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1 Introduction

The scope of this work is the nuclear spin dynamics of the donor-bound electron in
gallium arsenide (GaAs). This dynamics has been studied experimentally by optical
spectroscopy concerning two aspects, time-resolved Hanle effect, and three-stage exper-
imental protocol including optical pumping and measuring the difference of the nuclear
spin polarization before and after a dark interval of variable length. For an overview,
a short introduction to the electron-nuclear spin physics and scientific relevance of the
conducted studies will be given.

1.1 Survey of electron-nuclear spin physics in semiconductors

The first step in the study of spin-dependent phenomena was made by Robert Wood in
1924 when even the concept of electron spin had not existed. In a pioneering article, the
initially observed high degree of polarization of mercury vapor fluorescence resonantly
excited by polarized light was discovered by Wood and Ellett | |. In this paper,
they discovered a phenomenon that is well known nowadays as the Hanle effect (i.e.,
depolarization of the luminescence by the transverse magnetic field). From a classic
point of view, the reason for this effect is the decrease in the average projection of the
electron spin on the direction of the observation axis. At continuous polarized light
excitation, this precession leads to a decrease of the circular polarization degree of the
luminescence as a function of the transverse magnetic field | ]. Usually, the Hanle
effect is measured as the dependence of polarization on the external transverse magnetic
field. After this, Hanle was carried out detailed studies of this phenomenon and provided
the quantitative physical description | ].

Spin physics research did not receive much attention until 1949, while Kastler and
Brossel started the first studies of optical orientation processes in atomic vapors | -
The experimental approaches and ideas, which are widely used nowadays in the modern
semiconductor spintronics, originate from these first experimental works. Examples of
such approaches are the creation of a non-equilibrium distribution of atomic angular
moments by optical excitation, manipulating this distribution by applying dc or ac
magnetic fields, and detecting the result by studying the luminescence polarization. As
it was shown, the relaxation times for the atomic angular moment decay can be very
long, especially in the case when hyperfine splitting is significant due to the involvement
of the nuclei [ . In the field of atomic vapor physics, a deep understanding of
spin-related phenomena was very useful for laser physics development. After some time
of the research in the spin physics of semiconductors, many important applications have
been born, such as gyroscopes and wide-range magnetometers, etc.
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The first observation of optical orientation in a semiconductor was done in 1968 by
Georges Lampel | |. A pleasant surprise was that free conduction band electrons
(holes) that get spin-polarized, as opposed to atom-bonded electrons. However, it was
sufficient for the polarization of the lattice nuclei even though the degree of electron
polarization was still small. The nuclear spin polarization was detected by a conventional
NMR, technique. These successful measurements were continued at Ioffe Institue in St.
Petersburg and Ecole Polytechnique in Paris, from the seventies of the twentieth century.

The main feature of the electrons and nuclei in semiconductors reveals itself in the
processes of electron spin relaxation due to the interactions with nuclei, which do not
have counterparts in atomic vapors, where atomic spin polarization also relaxes due
to collisions between atoms, the exchange interactions and primarily due to collisions
with the wall of cuvette where the vapors are inclosed. The crucial physical reason for
interactions between nuclei and electron consists in the fact that, usually, each electron is
covered or spread over a region with a large number (~ 10°) of surrounding nuclei | ],
which, in turn, permits one to joint actions of the polarized nuclei on the electron spin in
terms of averaged nuclear field (also called as an Overhauser field) of polarized spins. In
principle, this nuclear field can reach as large as 5.3 T for GaAs | ]. It should also
be noted that the longitudinal nuclear-spin relaxation time observed in semiconductor
crystals is much longer compared to atomic vapors.

The general methods of optical spin orientation borrowed from similar to those from
atom study were successfully used for determining basic parameters, i.e., the photoex-
cited electron lifetime and spin relaxation time, the g-factor, and the parameters of the
spin-orbit and hyperfine interactions. To the current state of spin physics in semicon-
ductors, several relatively new optical methods are still providing new insights on the
optical orientation processes | ]. Also, an in-depth analysis of the circular polariza-
tion degree of the recombination photons is GaAs-based structures allowed to discover a
large number of physical phenomena providing substantial evidence of nonlinear behav-
ior of the electron-nuclear spin system. The most striking examples of such phenomena
can be bistability, hysteresis, and undamped oscillations of the PL circular polarization
degree | ].

Recently, the spin physics of electrons and nuclei in semiconductors continues to reveal

new bright phenomena, mainly in advanced nanostructures | , |. However,
even in otherwise very well studied bulk semiconductor materials, like GaAs, the under-
standing of the electron-nuclear spin dynamics, first discovered in the 1970s | | (see
also | |) has considerably progressed during recent years | , , ].
The application of modern optical techniques like Faraday rotation [ |, spin noise
[ |, and time-resolved photoluminescence | ], combined with more tradi-
tional techniques of magneto-optical spectroscopy and NMR [ |, allowed identifying

the underlying mechanisms of spin and energy relaxation in the intertwined spin systems
of nuclei and resident charge carriers | ]-

2 PhD Thesis, TU Dortmund, 2020
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1.2 Motivation and scope of the research

Modern computer processors are nowadays approaching limits due to their quantum
limitations. The conventional electronics is based on measuring the small electrical
charge of electrons passing through electronic circuits. An alternative approach based on
novel materials could be the solution, which instead relies on the fundamental quantum-
mechanical property a spin.

In the last two decades, many researchers are strongly motivated by the fascinating
prospects of manipulating and controlling sophisticated quantum systems and potential
applications of quantum information computation. The basic requirements that apply
to a device based on quantum bits include the ability to scale a quantum bit system,
simplicity of creating and reading of the quantum state, long coherence time, and uni-
versal set of quantum gates. Given these considerations, there have been numerous
attempts to control and create qubits in different systems: quantum flux in supercon-
ductors, electronic states of ions and atoms, the polarization state of photons, electron
and nuclear spin in semiconductor quantum dots and molecular systems. Concerning
nuclear and electron spin states are of particular interest in the field of solid-state qubits
manipulating where individual charge and spin carriers can be strongly decoupled from
their environment so that the processes destroying the quantum coherence in bulk are
largely suppressed | ].

Figure 1.1: Sketch showing the electron-nuclear spin system of the n-doped GaAs in-
cluding 3 different lattice isotopes ("*Ga, %°Ga and ™As) and interactions
within it.

PhD Thesis, TU Dortmund, 2020 3
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Electron spin in the solid body can be compared with the Earth turning around its
axis while rotating about the Sun and having a spin either “up” or “down”. On the
other hand, the traditional electronic devices (for example, an ordinary semiconductor
transistor) use the charge to represent the operating information as zeros and ones. In
the case of spintronics, the two-electron spin state can be used to represent the quantum
bit of information, which can be measured because it generates a tiny magnetic field.
To read such a quantum bit, many different experimental methods and approaches can
be used, from purely optical to electrical, with various combinations possible [ ].

Recent studies of the doped semiconductors have demonstrated coherent electron spin-
transfer already over macroscopic distances with spin coherence time exceeding several
hundreds of nanoseconds | , ]. Such materials can be potentially used as
building blocks for spintronic devices. It is worth mentioning the fact that the spin
injection into a semiconductor has proved difficulty, pushing forward the only successful
approach involves a classical injection of spins from magnetic semiconductors| ,

|. Moreover, strange as it may sound, but in more than half a century of
research into the processes of relaxation of the angular momentum of nuclear spins in
doped semiconductors, the significant blank spaces in such an exciting area of physics
have not filled. Many questions that could not be answered before, at the moment, could
be explored with the advent of new and more advanced physical devices and experimental
methods. A part of this actively developed field is the physics of relaxation processes in
the spin system of interacting localized electrons in n-type GaAs is the subject of this
dissertation. GaAs is a vital semiconductor and already commonly used to manufacture
devices such as infrared emitting diodes, laser diodes, integrated circuits at microwave
frequencies, and photovoltaic cells.

This work is concentrated on the nuclear spin system (NSS) in GaAs. The one main fo-
cus area of this dissertation can be defined. It is optical manipulation of the nuclear spin
ensemble interacting with a donor-bounded electron in n-type GaAs. Special attention in
carrying out the research was given to the detailed study of the nuclear spin relaxation
times under a wide range of controlled physical conditions of the experiments. Since
the optical operation of a mesoscopic nuclear spin ensemble is a complex and nonlinear
process that involves transferring the angular momentum and energy between nuclear
spins and optically-oriented localized electrons (see figure 1.1), the fundamental optical
methods and initial experimental ideas that were formed a structure of this dissertation
trace back to the studies of spin-related phenomena in atomic vapors (as mentioned in
section 1.1).

4 PhD Thesis, TU Dortmund, 2020



2 Theoretical background

The Gallium Arsenide (GaAs) is a compound of the two chemical elements gallium (Ga)
and arsenic (As). Thanks to a successful combination of properties, GaAs takes second
place after silicon in modern electronic technology. The creation of GaAs-based devices
began in the early 1950s. In 1952, two significant results were obtained: Shockley
invented a field-effect transistor, and Welker suggested to use A'BY compounds as
a semiconductor in electronic devices [ . The key advantages of GaAs over Si
is higher saturated electron drift velocity and low field mobility than Si. This leads
to faster-operated devices | ]. In the early 60s, the most common microelectronic
devices were bipolar transistors. The first GaAs transistors were described in 1961 by
the American scientists M. Jones and E. Wurst | ]. GaAs was the first compound
semiconductor to extend the frequency of operation of active devices beyond what was
possible with Si. GaAs components first started to make a significant impact on the
commercial wireless markets in the early 1990s | ].

Figure 2.1: Zincblende structure of GaAs showing the relative positions of arsenic and
gallium atoms | ].

GaAs crystallizes in the zincblende lattice with the gallium and arsenic atoms, each
occupying sites on one of the two face-centered-cubic (f.c.c.) sublattices that make up
this structure. A unit cell of this material is shown in figure 2.1. One can see that
each arsenic atom has four gallium nearest neighbors, and each gallium atom has four
arsenic nearest neighbors arranged in a tetrahedral structure. The dimension of the
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conventional unit cell is 0.565325 nm at room temperature, and the density of this
material is 5.32 gem ™3 | ].

The energy bandgap of GaAs tends to decrease as the temperature is increased. This
is caused by the fact that the interatomic spacing expands when the amplitude of the
atomic vibrations increases due to the higher thermal energy. This effect is described by
the material linear expansion coefficient. An enlarged interatomic spacing reduces the
potential energy barrier seen by the electrons, which in turn reduces the value of the
GaAs energy bandgap E, = 1.441 eV (at 300 K).

2.1 GaAs band structure

GaAs is a promising technology platform and has already demonstrated successful appli-
cations as a key component, including waveguide integrated single-photon sources and
integrated single-photon detectors. At present, GaAs is widely used in research for a
better understanding of future semiconductor quantum circuits capable of manipulating
quantum states with light.

Vs

0 >k

Figure 2.2: Simplified GaAs band structure at I' — point, where ¢ is conduction band,
€ is energy, V) is heavy-hole (hh) band, V3 is light-hole (lh) band and V3 is
split-off (so) band. Here, A = 0.34 eV is the split off band energy and F, is
band gap.

The band structure of GaAs is well known. The bottom of the conduction band and
the top of the valence band are situated at the center of the Brillouin zone (I' — point.)

6 PhD Thesis, TU Dortmund, 2020
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The simplified GaAs band structure is schematically shown in Fig. 2.2 without taking
into account comparatively small terms caused by the absence of an inversion center.
The conduction band (c) is twice spin degenerate, while the valence band consists of
three twice degenerate sub-bands, which are hh, lh, and so sub-bands. The minimum
and maximum in Fig. 2.2 are associated with I'g representation for conduction band,
I's for hh and [h bands and I'; for so - band respectively. The absence of an inversion
center leads to a small spin splitting of the bands and a small shift of the top of the
valence band from k = 0. The effect described above is not significant for considering
the optical transitions but, at the same time, can significantly affect the process of spin
relaxation. Since the energy states of the heavy holes zone are not initially spherical
but have a cubic symmetry, it results in the deviation of the hh zone to far from I' —
point. It should be noted that the nonparabolicity of the conduction band is due to
its interaction with the valence band. Thus, the nonparabolicity of hh and [h bands is
associated with their mutual interaction and significantly affects the selecting rules of
optical transitions.

2.1.1 Conduction band

The Bloch function describes the electron state in the conduction band:
< 1
UV, = Ume™ m = :t§, (2.1)
where Bloch amplitudes w4/, differ in direction of the spin:

Ul/QZST,U_l/QZS\L. (22)

Here S denotes an equal part of the s-type Bloch amplitude and invariant to crystal
symmetry transformations.
Near I'-point energy spectrum is quadratic and isotropic with effective mass me:

h2k>

C2me

(k)

(2.3)

The absence of an inversion center reveals itself as cubic in k terms in the electron
Hamiltonian in the conduction band with taking into account Dresselhaus terms | ]:

1 = + =6 -Q(k), (2.4)

where ¢ are Pauli matrices, and Q(k) is a vector
Qo (k) = ah*(me\/2meEg) ko (k) — k2), (2.5)

where m, is the electron effective mass, €2, and €, may be substituted from Eq.2.4
by cyclic permutation of indices {z,y,z}. In this case, the indices coincide with the
crystalline axes [100], [010] and [001], and the value of the spin splitting is given by the
dimensionless coefficient o = 6 x 1072 (GaAs). Therefore, an effective magnetic field
depending on the quasimomentum acts on the electron spin due to the absence of an
inversion center.

PhD Thesis, TU Dortmund, 2020 7
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2.1.2 Light-hole band, heavy-hole band and split-off band

If the energy is much smaller than spin-orbit splitting A (near I'-point), the four-electron
state with defined k is described with following wave functions:

12) _ ikr 3/2 13
P =e %:XMMUL/ ) M = {12,12}, (2.6)

where M = +3/2 belong to hh band, M = +1/2 to lh band. Index p changes in range

from p = +1/2 to p = £3/2. u,(f’/ ?) transforms as eigenfunctions of z-component of the
angular momentum operator J, with total value of 3/2. The exact expressions for Bloch

amplitudes are
(3/2) _ V2

2
= *g(X —iv) L,
2.7
ug%% — \f [—?(X—H‘Y) 1 +V2Z 1|, =0
u(f’l/?% — \f [\f(X —iY)t+V2Z7 || .

Here (X,Y,Z) is the coordinate part of the Bloch p-type amplitudes transforms as
(x,y, z)-coordinates. The energy spectrum with coefficients xas, can be found from
the solution of the following equation

I’AIX]\/[ = E€EMXM, (28)

where x s is the column of the xas, coefficients with different u, H is the Luttinger
Hamiltonian.
For spherical approximation the Luttinger Hamiltonian:
h? 5 h?

H=o—(n+ 57k

— (k- Iy = (2 3v3)/5 2.9
S 5 mo’y( )7y = (272 + 313)/5, (2.9)

where my is the free electron mass, 71,72, 73 are the Luttinger’s parametrs and J,, Jy, J.
are the 4 x 4 angular momentum matrices.
The energy spectrum of light and heavy holes is given by

h?k? h2K?
M@h = €41/2 =

€hh = €43/2 = (2.10)

2mlh’

where mpp, = mo /(71 — 27) and my, = mo/ (71 + 27) are hh and [h masses.

If the interaction energy is comparable to the spin-orbit splitting, mixing of states in
a light-hole band and split-off band occurs. This mixing results in nonparabolicity of
the energy spectrum in these bands. Therefore, the light-hole spectrum takes a form of

1 1 1
vz = —(A+ 3Bk’ + 5A - S OB’k +2BAK + A%)1/2, (2.11)

8 PhD Thesis, TU Dortmund, 2020



Pavel Sokolov Nuclear spin dynamics of donor-bound electrons in GaAs

and split-off (so) band
1 1 1
evs = —(A+ B+ JA + S (9B°K! + 2BAK? + A%, (2.12)

where A and B quantities are related to the effective masses of light and heavy holes by

h2< 1 1 > h2( 1 1 )
A=——+|—+— ), B=-————]. 2.13
4 \myp  mpp 4 \my,  mpp (213)

It should be mentioned that the situation considered above is valid only when ¢ < E,
and A < E,. In particular, in this work the condition when € ~ E;(GaAs) = 1.519 eV
at T =5 K is always satisfied.

2.2 Optical orientation in the n-type semiconductors

The reason of the edge luminescence is band-to-band transitions: ¢ — hh and ¢ — lh. In
p-type semiconductors the edge luminescence comes from the recombination of photoex-
cited electrons with equilibrium holes (which polarization is zero). For high excitation
levels, or in n-type material excited holes may participate in the recombination. At
excitation with optically polarized light, the average angular momentum of light and
heavy holes is 1.25 (in the units /); this value can be summed with the average electron
spin —0.25 to give unity angular momentum for the absorbed photon | |. It should
be added that due to the strong coupling between the hole quasimomentum and angular
momentum in GaAs, the optical orientation rapidly vanishes. It follows that hot holes
are oriented and the orientation of thermalized holes is close to zero.
The total intensity of the PL with polarization k is given by

I~ / Z Frpmy (Dyiag€) (Dpnare)* A3k, (2.14)

mm’ M

where Frp (k) = > 1 (Dmare)(Dpyare)* is the density matrix of thermalized electrons
with unit polarization vector e (mm’ are the spin indices of the electron in the con-
duction band assuming the values +1/2, and summation index M is responsible for
two degenerate states in each sub-band of the valence band). If the exciting light is
circularly polarized, e = (+e, — ie,)/V/2 where e, and e, are unit vectors in the plane
perpendicular to the direction of the light beam. In equation 2.14 the quantities D,/ s
and D,,ps denote the amplitudes of the dipole moments being equal to the transitions
matrix elements D,y = (m/ \15|M ), where index M assumes that values to be £3/2 or
+1/2 for ¢ — hh or ¢ — [h transitions and D is the dipole moment operator.

It should be noted that the angular momentum conservation is the most crucial part
of the optical photo-generation of carriers and optical transitions. Just like elementary
particles, the electromagnetic wave has angular momentum. Photons of right or left
polarized light carry the angular momentum which projection on the direction of their
propagation (helicity) equal to +1 or —1 in the units /. Linearly polarized photons are
in a superposition of these two states.

PhD Thesis, TU Dortmund, 2020 9
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EC
E
g
EV
/ \ A
E X R W
50 +1/2 -1/2

Figure 2.3: Optical transitions between levels with 1/2 and 3/2 spin projections [the
bands of light and heavy holes, and the split-off band (Ej,)| and the levels
with 1/2 spin projection (the conduction band) during an emission of the
polarized photons | .

In case when circularly polarized light is absorbed, this angular momentum is spread
between the photoexcited electron and hole according to the selection rules determined
by the semiconductor band structure. Since the valence band F, has a complex structure,
the distribution of the moments depends on the value of the momentum of the created
electron-hole pair: p and —p. It can be shown that averaging over directions p, the
result is the same as in optical transitions between states with +3/2,+1/2,—1/2, —3/2
(for light and heavy holes) and +1/2,—1/2 (for conduction band E.). All possible
transitions between these states for the absorption of a right circularly polarized light
with corresponding relative probabilities are shown in figure 2.3.

2.3 Role of the spin relaxation

It is known that at time t = 0 average spin of the thermalized electrons S at constant
excitation differs from an average spin of photoexcited electrons Sy. For n-type semi-
conductor, the electron lifetime 7 is several times longer than electron energy relaxation
time, and the majority of electrons are thermalized and situated in the conduction band,
and spin relaxation time is described by a specific time 75 [ ].

In situation when 75 > 7 the value of average spin is equal to Sy and for excitation
with E = hw < E;+ A (only hh — ¢ and [h — c transitions are possible) the limiting
value for the polarization is —0.25 (the minus sign is due to the orientation of the average
electron spin to the direction of the photon angular momentum).

On the other hand, if 74 < 7 the optical spin orientation of the electron is nearly
completely destroyed during 7 and generally, the S dependence on Sy is given by the

10 PhD Thesis, TU Dortmund, 2020
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following equation
Ts

T+7Ts

The values of T and 75 may vary from a sample to sample, depending on the concentra-
tion of the impurities, defects, major carriers, and experimental conditions (temperature
and magnetic field).

S =25

(2.15)

2.3.1 The Hanle effect in GaAs

The depolarization of the electron spins in a transverse magnetic field is known as the
Hanle effect. Parsons made the first observations of the Hanle effect in a semiconductor
in 1969 | ]. Nowadays, this effect is widely used for studying the optical orientation
in semiconductors.

Figure 2.4: The Hanle effect diagram. The Non-Equilibrium Spin Distribution (NESD)
that is initially wholly aligned along z-direction with the transverse magnetic
field applied along the x-direction. All spins starting to rotate in the yz-
plane with Larmor frequency. The transverse magnetic field tilts the NESD
in y-direction and the precession induces a dephasing in the spin ensemble,
thereby reducing the overall spin polarization and the z-component of the
spin polarization by half of its initial value.

The Hanle effect can be understood as an electron spin precession around the magnetic
field B with Larmor frequency Q = upgB/h (where pp is the Bohr magneton, and g is
the electron g-factor ). This precession leads to the decrease of the average projection
of the electron spin on the direction of the observation, which in turn defines the degree
of circular polarization of the luminescence. In case when B, is perpendicular to the
direction of the light wavevector k, the spin component along with the excitation axis
changes with frequency €2 and the spin lifetime of the electron is given as

1 1 1

4= 2.16
T, 7'—’—757 ( )

PhD Thesis, TU Dortmund, 2020 11
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where 7 is the electron lifetime in the conduction band and 75 is the spin relaxation time.
Equation 2.16 reflects two causes of spin vanishing: recombination and spin relaxation.
In case when the electron suffers many rotations around the magnetic field B during the
time Ty, after the establishment of thermodynamic equilibrium the electron polarization
S is much smaller than initial polarization S < Sp. In figure 2.5 the Hanle effect for
electron spin S in GaAs is demonstrated.
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Figure 2.5: Circular polarization degree versus transverse magnetic field (the Hanle ef-
fect) for n-type GaAs.

Taking into account statistics of the spin ensemble, after excitation time equal to ¢
the electron spin component reads as

S, = Socos(2t)exp(—t/7s). (2.17)

Averaging this expression with the function of lifetime destribution, W (t), the equation
for S, takes the following form

S. = S / W (t)cos(Qt)e ™ 7 dt, (2.18)
0

where W (t) = 7 lexp(—t/7) for thermalized electrons. Solution of equation 2.18 gives
the well known Hanle equations | |:

(2.19)
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The determination of 7 and 7, times is possible after measuring the circular polariza-
tion degree in zero magnetic fields and calculating the half-width on the half-maximum
(HWHM) of the Hanle curve. After determining By, = h/(gupTs) one can find 7 and
7 for known electron g-factor.

For n-type GaAs under optical excitation, the electron spin polarization penetrates
to the depth of the sample of the order of the spin diffusion length L = /D7, with spin
lifetime 74 characterizing the recombination process in the surface layer and with the
speed of spin diffusion D. One of the main features of n-type samples is the fact that
one of the processes determining the “spin lifetime” in the surface layer is spin diffusion.
Depolarization of electrons leads to a changing gradient of the orientation degree and,
therefore, spin diffusion becomes magnetic-field dependent and the shape of the Hanle
curve depends on the intensity of the exciting light | ].

2.4 Nuclear spin system

For all GaAs isotopes (°As, 'Ga and %9Ga) forming the NSS and having the spin
I = 3/2 the following statement is true: NSS is sufficiently isolated from the lattice
owing to long spin-lattice relaxation time 7} (from a sub-seconds to a few days | )]
depending on the lattice temperature and concentration of the paramagnetic impurities
[ ]. On the other hand, the interactions inside the NSS bath are characterized
by much shorter times of about a few milliseconds. The central interaction, in this
case, is the dipole-dipole interaction of nuclear magnetic moments, when each nucleus
experiences a fluctuating local magnetic field By, ~ uy/a® (where a is a lattice constant)
created by the surrounding nuclei with magnetic moments py. This field can differ
from system to system, but, usually does not exceed a few Gauss. The internal NSS
interaction time determines the 75 time when NSS reaches thermodynamic equilibrium.
In the situation when B = 0, the dipole-dipole interaction between nuclear spins does
not violate the value of the total nuclear spin and leaves it equal to zero. In the presence
of an external magnetic field (B # 0), the average nuclear spin (I) is described by the

following expression
I(I+1) urB

W= ey

(2.20)

where Oy is the nuclear spin temperature. The detailed description of the nuclear spin
temperature concept will be given in chapter 2.6.

The Hamiltonian of the nuclear spin system in an external magnetic field consists
of two terms: H = Hz + Hg, where H, = (ur/1)BY_, I, is the Zeeman energy for all
nuclei and Hy is the energy of spin-spin interactions. T5 characterizes the time of effective
energy exchange between Zeeman and spin-spin reservoirs at B < By, and leading to the
establishment of a common spin temperature © within the considered system. In case
when B > By, the T; increases (T3 can be even longer than 71), and, it is advisable to
describe each of the single parts of NSS two-term Hamiltonian (Zeeman and spin-spin
terms) by different temperatures | -
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2.4.1 Overhauser field

In the description of the nuclear spin system in the GaAs, there is the fact that the
electron localized on a shallow donor interacts simultaneously with a large number of
nuclei. For a shallow donor in GaAs, the Bohr radius is ag ~ 10 nm so that 10° lattice
nuclei are situated in the localization region of the electron. Under these conditions, the
definition of a mean nuclear (Overhauser) field fits very well.

If there is non-equilibrium mean spin polarization of lattice nuclei, the electron is
affected by the mean Overhauser field:

By 2 An (In) (2.21)

22:1

In equation 2.21 the sum runs over all the nuclear isotopes and (I,,) is the means spin
of these isotopes. For example, the possible total nuclear magnetic field for GaAs is
~ 5.3 T [PLSSTT].

Circularly Polarized Light Optical Detection
— System
Overhauser Field BN Knight Field B¢

Figure 2.6: Schematics of the process of optical orientation, which consists of the transfer
of spin polarization to nuclei from oriented electrons and the effective fields
experienced by electrons and nuclei.

Recent studies for GaAs unstressed quantum dots give, in accordance with equation
2.21, the maximum achievable Overhauser field with one hundred percent polarization
of all isotopes ("'Ga,5?Ga and ™ As) is approximately 8.3 T [CUZT17].

Figure 2.6 shows the interaction between the electron and NSS under optical pumping
leading to the optical orientation and formation of the Overhauser field. The electron
and nuclear spins are coupled via hyperfine interaction (Knight field) and the effective
nuclear magnetic field (Overhauser field), and this is shown by red arrows in Fig. 2.6.
The excitation with circular polarization light (blue arrow) creates an average electron
spin polarization Sy, which could be also detected by optical means (purple arrow). The
electron field acts on the nuclei and polarizes them, and the nuclear spins, therefore,
act back on the electron via the Overhauser field. This is known in the literature as a
nonlinearly coupled electron-nuclear spin system [MZ12, Dyal7, HB16].
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2.4.2 Nuclear field effects in the longitudinal magnetic field

A nonzero Overhauser field By # 0 acts on the electron spins in the same way as
an external magnetic field and should reveal itself in any situation where the electron
spins have some non-equilibrium polarization. This effect is related to the influence of
the effective magnetic field on the electron spin relaxation rate. It means that there
are several reasons how the Overhauser field can reveal itself in the optical orientation
experiment. One is the influence of the orientation degree of photoexcited electrons on
the electron spin relaxation time.

I'=16K

5 1 I 1 I 1 I 1
—200 —100 0 100 200

B_(mT)

Figure 2.7: Magnetic-field dependence of the circular polarization degree for GaAs at
Faraday geometry (B, = 0).

Figure 2.7 shows the experimental results on optical orientation in a longitudinal
magnetic field (Faraday geometry). One can see that with the increasing magnetic field,
the degree of circular polarization increases, which in turn means that the electron spin
relaxation rate decreases due to the suppressive effect of an external magnetic field.

In 1961 Abragam | | proposed the expression which describes the dependence of
electron spin relaxation time 75 on the magnitude of the longitudinal field:

7s(B) = 75(0)(1 + Q*72), (2.22)

where 7, is a characteristic correlation time of the fluctuating magnetic field determined
the electron spin relaxation time 75 > 7.. At the presence of the Overhauser field By # 0
the quantity 2 in equation 2.22 defines the total magnetic field acting upon the electron
spin: Q = (gup/h)|B + By]|.
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2.4.3 Manifestation of the nuclear field in the oblique magnetic field
geometry

It is known that under conventional geometry of the Hanle effect when the magnetic field
B, is aligned perpendicular to the average electron spin, the nuclear spin polarization is
zero | ]. This statement can be violated in the case of small external fields where
an essential role is played by the Knight field acting on nuclear spins | |. In this
case, the nuclear spin polarization that arose in the dynamic polarization by oriented
electrons is proportional to the scalar product (B - S).

On the other hand, the situation is different when the angle between the external
magnetic field and the exciting polarized light beam differs from 90°. In this case, the
Hanle effect is observed in an oblique magnetic field, causing the appearance of the
Overhauser field, directed along or opposite to the direction of the external magnetic
field and participating in depolarization fo electrons. The nuclear polarization is cre-
ated by the longitudinal component (concerning the external field) of the electron spin.
The formed Overhauser field either decreases or increases (depending on its sign) the
transverse component of the electron spin. The typical curve of the luminescence depo-
larization in an oblique magnetic field, measured in GaAs at continuous-wave excitation,
is shown in figure 2.8.
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Figure 2.8: Dependence of the circular polarization degree along the direction of the
excitation (k) on the external transverse magnetic field (B,) measured for
the bulk p-type GaAs. The angle between B, and k is § = 35°.
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The steady-state value of the average electron spin component (S,) ~ p. along the
direction of excitation Sy in an oblique magnetic field B can be written as follows

.2
sin”0 S+ cos29) , (2.23)

S.(B) = 5.(0) <1—|—(QT)

where 6 is the angle between the field and the exciting light beam and Q = (gup/h)|B+
By

Figure 2.8 shows that the shape of the Hanle curve turns out to be symmetrical so
that the right maximum orientation corresponds to the value of B, ~ — By, in which
the Overhauser field partly compensates the external magnetic field. The broadening
of the Hanle curve, as well as the narrowing of the displaced maximum, are due to
inhomogeneity of the Overhauser field | ]. The peak at B = 0 can have some
additional fine structure due to the influence of the Knight field [ ].

Thus, an analysis of luminescence depolarization in an oblique magnetic field allows
finding the values of the Overhauser and Knight fields and the sign of the product g.gn,
of electronic and nuclear g-factors. If the distribution of the electron polarization is
spatially inhomogeneous, the electron spin diffusion may have a substantial impact on
the Hanle effect | .

2.4.4 Nuclear spin fluctuations

Since the spin orientation of the unpolarized nuclei changes randomly with time which
is much longer than the nuclear spin correlation time ~ 10~* s, all unpolarized nuclei do
not contribute to the Overhauser effective field. It comes from the fact that at such time
scales the total sum of the spin vectors can be averaged to zero. Taking into account
that the electron spin lifetime is much smaller than the nuclear spin correlation time, the
local fluctuating field Bnr of the unpolarized NSS is pointing in one constant direction
and interacts with the electron spin. In case when nuclear spins are not completely
polarized this fluctuating field can be evaluated as follows | ]

U(Q) Zn A%‘\I/(I'n)|4fn([n + 1) ~ B]2\7max
1hg? N

(BRr) = : (2.24)

where N is the number of the nuclei interacting with a single electron. Usually N is of
the order of 10°, i.e. the nuclear spin fluctuation field is about 0.3% of the maximum
nuclear field. If B]2Vmax = 8.3 T (see previous subsection) and N ~ 10° a rough estimate

of By =~ 26 mT for GaAs could be found.

2.5 Nuclear spin relaxation
Essentially, the dynamic polarization is a transfer of angular momentum from electrons

to nuclei via the hyperfine interaction. This leads to the electron spin relaxation by
nuclei and accompanied by such a spin-transfer which conserves the total spin of the
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interacting particles. The component of the nuclear spin, collinear to the magnetic field
is accumulating due to the long longitudinal nuclear spin relaxation time 7T7.

On the other hand, it should be added that there are certain necessary conditions
for the dynamic polarization: (i) the nuclear spins should be placed in a magnetic
field, either an external one or the mean electron field of spin-polarized electrons; (ii)
if the dynamic polarization is induced by spin-polarized electrons or holes, the electron
mean spin should not be perpendicular to the magnetic field. As a result, the nuclear
polarization and the Overhauser field change their direction to the opposite if the sign
of the electron mean spin is inverted (for example, if the helicity of the excitation light
is changed) | ].

2.5.1 Nuclear spin relaxation due to hyperfine interaction

For conventional semiconductors, the interaction between an electron and nuclear spins
is determined by the Fermi contact interaction | , |:

Hye =Y an(sIy), (2.25)
n
where a, = v9A,|V(r,)[?, vo is the unit cell volume, ¥(r,) is the electron envelope
wave function at the nth nuclear position, I,, is the nuclear spin operator and A,, is the
hyperfine constant (for GaAs: A, ~ 100 peV). The fluctuation of the Knight field leads
to the spin relaxation of the nuclei.
Nuclear spin relaxation time due to interaction with the electron is given as
! 2 (2.26)
— = WK, .
Tle Nre
where 7, is the correlation time and wy is the nuclear spin precession frequency in the
fluctuating field created by electrons. The equation 2.26 hold for w%; | ], if the
electron is localized in an area with radius rg:

A 2
OJ]2V ~ <h]v> Fe, (227)

where N is the number of nuclei in the localization area and F, is the probability for
an electron to be in this area. The fraction % in the equation 2.27 is the precession
frequency of a nuclear spin in the magnetic field created by a single electron. The
equation 2.27 applies only for localized electrons, and for free, non-degenerate electrons
it is not applicable | ].

In the presence of an external magnetic field B equation 2.26 changes as follows

1 WJQVTC
= ——=. 2.28
Tie 14+ QZTCZ ( )
The standard estimate made by Bloembergen in 1954 [ | and Abragam in 1961

[ ] gives The ~ 10* s for GaAs with n = 10 em ™2 at T'= 4 K.
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In case of electrons localized at donor site within a radius of 79 ~ ap (where ap is the
Bohr radius) the following estimate for nuclei located in the vicinity of the donor center
can be used:

I A203F7,
Tle - a%hQ ’

(2.29)

where A, = 6.2415 x 107° eV for GaAs, F' = n/Np is the filling factor determined by
the process of thermal ionization, i.e. hopping to neighbouring sites or recombination.

Numerical estimation of Ti.(r¢) at the distance ry from the donor center was first
made by Lampel (1968) and Dyakonov (1973) | ]:

1 A20Fr. _ino
= e = (.1 s, 2.30
Tie(r0) 27r2a63712 ¢’ ° ( )

with rg < ap and 7. = 10719 5. In case of constant optical excitation by circularly-
polarized light the hyperfine interaction leads to dynamic nuclear spin polarization of
the lattice nuclei with the establishment of the thermal equilibrium in the NSS during
Tie. A detailed study of this times for n-doped and p-doped GaAs is given in chapters
5 and 6 of this thesis.

2.5.2 Nuclear spin relaxation due to quadrupole interaction

The quadrupole interaction of the nuclear spins with electric field gradient (EFG) in the
crystal volume is given by the following Hamiltonian | ]:

Hg = Vaglals, (2.31)

where V5 are the coefficients proportional to the electric field gradient and the quadrupole
moments of each nucleus. In piezoelectric crystals like GaAs, electric field gradients at
the positions of nuclei can be induced by uniform electric fields | ].

The distribution of the electric field gradients at the nucleus causes the quadrupole-
induced splitting of the nuclear energy levels. These energy levels remain partially de-
generate because of the time-inversion symmetry of the Hamiltonian 2.31. This splitting
lies in a wide range of possible energies, for example, the quadrupole splitting for As in
AlGaAs alloy corresponds to the Larmor frequency of 17 MHz [ ]. The quadrupole
splitting is also observed for samples with self-assembled quantum dots (QDs) due to
mechanical stress | ], which was much smaller than 17 MHz due to alloy statistics.

The nuclear spin relaxation can also be affected by the fluctuations of the electric field
gradients due to photon-induced crystal lattice deformation. At low temperatures due
to the low number of phonons, the nuclear spin relaxation can be induced by quadrupole
interaction with electric field gradients of resident charge carriers (e.g., under the donor
orbit) [ ]-
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2.5.3 Nuclear spin relaxation due to dipole-dipole interaction

The interaction between nuclear spins is the dipole-dipole interaction [ ]. The
Hamiltonian of the dipole-dipole interaction is written as follows

(Inrnm) (Imrnm)

2
Foam

2
_ HUN Indm
Hyq = 5 E 3 , (2.32)

n;ém nm

[(Inlm) ~3

where r,,, is the translation vector between n and m nuclei. For example, for GaAs
each nuclei is affected by a local magnetic field By ~ 1.5 G created by other nuclei
[ ]. The period of Larmor precession corresponding to this field is of the order of
several milliseconds.

The magneto-dipole interaction does not conserve the total nuclear angular momen-
tum, which is partially transferred to the crystal lattice. The nuclear polarization re-
laxation time is about 75 ~ 10™* s. In case when the external magnetic field is weak
comparing to the local field B < By, all nuclear spins relax with 75 time. In a strong
magnetic field, B > Bp, the time T, characterizes the relaxation of a transverse nu-
clear spin component which is perpendicular to external field B while the longitudinal
spin component decays with time 77 > T5 which is responsible for the Zeeman energy
reservoir dissipation.

If the nuclear spin polarization in the bulk of the crystal is not isotropic, then the
dipole-dipole interaction leads to a spin diffusion flux into the volume with the diffusion
coefficient

d2
D=~ T’ (2.33)
where d is the distance between neighboring nuclei. The diffusion coefficient decreases at
large gradients of magnetic fields (e.g. external magnetic field or Knight field) [ ].

At a distance from the magnetic ion such that the shift of the nuclear Zeeman fre-
quency, due to the local field of the magnetic ion, is negligibly small. Neglecting the
effects of angular anisotropy, then D is given by the formula | ]

D=1l— (2.34)

where a is the distance between the neighboring nuclear spins and 75 is the time of the
transverse nuclear relaxation. The values given for the numerical coefficient of [ in most
papers are 1/30 and 1/50. In particular, for a simple cubic lattice, [ ~ 1/12 and more
detailed calculation of D was performed in | ].

2.6 Nuclear spin temperature concept
In a situation when an external magnetic field is weak or comparable to a local magnetic

field of spin-spin interactions, the average projection of nuclear spin on the direction of
the external magnetic field is no longer a conserved quantity [ |. This results in
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a complete disappearance of any nuclear spin polarization with 75. So, it is expected
that no optical cooling of nuclear spins in this field is possible, and the demagnetization
process is rapid and ends as a complete depolarization of NSS.

On the other hand, a large number of experimental investigations demonstrate that the
conditions described in the previous paragraph are not always filled | , ].
This phenomenon can be described with the help of the spin temperature concept | ,

|. This concept is based on the general theory of nuclear magnetism in solids | ]
and means that the evolution of the NSS is dictated by energy conservation law rather
than conservation of the total NSS angular momentum. It can be understood as follows,
the NSS spin orientation at weak magnetic field changes the total energy of the nuclear
spin reservoir while the process of energy dissipation from nuclear spins to the crystal
lattice slows down. As a result, a thermal equilibrium for NSS is established, and the
single parameter that can be used to describe it is the nuclear spin temperature of O y
[ ]

The absolute value of ©5 can strongly differ from the lattice temperature. In this
case, the small external magnetic field induces a quasi-equilibrium orientation of the
NSS proportional to the paramagnetic susceptibility of the system x . In principle, the
value of the ©x can be even smaller, down to several uK for the external field of the
order of 100 uT.

The master equation describing the energy balance of the NSS interacting with optically-
oriented electrons reads as follows

d1 1 1 1
where © is the spin temperature and 7} is the nuclear spin relaxation time. The expres-
sion for steady-state nuclear spin temperature ©g has the following form
1 41 B S, —So
©0  p B2+ BE1—-4S.5)

(2.36)

rBgB
2T

ture O can be both positive and negative. If the external magnetic field is low (B < By)
the quantity Sy in Eq. 2.36 may be neglected.

The average nuclear spin (i.e., Overhauser field By) is oriented along the magnetic
field or opposite to it:

where Sy = —%tanh ( ) is the equilibrium value of the electron spin. The tempera-

B(B-S)
B2+ B2L’
where by is the total Overhauser field created by nuclei of the same isotope at 100%
of their polarization. For instance, the nuclei ®°Ga, "'Ga and "®As being polarized up
to 100% create fields in GaAs | ) ]: bv[%9Ga] = —13.6 kG, by ("'Ga) =
—~11.7 kG and by[®As] = —27.6 kG.
On the other hand, from NMR theory the reciprocal spin temperature reads as
2 (B-8S)

—el=2_ "7 2.38
8 e (2.38)

4
By = sby(I+1) (2.37)
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and, as is well known, a solution of the following first order differential equation:

B__8 (2.39)

ot Ty
Equation 2.38 is obtained for nulcear spin I = % The basic analysis of equation 2.38
shows that cooling is impossible at B L S, but it was experimentally found that, how-
ever, the electron polarization is affected by the Overhauser field. It is clear that this
effect can be explained with the nonequilibrium component of nuclear spin polarization,
which occurs during the transverse relaxation time T5. A large number of experiments
demonstrate the effect of NSS cooling in the electron field B, (always collinear with S)
generated by optically polarized electrons [ l.

The spin temperature can also be introduced for a system of nuclear spins with I > 1/2
taking into account the assumption that the Boltzmann law is relevant for any two energy
levels of the nuclear spin in the ensemble. This assumption is true only if the equilibrium
between different pairs of energy levels is rapidly established by flip-flop transitions. It
should be noted that in the presence of the strong quadrupole interaction when inter-
level distances are different and flip-flop transitions are suppressed, this assumption is
no longer valid. In case when the nuclear spin temperature is already established, the

average nuclear spin can be described with the Brillouin function | ]:

ZZ?_I m - exp(—m() .
Z%iil exp(—m()

The Boltzmann distribution over spin sublevels is characterized by the spin temperature
On, which differs from the lattice temperature and can be negative if nuclear spins are
polarized opposite to the direction of the external magnetic field | .

Taking into account the effective Knight field B, = b.5, equation 2.38 is modified as
follows

Iy = (2.40)

4T (S-B)+b.8?
o (B+0eS)?+EB?

where 1 < £ < 3 is a numerical factor dependent on spin-spin interaction. An analysis
of equation 2.41 shows that at S 1. B, NSS cooling is possible only in the Knight field
B, and can be detected through nuclear polarization amplitude.

The inverse nuclear spin temperature of cooled nuclei is highest for B = /£By, and
turns to zero at B = 0 or at B — oo (see Fig. 2.9). Usually, the nuclear spin tem-
perature achieved by dynamic polarization can be considered as a result of a balance
between the energy flow into/out of the NSS (taking into account the sign of the temper-
ature) caused by the non-equilibrium spin flow from electrons in the external magnetic
field and opposite energy flow due to heating effect of the fluctuating electron field. Af-
ter optical excitation is switched off, the electron spin polarization reaches equilibrium
within a nanosecond time scale, thereby causing an imbalance in the energy flow and
thus warming-up the NSS back toward the lattice temperature.

(2.41)
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Figure 2.9: Optical cooling of the NSS by oriented electrons | ]. Magnetic field
dependencies of the reciprocal spin-temperature (1) and mean spin of the
nuclei (2).

It was shown that any fluctuating field (electron, magnetic, or quadrupole) may cause
the NSS warm-up | , |. For example, in doped GaAs, charge carriers are
the primary source of such fluctuating fields at the presence of optical pumping, and
nuclear spin relaxation time 77, in this case, is firmly dependent on doping. This effect
is even more pronounced in quantum dots, in particular, after removal of the electron
from the singly-charged quantum dot volume affects a significant increase of 77 from
several sub-seconds to hours | ) ].

Applicability limitations for the spin temperature description

The central tenet of the nuclear spin temperature concept is based on the assumption
that the equilibrium in the system of nuclear spins is established much faster than the
NSS comes into equilibrium with the crystal lattice. Under ordinary conditions, this
statement is true and consists in the fact that 75 < T;. But it should be added that
this condition may be violated [ ].

For doped semiconductor quantum dots with an odd number of electrons per single
quantum dot, the strong hyperfine interaction of an electron with nuclei ~ 10° can
drastically reduce 77 and make it close in value to Ty | ) . At the same
time, the quadrupole interaction can slow down the spin-spin exchange interaction and
leads to the splitting of nuclear spin states and the establishment of partial equilibrium
inside NSS. Ultimately, this can lead to a violation of the Curie law when changing the
sign of the external magnetic field near-zero value.
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3 Experimental details

This chapter provides an overview of the main experimental instruments and methods,
the function and interplay of the equipment, and configurations of the experimental
setup.

3.1 Equipment and setup

3.1.1 Helium-4 cryostats
Bath cryostat

Since this thesis is devoted to the investigation of PL magnetic dependencies at liquid
helium temperatures, all samples under study were placed in optical cryostats. The
temperature inside cryostat is achieved down to T' = 1.6 K. The light coming out of
the laser gets access to the sample through a fused silica window in the RTI MagnCryo
cryostat. The inner diameter of the windows is 20 mm. The bath cryostat RTI MagnCryo
with superconducting magnet designed for optical investigations in the magnetic field
up to 6 T and different temperatures (1.6 or 4.2 K) was used. The cryostat is a device
of open-cycle type designed as a system of coaxial vessels, which includes the outer
(cryostat body) and inner (liquid nitrogen and liquid helium tanks) parts. The volume
between vessels is exhausted down to 0.13 Pa (1073 mbar). For the regular operation
of the cryostat, both tanks are filled with liquid helium and nitrogen. The cryostat
itself consists of two vessels. The inner vessel consists of the sample chamber joined
with the liquid helium tank, liquid nitrogen tank, and the copper shield. The outer
vessel is a cylindrical tank with an opening in the center through which the inner vessel
coaxially passes through. The liquid helium tank is attached to the cryostat body via
three stainless steel tubes used for the tank filling, as well as for the liquid helium
level tests. The liquid nitrogen-cooled copper shield protects the outer surface of the
helium tank and the sample chamber. The copper shield is attached directly to the
liquid nitrogen tank. Excellent heat transmittance of the copper shield keeps it cold and
prevents the heating of the liquid helium tank and sample chamber by the heat flow
from the environment. The liquid nitrogen tank is attached to the other vessel via two
thin stainless steel tubes that are used for the filling of the tank. The inner vessel tail is
equipped with four optical UV-quartz windows. The similar optical windows are located
on the copper shield and the outer vessel (cryostat body). The optical windows have an
angular separation of 90 degrees. On top of the cryostat, there is a sensor of the liquid
helium-meter. The sample holder with a superconducting magnet is placed directly into
the inner sample chamber of the cryostat.
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Flow cryostat

The standard boiling point of liquid 4He, it is rather uneconomical to use the main 4He
bath at 4.2 K as a temperature reservoir and then to regulate the experiment at higher
temperatures. It is much more efficient to use the cold gas evaporating from liquid helium
and take advantage of its enthalpy for cooling the experiment in a continuous gas-flow
cryostat. This allows the storage vessel containing the liquid helium to be separated
from the cryostat with the experiment.

For the measurements described in chapters 5, 6 and 7 with compensation of laboratory
fields and at small applied magnetic fields, the Oxford cryostat (Microstat He-R) has
been used. Figure 3.1 shows the schematic of the cryostat and its main components.
Continuous flow cryostat has no internal reservoir to store a supply of cryogen. The
liquid helium is supplied from a separate storage vessel through an insulated transfer
tube. The transfer tube delivers the liquid helium to a heat exchanger close to the sample
space. The gas returning from the heat exchanger then cools the radiation shield and
cold finger then it flows out of the cryostat. A thermometer and a heater are mounted
on the heat exchanger and can be used with a temperature controller to balance the
cooling power of the cryogen and to control the temperature of the sample | ].

(¢,

Figure 3.1: Diagram of the MicrostatHe2 with the rectangular tail.

It is possible to maintain a temperature below 4.2 K continuously using the standard
gas flow pump (GF4) and the controller (VC-U). Lower temperatures can be achieved
using a larger pump, such as the EPS40 rotary pump. The system can also be run using
a transfer tube, in which case the pump is attached to a port provided for this purpose
on the cryostat.
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The sample is mounted in the vacuum on a heat exchanger, and the optical access to
the sample is available through the optical windows. The sample space and radiation
shields are thermally insulated from the room temperature surroundings by the outer
vacuum chamber. This space is pumped to a high vacuum before the cryostat is cooled
down but protected against an accidental build-up of high pressure by a pressure relief
valve. The rate and, therefore, the cooling power and temperature can be controlled via
the setting of a needle valve. The system can easily be automated by applying a solenoid
valve in the pumping line, which is controlled by a thermometer on the experiment and
an appropriate bridge controller electronics. The advantages of such a design are low
consumption of the cryogenic liquid, the temperature variable in a rather wide range up
to room temperature, and the apparatus that can be cooled down and warmed up in a
short time [ ].

3.1.2 Electrooptics

This thesis contains experimental results that are devoted to a study of the time-resolved
effects in the NSS. The primary tool in the conducted studies is the polarization/inten-
sity modulation technique. The modulation is widely used in modern experiments to
improve the signal-noise ratio. In optical pumping experiments, the polarization and
intensity modulation of the exciting light is crucial. Since all processes determining
the polarization of the electron-nuclear spin system have some characteristic frequencies
within a wide range of values, from a few Hz to some dozens of kHz. What is very
important is that under constant light polarization excitation, all these processes are
indistinguishable.

Below there is a brief description of electro-optics that made it possible to use modu-
lation techniques to studying of the NSS dynamics in a wide frequency range.

Acousto-optic modulator

The acousto-optic modulator (AOM), which was used in this work consists of the acousto-
optic modulator element and the driver electronics. The modulator element contains an
optical crystal with a piezo transducer at one side. By applying an RF carrier signal
to the piezo transducer, the ultrasonic waves are induced into the crystal. This causes
modulation of density and refractive index inside the crystal, which acts as an optical
grating for an incident laser beam. A part of the beam is deflected. The deflected part
of the beam is frequency shifted by the amount of the applied RF frequency 80 MHz.
To achieve an efficient deflection a resonance condition between the deflecting angle
O, the acoustic velocity in the crystal v, the RF frequency fioq, and the wavelength of

light A must meet the condition:

A
v
By changing the field intensity (RF power) the intensity of the deflected beam can be

varied. The RF power is controlled by an external TTL generator.
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Figure 3.2: Acousto-optic modulation principle [A19].

The maximum modulation speed is limited by the travel time of the ultrasonic wave
through the beam (with diameter Dp):

t= — (3.2)
So the beam must be focused on the modulator to achieve fast modulations. On the
other hand, the deflection efficiency decreases with decreasing beam diameter, because
only a smaller part of the acoustic field interacts with the beam | .

The acousto-optic modulator in the mode of slow intensity modulation (with AOM
extinction ratio < 1000 : 1 and optical transmission > 95%) in the time range from
10 to 1500 milliseconds was used in chapters 5 and 6 to measure slow NSS relaxation
dynamics and NSS relaxation times “in the dark”.

Electro-optic modulator

Electro-optic crystals change their optical path length by application of an electric field.
This change is polarization sensitive. The difference in path length of orthogonally
polarized beams corresponds to one half of the wavelength if the half-wave voltage is
applied. In this case, if the crystal is oriented suitably, the polarization direction of
the transmitted light rotates by 90°. A variation of the applied voltage allows a quick
modulation of the intensity of the transmitted laser beam. Therefore the operation
principle of an electro-optic modulator (EOM) can be understood as a retardation plate
with an electrically adjustable retardation | ].

The LINOS 0202 EOM provided the modulation of the helicity of the laser light for
the experiments in this work. The LINOS 0202 works in a regime of switching half-wave
plate, rotating the polarization plane of the linearly polarized light to 90° depending on
the voltage applied to its crystal using the digital-input and fully analog high voltage
amplifiers LINOS DIV-20 and LINOS LAV-400.
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Both voltage amplifiers are controlled by the arbitrary waveform generator (Tabor
Electronics 5064). When the voltage adjusted at the “high” state for the amplifier and
applied to the EOM, it leads to a rotation of the polarization plane of 90°, while the
“offset” voltage corresponds to “low” state and the polarization plane is not changed.
Thus, the EOM switches the pump polarization between two perpendicular linear po-
larization. In combination with the quarter-wave polarization plate, this can be used for
the switching between a left-circular (¢7) and a right-circular (o) polarization of the
pumping light.

Polarization scheme Testing scheme

T
O

"""" Atb. waveform  [Signal

(@0 @

Signal generator Oscilloscope

Figure 3.3: Testing schematic of the polarization achieved with the EOM. The red lines
denote the laser beam. The optical elements from testing part of the scheme
(shown with purple dashed box) are removable in the path of the laser beam
on the way to the cryostat. (Optical elements taken from the graphics library

[Fra09].)

For the adjustment and operation of the EOM, it is required a linearly polarized
laser light. When the intensity of laser radiation is needed to be modulated, an addi-
tional polarizer has to be used. The LINOS LM0202P model has an integrated polarizer:
Wollaston Prism (WP). The side of the modulator with the analyzer has to be put down-
stream. The analyzer can be identified easily due to the extra plate used as a polarizer
mount. In case of operating an electro-optic modulator between crossed polarizers yields
an intensity variation as given by:

. U - Uoffset‘
I = Iysin? (F1U = Uottsetl .
0sin <2 Uy ) , (3.3)

where Uy, 5 is the half-wave voltage, Iy is the input intensity, and U is the signal voltage.

Figure 3.3 illustrates the polarization verification scheme (for measuring the achieved
degree of circular polarization) for a helicity modulation of the laser beam using LINOS
LM 0202 laser modulator. A fast photodiode (Thorlabs DET10A/M) with a load of
50 © (in order to achieve the fast rise time of the diode of about one ns) is connected
to an oscilloscope to determine the degree of circular polarization for TTL and other
arbitrary signals.
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Photoelastic modulator

To analyze the PL polarization from the sample, a photo-elastic modulator (Hinds in-
struments PEM 100) in the registration system was used. A detailed description of the
PL polarization registration system in the general scheme of the experimental setup will
be provided in section 3.2.1 of this work.

Y A
ST ACQS 0D 00

linear right linear left linear
circular circular

Figure 3.4: PEM quarter-wave retardation scheme | ]

The photo-elastic modulator (PEM) is an instrument used for modulating or varying
(at a fixed frequency) the polarization of a light beam. The PEM-100 principle of
operation is based on the photo-elastic effect, in which a mechanically stressed sample
exhibits birefringence proportional to the resulting strain. The PEM-100 is a resonant
device producing oscillating birefringence at 50 kHz. In its simplest form, the PEM head
consists of a rectangular bar of a suitable transparent material (fused silica) attached
to a piezoelectric transducer. The bar vibrates along its long dimension at a frequency
determined by the length of the bar and the speed of a longitudinal sound wave in
the optical element material. The transducer is tuned to the same frequency and is
driven by an electronic circuit that controls the amplitude of vibration. The oscillating
birefringence effect is at its maximum at the center of the fused silica bar.

The PEM-100 in the regime of quarter-wave retardation was used to analyze the
state of a polarized PL. Figure 3.4 shows the full retardation cycle versus time and
the polarization states at corresponding moments in time. The polarization oscillates
between right circular and left circular states, with linear and elliptical polarization
states in between. In the registration system, a net circular polarization component
will produce an electrical signal in the detector at the modulator frequency f. A net
linear polarization component at 45° concerning the modulator axis will produce an
electrical signal in the detector at twice the modulator frequency 2f. The transfer of
the reference signals at f from the PEM-100 controller with the Stanford Research two-
channel gated photon counter (SR 400) allowing the simultaneous measurement of two
circular-polarization components and real-time calculating of the PL circular polarization
degree.

PhD Thesis, TU Dortmund, 2020 29



Nuclear spin dynamics of donor-bound electrons in GaAs Pavel Sokolov

3.2 Experimental techniques and configurations

This section provides a detailed description of the experimental setup, the features of
the experimental devices and instruments, and a description of all experimental config-
urations used in this work for obtaining various types of experimental data.

3.2.1 Photoluminescence spectroscopy experimental setup

Photoluminescence spectroscopy is a widely used technique for the characterization of
the optical and electronic properties of semiconductors. The relaxation processes can
be studied using the time-resolved fluorescence spectroscopy to find the decay time of
the photoluminescence. These techniques can be combined with microscopy to map the
intensity or the lifetime of the photoluminescence across a sample (e.g., a semiconducting
wafer, or a biological sample that has been marked with fluorescent molecules) | .
The observation of photoluminescence at certain energy can be viewed as an indication
that an electron populated a donor state associated with this transition energy. In this
work, the time-dependent polarization state of PL spectra provides valuable information
about the dynamics of the NSS. In this connection, a typical PL setup was extended
and improved, as described below.

An illustration of the experimental setup on optical spin orientation and its detection
using polarized luminescence is shown in figure 3.5. The superconducting magnet inside
the RTI MagnCryo bath cryostat gives a homogeneous magnetic field perpendicular to
the plane of the optical table (zy-plane). For the bath cryostat, the useful volume for
the sample ~ 2 cm?, while for the flow cryostat ~ 3 cm?. The optical axis is parallel to
the plane of the optical table. The sample is mounted on the height of the optical axis,
and the surface of the sample is oriented orthogonally to it. The laser is operated at
photon energies higher than the bandgap of the material of the studied sample. For the
continuous wave (CW) laser excitation, a pump solid-state Nd:YAG and a Ti:Sapphire
lasers where used. The Ti:Sapphire laser can be tuned in a range of 750-850 nm. The
laser beam can be adjusted in intensity using the AOM. The working body (crystal) of
the AOM is transparent for the laser light and is periodically deformed with a carrier
frequency of 80 MHz (for details, see section 3.1.2). A radio-frequency generator drives
the AOM, and the low-frequency modulation of the envelope function for this modulation
is controlled by the arbitrary waveform generator (Tabor Electronics 5064). The ramp-
up or ramp-down time to reach the highest (lowest) intensity of the outcoming beam is
about ten nanoseconds. For appropriate optical adjustment of the AOM, the first-order
diffracted beam is split off by a diaphragm. The angle between the incoming light and
the AOMs crystal surface is about 10-15°.

The gradient filter and A\/2 help to further reduce and control the intensity of light
when it hits the WP and then passes into the electro-optic modulator. The EOM
can rotate the polarization plane by 90° so that horizontally polarized light becomes
vertically polarized. The polarization change from horizontal to vertical takes less than
fifty nanoseconds (using the digital EOM amplifier). The digital pulse amplifier can
apply voltage to the crystals of the EOM with a maximum frequency of 20 MHz, and
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the analog amplifier can apply voltage with the maximum frequency of 2 MHz. In
combination with the \/4 wave plate one can excite the sample with right and left-
circular polarizations. The EOM can handle light in a range of 650—-1000 nm with the
maximum laser power of 5 W. A function generator (Tabor Electronics 5064) can control
both EOM and AOM synchronously.
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(750-850 nm) (532 nm)
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Figure 3.5: The scheme of the experimental setup. The CW tunable laser provided the
optical excitation of the studied samples. A system of lenses and mirrors for

collecting the resulting PL and coupled it into an spectrometer and avalanche
photodiode (APD) was used.

After passing a \/4 plate, the polarization state is periodically modulated from left
circular to right circular light (6% /o~). In between, the polarization changes from
elliptical to linear. After this step, the polarized laser light is focused on the sample
with a f = 200 mm achromatic doublet into the spot, which is typical 60 — 100 pm in
diameter. With the help of a video camera, which shows the position of the laser spot
on the sample, the control of the beam position relative to the sample geometry can
be implemented. The sample is mounted in an optical cryostat that allows the bipolar
application of a magnetic field up to 6 T using a superconducting magnet or up to
0.6 T for the Oxford flow cryostat using an external resistive magnet with the additional
external 3D Helmholz coils (see figure 3.5). The position of the magnet relative to the
sample inside of the RTT MagnCryo cryostat can be changed by replacing an insert with
a sample holder and the superconducting magnet. It means that both magnetic filled
configurations (Faraday k || B and Voigt k L B) are accessible.
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Figure 3.6: I, (t) and I_(t) illustrates the development of the polarization detection due
to the modulation period of the PEM. At the moment ¢t = 0 the polarization
for I.(t) ~ o~ and for I_(t) ~ 0. The red sine curve indicates the phase
of the PEM. The horizontal and vertical arrows indicate the polarization
change due to the corresponding position of the phase. The positions of the
detector gates with Ti,oq = 2...5 us relative to the PEM modulation are
shown at the bottom of the figure with purple rectangles.

The analyzed PL signal from the sample is collimated with achromatic doublet (f =
200 mm) and passed through the PEM and, therefore, the only vertically polarized
light component can pass the GW prism while PEM oscillates at 50 kHz. During each
period, the piezo crystal induces strain to the fused silica plate crystal of the PEM.
When the crystal is compressed, it operates as a +\/4 wave plate (with a delay of 5 us
after the trigger signal). When the crystal is stretched, it operates as a —\/4 plate
(15 us after the trigger signal). Starting from 5 us, the polarized PL is converted to
vertically /horizontally polarized light after passing GW prism. Figure 3.6 shows the full
cycle of the PEM modulation period and PL detection times. Such a combination of
PEM and GW prism allows separating the circularly polarized light of the PL.

For the spectral resolution of the PL, two spectrometers were used: half-meter spec-
trometer (Princeton Instruments Acton 2500i) and 0.125 m hand-operated monochro-
mator (Oriel 7240). The Oriel 7240 uses a hand crank to position the grating, and the
Ebert-Fastie design [JI130] features two slits in line with each other, with an out of plane
grating. There is a possibility to use only the half-meter spectrometer or both together
in a “double-pass” monochromator mode (for reducing scattered laser light in the PL
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signal). The spectrometer Acton 2500i is an imaging monochromator with three different
diffraction gratings (300 gr/mm, 600 gr/mm and 1200 gr/mm) where the light from the
entrance slit falls upon the first of two aspherical mirrors so that a collimated beam is re-
flected onto the diffraction grating mounted on a motorized turret. The grating diffracts
the light from the first mirror onto the second aspherical mirror, which collimates and
reflects it onto the CCD chip. The silicon CCD Princeton Instruments Spec-10:400R
from Roper Scientific is used for acquisition of the PL spectra, control of the pump laser
energy, and for setting the APD detection energy respect to the PL spectral dependence
of the sample. The 1340 x 400 imaging array has an 8-mm chip height and 27-mm
spectral coverage for single and multi-stripe applications. Liquid nitrogen cooling of the
CCD chip eliminates dark noise for long exposure times.

For all measurements in this thesis, a grating with 600 g/mm is used. The soft-
ware “WinSpec/32” is employed to analyze the PL spectrum collected by the CCD.
Since the grating spectrally spreads the PL in a horizontal plane, then only the hor-
izontal resolution of the Si-CCD is essential, and the signal of the vertical pixels was
integrated. This gives a sufficient CCD resolution equal to 1x1340 pixels. Using the soft-
ware “WinSpec/32”, it is also possible to determine a central wavelength and to direct
only the intensity of the central wavelength to APD (SPCM-AQR-14, Perkin Elmer)
with a counting rate of 105 photons/second.

3.2.2 Measurement of the Hanle effect and the polarization recovery curve

The fundamental method of the spin lifetimes and nuclear field measurement is the
CW Hanle configuration of the experimental setup shown in figure 3.5. The standard
data acquisition setup for Hanle measurement with or without excitation polarization
modulation is shown in figure 3.7. The generator (Tabor Electronics 5064) with first
channel A is used to send the modulation to the EOM. At the same time, a TTL signal
from the PEM controller is used to trigger the generator. The maximum amplitude on
the output of the generator is 10 V peak to peak. The Stanford Research two-channel
gated photon counter is calculating many photons during trigger signals coming from
the PEM controller, as well as generating a trigger signal (equal to dwell time) for APD
in order to reduce the number of “spurious photons” responsible for dark counts outside
the counting (dwell) time. The two-channel gated photon counter (SR400) has two
independent discriminators, two internal gate generators, and two counters. The photon-
counting scheme uses one of the discriminators, but the signal from the discriminator is
equally divided into two channels. However, the gates in the two channels are set with
different time delays and synchronized with the PEM modulation. Thus, a two-channel
count of photons is performed, from where the degree of circular polarization can be
calculated. The CCD camera and both power supplies (for superconducting magnet and
external 3D Helmholz coils) are controlled with PC using the LabVIEW software via
the GPIB-bus interface. Depending on the polarization measurement protocol, a set of
different build-in computer programs can be used to operate with the generator (Tabor
Electronics 5064).
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Figure 3.7: Schematic of the data acquisition instrumentation used to obtain Hanle
curves. The red lines denote connections made with BNC cables. (See the
text for additional details.)

The photon counter can operate in two different modes: (i) collecting the signal from
APD upon arrival of the PEM trigger pulse or (ii) counting photons for a given time
after the trigger from a generator (Tabor Electronics 5064). The number of the counted
photons is weighted, depending on the phase of the PEM (see Fig. 3.6). A developed
LabVIEW program uses the absolute values of counted photons I, and I_ for o* and
o0~ detections phases for calculating circular polarization degree:

I, — I

S il 4
I, +1_ (34)

Pc
The generator receives information about the phase and modulation frequency of PEM.
Therefore, the signal of the function generator is synchronized with the PEM in frequency
domain and phase. The accurate gating of the I, and I_ intensities is provided by
precise time protocols and using digital delay electronics synchronized to the gating the
polarization detection scheme such that p. is accumulated when the system is illuminated
with light reaching a circular polarization degree above 80% during a single half-period
of PEM modulation. In some experiments, to eliminate a possible impact of the nuclear
spin polarization, the helicity of the pumping light (between o and ¢7) is modulated
with a waveform generator (Tabor Electronics 5064) at a frequency fioq exceeding
several tens of kHz.
It should also be taken into account that the SR400 has a lower pulse count rate
than the pulse generation frequency of the photon counter. Therefore, for the correct
operation of electronics, the frequency of TTL pulses should not exceed 3 x 10° counts
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per second. Taking into account the load factor, the channel gates should accumulate
approximately 10° samples per second. At this count rate, the error of measuring the
degree of polarization is AN/N =~ 0.001 — 0.002.

The bath RTT MagnCryo cryostat (or flow Oxford cryostat) is oriented in a Voigt
(Faraday) geometry and connected to a power supply Oxford IPS 120-10 (or Kepco
Bop 100-10MG for external resistive magnet) with a maximum current of 80 A (8 A
for the resistive magnet). Taking into account the conversion factors of 15.1 A/T for
superconducting and 13.3 A/T for resistive magnets, the following maximum, and safe
magnetic fields can be achieved: 6 T for superconducting magnet and 0.6 T for the
resistive magnet.

The polarization recovery curve (PRC) can also be measured using the configuration
of the experimental setup shown in figure 3.7. The main change in setup for measuring
the PRC curves will be only the replacement of the superconducting magnet insert (with
Faraday configuration). At the same time, the external Helmholtz coils (see Fig. 3.5)
which were used to create an additional longitudinal magnetic field B, in the experi-
ments for measuring the Hanle curves (Voigt configuration), can be used to create the
additional transverse magnetic field B, (for Faraday configuration). The strength of
the longitudinal magnetic field B, varies between 0 and 3 T. The illumination of the
sample is always realized from the same side and window of the cryostat. In both con-
figurations, the lens with f = 200 mm focuses the laser beam onto the sample, which
is placed inside the strain-free black paper envelope and installed at a holder made of
a low temperature-resistant plastic. The helicity of the excitation is modulated in the
same way as for the Hanle measurements. The pump modulation frequency was varied
from a few tens of hertz to hundreds of kilohertz, measurements of this type are used as
a primary tool for the spin inertia measurements in chapter 4 of this thesis.

3.2.3 Measurement of the time-resolved Hanle effect

The experimental setup shown in figure 3.5 has been extended in order to realize various
temporal excitation-detection protocols. In this particular case, the circular polariza-
tion of the excitation could be modulated between o+ and o~ with frequency fmoq from
sub-Hertz up to 50 kHz with synchronized detection of the p. during various time in-
tervals. The PL counting is performed in a time window ranging from 20 us to 500 ms
delayed from the excitation trigger by different time delays At. The analysis of the PL
circular polarization degree is done by using PEM followed by a large-aperture WP. The
intensities of the o and o~ PL polarization components are obtained by gating the
pulses generated by the signal generator synchronously with the PEM modulation. The
degree of circular polarization p. with an accuracy of about 0.1% determined by the
photon counts accumulated during a single measurement. The excitation modulation,
the PL gating time window, and the photon counting gates are synchronized by a precise
digital delay generator (Quantum Composer 9520). Thereby, various problems could be
addressed, particularly the time-dependent measurement of p. and time-resolved Hanle
effect with a polarization modulation is performed.

Figure 3.8 shows the general scheme with devices that were used for the time-resolved
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Hanle measurements. The digital delay generator synchronously controls EOM mod-
ulation and photon counter accumulating via internal clock generator synchronized to
the PEM trigger signal. The digital delay generator controls the modulation frequency
and position of the photon counter detection time windows. All signals are transferred
to the oscilloscope BNC inputs for additional verification of the modulation-detection

protocol.
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Figure 3.8: Schematic of the data acquisition instrumentation used to obtain time-
resolved Hanle curves.
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Figure 3.9: Excitation-detection scheme. Start of detection At after beginning of cycle
1 or 2 can be varied as well as duration of read out gate Tyes.
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Figure 3.9 illustrates separate detection of the p. with adjustable time resolution inside
each half-period of polarization modulation protocol. The square function TTL signals
have a sharp rise equal to several nanoseconds with duration controlled with the EOM
generator and digital delay generator (Quantum Composer). Therefore, two modulation
half-periods (Cycle 1 and Cycle 2) with opposite pumping light helicity are generated,
and p. is accumulated during variable time Tge; in one of the half-periods of excitation
modulation (see Fig. 3.9). Time delay At before the start of the p. accumulation could
also be controlled. By measuring the circular polarization p. depending on At with
fixed Toq provides the p. time dependence inside the entire modulation period Ty,04.
By choosing a wider detection gate Tyet, the accumulating time for each measurement
decreases. The photon counter operation mode remains the same as for the Hanle curve
acquisition at constant excitation polarization (see section 3.2.2), since Tioq, Tqet and
At are automatically controlled with delay electronics.

3.2.4 Time-of-flight measurements of the nuclear spin relaxation dynamics

For studies of transient nuclear spin polarization, the experimental setup shown in figure
3.10 was used. To access millisecond timescale, therefore, pump pulses cut out of the
CW laser beam with an AOM, controlled by the waveform generator (Tabor Electronics
5064). The PL polarization is measured in the reflection geometry at the spectral max-
imum of the PL polarization. The emitted light passes through the spectrometer and
is detected by the avalanche photodiode (APD), followed by the multichannel photon-
counting system (PCS). The latter is synchronized with the AOM via the same waveform
generator.
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Figure 3.10: Experimental setup designed for time-of-flight (ToF) measurements of sub-
second nuclear spin relaxation times “in the dark”.

CwW Iaser

s |

IV
N>
N

PhD Thesis, TU Dortmund, 2020 37



Nuclear spin dynamics of donor-bound electrons in GaAs Pavel Sokolov

The multichannel photon-counting system utilizes a multiple-event time digitizer: Fast
ComTecModel P7886. It was used in the ultra-fast Multiscaler regime with a maximum
pulse-width evaluation and the 100 ps precision. The P7886 is capable of accepting one
event (stop pulse) in every time bin. Burst/peak count rates of up to 2 GHz can be
handled with no deadtime between time bins. For experiments presented in this thesis
requiring repetitive sweeps, the spectral data obtained from each sweep was summed,
enabling extremely high sweep repetition rates. For measurement of multiple STOP
events (photons) in a time range from one us to several hundreds of milliseconds af-
ter START (trigger) pulse, each measurement runs exactly 100 sweeps for every time
counting period until it ends.
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Figure 3.11: Schematic of the data acquisition instrumentation used to obtain the ToF
dynamics of the pe.

The waveform generator (Tabor Electronics 5064) is configured to drive two 50
inputs to 1 Volt and not exceeding 2.5 Volts (the absolute maximum ratings of the dis-
criminator inputs). The fourth modulation channel is connected with the START input
of multiscaler, while STOP input receives APD photon counts during the SWEEP time
of the multiscaler. Any signal on to the discriminator inputs the maximum differential
voltage of 3.0 V between the discriminator and the corresponding threshold voltage
should not be exceeded.

The example of basic measurement setup and timing diagram for nuclear spin dy-
namics measurements “in the dark” presented in the chapter 5 are shown in figure 3.12.
For measurement of the arrival time of multiple STOP events (APD counts) [see figure
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3.12(b)] in the desired time range after a START (trigger) pulse the P7886 software in-
cludes the MCDWIN program which can be installed on Win-PC. Figure 3.12(c) shows
the MCDWIN settings window where four main parameters should be configured: Sweep
preset, Binwidth, Range, and Inputs. In order to achieve a reasonable signal-to-noise ra-
tio during the measurement of the PL circular polarization degree p. in the time window
equal to 1000 ms, the acquisition should run for 100-200 sweeps until it can be stopped
automatically after a specified number of sweeps by checking Sweep preset box. In the
edit field Range, the length of the spectrum can be entered. A bin width of 2 ns means
the highest time resolution. The Binwidth can be chosen from 2 ns up to 16777216 ns.
The Inputs button opens the Input Thresholds dialog box, which specifies one of the
inputs (NIM or £2V) for the START and STOP input and the threshold level at the
falling edge of the input signal. Voltage level set by hand between -0.8 and -0.25 V. In
principle, it is possible to gate the NIM input by the corresponding £2V input, for this
case the checkboxes of both inputs should be marked.
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Waveform @ @ START

generator

STOP

PC
APD

(b)

(C) pump Tmod

Intensity
modulation

PLLfreq = 264009 Modue: [& =] Waveform

Spnc out NIM:  [OFF vI generator t
dark

Spncout TTL: [oFr vl
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Figure 3.12: Procedure for ToF measurement. (a) Basic measurement setup. (b) Mea-
surement timing diagram. (c) P7886 settings window.
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Thus, without a signal applied, the FAST-NIM inputs will not influence the measure-
ment after the hardware is initialized correctly in order to start the single measurement
(Start button). When the selected measurement time range has elapsed the sweep, and
so the data acquisition ends. The resulting spectrum of I, or I_ is suggested to look
like the distribution of the photons with a certain polarization [see figure 3.13(b)]. At
the end of the measurement, the program writes two files with the result of measur-
ing (time-resolved number of counted photons) and a service file with data acquisition
preferences.

Polarization calibration

In order to measure any time dependence of the p., the fast multiscaler can be used as
a tool for experimental calibration of the exciting light polarization state. The circular
polarization of the excitation could be modulated using the EOM (see section 3.1.2) in
combination with a A/4 wave plate. A waveform generator (Tabor Electronics 5064)
was used to trigger the EOM. The square function pulse trains had a sharp rise of a
few nanoseconds. Their duration ¢ = Tj,0q/2 could be chosen to be 100 ns < ¢ < 100 s.
Thus, two excitation cycles with oppositely circularly polarized excitation were defined
and shown in figure 3.13(a).

The time-resolved measurement of the p, is realized in both half-periods of excitation.
By choosing a different time resolution for the multiscaler, the p. can be measured
and integrated as a function of T,.q. Figure 3.13(d) shows that both half-periods are
symmetric concerning the excitation polarization switching time but not identical in
amplitude, which indicates an imperfect tuning of the polarization elements for the laser
beam. With the perfect alignment of the laser polarization, both half-periods in figure
3.13(d) should coincide in amplitude for two different polarization orientations +45° and
—45°. This can be achieved by the correct orientation of the modulator relative to the
laser beam (normal incidence at the input of the modulator, without refraction in the
crystal body) and the correct selection of the offset and high voltage levels using the
digital/analog high voltage amplifier. It should also be noted that the state of excitation
polarization can be affected by the polarization effect of the cryostat windows and optical
mirrors on the way to the sample.
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Figure 3.13: Calibration of the data acquisition using laser polarization. (a) Voltage pro-
tocol for the EOM. (b) APD signal time dependence for two different half-
periods polarization helicities (G prism orientation respect to the polarizer
axis is +45°). (c) APD signal time dependence for two different half-periods
polarization helicities (GW prism orientation respect to the polarizer axis
is —45°). (d) p. time dependence for two different half-periods polarization
helicities.
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4 Nuclear spin cooling at weak magnetic
fields in n-type GaAs

Adapted from Phys. Rev. B 96, 205205 (2017).

The nuclear spin cooling rate by circularly polarized light is slowing down when the
degree of circular polarization is modulated. Nuclear spins can be efficiently polarized
when the polarization modulation frequency is smaller than Tfl. On the other hand,
cooling can also be observed at higher modulation frequencies, when w > T L due to
the Knight field created by photoexcited electrons, which changes at the same frequency
as the electron mean spin | ]. In case of high modulation frequencies larger than
Ty ! no nuclear spin cooling is possible unless the modulation frequency is equal to the
Nuclear Magnetic Resonance (NMR) frequency in the applied magnetic field. Under
these conditions, there is an effect known as resonant cooling | |. At even higher
frequencies of intensity modulation, implemented by pulsed lasers with the pulse repeti-
tion rate exceeding 75 MHz, the resonantly driven electron spin system can be prepared
in a highly excited state maintained at a large transverse magnetic field. Therefore the
phase relaxation of the electron spin can be understood as a change of the temperature
of the electron spin subsystem, and, to establish a temperature balance, NSS is cooled
taking a significantly large Overhauser field [ ]. In addition, for strongly localized
electron spins in the regime of electron-spin mode locking [ |, e.g., in the sin-
gle quantum dot, the Overhauser field provides a channel for the frequency focusing of
the electron spin coherence | ]. This phenomenon is an alternative to the deep
cooling and used for decoupling the electron spin from the nuclear spin ensemble.

It was shown that the maximal polarization of a single spin can reach 99% | ]
At the moment, the optimal strategy to achieve a highly polarized mesoscopic nuclear
spin state is a subject of discussion while the current record in a single quantum dot
is 80% | | and, at least, an order of magnitude lower in quantum dot ensembles or
bulk semiconductors. The efficiency of optical cooling of the NSS in the intermediate
frequency range, T lew<T 5 ! has been investigated neither experimentally, not by
a theoretical considerations. This question will be addressed in the current chapter.

A method called “spin inertia” [ | is adapted to examine the nuclear spin
dynamics in n-doped GaAs. As it was shown, the Knight field oscillating synchronously
with the electron mean spin provides an off-resonant NSS cooling up to modulation
frequencies of the order of T2_1. On the other hand, the oscillating Knight field warms
up the NSS. The competition beta these two processes leads to a cut-off frequency wy /o
of nuclear spin cooling regime with 77" L ew 12 < T{l. Knowing the parameters of the
electron spin system, one can use the measured wy /; to determine the parameters of the
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nuclear spin correlator, primarily the value of 75 in weak magnetic fields, which cannot
be directly measured by standard NMR techniques | ]. It should also be noted
that 75 time in solid-state systems is a hard-defined parameter and its measurement in
low magnetic fields is complicated by the strong heterogeneity of physical parameters
that determine the transverse relaxation time 75. This question is also addressed in this
chapter.

4.1 The investigated sample

The sample under study is a n-doped GaAs epitaxial layer grown by liquid-phase epitaxy
on top of a semi-insulating (001) GaAs substrate. The 20 pm epitaxial layer was doped
by Si providing a donor concentration nq = 4 x 101° cm™3 | , ]. The
photoluminescence (PL) is excited by a tunable Ti: Sapphire laser operating at Fexc =
1.540 eV corresponding to the absorption edge of the GaAs band-to-band transition.
The laser is focused on the sample surface through an achromatic doublet (focal distance
f =200 mm) into a spot of about 80 pm in diameter and the PL is collimated with the
same lens throughout all subsequent measurements (see figure 3.5).

7X10* e 8
6x10% - DX l 1
5x10* 1 ! 16
4x10*

3x10*
2x10%
10

PL intensity (arb. un.)

Energy (eV)

Figure 4.1: PL spectrum (excitation energy Fex. = 1.55 €V) of n-doped GaAs measured
at B=0 T and P.. =5 mW. Green line shows the spectral dependence of
the PL circular polarization degree.

The helicity of optical excitation is controlled by the EOM (see chapter 3.1.2) driven
by an analog EOM controller that is used to avoid a possible impact of higher-frequency
harmonics as described in chapter 3.1.2. The PL is collected in reflection geometry, spec-
trally filtered by an 0.125 m fixed-slit monochromator eliminating the residual scattered

PhD Thesis, TU Dortmund, 2020 43



Nuclear spin dynamics of donor-bound electrons in GaAs Pavel Sokolov

light, and dispersed by a 0.5 m single-grating spectrometer followed by a gated single-
photon counter (for details see chapter 3.2.1). The analysis of the circular polarization
degree of the PL is done by a PEM followed by a GT polarizer (for details, see chapter
3.1).

The PL spectrum is shown in figure 4.1 has four distinct peaks corresponding to
recombination of the exciton (X), the exciton bound on neutral and charged donors
(DX and D*X) as well as the exciton acceptor complex (AX). The spectrum also
demonstrates a non-monotonic behavior of the PL circular polarization degree (green
line). The spin polarization is governed mostly by electrons localized on donors | ].
Following Refs. | | and | ], the part of the spectrum corresponding to DX
transition at Fge; = 1.514 eV is further analyzed in the magnetic field. The choice of
this spectral energy is motivated by minimizing the field-independent offset of the PL
polarization and obtaining maximal deviation of p. from its equilibrium value detected
at zero fields, pg, when the magnetic field is applied | ].

4.2 Polarization recovery in a longitudinal magnetic field and
the Hanle effect

As a primarily experimental method of characterization of the sample, a magnetic field
applied along the light propagation axis (Faraday geometry) increases p., this effect is
known as polarization recovery (PR) [see Fig. 4.2(a)]. In contrast, the application of a
transverse magnetic field (Voigt geometry) leads to a decrease of p. with an increasing
field due to the Hanle effect [see Fig. 4.2(b)]. Such phenomena are typical for GaAs and
used for determination of the characteristic values of the electron correlation time, 7,
and the electron spin relaxation time, 7.

It is known that at high enough modulation frequency fmoa > T4 ! the nuclear spin
polarization is negligible | ], the Hanle curve shown in figure 4.2(b) is, to a good
approximation, a Lorentzian:

Po

1+B2/Bl/2

pe(Bz) = (4.1)

with pp = 0.036 and By, = 2.7 mT. The corresponding spin relaxation time for steady
state conditions is evaluated as T, ! = 77! + 7! where T} = h/upgBi )2, ip = 9.274 X
10~2* JT~! is the Bohr magneton, g = 0.44 | ] is the electron g factor. Thus, the
electron lifetime 7 = 10 ns | ] taking into account that 7, = 20 ns for conditions
as evaluated from the fitting of the experimental data in figure ??(b).

To obtain 7., the dependence of the p. in figure 7?(a) on the longitudinal magnetic
field B, is measured. In this case, the electron spin z component increases due to a
change of the spin relaxation time | |. Supposing a simple field dependence | |:
7 = 131+ iBgP B2 /2) and p, = oot/ (7 + 1), it gives

pe(B2) = Pee ~ (4.2)
L+ (upgBere/h)*
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where poo is the polarization degree reached in the limit of large magnetic fields.

- (b) Sroa(@707) = 50 kHz
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Figure 4.2: (a) Magnetic field dependencies of the circular polarization degree (Faraday
configuration, B, = 0) measured for the D’X transition (Eqe = 1.514 eV)
at fast modulation of the helicity of excitation fi,oqa = 200 kHz (blue dots)
and fioq = 1 kHz (green dots). The corresponding electron correlation
time 7. = 310 ps. Solid lines in panels (a) and (b) result from fitting with
Egs. (4.1) and (4.2), respectively. (b) Circular polarization degree versus
transverse magnetic field (Voigt geometry, B, = 0) measured at alternating
helicity of excitation fnoq = 50 kHz. The electron spin relaxation time
7s = 20 ns is evaluated.

The p. dependence on the longitudinal magnetic field up to B, = 0.25 T is shown
in figure 4.1(a). The electron spin polarization saturates at a certain value purporting
to be a PR curve that represents a broad and inverted Lorentzian curve described by
equation (4.2). The extracted correlation time of the donor bound electron is 7. = 310 ps.
A small linear asymmetry of the PR amplitude at positive and negative values of the
magnetic field is due to the equilibrium paramagnetic polarization of electron spins. On
the other hand, a fast modulation of the pump helicity at finoqa = 200 kHz removes this
asymmetry, as shown in figure 4.1(a). The width of the obtained PR curve does not
strongly depend on the frequency fioq in the range of 0.9 — 12 kHz. This leads to the
conclusion that the condition of short correlation time 7, < 75 [DIKNMT02] is fulfilled
throughout the experiments reported in the rest of this chapter.

4.3 Measurement of the Knight field

As mentioned above, no dynamic nuclear polarization is expected if NSS is not subjected
to an external magnetic field. If electrons are spin-polarized, the total magnetic field at
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the nucleus is a sum of the external magnetic field B and the mean Knight field B,. It

goes to zero if these two terms compensate each other, i.e. B = —B, | |. In this
case, the dip on the longitudinal magnetic field B, dependence of the electron spin is
seen in figure 4.3, indicating lower polarization of nuclei at B = —B,.

Figure 4.3 indicates that the Zeeman splitting does not disappear entirely and present
due to the inhomogeneity of the electron density. It is impossible to precisely compensate
the Knight field for all the nuclei interacting with the electron. The diminishing of the
nuclear polarization at B = — B, is also reflected in the polarization of PL because, at
lower By, the electron spin relaxation rate is accelerated. This latter effect is associated
with donor-bound electrons, which will be discussed later in this chapter.

o' - excitation

T=5K
P . =5mW —— B =0.5mT

CXi

o - excitation

_4 1 | 1 | 1 | 1

-2 -1 0 1 2
B (mT)

Figure 4.3: Polarization p. of the PL as a function of applied external longitudinal mag-
netic field B,, measured in the n-doped GaAs. The right deeps on the right
side of the curves correspond to compensation of the mean Knight field B,
by the external magnetic fields. At these points, By is close to zero.

Even for such a simple measurement, it was evident that the Overhauser field modifies
the energy spectrum of electrons, and, as a consequence, the efficiency of the nuclei
polarization by electron changes. The electron spin and NSS reveal the behavior of the
strongly coupled system with positive feedback, which, in turn, may be either positive
or negative depending on the specific positions of electron energy levels, on the helicity
of the excitation light and the sign of the total external magnetic field.
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4.4 The spin inertia in the longitudinal magnetic field

In this subsection, the spin dynamics in a tilted external magnetic field was investigated.
Scanning a longitudinal field B,, a tiny additional PR signal in small longitudinal fields
[see Fig. 4.4] can be observed. After applying a small transverse field B, with a mag-
nitude of the order of By, and scanning B., a wider PR signal [see Fig. 4.5(a)] can
be found. These scans are presented in figure 4.5(a) where the relative comparison of
several PR curves at B, = 0 and B, = 1 mT are given. It can be noted that the
narrow recovery of p. is observed already when B, = 0, indicating the uncompensated
transverse component of the laboratory magnetic field of about +0.2 mT.
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Figure 4.4: Manifestation of the additional tiny PR signal in small longitudinal fields
(Faraday configuration, B, = 0) measured for the DX transition (Ege; =
1.514 eV) at CW excitation.

Using the measured PR curves, the dynamics of the PR curves was investigated.
As shown in Ref. [ ], a measurement of the PR curves as a function of the
modulation frequency, fmod, provides information on the dynamics of the electron or
nuclear spins. As one can see from figure 4.5(b), the amplitude of the dip centered near
B, = 0, Apr, decreases with increasing fimoq. There is a suggestion that the observed
polarization dynamics is associated with nuclear spin polarization: the polarization-
modulated excitation influences on the nuclear spin cooling | ], the cooled nuclear
spin system is aligned by the static transverse field and create the nuclear field that
enhances the Hanle effect. In order to study the dynamics of the Overhauser field,
experimental data are processed according to Ref. | ]. Starting with a set of
Hanle curves obtained at fast modulation (fioq = 50 kHz) is analyzed from which pg
and By, are extracted as functions of Pexc. Next, the values of p. (B, = 0) demonstrated
in figure 4.5(b) are associated with the corresponding points in the Hanle curves and
the magnitude of the effective magnetic field B.g acting on the electron spin is found.
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It is important to note that the PR curves shown in figure 4.5(b) are obtained at a fixed
transverse field B, = 1 mT. Following the above, the Overhauser field can be expressed
as BN = Beff — Bx.
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Figure 4.5: (a) Recovery of the PL circular polarization degree by a longitudinal mag-
netic field in absence of a transverse magnetic field (circles) and in pres-
ence of B, = 1 mT (squares). (b) PR curves measured at different fre-
quencies of modulation in presence of a transverse magnetic field. Solid
lines in panels (a) and (b) result from fitting with a bell shaped function:
pe(B:) = psat — Apr/ (1 —|—B§/A23) with psat, Apr and Ap being fitting
parameters.

The results of the performed analysis are shown in the figure 4.6. It is obvious that
the dependencies By on the modulation frequency fioq represent decreasing functions
that are in the following expressed by equation (4.18), and the best fit for these de-
pendencies are provided by Lorentzian functions with characteristic widths of about
1 kHz, which corresponds to time on the order of several milliseconds. The NSS polar-
ization is suppressed when the frequency of modulation is close enough to or larger than
Ty ! [ ]. The observed phenomena, on the other hand, develops on a longer time
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Figure 4.6: Calculated Overhauser fields (By) versus fpoq. Solid lines are fits with
Lorentzian functions given by equation (4.20), from which the values of the
cut-off frequencies w; /o are extracted.

scale (0.5 $ wy/p/2m < 1.5 kHz) and is power dependent. Summing up all the above
in this section, it is shown that the observed cut-off frequency is not exactly T2_1, even
though this data can be related to 15 and can be used for its estimation.

4.5 Model: nuclear spin warm-up and cooling in the oscillating
Knight field

Based on considerations found in Ref. | ], the nature of the observed effects can be
understood as follows. The observed phenomenon is measured for excitation by light
with alternating helicity creating a time-dependent non-equilibrium average spin of the
resident electrons | ]

(S) = Sp cos(wt), (4.3)

where Sy is the initial electron polarization and w = 27 fioq. As a result of the dy-
namic polarization, a time-dependent spin flow into the NSS appears given by j(t) =
Q (S(t)) /Tie, where @Q = 4I(I +1)/3, I is the nuclear spin number and T}, is the time
of nuclear spin relaxation by electrons via the hyperfine interaction | .

The electron spin influences on the NSS also as an oscillating magnetic field (Knight
field) B, = b (S). Given the fact that the nuclear spins are subjected to a magnetic
field, the spin flow induces an energy flow

_In@
Tle

qs(t) = —hyn [B+ Be(t)] j(t) = [B.So cos(wt) + beS? 0082(wt)] . (4.4)

Here, vy is the nuclear gyromagnetic ratio, B, = b.Sp is the Knight field amplitude with
be being the strength of the Knight field of a fully polarized electron, and the negative
sign reflects cooling of the NSS. On averaging over the modulation period, the first term
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in equation (4.4) vanishes, while the second one contributes to the time-averaged energy
flow

_ Q 2
= — e . 4
s 2T167@7Nb S5 (4.5)

On the other hand, the oscillating Knight field heats up the nuclear spins and the
corresponding heating energy flow is

dB.(t)
dt

where Ip(t) is the projection of the time-dependent average nuclear spin on the direc-
tion of the Knight field. The time-dependent I5(t) includes two contributions: Ig(t) =
I (t)+1(t). The term I75(t) is induced by the Knight field via the magnetic susceptibil-
ity, X(w), of the NSS as I'5(t) = x(w)Be(t). In turn, I};(¢) results from the accumulation
of the spin flow j(¢) coming from optically pumped electrons. The relation of I7(t) and
j(t) is determined by relaxation of the non-equilibrium nuclear spin and can be written
as

qu(t) = —hyn Ip(t) = hynwbeSp sin(wt)I5(1), (4.6)

1 (t) = /O G (t - 7)j(r)dr, (4.7)

where the Green function, Gy(t), is expressed via a correlator of the nuclear spin fluc-

tuations | ]
3

I(I+1)
As follows from the definition, Gx(0) = 1 and, at weak fields, it falls down on the time
scale of T, so that [ Gn(7)dr = Tb.

Since Ip consists of two principal components, the energy flow is given by equa-
tion (4.6) also has two terms: ¢, = ¢, + ¢/,, which contribute to the energy balance
in different ways. While, according to the fluctuation-dissipation theorem [ ], the
imaginary part of susceptibility in the high-temperature approximation is inversely pro-
portional to the system temperature: x, o @1_\717 the first term, ¢/,(t) o I5(t), depends
on the nuclear spin temperature O y explicitly. By averaging over the modulation period,
one can find

Q

8

Gr(r) = (SI(t)SI(t— 1)) . (4.8)

(1) = = (hyw)w? (beSo)*BGY,. (4.9)

Here, 8 = (kg©Ox)~! and
“ [e.e]
G, = / Gn(7) cos(wT) dr. (4.10)
0

Consequently, g/, provides an additional energy relaxation channel, known as the warm-
up of the NSS by the oscillating Knight field. The second term, ¢, (t) o« I}(t), on the
other hand, does not explicitly depend on © y:

_ hbe@S3

G 4.11
2T13 w w ( )

Too(t)
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where

G = /000 GnN(7)sin(wT) dT. (4.12)

Therefore, g (t) enters the balance equation for the inverse spin temperature § as a
source, similarly to ..
The balance equation reads as

B _ B qs+qw+QZL

4.1
ot T1 Cn ( 3>

where )
Cn = gI(I + 1)(hyn)?(B? + B?) (4.14)

is the heat capacity of the NSS. Taking 03/0t = 0 the following expression for the inverse
spin temperature can be obtained

1 b2S2 S\ 3T16.QS2 .
=—(1 O _wTiG ex0 1—wG”). 4.15
P < MY RN “) 21(I + 1) Trohyn (B2 + B2) ( n “) (4.15)

The steady-state nuclear spin polarization corresponding to S and established in the
external magnetic field is given by

-1 ~
Iy I+1 Bb.QSETy 1 b2Ss? 2T 1 —wGY
= BB = -t T, S YMe oy
7 B 21Ty, 282+ B2” G prp (10

In the vicinity of a donor, T} ~ T}, and estimate its value according to Ref. | ]

1
Tl e

B? +¢B?

2508 + 1)8242 5

(4.17)
where £ < 3. Remarkably, the steady-state nuclear spin polarization linearly scales with
be, as follows from equation (4.16) when 77 is determined by equation (4.17). Thus, the
normalized frequency dependence

does not contain b, and, therefore, is not sensitive to the shape of the wave function of
the donor-bound electron. Hence, equation (4.18) can be used universally.

4.6 The nuclear spin correlator
At high frequencies of polarization modulation the following condition is fulfilled

lim wG” = Gn(0) = 1. (4.19)

w—r00
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Therefore, (I),, approaches to zero. For this reason, no cooling of the NSS is possible
at the high modulation frequency, i.e., at w > T{l. The exception is the case when a
strong transverse field is applied, and Gy(t) oscillates at the frequency of the nuclear
magnetic resonance. In this case, resonant cooling is observed [ ]

On the other hand, at low frequencies of modulation, w < Tz_l, — wég ~ 1 and
G, ~ (. As a result, equation (4.18) simplifies to
(L), 1
= 4.20
(Do 1+w?/wi), (4.20)

where the cut-off frequency is given by

1 Te
wyjp = Si() /C%W\M/B2 + SB%. (4.21)

Note that w; 12 is not equal to any nuclear spin relaxation time, neither 77 nor 75, but
related to T via the zero-frequency Fourier component of Gy .

The magnitude of Sy can be extracted from the experiment assuming that pg = Sy. As
shown in figure 4.7(a), the power dependence of Sy demonstrates saturation behavior that
can be fitted with a single exponent, this follows from a rate equation for the populations
of the spin-up and spin-down states defining Pey.. The frequency dependencies of the
Overhauser field shown in figure 4.7 are fitted with Lorentzian functions, from which
the cut-off frequencies are extracted as a function of the excitation power Pey.. Taking
into account that 7. does not depend on Pey., as shown in figure 4.7(b), the power
dependence of w5 is determined by Sy and represents a curve decaying with increasing
Pexe, as shown in figure 4.7(c). Equation (4.21) was used to fit this dependence with a
single variable parameter G6 ~ 12 ps, as displayed by the solid line in the figure 4.7(c).
In the equation 4.21 vy /(27) ~ 9.3 kHz/mT as an estimate for the nuclear gyromagnetic
ratio averaged over all nuclear species ("°As, %Ga, "'Ga with weights 0.5, 0.3 and 0.2,
respectively [ ), € =3, and By, =0.15 mT | ].

Fitting experimental data the value of C;’f) was determined. It schould be noted that
when B <« By, C% ~ Ty. At B = 0, the correlator G, is centered at zero frequency,
and at the field, B > By, its maximum is shifted to the Larmor frequency in the field B.
Therefore, the zero-frequency value, in this condition, does not determine 75, and the
relaxation time should be extracted from the spectrum G/,. To evaluate T, from exper-
imental data, a simple model of the nuclear spin correlator was implemented. Consider,
the correlator in a weak external magnetic field to have the form of a decaying oscillation

Gn(t) = cos(Qpt) exp(—t/Ts), (4.22)
with the Fourier components being:
A Ty 1 1
G, == 4.23
©vo2 <1+(QL+w)2T§+1+(QLw)2T22>’ (4.23a)
N T2 TQ(QL+w) TQ(QL—w)
Gl === 4.23b
w 2 <1+(QL +w)2T22 1+(QL—w)2T22 ’ ( )
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where 27, = vy B is the nuclear Larmor frequency.
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Figure 4.7: (a) Electron mean spin polarization (squares) and its fit with a saturating
exponential function: Sp(Pexc) = Soo[l — exp(—Pexc/Fo)] (solid line). The
fit parameters are: Sy, = 0.041 and Py = 2.6 mW. Inset shows the power
dependence of the electron correlation time. The solid line shows a linear fit
with 7. = 320 ps. (b) Cut-off frequency of the nuclear field build-up versus
excitation power Pey. (diamonds). The solid line shows a fit of the data with
equation (4.21). Inset shows the corresponding nuclear spin correlator @6 as
a result of normalization of wy /o to Sp. The solid line shows a linear fit with

b =12 us.

Having this approximation, the fitting parameter élo extracted from the experimental
data provides an estimate of the nuclear spin relaxation time 75 in a weak external
magnetic field. Since the correlator at B, = 1 mT demonstrates clearly a resonant type
of behavior (see Fig. 4.8), its value close to zero frequency is determined by the isotope
with the smallest gyromagnetic ratio: yy[°As] = 4.596 x 107 rad/(Ts), yn[*Ga] =
6.439 x 107 rad/(Ts), yn['Ga] = 8.181 x 107 rad/(Ts), i.e. arsenic. Therefore, it
seems reasonable to plot the frequency dependence GAL’U calculated for B =0 and 1 mT
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Figure 4.8: Normalized real Fourier component of the correlator of the nuclear-nuclear
interactions versus frequency for B = 0 (dashed line) and B = 1 mT (solid
lines) calculated for the "®As nuclear species. Filled area defines the range
of frequencies w < wy/y observed in the experiment. The red filled circle
represents the value of the correlator determined from experiment [see inset
on the Fig. 4.7(c)]. The thick red line represents the G, calculated for the
best fit of Gf, (T» = 55 us) and the thin, solid and dashed black lines are
calculated for the spin-spin relaxation time Tb = (yyBr) ™! ~ 114 ps.

(Fig. 4.8). Thus, calculating the value Ty = (yyBr) ™! ~ 114 us, which is in agreement
with accepted and previously measured values Th ~ 107* s [ ]. As one can see
from the figure 4.8, the correlator has the maximum value of G"O =Ty at B = 0.
In a situation where the external field is not equal to zero, the Fourier maxima are
shifted markedly to the positive and negative frequency values of the Larmor precession,
and G’L loses its value in amplitude. However, the value of GL, extracted from the
experiment still larger than the simple model predicts (point in Fig. 4.8). Therefore,
an extended model for the correlator Gy (t) needs to be developed which explains the
experimental value of Gj = 12 ps. It should be especially emphasized that for the
frequencies of modulation used in all experiments (demonstrated with the filled area in
Fig. 4.8), the correlator G/, weakly changes and its value equal to Gf, with good fitting
accuracy. This result supports the assumptions of the theoretical model. The value of
T5 = 55 ps, which is two times smaller than the one estimated through Bp ~ 0.15 mT
[ | that was used to evaluate the complex behavior of the nuclear spin relaxation

in NMR [ , ]. It should be noted that it is also several times smaller than
the To = 100 ps measured in GaAs/AlGaAs quantum wells [ | and Ty = 270 us
for lattice-matched GaAs/AlGaAs quantum dots [ ], where the measurements

were done at B ~ 1 T. The assumption of why this is so may be as follows. For the
weak-field experiments, the external magnetic field B is comparable to the local field By,
and, therefore, the non-secular part of the dipole-dipole interaction may come into play,
thus increasing the rate of the nuclear spin relaxation.
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4.7 Conclusions

To conclude the main results of this chapter, the spin relaxation of the nuclear spin
ensemble have been studied in n-doped GaAs crystal by a modified spin inertia method.
It was shown that optical pumping with the light of alternating helicity induces a fast
build-up of the nuclear field. The dynamics is observed on a sub-second time scale
showing a frequency cut-off varied by several times with increasing the pumping power.
The experimental results are interpreted within a developed model, which predicts a
drop of the nuclear spin polarization when the light helicity modulation rate reaches a
characteristic frequency wy /5, determined by the spin correlation time of donor-bound
electrons and the nuclear spin-spin relaxation time 75, which was estimated as T =
55 s, i.e. noticeably shorter than the Th ~ 2 x 10~ s determined by NMR methods at
high magnetic fields.
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5 Subsecond nuclear spin dynamics in
n-type GaAs

Adapted from Phys. Rev. B 99, 075307 (2019).

The spin fluctuations of lattice nuclei are known to be one of the main factors lim-
iting spin coherence of charge carriers in III-V semiconductors at cryogenic tempera-
tures | , . The hyperfine interaction couples the electron or hole spin
to the nuclear spin system (NSS).The NSS comprising N spins produces a fluctuation
scaled as v/N that, for example, for nuclei located inside donor’s orbit (N ~ 10°), corre-
sponds to a randomly distributed effective magnetic field of about several mT in GaAs,
i.e., the characteristic spin relaxation time might be as short as a few ns. On the other
hand, the NSS acts as a thermal bath, well isolated from the crystal lattice and char-
acterized by a spin temperature different from the lattice temperature. To achieve a
spin state characterized by a reduced influence of the nuclear spin fluctuations on the
carrier spin coherence, either for the electron or hole spin, several ways are proposed,
including optical orientation | , | in combination with the adiabatic demag-
netization [ ]. Particular effort has been achieved by utilizing pulsed techniques
based on the electron-nuclear spin system dynamic decoupling | , | and
multiple-pulse nuclear magnetic resonance [ , ]

In 1982 D. Paget has described the pattern of optical polarization of nuclear spins in
GaAs at low temperatures | ]. The essence of the proposed description as follows,
optically-oriented spins of localized electrons dynamically polarize nuclear spins in the
vicinity of localization centers (typically, donor impurities); the nuclear spin polarization
spreads over the crystal by spin diffusion mediated by the dipole-dipole interaction.
D. Paget measured the time increment of the dynamic polarization by using optically
detected NMR in high-purity GaAs and found it to be about 3 seconds | ]-

Abragam’s classic theory | | postulates that the relaxation time of nuclear spins
due to their hyperfine coupling with electrons, Ti., is inversely proportional to the mean
squared hyperfine frequency wys and to the electron spin correlation time 7

Tie o [(wie) 7] (5.1)

After determining the electron spin density in the probed region (at the distance of one
Bohr radius of the hydrogen-like shallow donor from the impurity center), Paget calcu-
lated the spin correlation time of the donor-bound electron, 7, & 25 ps. This relatively
short time was attributed to spin-exchange with itinerant photoexcited electrons in the
conduction band. Theoretical calculations of the exchange scattering rates made by
D. Paget | ] and K.V. Kavokin [ |, support this interpretation. Recently, 77,
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of about 10 seconds was measured, using off-resonant Faraday rotation | ], for
nuclei interacting with localized electrons in a structure with free electron gas, where
strong exchange scattering is presented even in the absence of optical pumping. From
the research made by Giri et al. | | an estimate of 7. ~ 10 ps was found, corrob-
orating the Paget model | ).

For n-doped semiconductors with donor concentrations np notably below the metal-
to-insulator transition and characterized by long electron spin lifetimes | | and,
therefore, very prospective for achieving a high polarization of the NSS, the electron spin
correlation times are above the standard values. For example, in n-GaAs with np ~ 101°
cm~3 spin correlation time 7. is about 300 ps | ], which demonstrates a very
efficient nuclear-spin relaxation near donors, with T, =~ 300 ms. Therefore, donor im-
purities act as “killer centers” for nuclear spin polarization. The nuclei situated far from
the donors lose their spin polarization by spin diffusion towards donors | |, which
determines a much longer time Ti,ux ~ 10% s, characterizing their spin relaxation rate.
In magnetic fields weaker than the local fields of nuclear spin-spin interactions, the relax-
ation by quadrupole interaction takes the lead over all other interactions. It wouldn’t be
superfluous to point out that nuclear polarization and relaxation by spin diffusion from
or to donors in n-type semiconductors are well studied experimentally | ]. But on
the other hand, the millisecond time scale of nuclear dynamic polarization and hyperfine
relaxation for donor-bound electrons have not been experimentally measured, for the
lack of appropriate experimental methods.

Another important aspect of the investigations of nuclear spin dynamics of donor-
bound electrons is the implementation of the nuclear spin cooling protocols for deco-
herence control in semiconductor structures. However, so far, this was hindered by the
fact that the thermodynamics and kinetics of the optically cooled NSS have been poorly
investigated even in bulk GaAs. In this particular case, the electron spin is used as a
carrier of angular momentum transferred from light onto the nuclei, thereby establishing
dynamic nuclear spin polarization. Importantly, the application of the external magnetic
field exceeding the magnitude of the local fields of the dipole-dipole interaction. If in the
steady-state, the populations of nuclear spin sublevels split in this field, are distributed
with Boltzman statistics, the state of this distribution might be described by a single
parameter, the nuclear spin temperature, which is verified for GaAs bulk | ] and
individual quantum dots (QD) [ | and might be hindered for strained QDs due
to the enhanced quadrupole interaction | ]. There are two main approaches to
achieving the lowest nuclear spin temperatures: the adiabatic demagnetization | ]
into small external magnetic fields B ~ By, and by demagnetization with radio-frequency
sequences in the rotating frame | | at high external magnetic fields at B > By.
For both these approaches, the initial polarization of nuclear spins along B is required.

In this chapter, a method based on measuring the Hanle effect (depolarization of
photoluminescence by magnetic fields) with millisecond time resolution | ] to
study the nuclear spin dynamics in the vicinity of donors in n-GaAs was used. The
rise times of the nuclear spin polarization under optical pumping and its decay times in
the dark were measured. The relation between these times supports the suggestion of
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Ref. | ] on the crucial role of photoexcited electrons in the nuclear spin dynamics.
For experiments with NSS cooling, several questions were addressed, i) what is the
minimum nuclear spin temperature that can be achieved in the initial short-period stage,
and ii) how fast this initial stage should be to achieve a saturation of the dynamically
pumped Overhauser field. The influence of fast polarization modulation on the cooling
dynamics of donor-bound nuclear spins in the external magnetic field, thus evaluating
the dynamics of nuclear spin temperature establishment in n-GaAs was studied.

5.1 Spin relaxation of the bulk nuclei

The n-doped GaAs epitaxial layer (for the detailed description of the sample see section
4.1) at DY X transition is selected to measure the spin polarization of electrons interacting
with the nuclear spins situated in the vicinity of donor centers.

@
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Figure 5.1: (a) The Hanle curves of DX line measured for fast polarization modulation
fmod(ct/o7) = 50 kHz at various pumping powers (symbols) and their
fitting with Lorentzians (lines). Inset shows the power dependence of the
Hanle curve amplitude pg (squares) and its fit with an exponential function
(line). (b) Power dependence of By (squares) and its linear fit (line). Inset
shows the power dependence of the electron spin lifetime (circles) extracted
from the HWHM of the Hanle curves and its linear fit (line).

As it was demonstrated in section 4.2, in order to minimize the possible action of the
nuclear spin polarization, the helicity of the pumping light (¢ /0~ ) was modulated at a
high frequency. In case when the frequency of polarization modulation of light between
ot and 0~ fmoq exceeds 10 kHz, the NSS remains unpolarized, and the dependence p.(B)
(the Hanle curve) obeys Lorentzian law with the half-width at HWHM, Bj /5 [ . In
figure 5.1(a), a set of Hanle curves measured at different powers of excitation, using fast
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modulation of the helicity of the pumping light at fioq = 50 kHz, is shown. Therefore,
when the conditions fioq > T{l are satisfied (where T; is the thermal equilibrium es-
tablishment time) the nuclear spin polarization is negligible | |. It should be noted
that the dynamics of reaching this equilibrium may be different for different isotopes be-
cause of different neighboring spins and, therefore, different dipole-dipole or quadrupole
interactions exhibited by these nuclei | ]

The Hanle curves shown in figure 5.1(a) are, to a good approximation, Lorentzians,
pe(Bz) = po/ (1 —|—B§/Bf/2>. Thus, the electron spin lifetime, T = h/(/,LBgeBl/z) can
be calculated, where g. is the electron g-factor in GaAs | |. As seen from the
inset in figure 5.1(b), Ts becomes shorter with increasing excitation power due to the
increase of recombination rate of electrons with photoexcited holes. By plotting the
power dependence of the By, values and taking the cut-off at zero pump power with
Bijp = 1.1 mT and |ge| = 0.44, the intrinsic electron-spin relaxation time 75 = 24 ns is
extracted [see Fig. 5.1(b)]. The inset in figure 5.1(a) shows the power dependence of the
electron spin polarization degree determined at zero magnetic fields, py. At pumping
powers Poxe = 5 mW (Wexe = 200 W/cem?), po is saturated, while the spin lifetime
decreases. The power of Pey. = 5 mW provides efficient pumping of the NSS and will
be used in all the experiments described in the following chapter.

As it is was mentioned above, the nuclear spin dynamics in n-GaAs is characterized
by two timescales: the short time of the hyperfine relaxation inside the donor orbit
(~107! 5) and the long time of spin diffusion far from donor centers (~10? s) | ]
Both times are experimentally demonstrated in the current chapter.

In order to investigate the spin relaxation time of the bulk nuclei, the experimental
protocol [ ] shown in figure 5.2(a) was implemented. The electron-nuclear spin
system is pumped with circularly-polarized light during 5 minutes in the longitudinal
magnetic fields B, = +2 mT. After that (at ¢ = 0 s), the longitudinal magnetic field
is switched off and a small transverse field B, ~ 0.5 & 0.05 mT is turned on in about
100 milliseconds. With switching off both the pumping light and the longitudinal field,
the nuclear spin cooling is interrupted, and the further dynamics of the electron spin
polarization is driven by nuclear spin demagnetization in the small transverse magnetic
field B,. As evidence of this demagnetization, the degree of electron spin polarization
saturates near the level corresponding to the stationary value Sy in the applied magnetic
field B, [see Fig. 5.2(b)].

Depending on the mutual orientation of the mean electron spin and longitudinal mag-
netic field B, during the cooling period, the Overhauser field develops in the direction
along with B, or opposite to B,. Consequently, at ¢t = 0 s the By is directed either
along B, or opposite to it | |. As a result, the curves shown in figure 5.2(b) have
different behavior over time. In order to relate the time dependence of p., shown in
figure 5.2, to the Overhauser field By decay, the model represented in Ref. | ]
was used. At t > 0, p.(t) represents the time evolution of a point in the Hanle curve
where the total magnetic field, including the time-dependent Overhauser field, acting on
the electron spin is aligned along or against the applied external magnetic field B, it is
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given by the following equation

) -1
pcm[1+(BW+BNu::me%ﬂhm)/354 , (5.2)

where By is the Hanle curve HWHM measured at the same excitation power with
rapidly modulated pumping helicity [see Fig. 5.1(b)], the parameters By (t = 0) and Thux
are obtained from fitting. The dynamics of the Overhauser field decay is characterized
by a monoexponential process with characteristic time Ty = 90 s for B, = +2 mT
and Thuk = 120 s for B, = —2 mT. These times are of the same order of magnitude
as those obtained earlier for the nuclear spin relaxation in bulk n-GaAs [VCST17]. It is
supposed that the difference between these relaxation times is due to a weak dynamic
polarization of nuclear spins by the circularly polarized pump light in the transverse
magnetic field. This influence on the nuclear polarization occurs due to nuclear spin
cooling in the Knight field which creates the Overhauser field that is always directed
along B, [M712]. Feeling the impact of the relaxation of nuclear polarization, this effect
either increases or decreases Ty, depending on the initial direction of By.
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Figure 5.2: (a) Schematic of the pumping protocol. (b) Time dependence of the PL
circular polarization degree after demagnetization from the longitudinal B, =
+2 mT (green curve) and B, = —2 mT (orange curve) fields in a small
transverse magnetic field B, = 0.5 £ 0.05 mT and its fitting (solid lines)
with equation (5.2).
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The time resolution used in the experiment represented in figure 5.2(b) is insufficient to
resolve the fast millisecond nuclear spin dynamics in the vicinity of the donor center. In
order to study the dynamics of the onset of the nuclear spin polarization under pumping,
the time-resolved detection of the light intensity was used [SPI " 19].

5.2 Time-resolved spin dynamics in the Hanle effect

To prove the existence of a fast nuclear spin pumping dynamics, the time protocol shown
in figure 5.3(a) was used, where the pumping helicity is alternated each 500 ms.

Tmod
0,+| Det. gate (a)
SPC gates 2 |
At (3.5 us)
~——————>

PEM Mod. Exc. Pol.

At (ms)

Figure 5.3: (a) Schematics of the measurement protocol. (b) Dynamics of p. measured
for the ot and o~ half-periods (T,0q = 1 s) at different B, and fixed B, =
+2 mT.

The extracted time dependence of p. is mapped in figure 5.3(b) for B, varied from
—25 to +25 mT at fixed value of B, = +2 mT. The time resolution in figure 5.3(b)
is 0t = 2 ms. B, is scanned very slowly because such a measurement requires a long
accumulation time for the time traces of the p. dynamics. Each slice of figure 5.3(b)
at a given time interval represents a Hanle curve. Starting from the first 100 ms, the
Hanle curve is almost Lorentzian, with the maximum at B, = 0. Next, one can see
the development of additional peaks (shoulders), which are shifting towards higher fields
with time. These dynamics occurs due to the onset of the Overhauser field, partly
compensating for the external magnetic field. In contrast, in the next half-period, the
pumping helicity is switched for the opposite, and the Overhauser field adds to the

PhD Thesis, TU Dortmund, 2020 61



Nuclear spin dynamics of donor-bound electrons in GaAs Pavel Sokolov

external field, which leads to the destruction of side peaks and narrowing of the Hanle
curve by the end of the modulation period.

To explore further details of the experimental data shown in figure 5.3(b), the time-
resolved Hanle measurement (see section 3.2.3) was implemented. Using the same period
Tmod = 1 s of excitation polarization, the 50 ms long detection gate sequentially scans
over the modulation period [see Fig. 5.3(a)]. The Hanle curves are measured by scanning
the B, field [with the scanning rate similar to that used for the measurements in figure
5.3(b)] at fixed B, = +2 mT for various delay times A¢. Examples of the Hanle curves
obtained using this detection protocol are shown in figure 5.4(a). Using this method, it
is possible to qualitatively estimate the time of the Hanle curve evolution shown in the
colormaps of figure 5.3(b). However, with the upgrade of time resolution, the signal to
noise ratio is increased and the evolution of the Overhauser field can be assessed more
qualitatively.
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Figure 5.4: (a) Hanle curves corresponding to the gated detection in the time intervals
shown in the figure 5.3(b). (b) Magnitude of the Overhauser field, Byo,
extracted from fitting the Hanle curves (symbols) with equation (5.5) (solid
line).

The presence of the shoulders in the Hanle curves can be understood as a result of the
partial compensation of the external magnetic field by the Overhauser field. The electron
spin polarization is governed by the balance of the generation of oriented electrons by
circularly polarized light, Sy, and their spin depolarization caused by Larmor precession
in the total magnetic field By, = B + By, as well as by the electron spin relaxation.

In zero magnetic field, S,(0) = Sy/(1 + 7/75), where 7 is the electron lifetime and
the dependence of z-projection of the electron spin on the magnetic field is given by the
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following expression [see Fig. 5.5]:

(BZ + BNz)2
B,

(Bx +BNx)2 1

B  1+B/B},

SZ(B) = Sz|| + SZJ_ = Sz(o) + SZ(O) (5'3)

where B4 = (B, + Bn.)?+ (By + Bn.)? is the total field acting on the electron spin and
By 3 is the Hanle amplitude and HWHM in the absence of the nuclear spin polarization,
while By, and By, are the Overhauser field projections.

(@) S,

Figure 5.5: Diagram showing the various components of the electron (a) and nuclear (b)
spins in an tilted external magnetic field (the Hanle effect for oblique geome-
try). The sign of the Overhauser field is dependent on the orientation of the
pump (o or 07) as follows from the inset of panel (b).

The time dependence of By, and By, can be evaluated [see Fig. 5.5] as

B.B,
By, = ———=Bpno(t 5.4
32
By, = ——2—=Bno(1). 5.4b
N = By B2 No(t) (5.4b)

Here, Bno(t) is a scalar function of time representing the magnitude of the Overhauser
field obtained under repumping conditions with a step-like switching of Sy from +|.Sy|
to —|Sp|. As follows from equation (5.7b), Byg gives the value of the Overhauser field
at B, = 0. The temporal dependence of Byg within a half-period is determined by the
convolution of the step-like and the exponential decay functions

26_t/Trepump

1 + e~ mod/(QTrepump)

Bno(t) = KSy (1 - ) +PSE, (5.5)
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where K, P, and Tiepump are the fitting parameters.

Equation (5.6) is used to fit the Hanle curves shown in figure 5.4(c) with the following
set of the fixed parameters: S,(0) = 0.06, B, = +2 mT and Bi/; =4 mT, and a varied
parameter Byo(t). From this fit, Byo(t) is obtained, which dynamics are shown by the
symbols in figure 5.4(b). Fitting this dependence by equation (5.5) gives a characteristic
time Trepump = 425+£50 ms. The coefficient Sy = 314+3 mT reflects the efficiency of the
dynamic polarization of the nuclear spins inside the donor orbit. The time-independent
contribution to Bpg given by PS3 = 13 £+ 2 mT results from the nuclear spin cooling in
the oscillating Knight field [ , .

5.3 Nuclear spin cooling dynamics

To evaluate the nuclear spin dynamics of the localized electron and its influence on
the Hanle effect, the experimental procedures mainly following to the ones described in
chapter 5.2 and shown as an inset in figure 5.6(b) with alternating helicity of the pump
every 500 ms was used.

The measurement of each Hanle curve was performed for o and o~ excitation with
averaging over full half-period, i.e., over 500 ms, for every external magnetic field value
B, varied from —25 to 425 mT and a set of fixed values of B, field aligned along the
direction of optical pumping. The colormap of the Hanle curves for different B, and
Jmod (07 /07) = 1 Hz is mapped in figure 5.6(a). Each slice of figure 5.6(a) represents
a Hanle curve. One can see that the curve width is different for the opposite B,. Note,
that the Hanle curve contains two small maxima sited symmetric concerning B, = 0
only when B, > 0. These additional maxima in the Hanle curve are caused by NSS
cooling and appear due to either full or partial compensation of the external magnetic
field by the Overhauser field | , ]. Thus, due to nuclear spin polarization,
the influence of the external magnetic field on the electron spin is reduced, and the Hanle
curves turn out to be symmetrical for B, = 0. Figure 5.6(a) shows an example of the
Hanle curves measured for opposite directions of B,. It is evident that the Hanle curves
are shown in figure 5.6(b) different in shape. For B, = +3 mT, the curve contains two
additional shoulders indicating the presence of the Overhauser field, By, and partial
compensation of its transverse component by the external magnetic field B,. On the
contrary, when B, = —3 mT experimental points approach the Lorentzian having width
reduced comparing to the Hanle curve obtained at B, = 0. In this case, the Overhauser
field effectively adds to the external field when scanning B,.

The observed difference in the magnitude of p. at B, = 0 mT and B, = 0 mT [green
curve in figure 5.6(b)] is caused by stabilization of the electron spin Sp in the external
longitudinal magnetic field B, | | and due to the presence of a small magnetic
field component in the superconducting coils inside the cryostat. The observed slight
asymmetry (broadening for B, < 0 mT and shrinkage for B, > 0 mT) for curves
demonstrated in figure 5.6 represents the oblique Hanle effect and may also be associated
with inhomogeneity of the Overhauser field | |. Hereafter B, = +2 mT is chosen
to obtain the noticeable By. Note that, for efficient NSS cooling, the magnitude of B,
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should be higher than the so-called mizing field, which has the value of a few B where
By is the local field of the dipole-dipole interaction in the NSS [V('S ™ 18].
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Figure 5.6: (a) Colormap of the PL circular polarization degree for different orientations
and magnitudes of B, measured for o excitation time at polarization mod-
ulation fieq(c™/07) =1 Hz. (b) An example of the Hanle curves measured
for ot excitation time for opposite in direction B,. [Note, that amplitude of
the green curve in figure 5.6(b) was multiplied by two.]

Since a tilted geometry for an external magnetic field with B, = +2 mT and p. ~ (S.)
[M7Z12] was used, it is necessary to take into account all components of By:

B2 B, B}
S S Pip
S2(B) = Sy + Sz1 = Somy gz~ + SonL 5 g pe =
> 2 T2 TR (5.6)
2 2 pB? '
_ Sy |y BBl L (Bt Bra)® B

n )
B2 Y BY B}, +B%
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where n = (1+7/75)" " ne = (14 7/751) " and B = (B: + Bn:)? + (B + Bn.)?
is the total field acting on the electron spin and By, and By, are the Overhauser field
projections.

—
z
—
©
=
L
3
a,\E .
oL | | | t 500 |
= ms
6 s (b) “ PEM gates
| (07/07) =06 Hz i
5% froa (670)=3Hz p g '”
g (67767 =100 Hz ] < ~
& *
=X B .
= *
e 3T
. -
7
4
»,
1 < ‘ o,
o' — detection S
Jhep®
h o 0 10 20
B_(mT)
X

Figure 5.7: (a) Colormap of the PL circular polarization degree for different polarization
modulation frequencies fu,oq measured for ot excitation time. (b) An ex-
ample of the Hanle curves measured for different f,,q taken from the panel
(a) of figure 5.7. Solid lines are fitting with equation 5.6.

Time dependencies of the By, (t) and By,(t) components during the measurement
time Tye; are neglected. Therefore, the Overhauser By is averaged over time and cor-
responds to the effective amplitude of the Overhauser field for the single Hanle curve.
Thus, the parameter By corresponds to the Overhauser field magnitude under polar-
ization modulation at B, = 0 immediately after switching of polarization excitation
(67 — 0~ or 0= — oT). Then, the By projections on the axis of laboratory coordi-
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nates can be evaluated as

B.B; —=

= =7 5.7
2
By, = ——2>—DBy. 5.7b

In this way, fitting each Hanle curve with single scalar value of By allowing determining
the Overhauser field magnitude as By = 4/ BJZV:C + BJQV ., averaged over measurement time
Tyet under excitation polarization switching at fioq. As follows from Egs. (5.7a) and
(5.7b), By gives the value of the Overhauser field developed over single half-period of
modulation. As seen from figure 5.6(b), the Hanle dependencies can be properly fitted
by equation (5.6) with By, and By, determined by Egs. (5.7a) and (5.7b).
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Figure 5.8: The dependence of By versus Tjoq. The inset shows the double logarith-
mic scale of the data in figure 5.8. Solid lines are fitting with exponential
functions.

To study the response dynamics of the donor-bound nuclei, the method of synchronous
polarization modulation and detection of the Hanle curves | , | was used.
The technique used is similar to the one shown in Fig. 5.6, but with the exception that
polarization detection is now carried out in both half-periods of modulation (¢* and
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07 ) and fioq is varied in the range from 0.6 Hz to 2 kHz. By choosing such a range of
modulation frequencies, it is possible to achieve a significant nuclear spin polarization at a
slow modulation of polarization. On the other hand, at higher modulation frequencies, it
is expected that the Hanle curves should not be affected by the Overhauser field | ].
Thereby, the nuclear spin response dynamics on polarization switching of the nuclei
located inside the donor orbit [ | can be probed.

As an example, the the Hanle curves for different f,,q and fixed B, = +2 mT are
colormapped in figure 5.7(a). Each slice of figure 5.7(a) represents a Hanle curve for
different f,,0q for o™ excitation half-period. One can see the development of additional
side peaks, which shift towards higher values of B, with a decreasing of fioq. A set
of the Hanle curves obtained using the detection protocol described above is shown in
figure 5.7(b).

Equation (5.6) is used to fit the Hanle curves shown in figure 5.7(b) with the following
set of the fixed parameters: B, = +2 mT, By/; =4 mT and Sp = 0.25, and the varied
parameters By, ny and n). Figure 5.7(b) (solid lines) shows an example of the fitting
with equation (5.6) for three different f,,,q. From this fitting, By is obtained, which
frequency dependencies for two different half-periods of modulation (¢ and o~) are
shown in figure 5.8. One can see that By exponentially increases with increasing Tynoq-
In the fitting of experimental data, the values of n; and n|| are changed with the accuracy
of up to 30%. The dependencies of n, and n on the frequency modulation are due to
the field-dependent behavior of 7, and 7| | ]. The fitting value of By depends, first
of all, on the width of the Hanle curve and position of additional shoulders | | [as
seen from Fig. 5.7(b)], and does not depend on Sy, ny and n, thus, ensuring a reliable
and unique fit of each experimental curve with the single value of By.

As mentioned above, the appearance of the shoulders in the Hanle curves shown in
figure 5.7(b) can be understood as a partial compensation of the external magnetic
field by By. In this case, the electron spin polarization is governed by the balance
of the generation of spin-polarized electrons by circularly polarized light, Sp, and their
depolarization caused by the Larmor precession in the total magnetic field By~ = B +
By, as well as by the electron spin relaxation 7,. The dependence of By on Tied
is shown in figure 5.8 for two different excitation half-periods (¢* and ¢7) with their
fitting by saturating exponential functions. From this fitting, the characteristic response
times Tresp are extracted. For o1 excitation half-period: Tresp = 780 £ 70 ms, and for
o~ excitation Tresp = 220 £ 25 ms are observed. Summarizing all of the above, the
measured time T}esp characterizes the relaxation of nuclei inside the donor orbit, i.e., it
provides an experimental estimate of the hyperfine relaxation time T}, under pumping
[ )

The observed difference in the Tisp times could be understood as follows. The order
of the magnitude of T}, due to interaction with electrons inside donors orbit can be
estimated using the equation 5.1. The correlation time 7. is determined by the spectral
power density b2, (w) of fluctuating fields acting upon an electron spin due to its exchange
interaction with its neighbors | ]. In the presence of a magnetic field, 7. is determined
by the spread of Larmor frequencies of the electron spins | ]:
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where py is the distribution function of the electron g factors, 6, = ([ p2(g)dg)~", (J?)

is the mean squared exchange constant and 7.9 = h/+/(J?) is the correlation time at zero
magnetic field and temperature. Equation (5.8) is derived for the range of magnetic fields
By~ > 1/047s when transverse relaxation of electron spins is determined by the g factor

spread. One can suggest an approximate expression for 7.: 7, ~ 32Z + B2(12)6,18)/h

where B, = 1/(5975. Taking By ~ £20 mT, one can obtain a rough estimate of B; ~
10 mT, which is a reasonable agreement with the data of Ref. | ], obtained for
n-GaAs with similar donor concentration. Since the magnitude of the total magnetic
field By~ = B £ By acting on the electron spin depends on the excitation polarization
helicity, thus, 7. is longer and Tyesp is shorter for o~ excitation when the Overhauser
field By develops in the same direction as external magnetic field B [see Fig. 5.8].

5.4 Estimations of the nuclear spin temperature

The nuclear spin temperature concept | | can also describe the behavior of the NSS
dynamics. For experimental conditions used in this work, where B > B (where
Br, = 0.2 mT is the local field for GaAs | ]), the spin temperature characterizes

the Boltzmann distribution of the nuclear spin populations between equidistant Zeeman
energy levels. The expression for the nuclear spin polarization in the high-temperature
approximation | | is

{I) B

P = — =
NTTT T 3kpOn

h{yw (I +1)), (5.9)

where kp is the Boltzmann constant, ©y is the nuclear spin temperature and vy is the
nuclear gyromagnetic ratio. Here, I is the nuclear spin, the angular brackets denote
averaging over all nuclear species in GaAs | ]: 99Ga, " Ga and "As.

The Overhauser field acting upon electron spins

I
By = bN<I>, (5.10)
where by is the maximum value of the Overhauser field corresponding to complete
polarization of all nuclei, for GaAs, by = 5.3 T | ]. Combining Egs. (5.7a), (5.7b),
(5.9), and (5.10), the expression for the nuclear spin temperature | | dependent on
By calculated in figure 5.8 reads as

_ byBhiyy (I +1))
3kpBy

On (5.11)
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where B = /B2 + B? is the external magnetic field.
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Figure 5.9: Magnitude of the nuclear spin temperature © y, calculated from the data in
figure 5.8 with equation (5.11). The filled area defines the range of modu-
lation frequencies Thoq < 103 ms, where the nuclear spin temperature ©
generally decreases.

Figure 5.9(a) shows the calculated Oy with equation (5.11) for different Tj,q at the
compensation point of external magnetic field B, = 5 mT by the Overhauser field By
[Egs. 5.7a and 5.7b]. One can see that during fast modulation with T},0,q = 5 ms, the Oy
values differ almost three times in magnitude 34.7 mK for o™ detection and 12.6 mK
for o~ -detection. This difference is due to the mutual orientation of the mean electron
spin (S,) and By, which grows in the direction along with B, or opposite to it. In the
case when Sy 1 B, realized for o™ polarization a better initial cooling and lower spin
temperatures O y are observed. The cooling of the NSS occurs already when Ty,0q4 ~ 1 s
and the nuclear spin temperature approaches the steady-state value of O ~ 1.5 mK
and remains constant for both of different half-periods of modulation in the region where
Thod > 1 s. This stability of ©y for higher fi,0q4 is due to its primary dependence on
the magnitude of the external magnetic field and total NSS pumping efficiency.
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5.5 Nuclear spin relaxation “in the dark”

For detailed study of the nuclear spin relaxation mediated by the hyperfine interaction
with donor bound electrons in the absence of illumination, the experimental setup de-
scribed in section 3.2.4 was used. During the dark and bright time intervals, the external
magnetic fields B, = +2 mT and B, = +5 mT are applied. The PL kinetics is analyzed
using a multi-channel photon-counting system (see section 3.2.4). The protocol consists
of two alternating time intervals: the bright interval ¢,ump = 500 ms is followed by a
dark time of various duration (from tq,,x = 10 ms to tqax = 1.3 8).
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Figure 5.10: (a) Time dependence of the p. for the presence of circularly polarized pump.
(b) The Overhauser field values calculated for different dark time intervals
using equation 5.12 (squares) and its fitting with an exponential decay func-
tion (solid line). Inset shows the temperature dependence of the nuclear spin
relaxation time.

After measurement in co-circular and cross-circular polarizations of the PL detection,
the p. dynamics is evaluated [see Fig. 5.10(a)]. Note, that the value of the the electron
spin polarization degree immediately after the dark interval, pgark = pc(t = 0) was used.
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The Overhauser field immediately after the dark interval can be calculated from the PL
polarization degree [ ]

By = 31/2\/ PO~ Pdark VBZ+ B2, (5.12)

.9 -
Pdark — Po Sin“ 0

where pg and By ; are obtained in the absence of nuclear spin polarization [see Fig. 5.1(b)],
and 6 = 12° is the angle between the external magnetic field and z axis.

Figure 5.10(b) shows an example of the evolution of By calculated using equation (5.12)
for different tg,. Fitting these values by an exponential decay function gives the spin
relaxation time in the dark due to interaction with electrons, Tp = 200 + 50 ms. This
time is shorter than Ty, shown in figure 5.2(b) by three orders of magnitude and can
be compared with Trepump measured at step-like polarization modulation. As an initial
conclusion, the measured times Tyepump and T p characterize the relaxation of nuclei
under the donor orbit, i.e., they provide an experimental estimate of the hyperfine re-
laxation time 77, under pumping and in the dark, respectively. Treating Trepump as time
characterizing the hyperfine relaxation of nuclei inside the donor orbit in the presence

of optical excitation and comparing with the results of Paget [ |, the estimate of
the correlation time of the donor-bound electron is equal to 7. &= 200-300 ps. These
values agree well both with the data of Ref. | ] and Ref. | |, where 7. was

determined from polarization recovery under optical pumping in longitudinal magnetic
fields.

On the other hand, the time Twp at low temperature is two times shorter and cor-
responds to the electron correlation time of about 500 ps. This difference is not crucial
as compared to that between the spin relaxation times of donor-associated and bulk
nuclei. This effect can be explained by a shortening of 7. due to the exchange interac-
tion with itinerant photoexcited electrons | ]. As discussed in the chapter 1, this
mechanism was invoked in Ref. [ ] to explain the short electron correlation time
found in high-purity GaAs. The result presented in the current chapter confirms the
model of nuclear spin relaxation proposed in Ref. | ] and expands it to moderately
n-doped semiconductors.

The effect of another kind connected with the pumping of the nuclear spin relaxation,
discussed in Ref. | ]. It can be explained by taking into account the modulation
of the quadrupole splitting of nuclear spins by electric fields induced by charge fluctu-
ations at the donor center. These fluctuations may result from the recombination of
donor-bound electrons with photoexcited holes and subsequent trapping of photoexcited
electrons at the donor center that has been emptied by recombination. Obviously, if this
mechanism work, nuclear relaxation under pumping would have been faster than in the
dark. The last prediction contradicts the behavior observed in the experiment of the
current thesis.

Nevertheless, it can be concluded that within the range of pumping levels of this
chapter, donor perturbation induced by the pump is not enough to induce noticeable
nuclear spin relaxation. This mechanism sheds light on the observed shortening of Txp
with temperature increase [see inset to Fig. 5.10(b)]. For elevated temperatures T' > 4 K,
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the donor filling factor decreases due to thermal activation of electrons to the conduction
band, giving rise to charge fluctuations. It should also be made clear that the obtained
experimental data so far are insufficient and incomplete to conclude whether the observed
effect is due to this specific physical mechanism and it leaves this question open for future
investigations.

5.6 Conclusions

To conclude this chapter, the nuclear spin dynamics has been experimentally studied in
n-GaAs with donor concentration np = 4 x 10'® cm™> by measuring the Hanle effect
with millisecond time resolution under time-varying optical pumping. Two timescales of
nuclear build-up and relaxation have been observed. One of them is slow (on the order
of hundreds of seconds) relaxation of bulk nuclei via spin diffusion from (build-up) or to
(relaxation) donor centers. The measured characteristic time T,y &~ 10? s is typical for
the dielectric phase of n-GaAs with the studied donor concentration [ ].

At the same time, a faster dynamics is observed on the timescale from 200 to 780 ms,
which is attributed to the spin dynamics of nuclei inside the donor orbit. It has also been
shown that the subsecond relaxation time of nuclear spin near donors is faster in the
dark than in the presence of optical pumping. As suggested, this effect can be explained
by taking into account the exchange scattering of photoexcited itinerant electrons at
donors, which shortens the spin correlation time of donor-bound electrons and slows
down the hyperfine relaxation.

The effect of the threefold increase of Tresp for ot excitation is connected with sta-
bilizing action of the longitudinal field B,. Thus, the cooling of the NSS to several
millikelvin O &~ 1.5 mK is possible at relatively fast modulation of excitation polar-
ization Ti,0q = 1 s. The method described in this chapter allows one to select a proper
range of the light polarization modulation frequencies and magnitudes of the external
magnetic fields to achieve the cooling of the NSS to the desired spin temperature.
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6 Spin-lattice relaxation of optically
polarized nuclei in p-type GaAs

Adapted from Phys. Rev. B 97, 165206 (2018).

In this chapter, the measurements of nuclear spin-lattice relaxation time T} as a func-
tion of magnetic field and temperature in two insulating p-GaAs layers with different
concentrations of acceptors are presented. The measured nuclear spin-lattice relaxation
times are of the order of 100 ms and found to be independent of magnetic fields in the
range of 0-100 G and demonstrate a slow increase with lowering the temperature in the
range of 10-30 K, which unexpectedly becomes sharp below 10 K. This behavior is dras-
tically different from that known for the nuclear spin relaxation in n-GaAs. The fact that
nuclear spin relaxation in the dark, i.e., in the absence of photoexcited conduction-band
electrons, is three orders of magnitude shorter than in n-GaAs, where resident electrons
are abundant, is counterintuitive since hyperfine coupling in the valence band is weaker
than in the conduction band. The theoretical model that qualitatively explains the whole
set of the experimental data for p-GaAs was proposed. This model allows a quantitative
recovery of the measured temperature dependence of the nuclear spin relaxation time
T1.

6.1 The investigated samples

The studied samples are two germanium-doped GaAs layers grown by liquid phase
epitaxy on a GaAs substrate. The corresponding acceptor concentrations are ng =
2.6 x 1016 ecm™3 (sample A) and nq = 6 x 10'® cm™3 (sample B). The samples are
placed in a variable temperature cryostat (either helium flow or cold finger) [see section
3.1.1], surrounded by three pairs of Helmholtz coils. Such an arrangement allows for
the compensation of laboratory magnetic fields and the application of a desired external
magnetic field in an arbitrary direction. The spectra of PL intensity and its circular
polarization degree p measured for two samples are shown in figure 6.1. The PL peaks
can be identified as acceptor-bound exciton (ABX) emission and conduction band-to-
acceptor (CBA) recombination. Figures 6.2(a) and 6.2(b) represents the PL polarization
degree as a function of the magnetic field B applied at 80° relative to the growth axis,
for samples A and B for a different sign of the excitation helicity. For studies of transient
nuclear spin polarization Py the experimental setup described in section 3.2.4 was used.

The three-stage experimental protocol implemented here is very similar to that used
in works on n-GaAs | , , |. The experimental protocol is shown
in figure 5.10(a) in section 5.5. The first stage of the experiment is the optical pumping
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of nuclei by circularly (¢7) polarized light with a wavelength of A = 800 nm during
500 ms. The excitation power is Peyx. = 4 mW, focused on 90 ,um2 spot on the sample
surface. The magnetic field Byump = 4 G is applied at 80° relative to the structure
axis. At the second stage, the pump is switched off for an arbitrary time tq.,x (typically
from 2 ms to 1 s), and the magnetic field is set to the value Bgak at which the nuclear
spin dynamics can be measured. Bgak is parallel to Bpump and ranges from 0 to 120
G. The switching time is about 1 ms for B < 10 G and increases to approximately
10 ms for B > 10 G. At the end of the dark interval Bpymp is restored and the pump is
switched on. At the same moment, the photon-counting system starts the PL detection
in either right or left circular polarization. The PL signal was measured during 500
ms, which is sufficient to fully restore NSS polarization reply to the pumping. At the
end of this stage, the cycle is repeated and averaged over 100 measurement cycles. The
same procedure is performed for the opposite polarization of PL. From each pair of
measurements, the degree of circular polarization of PL is evaluated, and plotted as a
function of the photon-counting time tpcg.
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Figure 6.1: Polarization (right scale) and PL intensity (left scale) spectra for p-GaAs,
Samples A (a) and B (b) at B = 0 and T = 5 K. The two PL peaks are
identified as acceptor-bound exciton (ABX) emission and conduction band-
to-acceptor (CBA) recombination. The red dots indicate the chosen PL
detection wavelength.

During dark intervals, the nuclear polarization decreases, which results in a larger value
of p measured when the pump is switched on again. Fitting p(tpcs) by exponential decay
function gives the buildup time of the Overhauser field under optical pumping Tn g, as
well as the value of pg.k. The fitting procedure used reduces the influence of the probe
light on the nuclei during measurement and allows a more precise determination of pgark
and nuclear field value | ]. In the next step, the Overhauser field can be recovered
from the PL polarization degree using the equation 5.12.

PhD Thesis, TU Dortmund, 2020 75



Nuclear spin dynamics of donor-bound electrons in GaAs

Pavel Sokolov

15 - | 15 -
o0 | (a) o (b)
- Oj'/af ! B 4G " o'lo pump 4G
Fit | pump i
10 10
Q Q
5 5
0 0
-30-20-10 0 10 20 30 —-60—-40-20 0 20 40 60
B (G) B (G)

Figure 6.2: (a), (b) PL polarization as a function of oblique magnetic field in samples A
and B. Pump polarization is either alternated by a photoelastic modulator
at the frequency of 50 kHz (effect of the Overhauser field is reduced, red
symbols), or fixed (blue symbols). The onset of the Overhauser field results
in the asymmetry with respect to zero. Solid black lines are Lorentzian fits
to the data, that allow for determination of By, and po.

It should be noted that even after the shortest dark intervals, By is a bit lower than
before switching off the pump. It is assumed that this is due to the nuclear spin warm up
by the Knight field of photoexcited electrons which is rapidly changes when the pump is
switched off and on | |. By repeating the protocol for different durations of tgark,
the values of By relaxation curves can be evaluated for given values of temperature and
applied magnetic field Bgark.

6.2 Nuclear spin-lattice relaxation times

Examples of such dependencies for two different temperatures are shown in figure 6.3.
One can see that By decreases with the increasing duration of the dark interval of tg,k.
Exponential fitting of these curves (for details see section 5.5) yields the nuclear spin
relaxation time in the dark, 77. The next step will be to study 77 dependence as a
function of temperature and applied external magnetic field Bgak.

Magnetic-field dependence of nuclear spin relaxation time 77 measured in sample B
at T'= 10 K is shown in figure 6.4. For comparison, the relaxation time in dielectric
n-GaAs sample (from Refs. [ , ]) is shown on the same figure. One can
see that in p-GaAs, nuclear spin relaxation is about three orders of magnitude faster
than in n-GaAs. Furthermore, in n-GaAs, the relaxation time exhibits a magnetic field
dependence, while in p-GaAs, it does not depend on the external magnetic field in the
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measured range.

The temperature dependence of T} is also untypical. Figure 6.5 shows spin relaxation
time measured in samples A and B, as well as the comparison with n-GaAs sample from
Refs. | , ]. It turns out that in p-GaAs nuclear spin relaxation slows
down significantly below T' = 10 K. For example, in sample B, 77 = 45 ms at T'= 30 K
and 310 ms at 4 K. This behavior has not been detected previously for p-GaAs. In
order to understand and describe this data, a possible mechanism of nuclear spin-lattice
relaxation in p-GaAs may be taken into account, similar to studies of n-GaAs.
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Figure 6.3: Overhauser field By derived using Eq. (5.12) from PL polarization measure-
ments for various dark interval durations (B = Bgax = 4 G). The exponen-
tial decay fit (solid lines) yields T} for given temperatures | ].

The spin-lattice relaxation of nuclei in n-GaAs is three orders of magnitude shorter
comparing to p-GaAs. This observation excludes the diffusion-limited hyperfine relax-
ation [ , | from possible relaxation mechanisms taking into account that
the nuclear spin diffusion constant D ~ 10713 cm?/s, the diffusion length during the
time 100 ms is ~ 1 nm (or two lattice constants of GaAs | ]. This means that the
nuclear spin polarization during this time cannot reach any remote center (e.g., param-
agnetic impurity or neutral acceptor site) by diffusion, and participating in the decay
within the same area where it has been created. Thus, the spin diffusion mechanism
that controls nuclear spin relaxation in n-GaAs | , | can not help for fast
nuclear spin relaxation in p-GaAs. Thus, it leaves two possible mechanisms for nuclear
spin relaxation in p-GaAs: (i) when nuclear spins are polarized only in regions where
some efficient relaxation mechanism is at work, or (ii), a new and unknown relaxation
mechanism is acting everywhere in the crystal.

First, the second mechanism will be examined. Since the only long-range relaxation
mechanism known for the dielectric GaAs at low temperatures is the quadrupole re-
laxation due to fluctuating electric charge. The reason for these fields is the hopping
of localized charge carriers in the impurity band, but this mechanism is far too weak
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to explain the observed relaxation timescale. Indeed, the calculations reported in Ref.
[ | shows that one cannot expect the relaxation times shorter than 20 s induced
by this mechanism. This conclusion is supported by the experiments on n-GaAs where it
was shown that the efficiency of quadrupole relaxation of bulk nuclei drops down in mag-
netic fields exceeding the nuclear spin local field of the order of a few Gauss | ].
On the other hand, in the studied p-GaAs samples no magnetic-field dependence of Ty
is observed at least up to 120 G (see figure 6.4).
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Figure 6.4: Magnetic-field dependence of nuclear spin relaxation time | |. Sample
B (circles, left scale) and n-GaAs with np = 6 x 10'5 em™3 (diamonds, right
scale, data from Ref. | D).

Analyzing the first scenario, it should be mentioned that the efficiency of the dynamic
polarization of nuclear spins by free photoexcited electrons is very low. Nuclear spins
are polarized by electrons trapped to donor centers, which in p-type crystals are empty
in the absence of optical pumping. Under continuous optical excitation, the nuclear
polarization can spread out from the vicinity of donors into the bulk of the crystal by spin
diffusion (for example in n-type crystals). This is demonstrated in figure 6.6(b), where
a sketch of the spatial distribution of the nuclear spin polarization in n-GaAs is shown.
After sufficiently long pumping time, nuclear spins are not only polarized within the
donor orbits but also everywhere in bulk, due to nuclear spin diffusion. The relaxation
of this polarization in the dark occurs towards neutral donors DY. At low magnetic
fields, this relaxation is present directly in the bulk of the crystal via interaction of the
nuclear quadrupole moments with the fluctuating electric field of hopping charges.

For p-type GaAs, the situation is different: the optical polarization of nuclear spins
by photocarriers is very inefficient, nuclear pumping in p-GaAs is only possible in the
vicinity of shallow donors. This is confirmed by the fact | ] that in p-doped III-V
semiconductors under optical pumping the nuclear polarization accumulates near donors
sites only within the so-called “quadrupole radius” ¢ [see figure 6.6(a)] and it is deter-
mined by a competition between hyperfine polarization and quadrupole relaxation of
nuclei. The reason for this is as follows. Dynamic polarization of nuclear spins occurs
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due to their hyperfine coupling with the electron spins captured by donors at the rate
proportional to the electron spin density which falls exponentially with increasing the
distance from the donor position. Since all photoexcited electrons spend some time at
the donor position before recombination, the donor periodically changes its charge state
from positively charged to neutral. This is called the “blinking charge” and creates a
time-dependent electric field, which, obeying the Coulomb law, spreads far beyond the
Bohr radius of the donor-bound electron agp. It is known that in piezoelectric semicon-
ductors like GaAs, the electric field induces quadrupole splitting of nuclear spin states
[ |; fluctuating electric fields thus act similarly to fluctuating magnetic fields,
causing nuclear spin relaxation. At some distance from the donor center, quadrupole
relaxation takes precedence over the dynamic polarization because the electric field de-
creases with growing distance slower than the electron density. According to the cal-
culations reported in Ref. [ |, this effect takes place already at ~ 0.4app. The
numerically calculated nuclear spin polarization versus distance from the donor is shown
in figure 6.7. It should be noted that the presence of an additional relaxation channel
under pumping is supported by the observed data for both p-GaAs samples. The buildup
time of the nuclear polarization is even shorter than its decay time in the dark, about
50 ms.

400 T T

1 400

- Modlel Sample ,IA, rph=5;zs
B ¢ ——Model Sample B, Tph=3 us_
300 | % B=4£ gzmp:zg H 300
_ L RIS B0 >>—> 1
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Figure 6.5: Temperature dependence of nuclear spin relaxation time | ]. In p-
GaAs (left scale): sample B (circles), sample A (squares); in lightly doped
n-GaAs (right scale: diamonds, data from Ref. | D-

Therefore, the nuclear spin polarization induced by optical pumping in p-GaAs is
demonstrated in figure 6.6(a). The following question may be raised: what relaxation
mechanism can be responsible for this fast decay in the absence of the excitation and with
an empty donor? The very first and obvious idea that it is the quadrupole relaxation
induced by the electric field of a charged acceptor located in the vicinity of the donor.
The presence of charged acceptors may be the result of the recombination of one of the
acceptor-bound holes with the donor electron. At low temperature, the negative charge
corresponding to the absence of a hole is located at the acceptor nearest to the positively
charged donor with a 97.4% probability.
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Figure 6.6: Sketch of nuclear spin polarization patterns that form as a result of optical
pumping in p-GaAs (a) and n-GaAs (b) [KDV " 18]. The degree of nuclear
spin polarization Py is schematically represented by the red color inten-
sity. In n-GaAs, most of the donors are neutral; Py created under orbits
of donor-bound electrons spreads into the interdonor space so then Py # 0
everywhere under the light spot. The relaxation of this polarization in the
dark is provided by (i) diffusion towards neutral donors D°, and (ii) directly
in the interdonor space via interaction of the nuclear quadrupole moments
with the fluctuating electric field of hopping electrons (between D? and D).
In p-GaAs, all donors are charged; Py # 0 only near donors because of its
quadrupole relaxation during pumping. Almost every donor has an acceptor
nearby, and the electric charge of this acceptor fluctuates while it captures
and releases a hole. This induces quadrupole relaxation which is much faster
in p-GaAs than in n-GaAs.

The distribution function of the distances from the donor to the nearest acceptor is
shown in figure 6.7. It has the maximum at RSA = (27n.4)~ /3. For the studied range
of m 4, this is approximately 1.5app. At this distance, a charged acceptor produces an
electric field E of several kV/cm at the donor site and so far as GaAs is a polar crystal,

this electric field induces an effective quadrupole field:
Bg =bgF, (6.1)

with
by — _ c9Pq
@7 NI 1)

where (g is the experimentally determined and isotope-dependent constant, e@ is the
nuclear quadrupole moment, e is the electron charge, vy is the nuclear gyromagnetic
ratio, I is the numerical value of the nuclear spin [PAIK08, BVINPG3]. Here, Bg depends
on the mutual orientation of the electric field and nuclear magnetic moments at the low

(6.2)
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magnetic fields and taking into account the averaging over spherical distribution (see
Eq. 6.1). Figure 6.7(b) shows the effective quadrupole field as a function of the distance
from the charged and neutral acceptor. It is seen that at the distance Rg?4 from the A~
acceptor Bg ~ 1 G. In case when 7" # 0, a hole from a remote and neutral acceptor can
jump to this site, thereby neutralizing it. Thus, fluctuations of the occupation number
of the nearest acceptor produce fluctuating quadrupole fields. In section 6.3, it is shown
that these fluctuations provide an efficient nuclear spin relaxation.

w1 T T 1
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Figure 6.7: (a) Left scale: the nuclear spin polarization created by optical pumping as
a function of the distance from the donor | ]. Right scale: probability
density for the first (blue dashed line) and second (green dotted line) neigh-
boring acceptors calculated from Eq. 6.15 for sample B as a function of the
distance from the donor. The distance is expressed in the units of donor
Bohr radius agpp = 10 nm. (b) Effective quadrupole field Bg in the vicinity
of the charged (red solid line) and neutral (green dashed line) acceptor. It is
plotted as a function of the distance from the acceptor position. The distance
is expressed in the units of donor Bohr radius agp = 10 nm. Blue arrow
shows that at the distance Rgl‘ corresponding to the maximum probability
to find the nearest donor (cf. figure 6.7(a)), the charged acceptor AT creates
Bg ~ 1 G, while By in the vicinity of A° is negligibly small | ].

Figure 6.6 illustrates the above considerations via comparison of the nuclear spin
polarization schemes in p-GaAs and n-GaAs. Within n-type GaAs crystal volume, most
of the donors are neutral and the nuclear spin polarization created under orbits of donor-
bound electrons travels into the interdonor space. In this particular case, the number of
charged donor-acceptor pairs is small, and most of the nuclei are situated far from these
pairs. In contrast, in p-GaAs, all the donors are electrically charged and the nuclear
spin polarization is mainly present near donor sites because of quadrupole relaxation
during pumping | ]. Almost every donor has an acceptor nearby, and the electric
charge of this acceptor fluctuates while it captures and releases a hole. It sheds light on
the fact that spin relaxation induced by fluctuating charges is three orders of magnitude
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faster in p-GaAs as compared to n-GaAs. This model also explains the T} behavior as a
function of temperature and magnetic field in p-GaAs. Indeed, with lower temperatures,
the time during which the nearest acceptor site is charged, is increased since this state is
energetically favorable. As a result, the charge distribution in the vicinity of the donor
becomes frozen, and the electric field stops fluctuating. This obviously should lead to
an increase of 77, and this is precisely what is observed in experiments (see figure 6.5)
[ )

The 77 independence of the applied magnetic field B can be interpreted as that
wpT: < 1, where wp = vy B is the nuclear Larmor frequency in the field B and 7. is the
correlation time of the fluctuating field which causes the spin relaxation | |. For
nuclear species of GaAs, the average nuclear gyromagnetic ratio (yy) ~ 9 x 103 rad/Gs.
Using equation 5.1 it is possible to calculate the correlation time which fits the observed
T) =~ 100 ms (see figure 6.4). Assuming the magnitude of the fluctuating quadrupole
field of ~ 1 G [see figure 6.7(b)], the 7. &~ 100 ns. Summing up all of the above in this
section, throughout the range of magnetic fields applied in our experiment, the condi-
tion wpTe < 1 is fully satisfied, which is not contradictory with 7T} independence of the
applied external magnetic field.

6.3 Quadrupole charge fluctuation

In this chapter, the theoretical model which quantifies the above considerations will be
presented.

First, the assumption is being made that the fluctuations of the electric field under
the donor orbit result from the charge fluctuations on the nearest acceptor, as shown
in figure 6.6. When the acceptor is negatively charged, it creates an electric field E_
in the vicinity of the donor [neglecting of the spherical (with the radius equal to 0)
spatial variation of this field, where nuclear spins are polarized]. In the case when the
nearest acceptor is neutral, the electric field takes a particular value Ey, and only remote
impurities experience the change in charge density. Correspondingly, the average electric
field at the donor is equal to

N E_1_+ E()To

<E> T— + 70

(6.3)
where 7_ is the average time during which the nearest acceptor stays charged and 7 is
the average time during which it is neutral. The mean-squared fluctuation of this field
is

T—-T0
(T— + 70)%’

where AE? = (E_ — Ep)2. The autocorrelation function of the fluctuating part of the
electric field Fy = E — (E), which is, basically, an example of an asymmetric random
telegraph signal, is determined by the shortest of the two times 7_ and 79:

§E* = ((FE — (E))?) = AE? (6.4)

(E(t) - E(0)) = §E%exp [—t (T— + “’ﬂ . (6.5)

T—T0
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On the other hand, the correlation time of the electric field fluctuations is equal to

T—T0
T_ 471

T = (6.6)
The Fourier transform of the autocorrelation function in Eq. (6.5) allows calculating the
spectral power density of electric field fluctuations at the donor site:

SE?*1,

OE, = 14+ w2(r-710)2/(1— +70)% (6.7)

Thus, the resulting spectral power density of the quadrupole-induced effective magnetic
field is calculated as
§BL = b0 E?. (6.8)

Following Abragam’s theory | |, the spin relaxation rate of the NSS in presence
of the fluctuating magnetic field reads as

Tl_l = 7]2\/633;7—& (6.9)

where w = wp and wp is the Larmor frequency of nuclear spin in the external field B. At
low magnetic fields used in this chapter and satisfying the condition wpT. < 1, Eq. (6.9)
reduces to Eq. (5.1).

Thus, the following expression for T ! can be written down as follows:

1 212 2 (7—70)2
— = yubH AR
T TNOQ

) m. (6.10)

The characteristic times 7 and 7 are determined by probabilities of phonon-assisted
transitions between the configurations with charged and neutral nearest acceptor. The
assumption, that can be done to estimate the value of this times, is to assume that these
transitions correspond to the hopping of a hole between two acceptors near the donor
site [see figure 6.6(a)]. Denoting the hole energy at the nearest acceptor by e_, and at
the second nearest acceptor as €g, the following expressions for 7_ and 7 can be written:

Tph Tph

T— = 77-0 - b
Nph Nph + 1

(6.11)

where 7,1, is the characteristic time of the corresponding phonon-assisted transition, ny,
is the number of phonons given by the Planck distribution:

1

= 6.12
b T exp [Ae/(kgT)]’ (6.12)
and Ae = e_ — €.
As a result, the following expression for 77 can be written
1 1— —Ae/kpT —Ae/kpT
L o AR ARy, x LR Ak e (~A¢/kpT) (6.13)
T [1 4 exp (—Ae¢/kpT)]
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Equation (6.13) was used to calculate the temperature dependence of Tj. First, the
estimate Ae and AE? was provided. These quantities are determined from the Coulomb
energies and electric fields of two charges located at distances 7"](312,‘ and 7“](3211 from the
donor to two nearest acceptors. As an estimate for these distances: the maxima of the

first and second neighboring acceptor distributions have been taken into account:

4
F](Dlg = 4 Anaexp <—37T’I”I3)ARA) )
16 4 (6.14)
F](DQK = §7r27“5niexp (—37rr3nA> .

The obtained distributions are demonstrated in figure 6.7(a) for sample B. The maxima
of these distributions are given by

Rg& = (27T77,A)71/3 ,

4 —-1/3 (6.15)
Rg)x = <7mA> .

5
Thus,
e2 1 1
A = — J—
e (R REL

(6.16)

2 1\ 1\
o= () | () )
1 2 ’
o) [\all) \RR

where squared electric field over angular distribution of the two acceptors is averaged.
Equation (6.13) together with Eqgs.(6.2) and (6.16) leaves the only fitting parameter,
Tph, to reproduce the measured low-field temperature dependence of the nuclear spin
relaxation time shown in figure 6.5. The suppression of the spin relaxation by application
of the magnetic field can be calculated from this value of T} using the motional narrowing

formula 6.1:
Th

1+ whTE

The results of the fitted data are shown in Figs. 6.4 and 6.5 by solid lines. One
can see that the agreement between experimental data and theory is quite reasonable:
there is no suppression of the nuclear spin relaxation up to 120 G (no magnetic-field
dependence) and the stabilizing of spin relaxation at 7" 2 10 K is well reproduced
assuming 7p, = 5 ps in sample A and 7, = 3 s in sample B. 7, obtained by fitting
experimental data shows the correct functional behavior for the acceptor concentration.
The phonon-assisted hops become more frequent with decreasing the average distance
between the nearest acceptors. However, since the overlap of wave functions of impurity-
bound holes decreases exponentially with growing distance, it is fair to assume a more
significant difference in 7, between the two studied p-GaAs samples. This could mean
that the presented model considering only two nearest acceptors is too simplistic. In

T1(B) (6.17)
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the interests of clarifying this issue, detailed experimental investigations of nuclear spin
relaxation over a broad range of doping in p-GaAs are needed.

6.4 Conclusions

Summing up the results of the current chapter, the relaxation of nuclear spin polariza-
tion created by optical pumping in bulk p-GaAs has been experimentally studied. The
nuclear spin-lattice relaxation time 7 in the absence of optical pumping belongs to the
subsecond range and turns out to be longer than that under pumping. Turns out that
T1 in bulk p-GaAs is three orders of magnitude shorter than in n-GaAs. This result
looks very unusual since the hyperfine coupling of holes is much weaker than that of
conduction-band electrons. This paradox was solved by taking into account charge fluc-
tuations at acceptors located in close vicinity of positively charged donor centers. The
proposed theoretical model quantitatively describes the slowing down of nuclear spin
relaxation below 7' = 10 K (due to slowing down of charge fluctuations), and magnetic-
field independence (up to ~ 100 G) of T;. Reported results extend the general picture of
nuclear spin relaxation in doped GaAs, where p-type doping has not been fully explored.
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7 Summary

The present thesis contributes to the research field of semiconductor nuclear spin physics.
In this work, the nuclear spin dynamics of a donor-bound electron was studied in GaAs
with n and p doping via optical spectroscopy technique.

In chapter 4, the spin dynamics of localized donor-bound electrons interacting with
the nuclear spin ensemble in n-doped GaAs epilayers is studied using nuclear spin po-
larization by light with modulated circular polarization. It was shown that the observed
buildup of the nuclear spin polarization is a result of competition between nuclear spin
cooling and the nuclear spin warm up in the oscillating Knight field. The developed
model allows us to explain the dependence of nuclear spin polarization on the mod-
ulation frequency and to estimate the equilibration time of the NSS that appears to
be shorter than the transverse relaxation time 75 determined from nuclear magnetic
resonance.

Another focus point of this thesis is studying the nuclear spin dynamics in the subsec-
ond time range, which is most strongly manifested by the dynamics of nuclei associated
with an electron at the donor. In chapter 5, the method of time-resolved detection of
the Hanle effect and polarized photoluminescence with dark intervals was used to in-
vestigate the buildup and decay of the spin polarization of nuclei interacting with the
donor-bound electrons in n-doped GaAs. It was shown that strong hyperfine coupling
defines the millisecond time scale of the spin dynamics of these nuclei, as distinct from
the nuclei far from impurity centers, characterized by a thousand times longer spin-
relaxation time. The dynamics of spin polarization and relaxation attributed to the
nuclei inside the donor orbit is observed on the time scale from 200 to 425 ms. The
optical cooling dynamics of nuclei located inside the donor orbit in n-doped GaAs was
also studied. This dynamics show that at slow modulation of excitation polarization
Thod ~ 1 s, a noticeable Overhauser field can be observed. It was demonstrated that the
initial cooling rate is strongly dependent on the direction of the external magnetic field
concerning the initial electron polarization direction +|Sp|. The nuclear spin dynamics
revealed in response times of 220 ms and 780 ms, attributed to the nuclei inside the
donor orbit in n-GaAs is observed. The lowest nuclear spin temperature in n-GaAs,
On = 1 mK was achieved in this work after cooling for Ti,0q ~ 1 s.

It was found that relaxation of nuclei in n-GaAs is dominated by the diffusion-limited
hyperfine relaxation and quadrupole warmup in lightly doped dielectric crystals and
by hyperfine relaxation involving both itinerant (Korringa mechanism) and localized
electrons in heavily doped samples with the metallic conductivity. In what concerns
p-Gads, even the timescale of the nuclear spin-lattice relaxation has not been precisely
known. Following the information that is already available for n-GaAs, in chapter 6,
the spin-lattice relaxation of the NSS in p-type GaAs is studied using a three-stage
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experimental protocol including optical pumping and measuring the difference of the
nuclear spin polarization before and after a dark interval of variable length. This method
provided the spin-lattice relaxation time 1) of optically pumped nuclei “in the dark”,
that is, in the absence of illumination. The measured T} values fall into the subsecond
time range, being three orders of magnitude shorter than that has been observed in n-
type GaAs in chapter 5. The drastic difference is further emphasized by magnetic-field
and temperature dependencies of 17 in p-GaAs, showing no similarity to those in n-GaAs.
This unexpected behavior finds its explanation in the spatial selectivity of the optical
pumping in p-GaAs, which is only efficient in the vicinity of shallow donors, together
with the quadrupole relaxation of nuclear spins, which is induced by electric fields within
closely spaced donor-acceptor pairs. The developed theoretical model explains the whole
set of experimental results.

To summarize, this thesis sheds some more light on the complex interdependent sys-
tem formed by the electron spin and the ensemble of surrounding nuclear spins in the
conventional semiconductor — the bulk GaAs. T believe that this work is another step
towards the understanding of this challenging system that can lead to implementations
in future quantum information technologies.
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