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Motivation

The methods and ideas that led to this work trace back to the fundamental studies of
light and, as an early milestone, Maxwell’s prediction of an electromagnetic wave in 1865
[Max65]. Later, at the turn of the century, Planck and Einstein showed that nature is
composed of discrete energy packets, and that this quantization is inherent in light and
matter [Pla01, Ein05]. It took more than 25 years in order to develop a self-consistent
interpretation that takes the paradox of the wave-particle dualism into account. Its rev-
olutionary statement: probability exists not only due to a lack of knowledge but it is, in
the form of the quantum mechanical wave function, an entity of nature. Thus, quantum
physics provides not only the mechanical conception of nature at the smallest scales but
influences general philosophical thinking and human knowledge [Boh58, Hei79].

Some of the numerous research areas developed since the early days of atomic physics
are devoted to semiconductors in their various forms. Until now, they enabled significant
technological breakthroughs such as the transistor in modern electronics (Nobel prize
1956), the charged-coupled device (CCD) in digital photography (Nobel prize 2009), het-
erostructure lasers and integrated circuits (Nobel prize 2000), or light-emitting diodes
(Nobel prize 2014). Nowadays funding of basic research is often driven by the con-
stant miniaturization of processors and the strive for quantum information technologies
[Bou00]. In a quantum computer the classical bit (0 and 1) is substituted by a two-level
system (|0〉 and |1〉) whose wave function is a superposition (linear combination) of the
two eigenstates. A memory composed of n entangled qubits could be used to store 2n

numbers at once, leading to a tremendous increase of the performance of mathemat-
ical operations that cannot be achieved in existing technologies. Furthermore, while
currently energy dissipation and the associated heating are major limiting factors for
technological progress, these detrimental effects are largely suppressed in the coherent
regime. Coherence is the phase difference between the oscillators associated with the
eigenstates |0〉 and |1〉 that is existing in a superposition state. One of the many ap-
proaches for implementing a qubit exploits the charge or spin of electrons (and/or holes)
in semiconductor quantum dots [Bay02]. Considerations as to whether spins can play
a role beyond magnetic storage are extensively discussed in the research field of spin-
tronics [Aws02]. If, e.g., semiconductors (whose electrical and optical properties can be
tailored almost arbitrarily) could be also rendered magnetic, all-in-one-chip solutions for
information processing could become possible.

The materials studied for this thesis are semiconductor quantum dots and wells, also
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2 Motivation

combined with ferromagnetic or plasmonic metals to hybrids. Two focus areas can be
defined. The first one deals with the magnetic manipulation of spins inside a novel
spintronic device (Ch. 5). Special attention is devoted to the exchange interaction be-
tween carrier spins in a semiconductor and magnetic ions in a nearby ferromagnet. The
second area is about the storage of optical information, i.e., conversion of the optical
field into a material excitation, storing this excitation, and its release after a control-
lable time delay. The strong oscillator strength of optical resonances in semiconductors
is inevitably linked to a short lifetime of the excitation and, therefore, a short optical
memory. Inhomogoneous broadening of the optical oscillators shortens the storage time
even more. This obstacle can be overcome by echo techniques that allow one to recover
the information as long as the coherence of the individual absorber is preserved. Coher-
ence and its loss with the excitation field is extensively studied in quantum dots that
are embedded in microcavity structures (Ch. 6). In previous works by Langer et al. it
was shown that the information stored in the optical field can be transferred to the spin
system, where it is decoupled from the optical vacuum field and may persist much longer
[Lan12, Lan14]. The approach can be used to measure the spin dynamics of carriers in
the ground state without creating a macroscopic spin polarization, as in conventional
pump-probe experiments using a circularly polarized pump pulse (Ch. 7). However, the
comparison of both techniques allows for fundamental studies of the spin ensemble with
unique insights into local relaxation processes.

The thesis starts with an introductory part I providing general concepts of semicon-
ductors, coherent optical pehenomena, spin physics, and magnetism. Also, it contains
an overview of the experimental methods that were used in part II on a ferromagnet-
semiconductor hybrid structure and part III on coherent optical excitations. Driven by
the hope to contribute in some form to novel future technologies the present thesis exists
simply for the sake of science, which is a good thing by itself.



Part I

Physical background
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Chapter 1

Semiconductors

As implied by its name, a semiconductor combines at once properties from a metal and
an insulator. While being insulating at low temperatures near T = 0 K it becomes
conducting for a certain temperature T = Eg/kB which lies below its melting point.
kB is the Boltzmann constant and Eg is the band gap energy that separates the lattice
electrons from reaching a conducting state. Section 1.1 will introduce the electronic band
structure arising in a crystal with the focus on semiconductor materials from the binary
compounds of groups II-VI and III-V. Interesting properties arise from structures with
reduced dimensionality, as outlined in Sec. 1.2. Light-matter interaction and electronic
excitations in semiconductors will be discussed in the final two sections of this chapter.

1.1 Solid state basics

The electronic properties of semiconductors arise from single atoms that arrange in a
crystal lattice. As our starting point, we recapitulate the fundamental atomic quantum
numbers from quantum mechanics [Boh51]:

(i) n = 1, 2, 3, ... is the principle quantum number describing the shell of the atom.

(ii) l = 0, 1, 2, ..., n − 1 is the angular momentum quantum number describing the
atomic orbitals (s, p, d,...). It results from the eigenvalue ~2l(l + 1) of the orbital
momentum quantum operator l̂2 = l̂2x + l̂2y + l̂2z. ~ is the reduced Planck constant.

(iii) s = 1/2 is the pure quantum intrinsic angular momentum of the electron called
spin. It results from the eigenvalue ~2s(s+1) of the spin operator ŝ2 = ŝ2

x+ŝ2
y+ŝ2

z.

Apart of l̂2 and ŝ2 one can measure one of the operator components along a specified
quantization axis, e.g., the z-axis with its eigenvalues in units of ~ reading lz = −l, −
l + 1, ..., l − 1, l, and sz = −1/2 (spin down ↓) or sz = +1/2 (spin up ↑), respectively.

In multi-electron systems, angular momenta of several electrons experience so-called
Russell-Saunders coupling that leads to the total orbital quantum number L and total
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6 Chapter 1. Semiconductors

spin quantum number S, i.e. [Stö06]

L̂ =
∑
i

l̂i, Ŝ =
∑
i

ŝi. (1.1)

Consequently, eigenvalues of the operator projections on the z-axis are called Lz and Sz,
respectively, and have the unit ~.

1.1.1 Pauli exclusion principle

Let us consider the interaction between two electrons with spin wave function |↑〉 or |↓〉.
Electrons are fermions with the property that the total wave function has to be antisym-
metric with respect to the interchange of coordinates and spins. This can be achieved
in two ways. Either the spatial part is symmetric and the spin part is antisymmetric
or vice versa. Two cases have to be distinguished for the two electron-system. (i) The
spins are pointing in opposite directions, i.e. S = 0, Sz = 0. The spin part of the total
wave function is then the antisymmetric singlet state

1√
2

(|↑↓〉 − |↓↑〉) . (1.2)

(ii) For parallel spin orientation, i.e. S = 1, Sz = 1,0, − 1, the spin function is the
symmetric triplet state

|↑↑〉 , 1√
2

(|↑↓〉+ |↓↑〉) , and |↓↓〉 . (1.3)

The antisymmetrization postulate for fermions is expressed in the Pauli exclusion princi-
ple, stating that two electrons cannot be in identical states, i.e., have identical quantum
numbers.

1.1.2 Spin-orbit interaction

The coupling of momenta in systems with many electrons does not only lead to Eqs.
(1.1), but spin-orbit interaction is giving rise to a total angular momentum operator

Ĵ = L̂+ Ŝ. (1.4)

The eigenvalues of Ĵ2 and Ĵz are accordingly J and Jz = m~, respectively. In this
notation we introduced the magnetic quantum number m = −J, − J + 1, ..., J − 1, J ,
because Ĵ is associated with a magnetic moment m̂ whose expectation value measured
along the z-axis is

〈m̂z〉 = −µB
geJz
~

. (1.5)

Here, ge is the Landé g factor of the electron and µB = e~/(2me) = 5.788 · 10−5 eV/T is
called Bohr magneton (e is the elemental charge and me is the electron mass). From the
electron point of view, the charged nucleus moves around the electron and creates an
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effective magnetic field that interacts with the electron spin. The field strongly increases
with the number of protons in the nucleus as ∝ Z2. Spin-orbit interaction leads to a
fine structure in atomic spectra and has many consequences in solid state physics. It
contributes significantly to the band structure of semiconductors (Sec. 1.1.3) and enables
the optical orientation and detection of electron spins (Sec. 1.3.2). In magnetic solids it
is the main reason for magnetocrystalline anisotropy (Sec. 3.1.2).

1.1.3 Electronic band structure

Consider a single atom of the group IV semiconductor germanium with electron config-
uration 4s24p2: The atom aims to fill up its 4p orbital which has place for four more
electrons. This can be achieved if the atom establishes covalent bonds with four other
germanium atoms. These four atoms try themselves to fill up their 4p orbital and es-
tablish new bonds; and so on, until a crystal is created. As a result, the electronic
energy structure changes and the atomic orbitals are replaced by filled bonding and
empty anti-bonding states of the sp3 hybrid orbitals for covalent binding [Fox10, Yu10].
This happens for each single Ge–Ge bond. However, the Pauli exclusion principle pre-
vents that more than two electrons are existing in the same quantum state and thus,
the degeneracy of bonding and anti-bonding states is lifted. In the limit of an infinite
lattice energy bands arise - the p-type fully populated valence band and the s-type empty
conduction band which are separated by the band gap energy Eg.

The creation of energy bands of the compound semiconductors studied in this thesis
occurs in analogy to the one described for the elemental semiconductor germanium.
Taking the III-V gallium arsenide (GaAs), the Ga atoms outer shell reads 4s24p while
for As it is 4s24p3. In sum the number of valence electrons, i.e. those electrons from
the not completely filled p orbital, is the same as if two germanium atoms bond to
each other.1 The same is true for II-VI cadmium tellurid (CdTe) with Cd electron
configuration 4d105s2 and Te 5s25p4 although, in contrast to III-V semiconductors, the
valence band contains also metal d-states from the Cd 4d orbital. They are, however, far
away from the band gap and all valence band states relevant for this thesis are p-type
[Wei88].

The characteristics of the energy bands can be better understood when considering
the periodic nature of semiconductor crystals. For the sake of simplicity we discuss only
CdTe, since the conclusions made are also true for (In,Ga)As. As shown in Fig. 1.1(a),
CdTe crystallizes in the cubic zinc blende structure which consists of two relatively to
each other shifted face-centered cubic lattices [Ash76, Kit04]. Each atom is surrounded
by four nearest neighbors of the opposite kind of atom. The challenge is now to calculate
the kinetic energy of the electrons traveling through this periodically arranged crystal.
Due to their interaction with the lattice nuclei this kinetic energy is not just 1/2mev

2,
with velocity v, but the electron mass changes to an effective mass m∗e which is strongly
dependent on the electron’s speed and direction of motion, i.e. magnitude and direction

1Note that this does not change if a fraction x of the group III Ga atoms is replaced by the same
group Indium (In) atoms in order to form InxGa1−xAs.
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Figure 1.1: (a) Cubic zinc blende structure of CdTe in real space composed of two relatively
to each other shifted face-centered cubic (fcc) lattices with a ≈ 0.64 nm [Str12]. For cubic zinc
blende GaAs the lattice parameter a ≈ 0.56 nm [Str11]. (b) The first Brillouin zone of an fcc
lattice, with the points of high symmetry labeled in k-space.

of k [Dav12]. Interesting are those directions in which the crystal looks the same after
shifting it along the vector R, i.e. exp(−ik · R) = 1. All wave vectors k that are
satisfying this relation form the so called reciprocal lattice. The Wigner-Seitz cell of this
lattice is called the first Brillouin zone. As seen from Fig. 1.1(b) this cell has points of
high symmetry, e.g. the point of origin Γ, or the center of the big hexagonal face L and
the small square face X. Now it is possible to plot the electron energy for these symmetry
points which correspond to wave vectors k in the real crystal lattice. This representation
known as dispersion relaxation is shown in Fig. 1.2 exemplary for CdTe. Note the two
equivalent ways of how to read the x-axis: (i) Between Γ and any other symmetry point
the wave vector of a well defined direction changes its magnitude |k|, and (ii) between
two points on the surface of the Brillouin zone the wave vector changes its direction.
In Fig. 1.2(a) the bands at points of high symmetry are labeled by their irreducible
representations in the double group notation of the Td crystal symmetry [Yu10]. CdTe
is a direct band gap semiconductor since the minimum of the conduction band and the
maximum of the valence band are both located at the Γ point. Figure 1.2(b) shows a
closeup around the Γ point and labels important nomenclatures. The s-type conduction
band is twice degenerated in spin and its minimum is located at the band gap energy
E = Eg. The maximum of the p-type valence band has E = 0 and consists of the heavy
hole (hh) and light hole (lh) bands whose degeneracy is lifted for k 6= 0. The split-off
(so) band is separated by an energy distance ∆so which is called the spin-orbit splitting.
The values for CdTe as shown in Fig. 1.2 are Eg = 1.59 eV and ∆so = 0.91 eV [Cha72].

The wave functions describing the electron and hole states in the periodic potential
of the crystal are given by Bloch waves [Blo28]

ψm(r,k) = um(r)eikr, (1.6)
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Figure 1.2: Electronic band structure of CdTe in the principle symmetry directions (a) and
around the Γ point (b). Values for T = 15 K adapted from [Cha72]. The minimum of the
conduction band is separated by an energy gap Eg = 1.59 eV from the maximum of the valence
Band. The heavy hole (hh) and light hole (lh) sub-bands are degenerate in energy for k = 0,
while the split-off sub-band is shifted by ∆so = 0.91 eV.

where um(r) are Bloch amplitudes which are invariant under the symmetry transforma-
tions of the crystal. For the conduction band the angular momentum L = 0 and spin
S = 1/2, i.e. J = 1/2. The valence band has L = 1 and S = 1/2, so the total angular
momentum has two possible values, J = 1/2 and J = 3/2. The J = 3/2 band consists of
the heavy hole (m = ±3/2) and light hole bands (m = ±1/2) and J = 1/2 is the split-off
band. The corresponding Bloch amplitudes can be found in Refs. [Dya84, Bas86]. In
the vicinity of high symmetry points, Eq. (1.6) is a solution of the static Schrödinger
equation with eigenenergies

E(k) ∼ ~2k2

2m∗e
, (1.7)

which differs from the dispersion relation of a free electron only in the substitution by
an effective mass, i.e me 7→ m∗e . In Fig. 1.2(b) it is seen that Eq. (1.7) is a good
approximation around k = 0. Now it becomes also obvious that the light and heavy
hole have their names from their different curvatures in the dispersion relation.

1.2 Nanostructures

The artificial production of semiconductors allows one to create structures in which
the motion of electrons and holes is confined in one or more directions. Based on the
Heisenberg uncertainty principle, the confinement of an electron to a region of the z-
axis with length ∆z causes an uncertainty in its linear momentum ∆pz ∼ ~/∆z. This
uncertainty causes an additional kinetic energy (∆pz)

2/2m∗e which is significant if it
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becomes greater than the kinetic energy of the particle due to its thermal motion kBT/2
[Fox10]. This relation can be transformed to

∆z .

√
~2

m∗ekBT
(1.8)

in order to estimate the scales at which quantum effects appear. With a typical electron
effective mass m∗e = 0.1me [Kli12a] it follows that ∆z . 5 nm at room temperature. The
confinement is technologically realized by the growth of heterostructures that contain
layers of different semiconductor materials. If their band gap energies Eg are different one
can fabricate potential wells in which charge carriers are spatially confined. In this thesis
so called type-I heterostructures are studied in which electrons and holes are located in
the same layer. Their fabrication is mainly enabled by epitaxial deposition techniques,
e.g. molecular beam epitaxy (MBE) [Her89]. In MBE processes atomic or molecular
beams from different semiconductors are deposited on a monocrystalline substrate in an
ultra-high vacuum chamber. The beams are created by high temperature evaporation
on effusion cells behind mechanical shutters that allow one to tailor the composition of
the constituents.

1.2.1 Quantum wells

A crystal with confinement in one dimension is called quantum well (QW). They are
technologically realized by MBE growth of two semiconductor materials with comparable
lattice constant a (mismatch < 5%). In the non-confined plane the electron motion can
be described by a Bloch wave. In order to consider confinement along the z-axis, Eq.
(1.6) has to be multiplied with an envelope wave function φn(z) so that it reads

ψn(r,k‖) = u(r)ei(kxx+kyy) · φn(z). (1.9)

The eigenergies of the system are given by

E(n,k) = En + E(k‖). (1.10)

E(k‖) is known from Eq. (1.7) and En follows from the calculation of a wave function
φn(z) in a potential well [Boh51]. For infinite potential wells the solution reads

En =
~2

2m∗

(
nπ

dQW

)2

, (1.11)

where dQW is the width of the quantum well and n = 1, 2, 3, .... Mind the different
meaning of n with respect to the principle quantum number introduced in the beginning
of Sec. 1.1. It becomes immediately clear that the degeneracy of the light and heavy
hole for k = 0 is in a QW structure lifted by ~ωlh,hh due to m∗lh > m∗hh. Moreover, a
decrease in the QW thickness results in an increase of the confinement energy.

In the more realistic case of finite potential wells the wave functions φn(z) penetrate
exponentially decaying into the barrier and there exist only a finite number of quantized
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Figure 1.3: Electronic band structure of a GaAs/Ga0.7Al0.3As quantum well (QW) with width
dQW = 10 nm. (a) The density of states for the heavy hole (hh) band in a bulk and QW
structure. (b) The first three hh wave functions φn(z) (n = 1,2,3) in the potential well of the
valence band for k‖ = 0. The decay constant in the barrier for hh1 is d0 ≈ 0.8 nm. (c) In-plane
dispersion relation of the conduction (orange lines) and valence bands (blue lines) adapted from
[Coh90]. The parameters for the calculations in (b) are: Eg = 1519 meV, ∆Evb = 142 meV,
m∗hh,GaAs = 0.38me, and m∗hh,GaAlAs = 0.4785me.

states. Figure 1.3 shows calculations for a 10 nm wide GaAs/Ga0.7Al0.3As QW. As a
consequence of the quantization the density of states changes from the E1/2 behavior in a
bulk crystal to a step-like function in the QW, as shown in Fig. 1.3(a). Such a behavior
can be observed in the absorption spectra of thin heterostructures with confinement
effects [Din74]. Within the confining potential in Fig. 1.3(b) standing waves form at
the quantization energies En. Using a k · p perturbation model [Wei91] Cohen and
Marques (1990) calculated the in-plane dispersion relation for conduction and valence
band which is shown in Fig. 1.3(c). Here, it is nicely seen that both bands are shifted
away from the band edge of a bulk semiconductor which makes the QW emission energy
for luminescence larger.
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Figure 1.4: Scanning electron microscope
(SEM) image of (In,Ga)As QDs on the sur-
face of the wetting layer before the capping and
annealing process. The QD density is about
2× 109 cm−2, and their height and lateral sizes
before overgrowth are about 2.3 and 25 nm, re-
spectively. The sample and the SEM image
originate from the group of Höfling, Technische
Universität Würzburg.

1.2.2 Quantum dots

Spatial confinement can be realized for up to three dimensions in order to create quantum
dots (QDs). It is no surprise that the size reduction leads in the limit to the energy
spectrum of a single atom. However, already 104–106 atoms in a typical QD of ∼ 10 nm
size reveal discrete energy levels, i.e. [Bim99]

E = E(nx,ny,nz). (1.12)

This is the equivalent to Eq. (1.11) in three dimensions. Although the energy in Eq.
(1.12) is no longer a function of the wave vector one should keep in mind that the atoms
in a QD are arranged in a crystalline structure. Therefore, the electron and hole wave
function

ψnx,ny ,nz(r) = u(r) · φnx,ny ,nz(r) (1.13)

contains a Bloch amplitude, u(r), which allows one to refer the discrete energy levels in
QDs to the energy band structure of a bulk crystal [Wog97]. However, due to valence
band mixing hh and lh states are no longer single eigenstates and, e.g., spherical QDs
have to be described in terms of molecular orbitals [Xia89].

The technique used for fabrication of the (In,Ga)As QDs studied in this thesis is
based on self-organization during so called Stranski and Krastanow growth of strained
heterostructures [Bra16]. Here, a thin layer of InAs, the so called “wetting layer”, is
grown on top of a thick GaAs buffer layer along the z-axis. The strong lattice mismatch,
aInAs = 1.07aGaAs, results in a strain that leads to the self-organized formation of InAs
QDs on top of the wetting layer [Mar94]. They are typically of pyramidal shape with a
width significantly larger than their height, as seen in the scanning electron microscope
image in Fig. 1.4. Therefore, as well as in QWs, the z-axis is the main quantization axis
and orbitals have to be considered only for the in-plane confinement of pyramidal QDs.
Technical, the confinement of electrons and holes in all directions is realized when the
dots are overgrown by a GaAs cap layer. An in situ annealing causes an inter-diffusion
of Ga and In atoms resulting in a change of the QD’s shape and a blue shift in its
spectrum [Kos96]. Fluctuations in QD size, shape, and composition lead to a strong
inhomogeneous broadening of the optical transitions.
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1.3 Light-matter interaction

Most of the phenomena observed in the experiments performed for this thesis are based
on unequal population of different states in semiconductor nanostructures. Often, these
unequal populations are created using the photoexcitation of charge carriers. This sec-
tion deals with the creation and detection of such populations in terms of light-matter
interaction based on the polarization of the involved photons.

1.3.1 Photon polarization

Classically, light is a transverse electromagnetic wave which is described by synchronized
oscillations of the magnetic and electric field vectors in Cartesian coordinates. One dis-
tinguishes between three basic geometrical orientations of these oscillations, i.e., right
and left handed circular polarization (σ±) with a circular motion of the E-vector of the
electromagnetic wave around the propagation axis, and linear polarization (π) with E
oscillating in a single direction. The quantum mechanical particle equivalent of an elec-
tromagnetic wave is the photon which carries a spin orbital momentum with projection
Lz = ±~ along the direction of its relativistic motion. However, it is possible to deduce
all possible polarization states of the electromagnetic wave from two eigenstates when
exploiting the spinor formalism for a quantum mechanically two-level system [Stö06].

In a two-level system every quantum mechanical state

|Ψ〉 = α |a〉+ β |b〉 (1.14)

can be constructed from the two eigenvectors

|a〉 =

(
1
0

)
and |b〉 =

(
0
1

)
. (1.15)

The complex coefficients α and β are the probability amplitudes of the eigenstates |a〉
and |b〉, respectively, and satisfy the normalization condition |α|2+|β|2 = 1. It is possible
to obtain a representation of Eq. (1.14) in Cartesian coordinates as

S =

〈σx〉〈σy〉
〈σz〉

 =

 α∗β + β∗α
i[β∗α− α∗β]
α∗α− β∗β

 , (1.16)

with the help of the Pauli spin matrices

σx =

(
0 1
1 0

)
, σy =

(
0 −i
i 0

)
, σz =

(
1 0
0 −1

)
, (1.17)

and their expectation values 〈σi〉 = 〈Ψ|σi |Ψ〉, where i = x, y, z. Without limiting the
generality of the foregoing, the complex coefficients α and β can be expressed by two
angles, i.e.,

α = cos
Θ

2
and β = eiϕ sin

Θ

2
⇒ S =

sin Θ cosϕ
sin Θ sinϕ

cos Θ

 . (1.18)
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Figure 1.5: Three-dimensional representation of
a quantum mechanical state |Ψ〉 in a two-level
system according to Eqs. (1.14) and (1.18) in
form of a spin polarization vector S.
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x 

φ 

Θ	

S!

Θ and the phase difference ϕ define the inclination and azimuth for the spin polarization
vector S in spherical coordinates, as demonstrated in Fig. 1.5. Now it is easily seen that
the north and south pole of the sphere correspond each to one of the two eigenstates,
while projections onto the x-y-plane correspond to coherent superpositions.

The object in Fig. 1.5 is called Bloch sphere for a quantum mechanical two-level
system, e.g. the electron spin with eigenstates |↑〉 and |↓〉, and Poincaré sphere for
the polarization states of a photon.1 The north and south pole of the Poincaré sphere
correspond to 100% circularly polarized light σ± with Lz = ±~, respectively. If S is
oriented parallel (anti-parallel) to the x-axis the light is 100% horizontally (vertically)
linear polarized. In analogy, the y-axis corresponds to 45◦ tilted linear polarization. In
the positive (negative) half sphere the polarization is right (left) handed elliptical. Note
that S is a vector in configurational space which should not be mixed with the real space
orientation of the electric field E.

The three elements of S multiplied by the total beam intensity I and the degree of
polarization ρ (with 0 ≤ ρ ≤ 1) are known as Stokes parameters. Normalized on the
intensity one measures, e.g., the degree of circular polarization

ρc =
I+ − I−
I+ + I−

, (1.19)

where I+ and I− are the intensities of right and left circular polarized radiation. The
degrees of linear polarization, ρπ and ρπ′ for a 45◦ tilted basis, are measured accordingly.

1In the latter case the two angles in Eq. (1.18) are typically substituted by 2ψ = ϕ and 2χ = 90◦−Θ.
The reason for the factor of 2 is that the two circularly polarized photon basis states are orthogonal
(90◦), while for electron spins the two basis states include an angle of 180◦ [Stö06].
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1.3.2 Optical orientation

When studying the absorption of photons in semiconductors one has to consider that
the basic conservation laws of physics are not only about energy but also linear and
angular momentum. While the linear momentum is rather small and can be neglected,
the spin angular momentum is of significant importance.1 The absorption of a circularly
polarized photon with spin angular momentum projection Lz = ±~ requires a change in
the electron angular momentum projection by ±~. In fact, due to spin-orbit interaction
also the spins become oriented by the absorbed light [Per84].

The transition between a ground state with Bloch amplitude |um〉 and an excited
state with |um′〉 can only be addressed if a dipole moment

dmm′ = 〈um| d̂ |um′〉 (1.20)

is existing, where d̂ = −er̂ is the dipole momentum operator with electron charge −e and
displacement operator r̂. One generally neglects the electric quadrupole and magnetic
dipole interactions since they are smaller by the fine structure constant ≈ 1/137. The
dipole moments from Eq. (1.20) are shown in Refs. [Zak82, Dya84] for the interband
transitions between the valence and conduction bands in cubic zinc blende crystals. Since
in the nanostructures2 studied for this thesis the transitions involving heavy hole states
are of primary interest, we recall here the corresponding results. The Bloch amplitudes
with quantization along the growth direction z read for the conduction band electrons

u+1/2 = S ↑ , u−1/2 = S ↓ , (1.21)

and for the valence band heavy holes

u+3/2 = − 1√
2

(X + iY ) ↑ , u−3/2 =
1√
2

(X − iY ) ↓ . (1.22)

S is a function with spherical symmetry x2 + y2 + z2 = 1, and X,Y,Z are functions of
the coordinates which transform as the coordinates under rotations. The arrows denote
spin functions that are normalized and orthogonal for different spin directions. Thus, it
is clear that 〈u±1/2| d̂ |u∓3/2〉 = 0. The only matrix elements not equal to zero are

d+ ≡ 〈u+1/2| d̂ |u−3/2〉 ∝ −
1√
2

(x+ iy), (1.23a)

d− ≡ 〈u−1/2| d̂ |u+3/2〉 ∝
1√
2

(x− iy), (1.23b)

where x and y are unit vectors. The result shows that there are dipoles rotating clockwise
and counterclockwise in the plane perpendicular to the quantization z-axis, as shown in
Fig. 1.6. Correspondingly, they can be addressed by circularly polarized light, σ±, with
wave vector along the z-axis.

1In modern optics there is also an orbital angular momentum of light associated with the azimuthal
phase of the complex electric field [Lea02]. However, it is not relevant for the optical orientation.

2An additional optical selection rule arises for structures with quantization effects: the conservation
of the quantum number n, i.e. only transitions with ∆n = 0 are allowed.
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Figure 1.6: Dipole moments rotating in the
plane perpendicular to the quantization z-axis
for transitions between the heavy hole valence
band and the conduction band that are. The
energy states are labeled in accordance to the
projection of the total angular momentum Jz
in units of ~. The dipole moments can be op-
tically addressed by circular polarized light σ±

with its wave vector parallel to the z-axis.

Conduction band 

-1/2 +1/2 

+3/2 -3/2 

Valence band heavy hole 

Exemplary, we discuss the optical orientation in a semiconductor QW by absorption
of left handed circularly polarized light (σ−) whose energy corresponds to the first heavy
hole-conduction band transition. According to Fig. 1.6, only dipole moments on the
right hand side are addressed. Immediately after absorption the average electron spin
along the quantization axis is S0 = +1/2 (in units of ~). In order to equal in sum
the spin momentum of the photon, the average total angular momentum projection of
photocreated holes points into the opposite direction and has the value -3/2. Instead of
the average electron spin S0, one can express the initial degree of electron spin orientation

P0 =
N+1/2 −N−1/2

N+1/2 +N−1/2
= +100%, (1.24)

where N±1/2 is the number of electrons with spin ±1/2 [Par69, Par71]. Note that P0 < 1
for far above barrier excitation where the conduction band electrons lose their spin
orientation much faster during thermalization to the band edge [Zak82]. By considering
the recombination rates, the measured degree of circular polarization ρc ∝ P2

0 [Par69].
An experimental study of electron spin optical orientation in GaAs QWs can be found
in Ref. [Pfa05].

1.3.3 Magneto-optical effects

Light-matter interaction with linearly polarized light can be used to detect spin polar-
ization in semiconductors or magnetization in ferromagnetic materials (Sec. 3.1.2). The
knowledge about the rotation of polarized light after transmission, respectively reflec-
tion, traces back to the groundbreaking experiments of Faraday and Kerr in the 19th
century [Far46, Ker77]. The phenomena result from the fact that the complex refractive
index ñ(ω) = n(ω) + iκ(ω) and thus the real refractive index n and the extinction co-
efficient κ of a medium can differ for right and left circularly polarized light, when the
medium is magnetized or spin polarized.

Magneto-optical effects can be described in terms of the formalism developed in Sec.
1.3.1. We consider a linear polarized beam, e.g., S is parallel to the x-axis in Fig. 1.5.



1.4. Electronic excitations 17

The precession angle ϕ increases linearly with the light path through the sample if the
phase velocities for right and left circularly polarized light are different. This effect is
known as magnetic-circular birefringence and can be measured as a Kerr- of Faraday-
rotation angle of the linear polarized light after interaction with the sample. Another
effect is magnetic-circular dichroism which results from different absorption of right and
left circular polarized light [Ste70]. In the frame of Fig. 1.5, S moves into the direction
of north or south pole and the polarization of the light becomes elliptically.

1.4 Electronic excitations

The strong light-matter interaction in semiconductors enables the creation of various
electronic excitations that will be discussed in this section.

1.4.1 Exciton complexes

In Sec. 1.1.3 we have discussed energy bands that are completely filled by electrons
and such, that are completely empty. Following the selection rules in Fig. 1.6, the
absorption of a photon with energy ~ω > Eg causes the “jump” of an electron from
the valence band into the conduction band where it can move freely. Simultaneously,
the electron leaves in the valence band an unoccupied state, called hole, which can
move there freely as a quasiparticle.1 Thus, photon absorption is always considered as
the creation of an electron-hole pair from the crystal ground state which is defined as
“vacuum” state |0〉. Since electrons and holes are oppositely charged particles they feel
an attractive mutual Coulomb interaction. Due to their creation in the same moment
at the same spot it is very likely that they will form a bound state |X〉, exciton, with
binding energies −Ry∗/n2

B [Kno63]. Here Ry∗ is the exciton Rydberg energy and nB is
a principal quantum number in analogy to the hydrogen atom. Excitons were predicted
by Frenkel [Fre31a, Fre31b] and first observed in a bulk crystal of copper oxcide (Cu2O)
by Gross and Karryev [Gro52a, Gro52b]. Due to its extremely large Rydberg energy,
Ry∗ ≈ 90 meV, excitons with principle quantum numbers as large as nB = 25 could
be recently measured in Cu2O [Kaz14]. Such highly excited excitons have giant wave
functions of more than two micrometers distance between the electron and the hole.
The Rydberg energies in the semiconductors studied for this thesis are much smaller
(CdTe 12 meV and GaAs 4.2 meV) and thus, the observation of higher excited states is
typically not or only hardly possible [Fox10, Kli12a]. The resulting excitons are called
Wannier-Mott type with spatial dimensions that exceed the lattice constant a by more
than 10 times for nB = 1 (cf. Fig. 1.1(a)). Optically allowed exciton states are given
by the total angular momentum projection Jz of heavy holes and electrons and can be
written as

|+1〉z = |−1/2,+ 3/2〉 and |−1〉z = |+1/2,− 3/2〉 (1.25)

1Elementary excitations in solids are called quasiparticles because they can only exist in matter and
not in vacuum.
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Figure 1.7: Most relevant excitations in semiconductors as discussed in the text. Electrons and
holes are shown with their spins. For the case of an acceptor bound exciton, A0X, the plus and
minus signs in the D0X picture have to be exchanged.

where z is the quantization axis. The states |±2〉z = |±1/2,± 3/2〉 are called “dark”
excitons because their dipole matrix elements with the ground state are zero (cf. Sec.
1.3.2).

The exciton binding energy in nanostructures increases while the exciton size given
by the Bohr radius a∗B decreases [Kli12a]. Moreover, the lifted degeneracy of the valence
band at k = 0 (cf. Sec. 1.2.1) causes a distinction between hh and lh excitons in QWs.
Due to composition and well width fluctuations in the growth process of QWs, excitons
can become localized at low temperature leading to an inhomogeneous broadening of the
spectrum. For QDs it is important to distinguish whether their size is bigger or smaller
than a∗B. In the case of weak confinement Coulomb effects are dominating, while for
strong confinement in very small QDs the quantization energy is much larger than the
Coulomb energy [Sto10].

Further kinds of relevant semiconductor excitations are excitons bound to shallow
impurities. They can appear when the crystal is doped, i.e., single atoms of the semi-
conductor lattice are substituted by atoms with one electron more (or less) in its outer
shell. A neutral donor D0 is a center with its energy level just below the conduction
band. It can easily ionize by giving a free electron to the conduction band, i.e. D+ + e
[Kli12a]. In analogy, neutral acceptors A0 with their energy level just above the valence
band can take an electron from it so that A− + h results. If excitons bind to these
impurities they form D0X (A0X) and D+X, respectively. A−X is typically not excited
since it is energetically more favorable to form a free electron and a neutral acceptor
[Kli12b].

Third, we mention trions in semiconductors with reduced dimensionality. They
can form due to slight (even unintentional) doping of the barriers from where donors
and acceptors diffuse into the potential well region [Kli12a]. Excitons have then a high
probability to bind an acceptor hole, X+, or an donor electron, X− [Khe93, Hau98]. Their
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binding energy is larger than for a neutral exciton. Concerning total angular momentum,
trions are indistinguishable from donor bound excitons. For example, the first excited
state from X− and D0X is given by the hh total angular momentum |±3/2〉z since the
electron spins cancel each other out, as shown in Fig. 1.7. In the case of electron hole
recombination the complexes return into their ground state given by a resident electron.

1.4.2 Exciton interaction with optical fields

Excitons in semiconductors are created by optical excitation. The physical properties
of excitons are significantly influenced if the coupling to the optical field is strong, i.e.,
its energy spectra have to be described in terms of an additional quasiparticle called
exciton-polariton [Kav08]. Efficient coupling at the nanoscale plays a decisive role for the
realization of single photon emitters and other nonclassical light sources of importance in
quantum information technologies [Lod15, Alb13]. Various structural concepts based on
photonic crystals, patterned microcavities or plasmonic structures have been intensely
studied in that respect [Ben11].

Another interesting system is a Tamm-plasmon (TP) resonator in which confinement
of the optical field is obtained between a distributed Bragg reflector (DBR) and a thin
metal layer, leading to the appearance of a TP photonic mode [Kal07]. In addition, TP
structures support surface plasmon polaritons (SPPs), evanescent electromagnetic waves
at the metal-semiconductor interface which can propagate along this interface. Thus,
plasmonic structures allow one to overcome the diffraction limit of classical optics and
enable the miniaturization of photonic circuits comparable to that achievable in electron-
ics [Rae88]. Especially interesting in a TP resonator is the coupling between SPPs and
TP cavity modes [Afi13, LG14, Azz16]. Therefore these structures are appealing for the
generation of SPPs via optical or electrical pumping of a close active layer containing,
e.g., semiconductor QDs. The integration of semiconductors into plasmonic structures
is appealing for compensating losses in the metal [Gub17]. In plasmonic circuits the
metal mirror may be used as an electrode to apply a bias voltage for controlling the
charging state of the QDs or pumping the optically active layer electrically [Ges14]. As
active material in the resonator single or multiple QW [Gro11, Sym13, Ges14, Seb15]
or QD [Gaz11, Bra15, Gub17] layers as well as organic materials [Brü12, Che14] and
single layers of transition metal dichalcogenides [Lun16] were used. So far, efforts have
mainly been focused on time-integrated and time-resolved studies of the emission under
non-resonant excitation. Thereby the Purcell effect of single QD excitons coupled to
a localized TP mode [Gaz11], enhancement of the spontaneous emission [Bra15], and
coherent laser emission [Sym13, Brü12] were demonstrated. Photoluminescence and co-
herent optical spectroscopy (Sec. 2.3.2) of QDs embedded into low-Q TP and DBR
microcavities are the subjects of Ch. 6.





Chapter 2

Coherent optical phenomena

Immediately after photoexcitation by an ultrashort optical pulse the excitation in the
semiconductor (electron-hole pair) has a well-defined phase relationship within itself and
with the electromagnetic field that created it [Sha99]. The time during which this phase
is preserved is called the coherent regime. This chapter gives an introduction to the
concept of optical coherence in the independent two-level system. Ways to measure
coherence even in inhomogeneously broadened ensembles of emitters will be discussed in
the context of transient four-wave mixing. Huge possibilities arise in the field of optical
spectroscopy, especially for energy systems with more than two levels.

2.1 Independent two-level system

Although the electronic states in a semiconductor are considerably more complicated
than those in atoms, one can consider an exciton in the simplest approximation as an
independent two-level system (TLS). In such a system the transition between the two
eigenstates, |0〉 and |1〉, with energy

~Ω0 = E1 − E0 (2.1)

is unique and can be driven (nearly) resonantly by photon absorption. It allows one to
create an individual quantum mechanical state which can be written as

|Ψj(t)〉 = aj(t) |0〉+ bj(t) |1〉 , (2.2)

where the complex coefficients aj(t) and bj(t) are the time-dependent probability am-
plitudes of being in the state |0〉 and |1〉, respectively. |Ψj(t)〉 can be expressed by a
three-dimensional “pseudo” spin polarization vector S in analogy to the spinor formalism
in Sec. 1.3.1 [All75].

2.1.1 Optical Bloch equations

The basic dynamical equations of TLS are practically the same as those appropriate to
spins in a magnetic field [Blo46]. Here, however, the field is not magnetic but results from

21
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an electromagnetic wave traveling along the z-axis. It is convenient to use the rotating
wave approximation, i.e., to describe the dynamics of the “pseudo” spin polarization
vector S in a frame rotating with the frequency of the light ω. The optical Bloch
equations are then given by [All75]

d

dt

SxSy
Sz

 =

SxSy
Sz

×
χ(t)

0
−∆

−
 1
T2

0
1
T2

0 1
T1

 Sx
Sy

Sz − S0

 , (2.3)

where χ(t) is the Rabi frequency resulting from the interaction of the system’s dipole
moment d01 with the external electromagnetic field E(t). ∆ = Ω0−ω is the detuning of
the transition frequency from the angular frequency of the light. For resonant excitation
(∆ = 0) the electromagnetic field rotates S around the x-axis with the Rabi frequency
χ(t). In the frame of Fig. 1.5 this motion changes the inclination angle Θ which reflects
the physical entity

Θ(τp) =

∫ τp

0
χ(t)dt, (2.4)

called pulse area. τp is the the pulse duration which becomes →∞ for continuous wave.
In absence of light (E(t) = 0) S rotates around the z-axis if the detuning ∆ 6= 0. If
neither E(t) = 0 nor ∆ = 0, the vector S rotates around a vector lying in the x-z-plane
with the generalized Rabi frequency

Ω̃ =
√
χ2 + ∆2. (2.5)

Relaxation processes are in Eqs. (2.3) phenomenologically considered by two time con-
stants: The longitudinal relaxation with T1 corresponds to the lifetime of the population,
and the transverse time T2 is linked with the coherence.1 The equilibrium state (0, 0,S0)T

represents the ground state |0〉.
In the frame of Eqs. (1.18) the coherence decay with T2 corresponds to a loss of the

phase angle ϕ between the ground and excited states. The physical reason for this loss is
twofold: due to recombination with T1 and elastic scattering processes on the timescale
τc, and can be summarized as [Kli12a]

1

T2
=

1

2T1
+

1

τc
. (2.6)

The factor 2 comes from the conversion of polarization (electric field) to population
(intensity).

In GaAs-like semiconductors scattering with polar optical phonons (Sec. 3.2.3) plays
a major role in the dissipation of energy and momentum [Sha99]. Moreover, Coulomb
interactions between electrons and/or holes can lead to scattering with other electronic
excitations and scattering at impurities or lattice defects. Further scattering processes
specific to QWs are inter-subband scattering, capture of carriers from the barriers into

1Transverse with respect to the (longitudinal) quantization z-axis. The designation comes from the
description of spin dynamics in presence of an external magnetic field B along the z-axis [Blo46].
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QWs, and real space transfer of carriers from QWs into the barriers. Taking many-
body effects into account, the Eqs. (2.3) have to be replaced by the more complex
semiconductor Bloch equations [Che01, Bal12]. However, the treatment as a TLS is
sufficient for the study of localized excitons where many-body interactions are strongly
suppressed [Nol90].

2.1.2 Density matrix formalism

Generally, the dynamics of a quantum state |Ψ(t)〉 follow from the Lindblad form of the
Schrödinger equation i~ |Ψ̇(t)〉 = Ĥ |Ψ(t)〉, i.e.

i~ρ̇ = [Ĥ,ρ] + Υ, (2.7)

where Ĥ is the Hamiltonian of the system, Υ describes relaxation processes with T1 and
T2, and ρ = |Ψ(t)〉 〈Ψ(t)| is the density matrix. For an ensemble of independent TLS
|Ψj(t)〉 one can write

ρ =

(
ρ00 ρ01

ρ10 ρ11

)
=
∑
j

ξj

(
|aj(t)|2 aj(t)b

∗
j (t)

a∗j (t)bj(t) |bj(t)|2

)
, (2.8)

where ξj is the fraction of the system with state vector |Ψj(t)〉. Diagonal elements
correspond to population probabilities and off-diagonal elements indicate polarization.
The latter describe dipole moments d̂ which oscillate under coherent excitation at the
eigenfrequency Ω0 and represent a macroscopic radiation field given by

P = Tr(d̂ρ), (2.9)

where Tr is the trace of the matrix. The Hamiltonian Ĥ can be written as the sum
[Dem08a]

Ĥ = Ĥ0 + V̂(t), Ĥ0 =

(
E0 0
0 E1

)
, V̂(t) =

(
0 −d01E(r,t)

−d∗01E(r,t)∗ 0

)
. (2.10)

Ĥ0 is the Hamiltonian of the isolated system, and V̂(t) is the perturbation operator
which describes the interaction of the only non-zero optical transition dipole element
d01 (cf. Sec. 1.3.2) with an electric field

E(r,t) = E0(t)ei(kr−ωt) + c.c. (2.11)

E0(t) is the (real) electric field amplitude in the direction of the polarization vector
and c.c. stands for complex conjugated. When calculating the perturbation one has
to consider that the dipole element d01 ∝ eiΩ0t. Therefore, the product in Eq. (2.10)
contains a term with the rapidly varying phase factor ei(ω+Ω0)t which will be omitted
in the rotating wave approximation. Thus, the off-diagonal elements of V̂(t) reduce to
(~/2)χ(t)ei(kr−ωt) with the Rabi frequency

χ(t) =
2 |d01E0(t)|

~
(2.12)
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Figure 2.1: Grating picture of transient four-wave mixing in the rephasing configuration. (a)
The first pulse creates a macroscopic polarization in the sample. The dashed lines designate
phase fronts. (b) The second pulse converts the coherence into a population grating depending
on the pulse phase relative to the coherence. Darker (lighter) regions represent excited (ground)
state population. (c) The third pulse scatters in the background free phase matching direction
kS = k3 + k2 − k1.

at resonance ω = Ω0. Finally, we note that the elements of the density matrix correspond
to the expectation values of the S vector in the optical Bloch equations (2.3), i.e.

S =

 ρΩ
10 + ρΩ

01

i[ρΩ
10 − ρΩ

01]
ρ11 − ρ00

 . (2.13)

Here, the substitution ρ01 = ρΩ
01e

i(Ω0−∆) takes the rotating wave approximation into
account [Jon03].

2.2 Four-wave mixing

Techniques of nonlinear spectroscopy measure, in most cases, the third-order macroscopic
polarization induced by the optical fields, i.e. [She84]

P (3) ∝ χ(3)E3, (2.14)

where χ(3) is the susceptibility tensor of rank three. We assume that E3 is the product
of three separate light fields in the form of Eq. (2.11). In a four-wave mixing process
the three excitation fields “mix” inside of the medium to produce the fourth signal field
oscillating at the light frequency ω with wave vectors ±k1 ± k2 ± k3.

Of particular interest is transient FWM with pulsed excitation in the rephasing
configuration ∝ E∗1E2E3. The first pulse excites a coherent polarization whose radiation
field interferes with the second pulse forming an interference pattern with wave vector
k1−k2 (Figs. 2.1(a) and 2.1(b)). The third pulse scatters from the resulting population
grating in the background free, phase-matching direction kS = k3 +k2−k1 (Fig. 2.1(c)).
The simplest configuration is the two-beam degenerate transient FWM where k2 = k3.
In this case, the second pulse counts twice and will be self-diffracted from the interference
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pattern in the 2k2 − k1 direction. The signal decays exponentially with the dephasing
rate γ = 1/T2 as a function of time after the last pulse. In addition, as the delay between
the first and second pulses τ12 is increased, the strength of the emitted signal will decay
due to the relaxation of the coherence that is established by the first pulse. One can
summarize:

P (3) ∝ e−
t−τ12
T2 e

− τ12
T2 . (2.15)

~γ = ~/T2 is called the homogeneous linewidth and can be measured in linear spec-
troscopy (P (1)) as half-width of the Lorentzian absorption lineshape.

2.2.1 Photon echo

An obvious limitation for the determination of the homogeneous lineshape γ is inho-
mogeneous broadening, as present in the semiconductor nanostructures studied for this
thesis (cf. Sec. 1.4.1). This is due to different local environments leading to slightly
different individual transition frequencies Ω0. In the ensemble one assumes a continuous
distribution of transition frequencies according to the Gaussian

G(Ω0) =
σ√
2π
e−

σ2(Ω0−Ω0)2

2 , (2.16)

where Ω0 is the central frequency of the inhomogeneous ensemble with a half-width in
frequency corresponding to Γ = 1/σ. It defines the width of the absorption spectrum
and can be much wider than in the case of pure homogeneous broadening. However, it is
in principle conceivable to isolate one system from the inhomogeneous ensemble and to
extract γ from methods of linear spectroscopy with high spatial and spectral resolution
[Gam96].

More feasible is the photon echo (PE) approach in four-wave mixing rephasing con-
figuration. The idea is based on the Hahn echo for spins in nuclear magnetic resonance
[Hah50] and was firstly realized in a ruby crystal [Kur64]. The scenario can be nicely
described in the picture of the “pseudo” spin vector S using the optical Bloch equa-
tions (2.3) and their visualization in Fig. 2.2(a). A short spectrally broad laser pulse
with Θ1 = π/2 creates a macroscopic polarization which subsequently dephases due to
inhomogeneity. A second optical rephasing pulse with Θ2 = π retrieves the macroscopic
polarization with emission of a PE pulse delayed by a time exactly equal to the interval
between the rephasing and excitation pulse, τ12 (Fig. 2.2(b)). The scenario can be ex-
tended to three pulses, rather than two. This can be regarded as splitting of the pulse
sequence π/2-π into π/2-π/2-π/2. In this case, the second pulse orients the S vectors in
a direction along the z-axis corresponding to population. The third, rephasing pulse af-
ter time delay τ23 initiates the retrieval of the macroscopic polarization with subsequent
emission of a PE pulse. Typically, the temporal profile of the PE pulse has a Gaussian
shape reflecting the inhomogeneous frequency distribution of the excited ensemble,

P (3) ∝ e−
(t−2τ12−τ23)2

2σ2 e
− 2τ12

T2 e
− τ23
T1 . (2.17)
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Figure 2.2: Principle of the photon echo (PE). (a) Dynamics of the pseudo spin vectors according
to the optical Bloch equations (2.3) for two laser pulses with area Θ = π/2 and π, respectively.
(b) Pulse sequence and third-order nonlinear polarization P (3) in the rephasing configuration
according to Eq. (2.17) with τ23 = 0. (c) Spectral grating of the population inversion ρ11 − ρ00
just after action of the second pulse. The period 2π/τ12 corresponds to the phase of the individual
oscillators.

The photon echo can thus be used to determine the dephasing rate 1/T2 by scanning
τ12 and the total population decay rate 1/T1 by scanning τ23. It can be shown that the
existence of the two-pulse echo in semiconductors is not attributed to the π-character
of pulse 2 [Bal12]. Therefore, one observes in experiments with three pulses actual two
photon echoes – the first after pulses 1 and 2, and a second one following on the third
pulse. They will be distinguished as primary and stimulated photon echo.

There is an equivalent explanation in the frequency domain image that is more helpful
for the understanding of the rephasing process [Cun12]. The first, spectrally broad pulse
excites all the oscillators resonantly into a coherent state. They start to evolve in time
and accumulate a phase that is proportional to their unique eigenfrequency and the
delay τ12. The second pulse transforms this phase distribution into a spectral grating of
the population matrix elements ρ00 and ρ11 in which it can be stored as long as T1 (Fig.
2.2(c)). When the third pulse (the second pulse counted twice, respectively) arrives,
it causes the oscillators to resume their temporal evolution. However, the first pulse
is complex conjugated with respect to the others, and therefore, the oscillators evolve
in the opposite direction. The net phase for all frequency groups returns to zero and
coherent emission is observed in form of a photon echo. In fact, the oscillators are always
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|0〉〈0| Figure 2.3: Double-sided Feynman diagrams for
an independent two-level system representing
contributions to the phase-matched direction
k3 + k2 − k1. The path in (a) is given by an
absorption of the second pulse and laser pulse
stimulated emission of the third one. The situ-
ation in (b) is vice versa.

emitting; however, at times other than the echo time, the emissions are not in phase and
average to zero.

2.2.2 Double-sided Feynman diagrams

The temporal evolution of the density matrix during a FWM experiment can be traced in
a double-sided Feynman diagram [Muk95]. Figure 2.3 shows an example for an indepen-
dent TLS. The time evolves in vertical direction upwards. Two vertical lines represent
the elements of the density matrix, the left line corresponds to “ket” and the right one to
“bra”. Wavy lines represent the interaction with a light field. Their arrows are pointing
on one of the vertical lines in the case of photon absorption and in the opposite direction
in case of photon emission. An arrow pointing to the right represents a contribution of
Ejei(kjr−ωt) to the polarization. An arrow pointing to the left represents the complex
conjugated contribution E∗je−i(kjr−ωt).

2.2.3 Two-dimensional Fourier transform spectroscopy

Measurements of transient FWM are generally performed in the time domain as function
of the pulse delays. However, Fourier transform of the time variables allows one to trans-
fer the measurements in the frequency domain. The particular case of two-dimensional
spectroscopy can be best explained when renaming the delay τ12 7→ t1 (τ23 7→ t2), as
shown in Fig. 2.4(a). The signal is emitted over the time t3. For inhomogeneous broad-
ening of the optical transitions, the transient FWM signal is considered in the rephasing
configuration, and the resulting photon echoes are described by the optical field

SI(t1,t2,t3) = APE(t1,t2,t3)e−
(t3−t1)2

2σ2 eiω(t3−t1). (2.18)

The amplitude of the photon echo APE(t1,t2,t3) depends on the delay times t1, t2, and
t3 as well as on the polarization configuration of the exciting pulses. The phase of the
optical field is given by ω(t3 − t1), where ω = Ω0 is tuned in resonance with central
frequency of the inhomogeneous ensemble. A two-dimensional rephasing spectrum can
be generated by scanning t1, recording the signal as function of t3, and taking Fourier
transforms with respect to t1 and t3 (Fig. 2.4). The result is a plot in two frequency
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Figure 2.4: Principle of two-dimensional Fourier
transform spectroscopy in the rephasing con-
figuration. (a) Temporal pulse sequence for
the photon echo (PE) signal that is detected
in k3 + k2 − k1 direction. (b) Excitation se-
quence in the two-level system. The first pulse
creates a coherent superposition which is oscil-
lating in time, as indicated by decaying sinosoid.
The second pulse converts the superposition to a
population in the ground state (cf. Fig. 2.3(b))
that does not oscillate. The third pulse converts
the population back to a coherent superposition.
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dimensions according to [Cun13]

SI(Ω1,Ω3) =

∫ ∫
SI(t1,t3)ei(Ω1t1−Ω3t3)dt1dt3, (2.19)

where Ω1 and Ω2 correspond to the absorption (the transform of t1) and emission (the
transform of t3) optical frequencies. The technique of two-dimensional Fourier trans-
form spectroscopy (2DFTS) has rapidly developed during the last decade and has been
successfully applied for the investigation of atomic, molecular, and condensed matter
systems such as organic and inorganic semiconductors [Muk95, Zha07, Yan07, Sto09,
Kas11]. One of the appealing features of 2DFTS is the intuitive visualization of the
underlying physics, as it not only enables one to extract energy levels but also pro-
vides a clear understanding of the dynamics and correlations between optical excitations
[Cun09]. Note that 2DFTS measurements demand not only knowledge about the optical
field’s amplitude but also about the phase and its correlation to the phase delay between
all excitation pulses. The experimental implementation requires therefore active inter-
ferometric phase stabilization between all involved pulses [Zha05]. Measurement of the
optical phase is typically accomplished by heterodyne detection of the nonlinear signal
with a reference pulse.

Systems with more than two states interacting with light attract particular interest.
The most representative examples are V-type (Λ-type) energy level orders where the
single ground (excited) state is optically coupled to an excited (ground) state doublet
[Har68, Scu97]. These level schemes make it possible to observe several fascinating phe-
nomena such as quantum beats, coherent population trapping, and electromagnetically
induced transparency, which may be used for applications in quantum information tech-
nology [Fle05, Ham10]. A main feature of a Λ scheme as shown in Fig. 2.5(b) is the
possibly long coherence time of the ground states, |1〉 and |2〉. There are two optically
allowed transitions, |1〉 → |3〉 and |2〉 → |3〉, which can be addressed by orthogonally
polarized optical pulses (indicated by red and blue arrows, respectively). A sequence of
two such pulses allows one to shuffle the optical coherence between |1〉 and |3〉 into a
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Figure 2.5: Principle of two-dimensional Raman coherence spectroscopy. (a) Temporal pulse
sequence of the photon echo (PE) signal that is detected in k3 +k2−k1 direction. (b) Excitation
sequence in the Λ-type energy system. Orthogonally polarized pulses (transitions) are indicated
by the colors red and light blue. Coherent superpositions oscillate as function of time, as indicated
by the decaying sinusoid.

non-radiative coherence between |1〉 and |2〉. Oscillations in time associated with this
non-radiative coherence are much slower than for the optical coherences, as indicated
by the decaying sinusoids with different frequencies in Fig. 2.5(a). A 2DFTS Raman
coherence spectrum can be generated by scanning t2, recording the signal as function of
t3, and taking Fourier transforms with respect to t2 and t3, i.e.

SI(t1,Ω2,Ω3) =

∫ ∫
SI(t1,t2,t3)e−i(Ω2t2+Ω3t3)dt2dt3. (2.20)

Keep in mind that the frequency Ω1 is phase conjugated with respect to the frequencies
Ω2 and Ω3. For a different time ordering of the conjugated pulse with wave vector k1 one
receives non-rephasing spectra, SII , or double-quantum coherence spectra, SIII [Cun09].

2.3 Coherent spectroscopy of semiconductor nanostructures

Coherent optical spectroscopy has been widely used for the investigation of the en-
ergy levels of charge, vibration, and spin states in condensed matter systems [Dem08b,
Cun13]. It comprises many elaborated techniques that can be roughly divided in two
main categories: the first set uses continuous wave light sources of tunable wavelength
with narrow spectral width, i.e. long coherence time, which enable direct acquisition of
coherent spectra in the frequency domain [Fle05]. The second set is based on recording
the temporal dynamics of the system’s response to short light pulse excitation. Here, the
third order nonlinearity probed by transient FWM is of particular interest since it al-
lows to investigate the coherence properties even in the presence of large inhomogeneous
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broadening (cf. Sec. 2.2). The first photon echo experiments in semiconductors mea-
sured the exciton dynamics in GaAs QWs [Sch85, Web91] and CdSxSe1−x mixed crystals
[Nol90]. This section provides an outlook for the FWM spectroscopy of (In,Ga)As QDs
and CdTe QWs studied in Ch. 6 and Ch. 7, respectively.

2.3.1 Photon echo timing sequence

Manipulation of electronic states by laser pulses requires precise timing of the pulse se-
quence. A particular example is ultrafast coherent control of exciton complexes confined
in QDs [De 13] which may be used for manipulating quantum states [Kim11, Bio00, Li03]
or even storing quantum information [Kro04, Lan14]. PE for an inhomogeneous ensem-
ble of TLS in QDs were reported in Refs. [Bor01, Moo13, Tah14]. To be of practical
use, the echo formation time needs to be determined with high accuracy. What seems
to be easy for the scenario of a weakly inhomogeneous ensemble of TLS shown in Fig.
2.2(b) turns out to become complicated in QDs for several reasons: (i) Due to the many-
body interactions a description by a distribution of independent TLS is as a rule not
appropriate, but complex coherent transients are recorded [Sha99, Che01]. However,
localization of excitons strongly reduces exciton-exciton interactions (cf. Sec. 2.1.1).
Therefore, QDs with particularly strong three-dimensional localization can be often rea-
sonably well considered as TLS with long coherence times. (ii) In addition, fluctuations
in QD size, shape and composition lead to a considerable inhomogeneous broadening of
the optical transitions in QDs. Also excitation with ultrashort pulses having a broader
spectrum than the inhomogeneity is in many cases prohibited because of the demand of
addressing a specific optical transition. The relatively narrow energy spacing of different
electronic excitations limits the spectral width that the laser pulses may have, to avoid
excitation of multiple transitions.

Therefore a careful consideration of the optical frequency detuning with respect to
the TLS optical resonance is mandatory when considering the PE transient formation,
even in the limit of small excitation levels. Generally, it is expected that for strongly in-
homogeneous TLS ensembles the PE temporal profile may undergo significant distortion
compared to the standard τ12-2τ12 sequence, showing either retarded or advanced echo
pulses [All75]. This is due to the non-negligible inhomogeneity-induced dephasing of
oscillators during the action of optical excitation pulse, so that the finite pulse duration
should be taken into account. Surprisingly, these variations of the PE transients in TLS
were only reported in ruby [Sam78], where the characteristic excitation and depolariza-
tion times are in the range of tens of nanoseconds, i.e. orders of magnitude longer than
in semiconductor nanostructures. In Sec. 6.3 we show the first demonstration of PE
transients from QDs that deviate from the conventional τ12-2τ12 picture.

2.3.2 Microcavity systems

Transient FWM and 2DFTS were used to investigate the coherent optical response of
exciton-polaritons (cf. Sec. 1.4.2) in QW and QD based microcavities with high quality
factors in the strong coupling regime [Koh12, Alb13, Wil15]. QDs were also imple-
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mented in low-Q cavities based on two DBR mirrors in order to increase the strength of
the transient FWM signal and to study the corresponding coherent optical phenomena
[Fra16, Mer16]. In the strong field regime, Rabi-oscillations can be used for direct eval-
uation of the light-matter interaction strength. Rabi oscillations of exciton complexes
were demonstrated in QDs using various techniques [Sti01, Zre02, Ram10, Gam13]. In
Ch. 6 they are measured by photon echoes from QDs embedded in low-Q microcavities.

2.3.3 Spin degree of freedom

The spin level structure of ground and excited states contributes to the formation of
two- and three-pulse photon echoes [Lam69, Che79, Mor79]. In semiconductors, Λ-type
energy schemes (cf. Fig. 2.5(b)) can be obtained for optical excitation of localized excess
carriers, e.g., electrons in the conduction band or holes in the valence band, using their
spin degree of freedom. In the case of resident electrons, the negatively charged exciton
(trion) and the donor-bound exciton are possible optically excited states. Coherent pop-
ulation trapping and electromagnetically induced transparency have been demonstrated
for donor-bound excitons in bulk GaAs [Fu05, Sla10], as well as trions in n-type CdTe
QWs [Wan12] and QDs charged with resident carriers [Xu08, Bru09, Han14]. These
studies have exploited high resolution spectroscopy with continuous-wave lasers. Spin
control of resident carriers using ultrafast laser pulses has also been successfully demon-
strated [Gre06, Car07, Pre08]. However, most of the FWM and 2DFTS experiments on
charged excitations in semiconductors have not exploited the spin degree of freedom in
the ground state so far [Bro94, Bri99, Moo14, Fra16]. Recently, it was demonstrated
that the ground state splitting of a trion in a transverse magnetic field leads to quantum
beats in the photon echoes at the Larmor precession frequency [Lan12]. This allows to
perform a coherent transfer of optical excitation into a spin ensemble and to observe
long-lived stimulated photon echoes [Lan14, Sal14, Pol16b]. Coherent-optically detected
magnetic resonance enabling the high-resolution spectroscopy of electron spins is the
subject of Ch. 7.





Chapter 3

Spin physics and ferromagnetism

Phenomena based on magnetism are known by every child, whether it is the invisible
force repulsing or attracting permanent magnets or the needle of a compass turning in the
direction of the earth’s magnetic field. In the 19th century physicists like André Marie
Ampère or James Clerk Maxwell found out that magnetism is created when electric
charges are in motion. As a consequence, the Bohr model of an atom led in the early
20th century to the idea that the current of the orbiting electron is associated with a
magnetic moment m (cf. Eq. (1.5)). Later, the elementary concept of the spin was
added to the list of electron’s angular momenta. It is most of all the mysterious nature
of the electron spin which is fundamental for the nowadays understanding of magnetism
(cf. Pauli exclusion principle, Sec. 1.1.1).

Basics of spin physics were already introduced in the beginning of Sec. 1.1. This
chapter aims to discuss basic spin physics in semiconductors and ferromagnetic materials
and introduces the concept of combining constituents of both materials in order to form
spintronic devices.

3.1 Spin physics in semiconductors

Spin-orbit coupling (cf. Sec. 1.1.2) is in semiconductors of particular interest. Having
already addressed its contribution to the band structure (Sec. 1.1.3) and optical orien-
tation (Sec. 1.3.2), here we discuss mechanisms of spin relaxation and show how the
Zeeman effect can be used in order to measure the associated decay times.

3.1.1 Spin relaxation

Generally, non-equilibrium spin can be created by optical or electrical methods [icvac04].
Once the pumping is turned off the initial non-equilibrium spin polarization (cf. Eq.
(1.24)) will relax to zero. In bulk materials, the electron spin relaxation time τse ranges
from ∼ 1 ps in ferromagnets up to ∼ 10 ns in semiconductors [Stö06]. The reason for spin
relaxation can be understood as a result of fluctuating in time magnetic fields originating,
e.g., from spin-orbit or, in ferromagnets, exchange interaction (Sec. 3.2.1).

33
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Important for the semiconductors studied in this thesis is the Dyakonov-Perel mech-
anism which is related to spin-orbit splitting of the conduction band [Dya71, Dya72].
The electron spin precesses around an effective magnetic field created by the nuclei un-
less its direction changes randomly. If it happens the spin starts to precess around the
new field direction and the process repeats until the initial spin orientation S0 will be
completely forgotten. The initial hole “spin” orientation J0 relaxes rapidly due to the
much stronger spin-orbit coupling in the valence band, i.e. τse � τsh, where τsh is the
hole spin relaxation time. Effective magnetic fields can also arise from from lattice vi-
brations (Sec. 3.2.3), as described by the Elliott–Yafet mechanism [Dya08]. However,
for the cryogenic temperatures used in our experiments this contribution is rather weak.
Another reason for spin relaxation is hyperfine interaction between the electron and
nuclear spin systems.

3.1.2 Zeeman effect

The relaxation of spins is influenced by external magnetic fields. The interaction between
the total angular momentum Ĵ and an external magnetic field B is described by the
Zeeman effect and its Hamiltonian can be written as

ĤB =
geµB

~
BĴ . (3.1)

By choosing the quantization z-axis in the direction of the external field B one observes
that the magnetic field lifts the degeneracy of the substates of the total angular moment
by

∆EB = geµBB = ~ωL. (3.2)

The introduced frequency ωL is called Larmor frequency and determines a precession
of the angular momentum components perpendicular to the magnetic field axis. The
dynamic can be described in terms of a spin polarization vector S (cf. Sec. 1.3.1) using
the Bloch equations [Blo46].1 As for the optical Bloch equations (2.3), relaxation is con-
sidered with respect to longitudinal and transverse spin components, T1,e(h) and T2,e(h),
respectively. They are linked to the spin relaxation mechanisms with τse(h) discussed in
the previous section as follows. The components of the random field perpendicular to
the external field B create damping torque towards the z-axis pushing the spin vector
in a direction (anti-)parallel to the external field. The components of the random fields
directed along B cause spin relaxation of the perpendicular spin components. Ensemble
of carrier spins lose their macroscopic spin polarization typically during the time T ∗2,e(h)

which is faster than T2,e(h) [Yak08].

1There is a beautiful analogy to a gyroscope precessing in the plane perpendicular to the earth’s
gravitational field FG. The mechanical angular momentum L = r × p moves according to Newton’s
classical equation of motion

dL/dt = r × FG, (3.3)

where r is the position vector and p is the linear momentum.
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3.1.3 Hanle effect

The optical orientation of electron spins after absorption of circularly polarized light
can be destroyed by the application of a transverse magnetic field. The electron spins
oriented along the z-axis start to precess in the z-y plane when B ‖ x is applied. It
manifests itself in a depolarization of luminsecense described by a Lorentzian [Dya84]

ρc(B) =
ρc(0)

1 +
(

B
B1/2

)2 , (3.4)

with the degree of circular polarization ρc from Eq. (1.19). The half-width of the Hanle
curve (3.4) is given by

B1/2 =
~

µBgeτe
, (3.5)

where τe is the overall electron spin lifetime, i.e.,

1

τe
=

1

τse
+

1

τr
(3.6)

with electron lifetime in the excited state τr and pure spin relaxation time τse (cf. Sec.
3.1.1). The longer the electron spin lifetime τe, the smaller the magnetic field necessary
to rotate the spin and depolarize the PL.

Equation (3.5) represents the simplest case of electron spin depolarization in a mag-
netic field. For the interaction with nuclear spins [Mer02] or magnetostatic stray fields
generated by the domain structure of a nearby ferromagnet [Dzh95] the Hanle curve
becomes artificially broadened and a fit to a Lorentzian according to Eq. (3.4) will un-
derestimate the spin lifetime. For the case of an isotropic distribution of random fields
there is the relation [Pet08, Gre12]

B1/2 =
2
√

3~
µBgeT ∗2,e

, (3.7)

where T ∗2,e is the transverse electron spin dephasing time. Moreover, the interaction with
stray magnetic fields reflects itself in an increase of ρc under application of a longitudinal
magnetic field, recently called the “inverted” Hanle effect [Das11].

3.2 Ferromagnetism

This section provides a brief introduction to the basic properties of ferromagnetic ma-
terials. The first two sections follow Ref. [Stö06].

3.2.1 Magnetic interactions

The strongest magnetic interaction arises from the electrostatic Coulomb repulsion be-
tween electrons in combination with the Pauli exclusion principle (cf. Sec. 1.1.1). It is
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Figure 3.1: Principles of ferromagnetism. (a) Structure of the parallel oriented spin lattice with
exchange constant J > 0 resulting in the macroscopic magnetization M . (b) Formation of
ferromagnetic domains in order to reduce the stray field and thereby the magnetostatic energy.
(c) Magnetization M as function of the external magnetic field B with the main parameters of
the resulting hysteresis loop.

called exchange interaction and leads in atoms to an energy splitting of the singlet-triplet
states. In condensed matter, exchange interaction is the origin for correlated magnetism
with multi-faceted behavior such as ferro-, antiferro- or ferrimagnetism. It can be de-
scribed by a simple Heisenberg model taking only nearest neighbors into account,

Ĥex = −2J
∑
i<j

ŜiŜj , (3.8)

where J is the exchange constant depending on the overlap of the wave functions of
the electrons and Ŝi,j are total spin operators of adjacent atoms. In one dimension, the

three dimensional spin operator Ŝ has to be replaced by Ŝz along the quantization z-axis
leading to the so called Ising Hamiltonian. Depending on the sign of J , there will be
a parallel (J > 0, shown in Fig. 3.1(a)) or antiparallel (J < 0) spin alignment in the
groundstate, leading to the phenomenon of ferro- and antiferromagnetism, respectively.
Ferrimagnets have two antiferromagnetically coupled magnetic sublattices, whose mag-
netizations are generally not compensated. The exchange leads to effective magnetic
fields that can reach in ferromagnets up to several 1000 T.

Spin-orbit interaction was already introduced in Se. 1.1.2. In ferromagnets it the
primary source of magnetocrystalline anisotropy. The orbital moment prefers to lie
along a specific lattice direction caused by surrounding charges in the crystal. Spin-orbit
interaction locks the spins along this direction and, as a result, the magnetic alignment
in the material is not free, but has one preferred direction, called the easy axis. In
magnetic films of several nanometer thickness shape anisotropy becomes relevant and
the easy axis is typically oriented in-plane.
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Figure 3.2: Dispersion relation of magnons ∝ k2
and transverse accoustical (TA) phonons ∝ k.
The second crossing point with energy ~ω2 is
highlighted by the circle.

3.2.2 Hysteresis loop

External magnetic fields in combination with magnet-optical effects (cf. Sec. 1.3.3) can
be used to study a ferromagnet’s magnetization, i.e., the volume density of magnetic
moments, M = dm/dV . For example, without external disturbance, the magnetization
in a ferromagnet breaks up into domains with different magnetization directions which
cancel out on a macroscopic scale (Fig. 3.1(b)). TheM increases under application of an
external magnetic field B until the saturation value Ms for which the domain structure
is removed, and M is pointing entirely in the direction of B. When M 6= 0 remains
although the external field is switched off, one speaks about remanescence magnetization.
The coercivity field is the field that must be applied in the opposite direction in order to
reduce the magnetization to zero. Field scans in both direction can provide a hysteresis
loop as shown in Fig. 3.1(c).

When applying the field along various directions of the crystal lattice one can study
the magnetocrystalline anisotropy. Its energy is determined by the field required to
rotate the magnetization by 90◦ away from the easy axis.

3.2.3 Magnons and phonons

In ferromagnetic materials pure spin dephasing involves typically the transfer of angular
momentum into the spin system of the crystal lattice. In the ground state of a simple
ferromagnet all spins are aligned in parallel. Due to exchange interaction (cf. Sec. 3.2.1)
waves appear in the coupled spin system when at least one spin is displaced from its
equilibrium position [Lev68, Kit04]. The resulting oscillations are called spin waves or,
in the quasiparticle equivalent for quantized vibrations of the spin lattice, magnons.
Their angular momentum corresponds to a single electron spin flip ∆sz = ~.

Another important type of vibrations arises from elastic strain inside the crystal lat-
tice. If the nuclei are displaced from their equilibrium position they feel restoring forces
which cause vibrations. Since all nuclei in the lattice are coupled to each other, elastic
waves with wave vector k can travel through the crystal [Ash76, Kit04]. The energy
of a lattice vibration is quantized and the quantum of energy is called phonon. In the
quasiparticle picture they travel through the crystal carrying linear “quasimomentum”
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~k. With respect to k, longitudinal and transverse modes of lattice oscillations are ex-
isting. In crystals with two atoms per unit cell one has to distinguish between nearest
neighbors with oscillations in phase (“acoustical”) and out of phase (“optical”). Note
that phonons are pure lattice phenomena which appear not only in ferromagnets, but
all kinds of solids.

Currently the role of phonons on the magnetization properties of condensed matter
systems attracts particular interest and is actively discussed in literature [Jur17b]. One
of the examples, discussed in Ch. 5, dates back to Kittel who predicted in 1958 the
coupling of magnons and transverse acoustic (TA) phonons in ferromagnetic crystals
[Kit58]. Figure 3.2 shows that two crossing points are existing in the dispersion relation.
The higher energetic one at frequency ω2 is of primary interest since in the Debye model
the density of states is ∝ ω2 [Kit04].

3.3 Combining semiconductors with magnetic materials

External magnetic fields can be used in order to orient the magnetization of a ferromag-
netic thin film, as typically done in nowadays magnetic memory and storage technologies
[Pri98]. The ferromagnet spin-polarization is translated into electronic transport by ex-
ploiting the giant magnetoresistance effect.1 Temporal switching of the external writing
field by miniaturized electromagnets is limited to nanoseconds, leading in contemporary
computers to data rates ∼ 1 GHz. Ultrafast demagnetization induced by femtosecond
laser pulses showed that magnetization manipulation in ferromagnets is also possible by
pure optical methods [Bea96]. Laser heating of the magnetic system and circular polar-
ization acting simultaneously as a magnetic field led in fact to all-optical magnetization
switching on a timescale of tens of nanoseconds [Sta07, Vah09]. However, there is a
difference to the manipulation of a pure quantum mechanical spin state. Spins suffer
from the rather complicated band structure of metals consisting of many broad overlap-
ping bands, resulting in strong interactions of electrons with the lattice and each other.
In semiconductor nanostructures the band structure is clearer and selection rules allow
for spin orientation and detection by pure optical methods.2 Interactions are reduced
by localization and remarkably long spin lifetimes ∼ 1 ms have been reported [Kro04].
Nowadays the research field of spintronics discusses the combination of magnetic materi-
als with semiconductors in a single structure with various applications in electronics and
quantum information [Wol01]. For example, this could initiate a new generation of com-
puters based on advanced functional elements where magnetic memory and processor
are located on a single chip [icvac04, Zak05, Joh08, Die10].

The most prominent approach in this direction is given by diluted magnetic semi-
conductors (DMS), frequently realized by magnetic doping of II-VI semiconductors with

1When the magnetic moments of the ferromagnetic layers are parallel, the spin-dependent scattering
of the carriers is minimized, and the material has its lowest resistance. When the ferromagnetic layers
are antialigned, the spin-dependent scattering of the carriers is maximized, and the material has its
highest resistance [Pri98].

2It should be noted that also electrical contacts can be used for spin injection [icvac04].
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elements such as paramagnetic Mn2+ ions [Fur88, Nag88, Die10, Gaj11]. Many features
such as the giant Zeeman splitting of the electronic bands (ge ∼ 100) and the giant
Faraday rotation are induced by the strong Js(p)-d exchange interaction between the
electrons (holes) and magnetic ions. Moreover, optically induced coherent precession of
the Mn2+ magnetic moments can be observed [Cro97a].

The inclusion of magnetic ions in the same spatial region reduces the mobility of
carriers in semiconductor QWs. An alternative approach for magnetic semiconductors
is therefore based on hybrid systems where a thin ferromagnetic film is placed at the top
of the semiconductor. Such structures with well defined profile along the growth axis
can be fabricated with monolayer precision. One expects to detect emergent functional
properties in such structures which should appear after bringing primary constituents
together, i.e., magnetic as in ferromagnets (FM) with optical and electrical tunability as
in semiconductors (SC) [Dzh95, Kaw01, Han03, Cro05, Lou07, Jon07, Cio09, Son11]. For
this it is required to establish strong exchange interaction between the charge carriers in
the SC and magnetic ions in the FM. Control over the concentration of charge carriers
and the penetration of their wave function into the FM layer should consequently change
the magnitude of exchange coupling between the FM and SC [Kor03]. Therefore, the
resulting effects can be divided into two main categories: (i) spin polarization of charge
carriers in SC by magnetized FM layer and (ii) inverse action of spin polarized carriers
to control the FM magnetization. Previously it was demonstrated that the stray fields
of a FM layer influence the spin polarization of conduction band electrons in bulk GaAs
[Dzh95] and DMS [Cro97b, Hal07, Das11]. In its turn, illumination of GaAs changed
the coercive force of nickel FM layer (photocoercivity), which was attributed to optical
control of exchange coupling at the interface between the FM and SC [Dzh95].

For a two-dimensional hole gas (2DHG, the p-system) in a QW the overlap of the
hole wave function with the magnetic atoms in a nearby FM layer (the d-system) is be-
lieved to result in p-d exchange interaction [Kor03, Mye04, Zai10, Pan09]. In particular,
the 2DHG spin system becomes polarized in the effective magnetic field from the p-d
exchange [Kor03, Pan09]. Recently it was shown that in addition to this equilibrium
2DHG polarization there is an alternative mechanism involving spin-dependent capture
of carriers from the SC into the FM [Kor12, Roz15]. For ferromagnetic (Ga,Mn)As on
top of an (In,Ga)As QW, electron capture induces electron spin polarization in the QW,
representing a dynamical effect in contrast to the exchange-induced equilibrium polar-
ization. In Ch. 5 we present an extensive study of a new hybrid structure, consisting
of a Co layer and a CdTe II–VI semiconductor QW, separated by a nanometre thick
barrier.





Chapter 4

Experimental methods

This chapter provides an overview of the experimental techniques that where used in the
scope of this thesis. Section 4.1 presents the mode-locked laser system and cryostat used
in the majority of the presented experiments. Subsequently the setups for measuring
photoluminescence, magneto-optical Kerr effect, and four-wave mixing are discussed.

4.1 Laser and magnet cryostat

Most of the experimental setups used for this thesis are based on the tunable mode-
locked MIRA 900 laser operating in the picosecond pulse regime. Pumped by a 10 W
continuous-wave laser at 532 nm the gain medium, titanium-doped sapphire (Ti:sapphire),
covers a spectral range between 700 and 980 nm. This is suitable for the (near-)resonant
studies of CdTe quantum wells (∼ 775 nm) and (In,Ga)As quantum dots (∼ 915 nm) in
this thesis. The laser pulses are emitted at a repetition rate of 75.75 MHz, correspond-
ing to a repetition period of 13.2 ns. Figure 4.1(a) shows the auto-correlation intensity
|E(t)|2 of a Gaussian pulse E(t) ∝ exp(−t2/(2τ̃2

p)) in the time-domain at the wavelength
776 nm. Considering that the convolution of two Gaussian pulses with the same stan-
dard deviation τ̃p gives a new Gauss with standard deviation

√
2τ̃p, one extracts from

the full width at half maximum (FWHM) in Fig. 4.1(a) the laser pulse duration

τp = 2
√

ln 2τ̃p = 2.3 ps (4.1)

in the intensity scale. It has to be multiplied by
√

2 for the electric field scale, relevant
in the heterodyne detected four-wave mixing experiments (cf. Sec. 4.4). Assuming a
Fourier transform limited pulse, δf0τp = 0.441, one expects a spectral bandwidth of

hδf0 = 0.79 meV, (4.2)

where h is the Planck constant. This value is in good agreement with the measured
spectrum in Fig. 4.1(b) for which FWHM = 0.85 meV is extracted. Thus, the laser
pulses in the experiments are assumed to be free of chirp.

Most of the measurements were performed in a helium bath cryostat with a split-coil
superconducting magnet system generating magnetic fields up to several Tesla. Windows
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Figure 4.1: Characterization of the picosecond pulses from the mode-locked Ti:sapphire laser
MIRA 900. (a) Auto-correlation intensity of a Gaussian laser pulse with a laser energy 1.598 eV.
(b) Laser pulse spectrum measured with a monochromator and CCD camera. Black dashed lines
depict Gaussian fits with FWHM written next to the arrows.

from four sides provide optical access of the laser with wave vector k to the sample
mounted in a variable temperature insert (VTI). Magnetic fields B can be applied in
Faraday (B ‖ k) or Voigt geometry (B ⊥ k). Pumping on the liquid helium in the VTI
allows one to achieve minimal temperatures of the helium bath down to Tbath = 2 K.
The sample is mounted on a special holder that provides several optional features: The
magnetic field near the sample can be measured with high accuracy using a Hall sensor. If
necessary, a lens with high aperture can collect a maximal amount of photoluminescence.
The sample can be rotated around an axis parallel to the incident light or vertically
with respect to the experimental table. The latter allows one to measure in a tilted
magnetic field geometry. Oblique field measurements are alternatively realized using a
second helium bath cryostat without superconductig magnet system, but two orthogonal,
external electromagnets surrounding the VTI. This makes it possible to scan both field
components independently.

4.2 Photoluminescence spectroscopy

The setup for measuring photoluminescene (PL) is sketched in Fig. 4.2. It can be used
for time-integrated or time-resolved measurements as discussed in the following.

4.2.1 Time-integrated photoluminescence

The beam of a tunable Ti–sapphire laser is focused on a sample into a spot with diameter
of 100-500µm. For time-integrated PL measurements, continuous wave lasers, e.g., HeNe
or frequency doubled Nd:YAG, can be used alternatively for the excitation. The power
densities do not exceed 100 Wcm−2. The emitted light is passed into a single grating
spectrometer (resolution ∼ 0.1 nm) equipped with an avalanche photodiode (APL), or
nitrogen-cooled charged coupled device (CCD camera).
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Figure 4.2: Setup for measuring photoluminescence (PL). For time resolved measurements the
streak camera is triggered with the laser repetition frequency of 75.75 MHz. Glan is the abbrevi-
ation for Glan-Taylor prism, λ/4 denotes a quarter-wavelength retardation plate. Abbreviations:
PEM = photo-elastic modulator; CCD = charged coupled device; APL = avalanche photodiode.

For measurements of the circular polarization degree (cf. Eq. (1.19))

ρexc
c =

Iexc
+ − Iexc

−
Iexc

+ + Iexc
−

, (4.3)

where Iexc
+ and Iexc

− are the intensities of right and left circularly polarized polarized PL,
the PL passes a detection polarization scheme. Either it consists of a half-wavelength
retarder in front of a linear polarizer, or a photo-elastic modulator (PEM) in conjunction
with a two-channel photon counting system. Circular or linear polarized excitation is
indicated with exc = σ or π, respectively, and realized by the polarization optics in the
excitation laser path (cf. inset in Fig. 4.2).

For optical orientation and Hanle effect measurements we use a σ+ circularly po-
larized excitation beam (exc = +). Here, a PEM can be introduced in the excitation
path, while one of the circular polarization components (σ+) is measured in the detec-
tion path. This allows the suppression of effects related to dynamic nuclear polarization.
The modulation parameter

η =
I+ − I−

I+ + I−
(4.4)
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can be measured also with a PEM in the excitation path, whereas the total intensity is
measured using a depolarization wedge in the detection path.

4.2.2 Time-resolved photoluminescence

The setup for time-resolved PL (TRPL) is also based on the sketch in Fig. 4.2. The
repetition rate of the mode-locked Ti–sapphire laser, 75.75 MHz, is used as a trigger for
the streak camera providing a time resolution of 20 ps. The laser beam is focused into
a spot with a diameter of approximately 200µm and the pulse fluences does not exceed
1µJcm−2. The degree of polarization follows the definition of Eq. (4.3). However,
no PEM is used here. The linear and circular polarization of optical excitation and
detection are selected by rotating λ/2 and λ/4 plates, respectively, in conjunction with
a Glan–Thompson prism. The same single grating spectrometer is used as for time-
integrated PL measurements.

4.3 Magneto-optical Kerr effect

Magneto-optical effects (cf. Sec. 1.3.3) can be studied using time-resolved pump-probe
spectroscopy or time-integrated measurements of the magnetization curves.

4.3.1 Time-resolved pump-probe spectroscopy

Spin dynamics can be studied with a pump-probe setup illustrated in Fig. 4.3. The
output of a mode-locked laser splits into two beams, pump and probe, respectively. A
pulse delay τ between both beams can be controlled by reflectors mounted on a motorized
mechanical translation stage in the path of pump. Before entering the sample, the
pump beam is modulated with a photoelastic modulator (PEM), switching periodically
its polarization between left- and right-handed circular at a frequency of 42 kHz. The
probe beam enters the sample being linearly polarized. The power ratio between probe
and pump should be in the order of 1:10. After reflection from the sample, probe is sent
through a Glan-Taylor prism (Glan) and the two orthogonal linear polarized outputs are
focused on the diodes of a balanced photo-detector. A half-wavelength plate allows one
to tune its output-current to zero when pump is blocked and the external magnetic field
is switched off. Afterwards, pump-induced polarization changes can be measured when
filtering the resulting output-current for the PEM frequency using a lock-in amplifier.

4.3.2 Static magneto-optical characterization

The magnetization curves of a ferromagntic thin film (cf. Fig. 3.1(c)) are measured with
a single Ti–sapphire laser beam. The magnetic field is applied along the growth axis z of
the sample in the Faraday geometry for the polar magneto-optical Kerr effect (P-MOKE)
and in the plane of the samples in the Voigt geometry for the longitudinal (L-MOKE).
The linearly polarized laser beam is focused on the sample into a spot with a diameter of
approximately 300µm and the power does not exceed 1 mW. The reflected beam passes
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Figure 4.3: Setup for measuring degenerate pump-probe Kerr rotation (reflection geometry).
The laser beam with picosecond pulses at a repetition rate of 75.75 MHz is split into a pump and
a probe beam. A mechanical delay-line is used to control their time delay τ . Pump is modulated
by a photoelastic modulator (PEM) which periodically switches its polarization from left-handed
to right-handed circular at a frequency of 42 kHz. Probe is linearly polarized before entering the
magnet-cryostat. The detection scheme uses a Glan-Taylor prism (Glan) which divides the probe
into an orthogonal linear polarized basis. A half-wavelength plate (λ/2) allows to tune the output
of a balanced photo-detector to zero. Pump-induced polarization changes after the reflection of
probe from the sample can be precisely measured when filtering the resulting output-current for
the PEM frequency using a lock-in amplifier.

through a PEM in conjunction with a linear analyzer and a photodetector (silicon pho-
todiode). The main axis of the PEM is perpendicular to the initial polarization of the
incident light, whereas the analyzer axis is rotated by 45◦. The rotation angle of the
polarization is proportional to the measured signal, which is homodyne-detected at dou-
ble the resonance frequency of the PEM (80 kHz) using a lock-in amplifier. In addition,
MOKE signals are measured using a spectrally broad white-light source (tungsten lamp).
In this way one confirms that the Kerr signals from a ferromagnet-semcionductor hybrid
structure originate from the ferromagnetic thin film with a weak spectral dependence in
the region of interest, 700-800 nm (Ch. 5).
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4.4 Four-wave mixing with heterodyne detection

While the pump-probe signal corresponds to the component radiating in the probe di-
rection, degenerate four-wave mixing (FWM) is measured in an (almost) background
free, diffracted direction (cf. Sec. 2.2). In some experiments, however, all excitation
beams are co-linear and the diffracted and reflected beams are degenerated in k, e.g.,
in the groups of Langbein [Lan06] and Kasprzak [Fra16]. This geometry has the benefit
to ensure phase matching, i.e. |2k2 − k1| > |ki| (i = 1,2), even for thick samples. The
signal is still distinguishable when frequency shifting pulses 1 and 2 in the range of sev-
eral tens of MHz by acousto–optic modulators (AOMs) [Bor08]. This shift is negligible
compared to the overall pulse width ∼ 0.1 THz of a picosecond laser source. It enables,
however, the heterodyne detection of the signal frequency fS = 2f2 − f1 using lock-in
techniques.

The experimental setup used for the measurements for this thesis is schematically
shown in Fig. 4.4. It uses the mode-locked Ti:sapphire laser and magnet cryostat
described in Sec. 4.1. The laser splits into four different beams using non-polarizing
beam splitter cubes. Three of them are required for the FWM generation, and the
fourth one is used as a reference pulse in the heterodyne detection. Three delays between
all four pulses can be scanned by reflectors mounted on mechanical translation stages.
The distance between the first and second pulse, τ12, and second and third pulse, τ23,
is controlled using two 27 cm long translation stages which cover a maximum delay of
1.8 ns. The reference delay-line measures 15 cm length and covers maximal 1 ns. The
FWM experiment is performed in the reflection geometry. The first pulse with wave
vector k1 impacts the sample at an incidence angle of ∼ 6◦. Pulses 2 and 3 are spatially
overlapped after the delay lines (k2 = k3) and hit the sample in the same spot at
slightly bigger incident angle of ∼ 7◦. The beams are focused by a spherical mirror with
a focal distance of 200 mm, resulting in a spot diameter on the sample of ∼ 200µm.
Polarization and intensity of the pulses can be controlled individually with polarization
optics consisting of half-wavelength retarders and linear polarizers (Glan). The retarders
are mounted in motorized rotation stages that allow precise scans of the beam power
(respectively, pulse energy).

The FWM signal is collected along the kS = 2k2−k1 direction. The phase matching
condition is not sensitive to the z-component of the wave vector kS since the signal
originates from the quantum well or quantum dot layer which has a thickness that is
significantly smaller than the wavelength of light in the corresponding semiconductor
material. Interferometric heterodyne detection is used, where the FWM signal and
reference beam are overlapped at a balanced detector [Cho92, Bor08]. In front of the
photo diodes, the electric fields ES and Eref are spatially overlapped in a 50:50 beam
splitter. Considering its field transmission/reflection scheme [Bor08], the two outputs of
the beam splitter read E± = (Eref ± ES)/

√
2. The balanced photo-detector generates a

photo-current

Id ∝ |E+|2 − |E−|2 ∝ Re[ESE
∗
ref]. (4.5)

The optical frequencies of pulse 1 and the reference pulse are shifted by +40 MHz and
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Figure 4.4: Setup for measuring degenerate transient four-wave mixing (FWM) in reflection
geometry. The laser beam with picosecond pulses at a repetition rate of 75.75 MHz is split into
four beams. One of them serves as a reference pulse (orange dotted) for heterodyne detection,
and the others are required for the FWM (dark blue solid) generation: The first (red dashed)
and second (light blue dot-dashed) pulses create the primary photon echo (PPE), while together
with the third pulse (light blue dot-dashed) they create the stimulated photon echo (SPE). The
time delays, τ12 and τ23, defining the temporal appearance of the photon echoes are controlled
by two mechanically delay-lines. A third delay-line controls the measurement time τref at which
the cross-correlation |ES| between reference and FWM electric field amplitudes is measured.
|ES(τref)| is extracted from the output of a balanced photo-detector after filtering it with two
lock-in amplifiers. The required modulation comes from two acousto-optical modulators (AOMs)
giving radio-frequency shifts in the centre-optical laser frequency f0 for pulses 1 and reference.
ki is the wave vector of pulse i = 1,2,3. BS denotes a 50:50 non-polarizing beam splitter.
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Figure 4.5: FWM pulse sequence for the explanation of a dual delay-line scan. (a) For one step in
the τ12 delay the reference has to make two steps in τref in order to remain fixed on the primary
photon echo (PPE) amplitude, as indicated by the orange arrows. (b) For one step in the τ23
delay the reference has to make one steps in τref in order to remain fixed on the secondary photon
echo (SPE) amplitude.

−41 MHz with two AOMs. Therefore, the frequency of the resulting interference signal
Re[ESE

∗
ref ] is

|2f2 − f1 − fref | = 1 MHz. (4.6)

Note that there is also a sum of the frequencies (81 MHz) which is filtered out by a
digital filter. The 1 MHz component is selected from Id using a high-frequency lock-
in amplifier. The signal-to-noise ratio is further reduced by a second lock-in amplifier
filtering for frequencies 1 kHz that are imprinted by an intensity modulation from the
AOM in the path of pulse 1. The phase of the signal is locked at short times because
all of the pulses originate from the same laser source. However, random fluctuations of
the optical phase in the different beam paths at time scales longer than 1 ms are not
suppressed because no active stabilization of the beam paths is implemented in the setup.
Therefore, only the amplitude of the signal is accessible in the measurement procedure.
Still, heterodyne detection provides a high-sensitivity, background free measurement of
the cross-correlation function for the absolute value of the FWM electric field amplitude

|ES(τref)| ∝
∣∣∣∣∫ ∞
−∞

ES(t)Eref(t− τref)dt

∣∣∣∣ (4.7)

when scanning the reference pulse delay time τref. In general, τref = 0 is defined as the
temporal overlap between pulses 1 and reference (cf. Fig. 4.4). In Ch. 7, however, it is
defined relative to the arrival time of pulse 3.

We study inhomogeneously broadened systems where the FWM signal is given by
photon echoes (cf. Sec. 2.2.1). Figure 4.4 shows that pulses 1 and 2 create the primary
photon echo (PPE), while together with pulse 3, they create the stimulated photon
echo (SPE). Measurements of the coherence time T2 (PPE) and lifetime T1 (SPE) are
performed by dual delay-line scans, as sketched in Figs. 4.5(a) and 4.5(b). In order to
keep the reference fixed on the PPE (SPE) amplitude, an increase of τ12 (τ23) by one step
has to be compensated by increasing the reference delay τref for two steps (one step).
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Chapter 5

Long-range p-d exchange
interaction in a Co-CdTe hybrid
structure

This chapter is about investigations of a new ferromagnet-semiconductor (FM-SC) hy-
brid structure consisting of a Co layer and a CdTe semiconductor quantum well (QW),
described in Sec. 5.1. The experimental proof of a FM-SC exchange coupling in Secs.
5.2, 5.3, and 5.4 is obtained by measurements of the photoluminescence (PL) polarization
with the experimental technique described in Sec. 4.2. FM induced circular polarization
is compared with direct measurements of the Co thin-film magnetization is Sec. 5.5.
The magnitude of the exchange splitting is measured in Sec. 5.6. A theoretical concept
describing the observed phenomena is presented in Sec. 5.7.

An introduction to modern spintronic devices can be found in Sec. 3.3. The results
of this chapter have been published in a similar form in Refs. [Kor16, Aki17].

5.1 The Co-CdTe hybrid samples

A schematic presentation of the studied ferromagnet-semiconductor hybrid structures
is shown in Fig. 5.1(a). A 10 nm thick CdTe QW sandwiched between Cd0.8Mg0.2Te
barriers was grown by molecular-beam epitaxy (MBE) on top of a (100)-oriented GaAs
substrate. The bottom barrier has a width of 3.2µm while the cap layer is gradually
changing in width, defining the spacer thickness ds. Without contact to the ambient
atmosphere, the structures were transferred into a second MBE chamber for the deposi-
tion of the Co layer. As for the cap layer, various thicknesses of the Co layer, dCo, were
produced by a time-controlled linear movement of the main shutters in each of the two
MBE chambers.1

A set of structures with widely varying parameters was grown, as listed in Tab. 5.1.

1A more detailed description of the sample preparation can be found in the online version of Ref.
[Kor16].
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Figure 5.1: (a) Sketch of the double gradient structure 2. (b) Atomic force microscopy image of
structure 2 with a Co-film thickness dCo = 5 nm. Note the different scaling on the z axis.

In structure 1 the (Cd,Mg)Te spacer thickness ds increases continuously from 5 nm to
15 nm over a lateral structure size of 5 cm (wedge shape), and the Co film has a thickness
of 7 nm. The semiconducting parts of the other structures are similar to those of structure
1, except for the spacer thickness ds, which varies over a 3 cm lateral dimension from a
thickness of zero to 10 nm for structure 2, from zero to 14 nm for structure 3, and from 10
up to 40 nm for structure 4. In addition, the Co-film thickness, dCo is varied in discrete
steps of 1 nm from zero to 6 nm normal to the spacer thickness gradient, followed by an
area with a constant Co-film thickness of 16 nm. Atomic force microscopy on structure 2
with a 5 nm thick Co layer shows a non-uniform Co growth, with islands having lateral
sizes of tens of nanometres (Fig. 5.1(b)). In the following experimental data are mainly
presented for structure 2, if not mentioned otherwise. However, the key observations
concerning the proximity effect are similar for all structures.

Code Spacer thickness ds (nm) Co thickness dCo (nm)

Structure 1 120313B 5–15 5
Structure 2 070714A 0–10 and 50 0–6a and 16
Structure 3 070214A 0–14 and 54 0–6a and 16
Structure 4 051415A 10–40 10
a In dicrete steps of 1 nm

Table 5.1: Parameters of the various hybrid structures studied in this chapter.
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Figure 1 | Ferromagnet-induced proximity e�ect. a, Scheme for the optical excitation of the double gradient structure 2. b, AFM image of structure 2 with a
Co-film thickness dCo =5 nm. c, Band structure of the investigated structures. The violet arrow indicates the excitation energy, whereas the green and red
arrows correspond to PL from the QW and GaAs substrate, respectively. d, PL spectrum (black line) and polarization di�erence �⇢⇡c (blue dots) between
the circular polarizations ⇢⇡c measured for BF = 10 mT at T =2 K; data recorded for linearly polarized pulsed excitation with a photon energy of 1.69 eV and
an excitation density 20 W cm�2. CdMgTe spacer thickness ds = 10 nm and Co thickness dCo =4 nm. e, ⇢⇡c (BF) detected at the lower energy flank of the
e–A0 transition in the QW around 1.59 eV, as indicated by the vertical arrow in d (green circles) and the GaAs substrate at 1.49 eV (red triangles); an
up–down field scan revealed no hysteresis. f, Dependence of the exciton PL intensity on spacer thickness ds for dCo =4 nm (red squares). The dashed line is
an exponential fit, exp(ds/d0), with characteristic length d0 = 1.6 nm. The open circles show the spacer thickness dependence of the proximity e�ect
amplitude, A⌘�⇢⇡c (Bsat) , for the di�erent structures, which seems to be slowly varying.

The magnetization of the Co layers is oriented in-plane. An
out-of-plane magnetization component can be induced by applying
an external magnetic field in the Faraday geometry BF (longitudinal
field parallel to the structure growth axis z k [001]). In all cases,
the Co layers are semitransparent for laser light exciting the
sample along z in either linear (⇡) polarization, or unpolarized
using a depolarizing wedge. The band structure of the hybrid
system is sketched in Fig. 1c. For photon energies less than the
band gap energy ECdMgTe

g = 2 eV of the barrier, only the QW is
excited (Fig. 1a). The photoluminescence (PL) emitted by the QW
is analysed with respect to its circular polarization �+ and ��,
to determine the degree of circular polarization ⇢⇡c (BF) of the
PL under ⇡-excitation. We also use the polarization di�erence
�⇢⇡c (BF)=

��⇢⇡c (+BF)�⇢⇡c (�BF)
��/2 for oppositely oriented fields as

a measure of the field-induced signal.
Figure 1d shows �⇢⇡c recorded for BF = 10mT (blue dots) as a

function of the detection energy for a spacer thickness ds =10 nm
at a temperature T = 2K. For comparison the PL spectrum is
shown (black line), exhibiting two main lines, centred at 1.63 eV
(X-line) and at ⇠1.60 eV (e–A0-line), with a wide flank towards
lower energies. We assign the X-line to the heavy-hole exciton
transition of the QW. The e–A0-line, on the other hand, is associated
with electrons recombining with holes bound to acceptors. This
assignment is supported by time-resolved PL data, where the
X-line decays within 50 ps, whereas the e–A0 PL is observed for
much longer times, of the order of nanoseconds (Fig. 2a). From
the typical exciton binding energy of 10meV and the 30meV

distance between the two lines, one deduces a hole–acceptor binding
energy of EA0 ⇡ 40meV, which agrees well with values reported
for a hole bound to a shallow acceptor in CdTe (refs 11,12).
The circular polarization ⇢⇡c (BF) of the PL varies considerably
(Fig. 1d), with a maximum di�erence at the e–A0-line. Variation
of the laser photon energy h⌫exc in the range 1.62 eV–1.69 eV leads
to no strong change of �⇢⇡c . Figure 1e shows the magnetic field
dependence of ⇢⇡c (BF) for excitation at h⌫exc =1.69 eV and detection
at h⌫PL = 1.59 eV. Up-and-down field scans show a non-hysteretic
behaviour of ⇢⇡c (BF), saturating for field strengths of Bsat =20mT at
amplitudeA=�⇢⇡c (Bsat)⇡4%, which is an order ofmagnitude larger
than without the Co layer (see Supplementary Fig. 3c). Figure 1e
also shows the dependence ⇢⇡c (BF) detected at h⌫PL = 1.494 eV,
corresponding to the e–A0 PL transition in the GaAs substrate
(red triangles), which is separated by more than 3 µm from the
FM. In contrast to the QW emission, we observe a much smaller
polarization without any saturation. Therefore the PL polarization
from the CdTe QW is clearly induced by the proximity of
the FM.

Time-resolved PL (TRPL) gives insight into the kinetics of
the spin polarization after linearly polarized, pulsed excitation.
Spectrally resolved PL intensity transients are shown in Fig. 2a,
from which we derive the temporal dependence of the FM-induced
�⇢⇡c (t) in Fig. 2b for amagnetic field of 40mT, applied in the Faraday
geometry: �⇢⇡c (t) increases continuously with time. Initially being
non-polarized, the photo-excited carriers acquire spin polarization
with a characteristic rise time of ⌧fm ⇡ 2 ns, obtained from an
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Figure 5.2: Band structure of the investigated
structures. The violet arrow indicates the exci-
tation energy, whereas the green and red arrows
correspond to PL from the QW and GaAs sub-
strate, respectively.

5.2 Ferromagnet-induced quantum well photoluminescence
circular polarization

The magnetization of the Co layers is oriented in the plane of the structure (MCo ⊥
z).1 An out-of-plane magnetization component can be induced by applying an external
magnetic field in the Faraday geometry B‖ (longitudinal field parallel to the structure
growth axis z ‖ [001]). In all cases, the Co layers are semitransparent for laser light
exciting the sample along z in either linear (π) polarization, or unpolarized using a
depolarizing wedge. The band structure of the hybrid system is sketched in Fig. 5.2.
For photon energies less than the band gap energy ECdMgTe = 2 eV of the barrier,
only the QW is excited. The photoluminescence (PL) emitted by the QW is analyzed
with respect to its circular polarization σ+ and σ−, to determine the degree of circular
polarization ρπc (B‖) of the PL under π-excitation according to Eq. (4.3). Moreover, the
modulus of the polarization difference

δρπc (B‖) =
∣∣ρπc (B‖)

∣∣ =

∣∣∣∣ρπc (+B‖)− ρπc (−B‖)
2

∣∣∣∣ (5.1)

for oppositely oriented fields is used as a measure of the field-induced signal.

Figure 5.3(a) shows δρπc recorded for B‖ = 10 mT (orange dots) as a function of the
detection energy for a spacer thickness ds = 10 nm at a temperature Tbath = 2 K. For
comparison the total PL intensity2 I0 = Iπ+ + Iπ− is shown (blue line), exhibiting two
main lines, centered at 1.63 eV (X) and at ∼ 1.60 eV (e–A0), with a wide flank towards
lower energies. The X-line is assigned to the heavy-hole exciton transition of the QW.
The e–A0-line, on the other hand, is associated with electrons recombining with holes
bound to acceptors. This assignment is supported by time-resolved PL (TRPL) data,
where the X-line decays within 50 ps, whereas the e–A0 PL is observed for much longer

1Compare with the MOKE measurements discussed in Sec. 5.5.
2Iexc

det is the PL intensity with polarization of the excitation (detection) exc (det) = π or σ± ≡ ±,
respectively.
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Figure 5.3: (a) PL spectrum (blue line) and polarization difference δρπc (orange circles) between
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recorded for linearly polarized pulsed excitation with a photon energy of 1.69 eV and an excitation
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times, of the order of nanoseconds (Fig. 5.4(a)). From the typical exciton binding energy
of 10 meV and the 30 meV distance between the two lines, one deduces a hole–acceptor
binding energy of EA0 ≈ 40 meV, which agrees well with values reported for a hole
bound to a shallow acceptor in CdTe [Cro66, Bar98]. The circular polarization ρπc (B‖)
of the PL varies considerably (Fig. 5.3(a)), with a maximum difference at the e–A0-
line. Variation of the laser photon energy ~ωexc in the range 1.62 eV–1.69 eV leads to no
strong change of ρπc . Figure 5.3(b) shows the magnetic field dependence of ρπc (B‖) for
excitation at ~ωexc = 1.69 eV and detection at ~ωPL = 1.59 eV.1 Up-and-down field scans
show a non-hysteretic behavior of ρπc (B‖), saturating for field strengths of Bsat = 20 mT
at amplitude ρπc (Bsat) ≈ 4%, which is an order of magnitude larger than without the
Co layer (see Fig. 5.10). Figure 5.3(b) also shows the dependence ρπc (B‖) detected at
~ωexc = 1.494 eV, corresponding to the e–A0 PL transition in the GaAs substrate (green
triangles), which is separated by more than 3µm from the FM. In contrast to the QW
emission, a much smaller polarization without any saturation is observed. Therefore the

1The sign of ρπc was determined by comparing with the sign of polarization in a diluted magnetic
semiconductor (DMS) Cd0.64Mn0.06Mg0.30Te/Cd0.94Mn0.06Te QW structure for the same direction of
magnetic field. In the DMS the sign of the circular polarization is positive (σ+) for B‖ > 0 [Gaj78, Fur88].
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PL polarization from the CdTe QW is clearly induced by the proximity of the FM.

TRPL gives insight into the kinetics of the spin polarization after linearly polarized,
pulsed excitation. Spectrally resolved PL intensity transients are shown in Fig. 5.4(a),
from which one derives the temporal dependence of the FM-induced δρπc (t) in Fig. 5.4(b)
for a magnetic field of 40 mT, applied in the Faraday geometry: δρπc (t) increases contin-
uously with time. Initially being non-polarized, the photo-excited carriers acquire spin
polarization with a characteristic rise time of τfm ≈ 2 ns, obtained from an exponential
fit (dashed line). In combination with the decay times of 50 ps for the X-line and a few
ns for the e–A0-line, this allows one to explain the absence of polarization for the X-line:
the exciton does not live long enough to acquire polarization from the FM.1

To understand the origin of the FM-induced PL polarization from the QW one has
to address the following three questions: Are the electrons or the holes in the QW
polarized? Which mechanism causes the QW circular polarization? Is there an effective
exchange magnetic field exerted by the FM that polarizes the QW carriers?

5.3 Ferromagnet-induced spin polarization of the quantum
well heavy holes

As discussed, application of a longitudinal magnetic field B‖ causes polarization of the
PL. Next, an additional transverse magnetic field B⊥ in the Voigt geometry will be
applied according to Fig. 5.5(a) with the goal to depolarize the FM-induced PL polar-
ization. Figure 5.5(b) shows that for B‖ = 4 mT the polarization difference δρπc of the
QW PL is about 1%, and not sensitive to B⊥ up to 20 mT. This means that any out-of
plane component Mz of the FM magnetization remains fixed in this range of Voigt fields.
However, there is a further important consequence. The data also indicate heavy-hole
polarization as source of the non-zero δρπc . Indeed, if δρπc arose from electron spin ori-
entation, the Hanle effect should be observed for the electron spins: for electrons with
spins polarized along the z-axis the magnetic field B⊥ would induce Larmor precession
about B⊥. This precession would decrease the z-component of the electron spin, leading
to a PL depolarization δρπc (B⊥) in complete analogy with the Hanle effect observed for
optical injection of polarized electron spin. Indeed, under circularly polarized excitation
the degree of polarization ρσc (B⊥) decreases with B⊥ (orange circles in Figs. 5.5(c) and
5.6) with a halfwidth B⊥,1/2 = 18 mT. However, this decrease is absent for δρπc (B⊥)
in the same field range (Fig. 5.5(b)). Moreover, Fig. 5.5(c) shows that application of
a 4 mT longitudinal field does not change the Hanle curve (the blue triangles), which
means that the magnetization of the FM does not create a magnetic field (for example,
due to s–d exchange) that could influence the Larmor precession of the electron spin.
Therefore, the out-of-plane magnetization Mz of the FM neither orients electron spins,
nor affects their Larmor precession frequency. Thus, one concludes that the FM-induced
polarization δρπc is directly related to spin polarization of the heavy holes: the in-plane
g-factor of the heavy holes is close to zero, such that the B⊥ field cannot depolarize

1Another possible contribution will be discussed in Sec. 5.7.
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Figure 5.4: Time-resolved spin dynamics. (a)
Contour plot of the PL intensity decay from
the QW. The dasehd lines indicate the region
of interest for polarization measurements corre-
sponding to the e–A0 transition. (b) Dynam-
ics of the FM-induced proximity effect. The
time evolution of the difference of circular po-
larization degree δρπc according to Eq. (5.1)
for B‖ = 40 mT under linearly polarized exci-
tation is shown. The dashed line is a fit ac-
cording to δρπc (t) = A[1 − exp(−t/τfm)] with
τfm ≈ 2 ns and A = 6.5 %. (c) Optical ori-
entation kinetics. The average circular polar-
ization under excitation by σ+-polarized light
ρσc (t) according to Eq. (5.2) is shown for B‖ =
40 mT (blue triangles) and B‖ = 0 (green cir-
cles). The black dashed line gives a double
exponential fit to the data for B‖ = 40 mT
with ρσc (t) = ρ0,h exp(−t/τsh)+ρ0,e exp(−t/τse),
where ρ0,h = 7 %, τsh = 0.12 ns, ρ0,e = 11.5 %,
and τse > 20 ns.
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TRPL data allow one to determine the electron and hole spin dynamics for compari-

son with the nanosecond kinetics of the proximity effect. Figure 5.4(c) shows the optical
orientation

ρσc (t,B‖) =
ρσc (+B‖,t) + ρσc (−B‖,t)

2
(5.2)

at B‖ = 40 mT, averaged for opposite magnetic field directions, to exclude any contribu-
tion from the FM-induced polarization. One finds two decay components with strongly
different spin relaxation times, τse and τsh. The shorter one, τsh = 0.12 ns, corresponds
to holes, whereas the much longer time, τse > 20 ns, corresponds to electrons (cf. Sec.
3.1.1). Note that the zero-field decay of ρσc (t) in Fig. 5.4(c) contains an additional
contribution with τdeph ≈ 1 ns due to electron spin dephasing in the randomly oriented
stray fields of the FM. The stray fields also determine the 18 mT width of the Hanle
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Figure 5.5: FM-induced spin polarization of the QW heavy holes bound to acceptors. (a) Sketch
of the experiment in crossed magnetic fields. (b) Structure 1. Dependence of δρπc (B⊥) on
the magnetic field in Voigt geometry in presence of a longitudinal field B‖ = 4 mT. (c) Hanle
effect ρσc (B⊥) in the absence of a longitudinal field (orange circles) and in the presence of a
longitudinal field B‖ = 4 mT (blue triangles). The black dashed line shows a Lorentz-fit with
half-width B⊥,1/2 = 18 mT. (d) Structure 2, ds = 10 nm. Upper panel: kinetics of the proximity
effect according to Eq. (5.3) at B⊥ = 96 mT, B‖ = 10 mT. Fit according to Fig. 5.4(b) with
τfm ≈ 2 ns and A = 3 %. Bottom panel: kinetics ρσc (t) of the optical orientation in a magnetic
field of B⊥ = 96 mT for B‖ = 0 (orange circles) and B‖ = 10 mT (blue triangles). The dashed
line is a fit according to ρσc (t) = ρ0,h exp(−t/τsh) + ρ0,e exp(−t/T ∗2,e) cos(geµBB⊥t/~) + C, with
ρ0,h = 8 %, τsh = 0.15 ns, ρ0,e = 5 %, |ge| = 1.13, T ∗2,e = 1 ns, C = 1.5 %. Tbath = 2 K. Error bars
represent standard deviations.

curve, as will be discussed in Sec. 5.4.2. The dephasing determines the spin dynamics
and leads to the faster decay of ρσc (t) at B‖ = 0. Application of a B‖ = 40 mT Faraday
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field suppresses the stray field impact. The comparison of ρσc (t,B‖ = 40 mT) with δρπc (t)
in Figs. 5.4(c) and 5.4(b), respectively, shows that the FM-induced polarization kinetics
is much faster (τfm ≈ 2 ns) than the electron spin kinetics (τse > 20 ns). This is in agree-
ment with the hole spin-flip being much faster than that of the electron. However, it is
still considerably slower than the hole spin-flip time of τsh = 0.12 ns. This faster spin
relaxation of the optically oriented holes can be explained by the higher laser photon
energy (1.70 eV) with which free holes are excited. Optically excited hot holes become
depolarized before they are trapped by acceptors. Remember in this context the the
unusual proximity effect shown in Fig. 5.3(c) where only the e–A0 transition shows a
FM-induced polarization. Hence ρπc (t) reflects the spin kinetics of holes bound to accep-
tors, whose spin-flip time can be considerably longer than τsh. Additional information
on the free valence band holes measured by the pump-probe technique can be found in
Ref. [Aki17].

Further evidence of the heavy-hole polarization comes from TRPL data in oblique
magnetic field. Therefore, the TRPL measurements from Figs. 5.4(b) and 5.4(c) were
repeated under additional application of a Voigt field B⊥. In order to isolate the prox-
imity effect, δρπc form Eq. (5.1) is averaged for opposite Voigt magnetic field directions,
i.e.,

〈δρπc (t)〉 =
δρπc (t,B‖,+B⊥) + δρπc (t,B‖,−B⊥)

2
. (5.3)

For B‖ = 10 mT, the non-oscillating signal in the upper panel of Fig. 5.5(d) increases
with time τfm ≈ 2 ns in spite of the large magnetic field B⊥ = 96 mT applied in the
Voigt geometry. In contrast, the optical orientation signal ρσc (t,B‖ = 10 mT) in the
bottom panel of Fig. 5.5(d), oscillates in time in accordance with the electron g factor,
|ge| = 1.13± 0.01, and tends to zero.

In conclusion, the out-of-plane magnetization component of the FM is robust in mag-
netic fields B⊥ < 100 mT and the FM-induced PL polarization ρπc (B‖) in a longitudinal
field originates from spin polarization of heavy holes bound to acceptors.

5.4 Origin of ferromagnet-induced quantum well photolu-
minescence circular polarization

This section can be taken as a catalog of potential mechanisms responsible for the strong
polarization of holes bound to acceptors. Each of the mechanisms will be discussed
and compared with the experimental results. It turns out that the results are based
on equilibrium spin polarization due to thermal population of spin levels split by p-d
exchange interaction (Sec. 5.4.4) which is surprisingly long-ranged.

5.4.1 Magnetic circular dichroism

Magnetic circular dichroism (MCD) is the dependence of the absorption coefficient on
the photon helicity. Assuming that MCD is present in the FM layer, the QW would not
become excited by linearly (or un-) polarized light and, in fact, one would not measure



Origin of FM-induced QW photoluminescence circular polarization 59

−40 −20 0 20 40
0

2

4

6

8

10

12

14

B||, B⟂ (mT)

ρ c
σ

 (%
)

B||

B⟂ B⟂,1/2 = 18 mT

B||,1/2 = 22 mT

Figure 5.6: Magnetic field dependence of the
circular polarization ρσc . Hanle effect (orange
circles) in Voigt geoemtry and “inverted” Hanle
effect (blue squares) on strcuture 1 at a temper-
ature Tbath = 10 K. The black dashed lines show
Lorentz-fits with half-width B⊥,1/2 = 18 mT
and B‖,1/2 = 22 mT, respectively.

ρπc , as assumed so far. This would lead to spin polarized electrons that should have
became visible already in the TRPL measurements of the previous sections.

In order to check potential influence from MCD on the polarization with a time-
integrated technique, detection was done at the e-A0 PL transition (1.494 eV) of the
GaAs substrate, and the laser was scanned with alternating helicity σ± across the QW
resonances in the range from 1.59 to 1.63 eV with a Faraday-field of B‖ = ±70 mT
applied. Only negligible changes of the PL intensity < 0.3% were found. Moreover,
MCD would lead to spin polarized electrons. Therefore, MCD is not important in the
small field range ∼ Bsat and the observed A ≈ 4% polarization results from the FM-
induced spin polarization of two-dimensional holes. In Sec. 5.6, ρπc will be investigated
for much bigger field strengths where MCD plays indeed a role.

5.4.2 Ferromagnetic stray fields

The nearby FM creates a stray magnetic field which can deeply penetrate into the SC
[Kor08]. Zeeman interaction can cause a spin splitting in the QW that is leading in
equilibrium to a spin polarization of the SC carriers.

As discussed in Sec. 3.1.3, magnetic stray fields affect the dependencies of the circular
polarization degree ρσc on a magnetic field in Voigt geometry (the Hanle effect) and
cause an “inverted” Hanle effect in Faraday geometry. Results of such measurements
are shown in Fig. 5.6. The Hanle curve (orange circles) results from electron spin
precession about B⊥ while the hole depolarization is negligible due to the transversal hole
g factor close to zero. Figure 5.6 shows that the half-width of the depolarization curve
is B⊥,1/2 = 18 mT in structure 1 for the 7-10 nm range of spacer thickness. Also shown
is the “inverted” Hanle effect (blue squares) where a magnetic field in Faraday geometry
increases the circular polarization. The similar characteristic half-width B‖,1/2 = 22 mT
points towards the presence of stray magnetic fields in the QW region due to the domain
structure of the FM [Dzh95] or interface roughness [Das11]. Stray fields with a strength
µ0MsdCo/w appear on length scales comparable with the domain size w [Kor08]. Note
that the fringe fields due to hyperfine interaction with the nuclei are about 0.5 mT in
CdTe QWs and can be neglected [Zhu07]. As mentioned before, the effect of the stray
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Figure 5.7: Sample 1 excited resonantly at the
exciton (1.619 eV) with the detection done at
the acceptor transition e–A0 (1.602 eV). The de-
pendence of the intensity modulation parameter
η(B‖) on longitudinal field (blue squares, laser
with alternate helicity without polarizers in the
detection channel) is compared with the FM-
induced polarization ρπc (B‖) (orange circles, π-
excitation). Tbath = 4 K.

−100 −50 0 50 100
−2

−1

0

1

2

B|| (mT)

ρ c 
, η

 (
%

)

ρc

η

π

π

fields is also seen in the TRPL data in the lower panel of Fig. 5.5(d), where they lead to
dephasing of the optical orientation of electrons with a characteristic time τdeph = T ∗2,e =
(1.0±0.4) ns. The strength of the stray field can be calculated with Eq. (3.7) for the case
of an isotropic distribution of random fields. Taking into account |ge| = 1.13 one obtains
theoretically B‖,1/2 = B⊥,1/2 = (35 ± 14) mT, which agrees with the experimentally
observed value of B‖,1/2. The difference in measurements, B‖,1/2 6= B⊥,1/2, indicates an
anisotropic distribution of the FM random fields. Small local fields in the ten mT range
can affect the electron spin precession kinetics. However, the polarization of electrons
(and of holes whose longitudinal g factor has a similar value [Deb13]) due to the thermal
distribution between the spin sublevels at T = 2 K cannot exceed 0.5% at this field
strength, i.e., it is too small to explain the experiment.

If the longitudinal field orients all the domains to a uniform magnetization the stray
field penetrates even deeper into the SC [Kor08]. However, the field strength µ0MsdCo/L
is in this case much smaller than for a large number of domains, since w � L ≈ 5 mm,
where L is the sample size. Thus, stray magnetic fields cannot provide a notable spin
polarization.

5.4.3 Spin-dependent capture

According to Ref. [Kor12] the observed proximity effect may be non-equilibrium due
to spin-dependent carrier capture from the SC into the FM. Then, the magnetization
of the FM decides about the spin orientation of carriers which can tunnel dynamically
through the barrier and do not contribute in the subsequent radiative recombination
within the QW [Aki14]. In this case, the total PL intensity I0 (the sum of the right- and
left-circular polarized PL components) in a longitudinal magnetic field would depend on
the helicity σ± of the exciting light. The intensity modulation parameter

η =
I+

0 − I
−
0

I+
0 + I−0

(5.4)

is determined by the parameter P0(~ω) characterizing the selection rules for the involved
optical transitions at the laser energy ~ω (cf. Sec. 1.3.2). According to Ref. [Kor12],
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η(B‖) = P0 · ρπc (B‖) is equal to ρπc (B‖) for heavy hole exciton excitation when P0 ≈ 1.
Figure 5.7 shows the modulation parameter η(B‖) when the laser photon energy is tuned
to the X-resonance at 1.62 eV and detected at the e–A0 transition (1.60 eV). η(B‖) is
several times smaller than ρπc (B‖). Moreover, one finds that η(B‖) is small over the whole
range of laser photon energies 1.62 − 1.70 eV. Thus one concludes that spin-dependent
capture by the FM cannot be the main source of the FM-induced hole spin polarization.

5.4.4 Role of p-d exchange interaction

Heavy-hole spin polarization in the effective magnetic field of the p-d exchange interac-
tion with magnetic atoms was predicted in Ref. [Kor03]. When the FM magnetization
is saturated (M = Ms), the equilibrium polarization of the holes obeys the Curie law
[Kit04]

P(T ) =
N+3/2 −N−3/2

N+3/2 +N−3/2
≈ ∆Eex(Ms)

2kBT
. (5.5)

Here kB is the Boltzmann constant, ∆Eex(Ms) is the spin splitting of the heavy holes
in the FM exchange field, and N+3/2 (N−3/2) is the concentration of QW heavy holes
with momentum projection +3/2 (−3/2) onto the growth direction. We assume that
P(T ) � 1. One can expect from Eq. (5.5) that the hole spin polarization decreases
with increasing T . The experiment confirms this trend (Fig. 5.8(b)). An estimation for
T = 6 K shows that 4 % spin polarization corresponds to a splitting ∆Eex(Ms) of about
50µeV. A direct evaluation of the p-d exchange energy is presented in Sec. 5.6.

The p-d exchange from the overlap of the QW holes and Co d-shell orbitals is expected
to scale like ∆Eex(ds) ∼ exp(−ds/d0) owing to wave function penetration through the
rectangular potential barrier. The same exponential behavior holds for the rate of hole
tunnelling through the barrier, with a characteristic barrier width d0 = ~/2

√
2mhh∆,

which is less than 1 nm for a heavy hole mass mhh > 0.1me, and a barrier height
∆ = 0.1 eV (cf. Fig. 1.3(b)). Thus, the possible coupling mechanism is undoubtedly
short-ranged. At first sight, this is in agreement with the steep decrease of PL intensity
with decreasing barrier thickness owing to carrier tunnelling from the QW into the FM
(the red squares Fig. 5.3(c)), from which one can derive d0 = 1.6 nm. However, the spin
polarization does not follow a similar steep decrease at all. The green circles in Fig.
5.3(c) show that ρπc (ds) at B‖ = Bsat seems to be slowly varying with ds. Furthermore,
and maybe even more surprising, the proximity effect observed here is long-ranged and
persists over more than 30 nm, in contrast to our expectations based on wave function
overlap.

It should be noted that in systems other than the one studied here a long-range
proximity effect may occur, for example, due to spin-dependent capture by the FM.
Previously this effect has been observed in a ferromagnetic GaMnAs/QW hybrid for
electrons, but not for holes [Kor12]. The tunnel capture rates γ+ (γ−) of electrons with
spin up (down) through the nonmagnetic spacer also have an exponential dependence on
spacer thickness. The non-equilibrium polarization in the QW, however, is determined by
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Figure 5.8: Temperature dependence of the proximity effect. (a) ρπc (B‖) in structure 1 for
various temperatures Tbath. The curves for Tbath = 10,15,20 K are normalized on the scaling for
Tbath = 2 K in order to make the temperature dependence of the saturation field Bsat visible.
(b) Temperature depence of the saturation amplitude δρπc (Bsat) in structure 2. Note that the
measurements are performed as function of the helium bath temperature Tbath which is several
Kelvin below the actual temperature of the crystal lattice T in the illumination area (cf. Sec.
5.6).

the ratio γ+/γ−, so that the exponential dependence cancels. In the case here, the spin-
dependent capture is weak in absolute terms, as it is related to holes, and the proximity
effect comes mainly from the p-d exchange interaction. Therefore one concludes that
the results indicate a long-range mechanism of p-d exchange coupling.

5.4.5 Diffusion of magnetic atoms or cluster formation

p-d exchange interaction is also relevant for diffusion of magnetic atoms into the QW
region. Similar to the behavior in diluted magnetic semiconductors [Fur88], nearby
magnetic atoms could enhance the effective Landé g factors of spins, so that geff � 1.
Since |ge| did not show any enhancement (cf. ρσc in Fig. 5.5(d)) any diffusion into the
QW region appears to be unlikely. A further possibility for the small saturation field
Bsat ∼ 20 mT of ρπc (B‖) (cf. Fig. 5.3(b)) could be superparamagnetic Co cluster forma-
tion; i.e. nanometre-sized particles with a single ferromagnetic domain structure [Bea59].
For clarification, the polarization dependencies ρπc (B‖) were measured at different tem-
peratures in the range from 2 up to 30 K. Figure 5.8(a) shows that all curves coincide
when the measured amplitudes are normalized. The magnetiziation of a paramagnet
follows a Brillouin function M(x) whose saturation magnetic field depends on the ratio

x =
mcB‖

kBT
, (5.6)

where kB is the Boltzmann constant and mc is the magnetic moment. If ρπc (B‖) would
arise from paramagnetic clusters or Co impurities one would expect a polarization sat-
uration field Bsat ∝ kBT . This, however, is not seen in Fig. 5.8(a) where the saturation
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Figure 5.9: Magneto-optical Kerr effect in (a), (d) polar (P-MOKE) and (b), (e) longitudinal (L-
MOKE) configuration. L-MOKE is measured for different orientations, α, of the spacer gradient
with respect to the external magnetic field B⊥ (c).

takes place at Bsat ∼ 20 mT over the entire temperature range. This also means that the
ferromagnetism of the Co layer is not sensitive to temperatures up to 30 K. The decrease
of polarization with increasing temperature in Fig. 5.8(b) is related to the decreasing
sensitivity of the “QW detector” to ferromagnetism.

5.4.6 Resonant tunneling through deep centers in the (Cd,Mg)Te spacer

Another possible reason of the FM-induced spin polarization is related to resonant trans-
fer of spin coupling through overlapping deep paramagnetic centers in the (Cd,Mg)Te
barrier. Assuming a localization radius of such a center of about at ∼ 1 nm one can
estimate the concentration required to make such a coupling efficient to be Nt ∼ 1/a3

t ∼
1021 cm−3. Such a large concentration of parametric centers was never reported for
(Cd,Mg)Te. Moreover, its presence should significantly influence the Larmor precession
frequency of the CdTe QW electrons, which was not observed so far. Therefore, it is
highly unlikely that this possibility can explain the experiment.

5.5 Magnetization curve of the ferromagnetic Co thin film

While having already addressed the question for the origin of the FM-induced QW PL
circular polarization, the FM itself was not investigated so far. The magneto-optical Kerr
effect (MOKE) is often used to measure the magnetic hysteresis loop of thin magnetic
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Figure 5.10: Time-integrated amplitude δρπc for
Bsat = 40 mT as function of the Co thickness
dCo for a spacer thickness ds = 10 nm and
Tbath = 2 K.
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films (cf. Sec. 3.2.2). Such measurements exhibit for the Co-CdTe hybrid system an
easy axis of magnetization in-plane, as shown in Fig. 5.9. In polar (P-MOKE) configu-
ration (see Fig. 5.9(a) and (d)) the Faraday magnetic field B‖ orients the magnetization
slowly out-of plane with a saturation field µ0Ms ≈ 1.7 T, which is a typical value for Co
[Chi05]. In full accordance with the expectations for magnetic thin films [Stö06], the
magnetization by an in-plane magnetic field B⊥ (L-MOKE) saturates much faster. Fig-
ure 5.9(e) shows magnetic hysteresis loops with a coercivity Bc ≈ 120 mT for the spacer
gradient direction perpendicular and parallel to the magnetic field (see Fig. 5.9(c)).

These data are in contrast with the proximity effect: The PL polarization degree
ρπc in Faraday magnetic field saturates at B‖ = 20 mT (cf. Fig. 5.3(b)) and is weakly
sensitive to an in-plane magnetic field with B⊥ < 100 mT. In MOKE, no magnetization
changes can be seen within the 20 mT accuracy. One concludes that the Kerr technique
and the PL polarization technique detect ferromagnets with different properties - the
easy-plane for the former and the perpendicular anisotropy for the latter method. The
ferromagnet detected by the Kerr effect can be ascribed to the Co film itself, whereas
the other ferromagnet could be related to interfacial ferromagnetism with properties
differing substantially from the Co film. The interfacial ferromagnet layer is expected
to be thinner than the Co film thickness, so that it is hard to be seen by the Kerr
technique. In contrast, the ferromagnet-QW exchange coupling may be sufficient to
induce spin polarization of nearby QW charge carriers. Interfacial ferromagnetism was
discovered in a Ni-GaAs hybrid [Dzh95] and was discussed later in a number of papers
[Nie13, Wil10]. The origin of the ferromagnet responsible for the proximity effect in the
structures studied here needs further investigation in future. Currently, Co-related oxides
can be excluded as origin because the structures 2 and 3 were grown without exposure
to air before ferromagnet sputtering. Therefore, possible origins are Co-(Cd,Mg)Te
intermixing and/or interfacial ferromagnetism. In Fig. 5.10 the amplitude δρπc is shown
as a function of the Co thickness dCo. Interestingly, the FM proximity effect decreases
not only for small Co thicknesses dCo < 4 nm (which is natural) but also for dCo > 4 nm.
The latter may be related to reorientation of the easy axis or change of the interfacial
ferromagnetism, when the Co film becomes thick enough.
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Figure 5.11: Magnetic field dependence of the
FM induced circular polarization ρπc (B‖). The
polarization is averaged over the spectral range
of the e-A0 PL band (1.57-1.62 eV). Excitation
photon energy ~ωexc = 1.7 eV. Tbath = 2 K.

5.6 Evaluation of the p-d exchange interaction

Big efforts have been spend in measuring directly the magnitude of the exchange energy
∆Eex [Aki17]. The idea is quite simple: Measurements of the spin-splitting for various
magnetic fields > Bsat and extrapolation of these data to zero magnetic field reveals a
finite offset with a magnitude of ∆Eex [Kor12]. In Ref. [Aki17] it is shown that the hole
spin-flip at the acceptor observed in spin-flip Raman scattering grants robust access to
the effective p-d exchange constant. In contrast, pump-probe Kerr rotation in oblique
magnetic fields reveals only Larmor oscillations from electrons and free valence band
holes; the latter only weakly coupled to the Co thin film for magnetic fields µ0Ms � Bsat

from the interfacial FM. In this section it will be shown that also polarization resolved
PL can be used to measure ∆Eex.

First, ρπc (B‖) is measured to a larger magnetic field range up to 3 T, when the out-of
plane magnetization of the Co thin layer is present. Figure 5.11 shows FM induced
ρπc (B‖) dependence averaged in the spectral range of 1.57− 1.62 eV. In strong magnetic
fields B‖ > 0.25 T the polarization increases with B‖ and changes the slope around 2 T,
which is close to the saturation field of Co discussed in Sec. 5.5. At first glance such
behavior could be attributed to spin polarization of holes due to exchange interaction
with Co where the exchange constant Jpd has the opposite sign as that of the interfacial
FM. However, care should be taken because there is a significant contribution of MCD
(cf. Sec. 5.4.1). For this reason, TRPL measurements according to Fig. 5.4(b) are
repeated with special attention to the sign of the amplitude ρπc (t), i.e., δρπc (t) = |ρπc (t)|
according to Eq. (5.1). Figure 5.12(a) shows the transients for different magnetic fields
B‖ = 0.5, 1.7, 2.5 T. For the bigger field values an offset becomes relevant and the data
have to be approximated with the expression

ρπc (t) = ρMCD +A
(

1− e−
t
τfm

)
. (5.7)

Here, the instantaneous polarization degree ρMCD results from the difference in absorp-
tion of σ+ and σ− polarized light in the Co layer, the amplitude A corresponds to the
equilibrium polarization of acceptor holes induced by external magnetic field B‖ and FM
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Figure 5.12: (a) Transients of the circular polarization ρ̄πc (t) according to Eq. (5.1) for different
magnetic fields B‖ = 0.5, 1.7, 2.5 T. Dashed lines are fits with Eq. (5.7). (b) Magnetic field
dependence of ρMCD and A. The dashed line is a fit of A with Eq. (5.8) with ∆Eex = (50±10)µeV
and |gA| = 0.4± 0.1. T = 5 K.

induced effective exchange field, and τfm is the spin relaxation time of polarized carriers,
which is required to reach the equilibrium populations of the spin sub-levels.

The magnetic field dependencies of ρMCD and A evaluated from fits according to
Eq. (5.7) are shown in Fig. 5.12(b). It follows that MCD saturates at B‖ ≈ 1.7 T,
while the amplitude A continuously grows with B‖. The increase of A in magnetic field
is related with additional equilibrium polarization of holes due to their thermalization
between the spin sub levels. For small splittings (A� 1) the field dependence of A can
be approximated by

A(B‖) =
µBgAB‖ −∆Eex

2kBT
, (5.8)

where gA is the Landé factor of the acceptor which determines the splitting of the heavy
hole states. The total Zeeman splitting of holes is determined by the external magnetic
field through µBgAB‖ and the effective exchange field through ∆Eex. The sign of the
different contributions is opposite as follows from Fig. 5.11. Since the amplitude A does
not saturate in magnetic fields B‖ > 1.7 T, one concludes that the contribution of the
Co film to the proximity effect is negligible. Equation (5.8) is very sensitive to the actual
temperature of the crystal lattice T in the illumination area. Much less sensitive on the
temperature is ∆Eex ≈ 50µeV evaluated from spin-flip Raman scattering [Aki17]. From
the fit in Fig. 5.12(b) one obtains ∆Eex = (50±10)µeV and gA = 0.4±0.1 when taking
the temperature T = 5 K. This value is about 3 K larger than the bath temperature
Tbath = 2 K. However, laser heating of the crystal lattice due to optical excitation is in
agreement with previous studies on optical orientation of Mn ions in GaAs [Aki11].
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Figure 5.13: Illustration of a circularly polar-
ized transverse phonon mode in the FM-SC hy-
brid structure. The phonon σ−phon is propagat-
ing along the FM magnetization M . J denotes
the spin polarization of acceptor holes point-
ing in the opposite direction as M because of
ρπc (B‖) < 0 for B‖ > 0.

5.7 Elliptically polarized phonons as origin of the long-
range p-d exchange coupling

In Sec. 5.4 several possible origins for a long-ranged proximity effect (i.e., magnetic
stray fields or spin-dependent capture) could be excluded. The long-range p-d exchange
between FM and SC may be mediated by elliptically polarized phonons generated in the
ferromagnetic layer, as schematically shown in Fig. 5.13. Such effective p-d exchange
coupling has not been discussed previously in the literature. Subsequently, acoustic
phonons are considered as an example. However, the coupling with elliptically polar-
ized optical phonon modes [Sch76] is discussed in the supplementary section D of Ref.
[Kor16].

It is well established that transverse acoustic (TA) phonons propagating through a
FM along the magnetization direction m = M/Ms are elliptically polarized [Tuc72,
Kit58]. This polarization arises from the strong hybridization of TA phonons (linear
dispersion in momentum) and spin waves (dispersion quadratic in momentum) near the
crossing points of their dispersion relations – that is, near a phonon–magnon resonance
(cf. Fig. 3.2). There are two such crossing points at frequencies of ω1 ∼ 1010 s−1 and
ω2 ∼ 1012 s−1 (~ω1,2 ≤ 1 meV), with two orthogonal phonon polarizations per crossing.
Only the phonon mode with polarization vector rotating in the same direction as the
magnetization vector in the spin wave participates in the coupling, whereas the other
one couples only weakly to magnons. The coupled rotary phonon mode shows a strong
damping (over a decay length ∼ 2 nm), whereas the other one survives [Kit58]. The
authors of Refs. [Sin60] and [Sve79] measured in Co0.92Fe0.08 dispersion relations of
magnons and phonons, respectively. The fact that they could not observe crossing
points is not relevant for this work, since the p-d exchange interaction is based on the
interfacial FM.

Recently, it was found that TA phonons (shear waves) can easily cross the interface
between a FM and a SC, without an appreciable destructive effect [Bom13]. According
to the continuity boundary conditions for displacement and stress, elliptically polarized
modes will also propagate in the SC. The elliptically polarized phonons transfer angular
momentum from the FM into the SC and will interact with hole spins owing to the
strong spin–orbit interaction in the valence band [Ivc95]. The effect obviously occurs
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Figure 5.14: Energy diagram for the “phonon a.c. Stark effect” in semiconductors. (a) A right

circularly polarized phonon σ+
phon with energy ~ω1,2 < ∆lh,hh couples the heavy hole ground

−3/2 state and the light hole excited −1/2 state, inducing a spin-dependent shift of the hole
spin levels by ∆Eex. (b) σ−phon phonon with energy ~ω1,2 > ∆lh,hh coupling the heavy hole
ground +3/2 state and the light hole excited +1/2 state. In both cases, the heavy hole −3/2
state is in thermal equilibrium stronger populated than the heavy hole +3/2 state.

over much larger spacer thicknesses than any mechanism based on wave function overlap
because there is no energy barrier for phonons.

One assumes transverse phonons propagating along the magnetization M ‖ z ‖ [001]
through the FM–SC hybrid interface, as sketched in Fig. 5.13. The angular momentum
of a phonon with polarization σ−phon (σ+

phon) is parallel (antiparallel) to M . For the
selection rules in Fig. 5.14 the phonon results in a lifting of the Kramers degeneracy of
the heavy hole ±3/2 doublet in zero external magnetic field. The shift is maximal when
the energy of the magnon-phonon resonance is close to the energy splitting between
the heavy (±3/2) and light (±1/2) holes, i.e. ~ω1,2 ≈ ∆lh,hh. For the acceptor bound
holes ∆A

lh,hh ∼ 1 meV is indeed close to the phonon resonance [Sap94], in contrast to the
∼ 10 meV energy splitting between the free hole subbands. This is another reason why
the proximity effect is not detected at the X-transition.1 Figures 5.14(a) and 5.14(b)
show that phonons with energy ~ω1,2 < ∆lh,hh or > ∆lh,hh can create the same heavy
hole spin polarization where the −3/2 state is stronger populated than the +3/2 state.
The coupling may be considered as the phonon analogue of the a.c. Stark shift in optics,
in which the action of circularly polarized light in a medium is equivalent to an effective
magnetic field [CT72].

1The absence of FM-induced spin splitting for the QW electrons (and the related precession corre-
sponding to the Larmor frequency) can then also be explained by the small spin–orbit interaction in the
conduction band.
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The optical Stark effect is a well established phenomenon in semiconductors [Jof89,
Sim16, Yan16]. It takes place when an electromagnetic wave with σ+ polarization couples
the electronic states with angular momentum projection −3/2 in the valence band and
−1/2 state in the conduction band (cf. Fig. 1.6). Due to the interaction with light
these states experience an energy shift ∆ ∝ d2

±/δ, where δ = Eg − ~ω. Here, ~ω is
the photon energy and Eg is the band gap energy of the SC, d± is the dipole matrix
element of the optical transitions between valence and conduction bands. For photons
with ~ω < Eg repulsion between the electronic states takes place, i.e. ∆ > 0, and vice
versa for ~ω > Eg.

For the phonon Stark effect, the resulting energy shift is different for the ±3/2 levels
because the number of phonons with opposite circular polarizations is different espe-
cially near the magnon-phonon resonance. This dynamic, phonon-mediated interaction
therefore induces an effective p-d exchange coupling between the FM and the QW along
the growth axis z. Thus, we write the Ising Hamiltonian (cf. Sec. 3.2.1)

Ĥeff
ex = − 1

3~
∆Eexm̂zĴz, (5.9)

where m̂z is the z-projection operator corresponding to the magnetization unit vector
m, and Ĵz is the z-projection operator of the total angular momentum of the acceptor
hole with Jz = ±3/2 in units of ~. Calculation of the energy shift of the QW hole levels
requires precise knowledge of many quantities, such as interaction parameters, phonon
propagation directions, and so on. However, an estimation of the effective p-d exchange
in the supplementary section C of Ref. [Kor16] shows that the p-d exchange splitting is
about 50µeV, leading to a PL polarization of 5 %, in agreement with the experimental
results.

5.8 Conclusions

This chapter investigated a new ferromagnet-semiconductor hybrid structure composed
of a ferromagnetic Co thin film and a semiconducting CdTe quantum well, separated by a
nanometre thick (Cd,Mg)Te barrier. Hybrid structures are appealing because they allow
not only combination of the functionalites of the individual constitutions but also mutual
control of the properties. Specifically, the exchange interaction between magnetic ions
and charge carriers in semiconductors is considered as a prime tool for spin control. The
exchange interaction depends typically on the wave function overlap ∼ d0 and is therefore
short-ranged [Ala01, Kob14]. In the structure studied here, p-d exchange coupling is
manifested by the spin splitting of acceptor bound holes in the effective magnetic field
induced by the ferromagnet. Surprisingly, a long-ranged, robust coupling is observed
that does not vary with barrier width up to more than 30 nm although d0 = 1.6 nm
was measured from the decrease of photoluminescence intensity with decreasing barrier
thickness. Time-resolved photoluminescence circular polarization is used to determine
the magnitude of the long-ranged exchange interaction ∆Eex ≈ 50µeV. The equilibrium
spin polarization might be mediated by elliptically polarized phonons that can travel
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through the barrier without significant damping. This approach has been used later to
explain the influence of elliptically polarized optical phonons on magnetic properties of
materials [Nov17, Jur17a].

Implementation of techniques for exploitation of elliptically polarized phonons in
semiconductors could have profound consequences for spin systems in general, and not
only in hybrids. First, it could enable one to control the spin levels through the phonon
analogue of the optical a.c. Stark effect [CT72]. Second, one may demonstrate phonon-
assisted spin pumping: the absorption of circularly polarized phonons would create spin
orientation of the holes in the valence band, similar to the well-known interband optical
pumping in solids [Lam68] and gases [Kas98].
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Chapter 6

Rabi oscillations from excitons in
(In,Ga)As quantum dots

Transient four-wave mixing (TFWM) spectroscopy is used to study excitons from self-
assembled (In,Ga)As quantum dots (QDs) embedded in low-Q microcavities – one based
on two dielectric distributed Bragg reflectors (DBRs), and the other one based on a top
metallic gold mirror with bottom DBR (Tamm-plasmon resonator). The chapter is
structured as follows: First, the two samples, Tamm-plasmon (TP) and DBR structure,
are described. Coherent optical response in form of the photon echo (PE) from the
structures is shown in Sec. 6.2.1. The focus is here on Rabi oscillations from the
rephasing otpical pulse that are used in order to estimate the enhancement factor for
the driving optical field inside the TP structure. Coherent dynamics and time-resolved
photoluminescence (TRPL) are studied in Secs. 6.2.2 and 6.2.3. Rabi oscillations from
the initial rotation pulse are used in Sec. 6.3.1 for the demonstration that the PE timing
is strongly influenced by the inhomogeneity of the QD ensemble. The analytical model
in Sec. 6.3.2 is finally used to simulate the influence of the first pulse variation on
two-dimensional Fourier transform spectroscopy (2DFTS) in Sec. 6.3.3.

Most of this chapter has been published in similar form in Refs. [Sal17a, Pol16a].

6.1 The (In,Ga)As quantum dot samples

The integration of QDs into microcavity structures enables efficient coupling between
excitons and optical fields (cf. Sec. 1.4.2). Here we discuss the two sample that are
studied in the experiments.

6.1.1 Tamm-plasmon microcavity

Figure 6.1 summarizes information about the investigated TP structure (code M5278).
The sample was grown by molecular-beam epitaxy on a GaAs (001) semi-insulating
substrate. It comprises 20 pairs of λ/4n GaAs/AlAs layers forming the back DBR
mirror with the stop-band located in the spectral region of interest (∼ 1.2-1.4 eV). A
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Figure 6.1: (a) Schematic presentation of the investigated TP structure. (b) Refractive index and
electric field distribution under normal incidence of light (along the z-axis) for the uncovered part
(top) and the metal-covered part (bottom) of the sample. In the TP microcavity the intensity
of light at the QD layer position is increased by a factor of 34 compared to the bare waver. (c)
PL spectra of the inhomogeneously broadened QD ensemble with and without TP microcavity.
Photon excitation energy ~ωexc = 2.33 eV, temperature T = 2 K. (d) Measured and calculated
reflectivity spectra of the TP microcavity. Quality factor Q ≈ 130, temperature T = 8 K. The
calculation used a transfer matrix method with dw = 118 nm (cf. supplemental material to Ref.
[Sal17a]). Normalized angle resolved reflectivity and PL spectra in (e) and (f), respectively.
Temperature T = 10 K. White corresponds to 0 and dark orange to signal strength 1.

single (In,Ga)As QD layer in the GaAs cavity layer is located about 125 nm above the
DBR and 40 nm below the surface. The thickness of the GaAs layer dw beneath the
QDs is slightly varied by a wedge design which allows tuning the cavity resonance by
the position of the excitation spot along the gradient axis x (Fig. 6.1(a)). Half of the
sample is covered with a 40 nm thick gold layer, which leads to formation of the TP
photon mode.

The QD layer is located at the maximum of the electric field distribution, 40 nm
away from the gold layer (Fig. 6.1(b)). It is close enough to the gold to ensure that the
coupling to the TP mode is strong, but far enough so that quenching of the PL due to
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Figure 6.2: (a) Sketch of the (In,Ga)As QDs in the field maximum of a λ-microcavity with a
top and bottom distributed Bragg reflector (DBR). (b) PL spectrum of the sample with quality
factor Q ≈ 200.

surface states, in particular at the uncovered surface, does not occur. The QD density
is about 2× 109 cm−2, their height and lateral sizes before overgrowth are about 2.3 nm
and 25 nm, respectively [Bra16]. In order to prevent tunneling of photoexcited carriers
into the metal layer, a 10 nm Al0.2Ga0.8As barrier was introduced between the QDs and
the surface (20 nm below the surface).

The low temperature (T = 2 K) PL spectrum from the bare QDs under non-resonant
excitation with photon energy ~ωexc = 2.33 eV shows a broad spectral band centered
at about 1.35 eV (Fig. 6.1(c)). The large inhomogeneous broadening of ∼ 100 meV
originates from fluctuations of QD size and composition in the ensemble. The emission
from the same part of the sample, but covered with gold shows a resonant enhancement
of the PL signal around the photon energy of the cavity mode that is also shown in
the angle-resolved PL spectrum in Fig. 6.1(e). The PL has a significantly narrower
bandwidth with a full width at half maximum of only 12 meV. The maximum of the PL
peak and its width correspond to the dip in the cavity reflectivity spectrum (Figs. 6.1(d)
and 6.1(f)). The latter is attributed to a TP photonic mode with energy ~ωTP = 1.36 eV
and width ∆ = 10.5 meV, corresponding to a quality factor of Q ≈ 130. Calculations
using the transfer matrix method are in good agreement with the measured reflectivity
spectrum for dw = 118 nm. The expected enhancement factor of the light intensity at
the position of the QD layer is 34 (Fig. 6.1(b)).

6.1.2 Distributed Bragg reflector microcavity

The structure (code C3297) consists of a single layer of (In,Ga)As QDs which is inserted
into a GaAs λ-microcavity, as schematically shown in Fig. 6.2(a). The QD density is
about 1.8×109 cm−2 and the barrier contains a Si δ-layer with donor density 8×109 cm−2,
separated from the QD-layer by 10 nm. The Bragg mirrors consist of alternating GaAs
and AlAs layers with thicknesses of 68 nm and 82 nm, respectively. They have 5 and
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18 such pairs in the top and bottom mirror, respectively [Mai14]. With a microcavity
Q-factor of ≈ 200, the photon lifetime is much shorter than the laser pulse duration of
several picoseconds. Therefore, the main influence of the microcavity is to enhance the
light-matter interaction for those QDs which have optical frequency in resonance with
the cavity mode. Further, the broad exciton PL spectrum from the QDs with a width
of 30 meV is modulated with the relatively narrow photon cavity mode to result in a
relatively narrow emission band with full-width of 6.6 meV. The energy of the cavity
mode depends on the sample spot due to the wedged cavity design. A PL spectrum
measured at the studied sample spot discussed subsequently is shown in Fig. 6.2(b).

6.2 Enhanced light-matter interaction of quantum dots em-
bedded in low-Q microcavities

The coherent optical response from the microcavity structures (cf. Sec. 2.3.2) is mea-
sured with the degenerate TFWM setup described in Sec. 4.4. The spectral width of
the optical pulses of 0.8 meV is significantly smaller than the width of each of the res-
onator mode, i.e., the lifetime of the photonic mode inside the microcavity is shorter
than the pulse duration of τp ≈ 2 ps. Resonantly excited QDs can be considered as
isolated two-level systems (TLS). Note that excitation of few-particle complexes such as
biexcitons is excluded because the spectral width of the laser line is below the biexciton
binding energy of about 2 meV. From these parameters one expects that the TFWM
signal is represented by photon echoes due to the inhomogeneous broadening of the op-
tical transitions in the QD ensemble. If the ensemble is embedded in the microcavity,
the broadening is given by the spectral width of the photonic mode, as discussed in Sec.
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6.3.

An example of the TFWM signal |ES(t)| (cf. Eq. (4.7)) measured under resonant
excitation in the TP mode is shown in Fig. 6.3(a). Here, the delay time between pulses
1 and 2 is set to τ12 = 13 ps, while the delay time between pulses 2 and 3 is τ23 = 20 ps.
In full accordance with the expectation, one observes primary (PPE) and stimulated
(SPE) photon echoes which appear at time delays of t = 2τ12 and t = 2τ12 + τ23,
respectively. In addition, Fig. 6.3(b) demonstrates that the PPE pulse appears at twice
the delay between pulses 1 and 2. In what follows, the amplitudes of the echo at the
peak-maximum of the PPE, APPE, or the SPE, ASPE, are considered as the measured
value.

6.2.1 Rabi oscillations induced by the rephasing pulse

The dependence of the PPE amplitude on the intensity of the excitation pulses can be
used to compare the strength of light-matter interaction in the systems with bare QDs
and TP QDs. For simplicity, one considers the dependence of the two-pulse PE on the
energy of the second pulse, P2, shown in Figs. 6.4(a) and 6.4(b) for the bare QDs and
the TP microcavity, respectively, for identical experimental conditions. Two main ob-
servations can be made: First, in the TP microcavity, one achieves significantly stronger
PPE amplitudes for low pulse energies P2 ≤ 0.1 nJ. Second, in the TP microcavity, one
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observes a non-monotonous behavior which resembles the one expected for Rabi oscilla-
tions. Both features indicate a considerable enhancement of the light-matter interaction
in the TP cavity which enable us to work in the nonlinear regime already at moderate
intensities.

For isolated TLS in absence of decoherence processes and when optical pulses with
rectangular intensity profile are assumed, the amplitude of the PPE follows the simple
relation [Ber11]

APPE ∝ sin2
(χ2τp

2

)
, (6.1)

where χ2 = 2|E2d|/~ is the Rabi frequency which is determined by the electric field
amplitude of the second pulse E2 and the dipole matrix element of the TLS d. In the
experiment τp is fixed while E2 ∝

√
P2 is varied. The expression can be used to evaluate

the electromagnetic field amplitude inside the microcavity ETP−QD
2 . This approximation

should be valid also in the strong field limit because the lifetime of the cavity mode is the
shortest time scale compared to the duration of the excitation pulses and the radiative
lifetime in the QDs. For P2 ≤ 0.15 nJ, the PPE oscillatory behavior in the TP-QD
structure is reasonably well reproduced by Eq. (6.1) with the π-rotation occurring at
P2 ≈ 0.06 nJ. However, for larger pulse areas significant damping of the Rabi oscillations
takes place. This is mainly due to a statistical distribution of the dipole moments d in the
QD ensemble which results in a variation of the pulse area Θ2 = χ2τp and blurring of the
Rabi oscillations [Bor02]. Assuming a Gaussian distribution with a standard deviation
σΘ2 centered around Θ2, one obtains

APPE ∝
1√

2πσΘ2

∫ ∞
0

sin2

(
Θ

2

)
e
− (Θ2−Θ)2

2σ2Θ2
2 dΘ. (6.2)

The best fit to the experimental data is obtained for σ = 0.3 as shown by the solid curve
in Fig. 6.4(b). This value is in good agreement with previous results on similar QD
ensembles [Bor02]. In addition, other mechanisms, such as the interaction with acoustic
phonons, can lead to damping of the Rabi oscillations. The latter is expected to be
strongest for pulses with durations of several ps, as used in the experiment [Krü05, Rei14].
A more detailed discussion of the oscillation damping, including mechanisms like spatial
intensity variation of the optical pulse within the excitation spot and excitation induced
dephasing, can be found in Ref. [Pol17b].

In contrast to the TP microcavity structure, APPE for the bare wafer follows a
quadratic dependence on

√
P2 which indicates that the pulse area is significantly below

π even for pulse energies as large as P2 ≈ 0.5 nJ. Thus a significant enhancement of the
light-matter interaction is clearly present in the TP cavity. A direct comparison of the
intensities allows one to estimate the enhancement factor of the electromagnetic field for
the coherent excitation of the QDs. Taking into account that the PPE signal depends
on both P1 and P2, one estimates that the pulse area Θ2 is enhanced by a factor of 6,
i.e., the amplitude of the electromagnetic field ETP

2 ≈ 6Eb
2 . This is in accordance with

the calculated increase of the light intensity by a factor of 34 in the TP microcavity as
compared with the bare QD system (cf. Fig. 6.1(b)).
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The enhanced light-matter interaction in the microcavity structures can also be used
for the observation of Rabi oscillations from the SPE amplitude which are given by
[Ber11]

ASPE ∝ sin(Θ2) sin(Θ3) (6.3)

when making the same simplifying assumptions as for Eq. (6.1). Figure 6.5 compares
Rabi oscillations in the two-pulse PE (APPE) with Rabi oscillations from the three-
pulse PE (ASPE) for both resonator types. It follows from Eqs. (6.1) and (6.3) that
APPE(Θ2) should have the same dependence on the pulse area Θ2+Θ3 as ASPE(Θ2 = Θ3).
While both structures meet the expectations for small pulse areas, strong deviations are
observed for Θ2 + Θ3 > 2π. Surprisingly, ASPE does not converge to the mean value of
sin2 but goes to zero. However, a closer study of this effect taking into account, e.g.,
enhanced excitation induced dephasing in the SPE configuration is out of the scope of
this thesis.

The comparison between Figs. 6.5(a) and 6.5(b) reveals that the light-matter inter-
action in the DBR structure is even stronger than in the TP structure. Therefore, the
same pulse energy covers in the DBR structure an about 3 times bigger pulse area than
in the TP structure. It allows one to observe even a second maximum, PPPE(Θ2 = 3π),
in Fig. 6.5(b). For this reason, the DBR structure is used for the detailed discussion of
Rabi oscillations from the first pulse (Θ1) following in Sec. 6.3.1.
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6.2.2 Coherent dynamics

Studying the transient decay of the photon echo signals gives insight into the coher-
ent dynamics and the relaxation processes in the QD systems. Figure 6.6(a) shows
the coherent optical response from the QDs inside the DBR microcavity in order to
remind the reader on the time delays between the pulses, τ12 and τ23, respectively. The
PPE signal appears at exactly 2τ12 and the SPE signal at 2τ12 + τ23. Figure 6.6(b)
shows the echo amplitudes APPE and ASPE as function of the pulse delays 2τ12 and
τ23, respectively. The same measurements are shown in Figs. 6.7(a) and 6.7(b) for
the bare QDs and QDs in the TP resonator, respectively. The PPE decay reflects an
irreversible loss of optical coherence (i.e., of the medium’s polarization) due to inter-
action of the TLS with the environment and/or radiative damping. It follows from
measurements on both samples that the signal can be described by a double exponen-
tial decay APPE ∝ A exp (−2τ12/T

′
2)+B exp (−2τ12/T2) including a short coherence time

T ′2 = 30 ps and an approximately 10 times longer coherence time T2. The short dynamics
are attributed to fast energy relaxation of QD excitons excited in higher energy states,
e.g. in p shell states, into the ground state [Kur09]. On the other hand, the long-lived
signal with T2 decay time corresponds to the coherent response of excitons in the ground
s shell [Bor01]. The excitation of excitons in different energy shells is possible due to the
strong inhomogeneous broadening of the optical transition energies in the studied QDs.
Apparently, the long component decays faster in the TP microcavity with TTP

2 = 170 ps,
while in the bare QDs T b

2 = 350 ps, i.e the coherent decay is twice slower. For the DBR
structure one evaluates TDBR

2 = 800 ps. All times are summarized in Tab. 6.1.

The SPE decay gives insight into the population decay dynamics and allows the
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evaluation of the exciton lifetime T1. From Fig. 6.7(b) one obtains for the bare QDs
T b

1 = 390 ps and for the TP microcavity TTP
1 = 170 ps. The simple relation from Eq.

(2.6) allows to calculate the pure dephasing time τc. τc turns out to be shorter for
the excitons confined in the QDs in the TP microcavity, τTP

c = 340 ps, as compared
with the bare QDs, τb

c = 635 ps. As this time exceeds the exciton lifetime, the pure
dephaing is neverheless weak. For the fully dielectric DBR structure in Fig. 6.6(b) one
extracts TDBR

1 = 400 ps. Thus, the pure dephasing is negligible and the ground state
exciton coherence is radiatively limited, i.e. TDBR

2 = 2TDBR
1 . Note, that TDBR

1 has
approximately the same magnitude as for bare QDs. From the comparison we conclude
that the exciton coherence in the bare QDs is somewhat reduced by charges at the
surface 40 nm separated from the dot layer. The gold layer of the TP cavity induces
further decoherence which can be attributed to the interaction between excitons and
plasmons.

6.2.3 Time-resolved photoluminescence

The lifetime measurements deduced from the SPE in Fig. 6.7(b) show that for the TP
microcavity T1 is approximately halved compared to the bare QDs. This shortening
most likely is due to the Purcell effect [Gaz11]. However, one has to consider also
non-radiative processes due to tunneling of photoexcited carriers from the QDs into the
nearby metal as potential origin. Further insight can be obtained from PL transients
measured using a streak camera for below-barrier pulsed excitation with photon energy
~ωexc = 1.494 eV. These measurements are shown in Fig. 6.8. The PL signals decay
with lifetimes τb

0 = 1350 ps and τTP
0 = 590 ps for the bare QDs and the TP structure,

respectively. Interestingly, the PL decay times τ0 are significantly larger as compared to
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the T1-values from the SPE decay. This leads to the surprising observation that the decay
rate from SPE measurements increases in the TP structure about three times stronger
than the decay rate from PL measurements, i.e. ∆T−1

1 ≈ 3∆τ−1
0 . The explanation comes

from the fact that the two techniques measure indeed different population dynamics.
SPE is a coherent phenomenon following resonant excitation. If for some reason exciton
relaxation occurs, it will not contribute to the echo signal. In contrast, PL from the
ground state is an incoherent process after relaxation of the involved carriers. While the
rise time τrise of this signal is in the few ten ps-range, the PL decay time is significantly
extended by several factors. For the chosen conditions a carrier reservoir is excited also
in the wetting layer, from where carriers have to be transferred to the QDs. After being
captured by the dots, relaxation can occur either by phonon emission or by carrier-carrier
scattering. In the latter case a carrier, e.g. an electron, relaxes at the expense of the
other carrier, the hole. Thereby populations in higher states and potentially even again
in the wetting layer are created slowing down the carrier recombination. Also other
processes such as formation of dark excitons may contribute.

Non-radiative processes lead to shortening of the lifetime. PL transients with ex-
tended dynamical range allow one to give an upper estimate for the non-radiative decay,
τTP

NR , in the TP microcavity which should contribute to the SPE decay rate. Neglecting
non-radiative processes, τb

NR, in the bare QDs, on gets

1

τb
0

=
1

τ̃b
0

+
1

τb
NR

=
1

τ̃b
0

=
1

1350 ps
, (6.4)

where τ̃b
0 is the radiative decay time. The maximal possible enhancement of non-radiative
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processes in the TP microcavity would be

1

τTP
0

=
1

τ̃b
0

+
1

τTP
NR

⇐⇒ τTP
NR = 1 ns. (6.5)

Thus, one finds τTP
NR ≥ 1 ns as the lower limit for the non-radiative decay time in the TP

microcavity. τTP
NR should be also visible in the SPE experiment, but in fact

1

TTP
1

>
1

T b
1

+
1

τTP
NR

, (6.6)

with the limit from Eq. (6.5). Therefore, the shortening of T1 from the 350 ps in the bare
QDs to the 170 ps in the TP microcavity cannot be initiated by non-radiative processes,
but has to be attributed to the Purcell effect with an enhancement factor of about 2.

Acceleration of the spontaneous emission rate T−1
1 by a factor of 2 represents a

significant change of the radiative emission dynamics. In λ/2 microcavities with ideal
planar metal mirrors the Purcell factor is limited to 3, while in structures with DBR
mirrors the modification of the spontaneous emission rate is typically smaller than ±20%
[Bro90, Bay01]. For planar resonators the spontaneous emission becomes mostly redis-
tributed spatially, while the vacuum field becomes only weakly squeezed leading to a
moderate enhancement of the local density of photon modes and the associated emission
rate at best. Here, in addition SPPs may become relevant for the shortening of T1. On
the other hand, the resonator-induced enhancement of light-matter interaction is much
stronger for resonant excitation of coherent processes which is related to the selective
excitation of the contributing QDs.

T1 (ps) T2 (ps) τc (ps) τ0 (ps)

bare QDs 390 350 635 1350
TP-QDs 170 170 340 590

DBR 400 800 ∞ –

Table 6.1: Decay constants evaluated from Figs. 6.6, 6.7, and 6.8. T2 follows from the PPE, T1
from the SPE, and τ0 from the time resolved PL measurements. τc follows from Eq. (2.6).

6.3 Inhomogenity effects on the photon echo transients

The strong inhomogeneous broadening of the QD ensemble influences the photon echo
timing sequence (cf. Sec. 2.3.1). Here, we focus our investigations on the DBR structure
where the light-matter interaction is stronger than in the TP structure (cf. Fig. 6.5).

6.3.1 Rabi oscillations induced by the initial rotation pulse

In the experiment, the temporal profiles of the PPE are measured as a function of the
laser pulse energy P1. In order to demonstrate the maximal possible amount of oscil-
lations Fig. 6.9 shows the PPE signal from the DBR structure as function of

√
P1.
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Figure 6.9: Experimental data from the DBR structure and theoretical calculations of the ab-
solute value of the PPE amplitude. (a) Experimental dependence of the PPE temporal profile
on the first pulse energy

√
P1. The delay between the centers of rephasing and excitation pulses

is 66.7 ps. P2 = 0.007 nJ. (b) Theoretical modeling of the data from (a) using Eq. (6.8) with
the following parameters: pulse duration τp = 3.3 ps, inhomogeneity 2

√
2 ln 2~Γ = 6.6 meV, and

rephasing pulse area χ2τp = π. In the colormaps, white indicates the zero level and dark-blue
corresponds to the maximum signal. (c) Time-integrated (TI) modulus of the PPE amplitude
measured as function of the first pulse energy. (d) PPE transients for Θ1 = π/2, π, and 3π/2.

The delay between the centers of rephasing and excitation pulses is set to τ12 = 66.7 ps.
Clearly, footprints of Rabi oscillations are observed in Fig. 6.9(a). Most strikingly,
sizable temporal shifts of the PPE maxima for π/2 and 3π/2-excitation pulses (around
0.1 nJ1/2 and 0.2 nJ1/2, respectively) as well as a splitting of the PE profile around π-pulse
amplitude (around 0.15 nJ1/2) become evident in Fig. 6.9(d), where the corresponding
PPE transients are plotted. The time-integrated PPE signal also manifests Rabi oscil-
lations, as seen from Fig. 6.9(c), but the oscillations are much less pronounced than in
the time-resolved data. Note, that variation of the second pulse amplitude does not lead
to any additional modification of the PPE temporal profile.
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6.3.2 Theoretical description

In order to describe the PPE from a QD ensemble one calculates the temporal evolution
of a set of 2×2 density matrices interacting with two sequent laser pulses and analyzes the
resulting macroscopic polarization of the medium P . The general approach starting from
the Lindblad equation i~ρ̇ = [Ĥ,ρ] + Υ is discussed in Sec. 2.1.2. Here one considers
the case, when the individual oscillator coherence time T2 � τ12, which is justified
by T2 being ultimately limited by the exciton lifetime T1 = 400 ps (cf. Fig. 6.6(b)).
Thus, the only consequence of relaxation in the system is the PPE exponential decay
∼ exp(−2τ12/T2). Therefore, one neglects relaxation considering Υ = 0, for simplicity.

In the calculations we assume rectangular shaped pulses, each with with duration
τp. Keep in mind that we deal with the case of strong inhomogeneous broadening where
the detuning ∆ = Ω0−ω of every individual oscillator with frequency Ω0 from the light
frequency ω is not necessarily zero during excitation (cf. Sec. 2.1.1). In the rotating
wave approximation, this defines the optical nutation of the TLS on the Bloch sphere
with a generalized Rabi frequency Ω̃ =

√
χ2 + ∆2. Accordingly, the analysis of the

coherent optical response of the system includes the following steps: first, one calculates
the interaction of the unperturbed system with the first excitation pulse (χ = χ1) acting
during the time τp, then the system evolves freely in absence of excitation (χ = 0) during
the time interval τ12, followed by the excitation with the second rephasing pulse (χ =
χ2) during the time τp.Finally, one analyzes the macroscopic polarization of the QDs
that is available for PPE pulse formation by integrating the individual responses over
the inhomogeneous ensemble of TLS, defined by a Gaussian distribution with standard
deviation Γ (cf. Eq. (2.16)). Within these approximations, it is possible to perform the
analysis analytically and calculate the following expression for the excitation-dependent
part of the PPE amplitude:

APPE(t′) ∝
∫ ∞
−∞

e−
∆2

2Γ2
χ1χ

2
2

Ω̃1Ω̃2
2

sin2

(
Ω̃2τp

2

)

×

[
2∆

Ω̃1

sin2

(
Ω̃1τp

2

)
sin
(
∆t′
)

+ sin
(

Ω̃1τp

)
cos
(
∆t′
)]

d∆. (6.7)

Here t′ = t − 2(τ12 + τp), and Ω̃1,2 are the generalized Rabi frequencies of the first and
the second pulse, respectively. In this notation, delay between the exciting pulse centers
used in experiment is τ12 + τp and expected PPE arrival time according to the standard
treatment is t′ = 0. This equation is similar to the one obtained for spin echoes measured
in highly inhomogeneous fields [Blo55, Kil98]. It can be easily seen, that variation of
the second, rephasing pulse amplitude and, hence, χ2 does not affect the symmetry of
the PPE profile. Thus, the discussion of Rabi oscillations from Θ2 = χ2τp as function
of the echo amplitude measured at precisely 2τ12 is feasible (cf. Sec. 6.2.1). In what
follows, only the effect coming from variation of the first, excitation pulse amplitude is
considered.

Figure 6.10 shows results of theoretical calculations performed using the modulus of
Eq. (6.7) for two ensembles with different widths of the inhomogeneity: τpΓ = 0.12 and
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Figure 6.10: Theoretical calculation of the PE temporal profile as function of the excitation pulse
area Θ1 using the modulus of Eq. (6.7) for two ensembles with different inhomogeneity Γ: (a)
τpΓ = 0.12; and (b) τpΓ = 1.2. The time scale is normalized by the pulse duration. White
corresponds to zero signal level, dark-blue gives the maximum value.

1.2.1 For an ensemble broadening much narrower than the pulse spectrum, τpΓ = 0.12,
clean Rabi oscillations are seen in the PPE temporal profile as function of the excitation
pulse area Θ1 = χ1τp, shown in Fig. 6.10(a). In particular the photon echo arrives
as expected at twice the separation between rephasing and excitation pulse. This case
is equivalent to an ideal Hahn echo, where the echo signal is generated at 2τ12. When,
however, the inhomogeneous ensemble width becomes comparable with the pulse spectral
width (τpΓ = 1.2), strong modifications of the temporal PPE profile appear, as can be
seen in Fig. 6.10(b). The key feature of these modifications is the effective temporal
shift of the PPE amplitude that is particularly prominent for the first two maxima of
the Rabi oscillations when increasing the excitation power: for a π/2-pulse the PPE
maximum is retarded relative to the expected PPE arrival time, while for a 3π/2-pulse
the PPE is advanced. These shifts do not depend on the pulses delay time τ12 in the
limit of negligible damping and decrease with further increasing Θ1 [Pol16c].

The temporal shifts of the PPE can be qualitatively explained using the Bloch sphere
representation, as outlined in Fig. 6.11. In Fig. 6.11(a), the ideal case of a Hahn echo
is given as a reference, where excitation with a negligibly short excitation π/2-pulse
results in an unshifted echo signal. When the excitation pulse has a finite duration,
as shown in Fig. 6.11(b), the oscillators experience dephasing during the pulse action,
so that the excitation distributes the oscillators along the equator of the Bloch sphere
followed by their precession in the equatorial plane. This precession extrapolated to
negative times results in focusing all the Bloch vectors on the same meridian, which

1In the calculations, dimensionless units are used for convenience for the frequency and the time
scales. In these units, the pulse spectral width is equal to 1.
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Figure 6.11: Explanation of the PE timing mod-
ifications using the Bloch sphere representation
for different excitation pulse configurations: (a)
ultrashort π/2-pulse: case of Hahn echo. (b)
π/2-pulse: retarded echo. (c) 3π/2-pulse: ad-
vanced echo. The colored lines on the Bloch
spheres (left panels) denote different trajecto-
ries of the Bloch vectors of individual oscillators
with different detuning from the laser frequency
in directions indicated by the arrows. The right
panels show the temporal evolution of the mod-
ulus of the macroscopic polarization, |P |, after
excitation pulse action. The dashed lines denote
extrapolation of |P | to t < τp.

corresponds to a situation where the maximum macroscopic polarization is shifted to
t < τp. In case of excitation by a 3π/2-pulse as shown in Fig. 6.11(c), after pulse
action all oscillators proceed along the equator towards each other, which leads to a
shift of the macroscopic polarization maximum to t > τp. Since the rephasing pulse
acts essentially as a refocusing pulse, which in effect reverses the temporally coherent
evolution of the ensemble oscillators, the dynamics of the macroscopic dipole moment
around the expected echo arrival time, 2(τ12 + τp), is similar to a mirrored copy of its
dynamics around the time t = τp, as shown by the right panels of Fig. 6.11. Thus, the
PPE pulse is retarded for the a π/2-excitation pulse and advanced for a 3π/2-pulse, when
the ensemble dephasing during pulse action is sufficiently strong. This can be achieved
either by high inhomogeneity in the excited ensemble and/or long pulse duration.

The analysis of the experimental data has to consider that the measured signal is in
fact the modulus of the cross-correlation of the PPE amplitude from Eq. (6.7) with the
Gaussian reference pulse field (cf. Eq. (4.7)), i.e.

|ES(t)| ∝

∣∣∣∣∣
∫ ∞
−∞

e
− τ2

2τ̃2
p APPE(t− τ)dτ

∣∣∣∣∣ . (6.8)

From auto-correlation measurements it is known that τp = 2
√

2 ln 2τ̃p = 3.3 ps is the
laser pulse duration in the electric field scale (cf. Sec. 4.1). The inhomogenity parame-
ter 2

√
2 ln 2~Γ = 6.6 meV is taken from the PL linewidth in Fig. 6.2(b). The theoretical

simulation depicted in Fig. 6.9(b) is in good agreement with the experimental results
in Fig. 6.9(a). Note that the inhomogenity τpΓ ≈ 14 is considerably larger than in
Ref. [Pol16a] where the cross-correlation with the reference pulse was neglected. How-
ever, further mechanisms, e.g., excitation induced dephasing and the spread of Rabi
frequencies, have to be considered for improved theoretical simulations [Pol17b].
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6.3.3 Simulated two-dimensional Fourier transform spectroscopy

In a next step one simulates 2DFTS for the inhomogeneously broadened QD ensemble.
As done in Sec. 2.2.3, the two temporal variables are redefined, i.e., t1 = τ12 is the delay
between the laser pulses, and t3 = t − τ12 is the delay of the resulting PPE. Thus, Eq.
(6.7) can be rewritten in the form

SI(t1,t3) ∝ eiω(t3−t1)e
− t3−t1

T2

∫ ∞
−∞

e−
∆2

2Γ2
χ1χ

2
2

Ω̃1Ω̃2
2

sin2

(
Ω̃2τp

2

)

×

[
2∆

Ω̃1

sin2

(
Ω̃1τp

2

)
sin(∆[t3 − t1 − 2τp]) (6.9)

+ sin
(

Ω̃1τp

)
cos(∆[t3 − t1 − 2τp])

]
d∆.

Note, that exp[iω(t3− t1)] and the exponentially decaying term with the dephasing time
T2 are added here. This is necessary since on has to integrate over the times t1 and
t3 in order to obtain the rephasing spectra according to Eq. (2.19). The results of the
numerical integration are shown in Fig. 6.12 for TLS ensemble excitation with different
pulse areas Θ1. The 2DFTS spectra are normalized to unity. Note, that the weak fringes
in the plot are an artifact due to taking the Fourier transform over finite intervals. The
reader should compare the pictures with the analytically calculated rephasing spectra for
an ideal (Hahn echo) configuration in Fig. 7.3(a), for which no temporal shift of the PPE
is expected. In the case of weak excitation (linear regime) of a strongly inhomogeneous
system similar to the QD ensemble studied in this chapter, the real part in Fig. 6.12(a)
is quite similar to the one in Fig. 7.3(a). Big changes are seen in the imaginary part of
the two-dimensional spectrum: While it is zero for an ideal configuration (compare Eq.
(7.12)) the temporal shift of the PPE gives rise to a significant imaginary part with a
dispersive shape and sign reversal along the diagonal, as shown in Fig. 6.12(b). When
increasing the power of the first excitation pulse further to a π-pulse also the real part
of the two-dimensional spectrum undergoes strong changes: its sign becomes reversed
compared to the weak power regime and it shows a double peak structure, while the
imaginary part of the spectrum is now the dominant contribution (Figs. 6.12(c) and
6.12(d)).

6.4 Conclusions

In conclusion, the coherent optical response from self-assembled (In,Ga)As QDs embed-
ded in a TP, as well as in a DBR planar microcavity has been demonstrated in form of
photon echoes. Despite the low quality factor of about 100 a substantial enhancement
of the selective optical excitation of QDs whose optical transitions are in resonance with
the TP cavity mode has been shown. The intensity of the driving optical field is ampli-
fied by 6 times with comparison to bare QDs. Such enhancement allows one to observe
Rabi oscillations in the photon echo and to perform coherent control of excitons with
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Figure 6.12: Results of 2DFTS simulations for (a), (b) linear excitation regime with weak inten-
sity of the first pulse, Θ1 = 0.01π, and (c), (d) excitation in the non-linear regime with the first
pulse being a π-pulse. All spectra are normalized to unity. (a), (c) show real parts, (b), (d) show
imaginary parts. Parameters in the calculations are 2

√
2 ln 2~Γ = 0.65 meV and τp = 2.5 ps.

picosecond optical pulses of moderate intensities, while the statistical distribution of
dipole moments still represents a significant problem. The decoherence and population
dynamics of excitons in TP structures also experience modifications. A decrease of the
radiative recombination time from 350 to 170 ps due to the Purcell effect is observed.
The presence of the metal layer gives rise to pure dephasing of the QD excitons with
characteristic times of about 200 to 400 ps so that pure dephasing remains quite weak.
Note, that the metal layer at the top of the TP microcavity can be used to control the
charge state of QDs electrically [Bra15]. Therefore, such structures are appealing for
investigations of long-lived photon echoes from charged QDs where the decay rate is
governed by the spin relaxation of the resident electrons (cf. Refs. [Lan14, Bab17] and
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Ch. 7).
The relation between QD ensemble spectral broadening and exciting pulse width was

studied in the second main part of this chapter. Although the importance of the oscil-
lator detuning from the optical frequency in forming the macroscopic coherent response
in semiconductor QDs was addressed in literature already before [Pat05, Ram07], no
consequence of the timing of the associated photon echo had been reported for such sys-
tems. The essential consequence of this study is that even significantly inhomogeneous
semiconductor systems still demonstrate a comprehensible coherent behavior, but great
care needs to be exercised to consider the consequences of the inhomogeneity in detail.
When doing so, such systems are very well suited candidates for the coherent manipula-
tions in coherent optoelectronics. In particular, the observed temporal shifts of the PPE
amplitude need to be taken into account when a precise timing of the optical signals
matters. The findings have strong impact on interpretation of two-dimensional Fourier
transform images. The complex-valued envelope of the PPE-transients from strongly
inhomogeneous systems results in a changeover of the corresponding 2DFTS image from
a resonance profile to a dispersive profile. The results obtained here were used by Ref.
[Mis17] in order to discuss the effect of shaping the first pulse in frequency while keeping
its pulse area constant.



Chapter 7

High resolution spectroscopy of
electron spins in a CdTe quantum
well

The potentials of studying Λ-type energy schemes with electron ground state by two-
dimensional Fourier transform spectroscopy (2DFTS) are investigated. Our test object
is the four-level system arising from trions or donor-bound excitons in semiconductor
nanostructures. After discussing the theory of long-lived photon echoes, we present a
CdTe/(Cd,Mg)Te quantum well (QW) sample which can be used as a model system.
Next, experimental results on heterodyne-detected transient photon echoes (PEs) are
analyzed. Extracted fitting parameters are used to restore the absolute value of a two-
dimensional spectrum with information about the ground state electron spin coherence.
The results are compared with conventional spin coherence measurements using pump-
probe Kerr rotation spectroscopy.

In contrast to Ch. 6, the results are discussed in the “language” of 2DFTS by
renaming the pulse delays τ12 7→ t1 and τ23 7→ t2 (cf. Sec. 2.2.3). In the experimental
part τref 7→ t3, i.e., the time over which the signal is emitted. Most of the results presented
in this chapter have been or will be published in a similar form in Ref. [Sal17b, Sal17c].

7.1 Four-level system with electron ground state

Λ-type energy schemes are realized in a large variety of atomic and solid state objects
with pseudospin in the ground and excited states [Scu97]. Here, we discuss negatively
charged trion complexes, i.e., X− and D0X as present in semiconductor nanostructures
(cf. Sec. 1.4.1).

7.1.1 Selection rules

Negatively charged trion complexes in a semiconductor QW can be considered as four-
level systems. The ground state is given by an electron with doublet spin orientation

91
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±1/2 along the quantization z-axis. The lowest-energy states that can be optically
excited are the localized trion or the donor-bound exciton, whose projection of total
angular momentum ±3/2 is given by the heavy hole. Higher energy states, e.g., the
neutral exciton or the light hole exciton transitions, can be neglected for the optical
pulses with spectral width ∼ 1 meV used in our experiments. The optical transitions
shown in Fig. 7.1(a) correspond to the matrix elements (1.23) calculated in Sec. 1.3.2.

The application of a transverse magnetic field B ‖ x leads to a coupling between the
electron spin states, |1〉z and |2〉z, and trion states, |3〉z and |4〉z. The selection rules in
Fig. 7.1(a) only remain valid if the field strength is small and the laser pulses are short
[Lan12]. In this case only the electron spins perform notable Larmor oscillations, as
indicated by the red arrows. Without these restrictions1 one has to express the system
in the eigenvalues along the x-direction

|1〉x =
1√
2

(− |u+1/2〉+ |u−1/2〉), (7.1a)

|2〉x =
1√
2

(|u+1/2〉+ |u−1/2〉), (7.1b)

|3〉x =
1√
2

(− |u+3/2〉+ |u−3/2〉), (7.1c)

|4〉x =
1√
2

(|u+3/2〉+ |u−3/2〉), (7.1d)

where um are the Bloch amplitudes from Eqs. (1.21) and (1.22). The only transition
matrix elements not equal to zero are

dV ≡ 〈1| d̂ |3〉x = 〈2| d̂ |4〉x ∝ − 1√
2
iy, (7.2a)

dH ≡ 〈1| d̂ |4〉x = 〈2| d̂ |3〉x ∝ 1√
2
x, (7.2b)

where i indicates a phase difference between the transition dipole moments. The resulting
selection rules shown in Fig. 7.1(b) are consistent with the those of charged InAs QDs
published in Ref. [Tru13]. Since the heavy hole transverse g factor is close to zero
[Mar99, Deb13], only the Zeeman splitting for the electron spin states is shown. In
the geometry of the experiment, optical transitions are allowed using light with linear
polarization directed parallel (H ‖ x) or perpendicular (V ‖ y) to the magnetic field.

7.1.2 Hamiltonian

The Hamiltonians for Figs. 7.1(a) and 7.1(b) can be written as Ĥ = Ĥ0 + V̂ + ĤB,
where Ĥ0 describes the isolated system, V̂ the interaction with an electromagnetic field
(cf. Eq. (2.10)), and ĤB results from the Zeeman effect (cf. Sec. 3.1.2).

1There is still the restriction that the Zeeman splitting between the heavy hole states, ~ωL,hh, is
smaller than the splitting of heavy and light hole, ∆lh,hh. Mixing between all four valence band states
becomes relevant for magnetic fields B > 5 T [Bar11].
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Figure 7.1: Energy level diagram and optical transitions for the trion (X−) or the donor-bound
exciton (D0X) in a CdTe QW with growth direction z. Ω0 corresponds to the optical resonance
frequency. (a) Selection rules in the basis of z where σ± denotes circularly polarized light with
wave vector along z. The application of a small magnetic field B ‖ x couples the electron
spin states as indicated by the red arrows. The selection rules remain valid in the short pulse
approximation where the pulse duration τp is significantly shorter than the electron spin Larmor
precession period, i.e. ωLτp � 1. In the general case (b), x is a good quantization axis. ~ωL is
the Zeeman energy splitting of the electron spins which is considerably larger than for the hole
spins (almost-degenerate excited states). Optical transitions are excising for horizontally (H ‖ x)
or vertically (V ‖ y) linear polarized light. i indicates a phase difference between the transition
dipole moments. A typical value for the experiments is B = 260 mT which leads to ωLτp ≈ 0.17
and ~ωL ≈ 24µeV.

In the short pulse approximation, ωLτp � 1, one can write the Hamiltonian for the
system in Fig. 7.1(a) with the circularly polarized dipole elements d± from Eqs. (1.23)
as

Ĥcirc =


0 ~ωL

2 −d+E0e
iωt 0

~ωL
2 0 0 −d−E0e

iωt

−d∗+E∗0e−iωt 0 ~Ω0 0
0 −d∗−E∗0e−iωt 0 ~Ω0

 , (7.3)

where Ω0 corresponds to the optical resonance frequency, E0 is the electric field amplitude
in the direction of the polarization vector, and ω is the light frequency (cf. Eq. (2.11)).
The system in Fig. 7.1(b) is described by a Hamiltonian with the linearly polarized
dipole elements dV,H from Eqs. (7.2), i.e.,

Ĥlin =


−~ωL

2 0 −dVE0e
iωt −dHE0e

iωt

0 +~ωL
2 −dHE0e

iωt −dVE0e
iωt

−d∗VE
∗
0e
−iωt −d∗HE

∗
0e
−iωt ~Ω0 0

−d∗HE
∗
0e
−iωt −d∗VE

∗
0e
−iωt 0 ~Ω0

 . (7.4)
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As before, we assume that the excited states are almost degenerated and the Zeeman
spin splitting of heavy holes is negligible.

7.2 Theory of the three pulse photon echo

The four-level system from Fig. 7.1(b) can be investigated in three pulse photon echo
experiments with various polarization schemes.

7.2.1 Temporal evolution of the density matrix

The temporal evolution of the 4× 4 density matrix ρ is given by the Lindblad equation
i~ρ̇ = [Ĥ,ρ] + Υ (cf. Sec. 2.1.2). For the calculation of the three pulse PE one separates
the interaction with a light pulse from the temporal evolution after the light pulse;
the latter is given by relaxation processes Υ and, eventually, Larmor oscillations in
the magnetic field. Successive calculations for pulse 1, 2, and 3 allows one to obtain
an expression for the macroscopic polarization P ∝ APE which can be measured in
a transient four-wave mixing (TFWM) experiment. As initial conditions one assumes
that before excitation with pulse 1, the system is in the ground state and the only
non-zero density matrix elements are ρ11 = ρ22 = 1/2, i.e. ~ωL � kBT , where kB is
the Boltzman constant and T is the temperature. Langer et al. [Lan14] calculated the
temporal evolution of ρ for the Hamiltonian Ĥcirc from Eq. (7.3) in the short pulse
approximation, i.e., the pulse duration τp is significantly shorter than the trion lifetime,
the decoherence times, and the electron spin precession period in the transverse magnetic
field. In the following, we limit our considerations to the energy system shown in Fig.
7.1(b). However, Ĥlin from Eq. (7.4) together with the same assumptions as mentioned
above produces equivalent results to Ref. [Lan14] (cf. supplementary section I of Ref.
[Sal17b]). For the case that the splitting of the electron spin sub-levels in the ground
state is smaller than the spectral width of the excitation laser pulses (τpωL � 2π) and
the inhomogeneous broadening (ωLσ � 1), the echo signals can be well approximated
by Gaussian pulses with an amplitude APE(t1,t2) that depends on t1 and t2 only (cf.
(2.17)).

An elegant way to track the temporal evolution of ρ during the three pulse photon
echo experiment is given by double-sided Feynman diagrams (cf. Sec. 2.2.2). The
three main polarization configurations are shown in Fig. 7.2. Following the Feynman
diagrams, it is seen that the polarization of the resulting photon echo depends on the
polarization of the second and third pulse. For HHH, the possible optical transitions
take place between the two independent two-level pairs |1〉x-|4〉x and |2〉x-|3〉x, while for
HVV and HVH all transitions are involved, and the coherent superposition between one
pair of states is transferred to the other pair after each excitation event in a steplike
process.

The first H-polarized pulse addresses the two optical transitions between |1〉x and
|4〉x at frequency Ω0 − ωL/2 and between |2〉x and |3〉x at frequency Ω0 + ωL/2 (cf.
Fig. 7.1(b)). Pulse 1 creates two independent coherent superpositions between the
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Figure 7.2: Double-sided Feynman diagrams for the HHH (a), HVV (b), and HVH (c) polariza-
tion configurations. For VVV, VHH, and VHV the resulting diagrams are identical to the one
shown here if the state vectors |3〉 and |4〉 are exchanged. For the sake of simplicity, we neglect
the subscript x indicating the quantization axis of the state vectors (cf. Fig. 7.1(b)).

pairs of states |1〉x-|4〉x and |2〉x-|3〉x, which can be considered as optical coherences.
In the density matrix formalism, they correspond to the ρ14 and ρ23 elements of the
density matrix, respectively. The second and third pulses are H or V polarized. Possible
quantum mechanical pathways for the evolution of the system follow from the double-
sided Feynman diagrams in Figs. 7.2(a), 7.2(b), and 7.2(c), respectively, and will be
discussed in the following.

HHH co-polarized configuration

The second pulse addresses the same pairs of optical transitions and, in that way, the
optical coherences ρ14 and ρ23 are transformed into the excited state populations ρ44 and
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ρ33 [diagrams (a1) and (a2) in Fig. 7.2(a)] as well as the ground state populations ρ11 and
ρ22 [diagrams (a3) and (a4) in Fig. 7.2(a)]. The populations carry the information about
the optical phase φ± = (Ω0±ωL/2)t1 between the pulses 1 and 2, i.e., ρ33 ∝ sin2(φ−/2)
and ρ44 ∝ sin2(φ+/2), where ρ11 + ρ33 = ρ22 + ρ44 = 1/2 holds. The third pulse induces
the coherences ρ41 and ρ32 and results in the emission of an H-polarized PE signal whose
amplitude is given by

A
‖
PE ∝ ρ14 + ρ23

∝ e
− 2t1
T2 e−

t2
τr

[
2 cos2

(
ωLt1

2

)
+ e
− t2
τsh sin2

(
ωLt1

2

)]
(7.5)

+e
− 2t1
T2 e
− t2
T1,e sin2

(
ωLt1

2

)
.

T2 and τr are the coherence time and the radiative lifetime of the optically excited X−

or D0X complex, τsh is the pure spin relaxation time of the hole1 for X− or D0X, and
T1,e is the longitudinal spin relaxation time of the electron in the ground state.

At zero magnetic field the frequencies of the optical transitions Ω0 ± ωL/2 in the
left and right arms of Fig. 7.1(b) are the same and the excited state populations are
identical, i.e. ρ33 = ρ44. Then, the optical response is governed by the radiative lifetime
τr when t2 is varied. This population decay due to spontaneous recombination is seen
in the first term on the left hand side of Eq. (7.5).

When a magnetic field is applied ρ33 − ρ44 ∝ sin (ωLt1/2) sin (Ω0t1); i.e., for a given
Ω0, there are non-zero spin populations

Jx =
ρ33 − ρ44

2
and Sx =

ρ11 − ρ22

2
= −Jx (7.6)

in the excited and ground states, respectively. Note that Sx and Jx carry the information
about φ± and correspondingly contribute to the coherent optical response [Lan14]. In
Eq. (7.5) this is given by the second and third term. The decay is now governed by the
pure spin relaxation of the photoexcited complex τsh and the longitudinal spin relaxation
of the resident electron in the ground state T1,e, respectively. Note that the last term
is not influenced by the radiative lifetime τr. In the investigated structures T1,e � τr

so that the last term is responsible for the observation of long-lived stimulated photon
echoes.

In the simple case t2 = 0 the signal is

A
‖
PE ∝ e

− 2t1
T2 , (7.7)

which is independent of the magnetic field.

1Note that we do not distinguish between longitudinal and transverse spin relaxation for holes, T1,h

and T2,h, respectively, since the heavy hole transverse g factor is close to zero.
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HVV cross-polarized configuration

Here, the second pulse accomplishes a stimulated steplike Raman process where the
optical coherences ρ14 and ρ23 are transferred into (i) the X− or D0X spin coherence
ρ34 [diagrams (b1) and (b2) in Fig. 7.2(b)] and (ii) the electron spin coherence ρ12

[diagrams (b3) and (b4) in Fig. 7.2(b)]. The third pulse induces a back transformation
of the excited trion and ground electron spin coherences into the optical coherences ρ32

and ρ41. This mechanism exploits off-diagonal density matrix elements. Thereby, the
Raman process initiates a shift of the optical frequency of the emitted signal by +ωL or
−ωL when starting from ρ11 or ρ22, respectively. This leads to Larmor precession with
the frequency ωL as manifested by the H-polarized PE signal with amplitude

A⊥PE ∝ ρ14 + ρ23

∝ e
− 2t1
T2

[
e
− t2
τT cos(ωLt1) + e

− t2
T∗

2,e cos(ωL(t1 + t2))

]
. (7.8)

Here, one assumes that ωLt1 � 2π, i.e. the Larmor precession is fast compared to the
delay between the pulses 1 and 2. In Eq. (7.8) T ∗2,e is the transverse spin dephasing time
of the electron ensemble in the ground state and τT is the spin lifetime of the trion, which
is determined by the spin relaxation of the hole in the trion and its radiative decay, i.e.

1

τT
=

1

τsh
+

1

τr
. (7.9)

The two subgroups (i) and (ii) are linked to the two terms of Eq. (7.8). The Raman
coherence in the photoexcited state corresponds to the first term, decaying with the
spin lifetime of the trion τT. The Raman coherence in the ground state decays with the
transverse electron spin relaxation time T ∗2,e. In our case T ∗2,e � τT so that the second
term represents the long-lived coherent optical signal.

For t2 = 0 the signal transforms into

A⊥PE ∝ e
− 2t1
T2 cos(ωLt1). (7.10)

HVH cross-polarized configuration

The situation is very similar to the HVV configuration, however, for the first subgroup
[diagrams (c1) and (c2) in Fig. 7.2(c)], i.e. the Raman coherences in the photoexcited
state, there is no energy shift by ±~ωL for the emitted photon (excitation and emission
field have the same otpical frequency). For this reason the first term in

A×PE ∝ ρ13 + ρ24

∝ e
− 2t1
T2

[
e
− t2
τT + e

− t2
T∗

2,e cos(ωL(t1 + t2))

]
, (7.11)

does not oscillate. Note that the PE signal from Eq. (7.11) is V-polarized. The long-
lived component from the Raman coherence in the ground electron spin state remains



98 Chapter 7. High resolution spectroscopy of electron spins in CdTe QW

0 . 9 9 8 1 . 0 0 0 1 . 0 0 2

0 . 9 9 8

1 . 0 0 0

1 . 0 0 2Ab
so

rpt
ion

 fre
qu

en
cy 

Ω
1/Ω

0

E m i s s i o n  f r e q u e n c y  Ω3 /Ω0

2 / σ

2 γ

( a )

H H H

0 . 9 9 8 1 . 0 0 0 1 . 0 0 2

0 . 9 9 8

1 . 0 0 0

1 . 0 0 2Ab
so

rpt
ion

 fre
qu

en
cy 

Ω
1/Ω

0

E m i s s i o n  f r e q u e n c y  Ω3 /Ω0

2 ωL
( b )

H V V

Figure 7.3: Contour plots of the 2D Fourier rephasing spectra SI(Ω1,Ω3) in the co-polarized
HHH (a) and in cross-polarized HVV (b) polarization configurations after Eqs. (7.12) and
(7.13), respectively. The following parameters are used: ~Ω0 = 1.6 eV, ~Γ = ~/σ = 1 meV,
~γ = ~/T2 = 10µeV, ~ωL = 100µeV.

the same as in the HVV polarization, including the shift of the optical frequency of the
emitted signal by ±ωL, respectively [diagrams (c3) and (c4) in Fig. 7.2(c)]. For t2 = 0
the signal does not differ from A⊥PPE.

7.2.2 Two-dimensional rephasing spectra

Two-dimensional rephasing spectra follow from Fourier transforms of the signal optical
field with respect to t1 and t3 as discussed in Sec. 2.2.3. The optical field with amplitude
APE can be found in Eq (2.18). Here, we calculate Eq. (2.19) for the simple case of
t2 = 0. Together with Eq. (7.7) one gets for the co-polarized configuration

S
‖
I (Ω1,Ω3) ∝ e−

σ2(Ω1−Ω0)2

2
γ

4γ2 + (Ω1 − Ω3)2
, (7.12)

and with Eq. (7.10) for the cross-polarized configuration

S⊥I (Ω1,Ω3) = S+
I + S−I , (7.13a)

S±I (Ω1,Ω3) ∝ e−
σ2(Ω1−Ω0)2

2
γ

4γ2 + (Ω1 − Ω3 ± ωL)2
. (7.13b)

Ω0 is the central frequency of the inhomogeneous ensemble with a half-width in frequency
corresponding to 1/σ. Here, it is assumed that the inhomogeneous broadening Γ = 1/σ
is significantly larger than the homogeneous broadening γ = 1/T2. This condition is
fulfilled for the optical transitions to the localized X− and D0X complexes [Nol90, Koc93,
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Figure 7.4: Contour plots of the absolute value of the Raman coherence 2D Fourier spectra in the
co-polarized HHH (a) and cross- polarized HVV (b) polarization configuration and their cross-
sections at the optical frequency Ω3 = Ω0 (c) and (d), respectively. The following parameters
are used: ~Ω0 = 1.6 eV, ~Γ = ~/σ = 1 meV, ~γr = ~γT = 10µeV, ~γ1,e = ~γ2,e = 0.3µeV,
~ωL = 24µeV and t1 = 26.7 ps.

Moo14, Pol17a]. The rephasing spectra for the co- and cross-polarized configurations
are plotted in Figs. 7.3(a) and 7.3(b), respectively. The splitting of the diagonal line by
the energy ~ωL in the cross-polarized configuration clearly demonstrates the stimulated
Raman process with an increase (S+

I ) and a decrease (S−I ) of the emission frequency
compared to single excitation.

7.2.3 Two-dimensional Raman coherence spectra

Of particular interest are Raman coherence spectra according to Eq. (2.20). They are
obtained by taking the Fourier transforms of the optical field from Eq. (2.18) with
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respect to t2 and t3.
For the co-polarized configuration using Eq. (7.5) one obtains

S
‖
I (t1,Ω2,Ω3) ∝ e

− 2t1
T2 e−iΩ3t1e−

σ2(Ω3−Ω0)2

2 (S
‖
I,T + S

‖
I,e), (7.14a)

S
‖
I,T = 2 cos2

(
ωLt1

2

)
γr

γ2
r + Ω2

2

+ sin2

(
ωLt1

2

)
γT

γ2
T + Ω2

2

, (7.14b)

S
‖
I,e = sin2

(
ωLt1

2

)
γ1,e

γ2
1,e + Ω2

2

, (7.14c)

where γr = 1/τr, γT = 1/τT and γ1,e = 1/T1,e. The corresponding 2DFTS image is shown
in Fig. 7.4(a) for the case when γr = γT � γ1,e. In this case, two Lorentzian peaks are
centered at Ω2 = 0 (see the cross section at Ω3 = Ω0 in Fig. 7.4(c)). Their widths are
given by γr and γ1,e and their relative amplitudes depend on ωLt1. The spectrum can
be used to evaluate the lifetimes of the excited states (γr) and the time of population
relaxation between the ground states |1〉x and |2〉x (γ1,e).

For the cross-polarized configuration using Eqs. (2.18), (7.8), and (2.20), the solution
reads

S⊥I (t1,Ω2,Ω3) ∝ e
− 2t1
T2 e−iΩ3t1e−

σ2(Ω3−Ω0)2

2 (S⊥I,T + S⊥I,e), (7.15a)

S⊥I,T = 2 cos(ωLt1)
γT

γ2
T + Ω2

2

, (7.15b)

S⊥I,e =
γ2,ee

iωLt1

γ2
2,e + (Ω2 + ωL)2

+
γ2,ee

−iωLt1

γ2
2,e + (Ω2 − ωL)2

, (7.15c)

where γ2,e = 1/T ∗2,e. This 2DFTS spectrum is shown in Fig. 7.4(b). It is worth mention-
ing that in the HVV configuration, only the imaginary part is present for ωLt1 = π/2.
It contains two peaks with different sign (dispersive shape) at frequencies Ω2 = ±ωL

(see Fig. 7.4(d)). The widths of these peaks are given by γ2,e. Thus, the 2DFTS spec-
tra measured in cross-polarized configuration allow one to evaluate the coherence times
and the energy splitting between the ground state levels ~ωL. The measurement of the
splitting works even if it significantly undercuts the homogeneous spectral width of the
optical transitions (γ). Thus, this method can be used for high resolution spectroscopy
of the ground state. The advantage is the possibility to determine the splitting of the
ground states for excitation at a particular photon energy ω = Ω1.

7.3 Experimental results

An excellent example and demonstration of the powerful technique described in the pre-
vious section is the determination of the spin splittings of different complexes that exist
simultaneously in the very same sample, e.g., X− and D0X in a CdTe/(Cd,Mg)Te QW.
This information cannot be obtained using pure spin resonance techniques where the
optical excitation with Ω1 is absent. Therefore, in this particular case, one performs op-
tically detected magnetic resonance using coherent optical spectroscopy. Eventually, the
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Figure 7.5: (a) Sketch of the 20 nm-thick CdTe QW sample and schematic illustration of the
four-wave mixing (FWM) and pump-probe experiment in a transverse magnetic field B. ΘK

denotes the Kerr rotation angle. (b) PL spectrum (orange dots) of the sample measured without
magnetic field at temperature T = 2 K for above-barrier excitation with photon energy 2.33 eV.
Three pronounced transients are observed as indicated by the grey shaded Lorentzian lines.

optical coherence initiated by the laser pulse plays an essential role during the excitation
and the final emission process at Ω1 and Ω3 optical frequency, respectively. Otherwise,
the Raman coherence cannot be restored, which is in contrast to conventional time-
resolved pump-probe Faraday rotation measurement [Cro97a, Zhu07, Yug09].

7.3.1 The CdTe/(Cd,Mg)Te quantum well sample

The investigated sample (code 032112B) comprises a 20 nm-thick high quality CdTe
QW sandwiched between Cd0.76Mg0.24Te barriers (Fig. 7.5(a)). The QW was grown by
molecular-beam epitaxy on a (100)-GaAs substrate, onto which a 4.5µm-thick (Cd,Mg)Te
buffer was deposited followed by 5 short-period superlattices and a 100 nm Cd0.76Mg0.24Te
barrier. The structure was not intentionally doped with donors; however, the unavoid-
able background of impurities results in localized resident carriers that originate from
the barriers as well as from electrons bound to donors in the QW. The density of these
electrons, ne ≤ 1010 cm−2, in the QW is low so that the exciton Bohr radius aB � 1/

√
ne,

which allows one to consider each resident electron as isolated and noninteracting with
other electrons. At cryogenic temperatures the resident electrons are localized on po-
tential fluctuations. Alternately, the electrons can become trapped by donors.

The photoluminescence (PL) spectrum measured at the temperature T = 2 K is
shown in Fig. 7.5(b). It consists of three pronounced spectral lines which are attributed
to the exciton (X), the negatively charged trion (X−), and the donor-bound exciton
(D0X). The D0X binding energy is found to exceed the X− binding energy for a QW of
the same width [Pag98]. Other complexes such as the acceptor bound exciton (A0X),
exciton bound to ionized donor (D+X), or positively charged trion (X+) could not explain
the results of the magneto-optical measurements presented later in this chapter.
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Figure 7.6: (a) Time-resolved cross-correlation of the FWM signal |ES(t3)|measured for t1 = 27 ps
and t2 = 33 ps. The signal is given by photon echoes involving different pulse sequences: PPE12

and PPE13 correspond to the two-pulse sequences 1-2 and 1-3, respectively. SPE123 corresponds
to the three-pulse sequence 1-2-3. (b) Color map of |ES(t1,t3)| showing the PPE for t2 = 0. The
dashed line shows the expected trajectory of the PPE, i.e., t3 = 2t1. Experimental parameters:
temperature T = 2 K, photon energy ~ω = 1.597 eV.

The weak inhomogenous broadening of the transitions enables the selective excitation
of trions, donor-bound excitons, and excitons by the use of spectrally narrow picosecond
pulses (cf. Fig. 4.1). Similar structures with this feature were studied in Refs. [Lan12,
Lan14].

7.3.2 Coherent optical spectroscopy in zero magnetic field

Figure 7.6(a) shows a typical time-resolved FWM signal |ES(t3)| from our CdTe QW
measured for t1 = 27 ps and t2 = 33 ps with excitation at photon energy ~ω = 1.597 eV.
The coherent optical response is fully given by photon echoes. The energy density of
each pulse is kept below 30 nJ/cm2 in order to remain in the χ(3)-regime; i.e., the photon
echo intensity depends linearly on the intensity of each of the beams. Due to k2 = k3

several echoes are emitted along the phase matching direction kS. The two that appear
at t3 = t1 ± t2 correspond to primary photon echoes (PPE), which result from the two-
pulse sequences 1-2 and 1-3 and are labeled correspondingly as PPE12 and PPE13 in
Fig. 7.6(a). The peak located at t3 = t1 corresponds to the stimulated photon echo
(SPE) which is induced by the three-pulse sequence 1-2-3. Figure 7.6(b) demonstrates
that the PPE in |ES(t1,t3)| follows precisely the dashed line with t3 = 2t1. Thus, the
use of heterodyne detection (cf. Sec. 4.4) allows one to measure the PPE amplitude,
APPE(2t1), for a dual delay scan of t1 and t3. In analogy, the SPE follows in |ES(t2,t3)|
the trajectory t3 = t2 (not shown here) and one measures its amplitude, ASPE(t2), for
a dual delay scan of t2 and t3. The vertical line in Fig. 7.6(b) at t3 = 0 results from a
residual interference of reference with pulse 2.

Figure 7.7 summarizes the spectral dependence of the coherent optical response mea-
sured in the co-polarized configuration at B = 0. Note that in absence of a magnetic
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Figure 7.7: Spectral dependences of the APPE and ASPE transients at B = 0. (a) and (c)
Colormaps of APPE(2t1) and ASPE(t2) measured as function of the excitation energy ~ω. The
SPE is measured for t1 = 27 ps. Dots correspond to the amplitude at time zero, A0

PPE(t1 = 0)
and A0

SPE(t2 = 0), respectively. Dashed lines as guide for the eye. (b) and (d) Cross-sections of
the echo transients for selected energies and exponential fits for the evaluation of the coherence
time T2 and lifetime T1, respectively. Colormaps in logarithmic scale according to (b) and (d).
White indicates the near zero level and dark-blue corresponds to the maximum signal.

field one expects no difference between co- and cross-polarized configuration. The peak
amplitudes APPE(2t1) and ASPE(t2) as function of the excitation energy ~ω are shown
in Figs. 7.7(a) and 7.7(c), respectively. The amplitudes of A0

PPE = APPE(t1 = 0) and
A0

SPE = ASPE(t2 = 0) are shown by the dots. For t1 = 27 ps, only the trion and donor-
bound exciton are seen in the SPE, while the PPE reveals also a signal from the exciton.
It manifests itself also in the strongly enhanced X− line in A0

PPE. From the cross-sections
of the PPE transient in Fig. 7.7(b) (orange dots) it is seen that APPE(2t1) decays in
fact bi-exponential. The fast component ∼ 10 ps might be addressed to localized exciton
states, such as D+X which is energetically between X and D0X. Another explanation
could be fast energy relaxation of higher excited trion states. Together with Fig. 7.7(d),
one extracts from the exponential decays the coherence time T2 and the lifetime T1 of
the photoexcited complexes following Eqs. (7.5) and (7.7).
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Figure 7.8: Spectral dependences of ~γ = ~/T2
and ~γr = ~/T1, evaluated from the exponen-
tial fits to the echo transients for different pho-
ton energies ~ω in Figs. 7.7(b) and 7.7(d). (a)
shows the ratio T2/T1 which equals 2 if the co-
herence is pureley radiatively limited. (b) De-
cay rates and amplitude A0

SPE(t2 = 0) from Fig.
7.7(b) as grey shaded curve.
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For resonant excitation of the low energy tail of the localized excitons at ~ω =
1.601 eV one obtains short decoherence times limited to 17 ps, i.e., ~γ = 38µeV (Fig.
7.8(b)). For higher ~ω corresponding to excitation of free excitons (X) the linewidth
becomes even larger reaching values of 150µeV [Lan12, Moo14]. For the trions and
donor-bound excitons the homogeneous linewidths are significantly narrower due to the
stronger localization of these complexes. Here, one obtains ~γ ≈ 12µeV for X− and
~γ ≈ 6µeV for D0X. At lower energies ~ω ≤ 1.598 eV one observes that the linewidth
is determined mainly by the radiative decay to the ground state, i.e. T2 ∼ 2T1 and
thus, the pure dephasing is weak (Fig. 7.8(a)). Note, that the intentionally chosen
spectrally narrow laser pulses (~δω = 0.9 meV) also help to suppress many-body inter-
actions between different photoexcited complexes. For example, using spectrally-broad
femtosecond pulses one would simultaneously excite excitons and trions. As a result,
the exciton-trion interaction would lead to a significant increase of the homogeneous
linewidth for the trion transition, which would become comparable to the one measured
for the X [Moo14].

7.3.3 Coherent optical spectroscopy in a transverse magnetic field

Figure 7.9 shows a magnetic field scan of the SPE amplitude, ASPE, fixed at a long
time delay t2 > 1 ns. In accordance with Eq. (7.5), the co-polarized signal (HHH in Fig.
7.9(a)) shows slow oscillations ∼ sin2(ωLt1/2). Much faster oscillations, with a 90◦ phase
shifted envelope function with respect to HHH, are seen in the cross-polarized signal
(HVV in Fig. 7.9(b)) following ∼ cos[ωL(t1 + t2)], according to Eq. (7.8). The data are
simulated using a theoretical model that takes the inhomogeneous broadening of electron
g factors due to ∆g into account [Lan14]. Particularly interesting is the observation of
weak, faster oscillations in Fig. 7.9(a). While resonant spin amplification is well known
from Kerr- or Faraday rotation in pump-probe experiments [Kik98], it has not been
reported using coherent optical methods. Since RSA does not follow from the formula
in Eq. (7.5), one can speculate whether the effective polarization in the experiment was
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Figure 7.9: Transverse magnetic field dependence of the SPE amplitude, ASPE, for co-
polarized configuration (a) and cross-polarized configuration (b). Experimental parameters:
~ω = 1.5976 eV (D0X), t1 = t3 = 27 ps, t2 = 1147 ps, T = 2 K. Additional parameters in
the simulation: |ge| = 1.6, ∆g = 0.018, τr = 31 ps, τsh = 1 ns, T2,e ≈ 30 ns, T1,e ≈ 75 ns.

100% linear. For excitation with circular polarized pulses a macroscopic spin polarization
with relaxation times much longer than the pulse repetition will be induced. However,
a closer study of the RSA effect and the deviations between simulation and experiment
in Fig. 7.9 is out of the scope of this thesis.

As discussed in Sec. 7.2.3, stimulated Raman processes in cross-polarized configura-
tion can be used for detailed spectroscopy of the ground state electron spins. For the mea-
surement in the time domain, the applied magnetic field is fixed at B = 260 mT. With the
g factor from Fig. 7.9 this results in a Zeeman energy splitting of the ground electronic
states of ~ωL = 24µeV, which is small compared to the thermal energy kBT = 170µeV.
ASPE transients are measured, setting the reference pulse delay t3 = t1 and perform-
ing scans as function of t2 for different excitation photon energies ~ω. The data are
summarized in Fig. 7.10. Contour plots of the SPE peak amplitude as function of t2
and ~ω measured for t1 = 27 ps are shown in Fig. 7.10(a). Exemplary curves taken at
~ω = 1.5972 eV and 1.5985 eV, corresponding to excitation of the D0X and X− optical
transitions, respectively, are shown in Fig. 7.10(b). When t2 is varied, one observe an
oscillatory signal that decays on a long time-scale of several ns. Note that the long-lived
signal is present only in the spectral region 1.597-1.599 eV, where the X− and the D0X
resonances are located; i.e., it is necessary to address resident carriers for storing optical
information on such long time scales.

Using Eq. (7.8), one evaluates the spectral dependence of the long-lived SPE signal
strength Ae,0

SPE, the absolute value of the electron g factor |ge| = ~ωL/µBB, and the decay
rate γ2,e, which are plotted in Fig. 7.10(c). Note that we measure in fact the dephasing
time of the inhomogeneous ensemble, and thus γ2,e = 1/T ∗2,e. Simulations taking ∆g into
account could be used to estimate the spin coherence time T2,e (cf. Fig. 7.9). Precise
knowledge, however, requires spin echo experiments. In accordance with Eq. (7.15), the
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Figure 7.10: (a) Contour plot of the long-lived SPE measured in the HVV polarization config-
uration as function of the excitation photon energy ~ω and delay time t2. The data are taken
at B = 260 mT, t1 = 27 ps. The solid black lines indicate the signal level with 10% of the max-
imum intensity. (b) Exemplary transients for given photon energies of 1.5972 eV and 1.5985 eV
corresponding to optical excitation of the D0X and X− complexes, respectively. (c) Spectral
dependence of the long-lived SPE signal strength Ae,0

SPE = ASPE(t2 = 0) (left axis), the linewidth
~γ2,e (left axis), and the electron g factor (right axis) evaluated from the ASPE(t2) transients at
B = 260 mT. (d) The 2DFTS Raman coherence image |S⊥I (Ω2,Ω3)| reconstructed from (c) using
Eq. (7.16). The spectral dependence of ~ωL is shown by the dots.

mentioned parameters allow one to restore the 2DFTS Raman coherence image

|S⊥I (Ω2,Ω3)| ≈
∑
ω

Ae,0
SPE|S

⊥
I,e(Ω2)| exp

(
−σ

2(Ω3 − ω)2

2

)
, (7.16)

where the inhomogenity is taken from the pulse width, 2/σ = δω, and the S⊥I,T term
is neglected since γT � γ2,e. The sum is taken over all excitation energies ~ω used
in the experiment. The resulting contour plot is shown in Fig. 7.10(d). Note that
one cannot distinguish between real and imaginary contributions to the 2DFTS signal.
However, as follows from the theoretical description in Sec. 7.2, this is not crucial for
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Figure 7.11: (a) Oscillating Kerr rotation angle ΘK in a transverse magnetic field B = 270 mT as
function of the pump-probe pulse delay τ . The curves are shown for photon energies of 1.5973 eV
and 1.5986 eV corresponding to optical excitation of the D0X and X− complexes, respectively,
and can be fitted using Eq. (7.17). The power of probe and pump pulses is 0.5 and 2.5 mW,
respectively. Temperature T = 2 K. (b) The amplitude of the long-lived Kerr oscillations, Θ0

K,
as function of the photon energy (right axis). Dashed line as guide for the eye. For comparison,
the grey shaded curve shows the SPE amplitude Ae,0

SPE from Fig. 7.10(c). The phase η is shown
on the left axis.

the evaluation of the energy splitting in the ground state in case of isolated localized
electrons. Nevertheless, phase stabilized measurements have great potential for in-depth
studies of many-body interactions in an ensemble of resident electrons similar to that
obtained for photoexcited exciton complexes [Cun09].

The most striking feature of Fig. 7.10(d) is the variation of the Raman coherence
peak with photon energy ~Ω3 demonstrating a steplike behavior and clearly showing that
~ωL increases from 24.0 to 24.6µeV when the excitation energy is varied from D0X to
X−. The extracted g factors are |ge| = 1.595 and 1.635 for the resident electrons bound
to a donor and localized in a potential fluctuation, respectively (see also Fig. 7.10(c)).
The small difference between these values have the opposite trend to that expected for
free electrons in CdTe/(Cd,Mg)Te QWs and (Cd,Mg)Te [Sir97]. The electron g factor
is controlled by the admixture of valence band states to the conduction band, which in
turn is dependent not only on the band gap energy but also on the electron and hole
localization. This localization is different for the D0X and X− complexes, which results
in the measured differences of the g values.

7.3.4 Pump-pobe spectroscopy in a transverse magnetic field

Finally, we discuss the spectral dependence of γ2,e in Fig. 7.10(c). It turns out, that it
is useful to compare the results with spin relaxation times obtained from time-resolved
Kerr rotation using the pump-probe technique (cf. Sec. 4.3.1). Figure 7.11(a) shows
strong oscillations of the Kerr rotation angle ΘK as function of the pump-probe delay
τ in presence of a magnetic field B = 270 mT for two exemplary curves corresponding
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Figure 7.12: Comparison of the results from long-lived SPE in Fig. 7.10 and pump-probe Kerr
rotation in Fig. 7.11. Transverse electron g factors in (a) and effective transverse electron spin
life times T ∗2,e in (b).

to excitation of the D0X and X− optical transitions, respectively. As in Fig. 7.10(b),
slightly different oscillation frequencies become visible for time delays τ > 1 ns. They
can be quantified (Figs. 7.11(b) and 7.12(a)) by fitting the data with

ΘK(τ) ∝
∣∣Θ0

K

∣∣ e− τ
T∗

2,e cos(ωLτ + η), (7.17)

where the phase η is needed for small corrections and determination of the sign of the
amplitude Θ0

K in the spectra shown in Fig. 7.11(b). Here, clear features of the optical
transitions D0X, X−, and X are seen. The discussion of the remaining fitting parameters
limits on the transitions with resident electrons, that are seen in the coherent optical
response from the SPE.

In Fig. 7.10(c) it is shown that the decay rate γ2,e from SPE increases from 0.25µeV
for donor-bound electrons to 1.5µeV for high energy trions. An alternative way of
presenting the same data is given in Fig. 7.12(b). Here, T ∗2,e = 1/γ2,e is compared for
both experimental techniques, FWM and pump-probe, respectively. While the same
times, T ∗2,e ∼ 3 ns, are measured for donor-bound electrons, strong discrepancies are
observed for high energy trions. In pump-probe, spin relaxation times up to 6 ns are
measured, while in SPE, the times shorten down to < 1 ns.

There are several mechanisms which can contribute to the decay of the long-lived SPE
with increasing t2. For localized noninteracting electrons, spin relaxation and hopping
between localization sites are relevant. The latter mechanism deserves special attention
as it may be spin conserving and, therefore, does not give a contribution to conventional
pump-probe measurements where the decay of the signal is determined solely by the
electron spin relaxation. At each hop the electron changes its localization energy, which
acts as a dephasing mechanism that is directly seen in an echo experiment. Thus, T ∗2,e
from SPE can be identified with a waiting (correlation) time of the localized electron
before a hop. The decrease of T ∗2,e from SPE with increasing ~ω indicates that hopping
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of electrons between localization sites plays an important role for states with weaker
localization. Simultaneously, for the donor-bound electrons with strongest localization,
the signal decay approaches the values measured by pump-probe.

Thus, the decay of Raman coherence in an electron spin ensemble measured by pho-
ton echoes provides access to local relaxation processes, such as hopping of carriers
between localization sites or, additionally, spin interactions between electrons within
the ensemble causing spin flip-flops. This is because every individual electron in the
ground state contributes to the coherent optical response only if it is addressed by all
three optical pulses sequentially. Moreover, in photon echo experiments no macroscopic
spin polarization is created in the ground state after the stimulated Raman process, be-
cause the optically excited states relax between the first and second optical pulses. This
reduces the energy input in the system which may destroy coherence even faster. In con-
trast, time-resolved pump-probe Faraday rotation [Cro97a, Zhu07, Yug09] and transient
spin-grating techniques [Cam96, Car06, Wan13] detect the evolution of the macroscopic
spin polarization for a large electron ensemble, and local relaxation processes cannot be
probed directly. Therefore, a comparison of the signal decays recorded with different ex-
perimental techniques can be used to obtain the full and self-consistent physical picture
of the spin dynamics in electron ensembles.

7.4 Conclusions

In conclusion, it has been demonstrated that two-dimensional Fourier spectroscopy ad-
dressing photon echoes can be successfully applied for the evaluation of tiny splittings
between ground state energy levels which are optically coupled to a common excited
state in, e.g., a Λ-type scheme. The stimulated steplike Raman process induced by
the sequence of two pulses creates a coherent superposition of the ground state doublet
which can be retrieved only by optical means due to selective excitation of the same spin
sub-ensemble with the third pulse. This provides the unique opportunity to distinguish
between several electron spin species in a large ensemble of emitters. As a proof of prin-
ciple, this method has been applied to an n-type CdTe/(Cd,Mg)Te quantum well system
for which the Zeeman splitting difference in the sub-µeV range between donor-bound
electrons and electrons localized on potential fluctuations has been resolved, while the
homogeneous linewidth of the optical transitions is two orders of magnitude larger than
this splitting. The results pave the way for further developing two-dimensional Fourier
imaging into a high resolution spectroscopy tool, independent on the nature of the energy
splitting in the ground state.





Chapter 8

Summary and outlook

In this thesis semiconductor quantum dots and wells, some of them combined with
ferromagnetic or plasmonic metals to hybrids, are investigated by multiple techniques of
optical spectroscopy. They are ranging from linear methods like photoluminescence to
the nonlinear four-wave mixing and magneto-optical Kerr effect.

In Ch. 5 we investigate a new ferromagnet-semiconductor hybrid material system
synthesized of a thin Co ferromagnetic layer and a CdTe quantum well (QW), separated
by a thin (Cd,Mg)Te barrier. We magnetize the structure using an external magnetic
field and detect a spin orientation of 4% from acceptor-bound holes in the QW, as
evidenced by the photoluminescence’s (PL) circular polarization. The underlying mech-
anism is based on equilibrium spin polarization due to thermal population of spin levels
that are split by p-d exchange interaction with ∆Eex = (50±10)µeV. Exchange interac-
tion between hole spins (p-band) and magnetic ions (d-band) typically depends on wave
function overlap and is therefore short-ranged. Enhanced PL decay in the vicinity of the
Co layer enables us to determine the wave function overlap being approximately 1 nm.
Surprisingly, a long-ranged, robust coupling is observed that does not vary with barrier
width up to more than 30 nm. The results can be explained in terms of an effective p-d
exchange which is mediated by elliptically polarized phonons generated in the ferromag-
net (Fig. 8.1(a)). Surprisingly, this ferromagnet is not the Co layer itself but it results
from interfacial ferromagnetism whose origin demands further investigation in future.
Moreover, it should be studied as to whether optical or electrical control of carrier spins
can be used for manipulation of the ferromagnet’s magnetization.

Another focus point of this thesis is the study of coherent optical response from in-
homogeneously broadened ensembles of electron-hole pairs excited by picosecond optical
pulses. In Ch. 6 we investigate excitons from self-assembled (In,Ga)As QDs embedded
in two different types of microcavities with moderate quality factors of about 100. Signif-
icant enhancement of the light-matter interaction is demonstrated under selective laser
excitation of QDs which are in resonance with the electric field mode of a Tamm-plasmon
(TP) microcavity, as required for many applications in photonics or optoelectronics. The
TP structure comprises one metal layer as mirror combined with a distributed Bragg
reflector (Fig. 8.1(b)). The metal layer may turn out to be useful, e.g., for injecting
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(b) (c) (a) 

Figure 8.1: Summary of the main results of this thesis. The spin-spin interaction of magnetic ions
with holes via elliptically polarized phonons inside a ferromagnet-semiconductor hybrid structure
(cf. Ch. 5) is highlighted by the comic in (a). Coherent optical response from a single layer
of (In,Ga)As quantum dots inside a Tamm-plasmon microcavity (cf. Ch. 6) is depicted in (b).
Finally, (c) shows a steplike Raman process exploiting a sequence of three optical pulses in order
to store optical coherence inside a pure spin coherence of the trion ground states (cf. Ch. 7).

carriers or applying an electric field. In our studies, we used Rabi oscillations of the
photon echo (PE) to demonstrate that coherent manipulation of QDs in the microcavity
is achieved with picosecond pulses at intensity levels more than one order of magni-
tude smaller as compared with bare QDs. This is the first report on nonlinear optical
phenomena under resonant excitation in TP resonators. The decay of PE transients is
weakly changed by the TP resonator, indicating a small decrease of the coherence time
T2 which we attribute to the interaction with the electron plasma in the metal layer
close (40 nm) to the QD layer. Simultaneously, we see a reduction of the population
lifetime T1 which results from the Purcell effect with an enhancement factor of 2, while
nonradiative processes are negligible, as confirmed by time-resolved photoluminescence
measurements.

Strong inhomogeneous broadening can lead to a significant deviation from the con-
ventional PE timing sequence, as studied in the second part of Ch. 6. We measure the
temporal PE profile of (In,Ga)As QDs inside a DBR microcavity as function of the initial
rotation pulse area. We observe a retarded PE for π/2 pulses, while for 3π/2 the PE is
advanced in time as evidenced through monitoring Rabi oscillations. The experimental
results are confirmed by detailed calculations that are further used for the simulation of
two-dimensional Fourier spectroscopy.

In Ch. 7 we combine methods of spin control with techniques of coherent optical
spectroscopy. We investigate an n-type CdTe/(Cd,Mg)Te QW with focus on trion-like
transitions that are characterized by an electron ground state with spin projections
±~/2. Although the optical transitions given by inhomogeneous broadening are very
broad, tiny Zeeman splittings on the order of 20µeV can be measured by three pulse
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PE transients in a transverse magnetic field. The sub-µeV resolution of our approach
exceeds the homogeneous linewidth of the optical transitions by two orders of magnitude.
This provides for the unique opportunity to distinguish between different, energetically
close spaced complexes in an ensemble; in our case different types of electrons, namely,
electrons either bound to donors or localized on QW potential fluctuations. The high-
resolution is provided by a stimulated steplike Raman process induced by a sequence of
two laser pulses that create a coherent superposition of the ground state doublet which
can be retrieved only optically due to selective excitation of the same sub-ensemble
with a third pulse (Fig. 8.1(c)). The approach allows us to measure the spin dynamics
of carriers in the ground state without creating a macroscopic spin polarization. This
is attractive for fundamental studies of spin ensembles, verified by comparison of the
relaxation times with results obtained from pump-probe Kerr rotation spectroscopy using
a circularly polarized pump pulse. Local relaxation processes, such as spin-conserving
hopping of electrons between localization sites, violate the optical coherence stored in
the ground state spin system while magneto-optical effects remain unchanged.

To summarize, this thesis puts the properties of novel spintronic devices into a context
with coherent optical phenomena that can lead to implementations in future quantum
information technologies.
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single photon emission from positioned InP/GaInP quantum dots coupled to
a confined Tamm-plasmon mode. Appl. Phys. Lett. 106, 041113 (2015).



118 Bibliography

[Bra16] T. Braun, S. Betzold, N. Lundt, M. Kamp, S. Höfling, C. Schneider. Impact of
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