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Chapter 2

Optical excitation and detection of

electron spin coherence

Abstract

The present chapter introduces several of the physical and experimen-

tal concepts that are central in the investigations that are reported

later in this thesis. The research used ultrafast optical excitation

and detection of electron spin coherence, with readout based on the

magneto-optical Kerr effect. This approach has its foundations in

the spin-selective interactions between polarized light and electronic

states in semiconductors. The chapter ends with an overview of the

experimental setup and techniques that were used, with a discussion

of several practical considerations.
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16 2. Optical excitation and detection of electron spin coherence

2.1 Introduction

Light and matter interact in many ways. For example, for light in the visible

range, some materials are transparent (glass), some are shiny (metals), while

some others have color (natural oil is black). All these effects are also present for

the wavelengths of light which are not visible for human eye. In this chapter we

focus on the interaction of near-infrared light with GaAs-based structures. This

involves optical transitions across the band gap of this material, and the physical

processes accompanying the excitation of electrons between these bands.

2.2 Optical transitions and selection rules

Interband optical transitions in solids give a broad continuous absorption spec-

trum, in contrast to the absorption spectrum of isolated atoms which consists of

discrete lines. In semiconductors there is a threshold for absorption due to the

band gap, which is the gap between the valence band and the conduction band.

The excitation of an electron from a valence band state to a conduction band

state leaves an unoccupied state in the valence band, which is best described as

the creation of a hole. Effectively the interband absorption process creates an

electron in the final state and hole in the initial state and this may be treated

as the creation of an electron-hole pair. Such an electron-hole pair can only be

created in case the excitation photon energy ~ω = Eg, where Eg is the band gap.

A small modification to this rule comes from the fact that the electron-hole pair

can be created in the form of an exciton, where the electron and hole are in a

bound state with binding energy EX . Such excitons can be created when the

excitation photon energy ~ω = Eg − EX .

The strength of an optical absorption is determined by the quantum mechan-

ical transition rate Wi→f for exciting an electron from an initial state | i〉 to a

final state | f〉. This transition rate is given by Fermi’s golden rule:

Wi→f =
2π

~
|M |2 g(~ω) (2.1)

The transition rate is determined by two factors: the matrix element M and

the joint density of states g(~ω). While both are important to have a non-zero

transition rate and therefore absorbance, their presence in this formula has a

different physical meaning. A non-zero joint density of states for a certain ~ω
means that there are states which have energy difference equal to ~ω. This is
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automatically satisfied if the photon energy of the optical field is equal to the

energy difference between electronic states in the two bands.

The origin of polarization-dependant optical selection rules is contained in the

matrix element:

M = 〈i | H ′ | f〉 (2.2)

Here H ′ is the Hamiltonian term that describes the perturbation by the optical

field that is applied to the system. In the dipole approximation H ′ = e~r · ~E0,

where ~E0 is the electric field of the excitation light and ~r the electron position. For

obtaining the selection rules for the optical transitions it is useful to describe the

electron quantum states and the polarization states of light in terms of spherical

harmonics Y ±ml , where m and l are the quantum numbers of the state. In this

notation l refers to the orbital momentum quantum number and m represents

the momentum projection quantum number [1].

This approach reveals that the angular parts of the electronic Bloch wavefunc-

tions determine which transitions have non-zero values when evaluating equation

(2.2), and this governs the selection rules: For electric-dipole allowed transi-

tions ∆l = ±1 and ∆m = ±1 or 0. Generally speaking, other processes such

as magnetic-dipole and electric-quadrupole transitions are also be possible, but

their transition rates are typically much smaller and in the systems under consid-

eration for this thesis they are mostly negligible. Using optical transitions, it is

possible to create spin polarization in the material. This process is called optical

orientation and it has been extensively studied theoretically and experimentally

[2].

2.2.1 Optical orientation of conduction band electrons in

GaAs

GaAs and GaAs-based heterostructures are the most widely applied material in

optical studies of semiconductors [3]. The band structure of GaAs near the Γ-

point (electronic wavenumbers near k = 0) is shown in Fig. 2.1. The energy bands

are here parabolic with an effective mass for the electrons in the conduction band

that is much smaller than that of the holes in the valence band. The band gap

at T = 0 K is Eg = 1.519 eV and the split-off band is separated from top of

the valence band by ∆ = 0.34 eV. During the transitions between the bands, the

electronic wavenumber k does not change since the photon momentum us much

smaller than the electronic momentum values.
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Figure 2.1: The band structure of GaAs near k = 0. In this diagram the energy

E = 0 is assigned to the top of the valence band, and E = Eg then corresponds to

the bottom of the conduction band. Four bands are shown: the electron conduction

band (e), the heavy hole band (hh), the light hole band (lh) and the split-off band

(so). Transitions 1 and 2 are from the heavy hole and light hole bands, respectively.

Transitions from the split-off band are possible, but not relevant for the work in this

thesis (therefore not shown). Figure adopted from Ref. [4].

Optical orientation of conduction electrons in GaAs

The selection rules for optical transitions from heavy-hole states and light-hole

states to conduction band states in bulk GaAs are summarized in Fig. 2.2. In

a geometry where the spin quantization axis is parallel to the light propagation

a photon with right circular polarized light σ+ (positive helicity) carries an an-

gular momentum of +~ in the direction of light propagation, and a left circular

polarized photon σ− (negative helicity) carries an angular momentum of −~.

Consequently, with –for example– σ+ light the only allowed transitions are those

that change the electronic angular momentum with 1 ·~. This yields two allowed

transitions, for which the strength (amplitude of the matrix element) differs a

factor 3 (the -3/2 to -1/2 transition is 3 times stronger then the -1/2 to +1/2

transition). Accounting for this difference in transition strength, we can calculate

the spin polarization P for electrons in the conduction band that results from

excitation with σ+ light:
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Figure 2.2: The selection rules for interband transitions in GaAs for σ+ (a) and

σ− (b) polarizations of light. The conduction band (CB) states have s1/2 character

(j = 1
2) and are labeled with m = ±1

2 . The highest valence band (VB) states have

p3/2 character (j = 3
2), and are labeled with m = ±3

2 (heavy holes) and m = ±1
2 (light

holes). The dots above the conduction band states indicate the strength of the non-zero

transitions. The transitions from the split-off band are not shown.

P =

∣∣∣∣n↑ − n↓n↑ + n↓

∣∣∣∣ =
1

2
(2.3)

In the case of GaAs structures with confined electronic states (as for example

a quantum well system) the degeneracy between the heavy holes and light holes

for k = 0 is lifted and the energy needed to excite transitions starting at these

levels will no longer be the same [5]. However, the polarization selection rules

and the relative transition strengths do not change.

This technique can be used with an external magnetic field (setting the spin

quantization axis) parallel to the propagation direction of light. This is known as

the Faraday geometry, and in this case the optical orientation technique creates

spin polarization that is aligned with the spin-up and spin-down quantization.

In this thesis, we mostly report work with a magnetic field (again setting the

spin quantization axis) orthogonal to the propagation direction of light. This

is known as the Voigt geometry. With ultrashort laser pulses (which have a

Heisenberg uncertainty in the photon energy that is larger than the electronic

Zeeman splittings), the optical selection rules during the pulse can be applied

along the quantization axis that is defined by the propagation direction of light

(x-direction). Consequently, optical orientation then results in spin polarization

into a well-defined state that is orthogonal the magnetic field (z-direction). Such
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states are coherent quantum superpositions of spin-up |↑〉z and spin-down |↓〉z.
For example, the state |↑〉x =|↑〉z+ |↓〉z and |↓〉x =|↑〉z− |↓〉z. In this case there

is spin coherence, and the spins start to precess about the applied magnetic field

as soon as they are prepared in the spin-oriented state.

In this description, optical orientation is created for non-equilibrium carriers

in the conduction band which will disappear again at the electron-hole recombina-

tion rate. For a pure intrinsic GaAs sample the spin coherence can not live longer

than the electron-hole recombination time (which is about 300 ps for bulk GaAs

at low temperature). The spin coherence can live longer if there is a mechanism

for transfering the spin coherence to longer lived states. An interesting example

of this can occur with low-doped n-GaAs materials [6]. In that case electron-hole

recombination can occur with the electrons that were already present from dop-

ing, such that a fraction of the spin orientation can now live much longer than

the electron-hole recombination time.

As a general rule for the experiments on n-GaAs the hole spin coherence is

much shorter lived than electron spin coherence (due to valence band mixing [7])

and therefore does not contribute significantly to the electron spin signal.

Λ-scheme with localized electrons in n-doped GaAs

The optical generation of spin polarization in semiconductors is not limited to

the generation spin polarized electrons in the conduction band. In the case of n-

doped GaAs with donor concentrations below 1015 cm−3 the the donor electrons

are at low temperature localized at the donor sites (D0 systems). We used such

materials with Si dopants. At these low doping concentrations the wave-functions

of neighboring donor electrons do not overlap. This allows to treat these electrons

as en ensemble of non interacting electrons in hydrogen-like orbits, which have a

1s-type ground state at 5.8 meV below the bottom of the conduction band.

In the presence of a magnetic field this two-fold degenerate (due to spin)

ground state of the D0 electron will be split by EZeeman = geµBB, where ge ≈
−0.42±0.02 [8, 9] is the g factor of the D0 electron in GaAs, µB = 5.79·10−5 eV/T

is the Bohr magneton and B is the magnitude of the external magnetic field.

These D0 systems have a hydrogen-like excitation spectrum to states as 2s,

2p etc., but these excitations have small energies on the order of the 5.8 meV

ionization energy. However, they also have localized optical excitations. This

concerns a transition to a complex with an electron-hole pair bound at the donor

site in addition to the original electron. This is the donor-bound trion system

(D0X system, often also referred to as the neutral donor-bound exciton complex).
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The D0−D0X optical transition has an energy that corresponds to the band gap

minus the exciton binding energy and the binding energy between the exciton

and the D0 system (this energy description neglects the fine structure).

The D0 to D0X transitions in the presence of a magnetic field form a three

level (Λ-type) system (see Fig. 2.3) which is an interesting platform for optically

manipulating the quantum coherence between the |↑〉 and |↓〉 states of the D0

electron.

…
|e

|↑

D0X

D0-1s |↓

V

|e’

H

Figure 2.3: Energy levels of the D0 − D0X system and optical transitions which

correspond to the excitation of a donor-bound exciton D0X, in an external magnetic

field. The D0 system is a localized donor electron with a ground state in the form

of a hydrogen-like 1s orbital. There is a Zeeman splitting between its two spin states

|↑〉 and |↓〉. The D0X complex consists of an exciton that is bound to the D0 system

and has multiple levels. In a magnetic field, the lowest level | e〉 couples to the D0

spin states with transitions that couple to orthogonal optical polarizations. V stands

for vertical (linear polarization along the direction of the external magnetic field) and

H stands for horizontal (linear polarization orthogonal to the direction of the external

magnetic field)

Polarization dependent transmission spectroscopy on D0 systems [10] revealed

that transitions from |↓〉 and |↑〉 to the lowest level | e〉 of the D0X complex couple

to orthogonal optical polarizations. In the basis where spin quantization axis is

linked to the direction of the external magnetic field and with light propagation

orthogonal to the external magnetic field (Voigt geometry) the transitions of

interest couple to two orthogonal linear polarizations: The transition from |↑〉 to

| e〉 couples to horizontally polarized light (perpendicular to the magnetic field

direction) and the transition from |↓〉 to | e〉 couples to vertically polarized light

(along the magnetic field direction).
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It has been shown that within this system it is possible to achieve control

over the D0 spin state by using coherent population trapping (CPT) [11] and

electromagnetically induced transparency (EIT) [10]. Fast manipulation of the

D0 spin state was also shown by using red-detuned optical pulses [8].

While the application potential for such three-level Λ-type systems for quan-

tum information purposes and non-linear optics is well established for atomic

ensembles [12], this particular semiconductor implementation of a three-level sys-

tem received less attention till now. The complexity of the excited state complex

(Fig. 2.3) allows one to use the developed techniques and methods for three-level

systems only in the limit where the spectral width of the control fields is smaller

then the level splittings in the D0X complex. This strongly limits the spectral

width of the excitation light and practically prohibits the use of ultrashort (pi-

cosecond range) laser pulses for preparation and readout of the D0 spin state

with the TRKR technique. In Chapter 6 we review this statement and provide

experimental results which show the contrary. The combination of ultrafast (pi-

cosecond) spin preparation and the previously developed techniques for ultrafast

spin manipulation gives the donor-bound electron system a great prospect for

being used as a platform for quantum information schemes.

2.3 The Kerr effect

The Magneto-Optical Kerr Effect (MOKE) is one in a family of magneto- and

electro-optical effects where applying a magnetic or electric field to a material

turns it optically active (affecting the polarization of transmitted and reflected

light). The same effects can occur due to a polarization which is present in the

material itself. These effects are known since 19th century, but got renewed atten-

tion with the development of ultrafast pulsed Ti:Sapphire lasers, which made it

possible to study the magnetization dynamics and spin polarization dynamics on

very short timescales. For this purpose the Kerr effect and Faraday effect are the

two most used at this stage in the scientific community. They are complementary,

since the Kerr and Faraday effect are associated with reflected and transmitted

light, respectively. Depending on the sample structure (total transmission of the

sample) one of them will be preferable. The experiments described in this the-

sis used the Kerr effect for a time-resolved study of electron spin coherence in

GaAs-based materials.

For analysis of the Kerr effect is it useful to distinguish three different geome-

tries, which depend on the relative orientation of the incident (probing) light and
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the magnetic moment ~M in sample. They are presented in Fig. 2.4.

z

x
y

M

M = M  xxk kreflected

(c)(b)

M

M = M  yyk kreflected

(a)

M

M = M  zzk kreflected

Figure 2.4: The three different geometries that are considered for describing the

magneto-optical Kerr effect. (a) Polar. (b) Longitudinal. (c) Transverse.

We will concentrate on the Kerr effect where probing occurs with light that is

initially linearly polarized. The optical activity induced by the Kerr effect results

in a rotation of the polarization of light during the reflection on the sample.

This is often called Kerr rotation and quantified by the Kerr rotation angle Θk.

In principle the Kerr effect can also change the degree of ellipticity of the light

polarization. Both effects together can be described by the complex Kerr rotation,

and is then represented in the following form:

Φ̃k = Θk + iΨk (2.4)

Here Θk is the orientation angle of the polarization ellipse and Ψk is the ellipticity

angle (see the inset in Fig. 2.5).

For an arbitrary incidence angle φ the three different measurement geometries

(as shown in Fig. 2.4) give the following real Kerr rotations Θs,p
k (for details see

the Ref. [13]). The expression are given for the s or p polarizations (where p is

linear polarization parallel to the plane that is defined by the direction of light

propagation and a vector normal to the reflecting surface, and s is orthogonal to

p):

(i) The polar Kerr effect:

Θs,p
k = Im

η2
[√

η2 − sin2φ∓ sinφ tanφ
]

(η2 − 1) (η2 − tan2φ)
·Q

 (2.5)

(ii) The longitudinal Kerr effect:
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Θs,p
k = Im

η2 sinφ
[
sinφ tanφ±

√
η2 − sin2φ

]
(η2 − 1) (η2 − tan2φ)

√
η2 − sin2φ

·Q

 (2.6)

(iii) The transverse Kerr effect (results only in the intensity change):

δp =
∆I

I
= −Im

(
4 η2 tan φ

(η2 − 1) (η2 − tan2φ)

)
(2.7)

Here η = n2/n1 is the ratio between the complex refractive index of the two

adjacent media. The upper sign is for the case of probing with light that has s

polarization and the lower is for the case of p polarization. Q is the magneto-

optical parameter (or Voigt parameter), which proportional to the magnetization

or spin polarization. The ellipticity angles for the polar and longitudinal geometry

can be obtained from Eq. (2.5) and Eq. (2.6) by taking the real part (Re) instead

of the imiginary part (Im). Since |η| > 1 and φ is small for the experiments

described in this thesis, one can see that the polar Kerr effect is the strongest

and the longitudinal effect is the weakest one.

The above discussion of the Kerr effect is presented in terms of a generic

macroscopic magneto-optical parameter Q, in a formalism that is useful for as-

sessing the magnitude of the various Kerr signals that can be obtained in different

geometries. For the studies in this thesis, however, it is useful to describe here the

link to a microscopic picture that relates to the optical transitions in Fig. 2.2. In

this picture [2], measuring the rotation from the polar Kerr effect with an initially

linearly polarized light pulse is equivalent to measuring an unequal filling of the

spin-up and spin-down conduction bands. That is, such an unequal filling gives

rise to a difference in the absorption coefficient for σ+ (a) and σ− laser light that

is near resonance with transitions to these states. Through the Kramers-Kronig

relation, this also gives rise to a difference in the refractive index for σ+ and

σ− light. Such a difference in the refractive index gives a rotation of the linear

probe polarization upon reflection on an interface of the sample, given that the

linear polarization is a superposition of for σ+ and σ− light. This picture helps

to visualize the process, while for the full understanding of the measured data

incorporation of all optical effects which may occur in the sample is important.

The observed Kerr rotation angle is changing sign when tuning the probe laser

from red detuned to blue detuned with respect to exact resonance on a certain

optical transition, and it is in fact zero when tuned to exact resonance. When
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detuning it further (either red or blue) the Kerr rotation goes to zero, since the

interaction strength of light and matter is decreasing [13]. Semiconductor systems

often have a continuous band of optical transitions rather than a spectrum with

isolated optical transitions. However, since the transitions near the band edge

dominate the optical response this dependence on detuning is also observed in

most III-V semiconductors systems.

2.4 Balanced polarization bridge

The typical value of the observed Kerr rotation angle in experiments that probe

spins near the bottom of the conduction band in III-V semiconductors is on the

order of tens of micro-radians. Although the absolute value of the Kerr angle is

less important and the time evolution of it is the focus of the current study, it is

crucial to have the necessary precision in the experimental setup.

The most precise method for measuring the rotation of the polarization plane

of light is based on a balanced photodetector scheme (also known as polarization

bridge). It allows to separate the measurement of ellipticity and rotation and it

is (in first order) linear to the spin polarization (magnetization) in the sample.

Figure 2.5 schematically shows the setup with balanced photodetectors used

for measurement of polarization rotation. The beam of light after reflection on

the sample is split into two beams with orthogonal polarization with a Wollaston

prism, such that each detector only detects the s or p component (in the basis

linked to the Wollaston prism). The λ/2-plate before the Wollaston prism is

rotating the polarization of the light such that in the basis of the Wollaston

prism the s and p components have the exact same intensities if there is zero spin

polarization in the sample. This procedure of balancing the detection scheme is

done before any spin polarization is induced in the sample. Using the λ/2-plate

for balancing is very practical since it allows balancing the detector contributions

while the optical paths of the beams remain unchanged (so that the alignment

of the setup remains untouched and intact).

In the absence of spin polarization in the sample along the direction of light

propagation (the component of spin polarization to which the light is sensitive

for the polar Kerr effect) the difference between the signals from both detectors

is now zero. The intensities of light in the two beams to the detectors become

different when there is spin polarization in the sample.

When only accounting for the polarization change in light that is linear with

the amount of spin polarization in the sample, the complex Kerr rotation can be
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Figure 2.5: Schematic drawing of the polarization bridge with balanced photode-

tectors. The probe beam (initially linearly polarized) acquires a Kerr rotation and

ellipticity due to interaction with a spin polarized region in the sample (S). The half-

wave (λ/2) plate brings the polarization to the basis of a Wollaston prism (WP), in

which the photodetectors give a balanced signal for zero spin polarization in the sample

(i.e. zero signal after subtraction).

described with a rotation matrix R in the Jones formalism for describing light

polarization [14]:

R =

(
cos Φ̃k −sin Φ̃k

sin Φ̃k cos Φ̃k

)
(2.8)

where Φ̃k is the complex Kerr rotation as defined in Eq. (2.4). The Jones vector

for the probe light in the basis of the Wollaston prism, for the case of zero Kerr

rotation after reflection (i.e. the signal that defines zero after balancing) can be

expressed as:

~E =

(
Es

Ep

)
=

(
1

1

)
(2.9)

After acquiring a non-zero Kerr rotation Φ̃k (assumed to be small, |Φ̃k| � π),

the polarization of the beam is transformed and the two measured components

(with the s and p detector) are no longer equal in intensity:
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~Emeasured =

(
cos Φ̃k −sin Φ̃k

sin Φ̃k cos Φ̃k

)(
1

1

)
≈

(
Φ̃k − 1

Φ̃k + 1

)
(2.10)

The photodetectors (see Fig. 2.5) measure the s and p components separately,

and the Kerr signal is obtained by subtracting the s and p signals:

Imeasured = Ip − Is ∝ | ~Ep
measured|

2 − | ~Es
measured|2 (2.11)

This results in a final signal being proportional to the real Kerr rotation Θk,

and not sensitive to the ellipticity change (complex Kerr rotation is substituted

as defined in Eq. (2.4)):

Imeasured ∝ |Φ̃k+1|2−|Φ̃k−1|2 =
[
(Θk + 1)2 + Ψ2

k

]
−
[
(Θk − 1)2 + Ψ2

k

]
= 2Θk

(2.12)

A setup that measures Θk in this manner can be easily modified into one that

measures the change in ellipticity. A quarter-wave-plate should then be placed

before the Wollaston prism (which is equivalent to adding an additional rotation

matrix with angle of π/4 in Eq. (2.10)). The measured signal is then proportional

to the ellipticity, and not sensitive to Kerr rotation:

Imeasured ∝ 2Ψk (2.13)

This technique with balanced photodetectors, where the signal spin signal

comes from a difference measurement, cancels out intensity fluctuations and many

other experimental fluctuations, such that it is at the same time a very sensitive

and a robust method. It allows one to measure very precisely a very small rotation

of the light polarization. In our setup the typical accuracy was ≈ 10 nrad.

If the sample has a few layers which could contribute to the Kerr rotation,

or in case that the area of interest is not homogeneously spin polarized, the

measured signal is a superposition of these various contributions (which can also

come with opposite signs). In such a case the resulting Kerr signal is complicated

and requires a very careful and precise analysis. An example of such a situation

is discussed in more detail in Chapter 3.
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The Kerr effect can be used to measure all three components of magnetization

(spin polarization) in a sample, but this requires changing the experimental setup

for measuring each component. However, with an external magnetic field that

precesses the spin polarization it is also possible to observe all three components.

Alternatively, one can in certain cases exploit the optical selection rules and

measure the spin polarization in different direction simply by selecting different

probe polarizations. An interesting example of such a case is demonstrated and

analyzed in Chapter 6.

2.5 Measurement setup

Figure 2.6 presents a schematic diagram of the experimental setup. It is optimized

for operating the Time-Resolved Kerr Rotation (TRKR) method for detecting

spin coherence that was already introduced in Chapter 1. Essential to this method

is that a pump pulse creates spin coherence, which is then detected with a probe

pulse after a controllable delay. A pulsed Ti:Sapphire laser (Coherent, model

Chameleon Ultra) is used to generate both pump and probe pulses (tunable

wavelength λ, 150 fs pulses with ∼ 7 nm spectral width, at 80 MHz repetion rate).

They can be spectrally narrowed to ∆λ = 1.2 nm with tunable liquid-crystal

Fabry-Perot interferometric filters (LCFP). This increases the pulse durations to

about 1 ps. This is either applied at the place marked LCFP 1, or separately for

pump and probe at the places marked LCFP 2 and LCFP 3. This allows to switch

between single- and two-color pump-probe experiments while only using a single

laser, and without too much changes to the setup. The single-color experiments

can also be performed without LCFP filters in the setup in case a time resolution

well below 1 ps is desired, or when applying the LCFP compromises the optical

pulse energies that can be used too much.

After collimation the principle beam is split into a pump and probe beam.

The time delay pump and probe pulses is controlled with a retroreflector mounted

on a computer-controlled mechanical delay line, which is positioned in the pump

beam (since it is preferable to have a very stable beam path for the probe beam

onto the detectors). Area 3 in Fig. 2.6 is for some experiments used for creating

two pump pulses per probe pulse. The delay between the two pump pulses is

then controlled with a hand-controlled mechanical delay line. This is realized by

splitting the pump beam into two beams, which are aligned to fully overlap again

after additional path length for one of the two beams. Such double pump pulses

were used for the experiments on spin preparation for D0 systems (Chapter 6).
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Figure 2.6: Schematic representation of the experimental setup. 1 - Collimator;

LCFP - Liquid crystal Fabry-Perot filters (experiments either used none, nr. 1 alone,

or the pair nr. 2 and 3); 2 - Polarizers and polarizing beam splitters; 3 - Area for adding

a second pump pulse (used in Chapter 6); 4 - λ/2 plate; 5 - Photo-Elastic Modulator

(PEM); 6 - Soleil-Babinet Compensator; 7 - Wollaston Prism; 8 - Glass plate; 9 -

Dielectric mirror with polished back side; A,B - photodetectors. Irises, neutral density

filters and beam pick-off points for measuring spectra and are not shown for simplicity.

The periscope is adjusting the height of the beam path in the left and the

right parts of the optical table (from laser height to cryostat height). All optical

components in the beam path after the periscope are mounted on a sliding bread-

board (excluding the cryostat) for practical purposes. In the pump and probe

beams λ/2 plates and polarizers are defining and purifying the polarization states

of the beams. After this point, all mirror reflections in the optical scheme use

rather sharp angles (not too far from normal-incidence). This is necessary for
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preserving the polarization upon reflection (our tests showed that the polariza-

tion preserving properties of the dielectric mirrors used depend on the angle of

incidence).

The pump beam is directed on mirror 9 in such a way that pump beam

follows the optical axis of the confocal microscope that is formed by the two

lenses in between the cryostat and the CCD camera in Fig. 2.6. An incoherent

light source and glass plate 8, together with mirror 9 facilitate imaging of the

sample in the cryostat, with ability to observe the pump and probe focal spots

on the sample at the same time. Mirror 9 is a dielectric mirror with a polished

back surface. It is slightly transparent for the laser beams, while it allows visible

light to propagate through it without significant distortions. This combination

of the confocal microscope for visible light and the focusing scheme for the laser

beams allows one to see the sample during the aligning procedures, and to also

check the position of the pump and probe spots and their overlap on the sample.

The probe beam is aligned on mirror 9 just to side of the pump beam (which

is central on the mirror). Thus, after reflecting on the sample the probe can

be picked up again with mirror 9 and further guided to the λ/2 plate and the

Wollaston prism that are part of the balanced scheme for detecting polarization

rotation.

A Photo-Elastic Modulator (PEM) in combination with a Soleil-Babinet com-

pensator (SBC) are used to manipulate the polarization of the pump beam. A

SBC is a variable wave plate which allows to achieve any possible retardation and

the PEM is used to modulate the pump polarizations at a frequency of 50 kHz

between two orthogonal polarizations (sinusoidal modulation between fully or-

thogonal states). Such modulation can be used in a lock-in detection scheme,

but also avoids constantly pumping the same electron spin polarization. Such

constant pumping may lead to dynamic nuclear polarization effects [6], which

is should be circumvented for detailed studies of the electron g factor and spin

dephasing time.

The PEM modulation is in most of our TRKR experiments central in a lock-

in detection scheme that strongly improved the signal-to-noise ratio of the Kerr

signals. Many experiments also used a double modulation scheme, realized by

modulating the probe beam intensity as well with a mechanical chopper at a

frequency around 169 Hz. Thus, we can use cascaded detection of a double

modulated signal. Alternatively, the chopper can be operated at a sub-harmonic

frequency of the PEM (e.g. at fC = 50/16 kHz), with direct lock-in detection of

a side band at fC from the PEM frequency. Such double modulation schemes are
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essential for single-color TRKR experiments where a portion of the reflected pump

light is unintentionally incident on the photo detectors, despite the geometric

separation from the probe path. This mainly occurs with samples that have a

rough or structured surface.

The sample is placed in the cryostat (Oxford Spectromag, 2 to 300 Kelvin

while applying a field in the range from 0 to ±7 Tesla), such that a split coil

superconducting magnet will generate a magnetic field in the plane of the sample,

and light propagation is orthogonal to the sample. It is very useful to be able to

do measurements at different spots on a sample, without the need to spend much

time and efforts on realigning the whole beam path to and from the sample.

For this purpose we have designed and made a sample holder in the cryostat

where we can use piezo positioners from Attocube Systems AG, Germany (see

Fig. 2.7). This also improves the ability to compare the TRKR signals from

different areas of a sample. Such a design allows one to move the sample in

the focal plane, such that virtually no re-adjustments are needed for the optical

components after sample displacement. It also simplifies the alignment procedure

by allowing corrections on θ, since optimal TRKR detection is achieved with the

sample normal to the pump beam.

2.6 Measurement of the spin dephasing time

(T ∗2 )

The presented setup is designed to characterize and quantify the dynamics of

spin polarization in GaAs-based structures and devices. As discussed in the

above, the generation (via optical orientation) and detection (via Kerr-rotation

measurement) of spin polarization and spin coherence is done by means of short

optical pulses.

Most of the TRKR experiments reported in this thesis include measurements

in a magnetic field, with the setup in Voigt geometry. In this case the spins are

prepared in a state that is orthogonal to the applied field, and start to precess

immediately after initialization. The measured Kerr signal then show oscillations

as a function of pump-probe delay that directly reflect coherent spin precession,

with a transient signal envelope (loss of Kerr signal to zero) that directly reflects

spin dephasing or loss of Kerr signal due to electron-hole recombination (more in

general it can also be due to electrons leaving the probe volume via transport).

An example of such a trace was presented in Fig. 1.1, and its mathematical form
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Figure 2.7: Photo of the sample holder at the bottom of a sample stick that is

inserted in the cryostat. 1 - Chip with two samples glued on it with varnish; Labels

2 to 5 refer to piezo positioners from Attocube Systems AG (Germany) for different

degrees of freedom. 2 - Adjustments in θ; 3 - Adjustments in x; 4 - Adjustments in

y; 5 - Adjustments in z. An adjustment in ϕ can be realized my rotating the whole

sample stick.

is typically close to Eq. (1.1). Thus, working with a magnetic field in Voigt

geometry has the advantage that TRKR gives an unambiguous finger print of

spin coherence and allows for a direct determination of its decay time.

In this case, spin polarization is prepared in a state that is not parallel with

the spin quantization axis. Thus, the method prepares spin coherence since the

electrons are after the optical transition in well-defined quantum states that are

also coherent with respect to each other. The coherence of individual electron

spins will decay in time (over a 1/e timescale that is known as the homogenous

spin decoherence time T2). However, the TRKR technique that we described here
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measures the projection of spins along a certain axis, averaged over an ensemble

(without applying a spin-echo technique). Thus, the spin coherence signal also

goes to zero in case the coherent precessional dynamics of different spins acquires

phases that differ more than π between individual spins in the ensemble. This

is characterized by the 1/e timescale T ∗2 , which is known as the spin dephasing

time or the inhomogenous spin coherence time.

In zero field, the decay of a TRKR spin signal can be due to spin relaxation

(at the timescale T1), pure spin decoherence and spin dephasing [15]. However,

in semiconductors spin relaxation is typically much slower than spin decoherence

and dephasing, and TRKR signals then typically decay at the timescale that is

set by the minimum of T ∗2 and the electron-hole recombination time.

2.7 Summary

We presented the realization of a setup for Time-Resolved Kerr Rotation (TRKR)

measurements which can be used at temperatures from 2 to 300 Kelvin while

applying a magnetic field with a value in the range from 0 to ±7 Tesla. The

shortest time resolution that can be achieved is about 150 fs. Spectral tuning

of pump and probe pulses is possible, including the ability to switch between

single-color and two-color pump-probe experiments. While the spatial resolution

of the optical focusing on the sample is about 150 microns, the control over the

sample positioning is on the sub-micron scale.
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