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Chapter 1

Introduction

With central processing units, memory devices, and network switches operating at incon-
ceivable speeds and capacities, today’s solid state electronics enables data processing,
storage, and communication capabilities which are unprecedented in human history.
Having followed the trajectory initially observed by Moore [1] and Dennard [2] for
50 consecutive years, the ongoing miniaturization of semiconductor electronic devices
and the accompanying decrease in device power consumption has reliably driven the
progress of information technology for decades. However, this development will come
to an end in the near future [3,4].

With the fabrication of 14 nm feature sizes commercially available today, semicon-
ductor electric circuits are rapidly approaching length scales at which detrimental quan-
tum effects severely affect device performance [5]. Moreover, with the advent of mobile
computing applications and the rise of green computing ideals, the focus of attention
has shifted towards low power consumption and instant-on architectures which are dif-
ficult to implement using available technology.

To overcome these challenges, spin transport electronics, or spintronics, was con-
ceived at the turn of the millennium as a new paradigm for information storage and
processing [6-9]. The basic idea behind this paradigm is conceptually simple. While
conventional semiconductor electronics relies on electric charge as the carrier of in-
formation, spintronics aims to either replace or supplement the role of charge by the
electron spin degree of freedom. This approach promises numerous advantages includ-
ing nonvolatility, higher data processing speed, a reduction of electric power consump-
tion, and improved integration densities compared with conventional semiconductor
devices [8].

The realization of practical semiconductor spintronic applications, however, has pro-
ved extremely challenging [10]. The implementation of spintronic devices demands
for the precise control of the injection, storage, manipulation, transfer, and detection of
electron spin coherence in solid state systems. A prerequisite for the mastery of these
operations is the development of a coherent understanding of the fundamental processes
that govern electron spin decoherence, relaxation, and transport in semiconductors.

Spin-sensitive magneto-optical spectroscopy has emerged as a particularly successful
technique for the exploration of electron spin dynamics in solid state systems. Magneto-
optical spectroscopy arguably is the most widely used tool for the investigation of spin
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phenomena in direct band gap semiconductors. Taking advantage of the spin selectivity
of the optical interband transitions in zincblende-type crystals, spin polarized electrons
are excited by above-bandgap illumination of the sample with a circularly polarized
pump laser. In its simplest form, magneto-optical spectroscopy then infers the state
of the electron spin system by using the degree of circular polarization of the photo-
Iuminescence (PL) as a tracer for the electron spin polarization. Photoluminescence
spectroscopy, however, depends on the simultaneous presence of conduction band elec-
trons and valence band holes and is therefore limited to time and length scales on the
order of the minority carrier lifetime and the ambipolar charge diffusion length.

A more sophisticated approach, magneto-optical Kerr effect (MOKE) spectroscopy,
eludes these limitations by deducing the electron spin polarization from a measurement
of the change of the major axis of optical polarization, the Kerr rotation, of a second
probe laser which is reflected from the sample surface [11]. Using fast pulsed laser
sources and strong focussing optics, pump-probe MOKE microscopy allows for the
investigation of the electron spin system with femtosecond time and micrometer spatial
resolution with ultra-high sensitivity down to the single-spin level.

Pump-probe MOKE spectroscopy has been used in a wide range of beautiful ex-
periments to study electron and hole spin transport and relaxation processes in bulk
semiconductors, semiconductor heterostructures, quantum wells (QWs), and quantum
dots (QDs). Notable applications of MOKE and the closely related Faraday rotation
microscopy [12] include the first observation of electron spin lifetimes in excess of
100ns [13] and spin drift over macroscopic distances exceeding 100 um in bulk n-
GaAs [14], the study of optically excited electron spin packets subject to electric,
magnetic, and strain fields [15], the optical investigation of electrical spin injection
in n-GaAs channels [16], the detection of current-induced electron spin polarization in
strained nonmagnetic semiconductors [17], the first observation of the spin Hall effect
in bulk [18] and low-dimensional semiconductors [19], the magneto-optical read-out
of single electron spins in QDs [20,21], and direct real-space mapping of the formation
of a persistent spin helix in a two-dimensional electron system [22].

The majority of these magneto-optical experiments have been performed at liquid
helium temperatures. It is well established — but perhaps not widely appreciated — that
under conditions typically found in such experiments, in semiconductors the electron
temperature 7, can significantly exceed the lattice temperature 77 as a result of the
deposition of excess energy in the electron system by above-bandgap optical exci-
tation [23-28]. This effect is most pronounced at very low lattice temperatures for
which the energetic coupling between the electron system and the lattice is weak [29].
Moreover, the optical power densities for which an overheating of the electron system
is observed easily fall below typical excitation intensities in pump-probe MOKE mi-
croscopy which result from the necessity to strongly focus the pump laser to achieve
high spatial resolution while exciting a detectable electron spin polarization. At low lat-
tice temperatures, pump-induced carrier heating therefore is inherent to the nonresonant
optical spin excitation in two-color MOKE microscopy and virtually cannot be avoided.



Surprisingly, the significance of this photocarrier heating for both the electron spin
dynamics and the magneto-optical electron spin detection has been widely overlooked
in the pioneering works on spatially resolved Kerr spectroscopy. With the present thesis
Hot spin carriers in cold semiconductors we intend to close this gap by providing
a comprehensive investigation of hot carrier effects in low-temperature pump-probe
MOKE microscopy.

We establish in this thesis that the influence of hot photocarriers on electron spin
MOKE microscopy is twofold. We demonstrate that the presence of hot electrons
strongly affects both the fundamental aspect of pump-probe Kerr microscopy, the cor-
rect magneto-optical electron spin detection, and the subject of investigation, the elec-
tron spin transport processes.

We have developed a new ultrafast supercontinuum fiber-laser based pump-probe
scanning MOKE microscope which allows to investigate the electron spin dynamics
with picosecond time and micrometer spatial resolution. Using this instrument, we
focus our work on two particularly important model systems which are archetypal
for the magneto-optical investigation of semiconductor spin phenomena, bulk n-doped
gallium arsenide (GaAs) and GaAs-based QWs grown along the non-conventional
crystallographic [110] direction.

The surprising discovery of 100 ns low-temperature spin relaxation times in bulk n-
GaAs doped close to the metal-insulator-transition [13] and the experimental proof that
it is possible to transfer spin polarized electrons in semiconductors over macroscopic
distances [14] provided the ignition for the field of semiconductor spintronics. Attracted
by the potential applications made possible by these findings, the majority of the early
MOKE microscopy work has focused on the n-GaAs system [15, 16,30-34].

Likewise, the observation of nanosecond spin dephasing times at room temperature
in (110) GaAs QWs [35] constitutes a next crucial step towards the implementation of
practical spintronic devices. Such sufficiently long dephasing times combined with their
comparatively high electron mobilities make two-dimensional electron gases (2DEGs)
embedded in (110) QWs promising candidates for conducting channels in spintronic
device concepts [36]. Moreover, (110) QWs are particularly interesting for the inves-
tigation of the fundamentals of electron spin dephasing in semiconductors. In (110)
QWs a reduction of symmetry with respect to the bulk material leads to the suppression
of the usually dominant Dyakonov-Perel electron spin dephasing [37] which then is
superseded by other relaxation mechanisms. Gallium arsenide (110) QWs therefore
provide a valuable testbed for the theoretical understanding of electron spin relaxation
processes and are extensively investigated by magneto-optical spectroscopy [38—46].

For both systems we demonstrate the strong impact of hot carrier effects on the low-
temperature magneto-optical electron spin detection and the spin transport properties.






Outline

The aim of the present work is to provide a comprehensive investigation of hot carrier
effects in low-temperature pump-probe MOKE microscopy of the electron spin diffu-
sion in semiconductors. The outline of this thesis is as follows:

Chapter 2 is the first of a series of three chapters that introduce the fundamentals
of semiconductor spin physics, hot carrier energy relaxation, and the magneto-optical
electron spin detection. We here review the electronic states and their optical excitations
in bulk semiconductors and QWs and describe the optical injection of spin polarized
electrons by the absorption of circularly polarized light.

In chapter 3 we introduce the Larmor precession and spin quantum beats, electron
spin relaxation and dephasing, and electron spin diffusion. These phenomena are the
hallmarks of optically induced electron spin dynamics in semiconductors. We describe
how two particularly important parameters, the electron spin relaxation time and the
electron spin diffusion coefficient, are obtained from time- and spatially resolved ob-
servations of these processes. We conclude by introducing the photoinduced magneto-
optical Kerr effect, the experimental probe which we later use for the electron spin
detection.

In chapter 4 we discuss the optical excitation of hot photocarriers and their thermal-
ization and energy relaxation by carrier-carrier and carrier-phonon scattering. We then
introduce the electron-acceptor PL thermometry technique which we later use for spa-
tially resolved electron temperature spectroscopy.

In chapter 5, the first of two chapters concerned with general experimental methods
and materials, we describe our optical instrumentation. We provide a detailed character-
ization of our ultrafast supercontinuum fiber-laser based pump-probe scanning MOKE
microscope and briefly describe our microphotoluminescence experiment.

In chapter 6 we introduce the samples that are investigated in this thesis. For each
specimen we provide a description of the sample structure and use standard PL spec-
troscopy to identify the optical transitions which are relevant to the following MOKE
microscopy measurements.

In chapter 7 we present our continuous-wave (cw) MOKE microscopy results. We
first establish that a thermal gradient in the electron system, a byproduct of the optical
spin injection by the pump laser, locally disturbs the interrelationship between the
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electron spin polarization and the experimentally observed Kerr rotation. Because of
this disturbance, cw MOKE microscopy using an arbitrary probe wavelength in general,
and contrary to common belief, does not correctly reveal the true local electron spin
density. We demonstrate different ways to overcome this limitation and to correctly
measure the electron spin profile.

We next consider the influence of hot carriers on the steady-state electron spin dif-
fusion process. Owing to the high kinetic energy of the photoexcited electrons, the
spin transport properties observed in optical spectroscopy studies may strongly deviate
from the intrinsic properties of the examined system. We present a modified spin dif-
fusion model which is capable of separating the intrinsic spin diffusivity from the hot
electron contribution and thereby allows us to obtain spin transport parameters of the
undisturbed system. Using a combination of Hanle-MOKE spin relaxation time mea-
surements and steady-state MOKE microscopy we determine the intrinsic temperature
dependence of the electron spin diffusion coefficient of a bulk n-GaAs sample.

In chapter 8 we demonstrate that our newly developed supercontinuum MOKE mi-
croscope is operational for time-resolved spectroscopy. We therefore first study the co-
herent spin transfer across a semiconductor heterointerface. We show that our two-color
instrumentation allows us to selectively excite and probe the electron spin polarization
in a bulk GaAs layer and a modulation-doped QW in a complex semiconductor het-
erostructure. We quantitatively analyze two-color Kerr rotation transients and obtain
important parameters such as effective g-factors, spin relaxation times, and the average
electron capturing time from the surrounding barriers into the QW.

We then present a first example of our picosecond-resolved MOKE imaging tech-
nique that allows us to directly observe the time-evolution of optically excited electron
spin packets in real-space with high spatial and temporal resolution. Using this tech-
nique we determine the temperature dependence of the electron spin diffusion coeffi-
cient of a 2DEG in a (110) QW.

In chapter 9 we return to our investigation of hot carrier effects. We use time-resolved
MOKE microscopy to study the transient low-temperature electron spin diffusion in
bulk GaAs. We directly measure the time dependence of the electron spin diffusion
coefficient from the momentary expansion rate of the spin packet. We find that the spin
diffusion coefficient is strongly reduced with increasing time. Quantitative analysis and
comparison with our previous cw spectroscopy data demonstrates that this decrease is
caused by the transient cooling of the hot photocarriers.

We conclude by summarizing in chapter 10 the main results of this thesis.



Part 1

Fundamentals and Theory






Chapter 2

Electronic states and optical
transitions

This is the first of three chapters that provide an introduction to the the fundamentals
of electron spin physics in semiconductor heterostructures and their magneto-optical
spectroscopy. We here summarize the quantum mechanical description of the elec-
tronic states in direct band gap semiconductors and establish the selection rules and the
polarization of the optical interband transitions between these states.

To keep this work self-contained, we first briefly review the basic properties of the
electronic states in bulk zincblende-type semiconductors, the cubic crystal system GaAs
belongs to. We focus on the description of the electron and hole states close to the
Brillouin zone center which are most relevant to the magneto-optical electron spin
spectroscopy. After establishing the symmetry properties of the electronic states in bulk
GaAs, we next describe the influence of spatial confinement, realized by the epitaxial
growth of semiconductor heterostructures, on the electron and hole wave functions.

In the second part of the chapter we review the quantum mechanical treatment of the
optical interband transitions in bulk and low-dimensional semiconductors. We detail
how the symmetry properties of the electron and hole wave functions govern the al-
lowed optical transitions and their polarization and introduce the concept of optical spin
injection, the above-bandgap excitation of spin polarized conduction band electrons by
circularly polarized light.

2.1 Electronic states in bulk zincblende-type
semiconductors and quantum wells

2.1.1 Crystal structure of gallium arsenide

We first recall the basic crystalline properties of the material system under investigation,
GaAs. Gallium arsenide is a III-V binary semiconductor composed to equal parts of
gallium (Ga) and arsenic (As) ions. Similar to the majority of III-V semiconductors,
GaAs crystallizes in the cubic zincblende structure.

The zincblende structure shown in Fig. 1 (a) consist of two face-centered cubic
(fcc) sublattices which are populated by the Ga and As ions, respectively. The room
temperature lattice constant of the cubic unit cell of GaAs is ag = 5.65 A [49]. The fec



2.1 Electronic states in bulk semiconductors and quantum wells

Figure 1: (a) The GaAs cubic unit cell. Adapted from [47]. (b) First Brillouin zone of the
fce Bravais lattice of GaAs. The high-symmetry I', L, and X points in k-space are found
at the Brillouin zone center and at the intersections of the (100) and (111) axes with the
zone boundary. Adapted from [48].

sublattices are displaced by (v/3/4)ag against each other along the cube main diagonal
[111] direction, i.e. each Ga ion is tetrahedrally surrounded by four As ions and vice
versa [50]. The tetrahedral chemical bonds are derived from sp3 hybridized orbitals
formed by the s and p valence electrons of the neighboring ions and are, as is typical
for most III-V compound semiconductors, of mainly covalent nature.

The first Brillouin zone of GaAs, a truncated octahedron, is shown in Fig. 1 (b). The
high-symmetry I', L, and X points in k-space are found at the Brillouin zone center and
at the intersections of the (100) and (111) axes with the zone boundary.

We describe in the following how the symmetry of the semiconductor crystal struc-
ture governs both the allowed optical excitations and important aspects of the electron
spin dynamics. The tetrahedral symmetry of the GaAs lattice is directly reflected by the
electronic wave functions which, in combination with the action of spin-orbit coupling,
enables optical spin excitation. Moreover, in contrast to elemental semiconductors with
diamond structure (e.g. germanium and silicon), the GaAs crystal structure lacks inver-
sion symmetry. This absence of inversion symmetry gives rise to the Dyakonov-Perel
spin relaxation mechanism which is usually dominant in n-doped bulk GaAs (compare
section 3.1.2).

2.1.2 Electronic band structure of gallium arsenide

We next briefly review the electronic band structure of GaAs. Inspection of the band
diagram shown in Fig. 2 (a) reveals that GaAs is a direct band gap semiconductor. Us-
ing double group notation, the degenerate energy maxima of the highest occupied I';
and I'g valence bands (VBs) and the minimum of the lowest unoccupied I'q conduction
band (CB) coincide at the Brillouin zone center k = 0. The fundamental energy gap
between the I'¢ conduction band and the I's valence bands is Egy, = 1.519¢€V at liquid
helium temperature [51]. The I'; valence band is shifted by Ago = 0.34eV towards
lower energies by spin-orbit interaction.

10
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Figure 2: (a) Electronic band structure of GaAs calculated by the empirical pseudopoten-
tial method. The zero point of the energy scale is taken to coincide with the top of the
valence band. The symmetries of the respective bands are denoted using double group
notation. Adapted from [47]. (b) Conduction and valence band dispersion along the high
symmetry <001> and <111> axes in the vicinity of the I" point obtained from a standard
k - p calculation [52]. Note the strong valence band warping.

The optical properties of GaAs in the visible and near-infrared spectral range are
governed by electric dipole interband transitions. The transitions which are relevant
for the present work take place in the Brillouin zone center between the I'g conduction
and I'g valence bands. In the following we first consider the atomistic origin of the
participating electronic states. We then provide a quantum mechanical description of
the possible optical transitions and discuss the associated selection rules which govern
the optical spin injection.

From a tight-binding perspective, the I's CB states are derived from antibonding o
orbitals and possess s-type symmetry. The I'7 and I's VBs are formed from bonding 7
orbitals and the associated hole states are of p-type symmetry [47]. The otherwise six-
fold degeneracy of the valence bands is lifted by spin-orbit coupling as detailed below.
Each of the three hole subbands and the conduction band are twofold degenerate at the
I' point. As discussed in detail in section 3.1.2, this degeneracy is lifted for k # 0 by
the Dresselhaus effect. The Dresselhaus effect arises as a consequence of the absence
of inversion symmetry in zincblende-type semiconductors and leads to an additional
energetic splitting of the electronic states, the bulk inversion asymmetry splitting [53].
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2.1 Electronic states in bulk semiconductors and quantum wells

2.1.3 Symmetry and wave functions

We now turn to a more formal quantum mechanical description of the electronic states
in zincblende semiconductors. For the following discussion we first neglect spin-orbit
interaction. As a starting point for the construction of the electron and hole wave func-
tions we use the stationary one-electron Schrédinger equation:

p2

Hoy = <2 +V(r)> Vv=Ey 2.1)
mo
for the motion of an electron of mass myg in a potential V(r). Here p denotes the
momentum operator and E is the energy of the respective eigenstate |y) of the Hamilton
operator Hy.
For a spatially periodic crystal potential V(r) = V(r +R;), where R is an arbitrary
Bravais lattice vector, the solutions of Eq. (2.1) are Bloch functions of the form:

Yk (l‘) = eik.run,k (I‘) 2.2)

The wave vector Kk is restricted to the first Brillouin zone and n denotes the band index.
The lattice periodic functions u, k(r) = u, k(r+ R;) share the translation invariance of
the Bravais crystal lattice.

While explicit expressions for u, k (r) in general are not available, important proper-
ties of the lattice periodic part of the Bloch functions can be deduced from symmetry
arguments. From Neumann’s principle, the symmetry group of any physical property of
a crystal will include the symmetry elements of the point group of the crystal lattice [54].
As a consequence, each Bloch function associated with a high symmetry point in the
first Brillouin zone is invariant under the same transformations as the respective point
in k-space. We will in the following use this property to deduce expressions for the
conduction and valence band states at the I point, i.e. at k = 0.

The point group of zincblende-type semiconductors is 7y [55]. Group theory shows
that the CB function u¢(k = 0,r) transforms in the same way as the atomic s wave func-
tion under symmetry operations that map a tetrahedron onto itself. Similar symmetry
considerations can be applied to the valence band hole states. At k = 0 the threefold
degenerate valence band states can be chosen as eigenfunctions of the Z-component of
the orbital momentum operator L, with magnetic quantum numbers m; = {0,+1} [47].

It is convenient for the following discussion to choose a basis of valence band wave
functions which transform similar to the atomic py, py, and p; orbitals under operations
of the point group 7. Following the usual convention, the lattice periodic parts of these
conduction and valence band functions are denoted as |S), |X), |Y), and |Z) [47].

We next consider the influence of spin-orbit interaction on the electron and hole wave
functions. Spin-orbit interaction is a relativistic effect which stems from the magnetic
moment p = —(gup/h)S of the electron spin S. Here g is the Landé g-factor, 7 is the
reduced Planck constant, and tp is the Bohr magneton. The Hamiltonian of the spin-
orbit interaction can be derived from a series expansion of the Dirac equation up to
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2.1.4 Electron and hole dispersion near the I" point

terms of order (1/c?) as [56]:

h
Hso = —— (VV . 23
so PR (VWWxp)-o (2.3)

with the speed of light c. The three components of o are the spin-1/2 Pauli matrices [57].

For GaAs which contains the heavy As anion, the influence of spin-orbit interaction
on the electronic states close to the Brillouin zone center is rather strong. This is seen
from the comparatively large value of the spin orbit splitting Ago = 0.34eV. Moreover,
and most important for the polarization of the electric dipole interband transitions, the
symmetries of the valence band hole wave functions are strongly changed by spin-orbit
interaction.

When including Hsg in the Schrodinger equation Eq. (2.1), the lattice periodic func-
tions |X), |Y), and |Z) are no longer eigenfunctions of the total Hamilton operator.
Instead, when treating Hsp as a perturbation, the eigenfunctions of the Hamiltonian
including Hso can be chosen to be eigenstates of the total orbital momentum operator
J =L+ S with quantum numbers J = {1/2,3/2} [58]. The resulting basis functions
are known as the angular momentum representation [59]. The new eigenfunctions of
the Hamiltonian including Hso are linear combinations of product states of the |S), |X),
|Y), and |Z) orbital wave functions with the two eigenfunctions of the spin operator
S = (7/2)0, the spinors |1) and |J.) [60]. Explicit expressions for these linear combina-
tions are given in Table 2.1. For the arbitrary phase of the normalization constants we
follow the convention of Ref. [48]. The wave functions listed in Table 2.1 are used in
the following sections to evaluate the relative strength and the polarization of optical
interband transitions.

2.1.4 Electron and hole dispersion near the I" point

In the preceding section we have constructed the conduction and valence band wave
functions at the I" point. At k = 0, the I'g valence band states are degenerate as shown
in Fig 2 (a). For finite k this degeneracy is lifted by spin-orbit coupling. Moving away
from the Brillouin zone center, the I's states with J = 3/2 are split into the J, = +1/2
light hole (LH) and the J, = £3/2 heavy hole (HH) bands. The I'; valence band with
J=1/2and J, = £1/2 is termed the split-off (SO) hole band.

For small wave vectors |k| < (27 /ag) close to the Brillouin zone center, the parabolic
energy dispersion relation:
K

Ee(k) = 2m¥
e

(2.4)

of the GaAs conduction band is isotropic with an effective electron mass m} = 0.067my
[52]. This isotropy reflects the spherical symmetry of the s-type orbitals from which
the I'¢ band is derived.
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2.1 Electronic states in bulk semiconductors and quantum wells

Table 2.1: Angular momentum representation of the conduction and valence band wave
functions at the I" point in zincblence-type semiconductors [59]. J and my; denote the
quantum numbers of the total angular momentum operator J and the projection of the total
angular momentum J, along the z-axis. Symmetries are denoted using the double group

notation.

Symmetry  |J,my) Wave function

g [1/2,1/2) ~ |S1)
11/2,-1/2) IS])

Iy 1/2,1/2)  ZIX+iX) )+ 5127)
1/2,-1/2) =X -)t)+ Lz

Ty 3/2,3/2)  L|(x+ir)1)
3/2,1/2)  FlX+iv)1)—2(z1)
3/2,-1/2)  —J|(xX—i¥)1) - ¥Z|Z))

3/2,-3/2)  Hl(X-i¥)])

For the parabolic conduction band dispersion Eq. (2.4), the electron density of states
g(E.) per unit crystal volume is [59]:

1 /2m*\/?
g(Ec)dEczznz( h;) VE.dE, 2.5)

where we have considered the twofold spin degeneracy of the conduction band.

For the GaAs I'g valence bands, deviations from an isotropic parabolic dispersion are
present even for small wave vectors close to the I" point, a phenomenon known as va-
lence band warping. Analytical expressions for the anisotropic HH and LH dispersions
for small k can be derived from a standard 8-band k - p calculation as [47]:

Epn(K) = —AR — [B2* 4 C? (k212 + 122 +122) | /* (2.6)
En(K) = —AR + [B2* 4 C? (k2K + 122 +122) | /* @.7)

The constants A, B, and C are related to the well-known Kohn-Luttinger parameters
T =6.98, 15 =2.06, and 3 = 2.93 of GaAs [52] as [47]:

(7 )2mo) i = —A (2.8)
(n*/2mg) o = —B/2 (2.9)
(12)2mo) s = [(B2/4) + (¢2/12)] '

For a given direction, the HH and LH valence band dispersions close to the I" point
are parabolic as shown in Fig. 2 (b). The valence band curvature and the associated

(2.10)
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2.1.5 Electronic states in quantum wells

effective heavy and light hole masses m;,;, and mj;,, however, depend strongly on the
specific direction of k. The strongest difference in the effective hole masses is observed
for wave vectors pointing along the <100> and <111> axes.

In section 2.2.1 we show that for interband transitions the wave vector of the partic-
ipating initial electronic states is conserved, i.e. optical transitions are vertical in the
E (k) diagram. The anisotropy of the GaAs valence bands therefore has direct conse-
quences for the energy distribution of conduction band electrons which are excited by
monochromatic light. In GaAs, the strong valence band warping leads to a broadening
of the initial energy distribution of optically excited conduction band electrons [27].

2.1.5 Electronic states in quantum wells

In addition to studying spin phenomena in bulk semiconductors we also investigate spin
transport in low-dimensional semiconductor systems. The QWs examined in this thesis
consist of alternating layers of GaAs and aluminium gallium arsenide (Al,Ga;_,As)
alloys. The GaAs/Al,Ga;_,As interface is of type-I [61] and the band gap energies are
Egc;fl%As < E?;I’,‘GaI"AS [52]. When a layer of GaAs is placed between two Al,Ga|_,As
barriers, both the conduction band electrons and the valence band holes therefore are
confined to the GaAs layer. The position dependence of the conduction and valence
band edges along the growth-axis of such a type-I QW structure is schematically shown
in Fig. 3 (a). When the GaAs layer thickness L, is thin enough to be comparable to the
de Broglie wavelength A = &/ p of the electrons or holes, spatial confinement strongly
modifies the electronic states [54]. If the growth axis of the heterostructure is chosen
to be the z-axis, the motion of electrons and holes is unrestricted within the QW plane.
The movement along the z-axis, however, becomes quantized.

i macroscopic
(a) Z axis (b) atomic scale

potential N potential \

-— | —

F(r)

u(r),

Figure 3: (a) Top: schematic of a type-1 GaAs/Al,Ga;_,As single QW structure. Bottom:
schematic of the conduction and valence band edges along the growth axis. The electrons
and holes are confined to the GaAs layer of width L,. Adapted from [54]. (b) Envelope
wave approximation for electronic quantum well states. The wave function is a product of
the slowly varying envelope function F(r) and the lattice periodic function u(r). The in-
fluence of the individual atomic potentials on the envelope wave function is approximated
by a finite rectangular potential well. Adapted from [59].
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2.1 Electronic states in bulk semiconductors and quantum wells

We next review the new symmetry properties which are imposed on the electronic
wave functions by the QW confinement potential. These symmetries are important for
the optical selection rules introduced in the following sections. For the sake of simplic-
ity we focus on the effects of quantum confinement on the conduction band states. We
note that the description of the QW hole states is conceptually similar. The quantitative
treatment of the in-plane hole energy dispersion, however, is significantly more complex
because of the strong valence band mixing in GaAs QWs [23,47].

For the Al,Ga|_,As/GaAs/Al,Ga;_,As layer structure shown in Fig. 3 (a), the global
translation invariance of the bulk crystal potential V (r) = V (r+R;) is broken along the
QW growth axis z. Therefore the Schrodinger equation Eq. (2.1) can no longer be solved
by a simple Fourier analysis which for the bulk crystal leads to the Bloch functions
Eq. (2.2) [62]. A common approach to overcoming this difficulty is the envelope wave
approximation (EWA) which was first introduced for the description of semiconductor
defect states [58].

The basic ideas underlying the EWA are illustrated in Fig. 3 (b). Following the EWA
procedure we decompose the full crystal potential of the GaAs/Al,Ga;_,As heterostruc-
ture into a lattice-periodic atomic-scale potential and a macroscopic confinement po-
tential Von(z) which follows the CB edge. For the description of the QW electron
states | ) we use the Bloch functions Eq. (2.2) as a complete set of orthonormal basis
functions [59]:

Wi = /A(k)el‘k-ru(k,r)d% ~u(0,r) /A(k)efk-fcﬁk =Frur) (211

where A(k) denotes the set of expansion coefficients. We further assume in Eq. (2.11)
that the lattice periodic part of the Bloch functions only weakly depends on Kk, i.e.
u(k,r) ~ u(0,r). In the envelope wave approximation, QW wave functions therefore
are products of the lattice periodic function u(r) and a slowly varying envelope function
F(r). Using the separation ansatz [63]:

F(r) = ™" ge(2)u(r) (2.12)

where the coordinate vector r is restricted to the QW plane, we arrive at the Schrodinger
equation:
n? 92 .
<_2m;‘8z2 +Vc0nv(z)> XC(Z) ZEZX(Z) (2.13)

for the envelope function X, (z).

Treating Veony(z) as a finite potential well as shown in Fig. 3 (b), the restriction of
the electron motion along the z-axis leads to a set of bound QW states x”(z) with
quantum numbers n = {1,2,3...} and discrete energy eigenvalues [57] which, to a first
approximation, depend on the GaAs effective conduction band mass as:

c 1
E;, ~— (2.14)

,n *
m,
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2.2 Optical interband transitions and matrix elements

A similar procedure can be used to obtain the solutions for the heavy hole and light
hole QW envelope functions )y, and y;;,. Since mj;, < mj,, it is seen from Eq. (2.14)
that the quantum confinement lifts the bulk heavy hole-light hole degeneracy at zero
in-plane wave vector k| = 0.

Exemplary conduction and valence band envelope functions for a finite potential well
are schematically shown in Fig. 4. Most important for the optical selection rules in QWs,
for a symmetric confinement potential V.o, (z) the envelope functions have alternating
odd and even parity with respect to the QW center. The associated probability density
|%"(z)|? exhibits (n — 1) nodes [57].

2.2 Optical interband transitions and matrix elements

We next briefly summarize the quantum mechanical treatment of the interaction of elec-

tromagnetic waves with the electronic states of semiconductors. Choosing the Coulomb

gauge [64], we therefore describe the electric field E = —1 (%—?) and the magnetic

c
field B =V x A by the vector potential A(r,?).

We consider the interaction with a monochromatic electromagnetic plane wave with
wave vector q and frequency (®/27) described by the vector potential:

A(r,f) =A-& (e"<“’f—‘l'r) +c.c.) (2.15)

where c.c. denotes the complex conjugate. The amplitude A = E /g is proportional the
electric field amplitude E. The polarization state of the wave is defined by the complex
unit vector €.

We account for the additional electromagnetic field by replacing the momentum oper-
ator p by the minimal-coupling term p + (¢A/c) in the Schrédinger equation Eq. (2.1).
Neglecting contributions which arise from the spin-orbit term Eq. (2.3) and dropping
terms ¢(A?), the one-electron Hamiltonian then is [47]:

e
HZHo—I—iA(I',[)-pEHo—‘rHeR (2.16)
moc

We use perturbation theory to treat the influence of the second term of the Hamil-
ton operator in Eq. (2.16). The time-harmonic perturbation described by the electron-
radiation interaction Hamiltonian H.r induces transitions between the conduction and
valence band states of the unperturbed Hamiltonian Hy [47]. From the Fermi Golden
Rule, the transition rate P, between an initial state |i) with energy E; and a final state
|f) with energy E is [57]:

~ 27 .
Pif=7|(f|HeR\l>|25(Ef—Ei—hw) (2.17)
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2.2 Optical interband transitions and matrix elements

2.2.1 Interband transitions in bulk semiconductors

We first consider optical transitions between the I'¢ conduction band and the I'; and
I'g valence band states in bulk semiconductors. From Egs. (2.15), (2.16), and (2.17) we
therefore evaluate the matrix elements:

[(c|A-p|v)[? (2.18)
for the bulk conduction and valence band Bloch functions:

lc) = uf,_(r)e™" (2.19)
v) = uy, (r)e™* (2.20)

with wave vectors k. and k,. The explicit expression for the matrix element Eq. (2.18)
in position-space representation is:

2
[{c|A-p V)] ~ ‘/ul‘;ﬁei(qk")r (&-p) ulﬁve"kvrdsr (2.21)

When applying p = (%/i)V, the integral in Eq. (2.21) splits in the sum of two terms.
From the orthogonality of the functions uj  and uy, , the first term vanishes. By writing
r=R;+r/, where r’ lies within one unit cell and R} is an arbitrary Bravais lattice vector,
we transform the integration over the whole crystal to an infinite sum of integrals which
cover a single crystal unit cell [47].

Using the periodicity of the functions u“" we find that the matrix element Eq. (2.21)
is only non-zero if the wave vectors of the conduction and valence band states fulfill
the condition:

k. =q=£k, (2.22)

As a consequence of the translation symmetry of the semiconductor crystal, the total
wave vector of the photon and the participating initial state is conserved in optical tran-
sitions.

Following the above procedure, the remaining step for the evaluation of the transition
matrix element involves an integration over the volume of a single unit cell. Using
Eq. (2.22), this integration is further reduced to [47]:

/ U o (&-p)uy, d’r, (2.23)

unit
cell

For electromagnetic waves with frequencies in the visible and near-infrared spectral
range, the wave vector |q| < (27/ag) is much smaller than the size of the Brillouin
zone. To further simplify Eq. (2.23), we therefore expand the conduction band wave
function uj +q into a Taylor series in q:

Uk, +q = U, T4 Vi + ﬁ(qz) (2.24)
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2.2.2 Interband transitions in quantum wells

For the small wave vectors q ~ 0 we drop the q-dependent terms in Eq. (2.24), i.e.
the interband transition rate £y ~ |(c|&-p|v) |2. This approximation is the well known
electric dipole approximation and implies [47]:

k. =k, (2.25)
i.e. optical dipole interband transitions are “vertical” or direct in k-space. Using the
dipole approximation, we finally obtain the electric dipole transition matrix element:
2

l(c|é-p)]* = /uﬁ*(é-p)u;d% = [(uc|&-pluy)|* = |Po]? (2.26)

unit
cell

In the following section 2.3 we calculate the polarization and the relative strength of the
optical interband transitions by evaluating |PCV|2 for the conduction and valence band
wave functions listed in Table 2.1. Before doing so, however, we first briefly consider
the influence of quantum confinement on optical interband transitions.

2.2.2 Interband transitions in quantum wells

The treatment of optical dipole-transitions in QW's follows the procedure outlined above
for the bulk case with the main difference that the transitions take place between the
envelope wave states:

) = uf, ()e™eI " 2e(2) (2.27)
v) = u, (r)e™ 17 5, (2) (2.28)

The electric dipole transitions between conduction and valence band QW states are
governed by the matrix elements [59]:

[Po|? = [ {cl @ p ) [* = |(uc| & p ) [* | (el 20) (2.29)
and the spatial phase-matching condition:
k.| =k (2.30)

which implies that the in-plane wave vector k| of the initial QW state is conserved.

A comparison between Egs. (2.26) and (2.29) reveals that the polarization of the
interband transitions in QWs determined by the matrix element |{u.|€-p |u,) |2 is similar
to the bulk case. The reduction of the translation invariance by the QW confinement
potential and the associated symmetry of the envelope functions, however, leads for
symmetric QWs to the additional dipole selection rule:

(e 2607 2 B, 2.31)
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2.3 Dipole selection rules and optical spin injection
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Figure 4: Allowed (solid arrows) and forbidden (dashed arrows) electric dipole transitions
in a symmetric rectangular quantum well. Gray shaded curves illustrate conduction and
valence band envelope wave functions g, ,. For transitions involving initial and final en-
velope states with different quantum numbers 7., the matrix element Eq. (2.29) vanishes.
Adapted from [59].

where the Kronecker delta J,, ,, is zero unless transitions take place between QW
subbands with the same quantum number n. = n, [59]. This condition is partially
relaxed by the difference in effective masses and confinement potential heights for the
conduction and valence band states. However, for symmetric QWs dipole transitions in
any case can only take place between electron and hole subbands of the same parity, for
which (n. +n,) is an even integer. The QW interband transitions are labeled according
to the quantum numbers of the participating subbands as (1E-1HH), (1E-1LH), etc.
Some dipole allowed and forbidden transitions between different QW electron and hole
states are schematically illustrated in Fig. 4.

2.3 Dipole selection rules and optical spin injection

We next introduce the concept of optical spin injection, i.e. the optical excitation of
an ensemble of spin polarized electrons, which is the very foundation of pump-probe
magneto-optical spectroscopy. We therefore consider the absorption of ¢* right and
left circularly polarized light described by the polarization vectors & = 1/v/2 (X +i¥).
We deduce the polarization dependence of the interband transitions and their relative
strengths from Eq. (2.26). To obtain the selection rules we evaluate the dipole matrix
elements:

|PE1? = [(ue] pe iy ) |* (2.32)

for the possible permutations of the conduction and valence band wave functions |J, m;)
listed in Table 2.1.

From symmetry considerations, the only non-zero matrix elements of the components
pi of the momentum vector operator p between the basis functions |S), |X), |Y), and
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2.3 Dipole selection rules and optical spin injection
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Figure 5: Optical spin injection in bulk zincblende-type semiconductors. Solid (dashed)
arrows represent dipole-allowed transitions for the absorption of 6+ (o) right (left)
circularly polarized light. The numbers in circles indicate the relative strength of the
respective transition at k = 0. Adapted from [60].

|Z) are [27,47,438]:
(S| px|X) = (SIpy[Y) = (S|p:|2) =11 (2.33)
From Eq. (2.33) and Table 2.1 we therefore obtain the dipole selection rules:
AL=41 and Amy;==+l (2.34)

for the absorption of circularly polarized light. The dipole selection rules Eq. (2.34) re-
flect the conservation of total angular momentum: the absorption of a photon with
angular momentum projection +# along the propagation direction Z results in the
creation of an electron-hole pair with an equal total angular momentum projection
(mﬁe +mj,h)h = +h.

We next calculate the relative strength of the dipole-allowed transitions between the
|3/2,—3/2) HH and |3/2,—1/2) LH and the |1/2,+1/2) CB states for the absorption
of o light as:

A 2
[(3/2,=3/2| pe+ipy|1/2,—-1/2)] 3 235)
A 2~ :
|(3/2,-1/21 ps+ipy|1/2,+1/2)]7 1
Analogous calculations yield the relative strengths of the remaining allowed transitions
which are summarized in Fig. 5.

The above considerations are strictly valid only at the Brillouin zone center. Since
the lattice periodic functions u(k,r) =~ u(0,r) depend only weakly on k, the relative
transition strengths listed in Fig. 5, however, remain a good approximation for all exci-
tation energies in the vicinity of the band gap.

We have arrived at the important result that illumination of bulk zincblende-type semi-

conductors with circularly polarized light with photon energies Ey < e < Ep+ Aso
excites |} and |1) conduction electrons with a maximum ratio of 3/1. This phenomenon
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2.3 Dipole selection rules and optical spin injection

is known as optical spin injection or optical orientation [65]. The optical orientation
technique allows for the precise preparation of the conduction band electron spin polar-
ization in semiconductors. It today is the most important and widely used experimental
method for the creation of spin polarized electrons in zincblende-type semiconductors.
The photoinduced dynamics of the electron spin polarization following the optical ex-
citation are the subject of chapter 3.

The net electron spin polarization S, along the z-axis is defined as [60]:

nT —ng
S;=——+ (2.36)
n+n

It is a measure for the difference in the densities ny | of electrons which are polarized
parallel (m; = +1/2) or antiparallel (m; = —1/2) to the propagation direction of the
exciting light. From the above considerations, for resonant optical spin injection in bulk
GaAs the theoretical limit for the maximum attainable polarization at the moment of
excitation is Sy max = 1/2.

A more realistic treatment takes into account that at low temperatures optical ab-
sorption is governed by Coulomb-correlated electron-hole pairs, i.e. excitons, whose
wave function consist of electron and hole states with k < 1/aj, where aj; is the exci-
ton effective Bohr radius. Due to the strong HH-LH coupling for £ > 0, the Coulomb
interaction induces an additional mixing of single-particle states with different S, [66].
Therefore, a reduction of the maximum attainable degree of optically excited spin orien-
tation is expected. At low lattice temperatures electron spin polarizations close to 50 %,
however, still are experimentally observed for nearly resonant excitation [67]. A mod-
erate decrease of the spin excitation efficiency is observed with increasing excitation
energy [68]. When the photon energy is tuned above Ey + Aso, |1) and ||} electrons are
excited with equal probability and we expect S, ~ 0.

The polarization of QW interband transitions is similar to that of bulk GaAs. How-
ever, in QWs the degeneracy between the I's valence band states at k| = 0 is lifted
by the different confinement energies for the HH and LH envelope functions. A maxi-
mum spin polarization of S, max = 1 can therefore be experimentally achieved in QWs
when the excitation energy is tuned between the fundamental (1E-1HH) and (1E-1LH)
transitions [66, 69, 70].

22



Chapter 3

Optically induced electron spin
dynamics in semiconductors

In the preceding chapter we have introduced the optical orientation technique which
allows for the all-optical excitation of spin polarized carriers in semiconductors. We
next discuss three phenomena which are the hallmarks of optically induced electron
spin dynamics in semiconductors, i.e. Larmor precession and spin quantum beating,
electron spin relaxation and dephasing, and electron spin diffusion. We describe how
two particularly important parameters, the electron spin relaxation time 7; and the
electron spin diffusion coefficient Dy, are deduced from time and spatially resolved
observations of these processes. We conclude by introducing the photoinduced magneto-
optical Kerr effect, the experimental probe that allows for the optical detection of the
spatiotemporal dynamics of electron spins in semiconductors.

3.1 Electron spin relaxation and dephasing

3.1.1 Larmor precession, electron spin decoherence, dephasing,
and relaxation

To introduce the concept of spin decoherence, dephasing, and relaxation we consider
a spin-1/2 particle in an external magnetic field B = BZ pointing along the z-axis. The
magnetic moment associated with the spin of a free electron is [57]:

g

5 (3.1

u=
where up = (efi/2myp) is the Bohr magneton. For a free electron the Landé factor is
g ~ 2.002. For electrons in a solid, the g-factor is modified by spin-orbit-interaction
with the lattice ion potential [71]. The magnetic moment of a crystal Bloch state can be
characterized by Eq. (3.1) in terms of an effective g-factor g* which can significantly
differ in magnitude and sign from the Landé g-factor. For conduction band electrons in
bulk GaAs, the commonly accepted low-temperature value is g* = —0.44 [72].

The Hamiltonian for the electron spin in the external magnetic field is [57]:

Hspin =—u ‘B= LS, (3.2)

23



3.1 Spin relaxation and dephasing

with the Larmor frequency w;, = ¥B, which is proportional to the the gyromagnetic ratio
Y= g*up/h. We denote the eigenstates of the Hamiltonian Eq. (3.2) as |1) and |{). The
eigenenergies of these states are:

1 1
Eﬁl = iith = iig*“BB (33)
The energy difference AE; | = g*ugB is termed the Zeeman energy splitting.

We next consider the time evolution of an arbitrary spin state:

(0)) = cos (‘;’) e=9/2[1) 4 sin (3) £9/2)) (.4)

which at = 0 is a superposition of the spin-up and spin down states. The angle 0
describes the relative amplitude of the two eigenstates of Eq. (3.2) while ¢ defines the
initial phase relation between the |1) and ||) components.

In the absence of external influences from the environment, the time evolution of
|w(z)) =U(r) |w(0)) is governed by the time evolution operator [56]:

U(t) = exp(—iHgpint /1) = exp(—iS .ot /1) (3.5)

This time evolution of a pure spin state under the influence of Hyyj, alone is termed spin
coherence [5]. For the initial state Eq. (3.4), the time dependence of the expectation
values for the spin components S; along the three cartesian coordinate axis are [57]:

(W12 [w(e)) = Seos(0) (6
(W()I 2 w(e)) = sin(0) cos(p -+ 1) a7)
(W0)1S, 1y (1) = Ssin(8) sin(p+ o11) 68)

The expectation value (S;) is time-independent. For (S,) and (S,), however, a sinusoidal
time dependence results from a change in the relative phase of the Zeeman-split states
[1) and |]), a phenomenon commonly referred to as spin quantum beats [73]. This is the
quantum mechanical description of the Larmor precession of the electron’s magnetic
moment in an external magnetic field [74].

For an electron spin in a semiconductor, interaction with the environment will lead to
a perturbation of the coherent time evolution described by Eqgs. (3.6) - (3.8). The effect
of the interaction with the environment is to destroy the spin coherence , i.e. to give rise
to spin decoherence and relaxation. Spin relaxation and decoherence in general can be
understood as a result of the action of random time-fluctuating magnetic fields on the
electron spin state. These randomly fluctuating fields can be external fields or internal
effective fields which arise from spin-orbit interaction.
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3.1.1 Larmor precession, spin dephasing, and relaxation

The two important parameters which characterize these randomly fluctuating fields
are the root-mean-square amplitude (Q) and correlation time 7, during which the field
may be considered constant [75]. Spin relaxation and decoherence results from preces-
sion in these random magnetic fields with an average precession frequency ({Q)/27).
After a time 7., the direction and amplitude of the field change randomly and spin pre-
cession around the new direction of the field proceeds. After a number of such steps,
the initial coherence of the spin state is completely lost.

For a more quantitative definition of spin decoherence and relaxation we introduce
the two times 77 and 7> which describe the decay of the longitudinal and transverse spin
components with respect to an external field B. The spin lifetime or relaxation time 7;
characterizes the time scale over which a change in the relative occupation between |71)
and |]) occurs. The spin coherence time T, defines the time over which the coherent
phase relation between both states is lost [75]. While this loss of phase relation does not
take additional energy, a change in the population of the Zeeman states requires energy
dissipation, typically by a change of the kinetic energy of the electron or scattering with
phonons.

The above discussion concerns the relaxation and decoherence of a single electron
spin. In our magneto-optical spectroscopy experiments we observe the net spin po-
larization of a large ensemble of electrons. The time evolution of an ensemble spin
polarization S which is uniform in space (i.e. for which diffusive processes are not
relevant) in an external magnetic field B = BypZ + B (¢) is commonly described in terms
of the phenomenological Bloch equations [76]:

2 Se=y(8 % B),~ 875 (3.9)
d #

Esy =y(SxB),~S$,/T (3.10)
%SZ:}/(SXB)Z— (S.—8%) /1y (3.11)

Here Sg is the equilibrium electron spin polarization in the static field Bg. The loss of
the ensemble electron spin coherence is determined by the spin dephasing time [75]:

1 1 1

T h + 7 (3.12)
The inhomogeneous spin relaxation time T2inh arises from spatial and temporal fluctua-
tions in the precession frequencies of the individual spins of the ensemble, e.g. due to
spatial variations of the local external magnetic field or slight differences in the g-factor
for conduction band electrons in different k-states [60]. Similar considerations apply
to the relaxation of the longitudinal ensemble spin polarization component along the
static external field direction Bg, which is described by the relaxation time 77.
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3.1 Spin relaxation and dephasing

In crystals with cubic symmetry, T} = 7> for magnetic fields which satisfy yB <
(1/7.) [60]. For electron spins in semiconductors, the correlation time 7. usually is
either given by the momentum scattering time 7,, or by the average time between the
interaction of electrons with phonons or holes. Since the relevant time scales for these
processes are typically smaller than a picosecond, 71 = T; holds for fields up to several
tesla, which are much higher than the external fields used in this work. For the following
discussions we therefore assume the equality of the spin relaxation and dephasing times
and denote them by the symbol 7, and use both terms interchangeably.

3.1.2 Microscopic origin of electron spin relaxation

The investigation of the microscopic origin of electron spin relaxation in solid state
environments has been a major focus of spintronics research for several decades. Ex-
tensive reviews on electron spin relaxation are given e.g. in Refs. [37,60,65,71,77-79].
We here restrict ourself to a brief introduction of the four most important microscopic
mechanisms, Elliot-Yafet, Bir-Aronov-Pikus, Dyakonov-Perel, and hyperfine interac-
tion, which are required for a qualitative understanding of the electron spin relaxation
in the GaAs-based heterostructures investigated in this work. The physical ideas behind
these spin relaxation mechanisms are illustrated conceptually in Fig. 6.

Figure 6: Microscopic origin of conduction band electron spin relaxation in semicon-
ductors. (a) Elliot-Yafet mechanism: Conduction band states with k # 0 are not spin
eigenstates. An electron spin flip can take place when the electron scatters from phonons
or impurities. (b) Dyakonov-Perel mechanism: Electron spins precess in k-dependent
Dresselhaus effective internal magnetic fields. The precession frequency and field ori-
entation change randomly with each scattering event. (¢) Bir-Aronov-Pikus mechanism:
The electron-hole exchange interaction can lead to a spin flip-flop process between a
conduction band electron and valence band hole. (d) Hyperfine interaction: The spins
of donor-bound electrons precess in the randomly oriented fluctuating hyperfine field of
nuclear spins of the lattice ions. Reprinted from [80], original adapted from [71].
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3.1.2 Microscopic origin of electron spin relaxation

Elliot-Yafet mechanism

The Elliot-Yafet (EY) mechanism is due to the fact that conduction band electron (and
valence band hole) states are not spin eigenstates. Spin-orbit interaction induced by the
periodic lattice ion potential leads to a coupling of spin-up and spin-down states from
different energy bands which share the same wave vector k. The respective Bloch states
can be written as [60]:

Yokt (1) = ™7 [a, k(1) [1) + bk (1) [1)] (3.13)
Vgl (1) = € [a, _y(r) [L) — by (1) [1)] (3.14)

As first noticed by Elliot, because of this admixture of opposite spin components in
the Bloch states Eqgs. (3.13) and (3.14), ordinary spin-independent scattering by im-
purities or phonons can couple spin-up and spin-down electrons and give rise to spin
relaxation [79]. Moreover, as pointed out later by Yafet, the modulation of the lattice
ion-induced spin-orbit interaction by phonons can directly couple |1) and |]) states and
mediate spin-flip processes.

From perturbation theory, the spin-orbit coupling induced mixing of opposite spin
components from remote Bloch bands is inversely proportional to the energy separa-
tion AE between the unperturbed states at given k [60]:

b(k)| = Aso (k) /AE(K) (3.15)

Here Ago is the matrix element of the spin-orbit Hamiltonian Hso [compare Eq.(2.3)]
between two states from different Bloch bands with same wave vector k. For the com-
paratively large band gap Eg,p of GaAs the coupling of spin-down valence band states
to spin-up conduction band states (and vice versa) is weak, i.e. |b| < 1 and |a| is close
to unity. Therefore, Elliot-Yafet relaxation is inefficient for conduction band electrons
in GaAs. In contrast, |1) and |]) components are completely mixed for the GaAs hole
states listed in Table 2.1. The initial orientation of the total angular momentum of the
hole therefore is typically completely lost after a single scattering event. Hole spin
relaxation in bulk GaAs therefore happens extremely fast on the time scale of the hole
momentum scattering time, i.e. in the sub-ps domain [81]. In our magneto-optical spec-
troscopy experiments the hole spin system therefore is virtually unpolarized and the
observed Kerr rotation is exclusively due to the electron spin polarization.

Bir-Aronov-Pikus mechanism

The Bir-Aronov-Pikus (BAP) mechanism is an electron spin dephasing mechanism
which is possible in the presence of holes. The Hamiltonian for the direct exchange
interaction between electrons and holes is [37]:

HBAPZAS-J5(1‘) (316)

where A is proportional to the exchange integral between conduction and valence band
states [60], r is the relative position, and S and J are the spin and total angular momen-
tum operators for the electron and hole, respectively.
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3.1 Spin relaxation and dephasing

The direct exchange interaction Hamiltonian Eq. (3.16) between electrons and holes
can induce a simultaneous flip of the electron and hole spin states during an electron-
hole scattering event. While the total angular momentum is conserved in such spin
flip-flop processes, the exchange interaction can mediate a transfer of a non-equilibrium
electron spin polarization to the hole system [37]. The consecutive rapid loss of the hole
spin orientation by the EY mechanism acting in combination with the BAP exchange
scattering therefore can lead to a fast relaxation of the electron spin polarization.

The BAP mechanism is believed to be the dominant electron spin relaxation channel
for strongly p-doped samples where in thermal equilibrium residual unpolarized holes
are present. BAP scattering has been observed to lead to sub-nanosecond electron spin
relaxation times in moderately doped p-GaAs [82]. Moreover, the creation of holes is
an inevitable byproduct of the optical spin excitation in magneto-optical pump-probe
spectroscopy experiments. Therefore, under the condition of optical orientation, the
BAP mechanism can also contribute to electron spin relaxation in nominally undoped
or n-doped samples if other relaxation mechanisms are suppressed [37]. This situation is
found e.g. in (110) QWs (compare below), where BAP relaxation with optically created
holes is significant for the dephasing of the out-of-plane electron spin component [83].

Hyperfine interaction

Hyperfine interaction (HFI), the interaction between the magnetic moments of the elec-
tron spin and lattice nuclei, can lead to an efficient dephasing of localized, e.g. donor-
bound, electrons. In GaAs, all lattice nuclei carry the magnetic moment of I = 3/2
nuclear spins [60]. From a typical Bohr radius aj ~ 50 A of a hydrogenic donor wave
function [47], the wave function of a localized electron in GaAs is spread over a large
number N ~ 10° of lattice sites. Mean-squared fluctuations in the nuclear spin orienta-
tion lead to a hyperfine field which is comparable to the combined action of /N == 300
nuclear spins. On average, for donor-bound electrons in GaAs this hyperfine field is
equivalent to an effective field of ~ 5.4mT [84]. Larmor precession in the randomly
oriented fluctuating magnetic fields of their respective environment leads to a fast de-
phasing of the spin polarization of an ensemble of localized electrons. Furthermore, for
static optical orientation of bound electrons, HFI leads to a transfer of spin polarization
from the electron ensemble to the lattice nuclei, the Overhauser effect [65].

The spin relaxation rate by HFI increases with the correlation time 7., the average
time bound electrons spend at the localization sites. HFI is therefore important in
low-doped samples at low lattice temperatures [67], where the wave function overlap
between different donor-bound electrons is small and thermal excitations of bound
electrons to the conduction band are suppressed. Here electrons on average are confined
to an individual donor site for long times and HFI-induced spin relaxation is strong.
For itinerant conduction band electrons, however, 7, is very small and spin relaxation
by HFI is suppressed by motional narrowing. In HFI relaxation dominated samples,
providing a dilute background of mobile conduction band electrons e.g. by by slightly
raising the sample temperature [30] or by weak above-bandgap illumination therefore
can lead to a strong increase of the electron spin relaxation time by up to two orders of
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3.1.2 Microscopic origin of electron spin relaxation

magnitude [84].

Dyakonov-Perel mechanism

We last turn to the Dyakonov-Perel (DP) mechanism. From Kramers theorem, the com-
bined action of time reversal and space inversion symmetry mandates a twofold spin
degeneracy E. 1+(k) = E, | (k) of the electron Bloch states [53]. In GaAs, space inversion
symmetry is broken by the presence of two distinct ions in the basis of the zincblende-
type lattice and the Kramers degeneracy is lifted, i.e. E. 1 (k) # E. | (k). Moreover, in
semiconductor heterostructures space inversion symmetry also can be broken e.g. by
asymmetric QW confinement potentials along the growth axis.

For conduction band electrons, the k-dependent lifting of the spin degeneracy of the
Bloch states is described by an intrinsic effective internal magnetic field B(k). In non-
centrosymmetric crystal structures this effective spin-orbit coupling field arises from
the electric fields in the crystal unit cell. In the reference frame of the moving electrons
these fields appear as magnetic fields, thereby coupling the electron spin with the wave
vector k [85]. The contribution to the Hamiltonian for the one-electron Schrodinger
equation Eq. (2.1) from the internal effective field is [37,78]:

HSOI = ga-ﬂ(k) (3.17)

The requirement to reflect the breaking of spatial inversion symmetry mandates that
Q;(k) is odd in k. For the bulk inversion asymmetry (BIA) of the zincblende-type
lattice, an analytical expression for the precession frequency vector €2(k) to the lowest
order in Kk has been derived by Dresselhaus as [86]:

Qpia(k) =29 /1 [k (K —Kk2)  ky (K2 — 3 K, (ki — K3) ] (3.18)
where 7p is the Dresselhaus spin splitting parameter [65].

For heterostructures, the symmetry of the Dresselhaus field strongly depends on
the growth direction Z of the QW. Neglecting terms which are cubic in the in-plane
momentum component k|, the Dresselhaus field in a GaAs QW grown on a (001)
surface has the form [37]:

Qjoo1)(k) = %[_km ky, 0] (3.19)

where 8 = yp(k?) with the expectation value (k) of the envelope wave function. For
QWs grown along the crystallographic [110] direction, the k-linear approximation for
the Dresselhaus field is [37]:

2

Qo (k) = Y (0,0, k] (3.20)
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3.1 Spin relaxation and dephasing

(a) [001]-oriented QW (b) [110}-oriented QW
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Figure 7: Dresselhaus spin-orbit fields in QWs. Red arrows represent the amplitude and
direction of €2(k) for electrons with a given wave vector amplitude k (black circle) in
QWSs grown on (a) [001]- and (b) [110]-oriented substrates. Adapted from [37] and [60].

[001]

where we have introduced new coordinates £ || [110], § || [001], and 2 || [110]. Schematic
diagrams of the Dresselhaus fields €2oo1) and €2[110) are shown in Fig. 7.

From comparison with the Zeeman Hamiltonian Eq. (3.2), the effective internal field
causes Larmor precession of the electron spin around the axis €2(k). For an ensemble of
spin polarized conduction band electrons, the precession frequency and direction differs
for each individual electron. Moreover, from the point of view of a single electron spin,
the precession frequency and axis change after each scattering event which takes the
electron to a new k-state. As noticed by Dyakonov and Perel, this precession in the
momentum-dependent Dresselhaus field can lead to the rapid dephasing of the electron
spin ensemble.

The correlation time 7, for the precession in the random fluctuating internal mag-
netic field is the average momentum scattering time 7, between changes in the k-state
of the electron. In general 7, < 1), since the transport scattering time 7, is only very
weakly influenced by electron-electron scattering via umklapp processes, while ordi-
nary Coulomb scattering still randomizes both electrons’ k vectors [87]. Depending on
the average Dresselhaus precession frequency (Q) and 7, two limiting cases can be
observed for the DP relaxation mechanism.

For (Q) T, 2 1, the weak scattering or quasi-collision-free regime, electron spins on
average precess more than a full cycle about the Dresselhaus field before a scattering
event changes the electrons’ k vector. Here the initial coherent spin dynamics following
pulsed excitation can become oscillatory rather than exponentially decaying as observed
in ultrahigh-mobility 2DEGs in modulation-doped GaAs QWs [87, 88]. The initial
electron spin polarization is completely lost after a single scattering event takes place,
i.e. [37,60]:

T RT (3.21)

For (Q)7, < 1, the collision-dominated or strong scattering regime usually associ-
ated with the DP mechanism, electron spins on average only precess by a small angle
60 = (Q}r; before scattering randomizes the precession frequency and axis. From
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3.2 Spin dynamics in transverse magnetic fields

random-walk theory, the spin relaxation time, defined as the time where, on average,
the electron spin precession angle reaches unity, is [60]:

1 *
~ () (3.22)
S

It is interesting to note that in the collision dominated regime frequent scattering indeed
increases the spin relaxation time.

For bulk zincblende-type semiconductors, from Eq. (3.18) the average precession
frequency (Qp1a) ~ k°. Since the average electron wave vector (k) increases with the
electron concentration n, the DP relaxation mechanism becomes very efficient for highly
n-doped degenerate samples. In bulk GaAs, the DP mechanism therefore is usually the
dominant spin relaxation mechanism for n > 2 x 10'°cm=3. For n ~ 1 x 10%cm—3,
however, DP relaxation at low temperatures is still rather weak while dephasing by HFI
is strongly suppressed by motional narrowing. It is this donor concentration regime for
which exceptionally long spin relaxation times in excess of 100 ns are observed in bulk
GaAs [67].

An interesting situation arises when electron spins are optically oriented along the
growth axis of (110) QWs. Here for all k the electron spin is parallel to the Dresselhaus
spin-orbit field [compare Fig. 7 (b) and Eq. (3.20)], i.e. precession of S, around £2(110,
is not possible. From theory, the vanishing of the in-plane components of [j1q is
not restricted to the k-linear approximation but is strictly valid to all orders of the
electron wave vector [89]. Therefore, DP relaxation is effectively suppressed for the
out-of-plane component of the electron spin, and spin relaxation is expected to become
strongly anisotropic. Indeed, up to a tenfold increase of the spin relaxation time for
out-of-plane oriented spins as compared to in-plane electron spin components has been
observed experimentally in (110) GaAs QWs [35,38,45].

3.2 Spin dynamics in transverse magnetic fields

We next introduce three different manifestations of optically induced electron spin
dynamics in transverse magnetic fields. We limit the discussion to the case of isotropic
spin relaxation rates and effective g-factors. Details on optically induced electron spin
dynamics in anisotropic systems are given e.g. in Refs. [45,90,91].

Depending on the excitation mode (pulsed or cw) and the ratio of the spin relaxation
time 7; and the period #., between consecutive pulses of the pump pulse train, one
observes spin quantum beats, resonant spin amplification, and the depolarization of a
steady-state electron spin polarization with increasing transverse fields, the Hanle effect.
The major characteristics of these phenomena are schematically illustrated in Fig. 8.
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Figure 8: Schematics of different manifestations of optically induced electron spin dy-
namics in transverse magnetic fields. (a) Spin quantum beats following pulsed excitation.
The spin polarization S, exhibits an exponentially decaying sinusoidal time dependence
due to the combined action of spin relaxation and Larmor precession in the external field.
(b) Resonant spin amplification. The spin polarization S; at a fixed delay shortly before
the arrival of the following pump pulse periodically changes with the applied magnetic
field. Maxima in S, are observed when the Larmor precession period is commensurable
with the pulse-to-pulse interval of the excitation laser. (¢) Hanle effect for cw excitation.
Depolarization of the steady-state electron spin density is observed when the in-plane
magnetic field amplitude is increased.

3.2.1 Spin quantum beats

We first consider pulsed excitation of spin polarized electrons with S initially oriented
along the sample normal Z. For the case T; < tep the spin relaxation time is substantially
shorter than the pulse-to-pulse interval and S, completely vanishes before the arrival of
the following pump pulse. The momentary spin polarization therefore is entirely due to
only the last of the previous pump pulses. Application of a transverse in-plane magnetic
field By, leads to Larmor precession of the ensemble spin polarization (compare sec-
tion 3.1.1). From the Bloch Eqgs. (3.9) - (3.11), the time dependence of the Z-component
of the ensemble spin polarization is:

S.(t) = $%cos (wpt) exp (—/7) (3.23)

Here Sg is the spin polarization at the moment of excitation. From a measurement
of the Larmor precession period (27/w;) = h/(|g*|upBxy) the absolute value of the
effective electron g-factor g* is readily obtained. Moreover, the spin relaxation time 7
can be extracted from the exponentially decaying amplitude envelope of the sinusoidally
oscillating spin quantum beats S, (¢).

3.2.2 Resonant spin amplification

Typical repetition rates of pulsed laser sources used for time-resolved magneto-optical
spectroscopy are in the range of 10 MHz to 100 MHz which corresponds to pulse-
to-pulse intervals fp, of 10ns to 100ns. An interesting situation arises when 7, 2
trep» @ condition commonly encountered e.g. for the long-lived spin polarizations in n-
doped bulk GaAs [67] and cadmium telluride (CdTe) QWs [92]. In this case S, excited
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3.2.3 Hanle effect

by previous pump pulses is not fully relaxed and temporally overlaps with the spin
polarization generated by the following pulses.

When the electron spins precess in weak external magnetic fields, S; contributions
originating from different pump pulses can interfere either destructively or construc-
tively. If the precession period (27/@;) is commensurable with the pulse-to-pulse
interval t,,, the momentary polarization of the resident carriers is aligned parallel to the
newly photocreated electron spins. As a result the observed spin polarization is greatly
enhanced, a condition termed resonant spin amplification (RSA) [13].

In the RSA regime, the electron spin polarization is [91]:

/% eter/ T cog [ (frep + At)] — cos (@ At)
cosh (trep / ‘L's) —cos (threp)

S()
S A1, 0p (By)] = “re et (3.24)

Here At € [—trp,0) is the delay before the arrival of the next pump pulse. When mea-
suring S;(Byy) shortly before the arrival of the following pump pulse, a series of sharp
peaks is observed when By, is swept. The peaks in S, correspond to magnetic fields for
which electron spins precess integer multiples of 2z rad during the pulse-to-pulse inter-
val tep. The RSA peak width is inversely correlated with the spin relaxation time [45].
From a fit of Eq. (3.24) to a RSA peak, 7, can be extracted [91]. From the peak-to-peak
separation AB,, the absolute value of the g-factor is obtained as:

h
%

8" Ty (3.25)
Moreover, destructive interference allows to suppress the electron spin polarization
in such a way that S, = 0 at the arrival of each pump pulse. The electron spin dynamics
observed after the pump pulse then is only due to a single excitation. Destructive RSA
therefore can be used to avoid repetition-rate artifacts and can significantly simplify the

quantitative analysis of time-resolved electron spin diffusion processes.

3.2.3 Hanle effect

For cw optical excitation, spin injection, relaxation, and precession take place simulta-

neously. An increase of the transverse magnetic field amplitude B,y leads to a decrease

of the steady-state ensemble polarization S,. This is the Hanle effect well known from

atomic physics. The dependence of the out-of-plane spin polarization on the transverse
field is [65]: 0
S:(0

580) = 1By /B, )2

where S(0) is the steady-state spin polarization in the absence of external fields. Here
By )y =nh/(g"UpTs) is the transverse magnetic field for which the observed spin polar-
ization is reduced with respect to S;(0) by a factor of two. If g* of the system is known,
the electron spin lifetime 7 is readily obtained from a measurement of the Hanle effect
using optical spin orientation and MOKE or polarization resolved PL spectroscopy.

(3.26)
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3.3 Electron spin diffusion

In n-type semiconductors, BAP scattering and recombination with photocreated holes
are additional extrinsic electron spin decay channels which lead to a reduction of the
observed spin lifetime 7, with respect to the intrinsic spin relaxation time 7, of the
undisturbed system [93]. This reduction of 7 is most significant in material systems
which exhibit exceptionally long spin relaxation times, for which the recombination
rate with photocreated holes becomes comparable to the spin relaxation rate. Here the
spin lifetime depends on the optical pump density g, as [91]:

T, =1 (1+g:/30) (3.27)

By measuring a series of Hanle curves Eq. (3.26) and extrapolating B /,(g;) to zero
pump power, the intrinsic spin relaxation time 7, can be determined from Eq. (3.27).

3.3 Electron spin diffusion

In the previous section 3.2 we have described how the spin relaxation time can readily be
obtained from different magneto-optical spectroscopy experiments which involve spin
precession in external magnetic fields. In contrast, the determination of electron spin
transport properties by optical spectroscopy is more challenging. The two most widely
used techniques for the optical investigation of electron spin transport are transient spin
grating (TSG) spectroscopy [94-98] and MOKE or Faraday rotation microscopy [15,
32,68,99]. Both approaches involve the optical excitation of a spatially varying electron
spin polarization. TSG spectroscopy is only capable of observing the amplitude decay
of an transient electron spin grating which results from to the combined action of spin
relaxation and diffusion. Magneto-optical Kerr effect microscopy, however, allows for
time-resolved real space imaging of the diffusive spreading of electron spin packets.
Moreover, cw MOKE microscopy can be used to measure steady-state electron spin
polarization profiles.

For both techniques drift-diffusion models are commonly employed to analyze the
spatiotemporal dynamics of the electron spin polarization. From a comparison between
the experimental observations and the diffusion models, important parameters such as
the electron spin diffusion coefficient D and the related electron spin mobility pi are
obtained. The spin mobility p, describes the drift velocity of an electron spin packet
in response to an applied electric field, and Dy determines the speed of the diffusive
spreading of the packet [95]. Taken together with the relaxation time 7y, these quantities
determine the time and length scale available for the manipulation and transport of
a non-equilibrium electron spin distribution. For that reason, the spin relaxation time
and diffusion coefficient are key figures of merit which characterize a semiconductor’s
prospects for spin-based electronic applications [60,71, 100]. The reliable measurement
of D; is therefore an integral task for pump-probe MOKE microscopy experiments.

In the following section we introduce the electron spin diffusion model which we
subsequently use for the quantitative analysis of our MOKE microscopy measurements.
We first present the general form of the diffusion equation. We then introduce simplifi-
cations to the diffusion equation which are appropriate for our experimental geometry
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3.3.1 Spin diffusion equation

and the samples examined in the present work. For cw and pulsed excitation we present
analytical solutions for the respective steady-state and time-dependent electron spin
polarization profiles. We discuss for both cases how Dy can be extracted from MOKE
microscopy measurements.

3.3.1 Spin diffusion equation

Optically excited electron spin diffusion in semiconductors is commonly described
in terms of a diffusion equation. The partial differential vector equation for the three
cartesian components S; of the electron spin polarization S = (S,, Sy, S.) in the presence
of a static homogeneous external magnetic field is [15,32,71, 101]:

d
ES(I‘,I) =V, [Ds(r,0)V,S(r,1)] — 7, 'S(r,1) + g* ugh ' [B x S(r,1)] +g(r,1) (3.28)
The first term on the right hand side of Eq. (3.28) describes the diffusion of the electron
spin polarization. The electron spin diffusion current density [102]:

jsﬁi(nt) = _DS(rvt) [Vrsi(r7t)] (329)

is related to the spatial gradient of the respective spin polarization component S; by
the electron spin diffusion coefficient (or diffusivity) Ds. Equation (3.29) is Fick’s first
law for electron spin diffusion. The second term in Eq. (3.28) is due to electron spin
relaxation and the third term describes electron spin precession in the static external
magnetic field. The excitation of electron spin polarization by optical spin injection is
accounted for by the source term g(r,?).

For arbitrary sample geometries and spatially varying diffusion coefficients no ana-
Iytical solutions for Eq. (3.28) are available. However, a number of simplifications are
possible for the MOKE microscopy measurements presented in this work. Local optical
spin injection is performed by a focused pump laser with a Gaussian spatial intensity
profile (compare section 5.1.3). The pump laser is focused at normal incidence on the
sample surface and only excites electron spins S, oriented along the sample normal Z.
If applied, the external magnetic field B,y lies in the sample plane.

Spin diffusion in the examined samples takes place either in 2DEGs which are con-
fined to the QW plane or in thin bulk samples with layer thicknesses d < L; which
are substantially smaller than the spin diffusion length L; = 1/D;7;. In both cases spin
diffusion can be treated as a two-dimensional problem [15, 32]. Moreover, in all ex-
amined samples D; is isotropic with respect to the in-plane crystal axes. Therefore the
spin polarization profile S, () is radially symmetric and does only depend on the radial
distance r to the excitation spot center. In polar coordinates, the diffusion equation
Eq. (3.28) therefore simplifies to [99, 103]:

0 =~ 10 a§
or

=5 Dsr> — 1, 'S+ioS+g.(rt) (3.30)
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3.3 Electron spin diffusion
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Figure 9: Electron spin diffusion model. (a) Steady state electron spin polarization pro-
files S;(r) for different diffusion coefficients D. The excitation spot (1/e) half width is
0p = 2pm and 7, = 100ns. (b) Spin polarization profile S,(r) for increasing delays Ar
after pulsed excitation calculated from Eq. (3.30) for Dy = 10cm?s~! and 7, = 100ns.
Left inset: Spin polarization transient S;(A¢,r = 0) at the center of excitation (log. scale).
Note the non-exponential decay. Right inset: Squared (1/e) half width w2 (Az) of the spin
polarization profile. The dashed line indicates the width Gg of the excitation source.

In Eq. (3.30) we have introduced the complex spin polarization § = S, + iSyy to describe
the out-of-plane and in-plane spin components S, and S,, by a single scalar field [101].

In the following we present analytical solutions to Eq. (3.30) for the steady-state spin
polarization profile resulting from cw excitation and for the time-resolved diffusion of
an electron spin packet created by pulsed optical excitation. Some important properties
of these solutions are illustrated in Fig. 9.

Continuous-wave excitation and steady-state solution

We first consider the case of a spatially uniform diffusion coefficient D. For cw exci-
tation by a point source g.(r) = go6(r), the steady-state Green’s function solutions s,
and s,y of Eq. (3.30) for the electron spin polarization components are [32]:

1 .,
s;(r)=Re |Ko | r Dt —|—1D—S (3.31)
1 @y,
Sy(r)=Im | Ky | ry/ —+i— (3.32)
o (7) "\ 'V D,

where K is the zeroth-order modified Bessel function. The electron spin polarization
profile which results from optical excitation by a Gaussian pump laser profile:

8:(r) = g.0exp (—*/0}) (3.33)

with an (1/e) spot size half width oy is obtained by convolution of Egs. (3.31) and
(3.32) with the source term Eq. (3.33). The resulting profiles S,(r) in the absence of
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3.3.1 Spin diffusion equation

external magnetic fields By, are illustrated in Fig. 9 (a) for a range of numerical values
of D, which are characteristic for low-temperature spin diffusion in bulk n-GaAs.

For spatially varying diffusion coefficients, analytical solutions for the spin diffusion
equation are not available. However, Eq. (3.30) can be solved numerically for arbitrary
Dy(r), e.g. by the finite element method (FEM). If 7, is independently determined
from Hanle-MOKE measurements, the electron spin diffusion coefficient D can be
obtained by fitting the solution of Eq. (3.30) to experimentally observed electron spin
polarization profiles S (r).

Pulsed excitation and time-dependent solution

We next consider the time-dependent solution of the diffusion equation Eq. (3.30) for
a spatially uniform diffusion coefficient and zero magnetic field. For a focussed pump
laser with a Gaussian spatial intensity profile the time evolution of the spin polarization
after a short excitation pulse is [99, 103, 104]:

;S —r? —At
S (At,r) = Mexp (W’;) exp ( > (3.34)

03 +4D,At 2 ;

with a time-dependent squared (1/¢) half width:
w2 (A1) = o +4DAt (3.35)

and an initial Gaussian (1/e) half width cp. For By, > 0, Larmor precession leads to
a periodic modulation of S;(At,r) described by an additional factor cos(wpAr). Exem-
plary spin diffusion profiles calculated from Eq. (3.34) for increasing At are shown in
Fig. 9 (b). From Eq. (3.34) it is seen that diffusion leads to a non-exponential decay
of the spin polarization S, (Af,r = 0) at the pump spot center. This is shown in the left
inset of Fig. 9 (b).

For cw excitation the shape of the stationary spin polarization profile results from
the combined action of spin relaxation and diffusion [31, 32]. Steady-state MOKE mi-
croscopy therefore relies on complementary measurements of the spin relaxation time
for the determination of spin diffusion coefficients. In contrast, for short pulsed excita-
tion, spin propagation and relaxation are completely decoupled. The spatial shape of
the spin polarization profile is completely determined by the action of diffusion, while
spin relaxation only modifies the overall amplitude of the spin packet [105]. Unlike cw
spectroscopy, the observation of S,(Az,r) by time-resolved MOKE microscopy there-
fore allows for a direct measurement of the spin diffusion coefficient while eluding the
additional characterization of the spin lifetime.

For a constant spin diffusivity which does not change with A¢, we expect from
Eq. (3.35) a linear dependence of wf on the pump-probe delay with a slope of 4Dj.
This is illustrated in the right inset of Fig. 9 (b). A measurement of the Gaussian width
wy(At) of the spin packet therefore directly yields the spin diffusivity

10
Dy=g -+ [wi(Ar)] (3.36)
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3.4 Photoinduced magneto-optical Kerr effect

For a Gaussian spin packet, Eq. (3.36) is also valid for a time-dependent spin diffusion
coefficient where Dg(Ar) is determined from the momentary slope of the tangent to the
w2 (At) curve [103].

3.4 Photoinduced magneto-optical Kerr effect

We conclude this chapter by introducing the photoinduced magneto-optical Kerr effect,
the very phenomenon which we employ to optically detect the electron spin polarization
in semiconductors. The MOKE is the change of the polarization state of light which is
reflected from the surface of a magnetized solid. It is closely related to other magneto-
optical effects including circular dichroism and the Faraday effect. In the context of
electron spin spectroscopy, we specifically refer to the photoinduced MOKE [106, 107]
to denote that the sample magnetization is optically induced by aligning the magnetic
moments of the electron spins by optical spin injection.

Figure 10: Schematic of the polar MOKE. The major axis of polarization of linearly
polarized light is rotated by the Kerr angle 0x, when the light is reflected at normal inci-
dence from a sample with an out-of-plane magnetization M ~ S.. The polarization state is
changed from linear to elliptical polarization. The ratio of the minor to the major axis of po-
larization is the tangent of the Kerr ellipticity ¢g. Note that the nonzero angle of incidence
shown here is for the purpose of graphical representation only. Adapted from [80].

Depending on the relative orientation of the sample surface, the magnetization vector,
and the plane which contains the wave vector of the incident and reflected light, one dis-
tinguishes the longitudinal, equatorial, and polar Kerr effect [108]. The polar geometry,
which is used exclusively in this work, is illustrated schematically in Fig. 10. Here the
light is reflected at normal incidence from the sample surface. Symmetry dictates that
the change of the polarization state is only sensitive to the magnetization component
which is parallel to the wave vector of the incident light, i.e. the magnetization which
is pointing along the sample normal Z.

The Kerr rotation 6O is the angle included between the initial linear polarization axis
of the incident light and the major axis of polarization of the reflected light beam. The
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3.4.1 Macroscopic description of the polar MOKE

tangent of the Kerr ellipticity is defined as the ratio of the minor and major axes of the
polarization ellipse of the reflected light (compare also Fig. 17).

In the following we provide a macroscopic description of the photoinduced MOKE.
We describe how a measurement of the Kerr rotation Ok of a linearly polarized probe
laser can be used to obtain information on the electron spin polarization. A microscopic
model which relates the observed Kerr rotation to electron spin-induced changes in
the excitonic optical properties of semiconductors is presented later in section 7.1.3,
where we quantitatively analyze experimentally observed Kerr rotation spectra, i.e. the
dependence of the Kerr rotation on the probe laser wavelength.

3.4.1 Macroscopic description of the polar MOKE

The origin of all magneto-optical effects can be traced to differences in the interaction of
photons of positive and negative optical helicity with magnetic solids. The Kerr rotation
Ok of a linearly polarized probe laser results from a difference in the complex dielectric
functions &% () for o left and right circularly polarized light with photon energy
Eprobe = I@. For the following description of the polar MOKE we therefore decompose
the linearly polarized probe laser beam in two left and right circularly polarized modes
of equal amplitude Ej, [109]. For propagation along the z-axis, the electric field vectors
of these modes are:

E.(z,1) = Re [Ei,,e"(“"—miz/ %) (% + iy)} (3.37)
with the vacuum wavelength Ag = (hc/Eprope) and the complex refractive index:
At =ny—iKks (3.38)

where ny and xy are the real index of refraction and the absorption.

The Kerr rotation stems from the influence of the sample magnetization on the dielec-
tric tensor €. In the case of the photoinduced MOKE, the magnetization My ~ S, is due
to the magnetic moments of the electron spins which are aligned by optical orientation.
For cubic crystals and the electron spin polarization S; pointing along the z-axis, the
dielectric tensor is of the form:

E&x & O
ES)=|-& & O (3.39)
0 0 &,

From symmetry, the off-diagonal tensor elements:
éxy(Sz) = *éxy(*sz) (3.40)

are odd functions of the electron spin polarization. The complex index of refraction
for the 6* polarization modes Eq. (3.37) is related to the components of the dielectric
tensor Eq. (3.39) as [108]:

R e (3.41)
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3.4 Photoinduced magneto-optical Kerr effect

The Kerr rotation results from the difference in the phase jumps A* of the complex
amplitude reflection coefficients [110]:
re = Irle ny—iky+1 (342)
The explicit expression for the phase jumps under normal incidence for the circular
polarization modes is [109]:

2k
+ _

From Eq (3.43) we can directly relate, without any approximations [109], the Kerr
rotation: )

Ok =—> (At —A7) (3.44)
to the respective dielectric functions via the well-known relation /i~ = (£%) 1/2 for the
complex index of refraction. From Eq. (3.44) it is seen that the polar Kerr rotation
Ok indeed is a direct measure of the difference in phase angle delays of the circularly

polarized plane wave components of the reflected light [111].

The symmetry of Eq. (3.40) for the dielectric tensor dictates that the Kerr rotation in
polar geometry is an odd function of the spin polarization, i.e. Ok (S;) = —0x (—S;) [109].
Expanding 6k in powers of S, and dropping higher order contributions & (Sf), a linear
dependence of the Kerr rotation on the electron spin polarization:

Ok = as; (3.45)

is generally assumed. The constant of proportionality & is termed the magneto-optical
coefficient.

From Eq. (3.45), a systematic variation of the temporal delay Ar between short pump
and probe laser pulses or the relative distance r between focused pump and probe
laser beams and measurement of O (Ar,r) is expected to reflect the time evolution and
spatial dependence of the optically induced electron spin polarization S,(At,r). This is
the fundamental working principle of pump-probe MOKE microscopy of the electron
spin dynamics in semiconductors.
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Chapter 4

Photocarrier heating and electron
energy relaxation

Although the main focus of this thesis is on the electron spin dynamics, we will provide
in the following a rather detailed discussion of hot electron excitation and photocarrier
energy relaxation for two reasons. First, the very fact that optical excitation can lead to
a heating of the electron system has been known for 45 years [23]. The investigation
of carrier energy relaxation has been an important field of optical spectroscopy for
decades, on which a significant amount of literature and previous work exists. Parts of
the magneto-optical spectroscopy and spintronics community, however, seemingly have
been unaware of these results or have ignored hot carrier effects in the interpretation
of their experimental results. Second, an understanding of the temperature dependence
of the electron-phonon relaxation rates, which are responsible for the cooling of the
carrier system, is important for the understanding of the experimental results presented
later in this work.

In this chapter we will introduce the most important aspects of photoinduced electron
heating by above-bandgap optical excitation and the photocarrier energy relaxation by
phonon emission. We also describe electron-acceptor photoluminescence thermometry,
the experimental probe which allows for the spatially resolved measurement of the local
electron temperature in semiconductors and which we use in a later part of this thesis.

4.1 Nonresonant optical excitation

We first consider the fundamental aspect of photocarrier heating, the nonresonant op-
tical excitation of electron-hole pairs. We limit the discussion to the case of moderate
excitation energies Egp < Aexe < Egap + Aso Which is relevant to magneto-optical
pump-probe spectroscopy. For excitation with such comparatively low excess energies
AEexe = hexc — Egap, in GaAs the possible interband transitions are restricted to take
place in the close vicinity of the Brillouin zone center. Here the CB, HH, and LH
dispersions E (k) are well described by Egs. (2.4), (2.6), and (2.7).

Nonresonant optical excitation creates electron-hole pairs whose total kinetic energy
equals the difference between the photon energy and the semiconductor band gap. From
Eq. (2.25), the wave vector conservation k. = k, mandates that optical transitions are
“vertical” or direct in k-space. The fraction Ei“i of the total excess energy AE¢x. which
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4.1 Nonresonant optical excitation

t=0

CB

) /\

Figure 11: Nonresonant optical excitation in zincblende-type semiconductors. The ab-
sorption of monochromatic light with photon energy Egyp < fiexe < Egap +Aso creates
two initial CB electron populations which originate from the HH and LH transitions. Both
initial electron energy distributions f(E) are broadened by the valence band warping.
Adapted from [25].

is transferred to the excited electron therefore is directly related to the curvature of the
conduction and valence bands. For optical transitions between parabolic bands with
effective masses m; and mj ,, the initial electron excess energy is [26]:

Eini = (hwexc *Egap) / (1 +mZ/m}»;h,lh) 4.1

In GaAs, m; < my, , and therefore most of the excitation excess energy is transferred
to the electron.

Because of the different hole masses, the above-bandgap excitation with monochro-
matic light initially creates two distinct conduction band electron populations which
originate from the HH and LH valence bands. Moreover, since the effective LH and HH
masses depend on the direction of k (compare section 2.1.3), the initial electron energy
distribution functions f(E") are broadened by the valence band anisotropy [25,27].
This situation is illustrated in Fig. 11. In GaAs, the width of the two initial conduction
band electron distributions is < 10% of the respective (EiM) [24,25,27].

The optical spin injection in two-color MOKE microscopy typically involves ex-
citation excess energies AEex. ~ 40meV — 60meV [15, 30, 33, 68, 83, 101]. For the
low lattice temperatures 7 < 10K at which most MOKE microscopy experiments are
performed, the mean initial electron excess energy:

(EM) > kgTy, 4.2)

exceeds the thermal energy scale kg7 of the lattice by approximately two orders of
magnitude. Even for very weak excitation powers, a substantial amount of excess energy
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4.2 Different regimes of photocarrier relaxation

is deposited in the electron system by above-bandgap illumination. The creation of a
hot! electron gas, which is not in thermal equilibrium with the lattice, is therefore
inherent to the optical spin excitation technique and virtually cannot be avoided in
low-temperature two-color MOKE microscopy.

4.2 Different regimes of photocarrier relaxation

Hot carrier effects arise both in cw steady-state and transient spectroscopy measure-
ments involving pulsed excitation. In the following discussion we first focus on the
conceptually simpler transient case, where the different stages of excitation, thermal-
ization, and relaxation take place in a sequential, though temporally overlapping, order.
After establishing the main ideas for the transient case we discuss the steady-state
situation for cw excitation, for which all of the above processes occur simultaneously.

For both cases we mainly focus on the dynamics of the conduction band electron
system in bulk semiconductors, which are most relevant for the electron temperature
spectroscopy in bulk n-type GaAs presented later in this thesis. The general aspects of
thermalization and relaxation, however, apply qualitatively similar to the dynamics of
hot valence band holes and hot exciton gases in bulk semiconductors as well as to the
carrier relaxation dynamics in QWs. Extensive reviews on carrier relaxation in these
systems are given e.g. in Refs. [27,28, 112].

In the following sections we introduce the different scattering mechanisms which
are responsible for the photocarrier thermalization, i.e. the establishment of a Maxwell-
Boltzmann or Fermi-Dirac energy distribution of the carrier ensemble, and the energy
relaxation, i.e. the cooling of the photocarriers down to the lattice temperature. Before
describing the relevant processes in detail, we follow Ref. [28] and first briefly sketch
out the temporally overlapping stages of transient thermalization and energy relaxation
following pulsed optical excitation.

After short pulsed optical excitation and losing the initial coherence, the semicon-
ductor is in the non-thermal regime in which the distribution function of the excited
electron-hole pairs or excitons cannot be characterized by a temperature. Next, carrier-
carrier scattering leads to an efficient redistribution of energy within the carrier system.
This process typically establishes a thermal carrier distribution within a couple of pi-
coseconds. The energy distribution of the excited carriers is then described by a carrier
temperature which typically exceeds the lattice temperature. In general, this temperature
can differ for individual carrier subsystems, e.g. excitons, electrons and holes.

Concurrent with and following the thermalization, energy relaxation of the hot pho-
tocarriers takes place by slower electron-phonon scattering processes which mediate
the transfer of electron excess energy and momentum to the crystal lattice. At low Tz,
these relaxation processes can take from several 100ps [28] up to 100 ns [113] to cool

By “hot” we refer to every carrier distribution which satisfies Eq. (4.2), i.e. distributions with mean kinetic
energies which exceed the thermal energy scale kpT; of the lattice. In contrast, we refer to a thermalized
carrier ensemble only if the energy distribution function can be completely characterized by a temperature.
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4.3 Photocarrier thermalization

the carrier system down to the lattice temperature. Following this energy relaxation,
the semiconductor finally enters the isothermal regime, in which all charge carriers,
phonons, and excitons are described by the same temperature. This isothermal regime
differs from the thermal equilibrium insofar, as cold excess photocarriers may still be
present which ultimately recombine either radiatively or non-radiatively.

4.3 Photocarrier thermalization

Following pulsed optical excitation, two competing relaxation paths are possible for the
initial, hot, non-thermal electron distribution. These processes are the rapid relaxation
towards the conduction band bottom by fast emission of optical phonons [24, 114] and
the energy exchange with other charge carriers by Coulomb scattering.

Coulomb scattering can take place either with other photoexcited hot electrons or, if
present, with initially cold electrons which belong to an intrinsic background popula-
tion. In both cases electron-electron scattering effectively randomizes the initial carrier
energy distribution within a few scattering events [115] and leads to a fast redistribution
of the excess energy among the electron ensemble.The total excess energy deposited in
the electron system is conserved by such carrier-carrier Coulomb scattering processes.
From the point of view of the hot photocarriers, however, scattering with initially cold
intrinsic electrons represents an efficient relaxation mechanism.

The redistribution of excess energy among the carriers by Coulomb scattering rapidly
drives the electron ensemble in a thermalized energy distribution. The time scale Tiperm
on which this thermalization takes place strongly depends on the specific experimental
conditions. From a detailed comparison [116] between theory [115, 117] and exper-
imental data [118, 119] it is found that at moderate densities n, < 1 % 107 cm™3 the

electron-electron scattering rate I'c . in bulk GaAs depends on the electron concentra-
tion as:

Tee ~n2? (4.3)

The efficiency of the Coulomb scattering strongly decreases with decreasing electron
density. Therefore, a strong dependence of Tyerm On the photocarrier density and the
background doping density is expected. Indeed, a systematic decrease of the thermaliza-
tion time Tiherm With 71, has been observed in a number of time-resolved PL spectroscopy
experiments. Reported thermalization time constants for bulk GaAs range from ultrafast
values Therm = 100fs at 7, = 1 x 1017 em™3 [120] up to Tiperm = 21s at very low exci-
tation densities 7, < 1 x 10'3 cm™3 [24]. Most relevant for the time-resolved measure-
ments presented later in this work is the observation of an upper bound Tiperm < 15ps
at low lattice temperatures 7; = 10K for excitation densities n, > 4 x 10'*cm™3 by
Snoke et al. [115, 118]. From this observation we conclude that the electron ensemble
is always thermalized on the time scales relevant to our transient MOKE microscopy
measurements which span several hundred picoseconds.
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4.4 Conduction band electron energy relaxation

Following the brief thermalization period Term after the initial photoexcitation, the
electron ensemble of a non-degenerate semiconductor is described by a Boltzmann
distribution function [121]:

E.
E.) ~ — 4.4
e ~exp (- o) @)
For the parabolic dispersion relation Eq. (2.4), the mean kinetic energy (E.) of the
thermalized CB electron ensemble is related to the electron temperature 7, as:

3
(Ec) = SkpT. (4.5)

The phonon scattering processes which eventually lead to a cooling of the hot electron
ensemble with temperature 7, down to the lattice temperature 77 are described in the
following section.

4.4 Conduction band electron energy relaxation

In GaAs, polar coupling through the electric field of the lattice polarization and deforma-
tion potential coupling through strain-induced energy changes of the band edges are the
two distinct physical mechanisms which give rise to electron-phonon interaction [25].
Similar to the case of optical electric dipole transitions (compare section 2.2.1), phonon
scattering processes between initial conduction band states |k;) with energy E; and final
states ‘kf> with energy E are governed by wave vector and energy conservation [122]:

Ef:E,-iha)q and kf:k,':l:q (4.6)

where /1@y is the energy of the phonon with wave vector q.

For the moderate electron excess energies considered here, electron-one phonon scat-
tering can only involve phonon states close to the Brillouin zone center. For conduction
band electrons in GaAs, the accessible phonons are the longitudinal acoustic (LA) and
transverse acoustic (TA) modes with comparatively small energies g < 3meV [27]
and the longitudinal optical (LO) mode whose energy is approximately constant. From
the small LA and TA energies it is seen that acoustic phonon scattering is rather ineffi-
cient at cooling hot electrons.

At the Brillouin zone center, the LO phonon energy is i@ o = 36.8meV [26]. Be-
cause of this large LO phonon energy, the rapid cascade emission of LO phonons
potentially allows for a rapid decrease of the initial electron excess energy after pulsed
excitation. However, LO phonon emission is only energetically accessible for carriers
with sufficiently high kinetic energies E. > A o. The efficiency of the LO phonon
cascade relaxation therefore exhibits a delicate oscillatory dependence on the excitation
excess energy [114,123].

In the presence of cold background carriers, electron-electron scattering and LO
phonon cascade emission are competing mechanisms whose relative efficiency deter-
mines the fraction of the initial photocarrier excess energy (EiM) which is transferred
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4.4 Conduction band electron energy relaxation

to the thermalized electron ensemble. From Eq. (4.3), a larger fraction of the initial
excess energy is expected to be retained within the electron system for higher carrier
densities [26]. Experimentally, at 7, = 10K for (Ei") ~ 300meV a critical background
carrier density 7 = 8 x 10!®cm ™3 has been determined for which the scattering rate
of a single hot electron with the background electron plasma equals the LO phonon
emission rate [124].

We now turn to a more quantitative description of the electron-phonon scattering rates
in bulk GaAs. We limit our discussion to the case of a non-degenerate” Maxwellian
electron ensemble with temperature 7,. The three relevant scattering processes are
deformation-potential (dp) and piezoelectric (pe) scattering with acoustic phonons and
polar-optical (op) scattering with LO phonons [27].

Analytical expressions for the average conduction band electron excess energy loss
rates due to one electron-one phonon scattering processes as a function of the electron
and lattice temperatures have been derived by Ulbrich in his seminal work Ref. [24] as:

dEN (8@ PEm T (LT wn
dt dp_ 77.'3/2714p T, .

<dEC> __ (el alkeT,)' (TE_TL) 4.8)
dt /e 217212 (47ep)2 k3 p T, '

1

<ddEf >op =~ (2m) (o) () W

hopo hoyo
x |lexp | — il —exp | — Tl
e

Here xy = 12.5 and k.. = 10.9 are the low- and high-frequency dielectric constants,
e14 = 0.16Cm~2 is the piezoelectric coupling constant, a ~ 0.4 is a dimension-less
factor, E; = 6.3¢eV is the deformation-potential and p = 5.32gcm ™3 is the volumetric
mass density of GaAs [49].

Similar expressions can be obtained for the phonon emission energy loss rates of va-
lence band holes. Because of the effective mass dependence of the scattering rates, the
energy loss for the heavier holes is expected to significantly exceed the electron energy
loss rates. Moreover, for the p-type symmetry of the holes states, not only polar optical
Frohlich interaction, but also non-polar interaction with optical phonons contributes to
the loss rates. These enhancements of the hole loss rates, however, are partially com-
pensated by the anisotropic valence band dispersion relation. As a net result, the hole
energy loss rates are approximately a factor of 2.5 higher than the electron-phonon
scattering rates in GaAs [28].

4.9)

Figure 12 (a) shows theoretical average energy loss rates (dE./dt) versus electron
temperature 7, calculated from Egs. (4.7) - (4.9) for a lattice temperature 7;, = 8K. As

2Calculations for a degenerate electron gas indicate only minor differences for the average electron excess
energy loss rates [125].
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Figure 12: (a) Average energy loss rate (dE./dt) per electron versus electron temperature
T, for a thermalized Maxwell-Boltzmann distributed conduction band electron ensemble
in bulk GaAs at 77, = 8 K. The dashed curves show the individual contributions of the polar-
optical (op, red), piezoelectric (pe, blue) and acoustic-deformation potential (dp, green)
one electron-one phonon scattering processes. The solid black line is the total average
energy loss rate. Calculated after Ref. [24]. (b) Transient cooling of hot electrons in GaAs.
The time dependence T, (z) is calculated from Eq. (4.10) for an initial electron temperature
T¢ initial = 60K using the phonon loss rates of (a). The dashed line indicates the lattice
temperature 7;, = 8 K. Note the logarithmic time axis.

expected from the preceding discussion, for high electron temperatures polar-optical
scattering is the dominant energy relaxation channel. For T, < 30K, however, the frac-
tion of electrons with E; > i@y o in the high-energy tail of the Maxwellian distribution
rapidly collapses and the LO phonon energy loss rate quickly diminishes for decreasing
electron temperatures. The remaining piezoelectric and deformation-potential acoustic
phonon scattering are rather inefficient at cooling the hot electrons, i.e. the coupling
between the electron system and the lattice becomes weak. At low lattice temperatures,
the deposition of very small amounts of excess energy by nonresonant photoexcitation

can therefore already lead to a significant heating of the electron system [24, 126].

Following pulsed excitation and the initial thermalization processes, from Eq. (4.4)
and Egs. (4.7) - (4.9) the time evolution of the electron temperature is governed by the
energy loss equation:

ar,(t) 2 (/dE(T,) dE.(T,) dE.(T,)
dt  3kp < dt >dp+< dt >pe+< dt >0p (4.10)

From Eq. (4.10) the theoretical cooling curve T,(¢) of the electron ensemble down to
lattice temperature can be calculated if the initial electron temperature 7, initial is known.
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4.5 Continuous-wave excitation and steady-state electron temperature

In Fig. 4.10 (b) we exemplarily show the time dependence T, (¢) of the electron tem-
perature which we calculate from Eq. (4.10) for T jsitias = 60K and a lattice temperature
Ty = 8K. For T, Z 30K, LO phonon emission mediates a very fast initial decrease of
the electron excess temperature. For smaller 7,, however, the electron cooling signifi-
cantly slows down because of the collapse of the LO phonon scattering rate. The lattice
temperature is only reached after very long times ¢ 2 30ns. We will later compare

experimentally obtained electron cooling data to the calculation presented above.

4.5 Continuous-wave excitation and steady-state
electron temperature

For cw excitation electron-hole-pair creation, thermalization, and energy relaxation
take place simultaneously. For n, > 10'*cm™3, photoexcited electrons scatter quasi-
instantaneously with other electrons and thermalize rapidly. The photocarrier excess
energy is continuously redistributed among the electron ensemble and the optical exci-
tation acts as a sustained power source for the electron system.

The steady-state electron temperature can be deduced from power-balance consider-
ations. The electron temperature adjusts such that the power transferred to the electron
distribution by nonresonant optical excitation is equal to the total power loss (dE /dt ot
of the electron system to the lattice which is given by the sum of Egs. (4.7) - (4.9).

The electron generation rate by optical excitation is [24]:

1

8 = Pexc (hWexcV) ™ 4.11)

where Pex. is the total absorbed light power and V is the excitation volume. The average
energy transferred to the electron system per excited electron-hole pair is (E™)F (n,).
Here F (n,) ~ n./(n.+n’) < 1is a dimensionless factor which increases monotonically
with the electron density [23]. The factor F (n,) considers the relative efficiency of the
initial LO phonon cascade relaxation and the energy transfer to the electron system
by Coulomb scattering. For the critical electron density n, = n, initial LO phonon
emission and electron-electron scattering occur with equal probability.

The steady-state electron temperature is obtained from the power balance equa-

tion [24]: <dE )

_ ini —1
g >tot = (E™)F(n.) gn, (4.12)

At low lattice temperatures, for a given excitation energy the electron temperature 7, is
expected to increase with the optical excitation power. A strong heating of the electron
system is expected for rather low Pex because of the very weak electron-lattice coupling
by acoustic phonons. For T, ~ 30K, however, the drastic increase of (dE./dt),,, by LO
phonon emission limits the rise of T,. The electron temperature therefore is expected to
saturate slightly above 7T, = 30K.

This dependence of T,(Pexc) is indeed observed in Fig. 13 (a) where we show the
electron temperature in bulk semi-insulating GaAs as a function of excitation intensity

48



4.6 Photoluminescence thermometry

40 — . — 30
@) R ¢
35+ ® E
K 28 E
30F ¢ _
@
25]4 ] 26 :
< Is 3
l_q; 20 '5 T }_e» 24 J
150 bukGars ] ]
10} T =8K Apump=7850A i
P =3uW T,=8K
[ L L L L 20 pymp_ ) L
0 5 10 15 20 25 0 20 40 60
Intensity (W/cm?) Initial energy <E"> (meV)

Figure 13: (a) Electron temperature 7, in bulk semi-insulating GaAs as a function of
excitation intensity. The excitation wavelength Apump = 7850 A corresponds to a mean
electron excess energy (E™) ~ 50meV. The dashed line indicates the lattice temperature
T, = 8K. (b) Dependence of T, on the average electron excess energy (E(i.“i) for the same
sample. The dashed line indicates the LO phonon energy %o o = 36.8 meV.

at a lattice temperature of 8 K. The spectroscopic technique which we use to experi-
mentally deduce the electron temperature is described in the following section. The
excitation wavelength Apymp = 7850 A used for the measurement corresponds to a mean
electron excess energy of (E™) ~ 50meV. Note that for this comparatively low excess
energy a strong photocarrier heating is still observed even at vanishingly low excitation

densities < 1 Wcem 2.

From Eq. (4.12) an increase of the electron temperature is expected for increasing
electron excess energies (E!™). This is demonstrated in Fig. 13 (b) where we mea-
sure T, as a function of the optical excitation energy.’ However, deviations from the
monotonic increase of T, with increasing excitation excess energy are observed. When
(EIM) ~ hay o, the initial LO phonon relaxation is particularly efficient at reducing the
total excess energy transferred to the electron system. The fast LO emission of the
newly excited photocarriers then is reflected by a dip in the 7, ((EI")) curve. This local
minimum does not appear as a sudden drop in T, (%®exc), but is smeared out by the
spectral broadening of the initial electron energy distribution function f (Eg“i) caused
by the valence band warping (compare section 4.1).

4.6 Photoluminescence thermometry

We conclude this chapter by describing how the conduction band electron energy dis-
tribution f(E,.) can be directly inferred from the PL of the electron-to-neutral acceptor

3Contrary to the data shown in Fig. 13 (a) which are obtained for homogeneous illumination of the sample,
the T, (hoexc) measurement of Fig. 13 (b) is performed with a focused pump laser with 3.8 um diameter. The
difference in excitation conditions prevents a direct comparison between both data sets. For further details
on the sample and experimental conditions see Ref. [127].
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(e,A?) free-to-bound transition. We describe how the electron temperature 7, is readily
obtained from a quantitative line shape analysis of this (e,A°) transition. Such photolu-
minescence thermometry measurements are later used in this work for the interpretation
of our cw MOKE microscopy measurements.

E, £ 17 o
~ exp(-E /k,T,)
E=0
f(E,)
hw

exc

I(E,) ~ 9(E,)-exp(-E /KT

IE,
ol

E

v

Figure 14: Electron-acceptor photoluminescence thermometry. Conduction band elec-
trons recombine radiatively with neutral acceptor states with binding energy E4. The
line shape of the free-to-bound (e,A°) transition reflects the density of occupied states
N(E;) = f(E.) - g(E.) of the electron system. Adapted from [25].

As one of the many possible recombination paths, CB electrons can recombine ra-
diatively with holes which are bound to acceptor states [128]. The shallow hydrogenic
acceptor impurity states which are relevant for this work are formed by substitutional
group IV impurities on As sites [129]. This electron-to-neutral acceptor (e,A°) transi-
tion takes place between the conduction band continuum states and the discrete bound
acceptor state with fixed binding energy Ej4.

Neglecting the minor k-dependence of the transition matrix element between the
conduction band states and the acceptor envelope wave function, the (e,A°) PL line
shape I(hw) directly reflects the electron distribution N(E,) [130, 131]. For the bulk
density of states Eq. (2.5) of the parabolic conduction band and a Boltzmann-distributed
electron ensemble the (e,A°) PL line shape therefore is:

ha)—Egap +EA) (4.13)

I(hw) ~ \/h® — Egap + Eg exp < il
e

A quantitative analysis of the (e,A°) PL line shape using Eq. (4.13) directly yields the
electron temperature 7.
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Chapter 5
Optical instrumentation

5.1 Pump-probe MOKE microscopy setup

5.1.1 Design considerations

Depending on the subject of investigation, the use of either pulsed or cw laser sources is
advantageous for different MOKE spectroscopy experiments. In general, time-resolved
pump-probe spectroscopy is ideally suited for the observation of comparatively fast
spin relaxation phenomena which take place on the sub-nanosecond time scale. These
phenomena include e.g. the electron spin relaxation in narrow GaAs QWs and the
hole spin dephasing in bulk semiconductors and low-dimensional systems. Moreover,
as we will demonstrate in this work, picosecond real-space imaging of electron spin
propagation by time-resolved MOKE microscopy is a particularly valuable tool for the
direct measurement of electron spin diffusion coefficients. The goal of achieving high
temporal resolution, however, mandates the use of ultrafast laser sources. Mode-locked
femtosecond Ti:sapphire (Ti:Sa) laser systems are therefore commonly used for time-
resolved Kerr rotation (TRKR) spectroscopy. While offering unrivaled time resolution,
a potential drawback of these laser sources is their spectrally broad emission with typi-
cal line widths on the order of ~10-20 meV [106].

In contrast, cw spectroscopy enables MOKE measurements with extremely high
energy resolution. For the visible and near-infrared (NIR) spectral range, actively stabi-
lized, tunable, single-frequency sources with line widths in the single-kHz regime have
been demonstrated both in the form of traditional solid state lasers [132, 133] and semi-
conductor diode laser systems [134], and commercial sub-100 kHz systems are readily
available. Such spectrally narrow laser sources allow to address the spin polarization
of specific electron sub-ensembles in semiconductors, e.g. to selectively probe the spin
polarization of free and donor-bound carriers or the excited and ground states in low-
dimensional systems. Since a temporal synchronization of the steady-state pump and
probe laser sources is not required, the implementation of cw two-color pump-probe
schemes is comparatively easy. Moreover, cw MOKE microscopy can be used to image
the steady-state electron spin polarization resulting from electrical spin injection, e.g.
from ferromagnetic contacts. Finally, cw Hanle-MOKE measurements are particularly
well suited to determine the exceptionally long spin relaxation times e.g. found in bulk
n-doped GaAs or in modulation-doped CdTe QWs.
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5.1 Pump-probe MOKE microscopy setup

Because of the complementarity of both approaches, the versatility of the hybrid
Kerr microscope presented in this work is greatly enhanced by the possibility to study
low-temperature electron spin transport in semiconductor systems by means of cw and
time-resolved MOKE microscopy. The instrument is specifically designed such that it
allows for the rapid change between the pulsed and cw configuration without the neces-
sity to carry out any changes to the optical setup. The instrument is unique in its ability
to provide both cw and picosecond pump-probe MOKE imaging of electron spins with
nearly diffraction-limited spatial resolution in a single Kerr microscopy setup.

For cw spectroscopy we follow the common approach of using two independent Ti:Sa
lasers as the continuously tunable pump and probe laser sources. For time-resolved mea-
surements with pulsed excitation and detection, however, we choose a novel approach
which mitigates some potential disadvantages of the typical use of a single, mode-locked
Ti:Sa laser.

In the traditional form of degenerate time-resolved pump-probe spectroscopy the
pulsed pump and probe lasers are obtained from the same laser source, i.e. the exci-
tation and detection wavelengths are equal. In semiconductors an appreciable Kerr
rotation signal is only observed in the vicinity of the excitonic optical resonances. The
necessity to detect the small spin-induced polarization signals therefore limits the ex-
citation energies accessible by degenerate MOKE spectroscopy. However, a strong
influence of the excitation energy on the electron spin dynamics due to pump-induced
carrier heating and the resulting electron temperature gradients is expected both for bulk
semiconductors and QWs. It is therefore desirable to independently control the pump
and probe wavelengths in MOKE spectroscopy experiments to enable the systematic
investigation of the interrelationship between charge, spin, and heat transport in the
electron system of semiconductor heterostructures.

In the past this has been achieved by elaborate synchronization of the pulse trains
of two independent mode-locked Ti:Sa laser systems [11, 135, 136]. We here present
a new approach to time-resolved two-color MOKE microscopy which is based on an
ultrafast ‘white light” supercontinuum fiber-laser source.

The use of pulsed supercontinuum sources for optical spectroscopy is a new devel-
opment which has gained significant traction only within the last few years. Supercon-
tinuum sources are today widely used for chemical analysis by coherent anti-Stokes
Raman spectroscopy (CARS) [137], for the creation of precise frequency standards
using frequency combs [138], and most notably for bio-imaging applications includ-
ing stimulated emission depletion (STED) microscopy [139] and optical coherence
tomography (OCT) [140]. We are, however, to our knowledge the first to apply a super-
continuum source to time-resolved pump-probe scanning MOKE microscopy. Building
on our experience that we have gathered in the development of a general purpose pump-
probe Kerr microscope during the last years, we are convinced that we have arrived at
a rather sophisticated — yet easy to implement — solution which we intend to share with
the spintronics community. In the following we therefore give a particularly detailed
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description and characterization of our instrument to provide a comprehensive, self-
contained documentation of a state-of-the art approach towards two-color picosecond
Kerr microscopy.

The three main advantages of our instrument for time-resolved spectroscopy are
(i) the ability to independently tune the excitation and detection energy while avoiding
the necessity to synchronize two separate picosecond laser systems, (ii) access to the
whole visible and near-infrared spectral range for the investigation of a wide range of
different semiconductor material systems while maintaining a high repetition rate, and
(iii) a significant reduction of the complexity and the costs involved in the development
of a picosecond two-color Kerr microscope due to the utilization of a single robust and
comparatively inexpensive femtosecond fiber-laser source.

The aim to investigate the spatio-temporal dynamics of optically induced electron
spin packets imposes challenging requirements on the experimental setup: Typical spin
diffusion lengths in semiconductors are of the order of several micrometers [15,32]. In
bulk n-GaAs long spin relaxation times exceeding 100 ns are routinely observed [13,
67, 141]. Spin relaxation in QWs, however, is much faster and typically happens on
time scales of the order of hundred picoseconds [35,37, 142]. Time-resolved real-space
imaging of electron spin diffusion processes therefore requires an instrument which
allows to investigate electron spins with micrometer spatial and picosecond time reso-
lution at cryogenic temperatures. The pump-probe MOKE microscope presented here
meets these requirements and is capable of measuring optically induced electron spin
diffusion for sample temperatures between 8§ K-300 K with < 3ps time and < 2pm
spatial resolution.

5.1.2 Instrumentation

A schematic diagram of the experimental setup is shown in Fig. 15. To minimize
disturbances by dynamic changes in the ambient environment we operate the Kerr mi-
croscope in a climate-controlled laboratory where we stabilize the temperature and
relative humidity within +0.2°C and below 35 %, respectively. The instrument is built
on an optical table equipped with an active vibration isolation system. The detrimental
effects of turbulent air currents on the polarization state of the pump and probe lasers
are reduced by enclosing the entire setup with a laminar flow box.

Access to sample temperatures between 8 K and 300K is provided by an Oxford
MicrostatHe narrow tail liquid helium flow optical cryostat which enables the use of
short focal length focussing optics. The cryostat is mounted on a mechanical 3-axis
stage for lateral scanning of the sample position and focussing of the pump and probe
laser beams.

The sample is yieldably clamped to a copper holder which is mounted in vacuum on
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Figure 15: Schematic of the two-color pump-probe MOKE microscope. The main optical
components of the Kerr microscope are the supercontinuum generation, the instrumenta-
tion for the independent spectral filtering of the pulsed pump and probe laser, additional
Ti:sapphire lasers for cw spectroscopy, the focussing and raster-scanning optics for the
local optical electron spin excitation and detection and the manipulation of the probe laser
position, and the balanced photoreceiver lock-in Kerr rotation detection scheme for the
measurement of the small spin-dependent changes of the probe laser polarization.

the coldfinger of the cryostat. Care is taken to avoid a strain-induced k-dependent split-
ting of the conduction band spin states which affects the electron spin dynamics [15].
A calibrated Cernox resonant tunneling diode (RTD) temperature sensor is attached to
the backside of the copper holder for accurate measurements of the sample tempera-
ture. The cryostat is placed between the poles of an electromagnet which allows for
the application of external in-plane magnetic fields of up to 600 mT in Voigt geome-
try. A calibrated Hall sensor is used to monitor the magnetic field at the sample position.

The main optical components of the pump-probe MOKE microscope are the su-
percontinuum generation, the instrumentation for the independent spectral filtering of
the pump and probe laser, two additional Ti:sapphire lasers for cw spectroscopy, the
focussing and raster-scanning optics for the local optical electron spin excitation and
detection and the manipulation of the probe laser position, and the balanced photore-
ceiver lock-in detection scheme for the measurement of the small spin-induced changes
of the probe laser polarization. A detailed description of each component is given in the
following.
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Supercontinuum generation

The generation of the ‘white light’ supercontinuum from which we derive the pulsed
pump and probe laser beams is based on nonlinear frequency conversion of a short
near-infrared laser pulse in a tapered optical fiber. For the optical pumping of the fiber
we use the output of a mode-locked PolarOnyx Uranus 1030 high power femtosecond
laser which provides pulses with a central wavelength of ~ 1030 nm. The repetition rate
of the pump laser system is 36.4 MHz which corresponds to a 27.5 ns pulse-to-pulse
interval. The time-averaged output power of the pump laser is 3 W. After exiting the
pump laser, a grating compressor is used to reduce the output pulse length to < 300fs.

The pump pulses are coupled into the tapered fiber by an infinity corrected Olympus
10x plan achromat objective (numerical aperture NA = 0.25) which is mounted on a
3-axis fiber launch system. A Faraday isolator is placed in the pump beam path in
front of this objective to prevent unintentional back-reflection of pump light into the
laser cavity. Owing to the high peak intensities achieved by the strong femtosecond
pump laser in the thin tapered fiber, a variety of nonlinear effects including soliton
fission, stimulated Raman and Brillouin scattering, four-wave-mixing, and self-phase
modulation lead to a strong spectral broadening of the pump pulses [143]. Depending
on specific parameters such as fiber waist diameter, excitation pulse duration, pump
wavelength, and peak pulse power this spectral broadening results in the creation of a
smooth supercontinuum which can extend from ~ 400nm — 1600nm [144, 145].

The configuration of the instrument described here is optimized for the investigation
of GaAs-based semiconductor heterostructures. We therefore use a comparatively thick
fiber with a 4 um waist diameter which leads to supercontinuum creation with apprecia-
ble spectral weight in the vicinity of the relevant 800 nm spectral region. The maximum
time-averaged power transmitted through the fiber is ~ 875mW. A typical spectrum
of the output of the supercontinuum source is shown in Fig. 16 (a) on a logarithmic
scale. While the supercontinuum in the present configuration is limited to wavelengths
2 520nm, access to higher photon energies can be obtained by using a thinner fiber.

After exiting the fiber the supercontinuum light is collimated by a second, infin-
ity corrected, fiber launch mounted Olympus 4x plan achromat microscope objective
(NA = 0.1). The supercontinuum output is extremely sensitive to small changes of the
pump laser input coupling into the fiber. To enhance the temporal stability of the super-
continuum we therefore further suppress the influence of environmental fluctuations by
placing the entire supercontinuum generation unit in an additional plexiglass housing.

We use a broadband anti-reflection coated 70:30 beamsplitter to divide the supercon-
tinuum beam in two components. We obtain the pulsed probe and pump lasers from
these two beams by performing individual spectral filtering, where we use the 70 %
transmitted component for the probe laser.
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5.1 Pump-probe MOKE microscopy setup

Spectral filtering of the pulsed pump and probe lasers

The spectral position of the excitonic Kerr resonance depends on the semiconductor
material, the sample temperature, and in the case of low-dimensional systems on the
confinement energy. While it is often sufficient to operate the pump laser at fixed above-
bandgap wavelengths, MOKE microscopy requires a continuously tunable probe laser
to allow for a versatile investigation of different semiconductor heterostructures.

To meet this requirement in time-resolved measurements we have implemented a
prism-based spectral filtering scheme for the pulsed probe laser. The probe beam is
horizontally dispersed by a N-SF14 glass prism. A high-dispersion glass type is used
to enhance the angular spread of the individual spectral components of the supercon-
tinuum to achieve a high spectral resolution. To minimize reflection losses, the prism
is operated under the condition of minimum deviation. The 59.6° apex angle of the
prism is designed such that the incident and exit angles are made Brewster’s angle for
wavelengths between ~ 700 — 900nm. The lossless transmitted horizontal polarization
component of the initially unpolarized supercontinuum is subsequently used as the
linearly polarized probe laser beam as described below.

Following the prism, the dispersed probe beam is focused by a f = 100mm lens on
a 50 um pinhole. In the focal plane of the lens, the angular dispersion introduced by the
prism translates to a lateral displacement of the focus position of different wavelength
components of the supercontinuum. The focussing lens is mounted on a PI miCos
LS-65 linear stage which allows for horizontal scanning of the lens position with sub-
micrometer resolution and uni-directional repeatability. Variation of the lens position
allows for a selection of the desired wavelength component from the supercontinuum
by the pinhole.

For the combination of the N-SF14 glass prism and the f = 100mm focussing
lens, the lateral wavelength dispersion of the superontinuum in the pinhole plane is
~ 1Aum™! in the spectral vicinity of 800 nm. Precise tuning of the probe wavelength
therefore requires a rather fine computer-controlled manipulation of the lens displace-
ment with micrometer accuracy. After passing the pinhole, the transmitted spectral
component is collimated by a second f = 60mm lens. By manipulating the position
of the first lens while keeping the pinhole position fixed, the probe wavelength can be
tuned without changing the beam direction after the second lens.

In Fig. 16 we demonstrate the continuous tuning of the probe laser over a wide
spectral range between 520 nm and 820 nm by systematic variation of the scanning lens
position. For each lens position we measure the probe laser spectrum with a compact
CCD spectrometer which can be introduced in the probe beam path after the filtering
instrumentation by temporarily inserting a flip mirror.

We determine the energy resolution of the prism filter by measuring the full-width
at half maximum (FWHM) of the probe laser spectrum as a function of the central
wavelength Apope. In Fig. 16 (b) we show that no systematic variation of the probe laser
linewidth with increasing Aprobe is observed. The FWHM stays approximately constant
over the whole examined wavelength range. The mean value of the FWHM is 3.9 meV
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Figure 16: Spectra of the continuously tunable probe laser obtained by dispersive filtering
of the white-light supercontinuum. Inset (a) Typical output spectrum of the pulsed fiber-
laser source (4 um fiber waist diameter, 875 mW time-averaged total output power). Inset
(b) Spectral width (FWHM) of the probe laser as a function of central laser wavelength.
The red dashed line indicates the mean FWHM of 3.9 meV.

and the FWHM never exceeds 5 meV. If necessary, the spectral resolution of the prism
filter can be improved by using a smaller pinhole and a higher dispersion glass type;
however this leads to a reduction of the available probe laser power.

The pump laser wavelength is selected by passing the supercontinuum through a
standard optical bandpass filter. A broad selection of high-quality dielectric bandpass
filters which cover the whole visible and near-infrared spectral range is commercially
available. Depending on the material system under investigation, filters with appropriate
central wavelengths and passband widths can be introduced in the pump laser beam
path.

A synchronized pair of conventional mechanical delay lines is placed in the pump
beam path to introduce a variable time delay Ar between the pump and probe pulses. The
PImiCos LS-110 linear stages each have a travel range of 305 mm with 50 nm resolution
and uni-directional repeatability. The present configuration provides a maximum delay
of 4 ns which can be extended by multi-pass operation of the delay lines.

Continuous-wave Ti:sapphire laser sources

For cw two-color MOKE spectroscopy, two independent Ti:sapphire lasers can be
used in the Kerr microscope as the pump and probe laser beams by simply chang-
ing the position of two flip mirrors. Both Ti:Sa lasers are pumped at 532 nm with 10 W
by two frequency-doubled, diode-pumped neodymium-doped yttrium orthovanadate
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(Nd:YVO,) Coherent Verdi V10 and V12 solid state lasers. The pump laser for MOKE
spectroscopy is provided by a Coherent MBR-110 ring-cavity Ti:Sa laser which can be
tuned between 775 nm and 840 nm. A continuously tunable Coherent CR 890 linear-
cavity Ti:Sa laser which provides access to wavelengths between 770 nm and 900 nm
is used as the MOKE probe laser source. The CR 890 Ti:Sa is particularly well suited
for high-resolution Kerr spectroscopy since is does not exhibit mode hopping during
wavelength tuning. Its wavelength therefore can be tuned with sub-0.1 A resolution and
repeatability. We use computer-controlled stepping motors to automatically vary the
configuration of intra-cavity Lyot filters to set the calibrated wavelengths of both Ti:Sa
systems.

Focussing and raster-scanning optics

The diffraction limit for the spatial resolution A of conventional far-field optical mi-
croscopy is determined by the wavelength A and the numerical aperture NA of the
focussing objective [110]:
11.224

A> 7 NA (5.1)
Achieving micrometer spatial resolution in the near-infrared and visible range therefore
requires the use of high NA focussing optics with short focal distances. To minimize
aberrations in the spatially resolved electron spin detection it is further desirable to
utilize high-quality room-temperature microscope objectives which must be operated
outside the cryostat. Spatial constraints therefore dictate to use short working distance
optical cryostats and the utilization of the same microscope objective for the focusing
of both the pump and probe laser beam.

We use an infinity-corrected Mitutoyo 50x plan apochromatic long working-distance
microscope objective (f = 4mm, NA = 0.42) to focus the pump and probe beams on
the sample surface. The moderate numerical aperture of the objective is chosen for
quasi-normal-incidence focussing of the pump and probe beams with negligible photon
angular momentum along the sample in-plane directions [146]. To scan the probe with
respect to the fixed pump beam position, we introduce a pair of f = 4mm aspheric
lenses arranged in confocal geometry in the probe beam path. The first lens is mounted
on a PI P-611.3 Nanocube 3-axis piezo positioner which offers 100 um travel range
with nanometer resolution along each axis.

Manipulation of the relative position of the aspheric lens pair changes the probe
laser’s angle of incidence on the microscope objective aperture. This directly translates
to a change of the focus position of the probe beam on the sample surface (compare
Fig. 18). Since the focal lengths of the microscope objective and the aspheric lenses
are equal, lateral scanning of the piezo-mounted lens directly results in a translation
of the probe laser beam position at the sample surface by the same distance. The Kerr
microscope therefore offers a 100 x 100 um? field of view.

After reflection from the sample surface the pump and probe lasers are collected by
the same microscope objective. Polarization retaining beamsplitters are used to steer
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the pump and probe beams to the Kerr rotation detection optics and to a CMOS camera
which is placed in the focal plane of a f = 75mm lens. The CMOS camera is used
to monitor the focussing of both lasers and the positioning of the probe beam. We
additionally use the CMOS camera for the determination of the spatial resolution of the
MOKE microscope as described below.

Optical spin excitation

We employ the standard optical orientation technique introduced in section 2.3 for the
electron spin excitation by the pump laser. We use a Hinds Instruments PEM-100 pho-
toelastic quartz modulator (PEM) [147] to periodically modulate the pump polarization
between ot left and 6~ right circular polarization at a frequency (@rer/27) = 50.1kHz.
Before entering the PEM, the linear polarization of the pump laser is therefore adjusted
to +45° to the horizontal by a high-quality Glan-Thompson polarizer. The fast axis of
the PEM is oriented horizontally and the retardation is set to (4 /4) for the respective
pump wavelength. After passing the PEM, the modulated pump beam is focused on
the sample surface and locally excites electrons with a net spin polarization S, oriented
along the sample normal Z.

The benefit of the PEM modulation is twofold. First, the fast, sinusoidal change of
the electron spin orientation prevents the unintentional polarization of nuclear spins
by transfer of angular momentum from the electron to the lattice system (compare
section 3.1.2). Second, the periodic modulation of the pump laser polarization enables
lock-in detection of the small Kerr rotation signals.

Lock-in Kerr rotation detection

The spatially resolved electron spin detection in our experiments is based on the polar
MOKE. In the presence of spin polarized electrons, the probe laser state is changed
from the initially linear to elliptical polarization after reflection from the sample surface
(compare section 3.4). In the polar geometry of our setup, the major axis of polarization
is rotated by the Kerr angle 6. The ratio of the major and minor axis of polarization is
determined by the tangent of the Kerr ellipticity ¢ as indicated schematically in Fig. 17.

The magnitude of Kerr rotations observed in pump-probe MOKE microscopy experi-
ments on non-magnetic semiconductors is typically well below 1 mrad. To facilitate the
detection of the small polarization signals we employ a balanced photoreceiver lock-in
detection scheme [106, 148]. Before entering the focussing optics, the probe laser is set
to vertical linear polarization by a Glan-Thompson polarizer. After reflection from the
sample surface, the elliptical polarization state of the probe laser induced by the polar
MOKE is described by the Jones vector [149]:

- cos(0)cos(¢) —isin(0)sin(¢)
Fou = £ <sm<e>cos<¢> +icos<e>sin<¢>> o

After being collected by the microscope objective, the major axis of polarization of
the reflected probe beam is rotated by 45° by a Soleil-Babinet compensator. The com-
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Figure 17: Probe laser polarization states in our MOKE spectroscopy measurements.
(a) Initial vertical linear polarization. (b) Elliptical polarization after reflection from the
sample surface. The major axis of polarization is rotated by the Kerr angle 6, the ratio of
the major and minor axis of polarization is the tangent of the Kerr ellipticity ¢.

pensator therefore is set to (A/2) retardation and the fast axis is tilted by 22.5° to the
vertical.

We use a Wollaston prism to split the probe laser into two separate, linearly polarized
beams carrying the X (horizontal) and y (vertical) polarization components which are
focused on two separate photodiodes of a balanced photodetector. A high-transmission
Semrock RazorEdge ultra-steep longpass filter (transition width < 5meV) with an ap-
propriate cut-off wavelength is placed in front of the Wollaston prism to prevent the
collinear, modulated pump laser from entering the detector.

The custom-built balanced photodetector is specifically optimized for raster-scanning
microscopy to achieve highest possible spatial homogeneity in the detection efficiency.
We therefore employ large-area Hamamatsu Photonics silicon photodiodes to compen-
sate for the small lateral displacement of the probe beam focus position on the diode
surface caused by the raster-scanning of the probe beam position.

The two probe beam components evoke photocurrents which are proportional to the
respective beam intensity:

Ixay = |(E0Ut)x,y ?

A high-sensitivity transimpedance amplifier with a 1 x 107 V A™! gain is used to gener-
ate a voltage signal which is proportional to the photocurrent difference:

(5.3)

Vout = &L1 (Ix - Iy) (5.4)

The conversion coefficient g considers the wavelength-dependent quantum efficiency
of the photoreceiver diodes and the modulation frequency dependent transimpedance
amplifier gain. Using Eq. (5.2) we obtain:

Vou = s (I /2) x (sin2(0 - g))4sin20+0) ) 59

The periodic modulation of the optical spin excitation by the PEM leads to a sinu-
soidal time dependence of the Kerr rotation and ellipticity, i.e. () = Ogsin( o) and
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Figure 18: Schematic illustration of the working principle of time-resolved real space
imaging of electron spin diffusion by pump-probe MOKE microscopy. The focussed
probe beam is repeatedly raster-scanned with respect to the pump spot position and the
local Kerr rotation 6k (At,r) is measured as a function of the pump-probe delay Az. This
procedure yields full information on the spatio-temporal dynamics of the electron spin
polarization S, (At,r).

@ (1) = @gsin( et ). The photodetector output voltage can be expanded in terms of odd
harmonics of the PEM frequency @s using the Jacobi-Anger identity [150]:

sin(z sin(x)) =2 i Jont1(z)sin((2n41)x) (5.6)
n=0

where J;. denotes the Bessel function of kth order.
Combining Eqgs. (5.5) and (5.6) we obtain an explicit expression for the time depen-
dence of the detector output voltage:

Vout (t) =

=)

gulEol* Y (J2n+l [2(6k — 00)] + Jons1 [2(6k + )] ) (5.7)
n=0

X sin[(2n+ 1) @est]

The detector voltage Voue(f) is demodulated at the fundamental PEM frequency by
a Stanford Research SR530 lock-in amplifier. The lock-in output voltage Vi is pro-
portional to the w.r frequency component of the input signal, i.e. the lock-in is only
sensitive to the n = 0 term of the series in Eq. (5.7). Furthermore, since |0x| < 1 and
|¢x| < 1, the approximation J; (x) =~ 5 can be used [150]. The lock-in output voltage
is therefore a direct measure of the local Kerr rotation, i.e.:

Vir = 2811 |Eol* 6k (5.8)

The conversion coefficient gr 1 can be determined from an independent calibration pro-
cedure described below. Following this calibration, absolute values of the local Kerr
rotation are directly obtained from the lock-in measurement.

Finally, as illustrated in Fig. 18, by repeatedly raster-scanning the probe with respect
to the pump spot position and measuring the local Kerr rotation 6 (Az,r) as a function
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5.1 Pump-probe MOKE microscopy setup

of the pump-probe delay Ar and the relative pump-probe distance r, full information
on the spatio-temporal dynamics of the electron spin polarization S, (At, r) is obtained*.
This is the working principle of time-resolved real-space imaging of electron spins by
pump-probe MOKE microscopy.

5.1.3 Instrument characterization
Supercontinuum stability and available output power

While offering great experimental flexibility, potential drawbacks of the use of supercon-
tinuum laser sources for pump-probe spectroscopy are the limited power after narrow
spectral filtering and the susceptibility of the spectral distribution of the supercontinuum
output to temporal fluctuations. By carefully minimizing environmental fluctuations and
using a sufficiently strong pump laser, both challenges can be overcome and supercon-
tinuum sources can be successfully applied to MOKE microscopy.

In our instrument the total tapered fiber output power of 875 mW and the super-
continuum spectral width of ~ 1000nm suggest an average spectral power density of
< 1mWnm~'. However, as shown in Fig. 16 (b), the actual spectral power density
strongly varies with wavelength. Moreover, temporal drift of the coupling of the pump
laser into the supercontinuum fiber can cause detrimental fluctuations of the total avail-
able output power and the spectral power density distribution of the supercontinuum.

To validate the absence of such fluctuations and to demonstrate the operability of
our Kerr microscope we first characterize the long-term stability of the supercontinuum
source. We therefore show in Fig. 19 a representative time trace of the total supercon-
tinuum output power which we measure with a calibrated thermopile sensor over an
extended time period of 2 hours. Within this observation window we measure a mean to-
tal output power of 875 mW which fluctuates only very weakly with a relative standard
deviation (RSD) of 0.3 %.

To further quantify the spectral stability of the supercontinuum source we addition-
ally measure with a calibrated semiconductor sensor time traces of the individual pump
and probe beam powers after the spectral filtering schemes described above. For the in-
dividual pump and probe beam stability measurements we use a pump laser wavelength
Apump = 780nm and tune the central probe laser wavelength to lprobe = 820nm. From
the time traces shown in Fig. 19 we determine a mean pump power of 403 uW (1.3 %
RSD) and probe laser power of 288 uW (2.4 % RSD). Compared to the pump laser, the
spectrally more narrow probe laser is slightly stronger affected by the weak fluctuations
of the spectral supercontinuum power distribution.

Overall we observe a high temporal stability of the fiber laser source, demonstrat-
ing the viability of our supercontinuum approach for pump-probe MOKE microscopy.
Careful inspection of the partial time trace shown in the inset of Fig. 19 further reveals
that a major component of the weak probe power drift is periodic in the toc ~ 20min

4For pulsed excitation, the lock-in integration time is typically chosen such that for each spatial position and
pump-probe delay the reported signal is the average of ~ 2 x 108 pulses.
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Figure 19: Time traces of the total supercontinuum output power (black) and the pump
(gray) and probe (red) beams after narrow spectral filtering. Dashed lines in the inset
indicate the cooling cycle period Atac of the laboratory climate control (see text).

cooling cycle period of the laboratory climate control. If necessary the pump and probe
power stability therefore can potentially be further improved by increasing the labo-
ratory temperature stability or by the additional use of inexpensive commercial liquid
crystal laser amplitude stabilizers.

After passing the polarization modulation, focussing, and raster-scanning optics, the
available pump and probe power arriving at the sample surface are Pyump ~ 6 uW and
Porobe ~ 12uW. Despite the comparatively low absolute value of the pump power, the
strong focussing of the pump beam allows for high-density optical injection of spin-
polarized photocarriers. When using the maximum available pump power, photocarrier
densities exceeding 1 x 10'7 cm ™3 for bulk GaAs and 1 x 10'?>cm™2 for GaAs-based
QW samples are obtained.’> Moreover, the probe power of = 2uW which finally arrives
at the balanced photoreceiver yields Kerr rotation output voltage amplitudes on the
order of 1 mV which are readily detected by standard lock-in amplifiers.

Spatial resolution

We determine the spatial resolution of the instrument from CMOS camera images of the
focused pump and probe spots. The square pixel size of the camera is dcyos = 5.3 um.
For the (75 mm/4 mm) ratio of the focal lengths of the camera lens and the microscope
objective, one pixel corresponds to a distance of 0.28 um on the sample surface.

From Eq. (5.1) the diffraction limit for the attainable spatial resolution depends on
the laser wavelength A. We here characterize the spatial resolution for a central pump

SPhotocarrier densities are calculated for a pump spot area of 3 um?, a sample reflectance R = 0.3, a pump
wavelength of 780 nm, and a pump pulse energy of 0.14 pJ (corresponding to a 5 uW time-averaged pump
power at a repetition rate of 36.4 MHz). For the bulk sample we consider absorption in a 1 um epilayer with
a penetration depth of 0.7 um at A = 780nm [151]. For the QW we assume an absorption coefficient of
1 x 10* em™! and the 20 nm QW width of the samples examined in this work.
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Figure 20: Characterization of the spatial resolution of the Kerr microscope for the time-
resolved measurement configuration using the supercontinuum source. (a,c) CMOS cam-
era images of the focused pump and probe laser spots. (b,d) Normalized intensity profiles
of the pump and probe laser obtained from line cuts through the CMOS camera images.
Red solid lines are Gaussian fits from which we determine the spatial resolution of the
instrument.

wavelength Apump = 780nm and a probe wavelength Aprope = 820nm which are subse-
quently used in the majority of measurements presented in this work.

We first consider the spatial resolution for the time-resolved measurement config-
uration using the supercontinuum source. In Figs. 20 (a,c) we show CMOS camera
images of the focused pump and probe spots. Line cuts through the center of the radial
symmetric intensity profiles are shown in Figs. 20 (b) for the pump and (d) for the probe
spot. The intensity profiles I(r) are well described by Gaussians:

2
I(r) = Iy x exp <—22> (5.9

where [y is the maximum intensity and A the (1/e) half width of the spots. Gaussian
fits of the intensity profiles shown in Figs. 20 (b,d) yield Apymp = 0.95um and Aprobe =
1.7 um for the pump and probe beam. The increased probe spot width is mainly caused
by the additional passage of the two aspheric scanning lenses. We have verified that the
determination of spot widths from CMOS camera images yields identical results as the
conventional knife-edge scan technique [68].

The net optical resolution A of the microscope is determined by the convolution
of both intensity profiles. From the convolution of the Gaussian intensity profiles we
obtain a spatial resolution:

+A2

— 2
Atr - A pump

probe =1.9pum (5.10)
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5.1.3 Instrument characterization

for the time-resolved instrument configuration. Following a similar approach, we also
determine the spatial resolution of the Kerr microscopy setup for the cw configuration
using the Ti:Sa lasers. We here measure the spatial extent of the focused pump and
probe laser spots as Apymp = 0.7um and Ayope = 1.2um. From convolution the net
optical resolution of the setup for cw microscopy is therefore:

Aew = 1.4pm 5.11)

The higher spatial resolution for the cw configuration stems from a slightly more
ideal illumination of the focussing microscope objective aperture by the Ti:Sa laser
beams. In principle, the spatial resolution for the time-resolved configuration could
be further enhanced by optimizing the pulsed pump and probe beam diameters using
additional beam expanders at the cost of introducing additional complexity to the setup.

Time resolution

Dispersion in the tapered fiber leads to a significant prolongation of the initial < 300fs
infrared pump pulse. As a result the total duration of the supercontinuum pulse is of
the order of 5ps. However, as revealed by cross-correlation frequency-resolved op-
tical gating (XFROG) characterization [152], the temporal width of the arrival time
distribution of individual spectral components of a supercontinuum with bandwidths
comparable to our filtered pump and probe laser beams is typically of the order of 500
to 1500 fs [143, 153]. From this consideration we expect an overall time resolution of
~ 2-3 ps for our pump-probe MOKE microscope.

The comparatively weak intensities of the filtered pump and probe beams impede
auto-correlation and XFROG measurements of the respective pulse lengths for the direct
determination of the time resolution of our instrument. As an alternative we determine
an upper bound for the time resolution by observing the very fast initial rise of the tran-
sient Kerr rotation signal following the pulsed optical spin excitation. This approach
has the advantage of being available in situ, i.e. it does not require any modification of
the experimental setup or additional equipment, and considers all optical components
of the Kerr microscope in its operational configuration which could potentially impair
the time resolution of the instrument.

In Fig. 21 we show a typical time trace of the Kerr rotation 6 (At) which we measure
on a MBE-grown GaAs epilayer (200 nm layer thickness; grown on (001)-oriented
semi-insulating GaAs substrate) for short delays between —4 ps and 4 ps. The sample
temperature is 77, = 8 K. For the detection of the Kerr rotation transient the probe laser is
tuned to the bulk GaAs excitonic resonance at Aprohe = 820nm. The pump wavelength
is Apump = 780nm.

Following the pulsed excitation at Ar = 0 ps we observe a very steep rise of the Kerr
rotation Ok (Ar). This experimentally observed Kerr rotation transient is a convolution
of the actual step-like rise of the Kerr rotation with the temporal pump and probe
pulse profiles. To determine the time resolution of our MOKE microscope we therefore
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Figure 21: Characterization of the time resolution of our pump-probe MOKE microscope.
Transient Kerr rotation 6x(Ar) measured in a GaAs MBE epilayer at 7; = 8K (black
markers). The red solid line is a Gaussian error function fit from which we deduce the
instruments time resolution. The black dashed line shows the normalized derivative of the
fit to visualize the temporal width of the error function fit.

describe the resolution-limited observation of the initial Kerr rotation transient by a
Gaussian error function:

At

Ok (A?) = Ok max {1 +erf ()] /2 (5.12)
Wi

where O max is the maximum Kerr rotation amplitude. The error function width w,

describes the experimentally observed finite Kerr rotation rise time. In Fig. 21 we show

a fit of the model Eq. 5.12 from which we obtain:

w, =(2.8+0.1)ps (5.13)

This temporal width w; is a direct measure of an upper bound of our instrumental time
resolution, since the experimentally observed rise time of the excitonic Kerr rotation
transient not only depends on the pump and probe pulse lengths, but also includes the
finite time of to the built-up of the excitonic Kerr rotation in the sample.

Absolute Kerr angle calibration for continuous-wave spectroscopy

In the later course of this work we use cw MOKE microscopy to quantitatively measure
the local Kerr rotation angle 0k (r). We therefore carry out an additional calibration
procedure to enable direct measurements of Ok using the lock-in detection scheme
described in section 5.1.2. We have conceived a calibration technique which evokes
a sinusoidal photoreceiver signal whose amplitude can be related to a known variable
reference angle. From this calibration measurement we determine the conversion co-
efficient gr 1 which from Eq. (5.8) directly relates the lock-in output voltage V1 to the
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Figure 22: Calibration procedure for quantitative lock-in measurements of absolute Kerr
rotation angles. (a) Schematic of the calibration setup. The vertically polarized probe
laser is passed through a PEM whose fast axis is tilted by a small variable angle 8 with
respect to the horizontal. The peak phase retardation of the PEM is 8y = &. The PEM is
followed by a (4 /4) wave plate with vertical fast axis and a Soleil-Babinet compensator
set to half-wave retardation (drawn as (A1/2) plate). The fast axis of the compensator
is tilted by 22.5° to the vertical. The vertical and horizontal polarization components of
the modulated probe beam are split by a Wollaston prism and detected by the balanced
photoreceiver. (b) Lock-in output voltage V,y as a function of the PEM tilt angle 8 (open
markers) together with a linear fit (red line).

product of the probe laser power and the absolute value of the Kerr rotation angle.

The calibration scheme is specifically implemented such that the calibration signal
can be demodulated on the fundamental PEM frequency (@f/27). It is important
to employ a calibration procedure which involves lock-in demodulation on the same
frequency which is subsequently used for the actual Kerr rotation measurements: The
bandwidth of transimpedance amplifiers commonly used in MOKE spectroscopy ex-
periments is typically < 100kHz, i.e. it is comparable to the second harmonic of the
PEM modulation frequency. A comparatively low bandwidth is purposefully used to
suppress the unintentional amplification of high frequency noise components which are
detrimental to the Kerr rotation measurement. However, the conversion coefficient gy
therefore depends on wy.s and significantly decreases for higher modulation frequencies.
It is therefore essential to perform the calibration for the identical modulation frequency
later used in the actual MOKE measurements.

A schematic of the calibration setup is shown in Fig. 22 (a). The vertically polarized
probe laser is passed through a PEM whose fast axis is tilted with respect to the hori-
zontal by a small variable angle . The PEM is attached to a mechanical mount which
allows for precise manipulation of the tilt angle 8 by a micrometer screw.

The peak phase retardation of the PEM is set to & = . The PEM is followed by
a NIR broadband (A/4) wave plate with a vertically oriented fast axis and a Soleil-
Babinet compensator set to half-wave retardation. Similar to the MOKE measurement
configuration, the fast axis of the compensator is tilted by 22.5° to the vertical. The
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5.2 Microphotoluminescence setup

horizontal and vertical polarization components of the probe beam are split by the
Wollaston prism and their intensity difference is detected by the balanced photoreceiver.

The time dependence of the modulated polarization state of the probe laser after
passing the Soleil-Babinet compensator is:

_ Eo e'P [icos(B) +esin(B)]
Eae =05 () evants)) e

where 0 = 8psin (@yst) is the momentary PEM retardation phase. The time-dependent
photoreceiver output voltage Voue = gr1 (I — 1) is:

Vour (1) = g11 |Eo[2sin (2B) sin(605in [wreft}) (5.15)

Finally, using the Jacobi-Anger expansion Eq. (5.6), we obtain for lock-in demodulation
on the fundamental PEM frequency (@.r/27) and small calibration angles || < 1, i.e.
for sin(2f3) =~ 23:

Vir = <4gLI|EO|2J1 (717)) B (5.16)

To determine the conversion coefficient g1 1 we measure the lock-in output voltage V11
as a function of the PEM tilt angle 3. To precisely replicate the conditions subsequently
used in the MOKE measurements we carry out the calibration using the full MOKE
microscopy configuration. We therefore place the additional PEM and (A /4) wave
plate in the probe beam path directly in front of the Soleil-Babinet compensator. The
probe beam is focussed on the surface of the sample which is kept at room temperature
(thereby acting as a passive mirror), and the calibration measurement is performed
using the reflected probe laser beam. The result of the calibration procedure is shown
in Fig. 22 (b) for lprobe = 820nm and a probe power of 50 uW which are later used
for our spatially resolved cw MOKE measurements. From the slope of a linear fit we
determine from Eq. (5.16) the conversion coefficient as:

gL = (54.7+0.1)pVmrad ' pW ! (5.17)

Under typical experimental conditions used for our cw MOKE spectroscopy mea-
surements, we are able to detect Kerr rotation changes which correspond to lock-in
output voltage differences AV = 10uV. Using Egs. (5.8) and (5.17) we therefore can
estimate an angular resolution:

ABg <2 x 10 °rad (5.18)

of our Kerr microscope for cw MOKE spectroscopy with a 50 uW focussed probe beam.

5.2 Microphotoluminescence setup

Photoluminescence spectroscopy allows for an efficient and reliable identification and
determination of the energetic position of the excitonic resonances which are relevant

70



5.2.1 Instrumentation

for the subsequent MOKE electron spin detection. We therefore routinely use standard
cw PL spectroscopy for an auxiliary pre-characterization of our samples before per-
forming Kerr microscopy measurements. In the course of this work we additionally use
microphotoluminescence (t-PL) spectroscopy for the measurement of the local steady-
state electron temperature profile 7,(r) under cw optical excitation. In the following we
provide a short overview of the employed PL instrumentation and briefly describe the
fundamental working principle of spatially resolved PL detection.

5.2.1 Instrumentation

Coherent Coherent CR 890
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Figure 23: Schematic of the microphotoluminescence (u-PL) spectroscopy setup. The
setup is operated in confocal geometry, i.e. a magnified image of the PL emitted from the
sample surface is formed in the entrance slit plane of the monochromator. When operating
the monochromator in diffraction-less zero-order mode this image directly translates on
the CCD array detector. When using the standard first-order diffraction mode, wavelength
dispersion only affects the horizontal direction while the spatial information along the
vertical axis, i.e. parallel to the entrance slit, is retained.

A schematic diagram of the main components of our ¢-PL setup is shown in Fig. 23.
Tunable optical excitation is provided by the same Coherent CR 890 Ti:Sa which we
also use for cw MOKE spectroscopy. The Ti:Sa laser beam is therefore routed to the
remote PL laboratory either using a single-mode optical fiber or in standard free-space
configuration (omitted in Fig. 23). When using the free-space configuration the pointing
stability of the laser is actively controlled by a TEM Messtechnik Aligna automated
laser beam alignment and stabilization system.

The sample is clamped on the cold finger of a Cryovac Konti-Cryostat-Mikro liquid
He flow optical microscopy cryostat. The sample temperature can be varied from 5 K
to 300 K and is monitored by a calibrated Cernox RTD sensor attached next to the sam-
ple. The laser is focused by a Mitutoyo 20x plan apochromatic microscope objective
(f = 10mm, NA = 0.4) on the sample surface. The luminescence is collected by the
same microscope objective and focussed by a f = 250 mm lens on the entrance slit of a
Jobin Yvon THR 1000 monochromator. An additional dielectric longpass filter is used
to suppress backscattering of the laser light into the spectrometer. The luminescence is
analyzed by the 1000 mm focal length Czerny-Turner spectrometer which is equipped
with a NIR-blazed 1200 mm™! grating and a liquid nitrogen-cooled Princeton Instru-
ments CCD-array detector. The spectrometer is calibrated using characteristic Kr and
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5.2.2 Spatially resolved photoluminescence detection
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Figure 24: Characterization of the pump laser spot size for (-PL spectroscopy. Axis labels
correspond to distances on the sample surface. (a) Zero-order mode CCD camera image of
the focused laser spot with open monochromator entrance slit. (b) Vertical line cut of the
laser spot intensity profile (open markers) with Gaussian fit (red line) as indicated in (a).
(¢) Zero-order CCD image of the focused pump laser spot with monochromator entrance
slit closed to 30 um. The vertical dashed lines indicate the horizontal width of the u-PL
detection area.

The setup is operated in confocal geometry, i.e. an image of the PL emitted from the
sample surface is formed in the entrance slit plane of the monochromator. When operat-
ing the spectrometer in diffraction-less zero-order mode, this image directly translates
on the CCD array detector. In Fig. 24 (a) we show a CCD camera image of the focused
laser spot which we record with a completely opened monochromator entrance slit.
For the (250mm/10mm) = (x25) magnification factor of the PL setup and the 15 um
square pixel size of the sensor, one CCD pixel corresponds to a distance of 0.6 um on
the sample surface. We therefore directly determine the pump spot size from a Gaussian
fit to the vertical intensity profile shown in Fig. 24 (b). The (1/e) half width:

ApL = 1.6um (5.19)

of the excitation laser spot closely coincides with the net optical resolution A¢y, = 1.4 um
of the cw MOKE microscope configuration. This allows for a direct comparison of re-
sults obtained from p-PL spectroscopy and cw Kerr microscopy.

For u-PL spectroscopy the setup is aligned such that the image of the focused pump
spot is centered on the monochromator entrance slit. The entrance slit is closed to a
width of 30 um, i.e. below the horizontal extent of the magnified pump spot image. The
CCD camera then detects a narrow vertical line cut of the PL image as illustrated in
Fig. 24 (c). When using the monochromator in standard first-order mode, wavelength
dispersion only affects the horizontal direction while the full spatial information along
the vertical axis, i.e. parallel to the entrance slit, is retained. Individual rows of the
CCD array sensor then contain PL spectra emitted from specific sample positions while
individual columns correspond to PL intensity profiles emitted at different wavelengths.
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Chapter 6

Samples

In this chapter we introduce the samples which are investigated in the present work.
We describe four samples, two bulk n-doped GaAs epilayers and two GaAs-based QW
structures. The bulk GaAs samples were provided by D. Reuter and A. D. Wieck.® The
QW samples were grown by K. Biermann and P. V. Santos.” In the following we first
provide for each sample a description of the heterostructure layer sequence. We then
use standard cw PL spectroscopy to identify the optical transitions which are relevant
to the following MOKE microscopy measurements.

6.1 Bulk n-GaAs samples

Sample 11889 is a 1 um n-type GaAs epilayer grown by molecular beam epitaxy (MBE)
on a (001)-oriented GaAs substrate. The sample structure consists of a 50 nm undoped
GaAs buffer layer, a ten-period GaAs/AlAs superlattice with a period of 5 nm GaAs +
5nm AlAs, followed by a second 50 nm undoped GaAs layer and the 1 um Si-doped
n-GaAs layer. The superlattice is grown to getter segregating unintentional impurities
from the substrate. It also confines the photoexcited carriers to the top 1 um GaAs
layer by suppressing diffusion into the substrate. The room temperature electron den-
sity and mobility of the epilayer are n = 1.4 x 10'cm™3 and u = 5500cm?V~'s~ ! as
determined by standard van-der-Pauw characterization. We found that additional above-
bandgap illumination of the sample does not significantly change the charge mobility
at room temperature. The donor concentration is chosen such that the expected low-
temperature electron spin relaxation times are maximal for bulk GaAs [84] to facilitate
the following MOKE microscopy measurements. We note that this sample is intention-
ally chosen to be very similar in both layer thickness and donor concentration to bulk
GaAs samples which have been the subject of numerous previous spatially resolved
Kerr and Faraday rotation spectroscopy studies [14—16,30-33, 68].

Sample 12464 also is a MBE-grown 1 pm n-type GaAs epilayer. In contrast to sam-
ple 11889, here the layer under investigation is buried between two n-doped Al,Ga;_,As
barriers to avoid a possible charge carrier depletion resulting from the direct transition
from the epilayer surface to the vacuum. Growth of sample 12464 is initiated on a

Snstitut fiir angewandte Festkorperphysik, Ruhr-Universitit Bochum, 44780 Bochum, Germany
7Paul-Drude-Institut fiir Festkorperelektronik, 10117 Berlin, Germany
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6.1 Bulk n-GaAs samples

(001)-oriented GaAs substrate by an undoped 5 nm GaAs layer, followed by 100 nm
of Si-doped Al 34GagesAs and an additional intrinsic 100 nm Alg 34Gag geAs layer.
The following 1 um thick Si-doped bulk GaAs epilayer is covered by the same Al-
GaAs barrier sequence grown in reverse order. Both Al,Ga;_,As barriers restrict the
motion of the spin polarized electrons to the investigated epilayer by inhibiting diffu-
sion of the photocarriers into the substrate. The top barrier is followed by 200 nm of
GaAs and 10nm of AlAs. The sample is capped by an additional 10 nm GaAs layer
to prevent oxidation of the Al,Ga;_,As. The room temperature electron density and
mobility of the n-GaAs layer have been determined by van-der-Pauw characterization
asn=9.4x 10" cm™> and u = 6200cm? V~'s~!. Again, at room temperature no sig-
nificant change of the mobility is observed when illuminating the sample.
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Figure 25: Pump power dependence of the cw PL spectra of the bulk n-GaAs samples
11889 (left) and 12464 (right) measured at 7;, = 8 K. The excitation wavelength is Apymp =
7800 A. Text labels indicate the excitonic (X) and defect-related (e, A?) transitions.

In Fig. 25 we show cw PL spectra of both bulk GaAs samples measured at 7;, = 8K
for different excitation densities. The excitation wavelength is lpump = 7800 A. For
both samples three distinct PL bands are observed. The high energy peak (X) centered
at = 1.515eV is due to the recombination of excitonic complexes [154]. It consists of
PL originating from the recombination of free excitons [(FX), 1.513-1.515eV)], neu-
tral donor-bound excitons [(D°,X), 1.5141 eV], and excitons bound to charged donors
[(DT,X), 1.5133eV] [49]. These transitions are not resolved as individual peaks be-
cause of the comparatively high defect density of the samples. However, from the ener-
getic position of the PL maximum we infer that for the excitation densities employed in
this work the majority of the excitonic PL originates from (D°, X) recombination. This
assignment, consistent with the strong Si n-doping of the sample, is corroborated by
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additional polarization-resolved PL measurements where we observe a strong decrease
of the PL circular polarization degree in the spectral vicinity of the excitonic PL inten-
sity maximum (not shown here). This vanishing of the zero-field circular polarization
degree is characteristic of the spin singlet state formed by the two electrons which
constitute the (D°, X) complex [67].

At lower photon energies we observe for both samples two distinct PL bands which
are related to recombination of holes bound to neutral shallow acceptors [154]. The first
peak at 1.493 eV is due to the recombination of free conduction band electrons with car-
bon acceptor-bound holes, the (e,A%) transition [49]. At a slightly lower photon energy
of 1.485eV we observe the (e,Agi) transition which involves the Sisg acceptor [49].
Observation of this transition, again, is expected from the amphoteric Si dopant used
for the n-doping of the bulk GaAs samples. Additionally, for both electron-acceptor
transitions a low-energy shoulder is observed. This shoulder stems from the (DO,AO)
recombination of Si donor-bound electrons with acceptor-bound holes which occurs
at 1.4892 eV and 1.4816¢eV for the carbon and silicon acceptor, respectively [49]. The
relative decrease of the defect-related PL intensity with respect to the excitonic lumi-
nescence with increasing excitation density observed in Fig. 25 is caused by saturation
of the finite number of acceptor states for higher photocarrier densities.

6.2 Quantum well samples

Sample M4_2661 is an intentionally undoped 5x GaAs multiple quantum well (MQW)
structure. We have chosen a MQW structure for our MOKE microscopy investigation
to enhance the absorption of pump light for below-barrier optical spin injection and to
facilitate the detection of the expected small Kerr rotation signals. MBE growth was
initiated on a (110)-oriented GaAs substrate by a 200 nm GaAs buffer layer. The buffer
is followed by a 500 nm Aly 15Gag gsAs layer and a series of five intrinsic GaAs QWs,
each with a width of 20 nm. The QWSs are embedded in 64 nm wide Alj 15Gag g5As
barriers. The sample is capped by 120 nm of Al 15Gag g5 As followed by a top 2nm
GaAs layer.

In Fig. 26 (a) we show PL spectra of sample M4_2661 which we measure at 7;, = 8K
for different pump intensities. The excitation wavelength is Apymp = 7850 A. For very
low excitation powers the PL spectrum is dominated by the (1E-1HH) electron-heavy
hole transition which occurs between 1.521-1.524eV. With increasing pump power
we additionally observe the first (1E-1LH) electron-light hole transition at 1.528 eV.
At high excitation densities, additional PL occurs around ~ 1.514 eV which originates
from the GaAs substrate or the bulk GaAs buffer layer.

Careful inspection of the PL spectrum for the lowest excitation power reveals a
fine-structure of the (1E-1HH) transition. In Fig. 26 (a) we identify three individual
transitions labeled A to C. Peak A observed at the highest energy of 1.524eV is at-
tributed to the recombination of free heavy hole excitons. Peaks B and C at 1.523 eV
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Figure 26: Continuous-wave PL spectra of sample M4_2661. (a) Pump power dependence
measured at 7;, = 8K. The excitation wavelength is Apump = 7850 A. Text labels A to C
indicate different transitions in the fine structure of the (1E-1HH) PL. (b) Rapid quenching
of the PL of transition B with increasing lattice temperature 77 .

and 1.521 eV might result from the recombination of localized or defect-bound excitons
which saturate with increasing excitation density.

For peak B, however, an alternative transition is more likely. In our MOKE studies
presented later we find that the (110) QW sample exhibits very long out-of-plane elec-
tron spin lifetimes 77 2> 20ns [compare Fig. 47 (b)]. This observation strongly suggests
the presence of a dilute 2DEG in the nominally undoped QWs. For low excitation den-
sities peak B therefore might result from the recombination of negatively charged trions
(X7) which can form from optically excited neutral excitons in the presence of excess
electrons [155—157]. Refs. [158, 159] report trion binding energies E,f " =1.3meV for
GaAs QWs of identical widths as our sample. This binding energy coincides with the
separation between the exciton peak A and peak B observed in our PL measurements.

Our interpretation that transition B originates from the (X ) negative trion recombina-
tion is corroborated by the PL measurements shown in Fig. 26 (b) where we investigate
the dependence of the QW PL on the lattice temperature for a moderate excitation
density of I0Wcem™2. At low T; = 5K we observe peak B as a strong transition on the
low-energy side of the (1E-1HH) PL. The luminescence from peak B, however, rapidly
diminishes with increasing temperature and completely vanishes for 7; 2 15K. At
this temperature kgTy 2, Eff ~, i.e. the thermal energy exceeds the trion binding energy
and the trion becomes unstable. A similar temperature dependent quench of the trion
Iuminescence has been reported previously for GaAs QWs [160, 161] which further
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substantiates or assignment.

As a side note we additionally observe the expected increase of the relative intensity
of the (1E-1LH) luminescence with increasing 7. This rise of the (1E-1LH) PL stems
from the growing thermal occupation of the first light hole valence subband with in-
creasing temperature.

Sample M4_2807 is a MBE-grown heterostructure which contains a high mobil-
ity 2DEG embedded in a symmetric modulation-doped 20 nm wide GaAs QW. The
QW is confined on both sides by short-period GaAs/AlAs superlattices. The sample
design is optimized for the investigation of electron spin dynamics in a degenerate
two-dimensional electron system with very high elastic mean free paths. The complex
sample structure results from the aim to achieve the highest possible electron mobilities
in a symmetric QW system.

Growth is initiated on a (001)-oriented GaAs substrate by a 500 nm GaAs buffer layer,
followed by 137 nm Aly4Gag gAs, 200 nm GaAs, and 50 nm AlAs. Grown on top are
100 nm beryllium-doped GaAs (Be concentration 5 x 10'5 cm™3), 455 nm Al 4Gag gAs,
2.7nm GaAs, 1.8 nm AlAs, 2.4 nm GaAs, and 1.8 nm AlAs. The bottom Si-delta doping
film with a Si sheet density of 1.7 x 10'?> cm™ is grown in the center of the last GaAs
layer, in a distance of ~ 100nm to the QW center.

The above layers are followed by the first 83.6 nm wide GaAs/AlAs short-period
superlattice. The superlattice consists of alternating layers of 2.7 nm thick GaAs and
AlAs layers of variable thickness which gradually decreases from 1.8 nm to 0.7 nm.
The 2DEG is confined to the following 20 nm undoped GaAs layer which is topped
by an identical short-period superlattice grown in reverse order. This top superlattice
is followed by 1.8 nm AlAs and a 2.4 nm GaAs layer which contains the top Si delta-
doping film with a Si sheet density of 1.9 x 102 cm™.

Growth of the sample is finished by an additional 50 nm Aly4GagsAs layer, two
periods of 2 nm thick GaAs layers which both at their center contain Si delta-doping
films with a Si sheet density of 1.5 x 10'> cm™2, and a top 1 nm GaAs capping layer.

The temperature dependence of the electron density and the charge mobility of the
2DEG have been determined by standard Hall characterization. The charge mobility is
Ue = 1x10°cm?V~!'s~! at 4.2K and monotonically decreases to 8 x 10° cm? V! 57!
at room temperature. The electron density ny = 2.2 x 10'! cm~2 is constant within +5 %
over the whole examined temperature range.

In Fig. 27 (a) we show cw PL spectra of sample M4_2807 which we measure at
T; = 5 K for different excitation densities. Contrary to our previous PL measurements on
the MQW sample M4_2661, we here choose a short pump wavelength Apump = 4440 A
which excites electron-hole pairs in the GaAs/AlAs superlattice barrier. These photo-
carriers relax into the QW where they recombine radiatively. We use above-barrier exci-
tation because for sample M4_2807 the absorption in the QW volume for below-barrier
excitation is very weak which aggravates the observation of the 2DEG luminescence.
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Figure 27: Continuous-wave PL spectra of sample M4_2807. (a) Pump power dependence
measured at 77, = 8 K. The excitation wavelength is Apymp = 4400 A ie. photocarriers are
excited above the GaAs/AlAs short-period superlattice band gap. (b) Photoluminescence
spectra for different lattice temperatures 7.

In undoped QWs the absorption and luminescence properties are dominated by the ex-
citonic resonances which occur as sharp peaks in the optical spectra (compare Fig. 26).
In strongly modulation-doped QWs (MDQWs), however, exciton formation is sup-
pressed because of screening of the Coulomb interaction between photocreated electron-
hole pairs and phase space filling effects [162, 163]. Instead, the PL of n-MDQWs can
be understood qualitatively in terms of band-band-transitions which occur between pho-
tocreated holes which relax to the valence band maximum and the CB electron states
which are filled up to the level defined by the Fermi energy Er.

For very weak excitation we observe in Fig. 27 (a) the broad PL spectrum which is
characteristic of strongly modulation-doped QWs [157, 164, 165]. The additional low-
energy PL observed around 1.515¢eV is attributed to excitonic transitions in the bulk
100 nm GaAs layer of the MBE heterostructure®. The spectral width AEp; =~ 7meV

8In analogy to Ref. [166] we observe signatures of exciton center-of-mass quantization in the high-energy
flank of the bulk GaAs PL peak (not shown here). This observation suggests that the bulk PL signal is mainly
due to radiative recombination in the thin 100 nm GaAs layer enclosed in two AlAs and Al,Ga;_,As barriers.
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of the QW PL band which occurs between ~ 1.520eV and 1.527 eV is in good agree-
ment with the electron Fermi energy Er = (I*7tny)/m’ = 7.8 meV which we calculate
for the electron density n; obtained from the Hall measurement and an effective mass
m}y = 0.067my. The high energy part of the PL directly reflects the occupation of the
CB electronic states in the vicinity of the Fermi edge and allows for the optical determi-
nation of the electron temperature of the 2DEG [37, 157]. The expected broadening of
the electron Fermi distribution with increasing 7, is observed in Fig. 27 (b) where we
show the QW PL for low excitation densities at different lattice temperatures up to 40 K.

With increasing excitation density a marked transition of the QW PL occurs. We first
observe a slight decrease of the Fermi energy as a redshift of the high-energy PL cutoff.
Next, a first PL peak develops at 1.5240 eV. When further increasing the excitation den-
sity, a second sharp PL peak appears at 1.5255 eV which dominates the PL spectrum
for moderate excitation densities. The appearance of this peak is correlated with the
observation of an additional weak luminescence signal at 1.5290 eV. For very high exci-
tation densities the QW PL again evolves into a broad, comparatively structureless band.

The observed changes in the PL spectrum are suggestive of a strong optically induced
change in the MDQW 2DEG density, i.e. of optical gating [167]. We propose that
the transformation of the PL line shape is due to different capturing efficiencies for
electrons and holes from the superlattice barriers into the QW. We suppose that the hole
capturing process is more efficient, i.e. that above-barrier illumination preferentially
creates holes in the QW. The reduced electron capture efficiency is due to the potential
barrier for electrons in the CB formed by the modulation doping. An increase of the
excitation power then leads to a reduction of the 2DEG density due to recombination
of the resident electrons with the photocreated holes. This process effectively transfers
electrons from the 2DEG back into to doping layer [168].

For low excitation densities the decrease of the electron density leads to the observed
shift of the PL Fermi edge towards lower energies. When further decreasing the electron
density by raising the excitation power, the negatively charged trion (X ™) becomes
stable which we observe as the low-energy peak at 1.5240eV. For higher excitation,
the density of photocreated holes approaches the total electron density and neutral
exciton formation is favored. In this case the PL spectrum is dominated by the heavy
hole exciton luminescence which we observe at 1.5255eV. The weak luminescence
signal at 1.5290 eV is attributed to the light hole exciton. The origin of the observed
broadening of the MDQW PL at very high excitation densities is not clear, but might
possibly be due to electron-hole plasma recombination.
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Chapter 7

Continuous-wave spectroscopy

In this chapter we present our experimental results on cw electron spin MOKE mi-
croscopy. We demonstrate that at low lattice temperatures the influence of hot photo-
carriers on these measurements is twofold. Optically excited hot carriers affect both the
measurement technique, the magneto-optical spin detection, and the subject of investi-
gation, the electron spin transport processes.

We first establish that a spatial temperature gradient in the electron system, a byprod-
uct of the nonresonant optical spin injection by the pump laser, locally disturbs the
magneto-optical coefficient which links the electron spin polarization to the experi-
mental observable, the Kerr rotation. As a consequence and contrary to the common
assumption, MOKE microscopy performed using a single arbitrary probe wavelength
therefore in general does not correctly reveal the true electron spin polarization profile.

Instead, for bulk GaAs we determine the local excitonic spin splitting energy by
analyzing the spatial dependence of the full excitonic Kerr rotation spectrum. From
the local excitonic spin splitting we obtain the true lateral electron spin polarization
profile. Moreover we demonstrate that our analysis additionally yields full information
on the local electron temperature. For the examined sample we further find that the true
electron spin profile is also observed by measuring the local Kerr rotation when the
probe laser energy is tuned far below the excitonic resonance.

Having established reliable ways to correctly measure the the local electron spin
polarization in bulk GaAs, we next consider the influence of hot carriers on the electron
spin diffusion process. We here synthesize our previous work on hot electron spin dif-
fusion [80, 101] and our newly gained insights on the elimination of hot carrier effects
in the spatially resolved MOKE spin detection. Owing to the high kinetic energy of
the photoexcited electrons, the spin transport properties observed in low-temperature
optical spectroscopy strongly deviate from the intrinsic properties of the examined sys-
tem. We present a modified spin diffusion model which includes this hot carrier effect.
From a combination of Hanle-MOKE measurements of the spin relaxation time and cw
MOKE microscopy of steady-state spin diffusion we determine the intrinsic tempera-
ture dependence of the electron spin diffusion coefficient of a bulk n-GaAs sample.

We last examine the steady-state MOKE electron spin detection in QW 2DEGs.
Similar to the case of bulk GaAs, we find that at low T}, a strong local modification of
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the Kerr rotation spectrum prevents reliable cw MOKE microscopy. Moreover, for the
examined (110) QWs the significantly more complex energetic structure of the optical
transitions impedes a quantitative analysis of the Kerr rotation spectrum. Instead, we
propose to measure the electron spin diffusion coefficient by picosecond real space
imaging of optically excited electron spin packets using a spectrally broad probe pulse.
These time-resolved measurements are the subject of the following chapter.

7.1 Hot carrier effects on the magneto-optical electron
spin detection in bulk GaAs

7.1.1 Statement of the problem

Pump-probe MOKE spectroscopy and the related spin noise spectroscopy both infer
information on the electron spin system of semiconductors by measuring small changes
in the polarization of a linearly polarized probe laser. In spin noise spectroscopy the
influence of the choice of a specific probe wavelength on the experimental results has
received significant attention in the past [39, 169—171]. A similar critical assessment of
the influence of the probe energy on results obtained from spatially resolved two-color
MOKE spectroscopy, however, has been neglected in the respective pioneering works.
This is problematic for the following reasons.

In two-color MOKE microscopy optical spin injection is achieved by a circularly po-
larized pump laser whose photon energy is tuned above the fundamental band gap [15,
30, 65, 68]. It has been known for a long time that in semiconductors the electron
temperature 7, can significantly exceed the lattice temperature 7; as a result of the
deposition of excess energy in the electron system by such above-bandgap optical ex-
citation [23-27]. As detailed in chapter 4, this effect is most pronounced at very low
lattice temperatures for which the energetic coupling between the electrons and the
lattice system is weak, and vanishes with increasing 7.

At liquid helium temperatures an overheating of the electron system is observed at
rather low power densities < 1 Wem ™2 for which no heating of the lattice system oc-
curs [25,126]. Such power densities easily fall by orders of magnitude below excitation
intensities typically required in pump-probe MOKE microscopy as a result of the neces-
sity to strongly focus the pump laser to achieve high spatial resolution while exciting a
detectable electron spin polarization. At low lattice temperatures pump-induced carrier
heating therefore is inherent to the nonresonant’ optical spin excitation in two-color
MOKE microscopy and virtually cannot be avoided.

9The practice of nonresonant excitation in two-color MOKE microscopy stems from the experimental require-
ment to detune the pump with respect to the probe laser to enable spectral filtering of the collinear pump and
probe beams. This is necessary to prevent a saturation of the balanced photoreceiver by modulated pump
light.
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We have previously used spatially resolved photoluminescence (SRPL) spectroscopy
to demonstrate that for excitation by a focused laser the thermal non-equilibrium be-
tween the electron and the lattice system can persist over length scales exceeding ten
micrometers in bulk GaAs [126]. These thermal relaxation lengths are comparable to
typical spin diffusion lengths in n-doped GaAs. In the following we will show that
consideration of the presence of such electron temperature gradients is essential for the
correct MOKE electron spin detection at low 7.

In two-color MOKE microscopy the probe laser energy is commonly tuned to the Ey
excitonic resonance and ),pmbe is chosen such that the observed Kerr rotation is maxi-
mized to facilitate the detection of the small polarization signals [15,32,68]. Assuming
a linear relation Ox = oS, between the small Kerr rotation and the electron spin polar-
ization, S;(r) then is determined by varying the relative distance r between the focused
pump and probe lasers and measuring 6k () (compare section 3.4.1).

If the magneto-optical coefficient o does not depend on the distance r, MOKE mi-
croscopy correctly reveals the local electron spin polarization S,(r). The excitonic
optical resonances in semiconductors, however, are known to be strongly influenced
by changes in the local charge carrier and exciton concentration and (electron) tem-
perature [28, 172—-178]. These parameters, however, all may vary significantly with
the distance to the pump spot, e.g. due to concurrent excess photocarrier recombina-
tion or energy relaxation of hot electrons and holes. The influence of this variation
of spin-unrelated parameters on the local magneto-optical coefficient o = ¢ (r) then
masks the spatial dependence of the local electron spin polarization. As a consequence,
MOKE microscopy performed using an arbitrary probe wavelength in general does not
correctly reveal the true electron spin diffusion profile. This insight is contrary to the
common assumption which underlies the spatially resolved electron spin detection by
magneto-optical pump-probe techniques.

In the following we present representative cw spectroscopy data for the bulk n-GaAs
sample 11889. We have observed results qualitatively similar to the ones presented
here for a wide range of n-doped GaAs samples with room temperature electron den-
sities between 7 x 10" cm™ and 5 x 10'® cm™ and layer thicknesses between 500 nm
and 1 um.

All measurements are performed with the probe laser power fixed at 50 uW. The
pump laser wavelength is Apymp = 7800 A and the pump power is 10 pW if not stated
otherwise. For the dominant HH transition the 7800 A pump light excites conduction
band electrons with a mean initial excess of (Ei") ~ 60meV. The excitation wavelength,
the pump and probe intensities, and the sample properties are chosen to resemble the
experimental conditions typically found in comparable spatially resolved MOKE mi-
croscopy studies [15,32, 68].
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Figure 28: (a,b) Normalized local Kerr rotation spectra O (Aprobe) for different dis-
tances between the pump and probe spot at low (8 K) and high (30 K) lattice temperature.
(c,e) Colormaps of the spatial dependence of the normalized local Kerr rotation Ok (r
for different probe wavelengths measured between 8170 A and 8230 A in steps of 5 Aat
low and high lattice temperature. Each 6k (r) profile is normalized to the amplitude at
the center of excitation. (d,f) Line cuts through the same data sets. (g) Full width at half
maximum (FWHM) of the lateral Kerr rotation profile as a function of probe wavelength.
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7.1.2 Local modification of the magneto-optical coefficient

To demonstrate the local modification of the magneto-optical coefficient a(r) by pump-
induced electron heating we measure the E( excitonic Kerr rotation spectrum BK(},probe)
in the vicinity of the GaAs band gap as a function of radial distance r between the
pump and probe spot. The spectra obtained at 77, = 8K at the pump spot center and
at r = 25um are shown in Fig. 28 (a). Both spectra are normalized to the maximum
amplitude of the low-energy wing of the resonance for comparison. The Kerr spectrum
exhibits an antisymmetric lineshape with a zero-crossing at 8189A (1 .514eV) which is
characteristic for an energetic splitting of the 6™ excitonic resonances [106, 179]. Mov-
ing away from the pump spot we find a strong change in the Kerr spectrum in which the
resonance lineshape becomes significantly more narrow with increasing radial distance.

Thermal nonequilibrium between the lattice and electron system is only observed
at low lattice temperatures. It results from the weak coupling between electrons and
acoustic phonons. As detailed in chapter 4, for 7, 2 30K, energy relaxation of the

electron system by LO phonon emission becomes efficient. For lattice temperatures
exceeding ~ 30K and cw photoexcitation, the electron and lattice system therefore
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are in thermal equilibrium, i.e. T, = T, [29, 126]. In this case all effects due to local
carrier heating vanish and the spectral shape of the excitonic Kerr resonance should be
spatially homogeneous and independent of the probe laser position. In Fig. 28 (b) we
show that at 7}, = 30K the Kerr rotation spectra measured at the center of excitation
and at a distance of 25 um from the pump spot indeed become identical within exper-
imental resolution, i.e. the normalized O ( lprobe) does not depend on the probe position.

We next demonstrate the consequence of the position dependence of the local mag-
neto-optical coefficient o(r) for the spatially resolved MOKE electron spin detection.
We therefore measure the lateral Kerr rotation profile 6k (r) at T, = 8K for different
probe wavelengths which we vary between 8170 A and 8230 A in steps of 5 A. The
lprobe dependence of the profiles, normalized to the peak value at the center of the
pump spot for comparison, is shown in the colormap in Fig. 28 (c). The individual
profiles are shown as line cuts through the same dataset in Fig. 28 (d). Starting from
short probe wavelengths, the lateral Kerr rotation profiles 6 (r) become much wider
when approaching the zero-crossing of the excitonic Kerr resonance and become more
narrow again when moving away from the central resonance wavelength [Fig. 28 (¢)].
Moreover, the shape of the lateral Kerr rotation profile strongly changes for probe wave-
lengths close to 8190 A, as depicted in Fig. 28 (d). The urging question which, if any,
of the Ok (r) profiles correctly maps the local spin polarization S, (r) will be answered
in the following section.

To further quantify the above observations we plot the FWHM of the 6k (r) profiles
as a function of A,pmbe in Fig. 28 (g). Starting from 14 um at the shortest probe wave-
length of 8170 A, the FWHM more than doubles to values exceeding 30 um at 8190 A,
then reduces, and finally stays constant at ~ 20 um for Apope 2 8210 A. For these long
probe wavelengths the normalized Kerr rotation profiles 8 (r) are, within experimental
resolution, identical and do not depend on Apmbe [compare Fig. 28 (d)].

The decay length on which the Kerr rotation decreases to its (1/¢) value, measured
at a single Aprobe close to the Kerr rotation resonance maximum, has been used in the
past to extract spin diffusion coefficients in bulk n-GaAs [32]. This (1/e) decay length
is closely related to the FWHM of the Kerr rotation profile. The strong variation of
the FWHM with probe wavelength observed in our measurements raises doubts on the
validity of this procedure.

For T; = 30K we find no spatial variation in the local Kerr rotation spectrum and
hence in the magneto-optical coefficient ¢c. All Kerr rotation profiles therefore are now
expected to reflect the actual local spin polarization S, (r) irrespective of the probe wave-
length. In analogy to the previous measurements we present the lprobe dependence of
the Ok (r) profiles for 7;, = 30K in Figs. 28 (e,f). In contrast to the low lattice tempera-
ture case, the width and shape of the Kerr rotation profiles now only weakly depend on
Aprobe- The FWHM of the 6k () profiles only varies between ~ 12-15um as shown in
Fig. 28 (g).
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We next confirm that the spatial dependence of the excitonic Kerr rotation spectrum
Ok (Eprobe) is quantitatively explained by considering thermal broadening of the exci-
tonic resonance close to the pump spot. We therefore first characterize the intrinsic
temperature dependence of the excitonic Kerr resonance linewidth, and subsequently
analyze Ok (Eprobe) in terms of a model which relates the Kerr rotation to spin-induced
modifications of the dielectric function. This model is introduced in the following.

7.1.3 Excitonic Kerr rotation model

Following the concept of Refs. [151, 179] we model the dielectric functions E‘i(ha))
for the energy range of interest in terms of a Lorentzian resonance representing the
excitonic contribution and a static background &, = 11.95 [49] resulting from higher-
energy transitions:

A:I:

st
E(ho)=¢g+—""——
(he) =& Ej —ho+iT

(7.1)

Here, EO+ (Ey)and A" (A7) are the resonance energy and amplitude for the excitonic

optical transition involving 6 (6~) photons. The parameter I" describes the linewidth
of the excitonic resonance.
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Figure 29: Excitonic Kerr rotation resonance model. (a) Excitonic Kerr rotation spectrum
Ok (Eprobe) calculated from Eqgs. (3.42) - (3.44) and Eq. (7.1) assuming a relative reduc-
tion of the resonance amplitude (A~ —A¥)/AT = 5 x 1072, The spectrum is symmetric
with respect to the resonance energy Eoi. The linewidth I of the excitonic resonance de-
termines the width of the Kerr rotation spectrum. (b) Kerr rotation spectrum calculated
for a spin splitting energy AE = (EJr —E, ) = 100peV. The spectrum exhibits an anti-
symmetric lineshape with a zero-crossing at the excitonic resonance energy of the undis-
turbed system. Both spectra were calculated for I' = 2meV, (Ef +E; )/2 = 1.515¢eV,
and A~ =2.35meV.

The influence of an imbalance in the resonance amplitudes A* and a splitting of the
resonance energies EOi on the spectral shape of the Kerr resonance is discussed in de-
tail in Ref. [106] and is illustrated in Fig. 29. A difference in the resonance amplitudes
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AA = (A~ —A™) results in a contribution to the spectral dependence of the Kerr rotation
which is symmetric with respect to the resonance energy and does not possess a sign
change. In contrast, an energetic splitting of the excitonic resonances AE = (EO+ —Ey)
leads to a spectral dependence of the Kerr rotation on the probe laser energy which is
antisymmetric and exhibits a zero-crossing at the mean resonance energy as observed
in our experiments. In both cases, the linewidth I determines the spectral region for
which a non-zero Kerr rotation is observed. Moreover, an increase of I leads to an over-
all decrease of the resonance amplitude of O (Eppe) for a given AA or spin splitting
energy AE.

7.1.4 Intrinsic temperature dependence of the Kerr rotation
resonance linewidth

We first examine the intrinsic temperature dependence of Ok (Epmbe). We achieve ex-
perimental conditions in which 7, is not modified by the optical excitation by strongly
defocussing the pump and probe beams to a spot size 2 100 um while keeping both laser
powers fixed. We thus measure the Kerr spectrum for excitation densities well below
100 mW cm™2. For these low excitation densities an upper bound of the excess photo-
carrier density is estimated to be of the order of 1 x 10'* cm™. Because of the high
extrinsic electron concentration of 1.4 x 10'® cm™ of the sample under investigation,
pump-induced carrier heating is negligible for such low excitation densities and 7, = T;,
for the temperature range of interest. We have additionally confirmed the absence of
pump-induced carrier heating under defocussed excitation by further increasing the
pump and probe spot size at fixed laser powers and comparing the normalized Kerr
rotation spectra to the data presented here. We have found that a further decrease in
pump intensity does not modify the linewidth of the Kerr spectrum and we thus measure
the intrinsic excitonic resonance linewidth for the given lattice temperature.

For the low excitation density measurements, no calibration for the detection of ab-
solute Kerr rotation angles is available and we therefore cannot determine the absolute
value AE of the spin splitting. We are, however, able to extract the intrinsic tempera-
ture dependence of the linewidth I'(T') which is independent of the spin splitting and
amplitude of the Kerr rotation spectrum. In Fig. 30 (a) we show normalized Kerr spec-
tra GK(Epmbe) for lattice temperatures 7y ranging from 8§ K to 25K obtained under
low excitation density conditions together with the best fits derived from the excitonic
Lorentzian resonance model.

To obtain the best fits we have combined the macroscopic description of the Kerr
rotation Egs. (3.42) - (3.44) introduced in section 3.4.1 with Eq. (7.1) for the dielectric
function in the vicinity of the E( excitonic resonances. For all examined temperatures
we find that the Lorentzian resonance model provides a good description of the experi-
mental data. This will in the following allow us to reliably extract information on both
the local excitonic spin splitting AE (r) and resonance linewidth I'(r).
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Figure 30: (a) Lattice temperature dependence of the normalized excitonic Kerr rotation
spectrum 6O (Eprobe ) under low excitation density conditions (strongly defocussed pump
and probe spots). Markers are experimental data, solid lines are fits to a Lorentzian exci-
tonic resonance model (see text). (b) Temperature dependence of the linewidth I'(7;) of
the excitonic Kerr resonance. The dashed line is a linear fit.

The intrinsic temperature dependence of the excitonic linewidth obtained from these
fits is shown in Fig. 30 (b). We find that I'(7') monotonically increases from a low tem-
perature value of (1.24+0.1)meV at 7; = 8K to (2.1 £0.1) meV at T;, = 25K, reflecting
increased thermal broadening of the excitonic resonance at higher temperatures. The
broadening of the excitonic resonance results from the interaction with acoustic and
optical phonons and scattering from crystal impurities and imperfections [175,177,180].
For bulk semiconductors the temperature dependence of the excitonic linewidth is of
the general form:

[(T) =To+aT +bNo(T) (7.2)

where the terms on the right hand side of the equation describe the contributions of
scattering with impurities, acoustic, and longitudinal-optical phonons [175]. N g is the
usual Bose-Einstein distribution function. For the low lattice temperatures examined
in this work, scattering with LO phonons is negligible [181] and we expect a linear
dependence of the linewidth on temperature as observed in Fig. 30 (b). From a linear
fit to the remaining part of Eq. (7.2) we obtain I'y = (0.85+£0.07) meV and a slope
a = (50+4)ueVK~'. This calibration measurement allows us in the following to de-
duce the electron temperature profile 7, (r) from spatially resolved measurements of the
local Kerr rotation spectrum.

7.1.5 Local measurement of the excitonic Kerr rotation spectrum

We now turn to the analysis of the spatial dependence of the local excitonic Kerr rotation
spectrum. In Fig. 31 (a) we show QK(Epmbe) for distances of Oum to 25 um to the
pump spot measured in steps of 2.5 um at 7; = 8K together with the best fits from the
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Figure 31: (a) Local Kerr spectrum O (Eprobe ) measured at increasing distances between
the pump and probe spot at 7;, = 8 K. Solid lines are fits to a Lorentzian excitonic resonance
model (see text). (b) Lateral profile of the excitonic spin splitting AE(r) ~ S, (r) obtained
from the model. (¢) Local excitonic linewidth I'(r).

Lorentzian excitonic resonance model. For the resonance amplitude A* of the sample
under investigation we assume a value of 2.35 meV which is found in Ref. [151] for bulk
GaAs of comparable impurity concentration. We note that because of the dependence of
the absolute value of the Kerr rotation on both the amplitude A* and AE this introduces
an uncertainty in the absolute values obtained for the spin splitting. However, since an
identical value for A is used to fit all local Kerr spectra, relative changes in AE(r) and
hence the general form of the spatial dependence of the spin splitting are not affected
by this uncertainty.

To account for possible phase space filling effects due to spin-selective Pauli block-
ade of occupied electronic states [162, 182, 183] we further allow for a reduction of the
resonance amplitude A™ for transitions involving the majority spin population as the fi-
nal state in our fitting routine. We find that the relative reduction does never exceed 1 %
and systematically decreases when moving away from the pump spot (not shown here).
This rather small reduction of the excitonic absorption is expected in bulk semiconduc-
tors in which phase space filling is of minor importance compared to low-dimensional
systems. We further note that the influence of the introduction of this additional degree
of freedom to the fit on the results for AE and I' is negligible.

In Figs. 31 (b) and (c) we show the spatial dependence of the local excitonic spin
splitting AE () and the excitonic linewidth I'(r). We find that both quantities systemati-
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7.1 Hot carrier effects on the magneto-optical spin detection in bulk GaAs

cally decrease with increasing distance to the pump spot, reflecting lateral electron spin
diffusion and hot carrier energy relaxation, respectively. In the following we describe
how we extract information on the spatially resolved photocarrier energy relaxation and
the local electron spin polarization from both parameters.

7.1.6 Kerr rotation resonance linewidth thermometry

We have reported previously on measurements of the local electron temperature by
means of SRPL spectroscopy [101, 126]. Here we employ the spatially resolved mea-
surement of the local excitonic resonance linewidth as a new technique for the deter-
mination of the lateral electron temperature profile. In Fig. 32 we plot T, (r) which we
calculate from the spatial dependence of I'(r) shown in Fig. 31 (c) and the parameters
obtained from the linear fit to the low excitation density calibration measurement of
I'(T) shown in Fig. 30 (b). At the pump spot center we find a peak electron temperature
T, max = (27 +3)K. This result is in accordance with the expected limiting of T, to
< 30K by efficient LO phonon scattering. Moving away from the pump spot, 7,(r)
monotonically decreases and approaches 7 = 8K for r = 25um. This thermal relax-
ation length significantly exceeds the pump spot size Apymp by more than a factor of 10.
We attribute the macroscopic distance over which the thermal gradient in 7, (r) persists
to heat conduction (and possibly convection effects) in the electron system [126].

To check the validity of the determination of T,(r) profiles from the local excitonic
linewidth we perform complementary SRPL spectroscopy measurements. In analogy
to our experiments presented in Refs. [101, 126] we determine the local electron tem-
perature from the lineshape analysis of the conduction band to neutral carbon acceptor
(e, AOC) transition introduced in section 4.6. The experimental setup used for the SRPL
measurements is described in section 5.2. Local photoexcitation is performed at 7850 A
excitation wavelength using a pump power of 10 uW, resulting in excitation conditions
similar to our MOKE measurements and allowing for direct comparison of results ob-
tained from both experiments.

In Fig. 32 (b) we show representative PL spectra measured at a distance of O um,
6.5 um, and 15 um to the pump spot. Close to the pump spot the photoluminescence
spectrum in the energy range of interest is dominated by the (e, A?:) transition occurring
at 1.4931 eV [49]. Moving away from the pump spot, the (e,A%) transition becomes
increasingly disturbed by the nearby (D?, AOC) donor acceptor pair transition at slightly
lower photon energies (compare section 6.1).

To determine the local electron temperature we fit Eq. (4.13) to the measured PL spec-
tra. For the fitting procedure we keep the acceptor binding energy fixed to the literature
value E4 = 26.0meV [129] which corresponds to the observed (e,AOC) luminescence
onset at 1.4931 eV. The remaining independent free parameters are the luminescence
intensity amplitude and the searched 7. Together with the experimental data we show
in Fig. 32 (b) the (e, AL) lineshape analysis from which we obtain the local electron
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Figure 32: (a) Lateral electron temperature profile 7, (r) obtained from spatially resolved
measurements of the local excitonic resonance linewidth I'(r) (black circles) and spatially
resolved (e,A%) PL spectroscopy (red circles). The dashed horizontal line indicates the
lattice temperature 7;, = 8 K. (b) Normalized PL spectra (black lines) obtained for a dis-
tance of O pm, 6.5 um, and 15 um to the pump spot. Red dashed lines are fits to the (e, AOC)
transition from which 7, is deduced.

temperature. In accordance with previous studies on the same sample [101] we find that
for distances to the pump spot exceeding ~ 15um the high energy tail of the (e,A%)
transition becomes disturbed by the donor-acceptor pair transition. This prevents a reli-
able extraction of 7(r) from the (e, A2) PL for larger distances.

We now compare the results for the lateral T,(r) profile obtained from our MOKE
microscopy and SRPL measurements in Fig. 32 (a). We find that the spatial depen-
dence of T,(r) obtained from the local excitonic linewidth I'(r) is well reproduced
by the SRPL results. Minor deviations between both datasets occur very close to the
pump spot where the values obtained from the PL analysis exceed T, as determined
from the MOKE experiment. These deviations can possibly be attributed to a small
difference in the respective pump spot sizes which results in slightly different excita-
tion conditions. Moreover, the optical spin injection in the MOKE measurements using
the slightly shorter pump wavelength of 7800 A excites a fraction of the CB electrons
with EIM > 27 o. The increased efficiency of the fast initial energy relaxation by LO
phonon cascade emission therefore might lead to the slight reduction of 7, in the MOKE
measurements as compared to the SRPL results obtained for excitation at 7850 A for
which Ei.“i < 2hy o (compare section 4.5).

Our above results demonstrate that spatially resolved information on the local charge
carrier temperature can indeed be obtained from a lineshape analysis of the excitonic
Kerr rotation resonance. Such an excitonic resonance linewidth thermometry technique
has, to the best of our knowledge, not been reported previously. If experimentally feasi-
ble, a PL lineshape analysis of the (e, A”) electron-acceptor or the FX — 2@y o phonon
assisted free exciton transition [184, 185] provides more direct access to the carrier
distribution function and the carrier temperature. However, PL spectroscopy is limited
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7.1 Hot carrier effects on the magneto-optical spin detection in bulk GaAs

to the time and length scales of the photocarrier lifetime and the ambipolar or exciton
diffusion length. Moreover, as observed above, PL thermometry is potentially prone to
disturbances of the luminescence lineshape by spectrally nearby transitions. Two-color
pump-probe MOKE microscopy therefore can be a valuable complementary technique
which, provided sufficiently long spin relaxation time and diffusion lengths, potentially
allows to access carrier temperatures on time and length scales for which SRPL spec-
troscopy is no longer viable.
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Figure 33: (a) Pump power dependence of the local Kerr rotation spectrum O (Epope,” =
Oum) at the pump spot center for 77, = 8 K. Solid lines are fits to a Lorentzian excitonic res-
onance model (see text). Curves are shifted vertically. (b) Pump power dependence of the
local excitonic spin splitting AE (r = 0) ~ S, (r = 0) obtained from the excitonic resonance
model. The dashed black line is the best fit to the saturation model Eq. (7.4) (¢) Local
electron temperature T, (r = 0) extracted from the excitonic resonance linewidth I.

We additionally investigate the pump power dependence of the excitonic spin split-
ting AE and resonance linewidth I" at the pump spot center. The dependence of both
parameters on Poump reveals the saturation of the electron spin polarization and the elec-
tron temperature with increasing optical excitation density. We therefore measure at
T; = 8K a series of of Kerr rotation spectra GK(Epmbe, r=0) for Pyump between 0.5 uW
and 34 yW. The experimental data together with the best fits from the Lorentzian res-
onance model are shown in Fig. 33 (a). Even for the highest excitation power the
maximum observed Kerr rotation amplitude is below 0.85 mrad. This rather small value
underlines the challenging requirements for the angular resolution necessary for a suc-
cessful MOKE electron spin microscopy instrumentation.
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In Fig. 33 (c) we show the electron temperature 7,(Pyump) at the pump spot cen-
ter which we calculate from the measured resonance linewidth I'(Pyump) and the cal-
ibration measurement of the intrinsic I'(7,). The electron temperature exhibits the
expected rapid saturation with increasing Fyump [compare our discussion in section 4.5
and Fig. 13 (a)]. Even at the lowest pump power of 0.5 uW the electron temperature
T, = (21 £ 1)K exceeds Ty, by 13 K. This observation underlines that a mitigation of
hot carrier effects in cw MOKE microscopy by reducing the excitation power is not
feasible. When increasing Pyump, the electron temperature rapidly increases until energy
relaxation by LO phonon emission and dissipation by electronic heat conduction away
from the excitation site limits 7, < 35K.

7.1.7 Correct determination of the local electron spin polarization

We finally demonstrate how spatially resolved measurements of the full excitonic Kerr
rotation spectrum can correctly determine the lateral electron spin polarization profile.
In the preceding section we have found that the excitonic Kerr rotation stems from
an energetic spin splitting AE of the exciton resonance energies for 6= photons. This
energy splitting has been observed previously in transient pump-probe transmission
spectroscopy [186] as well as in PL spectroscopy in GaAs QWs [187—-189] and recently
in bulk GaAs and Al,Ga;_,As samples [190].

From theory it is expected that the spin splitting energy is proportional to the den-
sity difference between spin-up and spin-down electrons, i.e. AE ~ (ny —ny) [191].
Owing to the high intrinsic carrier concentration of the examined sample, the pump-
induced change in the total electron density (ny +n,) is small. We therefore can directly
determine the local electron spin polarization:

S.(r)= [nT(r) —ni(r)] / [nT(r) +n¢(r)] ~ AE(r) (7.3)

from the lateral profile of the local exciton spin splitting. '’

Before addressing the local electron spin profile S;(r) we first briefly consider the
dependence of the efficiency of optical orientation on the optical excitation density. In
Fig. 33 (b) we observe the sublinear increase of the excitonic spin splitting AE (Pyump) ~
S (Ppump) Which is characteristic for the saturation of the electron spin polarization in
n-type semiconductors with increasing optical excitation density [60]. The pump power
dependence of the spin splitting is well described by the saturation equation [68,91]:

AEsat
AE (Foump) = 17— JPom (7.4)
Here AEg, is the maximum attainable spin splitting and Py, is a characteristic satu-
ration power. From the fit of Eq. (7.4) to the experimentally observed power depen-
dence of the spin splitting shown in Fig. 33 (b) we obtain AEg = (3324 15)pueV

10For QW the equivalence of a measurement of AE and S, has been demonstrated beautifully in Ref. [192]
where the authors experimentally proof using picosecond PL spectroscopy that the time evolution of the spin
splitting energy precisely follows the circular polarization degree of the luminescence.
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and Py = (11 £ 1) uW. This analysis a posterio demonstrates that we have carried out
our measurements in a linear regime for which the electron spin density scales propor-
tional to the optical excitation power.
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Figure 34: Comparison of the normalized lateral Kerr rotation profiles 6 (r) obtained for
different probe wavelengths and the lateral spin splitting profile AE(r) ~ S;(r) (see text).

In Fig. 34 we finally show the lateral profile of the spin splitting AE (r) together with
several representative normalized Ok (r) profiles obtained at different probe wavelengths.
Comparing both data sets we find a strong difference between the lateral Kerr rotation
profile B (r) measured at Aprobe = 8195 A and the spin splitting profile AE(r) ~ S(r).
We therefore conclude that at low 77 the common practice [15, 32, 68] of probing the
spin polarization with ﬁ,probe tuned to the maximum amplitude of the Kerr rotation
spectrum is detrimental to a correct determination of the spin polarization profile. The
Kerr rotation profile measured at lprobe = 8210 10\, however, perfectly coincides with
the excitonic spin splitting AE(r). Comparing this result and Fig. 34 we find that for
the examined sample 11889 the Kerr rotation profiles 6k (r) measured with long probe
wavelengths Aprope 2 8210A, i.e. strongly detuned from the Kerr rotation resonance
energy, correctly reflect the true local electron spin polarization.

7.1.8 Summary and conclusions

We have presented a systematic investigation of hot carrier effects on the magneto-
optical electron spin detection in bulk GaAs. We have found that at low lattice temper-
atures the local optical excitation of spin polarized electrons also results in a lateral
gradient of the electron temperature. This temperature gradient introduces a spatially
varying linewidth of the local Kerr rotation spectrum by local thermal broadening of
the excitonic resonance. This variation of the local magneto-optical coefficient ¢ (r) is
superimposed on the electron spin-related spatial dependence of the Kerr rotation. It
prevents a reliable extraction of the lateral electron spin profile from measurements of
the lateral Kerr rotation profile at fixed arbitrary probe wavelengths. Previous optical
studies of electron spin diffusion in semiconductors have not taken such local heating
effects on the magneto-optical spin detection into account, possibly leading to incorrect
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7.2 Hot carrier effects on steady-state spin diffusion in GaAs

quantitative results for electron spin diffusion coefficients. In particular, the oversight
of hot carrier effects in the cw MOKE spin detection leads to a systematic overes-
timation of the spin diffusion length [compare e.g. Fig. 28 (g)]. Therefore previous
observations of anomalous enhancements of the electron spin diffusivity and apparent
violations of the classical Einstein relation [15,32] and their theoretical interpretation
by the influence of degeneracy [193] may be in question.

To correctly determine the local electron spin polarization we have quantitatively
analyzed the full excitonic Kerr rotation spectrum in terms of a model from which
we extract the local excitonic spin splitting energy. For the examined sample we have
further found that the lateral spin polarization profile is also correctly obtained from
fixed-wavelength measurements of the lateral Kerr rotation profile using long probe
wavelengths well below the excitonic resonance energy. This insight will be used in
the following section to determine the intrinsic temperature dependence of the electron
spin diffusion coefficient of the bulk n-doped GaAs sample 11889.

7.2 Hot carrier effects on steady-state electron spin
diffusion in n-type GaAs

In the preceding section we have shown that in MOKE microscopy experiments the
optically induced temperature gradient in the electron system potentially disturbs the
magneto-optical electron spin detection. Hot carriers, however, not only affect the op-
tical spin detection, but also the subject of investigation, the electron spin diffusion
process. The significance of pump-induced electron heating for the diffusion of pho-
toexcited carriers has been understood for a long time in the context of exciton transport
in QWs [103, 194—196]. However, such hot electron effects have been neglected in the
interpretation of early results on low-temperature electron spin diffusion obtained from
MOKE microscopy and TSG spectroscopy. Carter et al. were among the first to experi-
mentally address such hot carrier effects on electron spin diffusion [95]. Their survey
of spin and charge gratings in doped GaAs QWs strongly suggests the influence of
hot photocarriers as the reason for an enhancement of the spin diffusion coefficient Dj
observed under nonresonant optical excitation.

From the Einstein relation for non-degenerate semiconductors [197]:
eD, = kgT, 1 (7.5)

we expect that a local increase of T, (r), together with the (a priori unknown) tempera-
ture dependence (T, ), will introduce a spatial variation of the electron spin diffusion
coefficient Ds[T,(r)]. In this case conventional spin diffusion models [15,31,33] which
assume a constant value for Dy do not provide a correct description of the spin polar-
ization profile. Such a spatial variation of the spin diffusivity indeed has recently been
demonstrated by us using low-temperature MOKE microscopy in bulk n-GaAs [80,101].
‘We have shown that a careful consideration of the influence of hot carriers is crucial for
a reliable extraction of spin propagation parameters from optical experiments. We have
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7.2 Hot carrier effects on steady-state spin diffusion in GaAs

conceived a modified diffusion model which allows to extract undisturbed values DY
for the spin diffusivity which are not influenced by photocarrier heating.

In the following we synthesize this previous work and our newly gained insights on
the elimination of hot carrier effects on the spatially resolved pump-probe spin detec-
tion. We combine cw Hanle-MOKE measurements of the electron spin relaxation time
and steady-state MOKE microscopy to determine the intrinsic temperature dependence
of the electron spin diffusion coefficient DY(T7) of the bulk n-GaAs sample 11889. We
then use additional cw MOKE microscopy measurements of electron spin diffusion in
transverse magnetic fields to independently validate our results. The obtained temper-
ature dependence of the spin diffusivity is used later in this work for the quantitative
analysis of our time-resolved MOKE microscopy experiments.

7.2.1 Modified electron spin diffusion model

To determine the intrinsic electron spin diffusion coefficient DY(7;) we measure line
cuts of the steady state spin polarization profile S, (r) for 7;, between 8 K and 35 K. The
experimental data, acquired using Apymp = 7800A and Pyump = 10uW, are shown in
Fig. 35 (a). For the electron spin detection we chose FPyrope = S0uW and lpmbe =82 10/0%,
the parameter set which yields the correct spin profile (compare section 7.1.7). We next
employ our modified spin diffusion model to extract the intrinsic temperature depen-
dence DY(Ty) from these line cuts.
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Figure 35: (a) Lateral steady-state electron spin polarization profiles measured for differ-
ent lattice temperatures 7y, between 8 K and 35 K (gray markers). Solid red lines are best
fits from a modified diffusion model (see text). (b) Vanishing of the diffusion coefficient
enhancement amplitude Ap with increasing lattice temperature. (c¢) Intrinsic temperature
dependence of the spin diffusivity D?(7.) extracted from the modified diffusion model.
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The modified diffusion model is discussed in great detail in Ref. [101]. As stated
earlier, optically induced spin diffusion is strongly influenced by pump-induced carrier
heating. In principle it is possible to directly account for the measured local electron
heating on the spin diffusion in terms of a local spin diffusivity Ds[7,(r)]. However,
the explicit analytical relationship Ds(7,) is not known a priori. To facilitate further
analysis we instead approximate the spatial dependence of the spin diffusivity by a
Gaussian. In the framework of the modified diffusion model the local enhancement of
the electron spin diffusivity close to the pump spot by hot photocarriers therefore is
considered by a spatially varying diffusion coefficient:

Dy(r,Tp) = DY(Ty) [1+Ap(T)exp (—r* /)] (7.6)

The strength of the local diffusion enhancement by carrier heating is characterized by
the amplitude Ap. This enhancement amplitude is a measure for the temperature dif-
ference between the electron system and the lattice. The local enhancement of Dy(r)
decays on a length scale described by op. The spin diffusivity D,(r) reaches the in-
trinsic value D?(7y) for distances far away from the pump spot for which the electron
system and the lattice are in thermal equilibrium [compare Fig. 32 (a)].

We use a finite element method (FEM) solver to numerically solve the modified
steady-state electron spin diffusion equation Eq. (3.30) for the spatially varying dif-
fusion coefficient Dy(r) Eq. (7.6). Optical spin excitation is modeled by the Gaussian
source term Eq. (3.33) with an (1/e) half width 6p = 1.4pum (our optical resolution
for cw excitation). Two boundary conditions are chosen to reflect the geometry of the
sample. First, the spin polarization must vanish (S, = 0) for large distances (r — o).
Second, the spin flux VS, through the surface and backside of the epilayer must be zero.
To determine D?, a line cut at the surface of the computational domain is fitted to the
experimental data. The only free parameter in this procedure other than the quantities
which characterize D;(r) is g, o which in this case serves as a scaling factor describing
the ratio 0x/S;.

The spin relaxation time 7,(7;) in the spin diffusion equation Eq. (3.30) has been
determined previously by us [80, 101] by standard cw Hanle-MOKE spectroscopy. The
experimental procedure described in section 3.2.3 which we have used to measure T
is illustrated exemplarily for 7, = 13K in Fig. 36 (a). For each temperature a series of
Hanle curves for decreasing excitation densities was measured using strongly defocused
pump and probe spots (> 100pm). The spin relaxation time 7, was determined from
an extrapolation of the half width at half maximum (HWHM) of Lorentzian fits of the
Hanle curves to zero pump power assuming a constant'! effective g-factor g* = —0.44.
At T;, = 8.6K we have found g = 170ns, which decreases monotonically to 21 ns at
35K [see Fig. 36 (b)]. These numbers are in excellent agreement with the established

1A review of experimental results on the temperature dependence of the electron g-factor in GaAs is given in
Ref. [198]. We conclude that for the limited temperature range examined in this work the influence of the
temperature dependence of the g-factor on the determination of 7; from our Hanle-MOKE measurements is
negligible.
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Figure 36: Continuous-wave Hanle-MOKE measurements of the electron spin relaxation
time in the bulk n-GaAs sample 11889. (a) Hanle curves S;(B) measured at 77, = 13K
for increasing excitation power (bottom to top). The inset shows the half width at half
maximum (HWHM) of the Lorentzian Hanle curves as a function of Pyump. Extrapolation
to zero pump power yields the spin relaxation time ;. (b) Lattice temperature dependence
of the spin relaxation time.

literature [32,67, 141].

The best fits obtained from the modified diffusion model are shown in Fig. 35 (a). In
accordance with Ref. [101] we find good agreement with the experimental data over the
whole examined temperature range for a constant enhancement decay length 6p ~ 7 um.
The enhancement amplitude shown in Fig. 35 (b) systematically decreases from Ap ~ 6
at T = 8K to Ap ~ 0.7 at 35 K. This decrease demonstrates the vanishing influence
of pump-induced electron heating at high lattice temperatures, for which the electron
system and the lattice approach thermal equilibrium.

We last show in Fig. 35 (c) the intrinsic temperature dependence of the electron
spin diffusion coefficient. For the examined temperature range we find that D%(7y,)
monotonically increases from a low-temperature value of (5.5 +0.4) cm?s™! at T, = 8K
up to (424 3)cm? s7! at the highest 7; = 35K.

Comparison of our results D?(7;) with the established literature is complicated by
the fact that systematic investigations of the temperature dependence of electron spin
diffusion in bulk n-GaAs are, to the best of our knowledge, not available. Moreover,
numerical values for D in bulk GaAs samples with comparable impurity concentra-
tions are scarce even for fixed low lattice temperatures. Ref. [15] reports for 7, = 4K
spin diffusion coefficients of 3 and 15 cm?s™! for 1 um thick bulk GaAs samples with
electron concentrations of 1 x 10'6 and 5 x 10'® cm™3, respectively'?. These values are
in reasonable agreement with our results. For elevated 77, > 10K, no information on D;
in bulk n-GaAs is available. Instead of relying on previous literature we therefore next

I2The same authors, however, report for the same 7 a conflicting value of 10 cm?s7! for a similar n =
1 x 1016 ecm=3 sample [32].
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validate the internal consistency of our DY(7;) and 7,(77) results by complementary
magneto-diffusion measurements.

7.2.2 Steady-state electron spin diffusion in magnetic fields

We last introduce magneto-diffusion spectroscopy, the spatially resolved observation
of the depolarization of locally injected electron spins by transverse magnetic fields,
as a valuable tool for the investigation of the interplay of spin relaxation and diffusion.
For defocused cw excitation the depolarization S;(B,,) is intimately related to the spin
relaxation time (compare section 3.2.3). Similar to this conventional Hanle effect, for
focused excitation small in-plane magnetic fields B,, lead to a quench of the local spin
polarization. The decrease of S;(Byy,r) with increasing By, here, however, not only de-
pends on 7, but is also limited by out-diffusion of electron spins from the excitation site.
The efficiency of this process sensitively depends on D;(r) [71]. Magneto-diffusion
measurements in particular are valuable to exclude an overestimation of the spin dif-
fusivity caused e.g. by accidentally neglecting hot carrier effects [80]. Therefore a
complimentary measurement of S_(r, By,) can be used to independently confirm spin
propagation and relaxation parameters obtained from zero-field MOKE microscopy.

In Fig. 37 we show color maps of the spin polarization S;(Byy,r) which we mea-
sure for increasing magnetic fields between 0 and 6 mT at 7; = 8K, 20K, and 30 K.
We observe the expected decrease of S, with rising magnetic fields. For higher lattice
temperatures the depolarization efficiency of B,, decreases both due to the decrease of
7,(7;) and the increase of D?(T;). The quantitative correctness of our previous results
for the spin relaxation time and diffusion coefficient is confirmed by comparison with
a parameter-free FEM simulation. For each 7; we numerically calculate S, (r, Byy) from
Eq. (3.30) using the 75, Ap, and D(s) obtained in the previous section 7.2.1. For all tem-
peratures we find good agreement between the experimental data and the FEM solution.
This self-consistency of our cw MOKE microscopy data indeed demonstrates that we
have successfully accounted for all hot carrier effects both in the spatially resolved
electron spin detection as well as the electron spin diffusion.

7.2.3 Summary and conclusions

We have synthesized our insights on hot electron effects on both the magneto-optical
electron spin detection and the electron spin diffusion process. Using probe energies
which correctly yield S;(r) we have investigated the lattice temperature dependence
of the electron spin diffusion coefficient. We have employed a modified spin diffu-
sion model which accounts for the influence of hot electrons by introducing a spatially
varying spin diffusivity. Our model yields excellent agreement with the experimental
data for all experimental conditions. The temperature dependence of the parameters
which describe the spatial variation of D; is fully consistent with the cooling behavior
of conduction band electrons in GaAs. Our analysis demonstrates that at low 77 the
spin diffusivity Dy is massively enhanced close to the pump spot by hot photocarri-
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Figure 37: Steady-state electron spin diffusion in external transverse magnetic fields. The
figure compares magneto-diffusion profiles S (By,r) measured at 77, = 8K, 20K, and 30K
(left) with parameter-free finite element method (FEM) solutions of the modified diffusion
model (right, compare text). The color map represents the normalized spin polarization
S.(r,Byy) ranging from high (red) to low (dark blue). The spin diffusion coefficients and
spin relaxation times used in the FEM simulation have been determined independently
from the Hanle-MOKE and Kerr microscopy measurements shown in Figs. 36 and 35 and
are indicated in the respective panels.

ers. Moreover, the model is capable of separating the intrinsic spin diffusivity from
the hot electron contribution, and allows us to obtain spin transport parameters of the
undisturbed system. These parameters have been verified by complementary magneto-
diffusion measurements.

7.3 Continuous-wave MOKE microscopy of electron
spins in (110) quantum wells

In section 7.1 we have demonstrated how spin-unrelated changes in the local Kerr ro-
tation spectrum potentially adulterate electron spin MOKE microscopy measurements
in bulk semiconductors. For bulk GaAs we have demonstrated that the local modifica-
tions of the magneto-optical coefficient are due to temperature gradients in the electron
system. Similar to bulk semiconductors, photocarrier heating is also routinely observed
in QWs [27,28]. Moreover, the spectral linewidth of excitonic optical resonances in
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7.3 Continuous-wave MOKE microscopy of electron spins in (110) quantum wells

QWs are known to be strongly affected by changes in the carrier density [172—174]. It
therefore stands to reason that the spatially resolved MOKE detection of electron spins
in QW 2DEGs is similarly affected by local changes in the Kerr rotation spectrum as
for the case of bulk semiconductors. In the following we will demonstrate for the (110)
QW sample M4_2661 that this is indeed the case.
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Figure 38: (a) Normalized local Kerr rotation spectra 8k (Eprobe ) of the (110) QW sample
M4_2661 for different distances to the pump spot. Optical transitions contributing to
the Kerr rotation are indicated by text labels. (b) Normalized PL spectra for increasing
pump intensity (Apump = 7850;\). Labels A to C indicate different contributions to the fine
structure of the (1E-1HH) transition which are resolved at low pump intensities (compare
section 6.2). All spectra measured at 77, = 8 K. Inset (¢) Spectral FWHM of the low-energy
wing of the (1E-1HH) Kerr rotation resonance (indicated in (a) by red arrows) as a function
of distance to the pump spot.

In Fig. 38 (a) we compare local cw Kerr rotation spectra GK(Epmbe) measured at
T; = 8K for different distances (0 um, 12.5 um, and 25 pum) to the pump spot. The pump
wavelength is Apymp = 7800 A and Poump = 10uW. The probe laser power is 50 uW. For
comparison we also show PL spectra measured for different excitation densities. The
PL transitions are identified in section 6.2.

In all Kerr rotation spectra we see strong contributions from the (1E-1HH) and (1E-
1LH) transitions which are also present in the PL spectra. At ~ 1.534eV we observe
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7.3 Continuous-wave MOKE microscopy of electron spins in (110) quantum wells

an additional weak resonance in the Kerr rotation spectrum which we attribute to the
(1E-3HH) transition. This transition is absent in PL since at low 7 the lower valence
subbands are not populated by holes. It is, however, resolved in the Kerr rotation spec-
trum because of the spin-dependent Pauli blockade and an energetic splitting of the
o™ transitions due to the spin polarized electrons in the lowest (1E) conduction sub-
band [162, 182, 183]. Furthermore, the individual contributions of the transitions A to
C of the (1E-1HH) resonance fine structure (compare section 6.2) are resolved in the
Kerr rotation spectra. This underlines the significantly more complex structure of the
Kerr rotation spectrum of the (110) QWs as compared to the bulk GaAs sample.

The position dependence of the Kerr rotation spectrum is qualitatively similar to
our observations in bulk GaAs: At the pump spot center the resonances are spectrally
very broad, but become significantly more narrow when moving away from the pump
spot. For the (110) QWs, however, the mechanism leading this spatial variation of the
magneto-optical coefficient is likely more complex than for the case of bulk GaAs. In
addition to the carrier temperature T,(r), excitonic resonance linewidths in QWs are
strongly influenced by scattering with other excitons and free carriers [174, 199,200]
whose density for the undoped QW sample strongly varies with the distance to the pump
spot. These scattering processes are expected to be more important in QWs than in bulk
samples because screening of the Coulomb interaction is weaker in low-dimensional
systems [199].

In Fig. 38 (a) we observe that the position-dependence of the spectral width of the
Kerr rotation resonances is most pronounced for the low-energy wing of the (1E-1HH)
transition. This spectral region, however, is of most importance for MOKE microscopy
where the probe laser energy is commonly tuned very slightly below the maximum of
the lowest optical resonance in an attempt to minimize probe light absorption [15].

In Fig. 38 (b) we show that the spectral FWHM of the low-energy Kerr resonance
peak strongly decreases from ~ 1.8 meV at the center of excitation to 0.5 meV for
r 2 20um. The implications for cw pump-probe MOKE microscopy are similar to the
case of bulk GaAs: the spatial dependence of the Kerr rotation on S, (r) will be masked
by the concurrent spin-unrelated spectral transfer of oscillator strength within the Kerr
rotation spectrum. Therefore, again, the local spin polarization in general is not deter-
mined correctly from a measurement of the lateral Kerr rotation profile.

For the bulk GaAs sample 11889 we have determined S,(r) from a quantitative anal-
ysis of the local cw Kerr rotation spectrum using a single Lorentzian resonance model.
For the (110) QW sample such an analysis is not feasible because of the significantly
more complex structure of the electronic states involved in the Kerr rotation spectrum. In
the following chapter we therefore present picosecond time-resolved Kerr microscopy
with a broadband probe laser as an alternative approach for the measurement of electron
spin diffusion coefficients.
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Chapter 8

Time-resolved electron spin dynamics
in quantum wells

The following chapter is a brief detour from our investigation of hot carrier effects
which we use to demonstrate that our newly developed supercontinuum fiber-laser
based MOKE microscope is operational for time-resolved spectroscopy. We present
two different applications which illustrate the main capabilities of our instrument, the
observation of the coherent spin transfer across a semiconductor heterointerface and
picosecond real-space imaging of electron spin diffusion in (110) QWs. These examples
demonstrate our instrument’s unique coverage of an exceptionally broad energy range
by a single laser source, and its high spatial and temporal resolution which allows for
the time-resolved observation of electron spin transport in semiconductors.

8.1 Coherent spin transfer across a semiconductor
heterointerface

We first demonstrate the two-color capabilities of our instrument. We therefore inves-
tigate the coherent spin transfer across a heterointerface between two semiconductors
with strongly different band gaps. Such an investigation [201,202] requires pulsed pump
and probe lasers which are independently tunable over a wide energy range and is there-
fore not possible using conventional degenerate pump-probe MOKE spectroscopy.

We examine the electron spin dynamics in the MDQW sample M4_2807. Here our
long-term goal is the investigation of electron spin diffusion in degenerate ultrahigh-
mobility 2DEGs using time-resolved MOKE microscopy. For low-dimensional degen-
erate electron systems the spin transport properties are expected to be strongly modified
with respect to the charge transport by the spin Coulomb drag [96,203, 204]. In high-
mobility 2DEGs embedded in (110) QWs, non-conventional electron spin diffusion
profiles have been repeatedly observed in cw MOKE microscopy studies [83, 168].
Moreover, for 2DEGs in GaAs QWs with charge mobilities comparable to our sample,
Ref. [96] infers from aberrations from the usual decay characteristics of TSG ampli-
tudes that at low T, a crossover from diffusive to ballistic spin propagation takes place.
Taken together, these observations make degenerate high-mobility MDQW 2DEGs
promising systems for the observation of new spin transport physics.

105



8.1 Coherent spin transfer across a semiconductor heterointerface

8.1.1 Layer selective optical spin injection and detection

A crucial first step for picosecond MOKE microscopy studies is the verification of
successful optical spin injection and spin detection. For single QWs containing a high
density electron gas, nonresonant optical creation of an appreciable spin polarization
can be challenging due to the small absorption coefficient of the QWs [168]. Such weak
QW absorption is indeed observed in Fig 39 (a) where we compare low-temperature
cw PL spectra of sample M4_2807 for two different excitation conditions. For Apump =
7850A (1.579¢eV), the photon energy is below the GaAs/AlAs superlattice band gap
and absorption of pump light is energetically possible only in the QW and the bulk
GaAs layers (compare section 6.2). In this case, only PL which originates from bulk
GaAs layers is observed and MDQW luminescence is virtually absent, i.e. below-barrier
excitation only leads to negligible electron-hole pair creation in the QW.

The situation changes drastically for excitation with Apymp = 4440 A (2.793 V) for
which strong absorption in the GaAs/AlAs superlattice barriers occurs. Due to the grad-
ual decrease of the relative Al fraction in the barriers, the average superlattice band
gap decreases from ~ 1.92¢eV to 1.67eV (room temperature values) close to the QW
interface. Photocreated carriers in the barrier therefore are guided into the QW where
they recombine radiatively with resident electrons. This transfer of photocarriers from
the barriers into the QW manifests as the strong MDQW PL observed in Fig. 39 (a) for
above-barrier excitation.

From the above observation we anticipate for MOKE spectroscopy that below-barrier
optical spin excitation will create spin polarized electrons only in the bulk GaAs layer,
but will be inefficient in the QW. When the pump laser energy is tuned above the su-
perlattice barrier band gap, however, optical spin excitation in the 2DEG is possible if
the electrons retain their spin orientation while relaxing from the GaAs/AlAs barrier
into the QW. To validate this conjecture and to establish the time scale on which the
electron transfer from the barrier into the QW takes place we perform two-color TRKR
spectroscopy using our supercontinuum MOKE instrumentation.

To selectively excite spin polarized electrons either in the QW or the superlattice
barriers we use two different spectral slices of the pump laser supercontinuum. For
below-barrier excitation we use a Thorlabs FBH780-10 dielectric bandpass filter which
yields a central pump wavelength of 7800 A (1.58 eV) with a spectral FWHM of 100 A
(= 20meV). Above-barrier excitation is achieved using a Thorlabs FBH-650-40 band-
pass filter which yields a pump laser spectrum with a central wavelength of 6500 A
(1.91eV) and a bandwidth of 400 A (= 120meV). For all measurements presented be-
low, Ty, = 8 K and the time-averaged pump laser power is 6 uW. The probe laser power is
12 uW. The overlapping pump and probe spots are defocused to a spot size of ~ 40um
to suppress lateral spin diffusion effects on the TRKR traces.

In Fig. 39 (b) we compare Kerr rotation spectra GK(lpmbe) which we measure for
both excitation conditions. We therefore tune the probe laser wavelength from 8000 to
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Figure 39: Two-color TRKR spectroscopy on the MDQW sample M4_2807. Inset (a)
Normalized cw PL spectra for above (black) and below-barrier excitation (red). The ex-
citation density is < 0.1 Wcm™2. Note the absence of QW luminescence for low-energy
excitation. (b) Normalized Kerr rotation spectra 6 (Aprobe) for excitation below (red) and
above (blue) the GaAs/AlAs superlattice barrier band gap measured at a pump-probe de-
lay At = 930ps. The solid black line shows the cw PL for comparison. The vertical arrow
indicates the spectral position of the 2DEG Fermi edge. All spectra for 7; = 8K.

8300 A by systematically varying the calibrated position of the focussing lens in our
supercontinuum spectral slicing instrumentation (compare section 5.1.2). We choose a
sufficiently long pump-probe delay Ar = 930ps to allow for the photoexcited electrons
for above-barrier excitation to relax into the QW.

For low-energy excitation we observe a Kerr rotation resonance centered at ~ 8180A
which we assign to the 100 nm bulk n-GaAs layer. This assignment will be verified
in the following by a measurement of the effective g-factor of the electron population
associated with the resonance. When changing to above-barrier excitation the Kerr
rotation spectrum undergoes a marked transition. A strong blueshift of the Kerr rotation
resonance energy is observed. The zero-crossing of GK(lpmbe) now coincides with the
Fermi edge ESW of the MDQW 2DEGQG. In the spectral vicinity of 8180 Ano signatures
of the bulk excitonic resonance is observed in the Kerr rotation spectrum, indicating
that only a negligible spin polarization is excited in the bulk layers. This is expected
from the high pump energy 1.91eV > (Ey + Ago), for which the electrons excited from
the LH and SO band compensate the spin polarization generated from the HH transition
(compare section 2.3).

From the above observations we conclude that for high energy-excitation the Kerr
rotation signal is exclusively due to the spin polarized 2DEG. Our measurements demon-
strate that our two-color MOKE spectroscopy technique allows for the layer-selective
optical spin injection and spin detection. The appropriate choice of the pump wave-
length allows to selectively excite electron spin polarization in either the bulk GaAs
layer or the MDQW 2DEG. The continuously tunable supercontinuum probe laser al-
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8.1 Coherent spin transfer across a semiconductor heterointerface

lows us to selectively measure the electron spin dynamics of the spatially separated
electron populations contained in different sample layers. The observed 11 meV energy
difference of the peak amplitude position of Ok (Aprobe) for above- and below-barrier
excitation is consistent with the 11.2 meV spectral separation of the bulk GaAs PL peak
and the 2DEG Fermi edge which corroborates the above conclusion.
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Figure 40: Transient Kerr rotation 6 (Ar) for excitation below (red) and above (blue)
the GaAs/AlAs superlattice barrier band gap at zero external magnetic field Byy. For the
measurement of the transients the probe laser wavelength is tuned to the maximum of the
respective Kerr rotation spectrum (compare Fig. 39). The dashed vertical lines indicate
our initial estimate Tpeax ~ 400 ps for the transfer time of the spin polarized electrons from
the barriers into the QW.

We next address the time scale on which the transfer of spin polarized electrons
from the superlattice barrier into the QW takes place. We therefore compare in Fig. 40
time traces of the transient Kerr rotation 6 (Ar) for above- and below-barrier excitation.
For the measurement of the time traces we tune the probe laser to the maximum of
the respective Kerr rotation resonance [compare Fig. 39 (b)], i.e. we probe S, (Ar) of
the bulk GaAs electrons for below-barrier excitation and of the MDQW 2DEG for
above-barrier excitation.

For below-barrier excitation, the peak electron spin polarization in the bulk layer is
excited quasi-instantaneously and Ok (At) reaches its maximum within the first 13 ps.
In contrast, for above-barrier excitation we observe the comparatively slow build-up of
S.(Ar) caused by the finite time required by the spin polarized electrons to relax into
the QW. The transient O (Ar) reaches its peak amplitude only after a characteristic
time Tpeak ~ 400ps. For At > T,eac We observe a monotonic decrease of the 2DEG
spin polarization. Here most of the photoexcited electrons have either relaxed from
the superlattice into the QW or have lost their spin orientation, and the build-up of the
2DEG polarization by the spin transfer process is completed. Spin relaxation in the QW
now dominates the dynamics and leads to the observed decay of the 2DEG polarization.
To obtain further insights into the interplay of spin transfer and relaxation in both the
barrier and the 2DEG we next turn to the hallmark experiment in TRKR spectroscopy,
time-resolved spin quantum beat measurements.
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8.1.2 Spin quantum beat spectroscopy
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Figure 41: Spin quantum beats in the MDQW 2DEG (blue) and a bulk GaAs layer (red)
at 7;, = 8K. The in-plane external magnetic field is By, = 600mT. For the measurement
of the transients the probe laser wavelength is tuned to the maximum of the respective
Kerr rotation spectrum (compare Fig. 39). Note the non-monotonic time dependence of
the amplitude envelope of the 2DEG trace.

In Fig. 41 we show TRKR traces 0k (Ar) which we measure for the bulk GaAs layer
for below-barrier excitation and for the MDQW 2DEG for above-barrier excitation
with an external in-plane magnetic field B,, = 600mT. In the bulk GaAs layer, S_(Ar)
exhibits a quasi-instantaneous rise to the peak polarization followed by the expected
oscillatory decay (compare section 3.2.1). For the MDQW 2DEG, consistent with the
zero-field trace of Fig. 40, the amplitude envelope of S, (Ar) rises within the first 400 ps
before the decrease of the electron spin polarization sets in.

Comparing both datasets, we find that the Larmor frequency w;, of the MDQW 2DEG
is reduced with respect to the electron spin precession in the bulk GaAs layer. To
quantify this observation we plot in Fig. 42 the spin precession angle:

(A1) = (|¢"| HBxy /1) At (8.1)

which we extract from the maxima and minima (corresponding to precession angles
equal to integer multiples of 7) of the TRKR traces. From the slope of a linear fit
of Eq. (8.1) to the experimental data we obtain an effective electron g-factor |g*| =
(0.438 4 0.004) of the electron population observed for below-barrier excitation.'? This
value precisely coincides with the accepted literature value for the low-temperature
electron g-factor of bulk GaAs [72]. We thereby confirm our previous assignment of
electron spins in the bulk GaAs layer as the origin of the Kerr rotation resonance for
below-barrier excitation.

13We note that our optical instrumentation allows for a more precise determination of relative changes in the
g-factor. The uncertainty of the absolute value of |g*| is due to our measurement precision for the external
magnetic field By, which we only know to ~ (&1 %) at the sample position.
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Figure 42: Spin precession angles ¢ (Ar) of the MDQG 2DEG (blue) and the bulk GaAs
layer (red) extracted from the TRKR traces shown in Fig. 41. Solid lines are linear fits
which yield the effective g-factors |g*| ~ (d¢/JdAr). Note that for the 2DEG the extrapola-
tion ¢ — 0 does yield a finite Ar > O (see inset). For comparison, the dashed line indicates
the hypothetical spin precession angle for the 2DEG obtained when extrapolating ¢ (At)
only from the origin at At = Ops to the first spin quantum beat resonance.

A linear fit of Eq. (8.1) to the MDQW 2DEG data measured for above-barrier exci-
tation yields |g&w| = (0.358 ==0.004). The observed decrease of g,y | with respect to
the bulk value is likely caused by the increased average energy (E.) of the electrons in
the degenerate 2DEG. Ref. [205] reports for GaAs the expression

g (Ec) =gy +6.3xE.(eV) (8.2)

for the dependence of the effective g-factor on the electron kinetic energy. From the
conduction band minimum value gj = —0.44 and the Fermi energy Er = 7.8 meV of
the 2DEG (compare section 6.2), we obtain a coarse estimate g*(Er) ~ —0.39 for the
electrons at the Fermi edge. This value is in reasonable agreement with our experimen-
tal observation. Moreover, our simplistic analysis has neglected the influence of the
penetration of the QW electron wave function into the GaAs/AlAs barriers which is
expected to lead to an additional decrease of [ggy| [206].

A peculiarity is observed in the inset of Fig. 42 where we show that for the 2DEG
a linear extrapolation of the precession angle ¢ (Ar) — 0 does not yield the expected
value Ar = 0, but a finite time ¢y =~ 60 ps. This indicates that for short delays after the
optical excitation the electron spins initially precess with a significantly slower Larmor
frequency in the barrier before relaxing into the QW (compare the reduced slope of the
dashed line in the inset of Fig. 42 which shows the hypothetical 2DEG spin precession
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8.1.3 Two population spin transfer model

angle obtained when extrapolating ¢ (Az) from the origin at Az = Qps to the first spin
quantum beat resonance). To quantify this observation we next use a two population
spin transfer model to analyze S.(Ar) of the MDQW 2DEG.

8.1.3 Two population spin transfer model

Following the concept of Ref. [207] we model S, (At) by a system of coupled differential
equations which describe the time evolution of the in-plane and out of plane components
S and S, of the electron spin polarization in the GaAs/AlAs superlattice barriers and
their respective counterparts S, and S, of the MDQW 2DEG. The equations of motion
for the spins in the barrier are obtained by including an additional spin transfer term in
the usual Bloch equations Egs. (3.9) - (3.11) as:

d Y S
— =2 _ 2w 8.3
dr™~ T T oS 8.3
d Y S
Ssl=_22_ 2 gy 8.4
dt™* T Iy 8.4

Here o] = (g, 1pByy/h) is the Larmor frequency associated with the effective g-factor
g, of the barrier and T}; is the electron spin lifetime in the barrier. The spin transfer
terms — (8" ./ Tir) account for the additional decay of the spin polarization in the barrier
due to the relaxation of electrons into the QW. The solutions for Egs. (8.3) and (8.4)
are:

A
S'.(At) = Spexp (—t> sin (@pAr) (8.5)
Teff
/ /! At /
SL(At) = Spexp (—) cos (wj Ar) (8.6)
' Teff

where we have introduced the effective spin lifetime Terr = (1/7; +1/7) !

Similar to Egs. (8.3) and (8.4), the time evolution of the MDQW 2DEG spin polar-
ization components is governed by:

d s s

— S =+ - 1 @S, (8.7)
dt™* T Tow Loz

d s S

=S, =4= - @S, (8.8)

*

drt T Tow

with the Larmor frequency @, = (gGwMaBxy/T) and the 2DEG spin lifetime Ty, The
first term on the right-hand side of Eqgs. (8.7) and (8.8) describes the coherent spin
transfer from the barrier into the QW which leads to the observed slow rise of S;(At).
Using the initial condition S, ,(Ar = 0) = 0 (i.e. spin polarized electrons are exclusively
created in the barrier), the solution of the coupled Bloch equations for the out-of-plane
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8.1 Coherent spin transfer across a semiconductor heterointerface

component of the MDQW 2DEG which we observe in our measurement is [207]:

S.(Ar)=A [exp <_TA*t> cos (wr Ar + @) —exp (— Al 8.9

) cos (WAt + @)
ow Teff

with A = S}/ (’ctr\/az +b2), a=1/Ti— 1 /Ty b= @, — o, and ¢ = tan~' (b/a).
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Figure 43: Two population model for S;(Ar) of the MDQW 2DEG. The inset shows a
coarse schematic of the band structure of the graded GaAs/AlAs barriers and the GaAs
QW. Text labels indicate the parameters (effective g-factors, spin transfer time, and 2DEG
spin dephasing time) extracted from the fit of the model (red solid line, compare text) to
the experimental data (blue markers).

In Fig. 43 we show the best fit of the S;(Ar) solution Eq. (8.9) to the experimental
data. We find excellent agreement over the whole examined delay A¢. From the fit we
obtain for the GaAs/AlAs barriers an average g-factor g, = (0.1940.03). The MDQG
2DEG g-factor is [ggw| = (0.359£0.004) which agrees with the value obtained previ-
ously from the linear fit of the ¢ (Ar) data (compare Fig. 42). The spin transfer time is
Ty = (220 £ 30) ps. Because of this short transfer time, the decrease of ', . in the barrier
is dominated by the transfer into the QW. Therefore, only a lower bound T; 2 1ns for

the spin lifetime in the barrier can be extracted from the model. For the electron spin
lifetime of the MDQW 2DEG, the two-population model yields TQ*W =(2.24+0.2)ns.

In Fig. 44 we show an independent confirmation of our 7y, result which we derive
from cw Hanle-MOKE spectroscopy. We therefore measure, using strongly defocused
pump and probe spots (> 150 um), the depolarization S, (B,,) for cw above-barrier exci-
tation (lpump = 6350 A, Poump =50 pW).14 For the electron spin detection we tune the

14Continuous-wave above-barrier excitation is provided by a Coherent Cube diode laser.
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Figure 44: Continuous-wave Hanle-MOKE measurement on the MDQW 2DEG for above-
barrier excitation with Apump = 6350 A at T; = 8K. The excitation density is < 0.1 Wem 2.
The FWHM B, /; = (25.8 £0.8) mT of the Lorentzian fit (red solid line) corresponds to a
spin dephasing time 7ijy, = (2.240.3) ns.

Ti:Sa probe laser energy slightly below the 2DEG Fermi edge (Aprobe = 8134 A, Porobe =
10pW). A Lorentzian fit to the measured Hanle curve yields B/, = (25.84+0.8) mT.
Because of the very low excitation densities used in this measurement (< 0.1 Wcm™2)
and the high MDQW 2DEG concentration, the width of the Hanle curve directly yields
the electron spin lifetime. Using the effective g-factor gaw obtained from TRKR spec-
troscopy, the spin lifetime is determined as Téw = (2.240.3) ns. This value is in excel-
lent agreement with the two population spin transfer model and provides an independent
confirmation of the validity of our theoretical approach.

8.1.4 Summary and conclusions

We have demonstrated the operation of our time-resolved supercontinuum MOKE spec-
troscopy instrumentation. We have chosen an exemplary application which illustrates
our instrument’s capability to provide independently tunable pulsed pump and probe
lasers. We therefore have studied the coherent transfer of electron spin polarization
across a GaAs/AlAs interface in a MBE-grown heterostructure. Our measurements
demonstrate that our two-color technique allows us to selectively excite and probe the
electron spin polarization in a bulk GaAs layer and a MDQW 2DEG using an appropri-
ate choice of pump and probe wavelengths.

We have quantitatively analyzed the transient Kerr rotation of the MDQW 2DEG for
above-barrier spin excitation using a two population spin transfer model. Our analysis
shows that the transfer of electron spins from the barrier into the QW takes place on a
timescale of 230 ps and yields additional information on the QW and superlattice barrier
effective g-factors and spin lifetimes. An independent cw Hanle-MOKE measurement
of the MDQW 2DEG spin relaxation time has shown quantitative agreement with the
result obtained from the spin transfer model.
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8.2 Time-resolved spin dynamics in (110) quantum wells

8.2 Time-resolved electron spin dynamics in (110)
quantum wells

We next turn to the investigation of the time-resolved electron spin dynamics in the
GaAs (110) QW sample M4_2661. We have previously shown for this sample that local
modifications of the magneto-optical coefficient prevent the correct spatially resolved
electron spin detection by cw MOKE spectroscopy with a specially narrow Ti:Sa probe
laser (compare section 7.3). We here take advantage of the broad spectral width of
our tunable supercontinuum probe laser which allows us to circumvent the detrimental
influence of local changes in the Kerr rotation spectrum in our time-resolved electron
spin microscopy measurements.

8.2.1 Broadband supercontinuum electron spin detection

For pulsed optical spin excitation we spectrally filter the supercontinuum pump laser
using a Thorlabs FBH780-10 dielectric bandpass filter (central wavelength 7800 A,
spectral FWHM 100 A). The absorption of below-barrier pump light in the five identical
(110) QWs in sample M4_2661 is sufficiently strong to excite an appreciable electron
spin polarization. For the time-resolved electron spin detection we tune the central
supercontinuum probe laser wavelength to the (1E-1HH) resonance at 8140 A (compare
section 7.3). In Fig. 45 we show the resulting pump and probe laser spectra together
with a representative cw Kerr rotation spectrum 6O (Aprobe) of the (110) QW sample.
Comparing both datasets we find that the ~ SmeV spectral FWHM of the pulsed probe
laser allows us to simultaneously probe the entire low-energy wing of the (1E-1HH)
Kerr rotation resonance. The broadband Kerr rotation detection is therefore much less
affected by a spectral transfer of oscillator strength within this observation window. In
contrast to cw MOKE microscopy with the spectrally narrow Ti:Sa laser, we thereby
suppress the detrimental effects of the spatially varying magneto-optical coefficient on
the electron spin detection.

We have verified that the time-resolved Kerr microscopy results presented below do
not change within experimental resolution under variation of the probe laser wavelength.
For all measurements the time-averaged probe laser power is 12 uW. The pump power
is varied between 1.5 uW and 5 uW as indicated in the text.

8.2.2 Spin quantum beats, resonant spin amplification, and
anisotropic spin relaxation

Before addressing electron spin diffusion we briefly detour and examine the electron
spin relaxation in the (110) QWs. In Fig. 46 (a) we show 0k (At,r = 0) traces which we
measure, using focused pump and probe lasers, at 7, = 8K and Fyymp = 5uW for dif-
ferent in-plane magnetic fields B,,. The spin precession angle ¢ (Ar) which we extract
from these TRKR transients is shown in Fig. 46 (b). We observe the expected depen-
dence (d¢/dAr) ~ By, of the Larmor frequency on the magnetic field strength. From
a linear fit to the ¢ (Ar) data obtained for the strongest magnetic field B, = 600mT,
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Figure 45: Spectral slicing of the “white light” supercontinuum for time-resolved MOKE
microscopy on the (110) QW sample M4_2661. Inset: Normalized intensity spectra of the
pulsed pump and probe lasers after spectral filtering (left axis, black). The spectral range
of the inset is indicated by the gray box. The cw Kerr rotation 6k (Aprobe) measured at
T; = 8K is shown on the right axis (red).

which allows for the most precise determination of the in-plane effective g-factor, we
obtain |g*| = (0.402+0.004). The measured g* significantly deviates from the bulk
GaAs value of —0.44. Moreover, no signatures of a second precession frequency are
observed in the Fourier transform power spectrum of the 0k (Ar) traces (not shown here).
Taken together these observations confirm that the broadband-detected Kerr rotation is
only due to electron spins in the QW and does not contain relevant contributions from
the bulk sample substrate.

For focused excitation S;(At,r = 0) decays due to the combined action of electron
spin relaxation, out-diffusion away from the pump spot center, and concurrent photo-
carrier recombination. The radiative lifetime of photoexcited electron-hole pairs in the
nominally undoped (110) QWs is Toq < 700ps.'> This radiative lifetime constitutes
an upper bound for the electron spin lifetime in an intrinsic (i.e. undoped) system.
Pronounced Larmor spin precession is, however, still observed in the Ok (At,r = 0)
transients up to the maximum experimentally accessible delay of 3.6 ns. For such suf-
ficiently long delays Ar > 7,4 all excess photocarriers have recombined and the QW
2DEG density has returned to the equilibrium value. The 6k (Ar) transients therefore
strongly suggest, consistent with the previous observation of X~ negative trion PL
(compare section 6.2), the presence of a dilute electron gas in the intentionally undoped

15We determine the radiative lifetime for below-barrier excitation using standard time-correlated single photon
counting (TCSPC) spectroscopy [208]. Following the usual approach, we analyze the measured TCSPC
traces by fitting the convolution of the measured instrument response function (IRF) and the solution of a
rate equation model from which 7,4 is obtained. For 7 = 5-30K the measurements yield an upper bound
Trad S 700ps.
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Figure 46: Spin quantum beats in the (110) QW 2DEG. (a) Normalized transient Kerr

rotation 6k (At,r = 0) measured for increasing external in-plane magnetic fields (top to

bottom). The lattice temperature is 7y, = 8 K and Pyump = 5uW. (b) Spin precession angles

¢ (At) of the QW 2DEG extracted from the TRKR traces shown in (a). Solid lines are

linear fits which yield the effective in-plane g-factor |g*| ~ (d¢/dAr).

QWs in which the spin polarization is preserved for long times.

Exceptionally long spin lifetimes in this dilute electron gas and signatures of the
anisotropic spin relaxation in the (110) QW 2DEGs are indeed observed in the cw
Hanle-MOKE traces shown in Fig. 47 (a). For the Hanle measurements below-barrier
optical excitation is provided at Apymp = 7800 A. For the steady-state spin detection
the cw probe laser energy is tuned below the (1E-1HH) resonance (X,pmbe = 8143 A,
Pyrobe = S0uW) to minimize probe laser absorption. At 7; = 8K we measure, using
strongly defocused pump and probe lasers (> 100um), the depolarization S (By,) for
increasing excitation densities. In Fig. 47 (b) we show the HWHM B, ), of Lorentzian
fits to the resulting Hanle curves. Contrary to the isotropic spin relaxation in bulk n-
GaAs where By, ~ I'y increases linearly with Fyymp (compare Fig. 36), we here find
a sublinear dependence of the spin relaxation rate I'y = 1 /7, on the pump power. This
sublinear increase of I'y with optical excitation density is characteristic for the spin
relaxation anisotropy in (110) QWs as detailed below.

Using the effective g-factor |g*| = 0.402 obtained from the TRKR measurements,
we calculate the excitation density dependence of the effective spin relaxation time
T, (Ppump) which is shown in the inset of Fig. 47 (b). In the limit of vanishing optical
excitation we observe an exceptionally long 7, = 100ns. This value is close to the high-
est 2DEG spin dephasing times reported in the literature [45,46], demonstrating that,
due to the symmetry-based suppression of the DP relaxation mechanism, electron spin
polarization can be stored in dilute electron gases in symmetric (110) QWs for remark-
ably long times. With increasing pump power the spin lifetime decreases to 7; ~ 20ns.

A qualitative model for the pump power dependence of the electron spin relaxation in
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Figure 47: Continuous-wave Hanle-MOKE measurements on the (110) QW 2DEGs.
(a) Hanle curves S;(Byy) (gray markers) for increasing excitation power (bottom to top)
together with Lorentzian fits (red solid lines). (b) Half width at half maximum (HWHM)
By, of the Lorentzian Hanle curves as a function of Ppymp. The sublinear pump power
dependence B ), (Ppump) is characteristic for the anisotropic spin relaxation in (110) QWs.
The black dashed line is a fit of the qualitative model Eq. (8.12) for the anisotropic spin
relaxation in (110) QWs (see text). The inset shows the effective spin relaxation time
rS(Ppump). All measurements are performed at 77, = 8K.

modulation-doped (110) QWs has been proposed in Refs. [83, 168]. The suppression of
the Dyakonov-Perel relaxation for the out-of-plane spin component S, results in a strong
anisotropy of the electron spin relaxation rates in (110) QWs (compare section 3.1.2).
As a result, the effective electron spin lifetime:

Ts = /T (8.10)

extracted from the HWHM of cw Hanle-MOKE traces S (Byy) is the geometric mean
of the out-of-plane and in-plane spin dephasing times 7, and 7). For the out-of-plane
spin polarization S, the decay rate [168]:

1/7, = 1/7™ 4 B8P0, v, (8.11)

is due to three different contributions. Here ‘L’Zlim is the intrinsic spin dephasing time in
the limit of zero optical excitation. At high temperatures rzlim is typically believed to be
limited by intersubband electron scattering induced spin relaxation [38,39]. At low T,
out-of-plane spin dephasing is attributed to DP relaxation in the random Rashba fields
of ionized impurities in the QW barriers [168]. The spin relaxation rate )/ZBAP ny, due to
the BAP mechanism and the radiative recombination rate ¥ ny, are both proportional to
the optically excited hole density ny,, and I'; = (1/7;) therefore strongly increases with
Poump- In contrast, for the in-plane spin components Sy, DP relaxation is dominant and

Iy = (1/ T ), to a first approximation, does not depend on 1, ~ Pyymp. Therefore, from
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8.2 Time-resolved spin dynamics in (110) quantum wells

Egs. (8.10) and (8.11) the effective spin relaxation rate:

I/Ts ~ 1/73'(0) 1*|‘Ppump/Psat (8~12)

is expected to increase sublinearly with the optical pump power. Indeed, a best fit of
Eq. (8.12) to the experimental data shown in Fig. 47 (b) is in qualitative agreement
with our measurement. The model therefore provides a useful basic description for the
physics underlying the anisotropic steady-state spin relaxation dynamics in (110) QWs.
For low pump powers, however, Eq. (8.12) underestimates the increase of I'y(Pyump).
This is likely caused by neglecting the influence of radiative recombination on the in-
plane spin lifetime 7| which is more significant in the very dilute 2DEG in our sample
as compared to the strongly n-doped QWs of Refs. [83, 168].

We next return to time-resolved spectroscopy. When probing S, for short negative
delays Ar < 0, i.e. before the arrival of the corresponding pump pulse, we measure
a remanent spin polarization. Because the long spin lifetimes 7, 2 t.p of the (110)
QWs are comparable to the fep = 27.5ns pulse-to-pulse interval of the supercontinuum
source, S;(Ar) results from a superposition of the contributions of several previous
pump pulses. The rather long spin lifetimes of the (110) QWs therefore allow for an
investigation of the relaxation dynamics by the RSA technique (compare section 3.2.2).
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Figure 48: (a) RSA trace measured with defocused pump and probe spots. The first
destructive interference is observed at B, = 2mT. Inset: Magnetic field dependence of
the RSA resonance number. The solid line is a linear fit from which the effective g-factor
|g*| = 0.395 is deduced. (b) Kerr rotation profiles 0k (Ar,r) measured at short negative
and positive delays. Application of By, = 2mT suppresses previous-pulse contributions
by destructive RSA (compare gray and black profiles). Solid red line is a Gaussian fit. All
data measured at 7, = 8K.

In Fig. 48 (a) we show a representative RSA trace which we measure at 7;, = 8K
for a negative delay Az = —120ns. We minimize the influence of diffusion on the
measurement by strongly defocusing the pump and probe spots (> 50um). This results
in a time-averaged excitation density of ~ 0.25Wcm™2. When sweeping the external
magnetic field we observe the characteristic RSA oscillations in S (Byy). From the slope
of a linear fit of the constructive RSA resonance fields shown in the inset of Fig. 48 (a)
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we determine, in agreement with the earlier spin quantum beat spectroscopy, the in-
plane effective g-factor |g*| = (0.395 £0.004). Most important for the following spin
diffusion measurements, however, for specific field amplitudes By, the superposition
of the single-pulse contributions precisely cancel each other and S, (Ar < 0) = 0. The
controlled application of such destructive RSA fields By, therefore allows us to suppress
repetition-rate artifacts in our time-resolved spin diffusion microscopy measurements.

8.2.3 Picosecond real-space imaging of electron spin diffusion in
(110) quantum wells

We now turn to the measurement of electron spin diffusion coefficients by time-resolved
MOKE microscopy. To facilitate the following analysis, we limit our experiment to the
contribution of the spin polarization resulting from the excitation by a single pump pulse.
The previous-pulse suppression scheme therefore employed is exemplarily shown in
Fig. 48 (b) where we compare spin polarization profiles S;(r) measured at At = —20ps
for zero external magnetic field and By, = 2mT. The field is chosen such that S, (At < 0)
vanishes because of destructive spin interference [compare Fig. 48 (a)].!® Without
magnetic field the previous-pulse spin profile is clearly observed. Application of By,
suppresses S;(Ar < 0,r) for all » and Ok (Ar > 0) is then only due to the newly excited
spins.

In Fig. 48 (b) we additionally show a single-pulse profile measured for At = 480 ps
and a Gaussian fit from which we determine the width w; of the spin packet. The ampli-
tude of the previous-pulse spin profile (black markers) is ~ 25 % of the peak amplitude
of this single-pulse spin profile (red markers). Moreover, since the initial expansion
rate of the newly excited spin packet is significantly higher (compare section 3.3.1),
the relative amplitude fraction of the previous-pulse profile even increases for longer
delays. The reliable suppression of the previous-pulse S by applying By, is therefore
crucial for the following analysis of our MOKE microscopy data.

To obtain the spin diffusion coefficient Dy of the (110) QW 2DEG we measure time
traces of single-pulse spin polarization profiles S;(At,r) for increasing pump-probe
delays Ar between —20 ps and 814 ps. A typical dataset resulting from this procedure,
measured for Pyymp = 3uW at 7; = 8K by scanning r along the [001] crystal direction,
is shown in Fig. 49. In contrast to TSG spectroscopy, which only yields incomplete
information on the overall amplitude decay of the spin grating, our picosecond imag-
ing technique allows us to directly observe the time evolution of the optically excited
electron spin packet in real-space. The diffusive spreading of the spin packet is clearly
seen in the dataset from the increasing width of the S, (r) profiles for longer delays. The
decay of the spin packet amplitude results from the combined influence of out-diffusion
and spin relaxation.

16The external field B, leads to a coherent precession of the spin packet. However, for the weak field amplitude
and the short observation window fynax = 814ps of the measurements presented below, this precession only
leads to a negligible relative reduction of the out-of-plane component of the spin polarization to a factor of
cos (g*UpByy /tmax /M) = 0.998 and therefore does not affect our MOKE microscopy measurements.
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Figure 49: Time-resolved observation of the expansion of an optically excited electron
spin packet in a (110) QW 2DEG. The colormap shows line-cuts through the radial-
symmetric electron spin polarization profile S;(r) for increasing delays Ar measured for
Poump = 3uW at T = 8K.

Contrary to cw spectroscopy, picosecond MOKE microscopy unambiguously yields
the electron spin diffusion coefficient without relying on auxiliary spin relaxation time
measurements. In Fig. 50 (a) we show a series of normalized line cuts of the electron
spin polarization profile obtained from the dataset of Fig. 49 together with Gaussian fits.
Comparison with these fits confirms that the shape of the spin packet remains Gaussian
for all examined times.

In Fig. 50 (b) we plot w?(At) extracted from the Gaussian fits. For the shortest
delay of 13 ps the squared spin packet width coincides with our optical resolution
Gg = 3.8um? indicated by the dashed line. The linear increase of wf (At) expected
from Eq. (3.35) is clearly observed. From the slope of a linear fit we determine the spin
diffusion coefficient Dy = (1004 3)cm?s~!. This comparatively high value of Dy and
the long time scales At > Tyq for which the spin packet is observed (compare Fig. 46)
suggests that the electron spin propagation is detached from the ambipolar diffusion
of the photocreated holes and takes place in the dilute background QW 2DEG. This
is an example of spin-charge-separation in optically induced bipolar transport of spin
polarized carriers which has started to attract theoretical interest in the recent past [209].

Previous studies of spin propagation driven by surface acoustic waves (SAW) have
indicated anisotropic spin transport along the [001] and [110] crystal directions in GaAs
(110) QWs in the presence of small external magnetic fields [210]. We have verified
that a similar dependence of the spin diffusion on crystal direction is not present in our
measurements, i.e. we observe isotropic diffusion in the QW plane. This absence of
anisotropies in the diffusion coefficient along the main crystal axis is demonstrated in
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Figure 50: (a) Normalized spin polarization profiles (gray markers) for increasing delays
(bottom to top) and Gaussian fits (red lines) measured for 7, = 8K and Pyump = 3uW.
The delay Ar is indicated above the respective curve. (b) Time evolution of the squared
Gaussian width w?(At) of the spin packet shown in (a). The red solid line is a linear
fit from which the spin diffusion coefficient is determined. The optical resolution of the
setup is indicated by the dashed black line. (c) Lattice temperature dependence of the spin
diffusion coefficient D; for different pump powers. Inset: Spin mobility pis(7;) calculated
via the Einstein relation from Dy(7;) measured for the lowest pump power.

Fig. 51 where we exemplarily show for 7;, = 8K and Pyump = SuW that, within exper-
imental resolution, identical expansions w?(At) of the spin packet width are observed
along the main crystal axis. We therefore limit our following presentation to results
obtained for measurements along the [001] direction.

The dependence of the electron spin diffusion coefficient of the (110) QWs on pump
power and lattice temperature is summarized in Fig. 50 (c). For T between 8 K and
40 K we measure the spin diffusivity for very low excitation powers Fyymp = 1.5, 3, and
5uW.!7 For all examined excitation densities we observe that D, only varies weakly
with the lattice temperature. We find that a reduction of the pump power from 5 yW
to 3 uW leads to a systematic decrease of the spin diffusivity. A qualitatively similar
decrease of D; with excitation density has been observed previously for a (110) QW at

"Due to the very small Kerr rotation signals observed for the lowest pump power, for Poump = 1.5uW time
traces are only be measured for delays Ar < 414 ps.
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Figure 51: Comparison of the time-resolved observation of the optically excited spin
packet width w?(Ar) along the main <001> (red markers) and <110> (black markers)
crystal axis for 7;, = 8K and Fyump = SuW. The diffusion coefficients extracted from the

slopes of the linear fits (solid lines) agree within experimental resolution, indicating the
absence of anisotropic spin diffusion in the (110) QW sample.

room temperature [98]. At present, the physical origin of this pump power dependence
is not known. However, a significant decrease of the diffusion coefficient when further
lowering the pump power to 1.5 uW is not observed. This suggests that we have re-
duced pump-induced influences on Dy sufficiently to observe the intrinsic temperature
dependence of the spin diffusivity.

We focus on Dy (T;) obtained for the lowest pump power of 1.5 uW for which we
are closest to measuring the intrinsic spin diffusion coefficient of the dilute (110) QW
2DEQG. In contrast to the case of bulk GaAs, where the spin diffusivity strongly depends
on Ty, (compare Fig. 35), we here find a constant value Dy ~ 100cm?s~! for all exam-
ined lattice temperatures. A similar temperature-independent spin diffusivity has been
observed previously for a GaAs (110) MQW sample up to room temperature [211].

We use the Einstein relation p; = (eD;/kpTy) to calculate the temperature depen-
dence of the spin mobility. Following Ref. [211] we infer the dominant scattering
mechanism which limits the spin diffusivity in the (110) QW sample from (73 ). For
the observed constant D, which is insensitive to changes of the lattice temperature, we
find pg ~ L*I as demonstrated in the inset of Fig. 48 (c). This temperature dependence
is characteristic for a non-degenerate two-dimensional electron system where the mo-
bility is limited by acoustic deformation potential scattering with a rate which increases
proportional to the lattice temperature [211,212].

8.2.4 Summary and conclusions

We have investigated the time-resolved electron spin dynamics in a (110) MQW sample.
We have used TRKR spin quantum beat measurements to deduce the 2DEG effective
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g-factor and to infer the time scales on which an optically excited QW electron spin
packet persists. Comparison with the radiative carrier lifetime obtained from TCSPC
spectroscopy allowed us to establish the presence of a dilute electron gas in the nomi-
nally undoped QWs in which the spin polarization is retained for long times. We have
used cw Hanle-MOKE spectroscopy to demonstrate anisotropic spin relaxation in the
(110) QWs. In the limit of vanishing optical excitation we have found exceptionally
long electron spin relaxation times in excess of 100ns.

We have presented a first application of our picosecond real-space imaging technique
which allows us to directly observe the time-evolution of the diffusive expansion of op-
tically excited spin packets. Using this technique we have investigated the dependence
of the (110) QW electron spin diffusion coefficient on optical excitation density and lat-
tice temperature. Having established the viability of our time-resolved supercontinuum
MOKE microscopy instrumentation, we next turn to the investigation of transient hot
electron effects on the spin diffusion in bulk GaAs.
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Chapter 9

Picosecond real-space imaging of hot
electron spin diffusion in bulk GaAs

We finally turn to the investigation of hot carrier effects on the time-resolved electron
spin diffusion. In the following chapter we present picosecond real-space imaging of
low-temperature electron spin diffusion in bulk GaAs. We directly measure the time-
dependence of the electron spin diffusion coefficient from the momentary expansion
rate of the spin packet. We observe a high initial expansion rate of the spin packet.
For low lattice temperatures this expansion rate is strongly reduced with increasing
time, reflecting a transient decrease of the spin diffusion coefficient. We show that this
decrease of Dy is caused by the influence of the cooling of hot photocarriers on the
electron spin diffusion coefficient.

9.1 Time-resolved spin diffusion microscopy

We study the time-resolved electron spin diffusion in the bulk n-GaAs sample 11889
for temperatures 77, = 8K, 20 K, and 30 K. Optical excitation with a central wavelength
Apump = 7800 A is again performed using a Thorlabs FBH780-10 dielectric bandpass fil-
ter. For the following measurements the time-averaged pump and probe power are 6 uW
and 12 uW, respectively. The Aprope & 8210A central wavelength of the pulsed probe
laser is tuned to the Eq excitonic Kerr resonance and chosen such that the observed Kerr
rotation is maximal. Again, our probe laser spectrum covers the entire low-energy wing
of the Kerr rotation resonance (see Fig. 1 (b) in Ref. [213]) and we thereby suppress
hot-carrier artifacts on the magneto-optical spin detection.

To observe the time-resolved electron spin diffusion process we measure for each 7y,
line cuts of the electron spin polarization profile S;(r) through the pump spot center for
increasing pump-probe delays Ar between —100 ps and 1350 ps. A typical time trace of
the local spin polarization S;(A¢,r = 0) additionally measured at 7;, = 8K for delays
up to 3000 ps is shown in Fig. 52 (a) on a logarithmic scale. The strong influence of
diffusion on S,(At,r = 0), which according to Eq. (3.34) leads to a non-exponential
decay of the spin polarization, is evident from the deviation of the experimental data
from a straight line.
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9.1 Time-resolved spin diffusion microscopy
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Figure 52: (a) Transient Kerr rotation 6k (A¢,r = 0) of sample 11889 plotted on a loga-
rithmic scale. The non-exponential decay reflects the influence of diffusion on the spin
dynamics (see text). (b) Normalized lateral Kerr rotation profiles for delays Ar = —50ps
(light gray markers) and Ar = 80ps (dark gray markers) at 7; = 8 K. The non-Gaussian
spin profile observed at positive delay times is a superposition of the currently injected
spin packet with previous-pulse contributions. The profile resulting from subtraction of the
previous-pulse contributions (red markers) is shown together with a Gaussian fit (solid red
line). (¢,d) Single-pulse spin polarization profiles at 7;, = 8 K and 30 K (gray markers) for
increasing delays (bottom to top) and Gaussian fits (solid lines). The delay At is indicated
above the respective curve.

In Fig. 52 (b) we show the spin polarization profile S, (r) measured at 7 = 8K for
a short delay Ar = 80ps. The profile of the spin packet clearly is non-Gaussian. This
is a result of the long spin relaxation time 7; ~ 170ns at low temperatures and the
comparatively low spin diffusivity of the sample. Similar to the case of our (110) QW
studies (compare section 8.2.3), the spin polarization excited by the previous pump
pulses does not completely decay within the 27.5 ns pulse-to-pulse interval of our su-
percontinuum source. This is evidenced by the second S, (r) profile shown in Fig. 52 (b)
measured at a short negative delay Ar = —50ps before the arrival of the corresponding
pump pulse. We observe a substantial remanent spin polarization excited by previous
pump pulses which strongly decreases for rising lattice temperatures and completely
vanishes at 7; = 30K. This reflects enhanced diffusion and the strong decrease of T
with increasing temperature [compare Figs. 35 (c) and 36 (b)].

We limit our analysis to the contribution of the spin polarization resulting from the
excitation by a single pump pulse. Because of the linearity of the diffusion Eq. (3.30),
the momentary spin polarization is a superposition of the contributions of all previous
excitation pulses. On the short time scale of our observation window At < 1350ps and
for the comparatively long pulse-to-pulse interval of our experiment, the spin profile
resulting from the previous excitation pulses is virtually stationary. Following Ref. [14]
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9.1 Time-resolved spin diffusion microscopy

we therefore subtract the previous-pulse contribution profile measured at short negative
delay of —50 ps from each spin polarization profile S, (At, r). The resulting single-pulse
profiles are then Gaussians as shown in Fig. 52 (b) where we exemplarily compare
the experimental data for Ar = 80ps with a Gaussian fit. The alternative technique of
reducing repetition-rate artifacts by suppression of previous-pulse contributions by de-
structive spin interference by application of a small in-plane magnetic field of ~ 1 mT
has been introduced in section 8.2.3. We have verified that, within experimental resolu-
tion, both methods yield identical results for the following analysis.

Time traces of single-pulse spin polarization profiles S,(At,r) obtained from the
above procedure are shown in Figs. 52 (c) and (d) together with Gaussian fits for
T; = 8K and 30 K. The shape of the spin packets remains Gaussian for all examined
times. For the shortest delay of 13 ps, the (1/e) half width of the spin packet coincides
with our optical resolution. The diffusive spreading of the spin packet with increasing
delay is clearly observed for both lattice temperatures. Careful inspection of Figs. 52 (c)
and (d) for long delays further reveals a stronger increase of the Gaussian width at high
lattice temperature. This reflects the expected increase of the spin diffusivity with rising
temperature.
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Figure 53: Time-resolved electron spin diffusion in sample 11889. (a-c¢) Time-dependent
spin diffusion coefficient Ds(Ar) used in our model (see text). The dashed lines indicate the
intrinsic spin diffusivity D which was obtained for the respective Ty, from independent cw
measurements. (d-f) Time evolution of the squared Gaussian width w2 (Ar) of the electron
spin packet (black markers) for 7;, = 8K, 20K and 30 K. The dashed lines indicate the
expansion of a spin packet for a constant diffusion coefficient D12l ~ 70cm?s~!. Also
shown is a fit of the analytical model Eq. (9.3) (red lines, see text).
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9.2 Transient hot carrier effects

In Figs. 53 (d-f) we plot w?(At) for increasing 77, which we obtain from the Gaussian
fits of the single-pulse spin polarization profiles. For a constant spin diffusivity inde-
pendent of the pump-probe delay we expect from Eq. (3.35) a linear dependence of w?
on At with a slope of 4D;. For all examined lattice temperatures we observe, however,
a strong deviation of w2 (Atr) from this expected linear dependence on At. Instead, with
increasing time the w?(At) curves are sublinear, reflecting a transient decrease of the
spin diffusivity D;(At). This transient decrease is strongest for 7;, = 8 K and becomes
less pronounced with increasing lattice temperature.

In contrast, we find for all examined lattice temperatures 7, that the initial spin packet
expansion during the first &~ 100ps is well described by the same diffusion coefficient
DMl ~ 70cm?s~! as indicated by black dashed lines. For long delays At > 800ps the
expansion is quasi-linear with Az, indicating that Ds(At) has approached a respective
equilibrium value which is found to increase with 7.

In the remaining part of this chapter we will demonstrate that the observed decrease
of D(Ar) is consistently explained by considering the influence of the transient cooling
of hot photocarriers on the spin diffusion coefficient. The Ayump ~ 7800 A pump pulse
excites electrons with an average excess energy (E. i) =~ 60meV. This deposition of ex-
cess energy in the electron system leads to a strong heating of the electrons and results
in an initial electron temperature 7, which significantly exceeds the lattice temperature.
Owing to the high initial kinetic energy of the spin polarized electrons, the spin diffu-
sion coefficient will be strongly enhanced for short delays. With increasing A¢, energy
relaxation of the hot carriers takes place. This leads to the observed decrease of Dg(Ar)
down to the intrinsic value D%(7;) for the respective lattice temperature.

9.2 Transient hot carrier effects on the electron spin
diffusion coefficient

We next use the intrinsic temperature dependence of the spin diffusion coefficient which
we have determined in section 7.2.1 from cw MOKE microscopy for the analysis of our
time-resolved spectroscopy results. In Fig. 54 (a) we therefore reprint the temperature
dependence DY(Ty). As discussed earlier, we find that D?(7;,) monotonically increases
with rising temperature. For 77 > 12K we observe that this increase of the spin diffu-
sivity is approximately proportional to the lattice temperature, i.e. D? ~Tr.

We now use this D%(7;) dependence for the interpretation of our time-resolved mea-
surements. We first consider the very fast initial expansion of the electron spin packet.
For At < 100ps we have found that the expansion rate is independent of the lattice
temperature and corresponds to a spin diffusivity DI"i4! ~ 70cm?s~!.

Comparison with the intrinsic temperature dependence of the spin diffusivity DY(T7)
allows for an estimation of the initial photocarrier temperature: From the linear ex-
trapolation of DY(7;) for T, > 12K shown in Fig. 54 (a) we can estimate an initial
electron temperature 7" ~ 60K for very short delays Ar < 100ps after the pump
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Figure 54: (a) Intrinsic spin diffusivity DO(7;) (black markers) of sample 11889. The
dashed line is a linear fit for 7, > 12K. Red dashed lines and the red marker indicate
the initial diffusivity and effective temperature of the spin packet at Ar =~ Ops (see text).
(b) Charge mobility obtained from a van der Pauw measurement (gray markers). The red
marker is the spin mobility calculated from the Einstein relation y; = (eD;/kgT,) for the
initial electron temperature and spin diffusivity of (a).

pulse.'® Our estimate for 7, is in good agreement with previous picosecond TRPL spec-
troscopy [118] and transient absorption spectroscopy [214,215] studies of photocarrier
cooling in bulk GaAs. The observed initial spin diffusivity D" is constant for all
examined 77 because the initial kinetic energy of the electrons (and hence the initial
electron temperature) is solely determined by the large excitation excess energy (Ec ;)
and does not depend on the lattice temperature.

The observed values for the initial spin diffusivity Di"%! and electron temperature
Tnitial are consistent with independent charge transport measurements. In Fig. 54 (b)
we show the temperature dependence of the electron charge mobility p.(7;) deter-
mined from a standard van der Pauw characterization [101]. Using the Einstein relation
Eq. (7.5), we calculate the expected spin mobility pi;(7:") ~ 13500cm? Vs~ ! (red
marker). This value agrees within 6 % with the charge mobility p.(7:"%!) obtained
from the transport measurement. This excellent agreement proves the validity of our
extrapolation for D?(7;) and the internal consistency of our cw and time-resolved spec-
troscopy data and substantiates our following analysis of the transient spin diffusion
microscopy results.

The temporal evolution of the electron temperature T,(At,r) following the short
localized excitation by the pump pulse is governed by energy relaxation by emission

18For the 6 uW pump power and the 36.4 MHz repetition rate employed in our experiment we estimate an initial
photocarrier-density of ~ 1.5 x 10'7 cm ™3 after the excitation pulse which significantly exceeds the doping
density of our sample. Time-resolved PL studies [118] on bulk GaAs have established that the photocarrier
thermalization by electron-electron scattering takes place on timescales well below 15 ps even for excitation
densities two orders of magnitude lower than employed in our work (compare section 4.3). We therefore
conclude that the electron ensemble is thermalized even for the shortest delays of 13 ps examined in our
measurements and can be characterized by a well-defined electron temperature.
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9.2 Transient hot carrier effects

of phonons, heat conduction in the electron system, and possibly impact ionization of
donor-bound electrons [24]. At the present time an exact quantitative treatment of this
problem is not feasibly due to the limited understanding of the interplay of the transient
heat conduction and impact ionization processes. To facilitate the following analysis,
we instead characterize the entire electron spin packet by an effective temperature Ty
In a first approximation we model the thermal relaxation of the electrons constituting
the spin packet by Newtonian cooling with a rate:

Tt
JAt

oc (Torr — T1.) ©.1

for which T will approach 77, exponentially for long delays.
Motivated by the linear dependence of DY on temperature observed in Fig. 54 (c) we
then approximate the transient spin diffusion coefficient by:

Dy(At,Tp) = DY(Ty) [1+ A, (Ty Jexp (—Ar/ .)] 9.2)

The cooling constant 7, characterizes the time scale on which the effective temperature
Tt of the spin packet decays to the respective lattice temperature 7;. Following the
cooling of the spin packet, for increasing delay the spin diffusivity Ds(Ar) approaches
the equilibrium value DY for the respective lattice temperature 7. We have determined
this D?(TL) independently from cw spectroscopy [compare Fig. 35 (c)]. The transient
enhancement amplitude A; is a measure for the influence of the high initial kinetic
energy of the photocarriers on the spin diffusivity. It is determined by the boundary
condition Dy(At = 0) = D"l Jeaving the cooling time constant 7. as the only free
parameter.

To relate the transient diffusion coefficient Eq. (9.2) to the (1/e) half width w(Ar)
which we extract from our experiment we integrate Eq. (3.36). The time-evolution of
the squared (1/e) half width is obtained as:'

w?(At,Ty) = og +4D°(Ty) (At + A, 7. [1 —exp (—At/7.)]) (9.3)

Variation of 7, and comparison of the analytical solution Eq. (9.3) with the experi-
mental data allows us to determine the unknown cooling time. Following this procedure,
best agreement is found for 7, = 400ps. In Figs. 53 (d-f) we show the resulting wf(At)
curves obtained from our model Eq. (9.3) for this 7. together with the experimental
data. Very similar cooling times have been observed previously in time-resolved exci-
ton diffusion experiments for GaAs QWs [103].

19We additionally use a transient FEM solver to verify that Eq. (9.3) correctly describes the time evolution of
a Gaussian spin packet for the time-dependent spin diffusivity D;(Az, Ty ) Eq. (9.2). Excitation by the short
pump pulse is modeled by a Gaussian source term g (At,r) = g. oexp (—r* /07 ) exp (—(Ar?/ Tg). The spatial
extent of the source term is determined by our optical resolution 6y. A pulse length 7, = 3 ps (our instrument’s
time resolution) is used in the simulations. For the spin relaxation time 7,(77) we use the values shown in
Fig. 36 (b). From the FEM solution of our model we extract the squared Gaussian (1/¢) half width w2 (Ar)
which agrees within computational uncertainty with the analytical model Eq. (9.3).
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9.3 Transient spin diffusion in external magnetic fields

Comparing 7. = 400 ps with typical cooling times expected from the electron-phonon
energy loss rates Egs. (4.7) - (4.9) [Fig. 12 (b)] we find that the experimentally observed
electron cooling is substantially faster than predicted by the simple scattering theory.
This result suggests that the fast dilution of the excess energy by heat conduction in the
electron system [126] is the dominant decay channel for the energy relaxation of the
carrier system. For all examined lattice temperatures 77, we find excellent quantitative
agreement between the experimental data and the model for the same value of 7. The
resulting time-dependent spin diffusion coefficient D;(At) used for the respective cal-
culation is shown in Figs. 53 (a-c). For comparison we also show by dashed lines the
intrinsic spin diffusivity D? for the respective lattice temperature which is approached
for long delays.

9.3 Transient spin diffusion in external magnetic fields

We next consider the time-resolved electron spin diffusion in transverse magnetic fields.
From our above analysis of our cw and time-resolved MOKE microscopy data we have
determined all relevant parameters which govern the electron cooling, spin relaxation,
and transient changes in the spin transport properties. We additionally validate this
parameter set by observing the transient decay S,(At,r = 0) at the pump spot center
which must be consistently explained by our results for Dy(7;,,At) and 7,(7).

In Fig. 55 we show time traces 6k (Af,r = 0) which we measure at 7;, = 8K, 20K, and
30K for an external in-plane magnetic field B,, = 600mT. To describe the oscillatory
decay of S, we insert w?(7;,At) in the spin diffusion equation solution Eq. (3.34).
The precession in the external field is considered by an additional Larmor precession
term cos (@rt). Moreover, for all examined bulk n-GaAs samples we observe that the
build-up of the Kerr rotation signal happens on a time scale of ~ 50-100ps [compare
Fig. 52 (a)]. Following Ref. [190] we consider this finite rise time of the Kerr rotation
signal by an additional amplitude factor [1 — exp(—At /tise )]. For r = 0, we obtain the
experimentally observed Kerr rotation transient at the pump spot center:

GK,max
GK(At) = m [1 — exp(fAt/tr,se)] exXp <

Ts(TLt) ) cos (@rt) 9.4)

We stress that, except for #i5c = (80 420) ps, which only affects the initial Kerr rotation
rise, all parameters entering Eq. (9.4) have been completely determined by our previous
analysis, i.e. our model does not include additional adjustable parameters. In Fig. 55 we
show that our model Eq. (9.4) accurately describes the time evolution S, (At,r = 0) by
the combined action of spin diffusion and relaxation. The overall agreement between our
data, obtained from a range of different cw and time-resolved spectroscopy experiments,
and our quantitative modeling for all experimental situations demonstrates that we have
arrived at a coherent understanding of the intricate interplay of hot carrier relaxation
and photoinduced electron spin dynamics.
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Figure 55: Transient decay of the electron spin polarization in sample 11889 at the pump
spot center in an external magnetic field. Gray markers are 6k (At,r = 0) transients mea-
sured for 77, = 8, 20, and 30 K. Red solid lines are solutions of the analytical model
Eq. (9.4). The model parameters have been determined independently from zero-field
time-resolved spin diffusion measurements and cw spectroscopy (see text).

9.4 Comparison with an additional sample

To further corroborate our modelling we additionally study the time-resolved electron
spin diffusion in the second bulk n-GaAs sample 12464. We therefore again measure,
using a slightly reduced pump power Pyymp = SpuW, time-traces of single-pulse®” spin
polarization profiles S, (A¢,r) for T, = 8K, 20K, and 40 K.

In Figs. 56 (d-f) we show the diffusive expansion w?(At) extracted from Gaussian fits
to the S, (At, r) profiles. We observe for At < 100 ps the expected fast initial expansion
of the spin packet, corresponding here to an initial diffusivity D" ~ 60K independent
of T, which gradually slows down to the intrinsic diffusion coefficient for increasing
delays. To obtain information on DY(T;) of sample 12464 we fit the w?(At) traces
with the model Eq. (9.3). Because of the very similar donor concentrations of both
samples we assume the identical cooling time constant 7, = 400ps of sample 11889.
From the fits of Eq. (9.3) with DY(T}) as the only adjustable parameter we determine the
unknown intrinsic spin diffusion coefficient for the examined 77, shown in Figs. 56 (a-c).

Comparing the intrinsic spin diffusion coefficients, we find that at 7; = 8K the dif-

20We here suppress previous-pulse contributions S;(Ar < 0) by destructive RSA with an in-plane magnetic
field Byy = 1 mT (compare section 8.2.3).
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Figure 56: Time-resolved electron spin diffusion in sample 12464. (a-c¢) Time-dependent
spin diffusion coefficient Ds(Ar) obtained from the fits in (d-f). The dashed lines indicate
the intrinsic spin diffusivity DO approached for long delays. (d-f) Time evolution of the
squared Gaussian width w%(At) of the electron spin packet (black circles) for 7;, = 8K,
20K, and 40 K. The dashed lines indicate the initial spin packet expansion with Ditial ~
60cm?s~!. Also shown is a fit of the analytical model Eq. (9.3) (red, see text). All data
measured for Pyump = SUW.

fusivity of sample 12464 exceeds the respective value of sample 11889 by a factor of
= 2.5. The same relative enhancement by a factor of 2.5 is also observed in the low-
temperature charge mobilities 1. of both samples (1050 vs. 2600 cm V=2 s~! at 4.2 K).
In contrast, for sample 12464 the initial diffusivity after the excitation pulse DMl jg
slightly reduced with respect to the value measured on sample 11889. Moreover, for
sample 12464 at the highest examined lattice temperature only a weak decrease of
Dy(Ar) is observed for long delays, indicating that Tei“itial here only slightly exceeds
T; = 40K. Taken together both observations suggest that the initial electron tempera-
ture following the excitation pulse in sample 12464 is lower than in sample 11889. This
is likely the result of the reduced excitation power employed in our MOKE microscopy
measurements on sample 12464.

This reduction of Disnitial for lower excitation density is demonstrated for sample
12464 in Fig. 57 (b) where we show wf (At) measured at 7 = 8K for high (5 uW) and
low (3 uW) pump power. Our analysis in Fig. 57 (a) demonstrates that the reduction of
Poump leads to a decrease of DiSnitial from 60 to 50 cm? s~!, while both traces converge
to the same intrinsic value D? for At >> ...
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Figure 57: Pump power dependence of the time-resolved electron spin diffusion in sample
12464. (a) Time-dependent spin diffusion coefficient Ds(Ar) for high (5 pW, red) and
low (3 uW, blue) excitation power obtained from the fits in (b). Note that both traces

converge to the same intrinsic diffusivity D? = l4cm?s~!. (b) Time evolution of the

squared Gaussian width w2 (At) of the electron spin packet for high (red markers) and low
(blue markers) power excitation together with fits of the model Eq. (9.3). Dashed lines
indicate the initial spin packet expansion rates.

9.5 Summary and conclusions

We have used picosecond Kerr microscopy to image the expansion of optically excited
electron spin packets by spin diffusion in bulk GaAs. The time-resolved measurement
of the Gaussian width of the spin packet allows us for the first time to directly observe
the influence of pump-induced photocarrier heating on the electron spin diffusion coef-
ficient. By comparison with our cw MOKE microscopy measurements we are able to
draw the following physical picture: For very short delays after the pump pulse, spin
diffusion is very fast and the high initial diffusivity is only governed by the initial ki-
netic energy of the photoexcited electrons. With increasing delay, thermal relaxation of
the hot photocarriers takes places. The cooling of the electron population down to the
lattice temperature by phonon emission, donor impact ionization, and heat conduction
in the electron system is found to happen on a time scale 7. ~ 400ps. This transient
reduction of the kinetic energy of the electrons is reflected by a strong decrease of the
spin diffusion coefficient with increasing time. For long delays Ar > 7, the influence
of photocarrier heating vanishes. The expansion of the spin packet is then observed to
take place with the rate expected from the intrinsic spin diffusion coefficient which we
have independently determined from cw Kerr microscopy.
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Chapter 10

Summary

In the present thesis Hot spin carriers in cold semiconductors we have investigated hot
carrier effects in low-temperature photoinduced MOKE microscopy of electron spins
in semiconductor heterostructures. Our studies have revealed that the influence of hot
photocarriers in magneto-optical pump-probe experiments is twofold.

First, it is commonly assumed that a measurement of the local Kerr rotation using
an arbitrary probe wavelength maps the local electron spin polarization. This is the
fundamental assumption underlying the widely used two-color MOKE microscopy
technique. Our cw spectroscopy experiments have demonstrated that, in general, this
assumption is not correct.

At low lattice temperatures the nonresonant spin excitation by the focused pump
laser inevitably leads to a significant heating of the electron system. This heating, in
turn, locally modifies the magneto-optical coefficient which links the experimentally
observed Kerr rotation to the electron spin polarization. As a consequence, the spin-
induced local Kerr rotation is augmented by spin-unrelated changes in the magneto-
optical coefficient. A spatially resolved measurement of the Kerr rotation then does not
correctly map the electron spin polarization profile.

We have demonstrated different ways to overcome this limitation and to correctly
measure the electron spin profile. For cw spectroscopy we have demonstrated how the
true local electron spin polarization can be obtained from a quantitative analysis of
the full excitonic Kerr rotation spectrum. Alternatively, picosecond MOKE microscopy
using a spectrally broad probe laser pulse mitigates hot-carrier effects on the magneto-
optical spin detection and allows to directly observe the time-resolved expansion of an
optically excited electron spin packet in real-space.

Second, we have shown that hot photocarriers strongly modify the spin diffusion
process. Owing to their high kinetic energy, hot carriers greatly enhance the electron
spin diffusion coefficient with respect to the intrinsic value of the undisturbed system.
Therefore, for steady-state excitation the spin diffusivity is strongly enhanced close
to the pump spot center where hot electrons are present. Similarly, for short delays
following pulsed excitation the high initial temperature of the electrons leads to a very
fast initial expansion of the spin packet which gradually slows as the electrons cool
down to the lattice temperature.

While few previous publications have recognized the possible influence of hot car-
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CHAPTER 10. SUMMARY

riers on the electron spin transport properties, the present work is the first to directly
observe and quantify such hot carrier contributions. We have developed models which
for steady-state and pulsed excitation quantitatively describe the experimentally ob-
served electron spin diffusion. These models are capable of separating the intrinsic
spin diffusivity from the hot electron contribution, and allow to obtain spin transport
parameters of the undisturbed system.

We have performed extensive cw and time-resolved spectroscopy studies of the lattice
temperature dependence of the electron spin diffusion in bulk GaAs. Using our models
we have obtained a consistent set of parameters for the intrinsic temperature dependence
of the electron spin diffusion coefficient and spin relaxation time and the hot carrier
contributions which quantitatively describes all experimental observations. Our analysis
unequivocally demonstrates that we have, as we believe for the first time, arrived at a
coherent understanding of photoinduced low-temperature electron spin diffusion in bulk
semiconductors.
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Zusammenfassung

Die vorliegende Arbeit Hot spin carriers in cold semiconductors untersuchte den Ein-
fluss heiBer Ladungstriger in pump-probe magneto-optischer Kerr-Effekt (MOKE) Tief-
temperatur-Mikroskopie-Messungen der optisch induzierten Elektronenspin-Dynamik

in Galliumarsenid-basierten Halbleiterheterostrukturen. Unsere Untersuchungen zeigten,
dass dieser Einfluss von zweierlei Art ist.

Der erste Aspekt betrifft die magneto-optische Elektronenspin-Detektion. Es wird
gewohnlich angenommen, dass eine Messung der lokalen Kerr-Rotation unter Verwen-
dung einer beliebigen Probelaser-Wellenldnge korrekt die lokale Elektronenspinpolari-
sation abbildet. Diese Pramisse ist die fundamentale Grundlage der MOKE Elektronen-
spin-Mikroskopie. Unsere Dauerstrich-Spektroskopie-Ergebnisse belegen, dass diese
Annahme im Allgemeinen nicht korrekt ist.

Bei tiefen Gittertemperaturen fiihrt die nichtresonante optische Anregung spinpola-
risierter Elektronen zu einer signifikanten Heizung des Elektronensystems. Diese Hei-
zung modifiziert lokal den magneto-optischen Koeffizienten, der die im Experiment
beobachtete Kerr-Rotation mit der zu messenden Elektronenspinpolarisation verkniipft.
Als Konsequenz ist die spininduzierte lokale Kerr-Rotation von spinunabhiingigen An-
derungen des magneto-optischen Koeffizienten iiberlagert. Eine ortsaufgeloste Messung
der Kerr-Rotation bildet dann im Allgemeinen nicht korrekt die lokale Elektronenspin-
polarisation ab.

Wir haben verschiedene Moglichkeiten demonstriert, diese Einschrénkung zu iiber-
winden und das korrekte Elektronenspin-Profil zu bestimmen. Fiir Dauerstrich-Anre-
gung haben wir gezeigt, dass das Elektronenspin-Profil korrekt durch eine quantitative
Analyse des lokalen exzitonischen Kerr-Rotations-Spektrums ermittelt werden kann.
Alternativ minimiert Pikosekunden-zeitaufgeloste MOKE Mikroskopie unter Verwen-
dung eines spektral breiten gepulsten Probelasers den Einfluss heifer Elektronen auf die
magneto-optische Spin-Detektion und erlaubt die direkte Beobachtung der diffusiven
Ausbreitung optisch erzeugter Elektronenspin-Pakete im Realraum.

Als zweites Hauptergebnis haben wir gezeigt, dass optische angeregte heifle Ladungs-
trager auch signifikant den eigentlichen Spindiffusions-Prozess beeinflussen. Aufgrund
ihrer hohen kinetischen Energie erhoht die Anwesenheit heiller Photoladungstriger
stark den Elektronenspin-Diffusionskoeffizienten im Vergleich zum intrinsischen Wert
des ungestorten Systems. Aus diesem Grund ist bei tiefen Gittertemperaturen fiir lokale
Dauerstrich-Anregung der Spin-Diffusionskoeffizient in der Nihe des fokussierten
Pumplaserstrahls, in der heile Elektronen vorhanden sind, stark erhoht. Analog fiihrt
fiir kurze Zeiten nach gepulster optischer Anregung die hohe anfingliche Elektronen-
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temperatur zu einer sehr schnellen initialen Ausbreitung des Spin-Paktes, welche sich
allméhlich verlangsamt, wihrend die Elektronen auf die Gittertemperatur abkiihlen.

Wihrend einzelne frithere Arbeiten bereits den moglichen Einfluss heifler Ladungs-
trager auf den Elektronenspin-Transport erkannten, ist die vorliegende Arbeit die er-
ste, die die Wirkung heifler Triger auf die Elektronenspin-Diffusion direkt beobachtet
und quantifiziert. Wir haben verschiedene Modelle entwickelt, die fiir gepulste und
Dauerstrich-Anregung quantitativ die experimentell beobachtete Elektronenspin-Dif-
fusion beschreiben. Diese Modelle sind in der Lage, die intrinsische Spindiffusivitit
von den Beitrdgen heiler Ladungstriger zu trennen und erlauben, die Spintransport-
Eigenschaften des ungestorten Systems zu bestimmen.

Wir haben durch zeitaufgeloste und Dauerstrich-Anregungs-Experimente die Gitter-
temperatur-Abhédngigkeit der Spindiffusion in n-dotiertem Volumen-GaAs untersucht.
Mit Hilfe unserer Modelle haben wir einen konsistenten Parameter-Satz fiir die intrin-
sische Temperaturabhéngigkeit der Spinrelaxationszeit und des Elektronenspin-Diffus-
ionskoeffizienten sowie der Beitrage heiler Ladungstriger ermittelt, der quantitativ alle
experimentellen Beobachtungen beschreibt. Unsere Analyse zeigt, dass wir damit erst-
mals ein kohédrentes Verstdndnis der optisch induzierten Tieftemperatur-Elektronenspin-
Diffusion in Halbleitern entwickelt haben.
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