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Abstract

The rotation of the plane of polarization of light upon transmission through a mag-
netized medium is known as Faraday rotation (FR). In non-magnetic semiconductors
FR can be produced by optically orienting the spin of electrons. The main objectives
of this thesis is (i) to demonstrate large FR due to optically oriented electrons using
an n-doped bulk GaAs microcavity, and (ii) to show that the FR can also be used to
measure the nuclear spin dynamics without disturbing it.

By using optical orientation of electron gas in n-doped bulk GaAs confined in a
microcavity (MC), FR up to 19° in the absence of magnetic field is obtained. This
strong rotation is achieved because the light makes multiple round trips inside the
MC. Fast optical switching of FR in sub-microsecond time scale is demonstrated by
sampling the FR in a one shot experiment under pulsed excitation. A concept of FR
cross-section as a proportionality coefficient between FR angle, electron spin density
and optical path is introduced. This FR cross-section which defines the efficiency of
spin polarized electrons in producing FR is estimated quantitatively and compared
with the experimental results.

Non-destructive measurement of nuclear magnetization in n-GaAs via cavity
enhanced FR of an off-resonant light beam is also demonstrated. In contrast with
the existing optical methods, this detection scheme does not require the presence of
non-equilibrium electrons. Applying this detection scheme to the metallic n-GaAs
sample, nuclear FR is found to vary non-monotonously after pump beam is switched
off. Tt consists of two components: one with short decay time (~10 s) and another
with longer decay time and opposite sign (~200 s). These two contributions to
nuclear FR are attributed to two groups of nuclei: (i) nuclear spins situated within
the localization radius of donor-bound electrons, which are characterized by fast
dynamics, and (ii) all other nuclear spins in the sample characterized by much slower
relaxation rate. The results suggest that, even in degenerate semiconductors nuclear
spin relaxation is limited by the presence of localized electron states and spin diffusion,
rather than by Korringa mechanism. Nuclear FR in the insulating sample, in contrast
with the metallic sample, is found to vary monotonously, but again consists of two

components. The fast component is even faster than that of the metallic sample (~1



i

s), and the slow component decays in the same time scale as that of the metallic
sample. Main microscopic mechanisms responsible for nuclear FR is found to be
conduction band spin splitting induced by Overhauser field. It dominates nuclear
FR in both metallic (conduction band states partly occupied) and insulating (Fermi
level below the bottom of the conduction band) samples. FR resulting from the spin
unbalanced occupation of donor bound electron states is only observed in metallic

sample.
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Chapter 1

Introduction

1.1 State of the art and motivation

The first experiments on optical orientation of free carriers in semiconductors

were done in 1960’s and 1970’s by Lampel (Si) [ ], Parsons (p-GaSb) | ],
Ekimov and Safarov (n- and p-AlGaAs) | ], Garbuzov et al. (p-AlGaAs) | B
and Zakharchenya et al. (p-GaAs) | |. Most of these experiments were done

on p-type materials. In this case, only the spins of the non-equilibrium electrons
created by circularly polarized light excitation are oriented. These oriented electrons
recombine with the holes already present in the sample and the polarization of the
luminescence is due to spin polarization of the electrons. The optical orientation
of equilibrium electrons in n-type semiconductors was predicted theoretically by
Dyakonov and Perel | |, and was observed experimentally for the first time by
Ekimov and Safarov | ] in n-AlGaAs (n. ~ 10 cm™2). In these experiments
(except for the first experiment by Lampel on Si), the spin polarization of the electrons
was deduced from the degree of circular polarization of photoluminescence. The spin
relaxation time was measured from the depolarization of photoluminescence in a
transverse magnetic field (Hanle effect). The photoluminescence polarization was
strong for p-type materials, and the spin polarization degree and spin lifetime was
measured from the luminescence polarization. However, it was observed, that for
n-type materials, the photoluminescence polarization was weak and it was difficult

to measure the spin lifetime correctly | ]-
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In 1990’s Dzhioev et al. observed large spin diffusion length in weakly doped
n-GaAs (n. ~ 1 x 10! ¢cm™?) using Hanle effect on photoluminescence | ].
Kikkawa and Awschalom studied spin dynamics n-type bulk GaAs using time resolved
Faraday rotation (FR). They reported spin lifetime of electrons up to 100 ns for
doping densities n, ~ 1 x 10 cm™ to 8 x 10*® cm™3, and explored the spin
relaxation mechanisms and spin transport in this doping regime | , ]. This
strong dependence of spin lifetime on doping density implies different spin relaxation
mechanisms in different doping regimes. This behaviour was studied in a systematic
manner by Dzhioev et al. in n-type GaAs with doping density from n, ~ 1 x 10
em™3 to 5 x 1017 em ™3 | |. They observed two maxima in the spin lifetime
dependence of doping density, one in either side of the metal to insulator transition
point (n, ~ 2 x 101 cm™3). In the insulating regime, maximum spin lifetime of about
180 ns was observed at n, ~ 3 x 10" cm ™2, and the main spin relaxation mechanisms
are anisotropic exchange interaction and hyperfine interaction. In the metallic regime,
maximum spin lifetime of about 200 ns was observed close to the transition point,
and the spin relaxation is governed by the Dyakonov-Perel mechanism. Dzhioev et
al. used Hanle depolarization of photoluminescence to measure spin relaxation of
non-equilibrium electrons, and observed a strong dependence of the spin relaxation
time on excitation power. Spin relaxation of electrons in n-GaAs at various doping

concentrations is reviewed by K. Kavokin | ].

Recently Crooker et al. used spin noise spectroscopy to study equilibrium electrons
in n-type GaAs, and reported a spin relaxation time of about 160 ns | |. Rémer
et al. measured the spin relaxation time of equilibrium electrons for different doping

concentrations over a wide temperature range | ].

Because of the long spin relaxation time of electrons in GaAs, it is possible to create
large spin polarization by optical pumping. These spin polarized electrons can produce
FR dependent on the thickness of the spin polarized area | |. Because the spin
polarized volume is limited by absorption and usually very small, the experimentally
observed values of Faraday rotation in GaAs is of the order of milliradian | .
It has been suggested, that a microcavity can be used to enhance Faraday rotation
in semiconductors and semiconductor nanostructures | : : ]. Tt
was shown, that the amplification factor was proportional to the number of round

trips made by the light at the cavity resonance frequency. One of the the objective
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of this thesis is to (1) demonstrate large Faraday rotation due to optically oriented
electrons using an n-doped bulk GaAs microcavity, and (2) measure the efficiency of

Faraday rotation by spin polarized electrons.

Not only the optically oriented electrons, but the spin polarized nuclei can also
produce FR. Under optical pumping conditions, the optically oriented electrons
interact with the lattice nuclei and polarize them, a process known as dynamic
nuclear polarization (DNP). This was first observed by Lampel in n-Si | ], and
revealed by an increase of nuclear magnetic resonance signal upon excitation with
circularly polarized light. Ekimov and Safarov | , | showed, that the
dynamic nuclear polarization can be studied by optical methods. They were able to
optically detect nuclear magnetic resonance (NMR) in AlGaAs by observing that the
degree of circular polarization of luminescence changes at nuclear spin resonances.
The dynamically polarized nuclei create an effective magnetic field, which act on
the electrons due to hyperfine interaction, and thereby on the circular polarization
of the luminescence. Dyakonov and Perel | | proposed, that dynamic nuclear
polarization under optical orientation was a result of cooling of the nuclear spin
system, and this hypothesis was proved experimentally by Fleisheret al. | ].
Subsequently, dynamic nuclear polarization in p-GaAs, and the effect of small external
magnetic field on the electron-nuclear spin system was studied in detail by Paget et al.,
using luminescence depolarization due to Hanle effect | |. Later Paget studied
the nuclear spin relaxation process in GaAs using optically detected NMR | .
The results of the theoretical and experimental work carried out during 1960’s-1980’s
on bulk GaAs and AlGaAs are summarized in the book Optical Orientation edited
by F. Meier and B. P. Zakkharchenya | ].

During 1990’s and 2000’s, the study of dynamic nuclear polarization has been
extended to semiconductor nanostructures e.g. quantum dots | ]. The NMR
was detected form the shift of the PL spectrum induced by the effective nuclear field
(Overhauser field) [ , |. In the quantum dots, the nuclear spins are
considered as the main source of relaxation for electron spins. Alongside the work on
quantum dots, there has been a renewed interest for spin relaxation in bulk GaAs.
Bulk n-GaAs is particularly interesting, because the system is similar to QDs in the
low doping regime, and also the nuclear spin lattice relaxation time is long. Kikkawa

and Awschalom observed magnetic resonance behaviour in n-type GaAs, induced
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as well as detected optically. They suggested, that the delocalized electrons can
polarize the nuclei, and used the Knight field from optically generated spin polarized
electrons to manipulate the nuclear spin polarization. The NMR was detected from
the measurement of electron Larmor precession frequency, which was probed by time
resolved Kerr/Faraday rotation | ]. Recently Chen et al. used on-chip microcoils
to manipulate spin polarization, and the variation in spin polarization induced by rf
field was probed by time resolved Kerr rotation. They did NMR measurements on
each species of GaAs in a bulk n-GaAs sample | , , ]. The
dynamic nuclear polarization in n-GaAs, and the effect of doping concentration on the
nuclear spin-lattice relaxation was studied by Lu et al. and Huang et al. employing
optical detection of NMR | : ]. In a very recent work by Kolbl et
al., nuclear spin relaxation in n-GaAs was studied using transport measurements,
where they have reported the breakdown of Korringa law of nuclear spin relaxation

(nuclear spin relaxation rate proportional to electronic temperature) | .

The experimental methods employed to study DNP and nuclear spin relaxation
in the earlier works are: (1) Optical techniques (e.g. luminescence depolarization or
time resolved Faraday/Kerr rotation), (2) NMR, and (3) transport measurements.
Out of these three methods, the optical techniques are most sensitive to study DNP
and nuclear spin relaxation. However, the presence of spin polarized carriers in the
sample is necessary in order to observe either circular polarization of luminescence, or
the Larmor resonance frequency shift (Overhauser shift) due to nuclear magnetization.
The spin polarized electrons used for the measurement, can also provide a strong
feedback, which may greatly complicate and modify the behavior of nuclear spin
system | ]. In addition, because the time needed for nuclear polarization build
up or relaxation is much longer than recombination and even spin relaxation time in
semiconductors, no single-shot measurements is possible by these techniques. This

means that measured nuclear field is averaged over many realizations.

It was suggested in early eighties, that all these problems can be avoided, if
the experiment could be carried out in two stages | |. First, the nuclear spins
are polarized by conventional optical pumping by circularly polarized light in the
presence of a longitudinal magnetic field. Then, the pump beam is switched off, and
the time evolution of the nuclear field is detected via Faraday rotation of the weak

linearly polarized probe beam. Because electron spin relaxation is about 10? times
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faster than the nuclear spin relaxation, this technique should allow for detection of
nuclear spin dynamics in the absence of non-equilibrium electron spin created by the
pump. In this thesis, we report on the experimental realization of this technique.
Non-destructive detection is an important advantage of this technique with respect
to other methods. The related research objectives of this thesis are: (1) study nuclear
spin dynamics in n-GaAs in the absence of non-equilibrium electrons, (2) measure the
efficiency of Faraday rotation due to nuclei spins and identify underlying microscopic
mechanisms, and (3) explore the effect of doping density on the nuclear spin dynamics
in n-GaAs.

1.2 Organization of the thesis

The thesis is organized as follows:

Chapter 2 gives a summary of the important physical concepts relevant for this
thesis, such as: optical orientation of electrons in GaAs, nuclear spin system in
GaAs, hyperfine interaction between electrons and nuclei, relaxation of nuclear spin
by interaction with electrons in the insulating as well as in the metallic regime,
dynamic polarization of nuclei by optically oriented electrons, concept of nuclear spin
temperature, Faraday effect in semiconductors, and semiconductor microcavities.

Chapter 3 presents the GaAs microcavity samples, and the experimental tech-
niques employed in the study of electron and nuclear spin dynamics.

In Chapter 4, experimental results on the Faraday rotation (FR) induced by
spin polarized electrons created either by optical pumping, or by magnetic field are
presented. Optically oriented electrons produce FR of a linearly polarized probe
beam. The effects of pump power, pump polarization, and the wavelength of the
probe on FR are discussed. Spin lifetime of the electrons is measured using Hanle
effect on FR. The degree of spin polarization of optically oriented electron is measured
using different methods. A concept of FR cross-section is introduced, which provides
a measure of the efficiency of a spin density in producing FR. The photoinduced
FR cross-section is calculated theoretically and compared with the one obtained
from experimental results. A theory of photoinduced FR is formulated. The FR
induced by external magnetic field is studied as a function of detuning and at different

temperatures. The temperature dependent FR is explained by a simple theoretical
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model. The field induced FR cross-section is calculated theoretically and compared
with the values obtained from the experimental results. Fast optical switching of
photo induced FR in a nanosecond time scale is demonstrated.

In Chapter 5, experimental results on the nuclear FR on the metallic sample are
presented. Various techniques to study nuclear spin dynamics in semiconductors, and
in particular the advantages of optical techniques are discussed. The dynamics of
nuclear FR is studied in the dark, that is in the absence of optically created carriers.
Contrary to expectations, the decay of the nuclear FR was non-monotonous, and
consists of two components: one which decays very fast and another which decays
slowly. In order to verify their nuclear origin, a detailed investigation of the effect of
pump helicity and pumping duration, effect of static field during measurement, as
well as the effect of rf magnetic field on the fast and slow components is done. From
these measurements nuclear origin of both components is confirmed. The nuclear field
created by the nuclei cooled in a longitudinal field by circular polarized pumping is
measured. A parameter called nuclear Verdet constant, which describes the efficiency
of nuclear FR is introduced, and this constant is determined experimentally for the
slow component. A theory on the origin of the two components of nuclear FR is
proposed.

In Chapter 6, experimental results on the nuclear FR on the insulating sample
is presented. The mechanisms of nuclear polarization in the insulating regime in
n-GaAs is discussed. FR in the presence of optical pumping is studied as a function
of pumping time. Strong enhancement of FR is observed when nuclear field builds
up. It could be explained in terms of field dependent electron spin relaxation. In
order to verify this, the effect of strong longitudinal field during pumping on the FR
is studied. The FR induced by the spin polarized nuclei is studied as a function of
time. The results are compared with the results obtained on the metallic sample. In
contrast to the metallic sample, the decay of the nuclear FR is monotonous, but still
consists of two components. In order to verify, that they originate from the nuclei, a
detailed investigation of the effect of pump helicity and pumping duration on the
fast and slow components is done .

Finally, Chapter 7 summarizes the important results obtained in each of the
chapters, discusses the implications of the results and concludes with a discussion of

the future experiments.



Chapter 2
Fundamental concepts

This Chapter provides a brief overview of the fundamental physical concepts
relevant for this thesis. Band structure of GaAs, and the optical orientation of
electrons in GaAs are described in Section 2.1. The nuclear spin system in GaAs is
described in Section 2.2. Hyperfine interaction between electrons and nuclei, and the
resulting nuclear and electrons fields acting on electrons and nuclei respectively are
described in Section 2.3. Relaxation of nuclear spin by interaction with electrons in
the insulating as well as in the metallic regime is described in Section 2.4. The theory
of dynamic nuclear polarization is presented in Section 2.5. A brief introduction to
the concept of nuclear spin temperature is provided in Section 2.6. Faraday rotation
in general, and the convention to define the sign of Faraday rotation are discussed
in Section 2.7. Faraday rotation in semiconductors is discussed in Section 2.8. The
Hanle effect and how it is used to determine spin lifetime of electrons is discussed
in Section 2.9, and finally Section 2.10 introduces semiconductor microcavities. For
more details on Sections 2.1-2.6 one can refer to Chapter 2 of the book Optical

Orientation | ].

2.1 Optical orientation of electrons in GaAs

The spin-orbit interaction plays an important role in determination of band
structure in GaAs . The spin-orbit coupling gives rise to a splitting Ago between the

heavy-hole and light-hole on one hand and split-off valence band on the other hand
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(Ag0=0.34 ¢V for GaAs). The large splitting between the heavy/light-hole band and
the split-off band enables optical generation of spin polarizations in GaAs.

The band structure of GaAs is shown schematically in Fig. 2.1 near the I -
point point (k = 0). The conduction band is s-like with orbital angular momentum
L = 0 and two-fold degenerate with two spin states (S = 1/2,S5, = £1/2). The
valence bands are p-like with orbital angular momentum L = 1 in addition with
spin angular momentum. The uppermost valence bands consists of three doubly
degenerate sub bands: The heavy hole band (J = 3/2,J, = £3/2), the light hole
band (J = 1/2,J, = £1/2) and the split-off band (J = 3/2, J, = +£1/2).

The large spin-orbit splitting in GaAs enables circular polarized light to selectively
couple to a particular spin state. Fig. 2.1 shows the various optical transitions in
bulk GaAs and their relative amplitudes for circular polarized light excitation.

E
A

Sl/g CB
\/ -1/2 +1/2

LH, HH
Py —3/2 ~1/2 +1/2 +3/2

»
>

0 k

Figure 2.1: The figure shows the band structure of GaAs considering the effect
of spin-orbit interaction (left side), and the optical selection rules for o™ and o~
polarized excitation light in bulk GaAs (right side).

If o polarized light, with energy greater than the band gap energy E; but less
than E; + Ago, is incident on the sample, electrons can only be excited from the
J = —3/2 valence band state to the J = —1/2 conduction band state and from
the J = —1/2 valence band state to the J = 1/2 conduction band state as shown

in Fig. 2.1. The strengths of these two transitions are not equal (3 : 1) and an
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initial electron spin of Sy = 0.25 (corresponding to 50% polarization) will result. The
average electron spin polarization for n-doped GaAs under steady state condition

can be written as | ]
So

S =——
1+ 715/

(2.1)

where 75 is the lifetime of an electron in the conduction band and 75 is the electron
spin lifetime. In the steady state, the recombination rate is proportional to the
generation rate of carriers by photo excitation, 7; = n./G. Here n, is the electron
density and G is generation rate of electron-hole pairs by light. Then the average

spin polarization is given as,

S() SQGTS

5= 1+ n./Grs B GTs + ne

(2.2)

Eq. 2.2 shows that for small intensities of light (G7; < n.), the average spin
polarization is proportional to intensity and saturates at Sy for higher intensity of
light (G715 > n.). The excess electron concentration is An = G7, where 7 is the
lifetime of a non-equilibrium hole. If 7 < 7, orientation will saturate for values of G
when An < n,.. Thus orientation occurs by replacing the non oriented equilibrium
electrons by oriented photoexcited electrons. The optical orientation technique is

used to create spin polarized electron gas in GaAs.

2.2 Nuclear spin system in GaAs

All the isotopes present in GaAs have spin I=3/2. The nuclear spin system is
isolated from the lattice owing to long spin-lattice relaxation time T3 (~ seconds to
hours). But the interactions inside the nuclear spin system (dipole-dipole interaction
of the nuclear magnetic moments) are characterized by much shorter times.

Each of the nuclei experiences a fluctuating local field By, created by its neighbours.
This field is typically a few Gauss. The period of the nuclear spin precession in By,
which is of the order of 10™* s defines the characteristic time of interaction 7, in the
nuclear spin system. Because of the internal interactions, the spin system reaches
internal thermodynamic equilibrium during a time ~ 75 . This equilibrium state is

defined by a parameter called spin temperature Oy | ], which may differ strongly



10 FUNDAMENTAL CONCEPTS

from lattice temperature. The rate at which equilibrium is reached between nuclear
spins and the lattice is defined by the long spin-lattice relaxation time 77.

The dipole-dipole interaction does not conserve the total nuclear spin. Thus in
the absence of an external magnetic field, the average nuclear spin is zero. In the

presence of an external magnetic field B, the average nuclear spin (I) is given by

() — %I(I +1) :BNGfV , (2.3)

where py is the nuclear magnetic moment.

In an external magnetic field, the energy of the nuclear spin system contains two
parts: (1) the Zeeman energy of all the nuclei in the system and (2) the spin-spin
nuclear interaction energy. When B < By, there is an exchange of energy between the
two parts in time 75, which leads to common spin temperature. But if B > By, the
exchange time may exceeds 7 and the Zeeman and spin-spin reservoir are described
by different temperatures | ).

Once the nuclei are cooled down to Oy, the nuclear spin polarization (I) and its

relaxation at different magnetic field B can be studied.

2.3 Hyperfine interaction between electrons and

nuclei

The interaction between electron and nuclear spins in semiconductors is dominated

by the Fermi contact interaction:

A 167

Hpy = S_IMBNN|¢(R)|2I~57 (2.4)

where ¥ (R) is the wave function of the electron at the nucleus, I is the nuclear spin
polarization, S is the electron spin polarization, pp is the Bohr magneton and py is

the nuclear magnetic moment.

Eq. 2.4 can be written as

Hyp = ALS|U(R)|w, (2.5)
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where v is the volume of the unit cell, A = 1?’6—}7“—13”0@77 is the hyperfine coupling
constant; 7 = |u(0)|> and «(0) is the Bloch amplitude at the site of the nucleus;
and ¥(R) is the envelope function of the electrons. For homogeneous distribution
of electrons in the unit cell n = 1. However the electron wave function is strongly
peaked at the nucleus and for GaAs, ng, = 2.7 x 103, nas = 4.5 x 103 and A ~ 100

peV | ]

The hyperfine interaction can be described in terms of effective fields acting on
both electrons and nuclei. The effective field due to electrons acting on the nuclei is
known as Knight field and the effective field due to nuclei acting on the electrons is

known as Overhauser field. These field are discussed in the following sections.

2.3.1 Overhauser field

If the lattice nuclei are polarized, then an electron experiences a field called
Overhauser field due to Fermi contact hyperfine interaction. This field is due to the

effect of all nuclear species in the sample and is given by:

BN = = ZbNa<Ia>/<I>v (26>

where (I,) is the mean spin of the nuclei and the summation is over all the
nuclei of a particular species. This field depends on electron localization volume for

non-homogeneous nuclear polarization and is independent of the electrons localization
167
39er0

field at saturation, and £ is the number of nuclei of the species considered in the unit

volume for homogeneous nuclear polarization. Here by, = inané is the nuclear

cell. The sign of by, is defined by the sign of g., which is negative for GaAs.

by is the nuclear field of a particular species of nuclei, which would appear for
the case of complete nuclear polarization. For GaAs, by (Ga%)=-13.7 kG, by (Ga™)=
-11.7 kG, by (As™)= -27.6 kG and the total nuclear field due to all the species of
nuclei in GaAs is ~ 5.3 T | ]. Thus in GaAs, even if the nuclear polarization

is relatively small, the electron spin are subjected to a large nuclear field.
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2.3.2 Knight field

Due to Fermi contact interaction, the nuclei also experience an effective field due

to the polarized electrons known as Knight field B..
For delocalized electrons,

_&n

Bdel. —
€ 31

neptpn28S = 2b,S, (2.7)

where S is the average electron spin polarization and b, is the Knight field at
saturation of electron spin polarization given by,
8T
be = —n. . 2.8
o el (2.8)
From Section 2.3, ng, = 2.7 x 103, n4s = 4.5 x 10®. Therefore using Eq. 2.8,
bé/n, = 1.4 x 1071 G.cm™® and 2% /n, = 2.3 x 1071 G.cm ™.

For n.=2x 10 cm™3, the average Knight field at saturation is

be = (bE +b2%) /2= 3.7 G.
For localized electrons, the Knight field is proportional to its localization volume,

_VQA

Bloc. —
e LN

[U(R)*S. (2.9)

For a localized state, the Knight field is determined by the occupation of the state
and by electron spin direction. It may vary significantly as a result of capture/release
of electrons by the localization center, via the exchange interaction with other
electrons and precession of the electron spin in the Overhauser field. The Knight
field is spatially inhomogeneous and it considerably changes from one nuclear species

to another within one crystal cell.

The average Knight field at the center of the donor site at saturation due to the
localized electrons at the center of the donor site is b, = (b5% + b2%)/2 ~ 100 G
[ |. Thus the Knight field due to localized as well as delocalized electrons is

very weak compared to the Overhauser field.
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2.4 Nuclear spin relaxation due to electrons

The fluctuation of the Knight field leads to spin relaxation of nuclei. The spin
relaxation time of nuclei T}, due to interaction with electrons is given as,

1
= Wi Te, (2.10)

where wy is the precession frequency of nuclear spin in the fluctuating effective field
created by the electrons and 7. is the correlation time of these fluctuations. In the

presence of an external magnetic field B,

1 Wi T

T T (2.11)

where €2 = g.upB/h is the electron Larmor frequency. This shows that the relaxation
rate is lowered in an external magnetic field, because the Knight field averages to

zero by rapid electron spin precession.

For an electron localized in a region of radius ry,

2
Wl ~ (%) F, (2.12)

where N ~ 13 /vy is the number of nuclei in the localization region, F' is the probability
for an electron to be in the localization region and (A/AN) is the precession frequency

of a nuclear spin in the magnetic field created by a single electron.

For the case of free non-degenerate electrons, ry stands for thermal de Broglie
wavelength A ~ h(mT)~/2, which implies F' ~ n.\%. The correlation time in this
case is just the time needed for an electron to travel the distance of the order of .

This implies 7. ~ i/T. Thus for interaction of nuclei with free electrons ,

1
Tle

~ A202n,m3PTV 2Rt (2.13)

For the case of degenerate free electrons in the presence of an external field
B, the nuclear spin-lattice relaxation is governed by the well known Korringa

mechanism | ]. The nuclear spin relaxation is induced by flip-flops with the
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thermally broadened Fermi edge electrons. The Korringa relation in the single
electron approximation is given by | ,
= SR AT P (), (2.14)

where 7, and 7, are gyromagnetic ratios of electrons and nuclei and p(Er) the
density of states at the Fermi level Fr.

For GaAs with n, =2 x 10%%cm ™3, T =2 K, T}, ~ 10* s.

For the case of electrons localized in the donor, ry ~ ap (ap is the Bohr radius),
the filling factor is F' = n./Np (n. is the donor concentration), 7.(= 7.) is the lifetime
of an electron in the bound state. Then for a nucleus located at a distance r from

the donor site | 1,

2,,2
L o F (A UOT&) e(~4r/ap) (2.15)

6
Tle th2

For a shallow donor in GaAs with n, = 2x 10 em™3, for r < ap, F=1, 7. ~ 10710
S, Tle ~ 0.01 s.
This shows that localized electrons are much more effective in nuclear spin

relaxation than free electrons.

2.5 Dynamic polarization of nuclear spins

Pumping with circularly polarized light creates non-equilibrium spin polarization
in the conduction band of zincblende semiconductors e.g. GaAs. Through contact
hyperfine interaction, non equilibrium spin polarization of electrons is transferred to

the nuclear spins in the lattice.

Syl + 5.1,
2

where I is the nuclear spin operator and S is the electron spin operator. The raising

Hyp = A(I.S) = A(S..I. + ), (2.16)

and lowering operators are given by I = I, & ¢[,. The second term is responsible for
spin flip-flop. This equation implies that the contact hyperfine interaction conserves
the total spin of the electronic-nuclear spin system and that through mutual spin flips,

or flip-flop interactions, angular momentum can be transferred from the electronic to
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BT_BZiB@

By B,

* Hyperfine interaction

Pump ot /o~
B Br =B, + By

Figure 2.2: The figure shows the process of optical orientation, transfer of spin
polarization to nuclei from oriented electrons and the effective fields experienced by
electrons and nuclei.

the nuclear spins and vice-versa. So the total angular momentum of the electronic-
nuclear spin system is conserved. The nuclear polarization along the applied magnetic
field arises as a result of the establishment of thermal equilibrium between these two
reservoirs. Since the longitudinal relaxation time of the nuclear spin 77 is very long,
the nuclear spins are isolated from the lattice in an applied magnetic field. If the
external magnetic field is strong, so that B > By (where By, is the local field due
to dipole coupling between nuclei), then spin-spin interactions between neighbour
nuclei can be neglected and interactions of each nuclear spin with electrons can be
considered separately. The total spin of the electron-nuclear spin system is conserved,
so the balance equation for steady-state populations IV, of nuclear spin levels can be

written as,
Wuyu_]_Nunfl/Q = Wu—l,,uNu—anrl/?a (217)

where p is the projection of the nuclear spin in the direction of B, niq/; = 1/2 £ (5)
are the populations of the spin up and spin down electrons and W, ,,_1, W, _1 , are

the transition probabilities from and to the level with spin population V,,.

The transition probabilities are connected by thermodynamic relations:
WM7M_1 = e(gMBB/kBT)Wu—LM' (2.18)

The exponent contains the energy difference between states of the electron and nuclear
spins, in which Zeeman energy of the nucleus is neglected. The energy required

for each transitions is taken from the lattice, which is represented as a reservoir of
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temperature T .

From Egs. (2.17) and (2.18)

N, (1+2(8)(1-250)

= , 2.19

N,oo1 (1=2(5))(1+2S7) (2.19)

where (S) is the average electron spin and Sy = —3 tanh(%) is the equilibrium
value of average electron spin. The average nuclear spin (I) = ) N, can be

I
expressed in terms of the Brillouin function,

B (14 2(S5))(1 —2S57)
=15 (n (T e ) (2:20)

Under the conditions of optical pumping (S) > Sr, so St can be neglected. Then
retaining the first term in the expansion of the Brillouin function in terms of (S), we
have A
(I) = §I([ + 1)(S). (2.21)
Generalizing Eq. (2.21) into vector form,
B)B

() = gz(u ) US)-B)B

= (2.22)

The dynamic nuclear polarization is caused by the component of electron spin along
the applied field and the nuclear polarization is parallel to B and the average electron

spin polarization.

Under the condition of optical orientation, the stationary value of dynamic
polarization of nuclei is reached during time 7}.. Nuclear polarization is usually
achieved due to electrons bound to donors. One can see from Eq. 2.15 that the
characteristic time 77, increases with the increasing distance from the nucleus and

the donor site. This effect was observed by Kalevich et al. | .

The direct polarization of nuclei located far enough from the donor center becomes
ineffective. The peripheral nucleus are polarized due to nuclear spin diffusion described
by diffusion coefficient D ~ 107! cm?/s | |. The propagation of nuclear
polarization over a distance ¢, due to diffusion , occurs during a time of the order of
62/D. If the time of diffusion over the distance ¢ is greater than Tj.(d), the diffusion
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ratios may be reduced as a solution of the equation T1.(d) = §?/D.
Nuclei for which » < ¢ (near nuclei) are polarized directly, while nuclei in
the peripheral region r > § are polarized by spin diffusion. Usually the optical

manifestation of nuclear polarization are due to nuclei close to the donors.

2.6 Nuclear spin temperature

The nuclei gets polarized due to optically oriented electrons in a characteristic
time Tj.. This spin transfer results in a change in Zeeman energy (uyB) of the
nuclear spin system. If this energy is of the same order as the dipole-dipole interaction
between nuclei, this leads to a relaxation of nuclear nuclear spins with characteristic
time 75. The dipole-dipole interaction is characterized by a local field By (~ 1-
3 G for GaAs). For GaAs at B=0, T}, > T,, which implies that probability to
create nuclear polarization is negligible. However it was shown that it is possible
to create substantial non-equilibrium nuclear spin polarization in a weak magnetic
field | , ]. This is conveniently described on the basis of spin temperature
concept, although a thermodynamic equilibrium is difficult to reach at field B > B,
[ ]. Since Ty > Ti., where T} is the spin-lattice relaxation time, the nuclear
spin system is isolated from the crystal lattice. Therefore the nuclear spin relaxes to
thermodynamic equilibrium in characteristic time 75 of the dipole-dipole interaction
and the equilibrium state is characterized by a certain nuclear spin temperature O .
During optical orientation, the entropy of the nuclear spin state is reduced. Then
reducing B — 0 allows for the nuclear spin to reach thermal equilibrium by exchanging
energy between Zeeman and spin-spin reservoirs. This state is characterized by a
spin temperature ©y. When the nuclear spin temperature is very low, the external
magnetic field induces an equilibrium nuclear polarization which becomes independent
of the external field for B > B and decays with characteristic time T}.

The reciprocal nuclear spin temperature under steady state optical pumping

conditions in an external field B can be expressed as | : |:

, 4 (B+B.).S
— (kpOy) ' = — :
Pv = (ksOn) iy (B+ B.)? + (B2

(2.23)

where £ is a numerical factor depends on spin-spin interaction ~ 1—3, B, is the Knight
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field defined in Eq. 2.7. The spin temperature is minimum for |B + B,.| = v/£| By|
and can be as low as ~ 1077 K for S=0.25 | ]. The experimentally reached spin
temperature for n-GaAs is ~ 107¢ K | ).

The sign of Sy depends on the mutual orientation of B and S. More discussion

about positive and negative spin temperature is provided in Appendix C.

2.7 Faraday rotation

In 1845, Michael Faraday discovered that the plane of polarization of a linearly
polarized light is rotated upon transmission through a transparent medium in the
presence of a magnetic field along the light. This is known as Faraday effect /rotation
(FR). This rotation is due to magnetic field dependent circular birefringence (a
difference in refractive indices for the left and right circular polarization). The
refractive index difference leads to an accumulated phase shift between the two
circular polarization components that comprises linearly polarized light, which is
manifested as a rotation in the linear polarization axis.

The FR angle for a sample of thickness L, subjected to a magnetic field B is

given as | , ):
lw

T 2¢

where n_ and n, are the refractive indices for 0~ and o™ polarized light respectively.

Op (n- —ny)L, (2.24)

In general, (n_ — ny) is proportional to the applied magnetic field. Therefore, Eq.
2.24 can be written as:
Or = VBL, (2.25)

where V' is called the Verdet constant which characterizes the efficiency of the material
in producing FR.

The FR is non reciprocal, i.e, the rotation is independent of the propagation
direction of the light. The sign of the FR is defined to be positive (negative), if the
rotation is clockwise (anti-clockwise) for an observer looking along the direction of
the field B | |. In semiconductors, the sign of FR is important and different
contributions to FR can have different signs | ]

Note, that in Eq. 2.24, the FR angle is proportional to (n_ —n, ). In most of the

optics books, it is shown to be proportional to (ny — n_). This difference is because
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of the different convention used to define the helicity of light.

2.8 Faraday rotation in semiconductors

2.8.1 Microscopic mechanisms underlying FR

The FR in semiconductors in the presence of an external magnetic field has two
main contributions. These are related to different kinds of polarization sensitive
optical transitions | , , , , , , , , ,

|: Free carriers contribution and interband contribution.

— Free carriers contribution (FC) (far in the transparency region)

The free carrier contribution results from virtual intra conduction band transitions
between the Zeeman split Landau levels. This contribution gives a positive FR,
depends on doping concentration and is dominant at higher wavelength away from
the band edge (varies as \?) | : ].

E 4

HH

LH
k

»
!

Figure 2.3: Schematic diagram of the band structure of GaAs in the presence of
an external field B,. This field splits the conduction and valence bands (Ap) and
creates a net spin polarization. The interband transitions for o™ and ¢~ component
of a linearly polarized probe, for the case when the conduction band is empty (a),
and when the conduction band states are occupied (b). Note that the real valence
band structure is much more complicated in reality | ]
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— Interband contribution (close to the fundamental absorption edge)
— Zeeman splitting (ZS)
— Phase space filling effect (PSF)

The interband contribution results from virtual interband transitions of valence
electrons from Zeeman split Landau levels of the valence band to the conduction
band. This is dominant for wavelengths close to the absorption edge and decreases
as the wavelength increases. The interband contribution has two sub contributions
depending on whether the conduction band is empty (pure interband contribution)
or the conduction band is occupied with carriers (spin contribution).

Fig. 2.3 shows the band structure of GaAs in the presence of an external field.
Only the lowest Landau level is shown. The interband transitions for o* and o~
component of a linearly polarized probe is different, because of the splitting of
the valence and conduction bands in an external magnetic field. The conduction
band is assumed to be empty. This results in the interband contribution to FR
[ABGS, J

There is an additional contribution to FR in doped semiconductors. When the
conduction band is occupied by carriers, the interband transition probability for o™
is different form the transition probability for ¢~ due to Pauli spin blocking (Phase
space filling effect), which results in the spin contribution to the FR (see Fig. 2.3).
The spin contribution depends on doping concentration and varies with wavelength
as 1/\ | , ].

Therefore the magnetic field induced Faraday effect has three distinct contribu-
tions:

Op = OFC 4 @745 4 QPSF,

2.8.2 Optically induced Faraday rotation

Magnetization in semiconductors can also be created optically by optical ori-
entation mechanism | , , |. Under circular polarized pumping, the
chemical potential for spin up and spin down electrons changes which results in
spin polarization. Also there is a splitting of the conduction band due to exchange
interaction between the spin polarized electrons. This can result in the difference in

refractive index ny and n_. Therefore the two contributions to optically induced FR
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are:
— Phase space filling effect (PSF)
— Exchange splitting of the conduction band (e-e)

EA

\HH

LH

k

Figure 2.4: Creation of non-equilibrium spin polarization by optically pumping
with circularly polarized light and the splitting of conduction band due exchange
interaction of the electrons. The interband absorption for o™ and ¢~ components of
a linearly polarized light is different because of phase space filling effect as well as
splitting of the conduction band.

The phase space filling effect can be explained on the basis of optical selection
rules described in section 2.1. Because of the selection rules, there are two absorption
spectra, one for ot and another for o=. A net spin polarization due to optical
pumping causes blocking of absorption to these filled states (Pauli blocking) and the
absorption edge is shifted. According to the Kramers-Kronig relation a difference
in absorption leads to a difference in refractive indices for ¢ and o~ polarizations.
Since the FR arises from the difference in refractive indices, its rotation angle is
proportional to the spin polarization along the direction of the light.

The exchange term of the e-e Coulomb interaction leads to a spin splitting of
the conduction band, when the electrons are spin polarized. Since this interaction is
ferromagnetic, it lowers the energy of the most populated spin subband. This results
in a difference in absorption for o and ¢~ components of a linearly polarized probe,

which causes FR.
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Therefore, there are two contributions to optically induced FR:

@F — @e—e + @PSF.

2.9 Hanle effect

The depolarization of electron spins in a transverse magnetic field is known as
Hanle effect. The Hanle effect is generally detected via photoluminescence. This
effect was discovered by Hanle in 1924, in the fluorescence of gases | ], and was

later applied in optical orientation experiments in semiconductors by Parsons in 1969
[ParG9].

The Hanle effect can be understood in terms of a competition between spin
precession and relaxation. Consider that the spins are initialized along the z-direction
and the magnetic field is applied along the x-direction. Then the photoexcited spins
will precess in the transverse magnetic field B, with Larmor frequency 2 = g.pup B, /h.
Since B, is perpendicular to the direction of light, the component of the spin along

z-direction changes periodically with frequency (2.

The spin lifetime of the electrons is given as,
— = 4= (2.26)

where 7; is the lifetime of an electron in the conduction band, and 7, is the spin
relaxation time. This implies, the electron spins vanishes as a result of recombination
as well as relaxation. In the steady state, the recombination rate is proportional
to the generation rate of carriers by photo excitation, 7; = n./G. Here n, is the
concentration of equilibrium electrons and G is the carrier generation rate | .

Then, the spin lifetime of the electrons is given by,

= — 4+ —. (2.27)

If during the lifetime Ty, the electron spin makes many revolutions around B,,

then the component of average spin along the initial direction will be small.
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After a time t, the z-component of the spin precesses according to

S.(B,t) = Sycos(Qt) exp(—t/7s), (2.28)

For a simple exponential decay process, the normalized number of emitted photons
at a given time is

W(t) =~ exp(—t/r)). (2.29)

TJ

The average measured value of S, is then given by,

S.(B) = /0 T WS (1)dt = Sy /0 T L p(—t /) cos(Q1) exp(—t/m)dt, (2.30)

TJ
which gives the well known expression for Hanle curves,

800 S.(0)
14+ (910?14 (gepnBoTo/B)?’

- 1+7'J/Ts

S5:(B)

5.(0) (2.31)

In this thesis, we will detect the Hanle effect via Faraday rotation. By applying a
variable magnetic field transverse to the direction of initialized electron spins, we will
be able to determine the spin lifetime of the electrons. The reduction of electron spin
polarization and thus O, in a transverse magnetic field is described by the Lorentz

curve | 1,

_exl0)
1 + (gellJBBacjﬁs/h)2

where pp is the Bohr magneton, T} is the electron spin lifetime and g, is the electron

Or(B) (2.32)

g-factor.

The full width at half maximum (FWHM) of the Lorentz curve is inversely

proportional to the spin lifetime:

BFWHM = (2h/g€[1,BTS) (233)

This allows for the measurement of the spin lifetime and and by extrapolation to

G=0, the spin relaxation time.
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2.10 Planar semiconductor microcavities

Semiconductor planar microcavity structures are fabricated using either metallic
or dielectric distributed Bragg reflectors (DBRs). The highest quality DBRs such
as Al,Ga;_,As/AlAs are fabricated using molecular beam epitaxy (MBE), which
allows the growth of layers with atomic-scale thickness control. The light is localized
strongly in the cavity allowing for strong light-matter interaction and the strength of
the localization is defined by the quality factor of the cavity, (). The cross-section of
a typical Fabry-Perot cavity is shown in Fig. 2.5, with the cavity material placed
in between the two DBRs. For a Fabry-Perot cavity cavity with ideal mirrors, the
resonance conditions are given by L = m\/2, where m is an integer and L is the

cavity length and X is the wavelength of the light within the cavity.

0F «n(S,)

=o,.nS,)L
n-doped GaAs
cavity
07 =2Ne Y
Bragg mirror !
GaAs substrate L=34/2 '

N = number of round trips

(b)

Figure 2.5: (a) Cross-section of a typical Fabry-Perot cavity where two DBR mirrors
are separated by the cavity material (n-doped GaAs), (b) the incident light travels
multiple round trips inside the cavity, and the plane of polarization is rotated which
depends on the number of round trips and thickness of the cavity material.

The calculated reflectivity spectra of a GaAs microcavity with Al,Ga;_,As/AlAs
DBRs is shown in Fig. 2.6. One can see the Bragg plateau characterized with almost
100 % reflectivity and the cavity mode at the energy defined by resonance condition.

The optical absorption in GaAs is possible only at small thickness, because above



PLANAR SEMICONDUCTOR MICROCAVITIES 25

E, the penetration depth is about 1 um ( absorption coefficient 10* cm™'). Therefore,
spin polarization is created in thickness ~ 1 pum. Since FR is proportional to the
thickness of the spin polarized area, the rotation angle is expected to be small. We
will use a microcavity to amplify the FR induced by the optically oriented electrons.
This enhancement is due to multiple round trips of light between the Bragg mirrors.
This idea has already been employed to study the FR in quantum wells embedded in
a microcavity where polarization was induced either by optical orientation | ],

or magnetic field | ].

1.0 .
0.8- .

> ] ]
= 0.6 .
45 4 4
QL 0.41 .
él:) i i
0.2 ]
0.00 —— 300K  cavity modes 1
1.26 1.32 1.38 1.44 1.50 1.56 1.62

Enerqgy (eV)

Figure 2.6: The calculated reflectivity spectra of a GaAs microcavity with light
incident at 0° at temperatures 2 K and 300 K showing the temperature dependent
cavity modes.

One can roughly estimate the amplification factor of FR by the microcavity, as

being two times the number of round trips of light in the microcavity.
0%’ =2N0Oy, (2.34)

where N is the number of round trips inside the cavity.
For a mA/2 cavity of thickness L, N can be calculated as follows:
Thickness of the cavity is,
M Ares
T2 n

L (2.35)
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where A, is the vacuum resonance wavelength and n is the refractive index of the

cavity medium. Therefore,

2
Aves = —nL. (2.36)
m
c c
Vypes = S = Mg = MUFsk, (2.37)

where vpgp is the free spectral range.

Effective length the light travels inside the cavity,
defs = N.2L, (2.38)

where N is the number of round trips inside the cavity.

The number of round trips inside the cavity is,

T 1
N = = VpSR-T = VFSR
Titrip 27TAI/ (2 39)
_ Vpes 1 1 Vres _ Q

Y

m 2rAv - 2rm Av  2rm

where Av is the full width at half maximum of the cavity modes, @) is the quality
factor of the cavity, 7 is the lifetime of the photons in the cavity and 7y, is the

time for one round trip of light inside the cavity.

L
dejy = N2L = igL _ QL
2mm mm (2 40)
Q >\T’€8 Q)\TES '
mm 2n 2mn
Using equation 2.38 and 2.40,
QATGS
N = . 2.41
4mnL ( )

The Quality factor of the microcavity is related with the width of the cavity mode
and we can calculate N, if we know the cavity mode and its width. The Faraday
rotation amplified by the microcavity is,

Q

%Y =INOpr = —0Orp. 2.42
i r=_——Or (2.42)



Chapter 3

Samples and experimental

techniques

In this Chapter, the samples and the experimental techniques employed in the
study of spin dynamics of electrons and nuclei are discussed. In Section 3.1, a
detailed description of the microcavity samples is provided. The quality factor of the
microcavity is measured using interferometric method and its detuning dependence
is studied (see Section 3.1.1). The schemes used to detect Faraday rotation (FR) and
the conventions used to determine the sign of FR are described in Section 3.2. Finally
the laser systems, cryostats and various optical setups used to perform Faraday

rotation and polarized photoluminescence experiments are introduced in Section 3.3.

3.1 GaAs microcavity samples

In this thesis we studied two different n-GaAs layers, sandwiched between Bragg
mirrors to form a semiconductor microcavity. The samples are grown by molecular
beam epitaxy (MBE) at LPN, Marcoussis, France. Each sample consists of about
3581 A thick Si-doped GaAs cavity sandwiched between two Bragg mirrors, consisting
of 25(30) AlAs/Aly;GaggAs pairs for the upper (bottom) mirrors. The doping density
of the cavity layers are n, = 2 x 10'6 cm™ (sample 98P180) and n, = 2 x 10 cm™3
(sample C7T76). The samples are grown on a 400 pm thick undoped GaAs substrate.
The optical cavity length is 3A\/2 and is wedge-shaped in order to have the possibility
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to tune the cavity mode energy by varying the spot position on the samples. The
samples are designed to have a cavity mode ~ 20 meV below the band gap of GaAs
and the stop band limit about ~ 30 meV above the band gap, to allow for optical
orientation via pumping above the stop band . The schematic cross-section of the

structure and the calculated transmitted spectrum of the cavity is shown in Fig. 3.1.

(@) [ air Epaisseur (A) 10 (b)
GaAs 597
AlAs 714 Detuning
Aly Gag4As 607 .5 ~20 meV
X2 { AlAs 714 3 0.5 -
302 Cavity | GaAs dopé n = 3581 £ E,
2x1016/ 2x10'3 =
g
AlAs 714 =
o { Al ,Ga, ,As 607
AlAs ‘ 714 0.0
Substrat non dopé 135 140 145 150 155 1.60
Energy (eV)

Figure 3.1: (a) The n-doped GaAs microcavity sample, and (b) the calculated
transmission spectrum of the cavity showing the stop band and the cavity mode.

3.1.1 Measurement of the quality factor of the microcavity

The quality factor of the sample was measured using a homemade Michelson
interferometer. From the width of the interferogram, At (Fig. 3.2(a)), we can deduce
Av by using Av = 0.612/At, which is valid for Gaussian pulses. The quality factor
is obtained using the formula: Q=E/hAv.

We measured the quality factor of the sample 98P180 at different position in
the sample to find out the detuning dependence. One can see from Fig. 3.2(b) that
variation of quality factor with detuning is not significant and ) ~ 19280 + 480.
Since the structure of the sample C7T76 is same except for the doping density, the

quality factor would be of the same order.

Then the effective length the light travels inside the cavity, using equation 2.40,

is deff = % ~ (0.7 mm.
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Figure 3.2: (a) A typical interferogram, used for the measurement of the quality
factor, obtained at a certain position in the sample. The red curve is a Gaussian fit
of the envelope of the interferogram At. (b) The quality factor measured at different
positions (detuning) in the sample. It indicates that variation of quality factor with
detuning is not significant.

3.2 Detection of Faraday rotation

The Faraday rotation (FR) experimental setup is shown in Fig. 3.3. The detection
scheme is analyzed within the Jones formalism | : ], deriving a relation

between the detector signal and the change in polarization state of the transmitted

light.

Suppose the laser beam is polarized along the x-axis and is propagating along

the z-axis. The electric field in terms of Jones formalism is:

E(t) = (é) Eyeitkz=t) (3.1)

where FEj is the amplitude of the electric field of the laser beam.

After passing through the sample, the polarization of the laser is rotated by a
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Figure 3.3: Detection scheme of Faraday rotation. The photoelastic modulator
(PEM) is used to either modulate the pump polarization between ot and o~ (a), or
to modulate the probe between two linear polarizations (b).

small angle ¢ and is represented as:

B(t) = (cos 9) Eyeitkeet). (3.2)

sin 0

The electric field of the laser after passing through the analyzer, which is set at

an angle ¢ with respect to the polarizer is given as:

~ [cos(¢p—0) cos¢ i(kz—wt)
E(t) = (COS(¢ o) s ¢> Eqge . (3.3)

The light intensity measured by the detector is

I(t) = E(t)E(t)" = Ejcos*(¢ — 0). (3.4)

Equation (3.4) implies that the FR (0) manifests itself as a change in intensity at
the detector. To get maximum change in intensity, the analyzer angle needs to be

optimized.
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Differentiating the intensity with respect to 6, we get

dl(t)— 2 cos(¢p — 6) sin(¢p —
g = 2Eacos(¢ — 0)sin(¢ — ) (3.5)

= E2sin2(¢ — 0).

If Faraday rotation 6 << ¢, maximum modulation of the probe is obtained when the

polarizer and analyzer are set at ¢ = 45° with each other.

Simplifying Eq. (3.4), total intensity measured by the detector is

I(t) = %g[l + cos2(¢p — 0)] 36

= %g[l + cos(2¢) cos(20) + sin(2¢) sin(26)].

For ¢ = 45°, we have
1
I(t) = 50[1 + sin 20]. (3.7)

Two modulation schemes are used depending on whether nuclear polarization is

desired or not. These two conditions are described as follows:

Scheme (a): In this case, the intensity of the probe is modulated by the chopper

and the rotation angle is modulated by modulating the pump polarization. Then,

I(t) = [1+ sin26(t)]. (3.8)

Modulation of the circular polarization of the pump beam with a photoelastic
modulator (PEM) (with modulation frequency f) results in modulation of the spin

polarization of the electrons and therefore in modulation of FR.

0(t) = Oy sin(27 f1). (3.9)

Therefore

I(t) = [1 + sin(26, sin(27 ft))]. (3.10)
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Expanding sin(26, sin(27 ft)) in a Fourier series by using Bessel functions, we get

I(t) = olt) [142.J1(200) sin(27 f1) +2.J5(20,) sin(67 f£) +higher odd harmonics of f].
(3.11)

The transmitted probe intensity is modulated by the chopper at frequency f..

~

Keeping only the first harmonic we get
1 2
I()(t) = [0[5 -+ ; Sln(27cht)] + o, (312)

For small rotation angle, J;(26y) can be approximated to be #y. Then Eq. 3.11

can be written as:

1) = IO[% 4 % sin(2r fct)][% + Oy sin(2r ft) + ] (3.13)

= IO[;l + % sin(27 ft) + %Sin(%rft) + ... (3.14)

Assuming that the gain of the detector does not depend on frequency, demodulation

of the signal at frequencies f (I;) and f, (I.) gives the amplitude of the FR as,

_ 21
ol

6o (3.15)
In practice, we use 0y = C %, where C is the calibration factor determined by rotating
the analyzer by a known angle.

Scheme (b): In this case, the intensity of the probe is modulated by the chopper
and polarization of the probe beam is modulated by the PEM. FR angle can be

calculated similar to the previous case.

3.2.1 Definition of the sign of Faraday rotation

Fig. 3.4 shows the experimental setup for a typical FR measurement. The
analyzer is rotated by 90° with respect to the linear polarizer and no light is detected.
By application of an external field, the polarization plane of the light is rotated
proportional to the electron spin polarization, and we detect some signal at the

detector. The angle by which the analyzer has to be rotated again in order to obtain
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zero signal at the detector is the FR angle. If this rotation is clockwise looking in
the direction of the field B, then the angle is defined as positive.

® B

Polarizer Analyzer(90°)
I} 1
Detector

— | Or >0
B Sample

Figure 3.4: Convention used to determine the sign of Faraday rotation.

For the case of optically induced FR there is no magnetic field, and we adopt
the convention that if the rotation is clockwise looking along the direction of spin

polarization, then the angle is positive.

3.3 Overview of experimental setups

3.3.1 Laser system

The pump laser source used for all the experiments is a diode laser emitting at 780
nm which gives up to 40 mW of continuous wave power. The circular polarizations
of the pump was set using either a Babinet-Soleil compensator (BS) or a Fresnel
Rhomb retarder (to have fixed pump polarization) or with a photoelastic modulator
(PEM) set at retardance of A/4 (to have modulated circular polarization).

The probe laser used is either a continuous wave Al,O3:Ti laser (Spectra physics
3900) or a pulsed Al;O3:Ti laser (Spectra-Physics Tsunami) delivering 80 fs pulses at
repetition rate of 82 MHz which can give power up to 800 mW. For the cw laser, the
birefringent filter within the cavity is used to tune the output laser light in the region
700-1000 nm. But most of the experiments were done with the pulsed laser. At the
beginning pulses were not filtered, but for later experiments, particularly with the
sample C7T76, the pulses were filtered with dispersion line. The wavelength of the
probe used is centered around 828 nm which is resonant with the cavity mode. The

output from Ti:Sapphire laser was linearly polarized and during some experiments a
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photoelastic modulator set at retardance of A/2 was used to obtain modulated linear

polarization.

3.3.2 Liquid Helium Cryostat

The spin lifetime of electrons in GaAs depends strongly on temperature. Therefore
all the experiments were done at cryogenic temperatures using either Helium bath
cryostat (Homemade) or a cold finger cryostat (Oxford instruments) or a magneto
optical cryostat (Cryogenics Ltd.).

The Helium bath cryostat operates at temperature of 2 K only. The sample is
mounted at the end of a sample rod and is placed in the inner region of the cryostat
which is thermally isolated by a high vacuum outer chamber.

The He-flow cryostat has a cold finger that is cooled by liquid Helium. The tem-
perature of the sample is controlled by Helium flow and the operates at temperature
from 4 K- 300 K. The cryostats are placed on a x, y, z stage to control position of
the sample. The cryostats are placed in between a large Helmholtz coil which can
provide field up to 200 G. Also a three axis Helmholtz coil is used to compensate
the laboratory field in three directions which can provide field up to 10 G in any
direction. These two cryostats are used for most of the experiments.

The magneto optical cryostat from Cryogenics Ltd. was used for field induced
Faraday rotation measurements. It operates at temperature from 2 K to 300 K and
can provide field up to 10 T. The cryostat has four windows that allow optical access

to the sample both in Voigt and Faraday geometry.

3.3.3 Photoinduced Faraday rotation and Hanle effect

The experimental setup used to measure the cw-FR and the Hanle effect is shown
in Fig. 3.5. A photoelastic modulator (PEM), set to A\/4 retardance, was used
to modulate the pump polarization between o* and o~ polarization at f=>50 kHz,
and thus the electron spin polarization (see Scheme (a) in Section 3.2). As the
modulation frequency is larger than the nuclear spin relaxation rate, the dynamic
nuclear polarization of the nuclei is strongly suppressed. Helmholtz coils are used to

apply field either in the longitudinal or transverse direction. The spin polarization of
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Figure 3.5: The setup for cw-Faraday rotation and Hanle effect experiments.
Helmholtz coils used to apply longitudinal and/or transverse magnetic field (LD:
laser diode, P: polarizer, C: chopper, PEM: photoelastic modulator, A: analyzer, PD:
photodiode).

photoexcited electrons is partly transferred to the electron gas, which gets polarized

and induces a modulated FR of the probe beam.

The FR is detected with a linear polarization analyzer and a photodiode. The
total signal (I.) was recorded with chopper frequency (f.) and the differential signal
(I7) was recorded with PEM f reference and the FR angle is obtained using Eq. 3.15.
A transverse magnetic field causes depolarization of the electron spin (Hanle effect),
which reduces #r. The spin relaxation time of the electrons is extracted from the

Hanle curves, as discussed in section 4.1.3.

3.3.4 Time resolved Faraday rotation

The setup used for time resolved measurement of the FR induced by a pump
pulse is shown in Fig. 3.6. The aim of such experiment is to measure directly the
build up and relaxation time of electron spin polarization. Microsecond long pulses
with rise time and decay time of about 10 ns are shaped from the cw-laser diode by
an acousto-optic modulator (AOM). A Babinet-Soleil compensator (BS) is used to
set the polarization either as ot or o~. The build up of electron spin polarization
during pumping and its decay after the pump is switched off are monitored via FR
(0r(t)) of the probe beam delivered by cw-Al,O3:Ti laser.
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Figure 3.6: Set up for measuring time resolved Faraday rotation induced by micro-
second lung pulses. The symbol (k) represents the low noise and large bandwidth
transimpedance pre-amplifier.

The intensity incident on the detector, using Eq. 3.14 is,

1(t) = Io(0)5 + 6r (1)) (3.16)

This signal was sampled with a fast acquisition card with sampling rate of 200 MHz.

3.3.5 Polarized Photoluminescence

The setup used for the polarized photoluminescence (PL) measurements is shown
in Fig. 3.7. This is used to measure spin polarization of electrons and compare with
the determination from Knight field. The excitation intensity was modulated at about
300 Hz and the PEM was used to modulate the polarization between ¢ and o~ at
50 kHz. The photoluminescence was collected, passed through a circular polarization
analyzer (BS) and then a grating spectrometer (IHR 550). A photomultiplier tube
connected with two lock-in amplifiers was used to extract the signal. One lock-in
amplifier operated synchronously with the PEM to detect the differential signal
(I, — I_) and the other lock-in operated synchronously with the optical chopper to
provide the total signal (I, 4+ I_), where I, and [_ are the intensity of the ¢ and
o~ polarized PL respectively.

The degree of circular polarization of the luminescence is obtained using the
equation,

pe=Cly —1)/(I + 1), (3.17)

where the calibration factor C' is determined by placing a circular polarizer before
the BS.
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Figure 3.7: Setup for measurement of polarized photoluminescence.

3.3.6 Nuclear spin cooling and nuclear magnetic resonance

The experimental setup used to dynamically polarize the nuclei, measure the
Knight and Overhauser fields, measure nuclear FR and detect the nuclear magnetic
resonance using FR, is shown in Fig. 3.8. The Helmholtz coils placed outside the
cryostat are used to apply field either in the longitudinal or transverse direction. A
small Helmholtz coil surrounding the sample is placed inside the cryostat in order to
have the possibility to apply rf-field. A Babinet-Soleil compensator is used to set
a fixed pump polarization (either ot or 7). The linear polarization of the probe
is modulated with a PEM set at retardance of A\/2 (see Scheme (b) in Section 3.2).
The total signal (1.) was recorded with chopper frequency (f.) and the differential
signal (I) was recorded with PEM 2f reference and the nuclear FR is obtained
using Eq. 3.15.

For the measurement of nuclear FR in the sample C7T76 (see Chap. 6), we
have used a liquid crystal (LC) variable phase retarder (ARCoptix) to obtain fixed
or modulated circular polarizations of the pump. The optical phase retardance is
electrically tunable and we controlled it using the LC driver from ARCoptix. We
have also used a homemade electrically controlled shutter, to be able to switch on/off
the pump beam automatically. Using the LC phase retarder and the shutter, we can
do a sequence of nuclear FR measurements, where the change of pump polarization

or switching on/off the pump are fully automated.
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Figure 3.8: The setup for dynamic polarization of nuclei and detection of NMR
using Faraday rotation (LD: laser diode, P: polarizer, C: chopper, S: shutter, LC:
liquid crystal variable phase retarder, polarization modulator, PEM: photoelastic
modulator, BS: Babinet-Soleil compensator, A: analyzer, PD: photodiode).

3.4 Summary

In this Chapter, we have discussed in detail about the structure of the GaAs
microcavity samples. The quality factor of the samples is very high, Q ~ 18000 for
98P180 (similar Q for the sample C7T76) and the variation of Q with detuning is
not significant. We estimated that the effective length the light travels inside the
microcavity is about 700 pm. We have introduced the detection scheme to measure
FR. Various experimental techniques were presented to measure the electron and
nuclear spin dynamics following optical excitation. We will use cw FR measurements
to study the pump power dependence of FR and to check that FR is proportional to
the degree of electron spin polarization. From the Hanle effect measurements we will
deduce the spin lifetime of the electrons. The evolution of electron spin polarization
during pumping and relaxation in the dark will be studied by the time-resolved
FR measurements. Nuclear spin cooling experiments will be used to measure the
Knight field, Overhauser field and probe the nuclear spin dynamics. Polarized PL
measurement will be used to measure the degree of electron spin polarization and

compare with the estimation from the Knight field.



Chapter 4

Faraday rotation induced by spin

polarized electrons

In this Chapter, experimental results on the Faraday rotation (FR) induced
by spin polarized electrons created either by optical pumping (Section 4.1) or by
magnetic field (Section 4.2) are presented. Optically oriented electrons produce FR
of a linearly polarized probe beam. The effects of pump power, pump polarization,
and the wavelength of the probe on FR are discussed in Section 4.1.2. Spin lifetime of
the electrons is measured using Hanle depolarization of FR in a transverse magnetic
field and is presented in Section 4.1.3. The degree of spin polarization of optically
oriented electron is measured indirectly from the Knight field measurement | ]
and also directly by polarized photoluminescence and presented in Section 4.1.4.
A concept of Faraday rotation cross-section is introduced in Section 4.1.5, which
provides a measure of the efficiency of a spin density in producing FR. A theory
of photoinduced FR is formulated following the theoretical model of Aronov and
Ivchenko | ]. The photoinduced FR cross-section is calculated theoretically and

compared with the one obtained from experimental results (Section 4.1.6).

The FR induced by application of an external magnetic field is studied as a
function of detuning and at different temperatures (Section 4.2). The temperature
dependent FR is explained by a simple theoretical model and is presented in Section
4.2.1. The field induced FR cross-section is calculated theoretically and compared

with the one obtained from experimental results (Section 4.2.2).
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In Section 4.3, a comparison of photo induced FR cross-section with that of field
induced one is provided. Fast optical switching of photo induced FR in a nanosecond

time scale is demonstrated in Section 4.4.

4.1 Photoinduced Faraday rotation

As we have seen in Section 2.8.2, spin polarized electrons created by circularly
polarized light can produce FR of a linearly polarized probe. The experimental setup
used to measure FR induced by optically oriented electrons is described in Section
3.3.3.

4.1.1 Dependence on probe wavelength and pump polariza-
tion

The preliminary FR measurements were done as a function of detuning of the
cavity mode with respect to the energy gap of GaAs, and pump polarization. We
measured FR at different positions in the sample, in order to obtain the detuning at
which FR is optimum. We find that FR is maximum for energy of about 1.498 eV
which is ~ 16 meV below the GaAs band gap (see Fig. 4.1).

The photoinduced FR was measured for different polarizations of the pump and
it was observed that FR angle is negative with ¢~ pump and the rotation is positive
for o pump as shown in Fig. 4.1. This can be explained on the basis of optical
selection rules for zincblende semi-conductors as described in Section 2.1 and 2.8.2.
For the case of 0~ (o) polarization of the pump, according to the selection rules,
spin polarization S, = +1/2 (S, = —1/2) will be created and we will see in Section
4.1.5 that the FR cross-section is negative (¢%/ < 0). Then using Eq. 4.23 it can be

seen that the FR angle is positive (negative) for o™ (o7) polarization of the pump.

4.1.2 Dependence on pump power

We measure the pump power dependence of FR to check that the FR angle, © g
is proportional to the electron spin polarization, S,. The circularly polarized pump

(780 nm) was focussed on a 50 pum spot diameter with pump power varying from 3
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Figure 4.1: The Faraday rotation measured with fixed pump polarizations ¢ ™ (O > 0)
or 0~ (OF < 0) at different detuning.

uW to 1 mW and the FR is measured at 2 K. The photoinduced FR as a function of
pump power density is shown in Fig. 4.2. It can be seen from the figure that the
FR increases sublinearly with pump power and saturates at high power at which the

rotation exceeds 10°.

Now we try to understand the saturation of FR with pump power. The FR
induced by spin polarized electrons has been modeled theoretically by Aronov and
Ivchenko | ]. It was found that the FR is proportional to electron spin density,

(S.) in a spin polarized electron system. The electron spin density is given as:
(S2) = (ny2 —n_1y2) /2, (4.1)

where 12 (n-1/2) is the density of electrons with spin projection in the direction of
(opposite to) the light propagation direction. The electron spin polarization degree is
given as:

pe = (n1j2 —n_12)/(N1j2 +n_1/2). (4.2)

For the sample 98P180, the density of photo generated electrons is much smaller

than resident electron density n.. Hence, electron spin polarization degree can be
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Figure 4.2: Left scale: Faraday rotation as a function of pump power (closed circles).
Right scale: electron spin polarization calculated with Eq. 4.5 plotted as a function
of G75/n. (solid line).

related with electron spin density (S.) as

2(S-)

Te

Pe = (4.3)

Therefore, the FR is proportional to the spin polarization of the electron gas,

OF = HPe- (4'4)

where p is a proportionality factor, which will be determined experimentally from

the measurement of electron spin polarization (Section 4.1.4).

From the rate equations for spin up and spin down electron density in the
presence of optical pumping and recombination, and assuming that the excess carrier
recombination time is shorter than electron spin relaxation time 7, (75 = 160 ns for
ne =2 x 10%cm=3) (Section 4.1.3), the degree of electron spin polarization is given

as ( see Section 2.1),
pe = piGTs/(ne + GT5), (4.5)



PHOTOINDUCED FARADAY ROTATION 43

where p; is the initial spin polarization of the photoexcited carriers after they have
thermalized to the bottom of the conduction band. Since the initial kinetic energy of
the carriers is relatively large (= 75 meV), they are likely to be partially depolarized
before they thermalize | |, so that p; < 0.5. The holes are assumed to be
completely depolarized immediately after photoexcitation, similar to the classical
optical orientation experiments in bulk semiconductors | .

The spin polarization degree calculated using Eq. 4.5 is plotted as a function of
generation rate and compared with the pump power dependence of FR [Fig. 4.2].
Here we have used the independently measured value of electron spin polarization
pe = 0.11 at 50 W /cm? (Section 4.1.4) and 7, = 160 ns (Section 4.1.3). For calculation
of the generation rate G, we assumed absorption coefficient o = 10* em™ | ],
the reflection coefficient R = 0.5 and 50 pm spot diameter.

It can be seen from Fig. 4.2 that saturation of FR is well reproduced by the

saturation of p. and therefore .S,.

4.1.3 Measurement of electron spin relaxation time

When a transverse magnetic field B, is applied, the spin polarized electrons
created by optical pumping precesses around the field and gets depolarized, known
as Hanle effect. The Hanle effect detected by photoluminescence polarization has
been used to measure spin relaxation time of electrons in semiconductors | ].
Crooker et al. | | used Hanle effect, detected by FR of a off-resonant probe
beam to measure the spin relaxation time of electrons in n-GaAs. We follow the
same method here and the setup used for this purpose is shown in Fig. 3.5. The
depolarization of FR in transverse field from -30 G to +30 G at temperature 2 K
is measured with pump power varying from 3 pW to 1 mW and are shown in Fig.
4.3(a). The reduction of electron spin polarization and thus Op, in a transverse

magnetic field is described by the Lorentz curve,

1
XX R
1+ (ge:uBBJ:TS/h)

where pp is the Bohr magneton, T is the electron spin lifetime and ¢, is the electron

(4.6)

Or (B)

g-factor.
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Figure 4.3: (a) Hanle curves acquired at different pump power density. (b) The full
width at half maximum of the Hanle curves versus pump power density. Extrapolation
to zero pump power density gives Bpywgy= 3.3 G, corresponding to spin relaxation
time of 160 ns.

In case of n-doped semiconductor, the effective spin lifetime is given by
1/Ts =1/1s+ G/n.. (4.7)

where 7, is the electron spin relaxation time, n. is the concentration of equilibrium
electrons and G is the carrier generation rate [DICIK02].
The full width at half maximum (FWHM) of the Lorentz curve is inversely

proportional to the spin lifetime:

Brwum = (ZH/QEHBT3)~ (4-8)

This allows for the measurement of the spin lifetime, and by extrapolation to G = 0
the spin relaxation time.

The FWHM of the Hanle curves as a function of pump power density is shown
in Fig. 4.3(b) for the sample 98P180. Using Eqgs. 4.8 and 4.7, we deduce a spin
relaxation time of 160 ns, close to the value reported by Crooker et al. [CCS09] for

the same doping concentration.
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4.1.4 Determination of electron spin polarization

For the sample 98P180 there is large negative detuning of the cavity mode with
respect to the GaAs energy gap and the interband emission is strongly suppressed.
Therefore, direct determination of electron spin polarization from the degree of
circular polarization of photoluminescence was not possible. For this reason we
started with an indirect method based on the cooling of the nuclear spin system in
the electron (Knight) field | , ]. We have also measured the degree of
polarization of electron gas from the polarized photoluminescence (PL) experiments,
but in order to enable the detection of interband emission, the upper Bragg mirror
was etched from the microcavity sample. Note, however, that this may affect the
measured spin polarization for several reasons, such as degradation of the sample

quality, and change in the probability of photon recycling.
I. Measurement of the Knight field

The nuclear spin temperature (©y) under the condition of steady state optical
pumping in an external field B is defined in Eq. 2.23. It can be seen that © depends
strongly on (B + B.) and becomes infinite when the external field compensates the
Knight field (see Section 2.3.2) i.e, when (B + B, — 0). Measurements of Oy as a
function of B, allow for determination of the Knight field compensation condition and
thus for the electron spin density (S,). Then the average electron spin polarization
pe can be obtained using Eq. 4.3.

The setup used for Knight field measurements is shown in Fig. 3.8. The meas-
urements were done in two stages as shown in Fig. 4.4. In the first stage (the
cooling stage), the nuclear spin system is cooled down by strong optical pumping
(pump power = 500 W) in a longitudinal field B, along the pump direction during
few minutes. In the second stage (the detection stage), the longitudinal field B, is
switched off and a small transverse field B, = 1.5 G - 2.5 G is applied. The pump
power during measurement is set to a lower value ( 85 W) to minimize repolarization
of the nuclei during this stage.

Now according to Eq. 2.23, if the nuclei are cooled down sufficiently during
cooling stage, then depending on the sign and value of B, and B, the nuclei will

repolarize either parallel (Oy < 0) or antiparallel (@ > 0) to the transverse field
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Figure 4.4: Scheme for optical cooling of nuclear spins at relatively large pump
power in a longitudinal field (left) and detection in a small transverse field at lower
pump power (right).

B,, creating an effective nuclear (Overhauser) field By acting on the electrons. If
during cooling stage, the external field is such that it compensates the Knight field
(B = —B.), then nuclear cooling is not possible (Oy = 0) and By = 0.

The total transverse field experienced by the spin polarized electrons is By =
B, + By. This field causes a change of the electron spin polarization created by the
weak pump. The nuclear spin system heats up in the absence of strong pump and
as a result the nuclear field relaxes slowly and the electron spin polarization varies
with time. It follows a part of the Hanle curve from By = B, + By to Br = B,
when By is fully relaxed [Fig. 4.5(a)]. The resulting depolarization of electron spin
is monitored by the FR of the probe beam.

Different kinds of depolarization curves [Fig. 4.5(b)-4.5(d)] can be observed
depending on the initial value of the total field. If By < 0 and |By| > B,, then
Br < 0 [Fig. 4.5(b)]. In this case, the electron spin polarization as well as FR
angle O first increase, goes through a maximum when Br = 0, then decreases as
Br decreases towards B, due to nuclear spin relaxation processes. If By < 0 and
|Bn| < By, then 0 < By < B,. In this case ©p monotonously decreases [Fig. 4.5(c)].
These two cases will eventually occur when By and B, are antiparallel, i.e. for
positive nuclear temperatures, Oy > 0. Finally, if By > 0, then By > B,. This
takes place for negative nuclear temperatures © < 0, and the FR angle O increases
steadily as By decreases towards B, [Fig. 4.5(d)].
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Figure 4.5: (a) Typical Hanle curve versus total field By = By + B,. Depending
on the initial value of By, Faraday rotation will exhibit different time evolutions
as Br relaxes to B,. (b-d) Time evolution of Faraday rotation during cooling in a
longitudinal field (cyan region), and detection in a weak transverse field B, =1.5 G,
for the three cases shown in panel (a). In the shaded area (during cooling) the signal
was not recorded to allow for a change in the lock-in sensitivity.

~—

—~

Assuming that the nuclear field decays exponentially, the time evolution of FR

can be expressed as

-1
B, + Brye T\
Op(t) = O 1+( v 1 ONe® )] . (4.9)

Brw /2

where By, is the initial nuclear field, 7} is the longitudinal nuclear spin relaxation

time.
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Eq. 4.9 is used also to determine By at t=0.

max 1/2
BN@)::BFZHM(S?G)—J) /——Bx (4.10)

In Chapter 5, we will use this method to measure By.

Figs. 4.5(b)-4.5(d) show the fits of the depolarization of FR in field Br using
Eq. 4.9, from which we deduce By, for each value of B,. This experiment was done
at temperatures 2 K, 4 K and 10 K. The resulting values of By, for each B, are
shown in Fig. 4.6. One can see in the inset of Fig. 4.6, that the field B, at which
By, passes through zero is slightly shifted from zero. This is a direct evidence that
the nuclei get polarized in the Knight field created by the electrons, even without
external field. From this shift we estimate B, = (0.4 £0.1) G for the sample 98P180.
Note, that the measured Knight field is comparable with the earth field. Therefore

precise determination of B, requires a careful compensation of the earth (laboratory)
field.

20 : .
m 2K
e 4K
10+ 10K 1
~—~~ a _B |
e o P/u"'y =
2 =1e8 3 " .
-lo_ [} s O“/ T
-20 . _.1 : 0 . 1
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Figure 4.6: The extracted nuclear field as a function of longitudinal field. The
observed Knight field of about 0.4 G is independent of sample temperature.

Then the electron spin density, taking b= 3.7 G ( see Section 2.3.2) and using

Eq. 2.7 is,
1 B, 15, —3
(S.) = 37 e = 1.1 x 10”cm (4.11)
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Using Eq. 4.3, we get average electron spin polarization p, = (11 &+ 3)%.
At the same pump power P=500 W, corresponding to an intensity of 25 W /cm?,
we measured ©p = 10°. Therefore, using Eq. (4.4) we get p = Op/p. = —100° £ 25°.

II. Polarized photoluminescence

Polarized photoluminescence was used to measure the electron spin polarization
for both the sample 98P180 and C7T76:

— For the sample 98P180, we took a piece of the sample whose upper Bragg

mirror was chemically etched.

— For the sample C7T76, we took a piece of the sample for which the cavity mode

was resonant with the energy gap of GaAs.

The excitation energy is 1.59 eV, which is above the energy gap of GaAs and
corresponds to the energy of the pump in the FR experiments. The setup used for
the PL measurements is shown in Fig. 3.7 and the procedure is described in section
3.3.5.

Fig. 4.7 shows the measured PL intensity and polarization for the sample
98P180. The PL spectrum is broad and there is a characteristic step in the circular
polarization on the higher energy tail of the spectrum. These characteristics are
typical of degenerate semiconductors | ] and can be explained in terms of a
simple interband emission model in which the k-conservation selection rule is lifted.
This model is described as follows:

With ot /o~ light excitation, electrons are excited from occupied states in the
valence band to the empty states above the Fermi level. These spin polarized
electrons interacts with each other (e-e interaction) and thermalize to a Fermi-Dirac
distribution thereby reducing their average energy. After the thermalization, the
electrons can be described with an equilibrium distribution in terms of an electron
temperature T,. The Fermi-Dirac distribution functions of the conduction electrons

for the two spin subbands are,

1

fr12(E) = 1T )’ (4.12)

where 8. = 1/kgT. is the inverse electron temperature and 4+ = p+e¢ is the chemical

potential of the spin up and spin down electrons respectively.
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Figure 4.7: The spectrum of PL intensity (open square) and the PL circular polariza-
tion from the GaAs microcavity (open circle). The solid lines are fit by the calculated
PL intensity and electron spin polarization assuming Fermi distribution of electrons.

As we have seen in Section 2.1, the selection rules, which connect the electron
spin and light polarization, are used to selectively couple to a particular spin state
which creates non-equilibrium electron spin polarization. The same selection rules
connect the polarized electron spins and the polarization of the photoluminescence.

The photoluminescence intensity for o™ and o~ polarized components is given as,

I, = D(E)[fi2(E) + 3f-1/2(E)],

(4.13)
I_ =D(E)[3f1)2(E) + f-1/2(E)],

where D(FE) is the density of states in the conduction band. Then the PL intensity

is defined as
I(E) = I, + I = D(E)Alfy(E) + [ 12(E)]. (4.14)

and the degree of circular polarization of PL is defined as

Iy—1.- 1 f1/2(E) - f—1/2(E>

pe(E) = L+ 1 2fiE) + fapBE)

(4.15)
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Assuming ¢ to be small, the distribution function defined in Eq. 4.12 can be expanded

to first order in € as follows:

1 1 ﬁegeﬁE(Eﬂu)
Fero(B) = 1 amovhe = T £ oA { 1+ ePeB=p) (416)
2
S (B) + Jp2(B) = T
28,8 (E=1) (4.17)
Ji)2(E) = fo1y2(E) = [+ P2’

At T=0 K, the chemical potential of the electrons is equal to the Fermi energy
[tr,=FEr] and the non-equilibrium spin polarization is defined by the population
above the Fermi level (proportional to 2¢). Using Eq. 4.17, the PL intensity defined
in Eq. 4.14 reads

D(E)
and the degree of circular polarization of PL defined in Eq. 4.15 reads
1 Bee
p(E) = ST L e At B (4.19)
The degree of spin polarization of conduction electrons is,
- n1/2 — n_l/g . 2€D(EF) . 2¢ 3 Ne
c TNe Ne Ne 4 EF (420)
2
=€ = gEFpea

where n; /o and n_/, are density of spin up and spin down electrons respectively and

D(Er) = %g—F is the density of states at the Fermi energy Er, for a single spin state.

Substituting the value of € in Eq. 4.19, we get the degree of spin polarization of

conduction electrons as: )
Pe T 1+ e Be(B-Ep)’

(4.21)

At low energy the polarization goes to zero, while at high energy the PL polarization

degree tends to
1
P = gﬁeEF,Oe- (4.22)
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Fitting the PL intensity with Eq. 4.18 and PL polarization with Eq. 4.21, we get
electron temperature T,y = 10 K and T,y = 19 K respectively, and p2° = 0.03 for the
sample 98P180. The different electron temperature deduced from PL intensity and
polarization indicates that the interband emission model used here is not adequate
to describe the observed spectrum, which contains at least two components. However
these fits give an estimate of electronic temperature in the range 10-20 K. Taking
Er=4 meV and average electron temperature T, = 15 K, we obtain from Eq. 4.22 the
electron spin polarization degree p.= 6 £+ 2 % for the sample 98P180 in reasonable

agreement with the value estimated from the Knight field .

4.1.5 Theory of photoinduced Faraday rotation

The efficiency of a nonmagnetic material in producing FR in presence of an
external magnetic field along the direction of light is usually characterized by the
Verdet constant. It is defined as the FR angle per unit length of the material per
unit applied magnetic field. In the case of optically induced FR, there is no magnetic
field and the Verdet constant can not characterize the efficiency of the material in
producing photoinduced FR accurately. Therefore it is necessary to introduce the
concept of Faraday rotation cross-section (op) in analogy with other familiar
cross sections, to correctly describe the photo induced FR efficiency.

Consider a linearly polarized light propagating along the z direction and interacting
with a single particle with spin projection A in this direction. Then o is defined as
the induced FR per unit surface of the beam cross section. Therefore, for a medium
with large number of spins with average spin density (S,) and effective thickness
dess, the FR is given by

O = 0p(S:)desy. (4.23)

We have seen in section 2.8.2 that there are two contributions to FR induced by
optically created spin polarized electrons in bulk semiconductors: (1) state filling
effects, and (2) exchange splitting of the conduction band/Hartree-Fock effect. We
will follow the theoretical model of Aronov and Ivchenko | | to calculate the
contribution related with the state filling effect, and following the model of Artemova
and Merkulov | | we calculate the contribution related with the exchange

interaction.
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1. State filling effect

Let us introduce the frequency dependent dielectric susceptibilities (e4(w) = €/y(w) +
ie’f (w)) for ¢ and o~ polarized light waves propagating in the positive direction of
z-axis. In the vicinity of the band edge (hw < E,) the difference of the real part of
the dielectric susceptibilities can be written as | ]:

/ I
g, —e_ =

Ame? Z |pcv|2 [ f1/2(k> - f—1/2(k) f1/2(k) - ffl/Q(k)
m3hw?V — 3 |w—Ey/h—hk*2pn,  w— Eg/h— k24,
(4.24)
where my is free electron mass, ) is the normalization volume, p., is the interband
momentum matrix element, gy, (pn) is the reduced electron-heavy hole (electron-
light hole) mass, and fi1/2(k) are the distribution functions of electrons with spin

projections £1/2 onto the z-axis.

The spin distribution function of degenerate electrons is given by

_ Epipp— Ep_1)2
- 2

s 5(E — Er) x WME — Ep), (4.25)

where E is the electron energy, Er = Ep1/2 + Ep_1/2 is the mean Fermi energy in
two spin states.

The electron spin density is given as

(8. = =3 s.(k), (4.26)

<l|

where

s.(k) = [fija(k) — fo1/2(K)]/2.

Assuming electrons to be strongly degenerate so that summation by k results in

taking k = kp, and using Eq. 4.25 the spin density becomes

|
(5:) =3 ;[fw("’) — Jap2(k)l/2 (4.27)

= (N41,2 —N-1/2)/2.

Now from Eq. 4.27, we have >, (fi/2(k) — f-1/2(k)) = V(1412 — n_1/2), which
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on substitution in Eq. 4.24, we get

, , ATE? | pey 1 1
F+TE-T W(HJAQ B 7171/2) F nE hw + FE nE hw
MW g+,uhh F g_'_,ulh P
(4.28)

= m3E,/2m, where m is the electron

’ 2

Now from the effective mass sum rule, |p,|?

effective mass. Taking this into account and S, = (n41,2 — n_1/2)/2, we get

4me?h 1 1
g - = S, + . 4.29
+ 3mw (Eg—i-u%EF—hw Eg—l—/%EF—hw) ( )
The FR angle is given by

w / /
OF = (e — &/ )duyy. (4.30)

"~ den

where n is the background refractive index. Using Eqs. 4.23 and 4.30, we obtain,

2
sf:_ﬂeh 1 1 431
o 3mcn(Eg—|—ﬂEF—m)+Eg+%EF—hw ' (4:31)

HKhh

I1I. Hartree-Fock effect

The exchange interaction between electrons in the spin polarized electron gas,
renormalizes their energy depending on spin orientation. The energy shift is thus
different for s, = +1/2 and s, = —1/2 electrons. Therefore the Hartree-Fock effect
can be understood as an interaction induced effective magnetic field acting on electron

spins | ]. This effective field can be written as | ]

AHF(k) =-2 Z Vk’—k3z<k)7 (432)

where V, = 41e?/[V(¢* + ¢4y)] is the Fourier transform of electron-electron interac-
tion potential with ¢rp = \/m being Thomas-Fermi screening wave vector
and sr being background static dielectric constant.

Assuming a strongly degenerate electron gas and low electron spin polarization,

the wave vector dependence of Axr can be neglected and taking its value at k = kp |
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we get

2me? 4k?
Anp(kp) = ———In(1+ =% )S.. 4.33

The effective field Agp(kr) causes the splitting of the conduction band and its
effect on photoinduced FR can be evaluated similarly to the calculation of the FR

induced by nuclei in semiconductors | ].

The absorption coefficients for o+ and o~ light polarizations considering the effect

of Agr(kr), and taking into account that App(kr) < 0, are given as

Aur ) Aur )
a,=A 3(hw—Eg—T) +(hw—Eg+T) ] (4.34)
and A 1/2 A 1/2
a_=A 3(hw—Eg+ ;F) +(M—Eg—$> ] (4.35)
e e’h 20mn \ 2\ P
A= [( = ) + (?) ] . (4.36)

Then the difference in absorption coefficients for ot and o~ polarized light is

ap —a = ﬁ, (4.37)

and the difference of imaginary part of the dielectric susceptibilities is

cn AAHF

E\/hw—Eg'

5" (w) = (4.38)

At low temperatures in doped semiconductors (and assuming that mpp,, mp, > m),
the presence of carriers leads to the shift of the absorption edge from E, to E, 4+ Ep.

Taking this into account and using the Kramers-Kroning relation, we obtain

de'(w) = _on_ ABwr 1- 2 arctan _fr_ . (4.39)
w \/E, — hw ™ E, — hw
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Then, the FR angle is

HF W / AAHFdeff 2 Er
@F = 4cn5€ ((J.J)deff = = T arctan - o ( O)

g

In general case of arbitrary relations between my,, my, and m, we obtain

2 3/2 m_
P — ¢ f U 21t 1— 2 arctan ’”’h—EF +
F 48men /B, — hw h? T E, — hw
3/2 m.
2pun, 2 Ep
—_— 1 — Zarctan /= 4.41
( h? s E; — hw | )
where U, = A%UCF) is the interaction energy between spin polarized electrons.
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Figure 4.8: (a) Ratio of Hartree-Fock and statefilling contributions to the Faraday
rotation cross-section as function of electron Fermi energy, calculated as functions of
detuning, AFE, after Eqs. (4.41), (4.31) respectively. The parameters of GaAs were
used. (b) Schematic diagram in the detuning—Fermi energy axes showing dominant
contributions to spin Faraday rotation: filled area corresponds to || > |o®/].

Now from Eqs. (4.31) and (4.41), it can be seen that at relatively high detunings,
A = E, — hw > Ep, the state filling contribution behaves as 0% o A, while

Hartree-Fock contribution behaves as o oc A='/2, In the vicinity of the absorption
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edge, the singularity in the state-filling contribution, o3, is smeared due to the

electron scattering, which results in the broadening of the edge.

From Egs. (4.31) and (4.41) we see that o and o/ have opposite signs. The
ratio of the Hartree-Fock and state-filling contributions to the Faraday rotation
cross-section is shown in Fig. 4.8(a). This ratio is controlled by (I) the ratio of
the Fermi energy and interaction energy Uy, and (II) the ratio of Fermi energy
and detuning. Fig. 4.8(b) schematically shows the areas in the parameter space
detuning-Fermi energy where state-filling effect or Hartree-Fock effect dominate: in
agreement with Eqs. (4.31) and (4.41) the Hartree-Fock contribution dominates at
small Fermi energies and high detunings.

Using the experimental parameters E,—hw = 18 meV, Ep ~ 4 meV (m = 0.067my,
n = v/13), we get from Eq. (4.31) 03/ ~ —1.9 x 10715 radxcm? and from Eq. (4.41)
oHF ~ 1.2 x 1071 radxcm?. The close magnitudes of the state-filling effect and
Hartree-Fock effect induced FR results from the relatively low electron density, where
the interaction effects become important. As a result, theoretical estimate for the

FR cross-section is ot = —0.7 x 10715 radxcm?.

4.1.6 Estimation of photoinduced Faraday rotation cross-

section from experiments

The FR cross-section following Eq. 4.23 is

O = ®F/<Sz>deff (442)

Now from Egs. 4.4 and 4.3, we have O = up,. and p, = Zi“>. Substituting these
values in Eq. 4.42, we get

O — 2,u/nedeff (443)

From the measurements of photo-induced FR and nuclear spin cooling experiments
in the same optical pumping conditions we deduced p = —100° £ 25° for the sample
98P180 (Section 4.1.4) and from interferometric measurements of the quality factor of
the sample, we deduced the effective length d. ;= 0.7 mm (Section 3.1.1). Substituting

these values in Eq. 4.43, we get an experimental estimate for the FR cross section
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for the sample 98P180 as o = —(2.5 £ 0.6) x 107 radxcm?. This is about three
times the theoretical value. But considering the fact that the theoretical value was
obtained within a simple model, which neglects electron-hole correlation effects, and
uses well-known parameters of GaAs, and thus without any fitting parameters the
agreement is reasonable. The main uncertainty in the determination of or comes
from the uncertainty in the determination of the electron spin density from the Knight
shift. The photoinduced FR was found to vary from 19° at the lowest detuning
A =16 meV to 14° at the largest detuning A = 22 meV. Our results are consistent
with the expected inverse detuning dependence of O';f , but the available detuning

range was too small to identify unambiguously the expected detuning dependence.

4.2 Field induced Faraday rotation

The FR in semiconductors induced by an external magnetic field is discussed in
Section 2.8.1. The external field makes two contributions to the interband FR. The
first contribution is related with the changes of conduction and valence band orbital
states induced by the magnetic field (diamagnetic effects). The second contribution
is due to the magnetic field induced (equilibrium) spin polarization of charge carriers.
The field induced FR in GaAs has been studied as a function of doping concentration,
wavelength of light and temperature. It was reported that the Verdet constant in
n-GaAs is small | |. The free carrier contribution to FR in n-GaAs was found to
be positive and the interband contribution was negative for energy below the direct
energy gap and changes sign for energy close to the absorption edge | , .

The FR of the substrate, sample 98P180 and sample C7T76 was measured in
magnetic field up to 180 G and is presented in Fig. 4.9(a). It can be seen from
the figure that the FR due to the substrate is nearly equal to the FR of the whole
structure at the same probe energy. Thus in this small field region and for this
wavelength, the FR is entirely dominated by the substrate.

It has been have observed by Zvara | | and Piller | | that the sign of
Verdet constant in GaAs changes in the vicinity of the band edge. The detuning
dependence of the Verdet constant for the GaAs substrate is shown in Fig. 4.9(b)
along with the data from Zvara (undoped substrate and compensated n-GaAs)

and Piller (n, = 2x10'® cm™3). The n-doped sample of Piller have similar doping
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Figure 4.9: (a) Faraday rotation of the GaAs substrate (squares), sample (98P180)
(circles) and sample (C7T76) (crosses) as a function of magnetic field. (b) Verdet
constant in the GaAs substrate (squares) as a function of detuning of the probe
energy with respect to GaAs band gap E,= 1.519 eV and in comparison with data
by Piller (circles) | | and Zvara (triangles) [ ).

concentration as the sample 98P180 and for the detuning range (determined by
the cavity mode in our sample) we have chosen for our experiments (18 meV), the
Verdet constant is nearly zero. The Verdet constant of our GaAs substrate and the
compensated sample of Zvara has similar finite value at detuning of 18 meV. This
explains the fact that the FR induced by the substrate at the detuning of about 18
meV is exactly same as the FR induced by the whole sample. Therefore the Verdet

constant is attributed to the substrate while it could not be measured for the cavity.

We have also measured the field induced FR with field up to 10 T at different
temperatures (2 K- 20 K) as shown in Fig. 4.10(a). The FR is independent of
temperature for field up to 2 T and thereafter varies with temperature. In this tem-
perature range, the ¢ factor in semiconductors have a small temperature dependence
[ , , ]. The energy gap of GaAs, E,(T') also have a temperature
dependence | |. This would change the detuning and consequently the FR.
If we ignore this temperature dependence of the g factor and the energy gap, the
change of FR with temperature can be attributed to that of electron spin polarization.
However this contribution is negligible as compared to the diamagnetic contributions.

In order to extract the contribution due to spin polarization, we plotted the differences
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between FR measured at different temperatures [Fig. 4.10(b)]. We can see that
AOT remains close to zero up to B=2 T and starts to increase at higher field. This
behaviour is explained in Section 4.2.1 assuming that the temperature dependent

contribution comes from spin polarization only.
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Figure 4.10: (a) Experimentally measured Faraday rotations as a function of magnetic
field at different temperatures. (b) Comparison between measured Faraday rotation
AOF (left scale, symbols) and calculated temperature dependent spin polarization

Ap*E ApPE AplPK (right scale, lines). Here the scale of spin polarization is adjusted

to match the FR ( A©g(deg.) = 100 x Ap,).

4.2.1 Theory of field induced Faraday rotation

The field and temperature dependence of FR can be explained by a simple model.
Here we consider only the paramagnetic contributions of spin polarized electrons to
the FR, and not the diamagnetic contributions, which is much more complicated
[ |. Thus we will consider the electron spin polarization in the conduction band
and assume Op X p.

The energy levels of electrons with spin z-component +1/2 in a magnetic field

are given by

Ei(k.,np) = *k2/(2m) + hwo(ng, + 1/2) & geupB/2,
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where k, is the wave vector of electron along the magnetic field, ny, is the Landau
level number, we = |e|B/(mc) is the cyclotron frequency and g.pupB/2 accounts
for the Zeeman splitting of the Landau levels. In GaAs, the Landau level energy
separation exceeds by far the Zeeman splitting, hwe/(|ge|ppB) ~ 60. The electrons
in each spin branch of each Landau level are distributed in accordance with the

Fermi-Dirac function

f(E) ={exp[(E — u(T, B))/(ksT)] + 1},

where u(T, B) is the temperature and magnetic field dependent chemical potential.
At zero temperature and in the absence of the magnetic field it coincides with the
Fermi energy 1(0,0) = EF.

The electron density in each Landau level is given by

ne:z/o‘”

nr,t

D (B (k) (1.44)

where Dy, = 1/(27(%) is the degeneracy of each Landau level, Iz = \/h/(|e|B) is the

magnetic length.

The electron spin polarization p. in accordance with Eqgs. 4.3 and 4.26 is given by

_ gepBB < dk, , -
Pe = —ne ;/0 o DLf [hCUC(nL -+ 1/2) +h ]{;Z/(Qm)] (445)

Here f'(E) = df/dE and we took into account the smallness of Zeeman splitting.
In the weak field limit, where hwe < Er, (T, B) = u(0,0) = EF, the summation

over Landau levels can be converted in the integration. Therefore under conditions

of low field hiwe < Er, and low temperature kT < Ef, one can show that the

electron spin polarization is given by

_ _39.18B

= 4.46
P 1 B, (4.46)

In this limit we recover the well known result for the Pauli susceptibility. The
equilibrium spin polarization is determined by the ratio of the Zeeman splitting to

the Fermi energy.
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The situation becomes qualitatively different if the magnetic field is so strong
that Awe > Er and all electrons occupy the lowest Landau level. Due to singularity
of electron density of states at low energies, u(7, B) < Er. Therefore, even at the
lowest temperatures, kgT ~ (0, B) and the electron gas becomes non-degenerate.

Its spin polarization is given by

_ _9eksB
Pe ST

(4.47)

i.e. depends strongly on temperature.

The critical magnetic field for the transition between the two regimes can be es-
timated analytically from the condition hwe = (0, B) = h'n,./(8me?n B?), assuming
that all electrons occupy the lowest Landau level. This yields B = 1.9 T, close to the
magnetic field at which the temperature dependence shows up in the experiment. In
the general case, the dependence of p, on both temperature and magnetic field is

calculated numerically and shown in Fig. 4.10(b).

4.2.2 Estimation of field induced Faraday rotation cross-

section from experiments

The field induced FR cross-section can be estimated by scaling the numeric-
ally calculated Ap? = pI' — p?°K with the experimental AGL. We introduce the
proportionality factor if; such that

AOL = pldp; . (4.48)

For the calculation of p! we assume a degenerate free electron gas, and neglect
any eventual field induced metal to insulator transition, as well as disorder and
electron-electron interaction effects. One can see in Fig. 4.10(b) that a reasonable
agreement between experimental FR data and calculated spin polarization is obtained
for pp; = 100°= 1.75 rad.

From this we deduce op = +2.3 x 107! radxcm?, in reasonable agreement with
photoinduced FR, excepted for the sign. Indeed, for positive fields the electron spin
polarization p, > 0 (electron g-factor in GaAs is negative), and the corresponding

FR AOZL > 0, in contradiction with photoinduced FR experiments and theoretical
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predictions. The origin of this discrepancy is not known. Understanding of the
temperature dependence of the FR in GaAs requires further experimental and

theoretical study.

4.3 Comparison of photo and field induced Faraday

rotation

In table 4.1 and 4.2 various estimates of FR cross-sections are summarized.
Absolute values of FR cross-sections estimated by photoinduced FR and magnetic
field induced FR exceed the theoretical values calculated with Eqs. 4.31 and 4.41.

Table 4.1: Summary of the experimental results of photoinduced and field induced
Faraday rotation. The field induced spin polarization is calculated and scaled to
match with the experimentally measured FR (see Section 4.2.2).

Electron Spin FR
Experiment density (cm™3) polarization p, Op(rad)
1. Photoinduced FR 2 x 106 0.11 £ 0.03 0.17
2. Field induced FR 2 x 10'° pe(B) 1.75 X p(B)

Table 4.2: Comparison between measured and calculated Faraday rotation cross-
sections using either photoinduced or field induced Faraday rotation.

Detuning on’ ol
Experiment AE (meV) rad x cm? rad x cm?
1. Photoinduced FR 18 —(24+0.6) x 107 —0.7x 107"
2. Field induced FR 12 +2.3x 1071 —1.05 x 10715

4.4 Dynamics of photoinduced Faraday rotation

Time resolved FR on the sample 98P180 was measured using the setup described
in Section 3.3.4. The time-resolved FR acquired with a fast acquisition card under

pumping by a train of laser pulses with polarization ot or o~ is shown in Fig. 4.11.
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At T'= 2 K the FR reaches 13° (¢~ pump) in about 70 ns, and decays in about 250
ns. For o™ pump, the rotation angle is smaller but rise time and decay time are
comparable with that of 0~ pump. The asymmetry in the value of FR angle for the
two helicities of circular polarizations arises because of birefringence of the Bragg
mirrors. The decay time is limited by the electron spin relaxation time. Its value is
in reasonable agreement with spin relaxation times deduced from Hanle effect. In
contrast, the rise time is determined by the balance between the rate G/n., at which
electron gas gets spin polarized in the presence of the pump, and the spin relaxation
rate. In our experiments the condition n./G < 7y is satisfied. In this strong pumping
regime the rise time does not depend on the spin relaxation time and can be much

shorter than 7.

Purlnp o @ﬁ
160 W/icm® & |
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Figure 4.11: Time resolved Faraday rotation for circularly polarized 600 ns pulses
(open squares/circles). The solid lines superimposed on experimental data are
exponential fits of the rise and decay of the Faraday rotation, and the solid green
curve in the figure bottom shows the train of pulses.

The dependence of the decay rate on the temperature is shown in Fig. 4.12.
Surprisingly we observe a linear increase with temperature (solid line in Fig. 4.12),

which is not expected in this temperature range kT < Ep | , ]. Further
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studies are needed to understand this behavior. However, assuming linear growth
of the spin relaxation rate with temperature and using Eq. 4.5 one can reasonably
well describe the decay of the FR angle when the temperature increases, as shown
in Fig. 4.12. This simple interpretation omits the temperature dependence of the
absorption edge (5 meV shift at 50 K) and the eventual change of the quality factor

with temperature.
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Figure 4.12: Right scale: Faraday rotation angle (closed circles) and its fit (red
line) using Eq. 4.5 with measured spin relaxation time. Left scale: Temperature
dependence of decay time (closed squares) and its linear fit.

These results show that a high-Q, n-doped microcavity can be an efficient fast
optically switched Faraday rotator at low temperatures. Large FR can be obtained
by reducing the detuning, or optimizing the structure for more efficient spin injection.
Much shorter switching times could be reached by using a pair of counter-polarized

pump pulses | ].

4.5 Summary

In this Chapter, we have studied the spin dynamics of electrons in n-doped GaAs,

enclosed in a high-Q planar microcavity. We demonstrated a large FR, up to 19°
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induced by optically oriented electrons. The sign of this photoinduced FR depends
on the helicity of the pump beam, and it saturates at the highest pump power.
This saturation of FR was found to be due to the saturation of the electron spin
density. From the Hanle curves, we deduced the electron spin relaxation time 7,=160
ns. Spin polarization of the electrons were measured using two methods. From the
Knight field, we obtained p, = 11 +3%, and from the polarization photoluminescence
measurement, we obtained p, = 6 + 2%.

We introduced a concept of FR cross-section o, which describes the efficiency of
FR by spin polarized electrons. The FR cross-section o, relates ©p to the electron
spin density, and the thickness of the layer. From independent measurements of O,
pe; and @, o was determined quantitatively. We found op = —(2.4 +0.6) x 1071°
radxcm? at 18 meV below the band gap, larger than theoretical prediction. The
strong negative value of or found experimentally confirms that photoinduced FR is
dominated by polarization dependent bleaching of absorption, while spin splitting of
conduction band induced by electron-electron interactions, which contribute with
the opposite sign, is probably less important.

We also found that, the external magnetic field induced FR in the low field regime
is entirely dominated by the substrate, and depend strongly on the detuning. In the
high field regime, the FR was found to be independent of temperature for field up to
2 T and thereafter shows variation of FR with temperature. From this, the electron
spin induced contribution to the FR is extracted. However, in this experiment the
spin polarization cannot be measured directly and is calculated under some poorly
controlled assumptions. The field induced FR cross-section extracted form these
experiments is o = +2.3 x 1071% rad xcm?, which is similar to the one obtained from
photoinduced FR. But the sign is positive, in contrast to that obtained in theory and
by photoinduced FR.

Finally, we demonstrate fast optical switching of FR in sub-microsecond time
scale by sampling the FR in a one-shot experiment under pulsed excitation. From
the decay time of ©p, we deduce the electron spin relaxation time 7,=250 ns, slightly

longer than the value deduced from Hanle curves.



Chapter 5

Nuclear Faraday rotation in

metallic n-GaAs

In this Chapter, experimental results on the nuclear Faraday rotation (FR)
are presented. We consider specifically the results on the sample with electron
concentration close to the metal-to-insulator transition (Sample 98P180 with n, =
2 x 10 ecm™3). Various techniques to study nuclear spin dynamics in semiconductors,
and in particular the advantages of optical techniques are discussed in Section 5.1.
We propose a new technique to study nuclear spin dynamics: Faraday rotation of a
non-resonant probe beam in the dark, in the absence of any external perturbation.
The FR induced by the dynamically polarized nuclei is studied as a function of
time and is presented in Section 5.2. Contrary to expectations, we observed, that
the decay of the nuclear FR is non-monotonous, and consists of two components:
one which decays very fast and another which decays slowly. In order to verify,
that they originates from the nuclei, we did a detailed investigation of the effect
of pump helicity and pumping duration (Section 5.2.1), effect of static field during
measurement (Section 5.2.3) as well as the effect of rf magnetic field (Section 5.2.4)
on the fast and slow components. From these measurements we confirm the nuclear
origin of both components. Following the procedure proposed by Kalevich et al.
[ ], we measured the nuclear field created by the nuclei cooled in a longitudinal
field by circular polarized pumping (Section 5.3). We introduced a parameter called

nuclear Verdet constant, which describes the efficiency of the nuclear field in producing
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FR, and we experimentally determined this constant for the slow component, which
is presented in Section 5.4. A theory on the origin of the two components of nuclear

FR is proposed and is presented in Section 5.5.

5.1 Optical detection of nuclear spin polarization

Dynamic polarization of nuclear spins (DNP) was first observed by Lampel in
n-Si | ], and revealed by an increase in nuclear magnetic resonance signal
upon excitation with circularly polarized light. Ekimov and Safarov | , ]
studied the DNP by optical methods. They were able to optically detect nuclear
magnetic resonance in AlGaAs by observing the resonance changes in degree of
circular polarization of luminescence. The dynamically polarized nuclei create an
effective magnetic field, which act on the electrons due to hyperfine interaction, and
thereby on the circular polarization of the luminescence. DNP in p-GaAs, and the
effect of a small external magnetic field on the electron-nuclear spin system was
studied in detail by Paget et al., using luminescence depolarization due to Hanle
effect [ |. Paget studied the the nuclear spin relaxation process in GaAs using
optically detected NMR | |. Direct measurement of nuclear field induced spin
splitting has been achieved by high resolution photoluminescence. The NMR was
detected from the shift of the PL spectrum induced by the effective nuclear field
[ : ) |. Kikkawa and Awschalom observed magnetic resonance
behaviour in n-type GaAs, induced as well as detected optically. The NMR was
detected form the measurement of electron Larmor precession frequency, which was
probed by time resolved Kerr/Faraday rotation | |. Nuclear spin dynamics in
semiconductors has also been studied by magnetic and electrical techniques as well,
such as NMR, transport measurements | , ]-

The optical techniques are the most sensitive and commonly used to study spin
dynamics in semiconductors. The optical techniques rely on the dynamic polarization
of nuclei by optical pumping, which allows cooling of the nuclei below the lattice
temperature. In these mechanisms, angular momentum is transferred from the
electronic to the nuclear spins through mutual spin flips, or flip-flop interactions.
Even a small number of spin polarized nuclei can provide a large optical response

through nuclear field acting on the electron spins. However, in all the optical methods,
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the presence of spin polarized carriers in the sample is necessary in order to observe
either circular polarization of luminescence, or the Larmor resonance frequency shift
(Overhauser shift) due to nuclear magnetization. The spin polarized electrons used for
the measurement, can also provide a strong feedback, which may greatly complicate
and modify the behaviour of nuclear spin system | ]. This also leads to nonlinear
phenomena such as spontaneous oscillation and bistability | , ]. In
addition, because the time needed for nuclear polarization build up or relaxation is
much longer than recombination and even spin relaxation time in semiconductors,
no single-shot measurements is possible by these techniques. This means that the
measured nuclear field is averaged over many realizations

Artemova and Merkulov proposed, that all these problems can be avoided if
the experiment could be carried out in two stages | |. First, nuclear spins are
polarized by optical pumping with circularly polarized light in the presence of a
longitudinal magnetic field. Then, the pump beam is switched off and the time
evolution of the nuclear field is detected via Faraday rotation of the weak linearly
polarized non-resonant probe beam.

In a bulk material, there is a strong absorption of the pump light. The nuclei can
be polarized only in a small area, and the nuclear FR is expected to be very weak.
To increase the sensitivity, we use the same microcavity structure as used for study
of electron spin dynamics in the previous chapter.

This novel detection scheme along with the microcavity structure is used here to
study nuclear spin dynamics in bulk n-GaAs. Bulk n-GaAs is particularly interesting
in order to study nuclear spin dynamics because of long nuclear spin-lattice relaxation
time. The system is similar to QDs in the low doping regime. However, in this chapter,
we will study the sample 98P180 with electron concentration close to the metal-to-
insulator transition (n, = 2 x 10’ cm™). In this doping regime, the nuclear spin

relaxation is expected to be dominated by Korringa mechanism | ) ].

5.2 Nuclear Faraday rotation

The nuclear spins were cooled down during 3 minutes pumping with ¢~ polarized
light in a longitudinal field B,=150 G at T=2 K. Then, the pump is switched off
at t = 0. The FR of the probe beam is recorded during cooling, as well as during
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Figure 5.1: Faraday rotation spectra during cooling with o~ polarized light at B,=150
G (t<0) as well as during measurement in the dark (t>0) at the same field.

measurement stage as shown in Fig. 5.1. During the cooling stage, optically created
electron spin polarization produces a strong FR, (about 19 deg). One can see, that the
FR builds up during pumping, which indicates the build up of nuclear polarization.
When the pump is switched off, the photoinduced spin polarization of electrons
disappears immediately (spin relaxation time = 160 ns) and the FR is very small (t >
0). This comes from the nuclei, and we expect this FR to decay monotonously | ].
However, a non-monotonous behavior is observed. There are two contributions to the
FR signal in the dark with different signs and large difference in their relaxation time.
The fast relaxing component has a characteristic time of about few seconds, and the
slow relaxing component has a characteristic time of about few minutes. These time
scales are much larger than the spin relaxation time of the electrons. Therefore, we

attribute the two components to the polarization of nuclear spins.

In order to get a clear understanding of the origin of these two components, we
study the effect of pump helicity, pumping time, as well as static and radio frequency
magnetic fields, on the observed FR signal. We will discuss about these in the

following sections.
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5.2.1 Effect of pump helicity and pump duration

Here we want to study the effect of pump helicity and pumping duration on the
FR signal in the dark. Nuclear spins were cooled down either by ot or ¢~ pumping
at B, = 50 G. Then, the pump was switched off and the FR due to nuclei in the dark
was detected at the same field as shown in Fig. 5.2. One can see the non-monotonous
evolution of nuclear FR, and the sign of both the components are reversed when the

helicity of the pump is reversed.
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Figure 5.2: Faraday rotation induced by nuclear polarization at B,=50 G after
prepared by ot (upper curve) and o~ (lower curve) pumping in the same field at
T=2K.

In the next set of experiments, nuclear spins were cooled down at B, = 200 G
by ¢~ pumping during 1 to 30 minutes and the FR due to the nuclei in the dark
was detected in the same field (see Fig. 5.3(a)). One can see the non-monotonous
evolution of nuclear FR irrespective of the pumping duration. The corresponding
amplitudes and decay times are deduced from the fits of the bi-exponential decay
of the nuclear FR and are shown in Fig. 5.3(b, ¢). The amplitudes of the two
components have different signs, and the amplitude of the slow component increases
with pumping time. This effect is so strong that the sign of the FR at ¢t = 0 depends
on the pumping duration. The decay times of the two components differ by a factor

of 50 and do not depend on pumping time.
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Figure 5.3: (a) Faraday rotation induced by nuclear polarization at B,=200 G after
prepared by ¢~ pumping (pumping during 1 to 30 minutes) in the same field at T = 2
K. The solid lines are fit of the bi-exponential decay. The decay times (b) as well as
amplitudes (c) of the two FR components extracted from the fits of bi-exponential
decay of time dependence as shown in (a). Solid lines are theoretical estimation
for nuclear spin relaxation times under the orbit of localized electrons T}, diffusion
limited relaxation Ty, and Korringa relaxation Tk.

5.2.2 Hypothesis on the origin of fast and slow components

of nuclear FR

In the previous sections, we have observed that there are two contributions to the
nuclear FR. An important clue to understand the origin of these two components is
provided by their vastly different relaxation times.

In the sample under study (98P180), the doping density is close to the metal-
insulator transition. At this concentration (Fermi energy Ep= 4 meV) it is possible
to have both free as well as localized electrons. These electrons interact with the
nuclei. Under the condition of optical pumping, the nuclei are polarized both via free
as well as localized electrons and the direction of nuclear polarization is the same.
When the pump is switched off, the nuclear field induced FR is realized both via
free as well as localized electrons. We will estimate quantitatively the nuclear spin

relaxation time due to interaction with these two groups of electrons.
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I. Nuclear spin relaxation by donor bound electrons

Since, in our sample, the doping density is close to the metal-insulator transition
(MIT), single donors can not bind electrons because of screening by the electron
gas. Therefore, the density of shallow bound states is determined by the number of
closely spaced donor pairs | |. If the distance between the donors is less than the
screening length, then they form a localized state. Assuming Poisson distribution of
the localized states and Fermi wavelength ~ 10 nm, the concentration of localized
-3 |

states can be estimated to be Ny=2x 10" cm ]. The relaxation of nuclei by

localized electrons is given as | ]:

1
Tb = w?\ﬂ'c, (5.1)

where wy = g, uun Be is the precession frequency of nuclear spin in the Knight field
(B.) created by the localized electrons, 7. is the correlation time of the localized
electron spin (=~ 107! s), determined by exchange scattering with free electrons
[ : J

The amplitude of the Knight field created by the localized electrons at the center
of the donor site is B, ~ 100 G | ] . Then, using Eq. 5.1, we obtain T}, ~ 10
s, close to the values measured for the relaxation of the fast component. Therefore,
the fast component can be associated with the nuclei under the orbit of localized

electrons.
II. Nuclear spin relaxation by free electrons and spin diffusion

In addition to the nuclei under the orbit of localized electrons, there are nuclei
situated away from the localizing centers. Under optical pumping condition, these
remote nuclei can be dynamically polarized by free electrons | ], also by spin
diffusion from localizing centers | ]. However, these processes are much slower
than dynamic nuclear polarization by localized electrons. Therefore, the pumping
time required for the build up of the slow component is much longer, consistent with
experimental results presented in Section 5.2 and 5.2.1.

The spin relaxation of the remote nuclei is expected to be induced by flip-flops

with the electrons from the thermally broadened Fermi edge, a process known as
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Korringa mechanism | , ]. The Korringa relaxation time at 7= 2 K for
ne=2x10'® cm™3 is estimated to be Tk ~ 10* s. This time is much longer than the
observed relaxation time of the slow component.

We suggest that, the nuclear relaxation is due to the nuclear spin diffusion to

the donor centers. The time of this diffusion-limited relaxation can be estimated as

[ J

1
— = 4xDNya, (5.2)
D
where D =~ 107! ¢m?/s is the nuclear spin diffusion coefficient | |, and a is the

localization radius of the electron on the center.

Assuming a= 10 nm, we obtain Tp ~ 10% s, close to the values measured for
the relaxation of the slow component. Therefore, nuclear spin relaxation is limited
by spin diffusion to the donor centers, where efficient relaxation involving localized

electrons takes place.

5.2.3 Effect of static magnetic field

Here we studied the effect of longitudinal field on the amplitude as well as decay
time of the fast and slow components. Nuclei were cooled down at 2 K under o~
polarized pumping at B,=150 G. Then the pump is switched off at ¢ = 0 and the
Faraday rotation of the probe is recorded at different longitudinal magnetic fields
as shown in Fig. 5.4(a). One can see, that for the lowest field B, = 3 G, the fast
component relaxes very fast and the decaying component mainly comes from the
slow component. But for higher fields, both components could be observed clearly.

The relaxation times of these two FR components is extracted from the fits of
the data at different fields, and are shown in Fig. 5.4(b). The relaxation time of the
fast component varies between 1-15 s and the relaxation time of the slow component
varies between 100-500 s as field increases. The amplitudes of the two components
are also extracted from the fits and are shown in Fig. 5.4(c) (black and red symbols).
Amplitudes of both the components decreases, when magnetic field decreases.

We have also measured the FR directly, after the pump is switched off and the
cooled nuclei are repolarized in field from 180 to 0 G. This field dependence is plotted

together with the amplitudes of fast and slow components and is shown in Fig. 5.4(c)
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Figure 5.4: (a) FR in the darkness due to nuclear polarization prepared by 4 minutes
of pumping in ¢~ polarization under B, = 150 G, as a function of time at different
fixed values of magnetic fields. Solid lines are fits to the bi-exponential decay.
Relaxation times (b), and the amplitudes (c), of the two FR components extracted
from the data in (a). The green symbols in (c) are the FR measured with the field
sweep from 180 G to 0 (sweep time, t=40 s).

(green symbols). The field dependence is similar in both cases at higher fields, but at

lower fields the field dependence is different. This can be explained as follows:
The initial inverse spin temperature is given by (see Eq. 2.23)

B,.S

X =T 2

(5.3)

where By is the initial field in which the nuclei have been cooled, and here we neglect
the small Knight field. Then, assuming that the experiment is carried out in a short
time compared to 77, the nuclear demagnetization is an isentropic process in which

the inverse spin temperature Sy changes according to [AP 58]

(5.4)

ﬁNO (B2+B%)1/2
B '

“\BZ+B?

A more detailed calculation by Paget et al. [P1.5577] shows that B% should be
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replaced by £B? in Eq. 5.4. Hence, we get

B,.S
Bi +¢{B1)V2(B* +¢BL)'?

BN o ( (5.5)

Finally, the average nuclear spin polarization during demagnetization is given by

(S.By)B
I B . 5.6
U)o BB o e (B2 + €B])1° >0
As in our experiment, By > B, Eq. 5.6 simplifies to
S.n)B
(Sm) (5.7)

DB e
where n = B/ By.

When B ~ By, (I) becomes larger than the polarization obtained by direct
cooling in the field B. This is because dynamic nuclear polarization becomes inefficient

in the field less than By,.
(S.n)B?

(I) L (5.8)

We see, that where as Eq. 5.8 fits the experimental data obtained by cooling in
different fields (black and red lines in Fig. 5.4(c) ), Eq. 5.7 does not fit the data
obtained by cooling in By = 180 G, and sweeping the field to zero. We attribute
this to relaxation during demagnetization. Taking into account the relaxation and
assuming that nuclear spin-lattice relaxation does not depend on the external field,

the average nuclear spin polarization during demagnetization is given by

(§.By)B
<I> X (Bg + {B%)1/2(Bz + 53%)1/2 exp(—t/TN)'

(5.9)

Eq. 5.9 fits the experimental data obtained by cooling in By = 180 G, and
sweeping the field to zero (green curve in Fig. 5.4(c)). We get the green curve with
TN= 470 s.
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5.2.4 Effect of rf magnetic field (NMR experiments)

We did nuclear magnetic resonance experiment (NMR) to obtain information
about the contribution from different species of nuclei to the two components of
Faraday rotation. We used the setup described in section 3.3.6 for this purpose. A
small Helmholtz coil surrounding the sample is used to apply radio frequency field.
We measure the NMR signal associated with the fast and slow components separately.

Since the fast component decays in about 10 s and coexist with the long component,
it is difficult to apply rf field during the measurement stage to extract the NMR
signal associated with the fast component. Therefore the idea was to apply the rf
field during cooling stage itself. When the rf field is in resonance with any of the
isotopes, they will depolarize, which will result in decrease of the amplitude of the

fast component.
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Figure 5.5: NMR detected by fast component of the FR. (a) FR measured after
preparation under ¢~ pumping during 2 minutes at B,=150 G with transverse
magnetic field B, ;= 2.5 G oscillating at radio frequency. (b) Amplitude of FR as a
function of radio frequency range applied during pumping.

Nuclei were cooled down at 2 K under o~ polarized pumping during 2 minutes at
B.=150 G with transverse magnetic field B, ;= 2.5 G oscillating at radio frequency, v
with frequency span Av = 30 kHz. Then the pump is switched off and the amplitude
of the fast component of FR is measured [Fig. 5.5(a)]. The amplitude of the fast

component of FR is measured at different radio frequencies and is shown in Fig.
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5.5(b). It can be seen from the figure that the amplitude of FR dips at certain
frequencies. We identify the dips to known resonant frequencies of different GaAs
isotopes. We can also observe multispin resonances such as (> As+7'Ga) in the signal.
Thus all the isotopes of GaAs contributes to the fast component of FR.

We use another scheme to extract the NMR signal associated with slow component.
Nuclei were cooled down at 2 K under ¢~ polarized pumping during 5 minutes at
B.=150 G. Then the pump is switched off and we wait for about 1 minute to allow
the fast component to decay completely. Then a transverse magnetic field B, j= 2.5
G oscillating at radio frequency sweeping from 100 to 300 kHz is applied for about
1 minute. The FR in the dark is recorded as a function of time. The amplitude of
FR measured as a function of time during the rf frequency sweep is shown in Fig.
5.6(a). When the frequency passes through the NMR resonance of a nuclear species,
depolarization of that particular isotope results in the signal dips. One can observe
clearly the resonances of both the Ga isotopes but the ™As is less visible. Thus all

the isotopes contribute to the slow component also.
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Figure 5.6: NMR detected by slow component of the FR. (a) FR measured after
preparation under ¢~ pumping during 5 minutes at B,=150 G. A transverse magnetic
field B,y= 2.5 G oscillating at radio frequency is applied 1 minute after the pump is
switched off, when the fast component is completely relaxed. (b) The signal shown
in (a), presented as a function of radio frequency.

Therefore, we conclude from the NMR experiments that all the isotopes of GaAs

contributes to both the fast as well as slow component of the nuclear FR and the
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difference in nuclear spin dynamics is not related with any particular species of nuclei.

We did also measurements for different spans of the sawtooth sweeps Av, in the
NMR of the fast component. The largest dips were obtained for Av= 30 kHz, which
gives us estimates of the broadening of the NMR resonance. This is much broader
than resonances detected in the slow components. Since broadening is due to disorder
in the system, different broadening of the NMR resonance for the two components

suggest that they comes from different localization in the sample.

5.2.5 Repolarization of nuclei in an external magnetic field

Here we want to demonstrate the repolarization of the cooled nuclei in an external
magnetic field. The nuclear spins were cooled down during 4 minutes pumping with
o~ polarized light in longitudinal field B,=150 G at T=2 K. Then the pump is
switched off at ¢t = 0 and simultaneously we set B,=+7 G, or B,=-7 G, or alternating
field B,=+7 G is applied. The Faraday rotation of the probe beam is recorded during

cooling as well as during measurement stage as shown in Fig. 5.7.
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Figure 5.7: Faraday rotation during cooling of the nuclei at B,=143 G in ¢~ pumping
at T'= 2 K as well as in the dark when the pump is switched off and field B, =7 G
(red triangles) or B, = —7 G (black circles) is applied (a), as well as when alternating
field B, = £7 G (blue squares) is applied (b).

When the pump is switched off, since the applied field has a small value, the
fast component is negligibly small and decays on the time scale of 1 s. The FR

signal in the dark consists of two parts: the decaying part originates from the nuclear



80 NUCLEAR FARADAY ROTATION IN METALLIC N-GAAS

magnetization while the constant part comes from the external field (dashed lines).
We can see clearly from the figure that the sign of rotation can be changed by
changing the direction of the external field. One can also see in Fig. 5.7(a) that,
when the external field is reversed, both the nuclear field induced and external field
induced FR keeps the same sign. This can be explained considering the fact that
the nuclear spin orientation is fully destroyed by dipole-dipole interaction when
the external field passes through zero and the nuclear field always rebuilds in the
direction opposite to the external field. This also illustrates the concept of nuclear
spin temperature in n-GaAs. The average spin of nuclei cooled down to temperature
Oy is given by the Curie law:
I(I+1)unB

(I) = %, (5.10)

where kp is the Boltzman constant, I=3/2 is nuclear spin | |-

Using Eq. 2.6, we get
AI(I+1)uxB

By = 5.11
N 3kB@N,MBge ( )

From the value of By we deduce Oy = 107* K. Therefore, at a given spin
temperature, the nuclear spin polarization and the Overhauser field are controlled
by the external field, and the resulting spin dynamics can be studied by FR at any

external field, on time scales much longer than electron spin relaxation time.

5.3 Measurement of the nuclear field

We have measured the nuclear field created by circular polarized pump in a
longitudinal magnetic field, using the setup described in Section 3.3.6. Cooling of
the nuclear spin system in a longitudinal magnetic field under circularly polarized
pump and the behaviour of cooled nuclear spin system in a transverse magnetic
field in the weak pumping regime is discussed in Appendix C. The nuclear field is
measured using the method proposed and applied by Kalevich et al. | . In
their experiment, the time evolution of the electron spin polarization was detected
by photoluminescence. Here we use FR of a linearly polarized probe to observe the

time evolution of the electron spin polarization.
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Nuclear spin were cooled down by strong optical pumping (2 mW for about 3
min) in a longitudinal magnetic field B,=100 G at T= 4 K. Then the longitudinal
magnetic field was set to zero, transverse magnetic field B,= 7 G was applied and the
pump power was reduced to 80 W in order to reduce repolarization of the nuclear
spins as much as possible. Fig. 5.8 shows the time evolution of the FR signal with
the laboratory time ¢ in the presence of transverse magnetic field. The nuclear field
is much stronger than the applied magnetic field and has opposite direction. This
correspond to t = t; in the Hanle curve. With time the nuclear field decreases and
so also the total transverse field. This results in increasing electron spin polarization
and the FR signal follows. At ¢t = t5, the nuclear field exactly compensates the
external field and FR signal reaches its maximum. The nuclear field continues to
decrease and goes to zero and the FR signal then decreases. At ¢t = t3, the FR signal

is due to the spin polarization corresponding to external field only.
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Figure 5.8: Measurement of nuclear field prepared by the pumping in ¢~ polarization
under magnetic field B, = 100 G. (a) Time evolution of the Faraday rotation in a
transverse field, and (b) the corresponding nuclear field obtained using Eq. 4.10. (c)
Hanle width extracted from the fits at different temperatures.

Since the pump induced FR is proportional to the electron spin polarization

degree, the time dependence of the FR signal can be described by the time dependent
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Hanle formula | |:

1

OF () o< Selt) = T B T Br OB

(5.12)

where By the full width at half maximum of the Hanle curve, that is the magnetic
field such that Q7 = 1/2. Here € and 7, are electron spin precession frequency and
relaxation time, respectively.

Fitting the time evolution of FR shown in Fig. 5.8(a) with Eq. 5.12, we obtain the
value of Hanle width By = 7 G at 4 K. Because electron spin relaxation accelerates
with temperature, By also increases with temperature as shown in Fig. 5.8(c).

The variation of nuclear field with time at T= 4 K is shown in Fig. 5.8(b). It
can be seen that in the time interval where the signal is strong enough, nuclear field
decreases exponentially. Assuming exponential relaxation yields By (t = 0) = 350 G

in the external field B, = 7 G, and nuclear spin relaxation time 7} = 60 s.
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Figure 5.9: (a) Dependence of nuclear field on the longitudinal field applied during
pumping at T=4 K. The green curve is the calculated field dependence of nuclear
field using Eq. 5.15. (b) Dependence of nuclear field on temperature for the system
cooled in longitudinal field B,=60 G.

We repeated this experiment for different B, (Fig. 5.9(a)), and at different
temperatures (Fig. 5.9(b)). It can be seen, that the nuclear field increases with B,
at T=4 K.
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We recall that the nuclear spin temperature under steady state optical pumping

conditions in an external field B, can be expressed as | ) |:

41 B..S

ﬁNz = (kB@N)il = M—Nm (513)

The field is then reduced from B, to B,. Then the final temperature of the nuclei
will be (B2 > £B?)

1B

By

B B (5.14)

After adiabatic demagnetization, the nuclear field is given by

) _ pnI+ 1)Bz6m _ A_LI(H 1>(BZ.S)|BZ|

B Saciiad] el 1§
N T 37 3 B2+ (B2

(5.15)

One can see that the nuclear field By does not depend on |B,/|, the field at which
it was measured. Eq. 5.15 is plotted in Fig. 5.9(a), together with the experimental
data. One can see that the variation of nuclear field is completely different from the

experimental data.

For B, > B, By x S. Let us assume that S is not constant. Then from Eq.

5.16
Gy

S=8-+——- 5.16
0 Gty + n, ( )

For localized electrons, the relaxation time is given by [ ]
7, = 75(0)[1 + Q*77], (5.17)

where 7, is the correlation time, which is a measure of interaction between donors due

exchange interaction between electrons or electrons hoping form donors to donors.

Thus S could increase with B,, resulting in an increase of By with B,, if Q7. > 1.
However the correlation time in this doping regime (n, = 2 x 10'® cm=3) is short
T~ 107 s | ]. Therefore the field dependence of nuclear field is not clearly

understood.
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5.4 Determination of the nuclear Verdet constant

The efficiency of FR in a magnetic field is usually characterized by the Verdet
constant, V" and the FR is proportional to V' (see Section 2.7).

In analogy with this definition, we define the nuclear Verdet constant Vy which
determines the efficiency of FR induced by the nuclear field. Then the nuclear FR is

given as,

Or = VyByL (5.18)

The sign of this rotation is defined to be positive if the rotation is clockwise for

the observer looking in the direction of the field.
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Figure 5.10: (a) Efficiency of the FR due to nuclear field (Nuclear Verdet constant)
measured at different temperatures (squares). Solid lines are calculated from Eq.
5.27 as described in Section 5.5. (b) Efficiency of the FR due to external field (Verdet
constant), measured at different temperatures (circles). Solid line is obtained from
the independent measurement of FR as a function of magnetic field in the absence of
nuclear polarization as shown in Fig. 4.9(a).

The Overhauser field is measured experimentally as a function of external field as
well as temperature as described in Section 5.3. Using the values of By we deduced
the Verdet constant at different temperatures. Fig. 5.10 shows the temperature
dependence of nuclear Verdet constant as well as that of conventional Verdet con-
stant characterizing FR in an external field. The nuclear Verdet constant is about

Vn=0.03 rad/cm/G and does not show any significant temperature dependence. This
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corresponds to the slow component of the FR while it was not possible to determine
the Verdet constant associated with the fast component. The conventional Verdet
constant has a negative sign. Also we note that Vy &~ —V/30. Since V' depends
strongly on detuning of the probe energy with respect to the gap, A = E;, — hw (see

section 4.2), Viy will also be very sensitive to A.

5.5 Theory of nuclear Faraday rotation

In the sample under study (98P180), the doping density is close to the metal
insulator transition. At this concentration (Fermi energy Ep= 4 meV) it is possible
to have both free as well as localized electrons. These electrons interact with the
nuclei. Under the conditions of the optical pumping, the nuclei are polarized both
via delocalized and localized states and the direction of nuclear polarization is the
same. But the localized electrons are much more efficient in polarizing the nuclei.
When the pump is switched off, the nuclear field induced FR is realized both via free
as well as localized electrons. In the following sections, we will discuss the nuclear

field induced FR and calculate the nuclear Verdet constant.

5.5.1 Contribution of interband transitions to Nuclear FR

In this section we discuss the sign of the nuclear field induced FR via delocalized

electrons and will calculate the efficiency of FR associated with it.

The nuclear field By causes the splitting of the conduction electron spin state,
Ay = |geptsBy|. If one choose as quantization axis for the spin, the direction of the
field, then for g. < 0, the lowest spin branch corresponds to +1/2 (and conversely) (
see Appendix B). Following the calculation by Artemova and Merkulov | ], the

absorption coefficients for o™ and o~ light polarizations are given as

1/2 1/2
3(hw—Eg+ﬂ) +(hw—Eg—ﬁ> ] (5.19)

— A
O+ 2 2

and
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a_=A
2

A e’h 25\ 2un \ *? 5 91
~ 12men h2 + 2 ’ (5:21)

A /2 A /2
S(M—EQ—TN) +(hw—Eg+—N> , (5.20)

where

Then
AAN AA

_ N
Vivo—E, VA’
where A = lw — E; is the detuning between the cavity mode and energy gap of
GaAs.

ap —o = (5.22)

Then the the difference of imaginary part of the dielectric susceptibilities is

%AAN

de" (w) = o VA

(5.23)

At low temperatures in doped semiconductors (and assuming that mpp,, mp, > m),
the presence of carriers leads to the shift of the absorption edge from E, to E, 4+ Ep.

Taking this into account and using the Kramers-Kroning relation, we obtain

AA 2 |E
5e'(w) = _%TAN (1 - ;arctan KF) . (5.24)

Then the Faraday rotation angle is

. w ’ . AANdeff 2 EF
OF = 4cn5€ (W)desr = A (1 7Tarctanﬂ A (5.25)

In general case of arbitrary relations between myy,, my, and m, we obtain
Op = Vid.ss B, (5.26)

where V]\J; is the nuclear Verdet constant associated with the free electrons and is

given as
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e?h  gepin 2phn 3/2 2 - FEp
Vf _ e 1- 2 t Hhh
N 48men /A < h?2 ) T arctan +
2 3/2 2 K
(%) 1-— —arctan MhT . (5.27)

Now, taking Er= 4 meV, A= 18 meV and standard GaAs parameters, we obtain
VJ(;: 0.2 mrad/cm-G. This is close to the experimentally determined Verdet constant

(Vy= 0.1 mrad/cm-G) for the slow component of the nuclear FR.

5.5.2 Contribution of transition from valence band to local-
ized states to Nuclear FR

In this section we discuss the sign of the nuclear field induced FR via localized

electrons and will calculate the efficiency of FR associated with it.
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Figure 5.11: Energy levels of the DD-DDX system in GaAs and the optical selection
rules for o™ and o~ polarized light excitations.

We have seen in Section 5.2.2, that closely spaced donor pairs can form a localized
state. Each of these donor pairs (double donors, DD) can bind a single electron. This
is the initial state. The DD bound electron, under the influence of the nuclear field,
splits into two levels denoted by magnetic quantum numbers m; = +1/2. In the

excited state DDX, the two electrons in the complex form a spin singlet. The energy
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of the DDX state is thus determined by the spin of the bound hole m;, = +£1/2;4+3/2,
as well as holes’s effective mass and angular momentum. Possible transitions are
shown in Fig. 5.11.

The dielectric susceptibility for o™ and o~ polarized light excitations in the

spectral vicinity of the neutral donor bound exciton resonance is given as:

3Afr Afy
2
X o T AN/2) + T | w— (wo — An/2) il (5:28)
E_ X ey + A AL (5.29)

w— (wo+ An/2) +iI'  w— (wg— Apn/2) +il’
where A is the oscillator strength of the transition, f; and f| are the occupation
factors, wy is the resonance frequency and Ay is the nuclei induced splitting of the
neutral donor electron.
Then the difference in dielectric susceptibility for o™ and o~ polarized light is
given as,
B 2\

gy — & = (w . —I—ZF)Q n (AN/Q)Q[(JCT - f¢)(w — wp + ZF) + AN/2] (530)

Now let us assume that (fy — f) = tanh(8Ax/2), where § = 1/kgT. Then

_2/\tanh(BAN/2)(w - WO) + AN/Q

/ — /A — . 1
de'(w) = (e =€) (@ — o)’ — (By/2)? (5.31)
The FR angle is
w /
@F = Méf (u))deff (532)
Now, ©p changes sign when d¢’'(w) = (¢/. — ¢/,) = 0. This implies
tanh(BAN/2)(w — wo) + (An/2) =0
(3n/2)( — ) + (B /2) -

= w =wy — (An/2) coth(BAN/2).

Now AN < 1, which implies w = wg — 1/ = wy — kgT. When w < wy — kgT,
phase space filling effect dominates over spin splitting due to nuclei and de'(w) =

(¢/. =€) < 0. Thus the Faraday rotation due to localized electrons have a sign
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different to that of free electrons.

The contribution to nuclear FR due to localized electrons is given as:
Op = Vid.ss By, (5.34)

where V% is the nuclear Verdet constant associated with the bound electrons and is

given by | : : ]

Vb — mh’c Nygepin
N B2 dkpT(A — Ey)

(5.35)

where N, is the density of donors, Ej, is the binding energy of the localized electrons,
n is the background refractive index and 7, is the radiative lifetime associated with
the dipole transition at the resonance energy Ey = hwy.

Taking 7. = 250 ps, Ep, = 3 meV, A= 18 meV and standard GaAs parameters,
we obtain V= -0.05 mrad/cm-G. This value is about three times smaller than the
Verdet constant due to free electrons and has a opposite sign, consistent with the

experimental results.

5.6 Summary

In this Chapter, we have studied the nuclear spin dynamics in an n-GaAs layer
with doping density close to the metal-insulator transition (n. = 2 x 10 cm™3).
We have developed a non-perturbative method of optical detection of nuclear spin
polarization in semiconductor structures based on Faraday rotation amplified by
a microcavity. It does not require the presence of non-equilibrium electrons in
contrast with other methods, and gives a possibility to measure the spin dynamics of
preliminary initialized nuclei in a single-shot experiment.

The nuclear FR is found to be non-monotonous and consists of two components
with vastly different time constants, comparable amplitudes and opposite signs. The
nuclear origin of these two components is verified from the study of the effects of
pump helicity, pump time, and static as well as rf-magnetic field. From the optically
detected NMR, it is confirmed that, all the nuclear spin species contributes to the

two components. We found that the complex pattern of nuclear spin relaxation is
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due to contributions from two groups of spatially separated nuclei: nuclei close to
the donors, and all other nuclei away from the donors. The nuclei situated close
to the donor pairs exhibit fast relaxation due to interaction with bound electrons.
Relaxation of all other nuclei is much slower. It is dominated by the spin diffusion
towards the donor pairs, which provide an efficient relaxation.

We measured the nuclear field as a function of external magnetic field at different
temperatures. The nuclear field increases with field and this dependence is not clearly
understood. The nuclear Verdet constant associated with the slow component of the
nuclear FR was determined experimentally, Vy= 0.1 mrad/cm-G, while it was not
possible to determine it for the fast component.

The contribution to nuclear FR from free as well as bound electrons is calculated
theoretically. The corresponding Verdet constants are Vi=02 mrad/cm-G and
V= -0.05 mrad/cm-G. The value of Vjé is close to the experimentally determined
Verdet constant for the slow component of the nuclear FR. The sign of the fast
component is correctly reproduced. Its smaller absolute value is also consistent with

our experimental findings.



Chapter 6

Nuclear Faraday rotation in

insulating n-GaAs

In this Chapter, nuclear Faraday rotation (FR) on the sample with doping
concentration in the insulating regime (Sample C7T76 with n, = 2 x 10'® cm™3) is
studied. The mechanisms of nuclear polarization in the insulating regime in n-GaAs
is discussed in Section 6.1. In Section 6.2, FR in the presence of optical pumping
is presented. Strong enhancement of FR is observed when nuclear field builds up.
It could be explained in terms of field dependent electron spin relaxation. In order
to verify this, we studied the effect of strong longitudinal field during pumping on
the FR. In Section 6.3, we report the results on the FR in the dark, induced by the
spin polarized nuclei. The results are compared with the results obtained on the
metallic sample. Contrary to the results on metallic sample, we observed that the
decay of the nuclear FR is monotonous but still consists of two components. The role
of band (free) and bound (localized) states are discussed, and the effect of nuclear
spin diffusion on the FR signal is demonstrated. The last Section is devoted to the

measurements of FR in the presence of strong field.

The experimental results presented in this chapter, were measured in two different
pieces of the sample C7T76 (namely C7T76R and C7T76M1), in order to be able to
vary the detuning of the cavity mode energy with respect to the GaAs energy gap.
The data presented in Fig. 6.1, Fig. 6.3, and Fig. 6.5 are obtained from C7T76R,
where the detuning of the cavity mode was A = 14 meV. The data presented in Fig.
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6.2, Fig. 6.6, Fig. 6.7, and Fig. 6.8 are obtained from C7T76M1, where cavity mode

was at lower energy, A = 17 meV.

6.1 Nuclear polarization in the insulating regime

In Chap. 5, we have studied the dynamic nuclear polarization (DNP) due to
delocalized electrons. It has been observed that the dynamic nuclear polarization
due to localized electrons in n-GaAs differ significantly from the dynamic nuclear
polarization due to free electrons | |. In this chapter we will study the DNP
in the sample with doping concentration in the insulating regime (Sample C7T76
with n, = 2 x 10! em™3), which is an order of magnitude below the concentration
corresponding to the metal-insulator transition (MIT) and electron density in 98P180.
This means that in the absence of pumping all the carriers are localized on the Si
donors. A compensation of up to 10 - 50 % could be possible which would eventually
further reduce the density of the donor sites occupied by electrons. Thus, in contrast
with the metallic sample, the Fermi level lies below the conduction band minimum.
Since the nuclear polarization by localized electrons is much more effective than
by free electrons [ |, so we expect stronger polarization of nuclei. On the
other hand, localized electrons are also an efficient source of nuclear spin relaxation,
because of fluctuations of the electrons spin. The direct nuclear spin relaxation time

is given by | ]

1

2 )

Tle(o) =

(6.1)

where wy is the nuclear spin precession frequency in the Knight field created by
electrons.

The direct nuclear spin relaxation time is expected to be shorter in the insulating
sample, because the correlation time in this doping regime is 7, ~ 1071% s | ],
much longer than in the metallic sample. This gives the nuclear spin relaxation
time of the order of 1 s, instead of 10 s for the metallic sample. However, we know
from the previous studies of insulating samples by PL and NMR that in spite of
this fast relaxation under the orbit of the donor, it is possible to polarize the nuclei

situated far away from the donors by spin diffusion | |. Therefore, as in the
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metallic sample, nuclear spin polarization created by optical pumping is expected
to be quite inhomogeneous, revealing the relaxation via diffusion towards the donor
sites occupied by electrons. To test these ideas, we performed FR experiments similar
to that done for the metallic sample, except that the probe beam is now spectrally

filtered to improve the stability of the signal.

6.2 Faraday rotation during optical pumping

Here we study the FR due to electrons under pumping with o /o~ polarized light
as well as when the pump polarization is modulated, in the presence of a longitudinal
field. The longitudinal field is either parallel or anti-parallel to the direction of light.

Fig. 6.1 shows the FR under o polarized pumping as well as when the pump
polarization is modulated between o /o™, in a longitudinal field B,=150 G at T=2
K. One can see, that in contrast with the metallic sample, the FR builds up during
pumping with ¢ polarized light, which indicates the build up of nuclear polarization

(for comparison with the metallic sample one can refer to Fig. 6.3).

0.12 — —_—
T=2K B=-150G
‘ Pump off

0.08 N

o’ pump ]

0.04 - — Modulated pump -

=) ]
g

. 0.00 oot
0}

-0.04- .

-0.08 N

0 50 100 150 200 250

Time (s)

Figure 6.1: Faraday rotation spectra during pumping with o polarized light (black
line) as well as when the pump polarization is modulated between o /o~ (red line),
at B,=150 G.
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In order to isolate FR induced by spin polarized electrons from the nuclear effects
we did an identical experiment, but instead of o™ polarized pump, we used a liquid
crystal (LC) variable phase retarder which modulates the pump polarization with
period of 1 s (see Section 3.3.6 for the experimental set up). This technique is often
used to suppress the formation of nuclear polarization which needs more than 10~ s
to build up. On the other hand, electron spin polarization is immediate on this scale,
so that FR oscillate at the retarder frequency. One can see, that the FR induced by
electrons in the absence of nuclear field is much smaller, and does not depend on
the pumping duration. Note, that the slight asymmetry in the FR signal in ¢ and
o~ polarizations arises because of birefringence of the Bragg mirrors. Thus, we can
conclude, that the strong increase of the FR with the pumping time is induced by
the nuclear field. However this enhancement is much larger than the nuclear FR in
the absence of optical pumping (In Fig. 6.1, pump is switched off at t=180 s). This

surprising finding can be explained as follows:

If electron spin relaxation time depends on nuclear field, then this may produce the
enhancement of the FR, since O o 75 in the case of weak pumping. The increase of
electron spin relaxation time in the presence of longitudinal magnetic field has already
been reported | | and interpreted in terms of motional narrowing. Indeed,
in the insulating regime, the main source of electron spin relaxation is hyperfine
coupling. The nuclear field seen by an electron is averaged with the characteristic
time 7.. As already mentioned, in this sample 7.=1071° s. The inverse 1/7, is a
measure of the rate of change in the local magnetic field that an individual electron

sees. Therefore, in the motional narrowing regime | , ]
7, = 7(0)[1 + Q277], (6.2)

where €2 is the Larmor precession frequency, in the total magnetic field given by
both external and effective magnetic field created by nuclei. Thus 7, increases when

magnetic field is increased.

To check the validity of this hypothesis for our sample, we perform optical pumping
experiments in strong external magnetic fields, comparable with the effective magnetic
field created by the nuclei. To avoid the DNP, we use a PEM for the pump beam

(same configuration as for red curve in Fig. 6.1). Fig. 6.2(a) shows the FR induced
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by optically oriented electrons in the presence of the longitudinal magnetic field for
different excitation powers. One can see, indeed, that FR increases with magnetic

field.
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Figure 6.2: (a) Faraday rotation spectra as a function of external longitudinal
magnetic field B, under o™ pumping at 2 K, measured at different pump intensity.
(b) Fitting one of the curves (P=40 mW) shown in (a) with Eq. D.12.

In order to describe properly the steady state polarization under o* optical
pumping, we develop a model accounting for donor bound exciton states DX
and donor bound electrons. The solution of the corresponding system of three
rate equations (see Appendix D) for the DX, nyq/5 and n_y/, gives the following

expression for the electron spin polarization:

tanh <£> — &0

2kpT Wo

290 g0 1+Sexp<kA—b;) g0 AE
14 o T Wr [—1+exp(1§;) + BM}’O 14 exp ThoT

oo = (6.3)

Here AFE = gupB is the Zeeman splitting of the electron spin states; go and Wx
are the generation and recombination rates, respectively; Wy is the spin flip rate,

which we suppose to be field dependent:
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v
Wo = m7 (6.4)

where 7, is the correlation time, and v = 1/7,(0) is the spin relaxation rate at zero
magnetic field.

We note that Eq. D.12 has only three parameters: ¢y, Wxr and 7.. The zero
field spin relaxation time 74(0) = 5 ns, was determined independently from Hanle
experiments. The numerical application of this expression assuming 7,.=3x 10719 s,
90=0.23x10% s7' and Wx=2x10® s7! is shown in Fig. 6.2(b).

The correlation time 7, is in excellent agreement with the results of Dzhioev
et al. | ]. Thus, we conclude that the observed increase of the FR during
pumping on the several minutes scale can be, in principle, understood in terms of
nuclear field induced increase of the spin relaxation time. However, to go further
in the understanding of the underlying dynamics of nuclear spin polarization, it is
instructive to consider first the FR in the dark, where optically polarized electrons

do not obscure nuclear spin polarization.

6.3 Faraday rotation in the dark

Fig. 6.3 shows the FR measured after 5 min pumping in ¢~ polarization at
B.=200 G at T=2K. The FR for the insulating sample (red line) is compared here to
that of the metallic sample. One can see that for the insulating sample, the nuclear
FR decays monotonously. However, the fast and slow component shows up as well,
but have the same sign. The slow component of nuclear spin relaxation signal looks
quite similar in both samples. The interpretation can thus be the same: nuclear spins
situated far from the neutral donors loose their spin polarization by diffusion towards
these donor sites, where efficient relaxation by spin flip with localized electrons is
possible. Remarkably, the decay time is similar for these two samples, in agreement
with the above argument. Indeed, in the insulating sample, neutral donor density
ne = 2 x 10 ecm™3, that is similar to the density of donor pairs in the metallic
sample. The fast decay could be then due to fast relaxation under the donor orbit.
The sign of the signal indicates that FR is determined by the hyperfine splitting of

the band states, and not the occupation of the bound states. It remains unclear at



MODELLING SPATIAL DISTRIBUTION OF NUCLEAR SPIN AND RESULTING FR97

] ' Pump on (o)

T=2K
54| B,=200G

1
H
o
A\
\y

©_ (mrad)
Z

~

ne:2xlolﬁcm'3

n =2x10"cm” -

-300 o 100 200
Time (s)

Figure 6.3: Faraday rotation spectra during cooling with o~ polarized light at B,=200
G (t<0), as well as during measurement in the dark (t>0) at the same field, of the
insulating sample (red line) plotted together with that of the metallic sample (black
line).

this stage, why the contribution to the FR from the occupation of the bound states
is not observed in the insulating sample. One of the reasons could reside in much
longer electron spin correlation time. Indeed, in the metallic sample, 7. ~ 107! s,
while in the insulating sample, even under optical pumping 7,=3x 1071% s. It can be
expected to increase further in the absence of optical excitation. Thus, from Eq. 6.1,
the upper limit for the direct nuclear spin relaxation induced by fluctuating electron

spin is 17.,=0.3 s, which is close to our temporal resolution ~ 0.1 s.

6.4 Modelling spatial distribution of nuclear spin

and resulting FR

To get deeper insight into the nuclear spin distribution in the sample, both under
pumping and in the dark, we use the diffusion equation taking into account optical
pumping, direct relaxation and spin diffusion | , ].

As explained in the previous section, FR in this sample is given by the electron
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spin splitting (band states) induced by nuclear field. On the other hand, nuclear
spin polarization takes place under the orbit of the electrons localized on the shallow
donors. Therefore, it is convenient to write diffusion equation on the sphere centered
at the donor site and use the radial symmetry of the problem. The size of the sphere
should be given by the half distance between donors, Rjs and periodic boundary
condition should be assumed (Fig. 6.4).

R12

Figure 6.4: Schematic representation of the nuclear spin relaxation model used for
the insulating n-GaAs. The nuclei situated within the orbit of an electron bound to
shallow donors (red spheres) undergo direct relaxation by interaction with electrons.
For nuclei situated outside, spin relaxation is dominated by diffusion towards the
donor site. The black sphere shows the size of the simulation cell, chosen to be half
of average distance between donors.

Following Paget | |, we write the diffusion equation as:

di(r)
dt

= DAI(r) —

) [I(r) — Io), (6.5)

where D is the nuclear spin diffusion coefficient, 77(r) is the coordinate-dependent
nuclear spin relaxation time. Because electron density decreases exponentially as a

function of the distance from the donor, it should have the form

Ti(r) = T1(0) exp(4r/ag), (6.6)
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where ap is the Bohr radius of the donor. The steady state nuclear spin polarization
1y is proportional to the mean electron spin under pumping, and [,=0 in the dark.

In contrast with NMR signal detected by PL | ], where the intensity of
the signal was given by hyperfine field experienced by electrons trapped on donors
(By = by fOR/ ? I(r)e~2r/a5 1247, here FR signal is determined by the hyperfine field
experienced by electron band states:

R/2
By = b, / [(r)r2dr. (6.7)
0

Thus, we can model the dynamics of nuclear field By (t) starting from I(r)=0 at t=0,
both under pumping during t,,,,,, and consequent relaxation in the dark.

The dynamics of nuclear field calculated within the above model in the dark
can be directly compared with the measured FR. Under optical pumping, the FR
signal is dominated by spin polarized electrons, but the signal strongly increases
as nuclear field builds up. It was proposed in the previous section to describe this
enhancement of the electron spin polarization as being due to the increasing electron
spin relaxation time 7, = 7,(0)[1 + Q72], where 7, was determined in independent
experiment under external magnetic field. The Larmor frequency of the electron
spin precession is given by the total magnetic field: applied field and effective field
created by nuclei. This effective field is given by Eq. 6.7, since we suppose that under
moderate pumping, total electron density is of the order of donor density, and all
electrons remain bound to shallow donors. The resulting polarization of electron gas

can then be calculated using Eq. D.12.

6.5 Comparison with experiment

6.5.1 FR during pumping and in the dark

Fig. 6.5 shows how the modelling compares with the FR scan both under
pumping and in the dark. The parameters of the electron gas 7. = 3 x 10710 s,
7, = 5 x 107 s, as well as the parameters defining pumping conditions gy = 0.23 x 108
s7L, Wgr =2 x 10® s7! were fixed as determined from the independent experiments.

Direct nuclear spin relaxation time 71.(0) at the donor position is estimated from
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7. as T1.(0) = (w%7.)"! ~ 0.3 s. This value however, was used only to model the
signal under optical pumping. In the dark, much shorter time T}.(0)=5 ms was
taken to reproduce nuclear spin relaxation in the dark, namely, the presence of the
fast component of nuclear spin relaxation. The value of nuclear magnetization at
saturation of electron spin polarization was fixed at I;=0.2 . This corresponds to
the nuclear field By=1 T. This choice was dictated by the experiments on nuclear
polarization at strong magnetic field, discussed in Section 6.6. The donor Bohr radius
ap=10 nm, is a standard well known value for GaAs, and Ri,= 80 nm is an average
distance between donors for n, ~ 2 x 105 ecm=3. The value of nuclear spin diffusion
as well as T1.(0) appeared to be critical to reproduce the experimental data. We had
to set D = 107" e¢m?/s, that is 10 times smaller than in Ref. | ] in order to
reproduce the fast initial decay of nuclear spin polarization in the dark, followed by
much smaller relaxation. The reason for this difference must be elucidated in the
future work. Note, however that the assumption of such slow nuclear spin diffusion is
mandatory only in the dark. The FR measured under pumping can still be correctly
described using D = 107 cm?/s.

0.12 .
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Figure 6.5: Faraday rotation during pumping, and in the dark (same data as shown
in Fig. 6.1), plotted together with the theoretical curve obtained using the model
described in Section 6.4.
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6.5.2 Repolarization of nuclei under optical pumping of dif-

ferent helicities

To further test our understanding of the FR induced by spin polarized electrons in
the presence of nuclear field, we performed the following experiments. The sample was
placed in the longitudinal field B,=150 G and optically pumped in o polarization
during 10 minutes. Changing the helicity of the pump immediately reverses the
polarization of the electron gas, and thus the sign of the FR (see Fig. 6.6). However,
nuclear spin polarization needs seconds to be reversed. Because FR strongly depends
on the total field value, and total field must change sign under pumping with opposite
helicity, we see a minima in the FR signal several seconds after the change of the
pump helicity. This minimum corresponds to the compensation of the external field
by the nuclear field.
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10_( ]
B,=-B

O, (mrad)
o
_|
11
N
X

B=150G |\
101 |
204 B " B.N// B, 11 By . . |
2000 600 800 1000
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Figure 6.6: Faraday rotation during pumping with o® (t < 600 s) and o~ (600 s <
t < 900 s) polarized light at B,=150 G, as well as in the dark (t > 900 s), plotted
together with the theoretical curve obtained using the model described in Section
6.4.

This behaviour is reasonably reproduced by the model. We have assumed stronger
pumping power in o~ polarization (Iy=0.45, go=0.05x10% s~!). This is probably

due to linear dichroism of the microcavity sample. The minimum of the FR is,
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however much more pronounced in the calculated curve. We attribute this to the
inhomogeneity of the nuclear field in the sample. These results allows us to elaborate
the idea that FR induced by spin polarized electron gas is determined by nuclear
field building up at several minutes scale. Note, that the data presented in Fig. 6.6
are obtained at different point of the sample, where cavity mode was at lower energy,
A =17 meV.

6.6 FR and DNP at strong magnetic field

In order to model nuclear spin dynamics and the resulting FR signal presented
so far, we assumed that nuclear field was of the order of 1 T. We use the strong
dependence of the FR induced by electron spin polarization on the magnetic field to
measure nuclear field. To do so, we realize a set of experiments, where applied field
rises from -1 T to +1 T. Each time FR is measured during pumping (5 minutes, o™
polarization), and subsequently in the dark. The results are shown in Fig. 6.7. One
can see, that at low field, B,== 0.1 T, the direction of external field does not play

any role. This means, that nuclear field is much stronger than the external field, and
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Figure 6.7: Faraday rotation during pumping with ot polarized light at B,== 0.13
T (a), B,=£ 0.6 T (b), and B,=% 1.0 T (c¢). The direction of the external field plays
an important role for field greater than 0.6 T, where the external field is comparable
to the nuclear field.
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nuclear spin relaxation rate does not depend on the nuclear spin temperature.

The situation changes drastically at B,=4 0.6 T. The two direction of the field
are not equivalent any more. Indeed at B, < 0 (B, parallel to By), monotonous
increase of FR under pumping is observed similar to lower field measurements. In
contrast, for B, > 0 (B, antiparallel to By), FR under optical pumping has a
minimum after about 1 min pumping, and then starts to increase. This means, that
total field (By + B,) first decreases, then reaches zero at By = —B,, and then
increases when |By| > B,. From this we conclude that |By| > 0.6 T, at saturation
of nuclear field under these pumping conditions. Thus, to obtain the estimation of
the maximum nuclear field that can be obtained under given pumping conditions, we
further increase the external field, until the value where no variation of the FR is
observed, when nuclear field builds up. This happens at B.,=1 T in these experiments,

which corresponds to 20% of nuclear spin polarization.
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Figure 6.8: Faraday rotation in the dark, after preparation under pumping with o*
polarized light at different B,, either antiparallel (a), or parallel (b) to the direction
of light. Nuclear FR strongly depend on mutual orientation of nuclear and external
field.

Another interesting observation concerns FR in the dark, measured at two opposite

directions of the applied field. Systematic measurements of nuclear FR in the dark
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are shown in Fig. 6.8. At |By| > 0.1 T, nuclear FR is much stronger in the
antiparallel configuration (B, antiparallel to By) (Fig. 6.8(b)). It also contains the
more important fast relaxation component.

We are planning to analyze in details these data, but for the moment we only give
qualitative discussion of these results. Indeed, at strong magnetic fields, the difference
between electron spin splitting and nuclear spin splitting grows up. This makes
DNP less efficient, and thus reduces nuclear FR. However, electron spin splitting
is determined by the total field By + B.. Therefore, in the configuration where
By.B. < 0, formation of the nuclear field will favor DNP, while for By.B, > 0, the
situation is inversed. Therefore, nuclear polarization and resulting FR in the dark
is much smaller. The same argument is valid for the relaxation: the stronger is the
mismatch between electron and nuclear spin splitting, the slower is the relaxation of

nuclei.

6.7 Summary

In this Chapter, we have studied the nuclear spin dynamics in a non-degenerate

=3 We have used the same

n-GaAs layer with doping density n. = 2 x 10* cm
experimental protocol as was used for the metallic sample to study the nuclear spin
dynamics. The observed FR is found to be quite different from the metallic sample.

Under optical pumping, FR is always due to optically created spin polarization.
In contrast with the metallic sample, here electron spin polarization strongly increases
when nuclear field builds up. This results in huge increase of the FR.

The nuclear FR is found to be monotonous and consists of two components with
same sign. Microscopic mechanism of the FR in the dark is identified as conduction
band splitting induced by the nuclear field. The two components of nuclear spin
relaxation are interpreted in terms of direct relaxation under the orbit of donor bound
electrons (fast component), and nuclear spin diffusion towards remote donor sites
(slow component).

Measurements of nuclear field by compensation in the external magnetic field
provides the estimation for nuclear field By ~ 1 T. Strong effect of the nuclear field
direction with respect to the external magnetic field, on the FR, for B, ~ By, is

demonstrated.



Chapter 7
Conclusions

In conclusion, we have studied in this thesis, the spin dynamics of electrons and
nuclei in n-doped GaAs layers with different doping concentrations, enclosed in a
high-Q planar microcavity.

Using the most metallic sample, we demonstrated a large Faraday rotation (FR)
induced by a spin polarized electron gas. FR angles up to 19° were obtained by optical
pumping, and for electron spin polarization p, of only few percents. Independent
measurements of O, p., and () provide a quantitative determination of the Faraday
rotation cross-section op, which relates © to the electron spin density, and the
thickness of the layer. We found op = —(2.4 £ 0.6) x 107 radxcm? at 18 meV
below the band gap, larger than theoretical prediction. The strong negative value of
or found experimentally confirms that photoinduced Faraday rotation is dominated
by polarization dependent bleaching of absorption, while spin splitting of conduction
band induced by electron-electron interactions, which contribute with the opposite
sign, is probably less important.

We also demonstrated fast optical switching of FR in sub-microsecond time scale
by sampling the FR in a one-shot experiment under pulsed excitation. From the
decay time of ©p we deduce the electron spin relaxation time 7,=250 ns, slightly
longer than the value deduced from Hanle curves 7,=160 ns.

We have developed a non-perturbative method of optical detection of nuclear spin
polarization in semiconductor structures based on FR amplified by a microcavity. It
gives a possibility to measure the spin dynamics of preliminary initialized nuclei in

a single-shot experiment. We used this method to study nuclear spin dynamics in
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n-GaAs with different doping concentrations.

The nuclear FR of the metallic n-GaAs layer was found to be non-monotonous
and consists of two components with vastly different time constants, comparable
amplitudes and opposite signs. The nuclear origin of these two components was
verified from the study of the effects of pump helicity, pump time, and static as well
as rf-magnetic field. From the optically detected NMR, it was confirmed that, all
the nuclear spin species contributes to the two components. It was found that the
complex pattern of nuclear spin relaxation is due to contributions from two groups of
spatially separated nuclei: nuclei close to the donors, and all other nuclei away from
the donors. The nuclei situated close to the donor pairs exhibit fast relaxation due
to interaction with bound electrons. Relaxation of all other nuclei is much slower. It
is dominated by the spin diffusion towards the donor pairs, which provide an efficient
relaxation.

Nuclear FR of the insulating n-GaAs layer, in contrast with the metallic sample,
was found to vary monotonously, but again consists of two components. The fast
component was even faster than that of the metallic sample, and the slow component
decays in the same time scale as that of the metallic sample. We interpret the slow
relaxation similar to the metallic sample: nuclear spins situated far from the neutral
donors loose their spin polarization by diffusion towards these donor sites, where
efficient relaxation by spin flip with localized electrons is possible. The fast decay
is due to fast relaxation under the orbit of donor bound electrons. The sign of the
signal indicates, that FR is determined by the hyperfine splitting of the band states,

and not the occupation of the bound states.



Appendix A
Variation of cavity mode energy

with position
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Figure A.1: Variation of cavity mode energy along the x and y axis of the sample
98P180.



Appendix B
Zeeman splitting of spin levels

The Zeeman energy of an electron spin S in a static magnetic field B is
E, =—-M.B = g.u5S.B (B.1)

Where M = —g.upS, is the magnetic moment of the electron, pp is the Bohr
magneton, g. is the electron spin g-factor. Since ggo,as = —0.44 < 0, the spin and
magnetic moment for an electron are aligned. The lower energy state is the one with

the magnetization parallel to the magnetic field.

4&* E=+MB S.=-1/2
B 9Gaas = —0.44 < 0 E = —gupB/2

e

E=—-MB SZ:+1/2

E = gupB/2

Figure B.1: Energy levels for an electron spin S = 1/2 in a magnetic field
The Zeeman energy of a nuclear spin I is

E} = —gnunI.B (B.2)

Where p is the nuclear magneton, g,, is the g-factor of the nucleus.

As pp ~ 2000y, splitting of electron and nuclear spin level differ by three orders
of magnitude.



Appendix C

Spin temperature

C.1 Negative spin temperature

The direction of electron and nuclear spin polarization under left circularly
polarized excitation is shown in Fig. C.1(a) with the external field in the direction
opposite to the light excitation. The energy levels of the nuclear spins in the field B,,
are shown in Fig. C.1(b). Since the field is antiparallel to the nuclear spin, the upper
level is populated more which means the nuclear spin temperature ©y is negative.
Now if the longitudinal field is switched off, the electron spin polarization vanishes
quickly owing to short relaxation time of electrons in n-GaAs (~ ns) and there by
the nuclear spin polarization /field (Ty=10"%s), but the nuclear spin heats up slowly
because of the long spin-lattice relaxation time. By application of a small transverse
magnetic field B,, the nuclear spins orients either parallel or antiparallel to the field,
depending on the spin temperature. For negative spin temperature, the nuclear
spins orients antiparallel to the vertical field. Since the nuclear field is antiparallel
to nuclear spin polarization, we have B, 1T By [Fig. C.1(c, d)]. The polarization of
the electron spin created by the pump will be affected by the total transverse field
Br = B, + By which can be detected by Hanle depolarization of photoluminescence
or Faraday rotation of a probe. Since the nuclear field relaxes with time, the electron

spin polarization will follow a part of the Hanle curve as shown in Fig. C.1(e).
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Figure C.1: Schematic view of the optical cooling of nuclear spins with strong o~
pumping with external field B, in the opposite direction to light and the orientation
of electron and nuclear spin polarization (a, b); the alignment of nuclear spins in a
weak transverse field (¢, d) and the effect of total transverse field (nuclear+external)
on the time evolution of the electron spin polarization in weak pumping regime (e).
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C.2 Positive spin temperature

If the external magnetic field is in the same direction as the light excitation, then
the nuclear spin is parallel to the external field B, [Fig. C.2(b)] and in this case the
the lower level is populated more and the corresponding spin temperature is positive.
By application of a small transverse field as in the case described above, the nuclear
spins orients parallel to the vertical field. Since the nuclear field is parallel to nuclear
spin polarization, we have B, 1| By [Fig. C.2(c, d)]. The part of the Hanle curve

followed in this case by electron spin polarization is shown in Fig. C.2(e).
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Figure C.2: Schematic view of the optical cooling of nuclear spins with strong o~
pumping with external field B, along the light and the orientation of electron and
nuclear spin polarization (a, b); the alignment of nuclear spins in a weak transverse
field (c, d); and the effect of total transverse field (nuclear+external) on the time
evolution of the electron spin polarization in weak pumping regime (e).



Appendix D

Modelling field dependence of

electron spin polarization

The steady state spin polarization of a non-degenerate electron gas under o+
optical pumping can be described, taking into account the (i) optical generation of
excitons and their capture at donor sites at rate 4gy (1go for J=+1, 3¢gg for J=-1),
(ii) exciton recombination at spin independent rate Wg, and (iii) electron spin flip
rates W, and W_, as illustrated in Fig. D.1.
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Figure D.1: Schematic representation of the generation and recombination dynamics
of donor bound exciton states D’X, and donor bound electrons under o* optical

pumping.

Here n, is the density of neutral donors, n.; /5 are the density of spin up and spin

down electrons. The rate equations for the DX, n /2 and n_q /o under o* optical



pumping are given by

N = 3gong1/2 — Wrnz + gon_1/2

_ W,

Nyi/e = TRnx —Wingio+W_on_i/5 — 3gonii1/2
. |44

n_i/s = TRn:c +Wingi—Won_1/5 — gon_1/2

Solving these rate equations in the steady state, we obtain

n . 2W+ + SQon
—1/2 - % +2W_ +1/2
T WR go + o +1/2

From Eq. D.4 and Eq. D.5, we obtain

n=ng +n+1/2 —l—n_1/2

90 2W4 + 390 2W4 + 390
=|=— 3+ + 1| ngiy
Wr go + 2W_ go + 2W_
n 2W+ + 390 n
—1/2 =
+ 2W_ 2W, 43 2W, 43
wr A [ (s ) + S 1
_ 2Wy+3g0
_ Ny12 — N2 go+2W_
‘o n - 2W +3g 2, 1 3¢
|:V?/_(; (3 + QOIQW—()) + QOIQW_O + 1i|
(W- = Wy) — g0

Pe ™ WZ+ W) + 290 + = (BW_ + Ws + 390)

The electron spin flip rates are given by

Wi = 1 + exp(BAE)
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_ Woexp(BAE)
" 1+exp(BAE)

Here AFE = gupB is the Zeeman splitting of the electron spin states. Then the

(D.11)

degree of spin polarization is given by

2kpT Wo

tanh (£> — 50

Pe = N : (D.12)
290 g |13eR(55) | ag ( <A_E>>
L+ 50 + [ 1+exp(k2%> + 35 (1 +exp (507

The spin flip rate Wy = 2(W, + W_), which we suppose to be field dependent, is
given by
gl

where 7, is the correlation time, and v = 1/7,(0) is the spin relaxation rate at zero

magnetic field.
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Titre de la these en francais:

Dynamique de spin des électrons et des noyaux dans les microcavités GaAs

Résumé de la these en francgais:

Nous avons obtenu des angles de rotation Faraday (RF) allant jusqu’a 19° par
orientation optique d’'un gaz d’électrons dans GaAs de type n inclus dans une
microcavité (Q=19000), sans champ magnétique. Cette forte rotation est obtenue en
raison des multiples allers-retours de la lumiere dans la cavité. Nous avons également
démontré la commutation optique rapide de la RF a 1’échelle sub-microseconde
enéchantillonnant le signal de RF sous excitation impulsionnelle mono-coup. De la
dépolarisation de la RF en champ magnétique transverse, nous avons déduit un temps
de relaxation de spin de 160 ns. Le concept de section efficace de RF, coefficient
de proportionnalité entre l'angle RF, la densité de spin électronique, et le chemin
parcouru, a été introduit. La section efficace de RF, qui définit léfficacité du gaz
d’électrons a produire une RF, a été estimée quantitativement, et comparée avec la
théorie. Nous avons également démontré la possibilité de mesurer de maniere non
destructive laimantation nucléaire dans GaAs-n, via la RF amplifiée par la cavité.
Contrairement aux méthodes existantes, cette détection ne nécessite pas la présence
d’électrons hors équilibre. Par cette technique nous avons étudié la dynamique de spin
nucléaire dans GaAs-n avec différents dopages. Contrairement a ce qu’on pourrait
attendre, le déclin de la RF nucléaire est complexe et consiste en deux composantes
ayant des temps de relaxation tres différents. Deux effets a lérigine de la RF nucléaire
sont identifiés: le splitting de spin de la bande de conduction, et la polarisation en
spin des électrons localisés, tous deux induits par le champ Overhauser. Le premier
effet domine la RF nucléaire dans les deux échantillons étudiés, tandis que la RF

induite par les électrons localisés n’a été observée que dans I’échantillon métallique.

Mots clés en frangais:

Rotation Faraday, Microcavité, Dynamique de spin, Relaxation de spin, Diffusion de

spin, GaAs isolant et metallique



Titre de la these en anglais:

Electron and nuclear spin dynamics in GaAs microcavities

Résumé de la these en anglais:

We obtained Faraday rotation (FR) up to 19° by using optical orientation of electron
gas in n-doped bulk GaAs confined in a microcavity (Q=19000), in the absence of
magnetic field. This strong rotation is achieved because the light makes multiple
round trips in the microcavity. We also demonstrated fast optical switching of FR
in sub-microsecond time scale by sampling the FR in a one-shot experiment under
pulsed excitation. From the depolarization of FR by a transverse magnetic field, we
deduce electron spin relaxation time of about 160 ns. A concept of FR cross-section as
a proportionality coefficient between FR angle, electron spin density and optical path
is introduced. This FR cross-section which defines the efficiency of spin polarized
electrons in producing FR was estimated quantitatively and compared with theory.
We also demonstrated non-destructive measurement of nuclear magnetization in
n-GaAs via cavity enhanced FR. In contrast with the existing optical methods, this
detection scheme does not require the presence of detrimental out-of-equilibrium
electrons. Using this technique, we studied nuclear spin dynamics in n-GaAs with
different doping concentrations. Contrary to simple expectation, the nuclear FR
is found to be complex, and consists of two components with vastly different time
constants. Two effects at the origin of FR have been identified: the conduction
band spin splitting and the localized electron spin polairzation both induced by the
Overhauser field. The first effect dominates the FR in both studied samples, while
the FR induced by the localized electrons has been observed only in the metallic

sample.

Mots clés en anglais:

Faraday rotation, Microcavity, Spin dynamics, Spin relaxation, Spin diffusion, Metallic

and insulating GaAs
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