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Introduction

Relevance of the topic

The history of the study of exciton effects began back in the 30s of the XX cen-
tury, when J. Frenkel first proposed the existence of excitons as excitation quanta by
analogy with phonons [I, 2|. Later strongly localized excitons will be called Frenkel
excitons., which characteristic size is of the order of the size of an atom and which
are observed primarily in molecular crystals. In crystals with a high permittivity, by
excitons one refers electron-hole pairs of large radius coupled by Coulomb interac-
tion, the theory for which was proposed by Wannier [3] and subsequently developed
by Mott |1, 5]. It is these quasiparticles, called Wannier-Mott excitons, that are
observed in semiconductor crystals, for example, in gallium arsenide or zinc oxide.
Experimental observation of excitons in copper oxide CuyO was first carried out by
E. Gross in the early 1950s |0].

Despite the fact that the fundamentals of exciton physics were considered more
than 50 years ago, this topic is extremely relevant today. Technological progress in
the field of semiconductors has led to the emergence of fundamentally new objects
- semiconductor heterostructures, the characteristic dimensions of which are on the
nanometer scale. In contrast to bulk materials, the optical properties of such objects
as quantum wells (QWs), quantum wires, and quantum dots (QDs) are mainly
determined by exciton effects due to an increase in the overlap of the electron and
hole wave functions in an exciton [7, 8]. At the same time, by manipulating the
percentage composition of heterostructure layers and their characteristic sizes, one
can set the desired exciton parameters [9]. Thus, the study of resonant exciton
features began to play a major role in the spectroscopy of nanostructures [10].

Alongside with the improving of the quality of grown epitaxial structures,
femto- and picosecond laser technology had been rapidly developing, which makes
it possible to achieve exceptionally high values of the instantaneous intensity of
the electromagnetic field |11, 12]. High laser pulse intensities together with the
resonant structure of exciton spectra made it possible to overcome the problem
of low nonlinear susceptibility coefficients and to observe various nonlinear optical
effects [13-17]. These achievements eventually opened the door to a new direction
in exciton physics at the end of the 20th century - the study of ultrafast nonlinear

optical dynamics [15].



The striking example of a nonlinear optical effect is four-wave mixing (FWM)
which was considered first by Armstrong et al. was the [19]. The essence of the
effect is following: when a nonlinear medium is excited by three electromagnetic
waves, a fourth wave arises as a result of interaction, the wave vector and frequency
of which do not coincide with those of the exciting waves in the general case |10,

, 20]. The efficiency of the process is determined by the third-order nonlinear
dielectric susceptibility y®). Despite its smallness in the general case, the value, as
a rule, increases in the resonance spectral range.

In the course of the development of FWM research, the spin echo technique
from an inhomogeneous ensemble of spins found its new application, which was pre-
viously used in the field of nuclear magnetic resonance. It turned out that in optical
spectroscopy it is possible to realize a similar effect for the photon echo (PE) pre-
dicted by Kopvillem and Nagibarov [21] and then demonstrated by Hartmann [22].
Today, transient FWM and, in particular, PE are powerful tools for studying the
basic properties of the nonlinear interaction of light with semiconductor nanostruc-
tures, which make it possible to observe the coherent optical dynamics of excitons
at times from hundreds of femtoseconds to a few nanoseconds |18, 23, 24].

From the very beginning of the fundamental research of FWM, there was a
special interest in the possibilities of applied application of the results. As an exam-
ple, we can cite creation of phase conjugate mirrors [25-28]|, prototypes of optical
logic elements [29] and optical memory cells [30-35]. To date, an actual task of
modern experimental physics is the search for new material platforms for creat-
ing elements of quantum computing [36]. The development of nonlinear optics of
semiconductors, namely the implementation of coherent optical control, and the im-
provement of nanostructure growth technologies, made it possible to create systems
based on QDs that meet the requirements for candidates for the role of a qubit
[37-39]. The fundamental problem of any qubit platform is the loss of coherence
[10]. In this context, the transient FWM is an extremely useful tool for studying the
mechanisms of exciton dephasing in nanostructures, which indicates a high degree
of relevance of such studies.

After briefly review of the historical course of the development of nonlinear
optics of semiconductors, we could come to the conclusion that both ways of de-
veloping science are equally important: both the extensive one, with the expansion

of the set of knowledge about various new material systems, and the intensive one,



with a deeper understanding of the fundamental processes observed in the already
established systems. classical systems. Often the latter leads to the discovery of
new subtle effects. This work contains both components, which indicates both the
relevance of the research and its completeness. Chapters 3 and 4 are devoted to the
application of the degenerate FWM technique to study novel wide-gap semiconduc-
tor structures with QWs based on ZnO and InGaN, the coherent properties of which
were not well studied so far.

It is worth to consider potential implementations of any coherent control pro-
tocols after fundamental understanding of the nature of the processes occurring
during interaction with light. Only if there is a predictable response of the system,
it is possible to consider about the applied use of knowledge. Therefore, to study
the dynamics of a spin-dependent PE, we intentionally use a well-studied system
with (In,Ga)As/GaAs QWs of the highest quality which response is predictable.
Thus, the concluding chapter is devoted to the development of a technique for spin-
dependent coherent optical control of exciton states in a model GaAs-based system.

In our work, we use a protocol that combines the coherent optical dynamics
of excitons with the spin precession of an electron and a hole in an exciton induced
by an external magnetic field. After a thorough study the nature of such complex
spin and optical dynamics of excitons in a model structure, it becomes possible to
apply the developed methods to new objects, such as wide-gap QWs based on ZnO

and InGaN, transition metal dichalcogenides, or perovskites.

Purpose and objectives

The purpose of this work is to develop the possibilities of coherent control of
excitons and their charged complexes in semiconductor nanostructures. Develop-
ment is proposed in two directions - the application of the photon echo method to
the study of ultrafast coherent dynamics in promising novel low-dimensional semi-
conductor structures, as well as the development of protocols of coherent optical
control of excitons based on the spin-dependent photon echo. Achieving this pur-

pose required solving the following objectives:

e Building of an experimental setup for detecting a photon echo signal from semi-
conductor nanostructures, which are cooled down to liquid helium temperatures,
with a picosecond time resolution, a 1 meV spectral resolution and the ability of

manipulation by such degrees of freedom as the sample temperature, the polari-



metric configuration of excitation and detection, the application of an external

magnetic field with an amplitude of up to 6 T.

e Experimental observation of a FWM signal in the form of a two-pulse spon-
taneous and a three-pulse stimulated photon echo under selective excitation of
inhomogeneously broadened ensembles of neutral excitons and excitonic charged
complexes in ZnO/(Zn,Mg)O, (In,Ga)N/GaN, and (In, Ga)As/GaAs quantum
wells in the ultraviolet and infrared spectral range. Conducting spectral, polari-

metric, temperature and power measurements of the photon echo signal.

e Determination of the effect of experimental conditions on optical dephasing and
energy relaxation of excitons and excitonic complexes. Analysis of the obtained
experimental data and comparison of the results with the theoretically expected

behavior of the system, as well as with the published results.

e Experimental observation of Larmor precession of the electron and hole spins in
the spin-dependent photon echo from excitons in (In,Ga)As/GaAs QW subject
to transverse magnetic field. Study of the dependence of the signal on the

magnetic field amplitude and polarization excitation-detection configuration.

e Analysis of experimental results using the model of a five-level exciton system
interacting with light in a transverse magnetic field. The model is taking into

account different dephasing rates for optically bright and dark excitons.

e Experimental verification of the presence of both the periodic oscillation regime
and the aperiodic behavior of the spin-dependent photon echo decay predicted
by the theoretical model.

Scientific research method

The fundamental experimental method of the work is time-resolved transient
four-wave mixing. The method provides detection of ultrafast optical coherent dy-
namics of exciton excitations on a picosecond time scale. When using two- and
three-pulse excitation protocol, the method makes it possible to determine the fun-
damental properties of the systems under study such as the rate of energy relaxation
and the rates of reversible and irreversible phase relaxation. The advantage of the

method is the ability to separate the contributions of various mechanisms leading to



phase and energy relaxation. The use of the spectrally narrow picosecond pulses al-
lows for selective study ensemble of quasiparticles of interest without exciting other
quasiparticles whose optical transitions are closely located in the spectral range. In
addition, the instantaneous power in a picosecond pulse is many times less than
in the conventionally used femtosecond pulse. This fact reduces the influence of

undesired many-body interactions leading to excitation-induced dephasing.

Scientific novelty

All scientific results presented in the dissertation are new.

The picosecond photon echo technique has not yet been used to study the
coherent optical properties of excitons and trions in structures with ZnO/(Zn,Mg)O
quantum wells. The reason for this is that only recently it has been possible to
achieve a relatively high growth quality of these structures |11, 12| . Using the
spectrally narrow picosecond technique, the spectral dependences of the phase and
energy relaxation times for ensembles of excitons and trions of two types A and
B were determined for the first time. Original measurements made it possible to
separate the contributions of various mechanisms to the phase and energy relaxation
of the mentioned ensembles.

The presented studies of the coherent optical dynamics of localized excitons
in a periodic structure with quantum wells (In,Ga)N/GaN, observed in the range of
hundreds of picosecond, are the first measurements of this kind. To date, there are
only a few reports devoted to the coherent optical properties of excitons in GaN-
based nanostructures. However, in all published studies, optical coherence lasted
only at subpicosecond timescale.

The work shows the first experimental demonstration of the protocol of spin-
dependent two-pulse photon echo realized on a system of excitons in
(In,Ga)As/GaAs quantum well. The experiment confirmed the theoretically pre-
dicted oscillatory behavior of the photon echo decay under application of a trans-
verse magnetic field. An extraordinary aperiodic behavior of the signal was ob-
served experimentally, which manifests the phase relaxation time of dark excitons.
The method allowed to observe the Larmor precession of the heavy hole spin and
to determine the corresponding g—factor in the range of magnetic fields 0-6 T, as
well as to obtain information about the electronic g—factor, to estimate exchange

interaction constant dg and the inhomogeneous spread of the hole g—factor.
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Theoretical and practical significance of the work

Basically, the presented work is of fundamental character. The main goal is to
gain basic knowledge about the coherent optical dynamics of excitons and excitonic
complexes in ZnO/(Zn,Mg)O, (In,Ga)N/GaN, and (In,Ga)As/GaAs semiconduc-
tor QWs. Obtaining knowledge about the energy structure of the ensembles under
study, the nature of interaction with light, understanding the main mechanisms of
dephasing and energy relaxation and the behavior of the system under the applica-
tion of a magnetic field are of fundamental scientific importance in this work. The
obtained knowledge can be included in lecture courses for university graduate stu-
dents. In addition, from the practical point of view, one can cite the development of
an experimental technique for spin-dependent photon echo with a picosecond time
resolution. The Introduction of various degrees of freedom to the experimental setup
allows to control a larger number of parameters and observe previously undetectable

effects.

Scientific statement to be defended

e The monotonic growth of the energy relaxation rate I'; and pure dephasing
rate I'. of A trions in ZnO/(Zn,Mg)O quantum wells with increase of energy
at low temperatures is a consequence of the localization of quasiparticles on
potential fluctuations of the quantum well. The change in value of I'y is owing
to the nonradiative relaxation of trions inside a random potential landscape
accompanied with the emission of phonons. Elastic scattering of moving trions
by potential fluctuations leads to an increase in I'. as the localzation degree

decreases.

e Excitons in (In,Ga)N/GaN quantum wells experience strong localization within
a substantially inhomogeneous potential of the well, whose structure has a quan-
tum dot-like character. Localization leads to an increase in the phase and energy
relaxation times of excitons. Localization leads to a growth of the exciton de-

phasing and energy relaxation times

e Oscillations of the two-pulse photon echo signal from the InGaAs/GaAs quan-
tum well subject to an external magnetic field are due to the Larmor precession

of exciton spins.
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e Mixing of bright and dark excitons in an (In,Ga)As/GaAs quantum well under
the action of an external magnetic field leads to an increase in the dephasing time
of the exciton system. In the regime of aperiodic behavior of the spin-dependent

photon echo the dephasing time tends to that of long-lived dark excitons.

Reliability and approbation of the results

The consistency of theoretical modeling with experimental results, as well
as the agreement between the conclusions and earlier published works, ensure the
reliability of the results. The original scientific results of this work were presented

at the following international scientific conferences:

1. I. A. Solovev, S. V. Poltavtsev, Yu. V. Kapitonov, I. A. Akimov, S. Sadofev,
J. Puls, D. R. Yakovlev, and M. Bayer, Time-resolved photon echoes from exci-
tons and trions in ZnO/ZnMgO quantum wells International conference on the
physics of semiconductors (ICPS) July 29 - August 3 2018, Montpellier, France
(the best poster)

2. I. A. Solovev, Yu. V. Kapitonov, I. A. Yugova, S. A. Eliseev, Yu. P. Efimov,
V. A. Lovcjus and S. V. Poltavtsev, Magnetic field-dependent photon echo from
excitons in InGaAs/GaAs quantum wells International Conference on Optics of

Excitons in Confined Systems, September 16-20 2019, Saint Petersburg, Russia

3. I. A. Solovev, I. I. Yanibekov, Yu. V. Kapitonov, Ia. A. Babenko, V. A. Lovcjus,
S. A. Eliseev, Yu. P. Efimov, I. A. Yugova, and S.V. Poltavtsev, Accessing
dark excitons in InGaAs/GaAs quantum well via spin-dependent photon echo,

International conference on physics of light-matter coupling in nanostructures,
October 27-30 2020, Clermont-Ferrand, France (online)

4. I.A. Solovev, Yu.V. Kapitonov, [.LA. Yugova, S.A. Eliseev, Yu.P. Efimov, V.A.
Lovcjus and S.V. Poltavtsev Observation of dark exciton coherent dynamics in
InGaAs/GaAs quantum well by means of spin-dependent photon echo, Inter-
national symposium on photon echo and coherent spectroscopy (PECS-2021),
October 25-30 2021, Kazan, Russia (Best research award for young scientists)

The results were also presented at three scientific seminars of the I. N. Uraltsev Spin

Optics Laboratory, St. Petersburg State University.
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Personal contribution

The author independently carried out the presented experimental measure-
ments, processed and analyzed the obtained data. To conduct research at the
Nanophotonics Research Center, St. Petersburg State University, the author in-
dependently built an experimental setup for study of two- and three-pulse spin-
dependent photon echo with a picosecond time resolution. The author took an
active part in the formulation of scientific problems, the interpretation of results

and the preparation of scientific publications.

Publications

The main scientific results of the dissertation were published in 5 research
articles, 4 were published in scientific journals of the first quarter Q1. All articles
are indexed in the Scopus, Web of Science and RSCI databases. List of publications

of the author on the topic of the dissertation:

1. I. A. Solovev, 1. I. Yanibekov, I. A. Babenko, B. V. Stroganov, S. A. Eliseev,
V. A. Lovcjus, Yu. P. Efimov, S. V. Poltavtsev, Yu. V. Kapitonov, I. A. Yu-
gova “Manipulation of optical coherence of quantum-well excitons by transverse
magnetic field”, Physical Review B, 106 115401 (2022)

2. 1. A. Solovev, I. I. Yanibekov, Yu. P. Efimov, S. A. Eliseev, V. A. Lovcjus,
[. A. Yugova, S. V. Poltavtsev, Yu. V. Kapitonov “Long-lived dark coherence

brought to light by magnetic-field controlled photon echo”, Physical Review B
103 235312 (2021)

3. 1. A. Solovev, Yu. V. Kapitonov, B. V. Stroganov, Y. P. Efimov, S. A. Eliseev, S.
V. Poltavtsev “Separation of inhomogeneous and homogeneous broadening man-
ifestations in InGaAs/GaAs quantum wells by time-resolved four-wave mixing”,
Journal of Physics: Conference Series, 1124, 051042 (2018)

4. S. V. Poltavtsev, I. A. Solovev, I. A. Akimov, V. V. Chaldyshev, W. V. Lundin,
A. V. Sakharov, A. F. Tsatsulnikov, D. R. Yakovlev, M. Bayer “Long coher-
ent dynamics of localized excitons in (In,Ga)N/GaN quantum wells”, Physical
Review B 98, 195315 (2018)

5. 1. A. Solovev, S. V. Poltavtsev, Yu. V. Kapitonov, I. A. Akimov, S. Sadofev, J.

Puls, D. R. Yakovlev, M. Bayer “Coherent dynamics of localized excitons and
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trions in ZnO/(Zn,Mg)O quantum wells studied by photon echoes”, Physical
Review B 97, 245406 (2018).

The author has 8 more publications that are not related to the topic of the disser-

tation.

Volume and the structure of the work

The dissertation consists of an introduction, five chapters and a conclusion.

The first chapter provides insights into exciton states in semiconductor nanos-
tructures and comprises a review of studies of ultrafast exciton dynamics. The
chapter presents an review of the manifestation of exciton relaxation mechanisms in
various experimental techniques, with particular attention paid to the specifics of
work on transient four-wave mixing and photon echo.

The second chapter describes the theoretical and experimental approaches
used to study the photon echo. The first part of the chapter contains a description
of the theoretical formalism necessary for the analysis of the photon echo signal from
an exciton ensemble in quantum wells. The second part of the chapter is devoted to
a detailed description of the experimental setup designed to measure the picosecond
photon echo, with a description of the features of time-resolved signal detection.

The third chapter presents the new results of an experimental study of the
coherent optical dynamics of excitons and trions in ZnO/(Zn,Mg)O quantum wells.
The chapter contains a brief introduction, a description of the sample, original results
of linear spectroscopy and measurements of the two- and three-pulse photon echo
signal in the spectral region of exciton and trion transitions, temperature studies of
coherent dynamics with an discussion of the results.

The fourth chapter presents the results of applying the photon echo tech-
nique to study the coherent optical dynamics of excitons in multiple quantum well
structure (In,Ga)N/GaN QWs on a picosecond time scale. The chapter contains an
introduction, a description of the sample under study, the results of original studies
on the spectroscopy of two- and three-pulse photon echo from excitons at different
temperatures, and discussion.

The fifth chapter is devoted to the development of protocols for the coherent
control of excitons, namely, the experimental implementation of the protocol for
spin-dependent photon echo in an (In,Ga)As/GaAs quantum well subject to trans-

verse magnetic field. The chapter contains a brief introduction, a description of the
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sample under study, original results of linear exciton spectroscopy and a study of
the coherent optical dynamics of excitons by means of the two-pulse spin-dependent
photon echo. The chapter provides an analysis of the theoretical model used to
explain the observed oscillatory behavior of the echo signal. The peculiarities of the
model are considered in detail in comparison with experimental data.

In conclusion, the results of the work are presented.
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Chapter 1. State of the art in ultrafast spectroscopy of
excitons in nanostructures

The chapter is devoted to a review on the experimental study of ultrafast
exciton spectroscopy in semiconductor nanostructures. The chapter contains a de-
scription of exciton states and an overview of exciton dynamics studies by various
experimental techniques with discussion of their features. Special attention is paid
to a review of works on the study of the coherent optical dynamics of excitons by
means of four-wave mixing and photon echo. At the end of the chapter, an review

of recently published works on spin-dependent photon echo is given.

1.1 Exciton states in semiconductor nanostructures

In recent years, the focus of semiconductor research has shifted from bulk
materials to the study of low-dimensional nanostructures. Artificially created ob-
jects are distinguished by the fundamental possibility to provide desired properties
to an object and to design structures with the required characteristics [9]. Low-
dimensional structures are actively used in a wide class of optoelectronic devices -
from the conventional LEDs and laser pointers [13] to quantum single-photon de-
tectors [11].

A number of books are devoted to the features of low-dimensional systems
19, 18, 15-18].  Among such systems, QWs are the simplest. The conventional
version of a single semiconductor QW of the first type is a layered heterostructure
consisting of semiconductors with different band gaps. A thin, on the order of 10-100
nm, layer of one semiconductor is grown between relatively thick layers of another
semiconductor 50-200 nm thick, the band gap of which is greater than the width of
the first one. The width difference is distributed between the valence band (V-band)
and the conduction band (C-band), forming potential quantum wells for a hole and
an electron, respectively, as shown in the figure 1. In low-dimensional systems,
exciton effects play a key role in the light-matter interaction processes. In a bulk
crystal, an exciton, as a hydrogen-like particle bound by the Coulomb interaction,

has a Rydberg series of states in addition to the parabolic dependence of the kinetic
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Figure 1: Scheme of type I QW and energy profile of the top of the valence band
and the bottom of the conduction band. Fga(Fgb) is the band gap of the material
A (B), AE¢(vy is the value of the potential well for an electron (hole); the energy
quantization levels for an electron and a hole are shown schematically by the hori-
zontal lines in the middle layer A.

energy of the exciton as a whole:

R, RQ* ! My
E=F —QR—L,M:mC—Fmv,u: e

M o 1
YV 32(mheey)? (1

Me + My
where I, is the crystal band gap, R, is the exciton binding energy, M and p are the
total and reduced masses of the exciton, expressed in terms of the effective masses
of the electron m,. and the hole m,. R, for GaAs is 4.8 meV, while for ZnO it is
about 60 meV. In low-dimensional structures (QWs, QDs), quantum confinement of
charge carrier leads to size quantization of the kinetic energy of an electron in the C
band and for a hole in the V' band, which significantly changes the energy structure
and optical properties. Reducing the dimension of the structure also leads to a
qualitative modification of the density of states function from a root dependence to
a step function. This feature, together with the exciton effect, manifests itself in the
absorption spectra |15, 19]. For a QW with a finite barrier height and a thickness
comparable to the Bohr radius of a three-dimensional exciton (for GaAs, about 12
nm) and less, there is no analytical solution for stationary exciton states. A solution

exists for the strictly two-dimensional case of a 2D exciton [15]:

R, R*Qt
_|_
(n—1/2)2 ' 2M

where Ep,,, Fe, are the electron and hole size quantization energies. Note, that

E=E, -

+ Ehm + Eem; <2)

for 1-s state of a 2D exciton, the binding energy increases by a factor of 4, and the

exciton radius decreases by a factor of 2 compared to the three-dimensional case [9].
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It makes it possible to observe exciton effects in QWs at higher temperatures, in
contrast to bulk structures [15]. In physical wells, the binding energy FE, is between
R, and 4R,, and the stationary state energies are calculated using various numerical
methods [17, 50, 51].

the interaction of excitons with an electromagnetic field also undergoes qual-
itative changes. In nanostructures, the possibility of direct radiative recombination
appears due to translational symmetry breaking, in contrast to a bulk ideal crys-
tal, in which exciton-polaritons are stationary states, and radiative recombination

requires the involvement of a phonon or a defect in the process [52-5].

1.2 Peculiarities of spectroscopic methods for studying

excitons 1n nanostructures

The study of the interaction of light with matter, as a rule, begins with a
consideration of the linear response. Linear optical spectroscopy is attractive due to
its elegant simplicity and at the same time it provides a rich set of basic information
about the nature of the interaction. In the case of studying direct-gap semicon-
ductors, the main methods are photoluminescence (PL) and reflection spectroscopy.
Next, we briefly consider the studies of excitons in nanostructures by the methods

mentioned above.
1.2.1 Nonresonant photoluminescence

Basically PL method consists in excitation of the structure by light with a
photon energy above the spectral range of interest and observation of the secondary
luminescence of the structure. In PL spectroscopy of QWs, laser excitation has
usually photon energy above the energy of the well barrier. A detailed considera-
tion of the method is provided in the monograph [55]. When a photon is absorbed,
an electron from the valence band exhibits an optical transition to a state in the
conduction band. The created electron-hole pair undergoes rapid energy relaxation
to the lowest energy states corresponding to excitons. Ultimately, at low temper-
atures (units of Kelvin), the lines of the lowest exciton states predominate in the
PL spectra, since the intensity of the lines in the PL spectra is determined not only
by the strength of the transition oscillator, but also by the level population [55].

The change in the spectral position of the ground exciton state in the PL spec-
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Figure 2: Scheme of nonresonant excitation of an electron-hole pair and subsequent
thermalization of charge carriers with the formation of an exciton. CB - conduction
band, VB - valence band. The dotted line illustrates schematically the exciton
transition energy FEx for comparison with the band gap, the difference between
which is determined by the exciton binding energy.

trum clearly shows, for example, the temperature narrowing of the band gap [50],
accompanying by the broadening of exciton resonances due to exciton-background
scattering [57], as shown in the figure 3.

PL technique turns out to be extremely useful also in studying the properties
of excitons subject to a magnetic field and exciton fine structure [58]. Owing to the
trend towards emission from the lowest states, the micro-PL makes it possible to
obtain information about the localized states of excitons in the well and, thereby,
to estimate the degree of interface inhomogeneity, as shown in figure 4 [59, 60].
Therefore, the PL method is often used as a tool for inspection of the growth quality
of structures [61-64]. In this work, we will also extensively exploit this method for
the basic optical characterization.

PL can be used not only to obtain a stationary spectroscopic pattern, but
also to reveal the kinetics of ultrafast relaxation and radiative recombination of
excitons. High temporal resolution is achieved using ultrashort laser pulses and
either direct detection with fast photodetectors or various two-pulse techniques such
as up-conversion |18, 65]. The latter technique was used by Damen et al. [60].
Under nonresonant excitation with laser energy above the exciton transition the
exciton PL kinetics of excitons in a high-quality QW begins with an increase in the
signal, the characteristic time of which increases with decreasing temperature and
reaches hundreds of ps at T" = 5 K. The rise time of the signal is determined by

the rate of formation of radiative excitons, which, in turn, depends on the processes
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Figure 4: Micro-PL spectra of the
growth-interrupted sample (A) and
the sample grown without interrup-
tion (B) as a function of detection
spot diameter. Imported from [59].

Figure  3: PL  spectra of
GaAs/AlGaAs measured at Temper-
atures from 10 to 300 K. The sample
structure and excitation configuration
is plotted in inset. Imported from

[57]

of relaxation of electron—hole pairs with the formation of hot excitons, followed
by thermalization and relaxation of the energy and momentum projection along
the well plane. To distinguish between these processes, the authors studied the
kinetics of exciton line broadening. It turned out that the broadening of the exciton
PL line due to collisions of excitons with charge carriers is much larger than the
broadening due to exciton-exciton scattering. As a consequence, the kinetics of
broadening of the PL line showed that the main mechanism of the long rise in
PL is associated with the relaxation of the momentum of non-radiative excitons.
Similar indirect manifestations of long-term relaxation of non-radiative excitons were
recently observed [07].

An increase of the exciton density makes the exciton thermalization faster
[65], and it was used to shorten the PL rise time [09]. As a result the oscillating
behavior of the PL rise time with increasing excitation energy was observed, which
was associated with the entering into phonon replica resonances.

The complexity of data interpretation could be considered as a The drawback
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continuum

Figure 5: Sketch of dispersion of exciton states in quantum well and linear dispersion
of ligth.

of the PL technique [70]. For example, as was shown above, in the case of non-
resonant excitation, it is necessary to take into account the formation process of
optically active excitons. Often variety of mechanisms lead to similar observable re-
sults, and in real systems they can all take place simultaneously. It should be noted
that due to the multiple events of energy relaxation with the emission of phonons,
information about the phase of the exciting light is lost, so the PL emission occurs
in all directions. The mentioned shortcomings can be partially circumvented by
applying quasi-resonant excitation in the spectral vicinity of the resonance of inter-
est. However, this method always has the problem of filtering the useful signal from
the scattered exciting light. For example, one has to detect PL in the polarization

crossed with the exciting light.
1.2.2 Resonant photoluminescence

Despite the experimental difficulties, quasi-resonant pulsed excitation of exci-
tons inside the light cone, illustrated in the Figure 5, is attractive by the possibility
to study the intrinsic properties of excitons, for example, the radiative lifetime Tp
|71]. The first theoretical calculations of T excitons in GaAs-based QWs had rather
large discrepancies. Hanamura provided an estimate of about 3 ps [72]. Andreani
et al. estimated Tp of about 25 ps for a heavy hole exciton (HH) in a 10-thick
GaAs/Al,Ga;_,As QW nm [53], while the experiment revealed an order of magni-
tude longer times |73, 74|. Citrin showed that several parameters significantly affect

the PL decay time [54]. In the case of free excitons, Tg is determined only by Ty,
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which is proportional to the exciton oscillator strength. The localization of excitons
in the fluctuation potential leads to an increase in Tr. In real systems, it is neces-
sary to consider an ensemble of localized and free excitons, as a result of which the
time T will be determined by the ratio of particles in the ensemble. This allowance
allows us to qualitatively explain the discrepancies in the published experimental
results |73, 74].

Another important factor is the effect of dephasing due to elastic scattering
of excitons on the PL decay time. The analysis shows that the time Tg is directly
proportional to the homogeneous width of the exciton resonance if the latter is much
greater than the thermal energy k7T [54] and than the exciton kinetic energy at the
light cone edge. Such behavior was experimentally observed by direct measurement
of PL decay by a streak camera [75]. The homogeneous linewidth was controlled
via pumping the exciton reservoir by an additional pulsed laser. The PL kinetics
clearly showed how Ty firstly increases significantly with an increase in the exciton
density and then decreases to the initial value as the exciton reservoir population
decreased.

In the case of femtosecond pulsed resonant excitation, an ensemble of excitons
initially possesses coherence, which decays due to scattering processes. It leads to
a change in the exciton wave vector along the well plane, which, in turn, makes
it possible to observe PL in directions different from the direction of transmission
and reflection of the exciting light. Detection of the scatterred light showed that
the PL kinetics exhibits not only the processes of exciton scattering and dephasing
mentioned above, but also demonstrates quantum beats between light (LH) and
heavy (HH) hole excitons [76]. The observation of beats indicates that the quasi-
momentum scattering rate is much higher than the exciton dephasing rate in this
case, and a change in the quasi-momentum does not lead to a change in the relative

phase between the HH and LH excitons.
1.2.3 Reflection spectroscopy

In the previous section, it was shown that the emission of exciton PL is ac-
companied by intermediate processes before the act of photon emission: relaxation
of energy and quasi-momentum in the nonresonant case and scattering of the quasi-
momentum during resonant excitation. Reflection spectroscopy, on the contrary,

does not imply the presence of additional processes besides the optical generation
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of excitons and their subsequent direct radiative recombination. Reflection of light
by an exciton layer in a QW is a coherent process, that is, it corresponds to the
radiation produced by an ensemble of excitons that have retained their initial co-
herence. Therefore, constructive interference is observed only in the directions of
transmission and reflection of the exciting light as a result of collective emission.
The transmission is often difficult to measure experimentally due to the significant
absorption of light in the sample substrate, while, as a rule, there is a thin layer
with a thickness of no more than 1 pym in the direction of reflection from the QW
layer.

A general idea of the reflection from a thin QW layer with an exciton reso-
nance wyp can be obtained in a framework of the model of an ensemble of classical
Lorentz atomic oscillators interacting with monochromatic electromagnetic wave

with frequency w. Electric susceptibility y has a pole singularity [77]:

() Ne? 1
w =
X gomowi — w? — inw’

(3)

where v - damping rate of atomic oscillators, N - density of them and my - electron
mass in atom. In the vicinity of the resonance one can consider w ~ wy.

Ne? 1 X0 Ne?

W) = g = ——
X(@) gomo2wowy — w —iY/2  wy—w — iy’ X0 gomo2wy’

Y=7/2 (4)

From the Maxwell’s equations, one can obtain an expression for the reflection coef-

ficient of a plane wave incident normally on a thin layer with a susceptibility x(w)

Ik
(w—wo)? + (Tr+7)*

The reflection spectrum has a single resonance centered at wy. Resonant feature

R(w) = I'r = kxo/2. (5)

has Lorentzian shape with half-width of I'gr 4+ 4. Indeed, this is a quite simplified
approach, but its result coincides qualitatively with the results of more of rigor-
ous approaches, such as the interaction of a linearly polarized wave with two-level
oscillators located in a thin medium |78, 79|, solution of the wave equation with
a non-local dielectric response, as well as quantum perturbation theory and other
methods [9, 53]

an

T’Qw(lU) - @0 — W — Z(Fo n F) (6)




23

Here Ty is the radiative polarization decay rate (radiative width), " is the nonra-
diative dephasing rate, wy is the renormalized exciton resonance frequency. When
light is incident normally on a sample with a QW, one has to take into account
the interference of the signal with light reflected from the smooth surface of the
sample. If exciting light is polarized along the plane of incidence (p-polarization),
the reflection from the sample surface disappears at the Brewster angle of incidence

[79], and the measured reflectivity spectrum R contains only the response from the
QW:

& )
(,Nd() — CU)Q + (Fo + F)Q

The method is attractive due to its experimental simplicity, while it makes

R=row|’ = (

it possible to obtain a rich set of information about the processes of dephasing of
an ensemble of excitons. I’y is determined by the exciton oscillator strength and is
inversely proportional to the radiative lifetime Ty = 1/(2I'g). The method is actively
used for characterization, determination of the dependence of the exciton oscillator
strength on the quantum well thickness [30-52] and for identification of the exciton
dephasing mechanisms [79, 83]. These studies have shown that, in high-quality
samples with GaAs-based QWs, the inhomogeneous broadening of an ensemble of
excitons is comparable to the radiative width and may even be smaller. Therefore, in
such structures at low temperatures and low excitation regime, the main contribution
to the irreversible phase relaxation of excitons comes from radiative recombination.

In the previous section, it was shown that the resulting exciton PL decay rate
depends on many factors. Reflection spectroscopy makes it possible to separate the
radiative and non-radiative contributions to phase relaxation. Experimental study
of the radiative relaxation rate of excitons I'y in a high-quality QW did not revealed
significant change in the exciton oscillator strength, directly proportional to Ty,
either with an variation of temperature in the range of 8-50 K or with photoinduced
non-radiative broadening of the exciton resonance [79].

In case of excitation by ultrashort laser pulses, the width of the exciton line
of the reflectivity spectrum is related to the kinetics of signal decay via the Fourier
transform. One can obtain the temporal evolution of the polarization decay by
performing such transformation, result of which coincides with the direct measure-
ment of the free induction decay [33]. In this case, the characteristic decay time
of the direct measurement and the Fourier-transformed reflectivity spectrum coin-

cide and correspond to the inverse of the width of the reflectivity contour, which is



24

. P550
HH, =003

0 2 I~ E

z HH, HH, 20 ?
= 3 2 g
° 4nm
(] ]
% 0.1F b
=
0;‘41_7__ ol e S el e bl | T ———————————— §

1.51 1512 1514 1.516 . > ps“’ 15 %
Energy (eV) °
1 >
L b FWHM(T -0 K) = 520 peV R
08 .m
= ol hF=h(FOCOS(p+F2*+F2)\ .-___.‘__-‘
Or g-E-BE--

2 f--mss-wa-Ben-d AT, =432 peV £2% .
L 04 —AAAAAAAAh A —A— kA A
] i 5

[ A% =106 peV al,
o> o]
0 T ;"_ T T T
0 20 40 60 80 100

Temperature (K)

Figure 6: (a) Reflectivity spectrum measured at the Brewster angle of incidence
from the samples with a thickness of 2, 3 and 4 nm. The fit by linear combination of
equations (7) is plotted by dash line. (b) Decomposition of dephasing rate into ra-
diative rate (red), reversible non-radiative rate (blue) and irreversible non-radiative
rate (green). Imported from [$1]. (c) Temporal profile of free polarization decay
(thin) and Fourier transform of the reflectance spectrum (thick). Imported from
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determined by the total dephasing rate Trrp = (I'g + I')~1. Thus, reflection spec-
troscopy is a powerful tool for studying the coherent optical dynamics of excitons in

nanostructures.
1.2.4 Pump-Probe reflection spectroscopy

The use of pump-probe nonlinear technique in reflection spectroscopy is of par-
ticular interest. The point of the method is illustrated in the figure 7. The technique
consists in initial optical pumping of the system by strong high-power laser pulse
and subsequent time-resolved detection of a change in the reflection of weak probe
illumination. The technique basically reveals many-body interactions of excitons

with excitons, phonons and charge carriers [$4]. Variations of the method have been



Figure 7: Sketch of pulsed experimental Pump-Probe method.

actively used to study the effect of electron-hole plasma on exciton resonances in
GaAs/AlGaAs QWs, the effects of phase space filling, and bandgap renormalization
[85]. We are interested in the case, when the reflection spectrum of femtosecond
probe pulse reveals (probes) the kinetics of transient processes induced by pump
pulse via the indirect effect of pumping on the probe response.

The method was used to study the dynamics of a reservoir of excitons with
a large wave vector [30, 87]. Direct radiative recombination is not possible for such
type of dark excitons, since they are outside the light cone (see figure 5). As a result,
excitons in the reservoir have a relatively long nanosecond-scale relaxation times.
In this case, the reservoir has a significant effect on optically active bright excitons
through scattering processes, which must be taken into account, for example, when
considering various coherent control protocols. The dynamics of dark excitons was
studied by detection of additional non-radiative broadening of exciton lines in the
reflection spectrum of probe pulse induced by strong pump pulse. Measurements
have revealed the dependence of the dynamics on the reservoir generation method.
In particular, in case of the generation of a reservoir of dark excitons inside the
QW layer, the dynamics of broadening (and, accordingly, the dynamics of the con-
centration of the reservoir) exhibited a rapid initial decay followed by a long-lived
decay with a characteristic time longer than the laser pulse repetition period. The
long-lived signal was attributed to the accumulation of a reservoir of dark excitons.
The relaxation of the reservoir population has been described using a kinetic model
that takes into account both resonant and nonresonant excitation.

Further development of the technique led to the observation of the spin di-
namics of dark excitons in the reservoir [67]. It was shown that dark excitons cause
the spectral shift of the lines corresponding to the recombination of brigth excitons

via the exchange interaction. It turned out that the spectral shift can be controlled
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by applying an external transverse magnetic field, which causes the Larmor pre-
cession of the long-lived exciton spin from the reservoir. To observe the effect, it
was necessary to select a sample with a very high quality QW, since the oscillating
spectral shift of the lines occurred on a scale of the order of 10 peV.

The pump-probe technique is mainly used to study many-body interactions
as was shown. The response of probe excitation is indirectly sensitive to the ef-
fects of pumping via the intermediate process under study. In this case the optical
coherence created by the pump pulse is not conserved and thus is not taken into
account. However, an interesting case is when the probe excitation can reveal di-
rectly the coherent response of the system to pump pulse. Such technique was used
to observe quantum beats between the quantum-confined states of excitons in a
QW [38]. A spectrally-broad pump pulse, which cover several excitonic resonances,
excites a coherent superposition of a multilevel exciton system. The created co-
herence of several exciton levels, described by a set of off-diagonal elements of the
exciton density matrix, experiences oscillations (beats) at frequencies corresponding
to transitions between exciton levels. Electric field of the probing pulse coherently
interact with the same exciton ensemble that was excited by the pump pulse. The
secondary emission emerging in the reflection geometry of the probe pulse exhibits
quantum beats in the form of a dependence of the amplitude of reflected light at
exciton spectral lines on the time delay between the pump and probe pulses. This
experiment is remarkable in the combination of the pump-probe concept and the

theoretical approach used to describe coherent processes like four-wave mixing.

1.3 Four-wave mixing and photon echo

The above approaches can be used in both linear mode and non-linear excita-
tion regime. They can be characterized by relative experimental simplicity, on the
one hand, and often complex data interpretation, on the other hand. For example,
in case of significant inhomogeneous broadening of spectral lines, it is impossible to
obtain information about individual emitters that form an inhomogeneous ensemble,
that is, information about a homogeneous linewidth. The advantage of fundamen-
tally nonlinear optical techniques is the ability to circumvent the limitations of linear
methods. Moreover, optical nonlinearity is fundamentally essential for the potential

implementation of coherent control protocols.
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The essence of the phenomenon is the emergence of a new electromagnetic
wave as a result of the joint interaction of three electromagnetic waves with an op-
tically active nonlinear medium. Next, we consider a nonlinear optical method for
studying ultrafast coherent optical dynamics, which is based on the phenomenon of
four-wave mixing (FWM). The point of the phenomenon is that the joint interac-
tion of three electromagnetic waves with an optically active nonlinear medium give
rise to the emergence of a new fourth electromagnetic wave. The wave vector and
frequency of the fourth wave are determined by all exciting waves. The intensity
of the process is determined by the third-order nonlinear electric susceptibility y(®.
The variety FWM effects is described in detail in monographs [17, 20]. We will
consider degenerate type of FWM, in which the frequency of the all exciting waves
is the same. Let us limit ourselves to thin optically active semiconductor layers with

exciton resonances as the medium.
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Figure 8: Schematic of FWM phenomena resulting from excitation of a thin medium
by a sequence of two laser pulses with an illustration of population grating n.

In order to study transient ultrafast coherent phenomena, the excitation is
performed by a sequence of femto- or picosecond laser pulses. Moreover, pulse
technique is used thanks to the extremely high amplitude of electric field in the pulse,
which is necessary for reliable detection of nonlinear response. Figure 8 illustrates a
typical experiment in transmission geometry. The first pulse with the wave vector
k1 excites a thin layer of oscillators (excitons in our case) and as result macroscopic
polarization is created with a phase determined by the vector El. The second pulse
with the wave vector EQ also creates polarization in the medium, which spatial
distribution is determined by the vector 122. The interaction of the polarization
with the electromagnetic field of the second exciting pulse leads to the creation of
a spatial population grating of the excited oscillators. This means that the optical

properties of the medium become spatially modulated with a period determined by



28

the difference Eg — Ek In turn, the third-order polarization induced by the third
pulse with vector l%, will depend on the population grating and contain components
characterized by the combination of wave vectors EFWM = k_;; + (k; - k_i) These
polarization components correspond to the coherent FWM response emitting in
the phase-matching directions /:;FWM. Usually, self-diffraction of the second beam
kg = /52 is considered as the third beam, and the FWM signal is detected in the
direction ks = 2ky — Ky

The FWM phenomenon looks like a result of the diffraction of the third light
beam on the interference grating created by the first two beams. Indeed, under
the condition of spatial and temporal intersection of the beams, it is possible to
obtain an interference pattern in the oscillators layer and thereby create a population
grating. The population grating will lead to modulation of the optical properties
of the layer (eg absorption) and the creating of an effective diffraction grating.
The fundamental difference between such diffraction and the coherent FWM effect
lies in the mechanism of formation of the population grating. In the FWM effect,
the grating arises due to the nonlinear interaction of the electric field of one light
beam with the polarization induced by another beam. The difference is clearly
observed when using pulse technique. When the exciting pulses are separated in
time, for example, using an optical delay line, interference does not occur, while
the polarization is preserved even after the action of the pulse and decays with the
phase relaxation time T5.

The effects of diffraction by an interference grating were studied in periodic
structures with QWs at room temperature [39, 90]. The spatially modulated pho-
toexcitation of excitons and their subsequent ionization lead to the formation of
an electron-hole plasma population grating. Manifestation of coherent dynamics of
excitons under such conditions is not expected, however, the goal of such work was
to search for strongly nonlinear media suitable for optical information processing at
room temperature.

The FWM kinetics is determined by the nature of the system under study
and by the excitation regime [18, 24, 91]. In the first approximation, this problem
can be considered as the interaction of an ensemble of two-level systems with an
electromagnetic field in the framework of the dipole approximation, using the density
matrix formalism [91-94]. The problem will be considered in more detail in the

next chapter. We just mention here that, depending on the experiment (two- or
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three-pulse protocol), one can observe polarization decay kinetics, i.e., determine
the irreversible dephasing time 75, and the population decay kinetics of the excited

state, i.e., determine the energy relaxation time T7.

1.3.1 Relaxation processes studied by four-wave mixing and photon

echo

The FWM technique makes it possible to obtain a fruitful information on
the mechanisms of the loss of exciton optical coherence created by ultrashort op-
tical excitation. Real systems always possess fluctuations in exciton level energy,
which lead to fluctuations in the resonant frequency of the optical transition and
to inhomogeneous broadening of spectral lines. After pulsed excitation of an inho-
mogeneous ensemble, the relative phase between individual emitters will increase
with time, which will lead to a loss of ensemble coherence (phase relaxation). The
characteristic time of such dephasing 75 is inversely proportional to the inhomo-
geneous broadening. Such a process limits the coherent linear response, which is
observed, for example, in free induction decay experiment [33]. However, the co-
herence of individual emitters is preserved, so such dephasing process is reversible.
In the FWM protocol, the ensemble of emitters also experiences relative dephasing
that occurs after the action of the first pulse. However, the action of the second,
so-called rephasing pulse, which is delayed with respect to the first one by a time
delay T2, leads to an inversion of the relative dephasing, i.e. rephasing. There-
fore, at time 2119 after the arrival of the first pulse, all the oscillator in ensemble
become in phase again, and a macroscopic polarization with the wave vector /;FWM
appears. Such a FWM signal is called a photon echo [22] by analogy with a spin
echo [95]. The main advantage of PE protocol is that one can work around the
reversible dephasing. The rest mechanisms of decoherence of an individual emitter
are irreversible and are characterized by an irreversible dephasing time 75. Among
them, many-body interactions such as elastic and inelastic scattering play the main
role [23, 90].

The irreversible dephasing rate I'y = %2 determines the homogeneous width
of the spectral line. The inhomogeneous broadening is usually much larger than
the homogeneous width, in which case linewidth of the absorption or reflection
spectrum is governed by inhomogeneous broadening. The advantage of PE method

is the ability to distinguish the several contributions to the dephasing and determine
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the homogeneous width hidden in linear spectroscopy.

In the case of a homogeneous ensemble, the signal is a decaying exponential
function of the time delay between pulses with a characteristic time 75 when scanning
the delay between pulses 1-2 Ty or 7} when scanning the delay between pulses 2-3
To3 (applicable only for the three-pulse experiment) [18]. When an inhomogeneous
ensemble is excited by an ultrashort pulse, the temporal profile of the echo signal
is a Gaussian peak centred at the time 215 for the two-pulse experiment and at
2T1o + T3 for the three-pulse experiment. When scanning the delay t1o The time-
integrated FWM signal (TI-FWM) decays with different decay constant depending
on whether the ensemble is homogeneously or inhomogeneously broadened [23, 24].
It leads to the problem of interpreting TI-FWM data. On the other hand, the time-
resolved technique (TR-FWM), which we use in this work, provides an unambiguous
result, since the detected signal reveals the temporal profile of the FWM. Moreover,
the temporal resolution allows us to effectively filter the desired signal from parasitic
scattering of different nature.

The FWM technique was first applied to semiconductor structures in order to
study the basic properties of coherent optical dynamics. The FWM in GaAs/AlGaAs
QW at low temperatures was observed for the first time by Hegarty and colleagues
[97]. The signal spectrum had a pronounced resonance in the vicinity of the exciton
transition. The pulses creating the grating were overlapped in time, so no informa-
tion about dephasing was obtained. In subsequent work, TR-FWM measurement
revealed that the signal was a PE [98]. The results were qualitatively described
using the model of an inhomogeneous ensemble of two-level systems [92], however
the extracted dephasing time 75 had a significant spread within the exciton spec-
tral line. Early studies of FWM from excitons in a GaAs epitaxial layer [99] and a
single QW [100] also showed coherent dynamics on picosecond timescale, as shown

in figure 9(a). The corresponding homogeneous width, which is proportional to
1

b Y
that the ensemble of delocalized excitons in the QW was predominantly uniformly

coincided with the width of the absorption spectrum (figure 9(b)). This means

broadened due to significant scattering of excitons by defects and acoustic phonons.

Exploiting of FWM made it possible to separate various contributions to the
dephasing of excitons by conducting temperature experiments [100, 101], from which
influence of scattering on the reservoir of incoherent excitons and free charge carriers

was determined [102, |. Scattering on charge carries turned out to be much
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stronger than exciton-exciton scattering, and both mechanisms are more pronounced

in the quasi-two-dimensional case compared to the three-dimensional one.

7 (@ (b) Eun L, o .
g L,=135nm é - z_
e 12 O —~ E £
g Emn o 2 b
: L,=277nm g g gs
= 10 Epn (&) -
0 -]
z L;=277nm o 5
w L
w —
[T
E — L E!N\ E
a 3 08 L,=135nm . . . ) * e e
5 E 0.0 1.0 2.0 3.0
E E 06l TIME DELAY (ps)
% Q > 150 T T
w E -
Le=135nm £ 0ir - 100 18 2
___g-, . —_— = 5
I—.M . g ¥
T,=2ps 02t 50 | 13 &
- — . =
% \ g
DELAY Tty [ps) . , ) ) | 0 = .
20 40 60 1.66 1.68 1.70 1.72
TEMPERATURE (K) ENERGY (eV)

Figure 9: (a) FWM signal as a function of delay Tj5, measured in the bulk and
two QWs. (b) Temperature dependence of the homogeneous width of the absorp-
tion spectrum. From [100]. (¢) FWM as a function of the delay under femto and
picosecond (inset) excitation. (d) Spectral dependence of the dephasing time T5
across the exciton photoluminescence line. From [104].

The inevitable fluctuations of the QW quantizing potential significantly affect
the coherent optical dynamics [96]. In case of a large inhomogeneity, the difference
between the femto- and picosecond FWM techniques is clearly manifested [104]. Un-
der spectrally broad femtosecond excitation, not only localized but also free excitons
are excited, which manifests itself as beats in the signal kinetics (figure 9(c)). In
addition to beats, a long-lived non-oscillating component was observed. Its origin
could only be established by means of spectrally narrow picosecond excitation, which
revealed a significant spread in the dephasing time by an order of magnitude within
the exciton spectral line (figure 9(d)). An increase in the degree of localization
of quasiparticles reduces the probability of scattering [105], which leads to longer
coherence time. Thus, the picosecond FWM can be an effective tool for probing
the localization of excitons on potential fluctuations, which we will extensively use
further in this work.

The temporal profile of FWM signal exhibits oscillations due to quantum beats

which appear under simultaneous excitation of two or more exciton resonances. Such
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quantum beats between exciton states with light (LH) and heavy (HH) holes [104,

—109] have been observed using FWM technique. The phenomenon was theoret-
ically described using the three-level model [110]. The beat frequency corresponds
to the energy splitting between the excited states. The nonlinear nature of the sig-
nal makes it possible to distinguish oscillations caused by polarization interference
of electromagnetic waves emitted by two independent systems from interference of
the quantum states of a single system [105]. A QW with pronounced HH and LH
resonances was used to demonstrate the possibility of reconstruction of the FWM
temporal profile through the Fourier transform of amplitude and phase spectra of
the signal [109]. The proportion of excited states in the coherent superposition
changes while scnanning excitation wavelength, which led to beats in the FWM
time profile at the HH-LH splitting frequency. An oscillating behavior of the FWM
signal was also observed under excitation of a pair of free and bound excitons [111],
an exciton-biexciton pair [112; 113], and other systems as well [23].

In the case of studying the selected ensemble of quasiparticles, it is worth to
utilize the picosecond technique instead of spectrally broad femtosecond pulses. Oth-
erwise several resonances are excited simultaneously, resulting in a multi-component
FWM signal, the interpretation of which may be complicated [I11]. Moreover,
excitation-induced dephasing and higher-order nonlinear effects arise due to the ex-
tremely high instantaneous amplitude of the femtosecond pulse. On the contrary,
picosecond pulses make it possible to address ensemble of quasiparticles selectively
and to supress many-body effects. Suppression of the dephasing mechanisms leads to
an increase in the coherence time to tens of picoseconds in [115] QWs and hundreds
of picoseconds in [116] QD ensembles, so there is no lack of time resolution.

Recently, FWM and PE have been widely used to study the coherent dynamics
of excitons in promising materials, such as nanostructures based on zinc oxide [101],
gallium nitride [117], monolayers of transition metal dichalcogenides [118-120] and
halide perovskites as well [121-123]. Chapters 3 and 4 of the dissertation are also
devoted to the study of coherent dynamics in little-studied structures.

The PE technique is used to develop protocols for the all-optical coherent con-
trol of exciton complexes. The fundamental manifestation of coherent manipulation
is Rabi oscillations in the PE signal [24]. In accordance with the optical Bloch equa-
tions, the population of the excited states harmonically depends on the area of the

pulses. Rabi oscillations in the PE signal were demonstrated in QWs [24, 115] and



33

QDs [116, 124=126]. A peculiarity of excitation of an inhomogeneously broadened
ensemble by relatively long picosecond pulses |125] appeared in the regime of Rabi
oscillations. Oscillators with a significant detuning from the laser pulse frequency
experience additional reversible dephasing during the action of the pulse. Dephasing
leads to a change in the arrival time of the PE in comparison with the classical case
- the Hann echo. Such temporal shifts must be taken into account when considering
protocols for coherent control of the exciton ensemble, where precise timing of the
pulses is important. Further studies have demonstrated ability of manipulation of
the PE shift by applying an additional control pulse which compensates the relative
dephasing of emitters |1 10].

1.3.2 Spin-dependent photon echo

The introduction of magnetic phenomena into a purely optical PE protocol has
significantly expanded the possibilities of coherent control and led to the emergence
of a new trend of coherent optical dynamics - spin-dependent photon echo [21].
Consideration of both optical and magnetic effects makes it possible to combine
the advantages of each of them and achieve fast optical coherent manipulation with
long-lived spin storage.

In a spin-dependent PE experiment, an external magnetic field perpendicular
to the direction of light (Voigt geometry) causes the spins of quasiparticles oriented
by the first optical pulse to precess around the magnetic field vector at the Larmor
frequency [127]. The experiment protocol is shown in the figure 10(d). By the time
of the precession half-cycle, the magnetic field transfers the coherence between levels
coupled by an optical transition into the so-called dark coherence between optically
uncoupled levels. The second rephasing pulse arriving at this moment transfers the
coherence either into pure spin coherence or into another dark coherence depend-
ing on polarization. Then, after one more half-cycle of the Larmor precession, the
magnetic field transfors again dark coherence into bright one, so that PE emission
is possible. Therefore, when scanning the delay between pulses the PE signal ex-
hibits beats at the Larmor frequency, which was first demonstrated on trions in a
CdTe/CdMgTe QW [127]. The decay kinetics of the spin-dependent PE amplitude
are shown in the figures 10(a) and (b). The problem is fundamentally different
from the previously mentioned cases of quantum beats, in which the energy spacing

between states and frequency are rigidly determined by the growth parameters of
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Figure 10: PE decay kinetics at zero magnetic field (a), at B = 0.7 T (b). (c)
Three-pulse PE decay kinetics (SPE) . (d) Protocol for action of light pulses on a
four-level electron-trion system and magnetic-field-induced oscillations which occur
between pulses. Red arrows corresponds to coherences. In [127] only first two pulses
were used (a-b), while all of them were used in [128] (c-d).

the structure. The introduction of an external magnetic field into the PE protocol
provides a new degree of freedom, which makes it possible to control the splitting
of initially spin-degenerate states.

The most interesting scenario is associated with the transfer of optical coher-
ence into the spin subsystem of ground electronic states. Microscopic spin coherence
does not depend on the processes of fast optical dephasing or radiative recombination
of exciton complexes. We can say that information about the light pulse is stored
in the electron spin states, that is, it is recorded and frozen there. The storage time
of spin coherence is determined only by spin dephasing processes, which, as a rule,
are several orders of magnitude slower than optical dephasing. However, the ques-
tion arises how to read this long-lived coherence. A three-pulse spin-dependent PE
provides such an opportunity [128]. The third pulse with a particular polarization
determined by the selection rules transfers the coherence from the spin subsystem
back to the dark coherence between the ground and excited states in the same way
as the second pulse does. Further, after a half-cycle of the Larmor precession (fig-

ure 10(d)) the magnetic field will transfer again the coherence to the bright configu-
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ration, and the condition for the PE emission will be fulfilled. The implementation
of such a protocol was demonstrated on trions in a CdTe/CdMgTe QW [128]. In a
zero magnetic field, the three-pulse echo decayed with a trion lifetime T = 45 ps,
while in a presence of the magnetic field with a longitudinal spin relaxation time
Tt = 50 ns exceeding by three orders of magnitude, as shown in the figure 10(c).
As a result, the technique provides observation of three-pulse PE signal at times
significantly exceeding the trion lifetime, which can be used to implement optical
memory in nanostructures.

Since the key feature of the spin-dependent PE is the Larmor precession, the
method provides a rich set of information about the spin properties of quasiparticles.
The oscillation frequency depends on the value of the electron and hole g factor in
a trion, which can be extracted by measuring the PE signal at different magnetic
fields. Measurements of multiple beats in the PE decay kinetics for different sample
orientation relative to the magnetic field revealed not only the presence of the elec-
tron and hole g factors [129], but also made it possible to determine hole anisotropy
in the CdTe/CdMgTe QW [130] and in InGaAs/GaAs QDs [131]. It should be noted
that, in contrast to the Kerr rotation technique, which is widely used to determine
the g factor, a two-pulse spin-dependent PE is formed only by those quasiparticles
that have retained their optical coherence. Also, the two methods manifest local
spin dynamics in a different way - it turned out that the hopping of resident elec-
trons leads to a reduction in the decay time of the PE signal, and, conversely, to an
increase in the transverse spin relaxation time due to averaging of the fluctuating
nuclear field [132].

2D Fourier spectroscopy technique has been actively developed in recent years
[133]. It was additionally introduced into spin-dependent PE to study the Zeeman
splitting of trions and excitons localized on a neutral donor in a QW [134]. The
method provided determination the difference between Zeeman splitting of donor
bound electrons and those localized at potential fluctuations in the range of fractions
of eV, which is two orders of magnitude smaller than the homogeneous width of
optical transitions.

The mentioned works were devoted either to the study of trions or donor-
bound excitons. Therefore, these protocols for long-lived spin-dependent PE require
a sufficient doping level to obtain a relatively large oscillator strength. From the

point of view of the PE study, these quasi-particles are equivalent, since both are
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described by a four-level model with a doubly degenerate ground state and two
excited states. In the absence of a magnetic field, when excitation with circular po-
larization is used, one can select two non-interacting two-level subsystems. Neutral
excitons in nanostructures are usually described using a five-level model consisting of
a non-degenerate ground state of a crystal and two doublets of optically bright and
so-called dark excitons, optical transitions to which are spin-forbidden. A simplified
model that does not include dark states is a V-system. The fundamental difference
between the energy level structure of excitons and trions manifests itself in the po-
larimetry of the classical PE. The signal from two ensembles has qualitative and
quantitative difference [122, 135]. The spin-dependent PE dynamics is significantly
different as well. In a two-pulse Larmor experiment, the precession of electron and
hole spins in an exciton mixes the bright and dark exciton states, that was was
considered theoretically [136]. The mixing is assumed to make two-pulse PE de-
cay kinetics oscillate, however, it was no confirmed experimentally until the present
work. The protocol for a long-lived spin-dependent PE shown in figure 10(d), cannot
be directly implemented on an exciton ensemble, since there is no spin degeneracy

of the ground state.

1.4 Conclusions and objectives of the dissertation

The chapter was devoted to analyze how the ultrafast optical dynamics of
excitons in semiconductor nanostructures manifests itself in various linear and non-
linear optical regimes. An literature review has shown that the exciton intrinsic
properties, such as the optical coherence time, energy relaxation, and the value of
inhomogeneous broadening, are most clearly manifested in PE experiment. In some
cases photon echo being a nonlinear optical tool for studying coherent optical dy-
namics has a lot of advantages over linear spectroscopic methods. FWM and PE
have already demonstrated their fascination during the study of the optical prop-
erties of excitons in classical gallium arsenide based systems. The presented works
on the study of excitons in novel materials also confirmed the high potential of the
technique. The fundamental feature of PE is the possibility of implementing pro-
tocols for coherent control of an exciton ensemble, which was discussed in the final
part of the review.

The aim of this dissertation is to develop coherent control of excitons and
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excitonic charged complexes by means of photon echo. The development is proposed
in two ways - the application of the method to the study ultrafast coherent dynamics
in promising novel semiconductor nanostructures, as well as the development of
protocols for coherent control of optical excitations based on the spin-dependent

photon echo.
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Chapter 2. Theoretical and experimental approaches for
studying photon echo from excitons in nanostructures

The chapter describes the theoretical and experimental approaches that will
be used to study the photon echo from ensembles of excitons and trions in lay-
ered nanostructures with quantum wells. The chapter describes the evolution of a
two-level system interacting with an electromagnetic field in the framework of the
density matrix formalism, considers the photon echo protocol for an inhomogeneous
ensemble of two-level systems, and gives a illustrative interpretation using the Bloch
sphere. It is shown what kind of the original problem is necessary to describe the
photon echo signal from ensembles of excitons and trions, taking into account the
fine structure and selection rules; a special attention is paid to spin effects in the
photon echo. The final part of the chapter is devoted to a detailed description of the
experimental setup and signal detection technique used in the work. A scheme of the
optical setup for a picosecond two-pulse spin-dependent photon echo is presented,

and the features of optical heterodyne detection are described.

2.1 Theory of the photon echo from ensemble of two-level

systems

Let us consider the effects of FWM and PE in semiconductor nanostructures
with a thin optically active layer. The nonlinear susceptibility is determined by the
internal microscopic electronic structure of the system, so it is natural to use the
quantum mechanical approach to calculate it. Analysis is done using the density
matrix formalism, the evolution of which is determined by the Lindblad equation.
Microscopic expressions for nonlinear susceptibilities and the corresponding nonlin-
ear polarizations are considered in detail in the monograph by I. R. Shen [20].

An excitonic ensemble in nanostructures usually has a pronounced and quite
isolated optical resonance, which allows us to leave the rest optical transitions out
of the consideration and use a simplified model of an ensemble of two-level systems
(TLS). The monograph by L. Allen and J. Eberly [91], as well as chapters in the
works [18, 32, 10, 137] are devoted to the analysis of the coherent dynamics of two-
level atoms. In our case, the ground level of the TLS corresponds to the ground

state of the crystal, and the upper level corresponds to the excited state with one
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exciton. The exciton state is a meta-stable state due to the presence of radiative and
non-radiative relaxation channels. To describe the processes of phase and energy
relaxation, phenomenological terms are introduced into the Lindblad equation. Let
us further consider the basics of the theoretical approach for description of the PE

experiments which is based on the works [18, 91, 135].

2.1.1 Dynamics of the two-level system in an external electromagnetic

field
Homogeneous Inhomogeneous
oY) 2> broadening broadening

11>

@,

Figure 11: Schematic representation of a two-level system interacting with a laser
pulse with a carrier optical frequency w. Inhomogeneous distribution of resonances of
two-level systems with a homogeneous width in the vicinity of the central transition
frequency wy.

To analyze the coherent dynamics of an ensemble of excitons in nanostructures,
we use the model of an inhomogeneous ensemble of TLS. The interaction of such
a system with a laser pulse is schematically shown in figure 11. Despite a rather
strong simplification, the model correctly describes the main phenomena observed
in the FWM, and also it predicts subtle effects when additional mechanisms are
introduced. The purpose of this section is to demonstrate the general picture of
coherent interaction using a minimal sufficient theoretical formalism. The approach
can be futher developed to solve specific particular problems. The main conclusions
of this section are reflected in our publication [138].

The evolution of a quantum system is determined by solving the von Neumann
equation as described in A.1:

. Op(t)

ih—o = [H(t), p(t)]; (8)

where p - density matrix of the system. Density matrix formalism is described in the
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appendix A.1. The matrix of unperturbed Hamiltonian of the TLS Hy is diagonal

A 0 O
Hy = (0 hwo,) (9)

where wy is the frequency of the optical transition between the ground and excited

in the basis of its eigenstates:

states of the TLS, which has an inhomogeneous spread in the TLS ensemble. Assume

that such a transition is allowed in the dipole approximation, then the Hamiltonian

describing interaction between TLS and an electromagnetic field V = —dFE is given
by:
. 0 d* Ex wt
V= | e (10)
dEye "t 0

where d = (2|d|1) is the matrix element of the dipole moment operator d corre-
sponding to the transition from state 1 to state 2, Ej is the amplitude of the plane

electromagnetic wave with frequency w. Then the total Hamiltonian H=Hy+V

. 0 _d*E* 1wt
= | e, (11)
—dEoe_Mt huwy

For every TLS there is a 2 x 2 density matrix p whose evolution is determined by

1S

the von Neumann equation (8). The off-diagonal terms of the Hamiltonian contain
terms oscillating at the optical frequency, which makes the differential equations
more complicate. Such sticking point can be bypassed by a following modification,
which is equivalent to a transition to a rotating reference frame [18, 94]. Let us

introduce an auxiliary matrix M:

00
- (o) 12
0 w
by which we transform p:

5 Mt ~iMt _ L 0 pu p\ (1 0\ [ pu poe ™ )
. £ o et 0 et | iwt :
P21 P22 € pa1€ P22

One can obtain the von Neumann equation by differentiating p and taking into
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account (8):

op o ~
gy = [ He B 7] = gy, ) (14)
H

Then the matrix of the transformed Hamiltonian ﬁeff does not contain rapidly

oscillating terms:

g (0 —aE) (oo (o —aE)_ (0 @
TN\ dB hwy 0w/ \—dBy KA ) \qp2 A )’
(15)

—24Ey i5 the Rabi frequency A = wy — w is the detuning between driving

h
field and resonance. Thus, we have obtained the von Neumann equation for the

where () =

transformed density matrix and the effective Hamiltonian, which does not depend

explicity on time. Let us rewrite (14) in the following form:

pii P2 _ L o1 — 2pro L (p22 — p11) — Apro (16)
P21 P22 2(p11 — pa2) + Apmn 2510 — L fa1)

These differential equations for the density matrix elements are called the optical
Bloch equations. Since H. #¢ does not explicitly depend on time, the evolution of
p(t) can be determined in terms of the initial state of the original density matrix

p(0) according to A.1 (see equation 67):

p(t) = e_(i/h)Hefftﬁ(O)e(i/h)Hefft, (17)

from which evolution of the original p(t) can be obtained:

p(t) — e—’the—(i/ﬁ)Hefftethp(0)e—the(i/h)Heffteth (18)
2.1.2 The action of an ultrashort laser pulse

Let us consider the action of a ultrashort rectangular laser pulse of duration
tp on a two-level system, at which the phase shift due to the detuning A-¢, < 1 can
be neglected. Then the Hamiltonian [:]ef ;o H, contains only off-diagonal terms,
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and one can obtain an explicit expression for the factors in the expression (17) :

y 0 2\ @t (1927 0
(i/h)Hit, _ I+t + AP +
‘ o (Q/Q 0 ) 2 0 |Q/2

[ cosB/2 ig*sinf/2 (19)
- \igsin0/2  cos6/2 |’

where 6 = |Qt,| - pulse area, ¢ = %‘ Then the action of the pulse leads to the

|
following changes of density matrix in the rotating frame:

pby cos? 0/2 + physin?0/2 — phycos?0/2 + (q*)%ph, sin? 0/2 —
0 —isin /2 cos0/2(q* pa1 — qp12) —iq*sin0/2 cos0/2(pag — p11)
phycos?0/2 + ¢ pby sin? 0/2 — pbysin? 0/2 + phy cos? 0/2 — ’
—igsinf/2 cos0/2(p11 — pa2) —isin /2 cos0/2(qp1a — ¢ po1)

(20)
where the superscripts {b,a} denote the elements of p;; before and after the ex-
citation, respectively. The most illustrative change in the density matrix of the

unperturbed system is under the action of pulse with area § = 7/2;7:

_~_109:_7r/>211¢.~_1oﬂoo (21)
P=P=10 o o\ 1) oo 0 1)

A pulse with area § = 7/2 transfers the TLS from the ground state to a coher-
ent superposition with zero population inversion pes — p11, while the pulse § = 7

completely inverts the TLS to the excited state.
2.1.3 Free precession

In the absence of perturbation, the Hamiltonian H. 7t 1s diagonal, so according

to (17) the evolution of p(t) is given by
~ ~ At
N pun pize’
p(t) - <~ —iAt ~ ) : (22)
p21€ P22
The off-diagonal terms, which are responsible for the polarization, precess at the

detuning frequency, while the diagonal terms responsible for the population remain

constant.
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We did not take into account the phase and energy relaxation so far, which real
systems naturally possess. This is justified when considering the action of ultrashort
laser pulses on the system with duration being much shorter than the characteristic
relaxation times. However, when considering free precession, relaxation can not be
neglected. The relaxation terms I' are introduced into the optical Bloch equations
phenomenologically, which corresponds to the transition from the von Neumann

equation (68) to the Lindblad equation:

ih@=[1ﬁ1,p]+ihf; = (

p22/ Ty —pia/ T3
) e

—por/To —paa/Th

Here T} is the energy relaxation time, and 7% is the irreversible phase relaxation
(dephasing) time. Note that the irreversible phase relaxation rate I'y = 1/T% is

limited from below by the energy relaxation rate I'y = 1/77.
[y =T4/2+T¢, (24)

where I'c - the pure dephasing rate which is determined by elastic scattering pro-
cesses. The presence of relaxation terms leads to exponential decay of the density
matrix elements p during free evolution:

pra(t) = proe VI boo(t) = page /T (25)

2.1.4 Photon echo protocol

Let us consider the two-pulse PE protocol for inhomogeneous TLS ensemble,
shown in figure 12. Initially, the ensemble is in the ground state. Then the first laser
pulse drives each TLS into a coherent superposition. After the action of the pulse,
the systems in the ensemble experience reversible and irreversible phase relaxation,
as well as energy relaxation. The second pulse is delayed by 719 relative to the
first pulse and rephase the ensemble. We will follow the macroscopic polarization
P after the arrival of the second pulse. For clarity, we consider the first pulse with
the area § = 7/2, and the second one # = 7. Note that the main result holds for

arbitrary pulse areas. This protocol can be considered as subsequent action of the
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Figure 12: Schematic representation of macroscopic polarization in the form of a
photon echo (PE in the figure) under excitation of the system by pulses 1 and
2 separated in time by delay 715. For simplicity, pulses are assumed to have a
negligible duration with a finite pulse area.

Hamiltonian Hj, and the unperturbed diagonal Hamiltonian H,f on the 5(0):

L) a1 [ 2o e
—1 1 2 —ie(_iA_l/T2)7'12 6—712/T1

H 1 ( e—T12/T1 _,Le(ZAl/TQ)’7'12> 1;—47'2

ie(iAfl/TQ)Tlg 2 _ 6*712/T1

—r 1 2 (_t/Tl) 1 —_ 2 (TIQ/Tl) _ iA(t—2T12)—t/T2
S (1—2e ) ie (26)
2 jo—1A(t=2m12) /Ty e(ft/Tl)(Qe(ng/Tl) —1)

We have defined the evolution of p(t), hence the evolution of the original density
matrix p(¢) can be calculated according to the rule (13). The polarization Pa
induced by a single TLS is determined by the expectation value of the dipole moment
(d) = Tr(dp)  Re(p12e™") (see Appendix, equation (59)). After the arrival of the
second pulse, P is

P o sin(wt + A(t — 27y9))e /T (27)

Note that at ¢t = 279, the contribution to the polarization phase associated with
optical detuning is zeroed and all TLS in the ensemble become phased. The macro-
scopic polarization P is determined by integration over an inhomogeneous ensemble
of TLS. Considering the Gaussian distribution of the transition frequency wy (detun-
ing Aas well) with the central frequency Wy = w and the variance o = 8In(2) /Ty,

one can obtain
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+00 Yy —4In(2) (t—2712)
P x / sin(wt + A(t — 279))e e 227 dA = Pysin(wt)e Ve T

0.9]

(28)

Finally, the macroscopic polarization envelope, which is detected in the experiment,
has the form of a Gaussian peak centered on ¢t = 27y5. The width of the peak is 75
and the amplitude decays exponentially with time 75. The obtained result is in line
with published calculations |18, 92].

There is a illustrative geometric interpretation of the TLS coherent dynamics
using the Bloch vector S = (u,v,w), whose coordinates in the rotating reference

frame are determined by the elements p

;

u = p12 + p2 = 2Re(p12)
§ v =1i(p12 — p21) = —2Im(p12) - (29)

\w:ﬁ22_511:n2_n1

The vertical projection of the vector S corresponds to the population inversion of the
excited and ground state of the TLS, and the horizontal components correspond to
the real and imaginary parts of the density matrix element p15, which are responsible
for the polarization. In case of TLS, one can adjust the phase in such a way that 2
becomes real [94]. Then the optical Bloch equations are reduced to the problem of

rotation of the vector S

F—(Gx3 (30)

where the vector () = (—€,0,—A). Now we can depict the dynamics of the TLS
ensemble in the PE protocol (26) as the dynamics of a set of vectors S. For this
purpose we use the previous result of the change in p under the action of pulses and

evolution of p during a free precession between pulses, as depicted in the figure (13).

In this part the dynamics of the TLS ensemble in the two-pulse PE proto-
col under ultrashort excitation regime is analyzed. Performing analogous calcula-
tions for the three-pulse photon echo protocol, it can be shown that the amplitude

of the stimulated three-pulse photon echo decays as P o e /11 where 13 is
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Figure 13: Evolution of ensemble of Bloch vectors in PR protocol.

time delay between the second and third pulse. Despite of relative simplicity, this
theory is in excellent agreement with experimental data even in its the basic ver-
sion and describes correctly the PE signal from ensembles of excitons and their
charged complexes in semiconductor nanostructures in the femto- and picosecond
time ranges|1358|. Using the described approach, one can develop the problem for
particular cases |13, 32|. For example, if consider pulses of arbitrary areas, it can be
shown that the PE signal will experience Rabi oscillations when scanning the pulse
area of the first and second pulses [125]. Taking into account a finite pulse duration
leads to shift and modification of the PE peak, and the introduction of additional

relaxation mechanisms leads to a damping of the PE amplitude [115].

2.2 Exciton and trion fine structure and optical selection

rules

The coherent dynamics of an ensemble of TLS systems was discussed in the
previous section. In order to apply the theory in correct way and to describe the
experimentally observed PE signal from excitons and trions, an extended model is
required which takes into account the fine structure of excitons and trions, as well
as selection rules for optical transitions between states.

The energy structure of exciton and trion levels, and corresponding selec-
tion rules are determined by the symmetry of valence and conduction bands. The
subbands originating from atomic orbitals have a certain symmetry and are char-
acterized by the corresponding orbital moment, as depicted in the figure 14(a). In
the GaAs at the I' point, the valence band has 3 p-like subbands with orbital quan-
tum number [ =1, while conductivity band originates from s-like states with orbital

momentum [ = 0. Taking into account intrinsic moment - electron spin S = 1/2,
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total angular momentum (also called spin) quantum number runs the values of
j = |l = s|..l + s and for each total angular momentum j there are 2j + 1 projec-
tions j, = —j.. 4+ 7. Thus, total angular momentum quantum number of electron in
conduction band is j = s = 1/2 (since [ = 0), while electron in valence subbands
has j = 1/2 and j = 3/2. The spin-orbit interaction causes splitting of the valence
subband with j = 1/2, which is therefore called the slit-off band, while the subbands
with j = 3/2 and projections j, = £3/2 and j, = +1/2 are called heavy-hole (HH)
and light-hole (LH) subbands respectively. These two subbands are degenerate in
bulk material, but in QWs and QDs, the degeneracy is lifted due to translational
symmetry breaking. A more detailed description of the fine structure is given, for

example, in the monograph [139].

(a) (b)
1/2 +1/2 -12
G-T ¥+ (/ T0+

+3/2 -3/2

-1/2 +1/2

Figure 14: (a) Band structure of GaAs in the presence of HH-LH splitting. (b)
Optically allowed interband transitions in GaAs.

In order to construct a QW-exciton model one should consider the allowed
optical transitions between electronic states. Among other things, optical selec-
tion rules are determined by the angular momentum projection conservation law.
We restrict ourselves to transitions from the HH subband to the conduction band.
When a circularly polarized photon (o+) with the projection s, = £1 is absorbed,
transitions from the valence band states j, = F3/2 to the conduction band states
J» = F1/2 take place. After such a transition a hole with the opposite projection
j. = £3/2 is formed in the valence band, as shown in the figure 14(b). Let us
consider the undoped structure. The ground state of the crystal corresponds to a
completely filled valence band and an empty conduction band. When an exciton is
formed from electron-hole pair with oppositely oriented spins, it has the J, = £1
projection and it is called bright exciton, since the optical transition from the ground

state to such a state is allowed. If the spins of an electron and a hole in an exciton
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Figure 15: Energy level structure of exciton (a), negatively charged trion (b) and
corresponding optical transitions.

are oriented in the same direction such excitons with the J, = £2 projection are
called dark excitons, since direct optical transitions to such states are forbidden. As
a result, for neutral excitons one can consider a V-type energy level structure with
one common ground state and four excited states, as shown in Fig. 15(a).

The second case is a negatively doped structure with free electrons. The
ground state corresponds to an unpaired electron in the conduction band. This
is two-fold spin degenerate state |+1/2), which is depicted in figure 15(b). An
optical transition leads to creation of a negatively charged trion - two electrons in
the conduction band with opposite spins (singlet state) and a hole in the valence
band. A total trion spin J, = +3/2 equals to the hole spin. As a result, trion states
can be described using a four-level model.

The chapters 3, 4 are devoted to the study of ZnO- and GaN-based quantum
wells. These structures have a wurtzite type crystal structure. The conduction band
is formed from s-type atomic orbitals, while the valence band originates from p-type
orbitals, which splits into three subbands called A, B and C [110]. The order of
subbands and their symmetry have long been a subject of discussion |11, —142].
However, the selection rules allow dipole transitions from subbands A and B to the
conduction band under excitation by light whose electric field is perpendicular to
the crystal growth axis £ L (c) These considerations allow us to model the exciton
ensemble in ZnO and GaN using a V-type scheme, and consider trions as a four-level
system, similarly to the case of GaAs.

Thus, the above approach can be developed to simulate the PE signal from
ensembles of excitons and trions by increasing the number of states. These quasipar-
ticles, described by four- and five-level models respectively, have different selection

rules. Therefore, theoretical analysis predicts that the PE signal from excitons and
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trions has different dependence on the polarization configuration of exciting pulses

[122, 135].

2.3 Spin phenomena studied by photon echo

Consideration of protocols for spin-dependent PE gives rise to observation of
fundamentally new effects [127, 128]. The application of a magnetic field perpendic-
ular to the optical axis (Voigt geometry) causes the precession of the electron and
hole spins at the Larmor frequency, which leads to mixing of states. The total spin
Hamiltonian for an exciton is the sum of the terms corresponding to the Zeeman

splitting of an electron H, and a heavy hole Hj in a magnetic field, as well as the

electron-hole exchange interaction H._; [113]:
He = KB Z ge,ise,iBi (31)
1=2,Y,2
Hy, = —2up Z (kiJh,z' + Qijfii)Bi (32)
1=x,Y,2
He p = — Z a;iSeiJni + biSe,iJ]ii (33)
1=x,Y,2

Here S;, J; - spin projection operator of electron and hole, respectively, g, ; - electron
g-factor components, k;, ¢; - hole Zeeman splitting constants, a;, b; - spin-spin
interaction constants. Due to HH-LH subband splitting in QWs, one can consider
the effective spin operator of the heavy hole S [143], and the total spin Hamiltonian

will be given by:

IA{Z — Z tp(ge.iSei — gh,z‘gh,z’>Bi - CiSe,z'th; (34)
1=x,Y,2
27 3 3 27
Jhy = SQxyghy = —Ghz) Ghz = 6]{32 + ?Qz; Cp = §bx7 Cy = —§by7 C, = 3@2« + sz
(35)

At B = (B,,0,0) Hy has the following form in the basis of exciton states {0,41;-
1;42;-2}:
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In the protocol of spin-dependent photon echo in a transverse magnetic field,
these contributions to the total Hamiltonian are taken into account between the
action of optical pulses during free precession, which leads to the appearance of
oscillations in the PE signal. Such calculation was done for exciton model [130].
Protocols for two- and three-pulse spin-dependent PE from an ensemble of trions
were considered as well, which results were experimentally confirmed [127- ].

)

2.4 Time-resolved detection of picosecond photon echo

In order to study the ultrafast optical coherent dynamics of excitons and trions
we used the degenerate FWM and PE technique with picosecond time resolution in
the dissertation. The section 1.3 is devoted to the review of studies by this method,
and the modeling of the PE protocol is provided in the section 2.1.4.

The objects under study in all subsequent chapters are semiconductor nanos-
tructures with I-type QWs, which are optically active thin layers with pronounced
exciton and trion resonances. A detailed description of the samples will be given in
the following experimental chapters.

To conduct the experiments described in chapter 5, the author built an exper-
imental setup for detection of a degenerate FWM at St. Petersburg State University
(SPbSU) [144]. The arrange of the key components of the setup is shown in the fig-
ure 16. The setup was built by analogy with the original setup implemented at the
Technical University of Dortmund, Germany (TU Dortmund) in the laboratory of
prof. M. Bayer. The author obtained experimental results presented in chapters 3,
4 using that setup. These chapter also provide some differences in the setups used
at that time.

Consider the scheme from figure 16. The setup was described in the authors
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Figure 16: The experimental setup for time-resolved detection of FWM and PE by
means of the optical heterodyne technique.

work [144]. All experiments were carried out at helium temperatures. Cooling the
system down to a few degrees Kelvin makes it possible to avoid additional dephasing
of excitons due to exciton-phonon scattering. To do this, the sample is placed in
liquid helium inside the variable temperature inset (VTI) of a helium closed-cycle
cryostat and cooled down to a temperature of T'= 1.5 K by pumping out the VTI.
Optical excitation of the sample is carried out using spectrally narrow laser pulses
with a duration of about 3 ps, generated by a tunable Ti:sapphire laser with a pulse
repetition rate of fr.ser = 80.82 MHz. The spectral width of the pulse is about
1 meV (figure 17(a)) which is comparable with the typical binding energy of the
trion and biexciton. It provides us opportunitiy to study a selected ensemble of
quasiparticles without exciting other ensembles which have closely spaced spectral
lines.

The laser beam is passing through a set of beam-splitting cubes (BS) and is
split into three separate optical paths, designated as the first (1), the second (2)
and the reference (Ref). Additionally, a small portion of the laser light was split off
to detect the laser spectrum using a spectrometer with a installed charge-coupled
device linear detector. The manipulation of the time delay between pulses 1-2 Tqo
and the delay of the reference pulse relative to the first Tz.; was implemented by
placing retroreflectors (RR) installed on motorized optical delay lines (DL). The

time delay can be set in the range of 0-2000 ps in increments of 0.1 ps. Pulses 1
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and 2 are directed by flat mirrors (M) to a spherical mirror with a focal length of
f = 70 cm, after which the beams are directed to the sample with projections of
wave vectors along the sample plane ki and ks and are focused into a spot with
diameter about 200 pm. The wave vectors are close to the normal to the sample
plane (about 3 — 4°), and the difference angle between them is less than 1° (figure
16). The coherent response from the sample (Signal) consists of several components
- the reflected 1st and 2nd pulses with wave vector projections ki and ks and the
F'WM response with the wave vector projection kpy s = 2ko—kq. After collimation
by the same spherical mirror, these components are directed parallel to each other
to a retroreflector. The displacement of the latter allows to select which component
of the signal component to be directed to a non-polarizing beam splitter, where
the signal is mixed with a reference pulse. A pair of mixed beams outgoing from
the two sides of the beam splitter is focused on the photodiodes of the balanced
photoreceiver.

Interferometric optical heterodyning is utilized for detection of the signal, the
basics of which are described in [10]. The essence of the technique lies in mixing a
weak signal with a reference pulse, the carrier frequencies of which are detuned in the
megahertz range. To do this, a pair of synchronized traveling wave acoustic-optical
modulators (AOM) are installed into the channels 1st and Ref. The frequencies
of AOMs are set independently in the range of 75-85  MHz by a driver. The
optical frequencies of the 1st and Ref beams are shifted by f; = —81 MHz and
frey = +80 MHz, respectively, a result of the diffraction of the first beam to -1
order and the reference beam to +1 order. Therefore, the optical frequency of the
F'WM signal is shifted by frwau = —fi = +81 MHz. As a result of mixing the FWM
signal with the reference pulse, the photocurrent on each of the receivers consists
of a constant component proportional to the sum of the intensities of the signal
and the reference pulse, and an interference component oscillating at the difference
frequency Af = frwam — frey = 1 MHz. The use of a balanced detection scheme
results in the subtraction of the constant components and the doubling of the desired

interferometric signal Ipg;:
L o / (3 Bpypns () B (t — Treg) + c.cJdt, (38)
TDet

where T is the period of integration by the photodetector, determined by the
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frequency bandwidth, Epw(¢) is the envelope of the FWM signal, Ep, (¢t — Trer)
is the envelope of the reference pulse delayed by 7g.; relative to the first pulse.
Since Af < 1/Tpet, the modulation factor can be considered as a slowly varying
function on a given time scale and it can be moved outside the integral sign, so
that the integral is a cross-correlation between the FWM signal and the reference
pulse. Next, the signal is fed to the input of a high-frequency lock-in amplifier (Fast
lock-in), the reference frequency of which is set by the AOM driver Af. Since the
setup does not posses complete interference stability, the quadrature components of
the detected signal X, Y experience significant fluctuations. Therefore, the absolute
amplitude R = v X2+ Y2 is taken from the output of the high-frequency lock-
in amplifier. For further improvement of the detection sensitivity, the first beam
was additionally chopped by a mechanical chopper at a frequency of 1 KHz. The
second synchronous detection is performed by a low-frequency lock-in amplifier at
the chopper frequency. As a result, when scanning the reference pulse delay 7.,
highly sensitive background-free detection of the cross-correlation modulus between

the signal amplitude and the reference pulse is provided.
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Figure 17: Spectrum (a) and auto-correlation function (b) of a laser pulse. Red
solid lines correspond to fitting by Gaussian function.

Since reflected excitation pulses follow parallel to the FWM signal, the cross-
correlation between each of them and the reference pulse can be measured by parallel
shifting the retroreflector. The frequency of detection by high-frequency lock-in is
equal to the side-bands |fref — fi — 2fLaser| and | fres — fraser| for detecting the re-
flected first and second pulses, respectively. When excitation is out of resonance, the
reflected signal will have only a non-resonant reflection component from the smooth

surface of the sample, so the measured signal corresponds to the autocorrelation
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function of the original pulses. Such measurements allow one to calibrate the time
delays between excitation pulses and determine the duration of the pulses, as shown
in the figure 17(b).
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Figure 18: (a) Temporal profile of two-photon (primary) photon echo from exciton
ensemble in 3-nm thick InGaAs QW. Exciting pulses are schematically illustrated.
(b) kinetics of primary PE amplitude decay with increasing 7y5.

Figure 18(a) shows the temporal profile of the modulus of a two-pulse PE
amplitude from an exciton ensemble. The shape of the signal is a Gauss profile and
corresponds to the classical PE from an inhomogeneous ensemble. Since the duration
of the PE is much longer than the duration of the reference pulse, we can neglect
broadening caused by convolution and assume that the measured profile reflects the
true temporal behavior of the PE. The key type of measurement of this work is
shown in the figure 18(b). This is simultaneous scanning of the delays 712 and Tg.y
and detection of the exponential decay of the amplitude of the photon echo peak

Ppg 6_2T12/T2

, measured at Tp.y = 2712. Since the two-pulse PE arrives at the time
t = 2712, the scanning step of the reference pulse delay 7p.¢ is 2 times more than the
scanning step of 715. The three-pulse echo signal occurs at time ¢ = 2715+ 793, so the
scanning step Tres is the same as the step for m3. The experimental setup posses
large number of degrees of freedom - pairs of crossed Glan prisms (Gl) with a half-
wave plate (A/2) between them allow for independent pulse power attenuation. The
cryostat has superconducting magnets producing a magnetic field up to B =6 T,
which was used for spin-dependent PE measurements. The magnetic field vector is
directed horizontally along the sample plane perpendicular to the direction of light
(figure 16), which corresponds to Voigt geometry. Hereafter, we will denote the

horizontal direction along the magnetic field vector by the index H and the vertical
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direction perpendicular to it by V.

The experimental setup provides setting linear excitation and detection polar-
izations of arbitrary direction in the plane perpendicular to the wave vector (plane
(H,V)) using a set of wave plates, some of which are mounted in motorized rotators
(R). This makes it possible to measure the polarimetric dependences of the primary
PE amplitude from excitons and trions in the geometry Hy —H and Hy —V, where
H denotes the linear polarization horizontally oriented relative to the laboratory ref-
erence system, V - vertically oriented linear polarization, ¢ - linear polarization in
the plane (H,V), which is rotated by the scanning angle ¢ relative to the horizon-
tal direction. The first two indexes denote the polarization of the first and second
pumping pulses, and the last index denotes the polarization which is detected. Such
measurements make it possible to determine the structure of the energy levels of
the sample under study, as was shown in the previous chapter. Also, measurements
in several polarization configurations are necessary to obtain information on the
g-factor of the exciton in the spin-dependent PE experiment.

All experiments were performed in automated mode. For this purpose, soft-
ware was written that allowed to obtain the signal from the Lock-in, measure the
properties of the exciting laser pulse - wavelength, spectral width; to set and scan

power and polarization of exciting pulses, as well time delays 712, Tges.
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Chapter 3. Photon echo from excitons and trions in
Zn0O/(Zn,Mg)O quantum wells

The chapter is devoted to the experimental study of the coherent optical dy-
namics of excitons and trions in the structure with ZnO/(Zn,Mg)O. The chapter
contains a brief introduction, a description of the sample, and the original experi-

mental part. The analysis of the experimental data is followed by conclusion.

3.1 Introduction to chapter

Historically, gallium arsenide-based nanostructures were the first to be studied
in the subject of coherent optical dynamics. However, they have a significant limita-
tion: excitonic effects are observed only at helium temperatures due to the relatively
low exciton binding energy of the order of units meV. Structures based on zinc oxide
are more attractive from this point of view, since the exciton binding energy of about
60 meV allows us to observe excitonic effects up to room temperature |[110]. Thanks
to the development of growth technology of zinc oxide nanostructures it has been
possible to create ultraviolet laser sources, including vertical-cavity surface-emitting
lasers [115], LEDs [110], solar cells [117] other opto-electronic and spintronic de-
vices as well [118]. Among the many ZnO-based structures of particular interest
are quantum wells (QWs), whose parameters can be tuned depending on the task
[149, ]. The optical properties of the QWs are determined not only by neutral
excitons (X), but also by excitonic complexes trions (T), which are observed in the
presence of resident charge carriers. Magneto-optical techniques have been applied
to the observation and study of trions in ZnO/(Zn,Mg)O QWs |11, 151] . Four-
wave mixing and photon echo techniques have recently been successfully applied to
study the picosecond coherent dynamics of donor-bound excitons in ZnO epitaxial
layers at helium temperatures [101]. The homogeneous width and inhomogeneous
broadening of the exciton transition in bulk ZnO were also determined [152] and
the coherent properties of biexitons in ZnO/(Zn,Mg)O at room temperature were
studied [153].

This chapter is devoted to the application of the FWM technique to study the
coherent optical dynamics of excitons and trions in the ZnO/(Zn,Mg)O QW.These
studies made it possible to advance the understanding of the energy structure of

exciton states in such quantum wells, determine dephasing and energy relaxation
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times for excitons and trions, and reveal how quasiparticle localization and phonon
scattering affect on the exciton dephasing. Most of the results of the chapter were
published in the co-author’s paper [1541] and were used in the author’s aspirantura

graduate qualification work at St. Petersburg State University.

3.2 The sample description

=

Figure 19: Structure of the sample ZMO1036 containing five ZnO/(ZnMg)O QWs.

The semiconductor heterostructure with five ZnO/(ZnMg)O QWs was used
for the study, the scheme of which is shown in figure 19. The sample (ZMO1036)
was grown on a sapphire substrate along the crystallographic C-axis by radial source
molecular beam epitaxy. The sample consists of a 2 nm thick MgO nucleation layer,
a half-micron (Zn,Mg)O buffer layer, five 3.5 nm thick ZnO QWs with 8.5 nm thick
(Zn,Mg)O barriers, and a top layer of (Zn,Mg)O. To increase resident electrons
density, 6-doping of QWs was applied by two Sb layers symmetrically located inside
the barriers at a distance of 4 nm from the first and last QWs [155]. Since zinc
oxide is intrinsically an n-type semiconductor, the presence of resident electrons
leads to the appearance of [11]| trion spectral lines. The application of J-doping
in the investigated structure led to an increase in the resident electrons density
and to a more pronounced FWM signal from the trion ensemble. We estimate the
doping level inside the QW barriers to be approximately 2 x 10'2 cm~2. The sample
was grown on the substrate at 300 ° C. An additional annealing of the buffer layer
for 5 minutes at 590 ° C was performed before the deposition of the QWs. The
magnesium content in the buffer layer and in the barriers is x = 0.09, which leads

to small built-in electric fields [150].
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3.3 Sample characterization
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Figure 20: Photoluminescence spectrum (blue) absorption spectrum (red) in the
region of exciton and trion resonances measured at 7' = 2 K. Resonances are marked
by vertical arrows. Dashed lines corresponds to typical spectrum of a laser pulse
used for PE measurements.

The basic optical properties of the structure were studied by means of PL
and absorption methods, these spectra are shown in figure 20. The measurements
were carried out in the similar manner to the procedure described in [11], and
the basics of the PL are given in the first chapter of the dissertation. In these
spectra one can observe several features similar to those published in recent studies
of ZnO/(Zn,Mg)O quantum wells using magneto-optical techniques |11, 12]. The
peak at 3.375 eV in the PL spectrum corresponds to the recombination of the T4
trion. This transition manifests itself as a shoulder at 3.381 eV in the absorption
spectrum. The Stokes shift of the order of 6 meV and the half-width of the PL
peak of 9 meV indicate a significant inhomogeneous broadening of the T4 trion
resonance due to localization. The absorption spectrum also contains two features
not observed in the PL spectrum. They are located at 3.395 and 3.405 eV and
correspond to A (X4) and B (Xp) excitons.

3.4 Spectrally resolved photon echo

To study the coherent optical dynamics of excitons and trions, the PE tech-
nique with picosecond time resolution was applied. The experimental setup is similar

to that given in the previous section 2.4. The main differences are as follows. Since



Figure 21: Schematic of optical excitation of the sample and FWM signal detection.

the energies of the excitonic and trion transitions are of the order of 3.4 eV, the
second harmonic of the titanium-sapphire laser pulse with a repetition frequency
fraser = 75.75 MHz was used for resonant excitation. The ultraviolet pulses out-
going from the frequency-doubling crystal have a duration of about 1.3 ps, whose
spectrum is shown in figure 20. To measure the three-pulse stimulated (SPE), an
additional delay line was introduced to control the time delay of the third exciting
pulse relative to the first pulse 713. The third pulse was mixed with the second
pulse and hit the sample with the same wave vector ks = ko as shown in figure 21.
Since the substrate is transparent, the FWM signal was detected in the transmission

geometry.
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Figure 22: FWM temporal profile upon excitation of the system by a sequence of
three pulses separated in time.

When a structure with multiple quantum wells (MQW) ZnO/(Zn,Mg)O is
excited in the spectral range of X4 and T4 transitions, the FWM manifests itself
as a photon echo. Figure 22 shows a typical temporal profile of the FWM when
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the sample is excited by a sequence of three laser pulses with delays T19 = 26.7 ps
and To3 = 13.3 ps with laser photon energy £ = 3.378 eV. The signal consists of
three separate PE peaks occurring at the expected time moments: PEg at Tpep =
2719 = 53.4 ps and PEy3 at Tges = 2(Ti12+ To3) = 80 ps — two-pulse spontaneous PE
produced by a sequence of pulses 1-2 and 1-3; SPE at Tg.y = To3 + 2T12 = 66.7 ps
— three-pulse SPE produced by all three pulses.
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Figure 23: Temporal profiles of two-pulse PE from trions T (a) and excitons X 4
(b) at different delays Tys.

According to discussion in Chapter 2, increasing the delay Ti2 in the two-
pulse experiment leads to an exponential decay of the PE amplitude, from which we
can derive the irreversible phase relaxation (dephasing) time 75 of the state, which
determines the homogeneous line width. Figure 23(a) and 23(b) show the decay of
the PE profile from the ensembles of T4 trions measured at £ = 3.378 eV and of
excitons X4 measured at ' = 3.394 eV, when a delay t12 delay is scanning.
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Figure 24: The amplitude of spontaneous PE from trions T’y as a function of am-
plitudes of the first and second pulses. Dashed lines correspond to linear (a) and
parabolic (b) function.
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Figure 25: Color-map of the spontaneous PE amplitude as a function of energy F
and delay 2. Bottom panel - spectral dependence of times Ty and 77. Additional
PL spectrum is depicted by solid curve on the left bottom panel.

It has been verified that the exciting with the maximum available energy
density of pulses (200 nJ/cm?) does not lead to deviation from x® regime of mea-
surements and it does not cause significant additional excitation induced dephasing.
Figure 24(a) and 24(b) show the dependence of the PE amplitude from T4 trions
at Tio = 26.7 ps as a function of the amplitudes (square root of the energy) of the
first and second excitation pulses. The echo amplitude expectably grows linearly

(figure 24(a)) and parabolically (figure 24(b)), which corresponds to the Y regime

Spontaneous PE and stimulated PE kinetics were measured with spectral res-
olution in the region of excitonic and trion optical transitions. A review of similar
studies on GaAs-based nanostructures is given in Chapter 1 [104]. During the mea-
surements, the central wavelength of the tunable laser was fixed while delays Ty
and Toz were scanning. In contrast to the [114] femtosecond technique, the use of
picosecond laser pulses and ability to precisely tune laser wavelength make it pos-
sible to study the coherent dynamics of quasiparticles by selective excitation of the
ensemble of interest.

A panoramic picture of the spectral dependence of the PE decay kinetics,

measured in the spectral region of the optical transitions X4, Xg and Ty, T in
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steps of about 1 meV, is shown in figure 25. These data clearly show the difference
in the dynamics of the two types of quasiparticles. Note that the dynamics of
X4 and T4 has a long-lived character in contrast to the Xp and T. The latter
possess significantly stronger but short-lived signal ( look at log-scale by color). The
coherence of excitons Xpg and trions T decays on the sub-picosecond timescale, so
the temporal profile is limited by the duration of the laser pulses. The kinetics of
spontaneous PE from the T4 trions are shown in figure 26(a). One can observe a
nearly mono-exponential decay character at tjo > 10 ps. In the decay curves of the
spectral region above 3.376 eV one can notice a spike in the signal at the first few
picoseconds, associated with the contribution from the Tz trions. By approximating
the kinetics by exponential decay in different parts of the spectrum, we can obtain
T5 value of Ty trions and X4 excitons. These values are shown in the bottom panel
of the figure 25. For both ensembles, an increase of the optical coherence time is
observed as the transition energy decreases. The maximum observed T time of T4
trions reaches 60 ps. For X4 excitons, the maximum value of T5 is 4.5 ps, which is
significantly longer than the T5 of free excitons in the ZnO epitaxial layer exhibiting
subpicosecond-scale dephasing [101]. One reason for such a short exciton coherence
time may be the efficient formation of trions from excitons due to the relatively
large density of resident electrons. This fact also manifests itself as weak PL signal
from excitons X4, which is not observable in a linear scale in the figure 20. It is
worth noting the strong difference in behavior between the trions and excitons of
the two types A and B. We believe that this difference in the properties of coherent
dynamics is due to fast energy relaxation from the high-energy states of the B
subband to the low-energy states of the A subband.

The population dynamics of the excited state was investigated by the three-
pulse stimulated photon echo method. For this purpose, we fix the delay T1o =
13.3 ps and scan the delay To3 by detecting the signal amplitude at delay Trey =
2T1o + To3. The kinetics of the spectrally resolved population decay of the T4
trions is shown in figure 26 (b). We can not say that these curves have a true
monoexponential decay, but it is possible to distinguish a fast component at the
beginning and a long-lived tail. By approximating the rapidly decaying part by an
exponential decay Ppg o e~ ™¥/T1 we obtained the spectral dependence of the value
of T for the trion transition T4, shown in the bottom left panel of the figure 25.

One can see that the time 77 increases with decreasing trion energy and reaches
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Figure 26: Kinetics of spontaneous PE decay (a) and SPE decay (b) measured with
spectral resolution in the region of the T4 trion transition.

a value of 102 ps. The ratio Ty ~ 0.5 - T} indicates the presence of additional
dephasing mechanisms in addition to the energy relaxation of the ensemble. From
the approximation of the long-lived component, we obtained energy relaxation time
values in the range up to 250 ps, which is in agreement with the T4 lifetime of
200 ps obtained earlier in a similar structure with ZnO/(Zn,Mg)O MQW using the

time-resolved PL measurement |12].

3.5 Temperature-dependent study of coherent dynamics

Temperature measurements of FWM are extensively used to study the phonon-
assisted dephasing and energy relaxation of excitons and exitonic complexes [100,
, , 156-159]. We detected the kinetics of spontaneous PE and SPE decay from
trions with energy £ = 3.376 eV as a function of sample temperature in the range
T = 1.4 : 15 K. The kinetics are shown in figure 27(a) and (b), and the extracted
values of irreversible dephasing rate I'y = h/T5, energy relaxation rate I'y = h/T)
and pure dephasing rate I'. = I'y — I'1 /2 are shown in figure 27(c).

Firstly, one can see that the population dynamics is weakly dependent on tem-
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Figure 27: PE (a) and SPE (b) decays from trions measured at spectral region
3.376 ev as a function of temperature. (c) Temperature dependence of dephasing
rate [y (squares), energy relaxation rate I'y (circles), and pure dephasing rate I'.
(triangles). Linear approximation is plotted by dashed lines.

perature up to 7" = 10 K, while a monotonic decrease in the SPE amplitude with
increasing temperature is noticeable. Some increase in the population relaxation
rate with increasing temperature may be a sign of trion delocalisation accompanied
by absorption of acoustic phonons, as previously observed in GaAs/AlGaAs quan-
tum wells [156, 157] and CdTe/CdMgTe [105, 158]. It is worth noting that these
works considered a nonlinear increase in the total dephasing rate I's, rather than a
separate component of I'; /2, corresponding to the energy relaxation. However, the
delocalization process leads to a change in the population of localized states, so we
can draw an analogy between our data and the published results.

From the available experimental data it is difficult to distinguish between the
linear and non-linear regime of I'y due to the inaccuracy of the extracting of decay
rate from fitting and of the sample temperature in the region T > 4.2 K, since at
such temperatures the sample is not immersed in liquid helium, but in helium vapour
leading to a weak thermal contact. It also limits the accuracy of pure dephasing
data I'.. One can distinguish a linear growth with coefficient v &~ 2 pueV/K related
to trion scattering on acoustic phonons and a residual dephasing I'; ~ 9 eV, which
is independent of temperature, so that I'. = I'y+~T'. The linear dependence of the
dephasing rate is more typical for free exciton complexes than for strongly localized
states [105]. The calculated coefficient v was found to be close to the recently

determined value for donor-bound excitons Dy X4 in the ZnO epitaxial layer [101]
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(about 2 peV/K). However, in the latter case a temperature-independent dephasing

I'; was not observed.
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Figure 28: Spectral dependence of I'y, I'y and I, extracted from the data presented
in figure 25. Gray curve corresponds to spontaneous PE spectrum, measured at
T = 6.67 ps. Arrow indicates spectral point where temperature measurements were
done.

In order to determine the origin for the additional trion dephasing, the spectral
dependencies of I'y, I's and I'. were extracted from the data presented in figure 25.
The results are presented in figure 28. One can see that all rates I'1, I'. and total I'y
increase strongly with increasing trion energy, i.e. the effects of dephasing and energy
relaxation depend significantly on trion localization. At T'= 1.5 K the contribution
of elastic scattering on acoustic phonons can be neglected (vT' &~ 3 pueV). Therefore
we can say that in this case the main contribution to the pure dephasing rate is

governed by the temperature-independent contribution I'y.

3.6 An analysis of the experimental results

The observed monotonic increase of I'; and I's rates of A trions and A excitons
with increasing energy as well as the presence of a Stokes shift between the PL and
absorption spectra can be explained by the localization of these quasiparticles on
the fluctuations of the quantum well potential. Such fluctuations arise, for example,
due to variations in the thickness of the well width, the content of the barriers and
presence of built-in electric fields resulting from the inhomogeneous distribution of
donors in the doping layer. The different degree of localization of particles within the

inhomogeneously broadened ensemble can lead to a spread of the oscillator strength,
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which defines population relaxation rate I'y. Due to the fact that the exciton and
trion binding energies are larger than the characteristic value of the localisation
energy, the latter mostly affects the wave function of the center of mass rather than
the relative motion of electrons and holes in the exciton or trion [104]. The problem
of trion localization have been considered so far in the quantum wires only [160]. In
the case of localized excitons in the QW a relatively weak decrease of the oscillator
strength has been found [161], which cannot cause such a dramatic change of time
Ty shown in figure 28. Therefore, we conclude that this change is caused by the non-
radiative relaxation of trions inside the random potential landscape accompanied by
phonon emission.

The strong increase of the dephasing rate I'y with increasing energy of trions
T4 can also be explained by localization of the trions. High-energy trions are weakly
localized or even non-localized. Such trions may experience elastic scattering at
rough interfaces of the quantum well. In such scattering process the energy of the
trion is retained, but phase is lost.

Additionally, the effect of spectral diffusion of trions within an inhomogeneous
ensemble on phase and energy relaxation has been estimated. The results of these
measurements [1541] show that the contribution of spectral diffusion to the trion
energy relaxation rate, measured in the center of the spectral line, I'gp is about
5 peV, which is consistent in order of magnitude with the I'y change within the
spectral region shown in figure 28. However, a contribution of this effect does to the
total trion dephasing rate I'sp/2 ~ 2.5 meV is not substantial in this case.

A similar effect of exciton and trion localization on coherent dynamics has
been observed previously in heterostructures of different composition [104, , 162].
Although a recent study of the coherent dynamics of exciton complexes in a single
CdTe/CdMgTe quantum well has shown an opposite decrease in coherence time
as the energy of excitons localized on the neutral donor Dy X [l 15] decreases. It
is worth noting that such effects depend significantly on the growth technology
and the design of the heterostructure. By optimizing the growth parameters the
QW excitons can be localized, weakly localized or completely delocalized, and the
contributions of different dephasing mechanisms can take place so that a detailed

analysis is required in each individual case.
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3.7 Conclusion

We have investigated the picosecond coherent dynamics of excitons and tri-
ons in ZnO/(Zn,Mg)O MQW by means of the technique of two- and three-pulse
photon echo using spectrally narrow laser pulses. The difference in the coherent
dynamics of A and B excitons and trions was shown experimentally. The subpi-
cosecond dynamics of type B quasiparticles is determined by fast relaxation to A
states. We have successfully demonstrated a strong decrease of pure dephasing rate
and energy relaxation rate with an increasing of the degree of trion localization T's
at low temperature. The reasons for this are a smaller influence of elastic scattering
at roughness of the QW interface and non-radiative relaxation, as well as spectral
diffusion inside the inhomogeneous trion ensemble, respectively. In addition, many-
body interactions are less pronounced for strongly localized particles, however we
have not observed significant effect of excitation-induced dephasing in the available

excitation power range.
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Chapter 4. Long-lived photon echo from exciton in
(In,Ga)N/GaN multiple quantum well

The chapter is devoted to the study of the coherent optical dynamics of exci-
tons in an (In,Ga)N/GaN 100 multiple quantum wells by two-pulse and three-pulse
photon echo in the ultraviolet spectral range. The chapter contains a brief intro-
duction, a description of the sample under study, the results of original studies of
PL and PE spectroscopy in the region of exciton transition and measurements of
PE decay kinetics at different temperatures. At the end of the chapter an analysis
of the results is given, indicating a strong localization of excitons on the structure
fluctuations, similar to the localization of particles in quantum dots. Main results

were published in the author‘s paper [163].

4.1 Introduction to chapter

The optical properties of gallium nitride-based nanostructures are similar to
the aforementioned zinc oxide-based systems. Thanks to the large value of exciton
binding energy, (In,Ga)N/GaN QWs are widely used in optoelectronics, for exam-
ple, as a platform for ultraviolet light-emitting diodes and lasers [1(41]. However,
the growth quality of the structures, as in the case of zinc oxide, is still imperfect
so far, and the structures possess composition disorder along the well plane, which
naturally affects the optical and transport properties of the optical excited states
[164-167]. The main reason of the disorder is the thermodynamic tendency to sep-
arate the InN-GaN phases during the structure growth [167]. The nature of the
disorder depends significantly on the growth conditions |16, |, and procedures
such as increasing the growth temperature [108], hydrogen admixture [170], usage
of structure annealing [171] or growth interruption [172] can be used to control the
phase separation process. The presence of fluctuations leads to spatial localization
of excitons in deformation potential |15, |, which, firstly, leads to an inhomoge-
neous broadening of the exciton resonance, and, secondly, to a decrease of exciton
oscillator strength due to inhomogeneous local electric fields. In addition, localized
states are less influenced by inelastic scattering and non-radiative relaxation on such
structural defects as dislocations. Taking into account these peculiarities, localized
excitons in (In,Ga)N/GaN QWs can are expected to have a long dephasing time.

For a detailed analysis of the effect of composition fluctuations on the coherent
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properties of excitons in (In,Ga)N/GaN QWs, the two- and three-pulse PE technique
is extremely useful, providing a rich set of information about dephasing, energy
relaxation, and determination of the homogeneous width hidden due to significant
inhomogeneous broadening. To date, only a few work have been published in which
FWM was used to study the coherent properties of excitons in bulk GaN [173, |
epitaxial layers [175, 176] and GaN-based QWs [117, 177]. These studies show fairly
short exciton times 75 in the subpicosecond range. However, all the mentioned works
used the femtosecond technique, which is characterized by a significant impact of
many-body processes on the dephasing rate. This chapter of the dissertation is
devoted to the study of coherent dynamics using picosecond technique, the main

results of which are presented in the paper of the candidate [163].

4.2 The sample under study

Metalorganic chemical vapour deposition was used to grow the investigated
structure. A substrate consists of sapphire with a 2 um thick grown GaN layer. A
subsequent 700 nm thick GaN buffer layer was grown at 1030 °C and a pressure
of 2-10* Pa. Next, an array of 100 2.5 nm thick (In,Ga)N/GaN QWs was grown.
The sample has a composition and thickness gradient of the structure layers because
substrate rotation was not performed during the growth.

X-ray diffraction analysis of the structure provided estimates for the average
indium concentration in the well of about 7.5 % and the barrier thickness of 69.5 nm
[178] . For such a periodic structure, the Bragg reflection condition can be satisfied,
which appears as a peak in the reflection spectrum [169]. At helium temperatures,
this peak is located in the energy region of 3.393 eV (365.4 nm) and has a width
of about 32 meV (3.5 nm). In this chapter, excitons with a lower transition energy
are studied, so we do not expect significant effects associated with the crossing of

exciton and Bragg resonances.

4.3 Sample characterization

To determine the basic optical properties of excitons in MQWSs, we carried
out time-resolved PL spectroscopy with a streak camera in transmission geometry
at T" = 1.5 K. Optical excitation was performed by a picosecond laser pulse with

an energy of 3.44 ¢V (360 nm). The data measured with a time resolution of about
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20 ps are shown in figure 29(a).
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Figure 29: (a) Time-resolved PL spectrum. (b) Spectral dependence of extracted ex-
citon lifetime T( (squares) superimposed on the time-integrated PL spectrum (line).

The measurements show emission from a wide spectral region with a decay
time distribution that varies significantly within the emission region. The time-
integrated PL spectrum, which is shown in figure. 29(b), comprises of two Gaussian
peaks with a large inhomogeneous broadening. The main peak located at an energy
of 3.154 eV has a full width at half height (FWHM) of 46 meV corresponding to
exciton emission, and an additional peak at FWHM 62 meV is a phonon replica
shifted from the exciton peak to an optical phonon energy of 89.5 meV [179]. The
PL kinetics were approximated using exponential decay for a set of energies. Spectal
dependence of exciton lifetime Ty is presented in figure 29(b). The results show an
almost monotonic increase of Ty from 0.8 to 4.5 ns with decreasing exciton transition

energy.
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Figure 30: (a) FWM temporal profile (black), consisting of PE and SPE peaks. Red
peaks indicate arrival time of exciting pulses. (b) PE Amplitude as a function of
amplitude of the first pulse P, with superimposed linear fit.

4.4 Spectrally resolved photon echo

The coherent dynamics of excitons in (In,Ga)N/GaN MQW was studied using
the two- and three-pulse PE technique (see figure 21). The FWM experimental setup
was used in a configuration similar to that presented in the 3.4 section. Excitation
by a sequence of three pulses with 719 = 6.7 ps and 793 = 20 ps with a photon energy
hw = 3.20 eV leads to the appearance of a FWM transient signal, which temporal
profile is shown in figure 30(a). It consists of two Gaussian-shaped peaks: the first
is located at 279 = 13.3 ps and corresponds to the spontaneous PE, and the second
occurs at the time 2719 + 793 = 33.3 ps and corresponds to SPE. The FWHM of the
PE peak is 4.3 ps, which is determined by the convolution of the true PE profile
with a reference pulse of duration of about 2.0-2.4 ps (1.5-1.8 meV). An increase
of the first pulse amplitude P;, defined as the square root of the pulse energy, to
the maximum available, corresponding to an energy density of 200 nJ/cm?, does
not lead to a deviation from the linear growth of the PE amplitude, as shown in
figure 30(b). In this case, the intensities of the second and third pulses were at
least two times lower during the measurements. Therefore, we can assume that the
measurements correspond to the X<3) regime.

The use of the spectrally narrow picosecond technique made it possible to

selectively excite excitons with different localization energies and to measure the PE
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Figure 31: PL (blue) and spontanecous PE spectra (red) in the range of exciton
resonance.

with spectral resolution. Figure 31 shows the dependence of the spontaneous PE
amplitude from inhomogeneous exciton ensemble in the (In,Ga)N/GaN MQW at
T = 1.5 K as a function of the central laser energy with superimposed PL spectrum
from figure 29(b). The time delay was fixed to T3 = 13.3 ps. The figure demon-
strates the observation of the spontaneous PE signal in an extraordinary wide spec-
tral range of photon energy E = 3.16 — 3.24 ¢V (382-392 nm). The spectrum has
periodic modulation, which we attribute to Fabry-Perot cavity interference between
light reflected from the sample surface and from the GaN /sapphire substrate inter-
face [178]. With this modulation taken into account, the spectrum of the primary
PE can be approximated by a Gaussian contour with FWHM 43 meV (= 5 nm).
Such a large inhomogeneous broadening compared to the spectral width of the laser
pulse ~ 1.7 eV, as well as a short duration of the PE, confirm that the PE response
is formed by a subensemble within the laser pulse spectral region. At the same
time, a comparison of the absorption and PL spectra for similar samples at room
temperature gave a shift of the order of 20 meV [178].

Measurement of the spontaneous PE amplitude as a function of delay 7o at
a fixed photon energy makes it possible to obtain the signal decay kinetics. Fig-
ure 32(a) shows a color-map of the spectral dependence of the spontaneous PE
decay kinetics in the region of the exciton transition, and a set of kinetics for several
photon energies is shown in figure 32(b). The measurements show almost monoex-
ponential decay in the presented spectral range, which is expected for our model.
Approximation of the kinetics using the exponential decay o< exp(—272/T5) gives

the value of the dephasing time T and the corresponding dephasing rate I'y = A/T5.
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Figure 32: (a) Color-map of the spontaneous PE amplitude as a function of both
time delay T12 and photon energy with a step of 4 meV. (b) Set of decay kinetics
of spontaneous PE amplitude (dots) at different photon energy with approximation
by exponential curves (dashed).

The spectral dependence of these quantities is shown in figure 33. The figure shows
a monotonic increase of time T5 from 45 to 255 ps within a wide region of the exciton
transition, which corresponds to an increase of the decay rate I's from 2.6 to 15 pueV

as the photon energy increases.
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Figure 33: (a) Spectral dependence of times 77 (green), T (blue) and rate I'y (red)
within the spontaneous PE spectrum (grey) from figure 31.

Similarly, spectral measurements of the three-pulse SPE decay were carried
out. During the measurements, for a given photon energy, we scanned the delay To3

while delay T19 was fixed and the SPE amplitude was detected. The measurements
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show exponential decay o exp(—Te3/T1) with the population relaxation time T .
Experimental curves for a set of photon energies are shown in figure 34. The data
demonstrate non-trivial population dynamics in the initial time period. Approxima-
tion of the curve section with T93 > 50 ps gives the spectral dependence T} shown in
figure 33. The dependence also shows a monotonic increase of time 717 from 0.4 to
1 ns with decreasing photon energy inside the exciton spectral range. The obtained
values of T are several times larger than the corresponding values of T5 and are
closer to the exciton lifetimes Ty extracted from time-resolved PL kinetics, which
are in the range 0.9 — 2 ns. For the segment T93 < 50 ps, due to the lack of a
dynamic range of the SPE amplitude change, one can only give an approximate
estimate of the relaxation time 77 in the range of 50-100 ps, which is much closer

to the obtained values of the dephasing time 7T5.
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Figure 34: SPE decay kinetics (dots) measured at several values of photon energy
with superimposed exponential approximation (dashed).

4.5 Temperature dependent measurements of photon echo

The influence of phonons on the coherent dynamics of excitons can be analyzed

by measuring the FWM signal decay kinetics at different temperatures [101, :
—159]. The strength of this method for studying exciton and trion dephasing
processes in ZnO/(Zn,Mg)O MQWs is demonstrated in the previous chapter, so
we applied the approach to study (In,Ga)N/GaN multiple QW. The PE and SPE
decay kinetics of excitons measured at photon energy hw = 3.183 eV and different
sample temperatures are shown in figure 35(a) and (b) respectively. The spontaneous

PE signal decays much faster with increasing temperature, while the SPE decay
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Figure 35: Spontaneous PE (a) and SPE (b) decay kinetics measured at different
temperature.

kinetics mainly experience only a decrease of the amplitude at a fixed delay Tos,
while the decay rate does not change significantly in the available temperature range.
Approximation of the kinetics by exponential function gives us the temperature
dependence of Tj, Tb and the corresponding I'y, I's values, which are shown in
figure 36(a) and (b).

The temperature dependence of the dephasing rate can be approximated by
the dependence I'y = T'Y + T +b; /(eF/##T —1), plotted in figure 36 (b). The linear
increase at T' < 10 K with the coefficient v = 0.7 peV /K corresponds to dephasing
due to scattering of excitons by acoustic phonons. The extracted coefficient + is close
to the value we obtained for trions in the ZnO/(Zn,Mg)O MQW and to the reported
values for donor-bound excitons in the ZnO epitaxial layer [101] (= 2 peV/K).

The nonlinear increase in the dephasing rate at 7' > 10 K cannot be related
to scattering by longitudinal optical phonons, whose energy is about 90 meV in
such structures. Approximation by an activation-type dependence gives the value
E; = 5.7 meV, which can characterize the typical localization energy. A similar
behavior of the dephasing rate was previously observed for localized excitons in

QDs [180]. Thus, we see that acoustic phonons can significantly affect the coherent
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[y (b).

dynamics of excitons in (In,Ga)N/GaN QWs.

4.6 Discussion

The spectral dependencies of the exciton energy and phase relaxation times
T1 2 can be related to the influence of exciton localization in QW fluctuating poten-
tial. The observed monotonic growth of T7 and T5 with decreasing exciton transition
energy resembles the spectral dependence of the relaxation times of the T4 trions in
the ZnO/(Zn,Mg)O MQW which was considered in the previous chapter. However,
(In,Ga)N/GaN nanosctructures are substrantionally different due to the presence of
a significant compositional inhomogeneity, the nature of which significantly depends
on the growth technology. During the growth of the sample under study, special
attention was paid to reducing the inhomogeneous broadening [109]. Nevertheless,
a significant Stokes shift of about 20 meV at T'= 300 K and 40 meV at T'=1.5 K
reveals a pronounced spatial localization of excitons in the QW and consequently a

large inhomogeneity.
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The peculiarities of potential fluctuations in (In,Ga)N/GaN QWs as well as
the causes of their origin were studied by various methods, such as transmission
electron microscopy [165], near-field optical microscopy [181], and scanning tun-
neling luminescence spectroscopy [182]. In the last work, it was shown that the
micro-photoluminescence spectra show the presence of significant potential fluctua-
tions with characteristic sizes of about 3 nm, which can be considered as fluctuation
quantum dots. Exciton Bohr radius in GaN is also about 3 nm [183], so we can
assume that localization and piezoelectric effects make an impact on the radiative
relaxation rate, which determines 77.

Another possible reason for the increase of the exciton relaxation rate with in-
creasing transition energy is the enhancement of the light-exciton interaction due to
the special spatial periodicity of the structure. When the condition of Bragg diffrac-
tion from the QWs at the exciton transition frequency is satisfied, a superradiant
exciton-polariton mode arises in the QW as a result of the electromagnetic coupling
of the N QW, and the radiative decay rate increases N times [184]. Such effects were
observed in FWM experiments in GaAs-based Bragg structures [185]. However, as
mentioned earlier, the PE signal was measured in a longer wavelength range than
the spectral location of the Bragg peak at helium temperatures (3.392 eV), so we do
not expect such an effect in our case. Moreover, the observed large inhomogeneous
broadening of about 43 meV compared to the homogeneous width on the order of
20 peV makes a superradiant regime at low temperatures highly inlikely .

Temperature measurements showed a relatively weak effect of acoustic phonons
on exciton dephasing with a linear coefficient of 0.7 peV /K. This fact also indicates a
strong localization of excitons in the fluctuating potential similar to the potential of
fluctuating quantum dots. For comparison, the linear coefficient for exciton-phonon
scattering in InGaAs/GaAs QDs was as small as v = 0.5 peV /K [180], or was absent
up to the measurement accuracy [130].

The presented study of the picosecond coherent dynamics of excitons in
(In,Ga)N/GaN QWs is the first work of this kind, so direct comparison of the ob-
tained results with published works becomes difficult. In most of the works devoted
to the study of strongly localized excitons the micro-photoluminescence method
was used to study the properties of individual states at low temperatures. The PL
spectra of a single Ing15GaggsN/GaN QW 3 nm thick at ' = 4 K have peaks cor-
responding to individual exciton states with linewidths up to 800 peV [187]. The
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implementation of mesas with size of 0.2 um for Ing;GagoN/GaN MQWs made it
possible to observe the PL lines of individual highly localized excitons with a width
of 400 peV at T' = 4 K [188]. The authors also concluded that spatial indium ac-
cumulation leads to the localization of excitons at the QD-like potential minima.
For comparison, we can estimate the homogeneous width 2hI'y for T' = 4 K. Taking
into account the contribution of the exciton-phonon interaction 297 ~ 6 ueV, the
width 2AI'y is in the range of 11-35 peV depending on the transition energy. The
value is an order of magnitude smaller than the previously reported values obtained
by micro-PL spectroscopy. As a possible reason for the value discrepancy, one can
suggest the influence of the broadening of the PL spectral lines due to spectral wan-
dering (spectral jitter) caused by the fluctuation of the static potential during signal

acquisition.

4.7 Conclusion

We have detected a photon echo signal in the ultraviolet range from localized
excitons in a periodic structure with (In,Ga)N/GaN QWs. Utilizing the two-pulse
picosecond PE technique, we were able to measure the homogeneous width of lo-
calized excitons with spectral resolution at helium temperature. The obtained ex-
perimental data showed the coherent dynamics of excitons in our structure at much
longer timescale compared to previous studies of similar structures with a higher in-
dium content by the micro-photoluminescence. The exciton dephasing time reaches
255 ps, which is much longer than the typical dephasing times for localized excitons
in quantum wells AM-BY GaAs/(Al,Ga)As [157], (In,Ga)As/GaAs [159] and AL-BV!
structures CdTe/(Cd,Mg)Te [115] and ZnO/(Zn,Mg)O [151], in which dephasing
times are in the range of tens of picoseconds. Spectral measurements demonstrate
a monotonic fivefold increase of the dephasing time as the localization of excitons

imncreases.
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Chapter 5. Spin-dependent photon echo from excitons in
InGaAs/GaAs quantum well subject to a transverse
magnetic field

This chapter presents an experimental study of the spin-dependent photon
echo from an ensemble of excitons in a thin (In,Ga)As/GaAs quantum well subject
to a magnetic field applied along the sample plane. The chapter contains a brief
introduction, a description of the sample, experimental data on linear and nonlin-
ear spectroscopy of exciton resonance, an analysis of the model describing optical
coherence precession between bright and dark exciton states, and a comparison of
experimental results with theoretical predictions. The main results of the chapter

are reflected in the author’s publications |11, , 191].

5.1 Introduction to chapter

The preservation of coherence is a key property of the system considered
as a platform for all-optical information processing in the classical and quantum
way. In this context, increasing the dephasing time of the system is a relevant
task. The potential of the spin-dependent PE technique as a powerful nonlinear
tool for investigating the coherent dynamics of exciton complexes in nanostructures
is demonstrated in the section 1.3.2. The combined use of the action of light pulses
on the structure and the application of an external magnetic field makes it possible
to combine the advantages of these two phenomena and obtain ultrafast optical
control of the system state and long-lived information storage in the spin subsystem
[127, 128].

Coherent control protocols based on spin-dependent PE involve, as an oblig-
atory initial step, the transfer of optical phase information between states with
different spin projections by applying a transverse magnetic field. The implemen-
tation of this step imposes a condition on the system 75 > 27/, where T5 is the
optical dephasing time and () - angular Larmor precession frequency. In the case
of relatively small magnetic fields B ~ 1 T, suitable systems are an ensemble of
trions [127, 128] or donor-bound excitons [129] with long time T, and a relatively
large g-factor value. However, the use of neutral excitons in this kind of protocol

has not been successfully implemented so far. The limiting factors include the fast
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dephasing of excitons, as was shown in chapter 3.

This chapter will present original research on the application of neutral exci-
tons as a platform for coherent optical control with a spin degree of freedom. For
this purpose, we have chosen a model system, which is a high-quality sample with a
single (In,Ga)As/GaAs QW. Previous studies of such structures have demonstrated
an extremely low non-radiative broadening of the exciton spectral lines, whose value
is comparable with the radiative width determined by the radiative recombination
rate [31]. Such structures manifest an effective transfer of optical coherence into the
exciton system, which allows us to observe a relatively long time T5. It gives us a
fundamental opportunity to observe several periods of oscillations of electron and
hole spins in the exciton in the spin-dependent PE signal.

The fundamental difference between charged and neutral excitons lies in the
energy level structure discussed in section 2.2. In addition to bright excitons that
actively interact with light, there are dark excitons that do not directly interact
with light. In the case of GaAs-based QWs, such states are excitons with the total
angular momentum projection onto the growth axis of the structure S, = +2, for
which optical transitions are forbidden. Such dark excitons do not have a direct
radiative recombination channel, so their 77 time must be longer than the T} time
of bright excitons. If the main mechanism of phase relaxation is associated with
energy relaxation, then a similar relationship is also expected for dephasing times
T.

Information about dark exciton states can be obtained in various ways. The
incoherent luminescence of dark excitons was found in two-dimensional structures
of transition metal dichalcogenides by applying a transverse magnetic field of tens
of Tesla [192, |, as well as by using the coupling with surface plasmon polaritons
[194]. Dark exciton emission has also been demonstrated in QW [195], QD [190]
and carbon nanotubes [197]. For coherent control of the dark exciton spin state,
biexciton states were used without the application of an external magnetic field
in single QDs [198, |. The FWM revealed spin-flip transitions between bright
and dark excitons in GaAs/AlGaAs QWs [200] and colloidal CdSe/CdS QDs [201].
It is also worth mentioning the work on the study of the influence of a magnetic
field on the exciton coherent dynamics on the femtosecond time-scale [202, ].
The oscillations in the two-pulse PE signal as a result of mixing of bright and

dark excitons were modelled theoretically [136], but have not been experimentally
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demonstrated so far. In this chapter, we provide the experimental implementation
of such a protocol for a spin-dependent picosecond two-pulse photon echo, which

includes long-lived dark excitons.

5.2 The sample under study

A high-quality sample was grown by molecular beam epitaxy on a GaAs sub-
strate along the (100) direction. The sample was grown at the Nanophotonics Re-
source Center at SPbSU. During the growth process, the substrate was rotated to
increase the homogeneity of the structure. A 1000 nm thick GaAs buffer layer was
grown on the substrate, followed by a single 3 nm thick InGaAs quantum well with
an indium concentration of about 3-4 %. The cap layer of GaAs with a thickness

of 170 nm was grown on a QW layer.

5.3 Linear spectroscopy of the structure

The basic optical properties of the structure were determined using linear tech-
niques such as reflection and PL spectroscopy. Reflection spectroscopy was carried
out at a low optical excitation density in order to minimize nonlinear effects. Opti-
cal excitation was carried out at the Brewster angle by linearly polarized light, the
electric field vector of which lies in the plane of incidence (p-polarization). The laser
beam was focused into a spot 150 x 50 pm. The resonant reflection of light from a
QW in such a geometry was considered in the 1.2.3 section, and the reflectivity spec-
trum in the vicinity of the exciton resonance can be approximated by the Lorentzian
curve, according to the expression 7 [189, 204|. The approximation makes it possible
to determine the values of the radiative width AI'y and the nonradiative broadening
hI'NR.

The reflectivity spectrum from a sample with an (InGa)As/GaAs QW at T =
10 K is shown in figure 37(a). One can see an isolated resonance corresponding to
the transition of a heavy hole exciton in a QW (X). The peak is centered at the
photon energy Ex = 1.510 eV and has an amplitude of 0.1 and a half-width at half-
maximum (HWHM) of 105 peV. Approximating the peak by the Lorentzian contour,
which is shown by the dash-dotted line, we obtain the values for the radiative width
ALy = 3543 peV and the non-radiative broadening Al'Y , = 704+ 3 peV. The ratio

AU, & 2RI gives us an estimation of the efficiency of optical coherence transfer
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Figure 37: (a) Reflectivity spectrum measured in the Brewster geometry (solid),
fitting by Lorentzian curve (long-and-short-dashed curve), and excitation laser spec-
trum (short-dashed curve) used for the FWM experiment. (b) PL spectra for o+
polarized excitation and copolarized (red) and cross-polarized (blue) detection and
DCP spectrum (triangles).

between light and excitons which indicates the high quality of the sample.

The PL spectra measured at T = 4 K are shown in figure 37(b). For excitation,
laser radiation with circular polarization (04) was tuned to exciton resonance in
bulk GaAs (hw = 1.515 €V). The beam was focused on the sample surface into
a spot about 50 pm in diameter. The PL signal was detected in copolorized o+
(red curve) and cross-polarized o— (blue curve) circular polarization. With these
measurements, the degree of circular polarization of the PL signal was calculated as
follows: DC'P = %, where I* is the intensity of co-circularly-polarized (cross-
circularly-polarized) PL with respect to the excitation polarization. The main peak
corresponding to the X exciton has almost no Stokes shift with respect to the line
in the reflectivity spectrum. On the low-energy side, an additional peak is observed,
which we attribute to the emission of heavy hole biexcitons (X X). One of the
arguments in favor of such an identification is the lower degree of DC'P in the
X X region compared to the exciton luminescence X, which partially preserves the

initial polarization of the exciting light, as shown in figure 37(b). Such behavior
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is typical for an exciton-biexciton system [205]. The splitting between the peaks
Eyxxy = 1.1 £ 0.2 meV is close to the published biexciton binding energies in
GaAs/AlGaAs and InGaAs/GaAs QWs [205-207].

These measurements demonstrate how important it is to utilize the picosecond
laser technique for studying the exciton coherent optical dynamics in this case.
Femtosecond excitation by pulses with a spectral width of the order of 20 meV was
extensively used to study similar structures by FWM and PE [104, —209]. Such
spectrally broad excitation leads to the instantaneous excitation of various ensembles
of quasiparticles, including excitons, trions, and biexcitons. As a result, the FWM
signal exhibits a nontrivial oscillating temporal behavior even in the absence of an
external magnetic field. The use of spectrally narrow picosecond laser pulses in this
work allows us to selectively address only the exciton ensemble eliminating many-
body interactions. Thus, the following PE measurements were carried out with
the laser tuned to the X exciton resonance, so we can omit biexciton states in the

subsequent data analysis.

5.4 Photon echo from excitons in (In,Ga)As/GaAs QW

Figure 38: The schematic of excitation and detection of PE signal from the sample
with InGaAs/GaAs QW subject to an in-plane external magnetic field (Voigt ge-
ometry).

To study the coherent dynamics of excitons subject to a transverse magnetic
field, we used the technique of a spin-dependent two-pulse spontaneous PE. To
carry out these experiments, an experimental setup was built at Resource Center

"Nanophotonics" of St. Petersburg State University, the scheme of which and the
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Figure 39: (a) Temporal profile of spontaneous PE from excitons in QW, measured
at several delays Tys.

principle of operation are described in the section 50. The schematic of the current
implementation of the setup is shown in figure 38. The key feature compared to
previous experiments is the application of an external transverse magnetic field B :
which is directed along the sample plane and is parallel to the horizontal direction
of the laboratory frame of reference (H), while the light is incident close to normal
to the sample plane. This configuration corresponds to the Voigt geometry. The
measurements were carried out using linear polarized excitation and detection. The
polarization configuration is denoted below as XY — Z, where X and Y are the
polarization of the first and second exciting pulses, and Z is the detected signal
polarization. The main polarizations of the experiment: horizontal (H), parallel to

the vector B, and vertical (V), orthogonal to the vector B.
5.4.1 Zero magnetic field

Figure 39 demonstrates the FWM signal from an exciton ensemble in the
(In,Ga)As/GaAs QW, measured with a picosecond time resolution in the HH—H
geometry at zero magnetic field for several delays T15. The signal, as expected,
has a form of the spontaneous PE peak, which reaches its maximum at the time
Tref = 2T12. In contrast to the ZnO/(Zn,Mg)O and (In,Ga)N/GaN structures, the
shape of the echo profile from the exciton ensemble under study tends to the form
of a Gaussian peak with FWHM of about 20 ps when Ty9 increases. Note that the

depicted signal is a cross-correlation between the FWM signal and the reference
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Figure 40: PE amplitude at T1o = 15 ps as a function of the angle between the linear
polarization planes of the first and second exciting pulses ¢, when the first pulse is
polarized along the H direction, and detection was performed along the H direction
(blue) and orthogonal V direction (red). The solid and dashed lines correspond to
the experimental data and theoretically predicted response, respectively [135].

pulse with FWHM of 3 ps. However, such a long time profile of cross-correlation
allows us to assume that the detected signal reflects the near-true temporal profile
of the PE while the additional broadening due to convolution of the signal with the
reference pulse can be neglected. Such a long duration of the PE signal corresponds
to a relatively small inhomogeneous broadening of the frequency distribution about
92 peV. As the delay Tqo increases, the PE peak decays exponentially with the
dephasing time 75 = 30 ps. Further, we will focus on the magnitude of the peak PE
amplitude, that is, the magnitude of the cross-correlation signal at Tr.; = 2712.

To confirm the excitonic nature of the ensemble under study, we applied the
recently developed method of PE polarimetry [135, 130]. Since excitons and trions
(as well as donor-bound excitons) have different polarimetric dependencies of the
PE on the polarization excitation configuration, we can use this property to de-
termine the type of quasi-particles that form the PE signal. The analysis of these
dependencies is given in 2.2. In particular, when the exciton ensemble is excited by
linearly polarized pulses rotated relative to each other by an angle ¢, the PE signal
will also be linearly polarized, the polarization plane will coincide with the one of
the second pulse, while the amplitude of the signal will depend harmonically on ¢
x cos(p) [137].

Polarimetric measurements of the PE signal are shown in figure 40. They rep-

resent the dependence of the PE amplitude on the angle ¢ when a linearly polarized
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signal is detected along direction H (blue curve) and V (red curve) and the first
excitation pulse was always linearly polarized along direction H. The curve Hy —H
has two maxima of the same amplitude, and the curve Hy —V has four symmetrical
maxima, the amplitude of which is almost half the value of the maxima of the curve
Hy —H. This is indeed the behavior which is theoretically expected for the exciton
model (shown in figure 40 by the dotted line), and which has been demonstrated on
the exciton ensemble in the CdTe/(Cd,Mg)Te QW [135]. The qualitative agreement
between the experimental data and theoretical simulations confirms the fact that

the investigated resonance corresponds to an ensemble of neutral excitons.
5.4.2 Photon echo in a transverse magnetic field

The key experiment of this work is the measurement of the PE amplitude
decay when time delay Tyo is scanning which we will call PE decay. Figure 41
shows a set of such decays measured in HH—H (a) and VV—V (b) geometries
when an external transverse magnetic field (Voigt geometry) is applied in the range
B =0—-06T. In a zero magnetic field, the behavior is identical for both geometries,
characterized by a monoexponential decay with bright exciton dephasing time 79 =
30 ps. Note that these curves show no sign of exciton-biexciton beats [209] since the
picosecond technique allows us to fine-tune the central laser wavelength to exciton
resonance. This fact allows us to omit the biexciton states in our further theoretical
consideration.

The application of a transverse magnetic field in the Voigt geometry along the
H direction, leads to a radical change in the signal. Oscillations begin to appear in
the PE decays in both geometries. In the case of HH—H, the frequency of these
beats increases monotonically with the field B, while in the VV—V geometry the
kinetics changes slightly in the range of fields B > 2 T. Let us also note that the
signal experiences nontrivial behavior at B = 1 T in the geometry HH—H and at
magnetic fields from 1 T to 6 T in the geometry VV—V. In these cases, instead
of harmonic oscillations, we observe aperiodic regime, at which PE signal reaches
a minimum only once and then decays with a longer characteristic time compared
to the initial 7%. All these peculiarities point to the importance of constructing a
theoretical model that correctly describes the dependence of the PE signal on delay

T12, magnetic field B, and polarization configuration.
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Figure 41: The kinetics of decay kinetics of PE amplitude from excitons subject
to transverse magnetic field (Voigt geometry). The curves are offset vertically for
clarity.

5.5 Model of an exciton ensemble in a quantum well

subject to a transverse magnetic field

Let us consider the model of excitons with a heavy hole in a QW, which is
described in the section 2.2. It consists of 5 states characterized by the projection
of the total angular momentum (for brevity, we will call it spin below) onto the
quantization axis S,: the ground state of the crystal with S, = 0, a pair of bright
exciton states with S, = £1, and a pair of dark exciton states with .S, = +2. The
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Figure 42: Schematic representation of exciton states and the interaction of excitons
with light in a transverse magnetic field. Black arrows indicate allowed optical tran-
sitions under the action of circularly polarized light o+, dotted ellipses correspond
to the Larmor precession of the electron (blue) and heavy hole (red) spins.

level scheme is shown in figure 42. These excitons are formed from electrons in the
conduction band with spin s¢ = 1/2 (I° = 0, s = 1/2) and heavy holes in the
valence band with spin j* = 3/2 (I" =1, s"" = 1/2) [58, 139, 210, 211].

Let us show that the observed oscillations in the PE decays are caused by the
action of a magnetic field on excitons. The transverse magnetic field in the Voigt
geometry causes the Larmor precession of the electron and hole spins in the exciton,
depicted by dotted ovals in figure 2.2. The precession of the electron spin projection
s¢ = £1/2 leads to the mixing of bright exciton states S, = +1 (S, = —1) with
dark states S, = +2 (S, = —2), while the heavy hole spin precession ;" = £3/2
mixes the states S, = +1 ; (S, = —1) with states S, = —2 (S, = +2) [78, 143,

|. Indeed, such mixing of bright and dark excitons occurs during the formation
of photon echo [127, 128].

The spin-dependent PE experiment can be considered analytically by solving
the Lindblad equation (23) for the exciton density matrix p by analogy with the
case discussed in section 2.1.4. The same approach was used to analyze the spin-
dependent PE from trions in the CdTe/(Cd,Mg)Te [127, 130]. The equation has the

following form:

7
pP=—7

h

where H is the Hamiltonian of the exciton system, and I' is the phenomenologically

[H,p]+T, (39)

introduced relaxation matrix containing only phase relaxation terms. In our case, it
is important to take into account the dephasing rates for both bright ~, and dark ~,
excitons. The Hamiltonian includes three terms describing the unperturbed exciton

system, the interaction with light, and the action of a transverse magnetic field,
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respectively. In a zero field, the exchange interaction between an electron and a hole
in an exciton causes a splitting of the exciton states, as shown in section 2.3. The
splitting between doublets of bright and dark excitons is determined by the isotropic
exchange interaction constant dp. The anisotropic exchange interaction leads to an
additional splitting of these doublets |55, |, but we will not take it into account
for simplicity of calculations, since the anisotropic exchange interaction is usually
much weaker than the isotropic one. The total Hamiltonian has the following form
in the basis of exciton states S, = {0;+1; —1; +2; —2}:

0 el fret: 0 0
o f+e_l_“’t 2wy + 0o/ h 0 We Wi,
H = 5 foemwt 0 2wy + 0o/ R w, We : (40)
0 We W, 2wy — 0o/ B 0
K 0 Wy, We 0 2wy — /R /

Here wy is the angular frequency of the exciton resonance, w is exciting light angular
frequency, w. and wj, are the angular frequencies of the Larmor precession of the
electron and hole spins, respectively, and fi is the coefficient proportional to the
envelope of the circularly polarized components of exciting light pulse E,=:

2€iwt

fe(t) =— . /d(T)Egi(r,t)d?’r, (41)

where d(7) is the transition matrix element of the dipole moment between the ground
state and the bright exciton state. Rotating wave approximation will be used for
the calculation, we will also assume that the time profile of the laser pulses has a
rectangular shape. A further significant simplification is to separate in time the
interaction with the laser pulses and the evolution of the system at the rest of the
time [127-129, |. Such a procedure is justified, since the pulse duration (3 ps)
is significantly shorter than the dephasing times and the Larmor precession period
at the considered magnetic field range. Therefore, we can neglect relaxation and
precession in the magnetic field during the action of the pulses.

The analysis shows that the macroscopic polarization is determined by the
elements of the density matrix p;2 and p3, which, as a result of integration over

an ensemble of excitons with an inhomogeneously broadened resonant frequency wy,
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has a maximum in the form of an echo pulse at ¢ = 2T19. The final expression for
the PE amplitude, P, for collinear linearly polarized excitation and detection has

the form:

P(a) oc e 272 | Ry cos® a + Ry sin® a|2, (42)

R

where v = @ is the average dephasing rate, « is the angle between the light
polarization plane and the magnetic field direction. Components Rgy are defined

as follows:

i%—A”y

HYV

RH,V = COS(Q]—LV’TlQ) -+ Sin(QH’VTlg), (43)

where Q- is the effective Larmor precession frequency:

5 2
QH,V - \/Q%]o,vo + (2_% + iA'V) ) (44)
we T w —
Qrovo = Th, Ay = 1 5 1 (45)

P has the simplest form for a = 0°, corresponding to the geometry HH—H (see
figure 38), and for « = 90° (VV—V geometry), therefore the main measurements

were carried out in these polarization configurations.

5.6 Experimental results and discussion

The expression for P (42) makes it possible to describe all the presented PE
decays in the entire available range of the magnetic field. Below we will consider in
more detail the most significant features of the model in comparison with experi-
mental data. To do this, we will refer to figure 43, where the most illustrative cases
are provided.

In a zero field, the expression (42) reduces to a monoexponential decay P o
e~ 21" corresponding to the classical case of PE from an ensemble of bright excitons,
the fitting of the data is shown in figure 43(a). For B > 0, an oscillating term R
is superimposed on the exponential damping. The coherence oscillation between
light and dark exciton states with different dephasing rates 7, 4 leads to significant
changes, namely the precession frequency €2y - henceforth depends on the difference

A~. The expression for R can be represented as a combination of oscillating and non-
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Figure 43: Photon echo decays from excitons (dots) and fit by the model 42 (solid)
at B=0;1T (a) and B=6T (b).

oscillating components, the ratio between which determines the temporal behavior
of the signal. However, under the conditions Ay < [Qgovo| and dp/h — 0, the
behavior is close to the product of exponential decay and a single frequency harmonic
function. If the dephasing rates are the same -, = 74 the expression (42) coincides

with the result of the previous modelling [130]:

53 SiHQ(QH’VTlg)) (46)

P 20T [ cos?(Qy v
Yy X € ( (QpyTi2) + 172 2,

A similar situation with a small decay time correction is realized for large fields
B > 3 T in the HH—H geometry, as shown in figure 41. The most illustrative
case is observed at B = 6 T, which is shown together with the approximation in
figure 43(b). The implementation of the automated fitting made it possible to si-
multaneously fit a series of experimental curves measured in the geometries HH—H,
VV—=V DD—D, and DX—D using common fitting parameters. The indices D and
X correspond to linear polarizations rotated with respect to the direction of the
field (H direction) by the angle 7/4 and 37/4. The DX—D geometry corresponds

to cross-linear excitation and signal detection, and the expression for the PE ampli-
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Figure 44: Exciton PE decay (blue dots) at B = 6 T, measured in various polar-
ization geometries. Red line illustrates the fit with common parameters for all four
measurements.

tude in this geometry has the form:

0
Ppx_p o 6_27“2\ cos(2yT12) — cos(QyTi2) + z(%i + 1 A7y) X
SiD(QHTlg) B Sin(Qleg) |2 (47)
Qg Qv

Figure 44 depicts one of such series measured at B = 6 T. One can see the qualitative
and quantitative agreement between the theoretical dependence and the experimen-
tal data in the dynamic range of signal of three orders of magnitude.

The PE decay kinetics obtained at B = 1 — 3 T in HH—H geometry and
at B>1T in VV—V geometry demonstrate non-trivial behavior characterized by
aperiodic signal oscillation. However, the presented model correctly describes the
measurement data, as shown in figure 43(b). To get a clearer picture of the processes
taking place, we have considered in detail a simplified case with a negligible value
of the exchange interaction [190]. Next, we present the result of the analysis for the

aperiodic regime.
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5.7 Nonoscillatory regime

Let us consider the aperiodic behavior of the system in more detail, simplifying
the initial problem. First, let us assume dy = 0. Second, let us show that, using
linearly polarized excitation, the problem of the dynamics of a five-level system can
be reduced to the problem of a three-level system. In order to do this, we have to
change from the basis of excitonic states {0;+1; —1;+2; —2} to the basis of linear
states {0; H1; V1; H2; V2}:

1) = B0 gy L2)2)

V2 o V2o
(48)
V1) = o o) = BRE
The Hamiltonian of the system has the following form in this basis:
( 0 f;leiwt Z-f‘*/eiwt 0 0 \
fHe_iwt hUJO 0 hQHO 0
Hip= | —ifye™ 0 hwy 0  hQp |, (49)
0 FLQHO 0 th 0
\ 0 0 "y 0 hwp

where fpy(t) = —e“' [d(r)Egy(r,t)d®r , Eg = E*\%E*, Ey = % It can
be shown that states |H1), |V1) will experience phenomenological dephasing at the
rate of bright states ~,, while states |H2) ,|V2) will decay with the rate 74. If the
exciting light is linearly polarized along the direction H (Ey = 0), a three-level
subsystem can be selected, the dynamics of which will be isolated from the other
states. The diagram of the states in both bases, as well as the three-level subsystem
is shown in figure 45. The Hamiltonian of the subsystem in the basis {0; H1; H2}

has the form:

0 f;'_kjeth 0
Hy=| fye ™ hwy H"Qpo |- (50)
0 Qo huwo

Therefore, the evolution of the system in the PE protocol in the geometries
HH—H and VV—V can be found by solving the Lindblad equation (39) for the

three-level system. To calculate the PE signal, we only need to determine the
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Figure 45: Diagram of exciton states in the basis {0; +1; —1; 4+2; —2} (a) and in the
linear basis {0; H1; V'1; H2;V2} (b). Green arrows indicate Larmor precession of
electron and hole spins in exciton, vertical arrows illustrate allowed optical transi-
tions. Dashed oval indicates three-level subsystem.

evolution of the density matrix elements pg; = pj, and pg2 = p5y. Let’s assume that
the system is initially in the ground state and p has a only non-zero element pyy = 1.
For clarity we consider the first pulse with the area © = | fyt,| = 7/2, and the
second pulse with the area m. Then the action of the first 7/2-pulse leads to change
of the elements pg;(0) = —%, po2(0) = 0. The second m-pulse inverts the system
po1(Tiz + 0) = po1(T12)* + C1, po2(T12 + 0) = Cy, where pg;(T12) and pg;(Ti2 + 0)
denote the elements p before and after the action of the pulse, and Cy and C5 are
constants that do not contribute to the PE signal.

The evolution of the elements pg;(Ti2) in the interval between pulses under
the action of a transverse magnetic field can be found within the rotating wave
approximation by analogy with the case described in section 2.1.4. The dynamics
of the transformed density matrix p for a system with zero detuning (w = wyp) will

be governed by the relaxation term I' and the Hamiltonian:

0 0 0
H=|0 0 & |. (51)
0 Qo O

From the Lindblad equation for the p matrix, one can obtain a closed system of

equations:
ipo1 = —S2oPo2 — 1YsPo1 (52)
1p02 = —SdEH0P01 — 1YaPo2

Let us change to Bloch equation variables u, = 2Re(ppa), va = —2Im(poa) (o =
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1,2), noting that u; = v = 0 throughout the experiment:

{ U1 = —Qpous — N1 (53)

Uy = Qv — YouUs

The action of the first m/2-pulse sets the initial conditions for the given system:
v1(0) = 1 and u2(0) = 0. Then the evolution of the system during the time between

pulses t = 115 is determined by the solution:

Ul(Tlg) = e T2 (COS(QTlQ) — % SiH(QT12)>

UQ(TlQ) = 6_7T12% Sin(QTlg)

where () = \/W is the effective Larmor frequency coinciding with Qg at
dp = 0. The expression (54) defines the dynamics during both the interval between
the pulses t = 0..7112, and after the action of the second pulse ¢t = T15..2T15. The only
difference is initial conditions. Macroscopic polarization P according to section 2.1.4
is given by P = Tr(dp) = 2Re (dpo1 (g0, t)). The final expression for PE amplitude

has the form:

A 2
Ppi ~ e~ 272 |cos(Q119) — %sin(ﬁ’clg) . (55)

The solution (55) for the three-level system is consistent with the solution for the
five-level system (42) at 69 = 0. The zeros in the PE kinetics correspond to the zeros
of the element v1(T12) responsible for the macroscopic polarization. The relation
Qpo/A~ determines the sign of the radical expression for €2, and therefore one can
observe oscillating behavior (o > A7), critical regime (Qpo = A7) and the
aperiodic regime (29 < A~y). The expression for the PE amplitude in these modes

1S:

;

2
e 2T (cos(QTlg) — % sin(QTlg)> , Qo > A~;

Ppp ~ ¢ 6_2’“12(1 — A’YT12)2, Qo = A% (56)

2
=270 (cosh(|2miz) — fif sinh(Q2r12)) . o < Ay,
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Figure 46: The evolution trajectory of elements vy, us at Ay = 0 (a) and in the
case of different dephasing rates (b) at /A~y = 6 (green), Q/Ay = 1 (red) and
/Ay = 0.5 (blue).

The behavior in these modes can be clearly demonstrated by depicting the
solution (54) as an evolution trajectory on the (v, us) plane, as shown in figure 46.
At A~ = 0, the evolution of the system over time T2 is uniform concentric spiral
twisting towards the center (figure 46(a)), intersections of the us axis correspond
to zeros of PE signal. Figure 46(b) demonstrates how, as A~ increases, this spiral
first stretches (green curve), then passes through the critical regime (red curve) to
aperiodic behavior (blue curve). The aperiodic regime looks like an "infinite" fall
to the center of coordinates after crossing the y-axis.

Indeed, an analysis of the experimental data shows that the aperiodic behavior
of the PE decay is observed at B < 1 T in the HH—H geometry, which is caused
by the difference in the dephasing rates of the bright and dark states. Note that
an analogous result can be obtained for the perpendicular geometry VV—V. In
this geometry, we also observe aperiodic behavior in the entire available range of
magnetic fields, since the frequency €2y changes slightly with increasing magnetic
field, in contrast to the monotonically increasing frequency Q.

To demonstrate the transition through the critical regime, we measured the
PE decay kinetics in the HH—H geometry in the range of low magnetic fields with a
small step in the field magnitude. The measurement results are shown in figure 47.
They demonstrate a smooth transition from monoexponential decay with the de-
phasing time of bright excitons to an oscillating regime through the aperiodic one.
An additional proof of the aperiodic behavior is the presence of a distinct signal
maximum measured at a long delay T15 = 250 ps during the B-scan. At B ~ 0.5 T

the maximum is reached which corresponds to the critical regime.
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Note that the signal at time T19 = 150 ps increases by about an order of
magnitude when the field B ~ 0.5 T is applied. At the same time, according to
the solution of the simplified model (46) [136], which does not take into account the
difference in dephasing rates, the kinetics should always be limited from above by
the exponential decay curve at zero field. Experimental observation of an increase
in the amplitude, as well as decay time at large delays, clearly demonstrates the
manifestation of the coherent dynamics of long-lived dark excitons. The simple
model, whose approximation is shown in green in figure 47 (b), cannot adequately
describe the dynamics at large delays. The consideration of different dephasing rates
provides a good approximation of the experimental data using the expression 55.
It can be shown that in the aperiodic regime the signal tends to monoexponential
decay with the dark exciton dephasing time 74 at large T1o [190]. An analysis
of the decay kinetics at B = 0.4 T provides a value for dark exciton dephasing
time T4§ = 250 4 30 ps, which is more than eight times the dephasing time of
bright excitons. We attribute this large difference to the absence of a radiative
recombination channel for dark excitons, which limits the coherent dynamics of
bright excitons. Thus, we have shown that the application of the spin-dependent
PE protocol for an ensemble of excitons can be used to increase the optical coherence

time of the system.

5.8 Larmor precession in photon echo

Under the condition Qg9 = v, the decay kinetics in collinear geometries
should be the same, but in figure 41 we clearly see the difference between the mea-
surements in the HH—H and VV geometries —V. This fact indicates the presence
of both electron and hole spin precession occurring during the spin-dependent PE
experiment. Therefore, to obtain more complete information about the spin dynam-
ics of an electron and a hole in an exciton, it is necessary to carry out measurements
in both geometries.

The considered model (42) allows us to approximate the data from figure 41,
which provides information about the Larmor precession frequencies of the electron
we and hole spin wy in the exciton. The analysis results are shown in figure 48.
The frequency w, linearly depends on the magnetic field. From the approximation

of the data by the expression w, = %, we obtain the value for the electron
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g factor in the well plane |g. | = 0.44 £ 0.05. This value coincides with that for
bulk GaAs [210), , 211] and is close to the values for thin InGaAs/GaAs QWs
[215, 216]. The obtained value indicates that the electronic wave function is mainly
distributed inside the barriers of the GaAs well, which is expected in the case of a
low percentage of indium in the thin well layer.

The measurements also reveal the presence of hole spin precession. Moreover,
the frequency wy, depends non-linearly on the applied magnetic field magnitude. The
corresponding in-plane hole g factor becomes comparable with that for an electron at
B = 6 T and reaches the maximum value |g; | | &= 0.3. The hole g-factor is known to
be highly anisotropic in GaAs-based nanostructures [217] due to the hole sub-band
splitting with spin projections +3/2 and £1/2 due to the lowering of dimensionality.
Therefore, heavy holes do not experience Zeeman splitting in a transverse field due
to the zero matrix element of the operators J, = J, = 0 [113, , 216]. The non-
Zeeman interaction of heavy holes is admissible by the symmetry of the Luttinger
Hamiltonian and is described by the cubic terms J2, J;’ and the Luttinger coefficient
q [217, 218]. The latter is usually also considered a small correction or is set to zero
for simplicity. Despite this, there are several studies in the literature about the
detection of a non-zero value of g |, which was mainly associated either with the
coefficient ¢ [219] or the presence of anisotropic perturbations [130, 131, 217].

The obtained value of |gj | | is in the range of reported values for InGaAs/GaAs
QDs 0.15 — 0.6, in which mechanical stresses and admixture of light-hole states
take place [220), |. The recently reported dependence of the in-plane hole g
factor on the magnitude of the applied magnetic field was a consequence of the
mixing of the states of a heavy and light hole [222]. In addition, the third order
perturbation theory predicts a contribution to |gp 1| [218]. The experimental points
are well approximated by the cubic dependence shown in figure 48, however, the
obtained coefficient of the cubic term is three orders of magnitude greater than the
expected value, determined by the heavy-hole-light-hole splitting. In our case, all
the above mechanisms can take place, and additional measurements are needed to

identify individual contributions, as, for example, were carried out in a work on

spin-dependent echo in CdTe/(Cd,Mg)Te QWs and (In,Ga) As/GaAs QDs [130,
|.

Note that in contrast to other techniques for studying spin coherent dynamics

the spin-dependent photon echo has an advantage of the capability to measure the
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electron and hole Larmor precession frequencies in the range of low magnetic fields.
It is since the signal experiences beats at the sum or difference frequency, depending
on the polarization geometry. Spin-dependent PE measurements provide us only
the absolute value of the g factors, and from the data we see that both of them have
same sign. Since electron g-factor was determined to have a negative sign [215, 210],
the hole g factor is also negative.

Zeros of the PE signal are expected when there is no polarization in optically
active states (po1 = po2 = 0) at the moment of arrival of the second exciting pulse
t = T12. The data shows (figure 41) that the oscillating decay does not reach zero. At
least two mechanisms can lead to this behaviour. The first is related to the exchange
interaction responsible for the splitting of bright and dark exciton states in a zero
external field. From the approximation of the data shown in figure 43 we can provide
an upper estimate for d; < 10 peV. The second mechanism is associated with the
presence of an inhomogeneous spread of g-factors, which can reach one third of the
g-factor of a heavy hole in InGaAs/GaAs QDs [223]. The inhomogeneity leads to
smoothing of the oscillations in the vicinity of PE zeros and to the contrast decrease
at a high field magnitude and long time delay. The spread can be included in the

model by convolution of the expression for the PE amplitude with the Gaussian
_(gh*QhO)Q

distribution of the heavy hole g factor Py ~ [ Pe A0 dgp,, where P is the
integrated PE amplitude, P is the PE amplitude from the sub-ensemble with gy,
gno — the average value of the g-factor and Agj, is the spread of the g-factor. Figure 43
shows the best approximation with a spread of % = (0.03. Since in the presented

experiments both of these mechanisms manifest themselves in a similar way, we can

Agn

only give upper estimations for the quantities oy and m

5.9 Conclusion

In this chapter, we have demonstrated the experimental observation of the
oscillating behavior of spin-dependent two-pulse photon echo from an exciton en-
semble in a narrow (In,Ga)As/GaAs QW subject to external transverse magnetic
field in the Voigt geometry. The oscillations are due to the Larmor precession of the
electron and hole spin forming the exciton. The presence of long-lived dark exciton
states led to the observation of a new aperiodic regime of the spin-dependent PE

signal. In this regime the dephasing time can be increased by more than 8 times due
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to the mixing of bright and dark exciton states. The developed theoretical model
correctly describes all the main features of the coherent dynamics and makes it pos-
sible to obtain a rich set of information about the dephasing time of bright and dark
excitons, the electron and hole g factors, and the exchange interaction constant.
The high accuracy of the method in relatively low magnetic fields made it possible
not only to detect a nonzero in-plane hole g factor, but also to reveal the nonlinear

dependence of the hole Larmor precession on the applied transverse magnetic field.
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Conclusion

The dissertation demonstrates the successful application of the picosecond
photon echo technique and its further development for a comprehensive experimental
study of the coherent optical dynamics of excitons and trions in semiconductor
quantum wells in the infrared and ultraviolet spectral ranges. The main results of

the dissertation are the following:

1. We have shown how the technique of two- and three-pulse photon echo using
narrow-spectrum laser pulses, can be used to comprehensively study the picosec-
ond coherent dynamics of excitons and trions in a 5 ZnO/(Zn,Mg)O multiple
quantum well structure even at the presence of a large inhomogeneous broad-
ening. The method we use clearly demonstrates the possibility of separation
of various contributions to the phase and energy relaxation of an ensemble of
quasiparticles. The difference of the coherent dynamics of excitons and trions
of both types A and B was experimentally shown. The T4 trions were found
to be the most long-lived states, whose time 715 is in the range from 8 to 60 ps,
and the time T} vary from 28 to 102 ps. The main dephasing channel of T4
trions at T' = 1.5 K is not associated with energy relaxation, but is determined
by pure dephasing. Temperature measurements made it possible to distinguish
the contribution to the T4 trion dephasing associated with acoustic phonons
scattering. We have succeeded in demonstrating a strong decrease of dephas-
ing and energy relaxation rates with rising T4 trion localization degree at low
temperature. We attribute this behavior to a less pronounced elastic scattering
on the roughness of the quantum well interface and to decreased nonradiative

energy relaxation inside the inhomogeneous trion ensemble.

2. The dissertation presents the first experimental investigation of the picosecond
coherent dynamics of excitons in a multiple-quantum-well structure with a hun-
dred (In,Ga)N/GaN quantum wells in ultraviolet spectral region revealed by
the photon echo. The work has shown that in such structures localized excitons
retain optical coherence at times of hundreds of picoseconds, and the energy
relaxation time 77 reaches 1 ns with increasing localization. Temperature stud-
ies have revealed the non-linear increase of the exciton dephasing rate. The
obtained experimental results indicate a strong quantum dot-like localization of

excitons on the QW potential fluctuations.
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3. We have experimentally demonstrated for the first time the oscillating behav-
ior of the spin-dependent two-pulse photon echo from excitons in a narrow
(In,Ga)As/GaAs QW subject to an external transverse magnetic field in the
Voigt geometry. According to the theoretical model describing the experimen-
tal data the observed oscillations are related to the Larmor precession of the
spin of an electron and a hole forming an exciton. The observation became
possible only due to the selection of a high-quality structure in which the ex-
citon dephasing time is long enough to make a complete oscillation cycle. We
consider the successful implementation of the protocol of spin-dependent PE on
an exciton ensemble as a demonstration of manipulation of optical coherence by
an external magnetic field. The presence of long-lived dark exciton states led to
the observation of a new aperiodic regime of the spin-dependent photon echo.
In this regime the dephasing time can be increased from 30 up to 250 ps by
mixing bright and dark exciton states. The developed theoretical model made
it possible to correctly describe all the main features of the dynamics and obtain
a rich set of information on the dephasing time of bright and dark excitons, the
electron and hole g factors, and the exchange interaction constant. The high
accuracy of the method in the range of low magnetic fields made it possible not
only to detect a nonzero in-plane hole g factor, but also to reveal the nonlinear

dependence of the hole Larmor precession on the applied transverse magnetic

field.
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Appendix A. Additional theoretical aspects

A.1 Density matrix formalism

To describe quantum systems, as a rule, the formalism of wave functions of
states and their expansion in terms of basis functions of stationary states are used.
In the case of quantum mixtures, a more convenient approach is the description
using the density matrix, which formalism is described in detail in the monographs
[224, |. Let us consider a system in a pure quantum state, for which the wave
function ¥ can be written explicitly, taking into account all phase factors. For such a
system, the observed value A is determined by quantum expectation value according

to the rule:

(4) = (V]A]P), (57)

where A is the Hermitian operator of the physical quantity A. Choosing an or-
thonormal basis |n), one can write the expansion in the basis of the wave function
W) = > ¢, |n) and substitute it into the expression 57. Then

n

(A) = cmlAlY en) =) chen (mlAln) =Y chendmn  (58)

n,m

Let us introduce a matrix p, the elements of which are determined by the coefficients
of the expansion of W in terms of the basis, paying attention to the order of the

coefficients, p = > ¢, |n) (m| = |¥) (¥]). In a result we obtain:

n,m

(A) = pumAmn = Y _(pA)un = Tr(pA) = Tr(Ap) (59)

n

We see that to calculate the expectation value of the (A), it suffices to know the
density matrix p and the matrix of the physical quantity operator A. Note that
the diagonal terms of p,, are equal to the population of the corresponding state,
as can be seen from the definition of p. In the case of a pure state of the system,
the calculation of the expectation value using the density matrix is equivalent to
the calculation in terms of the wave function W. However, the situation changes
significantly when passing from a pure state to a mixed state, which cannot be

expanded into a linear combination in |n) basis states, since the coefficients ¢, are
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generally unknown.
Consider an ensemble of N completely identical closed systems. Let assume,
that for each such system the wave function ¥ could be determined, but it is impos-

sible to know it. Suppose we only know the probability distribution w, (> ws = 1)

for the system to be in state ¢,. This distribution is the same for all sygtems due
to the identity of the systems. Then among them there will be approximately Nw,
systems in the 1, state for each a (the probability is the statistical weight of each
expectation value). We will focus on the average value of (A), over the ensemble,

that is, averaged over all N systems.
1
(A)o =55 2 Nwa (A, (60)

Substitute expression (A)y, = > ¢y e Ay into (60), reducing N:
n,m

(A)o = Y walhiCiAmn =Y Amn Y waciich =Y Amnpn = Tr(Ap)  (61)
a,n,m n,m (&7 n,m
‘N/—/
=Pnm
Thus, we can compose a density matrix for the case when the exact state W is
unknown, but there is only a set of possible states {U}, and the probabilities to
find a system in them {w},. Moreover, the problems of one system in a mixed state
or of an ensemble of copies of this system, each of which is in a certain but unknown

state with the probability distribution w,, are equivalent.

A.2 Evolution operator and the von Neumann equation

The Schrodinger equation for the wave function 1 determines the time evo-

lution of a quantum system. An alternative way is to introduce the an evolution

operator U(t) [224], which transforms the initial state ¢/(0) into the state ¥ (¢):
(t) = U(t)(0) (62)
In this case, the Schrodinger equation reduces to the operator equation:
oU (t
th (t) =HU(t), U0) =1 (63)

ot
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If Hamiltonian H does not explicitly depend on time, the solution of the equation
(62) has the form:
U(t) = e~ /WAL (64)

Thus, the evolution of the system can be determined either by solving the Schrodinger
equation or by finding the evolution operator U (t).
Let us now consider an ensemble of quantum mechanical systems described

by the density matrix according to (61):
P = Zwa |tha) (Yal - (65)

The functions 1), evolve according to the expression (62), so the evolution operator

U(t) determines also the temporal evolution of density matrix:
p(t) = U®)p(0)U(t) (66)
If the Hamiltonian does not explicitly depend on time, then according to (64)
plt) = & (DA ()l (67)

By differentiating (66), one can get the von Neumann equation:

22— 11(0), o). (68

We have shown that the evolution of the density matrix can be determined either
by solving the von Neumann equation (68) or by finding the explicit form of the
evolution operator U(t) and substituting it into the equation (66).
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Abbreviation list

QW - quantum well

MQW - multiple quantum well

QD - quantum dot

FWM - four-wave mixing

PE - photon echo

SPE - stimulated photon echo

PL - photoluminescence

LH - light hole

HH - heavy hole

TR-FWM - time-resolved four-wave mixing
TI-FWM - time-integrated four-wave mixing
FWHM - full width at half maximum
HWHM - half width at half maximum
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