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ABSTRACT 
 

Resonant Spin Pumping of Resident Electrons and Nuclei in 

CdTe and GaAs Quantum Wells 

 

The main objective of this PhD dissertation was to evaluate the spin relaxation 

time through resonant excitation of trions in III-V and II-VI semiconductor quantum 

wells. However, the evaluation of spin relaxation times requires precise knowledge of 

g-factor of the quantum wells. Other important parameter that can affect the electron 

spin relaxation time is the interaction of the spin polarized electrons with the lattice 

nuclei, which is very hard to determine. In addition, nature of semiconductor material, 

i.e., magnetic or non-magnetic could also be a parameter. Hence two different kinds of 

semiconductor quantum wells were studied in this work. 

Usually, optical control of the spin states and the deeper insight into the 

dynamical processes were achieved by means of well-known time resolved pump-probe 

technique such as Faraday or Kerr rotation. Here, use of pulsed laser sources in 

combination with pump-probe arrangement allow one to resolve the pump induced spin 

dynamics in time and to evaluate the required parameters such as g-factor and spin 

relaxation times. Special interest represents the regime, when the spin lifetime in the 

studied system is longer than the pulse repetition rate of the laser source f. In this case 

resonant spin amplification occurs if the Larmor precession frequency is a multiple of 

2πf. However, time-resolved pump-probe Faraday or Kerr rotation measurements 

require complex optical setup with two beams, delay line and polarization sensitive 

detection. This PhD dissertation presents an alternative simpler approach to evaluate 

the spin parameters using a single laser beam based on resonant optical pumping of 

excess electrons in trion state. In particular, single laser beam tuned in resonance with 

the charged exciton (trion) transition in a semiconductor quantum well was used for 

spin pumping of the ground resident electron state. Simultaneously the absorption of 

the same laser beam was used to monitor the spin polarization of electron ensemble. 

Subsequent effect of the interaction of the lattice nuclei with the spin polarized nuclei 

on spin relaxation time was also studied using the single beam approach with lasers of 

higher repetition rate. The work was performed systematically as given in the 

following. 
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In the first part, electron spin relaxation time in the absence of nuclear 

interactions was evaluated through optical pumping of resident electron spins in 

resonant excitation of trions in n-type CdTe/(Cd,Mg)Te multi quantum wells (MQW) 

subject to a transverse magnetic field using a single beam configuration. Single beam 

was employed in transmission configuration to record the time integrated intensity of 

the excitation laser light transmitted through the quantum wells. The transmitted 

intensity reflected the bleaching of light absorption due to optical pumping of the 

resident electron spins and could also be used to evaluate the Larmor precession 

frequency of the optically oriented carriers and their spin relaxation time. Application 

of the magnetic field led to depolarization of the electron spin ensemble, so that the 

Hanle effect was observed. Excitation with a periodic sequence of laser pulses led to 

optical pumping in the rotating frame, when the Larmor precession frequency was 

synchronized with the pulse repetition rate. This was manifested by the appearance of 

Hanle curves every 3.36 or 44.2 mT at a pulse repetition rates of 75.8 or 999 MHz, 

respectively. From the experimental data the g-factor came out to be |g| = 1.61 and the 

spin relaxation time of 14 ns for the optically pumped resident electrons, in agreement 

with previous time-resolved pump-probe studies. 

In the second part, the spin relaxation time in magnetic semiconductor quantum 

well was determined.  The effect of the interaction of the spin polarized electrons with 

the lattice nuclei on electron spin relaxation time was estimated using the single laser 

beam of higher repetition rate in reflection configuration on i-type GaAs/(Al,Ga)As 

MQW. Hanle curves were measured in large magnetic field range (-2.5 T to 2.5 T) both 

for continuous and pulsed excitation. As compared to the continuous pumping in pulsed 

excitation, a large set of sharp peaks (Hanle curves) were recorded as a function of the 

externally applied magnetic field. The observed Hanle peaks were repeating every 

185.1 mT for 1 GHz laser and 1.8 T for 10 GHz laser. This allowed to determine the 

main parameter of spin dynamics, i.e., the g-factor of the optically pumped carriers and 

their spin relaxation time. From the experimental data, the spin relaxation time of 153 

ns was determined, which agreed well with previous time resolved studies. 

The third part of the study was important as it led to the understanding of the 

buildup of nuclear spin polarization. The nuclear spin polarization build up times were 

evaluated through resonant excitation of trions in nominally un-doped GaAs/(Al, Ga)As 

MQW using single beam approach. Buildup of the nuclear spin polarization was 
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recorded by measuring time-integrated intensity of the reflected laser beam, which was 

proportional to the optical generation rate and changed due to the pumping of the 

resident electrons. It was established that nuclear spin polarization time, T1 was 

temperature dependent and owing to the stronger electron confinement at lower 

temperatures becomes more rapid. It was found that the effectiveness of the dynamical 

nuclear polarization decreases with temperature. For the temperatures 1.8 K, 6 K and 

10 K, the time T1 were 210 s, 300 s, and 450 s and the corresponding stationary value 

for the nuclear magnetic field 𝐵𝑁
𝑠𝑡 were 629 mT, 447 mT, and 375 mT, respectively. 

Also "Locking" of the nuclear field related to the anisotropy of the electron g-factor 

was observed, which rises from zero to the value of the external magnetic field applied 

at that moment, without further increase. The ratio between the in-plane 𝑔ǁ and out-of-

plane 𝑔⊥ components was estimated at 𝑔ǁ/𝑔⊥= 1.3. 
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Chapter 1 

Introduction 
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1.1 Spins: 

 

The spin of a particle (say electron) is related with its intrinsic angular momentum 

and can easily be visualized by considering a sphere rotating about its axis, and the axis 

of rotation is correlated with the direction of the spin. Intrinsic nature of the spin 

suggests that, the only variable is the electron spin orientation taken as “spin up” or 

“spin down”. Stern and Gerlach [1] in 1922, first observed this intrinsic spin property 

and demonstrated the quantization of the angular momentum spatial orientation. 

Although, the explanation of the Stern-Gerlach experiment was possible in 1925 

considering the electron intrinsic angular momentum by George Uhlenbech and Samuel 

Goudsmith [2], and by Ralph Kronig [3] as an independent researcher. These 

experiments depict that, the electron spins interact not only with the spins of the lattice 

nuclei but also with the electrons orbiting around the nucleus and generating an orbital 

angular momentum (L) through a phenomenon called spin orbit interaction. 

The working principle of the common electronic devices is based on the motion of 

a charged particle say electron by applying electric fields or potential gradients. Here 

spin of an electron has no role at all. Recently, a new class of the electronic devices 

called spintronic devices are introduced, where the spin of the electrons plays a crucial 

role, e.g., in spin based quantum computers the spin property is used to store quantum 

data taking the spin up and spin down orientation as the building block called quantum 

bits.  

1.2 Spin Based Devices: 
 

Most of the spin based devices under the term “spintronic” exploits the intrinsic 

spin of the electrons as well as the charge of the electron in spin based electronic 

devices. Currently, a few spin based devices are in use like the reading head in a hard 

drive working on the basis of giant magneto-resistance (GMR) by Fert and Grunberg 

[4, 5], who received Nobel prize for this discovery in 2007.  As compared to the 

semiconductor based microprocessor field, spintronic is a metal based field. 

In order to apply principle of spintronic devices on the microprocessor field, one 

has to develop spintronic field on the basis of semiconductor materials. The main 

obstacles in the development of spintronic devices based on semiconductor materials 

are the inefficient induction and identification of the polarization of spin in 
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semiconductors [6].  There are two methods for the realization of the effective induction 

and identification of the spin oriented carriers in semiconductors namely electrical [7] 

and optical [8].  

In optical method, optical injection of spin polarization in semiconductors is 

possible with the help of the circularly polarized light (σ±).  This whole process relies 

on the interaction of light photons and electrons by transferring angular momentum and 

is highly successful in semiconductors having large spin orbit coupling like CdTe and 

GaAs semiconductors. Also, the optical detection of the spin polarized carriers injected 

optically can be easily done either through Hanle effect (measuring depolarization of 

the PL) or through time resolve pump-probe Faraday/Kerr rotation [9, 10], wherein two 

beam are used to study spin dynamics in semiconductor. In comparison to well 

established pump-probe technique, this dissertation presents single beam approach to 

study spin dynamics. In this approach a single beam is used for spin pumping of the 

ground state resident electrons, while the absorption of the same beam is used to 

monitor the spin polarization of the system simultaneously. This simple approach is 

discussed in detail in chapter 3, which does not require a comprehensive set up with 

two beams and additional components for recording transient signals.  

 On the other hand, in electrical method induction of the carrier with spin 

polarization is achieved from a magnetic material into a non-magnetic semiconductor 

with the help of the electrical current. In these materials, Fermi level electrons are spin 

polarized. Therefore, a net spin polarization is created when current flows from 

magnetic material into the non-magnetic material. 

Both optical and electrical techniques of spin injection have pros and cons. The 

electrical method offers the possibility to work below the diffraction limit of light by 

making structural units to observe transport of spin on length scale. On the other hand, 

optical method paves a way to investigate spin polarization avoiding the need of good 

electrical contacts and with the help of ultra-short laser pulses, thus providing an easy 

route to observe ultrafast spin dynamics.    

1.3 Optical Excitation of Spins:  
 

As discussed in the previous section, for the ultrafast manipulation of the excited 

carrier spins, a short laser pulse (ranges from 100 fs and even below) from Ti: Sapphire 
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laser systems is a suitable candidate. Interestingly, it is not the capability to produce 

laser pulses of ultrashort duration, rather it is the ultrafast interaction of the spins with 

the light that is important for the ultrafast manipulation of spins. During resonant 

transitions, electron spin remains unaffected by the direct light interaction or one can 

say that there is no difference of spin between excited and ground state. However, for 

larger spin-orbit coupling, the L of the σ photons can have a spin polarization of the 

excited carriers. 

Most of the materials in the III-V and II-VI group of the periodic table have these 

properties mentioned above for the ultrafast spin manipulation, i.e., CdTe (II-VI) and 

GaAs (III-V). It has been 40 years, that optically induced spin polarization was studied 

experimentally in semiconductors [11, 12]. However, ultrafast spin dynamics was 

investigated in semiconductor materials not until the arrival of femtosecond laser 

systems. The semiconductor materials, especially CdTe and GaAs have been studied 

extensively for ultrafast spin manipulation due to their band gap, which matches a wide 

variety of commercially available laser systems of different repetition rate (picosecond 

and femtosecond). Also, these materials have gained much interest due to the possible 

interplay between spin carriers and magnetism [13, 14]. Now-a-days, the main focus of 

the ultrafast spin dynamics has diverted form semiconductor bulk materials to 

semiconductor structures having reduced dimensions like quantum dots (QD) and 

quantum wells (QW) due to their potential applications in light emitting diodes (LEDs), 

solar cells, semiconductor lasers and even in quantum computers as qubit elements. In 

addition, these materials have shown long coherence time and the ability to control spin 

of a single carrier (quantum logic). 

Optical orientation of spin was first observed and studied experimentally in 

semiconductors by Lampel on Si [11], Parsons on p-type-GaSb [12], Ekimov and 

Safarov on n-type and p-type AlGaAs [13] Garbuzov et al. on p-type AlGaAs [15] and 

Zakharchenya et al. on p-type GaAs [16]. These experiments were conducted on p-type 

semiconductor materials, where non-equilibrium spin polarized electrons were created 

by using circularly polarized light. In n-type semiconductors, the optical orientation of 

the non-equilibrium electrons was first predicted by Dyakonov and Perel [17], and 

experimentally observed by Ekimove and Safarov in n-type AlGaAs [18]. In these 

experiments (except Lampel), circular polarization degree of photoluminescence (PL) 

helps in determining the polarized spin of the spin oriented electrons. The spin lifetimes 
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were deduced from Hanle effect, which measured the depolarization of the PL under 

the effect of the transverse magnetic field (B).  

KiKKawa and Awschlom demonstrated the influence of dopant concentrations on 

spin dynamics in n-type bulk GaAs [19, 20]. They showed the electrons spin lifetime 

upto 100 ns with a doping concentration of ne = 1 × 1016 cm-3 to 8 × 1018 cm-3. The 

effect of dopant concentration on spin dynamics was evaluated in a more systematic 

way in n-type GaAs by Dzhioev et al. [21] with dopant concentration ranging from ne 

= 1 × 1014 cm-3 to 5 × 1017 cm-3 and concluded two spin lifetime maxima on either side 

of the transition point (ne = 3 × 1015 cm-3) of the insulator and metal. Dzhioev et al. 

determined the spin relaxation of the spin oriented electrons through Hanle effect [21]. 

Spin relaxation of the spin polarized electrons for different doping concentrations was 

extensively reviewed by K. Kavokin [22]. 

Not only the electrons but the lattice nuclei also get spin polarized through a 

process called Dynamic Nuclear Polarization (DNP). In DNP, the spin oriented 

electrons interact with the lattice nuclei and polarizes them under suitable optical 

pumping conditions [11]. The experimental techniques implemented in the earlier 

works to study the DNP and nuclear spin relaxation are optical techniques, Nuclear 

Magnetic Resonance (NMR) and transport measurements [24, 25, 26]. Out of these 

techniques, the most sensitive is the optical for the study of DNP and nuclear spin 

relaxation. Ekimov and Safarov [24, 25] studied the DNP through optical technique. 

An effective magnetic field (sum or difference of externally applied B and the nuclear 

field BN generated by the polarized nuclei), generated by the nuclei polarized as a result 

of DNP, interacts with electrons through hyperfine interaction. Paget et al. conducted a 

comprehensive study of DNP and the effect of small external applied magnetic field on 

it by measuring Hanle effect of depolarization of luminescence [27]. 

1.4 Spin in Confined Structures: 
 

The samples which are the subject of this thesis are all quantum wells like CdTe 

and GaAs quantum wells. The quantum well contains a semiconductor material (CdTe) 

bounded in one direction by the barrier (CdMgTe). The barriers are made up of the 

semiconductor material with large band gap so that the carriers (electrons and holes) 

cannot traverse from valence and conduction band into these barriers and are confined 

to the region of the well.  A schematic CdTe QW is presented in Figure 1.1, wherein a 
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CdTe semiconductor material is sandwiched between two barriers of CdMgTe 

semiconductor material. Here ‘d’ is the width of QW region, 𝐸𝑔
𝐶𝑑𝑇𝑒 and 𝐸𝑔

𝐶𝑑𝑀𝑔𝑇𝑒
 are 

the band gap energies of CdTe QW region and CdMgTe barrier region, respectively. 

CB and VB are the conduction and valence band region, respectively. Z is the growth 

direction of the QW. In confined structures like quantum wells, the energy levels of the 

carriers have discrete nature as compared to the continuous energy distribution in bulk 

semiconductors because the region between the well and barrier becomes thinner and 

thinner so that the electron wave function get fit into the quantum well. 

 

Figure 1.1: A schematic structure of CdTe quantum well is shown above with spatial 

variation of CB and VB shown below. 

Another main feature of these heterostructures is the confinement effect, which 

enhances the Coulomb interaction between holes and electrons, which leads to the 

binding of the electron-hole to form an exciton (X). In addition, a new form of exciton 

comprising of two hole and an electron, i.e., an exciton with an excess hole or two 

electrons and one hole with an excess electron called positive (X+) or negative trion (X¯) 

respectively, provided 2-D electron gas is present in the quantum wells. The spin state 

of trion is determined by the additional charge carrier, i.e., by additional hole if it is a 

positive trion (X+) and by additional electron if it is negative trion (X¯). 

1.5 Relevance of Time Scales in Spin Dynamics: 
 

Recently, it is observed that the spin orientation of the trions and excitons can be 

achieved efficiently with the help of the femtosecond laser pulses having circular 

helicity. The spin lifetimes of these states are in picosecond range, with the 



7 

 

recombination time of several 100 picoseconds measured through PL measurements 

[28]. The spin lifetime depends on many parameters like width of the QW, dopant 

concentrations, nature of sample, electron-nuclei interaction and light interaction with 

two (exciton) or three body systems (trion) affects the spin lifetime of electrons. The 

effect of nuclear interaction on electron spin lifetime is quite important particularly 

changing from Voigt to faraday geometry, where nuclear effects starts dominate. This 

research work primarily focuses on the evaluation of the spin relaxation time of three 

body system (trion) with and without the nuclei interactions with the spin polarized 

electrons in wide band semiconductor nanostructures. Although the main focus is to 

evaluate spin relaxation time, but following a new optical approach using a single beam 

than the two beam pump-probe technique. Following the single beam approach, spin 

parameters like spin relaxation time and g-factor were evaluated to the precision of 

pump-probe technique, which establish the validity of the technique. 

Interestingly, the injected spin coherence and polarization times of the free carriers 

(electrons) have shown spin dephasing time of the order of nanoseconds. Although, the 

optical orientation of the free carriers is not evident, but has proven to be very effective 

for the resonant excitation of the exciton (X) and trion (X¯) [29, 30]. So confined 

nanostructure with such long spin coherence times (in ms range) offers a good 

opportunity to play a pivotal role in applications based on spintronic. 

Also, samples of high quality due to very precise growth techniques and the strong 

binding energy of the X and X¯ results in well separated and sharp spectral transitions 

having equivalent long coherence time. This property leads to appropriate theoretical 

model for studying the optical coherence and quantum coherence through ultrafast 

optical techniques. 

 

1.6 Objective and Overview of Thesis: 
 

The main objective of this dissertation was to determine the spin relaxation time 

and the evaluation of g-factor in wide band gap III-V and II-VI semiconductor by 

developing and implementing a single beam approach. The validity of the single beam 

approach to determine spin relaxation time was also studied for semiconductor systems 

having lattice nuclei interacting with spin oriented electrons through DNP. The single 
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beam approach is based on resonant excitation of trions in rotating frame of 

polarization. In the rotating frame of polarization, the helicity of the laser pulses is 

modulated between linear and circular polarizations, both clock wise and anti-clock 

wise. In the first half of the period the laser pulse helicity modulates between linear (π) 

to right circular (σ+) and then back to linear (π), while in the other half of period it 

modulates from π to left circular (σ-) to π.  This modulation is generated with the help 

of a photo elastic modulator at frequency (ν) ≈ 50 kHz. In proposed technique, use of 

single beam to detect the time integrated intensity both in reflection and transmission 

geometry was exploited than the comprehensive time resolved pump and probe 

technique.  

The PhD dissertation is organized in the following way. 

Chapter 2 gives a brief knowledge of fundamentals of the interaction of light with 

spin of the electrons in direct band gap semiconductors including the band structures, 

quantum confinement, X and X¯ and the corresponding selection rules for the optical 

orientation of spins. It also gives a brief introduction to spin relaxation mechanisms 

along with the interaction of the spin oriented carriers with the lattice nuclei to get 

knowledge of the DNP phenomenon. 

Chapter 3 presents and discusses in detail the experimental optical set up designed 

for the spin dynamics study using a single beam both in transmission and reflection 

geometry on CdTe and GaAs samples respectively. In this chapter a brief description 

of samples used in this research is also given. 

Chapters 4 and 5 presents the results and discussion of the implementation of the 

new optical technique to evaluate spin parameters like spin relaxation time and g-factor 

and the effect of nuclear interaction on spin relaxation time using single laser beam in 

n-type CdTe/(Cd,Mg)Te MQW and i-type GaAs/(Al, Ga)As MQW in transmission and 

reflection geometry respectively. Experimental results were retrieved both for the 

continuous wave (cw) and pulsed (76 MHz, 1 GHz and 10 GHz) lasers. It also presents, 

a theoretical explanation of the work done on CdTe/(Cd,Mg)Te MQW and GaAs/(Al, 

Ga)As MQW.  

Chapter 6 presents the results and discussion of the time dynamic experiments to 

record the nuclear polarization build up time due to the DNP using pulsed lasers (1 GHz 

and 10 GHz) in single beam configuration along with theoretical treatment of the work. 
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Chapter 7 presents the summary of the work and concludes with possible direction of 

the future work. 

1.8 Summary: 

 In this chapter, a brief overview of the spin and spin dynamics in semiconductor 

has been given, which is essential to understand the results presented in the forthcoming 

chapters. Motivation and objectives of the thesis are also presented along with the 

overview of the thesis. 
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Theoretical Background 
Semiconductors, Spin Polarization, Hanle Effect, and Dynamic Nuclear 
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The investigation of the spin parameters in particular spin lifetime and g-factor 

is the main focus of this research work in II-VI and III-V semiconductor systems having 

different g-factors. Spin lifetime changes particularly, when moving from two body 

system (exciton) to the three body system, i.e., trions. The interaction of the lattice 

nuclei with electron through DNP plays an important role for the determination of the 

spin lifetime of electronic system not only in Faraday but also in Voigt geometry. This 

chapter provides a brief introduction of the structural, magnetic and optical properties 

of the above mentioned semiconductor materials for the better insight of the results 

presented and discussed in the forthcoming chapters. The fundamental reasoning of the 

DNP, i.e., hyperfine interaction is also discussed along with the nuclear field, which 

results from the DNP in Faraday geometry 

 

2.1 Atomic Models:   

By 1913, concepts regarding the model of an atom evolved from Dalton’s 

invisible sphere [1] to plum pudding model of J. J. Thomson [2] and then to 

Rutherford’s nuclear atom theory [3]. Rutherford in his famous experiment, not only 

demonstrated the atomic nucleus but also proposed that the electrons are revolving 

around the nucleus in planetary like motion. The planetary model of atom got the 

attention of the scientific community because it was similar to something, which was 

already present like the solar system. However, the Rutherford’s planetary atomic 

model had serious flaws. As it could not explain the motion along a curved path of a 

charged particle like electron revolving around the nucleus, as it would lose energy in 

doing so and eventually fall into the nucleus. Also, this model was unable to explain 

each element’s unique atomic spectrum. Due to these drawbacks Rutherford planetary 

atomic model was then eventually replaced by Bohr atomic model. 

In 1913, Niels Bohr replaced the Rutherford atomic model by its famous Bohr 

atomic model of electron cloud in an atom [4, 5]. The salient features of Bohr’s atomic 

model are: i) electrons revolve around the nucleus in fixed stable circular orbits. 

Electron neither loses nor gains energy as long as it remains in the same orbit; ii) 

electron may shift to another orbit of higher or lower energy through absorption or 

emission of a photon of energy (ℎ𝑣 =  𝐸2 − 𝐸1); iii) The angular momentum of 

electron in an orbit is always an integral multiple of the Plank’s constant ℎ, i.e., 𝑝 =

 𝑛ℎ𝑣. Here n is the integer, ℎ is the Plank’s constant and 𝑣 is the frequency.  
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Although Bohr model was a milestone in the description of the atoms, yet it was 

not an accurate model in terms of our present understanding of atoms.  It was unable in 

providing justification for specific electron energy levels or the electrical properties of 

molecules and solids. In order to overcome these hurdles, the quantum model was 

proposed [6,7], wherein quantum mechanics principles were applied to atoms. 

According to this model, an electron closer to the positive nucleus loses its potential 

energy. The Coulomb attractive potential between the electron and the nucleus is 

termed as “Coulomb well”, which showed the attractive potential of the nucleus. By 

solving the well-known “Schrodinger’s equation” for an electron within the potential 

boundary of the Coulomb well, one can easily determine the particular energy level of 

the atoms [8, 9]. The quantum model also helps in explaining the electronic properties 

of large collection of atoms combined to form solids. This collectivity is known as band 

theory [8, 10]. 

Band theory of solids helps in understanding the behavior of the electrons, when 

atoms bonded together. As the atomic nuclei comes in close proximity, band theory 

predicts that the electrons are then influenced by both the potentials. As more and more 

atoms combine to make solids, additional potential wells affect the energy states of the 

shared electrons. These states are very closely spaced in electron energy and appeared 

as broad band states available for electrons giving the band theory of solid its name. 

The low energy band is coined as valence band, while the high energy band is coined 

as conduction band. Another salient feature is the “Fermi level”, which lies between 

valence and conduction band and is the highest energy an electron can have at absolute 

zero [8-11]. 

2.1.1 Quantum Numbers: 
 

Since Bohr model was a one dimensional model, which uses only one quantum 

number “n” to describe the distribution of electrons in atoms. On the other hand, 

quantum model allowed the electrons to occupy three dimensional space. It therefore 

requires three coordinates or three quantum numbers to describe the distribution of 

electrons in atom. By solving the Schrodinger’s equation for hydrogen atom in three 

dimensional Coulomb potential field using spherical polar coordinates one can have 

three quantum numbers. 
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 𝛹𝑛,𝑙,𝑚 = 𝑅𝑛(𝑟)𝛩𝑙(𝜃)𝛷𝑚(𝜙) (2.1) 

The three quantum numbers that came by solving Eq. 2.1 are the principal (n) given by 

Eq. 2.2, angular (l) given by Eq. 2.3, and magnetic (m) quantum numbers described by 

Eq. 2.4 [11]. 

 
                         𝑛 =  1, 2, 3, …  (2.2) 

 
                         𝑙 =  0, 1, 2, … , (𝑛 − 1) (2.3) 

 
                         𝑚 =  −𝑙, … , −2, −1, 0, 1, 2, … , +𝑙 (2.4) 

These quantum numbers describe the size, shape and orientation in space of the orbitals 

of an atom. According to the Pauli exclusion principle, no two electrons in an orbital 

can have same set of quantum number. This experimentally approved restriction urges 

the need of a fourth quantum number known as “Spin quantum number (ms)” because 

the electrons behaves as if they were spinning in either a clockwise or counterclockwise 

direction. One of the electrons in an orbital is arbitrarily assigned a spin quantum 

number of +1/2, the other is assigned a spin quantum number of -1/2. Thus, it takes 

three quantum numbers to define an orbital but four quantum numbers to identify one 

of the electrons that can occupy the orbital [8-11]. 

In atomic physics, according to the orbital angular momentum L the orbital 

wave functions are labelled as s, p, d, etc. Using the z component of L as lz, one will 

have ml = 0 for s-like states and ml = +1, 0, -1 for p-like states, where ml is the 

eigenvalue of lz and is known as magnetic quantum number. While, for spin angular 

momentum S the eigenstates Sz have eigenvalues ms = +1/2 and -1/2. Under spin orbit 

interaction, L couples with S. Therefore, the eigen functions of the coupling 

Hamiltonian are the eigenstates of the total angular momentum J = L + S with its z 

component as jz. The eigenvalues of jz are given by mj = 2j + 1, with j in the range –j, -

j + 1, . . ., j - 1, j. Hence, for s-like states mj = ± ½, i.e., 2-fold degeneracy. For states 

with j = 3/2 one has 4-fold-degeneracy with mj = ± 3/2 called heavy hole (HH) band 

and mj = ± 1/2 called light hole band (LH). The spin orbit interaction splits the split off 

(SO) band with j = 1/2 state from j = 3/2 state [12]. For optical transitions of the resident 

electrons with given spin, energy and momentum conservation should be conserved. 
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This fact leads to some pre-defined rules presented in section 2.6.1, that must be 

satisfied for transition of electron from the valence band to the conduction band. 

2.2 Bulk Semiconductors: 

Semiconductor materials are usually characterized by their band gap, as it 

differentiates semiconductors and insulators from metals. The band profile of 

semiconductor materials such as CdTe and GaAs can be understood using band theory 

of solids [1]. The main idea is that; the energy bands are formed due to the overlapping 

of electronic states for the large number (1020) of atoms. These bands are filled with 

electrons up to the Fermi energy level (FE). For a structure with atoms having even 

number of electrons, as in our case, the upper filled band is coined as valence band 

(VB), while the lowest empty band is coined as conduction band (CB), and the FE lies 

somewhere between CB and VB. For optical excitation of an electron from valence to 

conduction band, a photon of certain energy equal to the difference of the CB and VB 

energies is required, usually referred to as band gap energy Eg [13]. Semiconductor 

materials are characterized into two types based on their band gap, which can be either 

direct band gap or indirect band gap discussed in next section.  

2.2.1 Direct Band Gap Semiconductors: 

In direct band gap semiconductors, the upper filled band called CB is at 

minimum and the lowest empty band called VB is at maximum occurring at the same 

point in the Brillouin zone. On the other hand, in indirect band gap semiconductors both 

CB and VB occurs at different points of Brillouin zone [14].  

When a semiconductor material absorbs a photon, it leads to the transfer of an 

electron from valence to the conduction band leaving behind a hole in VB as shown in 

Figure 2.1. Direct optical excitation and recombination of the electrons and holes 

through absorption of appropriate photon of energy ℏω ˃ ˃ Eg are only possible in direct 

band gap semiconductors as compared to the indirect band gap materials, where a 

phonon is required for momentum conservation. 
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Figure 2.1: Schematic diagram of direct band gap semiconductor. CB and VB are 

separated by band gap Eg. A photon of energy Ep ˃ Eg is required to promote electron 

from VB to CB.  

Therefore, we focus our consideration on direct band gap semiconductors, particularly 

CdTe and GaAs and discuss their band structures in the forthcoming section. 

2.3 Band Structure: 

Both the CdTe and GaAs are direct band gap semiconductors having a face-

centered cubic (f. c. c) zinc blend crystal structure and belongs to the achiral tetrahedral 

(Td) point symmetry group [12, 13, 14]. The band structure of a direct band gap material 

like CdTe and GaAs is shown in Figure 2.2. Since, the structures under consideration 

are direct band gap structure, so the band structure is restricted near k = 0.   

In crystal structures, E-k relation helps in determining the movement of free 

holes and electrons, which is given by a parabolic relation for free electrons [12]. 

 
𝐸𝐻𝐻(𝑘) =

𝑝2

2𝑚𝑜
=

ℏ2𝑘2

2𝑚𝑜
 (2.5) 

Where 𝑚𝑜 is the rest mass of the electron and  𝑝 = ℏ𝑘 gives momentum. Since 

electrons in a crystal lattice are not actually free. So, the dispersion relation given by 

2.5 must be modified by introducing an effective mass of the electron  𝑚∗ given by Eq. 

2.6: 
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𝑚∗ = ℏ2 (

𝑑2𝐸

𝑑𝑘2
)

−1

 (2.6) 

For CdTe & GaAs QWs near k = 0, considering the spin states of the electron 

the p-shape VB comprises of three bands with 2-fold degeneracy of each band. For p-

shape VB, the subspace l=1 with six states characterized by the total angular 

momentum for HH band |𝐽, 𝐽𝑧⟩ = |3/2, ±3/2⟩, |3/2, ±1/2⟩ and for LH band 

|1/2,  ±1/2⟩. Two hole bands |𝐽, 𝐽𝑧⟩ = |3/2, ±3/2⟩, |3/2, ±1/2⟩ are degenerate at k 

= 0, having distinct curvature shown in Figure 2.2. Spin orbit interaction (SO) leads to 

the suppression in energy of the band |3/2, ±1/2⟩ in such a way that, this third valence 

band possess less energy than LH and HH bands. Similarly, for s-like CB l = 0 and 2-

fold degeneracy with electrons of j = 1/2 [15]. 

 

Figure 2.2: Band structure of a direct band gap semiconductor near k = 0, E = 0 

corresponds to top of the valence band, while Eg = 0 corresponds to the bottom of the 

CB. Four bands are shown: heavy hole (HH), light hole (LH) and split-off hole (SO). 

The dispersion curves for the above mentioned four bands near k = 0 is parabolic 

shown in Figure 2.2 [17]. An electron band is represented by the positive curvature of 

the CB, while the hole band is represented by the negative curvature of the VB. In CB, 

an electron acts like a free particle of charge negative and effective mass 𝑚𝑒
∗ , while VB 

hole behaves like a free particle of charge positive and mass 𝑚ℎ
∗ . The E-k relation for 

the above mentioned four bands can be written as:  
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𝐸𝑐(𝑘) = 2𝐸𝑔

2 +
ℏ2𝑘2

2𝑚𝑒
∗

 (2.7) 

 
𝐸𝐻𝐻(𝑘) = −

ℏ2𝑘2

2𝑚𝐻𝐻
∗  (2.8) 

 
𝐸𝐿𝐻(𝑘) = −

ℏ2𝑘2

2𝑚𝐿𝐻
∗  (2.9) 

   

 
𝐸𝑆𝑂(𝑘) = −∆ −

ℏ2𝑘2

2𝑚𝑆𝑂
∗  (2.10) 

 

 

Table 2.1: Important Physical Parameters for CdTe and GaAs [8] 

 

Parameters CdTe GaAs 

Band gap Eg (eV) 1.5 1.43 

Lattice constant (nm) 0.65 0.57 

Exciton Bohr radius (nm) 6.7 13 

Exciton Rydberg energy (meV) 12 4.2 

Electron effective mass, 𝑚𝑒
∗  0.1 0.066 

Heavy hole effective mass, 𝑚𝐻𝐻
∗  0.4 0.47 

 

CB with s-shape nature and VB with p-shape nature makes transition from all three 

dipole allowed CB following selection rules of the electric dipole. However, SO hole 

is barely involved in direct band studies due to the low energy. Important physical 

parameters of CdTe and GaAs are summarized in Table 2.1. The CdTe and GaAs are 

the semiconductor heterostructures discussed in the next section.  

2.4 Semiconductor Heterostructures: 

The structure of energy levels in semiconductors can be manipulated using 

heterostructures. In heterostructures different materials are grown layer by layer on top 
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of a thicker substrate material. Semiconductor QW are good example of 

heterostructures. Usually these structures are grown by a specialized growth technique 

like Molecular Beam Epitaxy (MBE) or metal organic chemical vapor deposition 

(MOCVD) with atomic length precision [19, 20]. These growth techniques help in 

achieving thin layers thick enough to observe quantum confinement (QC) effects of 

electrons and holes in semiconductors even at room temperature. Usually, QC is 

classified into three categories. If the motion of the electron has two degree of freedom, 

the structure is called quantum well. For the motion of the electron restricted to one 

degree of freedom, the structure is labeled as quantum wire, Finally, for three degree of 

freedom of motion of the electron, then the structure is labeled as quantum dot [21, 22]. 

This section focuses on the confinement effect in QWs. 

Grown by MBE, single QW is grown by sandwiching a lower band gap 

semiconductor material of thickness ‘d’, called well layer, between two semiconductor 

materials of high band gaps, called barrier layers. In the present case, CdTe QW is 

formed by sandwiching CdTe of thickness 20 nm between CdMgTe of thickness 80 nm 

shown in Figure 1.1. If the thickness of well is thin enough and a large bandgap ratio is 

achieved, then the confinement effect is experienced by the electrons within the plane 

of QW. QC becomes more valuable, when the confinement energy Ec exceeds thermal 

kinetic energy [20, 22]. That is when: 

 
𝐸𝑐 >

1

2
 𝐾𝐵𝑇 (2.11) 

Confinement energy is given by Heisenberg uncertainty principle given by: 

 ∆𝑝𝑥 ∼ ℏ/𝛥𝑥 (2.12) 

 
𝐸𝑐 =

(∆𝑝𝑥)2

2𝑚
∼

ℏ2

2𝑚𝛥𝑥2
 (2.13) 

Therefore 

                                                 𝐸𝑐 ∼
ℏ2

2𝑚𝛥𝑥2
˃

1

2
𝐾𝐵𝑇   (2.14) 

And the thickness is given by: 

 

∆𝑥 = 𝑑 ~ √
ℏ2

𝑚𝐾𝐵𝑇
 (2.15) 
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From Eq. 2.15, one can predict, that how small should be the well structure in 

order to observe the confinement effects, e.g., For both CdTe and GaAs QWs the 

electron effective masses are 𝑚𝑒 ~ 0.1𝑚0, So one needs d ∼ 5nm for confinement 

effect to be important at room temperature. In this research work, all experiments were 

conducted at cryogenic temperature (2 K), where this constraint on the thickness for 

confinement effect can be relaxed up to 25 nm at T = 10 K. 

Now, the fundamental property of quantum confinement can be visualized by 

considering the quantum well as barriers with infinite potential and applying results to 

classical quantum mechanical approach of “particle in a box”. So, in QW the electrons 

energy levels are determined through Schrodinger equation. With the help of the 

boundary condition, the energy levels are given by Eq. 2.16: 

 

 
𝐸𝑛 =

ℏ2

2𝑚∗
(

𝑛𝜋

𝑑
)

2

= 𝑛2∆𝐸 (2.16) 

Confinement energy leads to the increase in the unconfined states by a factor of  ∆𝐸. 

As the effective masses 𝑚∗ have inverse relation with the energy of the levels, therefore 

quantization energy of HH and LH bands is not same. Degeneracy of the LH and HH 

bands in bulk is lifted. So, due to the larger effective mass the HH band becomes the 

lowest band in VB shown in Figure 2.2 [23].  

2.5 Bound Particles: 

The above mentioned treatment of the confined particles does not take into 

account the effect of Coulomb interaction among charged particles and many body 

interactions. In fact, the particle correlations due to these interactions plays a pivotal 

role in the optical response of semiconductors [24]. The fundamental optical response 

of semiconductor is the photo created electron-hole pair, which becomes a bound state 

called “exciton” under the Coulomb interaction discussed below. 

2.5.1 Excitons and Trions:   

For an excitation of an electron from valence to the conduction band a hole, a 

positive charged particle, is left behind in the valence band. The Coulomb interaction 

between hole and electron creates a bound state termed as exciton (X) [25] shown in 
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Figure 2.3 (a). X can be explained through the approximation of the effective mass, with 

𝑎𝐵
𝑋 is the X  Bohr radius, the X binding energy is given by:  

 
𝐸𝐵

𝑋 = 𝐸𝑅𝑌
ℎ

𝜇

𝑚0

1

𝜀2(0)
 (2.17) 

 𝑎𝐵
𝑋 = 𝑎𝐵

ℎ
𝑚0

𝜇
 (2.18) 

 1

𝜇
=

1

𝑚𝑒
+

1

𝑚ℎ
 (2.19) 

Here, 𝜇 is the reduced mass, 𝑚𝑒 and 𝑚ℎ are the electron and hole effective masses 

respectively, 𝐸𝑅𝑌
ℎ  and 𝑎𝐵

ℎ  are the X  Rydberg Energy and Bohr radius of the hydrogen 

atom respectively [26]. 

 

 

An electron-hole pair with electron in the CB and hole in the LH or HH bands 

of VB form an exciton called either HH-exciton or LH-exciton. The energy of each 

photon is equal to the difference of energy (Eg) of the CB and VB minus the X binding 

energy (𝐸𝐵
𝑋) given by Eq. 2.20: 

 𝐸𝑝ℎ𝑜𝑡𝑜𝑛 = 𝐸𝑔 − 𝐸𝐵
𝑋 (2.20) 

In direct band gap semiconductors, a photon of energy 𝐸𝑋 can create an X. The 

bound state formation is energetically possible, so there is likelihood for the formation 

of the exciton. Typically, the X are observed spectroscopically just below the band gap. 

With excess electrons in the CB, can easily be realized in confined structures like QW. 

 

Figure 2.3: Schematic diagram of bound particles (a) exciton and (b) trion. 
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The neutral X can interact with an additional electron or hole to form a three 

body system, i.e., negative or positive charged X commonly known as negatively (X¯) 

or positively (X+) charged trion respectively shown in Figure 2.3 (b). Lampert [27] in 

1958 first predicts the X¯. In semiconductors, X¯ can only be realized under two 

conditions: First, there must be a low density electron or hole gas has to be present. The 

X¯ are formed, when an additional carrier electron or hole bound to a photo-created 

electron-hole pair. Second, there must be a two dimensional confinement. In doped 

confined nanostructures like n or p type QWs, both the conditions are satisfied. 

 

Figure 2.4: Photoluminescence transmission spectrum of CdTe MQW showing both 

exciton (X) and trion (X¯) spectral lines at T = 2 K [28]. 

Due to the small binding of X¯, it was not possible to observe them in bulk until 

high quality QWs were developed, in which the binding energy due to confinement 

becomes comparable to the bulk value. The physical evidence of X¯ was given by K. 

Kheng et al. in 1993 [29].  Kheng et al. used a simple method to obtain low density 

electron or hole necessary for X¯ formation in modulation doped QWs. In this technique, 

QW barriers are implanted with n or p-type dopants. In this process, dopants remain 

separated spatially from actual quantum well, such that the scattering between photo-

created and dopants is minimum. However, dopant electrons or holes remains available 

for X¯ formation. In X¯ the total binding energy of X lowers due to the binding of X with 

excess electrons. Therefore, X¯ appears energetically below the X resonances as shown 

in Figure 2.4. 
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2.6 Optical Excitations and Spin Orientation: 

The main focus of this thesis is to observe optical orientation and spin pumping 

through optical excitation of resident electrons in confined nanostructures like QWs 

using ultrafast coherent sources of light [30]. Spin pumping and spin orientation can 

only be realized in confined nanostructures if there is a common state available for 

dipole allowed transition for two electron spin states. In the above mentioned confined 

nanostructures, the only state to which both the electron states can couple is the 

common state of the trion energy level [31, 32]. While, a 2-D electron gas of less density 

in the CB is available to both the electron spin states. These states are in the ground 

state.  

For optical excitation of ground state resident electrons with given spin, one has 

to follow some polarization selection rules [33]. Optically induced transition obeys 

conservation of momentum (ΔJ = 1 between excited and ground state) and energy (i.e., 

photon energy must match the resonance energy of transition), especially angular 

momentum of photon helicity (±1).  Circularly polarized photons serve this purpose as 

they are considered as energy packets having energy and intrinsic angular momentum 

(ΔJ = 1). It is this property of photon, which is used for the spin orientation of the 

excited carriers. Following section describes the selection rules governing the dipole 

allowed transitions. 

2.6.1 Selection Rules: 

Figure 2.5 shows the optical excitation selection rules for the optically spin 

pumping [34] of the ground state electrons to the excited state using circularly polarized 

photons of helicity (±1). Solid arrows show dipole allowed transitions using photons 

with positive helicity (𝜎+), while dashed arrows show transitions using photons having 

negative helicity (𝜎−).  Circularly polarized photons with positive helicity 𝜎+ carry 

angular momentum ΔJ = 1, while photons with negative helicity 𝜎− carry angular 

momentum ΔJ = -1. Only those transitions are possible for which angular momentum 

ΔJ changes by one. 
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Figure 2.5: Selection rules for excitation of electrons between CB with j = ½ to VB 

with j = 3/2. Solid arrows show dipole allowed transitions using photons with positive 

helicity (𝜎+), while dashed arrows show transitions using photons having negative 

helicity (𝜎−).   

Conservation of momentum rule also suggests that, initialization of electron 

spin is parallel to the exciting photon’s propagation, which is primarily due to the 

projection of photon’s momentum to direction of propagation. 

2.6.2 Larmor Precession: 

As discussed in previous section, for the coupling of two electron spin states 

with common trion energy level, one must use specific optical techniques; an externally 

applied magnetic field (B) to modify selection rules discussed in section 2.6.1. Without 

the externally applied B, the two electron spin states have dipole allowed transitions 

using left hand (𝜎−) and right hand (𝜎+) circularly polarized light, without coupling to 

the common trion energy level shown in the Figure 2.6 (a). Solid arrows show dipole 

allowed transitions using photons with positive helicity (𝜎+), while dashed arrows show 

transitions using photons having negative helicity (𝜎−).  However, in the presence of 

the externally applied transverse B in the direction of the QW plane, i.e., “Voigt 

geometry” (⊥ to the growth direction of QW) causes the electron spin states to get align 

to the field shown in Figure 2.6 (b) [30, 35].  
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Due to this externally applied B in Voigt geometry (excited spin and applied 

field are orthogonal) the optical coupling of the two spin states of electron to a common 

trion energy level is enabled, i.e., spin precession with Larmor frequency (𝜔𝐿) can be 

observed shown in Figure 2.7. This spin precession or Larmor precession is due to the 

generation of coherent superposition of the eigenstate for spin up and down states due 

to the externally applied B. The electron spin states experiences Zeeman splitting in 

related B given by: 

 
ℏ𝜔𝐿 = ∆𝐸𝑧 = 𝐸𝑠𝑝𝑖𝑛 𝑢𝑝 − 𝐸𝑠𝑝𝑖𝑛 𝑑𝑜𝑤𝑛 =

𝑒ℏ𝐵

𝑚𝑒
 (2.21) 

Where e is the electronic charge. The Larmor frequency is then given by: 

 𝜔𝐿 =
𝑔0𝜇𝐵𝐵

ℏ
  (2.22) 

Where the material dependent parameter Lande 𝑔 factor for free electron is 𝑔0 = 2.002 

and the Bohr magneton is: 

 𝜇𝐵 =
𝑒ℏ

𝑔𝑒𝑚𝑒
= 9.274 × 1024 𝐽 𝑇⁄   (2.23) 

Figure 2.6: Coupling of the two electron states with the common trion energy level (a) 

without the magnetic field (b) with magnetic field. Solid arrows show dipole allowed 

transitions using photons with positive helicity (𝜎+), while dashed arrows show 

transitions using photons having negative helicity (𝜎−). 
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Figure 2.7: Classical spin precession of electron with precession frequency 𝜔𝐵due to 

the externally applied transverse magnetic field B in Voigt geometry. 

Where Eq. 2.22 is valid for free electrons. In the present case, for optically 

oriented spins, Lande g-factor is replaced by an effective Lande g-factor as in the case 

of free electron mass m is replaced by an effective mass m0. The effective g-factor for 

CdTe and GaAs QWs are 1.64 and 0.38 respectively [8]. One can have the same result 

by analogy with classical Larmor precession, where the external B  behaves like a 

torque acting on macroscopic spin polarization S: 
𝑑𝑆

𝑑𝑡
= −𝑒𝑆 × 𝐵/𝑚0 depicted in Figure 

2.7. 

2.6.3 Hanle Effect: 
 

Hanle effect describes the depolarization of the luminescence under the 

application of a transverse B discovered by Hanle in 1924 [36]. Hanle effect is 

extensively used for the observation of spin dynamics in semiconductor materials. The 

fundamental reason in the Hanle effect is Larmor precession or spin precession of the 

electron to the externally applied B as described in section 2.6.2. Under continuous 

illumination, Larmor precession decreases the average spin projection of the electron 

on light propagation direction, which gives the polarization degree of the incident light. 

Hence the polarization degree decreases with respect to the externally applied 

transverse B. For steady state conditions this dependency helps in determining both the 

recombination and spin relaxation time.  

Larmor precession is due to electron spin precession in the presence of external  

B with a frequency known as Larmor frequency Ω𝑳. The simple equation of motion 
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describing spin pumping, relaxation and recombination time of the spin along with this 

precession is given by   

 d𝐒

dt
=  Ω × 𝐒 −  

𝐒

TS
−

𝐒−𝐒𝟎

T
  (2.24) 

Where the first term explains the precession of electron spin in B field (Ω𝐿 = 𝑔𝜇𝐵𝐵/ℏ), 

the second term explains spin relaxation and the third term explains the spin generation 

through excitation term 
𝐒𝟎

T
 and recombination term 

−𝐒

T
. In excitation term, 𝐒𝟎 is given 

by the initial spin of photo created electron and is directed along the excitation beam. 

Under steady state condition (
𝑑𝑺

𝑑𝑡
= 0) and without externally applied B, one can easily 

get: 

 𝑆𝑍(0) =
𝑆0

1+𝜏
𝜏𝑆⁄

  (2.25) 

and in the presence of the external B   

 𝑆𝑍(𝐵) =
𝑆𝑍(0)

1+(Ω𝜏∗)2
,       

1

𝜏∗
=

1

𝜏
+

1

𝜏𝑆
   (2.26) 

Where 𝜏∗ gives the width of the depolarization curve. So from measurements of Hanle 

effect in the presence and absence of B, for steady state conditions, one can easily get 

electron spin lifetime and spin relaxation time. The next section discusses the spin 

relaxation mechanisms.  

2.7 Spin Relaxation Mechanisms: 
 

Spin relaxation is the disappearance of the initially created non-equilibrium 

electron spin polarization created through spin pumping of the resident electrons 

following spin selection rules given in section 2.6.1. Spin relaxation or spin dynamics 

is usually characterized by two characteristics spin relaxation times, the longitudinal 

spin relaxation time T1 and the transverse spin relaxation time T2 often called de-

coherence time. Externally applied longitudinal magnetic field generates spin splitting, 

therefore longitudinal time T1 gives the time scale during which spin relaxation occurs 

between upper and lower state. The spin relaxation process described by T1, requires 

the transfer of energy from the spin system to the crystal lattice through phonon 

emission. Contrary to this, if B is applied ⊥ to the propagation of light beam, i.e., in 
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Voigt orientation, then electron spin precess about the magnetic field direction. The 

transverse time T2 gives the timescale during which the phase relation between the 

eigenstates disappears, without the spin level occupation or energy transfer [17, 32].   

Along with T2 there is an additional time constant 𝑇2
∗ called dephasing time, 

which describes the coherence decay in an ensemble. The origin of 𝑇2
∗  lies in the 

inhomogeneity’s of ensemble, which leads to change in precession frequency. Usually, 

𝑇2
∗ is much shorter than T2. However, this dephasing does not lead to individual spin 

coherence destruction. But 𝑇2
∗ masks the duration of coherence of single spin during 

rapid loss of coherence among phases of different spins [17, 32].  

Normally, one measures macroscopic magnetization by exciting a spin 

ensemble. Externally applied magnetic field is homogenous only within a small 

volume. Also, spins in an excited ensemble experiences different environment. Due to 

this ensemble effect, there are two types of spin dephasing: (i) homogenous dealing 

basic physics phenomenon and (ii) inhomogeneous spin dephasing dealing 

inhomogeneity of spin ensemble and sample or set up inhomogeneity [34]. For 

homogenous spin dephasing, only a short note on homogenous spin dephasing with 

literature sources just for acquaintance is given.  

Elliott-Yafet Mechanism: 

In 1954 Elliott suggests that, scattering of momentum is the main reason for the 

spin relaxation of the electrons. In Elliott-Yafet mechanism, the spin flip of spin 

oriented electrons results mainly due to spin-orbit interaction in the scattering process 

[37, 38]. 

Dyakonov-Perel Mechanism: 

The main cause of the spin relaxation of the spin polarized electron in bulk 

semiconductors crystals and semiconductor QWs is the Dyakonov-Perel mechanism. 

The reason for Dyakonov-Perel relaxation mechanism is the spin-orbit coupling, which 

act as an effective B with the Larmor precession frequency ΩL depending on the value 

and direction of the k vector leading to the splitting of the CB states. Dyakonov-Perel 

effect appears only in those crystal systems that lack inversion symmetry, e.g., GaAs 

QWs. For k ≠ 0, the degeneracy of the spin is lifted completely. Due to this, the electrons 

having spin up and down possess different energies for the same momentum state. So, 
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the spin dephasing takes place through random momentum scattering distribution 

leading to random distribution of momentum and direction, and hence the precession 

frequency and axis [39, 40].  

Bir-Aronov-Pikus Mechanism: 

The main cause of the spin relaxation of non-equilibrium electron spins in p-

type semiconductors is Bir-Aronov-Pikus mechanism, which is due to electron-hole 

spin exchange interaction [41, 42]. Bir-Aronov-Pikus mechanism becomes important 

at low temperatures. 

Hyperfine Interaction: 

Hyperfine interaction results from the coupling of the magnetic moment of 

electrons and nuclei. So, the electron polarization gets changed by the nuclear system 

due to hyperfine interaction. In III/V semiconductor heterostructures this interaction is 

responsible for the spin dephasing of confined or localized electrons [43, 44]. For CB 

electrons having s-type wave function, hyperfine interaction is of the form:  

 𝐻ℎ𝑓 = 𝐴𝑉𝐼. 𝑆∆(𝑟)     (2.27) 

Here A is the coupling constant, V is the unit cell volume, I is the nuclear spin 

and S is the electron spin. Fishman and Lampel [45] calculated the spin relaxation rate 

due to hyperfine interaction as:  

 1

𝜏𝑆
ℎ𝑓 =

2

3
𝑁𝑛𝑢𝑐(𝐴𝑉)2(|𝛹(0)|2𝑉)2𝐼(𝐼 + 1)

√2(𝑚𝑒
∗ )3𝐸𝑘𝑖𝑛

2𝜋ℏ4       (2.28) 

Where 𝑁𝑛𝑢𝑐 is the nuclei density, 𝛹(0) and 𝑚𝑒
∗  are the CB electrons wave 

function and effective mass, respectively. So, for equilibrium electron spin this 

interaction leads to spin relaxation and for non-equilibrium electron spins this 

interaction leads to dynamic nuclear polarization (DNP). In DNP, the spin of the spin 

polarized electrons gets equilibrate, by nuclear spin flipping, therefore transferring 

angular momentum from the electronic system to the lattice nuclei. DNP has been 

observed in semiconductor and semiconductor heterostructures [46]. 
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2.8 Dynamic Nuclear Polarization (DNP): 

Usually due to small hyperfine interaction, the coupling between electron spin 

system and nuclear spin system is neglected. The Hamiltonian of the Fermi interaction 

is given by [46]: 

 
𝐻 =

2

3
𝜇0𝑔0𝜇𝐵𝛾ℏ 𝐼. 𝑆 |𝛹(0)|2 (2.29) 

Here 𝜇0 = 4𝜋 . 10−7𝑉𝑠/𝐴𝑚 is the vacuum permeability, 𝛾 is the nuclear gyromagnetic 

ratio (analogous to the electron g-factor), I is the spin of the lattice nuclei, S is the spin 

of the electron and 𝛹(0) is the electron wave function with respect to the nuclei. Table 

2.2 gives the basic nuclear data for the isotopes of GaAs.  

All stable isotopes of the (In, Ga) As compound carry a non-vanishing nuclear 

spin, which couples to the electronic system through hyperfine interaction. Continuous 

alignment of the electron spins through continuous optical illumination, develops high 

nuclear polarization along with effective nuclear magnetic field BN up to several Tesla. 

Simultaneously, due to the spin-lattice and quadrupole relaxation the nuclear 

polarization decreases. This phenomenon of the polarization of the lattice nuclei as a 

result of the continuous optical pumping of the electrons is coined as DNP. 

In bulk, the equilibrium of nuclear spins is explained by the nuclear spin 

temperature  𝜃𝑁 in time T1 = 1/𝛾BL, where BN is the local magnetic field. 

Table 2.2: Basic information regarding the stable isotopes of GaAs QWs [8] 

Isotope Isotope 

abundance (%) 

Spin Magnetic moment, 

𝜇𝑁 (J/T) 

g-factor 

27Al 100 5/2 3.641 1.457 

69Ga 60.4 3/2 2.016 1.344 

71Ga 39.6 3/2 2.562 1.708 

33As 100 3/2 1.439 0.959 
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Usually, BL is of the order of 10-4 T, therefore T1 is of the order of several microseconds 

[37]. The direction of the nuclear magnetization is along the magnetic field experienced 

by nuclei and its magnitude follows Curie law as [12]: 

 〈𝐼〉 =
1

3
ℏ𝛾 𝐼(𝐼 + 1)

𝐵

𝐾𝐵𝜃𝑁
    (2.30) 

And the nuclear spin temperature of the form given in Eq. 2.30 is: 

 1

𝜃𝑁
=

1

𝜃0

𝐵

𝐵2 + 𝜉𝐵𝐿
2 (2.31) 

Here 𝜃0 is the nuclear spin-lattice relaxation parameter and 𝛏 depends on the 

spin-spin interactions and is of the order of unity. If the external B is smaller than the 

local field (experience by nuclei), there is no nuclear polarization. If there is some 

alignment of nuclei, they will get depolarize, i.e., magnetization decreases. However, 

for external magnetic field larger than the local field BL, DNP takes place orienting the 

nuclei spins with respect to the external B and the optically oriented electron spins. At 

this point, it is already clear that the transfer of spin from electron to nuclei influence 

the electron spin lifetime. Regarding DNP, the mean nuclear spin is given by:  

 
〈𝐼〉 =

4

3
 𝐼(𝐼 + 1)

(𝑆. 𝐵)𝐵

𝐵2 + 𝜉𝐵𝐿
2 (2.32) 

Here S is the electron spin. It suggests that, if there is no electron polarization 

there is no DNP. Even for S ≠ 0, there can be no DNP if the spins of the electron ⊥ to 

the external B. In this case, the 〈𝐼〉 is either parallel S.B ˃ 0 or antiparallel S.B ˂ 0 to 

the external magnetic field.  

Figure 2.8 shows the DNP through optical pumping in Faraday geometry (𝑘ǁ𝐵) 

in a QW. As the electron spins are in the direction of the photon’s propagation direction, 

the electron spin component is parallel to the external magnetic field (BExt). Depending 

on the helicity (σ+ or σ-) of the incoming laser, the spins can have a component either 

parallel (Figure 2.8 (a)) or antiparallel (Figure 2.8 (b)) to the external magnetic field. 

Since DNP generates a nuclear field 𝐵𝑁, the effective field experienced by electrons is 

𝐵𝑒𝑓𝑓 = 𝐵𝑒𝑥𝑡 ± 𝐵𝑁. Where 𝐵𝑁 =  𝑏𝑁
〈𝐼〉

𝐼⁄  and 𝑏𝑁 is given by: 



34 

 

 
𝑏𝑁 =

2
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𝑔𝑒
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2

𝑖

 (2.33) 

Therefore, the local field 𝐵𝑁 is given by: 

 
𝐵𝑁 =

4

3
(∑(𝐼𝑖 + 1)𝑏𝑁

𝑖

(𝑖)𝑓𝑖)
(𝑆. 𝐵)𝐵

𝐵2 + 𝜉𝐵𝐿
2 (2.34) 

 

Figure 2.8: DNP geometry for optical pumping in Faraday geometry. Here, BExt, BNuc, 

Beff and σ+ or σ-, are the externally applied magnetic field, nuclear field generated due 

to the spin polarized lattice nuclei, effective magnetic field due to the combination of 

the external and nuclear magnetic field and the left or right circular helicity of the 

incident luminescence.  

Moreover, if DNP is achieved through optical orientation and its effect is studied by 

optical means, then optical nuclear magnetic resonance is possible. Fundamentals of 

DNP were developed by Paget et al. in 1970’s [47]. Experimentally, DNP was observed 

by Lampel in 1968 [48]. Recent experiments of J. M. Kikkawa, D. D. Awschalom [49] 

showed that various kinds of nuclear magnetic resonance are possible. 

 2.9 Summary: 

In this chapter, a brief summary of the fundamentals of the optical interaction 

in direct band gap semiconductors is presented along with the introduction of excitons 

and trions in confined semiconductor nanostructures. The radiative processes 

responsible for the coupling of the electrons in the presence of 2-D gas to the trion 

excited state under the influence of the external magnetic field. Then the optical 

orientation of the spin polarized electrons was discussed briefly along with the 
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interaction of the optically oriented electrons with the lattice nuclei through a process 

of DNP. The fundamental reasoning of the DNP, i.e., hyperfine interaction was also 

discussed along with the nuclear field, which results from the DNP in Faraday 

geometry.  
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Chapter 3 

Experimental Set up and Samples 
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This chapter presents a detailed description of the QW samples used in this 

study and the complete experimental optical set up devised for the study of spin 

dynamics through single beam detection both in transmission and reflection geometry. 

Also a brief description of the cryostats, magnets and the polarizing optics along with 

the lock-in-amplifier used in the experiments of spin dynamics using single beam is 

presented.  

3.1 Samples: 

 Most of the experiments regarding resonant spin pumping of the resident 

electrons were done on CdTe MQWs and GaAs MQWs grown by Molecular Beam 

Epitaxy (MBE). In MBE technique, ultra-pure elements such as Cd and Te are heated 

till evaporation in separate effusion cells. The evaporated elements then fall and 

condense on wafer, where they react with each other to form a single crystal of CdTe 

in case of Cd and Te elements. The term “Beam” simply implies that the evaporating 

atoms do not interact with each other or with other gases in the chamber before reaching 

wafer, due to large mean free path lengths of the beam. Most important point in MBE 

technique is its slow evaporation rate, allowing films to grow epitaxially. Computer 

controlled shutters against each effusion cell gives high precision of the layer thickness, 

down to a single layer of atoms. Such precise control allows the development of 

structures such as QW, where electrons can be confined in space. In the following 

section a detailed description of the CdTe and GaAs QWs is given.   

3.1.1 CdTe MQWs: 

The CdTe / Cd0.78Mg0.21Te QW heterostructures (# 031901D) were grown on a 

(001) Si substrate through MBE technique followed by a 4.4 μm thick Cd0.78Mg0.21Te 

buffer layer. Actual area of QW region comprises of five electronically decoupled 20 

nm thick CdTe QWs separated by 85 nm thick Cd0.78Mg0.21Te barriers. The barrier 

thickness was enough to exclude electronic coupling between the wells. An additional 

cap layer of Cd0.78Mg0.21Te of thickness 110 nm was grown covering whole structure 

in order to minimize surface charges effect on the electronic states of the QWs. The 

barriers were doped by iodine donors to have a two dimensional electron gas (2-DEG), 

to provide electrons into QWs with a low density of about ne ≈ 1010 cm-3 [3].  The CdTe 
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MQW sample was mounted on a sapphire disk and the GaAs substrate was removed 

through chemical etching to perform transmission experiments. 

 

                

(a)                                                               (b) 

Figure 3.1: Cross-sectional view of the (a) CdTe MQWs (b) GaAs MQWs samples 

used for the study of the spin orientation using single beam approach. 

3.1.2 GaAs MQWs: 
 

The MQW heterostructures (# 1431) of GaAs were grown on Te doped GaAs 

(100) substrate using MBE growth technique. As detailed in table 3.3, the sample is a 

GaAs / Al0.35Ga0.65As heterostructures consisting of 13 nominally un-doped GaAs / 

Al0.35Ga0.65A QWs with thickness varying from 2.8 nm to 39.3 nm. By examining the 

growth sequence of the GaAs sample, one can see that GaAs QWs were fabricated by 
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varying the thickness of the GaAs epi-layer and keeping AlGaAs thickness constant at 

30.9 nm. 

Table 3.3: Growth sequence of GaAs MQWs 

 

 

QW No. Layer Loop 

Growth 

Temp T 

(°C) 

Duration 

(s) 

Thickness 

(nm) 

 AlAs b15 650 26.0 2.6 

 GaAs end 650 14.0 2.6 

 Al0.35Ga0.65As  650 107.0 30.9 

1 GaAs  650 209.0 39.3 

Al0.35Ga0.65As  650 107.0 30.9 

2 GaAs  650 105.0 19.7 

Al0.35Ga0.65As  650 107.0 30.9 

3 GaAs  650 77.0 14.5 

Al0.35Ga0.65As  650 107.0 30.9 

4 GaAs  650 62.0 11.7 

Al0.35Ga0.65As  650 107.0 30.9 

5 GaAs  650 56.0 10.5 

Al0.35Ga0.65As  650 107.0 30.9 

6 GaAs  650 43.0 8.1 

Al0.35Ga0.65As  650 107.0 30.9 

7 GaAs  650 36.0 6.8 

Al0.35Ga0.65As  650 107.0 30.9 

8 GaAs  650 31.0 5.8 

Al0.35Ga0.65As  650 107.0 30.9 

9 GaAs  650 27.0 5.1 

Al0.35Ga0.65As  650 107.0 30.9 

10 GaAs  650 23.0 4.3 

Al0.35Ga0.65As  650 107.0 30.9 

11 GaAs  650 21.0 3.9 

Al0.35Ga0.65As  650 107.0 30.9 

12 GaAs  650 18.0 3.4 

Al0.35Ga0.65As  650 107.0 30.9 

13 GaAs  650 15.0 2.8 

Al0.35Ga0.65As  650 107.0 30.9 

Substrate GaAs  650 71.0 13.3 
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3.1 Optical Set Up: 
 

The complete optical set up used for the spin pumping of the resident electrons 

in CdTe MQWs in transmission is shown in Figure 3.2.  

The experiments were conducted using three different tunable Ti: Sapphire 

femtosecond (fs) laser sources: (i) continuous wave (cw) laser (T&D Scan: 

Tekhnoscan); (ii) Self mode-locked picosecond (ps) oscillator (Mira 900D, Coherent) 

with repetition rate of f = 75.8 MHz, spectral width of 0.9 nm and pulse duration of 

about 2ps; (iii) self-mode locked femtosecond (Gigajet 20c, Laser Quantum) with f = 

999 MHz, spectral width of 30 nm and pulse duration 50 fs. The latter was used in 

combination with pulse shaper which reduced the spectral width of the pulses down to 

0.7 nm. The advantage of these laser sources is the tuning over a large range of 

wavelength from 700 nm to 800 nm for the broadband set of intra-cavity mirrors. 

The laser beam from source was routed through reflecting mirrors to a Beam 

Splitter (BS), where beam was divide into two parts: (i) one was routed to a 

photodetector 1 (PD1) through a focusing lens of focal length f = 100 mm, which 

transferred signal to computer through an analog to digital converter device (ii) while, 

the other part of the excitation beam was routed to focus on sample for excitation of 

resident electrons. Before the excitation beam was focused on sample, its passed 

through polarization optics, such as a Glan prism for linear (vertical) polarization of the 

beam. After this, the excitation beam passed through a Photo Elastic Modulator (PEM) 

placed at 45⁰ to the vertical axis. The PEM (Hinds instrument, PEM 90) modulates the 

excitation beam through inducing circular polarization achieved by periodically 

switching the polarization of the transmitted beam from right circular polarization (σ+) 

to left circular polarization (σ-) at a frequency of 50 kHz.  

In between σ+ and σ- the polarization state of excitation beam changed from elliptical 

to linear polarization. The proper phase of the modulated excitation beam retained with 

the help of lock-in technique discussed in section 3.6, while enhancing the signal to 

noise ratio many folds. 

After passing through PEM, the modulated excitation beam was focused on 

sample through a Plano-convex quartz lens of f = 150 mm. In order to ensure to hit the 
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Figure 3.2: Optical set up used for spin pumping of resident electron in CdTe MQWs 

in transmission geometry showing all the optical components. The sample was placed 

in a bath cryostat at T = 2 K. 

same spot on the sample a camera was installed for sample imaging. Typical power 

densities of the excitation beam used in these experiments were Pexc. = 1 mW. 

The CdTe MQW sample was placed inside a cryostat (CryoVac.) which was 

equipped with an external electromagnet with field up to 0.7 T. The Variable 

Temperature Inset (VTI) of the cryostat maintains sample temperature around 2 K (with 

pumping on VTI). The sample holder allowed to rotate sample axially. The position of 
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the electromagnet relative to the sample could be changed in order to have either Voigt 

or Faraday geometry. 

After passing through the sample, the transmitted light was focused onto a Si 

photodetector (PD2) (Laser Quantum, PR 130) using a focusing lens of focal length f = 

150 mm. The signal from PD2 was given to lock-in amplifier, which was then send to 

computer through a digital to analog converter (DAC). 

The same optical set up discussed in section 3.1 could also be used for reflection 

measurements with slight changes. In this case, the reflected light was focused on the 

PD2 as shown in Figure 3.3. For optical pumping of the nuclei system a λ/4 plate was 

inserted before PEM in order to have only one circular polarization of the excitation 

beam. 

3.2 Cryostat and Magnets: 
 

In order to address spins optically and to extend their spins lifetime, one needs 

to freeze out the effects of phonons, which increases spin decoherence rates and broad 

the optical transitions. Freezing of phonons was done by putting CdTe and GaAs QWs 

sample at cryogenic temperatures. For this purpose, a bath cryostat (CryoVac.) was 

used to maintain temperature at 1.8 K. In bath cryostat, this cryogenic temperature was 

achieved by filling liquid helium. 

The cryostat was comprising of mainly three parts: a nitrogen (N2) shield, a Helium 

(He) tank and a VTI (Variable Temperature Inset). All parts were separated by a 

vacuum (∼ 10-7 mbar). The role of N2 shield was to prevent thermal bridge and to lower 

down the He consumption. Temperature upto 1.8 K was achieved by pumping liquid 

He to VTI, while needle valve between VTI and He tank controls the level / flow of 

liquid helium to maintain temperature down to 1.8 K. An electric heater allowed to set 

the sample temperature between 4.2 K and 300 K.  

Before filling liquid N2 the pressure in the cryostat was reduced to 10-6 mbar 

with the help of a vacuum pump. Also, the VTI was flushed out with He to remove any 

air or impurity before filling liquid N2. 
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Figure 3.3: Optical set up used for spin pumping of resident electron in GaAs MQWs 

in reflection geometry. The sample was placed in bath cryostat at T = 1.8 K. 
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Figure 3.4: Experimental set up showing both the cryostat and electromagnet used to 

obtain cryogenic temperature upto 1.5 K and magnetic field upto 0.7 T. 

 

Figure3.5: Calibration curves for the external electromagnet used to provide transverse 

magnetic field using a bipolar power supply upto 60 mT. 
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.  

Figure 3.6: Calibration curves for the external electromagnet used to provide transverse 

magnetic field with ferrites using a bipolar power supply upto 600 mT. 

Magnetic field was provided by an external electromagnet to generate magnetic 

field upto 0.7 T using a bipolar power supply to generate Zeeman splitting essential for 

the experiments presented in Chapter 4, 5 and 6. The calibration curves of the 

electromagnet with and without the ferrites inside the electromagnet are shown in 

Figure 3.5 and Figure 3.6 respectively depicting magnetic field to the corresponding 

current. Four windows equipped with cryostat allowed measurement both in Voight (k 

⊥ B) and Faraday (k ǁ B) geometry. 

3.4 Polarization Optics: 
 

The main optical component used for the modulation of the excitation beam was 

PEM, which modulates the polarization of the excitation beam between σ+ linear and σ-

. 

3.4.1 Photo-elastic Modulator (PEM): 

 

The basic principle of operation of PEM is the phenomenon of photo elasticity. 

When a transparent material is mechanically stressed either by stretching or 

compressional waves exhibits the phenomenon of birefringence, i.e., light photon 

having different linear polarizations bears different speeds of light, when passing 

through the material.  
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For a linearly polarized monochromatic light, the plane of polarization is at 45⁰ 

to the modulator axis before passing through the material. If the optical medium 

expands the light goes through the medium without change in polarization. On the other 

hand, If the optical medium gets compressed, the component of the linearly polarized 

light parallel to the modulator axis travels slightly faster than the vertical component. 

So, the component of the linear polarization parallel (ǁ) to the axis of modulator move 

ahead to the component of the linear polarization perpendicular (⊥) to the axis of the 

modulator. In case of stretching of the optical medium, the parallel component moves 

behind the perpendicular component. This phase difference induced between the 

components of linear polarization of light at any instant of time is called retardance or 

retardation [1].  

For quarter wave retardation, i.e., when peak retardation is exactly 1/4 of the 

wavelength of light, the PEM act as a quarter wave plate shown in Figure 3.7 

 

Figure 3.7: PEM act as a λ/4 plate if the retardation between the two equal electric 

components of the incident linearly polarized light is λ/4 [1]. 

So, the polarization vector follows a right handed spiral along the optical axis. 

Such light is called right circularly polarized light. For entire modulation cycle, the 

polarization of light oscillates between right circular and left circular, with linear and 

elliptical states in between. 

And when the peak retardation reached 1/2 of the wavelength of light, the PEM 

act as half wave plate shown in Figure 3.8 and so rotates the plane of polarization by 

90⁰. PEM I (Hinds Instrument, PEM 90) uses a fused silica bar, which vibrates at a 

natural resonant frequency of 50 kHz. This vibration is sustained by the piezoelectric 

transducer made of quartz at the end of the bar. At the center of the optical element an 

http://www.hindsinstruments.com/wp-content/uploads/QuarterWave-Retardation.png
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oscillating birefringence occurs at the resonance frequency of 50 kHz, whose 

magnitude is controlled by the PEM controller.  

 

Figure 3.8: PEM act as a λ/2 plate if the retardation between the two equal electric 

components of the incident linearly polarized light is λ/2 [1]. 

3.6 Lock-In Amplifier: 
 

The main role of the lock-in amplifier was to improve the signal to noise ratio 

of the periodically modulated signals. Initially, the power line frequency and aliasing 

get rid of by pre-amplification and pre-filtration of the measured signal Vin (t) with 

periodicity 2π/ωin and phase φn (t). After this, the Vin (t) was electronically multiplied 

with an internal reference signal Vref. (t) with an adjustable phase and with the same 

periodicity as Vin (t). provided by the external modulation frequency of the PEM or of 

other source. The product Vin × Vref was then integrated several times by a low pass 

filter, thus the signal and noise contributions not periodic with 2π/ωin gets average out 

[2]. The output Vout (t) ∝ Vin (t) Cos (φref - φin) of the lock in amplifier was DC voltage 

and proportional to the Vin (t) amplitude and was maximal for φref (t) = φin (t). In the 

present case Vin (t) was the signal form the photodiode PD 2.  

Simply, the lock-in amplifier measured the difference of the values, which 

appeared at the extreme states of one modulation period. In the present case of PEM 

(Hinds instrument, PEM 90) modulation, the polarization of the excitation beam was 

switched periodically between right and left circularly polarized light. The output of the 

lock in amplifier (Ithaco NF, Model # 3961B two phase lock-in amplifier) was then 

proportional to the difference of Vin for σ+ pumping and Vin for σ- pumping at the double 

frequency, i.e., 2𝜐.   

 

http://www.hindsinstruments.com/wp-content/uploads/Half-wave-retardation.png
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3.7 Summary: 
 

In this chapter, a detailed description of the samples used in this study along 

with the optical set up used for the spin pumping of the resident electrons both in 

transmission and reflection geometry was presented. Also, the role of cryostat, magnets 

and the polarization optics like photo elastic modulator (PEM) along with the details of 

lock-in amplifier was discussed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



52 

 

3.8 References: 

 

1. https://www.hindsinstruments.com/knowledge-center/technology-primer/pem-

100photoelastic-modulation/principles-of-operation/ 

2. H. J. Kunze, Physikalische Messmethoden. Teubner, Stuttgart 11986 

3. G. V. Astakhov, V. P. Kochereshko, D. R. Yakovlev, W. Ossau, J. Nurnberger, 

W. Faschinger, G. Landwehr, T. Wojtowicz, G. Karczewski, and J. Kossut, 

“Optical method for the determination of carrier density in modulation-doped 

quantum wells“,  Phys. Rev. B 65, 115310 (2002). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://www.hindsinstruments.com/knowledge-center/technology-primer/pem-100photoelastic-modulation/principles-of-operation/
https://www.hindsinstruments.com/knowledge-center/technology-primer/pem-100photoelastic-modulation/principles-of-operation/


53 

 

 

 

 

 

 

Chapter 4 

Single Beam Detection of Optically Driven Spin Dynamics 

in CdTe/(Cd,Mg)Te Multi Quantum Wells (MQWs) 
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4.1 Introduction: 

Investigation of non-equilibrium spin dynamics in semiconductor 

nanostructures represent particular interest in connection with possible applications in 

spintronic devices [1]. For this purpose, optical methods are considered to be promising 

for control and detection of electron spins in semiconductor nanostructures [2]. One of 

the most common techniques for the evaluation of spin relaxation times of photo-

excited as well as resident carriers in semiconductors is based on Hanle effect, which 

is manifested by the depolarization of photoluminescence under illumination with 

circularly polarized light in transverse magnetic field [3]. In the simplest case the 

depolarization curve is described by the Lorentz profile with a half-width at half 

maximum 𝐵1
2⁄ = ℏ 𝑔𝜇𝐵𝑇𝑠⁄ , where TS is the spin life time, which is determined by the 

spin relaxation time 𝜏𝑠  and the lifetime 𝜏 of the optically oriented carriers as 𝑇𝑠
−1 =

𝜏−1 + 𝜏𝑠
−1. However, the evaluation of spin relaxation times requires precise 

knowledge of g factor. 

Significant achievements in optical control of spin states and deeper insight into 

the dynamical processes were achieved by means of time-resolved techniques such as 

pump-probe Faraday/Kerr rotation [4, 5]. Here, the use of pulsed laser sources in 

combination with pump-probe arrangement allows one to resolve the pump induced 

spin dynamics in time and to evaluate all required parameters such as g-factor and spin 

relaxation times [4]. Special interest represents the regime, when the spin lifetime in 

the studied system is longer than the pulse repetition rate of the laser source f. In this 

case resonant spin amplification takes place if the Larmor precession frequency Ω𝐿 =

𝑔𝜇𝐵𝐵 ℏ⁄   is a multiple of 2πf, where B is the magnitude of the external magnetic field 

[5-7]. However, time-resolved pump-probe Faraday or Kerr rotation measurements 

require complex optical adjustment of the two beams, the mechanical delay line and the 

polarization sensitive detection. 

In this chapter, demonstration of the single beam approach for the investigation 

of spin dynamics in the absence of nuclear interactions in wide band gap 

semiconductors based on resonant optical pumping of excess electrons is presented. In 

particular, single laser beam tuned in resonance with the charged exciton (trion) 

transition in a semiconductor quantum well was used for spin pumping of the ground 

state resident electron. Simultaneously the absorption of the same laser beam was used 
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to monitor the spin polarization of electron ensemble. Application of external magnetic 

field in Voigt geometry lead to depolarization of electron spin ensemble and the Hanle 

effect was observed. Interestingly, Hanle peaks appeared not only at B = 0, but also 

around magnetic fields corresponding to resonant condition Ω𝐿 = 2𝜋𝑛𝑓 (n is an 

integer) when the pulsed laser source with relatively high repetition rate ( 𝑓 ≫ 𝑇𝑆
−1 ) 

was used. The observed phenomenon can be treated as optical pumping in the rotating 

frame, where the frequency of rotation corresponds to f or higher harmonics. This single 

beam approach resembles experiments which were performed by Bell and Bloom in 

atomic systems [8]. However, this technique was not yet applied in semiconductor 

systems with relatively short spin relaxation times, which requires laser sources with 

high repetition rates in sub-GHz range. 

4.2 Theoretical Treatment: 

In order to explain the optical orientation both in continuous and pulsed 

excitation, one needs to look into the master equations for the density matrix with spin 

pumping (generation), recombination and relaxation rates. The generation of trions 

through resonant excitation depend on the light polarization and the spin polarization 

of the resident electron ensemble. Only spin up electrons |↑⟩ are selectively excited 

through pumping with σ+ polarized photons. The excited spin up X¯ |⇑↑↓⟩ can 

subsequently decay either radiatively through the same channel or, after a hole spin-flip 

process to |⇓↓↑⟩, by emitting a σ- photon. The latter is responsible for creating spin 

down electrons.  

Hence, for repetitive resonant excitation of trions with σ+ polarized light, a non-

equilibrium state with more spin down than spin up electrons, i.e., optical pumping, is 

established [14, 15]. In turn, the optical pumping leads to a decrease of light absorption 

because the electron population of the ground state with spin projection +1/2 is depleted 

for σ+ excitation and consequently the trion excitation rate decreases. Therefore, the 

spin polarization of resident electrons can be detected through bleaching of the trion 

absorption, which is manifested by an increase of the intensity of the transmitted light 

[17]. The lifetime τ of the trion ground state is nearly 500 ps and the hole spin flip τs is 

nearly 10 ns. 
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  Assuming the electron is subjected to an external B field oriented along x-axis 

creating a spin precession vector Ω, the dynamics of the average spin density of the 

resident electrons S is described by the standard Eq. 4.1: 

 
𝑑𝑺

𝑑𝑡
=  𝑷 −  

𝑺

𝑇𝑆
+ Ω × 𝑺 (4.1) 

where S is the average spin density of resident electrons, P = (0, 0, P) is the spin 

pumping term, TS is the spin relaxation time of resident electrons, and Ω = (ΩL, 0, 0) is 

constituted by the externally applied transverse magnetic field defines the Larmor 

precession of S around external magnetic field B∥x [14, 15]. The spin pumping term 

depends on the helicity of the pump light. 

 
𝑷 = −

𝑛𝑒 𝜌𝑐  𝐺

2
 𝜏0

𝑇 𝜏0
𝑇 + 𝜏𝑆

𝑇⁄  (4.2) 

where 𝑆 = (𝐺+ + 𝐺−) 2⁄  is the optical generation rate, which is directly proportional 

to the total laser intensity I0, 𝜌𝑐 = (𝐺+ − 𝐺−) (𝐺+ + 𝐺−)⁄  is the circular polarization 

degree of light, 𝜏0
𝑇 and 𝜏𝑆

𝑇are the trion lifetime and the trion spin relaxation time, 

respectively [12].  The rates G+ and G- corresponds to the contributions from the σ+ and 

σ- polarized light components. Eq. 4.1 is valid for low pumping rates 𝑷 ≪ 𝑛𝑒 2⁄ , i.e., 

when the spin polarization is small and no saturation effects are observed [15]. This 

condition is satisfied for the investigated CdTe / (Cd, Mg)Te QW structure for which 

𝜏0
𝑇 ≈ 50 𝑝𝑠 and 𝜏𝑠

𝑇 = 1000 𝑝𝑠 [7, 16].  

For a low pumping rate, the population of trions is significantly smaller than the 

population of the ground state and the absorption of light is given by 

 

 𝑨 ∝ (
𝑛𝑒

2
+ 𝜌𝑐  𝑆𝑧) 𝐼 (4.3) 

The second term on the right hand side of Eq. (4.3) determines the spin 

dependent part of the absorption due to optical pumping. For σ+ polarized light (𝜌𝑐 > 

0), the optical pumping leads to negative spin polarization Sz < 0, while in the opposite 

case σ- excitation (𝜌𝑐 < 0) leads to Sz > 0. Therefore, for circularly polarized light the 

transmitted light intensity is always increased due to bleaching of the absorption, while 

for linearly polarized excitation there is no optical pumping (Sz = 0) and the transmitted 
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intensity is minimum. Note that the changes in transmission were determined by the 

degree of circular polarization of the incident laser light but do not depend on the sign 

of polarization. The difference in the transmitted light intensity, ΔT, for circularly (𝜌𝑐 

= ±1) and linearly polarized (𝜌𝑐 = 0) light is given by: ∆𝑇 ∝ |𝑆𝑧|𝐼. 𝑆𝑧 is the z projection 

of the average electron spin S. The steady state solution under continuous excitation 

corresponds to the Hanle curve. 

 
𝑺𝒛𝟎 =

𝑷𝑇𝑆

1 + (Ω𝐿𝑇𝑆)2
    (4.4) 

For pulsed excitation with pulsed laser sources, the excitation rate is time dependent  

 
𝐺(𝑡) =  𝐺0 ∑ exp [𝑖2𝜋𝑛𝑓𝑡]

+∞

−∞

   (4.5) 

Where 𝐺0 is proportional to the time-integrated laser intensity I. There exists the steady 

state solution. 

 
∆𝑇 𝐼 ∝ −|𝑆𝑍(𝑡 = 0)| = − ∑ |𝑺𝒁𝒏|

+∞

−∞
⁄    (4.6) 

Where 𝑆𝑍𝑛 gives the steady state solution for nth order Hanle curve. For n = 0 the steady 

state solution 𝑆𝑍0 is given by Eq. (4.4) and corresponds to Hanle peak at B = 0, while 

for the higher harmonics with |n| > 0 correspond to optical pumping of resident electron 

spins in rotating frame the steady state solution is given by: 

 
𝑺𝒁𝒏 =

1

2
𝑺𝒁𝟎(Ω𝐿 − 2𝜋𝑛𝑓)    (4.7) 

The factor 1/2 on the right hand in Eq. (4.7) appears in the rotating frame. This is 

because the harmonic excitation signal can be expressed as sum of two terms with half 

the amplitude that rotate in opposite directions. In the rotating frame only one of these 

terms contributes to the steady state solution. The harmonics with n ≠ 0 correspond to 

cloning of the Hanle effect, when the Larmor precession frequency ΩL is replaced with 

(Ω𝐿 − 2𝜋𝑛𝑓) in Eq. 4.4. So, in this section theoretical justification of the cloning or the 

modulation of the Hanle curves in rotating frame of polarization using pulsed laser is 

established, While the experimental demonstration is presented in the forthcoming 

sections along with sample configuration. 
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4.3 QW Sample: 

The studied sample (reference # 031901B) was grown by molecular beam 

epitaxy on a (001) GaAs substrate followed by a 4.4 μm thick Cd0.78Mg0.22Te buffer 

layer. The intrinsic heterostructures comprises of five 20 nm thick CdTe quantum well 

(QW) layers separated by 105 nm wide Cd0.78Mg0.22Te barriers [6] as shown in Figure 

4.1. The barriers were thick enough to exclude electronic coupling between the 

quantum wells.  

The resident electrons in the QW were provided by iodine donors (conduction 

band electrons with a density of ne ≈ 1010 cm-3 in 15 nm wide barrier regions, which 

were located at a distance of 20 nm from the QWs. The structure sequence was covered 

by a 110 nm Cd0.78Mg0.22Te cap layer. The structure was mounted on a sapphire disk 

and the GaAs substrate was chemically removed in order to perform transmission 

experiments [11]. 

 

 

 

Figure 4.1: Schematic of the CdTe multi quantum well sample used for the study of 

spin pumping of resident electron using single beam. It shows five layers of CdTe 

MQW of thickness 20 nm separated by a Cd0.78Mg0.22Te barrier layer of thickness 105 

nm. The whole assembly lies on a buffer layer of thickness 4.4 μm. 

4.4 Optical Set Up: 

The complete optical set up used for the optical orientation both for the 

continuous and pulsed excitation is already shown and discussed in Figure 3.1. Figure 

3.1 gives the detailed description of the optical set up, while the concept diagram of the 
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set up depicting the polarization modulation of the excitation beam is shown in Figure 

4.2. The experiments were performed using three different tunable Ti-Sapphire laser 

sources: (i) CW laser (T&D Scan, Tekhnoscan); (ii) a self-mode-locked picosecond 

oscillator (Mira 900D, Coherent) with a repetition rate of f = 75.75 MHz, a spectral 

width of 0.9 nm and a pulse duration of about 2 ps; (iii) a self-mode locked femtosecond 

(Gigajet 20c, Laser Quantum) with f = 999 MHz, a spectral width of 30 nm and pulse 

duration 50 fs. The latter was used in combination with pulse shaper which reduced the 

spectral width of the pulses down to 0.7 nm and correspondingly increase the duration 

to several ps.  

The sample was placed in a liquid helium bath cryostat with variable 

temperature inset and kept at a temperature of T = 2 K. An external magnetic field B of 

up to 0.7 T in Voigt geometry, e.g., parallel to the quantum well plane, was applied by 

an electromagnet. The photon energy of the exciting laser was tuned to the trion 

resonance and the transmitted light intensity was measured with a photodiode as shown 

in Figure 4.2, which is a conceptual diagram of the optical set up shown in Figure 3.2. 

 

 

Figure 4.2: Conceptual diagram of experimental setup. Here PEM, PD, σ+, σ-, π and 

ΔT stands for photo-elastic modulator, photodiode, right circular polarization, left 

circular polarization, linearly polarized light and differential transmission, respectively. 

 

In order to detect the difference in absorption caused by optical spin pumping 

of resident electrons, laser was modulated between linear and circular polarization with 

the help of a photo-elastic modulator (PEM) working at the frequency ν ≈ 50 kHz (see 

Figure 4.2). The PEM modulates the phase between two orthogonal linearly polarized 

components in time ϕ = π/2 sin(2πνt). In this case the polarization state of the laser 

beam changes from linear (π) to σ+ and back to π within the first half of the period and 

π−σ-−π within the another half-period of modulation. The differential intensity signal 
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ΔT was demodulated by means of lock-in amplifier at the double frequency 2ν. The 

modulation of light polarization with PEM was slow compared to the spin dynamics in 

the studied system and therefore the spin polarization in the ground state follows 

adiabatically the polarization of light, i.e., following Eq. (4.4) optical pumping was 

present under σ± polarized excitation and absent for π-polarized light.  

4.5 Results and Discussion 

4.5.1 White Light Transmission Spectrum: 

Identification of the spectral lines of the exciton and trion was confirmed 

through white light transmission spectrum at T = 2 K presented in Figure 2.4.  

 

Two dips at 1.5985 eV and 1.6007 eV were attributed to resonant energies of 

exciton (X) and trion (X¯) complexes. From the amplitude ration between the exciton 

and trion features, estimated density of electrons was low (ne ≈ 1010 cm-3). For this small 

density and at low temperature each resident electron was spatially isolated and 

localized at the potential fluctuations due to variations of composition and QW width. 

The energy level structure and optical transitions are shown in Figure 4.3. The 

ground state is a doublet with electron spin S = 1/2. Optically excited trion complex 

comprises of two electrons and one hole. The energy and spin levels of the X¯ in singlet 

state comprises of two conduction band electrons with antiparallel spin (total spin S = 

0) and a single hole with angular momentum projection Jz = ± 3/2, where z-axis is 

defined by the QW confinement axis (growth direction of the structure) and parallel to 

the light propagation direction.  

 

Generation of X¯ through resonant excitation depends strongly on the light 

polarization and the spin polarization of the resident electrons. Only spin up electrons 

get excited through selective pumping with σ+ photons. The excited spin up X¯ can now 

decay either radiatively through the same channel or through spin flip process by 

emitting σ-photon and creating spin down electrons. Hence a non-equilibrium state with 

more spin down electrons, i.e., optical pumping, is established [12]. 
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Figure 4.3: Energy level diagram and optical transitions for the localized X¯. Here, G±, 

𝜏𝑆, 𝜏𝑆
𝑇and 𝜏0

𝑇 represents the generation rates, spin relaxation time of resident electrons, 

trion spin relaxation time and trion lifetime, respectively.  

4.5.2 Hanle Peak Using CW Excitation: 

Magnetic field dependencies of the differential transmission ΔT measured with CW 

excitation for different photon energies ℏω are shown in Figure 4.4 using a unipolar 

power supply. The changes in transmission were present only for resonant excitation of 

trion (ℏω = 1.5984 eV), i.e., one has to address resident carriers to achieve optical spin 

pumping and detection of their spin polarization. The ΔT dependence is well described 

by Hanle curve following Eq. (4.4) with the half width at half maximum B1/2 which 

increases with the increase of laser intensity. From the fitting of the transmitted curve 

shown in Figure 4.4, using the Eq. 4.4, spin lifetimes were calculated from the relation 

given by Eq. 4.8 

 

 𝑇𝑆 =  ћ/𝑔𝜇𝐵 𝐵1

2

 (4.8) 

 

The corresponding spin relaxation time TS varied in the range from 11 ns to 4 

ns. The complete Hanle curve for CW Ti: Sapphire femtosecond laser using a bipolar 

power supply is shown in Figure 4.5 at T = 2 K for visioning of the complete Hanle 

peak. The observation of the Hanle peak using a single beam technique for CW laser 

have made a base for the cloning or the modulation of the Hanle peak for different 

pulsed lasers presented in the next section. 
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Figure 4.4: Magnetic field dependence of differential transmission ΔT measured with 

CW excitation for different photon energies.  

 

 

Figure 4.5: Magnetic field dependence of differential transmission for resonant 

excitation of X¯ (ℏω = 1.5984eV) with CW excitation. 

  

The corresponding spin relaxation time TS varied in the range from 11 ns to 4 

ns. The complete Hanle curve for CW Ti: Sapphire femtosecond laser using a bipolar 

power supply is shown in Figure 4.5 at T = 2 K for visioning of the complete Hanle 

peak. The observation of the Hanle peak using a single beam technique for CW laser 

have made a base for the cloning or the modulation of the Hanle peak for different 

pulsed lasers presented in the next section. 
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4.5.3 Resonant Hanle Peaks Using Pulsed Excitation: 

Hanle curves measured in larger magnetic field range (-600 mT to 600 mT) for 

pulsed excitation are summarized in Figure 4.6. While for cw pumping, a single Hanle 

peak was observed at B = 0, excitation with periodic sequence of pulses lead to a large 

set of Hanle peaks, which appeared every 3.36 and 44.2 mT for f = 75.8 MHz and 999 

MHz, respectively.  

 

Figure 4.6: Magnetic field dependence of differential transmission for resonant 

excitation of trion (ℏω = 1.5984eV) using pulsed lasers with (a) f = 75.8 MHz and (b) f 

= 999 MHz. 

In contrast to CW excitation, here, using pulsed lasers essential information on 

Larmor precession frequency ΩL was evaluated. From resonance condition for optical 

orientation in the rotating frame 𝑔𝜇𝐵𝐵 = 2𝜋𝑛𝑓, the g-factor came out to be  g = 1.61, 

which was in agreement with g-factor of resident electrons in similar structures as 

evaluated from oscillatory pump probe signals [6]. The half width of Hanle peaks were 
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close to each other allowing to determine the spin relaxation rate 𝜏𝑠
−1. The power 

dependence of 𝜏𝑠
−1 is shown for different laser sources in Figure 4.7. Similarly, to CW 

laser excitation it also depends linearly on power and approaches intrinsic time 𝜏𝑆 in 

the limit of low pumping rate. Thus, use of pulsed excitation allows to obtain the 

comprehensive information on both g-factor and relaxation dynamics discussed in next 

section. Knowledge of g-factor was very important. 

4.6 Spin Relaxation Time: 
 

The dependence of 𝜏𝑠
−1on excitation power I is presented in Figure 4.7. It 

increases linearly with I, which can be attributed due to a number of reasons. First, the 

increase of the spin relaxation rate with increasing pump density can be understood in 

terms of a delocalization of the resident electrons, caused by their heating due to 

interaction with photo-generated carriers [7]. Second, local recharging processes such 

as the recombination with holes limit the lifetime of the resident electrons and influence 

their degree of spin polarization [14, 18]. Finally, at larger excitation intensities the 

optical pumping enters the non-linear regime and the evaluation of the spin relaxation 

with Eq. (4.4) is not valid. 

Nevertheless, independent of the particular mechanism it was possible to determine the 

true spin relaxation time in the limit of low pump intensities. From the linear fit of the 

power dependence shown in Figure 4.7, spin relaxation time came out to be 𝜏𝑆 = 14 ns 

for the studied structure. 

 

For larger magnetic fields the Hanle peaks become broader and smaller in 

amplitude due to the faster dephasing of the spin ensemble as a consequence of the 

inhomogeneous broadening of the g-factor [7]. In this case the spin relaxation rate 𝜏𝑆
−1 

includes additional contribution 𝜇𝐵∆𝑔𝐵 ℏ⁄ , where Δg is the magnitude of g-factor 

fluctuations. Figure 4.8 shows magnetic field dependence of this contribution into the 

half-width at half maximum ΔB1/2, which was obtained after subtracting the value of 

B1/2 measured in the limit of low magnetic fields. 
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Figure 4.7: Power dependence of spin relaxation rate 𝝉𝑺
−𝟏evaluated from Hale effect 

under excitation of trion ℏω = 1.5984 eV for cw and pulsed laser sources with f = 75.8 

MHz and f = 999 MHz. 

 

                        

Figure 4.8: Magnetic field dependent contribution of the half-width at half maximum 

B1/2 of Hanle curves, which is evaluated from the data in Figure 4.6 (a) and (b) measured 

under pulsed excitation with f = 75.8 MHz (squares) and f = 999 MHz (circles), 

respectively.  

Here, each point in the plot corresponds to one of the Hanle peaks from Figure 4.6. In 

full accord with the expectations ΔB1/2 increases linearly with B. Note that, although 

the values of B1/2 differ for two different repetition rates of pulsed lasers due to different 
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levels of excitation, their slopes were identical and determined by Δg/g = 1.7 ×10-3 (see 

red dashed line in Figure 4.8). This demonstrates the validity of the proposed method 

for investigation of spin relaxation in the ensemble of resident carriers. 

4.7 Summary: 

In conclusion, a new experimental approach was employed for the investigation 

of spin parameters like spin relaxation time and g-factor in CdTe/(Cd,Mg)Te 

semiconductor quantum wells. It was based on optical spin pumping of resident 

electrons in rotating frame of polarization using a periodic sequence of optical pulses 

with high repetition rate and simultaneous measurement of transmitted intensity, which 

monitored the spin polarization of electron ensemble. In contrast to CW excitation, 

Hanle effect also appeared at magnetic fields, where the Larmor precession frequency 

was synchronized with the pulse repetition rate. This allowed to determine the main 

parameters of spin dynamics, i.e., the g-factor of the optically pumped carriers and their 

spin relaxation time. The evaluated spin relaxation time does not include nuclear 

interaction. It is thus concluded that the single beam approach can be used for the study 

of spin dynamics in systems where the influence of dynamic nuclear polarization can 

affect the spin relaxation times. 
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Chapter 5 

Spin Orientation and Dynamic Nuclear Polarization (DNP) 

in GaAs MQWs  
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5.1 Introduction: 

In Chapter 4, it has been demonstrated that the single beam approach can 

determine the spin lifetimes in a semiconductor system without DNP. It is therefore 

quite imperative to prove that the same approach is sensitive enough to determine the 

spin lifetimes in a system with the presence of DNP.  This chapter deals with MQWs 

with low g value, i.e., GaAs/AlGaAs MQWs with a g value of 0.38 [1-4]. All the stable 

isotopes of (In, Ga)As carry a non-vanishing nuclear spin, which interacts with the spin 

oriented electrons through hyperfine interaction. Continuous spin pumping of the 

resident electrons through continuous optical illumination results in high nuclear 

polarization along with effective nuclear magnetic field up to several Tesla in Faraday 

geometry. However, in this study electron-nuclei interaction is studied in Voigt 

geometry using not only CW laser but also pulsed laser having polarization modulation 

in rotating frame.  

The conversion of photon’s angular momentum into electron spin and vice versa 

is very efficient in III-V semiconductor materials. The complete absorption of the 

circularly polarized light in these materials specially in GaAs nanostructures like 

quantum wells (QWs), due to selection rules for transition probabilities creates a non-

equilibrium state of electron with a preferential spin orientation along the direction of 

the light propagation [1-4]. In these structures 2-D electrons are required to be localized 

at cryogenic temperatures using liquid helium to demonstrate spin relaxation times in 

the range of nanoseconds [5, 6].  

In this chapter, results of the application and validation of the single beam 

approach to study spin dynamics in the presence of nuclei interactions (already 

discussed in previous chapter without nuclear interactions) on GaAs multi quantum 

well sample in reflection geometry are presented. The effects of the excitation 

wavelength, power and polarization are also presented. Spin lifetime of the electrons 

were measured by observing Hanle effect, which was manifested by the depolarization 

of the PL under illumination with circularly polarized light in transverse magnetic field 

[9] both for CW and pulsed laser of different repetition rates presented in section 5.5. 

5.2 GaAs MQW Sample: 

The MQW heterostructures (reference # 1431) of GaAs shown in Figure 5.1 

were grown on Te doped GaAs (100) substrate using MBE growth technique. The 
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complete growth sequence is presented in Table 3.1, which states that the sample is a 

GaAs / Al0.35Ga0.65As heterostructures consisting of 13 nominally un-doped GaAs / 

Al0.35Ga0.65As QWs with thickness varying from 2.8 nm to 39.3 nm [10]. 

 

Figure 5.1: GaAs MQW Sample used for the spin pumping of the resident electron 

using single beam. It shows multi GaAs quantum wells of varied thickness with 

Al0.35Ga0.65As as the barrier layer. 

5.3 White Light Reflection: 

For the exact knowledge of the spectral lines of the X and X¯ in GaAs MQW, 

white light reflection spectrum was taken at T = 1.8 K presented in Figure 5.3 using the 

set up shown in Figure 5.2. The region of interest in the white light reflection spectrum 

is the region of the quantum well of the thickness d = 19.7 nm mentioned in Figure 5.3. 

This particular QW was chosen, because it has been already shown high nuclear 

magnetic fields of 0.9 T pumping near resonantly [10]. This transition is marked at a 

detection wavelength of 812.0 nm. 

 

 

Figure 5.2: Optical set up used for white light reflectivity measurements on GaAs 

MQW system at T = 1.5 K using a white light source. 
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Figure 5.3: White light reflectivity spectrum of GaAs MQW measured with a white 

light source and a spectrometer equipped with a multichannel detector. 

In the next step, the PL spectrum was also recorded in reflection geometry using 

Ti: Sapphire femtosecond laser. Figure 5.4 shows the recorded PL spectrum of the d = 

19.7 nm QW taken at T = 1.8 K using a Ti: Sapphire laser tuned to an excitation 

wavelength of λexc = 755.0 nm. The PL spectrum comprises of two peaks at 1.5267 eV 

and 1.5257 eV, which were attributed to resonant energies of exciton (X) and trion (X¯) 

complexes respectively.  

 

Figure 5.4: PL Spectra of GaAs MQW measured under non-resonant CW excitation 

using a Ti: Sapphire femtosecond laser for different excitation powers (1-10 mW) at T 

= 1.8 K. X and X¯ are the exciton and trion spectral lines. 
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The density of electrons is low and at low temperature each resident electron was 

isolated and localized in the potential fluctuations due to variations of composition and 

QW width. 

 

The energy level structure and optical transitions have already shown in Figure 

4.4. The ground state is a doublet with electron spin S = 1/2. Optically excited X¯ 

complex comprises of two electrons and one hole. The energy and spin levels of the X¯ 

in singlet state comprises of two conduction band electrons with antiparallel spin (total 

spin S = 0) and a single hole with angular momentum projection Jz = ±3/2, where z-

axis was defined by the QW confinement axis (growth direction of the structure) and 

parallel to the light propagation direction. 

 Generation of X¯ through resonant excitation depends strongly on the light 

polarization and the spin polarization of the resident electrons. Only spin up electrons 

get excited through selective pumping with σ+ photons. The excited spin up X¯ can now 

decay either radiatively through the same channel or through spin flip process by 

emitting σ-photon and creating spin down electrons. Hence a non-equilibrium state with 

more spin down electrons, i.e., optical pumping, was established [11].  

After the determination of the X and X¯ resonant energies, the optical set up was 

changed discussed in next section to measure Hanle effect at the X¯ resonant energies 

under the influence of the external magnetic field in Voigt geometry using CW and 

pulsed laser presented in the forthcoming sections. 

5.4 Optical Set up: 
 

The complete optical set up devised for optical spin pumping of the resident 

carriers in reflection geometry for GaAs MQW sample has already presented in Figure 

3.2, while the schematic of the setup showing the working principle is presented in 

Figure 5.5.  The experiments were performed with three different tunable Ti-Sapphire 

laser sources: (i) CW laser; (ii) self-mode locked femtosecond with f = 1 GHz, spectral 

width of 30 nm and pulse duration 50 fs. (iii) self-mode locked femtosecond (Gigajet 

20c, Laser Quantum) with f = 10 GHz, spectral width of 30 nm and of pulse duration 

50 fs. The pulsed lasers were used in combination with pulse shaper which reduced the 

spectral width of the pulses down to 0.7 nm. 
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Figure 5.5: Schematic of experimental setup. PEM, PD, σ+, σ-, π and ΔR stands for 

photo-elastic modulator, photodiode, right circular polarization, left circular 

polarization, linearly polarized light and differential reflection, respectively. 

The GaAs MQW sample was placed in a liquid helium bath cryostat (Cryo. Vac. 

0.7 T) with variable temperature inset and was kept at a temperature of T = 1.8 K. An 

external magnetic field B in “Voigt” geometry was applied with the help of an 

electromagnet. 

The reflected laser and the incident beam (as a reference) were both measured 

with an individual photodiode. The photodiode measuring part of the incident laser was 

directly connected to PC using ADC. The AC output of the photodiode taking data of 

the reflected laser was readout by a lock-in amplifier, which used the PEM frequency 

of 50 kHz as a reference. The excitation laser beam was modulated between left and 

right-circularly polarized light, i.e., switching from σ+ to linear to σ-, i.e., in rotating 

frame of polarization with the help of PEM shown in the schematic diagram Figure 5.5. 

In the next section results of single beam approach to observe Hanle effect in GaAs 

QW are presented 

5.5 Results and Discussions: 

5.5.1 Hanle Peak Using CW Laser: 

For optical spin pumping of the resident electrons, it was necessary to address 

the resident carriers. For this purpose, magnetic field scan of the differential reflection 

ΔR was measured with CW excitation for different photon energies ℏω as shown in 

Figure 5.6 using a bipolar power supply in order to have a trion resonance wavelength.  
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The sample was excited with a Ti: Sapphire CW laser using a laser power of PL 

= 2.0 ± 0.1 mW. An external transverse magnetic field was applied in a range of Bext = 

-0.15 T to 0.15 T with a scan rate of 0.02 T/min. All measurements were taken at T = 

1.8 ± 0.05 K. Figure 5.6 shows the resultant excitation wavelength scan. As a key result 

of this measurement, a significant dependence of the reflectivity ΔR/R on the external 

magnetic field Bext was observed in a range of 812.0nm < λexc < 812.7 nm. A wavelength 

of λexc = 812.7 nm results in a maximum differential reflection ΔR/R ≈ 1 %. 

 

Figure 5.6: Spectral dependence of differential reflection ΔR/R measured with CW 

excitation for different photon energies at excitation power of PL = 2 mW and T = 1.8 

K. Resonant excitation at λexc = 812.7 nm, shows differential ΔR/R = 1%. 

The resultant Hanle curve obtained under trion resonant CW excitation presented in 

Figure 5.7 was asymmetric according to the zero B field. From Figure 5.7, it is clear 

that the Hanle peak first shows a sharp rise from -0.04 mT to 0 mT, then there is a 

gradual decrease in signal from 0 mT to 0.04 mT. It is believed that, the reason for this 

asymmetry is due to the incomplete Hanle effect under the conditions, where the 

reasonable amount of the polarization of the lattice nuclei through DNP, strongly affect 

the depolarization of the recombination luminescence. This effect arises due to the 

influence of the effective magnetic field of the polarized lattice nuclei on the electron 

spin. In fact, the sharp spike corresponds to the passage of all the nuclei through the 

resonance, followed by the relaxation of the nuclear magnetization to a stationary value 

[12]. 
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Figure 5.7: Magnetic field dependence of differential reflection for resonant excitation 

of trion with CW excitation at T = 1.8 K (a) External field is sweeping form 0.15 mT 

to -0.15 mT (b) External field sweeping from -0.15 mT to 0.15 mT. 

Spin oriented electrons transfer their angular momentum to the nuclei of the lattice 

through hyperfine interaction as shown in Figure 5.8 [13, 14]. As a result, the nuclear 

spin system gets cooled. In case of the externally applied magnetic field the nuclei get 

spin polarized [15, 16]. The state of the nuclear spin system was determined by the 

Hanle effect, which has now modified due to the presence of the Overhauser field of 

spin polarized nuclei. A high efficiency of the nuclear spin polarization through DNP 

could be achieved for the constant circular polarization of the excitation light. However, 

the nuclear spin polarization can be completely suppressed for an alternating circular 

polarization of the excitation light [17, 18]. It was because due to the relatively large 

spin relaxation times of the nuclei, the spin of the nuclei cannot follow the rapidly 

changing electron polarization. However, at small fields this effect was already 

predicted and observed [19, 20]. The argument that there are some artifacts of field 

stemming from the time dependent sweeping of the field can be neglected, since the 

memory of the system got washed before the start of each measurements. Also, it is 

observed that the differential reflection depends on the sweeping field direction. By 

reversing the sweeping field direction, the resultant curve looks like mirror image of 

Fig. 5.7 (a). Since reversing the sweeping field direction is analogous to the reverse of 

beam polarization. One can either reverse the incident photon helicity or one can reverse 

the sweeping field direction leads to the mirror image of the Hanle curve. When 

sweeping field direction is reversed, the spin of the excited electron also gets invert 
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leading to spin inversion of the lattice nuclei, which is then reflected as the mirror image 

of the Hanle curve as shown in Figure 5.7. Figure 5.7(a) presents the experimentally 

recorded Hanle curve for external magnetic field sweeping form positive to negative 

field direction, while Figure 5.7(b) presents the Hanle curve recorded for the external 

magnetic field sweeping in opposite direction. It can be clearly seen that, the asymmetry 

in the Hanle curve appears on the left side during magnetic field sweeping from positive 

to negative direction. On the other hand, the asymmetry of the Hanle curve shifts to the 

right side during magnetic field sweeping form negative to positive direction. This 

confirms that the asymmetry arises not due to some artifacts field rather it is due to the 

DNP. By reversing the sweeping field direction, the spin orientation of the nuclei also 

gets inverted. Reasonable amount of polarization means where the spin oriented nuclei 

starts affecting spin oriented electrons through hyperfine interaction. Even 10% of spin 

oriented nuclei can do the job. Also, Zhukov et. al. gives theoretical justification of the 

DNP in Voigt geometry [21]. 

            

Figure 5.8: Schematic of the dynamic nuclear polarization due to the spin oriented 

electrons in external magnetic field interacting through knight field with the lattice 

nuclei. Lattice nuclei in return interact with the electron through Overhauser field 

resulting in incomplete Hanle effect. 

The power dependent spectra recorded at the trion resonance wavelength of λexc 

= 812.7 nm with incident laser power ranging from 0.5 mW to 2 mW are shown in 

Figure 5.9.  A very good signal to noise ratio was recorded for the excitation power of 

2 mW. The ΔR power dependence was well described by Hanle curve following Eq. 

(5.1) with the half width at half maximum B1/2 which increases linearly with the increase 

of laser intensity. 



78 

 

 

Figure 5.9: Hanle effect recorded for different excitation pump power ranging from 0.5 

mW to 2 mW. 

                    

Figure 5.10: Excitation power dependent trend of the half width at half maxima. The 

corresponding spin lifetime for the 0.5 mW pump power is 𝝉𝒔 = 4.6 ns. 

 

 
𝑺𝒛𝟎 =

𝑷𝑇𝑆

1 + (Ω𝐿𝑇𝑆)2
    (5.1) 

 

From the Lorentzian fitting given by Eq. 5.1 of the power dependent reflected spectra 

shown in Figure 5.9, the half width half maxima (HWHM) were deduced for each 

excitation power. The HWHM were then plotted as a function of the corresponding 
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excitation power. From the linear fit of HWHM with respect to the excitation power the 

spin lifetime was determined using Eq. 5.2, which came out to be 4.6 ns for a power of 

0.5 mW shown in Figure 5.10: 

 𝑇𝑆 =  ћ/𝑔𝜇𝐵 𝐵1

2

 (5.2) 

Since the complete information regarding the relaxation dynamics and the g-

factor cannot be obtained using the Hanle peak obtained through CW excitation. Rather, 

it provides a strong base for the modulation of the Hanle peak using pulsed lasers of 

higher repetition rates and at high magnetic fields to get precise information on 

relaxation dynamics and g-factor presented and discussed in the next section. 

5.5.2 Resonant Hanle Peaks Using Pulsed Laser: 

The validity of the single beam technique was tested by measuring optically 

driven spin dynamics using single laser beam at higher magnetic fields and laser 

systems with higher repetition rates. For this purpose, modulation of the Hanle curve 

(see Figure 5.7) was done using pulsed laser systems with repetition rate of 1 GHz and 

10 GHz for large magnetic fields up to 2.5 T, i.e., the cloning of the Hanle peaks in 

rotating frame of polarization under pulsed excitation. The recorded spectrum in 

rotating frame of the incident laser beam polarization under the influence of the 

externally applied transverse B in Voigt geometry (i.e., laser beam and the B field are 

at an angle of ~ 90°) is shown in Figure 5.11. The magnetic field was scanned from -

600 mT to 600 mT for 1 GHz pulsed laser and from -3 T to 3 T in case of 10 GHz laser 

pulses. All the measurements were taken at T = 1.8 K for a laser power of PLaser = 2 

mW. In order to avoid optical pumping of the nuclei, the polarization of the excitation 

beam was modulated between right circular polarization (σ+) and left circular 

polarization (σ-) with the help of a photo elastic modulator (PEM).  

As compared to the CW pumping, here a large set of sharp peaks (Hanle curves) 

was observed as a function of the externally applied magnetic field. The observed Hanle 

peaks were repeating every 185.1 mT for 1 GHz laser pulses and 1.8 T for 10 GHz laser 

pulses shown in Figure 5.11. The difference in width of peaks was almost negligible in 

case of 1GHz pulsed laser. When the pulsed excitation was increased tenfold, i.e., 10 

GHz, broadening of the first harmonic peak was observed appearing at ±1.8 T because 

of the inhomogeneous spread in electronic g-factor resulting in faster dephasing of the  
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Figure 5.11: Magnetic Field dependence of the differential reflection for the resonant 

trion excitation (ℏω = 1.5720 eV) using pulsed laser with repetition rate of (a) f = 1 

GHz and (b) f = 10 GHz. 

 

Figure 5.12: Excitation power dependent profile of the half width at half maxima. The 

corresponding spin relaxation time for the zero pump power is 𝝉𝒔 = 153 ns. 

spin ensemble. These resonant peaks appeared following the resonance condition given 

by the following Eq. 5.3: 
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 Ω𝐿 = 𝑛2𝜋𝑓𝐿𝑎𝑠𝑒𝑟 

 
(5.3) 

So, these peaks correspond to the reciprocal of the spin precession period. The use of 

pulsed excitation allowed to obtain the comprehensive information on both g-factor and 

relaxation dynamics. Knowledge of g factor was very important. Therefore, applying 

the resonance condition 𝑔𝜇𝐵𝐵 = 2𝜋𝑛𝑓, the g-factor came out to be |𝑔| = 0.38. Figure 

5.12 presents the half width trend of the cloned Hanle peaks recorded for different 

excitation powers ranging from 0.25 mW to 2 mW.  

 

From the linear fit of the half width trend, the determined spin relaxation time was 𝜏𝑠 = 

153 ns, which is in close agreement with previously measures time resolved pump 

probe studies [7, 11]. Also, the half width trend increase linearly with increase in 

excitation power. The reason for this trend was the delocalization of the electrons bound 

to quantum well width and the localized heating of the 2D electron gas due to increasing 

excitation power. First, the increase of the spin relaxation rate with increasing pump 

density can be understood in terms of a delocalization of the resident electrons, caused 

by their heating due to interaction with photo-generated carriers [11]. Second, local 

recharging processes such as the recombination with holes limit the lifetime of the 

resident electrons and influence their degree of spin polarization [22-25]. Finally, at 

large excitation intensities the optical pumping enters the non-linear regime and the 

evaluation of the spin relaxation with Eq. (4.4) was not valid.  

5.6 Summary: 

In conclusion, demonstration of the single beam approach for observing spin 

orientation to evaluate the spin relaxation time in the presence of electron-nuclei 

interactions on GaAs/(Al, Ga)As MQW is presented. The whole idea was based on the 

spin pumping of resident electrons in rotating frame of polarization using a periodic 

sequence of optical pulses with high repetition rate and simultaneous measurement of 

reflected intensity, which monitored the spin polarization of electron ensemble. Hanle 

curves were measured in large magnetic field range (-2.5 T to 2.5 T) both for CW and 

pulsed excitation. As compared to the CW pumping in pulsed excitation, a large set of 

sharp peaks (Hanle curves) were recorded as a function of the externally applied 

magnetic field. The observed Hanle peaks were repeating every 185.1 mT for 1 GHz 

laser and 1.8 T for 10 GHz laser. This allowed to determine the main parameters of spin 
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dynamics, i.e., the g-factor of the optically pumped carriers and their spin relaxation 

time. From the experimental data, the evaluated spin relaxation time was 153 ns, which 

is in close agreement with previous time resolved studies. 
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Chapter 6 

Nuclear Spin Dynamics in GaAs MQW  
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6.1 Introduction: 

The idea of the spin utilization for information processing and storage induced 

the comprehensive research in recent years [1]. Nuclear spins are strong candidates for 

long term storage owing to the weak coupling of the nuclear spin system (NSS) to the 

lattice resulting in a long spin lifetime [2, 3]. Understanding the processes of nuclear 

spins polarization and relaxation are important both from the fundamental and 

technological point of view. One of the most common techniques used to study nuclear 

spin polarization is the optical orientation in oblique external magnetic field, where the 

buildup of the nuclear spin polarization is monitored through its influence on the 

polarization of the photoluminescence proportional to the mean electron spin [3]. 

Time-resolved polarization spectroscopy based on pump-probe Faraday/Kerr 

rotation techniques with pulsed laser source gave the opportunity to monitor the 

evolution of the mean electron spin in time and to directly measure the Larmor 

precession frequency of the electrons [4, 5]. Knowing the Larmor frequency makes 

possible to determine the electron g-factor and spin relaxation time. Seeing that the 

direction of the electron spin polarization changes as a result of the dynamic nuclear 

polarization (DNP), it is possible to determine the strength of the nuclear magnetic field, 

BN [6]. Effect of the nuclear field is then monitored by measuring the oscillating 

projection of the electron spin using the Faraday or Kerr rotation of the linearly 

polarized probe pulse time delayed in relation to the pump pulse. Even though time 

resolved pump-probe Faraday/Kerr rotation is a powerful and versatile method its 

shortcomings are that it requires a mechanical delay line, a complex arraignment of the 

pump and probe beam and a polarization sensitive differential detection [4]. 

In this chapter, a simpler approach to study the nuclear spin dynamics in i-type 

GaAs/(Al, Ga)As MQW is presented. Pulsed laser beam, whose energy was set to be in 

resonance with the transition of the charged exciton (trion), was used for optical 

pumping of the resident electrons, which in turn polarizes the lattice nuclei by virtue of 

the hyperfine interaction. State of the NSS was determined using the Hanle effect, i.e., 

depolarization of the electron spins in transverse magnetic field, which was now 

modified by the presence of the Overhauser field of spin-polarized nuclei. To that end, 

external magnetic field was applied in oblique but nearly Voigt geometry. Electron spin 

polarization was monitored via absorption of the excitation laser beam reflected from 
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the sample surface using pulsed excitation of high repetition rate f such that  ( f ≫  𝜏𝑠
−1). 

Beside zero field Hanle peak, its replicas were also observed for each field when the 

resonance condition is fulfilled 𝜔𝐿 = 2𝜋𝑛𝑓, where n is an integer. Therefore, single 

beam approach can be described in terms of optical pumping of the electron spin into a 

state stationary in the frame rotating with a frequency corresponding to the nf. First 

experiment using the similar scheme was conducted in atoms more than a 50 years ago 

[7], however, it was only recently applied for the first time in semiconductor CdTe QW 

structure [8]. 

6.2 MQW Sample and Experimental Set up: 

The sample used for the study of nuclear spin dynamics has been already 

presented in Figure 5.1, which described the sample comprises of 13 nominally un-

doped GaAs / Al0.35Ga0.65As QWs with thicknesses ranging from 2.8 nm up to 39.3 nm 

grown by MBE on a Te-doped GaAs substrate and previously investigated in Ref. [9]. 

Measured PL spectrum of d = 19:7 nm QW of interest is presented in Figure 5.2. The 

two peaks at 812.1 nm and 812.7 nm were attributed to the emission from the exciton 

(X) and trion (X¯) complexes, respectively.  

The complete optical set up devised for the study of spin dynamics in GaAs/(Al, 

Ga)As MQW is shown in Figure 3.2 for reflection geometry. In order to minimize the 

effect of phonon interactions sample was placed in a liquid He-bath cryostat, where 

temperature was maintained at 1.8 K. External B field, provided by an electromagnet, 

was applied in oblique geometry (⁓ 75⁰) in order to allow for both dynamic nuclear 

polarization (𝑩ǁ) and detection due to Hanle effect (𝑩⊥). Two different tunable Ti: 

Sapphire laser systems: (i) a self-mode locked femtosecond oscillators with a repetition 

rates of f = 1 GHz, spectral width of 30 nm and pulse duration of 50 fs; or (ii) a self-

mode locked femtosecond oscillators with a repetition rates of f = 10 GHz, spectral 

width of 20 nm and pulse duration of 50 fs were employed. In both cases spectral width 

was reduced with the help of pulse shaper to ⁓ 1 nm resulting in longer pulse duration 

of several ps. It is to be noted that in the one laser approach, mechanical delay line was 

missing and lasers with high repetition rate were used in order to avoid overlapping of 

the Resonant Spin Amplification (RSA) peaks, provided the dephasing time longer than 

the pulse repetition period (f = 1/TR). Excitation energy was set at the trion resonance 
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and the reflected light intensity was measured with a photodiode shown in schematic 

set up Figure 6.1. 

Figure 6.1 describes the working principle, which shows that the polarization 

modulation of the excitation light was carried out with the help of a photo-elastic 

modulator (PEM) working at a frequency 𝜐 ∼ 50 kHz. This allowed to detect the 

difference in absorption induced by the optical pumping of resident electrons. Linearly 

polarized light impinging at 45⁰ to the optical axis of PEM was modulated in phase 

between the parallel and orthogonal to the optical axis component during time t, i.e., 𝜐 

= π/2 sin(2π𝜐t). Hence, circularly polarized light (laser passing the quarter-wave plate 

before hitting the PEM) would be modulated from linear (π) to circular (σ+ or σ-) and 

back to linear. Optical pumping of electron and sequentially nuclear spins was carried 

out during σ+ / σ- excitation, while it was absent for linearly polarized light. The 

difference between intensity of light due to the absorption ΔI was demodulated by a 

lock-in-amplifier at the double frequency 2𝜐. 

        The experimental protocol was such that, the excitation beam was blocked with 

the help of a computer controlled mechanical shutter and the magnetic field was set to 

zero before the start of the measurement. Since the relaxation time in the absence of the 

optical pumping and no magnetic field was approximately equal to one second [9], so 

one minute of the dark interval was sufficient to completely destroy nuclear spin 

polarization already present due to previous optical pumping of the nuclei in the 

presence of the magnetic field.  

In typical resonant spin amplification (RSA) experiments, change of electron 

spin polarization with magnetic field is measured at a constant delay between the pump 

and probe beams. For magnetic fields, in which the frequencies of the pulse repetition 

and spin precession were strictly resonant, enhancement of the spin polarization was 

observed because of the phase synchronization between the spin injection and 

precessing spin polarization. When spin polarized resident electrons were exposed to 

the transverse external magnetic field, equation of motion for the spin density of the 

resident electrons S given by Eq. 6.1 consists of three parts: (i) generation of the spin 

polarization of the resident electrons by optical pumping with circularly polarized light,  
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Figure 6.1: Schematic optical set up used for the study of nuclear spin dynamics in 

GaAs MQW sample in reflection geometry.  

(ii) spin precession induced by external magnetic field and (iii) spin relaxation of the 

resident electrons [10]: 

 𝑑𝑺

𝑑𝑡
=  𝑷 + Ω𝐿 × 𝑺 −  

𝑺

𝑇𝑆
 (6.1) 

 

where ΩL is the electron Larmor frequency and 𝑇𝑆 is the spin relaxation time of the 

resident electrons. P is the spin pumping term proportional to the optical generation rate 

𝐺 = (𝐺+ + 𝐺−) 2⁄ , which in itself depends on the laser intensity I and corresponds to 

the number of electron-hole pairs generated by light in a unit volume per unit time. In 

case of CW excitation steady state solution of the above equation has the form 

commonly used to express the Hanle effect given by Eq. 6.2: 

 
𝑺𝒛𝟎 =

𝑷𝑇𝑆

1 + (Ω𝐿𝑇𝑆)2
    (6.2) 

Switching to pulsed excitation results in optical generation rate becoming time 

dependent, i.e.,   

 
𝐺(𝑡) =  𝐺0 ∑ exp [𝑖2𝜋𝑛𝑓𝑡]

+∞

−∞

   (6.3) 

Where 𝐺0 is proportional to the time-integrated laser intensity I. In this context, the 

steady state solution of Eq. 6.1 is 
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𝑺𝒁𝒏 =

1

2
𝑺𝒁𝟎(Ω𝐿 − 2𝜋𝑛𝑓)    (6.4) 

Thus, for excitation with a pulsed laser source a sequence of RSA peaks were observed 

when for higher harmonics |n| > 2, Larmor precession frequency ΩL was replaced with 

(Ω𝐿 − 2𝜋𝑛𝑓) in Eq. 6.2. Difference in reflected light intensity for circularly (σ+ / σ-) 

and linearly polarized (π) beam was ∆𝑅 = 𝐼|𝑆𝑍𝑛|.  Eq. 6.2 and 6.4 provides the 

theoretical justification of the single beam approach to record RSA peaks with the help 

of the pulsed laser presented in the next section. 

6.3 Results and Discussion: 

6.3.1 Resonant Hanle Peaks Using Pulsed Excitation: 

First of all, exact position of the resonant Hanle peaks were determined. For this 

purpose, magnetic field dependence of the differential reflection was recorded with the 

help of a 1 GHz pulsed laser through resonant excitation of the trions shown in Figure 

5.11 (a). Here, circularly polarized light modulated in sign (𝜎+ 𝜎−⁄ ) was used in order 

to avoid pumping of the nuclear spin. Due to the pulsed excitation, besides Hanle curve 

at zero field, resonant Hanle peaks repeating every 205.2 mT were recorded. The 

observed broadening in the first harmonics appearing at 1.8 T in case of 10 GHz 

modulation of the Hanle peaks shown in Figure 5.11 (b) was due to the inhomogeneous 

spread in electronic g-factor results in faster spin dephasing of the electron ensemble 

[10]. Using the resonance condition 𝜔𝐿 =  2𝜋𝑛𝑓, where 𝜔𝐿 = 𝑔𝜇𝐵𝐵/ℏ, it was possible 

to calculate electron g-factor: |𝑔| = 0.38. In the next section these experimentally 

observed resonant Hanle peaks in time domain are presented both for 1 GHz and 10 

GHz pulsed lasers.  

6.3.2 Nuclear Spin Dynamics Using 1GHz pulsed Laser: 

In order to study the nuclear spin dynamics, the excitation light was modulated 

from σ+ to π. Each measurement for different external magnetic field (positive and 

negative) started from the state, where nuclear spin polarization was zero. Evolution of 

the differential reflection for a set of different magnetic fields in oblique (angle between 

excitation beam and plane of QW is 70⁰) geometry measured at 1.8 K is shown in Figure 

6.2 and Figure 6.3. Each curve is raised vertically for better visualization. For both 

directions of the external magnetic field, shift of the Hanle curves was observed related 

to the build-up of the nuclear polarization over time.  
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When the external magnetic field was positive, i.e., parallel to the nuclear field, 

electron spin was affected by the effective magnetic field equal to the sum of the 

external and nuclear magnetic field, Beff. = Bext. + BNuc. For a given external magnetic 

field, a Hanle peak was observed each time the resonance condition was fulfilled, i.e., 

𝑔𝜇𝐵𝐵𝑒𝑓𝑓 = 2𝜋𝑛𝑓ℏ presented in Figure 6.2. Additionally, with the increase of the 

nuclear field, amplitude decreased and broadening of the peaks was observed, 

originating from, most plausibly, inhomogeneity of the nuclear filed as a consequence 

of the spatial non-uniformity of the sample. Inhomogeneity of the excitation density of 

the laser spot could also cause the dispersion in the nuclear spin polarization dynamics. 

However, no significant change in nuclear spin polarization time Tpump was observed 

when increasing the excitation light intensity. Since the exact position of Hanle peaks 

was known (Figure 5.11), it was possible to determine the current strength of the nuclear 

field from the maximum position of the corresponding peak. In previous studies, no 

significant change in nuclear spin polarization time was observed, when Bext. exceeded 

50 mT [9]. 

 

Figure 6.2: Time evolution of the differential reflection using 1 GHz pulsed laser for 

σ+ helicity and positive external magnetic field at T = 1.8 K. 

When the external magnetic field Bext was negative, effective field Beff becomes smaller 

since nuclear field BN compensated the external one. Change of the differential 

reflection in time for a given set of external magnetic fields due to the build-up of 

nuclear spin polarization is presented in Figure 6.3. 
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Figure 6.3: Time evolution of the differential reflection using 1 GHz pulsed laser for 

σ+ helicity and negative external magnetic field at T = 1.8 K. 

Instead of observing several characteristic resonance peaks, noticeable 

broadening of the zero peak was detected, when nuclear field becomes comparable to 

the external one. Reason for such behavior can be found in the anisotropy of the electron 

g-factor. Similar findings in GaAs QW detected via Hanle effect were reported in Refs. 

[11, 12]. 

6.4 Temperature Dependence Using 1GHz Pulsed Laser: 

It was already observed, that there is no change in nuclear spin polarization time 

when Bext exceeds 50 mT. Hence, it was possible to present the dependence of the 

nuclear field, determined for different external magnetic fields, in time for different 

temperatures. So, in order to observe the effect of temperature on the nuclear spin 

polarization time, experiments were conducted for three different temperatures 2 K, 6 

K and 10 K in oblique geometry for an angle of 70o between the excitation beam and 

the plane of the QW. The results for T = 2 K are already presented and discussed in 

section 6.3.2 for both the positive and negative external magnetic fields, while the 

results for T = 6 K and T = 10 K for both the directions of the external magnetic fields 

are presented and discussed in the forthcoming sections. 

6.4.1 At T = 6 K and 10 K: 

Figure 6.4 and Figure 6.5 presents the results of the time evolution of the 

dependence of the nuclear field in time for different external magnetic fields (positive 
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and negative) at T = 6 K. Figure 6.6 and Figure 6.7 presents the results of the time 

evolution of the dependence of the nuclear field in time for different external magnetic 

(positive and negative) field at T = 10 K. These Figures represent the temperature 

dependent results, that the nuclear spin polarization build-up time increases with 

increasing temperature presented in Figure 6.8, the comparison of the all the 

temperatures.  

 

Figure 6.4:  Time evolution of the differential reflection using 1 GHz pulsed laser for 

σ+ helicity and positive external magnetic field at T = 6 K. 

 

Figure 6.5: Time evolution of the differential reflection using 1 GHz pulsed laser for 

σ+ helicity and negative external magnetic field at T = 6 K. 
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Figure 6.6:  Time evolution of the differential reflection using 1 GHz pulsed laser for 

σ+ helicity and positive external magnetic field at T = 10 K. 

 

Figure 6.7: Time evolution of the differential reflection using 1 GHz pulsed laser for 

σ+ helicity and negative external magnetic field at T = 10 K. 

The change of the nuclear magnetic field with time can be expressed as:  

 
𝐵𝑁(𝑡) = 𝐵𝑁

𝑠𝑡. [1 − 𝑒
−

𝑡
𝑇1] (6.1) 

Here, T1 the nuclear spin relaxation time has two contributions 
1

𝑇1
=

1

𝑇1𝑒
+

1

𝑇𝐿
, where T1e 

is the relaxation time associated to hyperfine interaction with electrons, while TL is the 

relaxation time through alternative channels.  
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Estimated nuclear spin polarization build-up time at 10 K agrees quite well with 

the measured values on the same MQW sample at fields surpassing 50 mT using the 

photoluminescence method [9]. However, with the decreasing temperature, nuclear 

spin dynamics becomes faster. Such behavior was in contradiction with the findings in 

Ref. [11], where the relaxation time of nuclear spins in GaAs/(Al, Ga)As MQW was 

found to be temperature independent for the interaction with non-degenerate free 

electrons. Using Eq. 6.1 to fit experimental results presented in Figure 6.9, it was 

possible to determine the nuclear spin polarization build up time T1 and the stationary 

value for the nuclear magnetic field 𝐵𝑁
𝑠𝑡, which are summarized in Table 6.1.  

Considering that sample is nominally un-doped, contribution to the polarization 

of the nuclei by residual electrons localized on donor sites should be insignificant. This 

implies that the nuclei get polarized via hyperfine scattering on photo-excited electrons. 

Nonetheless, shortening of the T1 with temperature decrease is in contradiction with the 

findings in Ref. [14] 

 

Figure 6.8: Comparison of time evolution of the Hanle curve σ+ helicity and positive 

external magnetic field with respect to temperature. 

where the relaxation time of nuclear spins in GaAs/(Al, Ga)As MQW was found to be 

temperature independent for the interaction with non-degenerate free electrons 

 

 1

𝑇1
=

𝐴2𝛺2𝑛𝑒𝑚∗

ℏ3𝑑2
 (6.2) 

here A is the hyperfine constant, Ω is the unit cell volume. 
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Figure 6.9: Change of the nuclear field in time measured for three different 

temperatures. Solid lines are the result of fitting of Eq. 6.1. 

Table 6.4: Experimentally determined nuclear spin polarization build up time and 

stationary nuclear magnetic field for three different temperatures. 

 

No. 𝑇 (𝐾) 𝑇1(𝑠) 𝐵𝑁
𝑠𝑡(𝑚𝑇) 

1 1.8 210 629 

2 6 300 447 

3 10 450 375 

 

A probable justification for different behavior of T1 can be found in relaxation 

time dependence on the QW width, stemming from the stronger electron confinement 

in narrow QW. Once the temperature is lowered, electrons become localized in the 

quantum well plane. Since the nuclear spin polarization and relaxation is much more 

potent by localized electrons than by free electrons [3], T1 becomes shorter for lower 

temperatures. 

6.5 Nuclear Spin Dynamics Using 10 GHz Pulsed Laser: 

In order to observe the shift of only zero peak in time, experiments were 

performed with 10 GHz laser system, where external magnetic field was applied at an 

angle of 70o ± 5o or 85o ± 5o relative to the plane of the QW. Figure 6.10 and Figure 
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6.11 illustrates how the value of differential reflection at saturation changes with 

external magnetic field for two angles  

 

Figure 6.10: Time evolution of the differential reflection using 10 GHz pulsed laser 

for σ+ helicity of light and negative external magnetic field and θ = 70o. 

Considering, that the measurements were done in oblique geometry, electron-

nuclear spin system becomes bi-stable, since the electron spin precession axis does not 

coincide with the direction of the magnetic field. When electron g-factor is isotropic, 

spin projection on the external magnetic field is given by 𝑆𝑍 =  𝑆𝐵 cos 𝛼 =  𝑆0 cos 𝛼2, 

where 𝑆𝐵 =  𝑆0 cos 𝛼 is proportional to the nuclear field BN. When lowering the angle 

from 85o to 70o,  cos 𝛼 and consequently BN should increase 4 times. Even though, a 

small shift was observed towards stronger magnetic fields, difference between nuclear 

fields determined for two angles was almost negligible (Figure 6.10 and 6.11). 

In the interest of finding the ratio between the components of g-factor parallel 

𝑔ǁ and perpendicular  𝑔⊥ to the growth axis, steady-state equation for the average 

electron spin S, when it is influenced by the external and nuclear fields is given by Eq. 

6.3 [12]: 

 
𝑆 =  𝑆0  + [

𝑔⊥

|𝑔⊥|
𝐵 +

 𝑔ǁ − 𝑔⊥

|𝑔⊥|
(𝐵𝑘)𝑘 + 𝑎(𝑠𝑏)𝑏] × 𝑆 (6.3) 
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Figure 6.11: Time evolution of the differential reflection using 10 GHz pulsed laser for 

σ+ helicity of light and negative external magnetic field and θ = 85o. 

 

Figure 6.12: Dependence of the differential reflection at saturation on magnetic field 

measured for two angles θ = 85o and θ = 70o. Solid lines correspond to the fit results for 

the Eq. 6.3. 

where 𝑠 = 𝑺
|𝑆0|⁄ , 𝑆0 =

𝑺𝟎
|𝑆0|⁄ , k is the unit vector along z axis, 𝑏 = 𝑩

𝐵⁄ , and 𝑎 =

5𝑆0𝐴
𝜇𝐵𝐵1/2|𝑔⊥|⁄  ( here 𝐴 𝜇𝐵 = 1.55 𝑚𝑇⁄  [13]). Fitting the numerical solution of the 

above equation to experimental results shown in Figure 6.12, where ratio between the 
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two components of the g-factor was used as a fit parameter gave us 
𝑔ǁ

𝑔⊥
⁄ = 1.3. This 

value is close to the theoretically calculated one [15]. Signs of the 𝑔⊥ and 𝑔ǁ  were taken 

from the Ref. [15], where for 20 nm wide QW 𝑔ǁ  < 𝑔⊥ < 0 should hold. 

 

6.6 Summary: 

In conclusion, nuclear spin dynamics in i-type GaAs/(Al, Ga)As MQW was 

studied by employing a new method based on optical pumping of the resident electron 

spins in the rotating frame using the high repetition periodic sequences from the Ti-

sapphire pulsed laser. From the resonance condition, when the Larmor precession 

frequency was synchronized with the pulse repetition rate, it was possible to obtain the 

value for the electron g-factor. The state of the electron-nuclear spin system was 

monitored through the changes in the intensity of the reflected light. This approach 

allowed to follow the nuclear spin polarization accumulation in time and how it was 

affected by the change of the external magnetic field and temperature. For the 

temperatures 1.8 K, 6 K and 10 K, the nuclear spin polarization build up time T1 were 

210 s, 300 s, and 450 s and the corresponding stationary value for the nuclear magnetic 

field 𝐵𝑁
𝑠𝑡 were 629 mT, 447 mT and 375 mT respectively. It was found that the 

effectiveness of the dynamical nuclear polarization decreases with temperature. Also, 

anisotropy of the electron g-factor was observed and the ratio between the in-plane 𝑔ǁ 

and out-of-plane 𝑔⊥ components was estimated at  
𝑔ǁ

𝑔⊥
⁄ = 1.3. 
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Chapter 7 

Conclusion and Future Work 
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7.1 Conclusion 

The main focus of this thesis was to develop and employ a new optical approach 

using a single laser beam instead of two like in well-known time resolve pump and 

probe technique to study the underlying non-equilibrium spin dynamics. 

The thesis was divide into three parts, based on the development and application 

of the new experimental optical approach to study electron and nuclear spin dynamics 

for two different semiconductor materials.   

In the first part, demonstration of the single beam approach for investigation of 

spin dynamics on semiconductor nanostructures like CdTe MQW was presented. It was 

based on optical spin pumping of resident electrons in rotating frame of polarization 

using a periodic sequence of optical pulses with high repetition rate and simultaneous 

measurement of transmitted intensity which monitored the spin polarization of electron 

spin ensemble. In contrast to CW excitation, Hanle effect appears at magnetic fields 

every 3.36 or 44.2 mT for pulse repetition rates of 75.6 or 999 MHz, when the Larmor 

precession frequency was synchronized with the pulse repetition rate. This allowed to 

determine the main parameters of spin dynamics, i.e., the g-factor of the optically 

pumped carriers and their spin relaxation time. The evaluated g-factor was |𝑔| = 1.61 

and the spin relaxation time of 14 ns for optically pumped resident electrons. It is thus 

proposed that, the same approach could also be used for spin dynamics studies and the 

influence of dynamic nuclear polarization, which influences the Larmor precession 

frequency presented in second and third part. 

In second part, single beam approach was applied to study spin dynamics on i-

type GaAs MQW system for large magnetic field (upto 3 T) and pulsed laser systems 

of higher repetition rates (1 GHz and 10 GHz). Hanle curves were measured in large 

magnetic field range (-2.5 T to 2.5 T) both for CW and pulsed excitation. As compared 

to the CW pumping, in pulsed excitation, a large set of sharp peaks (Hanle curves) as a 

function of the externally applied magnetic field were observed just like the case of 

CdTe sample. The observed Hanle peaks were repeating every 185.1 mT for 1 GHz 

pulsed laser and 1.8 T for 10 GHz pulsed laser. This allowed to determine the main 

parameters of spin dynamics, i.e., the g-factor of the optically pumped carriers and their 

spin relaxation time. From the experimental data, the evaluated spin relaxation time 

was 153 ns, which agreed well with previous time resolved studies. 
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In third part, nuclear spin dynamics was studied in nominally un-doped i-type 

GaAs MQW by employing the new method, based on optical pumping of the resident 

electron spins in the rotating frame using the high repetition periodic sequences from 

the Ti-sapphire pulsed laser. From the resonance condition, when the Larmor 

precession frequency was synchronized with the pulse repetition rate, it was possible to 

obtain the value for the electron g-factor. The state of the electron-nuclear spin system 

was monitored through the changes in the intensity of the reflected light. This approach 

allowed us to follow the nuclear spin polarization accumulation in time and how it was 

affected by the change of the external magnetic field and temperature. For the 

temperatures 1.8 K, 6 K and 10 K, the nuclear spin polarization build up time T1 were 

210 s, 300 s, and 450 s and the corresponding stationary value for the nuclear magnetic 

field 𝐵𝑁
𝑠𝑡 were 629 mT, 447 mT and 375 mT repectively. It was found that the 

effectiveness of the dynamical nuclear polarization decreases with temperature. Also, 

"locking" of the nuclear field BN was observed, which raised from zero to the value of 

the external magnetic field applied at that moment without further increase. It was 

related to the anisotropy of the electron g-factor and the ratio between the in-plane 𝑔ǁ 

and out-of-plane 𝑔⊥ components was determined. 

7.2 Suggestions for Future Work: 

The research work conducted under the frame of this thesis provides a base for 

further research work in the field of electron and nuclear spin dynamics. Some 

suggestions are being put forward for the future research work: 

1. Single beam approach was successfully employed in semiconductor materials 

to study spin dynamics both in transmission and reflection mode. It is thus 

recommended that, the other spin related phenomenon’s based on pump-probe 

technique can be observed using single beam approach. 

 

2. The single beam approach was successfully employed to observe nuclear spin 

dynamics in semiconductor materials. It is recommended that, the single beam 

approach could also be used to observe high nuclear field more than 1 T because 

of the polarization of the lattice nuclei through DNP phenomenon. 
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3. It is hope that, the continuation of single beam approach can bring breakthrough 

for the solid state implementation of quantum coherence phenomenon involving 

electron and nuclear spin and even quantum information processing 
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