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This dissertation presents experimental studies of electron spin coherence in
semiconductors. The spin coherence arises from a coherent superposition of electron
spin states in the conduction band and can be preserved over remarkably long time
and length scales. Electron spin coherence in semiconductors provides an effective
model system for investigating fundamental issues of quantum coherences in an
interacting manybody system. The robustness of the electron spin coherence also
makes it a highly promising platform for optical manipulation of quantum coherences
and for the development of coherent quantum devices.

Electron spin coherence induced in the presence of a transverse external

magnetic field corresponds to a Larmor precession of the electron spin around



iv
the magnetic field. The primary experimental tools for probing and manipulating
electron spin coherence are coherent nonlinear optical techniques including transient
differential absorption (DA) and time-resolved Faraday rotation (TRFR), which
probe, respectively, the oscillations or quantum beats in optical absorption and
refractive index induced by the Larmor spin precession.

Nonlinear optical processes in semiconductors are fundamentally modified by
inherent manybody interactions between optical excitations. We have developed new
experimental techniques based on DA and TRFR to elucidate how these interactions
affect and manifest in optical manipulation of electron spins. In an excitonic system,
Coulomb interactions between excitons can lead to the formation of bound and
unbound two-exciton states. Detailed experimental studies in GaAs and InGaAs
quantum wells, along with a phenomenological theoretical analysis, show that the
coupling of the spin coherence to the two-exciton states determines the DA and
TRFR responses. Nonlinear optical processes via the two-exciton states also lead
to a striking difference between closely related TRFR and DA, as revealed by the
spectral as well as intensity dependence of the nonlinear optical responses.

We have also demonstrated a spin manipulation scheme that controls the
amplitude as well as the phase of the quantum beats from electron spin coherence by
exploiting the relative phase between relevant Larmor precessions of electron spins.
Surprisingly, the spin manipulation scheme can be more effective in an excitonic

system than in a corresponding atomic-like system.
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CHAPTER 1

INTRODUCTION

Thanks to the tremendous development of LASER technology since the 1960’s,
optical coherence can be initialized and synchronized with extremely high resolution
[1]. Interest is growing in the effort of storing the optical coherence in atoms or solid
state systems, which in turn can be used as a platform for coherent quantum control
2].

Coherence is a widely adopted concept and can mean different things under
different circumstances. This dissertation is focused on electron spin coherence, which
is one type of quantum coherences. Quantum coherence plays an essential role in
quantum control, quantum information processing, and quantum information storage.
For a quantum system, quantum coherence can be understood as a well-defined phase
relationship between the probability amplitudes of two eigenstates in a superposition

state. If the eigenstates in a superposition state correspond to different electron spin



states, we say that the system has an electron spin coherence. The coherence evolves
in time and vanishes in a finite time. This vanishing time is called decoherence time.

Due to the complex manybody interactions in solids, common electronic
quantum coherences in semiconductors are generally very short-lived. Under liquid
helium temperature the dipole coherence vanishes within picosecond time scale.
In spite of the fragile dipole coherence, the observation of Rabi oscillation in
semiconductors suggests that decoherence in semiconductors can be overcome and
optical manipulation of quantum coherence can be achieved [3]. Nevertheless, a
system that will preserve the quantum coherence for a much longer time, preferably
at room temperature, is highly desired.

A better quantum coherence in semiconductors is the spin coherence. More
recent studies have focused on electron spin coherence, since compared with
other excitonic coherences, electron spin coherence is exceptionally robust [4]. In
semiconductors, conduction electron spin coherence displays a very long decoherence
time compared to other forms of electronic quantum coherence. A submicrosecond
spin decoherence time was reported in a 2-D electron gas system [5]. Electron spin
coherence can also persist to room temperature. Due to these robust qualities,
electron spin coherence promises to be a good candidate for future applications of
quantum coherence [6].

Spin coherence can lead to applications such as electromagnetic induced

transparency (EIT), slow light and coherent photon storage [2]. Furthermore, a



new active field called spintronics has emerged, and is well known to both the
physics and engineering communities, in recent years. As a consequence, there
has been an increasing interest in developing spin polarized semiconductor devices
and exploiting the spins within the solid state systems for quantum information
storage and computing. While new physics about the spin relaxation and spin
decoherence processes are under extensive investigation, targeting on a better material
and structure, studies for the purpose of active control and manipulation of spin
degrees of freedom in solid state systems are also being carried out [7].

Among all the spin manipulation efforts, optical initialization and
manipulation of the electron spin in semiconductors are shown to be an important
and useful approach [4,6,8]. The process of the quantum coherence manipulation
includes three steps. Firstly, quantum coherence has to be prepared. Secondly, a
manipulation has to be done within the decoherence time with high precision both
in time and phase. Thirdly, the resulting coherence information must be accurately
readout and correctly interpreted. To meet all the requirements, an optical method is
the best candidate due to the availability of extremely high precision optical coherence
source and ultrafast laser technologies. On the other hand, semiconductors and their
heterostructures provide a convenient platform compared to atomic systems thanks
to the matured semiconductor industry. The combination of these two advantages is

destined to lead to significant advancement in the future.



For the purpose of optical manipulation of electron spins in semiconductors,
the nonlinear optical methods dominate. Thus an understanding of the coherent
nonlinear optical processes associated with the electron spins is essential for further
applications. Unlike an atomic system, manybody interactions in semiconductors can
not generally be ignored. It is well known that exciton-exciton interactions playing an
important role in the nonlinear optical responses of semiconductors. Therefore, how
these manybody effects contribute to the nonlinear response of electron spin coherence
is an important issue. In most studies of the electron spin coherence, however, this
important issue has been overlooked. In the experimental studies presented in this
dissertation, this problem has been emphasized. We have developed new techniques to
investigate how unusual nonlinear optical responses of electron spins can be manifest
through exciton-exciton interactions. This dissertation provides rich experimental
results as well as new methods and understandings to the optical nonlinear processes
associated with the electron spin coherence in an excitonic system. Furthermore,
as shown in Chapter VI, these understandings can be exploited to manipulate the
electron spin coherence. Before the presentation of the detailed experimental results,
we shall first review the most studied problem associated with electron spin coherence

— the spin relaxation mechanism.



Electron Spin Relaxation in Semiconductors

Electrons can be injected into the conduction band of semiconductors and
their spins can be oriented using optical techniques, in which circularly polarized
photons transfer their angular momenta to the electrons. The details can be seen
from the optical dipole selection rules, as shown later in Chapter II. By controlling
the polarization of the optical field one can create a spin population as well as a spin
coherence with the conduction electrons, as discussed in Chapter III. In this section,
a brief review on spin relaxation and decoherence mechanisms is presented.

Few interactions can couple to electron spin states directly. The spin
relaxation time in semiconductors can be even longer than the photo-excited carrier
lifetime, leading to a polarized photoluminescence in optical orientation experiments
[9]. Several mechanisms are shown to be responsible for spin relaxation and spin
dephasing in semiconductors. Most of them involve spin-orbit coupling combined with
momentum scattering to provide a randomizing process. The four major mechanisms
mostly considered in nonmagnetic electronic systems are Elliott-Yafet, Dyakonov-
Perel, Bir-Aronov-Pikus, and hyperfine-interaction processes.

The Elliott-Yafet mechanism is due to spin-orbit coupling which leads to an
admixture of spin states. It can be induced by lattice ions, impurities, or phonons.
With momentum scattering, the spin-up and spin-down states can couple and lead to

spin relaxation. This mechanism is considered important for metal and small band



gap semiconductors with large spin-orbit splitting, or with a high impurity scattering
rates, but is considered less significant at higher temperatures.

The Dyakonov-Perel mechanism is due to the spin-orbit interaction in crystals
without an inversion center. In such symmetry the spin states of electrons in the
conduction band are not degenerate at £ = 0. This spin splitting can be described
as a k-dependent effective magnetic field. As a result, the momentum relaxation
process will couple to the spin relaxation and dephasing. This mechanism dominates
spin dephasing in middle-gap semiconductors at high temperatures. This effect is
important in most cases and is the dominating mechanism in GaAs quantum wells
(QWs).

The Bir-Aronov-Pikus mechanism arises from the exchange interaction
between electrons and holes. This process is important for p-doped semiconductors
at low temperatures. The hyperfine interaction is the magnetic interaction between
the magnetic moments of electrons and nuclei. It is important for localized
electrons of QWs, but in most cases it is very weak. The contributions of these
proposed mechanisms for different semiconductor systems can be investigated by
many magneto-optical experimental methods.

For probing and monitoring spin states for the study of spin relaxation and
decoherence mechanisms of conduction electrons, both spectrally resolved methods
and time-resolved methods are used. The magnetization spectral measurements

such as electron spin resonance (ESR) [10] and measurements using the Hanle effect



combined with continuous wave (CW) optical orientation [11] are used to study the
spin relaxation and to measure the electron g-factor. However, these methods require
a relatively large carrier density, which limits their sensitivity. On the other hand,
directly probing and manipulating the electron spins in the time domain is one of the
major tasks of spintronics engineering.

In the time domain, the quantum coherence can be observed by the beating of
the probability amplitudes in the time evolution of a superposition state. From this
the spin relaxation and decoherence time can be directly measured. The time-resolved
measurements on spin coherence induced quantum beats also provide a precise way
to measure the g-factors. The theory of quantum beats from closely separated energy
levels was first introduced by Breit in 1933 [12]. Early time-domain quantum beats
studies were performed by shuttered spectral lamps which is what Alexandrov did in
1964 with the Zeeman sublevels in the neutral Cd atom by observing the fluorescence
[13]. Compared to the time-resolved fluorescence [14], ultrafast nonlinear optical
methods provide more information, higher signal /noise ratio, with less dependence on
sample properties. In recent years, many different transient nonlinear optical methods
have been used to study the electron spin coherence, such as transient differential
absorption (DA), time-resolved Faraday rotation (TRFR) [15], time-resolved Kerr-
rotation (TRKR) [16], and transient four-wave mixing (TFWM), to name a few.

These ultra-fast nonlinear optical methods allow the study of spin relaxation

and spin decoherence at a relatively low excitation level. Generally, the results of



TRFR and TRKR can be understood as magneto-optical effects, where the rotation
angle of linearly polarized probe field transmitted through (Faraday) or reflected by
(Kerr) a magnetized sample is proportional to the amount of magnetization in the
direction of the incident light. However, this simple model cannot account for the
higher-order nonlinear processes observed in the experiments. In this dissertation
we use a phenomenological model based on an effective density matrix formalism
approach in an N-exciton picture to describe the pathways of nonlinear processes
associated with excitonic manybody interactions. The understanding based on
this model from the order-by-order perturbation theory is demonstrated in the

experiments.

Nonlinear Optical Processes and Manybody Interactions

Optical nonlinearities arising from electron spin coherence can be measured
through numerous methods and can be observed as quantum beat in different forms,
such as differential absorption, four-wave mixing signal, and differential polarization
rotation. The observed signals from different methods however, are expected to be
correlated since they all originate from the same nonlinear polarization. On the other
hand, it is important to understand what has been measured in each technique, and

what each of these nonlinear optical signals can individually tell us.



As a matter of fact, a tremendous amount of research has been done on
nonlinear optics in atomic systems. However, for systems like semiconductors,
theoretical analysis always needs sophisticated models which include the effects of
manybody interactions to completely describe the system. But due to the nature of
excitonic transitions, in some situations, the nonlinear processes can be qualitatively
described in terms of the simpler optical Bloch equations (OBE) of analogous atomic-
like systems [17]. We can obtain basic physics from the analogous atomic-like system
without involving manybody complexities at an early stage. Correlations and other
interactions can then be introduced to enrich our model step-by-step, leading to
effective semiconductor optical Bloch equations [18].

If we consider the interactions of excitons in addition to the simple dilute
atomic-like model, just as two hydrogen atoms form a hydrogen molecule, two excitons
can also form a molecular state called a biexciton (BX) due to Coulombic interactions
with a binding energy in the order of several meV. A biexciton is a four-particle system
consisting of two electrons with opposite spin and two holes. Biexciton states modify
semiconductor optical properties dramatically [19]. Not only can extra nonlinearities
be attributed to the existence of biexcitons [20], but also special quantum coherence
experiments like EIT can be directly addressed to biexciton resonance [21]. More
complicated many-exciton systems may also form, offering challenging but interesting

systems to study [22].
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Regardless of the similarities between excitons and atoms, excitons are subject
to effects and interactions that are simply not found in atomic systems. As a collective
excitation in a solid, excitons are created or annihilated during optical transitions.
Compared to a closed atomic system, where atomic density is conserved during
optical interactions, the density of excitons in semiconductor depends strongly on
the excitation level. As a result, much stronger nonlinear optical effects can be found
in excitonic systems than in purely atomic systems. With a high density of excitons,
the increased scattering leads to effects such as excitation induced dephasing (EID)
23].

Both theoretical analysis and experimental results have shown that exciton-
exciton correlations can contribute significantly to nonlinear optical responses [22, 24,
25]. Previous studies demonstrate that exciton-exciton correlations can contribute
a fifth order spin coherence signal to the differential absorption signal [26]. So how
exciton-exciton correlations contribute to TRFR is an interesting question.

Furthermore, exciton-exciton correlations can be also used as an assistance
to achieve coherent manipulations of electron spin precession. This dissertation
demonstrates a rare case where manybody interactions play an essential role in the
optical coherent manipulation of nonlinear optical responses.

The following questions on nonlinear optical processes associated with electron

spin coherence are of special interest and are addressed in this thesis:
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(a) From a nonlinear optics point of view, how does electron spin coherence

contribute to the TRFR nonlinear optical signal?

(b) How does the nonlinear optical response from electron spin coherence in

semiconductor excitonic systems differ from a simple atomic-like model?

(c) What is the significance of the correlated excitons in bound or unbound states
in a nonlinear optical process associated with the spin coherence response in

semiconductors?

Overview

This dissertation aims to provide a better understanding of optical interactions
associated with electron spin coherence in undoped GaAs QWs.

Chapter II gives a brief review of semiconductor optics, which describes some
basic concepts used throughout the thesis.

Chapter III starts with a semi-classical phenomenological treatment of the
nonlinear optical response of electron spin coherence in a GaAs QW. An analytical
calculation as well as a numerical simulation of quantum beats associated with the
electron spin coherence in a V-type system is presented. A phenomenological model
of the manybody interactions based on an N-exciton eigenstates is discussed.

Chapter IV introduces the QW samples used, as well as the experimental setup

and techniques developed in this research.
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Chapter V presents studies of magnetic field dependence, temperature
dependence and excitation detuning dependence of the electron spin coherence, based
on a degenerate TRFR experiment.

Chapter VI demonstrates an optical spin precession manipulation scheme that
controls the amplitude as well as the phase of the quantum beats from electron spin
coherence, by exploiting the relative phase between relevant Larmor precessions and
by tipping the precessing spin at a specified time.

Chapter VII presents a theoretical analysis using a phenomenological N-
exciton eigenstates model. The study indicates that the spin manipulation scheme
discussed in Chapter VI can take advantage of the underlying exciton-exciton
interactions inherent in a semiconductor and can be more effective in an excitonic
system than in a corresponding atomic-like system. The higher order contributions
to absorption quantum beats from different transition pathways are examined
experimentally by three-pulse transient DA measurements.

Chapter VIII presents studies of the spectral responses from TRFR by
performing a non-degenerate two-color pump-probe experiment. A multi-dispersive
response of electron spin coherence in non-degenerate TRFR is observed. By
comparing the results with a phenomenological simulation from the semiconductor
Bloch equations, pronounced contributions from exciton resonance and exciton-

exciton correlations are identified.
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Chapter IX presents a study of the optical transitions for Nitrogen-Vacancy
(NV) centers in diamond nanocrystals. This system features electron spin ground
states that have an ultra-long spin relaxation time and decoherence time. Preliminary
results of spectral diffusion and zero-phonon linewidth based on photoluminescence
and photoluminescence excitation experiments are presented.

Chapter X presents a summary of the experimental results. Possible future

work is also discussed there.
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CHAPTER 11

EXCITONIC TRANSITIONS IN GaAs QUANTUM WELLS

This chapter is aimed to give a brief summary and basic background on
semiconductor optics for discussions in following chapters. Readers who are familiar
with semiconductor optics can skip this chapter. Details can be found from Ref.
[17,27-29] and references therein.

Due to the diffraction of electrons in a periodic crystal lattice, the electron
wavefunctions in the semiconductor forms an energy band structure in the reciprocal
space. At zero temperature, the energy bands of semiconductor features an empty
lowermost unoccupied band (called the conduction band) above an uppermost fully
occupied band (called the valance band). The energy difference between the bottom
of the conduction band and the top of the valance band is called the band gap energy
(Ey). The band gap of semiconductors ranges from 0.27 eV for lead selenide (PbSe)
at 300 K to 3.6 eV for zinc sulfide (ZnS) at 300 K. At room temperature commonly

used semiconductors silicon (Si) has a band gap of 1.11 eV and gallium arsenide
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(GaAs) has a band gap of 1.43 eV. As a result of being in this intermediate band
gap range, semiconductor obtained its name, because in semiconductors, at none-zero
temperatures a finite number of electrons can reach the conduction band by thermal
excitation and provides some conductivity in between conductors and insulators. Due
to the fact that commonly used light fields from near infrared (down to wavelength
5 micron) to near ultraviolet (up to wavelength 200 nm) happen to sit right within
the range from 0.25 eV to 6.2 eV, semiconductors are a natural candidate for optical
applications.

Semiconductors can be classified into two categories: direct band gap
semiconductors and indirect band gap semiconductors. A direct band gap means
that the minimum energy of the conduction band lies directly above the maximum
energy of the valence band in the energy-momentum space. GaAs is a direct band
gap semiconductor. In contrast, an indirect band gap is a band gap in which the
minimum energy in the conduction band is shifted by a momentum vector relative
to the maximum energy of valence band. Si is an indirect band gap semiconductor.
The interband optical transitions in semiconductors are determined by the band edge
structures. Because light (photons) carries very small momentum, in general, indirect
band gap semiconductors have a much less efficient interband emission processes
compare to direct band gap semiconductors.

GaAs is the major direct band gap semiconductor material in use today. At

the I" point, i.e., at k = 0, the p-like valence band has its maximum and the s-like
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conduction band has its minimum. The optical transition between valance band and
the conduction band is dipole allowed.

When an electron is excited from the valence band into the conduction band
(by absorbing a photon for example), the missing electron in the valence band leaves
a “hole” behind, of opposite electric charge. The electron in the nearly empty
conduction band can be described as a nearly free electron with an effective mass
me. For the almost full valance band, the missing electron can be described by a
quasi particle, a hole, moving in the periodical crystal potential with an effective
mass my,.

For bulk GaAs the conduction band is isotropic and parabolic at the I point
with a two-fold degeneracy due to the electron’s spin. The electron state can be
labeled with the spin quantum number s = £1/2. The valance band can be described
by the total angular momentum J. J = 1/2 denote for two-fold degenerate split-off
(SO) valance bands (or lower valance band). J = 3/2 denote for upper valance bands
with a four-fold degeneracy at k = 0. For k # 0 the upper valance band further split
into two bands which have different curvature in the E— k dispersion. The J, = +3/2
bands have a smaller radius and are known as heavy hole (HH) bands standing for
having a larger effective mass. The J, = £1/2 bands have a larger radius and are
known as light hole (LH) bands standing for having a smaller effective mass.

Thanks to high electron mobility, GaAs features a very good high frequency

response. As a result, GaAs is widely used in communication applications
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such as in mobile phones and wireless fidelity (Wi-Fi) devices. Moreover, the
matured molecular beam epitaxy (MBE) or metal-organic chemical vapor deposition
(MOCVD) techniques allow high quality heterostructures of GaAs species to be
grown. In addition to the direct band gap, the convenience of making artificial
heterostructures gives GaAs the opportunity to become a very important material

for optical applications.

Band Structure of GaAs Quantum Well

QW is an important example of quantum heterostructures. A particle in a
QW is confined in a one-dimension potential well, where the de Broglie length of
the particle is comparable, or larger than, the well width [,. A semiconductor single
QW (SQW) can be grown by having a material sandwiched between two layers of a
material with a wider band gap. A series of QWSs can be stacked together. If it has
barriers thick enough to prevent overlaps of the wavefunctions in adjacent wells, it
is called multiple QW (MQW). A complex layered structures of gallium arsenide in
combination with aluminum arsenide (AlAs) or the alloy Al,Ga;_,As can be grown to
make different types of QWs. Because GaAs and AlAs have almost the same lattice
constant, the layers have very little induced strain, which allows them to be grown
at very high quality. Figure 1 shows a band structure of type I (electrons and holes

are confined in the same material) GaAs QW.
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FIGURE 1. Schematic of type I GaAs quantum well.

As a result of the quantum confinement in the z direction, assuming infinitely
high barriers on both side of QW, the energy of the particle in the well is quantized

as
2.2
kT,

ETL - )
o 2mi? =

n,=1,2,3. (2.1)

The energy band of the bulk material becomes a series of subbands with
dispersion relation
W2 (k2 + k2)

E(k) = E, + — 5" (2.2)

The energy band dispersion relation of GaAs and GaAs QWs close to the I'
point in the momentum space are shown in Fig. 2.
In a QW the degeneracy of LH and HH bands is further removed at k = 0

by the QW potential. Due to the confinement, with k£ in the confinement plane, the



19

(a) 2 c (b) < ¢
w o
k k

in-plane

HH /)
HH

LH LH

FIGURE 2. Band structure for bulk GaAs (left) and GaAs quantum wells (right).
Label ¢ stand for conduction band. Label HH stand for HH sub-bands. Label LH
stand for LH sub-bands.

J. = 3/2 state (HH band in the bulk) has a smaller effective mass compare to the
J, = 1/2 state (LH band in the bulk). For convenience they are still kept label as
HH and LH bands, in spite of the reversed effective mass order close to ki-plane = 0.
Without consider mixing the HH and LH bands cross at finite ki, plane, as the red
dashed line shown in Fig. 2(b). In reality the HH (J, = 3/2) and LH (J, = 1/2)
bands anti-cross and mix at a finite Kiy plane. For interband optical transitions close

to k = 0, HH transition has a smaller energy than the LH transition in GaAs QW.

Optical Selection Rules

The optical transition of GaAs QW from the valance band state |v) to the

conduction band state |c) can be approximated by an electric dipole interaction with
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an electromagnetic field, E(r,t), the perturbation energy is given by
V=—eR-E(r,t)=D-E (2.3)

The optical selection rules are given by evaluating the dipole moment between

conduction band state and valance band states,
D,, = (c|D|v) (2.4)

Taking the quantization axis along with the wave vector k as well as the crystal
axis (001) in z direction, an electron state in the conduction band can be described

by a Bloch wave function
UE, = upe®T . m = £1/2 (2.5)
where the Bloch amplitudes u,, correspond to two spin states and can be written as
ujp =51, u1p=51 (2.6)

The S denotes the s-type wavefunction, the arrows denotes for spin directions.
Likewise the Bloch amplitudes of HH valance band electron states can be

described as

ully = ——=(Px +iPy) 1 (2.7)

N

1
U’i}é/g = E(PX —iPy) | (2.8)
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and the Bloch amplitudes of LH valance band electron states can be described as

Ih
Uy =

Ih
U_jp =

1

V3l

1

V3

- |
—E(PX +iPy) | +V2P; T} (2.9)
- |

_E(PX —iPy) 1 +V2P; 1] (2.10)

where Px, Py, Pz denote the p-type wavefunctions in z,y, z symmetry[9, 30].

The spin functions are normalized and orthogonal for different spin states.

The non-vanishing dipole matrix elements include terms of the form:

(S|D:|Px) = (S|Dy|Py) = (S|D-| Pz) (2.11)

The matrix element of dipole moment between conduction band states and

HH, LH valance band states then are found in Table 1, where the é,,¢é,, €, are the

unit vectors in coordinates x, ¥y, z directions.

TABLE 1. Matrix elements of dipole moment D,,/D.

c (1/2,41/2] (1/2,-1/2|
HH [3/2,43/2) | —/1/2(é, +ié,) 0
13/2, —3/2) 0 1/2(é, — ié,)

LH [1/2,+1/2)

11/2,-1/2)

\/2/_3éz _\/W(éx + iéy)
1/6(éx B iéy) \/2/_3éz
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For an optical field interacting with GaAs near the band edge with a low
excitation level, only the near-region of £k = 0 needs to be considered. We can ignore
the mixing of bands at larger k for both bulk GaAs and GaAs QW. J, can be used to
identify HH and LH states. The optical dipole transition selection rules are shown in
Fig. 3, where an atomic-like energy level diagram is used to label the band structures

at k=0.

[+3)

FIGURE 3. Optical selection rule for (a) bulk GaAs and (b) GaAs quantum wells.
The states are labeled by electron J,.

The optical selection rules are the same in bulk or QW form of GaAs. Consider
z as the propagation direction of the optical field as well as the normal direction to the
QW confinement plane. In Fig. 3 we use 0" and o~ to represent the clockwise (right-
handed) and counter-clockwise (left-handed) circularly polarized lights, respectively.
We use 7 to represent an optical field which has a component polarized in the z

direction. For the m polarization it can be a field linearly polarized in the plane of
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incidence when the incident field is off-normal direction to the surface. This field can
also be achieved in a TM waveguide mode [31].

From the diagram shown in Fig. 3 one can see that the two HH subbands
are coupled to the two different electron spin states in the conduction band with
two orthogonal circularly polarized optical fields, respectively. These well-defined
transitions allow direct manipulation of electron spin in GaAs QW through the
polarization selection of optical fields. The rest of this thesis is actually focused
on HH transitions. However, due to the significance of the Coulomb interactions
between the negative charged electrons and positive charged holes, we are actually

working with a quasiparticle called an exciton.

Exciton States in Semiconductor

Close to the band edge of a direct gap semiconductor such as GaAs, the
optical transitions are dominated by excitonic effects. The optical process of exciting
an electron to the conduction band will leave behind a positive charged hole as
a quasiparticle particle with an effective mass in the valance band. By Coulomb
interaction, the electron and the hole can form an atomic-like bound state called an
exciton (X), much like how an electron and a proton form a hydrogen atom. Such a
Coulomb-correlated electron-hole pair is an elementary excitation.

The exciton can be treated as a bounded two-particle system. The energy
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states of this hydrogen-like system in the bulk material is given by [27]

1 mK?

EX:Eg—Ry*ﬁ—i—W, n=123--- (2.12)
where E, is the bandgap,
Ry* = (LQ) x 13.6 eV (2.13)
meg
is the exciton binding energy,
M =m,+my, (2.14)
is the translational mass of the exciton,
K =k.+ ky, (2.15)

is the wave vector of the exciton.

So in the two-particle picture the energy states of an exciton in semiconductor
can be shown as in Fig. 4. The crystal ground state |g) is a state without exciton.

In semiconductors, the binding energy of excitons Ry* lies in the range from
1 meV to 200 meV, much less than the band gap E,. The binding energy of excitons in
bulk GaAs is about 4.9 meV. The excitonic Bohr radius varies in the range from 1 nm
to 50 nm, which is larger than the lattice constant. The excitons in semiconductors
are not associated within a single unit cell. These types of excitons are called Wannier
excitons. The Bohr radius of exciton in bulk GaAs is about 11.2 nm [28].

Both HH sub-bands and LH sub-bands can provide holes to bind with an

electron in conduction band, forms light- and HH excitons. As described in previous
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FIGURE 4. The energy bands of an exciton.

sections, these two kinds of excitons in the QWs further split into different energies.
For each subband the excitons are quantized in the z direction with quantization

energy Eq(n.), the exciton energy can be described as [27]

Exon(K,n,,n) = E; + EQ(”Z) —Ry*

n,=1,23-, n=123-- (2.16)

The binding energy is found to be four times larger than the 3D case. The binding
energy of excitons gives a Rydberg series of atomic-like resonance below the band
gap. In this work only the n = 1,n, = 1 HH exciton is studied.

In the low excitation density regime, the HH excitons in GaAs QWs can be
modeled as a non-interacting atomic-like system. However due to the large Bohr

radius of excitons, the wavefunctions of excitons begin to overlap at intermediate
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excitation density. The interactions of excitons promote the nonlinearities of the
system. For this reason an significant optical nonlinear process emerge at a much
lower light field intensity compared to atomic systems. An important impact of these
many-particle interactions in the electron-hole pair system of semiconductors is the
formation of two-exciton states, which is to be discussed in the next section and also

through the major parts of this thesis.

Biexciton and Two-Exciton States

Much alike hydrogen atoms forming a hydrogen molecule, in an excitonic
system, Coulomb interactions between excitons can lead to the formation of bound or
unbound two-exciton state. These two-exciton states play a central role in coherent
nonlinear optical processes associated directly with the excitonic coherence [22, 32—
34].

A biexciton (BX or X3) can be considered as an excitonic molecule. It consists
of two electrons and two holes, or two excitons. By forming a bound state, a biexciton
resonance occurs at the lower energy side of the exciton resonance by a binding energy
Egx. One important property of the biexciton is that the two electrons (holes) are of
opposite spin.

Two electron-hole pairs can also form unbounded two-exciton states. The

study of the effects of the bound and unbound two-exciton states in the third-order
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optical response is especially interesting in GaAs system. A phenomenological N-
exciton model can be used to describe the interactions between the excitons. For
the HH transition exciton can be labeled with electron spin. An N-exciton energy
eigenstates diagram for HH thus can be draw as in Fig. 5. In this diagram the other
two dark exciton states | £ 2) = | £ 3/2,£1/2) are not included since the transition

from ground state to them are optically forbidden.

) IT1) 1y

FIGURE 5. Schematic of N-exciton states for HH excitons. The ground state
is labeled by |g). The one-exciton states are labeled by the electron spins. The
two-exciton states include a bound biexciton state and three unbound two-exciton
continuum states, labeled by the paired electron spins.

We choose the energy of |g) to be zero. The N = 1 subspace is the one-exciton
subspace. A circularly polarized ot (o7 ) photon couples the ground zero exciton state
to |+ 1) (| — 1)) exciton. The N = 2 subspace is the two-exciton subspace, where

the biexciton can be formed by two opposite circularly polarized photons. Note that

in biexciton the two hole spins are also opposite from each other. The formation
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of bound biexciton state can induce an absorption resonance in the DA spectra, as
shown later. The nonlinearities arising from biexcitons are also significant. With the
same or slightly higher resonance energy, the contributions from unbound two exciton

states are also shown to be important.

Summary

In this chapter we reviewed some basic concepts used in this thesis. The
excitonic transitions dominate the band to band transitions in semiconductors. The
HH exciton transition in GaAs QWs are of special interest to this dissertation, because
of the well-defined optical selection rules of coupling optical field with the electron

spin states in the conduction band.
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CHAPTER III

ELECTRON SPIN COHERENCE IN GaAs QUANTUM WELLS

This chapter is aimed to cover a brief review and a basic theoretical model on

the understanding of the nonlinear response from electron spin coherence.

Electron Spin Coherence Through Optical Excitation

A quantum coherence can be initialized via a dipole allowed transition of a
two level atom, where a monochromatic electromagnetic wave E cos(vt) can create a
so-called dipole coherence between the ground state and the excited state, as shown

in Fig. 6. The two level atom thus can then be written in a superposition state of

V) = ¢q(t)]g) + ce(t)]e) (3.1)

It is well known that the probability of finding the atom in the excited state is
|co(t)|? = cos?(Qt), where Q = /02 + Q2 is the generalized Rabi frequency (assuming

the electron is initially in the excited state). It is so called Rabi Oscillation. Q = uE/h
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is the Rabi frequency, where p is the dipole moment between the two levels, d = v —w

is the detuning between the optical frequency v and the transition frequency w.

)

E cos(vt)

9)

FIGURE 6. Dipole coherence in two-level system.

If we can use spin state to label these two eigenstates, the coherence therein
can be called spin coherence. The spin coherence can be induced by dipole coupling
of two spin states to a common ground state (a V-type three-level system) or to a
common excited state (a A-type three-level system), as shown in Fig. 7, where the

spin coherence corresponds to a state of spin superposition

) =cl D +ell) (3.2)

or an off-diagnal density matrix element p;|. (See in the following sections in this
chapter.)

An example of spin coherence is an electron with spin aligned in z direction
subjected to a transverse magnetic field, say in x direction. In classical picture this
spin will undergo a Larmor precession along x direction. The spin projection in the z
direction produces a cosine oscillating amplitude as a function of time. The classical

Larmor spin precession model is illustrated in Fig. 8.
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|9) ) 1)

FIGURE 7. Excitation of spin coherence through two dipole allowed transitions: (a)
a V-type three-level system; (b) a A-type three-level system.

Ba AT

FIGURE 8. A classical Larmor spin precession model. Assume the total angular
momentum S only includes the electron spin aligned in z direction, while a magnetic
field is in the x direction.

For a free electron, the magnetic moment is given by

M = —g.upS (3.3)
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where ug = is the Bohr magneton, g. is the free electron g-factor which is close to

2. The negative sign indicates the magnetic moment for an electron is antiparallel to
the spin S. The in-plane g-factor of the conduction band electrons of GaAs, however,
is observed to be negative [35]. So in GaAs for electrons in the s-like conduction

band, the magnetic moment actually is parallel to the electron spin.

The energy of a magnetic moment M in a field B is

E=_-M.B. (3.4)

The classical Larmor precession is described by

ds
— =M x B. .
= X (3.5)

One can find the projection of M along the z direction is

M, = coswrt, (3.6)

where

wr, = gefi B (3.7)

is the precession Larmor frequency.

This spin precession can also be understood as a quantum coherence between
the two spin states. The probability of finding the spin-z electron in the spin-x energy
eigenstate is given by

(S:|S.) = coswyt (3.8)
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where the wy, is given by the energy difference between the two spin-x eigenstates

hwy = hwy — hw_ (3.9)

The direct way to polarize a spin particle in a given direction is by applying
a constant magnetic field along that direction. But for the purpose of manipulating
the precession, i.e. the coherence, optical techniques are preferred. For example,
one can use circularly polarized light to inject electron spin of a certain orientation in
semiconductors through optical absorption [9, 36]. Inducing electron spin coherence is
also possible using similar approaches. For example, one can use a circularly polarized
light to induce a electron spin coherence through the HH absorption of a GaAs QW

in Voigt geometry external magnetic field.

GaAs QW Subject to an External Magnetic Field in Voigt Geometry

As shown in the Chapter II, a particularly interesting system for studying
spin coherence is the HH transition in QWs, where due to the quantum confinement
and the spin-orbital coupling the highest HH sub-band features well-defined spin
symmetry. To induce electron spin coherence in the conduction band via HH
transitions, the QW needs to be placed in an external magnetic field in Voigt geometry,
where the magnetic field is parallel to the plane of the QW, orthogonal to the optical
field propagation direction, as shown in Fig. 9. In this situation, a superposition

state of two spin states can be generated by a circularly polarized optical field.
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A quantum beats arises from the time evolution of the induced spin coherence.
These quantum beats, combined with spin relaxation and dephasing processes, lead
to damped oscillations in time-resolved photoluminescence, absorbance and circular

polarization birefringence.

TA

FIGURE 9. The Voigt geometry: the magnetic field is in the plan of the quantum well
along the z-axis; the optical field k is in the growth (001) direction of the quantum
well along the z-axis.

As discussed in the last section, this quantum coherence can be classically
understood in the picture of spin precession [14, 15]. The initialized spin-superposition
state corresponds to a spin state which lies along the growth or the (001) direction,
which is the direction of propagation for incident light. This spin or corresponding
magnetization will precess when a magnetic field B is applied perpendicular to

the axis of spin orientation (transverse magnetic field). As shown later using
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a perturbation calculation, the amplitude of beats should be proportional to the
intensity of the pump.

The application of an external magnetic field along x-axis modifies the band
structure by introducing a Zeeman energy splitting in the s-like conduction band.
Thereby the degeneracy of the electron spin state is removed. The z direction becomes
a quantization direction for the conduction electrons and s, becomes a good quantum
number.

The hole states with in-plane magnetic field is rather complicated [37,38].
With a small field strength compared to the energy splitting of HH and LH, we can
approximately still use J, as a good quantum number, which means we can treat the
electrons in the HH subbands still aligned along z direction.

The linear Zeeman Hamiltonian for the electron in the conduction band at low
fields is given by

HZeeman == ge,U/BB - (310)

The Zeeman splitting energy is given by

eh
2me

AE1Zeeman - ge,uBB = geB - hWL (311)

For evaluation of non-vanishing dipole matrix elements between the HH

valance band and the s-like conduction band, we express the conduction band states
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in the spin-z basis, such that

1
|+1/2), = E(\+1/2>Z+]—1/2)Z) (3.12)
| —1/2), = L(|+1/2>z—\ —1/2),) (3.13)

V2

The matrix element of dipole moment between conduction band states and
HH valance band states are found in Table 2, where the é,, é,, €. are the unit vectors

in coordinates z,v, 2.

TABLE 2. Matrix elements of dipole moment D.,/D for HH transition under
transverse magnetic field in Voigt geometry.

C <%7+%|1‘ ,Spil’l—> <%7_%|1‘ ,Spiﬂ<—
HH |3,+3). ,spin | —1(é, +i8y) —L(e, +ié,)
|3, —3)= ,spin | L(éx —ity) —1(e, —ié,)

We decompose the HH transition dipole moment into the circular polarization
basis, such that
pw=pte,+p e (3.14)

where the circular base vectors can be written in the x and y base vectors

Right-circularly polarized field: (6, +iéy) (3.15)

. 1
ey = —
T2

1
Left-circularly polarized field: é_ = 7 (€, —i€y) (3.16)
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A common dipole factor is defined as

1
=D 3.17
: (317

1
The effect of modification on optical selection rules by the transverse external

magnetic field for the HH transition is shown in Fig. 10. The conduction electron

spin states are coupled to a common valance band state.

[—) -
u’o o\ —p
1) 1)

FIGURE 10. (a) Optical selection rules for HH transition of GaAs QW without
magnetic field. (b) Optical selection rules for HH transition of GaAs QW subject to
an external magnetic field in Voigt geometry. The states are labeled by electron spin.
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In the experimental studies of spin coherence, if the spin decoherence time
is long, as compared to the lifetime of carriers (the exciton recombination time),
quantum beats can be observed in the time-resolved spontaneous fluorescence
measurements. However, the spin decoherence time is not always comparable to, or
longer than the lifetime of carriers. Thus, transient nonlinear optical spectra would be
convenient to measure the spin precession. For a correct interpretation of nonlinear
spectra of electron spins in semiconductors, it is important to study the nonlinear

susceptibilities related to the electron spin coherence.
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Nonlinear Optical Polarization

Within the scope of this dissertation, the optical field is described by classical
Maxwell equations. The electrons and excitons in the semiconductor QWs are
described using quantum density matrix formalism, which is described later.

The interaction between an electromagnetic field and macroscopic media can
be described by Maxwell equations. Considering a nonmagnetic material contains no

free charges and no free currents, for a transverse infinite plane wave field (V- E = 0)

one finds
10°E 10*°P
V’E — — == 3.18
2 ot2 2 ot? (3.18)
The polarization P can be split into its linear and nonlinear parts as
pP=pPY 4 pN (3.19)

PW is the part of P that depends linearly on the electric field strength E.
Consider an anisotropic material with nonlinear responses to the electro-magnetic
field, the i** component of the polarization density P, in general, is related to the

components of the electric field E according to

Pleo=Y XVE+> XOEEA+Y X Ei BB+ (3.20)
J k ke
To simplify our problem the material is treated as isotropic, such that the

magnitude of the polarization density P can be expressed as a power series in the
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field strength F with a series of nonlinear electric susceptibility x™ as
P=xYE4+xPE? 4 xOE? ... (3.21)

With the semiclassical model and approximation outlined above, the electric
field is described by Maxwell equations as a classical complex value. The dynamics
of the system is calculated by solving the coupled equations of E and P.

The material can be modeled as a collection of well-isolated dipole molecules,
i.e. without charge overlapping. In general, if the polarization of one dipole molecule

subject to an electric field is P,, then the polarization is given by
P =n,P, (3.22)

where n, is the number density of the atoms in a unit volume of a material.

Quantum Beats from a Three-Level V System

In this section we will discuss how to describe the nonlinear optical signal
in the transient pump-probe experiments. Our goal is to provide a semi-classical
phenomenological model as a starting point to understand our experimental results.

Let’s consider a three level system as shown in Fig. 11. In this V system a
common ground state |c) is coupled with two non-degenerate excited upper states |a),

and |b) with an optical field E. The unperturbed Hamiltonian of this system can be
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written as
hw, 0 0
Ho=Y hwaln)(nl = | ¢ o, 0 (3.23)
0 0 Jw,

For convenience we can set the ground state energy to zero, i.e. w, = 0.
Assume this three level system is coupled with a o~ left-circular polarized

monochromatic plane wave optical field,

(E(t)e—m + c.c.) é_ (3.24)
where

E(t) = E(t)e™* (3.25)

The F (t) describes the slowly varying amplitudes of the electric fields. The £(t) is
the time envelop of the electric fields amplitude (real).
The dipole matrix elements for the o~ field is given by the selection rule. This

V-type system is a sub system in the HH transition under the external magnetic field
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of Voigt geometry, as shown in Fig. 10(b). For convenience the dipole matrix elements

couple to the two upper states are taken to be equal and real. So

0 0 —u
=10 0 —pu (3.26)
—p —p 0

Thus the Hamiltonian of this system can be written as

pE() pE) 0

The density matrix used to describe the three-level system is:

Paa  Pab  Pac
P= ZPW|Z><J| | P P P (3.28)
,J
Pca  Pcb  Pec

The diagonal matrix elements p.., pp and p.. gives the populations of levels

la), |b) and |c), respectively. We assume a closed system, such that

Paa T Pob + Pec = 1 (329)

The off-diagonal elements p,. = p}, and py. = pj, describe the dipole coherence

from the dipole allowed transitions. The off-diagonal element p,, = pj, describe the
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nonradiative Raman coherence. If |a) and |b) stand for the two spin state, then pg,
describes the spin coherence.

By using the density matrix equation

d ; i
p=0p [p, H] -

I 5 (pH — Hp) (3.30)

We can obtain a set of differential equations:

pualt) = D 0 ) (331)
pu(t) = —wi(t) (Pbe — Ppe) (3.32)
Pac(t) = —iWaPac — m];Ji(t) (Paa = Pec + Pab)

i %@ (2000 + Py + pay — 1) (3.33)
Poe(t) = —iwpppe — wi(t) (Pvb — Pec + Poa)

= i~ PO 20 4 oty - 1) (3.34)
paslt) = —i(wa—wn) pu+ 22D (e ) (3.35)

h
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We can define

W, = We—wp= - (3.36)
be = v —w, (3.37)
0 = V—wp=20,+wr (338)

where wy, is the Larmor frequency proportional to the Zeeman splitting energy, d,
and ¢y is the detuning of the optical field frequency to the transition frequencies.

We make the substitutions

Pac = ﬁace_iyt (339)

Poc = ﬁbce_iyt (340)

to factor out the rapidly varying components which oscillate at the optical frequency.

We introduce the Rabi frequency €2 of the optical field as
Q(t) = ——= (3.41)

For our experiments we only consider a nearly-resonance condition, where
detuning between the optical field frequency v and the exciton transition resonance
frequency w, and wy is small. Assuming that [V — w, | < v + w,p, we can make the
rotating-wave approximation (RWA). Physically this approximation is valid because
during the interaction time of about 5 ps, the contribution of fast oscillating part (on

femto-second (fs) time scales) averages out to nearly vanish.
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Finally we add phenomenological population decay terms I', and I', as well

as dephasing terms v,, v and 7, in this system. After all above modifications, we

arrive at a set of optical Bloch equations (OBE):

paa

Peb

5(10

51)0

pab

—Tupaa — % (Q Pac — c.c.)
—Lypep — % (" ppe — c.C.)
(182~ 1e) oc — 52 2pa+ o+ s~ 1)
(405 — V) Poc — %Q (2000 + Paa + Pap — 1)

. i * o~ ~x
- (ZWL + ’Yab) Pab — 5 (Q Pac — Qpbc)

(3.42)

(3.43)

(3.44)

(3.45)

(3.46)

Solving these differential equations gives us the time evolution of the three-

level V system. Now let’s use an order by order perturbation approximation method

in the expansion of optical fields.

p= p(O) _|_p(1) +p(2) +p(3) S

(3.47)

We need to evaluate p™ from n = 0 zero order, to the n = 3 third order, by



solving the following equations:

plh

. (n+1)
Prp

poct

2(nt1)
be

. (n+1)
ab

n 1
_Fapgza—i_l) - 5

Q1 — c.e.
( ac

n Z *x ~(Nn
—Fbp,()bH) —3 <Q pl(w) — c.c.)

~(n+1)

(iéa - 7a> Pac

~(n+1)

(Zdb - ’Yb) P

- (iwL + Wab) 1%

(n+1)
ab

i
_tg (2 (n)
2 p

aa

? n
59 (201(917)

e

(n)

t Pyt Pay —

+ Pl

P

(n)

+ oo

o)

Y

_1>
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(3.48)

(3.49)

(3.50)

(3.51)

(3.52)

After we have the p(™ we will be able to evaluate the nonlinear polarization

due to the optical fields, and in turn get the nonlinear optical responses of this system.

The nth order polarization can be evaluated by

PMe_ = NTr (p"p) e

where N is the number density of the material.

(3.53)

We assume the system initially is in the ground state |¢), all density matrix

elements vanish at zero order except that

Pl =

(3.54)



It is easy to see that the first order terms are given by

P

-(1)

P

P

(1
P((zb)

To obtain an analytical solution we assume a delta pulse field (£(t)

—T,ptl

aa

_Fbpl()ll))

(iéa - fYa) 155110) + %Q
) N 7

(0 — ) i’ + 59

. 1
— (iwr, + 7ab) P

interacting with the system at ¢ = 0, such that

Q = Qui(t)

The solutions for the first order are

oty

(1)
Prb

(1)

Pac

1
P((zb)

%QO@(t)e(iéa*'Ya)t

%Qo@(t)e(i‘sb*%)t
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(3.55)

(3.56)

(3.57)

(3.58)

(3.59)

=0(1))

(3.60)

(3.61)

(3.62)

(3.63)

(3.64)

(3.65)
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where O(t) is the Heavyside step function. The non-vanishing first order terms ﬁg;)

and ,51(7? give the linear dipole polarization response of the system. It dephases quite
fast as the dipole dephasing rates 7,; are very large. In fact, the dipole dephasing
time

Tia = 7—7 Tgy = —, (3.66)

is generally within 10 ps.
As we proceed to the second order, after substituting in the first order solutions

we find the equations for the second order density matrix are

pl = —Tapl) — % (5% —ce) = —Tapll) + %35@) (3.67)
p'l()i) = —Fbpl(j) — % (Q*ﬁé? — c.c.) = —Fbpl()? + Q7(2)5(0) (3.68)
P = (id — va) P (3.69)
e = (i — ) Ay (3.70)

i = = Cw+yw) o) — 5 (2 - o) (3.71)
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we have the second order solutions

o) = e (3.72)
o = Smeme™ (3.73)
52 = 0 (3.74)
ﬁt()i) — 0 (3.75)
P = %Qg@(t)e—we—%bt (3.76)

So we obtained a spin coherence term pg) which oscillates at the frequency of

wy, in the second order. We also see the population decay back to the ground state
|c) after the stimulated absorption at ¢ = 0.

Similarly it can be shown, for a ¢t coupled sub three-level system, to the
second order the population density matrix elements are in the same forms, but the

spin coherence elements are oscillating at an opposite phase:

1 .
Py = 5RO e, (3.77)

Measurements of Spin Coherence

To measure the spin coherence, we add a measurement field €2;0(7) (the probe

field) with the same polarization, and same frequency but different field amplitude
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Q1. We assume a large delay
T> Tdm T> Tdb‘ (378)
such that all dipole coherence from pump field are dephased and we can take

() ~ 0 (3.79)

ac

Q‘/{\
ac
~~
\]
S~—
12
o

(3.80)

Assume a long lived spin coherence time (a small 7,,), which is the case for
the experiment, include this probe field and calculate the third order density matrix

from equations for t = 7:

pg?()l)|t:7_ = _Fapc(li)(T) (3.81)
i li—r = —Tupy (7) (3.82)

; . N 1

Wl = (180 = ) A2 () = 50 (202() + 0 (1) +95(0)  (3.83)
~ . ~ Z *

Al = (18— w) A7) = 50 (200 (1) + p2(7) + P (7)) (3:80)

P = = (iwr + ) P2 (7) (3.85)
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We can obtain the solution for the p® (1)

pGl(r) = 0 (3.86)
o (7) = 0 (3.87)
PU() = 2030 (267 4 e o) (3.5%)
p(r) = —29391 (26717 4 e7TeT 4 eI TelT) (3.89)
Py (r) = 0 (3.90)

Here we only consider the detection of the mixed field in the direction of the
probe optical field. Converting the slow-varying p,. and py. back with Eqns. (3.39)

and (3.40) one obtains the third order polarization as

PPe_ = NTr(p¥p ) e (3.91)
= —Nu (pg?;) + Pz@) e_ +c.c.

= P +P*

where
7

P_:
4

Np%Qy (3e7"7 4+ 317 + e 77 cos(wy ) e Te (3.92)

Quantum beats in the polarization can be clearly seen from the third term. The

electromagnetic field from this polarization further mixes with the probe field and is
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detected in the far field. The differential transmission signal at a large pump-probe

delay 7 is given by

DT ~ /dt(|E1 +iP_|* — |Ey]?)
~ Im/th{P_

~ Q07 (6T + e cos(wpT)) (3.93)

Where I'y = I'y = T is assumed.

From Eqn. (3.93) it can be seen that the DT quantum beats amplitude scales
linearly to the pump and probe intensity. However, looking closely one finds the pure
imaginary third order polarization result from the delta pulse indicate that there are
no refractive index change induced by the pump, which is not the case in the real
TRFR measurements. To account for this reality, we have to consider the optical
pulse with a finite duration and a finite band width in frequency domain. However
this correction makes the analytical calculation very difficult. Thus, a numerical
integration is used to calculate the coupled differential equations [39]. By using
numerical simulation a responses as a function of detuning can also be obtained.

Figure 12 presents a numerical integration result using a finite pulse width
of 5 ps in time domain, for both pump and probe field, to the third order of
the applied fields. The average transition frequency of two dipole transitions is

set to 375 THz. A equal dipole dephasing rate of 0.2 THz is assumed for both
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transitions. A Larmor precession period of 69.8 ps is used, together with a spin
dephasing time of 320 ps, according to the results of experimental observations. An
exciton lifetime of 1 ns is assumed. Both transient DA (AT/T) and TRFR responses
are calculated. The details about DA and TRFR measurements is presented in
Chapter IV. The amplitudes of quantum beats indicated in the right column of
graphs are the amplitude of the spin beats contribution at the zero pump probe

delay, A7 and Ay, which are defined later in Eqn. (7.3) and Eqn. (5.2), respectively.

Manyvbody Effects Corrections

Previous discussions did not include the interactions between the excitons. As
introduced in Chapter II, the manybody interactions plays crucial roles in the optical
responses of semiconductors. First, the valance band hole relaxation is very efficient
and fast, even under low temperature. Hence the sub three-level system can not be
treated as a closed system. For this study both hole states can be considered as equally
populated at a long delay after the excitation of pump. Secondly, the formation of
two-exciton states actually provides other pathways to the coupling of spin coherence
towards the material nonlinear polarizations. The details of these coupling effects on
the responses of the DA and TRFR measurements will be discussed in the following

chapters.
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FIGURE 12. Numerical simulation results of DA and TRFR measurements. Red
color indicates a positive signal. Blue color indicates a negative signal. Pump is
fixed at the HH absorption transition center. Probe is detuned from the pump.
(a) DA response from co-circularly polarized pump and probe. (b) Absorption spin
quantum beats amplitude spectrum from co-circularly polarized pump and probe.
(c) DA response from counter-circularly polarized pump and probe. (d) Absorption
spin quantum beats amplitude spectrum from counter-circularly polarized pump and
probe. (e) Two-color TRFR response. (d) Polarization rotation spin quantum beats
amplitude spectrum.
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Summary

In this chapter we discussed how an electron spin coherence/precession
associated with HH transitions can be induced in a GaAs QW. This spin
coherence/precession creates an oscillating nonlinear polarization and thus can
be observed in the transient nonlinear DA and TRFR experiments. The
phenomenological atomic-like non-interacting three-level model gives a general idea
about the nonlinear response associated with electron spin coherence through the
calculation by density matrix formalism. However the manybody interactions in
semiconductors are so important that in real nonlinear optical measurements the
contributions from two-exciton states can not be ignored. The roles of two-exciton

states will be discussed in Chapter VIII.
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CHAPTER IV

SAMPLES AND EXPERIMENTAL TECHNIQUES

This chapter presents the features of the time-domain experimental setup and

samples used in this dissertation.

Semiconductor QW Samples

In this electron spin coherence study, primarily three different high quality
QWs samples had been used.

Sample A is a high quality undoped (001) single QW grown by molecular beam
epitaxy (MBE). It contains 1 period of 17.5nm GaAs wells and 15nm Al 3Gag7As
barriers. Its absorption spectrum at 10 K is shown in Fig. 13.

Sample B is a high quality undoped (001) GaAs multi-QWSs sample contains
15 periods of 13 nm GaAs wells and 15 nm Aly3Gag7As barriers. Its absorption

spectrum at 10 K is shown in Fig. 14.



FIGURE 13.
10 K.
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The sample C is a high quality undoped (001) multi InGaAs QWs grown
by MBE. It contains 10 periods of 8nm InggsGaggesAs wells and 230nm GaAs
barriers. This sample features an isolated HH resonance far apart from other excitonic
transitions, as shown in Fig. 15. It was provided by H.M. Gibbs group at the

University of Arizona.
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FIGURE 15. Linear absorption spectrum for an 8 nm InGaAs MQW (sample C) at
10 K.

These QWs samples were mounted on c-axis normal sapphire discs. This
is important for polarization sensitive measurements such as TRFR, because the
polarization of light field at nearly normal incidence is preserved. The substrates
of QW were removed by first mechanical lapping and then using selective chemical

etching to allow transparent measurement. The semiconductor QWs were placed in
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a transverse external magnetic field (Voigt geometry), to allow optical initialization

of electron spin coherence.

Laser System

The laser system used for these experiments consisted of a mode-locked
Ti:sapphire laser (Spectra-Physics Tsunami) pumped by a 10 W laser (Coherent Verdi
V-10) at 532 nm. The Ti:sapphire laser was typically run at a spectral bandwidth
of 7 ~ 8 nm, and deliver a mode-locked pulse with duration of 150 fs. The pulse
repetition rate was 82 MHz. For 7 W input pump power, the average output power
from the Ti:sapphire was approximately 1W at 807 nm.

The output from the Ti:sapphire laser was linearly polarized. Zeroth-order
quartz half wave plates (HWP) were used to rotate the polarization into desired
direction. Circular polarizations of the pump and probe (also including a control
beam in three-pulse experiments) were generated using zeroth-order quartz quarter
wave plates (QWP), optimized for use at 830 nm. By properly adjusting the QWPs,
the polarizations could be made right-circular (6% or O) or left-circular (o~ or ).

Variations from optimized circular polarization were less than 5%.
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External Pulse Shaper

An ultrafast time-resolved optical technique often sacrifices the spectral
resolving power for the time domain resolution. For a system evolves with slow time
variation signature, one can have a trade-off, i.e., obtain a limited spectral resolution
and maintain a limited time resolution at the same time. One can use a pulse with the
spectral-width just narrow enough to resolve and distinguish the interested resonances
of the system, while the finite time duration of the pulse still provide the ability to
study the time evolution dynamics at different detuning between the optical field and
the transition frequency. A convenient way to achieve this experimentally is to use
external pulse shaper on fs pulses to deliver ps pulses.

For our experiments, the ultra-fast pulses generated from the Tsunami
Ti:sapphire mode-locked laser system are transform limited. But the spectral
linewidth (7 ~ 8nm) is too large to spectrally resolve closely spaced optical transitions,
for example, the localized exciton and the mobile exciton, the exciton and biexciton,
etc. To obtain spectrally narrow pulses needed for the experiments, this dissertation
used two external pulse shapers to provide independently re-shaped and tunable pump
and probe pulses.

The external pulse shapers are based on a design by David Alavi. Each pulse

shaper consisted of a Spectrogon gold coated blazed grating at near infrared with
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1200 lines/mm, a high power bi-convex 300 mm focusing lens, a slit (with both the

width and lateral location can be adjusted), and a mirror, as shown in Fig. 16.

Grating Lens Mirror
f Input Beam : Output_Beam

> <€
f = 300 mm f = 300 mm

FIGURE 16. Schematic of the pulse shaper apparatus.

The input beam is diffracted from the grating to spatially separate its
frequency components. The angle of incidence measured with respect to grating
normal should be more than 60 degree to achieve a full cover of the input beam over
the grating lines. The first order diffracted beam is focused onto a mirror, with the
lens placed one focal length from the grating and one focal length from the mirror, so
that each frequency is focused to a resolution limited point in the rear focal plane on
the mirror. A small vertical shift of the input beam from the optical axis of the lens
is introduced, and the mirror is adjusted such that the reflected output beam is shift
at the same amount opposite to the optical axis on the grating. In such a way the

incident and the filtered beams could be spatially separated. A vertical slit is made
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with two razor blades and is placed close to the mirror to select the desired spectral
bandwidth of the pulses. The slit is adjustable in position and width, and functions
as a spatial filter. After reflecting off the mirror, the remaining spectral components
of the beam return through the lens to the grating where they are recombined and
an shaped pulse beam output is returned in the same but slightly vertically shifted
direction as the incident beam.

Proper alignment and adjustment of the pulse shaper is important to avoid
pulse broadening due to differing path lengths of the spatially separated spectral
components and pulse chirping. By adjusting the relative distances between the
grating, lens, and mirror, nearly Fourier-transform limited pulses could be obtained.
This is verified by measuring the spectral bandwidth using a spectrometer and the
temporal width using autocorrelation or cross-correlation techniques. The minimum
filtered spectral bandwidth obtained with this setup is approximately 0.2 nm.
Attempting to close the slit further results in an increase in spectral bandwidth due
to spatial diffraction from the slit. For most of the experiments presented in this
dissertation, spectral width of the pump was about 0.3 nm, with pulse duration of

6 ps ~ 7 ps, as measured by cross-correlation with the probe pulse.
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Super-Conducting Magnetic System

In most of our studies we used external magnetic field to modify the energy
level structures of the exciton levels.

Some preliminary studies were carried out in a small Janis cryostat by
attaching a l-inch diameter permanent magnet with B up to 0.5 T (Tesla). The
small magnet was appropriately oriented to the sample holder on cold finger. The
distance from probe spot to the small magnet was used to estimate the strength of
the magnetic field. Spin quantum beats from electron spin coherence was observed
in time-domain pump-probe experiments. However because the field strength is not
easy to control, also due to the small electron g-factor of the undoped GaAs QWs,
systematic studies are carried out by an Oxford superconducting magnetic system
(Spectromag SM 4000-8).

A large range of magnetic field strength up to 8 T is available for this
superconducting magnetic system. This allows magnetic field dependent studies on
electron spin coherence in GaAs-QWs. The high range of magnetic field over 7 T
needs the operation of a lambda refrigerator. In this dissertation, most of data were
taken at 3 T. The homogeneity of the central field over 10 mm diameter spherical
volume is 0.6%. Samples were mounted on a c-axis sapphire disks in Voigt geometry

in the dynamic variable temperature insert. This variable temperature insert can
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support a sample temperature from 1.5 K to 300 K, which allows the temperature
dependent studies.

In all measurements, pump and probe fields were focused onto samples using
far-field optics. Typical focal lengths forone = 200mm and foump = 300mm were
used (fprobe = 100mm and foump = 150mm for small magnet). For a three-pulse
experiment, the focal length for the control beam was feoniror = 250 mm. Typical
focused spot size were 2 x 10~*cm? for the pump, 1 x 10~*cm? for the control and
8 x 107% cm? for the probe, approximately. Appropriate polarization optics were used

for each beam to allow for polarization dependent measurements.

Transient Differential Absorption Spectroscopy

The GaAs QW samples were held on the variable temperature insert in the
sample chamber of the super-magnet helium cryostat. The probe beam transmitted
through the sample was collected and sent through a spectrometer (Jobin-Yvon SPEX
320) with 0.05 nm resolution. The resulting spectrally-resolved signal was detected
using a photomultiplier tube (Hamamatsu R928). Absorption spectra in the presence

or absence of the pump were measured using the relationship:

(4.1)

where a()) is the absorption coefficient as a function of the probe wavelength

A, L is the thickness of the absorbing region of the sample, T'()\) is the measured
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intensity of the probe after passing through the sample, and Tj(\) is the intensity of
the probe passed through the sapphire disc only without the sample. We will refer to
the quantity aL as the absorbance when presenting experimental data.

For the pump-probe nonlinear differential absorption measurement, as shown
in Fig. 17, a pump induced absorbance difference can be measured by modulating the
pump intensity and by detecting the transmission 7" of a probe beam with a lock-in

amplifier.

k B

< }
)

2 QW Detector

FIGURE 17. Schematic of the transient DA apparatus.

A differential transmission signal is defined as
AT = Tpump—on - Tpump-off (42)

For a small oL and small AT, the normalized differential transmission AT /T is

approximately —Aal, because

AT
7 A exp (—pump-onL) — €xXP (—pump-oftl) &= —AaL for aL <1 (4.3)
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For time domain transient measurements, the probe pulse arrives on the sample
at a delayed time t5 compared to the arriving time of pump pulse ¢;, where the time
evolution of the nonlinear optical responses is measured as a function of the delay

T:tg—tl.

Time-Resolved Faraday Rotation (TRFR)

TRFR is widely used for spin relaxation and decoherence measurements on
transparent semiconductor QWs, due to the fact that the time evolution of an
optically induced birefringence can be measured as a polarization rotation evolution.
It is a pump-probe nonlinear optical experiment. A circularly polarized pump pulse
initializes an optical spin orientation in the QWs. A delayed linearly polarized
probe pulse then mixes with the time evolved nonlinear polarization. By examining
the resulting polarization rotation of the probe beam, which carries the evolution
information the of spin states, one can study the spin relaxation or decoherence
process.

Faraday rotation in nonmagnetic semiconductors is generally quite small, on
the order of a few tens of microradians (urad) to several miliradians (mrad) [40], where
the excited electron-hole pair density is about 10® cm?®, which makes the detection of
spin very difficult. Therefore, extremely sensitive measurement is usually required

in these experiments. The polarization rotation of probe field can be conveniently
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measured by a balanced optical bridge [41]. Thanks to the nature of balanced
detection, TRFR features a high signal/noise ratio so that a high sensitivity can be
obtained. Therefore, TRFR is a very popular technique to measure and manipulate
spin coherence.

Spin coherence induced nonlinear responses can be detected by various
nonlinear optical methods [26,42]. In a transient differential absorption experiment, a
quantum beat is observed in the absorption difference between pump on and pump off.
This absorption beat is associated with the imaginary part of nonlinear susceptibility.
On the contrary, TRFR measures polarization rotation of the probe field induced by
the pump pulses, which is related to the changes induced by the pump pulse in the
real part of nonlinear susceptibility. In the experiments, a modulated (mechanically
chopped) circularly polarized pump beam excites spin coherence in the sample at t;.
A linearly polarized probe pulse pass through sample at t5. The probe polarization
rotation angle is measured by the balanced optical bridge after the sample as a
function of pump probe delay (7 =ty — t1).

Consider a sample with length L at origin z = 0 with a linear polarized probe
field propagating along z direction. Before incident to the sample the field is described

as

E(0,t) = V2Ejexpi(—wt)é,

= FEyexpi(—wt)éy + Egexpi(k,z —wt)é_ (4.4)
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where the field is decomposed in the circularly polarization basis defined by equations
(3.15) and (3.16).

In the presence of a pump field, a birefringence as well as an absorbance
imbalance in the two circular polarization bases can be described by non-equal n,n_
and a,a_. Then after passing through the sample, the probe field can be described

as

2
E(L,t) = FEpexp(—ayL)expi (TwnJrL - wt) ey

2
+FEyexp(—a_L)expi (TﬁnL - wt> é_ (4.5)

Because the differential absorption normally is very small (~ 107?), the o, and a_

can be taken as equal to a.. The resulting field can be approximated as

2
E(L,t) ~ Ejexp(—aL)expi (;nJrL - wt> e+
(27 5
+Egexp(—al)expi (TnL — wt) é_

— V2E;exp(—al) (cos ABé, — sin AGe,)

2 _
X exp (;%L - wt) (4.6)
where
2rny —n_
A= ——L 4.
T3 (4.7)

is the polarization rotation angle.
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As illustrated in Fig. 18, a balanced optical bridge is used to measure the
polarization rotation of probe field. It is formed by a polarization beam splitter cube
(PBS) with two independent nearly-identical slow photo detectors. The two detectors
measure intensities of each beam. A half-wave plate is used to balance the bridge for
the probe field without the pump field. In an experiment with a X polarized probe
field, the half-wave plate was rotated by an angle of approximately 22.5° to the x-axis
so that the X polarized probe field without pump field is rotated to 45° respected

to the PBS x axis. The signal from the two detectors are balanced to zero, i.e.,

Ip, pump_off — Is, pump_off = 0.
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FIGURE 18. Schematic of the TRFR apparatus.

It can be shown that with a small polarization rotation, the rotation angle is
given by

(4.8)
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With a modulated pump beam, any unbalanced signal can be lock-in detected
which corresponds to a pump-induced circular birefringence. Due to the high
signal /noise ratio for the balanced detection, this method is very sensitive and can

measure a polarization rotation with urad sensitivities.

Overview of Experimental Setup

Figure 19 shows a schematic of the experimental setup. The output from the
Ti:sapphire laser was split into pump and probe beams. Flip mirrors are used in the
setup for the experimental convenience to switch the detection methods between linear
spectrum, DA, and TRFR. A spectrum can be obtained using a spectrometer with a
photomultipler tube (PMT). The optical polarizations are set by the wave-plates.

The pump field is spectrally filtered, as described in previous sections. The
probe field is also spectrally filtered. The lateral position of the vertical slits for
external pulse shapers were controlled by motorized actuators with 40 nm space
lateral resolution. The resulting optical beam detuning is approximately linear to the
position of the slits. Thus the detuning of the filtered optical fields can be calibrated
by the spectrometer.

A third control beam is split from the probe for the experiments described
in Chapter VI and Chapter VII. A motorized scanning linear translation stage with

1 pm resolution was placed in the pump beam to scan the delay between the pump
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FIGURE 19. Schematic of the experimental apparatus.
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and probe pulses. Another motorized scanning linear translation stage with 1 pm
resolution was placed in the control beam to scan the delay between control and
probe pulses. The zero delay position is set by measuring the cross-correlation of the
pump and probe pulses using a LBO crystal to generate a nonlinear sum-frequency
signal, or is set just by measuring the zero-field DA signal by the sample itself. The

timing of pulses is described in Chapter VI.



72

CHAPTER V

ELECTRON SPIN COHERENCE OBSERVED IN TRFR

The primary experimental tool for probing electron spin coherence has been
TRFR, which directly measures coherent spin evolution [15]. Specifically, TRFR
measures birefringence created by a circularly polarized pump field, which leads to
a polarization rotation in a linearly polarized probe field. The rotation angle A# is

measured with a lock-in method and is given by

A0 = Opump-on — Opump-oft X (Any — An_) (5.1)

TRFR is a very sensitive measurement compared to the DA measurement, due to the
usage of a balanced optical bridge, as illustrated in Chapter IV. In this chapter we
will explore the quantum beats arising from electron spin coherence by a degenerate
TRFR experiment, in which pump and probe are at the same spectral position at the
HH absorption line center. The results presented in this chapter agree with earlier

studies.
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Magnetic Field Dependence

As described in Eqn. (3.7), the observed beating frequency is proportional to
the external magnetic field. The magnetic field dependence for the 13 nm GaAs MQW
(sample B) is shown in Fig. 20. The beating frequency, i.e., the Larmor frequency

wr, can be retrieved with a very high precision by fitting the polarization rotation

beats with the function:

A0 = Apcos (wrt) exp [—t/T5] (5.2)
S : e B=0T
— ] o B=2T
= ¢ A B=3T
Do g — Fitfor2 T
el D Fit for 3 T
< 7 \
= -
<
o
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Probe Delay (ps)
FIGURE 20. TRFR quantum beats from the 13 nm GaAs MQW (sample B) at 10 K
measured as a function of magnetic field.
Both |g.| and the ensemble transverse spin decoherence time 735 can be

obtained from the TRFR responses. For the data shown in Fig. 20, the beating periods
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obtained for B = 2 T and 3 T are 124.5 ps and 82.8 ps, respectively, corresponding
to a Zeeman splitting of 0.03318 meV and 0.04992 meV. |g.| at 2 T and 3 T is thus
0.2869 and 0.2878, respectively. The decoherence time 7% is 324.3 ps and 377.0 ps,
for B=2T and 3 T fields, respectively. This result is similar to that shown in earlier
studies [14]. The electron’s precession frequency shows a nearly linear dependence to
the external magnetic field, which indicates that an electron contained in an exciton
can precess in a transverse magnetic field like a free electron. This is due to a rapid
hole spin-flip. Within the exciton, the electron-hole exchange interaction describes
the correlation between electron and hole spins. This correlation is very weak in
GaAs QW, leads to a small electron-hole exchange splitting energy . A hole spin-flip
rate much larger than §/h leads to vanishing average exchange fields from the holes

(43, 44].

Temperature Dependence

With the sensitivity of the TRFR technique, a spin quantum beat can still
be observed even at an elevated temperature. Figure 21 illustrates a series of TRFR
data taken with the sample B at different temperatures. It can be seen that even at
room temperature the spin coherence is still preserved for a significant length of time.

In contrast, the DA measurements of the same sample under the same condition are
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very noisy when temperatures were over 50 K, and the spin quantum beats eventually

became hard to measure at high temperatures with DA method (data not shown).
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FIGURE 21. Degenerate TRFR responses obtained in a 13 nm GaAs MQW (sample
B) at various temperatures. Temperatures are labeled in the figure. The magnetic

field is set to 3 T. Pump and probe are tuned to the HH absorption line center.
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Figure 22 shows the temperature dependence of the magnitude of the electron
g-factor and the transverse spin decoherence time 7. The magnitude of the g-
factor shows a monotonic decrease as the temperature increases, and the 77 shows
an increase as the temperature increases from 10 K. There are several theoretical
investigations which provide analytical and numerically simulated results comparable
with TRFR experiments [45]. A comprehensive analysis of electron spin coherence
for HH exciton transitions in QWs in Voigt geometry is given under kinetic theory
with density matrix formalism [46]. The author calculates and numerically simulates
the spin dephasing in GaAs QWs, and discusses various dephasing mechanisms and
temperature dependence in this system. Our results qualitatively agree with the
published studies [35].

The strength and orientation of the external field and other factors, like
temperature, have very interesting impacts on the g-factors and spin decoherence
mechanisms, and have been extensively studied. A comprehensive discussion

regarding these topics, however, is beyond the scope of this dissertation.

Detuning Dependence for Degenerate Pump-—Probe

Figure 23 presents a measurement of the electron spin decoherence process of
the 13 nm GaAs MQW (sample B), where both pump and probe are degenerate in

energy and are at different detunings from the exciton absorption line center. The
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FIGURE 22. Temperature dependence of |g.| and T

spectral lineshape of the pump and probe are plotted as the shaded areas in Fig. 23(a),
together with the absorption spectrum. Ay, Ty and |g.| are obtained by fitting the
degenerate TRFR responses with Eqn. (5.2), and are shown in Figs. 23(b), (c¢) and
(d), respectively. A significantly longer decoherence time is observed at an energy
slightly lower than the HH exciton line center, which is associated with the localized
excitons. When the pump and probe are tuned at a position between HH and LH
resonances, quantum beats obtained feature a phase opposite to those obtained when
the pump and probe are at the HH or LH resonance. Overall, Ay, Ty and |g.| depend

strongly on the excitation energy. Note that Ty and |g.| obtained when the beat
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amplitude Ay nearly vanishes, are not very reliable due to the poor signal /noise ratio

(i.e., the data set with the highest pump/probe energy).
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FIGURE 23. Detuning dependence of degenerate TRFR. The spectral shape of
degenerate pump and probe pulses at different detunings are indicated as shaded
areas in (a). (a) the absorbance of sample B at 10 K; (b) the polarization rotation
beats amplitude Ay as a function of detuning; (c) the transverse spin decoherence
time 7Ty as a function of detuning; (d) the amplitude of g-factor |g.| as a function of
detuning.
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The above result clearly indicates that a broadband pump field will cause
multiple excitonic systems to be excited, which will complicate the interpretation of
the experimental result. In addition, it is interesting to note that from the simple non-
interacting atomic-like model, the degenerate TRFR should vanish when both pump
and probe are resonant with the relevant optical transitions, as shown in Fig. 12.
However, this is not what had been observed in the experiment. This suggests that
a simple non-interacting atomic-like model is not adequate to describe this system.

A typical TRFR experiment in magnetic semiconductor QW is performed with
degenerate fs laser pulses, which cover the exciton resonance, resolving a ps scale
beating frequency due to the large g-factor of the electrons [15]. However it is well
known that resonances with very small spectral separation, like localized excitons,
biexcitons, trions, or shallow donors, can all play important roles, provided that the
optical field is nearly resonant to those resonances. To obtain the spectral information
while retaining the desired time domain quantum beats, a two-color pump-probe
technique can be used.

For the two-color pump-probe experiment, the probe field and pump field are
independently filtered and tunable. The spectrally narrowed pump is tuned to the
absorption HH center so that only electron spin coherence associated with the mobile
HH excitons is excited by the pump field. Nearly degenerate TRFR responses can
be obtained by tuning the probe field at various energies. This technique allows to

single out the spectral response for the studies of exciton interaction effects in TRFR,
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and to avoid the complications due to the LH resonance and localized excitons. A

detailed study of the nearly degenerate TRFR response is presented in Chapter VIII.

Summary

The TRFR is a powerful tool to study the electron spin coherence. Quantum
beat responses arising from electron spin coherence are observed from 10 K to room
temperature in an undoped GaAs QW. The spin decoherence time at 10 K is in the
order of 100 ps.

In spite of rapid progress in studies of coherent spin manipulation, how
manybody interactions affect and manifest in TRFR remains an open question.
The temporal TRFR response corresponds to electron spin precession and can be
understood without invoking manybody effects [47]. In Chapter VIII we will have
a detailed discussion on the effects of exciton interactions in TRFR. But before
the presentation of more detailed experimental results on TRFR, in the following
chapters, we shall first discuss a spin manipulation scheme and the related manybody

effects in the DA experiments.
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CHAPTER VI

MANIPULATING SPIN PRECESSION WITH OPTICAL PULSES

Recently, there has been an increasing interest in employing nonlinear optical
techniques to control optical and transport processes in semiconductors. Interference
between one- and two-photon absorption pathways has been exploited for the optical
generation of electrical as well as spin currents [48-51]. Various techniques have
also been used to manipulate carrier population, electron-phonon interaction, and
biexciton coherence [52-58]. An earlier study based on Faraday rotation has used
optical Stark effects generated by an optical pulse below the band gap to manipulate
electron spin precession [6].

This chapter presents a new optical method to manipulate electron spin
precession. In this scheme, a third optical pulse, in addition to a conventional
pump-probe setup, is used to manipulate electron spin precession by tipping the

spin away from its original precession plane. The amplitude, as well as the phase of
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the DA quantum beats from electron spin coherence, can be manipulated through

the intensity, timing, or polarization of the control field.

Spin Control in a Precession Picture

The three-pulse DA can be analyzed within the limit of a spin precession
model, as illustrated in Fig. 24. First, a pump pulse generates a spin polarization
oriented along the z-axis (normal to the QW plane). The spin then precesses in the
y — 2z plane around the external magnetic field along the z-axis. Secondly, a control
pulse tips the spin polarization induced by the pump away from the y — z plane, with
a tipping angle 9. The tipping angle 1} is set by the control pulse intensity. Finally,
the DA response, which includes the spin precession information, is measured by a
probe pulse.

The timing of the three-pulse DA experiment is illustrated in Fig. 25(a). A
pump pulse arrives at t;. A control pulse arrives at a later time, 5. A probe pulse

arrives at t3. For convenience in the later discussion, we define the various delays as

71 = 13 —1t;, delay between probe and pump; (6.1)

Ty = t3—ty, delay between probe and control. (6.2)

In the experiment, the intensity of the pump beam is modulated and lock-

in detection is used to measure the change in the absorption of the probe induced
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FIGURE 24. Schematic of tipping a precessing spin by an optical pulse. Red arrow
indicates the precessing spin initialized by a pump pulse. Blue arrow indicates the
precessing spin tipped by a control pulse.

by the pump, as shown in Fig. 25(b). This approach eliminates nonlinear optical
contributions that are induced by the coupling between the control and probe but
without involving the pump. In addition, the DA response is measured as a function
of 7 with a fixed 7, avoiding complications due to quantum beats arising from spin
precessions initiated by the control pulse.

After the tipping by control pulse, the spin can be decomposed into two
orthogonal components: a perpendicular component and a parallel component,
with respect to the external magnetic field. The amplitudes of the perpendicular
and parallel components of the tipped spin polarization are S; = Spcos?¥ and
S|| = Sosin, respectively, where Sy is the amplitude of the spin polarization induced
by the pump. The spin precession continues for the perpendicular component, but

stops for the parallel component. The phase of the quantum beats associated with
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FIGURE 25. (a) Pulse sequence for three-pulse DA measurement. (b) Schematic of

the three-pulse DA setup.

the perpendicular and parallel components are thus characterized by coswry,(t3 — t)

and coswry,(to — t1), respectively, where wy, is the Larmor frequency. The temporal

behavior of the overall quantum beats can be described by

t3 — tl}

Iop(t) = aS|coswy(ts —t1)exp {— T
2

to — 1t
+6S) coswr(ta — t1) exp {— 2T* 1}
2

(6.3)

where a and [ are determined by details of the nonlinear optical processes.

Apparently the two spin components share the same decoherence time, based on

the observation in the experiments.

Equation (6.3) illustrates that the overall quantum beats depend on the

relative phase of the Larmor precessions and also on the relative contributions from
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the two spin components. It can be rewritten into a form in terms of the delay

variables 71 and 75 used in the experiments:

Igp(t) = aS| coswpm exp {—T—l*]
13
+3S) cos(wr T — wrT2) exp [— Tl;*ﬁ} (6.4)
2

It can be seen from Eqn. (6.4), that the effect of varying the timing of a control
pulse, is to change the relative phase between the parallel and the perpendicular
components. As we will discuss in detail below, with a proper relative phase for the
Larmor precessions, we can manipulate the amplitude as well as the phase of the
quantum beats by varying the tipping angle of the control pulse.

The experimental studies were carried out in sample A, a high quality undoped
(001) 17.5 nm single QW sample grown by molecular beam epitaxy. All measurements
were carried out at a temperature of 10 K and at an external magnetic field of 3
Tesla. All three pulses — pump, probe and control, were filtered by external pulse
shapers to derive narrow bandwidth optical pulse trains from a femtosecond mode-
locked Ti:Sapphire laser. The resulting nearly transform limited pulses had a spectral
bandwidth of 0.6 meV and a duration of 5 ps. All three laser pulses used in DA
were positioned at the HH exciton absorption line center to avoid contributions from

strongly localized excitons.
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Controlling the Amplitude of the Quantum Beats

In the following, we will explore the dependence of the quantum beats on the
control-probe delay. Figure 26 shows the DA responses as a function of 71 obtained
with increasing control intensities and with a fixed delay 7 set to w7 = 7 and
wr Ty = 2m, respectively. The DA responses in Fig. 26 feature pronounced quantum
beats induced by the electron spin coherence. The quantum beats correspond to an
electron Zeeman splitting of 0.067 meV and a spin decoherence time of 0.3ns. The
timing of the control pulse is actually shown as a dip in the DA response for data
with high control intensity in Fig. 26, when the pump overlaps with the control in
time.

The results in Figures 26(a) and 26(b) demonstrate the control of the quantum
beat amplitude by varying the tipping angle of the control pulse, when the delay

between control-probe satisfies the relations:

wr, = 2nmw (6.5)

or

wr, = (2n4+D)m (6.6)

where n=20,1,2,3,---
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FIGURE 26. DA responses as a function of the pump-probe delay with a fixed delay,
Ty, between the control and probe. The quantum beat amplitudes are changed as a
function of control intensity. (a) wpme = m; (b) w7 = 27. The control intensities
used in each sub-figure from the top to the bottom curves are 0, Iy, 21y, 3.51y, 51y,
101y with Iy = 0.3 W /cm?. The average pump and probe intensities are 0.12 W /cm?

and 0.09 W/cm?, respectively. The responses are vertically offset for clarity. Dotted
lines are guides for the eye.

For the cases satisfying Eqn. (6.5), the amplitude of the quantum beats increases with
increasing control intensity, while the phase of the quantum beats remains unchanged.
In comparison, for conditions satisfying Eqn. (6.6), the amplitude of the quantum
beats decreases with increasing control intensity and eventually flips sign. These
behaviors elucidate the dependence of the quantum beats on the relative phase of

the Larmor precessions and can be understood in the context of Eqn. (6.3). From



38

experiment, we observed that for wm, = 7, quantum beats arising from the parallel and
perpendicular spin components have the same phase, while for wm = 27, quantum
beats from the two spin components are 180° out of phase. These results indicate a

sign difference between o and (5.

Controlling the Phase of the Quantum Beats

For the control-probe delays not satisfying Eqn. (6.5) or Eqn. (6.6), varying the
relative contributions of the two spin components to quantum beats via the tipping
angle of the control pulse also leads to a corresponding change in the phase of the
overall quantum beats. For example, when the fixed delay 7, is set to wm = 7/2 or
wTy = 371/2, the quantum beats from the two spin components have a phase difference
of —m/2 or m/2, respectively. The experimental results are shown in Fig. 27(a) and

Fig. 27(b), respectively. These results demonstrate the phase control of the quantum

beats.
The relative contributions of the two spin components in quantum beats,
S| 185 : . .
and , can be determined by numerically fitting these
S| +165)] aSL|+185)]

quantum beat responses to Eqn. (6.3). As shown in Fig. 28, the relative contribution
from the parallel spin component increases with control intensity. For I.o..0 near
1 W/cem?, the two spin components contribute nearly equally to the quantum beats,

which is in agreement with the near vanishing of quantum beats at this intensity
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FIGURE 27. DA responses as a function of the pump-probe delay with a fixed delay,
T9, between the control and probe. The quantum beat phase is changed as a function
of control intensity. (a) wym = 7/2; (b) wym = 37/2. The control intensities used
in each sub-figure from the top to the bottom curves are 0, Iy, 21y, 3.51y, 51y, 101,
with Iy = 0.3 W/cm?. The average pump and probe intensities are 0.12 W /cm? and

0.09 W /cm?, respectively. The responses are vertically offset for clarity. Dotted lines
are guides for the eye.

shown in Fig. 26(b). At Iontror= 6 W/cm?, the quantum beats become dominated by
contributions from the parallel spin component.

To confirm the contribution from the parallel spin component, an experimental
investigation on the dependence of the quantum beat phase on the fixed delay, 7o,
between the control and probe had been carried out. For the parallel spin component,

the phase of the quantum beats depends only on the delay between the pump and
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FIGURE 28. The relative contribution to quantum beats from the parallel (circles)
and perpendicular (squares) spin components as a function of the control intensity.

control, t, —1;, and is independent of the timing of the probe since the spin precession
stops after the control. Figure 29(a) shows the DA responses as a function of 7
obtained at various fixed 75 and with I.on0=6 W/cm?. Figure 29(b) plots the same
experimental results as in Fig. 29(a), but effectively as a function of the delay between
the pump and control, i.e., by subtracting the fixed delay 7 from 7. All the quantum
beats plotted in Fig. 29(b) have the same phase. The quantum beat phase is thus
independent of the timing of the probe pulse, demonstrating that these quantum
beats arise nearly completely from the parallel spin component, which confirms the

result of the numerical analysis shown in Fig. 28.
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FIGURE 29. (a) DA responses as a function of the pump-probe delay at a fixed 7
given by 61 ps, 54 ps, 46 ps, 38 ps, 31 ps, 23 ps, 15 ps, and 7ps (from the top to the
bottom curves). The average pump, control, and probe intensities are 0.12 W /cm?,
6 W/cm?, and 0.09 W /cm?, respectively. (b) The same group of data as in Fig. 29(a)
but plotted as a function of the pump-control delay. The responses are vertically
offset for clarity. Dotted lines are guides for the eye.

Note that the two spin components contribute nearly equally to the quantum
beats at a control intensity of 1 W/cm?, which corresponds to an energy flux per pulse
of 10 nJ/cm? and a peak field strength of 1 kV/cm. In comparison, for an atomic-
like three-level system, theoretical analysis using order-by-order perturbation shows
that the average control intensity needed to have equal contributions from the two

2

spin components is approximately 5 W/cm?. For the numerical estimate, a matrix
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element r., of 0.575 nm was used, which yields good agreement between theory and
experiment for exciton Rabi oscillation and for exciton optical Stark splitting [3, 25].
This indicates that the dominating parallel component for DA responses at a high
control intensity cannot be explained as a result of a nearly /2 tipping angle ¢. The
effect of an almost pure parallel component contribution is related with an enhanced
magnitude for the coefficient § , which is much larger compared to the coefficient
«. This enhancement is due to the optical nonlinear processes arising from exciton-

exciton interactions, which will be discussed in details later, in the Chapter VII.

Polarization Dependence

In addition to the intensity and timing, the behavior of the quantum beats
also depends on the polarization of the control pulse. Figure 30 presents the result
obtained with a co-circularly polarized pump and probe. The intensities for both
pump and probe field are kept low such that a linear dependence of AT /T response
on pump intensity is maintained, while the response is independent of the probe field
intensity. The control pulse overlaps with the probe pulse in both time and energy.
With a control pulse in the same circular polarization to the pump and probe, the
phase of the quantum beat is shifted by 7. With a control pulse of opposite circular
polarization but otherwise under same condition, the phase of quantum beat is the

same as the 3rd order response without control, but is in opposite phase to the co-
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circular control case. Note the changes in the signal background levels as a result
of control input. The phase of the quantum beats can be flipped by switching the

polarization of the control pulse.

30
I

—6— No control
S —&—  (Co—circular control
—8— Counter—circular control

15 20

10

— AaL (Arb. Units)

0 100 200 300 400
Probe—Pump Delay t3 — t; (ps)

FIGURE 30. The absorption quantum beats of 17.5 nm GaAs SQW obtained at B
=3 T and T' = 10 K. The energy flux density for co-circularly polarized pump and
probe pulse is 4 nJ/cm? and 3 nJ/cm?, respectively. For the responses obtained with
a control pulse, a 200 nJ/cm? energy flux density control pulse in same or opposite
circular polarization is used. The control-probe delay 7 is set to zero.
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Summary

In this chapter, an experimental study on the optical control of quantum beats
induced by the electron spin coherence in a semiconductor QW is presented. In this
scheme, an additional control pulse is added to a conventional pump-probe setup to
manipulate the coherent spin dynamics. In comparison to earlier coherent control
studies, the spin manipulation exploits the phase of the Larmor spin precession,
instead of the optical phase of the pump or control pulses. The amplitude and
especially the phase of the quantum beats can be controlled by varying the intensity
or the tipping angle of the control pulse. This tipping allows the use of contributions
to nonlinear optical responses from both parallel and perpendicular spin components
to control the amplitude and phase of the quantum beats.

As shown in extensive earlier studies, coherent nonlinear optical responses
in semiconductors are strongly modified by the underlying manybody interactions
[59,60]. As we will discuss in detail in the next chapter, the manifestation of the
spin manipulation is enhanced by the underlying exciton-exciton interactions. The
successful control of the quantum beats provides a rare example, where manybody
interactions in an interacting many-particle system enhance instead of impeding the

manipulation of quantum coherence.



95

CHAPTER VII

HIGHER ORDER NONLINEAR PROCESSES IN ABSORPTION

QUANTUM BEATS

Chapter VI showed that by changing the intensity, delay, and polarization
of a control pulse, one could manipulate the nonlinear responses from electron spin
coherence. This chapter presents additional experimental and theoretical studies on
the effects of exciton manybody interactions. These studies further indicate that the
previous spin manipulation scheme takes advantage of the underlying exciton-exciton
interactions. As a result, this scheme can be more effective in an excitonic system than
in a corresponding atomic-like system. In addition, it is possible to experimentally
identify the nonlinear optical contributions from different channels of exciton-exciton

interactions.
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Quantum Beats from an N-exciton System

To understand the role of exciton-exciton interactions in the spin manipulation
process, we have used an order-by-order perturbation analysis based on the
phenomenological model of N-exciton energy eigenstates [22]. Let’s consider the
case that all optical fields have the same circular polarization ¢~. The non-vanishing

dipole matrix elements are shown in the optical selection rule diagram in Fig. 31.

|H7<_>

|<_7_)>

FIGURE 31. Optical selection rule for the transitions between the conduction and the
J,=3/2 valence bands in a magnetic field along the x-axis, illustrated in N-exciton
energy eigenstates of ground, one-exciton, and two-exciton states. States are labeled
by electron spin.

Figure 31 shows the energy eigenstates of the relevant excitonic system. |g) is
the ground state. | —) and | «+) are one-exciton states with electron spins s, = 1/2

and —1/2, respectively. | «, <), | «,—), | —,—), are the two-exciton states
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with electron spins s, = —1/2 and —1/2, s, = —1/2 and 1/2, and s, = 1/2 and
1/2, respectively. Note that all excitons involve the same valence band state with
J. = 3/2. In this excitonic picture, the electron spin coherence corresponds to a
coherent superposition of | —) and | «).

In this scheme, as discussed in early chapters and shown in Fig. 11, the pump
as well as the control field couple to both electron spin states in the conduction
band, as allowed by the dipole selection rule of the HH interband transition in the
presence of an external magnetic field. The relevant nonlinear optical processes are
to the second order of the pump field and the second or higher even orders of the
control field, which eliminates the dependence of spin dynamics on the optical phase

of the pump and the control pulses. In an order-by-order perturbation analysis, the

(2)

—
=

pump pulse excites an electron spin coherence, p To obtain analytical solutions,
we assume that the duration of the incident laser pulses is short compared to the

exciton linewidth and the electron Zeeman splitting. Using effective density matrix

equations, we have

2
_& .
P2 (1) = %{21 exp(iw — ) (t — t1)], (7.1)

where v is the decay rate for the spin coherence and £y, €5, and €3 are the time

integrated area of the electric field amplitude for the pump, control, and probe,

respectively. The relevant dipole matrix elements are indicated in Fig. 31 and are
©)]

assumed to be real. The control pulse couples to the spin coherence, p=, generating

electron spin coherence as well as population and two-exciton coherence terms, all
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of which are to the fourth or higher order of the applied fields (second order to the
pump field and second or higher even order to the control field). For simplicity, we
limit our discussion to the second order of the control field. The fourth order spin

coherence is then given by

W) = e A e AR
= 1674
x expl(iw —7)(t — t1)]. (7.2)

The net perpendicular spin component is determined by p= = pg + p(é). As shown

in Eqns. (7.1) and (7.2), pg) and p(é) feature the same Larmor precession but always
interfere with each other destructively.

Effects of exciton-exciton interactions on the spin manipulation and on the
control of the quantum beats can be understood by examining the role of the two-
exciton states. As shown in Eqn. (7.2), the additional coupling of pg to | «—,—)
nearly doubles the magnitude of p(é), leading to a significant reduction in the net
perpendicular spin component, which can be viewed as an effective increase in the
tipping angle of the control pulse. Quantum beats associated with p= arise from the
coupling of p= to the probe field via the ground state |g) and via the two-exciton
state | «<—,—). These two processes interfere with each other destructively and can
cancel each other out in the limit that the relevant one- and two-exciton transitions

are identical. This cancellation leads to a weak response from the perpendicular spin

component.
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The parallel spin component can be understood as including contributions from

(2)

= -

various fourth order populations induced via interactions between the control and p
For relatively large 7, effects of the two-exciton coherence can be ignored due to its
rapid decoherence. These populations contain the information of Larmor precession
occurring before the arrival of the control pulse, which also leads to quantum beats
in the DA response. For the parallel spin component, the coupling of the populations
to two-exciton states | —, —) and | «—, <) becomes important, as shown in Fig. 31.
Coupling of p= to these states are not allowed because of optical selection rules. These
two-exciton states feature strong exchange interactions between excitons, minimizing
the destructive interference between the relevant one- and two-exciton transitions. As
a result, the exciton-exciton interactions enhance the relative contribution to quantum
beats from the parallel spin component.

Note that exciton population and electron spin coherence involving spin-
flipped holes with J, = —3/2 can also contribute to the DA response via transitions to
two-exciton states that involving both J, = 3/2 and J, = —3/2 holes. For simplicity
and to illustrate how exciton-exciton interactions affect the spin manipulation process,
the above discussion does not include the analysis of nonlinear optical processes

related to two-exciton states involving spin-flipped holes.
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Probe Intensity Dependence of Two-pulse DA

In the third order limit, which means that the nonlinear polarization is to the
second order of the pump field and to the first order of the probe field, the amplitude
of AT/T shows a linear intensity dependence on the pump field but independent on
the probe intensity. In a study of probe intensity dependence on an un-doped 17.5 nm
GaAs SQW (sample A), an fifth order nonlinear optical process in the absorption spin
beats is observed in two-pulse DA, as shown in Fig. 32. Similar phenomena are also
observed with an un-doped 13 nm GaAs MQW (sample B).

The transient DA spectra in Fig. 32 can be numerically fit to the model

equation

AT T T
—Aal ~ - = Ap + Agexp [—?] + Ajexp [—T]

0 1

+Arexp {—%} cos(2mwrT) (7.3)
2

In this model 7 = t; — t5 is the time delay between pump and probe pulse. A,
is obtained from averaging signals of negative 7 delay and is treated as a constant
background. The fast decay contribution due to coherent interactions of pump and
probe field are simply modeled as a single exponential decay term with amplitude
Ag and a decay time constant Ty. The long-lived incoherent contribution related to
population relaxation is modeled as a single exponential decay term with amplitude

A; and a decay time constant 77. The contribution from electron spin coherence is
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FIGURE 32. Probe intensity dependence of degenerate DA observed from sample
A, obtained at 10K and B = 3T with a pump pulse energy flux density of ¢pump =

4nJ/cm?. The probe intensity is indicated in the figure. The responses are vertically
offset for clarity. The solid red lines presents the fitted curves based on Eqn. (7.3).

described by an exponentially damped cosine function, with an amplitude A7, a spin

beating frequency wy, and a decoherence time 7.
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By numerically fitting the probe intensity dependent data, the spin beat
amplitude A7 as a function of probe intensity is plotted in Fig. 33. At low probe
intensities, a y® response was observed, where quantum beat signal, AT/T | is
independent of the probe intensity. At an intermediate probe intensity, the absorption
quantum beats vanish and reemerge with a reversed sign and an overall linear
dependence on the probe intensity, corresponding to a x® process. At higher probe
intensity, the quantum beat amplitude reaches a maximum and then decreases at

even higher probe intensity. Note that the z-axis has a logarithmic scale.
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FIGURE 33. Probe intensity dependence of AT /T beat amplitude.
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Control Intensity Dependence

The probe intensity dependence shown in previous section can be checked with
the three-pulse DA experiment described in detail in Chapter VI. By setting a zero
control-probe delay (12 = 0), the probe pulse field in the two-pulse DA experiment
is replaced by a combination of both a control and a probe field. By varying the
intensity of the control pulse independently to the probe field, the three-pulse DA
experiment elucidates the cancellation and enhancement through the coupling of spin
coherence and population to the two-exciton states.

Figure 34 shows the results obtained by overlapping the control pulse with the
probe pulse in the time domain and by varying the intensity of the control. With
both the pump and the probe intensity kept as low as in the third order response
regime, nonlinear responses observed exhibit behaviors similar to those in Fig. 32.

Figure 35 plots the amplitude of the quantum beats as a function of the control
intensity. As expected, the control intensity denpendence is similar to the probe
intensity dependence discussed earlier. Figure 34 essentially reproduces the two-pulse
experimental results. Together with the two-pulse probe intensity dependence, the
observed vanishing and emerging of DA quantum beats experimentally elucidate the

cancellation scheme previously discussed.
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FIGURE 34. Control intensity dependence of degenerate DA of sample A obtained
at 10K and B = 3T with pump pulse energy flux density of 0.8 nJ/cm? and probe
pulse energy flux density of 1 nJ/cm?. Control pulse energy flux densities are labeled
in the figure. The responses are vertically offset for clarity. Red solid lines are results
of numerical fits.
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FIGURE 35. Fitted quantum beat amplitudes as a function of control intensity. The
degenerate three pulse DA data of the 17.5 nm GaAs SQW (sample A) are obtained
at 10K and B = 3T, with pump pulse energy flux density of 0.8 nJ/cm? and probe
pulse energy flux density of 1 nJ/cm?. The dashed line indicates the absolute level of
quantum beat amplitude in the 3rd order. The dotted lines are guides for the eye.

Spectral Response of Absorption Spin Beats

To obtain a picture of the higher order nonlinear processes associated with the
two-exciton state in spectral domain, a combination of two-color pump and probe
experiment and three-pulse measurement was carried out. In this experiment, the
pump field is positioned at the HH absorption line center. The probe and control is

degenerate in energy. The delay between the probe and control are set to zero. The
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spectral position of the probe and control is tuned cross the HH transition to obtain a
series of 41 quantum beat responses at different probe (control) detuning. By fitting
each of those responses with Eqn. (7.3), a spectrum of Ar is obtained. Figure 36
shows the spectral response of the DA quantum beats amplitude as a function of
detuning between the probe and pump at different control intensities obtained with

a 17.5 nm SQW (sample A).
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FIGURE 36. Control intensity dependence of the DA spectral response of sample A
obtained at 10K and B = 3T, with pump pulse energy flux density of 0.8 nJ/cm?
and probe pulse energy flux density of 1 nJ/cm?.
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The spectral DA response in Fig. 36 reflects contributions from the coupling
of the electron spin coherence to the ground state as well as the unbound two-
exciton states. As discussed earlier (also see Fig. 31), the two contributions have
the opposite sign and feature slightly different resonance frequencies, leading to a
dispersive DA lineshape. At a high excitation level, the two-exciton states shift to
higher energy. The corresponding shift in the DA lineshape reflects the underlying
manybody interactions.

The coupling of control and probe field to the ground state and two-exciton
states also depends on the polarization of the optical fields. Figure 37 shows that two
different combinations of field polarizations give opposite quantum beat amplitudes
over the whole spectra. Note that for these measurements, the probe fields have the
same polarization as the control fields. The DA spectrum obtained with mixed field
polarizations involves coupling of electron spin coherence to spin-flipped hole states,

which will not be discussed in detail here.

Explicit Observation of a ¥® Quantum Beat

The spin precession control scheme presented in the previous chapter shows
the data obtained with a fixed control-probe delay. The higher order contributions
from the parallel spin components, i.e., from the coupling of the spin population terms

to the strongly correlated two-exciton states, dominate the signal only at high control
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FIGURE 37. Control field polarization dependence obtained in sample A at 10 K and
B = 3T, with pump pulse energy flux density of 0.8 nJ/cm? and probe pulse energy
flux density of 1 nJ/cm?. Control pulse energy flux density were 98.1 nJ/cm? for both
polarizations.

intensities. According to Eqn. (6.3), by fixing the delay between probe and pump, a
parallel component can be explicitly observed. The nonlinear optical response from
the perpendicular spin component leads to a flat background in this case.

Figure 38 shows a measurement with a fixed probe—pump delay at w;,m ~ 67 =

210 ps. The parallel components are readily observed at low control intensities. This
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allows direct probing of contributions from the polulation terms and their dynamics
in the time domain. One can see that the parallel component is linearly dependent
on the control intensity when the control intensity is low, which indicate a pure y®

process.
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FIGURE 38. Control intensity dependence of DA response with a fixed pump-probe
delay, m = 210 ps, and scanning the control pulse. Data were obtained at 10 K
and B = 3T with sample A, with pump pulse energy flux density of 4 nJ/cm? and
probe pulse energy flux density of 2.7 nJ/cm?. The control pulse energy flux used
in each data from the bottom to the top curves are ¢g, 4¢g, 8¢, 12¢¢9, H2¢y, with
¢o =3.8nJ/cm?. The curves are vertically offset for clarity.

This experiment can also be viewed as scanning control-pump delay, because

the delay between the probe and pump is fixed. Three regions can be identified, as
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shown in Fig. 39. Region I is for the control pulse arriving at the sample before the
pump and probe. In this case, the control field contributes to the second order, and
the pump field contributes to the fourth order. Region II is for the control pulse
arriving at the sample after the pump but before the probe. Region III is for the
control pulse arriving at the sample after the probe pulse, which does not contribute
to the signal because the decoherence rate is much larger than the repetition rate
of the laser. Region II can be viewed as the time window, within which optical
manipulations of spin can be accomplished. The largest possible size of this window

is determined by the decoherent rate of the electron spin.

[:\IZ

— AaL (Arb. Units)

—100 0 100 200
Control—Pump Delay t, — t; (ps)

FIGURE 39. DA response with a fixed probe-pump delay, 7, = 186 ps, and scanning
control pulse. Data were obtained at 10 K and B = 3T with sample A. Pump pulse
energy flux density is 0.8 nJ/cm? and probe pulse energy flux density is 1 nJ/cm?.
The control pulse energy flux used in each data are all equal to 13nJ/cm?. The
polarization for pump and probe are both in o*. The control polarizations are linear
(solid line), o (dashed line), o~ (dotted line), respectively.
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Summary

In this chapter we discussed an N-exciton phenomenological model for the
understanding of the spin tipping mechanism in the three pulse DA scheme. Coupling
spin coherence to the ground state and to the | <, —) two-exciton state leads to a
reduction in the DA response of perpendicular spin component. This can be viewed
as an effective increase in the tipping angle of the control pulse in the three-pulse DA
experiment. The parallel spin component DA response is enhanced by coupling the
spin populations to two-exciton states | «—, <) and | —, —). Additional experimental
results of these nonlinear optical processes are also presented.

As shown in the previous chapter and in this chapter, manybody interactions
play an important role in nonlinear optical processes of electron spin coherences in
semiconductors. In the following chapter, an experimental study on the effects of
exciton interactions in TRFR is presented. It will be shown that compared with DA

experiments, these interactions play crucial, but qualitatively different roles in TRFR.
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CHAPTER VIII

CONTRIBUTIONS FROM EXCITON INTERACTIONS OBSERVED

IN TRFR

The importance of manybody interactions in coherent spin manipulation is
already evident in earlier TRFR studies of coherent spin transfer between molecularly-
bridged quantum dots [61, 62]. To investigate the roles of exciton-exciton interactions
in TRFR, this chapter presents a hybrid time and spectral domain study on
the transient spectral responses of quantum beats associated with electron spin
coherence. The transient spectral responses are obtained using a two-color pump—
probe technique. The observed dispersive responses of spin beats reveal the underlying
exciton-exciton interactions through both the bound (biexciton) as well as the

unbound two-exciton states.
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Two-color Time-Resolved Faraday Rotation

For most studies of spin coherence, performing a degenerate pump and probe
experiment is straightforward, in which pump and probe fields come from the same
laser and are identical in their spectral lineshape. However, for a nonlinear optical
experiment, the spectral response also provides important information about the
system’s nonlinearity [63]. In the simple limit that the nonlinear optical response
arises only from Pauli blocking, the spectral TRFR response should be characterized
by a dispersive lineshape centered at the exciton resonance, as one can learn from the
numerical simulation shown in Fig. 12(f).

The spectral TRFR response can be obtaied with a “two-color” approach.
Experimentally, the pump field is positioned at the HH absorption line center. The
spectral position of probe is tuned cross the HH transition, to obtain a series of
quantum beat responses at different probe detuning. By fitting each of the responses
with Eqn. (5.2), a spectrum of Ay is obtained.

Figure 40 presents a two-color nearly degenerate TRFR spectra of the 13 nm
GaAs MQW (sample B) at 10 K with a 3 T magnetic field in x direction. A total of
41 TRFR responses at different probe detunings are plotted in a 2-D color contour
graph. A double zero-crossing oscillation phase flip is clearly observed, one at ~

-2 meV detuning on the low energy side, and another one close to zero detuning.
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FIGURE 40. Two-color TRFR Spectra of the 13 nm GaAs MQW (sample B) at 10 K,
with B = 3 T. ¢ polarized pump pulse energy flux density is ¢pump = HnJ/cm?.
Linearly polarized probe pulse energy flux density is @prone = 4nJ/cm?. Red color
indicates a positive signal. Blue color indicates a negative signal. The white area

represents data with an out-of-range negative value compared to the scale on the
right side.

Figure 41 shows nearly degenerate TRFR responses obtained from the 17.5 nm
GaAs SQW (sample A) at T = 10K and B = 3T. A total of 45 TRFR responses
at different probe detunings are plotted in a 2-D color contour graph. For this high
quality QW sample, the spectral response of nearly degenerate TRFR is much clearer.
Again, a double zero-crossing oscillation phase flip is clearly observed, one at ~ -
1.7 meV detuning on the low energy side of HH resonance, and another one close to

zero detuning.
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FIGURE 41. Two-color TRFR Spectra of 17.5 nm GaAs SQW (sample A) at 10 K,
with B = 3 T. ¢ polarized pump pulse energy flux density is ¢pump = HnJ/cm?.
Linearly polarized probe pulse energy flux density is @prone = 4nJ/cm?. Red color
indicates a positive signal. Blue color indicates a negative signal. The white area

represents data with an out-of-range negative value compared to the scale on the
right side.

Figure 42(b) plots the spectral TRFR response obtained by numerically fitting
the coherent oscillations in the temporal TRFR response. The sign changed twice in
Ay, which indicates that the phase in the oscillation shifted by 7 twice, at zero and
-1.7 meV detuning, respectively. Note that the quantum beats with a probe detuning
near the LH resonance is heavily influenced by the LH transition, numerical fits in

this spectral region is no longer valid.
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FIGURE 42. The linear absorption (a), spin polarization rotation beats amplitude Ay
(b), transverse spin decoherence rate Ty (c), and electron spin g, factor (d), measured
as a function of probe detuning with sample A. Spectra in (b), (c), (d) are obtained
by fitting with data in Fig. 41. The dashed line in (b) indicates a zero rotation angle.
The dashed lines in (c¢) and (d) indicate the averaged value over all data points. The
dotted lines in (c) and (d) indicate the standard deviation range. All graphs are
aligned at same energies.
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Figures 42(a) and (b) show that the phase flip close to zero detuning is aligned
with the HH resonance energy. It suggests that this dispersive behavior is related to
the HH resonance, as described by the simple atomic-like model. As a consequence,
the dispersive lineshape at the lower energy side shall arise from another optical
resonance. Overall, the observed spectral TRFR response in Fig. 41 can be viewed as
consisting of two dispersive lineshapes with opposite dispersion: one centered near the
exciton resonance and the other centered near 1.7 meV below the exciton resonance.
The dispersive lineshape below the exciton resonance is near the energy of the exciton

to biexciton transition, suggesting that the TRFR response is related to biexcitons.

TRFR Response from Bound Two-Exciton States

The formation of bound two-exciton states — biexcitons — can be clearly seen
in the counter circularly polarized DA measurements. Figure 43 shows DA spectra
obtained at T = 10K and B = 0T. An induced absorption resonance 1.6 meV
below the HH exciton resonance appears when the pump and probe have counter
circular polarization but vanishes when the pump and probe have the same circular
polarization, which clearly reveals the presence of a biexciton state. The induced
resonance corresponds to the exciton to biexciton transition. The dispersive lineshape

below the exciton resonance shown in Fig. 41 is centered near the energy of the exciton
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to biexciton (bound two-exciton) transition, suggesting that this TRFR response is

related to biexcitons [64].

1.525 1.527 1.529 1.531
Energy (eV)

FIGURE 43. DA spectra of sample A obtained at B =0T and T = 10 K where the
pump and probe have co- (solid line) and counter-circular (dashed line) polarization.

To describe the contributions of biexciton transitions to TRFR, a
phenomenological model based on the N-exciton energy eigenstates is used. Figure 44
shows relevant energy eigenstates and optical selection rules with the crystal ground
state |g), single exciton states |x+) and |x—), and a bound two-exciton (biexciton)
state |BX).

With a " polarized pump field, the one-exciton states have the same hole
angular momentum j, = —3/2 and electron spins s, = 1/2 and —1/2, respectively. In
this notation, the electron spin coherence corresponds to a coherent superposition of

|x+) and |x—). The optical selection rules are described in Chapter III. The biexciton
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FIGURE 44. Schematic of N-exciton energy eigenstates for o~ excited HH transitions
with related biexciton transitions under Voigt geometry magnetic field.

state, |BX), now involves two two-exciton states characterized by |s, = 1/2, j, =
8/2s, = —1/2,j. = —3/2) and |s, = —1/2, j. = 3/%s, = 1/2,j. = —3/2),
respectively. In TRFR, the linearly polarized probe has both left and right hand
circularly polarized components. After the excitation of the spin coherence by the
pump, the probe field can couple the spin coherence to the ground state via the one-
exciton transitions, and to the biexciton state via the two-exciton transitions. The
coupling to the ground state |g) essentially is the V-system discussed in Chapter III.
Based on the calculation discussed in Chapter III, this V-system leads to a dispersive
lineshape centered near the exciton resonance [62]. Similarly, it can be shown that the
coupling to |BX) leads to an opposite dispersive lineshape centered at the biexciton

resonance, as a result of an effective A-system. The opposite sign of these two
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dispersive lineshapes can be understood as following: a stimulated emission process
is associated with the coupling of spin coherence to |g) by the probe field, while a
stimulated absorption process is associated with the coupling of spin coherence to
|IBX) by the probe field. After including the contributions of the relevant biexciton
transitions using effective density matrix equations, the calculated spectral TRFR
response is shown in Fig. 45(b). In comparison, the calculated spectral TRFR
response without considering biexcitons is shown in Fig. 45(a). A linewidth of 2y
was used for both excitons and biexcitons. The biexciton binding energy was set to
3.57v. The calculated lineshape qualitatively matches the experimental data shown in

Fig. 42(b).

TRFR Response from Unbound Two-Exciton States

The above model has not included contributions from unbound two-exciton
states. In addition, the TRFR response at the HH transition is also complicated by
contributions from the nearby LH transitions. To elucidate the roles of unbound two-
exciton states in TRFR, a 8 nm InGaAs MQW (sample C) is used for the two-color
TRFR study. The HH absorption line of the InGaAs MQW is well-isolated from LH
transitions. This allows a spectral response study without complications due to LH

transitions.
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FIGURE 45. Calculated TRFR spectral responses. Upper curve (a) is without
considering biexcitons. Lower curve (b) is after considering biexciton contributions.

A biexciton resonance for sample C with a binding energy of 1.4 meV is
observed at 10 K with B = 0T, as shown in Fig. 46. The spectral TRFR feature at
the biexciton resonance is clearly observed at 10 K in Fig. 47, where total of 41 TRFR
responses at different probe detunings are plotted in a 2-D color contour graph.

For the TRFR study in Fig. 47, effects of the unbound two-exciton states
are masked by dominant contributions from biexcitons. To single out effects of these
unbound two-exciton states, experimental studies were carried out in the InGaAs QW
at an elevated temperature of 80 K, and the effects of inhomogeneous broadening are

minimized as well.
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FIGURE 46. DA spectra of InGaAs MQW (sample C) obtained at B = 0T and

T = 10K, with a probe which is delayed 20 ps with respect to the pump. The pump
and probe have co- (solid line) or counter-circular (dashed line) polarization.

Figure 48 shows nearly degenerate TRFR responses obtained in sample C
with 7" =80 K and B = 3 T, with the pump energy fixed at the exciton absorption
line center. A total of 41 TRFR responses at different probe detunings are plotted in
a 2-D color contour graph. The spectral TRFR response in Fig. 48 still features two
dispersive features with opposite dispersion. The dispersive feature at lower energy is
centered at 0.7 meV below the exciton resonance, considerably away from the spectral
position of the expected biexciton resonance.

The DA spectrum shown in Fig. 49 is characterized by an effective exciton
energy shift as well as excitation induced exciton line broadening. The absence of
a biexciton-induced resonance indicates that at 80 K the biexciton decoherence rate

exceeds or is comparable to the biexciton binding energy. At an elevated temperate of
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FIGURE 47. Two-color TRFR Spectra of InGaAs QW at 10 K, with B =3T. o~
polarized pump pulse energy flux density is ¢pump = 8nJ/cm?. X polarized probe
pulse energy flux density is ¢probe = 51nJ/cm?. Red color indicates a positive signal.

Blue color indicates a negative signal. The white area represents data with an out-
of-range positive value compared to the scale on the right side.

80 K, the biexcitons are ionized. The homogeneous linewidth is also large compared
with the inhomogeneous linewidth.

The nearly degenerate TRFR response shown in Fig. 48 is numerically fitted
to Eqn. (5.2) and the amplitude of quantum beats are plotted in Fig. 50(c). The
dispersive spectral TRFR lineshape below the exciton resonance in Figure 48 thus
provides unique and valuable information on the underlying two-exciton continuum

states, information that is central to the understanding of an interacting exciton
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FIGURE 48. Two-color TRFR Spectra of sample C at 80 K, with B = 3 T. o~
polarized pump pulse energy flux density is ¢pump = 6nJ/cm?. Linearly polarized

probe pulse energy flux density is @prone = 1nJ/cm?. The white area represents data
with an out-of-range positive value compared to the scale on the right side.

system but is otherwise difficult to obtain. Note that Fig. 50 also shows a comparison
of the spectral response of the quantum beat amplitudes observed in TRFR and DA
measurements of sample C at 80 K.

Transient DA and TRFR are two closely-related nonlinear optical responses.
Previous chapters show that significant higher order optical processes are observed in
the DA responses of electron spin coherence, arising from the underlying exciton-
exciton interactions. The effects are understood by considering the coupling of

electron spin coherence to two-exciton states. In TRFR these two-exciton states also
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FIGURE 49. DA spectra of InGaAs QW obtained at B =0T and T = 80 K, with a

probe which is delayed 20 ps with respect to the pump. The pump and probe have
co- (solid line) and counter-circular (dashed line) polarization.

play crucial roles, as shown above. However, the probe intensity dependence of TRFR
are very different compared to the DA responses. The following section presents
an experimental observation of the difference, and also gives a phenomenological

explanation.

Probe Intensity Dependence

Both the TRFR and transient DA measurements are nonlinear optical
spectroscopy techniques, where the signal is measured from the mixing of a probe field
with a nonlinear polarization created by the pump field. For the studies of electron

spin coherence, the optical response is modified by the electron spin coherence and is
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FIGURE 50. A comparison of DA spin beat amplitude and TRFR spin beat
amplitude spectra. Obtained from fitting with the data taken with InGaAs QWs at
80 K, with B =3 T. (a) The linear transmission spectrum. (b) The absorption beat
amplitude spectrum, with co-o~ circular polarizations for pump and probe. (c) The
polarization rotation beat amplitude spectrum, with o~ polarized pump and linearly
polarized probe. The pulse energy flux density for pump and probe are 6 nJ/cm? and
1 nJ/cm?, respectively.

probed either through the real part using TRFR or through the imaginary part using

transient differential absorption.
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However, the unusual higher order optical process shown in Fig. 32 seems to
have no effect on the TRFR measurement, as shown in Fig. 51. This figure shows the
degenerate TRFR response obtained in sample A at 7' = 10K and B = 3T, which
is under the same condition as in Fig. 32 but with an x-polarized probe. Both the
pump and probe were centered at the HH exciton absorption line center.

The TRFR response is independent of the probe intensity at relatively low
probe intensities, and only starts to saturate at the highest probe intensities used for
the measurement. Since TRFR and DA are determined by the real and imaginary
parts of the complex nonlinear susceptibility, respectively, the qualitatively different
temporal nonlinear optical behavior featured in TRFR and DA and the apparent
lack of any manifestation of exciton-exciton interactions in the TRFR response are
striking.

However, considering that for TRFR, contributions from one-exciton and
unbound two-exciton transitions have the opposite spectral dispersion, the result
shown in Fig. 51 can be explained as follows: the two contributions from one-exciton
and unbound two-exciton transitions can interfere constructively near the exciton
resonance, if the contribution from the unbound two-exciton states is centered slightly
away from the exciton resonance. Due to interactions between excitons, the energy
for the two-exciton transition normally differs from the one-exciton transition. In
comparison, for DA, contributions from the one-exciton and two-exciton transitions

always interfere destructively and can nearly cancel each other near the exciton
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FIGURE 51. Probe intensity dependence of degenerate TRFR of sample A, obtained
at 10K and B = 3T with a pump pulse energy flux density of ¢pump = 41nJ/cm?.

The probe intensity is indicated in the figure. The responses are vertically offset for
clarity. Red solid lines are results of fits.

resonance, because one contribution leads to induced absorption and the other leads

to induced transmission. The consequence of the nearly vanishing third order DA
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response is that a fifth order process that does not suffer from the same cancellation
becomes important in DA. The striking difference between TRFR and transient DA
underscores that exciton-exciton interactions play crucial but qualitatively different

roles in TRFR and DA.

Summary

In summary, a nearly degenerate TRFR experiment is used to highlight effects
of manybody exciton-exciton interactions in an interacting exciton system. The
coupling of the spin coherence to bound as well as unbound two-exciton states strongly
modify the TRFR response. These couplings are revealed by distinct lineshapes in
spectral TRFR responses, even though the corresponding temporal TRFR response
shows no apparent effects of manybody interactions. While TRFR and DA are
closely related, exciton-exciton interactions affect these nonlinear optical processes

in qualitatively different ways.
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CHAPTER IX

OPTICAL TRANSITIONS OF DIAMOND NITROGEN VACANCY

CENTERS

The major part of this dissertation is focused on the nonlinear optical processes
of the electron spin coherence associated with an excitonic system in undoped GaAs
QWs. While huge efforts and interests are focused on the electron spin coherence
in semiconductor QWs and other semiconductor heterostructures, a new candidate,
the electron spin states of a nitrogen vacancy (NV) center in diamond, has emerged.
The NV centers have exceptional spin properties, including triplet spin states as the
ground states, and significant longer electron spin decoherence time compared to the
electrons in semiconductors [65]. The NV center is a promising system for the optical
manipulation of individual electron spin, because it also features a convenient optical
transition wavelength (637 nm) with an atomic-like sharp zero-phonon line [66-70].
In addition, coupling the NV centers to an optical cavity also provides access to

exciting areas of physics as well as applications [71]. Currently an active cavity QED
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study of coupling optical transition of NV in a diamond nanocrystal to a whispering
gallery mode in a fused silica microresonator is carrying out in the Wang lab. This
chapter presents a preliminary study of the optical properties associated with the
electron spin states of NV centers in diamond nanocrystals, using photoluminescence
(PL) and photoluminescence excitation (PLE) methods. A zero-phonon linewidth as
small as 16 MHz is observed in type Ib diamond nanocrystals at 10 K. This linewidth

approaches the nearly lifetime limited linewidth in high purity type Ila diamond.

Nitrogen Vacancy Center

As defect centers in diamond crystals, the NV centers have been studied for a
long time. The NV species have many different formations [72], including NV clusters
and single NV sites. The single NV center consists of a single substitute nitrogen atom
in adjacent to a single carbon vacancy site, as illustrated in Fig. 52.

NV centers can be neutral (NV?) or negative charged (NV™), which can
be identified by different zero-phonon line emission wavelengths in the PL spectra.
Figure 53 shows a typical PL spectrum of NV centers with an excitation wavelength
of 532 nm obtained at room temperature. The NV° has a zero-phonon line centered at
575 nm, and the NV~ has a zero-phonon line centered at 637 nm. Broad phonon side
band emissions dominate the PL spectrum at the lower energy side of zero phonon

lines for both NVY and NV—.
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FIGURE 52. Structure of single Nitrogen-Vacancy Center of Diamond.
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FIGURE 53. A typical PL spectrum of NV centers in diamond nanocrystals obtained
at room temperature.

It has been experimentally shown, that the ground states of the NV~ is spin

triplet 3A, with a natural spin splitting of 2.88 GHz between m = £1 and m = 0 states
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[73,74]. The spin splitting can be resolved by microwave electron magnetic resonance
experiments. Figure 54 shows the energy diagram of the NV~. The extremely long
spin flipping time and spin decoherence time are in part due to the fact that the
spin states are ground states. With a weak external magnetic field the spin states
becomes mixed, thus provides a very nice A-type three-level system for spin coherence

applications. For convenience in the following discussion NV is used to represent NV .

3K

1A

5A

FIGURE 54. The energy diagram of the NV~ transition.

In spite of extensive studies of NV, optical properties of NV centers are still not
well understood [75]. The energy level structure of a NV center is complicated by the
presence of strain in diamond. The strain along with spin-orbit interactions modifies
the excited states, which can lead to enhancement of non-spin-conserving transitions

that are otherwise nearly dipole-forbidden [69]. Optical transitions in a NV center
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are also complicated by photoionization of nitrogen impurities [76]. The ground state
of substitutional nitrogen impurities in diamond is approximately 1.7 eV below the
conduction band of diamond. Because the transition energy for the zero-phonon line
of a NV center is 1.95 eV, resonant excitation of the NV center can also excite nearby
nitrogen impurities. Fluctuating charges in the conduction band of diamond can lead

to additional broadening or spectral diffusion of optical transitions in the NV center.

Sample Preparation

NV centers exist naturally in diamond crystals. Based on the abundance
of nitrogen and other impurities, diamond is classified as type la, type Ib, type
ITa and type IIb. Single NV centers are typically found in type Ib and type Ila
diamonds. Raw diamond crystal powder is available from industrial vendors such as
Element-6, Sun Marketing Group, and Microdiamant, in crystal sizes ranging from
tens of microns to nanometers. These synthesized diamond crystals are created using
high temperature high pressure methods. Synthetic type Ib diamond has a high
concentration of nitrogen impurities, of order 100 ppm.

For the studies in this chapter, the raw diamond crystals were irradiated
by a 2 MeV electron beam with an average flux of about 10'7 electrons per cm?.
Vacancies are created during the irradiation. The irradiated powder was subsequently

annealed in vacuum at 800°C for 2 hours. This allows the vacancies to be captured
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by substitutional nitrogen impurities and to form NV centers. Two types of diamond
nanocrystals are prepared for this research. The first batch (nanocrystal sample A)
is prepared from raw diamond nanocrystals with a size ranging from 0 to 200 nm.
The second batch is prepared from raw diamond microcrystals with an average size
of 40 pm. The irradiated and annealed microcrystals were then mechanically crushed
to yield smaller nanocrystals (nanocrystal sample B).

The prepared nanocrystals were dispersed by sonication in chloroform
(CHCl3). A centrifugation can be performed to select nanocrystals with a proper
range of sizes. Scanning electron microscopy (SEM) is used to check the crystal size.
The SEM images of diamond nanocrystal samples A and B deposited on a Si wafer,

is shown in Fig. 55(a) and (b), respectively.

FIGURE 55. The SEM images of diamond crystals deposited on Si wafer.
(a) Nanocrystal sample A. (b) Nanocrystal sample B.
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Locating NV Centers

The sample was mounted on the cold finger of a liquid helium cryostat. The
shroud of the cryostat was remodeled to provide a short distance between the sample
and the window, allowing the use of an objective with large numerical aperture (NA).
The objective used is an infinity corrected Olympus LUCPLFLN40X 40x fluorite
objective, with a 3.4 mm working distance, a NA of 0.60 and a 0 mm ~ 2 mm
cover class correction collar. The objective is mounted on a 3-D translation stage,
which allows the searching of given spots on the sample. The experimental setup is a
commonly used confocal design for PL. measurement. The PL spectrum is obtained
by a spectrometer (Acton Research SpectraPro 2500i) with a charge-coupled device
(CCD) array (Princeton Instruments Spec-10). A laser at 532 nm (Coherent Verdi-5)
was used for the PL experiments. Typical excitation power on the sample is between
1 uW and 1 mW.

The microcrystals can be individually identified by the optical microscopy
image. The spatial resolution of the optical system is limited by the Rayleigh
diffraction disk, which is about the scale of the wavelength. It is difficult to optically
image a nanocrystal. To locate the nanocrystals, a scanning imaging technique is
used. Instead of scanning the excitation laser beam before the objective, the objective
is raster scanned and 532 nm laser is used to excite the NV centers. The emissions

from NV centers are detected by a silicon photon-counting avalanche photodiode
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(APD, PerkinElmer SPCM-AQR-16) through a multimode fiber coupler. The TTL
(Transistor-Transistor Logic) pulses from the APD are counted by a photon counting
board (National Instrument PCI-6602) installed in a computer. Filters were used to
remove laser scatterings. By diluting the solution and depositing it on a Si wafer with
a low density, a single nanocrystal can be investigated on the wafer. Figure 56 shows
a scanning 2-D laser fluorescence image from a diluted sample on the Si wafer. With
information on the density of nanocrystals on the wafer obtained from SEM images,
we can assign the image to a single nanocrystal.

The ability of locating a single nanocrystal on the wafer is important, although
using SEM and scanning imaging to individually identify each single nanocrystal
before more detailed spectroscopic studies is not necessary. It is because a single
nanocrystal is likely to consist of a large number of NV centers. It is possible to
identify optical transitions from single NV centers in the spectral domain, i.e., using
PLE measurements. However, in practice we still need to keep a small amount of NV
centers in the excitation volume, to allow the indentification of single NV centers in

the experiments discussed later.

Photoluminescence Spectrum of NV Centers in Diamond Nanocrystals

Figure 57 shows the PL spectrum from a treated (before the mechanical crush)

~40 pm sized diamond crystal at 7.5 K. The sharp line at 637 nm features a full width
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FIGURE 56. Scanning laser fluorescence image of a diamond nanocrystal on the Si

wafer. (a) The 2-D image obtained from the raster scan. (b) The cross-section has a
spatial width of 840 nm.

at half maximum (FWHM) of 0.36 nm, corresponding to the zero-phonon transition
from the NV centers.

Figure 58(a) shows a PL spectrum collected from nanocrystal sample B
obtained at 9 K. Multiple emission resonances with the linewidth of individual
resonances narrower than that obtained from the microcrystal are observed. The

multiple lines pattern is a signature of micro-PL for a system with a homogeneous
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FIGURE 57. PL spectrum of a single diamond microcrystal at 7.5 K with a 1.2 mW
532 nm excitation.

linewidth samll compared with the inhomogeneous linewidth, and is commonly
observed for many diamond nanocrystals. The linewidth obtained from these
narrowed resonances is limited by the spectral resolution of the spectrometer system.
Because of the abundance of substitutional nitrogen impurities in type Ib diamond, a
single nanocrystal after irradiation and annealing contains a relatively large number
of NV centers. The spectral distribution of these NV centers are related to local
strains. Local strains induced by the mechanical crushing of the microcrystals lead
to significant shifts in the transition frequency of the NV centers. The spectral
distribution of NV centers in Fig. 58(a) is about 5 nm, much wider than the linewidth

observed in Fig. 57. Figure 58(b) shows a PL spectrum obtained from nanocrystal
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sample A at 8 K. A single sharp zero-phonon line is observed, with a linewidth of

0.12 nm (~86 GHz), approaching to the instrument spectral resolution limit.
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FIGURE 58. (a) Micro PL spectrum obtained with a diamond nanocrystal sample
B at 9 K. It shows a large inhomogeneous distribution of NV resonances, where a
photon antibunching (shown in Fig. 66) is observed with the 639.2 nm resonance
indicated by an arrow. (b) Micro PL spectrum obtained with a diamond nanocrystal
sample A at 8 K. It shows a narrow line observed with a linewidthapproaching to the
instrument resolution limit.
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Blinking and Spectral Diffusion

The lifetime limited linewidth of NV centers in diamond is in the order of
10 MHz, which can not be resolved by a spectrometer system. The study of the zero-
phonon linewidth is carried out with a PLE setup. Figure 59 illustrates the concepts
of PLE. A tunable laser is used to scan across the zero-phonon absorption line. The
estimated excitation laser focal spot size is 1 um. While the zero-phonon transition
of the NV centers are excited resonantly, the optical emissions arising from phonon
assisted transitions at wavelength longer than 650 nm were detected with a photon-
counting APD. Both holographic notch filter centered at 637 nm and red-pass filters
were used to reject stray laser scattering as well as Raman scattering.

The lasers used for PLE measurements are a tunable diode laser (New Focus
Velocity Model No. 6304) or a ring-cavity frequency-stabilized tunable dye laser
(Coherent 899-21). The diode laser can be tuned continuously from 632 nm to
638.3 nm, and by an internal piezo to achieve a fine range of 80 GHz, with a typical
output power of about 5 mW and a linewidth <300 kHz. The dye used in the dye
laser is Exciton Kiton Red 620. The dye laser was operated in single mode, and was
frequency-locked to an external reference cavity, with a tuning range of 30 GHz and a
linewidth <1 MHz. The frequency scan was performed by an external triangle ramp

voltage waveform provided by an function generator (Agilent 33120A). The photon
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FIGURE 59. A PL spectrum obtained from a collection of a large amount of
nanocrystal sample A at 10 K. PLE is done by scanning a laser cross the NV~

zero-phonon absorption line indicated by the arrow. The emissions from phonon side
bands at wavelength longer than 650 nm (shaded area) are detected.

counting board installed in the computer counts the TTL signal pulses from the APD
and also triggers the function generator to synchronize the external scan.

Repeated single scans of PLE spectrum obtained with a diode laser are shown
in Fig. 60. Each scan took approximately 2 seconds. In a single scan, the laser
frequency shift varied from 40 GHz to 0 GHz and then back to 40 GHz again.
Accordingly, the two resonances shown in each scan of Fig. 60 correspond to emissions

from the same NV center. More data like that shown in Fig. 60 is alternatively
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visualized in Fig. 61(b). By averaging over the all traces, a linewidth of about

824 MHz is obtained, as shown in Fig. 61(a).

Counts per Second

SOk 8k 16k 24k 32k

FIGURE 60. A blinking NV center observed in repeated PLE scans. Data obtained
from nanocrystal sample B at 10K, with an excitation laser power of 200 nW. The
two peaks correspond to emissions from the same NV center.

In this observation no optical re-pumping was used during or between the
scans. The NV center remained bright during the hundreds of repeated scans,
although both the amplitude and spectral position of the NV emission fluctuated.
Bleaching of the NV center was also observed after about one hour of repeated scans.
Since the occurrence of a spin-non-conserving transitions will put the NV center
in a dark state, the PLE scans in Fig. 60 indicate that the particular NV center

can undergo many cycles of spin-conserving transitions without incurring spin-non-
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FIGURE 61. Repeated scans of PLE obtained at 10 K from nanocrystal sample B,
with an excitation laser power of 200 nW is shown in (b). The averaged spectrum is
shown in (a).
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conserving transition. Note that the fluctuation in the spectral position observed in
Fig. 60 is in part due to the drift in the diode laser frequency during the extended
measurements.

For a better frequency stability, PLE studies have also been carried out by
using the frequency-stabilized dye laser. Figure 62 shows repeated single scans of
PLE obtained with nanocrystal sample B at 10 K. The scan speed is 368 MHz per
second. Laser power is 300 nW. No optical re-pumping was used during or between
the repeated scans. Most of NV centers incurs spin-non-conserving transition, after
which the NV centers are in an inactive dark state.

Nevertheless, two NV centers (enclosed in dashed boxes of Fig. 62) are found
to have relatively small effects of spectral diffusion during repeated scans. Three
representative single PLE scans from an expanded plot the Fig. 62 are also shown in
Fig. 63.

The non-Lorentzian lineshape of the PLE spectra in Fig. 63 indicates small
spectral shifts of the NV transition frequency while the laser was scanned across the
zero-phonon resonance. For a NV center in a particular individual nanocryatal, it
is possible that after irradiation and annealing, most nearby nitrogen atoms have
formed NV centers, leading to relatively small effects of photoionization of nitrogen
impurities. Note that while this NV center exhibits only a limited amount of spectral
diffusion, it spent significant amount of time in dark state, likely due to spin-non-

conserving transitions. The lineshape of the first PLE spectrum in Fig. 63 also
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FIGURE 62. Repeated scans of PLE obtained at 10 K from nanocrystal sample B,
with an excitation laser power of 300 nW using a dye laser.

suggests that the NV might have undergone a spin-non-conserving transition when
the laser was scanned across the zero-phonon resonance.

A PLE scan from another NV center from the data shown in Fig. 62 is shown in
Fig. 64. It features a Lorentzian-like lineshape. From the numerical fitting, a FWHM
of 16 MHz is obtained, approaching the narrowest and lifetime limited homogeneous
linewidth obtained from NV centers reported for bulk high purity type Ila diamond

[77]. Tt indicates negligible effects of spectral diffusion during the time when the laser
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FIGURE 63. PLE spectra obtained at 10 K from nanocrystal sample B. The three
representative scans are vertically offset for clarity.

was scanned across the resonance. However, this NV center showed relatively large
spectral shifts after repeated PLE scans.

An inactive NV center with large spectral diffusion would be extremely hard
to track experimentally. In this research, only a very small number of NV centers
remain bright or exhibit only small effects of spectral diffusion during repeated PLE
scans. However, our results show that a stable and active NV center can be found in

type Ib diamond nanocrystals. Current results suggest that the properties of the NV
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FIGURE 64. PLE spectrum of a zero phonon-line transition from a NV center at
10 K. A Lorentzian lineshape fitting is shown in red solid line, with a linewidth of
16 MHz.

centers may be sensitive to details of the sample preparation. Further development
on sample preparation may greatly improve the optical properties of NV centers in

nanocrystals.

Photon Correlation of NV Emission

In addition to PL and PLE studies, a ¢(® photon correlation study is carried
out to confirm a single NV center emission. Figure 65 shows photon antibunching
observed from a single diamond nanocrystal, with a small dip at zero delay. This

indicate a small number of emitters in the excitation/collection volume.
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FIGURE 65. A photon antibunching with a 532 nm excitation indicates a limited
number of emitters under excitation.

Since typical nanocrystals contain a large number of NV centers, resonant
excitation was used to address a single NV center individually. With resonant
excitation of the zero-phonon line, while detecting the emission from the phonon
sidebands, an antibunching behavior is observed, as shown in Fig. 66. The normalized
photon correlation falls below 0.5, confirming that the resonant excitation excites
primarily a single NV center. This result agrees with earlier studies of single NV

center as a single photon source [78-80].
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FIGURE 66. A photon antibunching of NV center emissions obtained from
nanocrystal sample B, with a 100 nW 639.2 nm excitation at 9 K.

Summary

This chapter presented experimental results on homogeneous linewidth of zero-
phonon lines of NV~ centers in diamond nanocrystals. Single diamond NV center has
been identified individually, and single photon emission from NV center have been
confirmed. The spectral diffusion of the NV optical transitions has been evaluated
experimentally. The data shows that even though an overwhelming majority of the
NV centers in type Ib diamond nanocrystals features strong effects of spectral diffusion
and spends a significant amount of time in dark or optically inactive state, a nearly

lifetime-limited zero-phonon linewidth still can be observed. Our results also suggest
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that a proper sample selection and improved sample preparations may be the solution

to obtain NV centers with better optical properties for future applications.
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CHAPTER X

SUMMARY AND OUTLOOK

Summary

This dissertation investigates the effects of exciton-exciton interactions in the
transient nonlinear optical response of electron spin coherences in undoped GaAs
QWSs. A spin precession manipulation scheme is presented. Strong nonlinear optical
responses arising from underlying manybody interactions are observed in both DA
and TRFR experiments.

We presented studies of quantum beats from electron spin coherence
using degenerate TRFR. Experimental results include magnetic field dependence,
temperature dependence, and laser detuning dependence. Our results agree with
earlier studies. The temporal TRFR response can be understood without invoking

manybody effects.
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We have delevoped a spin manipulation scheme based on a three-pulse DA
experiment. Both the amplitude as well as the phase of the DA quantum beats
associated with the electron spin coherence can be controlled by tipping the spin with
a control pulse. This spin manipulation scheme exploits the phase of the Larmor
spin precession, instead of the optical phase of the pump or control pulses. An
effective enhancement of the tipping angle associated with nonlinear optical processes
is observed.

This enhancement can be understood through the coupling of electron spin
coherence to two-exciton states in an N-exciton eigenstate picture. These couplings
lead to a reduction of perpendicular spin component and an enhancement of parallel
spin component in the DA responses. Additional experimental results of these
nonlinear optical processes are also presented. This shows that by taking advantage
of the manybody interactions inherent in a semiconductor, one can effectively change
the read-out of the spin quantum beats.

The exciton-exciton interactions also play a crucial but qualitatively different
role in TRFR. We have utilized a two-color transient pump-probe technique to reveal
the underlining contributions from both bound and unbound two-exciton states in
TRFR experiments. Our experimental studies of nearly degenerate TRFR of electron
spin precession in an interacting exciton system show that manybody interactions
between excitons strongly modify the TRFR spectral lineshape response through

the coupling of the spin coherence to two-exciton states. The qualitative difference
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between TRFR and transient DA nonlinear optical responses can be understood
within the scope of N-exciton picture.

In addition to nonlinear optical studies on electron spin coherence in GaAs
QWs, this dissertation also presents experimental studies on optical properties of NV
centers in diamond nanocrystals. PL, PLE, and photon correlation experiments are
carried out to investigate the zero-phonon linewidth and the spectral diffusion of NV
centers. Our results indicate that the number of bright and stable NV centers is
very small compared to the NV centers that incur spin-non-conserving transitions
and strong spectral diffusions. A small zero-phonon linewidth of 16 MHz, however,

can still be observed at low temperature from type Ib diamond nanocrystals.

Outlook

The effective enhancement of tipping angles in the spin manipulation scheme
raised questions about how we can flip the spin using optical pulse, what is the
condition needed, how an optical spin echo can be observed in an inhomogeneously
broadened system, and what are the roles of exciton interactions in such experiments.
The understanding of manybody interactions in excitonic systems hopefully can be
extended by applying the two-color TRFR and three-pulse (or more pulses) DA

techniques.
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Another system currently of wide interest for spin coherence applications is
the trion system in semiconductor heterostructures [81-87]. A trion can be considered
as a charged exciton, where an exciton is bound to either an electron (X~) or a hole
(X™1). It provides an interesting A-type system with the spin states in the lower level
states. The two-color as well as three-pulse pump-probe schemes can also be used in
the trion studies.

Furthermore, a more powerful setup can be developed to integrate a spatial
resolving power for the investigation of spin spatial inhomogeneity (spin imaging)
as well as spin transport (spatial diffusion). Together with the ability to adjust the
detuning as well as the delay and polarization of individual beams independently,
there is plenty of interesting work that can be done.

The ultra robust spin coherence of NV centers in diamond crystals has emerged
as a new star for today’s quantum coherence studies. Current study shows strong
sample dependence for the optical properties of NV centers. An improved sample
preparation and selection procedure are needed to obtain a better system.

The Wang lab already demonstrated a strong coupling between the NV
transition and a cavity mode in a fused silica micro-sphere resonator. With a
better understanding of the optical properties of NV centers in diamond nanocrystals,
creating entanglement using the electron spin coherence and the optical mode can be
a promising subject. Another promising cavity system is the toroidal microcavity

developed by Vahala’s group [88]. A study of coupling between nanocrystals and
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FIGURE 67. An SEM image of a toroidal silica micro cavity on a silicon chip.

the toroidal micro cavity can also be carried out in Wang lab. Figure 67 shows a
preliminary result of an SEM image of a toroidal cavity on a silicon chip fabricated
in the Wang lab. Future cavity QED studies can also be carried out in this system.
The efforts of exploiting electron spin coherence with optical methods in solid
state systems, especially in semiconductor heterostructures and color-center defects
of diamond crystals, for quantum control studies will continue to be an exciting field
in physics as well as engineering researches throughout the world. In particular, with
all the techniques and experimental systems already demonstrated, and the efforts
put on the spin and cavity QED studies in Wang lab, I expect more exciting results

coming out from this lab in the near future.
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