector of electric field to two detectors A and B in the optical bridge.
In case of the balanced bridge the same signal is detected on both detectors (A0 = B0 ,
diagonal red dashed line), while when the polarization plane is tilted by the angle α from
the balanced position (red solid line), the relative signal on detectors changes (A1 6= B1 ).

We first show the functionality without the excitation of the sample and without
any modulation of the light intensity. The plane of linearly polarized light of the probe
beam is rotated by a λ/2-plate so that it access the polarizing beamsplitter – a GlanTylor polarizer (GT) in our case – in the diagonal orientation with respect to the optical
axis of the beamsplitter. Then the light from both branches is collected by two lenses
and focused on two identical photodetectors – here, the photodiodes (PDs) A and B.
The signals are add or subtracted and amplified by an algebrator (AL) and sent to a
lock-in.
The splitting of the light with respect to its polarization is depicted in Fig. B.1(b).
After the passage through the GT, the electric field in both optical branches (A0 and
B0 ) represents the orthogonal components of the original orientation of the electric
field. Since the bridge is initially balanced (the polarization plane forms the angle of
45◦ with respect to the optical axis of the GT – red dashed line in Fig. B.1(b)), A0 = B0
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and also the intensities (signals) detected by the PDs are IA = A20 = B02 = IB . The
sum of detected signals represents the total intensity of light, I+ = IA + IB , and the
subtrated signal is zero.
If the polarization plane is tilted slightly from its original orientation by the angle
α, the sum signal holds same but the subtracted one changes. If we consider the
basic trigonometric relations for the tilted case and small α, we evaluate the relative
subtracted signals (compare Fig. B.1(b)):
IA − IB
A2 − B12
= 1
= cos2 (α1 ) − sin2 (α1 ) =
IA + IB
I+
= cos(2α1 ) = cos [2 (45◦ − α)] =
=0

=1

z }| {
z }| {
= cos(90◦ ) cos(2α) + sin(90◦ ) sin(2α) =
= sin(2α) ≈ 2α.

(B.1)

In reality the signals are small, therefore the modulation of light by a chopper wheel
(with frequency f1 ) is often used in order to increase the signal-to-noise ratio. Then,
the lock-in set at f1 measures the sum and subtracted signals ∆I+ = ∆IA + ∆IB and
∆I− = ∆IA − ∆IB , where ∆Ii = Iion − Iioff for i = A, B and Iion and Iioff being the
signals measured with and without the excitation light (pump beam) on the sample,
respectively. If we differentiate the first and last term in Eq. B.1, we get the excitationinduced rotation of the polarization plane ∆α
∆α =

off ∆I − I off ∆I
IB
∆IA − ∆IB
∆I−
A
B
A
=
=
.

2
off
off
off + I off
2I+
2 IA + IB
IA
B

(B.2)

off = I off for the balanced bridge. Similarly, the differencial
The second equality uses IA
B
reflectivity is
∆R
∆I+
=
.
(B.3)
R
I+
off + I off is the
In the language of the harmonic signals detected by a lock-in, I+ = IA
B
so called “chopped probing”, which stands for the lock-in value of the sum signal from
the detectors if the excitation light is blocked and the chopper wheel is modulating the
probe light.

C

Degree of circular polarization

Jones calculus. The polarization of light can be conveniently described by the Jones
calculus [178]. Let us first summarize the useful Jones vectors and matrices for basic
optical elements whose optical (main) axes form an arbitrary angle θ with the x-axis
(see Fig.). If we define the Jones vector as


Ax eiΦx
Y =
,
(C.1)
Ay eiΦy
where Ai = ai e−iωt are the complex amplitudes and Φi their absolute phases, then
the representations for the basic optical states and elements are: the horizontally and
vertically polarized light, H and V ,
 
 
1
0
H=
, V =
,
(C.2)
0
1
133

the linear polarizer LP (θ) whose optical axis is tilted from the horizontal orientation
by φ, the left- and right-hand circular polarizers, LCP and RCP ,


cos2 (θ)
cos(θ) sin(θ)
LP (θ) =
,
(C.3)
cos(θ) sin(θ)
sin2 (θ)


1 1 −i
LCP =
,
2 i 1



1 1 i
RCP =
,
2 −i 1

(C.4)

the λ/2 and λ/4 wave-plates, HWP (θ) and QWP (θ), and an arbitrary wave-plate with
retardation by δ = Φy − Φx , WP (θ, δ),

HWP (θ) =


cos(2θ)
sin(2θ)
,
sin(2θ) − cos(2θ)


cos2 (θ) + i sin2 (θ) (1 − i) sin(θ) cos(θ)
,
(1 − i) sin(θ) cos(θ) sin2 (θ) + i cos2 (θ)


cos2 (θ) + e−iδ sin2 (θ) (1 − e−iδ ) sin(θ) cos(θ)
WP (θ, δ) =
.
(1 − e−iδ ) sin(θ) cos(θ) sin2 (θ) + e−iδ cos2 (θ)
QWP (θ) = eiπ/4

(C.5)



(C.6)

(C.7)

From these components one can construct polarization states in a setup by multiplying
the corresponding matrices. The resulting polarization state Z of the original state Y
after a passage through optical elements, described successively by Jones matrices X1
and X2 , is represented by their matrix product: Z = X2 · X1 · Y .
Degrees of polarization. Degrees of the linear and circular polarization are important parameters in many optical experiments. They are usually described by the Stokes
parameters or vectors which can be expressed using the Jones calculus.
The intensity, I, the degree of linear horizontal (vertical), DLP , of linear diagonal, DLPD , and of circular counter-clockwise (clockwise) polarization of light, DCP ,
described by the Jones vector Y normalized to unity are defined as
I = |LP (0) · Y |2 + |LP (π/2) · Y |2 = I↔ + Il ,

(C.8)

DLP = |LP (0) · Y |2 − |LP (π/2) · Y |2 = I↔ − Il ,

(C.9)

2

2

DLP D = |LP (π/4) · Y | − |LP (3π/4) · Y | = I% − I- ,
DCP = |LCP · Y |2 − |RCP · Y |2 = I − I .

(C.10)
(C.11)

ˆ
The quantity Iξ̂ is the intensity of light of the corresponding polarization mode ξ.
Note that all parameters are defined using the intensities of light that are transmitted
through a pair of specific polarizers and are, therefore, well experimentally determinable
quantities.
Practical quantities of polarization quality. In cases when one wants only to
distinguish whether the polarization state is more linear-like or circular-like polarized,
there are defined new quantities that we call the quality of linear or circular polarization,
QLP or QCP :
|LP (θmin ) · Y |2
Imin
=
,
2
|LP (θmax ) · Y |
Imax
p
E /
1 + QLP
QCP =
=
,
2
E + E
QLP =
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(C.12)
(C.13)
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Figure C.1: Differences in the definition of DCP vs. QCP . Two parameters defining
the purity of the circular polarization |DCP | and QCP are evaluated using Eqs. C.11 and
C.13 for light described by the Jones vector Y = QWP (π/4) · HWP (θ) · H, where H is the
horizontally polarized light (Eq. C.2). The absolute value of DCP is plotted due to clarity
reasons.

where E = < [LCP · Y ] or E = < [RCP · Y ] are the real amplitudes of the left or
right-hand circularly polarized modes. QLP is sometimes called the extinction coefficient for linearly polarized light and represents the ratio of intensities transmitted
through a polarizer if it is rotated to angles θmin and θmax corresponding to the minimal
and maximal transmitted intensity, Imin and Imax , respectively. QCP is the ratio of the
amplitude of the dominant circularly polarized mode ( or ) and the total amplitude
of the electric field. The typical values of QLP for light polarized by a quality polarizer
can reach 10−6 , and increases if other optical elements are placed to the optical path.
The typical QCP for a light polarized handled by a quality polarizer and λ/4-waveplate
is commonly > 98 % and can decrease to ∼ 90 % after passage through (nominally)
non-polarizing optical elements.
We emphasize that many physical effects scales with the intensity of polarization
modes, not with the amplitude of the corresponding electric field. For example, the
spin-dependent Hall effect scales linearly with DCP , not with QCP – see Fig. 4.29 on
page 105. The difference in the definition of DCP and QCP with respect to angle θ of
a λ/2-waveplate in the optical setup QWP (π/4) · HWP (θ) · H is plotted in Fig. C.1.

D

Photoelastic modulator

The photoelastic modulator (PEM) is a very useful tool not only for polarizationdependent optical experiments. The detailed description can be found in Refs. 177,178.
In our text we consider it as a time-dependent arbitrary phase waveplate whose relative
phase retardation is harmonically varying at frequency fPEM from 0 → δPEM → 0 →
−δPEM → 0 → . . ., which can be conveniently described by WP [θPEM , δPEM (t)] from
Eq. C.7 with δPEM (t) = δPEM sin(fPEM t) (see Fig. D.1(a)).
There are two principal modes of operation of the PEM: λ/4-mode when δPEM =
π/2 and λ/2-mode when δPEM = π. The former one switches the polarization states
from to  (see Fig. D.1(b)), the latter one provides a more complicated dependence
(see Fig. D.1(c)). It is evident from Figs. D.1(a,b) that one can measure the effect
of the circular and linear polarization by using the PEM in λ/4-mode and the lock-in
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Figure D.1: Time-dependence of polarization states on PEM phase. (a) The
PEM changes the retardation of l and ↔ modes at the frequency fPEM . The black curve
represents both the fundamental reference signal and the applied δPEM (t) with the extremal
retardation π/2 or π according to the operation mode of the PEM. The grey curve is double
reference signal 2fPEM , phase-shifted for clarity – note that the retardation is not changed
at this frequency. (b) The intensity of modes l, ↔,
and  and the DCP and DLP
with respect to laboratory time for the PEM operating in the λ/4-mode. We see that the
circular modes switch at fPEM , while the linear modes at 2fPEM . DLP D for the diagonal
modes is not modulated and is identically equal to zero. (c) The same dependencies for
the λ/2-mode.

detection set to fPEM and 2fPEM , respectively.
Fig. D.2 shows the dependence of DCP , DLP and DLP D of light Y resulting from
the setup described by Y = WP [π/4, δPEM (t)]·HWP (θ)·V as a function of the rotation
of a λ/2-waveplate by the angle θ and certain values of δPEM . The black curve is used
in the analysis of the SDHE in Fig. 4.29 in Sec. 4.3.1.

E

Technological recipes

In the following itemized recipes, we list the parameters for the particular steps in the
technology of the fabrication of devices.
Optical lithography
1. Preparation of sample: acetone bath, isopropanol (IPA) bath (3×); eventually
acetone bath in ultrasound (tens of second); eventually removal of the topmost
surface layer (a few nm) by O2 plasma etching (100% O2 , 0.5 mbar, 12 W, 30 sec.),
then removal of the created oxides by 20% HCl (a few sec.), water bath.
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Figure D.2: Degrees of polarization generated by the PEM for a rotated input
polarization plane. The differential degree of polarizations, ∆DCP = DCP (δPEM =
π/2) − DCP (δPEM = 0) and similarly for ∆DLP and ∆DCP D , of light Y resulting from
the setup described by Y = WP [π/4, δPEM (t)] · HWP (θ) · V as a function of the rotation of
a λ/2-waveplate by the angle θ. These values correspond to the amplitude of modulation
of the degree of polarization by the PEM, i. e., the detectable signal by a lock-in set at
the corresponding frequency fPEM or 2fPEM . Note that the diagonally polarized modes
are not modulated and, thus, are not detectable by the lock-in.

2. Coating by resist: coating by primer (MCC 80/20, open centrifuge 5000 rpm,
30 sec.), coating by a filtered resist (negative: maN 1410, positive: maP 1215,
open centrifuge 5000 rpm, 30−60 sec.), drying on a hot plate (100◦ C, 2 min.).
3. Exposition: UV exposition by a Hg lamp (spectral lines 436, 405 and 365 nm)
through a metal mask deposited on a glass wafer, time 160 sec., dose 140.
4. Development: bath in developer 40−90 sec. (maD 533/s for negative resist,
maD 331 for positive resist), water bath.
Electron lithography
1. Coating by resist: preparation identical as 1. in the optical lithography; no
primer, coating by the filtered PMMA A4 or A6 (centrufuge 5000 rpm, 60 sec., A4
resist thickness ∼ 200 nm, A6 ∼ 350 − 400 nm); eventually cover by a conductive
espacer for insulating wafers (300Z); drying on a hot plate 120◦ C, 2 min.
2. E-line exposition: 10/30 (standard)/60 µm apertures, respectively: step size
10/20/100 nm, area dose 120 µAs/cm2 , working distance 28 mm, beam current
∼ 30/200/890 pA.
3. Development: 30 sec. bath in developer MIKR:IPA 1:3, stopper IPA
Wet etching
• Etching of trenches (anisotropic): (001)-grown GaAs, results in sharp edges
of trenches; bath in either (A) H3 PO4 (85%):H2 O2 (30%):H2 O in dilution ratio
1:10:40 (fast etching, ∼ 700 nm/min.) or (B) H3 PO4 (85%):H2 O2 (30%):H2 O in
dilution ratio 1:10:400 – in other words A:H2 O in ratio 1:9 (slow etching, ∼
65 nm/min).
• Etching of trenches (isotropic): results in oblique edges of trenches; bath
in “K2” solution of H2 SO4 (9%):H2 O2 (3%):C4 H6 O6 (5%) in dilution ratio 1:1:2,
110 nm/min.
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• Time-etching of the n-layer in pn-structures: solution of type (A) creates
deep notches at the forming pn-edge, therefore instead of (A) it is used solution
A:C4 H6 O6 (5%):H2 O in dilution ratio 1:2:7, ∼ 60 nm/min. (C4 H6 O6 stabilizes
the etched products, prevents the formation of deposits on the surface and homogenizes the etching).
• Selective etching of the n-layer in pn-structures: first removal of GaAs
cap by one of the previous solutions, then ∼ 10 sec. in HF (40−50%) – selective
etching of Alx Ga1−x As for x & 0.4.
Dry etching
• Slow etching of GaAs and AlGaAs:
1. Activation of the surface: 10 min., pressure 3 mTorr, strike pressure
30 mTorr, RF 7 W, ICP 0 W, gas: Ar 11 sccm.
2. Flush of the chamber: 10 sec., pressure 20 mTorr, RF 0 W, ICP 0 W,
gas: SiCl4 10 sccm.
3. Reactive etching: pressure 2 mTorr, strike pressure 30 mTorr, RF 8 W,
ICP 10 W, gasses: Ar 6 sccm, SiCl4 6 sccm; etching rate ∼ 50 nm/min.
• Selective etching of GaAs: stops at AlGaAs, the same recipe as the preceding
but with the gas composition: Ar 10 sccm, SiCl4 5 sccm, SF6 5 sccm.
Contact deposition/soldered contacts
• AuGeNi contancts on n-doped 2DEGs:
1. Cleaning: O2 plasma through a developed mask (100% O2 , 0.5 mbar, 12 W,
30 sec.), 25% HCl (a few sec.).
2. Deposition: initial pressure < 10−6 torr, evaporation of the whole volume
of the used pellet of ∼ 200 mg of the AuGeNi alloy the at the evaporation
rate ∼ 1 Å/s, final pressure not exceeding ∼ 2 × 10−5 torr, resulting in
a ∼ 50 nm thick layer.
3. Lift-off: bath in acetone, eventually in ultrasound (∼ 5 sec.).
• Au/Cr contacts on p-doped bulks:
1. Identical as steps 1 for the AuGeNi deposition.
2. Evaporation: first layer Cr – initial pressure < 3 × 10−6 torr, evaporation
rate ∼ 0.05 − 0.2 Å/s, layer thickness ∼ 3 nm, second layer Au – rate
∼ 1 − 1.5 Å/s, layer thickness ∼ 50 nm, final pressure < 2 × 10−5 .
3. Identical as step 3 for the AuGeNi depositon.
• Soldered In contacts: ultraclean indium, soldering iron at temperature ∼
320◦ C, one short contact of iron with the sample surface (the surface is a few
times scratched by a diamond stylus)
Annealing of contacts: Only the AuGeNi and In contacts for n-doped 2DEGs have
to be annealed.
• Hot plate in chamber filled with flowing forming gas (N2 +H2 , 350 ccm, 290 mbar),
450◦ C, 5 min., ramp 500◦ C/min., ideally following a sequence of cleaning procedures (same recipe but without sample).
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F

Laser power, fluence and photo-carrier density

The energy of radiation of a pulse fs-laser can be expressed in several ways. The most
easily experimentally accessible value is the average power P – the time-independent
value measured by a “slow” detector. The other important power-related quantities can
be expressed from P . We show them together with numerical formulas and resulting
values for an example of GaAs with parameters indicated in parentheses.
Let us consider the laser repetition rate f (80 MHz), wavelength λ (800 nm) and
laser beam or spot diameter (FWHM) d (25 µm) with surface S = πd2 /4. Then the
laser fluence Ep (J·m−2 ), the surface density of energy in one pulse, on the sample
surface is


P
P [mW]
−2
Ep =
mJ
·
cm
.
(F.1)
≈ 127.3 ×
fS
f [MHz] (d [µm])2
The fluence inside the topmost layer of the sample Ep∗ , if the sample is
characterized by the index of refraction n (3.68) and, thus, the reflectivity at normal
incidence R = [(n − 1)/(n + 1)]2 , is expressed as
Ep∗ = (1 − R) Ep .

(F.2)

The bulk density of photo-generated carriers n (cm−3 ) is then (if the sample
has the absorption coefficient α (1.39 × 104 cm−1 ))
 





αEp∗ λ
= 5.03 × 109 × α cm−1 Ep∗ mJ · cm−2 λ [nm] cm−3 ,
hc


α cm−1 P [mW] λ [nm]  −3 
14
,
cm
n = 6.41 × 10 × (1 − R)
f [MHz] (d [µm])2
n=

(F.3a)
(F.3b)

which for the mentioned example of the GaAs sample (and P = 5 mW) gives
nGaAs = 4.8 × 1017 cm−3 .
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(F.4)
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