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Abstract

Magneto-optical pump-probe spectroscopy is a convenient and widely-used method to investigate
electron spin dynamics in direct-gap semiconductors. The primary concern of the present work is
to examine carrier spin dynamics in an indirect-gap semiconductor with this method, where the
material of choice is germanium. An important aspect associated with such an investigation is
the comparison of spin dynamics in direct- and indirect-gap bulk semiconductors. To this end,
electron spin dynamics in gallium antimonide and indium gallium arsenide is addressed as a first
point. The investigations support the present good understanding of spin dynamics of free con-
duction band electrons in direct-gap semiconductors, in particular, the decay of spin coherence
via the D’yakonov-Perel’ mechanism. In this context, it is specifically worth mentioning that
the impact of spin-orbit coupling on electron spin coherence becomes evident when comparing
gallium antimonide and indium gallium arsenide. Moreover, the present selection of direct-gap
semiconductors is suited to detect electron spin dynamics in the telecom wavelength band around
1.55 µm. This wavelength range is interesting from the point of view of device applications, how-
ever, it has not been addressed via magneto-optical pump-probe spectroscopy so far. The ultrafast
magneto-optical examinations of carrier spin dynamics in germanium address fundamental ques-
tions on orientation and readout of carrier spins via indirect optical transitions. Furthermore, the
data represent the first comprehensive investigation of the dynamics of photogenerated electron
and hole spin polarisations in an indirect-gap semiconductor, where the key results are the follow-
ing. Compared to literature values on hole spin coherence times in direct-gap semiconductors, hole
spin coherence in germanium is long-lived. In addition, the multivalley structure of the indirect
conduction band minimum is mapped in the coherent precession of photogenerated electron spins
in external magnetic fields. The investigations allow to extract the Landé tensor in the indirect
conduction band minima of germanium, and indicate that the Elliott-Yafet mechanism impacts the
decay of electron spin coherence.
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Kurzfassung

Die Messmethode der magneto-optischen Anrege-Abfrage-Spektroskopie wird verbreitet genutzt,
um die Dynamik von Elektronenspins in Halbleitern mit direkter Bandlücke zu untersuchen.
Hauptanliegen der vorliegenden Arbeit ist es, diese Messmethode auf Germanium – also einen
Halbleiter mit indirekter Bandlücke – anzuwenden. Interessant ist in diesem Zusammenhang
auch ein Vergleich der Spindynamik in Volumenhalbleitern mit direkter und indirekter Bandlücke.
Dazu werden zunächst Gallium-Antimonid und Indium-Gallium-Arsenid untersucht. Diese Un-
tersuchungen bestätigen das heutige gute Verständnis der Dynamik spinpolarisierter Elektronen in
direkten Halbleitern, wonach die Spinrelaxation freier Leitungsbandelektronen durch den D’ya-
konov-Perel’-Mechanismus dominiert wird. Der Vergleich der gewählten Materialien zeigt ins-
besondere den Einfluss der Spin-Bahn-Kopplung auf die Relaxation der elektronischen Spin-
polarisation in Volumenhalbleitern mit direkter Bandlücke. Neu ist, dass, bedingt durch die
Bandlückenenergie der gewählten Materialien, die Dynamik von Elektronenspins in dem für An-
wendungen interessanten Bereich der Telekomwellenlängen um 1.55 µm vermessen wird. Die im
Rahmen dieser Arbeit durchgeführten zeitaufgelösten magneto-optischen Untersuchungen an Ger-
manium klären fundamentale Fragen bezüglich der Orientierung und des Auslesens von Ladungs-
träger-Spins über indirekte optische Übergänge. Außerdem wird zum ersten Mal die Dynamik
optisch induzierter Elektronen- und Lochspin-Polarisationen in einem Halbleiter mit indirekter
Bandlücke umfassend untersucht. Hierbei werden die, verglichen mit Literaturwerten in direkten
Halbleitern, langen Kohärenzzeiten von Lochspins in Germanium deutlich. Weiter zeigt sich der
Einfluss der Viel-Tal-Struktur des indirekten Leitungsbandminimums auf die kohärente Präzession
optisch induzierter Elektronenspins in äußeren Magnetfeldern. Die Untersuchungen erlauben ins-
besondere die Extraktion des Landé-Tensors in den indirekten Leitungsbandminima von Germa-
nium und verdeutlichen, dass der Elliott-Yafet-Mechanismus für den Zerfall der elektronischen
Spinpolarisation eine Rolle spielt.
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1 Introduction

Structure size and integration density of conventional electronics approach natural limits. There-
fore, spintronics – i.e. the utilisation of the spin degree of freedom in solid state systems for infor-
mation processing and data storage – is a topical field of research [Wol01, Win04, Ẑut04, Wu10].
While storage devices based on magnetoresistance effects such as giant magneto resistance (GMR)
or spin valves are commercially available, information processing in nowadays’ CPUs is solely
based on the electron charge. A spin transistor, as proposed by Datta and Das [Dat90], would
instead use the electron spin as information carrier. Prerequisites for the realisation of spin tran-
sistors are (i) efficient spin injection and readout and (ii) controllable spin transport in semicon-
ducting materials. Closely related, hence somewhat ambivalent, is the coupling between spin
and orbital angular momentum. On the one hand, the coupling facilitates spin manipulation via
electric fields. On the other hand, it causes spin relaxation in semiconductor crystals without
inversion center. Consequently, the inversion-symmetric elementary semiconductors silicon and
germanium in general exhibit longer spin relaxation times than inversion-asymmetric compound
semiconductors, which is a definite advantage for device applications [Wu10]. Specifically, elec-
tron spin relaxation in (weakly) n-doped samples at room temperature occurs within 100ps in
the prototypical gallium arsenide (GaAs) [Hoh06], whereas in silicon roughly 10ns are observed
[Che10]. Turning the focus to spin injection and readout, it can be noted that electrical methods
are favourable in view of device applications [Ẑut04]. Optical (spin) orientation, however, offers
efficient and relatively simple spin injection [Mei84]. The research towards spintronic devices
has increased focus on this possibility of photon-to-spin conversion that, at the same time, pro-
vides the basis for optical readout of carrier spins. In particular, magneto-optical pump-probe
spectroscopy is a convenient technique to investigate coherent carrier spin dynamics. It is widely
applied to many direct-gap semiconductors and their nanostructures, where the best researched
material is certainly GaAs [Ẑut04, Wu10]. In contrast, optical orientation and optical spin read-
out in the indirect-gap semiconductors silicon and germanium is relatively unexplored, although
indirect evidence of optical orientation of conduction band electrons was historically first estab-
lished in silicon [Lam68]1. As indicated above, both silicon and germanium are interesting with
regard to future spintronic devices. Germanium, however, provides advantages with regard to
optical properties. In contrast to silicon, the direct gap is close in energy to the (fundamental)
indirect gap. Moreover, its character compares to the fundamental bandgap of typical direct-gap

1Lampel observed nuclear spin polarisation subsequent to optical orientation of electron spins. His and further work
in the field of optically pumped nuclear magnetic resonance is reviewed in [Hay08].
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1 INTRODUCTION

semiconductors. As a result, optical orientation via direct optical transitions in germanium is as ef-
ficient as in typical direct-gap semiconductors, as is evident from spin-polarised electrons ejected
via photo-ionisation [All83, Bot11]. In addition, spin currents as well as electron and hole spin
polarisations have been generated and detected all-optically at the direct absorption edge of ger-
manium [Lor09, Lor11]. These measurements reveal that both hole spin relaxation and electron
scattering into the indirect conduction band minima occur within less than 1ps at room temper-
ature. The results are particularly interesting since they indicate that, in contrast to direct-gap
semiconductors, hole spin dynamics in indirect-gap semiconductors can be accessed via interband
transitions. Spin orientation and/or detection involving indirect optical transitions, however, is
more complex and/or less efficient as compared to direct-gap semiconductors, since (i) the effi-
ciency of optical orientation may be reduced due to phonon participation and (ii) the ratio of radia-
tive and carrier spin lifetime in indirect-gap semiconductors is in general unfavourable for carrier
spin readout via polarised luminescence [Ẑut04]. Nevertheless, recently, partially polarised lumi-
nescence under optical pumping conditions [Rou06], and subsequent to electrical spin injection
[Jon07, Gre09] have been observed for phonon-assisted transitions in silicon. In addition, theo-
retical investigations on both optical orientation [Che11] and spin-dependent luminescence [Li10]
associated with indirect optical transitions have been reported. Complementary to the experimen-
tal investigations described above, magneto-optical pump-probe spectroscopy at the fundamental
absorption edge of indirect-gap semiconductors potentially provides direct information on the ef-
ficiency of optical orientation involving phonon-assisted transitions. In addition, electron spin
dynamics in indirect conduction band minima may be observed, which is generally more sophisti-
cated than electron spin dynamics in the conduction band minimum of direct-gap semiconductors
[Rot60, Wil61, Wil64, Hal75].

Objective In the present work, the method of magneto-optical pump-probe spectroscopy is
transferred to an indirect-gap semiconductor – the materials of choice is germanium (Ge) – to
clarify fundamental questions on carrier spin injection and readout via phonon-assisted transi-
tions. These questions concern specifically (i) the relative efficiency of carrier spin orientation via
direct and indirect optical transitions, (ii) the possibility to detect hole spins, (iii) coherence times
of optically induced carrier spin polarisations, and (iv) the impact of the multivalley structure of
the indirect conduction band minimum on coherent precession of optically induced electron spins
in external magnetic fields. For comparison, selected direct-gap semiconductors are investigated,
namely indium gallium arsenide (In0.53Ga0.47As) and gallium antimonide (GaSb). Additionally,
these materials are well suited to improve and/or confirm the present understanding of electron
spin relaxation and decoherence in direct-gap semiconductors. In particular, theoretical predic-
tions on the impact of spin-orbit coupling can be examined, since the coupling strength is consid-
erably stronger in GaSb than in In0.53Ga0.47As or the prototypical GaAs. Moreover, the selected
materials allow for optical detection of spin coherence in the telecom wavelength band around
1.55 µm.
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Outline The thesis is organised as follows. The basic concepts of optical spin orientation, dy-
namics and readout are presented in chapter 2. As a starting point, the situation for direct-gap
semiconductors is recapitulated. In addition, expectations for indirect-gap semiconductors are
discussed. In chapter 3, the magneto-optical pump-probe setup is described and the equipment
for temperature and magnetic-field control is presented. The experimental results are discussed
in chapters 4 and 5. Chapter 4 focusses on electron spin dynamics in GaSb and In0.53Ga0.47As.
Results on optical orientation and carrier spin readout in Ge are detailed in chapter 5. The chapter
provides comprehensive analyses of hole spin dynamics as well as electron spin dynamics in the
multivalley conduction band of Ge. The main findings are summarised at the end of each chapter
of results. A comparative presentation of optical orientation, carrier spin readout and carrier spin
dynamics in direct-gap semiconductors and Ge is given in chapter 6, where in addition propos-
als for future magneto-optical pump-probe investigations on carrier spin dynamics in indirect-gap
semiconductors are presented.
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2 Optical orientation and spin dynamics

The concept of spin angular momentum was suggested by Uhlenbeck and Goudsmit in 1925 to
explain the deviations of experimentally observed atomic spectral lines from the Bohr-Sommerfeld
model of the atom [Pai89]. The spin angular momentum is an intrinsic property of all elementary
particles. While bosons are characterized by integer spin quantum numbers, fermions carry half-
integer spin. Electrons are spin-1/2 particles. Choosing the z-axis as the quantisation direction,
the spin operator takes the form SSS = h̄σσσ/2 with the vector of Pauli matrices σσσ = (σx,σy,σz)

T 1.
The eigenvalues of the z-component of SSS are Sz = h̄ms = ±h̄/2. The respective spin eigenstates
are commonly labelled as 〈↑| or spin up and 〈↓| or spin down. The spin angular momentum of the
electron gives rise to the spin magnetic moment

µµµS =−g
µB

h̄
SSS, (2.1)

where µB = eh̄/ 2mc with the elementary charge e and the electron rest mass m. g = 2 is the
Landé factor according to the Dirac equation for a free spin-1/2 particle 2. The Zeeman Hamilto-
nian for a free electron spin in a static magnetic field oriented in z-direction, BBB = Bzzz, is

HZ =−µµµS ·Bzzz =ωωωL ·SSS, (2.2)

where
ωωωL =

gµBB
h̄

zzz (2.3)

denotes the Larmor frequency with the Bohr magneton µB = eh̄/(2m). The corresponding time-
dependent Schrödinger equation for the expectation value of the spin operator 〈SSS〉 simplifies to the
differential equation

˙〈SSS〉=ωωωL×〈SSS〉. (2.4)

The component of 〈SSS〉 parallel to the magnetic-field direction is thus independent of time, whereas
the perpendicular components precess along the magnetic-field direction at the Larmor frequency.

1These are explicitly σx =

(
0 1
1 0

)
, σy =

(
0 −i
i 0

)
and σz =

(
1 0
0 −1

)
.

2Today, the most precise experimental value for the Landé factor of free electrons is
g = 2.00231930436153(53)[Odo06]. The difference from the value of 2 arises from quantum electrodynamic
corrections.
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2 OPTICAL ORIENTATION AND SPIN DYNAMICS

Spin dynamics of electron and hole spin ensembles in semiconductors is more complex. The
carriers are exposed to the periodic crystal potential and undergo spin-orbit interaction. The result
is an energy band structure specific to the respective material. The precession of carriers in the
vicinity of extrema in the band structure can, however, be described in analogy to the precession
of a free electron spin using an effective Landé factor. The basics for such a description are
recapitulated in section 2.1. Absorption of circularly polarised light can induce macroscopic spin
polarisation in the presence of spin-orbit interaction. The phenomenon known as optical (spin)
orientation is reviewed in section 2.2. The optically induced spin polarisation as a non-equilibrium
state interacting with its environment is subject to decoherence and relaxation. Section 2.3 gives an
overview over the relevant mechanisms. A phenomenological explanation for the Faraday effect as
the basis for optical readout of carrier spins is given in section 2.4, where in addition the introduced
concepts are related to magneto-optical pump-probe spectroscopy. Parts of the presentation follow
textbooks and/or review articles connected to the current subjects [Yu10, Mei84, Ẑut04, Sug00].

2.1 Crystal structure and energy dispersion

The crystal structures relevant for the present work are the diamond and the zinc-blende structure.
Ge crystallises in the former structure, GaSb and In0.53Ga0.47As in the latter. As is illustrated
in figure 2.1, both crystals are characterised by a face-centred cubic lattice with a basis of two
atoms located at (0,0,0) and (1/4,1/4,1/4) within the unit cell. In contrast to the inversion
symmetric diamond structure, the basis of the zinc-blende structure consists of two different atoms
(In0.53Ga0.47As is derived from GaAs by replacing 53% of the gallium atoms by indium). The
semiconductor lattice is formed by 1023 atoms per cm−3, the lattice constant is typically a few
Ångstroms. The outer s- and p-orbitals of neighbouring atoms are occupied by three (Ga and In),
four (Ge) or five (As and Sb) electrons and hybridise to form tetrahedral bonds. In accordance
to the Pauli exclusion principle, the bonding and anti-bonding orbitals form occupied valence
and unoccupied conduction bands. In the absence of an external magnetic field, the Schrödinger
equation for a charge carrier in the crystal environment is

HcΨnkkk (rrr) =
[

ppp2

2m
+V (rrr)+HSO

]
Ψnkkk (rrr) = EnkkkΨnkkk, (2.5)

where ppp is the canonical momentum of the carrier, V (rrr) denotes the periodic potential stemming
from the ion cores, and n is the band index. The spin-orbit Hamiltonian

HSO =
h̄

4m2c2 [∇V × ppp] ·σσσ (2.6)

is motivated as follows. A charge carrier of velocity vvv moving in the electric field EEE =∇V of the ion
cores experiences a related magnetic field BBBSO = 1/c(EEE×vvv), where c denotes the velocity of light.
The spin magnetic moment of the charge carrier interacts with BBBSO according to HSO =−µµµS ·BBBSO.

6



2.1 CRYSTAL STRUCTURE AND ENERGY DISPERSION

[ 0 0 1 ]

[ 0 1 0 ]
[ 1 0 0 ]

FIGURE 2.1 Crystal structure of GaSb, In0.53Ga0.47As (zinc-blende lattice) and Ge
(diamond lattice). Both lattice types are characterised by a face-centred cubic lattice
with two atoms per lattice site, i.e. located at (0,0,0) and (1/4,1/4,1/4). The basis
in diamond-type crystals consist of two atoms of the same chemical species, whereas
in zinc-blende structured crystals the basis atoms are of different type.

Equation (2.6) is recovered with vvv = ppp/m. The eigenfunctions of Hc are the Bloch functions

Ψnkkk (rrr) = exp(ikkk ·rrr)unkkk (rrr) ,

where the unkkk (rrr) have the same periodicity as the lattice. The wavevector kkk is restricted to the first
Brillouin zone without loss of information on the energy dispersions Enkkk. Within the kkk · ppp-method
the energy dispersions as well as the wavefunctions satisfying the Schrödinger equation (2.5) are
expanded in second order perturbation theory at an assigned point kkk′, at which the band energies
Enkkk′ and the wavefunctions unkkk′ are known.

In typical zinc-blende structured semiconductors and in Ge the wavefunction of the lowest con-
duction band state at k = 0 – commonly denoted Γ-point – corresponds to the atomic s-orbital |S〉.
The valence band states are linear combinations of the p-orbitals |X〉, |Y 〉 and |Z〉. The orbital
angular momentum quantum number is l = 0 for the conduction band and l = 1 for the va-
lence band. The respective projections of the orbital momentum LLL onto the z-axis are ml = 0
and ml =−1, 0, +1. Since the spin-orbit Hamiltonian (2.6) is proportional to

LLL ·SSS = 1/2
(
JJJ2−LLL2−SSS2)= 1/2 [ j( j+1)− l(l +1)− s(s+1)] ,

the valence band with ml = 0 is separated in energy from the two degenerate ml = ±1 valence
bands by the spin-orbit splitting energy ∆.The conduction band is characterised by the quantum
number of total angular momentum j = 1/2. The projection of JJJ onto the z-axis is m j = ±1/2.
The quantum numbers for the valence bands are j = 3/2 with m j =±3/2 for the heavy holes (hh)
or m j =±1/2 for the light holes (lh) and j = 1/2 with m j =±1/2 for the split-off holes (so). All

7



2 OPTICAL ORIENTATION AND SPIN DYNAMICS

bands are two-fold spin degenerate. The respective wavefunctions are listed in table 2.1.

Figure 2.2 illustrates exemplarily the band structure of Ge. The fundamental bandgap is indi-
rect: the valence band maximum is located at k = 0 whereas the global minimum of the conduction
band is found at the edge of the first Brillouin zone in [111]-direction, that is denoted L-point. Ac-
cording to the eight [111]-directions of the cubic unit cell, 8/2 = 4 equivalent L-valleys exist. In
contrast, GaSb and In0.53Ga0.47As are direct-gap semiconductors with both the global minimum of
the conduction band and the maximum of the valence band located at the Γ-point. The minimum
energy difference of valence- and conduction band is denoted fundamental bandgap or Eg. Ta-
ble 2.2 summarises band parameters of the semiconductors investigated in the present work. The
energy differences between the conduction band minima at the Γ- or L-point and the valence band
maximum are denoted EΓ and EL, respectively. The parameters are valid below approximately
T = 100K except for the split-off energy, that is not markedly affected by temperature up to room
temperature (cf. e.g. [Lau87]). At temperatures above 100K the bandgap decreases linearly
with temperature due to interactions of electrons with lattice vibrations – or phonons – as well as
due to thermal expansion. The temperature dependence of the energy gap is phenomenologically
described by

Eg(T ) = Eg(0)+
AT 2

B+T
(2.7)

with A and B tabulated for many cubic semiconductors (in the present work, the parameters from
[Vur01] are used).

Starting from a non-degenerate band extremum in an arbitrary direction the kkk · ppp-expansion re-
sults in the parabolic dispersion

Ekkk = Ekkk′+
h̄2(kkk−kkk′)2

2m∗
,

where the band index n is omitted, since only the minima of the lowest conduction band are
of interest. The motion of a conduction band electron is thus analogue to the motion of a free
electron with the effective mass m∗. The effective mass is in general direction-dependent, i.e. a
tensor, reflecting the symmetry representation of the examined band extremum. In proximity to the
Γ-point, the effective mass in the conduction band mc is independent of the direction of motion.
This corresponds to spherical surfaces of constant energy. At the L-point, the band curvature
depends on the direction in kkk-space as is reflected by ellipsoidal surfaces of constant energy. The
effective mass tensor consists of two independent components ml and mt . The effective masses in
the global conduction band minima of Ge, GaSb and In0.53Ga0.47As are included in table 2.2. The
values are again valid at temperatures below approximately 100K. The temperature dependence
of the effective mass is closely related to that of the bandgap. However, mc solely depends on
the thermal expansion of the bandgap [Ehr57, Zaw08]. The kkk · ppp-expansion for the valence band
maximum in cubic semiconductors is somewhat more complicated due to degeneracy. As a result,
the effective heavy- and light-hole masses feature a direction dependence that is not appropriately
described by a symmetric tensor. In many cases it is, however, sufficient to approximate the

8



2.1 CRYSTAL STRUCTURE AND ENERGY DISPERSION

wavefunction j m j

conduction band
|S ↑〉

1/2
1/2

|S ↓〉 −1/2

heavy holes

∣∣∣√1/2(X + iY ) ↑
〉

3/2

3/2∣∣∣√1/2(X− iY ) ↓
〉

−3/2

light holes

∣∣∣√1/6 [(X + iY ) ↓+2Z ↑]
〉

1/2∣∣∣−√1/6 [(X− iY ) ↑ −2Z ↓]
〉

−1/2

split-off

∣∣∣−√1/3 [(X + iY ) ↓ −Z ↑]
〉

1/2
1/2∣∣∣√1/3 [(X− iY ) ↑+Z ↓]

〉
−1/2

TABLE 2.1 Electronic wavefunctions at the Γ-point according to [Ẑut04] together
with the total angular momentum j and its projection onto the z-direction m j.

e n e r g y

 Γ L
w a v e v e c t o r

h h l h s o
[ 1 0 0 ] [ 1 1 1 ]

∆

E LE Γ

FIGURE 2.2 Schematic representation of the band structure of Ge. The valence band
consists of heavy-hole, light-hole and split-off band. The global minima of the con-
duction band are located at the L-point. The surfaces of constant energy are spheres
in the Γ-valley and ellipsoids in the L-valleys. The band structures of GaSb and
In0.53Ga0.47As are similar except for the global conduction band minimum being lo-
cated at the Γ-point.
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2 OPTICAL ORIENTATION AND SPIN DYNAMICS

EΓ (eV) EL (eV) ∆ mc

GaSb 0.812 (Eg) 0.875 0.76 0.039
In0.53Ga0.47As 0.816 (Eg) 1.37 0.35 0.043
Ge 0.89 0.742 (Eg) 0.29 ml = 1.59 / mt = 0.0815

TABLE 2.2 Band parameters of the investigated semiconductors. Gap energies and
effective masses in units of m are valid for T . 100K. The values are taken from
[Vur01] for GaSb and In0.53Ga0.47As except the split-off energy for In0.53Ga0.47As
[Spi00]. The parameters for Ge are according to [Iof].

effective hole masses by scalars. For GaSb, for example, these are mhh = 0.4m, mlh = 0.05m and
mso = 0.14m for heavy holes, light holes and split-off holes, respectively [Iof].

In the presence of an external magnetic field BBB = ∇×AAA, the Zeeman Hamiltonian (2.2) adds to
the Hamiltonian Hc in the Schrödinger equation (2.5). In addition, the canonical momentum is
replaced by its kinetic equivalent PPP = ppp+ eAAA, so that the spin-orbit Hamiltonian reads as

H B
SO = HSO +

h̄
4m2c2 [∇V × eAAA] ·σσσ

with the spin-orbit Hamiltonian HSO given in equation (2.6). The Hamiltonian for a charge carrier
is then [Lut55]

H B
c =

[
(ppp+ eAAA)2

2m
+V (rrr)+HSO

]
+

[
h̄

4m2c2 [∇V × eAAA] ·σσσ +
1
2

gµBBBB ·σσσ
]
. (2.8)

Again, the energy dispersion in proximity to band extrema can be determined by perturbative
expansion maintaining the analogy to free electrons. For a non-degenerate band extremum, and
defining kkk′ = 0 without loss of generality, the expansion yields

E±lkz
=

[
h̄2k2

z

2m∗
+ h̄ωc

(
l +

1
2

)]
± 1

2
g∗µBB,

where E+
lkz

and E−lkz
are the dispersions for a spin-down and a spin-up carrier, respectively. The

contribution in the squared brackets expresses the Landau quantisation of the energy levels due to
the external magnetic field: the electron motion is undisturbed in magnetic-field direction, while
it is confined to cyclotron orbits in the plane perpendicular to the magnetic-field direction. The
cyclotron frequency is ωc = h̄eB/(m∗c). Just like the effective mass, the effective Landé factor g∗

is a tensor in general. Spin precession of electrons in the Γ-valley is characterised by an isotropic
Landé tensor ggg∗. The Landé factor for electrons in the Γ-valley of many III-V semiconductors is

10



2.2 SPIN ORIENTATION VIA DIRECT AND INDIRECT OPTICAL TRANSITIONS

well approximated in three-band kkk · ppp-theory, that is [Her77]

g∗ =
P2

3

(
1

Eg
− 1

Eg +∆

)
. (2.9)

P2 = (2/m)| 〈S| pi |I〉 |2 with i = x, y or z and 〈I|= 〈X | , 〈Y | or 〈Z| is proportional to the interband
matrix element that couples an s-like conduction band state to a p-like valence band state. With
the parameters given in [Her77] – P2 = (20− 30)eV in a variety of III-V semiconductors – the
low-temperature limit of the electron effective Landé factor for GaSb is g∗ = −9.0. Using the
weighted average of the values for P2 for GaAs and InAs and the band energies given in table 2.2,
the result for In0.53Ga0.47As is g∗ = −4.2. In the L-valleys in contrast, ggg∗ is a diagonal tensor
with two independent components gl and gt as a result from the ellipsoidal shape of the surfaces
of constant energy. As in the case of Γ-valley electrons in III-V materials, the components of the
Landé tensor for electrons in the L-valleys of Ge can be assessed from a small number of band
parameters. The components explicitly are [Rot60]

gl/t ∼ 2− 2
3

∆

Ecv
L

(
m

mt/l
−1
)
. (2.10)

With the energy difference between valence and conduction band at the L-point Ecv
L ∼ 2eV and

the effective masses and ∆ from table 2.2, this estimation yields gl = 2 and gt = 0.9.

2.2 Spin orientation via direct and indirect optical transitions

In general, absorption of a photon of appropriate energy h̄ω – specifically h̄ω ≥ Eg – generates
an electron in the conduction band and a hole in the valence band of a semiconductor. As already
mentioned, in spin-orbit coupled systems absorption of circularly polarised light is an efficient
tool to generate carrier spin polarisation. For direct optical transitions in III-V semiconductors
and germanium, this is understood in analogy to optical orientation in atoms. For indirect transi-
tions, the situation is somewhat more complex since phonons are necessary to ensure momentum
conservation. The optical pumping community [Hay08, cf. introduction 1] commonly describes
electron spin orientation via indirect transitions in silicon in a two-step model. The electron spins
are first oriented via virtual direct transitions. The subsequent scattering into the fundamental
(indirect) conduction band minima is assumed to conserve spin polarisation. As mentioned pre-
viously, a comprehensive theoretical description of spin-dependent indirect optical transitions has
been developed only recently and again for silicon [Che11, Li10]. In the following, carrier spin
orientation via direct optical transitions in III-V semiconductors and germanium is briefly reca-
pitulated. In addition, electron spin orientation via indirect optical transitions in germanium is
discussed in compliance with the results of Cheng et al. [Che11].

11



2 OPTICAL ORIENTATION AND SPIN DYNAMICS

Direct transitions at the Γ-point The probability per unit time for direct optical transitions
between valence band states 〈v| of energy Ev (kvkvkv) and conduction band states 〈c| of energy Ec (kkkc)

with kkk = kkkv = kkkc is given by Fermi’s Golden Rule

Wdirect =
2π

h̄ ∑
kkk

∣∣〈c ∣∣Hel−phot
∣∣v〉∣∣2 δ (Ec(kkk)−Ev(kkk)− h̄ω) . (2.11)

The Hamiltonian Hel−phot = errr ·EEE describes the interaction between the electric dipole errr of an
electron-hole pair and the electric field EEE of the incident light. For right- or left-circularly polarised
light propagating along the z-axis the Hamiltonian can be expressed in terms of orbital symmetries

H ±
el−phot ∝ X± iY. (2.12)

From the point of view of quantum mechanics, circularly polarised light consists of photons with
angular momentum h̄ oriented either parallel – right-circular or σ+ – or anti-parallel – left-circular
or σ− – with respect to the direction of light propagation. At the Γ-point in zinc-blende- or
diamond-structured semiconductors, 〈v| and 〈c| are the Bloch functions listed in table 2.1. Due
to their orbital symmetries, the transition matrix element Mc→v =

∣∣〈c ∣∣Hel−phot
∣∣v〉∣∣2 is non-zero

only for transitions with ∆m j = m j,c −m j,v = ±1 in accordance with conservation of angular
momentum. Plus and minus sign hold for σ+- and σ−-light, respectively. A schematic view of
the allowed transitions is shown in figure 2.3. In the following, the optical transitions under σ+

excitation are discussed exemplarily. (The carrier spin polarisations induced by σ− excitation
are the same except for the sign.) The allowed transitions are, first, from the heavy hole band
with m j = −3/2 to the conduction band with m j = −1/2, second, from the light hole band with
m j =−1/2 to the conduction band with m j = 1/2. Third, transitions from the split-off holes with
m j = −1/2 to the conduction band with m j = 1/2 are possible. However, for photon energies
h̄ω that exceed EΓ but are smaller than EΓ +∆, no electrons are excited from the split-off band
to the conduction band. In the following, the spin polarisation of the photogenerated electrons is
denoted Pe and that of the holes is denoted Ph. To determine Pe and Ph, that are defined as the
average Sz generated per photon compared to the ideal case where each photon generates a carrier
with Sz =

h̄
2 , the relative transition amplitudes as well as the spin projections of the involved states

are required explicitly. The transition matrix elements are

Mhh→cb =

∣∣∣∣∣〈S ↓|X + iY |
√

1
2
[(X− iY ) ↓]〉

∣∣∣∣∣
2

=
1
2

P2

Mlh→cb =

∣∣∣∣∣〈S ↑|X + iY |−
√

1
6
[(X− iY ) ↑]−

√
1
3

Z ↓〉

∣∣∣∣∣
2

=
1
6

P2

12



2.2 SPIN ORIENTATION VIA DIRECT AND INDIRECT OPTICAL TRANSITIONS
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FIGURE 2.3 Allowed interband transitions at the Γ-point. The levels are labelled by
the projections of total and spin angular momentum onto the propagation direction of
light, m j and ms, following [Rio10]. The relative amplitudes for transitions between
the m j sublevels are indicated exemplarily for right-circularly polarised light.

or, in ratio Mhh→cb : Mlh→cb = 3 : 1. The projections of the spin onto the z-direction 〈c|σz |v〉
are included in figure 2.2. Altogether, absorption of circularly polarised light at the fundamental
absorption edge in GaSb, In0.47Ga0.53As and comparable III-V compounds, as well as at the direct
absorption edge of Ge induces an electron spin polarisation of

Pe =
3
(
−1

2

)
+1
(1

2

)
1
2 (3+1)

=−50%, (2.13)

and a hole spin polarisation of [Rio10]

Ph =−
3
(
−1

2

)
+1
(
−1

6

)
1
2 (3+1)

= 83.3%. (2.14)

Interestingly, no net electron spin polarisation would result if spin-orbit coupling was absent.
Then, transitions from the split-off band to the conduction band would contribute with a relative
transition amplitude of 2, resulting in

Pe =
3
(
−1

2

)
+1
(1

2

)
+2
(1

2

)
1
2 (3+1+2)

= 0.

Indeed, a sophisticated theoretical approach [Nas07, Rio10] reveals that the band edge electron
spin polarisation (2.13) decreases markedly for h̄ω > EΓ +∆. The decrease is, however, only
partly attributed to transitions from the split-off band to the conduction band. The main reason
is rather the energy dependence of transitions from the heavy-hole band to the conduction band.
Turning the focus to the hole spin polarisation (2.14), according to Rioux et al. [Rio10], such a
relatively high value occurs only for excitation exactly at the absorption edge, since Ph results from
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2 OPTICAL ORIENTATION AND SPIN DYNAMICS

a superposition of heavy hole states and light hole states. For h̄ω > EΓ, Ph(h̄ω) approximately
matches −Pe(h̄ω)3.

Indirect transitions to the L-valleys Irradiating Ge with photons that exceed the fundamental
(indirect) bandgap but not the direct bandgap in energy (EΓ < h̄ω < Eg) generates electrons with
quasi-momentum kkkc and holes with quasi-momentum kkkv = kkkc∓qqq. Such a process involves first,
an electron-photon interaction, and second, an interaction of the electron and a phonon with mo-
mentum qqq and frequency ωq. In sum, energy and quasi-momentum are conserved. According
to Fermi’s Golden rule in second order perturbation, the transition probability per unit time for
indirect transitions is

Windirect =
2π

h̄ ∑
kkkv,kkkc

∣∣∣∣∣∑z

〈
f
∣∣Hel−phon

∣∣z〉〈z ∣∣Hel−phot
∣∣ i〉

Ez−Ev(kkkv)∓ h̄ωq− h̄ω

∣∣∣∣∣
2

δ (Ec(kkkc)−Ev(kkkv)− h̄ω± h̄ωq) . (2.15)

The initial state consists of an electron in the valence band and a specified number of occupied
phonon states Nq. In the final state, the electron occupies a conduction band state, and Nq is
changed by ±1. The virtual intermediate states 〈z| are of energy Ez. It can be concluded from
equation (2.15) that the degree of carrier spin polarisation resulting from optical transitions across
an indirect fundamental bandgap is not only determined by the selection rules for angular momen-
tum, but also by spin-dependent electron-phonon interactions. As mentioned above, the degree
of spin polarisation related with indirect optical transitions is subject to current research. Specifi-
cally, the above mentioned theoretical investigation by Cheng et al. reveals Pe =−25% in silicon
for excitation with σ− light just above the bandgap, and at T = 4K. The same polarisation de-
gree is associated with direct optical transitions at the Γ-point in silicon [Nas07]. However, as
a result of phonon contributions, Pe degrades below 5% before h̄ω excesses Eg + ETO, where
ETO ∼ 60meV is the energy of the involved transversal optical (TO) phonon. Translating these
results to Ge, Pe = 50% is expected at the indirect bandgap. The degree of polarisation should
albeit degrade markedly within an even narrower energy window, since the phonon energies in Ge
are approximately half of those in silicon [Iof].

2.3 Carrier spin relaxation and decoherence

In physical systems, a spin or spin ensemble interacts with its environment. The dynamics of
an ensemble of N coherent electron spin states is described analogue to equation (2.4), including
phenomenological relaxation terms. Explicitly, the time evolution of the ensemble magnetisation

3Specifically, simulations assuming pulsed instead of continuous wave excitation indicate that the band edge hole
spin polarisation (2.14) is approximately preserved as long as the central pulse energy exceeds EΓ by less than the
spectral width of the laser pulses.
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2.3 CARRIER SPIN RELAXATION AND DECOHERENCE

MMM = N〈µµµS〉=−NgµB〈SSS〉/h̄ is described by

dMx

dt
= (ωωωL×MMM)x−

Mx

T2
dMy

dt
= (ωωωL×MMM)y−

My

T2

dMz

dt
= (ωωωL×MMM)z−

Mz−M0
z

T1
. (2.16)

Such a set of equations was introduced by Felix Bloch in 1946 [Blo46] to model the dynamics of
nuclear magnetisation. The time constants T1 and T2 characterise relaxation in and perpendicular
to the magnetic-field direction, respectively. The former – also referred as longitudinal relaxation
– involves transitions between the Zeemann levels. These spin flips come along with energy ex-
change with the environment and the magnetisation component in magnetic-field direction relaxes
to the thermal equilibrium value M0

z . The latter transversal relaxation processes reduce phase co-
herence. Concerning a single spin – which is a superposition of 〈↑| and 〈↓| – the phase between
the eigenstates is randomised within T2. Observing an ensemble, T2 is the time scale of irreversible
loss of phase coherence between the individual spin states. In contrast, T ∗2 ≤ T2 commonly de-
notes reversible losses4, such as the loss of phase coherence in an ensemble of donor-bound –
and thus localised – electrons, due to local fluctuations in the magnetic-field amplitude. In gen-
eral, measurements on spin ensembles in semiconductors probe T ∗2 instead of T2 [Hu01]. Spin
relaxation and decoherence of quasi-free conduction band electrons – or itinerant electrons – is,
however, characterised by a single coherence time scale τs, since T2 = T ∗2 . In addition, in cubic
semiconductors T1 ≤ 2T2.

The spin relaxation time in general depends on material characteristics as well as experimental
conditions, such as crystal symmetry, doping concentration and dopant, lattice temperature and
optically induced carrier density. Several microscopic mechanisms are known to contribute to
carrier spin relaxation in semiconductors. For itinerant electrons, these are the Elliott-Yafet (EY),
the D’yakonov-Perel’ (DP) and the Bir-Ahronov-Pikus (BAP) mechanism. Dealing with donor-
bound electrons, hyperfine interaction as well as anisotropic exchange interaction dominate spin
relaxation. Hole spin relaxation is typically orders of magnitude faster than electron spin relaxation
resulting from the stronger influence of spin-orbit coupling [Yu05].

Elliott-Yafet relaxation As a consequence of spin-orbit coupling, it is not possible to factorise
the carrier wavefunctions into orbital and spin components. In other words, the wavefunctions
Ψnkkk↑ and Ψnkkk↓ are not spin eigenstates, but Ψnkkk↑ contains a – comparatively small – spin down
component and vice versa . Although interactions driving carrier momentum scattering – such
as carrier-phonon, carrier-impurity and carrier-carrier interactions – are spin-independent, this ad-
mixture results in a non-zero probability of a spin flip accompanying a momentum scattering event.

4Reversible phase decoherence can be retrieved in spin-echo experiments.
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2 OPTICAL ORIENTATION AND SPIN DYNAMICS

Thus, EY relaxation is characterised by a spin relaxation time proportional to the momentum re-
laxation time τp [Ell54, Yaf63].

Considering electrons in the isotropic and parabolic global conduction band minimum of a
III-V semiconductor, momentum relaxation is dominated by scattering events accompanied with
relatively small momentum changes. The corresponding scattering potentials are long-ranged and
smooth. Under this precondition, the EY spin relaxation rate is(

1
τs (Ekkk)

)
EY

= Aβ
2
(

Ekkk

Eg

)
1

τp (Ekkk)
, (2.17)

where τp (Ekkk) denotes the momentum relaxation time of an electron with kinetic energy Ekkk. β =

γ(1− γ/2)/(1− γ/3) with γ = ∆/(∆+Eg) is determined by the fundamental bandgap energy and
the spin-orbit splitting of the valence band. A is a dimensionless parameter that depends on the
relevant momentum scattering mechanism.

D’yakonov-Perel’ relaxation In the absence of inversion symmetry, the spin degeneracy is lifted
in some direction in kkk-space even without an external magnetic field. Such an energy-level splitting
can technically be described by an internal kkk-dependent magnetic field acting on the carrier spin
states [D’y72]. Due to the dependence on kkk, the frequency at which a spin precesses along the
internal magnetic field is changed by electron momentum scattering from a state Ψn,kkk↑ to a state
Ψn,kkk′↑. The impact depends on the ratio of the average frequency Ω of spin precession along the
internal magnetic field and the momentum scattering time τp. For Ω� τp, each individual spin
completes several precession cycles at the frequency associated with its location in kkk-space, be-
fore the respective charge carrier is scattered to another state characterised by kkk′. In this ballistic
regime, the ensemble spin relaxes the faster the more momentum scattering events occur per unit
time. Given that, alternatively, Ω is small compared to the inverse momentum relaxation time,
a particular spin does not undergo a full precession cycle, but moves through δΦ = Ωτp before
the respective carrier momentum is changed and the spin sees a different internal magnetic field.
Mathematically, this is described by a random walk of the spin state. After n = t/τp steps, the
accumulated phase is Φ(t) = δΦ

√
t/τp. Identifying the spin relaxation time by Φ(τs) = 1, it is

(τs)
−1 = Ω2τp. Hence in this motional narrowing regime – in contrast to the ballistic regime de-

scribed above – enhancing the momentum relaxation rate slows down spin relaxation. Commonly,
precessional dephasing in the motional narrowing regime is denoted DP relaxation.

The explicit form of electron spin-orbit coupling in semiconductors without inversion center is

H BIA
SO =

h̄
2

ΩΩΩBIA (k) ·σσσ , (2.18)
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where

ΩΩΩBIA (k) =
α h̄2√

2Eg (mc)
3


(
k2

y − k2
z
)

kx(
k2

z − k2
x
)

ky(
k2

x − k2
y
)

kz

 (2.19)

is the frequency at which an electron spin precesses along the internal magnetic field. The approx-
imation

α = 4γ/
√

3− γ(mc/m) (2.20)

is found in literature [Son02], where γ is – as in section 2.3 – defined as γ = ∆/(∆+Eg). In the
motional narrowing regime, the spin-relaxation rate can be calculated according to(

1
τs (Ekkk)

)
DP

= qα
2 E3

kkk

h̄2Eg
τp (Ekkk) (2.21)

with the momentum relaxation time τp (Ekkk) for an electron with kinetic energy Ekkk. q is a di-
mensionless factor, that depends on the dominant momentum scattering mechanism. The DP
mechanism often dominates electron spin relaxation in III-V semiconductors [Jia09b].

Bir-Aronov-Pikus relaxation Another reason for spin relaxation is the exchange scattering of an
electron with a hole [Bir76, Aro83]. The interaction Hamiltonian Heh ∝ SSS ·JJJδ (rrr) is proportional
to the product of electron spin SSS and hole angular momentum JJJ, provided that electron and hole are
located at the same position rrr. In some cases, electron-hole exchange scattering dominates electron
spin relaxation in strongly p-doped III-V semiconductors at low temperatures [Mei84, Jia09b].

Hyperfine and anisotropic exchange interaction At low temperatures and donor concentra-
tions, electrons may be localised at donor states. Electron spin relaxation is then driven by hyper-
fine interaction of the electron spins with surrounding nuclear spins, and – in inversion-asymmetric
materials – by the interaction of two electrons localised at a pair of donor states. Following
[Kav01], the latter contains an anisotropic contribution as a result of spin-orbit interaction. This
means that a site interchange of the two electrons comes along with a diametrical rotation of the
spin states by a certain angle β . In addition, the isotropic part of the exchange interaction, that is
a factor of β−1 stronger than the anisotropic part, causes site interchanges accompanied by dia-
metrical reversion – or flip-flop – of the involved spin states. Such flip-flop processes motionally
narrow electron spin dephasing due to the anisotropic exchange interaction. With the time constant
for the flip-flop processes denoted τc, the electron ensemble spin therefore relaxes within

1
τs,A

=
2
3

β
2
τ
−1
c .

The correlation time τc decreases exponentially with increasing donor distance [Dzh02], and, at
sufficiently low donor concentrations, hyperfine interaction dominates electron spin relaxation.
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The corresponding Hamiltonian is Hh f ∝ ∑i gn,iSSS ·IIIiδ (rrr−RRRi). Each localised electron spin SSS
typically sees an effective magnetic field generated by ∼ 105 nuclear spins IIIi. gn,i is the nuclear
Landé factor. Spatial as well as temporal fluctuations of the effective nuclear magnetic field lead
to relaxation of the electron spin ensemble. The resulting spin relaxation time at zero external
magnetic field is

1
τs,N

=
2
3
〈
ω

2
N
〉

τc.

Here, ωN denotes the frequency at which an electron spin precesses along the effective nuclear
magnetic field.

2.4 Optical readout of carrier spins

An optically induced spin polarisation changes the optical properties of the material under consid-
eration. In particular, the polarisation state of linearly polarised light is rotated and/or changed to
elliptical upon transmitting a sample with macroscopic magnetic moment MMM. These effects known
as Faraday rotation and ellipticity are phenomenologically understood in the common description
of light-matter interaction based on the Maxwell equations

∇∇∇×EEE = −µ0
∂HHH
∂ t

,

∇∇∇×HHH = ε0εεε
∂EEE
∂ t

, (2.22)

where EEE is the light wave’s electric and HHH its magnetic-field vector. The vacuum permeability and
permittivity are denoted ε0 and µ0, respectively. The Maxwell equations (2.22) assume µµµ = µ0111
since the impact of the magnetic permeability tensor µµµ on light-matter interaction is usually small.
The dielectric permeability tensor εεε depends on the light angular frequency ω , and on MMM. It is
defined by the material function DDD = ε0εεε(ω,MMM) ·EEE, where DDD is the dielectric displacement vector.
In a cubic crystal without macroscopic magnetic moment the dielectric tensor is isotropic. How-
ever, a macroscopic magnetisation reduces the cubic symmetry. Specifically, for MMM = (0,0,Mz)

T

the dielectric tensor is of the form

εεε(ω,MMM) =


εxx εxy 0

−εxy εxx 0

0 0 εzz

 , (2.23)

where the εi j = ε ′i j + iε ′′i j are generally complex. For a plane wave with frequency ω and wave
vector kkk characterised by EEE =EEE0 exp [−i(ωt−kkk ·rrr)] and HHH =HHH0 exp [−i(ωt−kkk ·rrr)] the Maxwell
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equations (2.22) read5

kkk×EEE = ωµ0HHH,

kkk×HHH = −ωε0εεε ·EEE.

With kkk× (kkk×EEE) = kkk ·
(
kkk ·EEE− k2EEE

)
, the light wave within the magnetised medium is finally de-

scribed by
kkk ·
(
kkk ·EEE− k2EEE

)
+ ε0µ0ω

2
εεε ·EEE,

or specifically for light propagating in z-direction – and defining NNN =
(
ε0µ0ω2

)−1 kkk – by(
N2− εxx

)
Ex− εxyEy = 0,

εxyEx +
(
N2− εxx

)
Ey = 0. (2.24)

The normal modes solving equations (2.24) are the right- and left-circularly polarised waves

D± = ε0N2
± (Ex± iEy)

with Ey = ±iEx. The complex indices of refraction N± = n±+ ik± for the circularly polarised
partial waves are determined by N2

± = εxx± iεxy. Accordingly, the polarisation plane of linearly
polarised light is – per unit length of propagation through the magnetised material – rotated by the
Faraday rotation angle

θF(ω,MMM) ∝ Re(N+−N−),

if the real parts of N± differ, or if, in other words, the magnetisation induces circular birefringence.
For different imaginary parts of N± – i.e. magnetisation-induced circular dichroism – incident
linearly polarised light gets elliptically polarised. The Faraday ellipticity per unit length is

ηF(ω,MMM) ∝− Im(N+−N−).

In polarisation-resolved pump-probe investigations, the dynamics of carrier spins, that are in-
duced by circularly polarised pump pulses, is detected via the transient change of the polarisation
state of linearly polarised probe pulses. Carrier spin dynamics in semiconductors is in generally
mapped in both transient Faraday rotation and ellipticity (in transmission measurements), or in
the corresponding Kerr rotation and ellipticity in reflection (cf. [Gla12, and references therein]).
Figure 2.4 summarises the physical principles which govern such investigations (for experimen-
tal details refer to chapter 3). Circularly polarised pump pulses induce a spin-polarised carrier
distribution that is associated with a macroscopic magnetic moment (cf. section 2.2). The polar-
isation states of the probe pulses before and after transmission through the sample is depicted in
terms of circularly polarised basis states E±E±E± = [xxx± iexp(iϕ)yyy)]E0 exp [i(kkk ·rrr−ωt)]. According

5A this point, the identities ∇×EEE = ikkk×EEE, ∇×HHH = ikkk×HHH and ∂EEE/∂ t =−iωEEE, ∂HHH/∂ t =−iωHHH are used.
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FIGURE 2.4 Time-resolved magneto-optics. The polarisation states of incident and
transmitted probe pulses is illustrated following [Sug00]). Furthermore depicted are
the magnetisation that is associated with the pump-induced carrier spin polarisation,
and the in-plane magnetic field along which MMM precesses. (The impact of coherent
spin precession on the polarisation state of the transmitted probe pulses is not shown).

to the Faraday effect, linearly polarised incident probe pulses (ϕ = ±π/2, E+ = E−) are rotated
(ϕ 6=±π/2) and accumulate ellipticity (E+ 6= E−) proportional to the pump-induced carrier spin
polarisation. The magnitude of MMM is reduced when the optically induced spin polarisation looses
coherence, while precession in an external magnetic field, that is oriented in the sample plane,
periodically alters the projection of MMM onto the z-direction (cf. section 2.3). Carrier spin dynamics
is thus mapped in the transient Faraday rotation

FR(t) = A× exp(−t/τs)× cos [(ωL)× t] (2.25)

when scanning the time delay between pump and probe pulses. Equation (2.25) is true if only one
spin-carrying species contributes to the Faraday rotation signal (with initial signal amplitude A).
An analogue relation applies for transient Faraday ellipticity. Carrier spin dynamics can also be
probed with circularly polarised pulses. The spin information is then contained in the different
optical bleaching signals for co- and counter-circularly polarised pump and probe pulses, that
directly maps transient circular dichroism [Bog00]. Many magneto-optical pump-probe investi-
gations of carrier spin dynamics in semiconductors detect Faraday (or Kerr) rotation [Wu10]. On
the example of the investigated direct-gap semiconductors, the present work confirms that Fara-
day rotation and ellipticity (or circular dichroism) yield comparable results for itinerant electrons
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(cf. sections 4.1 and 4.2). Left- and right-circularly polarised pump pulses induce inverted signal
amplitudes since the initial spin polarisation is oriented either parallel or antiparallel with respect
to the propagation direction of light (cf. section 2.2). Linearly polarised pump pulses induce an
equal number of spins oriented parallel and antiparallel with respect to the propagation direction of
light, and therefore produce no transient magneto-optical signal. As a result of the convolution of
– inherently similar – orientation and detection mechanisms, magneto-optical pump-probe spec-
troscopy is not sensitive to the sign of the effective Landé factor. Its absolute value is, however,
mapped in the precession frequency ωL according to equation (2.3).
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2 OPTICAL ORIENTATION AND SPIN DYNAMICS
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3 Experimental setup and measuring technique

The thesis at hand investigates carrier spin dynamics via (i) time-resolved circular dichroism (CD)
and (ii) time-resolved Faraday rotation and/or ellipticity (FR/FE) both of which are widely used
measuring techniques [Wu10, and references therein]1. This chapter details the experimental con-
figurations used in the present work including laser sources, optical setup and signal process-
ing (section 3.1). Section 3.2 gives an overview over the equipment for magnetic field and tem-
perature control.

3.1 Magneto-optical pump-probe setup

Figure 3.1 depicts a schematic representation of the optical setup. The upper panel shows the beam
guidance from the laser source towards the sample, while the lower panels illustrate the optical
setups to detect either FR and/or FE or CD.

Laser sources Two commercially available laser sources are used, that is a Toptica FFS and a
Coherent RegA/OPA system. Considering the Toptica FFS both the passively mode-locked res-
onator and the amplifier are based on optical fibres. In particular, the active media are Er3+-doped
ones. Pump and laser transition energies correspond to 980nm – delivered by a laser diode –
and 1550nm, respectively. Laser pulses are formed via polarisation additive pulse mode locking,
i.e. exploiting the intensity dependence of the polarisation rotation of elliptically polarised light
that occurs at high power densities. The pulses are further amplified and guided through a silicon
prism compressor to achieve an average laser intensity of Iout = 250mW and pulse durations τp in
the range of 100fs. The Coherent RegA/OPA system contains a Kerr-lens mode-locked titanium-
sapphire (Ti:Al2O3) oscillator (Micra-18) with integrated pump laser (Verdi V-18), a regenerative
amplifier (RegA 9040) with external grating stretcher/compressor and an optical parametric am-
plifier (OPA 9850). The frequency-doubled Nd:YVO4 pump laser delivers 18W optical power at
a wavelength of 532nm. 5W of the Verdi power are used to pump the titanium-sapphire oscil-
lator. The average power of the Micra is typically 400mW at a repetition rate of 80MHz. Pulse
duration and central wavelength are 40fs and 800nm, respectively. The remaining Verdi power
generates population inversion in the gain medium of the amplifier, that is again Ti:Al2O3. An
acousto-optical Q-switch suppresses lasing until a Micra seed pulse is injected to the amplifier
cavity. To prevent damage, the seed pulses are stretched prior to injection by an acousto-optic

1In particular, a comprehensive description of the time-resolved FR technique is given in [Cro95].
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3 EXPERIMENTAL SETUP AND MEASURING TECHNIQUE

FIGURE 3.1 Optical setup. Upper panel: Pump (dark red) and probe (light red)
beam are separated via half-wave plate (λ/2) and polarising beam splitter cube (PBS).
The probe continues along a delay line, pump and probe are guided through chopper
wheels. Lower panels: Beam guidance to the sample (S) and detection arms for (a)
Faraday rotation (FR) or ellipticity (FE), or (b) circular dichroism (CD). FR and FE
are detected via a polarisation bridge consisting of a half- or a quarter-wave plate
(λ/4), a Wollaston prism (WP) and two photodiodes (PD). When impinging the sam-
ple, pump and probe pulses are circularly and linearly polarised, respectively. For
CD pump and probe pulses are co- or counter-circularly polarised, a photodiode de-
tects the optical bleaching signals. Polarisation states are indicated as colour-coded
arrows. Additional denoted components are telescopes (TS), polarisers (P), neutral
density filters (F), irises (I) and lenses (L).
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3.1 MAGNETO-OPTICAL PUMP-PROBE SETUP

cavity dumper. A single seed pulse is subsequently amplified passing the gain medium typi-
cally 20 times before it is ejected by the cavity dumper (a Faraday isolator is included to sepa-
rate incoming and outgoing pulse trains). Both cavity dumper and Q-switch are SiO2 crystals.
The amplified pulses are recompressed to a pulse duration of 40fs. The average output power
of the RegA is 1.7W at a repetition rate of 250kHz2. Finally, the RegA delivers femtosecond
pulses centred at 800nm with a pulse energy that exceeds that of the seed pulses by a factor of
(1.7W/250kHz)/(400mW/80MHz) = 6.8 µJ/5.5nJ∼ 1000. Typically, 70% of the RegA power
are used to operate the OPA. Part of the input is focussed on a sapphire window to generate a white
light continuum via self-focussing and self-phase modulation. The input remainder is overlapped
with the continuum in a β -BaB2O4 (BBO) crystal. In the non-linear crystal, optical parametric
amplification takes place, i.e. a signal wavelength within the continuum is amplified via difference
frequency generation. Momentum conservation – or phase matching – can be realised for signal
wavelengths ranging from (1250− 1600)nm by adjusting the BBO orientation. For reasons of
energy conservation idler photons are generated in the amplification process. Since the photon
energy of the pump photons corresponds to 800nm, the photon energy of the idler photons corre-
sponds to (2400−1600)nm in accordance with the signal wavelengths specified above. The idler
output is, however, not relevant for the measurements discussed in the present thesis. In most of
the measurements the signal output of the OPA is used exclusively (only in one case the remain-
der of the RegA input power – that leaves the OPA as a third output beam – serves as a pump).
Specifically, the central wavelength of the OPA is tuned between 1350nm and 1570nm. Output
parameters of the OPA and the fibre laser are summarised in table 3.1.

Toptica FFS
Coherent RegA/OPA

OPA output

Iout 250mW (40−50)mW
frep 90.5MHz 250kHz
Ep 2.8nJ 0.2 µJ
τp 80fs 60fs
h̄ω 0.80eV (0.79−0.92)eV

FWHM 25meV 40meV

TABLE 3.1 Output parameters – average power, repetition rate, central photon energy,
energy per pulse, pulse duration and spectral width (full-width-half-maximum) – of
the laser sources.

Pump, probe and delay The laser beam is guided through a telescope (TS1) to minimise beam
divergence and adjust the beam diameter. The beam is then divided into a pump and a probe beam

2In principle, frep is tunable from 50kHz to 300kHz. All present measurements that rely on the RegA/OPA system
are conducted with 250kHz.
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3 EXPERIMENTAL SETUP AND MEASURING TECHNIQUE

via a half-wave plate (λ/2) and a polarising beam splitter cube (PBS). Thus, the intensity ratio of
pump and probe is adjustable, and the beams are polarised perpendicular to each other. Typically,
the probe intensity is chosen to be . 1/10 of the pump intensity. The absolute intensities of pump
and probe can additionally be tuned by continuously variable neutral density filters (F1 to F3). A
delay stage driven by a stepper motor induces time delay between pump and probe pulses. The
total length is 300mm or – with c = 3× 108 m/s – 2ns for single pass. To access longer delay
times, and as is shown in figure 3.1, the probe is aligned to pass the delay line twice corresponding
to a total delay length of 4ns. The minimal step width of the delay stage is 0.2 µm, or a few
femtoseconds, which is more than an order of magnitude shorter than the pulse duration. The irises
(I1 to I4) facilitate beam alignment and – in case the RegA/OPA system serves as laser source –
block unpolarised and locally separated parts of the laser output. Linear polarisers (P1 and P2)
further improve the polarisation degree and transform polarisation noise to intensity noise, the
latter of which is effectively suppressed in FR/FE measurements through the use of a polarisation
bridge.

Spot sizes and optically induced carrier density The pump spot size is reduced via telescope
T2 so that it exceeds the probe spot size at the location of pump-probe overlap in the sample plane.
Such a configuration assures that the pump-probe signal is not altered by minor variations of (i) the
probe position within the sample plane (due to deviations from straight alignment along the delay
line) and/or (ii) the probe spot size (due to beam divergence), while scanning the delay. Moreover,
the probed in-plane optically induced carrier density is the more homogeneous the higher the ratio
rpump/rprobe. Satisfying conditions are achieved using a lens with focal length of f =−75mm and
one with f = 100mm for T1, while T2 consists of a f = 100mm and a f = 60mm lens. (The order
of the lenses is given in propagation direction. The concave lens in T1 is chosen to safe space.)
Typical parameters with the OPA tuned to a central wavelength of 1500nm are the following. The
focal radii of pump and probe are 80 µm and 55 µm, respectively, when focussed onto the sample
plane with a f = 150mm lens (L1). The spot size of the probe is constant over the delay line
within the 5 µm accuracy of spot size determination using a razor blade3. The conditions depend
on the focal length of L1 – that is between 75mm and 150mm, adapted to the dimensions of the
respective cryostat – as well as on the laser source and/or the central wavelength. In particular, the
divergence of the fibre laser output is larger than that of the OPA and can not be compensated as
well. However, the fibre laser is used to determine comparably short-lived dynamics up to 100ps,
where the change in the probe spot size over the measured delay is ≤ 10%.

To estimate optically induced carrier densities nopt the number of absorbed photons per sample
volume is integrated numerically over the propagation length within the sample z and the spectral

3The specified spot radii correspond to the 1/e2 width of a Gaussian intensity distribution. For a detailed description
of spot size determination refer to [Eic04].
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shape I(λ ) of the excitation pulses

nopt =
1
V

∫
dz
∫

dλ
I(λ )

frep× h̄ω(λ )
×A(z,λ ). (3.1)

The spectral intensity

I(λ ) = Ie f f exp

[
−4ln2

(
λ −λc

∆λ

)2
]
/
∫

exp

[
−4ln2

(
λ −λc

∆λ

)2
]

is calculated for a Gaussian pulse. Full-width-half-maximum and central wavelength are de-
noted ∆λ and λc, respectively. Ie f f corresponds to the average incoming intensity I0 corrected
for reflection losses at the sample surface (that specifically are (30− 40)% for the investigated
semiconductors) and at the cryostat window(s) (4% per window). A(z,λ ) = α(λ )exp [−α(λ )z]
denotes the relative absorption. Wavelength (and temperature) dependence of the absorption co-
efficient α(λ ) are taken into account according to [Ghe95] for GaSb, [Zie86] for In0.53Ga0.47As
and [Mac57, Sei69]4 for Ge. The sample volume excited by the laser pulses is V = z×πr2. Note
that in case of optically thick samples the carrier density is noticeably inhomogeneous over the
propagation length within the sample. This is shown in figure 3.2 for a 1.5mm thick Ge sample
at T . 100K. The figure depicts the optically induced carrier density per mW (with respect to I0)
as a function of z, comparing excitation predominantly across the indirect (λc = 1505nm or h̄ω =

0.82eV) to excitation predominantly across the direct bandgap (λc = 1360nm or h̄ω = 0.91eV)
(for details concerning the excitation conditions cf. section 5.1). The 1/e-penetration depth of the
central wavelength is zp = 0.5mm for excitation across the indirect bandgap but only zp = 2 µm
for excitation across the direct bandgap. To specify comparable values, the nopt in the further
course of the present work are peak densities. Especially with respect to penetration depths of the
order of 1mm it is worth mentioning that the Rayleigh lengths5 that correspond to the pump and
probe parameters specified above are approximately 15mm and 8mm, respectively. Such values
justify the assumption of a constant spot size in equation (3.1).

Stray light suppression The transmitted probe is collected via L2 (that is of the same focal
length as L1) while the transmitted pump is blocked at this place. The collected probe is guided
through a telescope with a pinhole in its focal plane to reduce stray light stemming from the pump.
The telescope lenses have a focal length of 50mm and typically a 200 µm pinhole is used.

Lock-in detection The transmitted probe is focussed onto one or two In0.53Ga0.47As photodi-
odes (FG10, Thorlabs) to detect FR/FE or CD. The photodiodes are operated in reverse bias and
the probe-induced photocurrent is converted to a measuring voltage by a resistance. Measuring

4The respective data is accessible on [Iof].
5The Rayleigh length is the length over which the spot sizes do not exceed

√
2× r where r is the focus radius.
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FIGURE 3.2 Optically induced carrier density per mW average laser power as a func-
tion of propagation length in Ge at low temperatures. Left-hand side: excitation pre-
dominantly across the indirect bandgap (pulses centred at 0.82eV). Right-hand side:
excitation across the direct bandgap (pulses centred at 0.91eV). The dashed lines
indicate the respective 1/e-penetration depths.

resistances between 10kΩ and 100kΩ are used depending on the sample’s transparency. The volt-
age drop at the measuring resistance is recorded relying on a lock-in amplifier (SR830, Stanford
Research Systems) referenced to on-off modulation of the pump beam. The pump beam is modu-
lated at a few kHz by a chopper wheel – which applies to most of the measurements – or using an
acousto-optical modulator (MGAS-110, EOPC)6. The lock-in amplifier thus measures the trans-
mission change induced by the pump pulses ∆T = Tpump−T (Tpump and T are the transmissions
with and without pump, respectively). The carrier spin signals discussed in the present thesis
are – unless stated otherwise – presented according to the widely used normalized differential
transmission ∆T/T = (Tpump−T )/T .

Circular dichroism Figure 3.1 (a) illustrates the beam guidance for CD measurements. Both
pump and probe pass the same quarter-wave plate. Co- and counter-circularly polarised pump-
probe configurations are realised with an additional half-wave plate in the pump. The pump-
induced spin polarisation is contained in the difference of co- and counter-circular optical bleach-
ing signals (∆T/T )co− (∆T/T )counter considering that the optically induced spin polarisation is
< 100% (cf. section 2.2).

Faraday rotation or ellipticity The beam guidance to detect pump-induced FR or FE of an
incident linearly polarised probe is shown in figure 3.1 (b). The transmitted probe passes a polar-
isation bridge that consists of a half- or a quarter-wave plate to detect FR or FE, respectively, and

6In some cases, the signal is measured in a double lock-in scheme where not only the pump but also the probe is
chopped. The chopping frequency of the probe is a few tens of Hz. Since the overall signal output is locked to both
pump and probe chopping frequencies such a double lock-in scheme may further reduce stray light.
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3.1 MAGNETO-OPTICAL PUMP-PROBE SETUP

a Wollaston prism. The latter separates two orthogonal linearly polarised beams. To balance the
polarisation bridge the pump is blocked and the probe transmitted through the sample is evenly
distributed to the photodiodes denoted A and B. For precise balancing the probe is chopped, and
the transmission signals are measured with the lock-in amplifier. The wave plate used for bal-
ancing is mounted in a rotation mount with angular precision of 5arcmin. With this scheme, the
polarisation bridge is typically balanced down to the noise level. When the polarisation bridge
is balanced, the pump-induced spin polarisation manifests in (∆TA−∆TB)/T . Compared to CD
measurements, the advantage of FR/FE measurements is that fluctuations in the laser intensity
are cancelled via the polarisation bridge. As a result, FR or FE measurements in principle offer
the potential for shot noise limited detection. Some sources of noise in magneto-optical pump
probe measurements are well predictable. These are input noise of the Lock-in amplifier, thermal
noise of the measuring resistances, shot noise related with the dark current of the photodiodes,
and photon shot noise of the probe light. According to manufacturer’s data, the input noise of the
Lock-in amplifier is typically 6nV/

√
Hz. The contributions from the remaining noise sources are

estimated in the following for typical values of measuring resistance R = 10kΩ and measuring
voltage UPD = 0.1V. The thermal noise of the 10kΩ measuring resistance at room temperature is

∆UT√
Hz

=
√

4kBT R

=
√

4× (1.38×10−23 J/K)×300K×10kΩ = 13nV/
√

Hz

The shot noise related with the dark current of the photodiode is

∆US dark√
Hz

= R
√

2eI0

= 10kΩ

√
2× (1.6022×10−19 C)×25nA = 1nV/

√
Hz,

where the dark current of I0 = 25nA is specified by the manufacturer at a reverse bias of 5V. The
photon shot noise is calculated as

∆US phot√
Hz

=
√

2eUPDR

=
√

2× (1.6022×10−19 C)×0.1V×10kΩ = 18nV/
√

Hz.

From the estimations above, the dominant noise sources are thermal noise of the measuring resis-
tance and photon shot noise. The total noise is roughly 20nV/

√
Hz corresponding to a

20nV/UPD√
Hz

=
20nV/0.1V

0.88Hz
= 2×10−7
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relative noise level with an integration time of 0.1s (or an equivalent noise bandwidth of 0.88Hz
with the commonly used Lock-in filter settings). The typical apparent noise in the FR/FE tran-
sients of the present study is 1× 10−6, which exceeds the theoretical limit by nearly an order of
magnitude. However, the above estimation of the relative noise level does not take into account
additional sources of noise in a real experiment, such as current noise of the measuring resistance,
noise induced by vacuum- and/or helium pumps and pump-induced noise. Both the presence of
pump photons as well as the chopping of the pump may induce additional noise. Yet, the polar-
isation bridge significantly reduces the apparent noise level. Typically, the apparent noise in a
single detector signal exceeds the apparent noise in a FR/FE transient by a factor of 5 when the
fibre laser is used as a laser source (cf. section 4.1.1). In measurements that rely on the OPA, the
improvement is even a factor of 10−20. Such an improvement is indeed relevant in view of signal
amplitudes down to a few 10−4 in section 4.2 and chapter 5.

3.2 Temperature and magnetic field control

The samples are kept at temperatures between 3K and room temperature and/or exposed to – if
not explicitly stated otherwise – in-plane magnetic fields. To this end various optical cryostats,
magnets and/or combinations are used. Table 3.2 gives an overview over the respective config-
urations including maximal obtainable magnetic field Bmax and field uncertainty ∆B (which in
case of the split-pair magnet corresponds to the manufacturer specification for the magnetic field
homogeneity within the sample volume).

cryostat magnetic field
type type Bmax (T) ∆B (%)

– –
electromagnet

1 1
Siemens

Microstat® He continuous
– – –

Oxford Instruments flow
Microstat® He Rectangular Tail continuous external

∼ 0.7 1
Oxford Instruments flow electromagnet
He-Bath-Cryostat-Spektro

bath GMW
CryoVac
Spectromag®

bath integrated split-pair 7 0.6
Oxford Instruments

TABLE 3.2 Devices for temperature and/or magnetic field control.
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4 Electron spin dynamics in the direct-gap
semiconductors gallium antimonide and
indium gallium arsenide

The present chapter is dedicated to electron spin dynamics in selected direct-gap (bulk) semicon-
ductors, specifically GaSb (section 4.1) and In0.53Ga0.47As (section 4.2). GaSb is chosen to investi-
gate electron spin dynamics under comparatively strong spin-orbit coupling. Indeed, the spin-orbit
splitting of the valence band is comparable to the fundamental bandgap. In contrast, ∆SO = 1/2Eg

in In0.53Ga0.47As and ∆SO = 1/5Eg in the prototypical GaAs. In general, the strength of spin-orbit
coupling crucially influences carrier spin relaxation in semiconductors without inversion center
(cf. [Wu10] and section 2.3). As an example, the inherently strong spin-orbit interaction for holes
was predicted [Kra08] and experimentally shown [Hil02] to induce complex sub-picosecond dy-
namics of hole spins in GaAs. The present study of GaSb – as a model system for strong spin-
orbit coupling – and In0.53Ga0.47As is well suited to examine the impact of spin-orbit coupling
on electron spin relaxation. Except for the strength of spin-orbit interaction, the relevant band
parameters of both semiconductors are comparable (cf. table 2.2). Beyond that, electron spin dy-
namics in In0.53Ga0.47As is intriguing in consideration of reports on electron spin coherence times
as long as (100− 200)ns in n-type GaAs [Kik98, Dzh02]. Such long-lived spin coherence is re-
lated to donor-bound electron spins, that relax via hyperfine- or anisotropic exchange interaction.
Furthermore, In0.53Ga0.47As is a promising candidate for room temperature applications. As in
GaAs, the D’yakonov-Perel’ mechanism is expected to dominate spin relaxation in the ambient
temperature range, and coherence times in the same order of magnitude are anticipated [Son02].
Yet, the effective Landé factor for conduction band electrons in In0.53Ga0.47As is approximately
an order of magnitude higher than in GaAs [Zaw08], so that coherent electron spin precession
should be detectable at lower magnetic fields. In addition, the bandgap energies of both GaSb and
In0.53Ga0.47As are favourable for applications in the telecom wavelength band around 1.55 µm.
Up to now, no magneto-optical pump probe analysis of electron spin dynamics in this wavelength
range has been reported, despite the potential importance in view of future device applications.
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4.1 Gallium antimonide – GaSb

The section starts with some details on sample preparation and experimental configurations, fol-
lowed by a discussion of the samples’ electronic properties and room temperature transmission.
The results on electron spin dynamics in GaSb are presented in four sections. Section 4.1.1 com-
pares detection relying on either circular dichroism or Faraday rotation to each other. The influence
of temperature, doping concentration and optically induced carrier density is investigated in sec-
tions 4.1.2 and 4.1.3. Finally, the effective Landé factor is extracted from electron spin precession
in in-plane magnetic fields (section 4.1.4). Parts of the results on electron spin dynamics in GaSb
have been published as [Hau09].

Samples and experimental details The GaSb samples are provided by Professor Amanns group
at the Walter Schottky Institute1. Using molecular beam epitaxy, 1 µm thick bulk GaSb layers are
grown on intrinsic GaAs substrates. To reduce the density of dislocations related to the lattice
mismatch of approximately 7% – the lattice constants are aGaAs = 5.65Å and aGaSb = 6.10Å [Iof]
– a GaSb/AlSb superlattice is grown prior to deposition of GaSb. Time-resolved spin dynamics is
investigated in three samples. As laid out below, two of them are doped with Te, one is nominally
undoped. In preparation for the time-resolved transmission measurements, the sample substrates
are thinned to ∼ 100 µm and optically polished prior to glueing them on Infrasil windows. Both
Infrasil as well as the UVN 2000 Statisloh glue are transparent in near-infrared light and not bire-
fringent. The samples are mounted in the Microstat® He cryostat, that is operated between T = 5K
and room temperature (sections 4.1.1, 4.1.2 and 4.1.3). The effective Landé factor is determined in
a room temperature magneto-optical setup relying on the Siemens electromagnet (section 4.1.4).
As a laser source, the Toptica FFS is used. The pump beam is chopped by the EOPC acousto-optic
modulator at a frequency of 6kHz.

Electronic properties The electronic properties at room temperature and T = 77K are deter-
mined by Hall measurements in a van-der-Pauw geometry [VdP58]. The resulting Hall mobilities
µH and carrier concentrations nH are summarised in table 4.1. The Te-doped samples are n-
conductive whereas the nominally undoped specimen reveals residual p-conductivity. According
to polarity and, in case of the n-doped specimens, concentration of majority carriers, the samples
are in the following referred to as nGaSb17, nGaSb18 and pGaSb. In the n-doped samples, µH

approximates the electron mobility µn, and nH gives the electron concentration N. The value for
N determined at room temperature equals the donor concentration nD. The rather counterintuitive
temperature dependence of N is a result of DX centres [Poo90, Du05]. Such deep donor sites act as
deep acceptors at room temperature while behaving as shallow donors at low temperature [Die07].
The determined electron mobilities are in line with literature values for epitaxial n-doped GaSb

1 Amann group (E26), Walter Schottky Institut der Technischen Universität München, Am Coulombwall 3, D-85748
Garching, http://www.wsi.tum.de/Research/AmanngroupE26/tabid/97/Default.aspx.
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4.1 GALLIUM ANTIMONIDE – GASB

room temperature
sample dopant µH (cm2/Vs) nH (cm−3)

nGaSb17 Te 3500 1.2×1017

nGaSb18 Te 1200 1.5×1018

pGaSb – 370 4.8×1016

77K
sample dopant µH (cm2/Vs) nH (cm−3)

nGaSb17 Te 6400 1.8×1017

nGaSb18 Te 2400 1.7×1018

pGaSb – 630 1.3×1016

TABLE 4.1 Hall mobilities µH and carrier concentrations nH at room temperature and
liquid nitrogen temperature.

[Bar96]. Hall mobility and carrier concentration determined for sample pGaSb are dominated by
holes as theses are the majority carriers. The electron mobility – which is in fact of relevance for
the data interpretation in section 4.1.2 – is expected to be ∼ 10,000cm2Vs−1 at room temperature
as well as at T = 77K [Chi95, Bar96], i.e. larger than in moderately n-doped GaSb. Electron
mobility and concentration determine two quantities relevant for theoretical estimates of the spin
relaxation rate. This is, first, the momentum relaxation time

τp = µnmc/e. (4.1)

In addition, the Fermi energy is needed as it approximates the mean kinetic energy of the conduc-
tion band electrons in degenerately doped materials. In the Nilsson approximation [Nil73], the
Fermi energy relative to the conduction band edge is

EF = kBT

(
ln(r)
1− r

+

(
3
√

πr
4

)2/3

+
8
√

πr
3(4+

√
πr)2

)
, (4.2)

where r = N/Nc is ratio of the electron concentration in conduction band and the effective density
of states Nc

Nc = 2
[
mckBT/

(
2π h̄2)]3/2

(4.3)

The τp and EF for the GaSb samples are given in table 4.2.

Room temperature transmission Figure 4.1 shows the room temperature transmission as a
function of photon energy. The transmission curves are recorded in a Perkin Elmer Lambda 19
UV/VIS/NIR spectrometer. The transmission reduces in two steps, one between 0.7eV and 0.8eV
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4 ELECTRON SPIN DYNAMICS IN DIRECT-GAP SEMICONDUCTORS

room temperature 77K
sample τp (s) EF (meV) τp (ps) EF (meV)

nGaSb17 8×10−14 n.d. 1.4×10−13 30
nGaSb18 3×10−14 112 5.0×10−13 130
pGaSb 2.2×10−13 n.d. 2.7×10−13 n.d.

TABLE 4.2 Momentum relaxation time τp and – in case of degeneracy – Fermi energy
EF . EF is given relative to the conduction band edge, n.d. means non-degenerate.

and another at ∼ 1.4eV. An extended view of the step at higher photon energies is shown in the
inset of figure 4.1. This step is associated with the absorption edge of the GaAs substrates and its
spectral position is in good agreement with the room temperature bandgap energy of Eg = 1.42eV
[Vur01]. The steps at lower photon energy are associated with the GaSb layers. It is not possible
to extract the exact spectral positions of the absorption edges since the signals may partly reflect
absorption in the superlattices. However, the blue-shifted absorption edge for sample nGaSb18
confirms that the sample is degenerately doped. (The shift is due to the Burstein-Moss effect: if
the Fermi level lies above the conduction band edge, the gap between occupied valence band states
and unoccupied conduction band states is effectively increased [Bur54, Mos58].)
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FIGURE 4.1 Room temperature transmission spectra. The inset shows an extended
view of the region around h̄ω = 1.4eV, where the absorption edge of the GaAs sub-
strate is detected.

4.1.1 Circular dichroism versus Faraday rotation

The photon energy of the Toptica FFS is in the vicinity of the absorption edges of the investi-
gated samples. However, the electron population is decidedly excited and probed at the band
edge only in case of samples pGaSb and nGaSb17 at low temperatures. To check for potential
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4.1 GALLIUM ANTIMONIDE – GASB

impact of the specific detection mechanism on the extracted spin relaxation times, the transient
spin population is investigated via both CD and FR. Figure 4.2 depicts exemplary data for sam-
ple nGaSb17 recorded at T = 100K. Panel (a) shows raw data of a measurement probing the
transient CD after excitation of spin-polarised carriers. The excitation pulse is σ+-polarised and
generates an electron-hole density of nopt ∼ 1×1016 cm−3. The optical bleaching signal for probe
light polarised co-circular with respect to the excitation pulses is depicted as filled circles, while
the transient for counter-circular polarised excitation and probe pulses is indicated by open cir-
cles. Both optical bleaching signals do not decrease markedly beyond a pump-probe delay of
50ps. However, the initial difference vanishes for delay times & 30ps. This indicates that the
electron population relaxes considerably slower than the electron spin polarisation. The latter is
thus proportional to the difference of the co- and counter-circular pump-probe configurations. If
the rates of electron-hole recombination and spin relaxation are comparable, the difference of the
two transmission changes have to be divided by their sum to extract correct spin relaxation times
[Bog00]. Such transients are referred to as normalized CD. The normalization is particularly im-
portant in case of sample pGaSb, as is shown in section 4.1.2. The normalized CD is depicted
in figure 4.2 (b) as solid squares. The peak at zero delay time is comparatively broad with re-
spect to the sub-100fs pulse duration of the fibre laser pulses. However, the AOM considerably
extends the pulse duration2. Accordingly, both width and decay time of the initial peak are < 1ps
for all samples over the whole temperature range under investigation. The second peak at ∼ 2ps
is due to the back-reflection from the substrate. The respective pump pulse is expected to arrive
2×{100× 10−6 m/

[
3×108 m/s× (1/3.3)

]
} ∼ 2.2ps after the actual excitation pulse according

to the sample thickness and the refractive index of the substrate of n = 3.3 [Iof]. The longer-lived
part of the transient is assigned to the electron spin polarisation. This interpretation is confirmed
by the corresponding effective Landé factor, that is determined in section 4.1.4. In particular, no
signature of hole spin dynamics is resolved in agreement with (i) short hole spin relaxation times
in direct-gap semiconductors [Hil02, Yu05, She10] and (ii) the fact that the magneto-optical re-
sponse associated with transitions from the hh/lh bands to the conduction band is dominated by
electron phase space filling (cf. [Lor11]). The red line is a mono-exponential fit to the decay of
the electron spin polarisation. The fit reveals a decay time of 10ps. The triangles in figure 4.2 (b)
display the normalized FR observed for the same excitation conditions. The fit – again represented
by a red line – corroborates the above spin relaxation time. Both normalized CD and normalized
FR are found to deliver comparable spin relaxation times. This applies not only for the specific
case discussed here but over the whole investigated parameter range, as is demonstrated along the
way in section 4.1.2. The transients in figure 4.2 (b) additionally illustrate the noise suppression
resulting from the polarisation bridge (cf. section 3.1). The noise level apparent in the normalized
FR transient is 1×10−6, while for the normalized CD transient it is 6×10−6.

2The AOM material is TeO2. Considering only dispersion of second order, the pulses are expected to be broadened to
170fs. An autocorrelation measurement indicates a pulse duration of 400fs after transmission through the AOM.
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FIGURE 4.2 (a) Transient differential transmission of sample nGaSb17 at T = 100K.
Solid circles: co-circularly polarised excitation and probe pulses. Open circles:
counter-circularly polarised excitation and probe pulses. (b) Squares: normalized
CD extracted from the data in panel (a). Triangles: normalized FR for the same ex-
perimental conditions. Solid lines: exponential fits to the data.
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4.1.2 Temperature and doping density dependences of the coherence time

Donor concentration 1017 cm−3

Figure 4.3 displays the electron spin relaxation times extracted from normalized CD and/or FR
measurements in sample nGaSb17 recorded at various temperatures. The relaxation time decreases
from 14ps at low temperatures to 4ps at room temperature. For such high mobility n-type samples,
electron spin relaxation is expected to be dominated by the DP process [Son02, Jia09b]. The
doping density of sample nGaSb17 implies a degenerately occupied conduction band in the low
temperature range, as detailed in the discussion of the electronic properties (cf. table 4.2).

In the limit of degenerate electron statistics, the mean electron kinetic energy is approximated
by the Fermi energy. The average DP scattering time is then [D’y72](

1
τs

)
DP, deg

= qdegα
2 (EF)

3

h̄2Eg
τp (4.4)

using the notation of equation (2.21). The solid line in figure 4.3 shows the resulting spin relax-
ation time with the Fermi energy and the momentum relaxation time at T = 77K extracted from
the Hall data (table 4.2), as well as the expected temperature dependences [Bar96]. Note that in
combination with α estimated from equation (2.20), qdeg = 3.2 is needed to obtain agreement with
the low temperature spin relaxation times of the experiment. Similar values have been reported
for phonon scattering in non-degenerately doped semiconductors, cf. discussion below. In con-
trast, phonon and ionised impurity scattering in degenerately doped material are characterised by
qdeg = 0.3 and qdeg = 0.05, respectively [D’y72]. The latter should dominate at low temperatures,
corresponding to spin relaxation times ∼ 50 times larger than observed in the present experiment.
There are several possible explanations for this discrepancy. First and presumably most important,
for α approximation (2.20) is used. If corresponding experimental data is available, it is possible
to calculate α from the Dresselhaus parameter γD [Wu10]

α = 2
√

2m3
cEg/

(
h̄3)× γD. (4.5)

Experimental values for γD vary over a wide range. For the prototypical semiconductor GaAs ex-
perimental – as well as theoretical – γD range from (6−30)eVÅ3 [Cha06], and the commonly used
α = 0.07 [Ẑut04] corresponds to γD∼ 25. However, the γD for GaSb lie between (100−200)eVÅ3

[Cha06], so that equation (2.20) underestimates α by a factor of 3− 6. Taking into account that
τs is inversely proportional to α−2, equation (4.4) with α calculated from γD approximates the ex-
perimentally determined low temperature spin relaxation times with qdeg closer to the theoretical
estimate3. In addition, deviations from the degenerate DP model may be attributed to the sample

3In [Hau09], the underestimated α according to equation (2.20) have been used. In the following, the values of qdeg
or q resulting from this choice are indicated together with those from the more reasonable values for α calculated
from the literature values for γD.
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FIGURE 4.3 Spin relaxation times in nGaSb17 extracted from normalized CD (solid
squares) and/or FR (open squares) for various temperatures. Solid and dashed lines:
model calculations for the D’yakonov-Perel’ mechanisms. The stars indicate points
where the Hall mobility is actually measured.

being a thin layer with dislocations at the film-substrate interface: a dislocation-mediated increase
of the spin relaxation rate is suggested by a recent analysis of spin relaxation in InSb [Lit07] and
InAs [Lit06] thin films. Furthermore, the measured electron mobility can deviate from the ac-
tual bulk transport properties due to carrier accumulation or depletion at surfaces and interfaces
[Pet58], and – especially important in pump-probe investigations with optically induced electron
densities of the order of or higher than the dopant density – the measured Hall mobility is not
necessarily a good indicator for the momentum relaxation time at low temperature. This is, e.g.,
evidenced by Jiang et al., who use a fully kinetic spin Bloch equation approach to simulate spin
relaxation times [Jia09b]. The latter point is, however, more relevant for low temperature spin
relaxation in nominally undoped or weakly doped specimens such as sample pGaSb (see below),
as well as the In0.53Ga0.47As sample (cf. the more detailed discussion on the basis of comparable
literature results for GaAs in section 4.2.2).

For temperatures approaching ambient values, the electron distribution in the conduction band
approaches the Boltzmann limit. The mean electron kinetic energy is then the thermal energy and
equation (2.21) reads [D’y72] (

1
τs

)
DP

= qα
2 (kBT )3

h̄2Eg
τp. (4.6)

As is true for all model calculations in the further course of the present chapter, the temperature
dependence of the bandgap is calculated from equation (2.7) with A and B taken from [Vur01],
while for the effective mass the low temperature limit is used over the whole temperature range.
(Actually, both temperature dependences are of comparatively minor influence taking into account
the limited accuracy especially of the spin-orbit coupling parameter α .) The temperature depen-
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dence of the spin relaxation time according to equation (4.6), with α from equation (2.20) and
q = 20, is plotted as a dashed line in figure 4.3. Again, the value of q needed to reproduce the
ultrashort spin relaxation time of 4ps at room temperature is larger than theoretical predictions of
q∼ 3 for phonon scattering and q = 1.5 for ionised impurity scattering [Mei84, Dzh04]. However,
with α calculated from γD, the data is approximated with q close to these theoretical sugges-
tions. In addition, the simulation by Song and Kim [Son02] – that relies on theoretical models for
the momentum relaxation rates – results in a room temperature electron spin lifetime of several
picoseconds in moderately n-doped GaSb, which is in agreement with the present experimental
finding. For completeness, it should be noted that the results of Song and Kim for low tempera-
tures indicate spin relaxation times of more than 1ns. This discrepancy is, however, due to their
assumption of non-degenerate carrier statistics, which is inappropriate for a n ∼ 1017 cm3-doped
sample at low temperatures.

Note that in the intermediate temperature range, both applied models – the degenerate and the
Boltzmann limit of the DP mechanism – do not reproduce the experimentally observed spin relax-
ation times. This can be understood since the average kinetic energy of the partially degenerate
electron gas is neither appropriately described by kBT nor by EF . An appropriate description
would instead require an integration over the Ekkk weighted by the effective electron density in the
conduction band, which is beyond the scope of the present consideration.

Donor concentration 1018 cm−3

Turning to the more strongly doped sample nGaSb18, spin relaxation times of (1− 2)ps are ob-
served over the investigated temperature range from 5K up to room temperature. The data ex-
tracted from normalized CD and/or normalized FR transients are shown in figure 4.4. As calcu-
lated in the discussion of the sample’s electronic properties, the electron distribution is degenerate
up to room temperature (table 4.2). At such low mobilities, and especially in semiconductors of
comparatively narrow fundamental energy gap, it has been commonly argued that the EY mecha-
nism markedly contributes to spin relaxation at low temperatures [Son02, Lit06, Lit07]. However,
the ab initio simulations of Jiang et al. [Jia09b] introduced in the discussion concerning sample
nGaSb17 suggest that the DP process is stronger than the EY mechanism even at such condi-
tions. In the following, the experimentally determined τs are compared to the simplified analytical
approximations for both mechanisms.

In order to approximate the data with the DP model (4.4), either qdeg = 0.8 with α according to
equation (2.20), or qdeg = (0.02−0.1) with α calculated from the γD given in [Cha06] is needed.
As a reminder: the theoretical predictions are qdeg = 0.3 for phonon scattering and qdeg = 0.05 for
impurity scattering. These values are of the same order of magnitude than those extracted from
the present data. The model calculation is included as a red line in figure 4.4. While the model
curve agrees with the observed low temperature spin relaxation time, the rather low mobility at
room temperature would give rise to a DP spin lifetime of ∼ 4ps.
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FIGURE 4.4 Spin relaxation times in nGaSb18 extracted from normalized CD (solid
squares) and/or FR (open squares) for various temperatures. Solid lines: model cal-
culations for the D’yakonov-Perel’ and Elliott-Yafet mechanisms. The stars indicate
points where the Hall mobility is actually measured.

In the notation of equation (2.17), the EY electron spin relaxation time in case of degeneracy
can be estimated by [Mei84] (

1
τs

)
EY, deg

= Aβ
2
(

EF

Eg

)2 1
τp

(4.7)

where A is typically in the range of 2− 6. The blue line in figure 4.4 shows the result for the
EY spin relaxation time computed from equation (4.7) with EF = 130meV and A = 6. As in
the model calculations for sample nGaSb17, the momentum relaxation time resulting from the
Hall data is used at T = 77K and room temperature, and the temperature dependence of τp is
modelled according to Baraldi et al. [Bar96]. In contrast to the DP prediction above, the result for
the EY mechanism – choosing A in accordance with theoretical predictions – reproduces the low
temperature as well as the room temperature lifetime of the experiment.

Nominally undoped GaSb

The above results for the n-doped GaSb layers is compared to the nominally undoped sample
pGaSb. The spin relaxation times extracted from normalized CD and/or FR transients for various
temperatures are shown in figure 4.5 as filled and open squares. For comparison, the relaxation
times that result from mono-exponential fits to the non-normalized transients are shown as filled
and open circles. As mentioned in section 4.1.1, in sample pGaSb, the electron population relaxes
notably within the spin lifetime at lower temperatures, so that the normalization is necessary. The
evaluation reveals spin lifetimes of approximately 30ps below 50K. This is twice as long as ob-
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FIGURE 4.5 Decay times extracted from transient CD and/or FR in nominally un-
doped GaSb for various temperatures. The filled/open circles result from not nor-
malized transients, whereas the spin relaxation times are determined from normalized
CD/FR transients and are represented by the filled/open squares. The solid line is a
model calculation according to the D’yakonov-Perel’ mechanism.

served in the moderately n-doped nGaSb17. In particular, the low temperature time constant is
approximately four times larger than in undoped GaSb quantum wells, where quantum confine-
ment leads to an enhancement of the DP scattering rate [Hal99]. For higher temperatures, the spin
lifetime strongly decreases towards the room temperature value of 4ps, i.e. comparable to the de-
cay time seen in nGaSb17 (cf. figure 4.3). The solid line in figure 4.5 shows the resulting DP spin
relaxation time calculated with equation (4.6). The ultrashort spin lifetime at room temperature is
reproduced with either α according to equation (2.20) and q = 10 or α calculated from the above
mentioned literature values for γD and q = 0.3− 1. The latter value is somewhat lower than the
expected q = 3 for phonon scattering. However, one has to keep in mind that the momentum scat-
tering time is calculated from literature values, instead of actual values, for the electron mobility
in the present sample (cf. discussion of the electronic properties in the introductory remarks of the
present chapter). The tremendous increase of the spin lifetime at low temperatures predicted by
the analytical DP model is not found in the experiment. In this context, first the rather complex
structure of impurities acting as acceptors in nominally undoped GaSb [Hu04] should be men-
tioned. In strongly p-doped GaSb (and GaAs), the BAP mechanism (cf. section 2.3) is reported
to limit the electron spin lifetime at low temperatures to the (1−10)ns, that are determined from
spin-polarised luminescence [Mei84]. For doping concentrations that correspond to the residual
hole concentration in the present sample, Song and Kim [Son02] predict spin relaxation times
of ∼ 250ps limited by the BAP mechanism. Second, as referred to in the discussion of sample
nGaSb17, a failure of the analytical DP model at low temperatures is expected, mainly due to
the deviation of the momentum scattering time calculated from the Hall mobility and the actual
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one in the optically induced electron distribution. In this context, the above mentioned ab initio
simulations of Jiang et al. [Jia09b] even identify the DP mechanism to dominate over the BAP
mechanism in p-type GaSb. However, they do not give values that could be compared with the
present experimental conditions.

4.1.3 Influence of optically induced carrier density

Since constant irradiances are used over the investigated temperature range, the reduction of the
bandgap energy for elevated temperatures effectively yields an increase of nopt by a factor of 2
comparing the room temperature data to the data obtained at T = 5K for samples pGaSb and
nGaSb17 (cf. figures 4.3 and 4.5). Figure 4.6 shows the impact of nopt on the spin relaxation
time at low temperatures for both samples. The dependences of τs on nopt are well described by
power law fits with an exponent of −0.1. The trend towards faster spin relaxation upon increas-
ing nopt contradicts DP-dominated spin relaxation at first glance, since stronger electron-electron
scattering is expected to decrease the spin relaxation rate in this case [Gla04]. However, more
sophisticated simulations addressing DP relaxation of optically induced electron spins are consis-
tent with a decrease of τs with increasing nopt [Kra10, Jia09b]. In the present study, such effects
are investigated in more detail in In0.53Ga0.47As (cf. section 4.2.2). At this point, the important
result is that increasing the excitation power by a factor of 2 has minor influence on the spin re-
laxation time. At room temperature, the dependence of τs on nopt is even less pronounced, as
evidenced by a practically constant τs in sample pGaSb when varying nopt between 4×1015 cm−3

and 3×1016 cm−3 (data not shown). In the case of sample nGaSb18, nopt is presumably less than
the ∼ 1× 1016 cm−3 for samples nGaSb17 and pGaSb over the whole investigated temperature
range due to the blue-shift in the absorption edge (cf. room temperature transmission, figure 4.1).
In conclusion, the dependences discussed in the previous section are confirmed to primarily arise
from the variation in crystal temperature.

4.1.4 Spin precession at room temperature

Finally, electron spin dynamics in the presence of in-plane magnetic fields is investigated in sample
pGaSb at room temperature. Figure 4.7 depicts FR transients in B = 0.46T and B = 0.86T. In
addition, a transient without external magnetic field is shown. This transient is modelled by a
single exponential decay which – in line with the previous results – reveals a spin relaxation time
of τB=0 = (3.5±1)ps. The transients measured in non-zero magnetic fields are well modelled by
exponentially decaying cosine functions mapping the coherent Larmor precession of the optically
induced electron spin polarisation (cf. section 2.4). The fits extract spin relaxation times of 3.9ps
at B = 0.46T and 4.5ps at B = 0.86T. Such an increase in τs in external magnetic fields is in
principle consistent with DP relaxation taking into account magnetic-field induced orbital motion
of the conduction band electrons [Ẑut04]. The cyclotron oscillation of the – with respect to the
external magnetic field – transversal components of the electron quasi-momentum effectively leads
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FIGURE 4.6 Spin relaxation times in samples nGaSb (filled squares) and pGaSb
(open squares) for various excitation intensities and low lattice temperatures of
T = 50K and T = 25K, respectively. Solid lines: power law fits to the data.
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FIGURE 4.7 FR transients after photo-generation of nopt = 5× 1016 cm3 electrons
with a circularly polarised pump pulse in external magnetic fields B of zero, 0.46T
and 0.86T. The solid lines correspond to a single exponential decay (B = 0T) and
exponentially damped cosine functions (B = 0.46T, B = 0.86T).
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to a continuous change of the Larmor precession axis between subsequent momentum scattering
events. In addition, the data yield an effective Landé factor of |g∗| = 9± 1. This result is in
agreement |g∗|= 9.3 reported from electron spin resonance [Her71], and matches the estimate of
g∗ = −9.0 from 3-band kkk · ppp-theory (cf. section 2.1). Note that these comparative values are low
temperature values. The effective Landé factor is known to depend on temperature. However, for
semiconductors that exhibit comparable absolute values of g∗, than observed here, the difference
in g∗ at liquid helium temperature and room temperature is typically less than the measurement
uncertainty of the present investigations (cf. [Oes96] and section 4.2).

4.2 Indium gallium arsenide – In0.53Ga0.47As

After some remarks on sample preparation and experimental details, as well as an overview over
the sample’s electronic properties and room temperature transmission, electron spin dynamics in
n-type In0.53Ga0.47As is investigated. Room temperature spin dynamics is discussed in section 4.2.1
as a function of (i) external magnetic field, (ii) temperature ranging from room temperature to
∼ 80◦C and (iii) optically induced carrier density. The dependence of low temperature electron
spin dynamics on (i) optically induced carrier density and (ii) external magnetic field is addressed
in section 4.2.2.

Sample and experimental details The In0.53Ga0.47As sample is again provided by
Professor Amanns group1. The sample is grown by molecular beam epitaxy on a semi-insulating
InP substrate. The lattice constants of the two materials are equal so that In0.53Ga0.47As is de-
posited strain-free on the substrate. The layer is 3.8 µm thick and n-doped. As described for the
GaSb samples, the substrate is thinned to approximately 100 µm, optically polished, and the sam-
ple is glued on an Infrasil window to facilitate time-resolved transmission measurements. Time-
resolved magneto-optical measurements are performed at room temperature utilising the Toptica
FFS in combination with the EOPC acousto-optic modulator to chop the pump beam at 6kHz. In
this configuration, the sample is placed in the Siemens electromagnet. Additional room temper-
ature data is taken relying on the Coherent RegA/OPA system (if not explicitly labelled “Toptica
FFS”, the data shown in the following is measured with the OPA as a laser source). In this case
the pump beam is chopped with a chopper wheel at a frequency of 1.5kHz, and the magnetic field
is provided by the GMW electromagnet. Low temperature spin dynamics is partly investigated
in the latter experimental setup with the sample mounted in the Microstat® He Rectangular Tail
cryostat. Alternatively, low temperatures and magnetic fields are provided by the Spectromag®

system. The data discussed in the present section is partly from FR and partly from FE transients.
The detection method does not affect the results: various control experiments confirm comparable
signal amplitudes, decay times and precession frequencies from FR and FE transients. In particu-
lar, this finding is in accordance with the equivalence of transient FR and transient CD in GaSb in
section 4.1.1.
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Electronic properties and room temperature transmission Electronic properties and room
temperature transmission of the In0.53Ga0.47As sample are determined analogue to the character-
isation of the GaSb samples described at the beginning of section 4.1. Table 4.3 summarises the
sample’s electronic properties at room temperature and liquid nitrogen temperature. Since the
sample is n-conductive, Hall mobility and carrier concentration map the characteristics of conduc-
tion band electrons. For comparison: the electron mobility in the In0.53Ga0.47As sample is similar
to that reported for nominally undoped GaSb at room temperature, yet a factor of ∼ 3 higher than
in the latter at liquid nitrogen temperature.

RT 77K

nH (cm−3) 2.4×1015 1.7×1015

µH (cm2/Vs) 9000 38000
τp (s) 2×10−13 9×10−13

TABLE 4.3 Hall mobilities and carrier concentrations at room temperature and liquid
nitrogen temperature. The momentum relaxation times are calculated according to
equation (4.1) with the electron effective mass specified in table 2.2.

The room temperature transmission of the In0.53Ga0.47As sample indicates, that the spectral
position of the absorption edge corresponds to the room temperature bandgap of 0.74eV [Vur01],
as expected with regard to the low doping concentration (data not shown).

4.2.1 Spin dynamics around room temperature – influences of magnetic field,
temperature and optically induced carrier density

Figure 4.8 depicts typical raw data for the In0.53Ga0.47As sample at room temperature. The tran-
sients are recorded with the OPA tuned to a central photon energy of 0.8eV. The optically induced
carrier density is nopt = 3×1016 cm−3. The FR transient in the upper panel is recorded without an
external magnetic field, whereas the transients in the middle and lower panel reveal coherent Lar-
mor precession of the optically induced spin polarisation in in-plane magnetic fields of B = 0.45T
and B = 0.73T. As observed in GaSb, the transients are not indicative of a hole spin signature (this
is true not only for the room temperature data discussed in the present section, but also for the low
temperature transients that are analysed in section 4.2.2). The solid lines are a single exponential
or exponentially decaying cosine functions to extract spin relaxation times and/or the effective
Landé factor. The resulting τs and |g∗| are summarised in figure 4.9. Note that there is no need to
normalize the FR signals to the signal of carrier recombination, since the decay time of the latter
is found to be ≥ 5ns, i.e. at least 2 orders of magnitude longer than the decay time of the electron
spin signals.

The lower panel in figure 4.9 depicts the effective Landé factor. The solid line indicates the
average value of |g∗| = 3.8± 0.1. This value is ∼ 95% of the low temperature absolute value
estimated from equation (2.9) and actually observed in experiment (cf. section 4.2.2). Sine Eg
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FIGURE 4.8 FR transients recorded at room temperature after photo-excitation of
3× 1016 cm−3 electron-hole pairs in zero magnetic field and in magnetic fields of
B = 0.45T and B = 0.73T. The lines are fits to the data.

decreases with temperature, the kkk · ppp-approach predicts a higher absolute value at room temperature
which is in contrast to the observation. However, the experimental finding is in line with previous
results in GaAs, InSb and CdTe [Oes95, Oes96, Hoh06, Hüb09] and was theoretically reproduced
by Zawadzki et al. for GaAs in consideration of the following two aspects [Zaw08]. First, the
effective Landé factor does not depend on the overall temperature change of the bandgap. The
temperature dependence of g∗ – just as that of the effective mass – is rather appropriately described
taking into account solely the bandgap modification due to thermal expansion. Second – and this
is the more important effect – the effective Landé factor measured at ambient temperatures is not
appropriately represented by the band edge value since the electrons occupy energetically higher
Landau levels. According to the calculations of Zawadzki et al., in GaAs with B = 4T the Landau
levels up to l ∼ 5 are of importance at T = 50K, whereas at T = 300K the levels up to l ∼ 30
are occupied. Zawadzki et al. find that the effective Landé factor varies from g∗ ∼ −0.5 in the
l = 0 level to g∗ ∼+1.5 for the highest level occupied at T = 300K. Averaging over the Landau
levels yields g∗ = −0.44 (g∗ = −0.3) at low temperatures (T = 300K) in agreement with the
available experimental data for GaAs. Experiments in InSb and CdTe reveal room temperature
values of |g∗| approximately 5% and 15% smaller than the respective values at low temperatures.
These observations as well the present finding in In0.53Ga0.47As are qualitatively consistent with

46



4.2 INDIUM GALLIUM ARSENIDE – IN0.53GA0.47AS

3 0

3 5

4 0

R T
n o p t  =  3 x 1 0 1 6 c m - 3

 

 

|g*
|

τ S (p
s)

 

0 . 0 0 . 4 0 . 8

3 . 6

3 . 8

B  ( T )

 
FIGURE 4.9 Magnetic-field dependent electron spin coherence at room temperature.
The upper panel shows the spin relaxation time. The lower panel depicts the effective
Landé factor (squares) together with the average value (solid line).

the theoretical model described by Zawadzki et al.

The upper panel of figure 4.9 shows the spin relaxation time as a function of B. Without ex-
ternal magnetic field, τs ∼ 30ps, and an enhancement of τs is observed for B 6= 0T. While the
latter is addressed in the following section, it is first of all interesting to compare the observed τs

to the DP prediction in the Boltzmann limit (4.6). With the low temperature effective mass ac-
cording to [Vur01], the result is τs = 25ps. Assuming the temperature dependence of the effective
mass to follow overall temperature dependence of the bandgap results in τs = 35ps. Both values
– calculated with q = 3 for momentum scattering dominated by polar-optical phonons [Dzh04],
and α estimated according to equation (2.20)4 – are in good agreement with the present experi-
mental finding. In addition, due to the high mobility, EY relaxation (2.17) with A = 2 for phonon
scattering [Mei84] is a factor of 20−30 weaker and therefore of minor influence. Although the ar-
guments so far indicate that the DP mechanism is responsible for spin relaxation in In0.53Ga0.47As
at room temperature, additional information is desirable to substantiate the statement, just because
for α a theoretical approximation is used and – as mentioned in section 2.3 – literature values, e.g.

4The remaining parameters are (i) the momentum relaxation time calculated from the room temperature Hall mobility
(cf. table 4.3), (ii) the fundamental bandgap energy at room temperature interpolated from the respective values for
InAs and GaAs, and (iii) the split-off energy from table 2.2.
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for GaAs, vary by a factor of 5.

Magnetic field dependence

The magnetic field dependence of τs, depicted in the upper panel of figure 4.9, provides an ad-
ditional argument supporting DP relaxation. The observed suppression of spin relaxation with
increasing magnetic field is in principle in line with this mechanism, as motivated in section 4.1.4.
For a more detailed analysis, the τs found in Voigt configuration are compared to those in Faraday
configuration. In the latter configuration, the external magnetic field is oriented parallel to the
direction of light propagation and thus parallel to the optically induced spin polarisation. Con-
sequently, the transients recorded in Faraday geometry trace the exponential decay of the spin
polarisation along the magnetic direction, and no Larmor precession is detected. Such an inves-
tigation is conducted with the Toptica FFS as a laser source. The spin relaxation times extracted
from transients recorded in Voigt- as well as in Faraday geometry are displayed in figure 4.10 as a
function of the external magnetic field. (Note that, compared to the data in Voigt geometry relying
on the OPA in figure 4.9, the τs in Voigt geometry measured with the fibre laser are ∼ 10% higher
for B 6= 0. Since comparable densities of optically induced carriers – nopt ∼ 1016 cm−3 with both
laser sources – are used, this finding possibly implies an influence of the actual energy distribu-
tion of the optically induced carriers: although the OPA is tuned to the central photon energy of
the Toptica FFS (h̄ω = 0.8eV), the FWHM of the fibre laser pulses is approximately a factor of
1.5 smaller than that of the OPA pulses, cf. section 3.1.) The suppression of DP relaxation in
an external magnetic field due to the cyclotron motion of the electrons is theoretically treated in
[Ivc73, Mar83], and for small magnitudes of the external magnetic field is described by [Lit10]

τs(0) =
1
8

[
5

1+(ωcτ∗p)
2 +

3
1+(3ωcτ∗p)

2

]
τs(B). (4.8)

The range of small magnetic-field magnitudes is limited by the conditions ωLτp � 1 and
ωL/ωc� 1 [Ivc73], where ωc = (e/mc)B is the cyclotron frequency. Both conditions are fulfilled
in the magnetic-field range of the present investigation: at B = 1T, ωLτp = (3.3×1011 s−1)×(2×
10−13 s) ∼ 0.1 and ωL/ωc = 3.3× 1011 s−1/(4.3× 1012 s−1) ∼ 0.1. The spin relaxation time at
zero magnetic field is denoted τs(0), while τs(B) is the relaxation time in the presence of an exter-
nal magnetic field. τ∗p is proportional to the momentum relaxation time, e.g. in [Lit10] τ∗p = τp/3
is used, which is, however, explicitly stated to apply for impurity scattering. The model equa-
tion (4.8) fits the τs measured in Faraday geometry with τ∗p = 0.8×10−13 s∼ τp/3. The respective
fit is included in figure 4.10. The data in Voigt geometry can not be reproduced with the model,
although it should hold for both Faraday and Voigt geometry according to [Lit10]. Indeed in Voigt
geometry, additional impact of an external magnetic field on spin relaxation is known [Bro04,
and references therein]. In contrast to the increase of τs with increasing magnetic field due to
the randomisation effect of cyclotron motion on the quasi-momentum distribution, the presence
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FIGURE 4.10 Magnetic-field dependent spin relaxation times at room temperature.
Black solid squares: BBB – as usually – oriented in the sample plane (Voigt geometry).
Blue open circles: BBB parallel to the propagation direction of light (Faraday geometry).
The color-coded dotted lines are guides to the eye. The red solid line is a fit according
to equation (4.8) to the τs measured in Faraday geometry.

of an external magnetic field can also enhance spin relaxation. The reason is the non-parabolic
correction of the conduction band dispersion, or explicitly a term ∝ kkk4. This is not negligible off
the conduction band edge, so that the spin splitting of the conduction band – and consequently the
electron g∗ factor – is inhomogeneous, which in turn leads to faster spin relaxation. As a result, a
peak in τs is expected for a certain magnetic-field magnitude depending on band parameters, car-
rier density and temperature. For instance, in GaAs with nd = 1×1017 cm−3 and at T = 100K, the
peak position is predicted at B∼ 10T [Bro02], and experimentally observed at B = 1T in compa-
rably doped InAs in the same temperature range [Lit10]. Consequently, this effect can not explain
the different characteristics of τ versus B in Voigt- and Faraday geometry observed in the present
study, that particularly appear at low magnetic fields. Nevertheless, the finding that the external
magnetic field tends to increase the spin relaxation time – and thus DP relaxation dominates spin
relaxation – holds in Voigt as well as in Faraday geometry.

Temperature dependence

The dominance of the DP mechanism is further corroborated by the temperature dependence of
the spin relaxation time shown in the upper panel of figure 4.11. The corresponding measurements
are again conducted with the Toptica FFS as a laser source, and the sample temperature is varied
from room temperature to ∼ 80◦C by ohmic heating5. The error bars in the temperature indicate

5The original goal of the measurements was to investigate the influence of an electric field on g∗. Such an effect
is expected to be linear in the electric field and was observed in electron spin resonance measurements in a two-
dimensional electron gas in an asymmetric silicon quantum well [Wil07]. Instead of a linear dependence, the present
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FIGURE 4.11 Electron spin relaxation time and effective Landé factor for various
temperatures from room temperature up to ∼ 80◦C. The associated FR transients are
recorded in B = 0.42T. The data in the upper panel is fitted with equation (4.9) for
phonon-mediated DP relaxation (solid lines, for details refer to the main text). The
solid line in the lower panel is a linear fit to the data.

various assumptions for the temperature dependence of the effective mass. The data points are
determined assuming that the effective mass decreases linear with temperature, but with half the
gradient of the bandgap temperature characteristics. This accounts for the fact that the effective
mass is a function of the dilatation change of the bandgap rather than of its overall temperature
dependence (and is the most likely assumption, cf. section 2.1). The temperature error bars include
constant effective mass (lower boundary), and the assumption that the effective mass follows the
overall temperature dependence of the bandgap (upper boundary). The solid lines are fits to the
temperature dependence of τs, assuming DP relaxation and polar-optical phonon scattering as the
dominant momentum relaxation mechanism. Combining the temperature dependence of the latter
described by τp = C(mc/e)T−3/2 with equation (4.6) for DP relaxation in the Boltzmann limit
yields

τs =
(
h̄2Eg

)
/
[
qα

2(kBT )3C(mc/e)T−3/2
]
. (4.9)

investigation revealed a decrease of both τs and g∗ quadratic in the electric field, which leads to the conclusion that
a temperature effect is observed rather than a direct influence of the electric field. The voltage-to-temperature
conversion is determined from the voltage- or temperature-dependence of the transmission (for details, refer to
appendix A).
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To reproduce the electron mobility determined at room temperature (cf. table 4.3), the constant
prefactor is chosen C = 4.6× 107 cm2K3/2(Vs)−1. α is taken according to equation (2.20), and
q as a free fitting parameter. The blue fit neglects the temperature dependences of Eg, α and the
effective masses and yields q = 2.7. Taking into account the temperature dependences – using the
weakened characteristics for the effective masses – results in q = 2.2. Both values are close to
q = 3 for scattering with polar-optical phonons. Indeed, the temperature dependences of the band
parameters are only of minor influence, so that the model (4.9) actually predicts τs ∝ T−3/2, which
is in line with the measured τs(T ) within the limits of accuracy. Overall, the results are in good
agreement with a similar investigation of room temperature spin relaxation in GaAs [Oer08].

Not only τs, but also the effective g factor decreases with increasing temperature. The data is
shown in the lower panel of figure 4.11 together with a linear fit, that explicitly is

g∗(T ) =−4.3+2×10−3 K−1T.

This phenomenological model predicts g∗ ∼−4.3 at absolute zero, compared to |g∗|= 4.2 as cal-
culated from equation (2.9) and as experimentally observed close to liquid helium temperature (cf.
section 4.2.2). Again, the present finding is in accordance with literature results in other materials:
in the ambient temperature range, a linear dependence of g∗ on temperature is reported in both
CdTe and GaAs [Oes96, Zaw08]. Östreich et al. found that their experimentally determined g∗ are
reasonably approximated by g∗(T ) = −0.44+5×10−4T from room temperature down to liquid
helium temperature [Oes96]. Such a trend is confirmed by the sophisticated theoretical model of
Zawadzki et al., that additionally reproduces the flattening of g∗(T ) below T ∼ 20K [Zaw08] (that
occurs in agreement the minor temperature dependence of the bandgap in this temperature range).

Influence of the optically induced carrier density

In order to further examine the nature of spin relaxation at room temperature, the dependence of
|g∗| and τs on the optically induced carrier density is analysed. Figure 4.12 shows τs and |g∗| for
nopt ranging from 3×1016 cm−3 to 5×1018 cm−3. The corresponding FR transients are recorded in
an external magnetic field of B = 0.73T with the OPA tuned to a central photon energy of 0.8eV.
The spin relaxation time is independent of nopt for carrier densities smaller than ∼ 3×1017 cm−3.
At such densities the effective Landé is reduced from |g∗| = 3.8 at nopt = 3× 1016 cm−3 – this
value is represented as a guide to the eye by the dashed line in the lower panel of figure 4.12 – to
|g∗|= 3.6 at nopt = 4×1017 cm−3. In contrast, τs markedly decreases upon further increase of nopt .
It reduces from ∼ 40ps in the range up to ∼ 4× 1017 cm−3 to ∼ 20ps at the highest investigated
density, following the power law dependence τs ∝ n−0.25

opt . The effective Landé factor decreases
from |g∗| = 3.6 at nopt = 4× 1017 cm−3 to |g∗| = 2.8 at nopt = 5× 1018 cm−3. The decrease can
also be modelled by a power law, |g∗| is proportional to n−0.1

opt . To interpret these observations, first
of all, faster carrier recombination that could potentially pretend reduced spin relaxation times
at high nopt can be excluded. Even for the highest nopt , the carrier recombination time is found
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FIGURE 4.12 Influence of the optically induced carrier density on spin relaxation
time (upper panel) and effective Landé factor (lower panel). The corresponding FR
transients are recorded at room temperature in B = 0.73T. The uncertainty in |g∗|
is indicated by the size of the data points. The dashed line indicates |g∗| = 3.8 as
extracted from the analysis of FR transients in various magnetic-field magnitudes
at nopt = 3× 1016 cm−3. The solid lines are power law fits to the data for nopt >
3×1017 cm−3.

to exceed 5ns and thus is of negligible influence. Another argument is in fact more informative.
If DP relaxation dominates spin relaxation, an increase of nopt can affect spin relaxation in two
ways. In the motional narrowing regime (cf. section 2.3), an impact is only expected in case
electron-electron scattering markedly contributes to momentum relaxation. If so, τs increases
linearly with nopt [Gla04, Oer08], since the spin relaxation time is inversely proportional to the
momentum relaxation time. In [Oer08], a saturation of τs = 75ps in n-type GaAs – the donor
concentration is comparable to that of the In0.53Ga0.47As sample investigated here – is observed
in the range nopt ≤ 1×1017 cm−3−2×1017 cm−3. The authors partially attribute this observation
to enhanced screening of the electron-electron interaction and phase space filling. Both effects
attenuate the enhancement of the scattering probability with increasing carrier density. Regarding
the present investigation, the lower densities apparently lie within such a regime. A comparable
decrease of τs upon a further increase of nopt , as observed here, was also seen in GaAs [Ten09].
To explain such a decrease, it is instructive to recheck the motional narrowing condition ΩBIA ≤
τp [Jia09a, She09, Kra10]. To do so, nopt has to be compared to the effective density of states
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in the conduction band, which – according to equation (4.3) – is Nc = 2× 1017 cm−3 at room
temperature. Consequently, for nopt > 2×1017 cm−3 the conduction band is filled up to the Fermi
energy calculated from equation (4.2) with the actual electron concentration in the conduction band
N = nopt +nd . The maximum ΩBIA can be calculated according to equation (2.19), the results are
summarised in table 4.4 for various values of nopt and kkk along [1,1,0]. This estimation shows

nopt (cm−3) 2×1017 1×1018 5×1018

EF (meV) 8 80 260
ΩBIA (s−1) 7.4×1010 2.3×1012 1.4×1013

ΩBIA× τp 0.01 0.5 3

TABLE 4.4 Transition from the motional narrowing to the ballistic regime of DP
relaxation. The Fermi energy and ΩBIA(EF) are calculated according to equa-
tions (4.2) and (2.19), respectively. The momentum relaxation time is τp = 2×
10−13 s.

that the transition from the motional narrowing to the ballistic regime of DP relaxation occurs in
close proximity to the beginning decrease of τs with n−0.25

opt . Moreover, it is not surprising with
regard to the tremendous influence of filling up higher Landau levels (cf. discussion above), that
the decrease in |g∗| proportional to n−0.1

opt starts at the transition from non-degenerate to degenerate
distribution of the optically induced electrons.

4.2.2 Spin dynamics at low temperature – dependences on optically induced
carrier density and magnetic field

Figure 4.13 depicts typical FR transients in In0.53Ga0.47As at T = 5K. Unless stated otherwise,
the transients discussed in the following are extracted from raw data recorded after left- and right-
circularly polarised excitation according to [FRσ+ (t)−FRσ− (t)]/2. This procedure subtracts a
slowly varying, polarisation-independent background from the data. The transients in figure 4.13
are recorded in an external magnetic field of B = 0.73T after excitation with pulses centred at
0.80eV. The pulses central photon energy is lower than the bandgap energy of Eg = 0.816eV
(cf. table 2.2), while photons with (0.80+0.02)eV – as mentioned in section 3.1, the full-width-
half-maximum of the OPA pulses is 40meV – excite electrons with an excess energy of less than
10meV. The transients are well modelled by exponentially decaying cosine functions, fits are
included in figure 4.13 as solid lines.

Influence of the optically induced carrier density

As at room temperature (see previous section 4.2.1), the optically induced carrier density influ-
ences the decay time of the electron spin signal as well as the effective Landé factor. Focussing
first on τs, the transient in the upper panel of figure 4.13 is, e.g., recorded with nopt = 8×1014 cm−3
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FIGURE 4.13 FR transients at T = 5K in B= 0.73T. The density of optically induced
electron-hole pairs varies from nopt ≤ nd (upper panel) to nopt ∼ 10×nd (lower panel),
where nd = 1.7×1015 cm−3 is the doping-induced electron density in the conduction
band at T = 77K. The lines are fits to the data.

and decays within ∼ 500ps, whereas the fit to the transient in the lower panel – for which nopt is
a factor of 25 higher – reveals τs ∼ 100ps. Figure 4.14 displays the τs and |g∗| for a wide range
of optically induced carrier densities from 2×1014 cm−3 to ∼ 1018 cm−3. The size of data points
correspond to the error bars for both quantities. As indicated by the different colours, the central
photon energy of excitation and probe pulses varies from 0.83eV over 0.80eV to 0.79eV (the full-
width-half-maximum is ∼ 40meV in all three cases). The reason for lowering the central photon
energy is to achieve lower nopt .

The effective Landé factor is in a good approximation independent of nopt as long as it is
. 1016 cm−3. The solid line in the lower panel of figure 4.14 indicates the average value of
|g∗|= 4.22±0.06 at low excitation densities. Such a value is close to results of g∗ =−4.04±0.02
[Bee95] or g∗ = −4.070± 0.005 [Kow96] from electron spin resonance measurements. It is fur-
thermore well approximated by the three-band kkk · ppp-prediction of g∗ = −4.2 as calculated from
equation (2.9). For nopt > 1016 cm−3, the effective Landé factor decreases, which once again is
possibly attributed to the filling of higher Landau levels.

Turning the focus to the spin relaxation time, a comparatively slow decline is observed for
nopt . 1015 cm−3 from τs ∼ 600ps at nopt = 2×1014 cm−3 to τs ∼ 500ps at nopt = 1×1015 cm−3.
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FIGURE 4.14 Influence of the optically induced carrier density on spin relaxation
time (upper panel, logarithmic abscissa and ordinate) and effective Landé factor
(lower panel, logarithmic abscissa) at low temperatures. The corresponding FR tran-
sients are recorded in B= 0.73T. The central photon energy is 0.83eV (blue), 0.80eV
(black) and 0.79eV (red). The error bars for τs and |g∗| are indicated by the size of
the data points. The solid line in the upper panel is a power law fit to the 0.83eV data.
The solid line in the lower panel indicates the average value of |g∗|. Both fits include
only the data points with nopt < 6×1016 cm−3 (vertical dashed line).

A further increase in nopt decreases the relaxation time according to approximately n−0.4
opt as long

as nopt is smaller than∼ 1017 cm−3. A corresponding fit to the data with the photon energy centred
at 0.83eV is included exemplarily in the upper panel of figure 4.14. At higher excitation densities,
τs decreases even faster with nopt . For comparison: at room temperature τs ∝ n−0.25

opt is observed in
this density range (cf. section 4.2.1). First of all, the τs found in experiment are orders of magni-
tude lower than the theoretical prediction for degenerate DP (4.4) or EY (4.7) relaxation with the
momentum relaxation time calculated from the measured Hall mobility and its typical temperature
dependence [Oli81]. In the temperature range of interest – that is (5−10) K – the strongest spin
relaxation rate is predicted by the degenerate EY model. The corresponding τs is∼ 100ns as com-
pared to the experimentally observed ∼ 500ps at low excitation densities. As mentioned in the
discussion of the low temperature spin relaxation times in GaSb in section 4.1.2, a more sophis-
ticated theoretical model is crucial to explain the experimentally determined τs. The main reason
is the tremendous energy dependence of the momentum scattering rate at low temperatures, that
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is not appropriately accounted for by the τp extracted from the Hall mobility and by simplifying
the carrier energy distribution with the constant values kT or EF [Jia09b]. As already mentioned,
the fully microscopic kinetic spin Bloch equation approach of Jiang et al. overcome such inade-
quate assumptions [Jia09b]. In their approach, all possible momentum scattering mechanisms are
included ab initio. The authors identify the DP mechanism to dominate over the EY mechanism
over a wide range of electron densities and even for narrow gap semiconductors like InAs or InSb.
This is in contrast to the conclusions drawn from the simplified analysis relying on equations (4.4)
and (4.7). For the prototypical material GaAs at liquid helium temperature, Krauß et al. compare
model calculations similar to those of Jiang et al. to the spin relaxation times they extract from
FR transients [Kra10]. For moderately n-doped GaAs with nd ∼ 4×1016 cm−3, their results range
from τs = 900ps (theory) and τs = 600ps (experiment) for nopt ∼ 1015 cm−3 to τs = 350ps (the-
ory) and τs = 500ps (experiment) for nopt ∼ 4×1016 cm−3. Given that the spin-orbit parameter α

is comparable for GaAs and In0.53Ga0.47As, similar values for τs in both materials are reasonable.
Moreover, the theoretical dependence of τs on nopt found by Krauß et al. can be approximated by
a a power law fit with an exponent of−(0.4−0.5) for nopt in the range of (1−4)×1016 cm−3 and
is less steep for lower excitation densities. These findings are similar to the present observations
for In0.53Ga0.47As. In total, the low temperature dependence of τs on nopt found in the present
study are qualitatively and quantitatively in line with DP relaxation of conduction band electron
spins. Another interesting point is the range of the motional narrowing regime at low tempera-
tures. According to equation (4.3), the critical density at (5−10)K is a factor of ∼ 100 lower as
compared to the value at room temperature, or precisely Nc = 5× 1014 cm−3 at 5K. The Fermi
energy (4.2) thus overcomes the thermal energy even for the lowest investigated nopt < 1015 cm−3.
At such low excitation densities and with taking into account nd = 1.7 ×1015 cm−3, EF ∼ 1meV,
whereas at the highest investigated nopt ∼ 1018 cm−3, EF = 90meV. With τp ∼ 10−14 s at T = 5K,
this results in ΩBIA× τp = 0.06� 1 even for nopt ∼ 1018 cm−3. Thus, for an electron that is fully
described by EF and τp calculated from the Hall mobility, the motional narrowing condition would
hold over the hole investigated range of excitation densities. However, as mentioned above, the
optically induced electron distribution is not necessarily appropriately described using these ap-
proximations. For example, Krauß et al. estimate the transition from the motional narrowing to the
ballistic regime at an electron density of ∼ 1017 cm−3 for their moderately doped n-GaAs sample
and nopt = 2×1016 cm−3. This corresponds to the density above which the n−0.4

opt does not model
the dependence of τs on nopt – and the density above which |g∗| markedly deviates from the low
density value – in the In0.53Ga0.47As data shown in figure 4.14.

Magnetic field dependence of the coherence time

As mentioned at the beginning of the present chapter, comparatively long spin coherence times
are observed when the spin-carrying electrons are bound to donors. However, the value of the
spin relaxation time discussed in the previous section point to DP relaxation of itinerant elec-
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trons. To gain further information about the dominant relaxation mechanisms, the magnetic field
dependence of τs is investigated. Background of this approach is the marked decrease in τs with
increasing magnetic field observed by Kikkawa et al. [Kik98] in the case of donor-bound elec-
trons, where spin relaxation is dominated by hyperfine interaction with the lattice nuclei and/or
anisotropic exchange interaction (cf. section 2.3). Consequently, despite the exact values of τs, a
reversed dependence of τs on B as compared to the observation at room temperature discussed in
section 4.2.1 can point to spin relaxation of donor-bound electrons. Figure 4.15 shows the τs as
well as the effective Landé factor extracted from FR transients recorded at T = (8− 10)K. The
magnetic field dependence is shown for two different excitation densities, nopt = 3× 1016 cm−3

(black data points) and nopt = 6× 1014 cm−3 (blue data points) from zero magnetic field up to
0.7T. The latter excitation density is in the range of the minimal nopt examined in the present
study (cf. discussion in the previous section 4.2.2).

The effective Landé factor is independent of B as expected at such comparatively low magnetic
fields [Oes95]. The solid line is a fit to the data and reveals |g∗|= 4.18±0.06 in agreement with
the finding in section 4.2.2.

Turning the focus to the spin relaxation time, the dependence on nopt is comparable for both
excitation densities and similar to the situation at room temperature: the relaxation times in an
external magnetic field are found to exceed those for zero magnetic field, and increasing B tends to
extend spin coherence. Consequently, even at nopt = 6×1014 cm−3 the magnetic field dependence
points towards DP relaxation of conduction band electron spins rather than relaxation of donor-
bound electron spins. The reason is probably the spectral width of the utilised laser pulses centred
at h̄ω . As previously mentioned, the photons with energy (h̄ω +HWHM) excite electrons with an
excess energy of some meV. Those, as well as electrons excited by photons of even higher energy,
contribute markedly to the electron population keeping in mind that the pulses are centred below
the bandgap in the temperature range of interest. Typical binding energy at shallow donors lie in
the same order of magnitude than such excess energies [Nak99], so that it is not astonishing, that
itinerant electrons dominate the signal in the present excitation configuration.

Nevertheless, FR transients at B = 1.4T and B = 2.1T give rise to the interpretation that a
mixture of itinerant and donor-bound electrons is responsible for the FR signal. Both transients
are recorded under the same conditions than the transients that correspond to the data at the lower
nopt in figure 4.15. The transient at B = 1.4T is shown exemplarily in figure 4.16 (as a black
line in the main panel). Unlike the transients recorded in magnetic fields up to 0.7T, the Larmor
precessions at higher fields can not be modelled adequately by a single exponentially damped
cosine function. The transients are rather well reproduced by two exponentially decaying cosines
of same frequency but different initial amplitudes Ai, relaxation times τsi and a phase difference
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FIGURE 4.15 Magnetic field dependence of spin relaxation at low temperatures for
nopt = 3×1016 cm−3 (black data points) and nopt = 6×1014 cm−3 (blue data points).
The central photon energy of incident pump and probe pulses is 0.8eV. Upper panel
(logarithmic ordinate): Spin relaxation time. The error bars to the data at higher
excitation density are indicated by the size of the data points. The dotted lines are
guides to the eye. Lower panel: effective Landé factor. The solid line is the average
value.

∆ϕ = (ϕ2−ϕ1), according to6

FR(t) =
2

∑
i=1

Ai× exp(−t/τsi)× cos [(ωL)× t +ϕi] . (4.10)

The fit according to equation (4.10) is included in figure 4.15 as a solid line. The relevant fitting
parameters are A1/A2 = 2, τs1 = 170ps, τs2 = 1ns and ∆ϕ = π . For the transient in B = 2.1T,
similar parameters are extracted: A1/A2 = 1.4, τs1 = 150ps, τs2 = 1ns and ∆ϕ = 0.7π . The
phase difference of ∼ π is very interesting in consideration of a time-resolved FR analysis in
GaAs by Hohage et al. [Hoh06]. Their experiments at T = 5K rely on tunable pulses with
a comparatively narrow spectral width of 0.5meV, and reveal a phase reversal tuning the laser
pulses from the bandgap towards higher photon energies. For excitation at the absorption edge,

6To guarantee reasonable acquisition times, the FR transients at B = 1.4T and B = 2.1T are raw data corresponding
to one circular polarisation. The polarisation-independent background is accounted for by an additional exponential
decay in the fit function. This is omitted in (4.10) since it is not of physical relevance here.
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FIGURE 4.16 FR transient at T = 10K in a magnetic field of 1.4T after excitation
of 6×1014 cm−3 electron-holes pairs. The line is a fit to the data according to model
function (4.10). The insets are magnified views at short (upper left) and long (lower
right) delay times.

they observe τs ∼ 20ns and attribute the FR signal to donor-bound electrons, while for excitation
with higher photon energies, τs decreases to∼ 500ps and itinerant electrons are stated responsible
for the FR signal. The two signal components with a phase difference of ∼ π found in the present
investigation could therefore stem from a mixture of both species. The coherence time of ∼ 1ns
for the potentially donor-bound electron spin polarisation is short compared to the maximum τs of
the order of 100ns, that is reported for n-type GaAs (cf. overview of literature data 4). In principle,
the strength of the hyperfine interaction is presumably stronger in In0.53Ga0.47As than in GaAs due
to the involved nuclei. The isotopic spin quantum numbers for the stable isotopes of Gallium and
Arsenic is I =−3/2, whereas for Indium it is I = 9/2. In addition, the exact value of τs depends
crucially on the exact value of the correlation time and its density dependence. The latter sets
the crossover from spin relaxation dominated by hyperfine or anisotropic exchange interaction (cf.
section 2.3). In total, electron capture by donors can possibly – albeit somewhat speculatively due
to the limited available data – explain the FR transients at higher magnetic fields.

4.3 Summary

Polarisation-resolved pump-probe measurements in the direct-gap (bulk) semiconductors GaSb
and In0.53Ga0.47As reveal (i) electron effective Landé factors consistent with literature results from
spin resonance measurements and (ii) that electron spin relaxation is mostly dominated by the
D’yakonov-Perel’ mechanism. In particular, the impact of spin-orbit coupling on electron spin
relaxation becomes evident when comparing relaxation times in both materials. GaSb is a model
system for strong spin-orbit coupling, spin relaxation at room temperature occurs within some ps.
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The relevant band parameters of In0.53Ga0.47As are comparable to those of GaSb except for the
weaker spin-orbit coupling, and room temperature spin relaxation times of up to 40ps are ob-
served. The present results are based on two variable n-doped and an undoped GaSb sample(s), as
well as an n-type In0.53Ga0.47As sample. In particular, electron spin coherence in both materials
is optically detectable in the telecom wavelength band around 1.55 µm, which is interesting for
device applications. Material-specific key results are recapitulated in the following.

Gallium antimonide The relatively strong spin-orbit coupling in GaSb enhances the room tem-
perature electron spin relaxation rate by a factor of 6 as compared to In0.53Ga0.47As and more
than a factor of 10 as compared to literature values for the prototypical material GaAs. Spin
relaxation times range from (1−30)ps depending on temperature, doping concentration and op-
tically induced carrier density. A significant portion of the observations is in agreement with a
well-known analytical formulation of D’yakonov-Perel’ relaxation within a reasonable parameter
range. In particular, the spin relaxation times are consistent with the model in all samples at room
temperature, and also in the n-doped samples at low temperatures, where the electron distribu-
tion is degenerate. However, the low temperature spin relaxation times observed in the nominally
undoped sample are orders of magnitude shorter than the model prediction. Such a finding con-
firms that the underlying description of the electron distribution by unperturbed material properties
fails. In addition, the electron effective Landé factor of |g∗|= 9±1 is determined in the nominally
undoped sample at room temperature.

Indium gallium arsenide In In0.53Ga0.47As, the crossover from the motional narrowing to the
ballistic regime of D’yakonov-Perel’ spin relaxation is observed at room temperature. For mod-
erate optically induced carrier densities – that is in the motional narrowing regime – the electron
effective Landé factor is |g∗| ∼ 3.8. The dependences of the spin relaxation time on magnetic-
field magnitude and temperature is qualitatively and quantitatively consistent with the analytical
D’yakonov-Perel’ model mentioned above. In the ballistic regime, both the absolute value of
the effective g factor and the spin relaxation time decrease with increasing excitation density. In
proximity of liquid helium temperature, the low temperature effective Landé factor known from
electron spin resonance measurements is affirmed with |g∗| ∼ 4.2. The values of τs and the de-
pendences on the excitation density and magnetic-field magnitude are in good agreement with
literature results on D’yakonov-Perel’ relaxation of optically induced, itinerant electrons in the
prototypical and related material GaAs. At magnetic fields > 1T the data indicate electron capture
to donor sites and subsequent spin relaxation. Due to the spectrally broad excitation, the observed
spin relaxation times, however, remain two orders of magnitude below the ∼ 100ns reported in
literature for donor-bound electron spins in comparably doped GaAs samples.
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5 Spin dynamics in the indirect-gap
semiconductor germanium

The present chapter addresses the dynamics of photogenerated carrier spin polarisations in the
indirect-gap (bulk) semiconductor Ge. In particular, previously unaddressed questions about car-
rier spin injection and readout via indirect optical transitions are examined, and the impact of the
multivalley conduction band on the dynamics of photogenerated electron spins is investigated. As
mentioned in the introduction, in both, silicon and germanium, relatively long electron spin relax-
ation times occur when compared to direct-gap semiconductors. The inversion-symmetric crystal
structure not only excludes D’yakonov-Perel’ relaxation, but also relaxation via anisotropic ex-
change interaction. In addition, the prevailing isotopes are spinless, which suppresses relaxation
via hyperfine interaction (cf. section 2.3). As a result, at temperatures as low as 1.3K, spin-
lattice relaxation times of 103 s in silicon [Wil61] and 10−3 s in Ge [Wil64] are reported from spin
resonance measurements on donor-bound electrons in accordance with direct and Raman-type
spin-lattice interactions [Has60, Rot60]. Also hole spins are expected to relax comparatively slow.
A theoretical investigation of hole spin relaxation in Ge predicts relaxation times up to 500ps
[Dar05]. Specifically, that is is two orders of magnitude longer than in typical direct-gap semicon-
ductors [Hil02, Yu05, She10]. Although silicon as the core material of conventional electronics is
probably more interesting in view of device applications, in the present study, Ge is selected due
to the following reasons. First, optical transitions can be induced predominantly across the indi-
rect as well as across the direct bandgap with the available photon energies. Second, Ge exhibits
relatively strong spin-orbit coupling. As a result, the elements of the electron effective g tensor are
comparatively different. In particular, gt−gl = 1.1 in Ge compared to gt−gl =−10−3 in silicon,
as reported from the electron spin resonance measurements quoted above. Thus, in Ge, the impact
of the tensor character on electron spin precession and decoherence is much stronger, and can
be detected within the accessible delay time of the present (typical) magneto-optical pump-probe
setup.

The results on carrier spin dynamics in Ge are presented as follows. After a short overview of
relevant sample parameters and experimental details, both the origin of spin-dependent response
as well as the impact of excitation conditions is discussed in section 5.1. The data implies that hole
and electron spin dynamics are accessible. The dynamics of both species are subsequently inves-
tigated in sections 5.2 and 5.3 with regard to effective Landé factor/Landé tensor and coherence
times. Parts of the chapter have been published as [Hau11, Hau12].
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Sample properties – surface orientation and electronic properties The Ge samples are com-
mercial optical grade n-type wafers with thicknesses in the range of 1mm. The surfaces of samples
A1 and A2 are oriented normal to [1,0,0], according to the manufacturer (Umicore Electro-Optic
Materials). The surface orientation of sample B (Edmund Optics) is determined by X-ray struc-
ture analysis relying on conventional θ -2θ detection of the X-rays emitted from a molybdenum
tube and reflected from the sample surface1. Figure 5.1 depicts the counts detected by the utilised
Geiger-Müller counter versus the angle of incidence θ . Evaluation of the diffraction data2 reveals
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FIGURE 5.1 X-ray diffraction pattern of sample B. The detector counts indicate the
amount of radiation diffracted at the sample surface and are plotted against the angle
of incidence θ .

that the surface is oriented normal to [1,1,1] with an accuracy of 1%. Note that this accuracy ex-
presses the resolution limit of the experiment. The surface orientation of wafers is typically exact
within 0.1%, as is stated by the manufacturer for samples A1 and A2.

Concerning the electronic properties, the donor concentration is in the range nD ∼ 1013 cm−3

for samples A1 and B, whereas sample A2 is comparatively highly doped with nD ∼ 1016 cm−3.
The resulting electronic properties at room temperature are included in table 5.1 together with the
respective surface orientations and sample thicknesses d. The data for samples A1 and A2 – that
are doped with Antimony (Sb) – is again as specified by the manufacturer. Resistivity (ρ) and Hall
mobility measurements reveal carrier (equals donor) concentration and polarity.

Experimental details For time-resolved transmission measurements, the samples are mounted
in an optical cryostat, conductive lacquer is used as an additional support and to ensure good
heat contact. For the data in sections 5.1 and 5.2 the Cryovac cryostat is used. The magnetic

1The X-ray setup of the Physikalisches Anfängerpraktikum at the Technische Universität München was used
http://www.ph.tum.de/studium/praktika/ap/versuche/roen with the kind permission of Dr. Martin Saß.

2For details, refer to, e.g., [Kop04].
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5.1 SPIN-DEPENDENT OPTICAL RESPONSE

sample surface orientation ρ[Ωcm] nd[cm−3] dopand d[mm]

A1 〈100〉 66±3 (2.2±0.1)×1013 Sb 0.55
A2 〈100〉 0.045±0.005 (6±1)×1016 Sb 0.35
B 〈111〉 20±1 (6±2)×1013 ? 1.5

TABLE 5.1 Ge samples parameters. Samples A1 and A2: Umicore Electro-Optic
Materials, surface orientation, resistivity, doping concentration and doping atom ac-
cording to the manufacturer’s data. Sample B: Edmund Optics, surface orientation
from X-ray analysis, doping concentration and polarity from resistivity and Hall mo-
bility measurements.

field is provided by the GMW electromagnet. For the data in section 5.3 temperatures from T =

10K to T = 250K and magnetic fields up to B = 2.1T are provided by the Spectromag® system.
Most of the data is recorded relying on the Coherent RegA/OPA system. Hole spin dynamics is
additionally investigated with the Toptica FFS as a laser source (cf. section 5.2, the data is marked
accordingly). Carrier spin dynamics is only investigated via FR, since the polarisation bridge
could not be balanced with a quarter-wave plate. The reason are presumably linear magneto-
optical effects in the comparatively thick samples.

5.1 Spin-dependent optical response

Owing to the indirect bandgap of Ge spin-dependent optical response is more complex as com-
pared with direct-gap semiconductors. Due to the energetic proximity of Γ- and L-valleys in the
conduction band (∆ΓL = 0.17eV at low temperatures, cf. table 2.2) energies that are resonant
with indirect optical transitions intrinsically are not far from being resonant with direct optical
transitions. As a result, two plausible mechanisms for optical spin readout exist. Mechanism A:
A hole spin population in the Γ-valley can induce Faraday rotation for the present probe photon
energies because they are only slightly detuned with respect to the direct bandgap (cf. corre-
sponding results in GaAs [Wes07]) and, thereby, reveal hole spin dynamics. Mechanism B: Any
spin-population in the L-valley will affect the corresponding optical transitions via Pauli blocking.
This leads to circular dichroism and/or FR for such indirect transitions, reflecting electron spin
dynamics in the L-valleys. The FR transients depicted in figure 5.2 indicate that both mechanisms
for spin-dependent optical response indeed exist. The transients are recorded in sample B at a
crystal temperature of T = 8K. Excitation and probing is – as for most of the FR transients dis-
cussed in this chapter – predominantly across the indirect bandgap. The corresponding transitions
are illustrated in red in the simplified band diagram in figure 5.3. The energy gaps relevant for the
ultrafast magneto-optical investigations presented in this work are the fundamental bandgap Eg

and the energy gap at the Γ-point EΓ1 . The split-off hole band is not shown. It is located ∼ 0.3eV
below the top level of the valence band and transitions from this band into the conduction band
are effectively not probed. The specified values for Eg and EΓ1 are low temperature values (cf.
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FIGURE 5.2 Spin-dependent optical response in Ge (sample B) for two different exci-
tation densities (excitation predominantly across the indirect bandgap) and magnetic
field magnitudes at T = 8K. The FR transients reveal two spin-carrying species char-
acterised by different initial amplitude, decay time and precession frequency (the am-
plitude is rescaled for delay times exceeding 80ps to show the longer-lived species).

section 2.1). After photo-excitation, holes remain in the Γ-valley while electrons reside in the
L-valleys. (For excitation across the direct bandgap, phonon-assisted scattering repopulates the
electrons into the L-valleys of the conduction band within less than 1ps [Ros88].) For the data in
figure 5.2 both incident excitation and probe pulses are centred at h̄ω = 0.82 with a full-width-
half-maximum of 0.04eV. The respective spectral shape is depicted in the right panel of figure 5.3
together with a Gaussian fit that extracts central pulse energy and width (solid line). Note that,
indeed, the absorption coefficient of Ge [Iof] varies by three orders of magnitude when comparing
the two extreme tails of the laser pulses. The fraction of carriers excited via direct transitions is
still minimal since the sample thickness is of the order of the penetration depth of zp = 0.5mm
for the central pulse energy. The transients in figure 5.2 are recorded with two different optically
induced carrier densities that specifically are nopt = 4× 1016 cm−3 (upper and second panel) and
nopt = 2×1015 cm−3 (lower panel). Three main observations are encoded in the transients. (i) Two
oscillatory signal components of different amplitude and frequency are observed. The amplitudes
scale as 100 : 1, the precession frequencies as 3 : 1. The large amplitude, high-frequency com-
ponent decays on a time scale of ∼ 50ps, while the oscillations of smaller amplitude and lower
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FIGURE 5.3 Right-hand side: Simplified band structure of Ge indicating excitation
with OPA pulses predominantly across the indirect bandgap (central photon energy
0.82eV), as well as across the direct bandgap (central photon energy 0.91eV). Left-
hand side: spectral shape of the laser pulses. Solid lines: Gaussian fits.

frequency persist beyond 200ps. (The signal amplitude is rescaled by a factor of 20 for delay
times exceeding 80ps). (ii) When the magnetic field is lowered from B = 0.73T to B = 0.45T (cf.
upper and second panel), the oscillation period increases as expected for carrier spin polarisations
that exhibit coherent Larmor precession. The oscillatory FR signals reverse sign upon changing
the helicity of the exciting laser pulses, while they are absent for the case of pumping with lin-
early polarised light (cf. sample traces in the second panel). (iii) The high-frequency oscillation
is strongly damped for the stronger excitation condition while the low-frequency oscillation still
shows virtually no damping beyond 200ps (cf. upper/second panel and lower panel, respectively).
These observations give evidence that circularly polarised optical excitation of bulk Ge generates
two different and rather long-lived species, which both exhibit coherent Larmor precession with
significantly different effective g factors. As will be corroborated in sections 5.2 and 5.3, there is
substantial evidence that the faster decaying part of the signal reveals hole spin coherence – that is
typically not resolved in bulk III-V semiconductors – whereas the long-lived part is related to elec-
tron spin coherence. The amplitudes of hole and electron spin signatures indicate that mechanism
A (that reveals electrons spins in the L-valleys) is two orders of magnitude weaker than mechanism
B (that reveals hole spins in the Γ-valley). Prior to detailed investigations on hole and electron spin
dynamics, it is instructive to compare (i) excitation predominantly across the direct bandgap to ex-
citation predominantly across the indirect bandgap and (ii) the magnitude of the magneto-optical
response per photogenerated electron to the situation in III-V semiconductors. Figure 5.4 shows
respective electron spin signals from sample B at T = 8K. The transients are extracted from the
difference between the signals for σ+ and σ− polarised excitation to remove a slowly varying
background. The transient in the upper panel is recorded after excitation of nopt = 4×1016 cm−3

electron-hole pairs predominantly across the indirect bandgap. As for the data in figure 5.2 above,
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FIGURE 5.4 Electron spin precession in sample B detected with different pump/probe
configurations. The sample is cooled to T = 8K and exposed to B = 0.73T. Upper
panel: Excitation predominantly across the indirect bandgap. Pump and probe pulses
centred at 0.82eV. Second and lower panel: Excitation across the direct bandgap.
Pump and probe pulses centred at 0.91eV (second panel) or pump pulses centred at
1.55eV and probe pulses centred at 0.82eV (lower panel).

the OPA is tuned to photon energies centred at 0.82eV. In contrast, the transients in the second
and lower panel are recorded after excitation across the direct bandgap. For the data in the sec-
ond panel the OPA is tuned to (0.91± 0.02)eV. These photon energies exceed EΓ1 = 0.89eV,
so that absorption occurs predominantly via direct optical transitions. Both excitation schemes
are illustrated in figure 5.3. The spectral shape of the incident pump and probe pulses is included
in the right panel of the figure together with a Gaussian fit. The transient in the lower panel of
figure 5.4 is recorded after excitation with RegA pulses centred at 1.55eV. As before the probe
pulses are delivered by the OPA and centred at 0.82eV. The electron spin signal is detected in all
three pump/probe configurations. This can be understood recalling that a population of electrons
at the L-point (and holes at the Γ-point) is effectively produced regardless of whether carriers are
excited predominantly across the direct or the indirect-gap. The difference – that, however, does
not affect the readout of the electron spins – lies in the initial states of electron repopulation within
the conduction band. These are either located in the Γ-valley (excitation predominantly across the
direct gap), or are virtual states (excitation predominately across the indirect gap, cf. section 2.2).
The signal amplitudes as well as the decay times of the transients in figure 5.4 are of the same
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order of magnitude. Naturally, excitation across the direct bandgap leads to higher densities of
photogenerated carriers when using similar irradiances. Specifically, nopt is more than two orders
of magnitude higher for excitation with pulses centred at 0.91eV and at 1.55eV as compared to
excitation across the indirect bandgap. The robustness of the electron spin signal against strong
excitation conditions is thus further corroborated. As a side remark, no hole spin signal is resolved
after excitation with pulses centred at 1.55eV in contrast to excitation predominantly across the
indirect bandgap and excitation with pulses centred at 0.91eV. (This information is not included in
figure 5.4. The transients are shown for delay times exceeding 50ps which is beyond the lifetime
of the hole spins at the present excitation densities, cf. section 5.2.2.) The lack of hole spin sig-
nature after excitation with pulses centred at 1.55eV might originate from the possibility to excite
split-off holes (the corresponding transitions are only accessible by the excitation pulses and, as
stated before, not by the probe pulses). The admixture of split-off holes seems to prevent hole spin
polarisation. Turning the focus back to the electron spin signal, the magnitude of the magneto-
optical response per photogenerated electron can be estimated, assuming that each pump photon
that is absorbed in the sample promotes one electron to the conduction band. For excitation with
pulses centred at 0.82eV, in the following referred to as configuration 1, the FR signal per photon
per spot area is approximately 1×10−19 cm2. Comparing the various excitation conditions, the FR
signals per areal density are in a 1 : 1/2 : 1/2 ratio for excitation with pulses centred at 0.82eV,
0.91eV (configuration 2) and 1.55eV (configuration 3), respectively, since the sample is optically
thick for all three excitation conditions and comparable pump fluences are used. It is instructive to
compare these values of the FR signal per areal density in Ge to typical values in III-V semicon-
ductors. For a precise result, FR transient in Ge and in In0.53Ga0.47As are recorded subsequently
under the exactly same experimental conditions (in particular, spot size, temperature and mag-
netic field magnitude). The FR signal per photon areal density in In0.53Ga0.47As is 3×10−16 cm2.
This value is 3 orders of magnitude larger than the values stated above for Ge. Estimates based
on FR transients in In0.53Ga0.47As and GaSb recorded at various temperatures consistently yield
2− 3 orders of magnitude larger FR signal per photon areal density in the direct-gap materials.
As discussed in section 2.2, in typical III-V semiconductors an electron spin polarisation of 50%
is induced by circularly polarised photons with Eg = h̄ω , and the polarisation degree is not de-
creased markedly for higher photon energies as long as h̄ω < Eg+∆. Thus, for comparable carrier
spin orientation and readout efficiencies in a degenerate pump/probe configuration, the detected
FR amplitude corresponds to Pe×Pe = 25% [Bog00]. Investigating Ge in configuration 1, car-
rier spin orientation and readout efficiencies are presumably also comparable, since both address
indirect optical transitions. Consequently, the comparison of the FR signals per areal density in
the direct-gap semiconductors and Ge indicates an electron spin polarisation of approximately
1% for excitation predominantly across the indirect bandgap of Ge. Note that, recently, Guite
and Venkataraman extracted a somewhat higher orientation efficiency of∼ 5% for excitation with
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h̄ω = 0.92eV across the direct bandgap of Ge [Gui11]3. Such values are, in terms of magnitude,
in line with the theoretical results on optically induced electron spin polarisation versus excess en-
ergy in silicon by Cheng et al. [Che11, cf. section 2.2]. In particular, the electron spin polarisation
is considerably smaller than the value of 50% for excitation just above the fundamental bandgap
of Ge. This is expected at the present excess energy of∼ 0.1eV, that exceeds the phonon energies
by approximately a factor of 3. The orientation efficiency in configuration 2 and 3 can not be quan-
tified as easily, since FR is again detected via indirect optical transitions (in configuration 2, FR is
detected by the extreme long-wavelength tail of the probe pulses around 0.86eV since the pene-
tration depth at 0.91eV is only 2 µm). However, the comparable magnitudes of magneto-optical
response for all three pump-probe configurations indicate that the efficiency of optical orientation
does not substantially differ for excitation across the direct and the indirect bandgap.

5.2 Hole spin dynamics

In the present section, the spin carrying species claimed as holes in the Γ-valley is investigated.
After presenting typical raw data, the effective Landé-factor is discussed in section 5.2.1. The
coherence time of the hole spin signal is analysed in section 5.2.2. First, the influence of magnetic
field magnitude and optically induced carrier densities is addressed. Second, zero-field transients
recorded with various excitation densities and different central pulse energies are evaluated. The
impact of the repetition rate is discussed based on complementary measurements relying on the
fibre laser. Finally, the dependence of the coherence time on crystal temperature is evaluated.

Characteristic raw data for hole spin coherence is shown in figure 5.5 without external magnetic
field and for two different field magnitudes (B = 0.45T and B = 0.73T). As most of the data
discussed in this section, the transients are recorded in sample B after excitation predominantly
across the indirect bandgap while the crystal is cooled to T = 8K. The initial carrier density is
nopt = 8×1014 cm−3. The zero-field FR signal is scaled logarithmically to show the peak at time
overlap of excitation and probe pulses. The width as well as the decay time of the initial peak is
approximately 0.5ps, and its amplitude is typically 10 to 20 times stronger than the initial ampli-
tude of the hole spin signal. Possible reasons for signals close to the time overlap include two-
photon absorption involving pump and probe photons, as well as hot carrier relaxation [Sha89].
In addition, the peak may include heavy-hole spin dynamics (cf. discussion below). After the
sub-picosecond decay, the experimental data is fitted well by a mono-exponential decay for B = 0
and by exponentially decaying cosine functions for B 6= 0. The fits are indicated as solid lines in
figure 5.5 and reveal decay times as well as the effective g factor (in case B 6= 0).

3In the referred experiment, the polarisation direction of optically induced electron spins was modulated using an
electro-optical modulator driven by a radio frequency voltage, and the modulated spin polarisation was detected
electrically by a radio-frequency coil.
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FIGURE 5.5 FR transients mapping hole spin coherence in sample B at T = 8K after
excitation of nopt = 8×1014 cm−3 electron-hole pairs. The central photon energy of
the incident pump- and probe pulses is h̄ω = 0.82eV and sample is cooled to T = 8K.
Solid lines: mono-exponential or exponentially decaying cosine fits.

5.2.1 Effective Landé factor

To gain information about the hole effective g factor, transients for up to five different magnetic
field amplitudes (from B ∼ 0.2T to B ∼ 0.7T) are evaluated for various excitation conditions.
As indicated in section 5.1 and discussed in detail in the following section 5.2.2, the longest
hole spin coherence times are observed with comparatively low excitation densities and at low
crystal temperatures. Consequently, |g∗| can be determined most accurately under such conditions.
figure 5.6 plots the values of |g∗| extracted from transients recorded at T = 8K after excitation
predominantly across the indirect bandgap with pulses centred at 0.82eV. The resulting excitation
densities range from ∼ 2× 1014 cm−3 to ∼ 4× 1016 cm−3. The error bars in figure 5.6 include
statistics from comparing various magnetic field magnitudes as well as a 1% uncertainty in the
latter (cf. section 3.2). The solid line is a linear fit to the data. It reveals |g∗|= 5.7±0.2. Transients
recorded after excitation across the direct bandgap – with nopt ≥ 1017cm−3 – and after excitation
with fibre laser pulses yield consistent values of |g∗|, yet contain bigger uncertainty due to smaller
statistics and/or shorter decay times (data not shown). The same is true for sample A1, while in the
more strongly doped sample A2, no hole spin signal is detected. The latter finding points towards
a strong influence of impurity scattering on hole spin relaxation. In particular, after excitation
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FIGURE 5.6 Hole effective Landé factor. The corresponding FR transients are
recorded in sample B at T = 8K and in various magnitudes of the external magnetic
field. The solid line indicates the average value.

across the direct bandgap, T ∗2 ∼ 20ps is observed in sample B for nopt ranging from 1017 cm−3 to
1019 cm−3 (cf. data in section 5.2.2) although these optically induced carrier densities exceed the
doping density of sample A2 by up to 2 orders of magnitude. An effective g factor of ∼ 5.7 is
inconsistent with the expectation for L-valley electrons taking into account the present spin-orbit
coupling (cf. the kkk · ppp-approximation (2.10) and the investigation of the L-valley Landé tensor in
section 5.3). For electrons in the Γ-valley, g = −3.0± 0.2 is reported from magneto-reflectance
measurements [Agg70]. The same experiment revealed g =−10±3 for split-off holes. Combined
spin-cyclotron resonance measurements in strained Ge indicate g = 2κ = 7.20± 0.08 for light
holes [Hen68], where κ is one of the Luttinger parameters [Lut55]. Roth et al. used a somewhat
lower value of κ = 3.266 to match their experimental magneto-absorption spectra [Rot59]. The
value of |g∗|= 5.7±0.2 extracted from the faster decaying component of the FR transients is thus
closest to the literature results for light holes. Note that the optical orientation process induces
three times more heavy hole spins than light hole spins, and carrier scattering from the heavy hole
to light hole band is typically faster than vice versa [Sch95]. A possible explanation why heavy
hole spins are not detected in the present measurements is a comparatively fast decay of heavy hole
spin polarisation. Indeed, simulations of hole spin coherence in Ge result in faster relaxation of
heavy hole spins as compared to light hole spins [Dar05]. However, the relaxation times predicted
for conditions comparable to those of the present experiment are some picoseconds, which exceeds
the initial sub-picosecond decay by one order of magnitude.
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5.2.2 Coherence time – dependences on magnetic field, excitation conditions and
temperature

Figure 5.7 depicts decay times of FR transients for various magnetic fields and optically induced
carrier densities. As in the further course of the present section, instead of τs, the notation T ∗2
and τB=0 is used for decay times extracted from transients with and without external magnetic
field, respectively. The data in figure 5.7 is extracted from the FR transients, that are also used for
the analysis of the effective Landé factor in the previous section (specifically, the transients are
recorded at T = 8K with pulses centred at h̄ω = 0.82eV).

Magnetic field dependence As seen in figure 5.7, longer decay times are found without mag-
netic field when compared to data with magnetic field (τB=0 > T ∗2 ), and the coherence time further
decreases with increasing B. As an example, at the lowest investigated excitation density – that
is nopt = 2×1014 cm−3 – the coherence time without external magnetic field is ∼ 80ps compared
to T ∗2 ∼ 30ps in B = 0.73T. Due to the center of inversion inherent to the Ge crystal, DP relax-
ation does not occur, and EY-type relaxation probably dominates spin relaxation (cf. section 2.3).
There are two possible explanations for a magnetic-field mediated enhancement of spin decoher-
ence. The first is indeed EY relaxation in the limit of strong mixing of the spin eigenstates. In
this context, a model including certain points in the band structure, where the mixing is largely
enhanced – known as spin hot spots – e.g. reproduces the experimentally observed decrease of
the spin relaxation time with increasing magnetic fields in metals [Ẑut04]. In consideration of the
stronger influence of spin-orbit coupling on holes when compared to conduction band electrons,
stronger mixing – and thus, a decrease of the coherence time with increasing B – is plausible for
hole spins. The second explanation lies in the kkk-dependence of the Landé factor, that is presum-
ably strong in the anisotropic and degenerate hole band, and might consequently dominate spin
relaxation even at comparatively low magnetic-field magnitudes. As mentioned in the discussion
of magnetic-field dependent spin relaxation in In0.53Ga0.47As, such an effect is found to reduce
the electron spin relaxation time upon increasing B (cf. section 4.2.1 and references therein). It
is furthermore instructive to compare the value of τB=0 with the simulations on hole spin deco-
herence by A. Dargys [Dar05]. His calculations are based on EY-like spin relaxation mediated
by momentum scattering between valence band states. The result is (300− 2)ps for heavy hole
spins and (500−20)ps for light hole spins. The long values are valid for hole kinetic energies up
to 10meV, whereas the short hold at approximately 250mV. In the present experiment, holes are
excited with excess energies of∼ 100meV corresponding to a spin relaxation time of∼ 100ps for
light holes and 5ps for heavy holes. As mentioned, the latter is somewhat too long to exclusively
explain the lack of heavy hole spin signature in the FR transients. The former, however, is in good
agreement with the experimentally observed (light hole) coherence time at relatively moderate ex-
citation conditions (cf. figure 5.7 and additional data at weaker excitation conditions shown in the
following). As mentioned at the beginning of the of the present chapter, such hole spin relaxation
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FIGURE 5.7 Dependence of the spin coherence time with and without external mag-
netic field for various optically induced carrier densities and magnetic field magni-
tudes. The corresponding FR transients are recorded at T = 8K with pulses centred
at h̄ω = 0.82eV. The lines are power law fits.

times are two orders of magnitude longer than theoretical prediction for low-temperature hole spin
relaxation times in typical direct-gap semiconductors [Yu05, She10]. In particular, so far, no such
long-lived hole spin signature has been observed in a bulk semiconductor.

Influence of excitation conditions Besides the dependence on B, the data depicted in figure 5.7
reveal that the hole spin coherence time is strongly affected by elevated carrier densities. The
nopt-dependence of the spin coherence time both with and without external magnetic field is
well approximated by power law fits according to τB=0(or T ∗2 ) ∝ n−0.3

opt . The fits are included
as solid lines in figure 5.7. Note that – except for the highest density of 4× 1016 cm−3 – the nopt

are well below the Mott density of ∼ 1016 cm−3, at which the insulator-to-metal transition takes
place in Ge at low temperatures [Bal85]. Consequently, maintaining the reasonable assumption
of momentum-scattering mediated – or EY-like – spin relaxation, long-range carrier-carrier scat-
tering apparently strongly influences hole spin dynamics. For excitation predominantly across
the direct bandgap with pulses centred at 0.91eV and nopt ranging well above the Mott density
from (1017− 1019)cm−3, the hole spin signal is found to decay within ∼ 20ps independent of
nopt (cf. blue triangles in figure 5.8). Focussing again on excitation predominantly across the
indirect bandgap, hole spin coherence is even more robust for excitation with pulses centred at
0.80eV, i.e., closer to the indirect bandgap of Ge. The corresponding τB=0 are depicted as or-
ange squares in figure 5.8 and are ∼ 10% longer than those found with a central pulse energy
of 0.82eV (cf. circles in figure 5.7). The trend towards longer spin coherence at reduced excess
energies is in line with the proposed picture of EY-type hole spin relaxation. As for excitation with
h̄ω = 0.82eV, the τB=0 found with h̄ω = 0.80eV are proportional to n−0.3

opt , the corresponding fit
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FIGURE 5.8 Spin coherence times at zero magnetic field and T = 8K for various ex-
citation conditions. Orange squares and grey circles: excitation predominantly across
the indirect bandgap with pulses centred at 0.80eV from the OPA and the fibre laser,
respectively. The colour-coded lines are power law fits. Blue triangles: excitation
predominantly across the direct bandgap with pulses centred at 0.91eV. The line is a
guide to the eye.

is shown together with the data. In contrast, coherence times extracted from transients relying on
the Toptica FFS as a laser source follow a stronger dependence proportional to n−0.5

opt . The fibre
laser data is included in figure 5.8 as circles together with the corresponding power law fit as a
solid line. The differences can be attributed to carrier accumulation effects, as optically induced
carriers in Ge recombine with a decay period of approximately 1 µs [Cho77]. The electron-hole
recombination time is thus shorter than the time between subsequent pulses from the OPA – that is
1/ frep = 1/250kHz = 4 µs – but two orders of magnitude longer than 1/90.5MHz = 11ns from
the fibre laser.

Temperature dependence The discussion so far addressed hole spin coherence at a crystal
temperature of T = 8K. Figure 5.9 compares the zero-field results for T = 8K after excitation
of various densities nopt with pulses centred at h̄ω = 0.8eV – the same data is shown in figure 5.8
– to coherence times extracted from transients recorded under the same conditions, except for the
lowered temperature. The downward triangles correspond to T = 6K, while the upward triangles
are the coherence times found at T = 3K. In accordance with the marked dependence of hole spin
coherence on the excitation conditions discussed so far, the longest decay times within the analysed
parameter range are extracted at the most gentle excitation conditions in the analysed parameter
range – that is nopt ≤ 2× 1014 cm−3 and T = (3− 6)K. The corresponding values are τB=0 ∼
150ps. The impact of temperature diminishes at higher excitation densities as is evidenced by
the matching values of τB=0 at the highest investigated density nopt = 3×1015 cm−3. In addition,
increasing the temperature to T = 60K reduces hole spin coherence to ∼ 10ps (data not shown).
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FIGURE 5.9 Density-dependent hole spin coherence times for various temperatures.
The corresponding FR transients are recorded at zero magnetic field after excitation
with pulses centred at 0.8eV. Squares: T = 8K, data as in figure 5.8. Downward
triangles: T = 6K, upward triangles: T = 3K.

The observed temperature dependence further underlines the impact of carrier-carrier scattering,
that, compared to the situation at T = 8K, is enhanced at T = 60K and reduced at T = (3−6)K
in combination with relatively low excitation densities.

5.3 Electron spin precession in the L-valleys

In the present section, electron spin dynamics is discussed comparing samples of different surface
orientation and doping concentration (cf. sample parameters in table 5.1). First, electron spin
precession is analysed as a function of the in-plane magnetic-field orientation, thereby deducing
the effective g tensor for L-valley electrons (section 5.3.1). In section 5.3.2, the temperature
dependences of the Landé tensor and the decay of spin coherence are investigated. In section 5.3.3,
a rate equation model assuming free conduction band electrons as spin carriers is developed to
explain experimentally observed dependences of the decoherence time on temperature, doping
concentration and surface orientation, as well as on magnetic-field magnitude (section 5.3.4) and
orientation within the sample plane (section 5.3.5).

All FR transients shown in the present section were recorded after excitation of
nopt = (2−4)×1016 cm−3 charge carriers predominantly across the indirect bandgap with pulses
centred at h̄ω = 0.82eV. As shown in the previous section 5.2, at such excitation conditions the
hole spin polarisation decays within ∼ 10ps. The relatively long-lived electron spin signature is
extracted from the difference between the signals for σ+ and σ− polarised excitation to remove
a slowly varying background.
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5.3.1 Analysis of the Landé tensor

The panels on the left-hand side of figure 5.10 depict FR transients from sample A1 for three dif-
ferent orientations of the external magnetic field in the sample plane, namely α1 = 45, α2 = 118◦

and α3 = 140◦ measured against the [0,1,1]-direction in the sample plane. The transients are
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FIGURE 5.10 Electron spin signature from sample A1 for three different orientations
of B = 2.1T in the sample plane at T = 10K. Left-hand side: FR transients. Right-
hand side: Corresponding FFT amplitudes. Solid lines: Gaussian fits.

recorded at low crystal temperature (T = 10K) and – to achieve satisfying frequency resolution,
cf. data analysis below – with a comparatively high magnetic-field magnitude of B = 2.1T. The
transients recorded for α2 = 118◦ and α3 = 140◦ are indicative of a frequency beating, whereas
choosing α = 45◦ results in only one frequency component. The contributing frequency com-
ponents – or effective g factors – are extracted by applying fast Fourier transformation (FFT) to
the transients. The resulting FFT amplitudes are shown in the panels on the right-hand side of
figure 5.10. The solid lines are Gaussian fits that reveal the |g∗| (peak position) as well as the cor-
responding uncertainty ∆g∗ (half-width-half-maximum, or HWHM). Confirming the qualitative
description above, in general, the transients from sample A1 contain two frequency components.
The positions of the respective peaks in the FFT amplitude shift upon changing the magnetic-field
orientation (as is seen comparing the middle and lower panel of figure 5.10). For particular ori-
entations, only one peak is present (upper panel). For sample B, the situation is comparable in
the sense that the FR transients are composed of more than one frequency component and that
the components shift upon varying the orientation of the magnetic field within the sample plane.
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Exemplary FR transients recorded with BBB oriented along [1,−1,0] corresponding to α1 = 0◦, as
well as for α2 = 15◦ and α3 = 30◦, are depicted in this sequence in the upper, mid and lower panel
on the left-hand side of figure 5.11. The respective FFT amplitudes are shown in the panels on the
right-hand side. The transients for sample B are recorded under the same conditions as those for
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FIGURE 5.11 Electron spin signature from sample B for three different orientations
of B = 2.1T in the sample plane at T = 10K. Left-hand side: FR transients. Right-
hand side: Corresponding FFT amplitudes. Solid lines: Gaussian fits.

sample A1 (that is, specifically, T = 10K, B = 2.1T). In contrast to the situation for sample A1
with either one or two frequency components, the electron spin signals from sample B displays
two to four frequency components. For a detailed understanding of the observed angular depen-
dences, it is instructive to recall the ellipsoidal shape of the surfaces of constant energy in the
L-valleys (cf. section 2.1). In accordance with the corresponding Landé tensor, spin precession in
the ith L-valley is characterised by [Rot60]

(g∗i )
2 = g2

l cos2 (θi)+g2
t sin2 (θi) , (5.1)

where θi denotes the orientation of B with respect to the principal axis of the ith ellipsoid of
constant energy with i = 1...4. gl and gt are the independent components of the L-valley Landé
tensor. The angles θi are related to α by the following geometric considerations. (In the following,
the results are listed, the derivation is given in appendix B.) The orientation of the surfaces of
constant energy with respect to the sample surface and the magnetic-field orientation is illustrated
in figure 5.12 for 〈100〉- and for 〈111〉-oriented Ge. Obviously, for 〈100〉-oriented Ge, the four
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FIGURE 5.12 Surfaces of constant energy in Ge. The in-plane magnetic-field orien-
tation is indicated for samples A1 and A2, surface normal [1,0,0] (upper panel) and
for sample B, surface normal [1,1,1] (lower panel).

equivalent conduction band valleys at the L-point result in up to two distinguishable frequency
components. These frequency components depend on the angle α included by the magnetic field
and directions of high symmetry within the sample surface. The corresponding θi in equation (5.1)
are

cos(θ1) =
2√
6

cos(α)

cos(θ2) = − 2√
6

sin(α) (5.2)

where α = 0 means that the magnetic field is oriented along a [0,1,1]-direction in the sample plane.
If the surface is oriented normal to [1,1,1], at most four frequency components are expected to
contribute to the FR signal:

cos(θ1) = 0

cos(θ2) =
2√
6

cos(α)− 2
3
√

2
sin(α)

cos(θ3) =
4

3
√

2
sin(α)

cos(θ4) =
2√
6

cos(α)+
2

3
√

2
sin(α) . (5.3)
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In equation (5.3), α is measured relative to
[
11̄0
]
. Figures 5.13 and 5.14 give a comprehensive

presentation of the extracted frequency components for samples A1 and B, respectively. The
data points from the FR transients shown in figures 5.10 and 5.11 are denoted by the respective
angles α1 to α3. The data is fitted with equations (5.1), (5.2) and (5.3). Each g∗i with i = 1,2 for
sample A1 and i = 1...4 for sample B is fitted individually. The hereby deduced independent ele-
ments of the g∗g∗g∗ tensor are gl = 0.81±0.03 and gt = 1.90±0.02 (sample A1), and gl = 0.83±0.01
and gt = 1.90±0.01 (sample B). The errors contain a statistical contribution propagated from the
individual fits’ uncertainties, as well as the systematic uncertainty in the magnetic-field magnitude
(cf. section 3.2). A similar analysis is done for sample A2. As is discussed in detail in the next
section 5.3.2, the electron spin coherence times are in general shorter in sample A2 than those
in samples A1 and B, owing to the higher doping concentration in sample A2. It is neverthe-
less possible to extract the frequency components for the same angular range as for sample A1.
The data is shown in figure 5.15 together with the matching theoretical relationships. Owing to
the reduced coherence times in sample A2, the uncertainties of the individual gi are bigger than
those from samples A1 and B. The experimental data is well reproduced by equation (5.1) with
gl = 0.77±0.03 and gt = 1.91±0.02. Table 5.2 summarises the independent components of the
effective g tensor for L-valley electrons for all three samples. The gl and gt deduced for the com-
paratively moderately doped samples A1 and B agree well within uncertainty limits, and similar
values are found for the stonger doped sample A2. The tensor elements are close to results of
gl = 0.828± 0.003 and gt = 1.915± 0.001 from spin resonance measurements at liquid helium
temperature [Hal75, and comparable values reported in references therein]. These measurements
address donor-bound electrons, whose wavefunctions are known to be well described in a hydro-
gen model including energy contributions from the crystal environment (that specifically are the
crystal potential V (r) and the spin-orbit interaction HSO, cf. section 2.1). The electrons are in
a pure singlet state when bound to typical shallow donors (As, P, Sb) in Ge [Pon66], so that the
wavefunction is a linear combination of the four equivalent L-valleys, and the effective g tensor
becomes isotropic with the diagonal elements [Rot59]

ḡ =
1
3

gl +
2
3

gt . (5.4)

sample gl gt

A1 0.81±0.03 1.90±0.02
B 0.83±0.01 1.90±0.01

A2 0.77±0.03 1.91±0.02

TABLE 5.2 Components of the L-valley Landé tensor as extracted from FR transients
recorded at T = 10K and B= 2.1T, except for sample A2 at α = 45◦ and 135◦, where
B = 0.7T is used.
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FIGURE 5.13 g∗ anisotropy for sample A1. g∗i , i = 1,2 are extracted from FR tran-
sients in B = 2.1T at T = 10K. The solid lines are fits according to equations (5.1)
and (5.2).
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FIGURE 5.14 g∗ anisotropy for sample B. g∗i , i = 1..4 are extracted from FR tran-
sients in B = 2.1T at T = 10K. The solid lines are fits to equations (5.1) and (5.3).
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FIGURE 5.15 g∗ anisotropy for sample A2. g∗i , i = 1,2 are extracted from FR tran-
sients at T = 10K in B = 2.1T or – for α = 45◦ and 135◦ – B = 0.7T. The solid lines
are fits to equations (5.1) and (5.2).

Thus, a single Larmor frequency is observed, that is independent of the magnetic-field orientation
with respect to the crystal main axes [Wil64]. The individual tensor elements can, however, be
determined applying strain to the sample, since the application of strain results in repopulation of
the L-valleys. Especially under large compressive strain in the [111]-direction, donor-bound elec-
trons predominantly populate one valley [Wil64]. For electrons bound to Sb donors localised in
the vicinity of intentionally roughened 〈110〉-surfaces, up to four spin resonance peaks stemming
from the different L-valleys are observed [Pon66, Hal75]. (According to the referred publications,
the efficiency of strain-induced valley repopulation depends on the energy separation between the
singlet and triplet donor state. For Sb donors this so-called valley-orbit splitting is small enough
– approximately 0.5meV, which is an order of magnitude less than for As or P donors – that
the magnitude of strain induced by surface imperfections is sufficient to locally populate different
valleys.) In contrast to spin resonance measurements relying on electrons associated with donors,
in the present study, the L-valley Landé tensor is accessed via itinerant electrons due to the fol-
lowing reasons. First, the samples are optical grade wafers. In the spin resonance investigations
referred to above, signatures from each single L-valley are explicitly not observed from compar-
atively smooth surfaces. Second, the excitation conditions – approximately 1016 cm−3 electrons
are induced with excess energies of ∼ 100meV – are strong compared to the gentle conditions
at which spin coherence associated with optically induced donor-bound electrons is observed in
direct-gap materials (cf. [Kik98] and section 4.2.2). In particular, nopt is three orders of magni-
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tude higher than the donor concentration in samples A1 and B. Third, no indication of electron
capture into donor states is seen in the FR transients (as e.g. phase-shifted signal components, cf.
section 4.2.2).

5.3.2 Temperature dependences of Landé tensor and spin coherence

The influence of crystal temperature on the decay time of the electron spin signals is investigated
for magnetic-field orientations resulting in preferably few frequency components to simplify data
analysis. For samples A1 and A2, α = 45◦ is chosen, resulting in one precession frequency ac-
cording to the g∗ anisotropy depicted in figures 5.13 and 5.15. FR transients from sample A1 in
a magnetic field of B = 0.7T are shown in figure 5.16 for various crystal temperatures between
10K and 200K. A similar set of FR transients is depicted in figure 5.17 for sample B. The tran-
sients for sample B are recorded with α = 60◦ and hence contain two frequency components (cf.
g∗ anisotropy for sample B, figure 5.14). Comparable signal amplitudes were achieved using the
same pump fluence at all temperatures. Although the central pulse energy is below the direct
bandgap over the whole temperature range, at T = 200K, 2.4% of the spectral coverage excess
the direct bandgap. Thus the density of optically induced carriers at T = 200K is approximately
doubled as compared to T = 10K. However, since no marked influence on the decay electron
spin coherence is observed when varying the excitation density for such an amount at 10K, the
observed decrease in decay time with increasing temperature can be attributed to the variation in
crystal temperature. The simulations of Cheng et al. on optical orientation via indirect optical
transitions in silicon [Che11] indeed reveal more efficient electron spin orientation at low temper-
atures. For photon energies in close proximity to the indirect bandgap, they report Pe =−25% at
liquid helium temperature and Pe =−15% at room temperature. Assuming that the orientation and
the detection process contribute equally to the signal, this translates to a factor of 3 comparing the
theoretically expected FR amplitudes at low temperatures and at room temperature. Such a value
is in line with the experimentally observed factor of 2 comparing T = 10K and T = 200K. How-
ever, the achievable polarisation degree additionally depends on the photon energy. Furthermore,
the relative efficiency of spin polarisation and detection possibly change with temperature, since
the same pulse energies are used over the whole temperature range while the bandgap depends
on temperature. The observed decrease in the initial FR amplitude thus presumably can not be
attributed solely to the change in crystal temperature, but results from a mixture of various effects.
For further analysis, the transients in figures 5.16 and 5.17 are fitted by exponentially decaying
cosine functions

FR(t) = ∑
i

Ai× exp(−t/τ)× cos [(ωL)i× t] , (5.5)

where Ai are the initial amplitudes of the contributing Larmor frequency components (ωL)i. The
decay time of the electron spin signal is denoted τ . The transients from sample A1 are reproduced
with i = 1, while those from sample B are fitted well with i = 1,2 up to 80K and i = 1 at 150K,
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FIGURE 5.16 FR transients (filled circles) for various temperatures measured from
sample A1 in a magnetic field of B = 0.7T with α = 45◦. The solid lines are fits to
the data according to equation (5.5) and i = 1.
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FIGURE 5.17 FR transients (filled circles) for various temperatures measured from
sample B in a magnetic field of B = 0.7T with α = 60◦. The solid lines are fits to the
data according to equation (5.5) and i = 2.

which is the highest temperature investigated for this sample. Note that a universal decay time is
assumed for the two frequency components since this is sufficient to achieve good agreement with
the data. The respective fits are shown as solid lines together with the FR transients. Additional
FR transients from sample A2 for various crystal temperatures with magnetic-field magnitude and
orientation with B = 0.7T and α = 45◦ are analysed in an analogue manner (data not shown). In
the following, the extracted effective Landé factors4 and decay times are discussed subsequently.

Landé tensor Figures 5.18 and 5.19 depict the temperature-dependent |gi| for sample A1 and
sample B, respectively. The error bars in |gi| for the 〈100〉-oriented sample are (i) the uncertainty
resulting from the fitting procedure itself (either indicated by the size of the data points, or coloured
according to the data points), and (ii) due to the limited accuracy in α (indicated in grey, ∼
0.5%). The effective g factor is practically constant up to T ≤ 100K. Taking into account the
uncertainty in the magnetic-field magnitude, the average value is |g1| = |g2| = 1.61± 0.02, as is
indicated by the solid line. For T > 100K, the effective Landé factor decreases, the value found
at T = 200K is approximately 98% of the constant value at and below 100K. For sample A2,
a similar temperature characteristics is observed with |g1| = |g2| = 1.63± 0.02 for T ≤ 100K

4In principle, the effective g factors can also be extracted from Fourier analysis as done in section 5.3.1. However,
the width of the Fourier peaks is influenced by the decay time of the FR transients and thus such an analysis is
inaccurate at elevated temperatures.
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FIGURE 5.18 Temperature-dependent effective g factor for sample A1. The respec-
tive transients are recorded in B = 0.7T with α = 45◦ and depicted in figure 5.16.
Solid line: constant fit to the data at T ≤ 100K.

(data not shown). The somewhat higher value is in agreement with the slightly different tensor
elements for samples A1 and A2 (cf. table 5.2). The |gi| for sample B are depicted in figure 5.19.
(Here, the indicated error bars consider both the uncertainties of the fits and the systematic error
due to the limited accuracy in α .) As for the 〈100〉-oriented samples, the effective g factors
are not markedly changed in the lower temperature range. The average values for T ≤ 80K are
|g1| = |g2| = 1.89±0.02 and |g3| = |g4| = 1.26±0.02. The transient at 150K is fitted well with
only one precession frequency corresponding to g ∼ 1.61. This value is similar to those found in
samples A1 and A2. Note that, although the decay time of the signal is reduced to such extent that
a beating would hardly be resolved (cf. corresponding transient in figure 5.17), neither of the gi

found at lower temperatures provide an equally good fit to the data. To interpret the observations,
it is interesting to compare them to the temperature dependence of the tensor elements predicted
by the three band kkk · ppp-approximation, cf. equations (2.10). In this approximation, gl and gt depend
on the energy difference of valence and conduction band at the L-point Ecv

L , the split-off energy
and the L-valley longitudinal and transversal effective masses. In the following estimation, the
temperature dependence of Ecv

L is assumed to be similar to that of the indirect bandgap. The latter
is taken according to [Iof]. The split-off energy is expected to be independent of temperature
(cf. section 2.1). The temperature dependence of the effective masses is also assumed to follow
that of the indirect bandgap. This is reasonable taking into account corresponding observations in
silicon [Gre90]. With these parameters, the temperature-induced change in the effective g factor
for samples A1 and A2 with α = 45◦ is less than 0.1% up to T = 50K. At T = 150K, g1 = g2 is
0.6% smaller, and at T = 200K, g1 = g2 is 1% smaller – always compared to the low temperature
value. For sample B and α = 60◦, the theoretical estimate yields temperature-induced changes
below 0.1 % in g1 = g2 as long as the temperature is below 150K, and in g3 = g4 for T ≤ 30K.
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FIGURE 5.19 Effective g factors extracted from FR transient from sample B at vari-
ous crystal temperatures. The transients are recorded in B = 0.7T with α = 60◦ (cf.
figure 5.17). Solid line: constant fit to the data at T ≤ 100K.

At T = 150K, g3 = g4 is ∼ 98% of the low temperature value. The kkk · ppp-approximation as a result
is in line with the trend for the gi(T ) dependence observed in experiment (except the fact that only
one frequency component is found in sample B at T = 150K). This finding contrasts the results on
g∗ as a function of temperature in In0.53Ga0.47As (cf. section 4.2.1) and literature results in, e.g.,
GaAs. In these direct-gap semiconductors, the temperature dependence estimated from kkk · ppp-theory
contradicts the experimentally determined characteristics, and the filling of Landau levels has to
be included in an adequate theoretical description [Zaw08]. However, whether the temperature
dependence of g∗ is sufficiently described by the temperature characteristics of corresponding band
parameters is not correlated to the indirect or direct nature of the bandgap. The important point
is rather the deviation of the effective Landé factor from the free electron value of g ∼ 2. As an
example, the effective g factor of Γ-valley electrons in the direct-gap material InP is found to vary
from g∗ = 1.20 at T = 5K to g∗ = 1.25 at T = 200K in accordance with kkk · ppp-theory. A possible
explanation why the FR transient recorded in sample B at T = 150K contains only one frequency
component lies in the mechanisms that are responsible for electron spin decoherence. As is laid
out in the following sections, electron scattering between two L-valleys leads to dephasing of
the spin state of the scattered electron, if the involved valleys are characterised by different gi.
The time scale for intervalley scattering equals the one associated with dephasing due to different
gi at T = 150K (τL ∼ τphon(150K) ∼ 40ps in the notation of section 5.3.3.), while for lower
temperatures, the former exceeds the latter. It is therefore possible, that the isotropic effective
g factor (5.4) – that explicitly is ḡ = 1.54 with the present results for gt and gl (cf. table 5.2) – is
in fact approximated in all samples for T ≥ 150K.
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Decay time Figure 5.20 depicts the decay times of the electron spin signals as a function of the
crystal temperature for samples A1 as black squares, A2 as red circles and B as blue triangles.
Overall, τ varies from ∼ 100ps up to ∼ 10ns. The longest decay times seen for sample A1 at low
temperatures provide a lower limit rather than an exact measure. This is due to the limited delay
line of 3.7ns. In addition, the rate equation model detailed in the following section 5.3.3 points to
a strong reduction of the apparent τ by minute misalignments of α . Comparing the temperature
dependences for the different samples in a qualitative manner first, four major characteristics be-
come apparent. (i) For all samples, the decay time does not decrease with increasing temperature
below T ∼ 60K. (ii) Comparing the 〈100〉-oriented samples A1 and A2 at low temperatures, the
electron spin signal decays faster in the more strongly doped sample: τ (A2) ∼ 1ns as compared
to τ (A1) > 5ns. (iii) At elevated temperatures (T > 60K), the signals decay faster with increas-
ing temperature and the influence of doping concentration vanishes as follows from the similar
decay times for samples A1 and A2. (iv) The decay times for sample B are shorter than those
for the comparably doped sample A1 over the whole temperature range. The first three findings
are consistent with spin relaxation via the EY mechanism, that is spin relaxation due to spin flips
mediated via momentum scattering (cf. section 2.3). As already mentioned, this mechanism is
expected to be relevant for conduction band electron spins in Ge, particularly with regard to the
lack of DP dephasing in the diamond lattice. A spin flip can in principle occur with intra- as well
as with intervalley scattering. However, momentum relaxation in a multi-valley conduction band
is dominated by intervalley processes [Yu10]. The unpronounced temperature dependence below
T = 60K indicates that impurity scattering dominates momentum relaxation, while the decrease
of τ beyond T = 60K is in line with phonon-mediated spin relaxation. The fourth aspect can be
understood considering scattering events from a valley with an initial effective g factor gi to a final
state characterised by a different g f . As is evident from the g∗ anisotropy in sample B (cf. fig-
ure 5.14), such processes are expected to occur in sample B for any α , and after a scattering event
with g = |g f −gi| 6= 0, the spin state of the electron dephases relative to the spins in both the initial
as well as the final valley. In contrast, in sample A1 and A2 with the present orientation of the
magnetic field, all valleys are characterised by the same effective g factor, and thus no dephasing is
induced by intervalley scattering. The decay times of the electron spin signal at elevated tempera-
tures are therefore longer in samples A1 and A2 as compared to sample B. The impact of scattering
with ∆g 6= 0 is consequently also expected in the 〈100〉-oriented samples away from α = 45◦ as is
obvious from the g∗ anisotropy for the 〈100〉-oriented samples (cf. figures 5.13 and 5.15). Respec-
tive data is discussed in section 5.3.5 below. Before a quantitative analysis of the above findings
is conducted in the following sections, it is instructive to classify the present electron spin decay
times by a comparison to literature results. In particular, the decay time found in sample A2 at
low temperatures as well as the decrease of τ at elevated temperatures is in good agreement with
recent results from non-local Hanle measurements in n-type bulk Ge of comparable doping con-
centration [Zho11]. Also recently, Guite and Venkataraman extracted a comparatively long spin
lifetime of 4.6± 1ns at T = 127K in Ge with nd ∼ 5× 1017 cm−3 Sb sites [Gui11]. Similar val-
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FIGURE 5.20 Temperature-dependent decay time for samples A1 (black squares),
A2 (red circles) and B (blue triangles). The data points are from FR transients in
B = 0.7T. The colour-coded lines are model calculations according to equation (5.7).

ues can be extracted from electron spin resonance linewidths at T = 10K in more heavily doped
material (nd ∼ 1018 cm−3) [Cha75, Ger70]. Note that these literature values as well as the decay
times found in the present experiment actually correspond to T ∗2 and are much shorter than the
T1 times extracted from saturating the Zeeman transitions by increasing the microwave power in
electron spin resonance measurements. At liquid helium temperature T1 times as long as 0.1ms
are reported for isotopically enriched As-doped Ge with nd = 2× 1015 cm−3 [Wil64]. In natural
As-doped Ge, Ghershenzon et al. found T1 times between 20 µs for nd = 3×1015 cm−3 and 1 µs
for nd ∼ 5× 1016 cm−3 [Ger70]. In contrast to the coherence times observed in the present in-
vestigation, T1 strongly depends on temperature. As mentioned in the introduction of the present
chapter, T1 = 10−3 s is reported for T = 1.3K [Wil64].

5.3.3 A rate equation model for the decay of spin decoherence

The above qualitative analysis of the temperature-dependent decay of electron spin coherence in
samples A1, A2 and B indicates that a theoretical modelling of electron spin decoherence has to
include impurity- as well as phonon-mediated intervalley scattering with either ∆g = 0 or ∆g 6= 0.
The schematic illustration in figure 5.21 applies to samples A1 and A2 as well as to sample B for
α = 60◦ or integer multiples. In these cases, each of the four L-valleys can be attributed to one of
two geometrical classes that are characterised by two different effective g factors (in samples A1
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FIGURE 5.21 Schematic illustration of electron spin decoherence. Scattering be-
tween valleys with g1− g2 = 0 with a certain probability results in a spin flip ac-
cording to the EY mechanism. For g1− g2 6= 0, the scattered spin state loses phase
coherence with both the spins in the initial and the final valley.

and A2 g1 = g2 for α = 45◦). Scattering from an arbitrary initial valley – the lower right one in the
illustration – with the same probability results in a final state characterised by g f = gi or g f 6= gi.
This implies, that the probability for scattering within the initial valley is the same as for scattering
into one of the other valleys. The scattering processes are furthermore assumed to be independent,
so that the overall scattering rate is the sum over the rates for the contributing scattering processes.
Scattering processes into equivalent valleys (∆g = 0) are modelled by an intervalley scattering
time of τinter and a probability c−1

loss of a spin flip per scattering event. As a result, the decoherence
rate for such processes is

τloss = closs× τinter/2,

where the factor of 2 accounts for the negative contribution of a flipped spin to the FR signal.
For scattering with ∆g 6= 0, a particular spin acquires a phase difference of π/2 relative to the
remaining ensemble within

τL =
π/2

(∆gµBB)/h̄
(5.6)

after the scattering event. Consequently, an estimate for the related decoherence time is

τdecoh = τinter + τL.

Note that this model for decoherence requires both a scattering process and some time of preces-
sion with an altered effective g factor so that decoherence is characterised by the slower of the two
time constants. Taken together, the electron spin signal decays within

τ
−1 = τ

−1
decoh + τ

−1
loss. (5.7)

The above model neglects carrier recombination. This is a good approximation since the corre-
sponding time scale is of the order of 1 µs [Cho77] and thus exceeds the longest τ detected in the
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present study by two orders of magnitude. The temperature dependence of τ is determined by the
temperature dependence of intervalley scattering. The latter is modelled as being composed of
impurity- and phonon-mediated processes according to

τ
−1
inter = τ

−1
imp + τ

−1
phon.

τimp is assumed to be independent of temperature. In contrast, according to Weinreich et al.
[Wei59], the temperature dependence of the phonon contribution is

τphon =
1

2w2
exp
(

Θ

T

)
with w2 = 1011±0.3 s−1 and θ = 315K±10% as extracted in the referred publication from exper-
imental data for As-doped Ge. Table 5.3 summarises the values for τimp and closs needed to well
reproduce the temperature characteristics of τ for samples A1, A2 and B in figure 5.20, together
with the possible ranges. (For the model curves in figure 5.20, closs = 24.5 is used.) To begin with
closs, the extracted values correspond to a probability c−1

loss = (4−7) % for a spin flip per interval-
ley scattering event. This value is three orders of magnitude larger than previous findings for spin
decoherence mediated by core-potential – or intervalley – Elliott scattering in degenerately doped
material [Cha75]. The deviation might originate from additional decoherence channels inherent
to the optically induced electron population in the present experimental configuration, such as
electron-electron or electron-hole scattering. In addition, spin precession in an external magnetic
field results in loss of phase coherence if the effective g factor depends on the carrier momentum,
as is reported for electron spins in III-V materials [Bro04, and references therein]. The relevance
of this mechanism depends on the carrier energy spread, as well as on the relation between car-
rier energy and g∗ and possibly dephases the spin ensemble within one valley. A considerable
contribution of this mechanism to the overall decay of the electron spin signal would lead to an
overestimation of closs in the present rate equation model. For the extraction of τimp, one has to
consider that minor misalignments of BBB markedly reduce τ especially for samples A1 and A2 in
the vicinity of α = 45◦ and α = 135◦ where τL diverges, cf. equation (5.6). Model traces for per-
fect alignment are depicted as solid lines in figure 5.20. For sample A1, the trace with τimp = 1ns
matches the data over the entire temperature range. In contrast, the curve with τimp = 5ns agrees

sample A1 A2 B

τimp (5±3)ns (110±50)ps (1.9±0.7)ns
closs 14−27

TABLE 5.3 Intervalley scattering times τimp for impurity mediated processes. c−1
loss

is the probability of spin loss per intervalley scattering event. The parameters are
deduced from best fits of model (5.7) to the data in figure 5.20.
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well only at elevated temperatures but predicts τ ∼ 60ns as the low temperature limit. However,
a curve with τimp = 5ns and ∆α = 0.1◦ (dashed lines) agrees well with the experimental findings
for τ(T ). Such a misalignment of α is reasonable due to the following reasons. While ∆α > 0.2◦

can be excluded because it alters the temperature dependence markedly in the high temperature
range especially for sample A1, perfect orientation is also not very likely: α was fine-aligned in
the vicinity of 45◦ for samples A1 and A2 by maximising τ , but the typical deviation from the
crystallographic surface orientation for the samples is ∼ 0.1◦ according to the manufacturer. In
addition, possible tilts of the 〈100〉 surface with respect to the plane of magnetic-field orientation
can not be adjusted in all directions within the cryostat. The experimentally extracted decay times
for sample B are fitted best with τimp ∼ 2ns which is somewhat shorter than the value found for
sample A1. Since in sample B for every α valleys of different effective g factor are present, an
impact of the magnetic-field orientation on the electron spin decay time is not expected according
to the present model and only the model trace for perfect alignment of BBB is shown in figure 5.20.
For the more strongly doped sample A2, a much shorter value of τimp ∼ 110ps is found and
hence the impact of ∆α = 0.1 is less pronounced than in sample A1. The extracted timescales for
impurity-mediated intervalley scattering are in line with predictions of ∼ 6ns for nd = 1014 cm−3

and∼ 50ps for nd = 5×1016 cm−3 in Sb-doped Ge at T = 40K [Mas64]. The electron spin decay
times in all three samples appear to increase with increasing temperature below T ∼ 60K which
may be attributed to the temperature dependence of τimp. The latter is not included in the present
model, however, a drop of τimp upon lowering T in the respective temperature range is consistent
with literature results [Wei59].

5.3.4 Magnetic field dependence of the decay time

The influence of the magnetic-field magnitude on the decay time of electron spin coherence is
very interesting. In particular, the rate equation model (5.7) introduced in the previous section
suggests that the electron spin decay time is independent of the magnetic-field magnitude in the
〈100〉-oriented samples with α = 45◦, where τL diverges according to equation (5.6). Thus, any
magnetic field dependence points towards additional mechanisms of spin decoherence, such as
dephasing within one valley due to a momentum-dependent effective g factor. In all other cases,
τ is expected to decrease with increasing magnetic-field magnitude. Respective data in sample B
with α = 60◦ is shown in figure 5.22 together with the prediction according to model (5.7) with
the parameters extracted from the temperature characteristics of τ (cf. table 5.3). The model
calculation depicted as a solid line reproduces the experimental trend. In particular, the decay
time at B = 4.2T is expected to be 20% less than at B = 0.05T compared to ∼ 25% as observed
experimentally. However, the agreement should not be overrated keeping in mind the relatively
large error bars. In sample A1 with α = 0◦, where the valleys are also characterised by two
different effective g factors (cf. g∗ anisotropy in figure 5.13), the τ extracted from FR transients
recorded at B = 0.1T to B = 0.7T varies between 0.8ns and 1ns. A trend towards shorter decay
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FIGURE 5.22 Magnetic-field dependent electron spin decay times extracted from FR
transients in sample B at T = 10K and with α = 60◦. The solid line is calculated
from rate equation model (5.7) with the parameters given in table 5.3.

times with increasing B as suggested by model (5.7) can not be read from the experimental data
(the decay time at B = 0.7T should be 17% less than at B = 0.1T). As a result, due to the
experimental uncertainty, the decrease of τ with increasing magnetic-field magnitude suggested
by the rate equation model in configurations with finite τL can not be deduced without doubt from
the experimental data. Turning the focus to configurations with infinite τL, indeed, the decay time
in sample A2 is observed to increase with decreasing magnetic-field magnitude. Specifically, the
decay time is observed to increase from approximately 1ns at B = 0.7T up to 4ns at B = 0.05T.
Such a trend strongly supports that the additional dephasing mechanism mentioned above indeed
contributes to spin relaxation. The observed dependence of τ on the magnetic-field magnitude is as
expected for dephasing due to a momentum-dependent effective g factor: the higher the precession
frequency, the faster the dephasing of the spin states. As described in the previous section 5.3.3,
the existence of such dephasing mechanism can partly explain the relatively high probability for a
spin-flip per momentum scattering event deduced from the present data there and in the following
section 5.3.5. (In contrast, in sample A1 a constant decay time of τ ∼ 5ns is observed varying the
magnetic-field magnitude in the same range. However, this is presumably attributed to the limited
delay time of 3.7ns.)

5.3.5 Crystallographic anisotropy of the decay time

As mentioned in section 5.3.3, the rate equation model (5.7) predicts a dependence of the decay
of electron spin coherence on the orientation of the magnetic field within the sample plane for the
〈100〉-oriented samples. In figure 5.23, the electron spin decay times for various orientations of the
magnetic field in the sample plane are shown for sample A2. The corresponding FR transients are
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FIGURE 5.23 Influence of magnetic field orientation on the decay time for sam-
ple A2. Squares: decay times extracted from FR transients in B = 0.7T at T = 10K.
Solid line: model calculation according to equation (5.7). The dashed line is extracted
from numerically simulated FR transients (details in the main text).

recorded at T = 10K and in B = 0.7T. The data reveal a marked reduction of the coherence time τ

for configurations of different g1 and g2 (cf. g∗ anisotropy in figure 5.13). In particular, the longest
coherence is found for α = 45◦ and α = 135◦, where only one frequency component contributes to
the signal and, consequently, intervalley scattering can not change the effective g factor. As stated
above, such a behaviour is in line with the rate equation model, since τL – and thus τdecoh – is
determined by ∆g which in turn depends on the orientation of the magnetic field. A corresponding
model calculation is included as a solid line. The angular dependence of τ is matched with closs =

24.5 – as τ(T ) above – and τimp = 80ps. In accordance with the low temperature characteristics
of intervalley scattering (cf. section 5.3.3), this value is slightly lower than the τimp = 110ps
extracted in the referred sections from τ(T ) (cf. table 5.3). The dashed line represents the result
of a numerical simulation based on the same physical mechanisms that are included in the rate
equation model (5.7). The time evolution of an ensemble of 10,000 spin states – this number is
large enough to suppress non-physical size effects – is calculated as follows. The simulation starts
at t = 0 with four equally occupied valleys, two of which are characterised by g1 and the remaining
two by g2. For each time step ∆t, each spin state is scattered into its initial or one of the other
valleys with the probability piv = 1−exp(−∆t/τiv). During such a scattering event, the probability
of a spin flip is p f lip = 1− exp(−∆t/(closs× τiv)). In addition, during each time step, the phase
of each spin state evolves in the external magnetic field according to the currently corresponding

92



5.3 ELECTRON SPIN PRECESSION IN THE L-VALLEYS

0 1 2 3
- 1 0

- 5

0

5
α� 
 � � �

α� 
 � � � �

 FR
 (1

0-4 )

� � � � � � � � � �

� � � � � � � � �
� � 
 � � � 

� � 
 � � � 	 �

FIGURE 5.24 Influence of the magnetic-field orientation on the decay time for sam-
ple A1. The transient are recorded at T = 10K and B= 0.7T with α = 0◦ and α = 45◦.
The solid lines are fits according to equation (5.5).

effective g factor. Integrating over all spin states reveals the projection of the spin polarisation
onto the initial polarisation direction and thus a simulated FR transient. The decay times are –
as for the experimental transients – extracted by fitting the transients with exponentially damped
cosine functions according to equation (5.5) with two contributing frequency components. The
experimental data is rather well approximated choosing closs = 24.5 – the same value is used for
the rate equation model curve – and a lower impurity scattering time of 50ps. More interestingly,
the simulation indicates less sharp peaks in τ when α approximates 45◦ or 135◦. In contrast to
the rate equation model, scattering with ∆g = 0 and ∆g 6= 0 are not treated independently in the
numerical simulation. An electron spin state can be scattered back to a valley with g f 2 = gi after a
scattering event with g f 1 6= gi. As a result, decoherence due to scattering with ∆g 6= 0 is motionally
narrowed. The fact that both the rate equation model as well as the simulation reproduce the main
feature of the angle dependence of τ – namely the peaks at 45◦ or 135◦ – further justifies the
present picture of electron spin decay. The characteristic angle dependence of τ is also found
in sample A1, as is seen from the FR transients in figure 5.24. The transients are recorded at
T = 10K in B = 0.7T and are shown together with exponentially decaying cosine fits according
to equation (5.5) with i = 1 for α = 45◦ and i = 2 for α = 0◦. Due to the limited delay line of
3.7ns, the data only allow to infer a lower limit for the ratio of maximal and minimal decay time
for this sample, which is a factor of 5. The rate equation model predicts a factor of 12 while the
analysis of the simulated FR transients results in a factor of 6. In contrast, the decay time in the
〈111〉-oriented sample B does not significantly depend on the magnetic-field orientation (data not
shown). This finding is again in line with the present theory of electron spin decay, as is shown
by the following estimation. As a first approximation, dephasing is dominated by the maximum
∆g at each α . Hence, the biggest difference is expected comparing (i) α = (2n)× 30◦ to (ii)
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α = (2n+ 1)× 30◦ with n ∈ N0 (cf. g∗ anisotropy in figure 5.14). In case (i), ∆g = 0.6 while in
case (ii), ∆g = 1. According to the rate equation model (5.7) the difference in the corresponding
decay times is ∼ 1%.

5.4 Summary

The presented time-resolved magneto-optical investigations demonstrate optical orientation and
readout of both electron and hole spins in the indirect-gap semiconductor Ge. The most important
results on spin-dependent optical response, orientation efficiency and carrier spin dynamics are
the following:

Due to the energetic proximity of Γ- and L-valleys, electron and hole spin dynamics are acces-
sible via indirect optical transitions. However, the mechanism of spin-dependent optical response
revealing electron spin dynamics is two orders of magnitude weaker than that revealing hole spin
dynamics. Excitation predominantly across the indirect bandgap with an excess energy of approx-
imately 0.1eV results in an electron spin polarisation of 1%, as is evident from a comparison of
the magneto-optical response per photogenerated electron in Ge and III-V semiconductors. The
degree of electron spin polarisation does not substantially differ for (i) excitation predominantly
across the indirect bandgap with the present excess energy and (ii) excitation across the direct
bandgap with excess energies of approximately 0.2eV and 0.7eV (again with respect to the in-
direct bandgap). In particular, such a degree of electron spin polarisation is considerably lower
than the value of 50 % that is achieved in typical direct-gap semiconductors as long as the ex-
cess energies are beyond the split-off energy. The order of magnitude of the polarisation degree
is in accordance with a recent theoretical investigation on optical orientation via phonon-assisted
transitions in silicon.

Furthermore, for the first time, long-lived hole spin dynamics is observed in a bulk semicon-
ductor. The absolute value of the hole effective g factor is 5.7±0.2, which is close to a previous
spin resonance result for light holes. Hole spin coherence is preserved for 100ps at low excita-
tion densities and temperatures of approximately 10K in agreement with recent theoretical results.
Elevated excitation conditions and temperatures strongly reduce the hole spin coherence time.

In addition, time-resolved magneto-optical spectroscopy provides direct access to the L-valley
Landé tensor via optically induced (itinerant) electrons. The independent tensor elements are
gt = 1.9 and gl = 0.8, in agreement with previous spin resonance results for donor-bound elec-
trons. The comprehensive analysis of electron spin dynamics additionally reveals remarkably
robust coherence of optically oriented electron spins. It specifically is lost within ∼ 100ps to
∼ 10ns depending on temperature, doping concentration and orientation of the external magnetic
field with respect to the L-valley ellipsoids of constant energy. The characteristics of the electron
spin decay time are explained in a rate equation model that takes into account a spin flip proba-
bility of (4−7) % associated with intervalley scattering, as well as decoherence due to scattering
between valleys of different effective Landé factor.
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6 Comparative summary and outlook

The present work provides a comparative magneto-optical pump-probe analysis of carrier spin
dynamics in direct- and indirect-gap bulk semiconductors. It is well-known that electron spin dy-
namics in direct-gap materials is accessible via optical transitions at the fundamental bandgap. In
the present work, GaSb and In0.53Ga0.47As are investigated, for the first time detecting electron
spin dynamics in the telecom wavelength band around 1.55 µm. Although the measurement tech-
nique has not been applied to these materials before, it was used to study electron spin dynamics in
many other direct-gap semiconductors, specifically in the prototypical material GaAs. The present
results confirm the current understanding of electron spin dynamics in direct-gap semiconductors.
In particular, the impact of spin-orbit coupling on electron spin relaxation becomes evident when
comparing room temperature spin relaxation times of 4ps in GaSb and 30ps in In0.53Ga0.47As
(in comparatively weakly n-doped samples and in absence of an external magnetic field). Thus,
in accordance with the dominant (D’yakonov-Perel’) relaxation mechanism, stronger spin-orbit
coupling shortens the electron spin relaxation time. The present magneto-optical pump-probe
measurements in Ge demonstrate carrier spin orientation and readout via indirect optical transi-
tions, and, for the first time, provide a comprehensive analysis of coherent precession of optically
induced electron and hole spins in an indirect-gap or group-IV semiconductor. Comparing typical
direct-gap semiconductors and Ge, the following differences are noted with regard to orientation
and readout of carrier spins, as well as the dynamics of optically induced hole and electron spins.

The efficiency of electron spin orientation in the fundamental conduction band minima
(L-valleys) of Ge is considerably smaller than in the fundamental conduction band minimum
(Γ-valley) of direct-gap semiconductors at comparable excess energies (that specifically exceed
the fundamental bandgap by less than the split-off energy). The electron spin polarisation is 2−3
orders of magnitude smaller in agreement with recent theoretical investigations on optical orien-
tation via phonon-assisted transitions in silicon [Che11].

In contrast to direct-gap semiconductors, in Ge, hole spins are accessible via interband transi-
tions, as was recently shown for direct optical transitions [Lor09, Lor11]. The present analysis
evidences that hole spin dynamics is also accessed via indirect optical transitions due to the en-
ergetic proximity of direct- and indirect conduction band minima in Ge. Furthermore, a detailed
investigation of hole spin dynamics reveals hole spin coherence times as long as 100ps at low
temperatures and gentle excitation conditions. This value is in agreement with previous theoret-
ical results [Dar05] and, in particular, exceeds theoretically predicted low-temperature hole spin
relaxation times in direct-gap semiconductors by two orders of magnitude [Yu05, She10].
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The multivalley structure of the fundamental conduction band of Ge is apparent in the coherent
Larmor precession of optically induced electron spins. In direct-gap semiconductors one pre-
cession frequency is observed, being furthermore independent of the orientation of the in-plane
magnetic field. In contrast, the reduced symmetry of the Landé tensor in the L-valleys of Ge
results in up to four precession frequencies that depend on the orientation of the magnetic field
with respect to the main axes of the crystal. The Landé tensor elements for photogenerated L-
valley electrons are in agreement with previous spin resonance results for donor-bound electrons
[Rot60, Hal75]. In contrast to electron spin relaxation in direct-gap semiconductors that is driven
by the D’yakonov-Perel’ mechanism, optically induced electron spins in the L-valleys of Ge loose
coherence and/or are relaxed via scattering between valleys of different effective Landé factor
and/or Elliott-Yafet-type spin-flip intervalley scattering.

Outlook The possibility to detect carrier spin dynamics via indirect optical transitions opens up
interesting possibilities for future magneto-optical pump-probe investigations. Some suggestions
are outlined in the following. For germanium, it would be instructive to examine the efficiency
of electron spin orientation as a function of excess energy, and to compare the outcome with the
principal predictions for indirect optical transitions according to Cheng et al. [Che11]. In particu-
lar, transitions just above the bandgap are interesting in view of the comparatively high orientation
efficiency associated with such transitions. Another intriguing question is the impact of strain on
electron spin precession in the L-valleys. Such investigations might include the reverse process
of what was done in electron spin resonance measurements [Hal75, and references therein]. As
mentioned in the course of this thesis, the referred investigations utilised strain to lift the energy de-
generacy of the L-valleys, and, as a result, to observe the tensor character of the L-valley effective
Landé factor from donor-bound electrons. The obvious question in the context of magneto-optical
pump-probe investigations is whether sufficient amounts of strain can be achieved to lower one
valley in energy to such extent that the optically induced electrons preferably occupy this valley.
With this, electron spin precession would be characterised by only one precession frequency. Be-
sides such further investigations in germanium, a magneto-optical pump-probe analysis of carrier
spin dynamics in silicon is of interest with emphasis on the coherence of optically induced electron
spins. In particular, comparatively long coherence times can be expected from the rate equation
model for the decay of electron spin coherence presented in this thesis, in combination with the
relatively small difference in the independent elements of the Landé tensor for electrons in the
fundamental conduction band minima [Wil61].
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A Ohmic heating of In0.53Ga0.47As

In section 4.2.1, the temperature dependence of electron spin relaxation time and effective Landé
factor around room temperature in n-type In0.53Ga0.47As is discussed. As mentioned, the sam-
ple temperature is varied by ohmic heating. To this end, the sample is equipped with alloyed
indium contacts and connected to a voltage source (Keithley 2400) via copper spring contacts.
Figure A.1 shows the current-voltage characteristic. The linear fit reveals R = 1.5kΩ for the total
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FIGURE A.1 Current-voltage characteristic of the In0.53Ga0.47As sample. Filled
squares and open circles are recorded before and after the respective FR transient,
respectively. The line is a linear fit to the data.

resistance of the series connection of sample resistance and contact resistance. Such a value is
reasonable, the sample resistance RS = l× (nHeµHbd)−1 ∼ 0.2cm× (2.4×1015 cm−3×1.6022×
10−19 C× 9000cm2/Vs× 0.2cm× 3.8× 10−4 cm)−1 = 0.7kΩ lies in the same order of magni-
tude. (Note that resulting from the contact geometry both cross-section bd and length l entail
fairly large uncertainties. The remaining parameters are the Hall data listed in table 4.3.) The
ohmic character of the current-voltage characteristics is important, since, as a result, the sample
temperature is proportional to the square of the applied voltage according to the dissipated power
Pel = U2/R. The voltage-to-temperature conversion is obtained by comparing the absorption co-
efficient α calculated from (i) the experimentally determined transmission through the sample and
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(ii) the imaginary part of the dielectric function ε ′′. Approach (i) uses Lambert-Beer’s law

UPD =U0 exp(−αd)⇔ α =− ln(UD/U0)

d
. (A.1)

The detector voltage UPD corresponds to the probe intensity that is transmitted through the sample.
U0 is the intensity of the incident probe light corrected for reflection losses at the sample surface.
The detector voltage is measured for each voltage value. Specifically, UPD = 63mV at zero applied
voltage. Thus, with U0 = 1.3V, the room temperature absorption coefficient is α = 7950cm−1

which is close to the value in [Zie86]. The absorption coefficient is increased by (10−15)% for
the highest voltage value of U = 35V. In approach (ii), α = ε ′′ω/(nc) is calculated from [Yu10]

ε
′′(ω) = 2

( e
m

)2
(√

2µ

h̄

)3 |Pcv|2

ω2

√
h̄ω−Eg. (A.2)

The refractive index is n= 3.8 [Iof] and h̄ω = 0.8eV for fibre laser. From the absorption coefficient
at U = 0 the matrix element for the optical transition |Pcv|2 is 1×10−38 kg m V2. This is reasonable
compared to |Pcv|2 = 3×10−38 kg m V2 for GaAs [Dum63]. |Pcv|2 is assumed to be independent
of temperature. The temperature dependence of the bandgap is according to [Vur01]. The reduced
mass µ = (1/mc + 1/mv)

−1 is a function of the conduction band effective mass mc = 0.043 and
the valence band effective mass of density of states mv = 0.47 [Vur01, the specified mv is the
weighted average of the binary compounds GaAs and InAs]. Its temperature dependence presum-
ably follows the bandgap thermal expansion (cf. section 2.1). Figure A.2 shows the resulting
voltage-to-temperature conversion. For the data points, that are shown together with a parabolic
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FIGURE A.2 Voltage-to-temperature conversion according to a comparison of equa-
tions (A.1) and (A.2) for different µ(T ), as detailed in the main text.

fit (solid line), µ(T ) is assumed to decrease linearly with half the gradient of the bandgap temper-
ature characteristics. The dotted and dashed lines assume that the reduced mass does not depend
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on temperature, or that µ(T ) follows the overall temperature dependence of the bandgap, respec-
tively. For the τs(T ) and |g∗(T )| in section 4.2.1 the conversion indicated by the solid line is used.
The specified uncertainty ranges are determined by the dotted and dashed lines.
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B Geometrical considerations on the L-valley
electron g factors in germanium

Section 5.3.1 discusses the dependences of the apparent Larmor frequencies of L-valley electron
spin precession on the in-plane magnetic field orientation in 〈100〉- and 〈111〉-oriented Ge. The
angular dependences are evident from the following geometrical considerations. The main axes of
the surfaces of constant energy are oriented along

~e1 =
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3
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1

1

1

 ; ~e2 =
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3
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3
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1

−1

−1

 (B.1)

and ~e5...8, that correspond to ~e1...4 except for the sign. The magnetic field is rotated within the
sample plane spanned by~a1 and ~a2, that is

~B(α) =~a1 cosα +~a2 sinα. (B.2)

The angles θi between the principal axes and ~B are defined by

cosθi = ~B(α) ·~ei. (B.3)

In the following, the calculation for ~e1...4 is shown explicitly. For symmetry reasons ~e5...8 result in
the same dependences.
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GERMANIUM

B.1 Surface orientation 〈100〉

The surface is spanned by
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With equation (B.1) to (B.3), the angles between the principal axes and the magnetic field orien-
tation are
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B.2 SURFACE ORIENTATION 〈111〉

B.2 Surface orientation 〈111〉
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