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Abstract

Spectrally-resolved differential reflectivity experiments on GaMnAs over a broad spec-
tral range (1.4-2.0 eV) are presented, representing the first such measurements in a
[TI-Mn-V diluted magnetic semiconductor. Comparison of the measured nonlinear
spectra with results in GaAs and LT-GaAs, together with calculations of the pump
probe signal contributions, has allowed an unambiguous identification of the rele-
vant scattering and relaxation processes for optically-excited carriers in this material
system. The measured spectra indicate a clear blue shift in the nonlinear optical re-
sponse, providing support for the valence band model of ferromagnetism in III-Mn-V

diluted magnetic semiconductors.
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Chapter 1

Introduction

Diluted magnetic semiconductors (DMS) are a new class of materials which have been
the subject of intense experimental interest because of their potential role in emerg-
ing semiconductor technology. DMS are traditional semiconductors that have been
doped with magnetic impurities. (For example, the majority of studies have been
made on gallium arsenide (GaAs) doped with manganese (Mn).) DMS materials ex-
hibit a unique kind of ferromagnetism in which the local magnetic moments created
by the dopants interact via spin-dependent coupling to delocalized carriers (holes).
This so-called carrier-mediated ferromagnetism gives these materials a unique combi-
nation of semiconducting and magnetic properties. In particular, one can control the
magnetic characteristics by varying the carrier density, just as electrical characteris-
tics are controlled in traditional semiconductors by varying the carrier density using,
for example, electrical gates or optical excitation. This feature makes these materials
of interest for developing new semiconductor devices that would exploit the magnetic
and electronic properties simultaneously.

GaAs is extensively used in industry for optoelectronic devices, such as photodetec-
tors, and in high-speed electronics. It has therefore been extremely well-characterized,
representing a good starting point for understanding the electronic and optical prop-
erties of GaMnAs. For this reason, GaMnAs has become the prototype DMS system.
With the development of nonequilibrium growth techniques such as molecular beam
epitaxy (MBE), Mn can be doped into GaAs (GaMnAs) at relatively high concen-
trations (up to ~10%). When the Mn ion substitutes for Ga, it forms a Mn?* ion
and acts as a p-type dopant, leading to the generation of a hole (see Figure 1.1). The
holes couple anti-ferromagnetically to the Mn ions via the exchange interaction. As
a result, even though the Mn ions are too far apart for their magnetic moments to
interact directly with each other (hence the name “diluted”), spin-dependent Mn-hole

coupling leads to long range ferromagnetic coupling between the local Mn moments.
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GaMnAs typically becomes ferromagnetic when = 1.5% of the Ga ions have been re-
placed with Mn ions. Although no room-temperature ferromagnetic GaMnAs samples
have yet been grown, steady progress has been made in raising the Curie temperature
from an initial 60 K [5] to 185 K [6]. Studies in this material are providing a basis
for understanding (and engineering) the entire class of III-Mn-V DMS.

Figure 1.1: A diagram of GaMnAs. Ga, Mn and As lattice sites are as indicated.
The Mn atom can either substitute at a Ga site or act as an interstitial defect. A
wavefunction of the delocalized hole is represented as a gray ellipse and the hole spin
indicated with a yellow arrow.

Carrier-mediated ferromagnetism in DMS materials is distinct from ferromagnetism
in metals because the magnetic properties of the sample (e.g. coercive field strength
[7], Curie temperature (T¢x) [2]) can be controlled using electrical gating or optical
excitation. This leads to a whole host of possible directions for the development of
magneto-sensitive electronic or photonic devices. For example, a notable feature of
DMS is their relatively large g-factor [8]. A commercial Faraday isolator based on
a II-VI DMS has already been developed [9]. A variety of proof-of-principle magne-
tosensitive electronic devices have also been demonstrated, including spin-dependent
resonant tunneling diodes,[10] magnetic tunnel junctions [11] and spin-polarized light-
emitting diodes [12, 13]. Other proposed devices that would benefit from the use of

a DMS semiconductor as a ferromagnetic contact include spin-sensitive field effect



3

transistors [14, 15, 16|, laser diodes with polarised output [17], low-power electrically-
controlled nonvolatile memory, optically addressable nonvolatile memory as well as
devices which don’t have to ‘boot-up’[17]. A particularly attractive feature of DMS
materials for such devices is that the integration of magnetic and electronic func-
tionality is seamless, at least in principle, because only semiconductors materials are
required.

Of crucial importance to device development is a strong understanding of the elec-
tronic properties of a material, including the carrier dynamics and the electronic
structure. In particular, an active controversy exists with respect to the position of
the Fermi level, leading to a considerable body of research over the past decade aimed
at understanding the fundamental properties of GaMnAs [18, 19, 20]. In one inter-
pretation [21, 20] the holes in GaMnAs reside in the valence band, similar to regular
p-doped GaAs [22], and the Fermi energy resides below the valence band edge. In an
alternative interpretation [23], the holes (and the Fermi level) reside in an impurity
band above the valence band edge. Linear optical studies to date have yielded con-
flicting results [18, 24, 20]. As demonstrated in this thesis work, this is a subject to
which nonlinear pump probe spectroscopy can contribute.

In this thesis, pump probe spectroscopy is used to study the carrier dynamics and
to gain insight into the electronic structure of GaMnAs. Pump probe spectroscopy
is a technique where an ultrafast optical pulse, known as the pump, is used to excite
a material. The pump-induced change in an optical property of the material (e.g.
transmissivity or reflectivity) is studied using a second pulse, known as the probe.
Time-resolved dynamics can be studied by varying the time delay between the pump
and the probe pulses. Pump-probe spectroscopy provides very fine time resolution,
limited only by the pulse duration (~100 fs in this work). Pump probe techniques
have been used to study a variety of dynamic phenomena in semiconductor materials,
for example, carrier relaxation [25], intervalley scattering [26] and energy loss rates
[27]. These techniques have also been applied to the study of carrier relaxation and
optically-induced phenomena in ferromagnetic metals 28, 29].

In this thesis, differential reflectivity experiments are performed on GaMnAs. The

novel feature of the work is the application of a femtosecond white light continuum
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probe to observe the nonlinear optical response over a wide range of photon ener-
gies encompassing the band gap. The measured results provide a comprehensive
understanding of the carrier dynamics in this material, and provide new information
regarding the spectral dependence of different sources of the measured nonlinarity.
This work also illustrates for the first time that pump probe (nonlinear) spectroscopy
provides a powerful new tool for studying the electronic structure of GaMnAs. The
results also provide insight into the mechanism of ferromagnetic coupling in this sys-
tem.

This thesis is structured as follows: Chapter two contains a discussion of the ba-
sic properties of GaAs and GaMnAs. The limitations of current understanding of
the electronic structure of GaMnAs are highlighted. The way in which pump probe
spectroscopy can contribute to an improved understanding is also described. Chapter
three contains an introduction to experimental details, including the physical prop-
erties of the samples studied, the experimental technique, and the apparatus used.
Chapter four contains a discussion of the results of the experiments. The results
of theoretical simulations of the measured spectra is also provided in Chapter Four.
Chapter five contains a summary of the major conclusions and a discussion of future

work.



Chapter 2

Background Information

2.1 Chapter Outline

This chapter begins with an introduction to the basic properties of GaAs (Sec. 2.2) as
well as GaAs with excess holes and low-temperature grown GaAs (Sec. 2.3). Section
2.4 contains an introduction to the electronic structure of GaMnAs, emphasizing the
properties in the dilute limit of Mn doping. A brief literature review is presented in
Sec. 2.5, in which the controversy that exists regarding the band structure when the
Mn content is increased beyond a few % is highlighted. This motivates the use of
pump-probe spectroscopy to study the nonlinear optical response of GaMnAs. Un-
derstanding the results in this thesis requires an introduction to various contributions

to pump-probe signals. These signal contributions are introduced in Sec. 2.6.

2.2 Review of Bulk Semiconductor Physics

In a solid, the electronic properties of the material will be determined by the electronic
band structure. GaAs is a direct bandgap III-V semiconductor with a zinc-blende
crystal structure. In a semiconductor, the valence band is the highest fully occupied
electron band at T' = 0 K, while the conduction band is the first unoccupied band,
separated from the filled valence band by the band gap E,. The band structure
of GaAs calculated using a pseudopotential model [1] as well as a simplified band
diagram are shown in Fig. 2.1. The valence band is composed of three doubly-
degenerate (with spin) bands, the heavy-hole (HH), light-hole (LH) and spin-orbit
split-off (SO) bands. The conduction band consists of a single doubly-degenerate
(with spin) band. In a direct band-gap semiconductor like GaAs, the critical points
of the conduction and valence band are centered at k = 0, where k is the electron
wavevector. The band gap and Fermi energy level of bulk GaAs at 80 K are 1.5068 eV

and 0.7645 eV, respectively. At zero temperature in the absence of optical excitation,
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Figure 2.1: (a) GaAs bandstructure obtained using a pseudopotential calculation
[1]. (b) Simplified band structure of a direct bandgap semiconductor. C denotes
the conduction band, HH the heavy hole band, LH the light hole band and SO the
split-off band. Each of these bands is doubly degenerate including the spin degree of
freedom.

the Fermi level would reside in the middle of the band gap.

2.3 Defects in GaAs

In order to understand the results of this thesis, it is useful to highlight the basic
properties of traditional p-type semiconductors, for which Zn-doped GaAs is consid-
ered as an example. In high quality GaAs epilayers, which are grown at elevated
temperatures around 500-600 °C, excess holes can be introduced by doping the ma-
terial with acceptors. In this case, the doped semiconductor is referred to as p-type.
The implanted ions lead to an energy level close to but above the valence band edge
(for the case of shallow acceptors) [30]. For instance, when GaAs is doped with Zn,
the acceptor level resides approximately 30 meV above the valence band edge and
has a highly-localized bound hole wavefunction with a Bohr radius of az &~ 18 A. At
concentrations above 107 cm™ the impurity atom wave functions show substantial
overlap and a delocalized band of carriers known as the impurity band forms. At low
temperatures, holes are bound to the acceptor atoms, so that the acceptors remain

neutral. At sufficiently high temperatures, so that kg7 is comparable to the binding
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energy of the acceptor, the acceptor will be ionized and the hole resides in the valence
band. With increasing acceptor density the impurity band broadens until, at a suffi-
ciently high concentration, it merges with the valence band [31, 32]. Concurrent with
this effect is a narrowing of the bandgap with increasing acceptor concentration [33]
due to correlation and exchange interaction effects [34]. For Zn-doped GaAs, the nar-
rowing varies between 20 and 80 meV for acceptor concentrations of between 10*® and
10?2 cm™? respectively. The relevant optical transitions for a highly-doped, p-type
semiconductor are shown in Fig. 2.2. The occupation of the valence states near the
top of the valence band with holes leads to a modification in the optical absorption
of the material: no transitions can occur for photon energies below the threshold for
promotion of electrons from occupied states in the valence band to the conduction
band. This blue shift in the absorption edge is called the Moss-Burstein effect [35, 36].
Photoluminescence measurements, in contrast, are sensitive to the E; because in such
experiments electrons are promoted through absorption to the conduction band at
high energies. These electrons relax to the band edge and recombine with holes at
k = 0. Thus, photoluminescence is sensitive to shifts in the valence band edge due
to band gap renormalization while being insensitive to the Moss-Burstein effect [34]
while absorption measurements are affected by both band gap renormalization and
the Moss-Burstein effect. Evidence for both the Moss-Burstein effect and band gap

narrowing have been observed in absorption measurements of p-doped GaAs [37, 38].

2.3.1 Low Temperature Grown GaAs

Low temperature grown GaAs (LT-GaAs) is GaAs grown using molecular beam epi-
taxy (MBE) with the substrate held at 200-300 °C. In contrast, high purity MBE
grown GaAs [39] is typically grown in the range of 550-650 °C. The reduced surface
mobility of As during growth at these low temperatures leads to the incorporation
of excess As (as much as 1%—2%). For as-grown and weakly annealed LT-GaAs, the
excess As is incorporated primarily in the form of Asg, substitutional antisite point
defects. As As is a group V atom, when it replaces Ga (a group III atom) it acts
as a double donor. The energies of the associated levels (As%, and As(,) have been

studied by several groups [40, 3], and lie near the middle of the band gap of GaAs. As
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Figure 2.2: Simplified band structure and optical transitions of a heavily doped p-type
direct band gap semiconductor at zero temperature. E, denotes the transition from
the top of the valence band to the bottom of the conduction band. Epy_¢ (Egg—c)
denotes the lowest energy transition measurable in optical absorption experiments
involving the LH (HH) band.
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Figure 2.3: Schematic diagram of the electronic structure near the band gap of LT-
GaAs. Shown are deep defects near the center of the band gap and band tails states
near the conduction and valence band edges.

the density of Asg, is very high, the Asg, levels broaden into a midgap deep donor
band. The disorder associated with excess As, which can also exist in the form of
As and vacancy clusters [41], leads to shallow potential fluctuations in the crystal.
These also produce weakly-localized states in the vicinity of the conduction and va-
lence band edges, referred to as band tails (also known as the Urbach tail in reference
to linear absorption experiments). A schematic diagram of LT-GaAs, showing the
various defect levels, is shown in Fig. 2.3.

As a result of the midgap donor band, as-grown and weakly annealed LT-GaAs is
conducting, although the donor band is still only partially occupied due to vacancies
and other defects that lead to compensation. In linear absorption experiments on L'T-
GaAs, a substantial absorption is observed below the band gap of high-temperature-
grown GaAs. In addition, no excitonic features are observed in continuous-wave
absorption measurements on LT-GaAs, a finding that has been attributed to inhomo-
geneous broadening and a very short carrier lifetime in the presence of disorder-related
traps [42]. The absorption tail in LT-GaAs is sufficiently strong, in fact, that the band
gap energy is impossible to identify.[18] Contributions to the absorption tail below
E, arise from both transitions involving band tail states and the promotion of elec-
trons from the midgap donor band to states in the conduction band. Silverberg et al.
showed that transitions from the states deep in the valence band to unoccupied donor
band states represents a 10x weaker process compared to the defect to conduction

band transitions [43].
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LT-GaAs has been extensively studied using pump-probe spectroscopy [39, 44, 42]
and spectroscopic studies [45, 46, 47] due to the early interest in this material for
applications in all-optical switching. Pump probe experiments suggest that carriers
excited to the conduction band relax into either (i) localized band tail states below the
band gap via phonon emission which are increasingly localized with decreasing energy
or (ii) midgap As-antisite defects. Electrons in the midgap states eventually recombine
with holes in the valence band via trap-assisted recombination. Trap saturation can
occur if a sufficient quantity of carriers are excited to the conduction band, resulting

in a longer overall relaxation time of the material.

2.4 Electronic Structure of GaMnAs

Manganese-doped GaAs (GaMnAs) grown at low temperatures has been the subject
of intense experimental interest ever since it was discovered to be ferromagnetic [5, 48].
Since magnetism in this material is mediated by carriers and therefore the magnetic,
optical and electronic properties are interconnected [23], it offers the potential to store
information in a nonvolatile fashion using a semiconductor platform. Ferromagnetic
GaMnAs is grown at low temperatures (similar to LT-GaAs) using MBE. Before
the development of low temperature semiconductor growth, experiments involving
GaMnAs were hindered by the low solubility of Mn in GaAs. Only by lowering the
growth temperature, and hence introducing nonequilibrium growth conditions, can
significant quantities of Mn be incorporated into GaMnAs. When GaMnAs is grown
at low temperatures, the Mn defects can occupy either substitutional or interstitial
sites, where they behave as either acceptors or donors respectively. The outer electron
shell configuration of Mn is 3d°4s%. In GaAs, Ga has three electrons in the valence
shell that participate in bonding. When Mn substitutes for Ga (Mng,), three of its
valence electrons (two from the 4s shell and one from the 3d shell) participate in
bonding. This leaves four d electrons not participating in bonding. Since the lowest
energy electron configuration occurs when the atomic spin angular momentum is
maximized [49], the substitutional Mn atom will acquire an extra electron, donating
a hole to the crystal. If the hole is unbound, the Mn atom it is said to be in an ionized
‘A=’ state. If the hole is bound to the Mn atom, the Mn atom it is said to be in
the ground ‘A% state. In the dilute limit this impurity level for GaMnAs is 110 meV
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Figure 2.4: A schematic diagram of the electronic band structure of GaMnAs for low
concentrations of Mn. Asg, states form a deep donor band near the midgap. Band
tail states caused by potential fluctuations in the crystal are shown. Interstitial Mn
states produce a shallow donor level, while states associated with substitutional Mn
form exist close to the top of the valence band.

above the valence band [50]. For GaMnAs grown at low temperatures and with a low
concentration of Mn, the activation energy is closer to 50-60 meV above the valence
band [51]. Manganese interstitials form shallow donors which donate two electrons,
the binding energy of which is unknown [51]. Mn clustering and MnAs precipitates
can also form. A band structure diagram of features in the vicinity of the band gap
for low Mn concentrations is shown in Fig. 2.4.

GaMnAs typically becomes ferromagnetic when Mn has a concentration of z ~ 0.01,
where z is given by Ga;_,Mn,As. Because of the relatively low concentration of Mn,
GaMnAs is known as a dilute magnetic semiconductor (DMS). The ferromagnetism in
GaMnAs is due to exchange coupling between localized spins (Mng,) and delocalized
holes [52, 53]. Since ferromagnetism in GaMnAs is mediated by holes, the intended
Mn defect is the substitutional impurity. Since both As antisite defects in LT-GaAs
and Mn interstitials contribute excess electrons to GaMnAs, some compensation of
the Mng, acceptor occurs, and the overall hole concentration is sensitively dependent
on the growth process. Correspondingly, the temperature at which ferromagnetic
order is lost, known as the Curie temperature (7¢), also depends sensitively on the
growth process. Through improving the growth process, the T of GaMnAs has risen
from 60 K since the discovery of ferromagnetism in this system to 185 K. The highest
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Figure 2.5: Ry versus applied magnetic field curves on an LT-grown InMnAs sample
at 22.5 K. Various gate voltages were applied to the sample, as indicated [2]. The
inset shows the same curves at higher magnetic fields.

reported T¢ of 185 K was observed in a 23 nm thick GaMnAs epilayer with a nominal
Mn doping of 12.5% [6].

2.5 Literature Review

Experimental observation of the carrier-mediated nature of the ferromagnetic coupling
in a DMS system was first made in InMnAs using electrical gates [2] and continuous-
wave optical excitation [54]. Hall resistance measurements illustrating gate control
over the transition temperature are shown in Fig. 2.5. This work stimulated a flurry
of research activity aimed at understanding the mechanism of ferromagnetic order in
the ITI-Mn-V DMS, and learning how to optimize the growth conditions to engineer
the magnetic characteristics (e.g. increase T¢). The most intensively studied material
is GaMnAs, owing to the substantial amount of experience developed by researchers
in the past in growing and characterizing this material.

Despite more than a decade of intensive research into the properties of GaMnAs,
the band structure and the mechanism of ferromagnetic coupling of this material are
still not well understood. GaMnAs shown in Fig. 2.4 is widely accepted for low Mn
concentrations. It is also well established that the ferromagnetism in GaMnAs is

due to coupling between localized Mn spins via their mutual interaction with holes.
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Figure 2.6: (A) shows a band structure diagram of LT-GaAs. (B) shows a band struc-
ture diagram of GaMnAs in the impurity band model. (C) shows a band structure
diagram of GaMnAs in the valence band model. The thin and thick arrows denote
allowed optical transitions. Diagram taken from [3].

However, the evolution of the band structure as Mn is increased beyond the threshold
for ferromagnetism is the subject of extensive debate in the literature at the present
time. There are two competing proposals regarding the evolution of the band struc-
ture. The first proposal is the valence band (VB) model [53, 55, 56, 19] in which the
110 meV Mn impurity level broadens as the Mn concentration is increased, eventually
merging with the valence band. The Fermi energy decreases with increasing Mn con-
centration, eventually going below the VB edge. In this picture the ferromagnetism
is described using a Zener mean field model. The second proposal is the impurity
band (IB) model in which the holes remain sufficiently localized that the Fermi level
remains above the VB edge no matter the Mn concentration [57, 58, 59, 60, 61, 62].
In this picture the ferromagnetism is described using a double exchange model. A
simplified band diagram outlining the above is shown in Fig. 2.6. The actual band
structure may be a hybrid of these two approaches. For example, the valence band is
likely modified by hybridization [3, 63], in contrast to the original valence band pic-
ture of Dietl et al. [53] It is also possible that the impurity band states may overlap
with the valence band [21], while still retaining their d-character.

Experimental support exists for both proposals. In a series of infrared spectroscopy

measurements [64, 3, 65], a strong resonance was observed at 250 meV, which red
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shifted with increasing Mn concentration. This redshift is consistent with an IB
picture since the IB would be expected to broaden with increasing Mn concentration,
resulting in a red shifted transition from the VB to IB. In a separate series of infrared
spectroscopy measurements [20], a blue shift of the 250 meV peak was observed
with increasing Mn concentration. This is consistent with the valence band picture.
Support for both the VB [66, 20] and IB [58, 60, 24] interpretations also exists in
magnetic circular dichroism (MCD) experiments. In these experiments, the difference
between the reflectivity for left and right circularly-polarized light is measured in
DMS samples in which a large magnetic field has been used to bring the easy axis
into the growth direction. In this case, an MCD signal is expected at the band
edge due to the Zeeman splitting of the band edge states, which is substantially
enhanced in the ferromagnetic state. A blue shift of the MCD signal with increasing
Mn concentration is expected for the VB picture due to the Moss Burstein effect,
whereas no shift is expected for the IB picture. Unfortunately both trends have been
observed experimentally. A large background signal in MCD experiments, which has
been attributed to transitions between the band states and the Mng, impurity states
[62], has been found to complicate the interpretation of the MCD results. These
studies demonstrate the need for a better understanding of the electronic structure
of GaMnAs. A logical direction would be to look for shifts in the linear absorption
around the band gap to look for a Moss Burstein shift. The problem with this
approach is that, due to low-temperature growth and Mn- and As-related disorder, a
strong absorption tail dominates around £, preventing the extraction of a band gap
energy [18].

Nonlinear techniques such as differential reflection and transmission, which provide
a very different kind of optical probe than the linear experiments described above,
and as such may be able to provide new insight into the open questions regarding
the band structure of GaMnAs. These techniques also provide insight into the carrier
dynamics in this system. Several differential reflection and transmission experiments
have already been performed on GaMnAs [67, 68, 69, 70, 71, 72, 73, 74, 75, 76]. These
experiments are performed either at a single probe energy, or over a narrow energy
spectrum. This has led to considerable confusion with regard to the identification

of different signal contributions, hindering the interpretation of the carrier dynamics.
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As no spectrally-resolved experiments have yet been applied to this system in which
a wide range of photon energies are used, no previous reported pump probe studies
on GaMnAs have provided insight into the position of the Fermi level. In this thesis a
broadband white light probe is used to study two GaMnAs samples and an LT-GaAs
sample grown under similar conditions, as well a bulk GaAs sample. The results of
these experiments have allowed the various contributions to the pump probe signal to
be isolated. As discussed in Ch. 4, these experiments have also yielded new insight

into the band structure and mechanism of ferromagnetic coupling in GaMnAs.

2.6 Signal Contributions to Pump Probe

In a pump-probe experiment a sample is hit first by a pump pulse which excites the
sample, and at some time delay later is hit by a probe pulse which is used to mon-
itor the associated pump-induced changes in the optical properties. In a differential
transmission (reflection) experiment, the pump-induced change in transmission (re-
flection) is measured. For a direct band gap semiconductor containing defects, there
are four potential contributions to the observed signal: (i) phase space filling, or state
filling (PSF); (ii) free carrier absorption (FCA); (iii) defect-related absorption (DA);
and (iv) band gap renormalization (BGR). These are described in more detail in the
subsections below. These mechanisms are used to interpret the experimental results

in this thesis, through calculations presented in Ch. 4.

2.6.1 Phase Space Filling

For a pump energy above the band gap of the semiconductor being excited, some of
the pump photons will be absorbed and electrons will correspondingly be promoted
from the valence band to the conduction band. Due to the Pauli exclusion principle,
only two electrons (including spin) can occupy each allowed k state in the conduction
band. As a result, the excitation process reduces the probability of absorption by
additional photons at that photon energy, a phenomenon known as phase space filling
(PSF). The associated pump-induced change in the optical response to the probe
pulse is manifested in a differential transmission experiment as a positive signal (i.e.
a reduction in absorption, often referred to as bleaching). In a differential reflection

experiment, changes in both the absorption and index of refraction contribute to the
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measured signal.

Excitation by the pump pulse leads to an initial distribution of electrons with a
narrow range of energies in the conduction band, determined by the laser spectrum.
Immediately after excitation, these carriers scatter with each other and redistribute
in energy within the band, eventually forming an energy distribution that is well-
described by the Fermi occupation function [77]. This distribution function is charac-
terized by an elevated temperature (determined by the difference between the photon
energy and the band gap energy) and an excited chemical potential [78]. As a result of
the nonzero average occupation of the states in the conduction band, the probability
of absorption at that photon energy by photons in the probe pulse is reduced. The

non-equilibrium carrier density is given by

excited — E
'utd—F) 7 (2.1)

N = N + Negcited = Nintrinsic€XP ( knT
B

where ng is the equilibrium carrier density (obtained by integrating the product of
the density of states and probability of occupation), nesciteq is the density of carriers
excited by the pump, Er is the Fermi energy in the absence of excitation, and fiezciteq
is the excited chemical potential. This can be rearranged to solve for the excited
chemical potential,

Ntotal

Hexcited = EF + /{‘BTIH (22)

Nintrinsic
Once fezeited 18 known, the thermalized population of electrons in the conduction band
is given by the standard Fermi distribution f(w) with the excited chemical potential

substituted for the Fermi energy,

hw — Mexcite -
femcited(w) = (eXp (#) + 1) s (23)

where w is photon frequency. The density of states near the band edge of a semicon-

ductor is given by [77],

3
1 /2m.\?2

where m, is the effective electron mass and Ey is the band gap of the semiconductor.
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The pump-induced reduction in available states, and thus the reduction is absorption

coeflicient is then given by [79]:
—AOKPSF(W) — femcited(w)DOS(W)- (25)

This reduction in available states is known as phase space filling (PSF). The corre-
sponding change in the index of refraction can be obtained by using the nonlinear
Kramers-Kronig relations (KKR)[79]:
A /
An(w) = SP.V. / Balw) 4y (2.6)
™

w/2 _ CU2

where P.V. denotes Cauchy principal value. The reflectance of an absorbing medium

perpendicular to the interface is given by

R(n(w), x(w)) = E ) E (2.7)

where n is the index of refraction and s is the extinction coefficient. The extinction

coefficient is related to the absorption coefficient by x = §°. The pump-induced

differential reflection is given by

R(TLPSF(CU), KPSF(W)) —s Ro(ﬂo(@), K+ O(W))
Ro(no(w), ko(w))

DRRPSF(OJ) = . (28)

where ng(w) is the unexcited index of refraction, ro(w) is the unexcited extinc-
tion coefficient, Ry is the unexcited reflectance, npsp(w) = ng(w) + Anpsp(w) and
kpsr(w) = ko(w) + Akpsr(w). Anpgr(w) and Akpsr(w) are the frequency depen-
dent changes to the index of refraction and extinction coefficient caused by phase

space filling.

2.6.2 Free Carrier Absorption

Upon excitation of the semiconductor by the pump pulse, electrons and holes are
present in the band states. The associated carriers can respond to the probe pulse
through intraband absorption, similar to the case of a metal. This contribution in a

pump probe experiment is referred to as free carrier absorption (FCA). We can treat
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this optical response of the material as a series of Lorentzian oscillators with a zero
resonance frequency [80]. In this model, the real part of the dielectric constant is

given by
h_ %

_ _ 2.9
€0 w? + ”72 ( )

where v is the transverse relaxation rate. The plasma frequency w, is given by

Ne2
— . 2.10
“r \/ mep’ ( )

where m is the effective electron mass, e is a single electron charge and N is the

excited carrier density. The imaginary part of the dielectric constant is given by

2
€1 Y 7
"

= 2.11
€0 w? —|—’72 ( )

For free carriers injected by the pump, the pump induced change of index of refraction

and coefficient of extinction can be calculated using

i 2 2
Anpos=4j= [ Z+4/= +27), (2.12)
2 €0 €0 €0

1 2 2
Akpos =] —= [ B — JE 197, (2.13)
2 €0 €0 €0

The overall index of refraction and coefficient of extinction are then given by npca =

ng+ Anpca, krca = ko + Akpca, where Anpea (Akpca) is the change in the index
of refraction (extinction coefficient) in the presence of free carriers. The differential

reflection signal due to carriers excited by the pump is given by

R(npca(w), kpca(w)) — Ro(no(w), ko(w)) .

DRRpca(w) = Ro(no(w), ko(w))

(2.14)

2.6.3 Defect-Related Absorption

Once carriers have been excited from the valence to the conduction band, they can

get trapped in deep midgap trap states. Once trapped in midgap states, these carriers
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Figure 2.7: Schematic diagram of defect-related absorption processes in a direct band
gap semiconductor. After inital excitation by the pump, excited carriers get trapped
to defect states where they can be re-excited by the probe to the conduction band.

can be excited by the probe to states higher in the conduction band, leading to pump-
induced absorption. Since the trapped midgap states are due to As defects, which
occur in an aperiodic manner, conservation of momentum is relaxed and these carriers
can be excited to any state in the conduction band provided there is sufficient probe
photon energy to do so. Transitions from the valence band to midgap states are
ignored because the absorption cross section of these transitions are roughly an order
of magnitude lower than those from mid-gap states to the conduction band [43]. A
schematic diagram is shown in Fig. 2.7. The extra absorption induced by the pump

pulse through this process may be described using
Aapa(w) =A-DOS(w), (2.15)

where Aapa(w) is the additional absorption caused by the trapped carriers, A is
a proportionality constant and DOS(w) is given by Eqn. 2.4 with E, replaced by
E,/2. Equation 2.4 is inspired by the experimental data in [43]. The numerical
value of A will be determined by the density of trapping defects and the number
density of trapped carriers following optical excitation. As these quantities may not

be determined in practice, the value of A is used as a fitting parameter in interpreting
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the experimental results. The change in the index of refraction can be calculated using
the nonlinear Kramers-Kronig relations (Eqn. 2.6). The differential reflectivity due

to defect-induced absorption (DA) can then be calculated using

R(npa(w), rpa(w)) = R(n(w), £(w))
Ro(no(w), KO(w)) ’

DRRpa(w) = (2.16)
where npa (kpa) are the sum of ng (ko) and Anpa (Akpa) respectively. Anpa and
Akpa are the defect-related changes in index of refraction and extinction coefficient,

respectively.

2.6.4 Band Gap Renormalization

Band gap renormalization (BGR) is a many-body effect which occurs in an interacting
electron gas. When many carriers are excited to the conduction band by the pump,
the reduced Coulomb repulsion resulting from the Pauli exclusion principle results
in a negative exchange self energy. This self-energy increases in magnitude with
increasing carrier concentration. The free-particle energy is modified by the exchange
self energy, resulting in a reduction in the band gap [81]. Such a pump-induced shift
of the band gap will produce a change in the absorption and index of refraction for
states near the band gap. This results in a pump-probe signal.
For a pump-induced bandgap shift of AE, the change in absorption will be given
by
Aaper(E,AE)) = o(E+ AE,) — o(E). @LI7)

The corresponding change in index of refraction is then given by

a(Ey + AEy) — a(E,)

2 _ 2

du. (2.18)

W

A’H,BGR(CU,AEQ) = %PV/ o

The differential reflectivity due to BGR can be calculated using

R(nBGR(w, AEg), HBGR(CU, AEg)) - Ro(ﬂo(@), Ho(w))
Ro(no(w), ko(w))

DRRBGR((U,AEQ) = s (2.19)

where npgr (kpgr) are the sum of ng (ko) and Anggr (Akpgr) respectively. Anggr

and Arpgr are the BGR-induced changes in the index of refraction and coefficient
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of extinction, respectively.
Determination of the magnitude of the band gap shift associated with BGR is a
complicated theoretical task, especially for materials with a large defect concentration.

In this thesis, the size of the band gap shift will be taken from experiments performed
in HT-GaAs [4].

2.6.5 Sample Pump Probe Results: High Temperature Grown Undoped
GaAs

An example of experimental data that illustrate some of these effects is shown in Fig.
2.8. Lee et al. [4] measured absorption spectra of bulk GaAs in an experiment where
a 1.51 eV beam of varying intensity was used to pump the sample and a broadband
CW probe was used to measure the pump-induced change in the absorption spectrum.
A reduction in absorption was observed over a broad range of energies, and the
reduction increased with increasing probe intensity. These experiments, together
with the associated theoretical analysis, allowed the authors of Ref. [4] to conclude

that state filling provides the dominant contribution to the nonlinear optical response
of bulk GaAs.
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Figure 2.8: (a) Room temperature absorption spectra of bulk GaAs with excitation
powers between 0 and 50 mW on a 15 pum spot size. (b) An extracted from data in
(a) via nonlinear KKR [4].



Chapter 3

Overview of Experiments

3.1 Chapter Outline

This chapter contains a description of the samples studied (Sec. 3.2) as well as the
experimental technique (Sec. 3.3) and equipment (Sec. 3.4) used to study them. The
method used for calculating the density of carriers excited by the pump beam is given
in Sec. 3.5.

3.2 Samples

Four samples were studied in this thesis, as shown in Table 3.1. Three of the samples
(G030-3, F066-6 and G114) were grown by molecular beam epitaxy by Vit Novak
at the Institute of Physics at the Academy of Sciences of the Czech Republic. The
research group of Vit Novak is world renowned for growth and materials engineering
of GaMnAs [20, 82, 6, 83]. A fourth sample consisting of a semi-insulating GaAs
substrate was purchased from Wafer Technology Ltd.

For differential reflectivity experiments, one would like to have the layer under
study be optically thick (i.e. to have a thickness two times greater than the absorption
depth) in order to avoid a pump probe response from the substrate and buffer layers.
Obtaining a high T in GaMnAs requires post-growth annealing, which has the effect
of removing Mn; defects, producing the largest possible fraction of Mn atoms in

substitutional sites and thereby the largest concentration of holes. This annealing

Sample  Tgroun  x (%) T Thickness (nm)

SI GaAs  HT 0 N/A N/A

G114 LT 0 N/A 150
G030-3 LT 10 115-135 150
F066-3 LT 12 183 21.5

Table 3.1: Summary of physical characteristics of samples studied.

23
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process is more effective the thinner the GaMnAs epilayer, since Mn interstitials can
diffuse to the surface more easily in that case [84]. A compromise for this study
was taken with an epilayer of 150 nm thickness. In order to assess the influence
of the substrate on the observed differential refection results, a thinner GaMnAs
sample (20.5 nm) was also studied for comparison. The pump probe response of a
reference LT-GaAs samples (also 150 nm thick) as well as a plain GaAs sample was

also measured for comparison with the GaMnAs samples.

3.3 Pump Probe Spectroscopy

Pump probe spectroscopy is an experimental technique which can be used to study
time-resolved changes in the optical properties of materials. A pulse train from a
pulsed laser source is split into two beams, and these pulse trains are then directed
onto the sample of interest. The more powerful of the two pulse trains is called the
pump beam, and the weaker pulse train is called the probe beam. The probe is
used to detect pump-induced changes in the optical characteristics of the sample (e.g.
reflection or transmission). The time evolution of the pump-induced probe response
is monitored by changing the delay between the pump and probe pulses using a
mechanical delay line. A basic diagram of the experimental arrangement is shown in
Fig. 3.1. A ratio of pump power to probe power of approximately 10:1 was used in
this experiment. Since the duration of the pump and probe pulses is on the order of
100 fs, very short timescales can be resolved and the field of study which exploits this
technique is called ultrafast spectroscopy. If the pump and probe pulses have different
photon energies, the experiment is called a non-degenerate pump-probe experiment.
The most intuitive pump-probe experiment to consider is the case of a degenerate
differential transmission experiment, in which the component of the probe that is
transmitted through the sample is measured. In this case, carriers excited by the
pump pulse will temporarily increase the chemical potential by promoting electrons
to the conduction band, reducing the absorption coefficient due to state filling. The
reduction in absorption will result in a corresponding increase in the fraction of the
probe which is transmitted. In this case the quantity of interest is the change in
transmittance AT, which is typically normalized to the unsaturated transmittance

Th, so that (AT—OT) is presented. The change in transmission AT can be measured with
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Figure 3.1: Schematic diagram of pump probe spectroscopy, shown in the differential
reflection geometry. The time interval A7 between the pump and probe pulses on

the sample can be controlled by varying the optical path length of the probe with
respect to the pump.

a lock-in amplifier by modulating the pump pulse train with an optical chopper, and
monitoring the voltage signal from the probe detector. The unsaturated transmission
T}, is then measured by modulating the probe pulse train. In the case of differential
reflection, interpreting the signal is slightly more complicated because changes in both

the absorption and index of refraction affect the signal, as discussed in Ch. 2.

3.4 Experimental Apparatus

The laser source for these experiments is shown in Fig. 3.2. The Verdi V-18 has a
gain medium of Neodymium-doped yttrium orthovanadate (Nd:YVQ,), which has a
lasing wavelength of 1064 nm. This is upconverted to 532 nm via second harmonic
generation in a Lithium triborate (LBO) crystal yielding the final output of the Verdi.
The Verdi optically pumps the Mira-SEED laser and the RegA 9050. The Mira-SEED
is a 76 MHz mode-locked ultrafast laser which produces ultrashort femtosecond pulses
using Titanium:sapphire as a gain medium. The output is tunable from 780 to 840
nm. In this experiment 800 nm was used as the centre wavelength of the output
with a bandwidth (full width half maximum) of 30 nm. The output is directed to a
pulse stretcher which stretches out the pulses in time by introducing group velocity

dispersion (GVD) through four passes off a grating. The pulses are stretched to avoid
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Stretcher/Compressor

Verdi V-18

Figure 3.2: Layout of the laser system on the optical table.

damage to optical elements when these pulses are amplified.

The RegA is a Ti:sapphire regenerative amplifier which takes a pulse from the pulse
stretcher, amplifies it by repeatedly sending it through a gain medium and then ejects
the pulse. The repetition rate of the RegA is 250 KHz. The amplified pulse is then
sent to the compressor where the GVD introduced by the stretcher is removed. The
output from the compressor is then sent to a beam splitter. One of the outputs of
the beam splitter becomes the pump and the other is directed to a sapphire crystal
which is used to generate a white light continuum, which becomes the probe.

Once the pump and probe are generated they are sent into the experimental ap-
paratus used to perform the pump probe experiments. A schematic diagram of this
apparatus is shown in Fig. 3.3. The path length of the pump beam (shown in green),
is varied by a retroreflector mounted on an externally-controlled mechanical delay
stage. The delay stage has a resolution of 0.2 ym which corresponds to a time resolu-
tion of 1.3 fs. Comparing this to the 150 fs pump duration shows that the delay stage
is not the limiting factor in experimental time resolution. The probe, represented by
the red path, is directed along a fixed length path. A half wave plate is placed in the
probe path which rotates the polarization of the probe by 90° so that the pump and
probe are cross-polarized. Both beams are focused onto the sample with achromatic
lenses with a focal length of 25 mm. The sample is mounted on the same focal plane
as a 50 um pinhole, and both are accessible to the laser through quartz windows.

The cryostat and the lenses are mounted on independent 3D stages. Spatial overlap
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Figure 3.3: Schematic of the experimental apparatus. The green path represents the
pump, the red path the probe and the blue the post-sample reflected probe.

of the pump and probe beams is achieved by first optimizing the probe transmis-
sion through the pinhole by adjusting the cryostat position and then optimizing the
pump transmission through the pinhole by adjusting the pump focusing lens. The re-
flected probe beam is recollimated with another 25 mm achromatic lens and directed
through a monochromator and polarizing cube followed by a variable gain photodiode
detector. The polarizer is used to reject scattered pump light from the sample.
Before any data is collected the cryostat is evacuated by the rotary pump. Pressures
below 1072 Torr are sufficient to perform experiments at liquid nitrogen temperature
without condensation building up on the cryostat. Once the cryostat is evacuated, it
is cooled with liquid nitrogen. The sample is heated to 80 K by Joule heating using a
loop of wire controlled by a PID loop on a temperature controller. An integrated diode
is used to measure the temperature. Once overlap has been achieved the cryostat is
raised so that the beams are incident on the sample. The pump induced change in
the probe reflectivity is detected by modulating the pump beam using an optical
chopper and monitoring the probe detector signal using a lock-in amplifier to lock in

on the chopper frequency. The overlap of pump and probe is further optimized by
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moving the delay stage to a fixed post-pump delay and maximizing the AR signal by
adjusting the pump lens.

The optical response to the reflected probe beam in the absence of the pump beam
(Rp) is also measured with the lock-in amplifier by blocking the pump and moving the
optical chopper into the probe beam. (%) scans are taken at a given wavelength
by measuring Ry, and then measuring AR as a function of delay using a LabView

program that controls the position of the delay stage.

3.5 Laser Spot Size and Excitation Density

The spot size of the laser beam on the sample is determined by measuring the trans-

mission of the beam through the same pinhole that is used for spatial overlap. The

[ -2
w = ma, (3.1)

where w is spot radius, PT is the ratio of transmitted to incident power on the pinhole,

spot size is given by

and a is the pinhole radius. Measuring the power before and after the pinhole yields
a spot size of 28.3 um.

The excited carrier density is given by

# of photons per pulse x Fraction of light absorbed

(3.2)

Nexcited = .
Volume excited

In this experiment for a typical pump power of 8.91 mW, the excited carrier density
for a 150 nm GaAs sample is 3.99 x 10"%cm~3. Details of this calculation are shown

in Appendix A.



Chapter 4

Results and Discussion

4.1 Chapter Outline

This chapter begins with a presentation of the experimental results in Sec. 4.2,
consisting of spectrally-resolved differential reflectivity studies on GaMnAs, GaAs
and LT-GaAs. The results of theoretical calculations of the pump probe signals are
presented in Sec. 4.3. A discussion of the thesis results in the context of the present

understanding of the electronic structure of GaMnAs is presented in Sec. 4.4.

4.2 Spectrally-Resolved Differential Reflectivity Experiments
in GaMnAs

The optical response of SI GaAs provides a useful benchmark for the studies of GaM-
nAs in this thesis because the carrier dynamics in SI GaAs have been well charac-
terized in past work [4, 85, 86, 87]. The salient features of the measured differential
reflectivity response of SI GaAs are apparent from the data in Fig. 4.1. For all data
in this thesis, the sample temperature is 80 K, the centre photon energy of the pump
pulse is 1.55 eV, and the excited density of electron-hole pairs is 3.99 x 10?cm=3. For
the data in Fig. 4.1, the probe photon energy is 1.652 eV, providing a measurement
of the change in the optical response above E, caused by the pump-injected carriers.
Following excitation by the pump pulse, the carriers undergo a cascade of processes
before they ultimately recombine [88]. Immediately following excitation, the carriers
form a nonthermal distribution, with an energy spectrum dictated by the laser spec-
trum. During the first few hundred femtoseconds, carriers scatter with each other,
leading to a redistribution within the band states until they form a Fermi distribution
characterized by a nonequilibrium chemical potential and temperature. The initial
temperature of the electron distribution is dictated by the excess energy of the pump

photons (42 meV of excess energy corresponds to an average electron temperature of
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330 K), and the chemical potential is dictated by the pump pulse fluence (i.e. the
optically-injected carrier density). The thermalised, hot carrier distribution subse-
quently cools through the emission of phonons until the temperature of the carrier
distribution equals the lattice temperature (80 K). On a much longer time scale, the
carriers recombine. In the data of Fig. 4.1, the initial spike is likely due to a coherent
artifact (a coherent coupling effect between the pump and probe beams which leads
to a spurious signal during pulse overlap) [89]. The dynamics of the optically-injected
carriers are reflected by the evolution of the differential reflectivity signal versus time
delay following this initial spike. As seen in Fig. 4.1, the differential reflectivity signal
initially increases as the carrier distribution thermalises. This reflects the fact that
the hot carriers occupy states over a range of energies, leading to the creation of a
state filling response above E,. This signal then decays as the carriers cool to the
lattice temperature, since the lower the temperature of the carrier Fermi distribution,
the smaller the state filling response at a given photon energy above E,. This cooling
process causes the signal at 1.652 eV to decay to almost zero in the first 50 ps. The
small residual signal (caused by the small tail of the cold Fermi distribution) decays on
a much longer time scale as the carriers recombine. The electron-hole recombination
time is longer than the total range of optical delays in the experimental apparatus
used here, and so state filling persists throughout the accessible range of delays (up
to ~ 2 ns).

It is clear from the above discussion that a more comprehensive view of the carrier
dynamics may be obtained from measurements of the differential reflectivity response
over a range of probe energies. The results of spectrally-resolved differential reflectiv-
ity experiments on SI-GaAs are shown in Fig. 4.2 The differential reflectivity signal
for early time delays is shown in Fig. 4.2(a), and for longer time delays in Fig. 4.2(b).
The state filling signal is indicated in Fig. 4.2 by the positive (red) signal above the
band gap of GaAs (1.507 at 80 K). Induced absorption associated with the Drude
response of the pump-injected carriers (i.e. FCA, as described in Sec. 2.6.2) leads
to a negative (blue) differential reflectivity signal, which dominates below E, where
the state filling signal is absent. The process of carrier cooling is evident in the data
in Fig. 4.2(a) by the convergence of the state filling signal to a spectrally-narrow

response just above E, within the first 40-50 ps. Carrier recombination causes a slow
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delays and (b) long delays.
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decay of the state filling response between 50 ps and 2 ns. These results are similar
to those observed previously in undoped GaAs [4, 85, 86, 87].

The carrier dynamics are expected to be quite different in GaMnAs than in SI-
GaAs because low-temperature growth leads to the presence of a large density of
Asg, defects, as discussed in Ch. 2. These defects represent strong trapping sites for
electrons. The carrier trapping dynamics have been studied extensively in LT-GaAs
and LT-InP [39, 90, 91, 92, 93]. Electrons that have become trapped can be promoted
by the probe photons to states high in the conduction band, creating a DA signal, as
discussed in Sec. 2.6.3. The results of differential reflectivity experiments on sample
G030-3 (referred to in this chapter as the 150 nm GaMnAs sample) are presented in
Fig. 4.3. These data correspond to the same probe photon energy as in Fig. 4.1. In
contrast to the results for the SI-GaAs sample in Fig. 4.1, the differential reflectivity
response in the 150 nm GaMnAs sample exhibits a large negative signal on short
time scales. This signal subsequently changes sign, producing a positive signal for
longer delays, which persists to the end of the measurement range. Since the sign
of the coherent artifact signal should be the same in both SI-GaAs and GaMnAs
[89], the large negative signal for early time delays in Fig.4.3 must reflect the optical
response of the carriers. This negative signal is attributed to free carrier absorption,
which is enhanced in the presence of defects due to the partial relaxation of the
wavevector conservation rule for optical transitions [18, 72, 69, 92, 94]. The decay of
the negative signal is caused by trapping of carriers by the Asg, defects. Fitting the
exponential rise in Fig. 4.3(a) yields an estimate for the electron trapping time of
2 ps, in agreement with measured trapping times in LT-GaAs and LT-InP by other
groups, which is in the range of a few hundred femtoseconds to 1.6 ps [90, 39, 91].
The positive signal for larger delay times is attributed to a DA signal associated with
the trapped carriers. This DA signal at long delays is absent in SI-GaAs because it
is grown at high temperatures and therefore has a negligible density of Asg, defects
compared to the low-temperature-grown samples.

The results of spectrally-resolved differential reflectivity measurements on the 150
nm GaMnAs sample are shown in Fig. 4.4. The most notable difference between the
spectrally resolved data in Fig. 4.4 and Fig. 4.2 is that the signal in GaMnAs exhibits

a strong, spectrally-broad response at high photon energies. As discussed above, we
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Figure 4.2: Differential reflection of the SI GaAs sample. Probe energy is shown in
the horizontal axis while delay is shown on the vertical axis for (a) short delays and
(b) for long delays. The colour corresponds to the DRR signal level at a given energy
and delay. The band gap of GaAs at 80 K is indicated with a blue line. The fast
dynamics at early time scales are not captured in these 3D plots due to the finite
mesh used to generate the plot.
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Figure 4.4: Differential reflection of the G030-3 GaMnAs sample. Probe energy is
shown in the horizontal axis while delay is shown on the vertical axis for (a) short
delays and (b) for long delays. The colour corresponds to the DRR signal level at a
given energy and delay. The band gap of GaAs at 80 K is indicated with a blue line.
The fast dynamics at early time scales are not captured in these 3D plots due to the
finite mesh used to generate the plot.
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attribute this positive signal to DA associated with trapped carriers. Such a response
is expected to be spectrally-broad as conservation of momentum is not required in the
excitation process from the Asg, donor band to the conduction band. This interpre-
tation is supported by differential reflectivity results in sample G114 (LT-GaAs) in
Fig. 4.5, which also exhibits a spectrally-broad response. The DA signal in the data
for LT-GaAs is observed to decay faster than the DA signal in the 150 nm GaMnAs
sample. The defect distribution is expected to vary to some extent from sample to
sample, as all of the low-temperature-grown samples studied in this thesis work were
grown at different times and under slightly different conditions. These variations are
expected to lead to small differences in the nature of the DA response. For example,
a different degree of compensation will modify the initial density of trapping sites,
affecting the overall magnitude of the DA response [95]. Variation in the level of
disorder will also modify the density of states high in the conduction band [18], which
could lead to variations in the shape of the DA signal for large photon energies. The
faster decay of the DA signal in LT-GaAs compared to the 150 nm GaMnAs sample
implies that carriers recombine from the trap states at a higher rate in the LT-GaAs
sample. A variety of mechanisms for recombination have been suggested in studies of
carrier dynamics in LT-GaAs [39, 90, 91, 92, 93] (e.g. Lochetfeld et al. attributed the
long-lived signal to the recombination of trapped electrons with delocalized holes[90]).
It is reasonable to expect this recombination time to vary with the details of the defect
distribution, in agreement with the measured results.

Another notable difference between the results in Fig. 4.2 and Fig. 4.4 is that the
sharp onset of signal in the SI-GaAs occurs at 1.507 eV (the band gap of GaAs at
80 K), while in GaMnAs it occurs at higher energies (approximately 1.57 eV). This
shift is attributed to the influence of the Mn doping, and is discussed further in Sec.
4.3. In the data in Fig. 4.4, a weak feature also appears at 1.507 eV. This feature is
attributed to the optical response of the GaAs buffer layer, which is grown at high
temperatures and so should exhibit a carrier response similar to the results in Fig.
4.2 for SI-GaAs. This was verified through comparison of the measured results in
the 150 nm GaMnAs sample to corresponding measurements in a thinner (20 nm)
GaMnAs sample (F066-3), for which the data is shown in Fig. 4.6. The GaAs buffer

layer will influence the observed signal characteristics for photon energies for which



1500¢

Delay (ps)

—500¢

1000¢

500¢

1

1500¢

Delay (ps)

—500¢ T
14 15 16 1.7 1.8 1.9 2.0

1000}

500¢

4 15 16 1.7 1.8 1.9 2.0
Energy (eV)

(a)

G114 Rescaled Long Scans

Energy (eV)

(b)

0.005

0.004

0.003

0.002

0.001

0.000

—0.001

—0.002

—0.003

—0.004

—0.005

0.0040

0.0032

0.0024

0.0016

0.0008

0.0000

—0.0008

—0.0016

—0.0024

—0.0032

—0.0040

37

Figure 4.5: Differential reflection of the (a) 150 nm GaMnAs sample and (b) LT
GaAs sample. Probe energy is shown in the horizontal axis while delay is shown on
the vertical axis. The colour corresponds to the DRR signal level at a given energy
and delay. The band gap of GaAs at 80 K is indicated with a blue line. The fast
dynamics at early time scales are not captured in these 3D plots due to the finite
mesh used to generate the plot.



38

the absorption depth exceeds two times the thickness of the GaMnAs layer. The
larger response at 1.508 eV in the 20 nm sample than in the 150 nm sample indicates
that this feature is associated with a state-filling signal in the buffer layer. Aside
from this buffer layer response, the qualitative features in the 20 nm GaMnAs sample
are similar to those in the 150 nm GaMnAs sample, including the observation of
a broad signal response associated with DA and the blue shift in the onset of the
optical response relative to the band gap of GaAs. Since these two samples were
grown at different times and under slightly different conditions, these general trends
are considered to be global properties of the optical response of GaMnAs.

We note that there is an additional weak, spectrally-narrow feature in the results
for the 150 nm thick sample around the pump photon energy (1.55 eV). The origin
of this weak feature, which is not present in any of the other samples, is not known.
Pronounced oscillations are also observed in the data for the low-temperature grown
samples. These were seen in earlier studies of carrier dynamics in GaMnAs [96]
and InMnAs [97], and are attributed to the excitation of coherent phonons in the
surface layer of the sample, which modifies the index of refraction. As this phonon
wavepacket propagates into the sample, interference associated with the reflection

from this moving layer causes delay-dependent oscillations.

4.3 Calculated Differential Reflection Signals

In order to gain more insight into the experimental results in Sec. 4.1, numerical
simulations were performed using an approximate model for each of the physical
mechanisms that can contribute to the pump probe signals in these samples. The
mechanisms considered are state filling, free carrier absorption, band gap renormal-
ization and defect induced absorption (which have already been introduced in Sec.
2.6). The pump-induced changes in index of refraction, extinction coefficient and dif-
ferential reflection for each of these signal contributions have been calculated and are
shown in Fig. 4.7. For the bandfilling, DA and BGR signals, the change in index of
refraction was calculated from a change in absorption coefficient that was defined ana-
lytically as discussed in Sec. 2.6 using the nonlinear Kramers-Kronig transformation.
This calculation involves an integral over the entire frequency range of the change in

absorption. This integral could be performed accurately as the analytic model of the
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change in absorption is known for all frequencies. The Cauchy principal value of the
integral was computed by integrating up to discontinuities in the integrand to within
a certain interval e. € was chosen to be sufficiently small that the calculated change
in index of refraction would remain constant as € was further decreased. The upper
limit of integration was chosen to be > 1000 times the band gap energy. Further
extending the integration range did not change the result of the calculation.

For these calculations, the unsaturated reflectivity (Rp) was obtained using Eqn. 2.7.
For this calculation, the unsaturated index of refraction (ny) was obtained from the
measured dependence of the real part of the dielectric function on photon energy in
GaAs reported in Ref. [18], which was shifted by the difference in band gap between
300 K and 80 K to approximate the unsaturated index of refraction at the experimen-
tal temperature. The unsaturated absorption coefficient (ag) was modeled by scaling
the density of states in Eqn. 2.4 so that it matched the experimental absorption of
GaAs at 77 K 100 meV above band gap as measured by M. D. Sturge [98]. The
resulting Ry values were used for all calculations.

As discussed in Ch. 2, state filling is caused by the optically excited carriers, which
change the chemical potential. The carrier density in the experiment was determined
as described in Sec. 3.5 to be 3.99 x 10¥cm™3. In this case it was verified that the
chemical potential is well described by Eqn. 2.2, as we are in the nondegenerate limit
[78]. As shown in Fig. 4.7 (a, b), the state filling leads to a sharp change in the
extinction coefficient and a sharp feature in the change of index of refraction near the
band gap. These sharp features lead to sharp features in the calculated bandfilling
%f signal (shown in Fig. 4.7 (c¢)). The sharpness of the features in the extinction
coeflicient, index of refraction and differential reflection is due to the model containing
a square root function for the density of states. In reality, the density of states would
have a smoother edge as bandtailing and excitonic effects are neglected. Further, the
square root density of states is only valid within a few hundred meV of the band edge
after which the effective mass approximation begins to break down. The calculated
state filling signal at the experimental carrier density is shown in Fig. 4.8 (a) with
the solid line.

The optical signal associated with FCA was also calculated numerically. The dom-

inant contribution to FCA is due to the electrons, which have a smaller effective mass
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and consequently a larger plasma frequency than holes. For the excited carrier density
in this experiment and using the electron effective mass in GaAs of 0.067m, where my
is the mass of an electron, Eqn. 2.10 gives a plasma frequency of w, = 3.08 x10Ms™1. ~
was taken as 1 x 10'?s7! reflecting experimentally measured dephasing rates [99, 100].
From the calculation of the change in extinction coefficient and change in index of
refraction which contribute to the differential reflection (shown in Fig 4.7 (d, e, f)),
we can see that the index of refraction dominates the contribution to the % signal.
The %f signal associated with FCA is negative and becomes increasingly large for
decreasing w. The accuracy of the FCA model is limited by the fact that the influence
of defects is neglected. In addition, the effective mass model neglects the nonparabol-
icity of the density of states, which leads to a dependence of w, on the temperature
of the carrier distribution. The % signal associated with FCA at the experimental
carrier density is shown in Fig. 4.8 (b).

The optical signal due to BGR was also calculated numerically using Eqn. (2.19).
In calculating the BGR contribution, one needs an estimate of the magnitude of the
band gap shift caused by the optically-injected carrier distribution. We used 12.6
meV, taken from [4]. Although the carrier density in [4] is smaller than our injected
carrier density by a factor of 10, extrapolation of the result in [4] is nontrivial [101]
and so we use the results in [4] as a guide. The calculated change in extinction
coefficient and change in index of refraction due to BGR are shown in Fig. 4.7 (j,
k). A sharp response just below and above the band gap are seen in the change
in extinction coefficient and index of refraction respectively. The overall calculated
change in %f (shown in Fig. 4.7 (f)) closely follows the change in index of refraction.
The calculation shows that the BGR provides a steep positive response followed by
a further decay as one moves from the band gap energy to lower energies. Above the
bandgap a very small almost constant negative signal is predicted.

Figure 4.8 (d) shows the DRR response as a function of energy of SI GaAs at
500 ps along with a calculated % curve which includes only band filling effects.
As the best agreement with the experimental data is found with only state filling
effects, we conclude that BGR and FCA contributions are small in SI GaAs. The

dominance of state filling contributions is in agreement with the findings reported in

Ref. [4]. The calculations provide reasonable agreement with the measured trends,
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despite the simplicity of the theoretical model and the fact that there are no adjustable
parameters in the PSF signal calculation. The discrepancy in the qualitative features,
such as the magnitude of the positive and negative spike, are due to the unphysical
square root density of states used in the model as discussed above. An example of a
more accurate calculation by Lee et al. [4] is shown in Fig. 2.8.

The situation in GaMnAs is quite different due to the presence of defects. As dis-
cussed in Sec. 4.2, these defects lead to two modifications to the optical response
relative to SI GaAs: (i) The Asq, defect states can trap electrons out of the conduc-
tion band [44] (ii) Once these electrons are trapped, they induce a DA contribution to
the pump probe signal. The change in extinction coefficient and index of refraction
due to DA is shown in Fig. 4.7 (g, h). A broad positive response is seen in both
the change in extinction coefficient and change in index of refraction. The calculated
% signal is shown in Fig. 4.7 (i). The slight bump in the % at the band gap is
due to the square root density of states function turning on the absorption coefficient
sharply at the band gap energy.

In order to calculate the relative magnitude of the various signal contributions, we
must estimate the fraction of the pump injected carriers trapped to defects. Since
the electron trapping time is known to be a few picoseconds, we can use the relative
magnitudes of the PSF signal at the band gap in LT-GaAs and SI-GaAs for delays
longer than the electron trapping time to estimate the fraction of electrons trapped
for the conditions of these experiments, since the residual PSF signal is caused by
carriers that have not been trapped. Using the fact that the PSF signal in LT-GaAs is
approximately 2.5 times smaller than band filling signal in SI GaAs, we estimated the
residual carrier density by adjusting the carrier density in the calculation of the PSF to
reproduce this ratio. This yielded a residual carrier density of 2 x 10*¥cm™3. The FCA
and PSF signal contributions were then calculated for GaMnAs using this residual
carrier density. The overall scaling factor A for DA, the only fitting parameter, was
then adjusted to match the experimental data. No BGR contribution was included in
the modeled signal as no reasonable fit could be obtained by including it, in agreement
with our findings in SI-GaAs.

The calculated %f spectrum is shown in Fig. 4.8(e), along with the measured

differential reflectivity spectrum at 500 ps for the two GaMnAs samples with different
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thicknesses (G030-3 and F066-3). The calculated spectrum is in reasonable agreement
with the measured curves. In particular, the spectra indicate a sharp onset at the band
gap and a broad response above E,. This qualitative signal shape is also consistent
with the results in LT-GaAs, but only for relatively short delays due to the more
rapid decay of the DA signal in that sample, as discussed in Sec. 4.1. The exact
location of the onset of signal in the experimental data for GaMnAs occurs at higher
photon energies than the calculated curve in Fig. 4.8 (e). Due to the signal to noise
limitations in the data, the location of this onset is more easily obtained from the
contour plots than in the single spectral cuts in Fig. 4.8 (e). This shift is attributed
to the addition of Mn, which is not treated in the simple model we presented above.
This will be further discussed in Sec. 4.4.

4.4 Discussion

In addition to providing the first comprehensive measurement of the carrier dynamics
in a DMS material, the data presented in Sec. 4.2 also reveals a novel feature in the
nonlinear optical response of GaMnAs that may provide insight into the electronic
structure in this material. As discussed in Sec. 2.5, an active debate in the recent
literature has focused on the position of the Fermi level, which may lie in the valence
band or a detached impurity band. As this issue has crucial implications regarding
the nature of hole transport and the mechanism of ferromagnetic coupling, it is es-
sential that it be resolved in order that a broad understanding of the properties of
DMS materials may be developed. As discussed in Sec. 2.5, this question may not be
answered using linear absorption experiments at the fundamental band gap because
the band gap energy is not observable due to strong contributions to the absorption
from band tailing effects. Furthermore, measurements using other linear optical tech-
niques (magnetic circular dichroism, midinfrared absorption) have yielded conflicting
results. The observation of a blue shift in the onset of the AR/ Ry signal in the GaM-
nAs samples relative to the SI-GaAs sample may provide insight into the position of
the Fermi level. As discussed in Sec. 2.5, in p-doped semiconductors, the Fermi level
resides below the edge of the valence band, implying that the energetic onset for linear
absorption will occur at higher energies than in the corresponding undoped semicon-

ductor. This is because optical transitions are only allowed between the states in
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Y% Hole EF (meV) AEg—BGR (mev) AEg—defects AEg—Total
1.00E+19 33 -39 -8 -14
5.00E+19 96 -52 -21 23
1.00E+20 157 -72 -29 56
5.00E+20 459 -140 -90 229
1.00E+21 729 -170 -143 416

Table 4.1: Estimated changes to the band gap of low-temperature grown p-type GaAs
due to the Moss Burstein shift, band gap renormalization and coupling to defects.

the valence band occupied by electrons and the (unoccupied) conduction band. This
blue shift in the linear absorption response due to filling of the valence band states is
known as the Moss Burstein shift [36, 35]. Assuming the holes in GaMnAs reside in
the valence band, a rough estimate of the magnitude of the Moss Burstein shift may
be obtained from a calculation of the Fermi level [102]. Since the majority (>90%)
of holes will occupy the heavy hole band due to the larger effective mass, a simple
one band model [77] will be reasonably accurate. The resulting values of the Fermi
level are shown in the first column of Table 4.1. In a low-temperature grown, p-type
semiconductor, defects also have an influence on the band gap energy. As shown in
Zhang and Das Sarma in [102], coupling of carriers in the band states with impurities
leads to an upward shift of the valence band edge, resulting in a reduction of the band
gap. Zhang and Das Sarma also calculated the effect of exchange interactions among
the holes (i.e. the BGR effect associated with the doped holes), which also produces
an upward shift of the valence band edge. The results reported by Zhang and Das
Sarma are also included in Table 4.1. The trends in Table 4.1 indicate that, if holes
exist in the GaMnAs valence band, a net blue shift in the onset of absorption should
be observed. If holes resided in a detached impurity band, the Moss Burstein effect
would be absent, and a red shift of the band gap is expected. Since the magnitude
of the red shifts are very sensitive to the defect distribution [102], and because the
Fermi level values in Table 4.1 provide only an estimate of the Moss Burstein shift
[62], only the net trend is meaningful. The observation of a net blue shift would,
however, unambiguously indicate some level of valence band occupation. A direct
experimental measurement of the onset of absorption would be extremely useful in
assessing the position of the Fermi level.

The nonlinear optical technique of differential reflectivity offers several advantages
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over linear optical experiments such as MCD and absorption. First, this technique
is sensitive to a state filling signal associated with the optically-injected carriers,
implying that states that are already filled with holes prior to excitation by the pump
pulse will not produce a measured AR/ R, response. Secondly, the transitions below
the band gap that dominate in linear spectroscopy have been shown in experiments on
LT GaAs to be harder to saturate than the interband transitions [103]. The difficulty
to bleach the band tail states may be the reason why a clear edge is observed in the
differential reflectivity results in Fig. 4.4 and Fig. 4.6, yet no such edge is observed in
the linear regime [18]. The observation of a blue shift in the onset of the differential
reflectivity response of GaMnAs relative to that in GaAs supports the VB picture
of the electronic structure in this material. Furthermore, our data indicate a small
red shift in the nonlinear response of LT-GaAs, consistent with the presence of only
defect-related band gap shifts. The magnitude of blue shift (~ 60 meV) was observed
to be similar in the two GaMnAs samples studied here, which are expected to have
similar hole concentrations [20], lending support to this conclusion.

It should be noted that optical transitions between the band states and the Mng,
impurity level have been shown to produce strong contributions in magnetic circular
dichroism experiments [62, 24]. In an impurity band scenerio, a nonlinear state filling
signal could be generated by optically-injected holes that relax into the impurity band
states. The relevant transitions between the Mn¢, impurity band and the conduction
and valence bands are shown in Fig. 4.9. For transitions from the Mng, level to the
conduction band, the associated process would lead to a state filling response (i.e.
absorption bleaching) below the band gap [104], in contrast with the blue-shifted
response we observe here. Transitions from deep in the valence band to the Mng,
impurity level would create a pump-induced absorption signal that is expected to
extend over a broad energy range (covering energies above and below E,) [62, 24]. It
is not clear how such a broad signal could lead to a sharp edge above the band gap of
GaAs. Despite varying defect distributions and levels of compensation expected for
the LT-GaAs and GaMnAs samples studied here, the pump probe signals are similar
in magnitude in all cases, suggesting that additional contributions to the nonlinear
response tied to the Mng, level would be weak compared to the interband response.

More theoretical work is needed to investigate the possible role of transitions between
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Probe

Figure 4.9: A schematic diagram of pump-induced electronic transitions in GaMnAs
in the impurity band picture. After the pump excites electrons to the conduction
band from the valence band, the injected holes could get trapped in the impurity
band. Once there, two absorption processes could be expected: (i) a state filling signal
could be expected at energies below the band gap as there would be a reduction in the
available transitions from the IB to the CB; (ii) an additional absorption mechanism
due to VB-IB transitions.

Mng, impurity states and the band states in nonlinear optical experiments, such as

those reported here.



Chapter 5

Conclusions and Future Work

This thesis work has encompassed the application of spectrally-resolved differential
reflectivity techniques to GaMnAs in order to gain insight into the carrier dynamics
and the electronic structure in this material. The experimental results reported here
represent the first study of the pump probe response of a DMS semiconductor over
a wide range of photon energies both above and below the semiconductor band gap.
These measurements have provided considerable new insight into the trapping and
relaxation dynamics in this system. Comparison of the measured results in GaM-
nAs with those in SI GaAs and LT GaAs, together with numerical calculations of
the dominant pump probe signal contributions using a simple model, have permitted
the unambiguous identification of the relevant physical processes. Free carrier ab-
sorption was found to generate a spectrally-broad, negative response during the first
few picoseconds, after which the majority of free electrons (x~95%, according to our
analysis) are trapped into defect states. A positive signal above the band gap energy
becomes dominant with the disappearance of the free carrier absorption response. As
this high-energy contribution was observed to be present in all samples grown at low
temperature, it was attributed to the re-excitation of electrons trapped in the Asg,
deep donor band by the probe pulse. Our theoretical model was shown to provide
good agreement with the experimental results, indicating that state filling effects and
defect-induced absorption dominate the nonlinear optical response of GaMnAs for
long delays. Although many of these physical processes have been discussed in past
work looking at carrier dynamics in DMS materials, the sign of the signal component
associated with each contribution could not be clearly identified due to the limita-
tion of measurements to one or a limited number of probe photon energies. Through
the application of spectrally-resolved differential reflectivity experiments over a wide
spectral range to GaMnAs, the spectral dependence of the key signal contributions

in DMS materials has been determined in this thesis work.
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The experiments carried out for this thesis work have demonstrated for the first time
the utility of nonlinear optical techniques in providing insight into the position of the
Fermi level in DMS materials. Past attempts to apply optical techniques to study
this problem have used exclusively linear optical methods, which are complicated
by strong background contributions. The nonlinearity of the pump probe technique
makes it much less sensitive to band tail states, and consequently the measured results
presented here represent the first observation of a clear edge-like feature in the optical
response of a III-Mn-V DMS material. The energetic position of this edge should
provide a direct optical probe of the position of the Fermi level. This thesis will
therefore lay the foundation for a body of future work aimed at studying the position
of the Fermi level in a wide range of samples grown under different experimental
conditions and with varying Mn concentration. As such, this thesis work is expected
to have considerable impact in the broader research field.

The observation of a blue shift in the differential reflectivity response of GaMnAs
when compared to SI GaAs and LT GaAs lends support to the valence band picture
of ferromagnetism in GaMnAs, in which the Fermi level resides in the valence band
and the mechanism of ferromagnetic coupling between the Mn spins occurs through
Zener Mean field interactions. Extension of these experiments to GaMnAs samples
with a systematic variation in Mn concentration, similar to the linear optical studies

reported in Ref [20] will be the subject of future work.



Appendix A
Excited Carrier Density Calculation Details

A.1 Spot Size Calculation

The fraction of power transmitted of a Gaussian beam of width 2w through a pinhole
of width 2a is given by
2
PT=1—¢ u?, (A.1)
where PT is the fraction of power transmitted through the pinhole [105]. This can

be rearranged to yield equation 3.1, restated for clarity:

[ o
w = ma. (A.2)

A pump power of 9.67 and 4.46 mW was measured before and after the cryostat,
respectively. Since there is a 4% loss at each cryostat window-air and cryostat window-
vacuum interface, this corresponds to a pump power of 8.91 mW before the pinhole
and 4.84 mW after the pinhole. The pinhole has a diameter of 50 um, yielding a spot
size of 28.3 um.

A.2 Carrier Density Calculation

For normal incidence at a vacuum-material interface of an absorbing material the

reflectance is given by equation 2.7, restated for clarity:

R(n(w), x(w)) = E ) & E (A.3)

At the pump energy, the index of refraction is given by 3.636 while the coefficient
of absorption is 11200 cm™3. This corresponds to an extinction coefficient of 0.0713.
Substituting these values into the equation 2.7 yields a coefficient of reflectance of

0.323. Therefore, 67.6% of the energy is transmitted into the sample. The fraction
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of energy transmitted through the sample is given by

Ntr(msmitted = N(]e_azy (A4)

where z is the sample thickness. The fraction of the light absorbed by the sample is

given by

N, absorbed N, transmitted
— =1-R){1 - — . A5
No ( ) ( No ) (4-5)

For a 150 nm GaAs sample, 10.5% of the incident light is absorbed. The volume
excited is given by

V = mw?t,
where t is the sample thickness. The excited carrier density is given by

# of photons per pulse x Nabegbd

A.6
" volume excited (4.6)
The number of photons per pulse is given by
Pump power
# of photons per pulse = (A.7)

Photon energy x Laser repetition rate

For a typical pump power of 8.91 mW, this corresponds to an excited carrier density

of 3.99 x 10 m~3 in a 150 nm thick GaAs sample.
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